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Since the inception of the international GEOTRACES program, studies investigating the distribution of 
trace elements and their isotopes in the global ocean have significantly increased. In spite of this large-
scale effort, the distribution of neodymium isotopes (143Nd/144Nd, εNd) and concentrations ([Nd]) in the 
high latitude South Pacific is still understudied, specifically north of the Antarctic Polar Front (APF). Here 
we report dissolved Nd isotopes and concentrations from 11 vertical water column profiles from the 
South Pacific between South America and New Zealand and across the Antarctic frontal system. Results 
confirm that Ross Sea Bottom Water (RSBW) is represented by an εNd value of ∼−7, and for the first 
time show that these Nd characteristics can be traced into the Southeast Pacific until progressive mixing 
with ambient Lower Circumpolar Deep Water (LCDW) dilutes this signal north of the APF. That is, εNd
behaves conservatively in RSBW, opening a path for studies of past RSBW behavior.
Neodymium concentrations show low surface concentrations and a linear increase with depth north of 
the APF. South of the APF, surface [Nd] is high and increases with depth but remains almost constant 
below ∼1000 m. This vertical and spatial [Nd] pattern follows the southward shoaling density surfaces 
of the Southern Ocean and hence suggests supply of Nd to the upper ocean through upwelling of Nd-rich 
deep water. Low particle abundance due to reduced opal production and seasonal sea ice cover likely 
contributes to the maintenance of the high upper ocean [Nd] south of the APF. This suggests a dominant 
lateral transport component on [Nd] and a reduced vertical control on Nd concentrations in the South 
Pacific south of the APF.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Preferential retention of Sm vs. Nd within the mantle cre-
ates different initial Sm/Nd ratios between mantle derived rocks 
and continental crustal material. Since 147Sm decays to produce 
143Nd (at a very slow rate), rocks with different petrogenetic his-
tory develop characteristic 143Nd/144Nd ratios (143Nd/144Nd ex-
pressed as εNd = [(143Nd/144Nd)measured/(143Nd/144Nd)CHUR] − 1 ∗
104; CHUR = Chondritic Uniform Reservoir with 143Nd/144Nd =
0.512638, Jacobsen and Wasserburg, 1980). The heterogeneous 
143Nd/144Nd distribution in rocks reaches the oceans via mechan-
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ical and chemical weathering of continental rocks and subse-
quent transport of the particulate and dissolved material by rivers, 
chemical exchange between continental margins and seawater (i.e., 
boundary exchange), and dust input (Frank, 2002; Goldstein and 
Hemming, 2003; Lacan and Jeandel, 2001, 2005; Rickli et al., 2009). 
Once a water mass is tagged with the characteristic εNd signatures 
of its formation region, Nd isotopes can be used as a water mass 
tracer due to the intermediate average residence time of Nd be-
tween 300 and 1000 years in the ocean (Tachikawa et al., 2003;
Arsouze et al., 2009; Rempfer et al., 2011), which is shorter than 
the whole ocean mixing time of ∼1500 years (Broecker and Peng, 
1982). While Nd isotopes are considered a quasi-conservative wa-
ter mass tracer in the open ocean, water masses close to continen-
tal margins can be overprinted by interactions between seawater 
and continental sediments, either through partial dissolution of 
particles or a mechanism known as ‘boundary exchange’ (Lacan 
and Jeandel, 2001, 2005).
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In the modern ocean, North Atlantic Deep Water (NADW, εNd =
−13.5; Piepgras and Wasserburg, 1987) and North Pacific Deep 
Water (NPDW, εNd = −4 to −6; Piepgras and Jacobsen, 1988;
Amakawa et al., 2009) represent the two major deep water εNd
endmembers, which is a consequence of weathering inputs from 
older cratonic rocks in the North Atlantic and young volcanic 
rocks in the North Pacific. Simple mixing of these waters in the 
Southern Ocean are thought to dominantly determine the isotopic 
composition of Circumpolar Deep Water (CDW) with an interme-
diate εNd value of −8 to −9 (Goldstein and Hemming, 2003;
Stichel et al., 2012; Garcia-Solsona et al., 2014) but weathering 
contributions from Antarctica to the Southern Ocean εNd have 
also recently been reported to play some role (Carter et al., 2012;
Stichel et al., 2012; Rickli et al., 2014). In contrast to the Nd iso-
tope distributions in the ocean, which appear to be dominated by 
advection and mixing of water masses, Nd concentrations gener-
ally show a nutrient-like behavior with increasing [Nd] with wa-
ter depth, indicating a dominant vertical control (Elderfield and 
Greaves, 1982).

The circulation of the Southern Ocean is dominated by the 
westerly wind driven eastward moving Antarctic Circumpolar Cur-
rent (ACC), which reaches abyssal depths and connects all ma-
jor ocean basins (Talley et al., 2011 and references therein). The 
Southern Ocean is further characterized by the circum-Antarctic 
frontal system, which consists of the upward shoaling of den-
sity surfaces towards the south that create bands of steep merid-
ional hydrographic gradients at the surface (Nowlin et al., 1977;
Orsi et al., 1999). The South Pacific, which represents the largest 
sector of the Southern Ocean, hosts areas of major intermediate 
and bottom water formation (Tsuchiya and Talley, 1996; Orsi and 
Wiederwohl, 2009), thus making it a key area for better under-
standing present and past deep ocean circulation. The latitudinal 
location of the Pacific Subantarctic Front (SAF) reaches its south-
ernmost position in the eastern South Pacific (Orsi et al., 1995;
Talley et al., 2011). South of the SAF, the APF is represented by 
a strong eastward flow and upwelling of deep waters south of it. 
Similar to the rest of the Southern Ocean, these frontal systems 
in the South Pacific are associated with steep meridional gradients 
in surface hydrographic properties and upwelling of deep waters 
south of the APF. Very little is known about the behavior of dis-
solved Nd isotopes and concentrations in the South Pacific and 
their distribution in relation to the Antarctic fronts.

Over the last few years, the international GEOTRACES program 
has generated high-resolution data for many ocean basins to im-
prove our understanding of the “biogeochemical cycles and large-
scale distributions of trace elements and their isotopes in the ma-
rine environment” (Henderson et al., 2007). Only a limited number 
of dissolved Nd isotope data is available from the South Pacific sec-
tor of the Southern Ocean; these are located around the southern 
boundary of the ACC and one station immediately north of the APF 
(Carter et al., 2012; Rickli et al., 2014), leaving data gaps across the 
high latitude South Pacific that have so far prevented a compre-
hensive understanding of the εNd and [Nd] behavior in this region. 
Carter et al. (2012) reported that Nd isotopes in the middle of the 
water column behave conservatively at open ocean stations. Closer 
to the Antarctic continent, CDW signatures are modified to more 
radiogenic values due to exchange with the margins (Carter et al., 
2012). The same mechanism was inferred for the isotopic signature 
of Antarctic Bottom Water (AABW) formed in the Ross Sea (Rickli 
et al., 2014). At depth, AABW actively forms along the Antarctic 
shelf in the Weddell Sea, Ross Sea, Adélie Coast, and Prydz Bay 
(Orsi et al., 1999). Continental Antarctica consists of diverse types 
of bedrock of different ages with a wide range of εNd values (Roy 
et al., 2007), which can be hypothesized to tag the deep water 
formed in different regions with different εNd signatures. The study 
presented here adds new dissolved Nd isotope data to test whether 
the RSBW εNd signature in the Ross Sea can be traced along the 
flow path of RSBW into the Southeast Pacific.

Here we report dissolved Nd isotope and Nd concentrations 
from 11 vertical profiles from across the South Pacific between 
South America and New Zealand and between 46◦ S and 69◦ S 
(Fig. 1). The samples cover different water masses (Fig. 2) east and 
west of the Pacific-Antarctic Ridge and across the circum-Antarctic 
fronts, allowing insight into mixing processes of different water 
masses and their origins. The [Nd] distribution across the circum-
Antarctic frontal system is interpreted in the context of deep-water 
upwelling and productivity. The Nd isotope distribution enables 
the tracing of AABW formed in the Ross Sea into the Southeast 
Pacific.

2. General hydrography

Volumetrically speaking, the most important water mass of 
the deep ACC is CDW. Deep waters of North Atlantic (NADW), 
North Pacific (NPDW), and Indian Ocean (Indian Ocean Deep Wa-
ter (IDW)) origin enter the Southern Ocean and mix to form the 
main body of the CDW (Talley et al., 2011). It can be subdivided 
into the oxygen-depleted and nutrient-rich Upper CDW (UCDW) 
and the more saline Lower CDW (LCDW) (Reid and Lynn, 1971;
Orsi et al., 1995; Talley et al., 2011). The UCDW, which acquires 
its oxygen minimum from IDW and NPDW, is defined by a den-
sity range of 27.55 kg/m3 < γ n < 28 kg/m3. The oxygen minimum 
of UCDW is most prominent at 1500 m water depth immedi-
ately north of the SAF (Talley et al., 2011). The LCDW is defined 
by a neutral density range of 28.00 kg/m3 < γ n < 28.27 kg/m3

and a salinity maximum that is inherited from NADW (Reid and 
Lynn, 1971; Reid, 1994; Orsi et al., 1995; Whitworth et al., 1998). 
Lower CDW occupies the deep South Pacific north of the SAF and 
progressively shoals to 700–400 m water depth in the Antarctic 
Zone (AZ) south of the APF (Talley et al., 2011). At several loca-
tions, the upwelled LCDW reaches Antarctic continental shelves, 
mixes with dense shelf waters and sinks to the abyss, forming 
AABW (Foster and Carmack, 1976; Jacobs et al., 1970; Orsi et 
al., 1999). North of the SAF, Antarctic Intermediate Water (AAIW; 
27.13 kg/m3 < γ n < 27.55 kg/m3) found between 500–1500 m 
water depth within the eastern South Pacific is characterized by 
low salinity and a high oxygen content (Talley, 1996; Whitworth 
and Nowlin, 1987). North Pacific Deep Water (NPDW), unlike 
NADW, is composed of recycled deep water from the Southern 
Hemisphere. The NPDW flows south at 1500–3500 m water depth 
as a low-oxygen water mass and enters the South Pacific between 
the East Pacific Rise and South America (Kawabe and Fujio, 2010;
Molina-Kescher et al., 2014).

The Ross Sea is one of the major sites of AABW formation (Orsi 
and Wiederwohl, 2009). Sea-ice production and associated brine 
rejection transforms the near freezing Antarctic Surface Water into 
dense Shelf Water, which continuously interacts with the overly-
ing modified CDW to produce dense transitional waters known 
as Modified Shelf Water (MSW). Once this highly dense MSW 
has sunk into the adjacent Antarctic basins, it is generally recog-
nized as AABW (Orsi et al., 1999; Orsi and Wiederwohl, 2009). The 
AABW formed in the Ross Sea (Ross Sea Bottom Water, RSBW) is 
the coldest (−0.3◦ to 0 ◦C) and saltiest (34.7–34.72) bottom wa-
ter in the Southern Ocean with a neutral density >28.27 kg/m3

(Jacobs et al., 1970; Orsi and Wiederwohl, 2009). Through mix-
ing with overlying LCDW, the hydrographic properties of AABW are 
quickly eroded along its northward flow path.

3. Materials and methods

South Pacific seawater samples were collected during expedi-
tion ANT-XXVI/2 (November 2009–January, 2010) aboard F/S Po-
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Fig. 1. Station map of samples collected during F/S Polarstern expedition ANT-XXVI/2. The stations are divided into an eastern and western transect. Light grey, black, and 
cyan colored symbols represent the stations from Carter et al. (2012), Rickli et al. (2014), and Molina-Kescher et al. (2014) respectively. STF = Subtropical Front; SAF =
Subantarctic Front; APF = Antarctic Polar Front (frontal locations after Orsi et al., 1995). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 2. Potential temperature (θ )–salinity diagram showing all studied stations. (a) Full potential temperature-salinity range. (b) Detailed diagram of all deep samples. Marked 
water masses are based on neutral density values (Whitworth et al., 1998). UCDW = Upper Circumpolar Deep Water; LCDW = Lower Circumpolar Deep Water; AABW =
Antarctic Bottom Water; RSBW = Ross Sea Bottom Water. Along the eastern transect, blue and green colors represent stations north and south of SAF respectively. Brown 
and pink colors represent stations north and south of the SAF, respectively, along the western transect. (For interpretation of the references to color in this figure legend the 
reader is referred to the online version of this article.)
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larstern for dissolved neodymium isotope composition and con-
centration ([Nd]) measurements. The cruise track from Punta Are-
nas (Chile) to Wellington (New Zealand) covered the subantarctic 
to polar South Pacific allowing sample collection at 11 stations 
across all frontal systems (Fig. 1; Table S1). All samples were col-
lected from 12 L standard Niskin bottles (Ocean Test Equipment 
Inc.) mounted on a CTD rosette. Approximately 7–10 L of seawa-
ter per sample were filtered directly from the Niskin bottles into 
pre-cleaned collapsible 10 L LDPE containers for Nd isotopes, and 
into pre-cleaned 0.5 L LDPE bottles for [Nd] measurements using 
AcroPak500 filter cartridges (0.8/0.45 μm pore size). Each filter 
was dedicated to a specific depth range and was used for that 
depth range at each station. Filters were pre-cleaned with 1N HCl 
and rinsed with MilliQ water, followed by flushing with seawater 
prior to first use. The same sampling procedure was used on the 
US GEOTRACES North Atlantic cruise (GA03) and intercalibration at 
crossover stations shows that carry-over from the previous station 
does not pose a problem with the measured seawater Nd isotope 
values or concentrations (see Stichel et al., 2015). Following fil-
tration, the water samples were acidified with quartz-distilled 6N 
hydrochloric acid (HCl) to a target pH of 3.5 for Nd isotopes and 
a pH of ≤2 for [Nd] analyses. Samples collected for [Nd] measure-
ments were stored for onshore treatments. Samples for Nd isotopes 
were pre-concentrated onboard using C18 SepPak® cartridges (Wa-
ters Inc.; 1 cartridge per 5L seawater) pre-loaded with an REE 
complexing agent (HDEHP) (modified after Jeandel et al., 1998
and references therein). The C18 cartridges were then wrapped in 
Parafilm® and stored for further treatment in the shore-based lab-
oratory. To avoid shipboard contamination, the entire process of 
acidification and pre-concentration of seawater was carried out un-
der a temporary ‘clean-bubble’ (using plastic sheets) in one of the 
wet labs on R/V Polarstern.

Once back in the home laboratory, samples for dissolved Nd 
isotopes and concentrations were processed using different chro-
matographic procedures. Detailed chemical separation and mass 
spectrometric methodologies are described in the online Supple-
mentary Material (SOM). Six full water column seawater Nd iso-
tope profiles were measured using a ThermoScientific Neptune 
Plus multi-collector inductively coupled plasma mass-spectrometer 
(MC-ICP-MS) at the University of Oldenburg, and three profiles 
were analyzed at GEOMAR, Kiel, on a Nu Instruments MC-ICP-
MS. Samples from two remaining profiles were analyzed at the 
University of Hawaii using a VG Sector thermal ionization mass 
spectrometer (TIMS). All dissolved Nd concentration measurements 
were done by isotope dilution at the University of Oldenburg.

For samples analyzed at the University of Oldenburg, typical 
long-term external errors (reported as 2σ SD, Table S1 of the SOM) 
range between 0.2 and 0.3εNd, based on multiple JNdi-1 analyses 
during each session. The errors on [Nd] concentration measure-
ments are typically below 5% with a few exceptions of 10–18% 
(see Table S1). A combined cruise, chemistry, and analytical blank 
was measured to be ∼200 pg Nd for the Nd isotopes procedure 
(∼3% of the lowest sample concentration measured) and ∼1 pg 
for [Nd] analyses, and hence considered negligible. The errors on 
isotope measurements carried out at GEOMAR, Kiel, and the Uni-
versity of Hawaii are described in detail in Molina-Kescher et al.
(2014) and Pahnke et al. (2012), respectively. Geomar and the Uni-
versity of Hawaii and authors C. Basak and K. Pahnke successfully 
participated in the GEOTRACES intercalibration (van de Flierdt et 
al., 2012). Analyses of the intercalibration samples at the University 
of Oldenburg are also well within the uncertainty of the intercali-
bration measurements (M. Behrens, K. Pahnke, 2013, unpubl. data).

In order to check the reliability of the data reported in this 
study, the vertical εNd and [Nd] profiles from station PS75/052 
are compared with the nearby open ocean station 022 (60◦32 S, 
108◦18 W) of Carter et al. (2012) (Fig. 3a, b). Except for the surface, 
which is subject to seasonal and interannual variability, the εNd
data of these two stations agree within the analytical uncertainty 
(Fig. 3a). The Nd concentrations for the six depths that overlap 
in both profiles agree within 1.24 pmol/kg (Fig. 3a). A compari-
son between PS75/088 and the Ross Sea station 116-1 (72◦37 S, 
164◦05 W) of Rickli et al. (2014) is within error except for the 
sample at 3000 m water depth and the upper 500 m for εNd
(Fig. 3c). The overall structure of the [Nd] depth profile at station 
PS75/088 is similar to that at station 116-1 (Rickli et al., 2014), 
but absolute concentrations are lower at PS75/088 located further 
north of 116-1. This disagreement in εNd and [Nd] is likely due to 
the latitudinal offset and the diminishing influence of continental 
Nd input from Antarctica.

4. Results

4.1. Hydrography at the stations

The stations studied here are divided into an eastern tran-
sect, extending from north of the SAF to the Ross Sea (stations 
PS75/034 to PS75/088) and a western transect extending from the 
Ross Sea to New Zealand (stations PS75/088 to PS75/100) (Fig. 1). 
Stations along the eastern transect that are located north of the 
SAF (PS75/034, PS75/044, PS75/057) are bathed by bottom waters 
with a neutral density range of 28.24–28.08 kg/m3 that is charac-
teristic for LCDW (Orsi et al., 1995; Whitworth et al., 1998). Water 
at a depth of 1500 m is characterized by a potential temperature 
of ∼2.5 ◦C (Fig. 2), densities of 27.76 kg/m3 < γ n < 27.85 kg/m3, 
and low oxygen concentrations (Fig. 4), indicating the presence 
of UCDW (Orsi et al., 1995; Whitworth and Nowlin, 1987). At 
eastern stations south of the SAF (PS75/052, PS75/065, PS75/067, 
PS75/088), bottom waters have γ n ≥ 28.28 kg/m3, characteristic 
of RSBW (Orsi et al., 1999; Orsi and Wiederwohl, 2009). The water 
mass immediately above RSBW at these stations is LCDW.

The UCDW shoals towards the south and reaches to below the 
surface waters in the AZ and is completely absent south of the 
AZ (Orsi et al., 1995; Talley et al., 2011). Station PS75/052, located 
within the AZ, is therefore influenced by UCDW at 500–1000 m 
water depth, while stations PS75/067 and PS75/088 south of the 
AZ lack UCDW.

Along the western transect (stations PS75/100, PS75/098, PS75/
095, PS75/089, PS75/088) (Fig. 1), stations close to New Zealand 
and north of the SAF (PS75/100, PS75/098) exhibit an oxygen 
minimum at 1500–2000 m water depth that marks the pres-
ence of UCDW, while it is missing at stations at and south of 
the SAF (Fig. 4). Based on neutral density, the water mass below 
2800 m at stations PS75/095 and PS75/098 is LCDW. Although a 
prominent oxygen minimum is not observed at station PS75/095, 
the presence of UCDW at water depths of 1000 m is evident 
from its characteristic potential temperature (∼2.5 ◦C) and neu-
tral density (γ n = 27.75 kg/m3). Deep water (>3000 m) at sta-
tions PS75/088 and PS75/089 is characterized by high neutral den-
sity (γ n > 28.27 kg/m3), characteristic of RSBW (Orsi et al., 1999;
Orsi and Wiederwohl, 2009).

4.2. Seawater Nd isotopes

For clarity, the dissolved Nd isotope data (n = 66) are reported 
and discussed following the division of the stations into an east-
ern and western transect used above (Figs. 3, 4; all data are listed 
in Table S1 (SOM) and on Pangaea (www.pangaea.de) under doi: 
10.1594/PANGAEA.834728).

Based on hydrographic properties the deep waters (>3000 m) 
at stations closest to the Ross Sea (PS75/088, PS75/089) are oc-
cupied by RSBW (Fig. 2), which carries an εNd signature at these 
stations of −7.5 to −7.2.

http://www.pangaea.de
http://dx.doi.org/10.1594/PANGAEA.834728
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Eastern transect, (b) map showing the station locations, 
tion PS75/052 and PS75/088 are εNd (empty red circles) 
cibility of JNdi-1 analyzed during the analytical sessions. 
or interpretation of the references to color in this figure 
Fig. 3. Vertical profiles of Nd isotope ratios (εNd) and Nd concentrations ([Nd]) along the eastern and western transect, εNd (solid circles) and [Nd] (solid squares). (a)
(c) western transect. Faded grey bar indicates the range of εNd values typical of Circumpolar Deep Water (CDW) (Stichel et al., 2012). Red symbols plotted together with sta
and [Nd] (empty red squares) from adjacent open ocean station 022 (Carter et al., 2012) and 116-1 (Rickli et al., 2014). Error bars for εNd are typically 2σ external reprodu
Where the internal errors are larger than external reproducibility, propagated errors are reported. Majority of reported errors for [Nd] are smaller than the symbol size. (F
legend, the reader is referred to the web version of this article.)
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Fig. 4. Map showing the location of the stations and the section (station names abbreviated). Distribution of dissolved oxygen (Garcia et al., 2010) and salinity (Antonov et al., 
2010) vs. depth along the eastern and the western transect are shown in the upper and lower panel, respectively. Positions of the Antarctic Polar Front (APF) and Subtropical 
Front (STF) after Orsi et al. (1995). CDW = Circumpolar Deep Water; UCDW = Upper Circumpolar Deep Water; RSBW = Ross Sea Bottom Water. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
Along the eastern transect, εNd ranges from −5.7 to −9.2
(Fig. 3a; Table S1). Physical properties indicate that the predom-
inant water mass along the eastern transect is CDW with av-
erage εNd values of −8 to −9 (Jeandel, 1993; Stichel et al., 
2012; Carter et al., 2012; Rickli et al., 2014; Garcia-Solsona et al., 
2014). The presence of the radiogenic εNd signature of RSBW can 
be tracked along the transect towards the northeast (PS75/065, 
PS75/067, PS75/052, PS75/044), where both εNd and neutral den-
sity characteristics reflect progressive mixing of RSBW with overly-
ing CDW (Fig. 5). At stations north of the SAF (PS75/034, PS75/044, 
PS75/057), waters between 1000–2000 m water depths are UCDW 
and exhibit an εNd of >−8 (Figs. 3a, 4). Pure AAIW is found be-
tween 500–1000 m water depth at these stations with an εNd of 
−6.6 to −8.2 (Fig. 3a; Table S1).

The εNd values of the western transect range from −6.9 to 
−10.6 (Fig. 3c, Table S1). Hydrographic properties indicate the 
predominant presence of CDW at water depths >1000 m at the 
majority of the stations (PS75/095, PS75/098, PS75/100) and a cor-
responding εNd of −8 to −9.

4.3. Seawater Nd concentrations

Vertical Nd concentration profiles in the South Pacific follow 
two general patterns depending on their position relative to the 
APF (Fig. 8b). North of the APF, Nd concentrations are low at the 
surface (∼10 pmol/kg) and increase linearly with depth, reaching 
bottom water values of 25–30 pmol/kg. Station PS75/100 close to 
Fig. 5. εNd vs. neutral density (γ n) for deep samples. (a) Western transect. (b) East-
ern transect. Only open ocean stations are considered. Near shelf stations (PS75/034, 
PS75/100) and the deepest sample from PS75/057 hold potential to be affected by 
boundary exchange and are excluded in this figure. Vertical grey bars indicate the 
range of RSBW and CDW. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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New Zealand exhibits the lowest upper-ocean [Nd] (5–10 pmol/kg, 
11–1000 m water depth) and an anomalously high bottom water 
[Nd] (33.7 pmol/kg at 2475 m water depth). South of the APF, sur-
face concentrations are higher (∼15 pmol/kg) than north of the 
APF, increase towards 1000 m water depth, and are almost con-
stant between 1000 m and the bottom (∼25–30 pmol/kg). Station 
PS75/065 shows an elevated bottom water [Nd] (35.1 pmol/kg).

5. Discussion

5.1. Distribution of εNd

5.1.1. Eastern transect
The bottom water at station PS75/088 closest to the Ross 

Sea is clearly identifiable as RSBW based on its neutral den-
sity and is represented by an average εNd signature of −7 ± 0.5
(Figs. 2, 3, Table S1 SOM). This εNd value is the most radio-
genic of all deep and bottom water values of our stations and 
also much more radiogenic than all reported εNd values for AABW 
in the South Atlantic (εNd = −8.5 to −10.8; Stichel et al., 2012;
Garcia-Solsona et al., 2014). A similar bottom water εNd value of 
∼−7 has been reported by Rickli et al. (2014) from a station 
south of PS75/088 (Fig. 1), emphasizing the characteristic Nd iso-
topic value of bottom water forming in the Ross Sea. We suggest 
that modified shelf water in the Ross Sea acquires this signature 
from the Ross Sea shelf before it spills over the shelf edge into 
the abyssal basin to form RSBW. The Nd isotopic composition of 
the lithogenic <63 μm core top sediment fraction from areas sur-
rounding the Ross Sea ranges between εNd = −6.7 and −7.3 (Roy 
et al., 2007), while late Quaternary tills (<63 μm) show a range 
of −5.8 to −7.5 and −3.8 to −6.9 for the western and eastern 
Ross Sea, respectively (Lang-Farmer et al., 2006). These terrigenous 
values represent the average εNd of nearshore sources and sup-
port the hypothesis that AABW formed in the Ross Sea acquires 
its εNd signature of ∼−7 from Ross Sea shelf sediments. The ob-
served bottom water radiogenic εNd signature can be clearly traced 
into the Southeast Pacific along our eastern transect (PS75/065, 
PS75/067) before it is progressively mixed with ambient LCDW, 
as also evident from hydrographic properties (Fig. 5). This demon-
strates the conservative behavior of εNd in RSBW and its potential 
to trace RSBW along its flow path, hence also enabling its use for 
paleoceanographic studies.

The bottom water at site PS75/052 (5083 m; εNd = −7.8 ± 0.5) 
is hydrographically comparable to the two deepest samples at 
nearby station 022 of Carter et al. (2012), for which εNd values 
of −7.3 ± 0.1 (5081 m) and −8.6 ± 0.2 (5182 m) were reported 
(Figs. 1, 3). Carter et al. (2012) explained the lower εNd of the 
deepest sample (8 m above the seafloor) through a local overprint 
from bottom sediments. Overprints from bottom sediments are not 
observed in any of the bottom samples in this study (except for 
station PS75/057 on the Pacific–Antarctic Ridge, see below), most 
likely due to the greater distance of the deepest samples from the 
seafloor (14–101 m).

At station PS75/044, neutral density values indicate that the 
bottom, deep and mid-depth waters are represented by LCDW 
and UCDW, respectively. The corresponding εNd values range from 
−7.5 ±0.3 to −8.1 ±0.2, with the deepest sample exhibiting resid-
ual influence of RSBW. The bottom to mid-depth waters at site 
PS75/034 are outside the range of RSBW densities and exhibit εNd
values similar to CDW (εNd = −7.9 ± 0.3 to −8.5 ± 0.7). Thus, 
a distinction between UCDW and LCDW cannot be clearly made 
based on the εNd signature at these two eastern transect stations. 
Stichel et al. (2012) also reported no distinction between upper 
and lower CDW in the South Atlantic based on εNd values. Sta-
tion PS75/057 is located on the Pacific–Antarctic Ridge and is the 
shallowest station along the eastern transect with a bottom depth 
Fig. 6. Simple mixing model using three predominant South Pacific water masses as 
endmembers. All endmember values were chosen to represent the respective water 
masses close to our study area (not at their site of formation). Details of individual 
endmembers used are provided in the SOM. The solid black circles along the mixing 
lines are 10% mixing increments. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

of 2878 m and an εNd value of −7.2 ± 0.3 in the deepest sam-
ple (Fig. 3). According to the θ–S properties and neutral density, 
the bottom water at this site is LCDW (Figs. 2, Table S1), which at 
other stations and in the South Atlantic carries an isotope signature 
of εNd = ∼−8 to −9 (Stichel et al., 2012). The station is located 
above the ridge flank and we therefore suggest that the radiogenic 
bottom water εNd at this site is caused by boundary exchange 
with the basaltic rocks of the ridge (Lacan and Jeandel, 2005;
Rickli et al., 2010; Pearce et al., 2013).

Intermediate to shallow water depths at the stations north of 
the SAF along the eastern transect (PS75/034, PS75/044, PS75/057) 
carry an εNd value of ∼−8. The isotopic composition is shifted to 
significantly more radiogenic values (εNd = −6.4 ± 0.5 to −7.7 ±
0.3) at ∼1000–2000 m water depth. North Pacific Deep Wa-
ter is characterized by low oxygen concentrations and radiogenic 
Nd isotope values (εNd −5.8 to >−4) in the North Pacific and 
along its flow path (Grasse et al., 2012; Molina-Kescher et al., 
2014), and flows southward in the East Pacific (Talley et al., 2011;
Kawabe and Fujio, 2010). Contributions from NPDW to the wa-
ters north of the SAF can thus explain the observed shift to-
wards more radiogenic seawater εNd. In order to test this, we 
compare our deep water compositions in a water mass mixing 
diagram assuming conservative mixing between NPDW, UCDW, 
LCDW, and AAIW (Fig. 6). For Nd concentrations, we use mod-
ified endmember values that are directly relevant to our study 
area, that is, we take into account the observed decrease in [Nd] 
across the APF at UCDW and LCDW depth (Fig. 6), and the pro-
nounced removal of Nd from NPDW in the high productivity 
area of the Eastern Equatorial Pacific (EEP) (Grasse et al., 2012;
Molina-Kescher et al., 2014). All data from 1500–3000 m water 
depth and north of the SAF (PS75/044, PS75/057) are within the 
mixing envelopes defined by modified UCDW, LCDW, and NPDW 
(Fig. 6). Supported by the neutral density, a dominant UCDW influ-
ence is observed in the shallower samples (∼1000–2000 m) that 
also show the highest NPDW contribution of 10–15% (Fig. 6). Sta-
tion PS75/034 lacks Nd concentration data and is therefore not 
included in Fig. 6. However, the εNd of −6.4 at 2000 m water 
depth at this station suggests higher NPDW influence than at sta-
tions PS75/044 and PS75/057, consistent with the depth range and 
flow path of NPDW (Kawabe and Fujio, 2010) and the low oxy-
gen content of the water mass at this station (Garcia et al., 2010). 
A higher LCDW and slightly lower NPDW influence is observed in 
the deeper samples (>2000 m) (Fig. 6). According to hydrographic 
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Fig. 7. Potential temperature (θ )–salinity diagram for bottom waters with a potential 
density >27.75 kg/m3. Colors are εNd values. Samples from the salinity maximum of 
LCDW exhibit a shift towards negative εNd. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

properties samples at 1000 m water depth at stations PS75/044 
and PS75/057 are within the transition of UCDW and overlying 
AAIW. Based on the mixing diagram, a mixture of ∼20% modified 
UCDW, ∼10% modified NPDW and ∼70% pure AAIW best explains 
the Nd composition from 1000 m water depth at both stations. The 
anomalous value of −5.5 at the surface of station PS75/044 may be 
best explained as aeolian input or advected surface waters that are 
influenced by isotope signals from the South American shelf.

The mixing diagram therefore supports an increased contribu-
tion of NPDW to the deep waters at stations north of the SAF and 
hence explains the more radiogenic εNd at those depths and loca-
tions.

5.1.2. Western transect
The εNd distribution along the western transect is dominated 

by εNd values of −8 to −9, consistent with the dominance of 
CDW (Fig. 3). The only more radiogenic values are observed within 
RSBW at stations PS75/088 and PS75/089 (see Section 5.1.1, Fig. 3). 
According to neutral densities, deep waters below ∼2000 m along 
the western transect at and north of the SAF are represented by 
LCDW (Fig. 2), consistent with physical oceanographic studies that 
identified the predominance of LCDW within the Subantarctic Zone 
(SAZ) of the Pacific (Talley et al., 2011). Stations PS75/095 and 
PS75/098 show slightly more negative εNd (−9 to −8) at depth 
than stations along the eastern transect (Fig. 3). Hydrographically, 
deep waters at these stations also differ from those along the east-
ern transect, consistent with the different bottom water sources 
in the western and eastern South Pacific separated by the Pacific-
Antarctic Ridge. While the eastern basin receives RSBW (εNd = −7) 
that mixes into LCDW, it is plausible that the western basin re-
ceives AABW with a less radiogenic εNd signature mixed into 
LCDW from the Weddell Sea and Adélie Coast (Stichel et al., 2012;
van de Flierdt et al., 2006). A slight negative shift towards εNd =
−9 is also observed at the depth of the salinity maximum of 
LCDW at all western transect stations south of the SAF (PS75/095, 
PS75/089, PS75/088) and also at the eastern transect stations south 
of the SAF (Fig. 7). The elevated salinity of LCDW originates from 
contributions of NADW (Talley et al., 2011), suggesting that rem-
nants of the negative NADW εNd signature (εNd = −13.5 in the 
North Atlantic) are present in LCDW. Molina-Kescher et al. (2014)
also suggested residual NADW influence within the deep water at 
stations close to New Zealand (εNd = −9 to −10.3).
Fig. 8. Neodymium concentration profiles of all stations divided into stations located 
north of the Antarctic Polar Front (APF) (black circles) and south of the Polar Front 
(red squares). Errors associated with [Nd] measurements are reported in SOM Ta-
ble S1. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

5.2. [Nd] distribution in the South Pacific

The general explanation for the nutrient-like distribution of 
[Nd] in the ocean is scavenging of Nd in the upper ocean 
through adsorption onto biogenic or lithogenic particles and re-
lease through particle decomposition at depth (Elderfield and 
Greaves, 1982; Siddall et al., 2008; Arsouze et al., 2009; Rempfer 
et al., 2011; Stichel et al., 2012). Biogenic opal production is high 
within and immediately north of the APF (Sigmon et al., 2002), 
thus abundant biogenic opal particles can explain the very low 
surface [Nd] at and north of the APF. South of the APF, Nd con-
centrations are substantially higher at the surface, increase to 
∼1000 m and are nearly constant from 1000 m to the bottom 
(Fig. 8). The [Nd] distribution closely follows the density structure 
of the water column, with similar [Nd] at equal neutral density 
and hence high [Nd] shoaling towards the south (Fig. 9). The 
high Nd concentrations in the upper water column and essentially 
constant concentrations below ∼1000 m water depth at stations 
south of the APF therefore suggest Nd supply to the upper ocean 
through upwelling of deeper waters. A plot of [Nd] vs. neutral den-
sity of all samples from AAIW to AABW-depth reveals that the 
[Nd] of UCDW and LCDW follows linear mixing lines between 
AAIW and LCDW, and UCDW and AABW, respectively, suggest-
ing a strong control of lateral transport on [Nd] in this region 
(Fig. 10). When compared to ideal conservative mixing as defined 
by the representative water mass endmembers, the [Nd] is offset 
to lower values in the case of UCDW and both lower and higher 
values in the case of LCDW, respectively (Fig. 10). This suggests Nd 
removal through particle flux down to UCDW depths and dom-
inant Nd release at the depths of LCDW. Removal of dissolved 
Nd due to high particle fluxes at depth has been reported be-
fore from the equatorial and South Pacific (Grasse et al., 2012;
Molina-Kescher et al., 2014). The deviation to higher [Nd] for 
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Fig. 9. Distribution of dissolved [Nd] overlain by neutral density (γ n) contours along entire sampling track in the South Pacific. (a) Map showing the sampling locations. 
(b) Neutral density (γ n) and [Nd] exhibit a tight coupling and gradually shoal towards higher latitudes (southernmost stations in the middle of the section). Sample locations 
are plotted as solid white sqaures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Plot showing [Nd] vs. neutral density. Red and black solid lines represent linear regression lines through UCDW and LCDW data, respectively. One LCDW data 
point with high [Nd] is excluded from calculating the linear trend. Dashed lines represent the conservative mixing relationship between AAIW-LCDW, and UCDW-AABW. 
The endmember values are from the midpoint of the range of neutral densities for individual water masses and corresponding [Nd] from our data set (neutral density 
classifications of water masses are after Jacobs et al., 1970; Whitworth and Nowlin, 1987, and Whitworth et al., 1998). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
LCDW can best be explained by Nd release at depth. Thus, the 
[Nd] distribution in the study area is controlled by a combination 
of dominant lateral transport and conservative mixing, and vertical 
removal and release processes.

Due to the rather homogeneous εNd distribution in upper and 
lower CDW, the correlation with neutral density is not as clearly 
seen in the εNd distribution, except for the slightly lower εNd as-
sociated with the salinity maximum of LCDW that shoals to the 
south. Upper ocean Nd supply through upwelling was recently sug-
gested by Chen et al. (2013) based on the global relationship of 
[Nd] with nutrient distributions. It is clear from the above discus-
sion that vertical cycling plays an important role in defining the 
[Nd] of the South Pacific sector of the Southern Ocean, however, 
lateral transport and conservative mixing are clearly more domi-
nant than in other regions.

5.3. Shelf and open ocean boundary exchange

The [Nd] at station PS75/100 close to New Zealand is different 
from other stations reported in this study. The bottom water ex-
hibits the highest Nd concentration (33.7 pmol/kg) among all the 
measured values in this study (Fig. 9). Sediment–seawater inter-
actions, also known as boundary exchange (Jeandel et al., 2007), 
are described as a process of Nd isotopic modification of seawater 
due to isotope exchange with the sediments but without a change 
in dissolved Nd concentration (Lacan and Jeandel, 2001). Boundary 
exchange should only shift the deep water εNd at station PS75/100 
and not its [Nd], while we observe the opposite. A study in the 
Norwegian basin showed that simultaneous increase in bottom 
water [Nd] and εNd deviations can happen due to resuspension 
and partial dissolution of margin sediments (Lacan and Jeandel, 
2004). Support in favor of this mechanism has been recently re-
ported by Carter et al. (2012) from shelf sites in the Amundsen 
and Bellingshausen Sea. At station PS75/100, a similar mechanism 
of resuspension and dissolution of margin sediments in this re-
gion of strong bottom currents and terrestrial input (e.g., Carter et 
al., 2004) can be invoked to explain the observed increase in [Nd] 
without any εNd change, provided the difference between the εNd
signature of the bottom sediments and that of the overlying bot-
tom water is very small. Sediment resuspension may also explain 
the observed high bottom water [Nd] at PS75/065.

Among the existing dissolved [Nd] and εNd studies in the South 
Pacific (Carter et al., 2012; Molina-Kescher et al., 2014; Rickli et al., 
2014), Carter et al. (2012) reported open ocean bottom water Nd 
concentrations (and minor changes in εNd) which are consistently 
lower than the water 100 m above it, suggesting removal of Nd 
close to the sediment–water interface. In contrast, station PS75/052 
that is closest to Carter et al.’s open ocean site 022, does not show 
any deviations from the vertical trend in [Nd] or εNd in the deepest 
sample, which may be due to the fact that our deepest samples 
were collected significantly higher above the seafloor than those 
of Carter et al. (2012) (38 m vs. 8 m).
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6. Summary and conclusions

The full water column of the remote high latitude South Pacific 
has been studied to better understand the behavior and distribu-
tion of dissolved Nd and its isotopic composition. The key findings 
of this study are:

1) Ross Sea Bottom Water is characterized by a distinct εNd
value of ∼−7 that allows differentiation of this water mass from 
other deep and bottom waters in the Southern Ocean, confirming 
the results from Rickli et al. (2014). For the first time, we show 
that this signature can be traced, along with the hydrographic 
properties of RSBW, into the eastern South Pacific until its charac-
teristic εNd signature is lost through mixing with ambient LCDW. 
Robust εNd characterization of RSBW as an important and distinct 
bottom water mass in the Southern Ocean will be important for 
paleo-circulation studies based on εNd in the South Pacific.

2) A shift to unradiogenic εNd at 2000 m water depth at sta-
tions north of the SAF in the Southeast Pacific is explained by 
NPDW admixture of up to 10–15%. This observation is consistent 
with the southward flow path of NPDW into the eastern South Pa-
cific.

3) The majority of our vertical profiles exhibit a slight nega-
tive shift towards εNd = ∼−9 at the depth of the salinity max-
imum of LCDW. The salinity maximum represents the remnant 
of unradiogenic NADW within LCDW. This finding is in agree-
ment with dissolved Nd isotope data in the southwest Pacific from 
Molina-Kescher et al. (2014).

4) Neodymium concentrations show a clear correspondence 
with the density structure of the South Pacific, with high surface 
and nearly constant subsurface to bottom water concentrations 
south of the Antarctic Polar Front, and low surface concentrations 
and a linear increase with depth north of the APF. This pattern sug-
gests a dominant control of lateral transport and mixing on [Nd] 
in this region, and supports the supply of Nd through upwelling 
of deep water south of the APF, as suggested previously based on 
global [Nd] distributions (Chen et al., 2013).
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