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normalizing the 176Hf/177Hf and the 143Nd/144Nd to that of
CHUR in parts per 10,000 (Jacobsen and Wasserburg,
1980; Nowell et al., 1998)) in seawater have been shown
to provide insights into present and past ocean circulation
and weathering conditions on land (e.g. Piotrowski et al.,
2000; Frank et al., 2002; van de Flierdt et al., 2002). The
global average residence time of Nd in the ocean is between
360 and 1500 years, allowing the use of Nd isotopes as a
tracer for advection and mixing of water masses over long
distances (Jeandel et al., 1995; Tachikawa et al., 1999; Sid-
dall et al., 2008; Arsouze et al., 2009; Rempfer et al., 2011).
Hafnium, on the other hand, has an oceanic residence time,



Benguela Current (Stramma and Peterson, 1990). South of
the STF, a region of weak flow separates the SAC from the
Antarctic Circumpolar Current (ACC), which dominates
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ionized water (MilliQ, 18.2 MXcm) to wash out major ions.
The precipitate was removed from the centrifuge tubes and
transferred into 60 ml Teflon vials with 5 ml 6 M HCl
(quartz distilled). After evaporation, 4 ml of aqua regia
were added and the closed vials were heated at 110 �C for
at least 24 h to destroy organic compounds. The samples
were then transformed to Cl-form and finally dissolved in
4 ml of 6 M HCl. The majority (more than 99%) of the
Fe was removed prior to chromatographic separation by
solvent extraction with di-ethyl ether (Stichel et al., 2012).
The residual was then evaporated and re-dissolved in 4 ml
3 M HCl.

Most of the samples formed a jelly-like silica gel in HCl,
which scavenged about 90% of the Hf from the sample.
This silica gel was isolated and dissolved with 2 M HF.
After evaporation of the 2 M HF, this fraction was recom-
bined with the HCl soluble fraction of the same sample.
The purification of Hf and separation of REE followed a
modified recipe of Münker et al. (2001). Some remaining
traces of ytterbium (Yb), which would have caused an iso-
baric interference on 176Hf, were subsequently removed on
an additional column loaded with 1.4 ml of cation-ex-
change resin (Biorad� AG50W-X8, 200–400 lm mesh-size)
using 1 M HCl and 0.05 M HF to elute Hf before the rare
earth elements (REE). Purification after Münker et al.
(2001) also allowed the separation of the REE from most
of the sample matrix. The REE were eluted in 6 M HCl
immediately after loading the sample. The REE cut was
further processed using LN-Spec resin following Pin and
Zalduegui (1997). The respective Hf and Nd cuts were trea-
ted with 100 ll HNO3 (concentrated, quartz distilled) and
100 ll H2O2 (30 wt.%, Merck Suprapur�) in preparation
for mass spectrometry to avoid potentially disturbing ma-
trix effects by traces of resin or other residual organic com-
pounds. Finally the samples were dissolved in 0.5 M HNO3

(Nd) and 0.5 M HNO3 + 0.1 M HF (Hf) for measurement
on the MC-ICPMS.

The filtered MnOOH precipitates from the additional
samples from expedition ANTXXIII/3 were dissolved and
further treated at LEGOS in Toulouse (France). Extraction
of the “REE fraction” from the MnOOH co-precipitate was
conducted on an anion exchange resin following the proce-
dure described in Jeandel et al. (2011). Neodymium was
then purified following the two-step procedure of Lacan
and Jeandel (2001).

2.3. Concentration measurements

Hafnium and neodymium concentrations were obtained
by isotope dilution (ID) similar to the method described by
Rickli et al. (2009). For the five additional samples, only Nd
concentrations were determined following Lacan and Jean-
del (2001). Weighed spike solutions of 178Hf and a mixture
of 150Nd/149Sm were added to an acidified 0.5 L aliquot of
each sample. The samples were left for 4–5 days to com-
pletely equilibrate. Subsequently FeCl3 was added to the
samples and Hf and Nd were co-precipitated with FeOOH
by adding ammonia to raise the pH to 8. For mass spectro-
metric analysis, purification of Hf and Nd using a single
cation chromatographic separation step (1.4 ml resin bed,
Biorad� AG50W-X8, 200–400 lmmex-



the JNdi-1 standard with the accepted ratio of 0.512115
(Tanaka et al., 2000) using the average of the repeatedly
measured standard of the respective session. The external
reproducibility was between ±0.3 eNd and ±0.39 eNd

(2 SD) estimated by repeated measurements of the JNdi-1
standard, as well as of an internal laboratory standard.
Duplicates measured on both instruments resulted in the
same value within this error. The blanks for both elements
(laboratory work only) were �20 pg (Hf) and �50 pg (Nd),
which in both cases was less than 1% of the smallest sample.

The additional samples from ANTXXIII/3 were mea-
sured on a MAT 261 TIMS (Observatoire Midi-Pyrénées,
Toulouse, France), using the same method as described
above to correct for instrumental mass bias. These samples
were normalized to the La Jolla Nd standard with the ac-
cepted 143Nd/144Nd value of 0.511859, yielding an external
reproducibility between ±0.2 and 0.6 eNd units (2 SD). Both
laboratories participated in the 2008–2010 GEOTRACES



Table 1
Dissolved trace metal data from ANTXXIV/3 and ANTXXIII/3. The hydrographic data (temperature and salinity) are from the ships own
PODAS system. The data in this table are also available at http://doi.pangaea.de/10.1594/PANGAEA.786906.

Station Device Depth
(m)

Temperature
(�C)

Salinity eNd Error
(2r)

Nd
(pmol/
kg)

eHf Error
(2r)

Hf
(pmol/
kg)

S1 34� 53.15’ S 16� 40.70’ E Fish 5 21.03 35.47 �18.9 0.3 24.2 0.06
97 36� 59.60’ S 12� 45.40 E CTD 100 18.23 35.55 �15.9 0.4
S2 38� 48.00’ S 11� 35.80’ E Fish 5 17.53 34.92 �11.0 0.3 6.7 0.04
101 42� 20.60’ S 8� 59.20’ E CTD 75 10.21 34.55 �9.7 0.4 8.6
104 47� 39.80’ S 4� 16.20’ E CTD 75 6.41 33.72 �7.9 0.4 8.2
105 47� 39.00’ S 4� 16.60’ E Fish 5 6.50 33.71 �7.9 0.3 7.4 0.08
113 52� 59.80’ S 0� 02.00’ E CTD 75 1.22 33.79 �7.9 0.4 16.1
113 52� 59.80’ S 0� 02.00’ E CTD 150 0.20 34.02 �8.0 0.4 15.0
116 54� 21.00’ S 0� 01.00’ E Fish 5 1.04 33.80 �8.0 0.3 15.8 4.5 0.8 0.18
133 59� 14.00’ S 0� 02.00’ E Fish 5 0.21 33.95 �8.6 0.3 18.2 0.19
142 62� 20.00’ S 0� 00.00’ E Fish 5 0.53 33.94 �8.6 0.3 17.3 5.0 0.8 0.11
151 65� 19.00’ S 0� 00.00’ E Fish 5 �0.18 33.97 �8.5 0.3 17.3 4.9 0.8 0.18
154 70� 34.50’ S 8� 07.38’ W CTD 135 �1.69 34.02 �9.9 0.4 19.4 0.22
156 67� 08.00’ S 0� 24.00’ E Fish 5 �0.67 33.97 �8.6 0.3 19.5 3.0 0.8 0.25
161 66� 29.20’ S 0� 00.00’ E CTD 100 0.77 34.64 �8.7 0.4 17.9 0.40
GvN 68� 31.80’ S 4� 39.00’ W Fish 5 �1.18 33.84 �8.8 0.3 16.8 3.4 0.8 0.20
S3 69� 02.00’ S 15� 42.00’ W Snorkel 5 � � �8.6 0.3 16.9 4.0 0.8 0.16
186 69� 03.00’ S 17� 25.00’ W CTD 25 �1.84 33.93 �8.4 0.3 17.2 4.3 0.8 0.20
191 67� 21.00’ S 23� 38.00’ W CTD 25 �1.85 34.12 �8.5 0.3 18.5 4.3 0.8 0.21
S4 65� 34.00’ S 36� 46.00’ W Snorkel 5 �1.44 34.15 �9.0 0.3 18.5 0.18
S5 64� 59.00’ S 42� 00.00’ W Snorkel 5 �1.55 33.91 �8.4 0.3 18.3 2.8 0.8 0.16
S6 64� 20.00’ S 46� 04.40’ W Snorkel 5 �1.76 33.25 �8.6 0.3 18.1 3.8 0.8 0.22
210 64� 02.80’ S 48� 15.40’ W CTD 25 �1.83 33.79 �8.5 0.3 18.3 3.3 0.8 0.27
222 63� 21.00’ S 52� 51.00’ W CTD 25 �1.82 34.08 �8.9 0.3 19.9 3.7 0.5 0.25
222 63� 21.00’ S 52� 51.00’ W CTD 50 �1.82 34.10 �8.9 0.4 21.2 0.29
222 63� 21.00’ S 52� 51.00’ W CTD 100 �1.58 34.37 �8.9 0.4 19.9 0.30
222 63� 21.00’ S 52� 51.00’ W CTD 180 �1.22 34.49 �8.7 0.4 20.4 0.32
222 63� 21.00’ S 52� 51.00’ W CTD 280 �0.90 34.54 �8.7 0.4 21.3 0.35
222 63� 21.00’ S 52� 51.00’ W CTD 480 �0.90 34.56 �9.1 0.3 22.5 3.9 0.8 0.34
223 63� 17.00’ S 53� 13.00’ W CTD 25 �1.82 34.18 �8.3 0.3 21.1 4.2 0.9 0.31
S7 62� 08.00’ S 57� 31.00’ W Snorkel 5 1.04 34.06 �4.0 0.3 22.6 6.1 0.5 0.38
S8 60� 03.00’ S 55� 24.00’ W Snorkel 5 1.78 33.85 �7.2 0.3 14.3 3.1 0.9 0.20
230 60� 06.00’ S 55� 16.40’ W CTD 50 0.79 34.17 �6.9 0.4 18.9 0.31
230 60� 06.00’ S 55� 16.40’ W CTD 150 0.57 34.34 �6.4 0.4 19.9 0.35
241 57� 37.20’ S 60� 53.80’ W CTD 50 2.84 33.79 �8.4 0.4 11.8 0.17
244 56� 53.80’ S 62� 28.00’ W CTD 25 5.38 33.92 �8.2 0.4 10.2 0.12
244 56� 53.80’ S 62� 28.00’ W CTD 50 5.38 33.92 �8.2 0.4 9.6 0.09
250 55� 45.50’ S 64� 26.20’ W CTD 150 3.64 34.02 �8.2 0.4 9.7

DRA001a 55� 07.00’ S 65� 33.04’ W CTD 50 8.32 33.74 �5.7 0.6 8.5
DRA006a 55� 45.00’ S 64� 30.00’ W CTD 20 5.10 33.90 �8.6 0.3 8.9
DRA030a 58� 52.00’ S 58� 18.00’ W CTD 20 2.50 33.89 �8.2 0.5 14.7
DRA052a 61� 50.00’ S 55� 26.00’ W CTD 31 � �6.3 0.3 21.4
DRA062a 60� 39.00’ S 55� 47.00’ W CTD 20 0.62 34.33 �7.2 0.4 17.7

aSamples from ANTXXIII/3 (see text).
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isotope measurements. For Nd, stations north of the STF
close to South Africa have the least radiogenic Nd isotope
compositions between eNd = �18.9 and �11.0 (Fig. 3A).
Another distinctly unradiogenic Nd isotope value of
eNd = �9.9 is observed in the WG at the southernmost sta-
tion 154 close to the Antarctic continent. The unique devi-
ation from the above range of Hf isotope compositions is
observed at station S7, where the most radiogenic value
of eHf = +6.1 occurs close to King George Island (KGI,
Figs. 2 and 3B). At the same station a similar excursion
to more radiogenic values is also observed for Nd isotopes
(eNd = �4.0). At the nearby stations DRA 052, 062 and S8
north of King George Island, Nd isotope compositions be-
tween eNd = �6.3 to �7.2 were measured. The Hf isotope
compositions on nearby stations, on the other hand, are
not elevated. A further radiogenic Nd isotope excursion
in the ACC to eNd = �5.7 is measured at station
DRA001, close to the southern tip of Chile. Apart from
these deviations the Nd isotope compositions, similar to
Hf, are rather uniform within the ACC and the WG at
values between eNd = �7.8 and �8.6.

Combined Hf and Nd isotope compositions show that
surface waters from the Southern Ocean are shifted towards
more radiogenic Hf values for given Nd values when
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compared to the “terrestrial array”
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unradiogenic value at S1, most plausibly surface waters ad-
vected by the Agulhas Current. The Agulhas waters may
have been influenced by particle dissolution close to the
eastern coast of South Africa and carry unradiogenic Nd
into the Atlantic, which is supported by the provenance





exchange processes do influence the isotope composition at
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Nd, while the frustules dissolve. This feature was not ob-
served for Hf, indicating a different remineralization behav-
ior. A comparison of particulate Nd/Hf ratios from our
study with the particulate opal content in the eastern Atlan-
tic sector of the ACC indicates a strong negative correlation
between these parameters (Nd and opal data from Hegner
et al. (2007); Fig. 5 and Table 3). This suggests that Hf is
more efficiently scavenged from surface waters than Nd
when siliceous frustules of diatoms are present. This means
that diatom productivity acts as a more effective sink for Hf
than for Nd in the Southern Ocean given that a significant
fraction of the opal is buried in the sediment. However, one
would expect that such an effect would influence the
dissolved fraction as well, which is not observed
(Fig. 5B). Except for stations S1, S2 and 142 the elemental
distribution of Hf and Nd is very similar and does not
support any fractionation by scavenging. One plausible
explanation is that the particulate and dissolved fractions
were collected separately on different expeditions. The
particulate samples were taken between November 1997
and March 1998 (Hegner et al., 2007), whereas the dis-
solved fraction was sampled from February to April 2008.
To estimate if and to what extent the diatoms contribute
to a preferential scavenging or elemental fractionation, par-
allel collection of the particulate and dissolved fractions is
required in future studies.

South of the ACC the dissolved concentrations for both
elements are elevated and rather homogenous, with the
exception of station 142, where the Hf concentration
amounts to only 0.11 pmol/kg, i.e. only half of the average
Hf concentration observed for other samples in this area.
Hegner et al. (2007) also observed higher particulate Nd
concentrations in the WG (more than 2 pmol/L) together
with unradiogenic detrital Nd isotope compositions and
high Al concentrations of up to 7.2 nmol/L, supporting
supply of terrigenous material by icebergs. However, the
elevated concentrations of Nd (�18 pmol/kg) and Hf
(�0.21 pmol/kg) observed within the Weddell Gyre in our
study compared to those north of the PF are more likely
caused by accumulation of deep sourced Hf and Nd rather
than derived from icebergs, as discussed below. The highest
dissolved Hf and Nd concentrations south of the STF of
0.38 pmol/kg and 22.1 pmol/kg, respectively, weremeasured
near the volcanic King George Island. This matches the
highest concentrations in particulate Hf and Nd
(2.88 pmol/L and 24.44 pmol/L, respectively, Hegner et al.,
2007; Table 3), implying a strong input from this or adjacent
islands.

Terrigenous influence is further supported by the isotope
composition of particles in the Weddell Gyre yielding values
eNd = �15 or lower, suggesting an enhanced input of mate-
rial from East Antarctica via ice rafting (Hegner et al.,
2007). Alternatively, the Weddell Gyre’s average dissolved
Nd and Hf isotope composition is nearly identical to that
of CDW (eNd = �8.5 ± 0.3, eHf = +4.4 ± 0.6, Stichel et al.,
2012) in the studied area. This similarity may suggest that
the isotope compositions of surface waters are the result of
vigorous mixing and accumulation of these elements within
the WG rather than reflecting the result of low terrigenous
input. A supply of Hf and Nd from deeper waters is sup-
ported by relatively high surface water concentrations of
�0.2 pmol/kg and �18 pmol/kg, respectively. Additionally,
the REE patterns in theWeddell Gyre are very similar to the
pattern of LCDW in Hathorne et al. (2012). On the basis of
the distribution of the highly particle reactive elements Th
and protactinium (Pa) in the Weddell Gyre, Rutgers van



der Loeff and Berger (1993) documented that particle export
and thus scavenging is very low leading to their accumula-
tion in the water column of the Weddell Gyre. The general
homogeneity of Hf and REE within the Weddell Gyre also
suggests accumulation of these elements. This observation
can be used to estimate the minimum residence time of Hf
and REE in surface waters within the Weddell Gyre. The
average residence time of a parcel of surface water there is
around 2.5 years (Gordon and Huber, 1990; Hoppema
et al., 1995), implying that the residence times of Hf and
the REEs is at least in that order.

5. SUMMARY AND CONCLUSIONS

In this study the first combined surface water Hf and Nd
isotope compositions and Hf and REE concentrations of
surface waters from the Atlantic sector of the Southern
Ocean are presented. The data set comprises a wide range
of Hf and Nd concentrations from low values in the South
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