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Abstract

The Nd isotopic composition (IC) and Rare Earth patterns of hydrodynamic structures of the Equatorial Pacific
Ocean were characterized along 140°W. The Nd IC of Antarctic Intermediate Water (AAIW) and of the lower layer of
the Equatorial Undercurrent (EUC) at 140°W (13°C Water) are much more radiogenic at the equator than at their
origin in the South Equatorial Current (12°S), revealing that these water masses have been in contact with the highly
radiogenic Papua New Guinea (PNG) slope. In both cases, only a small fraction (less than 9%) of the sediment
deposited on the PNG slope is required to be exchanged or dissolved to explain these Nd IC variations, whereas the
hydrographic properties of the same water masses remain unchanged. This confirms the usefulness of this tracer to
identify pathways of water masses. These results emphasize the importance of jets in transporting lithogenic material
into the subsurface layers of remote areas, where aeolian inputs are particularly weak and corroborate the previous
results on Fe and Al maximum in this area [M.L. Wells, G.K. Vallis, E.A. Silver, Nature 398 (1999) 601-604]. The Nd
IC of the upper layer of the EUC contrasts strongly to that of the subpycnocline layer, indicating that the equatorial
upwelling only affects the surface waters and is not effective between 120 and 150 m. We calculate that the Nd imprint
of the PNG input is likely to vanish from this surface layer as it traverses the basin, due to the replacement of upwelled
waters by non-radiogenic ones. © 2001 Elsevier Science B.V. All rights reserved.
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eng values allow the pathways and mixing of
water masses on the oceanic basin scale to be
traced [3-7]. In contrast to many circulation trac-
ers, the sea water Nd IC is not affected by evap-
oration or any subtraction processes: the exg of
any given water mass will only be modified when
it receives an input of Nd with a different isotopic
signal. Therefore, modification of the isotopic sig-
nature of a water body implies mixing with other
water bodies and/or contact and exchange with
continental inputs [7-9]. The Nd IC is also a
powerful tracer of the sources and fates of marine
particles: as Nd is a lithogenic element, it is
brought to the sea by continental inputs. The dis-
tribution of exg in the solid earth is heterogene-
ous, varying from —36 for old granitic cratons to
more than +10 for recent Mid Ocean Ridge Ba-
salts (see the compilation in the data bank
www.earthref.org). Therefore, pathways of par-
ticles between their sampling location and their
source can be reconstructed and transformation
processes through the water column can also be
studied using eng ([10,11] and references therein,
[12,13)).

In addition to its isotopic properties, Nd be-
longs to the geochemical group of the Rare Earth
Elements (REE). In the ocean, the dissolved REE
distribution is determined by the competition be-
tween soluble carbonate-REE(III)" complexes
and the removal of REE(II)* by particle scav-
enging [14]. This competition causes fractionation
between light and heavy REE (LREE and
HREE). Moreover, cerium, which is oxidized to
insoluble Ce(IV)*, is removed more effectively
than its REE neighbors. These fractionations are
represented by the REE pattern, that is all the
REE concentrations measured in a sample nor-
malized using the REE data of a reference mate-
rial. This is a useful tool to identify which marine
process could have modified the distribution of
the REE in sea water (adsorption, desorption, re-
dox process.., [14-16] and references therein). The
simultaneous use of both the Nd IC and REE
patterns is a fruitful approach for analyzing the
dissolved/particulate exchanges and pathways of
particles in sea water [13,17].

Despite the interest for this tracer, &ng sea
water data are scarce, especially in the Pacific

Ocean [5,18]. This is one of the reasons why the
oceanic balance of Nd is not completely under-
stood: the exact way according to which water
masses change their Nd IC is still unclear,
although exchanges with particulate material at
the ocean margins and along the coasts are sus-
pected to be likely candidates [7,8].

Coale et al. [46] reported Fe and Al maximum
at the equator at 140°W in the Pacific Equatorial
Undercurrent (EUC), between 100 and 250 m. As
aeolian inputs are low in this area [19], Coale et
al. [46] deduced that the iron found in the surface
waters is supplied from the enriched subsurface
layer by the equatorial upwelling. This input of
iron could control the primary production in this
region. These authors suggested that this iron
may originate from the Papua New Guinea
(PNG) shelf (or upper slope), and be advected
within the EUC. Wells et al. [1] speculate that
past variations in the tectonic activity of PNG
(mostly during the late Miocene) could have in-
duced variations of iron inputs into the EUC
source waters and subsequently caused variations
in the Central Equatorial Pacific primary produc-
tion. It is therefore important to assess clearly the
origin of the iron enrichment of the subsurface
waters. The Nd isotopic signature of the PNG
slope (éng =+7, [20]) is much more radiogenic
(high éexg) than the surrounding waters
(—9<éena <0; [5]). Therefore, we expect that
the Nd IC of the uppermost 1000 m in the Central
Equatorial Pacific could help test whether the
lithogenic enrichments measured by Coale et al.
[46] indeed originate from the PNG.

2. Hydrological context and sampling

Within the framework of the EqPac cruise
(RV. Thomson, November 1992), 17 samples
were collected at three stations, between the sur-
face and 850 m depth, along a north-south trans-
ect (2°N to 12°S) around 140°W. Conductivity,
temperature, depth (CTD) measurements were
also carried out at those stations, as well as at
intermediate stations.

The major features of the circulation of the sur-
face Central Pacific Ocean are (i) two large anti-
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cyclonic gyres with axes along 20°N and 20°S and
(ii) the equatorial current system (Fig. la). The
northern limb of the southern anticyclonic gyre
flows westwards and forms the South Equatorial
Current (SEC), that extends from 5°N to 20°S at
the surface. Below 100 m, the current shifts to the
south and is found between 6°S and 25°S pene-
trating to depths greater than 1000 m [21] (Fig.
1b).

Along the equator, underneath the SEC, the
EUC flows eastwards. This current originates
north of PNG at ~200 m depth and rises gently
along its 14 000 km pathway across the basin. It is
located between 2°N and 2°S, is ~200 m thick,
and has a mean speed of 0.4 m s~! with a max-
imum around 1 m s™! ([22,23] and compilation of
current meter and ADCP (Acoustic Doppler Cur-
rent Profiles) data from the TAO (Tropical At-
mosphere Ocean) moorings (PMEL, US; JAM-
STEC, Japan; IRD, France); Gourdeau,
personal communication, 2000). It is mainly
formed out of four undercurrents merging off
the PNG coast (Fig. 1c). Three of them are coast-
al currents entraining waters of southern origin:
the New Guinea Coastal Undercurrent (NGCU),
the Saint Georges Undercurrent (SGU) and the
New Ireland Coastal Undercurrent (NICU). The
fourth one entrains waters of northern origin
[24,25]. A strong pycnocline divides the EUC
into two main layers: at 140°W, the upper one
lies between 50 and 150 m and the lower one
between 150 and 250 m. The upper layer includes
the core of maximum velocity for the EUC. This
layer contains Tropical Water originating from
the high salinity cell centered around the tropic
of Capricorn between 170°W and 120°W, where
convective sinking of surface water takes place
(Fig. la). This Tropical Water is entrained west-
wards in the SEC and then brought to the EUC
by the coastal undercurrents described above. A
large fraction of this water may be lost to the
surface circulation as it flows eastwards [24].
The water that forms the subpycnocline layer of
the EUC is described by Tsuchiya [26] as the
Equatorial 13°C Water. Originating from the Tas-
man Sea, it flows eastwards to reach the southern
limb of the south subtropical gyre, then it follows
the course of this gyre, joining the SEC that

brings it to the Coral Sea. Finally, it flows north-
wards to the Solomon Sea and enters the Bis-
marck Sea through the Vitiaz Strait in the
NGCU from which it feeds the EUC [26] (Fig.
la,c).

Underneath the EUC, the Equatorial Inter-
mediate Current (EIC) flows westwards between
~3°N and ~2°S [22] and from about 300 to
more than 500 m depth (Fig. 1b). Underneath
the EIC the flow direction is eastwards again.
The boundary between this eastwards flow and
the EIC is uncertain but situated between 500
and 800 m depth [21]. On both sides of the EIC
eastwards flows are found, the North and South
Subsurface Countercurrents (NSCC and SSCC),
about 5° wide each (Fig. 1b).

The intermediate water mass found at 135°W
between 10°S and 6.5°N is described by Tsuchiya
and Talley [34] as the Antarctic Intermediate
Water (AAIW) of the ‘equatorial type’. These au-
thors suggest that it originates from the AAIW of
the ‘subtropical type’ found between 33°S and
17°S. Following these authors, the AAIW of the
subtropical type would be carried to the west by
the SEC and then northwards to the equatorial
zone by the western boundary undercurrents in
the PNG region. Equatorial flows would then
spread the water mass into the interior of the
equatorial region. The region between 17°S and
10°S is an AAIW transition zone.

The samples collected during the EqPac cruise
allow us to document some of these hydrographic
structures along 140°W (Fig. 1b and Table 1 for
hydrographical characteristics). At 12°S we have
sampled at 120 and 150 m the tongue of Tropical
Water formed by convective sinking (S=36.5 and
36.4, respectively). At 200 m the sample is located
around the path of the 13°C Equatorial Water. At
835 m, we have sampled in the transition zone for
AAIW, adjacent to the equatorial type AAIW. At
0°, there are two samples in the core of the EUC:
120 and 150 m, one sample in the core of the
EIC: 350 m, one in the bottom end of the EIC:
545 m and one sample of AAIW of the equatorial
type at 835 m. The 2°N station is located at the
northern limit of the equatorial upwelling. We
collected a sample at 15 m in the SEC, a sample
around the northern boundary of the EUC at
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Fig. 1. (a) Map of the Central Pacific. The main structures of the surface circulation are represented by black arrows, the
squared area schematizes the high salinity cell where the Tropical Water is formed. The gray plane represents the 140°W section
where the three Nd stations are shown by vertical lines. (b) Details of the 140°W section, modified from a 170°W section from
Tomczak and Godfrey [47]. The three stations are represented by the vertical black lines, on which the sample locations are
shown by horizontal segments. The main zonal currents are schematized. Unfilled and gray tint areas are westward flows: the
SEC, the North Equatorial Current (NEC), and the EIC. Striped areas are eastwards flows: the South Equatorial Counter Cur-
rent (SECC), the North Equatorial Counter Current (NECC), the Southern Subsurface Counter Current (SSCC), the Northern
Subsurface Counter Current (NSCC) and the EUC. Note that the bottom extensions of the SSCC, NSCC and EIC are not well

defined in the literature (it is represented by a dotted line). (¢) Zoom on the PNG region showing in detail the currents that
form the EUC: The NGCU, the SGU, the NICU and the SSCC. (d) eng profiles at the three stations.
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Table 1
Nd ICs, Ce anomalies and hydrological properties of the samples analyzed in this work
Station location Depth 6 Salinity oy Ce/Ce* IB3Nd/4Nd? end
(m) (°C) (psu)
2°N-140°W 15 26.246 34.582 22.643 0.51£0.06 0.512484 + 11 —3.0+£0.2
40 26.239 34.582 22.645 0.36+0.06 - -
110 22.817 34.730 23.783 0.37+£0.07 - -
155 13.978 34.910 26.123 0.17£0.02 0.512516 £ 11 —2.3+0.2
350 11.011 34.776 26.599 0.32%0.03 0.512455+11 —3.5%£0.2
835 5.401 34.548 27.270 0.23+0.03 0.512463 £ 17 —3410.3
0°-140°W 40 24.598 34.954 23.430 0.3410.06 0.512511+13 —24+0.3
120 19.674 35.134 24.950 0.33%+0.05 0.512343+ 13 —5.7%£0.3
150 17.236 35.174 25.593 0.26+0.04 0.512556 £ 66 —1.6+1.2
350 10.847 34.783 26.635 0.21£0.03 0.512471 £ 11 —3.2+0.2
545 7.823 34.620 27.002 0.54%0.05 0.512437+20 —3.9+04
835 4.341 34.549 27.278 0.22+0.02 0.512530+ 15 —2.1£0.3
12°S-135°W 20 27.270 35.922 23.328 0.70£0.07 0.512371 11 —52+0.2
60 26.666 36.212 23.739 0.44+0.06 - -
75+15 26.269 36.345 23.966 - 0.512450 £ 11 —3.610.2
90 25.937 36.455 24.153 0.41£0.08 - -
120 24.949 36.490 24.485 0.60+0.07 - -
13515 24.124 36.467 24.717 - 0.512300+ 11 —6.610.2
150 23.489 36.399 24.854 0.85+0.10 - -
200 21.352 36.080 25.221 0.37+0.06 0.512417 £ 66 —43+1.2
835 5.180 34.523 27.276 0.59+0.05 0.512224+ 16 —8.0£0.3

—: not measured.

4 Absolute errors of ' Nd/'*Nd have to be multiplied by 107°.

155 m, a sample in the EIC at 350 m and a sample
of AAIW of the equatorial type at 835 m.

3. Analytical procedures
3.1. NdIC

The analytical procedure used to purify Nd
from the sea water comprises three steps. First,
10 1 of sea water were preconcentrated using
C18 cartridges loaded with a REE complexant
(HDEHP/H,MEHP). The REE were subse-
quently eluted with 6 N HCI, which efficiently
separated them from most sea water ions. This
procedure is described in detail by Jeandel et al.
[7]. Second, this solution is dried and dissolved in
2.5 N HCI for the separation of the REE from the
remaining ions (traces of Ca, Sr, Ba, Mg..). This
second extraction was a chromatography using a
cationic resin [27]. The REE were eluted with 9 ml
of 6 N HCI. This solution was dried and dissolved
again in 0.3 N HCI for the final extraction of Nd.

This last step is based on a reversed phase chro-
matography (anionic exchange; [6,28]).

Mass spectrometric analyses were carried out
on a Finnigan MAT 261 mass spectrometer (static
mode). Sample size for mass spectrometric analy-
sis was typically 6-30 ng and Nd was analyzed as
Nd*. The “Nd/'"*Nd ratio of 0.7219 is used to
correct the mass fractionation. An international
standard (La Jolla, '¥Nd/'*Nd=0.511850+
20%x107%; Lugmair, personal communication,
2001) was analyzed daily (r=24) to monitor in-
strumental drift. The averaged result was within
the certified range of the La Jolla value, so that
no instrumental bias had to be taken into ac-
count. The standard deviation of this average is
11X 107° (20), that is 0.2 eng unit: this external
precision was applied to all the results having a
better counting statistic.

Blank values range between 120 and 300 pg,
that is 2-5% of the signal. Our limited sampling
did not allow us to split or duplicate any sample
analyzed in this work: concentrations were too
low and only one sample per depth was collected.
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However, the procedure used here is exactly the
same as the Jeandel et al. [7] procedure. We there-
fore expect a similar reproducibility, which is
within the 2c error of the counting statistics.

3.2. REE concentrations

REE concentrations were measured on a Perkin
Elmer Elan 6000 Inductively Coupled Plasma
Mass Spectrometer (ICP-MS), following the pro-
cedure established in our laboratory [17], which
coupled an internal standard and an isotopic di-
lution analysis. First, REE concentrations were
evaluated by comparing the machine responses
for the sample and a standard solution. Then,
isotopic dilution was applied to Nd and Yb
only. This last method is independent of the ana-
lytical recovery. The comparison of the results
obtained for Nd and Yb concentrations by both
methods allows us to estimate the experiment re-
covery of these two elements in each sample
(range of values: 77-100% and 87-100% for Nd
and Yb, respectively). Efficiencies of the protocol
for the other REE are calculated by linear inter-
polation; finally, their concentrations measured
by the internal standard method were corrected.
The weight of the samples was approximately
known, inducing an uncertainty of about 20%
on absolute concentration values. Nevertheless,
this has no effect on the LREE/HREE ratio with-
in a given sample, nor its Ce anomaly. Absolute
values used in the discussion are from Zhang and
Nozaki [15].

REE were extracted from sea water by iron
oxide co-precipitation. A 0.5 1 aliquot, first acidi-
fied to pH=2, was spiked with "Nd (97.84%)
and '2YDb (94.9%). Then 1 ml of 1 N HNOj3 con-
taining 0.5% Fe was added. After equilibration,
the pH was increased to 7-8 by addition of
NH4OH, and co-precipitation took place. The
REE-Fe precipitate was extracted by successive
centrifugations. It was redissolved in 1 ml of 6 N
HCI and loaded on an anion exchange column
to remove Fe (0.8 cm in diameter, 4 cm in length,
containing 2 ml Bio-Rad AGI1 X8 resin). REE
were eluted with 9 ml of 6 N HCI. This solution
was evaporated and the residue was redissolved in
9 ml of 0.3 N HNOj for ICP-MS measurement.

Concentrations were reproducible within 0.9%
for LREE and 4% for HREE, the worse repro-
ducibility corresponding to the smallest samples.
Blank values were smaller than 40 pg for abun-
dant LREE and 3 pg for HREE.

4. Results
4.1. Nd IC

The sea water Nd IC are reported in Table 1.
Vertical profiles of eng are plotted on Fig. 1d.

4.1.1. 2°N-140°W

Vertical variations of eng values are quite small.
eng values range from —3.5 to —2.3. The mean
value is —3.1£0.5. The AAIW sample (835 m)
has a value of —3.4.

4.1.2. 0°-140°W

&ng variations are much larger, evg values range
from —5.7 to —1.6. The mean value is —3.2 £ 1.5.
There is a very important difference (3.9 éeng
units) between the two samples of the EUC,
only 30 m apart (120 and 150 m), but situated
in two distinct layers of the undercurrent. The
deepest one (150 m) has an isotopic value compa-
rable to that observed for the same depth at 2°N.
Measurements in the EIC gave values of —3.2 and
—3.9, in the same range as that observed at 2°N
for this current (eng=—3.5). The intermediate
water sample at 835 m is relatively radiogenic,
with a value of —2.1.

4.1.3. 12°S-135°W

Vertical variations of eng values are also signif-
icant, especially within the first 200 m. exg values
are between —8.0 and —3.6. The average value is
—5.5% 1.8, this is the least radiogenic station ob-
served in this work. Because of the insufficient
amount of Nd in some samples, we had to mix
some of them to make one out of two. The 60 m
and 90 m samples were mixed as well as the 120 m
and 150 m ones, producing data at 75%15 m
and 135115 m, respectively. At 135 m, in the
tongue of Tropical Water, eng is —6.6, whereas
it is —4.3 at 200 m in the path of the Equatorial
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Fig. 2. Shale normalized REE concentrations of sea water samples collected during the EqPac cruise in November 1992. Due to
the uncertainty affecting absolute concentrations of each sample (see the text), the shapes of the REE patterns are mostly used in
this work.

13°C Water. The AAIW shows a value of 4.2. REE concentrations

—8.0, considerably less radiogenic than the in-

termediate waters of the two northernmost sta- REE patterns are shown in Fig. 2. Measured
tions. concentrations have been normalized to the aver-
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age REE concentrations of North American,
European and Russian shales ([16] and references
therein). Patterns have marine properties, i.e. a
negative cerium anomaly and a LREE/HREE
fractionation. These characteristics reflect the par-
ticle activity and/or the aging during water mass
transport: in general, the older (deeper) the water
mass, the larger are the Ce anomaly and the
HREE enrichment (e.g. [29]). In agreement with
recent observations [19,30] surface waters do not
reflect any influence of aeolian input at this re-
mote longitude. Ce anomalies, Ce/Ce*, were cal-
culated using the equation:

Ce Cex?2

Ce*  (La+Pr)

where Ce, La and Pr are the shale normalized
concentrations (values close to 0 correspond to
large anomalies whereas values close to 1 corre-
spond to weak ones). Calculated anomalies are
reported in Table 1. The most relevant features
are the Ce anomalies of the three AAIW samples,
which are 0.23 at 2°N, 0.22 at 0° and 0.59 at 12°S.

5. Discussion

Measured eng and REE concentrations are in
good agreement with previous studies for the Pa-
cific Ocean [3,5,18,29,31]. The average Nd IC of
the whole Pacific basin is not significantly modi-
fied by our results (eng = —4.311.8 before our
measurements to —4.2+ 1.8 after). Similarly, the
average &ng shifts from —4.1+£1.5 to —4.0%1.5
for the North Pacific and from —5.7%£3.7 to
—5.61£2.7 for the South Pacific. The measured
value for AAIW at 12°S also compares well
with preceding data [3,6,29], contrasting with the
northernmost intermediate waters (‘equatorial’
AAIW) with its more radiogenic &ng (Table 1,
Fig. 1d). As a general rule, the 12°S station has
a less radiogenic signature than the two others.
This contrast can be related to the origins of the
collected waters, the South Pacific being charac-
terized by a less radiogenic signature than the
North Pacific [5,18,32].

In the following, we will first discuss the Nd IC

of the equatorial intermediate water (0° and 2°N),
then that of the lower part of the EUC (0°, 150
m) and finally that of its upper part (0°, 120 m).
In the three cases the results will be compared to
the 12°S station results, since the latter can be
considered as the origin of the waters found
at the equator, as described by Tsuchiya ([24,
26,31]) and Tsuchiya and Talley [34] and repre-
sented on Fig. 1. The general picture is that part
of the water entrained in the SEC (where the 12°S
station is located) turns northwestwards towards
PNG, and reaches the Central Equatorial Pacific
(where the 0° and 2°N stations are located) en-
trained by equatorial flows. As the SEC is active
to depths greater than 1000 m, it entrains the
three layers studied here. The AAIW found at
the equator comes from the South Subtropical
Gyre by the way of western boundary undercur-
rents such as the NGCU, that flows northwest-
wards through the Vitiaz Strait and along the
north coast of PNG [33,34]. The water found in
the lower part of the EUC, originating from the
Tasman Sea, flows around the South Subtropical
Gyre before entering the NGCU, and finally
reaches the EUC. The depth of the isopycnal
characterizing this water (oy =26.4) around the
12°S station is roughly 300 m [26]. At its source
in the PNG region, the upper part of the EUC is
mainly composed of waters originating on the
high salinity cell centered around the tropic of
Capricorn [24]. This tongue of high salinity was
sampled at 135 m depth at the 12°S station. Note
that all these trajectories involve western bound-
ary coastal undercurrents of the PNG region.

5.1. Intermediate waters

Samples of intermediate waters at 2°N, 0° and
12°S show very similar hydrological properties
(6=5.40, 5.34 and 5.18°C, S=34.55, 34.55 and
34.52 psu, 0p=27.27, 27.28 and 27.28 at 2°N,
0° and 12°S respectively, see Fig. 3). This indi-
cates that they likely have a common origin,
that is AAIW [34]. On the contrary, the measured
Nd IC (Fig. 1d), and REE patterns (Fig. 2) are
very similar at 2°N and 0° but there are large
differences between these two stations and the
12°S one: eygq increases from —8 0.3 at 12°S,
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Fig. 3. 6-S and 6-eng diagrams of the analyzed samples. Black symbols represent AAIW samples. On the 6-S diagram AAIW
show very similar characteristics, whereas they are clearly distinguishable on the 6-eng diagram.

to —2.1+0.3 and —3.4% 0.3 at 0° and 2°N respec-
tively. These significant eyg variations contrast
with the similar hydrographic properties, as illus-
trated in Fig. 3. Given that the Nd IC at 2°N and
0° are similar, we will consider only their average
(eng=—2.810.7) in the following. As outlined
above, such a radiogenic value in the northern
part of the EqPac section requires that the
AAIW found at 0°/2°N has been modified by an
input of radiogenic Nd (e&ng > —2.1). The AAIW
trajectory between 12°S and the equator through
the PNG region (see above) offer one viable ex-
planation for the &xgq variation from —8 in the
‘southern” AAIW to —2.8 in the equatorial
AAIW. Any eng change requires an input of Nd
from a source with a different IC. Hydrography
shows no mixing of water masses [34], which im-
plies that the Nd input is of lithogenic origin.
PNG (and adjacent volcanic islands) is the only
land mass on the possible pathways of AAIW
from the South Subtropical Gyre to the Equator.
Its northeastern coast (together with the New
Britain one, on the other side of the Vitiaz Strait)
is characterized by engpng =+7 [20], a value ra-
diogenic enough to allow the observed increase.
In support of this, Jeandel et al. [7] suggested that
the Nd isotopic signature of water masses is likely
to be modified in areas where intense dissolved/
particulate exchange occurs. This could happen in
the vicinity of coasts, along continental slopes or
within straits, where the hydrodynamics would
enhance re-suspension of deposited sediment.
The Vitiaz Strait is particularly narrow (less

than 30 km width at 800 m depth) and is a likely
place for changes in Nd IC in the waters flowing
through it to occur. For these reasons we con-
clude that the AAIW isotopic signature is likely
to be modified as it flows along the northern coast
of PNG.

We now estimate the Nd fluxes required to
achieve the observed é&ng variation through the
Vitiaz Strait. The AAIW flows at about 24 Sv
([33]; 1 Sv=10° m?® s!); we take here the average
value (F) =3 Sv). It flows at about 800 m depth,
so that the Nd input might come from the PNG
slope. The Nd concentrations measured in waters
having AAIW properties (at 795 m in the Coral
Sea, upstream from PNG and at 991 m in the
Caroline Sea, downstream of PNG) are respec-
tively Cyp =10 pmol kg™! and Cyown =9.3 pmol
kg™ ! [15]. Neglecting the minor decrease, we as-
sume that the Nd concentration is constant in this
water mass as it flows along the coast of PNG.
We assumed the upstream Nd IC to be that mea-
sured at 12°S (éngup =—8) and the downstream
value to be the average of those measured at
2°N and 0° (&nd down = —2.8). Constant concentra-
tions combined with a varying eng requires an
exchange of Nd between the slope of PNG and
the AAIW. If E is the average flux of Nd ex-
changed and éengresurr the Nd IC resulting from
this process, then:

(Cup XF1—E)Xéeng wp T EXENaPNG
Cdown ><Fl

ENd result =

()
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Taking engpng = +7 [20], we find E=4.9x 107
g(Nd) y~!. The possible process causing this ex-
change of Nd between the slope of PNG and sea
water will be discussed in detail in Section 5.2.
However, we can estimate the amount of solid
material that would be required to release the
Nd contained in its lattice to obtain such fluxes,
whatever the process. The Nd concentration in
the volcanic PNG material is approximately
9 ppm [20], the percentage of dissolution of Nd
from marine particles or sediments in sea water is
between 3 and 20% [17,35,36]. Assuming an aver-
age of 10% dissolution, the amount of PNG ma-
terial needed for this Nd exchange is 5.4x 107 t
y~!, that is 9% of the fluvial sediment discharge
from PNG to the ocean [37]. Milliman [37] dem-
onstrated that this sediment discharged to an ac-
tive margin directly reached the deep sea. The
steepness of the slope likely induces re-suspension
of the deposited material and favors solution/par-
ticles contact. The residence time of AAIW in the
Vitiaz Strait is around 6 days; it reaches a max-
imum of 2 months when assuming that it flows
along the whole slope of PNG in the NICU. This
means an efficient modification of the water mass
Nd signature in such an oceanographic context
(strong hydrodynamics, high dissolved/particulate
exchanges). These results are consistent with the
more pronounced Ce anomaly in the ‘equatorial
type’ AAIW: adsorption/desorption processes
promote larger anomalies [17]. These results indi-
cate that AAIW is modified from the ‘southern
type’ to the ‘equatorial type’ by flowing along
the PNG coast. They also confirm that the Nd
isotope signature helps reconstruct the present-
day pathways of a water mass even though its
hydrographical properties are not strongly modi-
fied along its path (see Fig. 3 and [7]).

5.2. EUC

Two samples were analyzed in the core of the
EUC at the equator. Despite their small difference
in water depths, their Nd IC differ significantly
(eng=—5.7£0.3 at 120 m and eyg=—1.6%t1.2
at 150 m). This indicates that the boundary be-
tween the two layers of the EUC is between those
depths. The large vertical exg gradient also indi-

cates that the two layers do not influence each
other significantly. In other words, the upwelling
does not seem to affect the subpycnocline layer of
the EUC.

5.2.1. Lower part of the EUC

The lower part of the EUC comprises the 13°C
Water. It is a thick and homogeneous layer, not
directly involved in the Ekman flow [24] so that,
to a first approximation, we assume that its Nd
IC remains constant between the source of the
EUC and the 140°W section (eng =—1.6%1.2).
The Nd IC of the 13°C Water entering the
NGCU was chosen to be that of our 12°S sample
having the closest density to that characterizing
the 13°C Water (eng=—4.311.2, 200 m). These
hypotheses suggest an increase from exg = —4.3 to
&ng = —1.6 while the water flows in the NGCU.
The concentrations measured by Zhang and No-
zaki [15] in the Coral and Caroline Sea for the
layer with the density of the 13°C Water
(09 =26.4) show a slight increase: C,,=4.9
pmol kg™' and Cyown =6.6 pmol kg~ ! respec-
tively. The flux of the 13°C Water is estimated
at F, =3 Sv from data given by Lindstrom et al.
[38]. The concentration increase (1.7 pmol 17!) in
this layer requires an input of Nd from PNG of
2.3x 107 g(Nd) y~!. With the 13°C Waters flow-
ing around 300 m depth, Nd inputs are likely to
be provided by the PNG the upper slope. This
input modifies eng as follows:

ENd result =

Cup X Fy X &Nd up + (Cdown—Cup) X F2 X ENd PNG
CdownXF2

2)

The resulting Nd IC is éng resurt = — 1.4, very
close to the measured value of —1.6. No exchange
is required this time to reconcile the concentration
and isotopic signal variations. This input of Nd
roughly corresponds to the remobilization of
2.6x107 t y~! of PNG material, that is 4% of
the total fluvial load [37]. This small proportion
is of the same order as above, and makes our
explanation conceivable.

The fact that exchange processes are required
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to explain the variations observed in the AAIW
and not in the 13°C layer can be related to (1)
different speciations of Nd in the different input
sources or (2) velocity differences between the cur-
rents entraining the 13°C Water and the AAIW
(about 70 cm s~! and 12 cm s™!, respectively
[33,38]). However this difference of behavior
could not be significant because we initially as-
sumed no &yq variation within the EUC. How-
ever, the salinity at 0° 150 m is 35.17 whereas
the same isopycnal leaves the PNG region with
a value 35.5. This slight freshening could reflect
the merging of waters originating from the North-
ern Pacific into the EUC, although the precise
dynamic of this input is not yet understood [24].
From the literature [5] and this work, the Nd IC
of these waters is likely below —1.6. If this input
occurs, it would therefore induce a decrease of eng
between PNG and 140°W, implying that waters
would leave the PNG with a more radiogenic val-
ue than that assumed here (eng=—1.6). In that
case, the &yg increase in the NGCU could no
longer be explained by a sole input, an exchange
would become necessary. The lack of eyg data in
the PNG region does not allow us to conclude
firmly on that point, the hypothesis of a sole input
remaining the most probable hypothesis regarding
our data set.

Three kinds of sources can be considered to
explain the input: (1) Hydrothermal inputs seem
unlikely since it has been demonstrated that the
influence of hydrothermalism is not significant for
the local and global REE budget in the ocean
[39]. (2) Dissolved riverine inputs: following Shol-
kovitz et al. [16], the europium weathered from
PNG as dissolved load explains 20% of the excess
of the Eu observed in the upper layers of the
Caroline Sea. Using their data, we estimated
that about 1.9%x10% g y~! of dissolved riverine
Nd are brought to the upper Caroline Sea, that
is less than 10% of the amount required to explain
the Nd enrichment and the isotopic variation. In
addition, Sholkovitz (personal communication,
2000) provided us with the only dissolved Nd IC
measured in the SEPIK river. Its eyq is —3.1,
definitely more negative than the volcanic materi-
al outcropping on the eastern coast (about +7;
[20]). Finally, Sholkovitz et al. [16] suggested

that the dissolved riverine REE inputs from
PNG can be traced in the surface layers of the
Caroline Sea by a mid-REE enrichment when
the samples are normalized to a composite refer-
ence, deduced from the Coral Sea data of Zhang
and Nozaki [15]. We applied this normalization to
all our REE patterns, and did not observe any
mid-REE enrichment between the southern and
northern stations of the section. Hence, we sus-
pect that direct input of riverine dissolved Nd
plays a minor role in the variations observed.
(3) The best candidate is the dissolution of solid
material at the continent/ocean interface (shelf,
slope...). This process can yield the two types of
behaviors, exchange or net input, but does not
give a hint which one to favor. This third hypoth-
esis is also invoked to explain 80% of the Eu ex-
cess observed in the upper layers of the Caroline
Sea, the excess which is not balanced by dissolved
riverine [16]. This ‘exchange’ hypothesis has pre-
viously been proposed to reconcile the variations
of Nd concentration and Nd IC on a basin scale
[6,7] and on a global scale [9,29]. Although it
would be useful to quantify this process here,
we demonstrated above that our data do not al-
low to solve that point here. However, the Nd
isotope signal does demonstrate what was sus-
pected [40]: that lithogenic elements are trans-
ported across the Pacific Ocean within the subpyc-
nocline layer of the EUC and that they originate
from PNG.

This westward advection of lithogenic material
is supported by the high *?*Ra signal observed in
subsurface waters collected at the same location
as this study, but earlier in the year (spring 1992;
[41]). The strong *?’Ra gradient also supports the
idea that the equatorial upwelling does not affect
the 13°C layer. Ku et al. [41] suggested that the
source of *?)Ra is the nearby western American
coast. We do not agree with this interpretation as
(1) the eng of Californian inputs is expected to be
around —5 [42], which is too low to explain the
equatorial exg values and (2) the hydrographic
literature clearly states that advection is eastwards
for these waters.

5.2.2. Upper part of the EUC
The upper part of the EUC, containing Trop-
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ical Waters, is affected by equatorial upwelling
and lateral advection. Thus, a large part of its
water is renewed on its way from the PNG coast
to 140°W [24]. Wells et al. [1] proposed a simple
model of this layer to explain the dissolved Fe
concentrations measured at 140°W in the EUC:
0.1 nmol kg™! in the upper part and 0.35 nmol
kg™! in the lower part. These authors assumed
that both layers have the same iron concentration
(0.35 nmol kg~ ') when leaving the PNG coast, the
lower layer remaining unchanged all the way to
140°W. On the contrary, the upper part loses Fe
by upwelling, while no enrichment occurs by lat-
eral advection since the surrounding waters are
Fe-depleted. This results in an exponential de-
crease of the dissolved Fe concentration from
0.35 to 0.1 nmol kg™ at 140°W [1]. This model
was modified to reconstruct the variation of the
Nd IC along the upper layer of the EUC. First,
we took into account lateral inputs, since sur-
rounding waters are not Nd-depleted. In addition
we considered that the horizontal velocity of the
EUC is 0.4 m s~ ! instead of the 1 m s™! taken by
Wells et al. [1]. The former estimate was made for
the period of about 6 months that effectively cor-
responds to the transport of the water that was
sampled at 140°W in November 1992. Four differ-
ent sources of data converge towards this lower
value: (1) The TAO ADCP and current meter
data at the equator, at 165°E, 170°W and
140°W gave velocities between 0.4 and 0.8 m
s~!; but these values overestimate the average
EUC current speed since they sample its maxi-
mum velocity. (2) Wyrtki and Kilonsky [22] give
the mean transport and area of the EUC mea-
sured during the Hawaii-to-Tahiti Shuttle Experi-
ment (1979-1980, around 155°W) from which we
calculated a mean velocity of 0.4 m s™!. (3) From
a depth profile of a modeled zonal velocity aver-
aged over the period from 1992 to 1997 at 0°-
140°W [43], we calculated a mean velocity of 0.6
m s~ !, likely to be overestimated because centered
on the equator, as for the TAO data. (4) Finally,
Gourdeau (personal communication, 2000), using
the model from Gent and Cane [44], gave us the
zonal velocity averaged between 2.2°N and 2.2°S,
for the 6 months preceding the sampling. From
those simulations we extracted a mean zonal ve-

locity of 0.4 m s™! in the EUC. We therefore
adopted 0.4 m s~

Then, we estimated the Nd IC in the upper
EUC layer at its source. As it has neither the
same origin, nor the same volume as the under-
lying 13°C layer, we cannot assume that it has the
same Nd signal when leaving PNG. In its forma-
tion region it is characterized by éengup=—6.6
(12°S, 135 m). We assumed then that this Tropical
Water flowing through the Vitiaz Strait interacts
with the PNG upper slope in a similar way to the
13°C Water, i.e. that there is no Nd exchange,
only inputs. This assumption is based on the facts
that these two water masses are flowing on top of
each other in the NGCU (150-200 m and 220-360
m for the Tropical Water and the 13°C Water,
respectively); therefore they should interact with
similar layers along the slope; in addition, their
speeds are close to each other (around 90 cm s~
and 70 cm s~! respectively). The flux of Tropical
Water through the Vitiaz Strait is estimated to be
2 Sv [38]. The concentrations upstream and down-
stream of PNG are those of Zhang and Nozaki
[15] in the Coral and Caroline Sea, Cyp = 3.5 pmol
kg™! and Cgown=4.25 pmol kg™ ! respectively.
The values are chosen at oy =24.95, which is
the density of the Tropical Water in that area.
Applying Eq. 2 to these data, we find
ENd down = —4.2. This value will be used as the
starting value in the following model.

The model is sketched on Fig. 4. The upper
layer of the EUC is represented as a rectangular
box, 8333 km long (from 145°E to 140°W) and
100 m thick (50-150 m). The horizontal velocity is
constant and set to 0.4 m s™!, the vertical velocity
is also constant and set to 1.23 m day™' [45]. This
implies a water renewal of approximately 95%
between the source of the EUC and 140°W.
This renewal corresponds to a loss from the top
due to upwelling and to a gain from the side due
to lateral advection. The proportions of water
advected from the northern and southern sides
of the box are constrained by the salinity budget
(Fig. 4). Salinity values used for lateral inputs
were those measured during the campaign at
2°N and 2°S at 120 m depth (34.8 and 35.2 re-
spectively). The original salinity value of the
Tropical Water in the region of formation of the
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Fig. 4. Model of the upper layer of the EUC, between 150°E
and 140°W. The velocity of the westward flow is set to 0.4
m s~!, the one of the upwelling to 1.23 m day~'. Lateral ad-
vection is constrained by salinity. The model is then used to
calculate exg at 140°W from eng values at the source (150°E)
and in the advected waters.

EUC is that given by Tsuchiya et al. ([24];
S§=35.5). This constraint implies that out of the
95% of water renewal, 74% came from the south
and 21% from the north. We assumed a constant
and equal Nd concentration inside and outside
the box (this work). The Nd IC for the water
advected from the south is set at exg south = —6.6
because this is the value of the Tropical Water
measured at 12°S. The Nd IC for the water ad-
vected from the north is set to &nd north = —2.3, as
measured at the level corresponding to the upper
layer of the EUC at 2°N, that is 155 m. The out-
put of the model gives a Nd IC at 140°W in the
upper layer of the EUC of —5.6, perfectly consis-
tent with the measured value of —5.7 % 0.3 for this
layer. Owing to the hypothesis made for the eng
value for the upper EUC waters at their origin,
this agreement has to be considered with caution.
Nevertheless, the good agreement between mea-
sured and calculated values also holds when a
horizontal velocity of 1 m s™! is applied to this
model [1]: this corresponds to a renewal of 70%
of the water, and yields a calculated eng value of
—5, only slightly below the measured one. We
also tested the sensitivity of our calculation to

the original eng value taken at 12°S: assuming
that it is of —3.6, as measured at 12°S, 75 m,
the eng value after the PNG would be —1.7 and
the resulting eng value after the renewal of waters
at 140°W would be —5.5. In any case, the original
value of the Tropical water is not crucial for the
remaining calculation: the renewal of waters due
to the active equatorial upwelling suppresses any
PNG contribution on these surface waters. On the
other hand, applying a velocity of 0.4 m s™! to
calculate the iron concentration variations leads
to the total depletion of iron in the surface layer
of 140°W, with a calculated value of 0.02 pmol
17!, far below the measured one [46].

Wells et al. [1] suggest that paleo-variations in
primary production in the eastern Equatorial Pa-
cific could reflect variations in the tectonic activity
of PNG. Such activity would imply variations in
the Fe enrichment of the source waters of the
EUC and therefore variations of the Fe content
of the surface waters of the eastern Equatorial
Pacific. Primary production being limited by Fe
in this area [46], this would result in variations in
the primary production. Our results contradict
this hypothesis, as the important renewal of the
upper layer of the EUC (due to upwelling) seems
to completely eliminate the PNG imprint, as
shown by the depletion of the Nd signal in this
layer. This would have a similar effect on iron. On
the other hand, neither the Fe nor the eyg of this
water is known at its source today (both are esti-
mated in [1] and this work). In addition, all these
hypotheses assume that the mean upwelling con-
ditions today were the same as those in the past,
which are not known. Higher Fe contents and/or
more radiogenic &g values could yield a remain-
ing signal at 140°W, even after water renewal: eng
measurements of sediments deposited during
higher productivity events would certainly help
to solve these questions.

6. Conclusion

We characterized the Nd IC of hydrodynamic
structures in the Equatorial Pacific Ocean at
140°W: Intermediate Water at 12°S: &ng=
—8.010.3; Intermediate Water of the equatorial



510 F. Lacan, C. Jeandell Earth and Planetary Science Letters 186 (2001) 497-512

type: eng = —2.810.7; Upper layer of the EUC:
&na =—5.7£0.3; Subpycnocline layer of the
EUC: eng=—1.6%x1.2; EIC: eng=-—3.5104;
Tropical Water formed in the high salinity cell
of the Tropic of Capricorn: eng=—0.610.2

The Nd IC of the three Intermediate Water
samples confirm the hypothesis proposed by Tsu-
chiya and Talley [34]: the Intermediate Water
found at 140°W in the equatorial region is a
‘modified AAIW’ and comes from the South Sub-
tropical Gyre by the way of the western boundary
undercurrents. Whereas its hydrological proper-
ties remain unchanged, its Nd signature is
strongly modified by the contact with the PNG
slope, confirming the usefulness of this tracer to
identify the pathway of water masses.

The Nd IC measured in the subpycnocline layer
of the EUC at 140°W (eng=—1.6%1.2, 150 m)
also reflects the influence of PNG lithogenic in-
puts on the Central Equatorial Pacific. This em-
phasizes the importance of jets to transport litho-
genic material into the subsurface layers of basin
centers, where aeolian inputs are particularly
weak. This corroborates the preceding results on
Fe and Al maxima in this area [1].

The Nd IC of the upper layer of the EUC
(eng=—5.720.3, 120 m) is very different from
that of the subpycnocline layer (eng =—1.6£1.2,
150 m) indicating that upwelling was not active
between 150 and 120 m at the place and time of
the sampling. A simple model of the upper layer
of the EUC, with an average velocity lowered to
60% from the Wells value, shows that the radio-
genic Nd enrichment originating from PNG (and
therefore Fe enrichment) likely disappears from
this layer as it traverses the basin. For these two
reasons we suspect that PNG lithogenic inputs
were not able to affect the surface water of the
Central Equatorial Pacific, as suggested by Wells
et al. [1]. However, this contradiction may be due
to (i) the simplicity of both Wells’ and our mod-
els, (i) the lack of enyg and Fe data in the source
of EUC (PNG area) and therefore uncertainties
on these supposed values.

Our best candidate to explain REE inputs in
intermediate and subsurface waters in this area
is the dissolution of volcanogenic material, sup-
plied by erosion, caused by boundary undercur-

rents flowing against the PNG slope. This process
is the same as the one suggested by Wells et al. [1]
for the iron inputs. Therefore, we suppose that Fe
and REE enrichments are tightly linked. This is
why, if measurements of traditional paleo-primary
production tracers are made in the sediment of
the Central Equatorial Pacific to identify past in-
put variations, it would be essential to measure
also the authigenic Nd isotopic signatures im-
printed in the sediments.
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