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[1] Bulk mineralogy, Sm, Nd and Pb elemental and isotopic compositions of the clay-size
fraction of Holocene sediments were analyzed in three deep North Atlantic cores to
trace the particle provenance. The aims of the present paper are to identify the origin of the
particles driven by deep currents and to reconstruct deep circulation changes over the
Holocene in the North Atlantic. The three cores are retrieved in fracture zones; two of them
are located in the Island Basin along the gyre of North Atlantic Deep Water, and the
third core is located off the present deep circulation gyre in the Labrador Sea. Whereas
sedimentary supplies in the Labrador Sea were constantly derived from proximal sources,
the geochemical mixing trends in the Iceland Basin samples indicate pronounced
changes in the relative contribution of continental margin inputs over the past 6 kyr.
Supplies from western European margin that sharply increased at 6 kyr were progressively
diluted by a larger contribution of Scandinavian margins over the last 3 kyr. Changes in
composition of the particles imply significant reorganization of paleocirculation of the
deep North Atlantic components in the eastern basins: mainly reorganizations for both
Iceland-Scotland Overflow Water and Norwegian Sea Overflow Water. Moreover the
unusual Pb isotopic composition of the oldest sediments from the southern Iceland Basin
indicates that distal supplies from Greenland margin were driven into the Iceland Basin,
supporting a deep connection between Labrador Sea and Iceland Basin through the
Charlie Gibbs Fracture Zone prior the Holocene Transition period.

Citation: Fagel, N., and N. Mattielli (2011), Holocene evolution of deep circulation in the northern North Atlantic traced by Sm,
Nd and Pb isotopes and bulk sediment mineralogy, Paleoceanography, 26, PA4220, doi:10.1029/2011PA002168.

1. Introduction

[2] During the past decade many studies revealed the
variability of deep ocean circulation over glacial/interglacial
cycles. For instance variation in Nd isotope signatures mea-
sured in Fe-Mn nodules or sedimentary coatings have been
interpreted in terms of North Atlantic Deep Water (NADW)
export to the Southern Ocean [Rutberg et al., 2000;
Piotrowski et al., 2005; Gutjahr et al., 2010]. Instabilities
in Holocene circulation and deep water production have
increasingly been documented in marine archives [e.g.,
Bianchi and McCave, 1999; Oppo et al., 2003; Andersen
et al., 2004a; Hall et al., 2004]. Unstable deep-water con-
ditions prior to the mid-Holocene optimum were mainly
attributed to remnants of ice sheets [Bianchi and McCave,
1999]. However, the millennial variability in Atlantic circu-
lation continued after the melting of the ice sheets [Andersen
et al., 2004a; Berner et al., 2008]. In Subpolar North Atlantic

shifts in carbon isotope signatures of benthic forams provide
evidence for 4 periods of reduced NADW contribution during
the last 10 kyr [Oppo et al., 2003]. The correlation between
observed NADW disturbances [Bianchi and McCave, 1999;
Oppo et al., 2003; Hall et al., 2004] and surface cooling
events in Nordic Seas [Andersen et al., 2004a; Berner et al.,
2008] argued for a linkage between surface variability and
deep water masses over the Holocene [e.g., Giraudeau et al.,
2004, 2010].
[3] Radiogenic isotopes, and Nd in particular, have been

used as a proxy for past deep circulation [e.g., van der
Flierdt and Frank, 2010]. Most of the studies have focused
on the water isotope signatures extracted from authigenic
Fe-Mn nodules [Rutberg et al., 2000; Frank, 2002; Gutjahr
et al., 2007], benthic foraminifera [Palmer and Elderfield,
1985; Vance et al., 2004], fish teeth [Martin and Haley,
2000] and more recently in cold water corals [Colin et al.,
2010; Copard et al., 2010; van der Flierdt and Frank,
2010]. Those proxies all record the isotopic signature of
seawater that derives mainly from dissolution of continental
inputs, exchange processes of seawater with particulates
[Jeandel et al., 1995] and interaction of seawater with
sediments from continental margins [Lacan and Jeandel,
2005].
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[4] Radiogenic isotopes of the detrital sedimentary frac-
tion are used to trace sediment provenance [e.g., McCulloch
and Wasserburg, 1978; Jones et al., 1994; Revel et al., 1996;
Walter et al., 2000; Bayon et al., 2003], and the radiogenic
isotope signature of continental detritus in the ocean can
also be used as a proxy for deep circulation. In particular
Sm, Nd and Pb isotope compositions constitute suitable
tracers for the origin of deep sediments in the Labrador Sea
[Fagel et al., 1999, 2004]. The approach has been demon-
strated over different timescales on several cores collected at
a key site at the southern tip of Greenland: core HU90-013-
017 [Fagel et al., 1999], core MD99–2227 [Fagel et al.,
2002, 2004] and on the ODP Site 646 [Fagel and Hillaire-
Marcel, 2006]. For instance changes in the Sm, Nd and Pb
signatures of clay-size fraction of Late Glacial and Holocene
sediments from core MD99–2227 provide constraints on
the different source areas that supplied the fine clay-size
particles into the Labrador Sea [Fagel et al., 2004]. The
sediment composition reflects variable contributions of
mantel-derived distal sources from mid-Atlantic Ridge and
crustal-derived proximal inputs from Canadian and Green-
land margins. As distal inputs are only supplied by the deep
current the isotopic composition of clay-size fraction of deep
sediments record the fingerprint of the particles carried by
the current. Radiogenic signatures can therefore be used as
indirect paleoceanographic tracers. Changes in the relative
contribution of the different sources deduced from geo-
chemical mixing calculation provide information about the
deep circulation pathways.
[5] The aim of this study is to document the changes in the

contribution of the different components of the NADW in
the Iceland and Labrador Sea basins over the Holocene.
Bulk mineralogy and Sm, Nd and Pb isotopic compositions
of three deep cores retrieved along the Bight and the Charlie-
Gibbbs fracture zones are combined to trace the sources of
particulate supplies driven by deep currents. Geochemical
mixing calculations are used to reconstruct the Holocene
changes in the sedimentary supplies driven by the eastern
components of the NADW. Our results will further be
compared with previous investigations from Labrador Sea.

2. Material

[6] The sedimentological record of three deep drilling
sites located in the northern North Atlantic basins, i.e.,
the Iceland Basin and the Labrador Sea were studied
(Figure 1). Deep circulation in this area is, at present, under
the influence of a contour-following current, the Western
Boundary UnderCurrent (WBUC) [e.g., McCartney, 1992].
This current drives the components of the North Atlantic
Deep Water masses, mainly the North East Atlantic Deep
Water (NEADW), the Denmark Strait Overflow Water
(DSOW) and the Davis Strait Overflow (DSO) in a
counter-clockwise gyre from the southern tip of Greenland
to the outlet of the Labrabor Sea (Figure 1). The three
studied cores were retrieved from fracture zones: cores
MD99–2254 and HU91-045-080 mainly document the
outflow from Norwegian Sea into the Iceland Basin
whereas core HU91-045-091 lies below the modern path-
way of the WBUC in the Labrador Sea. Our results will
be compared with the isotopic data set from one core

recovered at the inlet of the WBUC pathway into the
Labrador Sea (core MD99–2227, 3460 m water depth,
southern tip off Greenland) [Fagel et al., 2004].
[7] Core MD99–2254 was drilled from the Iceland Basin

[Turon et al., 1999]. The core was taken on the eastern
flank of the Bight Fracture Zone at a water depth of 2440 m
(56°47.78N, 30°39.86W, Figure 1). The site is bathed in
the NEADW2 as defined by Lucotte and Hillaire-Marcel
[1994]. The dominant lithologies are red to brown silty
clays with foraminifers, with some bioturbation below
150 cm [Turon et al., 1999]. The upper 140 cm of the core
covers an interval spanning the Holocene and part of the
late deglacial period, i.e., the last 18 kyr. The age model
(Figure 2) was derived from 14 AMS 14C ages on plank-
tonic foraminifera (Table S1).1 The radiocarbon ages were
corrected by a constant marine reservoir of 400 years
and converted into calendar years using the Radiocarbon
Calibration Program Calib 4.3 (http://dept.washington.edu/
qil/calib/calib.html [Stuiver and Reimer, 1993]). An age
was assigned to each sample by assuming a linear sedi-
mentation rate between two adjacent dates. All ages
reported are calendar kyr BP and abbreviated as kyr. The
5 kyr time gap (from 8 to 13 kyr) between two adjacent
radiocarbon dates suggests a pronounced hiatus between
80.5 and 86.5 cm. The upper core was subsampled with a
10 cm-resolution which represents a millennial time resolu-
tion. Twenty samples (0 to 190 cm) were analyzed for bulk
mineralogy (Table S1) although in this study we report on
the upper meter for Sm, Nd and Pb isotope compositions
(11 samples; Table S4).
[8] Trigger weight HU91-045-080TWC and piston cores

HU91-045-080P were retrieved in the Iceland Basin
(Figure 1). The cores were drilled at 3024 m on the east-
ern side of the Charlie Gibbs Fracture Zone (53°03.40N,
33°31.78W [Hillaire-Marcel et al., 1991]). The core is
comprised of green to gray bioturbated clays [Hillaire-
Marcel et al., 1991]. The age model (Figure 2) is based on
one radiocarbon date for TWC at 11.5 cm (0.78 kyr) and five
radiocarbon dates for PC between 1 and 248 cm (from 5.3 to
17.2 kyr). Based on linear extrapolation of sedimentation
rate, we estimate that the past 5 kyr are missing in the piston
core, which corresponds to the upper 78 cm of the TWC.
This correlation is in agreement with the lithological and
mineralogical trends observed in TWC and PC cores
(Figure 2). The most significant increase of the mean grain
size (by �2 microns) observed within the upper 10 cm of the
piston core occurs between 75 and 85 cm in the trigger core.
The upper increase of calcite (�10%) occurs most likely
between 9 and 18 cm in piston core and between 85 and
95 cm in the trigger core. The cores were subsampled with
a 10 cm-resolution: from 11.5 to 197 cm in TWC and from
1 to 248 cm in PC. Bulk mineralogy was analyzed on all the
samples (Table S2). Isotopic analyses have been performed
on the last 16 kyr with a sampling resolution averaging
500 years. Twenty-one samples have been analyzed: 9 from
TWC and 12 from PC (Table S5).
[9] The core HU91-045-091 was taken in the deep

Labrador Sea at a water depth of 3870 m (Figure 1). The

1Auxiliary materials are available in the HTML. doi:10.1029/
2011PA002168.
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site is located at the western end of the Charlie Gibbs
Fracture Zone (53°19.81N, 45°15.74W). The core is 45.5 cm
long and consists of green olive to brown muds. Three lith-
ological units have been identified [Hillaire-Marcel et al.,
1991], based on the occurrence of foraminifera (0–15 cm),
silty layers (15 to 35 cm) and gravels in the lower part (35–
45 cm). One radiocarbon date at 44 cm gives a calibrated age
>18 kyr (15.500 yr � 110). Additional stratigraphical
information was derived from oxygen stable isotope mea-
surements on Neogloboquadrina pachyderma (left coiled)
foraminifers (Figure 2). The oxygen profile depicts a sharp
shift at 39 cm. It is attributed to the Late Glacial/Holocene
transition, in agreement with a 10% increase in the calcite
abundance (Figure 2). The transition probably occurs close
to the lithological change evidenced at 35 cm [Hillaire-
Marcel et al., 1991]. The cores were subsampled with a
0.5 to 1 cm-resolution. Bulk mineralogy was analyzed for
the whole core (Table S3), and elemental Sm/Nd ratios and
Pb isotopical compositions were analyzed on 17 Holocene
samples between the surface and 29 cm (Table S6). In
addition, we have also analyzed the Sm/Nd and Pb isotopic

signature of one Late Glacial sample, i.e., the deepest core
interval (45–45, 5 cm; Table S6).

3. Method

3.1. Mineralogy

[10] In this study, bulk mineralogy may be indicative of
particle provenance and it gives constraints on core stratig-
raphy. Bulk mineralogical compositions were identified by
X-ray diffraction (XRD) using a Bruker D8-Advance dif-
fractometer with CuKa radiation (ULg, Belgium). Sample
powders were obtained by grinding �1 g of dried <106 mm
fraction in a mortar. A powder mount was made using the
back-side method [Moore and Reynolds, 1989]. XRD pat-
terns have been recorded between 2 and 30°2q. Semiquan-
titative estimates of mineralogical composition were
obtained by applying correction factors to the measured
intensity of specific reflections for the main identified
minerals [Cook et al., 1975; Boski et al., 1998]. The quartz
intensity at 3.34 Å is taken as a reference (I3.34 � 1). For
K-feldspars, a factor of 4.3 is applied to the peak intensity
comprised between 3.21 and 3.26 Å. For plagioclase, the

Figure 1. Location of sediment cores, deep current pathways and simplified geology of Northern North
Atlantic margins (map modified from Fagel et al. [2004]). The arrows indicate the deep current pathways
(modified from McCartney [1992], Schmitz and McCartney [1993], Dickson and Brown [1994], and
Lucotte and Hillaire-Marcel [1994]). The structural terranes of the continental crusts (i.e., North American
and Greenland Shield, Panafrican and Variscan crusts) adjacent to the northern North Atlantic (data from
Bridgewater et al. [1991], Kalsbeek et al. [1993], and Campbell et al. [1996]) are indicated by different
shades of gray levels. DSO, Davis Strait Overflow; DSOW, Denmark Strait Overflow Water; ISOW,
Iceland-Scotland Overflow Water; LDW, Lower Deep Water; NEADW, North East Atlantic Deep Water;
NWADW, North West Atlantic Deep Water; NADW, North Atlantic Deep Water; NSOW, Norwegian
Sea Overflow Water; WBUC, Western Boundary UnderCurrent; WTRO, Wyville Thompson Ridge
Overflow.
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peak intensity at 3.16–3.21 Å is multiplied by 2.8. Pyroxene
is identified by the peak at 2.98–3.00 multiplied by 5. The
peak at 8.27–8.59 Å is multiplied by 2.5 to estimate the
amphibole. For calcite, the peak at 3.01–3.04 Å is multiplied
by 1.65. Finally for the clay minerals, we take into account
this common reflection at 4.47 Å and we multiply its
intensity by a factor of 20 in order to take into account their
underestimation on bulk powder spectra [Boski et al., 1998].
Corrected intensities are summed to 100% and the relative
abundance of each mineral group is calculated (Figure 3).
Minerals are considered as trace when their abundance is
lower than 2–3 wt.% (detection limit).

3.2. Geochemistry

[11] All concentrations and isotopic compositions were
analyzed on the carbonate-free clay-size fraction (<2 mm).
Samples were dissolved in a HF-HNO3 mixture, evaporated
to dryness, redissolved in HCl-HNO3 then evaporated.
Samples were finally redissolved in HNO3 2N before Nd
chemistry or in 500 ml of HBr 0.8N just before Pb chemistry.
Results are reported in Tables S4, S5, and S6.
3.2.1. Nd Isotope Analyses
[12] For core MD99–2254 (Table S4), Sm - Nd con-

centrations and 147Sm/144Nd - 143Nd/144Nd were measured

on a VG Sector 54 mass spectrometer (GEOTOP, Montreal).
Sm and Nd concentrations were measured by isotopic dilu-
tion using a 149Sm/150Nd spike. Rare earth elements were
separated by using TRU Spec column in HNO3 environ-
ment, then Nd and Sm were successively extracted by using
HDEHP column in HCl environment [Richard et al., 1976].
We have followed the analytical procedure outlined by
Innocent et al. [1997]. The accuracy and precision was
monitored by measurements of AMES Nd standard
[Wasserburg et al., 1981], that gave a mean value of
143Nd/144Nd = 0.512139 � 13 (2 s.d., n = 6). The laboratory
mean value for measurements of LaJolla Nd standard
[Lugmair and Carlson, 1978; Tanaka et al., 2000] was
0.511849 � 12 (2 s.d., n = 21), i.e., a value close to the
mean ratio obtained on 145 measurements (0.511858 � 7)
by Tanaka et al. [2000]. Total blanks were negligible
(�50–300 pg) in comparison to the quantity of Nd (�500 to
1000 ng) or Sm in the sample (90–180 ng), i.e., equivalent
to 0.005 to 0.05%, and 0.02–0.3% of the total analyzed Nd
and Sm from a sample, respectively.
[13] For HU91-045-091 (Table S6) and HU91-045-080

cores (Table S5), the preparation was made in class 100
flow hoods in the clean room at the University of Liege.
Sm and Nd concentrations have been analyzed by ICP-MS

Figure 2. Age models of studied intervals for core HU91-045-091 (square); core HU91-045-080 (circle)
and core MD99–2254 (triangle). Age model is mainly based on AMS14C dates measured on planktonic
foraminifera assemblages, mainly on Neogloboquadrina pachyderma (left coiled) or on Globigerina
bulloides (sample at 140.5 cm in core MD99–2254). Radiocarbon ages were converted to calibrated ages
using CALIB 4.3 program [Stuiver and Reimer, 1993] and assuming a marine reservoir correction
of �400 years. For site HU91-045-080 a composite core was made by adding the upper 78 cm of the
trigger core (HU91-045-080TWC) to the piston core (HU91-045-080P). The correlation is consistent with
lithological and mineralogical changes observed in both trigger and piston cores. Figure 2 (right) compares
the abundance of calcite and the mean grain size in both cores: the profiles are parallel if the depths of the
piston core are shifted by 78 cm. For core HU91-045-091 the age model is constrained by only two points:
one radiocarbon date at 44 cm (15500 yr � 110) and a shift in oxygen isotopic curve measured on
Neogloboquadrina pachyderma (left coiled) foraminifers at 39 cm (Figure 2, left).
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(MRAC, Tervuren, Belgium). The 147Sm/144Nd ratios have
been calculated from the measured Sm and Nd contents.
The 143Nd/144Nd ratios were measured in static mode using
a MC-ICP-MS Nu Plasma instrument in dry mode (ULB,
Belgium). The 143Nd/144Nd ratios have been corrected for
mass fractionation assuming a146Nd/144Nd ratio of 0.7219
[e.g., Tanaka et al., 2000]. During the analysis session, a
solution of 300 ppb of Nd Rennes standard was repeatedly
measured between two samples in order to control the
instrumental mass bias (applying the correction method of
the sample standard bracketing [e.g., Albarède et al., 2004]).
The 143Nd/144Nd values of the Rennes standard solution were
stable during the different analysis sessions (0.511944 � 23;
2 s.d. for n = 128, 8 days). Those later values are in agreement
with the long-term laboratory mean value (0.511946 � 27;
2 s.d. for n = 516; r.s.d = 54 ppm), agreeing with the TIMS
certified values (0.511963 � 8 [Chauvel and Blichert-Toft,
2001]).
3.2.2. Pb Isotope Analyses
[14] Pb concentration has been analyzed for HU91-045-

080 by ICP-MS (MRAC, Tervuren, Belgium). Lead sepa-
ration was performed at ULg using successive acid elution
on anionic resin (AG1-X8) column (for further details see
Weis et al. [2006]). The sample solution was loaded on
anion exchange columns filled with AG1-X8 resin. After
column rinsing with HBr 0.8 N the Pb was eluted by HCl
6N. Collected lead fractions were then evaporated and dried
residues were dissolved in 100 ml of concentrated HNO3,
evaporated and finally dissolved in 1.5 ml of HNO3 0.05 N.
The Pb isotopes were measured on a Nu Plasma MC-ICP-
MS instrument (Nu instrument, ULB, Belgium). The

analyses were performed in static mode. Tl was added to
each sample and standard to control the instrumental mass
bias. Solutions were prepared to obtain a Pb-Tl ratio of 4 or
5, a signal of minimum 100 mV in the axial collector (204Pb)
and to reach the Pb and Tl concentrations of the standard
(200 ppb of Pb and 50 ppb of Tl). NBS981 international
standard was repeatedly measured (n = 36) during the 3
analysis sessions. All the measurements were automatically
corrected according to the Tl mass fractionation as well
as using the sample standard bracketing method with the
recommended values of Galer and Abouchami [1998]. The
measurements of the NBS981 standard solution performed
during our sessions are 36.7152 � 30 (2 s.d., n = 31) for
208Pb/204Pb, 15.4965 � 12 for 207Pb/204Pb and 16.9396 �
14 for 206Pb/204Pb. Such values are in good agreement with
the long-term mean values obtained in the laboratory, i.e.,
36.7156 � 89 (2 s.d., n = 1628) for 208Pb/204Pb, 15.4970 �
26 for 207Pb/204Pb and 16.9405 � 37 for 206Pb/204Pb. Such
ratios are consistent with reference mean values reported by
Galer and Abouchami [1998] and Galer [1999]. Duplicates
of the entire procedure are reported in Table S5 and show
good reproducibility. Total blank (<200 pg) were considered
as negligible, representing 0.2 to 0.04% of the Pb quantity
in the sample (100–500 ng).

4. Results

4.1. Mineralogy

[15] The principal minerals identified in all the cores are
clays, quartz, K-feldspars, plagioclase, pyroxene and calcite.
Amphibole is detected only in some samples, with an

Figure 3. Evolution of the relative contribution of clay minerals, quartz, K-felsdpar, plagioclase, amphi-
bole, pyroxene and calcite in the bulk sediment from cores HU91-045-080, MD99–2254 and, HU91-045-
091. Mineralogical data are deduced from X-ray diffraction measurements on bulk sediment powder (data
from Tables S1, S2, and S3). The arrows indicate the Holocene interval.
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unusual spatial and temporal distribution (Figure 3). Ubiq-
uitous in cores from Labrador Sea (HU91-045-091 and
MD99–2227) amphibole is usually absent in the two cores
from the Iceland Basin. Totally absent in core MD99–2254,
amphibole only occurs as a trace component in the deepest
section of core HU91-045-080 (below 250 cm, ≥11.8 kyr) as
well as in the upper 20 cm (≤1.4 kyr).
[16] All other records however are characterized by a

marked increase in calcite between the Late Glacial and the
Holocene (Figure 3). In the core MD99–2254, the calcite
evolves from less than 30% in the Late Glacial samples to
60% in the Holocene samples. The increase occurs in two
steps at 17.4 and 8 kyr BP. In the core HU91-045-080, the
calcite abundance increases from 25 to 30% during the
Late Glacial to 60% during the Holocene, and 70% for
the last �6 kyr. In core HU91-045-091, calcite ranges from
10% before glacial/interglacial termination to 20–30% in
the first part of Holocene and reaches up to 65% during the
last 2 kyr BP. Assuming that calcite is entirely derived from
the biological activity, we calculate the relative abundance
of the detrital fraction on a calcite-free basis. The composi-
tion of the detrital assemblage does not significantly change
through the studied interval (with amphibole as an excep-
tion) but does vary between cores (Figure 3). Core HU91-
045-091 is the most depleted in clays (<30% of the detrital

fraction) and relatively enriched in quartz (20% of the
detrital fraction).

4.2. Sm, Nd and Pb Geochemistry

[17] The 147Sm/144Nd ratios display a large range of var-
iation (Figure 4a). The lowest values are recorded in the
western Labrador Sea basin in core HU91-045-091 (mean =
0.10); the highest in the eastern Iceland Basin (mean HU91-
045-080 = 0.14; mean MD99–2254 = 0.13). The
147Sm/144Nd ratio reaches a maximum value of 0.16 in core
HU91-045-080 (Table S5 and Figure 3). In the eastern
basins, the 147Sm/144Nd ratios increase sharply in the upper
core sections. The change occurs ca. 6 kyr in both cores from
Iceland Basin but is less pronounced in Bight Fracture Zone
(core MD99–2254). In the Labrador Sea, a significant
increase was also observed at 3 kyr in core MD99–2227
[Fagel et al., 2004].
[18] The 143Nd/144Nd isotopic compositions range

between low values observed for the Labrador Sea [0.511703
� 9 (2se) in HU91-045-091] and higher values of the Iceland
Basin (mean HU91-045-080 = 0.512334 � 7, mean MD99–
2254 = 0.512360 � 13 (Tables S4, S5, and S6)). For the
Labrador Sea, the 143Nd/144Nd values measured in core
HU91-045-091 are consistent with the lowest values recor-
ded in core MD99–2227 samples at ca. 8 and 10 kyr [Fagel
et al., 2004]. In both cores from the Iceland Basin, a shift in

Figure 4a. 147Sm/144Nd ratios of the clay-size fraction of sediment cores as a function of model ages.
Analytical errors are estimated at �2% of the measured ratio (data for core MD99–2227 from Fagel et al.
[2004]).
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143Nd/144Nd values is observed at ca. 6 kyr (Figure 5). For
instance in core MD99–2254 the 143Nd/144Nd values
increase from 0.5123 to 0.5124 within 500 years.
[19] The 206Pb/204Pb and 207Pb/204Pb values ranges from

18.2991 � 34 (2se) to 19.2384 � 10, and from 15.4754 �
29 to 15.6752� 13, respectively (Tables S4, S5, and S6). Pb
isotopic compositions, in particular 207Pb/204Pb, allow a
clear distinction between the signatures of the eastern and
western Atlantic basins, those ratios being systematically
more radiogenic in cores from the Iceland Basin relative to
the Labrador Sea (Figure 4b).

5. Discussion

5.1. Identification of Sedimentary Sources

5.1.1. Sm-Nd Mixing Trends
[20] The Nd isotopic data measured on the clay-size frac-

tion of the three studied cores and one previously published
MD99–2227 core [Fagel et al., 2004] are reported in a
143Nd/144Nd versus 147Sm/144Nd diagram (Figure 5). In such
diagram any linear trend defined by core samples may be
interpreted as a mixing between at least two end-members.
In order to identify the sources we need to compare our data
set with the representative isotopic signature of the geolog-
ical terranes surrounding the northern North Atlantic basins
as defined by Fagel et al. [2004]. According to the identified
regional sources, the composition of the samples from the
Iceland Basin may be explained by inputs from young

crustal material (the end-member characterized by the lowest
143Nd/144Nd and 147Sm/144Nd ratios) and from volcanic
material (the end-member characterized by the highest
ratios). Assuming the composition of the two end-members
(listed in Table 1), we may estimate the relative contribution
of those sources within the mixing (Figure 5).
[21] In core MD99–2254, the volcanic supplies represent

less than 10% in the oldest samples and up to 40 to 50% in
the youngest; the supplies from young crustal material
decreasing from 90% to less than 60%. Likewise the vol-
canic end-member explains �10 to 30% of the mixing in
the samples older than 6 kyr from core HU91-045-080 and
significantly increases in the youngest samples (<6 kyr). The
crustal contributions will be further identified using the
Pb data (Figure 6).
5.1.2. Pb Mixing Trend
[22] The Pb isotopic data measured on the clay-size frac-

tion of the three studied cores are reported in a 207Pb/204Pb
versus 206Pb/204Pb diagram (Figure 6). In this diagram the
sample distribution allows for the identification of three
distinct linear trends, each supporting mixing processes
between different two end-member components.
[23] 1. The trend defined by core HU91-045-091

(r2 = 0.48) is consistent with a mixing involving material
supplied from the two Labrador Sea margins. The most
probable source characterized by a high 206Pb/204Pb ratio is
the Ketilidian Belt (GKB) on the Greenland margin. The low
206Pb/204Pb candidates are the Grenville Province (GP), with

Figure 4b. 207Pb/204Pb ratios of the clay-size fraction of sediment cores as a function of model ages.
Analytical errors are reported (data for core MD99–2227 from Fagel et al. [2004]).
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eventually some contribution from the Labrador Nain
Province (LNP). Such a mixing between material delivered
from the southern tip of Greenland (GKB) and the southern
(GP) Canadian margin suggests a deep re-circulation gyre
within the Labrador.
[24] 2. The trend defined by core MD99–2254 (r2 = 0.88)

may be explained by contributions from Variscan and
Panafrican crustal material surrounding the eastern Atlantic
basins. Taking into account the core location (Figure 1) a
mixing between European (EVC) and Scandinavian (SPC)
materials is the most probable. Note the youngest (<6 kyr)
samples from core HU91-045-080,whose data points are
aligned along the same mixing trend (r2 = 0.54).
[25] 3. The third trend is defined by the oldest (>6 kyr)

samples from core HU91-045-080 and by all the samples
from MD99–2227 (data from Fagel et al. [2004]). On one
hand the data distribution requires a contribution from
old crustal material from Greenland (Archean Craton GAC,
Naqssuqtoquidian Belt GNB) or Canadian margins (Lab-
rador Nain Province, LNP) of the Labrador Sea. On the
other hand the high 206Pb/204Pb and 207Pb/204Pb ratio end-
member points to a mixing between Greenland Ketilidian
Belt (GKB) and a young crust like the European Variscan
Crust (EVC).

5.1.3. Combined Sm, Nd and Pb Mixing Trends
[26] By reporting both Pb and Nd isotopic data

(Figure 7a), the number and the identity of the source com-
ponents are determined in more details; more than two sed-
imentary supplies are now required to explain the trends
described by the data.
[27] The isotope signatures of core MD99–2254 are con-

sistent with a mixing between European young crusts (SPC,
EPC) and volcanic material (MAR). Taking into account the
207Pb/206Pb and 143Nd/144Nd ratios as well as the Nd and Pb
contents of those identified end-members (Table 1) we cal-
culate the corresponding mixing grid (Figure 7a) and we
estimate for each sample the relative contribution of those
end-members (Figure 7b). We observe an increase of the
MAR contribution from 40 to 50% at �6 kyr and a marked
increase of the SPC from 5 to 40% within the last 4 kyr.
[28] For core HU91-045-080 the samples are clustered in

two groups. A similar EPC-SPC-MAR mixing grid was used
for the youngest (<6 kyr) samples (Figure 7a). The contri-
bution of those latter three end-member in the upper core
HU91-080-045 is close to the estimates from core MD99–
2254 for the same period, with lower SPC contribution
(≤10%, Figure 7b). However, the oldest samples (>6 kyr)
from core HU91-045-080 lay outside the EPC-SPC-MAR
mixing grid (Figure 7a). In addition, as underlined by the Pb

Figure 5. 147Sm/144Nd versus 143Nd/144Nd diagram. Data from core MD99–2227 [Fagel et al.,
2004] are plotted for comparison. All data are plotted in regard with the potential regional sources (data
listed in Table 1). We also report a calculated mixing-line between young crust (143Nd/144Nd = 0.512,
147Sm/144Nd = 0.115, Nd content = 25 ppm) and volcanic end-member (143Nd/144Nd = 0.513, Nd con-
tent = 15 ppm, 147Sm/144Nd = 0.18). Note the younger samples (<6 kyr) indicated by lighter greys are
shifted toward the volcanic end-member. See text for explanation.
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data (Figure 6), those oldest samples are characterized by
isotopic compositions reflecting additional contribution
from old crustal materials from southern Greenland (GKB,
GNB). The mixing requires more than 3 sources.
[29] Finally data from the HU91-045-091core samples lies

close to the isotopic field defined by the core MD99–2227
[Fagel et al., 2004]. The composition of that sample reflects
contribution from old crustal material, in particular from
proximal Greenland margin (GKB, GNB). A better indica-
tion of the complex sedimentary mixing is given by plotting
the data in a 207Pb/206Pb vs. 147Sm/144Nd diagram. Even
taking into account a third end-member like the Grenville
Province (GP) does not explain all of the measured isotope
signatures (Figure 8). An additional contribution from an
old craton characterized by lower 147Sm/144Nd ratio must be
involved in the sedimentary mixing. We observe that the
147Sm/144Nd values of the HU91-045-090 samples are shif-
ted toward the representative composition of the West
Greenland River (WGR) suspension loads (data from
Goldstein and Jacobsen [1987, 1988] and Asmerom and
Jacobsen’s data given in the work by Fagel et al. [2002]), a
material that is affected by erosion from Greenland Archean
Craton (GAC).

5.2. Evolution of Sedimentary Mixings Over the
Holocene

[30] In the southern Labrador Sea the core HU91-045-091
(3870 m) is under the influence of proximal supplies from
both Labrador Sea margins (Figure 7a), and is outside of any

influence of deep circulation gyre over the last 20 kyr. We
will therefore focus our discussion on the two cores from
Iceland Basin. Our geochemical data indicate significant
changes in the sedimentary supplies, with a major compo-
sitional change at �6 kyr BP.
[31] Before �6 kyr BP the Pb signature of core HU91-

045-080 involves the contribution of an old craton, region-
ally outcropping only along the adjacent Labrador Sea
margins. Such isotopic observation is in agreement with the
regional occurrence of amphibole [e.g., Hemming et al.,
1998, 2000] a mineral that is always present in Labrador
Sea cores (HU91-045-091 and MD99–2227) but absent in
core MD99–2254 from northern Iceland Basin. In core
HU91-045-080 amphibole is present in trace amount in the
oldest section, from 17.2 to 11.8 kyr then it disappears until
1.4 kyr. The Labrador Sea-affinity is confirmed by both
the geochemical and the mineralogical signatures, at least
in the deepest section of core HU91-045-080.
[32] At �6 kyr BP both cores HU91-045-080 and MD99–

2254 record a pronounced shift in the 147Sm/144Nd ratio
(Figure 3). Such changes are due to higher contribution of
volcanic-derived material driven by the deep current. In both
cores the MAR contribution represents at least 50% of the
supplies after 6 kyr (Figure 5). This period coincides in
Nordic Seas with the end of the Holocene Climate Optimum
[e.g., Rousse et al., 2006]. After a period characterized by
minor variation, Rousse et al. [2006] emphasized increased
oceanic instability linked to climate variations, from 6 kyr in
core MD99–2275, North Iceland (water depth 440 m). The

Table 1. Sm, Nd and Pb Isotopic Signature of Geological Terranes Surrounding Northern North Atlantica

End-Members Label Statistics 147Sm/144Nd 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 207Pb/206Pb

Mid-Atlantic volcanism MAR mean 0.1877 0.513006 18.641 15.515 0.841
median 0.1756 0.512997 18.490 15.495 0.839

European Variscan Crust EVC mean 0.1144 0.512080 18.840 15.702 0.834
median 0.1151 0.512074 18.891 15.723 0.831

European Panafrican Crust EPC mean 0.1171 0.512045 18.950 15.549 0.821
median 0.1154 0.512037 18.772 15.529 0.829

Greenland Panafrican crust GPC mean 0.115* 0.512* 18.596 15.594 0.839
median 18.388 15.598 0.848

Scandinavian Panafrican Crust SPC mean 0.1052 0.512137 18.451 15.604 0.846
median 0.1042 0.512160 18.419 15.602 0.847

Scandinavian Sveconorwegian Belt SSB mean 0.1257 0.512044 18.925 15.633 0.833
median 0.1199 0.511980 17.981 15.556 0.864

Greenland Ketilidian belt GKB mean 0.1135 0.511697 21.236 15.624 0.757
median 0.1137 0.511699 20.816 15.653 0.754

Greenland Naqssuqtoqidian Belt GNB mean 0.1009 0.511046 16.673 14.920 0.950
median 0.1007 0.510973 15.227 14.692 0.966

Greenland Archean Craton GAC mean 0.0894 0.510671 14.914 14.738 1.003
median 0.0916 0.510699 14.417 14.417 1.028

Labrador Nain Province LNP mean 0.095* 15.684 14.618 0.939
median 15.986 14.548 0.925

Canadian Grenvillian Province GP mean 16.805 15.428 0.919
median 0.095* 16.867 15.416 0.914

Candadian Superior province SP mean 0.1122 0.511200 25.526 16.657 0.711
median 0.1056 0.511068 22.719 16.226 0.714

aThe isotopic signatures of the regional sources were defined from literature data: MAR [O’Nions et al., 1977; Carter et al., 1979; Zindler et al., 1979;
Cohen et al., 1980; Gariépy et al., 1983] (see full references in the work by Fagel et al. [1999]), EVC [Michard et al., 1985; Liew and Hofmann, 1988] (see
full references in the work by Fagel et al. [1999]), EPC, GPC and SPC [O’Nions et al., 1983;Miller and O’Nions, 1984;Michard et al., 1985; André et al.,
1986] (see full references in the work by Fagel et al. [1999]), SSB [Andersen et al., 1994; Knudsen et al., 1997], GKB [Patchett and Bridgewater, 1984;
Kalsbeek and Taylor, 1985], GNB [Taylor et al., 1980; Kalsbeek et al., 1984, 1988, 1993], GAC [Moorbath et al., 1981; Taylor et al., 1992], LNP
[Baadsgaard et al., 1979], GP [Schärer, 1991], SP [Gariépy and Allègre, 1985; Shirey and Hanson, 1986; Barrie and Shirey, 1991; Vervoort et al.,
1993; Henry et al., 1998], and WGR [Goldstein and Jacobsen, 1987, 1988; Asmerom and Jacobsen, 1993] (see full references in the work by Fagel
et al., 2002]). Mean and median values were calculated in order to take into account the uncertainty of the end-member composition [see Fagel et al.,
2002]. The asterisk indicates a default value taking into account the age of the terranes as no Sm-Nd data were available for GPC, LNP and GP. For
GPC, we use the same Sm-Nd values as EPC.
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variability, deduced from magnetic mineral properties, was
mainly associated with the renewed activity of the paleo-
Irminger Current in relation with periods of enhanced
NADW [Knudsen and Eirıksson, 2002]. Mayewski et al.
[2004] also evidenced in cores from Iceland Shelf strong
fluctuations in grain size parameters after �6 kyr. In Iceland
Basin (ODP980, Feni drift, 2179 m), Oppo et al. [2003]
reported a long-term reduction in NADW contribution
beginning at 6.5 kyr. Those long-term records all demon-
strated that a major change in the regional oceanography
took place at �6 kyr, most likely in relation with, as sug-
gested by Rousse et al. [2006], the neoglacial cooling of the
surface waters observed in the Denmark Strait [Bond et al.,
1997].
[33] After this major change the sedimentary mixing does

not change significantly in core HU91-045-080, except for a
slight contribution from SCP (5%) during the last 4 kyr BP.
However, in core MD99–2254, we note a progressive dilu-
tion of EPC by increasing supplies from Northern Europe
(SPC). The SCP contribution first represents 5 to 10% of
the mixture ca. 6 kyr, it is >20% at 4.2 kyr and reaches
finally 40% at 2.4 kyr BP (Figure 7b).

5.3. Paleoceanographic Implications on North Atlantic
Deep Circulation

[34] Our mineralogical and geochemical proxies indicate
changes in sedimentary mixings driven by the deep current
over the Holocene. Such changes indirectly support signifi-
cant modifications in the relative contribution of the

different water masses involved in North Atlantic Deep
Water. The timing of the main current reorganizations (8, 6,
3 kyr) discussed is consistent with the general Holocene
climate pattern in the North Atlantic [Andersen et al.,
2004b], with the Holocene Climate Optimum (9.5–6.5 kyr
BP), the Holocene Transition period (6.5–3 kyr BP) and the
cool late Holocene period (0–3 kyr BP).
5.3.1. The Late Holocene Optimum Period
5.3.1.1. Renewed Iceland-Scotland Overflow Water
[35] The influence of MAR supplies in both cores from the

Iceland Basin supports, at least for the last 10 kyr (14 kyr
in MD99–2254), the establishment of a southward current
following the Mid-Atlantic Ridge, i.e., the southern branch
of the ISOW (Figure 1). The Late Holocene Optimum
period is characterized by increasing MAR supplies
(Figure 7b), driven by ISOW. The hiatus observed between
8 and 12 kyr BP in the sedimentary record of core MD99–
2254 coincides with a peak in sedimentation rates in many
cores from upper and lower continental slopes in the Ice-
land Basin (see references given in the work by Kissel et al.
[2009]). The high sedimentation rate is attributed to remo-
bilization of glacial sediments by the renewed ISOW at the
end of the deglaciation [Kissel et al., 2009].
5.3.1.2. E-W Deep Water Exchanges Through CGFZ
[36] Before 6 kyr, our mineralogical and isotopic results

indicate a connection between the western and eastern
Atlantic basins through the Charlie Gibbs Fracture Zone
(CGFZ). Indeed the Labrador-derived supplies must pass
through the CGFZ to reach the coring site HU91-045-080.

Figure 6. 206Pb/204Pb versus 207Pb/204Pb mixing diagram. Data from core MD99–2227 [Fagel et al.,
2004] are plotted for comparison. All data are plotted in regard with the potential regional sources. The
regional sources are represented by their mean and median values in order to underline the uncertainty
of each end-member (data from Fagel et al. [2002]). The dashed lines represent the linear regression trend
calculated for each core.
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Figure 7a. 207Pb/206Pb versus 143Nd/144Nd. The mixing grid has been calculated taking into account
the 207Pb/206Pb and the Pb and Nd contents of the retained end-members, i.e., crustal material from
Europe (EPC) and Scandinavia (SPC) and volcanic-derived material (MAR). We use this mixing grid
EPC-SPC-MAR to estimate the relative contribution from the different regional sources over time, in
core MD99–2254 and in core HU91-045-080 but only over the last 6 kyr BP. The results are reported
as cumulated histogram in Figure 7b.

Figure 7b. Temporal changes of estimated contributions are reported as cumulated histograms. The con-
tributions for the core MD99–2254 and upper part of core HU91-045-080 have been estimated using the
mixing grid EPC-SPC-MAR reported in Figure 7a. As more than 3 end-members are requested to explain
the data for the lower part of core HU91-045-080 (samples ≥ 6 kyr) we have only estimated the contribu-
tion of MAR using the mixing line reported on Figure 5. Data for core MD99–2227 are from Fagel et al.
[2004]. See text for explanation.
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East–west water’s exchange is not surprising as CGFZ is, at
present, characterized by a complex ocean circulation sys-
tem [e.g., Lucotte and Hillaire-Marcel, 1994]. After 6 kyr
our Pb data no longer support exchange through the CGFZ,
at least until the last 1.4 kyr. Trace of amphibole is
evidenced until �12 kyr, interrupted between at least 6
and 1.4 kyr BP. This trace in the upper section may suggest
some, but limited, East–west water exchange through the
CGFZ over the last 1.4 kyr as the geochemical composition
does not change significantly.
5.3.2. The Holocene Transition Period (6.5–3 kyr BP):
Reinforcement of ISOW
[37] Sedimentological and geochemical changes are not

synchroneous in eastern and western basins. They occur
earlier in eastern basins than in Labrador Sea. Indeed cores
HU91-045-080 and MD99–2254 are characterized by a
pronounced shift in the geochemical signatures, with a sharp
increase of 147Sm/144Nd ratio at 6 kyr. A similar later change
(3 kyr) was previously observed in core MD99–2227 [Fagel
et al., 2004]. Such changes are due to higher contributions
of volcanic-derived material driven by the deep current. In
cores HU91-045-080 and MD99–2254 these changes may
be related to the circulation of the southwards branch of the
NEADW that follows the Mid-Atlantic Ridge, i.e., NEADW
2 according to Lucotte and Hillaire-Marcel [1994] or ISOW
according to Kissel et al. [2009]. In the Iceland Basin the
present source of deep water originates from Fram or

Denmark straits [Aagaard and Carmack, 1989]. Until 7–
6 kyr the Arctic outflow was considered to be larger from the
Canadian channels than from the Denmark Strait [Williams
et al., 1995]. The inception of eastern branches of NADW,
DSOW and NEADW, may therefore be related to the final
melting of the remaining Canadian ice sheets. The shallow-
ing of the Canadian channels then limits the outflow into
Labrador Sea after 7.4 kyr [Solignac et al., 2004]. At the
same time the inception of eastern deep currents may break
down any western supplies through the CGFZ as seen in
core HU91-045-080.
[38] Recently Kissel et al. [2009] reported long-term var-

iations in the ISOW flow over the Holocene. They inter-
preted the decreasing trend of the mineral magnetic content
in 6 cores from Iceland Basin as a decrease of the ISOW
bottom current strength over the Holocene. However, they
noticed that their hypothesis was inconsistent with the short-
term variations derived from deep-sea proxies [Bianchi
and McCave, 1999; Oppo et al., 2003; Hall et al., 2004;
Praetorius et al., 2008]. Our geochemical observations in
both cores from Iceland Basin are rather in favor of a con-
tinuous depletion of the detrital supply, an alternative
hypothesis that Kissel et al. [2009] did not rule out.
5.3.3. The Cool Late Holocene Period (0–3 kyr BP):
Reinforcement of Norwegian Sea Overflow Water
[39] Our Pb data suggest a late change in the sedimentary

mixings in the Iceland Basin. In core MD99–2254 a

Figure 8. 207Pb/206Pb versus 147Sm/144Nd. Data from core HU91-045-090 are reported in regard
with the representative values of the crustal material outcropping along the Greenland and Canadian
margins of Labrador Sea. Each end-member is characterized by mean and median values (values listed
in Table 1; for statistics and data see Fagel et al. [2002]). The grid is calculated according to a 10%
increment of the mixture composition. It takes into account the 207Pb/206Pb and the Pb, Sm and Nd
contents of the 3 end-members GP, GNB and GKB. See text for explanation.
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significant shift of the 207Pb/206Pb ratios out off the EPC
field (Figure 7a) is obvious for the 2 youngest samples
(≤3 kyr). Beside the EPC contribution the mixing requires
the contribution from another crustal material, the EVC or
the SPC. According to the core location we suggest a recent
activation of the northern branch of the East Atlantic deep
current like AIW or Norwegian Sea Overflow Water (NSOW),
a current containing an isotopic signature derived from the
erosion of the Scandinavian margin (SPC). Such recent chan-
ges may be related to a change in surface circulation, likely
related to a strengthening of the NAW.

6. Conclusion

[40] On the basis of combined geochemical and miner-
alogical studies, we have identified the main sedimentary
supplies and their fluctuating contributions over the Holo-
cene in eastern and western North Atlantic basins.
[41] The origin of the sedimentary supplies driven by the

deep current remain constant in cores HU91-045-090 (from
Canadian and Greenland margins) and MD99–2254 (from
western European margin and Mid-Atlantic Ridge volcanic
province). In contrast, a sharp change in the involved sour-
ces is observed in core HU90-045-080 at �6 kyr. Before
6 kyr distal supplies from Greenland margin were driven
into the Iceland Basin, supporting a deep connection
between the Labrador Sea and the Iceland Basin through
CGFZ.
[42] The main paleoceanographical interpretations from

our elemental and isotopic Nd and Pb data obtained on cores
from the Iceland Basin and the Labrador Sea are: a renewal
of the southwards branch of the ISOW during the Late
Holocene Optimum; its reinforcement at the beginning of
the Holocene Transition Period (�6 kyr BP) and a late
reinforcement of the NSOW during the cool Late Holocene
period (last 3 kyr). The timing of the main deep current
reorganization is consistent with the general Holocene
climate patterns previously defined in the North Atlantic.
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