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Abstract

Lateglacial and Holocene changes in circulation, sedimentation and provenance in north-eastern Skagerrak were studied using high-
resolution mineral magnetic and grain size data from the 32-m-long IMAGES core MD99-2286. Ages are given in calibrated thousand
years BP (‘cal. kyr’). Between 12 and 11.3 cal. kyr, a calving ice front occupied the Oslo Fjord, and sedimentation was strongly influenced
by meltwater carrying re-deposited glacial sediments from southern Norway and western Sweden. Between 11.3 and 10.3cal. kyr,
sedimentation was dominated by re-deposited glacial sediments transported by meltwater outflow across south-central Sweden. After the
Otteid-Stenselva outlet was closed at 10.3 cal. kyr, glacial marine sedimentation changed to normal marine sedimentation. At 8.5 cal. kyr,
a hydrographic shift, marking the onset of modern circulation in the Skagerrak—Kattegat, occurred as a result of increased Atlantic
inflow, transgression of former land areas, and opening of the English Channel and the Danish Straits. After 8.5cal. kyr, sedimentation
was governed by input from the Atlantic Ocean and the North Sea, with varying contributions from the South Jutland Current, Baltic
Current, and currents along the coasts of western Sweden and southern Norway. From 0.9 cal. kyr until present, the sedimentation was

totally dominated by southern North Sea and Atlantic Ocean sources.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The Skagerrak is the major sink for fine-grained
sediment in the North Sea region. The circulation and
subsequent sedimentation in the Skagerrak is mainly driven
by the North Atlantic Current, with important contribu-
tions from the Jutland Current, and minor contributions
from Baltic Sea outflow and continental runoff (Longva
and Thorsnes, 1997). In the north-eastern Skagerrak, the
cyclonic circulation of mixed water masses with a large
sediment load is greatly slowed down, causing deposition
of suspended material at high relative rates (Boe et al.,
1996).
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The sediment sequences in the Skagerrak preserve
records of climatic and oceanographic changes of the
North Sea region including adjacent land areas, and have
been the focus of many paleoceanographic studies during
the last decades (e.g., Falt, 1982; Stabell and Thiede, 1985;
Nordberg, 1991; Bergsten, 1994; Conradsen and Heier-
Nielsen, 1995; Hass, 1996; Jiang et al., 1997). Previous
studies of cores from the Norwegian Channel and the
Skagerrak—Kattegat area have shown marked changes in
sedimentation (Bergsten, 1989, 1991, 1994) during the
period of Baltic outflow through south central Sweden at
ca 11.3-10.3 cal. kyr (Bjorck, 1995). Distinct hydrographic
shifts in the Skagerrak—Kattegat have been suggested at ca
9.0-8.0cal. kyr and 6.2—4.0cal. kyr (Nordberg, 1991; Con-
radsen and Heier-Nielsen, 1995; Jiang et al.,, 1997;
Klitgaard-Kristensen et al., 2001). However, discrepancies
in the dating of these changes and the use of different time
resolutions of the studied cores have resulted in debate of
the timing and extent of the observed shifts (Nordberg,
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1991; Conradsen, 1995; Conradsen and Heier-Nielsen,
1995; Jiang et al.,, 1997). The sedimentation in the
Skagerrak was comprehensively reviewed by van Weering
et al. (1993), and has been the focus of several special
volumes (Stabell and Thiede, 1985; Liebezeit et al., 1993;
Boe and Thorsnes, 1996; Longva and Thorsnes, 1997). It
can be concluded from these efforts that there are a limited
number of high-resolution studies (decadal or better) of
long Skagerrak cores having accurate chronostratigraphic
control.

Studies focused on transport mechanisms and source
areas have shown that the sediments in the north-eastern
Skagerrak are mainly deposited from suspension, consist-
ing of a mixture of material derived from the North Sea/
Atlantic Ocean, Scandinavia/Baltic Sea and reworked
material from mainly the southern North Sea (van
Weering, 1981; Eisma and Kalf, 1987; Eisma and Irion,
1988; Kuijpers et al., 1993; van Weering et al., 1993; Rodhe
and Holt, 1996; Longva and Thorsnes, 1997). The spatial
variation in mineral magnetic properties has been investi-
gated in a study of 74 surface samples from the Norwegian
part of the Skagerrak (Lepland and Stevens, 1996). As a
result of this study, two major provinces reflecting different
source areas for the northern Skagerrak sediments were
defined: a “Norwegian” mineral population distributed
along the Norwegian coast and in the north-eastern
Skagerrak, and a ‘“Danish” population occupying the
central part of the Skagerrak.

Previous magnetic investigations of cores from the
Skagerrak have focused on dating and stratigraphic
correlation, and are limited to the Solberga-2 core
(Abrahamsen, 1982) and the GIK 15530-4 core (Schoen-
harting, 1985). The application of mineral magnetic
methods to problems related to transport, deposition and
transformation of magnetic grains in sedimentary environ-
ments has been proven to be useful for paleo-environ-
mental interpretation in various depositional settings
(Robinson et al., 1995; Lepland and Stevens, 1996; Colin
et al., 1998; Kissel et al., 1999).

The present study is aimed to investigate sedimentation
and source area variability throughout the Holocene on a
sub-centennial to sub-decadal resolution, using mineral
magnetic properties and detailed grain size analysis in the
32-m-long and AMS 14C-dated sediment core MID99-2286,
recovered during the IMAGES-GINNA cruise on board
the R/V Marion Dufresne from a location at the border
between the two source-area populations in the north-
eastern Skagerrak.

2. Oceanographic and sedimentary setting

The Skagerrak forms a sedimentary basin in the inner
end of the Norwegian Trench (Fig. 1), and is bordered by
the coasts of Denmark, Sweden and Norway. It is the
deepest part of the otherwise relatively shallow North Sea,
with water depths exceeding 700 m. The present large-scale
circulation in the Skagerrak (Fig. 1) has been described by
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Fig. 1. General ocean circulation (arrows) and bathymetry in the
Skagerrak and the eastern North Sea. White arrows mark the part of
Atlantic water which flows more or less directly into the Skagerrak.
NJC = North  Jutland Current, SJC = South Jutland Current
(NJC+SJC = Jutland Current), SNSW = South North Sea Water,
CNSW = Central North Sea Water, and NCC = Norwegian Coastal
Current, O = Otteid strait, S = Stenselva strait, and JB = Jutland Bank.
The location of core MD99-2286 is marked with a circle. Current pattern
modified from Longva and Thorsnes (1997). Bathymetry from the
ETOPO?2 database (Smith and Sandwell, 1997).

Svansson (1975), Rodhe (1987, 1996, 1998) and reviewed
by Otto et al. (1990). The circulation and subsequent
sedimentation in the Skagerrak is mainly governed by the
North Atlantic Current, through water entering the North
Sea between Scotland and Norway in the north and via the
English Channel in the southwest. English Channel water
and relatively small amounts of low salinity river outflow
mixes with Southern North Sea Water, and continues as
the highly variable Jutland Current along the Danish west
coast towards the Skagerrak (Longva and Thorsnes, 1997).
The Jutland Current mixes with the Central North Sea
Water and with relatively fresh and cold outflow waters
from the Baltic Sea as it moves further to the north-east.
This mixed current makes a counter-clockwise turn in the
northeastern end of the Skagerrak, forming the Norwegian
Coastal Current. This current follows the Norwegian
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trench to the southwest, where it exits the Skagerrak and
continues north along the coast of Norway. In the course
of the cyclonic turn in the eastern Skagerrak, the water
depth increases and the current speed is reduced beyond
the limit where the intensity of turbulence can support a
steady concentration of suspended matter (Rodhe and
Holt, 1996). Because of this, fine-grained sediments are
deposited at a high relative rate, up to 1cm/year, in the
northeastern and central parts of the Skagerrak (van
Weering, 1982; Boe et al., 1996).

The present-day Jutland Current consists of two
branches, the North Jutland Current (NJC) and the South
Jutland Current (SJC) (Nordberg, 1991). The NJC trans-
ports large volumes of Atlantic Water with a low
concentration of suspended sediment along the southern
flank of the Norwegian Trench, and accounts for about
90% of the inflow to the Skagerrak (Longva and Thorsnes,
1997). The SJC flows northward over the sand-dominated
sediments near the Danish coast (Longva and Thorsnes,
1997). The SJC is the most erosive of the branches and has
the highest concentrations of suspended sediment (Eisma
and Kalf, 1987), but is a low-volume water body and hence
delivers less sediment to the Skagerrak than the NJC
(Longva and Thorsnes, 1997). Relatively small amounts of
sediment originate from the major rivers, mainly during
spring floods (Kuijpers et al., 1993; Pederstad et al., 1993).

The complicated deglaciation history of the outer Oslo
Fjord and the northeastern Skagerrak has been revised
several times during the past three decades (e.g., Berglund,
1979; Moérner, 1979; Serensen, 1979, 1992; Andersen et al.,
1995; Lundqvist and Wohlfarth, 2001; Olsen et al., 2001).
Based on the results from these studies, Gyllencreutz et al.
(2005) concluded that the coring site for MD99-2286
was deglaciated between ca 14.5 and 13.6cal. kyr. The
maximum sea level in the northeastern Skagerrak was
immediately after deglaciation about 160-180m above
present sea level (Hafsten, 1983). Due to the rapid isostatic
rebound, the sea level was lowered by about 100 m between
ca 13.0 and 10.0cal. kyr, followed by a slower relative sea
level fall (Serensen, 1979; Hafsten, 1983; Lambeck et al.,
1998).

Directly after the deglaciation, the Skagerrak was a
fjord- or bay-like basin, bordered to the south by large land
areas west of present-day Denmark (Stabell and Thiede,
1986; Thiede, 1987). The Skagerrak was subject to a major
fresh water input from the final drainage of the Baltic Ice
Lake at ca 11.6cal. kyr (Bjorck, 1995; Andrén et al., 2002;
Bjorck et al., 2002). Fresh water from the Baltic basin
subsequently entered the Skagerrak via outlets across
south-central Sweden. This outflow ended ca 10.3 cal. kyr,
when the Vinern basin was isolated due to isostatic uplift,
and a drainage pathway opened in the southern part of the
Baltic (Bjorck, 1995; Lambeck, 1999).

The opening of the English Channel at ca 8.3 cal. kyr
(Jelgersma, 1979; Lambeck, 1995), was considered by
Nordberg (1991) to be a necessary condition for the
formation of the (southern) Jutland Current and the

Norwegian Coastal Current. Biostratigraphic records from
the Skagen 3/4 core, drilled onshore northernmost Jutland,
Denmark, indicate that this change in the circulation
system occurred at 8.5-8.6 cal. kyr (Conradsen and Heier-
Nielsen, 1995; Knudsen et al., 1996; Jiang et al., 1997).
Major components of the modern circulation system were
established in conjunction with a hydrographic shift at ca
6.2 cal. kyr, as interpreted from grain size and biostrati-
graphic data in cores from Kattegat and Skagen (Con-
radsen, 1995; Conradsen and Heier-Nielsen, 1995; Jiang
et al., 1997). This shift was synchronous with the final
drowning of the Jutland Bank (Fig. 1) (Leth, 1996), and is
marked by an increased flow of the Jutland Current and
thus enhanced saline inflow to the Skagerrak—Kattegat
from the North Sea (Conradsen, 1995; Conradsen and
Heier-Nielsen, 1995; Jiang et al., 1997). Nordberg (1991)
and Nordberg and Bergsten (1988) proposed that this
hydrographic shift occurred at 4000 14C years BP
(4.6-4.3 cal. kyr), based on 14C dating and biostratigraphic
correlation. However, the dating of this event is uncertain
judging from the data presented by Nordberg (1991) and
Nordberg and Bergsten (1988).

3. Methods
3.1. Grain size

The methods used for grain size analysis of core MD99-
2286 were described by Gyllencreutz (2005). Samples
consisting of 2.5-3.0 g of freeze-dried sediment were taken
every Scm from the top of the core to 1500cm, and
between 3100 and 3200 cm. A 10-cm sampling interval was
used between 1500 and 3100 cm. The coarse fraction was
measured by wet-sieving at 63 um mesh size. The fine
fraction between 63 and Ipm was analyzed using
a Sedigraph 5100. The grain size data were visualized
(Fig. 2) by weight percent plotted versus age, of the
parameters clay (<2 pm), fine silt (2-10 pum), sortable silt
(10-63 um), and coarse fraction (> 63 um), median grain
size and sortable silt median size (McCave et al., 1995). In
addition, the entire measured particle size distribution
(PSD) (Fig. 2) is here visualized in the form of a three-
dimensional PSD surface plot (Beierle et al., 2002). The
grain size mode was visually estimated from the PSD
surface plot (Gyllencreutz, 2005), by connecting the highest
points of the main modal ridge (dotted white line in Fig. 2).

3.2. Magnetic properties

The sampling for magnetic analyses has been made using
u-channels (Tauxe et al., 1983; Weeks et al., 1993). A small
diameter Bartington coil has been used for the analysis of
the low field susceptibility (k). Anhysteretic remanent
(ARM) and isothermal remanent (IRM) magnetizations
were measured using high-resolution DC-SQUIDs cryo-
genic magnetometer placed in the mu-metal-shielded room
of LSCE. Measurements were made every 2cm with a
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Fig. 2. Low-pass filtered PSD surface plot and individual plots of grain size parameters in core MD99-2286. The location of defined lithological unit
boundaries are marked with dotted vertical lines, and the definition points are marked a, b, ¢, and d with arrows. The white dotted line in the PSD surface
plot marks the visually estimated grain size mode from Gyllencreutz (2005). The occurrence of IRD based on visual inspection are marked with black bars
in the coarse fraction plot.
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resolution of about 4-5cm. ARM was imparted along the
axis of the u-channel by applying a 100 mT alternating field
and a 50 uT bias field. During acquisition, the u-channels
were translated through the coils at a speed of about 1cm/
s, following Brachfeld et al. (2004). After acquisition, the
ARM was stepwise demagnetized using nine successive
steps at 10, 15, 20, 25, 30, 40, 50, 60 and 80 mT. Saturated
IRM (SIRM) was then acquired in six steps (0.05, 0.1, 0.2,
0.3, 0.5 and 1T) using a 1.6-m-long pulsed solenoid.
Backfield to 0.1 and 0.3 T were applied after saturation in
order to calculate the S ratios (S_g31 = abs(IRM_q 31/
IRM] T) and S—O.l T= abS(IRM_O_lT/IRMl T)) SIRM was
stepwise demagnetized using the same steps as for ARM.
During the demagnetization of ARM and IRM, the u-
channel was moving at a speed of about 4 cm/s through the
demagnetization coils. All the data were acquired using
software developed at LSCE.

Small amounts of sediments (a few mg) were also taken
at 20 cm spacing all along the core for the analysis of the
hysteresis parameters using an alternating gradient force
magnetometer (AGFM 2900). The saturated magnetiza-
tion (M), the saturated remanent magnetization (M), the
coercive force (H.), the remanent coercive force (H,,) and
the paramagnetic susceptibility (ynr) were determined.
Thermomagnetic analyses were performed on magnetic
extracts using a horizontal Curie balance in an argon
atmosphere to minimize oxidation.

3.3. Dating

The age/depth model for core MD99-2286 is based on 27
AMS 14C dates, performed on samples of either mollusc
shells of known species or mixed benthic foraminifera by
the Institute of Particle Physics, ETH, Switzerland. A
discussion of the age model construction is given in
Gyllencreutz et al. (2005). The radiocarbon dates were
calibrated using the CALIB (rev 4.4) software (Stuiver and
Reimer, 1993). The calibration data set MARINE9S
(Stuiver et al., 1998) was used with a standard reservoir
correction of 400 years to facilitate comparison with other
records, although it is recognized that the reservoir age
may have been greater during the deglaciation (Bard et al.,
1990; Bondevik et al., 1999; Bjorck et al., 2003). The results
of the calibrated AMS 14C dates are presented using the
probability method (Telford et al., 2004) and are shown in
Table 1 and Fig. 3. The bottom of core MD99-2286 at
3198cm depth was dated to 11.95cal.kyr (lo range
12.3-11.7cal. kyr), and the sedimentation rate increases
from 0.06cm/year in the bottom to 0.9cm/year in the
upper part of the core.

4. Results
4.1. Grain size

About 40-60% of the material in core MD99-2286 is
finer than 1um, and thus outside the set limit for the

sedigraph. The coarse fraction content (> 63 um) is below
1%, throughout the core, but is relatively high in the
bottom of the core and decreases rapidly between 11.9 and
10.3 cal. kyr. Microscopic inspection of the coarse fraction
shows that the largest grains consist of up to millimetre-
sized grains of quartz, feldspar and crystalline rock
fragments in samples from 11.9 to 10.7cal. kyr, and in
one single sample at 10.2 cal. kyr. With the exception of the
sample at 10.2 cal. kyr, all coarse fraction samples younger
than 10.7 cal. kyr generally consist of ca 0.2-mm-sized
grains of detrital carbonate and quartz.

The sortable silt median from the bottom of the core
until ca 8.5 cal. kyr should be interpreted with caution, as it
is based on very little material, which can be seen in the 3D
PSD surface plot (Fig. 2) as high amounts of noise (white
areas) in the 20-63 um interval. The major components
clay and fine silt show a strong negative correlation in the
11.9-8.2 cal. kyr interval, which probably results from data
closure because all parameters are expressed in percent of a
total.

Based on grain size, the core has been divided in 5
lithological units, with boundaries at 10.3, 8.5, 4.0, and
0.9 cal. kyr (Gyllencreutz, 2005). The general characteristics
and interpretations of these units from Gyllencreutz (2005)
are summarized in Table 2.

Unit 1 (11.9-10.3 cal. kyr) is characterized by high and
increasing clay content, and by low coarse fraction content
with a decreasing component of ice-rafted debris IRD. The
grain size median is below 1 pm, and the mode is around
3um. Unit 2 (10.3-8.5cal. kyr) is characterized by rapidly
decreasing clay content and a slightly increasing sortable
silt content. The coarse fraction content is low, and no IRD
occurs in sediments younger than ca 10.2cal. kyr. Unit 3
(8.5-4.0 cal. kyr) is characterized by a shift towards coarser
grain size at 8.5cal. kyr, relatively stable clay content,
gradually increasing sortable silt content, and decreasing
modal strength. Unit 4 (4.0-0.9 cal. kyr) is characterized by
gradually increasing coarse fraction content, slowly de-
creasing clay content and decreasing modal strength. The
sortable silt content is relatively stable, except for an
increase at l.4cal. kyr. Unit 5 (0.9cal. kyr—recent) is
characterized by a weak mode, relatively high coarse
fraction content, high but decreasing sortable silt content,
and low but variable clay content.

4.2. Magnetic properties

All magnetic parameters exhibit similar large wavelength
variations (Fig. 4). From the bottom of the core to about
10.5cal. kyr, the bulk magnetic parameters k, ARM and
IRM first show a slight decrease. They all increase again
after 8.5cal.kyr, reaching a first maximum at about
5.5cal. kyr. After a new decrease with weak values between
4 and 1.5cal. kyr, they increase again. This most recent
increase in ARM and IRM is of much larger relative
amplitude for than for k. ARM and IRM increase by a
factor of 10 and 4, respectively, between 1.4 and about
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Fig. 3. Age/depth model for core MD99-2286 based on 27 AMS 14C
dates. The age model is shown with a line connecting black dots. Open
circles mark age estimates excluded from the age model because of
presumed sediment reworking. Error bars marked by horizontal lines
through the dates denote lo calibrated age ranges (see also Table 2).
Several error bars are smaller than the dots.

0.9 cal. kyr while x increases only by a factor of 1.3. The
bulk magnetic parameters remain constant as a first
approximation during the last 900 years.

The two S ratios show similar trends, between 0.64 and
0.82 for S ratio_g ;1 and between 0.84 and 0.96 for S
ratio_q 3. They both show a continuous decrease from the
bottom of the core to about 7 cal. kyr indicating an increase
in the coercivity. They then increase toward a maximum
around 5.5cal. kyr, decrease again toward a broad mini-
mum between about 4 and 1.5cal. kyr. The two S ratios
increase rapidly again between 1.5 and 0.9 cal. kyr and then
remain approximately constant at high values illustrating
the dominance of low coercivity magnetic minerals.

The generally high values of the S ratio (>0.84) indicate
that magnetite is probably the most abundant magnetic
mineral in core MD99-2286. However, some significant
contribution of “harder” magnetic minerals is observed in
the intervals of the lowest S ratios. This hard component
may be carried by hematite as suggested by Lepland and
Stevens, or by greigite. The origin of hematite in this area is
not clear but it may be present in rocks from Scandinavia.
Lepland and Stevens (1996) noticed that this component
is more abundant in samples showing a ‘“Norwegian”

magnetic signature. Greigite is present in lake sediments
from Scandinavia (Snowball, 1991) and may also be
present, in low concentration, in core MD99-2286. Both
natural hematite and greigite are characterized by higher
values of magnetic parameters such as SIRM/x, M,/ M and
H_, than observed here (Snowball, 1991). It is therefore
difficult to distinguish minor quantities of these minerals
and to clearly identify them in a magnetite rich sediment.

In order to identify the magnetically hard minerals, we
used temperature spectra as magnetite looses its magneti-
zation around 580 °C, hematite around 690 °C and greigite
is unstable around 320-350°C. We performed thermo-
magnetic analyses on magnetic extract. A representative
curve from the 1053-1321 cm depth interval, corresponding
to 1.96-2.68 cal. kyr where the S ratio is the lowest is shown
in Fig. 5. The decrease of the magnetization upon heating is
regular until about 545 °C, where it speeds up until 600 °C
is reached. A very small component is present between 600
and 620 °C. Except for the latter, the curve is typical of
magnetite. The cooling curve is perfectly reversible from
620 to 540°C, and then smoothly comes back to room
temperature above the heating curve. No transition typical
for greigite is observed at 320°C, but the lack of
reversibility may indicate some mineralogical transforma-
tions and/or changes in the magnetic grain size upon
heating. The thermal treatment did not give a clear
identification of the magnetically hard minerals. However,
the analysis shows that if greigite and/or hematite is present
during intervals of low S ratios, it is only in small
concentration.

The proxy most commonly used to estimate size of
magnetites is the ARM/k ratio and also ARM/IRM ratio.
The latter concerns only remanent magnetizations and is
thus independent from paramagnetic and diamagnetic
components. IRM/x ratio is also used as it varies in the
same way as the others in case of changes in grain size of
magnetites. All these ratios show the same pattern in core
MD99-2286: rather constant values or slight decrease (i.e.
increase in magnetic grain size) from the bottom of the core
to about 8.5 cal. kyr. This is followed by a slight increase with
a broad maximum around 5.5cal. kyr, a decrease (coarser
magnetic grains) between 4.5 and 4cal. kyr, a new increase
between 1.5 and 0.9 cal. kyr and then constantly high values
illustrating the finest magnetic grain sizes in the core. This
pattern is confirmed by the hysteresis parameters combined
as suggested by Day et al. (1977), i.e. as the magnetization
ratio M/ M and the coercivity ratio H../H. (Fig. 6).

In summary, we can distinguish different time intervals,
each characterized by different magnetic properties. We
observe

(a) from about 12 to 8.6cal. kyr, weak bulk parameters
associated to coarse magnetic grains and increase in
magnetic coercivity;

(b) from about 8.5 to 6.4cal. kyr, a progressive increase in
the bulk magnetic parameters and in the grain size
proxies, low S ratios values (high coercivities);
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Table 2

Summary of the results and interpretations of the MID99-2286 grain size record from Gyllencreutz (2005)

Unit (cal. age in kyr)
direction towards younger sediments)

Grain size observations (trends described in

Paleoceanographic interpretation

Unit 1 (11.9-10.3) Mode: variable around 3 um

Median: below 1 um

Sort. silt median: highly variable, less reliable
Coarse fraction: decreasing content of IRD

Sort. silt: low, slightly decreasing
Clay: high and rapidly increasing

Unit 2 (10.3-8.5) Mode: around 3 um, increasing strength

Median size: varying around 1 pm

Sort. silt median: highly variable, less reliable

Coarse fraction: low and variable
Sortable silt: low, slightly increasing
Clay: high but rapidly decreasing

Unit 3 (8.5-4.0)
Median size: low and relatively stable
Sort. silt median: gradually increasing
Coarse fraction: low and stable
Sortable silt: slowly increasing
Clay: relatively stable

Unit 4 (4.0-0.9)
Median size: higher than unit 3

Sort. silt median: stable, increase at 1.4 kyr

Coarse fraction: gradually increasing
Sortable silt: slowly increasing
Clay: slowly decreasing

Unit 5 (0.9-recent) Mode: very weak around 5pum
Median size: highest in the record
Sort. silt median: high and variable
Coarse fraction: high and variable
Sortable silt: high, slowly decreasing

Clay: low but variable

Mode: shifted to ca 4 um, decreasing strength

Mode: coarsening to 5 um, decreasing strength

Ice berg calving in the Oslofjord clay-ceased 10.7-10.2 kyr.
Deposition of clay-rich sediments from the Baltic

basin via outlets on Swedish west coast. South Jutland
Current absent

Decreasing clay content due to closing of the Otteid-
Stenselva outlet at 10.3 kyr. Postglacial normal
marine sedimentation begins. South Jutland Current
absent

Modern circulation pattern begins at 8.5kyr, due to
opening of English Channel and Danish straits,
increased Atlantic inflow and transgression of s.
North Sea. Stronger bottom current

Strengthening of the Jutland Current and
development towards the modern type of
sedimentation pattern. Sediments mostly from the
Atlantic Current and the southern North Sea

Circulation system modified by regional climate,
especially general wind directions and storm
frequency. Strong and variable South Jutland
Current

(c) from about 6.4cal. kyr to about 4.7 cal. kyr, a broad
maximum in the bulk magnetic parameters with low
coercivities and in the magnetic grain size proxies;

(d) from 4 to 1.5cal.kyr, a minimum in x, ARM, IRM,
and in the grain size proxies, and relatively weak S
ratios (indicating contribution of slightly higher coer-
civities);

(e) last 900 years, a stable period with the largest amount
of the finest low coercivity magnetic grains encountered
in the core.

5. Discussion
5.1. Grain size

The MD99-2286 grain size record has been discussed in
detail by Gyllencreutz (2005), and the main results are
listed in Table 2.

In a PSD surface plot, a persistent mode will resemble a
series of peaks appearing as a ridge. The width of the
modal ridge can be used as a crude measure of the sorting,

where a narrow mode is indicative of well sorted material
(Kranck and Milligan, 1991). The relative changes in width
of the modal ridge in the 3D PSD surface plot, shows that
the sorting has decreased continuously since ca 8.5 cal. kyr.

The 11.9-10.3 cal. kyr interval (unit 1) is characterized by
a relatively significant amount of coarse fraction inter-
preted as IRD derived from the Oslo Fjord. The decreasing
trend illustrates a decrease in the iceberg calving which
ceases at about 10.2cal. kyr. The increasing clay content
during the same period was probably the result of outflow
of sediment-loaded meltwater from the Baltic basin across
south-central Sweden through outlets that opened a few
hundred years after the final drainage of the Baltic Ice Lake
ca 11.6cal. kyr. Similar units with high clay contents in the
Horticultural Garden core in Gothenburg and in the
Solberga-2 core were subsequently formed when the
meltwater drainage route migrated southward due to the
isostatic uplift gradient (Gyllencreutz, 2005). The age range
of the Otteid-Stenselva closure correlates with the end of
the clay increase in core MD99-2286 at 10.3cal. kyr,
suggesting that the Otteid-Stenselva was the most impor-
tant of the Baltic drainage routes for the sedimentation at
the MD99-2286 site. The low sortable silt content indicates
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Fig. 5. Thermomagnetic curves obtained from magnetic extracts, showing
the normalized evolution of the saturated magnetization versus tempera-
ture. The curves are representative for the depth interval 1053-1321cm
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Fig. 6. Hysteresis parameters for core MD99-2286 plotted in a Day
diagram (Day et al., 1977).

that the current speed in the Skagerrak was low during this
time interval.

The low current velocities persisted to the end of the
10.3-8.5 cal. kyr interval (Unit 2). During that period, the
Skagerrak gradually became influenced by a full-intergla-
cial marine sedimentation governed by Atlantic inflow via
the NJC. This is illustrated by the decrease in the clay
content, resulting from an associated decreasing influence
of distal glacial-marine sediments. At the end of this
period, the distinct change in the grain size properties
(increase in median grain size and in fine silt, decrease in
the clay content and variance of the sortable silt median)
indicates that the sedimentary environment in the Skager-
rak was altered by a hydrographic shift at 8.5 cal. kyr. This
can be correlated with previous observations of changes in
grain size, foraminifera, or diatoms in cores from the

Norwegian Channel and the Skagerrak—Kattegat region,
which were suggested to mark the establishment of the
modern hydrographic circulation system in the Skagerrak
at that time (Nordberg, 1991; Conradsen and Heier-
Nielsen, 1995; Knudsen et al., 1996; Jiang et al., 1997).
The development towards the modern type of circulation
includes (1) a general strengthening of the current system
by increased Atlantic inflow, (2) the opening of the Danish
straits permitting outflow of relatively fresh water from the
Baltic Sea to the Kattegat, (3) the opening of the English
Channel enabling Atlantic water inflow from the south,
and (4) transgression of former land areas in the southern
North Sea, which permitted formation of the SJC
(Gyllencreutz, 2005).

During the following period (8.5-4.0 cal. kyr; Unit 3), the
gradual increase in the sortable silt median and in the
modal ridge of the PSD surface plot indicates a gradually
stronger current. This evolution is enhanced between 4 and
0.9cal. kyr (Unit 4) and corresponds to an overall
coarsening of the sediment with a decrease in fine silt and
a small increase in coarse fraction.

The modern surface current pattern in the Skagerrak—
Kattegat was established in conjunction with a hydro-
graphic shift to higher energy conditions during the mid-
Holocene (Nordberg and Bergsten, 1988; Nordberg, 1991;
Conradsen and Heier-Nielsen, 1995; Conradsen, 1995;
Jiang et al., 1997). The timing of this shift is not clear,
and has been suggested to ca 4.6-4.3cal.kyr based on
results from cores in the south eastern Skagerrak and the
Kattegat (Nordberg and Bergsten, 1988; Nordberg, 1991),
and to ca 6.2-5.9 cal. kyr based on results from the Skagen
3/4 core (Conradsen and Heier-Nielsen, 1995; Jiang et al.,
1997) and from piston cores from the Kattegat (Con-
radsen, 1995). Gyllencreutz (2005) suggested that the
hydrographic shifts recorded in the interval 6.2-3.8 cal. kyr
in core MD99-2286 and in other sites in the Skagerrak—
Kattegat belong to a continuous hydrographic develop-
ment. The sedimentary changes during this relatively long
interval are differently manifested in different parts of the
Skagerrak—Kattegat region, depending on its complex
circulation system and differences in sedimentary environ-
ment between the investigated sites.

The sortable silt median and the coarse fraction are
relatively stable throughout the record after an increase in
both parameters at 1.3cal kyr. This indicates that the
modern strength and variability of the bottom current has
prevailed since about 1.3 cal. kyr.

During the most recent period of time (0.9 cal. kyr to
present; Unit 5), a distinct feature is observed between 0.9
and 0.6cal. kyr with remarkably high values in median
grain size, and high coarse fraction, sortable silt and fine
silt, and a low clay content (Fig. 2). Despite the increased
sortable silt content, the sortable silt median remains
largely unaffected (Fig. 2), implying that the change is not
related to bottom current velocity at the deposition site.
The event around 0.9cal. kyr has been observed in three
other cores from the southern flank of the Skagerrak, and
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was interpreted as the result of increased winter storminess
during a short-term cold spell, in an otherwise warm
climate phase with little storm activity (Hass, 1996).

The sortable silt content in core MD99-2286 starts a
decreasing trend for the first time at ca 0.8 cal. kyr, lasting
to the present, indicating a small shift in sedimentation.
The coarse fraction shows a trend towards higher and
more variable values and the sortable silt median shows
high and wvariable values during the same interval,
indicating relatively strong bottom currents in the north-
eastern Skagerrak. The high variability during the last 800
years in the MD99-2286 grain size record indicates a
current system significantly affected by regional climatic
variability.

5.2. Magnetic properties

When only magnetite is present, coarse grains should be
associated with higher S ratios than the fine grains. The
opposite relationship is observed here and was also noticed
by Lepland and Stevens (1996) on surface sediments.
Although other magnetic minerals than magnetite could
not be identified by thermomagnetic curves, we suggest
that during the time intervals characterized by coarser
grains of magnetite, magnetically harder minerals are also
present and contribute to the magnetic signal.

On the basis of the long-term changes in magnetic
parameters showed in Fig. 4, we can identify two main
magnetic assemblages. The first one is characterized by low
bulk x, SIRM and ARM values, and low SIRM/k and S
ratio values and is thus constituted of coarse grained
magnetite mixed with variable amounts of high coercivity
mineral. The second assemblage gives high values of x,
SIRM/k and ARM, high values of the magnetic grain size
proxies ARM/k, SIRM/k, ARM/SIRM, H../H. and M/
M, and low S ratio values. This illustrates high amounts of
fine grained magnetite.

These assemblages are similar to those observed in
modern sediments by Lepland and Stevens (1996) from the
northern Skagerrak. Based on the geographical distribu-
tion of the surface samples, the authors have attributed the
first assemblage to a “Norwegian” type detrital supply and
the second one to a “Danish” supply. At present, the
Norwegian population is distributed along the Norwegian
coast and in the northeastern Skagerrak, while the Danish
population occupies the central part of the Skagerrak. Core
MD99-2286 was recovered from a location at the border
between the two populations (Fig. 7). In this core, the two
assemblages are successively present in time. They are
sometimes mixed and show transitional changes as shown
in Fig. 8 where SIRM/k ratio is shown versus S ratio, with
the evolution in time illustrated by arrows. At the bottom
of the core around 11.9 cal. kyr, fine grained magnetite with
a markedly low content of magnetically hard minerals are
present (cluster A), and move rapidly towards a mixture of
coarse MD magnetite grains and small amounts of
magnetically hard minerals (cluster B). Between 8.5 and
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Fig. 7. The geographical distribution of the ratio of SIRM to y from
Lepland and Stevens (1996). Core MD99-2286 (circle and arrow) was
recovered from a location at the border between the Danish (points) and
Norwegian (crosses) mineral magnetic populations defined by Lepland
and Stevens (1996). The three circled crosses within the Danish population
mark samples with a remarkably high content of MD-grains (Lepland and
Stevens, 1996). Modified after Lepland and Stevens (1996, Fig. 6 and 7).

6.4 cal. kyr, slightly finer magnetite grains with an increas-
ing amount of magnetically hard minerals are delivered to
the site. Between 6.4 and 4.7 cal. kyr, finer magnetite grains
with less magnetically hard minerals were deposited.
Coarser magnetite with the highest content of magnetically
hard minerals (S ratio_g 3T varies between 0.84 and 0.9) is
observed between 1.5 and 4.2 cal. kyr, reaching a maximum
between 3 and 2 cal. kyr. This population is typical for the
“Norwegian type” defined by Lepland and Stevens. The
present day period is characterized by clear Danish type
sediments. This indicates that the sediment transport is
dominated for the last ca 900 years by North Atlantic
water and the Jutland Current.

5.3. Sediment source variations

In the following discussion, the two principal magnetic
provinces in the Skagerrak are referred to as Danish and
Norwegian for simplicity reasons (as originally termed in
Lepland and Stevens, 1996). These terms are equivalent to
the “North Sea/Atlantic Ocean’ (Danish) and the “Scan-
dinavian/Baltic”” (Norwegian) provinces named by Longva
and Thorsnes (1997).

The sediment contribution from Scandinavia and the
Baltic Sea has been estimated to about 15% of all
deposited sediments in the Skagerrak (Longva and
Thorsnes, 1997). Because of the intense current mixing in
the eastern Skagerrak cyclonic gyre, it is therefore likely
that particles from the Atlantic Ocean and the North Sea
(“Danish” sediments) constitute the bulk of the sediments
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parameters (Lepland and Stevens, 1996).

even in the Norwegian province. The reason for the distinct
magnetic difference between the two populations, despite
the low concentration of Norwegian particles in the bulk
sediment, may be that the Danish sediments to a large
extent are derived from sedimentary rocks of the North
Sea, whereas the Norwegian sediments are predominantly
of metamorphic and plutonic origin (Longva and
Thorsnes, 1997). In the surface sediment study by Lepland
and Stevens (1996), the spatial distribution of the sediments
with a Norwegian mineral magnetic signature closely
follows the path of the Baltic Current in the north-eastern
Skagerrak, and its continuation as the Norwegian Coastal
Current after mixing with the Jutland Current. The
magnetically Danish surface sediments occupy the central
and southern Skagerrak, where the Jutland Current flows.
Assuming this relationship between currents and mineral
magnetic properties has been valid further back in time, the
mineral magnetic signature could indicate the relative
influence of the major currents governing the Skagerrak
sedimentation, i.e. the inflow of Atlantic water via the
Jutland Current (controlling the Danish signature) and the
Baltic Current and Norwegian Coastal Current (control-

ling the Norwegian signature). These are the same principal
water masses that determine the sea-surface salinity in the
Skagerrak, as various amounts of relatively fresh outflow
water from the Baltic dilute the more saline water from
the Jutland Current (Rodhe, 1996; Jiang et al., 1998).
Variations in the current pattern inferred from the mineral
magnetic signal should therefore be consistent with
interpreted changes in current pattern based on sea surface
salinity variability in the Skagerrak. Changes in the
Skagerrak sea-surface salinity have been reconstructed by
Jiang et al. (1998) for the entire Holocene except the last ca
1000 years, using diatom transfer functions based on data
from the Skagen 3/4 core.

Between 11.3 and 10.3cal. kyr, the magnetic fraction
evolves from pure magnetite of medium size (cluster A) to a
little higher coercivities and coarser grains (cluster B in
Fig. 8). This may illustrate progressively increasing supply
of glacial sediments from south western Sweden and
southern Norway. At the same time, between 11.3 and
10.3 cal. kyr, the clay content is high and increasing, and
the sortable silt is low and slightly decreasing with younger
sediments. This interval was interpreted to reflect outflow
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Baltic water from the Swedish west coast (Gyllencreutz,
2005), mainly through the Otteid-Stenselva strait. A large
part of the sediments transported by the Baltic outflow to
the Skagerrak were likely glacially eroded material re-
deposited from the Vinern basin. Therefore, we suggest
that the mineral magnetic properties between 11.9 and
11.3cal. kyr reflects re-deposited glacial sediments from
southern Norway and western Sweden, and that the
magnetic signature between 11.3 and 10.3 reflects re-
deposition of glacial sediments in the Vidnern Basin
transported by the Baltic outflow.

The relatively constant relationship between SIRM/k
(low) and S ratio (high) between 10.3 and 8.6cal. kyr
(cluster B in Fig. 8) could be explained by a different
current pattern compared to the period after 8.6cal. kyr.
Before about 9cal. kyr, the northward current along the
Swedish west coast was likely significantly weaker, because
the passageway through the Danish straits was closed
(Bjorck, 1995; Lambeck, 1999), although a drainage route
for Baltic water existed with a connection somewhere in the
southern Kattegat (Bjorck, 1995). The Great Belt is the
deepest of the three straits connecting the Baltic Sea and
the Kattegat—Skagerrak, and accounts for more than 75%
of the water exchange between these seas (Bennike et al.,
2004). Based on isostatic modeling results, Lambeck (1999)
suggested that full marine conditions were established in
the Danish straits around 8.7-8.2cal. kyr (Gyllencreutz,
2005, Table 1). The oldest reported marine shells from the
Great Belt were dated to 8.1 cal. kyr, but brackish water
conditions prevailed for some centuries before that
(Bennike et al., 2004).

The SJC was virtually absent before 8.6cal. kyr, based
on the consistent results from the grain size record of core
MD99-2286 (Gyllencreutz, 2005) and the Skagen 3/4 core
(Jiang et al., 1997; Knudsen et al., 1996) . In the absence of
the Baltic Current and the SJC, the circulation and
sedimentation in the Skagerrak was likely dominated by
the NJC. This is supported by foraminifera and diatom
data from the Skagen 3/4 core, indicating that the
sediments were derived from a westerly source between
9.5 and 8.5cal. kyr (Conradsen and Heier-Nielsen, 1995;
Jiang et al., 1997; Gyllencreutz, 2005, Table 1). The stable
SIRM/k and S ratio values between 10.3 and 8.6 is
therefore suggested to reflect sediments dominated by
sources west of the Skagerrak.

The period between 8.5 and 8.2 appears to represent a
transitional phase between the two periods of different
SIRM/x and S ratio relationships. Therefore, we suggest
that a source area system different from the present
prevailed between 11.9 and 8.6 cal. kyr, followed by a short
transitional period, and that the present-day system of
Danish and Norwegian sediment source mixing was
established at about 8.2cal. kyr. The change in SIRM/k
and S ratio_g ;3 properties at 8.6-8.5 cal. kyr appears to be
synchronous with the major hydrographic shift indicated
by the grain size data, which was interpreted to reflect the
establishment of the modern circulation system and open-

ing of the English Channel and the Danish Straits
(Gyllencreutz, 2005). The mineral magnetic data, coupled
with the grain size analyses thus support a major shift in
the Skagerrak—Kattegat hydrography at 8.6-8.5cal. kyr.

It is clear from Fig. § that the magnetic properties of the
sediments younger than 8.2 cal. kyr evolves with time and
show various mixing between the two end-members defined
from surface sediments by Lepland and Stevens (1996). The
mineral magnetic parameters indicate a high influence of
the Baltic Current and of the currents along the Swedish
and Norwegian coasts (Norwegian type) between 8.5 and
6.4 cal. kyr, and between 4.0 and 1.2cal. kyr. The period
between 6.2 and 4.7 cal. kyr was characterized by weaker
Baltic outflow and enhanced transport by the Jutland
Current (Danish type). This result is consistent with the
interpreted acceleration of the Jutland Current at ca
6.2-5.9 cal. kyr, as previously suggested by Jiang et al.
(1997), Conradsen and Heier-Nielsen (1995) and Conrad-
sen (1995). The MD99-2286 magnetic record from ca
0.9 cal. kyr until the present is characterized by a strongly
Danish mineral magnetic signal, indicating a sediment
transport dominated by Atlantic water and the Jutland
Current.

The circulation changes indicated by the MD99-2286
magnetic record is in general agreement with the inter-
preted changes in current pattern based on the diatom-
based reconstruction of sea-surface salinity from the
Skagen 3/4 core by Jiang et al. (1998). They suggested a
high salinity between 11.2 and 10.8 cal. kyr (9800 and 9500
14C y BP, Petersen, 2004), reflecting strong influence of
NJC and reduced Baltic outflow, followed by generally low
salinity in the period 10.8-6.6cal. kyr (9500-5900 14C vy
BP, Petersen, 2004), reflecting strong influence of Baltic
water, and stronger influence of currents along the Swedish
and Norwegian coast. Jiang et al. (1998) further suggested
that the interval between 6.4 and 5.4cal. kyr (5700 and
4700 14C y BP, Petersen, 2004) was characterized by high
salinity, reflecting a drier climate and acceleration of the
SJC. The Norwegian magnetic signal between 4.7 and
1.2 cal. kyr is not correlated to any salinity changes in the
Skagen 3/4 core, but is in agreement with the interpreted
weakening of the SJC between 3.4 and 2.2 cal. kyr (Table 1)
(Jiang et al., 1997). The trend towards lower salinity after
1.1cal. kyr (1200 14C y BP, Petersen, 2004) suggested by
Jiang et al. (1998) is in agreement with the decreasing trend
in SIRM/k during the last 0.9 cal. kyr of core MD99-2286,
indicating a decreasing Danish/increasing Norwegian
magnetic signature.

6. Conclusions

High-resolution grain size and mineral magnetic analyses
of the Skagerrak core MD99-2286 show Lateglacial and
Holocene changes in circulation, sedimentation and
provenance for the Skagerrak sediments. The magnetic
signal is dominated by pseudo-single domain to multi-
domain magnetite. Two main magnetic assemblages can be
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distinguished, similar to the “Norwegian” and “Danish”
populations observed by Lepland and Stevens (1996) in the
northern Skagerrak surface sediments. The different
compositions of these two magnetic assemblages are
attributed to differences in sediment source areas and
transport pathways. The “Danish” provenance is totally
dominated by sediments from the southern North Sea and
the Atlantic Ocean, mainly transported by the North and
South Jutland Current. Most of the “Norwegian™ sedi-
ments are also derived from the southern North Sea and
the Atlantic Ocean, but with important contributions from
the Baltic Sea and reworked coastal sediments in Sweden
and Norway, mainly transported by the Baltic Current and
currents along the coasts of western Sweden and southern
Norway.

MS begins

Series of
hydrographic
changes in
Skagerrak-

Timing of Kattegat

major events
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Based on the mineral magnetic properties and grain
size variability in core MD99-2286 and previous paleo-
ceanographic studies from the Skagerrak—Kattegat,
the following conclusions can be drawn about the
history of circulation, sedimentation and provenance
in north-eastern Skagerrak since Lateglacial times. A
schematic compilation of this development is presented in
Fig. 9.

® Between about 12 and 11.3 cal. kyr: Sedimentation in the
north-eastern Skagerrak was strongly influenced by
meltwater discharge carrying re-deposited glacial sedi-
ments from southern Norway and western Sweden; a
calving ice front was still present in the Oslo Fjord. The
sediment transport pattern changed as a result of the

Increased
Atlantic inflow, .
opening of Opening
English Channel of Narke
Strait

& Danish Straits:

MC begins Closing

of Otteid-
Stenselva
Strait

v

IRD deposition

[

Main sediment sources
and transport mechanisms

NE Skagerrak Higher
= !
bottom current ; LéiiieE
velocity e SRR
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0 1 2 3 4 5 6 7 8 9 10 1" 12

Calibrated age (kyr)

Fig. 9. Schematic compilation of important circulation, sedimentation and provenance changes in the Skagerrak during the Lateglacial and the Holocene.
“MC begins”: initiation of modern type of circulation in the Skagerrak—Kattegat. “MS begins”: development of modern type of sedimentation pattern in
the Skagerrak—Kattegat. 1 = glacial marine sediment input through meltwater discharge from southern Norway and SW Sweden; 2 = glacial marine
sediment input through meltwater outflow from the Baltic Sea via the Vinern basin; 3 = marine sediment input from the eastern North Sea via the North
Jutland Current, 4 and 5 = sediment input chiefly from the southern North Sea and the Atlantic Ocean, transported by the North and South Jutland
Current; 4 is distinguished from 5 through sediment input from the Baltic Sea and reworked coastal sediments in Sweden and Norway transported by the
Baltic Current and currents along the coasts of western Sweden and southern Norway. The interpreted bottom current velocity is based on the sortable silt
median (Fig. 2), and the dashed line indicate an interval where this proxy is less reliable due to low amounts of sortable silt (Fig. 2).
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opening of a passageway for meltwater
south-central Sweden at ca 11.3cal. kyr.

® Between about 11.3 and 10.3 cal. kyr: Sedimentation was
dominated by re-deposited glacial sediments from the
Baltic Sea and the Vénern Basin, transported by
meltwater outflow across south-central Sweden. The
sediment transport pattern changed as a result of the
closing of the Otteid-Stenselva outlet at ca 10.3 cal. kyr.

® Between about 10.3 and 8.5cal kyr: Sedimentation
changed from clay-rich distal glacial marine to normal
marine sedimentation, governed by the North Jutland
Current, with sediments derived predominantly from the
eastern North Sea.

® At about 8.5 cal kyr: Hydrographic shift occurred as a
result of increased Atlantic inflow; former land areas
west of Denmark were transgressed; opening of the
English Channel and the Danish Straits. This shift
marks the initiation of the modern type of circulation in
the Skagerrak—Kattegat, with sediments derived pre-
dominantly from the Atlantic Ocean and the North Sea,
with varying contributions from the South Jutland
Current, the Baltic Current, and the currents along the
coasts of western Sweden and southern Norway.

® Between about 8.2 and 6.4 cal kyr: Influence on the
sedimentation by the Baltic Current and the currents
along the Swedish and Norwegian coasts (‘“Norwegian”
signature) decreased gradually, while the bottom current
strength in the north-eastern Skagerrak increased
slightly.

® Between about 6.2 and 4.7 cal. kyr: Baltic outflow and the
currents along the Swedish and Norwegian coasts were
weaker, and the influence of the Jutland Current
increased (more ‘““‘Danish” signature). At ca 4.7 cal. kyr,
the bottom current strength increased in the north-
eastern Skagerrak, and the provenance started to
gradually change to a more ‘““Norwegian’’ signature.

® Between about 4.0 and 1.5 cal. kyr: Influence of the Baltic
Current and the currents along the Swedish and
Norwegian coasts were higher (‘“Norwegian™ signature),
and the north-eastern Skagerrak bottom current
strength was relatively stable.

® Between about 1.5 and 0.9 cal. kyr: Provenance changed
clearly to a “Danish” signature. The north-eastern
Skagerrak bottom current strength increased at ca
1.3 cal. kyr.

® Between 0.0 and 0.9 cal kyr: Strong but decreasing
“Danish” signature, and strong but variable bottom
current velocities in the north-eastern Skagerrak,
strongly influenced by regional climate.
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