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Abstract

The preservation of Coe in various shelf seas from different geological, hydrological and climatological settings is
compared. Most of these shelves have been studied extensively over the last two to three decades, often within the
framework of large (inter)national research projects. Various factors (physical oceanography, chemical conditions,
sedimentation rates) that could influence the preservation of C,, are discussed. Not only recent conditions, but also
longer time scale fluctuations (glacials versus inter-glacials, sea level variations) are dealt with. Most (>95%) of the
Cor, introduced onto shelves by primary production and imported from the oceans and continents is mineralized in the
water column and sediments. It appears that the role of shelves as sinks for C, is sometimes overestimated. Large
areas of the continental shelves do not show any accumulation of organic matter under present day conditions. Only
locally, where hydrological and sedimentological conditions are favourable for organic matter accumulation
considerable amounts of C,, are buried. On longer time scales the role of shelves as sinks for Co is limited,
even more than under recent conditions. Continental slopes, canyons and deep-sea fans are thought to be the main
sinks for Core. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction problems arising from an increased greenhouse

effect (climatic change, melting ice caps, rising sea

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 (CO,) in the atmosphere increased con-
siderably. This gas is known as an important
contributor to the natural greenhouse effect. In
order to better understand the possible future
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level) it is essential to increase our understanding
of the global carbon cycle.

Long-term burial of organic matter has been a
key process in the formation and maintenance of
an oxygen rich atmosphere (Holland, 1984,
Berner, 2001), be it as burial of terrestrial plants
in fresh water swamps leading to extensive coal
formation (Berner and Raiswell, 1983; Holland,
1987; Berner, 1987) or the deposition of organic
matter in marine deposits (Berner and Raiswell,
1983; Holland, 1987). Since the CO, concentration
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in the atmosphere tends to be in equilibrium with
the CO, concentration in the world oceans, an
increase in atmospheric CO, will lead to an
increase in the CO, concentration in the oceans.
Two processes are known that play an important
role in the carbon cycle in the world oceans: the
formation of calcium carbonate skeletons by
various types of organisms (corals, foraminifera,
cocolithophorids) forming extensive limestone
deposits, see for a discussion Wollast (1998), and
the formation of organic matter by mainly algae
during the process of photosynthesis. Carbon in
CO, is thus changed into organic carbon (Co).
The algae are a food source for various pelagic
animals and the organic matter building up the
algal cells is (partly) mineralized (converted into
CO5,). The organic matter in the dead algal cells
and faecal pellets is either reused in the water
column by other organisms (and thus mineralized)
or settles to the sea floor. Most of the organic
matter that reaches the sea floor is mineralized by
benthic organisms. A part of the organic matter
however escapes mineralization and is buried in
the sediments. In this way a part of the Cyy is
withdrawn from the active global carbon cycle for
a longer period of time (hundreds, thousands,
millions of years). Early attempts to model the
carbon cycle in the world oceans and seas were
performed by Berner (1982) and Berner et al.
(1983).

The preservation of organic matter in marine
sediments has varied strongly on geological time
scales. Plate tectonics (affecting oceanography),
(variations in) local basin morphology, long term
eustatic sea level and climatic variations are likely
to influence the variations in the amount of
organic matter that is stored in sedimentary basins
(van Buchum et al., 1995). In the following work
the transport and preservation of Cy, in shelf seas
under present day, interglacial, conditions is
studied.

Shelves are defined, in a geological sense, as
(now) submerged parts of the continents forming
usually shallow (<200m water depth) seas along
the continents. The well-ventilated shelf seas as
known to us today are the product of the post-
glacial sea level rise. The surface deposits are in
many cases relict sediments which are the product

of a sea level low stand and are completely
different from, for instance, the fine grained
Jurassic sediments deposited on less well-venti-
lated shelf seas discussed by van Buchum et al.
(19995).

The Mesozoic organic matter rich sediments
that later acted as source rocks for the extensive oil
accumulations in for instance the North Sea and
the Middle East were deposited in shallow
epicontinental seas. These resulted from totally
different geological settings (high sea level result-
ing from fast seafloor spreading) and hydrological
(limited circulation and stratification) and marine
chemical conditions (locally low oxygen content)
(Brown, 1990; Fleet and Brooks, 1987; Gallois,
1976; Hallam, 1987; Stoneley, 1987; Tyson et al.,
1979; van Kaam-Peters, 1997; Zimmerman et al.,
1987).

Although present day shelf seas make up <8%
of the total ocean surface area, about one-fifth to
one-third, or 8.3 x 10° ton Corg yrfl, of the global
marine primary production takes place in these
coastal seas (Wollast, 1991). Shelves therefore are
potentially important sinks for large amounts of
Corg. In literature however, there is some disagree-
ment about this. Hedges and Keil (1995) state that
continental shelf deposits alone are responsible for
the storage of about 45% of the preserved Corg. If
deltas are included, then in the order of 90% of the
Corg preserved in the marine environment would
be stored on the shelves. Others (Walsh et al.,
1981; Walsh, 1991; Walsh et al., 1991) state that
large amounts of Co are recycled on the shelves
and that of the small fraction of the Cyy
introduced to the shelves 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 Coy cycles and
sediment transport processes on individual shelf
and slope areas have been and are the subject of
several large past and present research programs
(SEEP, PROBES, ISHTAR, AMASSEDS,
OMEX, ENAM, KEEP).

In order to better understand the role of the
present day shelves in the preservation of Cyg and
compare the preservation conditions and processes
influencing Cory On various shelves and thus to
acquire a better insight in the role of the shelves in
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the global carbon cycle, a literature study on the
transport and deposition of organic matter on
various shelves was carried out. Data on recent
processes related to transport and burial of
organic matter on several well-documented shelves
of different geological (active and passive mar-
gins), hydrological (different scale shelf currents,
differences in fresh water input) and climatological
(tropical, temperate, arctic, strong and weak storm
activity) conditions are compared, to allow a
better appreciation and assesment of the preserva-
tion and burial of Cy in shelf sediments.

2. Description of shelf areas
2.1. North Sea

2.1.1. Morphology and oceanography

The North Sea is an epicontinental sea with a
total surface area of 575,000 km? 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 200m water depth. Maximum
water depth in the southern North Sea is 40—50 m.
Small depressions in the central and northern
North Sea are in the order of 40-300m deep. In
the central North Sea a large shoal with a
minimum water depth of <20m is present.
Furthermore, areas with tidal sand ridges, sand
waves, tunnel valleys, iceberg grooves and other
(post) glacial relict 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 >400m deep.
In the south a sill is present, reducing water depth
to 280m. South and southeast of this sill, water
depth increases to >750m in the Skagerrak
(Holtedahl, 1940; Eisma et al., 1979).

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 effects, it results in an overall anti-
clockwise circulation that determines the major
features of the water properties as well as the
transport and deposition of sediments in the basin.
Norwegian Sea water enters the North Sea in the
north and moves south along the British coast. It
mixes with Atlantic Ocean water entering through
The Channel and Baltic Sea water entering
through the Kattegat. The main outflow is through
the Norwegian Channel. A simplified current
pattern is indicated in Figs.1 and 2. During
summer several fronts develop which play an
important role in the biological processes in the
North Sea and thus in the production of Co, (Otto
et al., 1990).

2.1.2. Sources of sediment and organic carbon
The deposits on the shelf are mainly reworked
glacial and fluvial sands and fine grained sedi-
ments. Erosion of these sediments may act as a
source for local sedimentation elsewhere in the
North Sea (Veenstra, 1965; Jansen et al., 1979;
Johnson and Elkins, 1979; Owen, 1981; Feyling-
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Fig. 1. Legend for Figs. 2—11.
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Fig. 2. Map of the North Sea showing simplified current
pattern, Corg transport pathways and main C,r, accumulation
areas on the plateau and in the inner shelf deeps. Legend, see
Fig. 1.

Hansen, 1982; Rise and Rokoengen, 1984; Long
et al., 1986; Eisma and Kalf, 1987; Long et al.,
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 (Eisma,
1981; Eisma et al., 1982; McManus and Prandle,
1997). Rivers supply 4.0 x 10°ton Corg yr!
(Brockmann et al., 1990).

Of the Cor, that is presently deposited in the
North Sea about 20% is of terrigenous origin, the
remainder is supplied by marine primary produc-
tion which equals on average in the order of
130gm?yr ! or in the order of 75 x 10°tonyr"
(Beckmann and Liebezeit, 1988; Skogen and
Moll, 2000)). A small amount is imported from
the Norwegian Sea (de Haas and van Weering,
1997).

2.1.3. Sedimentary processes and Corg
accumulation

Fine grained sediments supplied to the North
Sea are transported to the north along the Dutch,
German and Danish coast. Large amounts of these
fine grained sediments are subsequently deposited,
eroded, transported and redeposited by currents
and storm waves. On large parts of the North Sea
shelf net non-deposition or erosion prevails.
Permanent deposition of fine grained sediments
occurs only locally on the southern shelf. Most
of the fine grained sediments, containing
the majority of the organic matter, are finally
transported by the anti-clockwise residual cir-
culation 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 al.,
1979; Johnson and Elkins, 1979; Eisma, 1981;
Owen, 1981; van Weering, 1981; Feyling-Hansen,
1982; Cadée, 1984; Rise and Rokoengen, 1984;
Wassmann, 1985; Long et al., 1986; Eisma
and Kalf, 1987; Long et al., 1988; Wirth and
Wiesner, 1988; Jorgensen et al, 1990; Zuo
and Eisma, 1992; Anton et al., 1993; Meyenburg
and Liebezeit, 1993; van Weering et al., 1993,
Nedwell et al., 1994; de Haas et al., 1996; de Haas
and van Weering, 1997; de Haas et al., 1997; de
Haas, 1997).

The repeated erosion-transport-deposition cy-
cles result in a total Cor preservation of 0.1 x 10°
tonyr ' on the shelf and 1.0 x 10°tonyr~" in the
deep basins (Skagerrak and Norwegian Channel)
(de Haas, 1997; de Haas et al., 1997). Some C,,, is
exported to the Norwegian Sea, of which
0.1 x 10%ton is refractory Corg (de Haas and van
Weering, 1997; de Haas et al., 1997).

The suspended sediment budget modelled by
McManus and Prandle (1997) includes several tens
of percentages of organic matter (Ittekkot et al.,
1982; Beckmann and Liebezeit, 1988). This gives a
clear seasonal signal on the outcome of their
modelling 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
seafloor sediments (Kempe and Jennerjahn, 1988;
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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 amount of Cor, exported
into the Norwegian Sea equals a total of 2-3% of
the net primary production in the North Sea (de
Haas and van Weering, 1997; de Haas et al., 1997).

2.2. Celtic sea

2.2.1. Morphology and oceanography

The Celtic Sea is a low gradient shelf sea located
along the northeastern Atlantic margin, and
bordered by Ireland in the north, England and
Wales in the west and the most western point of
Brittany (France) in the southeast. It has a length
of 400km, and a maximum width of about
450 km. The total surface area is in the order of
130,000 km®. The inner shelf is almost featureless.
The mid- and outershelf are covered with large
tidal ridges oriented perpendicular to the shelf
edge. These ridges consist mainly of sand, with
minor amounts of silt and mud. They are in the
order of 60m high, 200km long and have a
spacing of 10-15km. From the Goban Spur
northwards, the continental slope is fairly gentle
with the Porcupine Bank being a lengthened and
lowered part of the shelf. In between these two
banks the Porcupine Sea Bight is situated,
characterized by a very gentle slope cut by
canyons. In the north the shelf edge is located at
a water depth of about 180 m, while in the south
the edge is at 150-160m depth. The southern
continental slope is much steeper than in the north
and characterized by numerous smaller and larger
canyons and relatively small plateaus (Kenyon
et al., 1978; Pantin and Evans, 1984).

From bedforms (Kenyon, 1986) and current
measurements (Pingree and Le Cann, 1989; White
and Bowyer, 1998) it is known that on the upper
slope a relatively strong poleward current is
present which increases northwards. At mid-
depths above the slope an upslope current is
present, near the bottom the current direction is
downslope (Pingree and Le Cann, 1989; White and
Bowyer, 1998). The residual near bottom currents
on the Celtic shelf, summarized from Kenyon
(1986), Pingree and Le Cann (1989, 1990) and
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Fig. 3. Map of the Celtic Sea showing simplified current
pattern and Cog transport pathways. No clear Cory depocentre
could be identified on the shelf and slope. Legend, see Fig. 1.

White and Bowyer (1998) are indicated in Fig. 3.
Seasonal wind fluctuations result in variable
directions and magnitudes of the surface currents.

2.2.2. Sources of sediment and organic carbon

The surface shelf sediments in the Celtic Sea
consists largely of reworked mobile sediments,
deposited during the Pleistocene and the Holocene
transgression, and of biogenic carbonate. These
sediments are mainly fine and coarse sandy and
gravelly, sometimes muddy (0-20% <63 pum)
(Belderson and Stride, 1966; McCave, 1971;
Bouysse et al., 1979; Pantin and Evans, 1984;
Heathershaw and Codd, 1986).

The primary production in the Celtic Sea is
102 g Corgm_zyr_1 (Joint et al., 1986). If the
dissolved organic matter is included (10-15g
Corg m 2yr ') then the total primary production
is in the order of 15 x 10°ton Corg yr~'. Primary
production on the Celtic slope is considerably
higher (162¢g Corgm_zyr_l) (Joint et al., 1998).
Not much is known about the amount of
sediments and C,, transported from the English
Channel and from land sources into the Celtic Sea
(Jones, 1974).



696 H. de Haas et al. | Continental Shelf Research 22 (2002) 691-717

2.2.3. Sedimentary processes and Corg
accumulation

On the Celtic shelf tidally and (storm-)wave
generated currents result in winnowing processes
which selectively erode and transport the sedi-
ments (Pantin and Evans, 1984; Heathershaw and
Codd, 1986). Internal tides and transport in
nepheloid layers result in the transport of fine
grained sediments and marine and terrigenous
organic matter from the outer shelf down the
continental slope (Dickson and McCave, 1986;
Heathershaw et al., 1987; Auffret et al., 1994; Hall
and McCave, 1998; Thomsen and van Weering,
1998; van Weering et al., 1998).

Almost the entire shelf is covered with (re-
worked) coarse grained Pleistocene and Early
Holocene sediments. Only in a small part (surface
area +7400km?) of the northeastern Celtic Sea
the wave and current activity is weak enough to
allow the permanent deposition of small amounts
of (Corg containing) fine grained (silty) sediments
(McCave, 1971). The preservation of Cy on the
Celtic Shelf therefore is limited and the majority of
the Co, that is introduced on the shelf and finally
preserved is buried on the continental slope rather
than on the shelf (Fig. 3). On the Celtic slope at
Goban Spur no well-defined Cor, depocentre can
be recognized (Lohse et al., 1998). Recent organic
matter accumulation is observed on various
locations along the margin. This organic matter
partly consists of fresh material, possibly produced
in the waters above the slope, and of refractory
organic compounds (Hall and McCave, 1998; de
Wilde et al., 1998; Lohse et al., 1998; van Weering
et al., 1998; NIOZ, unpublished data).

2.3. Middle Atlantic Bight

2.3.1. Morphology and oceanography

The Middle Atlantic Bight is located at the east
coast of the United States and extends 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.

The overall transport of water over the Middle
Atlantic Bight shelf is from northeast to south-
west. 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 and slope waters (Houghton et al., 1994).
Waves generated by winter storms result in well-
mixed shelf waters. During summer warming up of
the surface water results in a stratified shelf water
column (Biscaye et al., 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). The main
currents on the Middle Atlantic Bight shelf are
shown in Fig. 4.

2.3.2. Sources of sediment and organic carbon
The majority of the Middle Atlantic Bight shelf
sediments consist of early Holocene, partly fluvial,
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Fig. 4. Map of the Middle Atlantic Bight showing simplified
simplified current pattern, Cy transport pathways and main
Corg accumulation areas on the shelf and slope. Legend, see
Fig. 1.
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reworked fine and coarse grained deposits
(Walsh et al., 1985; Swift et al., 1972). Organic
matter in the Middle Atlantic Bight shelf sediments
is mainly old reworked marine material, and partly
of terrigenous origin (Anderson et al., 1988).

Primary production on the Middle Atlantic
Bight shelf varies in time and place and ranges
from 0.3 to 1.3g Cor m Zday”' (Walsh et al.,
1988; Marra et al., 1991; Wirick, 1994; Biscaye
and Anderson, 1994). The total primary pro-
duction on the Middle Atlantic Bight shelf region
is in the order of 250-300g Corgm_zyr_l or
7.5x 10" tonyr ' for the shelf between Labrador
and Cape Hatteras (Malone et al., 1983;
Rowe et al., 1986; Campbell and O’Reilly, 1989;
Falkowski et al., 1994).

2.3.3. Sedimentary processes and Corg
accumulation

Sediments and the Co, attached to the fine
grained material, undergo repetitive cycles of
deposition-bioturbation-resuspension and redepo-
sition on the shelf and are finally transported over
the shelf edge and into the canyon heads by waves
and currents. The sediments are then successively
transported downslope or further down into the
canyons. Most of the fine grained sediments are
deposited in the area influenced by relatively low
along slope current velocities at a depth of
400-1000m on the slope, together with the Cor
produced in the surface waters above. During the
transport and deposition cycles >80% of the
primary produced organic matter is mineralized.
The remainder is transported over the slope, and
partly further degraded there. (Biscaye et al.,
1988; Falkowski et al., 1988; Rowe et al., 1988;
Venkatesan et al., 1988; Walsh et al., 198S;
Anderson et al., 1994; Bacon et al., 1994; Biscaye
and Anderson, 1994; Biscaye et al., 1994; Falk-
owski et al., 1994; Kemp, 1994; Wirick, 1994).
Venkatesan et al. (1988) suggest that 40-50% of
the primary produced shelf material is exported
over the shelf edge. The percentage that is
exported is probably very low, since large amounts
(up to 80% or more) of the organic matter
introduced onto the shelf is mineralized in the
shelf sediments and in the water column (Falk-
owski 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).

There is hardly any net sediment and thus Cyr
accumulation on the Middle Atlantic Bight shelf.
Organic carbon present in the sediments is partly
old reworked material and concentrations are low
(<0.1%) (Anderson et al., 1988; Anderson et al.,
1994; Walsh, 1994). The total export of Cy, from
the shelf to the slope from Cape Hatteras to the
Labrador shelf area is 4.8 x 10°tonyr™' or about
6% of the primary produced C,, (Falkowski et al.,
1994). Most of the mineralization of organic
matter on the slope occurs in the water column
and in the upper few mm of the sediments (Rowe
et al., 1988; Anderson et al., 1994; Kemp, 1994).
Finally, a very small part of the Cory produced on
the shelf will eventually reach the abyssal plain
(Biscaye and Anderson, 1994).

2.4. Californian shelf

2.4.1. Morphology and oceanography

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

The general circulation in the area shows an
anti clockwise pattern with its centre offshore
Los Angeles. During the summer a southward
directed current develops at 300-500m water
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Fig. 5. Map of the Californian shelf area showing simplified
current pattern, Corg transport pathways and main Cop
accumulation areas in the Santa Monica and San Pedro Basins.
Legend, see Fig. 1.

depth on the slope. As a result of the topography,
many local variations in currents occur. The water
is stratified during most of the year, but during
winter and early spring strong upwelling occurs.
As a result of local variations in wind stress 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). A summary of the general circulation in the
area is shown in Fig. 5.

2.4.2. Sources of sediment and organic carbon

Sediments on the Californian shelf are
largely relict deposits. Sedimentation occurs in
the continental borderland basins (Fleisher,
1970; Schwalbach and Gorsline, 1985; Schwalbach
and Gorsline, 1990; Gorsline, 1992; Williams et al.,
1992). Local rivers supply 80% of the total
sediment input, including some terrigenous organ-
ic matter. Marine primary production supplies the
remaining carbonate, silica and marine organic
matter (Landry et al., 1992).

2.4.3. Sedimentary processes and Corg
accumulation

The coarse and fine grained sediments deposited
on the shelf by the rivers and on the banks and
ridges between the basins are transported towards
the canyon heads and are successively transported

over the slope and through the canyons onto the
basin floor, or onto submarine fans as turbidity
currents and by nepheloid plumes (Malouta et al.,
1981; Huh et al., 1990; Schwalbach and Gorsline,
1990; Gorsline, 1992). In the basins most of the
Corg 18 mineralized in the water column and the
upper 1-2cm of the sediment column (Jahnke,
1990; Craven and Jahnke, 1992; Landry et al.,
1992).

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. 5) (Malouta
et al.,, 1981; Huh et al., 1990; Jahnke, 1990;
Gorsline, 1992; Landry et al., 1992; Venkatesan
and Kaplan, 1992). Twenty-five percent of the
organic matter is supplied by terrigenous sources
(Williams et al., 1992).

2.5. Washington shelf

2.5.1. Morphology and oceanography

The Washington shelf is located at the northern
United States Pacific coast, is 25-60 km wide and
has a surface area of 12000 km?. 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. Small topographic features
(1020 m high hummocks and pinnacles, submar-
ine banks) are present on the relatively smooth
shelf. Older (Tertiary) rocks crop out locally on
the inner shelf (Kachel and Smith, 1989). The
lower part of the slope consists of a series of
continental borderland basins (Barnard, 1978).

During summer and spring southward currents
seaward of the shelf exist. A part of this water
mass turns northwards and moves over the Oregon
and Washington shelf in a northern direction.
During winter also on the shelf the current is to the
south. At depth the California Undercurrent
moves in a northwards direction over the con-
tinental slope (Hickey, 1989; Pierce et al., 2000).
The oceanography on the Washington shelf is
strongly influenced by the sun (warming up the
water column, primary production), wind (mixing,
water movement, upwelling) and rain (salinity
differences, especially near the river mouths).
Upwelling is caused by the southward component
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of the wind that is blowing from May to
September in the area. From October to April a
northly directed wind results in downwelling
(Landry et al., 1989). Storms in the area result in
strong wave action and bottom currents (Stern-
berg and McManus, 1972; Kachel and Smith,
1989). Local rivers discharge 18.7 x 10°m’ of
water per year. Highest discharge of these rivers
is in winter, the period of maximum precipitation.
The Columbia river discharge equals 228 x
10°m3yr~! with a discharge peak in June, the
period of maximum snow melt in the hinterland
(Landry et al., 1989). A simplified oceanography
of the shelf is shown in Fig. 6.

2.5.2. Sources of sediment and organic carbon

A large part of the Washington shelf is covered
with silty sediments supplied by the Columbia
River. Further sources of sediments are the smaller
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Fig. 6. Map of the Washington and Oregon shelf showing
simplified current pattern, Cor transport pathways and main
Corg accumulation areas on the shelf and in the canyons.
Legend, see Fig. 1.

rivers discharging on the Oregon and northern
Californian shelf, local coastal erosion (Venkatar-
athnam and McManus, 1973) and erosion of
outcrops of older (Tertiary) sediments on the shelf
(White, 1970). These sediments are partly trans-
ported northwards over the shelf. The recent
sediments form an elongated sediment body
running from the mouth of the Columbia River
to the Quinault Canyon (Gross et al., 1969;
McManus, 1972; Nittrouer et al., 1979; Karlin,
1980; Carpenter and Peterson, 1989; Kachel and
Smith, 1989). Further to the west the Washington
shelf (>150m water depth) is covered by relict
deposits (McManus, 1972; Venkatarathnam and
McManus, 1973; Kachel and Smith, 1989).

Primary production on the shelf shows a strong
seasonal fluctuation, from <500mg Co, m? day*1
in winter to >3000mgm?*day ' in summer. The
total primary production is in the order of
7.5 x 10°tonyr ! (Perry et al., 1989). The Colum-
bia River supplies ~0.6 x 10%ton of terrigenous
Corg yr~' 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 hinterland (Dahm et al., 1981; Prahl and
Carpenter, 1983; Prahl, 1984; Prahl, 1985; Prahl
and Pinto, 1987).

2.5.3. Sedimentary processes and Cyrg
accumulation

During summer Columbia River sediments are
directed to the southwest, seaward off the Oregon
shelf (Small et al., 1989). During winter part of the
particle load of the Columbia River and the
sediment imported from the Oregon and Califor-
nia shelf is deposited on the Washington shelf,
north of the river mouth (Karlin, 1980; Small et al.,
1989). Silty sediments form an elongated sedimen-
tary body with a SSE-NNW orientation, located
between the Columbia River mouth and the
Quinault Canyon, mainly seaward of the 90m
depth contour (Gross et al., 1969; Nittrouer et al.,
1979). Sandy material is deposited near-shore
along the Washington coast (McManus, 1972,
Smith et al., 1999). On the shelf the sediments
are transported as suspended and bed load.
Storms generate strong waves and currents which
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resuspend and transport large amounts of sedi-
ments from the shelf into the canyons and over the
shelf edge through intermediate and bottom
nepheloid layers. These sediments are deposited
on the slope and in the canyons (Duncan et al.,
1970; Smith and Hopkins, 1972; Baker, 1973;
Sternberg and Larsen, 1976; Nittrouer et al., 1977,
Karlin, 1980; Carpenter et al., 1981; Hickey et al.,
1986; Ridge and Carson, 1987; Hickey, 1989;
Kachel and Smith, 1989; Small et al., 1989).
Although most of the canyons are filled with
hemipelagic sediments, Quinault Canyon acts as a
temporary depocentre for sediments eroded from
the shelf. Every ~ 500 yr the canyon is flushed and
the sediments are transported down-canyon as
turbidity currents (Barnard, 1978).

Differences in zooplankton and the different
grazing activities near-shore and on the mid-shelf
result in differences in sinking of Co, rich faecal
debris and therefor differences in Cory transport
and deposition in different shelf areas (Landry
and Lorenzen, 1989). In the order of 25% of the
preserved Co, is of terrigenous origin (Gross et al.,
1969; Carpenter and Peterson, 1989). Based on
literature data a Co burial on the shelf and
combined on the slope and in the canyons of 0.4
and 0.2 x 10%tonyr !, respectively, can be esti-
mated.

The burial on the slope is most probably higher,
since not enough data of the Oregon slope is
available, where during summer Colorado River
sediments and Cor are transported to. Shelf and
slope/canyon burial rates are overestimated since
the calculations are mainly based on C,,, concen-
trations of surface sediments, which are higher
than the stable C,, values found deeper down
core.

2.6. Canadian shelves

2.6.1. Morphology and oceanography

The western Canadian shelf, with a surface
area of ~ 100,000 km?, is located along an active
continental margin. The shelf is narrow (10—
120 km wide) with an irregular topography, inter-
sected by deep glacial channels. By contrast, the
eastern Canadian shelf is located along a passive
continental margin, is much wider (200 km) and

has a much larger surface area (906,000 km?)
characterized by shelf banks, deeps and channels.
The shelf break of the eastern Canadian shelf is
located at 60m depth in the Gulf of Maine and
deepens to the north to 500 m near New Found-
land. The Arctic Canadian shelf can be divided
into two parts, the low relief coastal plain shelf and
the ice shelf, with a total surface area of
347,000 km?. The surface area of the Beaufort
Shelf in front of the MacKenzie River mouth is
60,000 km? (Amos and Collins, 1991; Grant et al.,
1991; Piper, 1991, MacDonald et al., 1998).

The main hydrological conditions of the wes-
tern, eastern and Arctic Canadian shelves are
indicated in Figs. 7-9, respectively. The western
Canadian shelf shows strong tidal currents. Dur-
ing autumn and winter the general flow is down-
wind and storm waves upto 8 m high are gener-
ated. During summer the flow over the shelf is
controlled by eddies (Amos and Collins, 1991;
Crawford and Thomson, 1991). Strong tidal
currents and many heavy storms resulting in
strong wave action also influence the eastern
Canadian shelf (Amos and Collins, 1991). De-
pending on the location, the eastern and Arctic
shelves are covered with sea ice up to a maximum
of 10 months per year. The main source of fresh
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Fig. 7. Map of the western Canadian shelf and slope showing
simplified current pattern and Cy, transport pathways. Legend,
see Fig. 1.
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water in the Arctic region is the MacKenzie River
(3.3x 10" m* yr ") (Melling et al., 1984; Chapman
and Beardsley, 1989; Amos and Collins, 1991;
Crawford and Thomson, 1991; Piper, 1991;
Macdonald et al., 1998).

2.6.2. Sources of sediment and organic carbon

Recent terrigenous sediment and Co input to
the western and eastern Canadian shelves is
almost absent. The surface sediments of these
shelves consist of glacial and glaciomarine deposits
which have been (partly) reworked during
the Holocene transgression. Almost all the materi-
al presently supplied by rivers is stored in the
fjords, bays and straits, before it eventually can
reach the shelf. Coastal erosion, winnowing of
local sandy and silty deposits, and ice rafting and
iceberg scouring act as sediment sources for
present day deposition in small areas (Barrie
et al., 1991; Bornhold and Barrie, 1991; Buckley,
1991; Crawford and Thomson, 1991; Forbes et al.,
1991; Kelley and Belknap, 1991; MacDonald and
Pedersen, 1991; Piper, 1991). The primary produc-
tion on the western Canadian shelf is 150-
200gCm 2yr~'. Organic carbon settling to the
sea floor on the western Canadian shelf is marine
in origin (MacDonald and Pedersen, 1991).
Organic matter off Nova Scotia is mainly of
marine origin. Terrigenous C,, 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 in
the order of 190-385g Cm Zyr ! (Pocklington
et al., 1991).

Almost all sediments on the Arctic Canadian
shelf are relict. Most of the sediments supplied
by rivers are trapped in the fjords (Andrews
et al., 1991). The Beaufort shelf north and north-
east of MacKenzie Bay is a muddy shelf with a
surface area forming about 2% of the entire
Canadian Arctic shelf (MacDonald and Thomas,
1991). The thickest mud deposits are found
near the MacKenzie River mouth. The majority
of the sediments deposited in this area is supplied
by the MacKenzie River. Other rivers,
coastal erosion and ice bergs also supply some
sediments. (Hill et al., 1991; MacDonald and
Thomas, 1991; Schell, 1983; MacDonald et al.,
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1998). The primary production on the Beaufort
shelf is 3 x 10°tonyr~' (MacDonald et al., 1998).
The MacKenzie River supplies 2.1 x 10°ton of
Corg yr*l to the delta, while in the delta an
additional 0.16 x 10°ton terrigenous Corg yr ! is
produced. Coastal erosion, other rivers and ice
supply an additional 0.11 x 10°ton of terrigenous
Corg yr ' (MacDonald et al., 1998).

2.6.3. Sedimentary processes and Corg
accumulation

Storms dominate the sedimentary processes on
the western and eastern Canadian shelf, resulting
in erosion, resuspension and transport of the
sediments (Buckley, 1991; Crawford and Thom-
son, 1991; Kelley and Belknap, 1991; Piper, 1991;
Woodworth-Lynas et al., 1991). Hardly any recent
terrigenous fine grained sediment is deposited on
the western and eastern Canadian continental shelf
(Crawford and Thomson, 1991; Barrie et al., 1991:
Bornhold and Barrie, 1991; MacDonald and
Pedersen, 1991; Piper, 1991). Sedimentary condi-
tions do not or hardly allow the burial of primary
produced organic matter. Most of the primary
produced organic matter in these areas is miner-
alized and/or exported over the shelf edge (Figs. 7
and 8) (MacDonald and Pedersen, 1991; Piper,
1991).

On the Arctic shelf, during spring, a suspended
sediment plume leaves the MacKenzie River
mouth with a net transport direction to the east.
The combined action of (storm) waves, coastal
currents and ice-keel turbation result in resuspen-
sion of fine grained bottom sediments and coast
parallel transport (Amos and Collins, 1991; Hill
et al., 1991; MacDonald and Pedersen, 1991). The
total annual sediment accumulation in the MacK-
enzie River delta and on the Beaufort shelf (Fig. 9)
is 65x 10° and 53 x 10°ton, respectively. Of the
primary produced Co in the delta about 10% is
stored locally, while on the shelf only 2%
(0.06 x 10°tonyr~") of the primary produced
Corg 1s preserved. In the delta sediments 0.84 x
10° ton of terrigenous Corg are preserved annually.
The preservation of terrigenous C, on the
Beaufort Shelf equals 0.52 x 10°tonsyr~' (Mac-
Donald et al., 1998). Of the 5.53 x 10° tons of Corg
that is annually introduced onto the MacKenzie

delta and Beaufort Shelf 1.44 x 10° or 26% is
preserved in the delta and shelf sediments. More
than 94% of this is terrigenous organic matter. If
only the shelf is considered, then 13% of the Cy
input of 4.32 x 10° or 0.58 x 10°tonyr ™", is pre-
served on the shelf, of which some 90% is
terrigenous. About 16% of the C,, that is
introduced onto the Beaufort shelf is transported
into the Arctic Ocean, and this is completely
terrigenous (MacDonald et al., 1998). No signifi-
cant accumulation occurs on the remainder of the
Canadian Arctic shelf (Andrews et al., 1991).

2.7. Bering and Chukchi shelves

2.7.1. Morphology and oceanography

The Bering and Chukchi shelves are located
south and north of Bering Strait, respectively,
between Siberia and Alaska. The average water
depth of both shelf seas is <50m. The shelf break
is located at 100200 m water depth. The Bering
Strait is about 85km wide and <50 m deep. The
maximum width of the Bering and Chukchi shelf is
about 500 and 1000 km, respectively.

The Bering and Chukchi Seas are ice covered
from November to May (Grebmeier, 1993;
Walsh et al., 1989). During the ice free period
a current systems develops which is indicated
in Fig. 10 (Kowalik and Matthews, 1982; Greb-
meier and McRoy, 1989; Walsh et al., 1989;
Grebmeier, 1993; Springer and McRoy, 1993).
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 Anadyr Strait and Bering Strait, into the
Chukchi Sea. The Alaska Coastal Current
flows from the south along the Alaskan Coast
through the Bering Strait into the Chukchi Sea
(Grebmeier, 1993).

2.7.2. Sources of sediment and organic carbon
Primary production on the Bering Shelf ranges
from 50 to 300 g Core m?yr~' (Walsh and McRoy,
1986; Grebmeier and McRoy, 1989; Walsh et al.,
1989). There is a considerable input of terrigenous
organic matter from the Yukon River into the
Bering Sea, which is transported northwards
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Fig. 10. Map of the Bering and Chukchi shelves showing
simplified current pattern, Cor transport pathways and main
Corg accumulation areas. Legend, see Fig. 1.

causing relatively low terrigenous Cos concentra-
tions in the southern Bering Sea and high con-
centrations in the northern Bering and Chukchi
Seas (Walsh et al., 1989; Henriksen et al., 1993).
Bering shelf seafloor sediments are coarser grained
than on the Chukchi shelf sediments. Sediments
on the northern Bering shelf are extremely sandy
(>90%). On the southwestern Bering shelf the
seafloor sediments consist of 60% sand and 40%
of silt and clay. Sediments on the eastern Bering
shelf consist of mixtures of silt and clay or sand
and gravel. The amount of silt and clay on the
Chukchi shelf sea floor is much higher, from
around 50% in the south to over 80% in the north
(Sharma, 1975; Banahan and Goering, 1986;
Shuert and Walsh, 1993; Henriksen et al., 1993;
Walsh et al., 1989).

2.7.3. Sedimentary processes and C,,
accumulation

Below waters with high primary productivity
fresh organic matter settles to the sea floor. Below

less productive areas more refractory organic
matter is found on the sea bed. High organic
matter inputs however result in high mineraliza-
tion rates and thus large amounts of organic
matter are oxidized (Grebmeier et al., 1989;
Grebmeier and McRoy, 1989; Walsh et al., 1989;
Fukuchi et al., 1993; Grebmeier, 1993). In the
southeastern Bering Sea middle shelf all of the
primary produced organic matter is mineralized,
while on the outer shelf about 48% is exported
over the shelf edge (Walsh and McRoy, 1986).
Particulate organic carbon in the southeastern
Bering Sea is largely solubilized to lysed dissolved
organic carbon in the upper centimetre of the
sediments. Dissolved and particulate Cor, are
transported from the southern Bering Sea to the
Chukchi Sea and further into the Arctic Sea. The
amount of transport however is not exactly known
(Walsh et al., 1989; Henriksen et al., 1993; Walsh
et al., 1996).

Organic matter concentrations are related to
sediment grain size, with 0.05% in coarse grained
deposits to 2% in fine grained sediments (Lysitsin,
1969; Sharma, 1975; Shuert and Walsh, 1993;
Henriksen et al., 1993; Walsh et al., 1989). These
are mainly values of surface sediments, so the
amount that is actual preserved is even lower.
Higher percentages are found in the coarse grained
sediments in front of the Yukon River mouth as a
result of the input of refractory terrigenous
organic matter (Walsh and McRoy, 1986; Walsh
et al., 1989; Henriksen et al., 1993; Naidu et al.,
1993). The amount of Co, that is preserved in the
sediments of the Bering and Chukchi shelves
equals about 1% of the primary production
(Fig. 10) (Shuert and Walsh, 1993).

2.8. Amazon shelf

2.8.1. Morphology and oceanography

The Amazon continental shelf is considered here
as the continental shelf located between the Para
Estuary in the south (+1°S) and French Guiana in
the north (4 5°N). The shelf break starts at a water
depth of about 100m. The shelf has a width of
120 km in the north to 300 km at the river mouth
(Nittrouer and DeMaster, 1986). The shelf sedi-
ments off the Amazon River mouth are deposited
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in a prograding subaqueous delta. Active asym-
metric, offshore facing, megaripples, active sand
waves and shoals and relict 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 al., 1986; Nittrouer and
DeMaster, 1986; Nittrouer et al., 1986a).

The oceanography on the Amazon shelf is
dominated by the enormous discharge of
1.8 x 10°m*s™! of the Amazon river (20% of the
total world fresh water discharge). This results in
an estuarine circulation on the shelf. Over the shelf
a northward directed current is present which
turns to the east between 4°N and 8°N. The
hydrography is summarized in Fig. 11 (Cochrane,
1963; Metcalf and Stalcup, 1967; Ryther et al.,
1967; Metcalf, 1968; Oltman, 1968; Neumann,
1969; Gibbs, 1970; Milliman et al., 1975; Gibbs,
1982; Curtin, 1986; Geyer et al., 1996). Fluctua-
tions in this general flow pattern result from
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Fig. 11. Map of the Amazon shelf showing simplified current

pattern, Corg transport pathways and main Coy accumulation
areas. Legend, see Fig. 1.

fluctuations in river discharge, wind direction,
wind strength, etc. (Curtin, 1986; Geyer et al.,
1996).

2.8.2. Sources of sediment and organic carbon

Silt and clay, supplied by the Amazon River
dominate the seafloor landwards of the 60 m depth
contour, while relict sands form the dominant type
of sediment seaward of this line (Gibbs, 1967,
Gibbs, 1973; Barreto et al., 1975; Nittrouer et al.,
1983; Nittrouer and DeMaster, 1986). The mud
deposits around 4°N are also relict deposits
(Alexander et al., 1986). The total terrigenous
Corg discharge by the Amazon amounts 50 x 10°
tonyr~! (Richey et al., 1980). The dense suspen-
sion cloud introduced onto the shelf by the
Amazon river inhibits primary production on
large parts of the inner shelf. Seaward of the
30-40m depth contour primary production oc-
curs. The primary production on the shelf equals
150 x 10°ton Corg yr*l (Teixeira and Tundisi,
1967; DeMaster et al., 1996).

2.8.3. Sedimentary processes and Coyrg
accumulation

As a result of the estuarine circulation and the
southeast to northwest current, about 50% of the
supplied sediments are deposited on the Amazon
continental shelf while the remaining sediments are
transported northwards along the coast as sus-
pended load and in mud banks in a northwesterly
direction (Reyne, 1961; van Andel, 1967; Wells
and Coleman, 1978; Milliman et al., 1982; Bowles
and Fleischer, 1985; Kuehl et al., 1986; Gibbs and
Konwar, 1986; Nittrouer and DeMaster, 1986;
Nittrouer et al., 1986b). The strong tidal activity,
in combination with 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 fluid mud layers
which dominate the transport and distribution of
mud on the Amazon continental shelf (Nittrouer
et al., 1986b; Kineke and Sternberg, 1995; Kineke
et al., 1996; Kuehl et al., 1996; Moore et al., 1996;
Nittrouer and DeMaster, 1996; Sternberg et al.,
1996). More than 90% of the marine organic
matter produced on the shelf is mineralized within
the water column (Aller et al., 1996).
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The total Cory accumulation on the Amazon
shelf is 4.5x 10°tonyr' of which 3.1 x 10°ton
(70%) is of terrigenous origin (Showers and Angle,
1986), indicating that about 6% of the Coyy
supplied by the Amazon river and 2-2.5% of the
combined input by primary production and river
input is preserved in the shelf sediments (Showers
and Angle, 1986).

3. Discussion

It is well known and shown here again (see
references in the text) that in sediments the organic
matter is mainly attached to the fine grained
fraction. In general a strong positive correlation is
found between the C,, concentration and the
fraction of clay- and silt-sized sediments. From
Keil et al. (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 matter. Ransom et al. (1997, 1998)
however found that organic matter is mainly
attached to clay minerals, oxy-hydroxides and
bioclasts such as diatom frustules and the
sheltering of organic matter in grain surface
cracks thus appears less important. They also
found that the organic matter is not evenly
distributed over the grain surface, but is concen-
trated in patches, thus enervating the hypothesis
that organic matter is preserved in a monolayer
enveloping the individual sediment particles. How-
ever, it is clear that most of the organic matter is
preserved in fine grained sediments. Thus while
studying the fate of organic matter, it is essential to
know the transport path of the fine grained
sediments.

From the review it becomes clear that >95% of
the primary produced organic matter is miner-
alized by biological and chemical processes in the
water column and in the upper few centimetres to
decimetres of the sediment column. This coincides
very well with the calculations of Emerson and
Hedges (1988) who state that at most 4% of the

particle flux from the euphotic zone is buried in
marine sediments. Mineralization is also the fate of
most of the terrigenous organic matter supplied to
the shelves (including dissolved organic matter,
Emerson and Hedges, 1988), if not trapped in
fjords or by other coastal topographic features
(North Sea, Canada). Once the fine grained
sediments associated with the Cy,, reach the shelf,
a continuum of bioturbation and cycles of erosion,
transport and redeposition takes place under the
influence of tidal and large scale shelf currents and
storm induced waves and currents. Beam trawl
fishery activities are also responsible for intense
mixing of Co containing sediments (Rijnsdorp
et al., 1994; Polet et al., 1994). These processes
result in succesive periods during which the
organic matter is under the influence of oxic and
anoxic conditions, which affects the degradation
of the organic matter (Berner and Raiswell, 1983;
Hartnett et al., 1998; Hedges et al., 1999). Work by
Hulthe et al. (1998) shows that there is hardly any
difference in the degradation rate of fresh organic
matter under oxic or anoxic conditions. Occasion-
ally, degradation of fresh organic matter occurs
faster in anoxic than in oxic environments
(Kristensen and Blackburn, 1987, Hansen and
Blackburn, 1992; Hulthe et al., 1998). Older
organic matter however, is degraded faster in an
oxic than in an anoxic environment (Hulthe et al.,
1998). The most efficient degradation of organic
matter occurs when sediments are successively
exposed to oxic and anoxic conditions, suggesting
that (a part of) the organic products of oxic
mineralization can be consumed by anoxic bacter-
ia and vice versa (Hulthe et al., 1998). This would
also explain the high mineralization efficiency of
organic matter introduced on the shelves described
above. After several of these cycles the greater
amount of organic matter is mineralized, the
sediments with the (more refractory) remainder
of the organic matter reach their final destination
and become buried.

Many of the shelf sediments described in the text
consist of relict coarse grained deposits (sands,
gravels) which contain hardly any organic matter.
Since there is only local erosion and redeposition
and no net deposition, there is no net accumula-
tion of organic matter as well, so these deposits do
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not play a role of any importance in the present
day preservation of C,. This is the case in the
shallow parts of the North Sea, the Celtic Sea, the
Middle Atlantic Bight, the Californian shelf, most
of the Canadian shelves, and large parts of the
Bering Sea. Only where rivers introduce large
amounts of fine grained sediments and organic
matter on the shelf, locally relatively large
amounts of C,, are stored, for example the
Yukon River in the Bering Sea, the Colorado
River on the Washington shelf, the MacKenzie
River in the Canadian Arctic region (note
that the Beaufort shelf occupies only 2% of the
entire Arctic Canadian shelf), and of course the
Amazon river. The organic matter in these
deposits consists to a large extent of terrigenous
compounds.

Organic matter which is not stored on the
shelves, is generally transferred by waves and
currents over the shelf edge onto the continental
slope and into canyons. Examples where this
occurs are the North Sea, the Celtic Sea, the
Middle Atlantic Bight, the Californian shelf, the
Washington shelf (partly), the Canadian shelves
and partly the Bering and Chukchi shelves. Also in
very large river systems, like for instance the Indus
River, large amounts of sediments (and thus
inclusive of terrigenous organic matter) supplied
by the river are transferred over the shelf and
slope and reach their final destination via canyons
at the deep-sea fan (von Rad and Tahir, 1997).
Before the 1940s the Indus River supplied large
amounts of sediments that where used to build the
Indus delta. The construction of dams within the
river however resulted in a strong decrease in
sediment supply to the coast, and thus a decreased
coastal sedimentation (Milliman et al., 1984).
On the outer shelf non-deposition and erosion
is observed (von Rad and Tahir, 1997). Not
only particulate, but also dissolved organic
carbon seems to be transported from the shelves
to the open oceans in large quantities (Bauer and
Druffel, 1998).

From the above we conclude that under recent
conditions only locally, and rarely, relatively large
amounts of C,, are stored on the shelf. This
occurs only where rivers introduce large amounts
of fine grained sediments on the shelf. This process

is not restricted to the rivers described above, but
is also found at other large rivers, as for instance
the Changjiang River, East China (Aller et al.,
1985). Here large amounts of organic matter are
mineralized on the shelf and a part of the Cy, is
transported from the East China Sea shelf onto the
continental slope (Honda et al., 1998; Chung and
Hung, 2000; Hung et al., 2000; Wong et al., 2000),
with most of the C,, being transported through
the canyons (Chung and Hung, 2000). A definitive
carbon budget for the East China Sea shelf,
however cannot yet be constructed (Wong et al.,
2000).

Areas of potentially high C,, accumulation
rates are shelves located in upwelling areas, for
instance the shelf off Somalia, Yemen and Oman
bordering the Arabian Sea. Sediments on the
Somalia/Yemen/Oman shelf contain reasonable
amounts of Coyg, but highest concentrations are
found on the upper slope (Paropkari et al., 1992).
Organic matter produced in the shelf waters
during the upwelling season is partly deposited
on the shelf and partly transported to the
continental slope by strong currents (Fisher et al.,
1996; van Weering et al., 1997). On longer time
scales organic matter deposited on the slope is
transported further into the deep sea by turbidites
(van Weering et al., 1997). The presence of slope
sediments containing high concentrations of Cyry
(4%) results in a lively debate on the processes
responsible for high organic matter preservation in
this area: high primary production (Pedersen et al.,
1992, 1993) versus low oxygen concentrations
(Paropkari et al., 1992; Paropkari et al., 1993).
The lack of sufficient data on sediment accumula-
tion rates, and thus C, burial, however does
not allow the calculation of a Cyy budget in
this area.

During floods of the Californian Eel River fine
grained sediments and terrestrial organic matter
are deposited on the outer shelf and upper slope.
Of the fine grained sediments that are initially
deposited on the shelf by the Eel River only 20% is
stored permanently on the shelf. The remainder is
(partly) transported through the Eel Canyon and
deposited on the upper slope and finally in the
deeper ocean basin (Alexander and Simoneau,
1999; Leithold and Hope, 1999; Nittrouer, 1999;
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Ogston and Sternberg, 1999; Walsh and Nittrouer,
1999). A similar transport and transfer of organic
matter was recently observed at the Nazaré
Canyon, off the Iberian Margin (Schmidt et al.,
2001; unpublished OMEX-II results, de Stigter
and van Weering). The role of canyons as
pathways of organic matter from the shelves
to the deep sea has been recognized earlier by
Gardner (1989) for the Baltimore Canyon and by
Bouloubassi et al. (1997) in the Gulf of Lions. The
canyon of the Zaire River (the seond largest river
in the world) is 30 km incised into the river mouth.
This results in a plume of river supplied sediments
which stretches 800km into the Atlantic Ocean
(Jansen et al., 1984). South of the Zaire River
mouth the northward directed along shore current
transports recent sediments (and thus organic
matter) into the Zaire Canyon. Once trapped
into the canyon this material is transported
seaward, resulting in the deposition of shelf
produced and terrigenous organic matter in
the deep sea. North of the Zaire canyon Cop
containing sediments are deposited on the
shelf (Jansen et al., 1984; Jansen, 1990). Once
the sediments and associated organic matter
are transferred down-canyon, along slope
currents can pick up the particles and distribute
them at a certain depth over the slope. This
was well illustrated and mentioned in the text
for the Midlle Atlantic Bight during the SEEP-I
and SEEP-II projects and for instance also in
the Bay of Biscay where shelf sediments
are transferred to the deep sea through the
Cap-Ferret Canyon (Cremer et al., 1999; Durriecu
de Madron et al., 1999; Etcheber et al., 1999;
Heussner et al., 1999; Jouanneau et al., 1999;
Monaco et al., 1999).

It is shown above that most of the present day
shelf seas do not play an important role in the
preservation and burial of organic carbon. Condi-
tions for C,, preservation however have changed
in the geological past (Berner and Raiswell, 1983).
On present day shelves Cor, containing fine
grained sediments are either not permanently
stored on the shelves, or only a small amount is
deposited there while the remainder is transported
on to the slope. This supports the opinion of
Walsh et al. (1981, 1991) and Walsh (1991),

that most of the C, 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, contradicting the
opinion of Hedges and Keil (1995). An excellent
example of this is given by Premuzic et al. (1982).
They show the seaward migration of the Texas/
Lousiana shelf-edge/upper slope depocentre as
sediment accumulation results in a seaward
growth of the shelf since the early Miocene.
Attached to and buried in the continental slope
sediments this carbon is withdrawn from the
global carbon cycle for a very long time, even on
geological time scales.

During glacial periods the build up of ice sheets
resulted in a world wide lowering of sea level and
the presence of (partly) emerged shelves. This
caused the erosion of (parts of the) former shelf
and coastal deposits containing organic matter,
possibly formed during the previous sea level high
stand. Rivers and glaciers transported these
sediments oceanwards, where they accumulated
in canyons, on continental slopes and on the
submarine fans. These processes are well described
for the North Sea Fan (King et al., 1996, 1998), the
remaining European North Atlantic Margin
(Kenyon, 1987; Mienert et al., 1998; Hall and
McCave, 1998), the Amazon Cone (Damuth, 1970;
Damuth and Kumar, 1975; Schliinz et al., 1999;
Schliinz et al., 2000), the Washington shelf
(Barnard, 1978), a large river system like the
Indus River and Indus Fan (Ravenne et al., 1988;
von Rad and Tahir, 1997) and the shelf north and
south of the Zaire River (Giresse and Barusseau,
1989; Jansen, 1990). All these slope and fan areas
show high accumulation rates of terrigenous
sediments during glacials. During interglacials
(hemi)pelagic sedimentation dominates the sedi-
mentary processes. Hall and McCave (1998) for
instance describe that the C,, accumulation on
the Celtic Slope decreases from a glacial to an
interglacial period, and reported a shift of the
terrigenous Cor, depocentre on the slope from the
south to the north, in relation with changes in
hydrological conditions on the shelf and over the
slope. From the redox boundaries in the Amazon
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fan sediments Kasten (1998) concluded that the
Corg accumulation rate on the Amazon fan
decreased during the transition from the Pleisto-
cene to the Holocene. Schliinz et al. (1999)
describe the accumulation of mainly marine Corg
on the Amazon Fan during interglacials and the
transport of terrigenous Co,r, from the emerged
shelf through the incised Amazon canyon directly
onto the Amazon Fan during glacials. Gravity
controlled mass transport (slumps, slides, turbidity
currents) results in the even further oceanward
transport of sediments on the slopes, in the
canyons and to the submarine fans (Weaver et al.,
2000).

The lowering of sea level and the processes
active on the emerged shelves during glacial
periods thus increase the transport of Co, from
the shelves to the continental slope and deep sea
and reduce the role of shelves as sinks for Cog
even further.

The recognition of the various processes related
to the input, transport and recycling of Cory on
different types of shelves of which examples have
been discussed above, will undoubtedly result in a
better understanding of the global carbon cycle, as
also suggested by Wollast (1998). Wollast (1998)
calculated a total global C,r, accumulation rate on
the shelves of 200 x 10°tonyr~', based on average
primary production numbers and a preservation of
3.3% of the primary produced organic matter.
From the well-documented examples discussed
above, which represent more than 10% of the
global shelf surface area, it is clear that although
many processes on various shelves are comparable,
there are still too much differences and too little is
known from less studied shelves, to be able to
calculate a global C,, budget for present day
shelves.

4. Conclusions

In the water column and during repeated cycles
of erosion and redeposition of organic matter
laden sediments, biological and chemical processes
result in the mineralization of more than 95% of
the Cor, supplied to the shelf seas by primary
production and riverine input. Sediments contain-

ing organic matter are locally stored on shelves,
mainly where rivers supply large amounts of fine
grained sediments. The majority of the shelf areas
however are at times, and in a series of recycling
steps swept clean from fine grained Coy laden
sediments by currents and waves. The sediments
are then transported onto the continental slope
and into canyons, from where they are transported
further to the deep sea. These processes result in
the following products: (1) large shelf areas which
are covered with coarse grained relict deposits; (2)
local river related deposits (deltas) containing
marine and terrigenous organic matter; (3) fine
grained continental slope deposits, containing
marine and terrigenous organic matter. From this
we conclude that although shelves are sources of
Corg (one-fifth to a third of the marine primary
productions occurs here (Wollast, 1991)), vast
shelf areas cannot be regarded as sinks for organic
carbon. Only locally, where rivers introduce
considerable amounts of sediments on the shelf,
Corg depocentres are present. On many shelves
organic matter is exported from the shelf and
deposited over the shelf edge, on the continental
slopes and in canyons. On longer time scales
(glacial-interglacial cycles) the role of shelves as
Corg sinks is reduced even more as a result of the
erosion of shelf deposits during sea level low
stands, and the deposition of this material on
continental slopes, in canyons and on deep-sea
fans, which thus form the final sinks for large
amounts of Cor.
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