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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 o the southern tip of Greenland, three shallow water samples o the coast of Newfound-
land, and two deep water samples o0 Nova Scotia.

Although light REEs are markedly enriched in the surface waters o 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-
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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 di erences in the abundance
of the radiogenic isotopes (:"®Hf, 2*3Nd), the hafnium and
neodymium isotope ratios of interest (*°Hf/*"’Hf or
143Nd/***Nd) 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 ¥ I/ZRSAMPLE/RCHUR 1 100007
where R reflects "SHf/*""Hf and ***Nd/



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 di erent 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 su cient 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 di erent
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 HLO08, representing lower North
Atlantic Deep Water (NADW), were collected along the
extended Halifax line on the way out of the Labrador
Sea, o 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



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/m*® (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 a ected 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-



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 Latitude Longitude Device Depth Water Salinity 7' o kg/m®] O,  Nd/** 3
station [N] [w] [m] mass [°C] [mI/l Nd
[m]




teristics (77 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/I at the bottom.
These waters are denser than 27.9 kg/m®, 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 p



AG 50W-X8 resin (200-400 dry mesh), columns loaded
with Eichrom Ln-Spec resin with a bead size of 50-
100 pum for Nd purification and a third set of columns
loaded with Eichrom Ln-Spec resin with a bead size of
100-150 um for Hf purification (Pin and Zalduegui, 1997;
Minker 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
148Nd/“Nd = 0.7219 applying an exponential mass frac-
tionation law. All *¥**Nd/***Nd 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 (» = 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 >1.1V/ppb (10 Q resistor).
Measured Hf isotope compositions were corrected for
instrumental mass bias to *"°Hf/*""Hf of 0.7325 applying
an exponential mass fractionation law. External repro-
ducibility was estimated from repeated measurements of
the JMCA475 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



1781, 1995m and *°Nd, were added to every sample gravi-



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  La [pmol/ Ce [pmol/ Pr [pmol/ Nd [pmol/ Nd (ID) Sm [pmol/ Eu [pmol/ Gd [pmol/ Tb [pmol/ Dy [pmol/ Ho [pmol/ Er [pmol/ Tm [pmol/ Yb [pmol/ Lu [pmol/ La/ Ce/

[m] kg] kg] kg] kg] [pmol/kg] kg] kg] kg] kg] kg] kg] kg] k] kg] kg] Yb*  Ce™
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 0.83 035 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 0.80 037 0.14
8.5 1050 27.3 6.61 4.72 21.3 18.0 3.20 0.91 4.99 0.78 6.20 154 5.17 0.76 4.99 0.78 032 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 0.82 032 011
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 0.89 041 021
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 0.74 035 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 0.80 033 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 0.85 031 0.12







15 20 25 40 45 50

IV T NI\ WA NI NI
\\

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 gHf 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



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.
HLO08, 2500 m has an eHf signature of 0.3, which is sim-
ilar to the observation at st.15.5, 2300 m (¢Hf = 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



the change in LSW formation (Yashayaev et al., 2008, more
details in Section 4.2). This would result in di erent Hf con-
centrations, as the waters move around the Labrador Sea,
reflecting the signal of temporally changing inputs. In addi-
tion, the di erences 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-



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 ¢Hf signatures, which can also
explain the relatively high variability in Hf concentrations
across the Labrador Sea.

The two deep samples from the Halifax line o the coast
of Nova Scotia show a similar eNd signature near 12.8. In
contrast, eHf di ers by almost 6 units (st. HL11, 3750 m,

6.2 and st. HLO08, 2500 m, 0.3). At station HLOS,
2500 m, the gHf 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 ¢Hf 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/m®) 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



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



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/m®) and DLSW (27.75 and 27.79 kg/m®) repre-
senting the remnants of the LSW that formed during the
last cold state of the Labrador Sea between the late



4.3. Upper water column

At st. 28, 100 m, the gHf 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 ¢Hf at stations 8.5 and 13.6
to be less radiogenic than sHf 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 £Nd signatures, likely similar to ISOW. This
apparent conflict can be explained in a few ways: (i) the



Zone O -shelf Monitoring Program (AZOMP; http://www.bio.gc.
ca/science/monitoring-monitorage/azomp-pmzao/azomp-pmzao-
en.php). The Labrador Sea component of the AZOMP survey, gen-
erally conducted in spring shortly after the wintertime convection
period, is a continuation of annual surveys of the AR7W line con-
ducted by the Bedford Institute of Oceanography (BIO) since the
start of the World Ocean Circulation Experiment (WOCE) in
1990 (e.g., Lazier et al., 2002; Yashayaev et al., 2015). Since
2004, the AR7W survey has been carried out in May occupied
between the Labrador and Greenland Shelves.
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