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[1] Four piston cores collected in 1999 and 2002 from the Eirik Drift (southern Labrador Sea, off SE
Greenland) provide paleomagnetic, environmental magnetic, and oxygen isotope records back to marine
isotope stage 11. Age models for the cores are based on a combination of planktonic oxygen isotope data,
relative geomagnetic paleointensity proxies, and the identification of geomagnetic excursions (Laschamp
and Iceland Basin). Environmental magnetic data delineate two distinct detrital signals, interpreted to
reflect the behavior of the surrounding ice sheets (Greenland and Laurentide) to orbital- and millennial-
scale climate forcing. Broad decimeter-scale intervals of increased magnetic concentration and grain size
occur during the early part of interglacial marine isotopic stages (MIS) 1, 5, 7, 9, and 11. Discrete
centimeter-scale layers, recognized by magnetic concentration and grain-size sensitive parameters, gamma
ray attenuation (GRA) bulk density, and carbonate content, are observed in glacial and interglacial stages
as well as during terminations. On the basis of glacial reconstructions on Greenland during the last
termination, the broad decimeter-scale coarser-grained intervals can be attributed to detrital influx
associated with the retreat of the terrestrial-based Greenland Ice Sheet in the early Holocene. A similar
magnetic signal observed within interglacial MIS 5, 7, 9, and 11 indicates similar Greenland Ice Sheet
behavior during these time intervals. Two types of centimeter-scale detrital layers are also recognized back
to MIS 11. Detrital carbonate (DC) layers reflect predominately ice-rafted debris (IRD) deposition, while
the low detrital carbonate (LDC) layers reflect mass movement as evidenced by sharp basal contacts,
graded bedding, and traction structures, likely from the Greenland slope. Some detrital layers on Eirik
Drift, particularly the DC layers, can be tentatively correlated to detrital layers observed in the central
North Atlantic and to those documented on the southern side of the Labrador Sea at Orphan Knoll.
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1. Introduction

[2] The recognition of detrital sedimentation in the
North Atlantic as paleoceanographically significant
[e.g., Heinrich, 1988; Broecker et al., 1992; Bond
et al., 1992; Ruddiman, 1977] was one of the key
observations in the development of current under-
standing of abrupt climate change [Alley and
MacAyeal, 1994]. Heinrich layers were originally
defined by their high lithic to foraminifer percent-
age and increased abundance of N. pachyderma
[Heinrich, 1988]. Attributed to massive release of
icebergs originating predominantly in the Hudson
Strait region, these layers were originally labeled
‘‘H1’’ through ‘‘H6’’ [Bond et al., 1992], and at
least eight such layers are now documented during
cold stadials of the last glacial cycle recorded in the
Greenland Ice Cores [Bond et al., 1993]. In the
North Atlantic, four Heinrich layers (H1, H2, H4
and H5) contain high abundance of detrital car-
bonate [Bond et al., 1992; Broecker et al., 1992]
that is sourced from the Hudson Strait region,
where the Laurentide Ice Sheet (LIS) was underlain
by Paleozoic carbonate rocks [MacAyeal, 1993].
H3 and H6 differ from other Heinrich layers and
show only a slight increase in flux of lithic grains
and low foraminifera percentages, and are thought
to contain detrital contributions from European
sources (see review by Hemming [2004]). Many
studies of North Atlantic detrital-layer stratigraphy
have been focused on the so-called IRD belt
[Ruddiman, 1977] of the central North Atlantic
[e.g., Bond et al., 1992, 1999; Grousset et al.,
1993; Bond and Lotti, 1995; Snoeckx et al., 1999],
with other studies documenting these layers in
more ice-proximal locations such as the Labrador
Sea [e.g., Andrews and Tedesco, 1992; Hillaire-
Marcel et al., 1994; Stoner et al., 1995b, 1996,
2000; Hiscott et al., 2001], the Irminger Basin off
east Greenland [Elliot et al., 1998; van Kreveld et
al., 2000], and the Porcupine Seabight off SW

Ireland [Scourse et al., 2000; Walden et al., 2007;
Peck et al., 2007]. In this study, we use the term
‘‘detrital layer’’ to refer to centimeter-scale, rapidly
deposited, generally coarse-grained layers with
little or no biogenic material, derived from multiple
modes of deposition, not necessarily ice rafting.

[3] Correlations of detrital layers across the North
Atlantic for the last glacial cycle have been based
on radiocarbon ages, and correlations of isotopic
data and sea-surface temperature proxies to the
Greenland ice core chronologies [e.g., Bond et
al., 1999]. Determining the sources of detritus in
these layers, and correlating them across the North
Atlantic is critical to our understanding of the ice
sheet response to climate forcing. Due to the
increasing number of detrital layers recognized in
ice-proximal locations such as Orphan Knoll [e.g.,
Hillaire-Marcel et al., 1994], and the short duration
of detrital layer deposition, their unequivocal cor-
relation from site to site presents challenges that
test the limits of stratigraphic resolution, particu-
larly beyond the range of radiocarbon age dating
and Greenland ice core chronologies.

[4] In this paper, we document the detrital layer
stratigraphy of the Eirik Drift, off SE Greenland,
back to marine isotope stage (MIS) 11, and use a
combination of oxygen isotope data and relative
paleointensity (RPI) proxies to facilitate correla-
tions to other records. Due to the rate of change of
geomagnetic field intensity (�5% per century for
the last few centuries), geomagnetic paleointensity
records have potential for high-resolution correla-
tion. Their utility depends on the fidelity of the
sediment as a geomagnetic recorder, and the accu-
mulation rates of individual records. It has been
demonstrated that RPI proxies can be correlated
throughout the North Atlantic Ocean [Channell,
1999; Laj et al., 2000] to the South Atlantic
[Channell et al., 2000; Stoner et al., 2000] and to
the Pacific Ocean [Yamazaki, 1999; Horng et al.,
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2003], and several global paleointensity stacks
have been compiled [Guyodo and Valet, 1999;
Laj et al., 2004].

[5] The Labrador Sea is a climatically sensitive
region that was surrounded during the last glacial
interval by massive continental ice sheets: the
Greenland Ice Sheet and the Laurentide Ice Sheet
(LIS). Eirik Drift is a canopy of Pliocene-Quater-
nary sediments reaching thicknesses of several
kilometers that drapes the underlying Eirik Ridge
[McCave and Tucholke, 1986]. Magnetic anoma-
lies have not been identified directly beneath the
Eirik Ridge, although the adjacent oceanic crust in
both the Irminger Basin and Labrador Sea is
associated with marine magnetic anomaly 24 of
Paleocene-Eocene boundary age [Srivastava and
Tapscott, 1986]. The Eirik Drift is 800 km long and
has been constructed by the interaction of the
southwestward flowing Western Boundary Under-
current (WBUC) and basement topography
[Chough and Hesse, 1985]. The WBUC carries
water masses originating from the Norwegian Sea
and Greenland seas that enter the North Atlantic
over the Iceland-Scotland Ridge and Denmark
Strait (Figure 1) [McCave and Tucholke, 1986;
Lucotte and Hillaire-Marcel, 1994]. The WBUC
moves over, and constructs, the Eirik Drift and then
follows bathymetric contours around the Labrador
Basin [McCave and Tucholke, 1986].

[6] We present data from three jumbo piston cores
(JPC15, JPC18, JPC19) collected on the Eirik Drift
in the summer of 2002 during Cruise KN166-14 of
the R/V Knorr, and from Core MD99-2227 col-

lected during the 1999 Images campaign (Figure
1). Core JPC15 was taken on the upper slope of the
ridge at a water depth of 2230 m. Core JPC19 was
collected from the crest of the ridge at a water
depth of 3184 m, and Core JPC18 from the
southern flank of the ridge at a water depth of
3435 m. Core MD99-2227 was collected from the
western toe of the drift at 3460 m water depth. The
recovered sediments are mostly dark gray biotur-
bated silty clays, with clayey silt and sandy mud,
and occasional gray nannofossil/foraminifer rich
clayey silt layers (see Turon et al. [1999] for a
lithologic description of MD99-2227). We identify
detrital layers in these cores using magnetic, pet-
rologic and physical property data, and use a
combination of relative paleointensity proxies and
planktic oxygen isotope records to construct chro-
nologies that facilitate correlation within the North
Atlantic region.

2. Prior Regional Studies

[7] Prior studies of sediments from the Eirik Drift
have included Ocean Drilling Program (ODP) Site
646 (ODP Leg 105), and piston and gravity cores
collected during cruises by the CSS Hudson in
1990 and the Marion Dufresne in 1999. Seismic
records used to extrapolate the sequence recovered
at Site 646 indicate that the drift has been con-
structed since the middle to early Pliocene [Arthur
et al., 1989]. Although sedimentation on the drift
sequence was more or less continuous during the
Late Pliocene and Pleistocene, sedimentation rates
vary considerably with glacial/interglacial condi-

Figure 1. Location map for piston cores JPC15, JPC18, JPC19, and MD99-2227. Arrows indicate the path of the
Western Boundary Undercurrent. NAMOC, Northwest Atlantic Mid-Ocean Channel; CGFZ, Charlie Gibbs Fracture
Zone. Left-side map modified after Hillaire-Marcel and Bilodeau [2000].
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tions, and with location on the drift [e.g., Hillaire-
Marcel et al., 1994].

[8] The Pleistocene sediments at ODP Site 646
comprise bioturbated silty clays, with numerous
centimeter- to decimeter-scale intervals of detrital
carbonate silts and thin beds of laminated and
cross-laminated siliciclastic sandy-silty mud
[Hiscott et al., 1989]. Eleven centimeter-scale
detrital carbonate beds (carbonate >50%) were
identified in sediments of the last 450 ka; some
are characterized by delicate laminae and/or grad-
ing, and were interpreted as turbidites [Hiscott et
al., 1989]. As the carbonate mineralogy of these
layers (a 2:1 calcite-to-dolomite ratio) resembles
that of the Northwest Atlantic Mid-Ocean Channel
(NAMOC) levee sediments, detrital layers were
interpreted as spillover turbidites from the
NAMOC [Hesse et al., 1987; Hiscott et al.,
1989]. In addition to the carbonate-rich detrital
layers, thin beds of laminated and cross-laminated
siliciclastic sandy-silty mud were interpreted as
contourites deposited during periods of stronger
bottom current activity [Hiscott et al., 1989].
Interpretation of the oxygen isotope stratigraphy
was compromised by poor recovery at Site 646
[Aksu et al., 1989].

[9] Piston cores HU90-013-012 (water depth:
2830 m) and HU90-013-013 (water depth:
3380 m) (Figure 1), collected in 1990 during a
cruise of the CSS Hudson, record the last glacial
cycle at differing water depths on the Eirik Drift
[Hillaire-Marcel et al., 1994]. Core HU90-013-013
shows high sedimentation rates in the Holocene
while Core HU90-013-012 is characterized by
condensed interglacial sedimentation likely due to
its position relative to the WBUC [Stoner et al.,
1995a, 1996]. Increases in magnetic concentration
and grain size during the early Holocene and at the
MIS 6/5e transition in HU90-013-013 were attrib-
uted to detrital influx associated with retreat of the
Greenland Ice sheet [Stoner et al., 1995b]. Four

detrital layers were identified within MIS 2 and 3
in Core HU90-013-013, on the basis of their
magnetic properties (coarse magnetic grain size)
and relatively high percent carbonate values, and
three of these layers were correlated to Heinrich
Events 1, 2 and 4 [Stoner et al., 1996, 1998]. The
chronology for these cores was based on a combi-
nation of relative paleointensity proxies, oxygen
isotopes and radiocarbon ages.

[10] Hillaire-Marcel et al. [1994] interpreted detri-
tal carbonate (DC) and low detrital carbonate
(LDC) layers deposited during the last glacial cycle
at Orphan Knoll from core HU91-045-094, on the
western side of the Northwest Atlantic Mid-Ocean
Channel, as being related to ice advances of the
Laurentide Ice Sheet that triggered turbiditic flows
down the NAMOC (Figure 1). Sediment sus-
pended by these flows is thought to have deposited
centimeter-scale sandy mud beds rich in detrital
carbonate (DC layers) at Orphan Knoll. Stoner et
al. [2000] placed the detrital layer stratigraphy
from core MD95-2024 from Orphan Knoll on a
GISP2 (Greenland ice core) chronology by corre-
lation of the detrital layers at Orphan Knoll with
the cold stadials in the Greenland ice core. Their
chronology was consistent with the correlation
between the relative paleointensity record from
Core MD95-2024 and the 10Be record from the
GISP2 ice core [Stoner et al., 2000].

[11] Sediment is supplied to the Eirik Drift via
bottom currents that move along the East Green-
land margin bringing sediment from the East
Greenland shelf and Irminger Basin to the Eirik
Drift. Elliot et al. [1998] studied Core SU90-42
from the East Greenland Margin (62�40 0N
37�220W), about 350 km upstream along the path
of the WBUC, and identified Heinrich layers 1–5
and thirteen other detrital events of smaller ampli-
tude during the last 60 ka. These layers were
interpreted as IRD from small-scale iceberg dis-
charges occurring on millennial timescales.

3. Methods

[12] U-channel samples (2 � 2 cm square cross-
section and 150 cm in length) were collected from
the center of the split face of piston core sections.
These samples were measured on a 2G-Enterprises
narrow-access pass-through cryogenic magnetom-
eter at the University of Florida. Natural remanent
magnetization (NRM) was demagnetized stepwise
using alternating fields (AF) in 5 mT increments
for 0–60 mT peak fields, and in 10 mT increments

Table 1. Latitude, Longitude, Water Depth, Length,
and Basal Age of the Studied Cores

Core
Long.,
�W

Lat.,
�N

Water
Depth,
m

Base
Age,
ka

Core
Length,

m

JPC15 45.57 58.20 2230 165 23.3
JPC18 47.13 57.19 3435 310 23.7
JPC19 47.60 57.58 3184 250 23.3
MD99-2227 48.22 58.12 3460 430 42.96
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for 60 mT–100 mT peak fields. Volume suscepti-
bility was then measured using a susceptibility
track specifically designed for u-channels [Thomas
et al., 2003] that has a measurement resolution of a
few centimeters. Anhysteretic remanent magneti-
zation (ARM) was applied using an AF field of
100 mT and a bias DC field of 50 mT. Isothermal
remanent magnetization (IRM) was imparted using
a 0.5 T DC field. Both artificial remanences were
demagnetized with the same AF steps used to
demagnetize NRM. Principal components were cal-
culated from the NRM data using the method of
Kirschvink [1980] applied to the 20–80 mT demag-
netization interval. Back-to-back discrete samples
(8-cm�3 and 1-cm�3 cubes) were collected, along-
side the u-channel trough, across intervals where
magnetic excursions were detected in u-channel
data. These discrete samples were stepwise demag-
netized using AF, and components calculated using
the standard [Kirschvink, 1980] method.

[13] Relative paleointensity proxies were generated
by normalizing the NRM data by both ARM and
IRM, demagnetized at a common peak field. A
mean of nine normalized remanence values, in the
20–60 mT peak field range, was used to generate
the relative paleointensity proxies. ARM and sus-
ceptibility data were also used to ascertain mag-
netic grain size changes that help define detrital
layers. The parameter karm (anhysteretic suscepti-
bility), obtained by normalizing ARM intensity by
the strength of the dc field used to acquire the
ARM, was divided by volume susceptibility, to
determine karm/k, a proxy for magnetite grain size.

[14] On completion of the magnetic measurements
on the u-channel samples, X-radiographs were
taken across detrital layers, identified by u-channel
magnetic measurements and carbonate analyses, to
provide a picture of the internal structure of these
layers and identify the presence or absence of
traction structures. Discrete toothpick-sized sam-
ples, collected at 1-cm intervals across detrital
layers, were used for smear slide observation
(Table 2) and for measurement of magnetic hyster-
esis parameters using a Princeton Measurements
Corp. vibrating sample magnetometer (VSM). The
samples were placed in small gelatin capsules and
fitted to the base of the VSM probe. Magnetic
hysteresis parameters provide an additional means
of estimating magnetite grain size.

[15] Cores were sub-sampled for oxygen isotope
analysis at 5-cm spacing. Samples from Core
MD99-2227 were analyzed at GEOTOP (Mon-
treal) while samples from the KN166-14 coresT
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