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Abstract 

The aim of this study was to assess the temporal development of the environment in 

Bunnefjord, the innermost part of Oslofjord (SE Norway), define its reference conditions, 

and link the results to other studies. A 55 cm long sediment core was collected from 

Bunnefjord (N59.84285, E10.72587), for micropaleontological and geochemical analyses. 

The core provided chronostratigraphical data for the past 300 years, dating back to the late 

1600s. There was analyzed for heavy metals, total organic carbon (TOC), water content, and 

benthic foraminifera (protists) were picked and counted. Ecological status was determined 

and risk assessed using the Norwegian Pollution Control Authority’s guides.  

The natural conditions, around 1700 AD, were found to be of ecological class “Moderate”. 

Subsequently, the anthropogenic induced increase of organic carbon content and in turn 

deteriorating oxygen concentrations at the end of the 1800s worsened the ecological status. 

The pollution and organic-flux maxima were in the 1970s, and there has been some 

improvement ever since. However, the ecological status has been kept at “Very Bad”, due 

the slow remediation. There was established risk for ecological consequences and need for 

mitigating measures from 1925 until present. The present study displayed worse conditions 

than others nearby, due to the location within a small subbasin.  

 

 

Keywords: silled fjord; benthic foraminifera; natural conditions; environmental status; 

ecotoxicological risk assessment; Oslofjord. 

Nøkkelord: terskelfjord; benthiske foraminiferer; naturtilstanden; miljøstatus; 

økotoksikologisk risikoanalyse; Oslofjorden. 
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1.  Introduction 

The Water Framework Directive of the European Commission, which Norway has endorsed, 

claims reestablishment of near natural conditions for all manageable bodies of water 

(EuropeanCommunities 2003). This brings forth the question: What are the natural 

conditions? In the present study it is defined as pre-industrial conditions, seeing that they 

presumably are exposed to minor anthropogenic influence. That definition has previously 

been used as basis for comparison with present conditions (e.g., Dale et al. 1999, Alve et al. 

2009b). Comparisons between natural and present conditions are essential in order to assess 

anthropogenic influence and effects of mitigation measures. Micropaleontological and 

geochemical analyses of sediment cores are among few tools that quantify paleo-

environmental changes. Other monitoring methods, like hydrographical and biological 

measuring, lack retrospective ability, are initiated when anthropogenic influence is already 

manifested, and are usually conducted at much higher cost and work load. Thus, microfossil 

records provide access to the environmental history in which other methods seldom match 

(Scott et al. 2001).  

Fossil remains of benthic foraminifera can provide proxy data for environmental change, 

both natural and anthropogenic (e.g., Scott et al. 2001, Alve et al. 2009b). Foraminifera are 

marine, heterotrophic, single celled organisms, belonging to the Protista kingdom, 

Granuloreticulosa phylum, and Foraminifera class (Sen Gupta 1999). Each individual 

produces a test (shell) usually smaller than 1 mm, made up either of organic matter, minerals 

(mainly CaCO3) or agglutinated particles. The tests consist of one or several chambers 

connected through an opening called foramen, hence the name foraminifera. As a protective 

coat, the test is believed to reduce biological, chemical and physical stress (Armstrong and 

Brasier 2005).  Mineralogical and agglutinated tests fossilize easily and are readily 

morphologically differentiated. Foraminifera react quickly to environmental stress and 

project variations in marine environments. The small size of the foraminifera makes it easy 

to collect statistically significant numbers of individuals, as a small sample-volume may 

contain a large number of individuals. The above mentioned qualities are what makes 

foraminiferal tests ideal proxies for reconstruction of past environments (e.g., Schafer 2000, 
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Scott et al. 2001). Additionally, foraminifera are among the last taxa to disappear from 

polluted locations (Schafer et al. 1995). 

The principle of uniformitarianism is the foundation of micropaleontology. Thus, a good 

understanding of the present microfossil ecology and diagenetic processes are imperative for 

the interpretation of fossil data. Numerous studies of benthic foraminiferal distributions in 

polluted marine environments have been published since the outset in the early 1960s (Alve 

1995b, Nigam et al. 2006). Most studies have focused on organic waste discharge, and 

reviews of these studies are given in Alve (1995b) and Martinez-Colon et al. (2009). Nigam 

et al. (2006) review the utilization of foraminifera in ecotoxicology, and underline the 

increase of foraminiferal application in environmental studies. Additionally, most studies are 

usually located within highly polluted areas. Therefore, Armynot du Chatelet et al. (2004) 

focused on moderately polluted estuarine environments. They found that density and 

richness are inversely related to environmental pollution, and that polluted areas are 

indicated by tolerant opportunistic species. Subsequently, they support the applicability of 

foraminifera as sensitive biomonitors.  

Considering pollution, there is a consensus that the Bunnefjord has been among the hardest 

struck areas of the Oslofjord  (e.g., Doff 1969, Baalsrud and Magnusson 2002). It is the 

innermost part of the Oslofjord, a micro-tidal fjord situated in SE Norway. Numerous sills 

divide the Oslofjord into several main basins in which Bunnefjord is one. The sills obstruct 

free water flow (Gade 1968), resulting in deep water renewal in the Bunnefjord every third 

to fourth year (Baalsrud and Magnusson 2002). The area surrounding Oslofjord is the most 

densely populated area in Norway. This population has exerted a massive pollution pressure 

on the fjord, especially with the introduction of the Water Closet and a rapidly increasing 

population early in the 20th century. Scientists expressed concern already in the early 1930s 

(Ruud 1968), but waste water treatment was constantly lagging behind (Arnesen 2001). 

Overload of organic matter in combination with infrequent deep water renewal have resulted 

in shifting oxygen concentrations (Baalsrud and Magnusson 2002), which may be picked up 

by foraminiferal proxy. Little effort has been put into determine the natural conditions, and 

few foraminiferal studies have been conducted in the Bunnefjord.  
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The main aims of this study are to 1: assess the temporal development of the environment in 

Bunnefjord, one of the most polluted areas in the Oslofjord, by means of paleontological and 

geochemical analyses of a sediment core. 2: link the finds to more conventional monitoring 

techniques and other environmental studies. This is important in order to assess the 

applicability of the micropaleontological and geochemical data. For a quantitative 

description of environmental change, SFT’s classification systems were used (Molvær 1997, 

Bakke et al. 2007b). 3: determine the natural conditions, which help to shape the 

environmental mitigation aims. This has not been done in the Bunnefjord before, but in a 

nearby basin (Alve et al. 2009a, Berge et al. 2009a). Additionally, a chronostratigraphical 

model of the sediment core was constructed to aid the determination of the natural and pre-

impacted conditions.  
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2. Location description 

2.1 General setting – geography, hydrography and 

geology of the Oslofjord 

The Oslofjord is a micro-tidal (20-30 cm) fjord extending approximately 100 km inland. It 

borders to Skagerrak, divided by the Ferder sill (Braarud and Ruud 1937), which in turn 

borders to Kattegat and the North-Sea (Figure 2.1). The fjord consists of several basins 

divided by shallow sills, which limit free water exchange. A sill, approximately 20 m deep, 

in the north end of the Drøbak Sound constitute the boundary between outer and inner 

Oslofjord. The inner Oslofjord comprise two main basins: Vestfjord and Bunnefjord, 164 

and 154 m deep, respectively (Figure 2.2). These basins are divided by another sill, roughly 

50m deep, running between the peninsulas Nesodden and Bygdøy (Baalsrud and Magnusson 

2002).  

Gade (1968) divides the water masses of the fjord into two sections: The upper brackish 

layer, and the lower homogenous almost-marine layer, usually holding salinities of less than 

30 and above 31, respectively. This halocline is the main contributor to density difference, 

thus constituting a pycnocline between the surface and bottom layers (Baalsrud and 

Magnusson 2002). The salinity and temperature are subject to considerable annual 

fluctuations: low temperature and high salinity during winter, and high temperature and low 

salinity during summer. Thus, the thickness of the surface layer fluctuates from more or less 

non-existent in winter, to as much as 20 m thick in summer  (Gade 1968). The average 

temperature in Vestfjord at 80-90 m water depth is approximately 7˚C for the period 1930-

2008 (Berge et al. 2009b).  The fresh water influence in the inner Oslofjord is mainly 

governed by the large rivers mounding in the outer fjord (e.g. Glomma and Drammens 

River), due to low discharge from the rivers mounding directly into the inner fjord (e.g. 

Alna-, Akers-, Lysaker- and Sandviks River) (Baalsrud and Magnusson 2002).  
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Figure 2.1: Overview map and map of Oslofjord. Red spot and arrow marks the sampling station. The figure is 

modified from Online Map Creation (Weinelt 1999). 

 

 

Figure 2.2: Bathymetric map of inner Oslofjord. Red arrow marks the sampling station. The figure is modified from 

Norges Geologiske undersøkelse’s online map Mareano (Mareano 2010). 
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Water exchange and water renewals are caused by several different processes. Gade (1968) 

divides these processes into two categories: circulatory and non-circulatory. Circulatory 

processes, estuarine and wind-driven circulation, contribute to a net circulation of the water 

in the fjord, whilst non-circulatory, vertical eddy diffusion and tidal effects, exchange water 

with no net transport.  

Deep water renewal occurs usually in winter, when prolonged northerly and north-easterly 

winds are common. The winds transport surface water out of the outer fjord, which are 

replaced by new and heavy marine water. This new water has a higher density than the 

bottom water within the Drøbak sill, and flow into the basins on the inside. Deep water 

renewals occurs annually in Vestfjord whilst only every third to fourth year in Bunnefjord 

(Baalsrud and Magnusson 2002). Infrequent renewals in combination with minor mixing 

with the surface layer result in stagnant bottom water conditions in Bunnefjord. 

Subsequently, the fjords bottom-water oxygen concentrations at 70-75 m water depth (which 

is in close relation to the present sample station) have been quite low throughout the last 80 

years (Figure 2.3). Oxygen production is limited to the photic zone. Thus, fluctuations at 

deeper levels are caused by oxygen rich water flowing in via deep water renewals (Baalsrud 

and Magnusson 2002). In addition to the above mentioned features, the fjord contains 

numerous smaller bathymetric and hydrographic features affecting the environment on a 

local level (Risdal 1964). 

 

Figure 2.3: Temporal fluctuation of dissolved oxygen concentrations (ml/l) at 70-75 m water depth in the 

Bunnefjord, from 1933 to 2008. Courtesy of Jan Magnusson (pers. com. 2010)Norwegian Institute for Water 

Research. 
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Geologically, the Oslofjord is made along the western side of a NS-trending fault zone. This 

fault comprises the eastern end of the Oslo Graben: a section subsided Paleozoic rock 

surrounded by Precambrian gneisses (e.g., Neumann et al. 1992, Ramberg et al. 2008). The 

slopes cascading down into the Bunnefjord on both sides are Permian faults. Additionally, 

the landscape and topography around and within the fjord has further been shaped by 

Quaternary glacial processes (Ramberg et al. 2008).  

The sedimentation rate in the Bekkelaget basin, located nearby Oslo Harbour NNE of the 

Bunnefjord, is 0.5 – 1.5 mm/yr (Hauge et al. 2007). This rate fluctuates seasonally, with 

peaks following the algal blooms in spring and autumn, and episodes of extensive material 

transport from river water. The landslide prone slopes on both sides of the Bunnefjord may 

disrupt the natural sedimentation.  

 

2.2 Pollution history 

The land area encircling the Oslofjord has witnessed a substantial population growth, mainly 

concentrated within Oslo city, which grew from about 100 000 to 500 000 from late 19th 

century to the new millennia. Today, about 760 000 people, living in the municipalities 

adjoining the fjord, have their wastewater to some extent linked to it. In relation to the 

population growth, the industry grew as well. The first sawmills came along the rivers 

during the 16th century. However, it was not until the mid 19th century that the industry grew 

substantially. Several pulp mills, textile industry, breweries, hardware - and chemical 

factories were established and used the rivers as open sewer. Most of these industries have 

been shut down during the last 50 years. Today, there are almost no direct discharge to the 

rivers, as municipal sewage and wastewater systems have taken its place (Baalsrud and 

Magnusson 2002).  

The first wastewater treatment plants were taken into operation in 1910 and 1911. Several 

small treatment plants were constructed the following years. These used crude technology to 

rinse the wastewater (Arnesen 2001), and the sludge was usually dumped in the fjord just a 
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couple of kilometres away from the harbour (Baalsrud and Magnusson 2002). In the 1920s 

and 30s the pollution situation was discussed by scientists, engineers and the public, due to a 

green/grey colour and bad odour to the water. The harbour area was a popular recreational 

location and public health was the major concern (Arnesen 2001). 

Scientists expressed unease for the increasing algal populations due to nutrient loading in the 

1930s to 50s, but engineers at the Oslo Sewer Authority failed to recognize this connection 

and focused on organic matter content. It was not until the 1970s nutrient removal became 

top priority, during which the nutrient loading had continued and anoxic conditions were 

observed in the Bunnefjord below 70 m water depth (Arnesen 2001). Considering 

eutrophication, there has been a slow improvement of the fjord since the 1980s when 

nutrient treatment started. However, bottom waters are still suffering of dysoxia and, in 

places, anoxia (Arnesen 2001, Baalsrud and Magnusson 2002). 

Today, there are three major treatment plants which discharge into the inner Oslofjord: 

Bekkelaget, Nordre Follo, and VEAS. Bekkelaget treatment (BRA) plant opened in 1963, 

and phosphorous treatment was initiated in 1974. In 2000 a new and bigger treatment plant 

with nitrogen treatment opened and replaced the old plant. BRA has always discharged into 

the Bekkelags-basin, which borders northeast to Bunnefjord. Wastewater from 

approximately 280 000 people are linked to BRA. Nordre Follo treatment plant was initiated 

in 1972, and discharge treated wastewater equivalent to about 40 000 people into the inner 

part of Bunnefjord. It was upgraded in 1980, and nitrogen treatment was introduced in 1997. 

The VEAS plant, located on the west bank of Vestfjord, opened in 1983, and gave from then 

on treatment of all municipal wastewater (approximately 450 000 people) (Baalsrud and 

Magnusson 2002). The wastewater was treated both mechanically and chemically and the 

nutrient phosphorous was treated from the start, whilst nitrogen treatment was not initiated 

until 1996 (Arnesen 2001). The nutrient supply to the fjord increased quite rapidly after the 

introduction of the Water Closet at the beginning of the 20th century, but has decreased since 

the 1970s according to initiated treatment measurements (Figure 2.4).  

Ruud (1968) summarizes the stepping stone of environmental studies (focusing on 

eutrophication) performed in the Oslofjord starting with biologist O. F. Müller, who 

described specimens from Drøbak over 200 years ago. Zoological studies continued at 
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different intervals, and in 1917 G. Gaarder and H. H. Gran observed particularly high 

plankton populations in Oslo harbour area. They suggested the rise was caused by the 

increasing sewage discharge from Oslo city. This study was followed by more publications 

during the 30s, 40s and early 50s with T. Braarud as main contributor. These publications 

culminated in a note to Oslo city authorities in 1953, and 5 years later the Norwegian 

Institute of Water Research (NIVA) was established. NIVA undertook a research project on 

the pollution situation in the Oslofjord from 1962 to 1965  (Ruud 1968), and have ever since 

1973 continued to monitor the inner Oslofjord. They also produce yearly reports of the 

hydrological and biological situation (e.g., Berge et al. 2009b), with additional reports on 

environmental pollutants (e.g., Berge 2008).  

 

 

Figure 2.4: Total supply of phosphorous (bar/left scale) and nitrogen (line/right scale) for inner Oslofjord. Pre 1960 

values are based on calculations, whilst post 1960 are based on both measurements as well (Baalsrud and 

Magnusson 2002, p. 113).  
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There are several other contributors to environmental studies in the Oslofjord. However, 

these are mainly concerning eutrophication (e.g., Åstebøl 1984, Madsen 1990, Dale et al. 

1999), pollution effects on macro fauna (e.g., Olsgard 1999, Ruus et al. 2002) or hydro- and 

geochemistry (e.g., Doff 1969). Lately the Norwegian Geotechnical Institute (NGI) has also 

performed several studies concerning pollutants in the Oslofjord, especially in relation to the 

Oslo harbour remediation project (e.g., Hauge et al. 2007, Cornelissen et al. 2008, Oen et al. 

2010 and references therein).  

2.3 Previous studies in Bunnefjord 

There is a limited number of scientific papers that concerns the Bunnefjord basin. Most 

previous local studies of both foraminifera and environmental matters are part of bigger 

works. They usually encompass the whole fjord, or other parts of the fjord (e.g., Risdal 1963, 

Dale et al. 1999, Alve et al. 2009b, Lepland et al. in press). However, a paleoenvironmental 

study (Cand. Scient. thesis) on dinoflagellate cysts has been conducted on a core from 

Bunnefjord (Madsen 1990). The majority of studies in Bunnefjord are NIVA-reports (e.g., 

Berge 2008, Nilsson 2009). Therefore, several reports have been applied in this thesis.  

 

2.4 Modern foraminifera fauna in Oslofjord 

A selection of foraminiferal studies from the Oslofjord, with a particular relevance for the 

present study, is described in this section. It is important to emphasize whether the studies 

has been performed on total (dead + living) or living fauna, as they represent time averaged 

(total) or conditions at the time of sampling (living).  

Risdal (1963) performed a comprehensive pioneer study of the distribution of the total 

foraminiferal fauna in the Oslofjord, including a sampling station in Bunnefjord. He 

analyzed 13 sediment cores distributed throughout the inner Oslofjord (Figure 2.5), and 

subsequently described each location’s specific foraminiferal fauna and chronological 

development. The author pointed out that such a small number of sediment cores were not 
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nearly enough to give a just representation of the fjord. The results were also put in context 

with the fjord’s state of pollution, which at the time was increasing news of interest. The 

fjord was divided into four ecological regions: 1. Drøbak Sound (Sampling station 13, Figure 

2.5), characterized by a large number of species, no distinct bloom of any species, and 

increased numbers of deep marine species; 2. Vestfjord (Sampling station 7-12), 

characterized by a large number of individuals increasing upwards within the sediment core, 

and Bulimina marginata, Stainforthia fusiformis (as Virgulina fusiformis), Cassidulina 

laevigata, Elphidium albiumbilicatum (as Elphidium subarcticum) and Adercotryma 

glomeratum were the dominant species; 3. Oslo Harbor (Sampling station 2-6), characterized 

by few individuals in the topmost part and maximum of individuals further down core in 

relation to a shift from black to grey sediment. The region is dominated by the presumed 

dysoxia-robust species B. marginata and S. fusiformis; 4. Bunnefjord (Sampling station 1), 

which is fairly similar to the Oslo Harbor region, is characterized by an increase and 

maximum number of individuals right before a shift from grey to black sediment (moving 

chronologically, up core). This increase is again dominated by B. marginata, S. fusiformis, 

and A. glomeratum. The top of the core has exceptionally few both individuals and species. 

Oslo Harbor and Bunnefjord are considered to be severely polluted and anoxic in the 

topmost part of the core.  

Thiede et al. (1981) divided the recent foraminiferal fauna into six different assemblages 

using multivariate statistical techniques on Risdal’s (1964) total fauna data. The only 

assemblage in the inner Oslofjord that was statistically important was dominated by the 

foraminiferal species B. marginata and, to a lesser extent, Nonionellina labradorica (as 

Nonion labradoricum).  

In Drammensfjord, which is a part of the outer Oslofjord, Alve (1995a) analyzed surface 

dwelling living benthic foraminifera along a transect running form well oxygenated to 

anoxic sediments. The species diversity was negatively influenced along the whole transect 

due to environmental stress: brackish water in the topmost part and anoxia in the lower part. 

This resulted in maximum diversity in the intermediate layer. The species S. fusiformis 

showed to be overall dominant in anoxic surroundings.  
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Figure 2.5: The inner part of the Oslofjord showing the positions of Risdal’s (1963) sampling stations. (From Risdal 

1963, p. 9). Red arrow marks the sampling station of the present study.  

 

The above mentioned studies have been executed by different means, but they all support B. 

marginata and S. fusiformis as key species in stressed, oxygen depleted environments, which 

is typical for the Oslofjord.  

Additional laboratory experiments on living foraminifera, concerning oxygen and heavy 

metal susceptibility, have been performed using sediment from the Oslofjord (Alve and 

Bernhard 1995, Alve and Olsgard 1999). These experiments support the strong point of S. 

fusiformis as an important opportunistic, low-oxygen tolerant bioindicator in the Oslofjord. 
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3. Method 

3.1 Sampling procedures 

Sediment samples were collected with a Gemini corer at a cruise with R/V Trygve Braarud 

on the inner Oslofjord 9th of June 2009. The inner diameter of a Gemini core liner is 8 cm. 

The sample location is positioned within a sub-basin of the Bunnefjord (N59.84285, 

E10.72587) at 79 meter water depth (Figure 2.2). The station location was chosen to pick up 

the oxygen concentration shifts described above (Figure 2.3). It was believed to be located 

sufficiently deep to experience prolonged anoxia, and sufficiently shallow to experience 

periods of re-oxygenation during deep water renewal. A total of six cores were collected, 

three were used in a different study, two were extruded and dissected on deck, and one, 

called JE-G, was sliced into several samples. The topmost 36 cm were sliced into 1 cm thick 

samples, whilst the remainder of the core was sliced into 2 cm thick samples. The core 

length was approximately 54 cm, which gives a total of 45 samples. All samples were 

immediately refrigerated and subsequently frozen within 24 hours.  

 

3.2 Laboratory procedures 

All samples were freeze-dried using a Christ Loc-1m Alpha 1-4. By weighing samples up 

front and afterwards, the weight difference disclose the water content. It was compensated 

for salt content using the formula below. The weight of the sea salt may become influential 

when the water content is high and/or the sediment has a low dry weight. The salt content of 

bottom waters in the inner Oslofjord used in the formula was set to 33, based on 

hydrographical data from previous studies (Risdal 1964, Berge et al. 2009b). Subsequently, 

the salt corrected dry weight was divided by the dry weight, producing the salt/dry matter-

ratio.  
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Salt correlated dry weight = wDsc = wD –(wW-wD)*0,033 

wD = dry weight 

wW = wet weight 

 

Part salt (%) = Ps = (wDsc / wD) * 100 

Part dry matter (%) = Pdm = 100 - Ps 

 

Radiological dating was performed, using the activity of isotopes 210Pb and 137Cs by means 

of gamma spectrometry (Appleby 2001), by Associate Professor Thorbjoern Joest Andersen 

at Gamma Dating Center, Institute of Geography & Geology, University of Copenhagen. 

The utilized apparatus was a Canberra low-background Germanium-well detector, which 

measures 210Pb by its gamma-peak at 46.5 keV, 226Ra by the granddaughter 214Pb (peaks at 

295 and 352 keV), and 137Cs by its peak at 661 keV. These measurements provided data for 

a CRS-model (constant rate of 210Pb supply) (Appleby 2001), dating the topmost 25 cm of 

the core. It is commonly used in sediment dating. The 210Pb supply consists of two 

components: supported 210Pb and unsupported 210Pb. Supported lead is authigenic and 

derived from its parent nuclide 226Ra, of which is usually in equilibrium. Unsupported lead is 

derived from the atmospheric flux, and is found by subtracting the supported from the total 

activity. The CRS-model is based on the assumption that the influx of unsupported 210Pb is 

constant, and that the deposited 210Pb is undisturbed. The unsupported and in turn the total 

activity decreases down core as the sediments exposure to recent atmospheric input 

decreases. The law of radiological decay dictate the age-model. The peaks of the artificial 

isotope 137Cs at about 1963 and 1986, respectively after atmospheric nuclear testing and 

Chernobyl, can be used for calibrating the 210Pb dating (Appleby 2001). The lower 29 cm of 

the core is dated by extrapolating the mean age-difference between samples 22-23 and 24-25 

(the two oldest dated samples). 

The sample material set aside for heavy metal analyses (Table 3.1) were prepared according 

to Norwegian standard NS 4770. Metals were extracted by the use of acid (HNO3), ran in an 

autoclave (Harvey SterileMax from Barnstead/Thermolyne Corporation), and solids filtered 
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out before the fluids were run in a SpectrAA-300 Atomic Absorption Spectrometer (AAS). 

Concentrations of Copper (Cu), Zink (Zn), cadmium (Cd) and lead (Pb) were determined. 

Each element has its own light bulb and atmospheric mixture of acetylene/air or acetylene/ 

N2O provided by the manufacturer. Various dilution factors were necessary to fit the range 

of the AAS. Therefore, calculations, according to standard practice at the Department of 

Geosciences, University of Oslo, were performed on AAS results to find sample 

concentrations.  

The above mentioned heavy metals are environmental pollutants that are easily analyzed at a 

reasonable low cost compared to other environmental pollutants such as Poly Chlorinated 

Biphenyls (PCBs), Polyaromatic Hydrocarbons (PAHs) and Tributyl Tin (TBT). Copper 

analyses were not performed on the three lowermost samples (48 – 54 cm core depth), as 

their acid extractions were lost in the laboratory. The AAS did not burn stable when the 

fluids were run for lead, resulting in large errors. Therefore, lead was omitted.  

 

Table 3.1: Overview of which sample a method was performed on: F. = Foraminifera; TOC = Total Organic 

Carbon; H.M. = Heavy Metals; E.P. = meant for Environmental Pollutants. 

Core depth (cm) F. TOC H.M. E.P. Core depth (cm) F. TOC H.M. E.P. 

0-3         26-27         

3-4         27-28         

4-6         28-29         

6-7         29-30         

7-8         30-31         

8-10         31-32         

10-11         32-33         

11-13         33-34         

13-14         34-35         

14-15         35-36         

15-17         36-38         

17-18         38-40         

18-19         40-42         

19-21         42-44         

21-22         44-46         

22-23         46-48         

23-24         48-50         

24-25         50-52         

25-26         52-54         
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Total organic carbon (TOC) and total carbon (TC) were analyzed (Table 3.1) using a LECO 

CR412 Carbon Analyzer. It burns samples at 1300 °C in a CO2 depleted atmosphere, and 

measures the release of CO2 at ignition with an IR-detector. Due to equipment limitations, 

two measurements are required, one measuring TC and one measuring TOC where all 

inorganic carbon are removed with acid (HCl). Thereby finding total inorganic carbon (TIC) 

with the following formula:  

TIC = TC – TOC 

All samples were treated according the standard procedures for TOC/TC analyses at the 

Department of Geosciences, University of Oslo. Approximately 0.3500 grams of sample 

sediment were put into a crucible. TC was run straight away, whilst 1:9 HCl were added to 

TOC samples, removing inorganic carbon. The TOC samples were dried at a heated tray 

(40˚C) followed by additional concentrated HCl to ensure total dissolution of the inorganic 

carbon. Afterwards, the samples were washed whilst applying vacuum suction, pursued by 

dehydration in a heated cupboard keeping 80˚C. The analyses were run with a LECO CR412 

Carbon Analyzer when thoroughly dehydrated. 

The samples for micropaleontological analyses (Table 3.1) were selected to achieve an even 

representation throughout the core and have enough material from the samples meant for 

environmental pollutant analyses. After gentle homogenization with a spatula approximately 

1.5 g of sediment were taken out, wet sieved using a 63 µ sieve, and dried in a heated 

cupboard keeping about 45 ˚C. The 63 µ sieve size was used in accordance with previous 

studies in the Oslo fjord (e.g., Alve 1995a, Alve et al. 2009a, Alve et al. 2009b) and as 

recommended for ecological studies in benthic foraminifera (Murray 2006). The coarser 

fraction was set aside for microscope examination where foraminifera were picked, 

identified to species level, and counted. The counts are listed in Appendix B, and results 

presented as individuals per gram dry sediment. When possible 250 – 350 tests were picked 

from each sample to achieve statistically significant numbers. Diversity indices were 

calculated using PRIMER v6 software:  Shannon-Wiener H (Shannon and Weaver 1949), 

Hurlbert’s ES(100) (Hurlbert 1971) and Fisher-α (Fisher et al. 1943). Traditionally, the 

Shannon-index is given with log (e)-base in foraminiferal studies. Due to an environmental 

approach in the present study, it is given with the log (2)-base, which is common in 



 

 

25 

 

biomonitorsing studies. Fisher-α is also a traditional index in foraminiferal studies, whilst 

Hurlbert’s index is common in biomonitoring macrofauna studies.  The foraminiferal tests 

were checked for carbonate dissolution via their luster, etch marks, and the sharpness of 

breakage/hole edges, which are typical for chemical destruction (e.g., Murray and Alve 

1999). 

The following intervals were combined after dating due to insufficient material: 0-3, 4-6, 8-

10, 11-13, 15-17 and 19-21. These and samples 24-25, 31-32, 38-40 and 52-54 cm core 

depth were supposed to be analyzed for environmental pollutants, TOC/TC, and Total 

Nitrogen (TN), but this was postponed due to lack of funding. Therefore, these samples were 

not included in the micropaleontological analyses and TOC/TC measurements.  

 

3.3 Environmental quality and risk assessment 

A classification of environmental quality helps to display the chronological development of 

the environment. The classifications were done according to the Norwegian Pollution 

Control Authority’s (SFT) guide TA2229/2007 (Bakke et al. 2007b, Bakke et al. 2010), 

which is meant for consultants, problem owners and executive officers. It comprises five 

classes, from “Background” to “Very bad” which reflect the degree of pollution. The limits 

are set by the macrofauna ecotoxicity of the contamination. The old guideline has the same 

classes in common with the new, but the limits were defined by the frequency distribution of 

concentrations for contaminants in the upper 5 cm of oxic sediment (Bakke et al. 2010). 

Environmental quality classification based on organic carbon and diversity measurements 

are not included in TA2229/2007 (Bakke et al. 2007b). Consequently, values from the old 

guideline (Molvær 1997) have been used. New limits for the environmental quality 

classification based on diversity indices were published in 2009, but was discovered too late 

for use in the present study (Direktoratsgruppa_Vanndirektivet 2009). The new limit values 

are marginally slackened.  
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Risk assessment was based on the SFT’s guide TA2230/2007 (Bakke et al. 2007a), which is 

a walk-through. It gives a three step risk assessment, each step increasing in detail, 

thoroughness and cost (Bakke et al. 2010). Risk is usually defined as probability multiplied 

by consequence, but the assessment guide evaluates the consequence of the sediment 

contamination and the probability is set to 1. Thus, it is primarily an accounting of the 

possible consequences.  

Only step one has been conducted. It is a simplified risk assessment, which basically consists 

of a comparison of contaminant concentrations with reference values or acceptance criteria. 

The acceptance criteria are conservative and set by the most vulnerable factor (Bakke et al. 

2007a). As mentioned above, several environmental pollutants were not analyzed. Thus, 

only some heavy metals were available for analyses. This does not fulfill the requirements 

and minimum recommendations of the risk assessment guide. Any further assessment would 

dramatically increase the work load and cost of this thesis, and has therefore not been 

performed. A paleo-risk assessment has not been done for Bunnefjord before, and may show 

to be an additional parameter helping to describe the paleo-environment.  

The Norwegian Pollution Control (Statens Forurensningstilsyn – SFT) has recently changed 

names to Climate and Pollution Agency (Klima- og forurensningsdirektoratet – Klif).  
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4. Results 

4.1 Physical and geochemical properties 

The top of the core consisted of black, fluffy sediment down to approximately 25 to 30 cm 

core depth where a gradual transition to firmer, lighter marine clay took place (Figure 4.1). 

There was a lighter horizon at two cm core depth. The light horizon had a good lateral 

extension as it was found in all cores taken at the sample station. There was a thin, brown-

greenish layer on top at the sediment water interface (Figure 4.2). Some of it slid a short 

distance down along the inside of the core liner during handling. The bottom water had a 

pungent smell of H2S.  

Two surplus cores were extruded and dissected on deck during the cruise. The dissection 

revealed a distinct transition from black to light grey sediment at 28 in the first core and 33 

cm core depth in the second. There were several light horizons in the dark sediment and vice 

versa, especially close to the transition. The topmost parts of the cores were so loose and 

watery that they ran out on deck when extruded. The density seemed to increase down-core, 

and the lowermost part of the core consisted of firm marine clay. One core contained several 

ichno fossils after polychaeta worms from about 35 cm core depth and downwards. 

During microscope inspection it became evident that the >63 micron fraction mainly 

consisted of fecal pellets and finer grained aggregates. The sand content, including fecal 

pellets, (>63µ) varied between 6 and 31 percent, averaging at 17 %.  

The Gamma Dating Center in Copenhagen was able to date the top 25 cm of the core only, 

due to an abrupt increase in bulk density. The age-difference between the samples started out 

small with just a couple of years in the topmost part of the core (Table 4.1), and increased 

towards the lowermost dated sample (24-25 cm core depth). The 137Cs peaks in 1963 and 

1986 were in good agreement with the 210Pb-dates, only skewed by a couple of years which 

were adjusted for. Between the two lowermost dated samples (22-23 and 24-25 cm core 

sample) the age difference was 17 years. That gives a mean difference of 8.5 years per cm 
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core depth. This difference has been extrapolated further down-core (Figure 4.3), resulting in 

the oldest sample being approximately 330 years old, dating back to 1680 AD.  

 

Figure 4.1: Extruded core on deck from the JE-G location showing the transition from firm, grey, oxygenated clay in 

the lower part to black, loose anoxic sediment at the top.  Scale in cm core depth. 

 

Figure 4.2: Watery sediment surface. There was a thin layer of green/brownish colour at the top. Here shown along 

the egde of the core, due to smearing during extrusion. Cp4-1 is the same sample location as JE-G 
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Table 4.1: Dates and sediment accumulation rates for the top half of core JE-G from the Gamma Dating Center, 

University of Copenhagen, calculated using a CRS-model. Age and sediment accumulation errors are included. The 

depths are averages of its respective sample depth (e.g. 0.5 = sample 0-1 cm core depth).  

Depth  
(cm) 

Age  
(yr) 

Error Age 
(yr) 

Date  
(yr) 

Acc Rate  
(kg m-2yr-1) 

Error Rate  
(kg m-2yr-1) 

0 2009 

0.5 0 1 2009 1.23 0.23 

2.5 3 1 2006 1.03 0.12 

4.5 7 1 2002 0.58 0.05 

8.5 19 2 1990 0.39 0.04 

9.5 22 2 1987 0.37 0.06 

10.5 24 2 1985 0.33 0.04 

11.5 27 2 1982 0.4 0.07 

12.5 29 2 1980 0.6 0.09 

14.5 34 2 1975 0.41 0.05 

16.5 42 2 1967 0.29 0.03 

17.5 46 1 1963 0.24 0.00 

18.5 51 3 1958 0.26 0.05 

19.5 54 3 1955 0.42 0.12 

20.5 57 4 1952 0.48 0.11 

22.5 66 5 1943 0.43 0.11 

24.5 83 6 1926 0.34 0.06 
 

 

Figure 4.3: Down-core age of sediment. The top 25 cm are based on radio isotopic dating, whilst the remaining ages 

are extrapolated from the difference between the two lowermost dated samples. 
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core distribution of water content (%) of core JE-G from Bunnefjord.

) increased quite slow (1.6 – 2.1 %) from about 52 to 32 cm 

32 cm core depth the increase accelerated before peaking (5%) at 15 cm core 
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Table 4.2: Norwegian classification system for concentrations of metals in marine sediments (Bakke et al. 2010), 

organic carbon in sediments and species diversity of soft bottom fauna (Molvær 1997). The colourings is according 

to the Norwegian pollution control authority’s guide (Bakke et al. 2010). 

    Background Good Moderate Bad Very bad 

              

Cd (mg/kg) <0.25 0.25 - 2.6 2.6 - 15 15 - 140 >140 
Cu (mg/kg) <35 35 - 51 51 - 55 55 - 220 >220 
Zn (mg/kg) <150 150 - 360 360 - 590 590 - 4500 >4500 

              
Total Organic Carbon  (%) <2.0 2.0 - 2.7 2.7 - 3.4 3.4 - 4.1 >4.1 

Hurlbert’s index  (ES(100)) >26 26 - 18 18 - 11 11 - 6 <6 
Shannon-Wiener index (H) >4 4-3 3 - 2 2 - 1 <1 

 

 

 

Figure 4.5: Down-core distribution of: A) Total Carbon (TC), Total Organic Carbon (TOC), and Total Inorganic 

Carbon (TIC) given in percent of weight; and B) Total Organic Carbon (TOC) with the Norwegian pollution control 

authority’s state of pollution classes shown by its respective colour. 

 

The Norwegian pollution control authority’s (SFT) classification system includes values for 

TOC which have been summarized in Table 4.2. The TOC (Figure 4.5) concentration in the 

oldest, lowermost sample (50 cm core depth, 1710 AD) corresponded to the “Background” 
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class and the concentration was kept low before it crossed over to “Good” at 35 cm core 

depth (1830 AD). From then on the graph increased quite steadily towards its peak at 15 cm 

core depth (1975 AD). It crossed over to “Moderate” at 30 cm core depth (1875 AD); “Bad” 

at 24 cm core depth (1925 AD); “Very bad” at 22 cm core depth (1945 AD). The TOC-

concentrations started to decline after peaking and was back down in the “Bad” class at 7 cm 

core depth (1995 AD). The most recent sample (3-4 cm core dept, app. 2004 AD) analyzed 

for TOC was still within SFT’s “Bad” pollution-class.  

Cadmium (Cd), copper (Cu) and zinc (Zn) (Figures 4.6 – 4.8) had similar up-core 

developments: A rapid increase in concentrations between 30 and 20 cm core depth (1875 – 

1955 AD), peaking at 20 to 15 cm core depth (1955 - 1975 AD), and a quite rapid decrease 

after peaking. On the one hand, copper and zinc decreased rapidly immediately after 

peaking, but flattens at about 10 cm core depths (1985 AD). Cadmium, on the other hand, 

decreased steadily towards the top of the core, only broken by a small increase at 7 cm core 

depth (1995 AD). All three heavy metals showed higher concentrations when salt was 

corrected for. 

Though the general development match, the Norwegian pollution control authority’s state of 

pollution classification system revealed differences in environmental quality. Cadmium 

(Figure 4.6) crossed over to class “Good” at about 30 cm core depth (app. 1875 AD), and 

“Moderate” at about 22 cm core depth (app. 1945 AD). The salt corrected concentrations 

had a prolonged stay in the “Moderate” class before crossing back down to “Good” at 6 cm 

core depth (app. 2000 AD), whilst non-corrected crossed back at 12 cm core depth (1980 

AD).  

Copper (Figure 4.7) had a slow increase in the lowermost part of the core, but low ranges for 

the “Good” and “Moderate” classes made it swiftly cross over to “Bad” at about 25 cm core 

depth (1925 AD). Both salt corrected and non-corrected concentrations cross over to “Very 

bad” before crossing back down to “Bad”, which is the present condition. The salt corrected 

graph stays in “Very bad” from about 20 to 13.5 (1955 – 1977 AD), whilst non-corrected 

stays from 17 to 14.5 cm core depth (1965 - 1975 AD). Also the non-corrected copper graph 

is close to crossing down to “Moderate” and “Good” towards the top, at the same time as the 

salt corrected graph is still well within the “Bad” bounds.  
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Figure 4.6: Down-core distribution of cadmium (mg/kg) in core JE-G. The Norwegian pollution control authority’s 

state of pollution classes are shown by its respective colour (Table 4.2).  

 

 

Figure 4.7: Down-core distribution of copper (mg/kg) in core JE-G. The Norwegian pollution control authority’s 

state of pollution classes are shown by its respective colour (Table 4.2).  
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Zinc (Figure 4.8) had also a slow increase in the lowermost part of the core, except for a 

small jump at 30 cm core depth (1875 AD). The graph began in the lowermost range of the 

“Good” class, unlike the other two heavy metals which set off in the “Background” class. 

Round 25 cm core depth (1925 AD), both salt corrected and non-corrected concentrations 

increased rapidly and crossed through the “Moderate” class into “Bad”. Although the salt 

corrected peak was approximately 50% higher than the non-corrected peak, it did not cross 

over to “Very bad” due to the exceptionally high limit. The prolonged stay in the worst class 

was not as apparent as the other two, but the difference was about five years and the salt 

corrected graph had a prolonged stay in the “Moderate” class. It did not cross over to 

“Good” before 2 cm core depth (2005 AD) whilst the non-corrected graph crossed over at 9 

cm core depth (app. 1988 AD).  

 

 

Figure 4.8: Down-core distribution of zinc (mg/kg) in core JE-G. The Norwegian pollution control 

authority’s state of pollution classes are shown by its respective colour (Table 4.2).  
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4.2 Foraminiferal data 

No signs of carbonate dissolution were found, as the tests had generally a shining luster and 

lacked etch marks. Up-core, the absolute number of individuals (Figure 4.9) peaked at 45 cm 

core depth (1750 AD). From then on it decreased quite ruggedly with a secondary peak at 35 

cm core depth (1830 AD).  From 33.5 cm to 31.5 core depths (app. 1850 – 1870 AD) the 

number of individuals was halved. The abundance decreased slowly until 22 cm core depth 

(1945 AD) where it plunged to almost zero. It stayed low until the topmost sample at 3.5 cm 

core depth (2004 AD), which displayed a significant increase. There was no significant 

difference between salt corrected and non-corrected data. The biggest relative difference was 

in sample 3.5 cm core depth. 

The Shannon-Wiener, Fisher-α, and Hurlbert’s indexes displayed similar patterns (Figure 

4.10). They decreased quite steadily towards 27.5 cm core depth (1900 AD), with a 

secondary peak at 43 cm core depth (1765 AD). The two topmost samples demonstrated a 

diversity increase. The Shannon-Wiener index curve was smoother, compared to Fisher-α 

and Hurlbert’s index. Both Shannon-Wiener and Hurlbert’s began in the SFT pollution class 

Moderate, but Shannon-Wiener crossed over to “Bad” already at 50 cm core depth (1710 

AD) whilst Hurlbert’s crossed at 35 cm core depth (1830 AD). Though Shannon-Wiener 

crossed over to “Very bad” slightly before Hurlbert’s, the residences were quite similar: 

from approximately 30 to 25 cm core depth (1880 - 1925 AD). The top 23 cm core depth had 

too poor fauna for a reliable calculation of diversity indices.  

The cluster analysis (Figure 4.11) revealed two main groups, 54 to 30 and 30 to 23 cm core 

depth (1680 – 1885 and 1885 – 1935 AD, respectively), with similarities of 68 and 75  %, 

respectively. Additionally, the 54 to 30 group could in turn be divided into two groups: 

approximately 54 to 40 and 40 to 30 cm core depth. All groups could be recognized in the 

following MDS plots of three selected species (Figures 4.12 – 4.14). Cassidulina laevigata 

and Nonionella iridea displayed an up-core reduction, whilst Quinqueloculina stalkeri had 

an opposite development, namely an increase towards 23 cm core depth (1935 AD).  
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Figure 4.9: Down-core distribution of benthic foraminiferal absolute abundance (number of individuals per gram 

dry sediment) in core JE-G, both corrected for seawater salt content and not. 

 

Figure 4.10: Down-core distribution of benthic foraminiferal species diversity indexes in JE-G core. The topmost 23 

cm core depths are not included due to scarce counts. A) show Fisher-α and Hurlbert’s (ES(100)) indexes. The 

colouring project SFT pollution classes for Hurlbert’s index (Table 4.2). B) show the Shannon-Wiener index. The 

colouring project SFT pollution classes (Table 4.2).  



 

 

Figure 4.11: Dendrogram showing the similarities between

result of a cluster analysis in PRIMER, which use a Bray

 

Figure 4.12: MDS-plot showing similarities

laevigata after square root transformation. The sizes of the bubble
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showing the similarities between samples from 23 to 54 cm core depth. The diagram is a 

result of a cluster analysis in PRIMER, which use a Bray-Curtis similarity on the data with a

transformation. 

plot showing similarities between samples 23 to 54 cm core depth for the specie 

er square root transformation. The sizes of the bubbles show the abundance of 

individuals. 

 

 

54 cm core depth. The diagram is a 

Curtis similarity on the data with a square root 

 

between samples 23 to 54 cm core depth for the specie Cassidulina 

of Cassidulina laevigata 
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Figure 4.13: MDS-plot showing similarities between samples 23 to 54 cm core depth for the specie Noninella iridea 

after square root transformation. The sizes of the bubbles show the abundance of Noninella iridea individuals. 

 

 

 

Figure 4.14: MDS-plot showing similarities between samples 23 to 54 cm core depth for the specie Quinqueloculina 

stalkeri after square root transformation. The sizes of the bubbles show the abundance of Quinqueloculina stalkeri 

individuals. 
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The species development was also depicted in the plot of individuals of selected species per 

gram sediment (Figure 4.15). Cassidulina laevigata was not found after 35 cm core depth 

(1830 AD), Nonionella iridea after 27.5 cm core depth (1900 AD), and Quinqueloculina 

stalkeri after 22 cm core depth (1945 AD).  

Stainforthia fusiformis and Bulimina marginata were the two most abundant species. Up-

core, S. fusiformis increased rapidly from 1100 to 2800 individuals/g dry sediment (ind/g) 

towards 45 cm core depth (1750 AD), followed by a rugged decline (Figure 4.15 A). The 

number of individuals flattens at approximately 500 from 27.5 to 23.5 cm core depth (1900 – 

1935 AD), before a total collapse at 22 cm core depth (1945 AD). There were signs of 

improvement towards the top as the counts are increasing in the topmost sample. The shape 

of S. fusiformis’ graph is almost identical to the total ind/g-praph. Bulimina marginata 

abundances were about 200 (ind/g) from the lowermost sample and up to 35 cm core depth. 

There it increased to 300 (ind/g) before a collapse at 30 cm core depth (1875). The absolute 

abundance of Quinqueloculina stalkeri (Figure 4.15 B) did also increase before total 

collapse, but it was positioned at 22 cm core depth (1945 AD). 

Stainforthia fusiformis dominates the relative abundance (Figure 4.16), increasing from 60 % 

at the bottom of the core to 90 % at 27.5 cm core depth (1900 AD). Other species, being 

overtaken by S. fusiformis, experience a relative decline during the same time-interval (e.g. 

Adercotryma glomeratum, C. laevigata, Elphidium excavatum, and N. iridea). From 27.5 to 

23.5 cm core depth (1900 – 1935 AD) S. fusiformis’ relative abundance decline, whilst B. 

marginata’s and Q. stalkeri’s increase. The relative abundances of the top 23 cm core depth 

were not calculated on account of too poor fauna to achieve reliable figures.  

 



 

 

40 

 

 

Figure 4.15: Down-core distribution of benthic foraminiferal absolute abundance (number of individuals per gram 

of dry sediment) in core JE-G. A) the two most abundant species (S. fusiformis and B. marginata). B) the three 

species in the MDS-plots (Figures 4.12 – 4.14). Note different scales on x-axes. 

 

 

Figure 4.16: Down-core distribution of benthic foraminiferal relative abundance (species portion, %) in core JE-G. 

A) a selection of the most abundant species (S. fusiformis and B. marginata, A. glomeratum and E. excavatum). B) 

the three species in the MDS-plots (Figures 4.12 – 4.14) Note different scales on x-axes. 
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4.3 Risk assessment 

The risk for ecological effects is present when one of the above mentioned parameters 

exceeds the acceptance criteria, which are defined as the partition between the classes 

“Good” and “Moderate”. All three heavy metals constituted an ecological risk at about 25 

cm core depth (1925 AD) and upwards. Cadmium and zinc crossed back down to the 

“Good” class, but the copper values were well above in the topmost sample. Therefore, the 

risk of ecological effects is present all the way to the top of the core.  
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5. Discussion 

5.1 Geochemical and physical factors 

5.1.1 Dating and age model 

The CRS-model was shown to fit quite well for the topmost 25 cm of the core, as the 210Pb 

dates for Chernobyl and atmospheric nuclear testing maxima were only displaced by a 

couple of years. These errors were corrected for by Andersen. There are several processes 

which could affect the 210Pb record: Dilution of atmospheric fallout caused by an increase in 

accumulation rates, varying degrees of sediment focusing, interruption of the normal process 

of sediment accumulation, and mixing of sediment caused by biological or chemical 

processes. Where such features are suspected, it could be advantageous to utilize other 

chronostratigraphical measurers, such as pollen, diatom or trace metal records (Appleby 

2001). According to the age-model in the present study the trace metal concentrations peaks 

within the expected time-interval, 1955 to 1970 (Figures 4.6 – 4.8) (Lepland et al. in press).   

Below 25 cm core depth the CRS-model is not applicable any more, as the unsupported 
210Pb supply (atmospheric flux) becomes uncertain, due to a sudden shift in bulk density. 

The extrapolation technique is also highly uncertain, due to the bulk density shift which in 

turn affects the accumulation rate. It was also not possible to calculate a reliable error 

measure. Even though the extrapolation technique has a high level of uncertainty, it does 

seem to fit according to the heavy metals which were expected to start increasing in the 

middle of the 1800s. Erlenkeuser et al. (1974) demonstrated that cadmium, copper and zinc 

have increased through burning of fossil fuel, especially coal. The relative amounts of heavy 

metals in the Eckernförder Bucht (Baltic Sea) are analogous to that of coal ash. They also 

linked the anthropogenic input of heavy metals to the increased coal combustion brought 

about by the industrial revolution. Therefore, an increase in Cd, Cu and Zn can be related to 

the industrial revolution, at about 1870 to 1900 AD (Erlenkeuser et al. 1974, Skei and Paus 

1979). The Cd, Cu and Zn distribution of core JE-G (Figures 4.6 – 4.8) is in good agreement 

with Erlenkeuser et al. (1974)’s results, as all three metals start increasing in roughly 1875 
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AD. However, the most rapid increase is somewhat delayed, dated to about 1925 AD. Zinc 

oxide became common as paint pigment in 1860 – 1870, corresponding well with the small 

jump in Zn concentrations (Figure 4.8) (Nagy and Alve 1987, and references therein).  

The TOC-values support the age-model as well, seeing that they start to increase 

dramatically about the same time as the major building period of wastewater pipelines, 1860 

– 1900 AD (Baalsrud and Magnusson 2002). As seen in Figure 4.1 the bulk density shift 

may be explained by the shift in sediment composition. Down-core, 25 cm is the 

approximate position of the first light horizons of marine clay.  

The metal and TOC increase does not support the age-model any further back in time than 

mid 1800s. Additionally, the extrapolation does not include possible changes in compaction. 

The age difference would be expected to increase gradually down-core. Subsequently, the 

curve in Figure 4.3 would be expected to gradually flatten, assuming fairly homogenous 

sediment from 25 cm core depth and downwards. The water content (Figure 4.4) indicates a 

sudden shift in the sediment properties at about 35 cm core depth, dated to 1830. Therefore, 

it is reasonable to assume an even larger error further down-core.  

 

5.1.2 Salt correction 

The weight of sweater derived salt may significantly contribute to the dry weight when the 

sample material is so light that the salt weight constitutes a considerable part of the total 

weight, and/or the water content high. Therefore, the salt weight influence is governed by the 

water content.  Core JE-G displayed extremely high water content in the topmost part of the 

core (Figure 4.4), making it reasonable to assume salt weight influence. This was shown to 

be right for the heavy metal analyses. The salt corrected values for cadmium, copper, and 

zinc had higher peaks and prolonged time intervals in its respective worst ecological status 

class (Figures 4.6 – 4.8).  

On the other hand, the absolute abundance of foraminifera does not seem to be affected by 

the salt correction. It would be expected to display an increasing difference up-core, as the 

water content increased. Figure 4.9 does not present this development, which may be 
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explained by the low counts of individuals (Appendix B: Foraminiferal data), as the increase 

is relative. Even though the topmost sample at 3.5 cm core depth has an increase of about 50 

% (app. 550 – 800 ind/g, increase of 250 ind/g) this is but a small fraction of the total scale, 

and about the same absolute increase as the sample at 45 cm core depth (app. 3750 – 3950 

ind/g, increase of 200 ind/g) which only has about 5 % relative increase. Thus, the 

differences between salt corrected and non-corrected absolute abundance would be 

significantly enlarged if the upper core abundance were higher.  

 

5.1.3 Heavy metals 

As mentioned above, the concentrations of heavy metals started to increase along with the 

industrial revolution, as the use of coal rapidly increased. All three metals follow the same 

development, indicating the same or similar sources. The age model indicates a small 

gradual increase in the late 1800s and early 1900s before a rather rapid increase around 

1925. The peaks are dated between 1960 and 1975 before a reduction towards the top, in 

good agreement with previous studies of the Oslofjord (e.g., Konieczny 1994, Berge 2008, 

Alve et al. 2009b, Lepland et al. in press). This indicates little diagenetic remobilization, 

especially since Lepland et al. (in press) have evaluated the potential for dissolution and re-

precipitation of heavy metals in the Oslo Harbour area, and report diagenetic remobilization 

as unlikely. The dissolution of Cd, Cu and Zn could have been tested by analyzing for redox 

sensitive elements and checking if their peaks coincide with metal peaks.  

Zwolsman et al. (1993) found that trace-metals (e.g., Cd, Cu, and Zn) were mobile within 

sediment of the Scheldt estuary, SW Netherlands. Surface sediment was depleted of trace-

metals, partly lost down-core via re-precipitation in the sulfate reduction layer, and partly 

lost from the sediment via the water column. There were observed moderate losses (up to 25 

%) of Cu and Zn, whilst high losses were observed for Cd (up to 50 %). However, they 

present, among other premises, a distinct oxic layer of which Bunnefjord does not inhabit. 

Their samples were collected in a salt marsh approximately 3 m above mean sea level, which 

is a considerably different environment from 79 m water depth in Bunnefjord. Doff (1969) 

demonstrates a strong association between organic carbon and Zn and Cu, as organic carbon 
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holds a sorptive capacity. Correlations between metals and TOC have been demonstrated in 

several previous studies (e.g., Gonzalez-Perez et al. 2008, Martins et al. 2010), and organic 

matter may be a major carrier of Cu to the sediment (Helland and Bakke 2002). This 

endorses the proposition of low metal diagenetic remobilization, as TOC and heavy metal 

concentrations followed each other.   

Another source of error is sediment dilution (Croudance and Cundy 1995). A low 

sedimentation rate may produce a peak concentration even though it was not the maximum 

metal concentration, as there was insufficient sediment dilution. The maxima metal 

concentrations occur within a period of increased sediment accumulation rates (Table 4.1). 

Therefore, these maxima seem to represent the true contamination maxima. However, this 

would dampen the peak somewhat and further calculations would be necessary to determine 

the significance in relation to environmental status. The top 5 cm core depth seems also to 

have been subject to some sediment dilution, indicating the most recent reduction to be 

slower than depicted. 

Cu and Zn have previously been reported to increase the proportion of test abnormalities 

(Nigam et al. 2006, and references therein), but there have not been any attempts at 

recording of deformities in the present study. Therefore, there is no additional measure of 

metal pollution effects but the comparison of metal concentrations and foraminiferal 

abundance/diversity.  

 

5.1.4 Water content 

The upper part of the core can be characterized as watery suspended material, with some 

difficulty to distinguish the sediment-water interface. It contained 95 % water, which also 

was observed in Bunnefjord in 1969 AD even though the average for Bunnefjord was 71 % 

in the topmost sample (Doff 1969). Core JE-G contained approximately 90 % water in 1970 

AD (Figure 4.4), which still is above average. The high water content may decrease the 

sediment’s retention capacity and increase the mobility within the sediment. Particulate 
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matter is more easily re-suspended and transported away, and more pore-water may increase 

diffusive processes.  

The water content has a reasonable good correlation with TOC, except in the top 15 cm of 

the core. This discrepancy may be caused by limited consolidation in the topmost part of the 

core or so high water content that the topmost sediment effectively was suspended.  

 

5.1.5 Total Organic Carbon 

Nutrient enrichment may increase the supply of organic matter to a coastal system via an 

increase in phytoplankton production (Nixon 1995) (called eutrophication). Thus, an 

anthropogenic increase of nutrients may be recognized in the sediment record as an increase 

in TOC. A small increase in nutrients may have a positive effect on the marine fauna by 

increasing the food supply (C-flux). However, further increase may lead to oxygen depletion 

(Pearson and Rosenberg 1978). Nutrient discharges increased with the increasing population, 

industry, and farming at the end of the 1800s. The introduction of the Water Closet, in the 

early 1900s, lead to a rapid increase of organic matter and nutrients. It was not until 1970s 

and 80s nutrients became top priority of the wastewater treatment commerce. The TOC 

concentrations seem to follow the same development (Figure 4.5).  

The sediment seems to represent the organic carbon concentrations of the fjord quite well, as 

the TOC peak coincides with the maximum nutrient supply of the 1970s, both phosphorous 

and nitrogen (Figure 2.4). Thus, the increase of TOC before known nutrient supply (app. 

<1900 AD) can presumably represent an anthropogenic increase of nutrients and organic 

matter from the rapidly growing population, industry and farming. However, the degradation 

of organic matter have probably decreased as the bottom water went from oxic to anoxic and 

microbial degradation in reducing conditions is slow.  

Core JE-G gives the impression of having naturally high TOC, seeing that the concentrations 

are in the high range of the background class (Figure 4.5). Further extrapolation down- 

sediment would of course give low TOC values, but as the bottom of the core is dated to pre-
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industrial times the requirements of natural conditions are met. Additionally, the graph 

would probably not continue linearly further down sediment, but rather bend off and flatten.  

On the one hand, there seems to be a negative trend of O2 concentrations from early in the 

20th century to app. 1985, and a positive trend from then on (Figure 2.3).  On the other hand, 

the TOC concentrations increase until 1975 and decrease from then on (Figure 4.5), resulting 

in a displaced negative correlation. The TOC peaks about 10 years before the oxygen 

concentration trend dip. Thus, the oxygen improvement lags behind the TOC improvement. 

It may look like the bottom waters need some time to degrade the organic matter present 

before the oxygen concentrations improve. Despite this small improvement, it must be kept 

in mind that this is a minor improvement and there has not been performed any statistical 

analysis of the discussion above. A statistical analysis would be recommendable for future 

studies.  

Organic carbon occupy great adsorptive ability and is one of the major binding media in the 

sediment, especially, when considering organic pollutants such as PAH, PCB and DDTs 

(Bakke et al. 2007a). Therefore, the subsurface peak of TOC might contain the highest 

concentrations of organic pollutants as well. However, these pollutants would be firmer 

bound to the sediment and less bio-available.   

TC and TOC followed each other quite well as a result of TC mainly being made up of TOC. 
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5.2 Micropaleontological factors 

5.2.1 General micropaleontological factors 

The principle of uniformitarianism was proposed by James Hutton, an 18th century natural 

philosopher, in “The Theory of the Earth”, first published in 1795. The principle can be 

paraphrased as “The present is the key to the past”. This is an oversimplification as 

processes that occurred in the past may not be occurring now, and processes that occur now 

may not have occurred in the past (Allaby and Allaby 2003). In this thesis, the principle is in 

all probability valid since the time-span is quite short. The processes that have been active in 

the past 400 years could probably occur and be detectable in the present.  

Time-averaging is a well known effect in micropaleontology. It occurs due to the fact that 

generation times of organisms are shorter than the sediment accumulation rates. The top 

layer of sediment, in which most fossils are deposited, is also a taphonomic active zone 

(Martin 1999). Furthermore, the sample intervals of the present study have different interval 

lengths for some parameters. The dating and water content analysis have been performed on 

the original subsample division, whilst the rest have been performed after combing 

subsamples. This should not affect the results other than giving the dating and water content 

a better down-core time resolution.  

Taphonomic effects, such as bioturbation and CaCO3 dissolution, must be assessed to ensure 

the validity of the data. Bioturbation may lead to smearing, meaning that the signal’s 

amplitude is reduced and mixed with bordering sediment (Schafer 2000, Scott et al. 2001). 

Thus, the signal is weakened and it’s time-interval lengthened. In one core extruded on deck, 

there was observed some ichno-fossils after polychaeta worms no further up than 35 cm core 

depth (Figure 4.1). This suggests some bioturbation in the lowermost part of the core. 

Pearson and Rosenberg (1978) demonstrated that the level of benthic macrofauna, and in 

turn bioturbation, decreases with the oxygen concentration. Therefore, it cannot be expected 

to find any signs of bioturbation, but rather signs of undisturbed sediment, in the anoxic part 

of the core. Lamination indicated undisturbed sediment, starting at about 35 cm and ending 

at 2 cm core depth.  
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Calcium carbonate (CaCO3) dissolution reduces the amount of tests. In the deep ocean there 

is a well-known physical phenomenon governed by pressure and temperature, whilst in 

shallower water it can be governed by organic matter fluxes. In the Long Island Sound the 

organic matter driven dissolution may account for a significant loss of foraminiferal tests 

(Schafer 2000, Scott et al. 2001), but there has not been conducted any studies of CaCO3 

dissolution in the Oslofjord. It may be detected by an increase in the portion of organic test 

linings. It was not undertaken any attempts to determine the portion of test linings in the 

present study. The only ones found were those of Ammonia beccarii, which is an allochthon 

shallow water species.  

Organic matter and low oxygen have been shown to force the pH down, which in turn 

increase the dissolution of foraminiferal tests (Schafer 2000). But a further increase of 

organic matter may promote longer time-intervals of anoxia, which in turn improve the 

preservation by slow degradation and eliminating some acid producing bacteria (Scott et al. 

2001). The bottom water smelled of H2S, indicating anoxia. Therefore, it seems reasonable 

to assume low pH-driven dissolution, at least in the top half of the core. The oxia/anoxia 

transition zone, not experiencing prolonged anoxia, may have experienced more pH-derived 

dissolution. The most prominent difference between live and fossil assemblages is the 

destruction of fragile species. Biological, mechanical and chemical mechanisms reduce the 

number of fossilized tests. Therefore, robust, thick-walled species are expected to dominate 

the fossil assemblage (Scott et al. 2001).  

Murray and Alve (1999) declares dissolution to be the most significant taphonomic effect in 

some intertidal – shallow subtidal environments in the Skagerrak-Kattegat area. The 

calcareous fossil record of Bunnefjord would be poor if the dissolution were as severe. 

However, the majority of the fossils were calcareous, and there were not found any signs of 

carbonate dissolution. 

Adercotyma glomeratum has been suggested to be easily destructed (Nagy and Alve 1987), 

as the species was almost completely absent at greater sediments depths. In core JE-G it was 

only found below 23 cm core depth, increasing with core depth. This may indicate little 

destruction in the lowermost part of the core. However, this may also suggest that absence of 
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A. glomeratum at greater core depths might have been caused by other destruction methods, 

e.g. mechanical disaggregation via predation.   

The total length of the core was 55 cm, whilst after extrusion and cutting the samples added 

up to about 53.5 cm. Some compaction would be expected, and the lowermost part of the 

core would be exposed to the largest force. However, the lowermost part has been 

compacted previously and there might have been horizons of lesser density further up-core 

which might have been compacted more easily during the extrusion. Therefore, a 

homogenous compaction cannot be assumed.  

 

5.2.2 Foraminiferal factors 

Yanko et al. (1999) underline the importance of sound knowledge of the locality and the 

local species, as foraminifera behave different in different circumstances. Indicator species 

are not always present whenever a pollution assessment is conducted and almost every 

locality is unique. Therefore, generalization becomes difficult. This brings forth the 

importance of a thorough understanding of the biological and ecological processes.  

A major concern is whether or not the small sampling area of the core is representative for 

the area surrounding it. On the one hand, Schafer (2000) underline the possibility for great 

differences between close cores in a near shore environment, and the limitations of data 

collected from a single core. On the other hand, the Norwegian Pollution Control Agency’s 

risk assessment guide claims one core sample, in accordance with the Norwegian Stadard: 

Guide for sediment sampling in marine areas (NS-EN ISO 5667-19:2004),  could represent 

40 000 m2 at greater than 20 m water depth, which equals an approximate radius of 112 

meters (Bakke et al. 2007a).  

Risdal (1963, and references therein) argue that a small core is representative for the 

surrounding area in relation to the most common species, but not for the rare species. 

Therefore, it would be necessary to collect several replicate samples if the goal was to 

determine or map the total extent of the fauna. However, there has not been any tradition for 

replicate sampling of foraminifera seeing that geologists, not biologists, traditionally have 
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studied this group. Additionally, living fauna displays greater lateral and temporal 

heterogeneity than the total fauna as the dead assemblage essentially are averaged over 

several years (Schafer 2000). The sample station is located within a subbasin in Bunnefjord 

(Figure 2.2), and it seems reasonable from the discussion above that the core may at least 

represent this subbasin. 

There have been several publications pointing out the fact that benthic foraminifera can be 

infaunal, living down to 20 cm core depth. However, as Schafer (2000) points out, there does 

not seem to be any evidence of living infaunal populations significantly affecting the species 

composition of older fauna. Evidently, this will probably not be a problem, at least not in the 

topmost anoxic part of the JE-G core, where an elevated redox boundary forces the living 

fauna up-core towards the redox boundary (Alve and Bernhard 1995).  

Oxygen and organic flux are believed to be the most important physical parameters for the 

distribution of benthic foraminifera (Van der Zwaan et al. 1999). Salinity and temperature, 

on the other hand, are only of secondary importance. Therefore, the TROX-model (TRophic 

level in relation to OXygen concentration) has been presented (Jorissen et al. 1995). It 

displays that with an increasing organic flux, the flux is limiting the benthic foraminiferal 

abundance until the oxygen becomes low and limiting. Hence, the highest abundances are 

found in mesotrophic conditions. The highest abundance in core JE-G was found at 45 cm 

core depth (1750 AD), which is some time before the industrial revolution.  

The fauna diversities have an inverse relationship with the relative abundance of S. 

fusiformis a well known opportunistic and periodic anoxia-tolerant species (Alve 2003). As 

the proportion of S. fusiformis increases the diversity indices decrease from 1680 to 1900 

AD, and vice versa from 1900 to the uppermost calculation in 1935 AD. Hence, S. fusiformis 

may be a good indicator species for environmental stress and diversity. Previous studies 

have also shown that S. fusiformis dominated sediments might have a low number of species, 

used as a diversity measure (e.g., Risdal 1963, Alve 2000). However, already in 1680 AD S. 

fusiformis dominated with a proportion of about 60 % of the assemblage simultaneously as 

the largest number of species (Appendix B: Foraminiferal data) and highest diversity (Figure 

4.10) occur. This might further support the indications of naturally occurring low oxygen 

concentrations (Alve 2003), nevertheless exclude prolonged episodes of anoxia.  
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On the other hand, C. laevigata flourish in well oxygenated conditions, and can be used as 

an oxygen indicator (Alve 1996, Alve 2000). The species was numerous in the lowermost 

part of the core, though rapidly declining. Therefore, a gradual worsening of the oxygen 

concentrations might be demonstrated. However, it does not dominate in the lowermost part, 

which might indicate low oxygen concentrations after all.   

The small raise of total ind/g (Figure 4.9) and diversity (Figure 4.10) at about 35 and 45 cm 

core depths, respectively, may have been caused by a reduction and/or disappearance of 

macrofauna and in turn potential predator pressure. However, it may also have been caused 

by pulses of phytoplankton and following dysoxia, as absolute abundance of both S. 

fusiformis and N. iridea peaked at the same time/core depth (Figure 4.15). This may indicate 

the organic flux as the limiting factor at the time.  

The foraminiferal diversity indices increase from 27.5 to 23.5 cm core depth (Figure 4.10), 

simultaneously as both the absolute and relative abundance of S. fusiformis decreases 

(Figures 4.15 and 4.16). The number of species increases from 6 to 11 (Appendix B: 

Foraminiferal data), and one of the species increasing the most is Q. stalkeri (Figures 4.14 – 

4.16). It has previously been shown to be an opportunistic, stress tolerant species 

(Barmawidjaja et al. 1995). The bloom may have been a result of S. fusiformis’ decrease and 

the following competition reduction, or the environmental conditions are more favourable 

for Q. stalkeri. The fauna improved slightly in the topmost sample (Figure 4.9), again 

dominated by S. fusiformis, and probably caused by the improved TOC (Figure 4.5) and O2 

(Figure 2.3) conditions. 

The present study did not distinguish between E.albiumbilicatum and E. magellanicum, as a 

gradual morphological transition makes them difficult to distinguish. Therefore, it might be 

several E. magellanicum in the counts of E. albiumbilicatum (Appendix B: Foraminiferal 

data). Elphidium magellanicum can react quickly to environmental change, taking use of 

increased carbon-fluxes from phytoplankton blooms. Additionally, it has exhibited the 

ability to survive prolonged anoxia (Gustafsson and Nordberg 1999, 2000). In the present 

study E.albiumbilicatum displayed the same opportunistic behavior as Q. stalkeri, discussed 

above. Spiroplectammina biformis has also displayed hypoxia stress-tolerance previously 
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(Gustafsson and Nordberg 2000), and increase in abundance together with 

E.albiumbilicatum (Appendix B: Foraminiferal data). 

Based on foraminiferal diversity, the natural conditions of the subbasin in Bunnefjord of 

which the sample station is located is environmental class “Moderate”. An ongoing study of 

the natural conditions in the Bunnefjord has analyzed several cores located outside of the 

subbasin of the present study, at both deeper and shallower depths (Dolven and Alve pers. 

com. May 2010). The cores show the natural conditions, based on foraminiferal diversity, to 

be of environmental class “Good”. This indicates that the natural environmental conditions 

of the here presented subbasin are probably worse than the remainder of the fjord. The 

subbasin might be subject to partly exclusion during deep water renewals, due to local 

bathymetry directing the bottom currents and hydrography. Thus, the oxygen concentrations 

are reduced.  

The cluster and MDS-plots show a division of the fauna into a pre-impact (1680 – 1875 AD) 

and post-impact (1875 – 1935 AD) before the collapse (Figures 4.11 – 4.14). Additionally, a 

subgroup of the pre-impact group can be characterized as a transition group, as it has more in 

common with the post-impact group than the rest of the pre-impact group.  

Natural and anthropogenic environmental factors may co-vary, so that interactions between 

toxins and naturally varying conditions may affect the fauna and becomes complicated to 

distinguish (Yanko et al. 1999). The “Little Ice Age” (e.g., Ogilvie and Jonsson 2001, Soon 

and Baliunas 2003) may be a complicating factor, as a worsening climate probably would 

have affected the marine environment as well. Colder temperatures, changes in ocean 

currents, and frequency and directions of storms could affect the deep water renewal, but this 

will not be discussed any further.  

There were some species that probably were allochthonous as these primarily are shallow-

water species. They were distributed evenly throughout the lower half of the core (Appendix 

B: Foraminiferal data).  The presence of individuals of such species may indicate slides from 

the steep sides of Bunnefjord. Additionally, there was found a techamoeba at 23.5 cm core 

depth indicating freshwater intrusion (Appendix B: Foraminiferal data).   
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The oxygen concentration measurements (Figure 2.3) were not reflected in the foraminiferal 

abundance, probably due to the coarse resolution of the sediment samples. Additional time-

averaging would most likely dampen the signal. Either way, the fauna was extremely poor 

during the period of oxygen measurements/calculations, making it impossible to interpret 

foraminiferal proxy for oxygen concentrations.  

 

5.3 Chronological development 

The sediment core can be divided into five time-periods of development, based on the 

foraminiferal abundance, diversity and cluster analysis. 1: 1680 – 1800 AD “Natural 

conditions”. 2: 1800 – 1885 AD Transition fauna. 3: 1885 – 1940 AD Anthropogenic 

impact. 4: 1940 – 2000 AD All time low. 5: 2000 AD – present Amendment. These are 

described and discussed below.  

 

5.3.1 Period 1 (1680 – 1800 AD): “Natural conditions” 

Period 1 is characterized by a peak in the absolute abundance of the fauna, mainly driven by 

S. fusiformis. The cluster and MDS-plots defined this period as one distinct assemblage, 

probably representing the natural assemblage. The age of this period is highly uncertain as it 

is in the lowermost part of the core (see discussion above).  

Metal and TOC concentrations (Figures 4.5 – 4.8) were at background level, indicative of 

minor anthropogenic influence. Still, the proportion of S. fusiformis was high, which may 

indicate increased periodicity of dysoxia due to stagnant bottom water. Cassidulina 

laevigata is in decline throughout the period, indicating reduced O2 concentrations.  
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5.3.2 Period 2 (1800 – 1885 AD): Transition fauna 

Period 2 is characterized by a decreasing absolute abundance and diversity, whilst the 

general trend of S. fusiformis’ relative abundance increases, indicating added stress. The 

division can also be seen in the cluster and MDS-plots, indicating a transition assemblage.  

Metal concentrations (Figures 4.6 – 4.8) were at background levels at the beginning of this 

period, but started to increase and entered the environmental class “Good”. TOC 

concentrations (Figure 4.5) were increasing throughout the period, but amplified towards the 

end, indicating increased food supply. Thus, anthropogenic discharges of metals and organic 

matter were starting to show. However, they were probably not majorly affecting the 

foraminiferal fauna yet.  Stainforthia fusiformis and B. marginata both demonstrates 

opportunistic behaviour, with a small increase of absolute abundance before the reduction 

continues towards the end of the period, probably caused by dysoxia and increased food 

supply.  

 

5.3.3 Period 3 (1885 – 1940 AD): Anthropogenic impact  

Period 3 is characterized by a slight increase of the absolute abundance and diversity, whilst 

the relative abundance of S. fusiformis decreases. In the beginning of the period there were 

elevations in relative and absolute abundance of Quinqueloculina stalkeri as well. This 

might be caused by S. fusiformis’ decline releasing ecological room. However, it might be 

that S. fusiformis is losing to other dysoxia tolerant species. The divide between period 2 and 

3 was set based on the cluster analysis (Figure 4.11), which marked the 1885 as the major 

shift in fauna composition with only 55 % similarity before and after. Few additional species 

were present. 

Metal and TOC concentrations (Figure 4.5 – 4.8) increased rapidly throughout the whole 

period, further stressing the environment. Moreover, the transition to more permanent anoxia 

as a result of increased TOC and stagnant bottom water which took place within this period.  
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5.3.4 Period 4 (1940 – 2000 AD): “All time low”, and time for 

mitigation 

Period 4 is characterized by an extremely poor fauna. S. fusiformis is found in low numbers, 

but most species are not present at all. 

Metal and TOC concentrations (Figures 4.5 – 4.8) continue to increase half way into the 

period (app. 1975) where they peak before a steady decline. The oxygen concentrations trend 

follows roughly the inverse development, indicating an improvement, but still dysoxia and 

periodic anoxia (Figure 2.3). The foraminifera do not follow the O2 and pollution 

improvement, which is not very surprising as dysoxia and prolonged anoxia prevails, and 

copper are well within the environmental class “Bad”. Additionally, there are numerous 

other environmental pollutants not included in this study.   

 

5.3.5 Period 5 (2000 AD – present): Amendment 

Period 5 is characterized by a slight increase towards present day. It was primarily S. 

fusiformis which has increased, but some other species were present. The total number of 

individuals was still too small to confidently calculate the relative abundance. However, 

there was no micropaleontological examination of the topmost sample corresponding to the 

most recent years.  

Metal concentrations (Figures 4.6 – 4.8) appear to have stabilized during the last decade, 

whilst the TOC concentrations seem to continue the decrease (Figure 4.5). All over, there 

seems to be some improvement, probably caused by continuously firmer discharge 

regulations during the past 30 years. The foraminiferal improvement does not follow the 

metal and organic matter pollution reduction, as organic matter and in turn oxygen debt in 

the sediment may delay the recolonisation. Additional pollutants, not analyzed in this study, 

may also break the recolonisation.  

 



 

 

57 

 

5.4 A comparison with Risdal’s (1963) Bunnefjord core 

In the early 1960s Risdal (1963) performed a pioneer study of the foraminifera in the 

Oslofjord. It was related to the, at the time, ongoing pollution survey mentioned in chapter 

two. Among others, one core was sampled in the Bunnefjord (core 1) and two cores (core 2 

and 3) were sampled in close approximation to the JE-G core (Figures 2.2 and 2.5). The 

following discussion is a comparison of these cores. Risdal (1963) used an older 

nomenclature. Therefore, the following list shows the names used by Risdal (1963) and its 

respective name in the present study. The new names will be used throughout the discussion.  

 

Table 5.1: List of species names used by Risdal (1963) and their corresponding name in the present study. 

Risdal (1963) Present study 

Elphidium clavatum Elphidium excavatum 

Elphidium subarcticum Elphidium albiumbilicatum 

Nonion labradoricum Nonionella labradorica 

Virgulina fusiformis Stainforthia fusiformis 

 

The samples were collected by Risdal (1963) in 1962, meaning that the top of his cores 1, 2 

and 3 are positioned at approximately 17 cm core depth in JE-G. That is within the period 

with the poorest fauna and highest concentrations of metals and TOC of the JE-G core. 

Therefore, cores 1-3 should be expected to show a poor fauna in the corresponding core 

depth. Even though Risdal (1963) does not present any quantitative data, he displays the data 

qualitatively in diagrams (Figure 5.1). The topmost samples contained few individuals in the 

three cores and they increased quite rapidly down core, in good agreement with core JE-G. 

However, the numbers of individuals in core 1 and 2 started dropping again within 6 cm core 

depth, unlike core 3 and JE-G which increased ruggedly further down-core. Even though 

core JE-G and core 3 have a similar relative development of individuals, core JE-G has 

higher abundance. The displacement may have been caused by unequal sedimentation rates 

and in turn sediment dilution (as described above). However, different micropaleontological 
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techniques may also have affected the size of the fauna. It was not possible to obtain the 

details of Risdal’s (1963) techniques, thus only the relative development should be 

considered during the comparison. The denomination of numbers of individuals given in 

Risdal (1963) might differ from the present study, and could be given as individuals per 

volume unit (ind/V), not individuals per gram dry sediment (ind/g). This would further 

complicate matters, since high water content would increase the counts in ind/g whilst ind/V 

would not be affected.  

Number of species decreases towards the top of cores 1-3 (Figure 5.1). However, 1 peaks 

(app. 20 spp) right before the “number of individuals peak”, core 2 has a small secondary 

(app. 20 spp) peak right before the “number of individuals peak”, core 3 decreases 

throughout the whole core (peaks at app. 35 spp). Again, core 3 seems to be in good 

agreement with the present core (Appendix B: Foraminiferal data). Additionally, in both 

cores there seems to be a small halt in the decline immediately after the shift from oxic to 

anoxic conditions.  

 

Figure 5.1: Qulitative data form Risdal’s (1963) cores 1-3. Abundance is given as numbers of individuals, and 

diversity given as number of species. Modified from Risdal (1963). 
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The oxic/anoxic transition was located further down in the JE-G core, thus having a greater 

extent of anoxia, 8-12 cm, whilst core 1 to 3 varied between 3 and 7 cm. This may be caused 

by different determination requirements of the transition, distinct sedimentation rates caused 

by local bathymetric or hydrographic differences, or by local differences  

Risdal’s (1963) three cores were dominated by S. fusiformis and B. marginata. Core JE-G 

was also dominated by S. fusiformis. However, B. marginata was of just minor proportion, 

even though the largest after S. fusiformis. Risdal (1963) found that C. laevigata decreased 

severely before the transition to oxic sediment along with several other species, primarily 

Adercotryma glomeratum, N. labradorica, E. excavatum, E. albiumbilicatum and Hyalinea 

balthica. All these follow the same pattern in JE-G core. However, C. laevigata decreases 

more rapidly than the other species in core JE-G, which might indicate worse hypoxia in the 

subbasin where JE-G is located.  

Risdal (1963) suggests that the lowermost parts of the cores reflect the natural, pre-impacted 

conditions, and that the fauna was relatively poor. This means that Bunnefjord originally was 

more oligotrophic. Furthermore, he suggests that the increase in foraminiferal abundance 

towards the oxic/anoxic-transition, have been caused by an increased carbon-flux. 

Subsequently, the abundance increase has stopped and reversed due to reduced oxygen and 

in turn anoxia.   

Risdal’s (1963) core 3 seems all over to correlate well with the present core. This could be 

somewhat surprising, as the stations appear to be located within separate subbasins divided 

by two sills (Figure 2.2). However, the two sampling stations are not far apart and have quite 

similar water depths (7 m difference). This could indicate the water depth as the most 

important distinguishing factor between sample locations in proximity and within 

Bunnefjord, as the deep water renewal frequencies might be similar at related water depths.  

However, further investigations have to be conducted before anything is inferred.  
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5.5 Environmental status and risk assessment 

Measurements of pollutants in the sediment may not be proportional with the 

ecotoxicological risk, as some of the measured concentrations may not be biologically 

available. Bioavailability might vary with sediment type. Additionally, pollutants may work 

together, interact and affect toxicity in complex and non-linear ways (e.g. additive effect). 

The toxicity may also change due to changes in physico-chemical conditions (Yanko et al. 

1999, and references therein). 

In step one of the Norwegian Pollution Control Agency’s (SFT) risk assessment guide 

(Bakke et al. 2007a) the physical parameters are set to a standard, e.g. grain size and salinity. 

The acceptance criteria are not conditional to water depth or area use, and are set to the limit 

between environmental classes “Good” and “Moderate” in the SFT guide (Bakke et al. 

2007b).  

Step one does not include human health, which is not initiated before step two. Other 

environmental pollutants, e.g. PCB or TBT, have a higher ecological limit than human health 

limit (Bakke et al. 2007a). Therefore, step two is necessary to perform human health risk 

assessment. If the acceptance criteria are exceeded, step two should be conducted for a 

thorough and detailed investigation of the risk. Step two includes the water depth and area 

use in the risk assessment. Thus, the acceptance criteria can be elevated or lowered, 

depending on the use and physical conditions of the area.  

The sampling performed in the present study does not meet the minimum requirements of 

the SFT’s risk assessment guide (Bakke et al. 2007a), as just one sample location was 

utilized. At least one sample from five sites distributed throughout the basin should be 

collected, and combined to one sample. However, the risk assessment guide is primarily 

based on macrofauna ecotoxicology, and do not take the time-averaging of the core samples 

into account. The combined sample is recommended a minimum of analysis-parameters 

(Table 5.2). Only TOC, water content and three out of eight heavy metals have been 

analyzed in this study, far from the minimum recommendations. Therefore, the risk 

assessment presently performed does not meet the standards of the Norwegian Pollution 

Control Authority. However, a few parameters may give an indication of the environmental 
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status rather than dictate a tangible conclusion. Additionally, if one parameter exceeds the 

acceptance criteria there is a risk and mitigating measures should be or have been initiated. 

Thus, the present risk assessment can confirm, but not disprove environmental risk.   

 

Table 5.2: List of recommended minimum of analysis parameters for Step 1 in the sediment risk assessment. The list 

should be adjusted where there is knowledge of special local conditions. Each parameter are described in SFT’s risk 

assessment guide (Bakke et al. 2007a). 

Group Parameter 

Physical characterisations Water content, clay and silt content 

Heavy metals Hg, Cd, Pb, Cu, Cr, Zn, Ni, As 

Non-chlorinated organic compounds PAH16 

Chlorinated organic compounds PCB7 

Other analysis parameters TOC, TBT 

Toxicity tests Skelatonema (porewater and extract),       
DR CALUX (ekstract) 

 

The step one risk assessment shows that Bunnefjord has been under risk of ecological 

consequences since approximately 1925 AD. Subsequently, further investigations (step two) 

should be conducted within Bunnefjord. However, the date correlates well with the collapse 

in foraminiferal abundance, which lags somewhat behind (10 years). This could be 

coincidental, but may possibly also confirm the ecological risk and support the macrofauna 

ecotoxicity to be applicable to benthic foraminifera. On the other hand, the reduction of 

foraminiferal abundance had already taken place for some time, which may indicate other 

factors as well. Additive effects cannot be excluded.  

Baalsrud and Magnusson (2002, p. 86) presents PCB measurements of a dated core collected 

in Bunnefjord in 2001. It displays similar development as the present metals: a rapid 

concentration increase in the beginning of the 20th century, peaking in the late 60s, followed 

by a rapid decline. The acceptance criterion was exceeded approximately in 1930 AD, about 

the same date as the metals exceeded their acceptance criteria. Accordingly, the risk is not 

present any earlier due to the PCB concentrations.  
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6. Conclusions 

In a subbasin at 79 m water depth in Bunnefjord the natural ecological status was classified 

as “Moderate” according to the SFT guide. The subbasin seems to have had worse natural 

conditions than other adjoining locations.    

The temporal development is summarized in Figure 6.1, displaying foraminiferal abundance 

and colouring of the sediment, together with environmental status classes based on 

foraminiferal diversity, TOC and metal concentrations. The foraminiferal abundance and 

diversity were richer before the anthropogenic impact caused by the industrial revolution and 

the related population growth. However, the subbasin was hypoxia-prone in advance, 

probably due to local bathymetric and hydrographic features. The local hydrographic 

features would be advisable to examine further in future studies. Cadmium, copper, zinc, and 

nutrients have decreased for the last three decades, as an increased understanding of the 

ecological effects have lead to restrictions. The foraminiferal fauna has not followed as 

quickly. However, the topmost sample was not analyzed, which should be done in future 

studies.      

The risk assessment performed in the present study was not adequately reliable. Too few 

parameters were analyzed. However, it could reveal a need for mitigation already in 1925. A 

future “paleo-risk” assessment should include the minimum recommendations for a reliable 

result and in order to declare no mitigation necessary.  
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Figure 6.1: Temporal development of the environmental status and benthic foraminiferal absolute abundance. The 

colouring of the environmental status classes is in accordance with SFT’s guide. The worst case of metal 

contaminations were based on copper (Figure 4.7), and the worst case of diversity was based on the Shannon-Wiener 

index (Figure 4.10). The worst case of metal concentrations and diversity indices were used in the figure to ensure a 

conservative projection of the environmental classes. The colouring could give an impression of whether the bottom 

water has suffered from anoxia or not, as black sediment indicates anoxia. 
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Appendix A: Faunal reference list 

The foraminiferal species examined in this thesis work are listed alphabetically by genus 

below. The systematic classification compiles with (Loeblich and Tappan 1987), and 

original source can be found in the Ellis and Messina online catalogue of foraminifera 

database (Ellis and Messina 2010). This database has the limitation of solely complying with 

original name. Therefore, the World Register of Marine Species online search engine 

(WoRM 2010), has been used to find author and year of original description. Supplementary 

literature was consulted where above mentioned sources proved to be complicated or 

insufficient (Høglund 1947, Feyling-Hanssen 1964). 

Adercotryma glomeratum (Brady) = Lituola glomerata Brady, 1878 

Ammodiscus gullmarensis Höglund, 1948. 

Ammonia beccarii (Linneaus) = Nautilus beccarii Linneaus, 1758. 

Ammoscalaria tenuimargo (Brady) = Haplophragmium tenuimargo Brady, 1882. 

Biloculinella inflata (Wright) = Biloculina inflata Wright, 1902. 

Bolivinellina pseudopunctata (Höglund) = Bolivina pseudopunctata Höglund, 1947. 

Brizalina skagerrakensis (Qvale & Nigam) = Bolivina skagerrakensis Qvale & Nigam, 

 1985. 

Bulimina marginata d’Orbigny, 1826. 

Cassidulina laevigata d’Orbigny, 1826. 

Cibicides bertheloti (d’Orbigny) = Rosalina bertheloti d’Orbigny, 1839. 

Cibicides lobatulus (Walker and Jacob) = Nautilus lobatulus Walker and Jacob, 1798. 

Cribrostomoides jeffreysi (Williamson) = Nonionina jeffreysii Williamson, 1858. 
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Cribrostomoides cf. crassimargo (Norman) = Haplophragmium crassimargo Norman, 1892. 

Cuenata arctica (Brady) = Reophax arctica Brady, 1881. 

Eggerella europeum (Christiansen) = Verneuilina europeum Christiansen, 1958.  

Eggerelloides medius (Höglund) = Verneuilina medius Höglund, 1947. 

Eggerelloides scaber (Williamson) = Bulimina scabra Williamson, 1858. 

Elphidium albiumbilicatum (Weiss) = Nonion pauciloculum Cushman subsp. 

 albiumbilicatum Weiss, 1954.  

Elphidium cf. albiumbilicatum (Weiss) = Nonion pauciloculum Cushman subsp. 

 albiumbilicatum Weiss, 1954. 

Elphidium excavatum (Terquem) = Polystomella excavata Terquem, 1875. 

Epistominella vitrea Parker, 1953. 

Globobulimina auriculata (Bailey) = Bulimina auriculata Bailey, 1851. 

Happlofragmoides membranaceum Höglund, 1947. 

Hyalinea balthica (Schöter) = Nautilus balthicus Schöter, 1783.  

Lagena distoma Parker and Jones Ms., 1864.  

Leptohalysis catella (Höglund) = Reophax catella Höglund, 1947. 

Leptohalysis gracilis (Kiaer) = Nodulina gracilis Kiaer, 1900.  

Leptohalysis scottii (Chaster) = Reophax scottii Chaster, 1892. 

Liebusella goësi Höglund, 1947. 

Miliammina fusca (Brady) = Quinqueloculina fusca Brady, 1870. 

Miliolinella subrotunda (Montagu) = Vermiculum subrotundum Montagu, 1803. 



 

 

73 

 

Nonionella iridea Heron-Allen and Earland, 1930. 

Nonionellina labradorica (Dawson) = Nonionina labradorica Dawson, 1860. 

Oolina hexagona (Williamson) = Entosolenia squamosa Monatagu var. hexagona 

 Williamson, 1848. 

Pyrgoella sphaera (d’Orbigny) = Biloculina sphaera d’Orbigny, 1839. 

Quinqueloculina seminulum (Linnaeus) = Serpula seminulum Linnaeus, 1758.  

Quinqueloculina stalkeri Loeblich and Tappan, 1953. 

Recurvoides trochamminiforme Höglund, 1947. 

Reophax rostrata Höglund, 1947.  

Spiroplectammina biformis (Parker and Jones) = Textularia agglutinans (d’Orbigny) var. 

 biformis Parker and Jones, 1865. 

Stainforthia concava (Höglund) = Virgulina concava Höglund, 1947. 

Stainforthia fusiformis (Williamson) = Bulimina pupoides d’Orbigny var. fusiformis 

 Williamson, 1858. 

Textularia earlandi Parker, 1952 = Textularia tenuissima Earland, 1933. 

Textularia kattegatensis (Höglund) = Textularia gracillima Höglund, 1947. 

Triloculina tricarinata d’Orbigny, 1826. 

Trochammina cf. rotaliformis Heron-Allen and Earland, 1911. 

Trochammina sp. 1 (“skumpa”). Note: This is a species not yet described, but easily 

 identified by its characteristic volume reduction whilst drying, and growth whilst 

 moistening. It  has previously been identified in the Oslofjord area (Alve pers. com. 

2010). 
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Appendix B: Foraminiferal data 

Table A.B-1: Foraminiferal abundance data 

 

Core JE-G 2009 counts, fossil tests, >63 um

Core depth (average cm) 3.5 6.5 7.5 10.5 13.5 14.5 17.5 18.5 21.5 23.5

Core depth (interval cm) 3-4 6-7 7-8 10-11 13-14 14-15 17-18 18-19 21-22 23-24

Adercotryma glomeratum 0 0 0 0 0 0 0 0 0 2

Agglutinated sp. 1 0 0 0 0 1 0 0 0 0

Ammodiscus gullmarensis 0 0 0 2 2 0 0 2 0 0

Ammonia beccarii 0 0 0 0 0 0 0 0 0 0

Ammonia sp. 0 0 0 0 0 0 0 0 0 0

Ammoscalaria tenuimargo 0 0 0 0 0 0 0 0 0 0

Cribrostomi jeffreysi 0 0 0 0 0 0 0 0 0 0

Cribrostomoides cf. crassimargo 0 0 0 0 0 0 0 0 0 0

Cribrostomoides sp. 0 0 0 0 0 0 0 0 0 0

Cornuspira foliaceus 0 0 0 0 0 0 0 0 0 0

Eggerella europeum 0 0 0 0 0 0 0 0 0 0

Eggerella sp. 0 0 0 0 0 0 0 0 0 0

Eggerelloides medius 0 0 0 0 0 0 0 0 0 0

Eggerelloides scaber 0 0 0 0 0 0 0 0 0 0

Happlofragmoides membranaceum 0 0 0 0 0 0 0 0 0 0

Leptohalysis catella 0 0 0 0 1 1 0 0 0 2

Leptohalysis gracilis 0 0 0 0 0 0 0 0 0 0

Leptohalysis scottii 0 0 0 0 0 0 0 0 0 0

Liebusella goësi 0 0 0 0 0 0 0 0 0 0

Recurvoides trochamminiforme 0 0 0 0 0 0 0 0 0 0

Reophax rostata 0 0 0 0 0 0 0 0 0 0

Reophax sp 0 0 0 0 0 0 0 0 0 0

Spiroplectammina biformis 0 0 0 0 0 0 0 0 0 10

Textularia earlandi 0 0 0 0 0 0 0 0 0 0

Textularia kattegatensis 1 0 0 0 0 0 0 0 0 0

Trochammina cf. Rotaliformis 0 0 0 0 0 0 0 0 0 0

Trochammina skumpa 0 0 0 0 0 0 0 0 0 0

Trochammina sp. 0 0 0 0 0 0 0 0 0 1

Biloculinella inflata 0 0 0 0 0 0 0 0 0 0

Brizalina skagerrakensis 0 0 0 0 0 0 0 0 0 0

Bolivinellina pseudopunctata 1 0 0 1 1 0 0 1 0 0

Bulimina marginata 0 0 1 1 3 3 1 0 1 15

Calcerous sp. 0 0 0 0 0 0 0 0 0 0

Cassidulina laevigata 0 0 0 0 0 0 0 0 0 0

Cibicides bertelothi 0 0 0 0 0 0 0 0 0 0

Cibicides lobatulus 0 0 0 0 0 0 0 0 0 0

Cibicides sp. 0 0 0 0 0 0 0 0 0 0

Elphidium albiumbilicatum 0 0 0 1 0 3 2 1 0 14

Elphidium cf. albiumbilicatum 0 0 0 0 0 0 0 0 0 0

Elphidium excavatum 0 0 0 0 0 0 0 0 0 0

Epistominella vitrea 0 0 0 0 0 0 0 0 0 0

Fissurina sp. 0 0 0 0 0 0 0 0 0 1

Globobulimina auriculata 0 0 0 0 0 0 0 0 0 0

Hyalinea balthica 0 0 0 0 0 0 0 0 0 0

Lagena distoma 0 0 0 0 0 0 0 0 0 0

Lagena sp. 0 0 0 0 0 0 0 0 0 0

Milammina fusca 0 0 0 0 0 0 0 0 0 1

Miliolid sp. 0 0 0 0 0 0 0 0 0 0

Miliolinella subrotunda 0 0 0 0 0 1 1 0 0 1

Nonionella iridea 0 0 0 0 0 0 0 0 0 0

Nonionellina labradorica 0 0 0 0 0 0 0 0 0 0

Oolina hexagona 0 0 0 0 0 0 0 0 0 0

Pyrgoella sphaera 0 0 0 0 0 0 0 0 0 0

Quenata arctica 0 0 0 0 0 0 0 0 0 0

Quinqueloculina seminulum 0 0 0 0 0 0 0 0 0 0

Quinqueloculina stalkeri 0 0 0 0 0 0 0 0 0 22

Quinqueloculina sp. 0 0 0 0 0 0 0 0 0 0

Stainforthia concava 0 0 0 0 0 0 0 0 0 0

Stainforthia fusiformis 6 1 4 3 34 10 6 5 0 221

Stainforthia sp. 0 0 0 0 0 0 0 0 0 0

Triloculina tricarinata 0 0 0 0 0 0 0 0 0 0

Trocospiral calcerous sp. 0 0 0 0 1 0 0 0 0 0

Sum 9 1 5 8 42 19 10 9 1 290

Number of species (S) 4 1 2 5 6 6 4 4 1 11

Antall muslinghalvdeler 19 53 30 2 9 1 2 29 7

Antall juvenile gastropoder 3 6 1 3

Antall ostracoder 1 2 2 3

techamoeba
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Table A.B-1 continued. 

 

Core JE-G 2009 counts, fossil tests, >63 um

Core depth (average cm) 25.5 27.5 29.5 31.5 33.5 35.5 39 43 45 49 53

Core depth (interval cm) 25-26 27-28 29-30 31-32 33-34 35-36 38-40 42-44 44-46 48-50 52-54

Adercotryma glomeratum 0 0 0 1 4 2 8 9 4 5 10

Agglutinated sp. 0 0 0 1 0 0 1 2 0 0 1

Ammodiscus gullmarensis 0 0 0 0 0 0 0 0 0 0 0

Ammonia beccarii 0 0 0 1 1 0 0 1 0 0 2

Ammonia sp. 0 0 0 0 0 0 0 1 0 0 0

Ammoscalaria tenuimargo 0 0 0 0 0 0 0 0 0 0 1

Cribrostomi jeffreysi 0 0 0 0 0 1 0 0 0 0 0

Cribrostomoides cf. crassimargo 0 0 0 1 1 1 0 0 1 2 0

Cribrostomoides sp. 0 0 0 0 0 0 0 2 0 1 2

Cornuspira foliaceus 0 0 0 0 0 0 0 0 0 1 0

Eggerella europeum 0 0 0 1 0 0 0 2 0 0 1

Eggerella sp. 0 0 0 0 0 0 0 0 1 1 0

Eggerelloides medius 0 0 0 0 0 0 0 0 0 0 1

Eggerelloides scaber 0 0 0 0 0 0 1 0 0 0 0

Happlofragmoides membranaceum 0 0 0 0 0 1 0 0 0 0 0

Leptohalysis catella 0 0 0 0 0 0 0 0 0 2 0

Leptohalysis gracilis 1 0 0 0 0 0 0 0 0 1 1

Leptohalysis scottii 0 0 0 1 0 0 0 0 0 0 0

Liebusella goësi 0 0 0 1 0 0 1 1 0 1 1

Recurvoides trochamminiforme 0 0 0 0 2 0 1 0 0 0 1

Reophax rostata 0 0 0 1 0 0 0 0 0 0 1

Reophax sp 0 0 0 0 0 1 1 0 0 1 0

Spiroplectammina biformis 10 7 13 1 2 3 1 0 1 1

Textularia earlandi 0 0 0 0 0 0 0 1 0 0 0

Textularia kattegatensis 0 0 0 0 0 0 0 0 0 0 0

Trochammina cf. Rotaliformis 0 0 0 0 0 0 0 0 0 2 0

Trochammina skumpa 0 0 1 0 0 0 0 0 0 0 1

Trochammina sp. 0 0 0 0 0 0 0 0 0 1 0

Biloculinella inflata 0 0 0 0 0 0 0 0 0 0 1

Brizalina skagerrakensis 0 0 0 0 0 0 1 0 0 0 0

Bolivinellina pseudopunctata 0 0 0 0 0 1 0 1 2 2 5

Bulimina marginata 18 8 9 38 38 23 24 17 19 24 23

Calcerous sp. 0 0 0 0 0 0 0 0 1 0 0

Cassidulina laevigata 0 0 1 0 0 0 4 3 3 7 15

Cibicides bertelothi 0 0 0 0 0 0 0 0 1 0 0

Cibicides lobatulus 0 0 1 0 0 0 0 0 0 0 0

Cibicides sp. 0 0 0 0 0 0 1 0 0 0 1

Elphidium albiumbilicatum 10 8 2 6 0 3 0 1 0 0 2

Elphidium cf. albiumbilicatum 0 0 0 0 0 0 2 0 0 0 0

Elphidium excavatum 0 0 2 7 3 3 6 3 9 9 5

Epistominella vitrea 2 1 0 0 0 0 1 0 0 1 1

Fissurina sp. 0 0 0 0 0 0 0 0 0 1 0

Globobulimina auriculata 0 0 0 0 0 1 0 0 0 0 0

Hyalinea balthica 0 0 0 3 2 1 5 5 5 3 10

Lagena distoma 0 0 0 0 0 0 0 0 1 0 1

Lagena sp. 0 0 0 0 1 0 0 0 0 1 0

Milammina fusca 0 0 0 0 0 0 0 0 0 0 0

Miliolid sp. 0 0 0 0 0 0 0 1 0 0 0

Miliolinella subrotunda 0 0 0 2 1 2 0 3 4 3 4

Nonionella iridea 0 0 2 7 2 16 8 10 9 8 15

Nonionellina labradorica 0 0 0 3 4 10 9 1 5 0 3

Oolina hexagona 0 0 0 0 0 0 0 1 0 0 0

Pyrgoella sphaera 0 0 0 0 0 0 0 1 0 0 0

Quenata arctica 0 0 0 0 0 0 1 0 0 0 0

Quinqueloculina seminulum 0 0 0 0 0 0 0 0 0 0 1

Quinqueloculina stalkeri 3 1 1 0 0 0 2 0 1 0 1

Quinqueloculina sp. 0 0 0 0 0 0 0 0 0 0 1

Stainforthia concava 0 0 0 0 0 0 0 0 1 0 0

Stainforthia fusiformis 216 224 251 319 216 219 212 206 197 188 165

Stainforthia sp. 0 0 0 0 0 2 2 1 1 2 0

Triloculina tricarinata 0 0 0 0 0 0 0 0 1 0 0

Trocospiral calcerous sp. 0 0 0 0 0 0 1 1 0 0 0

Sum 260 249 283 394 277 290 292 275 266 268 278

Number of species (S) 7 6 10 17 13 17 21 24 19 24 30

Number of mussel halves 1 1 1 1 3 2 3 5 7

Number of juvenile gastropodes 1 2 1 2

Number of ostracodes 4 1 1 1 2 1

sea urchin


