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Abstract

High-resolution magnetic hysteresis measurements were carried out on three sediment cores, one from the
North Atlantic and two from the Norwegian Sea. These measurements can be used to reconstruct changes
in magnetic grain-size. Physical grain-size has been interpreted as a proxy for bottom current intensity
(McCave ef al. 1995) and this study shows that the hysteresis measurements can contribute as a proxy for
near bottom currents in this region during the Holocene, but only when the magnetic measurements are
combined with other proxy records. The magnetic grain-size record of one core from the Norwegian Sea
has been compared with sea surface temperature reconstructions produced by Calvo ef al. (2002) and
Birks & Kog (2002). The dominant magnetic mineral in the sediment is low titanium content magnetite
(titanomagnetite) and the grain-size variation is discussed as a potential of near-bottom current flow
intensity during the Holocene. A core from the Vering plateau (MD95-2011) shows that the magnetic
grain-size has a significant positive correlation to SST during the Holocene. Maximum sediment grain-
size was reached between 9000 to 6000 cal BP, which would imply that the THC was most active in the
Norwegian Sea during the Holocene thermal maximum, as registered by SST and terrestrial
reconstructions. The core LO09-14 on the Reykjanes Ridge in the North Atlantic shows the same
behaviour during the first part of the Holocene, but after 7500 cal BP there are indications of a shift in the
oceanographic conditions and at 3700 cal BP the magnetic mineral sediment source changed and the
magnetic properties cannot be used to reconstruct near-bottom current flow intensity. Core M23258-2
from south of Svalbard does not show the same behaviour at all and the variable magnetic properties of
the core appear to be dominated by ice-rafted-debris.

Keywords: Magnetic grain-size, Magnetic hysteresis loops, Reykjanes Ridge, Vering plateau, North
Atlantic, Norwegian Sea, Deep ocean currents, Holocene.
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Sammanfattning

Mitningar av magnetisk hysteresis har genomforts pa sedimentborrkdrnor med hog tidsupplosning for att
studera om sedimentkornstorleken kan relateras till relativ bottenstromshastighet. Métningarna utférdes
pé tre borrkdrnor, en fran Nordatlanten och tva fran Norska havet. Hysteresismétningar &r kdnsliga for
variationer i de magnetiska kornstorlekarna (Day ef al. 1977) och anses vara representativa for
medelkornstorleken i ett sediment (Snowball and Moros 2003). De magnetiska mineralen i
bottensedimentet ar lagthaltig titanmagnetit (titanomagnetite). Fysiska kornstorlekar har tidigare anvénts
for rekonstruktion av bottenstrémmar (McCave ef al. 1995) och magnetiska kornstorleksvariationerna har
tolkats som en indikation for bottenstromstyrka under Holocen. Kérnan fran Veringplatan (MD95-2011) i
Norska havet visar att den magnetiska kornstorleksvariationen har en signifikant korrelation med
ytvattentemperaturen i samma omrade under Holocen (Calvo et al. 2002). Mellan 9,000 till 6,000
kalibrerade ar BP (innan 1950) nar den magnetiska kornstorleken sitt maximum, vilket sker samtidigt som
havsytetemperaturen nar sitt maximum, troligtvis da den termohalina cirkulationen (THC) var som mest
effektiv i Norska havet (Andersen et al. 2004). Borrkdrnan fran Reykjanesryggen (LO09-14) i
Nordatlanten uppvisar liknande monster under forsta delen av Holocen. Efter 7,500 kalibrerade ar BP
sker det en tydlig oceanografisk fordndring. Borrkdrnan (M23258-2) fran havet soder om Svalbard
uppvisar inte nagra av de monster som de tva mer sydligt beldgna kdrnorna gor. Detta kan bero pa att
sediment fran kontinentalbranten har rorts upp under kraftiga vinterstormar och transporterats ner mot
oceanbotten. Undersékningarna genomforda i denna studie visar att hysteresismétningar @ven ger en
indikation av tidigare intensitet av bottenstrommar i Nordatlanten och Norska havet under Holocen.

Nyckelord: Magnetisk kornstorlek, magnetiska hysteresis-lopar, Reykjanesryggen, Veringplatén,
Nordatlanten, Norska havet, djuphavsstrommar, Holocen.




1 Introduction

Geological studies carried out during the last
century have shown that the Holocene has not
been a climatically stable epoch (e.g. Bond et al.
1997). Classic palaecoecological studies of
terrestrial deposits in Scandinavia and North
America pointed toward a variable climate
(Denton and Karlén 1973). Based on radiocarbon
chronology during the Holocene Denton and
Karlén found that mountain glaciers advanced
synchronously in North America and Europe.

Despite pioneer studies of terrestrial sites in
the northern hemisphere, which indicated a
climatically variable Holocene (at least at the
regional scale) multi-proxy climate data sets
extracted from the Greenland ice-cores in the late
20" century have instead been adopted as global
“benchmarks”, particularly by marine geologists.
A climatically stable Holocene was initially
inferred from multi-proxy records derived from
the GRIP and GISP2 ice cores, as these records
were not interpreted to contain any significant
fluctuations during the Holocene (Larsen et al.
1995). These data sets, such as the A0 derived
reconstruction of temperature, were first seen
from the perspective of the greater amplitude
shifts in climate that occurred during the last
glacial cycle, and only recently has the Holocene
part of the cryospheric record been considered in
detail (Johnsen et al. 2001). On the other hand,
comparisons between the ice core records and
other proxy data from the Atlantic Ocean have
shown that neither the Eemian nor the Holocene
have been climatically stable (Larsen et al. 1995).
Since these more subtle but significant variations
in Holocene climate were revealed considerable
effort has been put into collecting high resolution
data from the North Atlantic, partly due to its near
proximity to Greenland, and partly due to the need
to reconstruct the variability in thermohaline
circulation (THC) that may be initiated at high
northern latitudes and which affects the global
climate system.

Variations in atmospheric circulation over
the North Atlantic are known to affect the North
Atlantic current (NAC) (Hurrell ef al. 2001) and
the surface wind pattern over the Atlantic can
affect the surface current flow direction. Today,
the warm NAC that leaves the Mexican Gulf has
high salinity (3637 %o) due to evaporation. When
this high salinity surface current reaches the North
Atlantic and the Norwegian Sea it cools down and
releases large amounts of heat and moisture to the

atmosphere. Westwards moving weather systems
fuelled by this heat and moisture transfer promote
an oceanic climate in northern Europe that is
relatively mild compared to equivalent latitudes
on the eastern seaboard of the North American
continent. When the NAC is cooled down at high
latitudes the cold water sinks because of increased
density. If the surface water also freezes the
salinity of the surrounding water increases (a
process known as brine formation) and this also
sinks. The subsurface waters move southwards (as
described in more detail later) and contribute to
the formation of North Atlantic Deep Water
(NADW) and the completion of the THC.

THC is not stable over time. Geological
reconstructions show that during the Younger
Dryas stadial (YD, 12,700 — 11,550 cal BP) THC
became less efficient (Broecker 1998) as large
amounts of cold fresh water discharged into the
North Atlantic. This influx of fresh water was
probably caused by the sudden discharge of large
glacial lakes in North America and/or Scandinavia
(Colman et al. 1994, Jiang et al. 1998). Compared
to the preceding Aller6d/Bolling interstadial the
sea surface temperature (SST) in the North
Atlantic fell several degrees during the YD
(Fisher et al. 2002). At the end of the YD, during
the transition into the Holocene interglacial, the
Polar-front, Arctic-fronts and the THC moved
northward and allowed warm water to reach
further north. As a result, SST increased in the
Norwegian Sea.

The North Atlantic and Norwegian Sea are
now recognized as regions where thermohaline
circulation is currently active and where NADW
is produced, flowing southwards as part of what is
known as the “global thermohaline conveyor”
(Broecker 1998). Past changes in the intensity of
NADW production or its position of formation are
likely to have affected regional climate. The North
Atlantic and the surrounding areas are sensitive to
climatic changes because the path and intensity of
the North Atlantic Current and the formation of
North Atlantic Deep Water have altered during
the past (Calvo er al. 2002). It is believed that
such changes have amplified externally forced
(e.g. solar) climate changes (Stocker 2000) in
west and north Europe (Hammarlund et al. 2003,
Magny et al. 2003).

Millennial-scale Holocene changes in
temperature, deep-water formation and the
deposition of ice rafted debris have been inferred
from studies of sediment cores recovered from the
North Atlantic and Norwegian Sea (Bond et al.
1997, Bond et al. 2001, Chapman et al. 2000,



Andrews et al. 2003). Compared to the earlier
studies, which used parameters derived from
biologic materials (e.g. 8"°C, 8'°0) and
determinations of physical grain size by sieving,
this study uses an alternative, mineral magnetic
proxy designed to identify changes in the intensity
of near bottom currents and the possible discharge
of icebergs into the North Atlantic Ocean during
the Holocene.

Mineral- (or rock-) magnetic studies have
been used to reconstruct climate changes in e.g.,
Europe, Central Asia and China (Sartori e al.
1999). The magnetic properties of lacustrine and
marine sediments are often climatically influenced
and geological records of magnetic parameters
often reflect climate induced variations in
sediment provenance and the efficiency of
subsequent transport processes (Stoner et al.
1996). Examples pertinent to this current study
include the identification of ice-rafted-debris
(IRD) during Heinrich events (Heinrich 1988,
Robinson ef al. 1995) and the identification of
Dansgaard-Oeschger cycles in sediment cores
recovered from the North Atlantic (Rasmussen ef
al. 1996a, 1996b, 1997, Moros et al. 1997,
Snowball & Moros 2003).

Given the successful contribution of
mineral magnetic methods to studies of late
Pleistocene sediments (marine isotope stages 2 &
3) in the North Atlantic, this study was initiated to
explore the possibility of mineral magnetic
methods contributing to reconstructions of ocean
circulation during the Holocene interstadial.
Moros et al. (1997) and Snowball & Moros
(2003) conducted mineral magnetic investigations
on sediments that accumulated on the Reykjanes
Ridge during MIS’s 2 & 3 and presented the
hypothesis that variations in magnetic grain size
parameters reflected the efficiency of sorting of
allochthonous material by near bottom currents.
Simply stated, stronger palaeo-currents were
reflected by a larger magnetic grain size and vice
versa. This work represents a preliminary
application of their hypothesis as extended into
the Holocene and forms part of a much larger
multidisciplinary collaborative study of three
sediment cores recovered from the North Atlantic
and Norwegian Sea. Mineral magnetic
measurements are rapid, sensitive (parts per
million are easily detected) and non-destructive,
which  normally allows for subsequent,
destructive, analyses to be undertaken on the
magnetic sub-samples.

The magnetic hysteresis properties of bulk
sediment samples taken from three high-

resolution cores in the North Atlantic and the
Norwegian Sea form the backbone of this project.
Initial questions to be answered by this study
were: is it may be possible to determine the
magnetic grain size and are there distinct
stratigraphic changes in individual Holocene
sediment sequences? Is it possible to distinguish
between different near bottom current regimes
and/or identify and trace different sediment
sources?

It is known that the most common magnetic
mineral in sediment on the floor of the North
Atlantic is titanomagnetite (Kissel er al. 1999).
This titanomagnetite mineral originates primarily
from basaltic rock of the Mid-Oceanic Ridge and
to a lesser extent from parts of Greenland
(Scoresby Sund) and Iceland, from where ii can
be eroded and transported by sea surface and sub-
surface processes (Rasmussen et al. 1996b, Moros
et al. 1997, Kissel et al. 1999, Snowball and
Moros 2003).

2 Site description and present
day oceanography

The study area is the eastern part of the North
Atlantic and the Norwegian Sea (Figure 1). The
northern part of the Atlantic’s surface is
influenced by warm currents from the Gulf of
Mexico as the North Atlantic current (NAC) that
flows northwards around Iceland as the Irminger
Current (IC) and between Iceland and the British
Isles as a surface current. South of Iceland a gyro
of warm water is created. The NAC continues to
run parallel to the Norwegian coast and becomes
the Norwegian Current (NC). Later the NC
becomes the West Spitsbergen Current (WSC)
and flows along the western seaboard of Svalbard.
On the south side of Svalbard, the East
Spitsbergen Current (ESC) from the north
interacts with the WSC.

NADW flows southwards through the study
area as intermediate depth bottom currents. The
path of these intermediate depth currents is partly
governed by the oceans bottom topography and
the positions of major land masses. Part of the
NADW also flows into the Atlantic basin over the
Iceland-Scotland ridge and around the Reykjanes
ridge, turning northwards for relatively short
distance to the west of this ridge and rejoining the
EGC. Deep-water formation is believed to occur
in the whole study area.

Cold, relatively fresh surface waters from
the Arctic Ocean flow southward parallel to the



coast of Greenland and through the Denmark
Strait, and known as the East Greenland Current
(EGC). This current splits up in two gyros, in the
north the Jan Mayen current and in the south, just
north of Iceland, the East Icelandic current (EIC).
The boundary between the warm surface water
from the south (the NAC and its derivatives) and
the cold surface water from the north, defines the
Arctic front (Calvo ef al. 2002).

2.1 Coring sites

2.1.1 LO09-14

LO09-14 was collected on the Reykjanes ridge in
the North Atlantic 59°N, 31°W in a water depth of
1700 m. It consists of a large box core (LBC), a
giant gravity core (GGC) and a gravity core (GC).
The composite core is 6 m long (Moros et al.
2004).
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2.1.2 MD95-2011

Core MD95-2011 was collected during the
IMAGES 101 cruise on the 6™ of August 1995.
MD95-2011 is a piston core recovered from the
eastern Vering plateau 66°58, 19°N, 07°38, 36’E
at a water depth of 1048 m. The sediment
sequence is 7.5 m long.

2.1.3 M23258-2

The site is situated in the north-eastern Norwegian
Sea on the lower Barents continental slope, 75°N,
14°E at a water depth of 1768 m. Core M23248-2
was retrieved during the METEOR cruise on the
7™ of February in 1988. It is a composite core
consisting of a Kasten core overlapped by a box
core. The composite core contains 4.1 m of
sediment.
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Figure 1. Map of the northern North Atlantic and Norwegian/Greenland Seas. The locations of the cores are marked by
solid circles. The modern oceanographic circulation pattern is shown so that warm surface currents are represented by
red dotted arrows and cooled surface currents by blue filled arrows. NAC North Atlantic current, /C Irminger Current
and NC Norwegian Current are warm surface currents, while the EGC East Greenland current, E/C East Icelandic
current and JMC Jan Mayen current are relatively cool surface currents (adapted from Moros ef al. 2004).




2.2 Previous work on the cores

This work is part of a larger project. Researchers
from the Bjerknes Centre for Climate Research
(Bergen, Norway); the Norwegian Polar Institute
(Tromsd,  Norway), the  Woods Hole
Oceanographic Institution (USA) and the Baltic
Sea Research Institute (Rostock, Germany) are
analyzing Holocene SST, ice rafting variability
and bottom current strength changes using
different proxies on several cores from the North
Atlantic. The results in this work may contribute
to the reconstruction of relative bottom current
speed variability and sediment sources.

2.2.1 LO09-14

A variety of biological, physical and chemical
analyses are being conducted on this core and the
results have yet to be published. The mineral
magnetic data set produced during this study
contributes to a collaboration between the Woods
Hole Oceanographic Institution (J. McManus) and
the Institute for Baltic Sea Research (M. Moros).

Moros et al. (2004) reconstructed SST
(alkenone unsaturation ratios) and ice rafting
(mineralogy and grain size) for composite core
LO09-14 and core MD95-2011. Their data
suggests that SST variability and ice rafting were
coupled to atmospheric temperature change over
Northern Europe and the Greenland ice sheet.

Moros et al. (2004) recognize four major
climatic phases, an early thermal maximum that
ends 6.7 kyr BP. Followed by a colder phase with
increased IRD between 6.7 and 3.7 kyr BP.
Unstable phases between 3.7 and 2 kyr BP and a
cold phase between 2 and 0.5 kyr BP.

2.2.2 MD95-2011

Palaeoceanographic proxies have previously been
obtained from this core. Birks & Kog¢ (2002)
analysed fossil diatoms in MD95-2011 to
reconstruct SST in the Norwegian Sea during the
Holocene. One hundred and thirty nine modern
sea-surface diatom samples were related to
contemporary  sea-surface temperature. The
transfer functions obtained from two different
numerical methods were used to reconstruct SST
changes.

Calvo ef al. (2002) made a study of the Cs;
alkenone distributions in core MD95-2011. The

. K K .
evaluation of U, and U,, was possible because

of the relatively cool water conditions. They also

used measurements of U 3'§ to reconstruct SST’s

during the Holocene.

Risebrobakken et al. (2003) provided
evidence for large and small scale climate
variations during the Holocene. They used stable
oxygen isotopes from both left and right coiling
planktonic foraminifera to reconstruct SST using
modern analogue transfer functions.

Andersen et al. (2004) used the diatom
assemblages and reconstructed SST’s, which were
interpreted in terms of the past distribution of
different water masses in the Norwegian Sea.

2.2.3 M23258-2

Sarnthein et al. (2003) analysed planktonic
foraminifera to reconstruct SST at the western
continental margin of the Barents Sea. Martrat ef
al. (2003) measured the total organic carbon
(TOC) content of the sediment, which they related
to planktonic productivity and organic matter
preservation. To reconstruct palaeo-climatic
conditions in the Norwegian Sea they also

measured the UL index to reconstruct the SST
temperature in the area.

3 Methods

3.1 Mineral magnetic measurements

All the cores were sampled before they were sent
to Lund University for magnetic measurements.
Composite core LO09-14 consists of 419 samples,
which represents a sampling interval of 2 cm.
Core MD95-2011 consists of 483 samples, which
gives an average sampling interval of 1.4 cm.
Core M23258-2 consists of 171 samples, which
corresponds to an average sampling interval of 2.2
cm. These samples were supplied in 2x2x2 cm
plastic boxes and had been freeze-dried. Smaller
(~100 mg) sub-samples were taken from the
plastic boxes with a non-magnetic spatula and
carefully dispersed (avoiding crushing) with an
agate mortar and pestle. Smaller amounts of these
homogenized samples were mixed with Araldite
(a two component epoxy-resin based glue) and
placed on a diamagnetic plastic film (~5%5x0.1
mm) before the resin set. The typical weight of the
film, glue and sediment for measured sub-samples
was approximately 25 mg. The absolute mass of
the sediment contained in each resin-based sample
is not known, although this is of no significance
for the subsequent magnetic hysteresis
measurements and the magnetic ratios that form
the focus of this study.



The magnetic parameters obtained in this
investigation are based on magnetic hysteresis,
which can be dependent on ferrimagnetic mineral
grain-size. In order to magnetically characterise
the samples, magnetic hysteresis loops were
measured at ambient room temperature (ca. 20°
C). The magnetic hysteresis loops were measured
in the Palaeomagnetic and Mineral Magnetic
Laboratory (PMML) at the GeoBiosphere Science
Centre, Lund University, using a Princeton
Measurements Corporation Alternating Gradient
Magnetometer (PMC AGM M2900-2). A PI-
phenolic probe was used for all measurements.
The AGM was calibrated using a nickel foil
standard (with a room temperature saturation
magnetization of 478x10™  Am’). The
diamagnetic contribution of the Pl-probe was
measured and subsequently subtracted from the
hysteresis loops obtained for each sample. The tip
of the probe was initially cleaned by suspension in
10% HCI within an ultrasonic bath for c. 10
minutes, and then washed with alcohol.

Each sub-sample was automatically tuned
to find the optimum resonance frequency (as
detected by the piezometer in the probe) which
provides the highest signal to noise ratio.
Magnetic hysteresis loops were determined at 10
milliTesla (mT) steps through a complete cycle of
between +1 T and -1T. Measurement of the P1-
phenolic probe represents the background and the
PMC software was used to subtract the
diamagnetic and paramagnetic components
residing in the P1-phenolic probe, the plastic film,

~ M(Am?)

a)

the resin and the bulk sediment. Finally, the
remanence of each sample was measured after
application of successive negative steps of 10 mT
to a maximum negative field of -100 mT.

Saturation magnetisation (M) is the highest
possible magnetisation that can be induced in a
substance at a given temperature (note that pure
magnetite saturates at c¢. 100 mT). Saturation
remanence (M) is the magnetization that remains
after the saturating field is removed. Coercive
force (By). is the magnetic force required to return
the saturation magnetization to zero. Coercivity of
remanence (By),, is the negative field required to
return a  positive  saturation  remanence
magnetization to zero - see Figure 2 (Stoner et al.
1996).

The magnetic hysteresis loop enables the
calculation of the ratio between saturation
remanent magnetization (M,) and saturation
magnetization (M) - M/M;. The hysteresis loop
also provides the coercive force ((Bg).). The
negative fields applied to the positive M, provide
the coercivity of remanence ((Bo).r), which allows
for the calculation of the coercivity ratio -
(Bo)o/(Bo).. In a magnetic assemblage dominated
by one ferrimagnetic mineral the M,/M; ratio
normally provides a measure of magnetic grain-
size distribution and tends to be more sensitive to
changes in the relatively fine fractions. M/M;
ratio decreases with increasing grain size (Vlag et
al. 1996). (Bo)./(Bo). also gives the magnetic
grain-size, but it is more sensitive to changes in
coarser grain-size fractions (Stoner et al. 1996).

Figure 2. a) The magnetic properties of a sub-sample from the top of LO14 as reflected in a magnetic hysteresis loop.
The loop has a wider span between the end points of the open parts than it has in the middle. The loop shape is called
"wasp-waisted", which is caused by a bimodal mixture of magnetic grains with different coercive forces. b) Magnetic
hysteresis loops have several key positions, which are shown in the idealised loop. The labelled points in the Figure are
explained in the text. Coercive force (By). shows the magnetic "hardness" of the mineral. Coercivity of remanence (Bo).
is a quantitative measure of the negative field required to reduce the sample to zero remanence after the removal of the

positive field.



3.2 Chronology

Age-models have been constructed by linear
interpolation between radiocarbon dated levels
after calibration to calendar years. The correction
for the marine reservoir effect was assumed to be
400 years for MD95-2011 and M23258-2 (Birks
& Kog 2002, Andersen et al. 2004, Calvo et al.
2002, Risebrobakken et al. 2003, Martrat et al.
2003, Sarnthein er al. 2003). All ages
subsequently referred to in this study are in
calibrated calendar years BP before 1950 (cal BP)
if not otherwise stated.

3.2.1 LO09-14

The age model has been published in Moros ef al.
(2004). The overlap between the giant gravity
core and the gravity core is based on the
correlation of distinct features in magnetic
susceptibility, alkenone derived SST and 34
calibrated AMS "C dates. The composite core is 6
m and spans from 11366 to 310 cal BP. The "'C
age were calibrated to calendar age by OxCal
programme v3.8 (Moros ef al. 2004).

Time-depth models for cores LO09-14 GC and
GGC are based on polynomial fits with the
equations (1) and (2). Where X= depth and Y =
the determined age

Age equation for core LO09-14 GC
Y=4221+%*33,95¥X—0,085*X*+9,6 1 E-5*X° 6))
Coefficient of determination, R>=0.985

Age equation for core LO09-14 GGC
Y=2474-2,9%¥X+0,0222%X>+0,00084*X°-2,31E-6*X*  (2)
Coefficient of determination, R*=0.987.

The composite sequence covers the last 11,000
years. The average sediment accumulation rate is
19 cm/kyr. The composite core consists of a box
core LO09-14 GC and two gravity cores LO09-14
GGC and LO09-14 LBC with a total length of 6
m.

3.2.2 MD95-2011

The radiocarbon ages for core MD95-2011 were
obtained from twelve AMS-"*C measurements on
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shells of Neoglobigerina pachyderma. The
presence of the Vedde ash at a depth of 709.5 cm
provides additional time control and this ash has
been assigned an age of 11,980 cal BP (derived
from the GRIP ice core). The boundary between
the Pleistocene and the Holocene (692.5 cm) is
assumed to be 11,550 cal BP and has been placed
in the middle of the SST rise (Birks & Kog 2002).
The AMS "C dates are corrected for a marine
reservoir effect of 400 calendar years. Calib 4.3
was used to convert the ages to calendar years.
The core covers the last 13,805 years. The average
sedimentation rate is 5.6 cm per 100 yr
(Risenbrobakken er al 2003). Age models for
MD95-2011 can be found in Birks et al. (2002),
Andersen et al. (2004), Calvo et al. (2002) and
Risebrobakken et al. (2003).

3.2.3 M23258-2

The core M23258-2 is dated by 15 AMS-"C
dates. The AMS-"*C dates were corrected by a
marine reservoir effect of 400 years. Dates at 249
and 250 cm were, however, corrected for a
reservoir effect of 900 years because of decreasing
ocean mixing of "C during the Younger Dryas
(Sarnthein et al. 2003). Age models for M23258-2
can be found in Martrat et al. (2003) and
Sarnthein et al. (2003). These cores have been
dated by AMS-"'C and tephrochonology.

The Younger Dryas — Holocene boundary
was assigned to 320 cm in the core by correlation
of the 8'°0 analyses of N. pachyderma to the 5'°0
record of the GISP2 ice core. Martrat ef al. (2003)
correlated the 8'®O profile of M23258-2 to
Termination la when the highest values of TOC
(Total Organic Carbon) occurs in the core, which
is related to the retreat of the Barents Sea ice at
15,000 cal BP. The sedimentation rate for the
Holocene has been estimated to 15 cm/kyr from
the age model (Sarnthein et al. 2003, Martrat et al.
2003). The sedimentation rate gradually decreases
from >100 cm/kyr during the Early Holocene to
15 cm/kyr in the middle and late Holocene
(Sarnthein et al. 2003).



4 Results

Table 1. The range of values obtained from the core analyses and age modelling, and number of samples measured

for magnetic hysteresis properties.

Core (By). (mT) (Bg).r (mT) (Bo)o/(Bo)e M, /M, Depth cm Age range Sample
cal BP number (n)

LO09-14 GGC 12-32 30-70 2-3 0.2-0.4 2-271.5 2441-7801 119
LO09-14 GC 12-32 30-70 2-3 0.2-0.4 133.5-589 4338-11265 182

DS-2P 8-24 40-56 2-5 0.12-32 1-142.5 N/A 64

DS-2T 8-24 36-52 24 0-0.3 1.5-75 N/A 34
LO09-14 LBC 19.9-21.6 44-48 2.162.32 0.26-0.3 1-43 310-1112 20
MD95-2011 12-22 3248 2-32 0.12-0.32  90-745 548-13805 483
M23258-2 8-24 25-50 1.64 0.12-0.32  26-405.5 698-13957 171

The magnetic hysteresis properties of the cores
and the age ranges of the different cores are
summarised in table 1.

4.1 Magnetic hysteresis ratios

The magnetic properties of the sub-samples taken
from each core are plotted in a so-called “Day
plot” (Day et al., 1977). This plot was based on
the magnetic hysteresis measurements of natural
titanomagnetite samples of known physical grain-
size distribution and shows how magnetic
hysteresis measurements can produce a magnetic
grain-size framework.

The sub-samples from site LO09-14 are
plotted in Figure 3a. These samples lie within the
pseudo-single domain area (grain-size of 2-63
pm), except for one sub-sample from core DS-2T
that has plotted in superparamagnetic grain-size
region (grain-size of 0.001-0.01 pm) (Thompson
and Oldfield 1986). DS-2T is one of the three top
cores from LO09-14.

The magnetic properties of sub-samples
from core LO09-14GGC differ significantly from
the other cores recovered at the LO09-14 site.
Most sub-samples plot within a M,¢/M; ratio range
between 0.2 and 0.32, while the (By)./(Bo). ratio
ranges between 2 to 3. However, some sub-
samples in core LO09-14GGC plot in a M/M;
ratio range between 0.3 and 0.4.

The magnetic properties of sub-samples
from core MD95-2011 are also plotted as a Day
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plot in Figure 3b. All the sub-samples behave as
collections of pseudo-single domain grains.
M, /M, ranges between 0.18 and 0.3, and
(Bo)o/(Bo). ranges between 2 and 2.5.

The magnetic properties of sub-samples
from core M23258-2 are plotted in Figure 3c. All
measured samples plot within the pseudo—single
grain size range. (Bo)./(By). lies between 2-3 and
the M,/M; ratio between0.13—0.3. There are some
sub-samples that have plotted in a larger span
between and 1.9-3.7 and 0.15-0.25.

The different ratios plotted in Figure 3 are
employed to characterise magnetic materials in
terms of magnetic domain-state and, therefore,
relative grain-size or absolute grain-size if such
data are available. Evidence exists to support the
assumption that the samples analysed here are
dominated by titanomagnetite and that the
magnetic grain-size model proposed by Day ef al.
(1977) can be applied to extract physical grain-
size.

In Figure 4 all the magnetic ratios are
plotted against (Bo); to separate the different
magnetic components. The samples in LO09-14
has two clear populations, one between (Bo)., of
40 to 50 mT and one population between 55 and
65 mT. In Figure 4b all the samples from core
MD95-2011 plot between 35 and 45 mT and all
samples are gathered around a line.

Samples from M23258-2 has plotted similar
to MD95-2011, between 35 and 45 mT and are
also gathered around a line, -see Figure 4c.
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4.2 LO09-14

The graphs in Figure 5 show magnetic
hysteresis data from cores DS2P, DS2T and
LO09-14LBC. These three top cores taken at the
LO09-14 site do not have a composite depth or
age-depth model. To avoid misinterpretation these
cores have not been superimposed on the others,
and have instead been plotted as separate graphs
in Figure 5. The depth scale is the same for all
graphs, but the values of the magnetic parameters
have a different span compared to the - see also
table 1.

The top cores show similarities, but they are
highly variable between 80 and 20 cm and then all
cores becomes relatively stable.

Figure 6 shows all the magnetic data for the
composite core consisting of LO09-14GC and
LO09-14GGC. The overlap was established
through a variety of techniques, which is verified
by the good agreement between the two magnetic
hysteresis data sets. This correlation (section
3.2.1) requires that 130 cm be added to the depth
scale of LO09-14GC.

Figure 6a shows the values of coercive
force (By). versus depth, which has a lower unit of
fluctuating values (from 15.4 to 20.5 mT) between
589 cm and 442.5 cm. Between 442.5 and 180.5
cm the values are stable at ca. 19 mT. Above 342
cm, (By). increases to 23 mT and after 180.5 cm it
starts to decrease again. The value keeps
decreasing down to 19 mT at 86.5 cm. There is a
spike at 116.5 cm that reaches 25.1 mT. After
86.5 cm and all the way to the top (By). fluctuates.

Figure 6b displays the coercivity of
remanence (Bo).;, which is related to (Bg). and

follows the same trend as (Bp). The interval
LO09-14
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between 589 cm and 497 cm (By)., displays
fluctuating values and has a minima of 41.7 mT at
537 cm. Between 497 cm and 264.5 cm the (Bo).;
values are relatively stable at values of ca. 42 mT.
Above 264 cm the values increase and reach
maximum levels of ca. 50 mT at 214 cm. Values
decrease to 44.4 mT at 105.5 cm with a distinct
spike at 116.5 cm of 61.8 mT. Values rise towards
the top of the core LO09-14 GGC and attain a
maximum value of 64.6 mT.

The (Bo)o/(Bo). ratio is shown in Figure 6c.
A lowermost segment from 589 to 442.5 cm of
core LO09-14 displays values that fluctuate
between 2.14 and 3 mT. Between 537 cm to 497
cm the values are relatively stable except for a
value of 2.14 at 520.5 cm. Above a depth of 442.5
cm there is a section of stable values, which ends
at 128 cm, where the coercivity ratio rises to 2.58
at 79.5 cm. At 116.5 cm there is a spike of 2.45.
Above 79.5 cm the ratio decreases up to the top of
the core.

Figure 6d shows the M,/M; ratio, which is
variable from the bottom of the core at 589 up to
438 cm; the ratio ranges between 0.22 and 0.28 in
this part. Between 438 and 285.5 cm the
magnetisation ratio is relatively stable around 0.26
except for a low value of 0.21 at 338 cm, where
the ratio reaches 0.21. Above 285.5 cm the two
overlapping core sections do not match perfectly
in terms of this magnetic ratio, although they
display the same trend of rising M,/M; up to 214
cm, above which there is a decrease to 86.5 cm.
There is a distinct spike in the ratio of 0.33 at
116.5 cm. Between 86.5 cm and the top of the
core LO09-14 GGC there is a rapid rise in the
ratio of M,/ M; to 0.36, with some superimposed
variability.

2 ;

3 B L3 e

L

i }

{ !
p

: )

I e e e s T s s s
3 4 5 0 01 02

(Boo/(Bo)e

Figure 5. The three upper top cores recovered from site LO09-14, which have no age-depth model. The overlaps see in
the figure were established by matching significant features in the magnetic hysteresis data and it must be stressed that

these are preliminary correlations.
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4.3 MD95-2011

Magnetic hysteresis data obtained on core MD95-
2011 are shown in Figure 7. (By). and (By). are
shown in Figures 7a and 7b, respectively. The two
ratios, (Bo)o/(Bo). and M;/M; are shown in
Figures 7c and 7d, respectively.

Figure 7a shows that in the bottom of core
MD95-2011, from 745 cm to 685 cm (By).
fluctuates between 19.4 and 14.7 mT, but above
685 cm the values are relatively stable. At this
depth (By). increases and reaches 19.1 mT at 645
cm. From 645 cm to 462 cm (By). decreases. The
low value of 14.3 mT at 532 cm is the most
prominent feature. There are small variations at
593 c¢cm and 620.5 cm. The values decrease until
462 cm and increase above this level. This trend
stops at a depth of 185.5 cm with a value of 20.1
mT. Between 185.5 cm and the top of the core the
values of (By). decrease.

The downcore log of (Bo).. (Figure 7b) is
similar to that of (Bo).. From the bottom of the
core at 745 cm to 645 cm the values fluctuate
between 40.3 mT and 35.9 mT. From 645 to 569
cm (Bo).r decreases to 40.7 mT. Between 620 and
593 cm there is a large fluctuation, which is also
represented in the (Bo). graph. From 462 cm (Bo)q
values increase to the top of the core.

The (By)o/(Bo). ratios are shown in Figure
7c. From the bottom of the core up to 669 cm
there is a sequence of fluctuating values. At 669
cm the variability decreases and the values are
relatively stable up to 535 cm. There is one high
value of 2.5 at 620 cm. Above 535 cm the
(Bo)o/(Bo). ratio increases and reaches a maximum
of 2.7 at a depth of 430 cm. The general trend
between 440 and 326 cm is of declining values.
The values between 326 cm and 76 cm are quite
constant, with little variability. The ratio attains its
lowest value of 2.08 between 278 and 235.5 cm.
Above 76 cm the values increase to the highest
values of 3.0 in 29.5 cm, although there are
fluctuations up to the top of the core.

The M,/M; ratio is displayed in Figure 7d.
In the lower parts of core MD95-2011 the values
are low, down to 0.18 at 685 cm. The values
increase above 645 cm and reach stable values at
535 cm. One spike in this sequence occurs at 620
cm with a relatively low value of 0.21. After 535
cm there is a section of highly fluctuating values,
above 490 cm the values increase again until 326
cm. The low spike at 392 cm reaches a ratio value
of 0.186. The fluctuating period between 326 and
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76 cm is varying around a stable mean value of
0.264. Above 76 cm and up to the top of the core,
the values are highly variable, reaching a
minimum of 0.159.

4.4 M23258-2

Figure 8 presents the magnetic data for M23258-
2. Between 404.5 and 310.5 cm, a sequence
characterised by variability in (Bo). culminates in
a spike at 17.4 mT. Above the spike at 310 cm the
values are increasing between level 297.5 and 253
cm. The sediment between 253 cm and the top of
the core M23258-2 is characterized by some
variability, although the trend is of increasing
values of (By).. Four low spikes are obvious at
197, 161.5, 139 and 45.5 cm with measurements
of 12.8,10.2, 8.77 and 13.7 mT respectively.

Coercivity of remanence (By),; in Figure 8b
is similar to the curve of saturation coercivity. The
fluctuations in (By). are less prominent, but they
do follow the same trends as (By).. High values
are present at the bottom of the core, where they
are most variable up to a depth of 353 cm. Above
353 cm there is less variability, although the
values indicate an increasing trend. Some low
spikes are present at 161.5, 139 and 45.5 cm,
which have values of 32.3, 32.5 and 27.3 mT
respectively.

The ratio of coercivity (Bo)./(Bo). in Figure
8c begins with a fluctuating sequence of 94 cm
from 404.5 to 310.5 cm. At 310.5 cm the ratio
drops to 2.2 and above 300 cm the ratio increases
again to 2.8 at 297.5 cm. A variable zone of
decreasing ratio is present from 297.5 to 253 cm.
Above 253 cm the ratio stabilises at values of ca.
2.5, but still with some fluctuations at least in the
bottom of this part of the sequence. Anomalous
values can be seen at 197, 161.5, 139 and 45.5
cm. The three lowermost anomalies have high
ratios 2.97, 3.16 and 3.7, while there is a low
value of 1.99 at 45.5 cm.

Figure 8d shows the magnetic ratio M,/ M,
which is variable between 404.5 and 253 cm.
Between 310.5 and 297.5 cm there is a distinct
plateau with high M,¢/M; ratio of 0.22. The next
plateau is between 253 and 237 cm with stable
values of 0.2, above there is a decrease in the
ratio. From 237 cm to the top of the core the ratio
is variable and the trend is of increasing magnetic
ratio.
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5 Interpretation

5.1 Comments on the chronological
control

Site LO09-14: Two cores analysed at site LO09-
14, DS2P and DS2T have not yet been dated.
These cores are expected to fill the chronological
gap that exists between 2,000 cal BP (the top of
core LO09-14GGC) and 1,112 cal BP (the bottom
of LO09-14LBC). Until these dates are available,
it is not possible to discuss the temporal
development of the mineral magnetic stratigraphy
of these cores.

LO09-14 GGC is believed to overlap with
LO09-14 GC, which is supported by the good
agreement between the overlapping magnetic
data. It should be noted that core LO09-14 GGC
has greater penetration depth and the upper
sediment in this core may have been compacted to
a greater extent. It is also possible that the core
site position moves between individual corings
because the water in the ocean is dynamic. The
research vessels use dynamic stabilizing systems
to compensate for vessel movement during coring
to minimize the errors. However, there is no
guarantee that each core taken at an individual site
will recover sediment sequences with identical
depth/age relationships.

Site MD95-2011: The depth/age relation is
based on a linear interpolation between dated
levels and ranges between 13,805 and 548 cal
BP. According to the published age-depth model
the last 548 years were not recovered. This
implies that the sediment surface is not modern,
and that sediment was lost during core recovery or
that no sediment has accumulated at this site
during the last c. 550 years. (Risenbrobakken et a/
2003)

Site M23258-2: This is near the Barents
shelf. Calibrated ages are reversed in the deeper
parts and the age/depth relation is not linear
(Sarnthein er al. 2003). High-density turbidity-
currents have been detected in the core, so the
injection of reworked organic matter is possible
(Sarnthein et al. 2003). This reworked material
might be responsible for AMS-14C dates that do
not follow a trend of increasing age with
increasing depth (Sarnthein er al. 2003). The
published age model spans between 13,957 and
698 cal BP.

At the bottom of core MD95-2011 and
M23258-2 a much larger marine reservoir age has
been assumed. The assumed marine reservoir age
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is at 800 to 1,000 years around 12,000 cal BP
(Bjorck et al. 2003). The reservoir effect is
influenced by variations in "*C production and the

carbon cycle, both of which are variable over time
(Laj et al. 2002).

5.2 Magnetic grain size behaviour

Various studies have shown that the mineral
magnetic assemblage of late Quaternary
sediments recovered from the North Atlantic is
dominated by titanomagnetite (Moros et al. 1997,
Kissel et al. 1999, Watkins ef al. 2003, Snowball
and Moros 2003). This titanium poor magnetite
originates from quickly cooled basaltic magma,
mainly as a detrital product from Iceland and the
Mid-Oceanic Ridge that extends south of Iceland
and Iceland-Faroe Ridge to the Faroe Islands.

According to the Day plots in Figures 3 and
the plots in Figure 4 the measured samples have
quite similar magnetic hysteresis properties. The
values of the magnetic hysteresis ratios (M,;s/M; =
0.2-0.3 and (Bg)/(Bo). = 2-3) show that the
ferrimagnetic properties are similar to those
obtained from previous studies of Quaternary
sediments recovered from this region (Snowball
and Moros 2003, Watkins et al. 2003).

There are some sub-samples in core LO09-
14 that can be considered as outliers. In cores DS-
2D and DS-2T there are also some samples that
appear as outliers, plotting outside the limits of
the main population. Most of the samples from
core LO09-14 GGC have plotted in the span
between 0.3-0.2 M, /M; and 2-2.75 (Bg)/(Bo)c,
and the top of the core is concentrated between
0.3-0.4 M,¢/M; and 2-2.75 (By)/(Bo). (Figure 3a).
The high values of coercive force and the wasp-
waisted hysteresis loops in core LO09-14 GGC
indicate that at least one additional magnetic
mineral with a high coercive force influences the
magnetic hysteresis data. This invalidates the
interpretation of the data in terms of the grain size
variability of a single component, thought to be
titanomagnetite (see Figure 4a). This apparent
mixture of magnetic minerals sediments younger
than 3000 cal BP at the LO09-14 site suggests that
the concentration of the additional magnetic
mineral is increasing or that the concentration of
titanium poor magnetite has decreased. Additional
concentration  dependent measurements are
necessary to solve this conundrum. In any case,
these changes in the magnetic properties occurred
between 3,000-2,000 cal BP (Figure 9a).

Cores DS-2P and DS-2T have also plotted
outside the range of values displayed by the main
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population of samples from this site. These
samples have different magnetic properties and
are “wasp-waisted,” which indicates that the
magnetic properties are affected by at least one
other magnetic mineral, or that there is a bimodal
grain size distribution. The data show that the
relative proportions of the two magnetic minerals
in the assemblage have changed, most likely due
to a change in sediment provenance, rather than a
change in near bottom current speed, which would
simply alter the magnetic grain size (see also
Figure 4a).

The oldest section of core LO09-14,
between 11,000 and 9,500 cal BP is characterised
by fluctuating values. The relatively large
magnetic grain size indicates some influence of
IRD, which probably represents the lingering
effect of Northern Hemisphere deglaciation.
Therefore, it is difficult to determine current flow
speeds from the sediments in this age range.

The magnetic grain size remained relatively
large until ca. 8,000 cal BP, when a trend of
coarsening began, which lasted until 3,000 cal BP.
The spike at 3,500 cal years BP with finer
magnetic grains is visible in both graphs from
LO09-14.

The oldest section of the core MD95-2011
(13,800-10,500 cal BP) is characterised by
fluctuating magnetic properties (Figure 9b). These

fluctuations may represent the sporadic influence
of coarse IRD on the magnetic properties.
However, a relatively long period of coarse
magnetic grains size is identified between 12,000
and 11,500 cal BP, which most likely indicates
increased current flow at this time (the hysteresis
loops show no sign of a bimodal grain size
distribution, or a multi-component magnetic
mineral assemblage). The period between 11,500
and 8,000 cal BP is characterised by a finer
magnetic grain size. A period of distinctly coarser
magnetic grain size can be seen between 7,500
and 6,500 cal BP. After 6,500 cal BP the magnetic
grain size decreases and this trend continues to
1,500 cal BP. The top of the core is unstable with
the largest magnetic grain sizes occurring at 500
cal BP.

The Holocene magnetic grain size- trends
seen in Core M23258-2 (Figure 9c) are weak.
Magnetic grain size is highly variable in the oldest
section of the core, between 14,000 and 13,500
cal BP. After a period of relative stability between
13,500 and 12,500 cal BP there is a period of
distinctly fine magnetic grain size between 12,500
and 12,000 cal BP. With the exception of the very
oldest material, the coarsest magnetic grains
accumulated between 11,800 and 10,000 cal BP.
From this time forwards there is a gradual fining
of magnetic grain sizes.
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6 Discussion

One distinct advantage of magnetic hysteresis
measurements made with an AGM is that only
relatively small amounts of valuable material are
required for analysis. Conversely, questions may
be raised regarding sub-sample representation of
the bulk sediment. In addition, although there is a
well established magnetic grain size framework
established for pure magnetite and
titanomagnetites of known composition, it is not
well established how well these frameworks apply
to less well characterised natural assemblages.

These mineral magnetic shortfalls can be
addressed through comparative analyses.
In the North Atlantic the hysteresis

measurements represent the bulk sediment fairly
well because of their relatively fine grain size
distribution. Relatively coarse grained IRD in the
North Atlantic is reflected in XRD as peaks in
quartz and the quartz/plagioclase ratio (Snowball
and Moros 2003). Larger fragments of biological
remains will not contribute to the magnetic
hysteresis ratios.

It is difficult to transform the magnetic
hysteresis properties to physical grain sizes due to
the potential for derived magnetic grain size to
vary according to chemical composition. For
example, the addition of titanium as an impurity
to a single grain of magnetite of a specific
physical grain size will cause the same particle to
magnetically behave as smaller grain (Vlag et al.
1996). Changing sources could, therefore, lead to
changing magnetic grain size, even if the physical
grain size distribution remains constant. Thus, the
sources of magnetite in the sediments must be
discussed.

6.1 Sources of titanomagnetite

Watkins et al. (2003) and Pirrung er al (2002)
investigated the sources of magnetic minerals in
surface sediments recovered from the North
Atlantic Ocean. They discuss the transport of
magnetic minerals in the Atlantic Ocean and
determined that in the North Atlantic and the
Norwegian Sea the main factors affecting the
transport of magnetic minerals are:

e Melt out from calving icebergs (IRD)

e Aeolian transport

e Sorting and redistribution of sediment by
bottom currents
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According to Watkins ef al. (2003) the surface
sediments in the study area in the present day
North Atlantic are characterised by relatively
coarse ferrimagnetic minerals that (i) originated
from the mid-oceanic ridges or (ii) were deposited
as volcanic ashes. Surface sediments in the
Norwegian Sea are characterised by relatively low
inputs of haematite-bearing dust and IRD, and
some bacterial magnetite (Watkins ez al. 2003) so
even there the magnetic properties are also
dominated by titanomagnetite. At the same time,
one must consider that surface sediments are not
necessarily modern, unless they are dated to be so
(for example, if they contain post-atomic bomb
radiocarbon).

The magnetic hysteresis data indicate that
magnetic minerals in the lower parts of core
LO09-14 originates from basaltic provinces.
According to the Day plot in Figure 3a the
magnetic mineral would be interpreted as
titanomagnetite (Thompson and Oldfield 1986,
Snowball & Moros. 2003). In the Norwegian Sea
the main magnetic mineral is also titanomagnetite,
at least according to the Day plots in Figures 3b
and 3¢ from core MD95-2011 and M23258-2.
There is no evidence of a significant bacterial
magnetite contribution, in agreement with
Watkins et al. (2003). The settings during the
early and middle Holocene, however, may have
been different compared to today.

The transport of magnetic minerals to the
sites of investigation is mainly long distance. An
alternative to aeolian and bottom current transport
of basaltic magnetite is ice rafting, particularly
from Scoresby Sund (Greenland) and Iceland.
Pirrung et al. (2002) argue that when the coast of
Greenland and the Norwegian Sea were ice
covered during MIS 3, calving icebergs from
Scoresby Sund could not reach the open water of
the North Atlantic south of Iceland. During
relatively warmer periods, when sea ice cover was
less extensive, icebergs could be transported by
the EGC through the Denmark Strait into the
North Atlantic. These icebergs were subsequently
transported by anticlockwise surface gyros into
the Norwegian Sea. Thus, Pirrung et al. (2002)
argue that records of increased IRD deposition in
these regions correspond to warmer climatic
periods in the North Atlantic. In contrast, the
Heinrich IRD layers (Heinrich 1988) mainly
consist of quartz and non-basaltic feldspars
(Moros et al. 2002). This could indicate different



source areas and different transport means for
IRD and sediments during warm periods.

During the Holocene interglacial the
oceanographic settings are quite different to
glacials and stadials. The sea ice cover is less
widespread in the North Atlantic and the
Norwegian Sea and there are no such barriers to
prevent icebergs reaching the North Atlantic.

6.2 Magnetic grain size: a proxy of
current flow or sediment source?

The previous interpretations and discussion
suggest that the variations seen in the investigated
cores are due to magnetic grain size variation
(apart from the upper sections of LO09-14 GGC
in the composite core LO09-14).

Snowball and Moros (2003) showed that on
the Reykjanes Ridge the magnetic grain-size data
provide a clear record of grain-size variability in
the silt fraction during MIS’s 2 and 3, where
Dansgaard-Oeschger cycles 3 to 13 were
characterised by a steadily increasing grain size
and hence current flow. Rapid decreases in grain
size (and hence current flow) were coupled to
IRD peaks (as determined by XRD). However, the
magnetic grain size data were clearly influenced
by IRD during the LGM, and by the presence of
Ash zone 1II at c. 52 kyr BP. This study indicates
that mineral magnetic studies of high-resolution
temporal change in interglacials are probably
more complex. The sediment that has
accumulated at site LO09-14 since c. 3,000 cal BP
has distinctly different magnetic properties as a
result of a multi-component magnetic assemblage.
Further work is required to determine the sources
of these components.

A grain size range between 10 — 63 pm
includes the “sortable silt” fraction, which has
been advocated as the most suitable fraction for
bottom current speed reconstruction (McCave et
al. 1995). Larger, lithogenic components > 63 pm
are usually either IRD or volcanic in origin
(McCave ef al. 1995). Deep sea currents are rarely
able to transport quartz grains larger than 63 pm.
Grains of titanomagnetite are denser (c. density =
5 g/cm3) than grains of silicate minerals (density
= 2.67 g/cm3), so grains of comparable size may
respond differently to the same current flow
intensity.

Grain sizes coarser than 10 pm behave like
single particles in suspension and are size-sorted
according to shear stresses (McCave ef al. 1995).
Grains smaller than 10 pm become cohesive and
the van der Waals force becomes important in
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particle adhesion (McCave et al. 1995). These
smaller cohesive particles can aggregate and be
sorted as larger particles when influenced by
currents. When ferrimagnetic grains lie closely
packed, magnetostatic interactions can modify
their overall magnetic behaviour and tend to lower
the coercivity of the bulk sample (Thompson and
Oldfield 1986).

Physical grain size data for some parts of
core MD95-2011 (between 7,000 and 9,000 cal
BP) were published by Risebrobakken er al.
(2003). They show that 95% of the grains are
smaller than 63 um. Moros et al. (2004) have
published grain size data for core MD95-2011
which shows that only between 1 and 32 wt % of
the grains were larger than 63 pm during the
Holocene. The highest value of 32 % (>63 pum)
and 5 % > 150 pm is associated with the 8.2 kyr
cold event and is believed to represent IRD
(Moros et al. 2004). The coarsest Holocene
magnetic grain sizes were preserved between
9,000 and 6,000 cal BP (Figure 10), which is
synchronous with high SST’s. Snowball and
Moros (2003) argued that titanomagnetite found
in the sediment of the North Atlantic could be
determined by two factors or a combination of the
two; change in the sediment source and variation
in transport and deposition mechanisms. The
result of this study combined with other proxies
provides only one possible mechanism for the
variation seen in the magnetic grain-size
distribution between 8,000 and 6,000 cal BP in
MD95-2011; hydrological sorting. On the other
hand, the magnetic properties of many sections of
the cores studied indicate the influence of coarse
grained IRD, particularly during the Early
Holocene. The most recent sediments in MD95-
2011 may also contain influential IRD.

6.3 Palaeoceanographic and
palaeoclimatic implications

Bianchi et al. (1999) related coarser grain size in
the south Iceland basin and faster flowing Iceland
— Scotland Overflow Water (ISOW) when the
climate in Europe is warmer, and THC was more
active. During the early Holocene they saw a
different mode with slower ISOW flow during
periods with warmer climate in Europe.

Given the incomplete Holocene record at
the LO09-14 site and the rather low resolution
data set obtained from M23258-2 this section
focuses on the data obtained from core MD95-
2011. These data can also be compared to
reconstructed SST’s published by Calvo et al.
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(2002) and Birks & Kog¢ (2002). These three data
sets and the calculated July insolation at 65°N
(Berger and Loutre 1991) are shown in Figure 10.

In the early Holocene the SST curves
(Figure 10) are significantly different. The SST
proxies from Calvo et al. (2002) are based on

U ;; and the proxies from Birks & Kog (2002) are

based on diatoms. It is possible that the different
proxies represent temperatures in different
seasons and/or in different water depths (Moros et
al. 2004). The diatom based SST reconstruction
reflects the short term summer season. The
magnetic grain sizes is markedly more similar to
the alkenone-based SST reconstruction made by
Calvo et al. (2002)

The high concentration of course grain
sizes from 12,000 to 11,500 cal BP is most likely
due to melting ice bergs. Moros ef al. (2004) show
that the bottom part of the core has a high
concentration of Q/plag ratio, which indicated
high IRD input.

The start of the Holocene, which is seen as
a rapid increase in SST of about 4°C is coupled to
relatively finer magnetic grain sizes compared to
the IRD influenced YD. The lowest magnetic
grain size in the Early Holocene occurs at 10,800
cal BP. From the start of the Holocene at 11,500
to 9,500 cal BP the magnetic hysteresis data are
still influenced by IRD. When the grain size
variation stabilised after 9,500 cal BP, large inputs
of IRD to the North Atlantic and the Norwegian
Sea become less common.

The rapid rise of SST’s over the Vering
plateau at 11,500 cal BP (Figure 10) is followed
by a short cooling around 10,000 cal BP (Birks &
Kog¢ 2002). The magnetic grain size in core
MD95-2011 became finer at around 11,000 cal
BP. This indicates a reduction in the strength of
near bottom currents on the Voring plateau at this
time. One possible cause is that the production of
NADW moved south during this period or became
less efficient due to the discharge of fresh water
from glacial lakes in Canada (Fisher ef al. 2002).
Terrestrial data in Scandinavia indicate a cool
period (Bjorck et al. 1997) between 11,300 and
11,150 cal BP, which is known as the Pre-Boreal
Oscillation (PBO). This cooling event was
widespread in the North Atlantic region (Bjorck et
al. 1997). The timing of the reduction of NADW
formation  identified in  MD95-2011 s
significantly younger than the PBO (Bjorck ef al.
(1997).

After 11,000 cal BP, the bottom currents
start to increase in intensity, as reflected by a
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coarser magnetic grain size in the sediment on the
Voring plateau. After 500 years there is a short
decrease in magnetic grain size. After 10,000 cal
BP the magnetic grain size slowly starts to
increase in core MD95-2011, which reflects the
start of Holocene Thermal Maximum (HTM)
which lasted from 9,500 to 6,500 cal BP.

In the Norwegian Sea the HTM is seen as
an increase of near bottom current speed. At 9,500
cal BP the current speed increased at the Vering
plateau. The rapid increase of near bottom
currents after the 8.2 kyr cooling event is notable
and it appears like there is a time lag over the
Voring plateau between SST and bottom current
intensity. At 6,500 cal BP on the Vering plateau
the current strength started to slowly decrease and
the magnetic grain size slowly decreased to.

Andersen et al. (2004) call the next period
the Holocene Transition Period (HTP 6,500-3,000
cal BP), or alternatively the Holocene Cooling
Period (HCP) (Birks & Kog¢ 2002). The HTP or
HCP is seen in MD95-2011 as a decrease in
bottom current strength. The surface water
actually started to cool from 7,230 cal BP (Birks
& Kog 2002) in the Norwegian Sea and less warm
surface water flowed north from the equatorial
parts of the Atlantic Ocean. The bottom currents
over the Voring plateau start to decrease.

At 3,300 cal BP MD95-2011 shows a spike
of fine magnetic grain sizes, which represents a
short duration anomaly. It is clear that this
anomaly represents the finest magnetic grain size
measured in this core, and it can be correlated to a
similarly short anomaly in composite core LO09-
14. In their magnetic hysteresis study of MIS 2 &
3 sediments on the Reykjanes Ridge, Snowball
and Moros (2003) noticed that Ash Zone II (age
of c. 52 kyr BP) was characterised by notably fine
magnetic grain sizes. Zillen et al. (2002) obtain a
calendar year age of 3295 +/- 95 cal BP for the
Hekla 3 tephra isochron in the North Atlantic
region. Thus, it is possible that the magnetic
hysteresis data obtained from LO09-14 and
MD95-2011 have identified the position of the H3
tephra. However, to determine exactly what the
layer is, further investigations are necessary.
After 3,000 cal BP, SST’s are uncertain. Birks &
Kog¢ et al. (2002) call this period the Late
Holocene Warming from 3000 to 0 cal BP and
Andersen et al. (2004) calls it the Cool Late
Holocene Period (3,000-0 cal BP). Core MD95-
2011 shows an increase in magnetic grain size at
the top of the core. It is possible that the increase
in magnetic grain size seen in the top of the core

l
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Figure 10. A comparison between orbital derived insolation at 65°N, reconstructed SST from the Voring plateau and
M/M;. Graph a) is the insolation curve from 65°N during July from Berger and Loutre (1991). b) The SST curve
derived from U/ is from Calvo ef al. (2002). c) A SST reconstruction based on diatoms (Birks & Kog 2002). d) The

magnetic ratio (M,/M,) is interpreted as grain size variations (Vl%g et al. 1996) in core MD95-2011. The shaded areas
represent the period of coarse magnetic grain size in core MD95-2011.

is the Little Ice Age and due to an increase of
IRD.

7 Conclusions

1. The magnetic hysteresis properties of the
Holocene sediment cores analysed, from the
North Atlantic and Norwegian seas, vary within
and between cores.

2. The cause of the variation in magnetic
properties may not be the same within and
between cores. Thus, this study indicates that the
hypothesis of a relation between magnetic grain
size and near-bottom current flow intensity cannot
be universally applied.

3. The magnetic hysteresis properties of samples
taken from core MD95-2011 show a good
correlation with reconstructed SST temperatures.
In this case hydrological sorting is the most likely
cause of the magnetic gain size variations, which
implies that the maximum near bottom current
flow speed occurred between 8,000 and 6,500 cal
BP at this site. This period corresponds to the
Holocene Thermal Maximum (Snowball et al.
2004).
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4. A major change in the magnetic properties of
sediments deposited at intermediate water depths
on the Reykjanes Ridge occurred 3,000 cal BP. In
this case the amplitude of the within core variation
is similar to changes identified over D/O cycles
during the last major Northern Hemisphere
glaciation. However, unlike the D/O cycles, the
wasp-waisted shape of the hysteresis loops
precludes interpretation in terms of bottom current
flow speed and rather indicates that there was a
significant change in sediment source at 3,000 cal
BP.
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