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Abstract

The magnetic properties of numerous glacial sedimentary sequences widely distributed in North Atlantic have been
and we present a review of the obtained results. Two provinces are distinguished. In the Ruddiman belt (between 40◦ and 55◦N),
large amounts of coarse magnetic grains are delivered by iceberg surges (Heinrich events). On the contrary, along t
the North Atlantic Deep Water (NADW), only the magnetic concentration changes and the ice rafting events coinc
magnetic minima. The rapid variations observed in the Greenland ice cores are clearly expressed in these cores. Thi
variability is interpreted as illustrating variations in the strength of the NADW.To cite this article: C. Kissel, C. R. Geoscience
337 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Signature magnétique des variations climatiques rapides dans l’Atlantique nord pendant la dernière période gla-
ciaire : une compilation. Les propriétés magnétiques de nombreuses séries sédimentaires glaciaires distribuées en A
nord ont été analysées et nous présentons une compilation des résultats obtenus. Deux provinces sont distingué
bande de Ruddiman, distribuée entre 40◦ et 50◦N, les débâcles d’icebergs sont caractérisées par du matériel magnétique
dant et grossier. Le long du parcours de l’eau profonde nord-Atlantique, au contraire, seule la concentration magnét
et les niveaux de Heinrich y sont marqués par des minima de concentration magnétique. Les variations rapides obse
les glaces du Groenland y sont clairement exprimées. Cette variabilité de la concentration magnétique est interprét
résultant de variations d’intensité de la masse d’eau profonde.Pour citer cet article : C. Kissel, C. R. Geoscience 337 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Au cours des 10 dernières années, les propri
magnétiques des séquences sédimentaires marine
été de plus en plus utilisées comme traceurs des c
gements paléoenvironnementaux. Le paramètre
gnétique le plus communément utilisé en paléoc
nographie, grâce notamment au développement
instruments embarqués à bord des navires océan
phiques et permettant de mesurer les propriétés
siques des sédiments en continu, est la susceptib
magnétique en champ faible(χ). Ce paramètre per
met de réaliser des corrélations à l’échelle de bas
sédimentaires ayant suivi la même histoire paléoe
ronnementale. Ainsi, il a été montré que dans la pa
centrale de l’Atlantique nord (bande latitudinale
Ruddiman[27]), les événements de débâcles d’ic
bergs (nommés événements de Heinrich[14]), mar-
qués par des pics légers d’isotopes de l’oxygèn
des enrichissements en éléments détritiques[1–4,11,
12,20]sont également clairement marqués par des
de χ [25]. Au nord, en revanche, le signal deχ est
complètement différent, et montre des oscillations
grande amplitude et plus rapides que dans la band
Ruddiman[24].

Il est avéré que laχ peut être contrôlée, entr
autres, par des changements dans la productivité
gène, les arrivées détritiques, la quantité de carbo
de calcium, les conditions d’oxydo-réduction. To
ces facteurs influent sur la nature, la concentratio
la taille des grains magnétiques, qui sont autant d’
ments essentiels à déterminer si l’on veut déchif
les changements environnementaux et notammen
changements de source, de transport, de mode d’a
vage sédimentaire.

Contrastant avec l’abondance des enregistrem
de χ , les analyses détaillées des propriétés phys
chimiques de la fraction magnétique sont peu no
breuses et se sont développées en Atlantique no
haute résolution, surtout depuis 10–15 ans. De n
breuses séquences sédimentaires provenant de
rents bassins en Atlantique nord et couvrant la dern
période glaciaire ont été analysées au laboratoire
magnétisme environnemental du LSCE[18,19,30,36].
Les résultats, complétés par ceux obtenus par d’au
laboratoires en parallèle sur d’autres carottes[21,26,
29,32] (Tableau 1) ont montré que l’on peut distin
guer deux provinces (Fig. 1). La première correspon
t
-

-

-

-

à la bande de Ruddiman répartie entre 40◦ et 55◦N.
Cette région a reçu, pendant la dernière période
ciaire, les débâcles d’icebergs venant des calotte
glaces environnantes et surtout de la calotte Lauren
(niveau de Heinrich)[3,11,12,14]avec, parfois, de
précurseurs européens[13]. Les analyses détaillée
ont montré que les pics de susceptibilité magnétiq
associés aux événements de Heinrich dans ces ca
(Fig. 2), illustrent une augmentation nette de la qu
tité de grains magnétiques par rapport au sédim
hemipélagique « normal », c’est-à-dire hors nivea
de Heinrich. Une partie des grains magnétiques d
ces niveaux sont « libres », d’autres sont inclus d
des agrégats de roches arrachés au continent ou
d’autres minéraux de type feldspaths. De plus, la
lation entre l’aimantation rémanente anhystéréti
(ARA) et la susceptibilité, utilisée comme un indic
teur de la taille des grains magnétiques[16,17], montre
que les grains magnétiques présents dans les niv
de Heinrich sont grossiers, de type multidoma
(Fig. 3). Il s’agit donc de la caractérisation du dép
par advection verticale (fonte d’icebergs), de gra
magnétiques grossiers, formant un sable magnét
au sein du sable lithogénique provenant du craton
nadien, érodés par les glaces et transportés jusqu
sites par les icebergs. Ceci est observé selon un
sect plus ou moins ouest-est, depuis la mer du La
dor [29,30] jusqu’à la marge du Portugal[21,32].

La deuxième province est caractérisée par un
gnal de susceptibilité magnétique radicalement di
rent, mentionné pour la première fois par Rasmus
et al. [24] dans le chenal Faeroe–Shetland et que
retrouve systématiquement aux sites distribués le
du parcours de l’eau profonde nord-Atlantique dep
la mer de Norvège jusqu’aux Bermudes[19] (Fig. 2).
La taille des particules magnétiques dans ces car
est relativement uniforme (Fig. 3) et les variations ob
servées résultent donc essentiellement de varia
dans la concentration magnétique. Les événemen
Heinrich coïncident, cette fois-ci, avec des minima
concentration et sont séparés par des variations à
courte période. Il a été montré que toutes ces va
tions rapides dans la concentration magnétique de
carottes sont en phase avec les changements de
pérature de l’air au-dessus du Groenland[5]. Les ma-
gnétites contenues dans ces carottes provenant p
palement de la zone basaltique Islande–Faeroe,
variations en concentration sont interprétées com
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étant liées à un transport plus ou moins actif par
courants de fonds, depuis la source basaltique au
vers les basses latitudes. Ainsi, pendant les pério
chaudes (froides), plus (moins) de matériel mag
tique est transporté par cette masse d’eau profo
Ceci est le témoin d’une convection et donc form
tion d’eau profonde plus active pendant les pério
chaudes que pendant les périodes froides.

Ainsi, l’océan profond peut avoir une dynamiq
très rapide, beaucoup plus rapide que ce qui était
servé jusque-là à l’échelle orbitale et des changem
très rapides peuvent affecter la circulation thermo
line dans son ensemble, ce qui a bien sûr des répe
sions importantes sur l’ensemble du climat.

Ces analyses détaillées des propriétés magnéti
des sédiments nord-Atlantique, couplées à d’au
analyses de la fraction détritique et biogénique du
diment, ont montré qu’il s’agit d’un outil très perfo
mant pour déchiffrer les variations environnementa
passées.

1. Introduction

Over the past 20 years, the use of the magn
properties of sediments as tracers for past environm
tal/climatic changes has played an increasing role
particular, the low field magnetic susceptibility ea
ily measured continuously on cores or on sub-samp
sections of cores has been used for inter-correlat
of sedimentary sequences from the same area.

Downcore variations in the susceptibility(χ) re-
cords in the marine environment are often climatica
related on the orbital scale. At mid latitudes, hi
magnetic concentrations usually characterize gla
horizons, whereas low magnetic concentrations in
cate interglacial horizons because of carbonate d
tion [26]. At high latitudes, the opposite relationsh
has been observed[23]. Evidence of rapid climatic
variability is sometimes superimposed on this sim
scheme. In particular, in the North Atlantic, Robins
[25] has first detected a series of unexpectedχ val-
ues during the glacial stage of the last climatic cyc
in cores located northeast of the Azores. It has b
demonstrated that these magnetic susceptibility pe
are coeval with the so-called Heinrich Events[14].
These events are associated with decrease of su
water salinity due to iceberg melting, and illustrat
.

-

s

e

by light δ18O peaks in the planktonic foraminifera[1,
2,4,20]. They are also illustrated in the sediments
layers rich in ice-rafted detritus (IRD), the origin
which has been attributed to the Laurentide, Gre
land and Fennoscandian ice sheets[3,11,12]. Cores
in which highχ values characterizing the events a
observed, are mainly distributed within a ‘latitudina
area comprised between 40◦ and 55◦N, the so-called
Ruddiman belt[27].

A completely different susceptibility pattern wa
observed in a core located at the northeast Fa
Island margin[24]. In this core, theχ record ex-
hibits much shorter time variations than in the Ru
diman belt. The authors observed that these short
changes mirror theδ18O isotopic variations obtaine
from the Greenland ice cores.

These different studies demonstrated thatχ is ca-
pable of recording short climatic events and that in
subpolar North Atlantic theχ signal shows a differ
ent general pattern than that observed in the Ruddi
belt. It is well established that changes in biogenic p
ductivity, in terrigeneous input, in carbonate cont
and/or in Red-Ox conditions control the behavior
magnetic susceptibility records. These factors imp
on the mineralogy, the concentration and the gra
lometry of magnetic grains which are, therefore,
sential parameters to the understanding of the mea
of the observed variations in the low field susceptib
ity. Many records of the low field susceptibility hav
been obtained in North Atlantic but only a few of the
are accompanied by a full characterization of the m
netic fraction.

We present here a review of the results obtai
on the basis of mineral-magnetic studies conducte
LSCE over the last 10 years on cores from the
ferent basins of North Atlantic and covering the la
glacial period. These results are compared with
completed by those obtained in parallel by other
thors, mainly in the area concerned by the iceb
discharges.

2. Core descriptions and methods

All the cores studied at the LSCE have been c
lected during French and/or international cruises
the R.V. Suroit during the Paleocinat cruises in 19
and 1992 (SU90- and SU92-) and on the R.V. M
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Fig. 1. Map of North-Atlantic showing the location of the cores
which some detailed magnetic analyses have been reported (seTa-
ble 1 for references). The full dots are for the cores analyze
LSCE and the open dots are for the cores analyzed in other l
ratories. The dark grey thick line illustrates the path of the No
Atlantic Deep Water and the light grey thick line illustrates t
schematic limits of the Ruddiman belt.

Fig. 1. Carte de l’Atlantique nord montrant la distribution des
rottes ayant fait l’objet d’analyses détaillées de la fraction mag
tique pour la dernière période glaciaire (voirTableau 1pour les
références). Les points noirs correspondent aux carottes étudié
LSCE, les points gris, sont les carottes étudiées dans d’autres
ratoires. La ligne épaisse en gris foncé schématise le parcou
l’eau profonde nord-Atlantique, et la ligne épaisse en gris clair
limites approximatives de la bande de Ruddiman.

ion Dufresne during the IMAGES cruise (MD10
MD95-). A core collected by the German R.V. Po
Stern (PS-2644-5) has also been analyzed. The l
tion of the cores is reported inFig. 1 and inTable 1.
Three of them are located in the central part of
Ruddiman belt (SU90-08 and SU90-39[36]; SU90-09
has been studied since then and results have not
published, except for the susceptibility record[13]),
one has been taken at the exit of the Labrador
[30], six of them are located north of 55◦N and one
south of 40◦N [18,19]. In the Ruddiman belt, othe
cores have also been studied with various details f
a magnetic point of view. The first one is located on
western side just at the exit of the Labrador sea (c
P094;[29]) and it was the pilot core for core MD95
2024 then analyzed at LSCE[30]. Two other cores
north of the Azores (S8-79-4 and D9812) have b
studied by Robinson et al.[26] and finally the third
group, off Portugal (cores MD95-2039; -2040 a
-2042) was studied by Thouveny et al.[32] and
n

Moreno et al.[21]. Magnetic grain size determina
tions were also conducted on three cores located
the Reykjanes Ridge at about 57◦N [27].

At LSCE, the cores have been sampled conti
ously with u-channels[31,35]. The remanent magne
tizations were measured using a 755-R 2G cryoge
magnetometer with the high resolution set of SQU
(4 to 5 cm) and the low field susceptibility with
small diameter Bartington coil. The magnetic pa
meters (susceptibility, anhysteretic remanent mag
tization (ARM), isothermal remanent magnetizati
(IRM), S-ratio) have been measured using the meth
described in[35,36] for cores SU90-08 and SU90
39 and in[19] for the other cores. The other studi
[21,26,29]were made on discrete cubic samples. C
MD95-2039, also sampled with u-channel was m
sured with a 760R-2G magnetometer[32].

3. Results

The detailed analyses of the magnetic proper
mainly consist in identifying the magnetic minera
the variations in their grain size and in their conce
tration. Not all the same parameters are measure
the different authors. While the details of the ana
ses can be found in each article, in order to comp
the results, we focus here on the combination betw
the low field magnetic susceptibility and the ARM
as they are the parameters commonly measured i
the cores. ARM is mostly carried by fine grained f
romagnetic particles and when this parameter is
ported versusχ , it gives access to the changes in t
magnetic grain size[16,17]. On these ARM versusχ
diagrams, uniformity of magnetic grain size is illu
trated by the points plotted falling along a line pa
ing through the origin. Any departure from this lin
toward steeper (shallower) slopes corresponds to a
crease (increase) of the average magnetic grain
These observations were coupled with the magn
hysteresis parameters measured every 5 or 10 cm
combined as suggested by Day et al.[6] in [19,29].
Two main magnetic patterns can be distinguished
described above and the cores can be divided into
groups: the one located within the Ruddiman belt a
those along the path of the North Atlantic Deep Wa

In all cases, magnetite is recognized as the do
nant magnetic mineral in the studied sediments. T
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Table 1
Location and water depths of the cores reported inFig. 1. The references of the mineral-magnetic articles are given in the right column (
for which onlyχ was reported are not mentioned)

Tableau 1
Localisation et profondeur d’eau pour chaque carotte reportée sur laFig. 1. Les références aux articles faisant état d’analyse des prop
magnétiques sont données dans la dernière colonne (ceux montrant uniquement les enregistrements deχ ne sont pas mentionnés)

Core Latitude Longitude Water depth (m) Referenc

Ruddiman latitudinal belt (40◦N–55◦N)

SU90-39 52◦34′N 21◦56′W 3955 [36]
SU90-08 43◦31′N 30◦24′W 3080 [36]
SU90-09 43◦47′N 31◦44′W 3375 (this study)
S8-79-4 42◦23′N 22◦03′W 3877 [26]
D9812 45◦14′N 22◦26′W 3898 [26]
P094 50◦12′N 45◦41′W 3448 [29]
MD95-2024 50◦12′N 45◦41′W 3448 [30]
MD95-2039 40◦35′N 10◦21′W 3381 [32]
MD95-2040 40◦34′N 09◦51′W 2665 [21]
MD95-2042 37◦48′N 10◦10′W 3146 [21,32]

Path of the North Atlantic Deep Water

MD95-2010 66◦41′N 04◦34′E 1048 [18,19]
MD95-2009 62◦44′N 03◦59′W 1027 [18,19]
SU90-24 62◦40′N 37◦22′W 2085 [18,19]
SU90-33 60◦03′N 22◦00′W 2370 [18,19]
SU90-16 58◦13′N 45◦10′W 2100 [18,19]
PS2644-5 67◦52′N 21◦46′W 777 [18,19]
MD95-2034 33◦10′N 57◦34′W 4461 [19]
SO82-05 59◦12′N 30◦54′W 1420 [28]
SO82-07 59◦03′N 30◦36′W 1580 [28]
LO09-18 58◦58′N 30◦41′W 1460 [28]
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is documented by thermomagnetic curves showin
single Curie point around 580◦C [18,19,36], by the
S-ratio close to unity[18,19,29,30], by low tempera-
ture measurements showing the Verwey transition[29]
or by direct observation of the magnetic grains w
scanning electron microscope[32]. Off Portugal, vari-
able amounts of hematite are also detected in the c
and attributed to climatically induced eolian arrivals
dust from the continent[21,32].

3.1. Ruddiman latitudinal belt (40◦–55◦N)

The susceptibility pattern reported for the first tim
by Robinson et al.[25] is confirmed in every core
located in the IRD belt with marked peaks in the s
ceptibility records coinciding with the massive icebe
discharges, the so-called Heinrich layers[14] (this has
also been incremented by 17 additional susceptib
records reported by Robinson et al.[26]). Represen-
tative records of cores SU90-08, SU90-39[36] and
SU90-09[13] are reported inFig. 2. The peaks may
reach 12 to 20×10−4 SI while the average suscep
bility value of the background hemipelagic sedimen
lower by an order of magnitude. In the Labrador S
some of the susceptibility peaks are associated
with high content in detrital carbonate and these lay
have been correlated to North Atlantic Heinrich la
ers[29]. The Heinrich event 3, originating exclusive
from Europe[12], is often not visible in the magneti
records and when a peak is present, except for a
cores[13], it is usually much weaker in amplitude tha
the other peaks.

All the authors notice that the correction for ca
bonate content does not modify the main pattern
the records confirming the observation first made
longer time scale by Poutiers and Gonthier[23]. How-
ever, these features are not visible in the record
ARM often expressed as the anhysteretic suscept
ity (χARM). This difference between the susceptib
ity and the ARM records clearly illustrates chang
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Fig. 2. Low-field susceptibility records (in 10−4 SI) reported versus depth (m) for a few representative cores and the last glacial perio
grey curves are typical for the Ruddiman Belt while the others show the short term variations in which Heinrich layers (vertical lines)
with minima. Same symbols as inFig. 1.

Fig. 2. Courbes caractéristiques de susceptibilité magnétique en champ faible, obtenues en Atlantique nord pour la dernière périod
Les courbes grises sont typiques de la bande de Ruddiman, alors que les autres courbes montrent les variations de courte période ave
niveaux de Heinrich coïncidant avec des minima magnétiques. Mêmes symboles que dans laFig. 1.
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in magnetic grain size[16,17]. In fact, a large scat
ter is observed on the ARM (orχARM) versusχ

diagrams (Fig. 3). Large departures from the ma
group corresponding to the background sediment
observed for each Heinrich layer. These loops co
spond to higher susceptibility values with no sign
cant changes in ARM and are illustrated as large m
ima in the ARM/χ (or maxima in theχ/ARM; [26])
ratios. They illustrate a coarsening of the ferrom
netic fraction. This is observed from the Labrador S
[29] to central North Atlantic ([26,36]; this study (core
SU90-09)) and to the Portuguese margin[21,32].
The analysis of the magnetic properties of th
cores thus shows that the Heinrich layers are cha
terized by a significant increase in both the relat
concentration and the grain size of magnetic pa
cles. This is the expression of abrupt delivery by
icebergs of magnetic ‘sand’ mixed with the main lith
genic sand. In the studied cores, the background m
netic level is so weak compared to the Heinrich pe
that any other source than ice rafted magnetic parti
seems to be negligible.

Robinson et al.[26] have published a map show
ing theχ values of North-Atlantic deep-sea sedime



914 C. Kissel / C. R. Geoscience 337 (2005) 908–918

cterized in
s in

einrich
utres carottes,
Fig. 3. Representative ARM versus diagrams used to retrieve changes in magnetic grain size. The Heinrich layers are clearly chara
the Ruddiman belt by loops toward coarser grains while in the other cores, the magnetic grain size is rather uniform. Same symbols aFig. 1.

Fig. 3. Diagrammes d’ARM en fonction deχ , utilisés pour déterminer les changements de taille de grains magnétiques. Les niveaux de H
sont clairement caractérisés dans la bande de Ruddiman par des boucles indiquant des grains plus grossiers, alors que dans les a

la taille des grains magnétiques est uniforme. Mêmes symboles que dans laFig. 1.
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for the Last Glacial Maximum (LGM) relative to th
core tops. On this map, high values of this susce
bility ratio, attributed by the authors to the occurren
of melting icebergs during the LGM, are distribut
along the East Greenland coast, in the latitudinal R
diman belt and on the Rockall plateau. Low values
found in the Norwegian Sea and on the eastern
of the Mid-Atlantic Ridge. This distribution led th
authors to define the general trends of the surface
rents driving the icebergs trajectories during the LG
However, this is valid only for the LGM and assumin
that no differential dilution by non-magnetic fractio
between the LGM and the core tops is modulating
magnetic record at any site. In other words, the auth
assume that a single source (ice-rafting) is at the or
of the observed distribution.

3.2. Path of the North Atlantic Deep Water

Core ENAM 93-21, in which Rasmussen et al.[24]
recognized a low field susceptibility record very d
ferent from that observed within the main IRD b
and mimicking theδ18O records from Greenland ice
is located on the bank of the Faeroe–Shetland Ch
nel, near core MD95-2009. It is close to the site
formation of the NADW, where surface waters co
in winter and become sufficiently dense to sink a
form the deep water mass that overflows the Faer
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Shetland Ridge into the North Atlantic Basin. Co
MD95-2010 is north of the present-day convect
zone. Core PS2644-5 is also located in the Nor
Seas, on the northwestern side of Iceland and n
of the Denmark Strait. The other studied cores are
cated downstream, along the present-day path of t
different branches of the North Atlantic Deep Wa
[18,19]. The southernmost core (MD95-2034) is at t
Bermuda Rise, south of the IRD belt, on the westwa
flowing southern limb of the large anticyclonic sout
ern Newfoundland Basin gyre[19]. All these cores
taken from sediment drifts are characterized by h
sedimentation rates during marine isotopic stage
and 4, of the order of 10 to 25 cm/kyr.

Similar susceptibility patterns are recorded in th
cores during the last glacial period[18,19] (Fig. 2).
They are characterized by large amplitude, short-t
variations which coincide with changes in the lab
ratory induced ARM (and also IRM). This similarit
between the three bulk magnetic parameters indic
that the susceptibility variations do not result fro
changes in magnetic grain sizes. In fact, as illustra
in Fig. 3, when ARM is reported versusχ , the points
are rather well grouped along a line and do not sh
any significant excursions toward coarser grains a
the IRD belt. The magnetites have a uniform av
age grain size of a few micrometers as indicated
the hysteresis parameters falling into the pseudo
gle domain area of the Day diagrams[19]. In addition,
the magnetites in these cores are easy to extract
cating that they are not included into other miner
or into rock aggregates. Therefore, the variations
served in the susceptibility records along the path
the North Atlantic Deep Water illustrate only vari
tions in the relative amount of relatively well sorte
magnetite grains within the detrital fraction. The o
gin and the pathways of these magnetites are there
different from those invoked for the Ruddiman belt.

When they are available on the same cores,
pleted values of plankticδ18O records together with
peaks in the IRD contents clearly indicate the ho
zons corresponding to ice rafting events[7–9,24,34].
In all cases, they coincide with minima in the magne
records[18,19,24]. The relationship between the ma
netic susceptibility and the main ice-rafting events
therefore completely the opposite of what is obser
in the IRD belt.
Because they look similar, susceptibility recor
from the Faeroe Shetland Channel[24] and from the
Reykjanes ridge[22] were directly correlated by thes
authors to theδ18O record of Greenland ice core
A more rational approach proposed by Voelker et
[34] is based on the correlation between the deple
planktic δ18O values of core PS2644-5 and theδ18O
minima from the ice core[10]. First inter-correlating
the cores using Heinrich layers and the short-term fl
tuations in between and then using Voelker et al.[34]
ice-sediment correlation to transfer the common de
scale onto the ice age model, Kissel et al.[18,19]
demonstrated that magnetic minima not only coinc
with the Heinrich events but also with each stadial
riod (cool phase of each Dansgaard–Oeschger c
[5]). Warm (cold) atmospheric events are related
more (less) magnetic particles deposited at the s
The large distribution of the cores allowed one to sh
that this relationship between magnetic records and
mospheric ones is verified from the Norwegian Sea
the Bermuda Rise[19].

The average level of all the bulk magnetic pa
meters measured in these cores is very high, indi
ing that these sediments are very rich in magnet
most likely originating from the basaltic province
Iceland and Faeroe islands[18,19,22–24]. Consider-
ing the geographical distribution of the sites, and
cause no significant contribution of coarse magn
IRD is observed in these records, Kissel et al.[19]
concluded that transport of the magnetic particles
deep sea currents appears as the only realistic m
anism. Oscillations of the bulk magnetic paramet
may either be due to variations in the efficiency
these bottom currents or to varying dilution. Dilutio
by carbonates is very unlikely as carbonate con
does not vary so much in these high latitude co
Dilution by non-magnetic IRD input during cold per
ods has also been at least partly rejected[19] because
not all the magnetic minima coincide with IRD even
(see, for example, core MD95-2034 from the Bermu
Rise). The authors concluded that dilution may p
a role in modulating the magnetic records but can
account for the entire observed variability. The b
tom currents associated to the NADW thus transp
high (small) amounts of pseudosingle domain m
netite grains during warm (cold) events along the p
of the overflow waters. This indicates a more act
or reduced convection and formation of deep wa
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during interstadials and Heinrich and stadials resp
tively. This is consistent with the benthicδ13C and
δ18O records which also indicate a decrease in
deep-sea ventilation[33] and during the stadials a
lower latitude[15]. The magnetic properties of the
cores yield evidence for the high sensitivity of t
thermohaline circulation to abrupt climatic change a
that the deep ocean has actively participated at l
during climatic stage 3.

Off Portugal, changes in the ARM/χ ratio have
been observed also in phase with the Greenland
δ18O changes[21]. Interstadials coincide with large
influx of fine grained magnetites, in alternance w
periods of enhanced dust flux from the Portugu
coast during stadials and Heinrich. By analogy w
the conclusions reached for the cores distributed a
the main path of the North Atlantic Deep water and
scribed above, the authors concluded that the incr
in concentration of fine grained magnetites obser
at each interstadial off Portugal also results from
creases in the activity of the northeast Atlantic de
water.

It has been recently suggested that rather than
concentration in magnetic grains which might be s
jected to dilution effects, the very slight changes in
magnetic grain size around the average value are b
tracers of variations in the bottom current activity[28].
In cores from the Reykjanes ridge, the authors obs
a saw-tooth pattern in the magnetic grain sizes w
the coarsest grains deposited at the end of the inte
dials and the finest during each cold event. In the c
located at the southern tip of Greenland, Kissel et
[19] also mentioned slightly coarser grains during
terstadials but with a symmetrical pattern. So far, th
observations are only made locally and their regio
significance is not yet proved. In order to better co
strain the variations in the magnetic content and g
size along the NADW path and their relationship w
the other detrital components of the sediment, a mu
proxy approach at very high resolution on these co
is now underway at LSCE (Ballini et al., in prep.)

4. Conclusion

Beyond the simple measurement of the low fi
magnetic susceptibility which allows inter-correlatio
r

-

of cores to be made, complete rock magnetic pro
ties analyzed on cores taken from different parts
the North Atlantic ocean have proven the ability
the magnetic analyses to detect and trace rapid
rine environmental changes. Depending on the lo
tion of the cores, different modes of re-distribution
the detrital fraction of the sediment among which
magnetic grains can be distinguished. In the IRD b
between 40◦ and 55◦N, abrupt vertical deliveries o
magnetic sandy material from icebergs are associ
with changes in the surface conditions. By contra
along the path of the North Atlantic Deep Water, t
magnetic content of the cores is rather uniform
grain size and the changes in the magnetic con
tration are controlled by changes in the dynamic of
bottom current. The latter are related to atmosph
changes over Greenland with enhanced (respect
reduced) strength of the bottom currents transp
ing more (respectively less) magnetic material to
sites during relatively warm (respectively cold) p
riods.

The use of the magnetic properties of marine s
iments is thus a powerful tool for reconstructing p
environmental changes. The geographical distribu
in North Atlantic of the cores in which the rock ma
netic properties have been analyzed in details is ra
large and allows one to describe the dynamic of
bottom current during the last glacial period. Furth
effort should be carried out now to compare the
records with other proxies for bottom current and s
iment provenance such as clay minerals, microgr
ulometry, benthic carbon isotopes,... If such analy
are conducted on the same cores, they would allow
to discriminate the local effects and the regional o
carried by each proxy.
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