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Repository). Using potential temperature and 
salinity data, we interpret our sites at 1200 m 
and 3000 m depth to represent mixing between 
North Pacific Intermediate Water (NPIW, ~240 
m depth) and Pacific Deep Water (PDW, ~3000 
m depth; Fig. 2B). Based on these water mass 
identifications and the published εNd of NPIW 
and PDW (Haley et al., 2014), the water column 
εNd profile is predicted to decrease with depth 
from −3 toward −3.5 (Fig. 2B). Instead, the ob-
served εNd appears to remain constant with depth 
below the surface, at −2.5 at 1200 m and −2.3 
at 3000 m (Fig. 3). The deviation between the 
observed and the expected ocean bottom water 
εNd (εNdBW) is greatest (∆εNdexp–obs

 = 1.0) in bottom 
water at our 3000 m site, coinciding with the 
largest benthic flux of Nd to the ocean (Fig. 3; 
Abbott et al., 2015). The εNdobs

 deviates toward 
the εNd of pore fluids (εNdPW

), with εNdobs
 being 

less radiogenic than predicted (Fig. 3). The av-
erage εNdPW

 at each site is nearly constant down 
core and is −0.2 at 200 m, −1.5 at 1200 m (ex-
cluding 1.2 cm and 2.4 cm), and −1.8 at 3000 m 
(Fig. 3). These values are offset from PDW val-
ues (−3.5), and instead must be generated from 
the bulk sedimentary solid phase (Fig. 3; see the 
Data Repository). Regardless of the mechanism 
of generation, our measured εNdPW

 demonstrate 
that pore fluids can produce an isotopically dis-
tinct flux term.

We argue that the overlying water column 
εNd profile is controlled by the benthic Nd flux 
from the pore fluids and that the influence of this 
flux on water column εNd can be described as:

 
f FNd , ,

t

t T

Nd
0

WM Nd NdWM Flux–WM∫ ( )[ ]ε = ε
=

=

, (1)

where εNdWM
 is a function of the concentration 

of Nd in the water mass ([Nd]WM; at time t = 
0), the magnitude of the benthic flux (FNd), and 
the difference between the observed εNdWM

 (at 
t = 0) and εNd of the benthic flux (∆εNdFlux–WM

) 
integrated over the time of exposure to the flux 
(T). In this model, a surface water mass has low 
initial [Nd]WM and initial εNdWM

 that resembles 
the regional riverine dissolved load. If this water 
mass does not contact the sediments, FNd is neg-
ligible, limiting changes in εNdWM

 to only water 
column processes. However, if the water mass 
is exposed to a sedimentary source of Nd, then 
εNdWM

 is possibly altered. The potential for alter-
ation grows with increases in either the ratio of 
FNd to [Nd]WM (i.e., piston velocity) or the differ-
ence between the εNd of the flux relative to εNd of 
the water mass (∆εNdFlux–WM

, where εNdFlux
 is as-

sumed equivalent to εNdPW
). This model implies 

that a short exposure time of a water mass to the 
sediment with a high FNd or a large ∆εNdFlux–WM

 
is able to readily alter the εNdWM

 at time scales 
observed in the modern ocean (Fig. 4). Alter-
natively, an infinitely long exposure to a zero 
flux, or a region with a small ∆εNdFlux–WM

, will 
not alter εNdWM

. Essentially, our model based on 
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Figure 2. Profiles of water column Nd concentrations (A) and εNd (B) plotted as function 
of depth. Black line in B represents εNd profile expected based on water mass mixing be-
tween North Pacific Intermediate Water (NPIW) and Pacific Deep Water (PDW) with 2σ error 
indicated by gray shading. NPIW and PDW are indicated by white stars and labeled. Bot-
tom water samples are indicated by gray filled symbols. Data from Gulf of Alaska (Haley 
et al., 2014) are shown for comparison. Depth of sediment-water interface (hachured line) 
is indicated for 200 m and 1200 m sites. Concentration data for 1200 m and 3000 m are 
from Abbott et al. (2015). Error bars (2σ) are provided for concentration and isotopic data.

Figure 3. Composite dissolved Nd concentration and εNd profiles plotted as function of water 
depth (top) or sediment depth (bottom). Vertical bars represent mean εNd of water column 
(gray) and pore fluids (blue); shaded vertical bars show 2σ error of mean dissolved εNd for 
the water column (gray) and pore fluids (blue). Green lines represent expected water column 
εNd profile from Figure 2. Concentration data for sites at 1200 m and 3000 m depth are from 
Abbott et al. (2015). Mean observed εNd are italicized. Error bars (2σ) are provided for isotopic 
data; error bars for concentrations are smaller than marker size.
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replicate analysis) and 27 ng/g (with the exception of one modern
F. curvatumwith 152.2 ng/g; see Table 4). Amongmodern coral samples,
D. dianthus specimen Dp-A-02 and B. malouinensis specimen Mod.
Balano-1 show the highest 232Th concentrations with 344 pg/g and
377 pg/g, respectively. Modern B. malouinensis specimens show a ten-
dency towards elevated 232Th relative to D. dianthus, F. curvatum and
M. oculata (Table 4).

The [Ndmin] in fossil corals from the Drake Passage ranges from
7.3 ng/g to 964.5 ng/g and 232Th concentrations range from 20 to
3500 pg/g (Table 6, Fig. 7; including the replicate results from isotope
dilution). The entire coral [Ndmin] and [232Th] dataset (including mod-
ern, fossil and replicate coral samples) shows a weak correlation of
R2 = 0.48 (n = 91, including replicate analyses; Fig. 7). Significantly
higher covariations are however observed when isolating the species
B. malouinensis (R2 = 0.96, n = 11) and G. antarctica (R2 near 1, n =
4, including replicate analyses; Fig. 7).

The subset of modern and fossil corals analysed for major and trace
element concentrations (n = 16) yielded the following results:
[Al] b 9.2 μg/g, [Ti] b 0.54 μg/g, [Mn] b 0.38 μg/g and [Fe] b 14 μg/g (omit-
ting one result; Table 5). These concentrations are several orders ofmag-
nitude lower than in lithogenic and FeMnoxyhydroxide phases (Tables 3
and 5, Fig. 7; Crocket et al., 2014). Despite the large range of Nd concen-
trations observed in modern and fossil coral specimens, their shale-nor-
malised rare earth element patterns show three distinct features: (i)
negative Ce anomalies (Ce/Ce⁎ = 2 × CeN / (LaN + NdN) ranging from
0.03 to 0.09), (ii) enrichment of heavy over light rare earth elements
(HREE/LREE= (ErN+ YbN) / (LaN+NdN)= 1.1 to 10), and (iii) slightly
positive Gd anomalies (Gd/Gd⁎=2 × GdN / (EuN + TbN)= 1 to 1.3, ex-
cept for sample NBP0805 DR35 Dc-D002, which shows a negative Gd
anomaly (Table 5, Fig. 8). These observations are consistent on intra-
and interspecies level, i.e., the REE data set includesD. dianthus,G. antarc-
tica and B. malouinensis.

One fossil specimen of B.malouinensiswas furthermore subsampled
at the upper and lower part of its skeleton (Fig. 3) in order to investigate
potential geochemical gradients. The lower part contains about 6 times

higher concentrations of lithogenic elements such asAl and Ti, slight en-
richment in Nd (38.4 ng/g in the upper part and 52.6 ng/g in the lower
part), and similar Fe concentrations (Table 5).

A coral specimen that has not been studied for palaeowork so far isG.
antarctica. We note that even though REE concentrations seem elevated,
the PAAS-normalised pattern (Taylor and McLennan, 1985) resembles
the characteristic features of modern seawater (Table 5, Fig. 8).

Four out of the 16 corals resampled for ICP-MS trace element analy-
sis were also analysed for Nd concentrations with isotope dilution and
TIMS. The results show good agreement between different analytical
methods, i.e., within 6.1% (n = 3) and 25.9% for sample NBP0805
TB04 Big Beauty, which shows however very low [Nd] so that the abso-
lute difference between 5.4 and 4.0 ng/g is small (Tables 4, 5 and 6).

The reproducibility of trace metal concentrations in corals can be
assessed by comparing U, Th and Ndmin concentration results obtained
on different pieces of the same coral specimen that were individually
dated (see Table 6 and caption). Excluding one outlier, a weak correla-
tion (R2 = 0.30, n= 12) is observed for Ndmin concentrations obtained
from replicate U-Th dating, which only improves marginally when in-
cluding additional accurate Nd concentration data derived by TIMS iso-
tope dilution (R2 = 0.36, n = 15; Fig. 9). In contrast, U concentrations
(R2 = 0.76, n = 12) and 232Th concentrations (R2 = 0.63, n = 12) re-
produce better between different parts of the same coral (Table 6, Fig.
9). This observation is corroborated by comparison of Ndmin and U con-
centrations obtained from isotope dilution (Tables 4 and 6) with the
corresponding results of the coral subsamples analysed by ICP-MS
(Table 5). Excluding two outliers, the [Nd] of two subsamples from the
same coral analysed by different methods is only weakly correlated
(R2 = 0.30, n = 14). In contrast, U concentrations of different subsam-
ples from the same coral showa relatively strong correlation (R2=0.71,
n = 15). The limit of detection of 232Th on the ICP-MS limits a similar
comparison with isotope dilution MC-ICP-MS Th data (Table 5).

It is noted that the results presentedherewere obtained from relative-
ly large samples so that some of the fine scale variability observed previ-
ously by Robinson et al. (2006) and Spooner et al. (2016) is averaged out.

Fig. 3. Pictures of modern CWC specimens from the Drake Passage. (a) B.malouinensis, (b) F. curvatum, (c) D. dianthus collected in the Drake Passage during NBP0805 (photo credit: Dann
Blackwood, no scales available) and (d) sub-fossilM. oculata (Cairns and Kitahara, 2012). The skeleton of B.malouinensis is solid in the lower part and porous at the top (see enlargement of
the interface between the two parts of the skeleton). The stippled rectangle in (a) delineates the subsampling areas for upper and lower parts of a fossil B.malouinensis skeleton for their
trace metal content (Table 5; NBP1103 DH16 Bc-2). Note that the corals shown in this Figure are not the same individuals analysed for this study.

153T. Struve et al. / Chemical Geology 453 (2017) 146–168
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75°N), middle values at mi-latitudes (εNd of around −12 at 0 to 30°N),
and higher values of around −9 at southern hemisphere (Fig. 2). In
contrast, the Pacific εNd values are lower in the southern hemisphere
with a mean εNd value of around −8 at ≥500 m at 60°S to 20°S than in
equatorial and northern hemisphere with εNd of about −4 at ≥500 m
at 0 to 75°N (Fig. 2).

These observed features are consistent with the conventional view
that the general increase of deepwater εNd along the global thermoha-
line circulation pathway is caused by a mixing between young North
Atlantic waters with low εNd values and old Pacific waters with high εNd
values. Deepwater εNd values (≥1500 m) correlate well with dissolved
silica and phosphate concentrations (Fig. 3). The South Atlantic, the
Southern Ocean, the South Indian and the South Pacific Ocean waters
present intermediate values (Fig. 3). However, a conventional binary
mixing trend is not evident in seawater εNd versus 1/[Nd] plot (here
[Nd] is dissolved Nd concentration of seawater) and the highest εNd
values are observed not only for the deep water in the north Pacific but
also in the equatorial Pacific (Fig. 3). Taking into account general co-
variation between seawater εNd values and other water mass tracers at
water depths deeper than 1500 m (Figs. 3), deepwater Nd isotopic
composition generally reflects water mass mixing but significant local/
regional effects exist for some cases. The lack of the conventional binary
mixing (εNd vs. 1/[Nd]) thus indicates principally non-conservative
nature of dissolved Nd concentration.

The property-property plots between εNd and other water mass
indicators (multi-scatter plots) allow us to visually identify the data that
are offset from the general mixing envelopes, such as the values from
the Caribbean Sea (number 1 in Fig. 3), Baffin Bay (number 2 in Fig. 3)

and Bay of Bengal (number 3 in Fig. 3). This is consistent with the
statement of original papers suggesting influence of local detrital inputs
(Stordal and Wasserburg, 1986; Singh et al., 2012; Osborne et al.,
2014). In the following, we use basin-scale multi-scatter plots to
examine the regional variance in each oceanic basin in detail.

3.2. Basin-scale seawater and archive Nd isotopic variability

3.2.1. Seawater multi-scatter plots for deep and intermediate waters
We test the relationships of water masses at ≥1500 m to avoid

difficulties related to definition of water mass end-members. For the
first approximation, offsets from the general trend are evaluated
visually and considered to be significant when more than two prop-
erty-property plots support the departure.

In the Atlantic and the Atlantic sector of the Southern Ocean
(Fig. 4a), the general mixing envelopes are formed between younger,
warmer, saltier nutrient-depleted and oxygen-rich northern-sourced
deep waters with lower εNd, and older, cooler, fresher nutrient-rich
and oxygen-depleted southern-sourced waters with higher εNd. Offsets
from the general mixing are observed for the stations in the Caribbean
Sea (number 1 in Fig. 4a), the Labrador Sea (number 2, Fig. 4a), along
the eastern Greenland coast (number 4, Fig. 4a), off Amazon River
mouth (number 3, Fig. 4a) and a site in Southeastern Atlantic (number
5, Fig. 4a), as well as warm and saline Mediterranean Outflow Water
(MOW). In contrast, silicate and phosphate data of these sites are on the
general mixing trend (Fig. 4a), suggesting that the observed seawater
εNd offsets are related to specific behavior of Nd. Clear mixing trend is
not expressed in the relationship with 1/[Nd] and with potential
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75°N), middle values at mi-latitudes (εNd of around −12 at 0 to 30°N),
and higher values of around −9 at southern hemisphere (Fig. 2). In
contrast, the Pacific εNd values are lower in the southern hemisphere
with a mean εNd value of around −8 at ≥500 m at 60°S to 20°S than in
equatorial and northern hemisphere with εNd of about −4 at ≥500 m
at 0 to 75°N (Fig. 2).

These observed features are consistent with the conventional view
that the general increase of deepwater εNd along the global thermoha-
line circulation pathway is caused by a mixing between young North
Atlantic waters with low εNd values and old Pacific waters with high εNd
values. Deepwater εNd values (≥1500 m) correlate well with dissolved
silica and phosphate concentrations (Fig. 3). The South Atlantic, the
Southern Ocean, the South Indian and the South Pacific Ocean waters
present intermediate values (Fig. 3). However, a conventional binary
mixing trend is not evident in seawater εNd versus 1/[Nd] plot (here
[Nd] is dissolved Nd concentration of seawater) and the highest εNd
values are observed not only for the deep water in the north Pacific but
also in the equatorial Pacific (Fig. 3). Taking into account general co-
variation between seawater εNd values and other water mass tracers at
water depths deeper than 1500 m (Figs. 3), deepwater Nd isotopic
composition generally reflects water mass mixing but significant local/
regional effects exist for some cases. The lack of the conventional binary
mixing (εNd vs. 1/[Nd]) thus indicates principally non-conservative
nature of dissolved Nd concentration.

The property-property plots between εNd and other water mass
indicators (multi-scatter plots) allow us to visually identify the data that
are offset from the general mixing envelopes, such as the values from
the Caribbean Sea (number 1 in Fig. 3), Baffin Bay (number 2 in Fig. 3)

and Bay of Bengal (number 3 in Fig. 3). This is consistent with the
statement of original papers suggesting influence of local detrital inputs
(Stordal and Wasserburg, 1986; Singh et al., 2012; Osborne et al.,
2014). In the following, we use basin-scale multi-scatter plots to
examine the regional variance in each oceanic basin in detail.

3.2. Basin-scale seawater and archive Nd isotopic variability

3.2.1. Seawater multi-scatter plots for deep and intermediate waters
We test the relationships of water masses at ≥1500 m to avoid

difficulties related to definition of water mass end-members. For the
first approximation, offsets from the general trend are evaluated
visually and considered to be significant when more than two prop-
erty-property plots support the departure.

In the Atlantic and the Atlantic sector of the Southern Ocean
(Fig. 4a), the general mixing envelopes are formed between younger,
warmer, saltier nutrient-depleted and oxygen-rich northern-sourced
deep waters with lower εNd, and older, cooler, fresher nutrient-rich
and oxygen-depleted southern-sourced waters with higher εNd. Offsets
from the general mixing are observed for the stations in the Caribbean
Sea (number 1 in Fig. 4a), the Labrador Sea (number 2, Fig. 4a), along
the eastern Greenland coast (number 4, Fig. 4a), off Amazon River
mouth (number 3, Fig. 4a) and a site in Southeastern Atlantic (number
5, Fig. 4a), as well as warm and saline Mediterranean Outflow Water
(MOW). In contrast, silicate and phosphate data of these sites are on the
general mixing trend (Fig. 4a), suggesting that the observed seawater
εNd offsets are related to specific behavior of Nd. Clear mixing trend is
not expressed in the relationship with 1/[Nd] and with potential
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NEOSYMPA database. The numbers on the map show the area where seawater εNd values are offset from the general trend (see text for detail). The figures and the map are created using
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75°N), middle values at mi-latitudes (εNd of around −12 at 0 to 30°N),
and higher values of around −9 at southern hemisphere (Fig. 2). In
contrast, the Pacific εNd values are lower in the southern hemisphere
with a mean εNd value of around −8 at ≥500 m at 60°S to 20°S than in
equatorial and northern hemisphere with εNd of about −4 at ≥500 m
at 0 to 75°N (Fig. 2).

These observed features are consistent with the conventional view
that the general increase of deepwater εNd along the global thermoha-
line circulation pathway is caused by a mixing between young North
Atlantic waters with low εNd values and old Pacific waters with high εNd
values. Deepwater εNd values (≥1500 m) correlate well with dissolved
silica and phosphate concentrations (Fig. 3). The South Atlantic, the
Southern Ocean, the South Indian and the South Pacific Ocean waters
present intermediate values (Fig. 3). However, a conventional binary
mixing trend is not evident in seawater εNd versus 1/[Nd] plot (here
[Nd] is dissolved Nd concentration of seawater) and the highest εNd
values are observed not only for the deep water in the north Pacific but
also in the equatorial Pacific (Fig. 3). Taking into account general co-
variation between seawater εNd values and other water mass tracers at
water depths deeper than 1500 m (Figs. 3), deepwater Nd isotopic
composition generally reflects water mass mixing but significant local/
regional effects exist for some cases. The lack of the conventional binary
mixing (εNd vs. 1/[Nd]) thus indicates principally non-conservative
nature of dissolved Nd concentration.

The property-property plots between εNd and other water mass
indicators (multi-scatter plots) allow us to visually identify the data that
are offset from the general mixing envelopes, such as the values from
the Caribbean Sea (number 1 in Fig. 3), Baffin Bay (number 2 in Fig. 3)

and Bay of Bengal (number 3 in Fig. 3). This is consistent with the
statement of original papers suggesting influence of local detrital inputs
(Stordal and Wasserburg, 1986; Singh et al., 2012; Osborne et al.,
2014). In the following, we use basin-scale multi-scatter plots to
examine the regional variance in each oceanic basin in detail.

3.2. Basin-scale seawater and archive Nd isotopic variability

3.2.1. Seawater multi-scatter plots for deep and intermediate waters
We test the relationships of water masses at ≥1500 m to avoid

difficulties related to definition of water mass end-members. For the
first approximation, offsets from the general trend are evaluated
visually and considered to be significant when more than two prop-
erty-property plots support the departure.

In the Atlantic and the Atlantic sector of the Southern Ocean
(Fig. 4a), the general mixing envelopes are formed between younger,
warmer, saltier nutrient-depleted and oxygen-rich northern-sourced
deep waters with lower εNd, and older, cooler, fresher nutrient-rich
and oxygen-depleted southern-sourced waters with higher εNd. Offsets
from the general mixing are observed for the stations in the Caribbean
Sea (number 1 in Fig. 4a), the Labrador Sea (number 2, Fig. 4a), along
the eastern Greenland coast (number 4, Fig. 4a), off Amazon River
mouth (number 3, Fig. 4a) and a site in Southeastern Atlantic (number
5, Fig. 4a), as well as warm and saline Mediterranean Outflow Water
(MOW). In contrast, silicate and phosphate data of these sites are on the
general mixing trend (Fig. 4a), suggesting that the observed seawater
εNd offsets are related to specific behavior of Nd. Clear mixing trend is
not expressed in the relationship with 1/[Nd] and with potential

O
ce

an
 D

at
a 

V
ie

w

0.02 0.04 0.06 0.08 0.1 0.12

-20

-10

0

O
ce

an
 D

at
a 

V
ie

w
O

ce
an

 D
at

a 
V

ie
w

-75

-50

-25

0

25

50

75

-20

-10

0

O
ce

an
 D

at
a 

V
ie

w

Latitude [N]

O
ce

an
 D

at
a 

V
ie

w

-25

-20

-15

-10

-5

0

5

O
ce

an
 D

at
a 

V
ie

w

-25

-20

-15

-10

-5

0

5

O
ce

an
 D

at
a 

V
ie

w

-75

-50

-25

0

25

50

75

-25

-20

-15

-10

-5

0

5

O
ce

an
 D

at
a 

V
ie

w

Latitude [N]

O
ce

an
 D

at
a 

V
ie

w

-75

-50

-25

0

25

50

75

0.02 0.04 0.06 0.08 0.1 0.12

0 50 100 150 200 0.5 1 1.5 2 2.5 3 3.5

0 50 100 150 200 0.5 1 1.5 2 2.5 3 3.5
-25

-20

-15

-10

-5

0

5

O
ce

an
 D

at
a 

V
ie

w

Latitude [N]

E E

O
ce

an
 D

at
a 

V
ie

w

Atlantic
Southern Ocean
Indian
Pacific

1/Nd [pmol/kg]-1

N
d

1/Nd [pmol/kg]-1
N

d
N

d

N
d

N
d

N
d

1 1

1

2 2

2

2

3 3

3

3

1 1

2 2

2

3 3

3

1

1

Seawater at  1500m

Fig. 3. Seawater multi-scatter plots for data at water depths deeper than 1500 m in the Atlantic, Southern Ocean, Indian and Pacific. All the data to create the plots are compiled in
NEOSYMPA database. The numbers on the map show the area where seawater εNd values are offset from the general trend (see text for detail). The figures and the map are created using
ODV (Schlitzer, 2015).

K. Tachikawa et al.

• no	
  correla9on	
  of	
  εNd	
  and	
  1/[Nd]	
  	
  
➔	
  [Nd]	
  non-­‐conserva9ve

Global	
  observa8ons	
  (from	
  GEOTRACES):

• At	
  ≥1500	
  m:	
  εNd	
  dominantly	
  affected	
  by	
  water	
  mass	
  mixing	
  



7

Global	
  GEOTRACES	
  Observa8ons:	
  
• ≥75	
  %	
  conserva9ve	
  behavior	
  of	
  Nd

in the contour plots at !1500 m and !4000 m (Figs. 6 and
7), they are not as well-separated as those for dNd.

4.2.3. Robustness of spatial patterns of the DNd and DYb
results

The spatial patterns of DNd and DYb across the CoFe-
MUG section are robust, as revealed by the rank analysis
on all results of Monte Carlo perturbation experiments
(Fig. 8). The modeling results are not governed by chance,
because DNd and DYb results that rank in the bottom or
top third fall outside the counts predicted by the binomial
distribution for a random process (i.e., 83,333 ± 388, 95%
confidence level) for all samples.

The spatial distribution of probability shown in Fig. 8 is
based on the number of times that DNd (and DYb) results
of a sample are higher or lower than the results of two
thirds of samples in the section across all perturbation
experiments. This treatment captures the inherent relation-
ship of a DNd or DYb result, regardless of its actual value,
relative to all other samples in the CoFeMUG section
across 250,000 perturbation experiments, and directly char-
acterizes the likelihood of each DNd and DYb result being
high (or low) across the section. The probability that DNd
results rank in the bottom-third is highest (>0.9) in areas
above the MAR and >0.7 between !1000–3000 m at
Station 1 (Fig. 8c). The probability that DNd results fall
in the top-third is high in the deep Brazil Basin (!0.7),
and is the highest (>!0.7–0.9) at !1500 m and below
!4000 m near the continental margin in the Angola Basin
(Fig. 8a). Although the fraction of non-conservative behav-
ior for dNd is high (up to !15% of total dNd) at !1000 m
in the west side of the section (Fig. 7), the probability that
DNd results fall in the top-third in this area is !0.4

(Fig. 8a), close to that predicted for a random process
(!0.33), indicating that the results in this region are sensi-
tive to the choice of end-member values. Except for this
region, the probability distributions of DNd (Fig. 8a, c)
are consistent with key features of the absolute and relative
DNd patterns (Figs. 6 and 7), indicating that the DNd pat-
terns are statistically stable. That is, patterns in Fig. 6 and 7
are relatively insensitive to the selected end-member values.
Similarly, good agreement was observed between the prob-
ability distributions of DYb (Fig. 8b, d) and DYb patterns
(Figs. 6 and 7), suggesting that DYb patterns are also
robust.

5. DISCUSSION

5.1. Release of REEs from water-column reduction of oxides

High dREE concentrations in surface waters near the
Angola coast (Station 17 and 18) are observed (Fig. 3),
and agree with high dNd concentrations observed previ-
ously in this region (Rickli et al., 2010). Based on
Nd-isotope evidence, the high dNd concentration was
attributed to local decomposition of Fe–Mn oxides in the
water column, or in shelf sediments, under low oxygen con-
ditions (Rickli et al., 2010). This interpretation is consistent
with more recent dFe and dMn observations, which are also
high in coastal surface waters (Noble et al., 2012).

Dissolved REE enrichment is also observed in the OMZ
(Fig. 3). This enrichment is similar, albeit of smaller magni-
tude, to the enrichment observed at the oxic/anoxic inter-
face in the water column in anoxic basins. It has been
shown to be caused by the desorption of REEs upon reduc-
tive dissolution of Fe–Mn oxides (e.g., de Baar et al., 1988;

Fig. 7. Modeled DNd (A) and DYb (B) relative to respective total dissolved concentrations for depths below 1000 m. Positive values reflect
addition of Nd or Yb, while negative values reflect removal. Figures were created using Ocean Data View (Schlitzer, R., Ocean Data View,
odv.awi.de, 2015).
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Fig. 6. Section along the cruise transect from USGT10-01 (right) to USGT11-22 (left) using Ocean Data View (Schlitzer, 2013). The color bar represents [Nd] in pmol/kg, contour 
lines are the ratio of measured [Nd] and calculated [Nd] (see the electronic supplement for end-member compositions). Ratios >1 represent excess in [Nd] whereas values 
<1 show deficit in [Nd] compared to conservative mixing. (For interpretation of colors in this figure, the reader is referred to the web version of this article.)

not observed in a more recent study by Grasse et al. (2012) off 
Peru, where oxygen levels in the OMZ are with <5 µmol/L even 
lower than in this study here. Apart from the oxygen concentra-
tions, the main difference is the high atmospheric supply of dust in 
our study, whereas there is little supply to the OMZ off Peru. This 
could explain the lack of an [Nd] increase in the Peruvian OMZ. 
The potential amount of Nd contribution of atmospheric supply to 
the OMZ off Mauritania will be discussed in Section 4.4.

From ∼500 to 1000 m (trajectory ‘C’ in Fig. 5), oxygen con-
centration increases, resulting in a solubility decrease of redox 
sensitive metals and hence leading again to Nd scavenging out 
of the water column, which is most pronounced underneath the 
OMZ. Alternatively, lateral admixture of water masses with lower 
[Nd], such as AAIW or Upper Circumpolar Deep Water (UCDW), 
could also dilute [Nd] towards lower values of around 19 pmol/kg 
at that depth. Using the information on the fractions (F ) of dif-
ferent water masses in the study area from the OMP analysis 
(Jenkins et al., 2014), we are able to estimate [Nd] from water 
mass mixing only and compare these with the observed values 
using: [calcNd] = ∑n

k [Nd]k→n × Fk→n . The end-member compo-
sition of each water mass (k to n) can be found in the elec-
tronic supplement of this paper. The ratio (R) between observed 
[Nd] and these calculated values ([calcNd]) provides information 
on an excess (R > 1) or a deficit (0 < R < 1) of [Nd] over that 
accounted for by water mass mixing (Fig. 6), similar to the ap-
proach by Singh et al. (2012), who calculated Nd budgets for the 
Bay of Bengal. Higher values of ‘R ’ are found in the OMZ, con-
firming vertical Nd supply. Neutral values of R ≈ 1 are found 
at depths below the OMZ, where [Nd] decreases, suggesting that 
the decrease of [Nd] below the OMZ is at least partly the re-
sult of lateral advection, diluting [Nd]. In Fig. 5, the increase in 
[Nd] with depth along trajectory ‘D’ occurs at constant and inter-
mediate AOU and is found below 2000 m, indicating no further 
remineralization of organic material. If the ongoing increase in dis-
solved [Nd] here is due to dissolving particles and no oxygen is 
consumed, the release has to be of inorganic origin. Dissolution of 
terrigenous material such as dust cannot explain the increase in 
[Nd] alone because the unradiogenic isotope signal of dust at the 
Mauritanian shelf stations (εNd = −13 to −16, Cole et al., 2009;
Goldstein et al., 1984; Grousset et al., 1998; Rickli et al., 2010) 
would be expected to influence the water column’s isotope com-
position given such a large [Nd] increase (Section 4.4). Moreover, 
aluminum (Al), a tracer for terrigenous supply, does not increase 
significantly with depth, arguing against enhanced dissolution of 
dust-derived particles (Measures et al., 2014). One plausible expla-
nation of the [Nd] increase with depth, which is also found in re-

gions outside the dust plume, is the dissolution of coatings around 
settling particles (reversible scavenging; e.g. Siddall et al., 2008;
Tachikawa et al., 1999). These particle coatings would have ac-
quired the isotope composition of surrounding seawater while set-
tling through the water column. Due to this ongoing exchange, Nd 
release from such coatings would vertically homogenize the iso-
tope composition of the water column to some extent and result 
in an increase in [Nd] with depth.

4.3. What determines the shape and spatial consistency of the 
concentration profiles in deep North Atlantic Ocean?

The general distribution of the [Nd] at all stations shows strong 
similarity below ∼1000 m (Fig. 2). From about 1000 to 2500 m, 
relatively constant [Nd] around 18 to 19 pmol/kg is observed, 
whereas below that depth, [Nd] increases linearly with depth at 
a rate of 1 pmol/kg per 208–256 m. The isotope composition be-
low 1000 m is invariant around εNd ≈ −12. This decoupling of εNd
and [Nd] has been observed and summarized in earlier studies (e.g. 
Jeandel et al., 1995; Lacan and Jeandel, 2001; Goldstein and Hem-
ming, 2003) and is termed ‘Nd-paradox’. The shape of [Nd] profiles 
suggests a vertical flux, i.e. dissolution of particles or of previously 
scavenged Nd and thus Nd release with depth. As discussed above 
(Section 4.2) and in the following Section 4.4, lithogenic particle 
dissolution alone is unlikely to account for this increase, rather 
Nd appears to be released from particle coatings. However, if only 
vertical fluxes would govern the vertical [Nd] distribution, sur-
face water Nd isotope compositions should be transferred to the 
deep ocean, which is not always observed. Particularly for stations 
underneath the Saharan dust plume, dissolution of lithogenic par-
ticles in the water column would result in an isotope composition 
similarly unradiogenic as found at the surface. Yet, we only find the 
unradiogenic εNd typical for Saharan dust (Grousset et al., 1998;
Rickli et al., 2010) in the very surface layer and at the bottom of 
USGT10-09 with no re-appearance of this negative signal within 
the water column despite clear evidence for release of Nd in the 
OMZ and below ∼2500 m. An increase in [Nd] through particle 
dissolution would thus only be possible if dissolving particles had 
an isotope composition similar to that of surrounding seawater. 
Another possible explanation for the observed [Nd] profiles is lat-
eral addition or removal of Nd by changes in volume transport 
of water masses at certain depths. Faster moving water masses 
would thus result in a more efficient lateral transport of trace met-
als, resulting in vertically invariant concentration profiles. Whereas 
a dominance of Nd release over scavenging due to low particle 
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75°N), middle values at mi-latitudes (εNd of around −12 at 0 to 30°N),
and higher values of around −9 at southern hemisphere (Fig. 2). In
contrast, the Pacific εNd values are lower in the southern hemisphere
with a mean εNd value of around −8 at ≥500 m at 60°S to 20°S than in
equatorial and northern hemisphere with εNd of about −4 at ≥500 m
at 0 to 75°N (Fig. 2).

These observed features are consistent with the conventional view
that the general increase of deepwater εNd along the global thermoha-
line circulation pathway is caused by a mixing between young North
Atlantic waters with low εNd values and old Pacific waters with high εNd
values. Deepwater εNd values (≥1500 m) correlate well with dissolved
silica and phosphate concentrations (Fig. 3). The South Atlantic, the
Southern Ocean, the South Indian and the South Pacific Ocean waters
present intermediate values (Fig. 3). However, a conventional binary
mixing trend is not evident in seawater εNd versus 1/[Nd] plot (here
[Nd] is dissolved Nd concentration of seawater) and the highest εNd
values are observed not only for the deep water in the north Pacific but
also in the equatorial Pacific (Fig. 3). Taking into account general co-
variation between seawater εNd values and other water mass tracers at
water depths deeper than 1500 m (Figs. 3), deepwater Nd isotopic
composition generally reflects water mass mixing but significant local/
regional effects exist for some cases. The lack of the conventional binary
mixing (εNd vs. 1/[Nd]) thus indicates principally non-conservative
nature of dissolved Nd concentration.

The property-property plots between εNd and other water mass
indicators (multi-scatter plots) allow us to visually identify the data that
are offset from the general mixing envelopes, such as the values from
the Caribbean Sea (number 1 in Fig. 3), Baffin Bay (number 2 in Fig. 3)

and Bay of Bengal (number 3 in Fig. 3). This is consistent with the
statement of original papers suggesting influence of local detrital inputs
(Stordal and Wasserburg, 1986; Singh et al., 2012; Osborne et al.,
2014). In the following, we use basin-scale multi-scatter plots to
examine the regional variance in each oceanic basin in detail.

3.2. Basin-scale seawater and archive Nd isotopic variability

3.2.1. Seawater multi-scatter plots for deep and intermediate waters
We test the relationships of water masses at ≥1500 m to avoid

difficulties related to definition of water mass end-members. For the
first approximation, offsets from the general trend are evaluated
visually and considered to be significant when more than two prop-
erty-property plots support the departure.

In the Atlantic and the Atlantic sector of the Southern Ocean
(Fig. 4a), the general mixing envelopes are formed between younger,
warmer, saltier nutrient-depleted and oxygen-rich northern-sourced
deep waters with lower εNd, and older, cooler, fresher nutrient-rich
and oxygen-depleted southern-sourced waters with higher εNd. Offsets
from the general mixing are observed for the stations in the Caribbean
Sea (number 1 in Fig. 4a), the Labrador Sea (number 2, Fig. 4a), along
the eastern Greenland coast (number 4, Fig. 4a), off Amazon River
mouth (number 3, Fig. 4a) and a site in Southeastern Atlantic (number
5, Fig. 4a), as well as warm and saline Mediterranean Outflow Water
(MOW). In contrast, silicate and phosphate data of these sites are on the
general mixing trend (Fig. 4a), suggesting that the observed seawater
εNd offsets are related to specific behavior of Nd. Clear mixing trend is
not expressed in the relationship with 1/[Nd] and with potential
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Fig. 3. Seawater multi-scatter plots for data at water depths deeper than 1500 m in the Atlantic, Southern Ocean, Indian and Pacific. All the data to create the plots are compiled in
NEOSYMPA database. The numbers on the map show the area where seawater εNd values are offset from the general trend (see text for detail). The figures and the map are created using
ODV (Schlitzer, 2015).
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Fresh river particles and poorly chemically weathered detrital
material could be an additional Nd source to the oceans because they
may contain exchangeable Nd (Sholkovitz, 1992; Singh et al., 2012;
Roberts and Piotrowski, 2015; Rousseau et al., 2015; Howe et al.,

2016b). The impact of poorly chemically weathered detrital material
was originally proposed for unradiogenic εNd values extracted from
foraminiferal tests that reflects weathered detrital material due to the
retreat of Laurentide ice sheet during deglaciation (Howe et al., 2016b).

Seawater Nd

at 1500 m

Seawater Nd

Seawater Nd

Seawater Nd

at 1500 m

a)

b) d)

c)

Fig. 7. Comparison between predicted deepwater εNd values (background color) with Eq. (1) (Atlantic at 50°S to 75°N) and Eq. (2) (global ocean except for the Atlantic at 50°S to 75°N)
with observed seawater εNd values (color dots). The predicted deepwater εNd values at 1500 m are compared with observed seawater εNd values at ≥1500 m in the Atlantic and Atlantic
sector of the Southern Ocean (a) and the other oceanic regions (c). Zonally averaged latitudinal transect at 1500–6000 m of the Atlantic (b) and the Pacific (d).Note that the εNd scales are
different with basins. The Atlantic sector of the Southern Ocean and the southernmost Atlantic (75°S to 50°S) is treated as a buffer zone where deepwater εNd values are calculated by both
Eqs. (1) and (2), and weighted-averaged values considering latitudinal position are shown. All the figures and maps are created using ODV (Schlitzer, 2015).
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Fresh river particles and poorly chemically weathered detrital
material could be an additional Nd source to the oceans because they
may contain exchangeable Nd (Sholkovitz, 1992; Singh et al., 2012;
Roberts and Piotrowski, 2015; Rousseau et al., 2015; Howe et al.,

2016b). The impact of poorly chemically weathered detrital material
was originally proposed for unradiogenic εNd values extracted from
foraminiferal tests that reflects weathered detrital material due to the
retreat of Laurentide ice sheet during deglaciation (Howe et al., 2016b).
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DIVA gridding was performed using Ocean Data View22 with the
‘signal-to-noise ratio’ variable set to a value of 25. This variable
determines how much a single data point is able to influence the
overall plot and this level was chosen to reduce the influence of
single data points, as was done by Curry and Oppo4.

The Holocene reconstruction shows the most unradiogenic eNd
values, around ! 13, below 1,500 m at the northernmost extent of
the plot (Fig. 2c). These values become more radiogenic to the
south, with the greatest propagation of this unradiogenic signal
centred at 2,000–4,000 m water depth. This is surrounded by
areas with more radiogenic eNd values, from ! 8 to ! 10, at all
depths south of 25! S; below 4,000 m from 25! S to the equator;
and above 1,500 m at all latitudes. Although the data set is
not as extensive as that used in d13C reconstructions4, this
reconstruction replicates the salient features of the seawater eNd
(Fig. 2a). The only significant mismatches are above 1,000 m at all
latitudes and below 4,000 m north of 40! N; in these regions the
gridding procedure extrapolates from the nearest data point to
the edge of the profile due to a lack of data based constraints.
These areas should therefore be interpreted with caution and for
this reason the depth range of 0–1,000 m is excluded from later
reconstructions.

Last Glacial Maximum Atlantic eNd reconstruction. The good
correlation between seawater eNd and the salinity profile of the
modern Atlantic23 demonstrates that the modern seawater eNd
profile is the result of mixing between northern- and southern-
sourced water masses. Collectively, these observations provide
confidence that this selection of cores can be used to constrain
past Atlantic water mass distributions below 1,000 m. The LGM
eNd reconstruction (Fig. 3b) shows the most unradiogenic values
around ! 12.5 between 1,500 and 2,000 m extending from the

North Atlantic to B10! N which then transition to values around
! 8 at 40! S. In contrast, the deep North Atlantic is occupied by a
homogeneous water mass with an eNd around ! 10.5; eNd values
become more radiogenic to the south, reaching ! 5.5 at 45! S.
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Figure 2 | Atlantic seawater eNd and Holocene eNd reconstruction. (a) Modern seawater eNd profile from 50! S to 53! N for the western Atlantic and the
eastern Atlantic Ocean south of the Walvis Ridge with data points indicated by large black dots15,16,55. (b) Map showing location of seawater eNd profiles.
(c) Reconstruction of Holocene Atlantic eNd with data points indicated by large black dots (data is listed in Supplementary Tables 2,3 and 4). (d) Map
showing location of sites used in the Holocene and LGM reconstructions. Figure created using Ocean Data View software22.
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Figure 3 | Holocene and LGM Atlantic eNd reconstructions. (a) Holocene
and (b) LGM (23–18 ka) reconstructions of eNd of the Atlantic Ocean from
50! S to 53! N measured on uncleaned foraminifera in this study and
published authigenic data (Supplementary Tables 2,3 and 4)18,21,25,26,32,56–59.
Core sites are given by the black dots; locations are plotted in Fig. 2d and
Supplementary Fig. 1. Depths from 0 to 1,000 m have been left blank due to a
lack of data. Figure created using Ocean Data View software22.
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source but was acquired by biological processes along the
advection pathway; this highlights the shortcomings of using
d13C in isolation as a proxy for water mass mixing. The lower
than expected d13C values could also in part be due to the use of
mixed Cibicidoides species for some of the benthic foraminiferal
d13C measurements. The variable depth habitats of different
Cibicidoides species could lead to offsets of the measured
foraminiferal calcite d13C from bottom water d13C (ref. 42).
The inference of organic matter remineralization being the
dominant cause of the offset, however, is supported by a recent

study that modelled the glacial Atlantic and predicted a biological
regenerative imprint in the glacial deep Atlantic d13C (ref. 8). The
same study calculated that, after allowing for this remineralisation
of organic matter, the glacial deep North Atlantic was ventilated
by 50–80% NADW, which compares well with the eNd derived
values of 55–80% NADW produced in this work (Fig. 4b).

The accumulation of respired organic carbon in the deep
Atlantic during the LGM could be due to higher surface
productivity and thus export of organic carbon to the deep ocean
under glacial climate conditions. Although glacial productivity
reconstructions in the northwestern Atlantic are sparse, nearby
regions show elevated export production during the LGM relative
to the Holocene43. Higher glacial surface productivity, however,
cannot explain the depth dependence of the d13C offset in the
LGM (Fig. 6b), nor can it explain the chemocline seen at
B2,500 m in nutrient proxy reconstructions3,4. Thus it seems
likely that the greater amount of respired organic matter in the
deep Atlantic during the LGM must have also been at least
partially due to a longer residence time of seawater in the glacial
deep Atlantic than in the modern Atlantic. This conclusion is
supported by a modelling study of a 231Pa/230Th data compilation
which concluded that the glacial Atlantic had rapid overturning in
the shallow cell but slower overturning at depth44.

Our findings are summarized in hypothetical overturning
schematics for the Atlantic Ocean during glacials and interglacials
in Fig. 7. In the glacial scenario (Fig. 7b) there are two distinct
northern-sourced water masses, separated by density differences.
The glacial northern-sourced intermediate depth water mass was
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Figure 6 | Cross plots of Atlantic benthic foraminiferal d13C against
foraminiferal eNd. Cross plots of benthic foraminiferal d13C against
foraminiferal eNd for the deep Atlantic Ocean during the (a) Holocene and
the (b) LGM. Water mass end-members labelled are NADW, AABW,
GNADW and GAABW. The blue curve shows the values expected for
conservative mixing between these water masses in the corresponding
cross plot. Offsets from this line are attributed to either the
remineralization of organic matter (red arrows) or a possible Mackensen
Effect (shaded grey regions)40. Details of the data used are given in
Supplementary Table 7, and how end-member values were assigned in
Supplementary Note 1 and Supplementary Table 8. Error bars show the 2s
external error of the eNd measurements.
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partly created using Ocean Data View software22.
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Ocean caused stronger AAIW formation and/or resulted in more Pacific-like radiogenic water being incorpo-
rated into Atlantic AAIW. The deep Atlantic can be ruled out as the source of the radiogenic peak, as deglacial
records from the deep Atlantic tend to show unradiogenic peaks in the early Holocene (Figure 6a) [Piotrowski
et al., 2004; Roberts et al., 2010]. The different mid-Holocene εNd values at intermediate and deep sites suggest
that the εNd homogeneity of South Atlantic seawater in the modern ocean [Stichel et al., 2012] may be coin-
cidence rather than intrinsic to this region. It has been suggested that the less radiogenic values in the deep
Atlantic during the early to mid-Holocene (Figure 6a) may correspond to stronger NADW production [Lippold
et al., 2016]. This could indicate a coupling between NADW production in the mid-Holocene and the strong
intermediate water production we observe here in the South Atlantic.

4.4. Deglacial South Atlantic Nutrient Sourcing

A reconstruction of bottom water silicic acid concentration from GeoB2107-3 [Hendry et al., 2012] revealed
peaks in silicic acid concentration during HS1 and the early YD, with the early YD peak resembling the con-
centration of a Southern Ocean site [Hendry et al., 2010] (Figure 6b). These silicic acid peaks coincide, within
the error of the age models (Figure 6b), with periods of elevated opal accumulation in the Atlantic sector of
the Southern Ocean (Figure 6c) that were interpreted as evidence of enhanced upwelling in the Southern

Figure 6. (a) Deglacial εNd records measured on foraminifera from the intermediate-depth southern Brazil margin core
GeoB2107-3 (purple triangles; 27.2°S, 46.5°W; 1050m), deep South Atlantic core MD07-3076 (red diamonds; 44.1°S, 14.2°
W; 3770m [Skinner et al., 2013]), and an intermediate-depth Drake Passage coral (green star; ID: 47396, 59.4°S, 68.5°W;
1130m [Robinson and van de Flierdt, 2009]). The error bars are 2σ external error. (b) Deglacial silicon isotope measurements
from deep-sea sponge spicules also from the intermediate-depth Brazil margin core GeoB2107-3 (open purple triangles
[Hendry and Robinson, 2012]) and middepth Southern Ocean (black squares; PC034; 59.8°S, 39.6°W; 1650m [Hendry et al.,
2010]). Conversion of δ30Si to ((Si(OH)4) taken from Hendry et al. [2010]. Age control points from planktic radiocarbon
measurements for GeoB2107-3 are shown by the filled purple triangles [Heil, 2006]. (c) Opal flux from the Southern Ocean
core TN057-13-4PC (grey circles; 53.2°S, 5.1°E; 2850m [Anderson et al., 2009]). Climate periods labeled are the Younger
Dryas (YD), Bølling-Allerød (BA), and Heinrich Stadial 1 (HS1). See Figure 1 for the location of all records.
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Repository). Using potential temperature and 
salinity data, we interpret our sites at 1200 m 
and 3000 m depth to represent mixing between 
North Pacific Intermediate Water (NPIW, ~240 
m depth) and Pacific Deep Water (PDW, ~3000 
m depth; Fig. 2B). Based on these water mass 
identifications and the published εNd of NPIW 
and PDW (Haley et al., 2014), the water column 
εNd profile is predicted to decrease with depth 
from −3 toward −3.5 (Fig. 2B). Instead, the ob-
served εNd appears to remain constant with depth 
below the surface, at −2.5 at 1200 m and −2.3 
at 3000 m (Fig. 3). The deviation between the 
observed and the expected ocean bottom water 
εNd (εNdBW) is greatest (∆εNdexp–obs

 = 1.0) in bottom 
water at our 3000 m site, coinciding with the 
largest benthic flux of Nd to the ocean (Fig. 3; 
Abbott et al., 2015). The εNdobs

 deviates toward 
the εNd of pore fluids (εNdPW

), with εNdobs
 being 

less radiogenic than predicted (Fig. 3). The av-
erage εNdPW

 at each site is nearly constant down 
core and is −0.2 at 200 m, −1.5 at 1200 m (ex-
cluding 1.2 cm and 2.4 cm), and −1.8 at 3000 m 
(Fig. 3). These values are offset from PDW val-
ues (−3.5), and instead must be generated from 
the bulk sedimentary solid phase (Fig. 3; see the 
Data Repository). Regardless of the mechanism 
of generation, our measured εNdPW

 demonstrate 
that pore fluids can produce an isotopically dis-
tinct flux term.

We argue that the overlying water column 
εNd profile is controlled by the benthic Nd flux 
from the pore fluids and that the influence of this 
flux on water column εNd can be described as:

 
f FNd , ,

t

t T

Nd
0

WM Nd NdWM Flux–WM∫ ( )[ ]ε = ε
=

=

, (1)

where εNdWM
 is a function of the concentration 

of Nd in the water mass ([Nd]WM; at time t = 
0), the magnitude of the benthic flux (FNd), and 
the difference between the observed εNdWM

 (at 
t = 0) and εNd of the benthic flux (∆εNdFlux–WM

) 
integrated over the time of exposure to the flux 
(T). In this model, a surface water mass has low 
initial [Nd]WM and initial εNdWM

 that resembles 
the regional riverine dissolved load. If this water 
mass does not contact the sediments, FNd is neg-
ligible, limiting changes in εNdWM

 to only water 
column processes. However, if the water mass 
is exposed to a sedimentary source of Nd, then 
εNdWM

 is possibly altered. The potential for alter-
ation grows with increases in either the ratio of 
FNd to [Nd]WM (i.e., piston velocity) or the differ-
ence between the εNd of the flux relative to εNd of 
the water mass (∆εNdFlux–WM

, where εNdFlux
 is as-

sumed equivalent to εNdPW
). This model implies 

that a short exposure time of a water mass to the 
sediment with a high FNd or a large ∆εNdFlux–WM

 
is able to readily alter the εNdWM

 at time scales 
observed in the modern ocean (Fig. 4). Alter-
natively, an infinitely long exposure to a zero 
flux, or a region with a small ∆εNdFlux–WM

, will 
not alter εNdWM

. Essentially, our model based on 
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Figure 2. Profiles of water column Nd concentrations (A) and εNd (B) plotted as function 
of depth. Black line in B represents εNd profile expected based on water mass mixing be-
tween North Pacific Intermediate Water (NPIW) and Pacific Deep Water (PDW) with 2σ error 
indicated by gray shading. NPIW and PDW are indicated by white stars and labeled. Bot-
tom water samples are indicated by gray filled symbols. Data from Gulf of Alaska (Haley 
et al., 2014) are shown for comparison. Depth of sediment-water interface (hachured line) 
is indicated for 200 m and 1200 m sites. Concentration data for 1200 m and 3000 m are 
from Abbott et al. (2015). Error bars (2σ) are provided for concentration and isotopic data.

Figure 3. Composite dissolved Nd concentration and εNd profiles plotted as function of water 
depth (top) or sediment depth (bottom). Vertical bars represent mean εNd of water column 
(gray) and pore fluids (blue); shaded vertical bars show 2σ error of mean dissolved εNd for 
the water column (gray) and pore fluids (blue). Green lines represent expected water column 
εNd profile from Figure 2. Concentration data for sites at 1200 m and 3000 m depth are from 
Abbott et al. (2015). Mean observed εNd are italicized. Error bars (2σ) are provided for isotopic 
data; error bars for concentrations are smaller than marker size.
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FIGURE 2 | Vertical distribution of dissolved Nd concentration (A), Nd isotopic composition (B) and (C) mantle derived excess He (xs3He, Jenkins et al., 2015a).

Color coding the same as in Figure 1. The dashed red line shows the vertical position of the neutrally buoyant hydrothermal plume in the water column. The figure is

designed with ODV® software (Schlitzer, 2016a).

extent of the TAG hydrothermal plume (Jenkins et al., 2015a).
[Nd] reaches a minimum of 18.48 pmol/kg within the plume,
at the depth of maximum mantle derived excess helium (xs3He,
Jenkins et al., 2015a). Neodymium isotopes increase by +0.7 at
this maximum of xs3He. Below the plume, [Nd] and εNd settle
back to values that would follow their respective trends above
the plume. Using the average [Nd] of two sample depths and
multiplying by the vertical distance between these samples, we
can calculate the inventory of Nd in the water column by adding
up the inventories of each depth interval. If the [Nd] profile
followed a simplified but expected linear increase with depth
from 2,000m to the seafloor, the inventory at the plume depth
should be 10,493 nmol/m2. The actual Nd inventory, however,
is 9,879 nmol/m2 due to the lower [Nd] at the TAG plume.
The calculated deficit in the Nd inventory between 2,987m and
3,487m at TAG station therefore adds up to 614 nmol/m2 or
about 6% (Figure 2A). However, compared to stations USGT11-
14 at 27.58◦N 49.63◦W and BATS (USGT11-10), the overall
[Nd] at TAG is much lower. Using the [Nd] increase slope of
these 2 stations as a reference, the Nd inventory is reduced by
roughly 10% (1,362 nmol/m2) between 2,987 and 3,605m from
the BATS inventory of about 13,837 to 12,474 nmol/m2 at this
depth (Figure 2).

TAG Hydrothermal Plume and Its Influence
on REE Distribution
At the TAG site, other dissolved REE overall show a similar trend
as [Nd] (Table 2). However, we observe some fractionation of
light and heavy REE (LREE, HREE) within the water column.
At about 110m water depth, where [Nd] is at its lowest value
(13.7 pmol/kg, Figure 2) the enrichment of PAAS (Taylor and
McLennan, 1985) normalized HREE (Tm+Yb+Lu)N over LREE
(La+Pr+Nd)N is at a maximum value of 5.29 (Figure 3),
with N for normalization to Post Archaean Australian Shale
(PAAS, Taylor and McLennan, 1985). It has been documented
in earlier studies that LREE are preferentially scavenged onto
particles in the upper water column over HREE (Elderfield and
Greaves, 1982) and corroborates that scavenging on particles
formed at the chl-max is the main driver of [Nd] decrease.
Toward 960m HREEN/LREEN continue their decreasing trend,
suggesting release from particles as [Nd] increases in the water
column. At the core of upper NADW (1,200m), these ratios
peak at 4.19 and only slightly change up to 4.62 in lower
NADW (1,500–2,000m). Within the TAG plume a preferential
scavenging of LREE is observed again. This feature coincides
with a strong increase in Eu/Eu∗ = (2 × EuN/{SmN + GdN})
from 0.965 to 1.22, suggesting the presence of mantle derived Eu
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FIGURE 1 | Study area with sampled locations USGT11-10 (BATS, yellow square), USGT11-14 (blue triangle), and USGT11-16 (TAG, red circle). Major currents of the

North Atlantic Gyre are illustrated as surface currents in dashed white lines (Gulf Stream, North Atlantic Drift, NAD and North Equatorial Current, NEC) and the Deep

Western Boundary Current (DWBC, black line). The figure is designed with ODV® software (Schlitzer, 2016a).

acidified MilliQ water) showed a negligible amount of Nd of
<1.5% of the smallest sample size.

Isotopic composition of TAG was measured on a Thermal
Ionization Mass Spectrometer (TIMS, VG-Sector) as NdO+

using 1 µL silica gel as activator (see Stichel et al. (2015) for
details) at University of Hawaii yielding an external error of
±0.2 εNd, 2SD with n = 29. Isotopic composition of USGT11-
10 and USGT11-14 was measured using a Thermo Neptune-Plus
Multi-Collector ICP-MS at Lamont-Doherty Earth Observatory
(LDEO) and University of South Carolina (USC), respectively. At
LDEO, a JNdi-1Nd standardwasmeasured before and after every
sample and for three analysis periods yielded an average external
error of ±0.3 εNd, 2SD, with n = 83. At USC, a JNdi-1 standard
wasmeasured every four samples with an aimed intensity of 2.5V
on 145Nd. The resulting average external error of 143Nd/144Nd
was±0.4 εNd, 2SD, n= 53.

All three labs corrected for internal mass fractionation using
146Nd/144Nd = 0.7219 in an exponential mass fractionation
law and their respective biases from the accepted value of
143Nd/144Nd = 0.512115 (Tanaka et al., 2000) for the JNdi-1 Nd
standard.

Rare earth elements concentrations were measured at the
University of Oldenburg using an offline seaFAST isotope
dilution ICP-MS method described in Behrens et al. (2016). The
method is intercalibrated with three other laboratories and agrees
within analytical uncertainty with the intercalibration results
from BATS (Pahnke et al., 2012; Behrens et al., 2016). The
external reproducibility of the data presented here is <4% (RSD)
except for La (5%) and Ce (8%).

RESULTS AND DISCUSSION

Vertical and Lateral Distribution of Water
Masses at TAG
With a few exceptions, the vertical distribution in Figure 2 and
Table 1 of Nd concentrations [Nd] and isotopic compositions

(εNd) in the water column at TAG follows similar patterns
as profiles in the West Atlantic (BATS and USGT11-14) and
the East Atlantic (e.g., USGT10-05, Stichel et al., 2015 not
shown). Surface [Nd] of 15.6 pmol/kg at TAG is slightly elevated
and with an isotopic composition of εNd = −11.3 ± 0.2 less
radiogenic compared to USGT11-14 (15.1 pmol/kg, εNd = −8.4
± 1.6), BATS (14 pmol/kg, εNd = −9.5 to −9.2, this study and
Pahnke et al., 2012) and USGT10-05 (12.5 pmol/kg, εNd = −9.9,
Stichel et al., 2015), which can be attributed to dust deposits
from the extension of the Sahara dust plume (Mahowald et al.,
2005). Within the surface layer at TAG, [Nd] decrease to a
minimum at 111m coinciding with the fluorometer potential
maximum, suggesting scavenging within the mixed layer by
biological productivity (Figure 2, Table 1). From this minimum
in [Nd], an increase from 13.7 to 17.8 pmol/kg at 960m is
attributed to remineralization (Stichel et al., 2015; Lambelet
et al., 2016). The sharpest increase in [Nd] is between 111
and 420m (+3.3 pmol/kg). Within this depth range, εNd stays
fairly constant with some fluctuations −10.9 ± 1.3 (2SD) and
gradually decreases to less radiogenic values of εNd = −11.9 at
around 1,000m marking the transition of North Atlantic Central
Water (NACW) to NADW. At about 1,500m, the presence
of ∼80% Upper Labrador Sea Water (ULSW, Jenkins et al.,
2015b) corresponds to the least radiogenic isotope composition
of εNd =−12.8. Within the Classical Labrador Seawater (CLSW),
at 2,100 and 2,990m, the isotopic composition is more radiogenic
and constant at around −12.1 ± 0.1. From 420m, [Nd] is
constant to 2,100m and increases from 17.5 ± 0.5 to 19.6
pmol/kg at 2,990m. The typical increase below 2,000m was
documented in other studies in the Atlantic Ocean and most
recently, based on high resolution profiles, has been attributed
to a combination of increase from particle release and lateral
advection of preformed REE along with reversible scavenging
(Siddall et al., 2008; Stichel et al., 2015; Lambelet et al., 2016;
Zheng et al., 2016). This increasing slope in [Nd] is interrupted
by a sudden decrease at 3,184m, coinciding with the upper
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Fig. 5. The comparison of dissolved Nd concentration in the water columns of a) the 
89◦E transect collected in June; b) the 87◦E transect collected in November (Singh 
et al., 2012). (For interpretation of the colors in this figure, the reader is referred to 
the web version of this article.)

Fig. 6. The comparison of dissolved εNd in the water column of a) the 89◦E transect 
collected in June; b) the 87◦E transect collected in November (Singh et al., 2012). 
(For interpretation of the colors in this figure, the reader is referred to the web 
version of this article.)

5.2. Seasonal variations in the spatial distribution of dissolved Nd and 
εNd in the BoB

Dissolved Nd concentrations of seawater samples collected in 
June 2012 are 3–8 pmol/kg lower than for seawater samples col-
lected in November 2008 at similar depths and latitude in the BoB 
(Fig. 5) (Singh et al., 2012; Yu et al., 2017). εNd obtained from sur-
face and intermediate seawater samples collected in June 2012 are 
∼2 Epsilon units more radiogenic than those reported for Novem-
ber 2008 (Fig. 6), and the southern BoB surface waters of winter 
1997 (−11.2 ± 0.2 from station PA-9, and −9.9 ± 0.2 from station 
PA-S-12) (Amakawa et al., 2000). This difference is less pronounced 
at greater water depth; our εNd values are 0.5 Epsilon unit more 
radiogenic compared to those of Singh et al. (2012) as shown in 
Fig. 6.

The spatial distribution difference of the εNd in the BoB may 
be explained by three hypotheses: 1) spatial contrast (∼89◦E 
and ∼87◦E), 2) inter-annual variability (2012 and 2008) and/or 

3) seasonal variability (June and November). Firstly, T –S plots 
in the neighboring stations display no significant changes be-
low ∼250 m depth whereas the contrast of εNd values are until 
2000 m depth. Moreover, the sediment inputs from Godavari River 
could be largely transported to the southeast BoB by the East 
India Coastal Current (EICC) during the Indian winter monsoon 
(Goswami et al., 2014; Shetye et al., 1996). Therefore, the inputs 
of Godavari River are not likely imprinting the northern and cen-
tral BoB at ∼87◦E transect collected by Singh et al. (2012). For 
our samples collected at ∼89◦E transect in June, 2012, the pre-
vailing surface current is clockwise (Fig. 1) and could prevent the 
invasion of seawater from Andaman Sea and sediments from Ir-
rawaddy River (Varkey et al., 1996; Yu et al., 2017). Therefore, 
the spatial contrast of hydrographic properties is probably not im-
portant. Studies from sediments cores in the northern and cen-
tral BoB near our seawater transect also supported the dominant 
contribution of G–B river sediment inputs (Joussain et al., 2016;
Lupker et al., 2013). However, water stations collected in this study 
are not exactly the same positions as that of Singh et al. (2012), 
which do not permit us to rule out completely the spatial varia-
tions of εNd distributions in the BoB, a region of highly variable 
particulate fluxes on the spatio-temporal scales. Lithogenic inputs 
from the peninsular Indian rivers and/or dispersal of sediments 
from the Irrawaddy and other Indo–Burman Rivers could be pos-
sibly transported to the central and southern BoB thus differently 
influencing the seawater εNd distributions in the 87◦E and 89◦E 
transect, respectively (Colin et al., 1999; Ramaswamy et al., 1997). 
Lateral advection and/or isopycnal mixing in freely exchanged up-
per water (upper 0–1500 m) between the Andaman Sea and BoB 
could also modify the εNd distributions (Nozaki and Alibo, 2003;
Varkey et al., 1996; Wyrtki, 1973), even though this is not dis-
tinctly indicated in the T –S plots of those two different transects.

Secondly, an inter-annual variability of G–B river flux between 
the 2012 and 2008 may be responsible for such εNd contrast. 
However, monthly precipitation rates during 2008 and 2012 are 
roughly consistent (Fig. 7b), indicating that the monsoon precip-
itation and associated G–B river water discharge demonstrate no 
obvious inter-annual changes between these two years. Moreover, 
the G–B river discharge demonstrates no significant inter-annual 
variations in a five-year discharge comparison (Fig. 7c, the only 
available monthly data). The detrital fraction of the G–B river sed-
iments are characterized by a narrow range from −14 to −18 
indicating that the main source corresponds to the High Himalaya 
Crystalline (HHC) with no seasonal or inter-annual changes (Galy 
and France-Lanord, 2001).

The two North–South transects of water stations compared here 
were collected at different seasons (early Summer and Autumn) 
and are located very close in the middle of the BoB (Fig. 1). 
Seawater samples retrieved in November 2008 were collected at 
the end of the SWM, when freshwater and sediment discharges 
were in decline, whereas seawater samples collected in June 2012 
were collected at the beginning of the SWM when freshwater and 
sediment discharges were beginning again (Durand et al., 2011;
Unger et al., 2003). The shift in the εNd observed can be most 
plausibly explained by a seasonally variable input of lithogenic sed-
iments from the G–B river system. The εNd difference observed 
here perfectly matches the seasonal distribution of the river plume 
coverage area in the BoB (Kang et al., 2013). A one-month delay is 
observed between the peaks of precipitation over the Indian con-
tinent and G–B river discharge, while there is a four-month time 
lag between the peak of G–B river discharge and a maxima in the 
river plume area in the BoB (Fig. 7a). The dispersal of sediments 
delivered by the G−B river system to the BoB through freshwa-
ter plume also shows a strong seasonality (Unger et al., 2003). This 
river plume displays the greatest southward extension in the west-
ern BoB during November and December, when it spreads from 
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5.2. Seasonal variations in the spatial distribution of dissolved Nd and 
εNd in the BoB

Dissolved Nd concentrations of seawater samples collected in 
June 2012 are 3–8 pmol/kg lower than for seawater samples col-
lected in November 2008 at similar depths and latitude in the BoB 
(Fig. 5) (Singh et al., 2012; Yu et al., 2017). εNd obtained from sur-
face and intermediate seawater samples collected in June 2012 are 
∼2 Epsilon units more radiogenic than those reported for Novem-
ber 2008 (Fig. 6), and the southern BoB surface waters of winter 
1997 (−11.2 ± 0.2 from station PA-9, and −9.9 ± 0.2 from station 
PA-S-12) (Amakawa et al., 2000). This difference is less pronounced 
at greater water depth; our εNd values are 0.5 Epsilon unit more 
radiogenic compared to those of Singh et al. (2012) as shown in 
Fig. 6.

The spatial distribution difference of the εNd in the BoB may 
be explained by three hypotheses: 1) spatial contrast (∼89◦E 
and ∼87◦E), 2) inter-annual variability (2012 and 2008) and/or 

3) seasonal variability (June and November). Firstly, T –S plots 
in the neighboring stations display no significant changes be-
low ∼250 m depth whereas the contrast of εNd values are until 
2000 m depth. Moreover, the sediment inputs from Godavari River 
could be largely transported to the southeast BoB by the East 
India Coastal Current (EICC) during the Indian winter monsoon 
(Goswami et al., 2014; Shetye et al., 1996). Therefore, the inputs 
of Godavari River are not likely imprinting the northern and cen-
tral BoB at ∼87◦E transect collected by Singh et al. (2012). For 
our samples collected at ∼89◦E transect in June, 2012, the pre-
vailing surface current is clockwise (Fig. 1) and could prevent the 
invasion of seawater from Andaman Sea and sediments from Ir-
rawaddy River (Varkey et al., 1996; Yu et al., 2017). Therefore, 
the spatial contrast of hydrographic properties is probably not im-
portant. Studies from sediments cores in the northern and cen-
tral BoB near our seawater transect also supported the dominant 
contribution of G–B river sediment inputs (Joussain et al., 2016;
Lupker et al., 2013). However, water stations collected in this study 
are not exactly the same positions as that of Singh et al. (2012), 
which do not permit us to rule out completely the spatial varia-
tions of εNd distributions in the BoB, a region of highly variable 
particulate fluxes on the spatio-temporal scales. Lithogenic inputs 
from the peninsular Indian rivers and/or dispersal of sediments 
from the Irrawaddy and other Indo–Burman Rivers could be pos-
sibly transported to the central and southern BoB thus differently 
influencing the seawater εNd distributions in the 87◦E and 89◦E 
transect, respectively (Colin et al., 1999; Ramaswamy et al., 1997). 
Lateral advection and/or isopycnal mixing in freely exchanged up-
per water (upper 0–1500 m) between the Andaman Sea and BoB 
could also modify the εNd distributions (Nozaki and Alibo, 2003;
Varkey et al., 1996; Wyrtki, 1973), even though this is not dis-
tinctly indicated in the T –S plots of those two different transects.

Secondly, an inter-annual variability of G–B river flux between 
the 2012 and 2008 may be responsible for such εNd contrast. 
However, monthly precipitation rates during 2008 and 2012 are 
roughly consistent (Fig. 7b), indicating that the monsoon precip-
itation and associated G–B river water discharge demonstrate no 
obvious inter-annual changes between these two years. Moreover, 
the G–B river discharge demonstrates no significant inter-annual 
variations in a five-year discharge comparison (Fig. 7c, the only 
available monthly data). The detrital fraction of the G–B river sed-
iments are characterized by a narrow range from −14 to −18 
indicating that the main source corresponds to the High Himalaya 
Crystalline (HHC) with no seasonal or inter-annual changes (Galy 
and France-Lanord, 2001).

The two North–South transects of water stations compared here 
were collected at different seasons (early Summer and Autumn) 
and are located very close in the middle of the BoB (Fig. 1). 
Seawater samples retrieved in November 2008 were collected at 
the end of the SWM, when freshwater and sediment discharges 
were in decline, whereas seawater samples collected in June 2012 
were collected at the beginning of the SWM when freshwater and 
sediment discharges were beginning again (Durand et al., 2011;
Unger et al., 2003). The shift in the εNd observed can be most 
plausibly explained by a seasonally variable input of lithogenic sed-
iments from the G–B river system. The εNd difference observed 
here perfectly matches the seasonal distribution of the river plume 
coverage area in the BoB (Kang et al., 2013). A one-month delay is 
observed between the peaks of precipitation over the Indian con-
tinent and G–B river discharge, while there is a four-month time 
lag between the peak of G–B river discharge and a maxima in the 
river plume area in the BoB (Fig. 7a). The dispersal of sediments 
delivered by the G−B river system to the BoB through freshwa-
ter plume also shows a strong seasonality (Unger et al., 2003). This 
river plume displays the greatest southward extension in the west-
ern BoB during November and December, when it spreads from 
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Fig. 5. (a)–(c) Nd isotope compositions (εNd, filled black circles with 2 s.d. error bars) and Nd concentrations (open black circles) in pmol/kg obtained applying the isotope 
dilution (ID) method. Plot (c) includes St. 160 with εNd (filled red squares) and Nd concentrations (open red squares; Grasse et al., 2012).

Fig. 6. Surface salinity vs. Nd isotope compositions (εNd, filled circles, upper plot) 
and Nd concentration (in pmol/kg, lower plot) obtained by ID (open circles). Surface 
data from this study (black circles) and from Grasse et al. (11 stations; 2012; grey 
circles). Error bars for εNd are within the size of the symbols. To calculate the 
correlation coefficient (R2) between εNd and salinity the data for St. 1552 were 
excluded given the clear admixture of waters from a different source.

Panama, thus clearly indicate lithogenic input from land. Given 
that dust input to the Panama Basin is relatively low (Jickells 
et al., 2005), the surface water REE enrichment must mainly be 
of riverine origin, which is also supported by lower salinities in 
surface waters at St. 1552 and St. 1553 (29.62 and 31.43 PSU, 
respectively). If the lower salinities resulted directly from rain-
fall (low in dust content), the surface REE concentrations would 
likely be diluted (Sholkovitz et al., 1994). The strong correlation 
between salinity and Nd concentration (r2 = 0.94) clearly supports 
the admixture of REEs from riverine freshwaters (Fig. 6) with the 
highest Nd concentration (20 pmol/kg) corresponding to the low-
est salinity (29.62 PSU). Dissolved and particulate river loads are 
known to be an important input source of REEs to the surface 
ocean (e.g. Goldstein and Jacobsen, 1987; Sholkovitz et al., 1999;

Rousseau et al., 2015) and lead to dissolved Nd concentrations in 
surface seawaters as high as ∼50 pmol/kg (Bay of Bengal; Singh 
et al., 2012). Recent findings in the Caribbean also suggest that 
detrital and dissolved fluvial inputs (Orinoco River) are the main 
sources of REEs to surface waters rather than supply via Saharan 
dust (Osborne et al., 2015).

4.1.2. REE patterns and Nd isotope compositions: possible sources
The Panama Basin is surrounded by rocks with highly radio-

genic εNd signatures (on average +7, Georoc database, Max Planck 
Institute for Chemistry Mainz, Germany; Grenier et al., 2013). The 
most important riverine inputs originate from large Colombian 
rivers, such as the San Juan and the Patía Rivers (Fiedler and Tal-
ley, 2006). Both Rivers originate in the West Andes of Colombia, 
which are as part of the Central American Arc also characterized by 
rocks with highly radiogenic εNd values (+7.4 to +8.8, Kerr et al., 
1997). These riverine Nd isotope signatures are then distributed 
within the Panama Basin via anticlockwise surface currents, which 
flow along the Colombian Coast (Fig. 1a) and explain the highly 
radiogenic Nd signature at St. 1553 (+4.3). Towards the south, 
we observe less radiogenic Nd isotope signatures in surface wa-
ters (St. 1555: +1.3), which is most likely a result of admixture 
with surface water masses either from the south (transported by 
the PCC) or from the central Pacific (like the NECC; Fig. 1a). The ad-
mixture with riverine water is clearly reflected by the strong corre-
lation between εNd and salinity (Fig. 6), whereby more radiogenic 
surface waters correspond to lower salinities. Interestingly, St. 1552 
located closest to the Panamanian coast has a lower εNd signature 
than expected for a salinity of 29.62 PSU. The most likely explana-
tion is that surface waters at St. 1552 are supplied by a local river 
water source in Panama with a Nd isotope signature distinct from 
St. 1553 and St. 1555. This is also supported by surface PAAS- and 
NPDW-normalized REE patterns with a MREE bulge centered on Eu 
and Gd (Fig. 4), together with a stronger enrichment in HREEs in-
dicated by a high HREE/LREE ratio of 4.5 at this station (Fig. 3a). 
While REE patterns of the local rivers are not available, data from 
previous studies support this by showing generally strong MREE 
bulges or HREE enrichments of river waters (e.g. Sholkovitz, 1995;
Sholkovitz et al., 1999; Osborne et al., 2015) or of groundwaters in 
contact with basaltic rocks (Johannesson et al., 2017).
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Fig. 1. 
Bathymetric map of the North Atlantic including discussed sediment core sites. The inset depicts the 
area of the Dreizack seamount (Heinrich, 1988; Jantschik, 1991). Arrows mark the schematic flow path 
of the deglacial Icelandic turbidite (Tu1) through the Maury Channel System and into the abyssal plains. 
The coloured areas indicate the regions where the centres of Heinrich Layer 1 (orange shading) and 2 
(blue shading) IRD events were found (after Hemming, 2004). The base map was created with Ocean 
Data View (Schlitzer, 2016). 
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Fig. 1. 
Bathymetric map of the North Atlantic including discussed sediment core sites. The inset depicts the 
area of the Dreizack seamount (Heinrich, 1988; Jantschik, 1991). Arrows mark the schematic flow path 
of the deglacial Icelandic turbidite (Tu1) through the Maury Channel System and into the abyssal plains. 
The coloured areas indicate the regions where the centres of Heinrich Layer 1 (orange shading) and 2 
(blue shading) IRD events were found (after Hemming, 2004). The base map was created with Ocean 
Data View (Schlitzer, 2016). 
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Repository). Using potential temperature and 
salinity data, we interpret our sites at 1200 m 
and 3000 m depth to represent mixing between 
North Pacific Intermediate Water (NPIW, ~240 
m depth) and Pacific Deep Water (PDW, ~3000 
m depth; Fig. 2B). Based on these water mass 
identifications and the published εNd of NPIW 
and PDW (Haley et al., 2014), the water column 
εNd profile is predicted to decrease with depth 
from −3 toward −3.5 (Fig. 2B). Instead, the ob-
served εNd appears to remain constant with depth 
below the surface, at −2.5 at 1200 m and −2.3 
at 3000 m (Fig. 3). The deviation between the 
observed and the expected ocean bottom water 
εNd (εNdBW) is greatest (∆εNdexp–obs

 = 1.0) in bottom 
water at our 3000 m site, coinciding with the 
largest benthic flux of Nd to the ocean (Fig. 3; 
Abbott et al., 2015). The εNdobs

 deviates toward 
the εNd of pore fluids (εNdPW

), with εNdobs
 being 

less radiogenic than predicted (Fig. 3). The av-
erage εNdPW

 at each site is nearly constant down 
core and is −0.2 at 200 m, −1.5 at 1200 m (ex-
cluding 1.2 cm and 2.4 cm), and −1.8 at 3000 m 
(Fig. 3). These values are offset from PDW val-
ues (−3.5), and instead must be generated from 
the bulk sedimentary solid phase (Fig. 3; see the 
Data Repository). Regardless of the mechanism 
of generation, our measured εNdPW

 demonstrate 
that pore fluids can produce an isotopically dis-
tinct flux term.

We argue that the overlying water column 
εNd profile is controlled by the benthic Nd flux 
from the pore fluids and that the influence of this 
flux on water column εNd can be described as:

 
f FNd , ,

t

t T

Nd
0

WM Nd NdWM Flux–WM∫ ( )[ ]ε = ε
=

=

, (1)

where εNdWM
 is a function of the concentration 

of Nd in the water mass ([Nd]WM; at time t = 
0), the magnitude of the benthic flux (FNd), and 
the difference between the observed εNdWM

 (at 
t = 0) and εNd of the benthic flux (∆εNdFlux–WM

) 
integrated over the time of exposure to the flux 
(T). In this model, a surface water mass has low 
initial [Nd]WM and initial εNdWM

 that resembles 
the regional riverine dissolved load. If this water 
mass does not contact the sediments, FNd is neg-
ligible, limiting changes in εNdWM

 to only water 
column processes. However, if the water mass 
is exposed to a sedimentary source of Nd, then 
εNdWM

 is possibly altered. The potential for alter-
ation grows with increases in either the ratio of 
FNd to [Nd]WM (i.e., piston velocity) or the differ-
ence between the εNd of the flux relative to εNd of 
the water mass (∆εNdFlux–WM

, where εNdFlux
 is as-

sumed equivalent to εNdPW
). This model implies 

that a short exposure time of a water mass to the 
sediment with a high FNd or a large ∆εNdFlux–WM

 
is able to readily alter the εNdWM

 at time scales 
observed in the modern ocean (Fig. 4). Alter-
natively, an infinitely long exposure to a zero 
flux, or a region with a small ∆εNdFlux–WM

, will 
not alter εNdWM

. Essentially, our model based on 
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Figure 2. Profiles of water column Nd concentrations (A) and εNd (B) plotted as function 
of depth. Black line in B represents εNd profile expected based on water mass mixing be-
tween North Pacific Intermediate Water (NPIW) and Pacific Deep Water (PDW) with 2σ error 
indicated by gray shading. NPIW and PDW are indicated by white stars and labeled. Bot-
tom water samples are indicated by gray filled symbols. Data from Gulf of Alaska (Haley 
et al., 2014) are shown for comparison. Depth of sediment-water interface (hachured line) 
is indicated for 200 m and 1200 m sites. Concentration data for 1200 m and 3000 m are 
from Abbott et al. (2015). Error bars (2σ) are provided for concentration and isotopic data.

Figure 3. Composite dissolved Nd concentration and εNd profiles plotted as function of water 
depth (top) or sediment depth (bottom). Vertical bars represent mean εNd of water column 
(gray) and pore fluids (blue); shaded vertical bars show 2σ error of mean dissolved εNd for 
the water column (gray) and pore fluids (blue). Green lines represent expected water column 
εNd profile from Figure 2. Concentration data for sites at 1200 m and 3000 m depth are from 
Abbott et al. (2015). Mean observed εNd are italicized. Error bars (2σ) are provided for isotopic 
data; error bars for concentrations are smaller than marker size.
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Bottoms up: Sedimentary control of the deep North Pacific Ocean’s 
εNd signature
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ABSTRACT
The ability to reconstruct past ocean currents is essential for determining ocean circula-

tion’s role in global heat transport and climate change. Our understanding of the relationship 
between circulation and climate in the past allows us to predict the impact of future climate-
driven circulation changes. One proposed tracer of past ocean circulation is the neodymium 
isotope composition (εNd) of ancient water masses. However, ambiguities in what governs the 
εNd distribution in the modern ocean hamper interpretations of this tracer. Here we present εNd 
values for marine pore fluids, sediments, and the overlying water column for three sites in the 
North Pacific. We find that ocean bottom water εNd (εNdBW

) in the northeast Pacific lies between 
the value expected for the water mass (–3.3) and the measured εNd of sediment pore fluid (εNdPW

; 
–1.8). Moreover, εNdPW

 resembles the εNd of the sediment. Combined, these findings are consis-
tent with recent assessments that sediment pore fluids may be a major source of rare earth ele-
ments to the ocean and suggest that the benthic flux of Nd from pore fluids exerts the primary 
control over the deep ocean distribution of εNd.

INTRODUCTION
Neodymium isotopes are used as a tool in re-

constructing ocean circulation. The Nd isotopic 
value (εNd) is defined as [(143Ndsample/

144NdSample) / 
(143NdCHUR/144NdCHUR) – 1] × 104, where CHUR 
is the chondritic uniform reservoir, used as an 
average Earth value (143Nd/144Nd = 0.512638) 
(Jacobsen and Wasserburg, 1980). Utilizing 
εNd to reconstruct ocean circulation is based 
on the fundamental assumption that changes in 
εNd reflect conservative mixing of water masses 
(Frank, 2002). However, this assumption has 
been called into question because the marine 
budget for εNd is unbalanced (Tachikawa et al., 
2003; van de Flierdt et al., 2004; Arsouze et 
al., 2009) and because water mass εNd (εNdWM

) 
appears to be altered by non-conservative pro-
cesses in marginal settings or “boundary ex-
change” (Lacan and Jeandel, 2005; Carter et 
al., 2012; Grasse et al., 2012; Grenier et al., 
2013; Haley et al., 2014; Stichel et al., 2015). 
In addition, global ocean circulation models in-
corporating εNd distributions suggest that there 
is a “missing” source of dissolved Nd that con-
tributes up to ~95% of the Nd in the ocean (Ar-
souze et al., 2009). Pore fluid concentration pro-
files indicate that this missing source could be a 
benthic flux of Nd from sedimentary pore fluids 
(Sholkovitz et al., 1989; Haley et al., 2004; Ab-
bott et al., 2015). If so, how does this benthic 
flux of Nd impact the distribution of εNd in the 
ocean and the use of εNd in paleoclimate recon-
structions? To answer this question, we examine 
the εNd of the pore fluids, which represent a ben-
thic source of Nd that is significant to the marine 
Nd budget (Abbott et al., 2015).

METHODS
We collected 20 L water column, ~1 L sedi-

ment pore fluid, and sediment samples from 
three sites off the Oregon margin (northwest 
United States) in October 2012 and July 2013 
(Fig. 1; detailed description is in Abbott et al., 
2015). Briefly, water column samples were col-
lected using Standard PVC Niskin bottles that 
were pressurized with N2 upon recovery to filter 
the sample using inline “Disposal A” 0.45 µm 
filters (Geotech Environmental Equipment item 
73050004). All water column samples were 
acidified to pH ≤ 2.5 using ultrapure 12 M HCl. 
Pore fluid was collected using centrifuged sedi-
ments from multiple cores, and the centrifuged 
sediments were then digested in a mixture of 
HNO3, HCl, and HF using a CEM Corporation 

MARS 5 microwave (Muratli et al., 2012; Ab-
bott et al., 2015).

Water and sediment digests were analyzed 
for Nd concentrations on the Thermo VG ExCell 
quadropole inductively coupled plasma–mass 
spectrometer (ICP-MS) at the W.M. Keck Col-
laboratory for Plasma Spectrometry (Oregon 
State University, USA). A large-volume seawater 
sample (NBP95R10) collected from Bransfield 
Strait in the Southern Ocean (62°46′S, 59°24′W) 
at a water depth of 1300 m was used as an in-
house consistency standard (mean 24.8 pM Nd, 
1σ = 4 pM, procedural blank 3.5 pM Nd) as no 
calibrated seawater standards are available. All 
isotopic analyses were performed on the Nu 
Plasma ICP-MS multicollector in the Keck Col-
laboratory at Oregon State University with 144Nd 
on the axial cup internally normalized for mass 
bias to 146Nd/ 144Nd = 0.7219. The JNdi-1 stan-
dard was used for normalization to 143Nd/144Nd 
= 0.512115 with a 2σ uncertainty of ±0.000011, 
n = 166 (reference value 0.512115 ± 0.000007; 
Tanaka et al., 2000). Specpure, a Nd element qua-
dropole standard, was used as an in-house repro-
ducibility standard with 143Nd/144Nd = 0.511205 
with a 2σ uncertainty of ±0.000014, n = 147.

RESULTS AND DISCUSSION
We find water column Nd concentrations 

to range between 10 pM and 40 pM (Fig. 2A; 
see the GSA Data Repository1) and εNd to range 
between −1.2 and −3.2 (Fig. 2B; see the Data 
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Figure 1. Site locations on map of eastern North Pacific. Sites are indicated by site-specific 
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1GSA Data Repository item 2015248, Table DR1 (water-column Nd concentrations and εNd with depth) 
and Table DR2 (pore water and sediment Nd concentrations and εNd with depth in core), is available online at 
www.geosociety.org/pubs/ft2015.htm, or on request from editing@geosociety.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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would have allowed accumulation of respired carbon in the glacial 
deep Pacific1.

Deglacial decrease of our deep site εNd (Fig. 2b) can be explained 
by faster overturning (less benthic exposure time). The change in 
εNd near 19 ka (thousand years ago) coincides with the initial degla-
cial warming of West Antarctica24, reduction of Antarctic sea ice 
(indicated by decreasing sea-salt sodium concentration)25 and the 
first significant postglacial sea-level rise26, but predates the sus-
tained warming of East Antarctica27 and the rapid atmospheric 
CO2 increase28 (Fig. 2). After this early change, further εNd decrease 
corresponds to steps of atmospheric CO2 rise between 18-14.5 ka 
and 13-11.5 ka, during which times sea ice retreated and tempera-
ture increased synchronously in West and East Antarctica together 
with the global ocean29. These intervals also saw negative atmo-
spheric δ 13C excursions30,31 and reduced Southern Ocean strati-
fication1,8,13,16,32,33 (Fig. 2d,e). All these signals are consistent with 
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would have allowed accumulation of respired carbon in the glacial 
deep Pacific1.

Deglacial decrease of our deep site εNd (Fig. 2b) can be explained 
by faster overturning (less benthic exposure time). The change in 
εNd near 19 ka (thousand years ago) coincides with the initial degla-
cial warming of West Antarctica24, reduction of Antarctic sea ice 
(indicated by decreasing sea-salt sodium concentration)25 and the 
first significant postglacial sea-level rise26, but predates the sus-
tained warming of East Antarctica27 and the rapid atmospheric 
CO2 increase28 (Fig. 2). After this early change, further εNd decrease 
corresponds to steps of atmospheric CO2 rise between 18-14.5 ka 
and 13-11.5 ka, during which times sea ice retreated and tempera-
ture increased synchronously in West and East Antarctica together 
with the global ocean29. These intervals also saw negative atmo-
spheric δ 13C excursions30,31 and reduced Southern Ocean strati-
fication1,8,13,16,32,33 (Fig. 2d,e). All these signals are consistent with 
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Fig. 1 | Study sites and Pacific circulation. a, Locations of the intermediate-
depth (EW0408-85TC/JC/U1419) and the deep (EW0408-87JC/U1418) 
sites in the Gulf of Alaska. b, A meridional (138°!W) section of circulation 
age in the Pacific22. Solid small arrows indicate modern water transport 
across the 28°!S and 24°!N hydrographic sections and thick arrows show 
the schematic abyssal circulation34. c, Relationship between Pacific core-
top authigenic εNd (> 2,500!m, Supplementary Fig. 2, with 2σ analytical 
uncertainty) and circulation age (1σ!= !50 yr)22. The star symbol is site 
EW0408-87JC.
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Fig. 2 | Deglacial North Pacific εNd, compared with global climate records. 
a,b, Authigenic εNd from site EW0408-85TC/JC/U1419 (a) and site 
EW0408-87JC/U1418 (b). Error bars in a and b indicate long-term  
2σ (0.29ε) external reproducibility (Methods). c, Ice-core CO2 and its rate 
of change28,55. d, δ 13C of atmospheric CO2

30,31. e, Southern Ocean opal flux 
from core TN057-13PC432. f, Temperature anomalies from West (WAIS 
Divide)24 and East (EAT)27 Antarctica, and sea-salt sodium concentration 
(ssNa, 50-year median value, a proxy for sea ice) from the WAIS Divide25. 
g, Mean ocean temperature anomaly with 1σ uncertainty29. h, North Atlantic 
231Pa/230Th records with 1σ uncertainty45,56. The blue-shaded interval marks 
the early deglacial increase of temperature and decrease of sea ice in West 
Antarctica. The yellow-shaded intervals mark the synchronous increase of 
atmospheric CO2, decrease of sea ice and increase of temperature in both 
West and East Antarctica, and rise of global ocean mean temperature.
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would have allowed accumulation of respired carbon in the glacial 
deep Pacific1.

Deglacial decrease of our deep site εNd (Fig. 2b) can be explained 
by faster overturning (less benthic exposure time). The change in 
εNd near 19 ka (thousand years ago) coincides with the initial degla-
cial warming of West Antarctica24, reduction of Antarctic sea ice 
(indicated by decreasing sea-salt sodium concentration)25 and the 
first significant postglacial sea-level rise26, but predates the sus-
tained warming of East Antarctica27 and the rapid atmospheric 
CO2 increase28 (Fig. 2). After this early change, further εNd decrease 
corresponds to steps of atmospheric CO2 rise between 18-14.5 ka 
and 13-11.5 ka, during which times sea ice retreated and tempera-
ture increased synchronously in West and East Antarctica together 
with the global ocean29. These intervals also saw negative atmo-
spheric δ 13C excursions30,31 and reduced Southern Ocean strati-
fication1,8,13,16,32,33 (Fig. 2d,e). All these signals are consistent with 
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the schematic abyssal circulation34. c, Relationship between Pacific core-
top authigenic εNd (> 2,500!m, Supplementary Fig. 2, with 2σ analytical 
uncertainty) and circulation age (1σ!= !50 yr)22. The star symbol is site 
EW0408-87JC.
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EW0408-87JC/U1418 (b). Error bars in a and b indicate long-term  
2σ (0.29ε) external reproducibility (Methods). c, Ice-core CO2 and its rate 
of change28,55. d, δ 13C of atmospheric CO2

30,31. e, Southern Ocean opal flux 
from core TN057-13PC432. f, Temperature anomalies from West (WAIS 
Divide)24 and East (EAT)27 Antarctica, and sea-salt sodium concentration 
(ssNa, 50-year median value, a proxy for sea ice) from the WAIS Divide25. 
g, Mean ocean temperature anomaly with 1σ uncertainty29. h, North Atlantic 
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the early deglacial increase of temperature and decrease of sea ice in West 
Antarctica. The yellow-shaded intervals mark the synchronous increase of 
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West and East Antarctica, and rise of global ocean mean temperature.
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would have allowed accumulation of respired carbon in the glacial 
deep Pacific1.

Deglacial decrease of our deep site εNd (Fig. 2b) can be explained 
by faster overturning (less benthic exposure time). The change in 
εNd near 19 ka (thousand years ago) coincides with the initial degla-
cial warming of West Antarctica24, reduction of Antarctic sea ice 
(indicated by decreasing sea-salt sodium concentration)25 and the 
first significant postglacial sea-level rise26, but predates the sus-
tained warming of East Antarctica27 and the rapid atmospheric 
CO2 increase28 (Fig. 2). After this early change, further εNd decrease 
corresponds to steps of atmospheric CO2 rise between 18-14.5 ka 
and 13-11.5 ka, during which times sea ice retreated and tempera-
ture increased synchronously in West and East Antarctica together 
with the global ocean29. These intervals also saw negative atmo-
spheric δ 13C excursions30,31 and reduced Southern Ocean strati-
fication1,8,13,16,32,33 (Fig. 2d,e). All these signals are consistent with 
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Fig. 1 | Study sites and Pacific circulation. a, Locations of the intermediate-
depth (EW0408-85TC/JC/U1419) and the deep (EW0408-87JC/U1418) 
sites in the Gulf of Alaska. b, A meridional (138°!W) section of circulation 
age in the Pacific22. Solid small arrows indicate modern water transport 
across the 28°!S and 24°!N hydrographic sections and thick arrows show 
the schematic abyssal circulation34. c, Relationship between Pacific core-
top authigenic εNd (> 2,500!m, Supplementary Fig. 2, with 2σ analytical 
uncertainty) and circulation age (1σ!= !50 yr)22. The star symbol is site 
EW0408-87JC.
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Fig. 2 | Deglacial North Pacific εNd, compared with global climate records. 
a,b, Authigenic εNd from site EW0408-85TC/JC/U1419 (a) and site 
EW0408-87JC/U1418 (b). Error bars in a and b indicate long-term  
2σ (0.29ε) external reproducibility (Methods). c, Ice-core CO2 and its rate 
of change28,55. d, δ 13C of atmospheric CO2

30,31. e, Southern Ocean opal flux 
from core TN057-13PC432. f, Temperature anomalies from West (WAIS 
Divide)24 and East (EAT)27 Antarctica, and sea-salt sodium concentration 
(ssNa, 50-year median value, a proxy for sea ice) from the WAIS Divide25. 
g, Mean ocean temperature anomaly with 1σ uncertainty29. h, North Atlantic 
231Pa/230Th records with 1σ uncertainty45,56. The blue-shaded interval marks 
the early deglacial increase of temperature and decrease of sea ice in West 
Antarctica. The yellow-shaded intervals mark the synchronous increase of 
atmospheric CO2, decrease of sea ice and increase of temperature in both 
West and East Antarctica, and rise of global ocean mean temperature.
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Accuracy was achieved by correcting sample
143Nd/144Nd results for the offset of five filaments of 5 ng
or 15 ng JNdi-1 standard per turret (typical batch of sam-
ples: 16) to the JNdi-1 reference value of 0.512115
(Tanaka et al., 2000) and monitored using 10 ng or 15 ng
loads of column processed rock standard BCR-2 (external
reproducibility for the BCR-2 rock standards was 20 ppm
on 143Nd/144Nd; eNd = 0.01 ± 0.20, 2sd, n = 12). The long
term average 143Nd/144Nd ratio for 5–15 ng JNdi-1 loads
on the MAGIC Triton TIMS during the 19 months
duration of seawater analysis was 0.512103 ± 0.000011
(eNd = !10.44 ± 0.22, 2sd, n = 70). To determine the true
external reproducibility for seawater samples, two large
homogeneous water samples from the Bermuda Atlantic
Time Series Station BATS (15 m and 2000 m depth) were

used as in-house seawater standard (van de Flierdt et al.,
2012). Results are reported in Table 1 and are in an excel-
lent agreement with the results from the international
GEOTRACES intercalibration exercise obtained by 13 dif-
ferent laboratories (van de Flierdt et al., 2012). It is worth
noting that the samples were purified and analysed over a
period of 19 months, between 3 and 5 years after initial
sample collection. Hence, the present results show that fil-
tered and acidified seawater can be stored in pre-cleaned
containers for up to five years without compromising the
isotopic composition or concentration of Nd. Typical
procedural blanks (chemistry and mass spectrometry) were
0.8–11.2 pg, which translates to less than 0.2% of the Nd
content of the most depleted sample analysed. Therefore
no blank correction was applied.

Fig. 1. Map of the North Atlantic Ocean indicating the location of seawater profiles (black dots with numbers) and surface samples (black
triangles) from this study and the literature (white and grey symbols). White triangles with letters refer to stations from the literature, the data
from which are used for comparison in this study. (a) Signature station 5 (Lacan and Jeandel, 2005a); (b) Hudson 83-036 LC (Piepgras and
Wasserburg, 1987); (c) Thalahassa station 15 (Rickli et al., 2009); (d) Hudson 83-036 station 11 (Piepgras andWasserburg, 1987); (e) Signature
station 6 (Lacan and Jeandel, 2005a); (f) OCE 63 station 3 (Piepgras and Wasserburg, 1987); (g) TTO/TAS station 63 (Piepgras and
Wasserburg, 1987); (h) NE Atl. E3 O (Tachikawa et al., 1999). Light grey dots represent literature data where at least three depths were
sampled for Nd isotopic compositions, and the white dots mark stations with less than three published depths results. Pink (thicker) arrows
represent schematically the spreading of Labrador Sea Water (LSW). Blue (thinner) arrows symbolise overflow of waters from the Greenland
and Norwegian Seas (DSOW: Denmark Strait Overflow Water; ISOW: Iceland–Scotland Overflow Water). Yellow (thicker) arrows represent
the spreading of North Atlantic Deep Water (NADW) once exported from the subpolar gyre. Orange (thinner) arrows mark the northward
flow of southern-derived water masses (w-LDW and e-LDW: western and eastern Lower Deep Water, respectively). Dotted grey lines
represent deep recirculation cells. DS: Denmark Strait; I-F ridge: Iceland Faroe ridge; F-B channel: Faroe Bank channel; CGFZ: Charlie
Gibbs Fracture Zone. Stippled black line marks the path of the section view shown in Fig. 2. The map was created using ODV software,
available at http://odv.awi.de/ (Schlitzer, 2012). (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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Global	
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  water:	
  much	
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found Nd concentrations from HH6 to HH9 tests increase
linearly with time (0.5–6 h), suggesting zero-order kinetics.
To estimate Nd extraction rates from authigenic and silicate
minerals we need to know (i) the mineralogy of sediment,
(ii) the relative kinetic dissolution rates of these phases
under an environmental condition that is similar to our lab-
oratory extractions (pH ! 4 and room temperature), (iii)
the specific surface area of these minerals and (iv) the rela-
tive concentration of Nd in the source minerals.

We report pH-dependent Nd release rate calculations in
Fig. 7 (details are presented in the Electronic Annex Sec-
tion 3). Volcanic ash is not included in this calculation
because of its rare presence; we discount the potential for
ash contamination in Section 4.5. All rates are reported
as ng of Nd released from 1 g of mineral/sediment in
0.5 h to facilitate comparison with our leachate data
(Table EA3). We note that interpretation of these estimates
is limited to an order-of-magnitude scale, as comparing
kinetic mineral dissolution rate measurements with higher
precision would requires more data, for example precise
measurements on mineral grain sizes and surface areas, that
are beyond the scope of our study (Bandstra and Brantley,
2008).

Observed Nd release rates in our HH4 leachates
(220–2051 ng Nd g"1 0.5 h"1) fall within the theoretical
bounds of reductive dissolution of Fe oxyhydroxide and
are very close to the rates previously measured using oxalic
acid as the reducing agent (Zinder et al., 1986). This finding
is consistent with authigenic Fe–Mn oxyhydroxide being
the phase extracted dominantly in HH4 leachates. Total
Nd release rates from silicate minerals depend on the choice
of representative mineral and specific surface area in calcu-
lation. Nevertheless, even when choosing silicate minerals
of higher reactivity and with generous estimates of specific

surface area, detrital Nd release rates (<10 ng Nd g"1

0.5 h"1 in the pH range of 3.5–4.5) from these silicate min-
erals are two to three orders of magnitude lower than those
of authigenic oxyhydroxides or our observed leach values,
suggesting they can account for <1% of total Nd observed
in our leachates. Given the eNd of GOA bulk sediment is
#+5, these low levels of detrital contamination should
therefore not bias leachate eNd by more than +0.05 e, which
is within external analytical precision and thus negligible.

4.5. Estimating volcanic ash contamination

Results from leaching volcanic ash samples may provide
a more accurate empirical measure of the potential effect of
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Fig. 6. HREE/LREE vs. MREE*. A mixing line between the most
MREE enriched leachates (Gutjahr et al., 2010) and the most
HREE enriched oxic pore water (Haley et al., 2004) reflects the
‘‘authigenic-pore water array” (dashed line). Mixing lines between
MORB (Kelemen et al., 2014) and UCC (solid line) (Rudnick and
Gao, 2014) or PAAS (solid line) reflect the ‘‘detrital arrays”. Data
include those cited in Fig.5 as well as other published values (Bayon
et al., 2002, 2004; Haley et al., 2004, 2014; Martin et al., 2010;
Kelemen et al., 2014; Plank, 2014; Molina-Kescher et al., 2014a;
Abbott et al., 2015a; Wilson et al., 2013; Cao and Arculus, 1995).
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Fig. 7. Nd release rate measured in GOA HH4 leachates (pH ! 4,
pink box; box spans 25–75% of the data, whisker notes the entire
range of values) compared with Fe oxyhydroxide and detrital
silicate minerals modeled using published kinetic mineral dissolu-
tion rates (lines), and pure volcanic ash based on our experiments
of leaching fresh Mount St. Helens ash samples. Reductive
dissolution of Fe oxyhydroxide is bounded by dissolution of FeO
to the top and proton promoted non-reductive dissolution of Fe
(III) oxide to the bottom (Brantley, 2008). Reductive dissolution
rate of goethite (a-FeOOH) measured in 10"3 M oxalic acid is also
shown (Zinder et al., 1986). In estimating the amount of Nd
released from detrital silicates we consider the bulk mineral
composition of GOA sediments and the reactivity of these
minerals. Volcanic ash is present at trace level (<1%) in GOA
bulk sediments. For Fe oxyhydroxide the results are reported as ng
Nd released from 1 g pure minerals in 0.5 h, while for HH4
leachates, detrital silicates and volcanic ash the units are in ng Nd
released from 1 g dry sediment in 0.5 h. In comparing Nd release
rate from HH4 leachates to pure Fe oxyhydroxide minerals we
assume the amount of authigenic phases present does not limit the
reaction rate, which is supported by the observation that the release
of Nd in our HH experiments seems to follow zero-order kinetics
(HH6–HH11, Fig. 2). Mn oxyhydroxides are not presented here
because relevant inorganic rate measurements are unknown.
Details of the calculations are in the Electronic Annex Section 3.
(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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Southern	
  Ocean-­‐wide	
  consistency	
  of	
  
deep	
  water	
  εNd	
  changes:	
  

Abrupt	
  εNd	
  changes	
  (corals):	
  

Basak,	
  Skinner,	
  Piotrowski

To account for the uneven coral distribution through time, and more easily evaluate potential differences
in Nd isotopes with water depth, the time series in Figure 5a distinguishes the seawater Nd isotope evolution
over depth ranges of 1.1–1.4 km, 1.7–1.9 km, and 2.0–2.6 km. This division of the samples demonstrates
that the two deeper depth ranges record similar εNd values and evolution, and we subsequently consider the
data from 1.7–2.6 km together (Figure 5b), but separately from the shallower corals (1.1–1.4 km).

During the deglacial period, seawater Nd isotopes from 1.7 to 2.6 km water depth vary between εNd values of
!11.0 and !14.5 (Figure 5a), and the evolution during the second half of Heinrich Stadial 1 is recorded in
some detail (Figure 5b). There are unradiogenic values of!14.5 at ~15.8 ka, which increase towards!11.5 by
~15.6 ka. The corals record values of approximately !11.5 from ~15.5 ka to ~15.3 ka, with a transient
fluctuation to !12.6 at ~15.4 ka. The third cluster at ~15.0 ka is characterized by a range in εNd values from
!11.0 to!14.1. Coral transect ALV-3887-1549-004-002 shifts towards!12.6 and then back to!11.0 at ~15.0 ka
(Figure 5b), indicating that the changes towards a less radiogenic value at ~15.0 ka may have been a very
transient feature lasting less than 100 years. Such short-lived changes represent a shorter time period
than the typical 2σ uncertainty in coral U-Th ages, which could account for the high variability in Nd isotopes
recorded at this time (Figures 4b and 5b). There are no corals from the 1.7–2.6 km depth range during the
Bolling-Allerod, while three corals from this depth range within the Younger Dryas record Nd isotopic values in
the range !13.0 to !14.4 (Figure 5a).

Figure 5. Deep-sea coral Nd isotope data as time series for (a) 11–18 ka and (b) 14.6–16.2 ka. Figure 5a distinguishes between
depth ranges of 1.1–1.4 km, 1.7–1.9 km, and 2.0–2.6 km and includes all individual coral and transect data as single points.
Figure 5b shows only data from depths of 1.7–2.6 km corresponding to the region highlighted by the grey box in Figure 5a.
In Figure 5b the shaded blue field provides an indication of temporal changes in the data set as a whole, while the transect
data are constrained stratigraphically and are distinguished with colored symbols and lines. All uncertainties are 2σ.
Stippled lines in Figure 5a separate distinct time periods: YD = Younger Dryas, BA = Bolling-Allerod, andHS1 =Heinrich Stadial 1.
Coral ALV-3887-1652-005-006 is omitted from Figure 5b because of its large age uncertainty.
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of the processes involved renders global integration and
budget calculations difficult. GEOTRACES intends to
follow a complementary approach which will take
advantage of the fact that the magnitude and pattern
of TEI fluxes at ocean interfaces is reflected in the
distribution of TEIs within the ocean. Improved knowl-
edge of ocean distributions of TEIs, particularly in
regions where such boundary fluxes are of special

importance (e.g., dust plumes, estuaries, ocean margins,
MORs) will therefore provide direct information about
these fluxes.

Knowledge of TEI distributions will also lead to
understanding of the processes involved in exchange
between the solid Earth, the atmosphere and the ocean.
Mineral dissolution, mineral surface adsorption/
desorption, biological utilisation, element speciation

ARTICLE IN PRESS

Fig. 8. Comparison of two ocean tracers, both thought to provide information about the rate of past flow of North Atlantic Deep
Water (McManus et al., 2004; Piotrowski et al., 2004). Although both tracers agree that flow was strong during the Holocene and
weak during the Younger Dryas, 231Pa/230Th (middle) suggests a high rate of flow at around 19 kyr while eNd (bottom) suggest a
minimum flow rate. This illustrates the need to better understand proxies for past environmental change. The upper panel shows a
proxy record for air temperature over Greenland based on the stable isotope composition of the ice (higher d18O values correspond
to warmer temperatures) for reference. McManus et al. (2004) figure adapted by permission from MacMillan Publishers Ltd:
Nature, Copyright (2004). Piotrowski et al. (2004) figure adapted by permission from Earth and Planetary Science Letters, vol. 225.
Piotrowski et al. (2004), Copyright (2004), reprinted with permission from Elsevier.
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• if	
  eNd	
  reflects	
  deep	
  water	
  source	
  and	
  Th/Pa	
  circula9on	
  
speed,	
  the	
  records	
  are	
  not	
  at	
  odds	
  

• lack	
  of	
  change	
  from	
  LGM	
  through	
  H1	
  calls	
  benthic	
  flux	
  
hypothesis	
  into	
  ques9on	
  

eNd	
  versus	
  Pa/Th	
  -­‐	
  Are	
  we	
  closer	
  to	
  understanding	
  the	
  differences?
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How	
  to	
  precede?	
  

• Water	
  mass	
  circula9on	
  and	
  mixing	
  play	
  important	
  role	
  in	
  εNd	
  distribu9ons	
  	
  

εNd	
  will	
  remain	
  useful	
  (qualita9ve)	
  tracer	
  for	
  water	
  mass	
  provenance	
  and	
  circula9on	
  pathways	
  

non-­‐conserva9ve	
  processes	
  are	
  increasingly	
  used	
  to	
  explain	
  inconsistencies/strong	
  anomalies	
  in	
  paleo-­‐records	
  

• How	
  can	
  non-­‐conserva9ve	
  processes	
  be	
  iden9fied	
  /	
  quan9fied	
  in	
  paleo	
  applica9ons?	
  

• Is	
  benthic	
  flux	
  a	
  global	
  phenomenon	
  and	
  the	
  main	
  source	
  of	
  Nd	
  to	
  the	
  ocean?	
  

• Should	
  eNd	
  rather	
  be	
  used	
  as	
  a	
  dynamic	
  tracer	
  (circula9on	
  speed/deep	
  water	
  exposure	
  9me	
  to	
  benthic	
  flux)?

What	
  is	
  needed?	
  

• Improved	
  global	
  coverage	
  of	
  observa9ons	
  in	
  the	
  water	
  column	
  (e.g.,	
  in	
  Pacific,	
  Southern	
  Ocean)	
  and	
  sediment	
  

• Observa9ons	
  at	
  interfaces	
  (land/margin-­‐ocean	
  (rivers,	
  SGD),	
  seafloor-­‐seawater)	
  	
  

• Direct	
  benthic	
  flux	
  measurements	
  (benthic	
  chambers)	
  

• Modeling	
  studies

Thank	
  you!
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