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Abstract

The Labrador Sea is one of the key areas for deep water formation driving the Atlantic thermohaline circulation and thus
plays an important role in Northern Hemisphere climatic fluctuations. In order to better constrain the overturning processes
and the origins of the distinct water masses, combined dissolved Hf–Nd isotopic compositions and rare earth element (REE)
distribution patterns were obtained from four water depth profiles along a section across the Labrador Sea. These were com-
plemented by one surface sample off the southern tip of Greenland, three shallow water samples off the coast of Newfound-
land, and two deep water samples off Nova Scotia.

Although light REEs are markedly enriched in the surface waters off the coast of Newfoundland compared to north Atlan-
tic waters, the REE concentration profiles are essentially invariant throughout the water column across the Labrador Sea. The
hafnium concentrations of surface waters exhibit a narrow range between 0.6 and 1 pmol/kg but are not significantly higher
than at depth.

Neodymium isotope signatures (eNd) vary from unradiogenic values between �16.8 and �14.9 at the surface to more
radiogenic values near �11.0 at the bottom of the Labrador Sea mainly reflecting the advection of the Denmark Strait Over-
flow Water and North East Atlantic Deep Water, the signatures of which are influenced by weathering contributions from
Icelandic basalts. Unlike Nd, water column radiogenic Hf isotope signatures (eHf) are more variable representing diverse
weathering inputs from the surrounding landmasses. The least radiogenic seawater eHf signatures (up to �11.7) are found
in surface waters close to Greenland and near the Canadian margin. This reflects the influence of recirculating Irminger Cur-
rent Waters, which are affected by highly unradiogenic inputs from Greenland. A three to four eHf unit difference is observed
between Denmark Strait Overflow Water (eHf � �4) and North East Atlantic Deep Water (eHf � �0.1), although their
source waters have essentially the same eNd signature. This most likely reflects different weathering signals of hafnium deliv-
ered to Denmark Strait Overflow Water and North East Atlantic Deep Water (incongruent weathering of old rocks from
Greenland versus basaltic rocks from Iceland). In addition, the eHf data resolve two layers within the main body of Labrador
Sea Water not visible in the eNd distribution, which are shallow Labrador Sea Water (eHf � �2) and deep Labrador Sea
Water (eHf � �4.5). The latter layer was formed between the late 1980’s and mid 1990’s during the last cold state of the
http://dx.doi.org/10.1016/j.gca.2016.11.024

0016-7037/Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: afilippova@geomar.de (A. Filippova).

http://dx.doi.org/10.1016/j.gca.2016.11.024
mailto:afilippova@geomar.de
http://dx.doi.org/10.1016/j.gca.2016.11.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2016.11.024&domain=pdf


A. Filippova et al. /Geochimica et Cosmochimica Acta 199 (2017) 164–184 165
Labrador Sea and underwent substantial modification since its formation through the admixture of Irminger Water, Iceland
Slope Water and North East Atlantic Deep Water, which is reflected in its less radiogenic eHf signature. The overall behavior
of Hf in the water column suggests its higher sensitivity to local changes in weathering inputs on annual to decadal timescales.
Although application of Hf isotopes as a tracer for global water mass mixing is complicated by their susceptibility to incon-
gruent weathering inputs they are a promising tracer of local processes in restricted basins such as the Labrador Sea.
Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Combined radiogenic Hf and Nd isotope compositions
are a powerful tool to trace present and past ocean circula-
tion and changes in weathering inputs (Bayon et al., 2006,
2009; Godfrey et al., 2009; Rickli et al., 2009, 2010; Chen
et al., 2012; Stichel et al., 2012a,b) but the exact mecha-
nisms controlling their behavior and distribution in seawa-
ter, in particular those of Hf isotopes, are still not well
constrained. Due to very small differences in the abundance
of the radiogenic isotopes (176Hf, 143Nd), the hafnium and
neodymium isotope ratios of interest (176Hf/177Hf or
143Nd/144Nd) are normally expressed in epsilon units as
deviations from the Chondritic Uniform Reservoir corre-
sponding to 0.512638 for Nd (Jacobsen and Wasserburg,
1980) and 0.282785 for Hf (Bouvier et al., 2008).

eHf or eNd ¼ ½RSAMPLE=RCHUR � 1� � 10000;
where R reflects 176Hf/177Hf and 143Nd/144Nd, respectively.

The neodymium isotope composition in seawater has
been studied for many decades (since the late 70’s) resulting
in a large data set of eNd signatures of different water
masses in the global ocean ranging from �26.6 to +2.7
(Grasse et al., 2012; Lacan et al., 2012; Fröllje et al.,
2016). Clear and well resolved eNd signatures of different
water masses in the ocean reflect weathering inputs from
rocks different in age and type in their source areas. The
average residence time of Nd is on the order of 400–
1000 years (Arsouze et al., 2009; Rempfer et al., 2011).
Given that the Nd isotope signatures generally covary with
salinity and nutrient content of deep waters in the modern
ocean, they have also been used as a tracer for past water
mass mixing and ocean circulation based on seawater-
derived Nd isotope signatures extracted from sediments
(cf. Frank, 2002; Goldstein and Hemming, 2003;
Piotrowski et al., 2005). Neodymium isotopes are generally
not influenced by fractionation during weathering processes
(Goldstein et al., 1984) with evidence for limited incongru-
ent weathering of Nd isotopes in some high latitude glacial
weathering environments (Öhlander et al., 2000; Andersson
et al., 2001).

In contrast, the applicability of Hf isotopes for the
reconstruction of water mass mixing is complicated by a
strong incongruent weathering effect on Hf isotopes result-
ing in a relatively low variability between different water
masses (van de Flierdt et al., 2007; Rickli et al., 2009;
Stichel et al., 2012a,b). However, seawater Hf isotopic com-
positions appear to be sensitive to changing continental
weathering conditions implying that they are a valuable
tool to monitor such changes (van de Flierdt et al., 2002).
Early studies on the behavior of Hf and its isotopic distri-
bution in seawater were based on data of slowly accumulat-
ing ferromanganese crusts and nodules (Albarède et al.,
1998; David et al., 2001; van de Flierdt et al., 2002,
2004a,b; Bau and Koshinsky, 2006). Direct measurements
of the Hf isotope composition in seawater are, however, still
scarce. Low concentrations of Hf (0.04–1.47 pmol kg�1)
(Godfrey et al., 1996; McKelvey and Orians, 1998) in com-
parison to Nd (15–45 pmol kg�1) (Goldstein and
Hemming, 2003) make these measurements analytically
challenging. Isotopic compositions of Hf in seawater are
available for the Atlantic Ocean (Godfrey et al., 2009;
Rickli et al., 2009, 2010), the Southern Ocean (Stichel
et al., 2012a,b; Rickli et al., 2014), the Pacific Ocean
(Zimmermann et al., 2009b), the Arctic Ocean
(Zimmermann et al., 2009a), and the central Baltic Sea
(Chen et al., 2013). Global open ocean eHf signatures range
from �5.7 to +10 (Godfrey et al., 2009; Rickli et al., 2009,
2010, 2014; Zimmermann et al., 2009a,b; Stichel et al.,
2012a,b; Chen et al., 2013); all eHf values are given relative
to the new CHUR value of 0.282785 from Bouvier et al.,
2008).

Hafnium and Nd isotope compositions are closely corre-
lated in continental rocks and oceanic basalts, which is a
consequence of their similar behavior during magmatic pro-
cesses. This results in a well-constrained linear trend in a
plot of eHf against eNd known as the ‘‘mantle-crust array”
or ‘‘terrestrial array” (eHf = 1.55 * eNd + 1.21, Vervoort
et al., 2011). Studies on ferromanganese crusts already sug-
gested that seawater samples form a separate well-defined
trend, which deviates from the terrestrial array and is
referred to as the ‘‘seawater array” (eHf = 0.62 * eNd
+ 7.38, Godfrey et al., 1997; Albarède et al., 1998; David
et al., 2001). For a given eNd the eHf values are more
radiogenic than the terrestrial array. The direct measure-
ments of seawater carried out over the last decade con-
firmed the existence of the offset seawater array. One of
the possible explanations for this offset is the difference in
the behavior of Nd and Hf isotopes during continental
weathering. Large fractions of the rock-hosted unradio-
genic Hf are trapped in zircons highly resistant to weather-
ing. During weathering this leads to preferential release of
highly radiogenic Hf from the non-zircon portion of the
rocks to river waters and eventually to the ocean (Bayon
et al., 2006; Rickli et al., 2013), which is referred to as the
‘‘zircon effect” (Patchett et al., 1984). However, isotopic
mass balance calculations show that the seawater offset can-
not be solely explained by the zircon effect (Chen et al.,
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2011). Instead, it has been proposed that weathering of
minerals with high Lu/Hf such as garnet, apatite and
sphene also play an important role (Barfod et al., 2003;
Bayon et al., 2009; Godfrey et al., 2009; Chen et al., 2011).

Similar to Nd, the contribution of hydrothermal Hf to
seawater is thought to be negligible based on the currently
available data. This, however, still remains to be proven by
direct measurements of Hf in hydrothermal solutions (van
de Flierdt et al., 2004a,b; Bau and Koshinsky, 2006;
Firdaus et al., 2011). Pettke et al. (2002) evaluated the role
of aeolian inputs as a source of radiogenic Hf to seawater
and found it to be of minor importance. Later Rickli
et al. (2010) observed significant release of Hf from Saharan
dust to surface waters of the Eastern Atlantic Ocean. Once
dissolved in seawater, the estimates of the residence time of
Hf show a large range between a few hundred and several
thousand years (Godfrey et al., 1996; Firdaus et al., 2008;
Rickli et al., 2009), which reflects the different approaches
of estimation and our still limited understanding of Hf
behavior in seawater.

Here we present the first systematic study of combined
dissolved Hf and Nd isotope compositions and REE distri-
bution patterns in the Labrador Sea. The aim of this study
is to trace the mechanisms by which deep water masses
obtain their radiogenic isotope signature and to evaluate
the applicability of Hf isotopes as a tracer for water mass
mixing on relatively short time and length scales in the light
of the new data.

2. MATERIALS AND METHODS

2.1. Seawater

Twenty-six 20 L seawater samples were collected during
an expedition in May 2013 on board of CCGS Hudson
(Fig. 1, Table 1). Four full water depth profiles were col-
lected across the Labrador Sea along the AR7W transect.
Station 8.5 is the station closest to the coast with a water
depth of 1702 m, located over the Labrador Sea slope and
sampling the waters of the Labrador Current (LC, Table 2).
The depth of the station is not sufficient to sample North
East Atlantic Deep Water (NEADW) and Denmark Strait
Overflow Water (DSOW). Stations 13.6 and 15.5 are
located on the Labrador slope at a depth of about
3560 m, which is deep enough to sample all water masses
present in the Labrador Sea. Station 17.5 is the deepest sta-
tion sampled (�3620 m), located in the central part of the
Labrador Sea. Each station was sampled at five different
depths, covering the main water masses in the Labrador
Sea. Station 28, located at the southern tip of Greenland,
is a shallow station (�100 m). The station samples waters
coming from the Arctic and waters of Irminger Sea origin.
Shallow stations BIL02, BIL04 and BIL06 (depth less than
300 m) were sampled along the Belle Isle line, in close prox-
imity to the coast of Newfoundland. Additionally, two deep
water samples HL11 and HL08, representing lower North
Atlantic Deep Water (NADW), were collected along the
extended Halifax line on the way out of the Labrador
Sea, off the coast of Nova Scotia, above the Nova Scotian
slope.
2.2. Hydrography

The Labrador Sea plays an important role in controlling
the strength of the Atlantic thermohaline circulation
(Azetsu-Scott et al., 2003). As one of the regions of deep
water formation contributing to NADW and as the last
recipient of warm saline waters advected from the tropical
Atlantic, the Labrador Sea has had a significant impact
on the global climate and its variability on seasonal to
multi-millennial timescales (Yashayaev et al., 2015) and
vice versa. Temperatures and salinities recorded in May
2013 in the Labrador Sea were higher than previously
recorded between 1994 and 2008 suggesting that warming
had already reached the deepest layers of the Labrador
Sea (Yashayaev and Loder, 2009, 2016).

The Labrador Sea is characterized by a cyclonic circula-
tion (Lazier and Wright, 1993) formed by the LC, the West
Greenland Current (WGC) and its underlying current,
extending to the Deep Western Boundary Current (DWBC)
(Fig. 1) (Azetsu-Scott et al., 2003). This cyclonic circulation
is bounded by the North Atlantic Current (NAC) on its
southeastern margin (Azetsu-Scott et al., 2003; Yashayaev
and Clark, 2006; Yashayaev et al., 2015).

Surface waters on the Labrador shelves and slopes down
to a depth of about 200 m are relatively warm and fresh
(T > 2.8 �C, S < 34.8) and are formed by mixing of WGC,
LC, Irminger Current (IC), NAC and large fresh water
inputs from land (Lazier et al., 2002). Spreading offshore,
these waters create a distinct body between 100 and
200 m water depth (Lazier et al., 2002) and produce along-
shore currents (Csanady, 1976, 1978; Smith and Schwing,
1990). The presence of LC waters, that can propagate up
to depths of 1500 m (deep LC) on the southeastern Labra-
dor shelf and slope was detected at the shallow stations
(BIL02; BIL04; BIL06) along the Belle Isle line. The posi-
tion of the stations lies in the pathway of cold and fresh
waters, flowing from the Hudson Strait and Baffin Bay
along the Canadian shelf, which is consistent with the cold
temperatures and low salinities at stations BIL02, BIL04
(T � �1.2 �C to �1.4 �C; S � 32.91–32.99, Fig. 2). In addi-
tion, they may have been influenced by admixture of waters
intruding from the coast through the Belle Isle Strait
(Fig. 1). Waters sampled at station BIL06, located further
offshore, are slightly warmer and saltier (T � 0 �C,
S � 33.62).

The hydrographic properties of the water collected at
station 28 on the Greenland shelf from a depth of 107 m
(7.5 ml/l oxygen, 1.85 �C and a relatively low salinity of
34.07) are consistent with waters of polar origin transported
by the WGC (continuation of the East Greenland current).
However, temperature and salinity increase with depth at
station 28, indicating the presence of waters originating
from the Irminger Current (IC, Fig. 1), which flows in from
the Irminger Sea and propagates as a tongue of saltier, war-
mer waters into the Labrador Sea at depths of 300–800 m
(Reynaud et al., 1995; Fogelqvist et al., 2003). Its deeper
parts contain Iceland Slope Waters (ISW) (Yashayaev
et al., 2008). The temperature and salinity signal of this cur-
rent is also detectable at the northern and southern margin
of the Labrador Sea but is more pronounced on the Green-



Fig. 1. Schematic map of the study area. Blue arrows represent cold deep currents and red arrows denote warm surface currents. Red dots
indicate the positions of the stations occupied during CCGS Hudson Cruise 2013. A schematic representation of the geology of the
surrounding landmasses is shown and includes average eHf and eNd values of the rocks. For full ranges of the values, please refer to original
publications (Gerasimovsky et al., 1975; Zindler et al., 1982; Swinden et al., 1990; Stern et al., 1994; Camire et al., 1995; Skulski and Percival,
1996; La Fleche et al., 1998; Maclachlan and Dunning, 1998; Maclachlan et al., 1998; Nowell et al., 1998; Salters and White, 1998; Blichert-
Toft and Arndt, 1999; Fitton et al., 2000; Goodenough et al., 2002; Stracke et al., 2003; West et al., 2004; Gaffney et al., 2007; Kitagawa et al.,
2008; Tappe et al., 2008; Hoffmann et al., 2010; Jackson et al., 2010; Peate et al., 2010; Chekol et al., 2011; Koornneef et al., 2012; Szilas et al.,
2012; Szilas et al., 2013; Minifie et al., 2013; Rizo et al., 2013; Manning and Thirlwall, 2014). Figure was created with ODV software (Schlitzer,
2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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land side because eddy formation and recirculation dilute
these waters along their pathway around the Labrador
Sea (Yashayaev and Clark, 2006). At the southern margin
of the Labrador Sea these waters have been sampled in
the upper few hundred meters at station 8.5, at densities
between 27.69 and 27.71 kg/m3 (normalized to zero pres-
sure at surface layer) (Fig. 2B, D).

The penetration depths of newly formed Labrador Sea
Water (LSW) (from 900 up to 2400 m) depend on the inten-
sity of cold, northwesterly winds blowing from Canada
over the surface of the Labrador Sea and on the severity
of winters in previous years (Yashayaev and Clark, 2006).
In addition, stratification of the affected water column
before and at the time of each convective event also plays
a role. The 2012/2013 wintertime convection of the Labra-
dor Sea was moderately strong producing mixed layer
depths varying between 1300 and 1500 m that were not uni-
formly distributed across the Labrador Sea. The presence
of shallow LSW (SLSW) at all stations is clearly marked
by salinities of 34.85–34.87 and temperatures around 3.6 �
C (Fig. 2B), covering the density range from 27.71 to up
to 27.725 kg/m3. Oxygen concentrations of these waters
are relatively high at 6.5–6.6 ml/l (Fig. 2D).

A gradual increase in salinities to up to 34.91–34.92 at
all stations (Fig. 2 B) reaching densities near 27.75 kg/m3

(Fig. 2D) likely indicates the presence of old deep LSW
(DLSW) produced between 1987 and 1994 during the most
recent cold state of the Labrador Sea when deep convection
reached down to 2400 m. In subsequent years, convection
only reached to shallower depths, and this layer of higher
density, salinity and temperature formed through admix-
ture with IW, and ISW became isolated and by the time
of sampling in 2013 had lost most of its volume
(Yashayaev et al., 2008).

The relatively salty water mass below LSW reaching a
density of 27.8 kg/m3 recorded at stations 13.6, 15.5 and
17.5 is the North East Atlantic Deep Water (NEADW),
the core of which is associated with a deep salinity maxi-
mum at 2500–3000 meters (S � 34.92, r � 27.85–27.87,
oxygen concentrations of �6.2 ml/l, Fig. 2B, D)
(Yashayaev, 2007). The sample from 2500 m water depth
along the Halifax line (st. HL08) has temperature charac-



Table 1
Information about each station: longitude, latitude, temperature, salinity, oxygen and density, together with Hf and Nd isotope signatures and concentrations. Both internal and external errors of
the measurements are shown.

Station Depth of

station

[m]

Latitude

[N]

Longitude

[W]

Device Depth

[m]

Water

mass

Salinity T

[�C]
r [kg/m3] O2

[ml/l]

143Nd/144

Nd

eNd Internal

error

2S.E.M.

External

error

2S.D.

143Nd/144Nd Second

run eNd

External

error

2S.D.

Nd

[pmol/kg]

176Hf/177Hf eHf Internal

error

2S.E.M.

External

error 2S.D.

Hf [pmol/kg]

8.5 55.19 �54.06 CTD 150 Surface 34.66 3.35 27.58 7.09 0.511811 ± 6 �15.8 0.3 0.4 20.2 0.282704 ± 16 �2.9 0.6 0.5 0.70

8.5 55.19 �54.06 CTD 400 IW 34.89 3.94 27.71 6.50 0.511891 ± 18 �14.0 0.3 0.4 18.0 0.282551 ± 13 �8.3 0.5 0.5 0.79

8.5 1702 55.19 �54.06 CTD 750 SLSW 34.85 3.48 27.72 6.61 0.511885 ± 12 �14.3 0.3 0.4 18.6 0.282662 ± 11 �4.3 0.4 0.5 0.67

8.5 55.19 �54.06 CTD 1050 DLSW 34.90 3.65 27.74 6.26 0.511908 ± 18 �13.7 0.3 0.4 18.0 0.282670 ± 18 �4.1 0.6 0.6 0.83

8.5 55.19 �54.06 CTD 1500 DLSW 34.91 3.56 27.76 6.17 0.511911 ± 12 �13.7 0.3 0.4 18.0 0.282723 ± 19 �2.2 0.7 0.6 1.03

13.6 56.37 �52.85 CTD 100 Surface 34.67 3.25 27.59 6.97 0.511775 ± 8 �16.4 0.3 0.4 19.6 0.282564 ± 11 �7.8 0.4 0.6 1.02

13.6 56.37 �52.85 CTD 1000 SLSW 34.86 3.54 27.72 6.62 0.511850 ± 6 �14.6 0.3 0.4 18.4 0.282688 ± 12 �3.4 0.4 0.6 0.73

13.6 3560 56.37 �52.85 CTD 1700 DLSW 34.92 3.54 27.76 6.07 0.511889 ± 16 �14.0 0.3 0.4 18.0 0.282646 ± 13 �4.9 0.5 0.6 0.80

13.6 56.37 �52.85 CTD 2400 NEADW 34.92 2.95 27.82 6.14 0.511965 ± 4 �12.6 0.3 0.4 16.7 0.282681 ± 16 �3.7 0.6 0.6 1.13

13.6 56.37 �52.85 CTD 3360 DSOW 34.90 1.76 27.91 6.45 0.512044 ± 10 �11.2 0.3 0.4 18.5 0.282777 ± 21 �0.3 0.7 0.6 0.96

15.5 57.17 �52.01 CTD 80 Surface 34.60 3.39 27.53 7.27 0.511803 ± 15 �16.0 0.5 0.3 0.511639 ± 8 �16.8
*

0.5 19.2 0.282737 ± 13 �1.7 0.4 0.6 1.02

15.5 57.17 �52.01 CTD 1000 SLSW 34.87 3.60 27.72 6.48 0.511879 ± 20 �14.3 0.4 0.4 18.5 0.282731 ± 18 �1.9 0.6 0.6 1.64

15.5 3574 57.17 �52.01 CTD 1700 DLSW 34.92 3.48 27.77 6.08 0.511924 ± 8 �13.7 0.3 0.4 19.3 0.282711 ± 17 �2.6 0.6 0.6 1.21

15.5 57.17 �52.01 CTD 2300 NEADW 34.92 3.00 27.82 6.14 0.511969 ± 12 �12.7 0.3 0.4 16.6 0.282779 ± 17 �0.2 0.6 0.6 0.77

15.5 57.17 �52.01 CTD 3512 DSOW 34.90 1.49 27.93 6.57 0.512051 ± 20 �11.0 0.4 0.4 18.1 0.282653 ± 13 �4.7 0.5 0.6 3.95

17.5 58.01 �51.10 CTD 80 Surface 34.79 3.96 27.62 7.15 0.511851 ± 26 �14.9 0.5 0.4 19.7 0.282738 ± 17 �1.7 0.6 0.6 0.62

17.5 58.01 �51.10 CTD 1000 SLSW 34.85 3.48 27.71 6.61 0.511884 ± 13 �14.4 0.5 0.3 0.511751 ± 9 �14.5
*

0.5 18.6 0.282748 ± 15 �1.3 0.5 0.6 0.73

17.5 3620 58.01 �51.10 CTD 2000 DLSW 34.92 3.49 27.77 6.09 0.511886 ± 14 �14.2 0.3 0.4 19.7 0.282659 ± 18 �4.5 0.6 0.6 0.79

17.5 58.01 �51.10 CTD 3000 NEADW 34.92 2.58 27.85 6.20 0.511996 ± 24 �12.1 0.5 0.4 15.2 0.282793 ± 13 0.3 0.4 0.6 0.73

17.5 58.01 �51.10 CTD 3670 DSOW 34.90 1.48 27.92 6.66 0.512024 ± 12 �11.6 0.3 0.4 16.8 0.282694 ± 16 �3.2 0.6 0.6 0.83

28 107 60.59 �48.23 CTD 100 IW 34.07 1.85 27.23 7.49 0.511839 ± 21 �15.3 0.4 0.3 0.511699 ± 10 �15.7
*

0.5 26.0 0.282455 ± 12 �11.7 0.4 0.5 0.84

BIL02 147 52.20 �55.19 CTD 50 Surface 32.91 �1.49 26.48 7.91 0.511311 ± 8 �25.4 0.1 0.4 0.511177 ± 7 �25.9 0.3 48.2 0.282524 ± 11 �9.2 0.4 0.6 1.13

BIL04 199 52.56 �53.91 CTD 50 Surface 32.99 �1.27 26.53 7.85 0.511317 ± 12 �25.4 0.3 0.4 0.511214 ± 10 �25.1 0.3 42.8 0.282652 ± 16 �4.7 0.6 0.6 0.72

BIL06 260 52.99 �52.61 CTD 50 Surface 33.62 0.01 26.99 7.40 0.511426 ± 12 �23.3 0.3 0.4 0.511287 ± 8 �23.6 0.3 36.5 0.282729 ± 16 �2.0 0.6 0.6 0.80

HL08 3480 42.36 �61.35 CTD 2500 NEADW 34.93 2.96 27.83 5.98 0.511971 ± 4 �12.7 0.3 0.4 19.1 0.282776 ± 11 �0.3 0.4 0.6 0.84

HL11 4515 41.78 �60.91 CTD 3750 DSOW 34.89 1.99 27.89 6.03 0.511958 ± 6 �12.9 0.3 0.4 23.6 0.282609 ± 10 �6.2 0.3 0.6 1.03

All 143Nd/144Nd ratios were normalized to the accepted JNdi-1 standard value of 0.512115 (Tanaka et al., 2000). All 176Hf/177Hf ratios were normalized to the accepted JMC475 standard value of
0.28216 (Nowell et al., 1998).
Hafnium and neodymium isotopic compositions are expressed in epsilon units as deviations from the Chondritic Uniform Reservoir 0.512638 for Nd and 0.282785 for Hf (Jacobsen and
Wasserburg, 1980; Bouvier et al., 2008; respectively).
1. *Indicates the samples that were measured at GEOMAR, Kiel, Germany.
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Table 2
List of the abbreviations used in the text.

Abbreviation Full name Description

NADW North Atlantic Deep
Water

Represents the mixture of intermediate and deep waters formed within Arctic and subarctic

WGC West Greenland Current Flows northward along the coast carrying water from Denmark Strait
LC Labrador Current Fresh-water-laden current that flows south along the Labrador coast, formed due to admixture

of outflows from Hudson Strait, Davis Strait and the waters of West Greenland Current
NAC North Atlantic Current Originates in the Gulf Stream, flows north along the east side of Grand Banks, where it turns

east and flows across the ocean
IW/IC Irminger Current or

Irminger Water
Counterclockwise flow of warm and salty water around the rim of the Labrador Sea, which
originates in the Irminger Sea

LSW Labrador Sea Water Formed due to the admixture of warmer saltier water of tropical origin (North Atlantic
Current, Irminger Water) with polar outflows and admixtures from the shelf and upper slope
(West Greenland Current and Labrador Current)

DWBC Deep Western Boundary
Current

Continuation of Deep North Boundary Current, formed due to admixture of Iceland Scotland
Overflow Water and Denmark Strait Overflow Water, flowing southward to the Southern
Ocean and incorporating the deep waters from the Labrador Sea

SLSW Labrador Sea Water 2008 Formed after 1994, when the convection was weaker
DLSW Labrador Sea Water

1987–1994
Remnants of the old Labrador Sea Water produced between 1987 and 1994

NEADW North Eastern Atlantic
Deep Water

Formed by the admixture of Iceland Scotland Overflow Water, modified North Atlantic
Water, Labrador Sea Water and Eastern Lower Deep Water

ISOW Iceland Scotland
Overflow Water

Dense water overflow coming from Norwegian Seas through the Faroe Bank Channel,
admixed with Modified North Atlantic Water and Labrador Sea Water

ISW Iceland Slope Waters Formed through a mixing of the original ISOW with Atlantic thermocline water near the
Faroes. Flows along the slopes of Iceland and Reykjanes Ridge, until it enters Irminger Sea

MNAW Modified North Atlantic
Water

Originates from the North Atlantic Current

ELDW Eastern Lower Deep
Water

Derived from Antarctic Bottom Water and flows through the entire Atlantic Ocean until it
enters the Subpolar North Atlantic region from the East within Deep Eastern Boundary
Current off the European coast

DSOW Denmark Strait Overflow
Water

Enters the Labrador Sea at the base of the continental slope off Cape Farewell, Greenland as a
part of Deep Western Boundary Current

SPMW SubPolar Mode Waters Formed due to mixing of the water masses in the Northern North Atlantic of subtropical and
polar origin, occupies the upper 1000 m of the North Atlantic Subpolar Gyre

Water mass definitions are based on: Kearns and Rossby (1998), Lacan and Jeandel (2004a,b, 2005), Yashayaev and Clark (2006), Straneo
and Saucier (2008).
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teristics (T � 2.96 �C) similar to NEADW across the Lab-
rador Sea, but a slightly higher salinity of 34.92
(Fig. 2B, D).

Denmark Strait Overflow Water (DSOW) is the densest
water mass found in the Labrador Sea. It is noticeably
colder, fresher and more oxygenated than NEADW
(Yashayaev and Dickson, 2008). Its presence below
NEADW is identified at stations 15.5 and 17.5 based on
maximum oxygen concentrations �6.7 ml/l at the bottom.
These waters are denser than 27.9 kg/m3, salinities range
between 34.89 and 34.90 and the potential temperature is
near 1.48 �C. The bottom sample at station 13.6 although
falling within the same density and salinity range, has
slightly higher potential temperature and lower oxygen con-
centration, suggesting that this sample does not represent
pure DSOW. Similar characteristics are recorded along
the Halifax line at st. HL11, where salinity is �34.89 similar
to an average value of 34.90 for DSOW along the AR7W
transect (Fig. 2B) and temperature of �1.99 �C, which is,
however, warmer than in the Labrador Sea (1.48 �C).

The mixture of the deep water masses described above
results in the formation of the core of NADW, which leaves
the Labrador Sea in a southerly direction, ultimately occu-
pying water depths between 1000 and 4000 meters (Schmitz,
1996).

2.3. Methods

Seawater samples were collected in 10 L Niskin bottles
attached to a CTD rosette and directly filtered through
Acropac 0.45 lm filter cartridges into 20 L pre-cleaned
cubitainers. Subsequently, all samples were acidified with
distilled concentrated HCl to pH � 2. A one liter aliquot
from every sample was kept separate in polyethylene bottles
after acidification for precise Nd and Hf concentration
measurements by isotope dilution (Stichel et al., 2012a).
The remaining water was further processed in the clean lab-
oratory following established methods (Rickli et al., 2009;
Stichel et al., 2012a). The trace metals were pre-
concentrated by co-precipitation with a pre-cleaned Fe
chloride solution. An ethyl ether step was applied to remove
most of this iron in preparation for column chemistry. To
separate Hf and Nd from the seawater matrix, three sets
of ion exchange columns were used: cation columns with



Fig. 2. CTD data for all stations. (A) Salinity vs. temperature. (B) Enlarged version of A for deep waters. (C) Density vs. oxygen
concentration. (D) Enlarged version of C for deep waters. Light grey circles denote the major prevailing water masses.
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AG 50W-X8 resin (200–400 dry mesh), columns loaded
with Eichrom Ln-Spec resin with a bead size of 50–
100 lm for Nd purification and a third set of columns
loaded with Eichrom Ln-Spec resin with a bead size of
100–150 lm for Hf purification (Pin and Zalduegui, 1997;
Münker et al., 2001).

Most Nd isotope measurements were carried out on a
Thermo Finnigan Neptune Plus MC-ICP-MS at the Max
Planck Research Group for Marine Isotope Geochemistry
in Oldenburg, Germany. Only samples with Nd concentra-
tions higher than 40 ng in the resulting 1 ml solution after
purification were measured on the Nu Plasma MC-ICP-
MS at GEOMAR. Neodymium isotopic compositions were
corrected for instrumental mass bias to
146Nd/144Nd = 0.7219 applying an exponential mass frac-
tionation law. All 143Nd/144Nd ratios were normalized to
the accepted JNdi-1 standard value of 0.512115 (Tanaka
et al., 2000). The repeated measurement of one of the sam-
ples (n = 3) gave a 2S.D. = 0.29. The external reproducibil-
ity on both instruments was between 0.3 and 0.4 (2S.D.)
based on repeated measurement of the JNdi-1 standard
(n = 23) and an internal laboratory standard (n = 10) run
at 30 ppb and 10 ppb at the GEOMAR and in Oldenburg,
respectively. Internal measurement errors were smaller than
the external errors for all samples with the exception of st.
17.5, 3000 m and st. 17.5, 80 m (0.5eNd, 2S.E.M.). The
procedural blanks (for laboratory analysis) for Nd were
below 2% of the sample Nd content (�300 pg) and are con-
sidered negligible. Replicates measured on both mass spec-
trometers gave the same results within analytical errors
(Table 2).

Given that 20 L of water were available for Hf isotopic
analysis, sample amounts corresponded to 1.6–4.3 ng of Hf
only. Hafnium isotope compositions were measured on a
Thermo Neptune Plus MC-ICP-MS at ETH Zurich yield-
ing total Hf ion beams of P1.1 V/ppb (1011 O resistor).
Measured Hf isotope compositions were corrected for
instrumental mass bias to 179Hf/177Hf of 0.7325 applying
an exponential mass fractionation law. External repro-
ducibility was estimated from repeated measurements of
the JMC475 standard at a concentration of 5 ppb and cor-
responded to 0.6 eHf (2 S.D., n = 12, 20 and 22). Internal
errors and beam sizes of the sample measurements were
in most cases similar to the run standards (internal errors
ranging between 0.4 and 0.6, 2 S.E.M.) indicating that the
error estimate from standard measurements is applicable
for most samples (Table 1). Procedural blanks were less
than 3% of the sample Hf contents (less than 28 pg) and
are considered negligible.

Isotope dilution measurements of Hf and Nd concentra-
tions were carried out on the Nu Plasma MC-ICP-MS at
GEOMAR. Hafnium and Nd spike solutions, enriched in
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178Hf, 149Sm and 150Nd, were added to every sample gravi-
metrically. Neodymium and Hf preconcentration based on
iron co-precipitation was applied and purification was
achieved by a single step column separation (AG50W-X8,
200–400 dry mesh). A detailed description of the method
and uncertainties is presented in Stichel et al. (2012a).

Rare earth element (REE) concentrations were mea-
sured on an 8 ml sample loop using an online preconcentra-
tion technique (OP) ICP-MS at GEOMAR employing an
automated ‘‘SeaFast” system (Elemental Scientific Inc.)
coupled to an Agilent 7500ce ICP-MS (Hathorne et al.,
2012). During the measurements, reference seawater from
the Bermuda Atlantic Time Series (BATS, 15 m; BATS,
2000 m, van de Flierdt et al., 2012) was used to track the
reproducibility and accuracy of the data (Table 3). ‘‘Empty
seawater”, from which all the REEs had been removed by
Fe-coprecipitation, was used as a procedural blank, which
was subtracted from the data.

Neodymium concentrations were measured by OP-ICP-
MS as well as by isotope dilution. The paired t-test for
dependent variables showed no significant difference
between these two methods (t(25) = 4.76, p = 0.0001), as
has been demonstrated previously (Hathorne et al., 2012).
Further discussion of Nd concentrations in the context of
Nd isotopes will utilize the more precise isotope dilution
data.

3. RESULTS

3.1. REE and Hf concentrations in seawater

The REE concentrations (OP-ICP-MS) in the surface
waters of the Labrador Sea along the AR7W transect exhi-
bit little variability but are slightly enriched in the light
REEs (La–Nd) compared to the deeper waters (Fig. 3).
Below the surface, rare earth element concentrations are
invariable with depth with only two exceptions (Fig. 3). A
marked increase in Gd concentration from 4.76 pmol/kg
to 19.81 pmol/kg is observed in the deepest sample of st.
15.5 coincident with an increase of Yb from 5.16 pmol/kg
up to 6.61 pmol/kg. Neodymium concentrations (ID)
(Fig. 4A) in surface waters across the Labrador Sea
(AR7W transect, Fig. 1) range from 19.2 pmol/kg at st.
15.5 to 20.2 pmol/kg at st. 8.5. Hafnium concentrations
vary between 0.62 pmol/kg at st. 17.5 and 1.02 pmol/kg at
st. 15.5 and st. 13.6 (Fig. 4B). Station 13.6 in general shows
higher LREE concentration than other stations along the
transect at corresponding depths.

The surface water samples along the Belle Isle line from
50 m depth collected north of Newfoundland (BIL02;
BIL04; BIL06) have light and middle REE concentrations
up to an order of magnitude higher than the surface waters
across the Labrador Sea (AR7W transect, Fig. 3). Neody-
mium concentrations are about twice as high as in the open
Labrador Sea ranging from 36 to 48 pmol/kg, whereas Hf
concentrations are not elevated and range from 0.72 to
1.13 pmol/kg. At these stations, the Nd concentrations sys-
tematically decrease with distance from the shore (Fig. 4A)
but no such trend is observed for the Hf concentrations
(Fig. 4B). The surface sample collected in close proximity
of the southern tip of Greenland (st. 28) exhibits lower
REE concentrations than the surface samples collected
north of Newfoundland, but still 10–60% higher than those
collected along the AR7W transect for some of the REEs.
Hafnium concentrations are similar in all surface samples.
The deep water sample collected from the Halifax line off
the coast of Nova Scotia (HL08, 2500 m) has REE and
Nd (19.06 pmol/kg) concentrations similar to the corre-
sponding depths along the AR7W transect. However, st.
HL11, 3750 m has higher REE and Nd (23.63 pmol/kg)
concentrations than observed at similar depths along the
AR7W transect. Hafnium concentrations are similar to
those along the transect at both stations.

3.2. Nd isotope compositions

The Nd isotope compositions of the four water depth
profiles along the AR7W line (Fig. 4C) range from �16.8
(st. 15.5, 80 m) to �11 (st. 15.5, 3512 m). The eNd signa-
tures at stations 13.6 and 15.5 become continuously more
radiogenic with depth. At station 17.5, two samples col-
lected from the upper 2000 m of the water column yield
an average eNd signature of ��14 being identical within
analytical uncertainty. Below a depth of 2000 m, the eNd
signature becomes more radiogenic, reaching �11.6 near
the bottom at 3670 m. The most radiogenic eNd value of
�11 is observed in the lowermost sample of station 15.5,
3512 m. At the shallower station 8.5 (water depth of
1702 m), the eNd signature of the profile shows uniform
values throughout the water column (average
eNd = �13.9) with the exception of the less radiogenic sur-
face sample (eNd = �15.8). The two deep water samples
collected along the Halifax line (HL11, 3750 m and
HL08, 2500 m) show virtually identical eNd signature with
an average of �12.8. These results are consistent with pre-
vious eNd observations at neighboring sites in the Labra-
dor Sea (Hudson 83-036, station 9, 2550 m and station
11, 2500-–850 m) (Piepgras and Wasserburg, 1987).

Near surface waters along the AR7W transect have less
radiogenic values than the deep samples, ranging between
�16.8 (st. 15.5, 80 m) and �14.9 (st. 17.5, 80 m). A similarly
low Nd isotope composition is also observed at shallow
depth close to the southern tip of Greenland (st. 28,
100 m, eNd = �15.7). Surface samples collected along the
Belle Isle line show the most unradiogenic values of this
study ranging from �25.4 (st. BIL02, st. BIL04, both
50 m) to �23.3 (st. BIL06, 50 m), clearly documenting ter-
restrial input from the Precambrian terrains of the Cana-
dian Shield. With distance from shore the eNd signature
becomes slightly more radiogenic.

3.3. Hf isotope compositions

Hafnium isotope signatures range from +0.3 (st. 17.5,
3000 m) to �11.7 (st. 28, 100 m), which is the least radio-
genic eHf value for seawater measured globally so far
(Fig. 4D). Surface samples along the Belle Isle line off New-
foundland range from �9.2 at BIL02 to �2 at BIL06, with
eHf signatures becoming systematically more radiogenic
with distance from the coast. Surface seawater signatures



Table 3
REE concentrations obtained by OP ICP-MS (pmol/kg) and Nd concentrations obtained via the isotope dilution method (pmol/kg). La/Yb ratio and Ce anomaly are also shown. Additionally,
GEOTRACES BATS intercalibration results are included (van de Flierdt et al., 2012).

Station Depth

[m]

La [pmol/

kg]

Ce [pmol/

kg]

Pr [pmol/

kg]

Nd [pmol/

kg]

Nd (ID)

[pmol/kg]

Sm [pmol/

kg]

Eu [pmol/

kg]

Gd [pmol/

kg]

Tb [pmol/

kg]

Dy [pmol/

kg]

Ho [pmol/

kg]

Er [pmol/

kg]

Tm [pmol/

kg]

Yb [pmol/

kg]

Lu [pmol/

kg]

La/

Yba
Ce/

Ce*b

8.5 150 29.7 11.3 5.42 22.7 20.2 4.17 0.96 5.90 0.85 6.04 1.64 5.11 0.72 4.96 0.83 0.35 0.20

8.5 400 26.3 6.44 4.53 18.4 18.0 3.79 0.92 4.71 0.84 5.82 1.53 4.92 0.82 4.78 0.81 0.33 0.13

8.5 750 27.7 6.91 4.40 19.9 18.6 3.71 0.77 4.92 0.84 6.01 1.59 5.52 0.77 4.41 0.80 0.37 0.14

8.5 1050 27.3 6.61 4.72 21.3 18.0 3.20 0.91 4.99 0.78 6.20 1.54 5.17 0.76 4.99 0.78 0.32 0.13

8.5 1500 25.7 5.28 4.35 19.2 18.0 3.56 0.91 4.28 0.77 5.74 1.60 5.23 0.77 4.81 0.82 0.32 0.11

13.6 100 32.8 12.6 5.69 23.0 19.6 4.00 0.95 5.71 0.88 6.20 1.64 5.69 0.84 4.74 0.89 0.41 0.21

13.6 1000 27.1 6.76 4.51 19.7 18.4 3.16 0.84 4.77 0.81 5.77 1.53 4.95 0.75 4.58 0.74 0.35 0.14

13.6 1700 26.6 6.21 4.64 18.4 18.0 3.88 0.88 5.21 0.76 6.11 1.60 5.48 0.84 4.75 0.80 0.33 0.13

13.6 2400 24.4 5.47 4.27 16.9 16.7 3.97 0.92 5.19 0.79 5.85 1.62 5.01 0.75 4.71 0.85 0.31 0.12

13.6 3360 26.2 7.22 4.63 20.0 18.5 4.01 0.89 5.89 0.84 5.76 1.58 5.09 0.77 4.81 0.81 0.32 0.15

15.5 80 29.5 10.8 5.12 20.9 19.2 3.78 0.88 4.77 0.73 5.55 1.42 4.94 0.75 4.31 0.70 0.41 0.20

15.5 1000 26.5 6.20 4.41 18.4 18.5 3.11 0.86 4.88 0.84 5.86 1.49 5.00 0.80 4.56 0.77 0.34 0.13

15.5 1700 24.6 4.79 4.30 18.6 19.3 3.49 0.81 4.74 0.75 5.99 1.72 5.24 0.83 4.82 0.80 0.30 0.11

15.5 2300 24.8 6.10 4.43 18.8 16.6 3.96 0.94 4.76 0.86 5.98 1.47 5.46 0.77 5.16 0.82 0.28 0.13

15.5 3512 26.3 6.50 4.43 19.4 18.1 3.97 1.04 $19.8 0.74 6.55 1.65 5.30 0.79 6.61 0.86 0.24 0.14

17.5 80 26.7 10.6 4.76 19.5 19.7 3.36 0.82 4.48 0.81 5.87 1.51 4.71 0.75 4.34 0.77 0.36 0.21

17.5 1000 28.0 7.58 4.94 20.2 18.6 3.54 0.81 5.11 0.90 5.95 1.62 5.34 0.69 4.87 0.78 0.34 0.15

17.5 2000 27.2 8.45 4.49 19.1 19.7 3.52 0.78 5.04 0.80 5.94 1.62 5.30 0.75 5.00 0.82 0.32 0.17

17.5 3000 23.5 5.36 3.85 16.4 15.2 3.07 0.78 3.98 0.72 5.81 1.41 4.69 0.67 4.51 0.76 0.31 0.13

17.5 3670 25.2 6.22 3.98 17.4 16.8 3.16 0.72 4.92 0.78 5.01 1.56 4.70 0.69 4.75 0.78 0.31 0.14

28 100 36.3 18.6 6.23 24.9 26.0 5.00 1.21 6.21 0.97 6.80 1.65 6.01 0.87 5.17 0.86 0.42 0.28

BIL02 50 82.9 40.0 12.8 52.6 48.2 7.08 1.64 8.70 1.35 9.12 2.25 6.84 1.03 6.52 1.13 0.75 0.26

BIL04 50 77.1 35.1 11.5 44.9 42.8 6.95 1.41 8.58 1.21 7.86 1.99 6.79 1.01 6.25 0.91 0.73 0.27

BIL06 50 63.3 28.2 10.1 40.6 36.5 6.65 1.34 7.68 1.19 8.59 2.12 6.26 0.92 6.36 1.12 0.59 0.25

HL08 2500 26.9 6.89 4.64 20.1 19.1 3.83 0.99 4.84 0.88 5.96 1.64 5.19 0.78 4.81 0.83 0.33 0.14

HL11 3750 34.5 9.58 5.93 25.1 23.6 5.23 1.16 6.04 0.95 6.44 1.77 5.82 0.83 5.61 0.87 0.36 0.15

2S.D.*e 0.76 0.56 0.25 0.73 0.38 0.06 0.5 0.12 0.43 0.14 0.34 0.09 0.38 0.08

GEOTRACES BATS intercalibration

BATS 15 m

Average n = 7 14.9 10.8 3.2 15.1 3.29 0.79 4.72 0.82 5.98 1.56 4.99 0.68 4.10 0.67

2r 0.76 0.56 0.25 0.73 0.38 0.06 0.50 0.12 0.43 0.14 0.34 0.09 0.38 0.08

BATS 2000 m

Average n = 3 24.1 4.16 4.1 18.0 3.09 0.87 4.79 0.79 5.72 1.54 5.10 0.76 4.75 0.84

2r 0.41 0.08 0.17 1.34 0.89 0.08 0.53 0.07 0.29 0.09 0.43 0.08 0.24 0.03

cBATS 15 m

Average n = 17 14.7 12.0 3.12 14.1 3.21 0.89 4.83 0.79 5.90 1.49 4.80 0.70 4.16 0.67

2r 2.21 2.74 0.37 1.24 0.36 0.11 0.55 0.08 0.52 0.13 0.42 0.07 0.51 0.09

dBATS 2000 m

Average n = 17 23.6 5.12 4.03 17.3 3.45 0.91 4.84 0.79 5.80 1.52 5.04 0.74 4.76 0.81

2r 2.79 2.27 0.35 1.22 0.34 0.10 0.53 0.08 0.38 0.09 0.25 0.05 0.25 0.04

a Ce/Ce* = Ce/((La + Pr)/2), values used are normalized to PAAS.
b La/Yb = La/Yb, values used are normalized to PAAS.
c Uncertainties and average values from the study by van de Flierdt et al. (2012) for BATS 15 m.
d Uncertainties and average values from the study by van de Flierdt et al. (2012) for BATS 2000 m.
e Uncertainties of the REE measurement by OP-ICP MS based on the repeated measurement of BATS 15 m, n = 7 (van de Flierdt et al., 2012).
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Fig. 3. Concentrations of individual rare earth elements versus water depth based on OP-ICP-MS analysis. The error bars shown on the plots
for one profile denote the 2S.D. reproducibility of all data.
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Fig. 4. Depth distributions of eHf and eNd signatures and Hf and Nd concentrations (isotope dilution method). (A) Nd concentrations in
pmol/kg. (B) Hf concentrations in pmol/kg. (C) eNd signature. (D) eHf signature. Black circles denote samples representing the same water
masses.
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from the four water depth profiles are generally invariant
(average eHf = �2) with the exception of the sample at st.
13.6 (100 m, eHf = �7.8).

Unlike eNd, the eHf signatures of the four water depth
profiles along the AR7W transect show a high degree of
variability in the water column, with stations 15.5 and
17.5 showing similar distributions. Two samples from the
upper 1000 meters yield an average eHf signature of �1.7
(Fig. 4D, Table 2) whereas below the eHf signature is less
radiogenic at depths of 1700–2000 m and more radiogenic
again between 2300 and 3000 m. At the bottom the signa-
ture changes to less radiogenic values again, which includes
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the sample with the anomalously high Gd and Yb concen-
trations of st. 15.5. The Hf isotope composition at st. 8.5 is
most radiogenic near the bottom at 1500 m (eHf = �2.2)
and shows a distinct unradiogenic peak below the surface
at 400 m (eHf = �8.3). At st. 13.6 the eHf signature
becomes more radiogenic with depth below 1700 m.

The deep sample collected along the Halifax line at st.
HL08, 2500 m has an eHf signature of �0.3, which is sim-
ilar to the observation at st.15.5, 2300 m (eHf = �0.2) and
st. 17.5, 3000 m (eHf = +0.3). The sample from st. HL11,
3750 m, in contrast, shows a highly unradiogenic eHf signa-
ture of �6.2, which is about 2eHf units less radiogenic,
than at the corresponding depth along the AR7W transect
(st. 17.5, 3670 m eHf � �3.2 and st. 15.5, 3512 m
eHf � �4.7).

4. DISCUSSION

4.1. REE distribution and patterns and Hf concentration

The lack of variability in most of the REE and Hf con-
centrations with water depth in the Labrador Sea (AR7W
transect), and essentially identical REE patterns normalized
to Post-Archean Average Australian Sedimentary Rock
(PAAS; McLennan, 2001) for different water masses (Figs. 3
and 5) suggest efficient vertical mixing in the region. How-
ever, at the same time we observe variability in eHf and a
systematic gradual change in eNd towards more radiogenic
signatures with water depth (Fig. 4). These opposing obser-
vations can be reconciled if waters advected into the Labra-
dor Sea are characterized by minor differences in their REE,
Hf, and Nd concentrations. Previously published studies by
Lacan and Jeandel (2004a,b, 2005) and Lambelet et al.
Fig. 5. Rare earth element patterns normalized to Post-Archean Austr
BATS 20 m, BATS 3000 m and BATS 3750 m normalized to PAAS are
(2015) show that rare earth element patterns and concentra-
tions delivered to the Labrador Sea through the Denmark
Strait via ISOW and IW are essentially uniform. Unfortu-
nately, no Hf concentration data are available to infer sim-
ilar preformed concentrations for Hf. Another potential
source with distinct REE signature are Baffin Bay waters
and waters from the Hudson Strait, which are highly
enriched in Nd and REE (Stordal and Wasserburg, 1986;
Goldstein and Jacobsen, 1988). Admixture of these waters
into the Labrador Sea should result in variations of REE
concentrations but these waters are not dense enough to
directly contribute to the deep water mass formation in
the region, which restricts their influence to the LC flowing
at the surface along the coast (Lacan and Jeandel, 2005).
This could explain why some of the REE concentrations
(La, Ce, Nd, Sm, Gd, Ho and Dy) at stations 13.6 and
8.5 in general are slightly higher in surface waters than at
corresponding depths of two other stations (Fig. 3). This
suggests that the uniform signal supplied to the Labrador
Sea together with restricted influence of the coastal waters
are responsible for the homogenous distribution of the
REEs throughout the water column rather than intensive
vertical mixing occurring in other oceanographic regions
(Sholkovitz and Schneider, 1991; Nozaki and Alibo, 2003;
Hathorne et al., 2015).

The small changes in Hf concentrations between some of
the stations at a given depth appear to be unsystematic.
Although vertical Hf concentration profiles are flat, spatial
variability in Hf concentrations at different stations within
the same water masses may be explained by a combination
of factors such as Hf being influenced to a large extent by
local terrestrial inputs and the difference in time it takes
DSOW and NEADW within the Labrador Sea to record
alian Sedimentary rocks (PAAS) (McLennan, 2001), additionally
shown for comparison (Pahnke et al., 2012).
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the change in LSW formation (Yashayaev et al., 2008, more
details in Section 4.2). This would result in different Hf con-
centrations, as the waters move around the Labrador Sea,
reflecting the signal of temporally changing inputs. In addi-
tion, the differences in Nd concentrations in comparison to
data from Lacan and Jeandel (2005) at neighboring sites
from July 1999 suggest annual or seasonal variability.
The intermediate waters (�1600 m) sampled in 2013 have
1 pmol/kg higher Nd concentrations than the waters sam-
pled from corresponding depths in 1999 while deep waters
(>2500 m) sampled in 2013 have lower (3–5 pmol/kg) Nd
concentrations than waters sampled in 1999. This may be
caused by the annual variability in LSW production. How-
ever, samples of deep waters in the study by Lacan and
Jeandel (2005) were not filtered, which also could have
resulted in higher Nd concentrations. One surface sample
of their study which was filtered, showed results identical
to the unfiltered concentrations, which is, however, not suf-
ficient to establish whether or not the filtration has a signif-
icant effect on Nd concentrations, especially for deep
waters. Concentrations of both elements, therefore, could
depend on the intensity of the winter convection, which,
however, would need to be confirmed by repeated measure-
ments of Hf and Nd at the same stations. The local maxi-
mum in Hf concentration observed at st. 15.5, 3512 m
most likely originates from partial dissolution of suspended
sediment in an extended nepheloid layer.

Comparison of the coastal samples collected from both
sides of the Labrador Sea, shows a clear distinction in sig-
nal of the terrestrial inputs coming from Canada and
Greenland. Samples collected from stations BIL02,
BIL04, and BIL06 along the Belle Isle line have elevated
REE concentrations with a distinct LREE enrichment com-
pared to station 28. This enrichment can still be clearly seen
in the REE patterns normalized to 15 m depth Bermuda
Atlantic Time series waters (BATS, Fig. 6), which represent
the waters coming from the south, indicating that Canadian
terrains are a major contributor of REEs to the surface
waters of the Labrador Sea. Although the fresh waters sup-
plied to these sites are not dense enough to be vertically
mixed within the Labrador Sea, which is similar to observa-
tions in the Arctic Ocean (Porcelli et al., 2009), the LREE
signal appears to be transported into deeper waters as it
is observed in the NADW (Fig. 6, Halifax Line, this study,
and BATS 3000 m and 3750 m, Pahnke et al., 2012). This
may be explained by release of REE’s from the dissolution
of suspended particles (Rousseau et al., 2015) transported
from the Hudson Bay estuary within the surface waters of
the LC.

4.2. Isotopic signature of different water masses

4.2.1. DSOW

Denmark Strait Overflow Water is the densest water
mass in the Labrador Sea with potential densities above
27.90 kg/m3, which corresponds to the bottom samples col-
lected from stations 17.5, 3670 m, 15.5, 3512 m and 13.6,
3360 m. These waters have a uniform eNd signature
of � �11.3 and a broader range of eHf between �0.3 (st.
13.6, 3360 m) and -4.7 (st. 15.5, 3512 m). The most radio-
genic eHf value of �0.3 could be explained by the admix-
ture of overlying NEADW, which has a more radiogenic
eHf signature (Figs. 4D, 7). This is supported by a higher
temperature (+0.3 �C) and lower oxygen content
(�0.2 ml/l, Fig. 2) recorded for this sample.

The eNd signature of DSOW between �11 and �11.6 is
in a good agreement with previously published data from
nearby locations (Lacan and Jeandel, 2005; Lambelet
et al., 2015). The acquired eNd signature is also consistent
with the mixing of the source waters contributing to DSOW
in the Labrador Sea (Schmitz, 1996), a significant fraction
of which is NEADW (eNd � �12.5) integrating contribu-
tions from unradiogenic LSW (eNd � �14.1) and Subpolar
Mode Waters (SPMW) (on average �13 to �14) and mix-
ing with the more radiogenic original DSOW before its
entrainment into the Labrador Sea (�10 to �7) (Lacan
and Jeandel, 2005). The Nd isotope signatures, however,
only show subtle differences between DSOW and NEADW
at any of the stations below 3000 m (Figs. 4D, 7). This is
explained by the lack of significant differences in the source
waters forming these water masses, which would also imply
similar signatures for eHf. Although the overall eHf ranges
of DSOW and NEADW largely overlap, the eHf values
within each station exhibit a clear distinction between
DSOW and NEADW of up to 4 eHf units. Less radiogenic
values of DSOW might reflect the influence of highly unra-
diogenic IW, the signal of which was recorded at st. 28,
100 m (eHf = �11.7). An influence of highly unradiogenic
terrestrial inputs from Greenland into DSOW is also possi-
ble. This is supported by higher Nd (>2 pmol/kg) and Hf
(>0.2 pmol/kg) concentrations of the bottom samples at
stations 13.6 and 15.5 than at st. 17.5, 3670 m, and higher
Nd and Hf concentrations at st. 13.6, 3360 m than in aver-
age NEADW accompanied by higher concentrations of
some light and middle REEs including La, Ce, Pr and Gd
(Fig. 3). In addition, there is an eHf shift to less radiogenic
values at st. 13.6, 1700 m (eHf = �4.9) and 13.6, 2400 m
(eHf = �3.7) compared to the corresponding depths at sta-
tions 17.5 (eHf = �1.3, 1700 m) and 15.5 (eHf = �2.6 and
�0.2, respectively).

The higher variability in eHf than in eNd may reflect
the differences in the timing of DSOW and NEADW pro-
duction and advection, which results in a higher sensitivity
of DSOW to decadal changes. DSOW requires about
1 year to travel to the Labrador Sea, while NEADW only
reaches the Labrador basin 5–8 years after formation
(Yashayaev and Clark, 2006; Yashayaev et al., 2008).
The eHf signature may then reflect decadal changes in local
weathering inputs and distinct Hf isotope signatures of
rocks along the different flow paths of DSOW and
NEADW. To preserve such variability, the Hf residence
time needs to be on the order of the mixing time of the
water masses in the Labrador Sea. The almost complete
absence of information on Hf fluxes from shelves and riv-
ers limits our ability to quantitatively constrain the seawa-
ter residence time of Hf. The more homogeneous Hf signal
outside of the Labrador Sea most likely reflects the remote-
ness from the marginal input fluxes along the water mass
pathways. An overall shorter residence time of Hf than
that of Nd likely results from the different chemical speci-



Fig. 6. Rare earth element patterns normalized to Bermuda Atlantic Time Series data values from 15 m from van de Flierdt et al. (2012).
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ations of these elements in seawater where Nd is dominated
by carbonate complexes and Hf is mainly present as a
hydroxide (Bruland, 1983). Variable Hf isotope composi-
tions in the Labrador Sea are thus a function of the short
residence times of the water masses and the degree of
incongruent weathering inputs from the surrounding land-
masses and their distinct eHf signatures, which can also
explain the relatively high variability in Hf concentrations
across the Labrador Sea.

The two deep samples from the Halifax line off the coast
of Nova Scotia show a similar eNd signature near �12.8. In
contrast, eHf differs by almost 6 units (st. HL11, 3750 m,
�6.2 and st. HL08, 2500 m, �0.3). At station HL08,
2500 m, the eHf and eNd signatures are consistent with a
NEADW origin, which is also indicated in hydrographic
properties (Fig. 2). Station HL11, 3750 m, however,
received significant contributions from a source other than
DSOW, given that both eHf and eNd are significantly less
radiogenic than DSOW (eNd � �11.3, eHf between �0.3
and �4.7) along the AR7W transect in the Labrador Sea.
The hydrographic data indicate that these waters are less
dense (<27.9 kg/m3) and depleted in oxygen in comparison
to DSOW. These waters are thus similar in hydrographic
characteristics to st. 13.6, 3360 m but slightly warmer by
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0.26 �C and slightly less saline by 0.01. This may indicate
that this sample represents the advection of a mixture of
upper NEADW with DSOW below. However, the signal
recorded at st. HL11, 3750 m is still too unradiogenic in
Hf in comparison to DSOW in the Labrador Sea. Unfortu-
nately, the absence of Hf and Nd isotope data from the full
water depth profiles along the Halifax line does not allow
an unambiguous identification of the source of this shift
and we can thus only speculate on its origin. One possible
explanation is the intrusion of particle-loaded waters com-
ing from land through the Gulf of Maine carrying highly
unradiogenic values for both Nd and Hf isotopes as indi-
cated by stations BIL02, BIL04, and BIL06 along the Belle
Isle line (eNd between �25.9 to �23.3, eHf between �11.7
to �4.7) (Fig. 4C, D).

The other more likely explanation of the less radiogenic
eHf signature at st. HL11 is exchange with resuspended sed-
iments moving down the slope. This has previously been
documented to be the cause for shifts in eNd without
changing concentrations (‘‘boundary exchange”) (Lacan
and Jeandel, 2005; Wilson et al., 2012) and has also been
suggested to influence the Hf isotope composition of seawa-
ter (Rickli et al., 2009; Zimmermann et al., 2009a). The
movement of the resuspended sediment load down the slope
may cause release and exchange with the particles through
desorption/adsorption or partial dissolution of the parti-
cles. Additionally, assuming that the suspended loads
mainly consist of sediments derived from the Precambrian
Canadian terrain, one would expect highly unradiogenic
Hf and Nd values. The shift in eHf and to a lesser extent
of eNd to less radiogenic values than of DSOW recorded
in the Labrador Sea, which is accompanied by elevated
REE, Nd and Hf concentrations along the Halifax line at
st. HL11, 3750 m in comparison to DSOW in the Labrador
Fig. 8. eHf versus eNd of the seawater data of this study together with te
2001), clay array (Bayon et al., 2016), and zircon free sediment array (B
Godfrey et al. (2009), Rickli et al. (2009, 2010, 2014), Stichel et al. (201
Bayon et al. (2009), Chen et al., (2012), Garcon et al., (2013). Data for F
Sea, suggests dissolution and terrestrial input rather than
any kind of ‘‘boundary exchange” process, which is also
supported by the fact that this sample plots close to the zir-
con free sediment bearing array in eHf–eNd space, suggest-
ing a more congruent weathering signal (Fig. 8).

4.2.2. NEADW

North Eastern Atlantic Deep Water was encountered at
three stations between densities of 27.80–27.88 kg/m3. The
new Nd isotope data are consistent with previously pub-
lished values (Lacan and Jeandel, 2005; Lambelet et al.,
2015). The eNd signature of NEADW is in the range
between �12.1 and �12.7. The eHf signature of NEADW
ranges between �0.2 to +0.3. However, the sample col-
lected within the NEADW density range from st. 13.6 at
2400 m shows a less radiogenic signature of �3.7, which
is most likely explained by admixture of water from the
upper layer of DLSW, which is not reflected, however, in
hydrographic data. The more radiogenic eHf signature of
NEADW in comparison to DSOW may reflect weathering
of Icelandic basalts and dissolution of volcanic glasses,
which are highly radiogenic and easily leachable (Pearce
et al., 2013). Also, these waters have potentially spent more
time in contact with basaltic rocks, due to longer travelling
time of NEADW into the Labrador Sea (Yashayaev and
Clark, 2006; Yashayaev et al., 2008), while DSOW is more
likely to be under the influence of terrestrial inputs coming
from Greenland.

The advection of NEADW outside of the Labrador Sea
is traceable at st. HL08, 2500 m, where Hf (�0.3) and Nd
(�12.7) isotope signatures are consistent with the average
NEADW values. Salinity, temperature and density profiles
clearly document NEADW presence, although with slightly
lower oxygen concentrations (�0.2 ml/l) (Fig. 2).
rrestrial array (Vervoort et al., 2011), seawater array (David et al.,
ayon et al., 2009). Data for seawater samples are compiled from
2a,b), Zimmermann et al. (2009a,b). Data for sediments are from
e–Mn crusts are from Albarède et al. (1998), David et al. (2001).
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4.2.3. LSW and IW

The depth of LSW formation is highly variable from
year to year depending on the atmospheric conditions of
the previous winter, such that colder conditions lead to
more intense convection (Yashayaev and Clark, 2006;
Yashayaev et al., 2008). As outlined in Section 2.2, a dis-
tinction can be made between SLSW (27.70 and
27.725 kg/m3) and DLSW (27.75 and 27.79 kg/m3) repre-
senting the remnants of the LSW that formed during the
last cold state of the Labrador Sea between the late
1980’s and the early 90’s. This layer was also detected in
2008 as a layer of higher density and salinity below SLSW
(Figs. 2 and 9) (Yashayaev et al., 2008).

The eNd signatures of SLSW and DLSW in our study
are consistent with previously published data (Lacan and
Jeandel, 2005; Lambelet et al., 2015) and reveal an average
value of �14.1. There has only been one previous study
reporting eHf signatures of two samples collected in the
Labrador Sea (Rickli et al., 2009). The sample from a depth
corresponding to SLSW (1000 m, eHf = �2.1) is within the
range of values of SLSW along our transect (eHf ranges
between �1.3 and �4.3). Unlike eNd, the eHf between
1700 and 2000 m is distinct from the upper water column,
allowing DLSW and SLSW to be distinguished at each
station. Deep LSW sampled at densities between 27.76
0

1000

2000

3000

4000

0

1000

2000

3000

34.9

34.92

4000

[A]
st. 8.5 st. 13.6 st. 15.5 st. 

N
DLSW

DLSW

SLSW

IW

IW

Fig. 9. Potential temperature (A) and salinity (B) versus depth acros
temperatures and salinities of different water masses. Black dots represen
Figure was created with ODV software (Schlitzer, 2015).
and 27.77 kg/m3 at st. 17.5, 2000 m and st. 13.6, 1700 m,
st. 15.5, 1700 m and st. 8.5, 1500 m has eHf signatures
between �2.2 and �4.9. Less radiogenic values of DLSW
at some stations in comparison to SLSW can be explained
by a larger influence of IW, which has highly negative eHf
values as recorded at st. 28 (eHf = �11.7) (Figs. 4 and 7).
More radiogenic eHf signatures at st. 15.5, 1700 m and st.
8.5, 1500 m show values closer to the one recorded by
SLSW, but the samples are lower in oxygen and more salty,
which indicates the presence of DLSW and implies mixing
between the two water masses. This is also explainable by
the fact that this layer formed between 1980 and 1994 lost
much of its distinct signature via mixing and most likely
was not evenly distributed across the Labrador Sea
(Yashayaev et al., 2008).

The more radiogenic eHf signatures in the upper column
of ��1.3 at st. 17.5, 1000 m and ��1.9 at st. 15.5, 1000 m
may be explained by the intrusion of SPMW, which has a
more positive eHf signature of �1.6 and is characterized
by a less radiogenic eNd signatures of �14.8 (Rickli
et al., 2009). Less radiogenic eHf signatures at st. 13.6,
1000 m and st. 8.5, 1050 m and 750 m are best explained
by the admixture of highly unradiogenic IW, which is
consistent with much more radiogenic eHf signatures of
surface waters at these stations (Fig. 7).
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4.3. Upper water column

At st. 28, 100 m, the eHf signal is extremely unradio-
genic at �11.7, which is the most negative value ever mea-
sured for Hf isotopes in seawater so far, while eNd
signature of �15.7 is the same within the error as the sur-
face waters across the Labrador Sea sampled at other sta-
tions. These waters are advected along the slope of the
Labrador Sea. Their presence has not only been recorded
in temperature, salinity and oxygen characteristics on the
Canadian side of the Labrador Sea (Fig. 2, Fig. 9), but also
in the Hf isotope signatures (Fig. 7). At st. 8.5, 400 m and
even 13.6, 100 m, these waters are characterized by highly
unradiogenic eHf signatures between �8.3 and �7.8, and
eNd signatures ranging from �14.0 to �16.4. Admixture
of these water masses causes eHf at stations 8.5 and 13.6
to be less radiogenic than eHf signatures prevailing at the
corresponding depths at the central Labrador Sea stations.
As we assume that this sample represents IW, its highly
unradiogenic eHf and unradiogenic eNd signatures require
discussion. Taking into account the origin and the flow
path of IW and their potential close contact with basaltic
rocks from Iceland, we would expect rather more radio-
genic eHf and eNd signatures, likely similar to ISOW. This
apparent conflict can be explained in a few ways: (i) the
NAC waters are unradiogenic, which needs to be confirmed
by direct measurements, (ii) there is no significant influence
of the weathering of basaltic rocks on IW, (iii) there is a sig-
nificant unradiogenic input from Greenland that shifts the
signature. The latter explanation is favored due to higher
REE and Nd concentration at st. 28 in comparison to the
open Labrador Sea.

4.4. Extending the Nd/Hf isotope seawater array

On a plot of eHf against eNd, the seawater data of our
study confirm the clear deviation from the terrestrial array,
consistent with previous findings (e.g. Godfrey et al., 1997;
Albarede et al., 1998; David et al., 2001; Rickli et al., 2009).
In comparison to Fe–Mn crusts the new data show a larger
range and significantly extend the seawater array at the
unradiogenic end (up to �11 for eHf). The eHf and eNd
isotopic signatures of Fe–Mn crusts recovered in the Atlan-
tic Ocean from different depths (Piotrowski et al., 2000;
David et al., 2001) are consistent with the combined eHf
and eNd signatures from LSW, NEADW and DSOW in
the Labrador Sea, which form the NADW. In addition,
the two crusts Hudson st. 54 (�1829 m; eHf = +0.2,
eNd = �12.9) and TR079 (�2000 m; eHf = 0,
eNd = �12.5), as well as crust ALV 539 (�2700 m;
eHf = �2.2, eNd = �12.9) (David et al., 2001) show the
same trend observed along the Halifax line at st. HL08
and HL11, where these stations have an eNd like NADW,
while with increasing depth eHf becomes less radiogenic.

Most of the new Labrador Sea data plot between the
seawater and terrestrial arrays reflecting the degree of the
incongruent weathering delivered to the source waters
around the Labrador Sea (Fig. 8) (Bayon et al., 2006;
Rickli et al., 2013). Most of the deep water and surface sam-
ples fall on the seawater array, suggesting that their signa-
ture reflects the true water mass signature of the dissolved
hafnium fraction. However, samples representing LSW plot
very close to the clay array recently derived by Bayon et al.
(2016). This may suggest that intermediate waters in the
Labrador Sea are largely controlled by Hf release from
the dissolution of clay particles or the presence of very fine
clay particles (<0.45 lm) or clay associated colloids in the
water samples.

Interestingly, the samples that are under the strongest
influence of terrestrial inputs, such as shallow Canadian
shelf samples BIL02, BIL04, and BIL06, plot directly on
or slightly above the seawater array and therefore reflect
the strongest incongruent weathering signal at the lower
end of the seawater array. The rapid change in Hf isotope
signatures when moving away from the shore, accompanied
by a decrease in Hf concentration in samples BIL04 and
BIL06, suggests a high particle reactivity of Hf and fast
removal from the surface waters. Samples collected at sta-
tions 28, 100 m and st. 8.5, 400 m plot well along the zircon
free sediment array (Bayon et al., 2009). This supports our
assumption that these waters are significantly influenced by
terrestrial inputs from Greenland. Samples collected at st.
HL11, characterized by a less radiogenic eHf signature,
and at st. 15.5, 3512 m, also plot close to the zircon free sed-
iment array, possibly indicating an input from resuspended
sediments or an extensive nepheloid layer.

5. CONCLUSIONS

The first combined systematic investigation of the distri-
butions of dissolved eNd and eHf signatures in the Labra-
dor Sea in 2013 reveals distinct water mass signatures. The
eHf signatures in the Labrador Sea allow distinction of par-
ticular water masses that do not differ in their Nd isotope
compositions. This is the consequence of the large range
of Hf isotope compositions of the weathering inputs from
the adjacent continental landmasses combined with the
likely shorter residence time of Hf than Nd in the Labrador
Sea. The new data for intermediate waters fall along the
new clay array, suggesting that these waters may be affected
by dissolution of clay particles. Some of the samples fall
along the zircon free sediment array, clearly supporting ter-
restrial input at these locations. The new data also signifi-
cantly expand the unradiogenic end of the seawater array.
The new data allow the application of Hf isotopes as a sen-
sitive tracer of water mass mixing processes in the restricted
Labrador Sea Basin and the detection of changes in the
source waters feeding Labrador Sea Water production on
decadal time scales. While tracing of large scale ocean mix-
ing processes may not be possible based on Hf isotopes,
there is clearly prospect for their application in other
restricted basins with similar geological and hydrographic
settings.
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isotopic composition of Nd in boreal river: a reflection of
selective weathering and colloidal transport, 2001. Geochim.

Cosmochim. Acta 65, 521–527.
Arsouze T., Dutay J.-C., Lacan F. and Jeandel C. (2009)

Reconstructing the Nd oceanic cycle using a coupled dynamical
biogeochemical model. Biogeosciences 6(12), 2829–2846.

Azetsu-Scott K., Jones E. P. and Yashayaev I. (2003) Time series
study of CFC concentrations in the Labrador Sea during deep
and shallow convection regimes (1991–2000). J. Geophys. Res.
108(C11), 3354. http://dx.doi.org/10.1029/2002JC001317.

Barfod G. H., Otero O. and Albarède F. (2003) Phosphate Lu–Hf
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Ponzevera E. and André L. (2016) Environmental Hf–Nd
isotopic decoupling in World river clays. Earth Planet. Sci. Lett.
438, 25–36.

Bau M. and Koshinsky A. (2006) Hafnium and neodymium
isotopes in seawater and in ferromanganese crusts: the ‘‘element
perspective”. Earth Planet. Sci. Lett. 241, 952–961.

Blichert-Toft J. and Arndt N. T. (1999) Hf isotope compositions of
komatiites. Earth Planet. Sci. Lett. 171, 439–451. http://dx.doi.
org/10.1016/S0012-821x(99)00151-X.

Bouvier A., Vervoort J. D. and Patchett P. J. (2008) The Lu–Hf
and Sm–Nd isotopic composition of CHUR: constraints from
unequilibrated chondrites and implications for the bulk com-
position of terrestrial planets. Earth Planet. Sci. Lett. 273, 48–
57. http://dx.doi.org/10.1016/j.epsl.2008.06.010.
Bruland K. W. (1983) Trace elements in sea water. In Chemical

Oceanography, 8 (eds. J. P. Riley and R. Chester). Academic
Press, pp. 157–220.

Camire G. E., La Fleche M. R. and Jenner G. A. (1995)
Geochemistry of Pre-Taconian Mafic Volcanism in the Humber
zone of the Northern Appalachians, Quebec, Canada. Chem.

Geol. 119, 55–77. http://dx.doi.org/10.1016/0009-2541(94)
00104-G.

Chen T. Y., Ling H. F., Frank M., Zhao K. D. and Jiang S. Y.
(2011) Zircon effect alone insufficient to generate seawater Nd–
Hf isotope relationships. Geochem. Geophys. Geosyst. 12(5),
Q05003. http://dx.doi.org/10.1029/2010GC003363, ISSN:1525-
2027.

Chen T. Y., Frank M., Brian A. H., Gutjahr M. and Spielhagen R.
F. (2012) Variations of North Atlantic inflow to the central
Arctic Ocean over the last 14 million years inferred from
hafnium and neodymium isotopes. Earth Planet. Sci. Lett. 353–

354, 82–92.
Chen T.-Y., Stumpf R., Frank M., Beldowski J. and Staubwasser

M. (2013) Constraining geochemical cycling of hafnium and
neodymium in the central Baltic Sea. Geochim. Cosmochim.

Acta 123, 166–180. http://dx.doi.org/10.1016/j.gca.2013.09.011.
Chekol T. A., Kobayashi K., Tetsuya Yokoyama., Sakaguchi C.

and Nakamura E. (2011) Timescales of magma differentiation
from basalt to andesite beneath Hekla Volcano, Iceland:
constraints from U–series disequilibria in lavas from the last
quarter-millennium flows. Geochim. Cosmochim. Acta 75, 256–
283.

Csanady G. T. (1976) Mean circulation in shallow seas. J. Geophys.
Res. 81, 5389–5399.

Csanady G. T. (1978) The arrested topographic wave. J. Phys.

Oceanogr. 8, 47–62.
David K., Frank M., O’Nions R. K., Belshaw N. S., Arden J. W.

and Hein J. R. (2001) The Hf isotope composition of global
seawater and the evolution of Hf isotopes in the deep Pacific
Ocean from Fe–Mn crusts. Chem. Geol. 178, 23–42.

Firdaus M. L., Norisuye K., Nakagawa Y., Nakatsuka S. and
Sohrin Y. (2008) Dissolved and labile particulate Zr, Hf, Nb,
Ta, Mo andW in the western North Pacific Ocean. J. Oceanogr.

64, 247–257.
Firdaus M. L., Minami T., Norisuye K. and Sohrin Y. (2011)

Strong elemental fractionation of Zr–Hf and Nb–Ta across the
Pacific Ocean. Nat. Geosci. 4, 227–230, 10 1038/ngeo1114.

Fitton J. G., Larsen L. M., Saunders A. D., Hardarson B. S. and
Kempton P. D. J. (2000) Paleogene continental to oceanic
magmatism on the SE Greenland continental margin at 63� N:
a review of the results of ocean drilling program legs 152 and
163. Petrology 41, 951–966. http://dx.doi.org/10.1093/petrol-
ogy/41.7.951.

Fogelqvist E., Blindheim J., Tanhua T., Osterhus S., Buch E. and
Rey F. (2003) Greenland-Scotland overflow studied by hydro-
chemical multivariate analysis. Deep-Sea Res. I 50, 73–102.

Frank M. (2002) Radiogenic isotopes: tracers of past ocean
circulation and erosional input. Rev. Geophys. 40(1001), 1001.
http://dx.doi.org/10.1029/2000RG000094.
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