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Abstract
High-resolution grain size analyses of the AMS 14C-dated, 32 m long core MD99-2286 from the northeastern
Skagerrak were performed in order to study late Glacial and Holocene paleoceanographic and sedimentary changes. All
ages in this study are given in calibrated thousand years before present (= AD 1950), abbreviated dkyrT, unless otherwise
noted.
The distinct ending of IRD (ice rafted debris) in core MD99-2286, which was retrieved from a location down current
from the final calving ice margin in the region, indicates that iceberg calving in the Skagerrak ended between 10.6 and
10.2 kyr.
A clay-rich sequence in core MD99-2286, deposited between 11.3 and 10.3 kyr, is attributed to outflow from the Baltic
basin across south central Sweden. The sequence is correlated to similar units from cores along the Swedish west coast. The
onset of this clay-rich deposition occurs progressively later in cores further south along the coast, supporting a previous
hypothesis that differential glacio-isostatic uplift caused a southward migration of the Baltic outflow from the Otteid-Stenselva
to the Göta Älv outlet.
A distinct coarsening towards younger sediments in core MD99-2286 indicates a hydrographic shift at 8.5 kyr, which is
correlated to a shift previously reported in the Skagerrak, Kattegat and the Norwegian Channel. This shift reflects the
establishment of the modern circulation system in the eastern North Sea, as a consequence of the opening of the English
Channel and the Danish straits and increased Atlantic water inflow, and the subsequent development of the South Jutland
Current. A general trend of coarsening, poorer sorting and increasing variability from 8.5 kyr until the present indicates
increasing strength and influence of the variable South Jutland Current.
A series of changes from ca. 6.3 to ca. 3.8 kyr in core MD99-2286 reflects strengthening of the Jutland Current towards the
present day sedimentation system in the Skagerrak–Kattegat. These changes are correlated to previously reported hydrographic
shifts at 5.5 14C years BP in the Skagerrak and at 4.0 14C years BP in the Kattegat. It is suggested that these shifts were separate
features of a transitional period related to strengthening of the current system. The resulting changes are differently manifested
in different parts of the Skagerrak–Kattegat, due to the complex circulation system.
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The last 800 years are characterised by poorly sorted sediments with a relatively high and variable proportion of coarse
material, reflecting a circulation system significantly modified by regional climatic conditions, especially the general wind
directions and storm frequency over the southern North Sea.
D 2005 Elsevier B.V. All rights reserved.
Keywords: Skagerrak; Holocene; grain size; sediment; Baltic Sea; hydrographic shift

1. Introduction
The Skagerrak is the major sink for fine-grained
matter in the North Sea, and thus is a target area for
studies of the latest Pleistocene and Holocene oceanographic and climatic history of the North Sea region,
including adjacent land areas. The circulation and
subsequent sedimentation in the Skagerrak is mainly
driven by the North Atlantic Current, with important
contributions from the Jutland Current and minor
contributions from Baltic Sea outflow and continental
runoff predominantly from the Scandinavian countries
(Longva and Thorsnes, 1997). This system was
developed during early Holocene times following
the deglaciation.
The spatial distribution of textural provinces in the
Skagerrak is well known from numerous investigations during the last 20 years (van Weering, 1981;
Fält, 1982; van Weering et al., 1987, 1993; Kuijpers et
al., 1993; Pederstad et al., 1993; North Sea Task
Force, 1993) including the study of 268 short (b 0.5
m) cores from the Norwegian part of the Skagerrak
(Stevens et al., 1996; Bøe et al., 1996, Ottesen et al.,
1997). Previous grain size investigations of cores
longer than 2 m comprise eight cores for which age
models have been published (Björklund et al., 1985;
Hass, 1996; Bergsten, 1994; Senneset, 2002), including the 220 m long Skagen 3/4 core, drilled onshore in
northernmost Denmark (Knudsen et al., 1996; Conradsen and Heier-Nielsen, 1995; Jiang et al., 1997)
and at least 11 cores lacking age models (Cato et al.,
1982; van Weering, 1982a). The sedimentation in the
Skagerrak has been addressed in several special
volumes (Longva and Thorsnes, 1997; Bøe and
Thorsnes, 1996; Liebezeit et al., 1993; Stabell and
Thiede, 1985) and was comprehensively reviewed by
van Weering et al. (1993). These efforts demonstrate
that there are a limited number of high-resolution
studies (decadal or better) of long Skagerrak cores
having accurate chronostratigraphic control.

Several studies focused on transport mechanisms
and source areas have shown that the sediments in
northeastern Skagerrak are mainly deposited from
suspension, consisting 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 present study investigates sedimentation and
paleocurrent variability throughout the late Glacial
and the Holocene, using detailed grain size analysis
from the 32 m long core MD99-2286 retrieved from
the position 58.73818N, 10.20558E in the northeastern Skagerrak at 225 m water depth (Labeyrie et al.,
2003; Gyllencreutz et al., 2005).

2. Oceanographic and sedimentary setting
The Skagerrak is bordered by the coasts of
Denmark, Sweden and Norway, and consists of a
sedimentary basin that forms the inner end of the
Norwegian Trench (Fig. 1). The water depths in the
Skagerrak exceed 700 m, making it the deepest part
of the otherwise relatively shallow North Sea
(average water depth is 94 m; Svansson, 1975).
The present large-scale circulation in the Skagerrak
(Fig. 1) has been described by 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.
Southern North Sea Water is mixed with English
Channel water and relatively small amounts of low
salinity river outflow, and the mixed waters continue
as the variable Jutland Current (Danielssen et al.,
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Fig. 1. Bathymetry and general ocean circulation (arrows) in the eastern North Sea and the Skagerrak. White arrows mark the part of Atlantic
water, which flows more or less directly into the Skagerrak. NJC=North Jutland Current. The location of core MD99-2286 is marked with a
circle. Current pattern modified from Longva and Thorsnes (1997). Bathymetry from the ETOPO2 database (Smith and Sandwell, 1997).

1997, Longva and Thorsnes, 1997) along the Danish
west coast towards the Skagerrak. As the Jutland
Current moves further to the northeast, it mixes with
the Central North Sea Water and with fresher and
colder outflow waters from the Baltic Sea. This

mixed current makes a cyclonic turn in the northeastern end of the Skagerrak, where 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
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(Rodhe and Holt, 1996). As a result, fine-grained
sediments are deposited at a high relative rate, up to
1 cm/year, in the northeastern and central parts of the
Skagerrak (van Weering, 1982a; Bøe et al., 1996).
After the cyclonic turn the current continues as the
Norwegian Coastal Current, following the Norwegian trench to the southwest, where the current exits
the Skagerrak and continues north along the coast of
Norway.
Most of the suspended sediment entering the
Skagerrak originates from inflowing Atlantic water
with a low sediment concentration (Longva and
Thorsnes, 1997), with important contributions from
the Jutland Current, carrying a high sediment load of
erosional products from the coasts of Jutland (Eisma
and Kalf, 1987). Rivers are small contributors
(Kuijpers et al., 1993; Pederstad et al., 1993).
Literature describes a series of major paleoenvironmental changes in the Skagerrak during the late
Pleistocene and the Holocene. These changes
include the deglaciation of the region (1), freshwater outflow from the Baltic basin (2), paleogeographic changes (3), opening of the English Channel
and a connection to the Baltic Sea in southern

Table 1
Calibration of
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Kattegat (4), and a hydrographic shift during midHolocene times (5).
1. The complicated deglaciation history of the outer
Oslo Fjord and the northeastern Skagerrak has been
described by, e.g., Lundqvist and Wohlfarth (2001),
Andersen et al. (1995), Sørensen (1979, 1992),
Berglund (1979) and Mörner (1979). Directly after
the deglaciation of the MD99-2286 coring site
between ca. 14.5 and 13.6 kyr (Gyllencreutz et al.,
2005), the Skagerrak was a fjord-like basin,
bordered to the south by large land areas west of
Denmark (Stabell and Thiede, 1986; Thiede, 1987).
2. The Skagerrak was subjected to a major fresh water
input from the final drainage of the Baltic Ice Lake
(BIL) at ca. 11.6 kyr (Björck, 1995; Andrén et al.,
2002; Björck et al., 2002). A few hundred years
later, the N7rke Strait in south central Sweden
opened (Björck, 1995; Lambeck, 1999), allowing
fresh water from the Baltic to enter the Skagerrak
through outlets along the Swedish west coast. This
flow ceased when the outlets across Sweden were
closed due to glacio-isostatic uplift around 10.3 kyr
(Table 1, event f) (Björck, 1995; Lambeck, 1995).

14

C dates of discussed events in the Skagerrak–Kattegat

Interpreted event

Reference

14

Cal. age (kyr)

(a) Transgression of s. North Sea
(b) End of IRD dep. in Skagerrak
(c) Aker IMZ, Oslo area

Stabell and Thiede, 1986; Lambeck, 1995
van Weering, 1982a,b
Andersen et al., 1995; Gjessing, 1980;
Gjessing and Spjeldnaes, 1979; Sørensen, 1979
Hafsten, 1983
Longva and Bakkejord, 1990; Longva and Thoresen, 1991
Lambeck, 1999; Björck, 1995
Nordberg, 1991
Conradsen and Heier-Nielsen, 1995
Jiang et al., 1997
Björklund et al., 1985
Lambeck, 1995; Jelgersma, 1979
Björck, 1995
Conradsen, 1995
Lambeck, 1999
Lambeck, 1995
Conradsen, 1995; Conradsen and Heier-Nielsen, 1995
Jiang et al., 1997
Nordberg, 1991; Nordberg and Bergsten, 1988

10
10
9.8–9.6

11.6–11.3
11.6–11.3
11.3–10.8

9.7
9.1
9.1
8
7.6
7.7
8–7
8–7
8.2
8
7.5–7.8
8
5.5
5.1
4

11.2–10.8
10.4–10.2
10.4–10.2
9.0–8.7
8.5a
8.6a
9.0–7.7
9.0–7.7
9.3–9.0
9.0–8.7
8.7–8.2
9.0–8.7
6.2a
5.9a
4.6–4.3

(d) Marine limit, Oslo area
(e) Glomma drainage event
(f) Otteid-Stenselva strait closing
(g) English Channel opening
(h) English Channel opening
(i) English Channel opening
(j) English Channel opening
(k) English Channel opening
(l) Danish straits opening
(m) Danish straits opening
(n) Danish straits opening
(o) Isolation of Dogger Bank
(p) S–K hydrographic shift
(q) S–K hydrographic shift
(r) S–K hydrographic shift

C age (ka BP)

The ages were calibrated using cited (reservoir corrected) 14C ages with an assumed uncertainty of F 100 years, using the calibration data set
INTCAL98 (Stuiver et al., 1998a). Results are given in kyr as 1j ranges rounded to hundreds of years.
a
Calibrated ages inferred from the Conradsen and Heier-Nielsen (1995) age model using calibrated ages by Petersen (2004).
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3. A major geographic change of the southern coastlines of the Skagerrak began at about 11.6–11.3 kyr
(Table 1, event a) when the transgressing North Sea
advanced into the former land region west of
Jutland (Stabell and Thiede, 1986; Lambeck,
1995). The continuing transgression allowed water
flow south of the Dogger Bank shortly after 9–8.7
kyr (Table 1, event o) (Lambeck, 1995).
4. The English Channel opened at about 9–7.7 kyr
(Lambeck, 1995; Jelgersma, 1979). Nordberg
(1991) argued that the opening of the English
Channel was prerequisite for the formation of the
South Jutland Current and the Norwegian Coastal
Current. Stratigraphic data from the Skagerrak and
the Kattegat indicate a major hydrographic shift
reported between 9 and 7.7 kyr (Table 1, events g–
k), interpreted as an effect of the opening of the
English Channel (Jiang et al., 1997; Conradsen and
Heier-Nielsen, 1995; Nordberg, 1991; Nordberg
and Bergsten, 1988, Björklund et al., 1985). Fresh
water from the Baltic has entered the Skagerrak via
southern Kattegat since the opening of the Danish
straits around 9.3–8.2 kyr (Table 1, events l and n)
(Lambeck, 1999; Björck, 1995).
5. Studies of cores from the Skagerrak and the
Kattegat indicate that the modern circulation
system was established in conjunction with a
hydrographic shift, reported at various ages
between 4.3 and 6.2 kyr (Table 1, events p–r)
(Jiang et al., 1997; Conradsen and Heier-Nielsen,
1995; Conradsen, 1995; Nordberg, 1991; Nordberg
and Bergsten, 1988). This shift was synchronous
with the final drowning of the Jutland Bank (Leth,
1996), and is marked by an increased flow of the
Jutland Current and enhanced saline inflow to the
Skagerrak and the Kattegat from the North Sea
(Jiang et al., 1997; Conradsen and Heier-Nielsen,
1995; Conradsen, 1995; Nordberg, 1991).

the improved calibration data sets (Stuiver et al.,
1998a,b) advocate the use of a calibrated age scale to
facilitate comparison of the present results with other
records of various origins. 14C ages for discussed
events from the literature were calibrated with an
assumed uncertainty of F 100 years, using the
calibration data set INTCAL98 (Stuiver et al.,
1998a), and has been summarised in Table 1. This
approach does not qualify as a strict calibration in the
technical sense, but is used to get a meaningful
general picture of the course of events.

3. Methods

3.3. Grain size analysis

3.1. Age convention: calibrated years BP versus
years BP

14

C

All ages will hereafter be given in calibrated
thousand years before present (= AD 1950), abbreviated dkyrT. The increasing use of calibrated ages and

3.2. Carbonate correction
Carbonate was not removed from the samples, but
the carbonate content in core MD99-2286 was
measured on a UIC Coulometrics coulometer. The
sampling interval was 10 cm from 15 to 32.4 m, 5 cm
from 0 to15 m and 2 cm from 1 to 2.5 m. Analyses
were performed on 60 mg of milled, freeze-dried bulk
sediment samples. The results from the coulometer
given in % carbonate–carbon were stoichiometrically
re-calculated to % CaCO3. The carbonate data were
calibrated using a regression based on measurements
of pure CaCO3 (Pro Analysi) on 88 samples, with a
standard deviation of 0.76% CaCO3.
The effect of carbonate content on the particle size
distribution was tested by linear regressions through
carbonate content versus all grain size parameters
discussed in this paper, respectively. The linear
regressions show that carbonate is positively correlated to fine silt (2–10 Am), yielding R 2 = 0.50, but is
poorly correlated to all other grain size parameters and
explains little of the grain size variance (R 2-values
range between 0.02 and 0.11). A minor exception to
this is clay content (% b 2 Am), which shows a strong
negative correlation to carbonate content (R 2 = 0.86) in
a short interval between 3070 and 3150 cm, equivalent to 11.16–10.17 kyr.

Sampling resolution for the grain size analysis was
5 cm in the core depth interval 0–1500 cm and 3100–
3200 cm, and 10 cm in the interval 1500–3100 cm.
De-ionized water saturated with pure calcium carbonate (Pro Analysi) was used as dispersing liquid
throughout the grain size analysis, in order to prevent
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dissolution of carbonate in the sediment. Between 2.5
and 3 g of freeze-dried sediment were suspended on a
shaker-table overnight and was then wet-sieved using
63 Am mesh size. The coarse fraction was oven dried
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at 70 8C overnight and weighed after cooling to room
temperature. The b 63 Am fine fraction samples were
analyzed using a Sedigraph 5100 supplied with a
Micromeritics MasterTech 051 automatic sample-

Fig. 2. 3D PSD surface plot of grain size variations with age in core MD99-2286 (right), and discrete plots of log-normal 2D PSDs for
representative samples from the middle of each defined lithological unit and from the top and bottom of the core (left). The lithological units (far
right) are defined in Fig. 5. The 2D plots can be viewed as dslicesT through the 3D PSD surface plot. The values below 0% (lower dotted line) in
the 2D PSD diagrams correspond to the noise-affected regions (white) in the PSD surface plot. The visually estimated position of the grain size
mode is marked by the white dotted line in the 3D PSD surface plot.
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handling device. The sedigraph technique is described
in detail in Coakley and Syvitski (1991). The sedigraph was set to measure grain sizes between 63 Am
and 1 Am using the dstandardT analysis type, sample
material set to dglassT with a density of 2.615 g/cm3
and analysis liquid set to dwaterT. Sedigraph samples
were analyzed in batches of 10 and the sample order
was randomized within each batch. Prior to the
sedigraph analysis, the centrifuged samples were resuspended using an ultra sonic bath and a vortex tube,
and were agitated using an ultra sonic probe for 30 s.
All coarse fraction samples from 3060 cm core depth
and downward were visually studied for composition
and grain size using a reflectance microscope, with an
ocular-scale calibrated to a precision of 0.1 mm at the
magnification used.
3.4. Grain size visualization
Conventional use of sediment grain size data for
paleoenvironmental reconstructions is usually restricted to simple statistical descriptions of the particle

size distribution (PSD), such as mode, mean, standard
deviation, skewness and kurtosis. These descriptive
parameters can serve as proxies for generalized downcore variability in depositional conditions and processes, but are not sensitive to open-ended, polymodal
or non-normal distributions. In this study, the raw
grain size data is visualized in its entirety in the form
of three-dimensional PSD surface plots (Beierle et al.,
2002), providing down-core continuity with preserved
sample-level detail (Fig. 2).
Grain size measurements were automatically
recorded by the sedigraph software in 250 size
intervals set to range from 63 to 1 Am, expressed as
cumulative-mass percent of equivalent spherical
diameter. The sedigraph data was corrected for the
coarse fraction removed through sieving, by multiplying all cumulative values with the weight percentage of the b 63 Am fraction for each sample. The data
used for the PSD surface plot was gridded using the
bNearest NeighbourQ method, with 5-cm resolution in
order to avoid data loss from under-sampling, and the
output grid model was smoothed using a 9  9 term

Fig. 3. Age model for core MD99-2286 based on 27 AMS 14C dates. The age model is shown with a line connecting filled circles. Open circles
show age estimates excluded from the age model because of presumed sediment reworking. Error bars (horizontal lines through the dates)
denote 1j calibrated age ranges (see also Table 2). The depths and ages of the lithological unit boundaries are marked with dotted lines.

Table 2
AMS 14C dating of core MD99-2286
Nominal
depth

d 13C vs.
PDB

14

(cm)

(cm)

(x)

(ETH-24953)
(ETH-25546)
ETH-24001
ETH-24397
(ETH-26937)
ETH-25547
(ETH-26388)
ETH-26938
(ETH-26939)
ETH-26940
(ETH-25955)
ETH-25956
(ETH-26389)
ETH-26390
ETH-26941
ETH-26418
ETH-27241
(ETH-26419)
(ETH-27242)
ETH-26137
ETH-24003
ETH-25548

115.5
185.5
268
319.5
319.5
370.5
410.5
481.5
561
640.5
700.5
801
901
1001
1070.5
1200.5
1360.5
1460.5
1660.5
1826
2377
2676.5

115.5
185.5
268
319.5
319.5
370.5
410.5
481.5
561
640.5
700.5
801
901
1001
1070.5
1200.5
1400.5
1500.5
1700.5
1866
2417
2716.5

3.8
2.0
1.7
1.8
0.5
0.7
0.1
2.7
0.1
0.8
2.3
0.2
0.5
0.5
3.0
1.4
0.0
1.3
1.7
1.0
1.3
3.4

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

785
800
535
730
1095
900
1270
1225
1510
1530
1915
1915
2155
2175
2440
2765
2975
3390
3895
4120
6255
7955

(ETH-25549)

2681.5

2721.5

2.9

1.2

ETH-25550

3100.5

3140.5

0.6

ETH-24004
ETH-25551
ETH-24005

3119
3129.5
3198

3159
3169.5
3238

1.1
2.0
1.4

C age
(Libby h.l.)

Dated species

Max (1j)

Median

Min (1j)

50
55
50
45
55
60
50
55
50
50
55
55
50
50
55
60
55
60
60
60
65
70

480
494
252
417
701
548
877
824
1115
1146
1518
1518
1808
1819
2138
2572
2789
3334
3952
4252
6773
8478

424
436
166
372
652
513
814
768
1057
1080
1458
1458
1744
1766
2076
2493
2752
3256
3861
4173
6698
8410

378
393
113
320
613
467
761
699
992
1024
1398
1398
1690
1705
1997
2360
2704
3192
3775
4081
6628
8335

7710

60

8262

8163

8099

1.2

9620

70

10,585

10,332

10,145

1.2
1.2
1.2

9955
9910
10,715

85
70
80

11,080
11,003
12,306

10,734
10,696
11,954

10,373
10,354
11,678

F1j

(C-14 years BP)

Age range (cal. years BP)
probability method
F1j

Weight

Typeb

(mg)
Scaphander sp.
Yoldiella lucida
Ennucula tenuis
Thyasira equalis
Foraminifera (mixed fauna)
Nucula tumidula
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Foraminifera (mixed fauna)
Polinices montagui
Portlandia intermedia
Pseudamusium
septemradiatum
Pseudamusium
septemradiatum
Pseudamusium
septemradiatum
Bathyarca glacialis
Cryptonautica affinis
Portlandia intermedia

27.78
8.85
26.1
49.67
11.86
9.55
13.07
16.77
18.57
16.23
16.42
18.04
19.29
15.51
11.62
12.56
14.87
14.05
18.1
16.73
42.6
62.37

g,w
m,w
m,w
m,b
f
m,b
f
f
f
f
f
f
f
f
f
f
f
f
f
g,w
m,b
m,b

100.02

m,b

44.68

m,b

25.5
25.77
134.5

m,b
g,b
m,b
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Corr.
deptha

Laboratory
reference

Laboratory reference codes in parentheses denote samples omitted from the age model due to presumed sediment reworking.
a
Correction for artificial void in core at 1315–1355 cm; nominal depths below 1355 cm are reduced by 40 cm.
b
Type abbreviations: g=gastropod, m=mollusc, f=benthic foraminifera, w=whole, b=broken.
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2D Gaussian filter. A grey-scale PSD surface plot
smoothed with three runs of the same filter was made
as a schematic visual aid using the same data set.
The mode was visually estimated from the PSD
surface plot, by connecting the highest points of the
main modal ridge (dotted white line in Fig. 2). Median
grain size was linearly interpolated from the two
values closest to 50% in the cumulative distribution of
each sample. Sortable silt median size was calculated

in the same way after normalising the size fractions in
the 10–63 Am interval to 100%.
3.5. Dating
The age model for core MD99-2286 is based on 27
AMS 14C dates from samples of either mollusk shells
of known species or mixed benthic foraminifera. The
radiocarbon dates were calibrated using the CALIB

Fig. 4. MAR, CaCO3 MAR and clay MAR in core MD99-2286. Black triangles on the age scale denote age control points. Dashed vertical lines
in the MAR plot mark grain size unit boundaries. The major changes in MAR are marked with letters a–e. The interval with increased clay
content (see also Fig. 5) is indicated with dotted vertical lines in the CaCO3 MAR and clay MAR plots.
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(rev 4.4) software (Stuiver and Reimer, 1993), which
present the calibrated ages based on the probability
method (Telford et al., 2004). The samples were
assumed to consist of 100% marine carbon and the
calibration data set MARINE98 (Stuiver et al., 1998b)
was used. In order to facilitate comparison with other
studies, a standard reservoir correction of 400 years
was used for all samples, although it is recognized that
the reservoir age may have been greater during the
deglaciation (Bard et al., 1990; Bondevik et al., 1999).
Calibration of published radiocarbon dates for the
previous core Solberga-2 (Bodén et al., 1997) was
performed using the same method, and the results are
further described in the discussion below. The age
model for core MD99-2286 is shown with defined
lithological units in Fig. 3, and the dating and
calibration results are shown in Table 2. The results
of the dating, calibration and age model were
discussed by Gyllencreutz et al. (2005).
3.6. Mass Accumulation Rate (MAR)
MAR is calculated as the product of linear
sedimentation rate and dry (bulk) density. Clay and
carbonate MARs are calculated as the product of
MAR and the weight fraction of each parameter (clay
or carbonate). Dry density values were obtained from
sample bulk mass and whole-core GRA-density
measurements performed with 2-cm resolution
onboard R/V Marion Dufresne using a GeoTek Multi
Sensor Core Logger (MSCL). The details of the
MSCL measurements are given in Gyllencreutz et al.
(2005). The linear sedimentation rate was calculated
from the age model. The MAR, clay MAR and
CaCO3 MAR curves are shown in Fig. 4.
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between the control-points, and not abruptly at the
dated levels. The major changes in MAR are marked
with letters in Fig. 4.
4.2. Grain size
4.2.1. Choice of grain size parameters
The interpretation of the MD99-2286 grain size
record is based on the entire particle size distribution
(Fig. 2), and the discrete parameters clay content, fine
silt content, sortable silt median, sortable silt content,
coarse fraction content and median grain size. Clay
(b 2 Am) and fine silt (2–10 Am) are used because
they are the major components of the sediment in
core MD99-2286. The sortable silt median is a proxy
for relative current speed (McCave et al., 1995),
whereas the sortable silt content is used for quality
control of the sortable silt median. The coarse
fraction (N 63 Am) content is very low (0.1–1%),
and is used for interpretation of IRD deposition and
as an additional current strength indicator. The
median grain size is used as a statistical measure of
central tendency and reflects the major grain size
variations.

4.1. MAR

4.2.2. Lithological sub-division rationale
The core has been sub-divided into five units based
on grain size variations. The median grain size was
chosen as the base for the unit definition because it
reflects major changes observed in most of the
individual grain size parameters. The boundaries were
thus defined in the mid-points of distinct increases in
the grain size median, except the boundary between
units 1 and 2, which is defined at the highest peak in
clay content, because the median grain size is below
the set detection limit (1 Am) in this part of the record.
The features used for the boundary definitions are
marked with arrows and roman numerals in Fig. 5.
The characteristics of the units, labelled 1–5 from
oldest to youngest, are described below.

The lowest MARs in the core are recorded in the
bottom of unit 1 and the MAR generally increases
through the entire record (Fig. 4). The step-like major
increases in the MAR curve are caused by the change
of slope at the inflection-points of the age model.
However, the real changes in linear sedimentation rate
are more likely to occur gradually somewhere

4.2.3. General remarks on the grain size record
The PSD surface plot (Fig. 2) shows a relatively
flat and/or polymodal grain size distribution, indicative of poorly sorted material in the entire core. The
plot shows a trend of flattening in younger sediments,
seen as slightly diverging frequency contours (Fig. 2),
indicating that sorting decreases with time.

4. Results
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Due to the markedly small amounts of coarse
material, the signal to noise ratio is very low in the
coarse end of the PSD surface plot. The noise appears
as negative percentages, visualized in Fig. 2 as blank
regions occurring in the coarse end of the PSD. The
noisy size interval is broadest in the oldest part of the
core and narrows gradually towards the younger parts.
All percentages within the size intervals where
negative values occur are probably affected by noise
and should be read as close to zero (Giancarlo Bianchi,
Cardiff University, August 2003, personal comm.).
Therefore, the negative values are shown with white
colour in the PSD surface plot, and all values within
the noise-affected size interval were rejected in the
calculation of median and sortable silt median.
The total sum of the percentages for each sample in
the surface plot varies between ca. 40% and 60%, as
the remaining material consists of clay finer than 1
Am, which is below the set measurement limit of the
sedigraph. Clay (here defined as b 2 Am) is the
dominant size fraction with cumulative percentages
ranging about 50% to 70%.
4.2.4. Description of the defined units
4.2.4.1. Unit 1: 3195–3095 cm (11.9–10.3 kyr). The
PSD surface plot shows a broad modal ridge centred at
ca. 2–4 Am at the bottom of the unit, moving towards a
finer size at its younger end (Figs. 2 and 5). The PSD
surface plot also shows a high degree of noise in unit 1,
covering all sizes from the coarse end of the spectrum
(63 Am) down to 22 Am in the old end, and broadening
to cover the entire sortable silt interval (10–63 Am) in
the younger parts of the unit (Figs. 2 and 5). The
sortable silt median is highly variable, although a weak
decreasing trend from ca. 15 Am to ca. 13 Am is
discernible (Fig. 5). The median grain size is below 1
Am (Fig. 5), reflecting a high clay content. The coarse
fraction (N 63 Am) in the beginning of unit 1 shows the
highest values in the record (except for a few scattered
samples in units 4 and 5), about 0.5%, followed by a
distinct decreasing trend from ca. 11.9 kyr ending
abruptly at 10.2 kyr (Fig. 5). Visual inspection of the
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coarse fraction shows that the N 63 Am material in unit
1 consists of either large (ca. 0.5–1.6 mm) grains of
quartz, feldspar and dark crystalline and metamorphic
rock fragments, or small (ca. 0.2 mm) grains of detrital
carbonate and quartz (Fig. 6). With the addition of
small amounts of foraminifera, shell fragments and
pyrite, the latter composition generally occurs in all
samples younger than ca. 10.2 kyr. The sortable silt
content in unit 1 and the oldest part of unit 2 is close to
5% (Fig. 5), which is the lower limit for reliable
interpretation of sedigraph data (Bianchi et al., 1999).
The fine silt content in unit 1 is relatively low (Fig. 5)
and generally mirrors the clay content. The clay
content in unit 1 is markedly high, showing an
increasing trend from 67% to 73% that begins at
11.3 kyr and ends abruptly by the end of the unit at
10.3 kyr (Fig. 5).
4.2.4.2. Unit 2: 3095–2747 cm (10.3–8.5 kyr). In the
PSD surface plot, the modal ridge appears more
pronounced, broader and more coarse-skewed in unit
2 than in unit 1 (Figs. 2 and 5). The noise-affected size
interval in the PSD surface plot shows a slight
decrease from unit 1 (Figs. 2 and 5). The sortable silt
median variations have the highest amplitude in unit 2
(Fig. 5). The median grain size varies from below 1
Am to about 1.1–1.2 Am (Fig. 5). The coarse fraction
in unit 2 shows variable values around 0.1% (Fig. 5),
and visual inspection of the grains yields that only one
sample from 3080 cm core depth (10.23 kyr) shows a
composition similar to the samples from unit 1
(crystalline or metamorphic rock fragments and largest
grains N 1 mm). All other coarse fraction samples from
unit 2 consists of small (b 0.5 mm) grains of quartz
and detrital carbonate and larger carbonate shell
fragments. The sortable silt content in unit 2 is still
very low, but shows an increasing trend from 5% to
6% (Fig. 5). The fine silt (Fig. 5) continues to mirror
the clay content and shows a marked increase from
10.3 to ca. 9.4 kyr and a shift to higher values at 8.5
kyr. The clay content shows a marked decreasing trend
through unit 2 and the decrease is most pronounced
from 10.3 to 9.8 kyr (Fig. 5).

Fig. 5. Low-pass filtered version of the PSD surface plot (cf. Fig. 2) grain size parameters and carbonate content in core MD99-2286. Dotted
vertical lines show the location of defined lithological unit boundaries, and the definition points are marked with arrows and roman numerals I–
IV. The white dotted line in the PSD surface plot marks the grain size mode (visually estimated in Fig. 2). The black bars in the coarse fraction
plot mark IRD based on visual inspection (see Fig. 6).
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Fig. 6. Indications of IRD in core MD99-2286. (A) Coarse fraction content (grey curve) and size of the largest lithic grain in each sample (black
curve). The dotted horizontal line marks the 0.5 mm limit. (B) Black bars below the corresponding samples from the curves above show the
composition of lithic grains z 0.5 mm, where Q = quartz, F = feldspar and C/M = crystalline/metamorphic rocks.

4.2.4.3. Unit 3: 2747–1765 cm (8.5–4.0 kyr). The
PSD surface plot shows that the modal ridge shifts to 3
to 4 Am at the unit 2/3 boundary and becomes more
pronounced in the older end of unit 3 (Figs. 2 and 5).
The modal ridge is most pronounced in the entire
record between 8.5 and 7.3 kyr. After 7.3 kyr, the modal
ridge decreases and becomes more symmetrical (showing decreasing skewness) with time throughout the
unit. The noise levels decrease abruptly at ca. 6.0 kyr,
so that the finest size affected by noise change from 20
to 40 Am (Fig. 2). The sortable silt median is relatively
stable at ca. 14 Am until ca. 7.0 kyr, and an increasing
trend from 14 to 16 Am can be distinguished between
7.0 and 4.5 kyr (Fig. 5). The median grain size varies
between 1.2 and 1.3 Am (Fig. 5). The coarse fraction in
unit 3 shows little change from unit 2, although a small
increasing trend starting at ca. 7.0 kyr can be
distinguished (Fig. 5). The sortable silt percentage
increases in a linear trend throughout the unit (Fig. 5).
The fine silt shows a decreasing trend through unit 3,
where the most rapid decrease occurs between 6.0 and
5.0 kyr (Fig. 5). The clay content shows a slightly
decreasing trend through unit 3 (Fig. 5).
4.2.4.4. Unit 4: 1765–571 cm (4.0–0.9 kyr). The
PSD surface plot shows that the modality continues to
decrease and the modal ridge begins a weak trend
from symmetrical to more fine skewed with decreasing age (Figs. 2 and 5). Noise levels in the sortable silt

interval continue to decrease (Figs. 2 and 5). The
sortable silt median is relatively stable around 15 Am,
although a small increase between 1.5 and 0.9 kyr is
discernible (Fig. 5). The median grain size shows a
rapid increase until ca. 3.0 kyr, followed by a weak
increasing trend through the rest of the unit (Fig. 5).
The coarse fraction content and its amplitude are
stable until 2.4 kyr, but displays an increasing trend
from 2.4 kyr until the younger end of unit 4 (Fig. 5).
The sortable silt continues the increasing trend from
unit 3, with an increase in variability towards the
younger end of the unit (Fig. 5). The fine silt content
is relatively stable until 2.4 kyr, when a decreasing
trend through the rest of the unit begins (Fig. 5f). The
clay content decreases slightly between 4.0 and 3.0
kyr, and is relatively stable throughout the rest of unit
4 (Fig. 5).
4.2.4.5. Unit 5: 571–0 cm (0.9 kyr–recent). The PSD
surface plot shows further decreased modality and
increasing fine skewness throughout unit 5 (Figs. 2
and 5). The sortable silt median shows high and
variable values through the unit (Fig. 5). The median
grain size is marked by a remarkable peak in the
beginning of unit 5 between ca. 0.6 and 0.9 kyr, and
high and variable values in the younger parts of the
unit (Fig. 5). The coarse fraction shows high and
variable values throughout unit 5 (Fig. 5). The
sortable silt content shows values among the highest
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in the record between ca. 0.6 and 0.9 kyr, after which
a weak decreasing trend through the unit is visible
(Fig. 5), distinct from the increase observed through
units 2, 3 and 4. The fine silt also shows high values
between ca. 0.6 and 0.9 kyr, but is otherwise low and
variable through unit 5 (Fig. 5). The clay content
shows a pronounced low between ca. 0.6 and 0.9 kyr,
and a weak decreasing trend through the younger
parts of unit 5 (Fig. 5).

5. Discussion
5.1. MAR
Because of the linearly increasing density, the
MAR curve for core MD99-2286 is driven by the age
model’s linear sedimentation rate. The actual sedimentation rate is a complex function of sediment
supply and preservation. Major changes in the
sedimentation rate are likely to be linked to changes
in some lithological parameter such as grain size,
composition or structure. Here grain size is used to
guide selection of different unit boundaries used to
describe the sediments in this core.
The lithological unit boundaries (Figs. 2 and 5) are
defined where prominent changes in the grain size
occur. Major changes in MAR (letters in Fig. 4)
appear close to two of these boundaries. Assuming
that the changes in MAR are associated with these
changes in grain size, the timing of major MAR
changes a and c (Fig. 4) are suggested to coincide with
the unit boundaries at 10.3 and 4.0 kyr, respectively.
The MAR increase marked d in Fig. 4 is an
exception, as no major grain size change occurs
between the age control-points (2.0–1.4 kyr) for this
shift. An increase in median grain size, coarse fraction
content and sortable silt median size in unit 5 suggests
ca. 0.3 kyr for the MAR increase marked V in Fig. 4,
although the grain size change was not considered
large enough to invoke a lithological boundary.
5.2. Carbonate
The correlation between carbonate and fine silt
shows that a large proportion of the carbonate
deposited in northeastern Skagerrak occurs in the fine
silt (2–10 Am) fraction. Since this size fraction is
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largely cohesive (McCave et al., 1995), the carbonate
particles were likely integrated in flocculated mud,
and transported to the deposition area in suspension
together with siliciclastic clay and fine silt.
The observed negative correlation between clay
content and carbonate content in the core depth
interval 3150–3070 cm, equivalent to 11.16–10.17
kyr, occurs in the interval with a pronounced increase
in clay content. At the stepwise increase in MAR,
induced by the apparent increase in linear sedimentation rate, the clay MAR shows a higher increase than
the carbonate MAR (Fig. 4). Directly after the
stepwise increase, the carbonate MAR increases
gradually, whereas the clay MAR decreases. The clay
and carbonate MARs (Fig. 4) thus show that the
carbonate content was controlled by the diluting effect
of increased clay deposition during this interval. This
is interpreted as the result of mixing of different
sediment sources during this time interval. Carbonate
and siliciclastic material from a combination of
sediment re-deposition, primary production and river
input was probably transported to the MD99-2286
coring site from westerly sources such as the Atlantic
Current and southern North Sea, whereas relatively
fresh water with mostly clay sized siliciclastic sediments were brought to the site from continental
Scandinavia in the east.
5.3. Grain size
Modelling of the floc-grain-settling process have
illustrated how the grain size spectra changes with
variations in transport energy, flocculation state,
settling increment and number of resuspension events
(Kranck, 1975, 1987; Kranck and Milligan, 1985,
1991). These general relationships form the basis of
the interpretation of the PSD surface plots of the grain
size record from core MD99-2286. The frequency
spectra show a high proportion of fine material, which
can be seen as a major hump in sizes smaller than 10
Am in the frequency plots and the PSD surface plot
(Fig. 2). This relatively flat, non-modal or polymodal
shape of the frequency curve in the fine end of the
grain size spectrum is indicative of a high flocculation
state (Kranck and Milligan, 1991; Kranck, 1975,
1987), where most of the sediment is carried as
aggregates in suspension. A less prominent but
persistent modal ridge in the coarse silt fraction can
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be seen in large parts of the PSD, indicating that
deposition of individual grains has occurred (Kranck
and Milligan, 1991; Kranck, 1975, 1987). The coarse
silt modal ridge is discernible both in the noise-free
and in the noise-affected parts of the core. In the latter
case, the coarse silt mode resembles a small ridge with
grain size frequencies of up to ca. 0.6% in the 30–40
Am interval between blanked noise-troughs (white in
Fig. 2). This is due to the occurrence of apparently
sufficient amounts of material for adequate sedigraph
readings in a part of the coarse silt fraction (the coarse
silt ridge), surrounded by readings of coarser and finer
sizes where the frequency of material was too low to
accurately register.
5.3.1. Reconstructions of the paleo-sedimentary
environment
5.3.1.1. 11.900–10.3 kyr (unit 1). The composition
of the coarse fraction and the fact that the coarse
grained material occurs in an otherwise fine grained
matrix implies that the observed trend in the coarse
fraction below 3080 cm core depth (i.e. older than ca.
10.2 kyr) is the result of a decreasing amount of ice
rafted debris (IRD) in younger sediments. As the
coarse fraction and the finer fractions thus likely are
indicators of partly different processes–glaciomarine
and bnormalQ marine sedimentation–these parameters
will partly be treated separately in the following
discussion.
5.3.1.2. IRD. The Oslofjord region was the last sea
area of the Skagerrak region to be deglaciated,
according to paleogeographic reconstructions (Stabell
and Thiede, 1986; Thiede, 1987; Houmark-Nielsen
and Kjaer, 2003; Lagerlund and Houmark-Nielsen,
1993) and dated end moraines onshore (Sørensen,
1992; Andersen et al., 1995; Lundqvist and Wohlfarth, 2001). Based on a compilation of dated ice
grounding lines and the models presented by Boulton
(1990), Sørensen (1992) concluded that there must
have been a fairly high frequency of iceberg calving in
the inner Oslofjord at the end of Younger Dryas. The
MD99-2286 coring site is located in the northern
flank of the Skagerrak southwest of the Oslofjord.
Due to the cyclonic circulation, the main current flow
passes the Oslofjord mouth on it way to the MD992286 coring site. This implies that during the final

stages of the break-up of the shelf ice, icebergs
passing over the MD99-2286 coring site probably
originated from the Oslofjord. The occurrence of a 2cm dropstone at 3164 cm core depth supports that ice
rafting was still active at 11.5 kyr in the northeastern
Skagerrak. The abrupt decrease of the coarse fraction
content in core MD99-2286 implies that iceberg
calving in the northeastern Skagerrak ceased at about
10.2 kyr.
Relatively little has been published about IRD in
the early Holocene in the Skagerrak, and the timing
when iceberg calving into the Skagerrak ended is
unclear. Based on acoustic profiles and piston cores,
van Weering (1982b) concluded that ice rafting ceased
in southwestern Skagerrak before ca. 11.6–11.3 kyr
(Table 1, event b). The grain size record of core GIK
15530-4 from 57.6678N, 7.0928E in the western
Skagerrak indicated that IRD decreased to low values
in the early Preboreal (Stabell et al., 1985; Werner,
1985).
The youngest sample showing signs of IRD in core
MD99-2286 occurs at 3080 cm core depth, corresponding to ca. 10.2 kyr. The largest grains are ca. 1.2
mm in diameter and consist of crystalline and
metamorphic rock fragments, similar to those in
samples older than 11.2 kyr (Figs. 5 and 7). Between
ca. 10.7 and 10.2 kyr, the coarse fraction content is
lower, and the largest grains in all samples are smaller
and consist of calcite or quartz (Fig. 6). A period of
about 500 years virtually lacking IRD thus begins at
10.7 kyr. A final, isolated IRD peak occurs in a single
sample at ca. 10.2 kyr (Fig. 6).
The highest marine limit in Norway is mapped to
ca. 220 m and dated to about 11.2–10.8 kyr (Table 1,
event d) in the Oslo area north of the Oslofjord (Fig.
7) (Hafsten, 1983). The Aker Ice Marginal Zone
(Aker IMZ, Fig. 7), located ca. 5 km north of the
innermost Oslofjord, comprises ice marginal ridges
both above and below the marine limit and is also
dated to about 11.2–10.8 kyr (Table 1, event c)
(Sørensen, 1979; Gjessing, 1980; Gjessing and
Spjeldnaes, 1979; Andersen et al., 1995). This implies
that the retreating ice was separated from the sea in
the Oslofjord at the latest about 10.8 kyr, which thus
constitutes the youngest age of possible iceberg
calving into the Oslofjord. The IRD-peak at just
before 10.7 kyr in core MD99-2286 (Figs. 5 and 7) is
interpreted to represent the end of iceberg calving,
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Fig. 7. Ice marginal zones (IMZ, numbers in circles) of the Oslo Fjord region and southwestern Sweden, compiled from Andersen et al. (1995),
Sørensen (1992) and Lundqvist and Wohlfarth (2001). Solid lines indicate mapped IMZ positions and dashed lines mark inferred ice margins.
(1) Gö=Göteborg Moraine, (2) Be=Berghem Moraine, (3) HTT=Hvaler/Tjøme-Trollh7ttan Moraines, (4) OSL=Onsøy/Slagen-Levene Moraines,
(5) Ra/YD=Ra/YD Moraines, (6) 2s=2s IMZ, (7) Sk=Ski IMZ, (8) Ak=Aker Moraine. Ages for IMZ 1, 2, 4 and 5 and the oldest IMZ 3 age are
from Lundqvist and Wohlfarth (2001). The youngest IMZ 3 age located at Tjøme and ages for IMZ 6–8 were calibrated (this work) from 14C
ages of Andersen et al. (1995), and the youngest IMZ 4 age located at Onsøy was calibrated (Gyllencreutz et al., 2005) from a 14C age of
Sørensen (1992). Locations of mentioned cores are shown with black dots, where MD = MD99-2286, Ska = Skagen 3, Sol = Solberga-2 and
HG = Horticultural Garden. OF marks the Oslo Fjord. Modified after Gyllencreutz et al. (2005).

after which no IRD signal occur for almost 500 years.
It follows that the sample from ca. 10.2 kyr represents
a discrete, sudden event of increased ice rafting after
the ice had retreated onshore. A possible explanation
for this could be that the youngest IRD signal was
caused by flood-transported icebergs in connection
with the sudden drainage of an ice-dammed lake in
southern Norway (referred to as the Glomma event
below), which was described by Longva and Bakkejord (1990) and Longva and Thoresen (1991). The
Glomma event was dated using terrestrial macro-

fossils to 10.4–10.2 kyr (Table 1, event e) (Oddvar
Longva, pers. comm., 2004-06-04). The Glomma
event emptied nearly 100 km3 of water through four
outlets, of which three emerge in the Oslofjord and
one in the V7nern basin, causing severe erosion of the
soft sediments. The erosion was caused by a
combination of current winnowing and iceberg
scouring, as indicated by abundant iceberg scours
and iceberg gravity craters in the flooded area
(Longva and Bakkejord, 1990; Longva and Thoresen,
1991). Icebergs that were not grounded during the
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flooding likely emerged into the Skagerrak via the
Oslofjord. It is therefore suggested that the youngest
occurrence of IRD in the MD99-2286 record reflects
iceberg transport caused by the catastrophic Glommaevent flooding, rather than by icebergs expelled
directly into the sea from a calving ice front.
5.3.1.3. Clay content. The grain size record of core
MD99-2286 does not show any distinct changes
between 11.9 and 11.3 kyr, which implies that the
final drainage of the Baltic Ice Lake (BIL) at ca. 11.6
kyr (Björck, 1995; Andrén et al., 2002; Björck et al.,
2002) did not have a significant impact on the
sedimentation in the northeastern Skagerrak.
The increasing clay content between 11.3 and 10.3
kyr is interpreted to reflect discharge from the Baltic
Sea via the V7nern basin through outlets in southeastern Norway and on the Swedish west coast in
connection with the Yoldia Sea and the subsequent
Ancylus Lake. The Otteid-Stenselva strait was the
northernmost of the outlets across middle Sweden that

opened a few hundred years after the final drainage of
the BIL at ca. 11.6 kyr (Björck, 1995; Björck et al.,
2002; Andrén et al., 2002). The Otteid-Stenselva
functioned together with the Uddevalla Strait and the
Göta Älv River as the major drainage routes from the
V7nern basin (Fig. 8) during the Ancylus transgression (Björck, 1995). Due to a north–southerly
difference in isostatic uplift, the narrow OtteidStenselva strait was closed at ca. 10.4–10.2 kyr (Table
1, event f), whereby the Göta Älv River became the
dominant outlet (Björck, 1995; Lambeck, 1999). The
age range of this closing correlates with the end of the
clay increase in core MD99-2286 at 10.3 kyr.
Similar units with high clay contents are reported
from several sites along the Swedish west coast, e.g.
from sections, cores and seismic profiles in the
Varberg area (Klingberg, 1996), from the Horticultural
Garden core in Gothenburg (Fig. 8) (Bergsten, 1989,
1991, 1994) and from the Solberga-2 core (Fig. 8)
(Cato et al., 1982). Bergsten (1994) interpreted that
these deposits, referred to as unit B, reflect the

Fig. 8. Position of the Scandinavian Ice Sheet and paleo-shorelines in the Oslo Fjord region at 11.2 kyr, 100–200 years after the N7rke Strait
opened. Major outlets are named and shown with arrows indicating flow direction. Black dots mark the location of cores, where MD = MD992286, Ska = Skagen 3/4, Sol = Solberga-2 and HG = Horticultural Garden. Modified after Björck (1995).
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discharge of meltwater in connection with the damming of the Ancylus Lake, based on the increased clay
content and fresh water-influenced foraminiferal
assemblages in the Horticultural Garden core. Bergsten (1994) further argued that unit B deposits, with
characteristically high clay content, low cation content
and fresh-water influence of foraminifers and diatoms,
could be used as a regional stratigraphic marker unit.
The Solberga-2 core was subsequently AMS 14C
dated by Bodén et al. (1997).
5.3.1.4. Dating and correlation of dunit BT-type
deposits in previous cores. Unit B (5.4 to 8 m core
depth) of Bergsten (1994) was deposited between ca.
10.2 and 9.1 kyr, based on the 1993 calibration data
set (Stuiver and Braziunas, 1993), which differs
slightly from the MARINE98 calibration data set
(Stuiver et al., 1998b) used for core MD99-2286
(Gyllencreutz et al., 2005). The age difference for the
discussed interval is small and therefore considered
negligible.
The chronostratigraphy of core Solberga-2 is more
complicated. In the chronostratigraphy of core Solberga-2 proposed by Bodén et al. (1997), the two
dated samples above 1330 cm core depth were
discarded from the age model due to supposed
reworking (Table 3, Fig. 9). However, there are no
signs of major core disturbances in the X-ray images,
photographs or core descriptions from core Solberga2 (Abrahamsen, 1982). The age model of Bodén et al.
(1997) infers a sedimentation rate lowered by a factor
of N 6 above 18 m core depth relative to deeper parts

Table 3
Calibration of AMS
Laboratory reference
a

OS-4532
Uu-10300a,b
Uu-10301b
OS-4527b
OS-4528
OS-4526a,b
OS-4529
OS-4530
OS-4531
a
b
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of the core. This contradicts the interpretation of the
Solberga-2 record, where variations in paleomagnetic
records together with grain size data and fossil
contents indicate increased sedimentation rate by a
factor of 2–3 in the 17–12 m core depth interval
relative to the deeper parts (Abrahamsen, 1982). An
alternative age model is presented in Fig. 10, based on
calibration of the Bodén et al. (1997) age estimates.
The revised age model is constructed to be consistent
with the paleomagnetic, sedimentological and faunal
interpretations of the Solberga-2 core, thus omitting
the two youngest of the Bodén et al. (1997) age
control points (Table 3).
The younger age boundary of the clay unit at 6.7 m
in core Solberga-2 cannot be determined because of
lacking chronostratigraphic control. The onset of the
clay content increase at 17.7 m core depth in
Solberga-2 is dated to ca. 10.7 kyr based on the age
model of Bodén et al. (1997) and ca. 11.1 kyr based
on the alternative age model proposed here (Fig. 9).
Regardless of which age model is used, a pattern of a
successive shift towards the south of unit B type
sediment deposition is evident. The increase in clay
content in cores from north to south starts at ca. 11.3
kyr in core MD99-2286 (58.748N), between ca. 11.1
and 10.7 kyr in core Solberga-2 (57.958N), and at ca.
10.2 kyr in the Horticultural Garden core (57.708N).
Thus, a successive southward shift is evident of the
depositional area for sediments originating from
Baltic Sea outflow, coherent with a north–south
differential uplift (Lambeck, 1999). This scenario
supports the course of events proposed by Bergsten

14

C dates from core Solberga-2
Depth

14

(m)

(y BP)

Max (1j)

Median

Min (1j)

11.25–11.40
11.40–11.55
13.30–13.55
15.30–15.55
18.15–18.30
19.30–19.35
22.00–22.30
26.50–26.60
27.30–27.35

9610 F 45
8885 F 90
4550 F 80
7730 F 85
10,300 F 110
10,800 F 85
10,700 F 75
11,600 F 95
12,400 F 95

10,344
9624
4832
8298
11,375
12,347
12,146
13,183
14,094

10,316
9429
4733
8185
11,244
12,131
11,926
13,098
13,940

10,194
9361
4633
8103
11,114
11,918
11,665
12,917
13,802

C ageF1j

Samples omitted from the Solberga-2 age model by Bodén et al. (1997).
Samples omitted from the new proposed Solberga-2 age model.

Age range (cal. years BP) probability method
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Fig. 9. Alternative age models for core Solberga-2 based on calibrated ages. (A) Calibrated age model using the same dates as Bodén et al.
(1997). (B) Revised age model, based on the dates that give the best consistency with previous paleoenvironmental interpretations of the core.
The calibrated median ages are shown with circles and 1j ranges are marked with black lines through the dates. The horizontal dotted line marks
the stratigraphical level for the onset of increased clay content at 17.7 m (Cato et al., 1982). The inferred calibrated age estimates for the 17.7 m
level are marked with vertical dot-dashed lines in both age models.

(1994) and Björck (1995) despite the uncertainty in
the Solberga-2 chronology.
The time interval of 500 to 900 years between the
onset of increased clay deposition at the Solberga-2
and the Horticultural Garden sites is relatively long

despite the short distance between them. This may be
explained by the fact that these sites were separated by
a NNE–SSW trending ridge west of the Göta Älv
river valley (Fig. 8), allowing water to reach the
Solberga-2 site from outflow through the northerly

Fig. 10. Schematic compilation of important circulation and sedimentation features in the Skagerrak during the late Glacial and the Holocene.
bMC beginsQ refers to the initiation of the modern type of circulation in the Skagerrak–Kattegat. bMS beginsQ refers to the development of the
modern type of sedimentation pattern in the Skagerrak–Kattegat. MD, Sol and HG indicate results from the cores MD99-2286, Solberga-2 and
Horticultural Garden, respectively. The interpreted bottom current strength is based on the sortable silt median (Fig. 5) and the dashed line
indicates an interval where this proxy is less reliable due to low amounts of sortable silt (Fig. 5).
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Uddevalla Strait (Fig. 8), whereas the Horticultural
Garden site received its input from the Göta Älv River
(Björck, 1995).
5.3.1.5. Unit 2. The distinct decreasing trend in clay
content between 10.3 and 9.5 kyr is not correlated to
changes in the PSD surface plot, sortable silt or coarse
fraction (Figs. 2 and 5), suggesting that the cause is
related to changes in sediment source and composition
rather than in the sedimentation process. The end of
the increase in clay content at ca. 10.3 kyr coincides
with the closing of the Otteid-Stenselva outlet when
the threshold was uplifted above sea level (Björck,
1995; Lambeck, 1999). Because of this, the main
route of the Baltic Sea outflow was directed further
south and caused increased clay contents in the
Solberga-2 site and eventually the Horticultural
Garden site. When the Baltic Sea outflow through
the Otteid-Stenselva ceased, the ice sheet had recessed
far inland (Fig. 7) and glacial meltwater no longer had
a large impact in the Skagerrak (Jiang et al., 1997).
The decreasing clay content in core MD99-2286 is
therefore interpreted as a consequence of decreasing
influence of sediments from glacial meltwater, when
the Skagerrak started to gradually adapt to a fullinterglacial marine sedimentation mostly influenced
by Atlantic water and the North Jutland Current. This
is supported by indications of stronger Atlantic water
inflow in the beginning of the Holocene from the
Norwegian Channel (Klitgaard-Kristensen et al.,
2001) and the Skagerrak (Jiang et al., 1997; Conradsen and Heier-Nielsen, 1995).
The abrupt modal shift towards coarser grain size,
from 3 to 4 Am at the end of unit 2 at ca. 8.5 kyr (Figs.
2 and 5), indicates an increase in transport energy
(Kranck, 1987, 1975; Kranck and Milligan, 1991,
1985). This shift is also manifested as an abrupt
decrease in the variance of the sortable silt median, an
increase in median grain size, an increase in fine silt
and a decrease in clay content (Fig. 5). The high
variance in the sortable silt median in unit 2 cannot be
entirely explained by the low amounts of material,
because the variance decreases abruptly at 8.5 kyr,
whereas the sortable silt content increases gradually
until the young end of unit 4. Because of the low
amounts of material in the sortable silt fraction, a few
anomalously large silt grains would have a large effect
on the sortable silt median size in unit 2. The high

363

variance in the sortable silt median size in unit 2 is
therefore interpreted to reflect a weak bottom current
with a variable concentration of sortable silt. The
sudden decrease in amplitude of the sortable silt
median, the increase in median size, decrease in clay
content and the modal shift towards coarser grain size
indicates a hydrographic shift at 8.5 kyr.
The hydrographic shift recorded in core MD992286 at 8.5 kyr may be correlated to changes reported
in several studies from the Norwegian Channel and
the Skagerrak–Kattegat, if allowing for some variability in the age estimates (Klitgaard-Kristensen et al.,
2001 (9.0 kyr); Conradsen and Heier-Nielsen, 1995
(8.5 kyr, Table 1, event h); Conradsen, 1995 (9.0–8.7
kyr, Table 1, event m); Jiang et al., 1997 (8.6 kyr,
Table 1, event i); Nordberg, 1991 (9.0–8.7 kyr, Table
1, event g); Björklund et al., 1985 (9.0–7.7 kyr, Table
1, event j)). All studies suggest that the opening of the
English Channel and subsequent formation of the
South Jutland Current, marking the establishment of
the modern surface current system in the Skagerrak,
occurred 9.0–8.0 kyr.
The Jutland Current today consists of two
branches, the South Trench Current and the South
Jutland Current (Nordberg, 1991). The former flows
along the southern flank of the Norwegian Trench and
supplies large volumes of Atlantic Water to the
Skagerrak, accounting for about 90% of the inflow
(Longva and Thorsnes, 1997). The latter flows northward near Danish coast over sand-dominated sediments (Longva and Thorsnes, 1997) and is the most
erosive of the branches, transporting the highest
concentrations of suspended sediment (Eisma and
Kalf, 1987). The South Jutland Current is a lowvolume water body and delivers less sediment to the
Skagerrak than the South Trench Current, despite the
high sediment concentrations. The markedly low
amounts of sortable silt in units 1 and 2 of core
MD99-2286 support the interpretation that the South
Jutland Current was virtually absent before 8.5 kyr.
In the Norwegian Channel, a pronounced warming
in the surface and bottom water masses associated
with a strengthening of the Atlantic water inflow
occurred at ca. 9.0 kyr based on foraminiferal
assemblages and stable isotope data in cores 28-03,
Troll 89-03 and Troll 91-1 (Klitgaard-Kristensen et
al., 2001). They correlated this change to the hydrographic shift recorded in the Skagen 3/4 core at 8.6–
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8.5 kyr (Table 1, events h–i) (Jiang et al., 1997;
Conradsen and Heier-Nielsen, 1995). The increase in
Atlantic water influence was recorded in core GIK
15530-4 from the western Skagerrak at ca. 9.0–7.7 kyr
(Table 1, event j) (Björklund et al., 1985). A change in
environmental and sedimentological conditions has
been recorded in the Kattegat at 9.0–8.7 kyr (Table 1,
events g and m) (Conradsen, 1995; Nordberg, 1991).
This change was interpreted by Conradsen (1995) to
reflect the opening of a connection to the Baltic Sea
via the Danish straits at 9.0–8.7 kyr (Table 1, event l)
(Lambeck, 1999). The hydrography of the southern
Kattegat may have been more influenced than the
Skagerrak by the opening of a connection to the Baltic
(Conradsen, 1995).
Isostatic rebound modelling suggests that the
English Channel opened at ca. 9.0–7.7 kyr (Table 1,
event k) (Lambeck, 1995). Other important factors for
the circulation in the early Holocene Skagerrak
include the isolation of the Dogger Bank as an
emerged platform and the transgression over large
former land areas south–west of the present Danish
coast shortly after ca. 9.0 kyr (Table 1, event o)
(Lambeck, 1995; Jelgersma, 1979). This permitted
Atlantic water from the southwestern North Sea to
flow counter-clockwise around the Dogger Bank
towards Denmark, possibly initiating a relatively
weak South Jutland Current flow.
To conclude, major hydrographic shifts occurred in
the Norwegian Channel and the Skagerrak–Kattegat
around 8.5 kyr, attributed to increased Atlantic water
inflow and transgression of the southern North Sea
and to the opening of the English Channel and the
Danish straits. All of these changes were necessary
prerequisites for the establishment of the modern
general circulation. The consistent results from the
Skagerrak cores suggest that a circulation pattern
similar to the present has persisted since 8.6–8.5 kyr.
5.3.1.6. Unit 3. After the abrupt shift at 8.5 kyr, the
modal ridge begins a trend towards decreasing modal
strength throughout the core (Figs. 2 and 5). The
decrease in modal strength is most pronounced from
7.0 kyr throughout unit 3 and is interpreted as the
result of an increased proportion of floc-settled
material (Kranck and Milligan, 1991). At about 7.0
kyr, the sortable silt median starts a trend towards
coarser values throughout unit 3 (Fig. 5). Such a trend

typically indicates increasing transport energy
(McCave et al., 1995). During this time, the modal
ridge migrates towards coarser grain sizes (Figs. 2 and
5), which is a further indication of increased transport
energy (Kranck and Milligan, 1991). Flocculation is
primarily controlled by the concentration of particulate matter (Kranck, 1981) and is promoted by
moderate turbulence (van Leussen, 1994), which in
turn is promoted by higher velocity. The observed
coarsening in the sortable silt median and the coarsemigration of the modal ridge are thus coherent with
the interpreted increase in flocculation and are
interpreted as a result of a gradually stronger current
system with an increasing concentration of sediment.
This is consistent with the paleoceanographic interpretations from diatoms in the Skagen 3/4 core (Jiang
et al., 1997), where a strengthening of the South
Jutland Current and increased influence of the
Norwegian Coastal Current and the currents along
the Swedish west coast occurred between 8.6 and 5.9
kyr (Table 1, events i and q).
5.3.1.7. Unit 4. The median grain size increases
markedly between ca. 4.5 and 3.8 kyr. This increase
reflects an overall coarsening of the sediment, which
can also be seen as a decrease in clay content and a
small increase in sortable silt and coarse fraction.
A large hydrographic change at 4.6–4.3 kyr (Table
1, event r) was suggested by Nordberg and Bergsten
(1988) and Nordberg (1991), based on changes in
sedimentology and in foraminifer assemblages, in
several cores from the Skagerrak and the Kattegat.
Nordberg (1991) proposed that this shift marks the
establishment of the modern surface current pattern.
This change has been correlated to a hydrographic
shift at ca. 6.2–5.9 kyr (Table 1, events p–q) based on
a distinct change in lithology, foraminifers and
diatoms in the Skagen 3/4 core by Jiang et al.
(1997) and Conradsen and Heier-Nielsen (1995),
and based on foraminifer assemblages in piston cores
from the Kattegat (Conradsen, 1995). These authors
proposed a shift to higher energy conditions and an
acceleration of the Jutland Current in connection with
climatic cooling, and argued that the alleged changes
at 6.2 and 4.6–4.3 kyr (Table 1, events p and r)
represent a single event at 6.2 kyr (Table 1, event p).
Core MD99-2286 shows a fluctuation and a small
coarsening in the modal ridge of the PSD surface plot
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around 6.3 kyr (Figs. 2 and 5), along with minor
changes to increased sortable silt median size, median
grain size and coarse fraction (Fig. 5). The change at
6.3 kyr in core MD99-2286 can thus be viewed as the
first of a series of changes ending at ca. 3.8 kyr.
The main controlling factor of the Skagerrak–
Kattegat circulation system is the inflow of Atlantic
Water (Longva and Thorsnes, 1997; Svansson, 1975).
The Skagen 3/4 core (Conradsen and Heier-Nielsen,
1995) is located in a position more susceptible to
changes in the strength the South Jutland Current, and
thus the transport and deposition of erosional products
from the Danish west coast (Longva and Thorsnes,
1997), than the MD99-2286 site and the Kattegat
sites. Conversely, the coring locations of Conradsen
(1995), Nordberg (1991) and Nordberg and Bergsten
(1988) from the Kattegat and southeastern Skagerrak
are more susceptible to local variations in the mixing
of the North Jutland Current and Baltic Sea outflow
(Longva and Thorsnes, 1997; Conradsen, 1995;
Nordberg and Bergsten, 1988) than the northerly
Skagerrak sites. The coring location of core MD992286 is less biased towards the Jutland Current or the
Baltic Sea outflow. It is therefore suggested that the
hydrographic shifts recorded in the interval 6.2–3.8
kyr in core MD99-2286 and in other sites in the
Skagerrak–Kattegat (Jiang et al., 1997; Conradsen and
Heier-Nielsen, 1995; Conradsen, 1995; Nordberg,
1991; Nordberg and Bergsten, 1988) belong to a
continuous hydrographic transition spanning ca. 2000
years. The sedimentary changes during this long
interval are differently manifested in different parts
of the Skagerrak–Kattegat region, depending on its
complex circulation system.
The sortable silt median increases at 1.3 kyr,
after which it is relatively stable until present times.
This suggests that the modern current strength at
the MD99-2286 site was attained at about 1.3 kyr,
which is in agreement with conclusions by Hass
(1996).
5.3.1.8. Unit 5. The remarkable change in core
MD99-2286 around the unit 4/5 boundary marks the
onset of an event from 0.9 to 0.6 kyr, showing a
distinct coarsening of the sediments (Figs. 2 and 5).
The sortable silt median remains largely unaffected
(Fig. 5), which implies that the change in grain size
distribution is not related to current speed at the
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deposition site (McCave et al., 1995). The negative
correlation in this interval between clay (which is the
main constituent with N 50%; Fig. 5) and the fine-and
sortable silt fractions (ca. 28% and 22%, respectively;
Fig. 5) could be a spurious effect of data closure, i.e. a
result of grain sizes given as percentages. The low
clay content and increased coarse fraction indicates
increased deposition from the bottom nepheloid layer.
This could be caused by increased current strength
and erosion along the shallow, sand-dominated
(Longva and Thorsnes, 1997) Danish west coast
leading to higher concentrations of coarse material,
subsequently deposited in the deeper, relatively quiet
waters in the northeastern Skagerrak.
Grain size analysis of late Holocene sediments has
been previously studied in four cores from the
southern flank of the Skagerrak by Hass (1996),
where grain size variations in the cores were
correlated to climate fluctuations. Hass (1996) noticed
that warmer climate periods are characterized by finer
sediments due to weaker bottom currents, possibly
resulting from a more northerly location of cyclone
tracks making the Skagerrak less frequently affected
by strong westerly winds. Hass (1996) also suggested
that colder climate periods are generally characterized
by coarser sediments due to higher current energies
and by higher sedimentation rates in the eastern
Skagerrak, as consequences of frequent current pulses
due to a southward movement of the main zone of
strong westerly winds and cyclones.
The event around 0.9 kyr in core MD99-2286 may
be correlated to a peak with about 100–200 years
duration in the 63–125 Am grain size fraction (bFSD
3aQ, Hass, 1996) in the cores II KAL, III KAL and
15535-1, retrieved from the southern flank of the
Skagerrak at 245, 450 and 428 m water depth,
respectively. This peak was interpreted as the result
of a short-term cold spell with increased winter
storminess, in an otherwise warm climate phase with
little storm activity (Hass, 1996).
The grain size record indicates a small shift in the
sedimentation at ca. 0.8 kyr, as the sortable silt content
for the first time starts a decreasing trend, lasting into
the present. The sortable silt median shows high and
variable but stationary values and the coarse fraction
shows a trend towards higher and more variable
values during the same interval. The high variability
during the last 800 years through present days
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indicates a current system significantly modified by
regional climatic conditions.
It is possible that the grain size distribution in the
northeastern Skagerrak has been affected by anthropogenic influence such as deforestation and river
regulation during the late Holocene. However, the
major rivers of Norway and Sweden discharge into
fjords, where most of the sediment load is trapped
within the fjord sills, resulting in a relative minor
sediment contribution from rivers to the Skagerrak
(Longva and Thorsnes, 1997). The strongly variable
grain size fluctuations during the last 2000 years are
therefore not likely caused by human changes to the
hydrographic environment.
The present situation represents the continuation of
a general trend of coarsening, poorer sorting and
increasing variability in core MD99-2286 since the
modern circulation system began to be developed at
ca. 8.5 kyr. This trend is mainly attributed to
increasing sediment transport and strength of the
South Jutland Current, which is largely dependent on
the regional wind stress over the southern North Sea
(Rodhe, 1996), and of the Atlantic water inflow
(Longva and Thorsnes, 1997). In this perspective, the
grain size record of core MD99-2286 shows an
increasing dependence of the regional climate through
most of the Holocene.

6. Conclusions

(3)

(4)

(5)

A schematic compilation of the interpreted
circulation and sedimentation features is presented
in Fig. 10. Seven important features of the development of the circulation and sedimentation in the
northeastern Skagerrak are inferred from the MD992286 grain size record and comparison with previous studies:
(1) Iceberg calving in the Skagerrak ended between
10.7 and 10.2 kyr.
(2) A distinct increase in clay content starting at ca.
11.3 kyr and abruptly ending at ca. 10.3 kyr is
attributed to outflow from the Baltic through the
Otteid-Stenselva strait in southeastern Norway in
connection with the Yoldia Sea and the subsequent Ancylus transgression in the Baltic Sea
basin. The timing of the end of the increase in

(6)

clay content matches the closing of the OtteidStenselva passage.
The increased clay content between 11.3 and
10.3 kyr is correlated to similar clay-rich units
in cores and sections from the Swedish west
coast. The onset of this clay-rich deposition
occurs progressively later in cores further south
along the coast, supporting a previously proposed hypothesis that differential glacio-isostatic uplift caused a southward migration of
the main depositional area for the Baltic outflow sediments.
A hydrographic shift to higher energy conditions in the Skagerrak occurred at 8.5 kyr and is
manifested as a distinct coarsening of the
sediments in core MD99-2286. This shift
reflects the establishment of the modern circulation system in the eastern North Sea, which
previously has been detected in the Skagerrak
(Björklund et al., 1985; Jiang et al., 1997;
Conradsen and Heier-Nielsen, 1995), the Kattegat (Conradsen, 1995; Nordberg, 1991; Nordberg and Bergsten, 1988) and in the Norwegian
Channel (Klitgaard-Kristensen et al., 2001). The
observed changes are attributed to the opening
of the English Channel and the Danish straits,
increased Atlantic water inflow and the development and increasing influence of the South
Jutland Current.
A series of changes from ca. 6.3 to ca. 3.8 kyr is
considered to reflect strengthening of the Jutland
Current and development towards the present
day sedimentation system in the Skagerrak–
Kattegat. These changes are correlated to
previously reported hydrographic shifts at 6.2
kyr in the Skagerrak (Jiang et al., 1997;
Conradsen and Heier-Nielsen, 1995) and 4.5
kyr in the Kattegat (Nordberg, 1991, Nordberg
and Bergsten, 1988). It is suggested that these
shifts were not synchronous, but separate
features of a long transitional period related to
strengthening of the current system. Owing to
the complex circulation system, the resulting
changes are differently manifested in different
parts of the Skagerrak–Kattegat.
The last 800 years are characterised by poorly
sorted sediments with a relatively high, variable
proportion of coarse material, reflecting a circu-
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lation system significantly modified by regional
climatic conditions, especially the general wind
directions and storm frequency over the southern
North Sea.
(7) A general trend of coarsening, poorer sorting and
increasing variability in the MD99-2286 grain
size record is discernible since ca. 8.5 kyr. This
trend is mainly attributed to increasing strength
and influence of the variable South Jutland
Current, reflecting an increasing dependence of
the regional climate.
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