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Abstract The Sr and Nd isotopic compositions of siliciclastic sediments and the Nd isotopic compositions
of planktonic foraminifera are investigated in sediment trap samples collected in 2015 at water depths of 500
and 2,800 m to (1) track the seasonal changes in the sources and transport patterns of siliciclastic sediments
to Benham Rise, (2) constrain the Nd isotopic compositions of the planktonic foraminifera throughout the
water column, and (3) assess the influences of lithogenic inputs on the Nd isotopic compositions of the water
masses. We demonstrate that volcanic matter and eolian dust are derived primarily from Luzon Island and the
Ordos Desert, respectively. In addition, we show that reduced precipitation over Luzon Island and the
weakened East Asian winter monsoon intensity result in mass fluxes from Luzon Island and the eastern Asian
deserts to the sea, respectively, that are weaker in the winter than in the spring. Furthermore, the εNd values
of the foraminifera collected at a water depth of 500m change slightly in 2015, suggesting negligible impacts
of lithogenic Nd inputs characterized by significant seasonal flux variations. In contrast, the εNd values of the
planktonic foraminifera collected at a water depth of 2,800 m are systematically more radiogenic and appear
to display seasonal variability. Such results suggest the rapid modification of εNd values during the settling of
planktonic foraminifera by the precipitation of Mn coatings derived from water masses at deposition depths,
with greater contributions of colder water masses originating from the volcanic Luzon Island margin during
the winter.

Plain Language Summary Based on the first report of Sr-Nd isotopic compositions of siliciclastic
sediments and Nd isotopic compositions of planktonic foraminifera in sediment trap samples collected
from thewestern Philippine Sea in 2015 at water depths of 500 and 2,800m together with the relevant current
information, we try to recover the potential linkages between the East Asian winter monsoon strength, the
East Asian summer monsoon (precipitation) intensity, and the siliciclastic sediment source-to-sink processes
as well as the influences of lithogenic inputs on the Nd isotopic compositions of the water masses at the
northern margin of the western Pacific Warm Pool in different seasons of 2015. On the one hand, we
quantitatively estimate the eolian dust sources to the study area. On the other hand, we find the rapid
changes in planktonic foraminiferal εNd values during settling in the western Philippine Sea. Such results
are critical for effectively interpreting the siliciclastic sediment source-to-sink processes and marine
circulation as well as the behind controlling mechanisms at low latitudes during the geological past.

1. Introduction

Eolian dust plays a crucial role in the marine and terrestrial geochemical cycles and impacts global climate
change by scattering and absorbing solar radiation, changing cloud properties, affecting biogeochemical
cycles, and providing key surfaces for atmospheric reactions in the Earth-atmosphere-ocean system (Zhao
et al., 2014). Each year, approximately 2000 million tons of eolian dust is emitted and deposited; 75% of
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this dust is deposited on land, and 25% is deposited in the ocean (Shao et al., 2011). Eolian dust is mainly
transported to the Pacific Ocean by the westerlies and the East Asian winter monsoon (EAWM) frommainland
Asia, which constitutes the second most important dust source region on Earth (Zhao et al., 2014). It is
generally accepted that eolian dust transported to the northern Pacific Ocean is derived primarily from the
central Asian deserts (CADs; Zhao et al., 2014). In contrast, dust from the eastern Asian deserts (EADs) is
predominantly transported southeastward to the northwestern Pacific Ocean, including the Philippine Sea
(Jiang et al., 2013; Xu et al., 2015; Zhao et al., 2014). In particular, several studies have demonstrated that
the EADs may be more important in controlling the supply of eolian dust than the CADs in these areas
(Bird et al., 2015; Wang et al., 2015). Seo et al. (2014) recently suggested that the long-range transport of
CAD dust by the westerlies is an important element of the dust budget in the northwestern Pacific Ocean.
Therefore, the EADs and the CADs have been accepted as the most important Asian dust sources for the
Philippine Sea (Seo et al., 2014; Xu et al., 2015; Zhao et al., 2014), although the relative importance of these
sources is controversial (Seo et al., 2014; Xu et al., 2015).

The East Asian monsoon influences both the inputs of Asian dust and the precipitation over southeastern
Asia; generally high precipitation but low air temperatures are observed over eastern Luzon Island in the
winter (from October to December) and spring (from January to March), while generally low precipitation
but high air temperatures are recorded over eastern Luzon Island in the summer (from April to June) and
autumn (from July to September; http://www.worldweatheronline.com). The sediment inputs to the
Benham Rise result from the mixing of two end-members, namely, eolian dust from the Asian deserts and
fluvial particulates from Luzon Island; the relative contributions from these sources change over time due
to variations in rainfall (Yu et al., 2016). Mineralogical records of the Benham Rise have already been used
successfully to track past changes in eolian and riverine inputs and to extract records of monsoon rainfall over
Luzon Island during the Quaternary (Yu et al., 2016). However, the influences of monsoon on rainfall and
sediment transport to the Benham Rise remain speculative at present and need to be further explored.
Therefore, only a detailed study of the processes by which siliciclastic inputs were delivered to the western
Philippine Sea in 2015 permits us to test the hypothesis of a potential link between precipitation over
volcanic islands and siliciclastic inputs to the deep sea, as suggested by previous research on Quaternary
sediments from the Benham Rise (Jiang et al., 2016; Yu et al., 2016).

Because the residence time of Nd in the ocean (360–700 years; Siddall et al., 2008; Tachikawa et al., 2003) is
short compared with the global turnover time of the ocean (~1,000 years), the distribution of the isotopic
compositions of dissolved Nd in the ocean is heterogeneous (Tachikawa et al., 2017). This dissolved Nd is
derived from (1) lithogenic inputs by rivers and wind transport from sedimentary sources of various ages
(Jeandel & Oelkers, 2015), (2) boundary exchange processes that occur at continental margins (Grenier
et al., 2013), and (3) reversible scavenging of lithogenic particulates in the water column (Siddall et al.,
2008). εNd has been widely used as a tracer for both modern (Tachikawa et al., 2017) and past oceanic
circulation as well as continental weathering over different time scales (Colin et al., 2010). Recent studies have
also shown that the Nd isotopic compositions of modern seawater may be strongly impacted by seasonal
changes in the lithogenic inputs of eolian dust, deep-sea current loads, and riverine particulates (Laukert
et al., 2017; Molina-Kescher et al., 2014; Yu et al., 2017). Due to boundary exchange processes with volcanic
sediments from the western margins of the Pacific Ocean, the Nd isotopic signatures of water masses from
the Philippine Sea are relatively radiogenic; the corresponding values are slightly elevated in deeper water
masses (between �4.4 ± 0.3 and �3.0 ± 0.3; Wu et al., 2015) relative to those of southeastern samples in
the western Pacific that are far away from these volcanic margins (Behrens et al., 2018). The εNd values of
core-top siliciclastic sediments recovered from the western Philippine Sea (Benham Rise) are between +0.7
and +2.2; these values represent the dominant contributions from radiogenic volcanic particulates derived
from Luzon Island, which is characterized by values between +5.8 and +7.1 (Defant et al., 1990; Goldstein
& Jacobsen, 1988; Liu et al., 2016) and nonradiogenic Asian dust, the values of which fall between �11.3
and �10.6 (Chen et al., 2007; Xu et al., 2015). The values of these sources contrast with those of seawater
(which range from�4.4 ± 0.3 to �3.0 ± 0.3; Wu et al., 2015). This strong difference in the εNd values between
detrital sediments and seawater means that the Philippine Sea is a key area where the seasonal effects of
lithogenic inputs, including eolian dust from Asian deserts and volcanic sediments from Luzon Island, on
the Nd isotopic compositions of the seawater can be assessed, similar to the Panama Basin in the eastern
equatorial Pacific (Grasse et al., 2017).
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In addition, the εNd values measured from fossil planktonic foraminifera may be unrelated to the ambient
seawater at calcification depths; instead, they likely reflect the bottom and/or pore water εNd values because
of the precipitation of authigenic Mn coatings on their carbonate shells at deposition depths (Roberts et al.,
2012; Tachikawa et al., 2014; Wu et al., 2017). Pomiѐs et al. (2002) also demonstrated that authigenic Mn
coatings on planktonic foraminifera can develop within the water column; these coatings are derived
ultimately from the water masses at deposition depths of these foraminifera. This process may significantly
modify the Nd isotopic compositions of the foraminifera in the water column and thus effectively reflect
the εNd values of source water masses at particular water depths, which are hard to constrain, because
measurements of the Nd isotopic compositions of the planktonic foraminifera collected in the water column
were unavailable (Pomiѐs et al., 2002).

In this study, for the first time, we present 1 year of in situ mooring observations to quantify the
sediments transported to the western Philippine Sea (above the Benham Rise) and characterize their
variability. Moreover, we constrain the impacts of seasonal terrigenous inputs on the Nd isotopic
compositions of the water masses reconstructed using the εNd values of planktonic foraminifera. The sili-
ciclastic sediment fractions and planktonic foraminifera were collected in 2015 at water depths of 500 and
2,800 m using a mooring system equipped with sediment traps, recording current meters, and
conductivity-temperature-depth sensors. The characterizations of 87Sr/86Sr ratios and εNd values have pre-
viously been shown to be extremely useful in establishing and quantifying Asian dust sources to the
Pacific Ocean (Chen et al., 2007; Jiang et al., 2013; Mahoney, 2005; Seo et al., 2014; Serno et al., 2014;
Xu et al., 2015). Therefore, our results permit us to obtain new information on the potential significance
of Sr and Nd isotopes in discriminating the provenances of the siliciclastic sediment fractions delivered
to the Pacific Ocean and to characterize the seasonal-scale climatic controls on the sediment inputs to
the Benham Rise. In addition, analyses of the Nd isotopic compositions conducted on the planktonic for-
aminifera collected within the water column at different depths permit us to assess for the first time the
evolution of foraminiferal εNd values during their settling in the ocean in the context of strong seasonal
variations in lithogenic inputs.

2. Materials and Methods

A mooring system with two time series sediment traps (PARFLUX Mark 78HW units, each of which has a cov-
erage area of 0.5 m2 and 21 sampling cups; USA) was deployed at site T1 (15°580N, 124°410E; water depth of
3,037 m) on the Benham Rise in the western Philippine Sea at water depths of 500 and 2,800 m from 15
January to 21 December 2015 (Figure 1). Each sampling cup was filled with 5% formaldehyde to prevent
biological degradation of the sampled particulates. In total, 33 modern samples were collected at equal
20-day intervals. Of these samples, 17 were collected at a water depth of 500 m and 16 samples were
collected at a water depth of 2,800 m; one sample collected between 25 June and 14 July was lost during
the recovery process. The trapping efficiency of the sediment traps was guaranteed by the low tilt magnitude
(<3° from the vertical). In addition, two recording current meters (SEAGUARD Intermediate Water and
SEAGUARD Deep Water; Norway) together with conductivity-temperature-depth sensors (4,319, 4,060, and
4,117; Norway) were closely attached to these sediment traps to collect the relevant hydrographic
parameters of the intermediate and deepwater masses at intervals of 10 min.

The Sr and Nd isotopic compositions of the siliciclastic fractions of 15 of the sediment trap samples were
measured following the pretreatment procedure described in detail by Xu et al. (2015). Most of the samples
analyzed in this way were collected at a water depth of 2,800 m because of the limited amount of sample
material recovered at a water depth of 500 m. In brief, the samples were treated with deionized water,
10% HOAc, a mixture of 1-mol/L NH2 • OH • HCl and 25% HOAc, 5% H2O2, and 2-mol/L Na2CO3 to remove
sea salt, calcium carbonate, authigenic components, organic compounds, and biogenic silica, respectively.
The remaining siliciclastic sediment fractions were dissolved in HF-HClO4 and HNO3-HCl mixtures. An initial
chemical separation of Sr and rare earth elements was carried out using Biorad® columns packed with
AG50W-X8, 200–400 mesh cationic exchange resin, following the procedure described in detail by Colin
et al. (1999). The Sr fraction was purified using a 20-μl Sr Spec column consisting of a polyethylene syringe
with a 4-mm Ø Millex filter. The Nd was then extracted and purified from the rare earth element fractions
using an Eichrom® Ln Spec resin column (Copard et al., 2010).
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Figure 1. Maps showing the locations of the sediment trap site T1 (solid circle in a); the seawater sites GeoB17005 (Behrens
et al., 2018) in addition to St1, St2, and St3 (solid pluses in b; Wu et al., 2015) and 14 and 28 (solid pluses in a; Jeandel et al.,
2013); the fossil fish teeth/debris sites NB29 and NB20 (hollow pluses in a; Horikawa et al., 2011); the foraminifer sites RC17–
177, RC17–178, V28–255, and V28–294 (solid circles in a; Hu et al., 2016); the sediment cores MD06–3047 (Xu et al., 2015),
Deep Sea Drilling Project (DSDP) site 292 (Hickey-Vargas, 1991), MD06–3050 (Yu et al., 2016), Ph05–5 (Jiang et al., 2016),
PC631 (hollow circles in b; Seo et al., 2014), and RP2OC72-01GC (hollow circle in a; Pettke et al., 2002); the weather stations
Palanan and Vinzons (hollow squares in b) in the Philippine Sea and nearby regions. The rectangle part of (a) is enlarged in
(b). The�100,�2,000, and�3,000-m isobaths are shown as dotted lines in (b). Also shown are themajor rivers, themodern
circulation patterns (the green, pink, and black arrows show the surface, intermediate, and deep currents, respectively;
these paths are modified fromWu et al., 2015 and Behrens et al., 2018), the monsoon directions (white arrows), and the εNd
values (bold numbers) of the siliciclastic sediment fractions in the potential source areas (Chen et al., 2007; Defant et al.,
1990; Goldstein & Jacobsen, 1988; Jeandel et al., 2013). Note that the two major drivers of eolian transport from mainland
Asia to the Pacific Ocean are suggested to be the westerlies and the East Asian winter monsoon (EAWM; Seo et al., 2014;
Shao et al., 2011), and the two corresponding deposition centers are the North Pacific central province and the southern
part of North Pacific margin province (core RP2OC72-01GC in the Philippine Sea) in (a) (Pettke et al., 2002). The eastern
Asian deserts, including the Tengger/Badain Jaran (b) and the Ordos (Or) Deserts, and the central Asian deserts, including
the Taklimakan Desert, are indicated by purple and orange polygons, respectively, in (a). EASM: East Asian summer mon-
soon, NEC: North Equatorial Current, KC: Kuroshio Current, MC: Mindanao Current, NECC: North Equatorial Countercurrent,
NPIW: North Pacific Intermediate Water, AAIW: Antarctic Intermediate Water, NPDW: North Pacific Deep Water, UCDW:
Upper Circumpolar Deep Water.
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Approximately 50–60mg of well-preserved planktonic foraminifera (Globigerinoides ruber and Globigerinoides
sacculifer) were picked by hand from the>150-μm fractions for the Nd isotopic analysis. In total, two samples
collected at a water depth of 500 m during the autumn and winter as well as three samples collected at a
water depth of 2,800 m during the summer, autumn, and winter were analyzed. The pretreatment procedure
is described in detail by Wu et al. (2017). In brief, the planktonic foraminifera were gently crushed and soni-
cated in an ultrasonic bath to remove particulates. The clay-free foraminifera were subsequently leached in
dilute acid (0.0001-mol/L HNO3) in an ultrasonic bath. After the cleaning step, the samples were then
dissolved in 0.5-mol/L HNO3 until complete dissolution was reached. The supernatant was immediately
transferred to Teflon beakers after the centrifugation of the dissolved foraminifera. Then, Nd purification
was performed for all samples using TRU Spec and Ln Spec resins, following the analytical procedure
described in detail by Copard et al. (2010).

The Sr and Nd isotopic compositions of all of the purified Sr and Nd fractions were measured using a Thermo
Scientific NEPTUNEPlus Multi-Collector Inductively Coupled Plasma Mass Spectrometer at the Laboratoire des
Sciences du Climat et de l’Environnement in Gif-sur-Yvette (France). The solutions were analyzed at
concentrations ranging from 15 to 20 ng/g. The mass-fractionation correction was made by normalizing
86Sr/88Sr to 0.1194 and 146Nd/144Nd to 0.7219 and applying an exponential-fractionation correction.
During the analysis, every two samples were bracketed with analyses of an appropriate Sr standard solution
(NIST SRM987) characterized by a certified value of 0.71025 (Weis et al., 2006). Long-term repeated analysis of
NIST SRM987 gave a mean 87Sr/86Sr value of 0.71024 ± 0.00001 (2σ; Colin et al., 2010). For the Nd isotopic
composition analyses, the samples were bracketed with analyses of Nd standard solutions (JNdi-1 and La
Jolla) with concentrations similar to those of the samples (which ranged from 15 to 20 ng/g) and
characterized by certified values of 0.512115 ± 0.000006 (Tanaka et al., 2000) and 0.511858 ± 0.000007
(Lugmair et al., 1983), respectively. The analytical uncertainty was taken to be the reproducibility (2σ) of
the La Jolla standard for the individual measurement sessions (approximately 0.3 epsilon units). The total
blank values were <20 pg, which can be considered negligible, for both analytical procedures used.
Details regarding the quantitative calculation of the fluxes and percentages of eolian dust and volcanic
materials deposited on the Benham Rise, western Philippine Sea, based on the Sr-Nd isotopic compositions
of siliciclastic sediment fractions were reported previously by Xu et al. (2015).

3. Results
3.1. Siliciclastic Sediment Fractions

The mass fluxes of the different sediment fractions derived from the samples collected in this study together
with the 87Sr/86Sr ratios and the εNd values obtained from the siliciclastic sediment fractions are reported in
Table 1 and Figure 2. Themass fluxes of the total particulates (which range from 10.5 to 163.0 mg/m2/d with a
mean value of 67.1 mg/m2/d) and of the total siliciclastic sediment fractions (which range from 1.3 to
92.1 mg/m2/d with a mean value of 31.0 mg/m2/d) at a water depth of 2,800 m display seasonal variability.
The highest fluxes for the samples collected at this water depth correspond to the periods extending from
January to March 2015 and between November and December 2015, during which the fluxes of the total par-
ticulates ranged from 102.0 to 163.0 mg/m2/d and from 45.1 to 82.2 mg/m2/d and the fluxes of the total
siliciclastic sediment fractions ranged from 56.2 to 92.1 mg/m2/d and from 21.6 to 39.5 mg/m2/d,
respectively. Such variation trends are also seen in the mass fluxes of the total particulates at a water depth
of 500 m ranging from 9.3 to 63.1 mg/m2/d (averaging 25.6 mg/m2/d) with the highest values occurring
between January and March 2015 (which range from 30.7 to 63.1 mg/m2/d with a mean value of
40.9 mg/m2/d) as well as between November and December 2015 (which range from 20.2 to 40.8 mg/m2/d
with a mean value of 30.4 mg/m2/d). Their close correspondence is documented by the high correlation
coefficient (R = 0.84) between the mass fluxes of the total particulates at water depths of 500 and 2,800 m.
The above variations in the mass fluxes are also associated with seasonal changes in the εNd values (which
range from �8.2 to �2.4 with a mean value of �4.9) and the 87Sr/86Sr ratios (which range from 0.70627 to
0.70798 with a mean value of 0.70708). The samples collected at a water depth of 2,800 m from April to
October 2015 are characterized by lower εNd values (which range from �6.7 to �4.9) and higher 87Sr/86Sr
ratios (which range from 0.70720 to 0.70798) than those collected from January to March 2015 (which have
εNd values that range from �3.3 to �2.4 and 87Sr/86Sr ratios that range from 0.70640 to 0.70649), as well as
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those collected from November to December 2015 (which have εNd values that range from�3.5 to�3.2 and
87Sr/86Sr ratios that range from 0.70627 to 0.70675; Table 1 and Figure 2).

3.2. Planktonic Foraminifera

The εNd values obtained from well-preserved planktonic foraminifera (G. ruber and G. sacculifer) collected at
water depths of 500 and 2,800 m are reported in Table 2. They are characterized by within error identical εNd
values (�3.4 ± 0.3 and �3.0 ± 0.3) at a water depth of 500 m and by a small variation of εNd values (which
range from �1.9 ± 0.3 to �0.9 ± 0.3) at a water depth of 2,800 m; the average values at these depths are
�3.2 and �1.4, respectively (Table 2).

Furthermore, the εNd values of the planktonic foraminifera collected at a water depth of 500m display no hint
of seasonal oscillation (Table 2). In contrast, the εNd values of the planktonic foraminifera collected at a water
depth of 2,800 m indicate some seasonal variability; the highest value occurs in the winter (�0.9 ± 0.3), fol-
lowed by that in the autumn (�1.4 ± 0.3), and the lowest value occurs in the summer (�1.9 ± 0.3; Table 2).
However, further measurements are necessary to confirm such seasonal variation trends in the future.

4. Discussion
4.1. Provenances and Fluxes of the Siliciclastic Sediment Fractions

To further discriminate the spatial and temporal changes in the inputs and fluxes of the siliciclastic sediment
fractions to the western Philippine Sea, the 87Sr/86Sr ratios and the εNd values obtained from the modern
sediment trap samples are plotted on an 87Sr/86Sr versus εNd diagram together with those previously
obtained from sediments from core MD06–3047 located in the western Philippine Sea (Xu et al., 2015) and
core PC631 located in the central Philippine Sea (Figure 3; Seo et al., 2014).

The provenances of siliciclastic sediments delivered to the Philippine Sea have been investigated previously
in several studies, but this topic is still under debate (Jiang et al., 2013, 2016; Seo et al., 2014). The sediment
inputs to site T1 located above the Benham Rise have been effectively demonstrated to represent a mixing of
two end-members, namely, eolian dust from Asia and fluvial sediments from Luzon Island (Jiang et al., 2013,
2016; Xu et al., 2015; Yu et al., 2016). The Sr and Nd isotopic compositions of Luzon Island bedrock are well
defined by relatively homogeneous 87Sr/86Sr ratios (which range from 0.70366 to 0.70524) and εNd values
(which range from +5.8 to +7.1; Defant et al., 1990; Goldstein & Jacobsen, 1988; Liu et al., 2016). The Sr and

Table 1
The Sr and Nd Isotopic Compositions, the Contribution Percentages, and the Mass Fluxes of the Potential Source Areas of Particulate Matter Settling to Water Depths of
500 m (U) and 2,800 m (D) at Site T1 in the Western Philippine Sea

Sample
no.

Period
(2015) 87Sr/86Sr SD (2σ) 143Nd/144Nd SD (2σ) εNd

SD
(2σ)

Dust
(%)*

Volcanic
(%)*

Mass flux (mg/m2/d)

Total Siliciclastic Dust Volcanic

U2 2/5–2/24 0.70768 0.00001 0.512218 0.000018 �8.2 0.3 62.6 37.4 10.5 1.3 0.8 0.5
D1 1/15–2/4 0.70640 0.00002 – – – – – – 163.0 92.1 – –
D2 2/5–2/24 0.70645 0.00002 0.512514 0.000018 �2.4 0.3 33.8 66.2 152.3 92.1 31.1 61.0
D3 2/25–3/16 0.70649 0.00002 0.512504 0.000017 �2.6 0.3 34.8 65.2 145.2 83.3 29.0 54.3
D4 3/17–4/5 0.70644 0.00002 0.512469 0.000018 �3.3 0.3 37.8 62.2 102.0 56.2 21.3 35.0
D5 4/6–4/25 0.70720 0.00001 0.512389 0.000018 �4.9 0.3 45.1 54.9 37.3 16.3 7.3 8.9
D6 4/26–5/15 0.70778 0.00002 0.512327 0.000018 �6.1 0.3 51.2 48.8 41.2 12.1 6.2 5.9
D7 5/16–6/4 0.70761 0.00002 0.512327 0.000018 �6.1 0.3 51.3 48.7 26.6 8.3 4.3 4.1
D8 6/5–6/24 0.70722 0.00002 0.512335 0.000017 �5.9 0.3 50.5 49.5 48.5 13.2 6.7 6.6
D10 7/15–8/3 0.70740 0.00002 0.512352 0.000017 �5.6 0.3 48.8 51.2 80.9 24.2 11.8 12.4
D11 8/4–8/23 0.70798 0.00001 0.512295 0.000018 �6.7 0.3 54.5 45.5 37.5 8.6 4.7 3.9
D12 8/24–9/12 – – – – – – – – 32.9 4.7 – –
D13 9/13–10/2 0.70798 0.00002 0.512329 0.000018 �6.0 0.3 51.0 49.0 29.3 10.1 5.2 5.0
D14 10/3–10/22 – – – – – – – – 32.7 8.5 – –
D15 10/23–11/11 0.70627 0.00001 0.512475 0.000018 �3.2 0.3 37.4 62.6 45.1 21.6 8.1 13.5
D16 11/12–12/1 0.70648 0.00002 0.512458 0.000018 �3.5 0.3 38.7 61.3 73.4 35.4 13.7 21.7
D17 12/2–12/21 0.70675 0.00002 0.512456 0.000018 �3.5 0.3 39.0 61.0 82.2 39.5 15.4 24.1

Note. SD: standard deviation, �: not determined, *: percentage of the siliciclastic sediment fractions.
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Nd isotopic compositions of <5-μm eolian dust collected from the
Taklimakan Desert (which has 87Sr/86Sr ratios that range from 0.72682 to
0.73018 and εNd values that range from �10.7 to �10.3), the
Tengger/Badain Jaran Deserts (which has 87Sr/86Sr ratios that range from
0.72919 to 0.73218 and εNd values that range from �11.9 to �8.3), and
the Ordos Desert (which has 87Sr/86Sr ratios that range from 0.72114 to
0.72419 and εNd values that range from �17.7 to �11.5) are well known
to represent eolian dust from mainland Asia (Chen et al., 2007; Seo et al.,
2014). As shown in Figure 3a, the Sr and Nd isotopic signatures of themod-
ern sediment trap samples and those of the sediments extracted from the
nearby cores MD06–3047 and PC631 (Figure 1) that were deposited after
the mid-Quaternary (Seo et al., 2014; Xu et al., 2015) fall on a mixing line
between the two end-members, which correspond to eolian dust derived
from mainland Asia and the volcanic province of Luzon Island. The
87Sr/86Sr versus εNd diagram permits us to quantitatively discriminate the
contributions of eolian dust from the Ordos Desert from those from the
Taklimakan and the Tengger/Badain Jaran Deserts (Figure 3a). In greater
detail, all of the results presented in this study plot close to the mixing
curve between Luzon Island and the Ordos Desert (Figure 3), suggesting
the mixing of sediments derived from the volcanic province of Luzon
Island and dust originating predominantly from the Ordos Desert. In
Figure 3b, we display different mixing curves between Luzon Island mate-
rial and several proportions of dust from both the Taklimakan Desert (20%,
40%, and 60%) and the Ordos Desert (80%, 60%, and 40%) for comparison.
This procedure indicates that eolian dust from the Ordos Desert represents
an excess of 80% of the modern eolian deposition at site T1.

Similar results were obtained from the Quaternary sediments from core
MD06–3047 (Xu et al., 2015), which is located in the western Philippine
Sea (Figure 1). This result suggests that the EAWMmay be associated with
a dominant proportion of eolian dust derived from the Ordos Desert (gen-
erally >80%; Figure 3b) within the study area. In addition, the Quaternary
sediments from core PC631, which is located in the southeastern part of
the central Philippine Sea (Figure 1), also fall between the two mixing lines
reported in Figure 3a; this result also suggests a dominant contribution
from the Ordos Desert (generally >80%) to the eolian deposition therein
and a relatively low proportion of volcanic matter, which is in agreement
with the distal location of this core relative to the volcanic province of
Luzon Island (Figure 1). All of the results obtained from these marine core
sediments compare well with those of the sediment trap samples, and
these results indicate that the Ordos Desert has been the predominant

Figure 2. Temporal changes in the mass fluxes of (a) the total particulate
matter and (b) the total siliciclastic sediment fractions, including eolian
dust (pink shading) and volcanic materials (gray shading), as well as the
percentages of (c) eolian dust (pink shading) and volcanic materials (gray
shading) collected at water depths of 500 m (red lines) and 2,800 m (black
lines) at site T1 during different seasons. (d) The 87Sr/86Sr ratios of the total
siliciclastic sediment fractions, (e) the εNd values of the total siliciclastic
sediment fractions collected at a water depth of 2,800 m at site T1 during
different seasons, (f) the precipitation and temperature at Palanan (http://
www.worldweatheronline.com), and (g) the precipitation and temperature
at Vinzons on eastern Luzon Island (http://www.worldweatheronline.com)
are also shown.

Table 2
The Nd Isotopic Compositions of the Planktonic Foraminifera Settling to Water Depths of 500 and 2,800 m at Site T1 in the
Western Philippine Sea

Water
depth (m) Sample no. Period (2015)

Season
(2015) 143Nd/144Nd SD (2σ) εNd SD (2σ)

500 U10 7/15–8/3 Autumn 0.512465 0.000018 �3.4 0.3
500 U15 10/23–11/11 Winter 0.512484 0.000018 �3.0 0.3
2,800 D8 6/5–6/24 Summer 0.512541 0.000018 �1.9 0.3
2,800 D12 8/24–9/12 Autumn 0.512564 0.000018 �1.4 0.3
2,800 D15 10/23–11/11 Winter 0.512593 0.000018 �0.9 0.3

Note. SD: standard deviation.
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contributor of eolian dust to the Philippine Sea since at least 600 ka (Xu et al., 2015); this is because the eolian
dust samples since 0.1 Ma collected from the Taklimakan, Badain Jaran, and Tengger Deserts and the North
Pacific central province (Figure 1) display similar Hf-Nd isotopic values and the eolian dust from these deserts
is likely transported to the northern Pacific Ocean mainly by the westerlies (Pettke et al., 2002; Zhao et al.,
2014). However, dust derived from the Ordos Desert is likely transported to the southern part of the North
Pacific margin province (i.e., the Philippine Sea) by the EAWM (Zhao et al., 2014).

According to the mixing curve between Luzon Island volcanic material and Ordos Desert dust, the contribu-
tions from the Ordos Desert dust to the total siliciclastic sediment fractions collected at a water depth of
2,800 m (237 m above the sea bottom) are between 33.8% and 54.5% (Figure 3a and Table 1). These values
fall within the ranges derived from the Sr and Nd isotopes of siliciclastic sediments in the nearby cores MD06–
3047 (between ~15% and ~50%; Xu et al., 2015) and Ph05–5 (between ~10% and ~50%; Jiang et al., 2013). A
previous analysis of the backward trajectories of eolian particulate matter transported at altitudes of 100, 500,
and 1,000 m above the Benham Rise (Figure 1) during a major dust event in spring 2006 clearly showed that
the relevant air masses can be traced back to the eastern Asian continent, confirming that the eolian dust
originated from the Ordos Desert (Jiang et al., 2013). Consequently, we conclude that the sampled eolian dust
deposited in the western Philippine Sea and the central Philippine Sea throughout the middle to late
Quaternary was likely derived mainly from the EADs (i.e., the Ordos Desert). This conclusion is consistent with
the general concept that EAD dust is predominantly carried by northwesterly surface winds associated with
the EAWM (Shao et al., 2011). Thus, sediment cores obtained from the Philippine Sea have the potential to
yield continuous reconstructions of the climatic evolution of eastern Asia. This variability can then be com-
pared with that of central Asia, which is the main source of dust for the North Pacific central province
(Zhao et al., 2014).

Figure 3. Discrimination plot showing (a) the variations in the 87Sr/86Sr ratios and εNd values of the siliciclastic sediment
fractions from site T1 as well as cores MD06–3047 (Xu et al., 2015) and PC631 (Seo et al., 2014). For comparison, the Sr and
Nd isotopic data of the potential source areas, including Luzon Island (Defant et al., 1990; Goldstein & Jacobsen, 1988) and
the Taklimakan, the Tengger/Badain Jaran, and the Ordos Deserts (Chen et al., 2007), are also plotted. The mixing curves
between Luzon Island and the Taklimakan Desert, between Luzon Island and the Tengger/Badain Jaran Deserts, and
between Luzon Island and the Ordos Desert are calculated using the method of Jiang et al. (2013). The mixing curves
between Luzon Island and the Taklimakan Desert (20%, 40%, and 60% contributions) plus the Ordos Desert (80%, 60%, and
40% contributions) calculated using the method of Jiang et al. (2013) are also shown. Furthermore, the key part of (a)
concerning the study samples is enlarged in (b). The concentrations of Sr and Nd and the isotopic compositions used here
are Sr = 439.5 μg/g, Nd = 19.1 μg/g, 87Sr/86Sr = 0.70421, and εNd = +6.4 for average volcanic materials from Luzon Island
(Defant et al., 1990; Goldstein & Jacobsen, 1988); Sr = 111.0 μg/g, Nd = 28.3 μg/g, 87Sr/86Sr = 0.72850, and εNd = �10.5 for
average eolian dust from the Taklimakan Desert (Chen et al., 2007); Sr = 111.0 μg/g, Nd = 28.3 μg/g, 87Sr/86Sr = 0.73069, and
εNd = �10.1 for average eolian dust from the Tengger/Badain Jaran Deserts (Chen et al., 2007); and Sr = 111.0 μg/g,
Nd = 28.3 μg/g, 87Sr/86Sr = 0.72256, and εNd = �14.0 for average eolian dust from the Ordos Desert (Chen et al., 2007).

10.1029/2018JC014274Journal of Geophysical Research: Oceans

XU ET AL. 6695



Taking into consideration the siliciclastic sediment fluxes (Figure 2b) and our estimates of the relative propor-
tions of eolian dust and volcanic materials from Luzon Island (Figure 3a), we estimate the variability in the
fluxes of eolian dust and volcanic materials to the study area over time (Figure 2b). The mass fluxes of the
total particulates, the total siliciclastic sediment fractions, the eolian dust, and Luzon volcanic sediments dis-
play similar seasonal variations at water depths of both 500 and 2,800 m during 2015; the highest values
occur during the spring and winter, and the lowest values occur during the summer and autumn
(Figures 2a and 2b). The increases in the fluxes of Luzon volcanic matter to the western Philippine Sea during
the spring and winter of 2015 reflect greater inputs of sediments derived from heavy precipitation on eastern
Luzon Island (e.g., Palanan and Vinzons, Figures 1, 2f, and 2g). Variations in the fluxes of EAD dust that are
similar to those of Luzon volcanic matter indicate an enhanced EAWM during the spring and winter
(http://www.worldweatheronline.com). Although the mass fluxes of both eolian dust and volcanic materials
increase during the spring and winter (Figure 2b), the Sr and Nd isotopic compositions of the total siliciclastic
sediment fractions deposited in these seasons are less radiogenic in Sr andmore radiogenic in Nd (Figures 2d
and 2e), indicating predominant contributions from Luzon Island volcanic matter (Figure 3a). In contrast, the
Sr and Nd isotopic signatures indicate increased dust contributions (Figures 2d and 2e) during the summer
and autumn; during these seasons, the volcanic inputs decrease drastically (Figure 2b), leading to a slight
increase in the relative proportion of the dust component, even though the eolian dust fluxes also decrease
during this interval (Figure 2b).

The volcanic matter is derived primarily from the weathering and erosion of volcanic bedrock on Luzon Island
(Xu et al., 2015) and is transported to the study area by eastward-flowing surface and/or deep currents, which
are ultimately controlled by East Asian summer monsoon (EASM) precipitation (Kawabe et al., 2009; Yu et al.,
2016). In contrast, the eolian dust is mainly derived from the EADs and is transported to the Benham Rise by
wind systems associated with the EAWM (Xu et al., 2015; Yu et al., 2016). As a result, the effects of the climate
on the precipitation, wind intensity, and wind-driven surface currents also affect the supplies of volcanic and
eolian particulates to the western Philippine Sea (Xu et al., 2015; Yu et al., 2016). The generally reduced precipi-
tation over eastern Luzon Island (Figures 2f and 2g) and the weaker EAWM intensity in the winter of 2015 likely
accounted for the lower mass fluxes of the total particulates, Luzon volcanic matter, and EAD dust to the
Philippine Sea during the winter than during the spring, possibly at water depths of both 500 and 2,800 m.
Such close correlations between the weakened summer monsoonal precipitation over eastern Luzon Island
and the lower inputs of local volcanic erosion/weathering products to the western Philippine Sea and between
the decreased EAWM intensity in eastern Asia and the smaller eolian dust contribution to the sea during the
geological past are also recorded in cores MD06–3047, MD06–3050, and Ph05–5 (Figure 1) collected from
the study area. In addition, eastward-flowing deep currents, including the Upper Circumpolar Deep Water
(UCDW) and the North Pacific Deep Water (NPDW) near the Philippine Sea, have been observed instrumentally
by Kawabe et al. (2009). The relatively strong eastward movement of warm surface waters from the western
Pacific Warm Pool (including the study area) to the eastern Pacific Ocean and the eastward-flowing deep cur-
rents (Kawabe et al., 2009) passing over the study site in the winter of 2015 (for more details, see section 4.2)
may also be responsible for the reduced mass flux of volcanic matter from eastern Luzon Island to the study
area. Under such conditions, some volcanic particulate matter derived from Luzon Island may be further trans-
ported to the central Philippine Sea by the eastward-flowing surface and/or deep currents (Seo et al., 2014).
Furthermore, the presence of dust emissions in the source region that are weaker during thewinter than during
the spring may partly account for the lower mass flux of eolian dust at the study site during the winter. The
results of this study therefore confirm the close link between the monsoonal precipitation on eastern Luzon
Island, the EAWM intensity in eastern Asia, and the siliciclastic deposition in the western Philippine Sea both
during the present-day and during the Quaternary (Jiang et al., 2016; Xu et al., 2015; Yu et al., 2016).

4.2. Significance of the Seasonal Variations in Foraminiferal εNd Values Within the Water Column

The εNd values of two planktonic foraminiferal samples collected at a water depth of 500 m at site T1 in the
autumn and winter of 2015 are characterized by within error identical εNd values of�3.4 ± 0.3 and�3.0 ± 0.3
(Table 2). These values are also similar (within analytical error) to those of seawater collected at the same
water depth at nearby sites St1 (�3.4 ± 0.3; Figures 1 and 4) and St2 (�2.8 ± 0.3; Figures 1 and 4) in the winter
of 2010 (Wu et al., 2015) as well as site GeoB17005 (�3.2 ± 0.4; Figures 1 and 4) in the winter of 2012 (Behrens
et al., 2018). These results indicate that the εNd values of planktonic foraminifera obtained from the intermediate
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seawater collected at site T1 in different seasons are homogeneous and are not strongly modified by obviously
seasonal changes in lithogenic inputs to the water column, including eolian dust and volcanic matter (Figures 2
and 4). In addition, the εNd values measured in seawater and planktonic foraminifera collected at different
locations (Figure 1) and in different seasons (i.e., winter 2010, winter 2012, autumn 2015, and winter 2015)
suggest that the provenance and mixing proportions of the water masses were similar over this period
(Figure 4). These εNd values are similar to those of the North Pacific Intermediate Water (NPIW) at sites BO-5
(20°0.00N, 175°0.00W; Amakawa et al., 2009) and TPS24 271–1 (24°17.20N, 150°28.20E; Piepgras & Jacobsen,
1988) in the subtropical gyre of the northern Pacific Ocean ranging from �4.2 ± 0.6 to �2.7 ± 0.3 and from
�3.8 ± 0.3 to �2.9 ± 0.3, respectively. These results confirm that the intermediate water masses at site T1 are
likely strongly influenced by NPIW being advected from the north (Wu et al., 2015).

These two planktonic foraminiferal εNd values collected at a water depth of 500m at the study site in different
seasons of 2015 are identical (within analytical error) to those of surface seawater at nearby sites St2
(�3.4 ± 0.6; Figures 1 and 4) in the winter of 2010 (Wu et al., 2015) and GeoB17005 (�3.3 ± 0.3; Figures 1
and 4) in the winter of 2012 (Behrens et al., 2018). G. ruber and G. sacculifer originally live at shallow water
depths (20–50 m) and then sink to the studied water depths of 500 and 2,800 m when they are dead. Thus,
the studied planktonic foraminiferal εNd values collected at a water depth of 500mmay be expected to record
the surface seawater εNd characteristics. Once again, the homogeneous planktonic foraminiferal εNd values
obtained from both the surface and the intermediate seawater at different locations (Figure 1) and in different
seasons (i.e., winter 2010, winter 2012, autumn 2015, and winter 2015) may indicate a similar provenance of
the surface water masses (i.e., the North Equatorial Current (NEC) with εNd values of ~�3) and may reveal the
nonsignificant influences of obviously seasonal changes in the lithogenic inputs to the water column
throughout the study area over this period (Figures 2 and 4; Behrens et al., 2018; Wu et al., 2015).
Unfortunately, the similar εNd values of the NEC and the NPIW in the study area (Behrens et al., 2018; Wu
et al., 2015) do not permit further discrimination between the respective significances of these two potential
source water masses on the study planktonic foraminiferal Nd isotopic characteristics here. However, such
modern results may shed light on interpretations of Nd isotopic compositions analyzed on paleoclimatic
archives and thus significantly improve our knowledge of the Nd cycle as well as surface/intermediate water
circulation in the Kuroshio source region during the geological past (Hu et al., 2016).

In addition, the εNd values obtained from three planktonic foraminiferal samples collected at a water depth of
2,800 m indicate a small seasonal variability; the εNd values in the summer, autumn, and winter of 2015 are

Figure 4. Comparison of seawater εNd values derived from this study with previously published data obtained at nearby
sites (Behrens et al., 2018; Grenier et al., 2013; Horikawa et al., 2011; Hu et al., 2016; Wu et al., 2015). The ranges for the
potential water masses, including the Antarctic Intermediate Water, the North Pacific Intermediate Water, and the Upper
Circumpolar Deep Water, are modified from Wu et al. (2015). The εNd values of core-top sediments (Xu et al., 2015) and
volcanic basement rocks (Hickey-Vargas, 1991) in the study area are also shown for comparison.
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�1.9 ± 0.3, �1.4 ± 0.3, and �0.9 ± 0.3, respectively (Table 2). These εNd values systematically reflect more
radiogenic material than those obtained from planktonic foraminiferal samples collected at a water depth
of 500 m in the autumn and winter of 2015 (�3.4 ± 0.3 and �3.0 ± 0.3, respectively; Figure 4). These results
indicate significant modification of the Nd isotopic compositions of planktonic foraminifera during their set-
tling within the water column. A previous study demonstrated that the Nd concentrations of dead planktonic
foraminifera increase in the water column due to the precipitation of secondary Mn coatings, which suggests
a possible major disturbance of the primary Nd isotopic compositions acquired at the surface of the ocean
(Pomiѐs et al., 2002). Our results indicate that the primary foraminiferal εNd values acquired at the surface
may be modified rapidly within the water column, potentially due to the precipitation of secondary Mn coat-
ings. Unfortunately, Nd and Mn concentrations have not been measured within samples of planktonic fora-
minifera to further confirm this hypothesis.

However, the εNd values obtained from foraminifera collected at a water depth of 2,800 m (which range from
�1.9 ± 0.3 to �0.9 ± 0.3) are clearly different from the εNd values for the NPDW in the Pacific Ocean (which
range from �4 to �3.5), the northern Pacific Ocean (which range from �6 to �4), the Philippine Sea (which
range from�4.4 to�3.0), and the northwestern Pacific Ocean (�4; Horikawa et al., 2011; Wu et al., 2015, and
references therein; Hu et al., 2016, and references therein). According to the most recent study on dissolved
Nd isotopes in the study area and adjacent regions, the NPDW is apparently located too far away in the north-
east of the sampling location to influence the study area (Behrens et al., 2018). In addition, such values are
significantly different from those for the UCDW in the southern Pacific Ocean (~�8), the southwestern
Pacific Ocean (~�6.5), the equatorial western Pacific (~�3), and the Philippine Sea (which range from �3.0
to �2.8; Wu et al., 2015, and references therein; Hu et al., 2016, and references therein; Behrens et al.,
2018). Considering the lack of seasonal change in the seawater εNd values in conjunction with the very low
siliciclastic εNd value of�8.2 at a water depth of 500 m (Tables 1 and 2 as well as Figure 4), the above seasonal
variations in the seawater εNd values at a water depth of 2,800 mmay not result from the dissolution effect of
surface input via continental particulates (Grasse et al., 2017). In contrast, these foraminiferal εNd values are
close to those of the deepwater masses (which range from �2.5 to �0.5) obtained near the radiogenic
(approximately +7) volcanic margin of the western Pacific Ocean farther south and along the pathway of
the modified UCDW, which may reach the southern Philippine Sea (Figure 1). Close to this volcanic margin,
for example, the modified UCDW is characterized by more radiogenic εNd values that reach�0.7 ± 0.2 at site
28 (Figures 1 and 4; Grenier et al., 2013).

Furthermore, the deepwater masses at site T1 (237 m above the sea bottom) may be altered by local bound-
ary exchange with radiogenic sediments from adjacent areas. Although few εNd values from local sediments
are available, the limited published data show that the local rocks and sediments are both characterized by
radiogenic Nd isotope signatures. For example, the εNd values of two samples of volcanic basement rock
obtained at DSDP Site 292 reach +4.1 and +4.6, and those of two core-top sediment samples obtained from
core MD06–3047 collected from the Benham Rise are +0.7 and +2.2 (Hickey-Vargas, 1991; Xu et al., 2015). The
large differences in the εNd values between these radiogenic rocks (which range from +4.1 to +4.6) and sedi-
ments (which range from +0.7 to +2.2) on the sea bottom and the UCDW flowing over sites St2 and St3
(�4.1 ± 0.5; Wu et al., 2015) as well as GeoB17005 (�2.8 ± 0.3; Behrens et al., 2018) permit exchange between
deepwater masses and resuspended particulate matter (Grenier et al., 2013; Hu et al., 2016). As a result, the
exchange in Nd between lithogenic particulates and deepwater masses observed at site T1 in the summer,
autumn, and winter of 2015 has the potential to greatly modify the Nd isotopic compositions of the UCDW
in the western Philippine Sea. The modified UCDW in this area is thus characterized by relatively radiogenic
Nd isotopic compositions, as observed by Grenier et al. (2013) and Wu et al. (2017) in nearby regions, and it
significantly alters the εNd values of the planktonic foraminifera settling to a water depth of 2,800m (Figure 4).

Of particular interest, the planktonic foraminiferal εNd values obtained at a water depth of 2,800 m display
seasonal changes that are characterized by an increase from �1.9 ± 0.3 in the summer to �1.4 ± 0.3 in the
autumn and �0.9 ± 0.3 in the winter of 2015 (Table 2). This increase is associated with a decrease in both
the deepwater temperature and the salinity from the summer to the winter through the autumn of 2015
(Figures 5c and 5d), suggesting a potentially increasing influence of another deepwater mass characterized
by lower temperatures and salinities. In addition, the deep current is characterized by an absolute speed in
the winter that is higher than those in the summer and autumn of 2015 (Figure 5b). As discussed above,
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the εNd values of neither the original NPDW (which range from �4.4 to
�3.0; Horikawa et al., 2011; Wu et al., 2015) nor the original UCDW (which
range from�3.0 to�2.8; Behrens et al., 2018; Hu et al., 2016) that may flow
into the western Philippine Sea can explain the anomalous εNd values of
the planktonic foraminifera collected at a water depth of 2,800 m that
are reported in the present study. Furthermore, this current runs south-
eastward and has a dominant flow direction of ~120° (Figure 5a), which
clearly differs from the primary flow directions of the NPDW (southward)
or the UCDW (northward) that may also flow into the western Philippine
Sea (Behrens et al., 2018; Hu et al., 2016; Wu et al., 2015). Given that
Luzon Island is the volcanic island that lies closest to the study area to
the northwest (Figure 1), and with regard to the characteristics of
seawater, which includes more radiogenic Nd isotopic compositions, lower
temperatures, and lower salinities, the deepwater current observed in the
winter of 2015 can be derived only from the volcanic margin (e.g., the
continental slope) of Luzon Island, where the εNd values are more
radiogenic (which range from +5.8 to +7.1; Defant et al., 1990; Goldstein
& Jacobsen, 1988; Liu et al., 2016) and where a supply of fresh and cold
water is present (Figure 1). Similar observations, including a relatively
radiogenic deepwater εNd value (�0.7 ± 0.2) collected at a similar water
depth at the nearby site 28, which lies close to the coast of Papua New
Guinea (Figures 1 and 4), also arise due to the strong modifying effects
of the volcanic margin of Papua New Guinea, which has similarly
radiogenic εNd values (approximately +7; Grenier et al., 2013). The
boundary exchange process between the deepwater mass and the radio-
genic margin close to Luzon Island together with that between the
deepwater and the radiogenic sediments of the Benham Rise is a critical
factor that influences the Nd isotopic compositions of the deepwater
masses in the western Philippine Sea. These radiogenic deepwater masses
that formed in the winter of 2015 subsequently modified the εNd values of
the planktonic foraminifera settling through the water column
significantly via the potential precipitation of secondary Mn coatings.

Thus, the planktonic foraminifera with the highest εNd values were collected at a water depth of 2,800 m
in the winter of 2015 (Table 2).

One further explanation worth considering here is submarine groundwater discharge, which is a
lower-salinity source that may significantly impact deep but not surface water in the study area (Zektser,
1996). Submarine groundwater discharge is usually enriched in rare earth elements, and it likely reflects
the radiogenic εNd values of Luzon Island (which range from +5.8 to +7.1; Defant et al., 1990; Goldstein &
Jacobsen, 1988; Liu et al., 2016). Such discharge can result in radiogenic Sr (Beck et al., 2013) and increased
Nd concentrations (Johannesson et al., 2011) and thus may account for the radiogenic Nd signatures in this
study. In particular, seasonal changes in submarine groundwater discharge have been linked to variations in
monsoonal precipitation (Hougham et al., 2008). Stronger precipitation over eastern Luzon Island in the
winter than in the summer and autumn of 2015 (Figures 2f and 2g) may lead to a higher flux of submarine
groundwater discharge (Hougham et al., 2008) and may result in the observed radiogenic planktonic
foraminiferal εNd values at a water depth of 2,800 m. In sum, both the boundary exchange process and
submarine groundwater discharge may significantly influence the Nd isotopic compositions of the
deepwater masses in the western Philippine Sea. Therefore, we should be cautious on the usage of seawater
Nd isotopes as a deep circulation tracer therein.

5. Conclusions

In this study, the Sr and Nd isotopic compositions of siliciclastic fractions and the Nd isotopic compositions of
planktonic foraminifera isolated from sediment trap samples in addition to high-resolution hydrographic

Figure 5. Temporal changes in the deep currents, including their (a) direc-
tion, (b) absolute speed, (c) temperature, and (d) salinity at a water depth
of 2,800 m at intervals of 30 min (3-point running average) in 2015. Note the
obvious variations in all of these parameters in the winter of 2015. Different
seasons in which planktonic foraminifera were collected at the same water
depth and then analyzed for the εNd values are also shown.
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information (including the current direction, absolute speed, temperature, and salinity) collected at different
water depths above the Benham Rise in 2015 are investigated. This investigation is carried out to track the
seasonal changes in the provenances of the siliciclastic sediment fractions and the planktonic foraminiferal
εNd values throughout the water column. Moreover, the underlying mechanisms that cause these seasonal
variations in the western Philippine Sea are assessed. The major conclusions are summarized below.

The siliciclastic sediment fractions obtained from the water column are derived mainly from Luzon volcanic
materials (which range from 66.2% to 45.5%) and eolian dust (which range from 33.8% to 54.5%). Themodern
eolian dust transported to the Benham Rise is derived mainly from the EAD (>80%) and, to a lesser extent,
from the Taklimakan, Badain Jaran, and Tengger Deserts (<20%). The fluxes of both Luzon volcanic matter
and eolian particulate are characterized by a seasonal variability; the highest values occur in the spring, fol-
lowed by those in the winter, summer, and autumn of 2015. The EASM precipitation and the EAWM intensity
are the dominant controlling factors on the above changes in the mass fluxes. In addition, the planktonic for-
aminiferal εNd values at water depths of 500 and 2,800 m are clearly different, and these differences indicate
stratified water masses with different provenances and/or influencing factors. On the one hand, the
homogeneous planktonic foraminiferal Nd isotopic compositions collected at a water depth of 500 m during
the different seasons of 2015 (which range from�3.4 ± 0.3 to�3.0 ± 0.3) may suggest a negligible influence
from the Nd inputs of Luzon volcanic matter and eolian dust, although these lithogenic fluxes are
characterized by obvious seasonal changes. On the other hand, the εNd values of the planktonic foraminifera
collected at a water depth of 2,800 m are much higher (which range from�1.9 ± 0.3 to�0.9 ± 0.3) than those
collected at a water depth of 500 m and show a hint of a seasonal increase from the summer to the winter
through the autumn of 2015, possibly suggesting the rapid modification of εNd values during the settling
of planktonic foraminifera in the water column via the precipitation of secondary Mn coatings at the
deposition depths of these foraminifera. However, such deductions must be confirmed with further
measurements. In particular, the presence of an enhanced southeastward-flowing deep current derived from
the Luzon volcanic margin in the winter of 2015 corresponds to the highest εNd value of the planktonic
foraminifera collected at a water depth of 2,800 m. These observations demonstrate the significance of the
boundary exchange process, possibly that associated with the discharge of colder water (e.g., submarine
groundwater) from eastern Luzon Island, in altering the Nd isotopic compositions of deepwater.
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