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Acquisition of the neodymium isotopic composition of the
North Atlantic Deep Water

Francois Lacan and Catherine Jeandel
CNRS, LEGOS, UMR5566, CNRS-CNES-IRD-UPS, Observatoire Midi-Pyrénées, 18, Avenue E. Belin, F-31400
Toulouse, France ( francois.lacan@cnes.fr)

[1] The North Atlantic Deep Water (NADW) neodymium isotopic composition (Nd IC) is increasingly
used in oceanography and paleoceanography to trace large-scale circulation and weathering processes,
notably to investigate past variations of the global thermohaline circulation. Although the present-day
NADW Nd IC is well characterized at eNd = �13.5, the acquisition of this isotopic signature (in other
words, the causes of this value) has so far been very sparsely documented. Such an understanding is,
however, fundamental to the interpretation of paleo records. Nd IC and rare earth element concentrations
were measured at 9 stations within the North Atlantic Subpolar Gyre (SIGNATURE cruise, summer 1999).
The comparison of this data set with our understanding of water mass circulation provides a description of
how the three layers constituting the NADW, the Labrador Sea Water (LSW, eNd = �13.9 ± 0.4), North
East Atlantic Deep Water (NEADW, eNd �13.2 ± 0.4), and North West Atlantic Bottom Water (NWABW,

eNd �14.5 ± 0.4), acquire their Nd IC through distinct water mass mixings and lithogenic inputs. These
different mechanisms, acting upon water masses from very diverse sources, seem to bring the Nd IC of
the three NADW layers to values close together and similar to that of the NADW. It is suggested that
sediment/seawater interactions significantly lower the NEADW and NWABW Nd IC along the South East
Greenland margin. Since these interactions do not significantly modify the Nd content of these water
masses, sediment remobilizations leading to the Nd IC variations are probably associated with Nd removal
fluxes from the water mass toward the sediment, a process called boundary exchange. On the other hand,
LSW seems to acquire its Nd IC from the Subpolar Mode Waters from which it is formed by deep
convection, and no other mechanism needs to be invoked. Its unradiogenic signature could ultimately be
linked to fresh water runoff from the Canadian Shield. These conclusions should allow more precise
interpretations of paleoceanographic Nd IC records, taking into account the distinct histories of the three
NADW layers, including distinct water mass mixings and distinct lithogenic inputs.
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1. Introduction

[2] The neodymium isotopic composition (Nd IC)
is expressed as eNd, defined by

eNd ¼
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where CHUR stands for Chondritic Uniform
Reservoir and represents a present-day average
earth value: (143Nd/144Nd)CHUR = 0.512638
[Jacobsen and Wasserburg, 1980]. The Nd IC of
the continents is heterogeneous, varying from eNd�
�45 in old granitic cratons to eNd � +12 in recent
mid-oceanic ridge basalts [Goldstein and
Hemming, 2003]. In the ocean, Nd is a trace
element of lithogenic origin (concentrations of the
order of 10�12 g g�1), predominantly found in its
dissolved form (90 to 95%) [Jeandel et al., 1995].
Through lithogenic inputs, different water masses
acquire different Nd IC. eNd can therefore be used to
quantify dissolved/particulate fluxes, notably along
continental margins [Tachikawa et al., 1999a, 2004].
Away from those inputs, eNd behaves conservatively
in the ocean [Piepgras and Wasserburg, 1987;
Piepgras and Jacobsen, 1988; Jeandel, 1993;
Goldstein and Hemming, 2003; Lacan and Jeandel,
2004c]. Indeed, Nd removal processes and evapora-
tion modify Nd concentrations in seawater but
not eNd. Nd oceanic residence time is around 500 to
1000 years [Tachikawa et al., 2003], slightly less
than the oceanic mixing time. The oceanic Nd IC
distribution is therefore mostly governed by the
thermohaline circulation. It is heterogeneous, vary-
ing from about �25 in the extreme northwest
Atlantic (Baffin Bay-Labrador Sea) to about 0 in
the North Pacific [Stordal and Wasserburg, 1986]
(see compilation by Lacan and Jeandel [2005]). eNd
is thus used as a water mass tracer in the modern
ocean [e.g., Piepgras and Wasserburg, 1980;
Jeandel, 1993; Amakawa et al., 2004].

[3] Nd belongs to the geochemical group of Rare
Earth Elements (REE). In the ocean, particle scav-
enging and cerium oxidation cause a heavy versus
light REE enrichment and a negative Ce anomaly
respectively, relative to the lithogenic sources
[Elderfield, 1988]. These fractionations are quan-
tified by normalizing the oceanic concentrations to
a lithogenic reference material: in this work, the
Post-Archean Australian Sedimentary Shales
(PAAS) [Taylor and McLennan, 1985]. They can
be expressed by the Lan/Ybn ratio and the Ce
anomaly, Ce/Ce* = Cen/[(Lan + Prn)/2], where
the subscript ‘‘n’’ indicates that the concentrations
are normalized (e.g., Xn = Xsample � 106/XPAAS).
These parameters are a useful tool for studying
dissolved/particulate interactions in seawater and
notably for identifying recent lithogenic inputs
[Elderfield, 1988; Tachikawa et al., 1999b]. The
closer to 1 these parameters are, the smaller the
anomalies are, i.e., the closer to a lithogenic sample
the seawater sample is.

[4] The Nd IC is increasingly used in paleocea-
nography. The seawater Nd IC recorded in differ-
ent carrier phases such as ferromanganese crust and
nodules, fish teeth or foraminifera tests, is used to
reconstruct past changes in oceanic circulation and
erosion, over different timescales [e.g., Staudigel et
al., 1985; Albarède and Goldstein, 1992; Vance
and Burton, 1999]. Studies of past fluctuations of
the global thermohaline circulation are limited by
the uncertainty of the past Nd isotopic signature of
North Atlantic Deep Water (NADW) [e.g., Rutberg
et al., 2000; Frank et al., 2002; Piotrowski et al.,
2004, 2005].

[5] However, the acquisition of the present-day
NADW Nd IC of ��13.5 [Piepgras and
Wasserburg, 1987; von Blanckenburg and Nägler,
2001] has been sparsely documented until now.
The only works reporting seawater Nd IC data in
the NADW formation area (the North Atlantic
Subpolar Gyre, located north of 50�N) are Stordal
and Wasserburg [1986] and Piepgras and
Wasserburg [1987]. The former reports data from
Baffin Bay and one station at the northern end of
the Labrador Sea. The latter reports about twenty
data north of 50�N, spread over the North Atlantic
Subpolar Gyre and the Nordic Seas (north of the
Greenland Scotland gap). Nonetheless, these stud-
ies determined that the dense waters overflowing
the Greenland Scotland gap were characterized by
an Nd IC of around �8 and that waters flowing
along the Labrador margin had much more neg-
ative Nd IC: around �20. The NADW Nd IC was
therefore interpreted as resulting from these two
contributions. However, due to the limited data
set, Piepgras and Wasserburg [1987] were unable
to quantify the mixing of these two end-members
and limited their conclusion about this issue to
‘‘Mixtures of these overflow waters with the more
negative eNd values associated with Labrador Sea
and Baffin Bay sources could, in principle, yield
the isotopic signature of NADW.’’ Moreover,
although these authors described the negative
signatures of the Baffin and Labrador Sea Waters
as resulting from lithogenic inputs from the
Greenland, Baffin and Labrador formations, they
could not investigate the features and locations of
these inputs nor how they affect the different
water masses.

[6] Owing to the fact that (1) the NADW repre-
sents the negative eNd end-member of the principal
world ocean water masses and (2) the NADW Nd
IC is increasingly used in modern and paleo
oceanography, it is important to improve our un-
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derstanding of the present-day NADW Nd IC ac-
quisition. This was the purpose of the SIGNATURE
program carried out in the North Atlantic Subpolar
Gyre and the Nordic Seas, in summer 1999. The
results obtained in the Nordic Seas are described in
two other articles [Lacan and Jeandel, 2004a,
2004b]. These studies showed evidence that the
relatively radiogenic signatures of the waters over-
flowing the Greenland Iceland gap (Denmark Strait
Overflow Water), eNd = �8.4 ± 1.4, and the Iceland
Scotland gap (Iceland Scotland Overflow Water),

eNd = �8.2 ± 0.6, reflect the imprint of the
surrounding basaltic formations (characterized by

eNd values around +7) on more unradiogenic waters
originating from the Nordic Seas, via sediment
seawater interactions. The results obtained in the
upper 1000 m of the North Atlantic Subpolar Gyre
are described by Lacan and Jeandel [2004c] and
summarized further on. The present article presents
new data obtained in the deep layers (>1000 m
depth) of the North Atlantic Subpolar Gyre. It
describes how the water masses directly involved
in the NADW formation acquire their Nd IC.

2. Hydrographic Context

[7] The studied area covers the Subpolar North
Atlantic region (see Figure 1). Its hydrography is

complex. On the one hand, warm and saline
subtropical waters merge with cold and fresh polar
waters within the upper layers, leading to numer-
ous transformations and mixing, notably deep
convection processes. On the other hand, dense
waters formed by such convection at high latitudes
merge and mix within deep cyclonic recirculation
gyres significantly constrained by an uneven to-
pography. The water mass abbreviations used be-
low are summarized in Table 1.

[8] The deep and intermediate flows are schema-
tized in Figure 1. They mainly consist of the
following:

[9] 1. The Deep Eastern Boundary Current
(DEBC), traceable from the Iberian Basin, notably
carrying waters from the southern hemisphere;

[10] 2. The Deep Northern Boundary Current
(DNBC), following on from the DEBC, which first
integrates waters overflowing the Iceland-Scotland
ridge, then flows round the Reykjanes ridge
through the Charlie Gibbs fracture zone (�3600 m
deep), then integrates the waters overflowing the
Denmark Strait, before flowing round the southern
tip of Greenland (Cape Farewell) and entering the
Labrador Basin;

Figure 1. Map of the studied area. Isolines show the topography. Sampling sites are represented by different
symbols and identified by station numbers. The black and gray symbols identify stations whose properties are plotted
in Figure 3 (symbols in both figures correspond). The black unbroken arrows represent bottom flows (DEBC, Deep
Eastern Boundary Current; DNBC, Deep Northern Boundary Current; DWBC, Deep Western Boundary Current).
Dotted lines represent deep recirculation cells. The gray arrows represent the main LSW propagation directions. Map
created with the Ocean Data View Software (R. Schlitzler, Ocean Data View, 2004; available at http://www.awi-
bremerhaven.de/GEO/ODV).
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[11] 3. The Deep Western Boundary Current
(DWBC) following on from the DNBC, which
incorporates the deep waters of the Labrador Basin,
and flows on southward, down to the Southern
Ocean.

[12] 4. A deep northward flow also occurs along
the western side of the Mid-Atlantic Ridge, notably
carrying waters from the southern hemisphere to
the Irminger Basin.

[13] 5. Finally, deep cyclonic recirculating gyres
are found on both sides of the Mid-Atlantic Ridge.
These are connected above 3600 m depth through
the Charlie Gibbs fracture zone [McCartney, 1992;
Dickson and Brown, 1994; Read, 2001].

[14] The main water masses carried by these cur-
rents are described below. Their hydrographical
properties are displayed in Figures 2 and 3.

[15] 1. The Labrador Sea Water (LSW) formed by
deep convection in the Labrador Basin. It is easily
identifiable by sharp local salinity minimum and
oxygen maximum, at density sq � 27.775 kg m�3

(�1650 m depth; see Figure 3). It is found
throughout the North Atlantic Subpolar gyre, its
main propagation directions being schematized in
Figure 1. The LSW can be considered as the
densest variety of the Subpolar Mode Water
(SPMW); the SPMW resulting from the mixing
of subtropical and polar waters within the Subpolar
Gyre, of which it occupies most of the first 1000 m
[McCartney and Talley, 1982; Talley and
McCartney, 1982; Talley, 1999].

[16] 2. The Lower Deep Water (LDW) originates
as Antarctic Bottom Water (AABW), which flows
up the entire Atlantic Ocean and whose character-
istics are significantly modified along the way by
mixing with other water masses, notably NADW.
The LDW is identifiable by a silicate maximum
and an oxygen minimum. It enters the Subpolar
North Atlantic region, from the East, within the

Deep Eastern Boundary Current, off the European
coast, and from the West, flowing along the west-
ern side of the Mid-Atlantic Ridge. A distinction is
therefore made between the eastern and western
LDW. Both LDW mix with waters overflowing the
Greenland Scotland gap, within the deep recircu-
lating gyres [McCartney, 1992; Dickson and
Brown, 1994].

[17] 3. Dense waters overflow the Iceland Scotland
gap. For sq > 27.80 kg m�3, the flow is �1 Sv
(1 Sv = 106 m3 s�1) above the Iceland Faroe ridge
(sill depth of 480 m) and �1.5 Sv through the
Faroe Bank channel (between Faroe and Scotland,
sill depth of 840 m; see Figure 1). Due to their high
density, these waters sink toward the bottom of the

Figure 2. Potential temperature versus salinity dia-
grams indicating the properties of the different water
masses discussed in the text. The bottom panel is a
zoom on the area indicated by a rectangle in the top
panel. Data from the SIGNATURE cruise. Note that
data from some stations not represented in Figure 1 are
displayed in order to show the properties of source
waters (such as DSOW or pISOW; station 23 is located
in the Faeroe-Shetland Channel, and stations 55 and 56
are located in the Denmark Strait).

Table 1. Abbreviations of Water Mass Names

Abbreviations Full Names

DSOW Denmark Strait Overflow Water
ISOW Iceland Scotland Overflow Water
LDW Lower Deep Water
LSW Labrador Sea Water
NADW North Atlantic Deep Water
NEADW North East Atlantic Deep Water
NWABW North West Atlantic Bottom Water
pISOW pure Iceland Scotland Overflow Water
SPMW Subpolar Mode Water
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Iceland Basin, entraining the surrounding waters:
Modified North Atlantic Water (a water mass
whose high temperature and salinity originate from
the Subtropical Atlantic) and LSW. The thus-
formed water mass is named Iceland Scotland
Overflow Water (ISOW) [Hansen and Østerhus,
2000]. However, the use of this term in the
literature is particularly ambiguous, since some
works also use it to describe the overflowing

waters prior to the above mentioned entrainments.
This distinction is important since these entrain-
ments considerably modify the hydrographical
properties of the overflowing waters, significantly
increasing their temperature and salinity. In this
paper, the name ‘‘pure ISOW’’ (pISOW) will be
used to distinguish the overflowing waters before
the entrainments.

[18] 4. Part of the ISOW then flows within the
Deep Northern Boundary Current into the Irminger
Basin, whereas another part remains on the eastern
side of the Mid-Atlantic Ridge, where it recircu-
lates in the Iceland and West European Basins.
Within the deep recirculating gyres of these basins
(in particular east of the Mid-Atlantic Ridge), the
ISOW significantly mixes with the surrounding
water masses, notably LSW and LDW. This leads
to the formation of the North East Atlantic Deep
Water (NEADW). This water mass is characterized
by a salinity maximum (due to the Modified North
Atlantic Water entrainment) and an oxygen mini-
mum (due to the mixing with LDW) at density
sq � 27.85 kg m�3 (�2500 m depth; see Figure 3).
Throughout the North Atlantic Subpolar Gyre, the
NEADW is found below the LSW and above the
bottom waters [Swift, 1984; McCartney, 1992;
Dickson and Brown, 1994; Hansen and Østerhus,
2000; Fleischmann et al., 2001; Read, 2001].

[19] 5. A dense water mass also overflows the
Denmark Strait (Denmark Strait Overflow Water:
DSOW). Its flux is approximately 3 Sv for sq >
27.80 kg m�3. Just downstream of the Denmark
Strait (sill depth of 630 m), it sinks down to the
bottom of the Irminger Basin (depth of the order of
2000 to 3000 m) entraining significant amounts of
surrounding waters, the LSW and the SPMW.

[20] 6. These entrainments lead to the formation of
the North West Atlantic Bottom Water (NWABW).
This water mass is the densest of the Irminger and
Labrador Basins. It is too dense to enter the Iceland
Basin through the Charlie Gibbs fracture zone. It is
identifiable in Figure 3 by local salinity minimum
and oxygen maximum at the bottom. [Swift, 1984;
McCartney, 1992; Dickson and Brown, 1994;
Schmitz, 1996]. The contribution of LDW is
thought to occur around 50�N (1 Sv) and 30�N
(1 Sv), in which case it is unlikely to be significant
in the studied area [Schmitz, 1996].

[21] Note that Baffin Bay waters overflowing the
Davis Strait are not dense enough to directly
contribute to the intermediate and deep Labrador
Sea Water masses. Their influence is restricted to

Figure 3. Salinity (S), dissolved oxygen concentration
(O2), and eNd as a function of potential density (sq) in
the deep layers, at the stations displayed by black and
gray symbols in Figure 1 (symbols in both figures
correspond). Samples characterizing the three proto-
NADW layers are indicated.
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the Labrador Current flowing within the surface
layer along the Labrador coast. Therefore their very
negative eNd values do not affect the NADW
signature directly, but only indirectly through their
involvement in deep water formation (mostly LSW
formation).

[22] The formation of the NADW is sparsely
documented in terms of water masses, most of
the studies treating the topic mainly in terms of
currents and transports. However, Schmitz [1996]
reviewed this issue in detail. The NADW is iden-
tifiable by a salinity maximum around 2000 to
3000 m depth, from the North to the South of the
Atlantic Ocean. It can be divided into three layers:
the Lower, Middle and Upper NADW. Schmitz
[1996] schematically summarized the composition
of the NADW as follows:

[23] 1. 8 Sv LowerNADW composed of 3 Sv
DSOW, 3 Sv of entrained subpolar waters (LSW
and SPMW) and 2 Sv westernLDW (of which 1 Sv
joining the Deep Western Boundary Current
around 50�N and 1 Sv around 30�N).

[24] 2. 6 Sv MiddleNADW composed of 2 Sv
pISOW, 2 Sv of entrained Modified North Atlantic
Water and LSW and 2 Sv easternLDW.

[25] 3. 4 Sv UpperNADW composed of LSW
mixed with Mediterranean Outflow Water (MOW).

[26] As the above described water masses leave
the studied area (off Flemish Cap, east of New-
foundland), the NADW is mostly but not entirely
formed. Piepgras and Wasserburg [1987] named
it ‘‘proto-NADW.’’ Its three layers are then
composed of NWABW (proto-LowerNADW),
NEADW (proto-MiddleNADW) and LSW
(proto-UpperNADW). Contributions of Mediter-
ranean Outflow Water and western LDW com-
plete the formation of NADW south of the
studied area.

3. Analytical Procedures

[27] Seawater samples were analyzed for Nd IC
and REE concentrations following the procedures
described by Lacan and Jeandel [2001], slightly
modified as described by Lacan and Jeandel
[2004c]. Samples were unfiltered in most cases,
although a few (see Tables 2 and 3) were filtered,
within a few hours of sampling, through 0.45 mm
nuclepore filters.

[28] Briefly, for the Nd IC analysis, the Nd was
quantitatively extracted from a 10 L sample by

three consecutive ion exchange chromatographies,
the first of which was carried out onboard, which
considerably reduced sample sizes and therefore
allowed extensive sampling. Nd IC was then mea-
sured on a Finnigan MAT 261 Thermo Ionization
Mass Spectrometer (TIMS) at the Observatoire
Midi Pyrénées, Toulouse, France, in static mode;
Nd was analyzed as Nd+. Internal precision was 0.2
to 0.3 eNd units (2sn). The national Rennes Nd
standard (recommended value 143Nd/144Nd =
0.511963 ± 13 (2s); C. Chauvel, personal commu-
nication 2002), calibrated against the La Jolla
standard (recommended value 143Nd/144Nd =
0.511850 ± 20 (2s), G.W. Lugmair, personal
communication, 2001) gave 143Nd/144Nd =
0.511960 ± 20 (2s, 30 runs), which corre-
sponded to a La Jolla value of 0.511847. No
corrections were applied to measured isotopic
ratios. The reproducibility of the Nd IC measure-
ment was 0.4 eNd unit, blank values were 700 pg
(3.2% of the most depleted sample and 2.4% on
average).

[29] For the REE concentrations analysis, the REE
were extracted from a 500 mL sample, by iron
oxide coprecipitation. REE were then separated
from iron by ion exchange chromatography. REE
concentrations were measured with a Perkin-Elmer
Elan 6000 Inductively Coupled Plasma Mass Spec-
trometer (ICPMS, in the same laboratory). Nd and
Yb concentrations were measured by isotopic di-
lution. Reproducibility of the REE concentration
measurements was better than 10% for all REE and
better than 5% for Nd, blanks values were better
than 8% for all REE and better than 3% for Nd.
Internal precision (2sn) was better than 10% for all
REE and lower than 0.2 ppt (part per trillion, 1 ppt
= 10�12 g g�1) for Nd. For several samples, Nd
concentration only (not those of all REE) was
measured.

4. Results and Discussion

[30] Measured Nd IC and concentrations, together
with hydrographical parameters are reported in
Table 2. Figure 4 displays the eNd values along
three surface maps corresponding to the three
NADW layers.

[31] The section consisting of stations 14, 15, and
16 (Figure 1), located just downstream of Denmark
Strait, is characterized by a very complex hydrog-
raphy, due to the rapid sinking of the overflow
waters. For this reason, hydrographical parameters
(reported in Table 2, but not displayed in Figure 3
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Table 2. Seawater Sample Hydrographical Parameters and Nd Isotopic Compositions and Concentrationsa

Station (Number,
Location,

Date, Depth)
Depth,
m q, �C Salinity

Potential
Density,
kg m�3

[O2],
mg L�1 eNd

[Nd],
10�12 g g�1

Station 1, 21 4.81 34.43 27.25 10.62 �15.5 2.5
52.08�W, 55.02�N, 198 3.80 34.79 27.64 9.42 �14.6b -
05/07/99, 2716 m

Station 2, 30 5.12 34.49 27.25 10.00 �13.6 2.7b

47.07�W, 58.55�N, 101 4.19 34.78 27.59 9.72 �14.0 2.8
06/07/99, 2901 m 230 4.27 34.90 27.67 9.38 �14.3 -

600 3.52 34.84 27.71 9.43 �13.9 2.7
1000 3.27 34.86 27.75 9.14 �13.6 2.7
1600c 2.87 34.85 27.77 9.47 �13.5 2.5
2270d 2.57 34.89 27.84 9.16 �12.6 2.5
2550 2.10 34.89 27.87 9.26 �12.1 2.6
2796e 1.29 34.84 27.90 9.82 �10.5 3.0f

Station 3, 16 3.85 33.61 26.70 10.87 �15.1 3.4
62.65�N, 53.90�W, 41 2.83 33.96 27.07 10.50 �14.3 -
09/07/99, 2476 m 178 4.70 34.87 27.61 9.14 �15.1b -

400 4.36 34.90 27.67 9.14 �14.9 4.0
998 3.42 34.86 27.74 9.06 �15.1 3.1b

1700c 2.87 34.86 27.78 9.33 �14.5 3.7
2251d 2.50 34.88 27.84 9.20 �16.4 -
2431e 1.83 34.87 27.88 9.45 �14.9 -

Station 4, �7 �6 �34 - - �15.8b 3.9b

57.96�N, 57.39�W, �7 �6 �34 - - �15.8 3.9
11/07/99, depth unknown

Station 5, �7 �1.5 �30.6 - - �24.9b 6.3b

55,01�N, 56.40�W,
11/07/99, depth unknown

Station 6, 26 8.65 33.92 26.33 9.75 �20.2 4.9
50.20�N, 45.68�W, 1650c 2.99 34.86 27.77 9.29 �13.9 2.5
14/07/99, 3540 m 2499d 2.70 34.90 27.84 9.06 �13.2 2.6

3501e 1.79 34.88 27.89 9.45 �14.5 -

Station 7, 40 6.60 34.63 27.19 9.89 �15.6 3.1
55.55�N, 43.97�W, 325 3.43 34.82 27.70 9.28 �14.7 2.7
16/07/99, 3225 m 476 3.42 34.84 27.72 9.14 �14.6 2.9

926 3.21 34.86 27.75 9.07 �14.1 2.6
2101 2.91 34.89 27.80 9.15 �13.3 3.0
2750d 2.62 34.92 27.86 8.96 �12.8 2.7
3270e 2.12 34.90 27.88 9.18 �12.9 3.3

Station 8, 201 5.90 35.02 27.59 8.84 �14.2 3.0
62.07�N, 40.19�W,
16/07/99, 3225 m

Station 9, 25 9.33 35.01 27.07 9.68 �14.6 2.7
62.70�N, 37.59�W, 101 6.48 35.05 27.53 8.79 �13.9 2.7
18/07/99, 2125 m 205 5.60 35.00 27.60 8.88 �14.1 2.8

601 4.10 34.90 27.70 9.04 �13.3 2.7
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for reasons of clarity) do not allow identification of
the different proto-NADW layers (LSW, NEADW
and NWABW). Therefore these stations are not
included in Figure 4. Neither are stations 1, 4, 5
and 8, at which surface samples only have been
analyzed.

[32] REE concentrations are reported in Table 3.
REE patterns are much weaker than eNd as tracers
of water mass mixing or for reconstruction of
paleocirculation and weathering regimes. On the
other hand, REE properties allow the identification
of recent lithogenic inputs. Therefore they will
only be used here to support Nd IC data in that
regard.

4.1. NWABW

[33] According to Schmitz [1996], downstream of
the Denmark Strait, the sinking of �3 Sv DSOW
entrains �3 Sv of LSW and SPMW toward the
depths of the Irminger basin, thus forming the
NWABW. McCartney [1992] suggests that these
entrainments occur along the eastern Greenland
margin, between the Denmark Strait and Cape
Farewell (southernmost point of Greenland). The
DSOW Nd IC is ��8.4 [Piepgras and
Wasserburg, 1987; Lacan and Jeandel, 2004a].
Along the eastern Greenland margin, the NWABW
signature decreases. It is �9.5 at station 9 and
�10.5 at the southern tip of Greenland (station 2;

Table 2. (continued)

Station (Number,
Location,

Date, Depth)
Depth,
m q, �C Salinity

Potential
Density,
kg m�3

[O2],
mg L�1 eNd

[Nd],
10�12 g g�1

1026 3.41 34.89 27.76 8.99 �13.8 2.8
1519c 2.88 34.85 27.78 9.47 �13.2 2.8
1801 2.70 34.87 27.81 9.39 �12.3 2.9
2100e 1.22 34.85 27.91 9.99 �9.5 3.4

Station 12, 20 11.39 35.00 26.70 8.52 �14.8 2.5
56.37�N, 27.82�W, 74 9.97 35.07 27.01 8.53 �14.9 2.8
22/07/99, 2840 m 250 6.90 34.89 27.35 7.68 �15.1 2.8

351 6.37 34.91 27.43 7.86 �15.0 2.9
500 5.47 34.94 27.57 7.41 �14.8 2.8
651 4.91 34.97 27.66 7.69 �14.7 2.8
1101 3.65 34.90 27.74 8.68 �14.3 2.6
1750c 3.07 34.88 27.78 9.21 �14.1 2.7
2500d 2.66 34.95 27.88 8.85 �12.6 2.9
2828 2.48 34.96 27.90 8.99 �10.1 2.7

Station 14, 31 9.55 35.06 27.08 9.14 �14.0 2.2
65.02�N, 30.23�W, 401 6.46 35.09 27.56 8.68 �13.2 2.6
27/07/99, 1875 m 549 5.63 35.02 27.61 8.53 �13.6 2.6

1229 3.70 34.93 27.77 8.85 �12.8 2.7
1860 2.35 34.89 27.85 9.47 �11.2 2.7

Station 15, 20 8.87 35.09 27.21 9.28 �13.7 2.4
65.32�N, 30.88�W, 750 4.49 34.94 27.68 8.77 �13.7 2.5
27/07/99, 993 m 800 4.44 34.96 27.71 8.48 �13.1 2.6

984 1.36 34.82 27.88 10.08 �10.6 2.7

Station 16, 200 7.05 35.14 27.52 9.13 �14.2 2.9
65.17�N, 30.52�W, 1002 3.82 34.94 27.76 8.76 �11.8 -
27/07/99, 1500 m 1299 0.92 34.77 27.86 10.40 �10.7 3.0

1399 0.49 34.81 27.93 10.50 �10.4 2.9

a
Nd IC and concentration uncertainties are 0.4 eNd unit and 0.2 � 10�12 g g�1, respectively (see text). Depths displayed in bold face indicate

unpublished data.
b
Filtered samples.

c
Sample corresponding to the LSW layer.

d
Sample corresponding to the NEADW layer.

e
Sample corresponding to the NWABW layer.

f
Concentration measured at 2876 m depth.
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see Figure 4). In the following section, an attempt to
understand this overall decrease from �8.4 in the
Denmark Strait to �10.5 at station 2 will be made.

[34] In order to verify if the NWABW Nd IC at
station 2 (Figure 1) can be explained the mixing
proposed by Schmitz [1996], the calculation of the

Nd IC of the water mass resulting from this mixing
is performed using the Nd IC and concentration of
the different end-members (DSOW, LSW and
SPMW); the resulting Nd IC is the average of
those of the end-members weighted by their Nd
concentrations and the mixing proportions. This
calculation is also performed for the usual conser-
vative tracers (salinity, potential temperature and
dissolved oxygen).

[35] The DSOW characteristics, averaged from
4 samples taken in the Denmark Strait, are reported
in Table 4 (eNd = �8.4 ± 1.2, [Nd] = 3.2 ± 0.5 ppt,
S = 34.88 ± 0.0, q = �0.2 ± 0.2�C, [O2] = 10.16 ±
0.1 mg L�1). The LSW characteristics are deter-
mined from the sample taken in the salinity mini-
mum (and oxygen maximum) at station 2 (1600 m;
see Figure 3 and Table 2: eNd = �13.5 ± 0.4, [Nd] =
2.5 ± 0.2 ppt, S = 34.85, q = 2.87�C, [O2] =
9.47 mg L�1), which displays the most pro-
nounced extrema among our data set and there-
fore represents the purest form of LSW sampled.
The SPMW end-member is more complex to
define, since its properties vary around the North
Atlantic Subpolar Gyre. According to the above
descriptions, the SPMW is supposed to be
entrained along the eastern Greenland margin.
Therefore stations 14-15-16 or station 9 could,
in principle, provide the appropriate SPMW
characteristics. However, DSOWand LSWare salt-
ier than the resultingNWABW(S= 34.88, 34.85 and
34.84, respectively), implying that the other compo-
nent should be fresher. SPMW found at stations 14-
15-16 and 9 are too saline (�35.0; see Table 2) to
account for the relatively low NWABW salinity. On
the other hand, the SPMW found at station 2 is
fresher, making this water mass a good candidate
for the mixing. Its characteristics, averaged from
5 samples with sq < 27.75 kg m�3 (this density
level corresponding to the lower SPMW boundary
[Lacan and Jeandel, 2004c]) will thus be used to
define the SPMW end-member (see Table 4: eNd =
�13.9 ± 0.2, [Nd] = 2.7 ± 0.1 ppt, S = 34.77 ± 0.1,

q = 4.07 ± 0.5�C, [O2] = 9.53 ± 0.3 mg L�1).

[36] The mixing described by Schmitz [1996]
involves 1=2 DSOW and 1=2 (LSW + SPMW).
Assuming equal contributions of LSW and SPMW
(1=4 each), the calculated characteristics of the
resulting water mass are eNd = �10.8 ± 0.7, S =
34.85 ± 0.03, q = 1.63 ± 0.2�C, [O2] = 9.83 ±
0.1 mg L�1. These values are very consistent with
the NWABW characteristics measured at station 2
(eNd = �10.5 ± 0.4, S = 34.84, q = 1.29�C and
[O2] = 9.82 mg L�1). Indeed, discrepancies be-

Figure 4. Distribution of eNd along isopycnal surfaces
characterizing the core of the three proto-NADW layers
(the data used are identified in Table 2 by c, d, and e
superscripts). For each panel, the potential density
reported is the average of those of the samples for which
Nd IC are displayed. Maps created with the Ocean Data
View Software (R. Schlitzler, Ocean Data View, 2004;
available at http://www.awi-bremerhaven.de/GEO/
ODV).
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tween measured and calculated values are small
compared to the variation ranges of each parameter
between the end-members (5% 6%, 8% and 2% for

eNd, S, q and [O2], respectively).

[37] These results confirm the mixing scenario
proposed by Schmitz [1996], and explain the eNd
decrease from �8.4 in the DSOW to �10.5 in
the NWABW at the Southern tip of Greenland.
However, unlike what could be understood from
the Schmitz [1996] and McCartney [1992]
descriptions, hydrographical properties suggest
that the SPMW contribution involves a signifi-
cantly fresher SPMW variety than that found
immediately downstream of Denmark Strait.
The latter conclusion needs however to be qual-
ified by the fact that temporal variabilities may
significantly modify SPMW property distribu-
tions [Talley, 1999].

[38] Further downstream, between stations 2 and 3
(Figure 1), the NWABW Nd IC decreases very
significantly from eNd = �10.5 to �14.9. This
decrease is associated with salinity and tempera-
ture increases and a decrease in oxygen concen-
tration (see Table 2; NWABW properties at station
2: eNd = �10.5 ± 0.4, [Nd] = 3.0 ± 0.2 ppt,
S = 34.84, q = 1.29�C, [O2] = 9.82 mg L�1; and
at station 3: eNd = �14.9 ± 0.4, S = 34.87, q =
1.83�C, [O2] = 9.45 mg L�1). These hydrograph-
ical variations probably reflect a mixing of
NWABW with the overlying NEADW, character-
ized at station 2, 2550 m depth, by eNd = �12.1 ±
0.4, [Nd] = 2.6 ± 0.2 ppt, S = 34.885, q = 2.10�C
and [O2] = 9.26 mg L�1 (two NEADW samples
were analyzed at station 2: the purest NEADW
form was sampled at 2270 m depth, whereas the
sample used here represents the NEADW layer
just above the NWABW). According to this hy-
pothesis, conservation of salinity, potential temper-
ature and dissolved oxygen concentration imply
mixing proportions of 67%, 67% and 66%
NEADW, respectively. The consistency of these
results strongly confirms the mixing hypothesis.
However, given that this mixing yields a
NWABW Nd IC of �11.5, this process alone is
unable to explain the very negative NWABW Nd
IC of �14.9. Therefore, out of the 4.4 eNd unit
decrease of the NWABW between stations 2 and
3, 3.4 eNd units cannot be explained by water
mass mixing and therefore must result from
external inputs. Unfortunately, no sample was
collected for REE concentration measurements
in the NWABW at station 3. However, all the
samples analyzed for REE concentrations at this

station (400, 998 and 1700 m depth; see Table 3)
display high Nd concentrations and high values
of Ce/Ce* and Lan/Ybn (values of the order of
3.6 ppt, 0.4 and 0.5, for [Nd], Ce/Ce* and Lan/Ybn,
respectively; whereas typical oceanic values in
this area are 2.6 ppt, 0.2 and 0.3, for [Nd], Ce/
Ce* and Lan/Ybn, respectively), indicating the
occurrence of recent lithogenic inputs and sug-
gesting that they could affect the whole water
column.

[39] The NWABW found at station 6 (Figure 1),
located further downstream of station 3, displays
similar hydrographical and Nd characteristics
(eNd = �14.5) as those found at station 3. This
suggests that these lithogenic enrichments affect
the bulk of the NWABW, which represents a flux
of approximately 6 Sv in the studied area (the
2 Sv of western LDW not merging with the
NWABW north of 50�N, according to Schmitz
[1996]).

[40] The lithogenic inputs could come from dis-
solved river inputs, dust deposits or sediment
remobilization. The southwest Greenland coast,
of Archaean origin, is characterized by very neg-
ative Nd IC. Its dissolved and particulate river
loads have been measured between eNd � �43
and �24 [Goldstein and Jacobsen, 1987; von
Blanckenburg and Nägler, 2001]. The lower limit
of this range is amongst the most negative Nd IC
outcropping on earth. It can therefore be consid-
ered as a lower limit for particulate and dissolved
river loads and aerosols. On the other hand, surface
seafloor sediments, in contact with the NWABW in
the vicinity of station 3, are characterized by eNd �
�24 [Innocent et al., 1997]. We infer that, after the
mixing lowers its eNd to �11.5 (and yields an Nd
concentration of 2.7 ppt), the NWABW receives
the lithogenic inputs. This water mass totals 6 Sv.
The external input flux of Nd required to drop the
NWABW Nd IC down to �14.9 at station 3 is
estimated using equation (2):

ei � Ndi � Fw þ ea � Fa ¼ ef � Ndi � Fw þ Fað Þ; ð2Þ

where ei, ef and ea stand for eNd of the water
mass before (initial) and after (final) the external
input and for that of the added material
(addition), respectively. Ndi is the initial Nd
concentration, Fw the water mass flux and Fa the
external flux of Nd. Here: ei = �11.5, ef =
�14.9, �43 < ea < �24, Ndi = 2.7 ppt, Fw =
6 Sv. Fa is calculated to be at least 2.0 g s�1 in
the case of dissolved river loads and dust (ea 	
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�43) and �6.0 g s�1 in the case of sediment
remobilization (ea � �24).

[41] The dissolved Nd concentration in rivers from
South West Greenland is on average 330 ppt
[Goldstein and Jacobsen, 1987]. Assuming a fresh-
water flux of 1.6 � 103 m3 s�1 [Khatiwala et al.,
1999], this leads to a flux of 0.5 g s�1. Considering
that 70% of this flux is retained in estuaries
[Goldstein and Jacobsen, 1987], the flux reaching
the ocean would be 0.16 g s�1, which accounts for
only 8% of the required 2.0 g s�1.

[42] Mineral aerosol fluxes to the ocean have been
estimated to be lower than 1000 mg m�2 yr�1 in
the north of the North Atlantic [Duce et al., 1991].
The area located between stations 2 and 3 is
approximately 600 km long and the Deep Western
Boundary Current is thought to be approximately
150 km wide [Rhein, 2000]. Using an aerosol
Nd concentration of 20 � 10�6 g g�1 and a
dissolution ratio of 30% (dissolution ratios have
been estimated between 2 and 30% [Tachikawa et
al., 2003]; the upper limit of this range has been
chosen here in order to calculate an upper limit for
the aeolian flux), the aerosol Nd flux is estimated
to be lower than 0.02 g s�1, which accounts for
only 1% of the required 2.0 g s�1.

[43] Sediment accumulation rates in this area are
around 40 cm kyr�1 [Innocent et al., 1997]. Consid-
ering that the NWABW interacts with the sediments
over the area described above (600 km x 150 km),
that the sediment density is�1.5 g cm�3 [Carter and
Raymo, 1999], and that their Nd concentration is
�30 � 10�6 g g�1 [Innocent et al., 1997], then the
sediment accumulation corresponds to an Nd flux of
�51 g s�1. Therefore the remobilization of�10% of
the sediment flux reaching the seafloor (i.e., the sum
of sediment accumulation and remobilization
fluxes) would be sufficient to account for the exter-
nal Nd flux required to explain the NWABW Nd IC
(6.0 g s�1).

[44] Although the above quantifications need to be
considered cautiously owing to the numerous
assumptions and uncertainties about the Nd fluxes,
they strongly suggest that the remobilization of
sediments deposited at the bottom of the margin is
the external source leading to the NWABW Nd IC
decrease. Indeed, it is the only source large enough
to account for the observed variations, the others
being one or more orders of magnitude too low.
Furthermore, the direct impact of dissolved river
and aerosol fluxes would preferentially affect sur-

face waters, whereas the NWABW flows around
2500 m depth. On the other hand, sediment remo-
bilization, enhanced by dynamic flows such as the
Deep Western Boundary Current, may directly
influence the Nd IC of water masses along conti-
nental margins. Such interactions have been
reported previously along several margins [Lacan
and Jeandel, 2005, and references therein]. This
conclusion significantly contrasts with Piepgras
and Wasserburg’s [1987] hypothesis according to
which the negative Nd signature of the bottom and
deep Labrador Sea Water masses could result from
deep convection of unradiogenic surface waters
originating from the Labrador Current and Baffin
Bay.

[45] In the absence of other fluxes, the sediment
remobilization described above (6.0 g(Nd) s�1)
should increase the NWABW Nd concentration
from 2.7 ppt to 3.7 ppt. The NWABW Nd concen-
tration could not be measured at station 3. How-
ever, previously published data off Flemish Cap
and further south within the Deep Western Bound-
ary Current, suggest that it is �2.8 ppt [Piepgras
and Wasserburg, 1987]. This value is not signifi-
cantly different from that characterizing the water
mass before the Nd input. Therefore, as discussed
by Lacan and Jeandel [2005], sediment remobili-
zation leading to the Nd IC variation is probably
associated with Nd removal fluxes (Nd removal
fluxes having in principle no influence on the water
mass Nd IC) from the water mass toward the
sediment, a process called boundary exchange.
The occurrence of such fluxes is consistent with
partial leaching experiments conducted on Baffin
Bay sediments, which suggest that the more radio-
genic Nd IC of their labile fraction is due to
adsorption from seawater [von Blanckenburg and
Nägler, 2001].

4.2. NEADW

[46] As shown in Figure 4, the NEADW Nd IC is
very homogeneous within the studied area (with
values ranging between �13.2 and �12.6), except
at station 3 (Figure 1) where it is almost 4 eNd units
less (eNd = �16.4). Owing to our conclusions about
the NWABW and the REE concentrations mea-
sured at this station, this negative value probably
results from terrigeneous inputs. However, unlike
the NWABW, the NEADW at station 6 hardly
reflects this negative signature. This Nd IC differ-
ence between stations 3 and 6, measured in sam-
ples having the same density (sq = 27.84 kg m�3),
suggests that the NEADW at station 6 does not
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directly come from station 3. On the other hand,
the similarity of the NEADW Nd IC at all stations
except station 3 suggests that this water mass is
actively mixed between these stations. Therefore
two hypotheses could explain the Nd IC difference
between station 3 and 6: either the NEADW found
at station 3 does not actively participate in the
NEADW formation, or the NEADW mixing is so
intense that the influence of station 3 is almost
uniformly redistributed around the gyre, smoothing
out any significant Nd IC horizontal gradient
between the other stations.

[47] We initially assume that the NEADW signa-
ture at station 3 has a negligible impact on the rest
of the gyre. The average NEADW Nd IC of the
other stations is eNd = �12.8 ± 0.2. According to
Schmitz [1996], the NEADW is formed from about
1/3 pISOW, 1/3 easternLDW and 1/3 (Modified
North Atlantic Water + LSW). Considering these
mixing proportions and the Nd properties of the
end-members defined in Table 4 (pISOW: eNd =
�8.2 ± 0.6, [Nd] = 3.1 ± 0.3 ppt; easternLDW:

eNd = �12.5 ± 0.4, [Nd] = 3.4 ± 0.4 ppt; Modified
North Atlantic Water: eNd = �13.1 ± 0.3, [Nd] =
2.4 ± 0.2 ppt; LSW properties defined as in the
preceding section: eNd = �13.5 ± 0.4, [Nd] = 2.5 ±
0.2 ppt), the resulting NEADW Nd IC should be
�11.2 ± 0.3 (this value is calculated assuming an
equivalent contribution of the Modified North
Atlantic Water and LSW, i.e., 1/6 each. However,
the similar Nd ICs of these 2 water masses imply
that different relative contributions would not sig-
nificantly modify this result). This calculated value
is significantly more positive (1.6 eNd units) than
the mean measured value of �12.8 ± 0.2.

[48] A more detailed knowledge of the different
water mass contributions to the NEADW formation
would be required to address this discrepancy pre-
cisely in terms ofwater massmixing andNd external
inputs. Such understanding is not yet available to our
knowledge [Swift, 1984;McCartney, 1992;Dickson
and Brown, 1994; Hansen and Østerhus, 2000;
Fleischmann et al., 2001; Read, 2001]. Neither can
this issue be addressed in detail with the present data
set, in particular because of the number of water
masses involved and the restricted spatial resolution
of the sampling. Therefore the above described Nd
IC discrepancy will be discussed considering gross
circulation features.

[49] The only water mass involved in the NEADW
formation having a Nd IC significantly more pos-
itive than that measured in the NEADW is the
radiogenic pISOW (eNd = �8.2 ± 0.6). The other

water masses involved in the NEADW formation
(easternLDW, Modified North Atlantic Water and
LSW) have Nd ICs which do not substantially
differ from each other, varying from �13.5 to
�12.5. The acquisition of the NEADW Nd IC
can therefore be considered as resulting from the
relative influence of two end-members: on the one
hand, the pISOW and, on the other hand, the sum
of the other water masses, named here the Unra-
diogenic Waters.

[50] According to this description, an upper limit
for the pISOW contribution to the NEADW for-
mation can be constrained from the Nd IC data. If
we consider that the Unradiogenic Waters are
characterized by the most negative Nd IC and the
highest Nd concentration among all the end-mem-
ber components (eNd = �13.5 and [Nd] = 3.4 ppt;
see Table 4), and if we set the pISOW Nd IC to its
most negative value within the error bar (such
assumptions maximize the pISOW contribution),
then 16% pISOW would be required to produce a
NEADW with an Nd IC of �12.8. Such a pISOW
contribution is far below what is commonly
accepted in the literature, the pISOW (totaling
�2 Sv) being considered as one of the main
constituents of the NEADW [Hansen and
Østerhus, 2000]. This calculation shows that, even
when considering an extreme case, water mass
mixing cannot account for the observed NEADW
Nd IC. This suggests that another source of unra-
diogenic Nd is required in the NEADW formation.
It is therefore probable that the terrigeneous inputs
evidenced at station 3 significantly influence the
NEADW Nd signature throughout the Subpolar
North Atlantic area.

[51] Unlike the NWABW, the NEADW does not
flow along the seafloor, but along the slope
(�2250 m depth). Thus the Nd IC of the input
material probably ranges from eNd = �43 (charac-
terizing a lower limit for the particulate and dis-
solved river loads and the aerosols) to eNd = �24
(characterizing surface seafloor sediments in the
vicinity of station 3). It was estimated above that
pure mixing would yield a eNd of �11.2 for the
NEADW (with a corresponding Nd concentration
of 3.0 ± 0.2 ppt). Taking a water mass flux of about
6 Sv, the external Nd flux required to account for
the observed NEADW Nd IC (eNd = �12.8) ranges
between 1.0 and 2.6 g s�1 (for ea = �43 and �24,
respectively; see equation (2)). These values are
roughly half (ranging between 50 and 43%) of
those calculated for the NWABW. Therefore, as for
the NWABW, the external Nd flux probably results
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from sediment remobilization, since dissolved
river loads and atmospheric deposits have been
estimated far below such fluxes.

[52] The origin of the sediments deposited on the
slope has not been documented to our knowledge.
However, narrow continental shelves, such as that
found along the South West Greenland coast (see
Figure 1), have been shown to favor sediment
transfer from river mouths toward the deep sea
[Milliman and Syvitski, 1992]. We will therefore
assume that the sediments deposited on the slope
are mainly derived from the river particulate dis-
charge along this coast. No river particulate flux
compilation is available in this area to our knowl-
edge. However, on the global scale, river particu-
late Nd fluxes are on average 800 times greater
than dissolved fluxes [Milliman and Meade, 1983;
Goldstein and Jacobsen, 1987; Tachikawa et al.,
2003]. Applying this ratio to the rivers of the South
West Greenland coast leads to a Nd flux of
134 g s�1. The remobilization of only 0.7 to 1.9%
of this discharge would account for the Nd flux of
1.0 to 2.6 g s�1 required to explain the NEADWNd
IC, for ea = �43 and �24, respectively.

[53] As previously, these calculations are based on
numerous assumptions and need to be considered
cautiously. However, they strongly suggest that the
NEADW Nd IC is significantly influenced by
interactions with sediments deposited on the slope
of the South West Greenland margin. This influ-
ence would then be almost uniformly redistributed
over the entire studied area. This point contrasts
with the NWABW Nd IC variations which occur
successively along its flow. This underlines the
different circulation features of these two water

masses, the NWABW being restricted to the Deep
Western Boundary Current, whereas the NEADW
is widely involved in deep recirculation loops on
both sides of the Mid Atlantic Ridge.

[54] This hypothesis, according to which unradio-
genic lithogenic imprints on both NWABW and
NEADW occur via sediment/seawater interactions,
significantly contrasts with Piepgras and
Wasserburg’s [1987] hypothesis according to which
the negative Nd signature of the bottom and deep
Labrador Sea Water masses could result from deep
convection of unradiogenic surface waters originat-
ing from the Labrador Current and Baffin Bay.

[55] In the absence of other fluxes, such Nd input
(1.0 to 2.6 g s�1) would slightly increase the
NEADW Nd concentration from 3.0 ± 0.2 ppt to
3.2 to 3.4 ppt, for ea = �43 and �24, respectively.
As for the NWABW such an increase has not been
observed, since the average NEADW Nd concen-
tration within the studied area is 2.7 ± 0.1 ppt. This
suggests that boundary exchange also affects the
NEADW.

4.3. LSW

[56] The LSW is characterized by eNd = �13.5 ±
0.4 at station 2 (Figure 1, at 1600 m depth). This
sample represents the purest form of LSW that has
been sampled here (see its salinity and oxygen
extrema in Figure 3). This is consistent with the
fact that, among the stations where LSW was
sampled, station 2 is the closest to the formation
area of this water mass (no LSW sample is avail-
able at station 7). At station 6, located at the exit of
the studied area, the LSW has an eNd of �13.9 ±
0.4, identical to the station 2 value given the
uncertainty of measurement. In fact, Figure 4
shows that LSW displays a homogeneous horizon-
tal Nd IC distribution (variation range of 1.3 eNd
units over the entire studied area). Such homoge-
neity probably results from the rapid transport of
this water mass within the North Atlantic Subpolar
Gyre.

[57] The LSW is formed by deep convection in the
Labrador Sea from the overlying waters, the
SPMW (Figure 2) [Talley and McCartney, 1982].
The acquisition of the SPMW Nd IC is described in
detail in a previous work [Lacan and Jeandel,
2004c], based on data obtained from the same
cruise. We concluded that the SPMW Nd IC results
from the mixing of North Atlantic Central Water
(warm and saline waters of subtropical origin,

eNd � �10.2) and Subarctic Intermediate Water

Figure 5. Salinity versus eNd for seawater samples of
the first 125 m of the Labrador Current, with salinities
lower than 34.7. Black and gray squares represent data
from the SIGNATURE cruise and data reported by
Piepgras and Wasserburg [1987], respectively.
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(SAIW, a cold and fresh water mass originating
from the Labrador current, eNd � �15.1), within
the first 1000 m of the North Atlantic Subpolar
Gyre. The SPMW Nd IC at station 2 is eNd =
�13.9 ± 0.2 (see Table 4). This value is equivalent
to that of the LSW at the same station, clearly
suggesting that the LSW acquires its Nd IC from
the SPMW from which it is formed, and that no
mechanism other than convection needs to be
invoked. It can therefore be concluded that the
LSW Nd IC directly reflects that of the overlying
SPMW, which itself results from the two end-
member mixing of North Atlantic Central Water
and SAIW.

[58] The unradiogenic SAIW signature has been
hypothesized to result from the very unradiogenic
signature of the Labrador Current Water, eNd �
�17 (value calculated from Labrador Current sam-
ples with 33 < S < 34.7 [Lacan and Jeandel,
2004c]). The Nd IC of seawater samples taken
within the Labrador Current are represented as a
function of salinity in Figure 5. The fact that the
lowest eNd values correspond to the lowest
salinities S is consistent with Piepgras and
Wasserburg’s [1987] hypothesis according to
which the unradiogenic signature of the Labrador
Current could be due to fresh water runoff from the
Canadian Shield. Therefore the unradiogenic com-
ponent of the LSW could ultimately be linked to
these unradiogenic lithogenic inputs. However, this

hypothesis needs to be confirmed by a better
documentation of the links between LSW and
SAIW.

4.4. Proto-NADW

[59] Figure 6 summarizes the Nd IC acquisition of
the three proto-NADW layers, through water mass
mixing and lithogenic inputs. Considering the Nd
IC and the concentration of these three layers at
station 6 (which characterizes the water masses
heading southward from the Subpolar North At-
lantic) and their relative fluxes (LSW: eNd �13.9 ±
0.4, [Nd] = 2.5 ± 0.2 ppt, 4 Sv; NEADW: eNd
�13.2 ± 0.4, [Nd] = 2.6 ± 0.2 ppt, 6 Sv; NWABW:

eNd �14.5 ± 0.4, [Nd] = 2.8 ± 0.2 ppt, concentra-
tion from Piepgras and Wasserburg [1987], 6 Sv)
the average proto-NADW Nd IC is eNd = �13.9 ±
0.2 (a 20% uncertainty has been ascribed to the
water mass fluxes). This value conforms closely to
that of �13.5 ± 0.5 characterizing the mature
NADW in the subtropical North Atlantic Ocean
(see compilation by von Blanckenburg [1999]).
This implies that the NADW Nd IC acquisition is
almost totally completed within the Subpolar North
Atlantic (north of 50�N), as already underlined by
Piepgras and Wasserburg [1987].

[60] South of this region, the influence of the
westernLDW (eNd � �13.5) on the LowerNADW
and that of the Mediterranean Outflow Water

Figure 6. Summary diagram of the Nd IC acquisition of the three proto-NADW layers (LSW, NEADW, and
NWABW, identified by the blue frames). The Nd IC of the water masses are indicated. The estimated relative
contributions of the source waters are reported. Lithogenic inputs are described in the dashed frames, including
their Nd IC, the estimated Nd flux, and the consequence of this input on the water mass Nd IC (‘‘’’ stands for
decrease).
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(eNd � �9.4) on the UpperNADW do not signif-
icantly modify the signature of these waters masses
[Piepgras and Wasserburg, 1987; Spivack and
Wasserburg, 1988]. Further south, the signatures
of these layers increase progressively as the result
of progressive mixings with Antarctic Intermediate
Water (AAIW, eNd � �8.2) and Antarctic Bottom
Water (eNd � �8.5) [Piepgras and Wasserburg,
1987; Jeandel, 1993]. On the other hand, the
MiddleNADW Nd signature acquired in the Sub-
polar North Atlantic remains almost unchanged as
far south as 40�S (eNd = �12.5 ± 0.5 [Jeandel,
1993]).

5. Summary and Conclusion

[61] The NWABW, which constitutes the proto-
lower-NADW off Flemish Cap, seems to acquire
its Nd IC as follows. The mixing of �1=2 DSOW
(eNd � �8.4), �1=4 LSW (eNd � �13.5) and
�1=4 SPMW (eNd � �13.9) produce the
NWABW found at Cape Farewell, characterized
by eNd � �10.5 (note that the end-member Nd
concentrations need to be taken into account to
calculate this value). The NWABW Nd IC de-
crease observed along the southwest Greenland
margin (from eNd = �10.5 to �14.9) is explained
to a small extent (1 eNd unit) by a significant
mixing with the NEADW and to a greater extent
(3.4 eNd units) by sediment remobilization along
the margin.

[62] Our understanding of the complex formation
of the NEADW (proto-middle-NADW), in terms
of water masses, is still insufficient to address in
finer detail the acquisition of its Nd IC. However,
considering gross circulation features, with regard
to the Nd IC, the NEADW formation can be
understood as resulting from the relative influence
of two end-members: on the one hand, the pISOW
(eNd = �8.2) and, on the other hand, the sum of the
other water masses involved (easternLDW, LSW
and Modified North Atlantic Water, characterized
by similar Nd IC, �13.5 < eNd < �12.5, named
here Unradiogenic Waters). Such mixing would
lead to a water mass characterized by eNd �
�11.2. External Nd fluxes from sediments depos-
ited on the South West Greenland slope, whose
influence would be actively redistributed through-
out the North Atlantic Subpolar gyre, would sig-
nificantly decrease the NEADW Nd IC, from
�11.2 to �12.8.

[63] The LSW (proto-upper-NADW) probably
acquires its Nd IC (eNd = �13.5 ± 0.4) directly

from the SPMW from which it is formed by deep
convection. The SPMW Nd signature has been
suggested to result from the mixing of North
Atlantic Central Water (eNd � �10.2) and SAIW
(eNd � �15.1 [Lacan and Jeandel, 2004c]). The
unradiogenic signature of the SAIW could itself
result from the very unradiogenic signature of the
Labrador Current Water (eNd � �17), which
itself probably reflects lithogenic inputs via fresh
water runoff from the Canadian Shield. A better
documentation of the SAIW and Labrador Cur-
rent Water would be required to relate the LSW
Nd IC to its ultimate unradiogenic lithogenic
sources.

[64] This new set of Nd IC data, characterized by a
significantly better spatial resolution within the
North Atlantic Subpolar gyre than the pioneer
work of Piepgras and Wasserburg [1987], provides
evidence that the three NADW layers acquire their
Nd signatures in different ways. In the three cases,
distinct water mass mixings derived from source
waters with very diverse Nd IC (ranging from �17
for the Labrador Current Water to �8.2 for the
pISOW), and distinct lithogenic inputs, character-
ized by very diverse Nd IC (ranging from �43 for
the South West Greenland margin to +7 for the
Greenland-Scotland gap [Lacan and Jeandel,
2004b]), are involved.

[65] In the three cases and especially for the
NEADW, a better understanding of the water
mass formations, in terms of water mass mixing,
would have been necessary to fully exploit the
Nd IC data. Although somewhat neglected in
comparison with more dynamic approaches
nowadays, the study of water mass distributions
and mixings is essential for the use of many
geochemical tracers and needs to be more inten-
sively developed.

[66] Lithogenic inputs play a very significant role
in the acquisition of the NADW Nd IC. Up to now,
unradiogenic lithogenic sources derived from the
Greenland and Canadian shield areas have been put
forward to explain the unradiogenic signature of
the NADW [e.g., Piepgras and Wasserburg, 1987;
von Blanckenburg and Nägler, 2001]. The present
data set gives evidence that the unradiogenic litho-
genic inputs affecting the NWABW and NEADW
occur along the Greenland margin and suggests no
direct contribution from the Canadian margin. On
the other hand, the LSW Nd IC seems to receive
lithogenic inputs from the Baffin Bay and the
Labrador margins, via contributions of Labrador
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Current Water and SAIW to the LSW formation
(no contribution from the South West Greenland
margin was detected in that case).

[67] The data obtained during the SIGNATURE
cruise [Lacan and Jeandel, 2004a, 2004b, 2004c;
this work] underlines that, even though these
unradiogenic sources dominate the lithogenic
imprint on the NADW, radiogenic lithogenic
inputs occurring over the Greenland Scotland
ridge are also very significant (increasing
the DSOW and ISOW Nd IC by �2.5 and
�1.8 eNd units, respectively). Therefore the total
lithogenic imprint on the NADW Nd IC, in its
formation area, should be considered as resulting
from the sum of unradiogenic and radiogenic
sources.

[68] Flux calculations firmly suggest that except
for the LSW, all the documented lithogenic inputs
(affecting the NWABW, NEADW, DSOW and
ISOW) occurred via sediment remobilization. In
the case of the NWABW and NEADW, the sedi-
ment/seawater interactions evidenced along the
South West Greenland margin seem to involve
both sediment remobilization and Nd removal from
seawater to the sediments. This process, named
boundary exchange [Lacan and Jeandel, 2005], is
invoked in order to explain the significant Nd IC
variations in the absence of significant Nd concen-
tration variations.

[69] The present study of the NADW Nd IC
acquisition provides significant new constraints
on water mass circulation and terrigeneous inputs
involved in the NADW formation. In addition it
should allow more precise interpretations of pale-
oceanographic Nd IC records: past variations of the
NADW Nd IC could be interpreted taking into
account the distinct histories of the three NADW
layers, including distinct water mass mixings and
distinct lithogenic inputs.
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