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A B S T R A C T

The Kuroshio Extension lies at the confluence of the North Pacific subtropical and subarctic gyres and receives 
particulate inputs from Asian dust and volcanic arcs. Constraining the provenance and burial fluxes of these 
materials is key to understanding how external nutrient supply regulates oceanic productivity. Here we quantify 
mass fluxes and sediment source contributions across a north–south transect of five sediment cores, using a 
combined approach of 230Th profile dating and 230Th normalization. Mass flux shows a pronounced north-to- 
south gradient, decreasing from 2.7 g cm− 2 ka− 1 in the north to 0.38 g cm− 2 ka− 1 in the south. Aeolian dust 
provides a regionally uniform lithogenic flux (0.18–0.25 g cm− 2 ka− 1), whereas volcanic inputs are more 
localized but more potent, with fluxes ranging from 0.06 to 1.72 g cm− 2 ka− 1. Volcanic flux co-varies spatially 
with biogenic–authigenic burial flux (r = 0.78), and elevated volcanic inputs in the northern cores are accom
panied by enhanced burial of biogenic and authigenic materials (0.07–0.75 g cm− 2 ka− 1) This pattern suggests 
that volcanic iron fertilization may enhance biological export and promote the co-sequestration of trace metals 
such as rare earth elements. Our findings show that aeolian dust supplies a background level of trace metals, 
while volcanic inputs drive localized hotspots of biological productivity and metal burial. This framework 
highlights the interconnected roles of lithogenic sources in regulating the biological pump, although direct 
constraints on iron bioavailability await further investigation.

1. Introduction

Marine sediments serve as major reservoirs for particles and trace 
metals, although they can also act as sources via early diagenetic 
remobilization and benthic fluxes (e.g., Du et al., 2025). Understanding 
their burial fluxes is essential for constraining the net sink strength and 
evaluating the long-term sequestration of these elements. The primary 
sources of marine sediments include atmospheric dust, volcanogenic 

materials, and biogenic and authigenic components. The Kuroshio 
Extension, situated in the western North Pacific, is characterized by high 
biological productivity and dynamic oceanic processes. This region thus 
provides an ideal natural laboratory to investigate particle sources, 
burial fluxes, and their controlling mechanisms (Nishioka et al., 2020).

Iron (Fe) limitation is widely recognized as a major factor con
straining phytoplankton growth in the open ocean (Martin and 
Fitzwater, 1988; Serno et al., 2014a; Burgay et al., 2021). Aeolian 
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dust and volcanic ash are potential sources of Fe to surface waters and 
are thus important for understanding trace metal cycling and biological 
productivity (Mahowald et al., 2018; Olgun et al., 2011). Mineralogical 
analyses of bulk sediments and atmospheric dust (Letelier et al., 2019; 
Kurisu et al., 2021; Crusius et al., 2024; Wang et al., 2025b) indicate that 
aerosols from central Asian arid and semi-arid regions are transported 
and deposited into the surface waters of the Northwest Pacific, serving 
as a key Fe source (Zan et al., 2025). The role of volcanic ash in surface 
ocean biogeochemical Fe cycling has remained poorly quantified, 
though increasing evidence (Hamme et al., 2010; Olgun et al., 2011; 
Lam et al., 2012, 2013) highlight its potential significance and suggest 
that volcanic ash inputs may be comparable to, or even regionally 
exceed, those of lithogenic dust.

Unlike aeolian dust and volcanic materials, biogenic and authigenic 
particles come mainly from biological production in the upper ocean. 
These include bioapatite fossils and Fe-Mn micronodules, and they serve 
as important sinks for trace metals (Liao et al., 2022; Xiao et al., 2024; 
Wang et al., 2025a). Previous studies have focused mostly on REE- 
enriched depositional regions, showing that biological export can 
enrich trace metals in areas with low sedimentation rates (Liao et al., 
2022). However, how biogenic–authigenic minerals contribute to 
trace metal burial in high-sedimentation-rate settings remains poorly 
understood.

A key challenge is to separate and quantify these different sources, 
since they are mixed together in bulk sediments. Various chemical and 
physical separation techniques have been developed to address this, 
including sequential extraction, geochemical tracers (e.g., REEs, Sr-Nd 
isotopes, 4He-232Th systematics), and statistical methods such as end- 
member mixing analysis (Olivarez et al., 1991; Weber II et al., 1996; 
Ziegler et al., 2007; Jiang et al., 2013; Seo et al., 2014; Zhao et al., 2019; 
Crusius et al., 2024).

These advances have greatly improved our understanding of sedi
ment provenance in the North Pacific. Previous studies show that vol
canic materials dominate near volcanic arcs, such as the Kuril and 
Aleutian Islands, whereas aeolian dust dominates in the central and 
eastern Pacific (Weber II et al., 1998; Ziegler et al., 2007). Serno et al. 
(2014a) conducted an extensive core-top survey across the Subarctic 
North Pacific, using geochemical proxies to map the spatial distribution 
of aeolian dust and volcanic contributions to surface sediments. Notably, 
they observed that biogenic barium fluxes correlate moderately with 
export production in the central and eastern Subarctic North Pacific, yet 
exhibit no significant correlation in the western sector—a regional 
discrepancy that remains mechanistically unexplained (Serno et al., 
2014b). The Kuroshio Extension lies at the boundary between the sub
tropical and subarctic gyres and exhibits a sharp north–south contrast in 
productivity. However, the provenance of sedimentary materials across 
this gradient—and the respective roles of Asian dust versus volcanic 
inputs—has received comparatively little attention.

Quantifying mass flux—the flux of material from the water column 
to the seafloor—is another key challenge. This metric provides insight 
into upper ocean processes that are fundamental to Earth system func
tioning (Francois et al., 2004; Costa et al., 2024). Despite its importance, 
mass flux in the subarctic open ocean remains poorly constrained, 
largely due to methodological difficulties. High sedimentation rates 
hinder the use of traditional geochronological tools over geological 
timescales, and deep depths (below the carbonate compensation depth) 
limit the preservation of foraminiferal shells needed for radiocarbon 
dating (Hayes et al., 2021).

The development of 230Th-based techniques has opened new possi
bilities for constraining sediment accumulation in regions where tradi
tional dating methods fail. Costa et al. (2024) recently applied 230Th 
depth profiling to constrain average sedimentation rates over the past 
500 ka across the deep (>3000 m) North Pacific, revealing low rates 
(<0.25 cm ka− 1) in the subtropical gyre and elevated rates (>0.5 cm 
ka− 1) between 30◦ and 40◦N, particularly west of 160◦W. Their study 
establishes a valuable chronological framework for the region, but does 

not resolve sediment provenance or biogeochemical fluxes. Serno et al. 
(2014a) applied 230Th normalization to constrain mass fluxes in the 
Subarctic North Pacific, but this approach conventionally requires an 
independent chronology to decay-correct the excess 230Th activity. In 
our study area, such age constraints are scarce owing to poor carbonate 
preservation. We therefore adopt an integrated framework combining 
230Th profile dating with 230Th normalization, which enables mass flux 
reconstruction without recourse to 14C or δ18O chronologies.

Here, we combine 230Th profile dating with 230Th normalization to 
derive reliable mass fluxes, and integrate these with sequential extrac
tion data to: (1) quantify the burial fluxes of different sediment com
ponents (aeolian dust, volcanic material, and biogenic-authigenic 
particles), and (2) examine how the input of volcanic material relates to 
enhanced biological export and trace metal burial.

2. Samples and methods

2.1. Study area and sampling

The Kuroshio Extension is situated in the western North Pacific. This 
region is characterized by high primary productivity, markedly 
exceeding that of typical oligotrophic open-ocean regions. This dynamic 
system receives dual terrigenous inputs, from both Asian aeolian dust 
and volcanic materials derived from the Northeast Asian island arcs. In 
addition, the accumulation of substantial amounts of biogenic and 
authigenic minerals influences the burial and geochemical behavior of 
trace metals in the sediments.

Sediment cores samples were collected onboard of R/V dongfanghong 
3 implementing the open research cruise NORC2024-584 (stations were 
shown in Supplementary materials Table S1 and Fig. 1a). Sediment core 
samples were collected using a box corer to minimize surface distur
bance and preserve the integrity of the sediment-water interface. After 
retrieval, the cores were sectioned at 1 cm intervals, and the samples 
were frozen and stored in plastic bags for subsequent geochemical 
analyses.

2.2. Sequential leaching

A sequential leaching procedure was employed to chemically frac
tionate Fe, Mn, and REEs into operationally defined phases. Our pro
cedure is adapted from established protocols, including the Tessier 
method (Tessier et al., 1979), the three-step sequential extraction 
scheme of the European Community Bureau of Reference (BCR; Nemati 
et al., 2011), and sequential leaching schemes developed for deep-sea 
sediments (Koschinsky and Halbach, 1995; Liao et al., 2022; Xiao 
et al., 2024). The material remaining after the sequential extraction is 
termed as the ‘residual’ component. We note that this ‘residual’ 
component is operationally defined by the extraction protocol (Ziegler 
et al., 2007), and this terminology is used throughout the paper. The 
sequential extraction steps are briefly listed in Table 1.

2.3. Sediment digestion and chemical analyses

For the analysis of major, minor, and trace elements (including Al, 
Fe, Mn, 232Th, 238U, and REEs), approximately 100 mg of finely ground 
(<200 mesh) sediment sample was subjected to total digestion. Diges
tion was performed using a mixture of concentrated HNO3, HClO4, and 
HF (5:2:2, v/v/v) in tightly sealed Teflon PFA screw-cap vessels placed 
on a hotplate at 180 ◦C for 48 h. After complete digestion, the vessels 
were opened, and the solutions were evaporated on a hotplate at 160 ◦C 
until near dryness to remove HF and HClO4. The residues were then 
dissolved in 2% (v/v) high-purity HNO₃ and diluted to a known mass for 
analysis. Elemental concentrations were determined using an induc
tively coupled plasma mass spectrometer (ICP-MS; Thermo Scientific 
iCAP Q), following analytical procedures detailed in Guan et al. (2026). 
Potential spectral interferences, such as barium oxide (BaO+) on 
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europium isotopes (151Eu+, 153Eu+), were monitored and corrected for 
using interference equations and by analyzing single-element standard 
solutions.

Analytical accuracy and precision were assessed by analyzing a 
certified stream sediment reference material (GSD-9, Institute of 
Geophysical and Geochemical Exploration, Chinese Academy of 
Geological Sciences). For elements with certified values, replicate ana
lyses (n = 6) generally fell within the certified uncertainty ranges. The 
relative standard deviation (RSD) was typically better than 10%. 
Measured concentrations from the GSD-9 replicates and the certified 
reference values are given in Supplementary Table S6. All acids used 
were of trace metal grade (Fisher Scientific). All aqueous solutions were 
prepared using 18.2 MΩ⋅cm deionized water (Milli-Q, Millipore). To 
verify the reliability and completeness of the sequential extraction 

procedure, an internal mass balance check was performed. For each 
element, the sum of the concentrations recovered in all sequential 
leaching steps (Steps 1–5 plus the residual fraction) was compared to the 
concentration obtained from direct total digestion of a separate aliquot 
of the bulk sediment. For the key elements of interest (Fe, Mn, Al, and 
ΣREE), recoveries ranged from 90% to 110%, confirming the robustness 
and reproducibility of the sequential extraction scheme.

2.4. Radiochemical measurements

The measurement of 230Th activity in sediments followed established 
radiochemical separation and isotopic dilution methods, as detailed in 
Cheng et al. (2024). Briefly, a separate aliquot of approximately 100 mg 
of freeze-dried, homogenized sediment was accurately weighed into a 
pre-cleaned Teflon vessel. The 229Th tracer solution with known activity 
(~5.0 dpm) was added to each sample for isotopic dilution quantifica
tion. The sediment digestion procedure was similar to the total digestion 
method described in Section 2.3. Thorium was then separated and pu
rified from the sample matrix using classic anion-exchange chroma
tography (AG 1 × 8, 100–200 mesh), following established protocols 
(Anderson and Fleer, 1982; Yuan et al., 2023). The purified Th fraction 
was evaporated and redissolved in 2 mL of 2% (v/v) high-purity HNO₃ 
for measurement. 230Th/229Th ratios were measured using a high- 
resolution ICP-MS (Element XR, Thermo Fisher Scientific) equipped 
with an Apex-Q desolvating nebulizer and a high-sensitivity Jet inter
face. Measurements were conducted at the State Key Laboratory of 
Marine Environmental Science of Xiamen University. The procedural 
blank for 230Th was negligible compared to sample signals. Based on 
repeated measurements of standards and sample replicates, the external 

Fig. 1. (a) Spatial distribution of mass accumulation rates (MAR, g cm− 2 ka− 1) and 230Th-normalized mass fluxes (g cm− 2 ka− 1). (b) Vertical profiles of 230Th activity 
at the five stations.

Table 1 
Details of the sequential leaching scheme of sediments.

Step Associated phase Extractant pH

1 Exchangeable 25 mL 1 M MgCl2, 24 h 8.7

2 Calcium carbonate/Calcium 
phosphate

25 mL 1 M Na-acetate, 24 h 4.5

3 Easily reducible Fe-Mn-oxides 25 mL 0.1 M hydroxylamine- 
HCl, 2 h

2.0

4 Oxidizable fraction
10 mL 8.8 M H2O2, 2 h 
then 25 ml 1 M ammonium 
acetate, 16 h

3.5

5 Biogenic silica 25 mL 2 M sodium carbonate, 8 h

Residue Aluminosilicate Total digestion with HClO4, 
HNO3, and HF, 48 h

Z. Zhu et al.                                                                                                                                                                                                                                      Chemical Geology 726 (2026) 123744 

3 



reproducibility for 230Th/229Th ratios was better than 1.0% (±1σ) for 
samples with sufficient signal intensity.

2.5. Mass flux quantification model

Over recent decades, 230Th normalization has been established as a 
standard approach for reconstructing past mass fluxes (particle rain 
rates) in marine sedimentary records (Francois et al., 2004; Costa et al., 
2020). Thorium (t1/2 = 75,400 y) is highly particle-reactive and insol
uble in seawater, in contrast to its parent isotope, uranium. The 230Th 
produced in situ by the radioactive decay of dissolved 234U is rapidly 
scavenged from the water column via adsorption onto sinking particles 
(Bacon and Anderson, 1982). The residence time of thorium in seawater 
is short and depth-dependent, ranging from less than a few years in 
surface waters to several decades in deep waters (Anderson and Fleer, 
1982). This short residence time relative to ocean mixing timescales 
ensures that 230Th removal and deposition reflect primarily vertical 
particle flux from the overlying water column, with minimal bias from 
lateral sediment transport.

The total 230Th activity, (230Th)T, in deep-sea sediments comprises 
three principal components: 

(a) Excess 230Th activity, (230Th)ex: The fraction scavenged from the 
overlying water column and delivered to the seafloor. This un
supported component, which disturbs the secular equilibrium 
between 230Th and its parent 234U in the sediment, forms the basis 
for flux normalization.

(b) Detrital 230Th activity, (230Th)det: The 230Th supported by its 
parent 238U within the crystal lattice of detrital (lithogenic) 
minerals. This component is inherited from the continental crust 
and introduced via terrigenous (aeolian, volcanic) inputs.

(c) Authigenic 230Th: 230Th produced within the sediment column by 
the decay of 234U that has diffused from the overlying water 
under reducing (anoxic) porewater conditions. In oxic deposi
tional environments, this contribution is considered negligible 
(Francois et al., 2004).

Under oxic conditions, assuming secular equilibrium within the 
detrital fraction, the supported (detrital) 230Th activity is equal to the 
activity of its ultimate parent 238U: 
( 230Th)det =

( 238U)

The excess (or unsupported) 230Th activity, representing the scav
enged water-column-derived component, is then calculated as: 
( 230Th)ex =

( 230Th)T −
( 230Th)det 

The 230Th-normalized mass flux (F, in the unit of g m− 2 yr− 1) is then 
calculated as (Francois et al., 2004; Costa et al., 2020): 

F =
βz

(
230Th)ex,0 

where β is the exactly known production rate of 230Th (0.0267 dpm m− 3 

yr− 1, Francois et al., 2004). z is water depth (m). The term β z is 
equivalent to the integrated 230Th production in the overlying water 
column. (230Th)ex,0 is the decay-corrected initial excess 230Th activity in 
the surface sediment (dpm g− 1).

A critical requirement of this method is an independent chronology 
to correct A230Thex0 for radioactive decay since the time of deposition. 
Such chronologies are often derived from oxygen isotope stratigraphy or 
radiocarbon (14C) dating. In the absence of reliable age models, applying 
230Th normalization is significantly limited.

To overcome this limitation, we employed a two-step approach: (1) 
we first used the depth profile of excess 230Th to establish a mass 
accumulation rate (MAR)-based chronology following the constant flux- 

constant sedimentation rate model (Sanchez-Cabeza and Ruiz- 
Fernández, 2012, or a modified iterative model for station D7; see 
Section 3.1.1). 230Th, with its strong affinity for particles, can also serve 
as a tool for dating deep-sea sediments (e.g., Geibert et al., 2019; Cheng 
et al., 2024). Unlike the 230Th-normalization, which corrects for sedi
ment redistribution, 230Th dating based on a decay profile provides an 
estimate of the total MAR at a specific site, regardless of sediment 
redistribution. Instead, it provides an estimate of the mass accumulation 
rate. (2) we then applied this chronology to decay-correct the surface 
sediment 230Thex activity and compute the 230Th-normalized mass flux. 
This integrated approach, while building on established principles, 
represents a novel application that extends the utility of 230Th to sedi
mentary environments where traditional dating methods are not 
feasible.

2.6. Particle composition proportions quantification

In this study, the lithogenic fraction (FL) and biogenic fraction of the 
sediment were quantified using aluminum (Al) content as a conservative 
terrigenous proxy. Al is primarily derived from continental sources and 
exhibits oceanic residence time on the order of decades. Its conservative 
behavior in marine settings—meaning it is largely unaffected by 
biogeochemical processes after deposition—makes it a robust and 
widely adopted proxy for normalizing sedimentary element concentra
tions and correcting for variable dilution by biogenic material (McKay 
and Pedersen, 2008). Consequently, the measured Al content broadly 
represents the total terrigenous flux and can be used to reliably calculate 
the proportion of lithogenic material within the bulk sediment 
(Shigemitsu et al., 2007).

The lithogenic fraction and biogenic fraction of the sediments were 
estimated using Al as a conservative terrigenous proxy according to the 
formula: 

FL =
[Al]Sample

[Al]Lithogenic 

Biogenic fraction = 1 − FL 

where [Al]sample is the measured Al concentration in sediments, and 
[Al]lithogenic is the reference Al concentration in average upper conti
nental crust (8.15%; Rudnick and Gao, 2014). This approach assumes 
that all Al is of terrigenous origin and that its crustal abundance is 
relatively uniform, which is well-supported for marine sediments 
(McKay and Pedersen, 2008).

We used different geochemical proxies (232Th and REEs, measured in 
sediment samples and sequential leaching samples) combined with in
formation about dust and volcanic endmembers to determine the dust 
and volcanic fraction of each sample.

2.6.1. Th approaches
The concentration of Th was utilized to quantitatively apportion the 

relative contributions of aeolian dust and volcanic material. Th is 
particularly effective in distinguishing different source materials due to 
its notable depletion in volcanic arc components compared to upper 
continental crust and aeolian dust (Weber II et al., 1996). Representative 
end-member compositions were defined based on literature values: 
Asian aeolian loess (Th = 14.6 ± 1.03 μg g− 1), approximating the upper 
continental crust (Taylor and McLennan, 1985), and typical North Pa
cific volcanic arc material (Th = 1.9 ± 0.95 μg g− 1; Weber II et al., 
1996), which is based on the average ash composition from ODP Leg 
145 Sites 881–884, together with Kurile–Kamchatka volcanic material 
and Kurile island-arc material. These values are consistent with regional 
provenance studies (e.g., Serno et al., 2014a).

It is important to note that Th concentrations in aeolian dust vary 
with grain size, and are generally higher in fine-grained fractions (<4 or 
< 5 μm; McGee et al., 2016). Because of aerodynamic sorting, long- 
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range transported Asian dust reaching the remote North Pacific is 
dominated by fine clay and fine silt particles (Duce et al., 1991; Maeda 
et al., 2007). Recent aerosol observations in the western North Pacific 
also support a fine-grained, Th-enriched Asian dust signature (Wang 
et al., 2025b). The Th end-member we use (14.6 μg g− 1) falls within 
the range of 14 ± 1 μg g− 1 recommended by McGee et al. (2016) for fine- 
grained Asian dust, so it is a reasonable approximation for the aeolian 
fraction deposited in our study area. However, using a single end- 
member value is a simplification and remains a source of uncertainty.

The fractional contributions were calculated using a simple binary 
mixing model (Weber II et al., 1996): 

fdust =
[Th]sample − [Th]volcanic

[Th]dust − [Th]volcanic
× FL 

fvolcanic = FL − fdust 

where fdust and fvolcanic are the dust and volcanic fraction, [Th]sample is the 
measured Th concentration in the sediment sample (μg g− 1).[Th]dust and 
[Th]volcanic are the characteristic Th concentrations for the defined dust 
end-member (14.6 μg g− 1) and volcanic end-member (1.9 μg g− 1).

2.6.2. Residual-phase REEs approaches
The REE signatures in bulk sediments can be significantly altered by 

secondary processes such as adsorption from seawater, diagenetic 
remobilization, and incorporation into authigenic phases. Therefore, to 
accurately extract and quantify the relative contributions of detrital 
sources-particularly aeolian dust and volcanogenic inputs—it is essen
tial to isolate the REEs least affected by these modifications. The residual 
phase was emphasized because its REE fractionation patterns are 
considered to most faithfully preserve the original terrigenous and vol
canic signals, with minimal overprinting from diagenesis or seawater 
interaction. Consequently, we used the REE patterns (specifically the 
La/Yb ratio) of the residual fraction to apportion the terrigenous flux 
between aeolian and volcanic end-members.

To quantify these contributions, a simple two-endmember mixing 
model based on the La/Yb ratio was applied to the residual fraction 
(Otosaka et al., 2004; Maeda et al., 2007). Representative La/Yb values 
for the end-members were taken from the literature: La/Yb = 14.56 for 
Asian loess (< 4.2 μm) and La/Yb = 3.4 for typical North Pacific volcanic 
arc material (Bailey, 1993; Weber II et al., 1996; Shigemitsu et al., 
2007). This value is similar to the tholeiitic series volcanic rocks of 
the Aleutians reported by Kay (1977). Absolute REE concentrations in 
Asian dust can vary with source region, transport pathway, and grain 
size (Jeong, 2020). Still, PAAS-normalized REE patterns and key 
elemental ratios such as La/Yb tend to be more stable than absolute 
concentrations and generally resemble upper continental crust compo
sitions (Zhang et al., 2016). Using the residual-phase La/Yb ratio 
therefore reduces (but does not eliminate) uncertainty from variations in 
absolute concentrations.

The dust fraction in the terrigenous component was calculated as: 

(La/Yb)Sample =
[
(La/Yb)dustfdust +(La/Yb)volcanicfvolcanic

]/
FL 

fvolcanic = FL − fdust 

where (La/Yb)Sample is the measured ratio in the sediment residual 
fraction. (La/Yb)volcanic and (La/Yb)dust are the characteristic La/Yb. The 
calculation method of the volcanic fraction is the same as that of the Th 
approaches.

2.7. Calculation of trace metal flux in different forms

The burial flux of each trace metal species (e.g., Fe in Fe-Mn oxides, 
REEs in the biogenic and authigenic fraction) was calculated by multi
plying its concentration (μg g− 1) in the respective operationally defined 

phase (from sequential extraction) by the total 230Th-normalized mass 
flux (g cm− 2 ka− 1) at each station.

3. Results

3.1. Sediment mass fluxes constrained by 230Th

3.1.1. Spatial patterns of mass accumulation rates (MARs) derived from 
230Thex profiles

Sediment cores from the southern stations (E10 and P1–31) exhibit 
relatively constant excess 230Th activity, (230Th)ex in the upper ~10 cm, 
followed by a gradual decrease with depth (Fig. 1b). A surface mixed 
layer with homogeneous (230Th)ex activity is characteristic of deep-sea 
sediments. This feature is typically attributed to the continuous supply 
of 230Th to the seafloor via particle scavenging from the water column, 
combined with modern effective bioturbation that homogenizes the 
high 230Th signal within the surface sediment layer (Cochran and 
Krishnaswami, 1980). Below ~10 cm, the 230Th activity profiles show 
clear exponential decay.

In contrast, cores from northern stations D5, D6, and D7 below 12 cm 
show minimal variation in 230Thex activity (typically <1 dpm g− 1; 
Fig. 1b). This weak signal is likely due to a combination of shorter core 
lengths and higher sedimentation rates. Although the decay trend in 
these profiles is weak, the high precision of the 230Th measurements 
(relative standard deviation <3%) still allows reliable fitting of the 
profiles and estimation of MARs and mass fluxes. We adopted the con
stant flux-constant sedimentation rate (CF-CS) model for sedimentation 
rate estimation. We applied the model to cumulative mass depth (g 
cm− 2) rather than absolute depth to account for sediment compaction 
and downcore variations in dry bulk density.

At station D7, the upper 0–12 cm shows a pronounced reversed 
vertical trend in 230Thex activity (Fig. 1b). Meanwhile, 232Th activity 
decreases from 0.08 dpm g− 1 at the surface to 0.03 dpm g− 1 at 16.5 cm 
depth (Supplementary materials Table S2). The corresponding varia
tions in dry bulk density and mean grain size (Supplementary materials 
Table S3) indicate a significant and progressive shift in mineral 
composition. These changes imply an increased influx of fine-grained, 
232Th-rich terrigenous material, which diluted the scavenged, 
seawater-derived 230Th signal. This alteration rendered the standard CF- 
CS model inapplicable to the upper 12 cm. Consequently, we developed 
a revised model to address this issue. The model is based on two key 
assumptions: (1) the flux of excess 230Th (230Th)ex to the sediment-water 
interface remained constant over the relevant timescales, and (2) the 
initial concentration of 230Thex in the particulate matter is inversely 
proportional to the MAR. These assumptions are reasonable given the 
short residence time of 230Th in the water column and its rapid removal 
to the seafloor via proximal scavenging (Francois et al., 2004).

We initialized the model using the measured, non-decay-corrected 
230Thex activity profile and the constant MAR from depths below 12 
cm. An iterative procedure was then used to resolve the interdependence 
between MAR and depositional age. In each iteration, we calculated 
MAR and age for each layer, decay-corrected the (230Th)ex activities, and 
used the corrected profile for the next iteration. This process continued 
until the MAR values converged to stable solutions.

As shown in Fig. 1a, the highest MAR (2.3 ± 0.5 g cm− 2 ka− 1) was 
observed in the surface layer of station D7, then decreased gradually to 
1.0 ± 0.2 g cm− 2 ka− 1 at 12 cm depth and remained relatively constant 
below. Stations D6 and D7 in the north exhibited the highest MAR 
values, with a general decreasing trend from north to south. In contrast, 
the southern stations E10 and P1–31 had much lower MAR values, at 
0.18 ± 0.01 and 0.26 ± 0.02 g cm− 2 ka− 1, respectively. For stations D5, 
D6, E10, and P1–31, no significant downcore variations in MAR were 
observed.

The MAR values at E10 and P1–31 are consistent with earlier results 
from this area (Yang et al., 1986) and with recent compilations from 
other parts of the North Pacific (Costa et al., 2024). Our study provides 
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the first reported sedimentation rates for the deep-sea plains in the 
mixed zone and the Oyashio-influenced region of the northern Kuroshio 
Extension. We observed a clear north-to-south gradient in MAR, with 
values varying by more than an order of magnitude. Possible drivers of 
this spatial gradient are discussed in the following section.

3.1.2. Spatial patterns of 230Th-normalized mass fluxes
The MAR calculations described above provide a robust chronolog

ical framework. We then derived 230Th-normalized mass fluxes using the 
method in Section 2.5. Overall, the spatial patterns of MAR and 230Th- 
normalized mass flux are similar (Fig. 1a), and the results from the two 
methods are consistent (r = 0.96).

The relative difference between the two is more pronounced at the 
southern stations (E10 and P1–31), where sedimentation rates are low, 
exceeding analytical uncertainty. We see two possible explanations. One 
is sediment focusing or winnowing by bottom currents. At lower sedi
mentation rates, sediments are exposed to reworking by bottom currents 
and bioturbation for longer periods, which may amplify focusing or 
winnowing effects. The other is that initial 230Thex activity may be 
underestimated due to biological mixing. At the southern stations, lower 
sedimentation rates allow more 230Th decay within the sediment col
umn, so older sediment gets mixed into younger layers, diluting the 
230Th signal and thus overestimating the 230Th-normalized mass flux. 
Our previous work in this region documented excess 210Pb activities 
extending to depths of ~10 cm (Zhu et al., 2024), indicating that sedi
ment deposited over the last decades has been mixed into older layers 
(over 10 thousand years old). In contrast, at northern stations D6 and 
D7, sedimentation is rapid enough that 230Th decay within the sediment 
is negligible. Under these conditions, MAR from the 230Thex decay 
profile agrees more closely with the 230Th-normalized mass flux.

3.2. Geochemical composition and source discrimination

3.2.1. Bulk sediment geochemistry and REE patterns
Significant temporal variations in bulk geochemical composition 

were observed only at station D7. For station D7, the core was divided 
into two intervals: the surface section (0–12 cm), representing recent 
deposition, and the deeper section (>12 cm), characterized by a stable 
sedimentation rate.

The Post-Archean Australian average shale (PAAS)-normalized REE 
patterns (Taylor and McLennan, 1985) provide insights into the sedi
ment provenance and depositional processes in the Kuroshio Extension 
region (Supplementary Table S4, S5). A slight enrichment of medium 
REEs (MREE) is observed at stations D6 and P1–31. Their REE patterns 
are similar to those of Asian loess (Weber II et al., 1998). This similarity 
suggests a dominant source contribution of aeolian dust at these sta
tions. In contrast, sediments from the northern stations exhibit notable 
enrichment in heavy REEs (HREE). This is particularly pronounced in 
the surface sediments (0–5 cm) of station D7, which have a low La/Yb 
ratio of 4.1 ± 0.1. This ratio is much lower than the typical loess 
signature (La/Yb = 13.6, Weber II et al., 1996), but closer to values 
characteristic of volcanogenic materials, such as debris from the Kuril- 
Kamchatka arc (La/Yb = 3.41; Weber II et al., 1998). This HREE 
enrichment may reflect enhanced input of HREE-rich volcaniclastic 
material from northern sources (Censi et al., 2007), or intensified for
mation of authigenic minerals under high-productivity conditions, 
which preferentially incorporate REEs from seawater (Akagi, 2013).

3.2.2. Phase partitioning by sequential extraction
In the sequential leaching procedure, the concentration of 

exchangeable phase REEs (extracted in Step 1) accounted for less than 
1% of the total sedimentary REE inventory. The leached concentrations 
of Fe and Mn were negligible, remaining below the detection limit 
(<0.01 mg L− 1) in most cases. The carbonate/apatite phase REEs 
(liberated in Step 2), accounting for 8–22% of the total, exhibited a 
PAAS-normalized pattern characterized by distinct MREE and HREE 

enrichment and a pronounced negative cerium (Ce) anomaly (Ce/Ce* =
0.50 ± 0.11). Fe and Mn concentrations in this phase were also negli
gible. Step 3 extracted easily reducible Fe-Mn oxides, which released 
15–32% of total Mn and 8–16% of total Fe. The REEs extracted in this 
step accounted for 8–20% of the total, comparable to Step 2, but with a 
very different PAAS-normalized pattern: relatively flat with a significant 
positive Ce anomaly (Ce/Ce* = 1.64 ± 0.20). Step 4 (oxidizable frac
tion) dissolved 2.7–14.3% of total Fe and 42–55% of total Mn. The REEs 
released in this step were minor, constituting <5% of the bulk sediment 
total. In Step 5 (biogenic silica), Fe and Mn were below the ICP-MS 
quantification limit, and REEs constituted <5% of the bulk sediment 
total.

The carbonate/apatite phase (Step 2) shows a pronounced negative 
Ce anomaly and HREE enrichment. This pattern reflects seawater in
fluence, where REEs were scavenged and then incorporated into authi
genic carbonate and phosphate minerals (Liao et al., 2022). In contrast, 
the Fe-Mn oxide phase (Step 3) displays a positive Ce anomaly. This 
indicates Ce scavenging by Mn (and Fe) oxides, during which dissolved 
Ce3+ was adsorbed and oxidized to less soluble Ce4+ (Bau et al., 2014; 
Bau and Koschinsky, 2009). We detected no positive Eu anomaly in the 
Fe-Mn oxide phase (Eu/Eu* = 0.92–1.02), indicating that submarine 
hydrothermal activity does not dominate Fe-Mn oxide burial in the study 
area. This agrees with the known behavior of hydrothermal systems, 
which typically produce a distinct positive Eu anomaly in vent fluids and 
associated precipitates (e.g. Rouxel et al., 2018; Azami et al., 2023).

The residual fraction contained the highest proportions of both Fe 
(67–83%) and ΣREE (50–78%), along with 13–34% of the total Mn 
(Supplementary Table S5). The characteristics of this fraction are 
consistent with findings from other marine sedimentary environments 
(e.g., Roy, 2015). The PAAS-normalized REE patterns of the residual 
fraction varied among stations. There is a clear latitudinal gradient: 
northern stations show greater HREE enrichment, while southern sta
tions have flatter patterns. In northern stations, the residual fraction 
exhibits HREE enrichment, which contrasts with the typically flat pat
terns of Asian aeolian loess and instead resembles the flat to HREE- 
enriched signatures characteristic of Kuril–Kamchatka volcanic mate
rials (Weber II et al., 1996, 1998).

The residual fraction shows a clear latitudinal gradient: northern 
stations have stronger HREE enrichment, while southern stations have 
flatter patterns. This is shown by the relationship between the La/Yb 
ratio and distance from the volcanic arc (Supplementary Fig. 1), which 
shows a broad positive trend (R2 = 0.628, p = 0.06), consistent with La/ 
Yb increasing from the more volcanogenic north (La/Yb = 4.60 for 
Station D7 surface) toward the more aeolian-influenced south (La/Yb =
11.32 for Station P1–31). This plot illustrates the overall shift in litho
genic provenance with increasing distance. Residual REE patterns for all 
stations are shown in Fig. 2c.

4. Discussion

4.1. Sediment source partitioning and burial fluxes

4.1.1. Lithogenic and biogenic-authigenic proportions
As described in Section 3.2, the bulk sediment composition and 

sequential leaching results provide the basis for source apportionment. 
We then used the approach in Section 2.6 to quantify the lithogenic and 
biogenic fractions. The results are summarized in Table 2, showing 
percentage contributions from FL-Th and FL-Residual REE approaches. 
There are clear spatial variations in source contributions. For the total 
lithogenic fraction (aeolian dust and volcanic material), stations farther 
south have a higher proportion of terrigenous material, with the highest 
value (~90%) at station E10. Volcanic contributions in the north are up 
to five times higher than in the south, while dust influence shows the 
opposite trend, with similar magnitude.

The distribution of biogenic and authigenic components follows a 
similar north–south gradient. At station D7, the northernmost site, the 
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deeper section (>12 cm) contained the highest proportion (54%). Sta
tions in the north, which have higher productivity, also contain a greater 
proportion of biogenic and authigenic components. This proportion is 
positively correlated with satellite-derived surface chlorophyll-a con
centrations (r = 0.95; data from Hong et al., 2023), suggesting that 
higher primary productivity enhances the preservation and burial of 
these components.

We used two methods to quantify the dust and volcanic fractions 
within the lithogenic fraction: the Th approach and the residual-phase 
REE approach (Table 2). The two methods generally agree (r = 0.89 
for loess fractions), but scatter at individual stations (e.g., D5) highlights 
the difficulty of separating volcanic and aeolian signals in mixed sys
tems. This likely reflects uncertainties in end-member compositions and 
the different behavior of Th and REEs during transport and diagenesis.

Furthermore, the coarse bulk grain size does not affect the dust end- 
member used above. Although bulk sediments at the northernmost 
Station D7 show coarser grain-size distributions (e.g., 14–46 μm, with 
some layers containing particles <75 μm), this is a well-known feature of 
the highly productive, arc-proximal Northwest Pacific. Regional studies 
indicate that coarse particles in this area are dominated by large 
biogenic siliceous tests (e.g., large diatoms; Onodera et al., 2005), as 
well as proximal coarse volcanic ash, pumice, and ice-rafted debris 
(Scudder et al., 2016). This evidence indicates that the coarser bulk 
grain size reflects high biogenic productivity and local volcanic input, 
rather than anomalously coarse aeolian dust. Because aerodynamic 
sorting restricts the long-range transported aeolian component in this 
remote pelagic region to the fine-grained fraction (Maeda et al., 2007), 
our use of a fine-grained aeolian end-member remains robust and is 
unaffected by the coarse biogenic and volcanogenic components.

4.1.2. Spatial variability in component burial fluxes
Burial fluxes for each component (Table 3) were calculated by 

multiplying the mass flux (Section 3.1) by the relative contributions 
from source apportionment (Section 4.1.1).

The dust flux we derived (0.18–0.25 g cm− 2 ka− 1) is consistent with 
atmospheric model predictions (Mahowald et al., 2005), independent 
studies of dust in the Subarctic North Pacific (0.04–0.38 g cm− 2 ka− 1, 
Serno et al., 2014a), and the Japanese aerosol reanalysis dataset 
(JRAero; Yumimoto et al., 2017). This consistency reflects the 
long-distance transport of dust from Central Asia and aligns with the 
expected exponential eastward decline in Asian dust transport (e.g., 
Zhang et al., 2016).

Volcanogenic material fluxes show a pronounced latitudinal 
gradient, with much higher values in the north. These estimates agree 
with values reported for the Izu-Bonin-Mariana Arc (Scudder et al., 
2009, 2014) and for the Subarctic North Pacific (Serno et al., 2014a). 
High volcanic fluxes at northern stations (D6, D7) come from nearby 
Kuril–Kamchatka and Aleutian arc sources, together with transport by 
subarctic North Pacific circulation (Oyashio Current; Nishioka et al., 

Fig. 2. PAAS-normalized REEs patterns for the major operationally defined phases extracted by sequential leaching: (a) carbonate/apatite phase; (b) Fe-Mn oxide 
phase; (c) residual aluminosilicate fraction.

Table 2 
Source apportionment of bulk sediments: relative contributions (%) of Asian loess, volcanogenic material, and biogenic–authigenic components. FL denotes the 
lithogenic fraction, calculated from Al content. FL-Th and FL-Residue REEs denote two independent source-apportionment approaches for the lithogenic fraction: FL- 
Th uses Th concentrations, whereas FL-Residue REEs uses La/Yb ratios of the residual fraction. Values for Asian loess and volcanogenic material are expressed as 
percentages of the bulk sediment.

FL-Th approaches FL-Residue REEs approaches

Station Asian loess 
(%)

Volcanogenic material (%) Asian loess (%) Volcanogenic material (%) Biogenic and authigenic particles (%)

D7 0-1cm 14 ± 4 58 ± 3 8 ± 4 63 ± 4 28 ± 5
D7 12–36 cm 8 ± 9 38 ± 11 16 ± 2 30 ± 2 54 ± 5
D6 28 ± 5 29 ± 5 24 ± 2 32 ± 2 43 ± 8
D5 53 ± 4 28 ± 4 35 ± 1 47 ± 1 18 ± 2
E10 42 ± 7 49 ± 6 46 ± 1 45 ± 1 9 ± 2
P1–31 60 ± 6 21 ± 4 64 ± 1 16 ± 1 19 ± 9

Table 3 
Burial fluxes of sediment components (g cm− 2 ka− 1).

Station Asian 
loess

Volcanogenic 
material

Biogenic and authigenic 
particles

D7 0-1cm 0.23 1.72 0.75
D7 12–36 

cm 0.18 0.33 0.59

D6 0.20 0.27 0.35
D5 0.21 0.28 0.11
E10 0.21 0.21 0.04
P1–31 0.25 0.06 0.07
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2020), which carries suspended volcaniclastic particles into the sub
arctic and transition zones. The southward spread of these particles is 
largely limited by the Kuroshio Extension front: although eddies and 
mixing allow some cross-frontal exchange, the front acts as a dynamic 
barrier that restricts direct southward penetration of Oyashio-sourced 
volcanic material into the subtropical gyre.

In contrast, southern stations (E10, P1–31) are farther from northern 
volcanic arcs and lie within the subtropical recirculation gyre. Shielded 
from northern volcanic inputs by the Kuroshio Extension front, this re
gion receives terrigenous material mainly through atmospheric deposi
tion. Asian dust, carried by the East Asian monsoon and mid-latitude 
westerly jet, is transported across the North Pacific and forms a basin- 
wide aeolian background flux (Serno et al., 2014a; Xu et al., 2014, 
2015; Yumimoto et al., 2017).

Furthermore, volcanogenic flux shows a strong positive correlation 
with biogenic–authigenic flux (r = 0.78; Fig. 3), and both follow a 
similar latitudinal pattern. The higher biogenic–authigenic flux in the 
north reflects enhanced biological productivity, which is fueled by 
lithogenic nutrient supply (Lam and Bishop, 2008). It also reflects 
favorable conditions for the export and burial of biogenic particles 
(Honjo et al., 2008).

4.2. Mechanisms controlling biological export and trace metal burial

4.2.1. Linking volcanic inputs to enhanced biological production
Fe burial flux is more closely associated with volcanogenic input (r =

0.81) across our study transect. In the northern cores (D7, D6), where 
volcanic fluxes are highest (0.27–1.72 g cm− 2 ka− 1), Fe burial reaches its 
maximum values; in contrast, the southern cores (E10, P1–31) receive 
lower volcanic inputs (0.06–0.21 g cm− 2 ka− 1) and exhibit corre
spondingly lower Fe burial. This spatial pattern suggests that volcanic 
materials serve as the dominant local Fe source supporting elevated 
primary productivity in the Kuroshio Extension, particularly in the 

northern, arc-proximal sector. Aeolian dust, despite its weaker correla
tion, likely provides a regionally pervasive background Fe supply across 
the study area.

The burial flux of non-residual Fe, especially the fraction associated 
with Fe-Mn oxides, also shows strong positive correlations with both 
volcanogenic flux and biogenic–authigenic flux (Fig. 3). These re
lationships are consistent with the well-established paradigm in high- 
nutrient, low-chlorophyll (HNLC) regions, where Fe availability is 
widely recognized as a primary limiting factor for phytoplankton growth 
(Martin and Fitzwater, 1988; Boyd et al., 2007). In the subarctic Pacific, 
proximal volcanic inputs have been repeatedly documented as an 
effective source of bioavailable Fe capable of alleviating nutrient limi
tation and stimulating biological productivity (Lam and Bishop, 2008; 
Hamme et al., 2010; Olgun et al., 2011). Our observations align with 
these regional and global syntheses, supporting a tight coupling between 
Fe cycling and the biological pump. Bioavailable Fe released from vol
canic materials likely enhances phytoplankton growth and particulate 
organic carbon export, while the subsequent settling of biogenic parti
cles acts as a critical carrier, facilitating the efficient transport of Fe from 
surface waters to the deep ocean for long-term sequestration.

4.2.2. Biogenic–mediated burial of REEs
A similar coupling pattern is observed for REEs. Both total and bio

genic–authigenic REEs burial fluxes exhibit strong positive correlations 
with the burial flux of biogenic–authigenic components. Although the 
relative proportion of REEs hosted in the residual phase is lower in 
northern sediments, the absolute burial fluxes of REEs are substantially 
higher in the northern region. For instance, the total REEs burial flux at 
Station D7 is approximately 2.5 times that at Station P1–31. These ob
servations indicate that the Kuroshio Extension acts as a significant sink 
for REEs, with biogenic and authigenic pathways playing a dominant 
role in removing these elements from the upper ocean.

Proximal volcanic Fe input may have enhanced biological export 
against a background of relatively refractory lithogenic input from 
aeolian dust. This may have strengthened the particle carrier effect and 
contributed to REE co-sequestration. The bioavailability of volcanic Fe 
depends on ash composition, age, and depositional environment, and 
direct measurements are still needed to confirm this pathway (Chen 
et al., 2020). This mechanism highlights the interconnected roles of 
lithogenic inputs and biological processes in regulating trace metal 
cycling in this dynamic oceanic region.

5. Implications

Our results suggest a positive feedback mechanism linking volcanic 
Fe supply, biological export, and trace metal burial (Fig. 4). Aeolian dust 
provides a regionally uniform background input (Xu et al., 2014; Serno 
et al., 2014a), while volcanic materials deliver a more localized but 
potent source (Lam and Bishop, 2008; Nishioka et al., 2020) of 
bioavailable Fe. Together, they alleviate Fe limitation, stimulate pri
mary productivity (Browning et al., 2014), and enhance the export and 
burial of biogenic particles (Honjo et al., 2008; Sunda, 2012), which in 
turn facilitate the co-sequestration of trace metals such as REEs (Cao 
et al., 2024; Du et al., 2025).

However, we acknowledge that the proposed “Fe fertilization” 
mechanism remains inferential at this stage. Direct measurements of 
bioavailable Fe (e.g., dissolved Fe or ascorbate-extractable Fe) in the 
water column or porewaters are needed to confirm this pathway. 
Nonetheless, the strong spatial correlations we observed, together with 
the consistency with previous Fe-addition experiments (e.g., Boyd et al., 
2007; Guan et al., 2026), support the plausibility of this interpretation. 
Future work should focus on quantifying the bioavailability of volcanic 
Fe and its impact on phytoplankton communities in this region.

Fig. 3. Correlation matrix of burial fluxes for three sediment components 
(Asian loess, volcanogenic material, and biogenic–authigenic components) and 
four metal fluxes (total Fe, total REEs, Fe-Mn oxide-bound Fe, and bio
genic–authigenic REEs). The variables are abbreviated as Asian, Volc, Auth, 
Fe_t, REEs_t, Fe_o, and REEs_b, respectively. The area of the pie chart sector is 
proportional to the magnitude of the Pearson correlation coefficient, with 
colors ranging from red (positive correlation) to blue (negative correlation). *, 
**, and *** indicate significant correlations at *p* < 0.05, *p* < 0.01, and *p* 
< 0.001, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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6. Conclusions

This study quantifies the burial fluxes and provenance of sedimen
tary materials across a north–south transect in the Kuroshio Extension. 
Mass fluxes show a pronounced north-to-south gradient, decreasing 
from 2.7 g cm− 2 ka− 1 in the north to 0.38 g cm− 2 ka− 1 in the south, a ~ 
7-fold decrease from north to south. Aeolian dust provides a regionally 
uniform background flux (0.18–0.25 g cm− 2 ka− 1), whereas volcanic 
inputs are more localized but more potent, with fluxes up to 1.72 g cm− 2 

ka− 1 in the north and much lower values in the south. Elevated volcanic 
fluxes coincide spatially with enhanced biogenic particle burial (r =
0.78), suggesting that volcanic Fe fertilization stimulates biological 
export and promotes co-sequestration of trace metals such as REEs. 
Collectively, these findings highlight the interconnected roles of aeolian 
and volcanic inputs in regulating metal cycling and biological produc
tivity in this dynamic oceanic region.
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