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Abstract https://doi.org/10.7185/geochemlet.2223

Rare earth elements (REEs) are powerful tools to track oceanic biogeochemical proc-
esses. However, our understanding of REE sources is incomplete, leading to contro-
versial interpretations regarding their oceanic cycling. Continental margin sediments
are often assumed to be a major source, but the sediment pore water data required to
understand the processes controlling that potential source are scarce. Here, we mea-
sure and compile pore water and estuarine REE data from the Changjiang (Yangtze)
estuary–East China Sea shelf. We show that release of REEs, from shallow pore water
to overlying seawater, is coupled to Mn reduction. In contrast, REEs are removed in
deep pore water, perhaps via formation of an authigenic REE-bearing phase. This
sedimentary source can potentially explain REE addition in the estuary at mid-high

salinity. Our calculations suggest that the benthic flux is the largest Nd source (∼40 %) on the East China Sea shelf. Globally,
however, despite a higher benthic Nd flux on the advection-dominated shelf, the much more extensive deep ocean still domi-
nates the total area-integrated benthic flux. Our results call for amore extensive investigation of themagnitude of the benthic flux
of REEs to the oceans.
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Introduction

The rare earth elements (REEs), as a series of particle-reactive
elements, show non-conservative behaviour during transport
from continental source to oceanic sink (Elderfield and
Greaves, 1982; Rousseau et al., 2015). As such, REE patterns
are widely used in oceanographic studies, to track boundary
exchange and internal cycling (Elderfield and Greaves, 1982;
Jeandel and Oelkers, 2015). Nevertheless, source-to-sink proc-
esses for oceanic REEs remain poorly understood. Two hypoth-
eses have been proposed to explain oceanic REE distributions:
the top-down (Siddall et al., 2008) versus the bottom-up control
(Abbott et al., 2015; Du et al., 2020). The former emphasises
reversible scavenging, while the latter focuses on the dominance
of benthic processes. The resolution of this debate would provide
valuable insights on the long-standing “Nd (Neodymium) para-
dox”: while Nd isotopes appear to behave conservatively during
watermassmixing, dissolvedNd concentrations ([Nd]diss) reflect
the behaviour of a reactive element (Arsouze et al., 2009;
Haley et al., 2017). Such inconsistency impedes the application
of Nd isotopes as a tracer for paleo-circulation (Du et al., 2020;
Patton et al., 2021).

The ambiguities in the oceanic REE cycling and budget are
partially caused by incomplete understanding of REE sources.
The mass balance of oceanic REEs requires sources other than
riverine input and atmospheric deposition (Elderfield and
Greaves, 1982), such as a benthic dissolved flux across the
sediment–water interface via porewater (Abbott et al., 2015;

Du et al., 2016) and/or submarine groundwater discharge
(Johannesson et al., 2011). In particular, recent modelling efforts
suggest that continental margin sediments can be amajor source
of oceanic REEs (Arsouze et al., 2009; Rempfer et al., 2011). On
continental margins, isolating the contribution of a sedimentary
REE flux to seawater is particularly difficult because of the com-
plex interaction between riverine input, oceanic currents, and
benthic processes. Dissolved REEs have been measured in many
estuarine transects and an additional sedimentary source is often
proposed to explain their spatial distribution (Wang and Liu,
2008; Rousseau et al., 2015). However, the corresponding sedi-
ment porewater REE data, which provide the direct evidence for
a benthic flux, are still scarce.

Here, we focus on one of the largest land–ocean interfaces
in Asia, the Changjiang (Yangtze) River–East China Sea system.
The Changjiang River delivers a huge amount of fresh water
(∼890 km3/yr) and sediment (∼450 Mt/yr) to the continental
margin (Chen et al., 2001), accounting for 2–3 % of global dis-
charge. The East China Sea is characterised by one of the widest
continental shelves (shelf area: ∼5 × 105 km2) and highest sed-
imentation rate (inner shelf: ∼1–6 cm/yr) worldwide (Liu et al.,
2006). The high dissolved–particulate riverine fluxes make this
region ideal for studying the effect of boundary exchange on
REE cycling. This paper presents REE data for shelf sediment
porewater profiles, as well as for estuarine water from this study
and the literature. The main aim is to investigate REE cycling on
the East China Sea shelf, with an emphasis on benthic processes,
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and to provide new insights on the role of the continental shelf in
the global benthic REE flux.

REE Cycling on the Shelf

Along the salinity transect in the Changjiang estuary, estuarine
[REE]diss decreases dramatically at salinity <1–2 psu, driven by
scavenging, and gradually increases atmid-high salinity (Fig. S-3),
hinting at a potential marine sedimentary source (Wang and Liu,
2008). We measured porewater [REE]diss for four multi-core sta-
tions at water depths of 6–46 m (Figs. 1, 2; locations in Fig. S-1).
[REE]diss of shallow porewater is generally higher than that for
bottom water, consistent with observations from other
continental margins and with release of porewater REEs to the
overlying seawater (Haley et al., 2004; Abbott et al., 2015).

At the shallowest site, C6-1 at 6 m, the REE patterns are
relatively invariant (Fig. 1). However, porewater [REE]diss
increases with core depth, implying a diagenetic source below
the studied depth range and upward diffusion. The similarity
between the porewater [Mn]diss and [REE]diss profiles (Fig. 2)
at C6-1 suggests a source of both at depths at, or beneath,
∼20 cm, most likely the reductive dissolution of Mn oxides.
Porewaters at C10 (depth: 12m) are characterised by amaximum
in [REE]diss at shallow core depth (<7 cm), coincident with a
maximum in [Mn]diss (Fig. 2). These observations are again con-
sistent with a source of REE linked to Mn reduction. Indeed,
REEs are commonly enriched in Mn oxides and they can be
released together in a reductive environment (Blaser et al.,
2016). The change in porewater REE patterns also supports
the control of Mn reduction. The correlation (R2= 0.58; <7 cm
at C10; Fig. S-4) between porewater [Mn]diss and Ce anomaly
(Ce/Ce*) values (Eq. S-1) is consistent with the well-known
association of Ce with Mn oxyhydroxide (Schijf et al., 2015).
Besides, theMn-Fe leachate from the Changjiang sediment with
low ratios of heavy REEs to light REEs (HREE/LREE, Eq. S-2; <1
when normalised to the post-Archean Australian Shale or

PAAS) (Wang and Liu, 2008) would release more dissolved
LREEs (relative to bottom water) as observed (Fig. 1). In com-
parison, [Fe]diss is generally low (mostly<1 μM) throughout core
C6-1 and at shallow depth in C10, and the highest [Fe]diss of all
cores (at 16 cm of C10) corresponds to the lowest [Nd]diss in this
core. Hence, either Fe cycling is not the major controlling factor
of REEs in either core, or its effect is obscured by other factors.

At depths exceeding ∼7 cm in C10, [LREE]diss decreases
dramatically, accompanied by an HREE-enriched pattern
(Fig. 1). This evolution with depth hints at the operation of a sec-
ond early diagenetic process. Here, lower [REE]diss andpreferential
scavengingof LREEs suggest removal to an authigenicphase.High
porewater [P]diss at depth (13–24 μM), in contrast to ∼1 μM at
<4 cm (Fig. 2), could facilitate the precipitation ofminor phosphate
(Byrne and Kim, 1993). This is consistent with in-situ formation of
authigenic P at great sediment depth in this region (Liu et al., 2020),
and with the fact that phosphate precipitation would result in an
HREE-enriched pattern in solution (Byrne and Kim, 1993).

More LREEs release at shallow core depth and preferential
removal at great core depth can also be observed at greater water
depth (33m at C13 and 46mat B14) (Fig. 1). Specifically, peaks in
[Mn]diss and [Nd]diss are co-located at shallow core depth
(≤6 cm; Fig. 2). [Fe]diss also peaks at ≤6 cm and thus its effect
on [Nd]diss is difficult to isolate. For both stations, [Nd]diss
becomes much lower at great depths (>7 cm) while [P]diss
remains high (>10 μM). Note that the clear association of high
porewater REE abundance and release of more LREEs (relative
to bottom water) with Mn reduction could be obscured some-
times: REE concentrations and patterns reflect the competition
between diverse sources and sinks, and the contribution of each
component likely varies among basins (Haley et al., 2004;
Abbott et al., 2015).

To further illustrate REE cycling through the Changjiang
Estuary–East China Sea transect, we present the relationship
between Ce/Ce* and HREE/LREE (Fig. 3). Estuarine scavenging
leads to a decrease in Ce/Ce* and an increase in HREE/LREE

Figure 1 Sediment porewater REE pattern normalised to the bottom seawater (depth of 0 cm) at each station. Analytical uncertainties
(see Supplementary Information) are shown here and in later figures.
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(towards seawater end members), while the reductive release of
REEs in shallow porewater shows a reverse trend, with lower
HREE/LREE and higher Ce/Ce* (towards Mn-Fe leachate). At
greater core depth, the REE patterns deviate from those con-
trolled by these two processes and are characterised by a sharp
rise in HREE/LREE and only a slight decrease in Ce/Ce*, sug-
gesting the operation of a different process (authigenesis).

Implications for Nd Budget in the
Marginal Sea and Global Oceans

Our data are clearly consistent with the interaction between REE
scavenging in the estuary and reductive REE release from shal-
low sediments. We calculate the diffusive Nd flux from sedi-
ments based on porewater [Nd]diss gradient (Eq. S-5). The
diffusive Nd flux is lowest (0.9 pmol/cm2/yr) at 6 m and increases
to a stable level at 6.0 ± 0.8 pmol/cm2/yr (12–46m). Figure 4 com-
pares these diffusive fluxes with compiled literature porewater

data. Our dataset falls within the global trend (Du et al., 2018,
2020), which shows higher fluxes in the deeper ocean (R2=
0.30). Furthermore, there is no clear control of bottom dissolved
oxygen (DO) on diffusive Nd flux (Abbott et al., 2015), with no
correlation between the two (Fig. 4; p= 0.26). The spatial trend of
diffusive Nd flux is probably affected by multiple depth-related
processes. At shallow water depths the exchange between pore-
water and overlying seawater is fast (Shi et al., 2019; Patton et al.,
2021), resulting in a small Nd gradient at sediment–water inter-
face. In comparison, in some deep ocean sediments high reactive
authigenic [Nd] might contribute to a high benthic flux (Abbott
et al., 2016; Haley et al., 2017).

To estimate the contribution of benthic processes to the
Nd budget in the East China Sea shelf, Nd fluxes of all major
sources need to be known (Table S-5), including the
Changjiang River, atmospheric deposition, the Taiwan Strait
Current, the Kuroshio Current intrusion (Liu et al., 2021) and
shelf benthic flux. The Changjiang-derived Nd flux (after

Figure 2 Porewater and bottom seawater (depth of 0 cm) Nd, Mn (filled symbols), Fe and P (open symbols) concentrations. “þ” symbols
refer to the water sample data at station C1 at 1 m.
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estuarine scavenging) and the atmospheric input are 2.7 ± 0.4 ×
104 mol/yr and 1.7 ± 0.4 × 104 mol/yr, respectively. In compari-
son, Nd fluxes from the Taiwan Strait Current and the intrusion of
the Kuroshio Current are much higher at 21.6 ± 3.8× 104 mol/yr
and 25.2 ± 4.4× 104 mol/yr, respectively (Table S-5). Given the
similar porewater REE behaviours (Fig. 1) and small flux variability
(Table S-4) at depth of≥12m,we use the average diffusion-based
flux estimate (6.0 pmol/cm2/yr) at this depth range for area
extrapolation. The diffusive Nd flux in the whole East China
Sea shelf is 3.0 ± 0.4× 104 mol/yr, higher than the riverine input.
Furthermore, on the continental shelf, with dynamic hydraulic
environments, advection via e.g., bio-irrigation, rather than diffu-
sion, may play the dominant role in benthic flux of trace metals

(Shi et al., 2019), implying a higher benthic flux. The benthic
Nd flux accounting for advection processes can be estimated using
Equations S-7 and S-8 (Shi et al., 2019). The area-extrapolated
advective Nd flux (30.8 ± 4.0× 104 mol/yr; Table S-5) is ∼10-fold
higher than the diffusion-based estimate and becomes the largest
source on the East China Sea shelf (38 % of the total input).

Our observations and calculations emphasise the role of
benthic processes in the Nd cycling of marginal seas, and can
provide valuable insights on the global sedimentary Nd flux.
The best estimate so far (Abbott et al., 2015; Du et al., 2020) sug-
gests a global benthic Nd flux of 115 × 106 mol/yr, assuming the
dominance of diffusion process. However, advection may play a
key role in the benthic Nd flux from the continental shelf
(0–200 m). Hence, we can revise the shelf estimate by replacing
it (∼32 pmol/cm2/yr) with our advection-based estimate
(∼62 pmol/cm2/yr), considering that the average depth of our
studied shelf (72 m) is close to the global average shelf depth
(∼60 m) and most global observations (73 %; World Ocean
Database 2018, Boyer et al., 2018) on shelves show a bottom
water DO within our studied range (Table S-1). Despite the
implied increase in the shelf-derived flux, the continental shelf
only accounts for 14 % of the global area-integrated benthic
Nd flux. This contrasts with previous thoughts that the sedimen-
tary source is mainly from shallowwater depths (e.g., continental
shelves); in fact, much more extensive deep oceans may domi-
nate the benthic Nd source (Haley et al., 2017; Du et al., 2020).
We thus suggest that future ocean models should reconsider the
spatial pattern of this sedimentary source. Our results highlight
the need for precise constraints on the benthic source if REE/Nd
isotopes are to be robustly used as process/source tracer in both
marginal seas and on global scales.
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Materials and Methods 

 
Study Area 
 
The Changjiang is the largest river basin in China (area: 1.8 × 106 km2) and the third longest river worldwide. It delivers 
most of the annual sediment load (~85 %) and water (>70 %) during the wet season (May–October) (Chen et al., 2001). 
The Changjiang River is the dominant sediment source in most of the East China Sea shelf area (Huang et al., 2020). 
The East China Sea is fed by several water masses (Guan, 1994; Chen, 2009; Che and Zhang, 2018) including the 
Changjiang diluted water, the coastal current, the Taiwan Warm Current and the intrusion of the Kuroshio branch current 
(Fig. S-1). The East China Sea shelf water is dominated by oxic conditions, with occasional occurrence of seasonal 
hypoxia. In particular, water column stratification caused by input of low-salinity Changjiang diluted water and intrusion 
of nearshore Kuroshio branch current in summer can impede vertical exchange of dissolved oxygen, leading to hypoxia 
in the bottom layer of seawater (Zhu et al., 2016). 
 
Sampling 
 
During the KECES (Key Elements Cycling in the Changjiang-Estuary-Shelf Transect) cruise in August 2020, we 
retrieved sediment cores at four locations (water depth: 6–46 m) using a multi-corer. Cores were sampled on board 
shortly after collection to minimise any oxidation of the porewaters. Overlying water in each core was drained through 
a hole above the sediment–water interface. Porewater was then extracted in situ by inserting pre-cleaned Rhizon 
samplers (0.15 µm) attached to syringes into the sediment via pre-drilled holes in PVC tubes at cm resolution, to allow 
simultaneous extraction and to minimise cross-contamination between intervals. The extracted porewater was then 
transferred to pre-cleaned 30 mL LDPE bottles. Core sediment was sliced at cm resolution after porewater extraction. 
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In addition, surface and bottom water samples (depths of 1 and 11 m) were collected at the outlet of the Changjiang 
River for comparison (C1 in Fig. S-1). Porewaters and filtered estuarine water samples (using 0.45 μm filters) were 
acidified to pH < 2 using concentrated HCl in the clean laboratory after the cruise, with analysis >1 month after collection 
to ensure equilibrium. Geographic and environmental information on sampling stations is provided in Table S-1. 
 
REE Separation and Determination 
 
All chemical and analytical experiments were performed at ETH Zürich. REE were pre-concentrated from 5–10 mL 
porewater or seawater samples using a column with ~100 µL ethylenediaminetriacetic acid chelating resin (Nobias PA1; 
Sohrin et al., 2008). The resin was pre-cleaned with 1 M HCl and 18.2 MΩ water, and then conditioned with 30 mM 
ammonium acetate at a pH of 5.5–6.0. Before loading the sample onto the column, concentrated ammonium acetate 
buffer was added to each sample to reach a final acetic acid concentration of 0.1 M, and the solution pH was adjusted 
to 5.5–6.0 using concentrated ammonia solution and HCl. The matrix cations, such as Na, Mg, K and Ca, were eluted 
from the column with 16–20 mL of 30 mM ammonium acetate buffer, and the trace metals including REE were then 
collected using 4 mL 1 M HCl. 
 For ICP-MS measurements, the samples were evaporated to dryness and re-dissolved in ~0.6 mL 2 % HNO3 
doped with 100 ppt Rh-Re as internal standard. Prior to the measurements, the Thermo Fisher Element XR was tuned 
in low resolution mode to optimise the signal size. Oxide formation was monitored (<~4 %) during REE measurement 
and its contribution to intensity data was corrected. The intensity data were also corrected for machine blank and 
machine drift. REE concentrations were calculated based on external calibration standards with REE patterns of 
seawater and PAAS and a concentration gradient. Final REE concentrations were also corrected for procedure blanks, 
which were put through column chemistry and only accounted for <1 % of the average [REE] of all samples. 

The seawater reference material NASS-5 and an in-house Caribbean seawater standard Jstd-1 (Suhrhoff et al., 
2019) were processed in each sample batch to assess replicability and accuracy. The relative standard deviation (RSD) 
of each REE is generally <4 % (n = 5 for each standard). Although no certified REE concentrations are available for 
either standard, measured REE data of NASS-5 can be compared to literature values compiled by Zheng et al. (2015). 
The deviation of our NASS-5 measurements from compiled literature values is <~6 % for each REE except Tb (10 %). 
As such, we propagate a relative uncertainty of 10 % to all porewater REE measurements as a conservative estimate. 
The measured REE patterns of both standards are provided in Figure S-2. 

In addition, two REE-related parameters including Ce anomaly (Ce/Ce*) and HREE/LREE (Behrens et al., 
2018) are calculated after normalisation to PAAS. The equations are shown below. 
 
(Ce/Ce*)PAAS = [Ce]PAAS/(0.5[La]PAAS + 0.5[Pr]PAAS)                  Eq. S-1 
 
(HREE/LREE)PAAS = ([Tm]PAAS + [Yb]PAAS + [Lu]PAAS)/([La]PAAS + [Pr]PAAS + [Nd]PAAS)              Eq. S-2 
 
Elemental and TOC Analysis 
 
Water and sediment samples were analysed for concentrations of some other elements. An aliquot of each water sample 
was diluted ~40 times for the determination of elemental concentrations. Sediment samples were rinsed with Milli-Q 
water twice to remove the salt and then dried in an oven at 60 °C. About 100 mg of powdered sediment was weighed 
and digested on a hotplate at up to 150 °C using concentrated HF-HNO3 and aqua regia repeatedly. Finally, the samples 
were brought up in 2 % HNO3 and doped with 1 ppb indium (In) as an internal standard for elemental analysis. Elemental 
concentrations were measured using the Thermo Fisher Element XR. Accuracy and precision were assessed using a 
secondary multi-element standard from the National Research Council of Canada river standard SLRS5. The measured 
concentrations agree with certified values within ~10 %. Total organic carbon (TOC) content of the sediment was 
measured using an Elemental Analyser, after addition of dilute HCl to remove inorganic carbon; repeat analyses of 
certified standards and samples indicate an RSD of <2 %. 
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Sediment Geochemistry 
 
The element concentration data (including REE) in water and sediment samples are provided in Tables S-2 and S-3, 
respectively. In particular, geochemical parameters measured in solid phases are shown in Figure S-5. For sediment 
parameters such as Nd/Al, Fe/Al and TOC, the down-core and inter-core variability is generally small except at C6-1 
(Fig. S-5). The large variation of sediment geochemistry at C6-1 may be related to the dynamic depositional environment 
at shallow water depth (6 m) and thus short-term changes in physical features of sediments. Furthermore, Mn/Al of 
surface sediment clearly decreases with water depth and the Changjiang-normalised values, i.e. (Mn/Al)CJ, are mostly 
lower than 1. This suggests depletion of Mn compared to its riverine source, which can partially be explained by the 
diffusive loss of Mn from sediments via porewater (Fig. 2). 
 
 
REE Scavenging Along the Salinity Transect 
 
We here investigate dissolved REE behaviour in the Changjiang estuary based on salinity transect data collected in 2020 
(this study) and in 1998 (Wang and Liu, 2008). The estuarine REE pattern becomes more HREE-enriched from a salinity 
of <1 psu to higher salinity (solid vs. dashed lines; Fig. S-3a), together with the build-up of negative Ce anomaly. This 
evolution is consistent for each transect and is probably driven by scavenging via colloid coagulation, that preferentially 
removes LREE, especially Ce (Goldstein and Jacobsen, 1988). 

Nd, representative of the LREE, dramatically decreases in concentration at salinity of <1–2 psu (Fig. S-3). To 
quantify Nd removal in the estuary, we calculate change in sample [Nd] relative to that caused by conservative mixing 
(Boyle et al., 1974) between end-members of river water ([Nd]riv) and seawater ([Nd]sw). End-members are shown in 
Figure S-3 and include the Changjiang downstream water (Wang and Liu, 2008) and East China Sea shelf bottom water 
(salinity of 33.9; Luong et al., 2018). Specifically, the water mass contribution from seawater (Pctsw, %) to a given 
estuarine sample can be calculated based on salinity. Next, Nd sourced from the river end-member in a sample ([Nd]riv-
origin) is calculated as follows: 
 
[Nd]riv-origin = [Nd]sample − Pctsw × [Nd]sw                    Eq. S-3 
 
The Nd removal (RM, %) is then derived from the difference between river-sourced Nd calculated by Equation S-3 and 
that calculated by conservative mixing: 
 

RM = !1 - 
[Nd]riv-origin

(1 - Pctsw) × [Nd]riv
"× 100                    Eq. S-4 

 
According to Equations S-3 and S-4, the low-salinity data (1–10 psu) imply 57 ± 6 % (n = 11) removal of dissolved Nd. 
Although such a scavenging efficiency is lower than that in the larger Amazon River (93–97 %), it falls within the range 
for estuarine transects globally (71 ± 16 %; n = 15) (Rousseau et al., 2015). Furthermore, [Nd]diss increases offshore at 
mid-high salinity (e.g., 10–20 psu; Fig. S-3b) and corresponds to a decrease in scavenging efficiency (14 % in 1998; 
22 % in 2020), hinting at addition from a potential marine sedimentary source. 

 

Calculation of Benthic Nd Flux 

 
Early diagenetic reactions and solute diffusion in the sediment column can produce a measurable gradient in dissolved 
[Nd]. Such a gradient can be used to quantify the diffusive flux of Nd (##$-$&'') following Fick’s first law of diffusion 
(Boudreau, 1997): 
 

JNd-diff = φ × DNd
sed ×	 ∂CNd

∂z
                                                                                                 Eq. S-5 
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where 
()!"
(*  is the maximum concentration gradient of Nd (mol/L/cm) to the surface in a porewater profile, φ is the 

porosity (assuming as a constant of 0.9), and &#$+,$ is the effective diffusion coefficient of Nd in sediments (cm2/s). &#$+,$ 
is related to the diffusion coefficient of Nd in seawater (&#$+- in cm2/s) and tortuosity and can be calculated as follows 
(Boudreau, 1997): 
 

DNd
sed = 

DNd
sw

1 . ln(φ2)
                       Eq. S-6 

 
While &#$+- is not available, molecular diffusion coefficients for La3+ and Yb3+ in seawater have been reported previously 
(Li and Gregory, 1974). Hence, a linear extrapolation from &/0+- to &12+- based on their atomic order (La as 1 and Yb as 
13) is applied to calculate &#$+- (Abbott et al., 2015) and the effect of water temperature on &+- is corrected for (Li and 
Gregory, 1974). Note that we use 25 °C for our East China Sea dataset and the results are provided in Table S-4. 

In an advection-dominated setting, additional processes over and above diffusion, such as bio-irrigation, can 
dominate solute exchange across the sediment–water interface. As such, the advective Nd flux (##$-0$$ ) can be 
calculated using the following equation modified from Shi et al. (2019): 
 
JNd-add = v × ∆[Nd]                      Eq. S-7 
 
where ∆[Nd] represents the concentration difference between upper-most porewater (1 cm) and bottom seawater and v 
stands for the interfacial water exchange rate (in m3/m2/d). Shi et al. (2019) proposed an exponential relationship 
between water depth (Z in m) and v determined by 224Ra/228Th disequilibria around our study region (Eq. S-8). Note that 
this equation yields a relatively stable value of v (around 0.04 m3/m2/d) when Z > 40 m. 
	
v = 0.04 + 0.8e−0.13Z                      Eq. S-8 
 
The advective Nd flux on the East China Sea shelf is calculated by multiplying the mean gradient in [Nd]diss at the 
sediment–water interface from stations at ≥12 m with the advective water flux derived from its relation with water depth 
(Eq. S-8) and the average shelf depth (72 m). 
 
 
 
 
Supplementary Tables 
 
Table S-1 Basic characteristics of sampling stations. 
 

Station Longitude Latitude Water 
Depth Salinityb 

Bottom 
dissolved 

O2 
°E °N m psu µmol/L 

C1a	 121.102	 31.766	 13	 0.2	 396	
C6-1	 122.042	 31.068	 6	 14	 304	
C10	 122.450	 30.968	 12	 20	 306	
C13	 122.886	 30.803	 33	 29	 115	
B14	 122.868	 30.101	 46	 27	 203	

 
a C1 is a water column station and samples were collected at depths of 1 and 11 m. 
b The salinity is converted from measured dissolved [K] of bottom water. 
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Table S-2 Porewater REE and selected element concentrationsa. 
 

Station 
Core 
depth 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Fe Mn P 

cm ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppm ppm ppm 
C6-1 0 10.68 7.43 1.41 6.48 1.50 0.39 2.91 0.35 2.60 0.67 2.27 0.33 2.22 0.39 0.00 0.00 0.00 
C6-1 1 7.37 7.69 1.29 5.94 1.36 0.35 2.81 0.33 2.33 0.62 2.04 0.30 2.04 0.34 0.00 0.27 0.02 
C6-1 2 8.60 11.84 1.58 7.28 1.75 0.46 3.49 0.40 2.85 0.74 2.40 0.35 2.32 0.39 0.00 2.20 0.03 
C6-1 4 8.51 12.83 1.71 7.80 2.00 0.52 4.14 0.46 3.25 0.83 2.72 0.40 2.77 0.44 0.00 2.62 0.04 
C6-1 7 13.29 20.98 2.42 10.96 2.39 0.69 4.68 0.48 3.29 0.81 2.60 0.37 2.51 0.42 0.00 4.27 0.02 
C6-1 9 18.10 29.78 3.40 15.10 3.38 0.93 5.68 0.68 4.62 1.13 3.42 0.49 3.28 0.54 0.00 5.46 0.02 
C6-1 11 13.42 19.56 2.56 12.11 2.94 \ 5.03 0.63 4.48 1.08 3.41 0.48 3.28 0.53 0.00 5.09 0.02 
C6-1 17 25.06 41.49 4.57 20.80 4.79 1.24 7.91 1.06 7.38 1.83 5.59 0.79 5.25 0.84 0.00 6.06 0.07 
C6-1 21 17.50 27.21 3.26 15.91 3.98 1.05 6.46 0.93 6.80 1.73 5.59 0.81 5.55 0.91 5.31 6.20 0.29 
C10 0 6.17 3.67 1.15 5.13 1.20 0.31 1.88 0.29 2.16 0.55 1.83 0.26 1.74 0.30 0.00 0.00 0.00 
C10 1 13.24 21.60 2.45 11.17 2.69 0.71 4.61 0.67 4.93 1.25 3.99 0.57 3.82 0.60 0.00 4.56 0.02 
C10 3 16.67 24.42 2.83 12.68 2.95 0.76 4.95 0.69 4.99 1.25 3.89 0.55 3.70 0.58 0.00 4.14 0.04 
C10 4 16.06 26.11 2.83 12.82 3.02 0.80 4.64 0.71 4.99 1.21 3.84 0.54 3.48 0.58 0.00 6.08 0.03 
C10 6 21.05 33.93 3.57 16.05 3.67 0.95 6.03 0.83 5.87 1.45 4.43 0.63 4.18 0.66 0.01 8.94 0.06 
C10 7 22.81 34.10 3.20 14.28 3.07 0.78 5.07 0.68 4.85 1.23 3.87 0.55 3.76 0.61 1.42 7.20 0.10 
C10 9 10.69 15.06 1.26 5.85 1.41 0.34 2.43 0.34 2.52 0.68 2.25 0.33 2.42 0.43 11.79 4.01 0.46 
C10 12 8.86 10.68 0.96 4.75 1.10 0.31 2.12 0.35 2.47 0.67 2.32 0.35 2.54 0.47 16.75 5.08 0.41 
C10 16 4.57 5.23 0.56 2.91 0.97 0.22 1.66 0.26 1.89 0.58 2.07 0.32 2.38 0.44 18.86 4.93 0.75 
C10 25 4.91 6.69 0.70 3.31 1.08 0.23 1.61 0.26 2.13 0.61 2.10 0.32 2.38 0.42 5.54 2.82 0.15 
C13 0 8.37 2.59 1.31 5.82 1.32 0.34 2.10 0.33 2.48 0.63 2.07 0.29 1.95 0.32 0.01 0.00 0.00 
C13 1 16.21 23.74 2.51 11.12 2.54 0.62 3.97 0.57 4.01 0.96 3.03 0.42 2.85 0.46 0.01 6.52 0.05 
C13 2 16.56 21.15 1.73 7.85 1.55 0.37 2.55 0.36 2.52 0.64 2.05 0.29 2.07 0.37 5.29 8.91 0.24 
C13 3 16.76 24.69 2.09 9.45 1.99 0.49 3.15 0.45 3.06 0.76 2.40 0.35 2.45 0.42 5.94 9.20 0.39 
C13 4 21.63 32.54 3.11 13.49 2.76 0.69 3.79 0.56 3.88 0.93 2.99 0.42 2.78 0.49 5.87 5.06 0.41 
C13 7 13.38 18.19 1.60 7.35 1.49 0.38 2.48 0.37 2.58 0.66 2.14 0.31 2.13 0.39 2.45 1.55 0.29 
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Table S-2 continued. 
 

Station 
Core 
depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Fe Mn P 

cm ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppt ppm ppm ppm 
C13 9 8.61 9.02 0.77 3.55 0.81 0.18 1.26 0.20 1.44 0.40 1.40 0.21 1.50 0.29 3.35 1.43 0.47 
C13 11 8.68 10.52 0.95 4.53 0.91 0.23 1.54 0.22 1.63 0.44 1.50 0.22 1.50 0.28 1.60 1.06 0.30 
C13 17 4.90 5.69 0.52 2.49 0.60 0.14 0.94 0.14 1.10 0.31 1.07 0.16 1.21 0.23 1.27 1.20 0.42 
C13 21 7.18 9.15 0.91 4.23 1.05 0.24 1.47 0.24 1.80 0.49 1.69 0.25 1.82 0.33 0.58 1.01 0.27 
B14 0 9.52 4.32 1.50 6.72 1.47 0.38 2.18 0.34 2.53 0.63 2.00 0.28 1.78 0.29 0.00 0.00 0.02 
B14 1 19.61 22.54 3.02 13.61 2.91 0.75 4.32 0.65 4.51 1.07 3.32 0.46 2.92 0.49 0.00 0.51 0.07 
B14 2 23.31 28.46 2.52 11.28 2.20 0.54 3.31 0.47 3.25 0.81 2.56 0.36 2.33 0.41 1.71 1.10 0.12 
B14 5 10.08 13.97 1.33 6.28 1.36 0.36 2.27 0.35 2.60 0.67 2.24 0.33 2.23 0.40 1.22 1.87 0.53 
B14 6 28.69 35.09 3.02 13.48 2.48 0.62 3.79 0.52 3.70 0.92 2.95 0.41 2.65 0.48 3.08 2.58 0.25 
B14 7 8.05 11.70 1.10 5.22 1.19 0.31 1.97 0.30 2.23 0.59 1.98 0.29 2.02 0.38 0.60 1.92 0.63 
B14 11 9.67 15.45 1.48 6.99 1.62 0.42 2.51 0.39 2.82 0.71 2.30 0.33 2.24 0.40 0.20 1.27 1.18 
B14 15 5.73 8.68 0.84 3.97 0.96 0.25 1.50 0.24 1.78 0.47 1.58 0.23 1.59 0.30 0.33 1.11 1.30 
B14 19 7.11 10.15 0.94 4.47 1.05 0.27 1.68 0.26 1.97 0.52 1.72 0.26 1.83 0.33 1.46 1.15 0.74 
C1-1b  7.87 10.61 1.86 8.54 1.96 0.46 3.01 0.34 2.36 0.56 1.75 0.25 1.64 0.28 0.00 0.00 0.04 
C1-11b   6.90 9.23 1.67 7.59 1.83 0.44 2.95 0.33 2.26 0.53 1.70 0.24 1.58 0.27 0.00 0.00 0.04 

a A relative uncertainty of 10 % is applied for all element measurements. 
b C1-1 and C1-11 are water samples in the Changjiang outlet collected at water depths of 1 and 11 m, respectively. 
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Table S-3 Core sediment REE and selected element concentrations. 
 

Station 
Core 
depth 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Fe Mn Al TOC 

cm ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppm ppm ppm % 
C6-1 0.5 40122 79956 9145 34129 6634 1375 5811 881 5235 1020 2911 411 2745 397 41720 1072 76175 0.77 
C6-1 1.5 39862 79278 9108 33960 6594 1359 5738 860 5081 976 2810 394 2647 386 37145 929 64697 0.58 
C6-1 2.5 43934 87865 10217 37977 7296 1417 6065 922 5462 1063 3022 417 2716 377 25615 574 40621 0.10 
C6-1 3.5 48758 94879 10827 39821 7286 1387 5959 841 4828 907 2564 353 2411 351 30559 687 48203 0.40 
C6-1 6.5 40194 80185 9264 34761 6540 1261 5307 762 4376 824 2307 320 2099 302 25497 560 46047 0.20 
C6-1 8.5 72314 141974 16166 58638 10545 1691 8395 1106 6088 1122 3124 429 2848 413 30630 711 40079 0.09 
C6-1 10.5 23944 47953 5636 21219 4123 941 3516 526 3094 583 1653 229 1569 218 19993 437 42589 0.09 
C6-1 16.5 36938 72011 8361 31525 6165 1264 5340 821 4851 929 2648 374 2489 357 23697 512 44262 0.15 
C6-1 21.0 38723 75804 8896 33072 6237 1192 5177 778 4614 901 2603 366 2473 362 26133 619 52142 0.36 
C10 0.5 40834 81282 9294 34701 6737 1381 5850 905 5450 1064 3055 431 2873 420 39681 944 77588 0.67 
C10 1.5 38612 77017 8852 33076 6428 1324 5569 871 5230 1026 2974 413 2797 405 38902 909 74242 0.69 
C10 2.5 38381 76400 8791 33011 6392 1322 5543 862 5139 1002 2889 404 2672 393 36932 878 71809 0.64 
C10 3.5 36294 71789 8370 31219 6075 1232 5202 799 4807 937 2718 382 2535 367 30443 716 59617 0.40 
C10 5.5 36042 71431 8328 31191 6093 1241 5272 814 4906 955 2776 389 2590 370 30441 669 58196 0.40 
C10 6.5 35105 70058 8114 30452 5886 1201 4999 777 4689 920 2638 368 2451 358 30253 640 62638 0.36 
C10 8.5 37580 74870 8650 32397 6222 1227 5143 782 4688 909 2607 365 2445 355 29960 642 60708 0.36 
C10 11.5 37323 74561 8541 31835 6153 1257 5319 822 4960 978 2801 393 2614 380 32384 679 66518 0.38 
C10 15.5 39302 78345 9030 33742 6477 1290 5539 843 5035 980 2800 392 2626 379 32893 640 65372 0.41 
C10 24.5 40397 80448 9244 34458 6690 1359 5747 876 5215 1014 2920 407 2716 393 38586 839 76659 0.50 
C13 0.5 37337 74353 8565 31955 6171 1255 5299 814 4898 955 2746 384 2557 370 33407 727 68343 0.53 
C13 1.5 37494 74763 8574 31906 6138 1231 5196 791 4733 922 2671 372 2489 362 33432 663 68385 0.53 
C13 2.5 37142 73928 8472 31806 6170 1260 5327 822 5030 974 2821 392 2620 383 36283 715 73182 0.57 
C13 3.5 38962 77535 8962 33326 6479 1305 5480 831 4965 970 2786 388 2605 382 33868 645 69154 0.53 
C13 4.5 36682 72712 8447 31602 6135 1244 5142 802 4793 932 2674 375 2505 364 33557 669 69174 0.54 
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Table S-3 continued. 
 

Station 
Core 
depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Fe Mn Al TOC 

cm ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppm ppm ppm % 
C13 6.5 37261 74285 8542 31934 6145 1252 5213 806 4840 943 2734 382 2537 369 36215 649 73982 0.56 
C13 8.5 37092 74066 8533 31953 6214 1278 5330 826 4988 971 2774 391 2615 381 35568 666 72429 0.51 
C13 10.5 37006 74018 8534 31831 6145 1263 5246 808 4894 952 2741 383 2543 369 35851 663 72748 0.51 
C13 16.5 37609 75941 8744 32921 6365 1264 5479 845 5084 989 2827 393 2611 379 31717 601 65317 0.42 
C13 20.5 36329 72147 8344 31574 6187 1242 5155 796 4755 927 2668 376 2509 364 33957 625 68568 0.50 
B14 0.5 39275 78267 8924 33286 6292 1254 5287 797 4731 921 2645 370 2466 361 37864 647 76362 0.60 
B14 1.5 41469 81304 9052 33041 6148 1230 5145 775 4575 884 2536 352 2358 340 35766 591 70607 0.51 
B14 2.5 34676 69334 7935 29688 5686 1191 4803 738 4388 852 2445 338 2255 327 34227 595 68641 0.50 
B14 3.5 36814 73442 8461 31781 6160 1268 5226 800 4784 931 2663 372 2482 358 36023 627 73423 0.54 
B14 4.5 37047 74763 8572 31998 6211 1267 5273 803 4795 925 2648 372 2470 358 35284 621 71825 0.49 
B14 5.5 34232 68627 7852 29379 5715 1196 4822 741 4426 860 2452 342 2282 333 34491 590 70109 0.49 
B14 6.5 40873 81153 9277 34541 6595 1342 5614 879 5254 1024 2919 411 2735 400 37635 645 75155 0.58 
B14 8.5 39112 78815 9036 33690 6446 1337 5383 823 4907 941 2687 375 2486 365 37932 654 76136 0.55 
B14 10.5 38974 77683 8864 32973 6268 1290 5261 795 4737 918 2624 368 2451 360 36112 645 70512 0.53 
B14 14.5 37200 74714 8561 31956 6145 1283 5262 812 4944 963 2787 390 2607 378 38461 657 75170 0.52 
B14 18.5 38065 76918 8814 32955 6308 1298 5344 812 4826 940 2683 375 2491 360 36542 604 72004 0.44 

Note: A relative uncertainty of 10 % is applied for all element measurements and 2 % for TOC analysis. 
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Table S-4 Diffusive sedimentary Nd fluxes compiled from literature. Footnotes are on the following page. 
 

Station Basin 
Lat.a Long.a Water 

depth Tb Bottom 
O2c 

Nd 
gradientd Uncertainty Dse Diffusive 

Nd fluxe Uncertaintyf 
Reference 

°N °E m ℃ µmol/L pmol/L/cm pmol/L/cm cm2/s pmol/cm2/yr pmol/cm2/yr 
C6-1 East China Sea 31.1 122.0 6 25.0 304 6.5 1.3 5.03E-06 0.9 0.2 This study 

C10 East China Sea 31.0 122.5 12 25.0 306 41.8 8.5 5.03E-06 6.0 1.2 This study 

C13 East China Sea 30.8 122.9 33 25.0 115 36.8 8.7 5.03E-06 5.2 1.2 This study 

B14 East China Sea 30.1 122.9 46 25.0 203 47.8 10.5 5.03E-06 6.8 1.5 This study 
SoG Strait of Georgia 49.2 -123.5 251 9.0 156 74.9 12.2 3.22E-06 6.8 1.1 Patton et al. (2021) 
PH150g Tasman Sea -34.1 151.2 150      12.5 2.5 Abbott (2019) 

JB1500g Tasman Sea -34.5 151.2 1550      25.1 5.0 Abbott (2019) 

HH200 Oregon/California margin 43.9 -124.7 202 7.0 71 17.9 11.3 2.99E-06 1.5 1.0 Abbott et al. (2015) 

HH500 Oregon/California margin 43.9 -124.9 500 5.0 32 183.3 30.3 2.76E-06 14.4 2.4 Abbott et al. (2015) 

HH1200 Oregon/California margin 43.8 -125.0 1216 4.0 20 220.1 37.0 2.65E-06 16.6 2.8 Abbott et al. (2015) 

HH3000 Oregon/California margin 43.9 -125.6 3060 2.0 82 237.9 43.5 2.42E-06 16.4 3.0 Abbott et al. (2015) 

Station 1 Oregon/California margin 43.9 -124.3 105 9.0 78 19.4 28.3 3.22E-06 1.8 2.6 Abbott et al. (2015) 

Station 2 Oregon/California margin 43.9 -124.7 192 7.0 64 495.5 126.2 2.99E-06 42.0 10.7 Abbott et al. (2015) 

Station 3 Oregon/California margin 41.0 -124.3 95 9.0 142 362.2 118.2 3.22E-06 33.1 10.8 Abbott et al. (2015) 

Station 6 Oregon/California margin 41.0 -124.3 125 8.0 125 252.4 89.6 3.10E-06 22.2 7.9 Abbott et al. (2015) 

HRN  Northeast Pacific  44.7 -125.1 600 4.7 23 109.1 17.5 2.73E-06 8.5 1.4 Himmler et al. (2013) 

HRS  Northeast Pacific  44.6 -125.1 768 4.1 18 179.1 25.5 2.66E-06 13.5 1.9 Himmler et al. (2013) 

Sta. 8 California margin 35.4 -121.4 800 4.6 14 880.5 141.2 2.71E-06 67.8 10.9 Haley et al. (2004) 

Sta. 9 California margin 35.6 -122.1 1600 2.6 54 527.1 97.7 2.49E-06 37.3 6.9 Haley et al. (2004) 

Sta. 10 California margin 36.1 -122.6 3400 4.0 128 1082.4 262.1 2.65E-06 81.4 19.7 Haley et al. (2004) 

MC64 Peru margin -17.0 -78.1 2930 1.8 150 310.0 65.0 2.40E-06 21.1 4.4 Haley et al. (2004) 

Buzzards Bay Buzzards Bay 41.6 -70.8 15 20.0  55.5  4.46E-06 7.0 1.4 Sholkovitz et al. (1989) 

Buzzards Bay Buzzards Bay 41.6 -70.8 15 12.0   108.9 
 

3.55E-06 
11.0 2.2 Elderfield and Sholkovitz 

(1987) 
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Table S-4 footnotes. 
 
a Latitude/longitude data in italic is roughly estimated from the map. 
b We adopted a bottom water temperature of 25 °C for the shallow East China Sea shelf based on long-term observation in summer (Chen, 2009). Water temperature data in 

italic is extracted from World Ocean Database 2018 (https://odv.awi.de/data/ocean/world-ocean-atlas-2018/) based on the location information or assumed as 4 °C. 
c Bottom water O2 data in italic is extracted from World Ocean Database 2018 based on the location information. 
d This is calculated based on the maximum gradient of porewater [Nd] to the surface (bottom water) except numbers in italic for which bottom water [Nd] is not provided and 

thus the shallowest porewater sample is used. 
e Ds: diffusion coefficient in sediment. Diffusive Nd flux here is calculated using Equation S-5. 
f The uncertainty of diffusive flux is propagated from that of the Nd gradient. For numbers in italic, a relative uncertainty of 20 % is arbitrarily propagated to the fluxes as no 

uncertainty is reported in the literature. 
g No raw Nd concentration data are provided and thus we simply adopted the reported flux value. 



 

Geochem. Persp. Let. (2022) 22, 26–30 | https://doi.org/10.7185/geochemlet.2223   SI-11 

Table S-5 Major sources of dissolved Nd on the East China Sea shelf. 
 

 
a The references for each source are listed as: [Nd]diss; Discharge. 
b [Nd]diss in the Changjiang River here is calculated by accounting for the estuarine removal (57 %). 
c The Taiwan Strait Current is the north-eastward current through the Taiwan Strait and includes the Taiwan Warm 

Current and the coastal current. 
d The major source of both currents is the Kuroshio mainstream (Guan, 1994; Liu et al., 2021), and thus we assume their 

[Nd]diss as the average value measured from three stations along the Kuroshio mainstream (depth of 0–200 m) (Luong 
et al., 2018). 

e The shelf benthic flux is calculated by multiplying the advective Nd flux (61.6 pmol/cm2/yr; see Eqs. S-7 and S-8 for 
calculation details) by the shelf area (5 × 105 km2).

Nd source 
[Nd]diss 1 σ Discharge Nd flux 1 σ Proportion 

Referencea 
pmol/kg pmol/kg km3/yr mol/yr mol/yr % 

Changjiang River 29.8b 4.2 9.00E+02 2.7E+04 3.7E+03 3 % Wang and Liu (2008); 
Deng et al. (2016) 

Atmospheric input 28.8 6.6 5.75E+02 1.7E+04 3.8E+03 2 % Zhang and Liu (2004); 
Zhang et al. (2005) 

Taiwan Strait 
Currentc 

5.7d 1.0 3.78E+04 2.2E+05 3.8E+04 26 % 
Luong et al. (2018); Liu 
et al. (2021) 

Intrusion of the 
Kuroshio Current 

5.7d 1.0 4.42E+04 2.5E+05 4.4E+04 31 % 
Luong et al. (2018); Liu 
et al. (2021) 

Shelf benthic fluxe    3.1E+05 4.0E+04 38 % 
This study; Shi et al. 
(2019) 
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Supplementary Figures 
	

	
Figure S-1 Sampling stations in the Changjiang Estuary–East China Sea shelf transect. Major water masses in the 
study area in summer are indicated: CDW, Changjiang Diluted Water; ECSCC, East China Sea Coastal Current; TWC, 
Taiwan Warm Current; and KSSW, Kuroshio Surface/Subsurface Water (Chen, 2009). ECSCC and TWC can be 
combined as the Taiwan Strait Current and TWC is mainly sourced from the Kuroshio Current (Guan, 1994). The 
salinity transect collected in 1998 (Fig. 3) is shown as a white bar in the Changjiang estuary. REE end-members 
including the Changjiang at Datong station and East China Sea shelf bottom water in Figure 3 are also marked. 
 
 
 
 

 
 
Figure S-2 (a) PAAS-normalised REE pattern of the seawater reference material NASS-5 (5 measurements). (b) 
REE pattern of in-house Caribbean seawater standard Jstd-1 (5 measurements). The reference line in (a) is the average 
value and standard deviation of NASS-5 measurements in nine previous studies compiled by Zheng et al. (2015). Jstd-
1 in (b) was adopted as a consistency standard in a previous study (Suhrhoff et al., 2019) but REE data have not been 
reported before for this sample. 
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Figure S-3 (a) The dissolved REE pattern along the salinity transect of the Changjiang River–East China Sea shelf, 
normalised first to PAAS and then Nd. (b) [Nd]diss along the transect. Transect data in 2020 and in 1998 are from this 
study and Wang and Liu (2008), respectively. Water mass end-members (EMs) include the Changjiang River 
(downstream) (Wang and Liu, 2008), East China Sea shelf bottom water (ECSBW, depth: 70–92 m; salinity: 33.9 psu; 
Luong et al., 2018), and North Pacific deep water (NDPW; depth: 2400–2600 m; Alibo and Nozaki, 1999). Salinity 
transect data in (a) with salinities <1 psu are marked as a solid line. 
 
 
 
 

 
 

Figure S-4 Porewater [Mn]–Ce/Ce* plot. There is a positive correlation between both parameters for porewater 
samples at shallow depths (<7 cm) of all stations (R2 = 0.44, p < 0.01). 
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Figure S-5 Geochemical parameters in core sediment (Nd/Al, Fe/Al, Mn/Al, and TOC %). The ratio of element X 
to Al in core sediment is normalised to the ratio in the suspended sediment from the Changjiang (CJ) downstream (Guo 
et al., 2018). 
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