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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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Figure 2. Component inclination, corrected component declination, and maximum angular deviation (MAD) values
for Cores JPC15, JPC19, JPC18, and MD99-2227.
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Figure 3. (a) Component inclination, declination, and maximum angular deviation (MAD) values recording
Laschamp and Iceland Basin magnetic excursions in piston cores JPC15, JPC18, and JPC19. Key: U-channel data
(closed circles), deconvolved u-channel data (open squares-dashed line), 8-cm3 discrete sample cubes (open squares),
and 1-cm3 cubes (diamonds). (b) Orthogonal projections of alternating field demagnetization data for representative
samples from Cores JPC15, JPC18, JPC19, and MD99-2227. Open and closed symbols represent projections on the
vertical and horizontal planes, respectively. (c) Orthogonal projections of alternating field demagnetization data
showing excursional directions associated with the Iceland Basin excursion from Cores JPC18 and JPC19.
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Figure 4. (a) Anhysteretic susceptibility (karm) plotted against volume susceptibility (k) for Cores JPC18, JPC19,
JPC15, and MD99-2227. Diamonds indicate ‘‘background’’ sediment, red squares indicate coarse-grained high-
susceptibility intervals at the onset of interglacials, and blue circles indicate centimeter-scale detrital layers. The 5 mm
magnetic grain-size line is placed using the calibration of King et al. [1983]. (b) Hysteresis ratio plot for Cores JPC15,
JPC18, JPC19, and MD99-2227. Pseudo-single domain (PSD) and multidomain (MD) fields after Day et al. [1977].
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Figure 5. NRM, ARM, and IRM intensities and volume susceptibility for Cores MD99-2227, JPC15, JPC18, and
JPC19. Orange, IRM; green, ARM; red, NRM; blue, volume susceptibility.
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were analyzed in the stable isotope laboratory at
Rutgers University. For all the cores, foraminifer
shells of the planktonic species Neogloboquadrina
pachyderma (left coiling) were picked from the
150–250 mm grain-size fraction for the isotopic
analyses. Planktonic foraminifer species were used
for the isotopic analyses due to the small amount of
benthos present in the cores. For Core MD99-2227,
samples were collected at 5 cm intervals for
carbonate analyses using an elemental analyzer.

[16] Age models for the piston cores were con-
structed by matching relative geomagnetic paleo-
intensity records and planktic d18O records to
target curves, using the location of magnetic excur-
sions (Laschamp and Iceland Basin) to provide
additional age constraints. The combination of
paleointensity records and oxygen isotope data
provide enhanced temporal resolution compared
to using either data set independently.

4. NRM and Normalized Remanence
Record

[17] The natural remanent magnetization (NRM)
data for all four cores are shown as component
inclination, corrected component declination, and
maximum angular deviation (MAD) values
(Figure 2). Orthogonal projections of NRM demag-
netization data indicate a single magnetization com-
ponent (Figure 3b) with no evidence for a high
coercivity remanence carrier. Magnetic excursions
were identified in three cores from 8-cm�3 and
1-cm�3 discrete samples as well as from u-channel
samples (Figure 3a). U-channel data were decon-
volved for comparison with the discrete sample
data using the technique of Oda and Shibuya
[1996], modified for application to u-channel data
by Guyodo et al. [2002].

[18] Cores were not oriented during collection, and
therefore declination data were corrected by align-
ing the mean declination of each core to North.
Twisting within cores during the coring process is
indicated by anomalous declination changes in
Core JPC18 (114.5–189 cm interval) (Figure 2).
Core MD99-2227 is affected by stretching in the
upper 15 m that has significantly affected the
magnetization directions (Figure 2). Stretching in
this interval is also implied by anisotropy of
magnetic susceptibility (AMS) measurements car-
ried out shipboard [see Turon et al., 1999].

[19] It is generally accepted that the generation of
useful paleointensity proxies requires that the sedi-

ments contain magnetite as the only magnetic
remanence carrier, have a narrow range of magne-
tite concentration, as indicated by magnetic con-
centration parameters varying by less than an order
ofmagnitude, and have restrictedmagnetite grain-sizes
in the few micron grain-size range, corresponding to
pseudo-single domain (PSD) grains [Banerjee, 1981;
King et al., 1982; Tauxe, 1993]. There is no evidence
from demagnetization characteristics of NRM
(Figure 3b), or from hysteresis parameters, for the
presence of high-coercivity magnetic minerals such as
hematite or pyrrhotite. Using plots of anhysteretic
susceptibility against susceptibility, and the calibration
of King et al. [1982, 1983], we estimate that these
sediments generally have mean magnetite grain sizes
of �5 mm (Figure 4). Records of ARM, IRM and
susceptibility (Figure 5) show that the concentration
parameters generally vary within one order of mag-
nitude, the limit deemed suitable for determination of
relative paleointensity proxies [Tauxe, 1993]. For
coarser-grained intervals in the early part of intergla-
cial stages and in centimeter-scale detrital layers (blue
circles and red squares in Figure 4a), relative paleo-
intensity determinations are likely to be less reliable;
however, we do not see any marked perturbations
associated with these layers. Although these intervals
are coarser grained they still fall within the pseudo-
single domain (PSD) grain size in the hysteresis ratio
plot of Day et al. [1977] (Figure 4b).

[20] NRM measured on u-channel samples was
normalized using both ARM and IRM, demagne-
tized at the same peak fields as theNRM.To generate
the paleointensity proxies, a mean of nine demag-
netization steps in the 20–60 mT peak field interval
were used to calculate mean NRM/ARM and mean
NRM/IRM. Although the two proxies are generally
consistent with each other,meanNRM/ARMhas the
lower standard deviations over the 20–60 mT de-
magnetization interval and was therefore chosen as
the preferred paleointensity proxy. Coherence anal-
ysis for each core, using the Analyseries software of
Paillard et al. [1996], indicates that the preferred
paleointensity proxy (NRM/ARM) and the normal-
izer (ARM) are not significantly coherent at the 95%
confidence level, implying that the paleointensity
proxies are not controlled by theARMconcentration
(lithologic) parameter.

5. Chronology

[21] To construct age models for the four cores in
this study (Figures 6–9), we correlate prominent
features (mainly terminations) in the planktonic
oxygen isotope records to the benthic oxygen

Geochemistry
Geophysics
Geosystems G3G3

evans et al.: paleointensity-assisted chronostratigraphy 10.1029/2007GC001720

10 of 23



isotope stack of Lisiecki and Raymo [2005]. We
then correlated the relative paleointensity records
to the paleointensity record from ODP Site 983
[Channell et al., 1997; Channell, 1999]. The pale-
ointensity record from Core HU90-013-13 [Stoner
et al., 1995a] is shown in Figures 6–9 for com-
parison. Following Stoner et al. [2003], the paleo-
intensity and oxygen isotope data from ODP Site
1089 were used to improve the age model for ODP
Site 983. For the Eirik Drift cores, a combination
of oxygen isotope and relative paleointensity data
results in a higher-resolution age model than would
be possible using either data set independently. The
positions of the tie points that rely on the isotopic

data (green), paleointensity data (blue) and direc-
tional excursions (orange) are indicated on the
sedimentation rate plot (Figures 6–9 and Table 3).

[22] The magnetic excursion recorded at 18.7 mbsf
in Core JPC19 (Figures 2 and 3) is interpreted as
the Iceland Basin excursion [Channell et al., 1997;
Channell, 1999]. It lies in a prominent paleointen-
sity low at 185 ka (Figure 6) where the oxygen
isotope data are consistent with the transition from
MIS 7 to 6. According to the age model (Figure 6),
Core JPC19, from the crest of the drift at a water
depth of 3184 m, has an age at its base of 245 ka
with a mean sedimentation rate of 10.5 cm/ka.

Figure 6. Core JPC19: Relative paleointensity record correlated to the records from ODP Site 983 [Channell et al.,
1997]. The relative paleointensity record from Core HU90-013-013 is shown for comparison [Stoner et al., 1995a].
Bottom plots show planktic d18O data from JPC19 correlated to the benthic d18O stack of Lisiecki and Raymo [2005].
The benthic oxygen isotope record from ODP Site 983 is shown for comparison [Channell et al., 1997]. Shaded areas
indicate intervals of coarser magnetic grain sizes associated with deglaciations and interglacials. Interval
sedimentation rates are shown with blue squares indicating paleointensity tie-points, green squares indicating
isotope tie-points, and orange squares indicating tie-points from directional excursions.
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[23] In Core JPC18, from southern flank of the
Eirik ridge at a water depth of 3435 m, sediments
coeval with interglacial periods are apparently
missing as shown by the lack of oxygen isotope
values consistent with the Holocene or MIS 5e
(Figure 7). The polarity excursion observed at
13.45 mbsf (Figures 2 and 3) is coeval with the
Iceland Basin excursion (Figure 7). The mean
sedimentation rate in Core JPC18 is 9 cm/ka and
the core has an age of 310 ka at its base.

[24] Core JPC15 was taken on the upper slope of
Eirik ridge at a water depth of 2230 m. The polarity
excursion observed at 9.3 mbsf in JPC15 (Figures 2
and 3) occurs within a prominent paleointensity
low at �40 ka (Figure 8) and is therefore inter-
preted as the Laschamp excursion. The base of

JPC15 has an age of 160 ka and the mean sedi-
mentation rate is 15 cm/ka (Figure 8).

[25] Core MD99-2227 shows significant stretching
in the upper 15 m of the core; however, correlation
to the ODP Site 983 paleointensity record is
possible below that level corresponding to
�130 ka (Figure 9). The paleointensity correlation
to ODP Site 983 is consistent with the correlation
of the planktic oxygen isotope record to the benthic
oxygen isotope stack of Lisiecki and Raymo
[2005]. These correlations give a basal age for
MD99-2227 of 430 ka, and a mean sedimentation
rate of 10 cm/ka (Figure 9).

[26] Radiocarbon ages are available for the last
15 ka at MD99-2227 [Fagel et al., 2004, Table 1].

Figure 7. Core JPC18: Relative paleointensity data correlated to ODP Site 983 [Channell et al., 1997]. The relative
paleointensity record from HU90-013-013 is shown for comparison [Stoner et al., 1995a]. Bottom plots show
planktic d18O data from JPC18 correlated to the benthic d18O stack of Lisiecki and Raymo [2005]. The benthic
oxygen isotope record from ODP Site 983 is shown for comparison [Channell et al., 1997]. Interval sedimentation
rates are shown in black (color coding for interval sedimentation rate changes as for Figure 6 with red squares
indicating tie-points from both isotope data and paleointensity data).
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These ages are consistent with the age model
derived from oxygen isotopes and relative pale-
ointensity data (Figure 9). The radiocarbon ages
were measured on monospecific samples of
Neogloboquadrina pachyderma (left coiled), and
converted into calendar years using the radiocarbon
calibration program Calib 4.3 [Fagel et al., 2004].

6. Detrital Layer Stratigraphy and
Sedimentation Patterns on Eirik Drift

6.1. Decimeter-Scale Detrital Layers

[27] The ratio of anhysteretic susceptibility to sus-
ceptibility (karm/k) has been shown to be a useful
magnetite grain size proxy [e.g., King et al., 1983;
Tauxe, 1993]. Plots of karm versus k for each core

indicate magnetite grain sizes within a restricted
(few micron) range, with coarser grains during
distinct intervals (Figure 4a). The karm/k data plotted
versus age (Figure 10) indicate distinct broad inter-
vals of low values of karm/k that coincide with the
early Holocene (when recorded), with MIS 5e, and
with the early parts of MIS 7, 9 and 11 (shaded in
Figure 10). Low values of karm/k indicate relatively
coarse magnetite grain sizes in these intervals.
Although Core JPC18 is missing part of the
Holocene, and almost the entire MIS 5e, the
intervals of low values of karm/k appear to be
partially recorded.

[28] Volume magnetic susceptibility data measured
on u-channel samples from JPC19 and MD99-2227
show an increase in magnetic concentration in the
early Holocene, MIS 5e, and in MD99-2227 in the

Figure 8. Core JPC15: Relative paleointensity data correlated to ODP Site 983 [Channell et al., 1997]. The relative
paleointensity record from HU90-013-013 is shown for comparison [Stoner et al., 1995a]. Bottom plots show
planktic d18O data from JPC15 correlated to the benthic d18O stack of Lisiecki and Raymo [2005]. The benthic
oxygen isotope record from ODP Site 983 is shown for comparison [Channell et al., 1997]. Interval sedimentation
rates are shown in black (color coding as for Figure 7).
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early parts of MIS 7, 9 and 11 (Figure 10). These
intervals of high magnetic concentration coincide
with the intervals of low values of karm/k (Figure 10)
that indicate relatively coarse magnetite grain sizes.

6.2. DC and LDC Centimeter-Scale
Detrital Layers

[29] In addition to the broad decimeter-scale inter-
vals defined by karm/k and k values in Core MD99-

2227, a total of seventeen centimeter-scale layers
with magnetic properties and percent carbonate
values significantly different from the surrounding
sediments were observed (Figure 11). These layers
have been labeled as either detrital (non-biogenic)
carbonate (DC) or low detrital carbonate (LDC)
layers, and numbered according to the marine
isotope stage in which they are found. For exam-
ple, 6LDC indicates a low detrital carbonate (LDC)
layer within MIS 6 (see Table 2).

Figure 9. Core MD99-2227: Relative paleointensity data correlated to ODP Site 983 [Channell et al., 1997;
Channell, 1999]. The relative paleointensity record from HU90-013-013 is shown for comparison [Stoner et al.,
1995a]. Bottom plots show planktic d18O data from MD99-2227 correlated to the benthic d18O stack of Lisiecki and
Raymo [2005]. The benthic oxygen isotope record from ODP Site 983 is shown for comparison [Channell et al.,
1997]. Black bar (at top left) indicates stretched interval due to coring-related deformation. Shaded areas indicate
intervals of coarser magnetic grain sizes associated with deglaciations and interglacials. Interval sedimentation rates
are shown in black (color coding as for Figure 7).
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[30] Eight of the seventeen centimeter-scale layers
are designated detrital carbonate layers (DC) on the
basis of their high detrital carbonate contents. Four
of these layers (3DC, 7DCa, 8DC, 11DC) are
recognized by coarser grained magnetic material
(compared to the background sediment), as indi-
cated by low karm/k values (Figure 11). One of
these DC layers (7DCa) shows a peak in magnetic
susceptibility while the other seven DC layers do
not. Two DC layers (5DC, 9DC) show finer-
grained magnetite (compared to background sedi-
ment), and two DC layers (7DCb, 2DC) are not
differentiated by magnetic grain size from the
background sediment. All DC layers coincide with
highs in percent carbonate and six show peaks in
bulk (GRA) density (Figure 11). All DC layers are
light in color, do not show a sharp base, and appear
to show some bioturbation. The X-radiographs of
these layers confirm a high concentration of IRD,
but no laminae or evidence for traction (Figure 12).
Smear slides indicate a high percentage of coarse
detrital carbonate material in these layers, and three
of these layers (11DC, 8DC and 7DCa) have high
percentages of material in the >106 mm fraction
measured at 1–10 cm sample spacing (Table 2).

[31] Nine of the seventeen centimeter-scale detrital
layers are designated low detrital carbonate (LDC)
layers (Figure 11). These do not feature an increase
in percent carbonate, but show a peak in magnetic
susceptibility, a low in karm/k, and an increase in
bulk (GRA) density. These LDC layers occur
within MIS 1, 2, 5, 6, 7, 9 and 11 and show sharp
bases, bioturbated tops and are 4 to 18 cm thick

Table 3. Age-Depth Tie-Points Used in the Construc-
tion of the Age Models for Cores JPC15, JPC18, JPC19,
and MD99-2227

Depth, cm Age, ka Tie-Point

JPC15
7.5 7 top of core
102 12 end Termination I
175 19 Termination I
371 23 paleointensity low
552 29 paleointensity low
633 32 paleointensity high
759 35 paleointensity high
901 38 Isotope 3/4
929 40 Laschamp Excursion
1104 51 paleointensity high
1483 61 Isotope 4/5
1802 95 Isotope 5b/5c
1866 104 Isotope 5c/5d
1932 114 Isotope 5d/5e
1973 128 Isotope 5/6
2324 157 base of core

JPC18
0 35 top of core
120 40 Laschamp PI low
310 60 Isotope 3/4, PI Low
346 74 Isotope 4/5a
553 84 Isotope 5a/5b
756 95 Isotope 5b/5c
983 104 Isotope 5c/5d
1063 114 Isotope 5d/5e
1064 128 Isotope 5/6
1235 160 Isotope 6/7
1300 176 Isotope 7.1/7.2
1350 190 Iceland Basin Excursion
1400 200 paleointensity high
1475 210 paleointensity low
1632 222 Isotope stage 7
1750 233 paleointensity low
1800 240 Isotope 7/8
1801 250 paleointensity low
2352 310 base of core

JPC19
5.5 0.8 top of core
185 12 Termination I
259 24 PI low
389 40 Laschamp PI low
658 69 PI low
983 86 Isotope 5a/5b
1467 99 PI low
1590 116 PI low
1712 138 Isotope T II
1767 167 Isotope 6/7
1825 176 Isotope 7.1/7.2
1866 190 Iceland Basin Excursion
1966 200 PI high
2071 210 PI low
2278 233 PI low
2332 243 base of core

MD99-2227
9 1.1 top of core
417 12 End Termination I

Table 3. (continued)

Depth, cm Age, ka Tie-Point

638 20 Termination I
889 40 Laschamp PI Low
1138 63 PI low
1430 83 PI low
1611 98 PI low
1930 118 PI low
2013 128 Isotope 5/6
2208 155 PI low
2382 188 Isotope
2405 189 Iceland Basin PI low
2451 191 Iceland Basin PI low
2607 206 PI low
2734 217 PI low
2796 230 PI high
2902 238 PI low
3047 256 PI low
3238 290 PI low
3617 335 PI low
3990 399 PI low
4136 428 base of core
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(Figure 11, Table 2). The X-radiographs indicate a
sharp base and laminae within the layers (Figure
12), some of the laminae are inclined and indica-
tive of traction, implying rapid deposition from
turbidity currents or contourites.

[32] Toothpick-sized samples collected at 1-cm
intervals through detrital layers were used to de-
termine magnetic hysteresis parameters that can be
used as a means of assessing the grain size of
magnetite [Day et al., 1977]. All but one of the

detrital layers exhibit hysteresis parameters that fall
within the pseudo-single domain (PSD) grain size
range (Figure 13). The detrital carbonate layer
identified in MIS2 (2DC) shows coarse multido-
main magnetite that is anomalous compared to all
other detrital layers (Figure 13). For five of the
nine LDC layers, we see evidence for progressive
change in hysteresis parameters through the detrital
layer indicative of grading, fining upward from the
base of the layer. Bioturbation of the detrital layer
into the overlying sediment could also cause the

Figure 10. karm/k and magnetic susceptibility versus age for Cores JPC19, JPC18, and MD99-2227 compared to
Core HU90-013-013 [Stoner et al., 1995a]. The benthic oxygen isotope stack of Lisiecki and Raymo [2005] is shown
at the base of the figure. Shaded areas indicate magnetic coarse grain-size intervals (from karm/k) and higher magnetic
concentration intervals (from susceptibility) in early and peak interglacial intervals.
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layer to appear graded; however, the presence of
distinct laminae within the LDC layers suggests
that this is not the case. None of the DC layers
show ‘‘grading’’ of the hysteresis parameters, sug-
gesting that the depositional process and source of
these layers is distinct. We contend that the pres-
ence of grading in the LDC layers indicates a
turbiditic rather than a contourite origin for these
layers.

[33] Smear slides indicate that LDC layers contain
little clay and significant amounts of silt-sized
opaque grains, green hornblende and quartz. Trace
amounts of detrital carbonate are present in LDC
layers and throughout the rest of the core, whereas
the percentage of detrital carbonate in the DC
layers exceeds 10% (Table 2).

6.3. Sedimentation Patterns on Eirik Drift

[34] Sedimentation rates on the Eirik Drift have
been shown to be greatly affected by changes in

the strength and bathymetry of the Western
Boundary Undercurrent (WBUC) that is thought
to be switched off during glacial stages and
active during interglacials [Hillaire-Marcel et
al., 1994; Hillaire-Marcel and Bilodeau, 2000].
The core of this current is thought to occupy water
depths between 2500 and 3000 m [Hillaire-Marcel
et al., 1994], resulting in winnowing and almost
completely removal of Holocene and MIS 5e sedi-
ment from these depths. Cores from outside the
influence of the flow would be expected to have
interglacial sedimentation rates comparable to, or
higher than, glacial sedimentation rates.

[35] When combined with previous studies carried
out on the drift, the new results indicate that both
water depth and position on the drift influence
sediment accumulation rates. Although the site of
Core JPC18 is located �450 m below the supposed
core of the WBUC, sediment of Holocene and MIS
5e age is missing at this site. This implies that the

Figure 11. Core MD99-2227: karm/k, magnetic susceptibility, bulk (GRA) density, percent carbonate, and planktic
oxygen isotope data. Blue shading indicates detrital carbonate (DC) layers, and green shading indicates low detrital
carbonate (LDC) layers. Bulk density from Turon et al. [1999].
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WBUC is active at deeper water depths than
previously supposed on the southern side of the
Eirik ridge (Figure 1). This may be consistent with
a deep branch of the WBUC within a gyre that
feeds the Gloria Drift (Figure 1).

[36] Core HU90-013-013 (water depth 3471 m),
Core JPC19 (water depth 3184 m) and Core
MD99-2227 (water depth 3460 m) have relatively
high Holocene sedimentation rates of 35 cm/ka,
�13 cm/ka, and 10 cm/ka, respectively. Core
HU90-013-012 at 2830 m water depth lies within

the influence of the WBUC and has very low
sedimentation rates in the Holocene [Stoner et
al., 1995a, 1998]. Higher up the slope, Core
JPC15 at a water depth of 2230 m has low
sedimentation rates in the Holocene and MIS 5e,
although the site supposedly lies outside the main
influence of the WBUC. Hillaire-Marcel et al.
[1994] noted that, in core HU90-013-06 at even
shallower water depths (1105 m) on the Eirik ridge,
active bottom currents also resulted in very low
Holocene sedimentation rates.

Figure 12. Photographs (top portion) and X-radiographs (bottom portion) of three detrital layers identified in Core
MD99-2227. MD99-2227 section 15 (6LDC), MD99-2227 section 28 (11LDCc), and MD99-2227 section 29
(11DC). In X-radiographs, lighter shades indicate higher density, and darker shades indicate lower density.

Figure 13. (left) Hysteresis ratio Mr/Ms plotted versus Hcr/Hc for individual centimeter-scale detrital layers from
Core MD99-2227 shown by colored symbols. Pseudo-single domain (PSD) and multidomain (MD) fields after Day
et al. [1977]. Five out of nine show fining upward as indicated by arrow. Detrital carbonate layer 2DC (coeval with
H2) has anomalously coarse magnetite grain size but no apparent grading. (right) Hysteresis ratios Mr/Ms plotted
versus Hcr/Hc on a log-log scale, with sample data lying on a magnetite mixing line.
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6.4. Correlations Among North Atlantic
Detrital Layers

[37] The centimeter-scale detrital layers identified
in Core MD99-2227 extend the record of detrital
layers beyond the last glacial cycle. Detrital layers
on Eirik Drift occur during both glacial and inter-
glacial conditions; however, the layers occurring in
the interglacials are close to the onset of the
isotopic stages for the Holocene, MIS 5, 7 and
11. It is only in MIS 9 that a DC layer appears to
occur in the later part of the interglacial implying
that the Laurentide Ice Sheet existed throughout
MIS 9.

[38] Detrital layer 1LDC with an age of 9.12 ka in
MD99-2227 (Table 4) is tentatively correlated to a
karm/k peak in HU90-013-013 [see Stoner et al.,
1995b, Figure 3]. Layer 2LDC has an age of
20.2 ka and is correlated to the event labeled
Me1 (�17 ka) in HU90-013-013 [Stoner et al.,
1995b] and to the ‘‘b’’ layer of Bond and Lotti
[1995]. The layer 2DC correlates with DC2 of
Stoner et al. [1998] and with H2 [Bond et al.,
1999]. The detrital layer labeled 3DC (39 ka) is
correlated to DC4 from Orphan Knoll and to H4
(38 ka). As discussed above, the characteristics of
LDC layers implies deposition by turbidity currents
(derived from the Greenland Slope). If so, this
turbiditic activity is sometimes coeval with Hein-
rich layers of the central Atlantic and with detrital
events at Orphan Knoll.

[39] On the East Greenland margin, Elliot et al.
[1998] identified all six Heinrich layers and thir-
teen other subsidiary detrital layers in the 10–60 ka
interval in Core SU90-24 from the Irminger Basin.
Three detrital layers identified in this core appar-
ently correlate with detrital layers identified in
MD99-2227 (Table 4). H2 is apparently correlative
between the two cores, and detrital layers DEc
(19 ka) and DE (40 ka) in Core SU90-24 correlate
to a 2LDC and 3DC, respectively, in Core MD99-
2227. The ages of layers designated 2DC and 3DC
in this study are consistent with ages for Heinrich
events H2, and H4 (Table 4). No detrital events
coeval with Heinrich events H1, H3, H5 or H6 are
observed in cores from Eirik Drift.

[40] Hiscott et al. [2001] identified Heinrich-like
detrital layers in Core MD95-2025 from near
Orphan Knoll (Figure 1) back to MIS 9. Two
detrital carbonate layers in early MIS 5 at Orphan
Knoll (H8 and H9 of Hiscott et al. [2001]) appear
to be coeval with DC events identified on Eirik
Drift, implying that instabilities of the Laurentide

Ice Sheet are recorded at both sites. Detrital car-
bonate layers within MIS 7 and MIS 9 at Orphan
Knoll (H10 and H13 of Hiscott et al. [2001])
appear to be coeval with a LDC layers (7LDC
and 10 LDC) identified on Eirik Drift (Table 4),
implying that the LIS instabilities that triggered the
detrital carbonate layers at Orphan Knoll were
coeval with instabilities on the Greenland slope
that triggered the LDC layers on Eirik Drift. Such
conclusions are highly dependent on the resolution
of stratigraphic correlation. While stratigraphic
correlation of detrital layers from the Orphan Knoll
to the central Atlantic for the last glacial cycle is
rather well constrained [Bond et al., 1999; Stoner et
al., 1996, 2000], the correlations beyond the last
glacial cycle are considerably more speculative
[Hiscott et al., 2001; van Kreveld et al., 1996]
due to lack of stratigraphic resolution that inhibits
unequivocal correlation of detrital layers.

7. Conclusions

[41] Four piston cores collected from Eirik Drift
have produced records of decimeter and centime-
ter-scale detrital layers that appear to reflect epi-
sodes of instability in surrounding ice sheets. We
place these detrital layers into a chronostratigraphic
framework based on relative paleointensity proxies
and oxygen isotope data, with additional age con-
straints provided by recognition of two magnetic
excursions (Laschamp and Iceland Basin).

[42] Magnetic data from Cores JPC19 and MD99-
2227 show broad intervals of increased magnetite
grain size and concentration during MIS 5e and at
the MIS 2/1 transition, consistent with observations
from Core HU90-013-013 [Stoner et al., 1995b].
Core MD99-2227 also shows a similar increase in
magnetite grain size and concentration at the onset
of interglacial MIS 7, 9 and 11, implying that
retreat of the Greenland Ice Sheet produced a
characteristic detrital signal at the onset of all
interglacial stages over the last 400 ka.

[43] Seventeen centimeter-scale detrital carbonate
and low detrital carbonate layers are identified in
MD99-2227 (Figure 11 and Table 2). They occur in
both glacial and interglacial stages. The detrital
layers can be subdivided into two classes. Detrital
carbonate (DC) layers are composed of carbonate-
rich IRD. They usually, but not always, carry a
magnetic signal indicating high magnetic concen-
tration and increased magnetite grain size relative
to background sediment. Low detrital carbonate
(LDC) layers have <10% detrital carbonate, usual-
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ly show evidence (from magnetic hysteresis ratios)
for fining-upward grading, and X-radiograph evi-
dence for traction. These layers are also usually
marked by high magnetic concentration and in-
creased magnetite grain size relative to background
sediment.

[44] On the basis of the differences between DC
and LDC layers, we interpret the former as Hudson
Strait derived detrital layers, and the latter as layers
dominated by material from turbidites derived from
the Greenland slope. 1LDC, 2LDC, 2DC and 3DC
are correlative with detrital layers observed at
Orphan Knoll [Stoner et al., 1996] (Table 4).
Two of them (2DC and 3DC) are coeval with
central Atlantic Heinrich layers H2 and H4 [Bond
et al., 1999]. Beyond the last glacial cycle, the
correlation of detrital layers from Eirik Drift (this
paper) to Orphan Knoll [Hiscott et al., 2001] and to
the central Atlantic [van Kreveld et al., 1996] is
limited by imprecision of stratigraphic correlation
(Table 4). Nonetheless, as illustrated here, the use
of paleointensity-assisted chronostratigraphy, the
combination of relative paleointensity with stan-
dard oxygen isotope stratigraphy, improves strati-
graphic correlations across the northern North
Atlantic Ocean (and beyond), and thereby facili-
tates the interpretation of detrital layers in terms of
their correlation, aerial extent and provenance.
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