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Preface

The Skagerrak Project is the first major
task of the MGK-programme (MGK is the
Norwegian acronym for Marine geological
mapping of Norwegian sea-floor areas),
which is a joint effort of six governmental
institutions involved in various aspects of
marine work. The primary aims of the
MGK-programme are to:

B produce and supply marine geological
information from the upper part of
the sea-floor in Norwegian sea areas
for the use of public services, industry,
planning and science.

B give premises for national invelvement
in international co-operation with re-
gard to issues relevant to the environ-
ment and resources,

The MGK-activities are governed by a
steering committee, with representatives
from the MNorwegian Petroleum Direc-
torate (OD), the Norwegian Polar Insti-
tute, the Norwegian Hydrographic
Service, the Norwegian Pollution Control
Authority, the Institute of Marine
Research and the Geological Survey of
Norway (NGU). OD has the chairman of
the committee, while NGU has the re-
sponsibility for the co-ordination of the
MGHK-tasks, as decided by the MGK-com-
mittee. Future projects will focus on other
areas of special interest to the society, such
as the North Sea, the continental margin
of Norway and the Barents Sea.

The basic idea is to utilise the scientific
and methodological competence of seve-
ral national institutions, in order to
achieve the primary aims. We have focus-
ed on a mulb-disciplinary approach,
integrating geological, chemical, hydro-
graphic and micropalacontological data.
In this way, we can provide an understan-
ding of both large-scale, long-term (mil-
lions of years) and short-term (decades)
processes relevant for the utilisation and
environmental  management of the
Skagerrak.

The Skagerrak Project has demonstrated
how governmental institutions can co-
operate successfully with a considerable
synergetic effect, achieving results bene-
ficial to society in a cost-effective manner.

Co-operation on a scientific and partly
also logistic level with national and inter-
national scientific institutions (primarily
the University of Bergen, and the Uni-
versitics of Oslo and Gothenburg, and the
Laboratories in Riséi) has been crucial for
the project. The huge database collected
during the project has formed the basis for
two doctoral theses and a number of sci-
entific publications in national and inter-
national journals, Large parts of the data-
base are available in digital format for
future public research. A number of scien-
tific publications are in preparation or
planned by the involved institutions.

This report gives state-of-the-art know-
ledge of the sea-bed environment at the
present and in the past 200 years for use by
broad public. It should provide basic
knowledge needed in planning further
utilisation (fisheries, underwater engineer-
ing, hydrocarbon exploration etc.), in
management by governmental bodies
such as the Ministries of Environment,
Industry, and Oil and Energy, and in
science. The huge database of bathyme-
tric, chemical and geological data cannot
be fully documented in a report like this.
However, it 15 our hope that those inter-
ested in a general overview may find the
report fulfilling and interesting, while spe-
cialists looking for more detailed data may
use the report as a guide to the huge data
material on which the report is based.
Finally, we hope that the report will be
used as an aid when future scientific and
applied projects in the Skagerrak are de-
signed.
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1 Executive summary

The growing concern for the environ-
ment, and for sustainable development of
marine environments in particular, has
put focus on the Skagerrak. The Skagerrak
is an important part of the North Sea eco-
system, with a high biological production.
It is an important breeding and living area
for some of the fish stocks populating the
North Sea. Annual landings of fish caught
in the Skagerrak amount to approximately
300 000 tons. Severe contamination in the
Skagerrak may have a major impact on the
Skagerrak ecosystem. The Skagerrak is the
main shipping route for traffic to and
from the Scandinavian and Baltic countri-
es. The potential for hydrocarbon resour-
ces in the Skagerrak has antracted the at-
tention of the oil industry, and the future
may see hydrocarbon prospecting.

Geological processes, acting on a time-
scale from millions of years to years or
even less, have an important bearing on
these issues. Deep crustal processes which
occurred several hundred million years
ago and also later, have influenced the sedi-
mentary environment and thus the po-
tential for formation of oil and gas source
rocks (Chapter 2). Large paris of the
Skagerrak are covered by sedimentary
rocks, generally of the same tvpe as found
in the hvdrocarbon provinces in the North
Sea. Seepages of shallow gas to the sea bot-
tom from these sedimentary rocks are im-
portant, both in terms of hydrocarbon
prospecting, and in terms of potential ha-
zards to offshore drilling (blow-outs).
Uplift of southern Norway of the order of
2000 m during several phases in the last
50-60 million vears, but particularly dur-
ing the last 2 millions years in the
Skagerrak (c. 1000 m} is the main factor
influencing the present distribution of sedi-
mentary rocks. This uplift has affected the
paossibility for preservation of potentially
economic hydrocarbon resources.

A serious change towards a colder climate
occurred ¢, 2.5 million years ago (Chapter
3), and initiated several ice ages affecting
Northwest Europe. This led to the growth
of glaciers in the high Norwegian moun-
tains, formed partly as a result of the uplift
during the last 50-60 million years. At
their maximum, these glaciers covered the

North Sea and extended to the British
Isles. The glaciers flowed from the
Scandinavian mountains, and probably
started to excavate the Skagerrak and the
Norwegian Trench. The excavation was at
least partly controlled by large-scale bed-
rock structures. Repeated glaciations
continued the excavation process, reach-
ing a climax c. 18 000 years ago, during
the peak of the last ice age to affect
Norway, During this final phase of glacial
moulding, bedrock and previously depo-
sited sediments were removed down to
depths in excess of 700 m, relative to the
present sea-level, leaving the Skagerrak, at
present the deepest part of the North Sea.
Retreat of the glaciers onto the Norwegian
mainland c. 15 000 years ago, combined
with a considerably lower sea-level (c. 100
m), created a landscape in which most of
the present North Sea were tidal flats or
dry land dissected by large rivers derived
from the meling glaciers of Northwest
Europe. The Skagerrak and parts of the
Norwegian Trench were a fjord at this
time, with floating icebergs, perhaps rat-
her similar to the situation in eg. the
Greenland fjords today. Rising sea-levels
eventually caused flooding of the North
Sea, and the present ocean circulation and
sediment deposition pattern were establis-
hed 7 000-4 000 vears ago.

Since then, the Skagerrak and the
Norwegian Trench have been the major
deposition areas for fine-grained material
entering the North Sea (Chapter 4). The
bulk of the particles deposited in the
Skagerrak derives from the Atlantic Ocean
and the North Sea, with minor contribu-
tions from the Scandinavian mainland
and the Baltic Sea. The sediment dynamics
in the Skagerrak, i.e. processes of sediment
deposition and sea-bed erosion, are largely
controlled by water depth, the shape of
the basin and the oceanic circulation.
Modelling of current velocities and direc-
tions in response to varying wind situa-
tions has demonstrated the significance of
climatic conditions. Increased sediment
transport from the North Sea is a possible
consequence of stronger winds during the
last decades. Complex interactions between
sedimentation and erosion are indicared
in certain areas, probably related to short-
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term shifting climatic conditions influ-
encing the oceanic circulation. This is im-
portant for environmental monitoring
(see below), because sea-bed sediment
samples from the erosional areas may
yield sediments deposited 10 000 years
ago, and tell nothing about the present en-
vironmental situation. Potential hazards
to seabed installations such as erosion, lar-
ge-scale instability, deep erosional scours
(up to 45 m deep) and gas-laden sedi-
ments and sedimentary rocks have been
demonstrated, and should be considered
in future planning of e.g. sub-sea cables.

The large-scale transport of fine-grained
particles, including organic matter, from
the North Sea {and the Atlantic Ocean)
has an important bearing on the environ-
mental analysis of the Skagerrak (Chapter
5). Many contaminants, both organic
compounds like polychlorinated biphe-
nyls (PCBs) and polycyclic aromatic hy-
drocarbons (PAHs), and trace metals like
lead or mercury, are extensively attached
to fine particles. The fate of the contami-
nants is therefore largely controlled by the
sediment transport and deposition pro-
cesses. Once deposited, these contami-
nants are, to a large degree, removed from
the Skagerrak ccosystem, because the majo-
rity of the contaminants remain in the
sediments. Integration of geological and
chemical data demonstrates significant
temporal and spatial trends in the conta-
minant load to the Skagerrak. Estimates of
contaminant fluxes indicate that a sub-
stantial part of e.g. lead deposited in the
Skagerrak is derived from man-made in-
puts to the North Sea, while for elements
like copper and zinc, the anthropogenic
contribution is insignificant in compari-
son to the amounts derived from natural
sources (e.g. erosion of bedrock).

Assessment of the contamination situa-
tion demonstrates clearly elevated levels
for the polycyelic aromatic hydrocarbons
{PAHs), and the trace metals lead and
mercury. While lead and the PAHs are
probably derived to a large extent from the
North Sea, the dominant mercury input
appears to be from the Scandinavian
coasts. A certain input from the offshore
industry is indicated by elevated levels of
barium, deriving from drilling muds. Even
though the discharges for some contami-
nants such as trace metals have been redu-
ced in the last decades, it is considered

likely that the sediments in the deepest
parts of the Skagerrak will probably still
receive high, or even increasing contami-
nant loads in the next decades. Changes in
the micro-fauna (foraminiferas) in the
bottom-sediments of this area suggest that
the input of organic matter (dominantly
from the North Sea) has increased during
the last decades (Chapter 6), which may be
a consequence of the euthrophication of
the North Sea. Consequently, this area
should be given special attention in future
environmental monitoring, Other parts of
the Skagerrak, however, indicate a decrea-
sed contaminant load during the last few
decades, shown by decreasing contami-
nant content in the seabed sediments, This
environmental improvement is probably
mainly the result of reduced contaminant
discharges to the Skagerrak and the North
Sea in this period.

In general, the Skagerrak acts as a final
sink for large parts of the anthropogenic
contaminants released to the marine envi-
ronment of the North Sea; popularly it
can be said that the Skagerrak and the
Norwegian Trench are the wdustbins of
the North Sea. The regional understan-
ding of the sediment dynamics and conta-
minant distribution in the Skagerrak pro-
vides a sound basis for future environ-
mental monitoring, and the sediment dy-
namics are important in future planning
of sea-bed installations. The presence of
gas probably derived from sedimentary
rocks, seeping to the sea bottom, should
be of both interest and concern for hydro-
carbon-related activities. The geochemical
mapping of the sea-bed sediments consti-
tute a large part of the baseline studies
needed, in the event of future hydrocar-
bon prospecting in the Skagerrak.
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Fig. 2.1 Simplifed bedrock map of the
Skagerrak and adjacent areas. The map is
based on Sigmond (1992), but modified 1o
the northeast of Kristiansand (blue line)
according to data collected during the

Skagerrak Project (Thorsnes 1992 1993)
The blue squane in the upper right cornear
gutlines the area of Fig. 23
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2 Bedrock in the Skagerrak -
from 540 to 65 million years

ago

The Skagerrak is the deepest part of the
North Sea, and the result of a long geo-
logical history. Shaping of the Skagerrak
basin has occurred during repeated glacia-
tions over the last million vears, but cycles
of deep crustal processes, faulting, uplift,
erosion and deposition have occurred
since Cambrian times, ¢. 340 million yvears
ago, and have defined the geological
framework for the basin. The oldest rocks
in the Skagerrak are Precambrian gneisses
(Sigmond 1992), which occur in the coas-
tal areas (Fig. 2.1) and beneath the sedi-
mentary rocks in the deeper parts of the
Skagerrak. The Precambrian rocks are ori-
ginally sedimentary and crystalline rocks
which have been altered to gneisses (meta-
morphism) at deep levels of the earth’s
crust (several tens of kilometres). By the
beginning of the Palaeozoic era (Fig. 2.2),
these rocks had been uplifted and eroded
down to an even surface,

The Skagerrak and Hardangervidda

- once covered by the same sea

Sediments were deposited on these old
gneisses from Cambrian time (on an al-
mast horizontal surface commonly ter-
med the sub-Cambrian peneplain), and

the Lower Palacozoic rocks are made up of
conglomerates, shales, sandstones and
limestones. Locally, for instance in the
Skien-Oslo area, these rocks are rich in
fossils such as trilobites. Similar rocks are
found on Hardangervidda and in Sweden,
showing that Scandinavia at that time was
covered by a shallow sea. The sub-Cam-
brian peneplain is presently found at
widely different elevations: from 1300 m
above sea-level on Hardangervidda, to
=300 m below sea-level in the coastal areas
of the Skagerrak, and considerably deeper
in the central parts. This demonstrates
that the originally almost horizontal
Cambrian sea bottom has today a large-
scale swavys form, which is the result of
disturbances caused by crustal processes
such as faulting, folding and tilting (see
also below). The Palaeozoic rocks in the
Skagerrak (Fig. 2.1) occur as a continua-
ton of the Cambro-Silurian rocks (Fig.
2.2) found in the Oslo region, where
subsidence of the crust caused thick
accumulations of sediment, Towards the
end of Silurian times, these rocks were
slightly deformed and faulted, uplifted
and partly eroded during the Caledonian
Orogeny, an event during which European
and American continents (Baltica and
Laurentia, respectively) collided and
mountain chains were built in Norway.

In Late Palacozoic times, the crust beneath
the Skagerrak and the Oslo region was
stretched (rifted), and large masses of
melted rocks intruded into the sedimen-
tary rocks. In the Oslo region, both sedi-
mentary and volcanic rocks were formed,
and some faulting in the Skagerrak was as-
sociated with this rifting phase {Fanavoll
& Lippard 1994). In the Skagerrak, sedi-
mentary and probably volcanic rocks were
deposited along the fault margin of the
developing Skagerrak Graben (Ro et al
1990).



Uplift and subsidence

A major geological boundary, seen in the
seismic records as a truncation of inclined
Yalacoroic lavers overlain by nearly flat-
lving, vounger sedimentary rocks (see
geoseismic sections in Fig. 3.11, Chapter
3), demonstrates that the Palacozoic rocks
were subjected to uplift and erosion dur-
ing a considerable time period. Subse-
quently, the area was submerged and sedi-
ments of Triassic age were deposited.
The Mesoroic (i.e. Triassic, Jurassic and
Cretaceous - Fig. 2.2) sedimentary rocks
are claystones, siltstones and sandstones,
reflecting changing relative sea-levels and
variable depositional environments. Since
early Mesoxoic times, only minor faulting
has taken place in the Skagerrak. The
boundary between Precambrian  and
Palaeoroic/Mesozoic rocks is sub-parallel
to the coast. One exception is found
southwest of Lista where Precambrian
rocks  extend southwards im0 the
Norwegian Trench (Fig. 2.1). The Pre-
cambrian rocks crop out as sea-mounts,
called the Hidra Mountains by local fisher-
men, at the bottom of the Norwegian
Trench. The alignment between the coast-
line and the Palaeozoic/Mesozoic boun-
dary is basically due to large-scale uplift of
southern Norway relative 10 the offshore
areas (Riis 1996). The uplift of southern
Norway appears to have started in the Late
Cretaceous, with particularly strong uplift
during the last two million years of the
Quaternary (in excess of 1000 m) also
affecting the Skagerrak. This uplifi was

Fig. 2.3 Shaded relief image of the northem
part of the Skagerrak, produced by generation
of a 3D terrain model from offshore water

depth and ocnshore height data, subsaquently

artificially itluminated by a =suns shining from
the northeast. A Arenclal; £

area of mode than 200 m thick

posits masking the bedrock feat

by dark blue line; B end of lineamer

ding northea

wer Palaecroic
rocks: T: Triassic rocks, escarpment, Rad lines

showy major fauits and lineaments. Solid greer
f Palaeczoic st

lires outline the base «

tary (and possibly volcanic) rocks

blue lines outline the base of k

The fault onshare s a segment

e running from Kristiansand 1o Porsgrunn

(for location, refer to Fig, 2.1)

followed by severe erosion, and 500- 1000 m
of sedimentary rocks covering the
Skagerrak and adjacent land areas have
been eroded (Riis 1996). Due to deep
burial of the sedimentary rocks prior to
the uplift, the Jurassic sedimentary rocks
may have been buried sufficiently deep to
generate oil from organic matter, and the
Farsund Basin (Fig. 2.1) could become a
future hydrocarbon province in the North
Sea (Jensen & Michelsen 1992),

Submarine landscapes

- related to different rock types

The shape of the Skagerrak basin is
strongly influenced by the differemt rock
types, ranging from hard (and resistant)
Precambrian gneisses to soft Mesozoic sedi-
mentary rocks. During repeated glacia-
tions in the Quaternary, the Mesozoic
rocks were easily eroded, while the tough-
er Precambrian gneisses resisted the gla-
cial erosion better. Variable resistance 1o
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Fig. 24 Distribution of pockmarks (red tri-
anales) in the inner parns of the Skagerrak
Many of the pockrmarks occur above an
Early to Mid Jurassic sandston2 interval For
legend, sea Fig 2.1

glacial erosion, together with other fea-
tures (gneisses, for example, are commaon-
lv rather massive, while sedimentary rocks
are lavered) has caused the different,
characteristic surface morphologies (land-
scape forms) on the sea bottom, just as on
land. Image processing of detailed bathy-
metric data from the Skagerrak and height
data from the land (Fig. 2.3) reveal a num-
ber of features. Precambrian gneisses with
a characteristic rugged appearance occur
on land, and in the shallow coastal areas
between Arendal and Langesund (Fig.
2.3). Lower Palaeozoic rocks crop out in a
belt from Langesund through the Lange-
sund trough (Fig. 2.3) and into the
Skagerrak. Long ridges partly reflecting
layering, partly reflecting faults and frac-
ture zones, are evident in the northern
part of the Langesund trough. A character-
istic escarpment is related to the lower
boundary of Triassic rocks (Fig. 2.3). In
the northeastern part of the image (Fig.
2.3), it is thought that dominantly Per-
mian plutonic rocks crop out, though
both Precambrian gneisses and Palacozoic
rocks may be present. Some of the major
faults and fracture zones (lineaments) are
shown, but several others can be seen as
narrow, elongated, shaded zones. A link
between faults onshore and offshore is
illustrated by the lineament extending
northeastwards from Arendal (A-B, Fig.
2.3). The bedrock morphology is most
clearly seen where the Quaternary sedi-
ments overlying the bedrock are thin or
absent, which is the case for most of the

SKAGERRAK IN THE PAST AND AT THE PRESENT

area in Fig. 2.3. Thick Quaternary deposits
occur in the Arendal terrace (Fig. 2.3), and
the sea-bed morphology here reflects
glacial processes, and not bedrock fea-
tures,

Another example of how bedrock struc-
tures have influenced the shaping of the
Skagerrak is seen in the southeastern slope
of the Norwegian Trench. A prominent
seismic reflector representing the base of
the Late Cretaceous rocks (Fig. 2.1) prob-
ably represents a layer with high resistance
to glacial erosion. This layer comes quite
close to the seabed in the uppermost part
of the slope, and largely coincides with the
southeastern termination of the Nor-
wegian Trench,

(:as seepage and pockmarks

Pockmarks form prominent features on
the sea bottom in the Skagerrak. These are
depressions which may be circular or
elongated, varying in diameter from fifty
to several hundred metres, and with
depths up to 16 m. Such depressions are
commonly interpreted to be due to secp-
age of gas through the sediments at the sea
bottom. This gas may be of biogenic ori-
gin, Le. produced by bacterial breakdown
of organic matter in the sediments, or it
may be related to seepage of gas from the
underlying bedrock. The origin of the
pockmarks in the Skagerrak is not vet fully
understood, but some clues are given by
the distribution pattern (Fig. 2.4). More
than 90% of all pockmarks occur in sedi-
ments above Mesozoic sedimentary rocks,
and appear to be due to gas seepage from
specific horizons in these rocks, particu-
larly Early to Mid Jurassic sandstones.
This is important for future oil and gas
prospecting, and is also valuable informa-
tion in connection with underwater en-
gineering.
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3 The birth of the Skagerrak
and the Norwegian Trench -
the Quaternary period - 2.7
million years of ice ages

At the beginning of the Quaternary
Period, 2.7 million vears ago, the Skager-
rak area was covered by sedimentary rocks
forming a continuous blanket from the
North Sea, across Denmark and onto the
Norwegian mainland. Uplift of the Nor-
wegian mainland and the surrounding
offshore areas had started in the Late
Tertiary Period and continued into the
Quaternary (see Fig. 2.2). This may have
caused soft sedimentary rocks of Mesozoic
and Tertiary age 1o be lifted above the sea-
level, as seen in Denmark today, and such
sedimentary rocks probably covered the
coastal areas of Norway. Thus, at this time
the Skagerrak was a shallow basin with
water depths possibly up to 100-200m,
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much like the present North Sea. The
Norwegian Trench, as we know it today,
did not exist,

3.1 The ice ages in Scandinavia during
the last 2.7 million years - when and
why?

From 2.7 million years before the present,
drifting icebergs (Fig. 3.1) were periodi-
cally common in the Norwegian Sea, off
Mid-Norway (Mangerud et al. 1996). The
icebergs dropped sand and gravel which
are now found in the sediments from that
time period and indicate that large glaci-
ers were established on the continents
bordering the Norwegian Sea. The presen-
ce of glaciers introduces the last era of ice
ages, the Quaternary Period (Fig. 3.2),
Similar glacial Periods occurred on Earth
700 million and 270 million vears ago.

Fluctuations in the climate

The change from a tropical to a colder cli-
mate started in the middle of the Tertiary
Period (Oligocene) approximately 30 mil-
lion vears ago. Possibly as a result of this
climate shift, the great ice shield covering
the Antarctic continent had already for-
med at this time. The Quaternary Period
was characterised by dramatic changes of
the climate. At high latitudes such as
Norway, this resulted in several cold or
glacial .p.::'m..h (ice ages), interrupted by
periods of warmer climate and melting of
the great ice sheets (interglacials), which
characterise our present climate. Within
the glacial periods, the climate might im-
prove temporarily (interstadials) and
parts of Norway would then be ice free,

The climatic fluctuations from glacials to
interglacials have occurred at fairly regular
intervals. The fluctuations are considered
to be due to variation in the eccentricity of
the earth’s orbit (which follows 100 000-
year cycles), the variation of the tilt of the
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earth’s axis (40 000-year cycles) and pre-
cession of the earth (21 000-vear cycles),
The changes in the earth’s orientation re-
lative to the sun lead to small shifts in the
intensity of solar radiation at high lati-
tudes. These shifts are considered to be
large enough to trigger these sorts of cli-
matic variations.

During glaciations, the zone where cold
polar water meets warmer subpolar water,
known as the polar front, was forced
southwards. The Gulf Stream turned
southwards approximately outside Portu-
gal and the oceans to the north became
covered by winter pack ice. Over Great
Britain and Scandinavia more snow fell
during winter than that which melted
during the summer and ice caps formed.
The location of glacier growth depends
upon where the majority of snow falls,
Snowfall, in turn, depends on the tracks of
atmospheric low pressure systems that
may alter course during an ice age.

During the growth of large ice caps, more
and more of the world’s water resources
freeze in glaciers, and global sea-level
decreases, When the glaciers reached their
maximum size, about 20 000 tw 18 000
vears B.P. (before the present), the level of
the oceans was 100-150 m lower than to-
day. The «British Islese did not exist, but
had a land connection to the Continent,
and the Mediterranean Sea was much less
extensive,

Glaciers flowing into the North Sea

Atmospheric temperatures since the start
of the Quaternary Period have been refa-
tively cold; thus, amplitudes in climate
change increased in Europe one million
years ago and gave rise to larger glacia-
tions and warmer interglacials (Fig. 3.3).
One million year old tills are found in the
Norwegian Trench, west of Bergen, and
demonstrate that glaciations were rather
extensive at this time,

Large boulders of rock types confidently
identified as deriving from localities in
Scandinavia, have been found in tills and
meltwater (glaciofluvial) deposits in Eng-
land, Holland, Germany and Poland.
These glacial deposits show that large ice
sheets originating on the Scandinavian
mainland had advanced onto the surroun-
ding shelf and land areas (Fig. 3.4), and at
least one of these early glaciers reached the
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European continent. The two most severe
glaciations, the Elster and Saale ice ages,
occurred between 300 000 and 130 000
vears B.P. (Fig. 3.3). During these ice ages,
the ice sheets covering Scandinavia and
the British isles grew large enough to flow
together, and at least at one occasion,
Norwegian ice reached England (Fig. 3.5).
The Elster ice age was followed by the
Holstein interglacial and Saale by the Eem
interglacial (Fig. 3.3). These interglacials
represent periods with climates slightly
warmer than today.

3.2 Weichsel - the last ice age

The last major ice age, the Weichselian
period, lasted from c. 115 000 o 10 000
vears B.P (Fig. 3.3). Large areas of the
northern hemisphere, including the Nor-
wegian mainland, were covered by huge
ice caps during most of the period from c.
70 000 o 10 000 years B.P., and large parts
of the North Sea were above the sea-level.
Even though the glaciers which formed
during this period never grew as large as
the glaciers during the Elster and Saale ice
ages, they did for some time extend into

Fig-3.3 Temperature variatbons during the
last 300 000 years (see Fig.3.2) and the
subdivision in ice ages and warm periods,
The age curve of ice ages and warm
periods as shown in the figure is well
documented. Debate exists, however
whaether or not the Haolsteinian and
Elsterian should be linked to periods older
than those indicated here, The warm
pericd that began 10 000 years BF.our
time, is called the Holocene. (Modified
fram Andersen and Borns 1994)

Fig. 3.4 Glaciers reaching into the sea a1
Svalbard. This was a commaon sight along
the Norwegian coast during the ice ages
Photo: Arnt-lvar Kverndal
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Fig. 3.5 The maximum extent of the
Eurcpean ice sheets dunng the Weichsel
(white), 5aale (light blue) and Elster (blue
ice ages. Modified from Andersen and
Boms 1994

Fig. 3.6 Mammuoths like these lived in
Marway 100 000 years ago
Painting: Zdendk Buriar

the North Sea. The glaciers certainly had a
large areal extent into the North Sea be-
tween 25 000 to 15 000 vears B.P. and pos-
siblv also at 45 000, 65 000 and 20 000
vears B.P. (Mangerud et al. 1996), During
the three earliest of these ice advances the
Skagerrak was probably either an open sea
or was covered by an ice shelf which did
not reach the bottom in the decpest part
of the basin. Consequently, this period
was probably characterised by more or less
continuous sedimentation and no glacial
erosion prior to ¢. 25 000 vears B.P. at
water depths exceeding a few 100 meters,

Mammoths in Norway

Climate fluctuations were standard even
during ice ages like the Weichselian, The
ice sheet which covered most of Scan-
dinavia and perhaps the shelves melted
away from parts of the Norwegian main-
land during warmer periods (inter-
stadials) at ¢. 100 00O, 80 000, 55 000 and
35 000 wears B.P. Mammoth skeletons
from the one or two carliest of these inter-
stadials have been found several places in
southeastern Norway, and show that large
arcas of Norway were ice free (Fig. 3.6),

The later interstadials were colder. Bones
of fish, birds and seals are found in a cave,
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Skjonghelleren, outside Alesund on the
west coast of Norway, These bones are
dated to the interstadial 38 000 to 28 000
years B.P. and witness the existence of
wildlife and hence, a climate, like that seen
on Svalbard today (Larsen et al. 1987 ).

The last great ice advance

The interval between 28 000 and 18 000
vears B.P. was the coldest during the entire
last ice age (Fig. 3.3). This interval led 1o
a new build up of the ice caps, which in
northern Europe reached their maximum
extent 25 000-18 000 vears B.P. The ice cap
covering Norway extended bevond the
Skagerrak south- and westwards to Den-
mark and the northern North Sea during
its maximum, and the Swedish and Baltic
ice reached into Poland, Germany and
Denmark ( Figs. 3.5 and 3.7 A-C). The ini-
tial ice growth seems to have been fastest
in the west (in the Norwegian moun-
tains), but the ice adivides - the highest
parts of the glacier - slowly shifted to the
east and into Sweden as the ice sheet grew.
When the glacier first crossed the Skager-
rak and the Norwegian Trench, the flow
was directed straight towards the south
into Denmark and southwest into the
North Sea (Fig. 3.7 A). The Norwegian
ice-sheet probably reached its maximum
extent into the North Sea area as early as
25 000 vears B.P. Debate still exists whet-
her or not the Norwegian and the British
ice were in contact. As the ice divide was
shifted to the cast, this resulted in a more
westerly ice movement over the Skagerrak
and Denmark (Fig. 3.7 B). The ice sheet
continued to grow until ¢. 18 000 years
B.P.. when it reached its maximum extent
towards the south and east. In the North
Sea area, the sheet may have retreated
somewhat. At this time, ice-flow from
southeast Norway, Sweden and the Baltic
Sea started to merge in the inner parts of
the Skagerrak and to flow along the
MNorwegian Trench.

During this phase the glacier eroded deep-
lv into bedrock and sediments. The ce
followed the Norwegian Trench around
southern Norway, northward along the
west coast and calved into deeper waters at
the mouth of the trench off Mid-Norway.
Here it dumped its sediment load onto
the continental slope. Along the outer
margins of the glacier, on the North Sea
plateau, local ice domes or stagnant ice
prabably existed (Fig. 3.7 C). More than
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Fig.3.7 The growth and decay of the
Weichselian ice-sheat,

A: ¢. 25000 years B.P. The initial growth
of the Scandinavian ice cap was largest in
the western Norwegian mountains, and
the ice flowed westwards, crossing the
MNorwegian Trench, and southwards, cros-
sing the Skagerrak. The maximum western
extent was reached at this time. Debate
still exists whether or not the Norwegian
and the British ice were in contact lce-
dammed lakes may have existed south of
the ice-sheet.

B: .22 000-18 000 years B.P. The masxi-
mium growth of the Scandinavian ice cap
was shifted eastwards into Sweden. This re-
sulted in more southwesterly ice flow in
Skagerrak.

C: . 18 000 years B.P. At the mawmurm
extent of the ice cap, the ice-flow from
Morway, Sweden and the Baltic Sea mer-
ged in the Skagerrak. The merging of the
ice streams resulted in rapid ice flow and
strong erosion. The present shape of the
Skagerrak and the Morwegian Trench is a
result of this erosion. The areas of maxi-
mum erosion are marked with blue

D: «¢. 15 000 years B.P. The grounding ling
of the glacier is situated in the inner part of
Skagerrak and actively calving shelf-ice
floats over the deeper parts. The sea out-
side Norway is partly filled with icebergs
from the calving ice frant, Melt-water
rivers, loaded with sediments from the ice-
margin in Denmark and Germany llow into
Skagerrak and the Norwegian Trench

Large quantities of sediments are deposi-
ted along the southern slope of the
Skagerrak basin,

E: c.14 000 years B.P. The shell ice has
braken up and the glacier is grounded in
shallow water along the coasts of Norway
and Sweden,

F: .7 000 years B.P. The inflow of melt-
water from the glaciers 1o the sea led to a
general sea-level rise The flat plains which
now form the sea-floor of the North Sea
are almaost flooded and the sea again flows
through the English Channel (EC).
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2000 m-thick sediment layers of glacial
origin now lying outside the mouth of the
Norwegian Trench indicate repeated de-
position (King et al. 1996). From the
amount of glacial deposits and the size of
the glacially eroded Norwegian Trench, a
phase with ice flow from Skagerrak to the
continental slope, a «Skagerrak glaciers,
seems to be part of all major glaciations.

The ice sheets disappear
After c. 18 000 years B.P. the formation of

new glacier-ice culminated. From this
point onward, generally more ice melted
during summers than was formed during
winters. Between 17 000 and 13 000 years
B.P. ice sheets all over the world had thin-
ned by melting and calving and sea-level
began to rise. Therefore ice on the shelves
began to float and started to break up.
When the disintegration had started, the
ice front rapidly (within a few hundred
vears) retreated to the inner part of the
Skagerrak. The Skagerrak and later on also
the Kattegat received large amounts of
fine-grained sediments from the melting
glacier (Fig. 3.7 D). At c. 14 000 years B.P,
the ice was grounded along the coasts of
Norway and Sweden while large parts of
Denmark were ice-free (Fig. 3.7 E) (Knud-
sen et al, 1996, Lagerlund & Houmark-
Nielsen 1993, Lundquist 1994). The shrin-
king of the ice sheets continued except for
a short, but very cold, period 11 000-
10 000 years B.P. when the glaciers again
advanced. This period is called the
Younger Dryas. Along the margin of the
ice at this stage, a prominent end moraine
ridge formed. The ridge, called Raet in
southeastern Norway, can be followed al-
most continuously from Finland through
Sweden and along the Norwegian coast to
Finnmark (Andersen et al. 1995, The last
remains of the Scandinavian ice sheet dis-
appeared around 8 500 years B.P. The sea-
level continued to rise because of the mel-
ting glaciers and flooded parts of the
North Sea which had previously been dry
land. At around 10 000 years B.P., the war-
mer Atlantic water (the Gulf Stream)
again reached the Norwegian coast and
displaced the cold polar front to the north.
This shift of the polar front measurably
warmed the coastal climate within a few
hundred vears.

3.3 Holocene - the time of man
The rapid climatic change with the return
of the Gulf Stream was the start of the pre-
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sent interglacial which is called the
Holocene Epoch.

The sea-level changes

At the shift 10 the Holocene, 10 000 vears
B.F., the entire Skagerrak coast from Jaren
to the Oslofjord was ice-free. The shore-
line from that time has since been isostati-
cally uplifted (see Box 3.1). Since Oslo lies
closer 1o the centre of the former glacier
than Jaeren, this shoreline was elevated 220
m in Oslo, in contrast to only 10 m at
Jaren, Most of the fine-grained sediments
from the final disintegration of the ice
sheet in central Norway were deposited in
the coastal areas around the present
Oslofjord. These sediments now largely lie
exposed on land because of the post-
depositional uplift. Throughout the
Holocene, the fjords along the Norwegian
and Swedish coasts have functioned as se-
diment traps for fine-grained sediments.
Only when rivers are flooded do sedi-
ments of a certain volume now pass

through to the open Skagerrak.

The North Sea plains were continuously
flooded, and at ¢. 7 800 years B.P,, the sca-
level had risen sufficiently to flood most
parts of the present North Sea. The
English Channel opened (Fig. 3.7 F) and
as a consequence the oceanographic pat-
tern as we know it today came into ex-
istence,

Man arrives in Norway.

While Scandinavia was covered by ice,
humans populated southern Europe.
Beautiful wall-paintings of animals are
found in caves both above and below sea-
level in the Mediterranean. The flooded
caves show that people lived in the belt of
dry land that formed at these latitudes
when sea-water was frozen in glaciers. The
paintings illustrate large game like rein-
deer, wild oxen, musk oxen and mam-
moths. The artists possibly belonged to
tribes of hunters who sustained them-
selves from these animals. When the cli-
mate started to warm after ¢. 18 000 years
B.P., animals moved northwards and with
them, also the people. After c. 14 000 years
B.P., it is believed that hunters lived regu-
larly on the wide plains of the North Sea
area. They stayed here until Dogger Bank
flooded as the last remnants of the North
Sea continent 7 (00 years B.P. (Fig. 3.7F).
Remains of shelters used by these people
have been found at present water depths
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of about 30 meters, and other human re-
mains from this period have also occasion-
ally been reported by fishermen.

Fourteen thousand years B.P. the Skager-
rak was a fjord, and at its narrowest out-
side Lista only 60 km wide. During winter,
the fjord was covered by sea ice and both
animals and people could easily cross over
to the narrow strip of land that was emer-
ging from the ice along the Norwegian
coast. At Rennesoy outside Stavanger,
archacologists have found traces of hu-
mans dating back over 10 000 vyears
( Prosch-Danielsen & Hogestol 1995).

With the warmer climate at the onset of
the Holocene, human populations disper-
sed as the ice disappeared. At 9 000 years
B.P, humans probably existed all along
the coast of southern Norway. The oldest
skeleton of a human being in Norway so
far reported was recently discovered at
Segne outside Kristiansand (Sellevold &
Skar 1996). One nearly complete female
skeleton and fragments of a second were
discovered during the dredging of a small
harbour close to shore (Fig. 3.8). Analyses
of the bones show that these women lived
nearly 9 D00 years ago and had a diet con-
sisting almost entirely of seafood. Thus
the Skagerrak has been an important
source for food for more than 9 000 years.

3.4 The Skagerrak - an ice-eroded basin
The Skagerrak and the Norwegian Trench
are the result of repeated glacial cycles of
alternating erosion and sedimentation.
The gealogical history revealed from sedi-
ments and morphology is fragmentary be-
cause erosion has removed some of the
old sediments (Fig. 3.9 B), The younger
the story, however, the more pieces of the
puzzle can be found.

In the following sections, we will chronicle
the sequential evolution of the Skagerrak
and the Norwegian Trench as seen
through a cross section, from 2.7 million
vears B.P. to the present (Fig. 3.10). The
location of the cross section is shown in
Fig. 3.11 G. This story is somewhat incom-
plete, but yields as much detail as our pre-
sent knowledge allows.

The Skagerrak and the Norwegian Trench

- the result of repeated ice ages
At the onset of the Quaternary Period, 2.7
million years ago, soft sedimentary rocks

of Mesozoic or Tertiary age covered much
of the Skagerrak and may have extended
over the coastal areas of the presem
Norwegian mainland (Fig. 3.10 A). The
colder climate initiated glaciations of the
Norwegian mountains, and the dramatic
drop in temperatures 1.1 million years ago
intensified the severity of the ice ages. The
glaciers grew bigger and repeatedly exten-
ded into the North Sea area. Some time
during every large advance of ice into the
North Sea, an ice flow along the coast to-
wards the Norwegian Sea was established.
The glaciers eroded the soft sedimentary
bedrock and the Norwegian Trench was
formed (Fig. 3.9 A).

The formation of the trench probably
started off the west coast, but with each
glaciation the trench became longer, deep-
er and wider until the ice flow extended
from Skagerrak to the Norwegian Sea,
Such repeated erosion is very obvious in
the Skagerrak. Troughs which were eroded
into bedrock by glaciers flowing along the
axis of the trench, cut sediments deposited
during older glaciations and were again
themselves covered by younger sediments
(Figs. 3.9, 3.11). Prominent troughs made
by glaciers older than the maximum ice-
advance of 20 000-18 000 years B.P. are
found outside Egersund, Lista/Mandal
and Arendal (Profiles A,B,C, F and G Fig.
3.11). The troughs are parts of «Nor-
wegian Trenchies)» older than the present
MNorwegian Trench, but their ages are
uncertain (Fig. 3.9 A,B). However, in a 200
m-long core through the Quaternary suc-
cession in the Norwegian Trench west of
Bergen (at the Troll oil and gas field), three
till units are preserved. The oldest till is
suggested to be 1.1 million vears old and
indicates that the erosion of the bedrock
in the trench outside the west coast of
Norway happened more than 1 million
years ago (Sejrup et al. 1995). In Skagerrak
the last glacier eroded deeply into bed-
rock. This shows that the final shaping of
the Skagerrak morphology is considerably
vounger than the main morphologic de-
velopment of the Norwegian Trench along
the west coast of Norway.

During the last glaciations, the Skagerrak
obviously served as a confluence basin
where Norwegian, Swedish and Baltic ice
flowed together. When large ice masses
from a wide area merge in a narrower pas-
sage, the ice flow speeds up and erosion
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1.8 Parts of the 9000 vaar old skeletans

recently found at Sagre outside Kristiansand
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Az Bedrock surface The
map is based on inter-
polation between
interpreted seismic
lines {Fig. A1), The dis-
tance from the sea sur-
face to bedrock is
given in milliseconds
ims) two-way travel
time. which is the time
the sound takes 1o
travel from the seismic
equipment at the sea
surface to the bedrock
surface and back.In
this case 100 milli-
seconds eguals ¢ 80
meters

B: Thickness (ms) of
sediments clder than
the last glaciation

(25 000 years) Green-
colpured sediments
are tills or unspecified
sediments, and blue
are marine or glacial
marine sediments

C: Total thickness (ms)
of Quaternary sedi-
ments. The map in-
cludes all sediments
deposited during the
Quaternary, also the
sediments shown in
Fig-398B
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Fig. 3.9 lsopach maps of the Skagerrak sediments and their bedrock substrate The stratigraphy is presented in Fig.3.11
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increases. This is the only part of the
Norwegian Trench where such quantities
of ice could have been confluent and ex-
plains why the Skagerrak is so deep com-
pared to the rest of the trench,

Traces of older ice ages - sediments older than the

last ice advance (c. 1.1 000 000 - 25 000 years ago)

The glacial troughs outside Egersund and
Lista/Mandal are partly filled with old
sediments (mostly tills) that were not re-
mowed by the last glacial erosion (Figs. 3.9
A, B and 3.11 A, B and C). These sedi-
ments cover large parts of the south-
western slope of the Norwegian Trench
(Fig. 3.11) The tills are generally more
than 100 m thick and made up of several
units. The seismic signature shows that
the tills were compressed by the weight of
later ice sheets and the top surface was
strongly eroded during later glaciations,

The trough southeast of Arendal (Profile
G, Fig. 3.11) is covered by a thick (c.
250 m) sequence of nearly horizontally
layered sediments which, after deposition,
were eroded into a terrace shape. On the
northern slope of the Skagerrak, the sur-
face of the terrace is semi-horizontal at ¢,
400 m depth and has a steep margin to-
wards the deepest parts of the Skagerrak.
Because of its location and present shape
we call it the «Arendal terraces.

The sediments were deposited in a marine
and/or glacial marine environment during
a period when the Skagerrak was ice-free.
None of these sediments have been accu-
rately dated, but it is likely that the sedi-
ments were deposited in the interval be-
tween Saale to Late Weichselian (140 000-
25 000 years B.P.). Most of the sediments
were probably deposited in a glacial
marine environment, possibly as turbidi-
tes. This may have happened when the
glacier either was grounded along the
MNorwegian Skagerrak coast or existed as a
floating ice-shelf in Skagerrak during cold
stages of the middle of the Weichselian lce
Age (70 000 and 45 000 or 30 000-25 000
years B.E). The entire trough of the
Skagerrak basin was filled with these sedi-
ments, similar deposits are also described
from the Danish shelf (Knudsen 1994),
which means that enormous volumes
were removed by the ice later on.

e
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Fig. 3.10 The development of Skagerrak
seen along a cross section between
Arendal and Hirtshals. (Colours according
to legend given in Fig.3.11.)

A: c.2,5 million years B.P. Mesozoic rocks
covered the Skagerrak, and extended onto
the coastal areas of the Norwegian main-
land, The Norwegian Trench did not exist

B: c. 135000 years B.P. A Skagerrak basin
has been formed by repeated glaciations,
The glacier which flowed towards the
southwest (arrow) ercded the trough that
now is found below the sArendal terrace s,
This prabably happened during the
Saalian lce Age.

C: ¢.130000-25 000 years B.P. During
this interval the deepest part of Skagerrak
waas filled with more than 250 m of fine-
grained sediments (Arendal terrace sedi-
ments), Skagerrak was probably covered
by shelf-ice in some periods, but the jce-
sheet probably did not fill the Skagerrak
basin encugh to reach and erode the
deeper parts of the battom,

D: €. 25 000-15 000 years B.P. The
Skagerrak was filled by thick ice during the
main ice advance of the Weichselian lce
Age.In the later part of the interval the ice
mavernents were directed along the axis
af the trench {as marked by the arrow) and
the glacier ercded through the sedimenis
and deeply into bedrock The 1op 20-50 m
of the «Arendal terraces-sediments were
ercded by glaciers and deposited as till.

E: Present. The last ice disappeared .

15 000 years BP and left an eroded bed-
rock surface and a thin, patchy cover of till,
Immediately after the ice started to float
and retreated. sediments flowed inta the
deep basin from meltwater rivers along
the melting ice margin in Denmark. Later,
this fluvial deposition was replaced by nor-
mal glacial marine depositional envirgn-
ments and finally, by purely marine sedi-
mentaton at 10 000 yvears BP
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Glacial processes and sediments - - )

A glacier Is a body of ice which flaws from
a centre of accumulation towards its mel-
ting mangins. A glaclker might sither be
«cold (frozen 1o the ground) or temperate
(at the mefting paint and fast flowing). The
speed of flow along the base ofa glacler
varies from zero in a =colds glacier to tens
of meters perday in some temperate gla-
ciers. Glaciers are effective agents of ero-
sion, transpartation and deposition of sedi-
ments and generates chatacteristic mar-
phology and sedimentary deposits. The
glacial environment leads 1o Increased
erosion by frost, wind and glacial rivers.
Gludalpmmmam responsible for
sculptiring the landscape bl,remslan anid
accumulation Commeon glacial processes
and resulting features are:

W glacial grinding - when o alacier fows
over the around, rock frrgments ate frozén
10 its sole. The sole acts like sandpaper and
cuts nto the ground that consists either of
bedock or sediments.
B glacial plucking - when a glacier tears
off rock blocks at the lee-side of a rock
lying at its base, water melts ar tha stoss
side (facing the fiow) of the rock and free-
e+ at the lee side The rock is then cracked
by the freezing process and easlly re-
mowved by the glacier flow.
M glacial tectonism - tectanic deformari-
* on of sediments or bedrock caused by gla-
ciers. Glackers are able to erode by displa-
cing and deforming large bodies of sedi-
_ ment ar bedrock.
B u-shaped valleys and deep troughs
are typical morphologies after glacier ero-
sion, Troughs in this connection are U-sha-
ped closed depressions that can range
fram cm to hundreds of kilometres long
and wide and from cms 1o hundreds of
meters desp,
B drumiins are streamiined ridges. farmed
at the base of a glacier, that sometimes
have a core of bedrock or older sediments.
The ridges may be tumufmmhighm
several Hhmm_hng:ﬂ‘gr are paraliel to
the flaw direction of the glacier. The typical
drumlin s cigar-shaped with a head and a
tail the latter of which paints in the flow
direction, Orumlins may be formed either
hremimu‘ac:umulatbn
lﬂubudwfuedewﬁﬁa surface with
narrow parallel ridges. generally less than
1-2 m high, The ridges are formed below
the glacier, are parallel 1o the glacier-flow
direction, and nwbefurrrumﬁm i
bedrack or sediments by erosion or accu-
mulation. Flutes are related to drurnling.

Skagerrak 25 000 to 17 000 years B.P.- covered by
thick ice masses

Most of Skagerrak is covered by shallow
seismics and multibeam echo sounding
{ swath bathymetry) data which enables us
to read the history of erosion and deposi-
tion of the last ice sheet in some detail.
The multibeam echo soundings give a to-
tal coverage of depth measurements and a
very detailed description of the morpho-
logy of the sea bottom. The youngest sedi-
ments in the Skagerrak are silty clays, from
10 -100 m thick. In the deeper parts of the
Skagerrak, the currents are very weak and
the deposition of the clay through the
water column can be compared to quietly
falling snow which evenly covers the
ground, Therefore, the morphology of the
sca bottom today reflects older surfaces
from tills, slide deposits or bedrock 10-30m
below the sea bottom surface.

The till surface is fluted by 2 to 7 m high
ridges which were deposited beneath the
glacier in the direction of the ice flow
(Figs. 3.12 and 3.14). Where the till lies di-
rectly on bedrock, the flutes of the last
stage of ice flow are generally preserved.
On top of the «Arendal terraces however,
where sediments have been moulded by
ice, at least three distinct phases of ice-
movement and their age relations can be
seen and interpreted (Fig. 3.12). Most like-
ly, all of these flow directions represent
changing stages of the last glacier which
reached its maximum 20 000- 18 000 vears
B.P. and broke up in the Skagerrak c.
15 000 years B.R.

The first movements are represented by
deep, diffuse furrows in a southerly direc-
tion. This represents the first flow of
grounded ice into the Skagerrak after .
30 000 years B.P; it crossed the Skagerrak,
reached Denmark and advanced to its
maximum position in Jutland sometime
before 20 000 wvears B.P. (Petersen &
Kronborg 1988). As the ice culmination
moved castwards into Sweden, the move-
ment dynamically shifted in a south-
westerly direction, still forming deep fur-
rows and drumlins (large flutes) with a to-
tal relief of up to 50 m, and later, to a very
plastic type of ice flow that drained along
the axis of the deep trench. Small flutes
can be followed from the decpest part of
the basin obliquely up the southern slope
of the terrace onto the plain where they
are bent in a more southwesterly direc-
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tion. This illustrates how plastic ice from
different parts along the coast flowed
ogether along the trench. The nourishing
of the ice on the North Sea plateau stop-
ped as the Skagerrak glacier developed.
The ice along the southern and western
margins therefore became stagnant or
wdeads. An example of this is shown in
Fig. 3.15.

The ice flow along the axis of the trench
eroded through the older, more than 250
m-thick, sediments into bedrock in cen-
tral parts of the basin and left the Arendal
terrace as an erosional remnant (Profiles F
and G, Fig. 3.11). The bedrock surface
may have been lowered as much as 100 m
and the deep trench shifted 25 km to the
south during this erosion. The morpho-
logy of the deepest part of Skagerrak (Fig.
3.14 F) shows that erosion by glacitectonic
{see Box 3.2) removal of many kilometres-
wide and tens-of-metres-thick slabs of the
soft Mesozoic bedrock has taken place.
Such erosion has been an important pro-
cess in excavating the Skagerrak basin.

Some of the eroded sediments and bed-
rock may have been deposited as tills
along the Norwegian Trench, but most of
it lies in the fan outside the trench off west-
ern Norway., Equivalents to ice streams
like the Skagerrak glacier are found in
Antarctica today. The ice streams moves
tvpically with a speed of 1-5 m per day.
The distance from the Skagerrak to the
continental slope is 800 km. Thus, the ice
and sediment would need 500 10 2 000
vears to travel this distance and the glacier
thousands of vears to excavate the basin,

The Skagerrak glacier -

confirmation of a 100 year-old theory

The idea of an immense Skagerrak glacier
moving westwards, northwestwards and
eventually, northwards along the Nor-
weglan  Trench, was introduced by
Helland (1885), For some vears this
theory was generally accepted, but later
became more controversial. The new
bathymetric maps of the Skagerrak,
together with observations of flutes in the
trench outside Egersund and drumlins
onshore in Jaeren (E. Larsen, pers. comm.
1996), leave no doubt that such a large
glacier did, in fact, exist, at least in a late
phase before the glacier thinned and star-
ted to break up.
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Deposition under floating ice outside Lista 17 000-
15000 years B.P.

After 18 000 years B.P. the Scandinavian
ice cap started to melt and become thinnes
and finally fed less ice to the Skagerrak
glacier, The glacier accordingly started to
float and finally to break up. Evidence for
the transition from grounded ice to float

ing ice 15 found in the seismic record of
sediments across the trench outside Lista

(Fig. 3.11, profiles A-C),

The sediments in the central part of the

trench show acoustic lavering, whicl

\-;1..”:'!.:1"\ mto a chaotic seismic picture 1n
shallower water. This is explained by :._:II”.I"II.l
ed 1ce and tll l.:.'l.'i:"lhilllﬂi on the \Ei'll'l:,'\ and
|-|U-I:ZI1;:‘. e and deposition of water-laid sedi
ments over the deepest part of the trench
Grounding lines for this floating ice shelf
can be seen as weak ribbons on the sea bot
tom (Fig. 3.15 D). The glacial marine sedi

ments deposited in this way are disturbed

by ice. Possibly the glacier oscillated and
was periodically floating and grounded be-
fore it finally lost grip of the bottom, be
came a floating ice shell for the entire
Skagerrak and broke up by calving, The
opening of the fjord outside Lista is, by cor

relation to sediments in the Norwegian

[rench west of .I-i!:.;l.il. relatively dated to
|5 000 years B.P. The glacier therefore start-
ed to float prior to 15 000 vears B.P When it

lost contact with the seabed outside Lista at
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Fig. 3.15 Shaded relief image of the
Egerundbank and the Norweqgian Trench
The location of the relief image s thown
an the index map (ight). The relief image
Iiustrates the glacial morphology of the
Egersundbank, with hummaocky temrain (A)
indicating stagnant ice. end moraines!
flutes (B! and glacal meftwater channels
(2 This morpholoay 15 coverad by clay in
the trench below ¢ 150 m, The weak nb-
bons that can be seen above the 300 m
contour ing in the upper middle of the

image (D) are probably grounding lines

1 the glacier wa:

from the tme w

e
partially flcating in this area, ¢ 15 000 vaars
BP The «Hidra mountainss (Fig. 3.11 Bl can

be seen east of the black rectan

data ate lacking), The relief is based on
single-channel echosounding data from
the Norweglan Hydrographic Service and
5 far less detailed than the morphologic

map of the inner part of the Skagerrak

¢, 15 000 vears B.P, the ice shelf retreated
rapidly all the way to a grounding line
south of Langesund.

The glacial marine beds deposited during
the deglaciation are thickest on the south-
ern slope of the trench (Fig. 3.11 profiles
A-F). Most of these sediments were poss-
ibly delivered by continental rivers fed by
melt water from the southern margins of
the Scandinavian ice cap (Fig. 3.7). Limit-
od amounts of glacial marine sediments
were deposited in the area west of Lista
after the ice withdrew (Fig. 3.11 B).

Skagerrak 15 000-10 500 years B.P.- an open fjord-
like basin with huge floating icebergs

From the time when the glacier started to
break up until it finally retreated ashore,
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the fiord was filled with icebergs. Some of
the icebergs must have been enormous
since plough marks made by one drifting
iceberg can be seen at water depths of ¢,
400 metres. This shows that the calving ice
front must have been nearly 400 m deep,
and 40 m high. One of the plough marks
is more than 5 km long, 150-200 m wide
and up to 16 m deep, and cuts through a
previously fluted surface. From Antarc-
tica, icebergs the size of Vestfold county (c.
2200 km2) have been reported, and the
largest Skagerrak icebergs may have been
of comparable sizes.

Large rivers, originating from the margin
of the melting glacier in the Baltic Sea area
including Sweden, crossed the North Sea
plains, The rivers brought with them large
amounts of fine-grained material which
were deposited in the Norwegian Trench
fiord, probably in deltas and fans along the
southern shore. This is assumed to be the
most important source for the sediments
deposited in the Skagerrak in this period.

The rapid deposition resulted in instable
deposits, which frequently collapsed and
slid into the fjord. From the Danish side of
the Skagerrak north of Hirtshals, turbidi-
tes from such avalanches or from density
currents directly from the meltwater
rivers, have made prominent fans reaching
into the deepest part of the trench (Fig.
316). In that part of the Norwegian
Trench which is mapped in detail, such
deposits have a volume of 16 km* and co-
ver 875 km?,

The fan deposition must have occurred
immediately after the ice disappeared, be-
cause the fans rest on tills formed when
the ice started to float and disappear. The
fan deposition was followed by deposition
of clayev glacial marine sediments with
iceberg dropstones. The glacial marine de-
posits are up to 100 m thick on the sout-
hern slope of the trench (Fig. 3.11)

The ice front retreated rapidly towards the
coast, and by ¢. 12 000 vears B.P. the coast
was ice free. By 11 500 vears B.P., the ice
front was <. 20 km inland, north of Lange-
sund. A short period of colder climate
(11 000-10 000 vears B.P, Younger Dryas)
initiated a new growth of the ice sheet; the
glacier made a rapid advance and formed
a prominent end moraine ridge, the Ra
moraine, The ridge can be followed below
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the sea-surface from Langesundfjord to
Arendal. The island of Jomfruland is an
exposed part of this ridge (Fig. 3.17).

The glacier comes ashore 10 000 years B.P.-
changed deposition in the Skagerrak

When the glaciers retreated ashore along
the Norwegian and Swedish coasts 12 000-
10 000 years B.P, most meltwater sedi
ments were deposited in the coastal rone
and no icebergs calved into the sea. Since
then, the fiords have been effective sedi-
ment traps and relatively little of the
rivers' sediment load reaches the deep
Skagerrak. This change in sedimentary en
vironment is clearly seen on seismic regi-

strations. The post-glacial sediments have
low reflectivity compared to the acousti-
cally layered glacial marine sediments and
the reflector between them can confident-

Iv be followed over most of the trench.

The thickest Holocene deposits are found
in the southeastern slope of the Nor-
wegian Trench north of Denmark, where
they locally are c. 100 m thick and consti-
tute some of the thickest Holocene marine
sediments in the world (Fig. 3.19); further
west along the upper part of the slope
these marine sediments are absent. At the
bottom of the trench, the Holocene sedi-

ments are 7.5-13 m thick to the east of
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of Early Holocens

et

& souTheastern '-.,I:'_};_“,
Skagerfak A-A gnes a Cross section of the
area where the Early Holocene sediments

have been removed by etosion.

Fig. 3.19 Thickness of Holocene deposits
(Rise &t 3l 1996)

Lista and less than 7.5 m thick to the west.
The Holocene deposits are mainly formed
by sediments brought into Skagerrak early
in the Holocene Epoch by European rivers
which fed into the fjord and later alsa,
when the North Sea was flooded, by sedi-
ments eroded from the sea bottom. In the
deepest part of the trench, the Holocene
sediments are typically 10-20 m thick. At
the same time the recent sedimentation
rate is 10-20 cm/ 100 years and this indica-
te that the deposition in the central part
has been stable and continuous through-
out the last 10 000 years, However, on the
southeastern slope, there is an extensive
area of crosion or non-deposition, This

SKAGERRAK IN THE PAST ANMD AT THE PRESENT

area is traceable for 100 km and has thick
modern sediments both to the north and
to the south (Fig. 3.19). The area occurs
close to a steep bedrock scarp and cuts
through Holocene sediments into older
deposits (Fig. 3.18). This non-depositio-
nal feature shows that currents along the
slope became stronger sometime during
the Holocene, perhaps in the middle or
late part of the period. The increased ero-
sion and instability can probably be ex-
plained by an increased influx of Atlantic
water as a result of a change of the large-
scale circulation patterns of the North
Atlantic, ¢. 4 000 vears B.P. Since then, the
climate has deteriorated over northern
Furope. On land this has manifested itself
in increased activity of slides and river
erasion which ultimately has increased the
flux of sediments into the North Sea and
Skagerrak. In the following chapters it is
shown that 30-70 % of all fine-grained
sediments that are brought into the North
Sea, finally end up in the Skagerrak basin
and the Norwegian Trench. The increasing
load of contaminants that has been releas-
ed to the nature the last century, casily
associates with fine-grained matter and
sinks out with the sediments in this area -
the «dustbins of the North Sea.
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Facts about the Skagerrak = « 1)

The Skagerrak: Sea area between Norway,
Sweden and Denmark east of the line
Lindesnes-Hanstholm,

Area; 36 000 km?

Water volume: 7 000 km'

Maximum water depth:c 710 m

Fig.4.1 Bathymetry of the North Sea (modi-

fied from Morth Sea Task Force 1993
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4 The modern sedimentary

environment

The Skagerrak is the deepest part of the
North Sea as a result of the intense glacial
erosion that carved the Skagerrak and the
Norwegian Trench during the last ice ages
isee Chapter 3). The waters in the North
Sea are in constant motion, and nearly all
water in the North Sea eventually passes
through the Skagerrak carrving some sedi-
ment load. Because the Skagerrak is so
deep compared to the rest of the North
Sea, it acts as a sediment trap and is the

main area for deposition of fine-grained
sediments in the North Sea. The mecha-
nisms of sediment transport and deposi
tion in the area has a fundamental effect
on the spatial distribution of contami-
nants in the Skagerrak (see Chapter 5).

4,1 Bathymetry and ocean currents
Bathymetry

The North Sea can be separated into three
parts: a very shallow sea with depths shal-
lower than 50 m from the Dogger Bank to
the south and east, an area of intermediate
depths (50-200 m) northwards from the
Dogger Bank 1o the continental slope, and
a deep water region with water depths ex-
ceeding 200 m, in the Norwegian Trench
and the Skagerrak (Fig. 4.1).

The Norwegian Trench runs parallel to the
west coast of Norwav and ends in the
Skagerrak, where it reaches its greatest
depth at ¢. 710 m (Fig. 4.1). The shallowest
part of the trench (the sill) lies outside
Jeren (for location of Jeren, see Fig. 4.2)
and is ¢. 280 m deep. In the Skagerrak, the
trench forms a streamlined, asymmetric
basin, with an irregular northern, and a
more regular and gentle southern, slope.
On the northern side of the trench, the
slope gradients average 2-3 and the sea
bottom is deeply incised by narrow chan-
nels. Outside Arendal, there is a «terraces
{ The Arendal terrace, Chapter 3) at c. 400
m water depth. The «terraces is approxi-
mately 60 km long and 15 km wide and
has a 150 m high slope dipping steeply
(6-8") down to the bottom of the Nor-
wegian Trench.

The southern slope of the trench has gra-
dients of ¢. 1" at water depths deeper than
250-300 m and of less than |" at water
depths shallower than 250 m. This slope
changes into a gently dipping plateau to-
wards Denmark at water depths shallower
than 100 m, The eastern slope is semi-
paralle] to the Swedish coast and is dissec-
ted by several submarine channels exten-
ding into the deepest parts of the Skager-
rak from the mouth of the Lange-
sundfjord and adjacent areas. These very
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steep-sided channels can reach depths of
up to 300 meters (Fig. 4.2). The deepest
parts of the Skagerrak basin have a nearly
flat bottom that rises gently towards the
southwest.,

Oceanography - general circulation pattern of the
water masses in the Skagerrak and adjacent areas
The water in the North Sea, including the
Skagerrak, and the Baltic Sea consists basi-
cally of two components: salt water from
the Atlantic Ocean and fresh water derived
from precipitation and from rivers which
drain large parts of Central and Eastern
Europe, Fennoscandia and Great Britain.,
Most of the water entering the Baltic Sea
and the North Sea passes through the
Skagerrak (Fig. 4.3). Annually this water
volume amounts to 56,700 km?*, most of
which flows near the surface or at inter-
mediate depths (Fig. 4.4). When the in-
flow is compared to the volume of the
Skagerrak (7 000 km?), this indicates that
the water from intermediate depths to the
surface is renewed at least cight times
every year. This is in contrast to the rene-
wal of the decper waters, below the sill
depth at ¢, 280 m, which occurs at one- to
three-vear time intervals,

Almost 20% of the inflowing water derives
from the Atlantic Ocean, flowing through
the northern North Sea and along the
southern flank of the Norwegian Trench
(Fig.4.3). Approximately 9 % of the inflow-

ing water comes from the central and
southern North Sea, and ¢. 1 % is derived
from the Baltic Sea (Fig. 4.3). All these
water masses meet in the inner Skagerrak
and subsequently flow out as the Nor-
wegian Coastal Current (Fig. 4.3).

Fig.4 3 General ocean
circulation pattarmn in the
MNorth Sea and the
Skagerrak The width of
arrows indicates the
magnitude of volume
transport, The part of
Atlantic water which
flows more or less
directly into the
Skagerrak is shown with
blug arrows and those
parts which flow in via
the North Sea by black
atrows, The thick black
amow along the
Norwegian coast marks
the Norwegian Coastal
Current (modified from
North Sea Task Force
19493). The numbers give
average water inflow
(kmfyr) for the different
cutrents (Eisma & Kalf
1987)
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Figg. 4.2 Bathymetry of the Skagerrak and
the southem part of the Narwegian Trench
The map is compiled from several data
spurces. of which recent detailed multi-
beamn echo sounding from the Skagerrak
{Statens Kartverk Sjokartverker - SKSK, is
the mast imporant. The bathymetry in the
other areas is based on fishery plotting
charts, sea charts and navigantion maps in
the scale 1:50 000 - 1:350 000 (SKSK, Kort
og Matrikkelstyrelsen and Kungliga
Sjokartverket).
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he currents in the Skagerrak can be sub

divided into surface and bottom currents
that generally have the same flow direc-
tions, while the velocity of the bottom
currents is lower than that of the surface
currents. The two currents basically form
a large-scale, anti-clockwise cvelonic cir-
culation pattern, mainly regulated by the
in- and out-flowing water masses and the
shape of the Skagerrak basin

Shifting winds (strength and direction) in
the North Sea and the Skagerrak influence
the ocean currents. This is particularly the
case for the surface currents, but also for
the bottom currents. Computer modelling
of the bottom currents during four typi

cal, seasonal wind situations in the North
Sea (Svendsen et al. 1996 and references
therein) illustrates the role of winds (Fig.
1.5 A-D). Westerly _-_\'_.!|'_"~ SW-W, | Ig. 1.3
A,B) are typical for the early autumn.

These winds increase the water inflow into
the Skagerrak from both the central North
sea and the Atlantic Ocean into the
Skagerrak. This results in strong bottom
currents along the southern margin of the
Norwegian Trench and on the shallow
banks north of Denmark. Bottom current
velocities on the banks frequently reach
(L3-0.4 mfs with a2 maximum of ¢ 0.65
m/s. The strong currents continue into the
inner part of the Skagerrak and out along
the Norwegian coast in the same vortices
pattern as the surface currents. Easterly
and northeasterly winds (Fig. 4.5 C,D) are
most common from December to April
Easterly winds tend to shift the core of the
inflowing Atlantic water towards the north
and into deeper water. Winds from the north
east (Fig. 4.5 [} result in weaker bottom
currents (maximum 0.1 mv/s) but do not

influence the general circulation pattern



4.2 Sediment transport and deposition
in the North Sea and the Skagerrak

Although the strength and direction of the
currents vary, a fairly constant water flux
persists from the North Sea and the
Atlantic Ocean to the north of Denmark
into the Skagerrak. These currents func-
tion as a conveyor-belt to bring sediments

7 ||

to the area (se¢ Box The coarsest

i
grains transported in tl

1e North Sea are
normally sand-sized. Sand constitutes the
seabed in the shallow areas where currents
are strongest, whereas mud settles in the
deep Skagerrak.

Sediment transport into the Skagerrak from the
North Sea and the Atlantic Ocean

Ihe North Sea is a highly dynamic water
body with strong tidal- and wind-driven
currents and strong wave action. These
forces ]'-.L'{"'l in suspension the fine-grained
particles supplied 1o the North 5ea by
rivers and the atmosphere, and also lead to
the erosion and resuspension of sea-bed
sediments. Erosion of the sea-bed is espe-
cially strong in the central-southern parts
of the North Sea and along the southwest-

RAKINTHE PASTAND ATTHEPRESENT

ern margin of the Norwegian Trench to
wards Denmark. Several arcas in the sout-
hern North Sea and along the coasts from
Britain to Hanstholm in Denmark exhibit
annual erosion of up to 600 g/m* (North
Sea Task Force 1993, Pohlmann & Puls
1994 ). Because of the frequent strong cur-
rents and waves, sediment particles are
generally kept in suspension and only
temporarily (days to centuries) deposited
on the sea-bed. The Ovster Grounds and
parts of the German Bight are such recent

lemporary LlL‘]"iIL'CII[LT.‘\-.

Increased wind activity in the North Sea
over the last 20 to 30 years (Svendsen
1991 ) may have intensified the strength of
the bottom currents in the North Sea.
Increased erosion of the sediments at the
sea bottom in the North Sea and in the
coastal areas and resuspension of previ-
ously deposited material are possible
consequences of this. Transport of mate-
rial to the Skagerrak by ocean currents is
illustrated by a satellite image from the
North Sea from March 1982 (Fig. 4.6).
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General principles for

sediment transport (50«47

Flowirg water is capable of eroding and
transparting sediment particles and
sorting them by grain size prior 1o depasi
tion. A sediment particle may be eroded
and redeposited several times The coat-

are found where the currents

seal |'.';'I'Tl'_'i|:"

are strongest; sand Is deposited where

currents are somewhat weaker and mud

setties ingquiet waters

When water flows over the sea-bed, the
largest grains are moved oy traction
during which grains roll or move by salta-
tion (jumping) in a thin kayer along the

bottom, The second largest grains move in
a near-bottom suspension, and the finest
particles raside insuspension higher in the
water column, As lang as particles stay in
suspension, they travel at the same velo-
city as the water, while the bed load travels
mare siowly than the streaming water

As the current stzength decreases; the
capacity of the current 1o act asa transpor
ting agent is rediced and the sediments
are deposited. If the current strength'in-

wion of the sea-bed occurs and

creases ef

R OSITD,

d particles may be resuspended
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rest of the North Sea (Rodhe & Holt
1996). The Jutland Coastal Water origi-
nates in the German Bight and is a mix-
ture of continental river water and water
from the southern North Sea. It flows rela-
tively slowly northwards close to the west-
ern Danish coast, parallel w the South
MNorth Sea water. This current is highly
instable; it may be blocked by inflowing
Atlantic water for shorter or longer
periods and may flow in pulses into the
Skagerrak. Sediments brought into sus-
pension in the southern Bight of the
North Sea are suggested to take 10 to 15
vears to reach the Skagerrak (Liebezeit
1991 ). The water in the rest of the south-
ern North Sea has lower concentrations of
suspended particles but faster flow; thus, it
contributes with larger volumes of sedi-
ments to the Skagerrak. The water flowing
in from the Atlantic Ocean has low con-
centrations of suspended particles, but
since the water volume constitutes more
than 90% of all water to the Skagerrak, a
significant amount of material is tran-
sported in from the Atlantic Ocean and
the northern part of the North Sea.
Volume estimates for the transport and

l'._.....-.--...._,...._--l"

Fig.4.7 Synthesis of sediment transport The image (Fig. 4.6) demonstrates that e g . ;

estimates (tons/yr) in the North Sea and suspended particles are concentrated in deposition of Ijlh:-gr'.’um_:d wd'm."'tm -
the Skagerrak based on data from Eisma b o treats o the Mok S dind sed on measurements of .uuapcmmn.lu.id
(1981).The sediment flow from are then carried into the Skagerrak to the :'“"_' t“_.r" Ph'._’"'.“t_m by a munh-:r_ul '“_ll'
Scandinavian rivers is exemplified by north of Denmark (Figs. 4.3 and 4.6). The i _rhl'mm S ition “f“ﬁ and e
Glapia DORtonsAR Tha thtal sl i Jutland Coastal Water has the highest con- therein). A _-.:,-_.I-.thn::. of these estimates is
put of sediments from rivers in this area is centrations of suspended particles (Eisma presented in Fig. 4.7.

estimated ro be less than 05 million tons 1981}, but is a low-volume water body and

The transport of fine-grained material
from the North Sea is demonstrated by
studies of clay minerals (and chlorite]
from the sea bottom in the North Sea
(Zollmer & lIrion 1993), Three differemt
mineral associations can be identified in
the sediments: illite+chlorite, kaolinite
and smectite. The distribution patterns
show that the illite+chlorite association
derives from erosion of glacial deposits in
the northeastern North Sea, originally depo-
sited by the glaciers from Scandinavia. The
kaolonite association seems to originate
from an area east of the Dogger Bank and
represents  sediment transport  from
i, e o Britain towards the Skagerrak over the
E"““F* s'_a"d“_m"'g c e central southern North Sea. The smectite

consequently, delivers less sediments to
the Skagerrak than do the waters from the

Start of channels
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association comes from erosion and dred-
ging of Tertiary sediments in the southern
North Sea and further transport north-
wards via the Jutland Current.

In addition to the suspension load
brought into the Skagerrak, considerable
transport of sandy sediments along the
bottom occurs. The sand is mainly derived
from sea-floor erosion, coastal erosion
and rivers. The sand-sized material moves
along the sea-bed in the general direction
of the bottom currents, Locally, slowly
migrating sand dunes and sandwaves are
expressions of this sand transport. As an
example, sandwaves and sand dunes,
oecurring in water depths of 85-105 m,
have been identified with side-scan sonar
data on the sea bottom on the upper
southern slope of the Norwegian Trench
to the southwest of Lista (Fig. 4.8). These
bedforms are presently active and appear
to migrate towards the southeast and east,
i.e. in the same direction as the inflowing
Atlantic water, Active sandwaves are also
found in the southern North Sea and to
the north of Jutland at water depths shal-
lower than 70 m (Salge & Wong 1988,
Kuijpers et al. 1993), from where they
migrate towards the northeast with the
Jutland Current.

Sediment transport to the Skagerrak from Norway,
Sweden and the Kattegat/Baltic Sea

Waters flowing into the Skagerrak from
the Baltic Sea and from Swedish and
Norwegian rivers carry less suspended
matter than the waters originating in the
North Sea. This is mainly due to the catch-
ment of sediments in local depocenters,
particularly the fjords. Along the eastern
and northern Skagerrak coasts, deep
waters and hard bedrock prevent coastal
erosion; in the Kattegat, the currents are
weaker than those in the North Sea and
cause less sea bottom erosion. Therefore,
the input to the Skagerrak sediments from
these sources is almost negligible in the
overall sediment budget. The Baltic Sea s
rather deep and has a very narrow and
shallow sill between Sweden and Den-
mark. Thus, the Baltic Sea functions as a
sediment trap and only minor amounts of
suspended matter flow into the Kattegat,
The sediment supply from the Baltic Sea
to the Skagerrak is c. 0.5 million tons/yr
(Eisma 1981), or approximately 1% of the
total annual supply to the North Sea,
Skagerrak and Kattegat,

The major rivers of Sweden and Norway
discharge into sill fjords (fjords over-
deepened by glacial erosion, which have a
physical bedrock or glacial threshold in
their outer parts) which trap most of the
sediment load before the water flows into
the Skagerrak. However, during spring
floods, there is a contribution from rivers
emptying their sediment load directly into
the Skagerrak, e.g. the Glomma river.
Glomma delivers an annual average of
160 000 tons of sediment to the sea
Approximately 50% goes into the Skager-
rak, while the rest is deposited in the
Glomma estuary (Helland 1996). The to-
tal annual contribution of sediments to
the Skagerrak from the Baltic Sea and the
Scandinavian rivers is less than 1 million
tons/yr (Fig. 4.7). Much of this material is
deposited in the outer Oslofjord area and
along the coasts of Sweden and Norway.

Sediment dynamics within the Skagerrak

The currents in the Skagerrak form an
average large-scale circulation  pattern
(Fig. 4.4), and the major part of deposi-
tion occurs below the core of these cur-
rents. Based on current velocities and gra-
vitational settling velocities of clay partic-
les, Rodhe & Holt (1996) estimated a sett-
ling velocity for clay particles in the
Skagerrak water to be 10"'m/s, This means
that the time needed for most of the par-
ticles to settle to the sea bottom roughly
equals the transport time of waters pas-
sing through the Skagerrak, thus allowing
most of the sediment particles derived
from the Atlantic Ocean and the North
Sea to settle in the Skagerrak.

Distribution of sediment types in the
Skagerrak and the spatial distribution of
deposition and erosion areas are closely
linked to water depths and the capability
of the ocean currents to carry sediments
or erode the sea bottom. When the cur-
rents entering the Skagerrak from the
shallow North Sea (Fig. 4.4) meet deeper
water along the southeastern side of the
Norwegian Trench, their velocities are re-
duced. In this way, the currents reduce
their capability to transport particles
which then begin to settle to the sea bat-
tom. This arca is consequently one of the
major deposition zones. Traction of sand
along the bottom generally ceases in the
upper parts of the slope at ¢. 200 m water
depth (Fig. 4.9]. In slightly deeper water,
silt, transported by traction and in near-
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Fig. 4.9 Major sediment transport mecha-
nisrms deduced from the particle-size dis-
tribution in the sea-bed sediments, The
reduction of current strength from the
slope to deeper water leads to depasition
of sediment particles according to size,
With gradual transitions, the following
scenario ooours: sand accumulates on top
of the slope as traction along the sea-bed
ceases; sl falls out of the near bottom
suspension at sliahtly deeper water; clay
settles from hemipelagic suspension in
quiet water I the deepest parts of the
Skagerrak Modified from Lepland &
Stevens (1996)
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Calculations of the amounts of depo-
sited sedimentary material =« ©

Calculations of the amounts of deposited
sadimentary material (ADSM) were made
using the formula below. The calculations
are based upon the assumption that each
station is representative of a 100 kmy area

surrounding the station

Formulat

ADEM = sedimentation rate * dry bulk densiny ® 10F
where the units are:

ADSM - tons pr.year

sedimentation @te - om pr. year

dry bulk density - g/cm?

The estimated annual deposition of sedi-
rmentary material using this method is 168.6
million 1ons in the Norwegian part of the
Skagerrak.

bottom suspension, occurs and becomes
the predominant constituent of the sca-
bed sediments. The finest grains slowly
settle from suspension in the deeper parts
of the Skagerrak basin where currents are
weak,

During periods of strong westerly and
southwesterly winds (Fig. 4.5), a body of
fairly high velocity waters extends obli-
quely downslope from ¢ 100 m water
depth into the Skagerrak deep, northwest
of Hirtshals (Fig. 4.10 A). In the same
area, sandy and silty sediments are deposi-
ted at water depths greater than average
{Fig. 4.10 B), probably due 1o the periodic,
high-velocity currents. In the same area of
the southeastern slope, depressions are
eroded into the sea bottom. These depres-
sions (see Chapter 4.3 for further details)
are elongated in a SW-NE direction and
probably reflect a predominant NE flow
direction. Erosion or non-deposition ( Fig.
410 B) occurs between c. 270 and 400 m
depth along the southeastern slope of the
Norwegian Trench to the west of, and into
the area with, the downslope currents de-

scribed above,

As the water masses turn northward and
northwestward in the easternmost part of
the Skagerrak { Fig. 4.4), they form a large-
scale anti-clockwise whirl where the cur-
rent velocities are reduced and the waters
mix with brackish water from Scandinavia
and the Baltic Sea. The mixing of waters
with different salinities mav cause floccu-
lation, intensifying deposition of suspen-
ded matter. The water masses carry a lot of
suspended material, much of which s

deposited in the northeastern parts of the

Skagerrak under the large-scale whirl
{Eisma & Kalf 1981). The water masses
subsequently continue along the south-
gastern coast of Norway, become pant of
the Norwegian Coastal Current (Fig. 4.3)
and deposit yet more fine-grained mare-
rial, particularly in topographic depres-
sions. Coarser-grained and poorly sorted
sediments along the coast are interpreted
as locallv derived ¢rosion products from
topographic highs,

Organic matter, with total organic carbon
content up to 21.8%, forms an important
part of the sediment composition of the
Skagerrak. The organic matter consists
mainly of carbon from land-derived
plants or erosion products from older
sediments with a clear tflux from the North
Sea (Anton et al. 1993 and references
therein). Marine plants and animals from
the primary production of organic matter
within the Skagerrak are generally recircu-
lated within the water column or at the
sediment surface (Aure & Dahl 1994), and
consequently, are not incorporated into
the sediments. The content of organic car-
bon in the sea-bed sediments has increas-
ed over the last decades, possibly indi-
cating increased transport of organic mat-
ter from the North Sea or increased pni-
mary production due to euthrophication
(for further details, see Chapter 5.4 and
6.1). A close link berween the ocean cur-
rents and sediment distribution (see
above) is confirmed by the distribution of
organic carbon. There is a clear correla-
tion between organic-rich sediments from
the central and northern parts of the
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Fig.4.11 Distribution of total crganic carbon
(TOC) in sea-bed sediments. The distrfbution in
the central and northern parts of the Skagerrak
demonstrates a clear connection between
deposition of organic matter and the average
large-scale current circulation pattern

Skagerrak (exceeding 2.2 volume %, Fig.
4.11) and the average large-scale circula-
tion pattern (Fig. 4.4),

The link between the ocean currents and
sediment deposition is also demonstrated
by studies of the magnetic properties of
sediment grains which show a decrease in
the grain-size of magnetic grains down-
stream along the axis of the current, The
magnetic studies (Lepland & Stevens in
press) also indicate a two-fold division
with regard to sediment sources: the
North  Sea/Atlantic Ocean and  the
Scandinavian/Baltic provinces (Fig. 4.12).
The North Sea/Atlantic Ocean province
appears to be totally dominated by sedi-
ments  deriving  from the North
Sea/Atlantic Ocean. The Scandinavian/
Baltic province is also dominated by
North Sea/Atlantic Ocean inputs, but with
a significant contribution of sediments
from Scandinavia and the Baltic Sea. The
contribution from Scandinavia and the
Baltic Sea has been estimated by Eisma
(1981), and totals less than 15% of all depo-
sited sediments, based on our calculation
of sediment deposition in the province
(for details with regard to this calculation,
see Box 4.3 ). Therefore, it is likely that par-
ticles from the Atlantic Ocean and the
North Sea constitute the bulk of the sedi-
ments even in the Scandinavian/Baltic
province. The reason for the clear magne-
tic signature in the Scandinavian/Baltic
province, despite the fact that the Balric
and Scandinavian sediments constitute
just 15% of the bulk sediment, may be that
the mineral grains from Scandinavia are,

Fig. 4.12 Magnetic properties of the sea-bed
sediments indicate two provinces. The North
Sea/Atlantic Ocean provinge is torally dormi-
nated by sediments deriving from the North
Sea and the Atlantic Ocean, while the Scandi-
navian/Baltic province receives an estimated ¢
15% proportion from the Scandinavian coun-
tries and the Baltic S5ea, and the remainder
from the Atlantic Ocean and the North Sea

tor a large extent, derived from metamaor-
phic and plutonic rocks, in contrast to the
sediment particles from the Atlantic
Ocean and the North Sea. Clearly, the pro-
vince division represents a gross simpli-
fication of the complicated sedimentation
pattern in the Skagerrak, but does provide
a useful approach to the tracing of the
sediment sources.

Sea-bed sediment densities and the calcu-
lated sedimentation rates (Fig. 4.13) sug-
gest that the Norwegian part of the
Skagerrak basin receives c. 19 million tons
of sediments annually (dry sediment
weight) (Box 4.3) of which c. 15 million
tons are clay-dominated. This number
accords well with estimates made in previ-
ous investigations that yielded 17 million
tons as a minimum estimate for annual
deposition of suspended particles in the
Skagerrak and the Norwegian Trench
(Eisma & Irion 1988).

Sediment deposition rates

Sediment deposition depends extensively
on the ocean currents which may be influ-
enced by meteorological events such as
floods and wind. Therefore, sedimenta-
tion occurs to a certain extent episodically.
Rapid deposition may occur over the
course of a few days, and may be subse-
quently followed by long periods with
very little to zero deposition. Through
time periods extending over several de-
cades, the sedimentation rates in the
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Radiometric of sediments
from lead and caesium isotope mea-
surements Fox 440

Radiometric dating methods are based on
the radipactive properties of certain in-
stable chemical elements. Atomic particles
from these elerments are emitted in order 1o
achieve a more stabile epergetic state. Some
radicactive elements such as uranium
eccur naturally and are commenly found in
rocks, sediments and fossils. Radicactive de-
cay fatomic transformation) is time-depen-
dent, and if the rate of decay is known, the
age of the host sediment or fossil can be
established. Rates of radioactive transfor-
mation are extremely varable; some ele-
ments decay in days or even seconds where-
a5 others transform gradually over miliion
of years. Two of the sshort-liveds radianucli-
des which can be used to date young sedl-
ments are lead with atomic weight 210
{1'°Pb) and caesium with atomic weight

137 (" Cs).

4190k i a member of the 280 decay series
with a half-iife of only 22 years. One product
of the decay of “*Ra (radium) is the gas ra-
daon which escapes into the atmosphere.
Radon decays via a senes of short-lived nu-
clides 1o ¥'"%Pb which is eventually removed
from the atmosphere by fall-out precipita-
tion, This unsupported *'*Ph, which does
not derive from decay of parent nuclides
within the sediment, accumulates in fake or
ocean sediments where It subsequently
decays. Provided a continuous sediment
depasition, measurement of *'%Pb coment
can be used 1o establish rates of sedimant-
ation over a time-scale of the past 110 years
oF 50,

105 is a radionuclide that has been intro-
duced to the marine ervironment by atamic
bomb testing. from nuclear reprocessing
plants and reactor accidents The anthropo:
genic input started with the nuclear indus-
try during the Second World War and large
amounts of radioactive marter have bean
epssodically released to nature. One tragic
example of this is the Chernoby| disasterin
1986, Such episedes can be recognised in
undisturbed sediments as peaks of high
caesium activities and used for dating pur-
poses. The cagsium lsotope has a some-
what greater half-life than the lead isotope
(30 years) and can be used in age deter-
minations spanning the last 150 years.

The Skagerrak cores have been dated by a
method described by Kunzendorf et al.
{1994,1996). The sedirmant cores were cut
inta 1.cm thick slices and the radioacthvity
measured by a gamma spectromerer, Based
on the lead and cassium data. the annual
sedimentation rates have been determined.
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Fig.4.13 Measured ¥
and estimated
sedimentation

e

rates in the
Morwegian part of
the Skagerrak
From Bee et al ~—
[1595)

Fig.4.14 Seismic profile demonstrating the
truncation of internal layering in
Quaternary and Early Holocene sediments
at the sea bottom. Pale green; Cretaceous
bedrock: grean: Quatarnary tills; dark blue:
Cuaternary glacimarine sediments; light
biue: Holocene sediments.
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Skagerrak can be regarded as fairly con-
stant; this has likely been the case over the
last ¢. 4 000 years, although Hass (1993)
has demonstrated locally large variations
in sedimentation rates throughout the last
300 years. However, long-term climatic
changes (for instance, glacial versus inter-
glacial conditions - see Chapter 3) will affect
the sedimentary environment, and influ-
ence the sedimentation pattern drastically
(for an example of this, see Chapter 4.3).

Accurate estimates of average sedimenta-
tion rates can be achieved by measuring
the content of the lead (*""Pb) and caesi-
um ('Cs) isotopes in sediments (Kunzen-
dorf et al. 1996 and references therein)
(Box 4.4 , Fig. 4.13). Pb- and Cs-radio-
metric dating was done on a selection of
the Skagerrak sediment cores (¢. 35 cores,
including previously published resulis).
The sedimentation rates for undated sta-
tions were derived by interpolation between
the dated cores, aided by consideration of
Holocene sediment thicknesses (Boe et al.
1996 and references therein ).

L 8 e b
& sl v I [
_—a %

D B8 e pr V00 puar
E M o Y00

| BT e g OO g

! | 400 . R e

A

/o
|
DENMARK,

[. ]

On the plateau towards Denmark, fine
sands are typically deposited at a rate of
10-20 ¢m/100 vears. Local depressions on
the sea-floor indicate that erosion may
occur within certain areas. On the south-
castern slope of the trench, in Norwegian
waters between 9'E and 10°E, recent sedi-
mentation rates of more than 50 cm/100
vears are common, and rates up to 98
cm/100 years have been measured. This
area is located in the continuation of a
major erosion area (Fig. 4.13), from which
a certain contribution can be expected.
High sedimentation rates further occur all
along the southeastern slope of the
Norwegian Trench in the inner part of the
Skagerrak. Sediment accumulation rates
in excess of 100 cm/100 vears have been
measured on the eastern slope of the
Norwegian Trench (Fig. 4.13). In this area,
the current velocities are low, likely due to
the large anti-clockwise whirl, and are
probably the main cause for the high de-
position rates. It is also possible that the
mixing of saline water masses from the
southwest (Atlantic Ocean, North Sea)
with dominantly brackish water masses
from the Baltic Sea and mainland Norway
and Sweden may cause increased floccula-
tion and, therefore, increased deposition raes.

The sedimentation rates along the coast of
Norwav vary considerably; high sedimen-
tation rates occur in small basins, whereas
topographic highs have little deposition or
are even sites for erosion. Outside the
Norwegian coast, areas with sedimenta-
tion rates up to 30 cm/ 100 vears (Fig. 4.13)
are indicated by large Holocene thicknesses
(Fig. 3.18). The sedimentation rates in the
deeper parts of the Norwegian Trench are
on the order of 10-20 em/100 vears.
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In conclusion, most of the suspended sedi-
ment particles that enter the Skagerrak
north of Jutland are deposited prior to
passing the trench sill west of Jaren
(Rodhe & Holt 1996). The Skagerrak is
thus the major sink for fine-grained mat-
ter in the North Sea; the sediments remain
there until, perhaps, new ice ages give rise
to glaciers that transport sediments back
onto the North Sea plateau or along the
trench to the continental slope outside
weslern Nun'm}'.

4.3 Sea-bottom instability

Most of the Norwegian Skagerrak has a
net sediment accumulation and relatively
stable depositional  environment. An
exception is located on the southeastern
slope of the trench between 8.5 and 9.5"E
and represents one of the most rapid de-
position centres of recent marine sedi-
ments in the world; this area is located
very close to another characterised by
extensive erosion. Formation of mega-
sized current scours occurs in the deposi-
tion area and indicates complex spatial
and temporal variations in the sedimen-
tary regime. The instability of the sea bot-
tom in these areas with regard to erosion,
rapid deposition and slides may represent
hazards to technical installations. This
should be taken into account when plan-
ning cables, pipelines or other offshore
constructions in this region, Buried cab-
les, for example, may be exhumed by ero-
sion and made vulnerable to damage from
activities like trawling.

Active erosion

A large area of presently active erosion (c.
530 km?) occurs on the southeastern flank
of the Norwegian Trench (Fig. 4.13). The
erosion area is wedge-shaped, runs along
the escarpment of an oulcropping
Cretaceous bedrock bench and ends to-
wards the east in a trench more than 20 m
deep (Fig. 4.15 A B, see below). Within the
erosion area, Cretaceous sedimentary rocks,
Quaternary glacial marine clays and Early
Holocene sediments are exposed at the sea
bottom; the internal lavering of the Quater-
nary and Early Holocene sediments is
truncated at the sea bottom (Fig. 4.14).

The erosion of the Early Holocene sedi-
ments indicates a major shift in the sedi-
mentary environment from one of depo-
sition to one of erosion at some stage in
the Mid Holocene (7 000-4 000 years

SPECIAL PUBLICATION 8 - 45 I

Fig 4.15 Detailed bathymetry and morphology of the erosion/depaosition area on the southeastam

slope of the Skagerrak basin (for location, see Fig. 3.14 [

- g i &

P
..I

A Shaded relisf image based on multi-beam bathymetry, The red lines outline the area of erasion

[see Fig. 3,190, which ends in a channel and extends into an area of thick recent sediments. The cur

rent scours are the elongated dark spots on both sides of the erosion area

The contour evely are 7 m

B.P). A significant part of the large sedi-
ment volumes deposited in the slope to
the northeast of the erosion area may be
derived from erosion within this area, This
process was probably particularly impor-
tant immediately after the shift from depo-
sitional to erosional conditions occurred,
but is less important now. It is likely that
the erosion of the sea-bed in this area, and
the formation of mega-sized current
scours (see below) are related to a complex
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Fig.4.16 Collapse structure from the upper
part of one of the elongated. scoured
pockmarks. Note the slumped sediment
bodies. Reproduced with permission frem
IKL! Petroleum

Fig. 4.1 7 Acoustic tlanking caused by shal-
lovy igas in the sediment. Notice the deep
depressions - the pockmarks - in the sur-
face made by seeping gas. Nate that only
small armeunts of gas in the sediments ane
needed 1o cause acoustic blanking an
high frequency sefsmic records

H: Holocene sediments; Giglacimarine
sediments; T: till

interaction between inflowing Atlantic wa-
ter, waters deriving from the North Sea and
periods of strong, wind-induced currents.

Sea bottom scouring

Very large, elongated, erosional depres-
sions occur on the southeastern slope of
the Norwegian Trench (Fig. 4.15 AB). The
depressions are 200-400 m across, and up
to 2 km long and 45 m deep. The walls
may be very steep, (up to 28"). These de-
pressions have been incised into recent sedi-
ments and are oriented downslope in a
northwesterly direction slightly oblique to
the erosion area.

The depressions trend at an angle of about
20" to the depth contours. They are gene-
rally asymmetric, with the steepest scars in
the southwestern end. The depressions
open towards the northeast, become more
gently inclined, and then widen. The mor-
phology clearly indicates that the main
current direction during formation of the
scours was  down-slope, towards  the
northeast. It is likely, but not demon-
strated, that the erosion of the scours is re-
lated to the strong bottom currents
induced by strong westerly or southwest-
erly winds. The occurrence of the deep de-
pressions in this area has been related to
gas seepage from the sediments or the be-
drock beneath the sea bottom (Hempel et
al. 1994). Such gas secpages make the sedi-
ments more vulnerable to erosion,

Instable slopes

The high sedimentation rates along the
southeastern flank of the Skagerrak pro-
bably result in relatively high pore pressu-
res and underconsolidated clays. Many of
the erosional depressions (see above) of
this area appear to have been subjected to
sliding (Fig. 4.16), likely due to a combi-
nation of steep slopes and the high pore
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pressures/underconsolidation, The depres-
sions frequently occur in pairs on the
steepest sea bottom slope. This may be
due to the sediment slides which change
the morphology in the immediately sur-
rounding sediments and thus can initiate
further erosion.

4.4 Shallow gas and pockmarks

The term shallow gas refers to gas residing
in the upper 1000 m of the sediment suc-
cession below the sea-bed. Shallow gas
consists of methane, usually with minor
amounts of heavier alkanes and carbon
dioxide, and occurs in all types of sedi-
ments. The gas may either be petrogenic
(thermogenic), i.e. formed by thermal
disintegration of organic matter, or bioge-
nic, produced by bacteriological activity, If
gas is trapped in reservoirs of a certain size
and permeability, it may represent a
hazard to offshore drilling operations
{blow-outs) and installations. Such reser-
voirs are generally associated with sand
lavers or sand pockets. The presence of gas
in sediments or bedrock often causes
acoustic blanking (fading of the seismic
signals) on high frequency seismic re-
cords, and this may be used in the map-
ping of shallow gas (Fig. 4.17).

Gas in sediments and bedrock

Shallow gas has been mapped regionally
both in the northern North Sea (Roko-
engen & Tegdan 1983) and in the Skager-
rak/Kattegat area (Van Weering 1982,
Hovland 1991), Interpretations of seismic
data (Fig. 4.17) collected during this pro-
ject have located shallow gas in sediments
in four regions in the Norwegian part of
the Skagerrak (Fig. 4.18). These data con-
firm previous investigations, but also de-
monstrate the presence of previously un-
known areas of shallow gas.

Southeast of Langesund and in the south-
castern slope towards Denmark, the
acoustic blanking reaches the sea-bed, and
gas seems to be evenly distributed in the
sediments. The gas occurs in areas of rapid
sedimentation and is probably biogenic.
In the southern slope. further o the west,
the gas signal becomes less distinet and
the distribution more discontinuous in
the upper lavers of the sea-bed, The gas is
associated with various types of older
Quaternary deposits. Pockets of gas in
sandy sediments may exist. Acoustic blan-
king observed in Mesozoic sedimentary



rocks in the Norwegian Trench is likely

caused by petrogenic gas. Shallow gas of

likely petrogenic origin also occurs in the

Quaternary sediments directly above. It
should be noted that this area is located
just above the central part of the Farsund
Basin, which is a potential oil and gas pro-

vince (Fig. 4.18),

Pockmarks

Pockmarks may be formed where gas and/or
pore fluids derived from onderlying sedi
ments (or rocks erupr o the sea-bed
Pockmarks are generally rather circular cra
ers '-u'.lrll i | l.ii.'.l'.ll.'li'l of 50-70 m, arne Colrn-

p and are formed in clay,

monly 5-8 m d

silt and sand (Hovland & Judd 1988

Concentrations of circular pockmarks are
found along three major belts which
broadly coincide with the presence of sedi
mentary rock units of  Triassic to
Cretaccous age I'he concentration of
pockmarks in the central, deep portion of
the trench coincides with a Jurassic sand-
stone bed (Sigmond 1992). Above the
Farsund Basin (see above, Fig. 4.18

petrogenic gas 1s indicated in rocks of
similar age. The concentration of pock
marks (up to 10 pockmarks per km?) is
probably caused by migration of petroge-

nic gas from the underlving Jurassic rocks,

and seepage through the 20-40 m thick
cover of Quaternary sediments (tills
l.-"-\.'l'l.'l.i i:""- :.ﬂ.'lti-.l' marine and I:!.Ilil.luk_l:\_'
sediments; for further details, see Chapter
3). The till surface is fluted in this area and
the pockmarks tend to concentrate on top
of the flutes or in the slopes, but not in the
main depressions between the flute ridges.
This is in contrast to jceberg scoured
areas, where the pockmarks generally de-
velop within the groove (Hovland & Judd
1988] as the gas focuses along faults for-

med in the sediment during scouring.

[he elongated current scours on the
southeastern slope (Fig. 4.19] are most

likely pockmarks modified by ocean cun
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Quaternary sediments
Holocene clay
|l
I Glaciomarine
[ Old Quaternary
I Glaciomarine, old, disturbed
§## Sand, active waves
{7 Sand, relict sand waves
.~ Thin cover, various sediments

Fig.4.20 Quaternary deposits in the

Norweglan part of the Skagermak, with divi-

sion of soll classes relevant for the discus-
sion of gectechnical parameters

rents (indicated by the coincidence of the
pockmark elongation and general current
direction)., They appear to be aligned
along the strike of the underlying
Cretaceous rocks, which indicates a petro-
genic origin for these features. Deep, elon-
gated depressions in the inner Skagerrak
are similarly interpreted as pockmarks
modified by ocean currents. These pock-
marks are generally elongated in a NW-5SE
direction, in contrast to the pockmarks on
the southeastern slope which have a SW-
NE elongation. The pockmarks in the
inner Skagerrak occur in acoustically
blanked sediments overlving crystalline
bedrock, and are likelv formed by seepages
of biogenic gas,

4.5 Hard and soft sediments - physical
and geotechnical properties of the sea-
bed sediments

The stiffness of the sea-bed sediments in
the Norwegian part of the Skagerrak
varies considerably. This has bearing on
the design of projects involving sea-bed
installations. For example, pipelines and
cables usually have to be buried into the
sea-bed to avoid damage either to the
installations themselves or to fishing gear
that is towed over the installations, Since
trenching in hard (and stony) sediments is
more expensive than in soft sediments, the
geotechnical properties of the sediments
may strongly influence project budgets.

Geotechnical and physical properties of
sea-bed sediments have been investigated
in detail during the Skagerrak Project on
the basis of 0.5 m long cores (Boe 1993,
1994, 1995, Rise & Boe 1995), The marine
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sediments on the plateau along the Nor-
wegian-Danish median line consist of fine
and very fine sand with up to 10% silt and
clay (Fig. 4.20). The sandwave succession
in this area (sand, relict sandwaves - Fig.
4.20) was deposited at a time when the
sea-level was lower (see Chapter 3.3 for
further details). It is likely that the sand-
waves (a 20-530 m thick succession] are
covered by a thin veneer of sand that is
more fine-grained than the material in the
sandwaves.

At water depths in excess of 150 m, the silt
and clay contents of sea-bed sediments in-
crease. Below 300-350 m water depth, the
sediments consist of silty clay with a clay
percentage in excess of 50% and a sand
content of 1-2%. Where silty clay consti-
tutes the sea-bed, the sedimentary regime
has probably been semi-stable for a long
period (several thousand years), indi-
cating similar sediment types at depth and
at the sea-bed.

The undisturbed shear strength of sedi-
ments (measured at 30 cm depth below
the sea-bed), with a clay content of more
than 13% (cohesive sediments) varics
from 3-7 kPa, while remoulded shear
strength varies from c. | kPa 1o 5 kPa. The
highest shear strength values (most com-
pacted sediments) occur in the southwest
and locally along the coast of Norway. Wet
bulk density of silty clay generally varies
around 1.4 g/em?, while in the sands along
the Norwegian-Danish median line it is in
excess of 2.0 glem?. Corresponding values
for dry bulk density are 0,5-0.7 g/cm* and
1.5 glem’. The water saturation varies
from 30 % in the sands along the median
line, to 200% in the clays and silty clays;
the porosity varies from 45% in the sands
to ¢. 80% in the silty clays. In the thick
Holocene succession on the southeastern
slope, where the sedimentation rates are
high. the pore pressures are probably high
and may have resulted in underconsolida-
ted sediments,

The glacial sediments along the southern
and southwestern slope consist generally
of glacial marine sediments and tills, in
which large variations in terms of geo-
technical properties may be anticipated.
However, no available core information
exists (at this time) from these areas, and
consequently, it is premature to discuss
these properties in any detail.
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5 Contamination of Skagerrak
sediments due to man-made
inputs during the last 200 years

The concentrations of selected trace
metals and polycyclic aromatic hydrocar-
bons (PAHs) in the Skagerrak sediments
are elevated. Although the sediments show
normal concentrations of copper, zinc,
nickel and chromium, present-day levels
of lead and mercury in large parts of the
Skagerrak are two to four fold higher than
what are considered natural background
concentrations. The PAH contents have
increased two to four times since 1850
The state of pollution has not been the
primary subject of this investigation, but
large-scale environmental impact of con-
taminants and nutrients on the ecosystem
has been demonstrated (North Sea Task
Force 1993, Magnusson et al. 1996). A
significant part of the contaminants de-
rive from the North Sea, with minor con-
tributions from Scandinavian rivers and
the Kattegat, A certain input from the off-
shore oil and gas drilling activities is de-
maonstrated by elevated barium concen-
trations. The contributions of other trace
metals and organic compounds related to
petroleum exploration is uncertain.

The sediments in the deepest parts of the
Skagerrak will probably still receive high,
of even increasing, contaminant loads in
the next few decades. The area should
therefore be of special interest for future
environmental monitoring. Other parts of
the Skagerrak, however, indicate a de-
creased contaminant load in the last few
decades. This is probably the result of re-
duced contaminant discharges to the
Skagerrak and the North Sea in this
period. Nonetheless, estimates of the con-
taminant load deposited in the Skagerrak,
compared with estimated riverine and air-
borne inputs to the North Sea, support the
concept that the Skagerrak acts as a final
sink for a substantial part of the contami-
nants discharged to the North Sea.

5.1 Contaminants in the Skagerrak and
the North Sea - trace metals and PAHs
Contamination and pollution are key
'ﬁ'ﬂﬂih in um'inmmcnlnl Assessments:

+  contamination is defined as concen-
trations of natural substances clearly
above the normal background levels, or
elevated concentrations of purely man-
made substances.

« pollution is defined as introduction of
sufficient amounts of contaminants to the
environment to cause negative effects on
marine organisms.

The primary objective of this investigation
has been to define the levels of contami-
nation.

Metals are naturally occurring com-
pounds which can be found in all parts of
the environment. Even uncontaminated
sediments contain a certain level of trace
metals. At natural levels, metals play an
essential role in many biochemical proces-
ses, Human activities have, however,
increased the rates at which trace metals
are introduced into the marine environ-
ment and caused elevated levels in water,
sediments and biota. This is particularly
s0 for areas close to industrialised coun-
tries, like the North Sea. Elevated levels of
trace metals can cause negative effects on
living organisms. Some trace metals such
as lead, mercury and cadmium are readily
accumulated in organisms, and are there-
fore of special concern. Lead and mercury
can cause damage to the central nervous
system (neurotoxic effects), and cadmium
has been connected to the development of
different types of cancer in humans
Despite these indications of the health
effects associated with exposure to trace
metals, the environmental effects are still
not fully understood.

Major sources of metals come from activi-
ties like mining, the metallurgical industry
and combustion processes. Mercury, cad-
mium, arsenic, lead, copper zin¢ and nic-
kel are given special attention during in-
vestigations performed under the «Oslo
and Paris Commissionss (OSPAR). In this
report, we focus upon the same metals ex-
cept for cadmium and arsenic.
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PAHs are recognised as hazardous envi-
ronmental chemicals capable of inducing
biological responses, and several PAHs are
well known carcinogens (i.e. causing can-
cer). These compounds have both natural
and anthropogenic sources, though the
latter are far more important. Sources in-
clude: incomplete combustion of fossil fu-
els, discharges from manganese and alu-
minium melting plants and discharges of
petroleum and petroleam-derived pro-
ducts. Different sources contribute cha-
racteristic mixtures of compounds, often
with complex compositions. Low water-
solubility and high fat-solubility are typi-
cal for PAHs, and these physico-chemical
properties are of great importance for
their behaviour, especially since highly fat-
soluble compounds are readily incorpora-
ted into and stored by living organisms.

Polychlorinated biphenyls (PCBs) and
some chlorinated pesticides are also im-
portant environmental contaminants, and
formed part of the analytical programme
in this investigation. Results from these
analyses were not finished at time of
publication of this report and will there-
fore be published elsewhere.

Sediments - agents for transport and archiving of
contaminants

Suspended particulate material acting as a
transport agent for contaminants often
ends up in sediments, and sediments in
deposition areas can be used as an en-
vironmental archive, reflecting the load of
contaminants in the marine environment
through time. Sedimentary basins like the
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Fig. 5.1 Selected bottom organisms fram various water depths in Skagerrak. A: A silvery pout

{Gadiculus thorl) swims abowve the mud bottaom. Fauna in thie sediment, from left to right: the brittle

star Amphilepis norvegica, the polychaete Crbinia norvegica, the clams Nue

nitidda, B: The digging of organisms in the sediments leaves traces wi

Nurulunag pemula and Abea

lich can be seen as light grey

elongated areas in X-ray photos. The X-ray photo is from ¢ 30 cm depth below the sea bottom

and is c. 5 crm wide and 8 cm high

Skagerrak function as traps or «final
sinks» for contaminants released to the
environment. In this way, large amounts
of contaminated material are removed
from the water column. However, if the
sediments are exposed to mechanical dis-
turbances like trawling, or changed
chemical conditions in the near-bottom
waters, parts of the contaminants may be
released 1o the water-column and biota.
Highly contaminated sediments may thus
represent a potential future source of con-
tamination. Since the industrial revolu-
tion, contaminants such as trace metals
and PAHs from human activities have
been extensively discharged to the marine
environment through the air and rivers.
Many important contaminants have a low
solubility in sea-water, and will therefore
i sea-walter be readily attached (adsor-
bed) to organic matter, fine-grained parti-
culate material or chemical compounds
through complex physical and chemical
processes.

The Chernobyl accident in 1986 is a good
illustration of this phenomenon. The acci-
dent caused massive emissions into the
atmosphere of radioactive material that
was subsequently deposited over large
parts of Europe. The radioactive material
was extensively adsorbed to particles and

Bioturbation - a problem for
environmental analyses (5o: 5 1)

Bioturbation is the term for the mechanical
mixing of sediments due to foraging fishes
and sediment-dwelling macro- and meio-
fauna prevailing under aerobic conditions.
Examples of such organisms are shown in
Figa.5.1 A Different benthic anganisms dis-
play different mixing activity. Because of
the variety and complexity of the sturba-
tions processes it is extremely difficult 1o
gain exact knowledge and quantitative
description of bloturbation. The most
active bioturbation zone is the upper féw
centimetres, but recent digging marks
from large clams occur down to approxi-
mately 30 cm in the Skagerrak Traces of
digging channels/holes can easily be spot-
ted in plexiglass cores or in X-ray photwos of
core samples (Fig. 5.1 B).

if the sediment has e.g, an upper zone of
contaminated material with uncontami-
nated sediment below, bioturbation will
tend to mix the sediments, giving lower
contaminant content in the upper 2one
and «artificials contamination in the sedi-
ments below, This represents 3 problem for
ervitonmental analysis when time trends
for the contaminant content in the sedi-
ments are calculated.
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Fig. 5.2 Location of long cores wsed for
definition of elerment background levels in
the Skagerrak.

nd analysis 1 -

I this investigation, a total of 133 locations

were sampled using either a Niemisto
mm:Mﬁmmm#mmc
sumwamdwﬂdmmm-
mmmmmmmsm
mmmmﬁm
‘the last few hundred years, except in areas
mh@aﬂmmmm
WEWMWM
and preserve the internal layering in the
sediments and the sediment/warter inter-
face Immediately after baing placed on
the shipdeck the cores were sub-sampled
‘according to pre-defined criteria and then
frazen. The standard procedure for trace
-MMhmmmmm
ding of the sediment sample, partial dis-

solution by strong acid (nitric acid - 7N

mnmhmwﬁamedmuwlm
Mdhwmm
Trondheim, which is accredited by the
‘Norwegian Metrology and Accreditation
mmumm-ﬁumnm
Mmmmmmm
sedimentological and mineralogical
.m:g.mmmamdms

organic matter, transported to the scas,
and finally deposited. In the Skagerrak,
sediments deposited soon after the acci-
dent have shown clearly elevated levels of

radioactive " Caesium. This example
shows that the signal from increased or
catastrophic discharges may be rapidly re-
cognised in the sedimentary record.

Many contaminants discharged 1w the
rivers running into the Skagerrak and the
North Sea are rapidly adsorbed 1o par-
ticles or organic matter and transported to
the marine environment. Most of the
material with associated contaminants
settles either in some sheltered estuarine
areas, like the Wadden Sea or the inner
part of the German Bight, or is transpor-
ted into the Skagerrak and sinks to the
bottom in the Norwegian Trench. The
transport time for suspended particulare
material from the North Sea to the Skager-
rak may vary considerably. Water masses
from the German Bight carrying suspen-
ded material may reach the Kattegat (and
the Skagerrak) in less than one vear
( Kautsky 1985). On the other hand, a sedi-
ment transport time from the German
Bight to the Skagerrak on the order of 10
to 15 vears has been suggested (Lichezeit
1991} in a biomarker study. The wide
spread in these estimates stresses the com-
plexity of the particle dynamics in the
North Sea. A possible consequence is a
considerable delay in the contaminant
load signal recorded in the Skagerrak sedi-
ments. This is particularly relevant for the
detection of reduced contaminant inputs
resulting from governmental regulations,
because wolders contaminated sediments
may still be transported to and deposited
in the Skagerrak for several decades after
initial contamination on land or in the
sea.

In order to use the sediments as an en-
vironmental archive, a number of condi-
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tions have to be satisfied. The locations
should have a continuous record of sedi-
mentation, without major periods of
erosion or non-deposition, The erosion
arca on the southeastern slope of the
Norwegian Trench (Chapter 4.3) is one
example of an unsuitable location for
environmental investigations, as coring
here may yield samples deposited 10 000
years B.P, and tell nothing about the pre-
sent situation. Rapid deposition is requir-
ed in order to get a sufficient resolution,
and the sediments should be undisturbed,
Le. not slumped or disturbed by external
activity such as trawling. Extensive biotur-
bation (se¢ Box 5.1) may cause such a
mixing of the sediments deposited at dif-
ferent times, and disturb the contaminant
load  signal. Well-defined Chernobyl
13 Caesium peaks in sediment cores from
several stations (Paetzel et al.1994, Kun-
zendorf et al. 1994, 1996) indicates that
sediment mixing caused by bioturbation
i5 generally a minor problem in the
Skagerrak, though variations do occur.
Sediment cores which do not satisfy these
conditions have been excluded from this
investigation.

5.2 Background levels: an important
basis for the evaluation of anthropo-
genicinputs

Prior 1o the start of the Skagerrak Project,
only a few measurements of trace metal
background levels from this area were
available. Background levels are defined as
the natural concentration of elements in
sediments which have no anthropogenic
inputs. Background levels vary, and are
most often given as intervals for each
parameter. In order 1o calculate contami-
nation levels (Chapter 5.3), we have cho-
sen one representative value within the
intervals, Natural elements are defined as
all elements produced by biosynthesis, or
natural geochemical or chemical proces.
ses, Reliable background levels of natural
elements in sediments were necessary in
order to establish the level of anthropo-
genic input to the sediments. Further-
more, because differences in analytical
methods may vield results that are not
comparable, it was necessary to establish
background levels using the same analy-
tical methods for core samples as for re-
cently deposited sediments. Sediments
deposited in the region prior to ¢ year
1850 were analysed to establish these
background values. Four three-meter long
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cores from the outer part of the Oslofjord
and the deepest parts of the Skagerrak as

E—
. St $3 . Station T4

far southwest as Arendal (Fig. 5.2) were
analysed. The sediments in the cores were
all fine-grained, with more than 90%
clay+silt content, and a clay:silt ratio
exceeding 1.

The depth of the cores has been converted
to a time scale, based on measured and
estimated sedimentation rates, starting at
vear 1500 and ending at the present - 1990
(Fig. 5.3) (for details regarding the conver-
sian of core depths to the time scale, see
Box 5.4 below). Sediments deposited be-
fore 1850 were selected for definition of
the background levels and the median
value of the analytical results was chosen
(n=97} in order to obtain a discrete num-
ber (Table 5.1) which could be used for
the calculation of the contamination
levels. The intervals for the natural varia-
tion are shown by the minimum and
maximum levels (Table 5.1). The concen-
tration profiles (Fig, 5.3) show that the
levels for copper, lead, zinc, and mercury
were low and fairly constant prior to ¢
1850, even though local variations did
occur. From c. 1850, the concentrations of
muost elements show a variable, but steady,
increase until present day. The reasonably
constant levels of elements prior to 1850,
i.e. prior to the industrial revolution, indi-
cate consistent sediment input during the
1500-1850 time interval, Barium showed a
different profile (Fig. 5.3), with fairly
stable concentrations up to 1970, and sub-
sequent strong increase towards present
day, The observations with regards to the
trace metals are in accordance with previ-
ous investigations in the North Sea and
the Kattegat (eg. Cato 1977, Forstner
1980).

Trace metals
Based on the long cores, background valu-
es for copper, lead, zine, mercury, nickel,

chromium and barium were established
{Table 5.1). In order to compare our data
with other environmental investigations
such as the 1990/91 Baseline Study of
Contaminants in the North Sea (ICES
1995), the analytical results which used
partial dissolution techniques have been
recalculated to show the estimated con-
centration levels for wotal dissolution (for
details see Box 5.3).

A comparison with values compiled by
Laane (1992) and Miller & Irion (1984)
shows that the background values from
this investigation are generally equal to, or
slightly higher than, previously reported
background values for sediments in the
Humber estuary, the Wadden Sea, along
the Norwegian coast and earlier Skagerrak
estimates ( Table 5.3). 1t should be stressed
that the values in Table 5.3 are not exact
values, but approximations.

Fig. 5.3 Elerment concentration of copper,
lead, zinc, mercury, barium and total orga-
nic carbon from four lang cores, from year
1300 1o present

Table 5.1 Background values and intervals

Minimum Maximum

Background

(rminimum and maximum values) for selec-
ted trace metals in the Skagerrak. Numbers

value (mg/ke) value (mgfkeg) value (mg/ke)

Copper 15 (23) 12 (20) 19(27) In parentheses give values recalculated to
Lead 18 (27) I 9(19) 30(38) estimate results from total dissolution
Zinc 851 146) 72 (132) 99 (161) technique (see Box 5.3)

Mercury 0.028(0.047) | 0.014 (0.035) 0.053 (0.069)

Barium 73(392) 57 (375) 98 (418)

Chromium 51(105) | 44(98) 59 (114)

Nickel 37 (45) 29 (39) 46 (32)
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Comparison of partial and total dissolution Table 5.2 Conrelation coefficients, slopes and intercepts for selected trace metals, using partial and
techniques (Box 5.3) total dissolution techniques Quoted errors are standard deviations (1g).
Nﬂhﬁiﬁdgﬁﬂmﬁfwﬂ based on Correlation
partial dissolution, as in this investigation, coefficient
S O R e e
parison 1o concentrations derived from to- - - = ’ =
tal dissalution techniques that use hydro- Zine 0.91 1.10 £ 0.10 33+ 10
fluoric acid. In arder to compare the effects Mercury 0,88 0.89 £ 0.09 0.022 + 0.007
of the different dissolution technigues, 25 Barium 0.83 1.05+0.15 315+ 18
samples were analysed using both partial Chromium 0.82 1.13 £ 0.16 48+ 8
BAG i eeDintion [ENE U000 C0ET - k! 0.36 0.79 % 0.41 164 13
mnnmﬂxn;ﬂmmgﬁﬁ; Cadmium 0.17 0.08 + 0.10 0.09 + 0,03
cadmium, the poof correlation is due 1o
analytical limitatians, and ts not a result of @
the different analytical technicuies. For nic- % — 3 oo .
kel, the low correlation coefficient is due to § -
the limited value range. g 60— §

8 0.10
A bivariate plot with the concentrations 3 =y g
using partial and total dissolution techni- & ey
ques along the X and Y axes demonstrates = g oos
a good correlation for the elements mer- 5 0 p— =
cury and lead (Fig. 5.4), The total dissolu- 1 H
s itk ek ey | § I I
higher concentrations, than those from 20 40 80 80 0.05 0.10 015
partial MMMJS apparent when Lead, partial dissolution, mg/kg Mercury, partial dissolution, mg/kg
concentrations from both methods are

compared at different levels in one core
(Fig.5.5),

The goed corelation and rather small
difference in measured concentration
levels for copper lead, zing mercury and
chromium ks likely due to the fine-grained
nature of the Skagemak sediments (mainly
clay and siit), which are nearly totally dis-
solved even with 7N nitric acid. For
coarser-grained sediments like sands, a
larger deviation can be expected, because
larger propartions of the trace metals re-
side within the mineral grains themsehves
and are difficult to dissolve when 7N nitric
acid is used For fine-grained sediments:
like silt and chay, a high proportion of trace
metals will be adsorbed to the surface of
clay minerals. and are thus loosely bonded
to the clay minesals or associated with the
organic matter A major part of the trace
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Fig 5.4 Comparison of analyses using partial and total dissolution techniques for lead

and mercury. The fine of best linear fit is shown,

Cm below sea-bottom
= 8 4 =

B0

Lead mgikg
20 40 &0

0.00

Mercury mglkg

0.0 015

Fig.5.5 Measured concentrations versus depth below the s2a bottom from station 4 for lead and
mercury levels using partial (graen lines) and total (red lines) dissolution technigues Note slightly

rrsctals in this case are teadlily dissolved, higher values for the concentrations which used total dissolution techniques, and the consis-

also when using acids like 7N nitric acid, tency in the trends,

For barium, the results based on the total

dissolution method are considerably, but This analytical comparison implies thatthe re-  bers comparable to those in envitonmental in-
consistently, higher than the results which sults from the partial disselution methed can vestigations where total dissolution techni-
used the partial dissolution method. be meaningfully recalculated 1o produce num-  gues were employed.
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Table 5.3 Background values from other investigations in the North Sea and the Skagerrak (from

Laane 19921 and Moller & Irion 19845

Earth’s crust

Sediments Humber

sediments Wadden
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Sediments

Sediments Norwegian

(mgfkg) (mg/kg)! Sea (mg/kg)'
Copper 32 | 17 12420
Lead 16 | 22 37429
Zinc 127 | 84 10345.2
Mercury n.a. | na. 0.067+0.009
Chromium 71 | 99 B440.5
Nickel 49 | 38 37£1.2

m.a. - not avatlable

PAHs

Incomplete combustion of organic mate-
rial has been an important source of PAHs
through history; volcanic activity and
forest fires have been consistent PAH pro-
ducers, while human use of fire has gradu-
ally increased the anthropogenic PAH in-
put to the environment. True background
concentrations of PAHs are thus difficult
to define since these compounds have
been transported to the oceans for thou-
sands of years. Analysis of the short sedi-
ment cores collected in this study, there-

850
Mean

Naphthalene | 13
C,;-Naphthalenes 40
C,-Naphthalenes 67
Cy-Naphthalenes 34
Fluorene 5.6
Phenanthrene 33
C,-Phenanthrenes 45
C,-Phenanthrenes 40
Anthracene 2.5
Dibenzothiophene 33
C,-Dibenzothiophenes 38
C;-Dibenzothiophenes 7.3
C,-Dibenzothiophenes 5.8
Fluoranthene 43
Pyrene 30
Benz|alanthracene 20
Chrysene 30
Benz[b/j/k] fluoranthenes 130
Benzo| e|pyrene 52
Benzo|alpyrene 24
Perylene 26
Indeno| 1,2, 3-cd|pyrene 54
Benzo|ghilperylene 48
Dibenz[a,c/a,hlanthracenes | 3.6

fore, do not represent apristines back-
ground concentrations, but rather facili-
tate comparison between pre-industrial
PAH levels and those of the present day.
The mean concentrations of PAHs in sedi-
ments deposited between 1750 and 1850
are shown in Table 5.4, and represent data
from 21 stations in the Skagerrak. The
stations selected contained fine-grained
sediments (clay+silt >90 % and clay>silt)
and were from water depths exceeding
400 m. Individual compounds had mean
concentrations from 2.5 to 130 nglg dry

199}

Range Mean Range
2.0-20 43 19-83
8.1-65 120 42-190
17-97 180 71-250
15-77 150 56-210
2.1-7.3 16 6.8-25
13-49 100 49-140
17-70 120 50170
15-56 120 53-180
0.8-6.0 13 7.8-17
1.0-13 9.4 4.7-14
1.0-6.8 10 2.6-20
3.2-10 46 15-320
2.6-11 26 15-42
11-115 170 84-240
9.1-72 130 52-170
5.2-50 82 34-110
10-67 130 60-190
32-320 490 280-950
16-110 180 110-260
6.8-54 100 60-140
9.2-45 45 17-78
10-160 270 120-980
15-120 220 100-820
0.7-14 27 7.5-110

coast (mg/kg)’ Skagerrak’
17459 24

2649.5 65

11027 137
0.04+£0.03 n.a.

n.a. 83

n.a. 55

Table 5.4 Mean concentrations (na/g dw)
of selected PAHs in fine-grained sediments
deposited between c. 1750 and 1850
(n=21)and inc. 1990 {n=39)
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Fia. 5.6 A-F Contamination levels for selected trace matals, A copper; B lead: C: zing D mercury; E

chromiur; F: barum. Please note that only Barium has contamination levels exceeding 5. Element

cancentration maps for selected elements in the surface sediments are shown in Chapter 5.5
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Table 5.5 Trace metal contents comesponding o the contamination levels used in Fg.5.6 A-F.The
mean contamination level represents the average of all stations in the Skagerrak The maximum
contamination level is from the station with highest contamination for the particular trace metal

Contamination levels

30-45
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Copper (mg/kg) 15-30 45-60 60-90 1.1 1.8
Lead (mg/kg) 18-36 36-54 | 5472 72-108 2.8 47
Zinc (mg/kg) 85-170 170-255 255-340 340-510 1.2 1.8
Mercury (mg/kg) 0.028-0.056 0.056-0.084 | 0.084-0.112 0.112-0.168 2.3 4

Barium [mgﬂ'kgj 73-146 146-219 219-292 I65-438 2 59
Chromium (mg/kg) 51-102 102-153 | 153204 204-306 0.9 11
Nickel (mg/kg) 37-74 Td-111 111-148 148-222 0.8 1.2

weight (dw). The relatively high levels of
PAHs indicate that the sediments in the
Skagerrak were already influenced by
human activity as much as 150 years ago.

5.3 Contamination in the Skagerrak at
present

Recent environmental investigations in
the North Sea under the Oslo and Paris
Commissions (OSPAR) and the North Sea
Task Force have focused on the trace
metals mercury, cadmium, arsenic, lead,
copper, zinc, chromium and nickel, and
various organic compounds. In this chap-
ter, focus will be on these metals, except
for cadmium (excluded due to analytical
limitations) and arsenic (not included in
the analytical programme). We also in-
cluded barium, since it serves as a tracer
for transport of material derived from
offshore drilling in the North Sea in con-
nection with the oil and gas exploration
and exploitation in the area. To illustrate
the more detailed distribution of the
PAHs, results for C,-naphthalenes and
benzo|a|pyrene were selected. These com-
pounds can be regarded representative for

the PAHs found in the Skagerrak sedi-
ments. Cy-naphthalenes are considered to
be representative for petroleum and
petroleum related sources. Benzo|a|pyre-
ne is a compound mainly generated from
incomplete combustion of fossil fuels (e.g.
coal, oil, and petrol).

Which areas have the highest contamination?

In order 1o assess the contamination status
in the Skagerrak, the background levels es-
tablished from the long cores were used to
define a contamination level, expressed as
the ratio of the concentration of an indivi-
dual trace metal in the surface sediment
compared to the natural background
levels of that trace metal. This is analogous
to determining an enrichment factor
(Olausson 1972, Cate 1977 and others).
Intervals for the contamination levels are
shown in Table 5.5.

An overview of contamination levels for
copper, lead, zing, mercury, barium, and
chromium is shown in Fig. 5.6 A-F
Copper generally has a contamination
level up to 2 in the surface sediments, ex-

Fig. 5.7 Changes in concentrations of C

naphthalenes (ng/g dw) in Skagerrak

sediments from ¢ 1850 (A) to . 1990 (B)
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Fio. 5.8 Changes in concentrations of ben-
rolalpyrene (nafa dw) in Skagerak sedi-
ments from ¢ 1850 (A) to . 1990 (B)

Time-slicing 0, < ¢

and elerment distribution at specified times
are based on a combination of geochemi-
caland geological data from 124 stations.
Sedimentation rates have been measured
or estimated for all of these stations, which
have been sampled ina 10 x 10 kilometre
rates, see Chapter 42).
'.hmﬁ#mﬂmﬂfym&mmm

cept in the outer Oslofjord region and on
the southeastern flank of the Norwegian
Trench where the contamination is less
than 1. The main reason for the low levels
along the southeastern flank of the
MNorwegian Trench is that these sediments
are coarser (silt to sand) than the rest of
the Skagerrak sediments (clays, silty
clays). This grain-size effect is seen also for
the elements zinc, lead, mercury and
chromium. In comparison, lead has high-
er contamination levels that generally ex-
ceed 2 and reach 5 in the central, deep
parts of the Skagerrak. Zinc is similar to
copper, with general contamination levels
up to 2, but is elevated in most of the sur-
face sediments, except those on the south-
eastern flank towards Denmark. Mercury
has a markedly different pattern, with
high contamination levels close to the
coast, where contamination levels of 4 are
recorded. Chromium and nickel (not
shown) have generally low contamination
levels that only just exceed 1 in the deeper
parts of the Skagerrak. Barium has gene-
rally elevated concentrations in the sur-
face sediments from most stations, with
values up to two times the background. In
the deeper areas and on the southeastern
flank of the Skagerrak, the contamination
level ranges from 2 to 6.

The present (c.1990) levels of PAHs in
fine-grained  sediments  from  the
Skagerrak are shown in Table 5.4, The re-
sults indicate that the average concentra-
tions have increased by a factor of three
since the year 1850. The spatial distribution
of the C,-naphthalenes in sediments from
c. 1990 has been compared to the levels
found around 1850 (Fig. 5.7). The highest

present-day levels of C,-naphthalenes
were found in fine-grained sediments
from the deeper part of the Skagerrak and
along the rather steep northwest slope to-
wards Norway. The sediments towards the
coast of Denmark are coarser and showed
somewhat lower levels.

The spatial distribution of the combustion
indicator benzo|a]pyrene in Skagerrak sedi-
ments (Fig. 5.8) differed slightly from that
of the C,-naphthalenes (Fig. 3.7). The high-
est levels of benzola)pyrene were outside
the Arendal and Kristiansand areas with
slightly lower levels in the inner Skagerrak.

5.4 Timing - when did the contamination
signals in the sediments appear?

A central question in the assessment of the
environmental condition of the Skagerrak
is: At what time is the human input of
contaminants to the sea detected in the
sediment? The temporal and spatial trends
for the lead content in the sediments, with
a comparison between the lead concentra-
tions in the sediments deposited at c.
1850, 1900, 1950 and 1990, reveals signifi-
cant differences (Fig. 5.9). From generally
low levels of lead in ¢. 1850, the concentra-
tion increased in the area south of
Kristiansand in the Norwegian Trench
(area 1, Fig. 5.10) up to ¢, 1950, From 1950
to 1990 there has been a distinct change,
with the highest concentrations found in
the deepest, central parts of the Nor-
wegian Trench (area 2, Fig. 5.10).

The time-slice maps show that the load of
contaminants to the Skagerrak has not
been evenly distributed through time, par-
ticularly with regard to trace metals. Based



SKAGERRAK IN THE PAST AND AT THE PRESENT

SPECIAL PUBLICATION 8 - 61 I

o L T N s i Wl e T
& 5 - 40 mghkg e o'l @ 5-40mgkg 53, \ s
8 % =moy ] . SNk e

® 0. 65 mg/kg © 60 - 65 mgikg o

@ B5 - 180 mg/kg 3 @ B5 - 180 mglkg

Erosion or non- Erosion or non-

depasition

1950

1 | 1990

&g

on a dense net of stations and the time-
slicing technique (see Box 5.4), areas with
individual histories of contaminant load
can be distinguished. In order to illustrate
the time trends, special attention will be
given to three areas (Fig. 5.10). Area 1 is
located in the Norwegian Trench, south of
Kristiansand, area 2 is located in the deep-
est parts of the Skagerrak, in the north-
eastern part of the Norwegian Trench, and
area 3 is the Hvaler Deep Basin in the
outer Oslofjord region,

Areas | and 2, in particular, show different
trends for trace metal enrichment through
time. Three cores from stations in the
three areas have been selected and are pre-
sented in a stratigraphic plot in Fig. 5.11.

A similar stratigraphic plot of C,-naph-
thalenes and benzolalpyrene from the
inner Skagerrak (area 2) and the area out-
side Kristiansand (area 1) illustrates the

development in load of PAHs to the
Skagerrak in time (Fig. 5.12). The increas-
ed PAH levels from 1850 to 1990 for the
whole Skagerrak are shown in Figs. 5.7
and 3.8,

In area 1, the Norwegian Trench south of
Kristiansand, the sediment concentrations
of copper, lead, zinc and mercury show a
distinct decrease from approximately 1950
to the present, while the TOC content
generally increases. The patterns for the
two selected PAHs are different. Ben-
zolalpyrene steadily increases from c.
1850 to the present, while C,-naphthale-
nes increases from 1850 to ¢. 1950, and
subsequently stabilises or decrease from
1950 onwards. This is similar to the trends
for mercury and lead at these stations. The
decreasing or stabilising trends displayed
by copper, lead, zin¢, mercury and C;-
naphthalenes, compared with the steadily
increasing trend of TOC (and manganese

Fig, 5.9 Time-slice maps, showing the lead
concentrations in sediments depasited at
. 1850, 1900, 1950 and 1990, Please note
the northeastward change of high lead
concentrations from area 1 to area 2 be-
twean 1950 and 1990,
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Fig. 5.10 Overview map of areas 1,2 and 3,
with the stations 2,33,52,92 and 122
indicated

Fig. 5.11 Stratigraphic plot (e with ele-
ment concentrations versus a time axish of
selected contaminants and total organic
carbon (TOC) for area 1 (station 112}, area 2
(station 52) and area 3 (station 2). Please
note the different trends of race metal en-
richment through time
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- not shown), indicate that the trends are
not controlled only by the TOC content.

In the deepest part of the Skagerrak (area
2} copper, lead, zine and barium increase
significantly towards the surface. Mercury
shows a decrease in the uppermost part of
this particular profile. However, mercury
increases steadily towards the present at
nearly all stations of area 2, Barium shows
a very strang increase since ¢, 1970, When

all stations are taken into consideration,
mercury shows a significant increase from
¢. 1950, while the lead increase begins
somewhat earlier, at c. 1900. Benzo|a]py-
rene and C,-naphthalenes and other PAHs
increase markedly from c. 1950 onwards,
generally coinciding with the increase dis-
plaved by mercury, lead and barium,

In area 3, the Hvaler Deep basin, copper,
lead, and zinc have increasing trends star-
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ting in ¢. 1850, with the highest levels from
¢, 1950 o 1975; these levels subsequently
decrease towards the youngest surface se-
diments. Around 1850 mercury similarly
starts to increase, with a stronger increase
starting in ¢. 1940, followed by stabilisa-
tion or a weak decrease towards the pre-
sent. These trends are in accordance with
investigations within the coastal Hvaler
area, which show that the riverine input of
trace metals to the coastal Hvaler area was
highest in 1960 - 1970, followed by a later
decrease (Hektoen et al. 1992). Barium
levels were low and stable until 1970, fol-
lowed by a minor increase after ¢. 1970,

Barium behaves differently from the other
trace metals. In areas 2 and 3 barium dis-
plays low and stable concentrations until
c. 1960 - 1970, and then increases strongly
in area 2 and more weakly in area 3. In
area 1, the increase is more gradual, star-
ting at ¢. 1925, Based on the results from
area 2 and the distribution pattern of bar-
ium, the bulk of the barium in the young
sediments in the Skagerrak is interpreted
to be from the mineral barite, an impor-
tant component of drilling muds dischar-
ged in large quantities to the North Sea
since the late 1960s (see Chapter 5.5 for a
more detailed discussion). However, the
stratigraphic trends for barium in area |
do not directly fit with this interpretation,
since the increase begins prior to 1960 -
1970. Possible causes for these high pre-
1960 barium levels could be extensive bio-
turbation {see Box 5.1) which brings bar-
ium-enriched material deeper into the sedi-
ments, or inaccuracies in the estimated
[or varying) sedimentation rates, or diage-
nesis. A visual inspection of the degree of
bioturbation using X-ray images of the
sediment cores shows a fairly high degree
of bioturbation in some areas, and these
generally coincide with the areas where
the barium increase starts before ¢. 1960 -
1970 (Fig. 5.13). Based on the general
coincidence of the areas, the most likely
cause for the early barium is apparently an
increase in bioturbation, Other processes
can also be involved. Diagenetic processes
in some cores have possibly influenced the
stratigraphic trend of barium, but these
effects are considerably less important
than the concentration changes caused by
increased anthropogenic input.

The contaminant load to the different
areas in the Skagerrak has varied consider-
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ably in the last few decades, and a number
of factors must be taken into considera-
tion. These factors may include changes in
contaminant and organic matter supply,
aceanographic changes affecting sediment
transport, the euthrophication of parts of
the Skagerrak, and environmental changes
in the deeper parts of the Skagerrak.
Euthrophication in the inner parts of the
Skagerrak and the outer Oslofjord as a re-
sult of nutrient input from the southern
parts of the North Sea and the Kattegat has
been indicated by a number of investiga-
tions (see ANON 1996 for a recent review),

A substantial portion of the contaminants
is associated with organic matter, and
some of the differences between areas |
and 2 may be explained by an increased
load of organic carbon during the last few
decades. The concentration levels of TOC
in the surface sediments are on average c.
5% higher than in the sediments deposi-
ted in c. 1950. This downward decrease is
generally due to the breakdown of organic
material by microbiological and chemical
processes. However, in area 2 the differen-
ce in TOC between 1950 and 1990 sedi-
ments is higher, ranging from 10 to 50%.
This difference is found both in stations
with low and high sedimentation rates,
indicating that varations in the rate of
burial and withdrawal from microbiologi-
cal or chemical processes cannot explain
the upward increase of organic carbon

Fig.5.12 Stratigraphic plot of benzo(al-
pyrene, C-naphthalenes, TOC, mercury,
lead and barium for area 1 (station 92) and
area 2 (station 33)

Fig. 5.13 Areas of fairly high degree of
biaturbation (hatched area) and areas of
barium increase before 1960 in Skagerrak
sediments (red areas),
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content. The increased organic carbon
content in area 2 probably indicate a high-
er supply to this area, compared to the rest
of the Skagerrak. This is possibly a result
of higher production of organic material
and increased transport of this to the
Skagerrak region. The apparent increase
in the TOC content is smaller relatively to
the increase of trace metal content from
1950 to 1990, but elevated TOC levels may
be partially related to the trace metal in-
crease over the same period.

The role of changes in the ocean currents,
and thus in the transport of sediment par-
ticles during this century is difficult w0
quantify, but may be important when eva-
luating contamination levels. This inclu-
des change in the influx of water (and
thereby suspended matter) from the
Atlantic Ocean, increased erosion and sedi-
ment transport from the North Sea and
environmental changes. Of these factors,
influx of Atlantic water into the Skagerrak
is apparently not significant, since the
Atlantic influx to the Skagerrak actually
decreased between 1940 and 1989 (E
Svendsen pers. comm. 1996). This would
imply reduced supply of (relatively clean)

sediments for the same period, particular-
ly for area 1, which may increase the rela-
tive portion of contaminated material de-
riving from the North Sea. This is in con-
trast to the observed decrease in contami-
nant content in the sediments in this area
(1). Rather, increased erosion and en-
vironmental changes in the North Sea (see
below) seems to correlate more closely to
the abserved overall contaminant trends.
Increased erosion and sediment transport
from the North Sea have possibly occur-
red during the last 20- 30 years (see
Chapter 4.1 for details), and this may have
resulted in increased contaminant load
from the southern and eastern parts of the
North Sea, particularly to the deepest,
central parts of the Skagerrak (area 2).
Likewise, environmental changes, reflec-
ted by changes in the benthic foraminife-
ral assemblages, have occurred in the deep
parts of the Skagerrak since the early
1970's {Chapter 6.1), suggesting increased
input of organic material. A possible con-
sequence of this input is to change the
pore water chemistry of the upper few
centimetres of the sediments, and thereby
influence the physical processes governing
the behaviour of the contaminants.
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5.5 Inputs and transport routes for trace
metals and PAHs

Inputs via large rivers in densely popu-
lated and highly industrialised arcas on
the European Continent are major contri-
butors to the total load of contaminanits o
the North Sea (Table 5.6). The riverine in-
put of trace metals to the Skagerrak from
Norway and Sweden is small in compari-
son to the total North Sea inputs (Table
5.7). A substantial input to the North Sea
also derives from the atmosphere (Table
5.8). Direct discharges, disposal of dred-
ged material, dumping of wastes from

industrial establishments and cities and
operational  discharges from offshore
industry and shipping also contribute to
the total load. Dredged material from har-
bours, rivers and channels dumped in the
Morth Sea contains considerable amounts
of trace metals and PAHs.

An extensive offshore petroleum industry
in the North Sea results in discharges, In
1991, the discharges of trace metals were
estimated at 40 tons of copper, 12 tons of
lead, 85 tons of zinc and low amounts of
mercury and associated compounds. These

Table 5.6 Riverine inputs 1o the North Sea, including the English Channel, Skagerrak and Katiegat In
1990 (North Sea Task Force 1993).The data include both dissalved and suspended matter.
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Mercury tons

SPM thousand tons

Lopper tons
Belgium 29- 41°
Denmark 10.5
France 170
Germany' 280
MNetherlands® 380
Norway' 126
Sweden 36.7
United Kingdom 187*-202*
Total*
Lower estimate’ 1 200
Upper estimate® 1200

and - including loads from countries upstresm
"= ushg 1991 data on inputs from Norway.
'« patal rounded 1o twa significant figures

Lead tons Zing tons
14°-21° 170" - 2500
5.1 75.8

240 6a0

210 L 700

340 1 900

40° - 41 580

7.8 226

109°- 131* 10107 - 1 020
970 6 300
1000 6 400

- [owver estimate:for concentrations less than the detection limit, a value of T was used when caiculating

loads

- uppet estimate: for concenterations less than the detection lienit, the value of the of the detection limit was

used when calculating the loads
ni+ ng infarmation
SPM - suspencled particulate manter

Table 5.7 Riverine inputs of selected cantaminants to the Skagerrak and Kattegat in 1994 from
Norway and Sweden, Data from Denmark are not available, Source of data: OSPAR (in prep.)

Lountry Sea area Lopper tons

MNorway Skagerrak
Sweden | Kattegat
Sweden Skagerrak

Lead tons

Zing tons Mercury tons
0.1
0.06

0.004

Table 5.8 Estimates of atmaospheric inputs to the North Sea (o 59" N including the Kattegat and
Skagerrak, but not the Channel) in 1990, based on depasition measurements at coastal stations and
calculated for an area of 525 000 km' (North Sea Task Force 1993),

Loppér tans
Minimum

Lead lons

Mercury tons
3.3
6.9

Zine tons

-4
0.042

34

10.5

31

0.08" - 0.19
0.072

0.93' - 3.5

25

3407 - 7000
n.i.

n.l.

2 500

1 700

219

170
501" - 502!

5400
5 800
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Fig. 5. 14 Chistribution
map for Copper in
surface sedimentsm
Akagerfak, nonma-
lised 1o the clay+silt

content

Sorme groups of contaminants ane primari-
ly-associated with TOC and/or fine-grained
particles (clay and silt), Elevated levels of
contaminants aze therefore often found in
fine-grained, organic-rich sediments.in
arder 1o reduce the effects of this variation,
snormalisations is often perfarmed (see
eg, Wiesner et al, 1990 and references
therein for further detailk), This may
invalve:

W division of the contaminant content by
the content of TOC, 1o give a ratio; further
division by a reference sample regarded as
close to the background level yields an
estimate of the contaminant enrichment
for a given region.

B recalculation of the contaminant con-
tent using the content of clay and silt
wheteby a sediment with,e.g. 20 ma/kg
lead that contains only 50% clay and silt.
will be recalculated to double the eriginal
lead valug, Le. the normalised lead value
will be 40 mg/kg.

Normalised data provides a more coherent
picture if large variations exist in the sedi-
ment types involved in the assessment,
However, In the Skagerrak the sediments
are generally fine-grained, with the excep-
tion of the south-eastern slope of the
Norwegian Trench, where slightly more
coarse-grained sediments occur, Except for
this specific area, the normalisation of con-
Aminant Conent o arganic matter of
grain-size does not bias the data,

figures are based on estimates of discharges
from Denmark, the Netherlands and the
United Kingdom (North Sea Task Force
1993) and are minimum estimates. It
should be noted that the main sources of
trace metals in discharges from the offshore
industry are trace metals associated with
the barite and bentonite minerals used in
drilling muds, the levels of which are highly
dependent upon the quality of the drilling
muds { North Sea Task Force 1993},

Copper

The copper contamination in the Skager-
rak is low, with a mean contamination
level just above 1, i.e. the copper concen-
trations in the surface sediments are close
to the background level. Still, anthropoge-
nic input can be recognised, with elevated
levels in the coastal areas south of Arendal,
in the southwestern and central parts of
the Skagerrak (Fig. 5.14). The distribution
pattern for copper in surface sediments in
the North Sea shows that elevated concen-
trations occur in an area in the eastern-
maost part, extending northwards from the
mouth of the Elbe along the Danish coast
(Zollmer & Irion 1993). High concentra-
tions also occur in nearshore sediments
between the mouth of the Rhine and the
island of Texel (Irion & Miiller 1990), The
highly contaminated sediments in the
German Bight can be traced northwards
to an area off the Danish coast, where «dilu-
tions by less contaminated sediments
from the central and northern North Sea
takes place (Zollmer & Irion 1993), The
diluted, but still contaminated sediments,
are subsequently transported to and depo-
sited in the Skagerrak. In Kattegat, the in-
put of copper-contaminated sediments is
dominated by inputs from the Geteborg

SKAGERRAK IN THE PAST AND AT THE PRESENT

area (Olausson 1975, Cato 1983), while in-
puts from the North Sea are considered to
be less important (Kuijpers et al. 1993,
Cato in press). The input from Norway
appears to be restricted to the coast south
of Arendal. A possible source may be cop-
per-rich boat coatings extensively used in
this busy shipping zone. The distribution
of copper in the Skagerrak thus points to-
wards a component of input both from
the North Sea (southwestern and central
parts), and a contribution from the
Norwegian coast south of Arendal.

Lead

The concentration of lead in the surface
sediments indicates considerable anthro-
pogenic input to the Skagerrak that de-
rives mainly from the North Sea. Investi-
gations of the lead content in the surface
sediments of the North Sea (Irion &
Miller 1990} show that lead (and manga-
nese) have a generally patchy distribution
without clear spatial zonation; however,
elevated concentrations do occur in near-
shore sediments north of the Humber
estuary, off the mouth of the Scheldt river,
between the mouth of the Rhine and the
island of Texel, and in the castern part of
the German Bight. According to Irion &
Maller (1990), the patchy distribution
shows that atmospheric transport rather
than rivers is likely the dominant pathway
for lead contamination to the North Sea.
The atmospheric input of lead w0 the
Skagerrak in 1989 has been calculated to
73 1ons (Ross 1990), Considering the sur-
face area of Skagerrak (36 000 km'), com-
pared with the surface area of the North
Sea (525 000 kmy', used in Table 5.8) this
estimate seems reasonable. This shows
that the direct airborne input of lead 1o
Skagerrak is small compared to the river-
ine and airborne inputs to the entire
North Sea (estimates for 1990 range from
1930 to 2700 tons). According to Kuijpers
et al. (1993), the major input of lead-

enriched material into the Skagerrak and
the northern part of the Kattegat is by the

Jutland Current from the North Sea, with
a minor and local source allocated in the
eastern Kartegat (Varberg area). Other in-
vestigations, however, do not show this
trend (Cato in press).

The spatial distribution of lead in Skager-
rak surface sediments is influenced, but
not controlled, by various physical and
chemical parameters, like grain-size varia-
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Fig.5.15 Bivariate plots of lead, mercury and bariurn against clay+silt content, TOC content, sedimentation rate, water depth and manganese content
The red dots show the most coarse-grained sediments (less than 90% clay+ silt and maore silt than clay), while the green diamonds show fine-grained
samples (more than 90% clay+silt and more clay than silt)
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tions, TOC content,
sedimentation  rates,
water depth and man-
ganese content (Fig,
5.15). In order 1o
visualise the effects of
grain-size variations,
we have made a classi-
fication of compa-
ratively coarse sedi-
ments (less than 90%
clay+silt and maore silt
than clav), and fine-
grained  sediments
which comprise the
major part of the

Fig.5.16 Spatial distribution of kead in the
surface sediments. The lead content has
been normalised to the content of clay
and silt

Skagerrak sediments.

The content of lead is correlated with the
clay+silt content for low clay+silt values
(Fig. 5.15). However, for fine-grained sedi-
ments (more than 90% clay+silt, and
more clay than silt), the lead content is not
only dependent on grain-size. A similar
pattern is seen for the TOC content, where
the lead content is correlated with the
TOC content when the latter is Jess than .
1.8%. For TOC values
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greater than 1.8%,
there is no obvious
correlation. Sedimen-
4 tation rates do not
affect the content of
i1 lead, but the content
of lead generally
correlates with water
depth.

The lead content in
the surface sedi-
V. ments is  strongly
' correlated with iron
content, and when a

Fig. 5.17 Spatial distribution of zinc in
surface sediments in Skagerrak and
Kattegat The zinc content has been
narmalised 1o the content of clay and silt

logarithmic scale is
used for manganese, the same is the case
for manganese and lead. Irion & Miller
(1990) reported correlation between lead
and manganese in surface sediments in
the North Sea. This may indicate that the
lead distribution in the North Sea is con-
nected to the distribution of manganese,
and quite possibly, that lead is transported
to the Skagerrak associated with manga-
nese-iron hydroxides. The close connec-
tion between lead, manganese and iron in
the surface sediments contrasts with the
trends emerging when concentrations
from all levels in the cores are compared.
Particularly in area 1, no correlation be-
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tween lead and manganese/iron is evident,
indicating that diagenetic processes (man-
ganese scavenging) in Skagerrak are not
significant with regard to lead. The ab-
sence of a correlation between lead con-
tent and clay+silt content (in fine-grained
sediments), and TOC content (sediments
with more than ¢. 1.8 % TOC) shows that
the spatial distribution of lead in Skager-
rak is not anly controlled by these factors,
i.e. the spatial distribution of lead reflects
variations in contaminant loads. The lack
of influence by sedimentation rates indi-
cates that lead is not diluted by rapid de-
position of particles to the sediments. If
lead deposited from the atmosphere above
the Skagerrak was a dominant source,
then the highest lead content should occur
in locations with low sedimentation rates
{i.e, in locations with minimum dilution
by suspended matter transported from
e.g. the North Sea), and vice versa. The
lead must rather be transported to
Skagerrak associated with suspended par-
ticles (adsorbed to the sediment particle
surface), organic matier or manganese-
iron hydroxides that form part of the sedi-
ment composition.

The highest concentrations of lead are
found in the deepest parts of Skagerrak
{area 2), and also on the south-eastern
flank of the Norwegian Trench when the
latter are normalised against the clay+silt
content. Together with the other informa-
tion presented, this indicates that the
dominant input of lead 1o the Skagerrak is
from the North Sea. Minor contributions
by riverine inputs from Scandinavia and
local atmospheric deposition may exist
but appear to be lost in the signal from the
North Sea inputs.

Tinc

The zinc concentrations in the surface
sediments of Skagerrak are only slightly
elevated, but an anthropogenic input can
still be recognised. The elevated concen-
trations are found in the southwestern
and deepest parts, In the North Sea, #inc
shows a distinct zonation with the highest
zinc concentrations (> 300 mg/kg) occur-
ring in a narrow band of nearshore sedi-
ments between the mouth of Scheldt and
the island of Texel and in a broader area
off the Ems-Weber-Elbe estuaries that ex-
tend northward across the German Bight
(Trion & Miller 1990). In addition, smal-
ler 1solated areas with increased zinc values
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are found off the English and Scottish
coasts and in the northern part of the
eastern North Sea. In the Kattegat, there is
a major input from the Swedish coast
(Cato in press). According to Kuijpers et
al. (1993}, the input from the North Sea is
only secondary. However, the distribution
map of zinc in surface sediments shows
that the zinc content is high in the deepest
and southwesternmost parts of Skagerrak
which receives sedimentary material domi-
nantly from the North Sea (Fig. 5.17).
High values of zinc are also evident along
the southern part of the southeastern
coast of Norway, possibly indicating input
of zinc-contaminated material from local
sources along the coast, such as zinc
anodes on boats,

Mercury

Fairly high levels of mercury are found
along the Norwegian coast and along the
southeastern flank of the Norwegian
Trench, indicating that inputs both from
the North Sea and from the Scandinavian
mainland may be important. A regional
survey of mercury content in sea-water
outside the river Elbe in the German Bight
(Schmidt 1992) showed very high levels of
mercury near the river mouth, and de-
creasing contents away from the river
mouth/estuary. According to Schmidt
(1992), c. 99.5% of this mercury origina-
ted in the former German Democratic
Republic and former Czechoslovakia,

Similarly high levels of mercury were
found in the offshore region cast of
Scotland, and a possible connection with
production of natural gas in the North Sea
has been suggested (Schmidt 1992). The
riverine inputs of mercury to the North
Sea were estimated at 21-25 tons in 1990
(Table 5.6), while the Norwegian and
Swedish discharges through rivers in 1994
were estimated to be less than 0.2 tons
(Table 5.7). The atmospheric inputs to the
North Sea, on the other hand, are esti-
mated to be 3.3 - 6.9 tons for 1990 (Table
5.8).

The spatial distribution of mercury in the
surface sediments (Fig. 5.18) shows that
high concentrations of mercury are found
in the eastern part of the Skagerrak,
Kattegat, coastal areas of Sweden, the
outer Oslofjord and the southeastern
flank of the Norwegian Trench. Medium-
high levels are found in the near coastal
areas of Norway and in area 2 (for loca-
tion of area 2, see Fig. 5.10).

The spatial distribution of mercury in
Skagerrak surface sediments is influenced
by various physical and chemical factors
(Fig. 5.15). The mercury content is con-
trolled by the clay+silt content for coarser
sediments. However, for fine-grained sedi-
ments, the mercury content is not corre-
lated with the grain-size. A similar pattern
is seen for the TOC, where the mercury
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Fig. 5.18 Spatial distribution of mercury in
surface sediments in the Skagerrak and
Kattegat. The concentrations are normali-
sed against the content of TOC and a refe-
rence sample. Data from Kattegat and
parts of the Skagerrak (circles) are from

Kuijpers et al. (1993). F - Frierfjord; OOF -
Outer Oslofjord:V - Vanern
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Increase in barium content
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content is controlled by the TOC when the
latter is less than c. 1.8%. For TOC values
greater than 1.8%, there is no correlation.
Sedimentation rates does not affect the
content of mercury. Likewise, water depth
and manganese do not correlate with mer-
cury. The lack of a correlation between
mercury and clay+silt, TOC above 1.8%,
sedimentation rates, water depths and
manganese shows that the spatial distri-
bution of mercury in the Skagerrak may
be influenced, but is not controlled simply
by these factors, Le.: the spatial distribu-
tion of mercury reflects variations in con-
taminant input.

The elevated mercury levels in Kattegat
and along the Swedish and Norwegian
coasts points towards an origin from the
surrounding landmasses through riverine
input, Rognerud & Fjeld (1990) have cal-
culated the contamination factors in sedi-
ment cores collected from 210 lakes in
Norway, using the minimum values recor-
ded in the respective sediment cores as a
reference value. This shows considerable
(3-6 times higher mercury concentrations
in the surface sample) to severe (surface
enrichment exceeding 6 times) mercury
contamination in south Norwegian lakes.
Rognerud & Field (1990) also present data
from Sweden that shows significant mer-
cury contamination in south Swedish luke
sediments. Based on correlation with the
sulphur contents of lake waters and previ-
ous studies by others, they conclude that
the majority of atmospheric mercury pol-
lutants today originate from the European
continent, even though small inputs from
point sources in Norway and Sweden must
be anticipated. Wide dispersion of mercury
along the Swedish coast is interpreted to be
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the result of air emissions (Cato 1992),
Riverine inputs from urbanised areas along
the Swedish coast, particularly the Gota
river, contribute significantly to mercury
contamination of the coastal areas in Katte-
gat (Cato 1992). A major source for these
riverine inputs are discharges from chemi-
cal industries and pulp mills along the river
and the Lake Vanern (Cato 1992).

One contributor of mercury contamina-
tion to Skagerrak is the Norwegian river
Glomma which drains ¢. 50% (Pederstad
et al. 1993) of the catchment area of the
outer Oslofjord (Fig. 5.18). Since ¢. 1890, a
number of factories, including large pulp
and paper mills and chloralkali factories
have discharged both organic and inorga-
nic contaminants (trace metals) to Glom-
ma. These sources may represent an im-
portant input to the Skagerrak, However,
Helland et al. (1990) have shown that the
surface sediments outside the Glomma
estuary are only slightly contaminated by
mercury, This contrasts with the situation
inside the Glomma estuary, where the sur-
face sediments are markedly contamina-
ted by mercury (Hektoen et al. 1992).
During the summer 1995, a major flood in
the Glomma river occurred, and as much
as 75% of the total suspended material
from the Glomma river passed through
the Glomma estuary and was brought into
the Skagerrak (Helland 1996). In contrast,
during normal river conditions, the major-
ity of suspended particles settle within the
estuary. Another potential point source for
mercury contamination is a now-abando-
ned chloralkali factory on Hereva in the
Frierfjord. The discharges from this fac-
tory appear to have been effectively trap-
ped in the Frierfiord by a physical (bed-
rock) threshold in the outer parts of the
flord (Nas & Oug 1991). This is suppor-
ted by the mercury concentrations shown
in Fig. 5.16, where no plume of high mer-
cury concentrations can be identified out-
side the Frierfjord. Pohlmann & Puls
(1994) have demonstrated in a modelling
experiment involving contaminant inputs
from the rivers Rhine, Elbe/Weser, Tyne,
Firth of Forth, Thames and Humber {with
inputs in descending order) that contami-
nated material from these rivers is trans-
ported towards the Kattegat and the Skager-
rak. The resulting concentrations were
shown to be higher in the Kattegat and the
coastal areas of Sweden and Norway, than
in the central, deeper parts of the Skagerrak.
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In conclusion, a major source for the ele-
vated mercury concentrations along the
Swedish coast, outer Oslofjord, and
Naorwegian coastal areas appears to be
riverine inputs particularly from urbani-
sed areas along the Swedish coast. Atmos-
pherically transported mercury origina-
ting from the European continent, toget-
her with local emissions, also contribute
to the mercury input. Input from the
North Sea is indicated by elevated mer-
cury concentrations on the southeastern
flank of the Norwegian Trench and the
eastern parts of Skagerrak and Kattegat,
maost probably related to transport of con-
taminated sediments by the Jutland
Current. A certain North Sea contribution
to the coastal contamination of the
Skagerrak is also likely. It should be noted
that the strongest increase of mercury
content in the Skagerrak sediments during
last 40 years has occurred in the central,
deeper parts of the Skagerrak (area 2),
while the levels in the coastal regions have
been stable or have even decreased, except
for one station in the outer Oslofjord. This
indicates that the relative contribution of
mercury contamination from the North
Sea has increased during this period, and
may even continue in the future.

Chromium
The chromium levels in the surface sedi-
ments show that only slight contamina-
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Fig.5.20 Content of Barium mg/kg 3
barium in surface @ 56-105

sediments. Mo nor- = :§ : :g
mialisation against @ 140-189

clay and silt content, @ 169-433

Ercslon or non-

tion is recognisable in the deeper parts of
the Skagerrak, and a figure for chromium
distribution is therefore not shown. Ele-
vited chromium contents in North Sea
surface sediments occupy an area exten-
ding from the Northern English coast into
the central and northern North Sea, and a
small area occurring between the mouth
of the Rhine and the island of Texel (Irion
& Mailler 1990). Investigations from the
sediments in the Rhine and Elbe rivers

(Miller 1985) show a moderate enrich- |
ment of chromium (enrichment factor 2- |
3). The contaminated sediments in the

German Bight can be traced northward 1o |
an area off the Danish coast where «dilu-

Fig.5.21 Colour-coded barium (keft) and
lead (right] concentrations in Skagerrak
surface sediments plotted against the con-
tent of clay, silt and sand from surface sedi-
ments in a tiangular grain-size diagram
Sediments with high sand content plot in
the sand corner, and sediments dominated
by clay and silt plot along the clay-silt axis.
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tion= by less contaminated sediments
from the central and northern North Sea
takes place (Zollmer & Irion 1993). The
diluted, but still contaminated, sediments
are subsequently transported to and depo
sited in the Skagerrak. Figure 5.5F shows
slight enrichment of chromium in the
xln'n‘i*n'\! |1.|r':-. i 'I|'||' '\!h.l:.:-:':r.'.lw |i||.' en
richment trend is indicative of contami
nated sediments that derive from the
German Bight and become the major con
tributors to the (minor) chromium conta

mination in the Skagerrak

Nickel
Only slight enrichment of nickel in the
surface sediments in the deeper parts of

Skagerrak has been observed (a separate

element distribution map is therefore not
shown ). Only minor anthropogenic nickel
input to the Skagerrak has occurred. The
distribution of nickel in North Sea surface
sediments gives a patchy and irregular
pattern, and no obvious inputs can be
Irion & Miiller 1990

gations of nickel contents in lake se

identified Investi

ments in southern Norway (Rognerud &
Field 1990} have shown a large variation

in nickel content, mainly caused by natu

e

ral nickel varia
posits and bedrock in the catchment areas
Significant nickel contamination is docu-

mented in the fHord outside Kristi

for location, see Fig. 3.10), where dis

charges from the Falconbrids
likely

!’\:I'I'.I'n.-'l..’l el ~| 1991 12 however, no NI L'._'i

Kristiansand are the SOUTCE

enrichment is found ourside this ford

['his indicates that the sediments contami

nated by mickel are effectively trapped

within the hord basin.

Barium
[he barium content in the Skagerrak |

increased markedly in the last decades

* result of

Fig. 5.19). This is most likelv 1
huge discharges of barium-rich drilling
muds from the petroleum industry since
<. 1960, Barite (a barium mineral) is a pri-
mary component of drilling muds exten

vy A ir th Hehare e lewitry 1
sively used in the oftshore petroleum in

dustry since the late 1960's, Barite i

allv insoluble in sea-water and 15

a good tracer for the dispersion of drill

cuttings discharged from the oil and gas
platforms; these drill cuttings have been a

primary source of environmental distur

bance around oil and gas platforms in the
North Sea. A

large portion of the barite accumulates

MNorwegian sector of the

close to the plattorms. Observations from

the Valhall and Gyda platforms (Olsgaard

1995) show a decrease in

o Laray MITIUIM

and assod1aed » metals in the sea-bed

sediments after cessation of dril ing

discharges. This indicates that parts of the

drilling muds deposited close to the

forms mav b rl."i?\,lﬁl"". nded within a few
vears and spread over large ancas away

from the platforms. Modelling shows that

barite grains smaller than 351

fine silt) can be transported in suspens

As much as 50 wieight of the

charged l||i5||:":? mud occurs as particies

smaller than 35 microns ( Rve 1996). Dis

charges of ar |.|'.'I'.'_ Muds are Dy we

tant l.1|\..'|'|.||':.:'.'\ Tom ol

most impaoT
on and gas activities. The composition ol
drilling muds varies from area to area, but
all have a weighting agent, usually barite
BasO, ), viscosity agents such as bentho
nitic clays, swelling controllers [ potassium
chloride - KCl), pH controllers (potassi
um hvdroxide KOH

filter loss compo-

nents, dispersants, defoamers, drilling lu-

bricants, (such as fattv acids and hvdro

carbons

, Evpsum to increase the calcium

content, and biocides (GESAMP 1993
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The total discharge of drilling muds to the
North Sea in 1991 was c. 310 000 tons
tons, of which c. 156 000 tons went into
the Norwegian sector, while the discharges
in 1993 and 1994 were c. 124 000 and
96 000 tons, respectively (FE. Iversen, pers.

comm. 1996). The composition of such
drilling muds is complex. The content of
barite varies between 60 and 90%, but can
be assumed to be 80% on average (PE.
Iversen pers. comm. 1996). Using the 80%
estimate, the total amount of barium (the
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Fig.5.23 Bivariate plot of benzolg)pyrene
and C-naphthalenes against clay+silt %,
content of TOC, sedimentation rate, water
depth and manganese cantent

Calculation of contaminant loads
(Box 5.7)

Calculations of contaminant loads werne
performed by multiplication of the ele-
mental concentrations in the sediments by
the estimated amount of sediment de-
posited annually for each station (ADSM -
Annual Deposition of Suspended Matter,
see Box 4.3),and subsequently summing
the figures for all stations.

The fact that not all cores penetrate suffi-
ciently deeply to reach eg.the 1850 level
{only 71 cores penetrated down to the
1850 level) influenced and weakened the
statistical assessment of the data. The lack
of complete dataserts for some stations.
was compensated by first calculating the
total amount of sediment depasited using
the 71 cores, and second. by calculating
the ratio of 1990 ADSM and 1850 ADSM,
This ratio was then multiplied by the con-
taminant load calculated using the 71
stations.In this way, comparable numbers
are produced, even if some stations aré not
represented in the pre-1990 levels,

In the model, the following assumptions
have been made:

M the sedimentation rate has been stable
during the last hunidred years

B the effects of diagenesis are minor

W the effects of bioturbation are minor

W for calculation of 1990 levels, the surface
sediments (0 - 2 cm) have been used

B for calculation of 1500 levels, the back-
ground levels have beenused

This methed introduces some uncertain-
ties in the model, and the time estimates
should not be looked upon as absolute
numbers. However, the time trends and
proportions of contaminant loads to differ-
‘ent regions are regarded as reliable ind:-
cators of the degree of contamination.
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Fig. 5.24 Bivariate plots between selected
PAHs and trace metals in coarse- and fine-
grained sediments

main component of barite) discharged in
1991 was c. 145 000 tons, of which c.
62 000 tons went into the Norwegian sec-
tor. Another possible source for barium in
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the Skagerrak is from the natural cycling
of barium in the watermasses by bioche-
mical processes, Discrete barite particles,
about 1 micron in diameter, are the most
common manifestation in the open ocean
of barite produced by these biochemical
processes (Dehairs et al. 1980). Increased
supply of nutrients to the sea may increase
the production of organic matter, and
thus also increase the rate of the bioche-
mical processes responsible for the forma-
tion of discrete barite particles from dis-
solved barium and sulphate in the water-
mass, Elevated levels of barium in the
sediments may therefore also be a signal of
increased nutrient supply, i.e. the content
of barium may be used as an indicator for
the organic production in the overlying
watermasses. The spatial distribution of
barium in surface sediments (Fig. 5.20)
shows that elevated barium levels are
found on the southeastern flank of the
Norwegian Trench, in the deepest parts of
Skagerrak and at water depths greater
than 200 meters south of Langesund.

The barium content of the surface sedi-
ments is not correlated with grain-size
variations, as is evident from Fig. 5.15, and
thus barium data have not been normali-
sed to clay-+silt content. Barium is not cor-
related with TOC content, sedimentation
rate, or manganese (Fig. 5.15). There is a
weak correlation with water depths, where
the highest concentrations occur at inter-
mediate water depths. These trends indi-
cate that barium is transported differently
than are the trace metals mercury and
lead. High barium contents even in sedi-
ments with low clay+silt content imply
that barium is partly associated with
slightly coarser particles in the silt and
very fine sand fractions (median diameter
5 to 105 microns; very fine sand, for exam-
ple, has particle sizes of 62 - 125 microns).
This is illustrated in Fig. 5.21, where the
barfum content is plotted against the con-
tent of clay, silt and sand in a triangular
diagram. For comparison, a similar plot
for lead content versus clay, silt and sand
content is shown.

Scanning electron microscope studies of
sediments with high barium content (Fig.
5.22) reveal grains (10 - 20 microns in dia-
meter) of the mineral barite which display
mechanical abrasion on the grain edges.
This type of abrasion is characteristic of
grains that have been transported over
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some distance (from a few to several hund-
red kilometres), and is not the result of
chemical processes in the sediment.

Stratigraphic profiles show that the barium
content increases markedly from 1970 1o
the present. The profiles overlap in time
with both the onset of major petroleum
exploration and increased euthrophication
in the North Sea. The fact that barite grains
larger than 10 microns are found in sedi-
ments with high barium contents, and that
high barium contents are associated even
with sandy and silty sediments, is consis-
tent with the theory that a large part of the
barite in the Skagerrak derives from dis-
charged drilling muds. The findings of
Olsgaard and Gray (1995) and the model-
ling of barite grain transport {Rye 1996)
certainly shows that a large part of the
barite grains discharged together with the
drilling muds can be transported by sus-
pension or near-bottom suspension. The
lack of a correlation between barium con-
tent and TOC content indicates that
euthrophication processes are not a major
cause for the elevated barium levels in the
Skagerrak. However, a certain contribution
from such biochemical processes related to
euthrophication is to be expected, but can-
not be clearly distinguished from the bari-
te derived from the drilling mud discharges.

PAHs

The pattern of PAHs in Skagerrak sedi-
ments indicate that the PAHs are derived
from several sources. The levels of both pe-
troleum- and combustion-related com-
pounds are elevated in the time period stu-
died (from ¢. 1750 to 1990). The concen-
trations of the selected two PAHs were
related to some metals and normalising
factors like sedimentation rate, grain-size,
water depth and TOC (Fig. 5.23).

Benzolalpyrene is relatively well-corre-
lated with copper, zinc and lead, but have
poor correlations with mercury and bari-
um (Fig. 5.24). C,-naphthalenes are cor-
related with copper, zinc and lead in coar-
se-grained sediments, while the correlation
in the fine-grained sediments is weak or
even negative. The wide scatter in the dia-
grams limits the conclusions to be drawn
from this comparison, but significant dif-
ferences in the pattern between benzo|al-
pyrene and C,-naphthalenes are suggested.
Further investigations are needed in order
to verify and explain these trends.

This information together with plots of
PAHs against sedimentation rates, indicates
that PAHs to a great extent are associated
with fine particulate clastic material (clay
and silt) and organic matter. Most of this
material enters the Skagerrak from the
North Sea. A significant contribution may
also come from urbanised areas along the
Swedish coast (Cato in press). Other con-
tributors include atmospheric inputs to
the sea surface in Skagerrak from the
European continent and local sources
{ Brorstrom-Lundén 1996). The solubility
of PAHs in sea-water is low. The com-
pounds entering the water are quite rapid-
ly associated with particles. Particle dyna-
mics are thus important for the distribu-
tion and inputs of PAHs to the sediments.

5.6 Contaminant loads - quantitative
modelling

Quantification of the amounts of hazard-
ous substances transported to and depo-
sited in the Skagerrak annually is an im-
portant part of the assessment of the en-
vironmental condition. The Norwegian
part of the Skagerrak basin receives c. 19
million tons of sediments annually (dry
sediment weight). OF this, c¢. 15 million
tons comprise fine-grained material (clay
dominated, and with more than 90% clay
+ silt). The annual contaminant load was
modelled based upon measurements of
contaminant elements and caleulated an-
nual sediment supply (Box 3.7) to the
Skagerrak. The sediments deposited in the
Skagerrak can be separated into two areas:
the North SeafAtlantic Ocean and the
Scandinavian/Baltic Province (see Chap-
ter 4.2). The North Sea/Atlantic Ocean
province appears to be dominated by sedi-
ments coming from the North Sea and the
Atlantic Ocean, The Scandinavian/Baltic
province similarly receives the dominant
input from the Atlantic Ocean and the
North Sea, but with a significant contribu-
tion (c. 15 %) also from Norwegian and
Swedish rivers, from the Kattegat and to
some extent, from the Baltic Sea. Clearly,
this province division represents a gross
simplification of the complicated sedi-
mentation pattern in Skagerrak. Still, the
division is considered to provide a mean-
ingful approach to the calculation of the
contaminant load, respectively, from the
North Sea/Atlantic Ocean, the Scandi-
navian landmass and the Kattegat.

The annual supply of contaminants from
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Fig.5.25 Model estimates of annual depasi-
tion of copper, lead. zing, barium (tons) and
mercury (kg for selected years from 1500
1o the present. A the load to the
Scandinavian/Baltic province, B: the load
to the North SeadAtlantic Ocean province
The barium estimates have been divided
by ten in order to use the same scale as for
the other elements

both natural and anthropogenic sources
to the Norwegian parts of the Skagerrak is
shown in Fig. 53.25. The modelling shows
the load to the Scandinavian/Baltic pro-
vince and the North Sea/Atlantic Ocean
province.

Copper shows a very limited increase from
the background levels in c. 1500 1o the
present  day  concentrations, and only
minor copper contamination is evident
on a regional scale. The trends for chromi-
um and nickel are not shown, but have
basically similar trends to that of copper.
These trends agree with the results from
the contamination level studies (Chapter
5.3) for copper, chromium and nickel.
Lead, zinc and mercury, on the other
hand, increase slowly from background
levels in 1500 to c. 1850, increase more
strongly from 1850 to 1950, and sub-
sequently increase more weakly from 1950
to the present day concentrations. Barium
is an exception, with moderate increases
from background levels from ¢. 1500 to ¢.
1970, followed by a very strong increase
towards present.

An interesting question is «How much of
this material is derived from geogenic
{natural) sources, versus that quantity de-
rived from anthropogenic sources (man-
made)s? Another important question is
«How much of the annual contaminant
input to the North Sea is deposited toget-
her with the sediments in the Skagerrak?»
In the following, we provide an attempt to
define a budget for the flux of contami-
nants in the Skagerrak. The first step was
to estimate the anthropogenic and geo-
genic proportions of the contaminant

load to the Skagerrak in 1990 (Fig. 5.26).
This was done by subtracting the natural
background levels from the actual concen-
tration at any time, thus arriving at the
combined anthropogenic and geogenic
components. The second step was to com-
pare the total input estimates for the
North Sea (from Tables 5.6, 5.7 and 5.8)
with our modelled contaminant load to
the Skagerrak in 1990 (Fig. 5.27). In order
to get an estimate for the entire Skagerrak,
and not only the Norwegian part, 25% has
been added to the model estimates (based
on a very simple comparison of areas).

An amount equivalent to 52% of all lead
input to the North Sea and the Kattegat
annually is deposited in the Skagerrak
which is higher than for the other contami-
nants. Half of this quantity is from
anthropogenic sources, while the other
half comes from geogenic sources, Copper
and zinc exhibit very similar behaviour,
with deposition of c. 30% of the annual
North Sea and Kattegat inputs in the
Skagerrak. It should be noted that ¢. 90 -
95% of the copper and zinc annually de-
posited in the Skagerrak is from geogenic
sources, and does not represent any
anthropogenic contamination, The depo-
sition of mercury in the Skagerrak repre-
sents €. 7% of the estimated total inputs to
the North Sea and the Kattegat. Approxi-
mately equal amounts of mercury are
from geogenic and anthropogenic sources.
No estimates for the total inputs of
barium to the North Sea are available;
only the estimates for anthropogenic in-
puts are calculated (c. 145 000 tons in
1990). The deposition of anthropogenic
barium in the Skagerrak is less than 1% of
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this estimated input from the offshore in-
dustry. Approximately 15% of the barium
deposited in the Skagerrak is from anthro-
pogenic sources. This may appear to con-
flict with the contamination level de-
scribed in Chapter 5.3 (the mean level is
2}, but is due to the contamination ana-
lysis method that is based on partial dis-
solution technique data, while the num-
bers used in defining this budget are based
on a recalculation of partial dissolution
data to estimate numbers produced by
total dissolution techniques (for further
details, see Box 5.3).

The conclusion from these data is that the
natural, geogenic sources dominate with
regard to deposition of copper, zinc and
barium in the Skagerrak. For mercury and
lead, the proportions of geogenic and
anthropogenic contributions are approxi-
mately equal. The reasons for this differ-
ence are not fully understood, but the fact
that atmospheric transport and deposi-
tion are important for mercury and lead
may be significant. For copper, lead and
zing, approximately 30 - 50% of the inputs
to the North Sea are deposited in the
Skagerrak, while less than 1096 of the mer-
cury inputs are deposited in the same area.

Skagerrak receives c. 50 - 70% of all the
fine-grained material that enters the
North Sea. A considerable amount of
organic maiter forms part of this. The
Skagerrak area does not, however, receive
50 - 70% of all the contaminants (except
lead). This may indicate that substantial
parts of the contaminants either are trap-
ped in the estuaries outside the rivers (e.g.
Cato et al, 1980) and the fjords, are depo-
sited in the North Sea, or are taken up into
the food chain and removed from the
sedimentary cycle. In recent sediments
from the Lower Rhine, in excess of 90%
of the copper, zinc, lead, mercury and cad-
mium  contents are  anthropogenic
(Forstner & Maller 1973), The reason for
the high proportion of lead deposited in
the Skagerrak may be that lead to a large
extent is deposited uniformly in the North
Sea by atmospheric inputs. Lead can be
transported to the Skagerrak by waters
which derive from the Atlantic Ocean and
the Central and Southern North Sea, and
thus escape the estuarine traps. Complex
processes take place in the estuarine
mixing zones of river water and sea-water
and thereby influence the fate of
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the contaminants.
Small/low  density
particles have higher
adsorption capacity
than the coarser .
particles in an estua-
ry. Such particles es-
cape from the estua-
rine circulation and
predominate in the
coastal areas. Inputs
from rivers result in
elevated concentra-
tions of contami-
nants in the coastal
areas outside the ri-
vers (Forstner 1980,
Irion &  Miuller
1990), and may be
partly due to floccu-
lation processes as

Tonnes and kilos
g

2000 —

Anthropogenic and geogenic
inputs to Skagerrak in 1290

B Anthropogenic
B Geogenic

! Zinc
| Mercury
Lead
. I

Barium

well as to the strong

urbanisation of these areas. Studies from
Norwegian fjords have shown that most of
the trace metals and PAHs are trapped
close to the input sources, inside the fjord
sill (Nas & Oug 1991, Nees et al. 1995).

We emphasise that the calculated conta-
minant estimates for the Skagerrak show
the quantity of contaminants deposited
{and kept) annually in the sediments,
while the input figures refer to the total in-
flux of contaminants. These data do not
account for processes which release the
contaminants  from

Fig. 5.26 Estimates of the geogenic and
anthropogenic cantributions of trace
metals to the Skagemak in 1990

Fig. 527 Estimates of contaminant deposi
tion in Skagerrak compared to the esti-
mated total inputs o the Marth Sea and
the Skagerrak in 1990

the sediments to the

water column. Esti- 100
mates of the annual
deposition of PAHs
and other  organic
compounds like PCBs el
and chlorinated pesti-
cides, eg. DDT, will I~
be calculated when all
organic analyses are 80
completed.
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6 Micropalaeontological
evidence of environmental
conditions in the Skagerrak
from the last few centuries

Analyses of benthic foraminiferal assemb-
lages in the sediments of the Skagerrak
allow division of the investigated area into
basically three different depositional envi-
ronments: one on the Norwegian slope,
one on the Danish slope, and one in the
deep Skagerrak basin. The NW areas of
the Danish shelf and parts of the slope re-
ceive considerable amounts of particulate
material {up to fine sand fraction) intro-
duced from the southern North Sea. The
Danish slope is considered an area of high
benthic fertility and contrasts with the
Norwegian slope.

(Changes in benthic foraminiferal assemb-
lages are evident in cores from the deep
Skagerrak basin. The nature of these fau-
nal changes suggests an increased input of
organic material, In this relatively poorly
flushed basin environment, such an in-
crease may have enhanced the develop-
ment of sediment porewaters undersatu-
rated with calcium carbonate and caused
an elevation of the redox boundary within
the sediments. These changes in the deep
Skagerrak have primarily occurred since
the early 1970%. Although the historical
data from the Norwegian and Danish
slopes are too scarce to draw any firm
conclusions, faunal data from 1937 and
199293 are in good agreement and do not
suggest dramatic environmental changes
through this period for the Norwegian
slope; data from the Danish slope indicate
development of a high benthic fertility re-
gime. Overall, the faunal development, as
reflected by the core data, is in good agree-
ment with conclusions based on a compa-
rative study of the surface assemblages
collected in 1937 and 1992/93.

A pronounced reduction in the absolute
abundance of planktonic foraminifera in
the Skagerrak throughout the last several

centuries is observed. Two possible expla-
nations may be given for this reduction:
1) it may reflect an overall reduced influx of
Atlantic water entering into the Skagerrak;
2) it may reflect some unknown changes
in the hydrographic properties of the sur-
face waters that have had an adverse effect
on possible local planktonic foraminifera.
In either case, the strongly reduced abun-
dance of planktonic foraminifera implies
some influence from environmental
change. These changes are not simply link-
ed to recent anthropogenic impact over
the last decades. A separate study of dino-
flagellate cyst assemblage in the deep
Skagerrak sediments indicates changed
climatic conditions at c. 1650; this is inter-
preted to be due to increased influence of
colder surface water in the Skagerrak dur-
ing the last few hundred years.

6.1 Foraminifera

This section represents a brief discussion
and summary of the main conclusions de-
rived from the foraminiferal analyses per-
formed in connection with the Skagerrak
Project. The study is based on the analyses
of 36 living (stained) and 69 dead (unstai-
ned) assemblages recovered from 69 sur-
face samples and on detailed stratigraphic
analyses of six (.5 m-long cores. For fur-
ther details, see Alve (1996) and Alve &
Murray (1995 in press) and references
therein.

Benthic foraminifera as environmental indicators

Foraminifera are unicellular organisms
{protozoans) that live either on the sea-
floor (benthic) or amongst the marine
plankton. The planktonic and most of the
benthic forms build tests (shells) which
are preserved in large numbers in the sedi-
ments after death. There are two main
types of benthic foraminifera: those with
calcareous tests and those termed ‘aggluti-



nated foraminifera” with tests made from
detrital material held together with a ce-
ment which is totally or partly organic. All
planktonic foraminifera have calcareous

tests.

The distribution of benthic foraminifera
depends on variations in the local physi-
cal, biological, and chemical conditions
{summary in Murray 1991). Examination
of the sedimentary record for benthic fora-
minifera tests has revealed a significant re-
sponse by these animals to anthropogeni-
cally-induced changes of their environ
ment (reviewed by Alve 1995b). Benthic
foraminiferal investigations in several
fjord-basins on the Norwegian Skagerrak
coast have provided detailed information
about the environmental development,

particularly effects of increased influx of

organic material, from pre-industrial to
present-day conditions (Nagy & Alve
1987, Alve 1991, 1994). Effects of environ-
mental improvement, as shown by recolo-
nization of formerly anoxic fjord bottom
areas, have also been demonstrated (Alve
1995a, Bernhard & Alve 1996).

Present-day foraminiferal distribution

Although the classic taxonomic work on
Skagerrak foraminifera is that of Hoglund
(1947), he did not publish his quantitative
data {except for one station ) so the present
investigation represents the first detailed
analysis of recent foraminiferal distribu

tions and dymamics in the Skagerrak.
Previous Skagerrak studies have generally
been based on widely spaced samples, on
samples that had not been stained (1o dis-
tinguish live from dead specimens) or on
samples processed on sieves of varying
mesh size (63-150 micron). These factors
complicated interstudy comparisons (for
summary of previous studies, see Alve and
Murray 1995).

Only scattered planktonic foraminiferal
tests (mainly <150 micron, juvenile and
stunted adult forms) are present in the
surface samples. Benthic foraminifera, in
contrast, are abundant and occur fre-
quently throughout the area (Fig. 6.2)
Some of these animals live epifaunally,
attached or clinging to elevated objects,

-

¢ at depths down to 20

some live infaunally
cm below the sea-floor, but the majority of
species live infaunally in the oxygenated
upper 5-10 millimetres of the sediment.

/2

100pm

100m

100 pm
100 Hm



l 82 - SPECIAL PUBLICATION 8

SKAGERRAK IN THE PAST AMD AT THE PRESENT

oy
%04 7] s-2
58 57
58.0°
57.0"-

NORWAY

58 5%~

58.0°

575~

100 7.5 8.0

Fig. 6.2, Numernical density of benthic fora-
miniferal tests (no. tests/cma3), A live as-
semblages; B: dead assemblages, Filled cir
cies = 1992, open Circles = 1993 gouble
circles = 1594

105"

100

There are major differences between living
associations when comparing the NE to
the SW parts of the deeper Skagerrak
basin (Fig. 6.3 A). On the other hand, the
time-averaged dead associations have a re-
latively uniform composition throughout
this deep water area (Fig. 6.3 B). This dis-
crepancy between the distribution of
living and dead associations may partly be
due to different annual bloom events in
certain  species (NE and SW  living
assamblages collected in 1993 and 1994,
respectively). However, there is clear evi-
dence that the discrepancy is primarily
due to contemporary dissolution of cal-
careous tests (discussed below), and to a
lesser degree to destruction of fragile

agglutinated forms. It seems reasonable
that the end product of dissolution of eit-
her of the two living associations leads to
essentially the same dead association. This
may suggest that there is no long term
significant environmental difference from
one part of the basin to the other. On the
other hand, if the two dissimilar living as-
sociations reflect real short-term environ-
mental contrasts between the NE and SW
deep areas, these differences are not well
preserved in the dead association.

Bv contrast, the Norwegian and Danish
slopes show uniform intraslope patterns,
but distinctly different interslope associ-
ations; these differences between Nor-
wegian and Danish slopes are primarily
attributable to the differing influence of
outflowing and inflowing water masses in
the Skagerrak, respectively. On the Nor-
wegian slope, the distribution of the living
association resembles that of the dead.
Most of the frequently occurring species
are common in both associations but the
maximum frequency of certain species
differs, thus the difference in factor associ-
ations. Both the dead and living assembla-
ges on the main part of the Danish slope
are dominated by the opportunistic speci-
es Stainforthia fusiformis (Williamson).
Distribution of this species generally cor-
relates with the zone of sediments rich in
organic detritus (maximum abundance at
200 - 500 m on the Danish slope) but it
also extends to the top of the slope. A1
depths shallower than 200 m, the dead as-
soctation is characterised by shelf species
(discussed below) which are either not
present or only rare in the living associati-
on.

Transport and high benthic fertility

The maost likely explanation for the dis-
crepancy between the living and dead as-
sociations on the Danish slope is that dead
shelf tests are transported into the area.
Source areas can only be determined on
the basis of living distributions of species
whereas total (living plus dead) assembla-
ges, used by most authors in this geograp-
hical area, provide less reliable informati-
on, since they already include the effects of
past-mortem transport.

The only study to distinguish live and
dead assemblages in the southern North
Sea is that of Murray (1992) who found
widespread living and dead individuals of
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Elphidium  excavatum  (Terquem) and
Eggerelloides scabrus (Williamson). These
and other examples of the shelf species
found in the dead assemblages of the pre-
sent study were recorded in total assemb-
lages in the North Sea, adjacent to the west
coast of Denmark (Jarke 1961, Gabel
1971). The same shelf species have also
been recorded in total assemblages in the
North Sea, also adjacent to the west coast
of Denmark (Conradsen et al. 1994).
However, E. scabrus was extremely rare so
the Danish shelf cannot be the source area
for this species. Therefore, the provenance
of the transported species is most likely to
be from the south under the influence of
the north-flowing cyclonic current, shown
to extend from the surface water to at least
400 - 500 m depths. (Rodhe 1996). This
assumption is strengthened by the fact
that both the relative and absolute abun-
dance of transported tests systematically
decrease downslope (Fig. 6.4).

Generally, the abundance of living forami-
nifera is related to the fertility of an area.
In the southern North Sea the average
standing crop values are 2-10 live indi-
viduals/cm’', with occasional values =10
{Murray 1992). In the Skagerrak, the valu-
es are generally several times higher (Fig.
6.2 A). The general pattern is that the deep-
er areas (=400 - 500 m) have the lowest
values (5-40 live individuals/cm'), whereas
all values of > 80 live individuals/cm' are
on the Norwegian and Danish slopes. The
maximum standing crop values (236-332
live individuals/cm') occur on the Danish
slope between 200 and 300 m but high
values (=120 live individuals/cm’) are also
present down to 500 m. The abundance of
dead individuals shows a similar distribu-
tional pattern but the higher concentra-
tion of tests is even more clearly defined

(Fig. 6.2 B).

Visual examination of organic detritus in
the >63 micron fraction (wet sample) and
of tubular foraminifera show patterns
with maximum values between 200 and
500 m water depth on the Danish slope.
This zone broadly correlates with the area
of maximum numerical density of living
benthic foraminifera (Fig. 6.2 A). These
high densities of living foraminifera
reflect elevated nutrient conditions and
demonstrate that a high benthic fertility
regime exists in this area. The presence of
such conditions is due to high availability
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of organic material (e.g. organic detritus)
and the associated bacteria that provide an
additional food source for the foramini-
fera. The live numerical density on the
Danish slope is comparable to that of the
Mississippi delta (e.g., Lankford 1959).

Some of the organic detritus is probably
transported northeastwards as indicated
by the distribution of transported shelf
species; this distribution suggests that
parts of the Danish slope act as a sink area.
Another indicator of provenance and depo-
sition is the barium content of the sedi-
ments. The source areas are believed to be
drilling platforms in the North Sea
(Swther et al. 1996) and barium analyses

2.0° .5 10.0° 10.5°

Fig. 63 Varimax factor associations. A: live;
B:dead. Filled circles = 1992 open circles =
1993; double circles = 1994, Based on G-
miade factor analysis, four living and four
dead foraminiferal assodiations are distin-
guished and their overall distribunanal
pattems define 3 geographical sub-areas
the Norwegian slope. the Danish slope,
and thie deep Skagerrak basin (>400 - 500 m
water depth) in between
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Fig. 6.4. Abundance of shelffmarginal mari-
ne species inferred to be transpomed into
the area. A: percent; B: numerical density
(no/ cm), Filled circles = 1992; open circles
= 1993; double circles = 1994

a0 a5 10.0° 10.5°

of the surface sediments (see Chapter 5.5)
have shown that the areas of maximum
barium concentrations coincide with the
areas of maximum organic detritus.

The upper Danish slope is also disturbed
by the activities of trawlers scouring the
sea-bed for prawns, This includes both
physical disturbance of the sediment sur-
face and the consequent resuspension of
fine fractions, including organic matter.
Some of this may be transported down-
slope into deeper areas not otherwise
directly affected by the trawling.

The combination of physical disturbance
and frequent supply of organic matter

may be particularly favourable for oppor-
tunistic species which can casily recolo-
nize and flourish in recently disturbed
areas. This is probably the case for the
opportunistic Stainforthia fusiformis { Alve
1994) which reproduces throughout the
year (Murray 1992; Alve 1993a), and
which s the predominant living species
on the Danish slope. All these factors may
contribute to the greater numbers of
living foraminifera on the Danish slope.

Carbonate dissolution

The relative abundance of calcareous tests
is generally higher in the living than in the
dead assemblages in the deep Skagerrak
basin. Dissolution damage, evident in
many calcareous specimens (Fig. 6.1, no.
17 and 19}, indicates ongoing calcium car-
bonate dissolution in the deep basin sedi-
ment  porewater. Some  dissolution
damage is noted for the slope areas too but
there it is much less evident. Dissolution
of calcareous tests leads 1o a relative in-
crease in agglutinated tests so that most
deep basin dead assemblages are 50 - 79%
agglutinated while the corresponding
living assemblages only have occasional
values > 50%.

Prior to 1970, Nomfonella iridea was one of
the most frequently occurring species in
the deep basin but the accumulation rate
of its empty tests has been more than hal-
ved since then, In spite of this reduction,
N. irtdea is still one of the most common
living species (generally 10 - 30% of live
assemblages) in the deep basin surface
sediments whereas it is comparatively rare
{generally 5%) in the corresponding dead
assemblages. This strongly indicates that
N. irtdea has been an important species in
the deep basin assemblages for a long time
and that increased carbonate dissolution
(iLe. unfavourable preservation condi-
tions) over recent decades is responsible
for its present reduced relative and abso-
lute abundance in the dead assemblages.

Environmental development over the last couple of
centuries

The stratigraphical data sets from the
Norwegian and Danish slopes are too
scarce to draw any firm conclusions.
However, the available data suggest that
the foraminiferal abundance on the
Norwegian slope has been relatively stable
with minor recent changes in the faunal
composition. This suggests that no major



SHAGERRAK IN THE PAST AND AT THE PRESENT

environmental changes have occurred
here. Data from the Danish slope strongly
suggests that the absolute abundance of
the opportunistic Stainforthia fusiformis
has increased from 2 to >5 times over the
past 50 - 60 years, suggesting increased
nutrient availability (high fertility) and in-
creased physical disturbance.

The sediment cores from the deep
Skagerrak basin show that the accumula-
tion rate of agglutinated tests was relative-
ly constant from the last part of the 18th
century until 1940 - 1950. Since the late
1960', this rate has increased about 5-6
times compared to average pre-1940 values
(Fig. 6.5). This increase is due mainly to
increased production in four agglutinated
species, Haplaphragmuoides bradyi
{Robertson), Eggerelloides medius (Hog-
lund), Trochamminopsis pusillus (Hog-
lund), and Saccammina spp, of which the
latter two were present only as accessory
species prior to 1960, These results are in
good agreement with the development as
seen by the comparison between surface
samples from 1992/93 and Hoglunds data
from 1937. According to Hoglund (1947,
p. 184), Egeerelloides medius had its
maximum abundance between 150 and
250 m water depth in 1937, However, its
modern distribution shows that its abso-
lute frequency in the deep Skagerrak basin
has tripled since 1937, indicating that it
has moved its peak abundance towards
water depths greater than about 550 m.

The consistent increase in these agglutina-
ted species probably reflects that the envi-
ronmental conditions have been modified
in the deep Skagerrak basin, at least since
the early 1970's. This area is the main depo-
sitory of fine-grained particulate material
in the North Sea (e.g., Van Weering et al.
1987). Additionally, because of its physical
properties (sill at about 280 m water
depth) and general water circulation pat-
terns which prevent efficient deep water
exchange {on average, deep water renewal
is every 25th month: Aure & Dahl 1994),
the bottom environment is probably more
sensitive to increased fluxes of organic
material than are the shallower, well-
flushed areas. Dating with the ““Pb met-
hod shows that the rate of sediment accu-
mulation is lower in the deep basin com-
pared to the slopes (except in the SW
parts) with no indication that this accu-
mulation rate has changed significantly

over recent decades (see Chapter 4.2).
However, an increasing, net influx of orga-
nic material might have occurred despite
this stability in overall sediment accumu-
lation rate.

Drastic changes in the benthic foraminife-
ral assemblages have also recently been
noted at core levels dated to the early
1970% in the southern Kattegat (Chris-
tiansen et al. 1996). These authors suggest-
ed that the changes they recorded were
due to wind-induced higher salinities and
declining bottom water oxygen concentra-
tions. At the present stage, it is too specu-
lative to suggest that a link exists between
these changes in the Kattegat and those re-
corded from the Skagerrak.

The faunal changes that have occurred in
the deep Skagerrak basin over recent de-
cades may, at least partly, be due to in-
creased organic load that may have ele-
vated the redox boundary in the sedi-
ments and made the habitat more favour-
able for agglutinated foraminifera. In this
connection, it is worthwhile mentioning
that a similar faunal change occurred in
Frierfjord (a silled southern Norwegian
fiord) during the 17th and 18th centuries,
as a response to increased organic input
{Alve, unpubl. data). In Frierfjord, in-
crease of agglutinated foraminifera was
the first of several faunal changes that pre-
ceded the development of nearly perma-
nently anoxic bottom water conditions.

Evidence of environmental change from planktonic
foraminifera

Throughout the 69 investigated surface
samples, only scattered tests of planktonic
foraminifera occur. On the other hand, all
four cores from the deep Skagerrak basin
show abundant occurrences (12-26% of
the foraminiferal assemblages) of small
{mainly <150 micron), juvenile or stunted
adult planktonic foraminifera in the lower
parts of the cores. Both the relative and
absolute abundances of these small plank-
tonic tests show a pronounced upward de-
crease, with minimum abundances (< 2%)
registered in the surface sediments (Fig.
6.6). In the younger, upper parts of the
cores, this is probably partly due to disso-
lution effects similar to those discussed
previously for the benthic calcareous
forms. For the lower (pre-1970) parts of
the cores, dissolution is not considered
to be an important factor affecting the
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Fig .5 Accumulation rates of agalutinated
tests (dead assemblages) in cores from sta-
tion 56 and 74, Histograms show the aver-
age concentration of agglutinated tests in
deep Skagerrak Basin surface samples col-
lected in 1937 and 1992/93
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Fig. 6.6. Accumulation rates of planktonic

and calcarecus benthic foraminiferal tests
{dead assemblages) in cores from station
S56and 74

upward decrease. This is because it would
also have affected the calcareous benthic
tests, the abundance of which does not
show a drastic reduction until after about
1970.

Planktonic foraminifera are essentiallv
oceanic forms and do not thrive in coastal
and shelf areas, Their distribution in ocean
sediments are widely used to describe the
circulation pattern of both modern and
ancient oceanic surface water masses. In
the Norwegian Sea, the northern North
Sea, and the Skagerrak, their quantitative
distribution reveals a zonation with steep
decreasing gradients essentially perpendi-
cular to the Norwegian continental mar-
gin (Qvale & Thiede 1980). For the coastal
water masses of the Skagerrak and of the
northern North Sea, abundances (=150
micron fraction) are <100 tests/g dry bulk
surface sediment, whereas abundances of
=10 000 tests/g are typical under the
North Atlantic water. In the middle and
southern North Sea, planktonic fora-
minifera are absent from most sediment
surface samples (Jarke 1961, Murray
1992).

Renewal of the deep Skagerrak water may
occur either by cooling of the water on the
North Sea plateau or by inflow of denser
Atlantic (Norwegian Sea) water (North
Sea Task Force 1993, p. 14). Consequently,
it is reasonable to assume that small, casily
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transported, planktonic  foraminiferal
tests are being carried into the Skagerrak
area by subsurface, Atlantic water entering
from the Norwegian Sea. If this is indeed
the case, the concentrations of planktonic
tests in the Skagerrak sediments may sig-
nal the influx of Atlantic water into the
Skagerrak basin. On the other hand, we do
not know if there have been (and perhaps
still are) some local populations of small
planktonic foraminifera living in the
Skagerrak in the recent past. In either case,
their drastic decline during the last couple
of centuries  signals  environmental
change.

6.2 Dinoflagellate cysts
Dinoflagellate cysts as environmental indicators

Dinoflagellates are single-celled, micro-
scopic organisms that represent a major
group of the marine phytoplankton, The
autotrophic dinoflagellates, which utilise
photasynthesis, live in the photic zone (0 -
50m). On the other hand, the heterotrop-
hic dinoflagellates are not photosynthetic
and prey on other phytoplankton such as
diatoms or consume organic particles.
Some dinoflagellates produce cysts which
represent a resting stage in the life cyvele;
most cysts are composed of very resistant
organic material that is insoluble either in
the water phase or when buried in sedi-
ments, The geographic distribution of
dinoflagellates is controlled by the com-
plex interaction of a variety of environ-
mental parametres like temperature, sali-
nity, stability of the water column and the
supply of nutrients (Dale 1983, Harland
1988). Most acid-resistant cvsts are for-
med by dinoflagellates living in coastal
waters, although acid-resistant cysts are
also formed by some oceanic dinoflagel-
late species. The composition and the con-
centration of the cvsts in the sediments are
controlled by the cyst production, their
transport in water, the sedimentation rate
and the amount of sedimentary mixing
caused by bioturbation and resedimenta-
tion. Recently, the distribution and abun-
dance of dinoflagellate cysts in sediment
cores from southern Norwegian fjords
have demonstrated their potential as indi-
cators of anthropogenically induced envi-
ronmental change over recent centuries
(Dale and Fjellsd 1994). These investiga-
tions primarily focus on euthrophication
signals. The dinoflagellate cyst interpreta-
tions from the Skagerrak are based on
analyses of eight samples from a 50 cm-
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long sediment core collected at station 74,
in the deep Skagerrak basin at 594 m water
depth. For further details, see Gresfield
(1996).

Water mass characteristics over recent centuries
The analysed core represents sediments
deposited since the late 17th century. The
assemblage compaosition in the uppermost
40 cm of the core is dominated of
Operculodiniim centrocarpum (described
by Deflandre & Cookson, and later by
Wall) and s basically the same as that of
Late Holocene assemblages in the NE
Atlantic, off western Scotland (Harland &
Howe 1995), The compaositions of the cyst
assemblages in this part of the core do not
show any major changes, nor do the cyst
concentrations change through the core.
The dominance of O, centrocarpim (50 to
70 %) is in accordance with other studies
from  Skagerrak/Kattegat (Koniezeny
1983, Dale 1985, Thorsen et al. 1995). O.
centrocarpum appears to tolerate wide
ranges of temperatures and salinities, and
it is found in great abundances in oceanic
as well as in estuarine cyst assemblages. In
the Atlantic Ocean O. centrocarpunt seems
to be associated with the North Atlantic
Water and it dominates the assemblages in
sediments underlying the Norwegian
Coastal Corrent and the Norwegian
Current (Matthiessen 1991, Harland 1983,
Dale 1985); this species appears to be a
good indicator for the modern, relatively
warm North Atlantic current. The two lo-
wermost samples of the core show redu-
ced abundances of Operculodinium cen-
trocarpum primarily related to elevated
abundances in Protoperidinnam spp. and
Gymnodinium catenatum  (described by
Graham). The latter accounts for 13% of
the assemblage in the lowermost 10 cm in
the analysed core, whereas it is absent in
the uppermost 40 cm of the core.

Gymnodinium catenatum is a toxic dino-
flagellate only recently found in minor
amounts of the plankton assemblage of
Danish waters, It is today present in regi-
ons with supposedly warmer surface water
(the Gulf of California, Venezuela, Argen-
tina, Tasmania, Japan, around the Iberian
peninsula and in the Mediterranean) than
the Scandinavian waters today (Thorsen
et al. 1995). Gymnodinium catenatim was,
however, a numerically important species
in the eastern part of the Skager-
rak/Kattegat at 4 000 years B.P. and be-

tween 2 000 years B.P. and 300 years B.P. It
had its maximum occurrence during the
Medieval Warm Epoch, at 830 years B.F. At
¢. 300 years B.P. it disappeared from the
Skagerrak. The disappearance of Gymno-
dinium catenatum is well documented in
the analysed core at c. 40 cm depth. This
extinction at ¢. 1650 indicates changed cli-
matic conditions with an increased influ-
ence of colder surface water in the
Skagerrak during the last few centuries,
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Appendix

Glossary

adsorption - the process by which a sub-
stance attaches itself 1o the surface of
another,

agglutinated tests - foraminiferal tests
ishells) made by particles from the sur-
rounding sediment and held together
with a cement which is totally or partly
organic.

alkanes - a series of chemical compounds
containing carbon and hydrogen lin-
ked in saturated chains like methane,
ethane, propane, butane or octane,

anthropogenic - man-made or influenced
by mans activity.

aragonite - a grev, harder, less stable and
less common variant of CaCO, than
calcite.

aromatic hydrocarbon - compounds in
unsaturated ring structures containing
carbon and hydrogen.

assemblage - in this context, the typical as-
sembly of different foraminifera {or di-
noflagellates) species which constitutes
the local fauna {(or flora) at a certain
time.

background levels (concentrations) - na-
tural levels of chemical elements in
sediments which are not affected by
anthropogenic contamination,

barite - BaS0y, a barium mineral (barium
is a heavy metal),

bathymetry - the measurement of ocean
depths and the charting of the topo-
graphy of the ocean floor,

bathymetric map - a map of the sea-floor
which shows the water depths by
means of contour lines (isobaths),

benthic foraminifera - unicellular orga-
nisms which live on the sea-floor.

bentonite - a sedimentary rock formed from
the alteration in place of volcanic ash.

benzo[alpyrene - a polyevclic aromatic
hvdrocarbon which is mainly gene-
rated from incomplete combustion of
fossil fuels (e.g. coal, oil and petrol).

biota - all living organisms of an area, both
flora and fauna.

bioturbation - mechanical mixing of sedi-
ments due to foraging fishes and sedi-
ment-dwelling fauna in the sediment
(see Box 5.1).

C;-naphthalenes - an aromanc hydrocar-
bon often found in oil and oil-derived
products,
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CaCO, - calcium carbonate

calving - the breaking off and floating
away of pieces of ice from an ice front
or ice shelf which rests in water,

Cambrian - the geological period from
540 million 1o 495 million vears ago
(see Fig. 2.2).

clay (mineral) - clay is both a size term
and a mineral. The size term refers to
particles less than 2 micron. Clay
minerals are finely crystalline hydrous
silicates of aluminium, iron, manga-
nese, magnesium and other metals.
The principal clay minerals are kaoli-
nite, smectite (montmorollinite], illite
and vermiculite.

conglomerate - a coarse-grained clastic
sedimentary rock, composed of roun-
ded to subangular fragments larger
than 2 mm in diameter set in a fine-
grained matrix of sand or silt, and
commonly cemented by calcium car-
bonate, iron oxide, silica or hardened
clay,

contamination - concentrations of natu-
ral substances clearly above the normal
background, or elevated concentra-
tions of purely man-made substances.

contamination level - the definition used
in this report is the ratio of the con-
centration of an individual trace metal
in the surface sediment compared to
the natural background levels of that
trace metal.

continental shelf - that part of the conti-
nental margin that is between the
shoreline and the continental slope
(between 0 m and 200 m depth). It is
characterised by its very gentle slope of
0.1°

continental slope - the slope from the
continental shelf and into deeper
water, It is characterised by relatively
steep gradients of 3-67,

Cariolis effect - the deflection of the path
of a moving object, e.g. a current of
the sea, as the result of the earth’s rota-
tion.

Cretaceous - the geological period from
142 million to 65 million years ago
{see Fig. 2.2).

current - movement of water in a particu-
lar direction and with sufficient con-
tinuity to be distinguished from other
water, e.g. surface currents, such as the



SKAGERRAK IN' THE PAST AND AT THE PRESENT

Gulf Stream, caused by a dominant
wind.

&0 - see oxygen isotopes,

detritus - fragments of minerogenic or or-
ganic matter resulting from abrasion
or disintegration.

diagenesis - the chemical, physical and
biological processes that bring about
changes in a sediment subsequent to
its deposition (sec Box 5.5).

dinoflagellate - single celled, microscopic
marine phytoplankton (dominant),

drumlin - a streamlined ridge formed by a
glacier at its base. The ridge lies paral-
lel with the flow direction of the glaci-
er, and it consists of subglacial tll,
sometimes with a core of bedrock or a
core of older sediments. The typical
drumlin is cigar-shaped with a head
and a tail, with the tail pointing in the
glacier-flow direction.

epifaunal - fauna living on the surface of
the sea bottom sediments.

erosion - removal of material from any
part of the carth’s surface,

estuary - an arm of the sea at the mouth of
a tidal river where the ridal effect is
influenced by the river current.

eustasy - world-wide changes in world
sea-level caused by variations in the
ocean water column or size of ocean
basins, Most scientists also include
changes in shape of the globe, the geo-
idal changes, in the term; these include
elastic deformation of the carth caused
by shifts in load from the ice sheets on
the continents to the water in the
ocean basins. However, the maost
dominant factor for the Quaternary
eustatic changes is the changing
amount of water stored in the large ice
sheets,

eustatic sea-level rise - sea-level rise due to
custasy.

euthrophication - enrichment of the sea
by nutrients, causing rapid growth of
marine organisms.,

fault - in this context a fracture or a zone
of fractures in rocks along which there
has been displacement of the sides rela-
tive to each other,

faulting - adj. of fault.

Fennoscandia - abbreviation for Finland
and Scandinavia.

flocculation - the physical process by
which several particles join together.

fluted till surface - till surface containing
parallel ridges that have a fairly con-
stant height over long distances. The

flutes may be formed either by crosion
of grooves or deposition of ridges. The
ridge axes arc parallel to the flow di-
rection of the glacier forming them
(see Fig. 3.14).

foraminifera - sec Benthic foraminifera.

gamma-ray spectrometer - an instrument
for measuring the energy distribution,
or spectrum, of electromagnetic radia-
tion from an atomic nucleus whether
from natural or artificial sources.

geogenic material - material derived from
geological processes,

glacial trough - a term used in many differ-
ent connections, also in glacial geology
for a closed depression with a smooth
aU-shaped» cross profile. Glacial
troughs are characteristic forms in gla-
cially sculptured landscapes. They can
be from a few centimetres to several
hundred meters deep and up to many
kilometres long and wide, and they
can be of regular or very irregular sha-
pe. The sides of some troughs are gent-
le and some are steep.

glacial - a term used generally for features
and deposits related to glaciers and
glaciations, but also used for a strati-
graphic time period such as between
two interglacials or between the last
interglacial and the Holocene, for in-
stance the Weichselian Glacial.

glacier - a body of snow, firn, and ice
which flows or has flowed. According
to Ahlmann’s classification, there are
temperate, subpolar, and high-polar
glaciers. The ice in a temperate glacier
is at the pressure melting point, except
at the surface during the winter. No
melting generally takes place on the
surface of a high-polar glacier.

glaciofluvial - transported by melt-water
rivers or the result of such transporta-
tion.

glacitectonic - term for complicated and
deranged features and deposits found
at glacial borders, and consisting of
material which may have been over-
turned, inverted, folded, and/or tran-
sported by the shoving action of glaci-
C€T5.

gneiss - a foliated rock made by regional
metamorphic alteration of older rocks,

grain-size - particle size or granularity.
Depending on size, particles are classi-
fied into gravels (2 em - 2 mm), sand
(2 mm - 0.063 mm or 63 pm), silt (63
pm-2 um)and clay (< 2 pum). pm is
symbol for micron (see micron).

SPECIAL PUBLICATION & - 91 I



lﬁi - SPECIAL PUBLICATION 8

grounding line - the line described by the
shift from grounded ice to floating ice
of a glacier that terminates in water.

half-life - the time necessary for a radio-
active substance to loose half of its
radioactivity by radiation. Each radio-
nuclide has a characteristic half-life.

Holocene - the time period spanning from
10 000 vears B.P. and until today (Fig.
3.3).

hydrocarbon - a compound of hydrogen
and carbon only, e.g. petroleum, coal,
asphalt.

hydroxide - a compound or an element
with the radical or ion, OH, as eg.
manganese hydroxide Mn{OH),.

ice age - a glacial period in the earth’s his-
tory when large glaciers covered areas
which are ice free today. Best known
are the ice ages during the last 2.7 mil-
lion vears.

ice cap - a more or less dome-shaped gla-
cier which is smaller than an ice sheet.

ice front - the front (terminus) of a glacier.

ice shelf - the floating part of a glacier or
many merging glaciers.

ice-sheet - a glacier which covers a wide
area. The ice sheet may have outlet gla-
ciers in valleys and fjords. The term is
generally used for very large glaciers.

iceberg - slabs of floating ice broken off
the front of grounded glaciers or ice
shelves. Some icebergs are several kilo-
metres wide.

infauna - those aquatic animals that live
within the sea bottom sediments,

infaunally - adj. of infauna.

interglacial - the time between two glaci-
als, when the climate, the regional
vegetation zones and the glacial condi-
tions on the earth’s surface were
approximately as they are today,

interstadial - a term generally used in con-
nection with the Quaternary glacia-
tions, meaning a relatively warm phase
between colder phases. An interstadial
is usually cooler and shorter than an
interglacial. However, an interstadial
can be as warm as an interglacial, but
in that case it must be of so short a du-
ration that the glaciers of the world
were not reduced to interglacial sizes,
and the regional vegetation zones did
not reach the extent of the interglacial
Z0ONES.

isopach map - a map that shows the thick-
ness of a geological unit (bed, forma-
tion etc.) throughout a geographic
area by means of isopachs (lines
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through points of the same true thick-
ness) at regular intervals,

isostatic depression - depression of the
earth’s crust by the weight of ice caps
or ice sheets (see Box 3.1).

isostatic uplift - rebound of the earth’s
crust after disappearance of ice caps or
ice sheets,

Jurassic - the geological period from 205
million to 142 million years ago (see¢
Fig. 2.2).

kPa (kilopascal) - unit for pressure.

macrofauna - living or fossil animals large
enough to be seen with the naked eve.

marine - prefix for anything that has to do
with the sea.

meiofauna - organisms ranging in size
from 1 mm to 0.1 mm that live within
sediments.

Mesozoic - the geological time span be-
tween 248 million and 65 million vears
before today (see Fig. 2.2).

metamorphism - the mineralogical, che-
mical and structural adjustment of
solid rock to physical and structural
conditions which have generally been
imposed on the rock at deep levels into
the earth’s crust.

metamorphic - adj. of metamorphism.

methane - a hydrocarbon consisting of
one atom of carbon and four atoms of
hydrogen.

mg/kg - milligram per kilogram.

micron - unit of length, equal to one thou-
sandth of a millimetre.

micropalacontology - the study of micro-
fossils,

minerogenic - consisting of or derived
from minerals,

moraine - cither synonym for till (sedi-
ment deposited by glaciers) or geo-
morphological term for an accumula-
tion of till and formed by glacier ac-
tion.

morphology- the science dealing with the
surface features of landscapes, their
shape and how they are formed. The
terms is used also for the surficial
shape of sediment grains and fossils.

multibeam echo sounding - mapping of
the sea bottom with echo sounders
that register depths by more than one
{usually 36) beam simultancously.

ng - nanogram, one thousand millionth
El’ﬂm.

normalisation - see Box 5.6.

oceanography - the study of the ocean, in-
cluding its physical, chemical, biologi-
cal, and geological aspects. In a narrow-
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er sense, the study of the marine
environment.

organic compounds - pertaining or re-
lated to a compound containing car-
bon, especially as an essential compo-
nent. Organic compounds usually
have hydrogen bonded to the carbon
atom.

opportunistic species - species (in this
context foraminifera) which tends to
be generalised in its adaptations, dis-
perses and reproduces rapidly.

OSPAR - Oslo and Paris Commissions,

oxygen-isotope - oxygen atoms with diffe-
rent atomic weight (oxygen-18/oxy-
gen-16) During ice ages, much oxy-
gen-16 is bound with water in glaciers
and the sea is consequently enriched
by oxygen-18. The ratio of "0/"0 in
muarine fossils (shells) can be used to
elaborate past times temperature his-
tory.

PAH - see polycyclic aromatic hydro-
carbon.

pack ice - an area of floating sea ice (bro-
ken pieces) which is not attached 1o
the shore.

Palaeozoic - the geological time span be-
tweent 540 million and 290 million
years before today (see Fig. 2.2).

petrogenic gas - gas originating from the
disintegration of organic remains in
sediments formed during the transtor-
mation from sediments to rocks,

phytoplankton - a flora of freely floating,
often minute unicellular organisms
that drift with water currents. Oceanic
phytoplankton is the primarv food
source, directly or indirectly, of all sca
Organisms.

plankton - aquatic organisms that drift or
swim weakly (mostly microscopic).

planktonic - adj. of plankton.

Pleistocene - geological time span from
2,5 million years to 10 000 years ago
{see figs. 2.2 and 3.2).

plutonic rocks - rocks made by the crys-
tallisation of melted rock at great
depths into the earth's crust.

pockmarks - shallow, small, generally cir-
cular depressions on the sea-floor usu-
ally formed where gas or fluids from
the sediments in deeper-lving beds es-
CEIPE‘S,

pollution - introduction of sufficient
amounts of contaminants to the envi-
ronment to cause negative effects on
the marine organisms.

polyeyclic aromatic hydrocarbon - com-

pounds with three or more fused aro-
matic rings, containing carbon and hy-
drogen.

pore water - water filling small openings
and channels in rocks and sediments.

postglacial - the term Postglacial has been
used synonymously with the term
Holocene, However, postglacial (with-
out a capital P} is more commonly
used in a wider sense for the time fol-
lowing the deglaciation of an area.

Precambrian - the geological time span
before 540 million years ago (see Fig.
2.2).

primary production - the photosynthetic
carbon fixation in water by plants and
bacteria forming the base of the food
chain.

protozoan - a single celled organism cha-
racterised by the absence of tissue and
organs. Some protozoans have both
plant and animal affinities.

Quaternary Period - time period span-
ning the last 2.7 million vears (see Fig.
2.2).

redox - abbreviation for reductionf/oxida-
tion and refers to the shift in sediments
where oxygen is present or not, nor-
mally two to five cm into marine sedi-
ments. The presence of oxygen has
major impact on the life and chemical
alterations in the sediment.

resuspension - erosion and transport by
suspension of previously deposited
particulate matter.

sand - see grain-size.

saline water - water containing dissolved
salts at concentrations sufficient to al-
low precipitation of sodium chloride.

sandwave - a penerally large and asymme-
trical bed form in sand, with a wave
like form but lacking the deep scour
associated with dunes and mega-ripp-
les.

sediment - material settled from a solu-
tion or a suspension, or material that
has been transported by water, wind,
ice or gravity, and has come to rest.

sedimentary rocks - rocks formed by
petrifaction of sediments, including
sediments resulting from precipitation
from solutions or secretion from orga-
nisms. The most common are; claysto-
ne or mudstone, siltstone, sandstone,
greywacke (an impure, dark sandsto-
ne). Conglomerate, breccia, tilllite, etc.
are sedimentary rocks dominated by
clasts. Limestone consists of more than
50% CaCO3, frequently of cemented

SPECIAL PUBLICATION 8 - 93 I



l o4 - speciaL PusLICATION 8

shells, but in some cases of chemical
precipitates. Chalk is a very pure white
limestone. Dolomite  consist  of
CaMg(CO,); and is generally formed
from CaCO, by adding Mg.

sedimentation - in this context, the act or
process of forming and accumulating
sediment in layers, including such pro-
cesses as erosion of particles from rock
or older sediments, the transportation
of these particles to the site of deposi-
tion and the actual deposition or sett-
ling of the particles.

sedimentation rate - the amount of sedi-
ment accumulated in an aquatic envi-
ronment over a given period of time,
usually expressed as thickness of accu-
mulation per unit time,

seismic - phenomena related to carthqua-
ke activity or to artificially induced vi-
brations of the ground produced in
connection with the exploration of
structures below the earth surface.
(Sec shallow seismic recording).

shallow seismic recording - recording of
the upper sediment beds below the
sea-floor, or on land, by means of low-
energy vibration (wave) sources like
air-gun, boomer, sparker and penetra-
tion echo sounder.

shear strength - the internal resistance of
the sediment to resist stress. This resist-
ance consists both of friction and in-
ternal bonding - cohesion. The differ-
ence of shear strength of an undistur-
bed sediment sample (undisturbed
shear strength) and the shear strength
of the same sample after being mixed
(remoulded shear strength) is used as
descriptive parameters of sediment
properties.

sill - a sub-marine ridge or rise at relatively
shallow depth, separating a basin from
another basin or from an adjacent sea
and causing the basin to be partly clos-
ed. It is synonymous for a threshold
(of a fjord).

silt - see grain-size,

Silurian - the geological period from 443
million to 417 million years ago (see
Fig, 2.2).

stratigraphy - the part of geology dealing
with the study of stratified rocks and
sediments, their lithology, fossil con-
tent, depositional environment, age
and correlation. In stratigraphy there
are three main branches- lithostrati-
graphy (based on sediment/bedrock
characteristics), biostratigraphy (based
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on the content of fossils), and chrono-
stratigraphy (based on age).

suspension - a mode of sediment trans-
port where the water is turbulent
enough to support the weight of sedi-
ment particles and keep them floating
in the surrounding fluid {such as silt in
water and dust in air).

suspended particulate material - particles
(minerogenic and organic) transpor-
ted in suspension,

taxonomy - the theory and practice of
classifying plants and animals.

terrace - in marine geology, a bench-like
structure on the ocean floor.

Tertiary - geologic period from 65 million
to 2.7 million years ago (see Fig. 2.2).

till - sediment consisting of all grain-sizes
{diamicton) carried by, and deposited
by, a glacier, generally in contact with
the glacier. There are several kinds of
till, determined by how the till was
deposited (see Box. 3.2).

time-slice - properties of surfaces of the
same age.

TOC - abbreviation for total organic car-
bon.

total organic carbon - all carbon in the
sediment that derives from organisms.

trace metals - metals that occur in minute
quantities either in minerals or orga-
nic mafter.

Triassic - the geological period from 248
million to 205 million vears ago (see
Fig. 2.2).

trough - see glacial trough.

turbidity current - here, a submarine den-
sity current, consisting of a suspension
of sediments, which is heavier than the
surrounding water and travels down-
slope with high speed. Density cur-
rents can erode canyons and deposit
large, flat submarine fans on the sea-
floor bevond the mouth of the cany-
ans,

turbidite - sediment deposited by turbi-
dity currents.
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Appendix

Shallow seismic lines and seabed sampling stations

Fig. Al Overview
of shallow seismic
lines collected du-
ring the Skagerrak
Project, 1991-1994

Fig. A2 Stations sampled during the
Skagerrak Project 1992-1994.
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""E More than 100 cores

¥ fromthe Skagerrak
have been analysed for
environmental pur-
poses. This example
shows that the present
fevels of fead in the sea-
bed sediments in the
deepest parts of the
Skagerrak are more
than four times higher
than the natural levels
in sediments deposited
prior to the industrial
revolution.
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The Skagerrak is an area of considerable interest, in terms of both environmental and
industrial issues. Sedimentary rocks, generally of the same type as in the Morth Sea,
provide a potential for economic hydrocarbon resources. Large glaciers have carved
out the Skagerrak basin by repeated ice advances during the last ice ages, and
because of this, the Skagerrak is now the deepest part of the North Sea, Major ocean
currents transport sediments into the Skagerrak from the Atlantic Ocean, the North
Sea, the Baltic Sea and the surrounding land areas, A large volume of the
contaminants (e.g. trace metals and organic compounds) released into the marine
environment of the North Sea is therefore deposited in the Skagerrak, which has
popularly been termed «the dustbin of the North Seas,
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This multi-disciplinary report gives an overview of the geclogical history and state-
of-the-art knowledge of the sea-bed environment at the present day for use by a
broad public. It should provide the basic knowledge needed in planning further
utilisation (fisheries, underwater engineering, hydrocarbon exploration, etc.), in
management by governmental bodies such as the Ministries of Environment,
Industry, and Oil and Energy,and in future scientific investigation.

The project has demonstrated how governmental institutions with offshore tasks
and academic institutions both in Norway and abroad can co-operate successfully
with a considerable synergetic effect, achieving results beneficial to society in a cost-
effective manner,
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