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ABSTRACT

This thesis combines results from a high resolution rock magnetic study of three Late
Quaternary piston cores from three different océanographie provinces within the deep
Labrador Sea. Paleomagnetic measurements, rock magnetic parameters, hysteresis ratios and
low temperature remanence measurements were used in combination with AMS 14C dates,
oxygen isotopic ratios, grain-size analyses, carbonate content determinations and detailed
core descriptions to delineate the environmental and paleomagnetic record from the deep
Labrador Sea.

Core HU90-013-013P (P-013) (lat. 58°12.59N, long. 48°22.40W, water depth
3380m) from the Greenland Rise reveals three main features in the downcore variation of the
rock magnetic parameters. Two are at the glacial-interglacial transitions (i.e. isotope stage
6/5e and 2/1) showing magnetic grain-size coarsening, increased magnetic concentration and
accumulation. Previous studies in this region connected the coarsening of magnetic grain-
size during transitions to current winnowing of the finer fraction during interglacial
conditions. The interpretation of the present study is that the coarsening is primarily due to
increased detrital deposition related to ice retreat and the associated meltwater flux from
southern Greenland. The third magnetic feature corresponds to the initial part of stage 2
where there is a distinct interval of higher coercivity. This high coercivity interval has no
obvious correlation to climate change, but appears to be related to the increased preservation
of ultra fine single domain magnetite due to a lack of reduction diagenesis within the interval.

High-resolution rock magnetic data, AMS 14C dates, 518O, and grain-size analyses
from P-013 provide a record of the last two déglaciations. During Termination I, a well-
defined interval of high volumetric magnetic susceptibility (k) and low anhysteretic
susceptibility to volumetric magnetic susceptibility (&ARM/£) postdates the Younger Dryas
and the 6180 change marking the stage 2/1 boundary and correlates with sedimentological
and geomorphological evidence for Greenland ice-sheet retreat from the coastline to the
continental interior. During Termination II, a very similar magnetic signal coincides with the
S180 shift marking the stage 6/5 glacial-interglacial transition and continues throughout
substage 5e. We suggest that this magnetic signal, during both Termination I and
Termination II, marks continental meltwater detritus from Greenland. If so, the synchronous
changes in magnetic and oxygen isotopic records at Termination II indicate very early and
rapid déglaciation of Greenland, in contrast to the relatively late déglaciation observed for
Termination I. A distinct fluctuation in k and &ARM/£ occurs prior to the onset of the 518O
change at Termination I (where it occurs at -16,900 yr B.P.) and at Termination II. These
are interpreted as due to sudden influx of detritus into the basin caused by unpinning of ice
from the continental shelf at the inception of déglaciation.

HU91-045-094P (P-094) (lat. 50°12.26N, long. 45°41.14W, water depth 3448 m)
was collected from a small deep channel SE of Orphan's Knoll on the Labrador rise
Sedimentation in P-094 contains many distinct intervals of detrital deposition. Variations in
magnetic properties and lithology indicate two classes of depositional events during the last
glacial cycle. (1) Seven detrital carbonate (DC) layers are recognized by high carbonate
content and by magnetite grain-size sensitive parameters (such as &ARM/& and Hcr/Hc)
which indicate mean magnetite grain diameters about four times greater than those of the
background sediments. (2) Six low detrital carbonate (LDC) layers are recognized by very
similar magnetic properties to DC layers but with low carbonate concentrations (similar to the
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background sediment). Ice rafted detritus (IRD), recognized by increased percentage of the
>125 micron grain-size fraction and by high magnetic susceptibility, is associated with most
DC and LDC layers. The large grained magnetite associated with DC and LDC layers is well
sorted and relatively constant within and between layers. The correspondence of increased
grain-size of well sorted magnetite with the increase in fine grained detrital carbonate content
(DC layers) and with the visual record of sediment change (DC and LDC layers), but not
with coarse fraction content precludes ice rafting as the primary depositional mechanism.
Therefore, DC and LDC events may have been deposited from suspended sediment derived
from turbidite activity in the nearby Northwest Atlantic Mid-Ocean Channel. The association
of DC layers with IRD and the apparent age correlation of DC layers to North Atlantic
Heinrich layers indicate that the ice sheet instability which produced the DC layers is coeval
with that which produced many of the Heinrich layers. Several DC and LDC layers,
however, do not correlate with recognized Heinrich layers, suggesting even greater
instability of the Laurentide ice sheet during the last glacial cycle.

All three deep Labrador Sea piston cores, P-013, P-094 and HU90-013-012 (P-012)
(lat. 58°55.35N, long. 47°07.01W, water depth 2830 m) from the Greenland Slope, record
Late Quaternary relative paleointensity of the geomagnetic field. Hysteresis ratios, rock
magnetic parameters and low temperature remanence measurements indicate that pseudo-
single domain magnetite is the dominant magnetic mineral in all three cores. Besides AMS
14C, 5180 and 813C stratigraphy, correlation between cores is enhanced by the presence of
DC and LDC layers. Apart from deglacial intervals and DC and LDC layers, normalized
remanence records show strong correlation for a range of normalizers (k, &ARM a nd SIRM)
and no correlation with bulk magnetic parameters, implying that these cores yield useful
relative paleointensity records. Good correlation is observed between cores using only DC
and LDC layers as tie points, suggesting that relative paleointensity can be used as a regional
correlation tool. Paleointensity records from the Labrador Sea contain many features similar
to those observed in the Mediterranean, Indian and Pacific Ocean. A composite record from
P-013 and P-012 is matched to a composite of the Mediterranean/Indian Ocean records with
high correlation coefficients, however, the chronologies of the two records are inconsistent.
The strong correlation of paleointensity features from the Labrador Sea, Indian Ocean and
Mediterranean suggests that these sediments are recording synchronous dipole field
variations, however, the chronological discrepancy must be rectified before paleointensity
can be used with complete confidence as a global correlation tool.
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RESUME

Ce mémoire présente des études magnétiques à haute résolution sur des sédiments d'âge
Quaternaire Supérieur provenant de trois carottes du bassin de la mer du Labrador. Les
mesures paléomagnétiques, les paramètres magnétiques, les rapports d'hystérésis et les
mesures de rémanence à basse température ont été combinés à d'autres données: datations
14C AMS, rapports isotopiques de l'oxygène, analyses granulométriques, teneurs en
carbonate et descriptions détaillées des carottes. Ces données permettent de décrire les
enregistrements paléomagnétiques et environnementaux du bassin.

La partie inférieure de la carotte HU90-013-013P (P-013) (lat. 58°12.59N, long.
48°22.40W, profondeur 3380m) provenant du talus groenlandais révèle trois événements
majeurs concernant les paramètres magnétiques. Deux d'entre eux, qui correspondent à des
transitions glaciaire-interglaciaires (stades isotopiques 6/5e et 2/1), montrent une
augmentation granulométnque des grains magnétiques, de la concentration magnétique et de
l'accumulation. Des études antérieures ont permis d'associés l'augmentation granulométnque
des grains magnétiques à un vannage des fractions les plus fines par les courants pendant les
intervalles interglaciaires. La présente étude explique cette augmentation granulométrique par
un apport détritique accru dû au retrait des glaces au sud du Groenland et à l'eau de fonte qui
y est associée. Le troisième événement magnétique, qui correspond au début du stade
isotopique 2, est caractérisé par un intervalle à plus grande coercivité. Cet intervalle à forte
coercivité semble être relié à une plus grande préservation des magnetites ultrafines à domaine
unique, qui serait due à une absence de réduction diagénétique, et non pas à un changement
climatique.

Les données magnétiques à haute résolution, les datations 14C AMS, le Ô18O et la
granulométrie de la carotte P-013 offrent un enregistrement des deux dernières déglaciations.
Pendant la Terminaison I, un intervalle reconnaissable succède au Dry as Récent et la variation
de S18O marquant la limite entre les stades isotopiques 2 et 1. Cet intervalle est défini par une
forte susceptibilité magnétique volumétrique (k) et un faible rapport de la susceptibilité
"anhystérétique" sur la susceptibilité magnétique volumétrique (kARM/k). H est corrélé avec
des observations sédimentologiques et géomorphologiques correspondant au retrait de la
calotte glaciaire groenlandaise vers l'intérieur du continent. Pendant la Terminaison II, un
signal magnétique similaire coïncide avec la variation du 818O qui marque la transition
glaciaire-interglaciaire des stades 6 à 5; il se prolonge dans le sous-stade isotopique 5e. Ceci
suggère que ce signal magnétique est dû à un apport détritique continental par l'eau de fonte
provenant du Groenland, pendant les terminaisons I et IL Ainsi, le synchronisme des
variations magnétiques et isotopiques indiquerait, pour la Terminaison II, une déglaciation
précoce et très rapide du Groenland par comparaison avec une déglaciation relativement lente
pour la Terminaison I. Des changements de k et de kARM/k sont observés avant le début de la
variation de Ô18O aussi bien pour la Terminaison I (i.e. vers 16.900 ans BP) que pour la
Terminaison II. Ceci est interprété comme étant dû à un soudain apport détritique dans le
bassin causé par le décrochage de la glace du plateau continental au début de la déglaciation.

La carotte HU91-045-094P (P-094) (lat. 50°12.26N, long. 45°41.14W, profondeur 3448m)
a été échantillonnée dans un chenal sous-marin profond au sud-est de Orphan's Knoll sur le
talus labradorien. La sédimentologie de la carotte P-094 montre plusieurs horizons
détritiques. Les variations des propriétés magnétiques et de la lithologie indiquent deux types



de dépôt pendant le dernier cycle glaciaire.
(1) Sept niveaux de carbonate détritique (DC) sont reconnaissables par leur forte teneur en

carbonate et par des paramètres qui sont sensibles à la taille des grains de magnetite (comme
kARM/k et Hcr/Hc). Ces paramètres indiquent un diamètre moyen des grains de magnetite à
peu près quatre fois plus grand que les autres grains du sédiment. (2) Six niveaux à faible
teneur en carbonate (LDC) sont identifiés, par leurs propriétés magnétiques similaires à celles
des niveaux DC et une concentration en carbonate plus faible (équivalente à celle du reste du
sédiment). Le sédiment détritique charrié par la glace (IRD), caractérisé par un pourcentage
accru de la fraction >125 microns et par une susceptibilité magnétique élevée, est associé à la
plupart des couches DC et LDC. Les gros grains de magnetite associés aux niveaux DC et
LDC sont bien triés et relativement constant à l'intérieur des niveaux ainsi que d'un niveau à
l'autre. L'association de l'augmentation de la taille des grains de magnetite et de la teneur en
carbonate détritique fin (couches DC) avec un changement notable de l'enregistrement
sédimentaire (couches DC et LDC) exclut l'hypothèse que le charriage par la glace soit le
mécanisme de dépôt principal. Par conséquent, les événements DC et LDC ont du être
déposés à partir de particules en suspension liées aux activités turbiditiques du chenal mid-
océanique du nord-ouest de l'océan Atlantique, le NAMOC. L'association des couches DC et
IRD et l'apparente corrélation entre l'âge des couches DC et les niveaux Heinrich de
l'Atlantique Nord indiquent que l'instabilité de la calotte glaciaire créant les niveaux DC est
contemporaine de celle qui produit les nombreux niveaux d'Heinrich. Toutefois, plusieurs
couches DC et LDC ne sont pas corrélables à des niveaux d'Heinrich . Ces données montrent
donc une plus grande instabilité de la calotte glaciaire labradorienne pendant le dernier cycle
glaciaire que les niveaux d'Heinrich ne le suggère.

Les trois carottes du bassin de la mer du Labrador, P-013, P-094 et HU90-013-012P (P-
012) (lat. 58°55.35N, long. 47°07.01W, profondeur 2830m) provenant du talus
groenlandais, enregistrent la paléointensité relative du champ magnétique terrestre durant le
Quaternaire Supérieur. Les rapports d'hystérésis, les paramètres magnétiques et les mesures
de rémanence à basse température indiquent que la magnetite à domaine pseudo-unique est le
principal minéral magnétique dans les trois carottes. La corrélation entre les carottes est
établie grâce aux données 14C AMS, 818O et 13C mais aussi par la présence des niveaux DC
et LDC. À l'extérieur des intervalles correspondant à une période de déglaciation et des
niveaux DC et LDC, les données de rémanence normalisée montre une forte corrélation pour
plusieurs normalisations (k, kARM et SIRM) apportant ainsi des enregistrements de
paléointensité très utiles. Une bonne corrélation est obtenue entre les carottes si l'on utilise
uniquement les couches DC et LDC comme des points clés. Ceci suggère que la
paléointensité relative peut être utilisée comme outil pour des corrélations régionales. Les
enregistrements de paléointensité de la mer du Labrador contiennent plusieurs caractéristiques
communes avec ceux de la Méditerrennée et des océans Indien et Pacifique. Un
enregistrement composé à partir des carottes P-013 et P-012 a un fort coefficient de
corrélation avec un enregistrement composite de l'océan Indien et de la Méditerrannée bien
que la chronologie soit incompatible. La forte corrélation des paléointensités des mers
Méditerrannée et du Labrador et de l'océan Indien suggère que ces sédiments enregistrent des
variations synchrones du champ dipolaire. Toutefois, le problème de la chronologie doit être
résolu avant que la paléointensité puisse être utilisée comme outil de corrélation globale.
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GENERAL INTRODUCTION

During the last few years, the record of climate change during the Late Quaternary has

improved dramatically, pointing to a significantly more dynamic climate system than

previously thought. Ice core evidence indicates that temperature and dustiness of the air over

the Greenland ice cap underwent large and rapid changes on short time scales. The Younger

Dryas (YD) is the best studied example of abrupt climate change (Broecker and Denton 1989;

Broecker, et al., 1990; Lehman and Keigwin 1992; Alley et al., 1993). The short duration

(-1,000 years ) of the YD with abrupt cooling and reintroduction of glacial conditions in the

midst of déglaciation cannot be tied to orbital cycles that have a period 20,000 years or more.

The prevailing theory links the YD to oceanic thermohaline circulation and major changes in

North Atlantic Deep Water (NADW) formation (Broecker, et al., 1990; Lehman and Keigwin

1992). Recent Greenland ice core data have yielded new constraints on the YD (Alley et al.,

1993) suggesting that the transition from YD to the Preboreal deglacial period took place in

less than 10 years. A similar change is also noted for the transition from the Oldest Dryas to

Boiling/Allerod warm period.

Abrupt transitions between cold and warm epochs also appear to be a common feature

of the last glacial cycle. The Dansgaard-Oeschger interstadial events, recently identified in



the Greenland Summit ice core (Johnsen et al., 1992), lasted between 500 and 2,000 years

and appear to be characterized by rapid oscillations in atmospheric circulation (Taylor et al.

1993a). These changes have also been attributed to a turning on and off of heat released to

the atmosphere over the northern Atlantic by thermohaline circulation (Broecker et al., 1990,

Bond et al., 1993a). Broecker et al. (1990) proposed that changes in North Atlantic water's

salinity due to growth and decay of the ice sheets switched on and off the thermohaline

circulation, although variations in the hydrologie cycle may also play a role (Duplessy et al.,

1992). For the last interglacial (isotope sub-stage 5e), even larger instabilities in the climate

system have been interpreted from the Summit ice core (Dansgaard et al., 1993, GRIP,

1993). However, the validity of this interpretation of the ice core record is still being debated

(Grootes et al., 1993; Taylor et al., 1993b, Charles et al., 1994). Such instabilities during a

period with less continental ice than the present would support the hydrologie cycle

hypothesis (Duplessy et. al., 1992; Weaver and Hughes 1994). If large shifts in climate

occurred during the last interglacial they should be observed in other climate indicators.

European lake (Thouveny et al., 1994; Field et al., 1994) and shallow marine (M-S.

Seidenkrantz per. comm.) records suggest that these climatic changes did occur, but have

presently not been corroborated by deep sea records (Keigwin et al., 1994; McManus et al.,

1994).

Recent evidence has also complicated the understanding of how climate is controlled

by Milankovitch cycles. The increased quality of terrestrial and marine records has cast

doubt about the timing of the 6/5 glacial-interglacial transition and the response of climate to

orbital forcing. The coral record indicates that sea level was as high as present about

132,000 yr BP (Stein et al., 1993; Gallup, et al., 1994). This is significantly earlier than the

125,000 yr BP indicated by the SPECMAP time-scale (Martinson et al, 1987). Yet, as new

evidence suggests that the SPECMAP time-scale will have to be adjusted (Winowgrad et al.,



1992, Dansgaard et al., 1993; Jouzel et al., 1993, Stein et al., 1993; Gallup, et al., 1994;

Lambeck and Nakada, 1992), little is know about the timing of events associated with the 6/5

transition. The lack of absolute age control and environmentally independent stratigraphie

methods in deep sea records has precluded high resolution correlations so important for

spatial and temporal reconstructions. Therefore, Termination II, generally characterized in the

marine record by a fairly sudden and simple 518O decrease (e.g., Broecker and van Donk,

1970; Martinson et al., 1987), has not been adequately studied.

Only the most recent climatic oscillation of millennial duration (Allerod-Younger

Dryas) has been fully documented outside Greenland. During the last glacial period, the

Dansgaard-Oeschger warming events recognized in the Greenland ice core record as lasting

longer than 2,000 years, have been correlated to warming events in the Antarctic (Vostok) ice

core (Bender et al., 1994). Evidence for millennial scale climatic events has been found in

the oceanic sedimentary record as brief but massive discharge of icebergs into the North

Atlantic (Heinrich, 1988). Initial correlation of the Greenland ice core record with the marine

sediment record suggests that following each of the iceberg discharge events, sea and air

temperatures both rose sharply, marking the start of another cycle (Bond et al., 1993a). The

YD may be related to one of these events (Bond et al., 1993b; Hillaire-Marcel et al., 1994).

During the last glacial, at least six distinct layers of increased lithic to planktic concentration

know as Heinrich events, appear to occur synchronously across the North Atlantic from the

Labrador Sea to Portugal (Andrews and Tedesco, 1992; Bond et a l , 1992; Broecker et al.,

1992; Hillaire-Marcel et al., 1994). Heinrich events, are thought to be a result of quasi-

periodic ice rafted deposition (IRD) due to massive discharge of icebergs from the Laurentide

ice sheet (Heinrich 1988; Bond et al., 1992). At present these events are poorly understood

with questions surrounding the number of events, depositional mechanisms, source area as

well as their cause and climatic significance. A binge-purge model has been proposed to



explain the origin of Heinrich events as Laurentide ice sheet glacial surges (MacAyeal, 1993).

There is some evidence that other ice sheets might also be involved (Grousset et al., 1993,

Bond et al., 1993b) pointing to a climatic rather than internal ice sheet control. The apparent

correlation of Heinrich events to climatic variations observed in a Florida lake (Grimm et al.,

1993) suggests that these ice sheet/ocean interactions may have global climatic significance.

The Labrador Sea provides a unique link between ice sheets and open ocean, being

the subarctic basin that was most directly influenced by continental ice sheets. Their control

on sedimentation is shown by the accumulation of up to 500 m of Pleistocene clastic

sediments in the central Labrador Basin (Hesse et al., 1987). This transitional basin also

received large amounts of meltwater directly (de Vernal and Hillaire-Marcel 1987; Hillaire-

Marcel and de Vernal 1989), or from ice surges such as the Heinrich events (Andrews and

Tedesco, 1992; Bond et al., 1992; Broecker et al., 1992; Hillaire-Marcel et al, 1994), or

from calving due to destablization of the ice margins (Ruddiman and Mclntyre, 1981). These

meltwater fluctuations strongly affected sedimentation (Fillon et al., 1981; Fillon, 1985;

Piper et al., 1990; Hillaire-Marcel et al., 1994). Sedimentation in this basin was also affected

by ice advances triggering turbidite flow down the Northwest Atlantic Mid-Ocean Channel

(NAMOC) (Chough et a l , 1987; Hesse et al., 1987). The NAMOC, the main "basin-

draining" channel of the Labrador Sea, is over 3800 km long and 100 to 200 m deep. It is

one of the largest deep sea channels known (Hesse, 1989). The control of ice sheets on

NAMOC activity is shown by the cessation of turbidite flow down this conduit at ca. 7.1 ka

(Hesse et al., 1987).

The Laurentide ice sheet was by far the dominant source of terrigenous material to the

Labrador Sea. The asymmetry of the Labrador Basin fill, with an over supplied Labrador

margin and a starved Greenland margin, suggests that the Greenland ice sheet was more

stable than the Laurentide ice sheet (Hesse et a l , 1990) It is likely that sedimentation



observed from deep Labrador Sea cores provide a record of the past variations of these ice

sheets. Changes in the sedimentation pattern during the last climatic cycle are expected to

contain high frequency variations related to the influence of the Laurentide ice sheet, and

longer period variations from the Greenland ice sheet. If Heinrich events in the North

Atlantic are associated with Laurentide ice sheet instability, a detailed record should be

preserved in Labrador Sea sediments. Therefore, the sedimentation in the Labrador Sea

might not only provide a record of the response of the ice sheets to orbital forcing, but also of

millennial scale events whose importance for the climate system begins to be recognized.

Rock magnetic measurements provide a high speed, high resolution, highly sensitive,

non-destructive, quantitative record of lithologie variations. Previous magnetic studies from

Late Pleistocene cores have been correlated to paleoclimatic and paleoceanographic conditions

(Kent, 1982; Robinson 1986, 1990; Bloemendal 1983; Bloemendal et al., 1988, 1992, 1993;

Doh et al., 1988; Bloemendal and de Menocal 1989; Hall et a l , 1989a, b). Composition,

concentration and grain-size of the magnetic material have been shown to vary from glacial to

interglacial times. These variations are explained by changes in the mechanism of transport

of detrital magnetic material to the ocean basin (e.g., bottom currents, fluvial, eolian activity,

and ice rafting) and dilution by biogenic material (e.g. carbonate, silica). Therefore,

magnetic parameters can be used to asses paleoenvironmental change (see Table A.I).

Magnetic methods have also been used for rapid characterization of diagenetic variations

associated with reducing conditions (Karlin and Levi, 1983, 1985, Bloemendal et al., 1989;

Channell and Hawthorne, 1990; Leslie et al., 1990 a, b; Karlin, 1990 a, b; Robinson, 1990;

Bloemendal et al., 1993) They are also effective in identifying relict oxic zones in non

steady-state diagenetic environments (Karlin, 1990b). Because of the large number and

confusing nature of magnetic parameters, a table is included in the Appendix (Table A.I).



Paleomagnetic measurements provide one of the only direct records of past

geophysical conditions. Fluctuations of the Earth's magnetic field have been widely used for

correlation. Magnetostratigraphy has been used to develop a time scale for the last 200 m.y.

relying primarily on the sequence of magnetic polarity reversals in marine and terrestrial

records. For much shorter time intervals (< 100 kyr), variations in secular variation records

have been used for correlation with good success in lake sediments, however the records

from marine sediments are not as convincing. Secular variations generally do no exceed a

few tens of degrees, therefore sampling and measurement techniques as well as sedimentary

disturbances are particularly critical. Because the dynamic sedimentary environment of the

Labrador Sea could perturb the directional data and the lack of high quality records to which

this data could be compared, it was decided that this area of research would be given low

priority (the directional data is included in the Appendix as Figures A.I, A.2, and A.3).

However, several recent studies have suggested that marine sediments may preserve a record

of geomagnetic field intensity (i.e. dipole field paleointensity) (Kent and Opdyke, 1977;

Tauxe and Wu, 1990; Meynadier et a l , 1992; Trie et a l , 1992; Valet and Meynadier, 1993;

Schneider, 1994; Tauxe and Shackleton, 1994; Yamazaki and Ioka, 1994). Therefore, it was

decided to focus on the intensity component of the magnetic vector in hope that a record

could be extracted from high sedimentation rate Labrador Sea cores.

The detailed magnetic study of sediments from the deep Labrador Sea was part of a

larger study including isotopic, geochemical, lithologie and paleontological analyses, in order

to characterize the climatic and environmental changes within the Labrador Sea during the last

climate cycle. The objective of the magnetic study was: (1) to characterize the sediment by

magnetic properties; (2) to interpret this record in terms of ice sheet activity and (3) determine

if sediment from this basin reliably recorded intensity variations of the geomagnetic field.
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This thesis is a compilation of four articles: two published and two in press. The

articles concern high resolution magnetic studies of three Late Quaternary piston cores from

the Labrador Sea. The first article, "High-resolution rock magnetic study of a Late

Pleistocene core from the Labrador Sea" published in Canadian Journal of Earth Sciences,

deals with the high resolution rock magnetic study of piston core HU90-013-013 (P-013)

(Stoner et al., 1994). This work defines the magnetic mineralogy of this core and presents a

model explaining several features of the rock magnetic parameters. The second article,

"Magnetic properties of deep-sea sediments off southwest Greenland: Evidence for major

differences between the last two déglaciations" published in Geology, is a detailed study of

the changes in magnetic properties at Termination I and Termination II (Stoner et al., 1995).

The magnetic data are combined with oxygen isotope, AMS *4C and lithologie data. The

marine record can be correlated to the stages of glacial retreat recognized for the Greenland

ice sheet. Although the records for the two terminations have similarities, the timing of

glacial retreat appears to have been very different for the two terminations. The third article,

"The magnetic signature of rapidly deposited detrital layers from the deep Labrador Sea:

Relationship to North Atlantic Heinrich layers" to be published in Paleoceanography

concerns the magnetic properties of piston core HU91-045-094 (P-094) from the Labrador

Rise (Stoner et al., in press a). This paper uses high resolution bulk magnetic, hysteresis

and low temperature remanence measurements to examine the sedimentary environment and

depositional mechanism associated with distinct rapidly deposited detrital layers. These

layers are extremely well defined by the magnetic parameters. This record is correlated with

the Heinrich layer stratigraphy from the northern Labrador Sea and the North Atlantic. The

magnetic record from P-094 is compared with the magnetic record from P-013 to look at the

basinal variation associated with these layers.
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The fourth and final article, "Late Pleistocene relative geomagnetic field paleointensity

from deep Labrador Sea sediments: Regional and global correlation" to be published in Earth

and Planetary Science Letters, shows that although sedimentation within the Labrador Sea

was very dynamic, the sediments yield reproducible relative paleointensity records (Stoner et

al., in press b). Rapidly deposited detrital layers, recognized by their lithologie, geochemical

and magnetic characteristics, can be removed from the record for the purposes of

constructing relative paleointensities. These detrital layers, although not used in the

paleointensity records, provide a means of correlation among the three cores. The

chronology of the record from the Labrador Sea appears inconsistent with that of records

from the Mediterranean and Indian Ocean. However, after adjustment of the chronology the

records are strongly correlated. The high degree of reproducibility in the Labrador Sea

paleointensity records, and the correlation of the Labrador Sea records with those from the

Indian Ocean and Mediterranean Sea, lead us to conclude that the paleointensity records from

the Labrador Sea are indicative of dipole geomagnetic relative paleointensity and therefore

useful for high resolution global correlation. Although the paleointensity variations from the

Labrador Sea are consistent with those from outside the region, the chronology of the

records are inconsistent. The chronologic discrepancy within these records may indicate

fundamental problems with correlation of AMS 14C ages (used in the Labrador Sea) to the

oxygen isotope (SPECMAP) time-scale used elsewhere.
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1.1 INTRODUCTION

Pleistocene climatic fluctuations that are characterized by ice sheet growth and decay

are related to reorganization of the oceanic and atmospheric paleocirculation patterns

(Broecker and Denton 1989, 1990; Hillaire-Marcel and de Vernal 1989). The basins off

eastern Canada were the primary transitional basins between ice sheets and open oceans and

received large amounts of melt water (de Vernal and Hillaire-Marcel 1987a-b; Hillaire-Marcel

and de Vernal 1989). Sedimentation in these basins is sensitive to climatic fluctuations which

should affect the rock magnetic character of the sediments.

High resolution rock magnetic studies from Late Pleistocene cores have correlated

rock magnetic variations to paleoclimatic and paleoceanographic conditions (Robinson 1986;

and Bloemendal et al. 1988, 1992). In older sequences, rock magnetic studies have detected

changes in terrigenous source regions (Bloemendal 1983; Robinson 1986, 1990; Doh et al.

1988; DeMenocal et al. 1988; Bloemendal et al. 1988; Mead et al. 1986; Bloemendal and

DeMenocal 1989; Mienert and Bloemendal 1989). Open ocean sites have generally indicated

that relatively high magnetic concentrations occur during glacial periods while low magnetic

concentrations occur during interglacials, primarily due to dilution of the magnetic fraction by

increased biogenic sedimentation (e.g. calcium carbonate, silica). Composition and grain-

size were also shown to vary from glacial to interglacial times. In contrast to the open ocean

studies of Robinson (1986) and Bloemendal et al. (1988), a study of ODP-Site 646 (Leg
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105) in the Labrador Sea concluded that the finer grained magnetic material deposited during

glacial periods shows no significant correlation between magnetic concentration and

percentage CaCO3 (Hall et al. 1989a). Changes in the intensity of bottom current activity,

which are related to the climatic conditions (e.g. glacial/interglacial) (Duplessy et al. 1988,

Broecker 1990, Broecker et al. 1990, Labeyrie et al. 1992), were considered to be

responsible for glacial-interglacial variations in grain-size of the magnetic material (Hall et al.

1989a).

The Late Pleistocene piston core HU 90-013-013 (PC-013) was taken at

approximately the same location as ODP-Site 646 (Leg 105) (Fig. 1.1). Although PC-013

represents a much shorter interval of time than the ODP core (isotopic stages 1 through at

least 5e compared to stages 1-21) back-to-back sampling, with each sample representing

approximately 2.5 cm of core, allows definition of magnetic features not available from ODP

cores due to sampling restrictions.

1.2 LOCATION, LITHOLOGY AND CHRONOLOGY

1.2.1 Location and Sedimentary Environment

PC-013 was collected from the Greenland Rise, north of the of the Eirik Ridge on the

northern flank of a subsidiary ridge (58°13'N, 48°22'W), at a water depth of 3380 m (Fig.

1.1). The Eirik Ridge, a sediment drift, results from a combination of sediment erosion,

redeposition, and smoothing of the seafloor by strong contour currents (Srivastava, Arthur et

al. 1987). The Eirik Ridge is a depositional feature associated with the circulation of the

Western Boundary Under Current (WBUC) around the southern tip of Greenland before it

turns northwest into the main part of the Labrador Sea. Though the Eirik Ridge appears to be

primarily a relict feature (Hiscott et al. 1989), moderate bottom currents are still active in the

Labrador Sea, with maximum velocities of 20 cm/s near the southern tip of Greenland
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Figure 1.1. Site location map. HU90-013-013 is the piston core studied.
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(Rabinowitz and Eittreim 1974). Currently the WBUC corresponds to the maximum velocity

core of North West Atlantic Bottom Water (NWABW), which is found between 2500-3000

m in depth, at the edge of the Eirik Ridge (Clarke 1984; McCartney 1992). While this

circulation existed during most of the Holocene, the WBUC is generally considered to have

been inactive during the last glacial maximum (Duplessy et al. 1988, Broecker 1990,

Broecker et al. 1990, Labeyrie et al. 1992, Lehman and Keigwin 1992).

Chough and Hesse (1985) from piston cores on the southern flank of the Eirik Ridge,

found the drift sediments to be dominantly clayey silts and silty clays which could be

characterized as "reworked" hemipelagic and pelagic sediments, while Hiscott et al ( 1989)

from Site 646 found 95% of the Late Pliocene and younger age sediment to be structureless

or bioturbated. Sedimentation processes observed at Site 646 are by three dominant agents;

ice rafting, turbidity currents, and contour currents (Chough and Hesse 1985; Cremer 1989;

Hiscott et al 1989). Through the Late Pleistocene a pronounced weakening of bottom current

intensity is observed (Cremer 1989; Cremer et al 1989), with décantation of hemipelagic

suspension and sporadic ice-rafted detritus (IRD) as the dominant settling processes during

this interval (Cremer 1989; Cremer et al 1989). Turbidite sequences are generally composed

of detrital carbonate (Cremer 1989; Hiscott et al 1989) and are considered to be similar to

those described on the levees of the Northwest Atlantic Mid-Ocean Channel (NAMOC)

(Hesse and Chough, 1980). These turbiditic layers are often observed in the same intervals

as ice rafted detritus (Cremer 1989).

1.2.2 Lithology of Core HU90-013-013

The 1744 cm long core PC-013, consists of alternating sections of clayey silts, silty

clays, and clays (Hillaire-Marcel and Rochon et al. 1990) (Fig. 1.2). The top twenty

centimeters consist of an oxidized horizon of brown, carbonate-rich clayey silts. This
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Figure 1.2. Generalized lithologie section indicating sediment color, lithology,
structural features (P. Ferland, personal communication, 1990) and tephra layers (H.
Haflidason,. personal communication, 1992), with plots of percent CaCC>3, mean
grain-size < 160 |nm, the weight percent of the carbonate-free sediment fraction >125
|j.m, and 8180 (%c) vs. depth (cm bs) (Hillaire-Marcel et al., 1994a). Colors are given
according to the Munsell soil color charts, bs, below sediment surface.
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AMS 14C ages (Table 1). The stage 2/3 transition, indistinct in the oxygen isotope record,

has been identified at approximately 620 cmbs based on 14C ages and the occurrence of

Heinrich event 3 at 640 cmbs with an approximate age of 28 kyr (Bond et al. 1992) or 30 kyr

(Andrews et al. 1994, Hillaire-Marcel et al. 1994 a). Stage 4 is considered to occur in the =

800 to 880 cmbs interval based on micropaleontological data (see de Vernal et al. 1994) and

the presence of a light 513C event. The short length of stage 4 is believed to be a general

feature of the Labrador Sea (Hillaire-Marcel and de Vernal 1989). Isotopic substage 5a is

distinct in the record (Fig. 1.2) while the interval from substage 5b-5d exhibits heavier than

expected 518O values. These higher values may be related to rapid ice growth over Greenland

and Arctic Canada during this interval as postulated by Miller and de Vernal (1992). The

transitions from stage 5d to 5e and 5e to what is generally accepted as stage 6 are marked by

abrupt changes in the 818O due to full interglacial conditions of substage 5e. The light Ô18O

peak in stage 6 may indicate that the interval above, interpreted as stage 6 (Fig. 1.2), may

represent a "Younger Dryas Type" event of substage 5e (see Hillaire-Marcel et al. 1994 a ).

The transition from stage 6 to stage 7 has been placed at 1600 cmbs, based on the oxygen

isotope record and micropaleotological data (Hillaire-Marcel et al. 1994 a,b).

1.3 METHODS

1.3.1 Sampling

PC-013's core sections were cut with a rotary saw and the sediment split with an

electric knife. The split core sections were sampled on board for magnetic measurement by

continuous subsampling with 7 cc plastic cubes back-to-back, along the central axis, down

the entire length of the core (708 total samples). Duplicate samples were taken approximately

every 10 cm (173 total samples). All magnetic measurements were made in the magnetically-

shielded laboratory at the University of Florida.
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Table 1. Depth to age profile with intervening sedimentation rates.
Depth 14CAge ô^O Sedimentation rate

(cm bs)a (years BP) Chronostratigraphy (cm/ka)
(years)

28

28

28

90

90

90

30

30

30

15

15

25

25

9

9

8

16

16

9

5

7

21

4

Note: Resevoir-corrected AMS 14C ages are from Wu and Hillaire-Marcel
(1994), sedimentation rates are from Hillaire-Marcel et al. (1994). The 518O
record allowed identification of 5 events which were correlated with the
orbitally based chronostratigraphy of Martinson et al. (1987) and assigned ages.

aGiven as centimeters below the sediment surface (bs)

98-100

188-190

208-210

238-240

338-340

358-360

368-370

388-390

398-400

418^20

430

428-430

438-440

448^50

478-480

508-510

528-530

698-700

756-758

860

1236

1406

1630

3,980 ±70

6,810 ±100

7,580 ±70

7,790 ±80

8,830 ±90

9,230 ±360

10,040 ±120

10,430 ±80

10,720 ±90

11990 ±90

12,450 ±120

12,560 ±90

14,150 ±110

16,990 ±110

20,950 ±150

22,190 ±200

33,000 ±340

41,380 ±590

12,500

64,000

122,000

130,000

190,000
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1.3.2 Magnetic Measurements

All samples were measured for: low (k at 0.47 kHz) and high-frequency (k hf at 4.7

kHz) volumetric magnetic susceptibility, the ratio of k to k hf gives the frequency dependent

magnetic susceptibility (k f); natural rémanent magnetization (NRM) and the NRM after 20

mT alternating field (AF) demagnetization; anhysteretic rémanent magnetization (ARM) using

a 99 mT peak AF and a 0.04 mT direct current (DC) biasing field (this is expressed as an

anhysteretic susceptibility (£ARM) by dividing by the strength of the biasing field); saturation

isothermal rémanent magnetization (SIRM) produced in a DC field of 1 T (the authors realize

that antiferromagnetic grains may not be completely saturated at a field of this intensity); back

field isothermal rémanent magnetization (BIRM) using DC fields of-0.1 T (BIRM_o.i) and

-0.3 T (BIRM.0.3).

The BIRMs and SIRM were used to obtain the S-ratios (BIRM.0.1/SIRM = S.0.i) and

(BIRM.0.3/SIRM = S.0.3) and hard isothermal rémanent magnetization (HIRM). HIRM.0.1

is defined as (SIRM + BIRM.0.1) / 2, while HIRM.0.3 is defined as (SIRM + BIRM-0.3) / 2.

Stepwise AF demagnetization in peak fields up to 99 mT as well as progressive IRM

acquisitions were measured on selected samples. These parameters are fully defined by

CoUinson (1983), O'Reilly (1984), and Thompson and Oldfield (1986).

Magnetic accumulation rates were calculated by multiplying the magnetic

concentration dependent parameter k by the sedimentation rates (Table 1) and the bulk

density (Hillaire-Marcel et al. 1994 a). Only sedimentation rates based on 14C dates were

used, due to uncertainties in relating the isotopic stratigraphy of the lower section of PC-013

with ages derived from the chronostratigraphy of Martinson et al. (1987) (for discussion, see

above and Hillaire-Marcel et al. 1994 a ).
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1.4 RESULTS

1.4.1 Downcore Variation of Concentration Dependent Parameters

Figure 1.3 shows k and the intensities of SIRM, Karm, HIRM.o.i and HIRM_o.3

plotted versus depth. In general, increasing magnetic mineral content, indicated by peaks in

the k and SIRM curves occur during glacial to interglacial transitions (i.e. isotope stage 6/5e

and 2/1). Magnetically, tephra-rich intervals (Fig. 1.2) are not always distinguishable from

IRD (fraction > 125 fim) (Fig. 1.2). Both are characterized by high k , however, there is a

tendency for SIRM to be lower for IRD. Altough &ARM displays the same general response

to intervals of high magnetic concentration identified by k and SIRM, it also displays a much

greater downcore variability due to its greater sensitivity to ferrimagnetic grain-size.

Downcore variation in the concentration of higher coercivity components, indicated

by HIRM.o.i, does not consistently follow the transitions from glacial to interglacial periods.

Generally the highest HIRM_o.i values are associated with intermediate 518O values, during

the stage 2/1 transition, the initial part of stage 2, substages 5a-d and stage 7. The lowest

HIRM.o.i values are associated with heavy 518O values of stage 2 and stage 6 and

intermediate HIRM.o.i values are associated with the light 818O values of stage 1 and

substage 5e. The association of high HIRM_o.i with intermediate 518O indicates that the

concentration of higher coercivity magnetic materials (e.g.. single domain magnetite and/or

antiferromagnetic material) is controlled by a different set of factors than magnetic

concentration in general. The HIRM.0.3 curve shows a similar trend to that of the HIRM.0.1

curve, but with much less variation and much greater scatter due to the dominance of

ferrimagnetic minerals on the magnetic properties of this core.

In agreement with the results of Hall et al. (1989a), the concentration dependent

parameters k , SIRM, HIRM.0.1 and HIRM.0.3 show no clear correlation with percent

CaCO3 (Fig. 1.3 & 1.4) , with correlation coefficients of r = -0.26, -0.43, -0.42 and -0.27
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1994a). Each point represents an average value for approximately 2.5 cm of core. Curve fit is achieved by using
the locally weighted least squares method with a 2% weighting function, bs, below sediment surface.
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Figure 1.4. Accumulation rate curve for K vs. depth (cm bs) compared
with CaCO3, and 5180 (%o) versus depth. For the magnetic parameters
each point represents an average value for approximately 2.5 cm of core,
bs, below sediment surface.
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respectively. On the other hand, £ARM has a more negative correlation with percent CaCO3,

with r = -0.63, possibly due to lower concentrations of magnetic material and relatively larger

magnetic grain-sizes during periods of increased CaCO3 content.

Magnetic concentration may be influenced by dilution from other components (e.g.

CaCO3 and/or silica) which may obscure changes in the magnetic input. One way to

eliminate this problem is to recalculate the magnetic parameters as if they were accumulation

rates or fluxes (Bloemendal 1983; Bloemendal et al. 1988; Doh et al. 1988; and Hall et al.

1989a). Figure 1.4 shows CaCO3 and k plotted as accumulation rates (CaCO3ar and £ar

respectively) versus depth (cmbs). As is to be expected, very high accumulation rates are

found when the maximum sedimentation rates (Table 1) and highest values for the parameters

(Fig. 1.3) coincide. The interval of maximum magnetic accumulation corresponds to the

glacial to interglacial transition 2/1. Even though the magnetic accumulation was not

calculated for the bottom half of the core, high accumulation rates would also be expected for

substage 5e due to its higher sedimentation rates (Table 1) and higher values of magnetic

concentration (Fig. 1.3) relative to the surrounding intervals.

1.4.2 Concentration Independent Rock Magnetic Parameters

To eliminate the dependence on magnetic concentration, ratios between individual

magnetic parameters can be calculated which are essentially concentration independent. Six

interparametric ratios were used in this study: the 2 S-ratios and kf (defined above),

SIRM/K; SERM/£ARM>
 a nd &ARM/£ � The S-ratios are primarily indicative of changes in the

coercivity of the sediment's magnetic assemblage. The S.0.3 is used as an indicator of the

proportion of high coercivity particularly antiferromagnetic (hematite and goethite) to the

lower coercivity ferrimagnetic (magnetite and maghemite), but is only discriminatory (S.0.3 >

-0.9) when the proportion of antiferromagnetic material is greater than 80% of the magnetic
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assemblage (Bloemendal et al. 1992). While, S.0.1 is also sensitive to the proportion of

antiferromagnetic to ferrimagnetic minerals in the assemblage, but it also exhibits a strong

secondary response to ferrimagnetic grain-size (Robinson 1986). The kARM ratios, £ARM/£

and SIRM/^ARM are primarily responsive to the dominant ferrimagnetic grain-size of the

magnetic minerals in the assemblage. k^RM/k decreases with increasing grain-size (King et

al. 1982), while SIRM/£ARM increases with increasing grain-size. SIRM/& also decreases

with increasing grain-size, but it also responds to the magnetic mineralogy (Thompson

1986). SIRM/£ARM is less responsive and &ARM/£ is the least responsive to magnetic

mineralogy. While k f is used to indicate the presence of superparamagnetic material

(Thompson and Oldfield 1986; Maher 1988). For further explanation on the empirical and

theoretical basis of these ratios see Dunlop (1981); King et al. (1982); O'Reilly (1984);

Thompson and Oldfield (1986); Thompson (1986); Hall and King (1989); Yu and Oldfield

(1989); King and Channell (1991) and Bloemendal et al. (1992).

The largest feature associated with all the rock magnetic parameters is the high

coercivity interval indicated by low negative S_o.i ratio and high HIRM_o.i values observed

from approximately 500-600 cmbs (Fig. 1.5). The transition to the low negative S_o.i ratio

is rather abrupt, occurring over 2 or 3 samples (approximately 5 cm) both above and below

the interval. The low negative S_o.i ratio tends to indicate a magnetic assemblage dominated

by ferrimagnetic grains of finer SD grain-size or an assemblage with a small

antiferromagnetic component, or both (Robinson 1986). SIRM/& shows a similar peak at

this interval indicating a similar magnetic assemblage. In contradiction, however,

SIRM/&ARM also shows a peak in this interval which is indicative of a coarser grained

magnetic assemblage, while &ARM/£ shows a mixed signal in this interval, indicative of a

slight fining from top to bottom. The apparent contradiction between these magnetic ratios

can be explained by either small proportion of the magnetic mineral assemblage containing a
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higher coercivity antiferromagnetic mineral (hematite or goethite) or a magnetic assemblage

that has a significant proportion of ultrafine SD magnetite. Karlin (1990) indicated that &ARM

might not activate the smallest fraction whose coercivities are greater than the peak applied

AF field of 100 mT. This interval also exhibits greater frequency dependence of

susceptibility (k f) (Fig. 1.5) indicating a greater proportion of grains close to the

superparamagnetic-SD grain-size threshold and possibly indicative of a finer overall magnetic

assemblage. Although, the decrease in k f is only on the order of 6%.

The top twenty centimeters are also characterized by a low negative S_o.i values (Fig

5). This corresponds to the well oxidized, bioturbated, surficial layer above the level of iron

reduction (Lucotte et al. 1994). The magnetic parameters of the top 20 cm are similar in all

respects to those from the 500-600 cmbs interval which may indicate similarities between the

depositional or post-depositional nature of these sediments, though the paleoenvironments

were very different during these times. Two other middle to low negative S.o.i peaks are

observed at 950-990 cmbs and 1140-1180 cmbs, and are contained within a broad zone of S.

o.i values greater than -0.7 from 950 to 1240 cmbs (substages 5a-d). This high coercivity

interval is also displayed by HIRM.o.i (Fig. 1.3) and SIRM/K curves. Little variation is

observed from the &ARM ratios during this interval (Fig 5). Below this interval is a zone of

low negative S_o.i values, indicating an interval of lower coercivity from 1250 to 1550 cmbs.

Low values for SIRM/K are also observed during this interval. From 1600 cmbs to the base

of the core increasing S.o.i values are observed. This higher coercivity interval correlates

with a decrease in S18O and is also observed as an increase in SERM/& values.

The k arm ratios especially £ARM/£ show three distinct intervals indicative of a coarser

grained magnetic assemblage (Fig 5). The three intervals occur at: 220-380 cmbs, 640-650

cmbs and 1240-1420 cmbs. These intervals correspond to high negative values of S_o.i and

lows on the SIRM/& curve, probably indicative of coarse grained ferrimagnetic, MD
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magnetite dominated, magnetic assemblage. Though, for both the S.o.i and the SIRM/A:

curves, the transition to a finer grain-sized magnetic assemblage at 1440 cmbs as indicated by

the £ARM ratios is not observed, probably due to the increase in ERD (Fig. 1.2) during this

interval.

The intervals of coarser magnetic grain-size (220-380 cmbs and 1240-1420 cmbs)

correspond to the glacial to interglacial transition 2/1 and the last interglacial 5e. The other

interval (640-650 cmbs), correlates with a short carbonate peak, and is identified as Heinrich

event 3 (Hillaire-Marcel et al. 1994 a ) as indicated by the poorly sorted sand and gravel, the

large increase in the fraction greater than 125 |J.m (Fig. 1.2), as well as the change in color

from gray to brown. Very low SIRM/& values are observed during this interval, probably

indicating the affect of coarse MD magnetite on the magnetic properties in this layer. Other

Heinrich events (notably 1, 2, & 6) have been identified within PC-013 (Hillaire-Marcel et al.

1994 a ) but do not produce major features in the magnetic record.

1.5 DISCUSSION

1.5.1 Intervals of Increased Magnetic Concentration and Grain-size

The two prominent intervals of increased magnetic grain-size and concentration are

associated with glacial to interglacial transition 2/1 and interglacial 5e. The increase in

magnetic grain-size is inferred from a decrease in £ARM/£ and an increase in SIRM/&ARM

values. This is further corroborated by an observed increase in the grain-size of the whole

sediment for the fraction less than 160 (im during the same intervals (Fig. 1.2) (Hillaire-

Marcel et al. 1994 a ). The strong negative correlation between^ARM/^ and the grain-size

analysis of the mean grain-size (in pirn) for the less than 160 |0.m fraction of r = -0.74, is

consistent with findings of Hall et al. (1989b) in Baffin Bay, and indicates that £ARM/£ is a
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useful proxy for grain-size changes within the smaller grain-size fraction of the sediment as a

whole.

The increase in magnetic concentration associated with substage 5e is assumed to be

related to the change in climatic conditions. The change in magnetic concentration associated

with the 2/1 transition cannot unequivocally be associated with the climate change in view of

the large volcanic input in this interval. But, the range of high tephra count in the core is

primarily between 350-400 cmbs and the high magnetic concentration and increased grain-

size occurs from 220 to 380 cmbs. Therefore, we consider that the volcanogenic detritus

contributes to the increased magnetic concentration in the lower part of the interval, but is not

the only source of increased magnetic concentration during this interval.

From site 646, Hall et al. (1989a) concluded that the changes in £ARM/V reflect

changes in bottom current activity and that the low values of £ARM/£ , indicative of larger

magnetic grain-sizes, reflect increased bottom current activity and winnowing of the finer

fractions. They also concluded that the bottom current activity, as determined from &ARM/£ >

and the terrigenous flux indicated by magnetic accumulation rates lag the SPECMAP oxygen-

isotope curve by 14 and 18 kyr respectively from stage 11 to 1. For PC-013, the increase in

magnetic grain-size and concentration occurs at precisely the same level (Figs 3 and 5). The

magnetic accumulation rate for the 2/1 transition (Fig.3) lags the increase in magnetic grain-

size by 20 cm or approximately 1000 yrs from the 14C dates of Wu and Hillaire-marcel

(1994). However little emphasis can be given to this since the accumulation rates are

proportional to sedimentation rates (Table 1) which are not accurately determined (due to the

changing rate of sedimentation during this interval), but are simply interpolated between 14C

dates. The low carbonate percentages in this interval (Figs. 1.2,1.3 and 1.5) appear to be

related to low productivity rather than significant dissolution (de Vernal et al. 1994).

Therefore it appears that the increase in concentration reflects magnetic accumulation and, at
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least for the last and the present interglacials, increases in grain-size and concentration occur

during the same intervals and are therefore probably due to the same cause.

Current winnowing of the finer fraction has been suggested to be the primary

mechanism for the larger magnetic grain-size. This hypothesis does not appear to be

supported in this core for several reasons. First, the location of this site at a depth of 3380 m

is beneath the main axis of WBUC activity (Clarke 1984; McCartney 1992; McCave and

Tucholke 1986; Hillaire-Marcel et al. 1994 a, Lucotte and Hillaire-Marcel 1994), which may

explain the lack of sedimentary structures related to current processes at this site (Cremer

1989). The site position below the WBUC is further established by comparing sedimentation

rates from PC-013 with piston core HU90-13-012 (PC-012) which is approximately 100 km

away and 600 m higher up the Greenland slope. In PC-012 the Holocene section is

represented by 30 cm of core due to its location in the main axis of the WBUC (Lucotte and

Hillaire-Marcel, Hillaire-Marcel et al. 1994 a ) and stage 2 extends over an interval of 2 m,

during a period with little or no bottom current activity. On the other hand, PC-013 contains

an extended Holocene section of approximately 4 m and a relatively condensed stage 2 of

approximately 2 m, due to the activity and inactivity of the WBUC during these times

respectively. The effect of WBUC on the sedimentation rate of PC-013 can be further

illustrated by the decrease in sedimentation rates during the Younger Dryas, when deep water

flow was turned off ( Broecker et al. 1990; Lehman and Keigwin 1992, Veum et al 1992,

Charles and Fairbanks 1992, Alley et al. 1993). The sedimentation rate during this time was

reduced by a factor of 2 relative to the intervals both before and after, when the WBUC was

active (Hillaire-Marcel et al 1994). Therefore, PC-013 is located at a site characterized by

high sediment accumulation (rather than by erosion) during WBUC activity.

The fact that the increases in mean grain-size, magnetic grain-size and accumulation

are observed during periods of significant decrease in 818O values indicates that significant



35

ice retreat was occurring during these times. Therefore we consider that these increases are a

reflection of increased detrital component due to a strong melt water flux from southern

Greenland. This interpretation is supported by an increase in detrital silicate flux during the

interval from 220 to 380 cmbs. This flux was 4 times the amount of the preceding glacial

period and twice as much as the rest of the Holocene (Hillaire-Marcel et al 1994). The

increase in magnetic grain-size associated with the glacial to interglacial transitions and the

increase in the mean grain-size (in |im) of the whole sediment (< 160 |J.m) (Fig 2) should not

be confused with an increased input of IRD, which is indicated by increases in the percent of

the sediment greater than 120 |j,m (Fig. 1.2). This IRD indicator is highest during glacials

and at a maximum during Heinrich events (Hillaire-Marcel et al. 1994 a ), but is significantly

reduced during interglacials (Fig. 1.2).

1.5.2 High Coercivity Interval

The variations in the S.o.i ratio and HIRM.o.i (Figs 3 and 5) show an interval

(between 500 and 600 cmbs) with much higher coercivity than the intervals above or below.

The magnetic assemblage in this interval is probably dominated by SD magnetite, with

possibly a small proportion of antiferromagnetic material (hematite or goethite). The

interpretation that SD ferrimagnetic material is the dominant magnetic mineralogy in this

interval is supported by the greater frequency dependence of susceptibility indicating an

increased ultrafine fraction. Because the transition from lower to higher coercivity is so

abrupt (about 5 cm) a dramatic change in sediment source at both the initiation and

termination of this interval would be needed. There is no evidence indicating that an increase

in a detrital source could account for the large and rapid change in coercivity during the

interval.
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The similarity of magnetic behavior between the high coercivity interval and the

oxidized surficial layer above the zone of iron reduction may indicate that the high coercivity

corresponds to a relict oxidized zone. The presence of oxidizing conditions in this interval is

indicated by a marked color change (on board core description), large manganese peak at 580

cmbs (Lucotte et al. 1994) and an uranium low with a sharp increase in the interval just

below (Vallières, S. pers. comm., 1992). The color change from dark gray above this

interval, to an olive to olive gray at the top of the interval, changes to a light brownish gray in

the lower part of the interval, followed by a sharp transition to gray immediately below the

interval. A more oxic sedimentary environment is assumed during stage 2 due to lower

sedimentation rates and reduced organic carbon burial (Lucotte et al, 1994). Therefore it

seems probable that a diagenetic mechanism similar to that postulated by Karlin (1990) for

Pacific sediments might be involved. This mechanism involves the preferential dissolution of

SD ferrimagnetic component just below the zone of iron reduction in all but relict oxidized

zones within the core. These conditions lead to a magnetic assemblage dominated by a

coarser grained ferrimagnetic mineralogy with an overall lower coercivity in all but the

surficial and relict oxidized zones The mechanism for this paleooxidization zone is still

unclear, but it may be related to a mechanism proposed by Finney et al. (1988), where the

oxidized zone is buried by an upward shift in the redox boundary due to an increased

sedimentation rate. For PC-013, this could be related to the increase in sedimentation

observed during stage 1.

An alternative mechanism involves a progressive oxidation front, usually associated

with turbidite emplacement (Colley et al. 1984; Wilson et al. 1985), but which may be

initiated by any relatively sudden change in sedimentary conditions. Such change causes the

actual thickness of the oxidized sediment surface layer to become less than the equilibrium

steady-state layer thickness (e.g. turbidite, decrease in organic sedimentation, increase in
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oxygen) (Wilson et al. 1986, Dean et al. 1989, Pruysers et al. 1993). The top of this interval

coincides with Heinrich event 2 which is rich in detrital carbonate (Fig 2 and 5) and whose

origin may be related to overflow turbidites from the NAMOC (Cremer 1989; Hillaire-Marcel

etal. 1994 a) .

1.6 CONCLUSIONS

1. Increasing magnetic grain-size correlates with glacial to interglacial transition 6/5e

and 2/1. The coarsening of magnetic grain-size is associated with a large increase in

magnetic concentration, and higher sedimentation rates due to reinitiation of the WBUC.

These factors also correlate with an increase in the mean grain-size of the whole sediment for

the fraction less than 160 |im and an increased silica flux during the 2/1 transition. These

changes at the glacial-interglacial transitions (6/5e and 2/1) are considered to be due to an

increase in detrital components related to glacial retreat and an associated large melt water flux

from southern Greenland.

2. An interval of increased magnetic coercivity recognized by the variations in the S.

o.i ratio and HIRM_o.i from 500 to 600 cmbs, appears to be related to the preservation of SD

ferrimagnetic component do to a lack of reduction diagenesis during this interval. The

mechanism for preservation of this relict oxic zone is presently undetermined. Other intervals

of higher coercivity within this core might be related to similar oxidation events that have

been only tentatively identified.

3. Most concentration dependent magnetic parameters (k , SIRM, HIRM.o.i and

HIRM.0.3) show no correlation to percent carbonate in agreement with the study of Hall et al.

(1989a). Whereas, £ARM shows a more negative correlation with percent carbonate due to it

greater grain-size sensitivity, and the general correlation in this core of higher (lower) percent

carbonate with larger (smaller) magnetic grain-size. These results are in contrast to the deep
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sea cores studied by Robinson (1986,1990) and Bloemendal et al. (1988) owing to the more

complicated sedimentation patterns observed in transitional basins like the Labrador Sea.

4. The strong negative correlation between the magnetic grain-size sensitive

parameter £ARM/£ and the mean grain-size of the fraction less than 160 |Lim indicates that

£ARM/£ can be used as a proxy for grain-size change in the small grain-size fraction of the

sediment.
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MAGNETIC PROPERTIES OF DEEP-SEA SEDIMENTS OFF SOUTHWEST

GREENLAND: EVIDENCE FOR MAJOR DIFFERENCES BETWEEN THE

LAST TWO DEGLACIATIONS
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2.1 INTRODUCTION

Piston core HU90-013-013 (P-013) was taken from the Labrador Sea, on the

Greenland rise, northwest of the of the Eirik Ridge (lat 58°13'N, long 48°22'W, present

water depth: 3380 m), at approximately the same location as Ocean Drilling Program

Site 646 (Leg 105) (Fig. 2.1). The N. pachyderma (left-coiled) derived planktonic 518O

record for this 17.4 m core indicates that the base was deposited during an interstadial

period in isotopic stage 6 or in stage 7 (Hillaire-Marcel et al., 1994). Late Pleistocene

sedimentation in the deep Labrador Sea was largely detrital. The coarse sediment

fraction (>125 (im) primarily reflects ice-rafted debris (IRD), which was almost

exclusively deposited during glacial isotopic stages 6 and 4 to 2 and was at a maximum

during Heinrich events. During interglacial periods, deposition was primarily from

hemipelagic suspension with much higher sedimentation rates during the Holocene (32-

54 cm/ka) than during the preceding glacial interval (10-15 cm/ka) (Hillaire-Marcel et

al., 1994).

Magnetic measurements were carried out on 7 cm^ cubic samples collected

back-to-back downcore, with each sample representing ~2.0 cm of core length.

Although a wide range of magnetic measurements have been carried out on this core

(see Stoner et al., 1994), we restrict our discussion to the records at Termination I and

Termination II of two parameters: volumetric magnetic susceptibility (k) and
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Figure 2.1. Location map, showing site of piston core HU90-013-013 (P-013).
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anhysteretic rémanent magnetization expressed as anhysteretic susceptibility (&ARM)-

Numerous magnetic hysteresis loops from these intervals indicate that magnetite is the

only magnetic mineral present in detectable quantity. Hysteresis ratios lie in the

pseudo-single domain field of the Day et al. (1977) plot and display a grain-size mixing

trend (Fig. 2.2). In this core, k is therefore primarily a measure of the concentration of

magnetite, and variations in the ratio &ARM/£ are inversely related to changes in the fine

(-0.1-20 |im) magnetite grain-size (see King et al., 1982; Bloemendal et al., 1992,

1993). We document changes in magnetic parameters during Termination I (stage 2/1)

and Termination II (stage 6/5) and compare these changes with 5^O, atomic mass

spectroscopy (AMS) ^C dates, percent carbonate, laser microgranulometer-determined

mean grain-size (in |j,m) of the <160 |im fraction, and coarse fraction percent >125 |j,m

(Hillaire-Marcel et al., 1994). The magnetic parameters at this location appear to be

particularly sensitive to environmental changes during the last two déglaciations,

providing a link between ice-sheet behavior and the marine-sediment record.

2.2 TERMINATION I

The dominant feature of the magnetic record at Termination I is a broad low in

kARM/k (between 235 and 375 cm below the sea floor) coinciding with a high in k

(Fig. 2.3). These changes in magnetic parameters, indicating an increase in magnetite

(fine-fraction) grain-size and concentration, postdate the 818O change defining the stage

2/1 transition (~440 cm). The onset of the change in magnetic properties coincides with

(1) the end of a distinct fluctuation in kARM/k, which is coeval with the Younger Dryas

(Fig. 2.3); (2) a marked decrease in IRD indicated by the coarse fraction percent >125

|nm (Fig. 2.3D); (3) an increase in the mean grain-size of the <160 |j.m fraction (Fig.

2.3D); (4) low carbonate percent (Fig. 2.3D); and (5) the highest sedimentation rates in
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the core (Fig. 2.3B). The AMS 1 4C dates bracket this broad change in magnetic

properties within the 10-7.7 ka interval (Fig. 2.3B).

Three short-lived fluctuations in &ARM/^ precede the broad change in magnetic

properties mentioned above. (1) Increased £ARM/^ (with little change in k) at -11 to

10.4 ka is correlated to the Younger Dryas as defined by 818O, the Vedde ash, and

AMS 14C dates (Hillaire-Marcel et al. 1994) (Fig. 2.3, B and C). (2) Decreased £ARM/£

at ~14 ka is correlated to Heinrich Event 1 (Fig. 2.3, A and B). This fluctuation occurs

just prior to the change in 818O marking the stage 2/1 boundary (Fig. 2.3A) and is

associated with an increase in IRD (Fig. 2.3D). (3) A distinct fluctuation in &ARM/k and

k (MEi in Fig. 2.3) after 16 990 yr B.P. (14C dating), and prior to the 518O shift at the

stage 2/1 transition, correlates with a decrease in IRD and carbonate and an increase in

the mean grain-size (Fig. 2.3D).

The geologic record of déglaciation in this region indicates two distinct stages,

disintegration of marine ice and melting of continental ice (Funder, 1989). The onset of

déglaciation is poorly determined; however, radiocarbon dates indicate that the ice margin

in all parts of Greenland was located near the present coastline by 10-11 ka (Funder, 1989).

The second stage in the retreat of the Greenland ice-sheet involved melting of land-based

ice, which retreated to approximately its present position in southwestern Greenland by 8

ka (Kelly, 1985), and continued to retreat to inside its present position until ~7 ka (Funder,

1989).

The magnetic interval of high k and low &ARM/£ at 10-7.7 ka (Fig. 2.3) is

interpreted to be caused by the transfer of large amounts of glacially eroded detritus to the

deep sea by meltwater as the Greenland ice-sheet retreated from the coast into the

continental interior. According to this hypothesis, the increased magnetic grain-size and

concentration is due to a proximal meltwater source carrying detritus from the crystalline
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Figure 2.3. A: Magnetic grain-size dependent parameter &ARM/£ (solid circles)
(increased magnetic grain size indicated by smaller values) compared with
planktonic S18O record from M pachyderma (left coiled) (open circles) for upper
500 cm of P-013. Shaded area delineates interval of increased magnetite
concentration and grain size interpreted as continental-meltwater-derived detrital
flux from southern Greenland; vertical line at 440 cm marks isotopic stage 2/1
boundary. YD = Younger Dryas, H1 = Heinrich event 1, ME 1 = magnetic event
attributed to the beginning of déglaciation prior to Termination I. B: Diagram of
£ARM/£ (solid circles) compared with corrected (-400 yr for reservoir effect)
atomic mass spectroscopy 14C dates. C: Diagrams of &ARM/£ (solid circles)
compared with the magnetic concentration dependent parameter k (open circles).
D: £ARM/£ (solid circles) compared with percent carbonate (CO3) (X's), mean
grain size (G.S.; in (im) for the < 160 |im fraction (open circles), and percent
coarse fraction >125 |im (solid triangles).
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bedrock of Greenland. Because the interval coincides with the highest sedimentation rates

in the core, the record cannot be an artifact of sediment winnowing. The interpretation is

supported by high silicate flux during this interval (Hillaire-Marcel et al., 1994) and by a

distinct change in the solid phase Fe, Mn, and P which has been attributed to a shift from a

distal to a proximal detrital source (Lucotte et al., 1994). The lack of a large magnetic

response to the first (marine) stage of déglaciation (characterized by high IRD) indicates

that k and £ARM/£ (at this location) were relatively insensitive to IRD deposition associated

with marine déglaciation, possibly due to different sources for some of this detrital

material. The end of the magnetic interval at ~7.7 ka occurs at approximately the time of

maximum ice retreat on Greenland (Funder, 1989) and a return to relatively stable ice-sheet

conditions.

2.3 TERMINATION H

A broad change in &ARM/£ and k is associated with the isotopic substage 5e (Fig.

4). As with Termination I, the change in magnetic properties indicates an increase in

magnetite grain-size and concentration which coincides with a marked decrease in IRD

and carbonate, and an increase in the mean grain-size (in |im) of the <160 (im fraction

(Fig. 2.4C). As for Termination I, we interpret this magnetic signal to be due to an

influx of continental meltwater detritus. For Termination II, however, the onset of the

change in magnetic properties coincides with the 81 8O shift defining the stage 6/5

glacial-interglacial transition (Fig. 2.4A). The magnetic signal continues throughout

substage 5e, implying a source of land-derived detrital input until just prior to the 5e/5d

boundary (Fig. 2.4A).

An additional distinct fluctuation in £ARM/£ and k (ME2 in Fig. 2.4) precedes

the 518O shift of the stage 6/5 boundary. This fluctuation is similar in all respects to
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Figure 2.4. A: Magnetic grain-size
dependent parameter &ARM/£ (solid
circles) (increased magnetic grain-size
indicated by smaller values) compared
with planktonic 518O record from N.
pachyderma (left coiled) (open
circles) for interval from 1200 to 1600
cm of P-013. Shaded area delineates
interval of increased magnetite
concentration and grain size
interpreted as continental-meltwater
derived detrital flux from southern
Greenland, vertical lines at 1250 and
1440 cm mark isotopic substage 5e/d
and stage 6/5 boundaries, respectively.
ME 2 = magnetic event attributed to
the beginning of déglaciation prior to
Termination II. B: Diagram of
£ARM/£ (solid circles) compared with
magnetic concentration dependent
parameter k (open circles) . C:
Diagram of £ARM/£ (solid circles)
compared with percent carbonate
(X's), mean grain size (G.S.) for the
<160 |im grain-size fraction (open
circles), and the percent coarse
fraction >125 (J.m (solid triangles).
Note: large carbonate spike at 1390
cm is of detrital origin.
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prior to Termination I (Fig. 2.3). However, at Termination II, the magnetic event

coincides with a light peak in the 818O record (Fig. 2.4A).

2.4 DISCUSSION

The coincidence of the onset of the change in k and £ARM/£ with an almost

complete cessation in IRD deposition and, for Termination I, with the time at which the

Greenland ice sheet reached the present coastline is consistent with the interpretation

that the onset of the change in magnetic properties marks the disappearance of marine-

based ice and the beginning of continental-derived meltwater flux. The change in

magnetic parameters is associated with an increased contribution from a proximal

highly magnetic detrital source as compared to a more distal and less magnetic source

associated with much of the IRD (i.e., Hudson Straits for the Heinrich events). The

return to background magnetic properties at ~7.7 ka is consistent with the time at which

the ice-sheet was stabilized.

The AMS 14C stratigraphy indicates that the temporary increase in magnetite grain-

size and concentration at Termination I occurred between 10 and 7.7 ka (Fig. 2.3B). Peak

values occurred between 9.2 and 8.5 ka correlating with the later part of the Fairbanks

(1989) meltwater pulse Ib, whereas the entire magnetic episode occurs during Termination

Ib (Duplessy et al., 1981, 1986). No corresponding magnetic signal is associated with the

Fairbanks (1989) meltwater pulse la or Termination la (Duplessy et al., 1981, 1986).

In contrast to the two-step déglaciation associated with Termination I, Termination

II is generally characterized in the marine record by a fairly sudden and simple 818O

decrease (e.g., Broecker and van Donk, 1970; Martinson et al., 1987). In our record of

Termination II (Fig. 2.4), a 818O shift of 2.4%o occurs over an interval of 70 cm from

glacial maximum values of 4.7%o at 1477 cm to full interglacial 818O values of 2.3%o at
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1407 cm. The change in 818O from 4. \%o to 2.8%o in 10 cm coincides with a factor of two

increase in k and a 50% decrease in &ARM/& (Fig. 2.4A). This large and rapid increase in

magnetite grain-size and concentration coincides with an almost complete disappearance of

IRD, an increase in mean grain size, and low carbonate percentage (Fig. 2.4C). If, as

postulated, this magnetic signal is due to land-derived meltwater detritus, then substantial

ice retreat must have occurred extremely early in Termination II. As the Greenland ice-

sheet is believed to have been more extensive during isotopic stage 6 than during the last

glacial maximum (Kelly, 1985; Funder, 1989), an extremely high rate of Greenland margin

déglaciation is required to explain the synchroneity of the magnetic and 818O records.

Alternatively, significant déglaciation of the marine-based Greenland ice margin prior to

the decrease in 818O (see Crowley, 1994) could also explain the synchroneity of the

records. The early déglaciation of the Greenland continent, independent of the déglaciation

rate, suggests a much greater sensitivity of the Greenland ice-sheet to initial deglacial

forcing during Termination II than is observed for Termination I. This implies that initial

stages of déglaciation had a different geographical distribution for the two terminations.

Distinct fluctuations in &ARM/£ and k prior to Termination I (MEi; Fig. 2.3) and

Termination II (ME2; Fig. 2.4) are interpreted to be due to a sudden pulse of detritus into

the basin. Both events correlate with an increase in mean grain-size and a decrease in IRD

and carbonate and are characterized by laminated sediments; ME2 also correlates with a

large decrease in 818O indicative of a meltwater pulse. These events are interpreted to

signify the beginning of déglaciation, marking the unpinning of grounded ice from the

continental shelf, leading to a short-term depositional event at this site. MEi during stage 2

occurs just above an AMS 14C date of 16 990 yr B.P., which places this event at the time of

the beginning of eustatic sea-level rise (Fairbanks 1989) and with established melt events in

the Davis Strait and the Labrador Sea (Hillaire-Marcel and de Vernal, 1989; Andrews et al.,
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1994). During isotopic stage 6, light Ô18O events have also been observed in the Labrador

Sea (Fillon, 1985) and Norwegian Sea (Kellogg et al., 1978). Therefore the ME events may

be equivalent to the Imbrie et al. (1993) "Major Nordic" déglaciation events postulated to

indicate early response to insolation changes.
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THE MAGNETIC SIGNATURE OF RAPIDLY DEPOSITED DETRITAL

LAYERS FROM THE DEEP LABRADOR SEA: RELATIONSHIP TO NORTH

ATLANTIC HEINRICH LAYERS
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3.1 INTRODUCTION

From several North Atlantic cores, Heinrich (1988) observed six distinct layers of

high lithic content during the last ice age (oxygen isotope stages 2-4). These intervals,

which correspond to low planktonic foraminifera abundance dominated by polar species N.

pachyderma (left coiled) (Broecker et al., 1992), appear to occur synchronously across the

North Atlantic from the Labrador Sea to Portugal (Bond et al., 1992a; Broecker et al.,

1992; Hillaire-Marcel et al., 1994a). Heinrich layers were assumed to result from

catastrophic surging of the Laurentide ice sheet, sending huge streams of icebergs which

rapidly deposited carbonate-rich ice rafted debris (IRD) as they melted on their way across

the North Atlantic (Bond et al., 1992a ). Andrews and Tedesco (1992) used AMS 14C

dates and mineralogy to correlate two intervals of high detrital carbonate, labeled DCl and

DC2, from two northern Labrador Sea cores to the North Atlantic Heinrich layers HI and

H2, and proposed that these layers resulted from ice surges down Hudson Strait. Further

south in the Labrador Sea, Hillaire-Marcel et al. (1994a) demonstrated that detrital

carbonate deposition was decoupled from IRD deposition, suggesting two different

depositional mechanisms for these layers within this basin.

Rock magnetic measurements in sediments are useful for detecting subtle lithologie

changes. Composition, concentration and grain-size of magnetic minerals have been

shown to vary from glacials to interglacials, due to dilution by biogenic material and
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changing sources and transport mechanisms of magnetic minerals (e.g., bottom currents,

fluvial, eolian activity, meltwater and ice rafting) (Kent, 1982; Robinson 1986, 1990;

Bloemendal, 1983; Bloemendal et al., 1988, 1992, 1993; Doh et al., 1988; Bloemendal and

de Menocal 1989; Stoner et al., 1994, 1995). The use of magnetic parameters to document

sedimentological changes associated with sub-Milankovitch scale environmental variability

in the deep North Atlantic has been restricted to susceptibility measurements. Troughs in

magnetic susceptibility are associated with detrital carbonate (DC) layers from the northern

Labrador Sea (Andrews and Tedesco, 1982; Andrews et al., 1993; 1994a,b) while Grousset

et al. (1993) reported distinct peaks in susceptibility from Heinrich layers in the North

Atlantic. Although the Heinrich and DC layers are interpreted to be derived from surging

of the Laurentide ice sheet (Andrews and Tedesco 1992; Bond et al., 1992a; Hillaire-

Marcel et al., 1994a), the contrasting susceptibility records suggest different depositional

processes.

We present a high resolution magnetic study of core HU91-045-094 (P-094) raised

from a small channel on the Labrador rise, southeast of Orphan's Knoll (50°12.26N,

45°41.14W, 3448 m; Fig. 3.1). This location, sheltered from major deep water current

influence, was along the route of icebergs and meltwater from Hudson Strait to the North

Atlantic during the last glacial period. This site is also near the Northwest Atlantic Mid-

Ocean Channel (NAMOC) and within an area that may have been influenced by spill over

turbidites from this conduit (Chough et al., 1987; Hesse et al., 1987) (Fig. 3.1). The 1098

cm piston core extends into oxygen isotope stage 5 clearly preserving a high quality record

of Heinrich and detrital carbonate layers deposited during the last glacial interval

(Hillaire-Marcel et al., 1994a).(Fig. 3.2). The magnetic and lithologie records from P-094

are compared with the records from piston core HU90-013-013 (P-013) (58°12.59N,

48°22.40W, water depth 3380 m; Fig. 3.1) taken from the Greenland Rise (Hillaire-Marcel
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IMOC: Imarssuak Mid-Ocean Channel; Contours in meters.
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et al., 1994a, Stoner et al., 1994; 1995). We intend to use these records to document and

assess possible depositional mechanisms of "Heintïch" type layers in the deep Labrador

Sea.

3.2 MAGNETIC METHODS

The P-094 core sections were cut with a rotary saw and the sediment split with an

electric knife. The split core sections were continuously sampled onboard ship using 7.2 cc

plastic cubes back-to-back, along the central axis, down the entire length of the core (473

total samples). The cubic samples were used for bulk rock magnetic measurement and

were later subsampled for hysteresis and low temperature remanence experiments. The

rock magnetic measurements were made in the magnetically-shielded laboratory at the

University of Florida, while the hysteresis and low temperature experiments were made at

the Institute for Rock Magnetism at the University of Minnesota.

3.2.1 Bulk Magnetic Parameters

The following magnetic measurements were made on all samples. (1) Low (k at

0.47 kHz) and high-frequency (&hf at 4.7 kHz) volumetric magnetic susceptibility, the ratio

of k to &hf gives the frequency dependent magnetic susceptibility (kf). (2) Natural rémanent

magnetization (NRM) and the NRM after 20 mT alternating field (AF) demagnetization.

(3) Anhysteretic rémanent magnetization (ARM) using a 99 mT peak AF and a 0.04 mT

direct current biasing field (this is expressed as an anhysteretic susceptibility (&ARM) by

dividing by the strength of the biasing field). (4) Saturation isothermal rémanent

magnetization (SIRM) produced in a DC field of 1 T. (5) Back field isothermal rémanent

magnetization (BIRM) using DC fields of -0.1 T (BIRM.0.i) and -0.3 T (BIRM.0.3)- The

BIRM and SIRM were used to obtain the S-ratios (BIRM.0.i/SIRM = S.0.i) and (BIRM.
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0.3/SIRM = S-0.3) and hard isothermal rémanent magnetization (HIRM). HIRM.0.1 is

defined as (SIRM + BIRM.0.1) / 2, while HIRM.0.3 is defined as (SIRM + BIRM.0.3) / 2.

The magnetic parameters k, kARM and SIRM are all dependent on the concentration

of magnetic material. Since k values for ferrimagnetic minerals (magnetite and

maghemite) are 3 or 4 orders of magnitude greater than those of common antiferromagnetic

minerals (hematite and goethite), k is usually dominated by the ferrimagnetic grains, and

gives information on the concentration of this group of minerals. When the concentration

of ferrimagnetic minerals is very low, k reflects variations in the concentration of

paramagnetic (e.g. clay minerals, ferromagnesian silicate minerals) and diamagnetic (e.g.

biogenic carbonate, silica) components. Like k, &ARM and SIRM are also dominated by the

concentration of ferrimagnetic grains in the sample. However, unlike k, which increases

slightly with increasing grain-size (Dunlop, 1986; Maher, 1988), &ARM and SIRM increase

with decreasing grain-size (Maher, 1988). Because of this behavior, ratios of these

parameters are grain-size dependent. The &ARM ratios, &ARM/& and S IRM/^ARM. vary with

the dominant ferrimagnetic grain-size of the magnetic minerals in the assemblage. kARWi/k

decreases when grain-size increases from approximately 1 to 20 (im (King et al., 1982),

while SIRM/&ARM increases when grain-size increases from approximately 0.1 to 10 |im.

For grain-sizes greater than approximately 10 Jim this parameter decreases with increasing

grain-size (Maher, 1988; Bloemendal et al., 1993). SIRM/À: also decreases with increasing

grain-size (Thompson, 1986).

The S_o.3 parameter can be used as an indicator of the proportion of

antiferromagnetic (e.g. hematite) to ferrimagnetic (e.g. magnetite), but is only truly

discriminatory when the proportion of antiferromagnetic material is greater than about 80%

of the magnetic assemblage (Bloemendal et a l , 1992, 1993). HIRM.0.3 can be used to

estimate the concentration of hematite. The S.0.1 parameter is also sensitive to the
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proportion of antiferromagnetic to ferrimagnetic minerals in the assemblage, but it exhibits

a strong secondary response to ferrimagnetic grain-size (Robinson, 1986).

3.2.2 Hysteresis Parameters

Hysteresis parameters were determined on a Princeton Measurements Corporation

Alternating Gradient Force Magnetometer (fiMAG) using =10 mg of sediment rolled in

plastic wrap and coated in Vaseline to prevent dehydration. Values of saturation

magnetization (Ms), saturation remanence (Mrs) and coercive force (Hc) were determined

from hysteresis loops. Values of coercivity of remanence (Hcr) and an additional measure

of Mrs were determined from backfield experiments. The hysteresis parameters; Hc , HCT

and the ratio Mrs/Ms are a function of magnetite grain-size and domain state (see Dunlop,

1986). Both Hc and M r s /M s decrease slowly with increasing grain-size above

approximately 10 |im. Hc r has a weaker size dependence than Hc (Dunlop, 1986); thus

trends in the ratio Hcr/Hc over a broad size range reflect mainly variations in Hc. Mrs/Ms is

considered to be the most sensitive to grain-size because of its large variation over the

(0.025-230 fim) size range (Dunlop, 1986). Hcr/Hc increases with increasing magnetite

grain-size is biased toward larger grain-sizes due to the weak size dependence of Hc for

large pseudo-single domain (PSD) to multidomain (MD) grains (Hartstra, 1982; Dunlop,

1986).

3.2.3 Low Temperature Remanence

Low-temperature measurements were made on a Quantum Design Magnetic

Properties Measurement System (MPMS) using ~ 500 mg samples of dried sediment

packed in a gel cap and placed in a drinking straw. The samples were cooled to 10 K,

given an isothermal rémanent magnetization (IRM) using a 500 mT field and then allowed
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to warm to 160 K as the remanence was periodically monitored. Upon warming through

110-120 K, magnetite undergoes a crystallographic phase transition from monoclinic to

cubic spinel known as the Verwey transition (Tv) (Verwey, 1939). This transition is

diagnostic of magnetite, and is accompanied by an abrupt change in coercivity, remanence

intensity, and susceptibility. Single crystal studies show that Tv is a maximum (118 K) for

pure stoichiometric magnetite, and can drop below 100 K with small amounts of impurities

(Ôzdemir et al., 1993). The amplitude of the remanence reduction associated with T v is a

function of grain-size, and the largest reduction is associated with large MD magnetite.

Significant remanence reduction below Ty can be related to supeiparamagnetism as grains

in this size range (< = 0.03 fim) reach their unblocking temperature.

3.3 CORE CHARACTERISTICS

In core P-094, Hillaire-Marcel et al. (1994a) identified peaks in coarse fraction (%

>125 |im) (Fig. 3.2) and correlated these to the Younger Dryas (HO) and North Atlantic

Heinrich layers H1-H6 (Bond et al., 1992a; 1993). Peaks in coarse fraction correspond to

high detrital carbonate (DC) layers or low detrital carbonate (LDC) layers as determined

from the bulk carbonate content (Fig. 3.2). The high resolution magnetic properties clearly

delineate these rapidly deposited detrital layers (Fig. 3.3), allowing identification of at least

seven DC and six LDC layers deposited during the last glacial interval. Several LDC

layers not previously recognized on the basis of coarse fraction or carbonate content (at 10

cm sampling intervals) are clearly visible in the magnetic record (Figs 3.2 and 3.3). The 13

DC and LDC layers identified by the magnetic parameters are considered to represent the

minimum number of rapidly deposited detrital layers contained within the last glacial

sediment. The general association of light 818O events, interpreted as meltwater dilution,

with these layers (Hillaire-Marcel, et al., 1994a,b) and (Hillaire-Marcel, C. unpublished
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data), suggests significantly greater Laurentide ice sheet variability than can be accounted

for by the present Heinrich event stratigraphy.

The sediment from glacial and deglacial intervals, in P-094, commonly contains

sand with occasional gravel and is composed of gray to dark gray hemipelagic mud. The

DC layers are interspersed grayish brown (2.5Y 5/1) sandy and silty muds commonly

containing gravel that are generally deposited over sharp sedimentary contacts. LDC

layers also show sharp sedimentary contacts, but no color change (Fig. 3.2). Distinct from

other DC and LDC layers, LDC5/6 is composed of two turbidite layers (LDC5 and LDC

6), which show graded bedding from bottom units of foraminifera rich sand deposited

above clear erosional surfaces. This sedimentary structure is not observed in any other DC

or LDC layer from P-094 or P-013. Unlike these DC layers in P-094, Heinrich layers

further east in the North Atlantic (e.g. core SU-9008, Grousset et al., 1993) are often

characterized by lower than background bulk carbonate content. Though, the IRD within

the Heinrich layers is much richer in carbonate content than the IRD of the background

sediment (Bond et al., 1992a ; Grousset et al., 1993).

3.4 MAGNETIC CHARACTERISTICS OF DC AND LDC LAYERS

3.4.1 Bulk Magnetic Parameters

All DC and LDC layers are characterized by low values of SIRM and &ARM (Fig.

3.3). Relatively high values for k are observed from most DC and LDC layers, with k

values for DCO and DC1 lower or just slightly above background values. High negative

values of S.0.3 (<-0.9) and the low values of HIRM-0.3 indicate that magnetic properties in

this core are dominated by a low coercivity mineral(s) (e.g., magnetite) (Fig. 3.4).

However several intervals of a slightly higher coercivity are observed. Slightly less

negative S.0.3 values are found for LDC 1-3 during the last glacial maximum and for LDC4
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below DC2 (approximately 390-400 cm) (Fig. 3.4). Because of the dominant ferrimagnetic

mineralogy and the very low kf values indicating low superparamagnetic contribution, the

ratios k^RM^k, SIRM/fc and SIRM/&ARM are likely to be useful magnetite grain-size

indicators (Fig. 3.5). According to all three parameters, the DC and LDC layers are

intervals of larger magnetite grain-size. Therefore, most of the variation observed in the S.

o.i ratio can be related to a reduction in coercivity (due to increased magnetite grain-size)

associated with the DC and LDC layers. The HIRM.o.i pattern is very similar to that of

SIRM due to the generally low coercivity mineralogy of this core.

Dilution by detrital carbonate is one possible explanation for the low values of

&ARM and SIRM during DC layers (Fig. 3.3), although it would not explain the generally

high k values. One way to test the effect of carbonate on the magnetic parameters is to

calculate them on a carbonate free basis. High resolution (1 cm sampling interval)

carbonate data are available for a few selected intervals (including DCO, DC1, LDC 1,2,3

and DC4) (150-350 cm and 520-620 respectively). Therefore, the effect of high carbonate

content can be observed for these layers. For the intervening intervals the carbonate data

were linearly interpolated to the same resolution as the magnetic data (Fig. 3.6). The

concentration dependent parameters (k, SIRM, and £ARM) WQVQ calculated on a carbonate-

free basis (Fig. 3.7), according to the formula:

M.C03 = M/(l-(CO3%/100))

where M is the magnetic parameter and M-CO3 is the magnetic parameter calculated on a

carbonate-free basis. The lows associated with DC layers in the &ARM-CO3 and SIRM.CO3

records are smoothed (Fig. 3.7) compared to SIRM, and ^ARM (Fig- 3.3) but still exist,

showing that carbonate dilution is not the main cause of decreased magnetite concentration.

The two peak k pattern associated with DC1 (Fig. 3.7) is still present for £-C03 (Fig- 3.7),

indicating that this variation is also not a function of carbonate content. Therefore, the
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inverse relationship between k and &ARM> SIRM is likely due to the increased magnetite

grain-size some of which is MD magnetite too large to carry a stable remanence. The MD

magnetite component contributes to the high k values, but has little or no effect on SIRM

and £ARM-

3.4.2 Hysteresis Parameters

High field hysteresis parameters were measured on 316 samples from piston core

P-094. All DC and LDC layers identified by rock magnetic parameters were sampled at

high resolution (1 sample approximately every 2.5 cm) whereas the background sediment

was sampled at intervals of approximately 5 to 7.5 cm. The hysteresis loops indicate a low

coercivity magnetite mineralogy (Fig. 3.8). Samples from DC and LDC layers are

characterized by extremely thin waisted loops with very small paramagnetic slopes (Fig.

3.8). Background sediment samples generally display a larger waisted loop indicative of

the smaller average grain-size (Fig. 3.8). The high field slope correction for all samples

was very small, suggesting a very minor paramagnetic contribution. All samples plot

within the PSD to MD fields (Day et al., 1977), with ratios Mrs/Ms ranging from 0.222 to

0.026 and HCT/Hcfrom 2.2 to 11.9 (Fig. 3.9). Parry (1980, 1982) showed that synthetic

samples containing mixtures of PSD + MD or SD + MD magnetite, as well as samples

containing discrete grain-sizes of magnetite or titanomagnetite, follow a power law

relationship between Mrs/Ms and Hcr/Hc.

Mrs/Ms = c(Hc r/Hc)
m

For single sized magnetites, m = -1.6 (Parry, 1982) and if shape anisotropy is dominant, c =

0.5. For mixed-grain-size magnetite, both m and c are somewhat lower, while for single-

sized titanomagnetite, both parameters have higher values than those for magnetite. Such a

relationship is observed for the magnetic parameters in this core with an almost identical
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slope (m = -1.5) and a slightly higher intercept (c = 0.66). This suggests that the magnetic

properties in this core are controlled by titanomagnetite of relatively constant grain-size

(Fig. 3.9). A change in the slope observed from the samples with the highest Hcr/Hc and

lowest M r s/Ms values follows the trend suggested for a mixtures of PSD + MD grains

(Parry, 1980; 1982). The power law relationship of the magnetic parameters in this core is

consistent with magnetite grain-size mixing (Fig. 3.9).

The hysteresis parameters Hcr and Hc and the ratios Mrs/Ms and Hcr/Hc were plotted

(Fig. 3.10). The DC and LDC layers are observed as intervals of increased magnetite

grain-size, as indicated by Hc and both ratios. Hcr/Hc is a better marker for DC and LDC

layers because it is more sensitive to variations in the large PSD to MD grain-size fraction

and less sensitive than Mrs/Ms to the smaller grain-size fraction. Using a value of 4 in

Hcr/Hc for the transition from PSD-MD grain-size (Day et al., 1977), all DC and LDC

layers except DCO and LDC4 are characterized by MD grains (Fig. 3.10). The empirical

relationship between Hc and grain diameter for crushed grains (He [i d'0-5) (e.g. Day et al.,

1977) implies that the mean magnetite grain diameter within DC and LDC layers is

approximately 4 time larger (=10 fim vs. 2.5 (J.m for pure magnetite) than for sediment

above and below. The grain-size estimates would be larger assuming an increased Ti

content for the magnetite.

3.4.3 Low Temperature Remanence

Seventeen samples from P-094 were given an IRM in a field of 500 mT at 10 K

then warmed to 160 K in approximately zero field and monitored at 5 K increments (Fig.

3.11). One sample from each DC and LDC event was measured. Three samples at 128.5

cm, 536.5 cm and 619.5 cm were measured to set background values. All samples display

the Verwey transition with an abrupt drop in remanence for the DC and LDC sediment.



Mr/Ms Hcr/Hc He (mT) Her

0.2S 2 4 6 8 . 10 12 4 8 12 16 20 25 30 35 40 45
O f I � " I � � � I � '

Z�tOC** 400

1000

1100 1100 1100 1100

Figure 10. Down core profile (P-094) of hysteresis parameters M r s/Ms, Hrc/Hc, Hcr and Hc.
Shaded areas indicate intervals of visually identified lithologie change.

00



79

T3
O
N

15
v.
O

z

0.8 "

0.6 -

delrital
Layers
.. . .o� DCO

DC1
LDC2
DC4

LDC5

background
hemipelagic
sediment

BG 129 cm

BG 619 cm

0.4 "

0.2 ~

20 40 60 80 100 120 140 160
Temperature (K)

Figure 3.11 Normalized isothermal remanence curves of
selected samples during warming from 10 K to 160 K.
Isothermal remanence acquired in 500 mT field at 10 K.



80

The background sediment samples are characterized by a lower remanence decrease

consistent with a reduced magnetite grain-size. DCO has an intermediate remanence drop,

consistent with a larger magnetite grain-size than the background sediment but smaller than

the glacial DC and LDC layers (Fig. 3.11). A similar remanence drop was observed from a

detrital carbonate bearing interval in stage 5 (DC7). No significant remanence drop was

observed above or below Tv, suggesting little superparamagnetic contribution to the

magnetic assemblage of this core

3.5 DEPOSITIONAL MECHANISM OF DC AND LDC LAYERS

Rock magnetic, hysteresis, and low temperature data indicate that the magnetic

mineralogy of P-094 is dominantly magnetite with larger grain-size during DC and LDC

layers. The large drop in remanence at the Verwey transition in all samples confirms that

magnetite is the dominant magnetic mineral. Within individual DC and LDC layers, bulk

rock magnetic ratios &ARM/£ and SIRM/fc and the hysteresis parameters Hcr/Hc, Mrs/Ms,

and Hc are strongly correlated (Fig. 3.12). Magnetite grain-size is generally consistent

between the DC and LDC layers (Fig. 3.13). Considering the difference in the size of the

samples used (approx. 10 mg for hysteresis measurements and 12 g for bulk rock magnetic

parameters), the strong correlation indicates that the increase in grain-size in DC and LDC

layers is a property of the sediment matrix, rather than just an increased proportion of large

MD magnetite due to increased IRD deposition.

A detailed comparison of magnetic properties, carbonate content and coarse

fraction (% >125 fxm) in the interval from 150 to 350 cm (Fig. 3.14) shows that coarse

fraction in DCO and DC1 is high at the base and top of the DC layer, but relatively low

within the layer. The shaded areas in Figure 3.14 represents the visually (lithologically)

distinct intervals. The increase in magnetic grain-size during these layers closely
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error of the mean for each layer.
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corresponds to the increased input of fine grained detrital carbonate and the visual record of

sediment change. The peak in magnetite grain-size and carbonate occurs during a relative

low in IRD compared to background deglacial values. The peaks in IRD, as identified

from the coarse fraction (% >125 (im), begin below the basal and end above the upper

contacts as visually identified (Fig. 3.14). k appears to mimic the coarse fraction (% >125

\im).

Hillaire-Marcel et al. (1994a) noted the decoupling between coarse fraction

deposition and carbonate accumulation for DCO and DC1. They proposed two depositional

mechanisms for the DC layers, carbonate deposition related to density currents, and coarse

sand deposition related to both gravity flow and ice rafting. The correspondence of

increased grain-size of well sorted magnetite with the increase in fine grained detrital

carbonate content but not with coarse fraction content precludes ice rafting as the primary

depositional mechanism for these layers. However, since very similar magnetic properties

are also observed in LDC layers, the increased magnetite grain-size is most likely not tied

to the carbonate, but to the depositional mechanism.

In the northern Labrador Sea, similar DC layers are marked by high carbonate

content, sharp or erosional basal contacts, relatively low susceptibility and coarse fraction

(% >125 Jim) (Andrews and Tedesco, 1992; Andrews et al., 1994a; Hillaire-Marcel et al.,

1994a). In the eastern North Atlantic, correlative Heinrich layers are characterized by

variable to low bulk carbonate, high coarse fraction and high susceptibility (Bond et al.,

1992a,b; Grousset et al., 1993). This contrast between the magnetic properties of DC and

LDC layers and Heinrich layers is consistent with IRD control of the k record, and

increased magnetite grain-size in DC and LDC layers being due to settling of suspended

sediment possibly produced by turbiditic flow down the nearby NAMOC.
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In piston core P-013 on the Greenland rise (Fig. 1), layers correlating with DC1,

DC2, DC4, DC5, DC6, and LDC5/6 are recognized from coarse fraction % > 125 Jim

(Hillaire-Marcel et al., 1994a). Three layers of high detrital carbonate are observed

corresponding to DC2, DC4 and a layer within the initial part of substage 5e that contains

no IRD. While high coarse fraction content (% >125 |im) is observed from many intervals

within this record, increased magnetite grain-size is only observed from layers associated

with high detrital carbonate (Fig. 3.15) or local Greenland déglaciation (Stoner et al.,

1995). The lack of a large signal for many of these layers may be due to the location of P-

013 largely, but not completely, outside the influence of the NAMOC (Fig. 1).

The DC and LDC layers may be denoting different sources for material entrained in

NAMOC turbidites. High detrital carbonate has been shown to be associated with deposits

from Hudson Strait (Josenhans et al. 1985, Chough et al., 1987; Andrews and Tedesco,

1992) and may indicate periods when the ice sheet in this region reached the outer shelf

(Andrews et al., 1994b). We postulate that the ice surges which produced the IRD in P-

094, P-013 and in correlative North Atlantic Heinrich layers also triggered turbiditic flows

down the NAMOC. Estimates of the accumulation time for these layers using both excess

230Th (Francois and Bacon 1994, Hillaire-Marcel et al., 1994b) and AMS 14C dates (Bond

et al., 1992a, 1993; Hillaire-Marcel et al, 1994a,b) range from approximately 500-1000 yrs.

This time constant precludes these layers from being deposited from a single event.

Therefore, it is suggested that these layers were deposited by a relatively uniform

depositional process during a finite time interval. One possible scenario is that these layers

were constructed from settling of suspended sediment produced by repetitive turbiditic

flow down the nearby NAMOC possibly caused by seasonal variations during the lifetime

of the ice surge. The concentration of IRD near the top and bottom of the DC layers (Fig.

3.14) may be explained either by rapid sedimentation of these layers within the time
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Figure 3.15. Down core plot from Greenland rise piston core P-013 of
lithologie parameters coarse fraction >125 |d.m and carbonate (%)
compared with hysteresis ratio HCT/HC. DC = detrital carbonate layers.
LDC = possible low detrital carbonate layer.
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interval of IRD deposition, and/or by two peaks in IRD flux predicted from the binge/purge

model of Laurentide ice sheet variability (MacAyeal, 1993; Alley and MacAyeal, 1994).

3.6 CHRONOLOGY AND CORRELATION

The age control for P-094 is based on 518O measurements from planktonic

foraminifera N. pachyderma (left-coiled) and 21 AMS 14C dates from the upper 725 cm of

the core (Hillaire-Marcel et al., 1994a,b) (Table 3.1). The oxygen isotope record and

micropaleontological data indicate that the base of this core extends at least into isotopic

substage 5a and likely 5b (Fig. 3.2) (Hillaire-Marcel et a l , 1994a). All AMS 14C dates are

from a monospecific assemblage of N. pachyderma (left-coiled), corrected for 400 yr to

account for the average difference between atmospheric and surface ocean ages (Stuiver et

al. 1986). The high resolution AMS *4C stratigraphy allows comparison and possible

correlation of DC and LDC layers in P-094 with the DC layers observed in other Labrador

Sea cores (e.g. Andrew et al., 1994b) and with North Atlantic Heinrich layers (Bond et al.,

1992a, 1993) (Table 3.1).

Bond et al. (1992a, 1993) estimated ages from eastern North Atlantic cores of HI

(14.3 ka), H2 (21 ka), H3 (27 ka), H4 (35.5), H5 (50 ka) and H6 (66 ka), while Andrews et

al. (1994b) dated DCO at approximately 10.2 ka. The AMS 14C stratigraphy for P-094

indicates that DCO, DC1, DC2 and DC5 fall within the age estimates for DCO of Andrews

et al. (1994b) and Heinrich layers HI, H2 and H4 of Bond et al. (1992a, 1993) respectively

(Table 1). The age of 27 ka for Heinrich layer H3 (Bond et al., 1993), is suggested from

the available AMS 14C dates to be approximately 3 kyr older than DC3 and 4 kyr younger

than DC4. A layer correlated with DC4 is observed from piston core P-013 off SW

Greenland (Hillaire-Marcel et al., 1994a, Stoner et al., 1994) and constrained below at

31,310 (±300) 14C yr BP. From NW Atlantic core V23-16 (Fig. 1) a thick detrital



Table 3.1 Correlation of Labrador Sea detrital layers with North Atlantic Heinrich layers
Labrador Sea-Western North Atlantic Detrital Layers North Atlantic Heinrich Layers

T) DCO

B) DCO

T) DC1

B) DC1

T) LDC1

B) LDC1

T) LDC2
B) LDC2

T) LDC3
B) LDC3

T) DC2

B) DC2

T) LDC4
B) LDC4

AMS "C dates

(-40C y )

9,230 ±360

9,840 ±100

10,020
10,040
10,050
10,230
10,130
10,430

10,450
10,700
10,720

11,170

11,140
11,720

11,990

12,250
12,450
12,560
13,060
13,235

14,150
14,450

14,520
14,610
15,370
16,670

16,870

16,990

17,760

19,455

20,950

21,105

±80
±120
±150
±380
±95
±80

±185
±85
±90

±80

±70
±185

±90

±100
±120
±90
±90
±190

±110
±205

±110
±105
±220
±280

±130

±110

±140

±210

±150

±240

P-O94

dates

167.5®

175®

180.5®*

187.5e

193

212

255.5

292

329

Depths

layers

173

184

228

248

284

280

306
314

330
336

365

381

394
402

P-013

dates

359

369

389

399

419

429
439

449

479

509

Depths

layers

. 3S8

- 390

= 44$

- 495

504

910

75-95

dates

36

81

116

181

250

Depths

layers

� 90

- 110

« 180

- 250

87-008

dates

10
46

105

211

499

Depths

layers

- 0

. 50

, 500

� 920

- 650

> 700

V23-16 Depths

dates layers

29.5

- 33

. 50

54 5
62.5

- 105

- 135

Proposed

Correlation

_ ^ _

V23-101K Depths

dates Layers

- 36

- 38

. 48

- 56

609

dates

65

69.5

74

76

84.5

87.5
90.5

98 5

106

110.5

111.5

112.5

115.5

Depths
layers

59

69

- 81

. 83

- 111

= 115

V23-81

dates

154.5

198.5A

210

217

221
223

227
229

249.5A

264.5*

323

327
329

331

Depths

layers

150

160

- 219

� 223

- 326

= 330

AMS "C dates

{-400

10,900

11,180

11,020

12,320

12,350
13,440
13,490
13,610

14,150
14,330

14.590
14,770
15,040
15,960
16,360

16,550

16,960

18,530

18,940

19,970
20,470

20,550
20,570
20,990
21,110

21,210
21,370

yr)

±140

±120

±190

±220

±220
±140
±220
±100

±110
±100

±230
±100
±110
±240
±150

±190

±120

±240

±220

±330
±160

±260
±180
±170
±220

±170

±220

T) YD DC

B) YD DC

T) H1

B) H1

T) H2

B) H2

ex



Table 3.1 (concluded)

T) DC3

B) DC3

T) DC4

B) DC4

T) DC5

B) DC5

T) DC6

B) DC6

T) LDC5

B) LDCS

T) LDC6
B) LDC6

AMS "C dates
(-400 yr)

22,190 ±200
23,400 ±390
24,420 ±230
23,490 ±160
24.090 ±180

23,550 ±200

26,040 ±200
28,240 ±600
30,860 ±280

31,230 ±880

31,310 ±300
32,560 ±320
32,900 ±340
33,520 ±380

34,010 ±675

36,430 ±530
41,380 ±590

Stage (3/4)
59,000 ka

Stage (4/5)
71,000 ka

P-OS4
dates

413
431.5
459

469

489

548

640.5

725

-765

- 880

Depths
layers

463

475

561

580

664

690

794

767

802

811

826
840

P-013
dates

529

659

699
699

757

. 8 0 0

. 880

Depths
layers

640

650

- 730

- 740

- 790

- 785

- 840

. 860

75-55 Depths
dates layers

87-009 Depths
dates layers

» 940
- 960"

V23-16 Depths
dates layers

144.5

184.5

185*
207.5

216*

- 250

- 295

- 370

- 380

- 545

- 555

Proposed
Correlation

|

~ ~ ~ ~ � ^ ^

- - . .

_ -

V23-101K Depths
dates Layers

56.5

70
- 78
. 80

85

609
dates

119

143.5
148

154
166.5

- 320

- 455

Depths
layers

- 150

� 224
� 234

� 290

. 300

- 400

V23-81
dates
337

340.5

371

381

391
393

400.5
418.5

- 640

= 820

Depths
layers

- 383

- 493
- 497

- 583

� 585

. 760

AMS "C datas
(-400 yr)

21,960 ±190
22,380 ±340

23,090 ±370
23,570 ±210
24,680 ±200
26,570 ±490
26,170 ±310
26,270 ±260

28,980 ±320
29,050 ±310
29,170 ±660
30,080 ±680
31,250 ±690
30,150 ±770

33,250 ±510

36,570 ±650

50,000'

Stage (3/4)
59,000 ka

66,000'

Stage (4/5)
71,000 ka

H3

T) H4
B) H4

T) H5

B) H5

H6

AMS '"C dates and isotope stage determination, P-094 and P-013 (Hillaire-Marcel et al 1994a, eb); 75-55 and 87-009 (Andrews et al., 1994a;b);
V22-101K, 609, V22-81 and V22-16 (Bond et al 1992a"; 1993). Ages for isotopic stage determinations from Martinson et al. (1987).

Heavy lines mark clearly identified DC and LDC layers from Labrador Sea cores and Top and Heinrich Layers from the North Atlantic; Dashed lines mark less clearly defined bounds;

light line indicates expected age of layers not found in respective cores. = indicates approximate depth interval of upper and lower bounds; * indicates inverted date.
T) - Top; B) - Bottom; YD - Younger Dryas; DC - Detrital Carbonate; LDC - Low Detrital Carbonate

Correlations: Solid lines - strong correlation based on many AMS "C dates; dashed lines - assumed correlation; discontinuous or pinched out lines � no present correlation
�Age estimates tor H5 and H6 (Bond et al.. 1993)
' Note: layer marked as DC4 in V23-16 previous identified as H3 (Bond et al. 1992)

0 0
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carbonate layer previously described as H3 is dated within at 31,230 (±880) 14C yr BP and

constrained above at 28,240 (±600) 14C yr BP (Bond et al., 1992a). These dates associated

with this layer in V23-16 are consistent with those associated with DC4 in P-094 and P-013

(Table 3.1), suggesting that these layers may be correlative and distinct from H3 in the

North Atlantic. DC3 is not presently recognized from any other locality. In P-094, four

AMS 14C dates between 410 and 470 cm suggest a constant age for this sediment (Hillaire-

Marcel et al., 1994a). The dates range from 23,490 (±160) 14C yr BP at 431 cm to 24,420

(±230) 14C yr BP 413 cm. The lower two dates are within and just above the interval

defined as DC3, the other two are above. There is no apparent age differential between the

overlying sediment and DC3. DC3 is associated with light 518O values, suggesting that

this layer reflects a variation of the Laurentide ice sheet. However, the relationship

between DC3 and the overlying sediment is presently unclear.

AMS 14C dates in P-094 and from the northern Labrador Sea (Andrews et al.,

1994b) suggest that DC0 was deposited during the Younger Dryas. This layer has not been

readily recognized in North Atlantic cores, though Bond et al. (1993) indicated higher

detrital carbonate content within the Younger Dryas sediment at DSDP Site 609 and V23-

81 (Table 3.1). In P-094, mean magnetite grain-size in DC0 is larger than in the

background deglacial sediment, but not as large as observed in other DC and LDC layers

(Figs. 3.12 and 3.13). While in the Northern Labrador Sea, DC0 has also been reported to

be mineralogically distinct (high dolomite content) from the other DC layers (DC1, 2)

(Andrews and Tedesco 1992). The correspondence of low K values with a relative low in

coarse fraction (Fig. 3.14) suggests a reduced influx of (highly magnetic) IRD compared to

other DC layers, possibly explaining the lack of a clear signal for this layer within the

North Atlantic.
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Three low detrital carbonate layers LDC 1-3 occur just after the last glacial

maximum (Figs 2,3 and 4). Two AMS 14C dates, 16,870 (±130) 14C yr BP between LDC1

and 2, and 17,760 (±140) 14C yr BP between LDC 2 and 3, constrain the age of these

layers (Table 3.1). These dates are consistent with the timing of light 818O events

measured from piston cores taken from Davis Strait and the northern Labrador Sea cores

(Hillaire-Marcel and de Vernal, 1989; Andrews et al., 1994a). A similar light 818O event

corresponds to LDC2 in P-094 (Hillaire-Marcel et al., 1994a,b). Therefore, LDC 1-3 may

also be associated with Laurentide ice sheet variability. The lack of detrital carbonate and

the higher magnetic coercivity of the LDC layers suggests that these layers may not have

been derived from ice surging down Hudson Strait. The lack of DC layer corresponding to

the light 818O event from the northern Labrador Sea cores of Andrews et al. (1994a) also

supports this suggestion. The higher coercivity of these intervals suggests that the iron

formations of the Labrador Trough (part of the Circum-Ungava Geosyncline, New Quebec

orogen) could provide a possible source for this detritus (Josenhans et al., 1986; Laymon,

1992). A rapidly deposited detrital layer attributed to Greenland ice sheet instability was

observed in P-013 just after 16,990 (±110) 14C yr BP (Stoner et al., 1995). The correlation

of these events within the Labrador Sea after the last glacial maximum may indicate a

regionally significant ice sheet adjustment. To the best of our knowledge no similar

lithologie layer has been observed from the North Atlantic during this interval. However,

the timing of these layers are chronologically consistent with a warm-cold sea surface

temperature oscillation observed from DSDP site 609 (Bond et al., 1993). This may link

these events to the termination of a less pronounced version of the so called Bond cycles

associated with North Atlantic Heinrich layers.

DC6 and LDC5/6 are beyond the range of AMS 14C dating and therefore ages must

be estimated from sedimentation rates and 518O stratigraphy. We assume a correlation of



92

DC6 to Heinrich layer H5 and LDC 5/6 to H6 (Hillaire-Marcel et al., 1994a). The 518O

stratigraphy indicates that LDC5/6 in both P-094 and P-013 was deposited during isotopic

stage 4, consistent with the estimates for H6 in the eastern North Atlantic (Bond et al.,

1992a ,1993). In P-094, however, LDC5/6 is composed of two turbidite layers (LDC5 and

LDC 6) which are associated with light 518O values (Hillaire-Marcel et al., 1994a).

Similar light 518O values are observed in P-013 though the turbidite structure is not. The

light 818O values suggest that these layers are related to ice sheet activity, while the lack of

detrital carbonate in P-094 and P-013 suggest a source other than Hudson Strait. However,

at present, the relationship (if any) between LDC5/6 and H6 is unclear until a more detailed

correlation method becomes available.

3.7 CONCLUSIONS

1. The magnetic mineralogy of Labrador Sea piston core P-094 is dominated by

magnetite.

2. Seven detrital carbonate (DC) layers and six low detrital carbonate (LDC) layers

can be observed by larger than background magnetite grain-size during the last glacial

cycle.

3. Some but not all DC and LDC layers can be correlated to previously recognized

North Atlantic Heinrich layers.

4. The increase in magnetite grain-size within DC and LDC layers is believed to

reflect an overall magnetite grain-size rather than an increased proportion of very large

grained magnetite. For DC layers, the increase in magnetite grain-size appears to be

coupled to carbonate and independent of the coarse fraction content (IRD proxy).

5. Very similar magnetic properties are seen in DC and LDC layers indicating that

the magnetic properties (particularly those sensitive to grain-size) are not tied to the source
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but related to depositional mechanism. We consider that the DC and LDC layers within this

core were deposited from suspension generated by NAMOC overflows during periods of

ice sheet surging to the shelf-slope break.

6. The susceptibility (k) appears to be controlled by highly magnetic IRD from the

Canadian shield. As IRD deposition is the primary depositional mechanism associated

with Heinrich layers within the North Atlantic, high k values are generally associated with

these layers.

7. DCO, deposited during the Younger Dryas, has a smaller mean magnetite grain-

size than for other DC and LDC layers. This event is associated with a relatively low IRD,

which may account for its slightly smaller mean magnetite grain-size and for the fact that

this event is not widely recognized in the North Atlantic.
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LATE PLEISTOCENE RELATIVE GEOMAGNETIC FIELD

PALEOINTENSITY FROM DEEP LABRADOR SEA SEDIMENTS:

REGIONAL AND GLOBAL CORRELATION
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4.1 INTRODUCTION

The principal method of marine correlation during the Bmnhes Chron is the oxygen

isotope record. As a first approximation benthic foraminiferal test linearly respond to

changes in the oceans oxygen isotopic composition, providing a history of continental ice

volume (Piasas et al., 1984; Shackleton, 1987; Martinson et al. 1987). In many locations,

due to harsh environmental conditions or poor carbonate preservation, complete benthic

ô"18o records cannot be developed. In the North Atlantic's subarctic basins, benthic 51&O

records are generally unavailable due to low foraminiferal concentrations. Planktonic

foraminiferal Ô ^ O records can be developed and used for stratigraphie correlation

(Shackleton and Opdyke 1973; Kellogg et al., 1977; Hillaire-Marcel et al., 1994).

However, these 8180 records may show large departure from the global 8180 signal due to

local surface water changes in temperature, salinity, or meltwater dilution (Kennett and

Shackleton 1975, Leventer et al., 1982; Fairbanks et al., 1992; Wu and Hillaire-Marcel,

1994a), perturbing the planktonic 518o signal and inhibiting correlation.

The development of accelerator mass spectrometry (AMS) 14c dating has provided

precise correlation and chronometric control for, at most, the last 50,000 yrs (Duplessy et

al., 1986, Broecker et al., 1988a,b; Andrews and Tedesco 1992, Bond et al., 1992, 1993

Hillaire-Marcel et al., 1994; Keigwin et al., 1994; Wu and Hillaire-Marcel, 1994b). Recent

studies of Late Pleistocene marine sediments of Mediterranean Sea, Indian and Pacific
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Oceans (Kent and Opdyke, 1977; Tauxe and Wu, 1990; Meynadier et al., 1992; Trie et al.,

1992; Valet and Meynadier, 1993; Schneider, 1994; Tauxe and Shackleton, 1994;

Yamazaki and Ioka, 1994) suggest that these sediments have recorded relative changes in

dipole geomagnetic field intensity, which could provide a method for high resolution global

correlation.

This paper presents Late Pleistocene relative paleointensity records from three deep

Labrador Sea cores. The planktonic oxygen isotope stratigraphy from N. pachyderma (left-

coiled) was established for the 3 cores and detailed AMS 14c stratigraphies were obtained

for 2 of these cores. Unlike other marine paleointensity records, these are from high

latitude locations strongly affected by ice sheet-ocean interactions and are therefore

characterized by variable sedimentation rates and mechanisms (Hillaire-Marcel et al., 1994,

Stoner et al., 1995). These records provide a test of the measurement quality which can be

derived from such sediments and of the usefulness of paleointensity data as a means of

stratigraphie correlation.

4.2 CORE DESCRIPTIONS

Core HU90-013-012 (P-012) (lat. 58°55.35N, long. 47°07.01W, depth 2830 m)

(Fig. 4.1) was obtain on the Greenland Slope. The oxygen isotope record from this 1240

cm core suggests that it extends, at least, into isotopic stage 6 (Hillaire-Marcel et al. 1994a).

This core is characterized by two distinct sedimentation patterns: extremely low

sedimentation rates for the Holocene and last interglacial (isotopic substage 5e) with

approximately 20 cm of sediment for each, high sedimentation rates (10 cm/kyr) during the

last glacial period. The low sediment accumulation during the interglacials is caused by

winnowing and erosion due to a strong Western Boundary Undercurrent (WBUC) at this
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Figure 4.1. Map of the Labrador Sea showing the location of core
sites used in this study. P-012 = piston core HU90-013-012; P-013
= piston core HU90-013-013; P-094 = piston core HU91-045-094.
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site location. The high sedimentation rates during isotopic stages 2-5d and 6 indicate a

weakened WBUC (Hillaire-Marcel et al., 1994).

The 1740 cm long piston core HU90-013-013P (P-013) (lat. 58°12.59N, long.

48°22.40W, depth 3380 m) (Fig. 4.1) was taken from the Greenland Rise, approximately

160 km away and 500 m deeper than P-012. The oxygen isotope record indicates that the

base of this core corresponds to an interstadial period of isotopic stage 6 or late stage 7

(Hillaire-Marcel, 1994a,b). 21 AMS 14C dates, also from N. pachyderma (left-coiled),

show that sedimentation rates in P-013 are >30 cm/kyr in the Holocene and approach 100

cm/kyr during déglaciation. During glacial intervals sedimentation rates (-10 cm/kyr) are

similar to, but slightly less than those inferred for P-012 on the Greenland Slope.

A third core HU91-045-094P (P-094) (lat. 50°12.26N, long. 45°41.14W, water

depth 3448 m) (Fig. 4.1) was collected from a small deep channel SE of Orphan's Knoll on

the Labrador rise (Hillaire-Marcel et al., 1994). The oxygen isotope record suggests that

this 1098 cm long piston core extends into stage 5. The chronometry of this core is further

constrained by 21 AMS 14c dates. Sedimentation in P-094 is characterized by many

rapidly deposited detrital carbonate (DC) (at least 8) and low detrital carbonate (LDC) (at

least 5) layers (Hillaire-Marcel et al., 1994; Stoner et al , in press), some are correlated with

North Atlantic Heinrich layers Heinrich, 1988; Andrews and Tedesco, 1992; Broecker et al,

1992 Bond et al., 1992). These layers are unsuitable for relative paleointensity

determinations; because of abrupt changes in magnetite grain-size, concentration and

accumulation rate, approximately one order of magnitude higher (Hillaire-Marcel et al.,

1994; Francis and Bacon, 1994). However, the intervening hemipelagic sediment may

preserve a reliable paleointensity record.
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4.3 ROCK MAGNETIC PROPERTIES

Split core sections were sampled with 7 cc plastic cubes back-to-back down the

central axis of each core. The cubic samples were used for rock magnetic measurements

and were later subsampled for hysteresis, and low temperature remanence measurements.

The rock magnetic measurements were made in the magnetically-shielded laboratory at the

University of Florida, while the hysteresis, and low temperature remanence measurements

were made at the Institute for Rock Magnetism at the University of Minnesota.

4.3.1 Mineralogy

Sedimentary relative paleointensity records must satisfy several criteria to be

considered reliable (King et al., 1983; Tauxe, 1993). The magnetic remanence should be

carried by magnetite of preferably pseudo-single domain (PSD) grain-size and should not

vary in concentration by more than one order of magnitude. Saturation experiments (S-0.3,

IRM acquisition) show that ferrimagnetic minerals dominate the magnetic assemblage of

all three cores (Fig. 4.2 & 4.3). The shape of hysteresis loops (P-013 and P-094) are also

characteristic of a magnetite mineralogy. Using the S-0.3 ratio, Stoner et al. (1994)

recognized an interval of higher coercivity between 500 and 600 cm in P-013. During this

interval the rémanent coercivity (HCT) increases abruptly from background values of 38 mT

to approximately 60 mT. The higher coercivity could reflect a change in redox conditions

where this interval did not pass through the zone of Fe reduction and was preserved as a

relict oxidized zone. Because saturation is below 0.3 T (Fig. 4.2 & 4.3), the higher

coercivity was suggested to be due to the presence of fine grained magnetite not preserved

in the rest of the core. Low temperature remanence experiments show that the Verwey

transition is suppressed in the high coercivity interval (Fig. 4.4a). Suppressed Verwey

transition and increased coercivity have been associated with partially oxidized magnetites
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(Ôzdemir et al. 1993). A similar high coercivity interval in P-012 occurs from 70 to 120

cm. Isotopic stratigraphy reveals that these intervals are not coeval, further supporting a

post-depositional cause for these intervals.

The dominance of low coercivity ferrimagnetic minerals does not preclude the

presence of sulfide as a magnetic contributor. However, no low temperature pyrrohotite

transition (Dekkers et al., 1989) was observed (Fig. 4.4). Therefore, based on saturation,

hysteresis and low temperature experiments, magnetite is believed to be the dominant

magnetic mineral in all three cores.

4.3.2 Concentration

Measurements of k, SIRM and &ARM> show that the concentration of magnetic

material varies downcore in P-012 and P-013 by less than a factor of 3 for all but a few

samples (Fig. 4.5a, b). P-094 shows variations in magnetite concentration around one

order of magnitude (Fig. 4.5c). If sediments associated with DC and LDC layers are

discarded, the concentration especially for glacial age sediments varies by less than a factor

of 2. Therefore, these cores pass the uniformity of concentration criteria (King et al., 1983;

Tauxe, 1993).

4.3.3 Grain-size

Two methods were used for the determination of magnetite grain-size. For all three

cores &ARM vs. k plots (Fig. 4.6) were used as a test for consistency of magnetite grain-size,

where changes in slope indicate changing grain-size (King et a l , 1982, 1983). For P-013

and P-094, hysteresis ratios are also used to determine grain-size and domain state of

magnetic particles (Fig. 4.7) (Day et al., 1977).
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An increase in magnetite grain-size was associated with the isotopic stage 6/5 and

2/1 glacial-interglacial transitions in P-013 (Stoner et al. 1994, 1995). The increase in

magnetite grain-size and much higher sedimentation rates suggests that Holocene and last

interglacial sediment may not be suitable for reliable paleointensity determinations and are

removed from the record. Low interglacial sedimentation rates in P-012 suggest that only a

small section of this core is unsuitable for paleointensity determinations. Similarly

numerous detrital layers (DC and LDC) in P-094, characterized by large magnetite grain-

size and rapid sedimentation, cannot be used for paleointensity determinations. Therefore,

these layers were removed and the record was closed around them. The frequency of these

events is significantly higher in the upper 500 cm than in the lower 600 cm of P-094.

Therefore, a more complete paleointensity record may be derived from the lower section of

this core. Several DC and LDC layers are also found within P-012 and P-013. The layers

are significantly thinner in these two cores. However, when these layers correspond to

changes in magnetite grain-size they are also extracted from the record.

Figure 4.6 shows the &ARM VS. k plots both before and after extraction of sediment

considered to unsuitable for paleointensity determinations. Sediment was determined to be

unsuitable based sedimentological analysis, magnetite grain-size and sedimentation rate

variations. Before extraction several distinct trends associated with different grain-size

populations can be observed. After, the general linearity of the data indicates a consistency

of grain-size for all cores. Figure 4.7 shows the hysteresis data both before and after

extraction. For both P-013 and P-094, after extraction, all samples are constrained within a

relatively narrow size range that falls within the PSD field (Day et al. 1977). However, for

P-013, two distinct populations are noted. The group of data to the upper right is from the

higher coercivity interval (~ 500 to 600 cm). For P-012 the &ARM VS. k plot indicates

coarser magnetite than in the other cores (Fig. 4.6). Comparison between rock magnetic
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and hysteresis data in the other cores suggests the PSD magnetite is also dominant in P-

012.

4.4 NATURAL REMANENT MAGNETIZATION

Stepwise alternating field (AF) demagnetization of the natural rémanent

magnetization (NRM) was carried out on selected pilot samples at 50 cm spacing in cores

P-013, P-012 and P-094. The orthogonal projections of the demagnetization data (Fig. 4.8)

indicate a clear linear trend toward the origin after removal of a soft secondary component

by peak fields of 10-20 mT. Samples were not fully demagnetized at peak AF fields of 99

mT, although less than 10% of the NRM remained after demagnetization. Median

destructive fields values generally ranged between 30 and 40 mT, with values close to 50

mT for high coercivity intervals of P-012 and P-013. On the basis of the orthogonal plots,

all samples were treated with a blanket demagnetization at peak AF fields of 20 mT. At

this demagnetization level, the secondary overprint was successfully removed from all pilot

samples.

4.5 NORMALIZED REMANENCE

As NRM intensity is a function of magnetic concentration as well as magnetic field

strength, the NRM record must be normalized in order to obtain a paleointensity record.

The normalizer should activate the portion of the magnetic assemblage which carries the

NRM, canceling out changes due to concentration and grain-size. Three normalizing

parameters were used in this study: &ARM> k » SIRM. For each core, the three normalized

records are highly correlated (linear correlation coefficients, r > 0.9) (Fig. 4.9). Because

normalized remanence is not correlated to the normalizing parameters (Fig. 4.10),

normalized remanence variations are not caused by lithology.
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Figure 4.11, 4.12 and 4.13, show the normalized remanence plotted vs. depth for P-

013, P-012 and P-094, respectively. Large variations in the normalized remanence are

observed in all three cores. The detrital carbonate (DC) and (LDC) layers documented by

Hillaire-Marcel et al. (1994) are not utilized in the paleointensity record but provide

independent stratigraphie markers for core correlation. The consistent position of the DC

and LDC layers on the normalized remanence records between cores indicates that

normalized remanence records are reproducible within the Labrador Sea. Therefore, it is

assumed that the normalized remanence in all three cores reflects the intensity of the Earth's

magnetic field at the time of bioturbation in the upper ==10 cm of the sediment column (Wu

and Hillaire-Marcel 1994).

4.6 RELATIVE PALEOINTENSITY RECORD

Figure 4.14 shows the relative paleointensity records from P-012, P-013 and P-094

plotted on a common arbitrary depth scale. The con-elation of these cores was based on the

relative position of detrital layers (DC1, 2, 4, 5, 6 & 7 and LDC4, 5) in each core. No other

tie points were used in this correlation. Intervals between DC and LDC layers were

expanded or compressed by linear interpolation using the Analyseries software (Paillard

and Labeyrie, 1993). Good correlation (r = 0.66/fcARM, 0.709/SIRM) is observed between

P-013 and P-012. The correlation of the record from P-094 is not as strong at r = 0.508

(*ARM),-0.631 (SIRM) for P-013; and 0.606 (*ARM), 0.608 (SIRM) for P-012. Small

offsets of paleointensity features are to be expected considering the large variability of

sedimentation rates within and between these cores (Hillaire-Marcel et al., 1994) and the

few tie points used (Fig. 4.14). The real strength of this correlation is that these tie points

(DC and LDC layers) are completely independent of the paleointensity records. Improved

correlations of paleointensity records for all cores are achieved when using SIRM as a
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normalizer (Fig. 4.14). SIRM is, therefore, the preferred normalizer for these records.

When these records are tuned by matching peaks and troughs, a higher level of correlation

can be achieved (P-012 to P-013 r = 0.17/kARM, 0.803/SIRM; P-094 to P-013 r =

0.609/&ARM, 0.71/SIRM; P-094 to P-012; 0.658/ÂTARM, 0.708/SIRM) (Fig. 4.15). This

suggests that the paleointensity record provides a climatically independent method of core

correlation for the Labrador Sea.

4.7 CHRONOLOGY

To consider the paleointensity records versus age, a Labrador Sea chronometry is

used based on AMS 14C dates from P-013 and P-094, and planktonic d^O stratigraphy

from P-013, P-012 and P-094 (Wu and Hillaire-Marcel, 1994; Hillaire-Marcel et al., 1994)

(Fig. 4.16) All AMS 14C dates are from a monospecific assemblage of N. pachyderma

(left-coiled), corrected for 400 yr to account for the average difference between

atmospheric and surface ocean ages (Stuiver et al. 1986). Isotopic stage boundary ages

(Martinson et al., 1987), interpreted from the carbonate and oxygen isotope records,

provide chronological control below the level of AMS l4C dates. In all high latitude North

Atlantic cores, the oxygen isotope stratigraphy is difficult to interpret and may be a source

of error in the age model. Because of ambiguities in isotopic records and rapidly changing

sedimentation rates, age control is relatively poor below the level of AMS 14C dates and

indistinct between substages 5a and 5e. The chronology is, therefore, restricted to

approximately the last 100 kyr with much higher resolution and confidence in the upper 40

kyr than in the lower 60 kyr of the record.
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4.7.1 Chronology of the Labrador Sea Paleointensity Records

A prominent feature in all three Labrador Sea records is a paleointensity low (Fig.

4.17) that occurs at approximately 660 cm in P-013 (Fig. 4.11), 310 cm in P-012 (Fig.

4.12), 600 cm in P-094 (Fig. 4.13) and 230 cm in the arbitrary depth scale of the stacked

Labrador Sea records (Figs. 4.14 and 4.15). In P-013, the paleointensity low corresponds

to a reservoir corrected AMS 14C age of 31,310 (± 300) 14C yr BP and is further

constrained by 2 AMS 14c dates 30 cm below of 33,520 (± 380) and 32,900 (± 340) 1*C yr

BP (Fig. 4.11). In P-094 the paleointensity low lies between two AMS 14C dates: 30,860 (±

280) 14C yr BP above, and 32,560 (± 320) 14C yr BP below (Fig. 4.13). The correlation of

this paleointensity low between cores is facilitated by a lithologie event (DC4) (Hillaire-

Marcel et al., 1994; Stoner et al., in press) which occurs directly above this interval in all

records (Figs. 4.11, 4.12 and 4.13).

Above the ~ 31,000 i 4 C yr BP paleointensity low, there is a relative high.

Variations during this interval are more clearly defined in P-012 than in P-013. The high

coercivity interval at 500 to 600 cm in P-013 may account for the lack of agreement

between the two cores in this interval. The lower section of this feature appears to be

preserved in the record from P-094.

Below the = 31,000 i 4C yr BP paleointensity low, a prominent high is observed in

all three records (Figs 4.11, 4.12, and 4.13). Lithologie events DC5 and DC6 are observed

on the ramps of this feature. DC5 is suggested to correlate with North Atlantic Heinrich

layer H4 (Hillaire-Marcel et al., 1994; Stoner et al., in press). H4 has an AMS 1 4 C

estimated age of 35.5 ka (Bond et a l , 1993). This age is consistent with the AMS 1 4C

chronometry in P-013 and P-094 (Figs. 4.11 and 4.13) allowing an upper age limit to be

placed on this paleointensity high.

Another prominent paleointensity low occurs within isotopic stage 4 (Figs. 4.11,
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4.12, and 4.13). This paleointensity low occurs between two detrital layers (LDC5 and

LDC6) in P-094. Only one lithologie layer (labeled LDC5) is clearly observed above the

paleointensity low in P-012 and P-013. This event may correlate to Heinrich layer H6,

defined in the North Atlantic (Heinrich, 1988; Bond et al., 1992).

Below the paleointensity low associated within stage 4 and LDC5/6 is another

interval of higher paleointensity. This interval is characterized by three distinct highs in all

cores. This intensity high occurs in stage 5a and appears to extend into 5b, although this

part of the isotope record is ambiguous. A lithologie event associated with high detrital

carbonate in P-094 and defined on the basis of high coarse fraction content in P-012 and P-

013, is found between the bottom and middle peak in all records.

Features common to in the paleointensity records are more difficult to identify

below isotopic stage 5. The records from both P-013 arid P-012 indicate a broad "M"

pattern in paleointensity through stage 6. A pronounced low, followed by a high below, is

observed from the P-013 record at 1600 cm. This interval corresponds to the isotopic stage

6/7 transition (Hillaire-Marcel et al., 1994). Based on isotopic data, it is unclear whether

P-012 extends into isotopic stage 7. The lack of a corresponding paleointensity feature

suggests that P-012 terminates within stage 6.

4.8 GLOBAL CORRELATION

Figure 4.17 shows the stacked Labrador Sea (LS) paleointensity record from P-013

and P-012 compared with the stacked Mediterranean, Indian Ocean (MIO) paleointensity

record (Meynadier et al., 1992). The stack of these records was derived from the arithmetic

mean of the visually tuned correlation of the SIRM normalized records (Fig. 4.15b). The

MIO stack was derived from 4 Mediterranean cores constructed to make a composite 8 to

80 ka record (Trie et al., 1992) and 3 Indian Ocean cores stacked for a 15 to 140 ka record
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(Meynadier et al., 1992). In Figure 4.17a the LS stack and the MIO stack are placed on

their respective time scales. Figure 4.17a illustrates that significant differences in

chronology are present. However, when the LS and MIO stacks respective time scales are

adjusted to achieve a maximum fit (LS; Figure 4.17b or MIO; Figure. 4.17c) the stacked

records strongly correlate (r = 0.87).

The chronological disparities observed in the LS and MIO stacks are most probably

due to the different methods used in the construction of the time-scales. The LS time-scale

is strongly controlled by two cores with more than 20 AMS l^C dates in each. This

provides a high resolution absolute chronometry which can be cross-checked by the relative

position of DC and LDC events for the upper 40,000 14c yr BP of these records. This

chronometry is generally consistent with other North Atlantic AMS 14c chronometries

(Bond et al., 1992; 1993). However, in older parts of the LS time-scale, age interpretations

based on planktonic foraminiferal determined isotopic stages may be distorted due to local

environmental effects.

The MIO time-scale based on bulk sediment 5 ^ 0 analysis (Shackleton et al., 1993)

for the Indian Ocean record and the planktonic 5 ^ 0 and tephrochronology for

Mediterranean (Paterne et al., 1986, Trie et al., 1992) indicate consistently older ages

within isotopic stage 3 (Fig. 4.17a). A similar offset was observed by Mazaud et al. (1994)

when comparing 10Be flux from the Antarctic Vostok ice core with a synthetic 10Be profile

based on geomagnetic intensity records of Meynadier, et al. (1992) and Trie et al. (1992).

The lack of absolute age control (AMS 14c dates) for the cores in which paleointensity was

determined may be responsible for slight offsets in the chronological interpretations during

the relatively indistinct isotope stage 3. For example, the prominent paleointensity low that

occurs just below DC 4 in all Labrador Sea records (Figs 4.11, 4.12 and 4.13) and is AMS

14c dated to approximately 31,000 14c yr BP in two cores is dated at 39 ka in the
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Mediterranean (Trie et al., 1992) and at 37 ka in the Indian Ocean (Meynadier et al, 1992).

Even after the proposed correction of AMS 14c years into calendar years (Bard et al.,

1990, Stuiver et al., 1991, Mazaud et al, 1991) the age of the paleointensity low in the LS

record is considerably younger than in the MIO record. However the corrections of Bard et

al. (1990) and Stuiver et al. (1991) are only applicable for the last 30 ka, while the results of

Mazaud et al. (1991) are based on the Mediterranean paleointensity record (Trie et al,

1992) and may have to be adjusted. Therefore, a réévaluation of the age model may have

to be undertaken.

Similarly, the age discrepancy between the older parts of the LS and MIO apparent

paleointensity records (Fig. 4.17a) illustrates the difficulty of chronological interpretations

from planktonic 8*°O records in high latitude areas, where continuous benthic records are

unavailable. Once a strong chronology can be correlated to paleointensity variations, then

the relative paleointensity record will become very useful as a high resolution correlation

tool. From this initial study, the consistent correlation of lithologie events to paleointensity

variations within the Labrador Sea implies that the paleointensity record has considerable

potential as a correlation tool.

4.9 CONCLUSIONS

1. Normalized remanence from each of three deep Labrador Sea piston cores is

highly correlated using three normalizing parameters (&ARM> k, SIRM). Normalized

remanence is not correlated to the normalizing parameters and is assumed to reflect the

intensity of the Earth's magnetic field at the time of bioturbation in the upper « 10 cm of the

sediment column.

2. The correlation between the cores based on lithologie features beyond the limit

of AMS l^C chronometry, is supported by the consistency of paleointensity curves relative
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to DC and LDC layers and the good correlation observed between all three cores.

3. The precise sequence of lithologie events to paleointensity variations within the

Labrador Sea suggest that at least locally this record can be used for correlations. (Figs 4.14

and 4.15)

4. The similarity of large scale paleointensity features for P-012, P-013 and P-094

within the Labrador Sea, and for records from the Mediterranean and Indian Ocean

suggests that the Labrador Sea sediments carry a record of geomagnetic dipole field

intensity (Fig. 4.17). There are, however, major differences between the chronology of the

Labrador Sea and that of the other records. In the Labrador Sea, correlation of detrital

carbonate (DC) layers on either side of the paleointensity low indicates that the same event

is observed in all three records. The AMS 14c chronometry from P-094 and P-013 give

very similar age estimates (~ 31,000 14c yr BP) for the paleointensity low. The

chronology of the records of Trie et al. (1993) and Meynadier et al. (1993), should be

reexamined to determine whether or not the low at approximately 40 ka is distinct from that

at 31 in the Labrador Sea. If global synchroneity could be established for paleointensity

variations, then the relative paleointensity record would provide a high resolution global

correlation tool.
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GENERAL CONCLUSIONS

Based on the study of the magnetic properties and paleointensity records from Late

Quaternary Labrador Sea sediments, several general conclusions can be made. 1). The

Labrador Sea provides an ideal location for using magnetic parameters for high resolution

characterization and description of lithologie stratigraphy. The very high terrigenous content

of these sediments, derived from old cratonic rocks of Greenland and Labrador, provide a

source of dominantly pseudo-single domain magnetite at high concentrations. These

sediments are characterized by more than one order of magnitude greater ferrimagnetic

concentration than those observed from eastern North Atlantic sites (Bloemendal, et al.,

1992). The generally oxic conditions of the sediment led to minimal diagenetic alteration of

the magnetic minerals and, therefore, a high fidelity record of environmental change.

However, relict oxic zones do occur and are clearly delineated by distinct magnetic

properties. Due to the high magnetite concentration and sedimentation rates within the

Labrador Sea, variation in the magnetic properties reflect changes in the sediment matrix and

therefore, reflect fundamental changes in the environmental condition or depositional

mechanisms. The magnetic properties are much less responsive to secondary depositional

sources (i.e. ERD).
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2). The interpretation and conclusions made in this study were possible because of

the multidisciplinary nature of the study (see; Hillaire-Marcel, C. cord. Can.J. Earth Sci.,

31(1), 1994; special issue, entitled "The Labrador Sea during the late Quaternary").

Lithologie, isotopic and geochemical studies have shown that short term variations in high

resolution magnetic data reflect significant depositional changes, rather than noise in the

magnetic signal. The covariance of the magnetic parameters with lithologie, isotopic,

geochemical, micropaleontological changes implies very little noise in the magnetic signal.

Features in the magnetic records occurring over a few centimeters, and corresponding to

less than a few hundred years, appear to have paleoenvironmental significance.

3). Although the sedimentary record within the Labrador Sea is strongly influenced

by climatic and ice sheet variability on both Milankovitch and sub-Milankovitch time scales,

these sediments yield high fidelity records of geomagnetic field, in tensity. The paleointensity

records from the Labrador Sea are well correlated between three well studied Labrador Sea

cores (see; Hillaire-Marcel, C. cord. Can.J. Earth Sci., 31(1), 1994) indicating the utility of

these records for regional correlation. The correlation to geomagnetic paleointensity records

outside the NW Atlantic indicates that relative paleointensity measurements are recording

dipole field intensity, with potential for global correlation. The potential advantages of the

paleointensity record as a correlation tool over traditional methods (i.e. 818O) include: (1)

The geomagnetic paleointensity record is not limited to marine sediments and therefore may

be applicable to other continuous depositional sequences such as lakes, loess deposits, and

ice cores as reconstructed from 10Be profiles (Mauzaud et al., 1994). (2) The geomagnetic

paleointensity record is not directly related to environmental conditions, therefore,

chronometric determinations may be greatly simplified. The quality of the record is,

however, dependent on the environmental conditions. (3) Geomagnetic paleointensities, if

due to the dipole field, are globally synchronous. (4) Significantly greater variability is
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observed within paleointensity record than in the 8180 record, suggesting that higher

resolution correlations and chronometric determinations are possible. However, the global

synchroneity of high frequency paleointensity variations, as suggested from this study, have

yet to be established.
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APPENDICES



Table A.I Generalized table of downcore magnetic parameters

Parameters
Bulk Magnetic Parameters
Generally measured on 7 cc orientated cubic samples.

Natural Rémanent Magnetization (NRM)
The fossil magnetization preserved within the sediment.
NRM includes the declination, inclination, and intensity.

and their interpretations.

Interpretation

Dependent on mineralogy, concentration, and grain-size of the magnetic
material as well as mode of acquisition and intensity of the geomagnetic field.

Volumetric Magnetic Susceptibility (k

A measure of the concentration of magnetizable material.
k is a first order measure of the amount of ferrimagnetic material (e.g.,
magnetite). However, k also responds to antiferromagnetic (e.g., hematite),
paramagnetic (e.g., Fe, Mg silicates), superparamagnetic (SP) (e.g. magnetite <
0.03um) and diamagnetic material (e.g. carbonate) which may complicate the
interpretation.

Isothermal Rémanent Magnetization (IRM)
Magnetization acquired under the influence of DC
magnetic field. Commonly expressed as a saturation
IRM or SIRM when a field greater than IT is used. An
IRM may also be given as a backfield (BIRM) when
magnetized in the opposite orientation.

SIRM primarily responds the concentration of magnetic, principally
ferrimagnetic material has a secondary response to changes in grains-size and
mineralogy.

Anhysteretic Rémanent Magnetization (ARM)
Magnetization acquired when a biasing field is imparted
on a sample within a decreasing alternating field.
Commonly expressed as an Anhysteretic susceptibility
(ft ARM) when normalized by the biasing field used.

k ARM is primarily a measure of the concentration of ferrimagnetic material,
however it is also strongly grain-size dependent, k ARM preferentially responds
to smaller grain-sizes, and is therefore useful in the development of grain-size
dependent ratios.

The "hard" IRM (HIRM)
This is derived by imparting a back field of typically 0.1
or 0.3 T on a sample previously given an SIRM. BIRM
which has a negative sine is used to derive the HIRM.
HIRM = (SIRM + BIRM)/2.

HIRM is a measure of the concentration of magnetic material with a higher
coercivity than the backfield. This gives information on the concentration of
the non-ferrimagnetic or very fine grained ferrimagentic component
depending on the backfield is chosen.



Table A.I Generalized table of downcore magnetic parameters and their interpretations (continued).

Ratios
Ratios of different magnetic parameters are essentially
concentration independent, therefore downcore variations
in these ratios may be interpreted as variations in grain-
size and/or mineralogy

S-ratios

These are derived by imparting a backfield of typically
0.1 or 0.3 T on a sample previously given an SIRM. The
BIRM is then normalized by the SIRM value providing a
measure of the proportion of higher coercivity material to
total magnetic assemblage. S = BIRM/SIRM

The S-ratios can be used to estimate the magnetic mineralogy (i.e., magnetite or
hematite) Downcore variations may be associated with changing mineralogy
Values close to 1 indicate lower coercivity and a general ferrimagnetic
mineralogy (i.e., magnetite), values closer to 0 indicate a higher coercivity
possibly antiferromagneiic (i.e., hematite) mineralogy.
S-ratio with a backfield of 0.1 T is very sensitive minéralogie and grain-size
changes, but is not mineralogically discriminatory. While 0.3 T is
discriminatory, it is not very sensitive.

ARbll
Indicates changes in magnetic grain-size, if the magnetic
mineralogy is dominantly magnetite.

If the magnetic mineralogy is dominantly magnetite k ARM//c varies inversely
with magnetic grain-size from approximately l-15um. However, the
interpretation of this ratio may be compromised by significant amounts of SP or
paramagnetic material.

SIRM/&
Indicates changes in magnetic grain-size, if the magnetic
mineralogy is dominantly magnetite.

If the magnetic mineralogy is dominantly magnetite SIRM/A varies inversely
with magnetic particle size. SIRM/Ac is more sensitive to changes in the large
(>10um) and small (< lfim) and can, therefore, be difficult to interpret.
SIRM/Zc may also be compromised by SP or paramagnetic material.

SIRM/fr ^
Indicates changes in magnetic grain-size, if the magnetic
mineralogy is dominantly magnetite.

SIRM/Zc ARM increases with increasing magnetic grain-size, but is less sensitive
and can be more difficult to interpret than the other two. A major advantage of
SIRM/A ARM is that it only responds to remanence carrying magnetic material
and is therefore not compromised by SP or paramagnetic material.

Frequency dependent magnetic Susceptibility (k,)
The ratio of low-frequency k (0.47kHz) to high
frequency k (4.7 kHz)

k , is used to indicate the presence of SP material. SP material in high
concentrations can compromise the grain-size interpretation made using the k
ratios



Table A.I Generalized table of downcore magnetic parameters and their interpretations (concluded).

Hysteresis Parameters
Hysteresis parameters provide an independent method to
assess magnetic grain-size and minéralogie changes.
Because these parameters are not influenced by
paramagnetic material they may provide a more accurate
estimate of grain-size changes. However, care must be
taken with sediments that are not strongly homogenous
because of the small sample size (approximately 0.01 g)
typically used.

Saturation Magnetization (ML)
M, is the magnetization within a saturating field.

Saturation Remanence (Ma)
M n is the remanence remaining after removal of the
saturating field

These parameters are typically used in the ratio Mp/M, which for magnetite
decreases with increasing grain-size. This ratio is considered to be the most
sensitive because it shows large variations over the (0.025 to 230 urn) size
range.

Coercive force (H^
The field required to rotate saturation magnetization to
zero within an applied field.

Coercivity of Remanence (By
The field required to rotate saturation magnetization to
zero remanence

These parameters are typically used in the ratio 11,.,/H,. which for magnetite
increases with increasing grain-size. This ratio is biased toward larger grain-
sizes due to the weak size dependence of H for larger grain-sizes.

u>
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Figure A.I. Paleomagnetic remanence data after 20 mT AF demagnetization for

core HU90-013-013 (P-013). a.) Magnetic intensity shown with isotopic stage

determinations (Hillaire-Marcel et al., 1994). b.) Magnetic inclination with solid

horizontal line indicating expected geocentric axial dipole inclination for this site,

c.) Magnetic declination. Dashed vertical lines indicate piston core section
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Figure A.3. Paleomagnetic remanence data after 20 mT AF demagnetization for
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