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Abstract

Continental sources and current transport play a major role in rare earth element (REE, and
other trace element) input and distribution in the Tropical Western Pacific. Here, we present
spatially highly resolved distributions of dissolved REE concentrations ([REE]) along three
transects in the zonal (extra-)equatorial current system and the Solomon Strait of the Tropical
Western Pacific. We use seawater [REE] in combination with direct physical oceanographic
observations (e.g., current velocity data) to characterize the geochemical composition, origin
and pathways of the complex surface and upper layer currents of the Tropical Western Pacific
and to quantify the input fluxes of REEs. We identify Papua New Guinea (PNG) volcanic
rocks, sediments, and/or river particles as the key source adding trace elements to the
equatorial eastward zonal currents of the Tropical Western Pacific. Our and published data
indicate temporal and spatial variability of this input and transport in the PNG source area

and the equatorial eastward currents. The westward currents, on the other hand, lack this REE
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input signal suggesting lateral transport of preformed seawater [REE]. At the transition
between these zonal eastward and westward currents, our data indicate lateral mixing of

Eastern and Western Pacific source waters.

1. Introduction

Previous studies from the Tropical Western Pacific pointed out that the supply of
micronutrients (e.g., iron, Fe) and other trace elements (e.g., rare earth elements (REE)) in
this region likely occurs through fluxes from volcanic island margins such as Papua New
Guinea (PNG) and active river input, particularly from the Sepik River (Sholkovitz et al.,
1999; Lacan and Jeandel, 2001, 2005; Radic et al., 2011; Slemons et al., 2010, 2012; Grenier
et al., 2013, 2014; Labatut et al., 2014; Behrens et al., 2018a; Pham et al., 2019) (Fig. 1a).
This was first recognized by Lacan and Jeandel (2001), who suggested that exchange fluxes
between PNG margin sediments and adjacent seawater are a source of trace element input to
the tropical Pacific zonal current system. Grenier et al. (2013) identified other areas of
lithogenic input in the Tropical Western Pacific (e.g., New Ireland, Solomon Islands,
Vanuatu, Fiji, Tonga, Samoa) and observed that these fluxes along volcanic island margins
can occur throughout the entire water column. In addition, the recent studies of Behrens et al.
(2018a, b) and Pham et al. (2019) reported additional areas of seawater REE enrichments
near the Philippine Islands in the tropical Northwest Pacific and within the Straits of the
Solomon Sea, respectively. Labatut et al. (2014) further suggested net dissolved Fe input
through particulate-dissolved exchange processes near PNG that may be of the same nature
as those proposed for other particle reactive elements such as REEs, making REEs an ideal
tracer for trace element fluxes in our study area.

The relative concentrations of individual dissolved REEs in the ocean are determined by the

strength of complexation by carbonate ions that increases from light REEs (LREEs) to heavy
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REEs (HREEs), resulting in a preferential removal of LREEs over HREEs from seawater
(e.g., Byrne and Kim, 1990). Seawater REE patterns are therefore characterized by a typical
fractionation pattern with an HREE over LREE enrichment (e.g., Elderfield and Greaves,
1982). This characteristic fractionation pattern is visualized by normalization of seawater
[REE] to those of a reference water mass or a terrestrial reference standard such as the Post
Archean Australian Shale (PAAS) (Taylor and McLennan, 1985). Deviations from this
typical REE pattern indicate input (‘flat” PAAS-normalized REE pattern) or removal (high
PAAS-normalized HREE/LREE ratio) of REEs, or are characteristic of specific sources. In
particular, PAAS-normalized positive europium (Eu) anomalies in seawater are characteristic
of volcanic input (e.g., Grenier et al., 2013; Molina-Kescher et al., 2018). Enrichments in
middle REEs (MREESs) point to river input related to weathering of phosphate minerals (e.g.,
Sholkovitz et al., 1999) or release from oxyhydroxides (Haley et al., 2004). REEs are thus
ideal to document trace element input, and in combination with direct physical oceanographic
observations, to characterize and quantify the geochemical composition, origin and transport
of water masses and currents within the ocean. The meridionally and latitudinally high-
resolution profiles of dissolved [REE] from the zonal current system of the Tropical Western
Pacific and the Solomon Strait presented here (Fig. 1a), provide insight into the small-scale
current transport, REE fluxes and lateral advection. In addition, direct combination of the
geochemical data with high-resolution physical observations from the same cruise allows the
first common detailed assessment of near-surface input and zonal current transport in this
region. Based on the combination of elemental concentration data with volume transport data,
we estimate element input fluxes and quantify the eastward transport of REE. Additionally,
we identify in detail the source areas and origin of the currents based on their distinct
Western and Eastern Pacific REE signatures. Moreover, we use published dissolved seawater

[REE] and Fe concentration ([Fe]) data from the Tropical Western Pacific (including the
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Solomon Sea) (Obata et al., 2008; Slemons et al., 2010, 2012; Grenier et al., 2013; Behrens et
al., 2018a; Pham et al., 2019) to evaluate the temporal and spatial variability in this very

dynamic area.

2. Study area and hydrography

Our study area lies in the Tropical Western Pacific (Fig. 1a). During the CASSIOPEE cruise
with R/V L’Atalante (GEOTRACES compliant data GPc05) from July to August 2015, 10
stations were sampled along three transects at 152.5°E, 157.5°E and 165°E within the zonal
current system (stations 14, 19, 24, 29, 47, 50, 54, 57, 66, 69) (Fig. 1a). Additionally, two
stations were sampled in the eastern and western parts of the Solomon Strait (stations 60 and
63, respectively) (Fig. 1a). Westward and eastward zonal currents were identified during the
cruise using acoustic doppler current profiler (ADCP) data (Fig. 1a) (Delpech et al., 2019).
The near surface circulation (<100 m water depth) in the study area is usually dominated east
of the Solomon Sea by the westward flowing South Equatorial Current (SEC), weaker at the
equator where it can reverse during episodic westerly wind events (Reverdin et al., 1994). In
the Solomon Sea, the dominant feature is the surface New Guinea Coastal Current (NGCC)
western boundary current that flows along the PNG margin and exits the Solomon Sea
through Vitiaz Strait (e.g. Fine et al., 1994; Hristova and Kessler, 2012; Ganachaud et al.,
2017). Surface flow is also entering the Solomon Sea through the Solomon Strait (stations 60,
63). The SEC is seasonally weaker during July-August, but the NGCC is stronger (Hristova
and Kessler, 2012; Cravatte et al., 2011).

During the CASSIOPEE cruise, the surface circulation was influenced by strong westerly
wind events occurring during the onset of El Nifio conditions (Oceanic Nifio Index, ONI, of
+1.5 to +1.8,

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php). These
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westerly winds forced eastward surface currents (SC) north of 2°S, which advected surface
water from the equatorial western Pacific eastward (Delpech et al., 2019; Fig. 1). During such
conditions, surface waters are advected from the coast of PNG to the equator (Radenac et al.,
2016). Stations 69, 47, 29 sampled these waters, whereas stations 14, 19, 54, 57, 66 sampled
the westward SEC waters (Fig. 1). Stations 24 and 50 sampled the meridionally sheared
transition zone between these eastward and the westward currents. In contrast, the sampling
campaign during the EUC-Fe cruise (Aug.-Sept. 2006) took place during a weak El Nifio

event (ONI = +0.5, Slemons et al., 2010, 2012; Grenier et al., 2013).

3. Materials and Methods

3.1. Dissolved REE concentrations

Seawater samples for the analysis of dissolved [REE] were collected at twelve stations.
Seawater samples were collected using Niskin bottles and filtered through AcroPak500 filter
cartridges (double membrane with 0.8 pm and 0.45 um pore size) directly from the Niskin
bottles or in the onboard laboratory and were acidified to pH = 2 using 6 N HCI (optima
quality, Fisher Chemical). At the ICBM of the University of Oldenburg, seawater REEs were
purified and pre-concentrated using the automated seaFAST-pico system in offline mode
(Elemental Scientific Inc., Nebraska, USA) and measured by isotope dilution (ID) inductively
coupled plasma-mass spectrometry (ICP-MS) following the method described in Behrens et
al. (2016). In more detail, seawater volumes of ~11-55 mL (pH = 2) per sample were spiked
with a multi-element spike containing all REEs (except the mono-isotopic elements) and
passed together with a buffer solution (pH = 6) and MilliQ water through the seaFAST
column containing a REE-complexing resin (Nobias PA-1) that allows to wash out the

seawater matrix. Total procedural onboard blanks of (onboard) MilliQ water and lab blanks



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

were processed through the seaFAST column and subsequently spiked with a diluted multi-
element REE isotope spike for quantification.

Dissolved [REE] were analyzed using a Thermo Finnigan Element 2 ICP-MS coupled to an
autosampler (CETAC ASX-100) and a desolvation introduction system (CETAC Aridus 2)
(Behrens et al., 2016). Oxide formation rates were 0.01-0.03% (for Ce and Ba) and no
corrections for oxide formation were therefore applied. The average instrumental blank of a
2% HNOs; solution was subtracted for each sample.

Rare earth element ratios and anomalies presented in this study are based on PAAS-

normalized (Taylor and McLennan, 1985) REE data (PAAS-normalization indicated by

subscript N in the following). The Eu anomaly is calculated as [Eu/Eu*]N =[3 x EuN/(2 x
SmN + TbN)] (Zhang et al., 2008).

The accuracy was checked with replicates of the GEOTRACES seawater standard SAFe
3000 m and average [REE] agreed within the 2 SD confidence interval of the published
intercomparison study (Behrens et al., 2016) (Table S1a). Note that the REE data of Grenier
et al. (2013) and Pham et al. (2019), both carried out at LEGOS (Toulouse) and used for
comparison in this study (see section 5.2.), are consistent with our data, as this laboratory
successfully participated in the intercomparison study of Behrens et al. (2016). The external
standard deviation is derived from independently processed seawater replicates from a
sample from station 50 at 1001 m water depth (sample 50-2-8, n = 4) (Table S1b). If the
internal standard deviation of a sample was higher than this external value, the internal value
is reported. Average total procedural onboard (n = 8) and lab blanks (n = 14) were <1.9% for
all REEs, except for Ce (4.9%, n = 20, and 28%, n = 2) of the average sample concentration.
The standard deviation for (Yb/Er)y and (Eu/Eu*)y are = 0.03 and = 0.02 (1 SD),

respectively, and are based on sample replicates (sample 50-2-8, n = 4).
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3.2. Near-surface currents

During the CASSIOPEE cruise, horizontal currents were recorded along the ship track with
two Shipboard-ADCPs (S-ADCP) OS-38 kHz and OS-150 kHz. S-ADCP data were
processed and calibrated using the CODAS software. The OS-150 kHz provides zonal and
meridional currents with a typical 8-m depth resolution (Delpech et al., 2019), the first bin
being at 20 m depth. The transports in the surface layer are computed assuming a negligible
vertical shear above 20 m and assigning the value of the shallowest observed velocity to all
depths above that observation. To estimate the temporal variability of the transports in the
Solomon Sea straits, data from moorings deployed in the straits during July 2012-March 2014
are used (Alberty et al., 2019).

In addition, the large-scale currents context at the time of CASSIOPEE cruise is deduced
from the OSCAR surface current product (Bonjean and Largerloef, 2002). These near-surface
currents are representative of the 0-30 m layer, and are directly estimated from sea surface
height, near surface vector wind and sea surface temperature data. They are produced on a
1/3° grid, 5 days temporal resolution, and are analyzed for the CASSIOPEE period in July-

August 2015.

4. Results

Dissolved seawater [REE] (Table 1), REE ratios and anomalies, as well as hydrographic
characteristics (including currents) (Table S2) are available on Pangaea (www.pangaea.de)
under https://doi.org/10.1594/PANGAEA.913672. In order to present all our surface REE
data and allow inclusion of and comparison with published data, we defined a surface (0-35
m water depth) and near-surface (40-100 m water depth) layer. All our samples show positive
PAAS-normalized Eu anomalies of 1.13-1.27, with higher values found in the equatorial

zonal eastward SC compared to the westward SEC in the open ocean transect at 165°E (Fig.
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2a-c; Table S2). In addition, the near surface water is marked by a depletion in HREEs from
erbium (Er) to lutetium (Lu) in PAAS-normalized REE patterns (Fig. S1) at all our stations,
this depletion being less pronounced in the equatorial zonal eastward SC (stations 69, 47, 29)
than in the westward SEC (stations 14, 19, 54, 57, 66) (Fig. Sla-c). This depletion is
illustrated using the normalized Yb/Er ratio. In addition, we observe a small natural positive
Gd anomaly in all our seawater samples that typically occurs in PAAS-normalized REE
patterns (Fig. S1) due to the higher stability of Gd carbonate complexes relative to its

neighbors (e.g., de Baar et al., 2018).

4.1. Surface water [REE] in the study area (0-35 m water depth)

Highest surface water [REE] (e.g., Nd = 6.0-8.1 pmol/kg) of all stations of this study are
observed within the equatorial zonal eastward SC (stations 69, 47, 29) (Figs. 3a, c; Sla, b). In
the extra-equatorial westward SEC, on the other hand, we find lowest surface water [REE] of
all our stations (Nd = 3.2-3.6 pmol/kg, stations 14, 19, 54, 57, 66, Fig. 3a, c), with a marked
depletion of the HREEs expressed by low (Yb/Er)y ratios of 0.55-0.65 compared to those of
the SC ((Yb/Er)x = 0.79-0.84) (Figs. 3b; Sla, b).

Surface water sampled at the transition of the SEC and SC (stations 24 and 50) that flows into
the Solomon Sea via the Solomon Strait (stations 60 and 63) shows slightly higher [REE]

than within the SEC (Nd = 4.1 + 0.3 pmol’kg, n = 7) (Figs. 3a, c; Sla, b).

4.2. Near-surface water [REE] in the study area (40-100 m water depth)

In the equatorial zonal eastward SC, near-surface water [REE] ([Nd] = 4.0-4.7 pmol/kg) are
slightly enriched relative to those of the extra-equatorial zonal westward SEC ([Nd] = 3.3-3.7
pmol/kg), and decrease vertically from the surface to 100 m by up to 50% for [Nd] at station

69 (Figs. 3 c, d; S1b, c). Near-surface water [REE] within the SEC, on the other hand, are
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similar to those of the overlying surface water (Nd = 3.2-3.6 pmol/kg) (Figs. 3 ¢, d; S1b, c).
In the Solomon Strait near New Britain, surface to near-surface water [REE] increase by ~2.3
pmol/kg Nd (station 63) (Figs. 3a, c, d; Sla-c).

In the following, we will compare our new REE data with published data in the study area
(Grenier et al., 2013; Pham et al., 2019; Behrens et al., 2018a). All the data considered here
lie within the surface mixed layer. However, the stations were sampled during different
seasons and years (EUC-Fe cruise, Aug.-Sept. 2006; PANDORA cruise, July-Aug. 2012;
SO223T cruise, Sept.-Oct. 2012), and thus reflect the hydrographic and geochemical data at

the particular time of sampling in this very dynamic area.

5. Discussion

5.1. Rare earth element fluxes in the tropical West Pacific source area and surface and

near-surface zonal current system

5.1.1. Surface water (0-35 m water depth)

Surface water normalization of [Nd] and [REE] to those of upstream station GeoB17019
(Behrens et al., 2018a, black inverted triangle in Fig. 4a, b; normalized [Nd] referred to as
Ndhorm) Indicates a more than 2-fold enrichment of REEs in the eastward SC (Fig. 5a, b). In
addition, we observe elevated positive (Eu/Eu*)y of surface water at the open ocean transect
165°E ((Ew/Eu*)xy = 1.23 and 1.26 £ 0.02, station 29, Fig. 2a, b) and at nearby stations
GeoB17015 to -17 ((Eu/Eu*)x up to 1.25, Behrens et al., 2018a) compared to stations 14 and
19 in the westward SEC ((Ew/Eu*)y = 1.16-1.18 + 0.02, Fig. 2a, b). This indicates trace
element input from PNG, with an imprint of the positive (Euw/Eu*)x signal from PNG

volcanic source rocks (e.g, (Ew/Eu*)x ~1.4-1.5, Woodhead et al., 2010) onto seawater, and
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eastward transport to the equator via the western boundary current (NGCC) feeding the
equatorial eastward SC.

The combination of physical data with [REE] allows the quantification of trace element input
(Finput = W x [Nd], with W as mass transport (Sv) and [Nd] as dissolved Nd concentration
(pmol/kg)). In Vitiaz Strait, the mass transport in the 0-35 m layer varies from -0.37 Sv to 1.1
Sv in 2012-2014 (Alberty et al., 2019), depending on the season (stronger during June-
August, weaker during February-April, possibly reversing direction) and the El Nifio
Southern Ocean Oscillation (ENSO) phase (stronger during El Nifio, weaker during La Nina).
This transport was is in the upper range during the PANDORA cruise in July-Aug. 2012
(1.05 Sv, based on SADCP data), and during the CASSIOPEE cruise in July-Aug. 2015,
which took place at the onset of the strongest El Nifio event of the early 21st century
(Delpech et al., 2019). We estimate the surface water Nd flux in the Vitiaz Strait to be Fyitia,
= 22.3 t(Nd)/yr during PANDORA and CASSIOPEE (using water transport of 1 Sv at 0-35 m
water depth at station 77 with [Nd] = 4.9 pmol/kg, Pham et al., 2019). The Vitiaz Strait
(station 77, Fig. 1a) is located upstream of PNG and the Sepik River.

For the Sepik River, we determine dissolved Nd input fluxes of 0.39 t(Nd)/yr and 0.77
t(Nd)/yr using minimum discharge in Aug./Sept. (2500 m’/s) and maximum discharge in
March/April (5000 m’/s), respectively (Fig. 12a of Delcroix et al., 2014 and references
therein) and dissolved [Nd] of 34 pmol/kg at a salinity of 10 (Sholkovitz et al., 1999) and
assuming 86% removal of dissolved Nd in the estuary. Sepik River water [Nd] was sampled
in Aug. 1997 during the peak season of the SW monsoon period (June-Nov.) (Sholkovitz et
al., 1999), when surface water is transported from PNG to the equator (Lindstrom et al.,
1987), and hence the imprint of an island weathering signature to equatorial surface water
was suggested (e.g., Milliman, 1995; Sholkovitz et al., 1999). Our estimated dissolved Sepik

River input fluxes of 0.39 t(Nd)/yr and 0.77 t(Nd)/yr are respectively 1.7% and 3.5% of the

10
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estimated surface water Nd flux of 22.3 t(Nd)/yr from the Vitiaz Strait, calculated above.
That is, the river input flux could account for a 0.1-0.2 pmol/kg enrichment in Nd or 3% and
6% of the observed seawater REE enrichment of 3.2 pmol/kg Nd found in the equatorial
eastward SC downstream of the Sepik River at station 69. This implies a missing flux of
12.0-12.6 t(Nd)/yr. In the following, we address the potential uncertainties of these estimates
(e.g., Sepik River discharge, Nd removal in the estuary, sampling location, temporal
variability in Nd distribution and water transport data).

Sholkovitz et al. (1999) mentioned that river water discharge data from PNG (i.e. the Sepik
River) was poorly documented, and at that time, they had to assume that half of the amount
of water that is discharged from all PNG rivers is discharged to the northern coast of PNG.
Thus, they used a total northern PNG river flow estimate that is 10-fold higher than we used
in this study. In addition, Sholkovitz et al. (1999) assumed only 50% of removal of dissolved
Nd for the total northern PNG estuaries. In contrast, for the Sepik River estuary, we used
86% of Nd removal based on dissolved Sepik River water Nd data in the estuary reported in
Table 2 of Sholkovitz et al. (1999), who also mentioned that this removal rate is typical of
estuaries world wide (e.g., Goldstein and Jacobsen, 1988) and consistent with more recent
estimates of 71+16% (Rousseau et al., 2015). However, even if we consider the uncertainty
of 16%, as suggested by Rousseau et al. (2015) for this estuarine removal, the river input flux
could account for a 0.2-0.3 pmol/kg enrichment in Nd or 6% and 9% of the observed
seawater REE enrichment of 3.2 pmol/kg Nd.

Other potential uncertainties of our estimation may be the sampling location and the temporal
variability in Nd distribution and water transport data. We therefore compare the dissolved
surface water [Nd] of 4.9 pmol/kg at station 77 (Vitiaz Strait, PANDORA, July 2012, Pham
et al., 2019) and equatorial surface water [Nd] (up to 8.1 pmol/kg) at our station 69

(CASSIOPEE, Aug. 2015) to that of the equatorial nearby station GeoB17016 ([Nd] = 6.2

11
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pmol/kg, Sept. 2012, Behrens et al., 2018a). This station was sampled 1-2 months earlier than
the CASSIOPPEE and PANDORA stations, reflecting the transit time of surface water flow
from the Vitiaz Strait to the equator. The [Nd] difference reflects temporal variability in the
enrichment of Nd within equatorial surface. Nevertheless, the enrichment in dissolved Nd at
station GeoB17016, downstream of the river, of 1.3 pmol/kg still indicates an additional
significant source. Even if we would assume an open ocean surface water [Nd] of 3.5
pmol/kg (station GeoB17019, Fig. 3¢) at Vitiaz Strait, and water transport as low as 0.5 Sv
inside Vitiaz Strait to account for the fact that surface water at the equator during
CASSIOPEE was in Vitiaz Strait months earlier, the dissolved river input would only account
for an additional 7% input of Nd to the flux of 8.0 t(Nd)/yr through Vitiaz Strait. This finding
indicates that there is a significant source of REE input from PNG in addition to the river
input. In the following, we discuss potential sources such as sediments and volcanic rocks
from PNG, Sepik river particles, submarine groundwater discharge (SGD), benthic flux from
pore waters, volcanic ash deposition, or admixture of northern hemisphere derived surface
water.

Surface water derived from the northern hemisphere (e.g., station GeoB17014, ~6°N, 5-22 m
water depth: ([Nd] =4.5 = 0.3 pmol/kg, n = 2, Fig. S3a) has lower dissolved [Nd] than that of
our equatorial stations, and is thus not a potential source.

It has been shown that volcanic dust input from active volcanoes is a REE source in this
region (e.g., Grenier et al., 2013; Pham et al., 2019). If volcanic dust input through ash
deposition and dissolution would play a significant role in surface water REE enrichments of
the zonal current system, we would also expect to find this enrichment signal in surface water
flowing within the westward SEC. Yet, in contrast to the enriched equatorial eastward SC,
surface water [REE] in the zonal westward SEC (stations 14, 19, 54, 57, 66) are similar to

open ocean concentrations indicating lateral transport of preformed [REE] (Ndnorm ~1, Figs.

12
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4a, b; 5a, b). This excludes the possibility of volcanic dust dissolution in the zonal current
system as source for the elevated [REE]. In addition, low (Yb/Er)y ratios of 0.55-0.69 in
surface water within the SEC (Behrens et al., 2018a; this study) suggest preferential removal
of the heaviest REEs from seawater along the transport path (Figs. 3b, 6a, b), likely due to
adsorption of the heaviest REEs onto bacteria cell walls (e.g., Takahashi et al., 2005) and/or
biogenic silica uptake (e.g., Akagi, 2013; Grenier et al., 2018). In contrast, surface water
within the SC show slightly higher (Yb/Er)x ratios of 0.79-0.84 suggesting recent input from
PNG (Fig. 6b, c).

Moreover, our seawater-normalized REE patterns within the eastward SC are marked by an
MREE enrichment (Fig. 5). This MREE enrichment is also observed for Sepik River water
and sediment (Sholkovitz et al., 1999), PNG sediments and volcanic rocks (Grenier et al.,
2013). In addition, several studies (e.g., Abbott et al., 2015; Johannesson et al., 2017) pointed
out the importance of benthic REE flux from pore waters and SGD in the Pacific, and found
MREE-enriched pore waters (e.g., Haley et al., 2004; Abbott et al., 2019) and SGD (Kim and
Kim, 2011, 2014). However, to our knowledge, there is no SGD and pore water REE data
reported from PNG. Here, we cannot differentiate between these particulate sources nor SGD
or pore water input from PNG. The importance of PNG margin sediments as major source of
TE input has also previously been suggested in several other studies on REE and Fe (Grenier
et al., 2013; Labatut et al., 2014; Behrens et al., 2018a). Here we show for the first time, that
the dissolved river input can only account for an additional 2-3.5% input of Nd to the annual
flux of Nd through Vitiaz Strait, and that both fluxes cannot explain the REE enrichment in
the eastward SC. This missing flux of 12.0-12.6 t(Nd)/yr originates from the PNG shelf.

At the transition of the zonal SEC and SC (stations 24 and 50), less enriched [REE] than in
the SC (e.g., maximum Nd,om of 1.28, Table S3) suggest mixing of SC and SEC source

waters (Figs. 4a, b; 5 a, b). This is further supported by plots of salinity vs. [Nd] and [Yb], in
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which the surface water data from stations 24 and 50 fall on a mixing line between high
salinity, low [REE] extra-equatorial surface water of the SEC and low salinity, high [REE]
equatorial water of the SC (Fig. 6a-c). This mixed surface water (together with the no
enriched, preformed [REE] water of the zonal SEC) flows into the Solomon Sea via the
Solomon Strait (Ndyom up to 1.2, stations 60, 63) (Fig. 4a, b; 6a; Table S3).

Overall, our data indicate (1) elemental input largely from PNG margin sediments and
transport via the NGCC to and within the equatorial eastward flowing SC, (2) westward
lateral transport of preformed [REE] within the extra-equatorial SEC, and (3) lateral mixing
of Eastern and Western Pacific source waters in the transition between the eastward and
westward currents (SC, SEC) at ~3°S. Our findings provide clear evidence for a discrete
origin of the REE-enriched SC in the Tropical Western Pacific (more than 2-fold enriched
[REE], Ndporm up to 2.3, (Yb/Er)x ratios up to 0.84) compared to no enriched waters flowing
within the zonal westward SEC (preformed [REE], Ndyom ~1, (Yb/Er)y ratios as low as 0.55)
and mixing at the transition of both currents (stations 24 and 50, Ndyom up to 1.2). Moreover,
our results are in line with the surface water distribution of total dissolvable [Fe] in our study
area, that show highest values within the NGCC near the PNG margin ([Fe] up to 17 nM) and
within the equatorial zonal eastward SC ([Fe] up to 0.9 nM) (Slemons et al., 2010, 2012)
relative to those of the Coral and Solomon Seas that are fed by the westward SEC ([Fe] =

0.05-0.07 nM) (Obata et al., 2008) (Fig. 3e).

5.1.2. Near-surface water (40-100 m water depth)

Near-surface water normalization of [Nd] and [REE] to those of upstream station GeoB17019
(Behrens et al., 2018a, black inverted triangle in Fig. 4c) indicates a slight enrichment of
REEs in the SC (Ndyorm = 1.2-1.4) (Fig. 5¢). In combination with an elevated positive

(Eu/Eu*)x of near-surface water at the open ocean transect 165°E ((Eu/Eu*)y = 1.21 + 0.02,

14



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

station 29, Fig. 2c) and at nearby stations GeoB17015 to -17 ((Eu/Eu*)y up to 1.23, Behrens
et al., 2018a) compared to stations 14 and 19 in the westward SEC ((Eu/Eu*)y = 1.14 £ 0.02,
Fig. 2¢), this indicates trace element input from PNG and eastward transport to the equator
via NGCC feeding the equatorial eastward SC. However, this near-surface water enrichment
of REEs in the SC is lower than that of the overlying surface water (Ndyorm = 1.7-2.3) (Figs.
4a-c; 5a-c), indicating a vertical decrease in [REE] in the SC towards 40-100 m water depth
(e.g., 50% for [Nd] at station 69, Fig. 3c, d). This rapid [REE] decline with depth within the
SC that cannot be related to the local bathymetry (all stations are deeper than 1400 m), is also
observed for total dissolvable [Fe] within the NGCC near the PNG margin, decreasing by
43% from the surface to near-surface (Slemons et al., 2010, 2012) (Fig. 3e, f). Given this
vertical decline in surface to near-surface [Fe] near the PNG margin, and seeing that PNG is
the source of the surface and near-surface trace element input found within the SC, we
suggest that input to the surface layer near PNG explains this rapid decline with depth in
[REE] (and probably [Fe]) within the surface mixed layer. In the westward SEC, on the other
hand, similar surface and near-surface water [REE] (Fig. 3c, d), and no enriched REE
patterns (Ndnorm ~1) (Figs. 4c; 5c¢), indicate westward lateral transport of preformed surface
and near-surface water [REE] within the extra-equatorial SEC (stations, 14, 19, 54, 57, 66),
except for the inflow into the Solomon Strait (station 63). Here, the vertical increase in
surface to near-surface water [REE] (by ~2.3 pmol/kg [Nd] towards 51 m water depth), with
a REE enrichment over upstream water (SEC) (Ndnormalizea = 1.93), points to local REE input
from the New Britain and New Ireland shelves (Figs. 4a-c; 5a-c). This is supported by
physical observations in the Solomon Strait. In the western part of the Solomon Strait at 51 m
water depth (station 63), current velocities are almost zero (or slightly positive indicating
outflow, Fig. S2) suggesting that during the station, with the strong tide, the near-surface

water gets probably enriched from both shelves inside and outside of the Solomon Sea.
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5.2. Temporal and spatial variability in surface and near-surface water REE
distributions in the study area

The CASSIOPEE cruise took place at the onset of the strongest El Nifio event of the early
21st century (ONI of +1.5 to +1.8) and coincides with strong westerly wind events during the
cruise (Delpech et al., 2019). That is, trace element input from the Tropical Western Pacific
volcanic islands (Grenier et al., 2013; this study) is influenced by island weathering being
related to precipitation during the SW monsoon period and the entrainment of this signal to
equatorial surface water (e.g., Milliman, 1995; Sholkovitz et al., 1999, see section 5.1.1.), that
is expected to be influenced by these intraseasonal and interannual climate fluctuations, with
stronger eastward surface currents during an El Nifio event.

In order to evaluate the temporal variability in surface water REE input in the eastward SC,
we compare the surface water [Nd] during a strong El Nifio year (station 69, CASSIOPEE
cruise, July-Aug., 2015), with strong eastward surface currents near the equator, with that
from a weak El Nifio year (stations EUC-Fe 25 and 26, ONI = +0.5, EUC-Fe cruise, Aug.-
Sept. 2006, Slemons et al., 2010, 2012; Grenier et al., 2013), with weaker eastward currents
(Fig. S3a-c). Surface water [Nd] at stations EUC-Fe 26, 25 ([Nd] = 6.6 pmol/kg, 6.1 pmol/kg)
and station 69 ([Nd] = 8.1 pmol/kg) vary in [Nd] by 1.5-2 pmol/kg (Fig. S3a). In contrast,
northern hemisphere derived surface water (station GeoB17014, [Nd] = 4.6 pmol/kg, Behrens
et al., 2018a) 1s marked by lower [Nd] similar to that in the Vitiaz Strait (station 77, [Nd] =
4.9 pmol/kg, Pham et al., 2019) (Fig. S3a). Thus, this difference in the [Nd] for the
CASSIOPEE and EUC-Fe cruises likely indicates temporal variability of input and transport
in the PNG source area and the equatorial region, likely related to changes in ENSO

conditions. However, we are aware that nearby station EUC-Fe 25 is not sampled at exactly
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the same location as station 69 (separated by 1°S, 3.5°E), and that we thus also observe a
strong spatial variability in REE distribution.

In the Solomon Sea and its Straits, surface and near-surface waters of this study and the
previous study of Pham et al. (2019) indicate spatial variability in REE distributions with
[Nd] ranging from 3.3 pmol/kg up to 8.2 pmol/kg due to varying local continental inputs such
as from the volcanic island margins and active volcanoes of New Britain and New Ireland
(INd] = 5.2-8.2 pmol/kg, Ndyorm = 1.5-2.4, stations 63, this study, St. 36, St. 53, St. 57, St. 60,
Pham et al., 2019) (Figs. 3c, e; 4b, ¢). In contrast, surface and near-surface waters of the
westward SEC at all our stations (stations 14, 19, 54, 57, 66) and published stations (St. 10,
St. 13, St. 43, GeoB17018-19, Behrens et al., 2018a; Pham et al., 2019) lack a significant
variability in REE distributions, indicating no input and thus lateral transport of invariant
preformed [REE] from the East Pacific ([Nd] = 3.5 + 0.2 pmol/kg, n = 22, Ndyorm ~1) (Fig.

3a, c, d; 4a-c).

6. Conclusions

Our study presents dissolved surface to near-surface water REE concentrations ([REE]) (0-
100 m water depth) at 10 stations in the zonal current system of the Tropical Western Pacific
and two stations in the Solomon Strait, one of the areas where water enters the Solomon Sea.
More than 2-fold enriched surface water [REE] in the equatorial zonal eastward surface
current (SC) compared to the zonal westward South Equatorial Current (SEC) indicate
significant elemental input. Flux calculations from combined geochemical data and ADCP
current velocities indicate that this surface water input is largely derived from the basaltic
Papua New Guinea margin sediments and/or Sepik River particles. Dissolved Sepik River
input only accounts for an additional 2-3.5% input of Nd to the annual flux of Nd through

Vitiaz Strait, which cannot explain the REE enrichment in the eastward SC.
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We find temporal and spatial variability of surface water Nd input and transport in the PNG
source area and the equatorial region within the eastward SC, with up to 2 pmol/kg higher
[Nd] at the onset of the strongest El Nifio event of the early 21st century (this study, July-
Aug., 2015) compared to a weak El Nilo year (Aug.-Sept. 2006, EUC-Fe cruise).

In the Solomon Sea and its Strait, spatial variability in surface and near-surface water [REE]
(this study and Pham et al., 2019) is related to varying local coastal inputs, particularly near
New Ireland and New Britain. In the westward SEC, on the other hand, the lack of REE input
and significant variability in REE distribution of this study and published data indicates
lateral transport of preformed seawater [REE] into the study area.

Our findings provide clear evidence for a discrete origin of the REE-enriched SC in the
Tropical Western Pacific (more than 2-fold enriched [REE], Ndyom up to 2.3, (Yb/Er)y ratios
up to 0.84) compared to no enriched waters flowing within the zonal westward SEC
(preformed [REE], Ndnorm ~1, (Yb/Er)x ratios as low as 0.55) and mixing at the transition of

both currents (stations 24 and 50, Ndnerm up to 1.2).
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Figure captions

Fig. 1. (a) Map showing the station locations along the three meridional transects
(152.5°E, 157.5°E, and 165°E) and in the Solomon Strait (stations 60, 63) (black dots,
this study) of the CASSIOPEE cruise in the tropical West Pacific with eastward and
westward currents, identified during the cruise using ADCP data are shown by red and
blue arrows, respectively. Published stations mentioned in the text are marked by colored
symbols (see legend) (Obata et al., 2008; Slemons et al., 2012; Grenier et al., 2013;
Behrens et al., 2018a; Pham et al., 2019). Surface and near-surface currents: Surface
Current (SC), South Equatorial Current (SEC), New Guinea Coastal Current (NGCC).
This and all maps in following figures were created using Ocean Data View (Schlitzer,
2016). (b, c) Velocity of eastward and westward currents in red and blue colors,
respectively, from OSCAR (http://www.oscar.noaa.gov/) product in August 2015 and
superimposed in black bold arrows the S-ADCP currents from CASSIOPEE cruise
(Delpech et al., 2019) at (b) 10-35 m water depth and (c) 40-100 m water depth. For
reference to colors in this figure, the reader is referred to the web version of this article.

Fig. 2. Maps showing the distribution of PAAS-normalized (Taylor and McLennan,
1985) Eu anomalies (Eu/Eu*)y for surface and near-surface waters of this study within
westward (blue arrows) and eastward (red arrows) flowing currents (for abbreviations of
currents see Fig. 1). For reference to colors in this figure, the reader is referred to the web
version of this article.

Fig. 3. Maps showing the distribution of surface and near-surface water Nd
concentrations (pmol/kg) (a, ¢, d) and PAAS-normalized (Taylor and McLennan, 1985)
(Yb/Er)y ratios (b) from this study and published studies, and published total dissolvable
Fe (nM) concentrations (e, f) (Obata et al., 2008; Slemons et al., 2012; station EUC-,
Grenier et al., 2013; station 170-, Behrens et al., 2018a; station St., Pham et al., 2019)
within the westward (blue arrows) and eastward (red arrows) flowing currents identified
during the CASSIOPEE cruise using ADCP data. For abbreviations of currents see Fig. 1.
For reference to colors in this figure, the reader is referred to the web version of this
article.

Fig. 4. Maps showing the distribution of Nd concentrations normalized to those of
upstream station GeoB17019 (Behrens et al., 2018a, black inverted triangle, normalized
Nd concentrations referred to as Nd,om) for all surface and near-surface water samples of
this study and published stations (station EUC-, Grenier et al., 2013; station 170-,
Behrens et al., 2018a; station St., Pham et al., 2019). For abbreviations of westward
(blue) and eastward (red) flowing currents see Fig. 1. For reference to colors in this
figure, the reader is referred to the web version of this article.

Fig. 5. REE concentrations normalized to those of upstream station GeoB17019 (Behrens
et al., 2018a, black inverted triangle in Fig. 4a-c) for all surface and near-surface water
samples of this study. For abbreviations of westward (blue) and eastward (red) flowing
currents see Fig. 1. For reference to colors in this figure, the reader is referred to the web
version of this article.
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Fig. 6. (a) Map showing stations sampled for surface waters (0-35 m water depth) along a
transect from the SEC (inverted triangle, Behrens et al., 2018a) via the Vitiaz Strait
(triangle, Pham et al., 2019) to the SC (dot, this study) (for abbreviations of currents see
Fig. 1), and (b) the transect distance (km), Nd concentrations and (Yb/Er)x. (c) Plot of
(Yb/Er)y vs. 1/[Nd] of surface waters along the transect with the distance in blue-red
color scheme, along with (Yb/Er)x of PNG sources (black squares, volcanic rocks, Sepik
River water and sediment, Sholkovitz et al., 1999; Woodhead et al, 2010). For
abbreviations of currents see Fig. 1. For reference to colors in this figure, the reader is
referred to the web version of this article.

Fig. 7. (a) Map showing stations sampled for surface waters (0-35 m water depth) within
westward (blue dots and arrows) and eastward (red dots and arrows) flowing currents (for
abbreviations of currents see Fig. 1), and (b, c) plots of salinity vs. Nd and Yb
concentrations, showing a significant (p-value <0.05) correlation that indicates mixing of
SC and SEC source waters at stations 24 and 50. For reference to colors in this figure, the
reader is referred to the web version of this article.
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Table 1

Dissolved REE concentrations (pmol/kg) of seawater samples of this study.

Sample Water

D P depth La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
(m)

Station 14 (6.3328°S, 165.0002°E)

1-7+8 6.7 3.10 137 069 333 066 020 1.17 0.18 140 037 1.17 0.14 0.62 0.09
1-5+6 29 3.09 138 0.70 3.30 0.65 020 1.19 0.18 142 036 1.19 0.13 0.65 0.09
1-3+4 94 392 153 080 372 074 023 127 021 163 046 1.54 020 1.07 0.16
Station 19 (4.6660°S, 164.9987°E)

1-7+8 6 337 149 071 343 0.67 021 122 0.18 146 038 1.19 0.14 0.67 0.10
1-5+6 26 349 152 073 341 069 021 124 0.19 140 039 1.19 0.15 0.69 0.10
1-3+4 60 391 19 0.79 3.63 072 022 129 020 158 046 149 020 1.06 0.17
Station 24 (3.0007°S, 165.0022°E)

1-7+8 6 3.84 238 094 442 099 031 165 025 196 049 1.64 020 1.10 0.17
1-5+6 26 396 231 098 448 1.02 032 173 026 194 052 1.60 0.21 1.08 0.17
1-3+4 71 321 126 071 333 068 021 121 0.19 150 041 138 0.17 0.86 0.13
Station 29 (1.3338°S,165.0032°E)

1-7+8 9 567 4.12 151 6.80 1.65 0.50 2.58 040 3.00 070 233 030 1.87 0.29
1-5+6 25 590 420 153 690 1.64 051 259 040 3.00 071 237 030 1.81 0.29
1-3+4 89 4.01 240 096 456 1.00 032 1.68 027 205 054 179 024 136 022
Station 47 (14987°S,157.5003°E)

2-15+16 4.4 526 3.77 135 634 145 045 225 036 270 0.65 2.16 028 1.65 0.26
2-11+12 25 502 335 128 596 140 043 223 035 258 063 205 027 159 0.26
2-6+7 60 397 248 1.02 469 1.04 033 184 027 209 054 1.75 023 131 022

Station 50 (3.0012°S, 157.5003°E)
1-7+8 4 338 192 084 3.79 081 026 138 021 1.69 043 146 0.17 093 0.15
1-5+6 24 356 176 0.85 391 0.82 027 141 022 1.72 044 147 0.17 094 0.15
1-3+4 55 340 144 077 342 071 022 132 020 1.61 048 1.58 021 1.13 0.18
Station 54 (4.9988°S, 157 4995°E)
1-9+10 5 313 154 076 3.40 0.69 021 121 0.18 144 038 1.18 0.14 0.73 0.10
1-7+8 24 335 1.70 0.79 3.53 071 022 124 0.18 141 038 1.19 0.14 0.67 0.10
1-5+6 74 335 146 0.73 330 0.67 021 122 020 1.66 045 1.56 021 1.14 0.18
Station 57 (6.1663°S, 156.8328°E)
1748 6 332 133 071 324 066 020 121 0.8 142 039 123 015 075 0.11
1-5+6 10 345 130 071 331 0.66 021 1.16 0.18 144 038 127 0.15 072 0.11
1344 45 294 137 071 326 0.64 021 1.16 0.8 144 037 122 0.14 071 0.11
Station 60 (5.1417°S, 154.3325°E)

1-21+22 8 354 245 088 390 086 027 143 023 1.74 046 149 0.19 097 0.15
Station 63 (5.1378°S, 153.3665°E)
1-7+8 6 355 230 086 4.01 080 025 137 021 166 044 145 0.18 094 0.15

1-5+6 26 355 253 090 4.07 084 026 137 021 1.71 044 148 0.17 091 0.14
1-3+4 51 477 59* 137 644 136 041 202 030 239 057 198 025 147 0.23
Station 66 (2.4983°S, 152.4945°E)

1-17+18 4 492 199 071 345 066 020 1.15 0.18 141 038 129 0.16 0.79 0.12
1-15+16 10 326 135 073 382 066 021 124 0.18 146 039 126 0.15 0.77 0.12
1-9+10 25 349 176 0.73 346 069 021 118 0.18 151 039 133 0.15 0.79 0.12
1-7+8 51 354 180 0.79 349 070 022 124 0.19 152 039 127 0.15 076 0.12
1-1+2 100 488 249 0.88 383 0.77 025 135 021 1.74 049 1.62 022 124 0.21
Station 69 (0.9993°S, 152.5010°E)

1-7+8 6 801 432 143 620 151 045 219 035 266 065 222 028 1.68 0.27
1-5+6 25 827 10* 196 8.10 1.66 050 242 037 273 065 2.16 028 1.65 0.26
1-3+4 56 3.00 2.05 086 396 087 028 147 023 175 047 154 020 1.07 0.17

*questionable data.



