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SUMMARY
 

This thesis contains the results of the research on the burial of organic carbon in the 
North Sea as it was carried out at the Netherlands Institute for Sea Research in the 
period 1993-1997. 
Carbon in the form of carbon dioxide (C02 ) is one of the major contributors to the 
natural greenhouse effect. As a result of the increase in the combustion of fossil fuels by 
man, the amount of CO2 in the atmosphere and therefore the greenhouse effect increases. 
In order to be able to forecast a reliable scenario of the possible future consequences of 
an increased greenhouse effect (climate change, melting ice caps, rising sea level, etc.) it 
is essential to understand the natural cycle of carbon in the geosphere and biosphere. 
In the marine environment CO2 is incorporated into organic matter by algae during 
photosynthesis. Organic matter containing organic carbon (Corg) is largely mineralized in 
the water column and at the sea floor, during this process CO2 is produced. A small part 
however is buried in marine deposits, attached to fine grained sediments. In this manner 
a part of the carbon is withdrawn from the carbon cycle for a long period of time. 
Although shelf seas, like the North Sea, occupy only 8% of the total seas and oceans 
surface area they acount for about one third to one fifth of the primary production, this 
makes them important possible sinks for Corg. In literature their is a strong disagreement 
on the importance of shelf seas as Corg sinks. Some researchers state that 90% of the Corg 
that is stored in marine deposits, is buried on the shelves. Others say that the largest 
amount of the organic matter is transported over the shelf edge and stored in the 
continental slope and abyssal plain sediments. 
The goal of the research described in this thesis is to investigate the role of the North 
Sea as a storage for organic matter, possible variations in storage in time, and the causes 
of these possible variations. 
The North Sea is a shallow shelf sea located in northwestern Europe. It is enclosed by 
the mainland of Europe and the British Isles. Average water depth ranges from 40 metres 
in the south to 200 metres at the shelf edge in the north. In the northeast two deep 
basins, the Skagerrak and Norwegian Channel, are located, having a maximum water 
depth of 750 and 400 metres respectively. Sediment, and thus organic matter transport in 
the North Sea is largely dominated by the tides and wind induced waves and currents. 
Measurements of sedimentation rates on box core sediments from the Norwegian 
Channel, using 2IOPb and 137Cs isotopes, and 3.5 kHz and Chirp penetrating echo 
sounding data show that recent sedimentation rates in this area range from 3 to 28 
cm·100 yr- I

. Highest sedimentation rates occur in the northern Norwegian Channel. The 
present day deposition of sediments mainly occurs in the deepest part of the basin and in 
small local basins along the flanks of the Norwegian Channel. On a yearly basis 28x106 

tons of sediments are deposited in this area (Chapter 1). 
The recent accumulation of fine grained sediments in the Skagerrak and northern 
Kattegat was determined in the same way as mentioned above for the Norwegian 
Channel. A total amount of 46x106 tons of sediment per year accumulates in this area. If 
the sediment accumulation rate in the Skagerrak and Norwegian Channel is combined 
with the Corg concentrations of the sediments, 1.8 and 0.6% on average respectively, then 
the Corg accumulation in the two areas is calculated as 0.83 and 0.17x106 ·yr-1

. Of this 
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amount only 10% is accounted for by local primary production. The remainder is 
produced elsewhere in the North Sea or imported from the Atlantic Ocean, Norwegian 
Sea, Baltic Sea and terrigenous sources. Storm wave and -current induced bottom 
nepheloid layers are thought to be responsible for the transport of the fine grained 
sediments and the attached organic matter from the North Sea plateau into the Kattegat, 
Skagerrak and Norwegian Channel (Chapter 2). 
Determination of the burial of Corg on the North Sea plateau reveals that the recent 
preservation of organic matter on the shelf is limited to ~0.lxI06 tons'yr-1 or about one 
tenth of the total preservation in the entire North Sea. On large parts of the shelf 
sediments and organic matter are deposited only temporarily. Deposition mainly occurs 
during fair weather conditions, while storm events erode most of the deposits and 
transport the material further onto the shelf. The majority of the fine grained sediments 
containing organic matter are transported over the shelf edge and deposited in the 
Norwegian Sea, Skagerrak and Norwegian Channel. Although the total surface area of 
the North Sea plateau is very large compared to the Skagerrak and Norwegian Channel 
(ratio 9: 1), the storage of Corg in this area of coarse grained sediments is limited if it is 
compared to the storgae in the two deep basins (ratio 1: 10) (Chapter 3). 
Piston cores, which sediments represent several thousands of years of sedimentation, 
were taken in the Skagerrak and Norwegian Channel in order to investigate the preserva
tion of Corg on longer time scales. The grain size distribution of the sediments only partly 
explains the variation in Corg contents of the sediments in the Skagerrak and Norwegian 
Channel. Although grain size (clay contents) explains the variation in Corg contents of the 
sediments in time within each of the basins, it does not explain the difference between 
the two. The C density (the amount of C per square metre grain surface area) of theorg org 

Skagerrak sediments is three times as high as in the Norwegian Channel deposits. 
Curie point pyrolysis-gas chromatography-mass spectrometry showed that there is a clear 
difference in the type of organic matter that is preserved in the Skagerrak and Norwegian 
Channel. The sediments in the Skagerrak contain a higher percentage of terrigenous 
organic matter than those from the Norwegian Channel. Since terrigenous organic matter 
is more difficult to mineralize than marine organic mattet; the total amount of Corg in the 
Skagerrak sediments is higher. The amount of Corg that is preserved in the Skagerrak and 
Norwegian Channel is mainly a function of the sediment accumulation rate, grain size 
and type of organic matter (Chapter 4). 
If the North Sea is compared to other well studied shelf seas, than it becomes clear that 
the preservation of Corg in the North Sea is very well comparable to present day 
preservation processes on other shelves. All shelves show a Corg mineralization efficiency 
of 95% or more. On most of the shelves none or only a very small fraction «10%) of 
the preserved Corg is buried in the shelf sediments. The remainder is transported over the 
shelf edge and stored in canyons, on the continental slopes and abyssal plains. Only 
under exceptional conditions the preservation of Corg in the shelf sediments is higher. In 
all cases the amount of Corg that is preserved is a function of the sediment accumulation 
rate, grain size and type of organic matter On longer time scales (glacials-interglacials) 
fine grained shelf sediments containing organic matter are eroded and transported over 
the shelf edge, limiting the role of shelves as sinks for Corg even more. 
The storage of organic matter in shelf sediments thus seems not to play an important role 
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in the withdrawal of carbon from the global carbon cycle and therefore is not an 
important mechanism that could undo the increase in the greenhouse effect caused by the 
CO2 emission by man (Chapter 5). 
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SAMENVATTING
 

Dit proefschrift bevat de resultaten van het onderzoek naar het transport, de preservatie 
en accumulatie van organisch koolstof in de Noordzee, zoals uitgevoerd aan het Neder
lands Instituut voor onderzoek der Zee in de periode 1993-1997. 
Kooistof in de vorm van kooldioxide (COz) is een van de stoffen die een belangrijke 
bijdrage leveren aan het van nature optredende broeikaseffect. Als gevolg van de 
toenemende verbranding van fossiele brandstoffen door de mens neemt de hoeveelheid 
CO2 in de atmosfeer en dus het broeikaseffect toe. Om in staat te zijn om een betrouw
baar scenario op te stellen over de mogelijke toekomstige gevolgen van een toegenomen 
broeikaseffect (klimaatverandering, afsmelten van ijskappen, zeespiegelrijzing, enz.) is 
het van groot belang om de natuurlijke kringloop van koolstof in de geosfeer en biosfeer 
te begrijpen. 
In de zeeen en oceanen wordt CO2 gebruikt bij de vorming van organische stoffen door 
algen tijdens het fotosynthese proces. Organische stof, dat organisch koolstof (Corg) bevat, 
wordt voor het grootste gedeelte gemineraliseerd in de waterkolom en in het sediment, 
waarbij weer CO2 ontstaat. Een klein gedeelte echter wordt in mariene afzettingen 
begraven waar het vooral gehecht zit aan fijnkorrelige sedimenten. Op deze manier wordt 
een gedeelte van de koolstof voor lange tijd aan de kringloop onttrokken. 
Alhoewel zeeen op het continentale plat, zoals de Noordzee, slechts 8% van het totale 
oppervlak aan zeeen en oceanen beslaan, vindt er een derde tot een vijfde van de 
primaire produktie van organisch materiaal plaats, zodat het mogelijk ook belangrijke 
opslagplaatsen van Corg in het sediment zijn. In de literatuur bestaat er onenigheid over 
de rol van deze ondiepe zeeen als opslagplaats voor Corgo Volgens een groep onderzoe
kers wordt 90% van de koolstof die wereldwijd wordt opgeslagen in mariene sedimenten, 
bewaard in de sedimenten van het continentale plat. Volgens een andere groep wordt het 
overgrote deel van het organische materiaal over de rand van het continentale plat 
getransporteerd en opgeslagen in de sedimenten op de continentale helling en in de 
diepzee. 
Het doel van het in dit proefschrift beschreven onderzoek is na te gaan wat de rol is van 
de Noordzee als opslagplaats voor organische stof, of er variaties in opslag in de tijd zijn 
opgetreden en waardoor deze mogelijke variaties veroorzaakt zijn. 
De Noordzee wordt omsloten door het vaste land van Europa en de Britse Eilanden. De 
gemiddelde waterdiepte is ongeveer 40 meter in het zuidelijk deel tot 200 meter aan de 
rand van het continentale plat in het noorden. In het noordoosten liggen twee diepe 
bekkens, de Skagerrak en de Noorse Geul met een maximaIe waterdiepte van respectie
velijk 750 en 400 meter. Het sediment- en dus ook het organische stof transport in de 
Noordzee wordt gedomineerd door de getijden en door de wind opgewekte golven en 
stromingen. 
Metingen van sedimentatiesnelheden aan sedimenten uit boxcores uit de Noorse Geul 
m.b.v. 210Pb en l37Cs isotopen en echolood gegeveris tonen dat de recente sedimentatie
snelheden in dit gebied varieren van 3 tot 28 cm per 100 jaar. De hoogste sedimentatie
snelheden worden gevonden in het noordelijke deel van de Noorse Geul. Afzetting van 
sedim.ent vindt vooral plaats in het diepste gedeelte van het bekken en in kleine lokale 
bekkentjes langs de randen van de Noorse Geul. Op jaarbasis wordt 28xl06 ton sediment 
afgezet in dit gebied (Hoofdstuk 1). 
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De recente accumuiatiesnelheden van fijnkorrelig sediment in het Skagerrak en het 
noordelijk deel van het Kattegat zijn op de zeIfde wijze bepaald ais in de Noorse Geul. 
In totaal wordt er jaarlijks 46xlOb ton sediment afgezet in dit gebied. Wanneer de 
sediment accumulatiesnelheden in het Skagerrak en de Noorse Geul gecombineerd 
worden met de Corg concentraties in het sediment, respectievelijk 1,8 en 0,6%, dan kan 
berekend worden dat er jaarlijks 0,83 en 0,17x106 ton Corg accumuleert. Van deze 
hoeveelheid is slechts 10% afkomstig van plaatselijk primaire produktie. Het overige deel 
is elders in de Noordzee geproduceerd of gei:mporteerd uit de Atlantische Oceaan, de 
Noorse Zee, de Baltische Zee en terrigene bronnen. Tijdens stormen vindt erosie plaats 
van fijnkorrelig sediment op de ondiepe delen van de Noordzee. Dit materiaaI, met 
daaraan gehecht organisch materiaaI, wordt in waterlagen met een relatief hoge turbiditeit 
Iangs de bodem naar het Kattegat, Skagerrak en de Noorse Geul getransporteerd, alwaar 
het wordt afgezet (Hoofdstuk 2). 
Berekeningen van de opsiag van Corg in het ondiepe deel van de Noordzee Iaten zien dat 
daar slechts -0,lxl06 ton koolstof per jaar wordt begraven. Oit is ongeveer een tiende 
van het totaal dat in de gehele Noordzee wordt opgesiagen. Op grote delen van het 
continentale plat wordt het sediment echter slechts tijdelijk opgeslagen. Afzetting vindt 
vooral plaats tijdens rustig weer, terwijl tijdens stormen het grootste deel van de 
afzettingen weer geerodeerd en verder over het continentale plat getransporteerd wordt. 
Het grootste deel van het fijnkorrelige sediment met daaraan de organische stof wordt 
over de continentrand getransporteerd en afgezet in de Noorse Zee, het Skagerrak en de 
Noorse Geul. Alhoewel het totale oppervlak van het ondiepe deel van de Noordzee zeer 
groot is vergeleken met het Skagerrak en de Noorse Geul (verhouding 9: 1) is de opslag 
van Corg in dit gebied met overwegend grofkorrelig sediment zeer beperkt in vergelijking 
met de twee diepe bekkens (verhouding 1:10) (Hoofdstuk 3). 
Pistoncores, waarvan de sedimenten verschillende duizenden jaren sedimentie represente
ren, zijn genomen in de Skagerrak en Noorse Geul om eventuele variabiliteit van de 
preservatie van Corg over Iangere tijdschalen te kunnen bestuderen. De korrelgrootteverde
ling van de sedimenten verklaard slechts gedeeltelijk de variaties in Corg gehalte in de 
sedimenten uit het Skagerrak en de Noorse Geul. Alhoewel de korrelgrootte (met name 
het klei gehalte) de variaties in Corg gehalte met de tijd binnen de afzonderlijke bekkens 
verklaard, geeft het geen verklaring voor de variatie tussen de twee gebieden. De Corg

dichtheid (de hoeveelheid Corg per vierkante meter korreloppervlak) in het sediment uit 
het Skagerrak is drie keer zo hoog als in het sediment uit de Noorse Geul. 
Curie punt pyrolyse-gaschromatografie-massaspectrometrie laat zien dat er een duidelijk 
verschil is tussen het type organische stof dat bewaard is in het Skagerrak en in de 
Noorse Geul. De sedimenten uit het Skagerrak bevatten een hoger percentage terrigene 
organische verbindingen, die moeilijker afbreekbaar zijn dan mariene organische 
verbindingen, dan de sedimenten uit de Noorse Geul. Oit verklaard het hogere gehalte 
aan C org in de sedimenten uit het Skagerrak vergeleken met die uit de Noorse Geul. De 
preservatie van Corg in het Skagerrak en de Noorse Geul is vooral een functie van de 
sediment accumulatiesnelheid, korrelgrootte en type organische stof (Hoofdstuk 4). 
Wanneer de Noordzee wordt vergeleken met andere uitgebreid bestudeerde zeeen langs 
de randen van continenten, dan blijkt dat de preservatie van Corg in de Noordzee goed 
vergelijkbaar is preservatie van Corg in andere gebieden. AIle bestudeerde zeeen tonen een 
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hoge Corg mineralisatie efficientie van 95% of mee[ In de meeste gebieden wordt niets 
tot slechts een klein deel «10%) van de Corg dat bewaard blijft, op het continentale plat 
zelf bewaard. De rest wordt over de continentrand getransporteerd en afgezet in onder
zeese canyons, op de continentale helling of in de diepzee. Slechts onder uitzonderlijke 
omstandigheden wordt er een groter deel op het continentale plat bewaard. In aBe 
gevallen lijkt de totale hoeveelheid Corg die bewaard blijft een functie te zijn van de 
sediment accumulatiesnelheid, de korrelgrootte en het type organische stof. Op langere 
tijdschalen (glacialen-intetglacialen) worden de fijnkorrelige sedimenten van het 
continentale plat, die organische stof bevatten, geerodeerd en getransporteerd over de 
continentrand, zodat de rol van het continentale plat als opslagplaatsen voor Corg nog 
meer wordt beperkt. 
De opslag van organische stof in het sediment van ondiepe kustzeeen lijkt dus geen 
belangrijke rol te spelen in het onttrekken van koolstof uit de were1dwijde koolstofkring
loop en speelt dus geen significante rol als rem op een eventueel door de mens versterkt 
broeikaseffect (Hoofdstuk 5). 
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INTRODUCTION
 

Continental shelves and the carbon cycle 

As a result of the continuous increase of the combustion of fossil fuels by man since the 
onset of the Industrial Revolution the amount of carbon dioxide (C02) in the atmosphere 
increased considerably. This gas is known as an important contributor to the natural 
greenhouse effect. Although fluctuations in atmospheric CO2 and fluctuations in the 
strength of the greenhouse effect are a normal phenomenon on a geological time scale, 
the possible future results of an increased greenhouse effect (climatic change, melting ice 
caps, rising sea level) may seriously disturb the daily life of present day humans and the 
next few generations. In order to better understand possible future problems arising from 
an increased greenhouse effect (flooding of coastal areas, negative effects on agriculture) 
it is essential to increase our understanding of the global carbon cycle. 
A part of the CO2 in the atmosphere will be removed by rock weathering processes. A 
large part however will be removed through the oceans. Since the CO2 concentration in 
the atmosphere tends to be in equilibrium with the CO2 concentration in the world 
oceans, an increase in atmospheric CO2 will lead to an increase in the CO2 concentration 
in the oceans. Although oceans can store much more CO2 than the atmosphere (the 
amount of CO2 in the oceans at present is 50 times as much as in the atmosphere), the 
oceans are not an infinite sink for carbon. Nature has created several ways to remove 
CO2 from the ocean waters and thus from the carbon cycle. A well known example of 
carbon removal from the ocean waters is the formation of carbonate rocks. During the 
Cretaceous, for instance, large amounts of CO2 were pumped into the atmosphere by 
volcanoes. During that period the atmosphere contained 8-10 as much CO2 than today. 
This resulted in a rise of the oceanic CO2 concentration. In the oceans there is an 
equilibrium between the dissolved CO2 and the C03·

2 concentrations. The growth of coral 
reefs and tests of small calcareous marine organisms, which contain mainly CaC03, 

resulted in the formation of carbonate rocks. In this way large amounts of carbon were 
stored and removed from the global carbon cycle. A second way of removing carbon 
from the ocean waters is through the burial of organic matte!: In the oceans the CO2 will 
be incorporated into the natural process of primary production of organic matte!: Algae 
in the sea take up CO2 and use the sun as an energy source to grow. Through the process 
of photosynthesis they produce organic matte!: Carbon present in CO2 is thus changed 
into organic carbon (Corg)' The algae die or are eaten by animals. The organic matter in 
the dead algal cells and faecal pellets are either reused in the water column by other 
organisms or settle onto the sea floor. Most of the organic matter is mineralized in the 
water column and the CO2 that is produced again included in the photosynthesis process. 
Most of the organic matter that reaches the sea floor is mineralized by organisms that 
live on and in the sediments (worms, echinoids, mollusca, bacteria, foraminifera, etc.). A 
part of the organic matter, however; escapes mineralization, and is buried in the sedi
ments attached to fine grained sediments. In this way a part of the Corg is withdrawn 
from the active global carbon cycle for a longer period of time. 

Shelves are those areas that form, in a geological sense, a part of the continents but are 
submerged and thus form usually shallow «200 ill water depth) seas along the conti
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nents. Shelf seas as we know them today are the product of the post glacial sea level 
rise. The sediments present on the shelves are largely the relic deposits of glaciers, 
glacier related river systems or marine transgressional processes. In general the shelves 
are well oxygenated. Opposed to the present day shelves with their related slope and fan 
deposits which can show clear evidence for repeated cycles of transgression and 
regression and erosion of shelf deposits during periods of low sea level due to glacials 
and interglacials, from the geological record it is known that shelves can be submerged 
and poorly oxygenated for long times and large amounts of fine grained sediments 
containing relatively large amounts of organic matter can be preserved on shelves (c.r. 
van Buchem et aI, 1995). This clear difference in oceanographic and sedimentary 
conditions between recent shelves and those from the geological record mentioned above 
indicate that the present day shelves can not always be seen as a key to the past. 
Furthermore, as a result of the intense erosion of present day shelves during periods with 
low sea level, the preservation potential of recent shelf deposits is extremely low. This 
implies that recognizing shelf deposits from a shelf'system formed during a period with 
repeated sea level fall and rise due to glacials and interglacials is not an easy task. 
Although present day shelves make up less than 8% of the total ocean surface area, they 
are responsible for about a fifth to a third, or 8.3x109 tons Corg'yr- J

, of the global marine 
primary production (Wollast, 1991). Shelves therefore are potentially important sinks for 
large amounts of Corg. In literature however there is some disagreement about this 
subject. Hedges and Keil (1995) state that at present continental shelf deposits alone are 
responsible for the storage of about 45% of the preserved Corg. If deltas are included, 
than in the order of 90% of the Corg preserved in the marine environment would be 
stored on the shelves. Others (Walsh et aI., 1981; Walsh, 1991; Walsh et aI., 1991) how
evet; have the opinion that large amounts of Corg are recycled on the shelves, and that of 
the small fraction of the Corg that is not mineralized, the majority is not buried on the 
shelves, but transported over the shelf edge and deposited on the continental slopes. 
The North Sea is an example of such a shelf sea. In order to study the transport, 
preservation and accumulation of Corg in the North Sea under the recent sedimentary and 
oceanographic conditions and the factors controlling these processes, as well as to 
compare the burial of organic matter in the North Sea with other, well studied shelves 
the research described in this thesis was initiated. Furthermore possible changes in the 
storage of Corg in the North Sea with time and the factors responsible for these possible 
changes were studied. 

The North Sea 

The North Sea is an enclosed shallow shelf sea with a total surface area of 575000 km2 

which is bordered in the east and south by the mainland of Europe, from Norway to 
France, and in the west by the British Isles. In the south the maximum water depth is of 
the order 40-50 metres, while in the north a depth of about 200 metres is reached at the 
shelf edge. Relatively small depressions with a depth ranging from ~40 to more than 300 
m are found throughout the shallow North Sea plateau. Furthermore, large shoals and 
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areas with tidal sand ridges and (post) glacial relic structures are present. The most 
striking topographical features in the North Sea are the Norwegian Channel, west of 
Norway, and the Skagerrak, which is bordered by Norway, Sweden and Denmark. Water 
depth in the northern Norwegian Channel is over 400 m. In the southern Norwegian 
Channel, a sill at 280 m water depth separates the Norwegian Channel from the 
Skagerrak, which is more than 750 m deep at its deepest point. 
Exchange of water between the North Sea and Atlantic Ocean occurs through The 
Channel. Between Scotland and the Shetlands and between the Shetlands and Norway the 
North Sea has an open connection with the Norwegian Sea. Relatively low saline Baltic 
Sea outflow waters enter the North Sea through the Kattegat and Skagerrak. The shape 
of the North Sea basin, the dominantly westerly winds and the tidal motion in the North 
Sea result in an anticlockwise residual circulation. During winter the water mass in the 
North Sea is totally mixed. In summer the waters in the shallow southern North Sea are 
mixed as well, while in the northern part the waters are then stratified. 
With the water from the bordering seas and from rivers flowing into the North Sea, 
sediments and attached organic matter enter the North Sea. Furthermore, sea floor 
erosion, coastal erosion, primary production and atmospheric input contribute to the 
sediment and organic matter load of the North Sea. Because of the anti clockwise 
residual circulation, sedimentation, and thus organic matter accumulation, mainly occurs 
along the eastern margin of the North Sea. 

Outline of the research 

In order to investigate the role of the North Sea in the global preservation and burial of 
organic mattet; a project was started within the framework of the Dutch Global Change 
Program (Verstoring van Aardsystemen, VvA-4), which was sponsored by the Dutch 
Organisation for the Advancement of Science (Nederlandse Organisatie voor Weten
schappelijk Onderzoek, NWO). 
As was mentioned above, most of the organic matter in marine sediments is most likely 
attached to the fine grained fraction of the sediments. In the North Sea large amounts of 
fine grained sediments are transported towards the Skagerrak and Norwegian Channel. 
The main goal of the project therefore was to study the transport processes of the fine 
grained sediments containing the organic matter in the North Sea and to quantify the 
accumulation of this material under recent sedimentary conditions (0-150 years time 
scale). Furthermore possible changes in the Corg accumulation rate since deglaciation, and 
factors influencing the possible variability of the accumulation rate with time are subject 
of this study. 
The research described in this thesis was carried out at the Netherlands Institute for Sea 
Research (Nederlands Instituut voor Onderzoek de Zee, NIOZ). Samples were taken 
during several cruises with the NIOZ research vessel "Pelagia". Information on the 
sedimentary build up of the sea floor was gathered using acoustic equipment (3.5 kHz 
and Chirp acoustical subbottom profilers). Sound waves transmitted by these instruments 
from the ship are reflected by the sea floor and boundaries between the different 
sedimentary units building up the sediments of the North Sea. This resulted in images of 
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the upper few to several tens of metres of the sea floor sediments. Based on this 
information, locations for bottom sediment samples were choosen. These samples consist 
of several decimetres (box) to several metres long (piston and vibro) cores. Infoffilation 
about the transport of sediments and organic matter in the water column was acquired 
using a CTD. With this instrument it is possible to measure several water column 
characteristics, like temperature, salinity and the turbidity of the water, throughout the 
water column. In the laboratory the sediments were analyzed for dry bulk densities, grain 
size distributions, Corg concentrations, 12C/13C isotope ratios and types of organic matter. 
The sedimentation rates were determined using the niltura111y occuring radioactive isotope 
210Pb and the radioactive isotope 137Cs, which is introduced into the marine environment 
by man through the nuclear energy industry and nuclear bomb testing. 

Many studies on fine grained sediments in the North Sea deal with the fate of this 
material in the Skagerrak, which is the most important sink of fine grained sediments in 
the North Sea. Only little work has been done on fine grained sediment transport and 
deposition in the Norwegian Channel. In both areas large amounts of fine grained 
sediments are deposited. Since organic matter is mainly attached to fine grained deposits, 
in the first chapter of this thesis the present day transport processes and deposition of 
fine grained sediments in the Norwegian Channel are described. In the second chapter 
the relationship between organic matter and fine grained sediments is studied, and a mass 
budget of the accumulation of fine grained sediments and the attached organic matter in 
the combined Skagerrak and Norwegian Channel, under present day sedimentary 
conditions, is derived. Chapter three deals with the recent sedimentary processes and Corg 

accumulation in the shallow parts «200m water depth) of the North Sea. Although the 
sediments on the North Sea plateau are generally coarse grained and therefore contain 
less Carg, the large surface area of the plateau may result in a large storage of Corg in the 
sediments. In order to investigate which processes determine the accumulation and 
preservation of organic matter on longer time scales and whether fluctuations in 
accumulation occurred in the North Sea, the results of long sediment cores representing 
several thousands of years from the Skagerrak and Norwegian Channel are discussed in 
chapter four. In the last chapte.t; chapter five, the accumulation of organic matter in the 
North Sea is compared that in other shelf seas. An attempt is made to answer the 
question whethe.t; considering the burial of Corg , the North Sea is a special case or just 
an average shelf sea. 
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CHAPTER 1
 

RECENT SEDIMENT ACCUMULATION IN THE NORWEGIAN
 
CHANNEL,NORTHSEA
 

Henk de Haas, Ellen Okkels and Tjeerd C.E. van Weering 

Abstract 

In the Norwegian Channel 35 box cores were taken for sedimentological analysis, and 
210pO u- and 137Cs y-spectroscopy to determine sedimentation rates. Grain sizes were 
determined and X-ray photographs of the cores were made. In addition penetrating echo 
sounding lines covering a length of more than 5500 km were studied. Sediments enter 
the Norwegian Channel from the south and the west as suspended load. The dry bulk 
densities of these generally fine-grained sediments (silty clays - silts) range from 0.35 to 
1.79 g·cm-3

• Most of the cores show a surface mixed layer of less than 2 em. The 
sedimentation rates measured in the Norwegian Channel range from 30 to 280 mm·100 
yr- I

. Highest sedimentation rates are found in the northern part of the research area. The 
total recent dry bulk sediment accumulation in the Norwegian Channel is calculated to be 

128x106 tons·yr- . Penetrating echosounder data reveal that sedimentation occurs in the 
deeper parts and in small protected basins at the flanks of the Norwegian Channel. The 
contrast between the present-day relatively high sedimentation rates and the thin 
Holocene sedimentary unit is explained by a change in the depositional system sometime 
during the Holocene. 

Introduction 

The Norwegian Channel is one of the largest and deepest recent sedimentary basins of 
the North Sea and forms a major sink for fine-grained material in the North Sea (Eisma 
1981, van Weering 1981, Eisma & Kalf 1987, van Weering et al. 1987, van Weering et 
al. 1993). 
Sediments enter the North Sea (Fig. 1) from the Atlantic Ocean in the north, through the 
English Channel, from the Baltic Sea and from river input. Furthermore, sea floor 
erosion, coastal erosion, primary production and atmospheric input contribute to the 
sediment load of the North Sea. The sediments in the North Sea are transported by the 
anticlockwise residual circulation (Otto et al. 1990). Recent sediment accumulation 
mainly occurs along the eastern margin of the North Sea (the Wadden Sea, the German 
Bight, the Skagerrak, the Kattegat and the Norwegian Channel) (McCave 1973, Eisma 
1981, Eisma & Kalf 1987). 
In recent years, application of 210Pb geochronology has been used to calculate sedimen
tation and/or accumulation rates of recent sediments in the North Sea depositional sinks 
(van Weering et al. 1987, Zuo et al. 1989, Jorgensen et al. 1990, Dennegard et al. 1992a, 
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Fig. I. The North Sea and the study area (outlined). 

van Weering et al. 1993). Other methods have also been used, such as pollen studies 
(Zagwijn & Veenstra 1966, Henningmoen & Hoeg 1985, Long et al. 1988, van Weering 
1982), mass budget calculations of suspended sediments (Eisma 1981), 14C (Long et al. 
1988, Moodley & van Weering 1993), dinoflagellates (Long et al. 1986), stable isotopes 
(Er1enkeusel; 1985) and foraminifera (van Weering 1982, van Weering & Qvale 1983, 
Qvale & van Weering 1985). 
In this paper we report on sedimentation and sediment accumulation rates in the 

Norwegian Channel based on data collected during a cruise with the R.Y. "Aurelia" in 
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1988 and two cruises with the R.V "Pelagia" in 1991 and 1993 (ENAM93) to the 
Norwegian Channel, and on data from the literature. This study aims to determine the 
total amount of sediment being deposited in the Norwegian Channel, and to explain the 
major sedimentary processes. 

Methods 

A total of 35 box cores were collected in the Norwegian Channel with the R.V 
"Aurelia" (1988) and with the R.V "Pelagia" (1991 and 1993). Immediately after 
retrieval of the cores the overlying bottom water was siphoned off and subsamples were 
made by inserting wet PVC liners (0: 9 cm) into the box cores. The liners were closed 
with plastic caps and sealed with tape. After sampling the liners were stored upright at 
4° C. Sedimentation rates were determined using a- and y-spectrometry. 210Pb was 
measured via its a-particles emitting granddaughter 21OpO, which is assumed to be in 
equilibrium with 21OPb. The sedimentation rates were calculated according to the CIC 
(Constant Initial Concentration) method. The method used is described in more detail by 
van Weering et al. (1987). l37Cs activity was measured using Aptec and Canberra 
germanium y-ray detectors on 1 cm thick sediment slices with 35-65 g dry weight, 
depending on the porosity of the sediment. 210Pb and l37Cs analyses were performed on 
the selected cores at 1 cm depth intervals. The counting time for the a- and y- measure
ments was 24 hours and 1 to 2 weeks, respectively. 
X-radiographs of the split cores were made using a Hewlett-Packard 43805N X-ray 
system Faxitron. The radiographs were used to check the cores for bioturbation and other 
possible disturbances. Sedimentation rates were determined only from cores not disturbed 
by bioturbation or by sampling and/or storage. Twenty-five cores were considered 
suitable for sedimentation rate determination (Fig. 2). Grain-size analyses were per
formed at the University of Utrecht using a Malvern Particle Sizer model 2600D capable 
of measuring grain sizes within a range of 0.5-188 f.lm. Dry bulk densities were 
determined by taking subsamples of 5 cm3 of wet sediment which were dried at 60-70°C 
for 72 hours and afterwards weighed on a Mettler P1200N balance. Sedimentation rates 
and dry bulk densities were corrected for compaction during subsampling and storage of 
the samples. This was done by measuring the compaction of the sediments in the liners 
and assuming a linear compaction over the whole sediment column. Accumulation rates 
were calculated using sedimentation rates and dry bulk densities. 
3.5 kHz penetrating echosounder lines recorded in 1973, 1974, 1975, 1976 and 1993, and 
data from the literature were used to determine where in the Norwegian Channel recent 
sedimentation and erosion/non-deposition occurs. 

Geological setting, hydrography, and sediment transport 

The present morphology of the Norwegian Channel is the product of glacial erosion 
followed by sedimentation during the Pleistocene and Holocene (van Weering 1975, Otto 
et al. 1990, Pedersen et al. 1991, Holtedahl 1993, Pederstad et al. 1993). At -59°30'N 
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Fig. 2. Locations and sedimentation rates for the stations where sedimentation rates have been determined. 

the Norwegian Channel shallows to 280 m at a saddle point. Further south, the Norwe
gian Channel deepens to more than 700 m in the Skagerrak (Otto et aI., 1990). 
An overview of the dominant circulation pattern in the northern North Sea is given by 
Otto et a1. (1990). Atlantic Water enters the North Sea mainly along the western slope of 
the Norwegian Channel and through the Orkney-Shetland inflow. This water mass enters 
the Skagerrak along the southern slope as the Atlantic Shelf Edge Current. Water coming 
from the southern North Sea enters the Skagerrak along the southern slope and partly 
flows into the Kattegat. The remainder mixes with water coming from the Baltic Sea, 
and the Atlantic Shelf Edge Current. This water mass leaves the Skagerrak as the less 
saline Norwegian Coastal Current, which flows to the north through the Norwegian 
Channel and finally into the Norwegian Sea. Seasonal variations to this pattern are the 
result of differences in water temperature and wind stress (Otto et a1. 1990). The fraction 
of the sediments which does not settle in the Skagerrak is transported out of the 
Skagerrak into the Norwegian Channel by the Norwegian Coastal Cunent as suspended 

load. Some of this material settles in the Norwegian Channel and the remainder is 
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transported into the Norwegian Sea (Eisma 1981, van Weering 1982). 

Results 

1. Sediments 

1.1. Description 

The sediments in the Norwegian Channel mainly consist of brownish, greenish and 
greyish silty clays. Some cores show a few cm thick sandy intervals (e.g. Sk91-4), while 
others are sandy throughout the core (e.g. Sk91-6). Core Sk91-2, taken high up the 
western slope of the Norwegian Channel, consists of medium to coarse sand. Sometimes 
gravel is found (core NG88-6). Shells, shell fragments and echinoid spines are common. 
Macroscopically the cores are homogeneous and lack almost completely primary 
sedimentary structures. X-radiographs of the cores show very few primary sedimentary 
structures as well. Coarse-grained intervals, quartz and clay pebbles, and dark and light 
intervals caused by differences in mineralogy can be recognized on the X-radiographs. 
Macroscopic burrows can be recognized in most of the cores and on the X-ray images. 
The burrows have diameters ranging from 0.5 mm to more than 10 mm. Often only a 
few narrow (10=0.5 mm), or wider (10 ±10 mm) burrows are present, leaving the few 
primary sedimentary structures and the light and dark intervals intact, i.e. the sediments 
are more or less undisturbed. In other cores the primary structures and colour banding 
are clearly disturbed, indicating strong bioturbation (cores ENAM93-8, Sk91-13 and 
Sk91-14). Several box cores showed worm tubes at the sediment surface. The brownish 
colours of most of the top sediments of the cores indicate a well oxygenated environ
ment. 

1.2. Grain-size analysis and dry bulk density 

The grain sizes have only been determined on the ENAM93 samples (Fig. 3). Most of 
these cores consist of clayey silts, the percentage of clay being usually less than 25%. In 
most of the cores the amount of very fine to fine sand is 5% or less. Cores ENAM93-10, 
13 and 16 are relatively coarse, and the amount of sandy material sometimes exceeds 
40% (top of ENAM93-10). The finest-grained sediments are found in the central part of 
the Norwegian Channel. The grain-size distribution of the surface sediments is in 
agreement with the data provided by Qvale and van Weering (1985). 
Dry bulk densities vary from 0.35 to 1.79 g'cm-3 depending on the depth in the core and 
the grain-size distribution. 

2. 210Pb and 137Cs measurements and sedimentation rates 

The locations of the individual stations and the sedimentation rates measured are given in 
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Fig. 3. Results of the grain-size analyses of the ENAM cores, Position of the graphs relative to the geographi
cal location of the cores. 

Table 1. Core ENAM93-8, ENAM93-l5, NG88-6, NG88-7, NG88-1O, NG88-l5, Sk9l
13 and Sk9l-l4 were not used for interpretations, because they are strongly bioturbated. 
Core Sk9l-2 was only 5 cm long and therefore too short to be of any use. Core Sk9l-4 
showed a compaction of 53% during sampling and storage and, is therefore possibly too 
disturbed to allow a reliable determination of the sedimentation rate. Fig. 4 shows some 
of the results of the 210Pb measurements. In general the logarithmic excess 210Pb activity 
plotted versus core depth shows a straight line below the surface mixed layer (SML). 
Usually the SML is very thin. In most cores the thickness does not exceed 2 cm (Fig. 4). 
In some cores, howeveJ; (ENAM93-8 and 15) the SML reaches a thickness of 15 cm or 
more. Some of the 210Pb plots show anomalously high or low 21°Pb values deeper in the 
core (ENAM93-13, Fig. 4). These are thought to be the result of local burrowing below 
the SML, which resulted in the transport and subsequent mixing of older or younger 
sediment. This explanation is supported by the X-radiographs which show some major 
burrows at the depths concerned, and by grain-size analyses showing a variance in grain 
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size at these specific depths. 

Station Position 

Sedimentation 

rate 

(mm/100 yr)No. North East 

Sk91-2 61 °20.45' 2°00.70' n.d. 

Sk91-3 61°30.79' 2°33.42' 190 

Sk91-4 61°39.20' 3°24.90' n.d. 

Sk91-6 62°07.00' 1°19.78' 190 

Sk91-7 62°09.83' 2°18.83' 220 

Sk91-8 62°12.28' 3°17.75' 120 

Sk91-9 62°12.81 ' 3°38.05' 60 

Sk91-10 60°43.50' 4°29.70' 30 

Sk91-11 60°42.71 ' 4°10.28' 280 

Sk91-12 60°43.49' 3°20.89' 60 

Sk91-13 60°42.62' 3°10.24' n.d. 

Sk91-14 60°43.30' 3°13.08' n.d. 

Sk91-15 59°30.60' 4°46.50' 120 

Sk91-16 59°29.99' 4°27.30' 90 

NG88-6 58°10.47' 4°37.61 ' n.d. 

NG88-7 58°12.43' 4°40.25' n.d. 

NG88-8 58°15.73' 4°52.12' 100 

NG88-9 58°24.18' 5°07.83' 110 

NG88-10 58°28.61 ' 5°18.92' n.d. 

NG88-11 58°36.68' 5°24.71 ' 120 

NG88-12 59°11.92' 4°51.39' 40 

NG88-13 59°13.81 ' 4°26.94' 60 

NG88-14 59°15.47' 4°08.85' 40 

NG88-15 59°12.70' 3°42.88' n.d. 

NG88-16 59°13.07' 3°30.46' 90 

NG88-17 59°59.45' 3°17.80' 140 

NG88-19 60°01.72' 3°55.14' 160 

ENAM8 59°30.10' 3°41.25' n.d. 

ENAM9 59°30.03' 4°05.29' 40 

ENAM 10 60°20.60' 4°39.32' 60 

ENAM 11 60°19.98' 3°22.06' n.d. 

ENAM 13 61°19.94' 3°52.17' 70 

ENAM 14 61°19.77' 3°35.58' 100 

ENAM 15 61°19.25' 3°15.87' n.d. 

NAM 16 61 °19.96' 2°34.65' 110 

NAM18 62°03.68' 2°55.58' 190 

Table I. List of stations and 'lOpb sedimentation rates (n.d.=not determined). 

Fig. 5 shows 137Cs-activity profiles of some of the ENAM93 cores. The 1963 nuclear 
bomb testing and the 1986 Chemobyl 137Cs-activity peaks in core ENAM93-9 fall within 
the bioturbated upper layer of the sediment and are therefore not clearly visible in the 

profile. The 1986 peaks in cores ENAM93-13 and 14 are within the bioturbated laye!; 
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Fig. 4. Selected results of the 'lOpb measurements. Grey interval indicates thickness of the surface mixed layer 
(SML). See text for more details. 

but small increases in 137Cs-activity are visible. Both these cores show a maximum in 
activity resulting from the 1963 nuclear bomb testing. The peak at the base of the 
bioturbated layer of core ENAM93-16 might be the result of the burial of 1986 sedi
ments due to bioturbation. This causes a pre 1986 l37Cs-activity peak which is located 
too deep in the core. The high activity in the 3-4 em interval just below the bioturbated 
layer may be the result of the increased Sellafield releases which peaked around 1975 to 
1980 (Kunzendorf et al. this volume). The sedimentation rates were determined from the 
210Pb and l37Cs measurements. The sedimentation rates in the Norwegian Channel range 
from 30 to 280 mm·100 yr'l. Highest sedimentation rates were found in the northern part 
of the Norwegian Channel (Fig. 2). 
From the literature it is known that on the Fladen Ground, on the plateau northwest of 
the Norwegian Channel and the upper western slope of the Norwegian Channel. there is 
little sedimentation, and possibly erosion (Johnson & Elkins 1979, Rise & Rokoengen 
1984). On the eastern slope of the Norwegian Channel, towards the mainland, crystalline 
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Fig. 5. Results of mCs measurements of ENAM 1993 cores. Grey interval indicates thickness of the surface 
mixed layer (SML). Arrows indicate expected depth of 1963 and 1986 activity peaks. 

bedrock extending from land is locally exposed, which indicates that non-depositional 
conditions prevail there (Holtedahl 1993, Rise & Rokoengen 1984), but isolated, ponded 
Holocene is likely to be present. On the western slope of the channel the local effect of 
erosion on the platform is noticed in the presence and amount of older, reworked 
foraminifera in Norwegian Channel sediments (Qvale & van Weering 1985). 

3. Acoustical data 

In the 1973-1976 period 3.5 kHz echo-sounding lines were recorded across the Norwe
gian Channel between 58° and 63°N. Lines located north of 600 N are discussed in van 
Weering (1983). In 1993 some additional lines were recorded using a Datasonics Chirp 
echosounder Together these lines cover a length of more than 5500 km (Fig. 6). 
North of 600 N van Weering (1983) identified four sedimentary units reflecting 

depositional events during and since the last glaciation. These units can be traced in the 
area south of 600 N. The upper unit (unit 1) represents Holocene fine-grained sediments 
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Fig. 6. Location map of the acoustical reflection profiles used in this study. Numbers 7A to 8 indicate the 
position of the profiles shown on Fig 7A to 8, respectively. 

which overlie Weichselian glacial marine deposits (unit 2) (van Weering 1983, Holtedah1 
1993). The Holocene and glacial marine sediments are not equally thick throughout the 
area. The average thickness of the combined units in the central part of the Norwegian 
Channel is about 10-20 m. Datings of a core from the central part of the Norwegian 
Channel show that here the base of the Weichselian glacial marine unit lies at about 23 
m, and the base of the Holocene at 3.75 m depth (core Troll 3.1, Lehman et al. 1991, 
Lehman & Keigwin 1992). In the southern part of the Norwegian Channel these layers 
can be thicker, but the boundary between the Holocene sediments and the Weichselian 
glacial marine sediments underneath (van Weering 1983, unit 2) can be very unclear 
The thickness of the Holocene cover can therefore not always be determined accurately. 
Units 1 and 2 pinch out towards the margins of the Norwegian Channel and towards the 
south and the north (Fig. 7A). On topographic highs the Weichselian and Holocene 
seditnentary cover is sotnetitnes extretnely thin (Fig. 7B). Local depressions of the sea 

bed act as sedimentary basins in which increased sedimentation occurs. Especially along 
the eastern flank of the Norwegian Channel the pronounced topography results in the 
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Fig. 7. 3.5 kHz penetrating echosounder profiles from the Norwegian Channel. Dashed lines in subsurface are 
time markers. A) Profile showing the pinching out of the Holocene sediments on the western slope of the 
Norwegian Channel. Water depth 320-390 m, vertical exaggeration 20x. B) Profile showing thin Holocene 
sedimentary cover on a topographic high in the central part of the Norwegian Channel. Water depth 400-440 
m, vertical exaggeration 50x. C) Profile showing a small local basin on the eastern slope of the Norwegian 
Channel. Water depth 340-420 ill, vertical exaggeration 20x. 

presence of small local basins (Fig. 7C). Sometimes the internal reflectors of earlier 
deposited sediments appear to be truncated at the sea floor (Fig. 8). 
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-
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Fig. 8. Penetrating echo sounder profile showing the truncation of internal reflectors at the sea floor, for details 
see blow ups A to C. Arrows indicate the truncation of internal reflectors by the sea floor reflector. Water 
depth 240-260 m, vertical exaggeration 30x. 

4. Accumulation rates 

Based on the acoustical data, the maximum surface area of that part of the Norwegian 
Channel in which recent sedimentation occurs is calculated to be 33900 km2 (Fig. 9). 
Using three Intervals of sedimentation rates (0-100, 100-200 and >200 mm'100 yc-') and 
calculating average sedimentation rates and average dry bulk densities for each of these 
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intervals, the maximum total yearly dry bulk accumulation rate III this part of the 
Norwegian Channel is calculated to be 28xlO6 tons. 
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Fig. 9. Geographical distribution of recent sedimentation areas in the Norwegian Channel. 

Discussion 

Although the X-radiographs clearly show the effect of bioturbation, the sedimentation 
rates calculated from downcore 210Pb profiles are considered to reflect the real sedimen
tation rates. This assumption is based on the work of Nittrouer et al. (1984), who 
concluded that sedimentation rates on the Washington shelf can be calculated from the 
210Pb profile below the surface mixed layer Furthermore, the maxima in the 137Cs_ 
activity profiles coincide well with the expected depths of the 1963 nuclear bomb test 
and 1986 Chemobyl accident peaks, thus supporting the sedimentation rates determined 
by the 210Pb method. 
The thin Holocene sedimentary cover in the central part of the northern Norwegian 
Channel, in the order of 4 m or less, and the even thinner layer near the flanks of the 
Norwegian Channel does not correspond with the extrapolated recent sedimentation rates 
measured by the 2lOPb method, which are in the order of 100-200 rom'! 00 yr- l

. The 
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relatively thin Holocene sedimentary cover in relation to the high recent sedimentation 
rates. in the northern part of the area can not be explained by a stronger compaction of 
the sediments. The contrast between the present-day sedimentation rates and the thin 
Holocene sedimentary cover can, however, be explained by a change in sedimentary 
regime sometime during the Holocene. This explanation is supported by the grain-size 
distribution in two piston cores taken about 30 miles NNW (station ENAM93-15, Table 
1) and 45 miles SSW (ENAM93-11, Table 1) of core Troll 3.1 described by Lehman et 
al. (1991) and Lehman and Keigwin (1992). In these two cores a coarsening upwards 
starts at ~ 1 m and ~2 m core depth, respectively. In both ENAM cores the grain size 
increases from clayey silt to coarse silt - very fine sandy silt. Echo-sounding lines 
located very near the three cores mentioned, do suggest that on the locations where the 
two ENAM93 cores and core Troll 3.1 were taken, similar sedimentary processes took 
place during the Late Weichselian and Holocene. The only difference is found in the 
total thickness of the sedimentary unit. In the south (near ENAM93-11) the unit is about 
1.5 times as thick as on the location of core Troll 3.1. In the north, near station ENAM
93-15, the thickness is just slightly less than near core Troll 3.1. The mechanism behind 
this change in depositional regime and possible related change in hydrological conditions 
is not yet known. Further study of the piston cores will most probably give the answer to 
this question. 
Van Weering (1983) concluded that in the northern part of the Norwegian Channel the 
deposition of the Holocene deposits (unit 1) ceased around 8000 BP The results of the 
210Pb measurements presented here clearly show that this is not the case, as was already 
suggested by Nagy & Ofstad (1980). The absence of present-day sedimentation along the 
eastern flank of the Norwegian Channel as concluded on the basis of the echo-sounding 
data (Fig. 8) is supported by the work of Nagy & Ofstad (1980), who studied foramini
fera along two transects across the Norwegian Channel. 
Several authors have reported erosion and redistribution of sediments on the shallow 
North Sea sea floor. Erosion of the Flemish Banks (southern North Sea) was reported by 
Eisma & Kalf (1987). The tidal current near the Dogger Bank is not strong enough to 
transport sea-floor sediments. Sea-floor erosion and sediment transport in this area, 
however, do occur during storms (von Haugwitz & Wong 1988). Sea-floor photographs 
of the Norwegian sector of the North Sea indicate local present-day sea-floor erosion 
(Rise & Rokoengen 1984, NIOZ unpublished data). Foraminiferal studies also point to 
local erosion and reworking of sediments (Qva1e & van Weering 1985). Sediments 
removed from the sea floor of the southern North Sea are transported northwards by the 
residual current (Eisma & Kalf 1987). Erlenkeuser and Pederstad (1984) found fine
grained sediment from a southern origin (southern North Sea and the Baltic Sea) in the 
Skagerrak. Hass (1993) concluded that the sedimentation pattern in the Skagerrak is 
influenced by short-term climatic changes. He showed that the average sedimentation 
rates in a core in the Skagerrak clearly increased during the stormy "Little Ice Age" 
(1550-1890 A.D.) compared to the four centuries before the Little Ice Age and the 
present-day situation. Increased winds influenced the bottom currents and therefore 
erosion and transport of sediments. The sediments in the Norwegian Channel are 
transported and supplied by the Juthmd Current, the Baltic Current, and also by the 
Norwegian rivers and fjords (Bjorklund et al. 1985); thus sediments eroded from the 

35 



Chapter 1 

North Sea sea floor and sediments transported out of the Baltic Sea may be deposited in 
the Norwegian Channel. In the Norwegian Channel, where current velocities are lower 
and wave activity less pronounced, the sediments settle out of suspension and in the 
deeper parts of the Norwegian Channel, the hydrological conditions favour permanent 
deposition of the sediments. This is clearly seen in Fig. 7A, which shows that deposition 
only occurs in the lower parts of the flanks. Another example is given in Fig. 7B, which 
shows that on local topographic highs in the deep central part of the study area the 
sedimentary cover is much thinner than in the surrounding deeper parts. Local depress
ions higher up the slopes provide enough shelter for sediments to settle permanently, as 
is clearly demonstrated in Fig. 7C. The truncation of reflectors within older deposits 
shown in Fig. 8 indicates that previously deposited sediments are eroded. 

Conclusions 

Downcore 210Pb activity measurements allow the determination of recent sedimentation 
and mass accumulation rates in the Norwegian Channel. The recent sedimentation rates 
in the Norwegian Channel range from 30 to 280 mm'lOO yr- I

. Highest sedimentation 
rates are found in the northern part of the Norwegian Channel. Sediments enter the 
Norwegian Channel from the south through the Skagerrak and from the west from the 
North Sea plateau, most probably as suspended load. In the Norwegian Channel lower 
hydrodynamic activity allows the sediments to settle out of suspension. Recent deposition 
of sediments occurs in the deeper central part and in small protected basins higher up on 
the eastern flank of the channel. In the central northern Norwegian Channel the thickness 
of the Holocene sedimentary cover is generally -4 m, and becomes thinner towards the 
flanks of the basin. In the southern part the Holocene deposits are thicker The contrast 
between the thin Holocene cover and the relatively high present-day sedimentation rates 
is explained by a change in the hydrological and depositional regime in the Norwegian 
Channel sometime during the Holocene. In the Norwegian Channel 28xl06 tons of dry 
bulk sediment is deposited annually. 
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RECENT SEDIMENT ACCUMULATION, ORGANIC CARBON
 
BURIAL AND TRANSPORT
 

IN THE NORTHEASTERN NORTH SEA
 

Henk de Haas and Tjeerd C.E. van Weering 

Abstract 

Organic carbon and nitrogen and sedimentation rate determinations were made of 
boxcores from the Norwegian Channel, North Sea. The geographical distribution of 
recent sedimentation areas were defined by analysis of published data and 3.5 kHz 
penetrating echo sounder data. The annual dry bulk sediment accumulation in the 
northeastern North Sea is established at 74xl06 tons. As the average organic carbon 
content for the Norwegian Channel and Skagerrak/Kattegat sediments is 0.6 and 1.8% 
respectively, the organic carbon accumulation rate in the northeastern North Sea could be 
calculated. The total organic carbon accumulation in the Norwegian Channel and 
Skagerrak/northern Kattegat is 0.17x106 tons'yr- l and 0.83xl06 tons'yr- l respectively. 
Less than 10% of this is accounted for by local primary production. This means that 
more than 90% of the organic carbon buried in the sediments of the north eastern North 
Sea must have been supplied from different sources. Terrigenous sources supply 20% of 
the organic carbon. The remainder is marine organic matter produced elsewhere in the 
North Sea, or imported from the Atlantic Ocean, Norwegian Sea and the Baltic Sea. 
Storm wave and -current induced (near) bottom nepheloid layers are the main likely 
mechanism to transport fine grained sediments and associated organic matter from the 
North Sea plateau into the Kattegat, Skagerrak and Norwegian Channel. 

Introduction 

Atmospheric carbon dioxide (COJ is one of the major contributors of the greenhouse 
effect and is introduced into the atmosphere in increasing amounts as a result of the use 
of fossil fuels. Since the oceanic CO2 concentration is supposed to be in equilibrium with 
the CO2 concentration of the atmosphere, it is expected that the oceans react as a buffer 
for CO2 from the atmosphere. To understand the global carbon cycle it is important to 
know how much organic carbon (Corg) is buried in marine sediments, and in this way 
withdrawn from the global carbon cycle. In this paper the accumulation of fine grained 
sediments in the North Sea and the organic carbon associated with them are reported. 
Sediments enter the North Sea from the Atlantic Ocean in the north, through The 
Channel in the southwest, from the Baltic Sea in the east and from river input (Fig. 1). 
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Fig. 1. General map of the North Sea and the study area (outlined). 

Furthermore, sea floor erosion, coastal erosion, primary production and atmospheric 
input contribute to the sediment load of the North Sea. The sediments in the North Sea 
are transported by the anti clockwise residual circulation (Otto et aI., 1990). Sedimen
tation mainly occurs along the eastern margin of the North Sea (the Wadden Sea, the 
German Bight, the Skagerrak, Kattegat and the Norwegian Channel) (McCave, 1973; van 
Weering, 1981; Eisma, 1981; Eisma & Kalf, 1987a; van Weering et aI., 1987, 1993). 
The Norwegian Channel and the Skagerrak are the largest and deepest recent sedimentary 
basins of the North Sea and fonn the major sink for fine grained material (Eisma, 1981; 
Eisma & Kalf, 1987a; van Weering, 1981; van Weering et aI., 1987; van Weering et aI., 
1993). Other, (smaller) depositional sinks in the North Sea, where recent sedimentation 
occurs are the German Bight (Dominik et aI., 1978; Reineck, 1960), the Oyster Grounds 

o
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(Eisma, 1981), the Fladen Grounds (Johnson & Elkins, 1979), and around Helgoland 
(Gadow, 1969; Hertweck & Reineck, 1969; Reineck, 1963, and Reineck et a1., 1967). 
Application of 2JOPb geochronology has been used over the last decade to calculate recent 
sedimentation and/or accumulation rates in the North Sea depositional sinks (van 
Weering et a1., 1987; Zuo et al., 1989; J0rgensen et a1., 1990; Dennegard et a1., 1992; 
van Weering et al., 1993). Besides 2JOPb geochronology, other methods like pollen 
studies (Zagwijn & Veenstra, 1966), anthropogenic pollution (Muller & Irion, 1984) and 
mass budget calculations of suspended sediments (Eisma, 1981) have been used. For 
longer time scales foraminifera (J0rgensen et al., 1981), pollen (van Weering, 1982; 
Henningmoen & H0eg, 1985) and 14C measurements (J0rgensen et al., 1981; Stabell, 
1985) have been used. 
These different methods sometimes result in conflicting estimates of the amount of 
sediment being deposited in a specific area. Eisma (1990) calculated an annual suspended 
matter deposition in the Skagerrakand Norwegian Channel of 17x106 tons on the basis of 
measurements of suspended sediment concentrations and the flow of water masses in and 
out of the Skagerrak, whereas van Weering et al. (1987) calculated an amount of 
28.4x106 tons of total dry weight sediment (16.7x106 tons < 64 JLm) for the Skagerrak by 
means of sedimentation rates determined by 2JOPb geochronology. 
The objective of this study is to obtain a more detailed estimate of the total amount of 
sediment and organic carbon being transported and deposited in the northeastern North 
Sea, and to obtain a better insight into the role of this area as a carbon sink within the 
North Sea shelf system. 
In this paper we report on recent sedimentation and sediment and organic carbon 
accumulation rates and on water column characteristics in the northern Kattegat, 
Skagerrak and Norwegian Channel based on data obtained during five cruises, with R.V 
"Aurelia" in 1988 and by R.V "Pelagia" in 1991, 1993 and 1994 to the Skagerrak and 
Norwegian Channel and on other published data. 

Methods 

For this study organic carbon data of 8 boxcores taken in 1993 (ENAM project, de Haas 
et al., 1996), and sedimentation rates determined on 13 box cores taken in 1988, 1991 
and 1994 were combined with literature data on recent sedimentation rates and organic 
carbon contents of Skagerrak and Norwegian Channel sediments. The overlying bottom 
water was siphoned off undisturbed box cores (box length: 55 cm, 0: 50 cm), and 
subsequently subsamples were taken by inserting wet PVC liners (0: 9cm). After 
sampling, the liners were stored upright at 40 C. Sedimentation rates were determined by 
measuring the 2JOPb activity via its a-particles emitting grand daughter 2lOpo, following 
the method described by van Weering et al. (1987). 
Dry bulk densities were determined by taking subsamples of 5 cm3 of wet sediment 
which were dried for 72 hours and weighed. Sedimentation rates and dry bulk densities 
were corrected for compaction during subsampling and storage of the samples. This was 
done by measuring the compaction of the sediments in the liners and assuming a lInear 
compaction over the whole sediment column. 
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Accumulation rates were calculated from the sedimentation rates and the dry bulk 
densities. The recent sedimentation area in the northern Kattegat and Skagerrak was 
defined on the basis of data from Holtedahl (1993) and from 3.5 kHz echo sounder lines 
collected during the period 1972 to 1975 (partly published before by van Weering, 1975) 
(Fig. 2). In the Kattegat and Skagerrak an average specific density of the sediments of 
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Fig, 2, Location map of the acoustical reflection profiles, 

2.3 g'cm-3, and an average porosity of 70% were taken. Both parameters were estimated 
from the cores taken in the western Skagerrak and data presented by Fait (1982), 
Liebezeit (1991) and Wilken et al. (1990). The accumulation rates were determined by 
first making a contour map of the sedimentation rates in the Kattegat/Skagerrak area. 
The surface area of each of the 200 rum,IOO yr- I contour intervals then was determined 
and multiplied by the average sedimentation rate for each interval, the specific density 
and the porosity. The accumulation rates in the Norwegian Channel are after de Haas et 
al. (1996). 
Total organic carbon and nitrogen contents were determined using a Carlo Erba NA 1500 
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series 2 Nitrogen Carbon Sulphur analyzer following the method of Verardo et al.
 
(1990). Grain sizes were determined by a Malvern Particle Sizer model 2600D. X

radiographs of the cores were made using a Hewlett-Packard 43805N X-ray Faxitron
 
system. The X-radiographs were used to estimate the degree of bioturbation and other
 
possible disturbances of the box cores.
 
A Seabird 911 plus CTD with a fluorescence and light transmission sensor (670 urn
 
monochromatic light) was used for water column characterisation.
 

Sediment transport and hydrography 

The present morphology of the Skagerrak and Norwegian Channel is the product of 
glacial erosion of older depressions followed by sedimentation under the influence of a 
rising sea level during the late Pleistocene and Holocene. At 59°30' in the Norwegian 
Channel, a sill at 280 m water depth separates the northern Norwegian Channel from the 
750 m deep Skagerrak (van Weering, 1975; Otto et aI, 1990; Pedersen et aI., 1991 and 
Pederstad et aI., 1993). 
Atlantic water enters the North Sea mainly by inflow through the Orkney-Shetland 
Islands and at depth of > 200 metres along the western slope of the Norwegian Channel. 
The latter water mass enters the Skagerrak along the southern slope as the Atlantic Shelf 
Edge Current. Water coming from the southern North Sea enters the Skagerrak along the 
southern slope, as the Jutland Current, and partly flows into the Kattegat. The remainder 
mixes with water from the Baltic Current and the Atlantic Shelf Edge Current. This 
water mass leaves the Skagerrak as the Norwegian Coastal Current, which flows 
northwards along the Norwegian coast and finally into the Norwegian Sea. Seasonal 
variations of this pattern are the result of differences in water temperature and wind 
stress (Otto et aI., 1990; Bakker & Helder, 1993). 
This circulation pattern results in the transport of sediments into the Skagerrak by the 
Jutland Current as traction and suspended load, a fraction of which is transported into the 
Kattegat. In the western Skagerrak a fraction of the material is transported as suspended 
load in a northeasterly direction. In the northeastern Skagerrak sediments are transported 
in suspension. The fraction of the sediments which does not settle in the Skagerrak is 
transported out of the Skagerrak into the Norwegian Channel by the Norwegian Coastal 
Current as suspended load. This material will eventual settle in the Norwegian Channel 
(van Weering, 1982), or, a fraction may flow out into the Norwegian Sea (Eisma, 1981). 
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Results 

1. Sediments 

1.1. Description 

The boxcore sediments from the Norwegian Channel that are used in this study were 
described in more detail by de Haas et al. (1996). In general the surface sediments are 
brownish, greenish and greyish silty clays, indicating well oxygenated to sub-oxic bottom 
sediments. Macroscopically the cores are homogeneous and almost completely lack 
primary sedimentary structures, as confirmed by the X-radiographs. The sediment grain 
size ranges from 5-20 !-tm (Dso) (Fig 3.). Some cores are (partly) sandy (Dso=50-60 /lm). 
In the deeper parts of the Skagerrak (below 100-200 m), the sediments consist of silt and 
clay. Along the northern and eastern rim diamictons are present, while in the south sands 
and locally gravelly patches are found (Holtedahl, 1993). 

1.2. Organic carbon and nitrogen contents 

The total organic carbon content of the ENAM93 boxcores from the Norwegian Channel 
varies both geographically and downcore. The minimum Corg content is 0.35%, the 
maximum is 1.71 %. In general, the cores show a downcore decrease in organic carbon 
concentration (Fig. 3). In some cores the organic carbon concentration decreases to a 
stable value (ENAM93-8, Fig. 3), in other cores it does not (ENAM93-18, Fig. 3). The 
decrease in the organic carbon contents can be very smooth (ENAM93-8, Fig. 3), or 
irregular (ENAM93-10, Fig. 3). The downcore organic carbon contents locally may show 
a small sudden increase as well (ENAM93-16, Fig. 3). The slight downcore decrease of 
Corg in core ENAM93-9 is thought to result from the extensive bioturbation in this core. 
The Corg concentration in core ENAM93-16 is clearly related to the type of sediment as 
in the upper 15 em of the core the median grain size is 40-50 !-tm and below this depth 
the median grain size is about 10 /lm. The Corg concentrations in these intervals are 0.6
0.4 and 0.6% respectively. The irregular decrease in Corg in core ENAM93-10 is 
probably the result of the presence of clay pebbles which might have a different Corg 

concentration than the sediments in which they are embedded. 
The downcore decrease in organic carbon in the ENAM93 cores is clearly related with 
the sedimentation rate. Cores ENAM93-8 (Fig. 3) and ENAM93-l3 show a rapid 
decrease in C concentration. At 10 to 15 em core depth the amount of C in the org org 

sediment has reached a stable value. Both cores show low sedimentation rates (30 and 60 
mm'lOO yr,l respectively). Stations with a high sedimentation rate (ENAM93-14, 15, 16 
and 18, sedimentation rates 100, 140, 110 and 150 mm'lOO yr,l respectively) do not 
reach a stable Corg value in the upper decimeters of the sediment sampled with the box 
cores (Fig. 3). Stable Corg values may be reached deeper into the sedimentary column. 
Organic nitrogen contents measured on the box cores taken in the Norwegian Channel 
range from 0.02 to 0.22% (Fig. 3). The average CIN ratio in al but one of the ENAM93 
boxcores ranges from 7.3 to 8.0. The CIN ration of core ENAM93-16 is higher (9.1). 
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Organic nitrogen (%) 

Grain size (D50. ~m) 

Fig. 3. Organic carbon, nitrogen, C!N ratios and grain size curves of the ENAM93 box cores. Position of 
graphs relative to the geographical position of the cores. 

2. Acoustics 

The acoustical profiles used in this study (Fig. 2) were partly published by van Weering 
(1973, 1975 and 1983), and allow the recognition of several acoustical units. For a more 
detailed description of these units see van Weering (1973, 1975 and 1983). Based on 
these data, the echo sounding data were used to outline the area of recent sedimentation 
in the Skagerrak and Norwegian Channel. Where recent sedimentation occurs, the 
acoustical profiles are characterized by a smooth sea floor reflector and a transparent or 
parallel laminated upper unit. Outside these areas the sea floor reflector can be very 
irregular. If a smooth sea floor reflector is present in the areas without recent sedimen
tation, the upper acoustical unit is sometimes chaotic, or the sediments can be recognized 
as outcrops of older sedimentary units. 

3. Sedimentation rates 

Of the 13 box cores studied, 2 located in the southern Skagerrak showed very low 210Pb 
activities. From this it was concluded that no net sedimentation occurs on these stations 
(stations marked 'n.n.' in table 1). Three other samples from the eastern Skagerrak did 
show a clear 2lOPb activity in the upper decimetres of the cores indicating active recent 
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::;eclmentatlonI Sedimentation 

rate SourceSource PositionPosition rate 
East (em/100 yr)(em/l00 yr) NorthEastNorth 

057"51.13 9"29.95 199"14.75 5 aoro•."" 
58"04.70' 9"08.84' 0a 189"19.61' 3057"59.79' 
58"11.22' 8"58.53' 31 08"10.80' b57"51.80' 25 

9"35.84'58"35.22' 26 09"14.80' 16 b57"54.90' 
9"55.97' 28 058"35.47'9"20.00' 20 b57"59.80' 

10"35.35' 058"35.74' 5410"08.60' b58"46.30' 110 
58"18.00' 10"42.23' 22 058"11,36' 9"48.75' e98 
58"14,09' 10"05.40' 38 057"50,53' 7"52,80' 11.5 e 

11"16.20' 057"42.53' 1411"45,5'56"39.4' 5 d 
57"34,65' 11"21.60' 34 057"19.6' 11"35,8' 16 d 

60 057"32.35' ""06.35'10"04.0' d58"04.6' 29 
57"30,20' 10"58,04' 17 08"15' e57"51.8' 23 
61"30,79' 2"33.42' 195"20' 1457"44.5' e P 

1"19,78'62"07.00' 198"24' e57"38.5' 21 P 
62"09,83' 2"18,83' 228"30' e57"30' 12 P 

3"17,75'62"12.28' 129"49.3' 28 e57"57.3' P 
3"38,05'62"12,81' 69"40,5' 8 e58"02.7' P 
4"29,70'60"43.50' 39"20' e58"13.5' 18 P 
4"10,28' 2860"42.71'e58"13,5' 9"12' 18 P 
3"20.89' 660"43.49'9"48' 40 e58"20' P 
4"46.50' 1259"30,60'e10"18' 4458"20' P 
4"27.30'59"29.99' 910"49.2' e58"20' 34 P 
4"52.12' 1058"15.73'e11"17.5' 3057"48' P 
5"07.83' 1158"24.18'57"48.1' 11"01.9' 30 e P 
5~24.71' 1258"36.68'e9"08' 2157"47' P 

59"11.92' 4"51.39' 4e58"04,5' 8"53' 11 P 
4"26.94' 659"13.81'e58"08,5' 8"50' 22 P 
4"08.85' 459"15:47'11"29.89' 20 f57"23.98' P 
3"30.46' 959"13.07'11"28'57"15' 16 P9 

1459"59.45' 3"17.80'57"50' 11"08' 62 P9 
3"55,14' 1660"01.72'58"09' 9"57' 29 P9 
4"05,29' 459"30,03'30 h58"03.0' 9"35.8' P 

60"20.60' 4"39.32' 6h9"32.7' 3058"10.6' P 
61"19,94' 3"52.17' 7h9"31.1 ' 4058"16.0' P 

3"35.58' 1061"19.77'25 h57"48,1' 11"03.05' P 
2"34.65' 1161"19,96'11"16' 62 i57"50' P 
2"55.58' 1962"03,68'i11"18' 10057"49' P 

2757"31,14' 6"58.94' qi57"49' 11"13' 61 
q6"59.90' 957"34.70'i10"48'57"37' 29 
q7"04.40' 3457"53.49'i57"20' 11"36' 16 

6"31.47' q58"01.64' 8i10"44' 1557"23' 
sr57.44' 6"30.24' 15 qi57"52' 10"01' 52 

6"38.46' 18 q57"39.46'11"32' 42 i57"26' 
q3"21.98' 1460"19.98'10"19' 92 i58"52' 

5"00.99' 4 q58"19,88'10"02.3' j57"50.3' 20 
9"35.8' n.n.57"33.9' q11"40' k57"26' 22 

57"19.59'. 8"34,62' qn.n.58"04.90' 75 i9"37.00' 
q58"12.8' 10"14.8' n.d.m57"58,20' 9"21.13' 54 

9"38,34' n.d. q58"01.91'm10"00,00'58"04,32' 38 
58"35.30' 10"29.63' n.d. qn58"07,5' 3010"50.6' 

Table 1. List of stations used in this study and sedimentation rates, Sources: a) Jorgensen et al. 1981; b) 
Erlenkeuser & Pederstadt 1984; c) Muller & Irion 1984; d) Iversen & Jorgensen 1985; e) van Weering et al. 
1987; f) Kuijpers et al. 1989; g) Jergensen et al. 1990; h) Bojesen-Koefoed 1992; i) Dennegard et al. 1992; j) 
Kuijpers et al. 1993; k) Petkov et al. 1992; I) Hass 1993; m) Anton et al. 1993; n) Meyenburg & Liebezeit 
1993; 0) van Weering et a1.l993; p) de Haas et al. 1996; q) ' lIJpb sedimentation rates, this study (n,n.=no net 
sedimentation, n,d,=nel sedimentation could not be determmed exactly), 
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sedimentation. However the activity versus depth profiles were too much disturbed by 
bioturbation and/or slumping to calculate a sedimentation rate (stations marked 'n.d.' in 
Table 1). 
The sedimentation rates measured on the 8 remaining box cores taken in the southern 
Norwegian Channel and Skagerrak range from 40 mm·100 yr- I to 340 mm'100 yr· l

. 

Additional sedimentation rates (determined by 210Pb measurements) in the Skagerrak, 
northern Kattegat and Norwegian Channel were taken from literature (Anton et aI., 1993; 
Bojesen-Koefoed, 1992; Dennegard et aI., 1992;. Erlenkeusel; 1985; Erlenkeuser & 
Pederstad, 1984; de Haas et aI., 1996; Hass, 1993; Iversen & Jorgensen, 1985; Jorgensen 
et aI., 1990; Jorgensen et aI., 1981; Kuijpers et aI., 1989; Kuijpers et aI., 1993; Meyen
burg & Liebezeit, 1993; Muller & Irion, 1984; Petkov et aI., 1992; Thiede, 1985; van 
Weering et aI., 1987; van Weering et aI., 1993). Highest values, with rates of 600 to 
more than 1000 mm'lOO yr·1 are found in the deep central, northern and southeastern 
Skagerrak (Dennegard et aI., 1992; Erlenkeuser & Pederstad, 1984; Muller & Irion, 
1984). Highest sedimentation rates (>600 mm'100 yr'!) are situated in a NNE-SSW 
oriented area located just southwest of the Oslofjord and in a smaller E-W oriented area 
just north of Skagen. In the western Skagerrak the average sedimentation rates are about 
150-250 mm'lOO yr· 1 (van Weering et aI, 1987). 
In the Norwegian Channel the sedimentation rates range from 30 to 280 mm'lOO yr'!, the 
highest sedimentation rates being found in the northern part of the Norwegian Channel 
(de Haas et aI., 1996). Table 1 gives all sedimentation rates in box core sediments from 
the Kattegat, Skagerrak and Norwegian Channel used in this study. 
At the Fladen Grounds, the platform northwest of the Norwegian Channel and on the 
upper western slope of the Norwegian Channel hardly any sedimentation if not locally 
erosion occurs (Johnson & Elkins, 1979; Rise & Rokoengen, 1984; Qvale & van 
Weering, 1985). At the eastern slope of the Norwegian Channel crystalline bedrock 
locally is exposed, which indicates that non depositional/erosional conditions prevail 
(Rise & Rokoengen, 1984, see also Holtedahl, 1993). On the eastern flank of the 
Norwegian Channel outcrops of older sediments were reported by de Haas et aI. (1996), 
indicating erosional or nondepositional conditions. Stevens (1992) reports on erosional 
areas in the eastern and western Skagerrak at 70-100 and 200-250 m water depth 
respectively. The intensity and cause of the erosion and the surface area of these 
erosional zones is not exactly known. Salge & Wong (1988) report a non-depositional to 
erosional area north of Hanstholm between 70 and 200 m water depth. However, van 
Weering et aI. (1987) measured sedimentation rates here of more than 200 mm·100 yr· l

. 

The overview by Holtedahl (1993) shows that, in at least parts of the area north of 
Hanstholm, coarse- grained deposits (sands, stones, gravel) are present, indicating that 
fine grained sedimentation does not occur in (parts of) this area. Areas of non-deposition 
in the shallow south western Skagerrak are also reported by Kuijpers et aI. (1993). In the 
central Skagerrak an area of non deposition/erosion can be recognized on the echosound
er data and in data presented by von Haugwitz & Wong (1993). Near the foot of the 
southern slope of the Skagerrak a second area of erosion/non deposition is reported by 
Rise et aI. (1996) and Boe et aI. (1996). Fig. 4 shows a compilation of the sedimentation 
rate distribution in the research area, taking into acount the observed local and regional 
variability. 
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Fig. 4. Geographical distribution of recent sedimentation rates in the northeastern North Sea. 

4. Accumulation rates 

The area of the Kattegat/Skagerrak region where recent sedimentation occurs is 24100 
krn2 

. Using a specific density of 2.3 g'cm-3 and an average porosity of 70%, the dry bulk 
accumulation rate in the Skagerrak is 46xl06 tons·yr- I 

• The surface of the Norwegian 
Channel recent sedimentation area is 33900 krn2

• The total dry bulk accumulation rate in 
the Norwegian Channel is calculated as 28x106 tons'yr- I (de Haas et aI., 1996). Thus, the 
combined total dry bulk accumulation rate in the Norwegian Channel and northern 
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Kattegat/Skagerrak is approximately 74x106 tons·yr- J
• 

The surface sediments in the Skagerrak contain a variable, but comparatively high 
concentration of organic carbon. In general highest concentrations (2.5-3.13%) are found 
in the central deep Skagerrak sediments (van Weering, 1981; van Weering et aI, 1987; 
Kestner & Klatt, 1988), fringed by lower concentrations of 1.5-2% (Wasmann, 1985; van 
Weering et aI., 1987; Petkov et aI., 1992). Occasional higher values are found (3.31 % in 
the eastern Skagerrak, Kestner & Klatt, 1988). Organic carbon concentrations in the 
upper sediment column decrease downcore by remineralisation and biological uptake. 
The combination of the remineralisation of organic matter; ongoing sedimentation and 
bioturbation results in a downcore asymptotic organic carbon profile (Berner; 1980). The 
organic carbon concentrations in the samples taken in the Norwegian Channel in 1993 
stabilize downcore between 0.5 and 1.5% and an average value of 0.6% is considered 
representative for Norwegian Channel sediments. This is in agreement with Lohse et aI. 
(1995) whom reported an organic carbon concentration in the deeper North Sea sedi
ments of 0.5 to 1.0%. Singh (1983); Erlenkeuser & Pederstad (1984); Wassmann (1985); 
Wilken et aI. (1990) and Petkov et aI. (1992), Anton et aI. (1993) show that in the 
deeper part of Skagerrak cores the organic carbon contents stabilize between 0.5 and 2%. 
Again, highest downcore values are found in the central, deeper part of the Skagerrak. 
Based on these data an average organic carbon concentration of 1.8% was taken for the 
Skagerrak and Kattegat sediments. Using these figures, the yearly organic carbon 
accumulation in the Norwegian Channel and Kattegat/Skagerrak is 0.17x106 and 0.83x106 

tons respectively. 

5. Water column characterisation 

On several locations in the Skagerrak and the Norwegian Channel the light transmission 
and chlorophyll content of the water column was measured. Especially in the Skagerrak 
surface, intermediate and bottom nephe10id layers (SNL, INL and BNL respectively) 
were recognized. The SNLs coincide very well with the presence of chlorophyll maxima 
in the upper water column (Fig. 5). Transmission reduction in the SNL is on the order of 
5-15%, with highest reductions in the Skagerrak and southern Norwegian Channel. INLs 
were not always detected, especially in the Norwegian Channel where no or only poorly 
developed INLs were found. In the central Skagerrak the reduction of transmission in the 
INLs is generally found to be <5%, although occasionally a reduction of 5-10% was 
measured. In the Skagerrak as well in the Norwegian Channel BNLs were not always 
detected. BNLs were usually very weak to absent in the Norwegian Channel (reduction 
<5%). If present, in the Skagerrak the reduction in light transmission was in the order of 
5-10%. The thickness of the SNLs and BNLs is usually in the order of 20-40 m, 
sometimes the BNLs have a thickness of about 50 m. The INLs are much thinner, in the 
order of 20 m or less. 
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Fig. 5. CTD profile of station VVA94-4 (May 1994, 58°12.09'N looI5.03'E) showing the results of the 
chlorophyll and transmission measurements. 

Discussion 

1. Accumulation rates and sea floor erosion. 

The accumulation rates in the Skagerrak and Norwegian Channel calculated above are a 
factor 4 higher than the 17x106 tons'yr,1 of suspended matter reported by Eisma (1990) 
based on suspended matter concentrations in the waters flowing in and out of the North 
Sea, on riverine input, atmospheric input, coastal and sea floor erosion and primary 
production. Since there is no reason to doubt Eisma's (1990) measurements of suspended 
sediment concentrations, the difference between his accumulation rates and those in this 
paper most probably is caused by irregular (short) periods of intense sea floor erosion. 
Sea floor erosion and redistribution of North Sea sediments most probably takes place 
during the stormy winter season, when it can be impossible to carry out shipboard 
measurements. These events are thus hardly ever observed. Several authors have reported 
erosion and redistribution of sediments of the shallow North Sea sea floor. Erosion of 
the Flemish Banks is reported by Eisma & Kalf (1987a). Sea floor photographs of the 
Norwegian sector of the North Sea indicate local present-day sea floor erosion (Rise & 
Rokoengen, 1984; unpublished acoustical data and photographs, NIOZ). Sea floor 
erosion and sediment transport near the Dogger Bank does occur during storms (von 
Haugwitz & Wong, 1988). Sediments removed from the sea floor of the southern North 
Sea and the Baltic Sea are transported northwards by the residual current (Eisma & Kalf, 
1987a; Erlenkeuser and Pederstad, 1984; Bjorklund et al., 1985). Hass (1993) concluded 
that the sedimentation pattern in the Skagerrak is influenced by climatic changes. He 
showed that the average sedimentation rates in a core in the Skagerrak clearly increased 
during the stormy "Little Ice Age". This indicates that sediments eroded from the 
shallow North Sea, and partially also from the Baltic Sea as a result of wind generated 
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waves and currents, most likely will be deposited in the Skagerrak and Norwegian 
Channel. From this it is concluded that calculations of sediment accumulations based on 
measurements of suspended matter are too influenced by short term weather fluctuations 
to give a reliable estimate of long term sediment accumulation. 

2. Accumulation rates and sediment characteristics. 

The dry bulk sediment accumulation rates calculated for the Skagerrak agree very well 
with the results of van Weering et al. (1987), who reported an annual accumulation rate 
of 28.4xl06 tons for the Skagerrak with a surface area of 23662 km2

, which is somewhat 
smaller than the surface area estimated in the present study. The total volume of 
sediments is, however; comparable (57.3xl06 m3 (van Weering et al., 1987) versus 
66.5x106 m3 (present study)). The main difference in the total sediment accumulation is 
caused by the higher porosity from core top measurements used by van Weering et al. 
The core top is not the layer in which the sedimentation rates are measured, as these are 
determined in the section below the high porosity surface mixed layer (SML). Below the 
SML the porosity is less due to compaction and the absence of bio-reworking. Other 
contributions to the difference are the higher specific density of the sediments and higher 
sedimentation rates in the present study. 

3. Organic carbon, sedimentation rate and grain size. 

The reason for the research area being the most important sink for organic carbon in the 
entire North sea is the huge amount of fine grained sediments being deposited here. 
Other factors that playa role in the preservation of organic matter and that are related to 
sediment grain surface conditions are the sheltering of organic matter by small pores in 
sediment particles (Mayer; 1994) and the possible sorption of organic matter to mineral 
surfaces of fine grained sediments. This causes a part of the labile components of 
organic matter to be inavailable for oxidation by micro-organisms and to be buried in the 
sediments (Keil et al., 1994). The observed relationship between grain size and Corg 

contents suggests that changes in grain size with time may result in changes in the burial 
rate of Corg in the Norwegian Channel and Skagerrak. Core ENAM93-l6 for instance is a 
good exanple of this (Fig. 3). Spatial variations in grain size result in spatial variations in 
Corg burial rates. Sediments on the flanks of the Norwegian Channel are generally coarser 
than those found along the central axis (Fig. 3.). From Fig. 3 it is clear that the Corg 

concentration in the central part of the Norwegian Channel is generally higher than along 
the flanks. The relation between sedimentation rate and downcore decrease in Corg 

content as observed in the ENAM93 boxcores is supported by the work of Ingall & van 
Cappellen (1990), who show that most of the organic carbon deposited on the sea floor 
is mineralized at the sediment/water interface and that the rate of mineralization of Corg 

with depth is a function of the sedimentation rate. However; the background refractory 
C level at which the C concentration stabilizes seems to be mainly influenced by theorg org 

grain size. 

53 



Chapter 2 

4. Organic carbon burial. 

Several authors have calculated the amount of organic carbon burial in the Skagerrak. 
Anton et al. (1993) reported an accumulation rate of 31 to 48 g COrg·m2·yr-l. J0fgensen et 
al. (1990) found 130 g Corg·m2-yr·l in the eastern Skagerrak. Meyenburg and Liebezeit 
(1993) calculated a Corg accumulation rate of 45 g·m2·yr-1

• These different figures result 
from the differences in local grain size distribution and sedimentation rate. From the data 

2 1presented here an average accumulation rate of 35 g·m ·yr· is calculated and is con

sidered a best estimate for the entire Skagerrak/northern Kattegat area.
 
Highest values of organic carbon are found in the deepest part of the Skagerrak were the
 
finest grained sediments settle (van Weering, 1981; van Weering & Qvale, 1983; Singh,
 
1983). Grain size values increase and organic carbon concentrations decrease away from
 
the centre (van Weering, 1981; Wassmann, 1985; J0rgensen et al. 1990; Anton et aI.,
 
1993 and Meyenburg & Liebezeit, 1993) and into the Norwegian Channel. This implies
 
that the highest organic carbon accumulation rates are found in the central part of the
 
Skagerrak, and Corg accumulation rates decrease towards the margins of the basin and
 
towards the Norwegian Channel.
 

5. Sources of organic carbon. 

The source of the organic carbon in the Skagerrak/Norwegian Channel sediments is still 
under dispute (Anton et aI., 1993). Primary production estimates in the research area 
range from 90 to 290 g COrg'm2'yr-l for the Kattegat and from 90 to 190 g COrg'm2'yr-l 
for the Skagerrak (Wassmann, 1985; Richardson & Christoffersen, 1991; Meyenburg & 
Liebezeit, 1993 and Heilman et aI., 1994). Beckmann & Liebezeit (1988) considered 130 
g COrg 'm2'yr-1 to be a likely average value. Wirth & Wiesner (1988) consider the primary 
production in the North Sea to be evenly distributed geographically. This leads to a 
primary production for the entire North Sea of 74.1x106 tons COrg'yr-1

, of which 1.0 x106 

tons or 1.3% is annually stored in the North Sea sediments (Eisma, 1981; Beckmann & 
Liebezeit, 1988). Our data thus indicate that the amount of organic carbon buried in the 
Kattegat, Skagerrak and Norwegian Channel equals the amount of primary produced 
organic carbon that is available for storage in the entire North Sea and that there thus 
must be a non-local source of organic carbon. This consideration is supported by Aure & 
Dahle (1994) who conclude that most of the locally-produced organic matter in the 
Skagerrak is lost by remineralization, grazing and advection before it settles to water 
depth of 350 m. Anton et al. (1993) suggest that the excess organic carbon in the 
Skagerrak is supplied by rivers, and so is of terrigenous origin. Assuming that the yearly 
primary Corg production is equally distributed throughout the North Sea (Wirth & 
Wiesne:r; 1988), and so a primary production in the Kattegat-Skagerrak-Norwegian 
Channel of 130 g Corg m2'yr'1, then the yearly production in the research area is 7.5x106 

tons. If again 1.3% of this amount is permanently stored in the sediments then the yearly 
organic carbon accumulation would be O.lx106 tons. Using sediment trap data from the 
Skagerrak and Norwegian Channel supplied by Kempe & Jennerjahn (1988) and the 

54 



Chapter 2 

average organic carbon concentrations of 0.6 and 1.8% measured in box cores, then the 
yearly organic carbon accumulation from primary production alone would be 0.04x106 

tons. This means that more than 90% of the organic matter deposited in the research area 
would be of terrigenous origin. This is probably excesive since Bojesen-Koefoed (1992) 
found a maximum terrigenous organic matter fraction of about 30% in the Skagerrak. 
Kempe & Jennerjahn (1988) also suggested that the highest input of terrigenous organic 
matter is into the Skagerrak and decreases northwards into the Norwegian Channel. 
Considering the discussion above, the only other possible source of the organic carbon is 
the North Sea and/or the Norwegian Sea. It is very likely that organic matter produced 
elsewhere in the North Sea is attached to the sediments and is transported to the 
Kattegat, Skagerrak and Norwegian Channel. The sedimentary organic matter in the 
Skagerrak and Kattegat is more refractory than the organic matter found in the Aarhus 
Bugt, which is en-route to the eastern Skagerrak and Norwegian Channel (Bojesen
Koefoed, 1992; Wirth & WiesneI; 1988). Such transport was also supported by Bojesen
Koefoed (1992), who also found organic compounds in the Norwegian Channel that were 
introduced into the southern North Sea by man. 

6. Vertical settling and lateral influx. 

The results of the sediment traps deployed in the Skagerrak and Norwegian Channel by 
Kempe and Jennerjahn (1988) indicate that most of the bulk sediments and organic 
matter do not reach the sea floor by vertical settling throughout the entire water column. 
This implies that there must be an other mechanism responsible for the influx of 
sediments into the research area. Transmission data from the Skagerrak (van Weering et 
aI., 1993) clearly show surface, intermediate and bottom nepheloid layers. The SNLs are 
thought to be fOlmed by organic particles through primary production in the upper water 
column. This suggestion is supported by the water column data in the present study. In 
all profiles the SNL clearly coincides with the chlorophyll maximum in the upper part of 
the water column (Fig. 5). The INLs and BNLs do not coincide with chlorophyll maxima 
and are considered caused by higher concentrations of inorganic particles. The Norwe
gian Channel transmission profiles show no or sometimes very weak INLs and BNLs. 
Transmission data presented by van Weering et al. (1993) show much clearer SNLs, 
INLs and BNLs with transmission reductions in the order of 20-25% and more. The 
measurements of van Weering et aI. (1993) were carried out in spring 1990, while the 
measurements presented in the present study were carried out in spring and summer 
1994. This indicates that the development of nepheloid layers in the Skagerrak is not 
continuous in time. This pattern of well-developed nepheloid layers in the Skagerrak, less 
well developed layers in the Norwegian Channel, and the time discontinuous character of 
the nepheloid layers is supported by the suspended matter measurements of Eisma and 
Kalf (1987b). They show that water masses with high concentrations of inorganic 
particles move along the slope of the Skagerrak. The suspended matter profiles show that 
water masses seem to detach from the upper rim of the slope and move northwards as 
intermediate nepheloid layers. In the Norwegian Channel the suspended matter concentra
tions in the water column are much lower. Eisma and Kalf (1987b) measured occasional
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ly higher near bottom concentrations. Water masses with increased (but compared to the 
measurements from the Skagerrak still relatively low) suspended sediment concentrations 
are present higher up in the water column. Boon & Duineveld (1996) indicate that 
measured over short periods (one tidal cycle) far less organic matter is deposited at the 
Skagerrak seabed than is concluded by van Weering et al. (1993) and in the present 
study. This observation, the suspended matter data of Eisma & Kalf (1987b), the 
irregular occurence of marine and terrestrial organic matter shown in the carbohydrates 
study by Liebezeit (1988) and the results of Hass (1993) suggest that the transport of 
fine grained sediments and associated organic matter into the Skagerrak is not a 
continuous proces, but that the rate of transport depends on wind induced waves and 
currents. In the Skagerrak the particulates are transported in intermediate and bottom 
nepheloid layers. Most of the suspended matter settles in the Skagerrak, the remainder is 
transported to the Norwegian Channel. In the Norwegian Channel the sediments are 
transported as bottom nepheloid layers and locally as intermediate nepheloid layers 
where the majority of these sediments gradually settle out of suspension. The remainder 
is transported into the Norwegian Sea. 

Conclusions 

Sedimentation rates in the Norwegian Channel range from 30-280 mm'lOO yr- I
. Highest 

sedimentation rates are found in the northern Norwegian Channel. In the Skagerrak 
sedimentation rates range from less than 100 to above 1000 mm·100 yr- l

. Areas with 
highest sedimentation rates are located in the central, northern and southeastern Skager
rak. Net sedimentation in the shallow parts of the Skagerrak, off the Danish coast, is 
difficult to establish. Conflicting statements by several authors suggests that net sedimen
tation occurs only locally in this area. Dry bulk sediment accumulation in the Norwegian 
Channel and Skagerrak is 28xlO° ton'yr-! and 46x106 ton'yr-! respectively. 
The average concentration of buried organic carbon in the Norwegian Channel and 
Skagerrak sediments is 0.6 and 1.8% respectively. Organic carbon accumulation is 
0.17x106 ton-yr-! in the Norwegian Channel and 0.83x106 ton'yr-1 in the Skagerrak. 
These results indicate that the Norwegian Channel and Skagerrak are the most important 
sinks for organic matter in the North Sea. 
Local primary production of organic matter is too low to provide all the Corg buried in 
the Skagerrak and Norwegian Channel sediments. More than 90% of the organic carbon 
buried in the Norwegian Channel and Skagerrak originates from sources outside these 
areas. About 20% of the preserved organic carbon is terrigenous in origin. 
Surface, intermediate and bottom nepheloid layers are regularly observed in the Skager
rak and show a strong time and spatial variability. Transport of sediments as bottom 
and/or suspended load in the bottom and intermediate nepheloid layers is a likely 
mechanism for transporting sediments from the southern North Sea into the Skagerrak 
and Norwegian Channel. The influx of particulate matter into the Skagerrak seems to be 
a discontinuous process and to depend on wind induced waves and currents. Sediment 
and organic carbon budget calculations based on short term sediment transport measure
ments result in an underestimation of the sediment accumulation in the Skagerrak and 
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Norwegian Channel. 
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RECENT SEDIMENTATION AND ORGANIC CARBON BURIAL
 
IN A SHELF SEA; THE NORTH SEA
 

Henk de Haas, Wim Boer and Tjeerd C.E. van Weering 

Abstract 

To obtain a carbon budget of the North Sea, recent sedimentation rates and organic 
carbon and nitrogen concentrations were determined on 27 box cores from the shallow 
North Sea (with a water depth <200 m and a surface area of 500x103 km2

). The 
sedimentation rates in these box cores range from 5 to 35 cm'l00 yr- 1

, Corg concentra
tions are <0.05-1 %. Based on these numbers and published data the total amount of Corg 

buried in the shallow North Sea is calculated as ~lx105 tons·yr- I
. In large parts of the 

shallow North Sea recent sedimentation is (nearly) absent. Reworking of relic deposits 
and partial mixing of these deposits with small amounts of recent fine 
grained sediments by biological and physical processes and human activities (beam trawl 
fishery) result in apparent sedimentation rates which are likely to exceed the real net 
sedimentation rates considerably. The results of this study suggest that the majority of 
the organic matter is exported from the shelf over the shelf edge into the Norwegian Sea 
and into inner shelf deeps (Skagerrak and Norwegian Channel). Coarse grained shelf 
sediments are only of minor significance for the preservation of organic matter 

Introduction 

Atmospheric carbon dioxide (C02) is one of the major contributors to the greenhouse 
effect and is introduced into the atmosphere in increasing amounts as a result of the use 
of fossil fuels. In order to better understand the possible effects of an increased CO2 

level on future fluctuations in climate and sea level it is important to study the global 
CO2 cycle. Since the oceanic CO2 concentration is supposed to be in equilibrium with the 
CO2 concentration in the atmosphere, it is important to know how much organic carbon 
(Corg) is buried in marine sediments, and in this way withdrawn from the global carbon 
cycle. 
According to Hedges and Keil (1995a) about 90% of the organic matter in the marine 
environment is stored in delta and continental shelf sediments. Shelf seas, like the North 
Sea, thus should act as an important sink for organic carbon. Walsh et al. (1981), Walsh 
(1991) and Walsh et al. (1991) however argue that large amounts of organic carbon 
should be exported from the shelves to the continental slopes. 
Organic carbon is mainly stored in fine grained sediments and the attachment of organic 
matter to the surface of mineral grains may play an important role in the preservation of 
organic carbon (Hedges and Keil, 1995a). The smaller the grains, the larger the surface 
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area per volume of sediment and the more organic matter can be stored in these 
sediments. Small pores within the surface of individual mineral grains may act as 
shelters for organic matter (Mayer, 1994). Micro-organisms may not be able to reach this 
organic matter and this thus may result in the preservation of labile organic matter in 
marine sediments (Keil et aI., 1994). However, Pedersen (1995), Berner (1995), Mayer 
(1995), Hemichs (1995) and Hedges and Keil, (1995b) argue that not only adsorption of 
organic matter to the surface of mineral grains, but also other factors (settling flux, 
availability of oxygen) playa role in the preservation of organic carbon. 
In a previous paper (de Haas and van Weering, 1997) the accumulation of fine grained 
sediments and the associated organic carbon in the Skagerrak and Norwegian Channel, 
the major sinks of fine grained sediments in the North Sea (Eisma, 1981; Eisma and 
Kalf, 1987a; van Weering, 1981; van Weering et aI., 1987; van Weering et aI., 1993; de 
Haas and van Weering, 1997), was studied and calculated as lxl06 tons COrg·yr-1. Other, 
(smaller) areas on the North Sea plateau (=area <200 water depth, here defined as the 
North Sea minus the Skagerrak and Norwegian Channel), where recent sedimentation of 
fine grained sediments and its associated organic carbon occurs are the German Bight 
(Dominik et aI., 1978; Reineck, 1960), the Oyster Grounds (Eisma, 1981), the Fladen 
Ground (Johnson and Elkins, 1979), and around Helgoland (Gadow, 1969; Hertweck and 
Reineck, 1969; Reineck, 1963, Reineck et aI., 1967). Although the average grain size of 
the majority of the sediments on the shallow North Sea plateau is much larger than in 
the Skagerrak and Norwegian Channel, and the potential storage capacity for organic 
matter per volume of these coarse sediments therefore is much smaller, the large surface 
area of the North Sea plateau (500x103 km2) may ·account for a considerable burial of 
Corg' 

Application of 210Pb a-particle emission geochronology has been used over the last 
decades to calculate recent sedimentation and/or accumulation rates in a variety of 
depositional settings in the North Sea (van Weering et aI., 1987; Zuo et aI., 1989; 
Jorgensen et aI., 1990; Dennegard et aI., 1992; van Weering et aI., 1993; Boe et aI., 
1996; de Haas et aI., 1996; de Haas and van Weering, 1997). 2lOPb y-ray measurements 
were performed by Kunzendorf et aI. (1996). Besides 210Pb-geochronology, other 
methods used for dating include anthropogenic pollutants (Muller and Irion, 1984), and 
mass budget calculations of suspended sediments (Eisma, 1981). For longer time scale 
studies foraminifera (Jorgensen et aI., 1981), pollen (Zagwijn and Veenstra, 1966; van 
Weering, 1982; Henningmoen and Hoeg, 1985) and 14C measurements (Jorgensen et aI., 
1981; Stabell, 1985) have been used.
 
In this paper we report on recent 21oPb-sedimentation, accumulation and organic carbon
 
accumulation rates in the shallow North Sea plateau based on data obtained from box-,
 
vibro- and piston cores taken during cruises with R.V "Pelagia" in 1994, 1995 and 1996
 
in the framework of the Dutch Global Change Program (VVA). In addition existing
 
unpublished and literature data have been incorporated.
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Methods 

The box corer used in this study is supplied with a lid which closes the box during 
retrieval of the core. In this way disturbance of the surface layer of the core as a result 
of movements of the overlying water column is minimised. If a core showed cracks or 
disturbance structures at its surface it was discarded and a new core was taken. 
Of the undisturbed box cores (max length: 55 cm, 0: 50 cm), the overlying bottom water 
was siphoned off and subsequently subsamples were made by slowly inserting wet PVC 
liners (0: 9 cm). After the subsampling the liners were stored upright at 4° C. 
Sedimentation rates were detemlined by measuring the 210Pb activity via its a-particles 
emitting grand daughter 210pO at 1 cm intervals, following the method described by van 
Weering et al. (1987). To check the results obtained with the 21OPb-method, the J37Cs 
activity was measured using a high purity Canberra germanium detector on 1 cm thick 
sediment slices (55-75 g dry weight, depending on the porosity of the sediment). This 
method could only be successfully applied to a limited number of cores since most cores 
were too sandy to have a y-ray emission above the detection limit. X-ray radiographs 
were made using a Hewlett-Packard 43805N Faxitron to examine the cores for bioturba
tion and other possible disturbances that might influence the 210Pb and J37Cs profiles. 
Sediment porosity and dry bulk densities were determined by taking subsamples of 5 cm3 

wet sediment which were weighed, dried for 72 hours and reweighed. Porosity was 
calculated from the difference in weight between the wet and dry samples and the initial 
volume. Dry bulk densities were calculated from the dry weight and the initial volume of 
the samples. Sedimentation rates and dry bulk densities were corrected for compaction 
during subsampling and storage by measuring the compaction of the sediments in the 
liners (if any) and assuming linear compaction over the whole sediment column. 
British, Danish, German, Dutch and Norwegian fisheries charts and other relevant public 
domain data were used to determine the outline of sea floor areas with different grain 
sizes. This map was used to calculate the surface of the areas where recent sedimentation 
occurs. 
Total organic carbon and nitrogen contents of the same set of subsamples were deter
mined using a Carlo Erba NAl500 series 2 Nitrogen Carbon Sulphur analyzer with 
sample preparation according to the method of Verardo et al. (1990). Depending on the 
grain size of the sediment, and the expected Corg contents, 20-40 mg of dry sediment was 
weighed into tin sample containers. Calcium carbonate was removed using sulphurous 
acid. Since sandy sediments have a low specific surface area, the amount of organic 
matter per weight unit of sediment is much lower in sands than in clayey sediments. As 
a result it proved to be impossible to determine reliable organic nitrogen values for the 
sandy sediments of the North Sea. 

Sea floor morphology, oceanography and sediment transport 

The North Sea is an enclosed shallow shelf sea which is bordered in the east and south 
by the mainland of Europe and in the west by the British isles (Fig. 1). In the south the 
maximum water depth is about 40-50 metres. In the north the maximum water depth is 
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about 200 metres at the shelf edge between the Shetlands and Norway. In the east a large 
depression, the Norwegian Channel, is present. In the north the Norwegian Channel is 
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over 400 m deep. In the southern Norwegian Channel, a sill at 280 m water depth 
separates the Norwegian Channel from the, at its deepest point more than 750 m deep 
Skagerrak. Other smaller, and less deep depressions are found in the southwest (Outer 
Silver Pit, ~90 m), the central North Sea (Devils Hole, >260 m), and in the north 
(Fladen Ground, >300 m). In the southeast the Elbe Rinne, a channel with a maximum 
depth of more than 40 m, runs from the island Helgoland to the northwest. In the central 
part of the North Sea a large shoal, the Dogger Bank, reaches its maximum height (water 
depth <20 m) at its southwestern end. Furthermore, areas with tidal sand ridges, sand 
waves, tunnel valleys, icebelg grooves and relic other (post) glacial structures are 
present. An overview of these structures is given by Eisma et aI. (1979). 
Exchange of water with the North Atlantic Ocean occurs through The Channel, between 
Scotland and the Shetlands, and between the Shetlands and Norway. Relatively low 
saline Baltic outflow waters enter the North Sea through the Skagerrak. The shape of the 
basin, the dominantly westerly winds and the tidal motion in the North Sea result in an 
anticlockwise residual circulation. During winter the water mass in the North Sea is 
totally mixed. In summer the waters in the shallow southern North Sea are mixed as well 
while in the northern part the waters are stratified. The transitional zone between mixed 
and stratified waters extends from southern Denmark along the Oyster Grounds to 
northeast England. A more detailed overview of the physical oceanography of the North 
Sea is given by Otto et aI. (1990). 
In addition to river supplied sediments, sediments enter the North Sea with the inflowing 
water from the Norwegian Sea, through The Channel, and from the Baltic Sea. Sea floor 
erosion, coastal erosion, primary production and atmospheric input contribute an 
unknown amount to the sediment load of the North Sea. Because of the anti-clockwise 
residual circulation, sedimentation mainly occurs along the eastern margin of the North 
Sea (the Waddensea, the German Bight, the Skagerrak, Kattegat and the Norwegian 
Channel) (McCave, 1973; van Weering, 1981; Eisma, 1981; Eisma and Kalf, 1987a; van 
Weering et aI., 1987, 1993; Bengtsson and Stevens, 1996; Boe et aI., 1996; de Haas et 
aI., 1996; Rise et aI., 1996; de Haas and van Weering, 1997). 

Results 

1. Sediments 

Sampling stations are shown in Fig. 2. The maJonty of the cores consist of sandy 
sediments, containing varying amounts of shells, shell debris and other biogenic 
carbonates. At some localities, especially at the Oyster Grounds and in the Silver Pit, 
clayey sands are present. In the Silver Pit fine grained sediments are present only locally. 
Three coring attempts there failed because of the presence of conglomerates and shell 
breccia. At some stations in the central and northern North Sea and in the southern 
Skagerrak clayey and silty sands are found. South of Helgoland (German Bight) very 
fine sandy-silty clays are present. Many of the cores show clear bioturbation structures. 
Dry bulk densities range from 0.55 g'cm-3 (top of high porosity clayey German Bight 

sediments) to 1.70 g'cm-3 (northern North Sea sands). 
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Fig. 2. Location map of the stations used in this study. 

2. Sedimentation rates
 

Ten of the 27 cores (94-1, 94IJ-7 and to, 95-3, 5 and 6,95-8 to 10 and 13) show a
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Fig. 3. 'lOpb profiles of the box cores showing a net sedimentation rate and 137Cs profile of core 95-13. 
Sedimentation rates were determined from the excess 'lOpb values. Supported OIOPb values of station 95- I3 were 
measured at 40, 50 and 60 cm core depth in a piston core taken at the same location (12.2, 12.4 and 14.6 
Bq· kg-I respectively). 

significant downcore decrease in 210Pb activity (Fig. 3). Sedimentation rates differ 
1strongly throughout the North Sea and range from 5 to 35 em· 100 yr- . The other cores 

had very low 210Pb activity values on the order of 15-25 Bq·kg-1 in silty and clayey 
sands, and up to 10 Bq·kg- I in sands at the surface, but these cores do not show a 
significant downcore decrease in 210Pb activity. From this it was concluded that on these 
locations no or only very low net sedimentation occurs. Since 210Pb is attached to the 
surface of the sediment particles and fine grained sediment particles have a larger surface 
area per unit of mass than coarse grained particles, the 210Pb activity of fine grained 
sediments is higher than of coarse grained sediments (Nittrouer et aI., 1979; Eisma et aI., 
1989; Bacon et aI., 1994). In the North Sea cores a decrease in downcore activity could 
sometimes be related clearly to grain size differences (94II-ll)_ Core 94-1 shows a 
irregular 210Pb profile which does not allow the calculation of a sedimentation rate. 
Core 95-13 shows a 210Pb derived sedimentation rate of 35 cm·IOO yr- I

. The peak in 
137Cs activity in this core however was found at a depth of 13-14 em (16-17 em after 
correction) (Fig. 3). If this peak indicates the 1963 maximum fallout activity, then the 
sedimentation rate would be in the order of 50 em·100 yr- I (corrected for compaction), 
which differs considerably from the 210Pb derived sedimentation rate. This suggests a 
considerable mixing at this station. This is supported by the 210Pb profile which shows a 
surface mixed layer of -5 em, and two excursions from the decreasing trend at 11 and 
15 em depth. The X-ray radiograph of this core shows burrows in the upper 5 em and 
burrows truncating sedimentary structures deeper in the core. The clear downcore 
decrease in 210Pb activity and the presence of a distinct 137Cs peak in the subsurface 
indicate however, that net sedimentation does occur at this area. However from this data 
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it is not possible to calculate the sedimentation rate exactly. The real sedimentation rate 
is probably lower than 35 em' 100 yr 1

, as will be discussed below. Although core 95-3 
shows a net sedimentation rate of 10 em' 100 yr-!, the 3 other cores taken in this area, 
consisting of extremely coarse grained (pebbly) sediments, suggest that recent sedimen
tation in the Silver Pit is confined to restricted small areas. The sedimentation rates as 
measured in the 27 cores are presented in Table 1. 

Station Position 

Sedimentation 

rate 

(emIl 00 yr)No. North East 
94-1 54°06.22' 8°10.26' n.d. 

94-2 55°59.85' ]040.12' n.n.s. 

94-3 57°19.59' 8°34.62' low 

94-5 54°19.99' 6°15.16' n.n.s. 

94-6 53°42.83' 4°29.07' n.n.s. 

94-7 52°42.87' 4°00.01 ' n.n.s. 

94-8 53°00.37' 3°54.76' n.n.s. 
9411-1 53°37.12' 5°59.71 ' n.n.s. 

9411-2 5]000.51 ' 8°00.78' n.n.s. 

9411-3 57"33.90' 9°35.80' n.n.s. 

9411-7 56°30.27' 0°00.12' 14 

9411-9 56°59.95' 4°00.03' n.n.s. 

9411-10 57"00.11 ' 5°55.09' 5 

9411-11 55°00.00' 3°00.48' n.n.s 

9411-12 54°07.25' 1°41.20' low 
95-1 52°26.78' 3°12.49' n.n.s. 

95-2 53°39.61 ' 1°32.43' n.n.s. 

95-3 53°28.95' 0°38.87' 10 

95-4 54°45.15' 1°19.73' n.n.s. 

95-5 55°59.89' 1°20.38' 7 
95-6 56°38.99' 0°43.74' 18 

95-7 57°00.04' 2°00.12' n.n.s. 
95-8 58°00.09' 2°00.01 ' 5* 
95-9 58°59.97' 1°59.93' 9* 

95-10 59°39.98' 1°00.07' 9 

95-12 60°29.97' 0°00.00' n.n.s. 

95-13 57"56.85' 2°37.02'W 35* 

Table I. ""Pb Sedimentation rates measured in the box cores. n.n.s. = no net sedimentation or insignificant 
sedimentation, n.d. = net sedimentation could not be determined, * = measured sedimentation rate possibly to 
high as a result of bioturbation, low = net sedimentation, but could not be determined accurately (probably in 
the order of a few em' I00 yr'] (maximum». 

On large parts of the North Sea plateau no net sedimentation apparently occurs. This is 
true for the areas consisting of coarse grained sediment, as well as for most of the areas 
where fine grained sediments are present (Eisma and Kalf, 1987a). In the northern North 
Sea sedimentation is practically absent or even erosion occurs (Fladen Ground (Johnson 
and Elkins, 1979), Witch Ground Basin (Long ct aI., 1986; Long ct aI., 1988), Viking 

Banken (Feyling-Hansen, 1982; Rise and Rokoengen, 1984)). East of Scotland erosion of 
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glacial deposits from topographical highs and redeposition in lows is reported by Owens 
(1981). Some accumulation of biogenic carbonate occurs around and south of the Orkney 
and Shetland Islands (Owens, 1981; Farrow et aI., 1984; Johnson et aI., 1993). There is 
at present no significant recent net sedimentation in the central and northwestern North 
Sea, including the Dogger Bank, its immediate surroundings and the Fisher Bank 
(Veenstra, 1965; Jansen et ai. 1979). Apparent net sedimentation rates in the latter area 
are the result of the burial of small amounts of recent sediments by biological processes 
(Kersten and Klatt, 1988). The sedimentation rates of 13-94 em' 100 yr,l on the Oyster 
Grounds reported by Zuo et ai. (1989) are thought not to be representative for the actual 
sedimentary conditions. The process described by Kersten and Klatt (1988) for the Fisher 
Bank sediments are thought to result in apparent sedimentation rates on the Oyster 
Grounds as well (see discussion). Some to considerable, net sedimentation (4-45 cm·100 
yr'l) is reported from the Silver Pit, Outer Silver Pit, Coal Pit, Well Hole, and Sole Pit 
(Zagwijn and Veenstra, 1966; Eisma, 1981). In the ~lbe Rinne the average sedimentation 
rate is about 10 em' 100 yr'] (Hertweck and Reineck, 1969; Eisma, 1981). To the east of 
the Elbe Rinne Pleistocene sediments crop out at the sea floor (Hertweck and Reineck, 
1969), indicating that no recent sedimentation takes place there. Along the British coast, 
on the Flemish Banks and in large parts of the Southern Bight erosion, resuspension and 
redeposition of sediments as a result of tidal and wave activity occurs (Eisma and Ka1f, 
1987a; Zuo and Eisma, 1992a; Jago et aI., 1994). In the German Bight the present day 
fine grained sedimentation is concentrated in the area south of Helgoland. Sedimentation 
rates range from 16 to 50 cm·100 yr l (Reineck, 1960; Reineck, 1963; Reineck et aI., 
1967; Gadow, 1969; McCave, 1970; Dominik et aI., 1978). An extremely high local 
sedimentation rate of 70-102 cm·100 yr'l is reported by Eisma and Kalf (1987a). 

3. Organic carbon and nitrogen 

Organic carbon concentrations show a clear relationship with the grain size of the 
sediments. Coarse grained sediments (mainly Southern Bight and central North Sea) have 
Corg concentrations of less than 0.1 %. Very fine grained sediments like those found 
southeast of Helgoland show Corg concentrations of 1.88% at the top, to values around 
1% deeper downcore. Clayey and silty sands of the Silver Pit area, Oyster Grounds, 
central and northern North Sea show Corg values in between these two extremes. Within a 
single core this relation between grain size distribution and the Corg concentration can 
also be observed. The top of core 95-7 for example consists of medium sand, the deeper 
part of the core is slightly silty to clayey. The Corg concentration of the top of this core is 
lower (0.25%) than the concentration downcore (average 0.40%). Some sediments were 
too coarse to allow a reliable Corg analysis (94-3, 95-2 and the top of core 94II-3). 
The C org concentration measured in core 95-12, a fine-coarse grained sandy sediment (top 
0.97%, down core average 0.71%) is extremely high for such a relatively coarse grained 
sediment. The high CIN ratios measured (14.14 to 22.15) suggest that not all carbon in 
the samples was organic carbon. Compared to other cores, relatively large amounts of 
sulphurous acid were needed to remove all the CaC03 in the samples. This and the high 
CIN ratios suggest that carbonates insoluble in sulphurous acid (low-magnesian calcite, 
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Farrow et aI., 1984; Johnson et aI, 1993) still might have been present in the samples 
during the Corg measurements. This might also be partially the case in core 95-3 with 
CIN ratios ranging from 8.6 to 16.6. An overview of the Corg concentrations of the box 
core stations taken in this study is shown in Fig. 4; the Corg of the surface sediments and 
the average Corg concentration of the samples deeper in the cores are given. 
The majority of the publications dealing with the organic carbon contents of North Sea 
sediments report on the Corg concentration in the surface sediments. Therefore here the 
Corg concentration of surface sediments is considered unless stated otherwise. 
On the Fladen Ground the sediments contain 0.2-1.0% of organic carbon. Further south 
(Witch Ground) the Corg concentrations are 1-2 and occasionally 4% (Premuzic, 1980). In 
the central North Sea Corg concentrations range from 0.1-1.5% (Premuzic, 1980; Wirth 
and Wiesne~ 1988; Lohse et aI., 1995). Near the English coast concentrations above 2% 
and sometimes more than 10% are found (Premuzic, 1980; Nedwell et aI., 1994). 
Organic carbon concentrations in the eastern North Sea are about 0.1% (Wirth and 
Wiesne~ 1988; Lohse et aI., 1995). The Corg concentrations of the Oyster Grounds 
sediments range from 0.05 to 1.8% (Cadee, 1984; Wirth and Wiesne~ 1988; Zuo and 
Eisma, 1992b; Nedwell et aI., 1994). Downcore measurements here (van Raaphorst et aI., 
1991; Kahn et aI., 1992) show Corg concentrations of 0.50 to 0.73%. The sediments in 
the German Bight contain up to 2.2% of Corg. Especially the muddy sediments south of 
Helgoland contain high Corg percentages (the term 'mud' is used by many authors to 
indicate to sediments containing considerable amounts of clay and silt, without mention
ing the exact percentages) (Wirth and WiesneI; 1988; Nedwell et aI., 1994; Lohse et aI., 
1995). The sediments in the Elbe Rinne contain less than 0.5% of organic carbon, also 
deeper downcore (Kahn et aI., 1992; Lohse et aI., 1995). The majority of the sediments 
in the Southern Bight contain less than 0.5% of Corg, exceptionally values around I% are 
reached (Premuzic, 1980; Nedwell et aI., 1994; Lohse et aI., 1995). Downcore measure
ments show Corg concentrations of 0.1 % (van Raaphorst et ai., 1991). 
In general the North Sea sediments show a clear correlation between the Corg concentra
tion and the grain size distribution. The finer the sediments the higher the amount of 
organic carbon in the sediments (Cadee, 1984; Wirth and Wiesner, 1988; Zuo and Eisma, 
1992b; Nedwell et aI., 1994). As observed on several locations by Jago et ai. (1994) a 
large part of the fine grained sediments does not settle pernlanently as soon as they reach 
the sea bed, but they are resuspended and further transported in a series of steps. These 
fine grained sediments are rich in organic matter and are 'in transit' through the North 
Sea, meaning there are several locations in the North Sea where organic matter rich mud 
is present on the sea floor, but these are not areas where substantial burial and longer 
term accumulation of organic carbon occurs (Wirth and Wiesne~ 1988). 

Discussion 

1. 2lOPb-profiles and mixing 

BUlTowing and feeding activities of various animals living in and on the sediments 
(Bromley, 1990), physical processes and human activities are likely to effect the 
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distribution of 210Pb in the sediment column. Two main types of reworking of the 
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sedimentary column are recognised. The first type, known as diffusive mlxmg (Bou
dreau, 1986a), consists of a large number of small events. The resulting effect appears to 
be a diffusive mixing process. The second type of reworking and its mixing is known as 
non local exchange (Boudreau, 1986b) and is characterised by the displacement of a 
certain volume of sediment over a relatively large vertical distance in the sediment 
column. The downward transport and selective burial of material with a relatively high 
activity results in a phantom 2IOPb profile, showing activities at the top which are lower 
and activities deeper in the core that are higher than in an undisturbed profile (Smith and 
SchafeI; 1984). As a result the angle of the best fit line through the data in a log-activity 
versus depth plot will be steeper in the case of a mixed sediment than in the case of a 
non-mixed sediment, which results in an overestimation of the sedimentation rate in the 
case of a mixed sediment column. Mixing effects of surface sediments with material 
deeper in the sedimentary column have previously been described by Kersten and Klatt 
(1988) for Fisher Bank sediments. 
The sediments at the Oyster Grounds are interpreted as old reworked deposits that are 
(partly) mixed with recent sediments. This interpretation is supported by the (nearly) 
cropping out of an 8900-8600 BP tidal flat deposit at the Oyster Grounds (Cadee, 1984) 
and the presence of 2400 yr old sediments at a depth of 38 cm in the same area as 
investigated by Zuo et al. (1989) (see also Moodley and van Weering, 1993). Zuo et aI. 
(1989) found sedimentation rates of 13 to 94 em' 100 yr'l at the Oyster Grounds which 
clearly contrast with the interpretation of absence of net sedimentation or insignificant 
sedimentation in the present study (core 94-6). Zuo et al. (1989) mention the extremely 
low 210Pb activity of the surface sediments (average 15.3, maximum 19.2 Bq·kg,I). The 
activity in box core 94-6 ranges from 19.9 to 31.6 Bq·kg·l. The profile shows an 
irregular pattern with several downcore maxima. In the upper 2 metres of vibrocore 96-3 
(at the same location) the 21°Pb activity was measured at 40 em intervals in order to 
determine the background 210Pb activity in the area. The activity in the vibro core is 
comparable to, and in the top even higher (max 27.9 Bq'kg'l) than in the cores from Zuo 
et al. From this we conclude that the upper few decimeters of the Oyster Grounds 
sediments consist of 'old' sediments, with only background 210Pb values which are 
(partly) mixed with 'younger' material which results in phantom 210Pb profiles. This 
mixing may partly result from the activity of the burrowing shrimp Callianassa subterra
nea which is abundant at the Oyster Grounds (Witbaard and Duineveld, 1989; Jago et 
aI., 1994). Using the burrowing activity data presented by Witbaard and Duineveld 
(1989) and the average dry bulk density of core 94-6 of 1.2 g'cm3

, an average 'Callia
nassa induced sedimentation rate' of 29 cm·100 yr,l is calculated. As the average 
sedimentation rate reported by Zuo et al. (1989) is 39 cm·1 00 yr'l, the burrowing activity 
of Callianassa subterranea appears to have a major influence on the 2IOPb-sedimentation 
rates measured on the Oyster Grounds. Bioturbation in core 95-13, as observed in X-ray 
radiographs, is also thought to be responsible for the difference in 2IOPb_ and 137Cs 
derived sedimentation rates of core 95-13. 
Most of the sediments that are deposited at the Oyster Grounds, especially the fine 
grained sediments containing most of the 21OPb, have been and are resuspended by the 
combined tidal and wave activity (Jago et aI., 1994). Waves are also thought to be 
responsible for the irregulal; triple peaked 2lOPb-profile of core 94-1 (Fig. 3). The X
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radiograph of this core shows an alternation of thick, bright layers and thin dark layers. 
The light layers show clear cross bedding and are interpreted as fine sandy sediments 
deposited under high energy conditions. The dark layers show no clear internal structures 
and are interpreted as clayey-silty deposits formed under low energy conditions. The core 
is interpreted as a sequence of storm deposits with the fine grained sediments formed 
after the storm. The three maxima on the 210Pb profile coincide exactly with the fine 
grained post-storm deposits. From this it is clear that the 210Pb profile of core 94-1 does 
not result from the undisturbed settling of sediments, so it is impossible to calculate a 
reliable sedimentation rate from this data. 
Human activities consist of the disturbing of the top layer of the sea bed as a result of 
beam trawl fisheries. This type of disturbance occurs mainly in the shallower parts of the 
North Sea, which is roughly the entire Dutch and German sector of the North Sea, the 
Danish sector around Fisher Bank and the Dogger Bank area (Rijnsdorp et aI, 1994; 
Polet et al., 1994; Stefan Groenewold, pers. comm.). These activities result in the mixing 
of old and freshly arrived new sediments (sediments with low and high 210Pb activity 
respectively). From the data presented by Rijnsdorp et al. (1994) it is calculated that in 
certain areas (including some parts of the Oyster Grounds) every year 6% of the sea 
floor is influenced by beam trawl activities. Beam trawling may disturb the sediments to 
a depth of 2-15 cm (Bergman et al., 1990; Fonteyne, 1994; van Santbrink and Bergman, 
1994) depending on the type of sediment, season and fishing method. High apparent 
sedimentation rates at the Oyster Grounds are also recognized by Zuo and Eisma (1992b) 
as a possible result of beam trawl fisheries. 

2. Organic carbon burial 

The Corg data presented by various authors show large differences in the amount of 
organic carbon at the same site. Wirth and Wiesner (1988), for instance, report Corg 

concentrations below 0.5% around the Dogger Bank, while Premuzic (1980) published 
Corg values of around 1% for the same area. These differences may (partly) be explained 
by different methods that were used to determine the Corg concentrations. An alternative 
explanation might be that not all samples were taken during the same season. Algal 
spring blooms result in temporary high concentrations of organic matter on the sea bed 
during late spring/early summer. Samples taken on the same station during different 
seasons thus have clearly different Corg values in the top and upper few centimetres of 
the core (Lohse et al., 1995). 
Calculating the Corg accumulation on the Oyster Grounds is difficult since the 21°Pb 
sedimentation rates are overestimated and the mixing ratio of old and new sediments is 
not known. However, Zuo and Eisma (1993) calculated the suspended matter accumula
tion on the Oyster Grounds from 210Pb/210PO atmosphere-water column-sediment fluxes to 
be 1.2x106 tons ·yr". If indeed deposition on the Oyster Grounds occurs mainly from 
suspension, the coarse grained sediments must be considered as locally reworked relic 
deposits (Cadee, 1984) which do not add to the recent burial of organic matteL An 
approximation of the Corg burial can be made by estimating the Corg content of the fine 
grained fraction of the mixed Oyster Grounds sediments. According to Zuo and Eisma 
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(1993) mud deposition is concentrated in an area of about 1000 km2
• It is assumed that 

the majority of the mud is deposited in this relatively mud emiched area (mud concentra
tions: >20%, COrg concentration of the surface sediments: 2.3 mg'g- I

, Creutzberg et al., 
1984). Downcore the Corg concentration will be lower due to the mineralisation of 
organic matter At the Oyster Grounds and in the rest of the North Sea there is a clear 
correlation between grain size and Corg (Cadee, 1984); Creutzberg et al., 1984; Wirth and 
Wiesner, 1988). From the grain size-Cotg concentration curve of Creutzberg et al. (1984), 
the data from Cadee (1984) and our data from cores 94-5 and 6, we assume that a down 
core Corg concentration of 2 mg'g- t is a likely average. Assuming that all Corg in the 
sediments is attached to the mud (the sandy cores from the North Sea contain hardly any 
organic matter) it follows that the Corg concentration of the mud is -1% and the Corg 
accumulation on the Oyster Grounds thus is about 1% of 1.2x106 tons, thus -0.12x105 

tons·yr- I
. 

During erosion and redeposition of the glacial deposits in the northern North Sea 
(Owens, 1981) reworked fine grained sediments containing organic matter may be 
included in the sediments. Redeposition of eroded relic deposits with old organic matter 
does not add to the burial of new Corg. It is only a transfer of already present Corg from 
one place to another Jansen et al. (1979) report Corg concentrations in vibro cores from 
the northern North Sea which are comparable to, or even higher than the surface Corg 
concentrations in box cores from the same region used for the present study. This 
implies that any possible inclusion of recent organic matter in eroded and redeposited 
glacial or early Holocene deposits is of only minor significance. 
The surface area of the Elbe Rinne seabed where fine grained sediments are found is 
3300 km2 and the sedimentation rate -10 cm'lOO yr- I 

• If indeed recent sedimentation 
occurs in the entire area, with an average Corg concentration of less then 0.5%, a specific 
density of 2.65 g·cm3 (quartz) and an average porosity of 35% (Kahn et al., 1992; Lohse 
et al., 1995) the Corg accumulation in the Elbe Rinne is calculated as -0.28xl05 tons·yr- 1

• 

South of Helgoland, recent fine grained sedimentation occurs in an area of about 600 
km2. Using the average sedimentation rate of -30 cm·100 yr-I from literature (Reineck, 
1960; Reineck, 1963; Reineck et al., 1967; Gadow, 1969; McCave, 1970; Dominik et al., 
1978) and dry bulk density and Corg concentrations from core (94-1) and Lohse et al. 
(1995) (1.0 g'cm3 and 1.2% respectively), an annual Corg accumulation rate of -0.22x105 

tons is calculated for this area. 
Fine grained sediment and organic matter accumulation in the Outer Silver Pit is difficult 
to deternline (Eisma, 1975; this study, core 9411-12). Eisma (1975) estimated a fine 
grained sediment accumulation of 1-4xI06 tons·yr- I 

. Assuming that the majority of the 
organic matter is attached to the fine grained sediments and using Eisma's grain size 
distribution and an average refractory Corg concentration of -0.4% (core 9411-12), the Corg 
accumulation in the Silver Pit area is -0.1-0.5xI05 ·tons yr- I

• 

The primary production in the North sea is 74x106 tons'yr- I (Beckmann and Liebezeit, 
1988; Wirth and Wiesner, 1988). Adding the results of the Corg burial calculations for the 
individual areas gives a total Corg accumulation of -lx105 tons'yr- I or 0.14% of the 
yearly primary production. 
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3. Export of sediments and organic matter 

In trying to compile an organic carbon budget for the North Sea, it is important to 
realize that the North Sea is not simply a box in which rivers and surrounding seas 
supply 
sediments and organic matte!; but that there is also an important outflow of matter from 
the North Sea to The Channel and the Norwegian Sea. 
Outflowing suspended matter will mainly be transported to the north, into the Norwegian 
Sea by the Norwegian Coastal Current, since this is the major outflow of the North Sea. 
The outflow into the Norwegian Sea by this current is 31500-56700 km3'yr-1 (Eisma and 
Kalf, 1987a; Otto et al., 1990). Eisma and Kalf (1987a) estimated the outflow of 
suspended matter into the Norwegian Sea as 11.4x106 tons·yr-'. This figure may be an 
underestimation as a result of the increased transport of suspended matter during (winter) 
storms as suggested by de Haas and van Weering (1997), when it is nearly impossible to 
perform measurements. So the export of 11.4x106 tons of suspended matter per year 
should be considered a minimum value. About 15% (or 1.7x106 tons) of this quantity is 
Corg (Eisma and Kalf, 1987b; Kempe and Jennerjahn, 1988). Assuming a primary 
production of about 74x106 tons COrg'yr-1 (Beckmann and Liebezeit, 1988; Wirth and 
Wiesner, 1988), the export of Corg over the margin into the Norwegian Sea would be 2
3% of the yearly primary production in the North Sea. Comparing the high Corg percen
tage in the suspended matter with the low Corg contents of 0.5-1 % in the sediments in the 
northern Norwegian Channel (de Haas and van Weering, 1997) shows that the export of 
refractory Corg from the North Sea is 0.14% of the annual primary production, or in the 
order of 1x105 tons'yr-\ which is equal to the amount preserved in the shelf sediments. 
These numbers show that there is considerable export of organic matter from the shallow 
North Sea shelf to the inner shelf deeps (the Skagerrak and Norwegian Channel) and 
over the shelf edge, and thus support the view of Walsh et al. (1981), regarding net 
export of Corg from the shelves to the continental slopes. 

Conclusions 

Significant net deposition of fine grained sediments is limited to restricted areas in the 
southern N0l1h Sea. Erosion and redeposition of sandy sediments and very local 
sedimentation of fine grained deposits occurs in the northern North Sea. 
Sedimentation rates on the North Sea plateau, even in the areas with fine grained 
sediments, are difficult or impossible to determine using the 210Pb method. Mixing of 
recent fine grained material with relic deposits due to bioturbation, physical processes 
and beam trawl fishery often results in phantom 210Pb activity profiles. These in tum give 
apparent sedimentation rates that are higher than the real sedimentation rates. 
Average downcore Corg concentrations in the sediments of the open North Sea range from 
less than 0.05% in the sandy sediments of the northern North Sea and Southern Bight, to 
~ 1% in the fine grained sediments of the German Bight. The total Corg burial on the 
North Sea plateau is ~ lxlOs tons'yr-', which is 0.14% of the annual primary production. 
Although the surface area of the North Sea plateau is larger than the surface area of the 
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deep North Sea sedimentary basins (ratio ~9:l), the role of the North Sea plateau in the 
preservation of organic matter is limited (ratio ~ 1: 10). 
The export of Corg from the North Sea into the Norwegian Sea is 1.7xlO" tons·yr· I or 2
3% of the annual primary production. The export of refractory Corg is in the order of 
lxl05 tons·yr'!, which is equal to the amount that is buried on the North Sea plateau. 
The results of this study indicate that coarse grained shelf sedimentation plays only an 
insignificant role in the burial of organic matter 
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ORGANIC CARBON PRESERVATION IN THE SKAGERRAK
 
AND NORWEGIAN CHANNEL (NORTH SEA);
 

A CASE OF GRAIN SIZE AND TYPE OF ORGANIC MATTER
 

Henk de Haas 

Abstract 

Preservation of organic carbon in North Sea sediment was studied through analysis of 
sediments from 8 piston cores taken in the Skagerrak and Norwegian Channel. The cores 
were analyzed for grain size, specific surface area, organic carbon, OJ3COrg and type of 
organic matter using Curie point pyrolysis-gas chromatography and pyrolysis-gas 
chromatography-mass spectrometry. The specific surface area of the sediments, and 
therefore the capacity to store organic mattez; changed considerably in the Norwegian 
Channel throughout the Holocene. The variations in organic carbon concentrations within 
the Skagerrak and Norwegian Channel can be explained by the variation in specific 
surface area of the sediments. The difference in organic carbon concentration between 
the two basins can not be explained in this way. Not only the total organic carbon 
concentrations, but also the organic carbon density (the amount of organic carbon per 
unit sediment grain surface area) is higher in the Skagerrak than in the Norwegian 
Channel sediments. Curie point pyrolysis-gas chromatography-mass spectrometry 
revealed that the difference in organic carbon concentrations in the Skagerrak and 
Norwegian Channel is caused by difference in type of organic matter The fraction of 
terrigenous organic matter is highest in the Skagerrak sediments. Organic carbon 
accumulation rate in the North Sea sediments appears to be a function of sediment 
accumulation rate, specific surface area and type of organic matter 

Introduction 

Carbon dioxide (C02) in the atmosphere is one of the main contributors to the green
house effect. Although the wanning up of the earth atmosphere as a result of this 
naturally occurring process is essential for life on earth, a rapid increase in the amount of 
atmospheric CO2 and thus an increased global wanning as a result of fossil fuel 
combustion may lead to serious problems in the near future (climate change, sea level 
rise, etc.). In order to increase our knowledge of the possible effects of an increased 
greenhouse effect it is essential to study the global carbon cycle. Within the frame work 
of the Dutch Global Change Project (VVA) the cycling of organic carbon in the North 
St:a is studied. 

Organic matter introduced into the marine environment by primary production or from 
terrigenous sources is mostly reworked by biological and chemical processes. A small 
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part however is preserved attached to mineral grains in marine sediments. In general in 
settings with an oxygenated water column preservation of organic carbon (Corg) as a 
monolayer equivalent is thought to be controlled by the grain size, or to be more 
accurate the total surface area, of the sediments (Keil et aI., 1994) and the sheltering of 
labile components in small pores and cracks on the grain surface (Mayer, 1994). 
However Berner (1995), Hedges and Keil (1995), Hemichs (1995), Mayer (1995) and 
Pedersen (1995) argue that also other factors (settling flux, availability of oxygen) playa 
role in the preservation of organic matter 
The Skagerrak and Norwegian Channel are the most important sinks for fine grained 
sediments in the North Sea (Eisma, 1981; Eisma and Kalf, 1987; van Weering, 1981; 
van Weering et aI., 1987; van Weering et aI., 1993; de Haas and van Weering, 1997). 
The recent accumulation and fate of organic matter attached to these fine grained 
sediments has been discussed by various authors (Liebezeit, 1988; Jorgensen et aI., 1990; 
Bojesen-Koefoed, 1992; Anton et aI., 1993; Meyenburg and Liebezeit, 1993; de Haas 
and van Weering, 1997). The North Sea is a shallow shelf sea which is bordered in the 
east and south by the European mainland and in the west by the British Isles (Fig. 1). In 
the south the maximum water depth is 40-50 m. In the north the shelf break is located at 
a depth of about 200 m. In the east, along the Norwegian coast, a north to south 
elongated depression, the Norwegian Channel, is present. This depression is 280 to over 
400 m deep. In the south the Norwegian Channel deepens into the more than 750 m deep 
Skagerrak, which is enclosed by Norway, Denmark and Sweden. As a result of the shape 
of the North Sea basin, the dominantly westerly winds and the tidal motion, an 
anticlockwise residual circulation is present in the North Sea (Otto et aI., 1990). Waves 
and tide- and storm induced currents erode sediments from the shallow North Sea and 
transport fine grained sediments and the associated organic matter into the Skagerrak and 
Norwegian Channel where they are deposited. 
Recent studies on the Corg distribution in surface sediments of the Skagerrak and 
Norwegian Channel indicate that these basins are the most important areas of recent Corg 
accumulation in the North Sea (de Haas and van. Weering, 1997; de Haas et aI., in 
press). Corg distribution with depth in long cores from the Skagerrak showed a pro
nounced decrease in Corg concentration with depth in the upper decimetres of the 
sediments, while deeper downcore fluctuations are less (Jorgensen et aI., 1981; van 
Weering, 1982a; Wassmann, 1985; Anton et aI., 1993; Meyenburg and Liebezeit, 1993). 
In general Corg concentrations increase with an increase in the fraction of fine grained 
sediments, although with some exceptions (Anton et aI., 1993). Little is known about the 
Corg contents and preservation in long cores from the Norwegian Channel. From box core 
and surface sediment studies from the Norwegian Channel we know that here the same 
general relationship between grain size and Corg concentration is valid (van Weering, 
1983; Qvale and van Weering, 1985; de Haas and van Weering, 1997). 
The objective of this study is to study the downcore distribution of Co,g in long cores 
from the Norwegian Channel and Skagerrak in relation to the factors controlling the 
preservation of Corg in these marine sediments and thus the withdrawal from the global 
carbon cycle. 
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Fig. I. Map of the North Sea showing the study area (outlined). 

Methods 

For this study 8 long sediment cores were taken in the Skagerrak and Norwegian 
Channel using a piston corer with a 12-18 m long barrel (depending on the type of 
sediment expected), a PVC liner with a diameter of 9 cm and a weight of 1500 kg (Fig. 
2). The length of the retrieved cores varies from 6.40 to 13.22 m (Table 1). 
Of all cores a sedimentological description was made directly after opening of the core. 
Sediment porosity and dry bulk density were determined on 1 to 20 cm intervals, 

10 
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depending on the macroscopic sediment characteristics, by wet and dry weighing of 5 cc 
sediment samples. Grain size and specific surface area measurements were performed 

o 2 4 6 8 10E 

62 N 

60 

58 

North Sea 

Norway 

rt~
Denmark 

Fig. 2. Map of the piston cores. Study area showing simplified bathymetry and location of the piston cores. 

using a Malvern Series 2600 D Laser Particle SizeJ: The specific surface area is 
calculated from the grain diameter and grain size distribution. Total organic carbon and 
organic nitrogen measurements were performed using a Carlo Erba NA 1500 series 2 
Carbon Nitrogen Sulphur analyzer applying the method of Verardo et a1. (1990). Organic 
carbon 013C values were measured on a Fisons 1500 Series II stable isotope mass 
spectrometeJ: 
Curie point pyrolysis-gas chromatography (CuPy-GC) was performed on a Hewlett 
Packard 5890 gas chromatograph with a 25 m long and 032 mm diameter fused silica 

capillary column coated with chemically bound CP Sil-5. The gas chromatograph was 
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equipped with a FOM-4LX pyrolysis unit and a cryogenic unit. A flame ionisation 
detector was used for detection. Sediment was pressed on a flattened ferromagnetic wire 
(Curie temperature 610°C) and placed into the pyrolysis unit. Initial oven temperature of 

Core Position Length 
(m) 

Water depth 
(m)North East 

ENAM93-8 
ENAM93-11 
ENAM93-15 
ENAM93-16 
VVA94-4 
VVA9411-4 
VVA9411-5 
VVA9411-6 

59°30.10' 
60°19.98' 
61°19.34' 
61 °19.95' 
58°12.89' 
58°02.01 ' 
58°35.30' 
58°19.67' 

003°40.48' 
003°22.06' 
003°14.86' 
002°34.51 ' 
010°14.88' 
009°38.06' 
010°29.63' 
005°00.02' 

9.54 
8.67 
9.87 
6.40 
9.65 
9.57 

10.75 
13.22 

256 
285 
387 
350 
293 
296 
179 
306 

Table I. Table showing the positions, lengths and water depths of the piston cores. 

the gas chromatograph was O°C which was kept at this temperature for 5 minutes. The 
oven temperature was increased at a rate of 3 °C'min-1 to 320°C at which it was kept 
for 10 minutes. Mass spectrometry was performed on a combined pyrolysis-gas chroma
tography-mass spectrometry unit (CuPy-GC/MS). The pyrolysis-gas chromatography unit 
was as described above. This unit was connected to a VG Autospec mass spectrometer 
Large scale Skagerrak and Norwegian Channel basin infill was studied using 3.5 kHz 
echo sounding data (partly) published before by van Weering et al. (1973) and van 
Weering (1975, 1982b, 1983). Age determinations of the sediments are based on 
published 14C data and correlations using the 3.5 kHz data mentioned above. 

Results 

Of the 8 piston cores 5 were chosen for more detailed analyses. These 5 cores were 
chosen in such a way that they are located on a transect from the eastern Skagerrak to 
the northern Norwegian Channel, are of sufficient length in order to penetrate several 
acoustical units as recognized on the 3.5 kHz profiles, and are located in the areas where 
recent sedimentation occurs to be able to compare recent and early Holocene sedimentary 
conditions. 
Core ENAM93-11 showed considerable variation in the intensity of bioturbation and the 
occurrence of black (anoxic) layers. This core was sampled in much denser intervals than 
the other cores in order to investigate the relationship between the amount of organic 
Illatler and the variations in bioturbation intensity, anoxie layers, oxie and anoxic 

burrows etc. As there turned out not to be such a relationship, it was decided to sample 
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the other cores at 20 cm intervals. 

1. Sediments 

All cores consist of (laminated) grey, brown and green, sometimes gravelly or pebbly,
 
clayey and sandy silts. The downcore distribution of burrows, shells and shell fragments,
 
and foraminifera varies throughout the cores. The Skagerrak cores contain considerable
 
amounts of gas. In these cores many gas expansion cracks are visible. Some cores made
 
a distinct hissing sound upon opening and a strong HzS smell was observed. In some
 
cases a considerable force was needed to avoid sediments from being expelled from the
 
liner by the pressure of the expanding gas.
 
Dry bulk densities in the Skagerrak and Norwegian Channel range from 0.6-1 and 0.8

1.7 g'cm3 respectively, depending strongly on porosity and mineralogy. 

2. Grain size 

Grain size distribution ("!o)
 

WA9411-5 WA9411-6 ENAM93-6 ENAM93-11 ENAM93-15
 

...... gravel/
pebbles_Clay 

12 

14L--------' 

10 

20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 f~o 0 20 40 60 80 100 0 20 40 60 80 100 

4 

2 

Fig. 3. Downcore grain size distribution ot the p,ston cores on a transect trom the eastern Skagerrak to the 
northern Norwegian Channel. 
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Of five piston cores on a transect from the Skagerrak to the northern Norwegian Channel 
grain sizes were measured (Fig. 3).Core VVA94II-5 (eastern Skagerrak) shows a more or 
less continuous grain size distribution throughout the core: 15% clay, 80% silt, 5% sand. 
Core VVA94II-6 (southern Norwegian Channel) shows a comparable pattern although 
the overall grain size is somewhat finer (30% clay, 65% silt, 5% sand). 
Further to the north a change in the grain size distribution was observed. Core ENAM93
8 has a clay content of 25% in the lower part of the core, while in the upper 1 m this 
gradually decreases to 10%. The silt fraction is 70% in the lower part of the core, while 
in the upper 1 m it gradually increases to 85%, the upward coarsening being caused by a 
relative increase of the coarse silt fraction. The amount of sand is about 5% throughout 
the entire core except for a number of coarser intervals between 5 and 6 m depth and in 
the upper I m of the core, where it is a bit more. 
Core ENAM93-11 taken further north shows a clay content of 15% from the base of the 
core to about 5.5 m core depth. Between 5.5 and 1.2 m the clay content is 25%, and 
towards the top this gradually decreases to 2%. The amount of silt from the base of the 
core to 1.2 m core depth is ~ 70% throughout, which means that the fining in the middle 
of the core is caused by a relative increase in the amount of clay. From 1.2 m upwards a 
pronounced coarsening upwards is caused by an increase in the amount of sand from 10 
to about 65%. 
Core ENAM93-15, taken in the northern Norwegian Channel, shows a clay content of 
30% from the base of the core to 5.5 m core depth. Between 5 and 2.2 m this increases 
to 35% and gradually decreases to 20% between 2.2 m and the top of the core. The 
amount of silt is 70% between the base of the core and 6.8 m core depth. Between 6.8 
and 5.5 m this decreases to 65% as a result of an increase in the amount of sand. 
Between 5.5 and 2.2 m depth the amount of silt remains 65%, while the sand content is 
decreased and the amount of clay is increased compared to the unit below. Between 2.2 
m core depth and the top of the core the amount of silt increases to about 80%. Sand is 
almost absent in this core, with only a small peak of 5-10% between 6.8 and 5.5 m core 
depth. 
Grain size cannot only be expressed as the diameter of the individual grains, but also as 
the specific surface area of the sediments. The specific surface is expressed as unit of 
grain surface area per unit of sediment mass (m2 'g. I

). This can be seen as the potential 
storage capacity of the sediments for organic matter Doing this, it becomes clear that the 
storage capacity for organic matter in the deeper parts of the cores is lowest in the 
Skagerrak (0.3-0.4 m2 'g.J

) and increases towards the northern Norwegian Channel 
(maximum 0.7 m2,g.l) (Fig. 4). If we look at the top 2 m of the cores, then it is clear 
that during the period in which these sediments were deposited the potential storage 
capacity in the Norwegian Channel changed considerably. Especially in the central and 
northern Norwegian Channel the potential storage capacity diminished drastically, even 
more than 80% in core ENAM93-11. 

3. Organic carbon and nitrogen 

Core VVA94II-5 from the Skagerrak, core VVA94II-6 from the southern Norwegian 
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Channel and core ENAM93-11 from the northern Norwegian Channel were considered 
representative for the depositional settings and were selected for further analysis of 
organic carbon and organic nitrogen. The Corg concentration of the Skagerrak core is 
fairly constant with depth (Fig. 5). Only at the top a small increase is observed. This 
increase is thought to result from the higher concentration of relatively fresh organic 
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Fig. 4. Plot of downcore specific surface area of piston cores on a transect from the eastern Skagerrak to the 
northern Norwegian Channel. 

matter at the top that has not been degraded by biological and chemical processes yet. A 
comparable pattern is observed in the core from the southern Norwegian Channel (Fig. 
5), albeit with somewhat lower concentrations. The downcore Corg distribution in the 
northern Norwegian Channel (ENAM93-11, Fig 5) shows a pattern that is comparable to 
the grain size and specific surface area curves, and inversely related to the dry bulk 
density of this core. At the top of core ENAM93-11 the Corg concentration decreases 
considerably. In order to investigate the validity of the suggestion by Keil et al. (1994) 
that organic matter is preserved on the surface of the sediment grains, the Corg concentra
tion was expressed as the C density. The C density is defined as the C contentsorg org org 

(expressed as gram carbon per gram sediment) divided by the sediment specific surface 
area (expressed as square metre grain surface area per gram sediment), and is expressed 
as gram carbon per square metre grain surface area. Doing so it becomes clear that the 
downcore distribution of Corg is mainly determined by the specific surface area, thus the 
grain size distribution (Fig. 6). From these curves it is clear that the Corg density in the 
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Skagerrak is much higher than in the Norwegian Channel. Al three cores show an 
increase in the Corg density in the upper part of the core because organic matter in the 
top of the cores that is available for biological and/or chemical degradation has not fully 
been consumed so far. If these upper samples are omitted, than it can be calculated that 
in the southern and northern Norwegian Channel the Corg densities are comparable 
(O.OI1±O.0016 and O.OI3±O.0013 g·m-2 respectively) while in the Skagerrak the Corg 
density is about three times as high (O.037±O.0031 g·m-2

). 
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Fig. 5. Organic carbon concentration of selected piston cores from the Skagerrak and southern and northern 
Norwegian Channel. 

In all cores the CorglNorg ratio varies approximately between 7 and 9, allowing no further 
distinction between possibly different types of organic matter 
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To investigate the influence of the type of organic matter on the amount that is finally 
preserved, the 8 13C values of the C org of ENAM93-11 were determined. The data, plotted 
in Fig. 7, show a weak negative correlation (r=-0.699) which suggests that more 

Organic carbon density (g·m·~ 
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Fig. 6. Organic carbon density of selected piston cores from the Skagerrak and southern and northern 
Norwegian Channel. 

terrigenous organic matter (strongly negative 813C) than marine organic matter (less 
negative 813C) is preserved. However if the Corg concentrations are normalised for 
specific surface area (Fig. 8), than a completely different picture arises, showing a weak 
positive correlation (r=0.652) between 813C and Cargo This positive correlation mainly 
results from the samples in the top of the core which have relatively high Corg values 
because not all organic matter available for consumption has been degraded yet. If these 
points are removed, then no significant correlation is left (r=0.233). This indicates that 
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stable carbon isotopes ratios can not be used to determine the influence of the origin of 
the organic matter on the preservability of Cargo 
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Fig. 7. Plot of 813C"," versus the C concentration in core ENAM93-11, northern Norwegian Channel. m , 

4. Pyrolysis, gas chromatography and mass spectrometry 

Of cores ENAM 11 and VVA94II-5 samples were taken at 10 evenly spaced intervals 
and from the top of the cores. These samples were analyzed using CuPy-GC. This 
analysis showed a distinct difference between the chromatograms of both cores. Within 
each core small differences in the chromatograms can be distinguished and the results 
show that the organic matter of both cores can be divided into three groups. Of each of 
these groups one sample was taken for CuPy-GC/MS analysis. In both cores benzenes, 
phenols, styrene, pylToles and short chained alkanes and alkenes were detected, with only 
small differences in the relative amounts of these compounds within the same core. 
Between the cores the relative difference in abundances of these compounds is more 
pronounced. The most striking difference between the cores however is the occurrence of 
relatively large amounts of long chained hydrocarbons (alkanes with more than 30 
carbon atoms) in core VVA95II-5 from the SkagelTak (Fig. 9). 
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Discussion 

1. Depositional processes, 14C versus 2lOPb sedimentation rates 

14C Age determinations of near surface sediments in the Norwegian Channel (Elverh0i, 
1979; Rise and Rokoengen, 1984) outside the area of recent sedimentation (de Haas et 
aI., 1996) show that the sea floor consists of Late Pleistocene to Early Holocene 
deposits. Long term averaged sedimentation rates from 14C datings (Lehman et aI., 1991) 
and foraminiferal studies (Nagy and Ofstad, 1980) on sediments within the recent 
sedimentation area, however, do not coincide with recent sedimentation rates measured 
with the 21Qpb method by de Haas et al. (1996). Lehman et al. (1991) show a sedimen
tation rate of the order of 3 cm'100 yr,l for the interval between 170 and 20 cm core 
depth with an age of 1490 years at 20 cm depth. Sedimentation rate determination on a 
nearby box core by de Haas et al. (1996) using 21Opb, results in a sedimentation rate of 6 
cm·100 yr'l, which suggests, assuming constant sedimentation, that the sediments at 20 
cm depth would have an age in the order of 300-350 years, only. 
This disagreement in age determinations and in the sedimentation rates calculated can be 
explained by local differences in sedimentation rates, or by an increase in the input of 
coarse grained sediments from the North Sea plateau and/or slopes of the Norwegian 
Channel into the deeper part of the Norwegian Channel. The cause of this increase in 
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Fig. 9. Results of two of the CuPy-GC/MS analyses of core ENAM93-11 and VVA9411-5, showing the most 
prominent groups of pyrolysis products. Phtalate results from contamination during handling of the sediments. 

supply of coarse grained material is not known, but could possibly result from long term 
averaged changes in wind strength and/or direction, resulting in increased wave erosion 
of the North Sea plateau sediments (see also Hass, 1993 for the Skagerrak). However, 
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there is no evidence for this. Based on the thickness of the coarse grained top layer of 
the piston cores and the sedimentation rates determined by de Haas et a1. (1996) the 
onset of this change must have taken place sometime within the last millennium. An 
increased input of coarse grained sediments from the North Sea plateau and slopes could 
also explain the 'old' 14C age of foraminifera at 20 cm core depth in the core studied by 
Lehman et a1. (1991). Erosion of the plateau and slopes would not only introduce coarse 
grained mineral grains into the Norwegian Channel, but also foraminifera that were 
formed several thousands years earlier The mixing of these old foraminifera with more 
recent specimens would result in a 14C age that is older than the actual age of the 
sediments. The transport of foraminifera down the western slope of the Norwegian 
Channel and deposition of these foraminifera in the deeper part of the basin indeed has 
been reported by Foyn (1983) and Qvale and van Weering (1985). 
If older foraminifera are eroded from the North Sea plateau, then at present old sedi
ments should be locally exposed in this area. This is confirmed by Feyling-Hanssen 
(1982), Rokoengen et a1. (1982), Rise and Rokoengen (1984) and van Weering (1983), 
which show that the slopes of the Norwegian Channel and the eastern North Sea plateau 
sea floor consist of Late Pleistocene to Early Holocene deposits. Erosion and redeposi
tion of the plateau sediments occurs during storm events. An input of coarse grained 
material from the east and west is also suggested by the grain size analyses of Norwe
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gian Channel sediments published by van Weering (1983) and Qvale and van Weering 
(1985), showing fine grained sediments in the central Norwegian Channel and more 
coarser grained sediments towards the slopes. Finally, the increased input of sediments 
from an additional source is also supported by the grain size distribution curves shown in 
Fig. 10. If the grain size distribution deeper in the cores is compared with the distribu
tion in the top, there clearly is a more pronounced coarse grained fraction in the 
polymodal distribution in the top than deeper down in the cores. The polymodal 
distribution in combination with the increased sedimentation rates indicates an increase in 
the supply of coarse grained sediments from a source which is different from the source 
of fine grained material (cf. Kukal, 1971). This discussion leads to the conclusion that 
sometime in the last millennium a considerable change in sedimentary conditions took 
place in the Norwegian Channel, which might have influenced the transport, preservation 
and accumulation of Corg in this area. 

2. Long term processes 

The penetrating echo sounding data discussed by van Weering et al. (1973) show the 
presence of a large wedge shaped sediment body at the foot of the southern slope of the 
Skagerrak. This sediment body was interpreted by van Weering et al. (1973) as a Late 
Weichselian to Holocene deposit formed as a result of the combination of the 
anticlockwise circulation in the Skagerrak and a supply of sediments from the south. The 
difference in thickness of the Weichselian and Holocene part of the sediment body is 
explained by sedimentation under a rising sea level regime during these periods. A lower 
sea level during the Late Weichselian resulted in more vigorous wave erosion of the 
North Sea plateau and therefore a larger sediment supply compared to the Holocene 
period with a higher sea level. 
The thickness distribution of the sediments in the Skagerrak coincide very well with the 
long term sedimentation rates that can be calculated from dated long cores published by 
Lange (1956), Jorgensen et al. (1981), van Weering (1982a), Erlenkeuser (1985), 
HoItedahl (1986) and Hass (1993) and with the short term 2lOPb sedimentation rate maps 
published by Boe et al. (1996) and de Haas and van Weering (1997). This, the fairly 
unifornl grain size distribution in the Skagerrak core (VVA94II-5) and previous studies 
suggest that sedimentary conditions have not changed considerably over the periods 
covered with the piston cores, i.e. the last few thousand years (Hass, 1993; Meyenburg 
and Liebezeit, 1993). 
From the similarity in grain size distributions of cores ENAM93-8, 11 and 15 and the 
acoustical reflection profiles partly published by van Weering et al. (1973) and van 
Weering (1983), it is concluded that the (changes in) sedimentary processes involved in 
the formation of the deposits present in these cores were continuous throughout the entire 
Norwegian Channel. The upper Late Quaternary sedimentary units in the Norwegian 
Channel were interpreted by van Weering et al. (1973) and van Weering (1983) as 
glacio-marine deposits of Late Weichselian age, overlain by Holocene marine deposits, 
originating from vertical settling. This interpretation is confirmed by the piston core 
results described in the present study. The Norwegian Channel cores are thought to have 
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penetrated the glacio marine deposits, as indicated by the gravel and small pebbles which 
were interpreted as drop stones. Correlation of the piston cores used in the present study 
with the dated 14C dated core Troll 3.1 discussed by Lehman et aI. (1991) using the 
acoustical profiles discussed by van Weering et aI. (1973) and van Weering (1983) 
confirms the interpretation of Early Holocene deposits in the lower sections of these 
cores. 
This means that the Norwegian Channel cores cover a period in which strong fluctu
ations in sedimentary conditions occurred (glacio-marine to pure marine, various grain 
sizes, fluctuations in sedimentation rates), which theoretically could influence the 
preservation of Corg in this area. 

3. Types of organic matter 

The results of the CuPy-GC/MS analyses indicate that in both cores (ENAM93-11 and 
VVA941I-5) marine organic matter is present. Indole, naphtalenes and alkylbenzenes are 
pyrolysis products of macromolecules from marine algae (van Heemst et aI., 1993; van 
Heemst et aI., 1996; Puelve et aI., 1996; van Heemst et aI., in press). Short chained 
alkanes and alkenes are products of marine micro algae (Fukushima et aI., 1989; Sicre et 
aI., 1994). Alkylnitrile originates from bacterial activity (Sicre et aI. 1994). From other 
compounds found in both cores, like phenol, alkylphenols, methylfuran, toluene, pyrrole 
and alkylpyrrole, the origin is not always clear and they could result from organic 
compounds produced by either marine or terrigenous organisms (Meuzelaar et aI., 1982; 
Saiz-Jimenez and de Leeuw, 1984; Tsuge and Matsubare, 1985; Saiz-Jimenez and de 
Leeuw, 1986; Sicre et aI., 1994; van Heemst et aI., 1996; Puelve, 1996; van Heemst et 
aI., in press). Long chained alkanes, which were especially found in the Skagerrak core, 
are typical for land plants (Fukushima et aI., 1989). 
These results indicate that in the Skagerrak and Norwegian Channel marine and 
terrigenous organic matter is preserved. The amount of terrigenous organic matter in the 
sediments from the two areas differs considerably. The relative abundance of long 
chained alkanes in the Skagerrak sediments is higher than in the Norwegian Channel 
(Fig. 9), thus indicating a higher relative terrigenous organic matter content in the 
Skagerrak sediments, which was also suggested by the results of Bojesen-Koefoed 
(1992), Anton et aI. (1993) and Meyenburg and Liebezeit (1993). In combination with 
the Corg density of the Norwegian Channel and Skagerrak sediments, this could explain 
the difference in the amount of Corg preserved in both areas. Although the specific 
surface area of the Skagerrak sediments is smaller than of the Norwegian Channel 
sediments (Fig. 4), the Corg concentration of the Skagerrak sediments is higher (Fig. 5). 
This can be explained by the larger amount of terrigenous organic matter present in the 
Skagerrak sediments compared to the Norwegian Channel sediments. With terrigenous 
organic matter being less well degradable in the marine environment than marine organic 
matter (since many marine organisms lack the enzymes necessary to degrade terrigenous 
organic matte~ Fenchel and Blackburn (1979», a higher concentration of terrigenous 
organic matter thus leads to a higher Corg density and contents III the Skagerrak sedi
ments. 
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With 6 l3C values of North Sea marine dissolved and particulate organic matter being on 
average in the order of -22 to -21%0 (Eisma et aL, 1991; van Heemst et aL, in press) and 
most of the Ol3C values of the Norwegian Channel core being in the order of -25 to 
23%0 one would expect that in the order of 50% of the Corg attached to the Norwegian 
Channel sediments is of a terrigenous nature. From Kempe and Jennerjahn (1988) and 
Bojesen-Koefoed (1992) however, it is clear that only 20% or less consists of terrigenous 
Cargo This disparity in the amount of terrigenous Corg might be explained by the incorpor
ation of terrigenous Corg in marine organic matte!: Of the particulate organic carbon that 
reaches the sea by river inflow about 75% is either mineralized or converted to dissolved 
organic carbon directly upon or very soon after entering the marine environment (Eisma 
et aL, 1985). Algae and bacteria can take up dissolved terrigenous organic matter directly 
into their cells and use it to produce marine organic matter (Buttler et aL, 1979; Hodson 
and Moran, 1995). In this manner marine organic mattered having a terrigenous 
isotopical fingerprint is produced. Downcore variations in the 013C value in the Norwe
gian Channel core (ENAM93-11) could result from fluctuations in the amount of 
terrigenous dissolved organic carbon supplied by rivers to the North Sea as a result of 
fluctuations in river runoff and weathering processes in the hinterland with time (Richey, 
1982). 
The relatively high concentration of terrigenous organic matter in the Skagerrak 
sediments can easily by explained by the geography and hydrography of the North Sea. 
Terrigenous organic matter that is introduced into the southern North Sea, is transported 
northwards along the Belgian, Dutch, German and Danish coast into the Skagerrak. 
Furthermore Scandinavian rivers discharge directly into the Skagerrak that is bordered by 
land in the north, east and south. The Norwegian Channel receives its sediment and 
attached organic matter from the Skagerrak, but for a large part also from the west 
directly from the North Sea plateau and from the Norwegian Sea in the north. Input 
from the Norwegian mainland is limited since the Norwegian fjords act as sediment traps 
(Eisma and Irion, 1988). 

4. Organic matter preservation 

The results of the CuPy-GC/MS analysis show that the changes in sedimentary condi
tions, from glaciomarine to fine grained pelagic settling to a mixture of fine grained and 
coarser grained sediments and considerable changes in the sedimentation rate, did not 
have any significant effect on the type of organic matter and the Corg density in the 
Norwegian Channel. Neither did the small changes in sedimentary conditions in the 
Skagerrak, reflected in grain size fluctuations. The presence of black coloured, inter
preted as strongly anoxic, layers and burrowing intensity in core ENAM93-11 from the 
Norwegian Channel do not play any significant role in the preservation of organic 
carbon. The limited role of sedimentation rate, bioturbation or other mixing processes is 
confirmed by the work of de Haas and van Weering (1997) in the Skagerrak and 
Norwegian Channel, Jahnke (1990), in the Californian Continental Borderland basins, 
and Anderson et al. (1994) and Biscaye et al. (1994) in the Middle Atlantic Bight. From 

Jahnke (1990) it seems that the role of oxygen in the amount of Corg that is finally 
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preserved is limited. This is supported by Canfield et al. (1993) who show that the role 
of O2 in the mineralisation of organic matter in the Skagerrak is overestimated, and that 
the role of metal oxides is underestimated. Oxygen is responsible for only 3.6-17.4% of 
the total Corg oxidation. Bakker and Helder (1993) however state that 85% of the Corg 

mineralisation is accounted for by 02' In their work Bakker and Helder assumed that at 
10 cm core depth a stable Corg value was reached. From core VVA94II-5 from the 
Skagerrak and from the cores discussed by Anton etal. (1993), Meyenburg and Liebezeit 
(1993) and de Haas and van Weering (1997) it is clear that a considerable amount of Corg 

is mineralized upto several decimetres down in the sediment column, while according to 
Bakker and Helder (1993) the O2 is depleted between 3 and 20 mm core depth. J0rgen
sen et al. (1990) showed that sulphate reduction occurs upto several decimetres depth in 
the Skagerrak sediments. From this it is concluded that indeed the availability of oxygen 
is not necessarily a key factor in the preservation of Corg, although it could influence the 
rate of organic matter degradation considerably. 
Grain size however does play an important role in the Corg preservation in the Skagerrak 
and Norwegian Channel, as it does in other areas (California Continental Borderland 
basins, Gorsline, (1992); Middle Atlantic Bight, Anderson et al., (1994)). 
Recent work by Ransom et al. (1997) shows that organic matter on sediment particles 
occurs as discrete blebs of cellular organic matter, localized irregular smears of 
undifferentiated protoplasmic or extra-cellular material and bacterial cells and their 
related muco-polysaccharide networks. Ransom and his co-workers (1997) found no 
indication for unifonn coatings of monolayer organic matter or organic matter sheltered 
in grain surface relief features or inside diatom tests. They also found that most of the 
organic matter is attached to clay particles and not to sand and silt sized particles. These 
results explain the good correlation between the Corg concentration and the grain size 
expressed as specific surface area, measured with a laser particle sizer, in the present 
study. This instrument is not able to measure the extra grain surface area resulting from 
grain surface roughness, opposed to the Nz adsorption method used by Mayer (1994), but 
since sheltering does not seem to play an important role in the preservation of Corg 

(Ransom et al., 1997), not measuring the extra surface area is not a serious handicap. If 
organic matter is attached to the surface of sediment particles, then it is easily attacked 
and consumed by bacteria. If however the amount of organic matter that is not very 
attractive to bacteria (for instance terrigenous compounds) is relatively high, large 
amounts of organic matter will not be mineralized and consequently will be preserved in 
the sediments. From the combined CuPy-GC/MS, grain size and Corg data and the 
literature data discussed above it thus appears that the accumulation rate of Corg in the 
Norwegian Channel and Skagerrak is mainly a function of the grain size (expressed as 
specific surface area), the sediment accumulation rate and the type of organic matte!: The 
type of organic matter than must be expressed as the preservability, or the amount of Corg 

that is preserved per square metre specific surface area (formula 1). 
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(1) 

with: = organic carbon accumulation rate 
(gram Corg per square metre sea floor surface area per year) 

As = the sediment accumulation rate 
(gram sediment per square metre sea floor surface area per 
year) 

SA, = the specific surface area of the sediment 
(square metre grain surface area per gram sediment) 

= the 'preservability' of the organic matter 
(gram Corg preserved per square metre grain surface area) 

Conclusions 

Downcore decreases of the Corg concentrations in the top of the sediment column are due 
to the breakdown of organic matter by biological and chemical processes. Fluctuations 
deeper downcore mainly result from variations in the clay fraction of the sediments. 
The Corg density in the Skagerrak sediments is three times as high as in the Norwegian 
Channel sediments. This is caused by the higher fraction of terrigenous organic matter in 
the Skagerrak sediments. 

0 13CVariations in org in Norwegian Channel sediments cannot be used to explain 
variations in Corg contents as a result of differences in source of the organic matter: 
Sedimentation rate (opposed to sediment accumulation rate), bottom water and sediment 
oxygen concentration and mixing of the sediments might influence the mineralisation rate 
of organic matter, but seem not have any significant effect on the amount of Corg that is 
finally preserved. 
The sediment accumulation rate and the grain size of the sediments, as well as the type 
of organic matter that is introduced into the sediments, are of major importance to the 
amount of Corg that is preserved in recent North Sea sediments. 

Acknowledgements 

Captain and crew of the NIOZ reserach vessel "Pelagia", the NIOZ technicians, other 
NIOZ colleagues, colleagues in the ENAM project and the large group of volunteer 
students are thanked for their assistance during the various cruises. Organic carbon and 
nitrogen measurements were performed by Rikus Kloosterhuis. Grain size measurements 
were performed by Marjan Reith and Ellen Okkels. Jasper van Heemst, Marlene Dekker 
and Marianne Baas assisted with the CuPy-GC/MS analyses. The studies described above 
were carried out in the framework of the Netherlands Organisation for the Advancement 
of Science (NWO) Global Change Program (VVA), supported under grant 753-718-229 
to T.C.E.v.W. The ENAM samples were collected in the framework of the ED supported 
ENAM project under grant MAST-CT-93-0064 to T.C.E.v.W. This is NIOZ publication 

number 3213. 

103 



Chapter 4 

References 

Anderson, R.F., Rowe, G.T., Kemp, P.F., Trumbore, S. and Biscaye, P.E., 1994. 
Carbon budget for the mid-slope depoeenter of the Middle Atlantic Bight. Deep Sea 
Res.II, 41: 669-703. 
Anton, K.K., Liebezeit, G., Rudolph, C. and Wirth, H., 1993. Origin, distribution and 
accumulation of organic carbon in the Skagerrak. Mar. Geol., 111: 287-297. 
Bakker, J.F. and Helder, W., 1993. Skagerrak (northeastern North Sea) oxygen 
microprofiles and porewater chemistry in sediments. Mar. Geol., Ill: 299-321. 
Berne!; R.A., 1995. Sedimentary organic matter preservation: an assessment and 
speculative synthesis - a comment. Mar. Chern., 49: 121-122. 
Biscaye, P.E., Flagg, C.N. and Falkowski, P.G., 1994. The Shelf Edge Exchange 
Processes experiment, SEEP-II: an introduction to hypotheses, results and conclusions. 
Deep Sea Res.II, 41: 231-252. 
Boe, R., Rise, L., Thorsnes, T., de Haas, H., Srether, O.M. and Kunzendorf, H., 
1996. Sea-bed sediments and sediment accumulation rates in the Norwegian part of the 
Skagerrak. Nor. Geol. Unders. Bull., 430: 75-84. 
Bojesen-Koefoed, J.A., 1992. Organic matter diagenesis and facies variations in recent 
sediments from Danish coastal waters. Thesis lnst. Geol. Geotekn. Dep. Geotechn. Eng., 
Dan. Tekn. H0jskole, 231 pp. 
Buttler, E.I., Knox, S. and Liddicoat, M.I., 1979. The relationship between inorganic 
and organic nutrients in sea water 1. Mar. BioI. Ass. U.K., 59: 239-250. 
Canfield, D.E., Jorgensen, B.B., Fossing, H., Glud, R., Gundersen, J., Ramsing, 
N.B., Thamdrup, B., Hansen, J.W., Nielsen, L.P. and Hall, P.O.J., 1993. Pathways of 
organic carbon oxidation in three continental margin sediments. Mar. Geol., 113: 27-40. 
de Haas, H., Boer, W. and van Weering, T.C.E., in press. Recent sediment and 
organic carbon burial in a shelf sea; the North Sea. Mar Geol. 
de Haas, H. and van Weering, T.C.E., 1997. Recent sediment accumulation, organic 
carbon burial and transport in the northeastern North Sea. Mar. Geol., 136: 173-187. 
Eisma, D., 1981. Supply and deposition of suspended matter in the North Sea. Spec. 
Publ. lnt. Ass. Sediment., 5: 415-428. 
Eisma, D., Bernhard, P., Boon, J.J., van Grieken, R., Kalf, J. and Mook, W.G., 
1985. Loss of particulate organic matter in estuaries as exemplified by the Ems and 
Gironde estuaries. Mitt. Geol.-PaHiont. lnst. Univ. Hamburg, 58: 397-412. 
Eisma, D., Bernhard, P., CaMe, G.c., Ittekkot, v., Kalf, J., Laane, R., Martin, 
J.M., Mook, W.G., van Put, A. and Schuhmache!; T., 1991. Suspended-matter 
particle size in some West-European esuaries; part I: particle-size distribution. Neth. J. 
Sea Res., 28: 193-214. 
Eisma, D. and Irion, G., 1988. Suspended matter and sediment transport. In: Salomon, 
W, Bayne, B.L., Duursma, E.K. and Forstner, U. (Ed.), Pollution of the North Sea, an 
assesment. 687 pp. Springer Verlag, Berlin: 20-35. 
Eisma, D. and Kalf, J., 1987. Dispersal, concentration and deposition of suspended 
matter in the North Sea. Jour. Geol. Soc. Lon., 144: 161-178. 
Elverhpi, A., 1979. Sedimentological and mineralogical investigatIons of Quaternary 
bottom sediments off the Norwegian west coast. Norsk Geol. Tidss. 59: 273-284. 

104 



Chapter 4 

ErlenkeuseJ; H., 1985. Stable isotopes in benthic foraminifera of Skagerrak core GIK 
15530-4: High resolution record of Younger Dryas and the Holocene. Norsk Geol Tidss., 
65: 50-57.
 
Fenchel, T. and Blackburn, T.H., 1979. Bacteria and mineral cycling. Academic Press,
 
London, 225 pp.
 
Feyling-Hanssen, R.W., 1982. Foraminiferal zonation of a boring in Quaternary deposits
 
of the northern North Sea. Bull. Geol. Soc. Denmark, 31: 29-47.
 
Foyn, R., 1983. Resent Bentonisk foraminifer og sedimentutbredelse in Nordsj0en, vest
 
for Hardaland og Sogn. Report University of Bergen, Norway. 188 pp.
 
Fukushima, K., Morinaga, S., Uzaki, M. and Ochiai, M., 1989. Hydrocarbons
 
generated by pyrolysis of insloble kerogen-like materials isolated from microbially
 
degraded plant residues. Chern. Geol., 76: 131-141.
 
Gorsline, D.S., 1992. The geological setting of Santa Monica and San Pedro Basins,
 
California Continental Borderland. Prog. Oceanog., 30: 1-36.
 
Hass, H.e., 1993. Depositional processes under changing climate: Upper Subatlantic
 
granu10metric records from the Skagerrak (NE-North Sea). Mar. Geol., 111: 361-378.
 
Hedges, J.1. and Keil. R.G., 1995. Sedimentary organic matter preservation: an
 
assessment and speculative synthesis, authors' closing comments. Mar. Chern., 49: 137

139.
 
Helleur, R.J. and Hayes, E.R., 1985. Analysis of polysaccharide pyrolysate of red algae
 
by capillary gas chromatography-mass spectrometry. J. Anal. Appl. Pyr., 8: 333-347.
 
Henrichs, S.M., 1995. Sedimentary organic matter preservation: an assessment and
 
speculative synthesis - a comment. Mar. Chern., 49: 127-136.
 
Hodson, R.E. and Moran, M.A., 1995. Comparative biodegradation kinetics of simple
 
and complex dissolved organic carbon in aquatic ecosystems. In: Zepp, R.G. and
 
Sonntag, Ch. (Ed.), The role of nonliving organic matter in the Earth's carbon cycle,
 
Dahlem Workshop Reports, environmental sciences report 16, John Wiley and Son,
 
Chichester: 47-64.
 
Holtedahl, H., 1986. Sea-floor morphology and Late Quaternary sediments south of the
 
Langesundfjord, northeastern Skagerrak. Norsk Geol. Tidss., 66: 311-323.
 
Jahnke, R.A., 1990. Early diagenesis and recycling of biogenic debris at the sea floor.
 
Santa Monica Basin, 1. Mar. Res., 48: 413-436.
 
Jorgensen, B.B., Bang, M. and Blackburn, T.H., 1990. Anaerobic mineralization in
 
marine sediments from the Baltic Sea-North Sea transition. Mar. Ecol. Progr. Ser., 59:
 
39-54.
 
Jorgensen, P., ErlenkeuseJ; H., Lange, H. Nagy, J., Rumohr, J. and Werner, F.,
 
1981. Sedimentological and stratigraphical studies of two cores from the Skagerrak.
 
Spec. Publ. Int. Ass. Sediment. 5: 397-414.
 
Keil, R.G., Montlu~on, D.B., Prahl, F.G. and Hedges, J.I., 1994. Sorptive preservation
 
of labile organic matter in marine sediments. Nature, 370: 549-551.
 
Kempe, S. and Jennerjahn, T.e., 1988. The vertical particle flux in the northern North
 
Sea, its seasonality and composition. Mitt. Geol.-Pal1iont. Inst. Univ. Hamburg, 65: 229

268.
 
Kukal, Z. 1971. Geology of recent sediments. Academic Press, London, 490 pp.
 
Lange, W., 1956. Grundproben aus Skagerrak und Kattegat, mikrofaunisch und
 

105 



Chapter 4 

sedimenpetrografisch untersucht. Meyniana, 5: 51-86. 
Lehman, S.J., Jones, G.A., Keigwin, L.D., Andersen, E.S., Butenko, G. and 0stmo, 
S-R., 1991. Initiation of Fennoscandian ive-sheet retreat during the last deglaciation. 
Nature, 349: 513-516. 
Liebezeit, 1988. Early diagenesis of carbohydrates in the marine environment. II. 
Composition and origin of carbohydrates in Skagerrak sediments. Org. Geochem., 13: 
387-391. 
Mayer, L.M., 1994. Surface area control of organic carbon accumulation in continental 
shelf sediments. Geochim. Cosmochim. Acta, 58: 1271-1284. 
Mayer, L.M., 1995. Sedimentary organic matter preservation: an assessment and 
speculative synthesis - a comment. Mar. Chern., 49: 123-126. 
Meuze1aaJ; H.L.C., Haverkamp, J. and Hileman, F.D., 1982. Pyrolysis mass spectro
metry of recent and fossil biomateria1s, compendium and atlas. Elsevier Scientific 
Publishing Company, Amsterdam. 293 pp. 
Meyenburg, G. and Liebezet, G., 1993. Mineralogy and geochemistry of a core from 
the SkagerraklKattegat boundary. Marg. Geol., 111: 337-344. 
Nagy, J. and Ofstad, K., 1980. Quaternary foraminifera and sediments in the Norwe
gian Channel. Boreas, 9: 39-52. 
Otto, L., Zimmerman, J.T.F., Furnes, G.K., Mork, M., Saetre, R. and Becker, G., 
1990. Review of the physical oceanography of the North Sea. Neth. J. Sea Res., 26: 161
238. 
Pedersen, T.F., 1995. Sedimentary organic matter preservation: an assessment and 
speculative synthesis - a comment. Mar. Chem., 49: 117-119. 
Puelve, S., de Leeuw, J.W., Sicre, M-A., Baas., M. and Saliot, A., 1996. Characteriz
ation of macromolecular organic matter in sediment traps from the northwestern 
Mediterranean Sea. Geochim. Cosmochim. Acta, 60: 1239-1259. 
Qvale, G. and van Weering, T.C.E., 1985. Relationship of surface sediments and 
benthic foraminiferal distribution patterns in the Norwegian Channel (northern North 
Sea). Mar. Micropal., 9: 469-488. 
Ransom, B., Bennett, R.H., Baerwald, R. and Shea, K., 1997. TEM Shldy of in siro 
organic matter on continental margins: occurence and the "monolayer" hypothesis. Mar. 
Geol., 138: 1-9. 
Richey, J.E., 1982. The Amazon River system: a biological model. Mitt. Geol-PaHiont. 
Inst. Univ. Hamburg, 52: 365-378. 
Rise, L. and Rokoengen, K., 1984. Surficial sediments in the Norwegian sector of the 
North Sea between 60°30' and 62°N. Mar. Geol., 58:287-317. 
Rokoengen, K., Lofaldli, M., Rise, L., Loken, T. and Carlsen, R., 1982. Description 
and dating of a submerged beach in the northern North Sea. Mar. Geol., 50: M21-M28. 
Saiz-Jimenez, C. and de Leeuw, J.W., 1984. Pyrolysis-gas chromatography-mass 
spectrometry of isolated, synthetic and degraded lignins. Org. Geochem., 6: 417-422. 
Saiz-Jimenez, C. and de Leeuw, J.W., 1986. Lignin pyrolysis products: Their strucrores 
and their significance as biomarkers. Org. Geochem., 10: 869-876. 
Sicre, M-A., Puelve, S., Saliot, A., de Leeuw, J.W. and Baas, M., 1994. Molecular 
characterization of the organic fraction of suspended matter in the surface waters and 

bottom nepheloid layer of the Rhone delta using analytical pyrolysis. Org. Geochem., 21: 

106 



Chapter 4 

11-26. 
Tsuge, S. and Matsubara, H., 1985. High-resolution pyrolysis-gas chromatography of 
proteins and related materials. 1. Ana!. App!. Pyrolysis, 8: 49-64. 
van Heemst, J.D.H., Baas, M., de Leeuw, J.W. and Benner, R., 1993. Molecular 
characterization of marine dissolved organic matter (DOM). In: 0ygard (ed.), Organic 
geochemistry, Poster sessions from the 16th International Meeting on Organic Geochem
istry, Stavanger 1993, European Association of Organic Geochemists: 694-698. 
van Heemst, J.D.H., Megens, L., Hatcher, P.G. and de Leeuw, J.W., in press. 
Nature, origin and age of estuarine dissolved organic matter as determined by molecular 
and carbon isotope characterisation. Limno!. Oceanogr 
van Heemst, J.D.H., Puelve, S. and de Leeuw, J.W., 1996. Novel algal polyphenolic 
biomacromolecules as significant contributors to resistant fractions of marine dissolved 
and particulate organic matter. Org. Geochem., 24: 629-640. 
van Weering, T.C.E., 1975. Late Quaternary history of the Skagerrak; an interpretation 
of acoustical profiles. Geo!. Mijnb., 54: 130-145. 
van Weering, T.e.E., 1981. Recent sediments and sediment transport in the northern 
North Sea; surface sediments of the Skagerrak. Spec. Pub!. Int. Ass. Sediment., 5: 335
359.
 
van Weering, T.e.E., 1982a. Recent sediments and sediment transport in the northern
 
North Sea; pistoncores from the Skagerrak. Ned. Akad. Wet. Proc., Ser. B 85 (2): 155

201.
 
van Weering, T.C.E., 1982b. Shallow seismic and acoustic reflection profiles from the
 
Skagerrak: implication for recent sedimentation. Ned. Akad. Wet. Proc., Ser. B 85 (2):
 
129-154.
 
van Weering, T.e.E., 1983. Acoustical reflection profiles, sediments and late
 
Quaternary history of the Norwegian Channel, north of Bergen. Geo!. Mijnb., 62: 319

328.
 
van Weering, T.e.E., Berge!; G.W. and Kalf, J., 1987. Recent sediment accumulation
 
in the Skagerrak, northeastern NOlth Sea. Neth. J. Sea res., 21: 177-189.
 
van Weering, T.e.E., Berger, G.W. and Okkels, E., 1993. Sediment transport,
 
resuspension and accumulation rates in the northeastern Skagerrak. Mar. geo!., 111: 269

285.
 
van Weering, T.e.E., Jansen, J.H.F. and Eisma, D., 1973. Acoustic reflection profiles
 
of the Norwegian Channel between Oslo and Bergen. Neth. J. Sea Res., 6: 241-263.
 
Verardo, D.J., Froelich, P.N. and Mcintyre, A., 1990. Determination of organic
 
carbon and nitrogen in marine sediments using the Carlo Erba NA-1500 Analyzer Deep

Sea Res., 37: 157-165.
 
Wassmann, P., 1985. Accumulation of organic matter in core GIK 15530-4 and the
 
Upper Quaternary paleo-productivity in the Skagerrak. Nor. Geo!. Tidsskr., 65: 131-173.
 

107 



CHAPTER 5
 

PRESERVATION OF ORGANIC CARBON IN THE NORTH SEA
 
COMPARED TO OTHER SHELF SEAS:
 

A SYNTHESIS ON PROCESSES AND PRODUCTS
 

Henk de Haas 

Abstract 

The preservation of Corg under present sedimentary conditions in the North Sea is 
compared to some well studied shelf seas from different geological, hydrological and 
climatological settings. Various factors that can influence the preservation of Corg are 
discussed. Not only recent conditions, but also longer time scale fluctuations (glacials 
versus inter-glacials) are dealt with. Most (>95%) of the Corg introduced onto shelves by 
primary production and import from the oceans and continents is mineralized in the 
water column and sediments. The accumulation of Corg is mainly a function of the grain 
size of the sediments, the sediment accumulation rate and the type of organic matter 
Considering these factors for recent sedimentary conditions, three types of shelves are 
recognized. The first type does not show any preservation of Corg. On the second type of 
shelves only limited amounts of Corg are preserved. The third type shows a relatively 
high preservation of Corg as a result of exceptional hydrological conditions leading to a 
high sediment accumulation rate. On longer time scales the role of shelves as sinks for 
Corg is limited, even more than under recent conditions. 

Introduction 

Carbon dioxide (C02) in the atmosphere is one of the major contributors to the green
house effect. Although the greenhouse effect is a natural phenemenon, essential for life 
on earth, an increase in the amount of CO2 , and resulting from this an increase in the 
average global temperature of the atmosphere may lead to serious problems in the future 
(climate change, melting ice caps, sea level rise, drowning of densely populated coastal 
areas, etc.). Since atmospheric CO2 tends to be in equilibrium with the CO2 in the 
oceans, oceanic and atmospheric carbon are linked in the global carbon cycle. A small 
part of the carbon in the marine environment is withdrawn from the carbon cycle as it is 
attached to mainly fine grained sediment particles and burried in marien deposits. 
According to Hedges and Keil (1995) of the order of 90% of the organic matter that is 
preserved in the marine environment is stored in delta and shelf sediments and the 
remainder on the continental slope and in the deep ocean. Walsh et a1. (1981), Walsh 
(1991) and Walsh et a1. (1991) however state that large amounts of Corg are recycled on 
the shelf and the majority of the organic matter that is finally preserved would be 
transported over the shelf edge and deposited on the continental slopes. In the North Sea 
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less than 10% of the Corg that is preserved is buried in shelf sediments and more than 
90% in inner shelf basins (the Skagerrak and Norwegian Channel) and a small fraction 
transported into the adjacent ocean margin basin (the Norwegian Sea). 
To understand the role of the North Sea in the preservation of Corg and compare the 
preservation conditions and processes of Corg in the North Sea with those from other 
shelf seas to acquire a better insight in the role of the North Sea in the global carbon 
cycle, a literature study on the preservation of organic matter on other shelves was 
carried out. Data on recent processes related to burial of organic matter of several well 
documented shelves of different geological (active and passive margins), hydrological 
(different scale shelf cunents, differences in fresh water input) and climatological 
(tropical, moderate, arctic, strong and weak storm activity) conditions are compared, as 
well as processes related to the preservation of organic matter on longer time scales. 

Description of shelf areas 

1. North Sea 

1.1. Morphology 

The North Sea is an epicontinental sea with a total surface area of 575000 km3 located 
on the northwest European passive continental margin. In the east and south it is 
bordered by the mainland of Europe (Norway in the north to France in the south) while 
its western boundary is formed by the British Isles. In the south it is connected to the 
Atlantic Ocean through The Channel. In the north it has an open connection to the 
Norwegian Sea. In the north the shelf break is located at about 200 m water depth. 
Maximum water depth in the southern North Sea is 40-50 m. Small depressions in the 
central and northern North Sea are of the order of 40 to 300 m deep. In the central 
North Sea a large shoal with a minimum water depth of less than 20 m is present. 
Furthermore, areas with tidal sand ridges, sand waves, tunnel valleys, iceberg grooves 
and other (post) glacial relic structures are present. The most striking morphologic 
feature of the North Sea however is the Norwegian Channel/Skagerrak. The Norwegian 
Channel is a large depression running north-south parallel to the Norwegian coast. In the 
north this depression is more than 400 m deep. In the south a sill is present, reducing 
water depth to 280 m. South and southeast of this sill water depth increases to more than 
750 m in the Skagerrak (Eisma et aI., 1979). 

1.2. Hydrology 

The dominant oceanographic feature in the North Sea is the tidal motion. This is not 
only responsible for the vertical and horizontal mixing of the water masses, but in 
combination with the long term effect of the mainly westerly winds and the baroclinic 
effect5 it rC5ult5 in an overall anti clockwist: circulation that determines the major 
features of the water properties and the transport and deposition of sediments in the 
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basin. Atlantic water enters the North Sea from the south through The Channel. Baltic 
Sea water flows through the Kattegat into the Skagerrak. In the north, between the 
mainland of Scotland and the Orkney and Shetland Islands and at depth along the 
western margin of the Norwegian Channel Norwegian Sea water enters the basin. The 
main outflow of North Sea water occurs along the eastern margin of the Norwegian 
Channel and as a surface current more to the west. So waters entering the North Sea in 
the north move southwards and partly mix with waters coming from the south. As the 
water moves northwards through the eastern North Sea it flows into the Skagerrak and 
Norwegian Channel and finally into the Norwegian Sea. As a result of storm waves 
during the winter season the water column is completely mixed during this time of the 
year During summer the water in the northern North Sea is stratified as a result of an 
increase of the surface water temperature. During this time of the year several fronts 
develop which play an important role in the biological processes in the North Sea and 
thus in the production of Corg (Otto et aI., 1990). 

1.3. Sources of sediment and organic carbon 

The deposits on the shelf are mainly reworked glacial and fluvial sands and fine grained 
sediments. Erosion of these sediments may act as a source for local sedimentation 
elsewhere in the North Sea (Veenstra, 1965; Jansen et aI., 1979; Johnson and Elkins, 
1979; Owen, 1981; Feyling-Hansen, 1982; Rise and Rokoengen, 1984; Long et aI., 1986; 
Eisma and Kalf, 1987; Long et aI., 1988). The main sources of suspended sediments 
supplied to the North Sea are the Norwegian Sea, The Atlantic Ocean (through The 
Channel) and the Baltic Sea. Furthermore rivers, atmospheric input, coastal erosion and 
primary production add to the suspended and bed load of the North Sea. According to 
Eisma (1981) these sources supply 34xl06 tons of suspended matter per year at mini
mum. McManus and Prandle (1997) report a suspended sediment supply into the 
southern North Sea of 44Ax106 tons'yr'l from Dover Strait, 41.7x106 tons'yr'! from the 
northern North Sea, 3.2x106 tons'yr'! from the Wash and 0.7x106 tons'yr'! from the 
Suffolk coast. Riverine input is extremely limited. Eisma et a1. (1982) report a suspended 
matter input by the combined Rhine and Meuse of 3.5 to 4x106 tons·yr·!. The Rhine 
delivers 0.37 and 0.21xl06 tons'yr'! of dissolved and particulate organic carbon respect
ively. A large part of the particulate organic matter is mineralized or changed into 
dissolved organic matter rapidly upon entering the marine environment (Eisma et aI., 
1985). Of the Corg that is presently deposited in the North Sea about 20% is of 
terrigenous origin, the remainder is supplied by primary production (74x106 tons'yr\ 
Beckmann and Liebezeit, 1988) and a small amount by import from the Norwegian Sea 
(de Haas and van Weering, 1997). 

104. Sedimentary processes and sedimentation 

Fine grained sediments supplied to the North Sea are transported to the noah along the 

Dutch, German and Danish coast. Large amounts of these fine grained sediments are 
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subsequently deposited, eroded, transported and redeposited by currents and storm waves. 
On large parts of the North Sea shelf non deposition or erosion occurs. Permanent 
deposition of fine grained sediments occurs only locally on the southem shelf. Organic 
matter shows a clear positive correlation with the clay contents of the sediments. Most of 
these fine grained sediments in the North Sea are finally transported by the anti-clock
wise residual circulation into the Skagerrak, where they are deposited. A smaller part is 
transported into the Norwegian Channel and settles there, while only a minor part of the 
sediments is exported to the Norwegian Sea (Veenstra, 1965; Jansen et aI., 1979; 
Johnson and Elkins, 1979; Eisma, 1981; Owen, 1981; van Weering, 1981; Feyling
Hansen, 1982; Meyenbmg and Liebezeit, 1983; Cadee, 1984; Rise and Rokoengen, 1984; 
Wasmann, 1985; Long et aI., 1986; Eisma and Kalf, 1987; Long et aI., 1988; Wirth and 
Wiesnet; 1988; J0rgensen et aI., 1990; Zuo and Eisma, 1992; Anton et aI., 1993; van 
Weering et aI., 1993; Nedwell et aI., 1994; de Haas and van Weering, 1997; de Haas et 
aI, in press; de Haas in prep.). 

1.5. Sediment and organic carbon accumulation 

Net fine grained sediment accumulation on the shallow North Sea plateau is limited to 
some small areas in the southem North Sea (de Haas et aI., in press). Large amounts of 
clayey to fine sandy sediments are deposited in the Skagerrak and Norwegian Channel 
(Fig. 1). The total net sediment accumulation in these basins is 74x106 tons'yr- I (de Haas 
et aI., 1996; de Haas and van Weering 1997). The Corg concentrations of the shallow 
shelf sediments range from <0.05% to -1% (de Haas et aI., in press). The average Corg 

concentration in the Norwegian Chamle1 and Skagerrak sediments is 0.6 and 1.8% 
respectively. This is not only a function of grain size, but also of the type of organic 
matter (de Haas and van Weering, 1997; de Haas in prep.). This results in a total Corg 

preservation of 0.lx106 tons'yr- I on the shelf and 1.0x106 tons'yr- I in the deep basins, or 
-1.5% of the primary Corg production in the North Sea. Exact numbers on the amount of 
sediment being eroded, transpOlied and redeposited in the North Sea by the various 
processes are difficult, if not impossible to determine. The large amounts of sediment 
mentioned by McManus and Prand1e (1997) for instance, are of the same order as the 
amount that is finally deposited in the Skagerrak and Norwegian Channel (de Haas and 
van Weering, 1997), but McManus and Prandle (1997) did not fully take into account 
the effect of storm waves which strongly increase the amount of suspended matter in the 
water column (Eisma et aI., 1982). The suspended sediment budget modelled by 
McManus and Prandle (1997) includes several tens of percentages of organic matter 
(Ittekkot et aI., 1982; Beckman and Liebezeit, 1988). This gives a clear seasonal signal 
on the outcome of there modeling results (McManus and Prandle, 1997). Most of the 
organic matter produced in the North Sea is recycled however within the water column 
and in the upper centimetres to decimetres of the sea floor sediments (Kempe and 
Jennerjahn, 1988; Aure and Dahl, 1994; de Haas and van Weering, 1997). The results of 
a model as discussed above can therefore not directly be used as an input for budget 
calculations. The alUount of C org exported into the Norwegian Sea equals 2-3% of the 

primary production (de Haas and van Weering, 1997; de Haas et aI., in press.). 
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Fig. 1. Map of the North Sea showing simplified Cm, transport pathways and main Cor, accumulation areas on 
the plateau and in the inner shelf deeps. 
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2. Middle Atlantic Bight 

2.1. Morphology 

The Middle Atlantic Bight is located at the east coast of the United States and runs from 
Nantucket in the north to Cape Hatteras in the south. Some large embayments like 
Chesapeake Bay, Delaware Bay and Long Island Sound, are located along the coast. The 
shelf break is located at a depth of about 100 m. The width of the shelf ranges from 25 
km at Cape Hatteras to a maximum of 170 km off New York. The continental slope is 
intersected by several large canyons. 

2.2. Hydrology 

The overall transport of water over the Middle Atlantic Bight shelf is from northeast to 
southwest. The salinity of the shelf water is considerably lower than the salinity of the 
slope water (Biscaye et aI., 1994). On the shelf break a front is present between the shelf 
and slope water masses. This front moves over the shelf break over distances of 10-20 
km in periods of 2-25 days and forms a barrier between the shelf an slope waters 
(Houghton et aI., 1994). Waves generated by winter storms result in well mixed shelf 
waters. During summer the sun warms up the surface water resulting in a stratified shelf 
water column (Biscaye et aI., 1994). Over the slope a southwest oriented current is 
present which has its minimum current velocity at 400-1000 m water depth (Biscaye and 
Anderson, 1994). 

2.3. Sources of sediment and organic carbon 

The majority of the Middle Atlantic Bight shelf sediments consist of early Holocene, 
partly fluvial, reworked fine and coarse grained deposits (Walsh et aI., 1985; Swift et al., 
1972). Organic matter in the Middle Atlantic Bight shelf sediments is mainly old 
reworked marine and partly terrigenous organic matter (Anderson et al., 1988). Primary 
production on the Middle Atlantic Bight shelf varies in time and place from 0.3-1.3 g 
COrg ·m·2.yrl (Walsh et al., 1988; Wirick, 1994; Biscaye and Anderson, 1994). The 
combination of the upward transport of nutrient rich waters to the well lit surface waters 
in the frontal zone separating the shelf and slope waters results in a peak in primary 
production in the frontal zone (Marra et aI., 1991). The total primary production on the 
Middle Atlantic Bight shelf region is of the order of 250-300 g COrg'm'2'yr,1 or 7.5x107 

tons'yr'] for the shelf between Labrador and Cape Hatteras (Malone et al., 1983; Rowe et 
aI., 1986; Campbell and O'Reilly, 1989; Falkowski et al., 1994). 

2.4. Sedimentary processes and sedimentation 

Sediments and the Corg attached to the fine grained material undergo repetitive cycles of 
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deposition-bioturbation-resuspension-and redeposition on the shelf and are finally 
transported over the shelf edge and into the canyon heads by waves and currents. The 
sediments are successively transported downslope or further into the canyons. Along 
slope currents transport the sediments to the south over the slope and resuspend the 
sediments that are temporarily trapped in the canyons. Most of the fine grained sedi
ments are deposited in the area of relatively low along slope current velocities at a depth 
of 400-1000 m on the slope, together with COrg produced in the surface waters above. 
This transport mechanism results in sediment transport over the shelf that is irregular in 
time, with peaks during periods of resuspension by storm waves, and transport along the 
slope by the slope parallel currents that is more continuous in time (Biscaye et aI, 1988; 
Walsh, 1988; Anderson et al., 1994; Bacon et al., 1994; Biscaye and Anderson, 1994; 
Biscaye et al., 1994). Only a small part «5-25%) of the primary produced organic 
matter and terrigenous organic matter introduced on the shelf is thought to be exported 
over the shelf edge (Biscaye et al., 1988; Falkowski et al., 1988; Falkowski et al., 1994; 
Bacon et al., 1994; Biscaye et al., 1994). Venkatesan et al. (1988) however suggest that 
40-50% of the primary produced shelf material is exported to the slope. The percentage 
that is exported is probably very low, since large amounts (upto 80% or more) of 
organic matter are mineralized in the shelf sediments and in the water column (Falkow
ski et al., 1988; Rowe et al., 1988; Anderson et al., 1994; Biscaye and Anderson, 1994; 
Biscaye et al., 1994). None of the primary produced organic matter that is produced 
landward of the 90 m depth contour will even ever reach the shelf edge as primary 
produced biodetritus (Wirick, 1994). Finally, a very small part of the Corg produced on 
the shelf will reach the abyssal plain (Biscaye and Anderson, 1994). 

2.5. Sediment and organic carbon accumulation 

There is hardly any net sediment and thus Corg accumulation on the Middle Atlantic 
Bight shelf (Anderson et al., 1988). The concentration of the Corg in the sediments on the 
Middle Atlantic Bight shelf is generally below 0.1% (Walsh, 1994; Anderson et al., 
1994). The sediment accumulation in the depocentre on the middle slope (Fig. 2) 
increases from 1-1.5 cm·lOO yr,l in the north (Anderson et al., 1988) to 3-6 cm·lOO yr,l 
in the south (Anderson et al., 1994). Corg concentrations on the slope are of the order of 
0.5-2%, with highest concentrations in the middle slope depocentre (Walsh, 1994; 
Anderson et al., 1994). The total export of Corg from the shelf to the slope from Cape 
Hatteras to the Labrador shelf area is 4.8xl06 tons'yr'l or about 6% of the primary 
produced Corg (Falkowski et al., 1994). About one third of this is permanently stored in 
the sediments (Anderson et al., 1994). Most of the mineralization of organic matter on 
the slope occurs in the water column and upper few mm of the sediments (Rowe et al., 
1988; Anderson et al., 1994; Kemp, 1994). The preservation of organic matter is not 
related to bottom water O2 levels, sedimentation rate and organic matter oxidation rates 
(Anderson et al., 1994; Biscaye et al., 1994). 
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Fig. 2. Map of the Middle Atlantic Bight showing simplified em, transport pathways and main em. accumula
tion areas on the shelf and slope. Legend, see Fig. I. 

3. Californian shelf 

3.1. Morphology 

The Californian Continental Borderland is located off southern California at an active 
transform margin. The area roughly runs from the city of Santa Barbara in the north, via 
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Los Angeles to San Diego in the south. The present morphology, which is the result of 
the overriding of the East Pacific Rise by the North American plate, is a series of 
northwest to southeast trending rows of depressions separated by banks, ridges and a few 
islands. The depressions are several tens to more than 100 km long and have a maximum 
width of several tens of kilometres. The surface areas of the various basins vary from 
100 to 3300 km2

. The greatest depth of the individual depressions is 600 to 3200 m. The 
actual shelf is extremely narrow and has a maximum width of about 20 km. The shelf 
break is located at 100-200 m water depth and is intersected by several canyons 
(Gorsline, 1992). For the present study the attention is focused on the San Pedro Basin 
(36 km long, 27 km wide, 898 m deep, 819 km2 surface area) and Santa Monica Basin 
(72 km long, 36 km wide, 925 m deep, 2250 km2 surface area), since these are two well 
studied areas. 

3.2. Hydrology 

The general circulation in the area shows an anti clockwise pattern with its centre 
offshore Los Angeles. In the north, seaward of the anti clockwise circulation cell the 
California Current enters the area. The California Countercurrent enters the area from the 
south along the coast. During the summer, at 300-500 m water depth on the slope a 
southward directed current develops. As a result of the topography many local variations 
in currents occur The water is stratified during most of the year During winter and 
early spring strong upwelling occurs. As a result of local variations in wind strength and 
wind directions the upwelling is highly variable in place (Hickey, 1992). The input of 
freshwater into the sea by local rivers fluctuates strongly not only with the seasons, but 
also from year to year (Gorsline, 1992). 

3.3. Sources of sediment and organic carbon 

Sediments on the Californian shelf are largely relic deposits. The landward basin slopes 
are covered with recent sediments with thicknesses of less then one to several tens of 
metres. The seaward basin slopes are barren of recent sediments (Gorsline, 1992). The 
total thickness of the Holocene deposits in the Santa Monica and San Pedro Basins is 10
12 m (Gorsline, 1992; Schwalbach and Gorsline, 1990). Surface sediments in these two 
basins are silty clays with a mean grain size of 6 f.!m (Gorsline, 1992). Local rivers 
supply 80% of the total sediment input, including some terrigenous organic matter 
Marine primary production supplies the remaining carbonate, silica and marine organic 
matter. Seasonal variations in the amount of Corg in the water column have not been 
observed (Landry et aI., 1992). The sediments in the two basins partly originate from sea 
floor erosion (Schwalbach and Gorsline, 1985; Gorsline, 1992; Williams et aI., 1992). 
The sediments originating from the rivers consist of silty clays with 30-35% sand 
(Fleisher, 1970). 
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3.4. Sedimentary processes and sedimentation 

Most of the fine and coarse grained sediments deposited on the shelf by the rivers and 
deposited on the banks and ridges between the basins are transported towards the canyon 
heads and are successively transported through the canyons onto the basin floor or onto 
submarine fans as turbidity currents and nepheloid plumes (Malouta et al., 1981; 
Gorsline, 1992). Only limited amounts of sediments enter the basins over the continental 
slope (Huh et al., 1990). Sediments enter the Santa Monica and San Pedro Basins as 
particle infall (bioaggregates), nepheloid plumes, turbidity currents, mass movements, 
and in limited amounts by direct precipitation (Schwalbach and Gorsline, 1990; Gorsline, 
1992). In addition to the input of sediments directly from the shelf, there is also some 
lateral influx of material into the basins. (Huh et al., 1990). The lateral currents not only 
supply sediments into the basins, but are also responsible for the export of some material 
out of the basins (Gorsline, 1992). Most of the Corg is mineralized in the upper 1-2 cm of 
the sediment column (Jahnke, 1990; Craven and Jahnke, 1992). Bottom water in the 
Santa Monica Basin is almost anoxic. Due to the anoxic Santa Monica Basin bottom 
water there is no bioturbation by bottom fauna, and organic matter is solely mineralized 
by bacteria. Bottom waters of the San Pedro basin are dysoxic, which results in a limited 
bioturbation and organic matter mineralization by infauna and epifauna (Gorsline, 1992). 

Fig. 3. Map of the Californian shelf area showing simplified e",. transport pathways and main C., accumula
tion areas in the Santa Monica and San Pedro Basins. Legend, see Fig. 1. 
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3.5. Sediment and organic carbon accumulation 

There is no net recent sedimentation on the Californian shelf. Sediments and organic 
matter are deposited on the slopes and fans of the continental borderland basins (Fig. 3) 
(Malouta et aI., 1981; Huh et aI., 1990; Jahnke, 1990; Gorsline, 1992; Landry et aI., 
1992; Venkatesan and Kaplan, 1992). Most of the organic matter is mineralized in the 
water colunm and the upper layer of the sediments (Jahnke, 1990; Landry et aI., 1992). 
Organic matter concentrations in the sediments vary between 4 and 6%, but show a clear 
positive correlation with the clay content of the sediments (Gorsline, 1992). The organic 
matter consists for 25% of terrigenous input (Williams et aI., 1992). Organic matter 
burial does not show any significant correlation with oxygen concentration of the bottom 
wateI; the extent of oxic mineralisation, sediment mixing rates, or any other factor that 
might influence the preservation of organic matter The only factor influencing the Corg 

accumulation is the rate of bulk sediment accumulation, and related to this, the supply of 
organic matter (Jahnke, 1990). 

4. Washington shelf 

4.1. Morphology 

The Washington shelf is 25-60 km wide and located at the northern United States Pacific 
coast at a convergent plate margin setting with the North American Plate overriding the 
Juan de Fuca Plate. The shelf break is located at 150-200 m water depth. Several 
canyons intersect the Washington shelf, starting at a water depth of about 130 m. Some 
small islands are sihlated along the coast. On the relatively smooth shelf small topo
graphic features (10-20 m high hummocks and pinnacles, submarine banks) are present. 
Older (Tertiary) rocks crop out locally on the inner shelf (Kachel and Smith, 1989). The 
lower part of the slope consists of continental borderland basins (Barnard, 1978). 

4.2. Hydrology 

During summer and spring the California Current moves southwards seaward of the 
shelf. A part of this water mass turns northwards and moves over the Oregon and 
Washington shelf in a northern direction as the Davidson Current. During winter their is 
no northwards flowing Davidson Current present and the California Current moves 
southwards over the shelf. At depth the California Undercurrent moves in a northwards 
direction over the continental slope (Hickey, 1989). The oceanography on the 
Washington shelf is strongly influenced by the sun (warming up the water colunm, 
primary production), wind (mixing, water movement, upwelling) and rain (salinity 
differences, especially near the river mouths). Upwelling in the area results from the 
southward component of the wind that is blowing from May to September in the area. 
From October to April a northward wind results in downwelling (Landry et ai., 1989). 
Storms in the area result in strong wave action and bottom currents (Sternberg and 
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McManus, 1972; Kachel and Smith, 1989). Local rivers discharge 18.7xl09 m3 of water 
per year. Highest discharge is in winter which is the period of maximum precipitation. 
The Columbia river discharge equals 228xl09 m3 ·yr-1

• Discharge peak is in June, which 
is the period of maximum snow melt (Landry et al., 1989). 

4.3. Sources of sediment and organic carbon 

A large part of the Washington shelf is covered with silty sediments supplied by the 
Columbia River which discharges about l7x106 tons of coarse and fine grained sediments 
per year. A second important source of sediments is formed by the rivers discharging on 
the Oregon and northern Californian shelf. These sediments are partly transported 
northwards by the Davidson Current. Other sediment sources are local coastal erosion 
(Venkatarathnam and McManus, 1973) and erosion of outcrops of older (Tertiary) 
sediments on the shelf (White, 1970). The sediments form an elongated sediment body 
running from the mouth of the Columbia River to the Quinault Canyon. (Gross et a1., 
1969; McManus, 1972; Nittrouer et a1., 1979; Karlin, 1980; Kachel and Smith, 1989). 
Oceanwards on the Washington shelf (>150 m water depth) relic deposits are present 
(McManus, 1972; Venkatarathnam and McManus, 1973; Kachel and Smith, 1989). 
Primary production on the shelf shows a strong seasonal fluctuation, from <180 g 
COrgom2'yr-l in winter to >1100 g·m2.yr-l in summer. This results in a total primary 
production of ~650 g Corg·m2·yrl (Perry et al., 1989) or about 7.5x106 tons·yr- l 

. The 
Columbia River supplies -0.6x106 tons of terrigenous COrg'yr- l of which 89% as 
dissolved organic carbon (DOC) and the remainder as particulate organic carbon (POC), 
partly consisting of fossil organic compounds derived from the Columbia River hinter
land (Dahm et a1., 1981; Prahl and CarpenteJ; 1983; Prahl, 1984, 1985; Prahl and Pinto, 
1987). 

4.4. Sedimentary processes and sedimentation 

Part of the particle load of the Columbia River and the sediment imported from the 
Oregon and California shelf is deposited on the Washington shelf, north of the Columbia 
river mouth. Only a very small amount is deposited south of the Columbia River, on the 
Oregon shelf. This occurs mainly during summer (Karlin, 1980; Small et al., 1989). On 
the Washington shelf, sedimentation of silty sediments occurs in an elongated sedimen
tary body which has a SSE-NNW orientation, and is located between the Columbia river 
mouth and the Quinault Canyon (Nittrouer et al., 1979). Sandy material supplied by the 
Columbia River is transported northward, and accumulates near shore along the 
Washington coast (McManus, 1972). On the shelf, sediments are transported as sus
pended and bed load. Currents, and therefore sediment transport capacity, are enhanced 
by wind stress and (winter) storm waves. Large, less frequently occurring storms 
generate stronger currents which transport large amounts of sediments from the shelf into 
the canyons and over the shelf edge as intermediate and buttom nepheloid layers 
(Duncan et al., 1970; Smith and Hopkins, 1972; Baker, 1973; Sternberg and Larsen, 
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1976; Nittrouer et aI, 1977; Karlin, 1980; Hickey et aI., 1986; Ridge and Carson, 1987; 
Hickey, 1989; Kachel and Smith, 1989; Small et aI., 1989). Although most of the 

rig. 4. Map of tht; Washingtun and Oregon shelf showing simplified C org transport pathways and main C"rs 

accumulation areas on the shelf and in the canyons. Legend, see Fig. 1. 
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canyons are filled in with hemipelagic sediments, Quinault Canyon acts as a temporary 
depocentre for sediments eroded from the shelf. Every ~500 years the canyon is flushed 
and the sediments are transported down canyon as turbidity currents (Barnard, 1978). 
Most of the primary produced Corg on the shelf is consumed before it reaches the sea 
floor (Landry and Lorenzen, 1989). 

4.5. Sediment and organic carbon accumulation 

Sediment accumulation rates on the Washington shelf range from 25-75xl02 g-m-2 'yr- 1 

(Nittrouer et aI., 1979) (Fig. 4). This results in a sediment accumulation of l4xl06 

tons'yr-1 (Carpenter and Peterson, 1989). A good correlation between grain size and Corg 

concentration has been observed. Corg concentrations on the shelf range from below 0.5% 
to above 1% (Gross et aI, 1969). COrg accumulation rates on the shelf are on average 3.6 
36 g·m-2 ·yr-l 

• On the slope and in the canyons average Corg accumulation rates are 14 and 
64 g'm-2 'yr-1 respectively About a quarter of the preserved Corg is of terrigenous origin 
(Carpenter and Peterson, 1989). This then would result in a burial efficiency of 5% on 
the Washington shelf. This figure is overestimated since it is mainly based on surface 
C concentrations, which are higher than the stable C values deeper down core. These org org 

numbers, combined with the information on the transport of large amounts of fine 
grained sediments to the abyssal plain indicate that most of the organic matter introduced 
onto the Washington shelf is not stored on the shelf, but buried on the slope, in the 
canyons and on the abyssal plain. 

5. Canadian shelves 

5.1. Morphology 

The western Canadian shelf is located at an active continental margin. Its surface area is 
~100,000 km2

• It is a narrow shelf (10-120 km wide) with an irregular topography, 
intersected by deep glacial channels. The eastern Canadian shelf is located along a 
passive continental margin. It is much wider than the western Canadian margin (200 km) 
and has a much larger surface area of 906000 km2

. It is characterized by the occurence 
of many shelf banks, deeps and channels. The shelf break of the eastern Canadian shelf 
is located at 60 m in the Gulf of Maine and deepens towards the north to 500 m near 
New Foundland. The Arctic Canadian shelf can be divided into two parts, the coastal 
plain shelf and the ice shelf. The total surface area is 347000 km2

• The coastal plain 
shelf shows a very low relief. It is ice covered for 10-11 months per year (Amos and 
Collins, 1991; Grant et aI., 1991; Piper, 1991.) 

5.2. Hydrology 

The western Canadian shelf shows strong tidal currents. During autumn and winter 
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general flow is down wind and storm waves with heights upto 8 m are generated. During 
summer the flow over the shelf is controlled by eddies (Amos and Collins, 1991; 
Crawford and Thomson, 1991). The eastern Canadian shelf shows strong tidal currents 
and many heavy storms resulting in strong wave action (Amos and Collins, 1991). Storm 
waves on the eastern shelf can reach heights of 4-14 m. Depending on the geographical 
location, sea ice covers the eastern Canadian shelf for a period of upto 10 months (Piper, 
1991). Because the Arctic Canadian shelf is ice covered for most of the year, the tidal 
and wave activity is extremely low (Amos and Collins, 1991). 

5.3. Sources of sediment and organic carbon 

Recent terrigenous sediment and Corg input to the western Canadian shelf is almost 
absent. Almost all the material supplied by rivers is deposited in the fjords, bays and 
straits (especially the Strait of Georgia) before it can reach the shelf (Bornhold and 
Barrie, 1991; Macdonald and Pedersen, 1991). The surface sediments of the northwestern 
Canadian shelf consist of glacial and glaciomarine deposits which have been (partly) 
reworked during the Holocene transgression (Barrie et al., 1991). The primary production 
on the western Canadian shelf is 150-200 g C·m·2 oyr· l 

• Organic carbon settling to the sea 
floor on the western Canadian shelf is marine in origin (MacDonald and Pedersen, 1991). 
The -eastern Canadian shelf is dominated by glacially derived material which is (partly) 
reworked into sand on sand banks and clays and silts in the basins. Most of the 
terrigenous sediments are trapped in fjords and coastal basins (Forbes et aI, 1991; Piper, 
1991). Winnowing of local sandy and silty deposits and ice rafting and iceberg scouring 
may act as a source for small areas with recent sedimentation (Buckley, 1991; Kelly and 
Belknap, 1991). Other sources of recent sediments on the eastern Canadian shelf are: 
coastal erosion, ice rafting, and iceberg scouring of Quaternary sediments (Piper, 1991). 
Organic matter off Nova Scotia is mainly marine in origin. Terrigenous Co.-g on the shelf 
off Nova Scotia is mainly supplied through the Gulf of St Lawrence. The primary 
production in the Gulf of Maine and on the Labrador shelf is 190-385 g C·m·2 ·yr·l 

(Pocklington et al., 1991). 
Almost all sediments on the Arctic Canadian shelf are relic deposits. Most of the 
sediments supplied by rivers are trapped in the fjords (Andrews et aL, 1991). The 
Beaufort shelf has a surface area which is only about 2% of the entire Canadian Arctic 
shelf (Macdonald and Thomas, 1991). The Beaufort shelf, north and northeast of 
MacKenzie Bay, is a muddy shelf. The thickest mud deposits are found near the 
MacKenzie river mouth. The sediment supply of the MacKenzie River to the Beaufort 
shelf is 1.25x108 tons ·yr· l

• This is mainly fine grained material. Other rivers supply 
1.5x106 tons·yr· l 

• Coastal erosion supplies 5.62x106 tons·yr·1 of mainly coarse grained 
material and 0.5-1.9x106 tons peat. Coastal erosion is responsible for more than 50% of 
the Corg deposited on the shelf (Hill et al., 1991; Macdonald and Thomas, 1991; Schell, 
1983). The detrital marine Co,g flux to the sea floor is 14 g C·m2 ·yr'l • This flux is 
concentrated in the 1-2 months long period of ice break up in the Arctic region (Mac
donald and Thomas, 1991). The primary production on the Beaufort shelf is 20 g 

C·m2 ·yr· 1 (Macdonald et al., 1987). 
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5.4. Sedimentary processes and sedimentation 

Storms dominate the sediment transport on the western Canadian shelf, resulting in 
erosion and northwesterly transport of the sediments (Crawford and Thomson, 1991). 
On the eastern Canadian shelf, (storm) waves and currents and iceberg scouring result in 
the resuspension, transport and redeposition of fine grained deposits (Buckley, 1991; 
Kelley and Belknap, 1991; Piper, 1991; Woodworth-Lynas et aI., 1991). 
On the Arctic shelf, during spring, a suspended sediment plume leaves the MacKenzie 
river mouth with a net transport direction to the east. Combined (storm) waves, coastal 
currents and ice-keel turbation result in resuspension of fine grained bottom sediments 
and coast parallel transport (Amos and Collins, 1991; Hill et aI., 1991; Macdonald and 
Pederson, 1991). 

Fig. 5. Map of the western Canadian shelf and slope showing simplified CO" transport pathways. Legend, see 
Fig. 1. 
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5.5. Sediment and organic carbon accumulation 

Hardly any recent terrigenous fine grained sediment is deposited on the western Canadian 

Fig. 6. Map of the eastern Canadian shelf showing simplified Cm , transport pathways. Legend, see Fig. 1. 
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continental shelf (Crawford and Thomas, 1991; Barrie et aI., 1991: Bornhold and Barrie, 
1991; Macdonald and Pedersen, 1991). Most of the primary produced organic matter in 
this area is mineralized or exported over the shelf edge (Fig. 5) (MacDonald and 
Pedersen, 1991). On large parts of the eastern Canadian continental shelf there is no net 
sedimentation today (Piper, 1991) and thus Corg burial (Fig. 6). The total annual sediment 
accumulation on the Beaufort shelf (Fig. 7) is of the order of 46-55x106 tons'yr- I (Hill et 
ai, 1991). No significant accumulation occurs on the remainder of thc Arctic shelf. 

Fig. 7. Map of the arctic Canadian shelf showing simplified C,,,g transport pathways and main CO,g accumulation 
areas. Legend, see Fig. 1. 
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6. Bering and Chukchi shelves 

6.1. Morphology 

The Bering and Chukchi shelves are located south and north of Bering Strait respective
ly, between Siberia and Alaska. The average water depth of both shelf seas is less than 
50 m. The shelf break is located at 100-200 m water depth. The Bering Strait is about 85 
km wide and less than 50 m deep. The maximum width of the Bering and Chukchi shelf 
is about 500 and 1000 km respectively. 

6.2. Hydrology 

The Bering and Chukchi Seas are ice covered from November to May (GrebmeieJ; 1993; 
Walsh et aI., 1989). During the ice free period, three major currents develop in the 
Bering Sea. The Anadyr Current which originates from the Bering Slope Current, flows 
from south to north along the Siberian coast. The Bering Shelf Current flows from the 
Bering shelf trough the Anadyr Strait and the Bering Strait to the north into the Chukchi 
Sea. Finally the Alaska Coastal Current flows from the south along the Alaskan Coast 
through the Bering Strait into the Chukchi Sea (Grebmeie:t; 1993). Together with the 
Anadyr Current nutrients enter the Bering shelf (Springer and McRoy, 1993). The Yukon 
River dischayges freshwater into the Bering Sea. This results in a clearly lower salinity 
of the Alaskan Coastal Current compared to the rest of the Bering shelf waters (Walsh et 
aI., 1989). On the Chukchi shelf the Siberian Coastal Current flows from the northwest 
to the southeast along the Siberian coast. The tidal range in both shelf seas is less than 
10 cm (Grebmeier and McRoy, 1989; Kowalik and Matthews, 1982). 

6.3. Sources of sediment and organic carbon 

Primary production on the Bering and Chukchi shelves ranges from 14 to 1750 g 
COrg·m2·yr·1 (Walsh et aI., 1989; Shuert and Walsh, 1993). Primary production on the 
Bering Shelf ranges from 50 to 300 g COrg·m2·yr·1 (Walsh and McRoy, 1986; Grebmeier 
and McRoy, 1989; Walsh et aI., 1989). There is a considerable input of terrigenous 
organic matter from the Yukon River into the Bering Sea which is transported north
wards resulting in relatively low terrigenous Corg concentrations in the southern Bering 
Sea and high concentrations in the northern Bering and Chukchi Seas (Walsh et aI., 
1989; Henriksen et aI., 1993). Bering shelf sea floor sediments are coarser grained than 
on the Chukchi shelf sediments. Sediments underlying the Anadyr Water on the northern 
Bering shelf are extremely sandy (>90% sand). On the southern Bering shelf sea floor 
sediments consist for 60% out of sand and 40% silt and clay Sediments underlying the 
Alaska Coastal Current consist of mixtures of silt and clay or sand and gravel. Silt and 
clay percentages on the Chukchi shelf sea floor are much higher, around 50% in the 
south to more than 80% in the north (Banahan and Goering, 1986; Shuert and Walsh, 
1993; Henriksen et aI., 1993; Walsh et a!., 1989). 
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Fig. 8. Map of the Bering and Chukchi shelves showing simplified Co,. transport pathways and main Co,. 
accumulation areas. Legend, see Fig. I. 

6.4. Sedimentary processes and sedimentation 

Sedimentation of high quality organic matter occurs below the highly productive Bering 
Shelf-Anadyr water, while low quality organic matter is deposited below the less 
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productive Alaska Coastal water (GrebmeieI; 1993). Grebmeier et a1. (1989) found a 
high positive correlation between the Corg concentration and the percentage of silt and 
clay in the sediments. In summer mineralization results from macrofaunal activity. In 
wintel; when oxygen levels are low, mineralization largely occurs by sulphate reducing 
bacteria (Walsh et a1., 1989). Increased fluxes of organic matter to the sea floor do not 
necessarily result in increased burial rates of Corg. In areas with high bottomwards 
organic matter fluxes, the oxygen consumption and therefore the organic matter 
mineralization, is also high (Grebmeier and McRoy, 1989). In the southeastern Bering 
Sea middle shelf all of the primary produced organic matter is consumed. On the outer 
shelf 48% is exported over the shelf edge (Walsh and McRoy, 1986). There is also a 
transport of detrital Corg from the southern Bering sea to the northern Bering sea and 
from the latter into the Chukchi Sea and further into the Arctic Sea. The amount of 
transport however is not exactly known (Henriksen et al., 1993; Walsh et aI., 1989). 

6.5. Sediment and organic carbon accumulation 

The differences in grain size distribution over the shelf are reflected in the Corg concen
trations of the surface sediments. Coarse grained Bering Sea sediments show low Corg 
concentrations of 0.5% or less, high Corg concentrations of 1-2% are found in the fine 
grained Chukchi Sea sediments (Shuert and Walsh, 1993; Henriksen et aI., 1993; Walsh 
et a1., 1989). An exception to this pattern is formed by the coarse grained sediments in 
front of the Yukon river mouth. The high Corg concentrations of 5% in these sediments 
result from the high input of refractory terrigenous organic matter (Walsh and McRoy, 
1986; Walsh et aI., 1989; Henriksen et aI., 1993; Naidu et aI., 1993). High primary 
production in the Bering Shelf-Anadyr water and low primary production in the Alaska 
Coastal water also contribute to the differences in types of organic matter found in the 
shelf sediments (GrebmeieJ; 1993). The amount of Corg that is preserved in the sediments 
equals about 1% of the primary production (Fig. 8) (Shuert and Walsh, 1993). 

7. Amazon shelf 

7.1. Morphology 

The Amazon continental shelf is taken as that part of the South American continental 
shelf that is located between the Para Estuary in the south (± lOS) and French Guiana in 
the north (± 50 N). The shelf break starts at a water depth of about 100 m. The shelf has 
a width of 120 km in the north to 300 km at the river mouth (Nittrouer and DeMasteI; 
1986). The shelf sediments off the Amazon River mouth are deposited in a prograding 
subaqueous delta. Active asymmetric, offshore facing, megaripples, active sand waves 
and shoals and relic estuarine shelf sand shoals are present on the delta, the outer shelf, 
in front of and just north of the Amazon river mouth (Adams et aI., 1986; Nittrouer and 
DeMastcJ; 1986; Nittrouer et a1., 1986a). 
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7.2. Hydrology 

The oceanography on the Amazon shelf is dominated by the enormous discharge of 
5.7xlO12 m3 'yr'l of the Amazon river, which is 20% of the total world fresh water 
discharge (Oltman, 1968). The North Brazilian Coastal Current (NBCC) moves over the 
Amazon shelf from south to north and moves eastward between 4° and 8° north 
(Cochrane, 1963; Metcalf and StalcUp, 1967; Metcalf, 1968). Strongest tidal currents are 
measured near the coast and the Amazon river mouth (Gibbs, 1982; Geyer et aI., 1996). 
As a result of the large discharge of the Amazon River an estuarine circulation develops 
on the shelf which results in a 5 to 10m thick surface low salinity plume which extends 
upto 200 km out on the shelf (Gibbs, 1970; Geyer et aI., 1996). The low salinity water is 
transported in a northwesterly direction with the NBCC and moves along the coast as the 
Guiana Current (Ryther et aI., 1967; Neumann, 1969; Gibbs, 1970; Milliman et aI., 
1975). Fluctuations in this general flow pattern result from fluctuations in river dis
charge, wind direction, wind strength etc. (Curtin, 1986; Geyer et a1., 1996). On the shelf 
a frontal zone develops between the mixed near shore water and the oceanic water mass 
which is of major importance to the distribution of the sediments on the shelf (Geyer et 
aI., 1996). 

7.3. Sources of sediment and organic carbon 

Silt and clay dominate the seafloor 1andwards of the 60 m depth contour, while relic 
sands form the dominant type of sediment seaward of this line (Gibbs, 1973; Barreto et 
aI., 1975; Nittrouer et aI., 1983; Nittrouer and DeMasteJ; 1986). The mud deposits 
around 4° N are also relic deposits (Alexander et a1., 1986). The Amazon River 
discharges an amount of 11-13xl08 tons of sediment per year (80-95% silt and clay) in 
the coastal waters of the Amazon continental shelf. Of this sediment load 80% originates 
from the Andes (Gibbs, 1967; Nittrouer and DeMasteJ; 1986). The total Corg discharge by 
the Amazon amounts 50x106 tons'yr'] (Richey et aI., 1980). The dense suspension cloud 
introduced onto the shelf by the Amazon river inhibits primary production on large parts 
of the inner shelf. This results in isotopicallight (terrigenous) Corg in this area. Seaward 
of the 30-40 m depth contour and north of 4° N primary production occurs, resulting in 
isotopically heavy (marine) Corg in these areas. The primary production on the shelf 
ranges from 290 to 950 g Corg'm'2'yr,1 resulting in l50xl06 tons COrg'yr,1 (Teixura and 
Tundis, 1967; DeMaster et aI., 1996). 

7.4. Sedimentary processes and sedimentation 

Suspended sediments from the Amazon river flocculate and settle as soon as they come 
in contact with the saline shelf water (Gibbs and Konwar, 1986). As a result of the 
estuarine circulation and the NBCC, sediments on the Amazon continental shelf are 
transported along the coast in a northwesterly direction as suspended load and in mud 
banks landwards of the 10m depth contour. The muds are transported as far as the 
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Fig. 9. Map of the Amazon shelf showing simplified CO," transport pathways and main Cm • accumulation areas. 
Legend, see Fig. 1. 

Orinoco delta, the Venezuelan shelf and the eastern Caribbean (Reyne, 1961; van Andel, 
1967; Wells and Coleman, 1978; Milliman et aI., 1982; Bowles and Fleischet; 1985; 
Nittrouer and DeMasteJ; 1986: Nittrouer et aI., 1986b). The combination of the strong 
tidal activity, the high fluvial discharge and the estuarine circulation on the shelf results 
in the erosion and rapid redeposition of mud deposits and the formation of extensive 
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fluid mud layers which dominate the transport and distribution of mud on the Amazon 
continental shelf (Nittrouer et aI., 1986b; Kineke and Sternberg, 1995; Kineke et aI., 
1996; Kuehl et aI., 1996; Nittrouer and DeMastet; 1996; Sternberg et aI., 1996). The 
intense physical reworking of the shelf sediments by waves and tidal currents results in 
the resuspension of 3.4xlOlo tons·yr-!. This means that on a yearly basis the entire shelf 
is mixed down to 35 cm depth (Moore et aI., 1996; Sternberg et aI., 1996). More than 
90% of the marine organic matter is recycled within the water column (Aller et aI., 
1996). 

7.5. Sediment and organic carbon accumulation 

The net sedimentation rate on the Amazon shelf varies from zero to a maximum of 10
25 cm·yr-] (Nittrouer et aI., 1986b; Kuehl et aI., 1986). The total sediment accumulation 
on the shelf (Fig. 9) is 40-80x107 tons·yr-! (Kuehl et aI., 1986), while 30-90x107 tons·yr l 

is transported northwards (Nittrouer et aI., 1986b). The average Corg concentration of 
Amazon continental shelf muds is 0.66 % (Showers and Angle, 1986). The total Corg 
accumulation on the Amazon shelf is 4.5x106 tons·yr-1

. Of this amount 3.1x106 tons or 
70% is of terrigenous origin (Showers and Angle, 1986). This means that 6% of the Corg 
supplied by the Amazon river is preserved in the shelf sediments (Showers and Angle, 
1986) and 2-2.5% of the combined primary production and river input. 

Discussion 

Organic carbon preservation, controlling factors 

The role of oxygen as one of the controlling factors in the preservation of organic matter 
still is a subject of intense debate (Bernet; 1995; Hedges and Keil, 1995a, b; Hemichs, 
1995; Mayer, 1995; Pedersen, 1995). However, the results of the North Sea cores study 
(de Haas, in prep.), from the Californian Continental Borderland Basins (Jahnke, 1990) 
and from the Middle Atlantic Bight (Anderson et aI., 1994; Biscaye et aI., 1994) suggest 
that there is no direct relationship between the oxygen concentration in the water column 
and bottom waters and the preservation of Corg. 
This also rules out the role of the sedimentation rate as a factor in the total amount of 
organic matter that is finally mineralized (Hedges and Keil, 1995a). The general idea 
behind the influence of the sedimentation rate on the preservation is that a high sedimen
tation rate would remove the organic matter from the oxygenated zone relatively quickly, 
thus preventing it from further degradation. Howevet; sulphate reduction and other 
anoxic processes would take over the process of degrading the organic matter, be it at a 
possibly slower rate. By removing the organic matter from the oxygenated zone 
relatively quickly, a high sedimentation rate could influence the rate of degradation of 
the organic mattet; but this does not seem to have any influence on the amount of Corg 
that is finally preserved, as is also suggested by the work of Cowie et a1. (1995), 

provided that sufficient time is available (Middelburg et aI., 1993). Degradation of 
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organic matter would of course stop if no sulphate, nitrate or other oxidants are avail
able. This however is not only related to the concentration of these compounds in the 
overlying bottom wateJ; but also of the permeability of the sediments, burrowing activity 
of bottom animals etc. This makes it impossible to link bottom and sediment pore water 
oxygen concentrations and organic matter degradation and preservation directly. 
The grain size of the sediments is widely accepted as an important factor that influences 
the preservation of organic matter in sediments. In general a strong positive correlation is 
found between the Corg concentration and the fraction of clay- and silt-sized sediments 
(see the descriptions of the various shelf areas above). From Keil et a1. (1994) and 
Mayer (1994), it follows that not the grain size itself, but the sorption of organic matter 
to the surface of the individual grains, so the specific surface area of the sediments, and 
the possible sheltering of organic matter in small pores in the sediment particles could be 
the grain size related controlling factor in the preservation of organic mattel: Ransom et 
a1. (1997) however found that organic matter is mainly attached to clay minerals and the 
sheltering of organic matter in grain surface cracks does not seem to be that important. 
They also found that the organic matter is not evenly distributed over the grain surface, 
but is concentrated in patches, thus enervating the hypothesis that organic matter is 
preserved in a monolayer enveloping the individual sediment particles. However the Corg 

contents of the sediments as a function of the clay fraction and expressed as the Corg 

density gives a good indication of the amount of organic matter present in the sediments 
and is a useful tool for comparing the Corg contents of sediments originating from 
different areas (de Haas, in prep.). So, if the preservation of organic matter is a function 
of the specific surface area (and especially of clay particles), then an increase in 
sediment supply (so an increase in the total amount of grain surface area, not necessarily 
in specific surface area) would result in an increase in the fraction of organic matter that 
is preserved in the sediments without any concomittant changes in primary production, 
bottom- and pore water chemistry or whatsoever This is supported by the results of 
Jahnke (1990) from the Californian Continental Borderland Basins and those of 
Anderson et a!. (1994) and Biscaye et a1. (1994) from the Middle Atlantic Bight. If this 
is correct, than calculating the paleoproductivity by the Muller and Suess (1979) formula 
(1), 

c xp x(1-<t»R- org s (1) 
0.0030xS 030 

with:R = paleoproductivity 
Corg = organic carbon concentration of the sediment 
Ps = dry bulk density of the sediment 
<1> = porosity of the sediment 
S = sedimentation rate 

as was t:311it;u uut for the Skugerrak by MpyenhllTE and Liebezeit (1993), does not 
necessarily result in a correct estimated value for the paleoproductivity. 
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An extra supply of sediments having the same specific surface area as the sediments that 
were supplied before this increase (so an increased sedimentation rate) would not result 
in an increase in the Corg concentration, since this is a function of the specific surface 
area, and that did not change. However according to this formula the paleoproductivity 
would have decreased. An increased productivity, on the other hand, does not necessarily 
result in an increased Corg burial as is shown by Grebmeier and McRoy (1989) for the 
Bering shelf. It thus appears difficult to impossible to estimate the paleoproductivity 
from the amount of Corg that is preserved in the sediments. 
Not only the processes that act on the organic matter in the marine environment, but also 
the character and composition of the organic matter itself plays a role in the preservation 
of Corg. Not all types of organic compounds are completely degradable in the marine 
environment. Different types of organic matter thus have a different preservation 
potential (Tegelaar et aI., 1989). This is also demonstrated in the above discussed 
examples from the North Sea and the Bering Shelf where the input of larger amounts of 
terrigenous organic matter result in higher sedimentary Corg densities and Corg concentra
tions. 

Organic matter preservation: short and long term time scales 

From the detailed description of the recent processes on the various shelves it becomes 
clear that on all of these shelves the same general processes are active. Most of the 
coarse grained sediments (sands, gravels) on the shelves are relic deposits. On all shelves 
included in this study, the organic matter in the sediments is mainly attached to the fine 
grained fraction of the sediments. 
On all shelves most of the primary produced organic matter (>95%) is reworked by 
biological and chemical processes in the water column and in the upper few centimetres 
to decimetres of the sediment column. This is also the fate of most of the terrigenous 
organic matter supplied to the shelves, in case it is supplied at all and not trapped in 
fjords or other coastal topographic features (North Sea, Canada). Once the fine grained 
sediments containing the Corg reach the shelf a continuous process of erosion, transport 
and redeposition takes place under the influence of tidal and large scale shelf currents 
and storm induced waves and currents. After several of these cycles, during which the 
greater amount of organic matter is mineralized, the sediments containing the organic 
matter reach their final destination. 
Considering the preservation of Corg, the shelves discussed above can be divided into 
three groups. All three groups show intense mineralization (>95%) of the organic matter 
introduced onto the shelf. The first group does not show a significant preservation of Corg 
on the shelf, practically all recent organic matter is eroded and removed from the shelf 
(California, western Canada and the Middle Atlantic Bight). The second group of shelves 
shows a limited preservation of Corg as a result of local depressions on the shelf that act 
as local depocentres, or hydrological conditions that result in the catchment of fine 
grained organic matter laden particles on the shelf (North Sea, Bering-Chukchi seas, 
Washington and Arctic and eastern Canada). The Amazon shelf fonus a special case with 
a relatively high preservation (50% of the preserved amount) of organic matter on the 
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shelf as a result of the exceptional high outflow of fresh Amazon water resulting in an 
estuarine circulation on the shelf which in tum prevents the escape of fine grained 
material to the open ocean. The amount of Corg that is preserved on the Amazon shelf 
equals however only 2-2.5% of the total amount that was originally introduced onto the 
shelf. 
So, in general, less than 5% of the amount of organic carbon that is introduced onto the 
shelf finally, is preserved in marine sediments. Of this amount 0-10% is preserved on the 
shelf, the remainder is preserved in submarine canyons, on the slopes and on the abyssal 
plain. One exception is the Amazon shelf, where also more than 95% of the COrg 

introduced onto the shelf is reworked, but about half of the preserved amount is buried 
on the Amazon shelf itself. 
From the above it is concluded that under recent conditions the North Sea plateau, and 
most of the other shelf seas, are only minor sinks for Corg compared to the amount that is 
stored on the continental slopes and on the abyssal plains. This supports the opinion of 
Walsh et al. (1981), Walsh (1991) and Walsh et al. (1991), who state that most of the 
Corg that is produced in shelf seas is mineralized in the water column and in the bottom 
sediments. The greater part of the Corg that is finally preserved is transported over the 
shelf edge and deposited on the continental slopes or further oceanward. Attached to and 
burried in the continental slope and deeper ocean sediments the carbon is withdrawn 
from the global carbon cycle for a very long time, even on geological time scales. Under 
recent sedimentary and oceanographic conditions shelf sediments only playa very limited 
role in the preservation and withdrawal of Corg from the global carbon cycle. 

During glacial periods the build up of ice sheets results in a world wide lowering of sea 
level and the presence of (partly) emerged shelves. This would result in the erosion of 
(parts of the) shelf deposits containing organic matter which were (possibly) formed 
during the previous high stand. Rivers and glaciers transport the sediments oceanward, 
where they accumulate in canyons, on continental slopes and on the submarine fans. 
These processes are well described for the North Sea (King et al., 1996), the Amazon 
Cone (Damuth, 1970; Damuth and Kumar, 1975) and the Washington shelf (Barnard, 
1978). All three slope and fan areas show high accumulation rates of terrigenous 
sediments during glacials. During interglacials (hemi)pelagic sedimentation dominates the 
sedimentary processes. Gravity controlled mass transport (slumps, slides, turbidity 
currents) results in the even further oceanward transport of sediments on the fans, slopes 
and canyons. The lowering of sea level and the processes active on the emerged shelves 
during glacial periods reduce the role of shelves as sinks for Corg even further than it is 
under the present day conditions. 

Conclusions 

The preservation of C org on present day shelves is mainly a function of three factors. The 
first factor is the clay content of the sediments. Organic matter is selectively preserved 
on clay particles. Directly linked to this is the second factor, the accumulation rate. The 
more sediment deposited, the more clay surface area is available to adsorb organic 
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matter, and thus the more C org is preserved. The third factor is the type of organic 
matter Not all types of organic matter are degraded in the same way under comparable 
conditions. This factor can be described as the preservability of the organic matter 
In tenns of organic carbon preservation, the present day North Sea is an average shelf 
sea under a regime of relatively fast sea level rise. In an average present day shelf sea 
more than 95% of the organic matter introduced onto the shelf from marine and 
terrigenous sources is mineralized by biological and chemical processes in the water 
column and in the upper millimetres to decimetres of the sea floor sediments. Tide- and 
wind- induced currents and (storm) waves on the shelf result in cycles of erosion, 
transport and redeposition of the fine grained sediments containing the organic matter 
With time, most (>90%) of the fine grained sediments containing the majority of the Corg 

that is finally preserved will be transported over the shelf edge and deposited in canyons, 
on the continental slope, on deep sea fans, and on the abyssal plain. Less than 10% of 
the preserved C org is buried on the shelf. Only under exceptional conditions (Amazon 
high river outflow) the fraction of the preserved organic matter that is stored on the shelf 
will be larger. So under present day conditions shelves do not play an important role in 
the preservation of Corg. Periods with low sea level stands during glacials, result in the 
erosion of most of the fine grained shelf sediments, reducing the role of shelves in the 
preservation of Corg even more. 
The storage of Corg in recent shelf systems as a reduction mechanism on the greenhouse 
effect by removing carbon from the global carbon cycle, is neglectable compared to the 
large amount of Corg that is stored in continental slope and abyssal plain sediments. 
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DANKWOORD
 

Een ieder die bij het denken aan het produceren van een proefschrift het beeld voor ogen 
heeft van een jaren eenzaam ploeterende, $Oms in een lange witte jas gehulde en in een 
laboratorium teruggetrokken, dan weer in een hokje achter een computer zittende, achter 
stapels papier verborgen zijnde medemens, moet ik bij deze teleurstellen. Dat van die 
lange witte jas, en vooral die eenzaamheid zijn niet waat Bij het tot stand komen van 
het voor u liggende boekwerkje heb ik gelukkig de hulp van vele mensen gehad. 
Tjeerd van Weering, bijvoorbeeld. Hij heeft mij op dit project aangenomen en is de 
afgelopen jaren mijn begeleider in dit werk geweest. Met het tot stand komen van dit 
proefschrift lijkt mij voldoende aangetoond dat hij zijn werk als begeleider goed gedaan 
heeft. Hij heeft de afgelopen jaren zijn best gedaan om van mij een normale marien 
geoloog te maken, iemand die dus ook normaal koffie drinkt. Dat ik na meer dan vier 
jaar niet aflatende pogingen zijnerzijds koffie nog steeds niet te drinken vind mag de 
lezer Tjeerd niet kwalijk nemen. Ik zat in mijn hokje ook niet eenzaam achter mijn 
computet Die heb ik de afgelopen paar jaar gedeeld met Henko de Stigter, net als vele 
liters thee, koekjes en andere etenswaren. Renko denkt dat ik veel tijd verknoeid heb met 
het oplossen van zijn computerproblemen (zie dankwoord proefschrift Renko). Dat is 
niet waar, want door ze eerst voor hem op te lossen had ik ze later niet mee}; 
Ook in het lab was ik niet aIleen. Rikus Kloosterhuis heeft vele malen zijn machinerie 
laten draaien om de organisehe koolstof analyses uit te voeren. Wim Boer, Ellen Okkels 
en Rineke Gieles hebben het gros van de 210Pb analyses uitgevoerd. De korrelgroottes 
van vele sedimentmonsters zijn door Marjan Reith en Ellen Okkels gemeten op appara
tuur van de Universiteit Utrecht. Jasper van Heemst, Marianne Baas en Marlene Dekker 
hebben mij ingewijd en geassisteerd in de wondere wereld der Curiepunt pyrolyse
gascbromatografie/massaspectrometrie. 
Al dit werk had natuurlijk niet gedaan kunnen worden zonder dat er eerst de nodige 
kemen uit de Noordzee gehaald werden. Het volledige Pelagia team zorgde er, in 
wisselende samenstelling maar met constante inzet onder leiding van Arie Souwer en 
Hans Groot, voor dat we daar kwamen waar ik yond dat we zijn moesten en dat aIle 
apparatuur aan board werkte zoals het moest. Dit in samenwerking met de mannen van 
de Dienst Zeetechniek die het box-, piston en vibrocore proces onder hun hoede namen 
en er voor zorgden dat aan boord beschadigde en ter plekke onherstelbare apparatuur op 
Texel weer gemaakt werd, zodat het de volgende tocht weer mee kon. Jan Derksen, 
Ruud Groenewegen en Bob Koster zorgden aan boord voor de CTD en waren vraagbaak 
als de Chirp weer eens niet deed wat er van verwacht werd. Rand- en spandiensten aan 
dek werden uitgevoerd door de $Oms vlak voor een vaartocht nog opgetrommelde 
vrijwilligers, Yvo Kok, Erszebet Thomasse, Gerard Wijnsma, Natalie Thomasse, BIke 
Groenewold, Birgit Kracht, Jacco Blenk, Martijn Boersma, Pieter Lodder en Henry van 
Nieuwenhoven. Mede VvA-genoten Hans de Heyen Arjen Boon hielpen niet aIleen mee 
tijdens de vaartochten en leenden mij hun vrijwilligers uit, maar brachten mij al doende 
ook de nodige biologische en chemisehe kennis bij. 
Doeke Eisma was zo vriendelijk om onmiddellijk ja te zeggen op het verzoek om als 
mijn promotor op te treden. Evenzo Yond Ton Kuijpers het geen probleem om plaats te 
nemen in mijn begeleidingscommissie. De leescommissie bestond uit Wim van Raap
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horst, Jan de Leeuw, Johan Meulenkamp, Poppe de Boer en Bernard de Jong. 
Verder is er nog een grate groep mensen die waarschijnlijk geheel onbewust aan het 
voltooien van dit proefschrift hebben meegewerkt. Ik bedoel mijn mede MCGers die 
door hun losse opmerkingen en al dan niet gevraagde adviezen er voor zorgden dat ik zo 
nu dan op bruikbare ideeen kwam. Bovendien zorgden de gezamenlijke grote en minder 
grote sociale evenementen er voor dat het werken op het NIOZ niet aIleen leuk was 
vanwege het onderzoek op zich. Gjalt Steenhuizen en Taos van Borkulo zorgden voor 
een aangename Potvistijd. Het voeren van een flexibele huishouding samen met Stefan 
Groenewold bleek zeer goed te combineren met flexibele werktijden. 
Zander geld geen onderzoek. Ik werd de afgelopen vier jaar gefinancierd door het NWO 
uit het project Verstoring van Aardsystemen. Enke1e reizen naar buitenlandse bestemmin
gen werden mogelijk gemaakt door de Europese Unie, vanuit het ENAM project. 
Natuurlijk vergeet ik Cindy van Damme niet. Haar wil ik niet alleen bedanken voor de 
hulp aan board tijdens cen van de vaartochten, maar vooral ook vaor alles dat niets met 
dit proefschrift te maken had. 
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