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Abstract
The release of neodymium (Nd) from particles along continental margins may contribute to losses in the global of Nd
budget. The Changjiang River, which carries a heavy load of total suspended matter, empties into the East China Sea,
and a strong particulate–seawater interaction process occurs along the salinity gradient. In the low-salinity region
(S < 2.0), strong removal of dissolved rare earth elements (dREEs) occurs, but the Nd isotope values are uniform. At
mid- and high-salinity (S = 2.0–28.0 and S > 28.0) areas, the dREE concentrations increase slightly. An Nd isotope mass
balance indicates that the release of particulate matter is a source of dREEs in the Changjiang estuary. The release rate
of particulate Nd (NdSPM) to the dissolved Nd pool in Changjiang estuary is higher than other estuaries, such as Ama‑
zon estuary. Composite all river data available from the previous studies indicate that 5800–9200 Mg per year of Nd
is released to global marine waters from riverine particles. This estimated quantity is on the same order of magnitude
as the calculated global Nd release flux based on the case study in the Amazon estuary. Our study indicates that to
better constrain the global Nd budget, it is required to consider the release rate of N
 dSPM in different rivers due to the
significant difference among various rivers, but with very limited available data as of now.
Keywords: Particulate release, Nd budget, Rare earth elements, Changjiang estuary
1 Introduction
Studies of the behavior of rare earth elements (REEs)
and neodymium (Nd) isotopes as well as the sources and
sinks of these elements are important for understanding
the process of Nd cycle in the oceans. Although rivers are
the main source of Nd in the ocean, the transport pathway of REEs requires further research because estuaries
modify the elements that rivers input into oceans (Frank
2002; Goldstein and Hemming 2003; van de Flierdt et al.
2004; Lacan and Jeandel 2005; Tepe and Bau 2015; Merschel et al. 2017a, b). In the early stage, the magnitudes
of both the flux of Nd from riverine and aeolian leads to
a calculated Nd residence time in the ocean on the order
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of ~ 5000 yr (Bertram and Elderfield 1993). However, the
Nd isotope provides strong evidence that the residence
time of Nd is shorter than the global turnover time of the
ocean (1000–1500 yr; Broecker and Peng 1982). This discrepancy in the Nd mass balance (which some researchers have termed the “Nd paradox”) indicates there is a
missing source of Nd in the ocean (Bertram and Elderfield 1993; Jeandel et al. 1995; Goldstein and Hemming
2003; van de Flierdt et al. 2004).
The search for the origin source of the missing Nd has
attracted the attention of many researchers who have
proposed a number of explanations. In 2007, Johannesson and Burdige tried to balance Nd budget in the
ocean emphasizing the importance of the role of submarine groundwater discharge (SGD). Kim and Kim
(2014) demonstrated that the REE fluxes through SGD
were two to three orders of magnitude higher than diffusion from bottom sediments and atmospheric dust
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fallout in the subsequent study. In addition, pore fluid
was also considered to be one of the sources of neodymium in the ocean (Abbott et al. 2015). Later, a
subsequent landmark study by Rousseau et al. (2015)
showed that the particulate fraction makes up the missing term in the Nd budget of global marine seawater.
Although Nd release from particulates has been shown
to be a significant source of dissolved marine Nd, the
Nd release rate from suspended particulate matter
(SPM) varies among different river estuaries. For example, the fraction of Nd released from SPM by partial
dissolution (NdSPM, given in [%]) in the Amazon estuary is 0.94 ± 0.25% (Rousseau et al. 2015), but no Nd
release from particulate phases has been found in the
Lena River (Laukert et al. 2017). Significant differences
among various rivers may be related to the pH and the
concentrations of SPM and dissolved organic carbon
(DOC) of the water (Pearce et al. 2013; Merschel et al.
2017b; Laukert et al. 2017; Paffrath et al. 2021). Experimental results have shown that the rate of Nd release
from particulates is positively correlated with the surface area of the reacting sediments and ranges from
0.04 to 0.38% (Pearce et al. 2013). Thus, studying the
NdSPM for different estuaries is important for improving our understanding of the marine Nd budget.
Estuaries are regions with active particulate–seawater
interactions. Almost all trace metals exhibit nonconservative behavior due to the destabilization of mixed
colloids during mixing with sea water in estuaries (Eckert and Sholkovitz 1976; Hoyle et al. 1984; Rousseau
et al. 2015). It has been suggested that in most rivers,
Nd is efficiently removed from seawater in low-salinity
areas (e.g., > 70% in the Gironde estuary, 88% in the
Great Whale estuary, 90% in the Amazon estuary, and
79% in the Changjiang estuary; see Rousseau et al. 2015
Table 1; Wang and Liu 2008) and the Nd concentration
rebounds in mid- and high-salinity areas. These phenomena can be explained by the coagulation process
of riverine colloid matter in low-salinity areas and the

Table 1 Average Nd concentration in the groundwater of
different areas
Area

Average
concentration
(pmol kg−1)

References

Bangdu Bay Jeju Island

2899

Kim and Kim (2011)

Hwasun Bay Jeju Island

2448

Kim and Kim (2011)

Pearl River estuary

2573

Yuan et al. (2013)

Changjiang estuary

3606 ± 690

Data estimated in this
study

Jiangyin (well water)

1054 ± 485

This study
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release of Nd from suspended materials in mid- and
high-salinity areas (Li et al. 2005; Wang and Liu 2008;
Rousseau et al. 2015).
The Changjiang River is the third largest river in the
world, with a water discharge of 940 km3 yr−1 and high
concentrations of total suspended matter (Wong et al.
1998; Chen et al. 2002; Zhang 2002; Li et al. 2007; Meybeck and Ragu 2012), that strongly influences local biogeochemical cycling. The Changjiang River is the largest
river discharging into the East China Sea (ECS), contributing approximately 60% of water in the eastern ECS and
affecting the Tsushima Strait during the flooding season
(Lee et al. 2014; Che and Zhang 2018). A previous study
by Wang and Liu (2008) showed that in the 0–6.0 salinity
range, > 70% of dREEs were removed from solution due
to salt-induced coagulation of river colloids. The dREE
concentrations increased again in the 8.0–19.0 salinity
range, which was attributed to release from particulate
matter. A vigorous release process in the estuarine mixing area could cause the Changjiang River to significantly
impact on the biogeochemistry of adjacent seas, such as
the ECS, the Sea of Japan, and even as far as the northwest Pacific Ocean. In this study, we quantify the flux
of dissolved NdSPM in the Changjiang estuary instead of
addressing the detailed driving mechanisms of particulates. The findings of this study enable us to explain the
significance of particle–seawater interaction and more
accurately assess the contribution of marginal seas to the
marine Nd balance.

2 Materials and methods
2.1 Study area and sampling

Surface freshwater and seawater samples from the
Changjiang (Datong) and estuary were collected during the high discharge season in August 2015 (included
datasets from seven published Nd isotopic as reported by
Che and Zhang 2018) (Fig. 1). Upon collection, water was
filtered through a 0.40-μm Whatman membrane (Nuclepore Polycarbonate, 111707-Whatman) and acidified to
a pH of ~ 2 with high-purity HCl (30%, Merck Suprapur).
A volume of 15–20 L of each sample was placed in an
acid-cleaned bottle for Nd isotope composition analysis,
and 500 mL of each sample was used to determine the
REE concentration. The filter membranes were cryopreserved to determine the SPM. The REE concentrations
and Nd isotope compositions determined for the filtered
water samples were considered to be dissolved-phase
measurements (Nd<0.45 μm). An unfiltered water sample
was directly acidified to a pH < 2 with hydrochloric acid
directly after sample collection and then filtered through
a 0.40-μm Whatman membrane in a cleanroom to determine the acid-soluble REE concentrations (Nd>0.45 μm).
The above-mentioned processes were also carried out
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Fig. 1 Sampling map (A) and stations in the Changjiang River (black square in Fig. C), Jiangyin well (purple square in Fig. C), the Changjiang estuary
(Fig. B; black circles; gray circles refer Nd isotopic published stations as reported by Che and Zhang 2018), the salinity gradient (Fig. B; blue squares);
CDW and TWC indicate Changjiang diluted water and Taiwan warm current, respectively. Green dotted line in the map B shows the study area for
calculation of the Nd budget (approx. 8455 km2). Red dotted line (Fig. B) is the main area where NdSPM in the Changjiang River mixing zone was
explored

using rainwater (between stations 13 and 17) and groundwater samples (Jiangyin well water) (120.262°E, 31.938°N),
where all samples were collected in August 2017.
The analytical procedures for the measurement of the
REE concentrations and Nd isotopic compositions in this
paper are from the works of Persson et al. (2011), Hatje
et al. (2014), Che et al. (2018), and Liu et al. (2022). The
data on dissolved REE concentrations were measured
by ICP-MS (Thermo iCAP-Q) with a precision of better
than 4% and a reagent blank of less than 2%, based on the
results of replicated measurements. Nd isotope measurements were made on Nu plasma I and II instruments at
the Key Laboratory of Environmental Geochemistry.
Corrections were made for instrumental mass bias using
a value of 143Nd/144Nd = 0.7219. The Nd isotopic compositions can be expressed by εNd = (143Nd/144Ndmeasured/143
Nd/144NdCHUR − 1) × 10,000, where CHUR represents the
Chondritic Uniform Reservoir, with a value of 0.512638
(Jacobsen and Wasserburg 1980), and 143Nd/144Nd measured represents the measured value.
2.2 Calculation
2.2.1 Mass balance on water and salinity

The hydrography in the study area is largely controlled
by the Changjiang River discharge, exchanges with

the ECS and Yellow Sea (YS), and the open ocean current (including the Taiwan Warm Current (TWC) and
Kuroshio Water (KW)). Given that the deepwater of
the TWC mainly comprises the subsurface water of
the Kuroshio Current (Chao 1990; Yang et al. 2011), we
assumed that the water in the study area was directly
governed by the Changjiang River and KW in August.
Riverine inputs, precipitation, groundwater, evaporation, and exchanges between the studied area and other
waters were accounted for in the water budget. The water
budget was calculated for the continental shelf using the
Land–Ocean Interactions in the Coastal Zone (LOICZ)
approach (Swaney et al. 2011) as follows:


VQ + VP + VG + VX + VO + (VE + VR − VX ) = 0
(1)


SQ VQ + SP VP + SG VG + SO VO + SECS VX


(2)
+ SE VE + SR VR − SCJE VX = 0
where V is the water volume (km3 d−1), S is the salinity,
and the subscripts indicate the riverine input (Q), atmospheric deposition (P), groundwater input (G), exchanges
between the study area and open sea (X), other flow volume (O), evaporation (E), and residual flow volume (R).
SCJE and SECS are the salinities in the Changjiang estuary
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area and outer seas, respectively. As the salinity in the
river, rainwater, and other terrestrial waters was generally
zero, the water exchange between the study area and the
outer seas was calculated using the following formula:


VX = SR VR / SCJE − SECS
(3)
where VX is the water volume exchange between the
study area and the open sea, SR is the mean salinity of
22.4 in the study area, and VR is the residual flow volume.
SCJE and SECS were 0.1 and 30.1, respectively, in August
2015.
2.2.2 Quantitative estimates of the Nd budget

A mass balance was performed on the Changjiang estuary
to explore the effects of Nd processes in the river estuary.
The Nd inputs into the Changjiang estuary include river
inputs (FQ), groundwater input (FG), atmospheric inputs
(FP), ECS inflow (FR ECS), and YS inflow (FR YS). The Nd outputs include evaporation (FE), the outflow to the ECS (FX
ECS), and the residual outflow to the YS (FX YS).
The dissolved Nd flux for the different processes FNd was
calculated based on the measurement data for the samples:

FNd = V × c

(4)

where V represents the volume of the river, atmospheric
input, and water exchange with groundwater and water
output discharge and c is the dissolved Nd concentration.
2.2.3 Nd isotope mass balance

First, Formulas 5 and 6 were used to calculate the mixing proportion of different water masses considering the
salinity:

 

fECS vol = SM − SCJ / SECS − SCJ ;
(5)

fCJ vol = 1 − fECS vol ;

(6)

Next, we calculated the theoretically conserved Nd concentration in the ECS using Formulas 7 and 8:


[Nd]T-theor = fECS vol × [Nd]ECS + 1 − fECS vol × [Nd]CJ ;

(7)

[Nd]ECS-theor = fECS vol × [Nd]ECS ;

(8)

Finally, a quantitative mass balance was formulated based
on the Nd fractions from different sources (Formulas:
9–11):

fNd ECS = [Nd]ECS-theor /[Nd]M ;

(9)

fNd CJ = [εNd M − εNd SPM − fNd ECS (εNd ECS − εNd SPM )]


/ εNd CJ − εNd SPM ;

(10)

fNd SPM = 1 − fNd ECS − fNd CJ .

(11)

where fCJ vol and fECS vol denote the calculated salinity fraction for each endmember; [Nd]ECS-theor and [Nd]T-theor are
the theoretical conservations of the Nd concentration;
fNd ECS, fNd CJ, and fNd SPM are the Nd fractions in the ECS,
the Changjiang River, and the SPM, respectively; and
[Nd]ECS, [Nd]CJ, SECS, SCJ, εNd ECS, εNd SPM, and εNd CJ are
the endmembers of the Nd concentration, salinity, and
Nd isotopic composition in the ECS, Changjiang River,
and SPM, respectively; and [Nd]M, SM, and εNd M are the
measured values of the Nd concentration, salinity, and
Nd isotopic composition measured at the sampling stations, respectively.

3 Results and discussion
3.1 Significance of estuaries as modulators of REEs
in seawater

Numerous works of estuarine research studies suggest
that the coagulation process of riverine colloid matter in low-salinity areas and the release of suspended
materials in mid- and high-salinity areas are the main
factors affecting the REE fractionation in the estuaries (Elderfield et al. 1990; Pearce et al. 2013; Rousseau
et al. 2015). A similar phenomenon was discovered in
the Changjiang River along the salinity gradient, where
all of the REE distributions show strong nonconservative behavior. The concentrations of dREEs (Nd,
samarium (Sm), and ytterbium (Yb) are representative
LREEs, MREEs, and HREEs, respectively) decreased
rapidly in the low-salinity area (S < 2.0) and increased
slightly in the mid-salinity area (S = 2.0–28.0), despite
appreciable scattering (Fig. 2). In the low-salinity
area (S < 2.0) of the Changjiang estuary, the [Nd/Yb]N
decreased rapidly and more than 89 ± 5% of dissolved
LREE (Nd) was removed, such that the Nd concentration decreased from 295.7 pmol kg−1 to a minimum
of 30.2 pmol kg−1 (Fig. 2A, C). Approximately 85% of
the dissolved MREEs and 60% of the dissolved HREEs
were removed in this region (Fig. 2B). The percentage
removal of dissolved REEs shows a large decrease in
the concentrations of a range of REEs, from LREEs to
HREEs. However, in the area of the Changjiang estuary
where the salinity ranges from 2.0 to 28.0, there was
a noticeable increase in the concentration of dissolved
REEs, of 140% for HREEs and 240% for LREEs and
MREEs. The slight increase in [Nd/Yb]N corresponded
to preferential release from LREEs to the dREE pool.
The endmember of the dissolved phase εNd for the
Changjiang freshwater was determined at the Datong station, which is approximately 500 km from the area in the
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Fig. 2 Distribution of dissolved Nd (A), Sm and Yb (B) in surface water along the Changjiang estuary salinity area. C and D represent the
relationship between [Nd/Yb]N, or Nd isotopic and salinity, respectively. The black-dashed line in the D is the conservative theoretical dissolved Nd
mixing curve

estuary with zero salinity; the sampling results for the
channel of the Changjiang River in August 2017 showed
that εNd =  − 11.9 ± 0.3 and S = 0.0. No difference in the εNd
signatures between the freshwater and the estuary water
(S = 0.1, εNd =  − 12.0 ± 0.3) was observed at the mouth
of the estuary (Che and Zhang 2018), indicating that
an essentially uniform εNd distribution was maintained
(Fig. 2D). For regions where the salinity increased to 28,
the Nd isotopes and dREE served as conservative tracers
of the mixing of water masses (Che and Zhang 2018).
3.2 Importance of the effect of particle–seawater
interactions on the dREE compositions
in the mid‑salinity regions
3.2.1 Neodymium budget for the Changjiang River Estuary

Considering the results of previous studies and the
above-mentioned findings, a mass balance on the water
and salinity was performed to calculate the dissolved Nd
balance in the Changjiang estuary. The details of the calculation are presented below.
3.2.1.1 Changjiang River fluxes By taking the contribution of Nd = 182.4 pmol kg−1 at the Changjiang River

mouth and an annual river discharge of approximately
913.9 km3 yr−1 (Ministry of Water Resources of the People’s Republic of China, http://www.mwr.gov.cn/), we
obtained a Changjiang River fluxes of 24.0 Mg yr−1 for
Nd. This value should be regarded as mean annual flux
because of the Nd content including the winter data
(Wang and Liu 2008) in November 1998 and summer data
in this study. According to the above-mentioned analytical results, the total transport of effectively dissolved Nd
from the Changjiang River was 2.6 ± 0.2 Mg yr−1, for an
Nd removal rate in the river estuary of approximately 89%.
3.2.1.2 Groundwater fluxes Since its discovery,
groundwater has been regarded as an important source
in the REE balance in seawater (e.g., Johannesson and
Burdige 2007). Several investigators have pointed out
that the Nd concentration of the groundwater is approximately 100 times that of the surrounding seawater (Kim
and Kim 2011; Yuan et al. 2013). Few Nd data have
been reported in the groundwater of the Changjiang
estuary; however, groundwater can be inferred to play
a significant role in the Changjiang estuary from the
Jiangyin well water data (1054 ± 485 pmol kg−1; n = 2)
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and previous published data (3606 ± 690 pmol kg−1)
(Table 1). In this study, we used an annual average water
flow of 72 km3 yr−1 and an Nd concentration of 1054–
3606 pmol kg−1 in groundwater to roughly estimate
the total annual input flux of groundwater to the estuary as (11.0–37.4) ± 6.0 Mg yr−1 (Gu et al. 2012). This
estimated Nd content in groundwater is also within the
concentration range summarized by Johannesson and
Burdige (2007). Based on the observations, 89% of Nd
was removed during estuary mixing, from which we estimated that the effective groundwater flux of dissolved
Nd to the study area was (1.2–4.1) ± 0.7 Mg yr−1. Notably, however, the groundwater fluxes have a large part
recirculated seawater and a small part fresh groundwater
(Gu et al. 2012). The actual Nd contribution from fresh
groundwater to the Changjiang estuary should be lower
than the estimate given above. We will explore the large
uncertainty introduced by the diverse range of the Nd
contents in a future work, especially for the contribution
of SGD on the ocean dissolved Nd budget.
3.2.1.3 Atmospheric fluxes By taking the average
Nd concentrations in filtered rainwater in the spring
(Nd = 199.9 pmol kg−1 (unpublished data)) and summer
(Nd = 24.3–33.3 pmol kg−1) (Zhang and Liu 2004) (avg.
Nd = 86.0 ± 98.5 pmol kg−1), an average annual precipitation of 1600 mm (based on the rainfall in Shanghai),
and an oceanic area of 8455 km2, we obtain an atmospheric wet deposition flux of 0.17 ± 0.19 Mg yr−1 Nd.
However, the effects of anthropogenic activities and
dust storms on river estuary areas also influence the Nd
concentration in the surface seawater. In addition, there
is a large amount of uncertainty in the atmospheric dry
deposition input estimate, because only data for the

spring have been reported, and no seasonal variation
data have been published. The estimated contribution of
atmospheric dry deposition to marine dissolved Nd was
0.05 ± 0.02 Mg yr−1 [Nd = 135.9 ± 49.9 pmol kg−1; n = 6;
sedimentation rate = 1 cm s−1 (Duce et al. 1991; Kadko
et al. 2020)]. Ultimately, the total annual input (including
wet and dry deposition) to the study area was approximately 0.22 ± 0.19 Mg yr−1, indicating a nonsignificant
contribution from atmospheric deposition to the Changjiang estuary.
3.2.1.4 Transport fluxes The LOICZ model was
employed to estimate the transport flux of dissolved Nd
from the Changjiang estuary to the ECS and the YS during
the survey year (Table 2). By taking the mass balance of the
water and salinity model, the average salinity in the study
area (S = 22.4) and the salinity of the ECS and Changjiang estuary endmembers (30.1 and 0.1, respectively) were
used to estimate the water volume exchange between the
Changjiang estuary and ECS (VX ECS) and YS (VX YS) and
the residual flow volumes (VR ECS and VR YS). The outputs
of dissolved Nd from the Changjiang estuary to the ECS
were found to be five times higher than those from the YS.
Overall, the results indicate that the total transport of
effectively dissolved Nd in the Changjiang estuary area
was 4.1–7.0 ± 0.9 Mg yr−1, of which 2.6 ± 0.2 Mg yr−1
was from rivers, 1.2–4.1 ± 0.7 Mg yr−1 was from
groundwater, and 0.22 ± 0.19 Mg yr−1 was from
the atmosphere (including wet and dry deposition)
(Tables 1, 2). Here, we have neglected the effect of
atmospheric dry deposition on marine dissolved Nd
because the dry deposition flux was less than 2% of
the total dissolved Nd flux (0.05 ± 0.02 Mg yr−1, n = 5;
deposition rate = 1 cm s−1), although dust is one type

Table 2 Estimates of dissolved Nd fluxes for rivers, atmosphere, and groundwater and water exchange between the ECS and YS
Processes

Area

Annual average
Water discharge (km3 yr−1) Nd (pmol k
 g−1)

Flux (Mg yr−1)

913.9a

182.4

24.0

Atmospheric input (FP)

0.12b

86.0/135.9

0.3

Groundwater input (FG)

72c

1054–3606

River input (FQ)

Changjiang River

(11.0–40.3) ± 5.0

Water exchange (FX)e

ECS (FX ECS)

517.2

57.6d

4.3

YS (FX YS)

97.9

64.5

0.9

Water output (FR)e

ECS (FR ECS)

729.6

57.6d

6.1

YS (FR YS)

138.0

64.5

1.3

a

Ministry of Water Resources of the People’s Republic of China (2015)

b

Li et al. (2011)

c

Gu et al. (2012). The exchange rates between the study area and the YS (FX YS) and the ECS (FX ECS) are based on data reported by Liu et al. (2003)

d

The concentration is 57.6 pmol k g−1 in the south YS and 64.5 pmol kg−1 in the ECS (Che and Zhang 2018)

e

The loading of the residual outflows and exchange outflows to the YS (26%, 10%, 5%, Ave. = 14%) and ECS (74%) was estimated from the corresponding water
discharges (Liu et al. 2003)
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of particulate matter. However, the flux of dissolved Nd
in the estuary (2.8–5.7 Mg) was clearly lower than the
total flux input to the ECS and YS (9.8 ± 0.9 Mg yr−1),
which implies that the additional sources of dissolved
Nd should exist in the observation area (Fig. 3).
3.2.2 Fraction of Nd released from suspended particulate
matter

In addition, an Nd isotope mass balance was performed
to quantify the additional flux of dissolved Nd in the
Changjiang estuary. The three main sources of dissolved
Nd were the Changjiang River (εNd CJ), the mixing shelf
water of the ECS (εNd MSW), and the particulate matter (εNd
SPM), with corresponding isotope values of − 11.9, − 11.3
(Che and Zhang 2018), and − 13 (Yang et al. 2007),
respectively; here, as few data have been reported for
εNd of particulate matter, we used εNd of the sediment
instead. The endmembers of the Nd concentrations for
the Changjiang River and the mixing shelf water were
[Nd]CJ = 295.7 pmol kg−1 and [Nd]MSW = 28.9 pmol kg−1,
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respectively. The specific calculation method is detailed in
“Nd isotope mass balance” section.
We estimated that approximately 1.3 ± 0.3% of
NdSPM was released to the dissolved Nd pool in the
estuary based on the above-mentioned calculations
(28.4 pmol kg−1 of Nd released from particles to the dissolved pool at zero salinity, and a particulate N
 d>0.45 μm
concentration of 2247 pmol kg−1). Our result is higher
than those reported for other estuaries (Pearce et al.
2013; Rousseau et al. 2015; Laukert et al. 2017), which is
probably because particulate–seawater interactions are
stronger in the Changjiang River (Wang and Liu 2008).
In addition, a relatively high SPM (500–1000 mg L−1)
could enhance the release rate in the Changjiang River,
because the proportion of fine particulates in the river
sediment flux impacts the release rate of Nd from the
particulate phase (Pearce et al. 2013). By contrast, no
REEs were released from the particulate phases in the
Lena River because of the low amounts of SPM (33 mg
L−1) (Laukert et al. 2017).

Fig. 3 Flux of effectively dissolved Nd in the Changjiang estuary (unit: t yr−1). Numbers represent Nd concentration fluxes. FQ: river inputs; FG:
groundwater discharge; FP: atmospheric wet deposition; FX YS: exchange flow between the Yellow Sea and the Changjiang estuary; FX ECS: exchange
flow between the East China Sea and the Changjiang estuary; FR YS: residual outflow to the Yellow Sea; FR ECS: residual outflow to the East China Sea.
Red-stripe area represents the salinity gradient
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The Changjiang River NdSPM flux to the ECS was estimated based on the detailed Nd observations in this
study. Using an Nd concentration of 35.6 mg kg−1 for the
Changjiang sediment and a total river suspended flux of
4.8 × 108 Mg yr−1 (Meybeck and Ragu 2012) yielded an
NdSPM flux of 17,000 Mg yr−1. We calculated that about
1.3% of the 17,000 t y r−1 NdSPM flux (220 Mg yr−1) was
released from the SPM to the dissolved Nd pool in the
Changjiang estuary. However, the flux of dissolved Nd
from the Changjiang River to the ECS is approximately
4.8 ± 0.7 Mg yr−1, because approximately 80 ± 3% of
river suspended and 89 ± 5% of the dissolved Nd flux was
removed in the low-salinity area of the estuary. These
results indicate that Nd release from lithogenic sediments is an important additional contributor to REEs in
the dissolved budget of the ocean.
If the dissolved Nd concentrations and Nd removal
were constant throughout the year, these results would
roughly account for the imbalance in the Nd budget
imbalance in the Changjiang estuary. It is difficult to consider the effects of Nd concentrations and the Nd isotope
compositions determined in this study. The maximum
contribution of the Nd concentration and Nd isotope
composition to the 
NdSPM release rate were approximately ± 0.1% and ± 0.7%, assuming variations in the Nd
concentration and Nd isotope composition to be ± 10%
and ± 0.3, respectively. Seasonal variations in the release
of Nd from particles in the Changjiang estuary will be
considered in a future study.
3.3 Quantitative estimates of the Nd flux in Chinese
marginal seas and global ocean

Finally, the Nd budget of China’s marginal seas was
roughly assessed based on our observations of NdSPM
release. The total river sediment flux for nine Chinese
rivers is approximately 1.8 × 109 Mg yr−1 (Meybeck
and Ragu 2012). Thus, we estimate that approximately
770 Mg yr−1 of Nd was released from Chinese river
sediments to coastal marine waters. (The mean river
Ndsediment concentration is 33 ± 12 mg kg−1 (Kim and Kim

2014) and the N
 dSPM release of the rivers is 1.3 ± 0.3%.)
According to previous studies, approximately 6–38% of
Nd is transported to adjacent ocean basins such as the
Sea of Japan and the North Pacific Ocean via the ocean
circulation (Che and Zhang 2018). We calculated that
approximately 46–290 Mg of Nd is transported annually through the northern South sea (Table 3), the ECS,
and the YS to adjacent seas, which is in agreement with a
previous report (295 ± 240 Mg yr−1) (Lacan and Jeandel
2005).
We categorized the world’s rivers into three
groups according to the SPM: SPM < 40 mg L
−1,
−1
−1
40 < SPM < 500 mg L , and SPM > 500 mg L (Meybeck
and Ragu 2012), and recalculated the global marine Nd
budget by incorporating the data obtained for the Amazon estuary (0.94 ± 0.25%), the Lena River (none), and
the Changjiang estuary (1.3 ± 0.3%). The final estimated
results showed that approximately 5800–9200 Mg yr−1
of Nd is released in marginal seas, which is closer to the
global missing Nd flux of 5500–11,000 Mg per year than
a previous estimate (Rousseau et al. 2015). Considering the global riverine sediment flux to the oceans is
1.85 ± 0.16 × 1016 g yr−1, the rivers with an SPM concentration greater than 500 mg L−1 account for 83% of the
total sediment flux and the rivers with an SPM concentration between 40 and 500 mg L
 −1 account for 16.8%.
The range of the total flux is calculated using the range
of the error in the release rate. And the final estimated
results show that approximately 7500 ± 1700 t y r−1 of Nd
is released in marginal seas (Table 3). In this study, a synthesis of river data for the northwest Pacific Ocean, the
South and North Atlantic Oceans, and the Arctic Ocean
demonstrated that particulate release is significant for
balancing the dissolved marine Nd budget. To confirm the
contribution of the particulate release from the margins
to the ocean, it is necessary to obtain more N
 dSPM release
data from various estuaries with different geochemical
properties, such as the composition and particulate surface area. In addition, submarine groundwater discharge

Table 3 NdSPM release rate in different estuaries and dissolved NdSPM flux to the ocean
Contact area

SPM discharge Mg yr−1

Chinese rivers

1.8 × 109 a

World river
  1.85 ± 0.16 × 1016 a
a

Meybeck and Ragu (2012)

b

Rousseau et al. (2015)

c

Kim and Kim (2014)

d

Che and Zhang (2018)

NdSPM release rate %
1.3 ± 0.3

1.53 × 1016
16

0.31 × 10

1.3 ± 0.3

b

0.94 ± 0.25

Nd sediment
concentration mg k
 g−1

Water masses
mixing

33 ± 12c

6–38%d

33 ± 12c

Nd flux Mg
46–290
5800–9200
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and sediment pore water may be a potential source of dissolved Nd, but these contributions require further study.

4 Conclusions
Considerable dREE removal and uniform Nd isotope
signatures were observed in low-salinity regions of the
Changjiang estuary. In the mid-salinity region of the estuary, an Nd mass balance yielded an estimated Nd release
rate higher than the available published data. Our results
indicate that the flux of Nd release from riverine particulates to the seawater pool (5800–9200 Mg per year) close
to the global missing Nd flux of 5500–11,000 Mg per year
is also on the same order of magnitude as that reported by
Rousseau et al (2015). This study provides direct evidence
for exploring the Nd cycle process in the estuaries, and the
result suggests that the release of dissolved Nd from riverine particles should be considered a “missing source” constraint on the Nd mass balance in ocean waters. Moreover,
particulate–seawater interactions appear to be an important geochemical control and should thus be considered
in coastal environments when assessing the cycle of trace
elements.
Abbreviations
SPM: Suspended particulate matter; DOC: Dissolved organic carbon; ECS: East
China Sea; REE: Rare earth element; CDW: Changjiang diluted water; TWC: Tai‑
wan warm current; KW: Kuroshio water; LOICZ: Land–ocean interactions in the
coastal zone; LREE: Light rare earth element; MREE: Middle rare earth element;
HREE: Heavy rare earth element.
Acknowledgements
We thank the captain and crew of the Zhedaiyuyun and researchers for taking
seawater samples during cruises and performing onboard sample process‑
ing. We would especially like to thank Professor Dr. Tristan C. C. Rousseau for
contributing to the Nd mass balance model calculation. We would also like to
thank Wenkai Guan, Jie Liang, and Hailong Zhang for assistance in the labora‑
tory and with sampling. We are grateful to the anonymous reviewers for their
helpful comments and suggestions. This paper is dedicated to the memory
of Huijun He, an outstanding scientist who sadly passed away on September
3, 2021.
Author contributions
JZ proposed the study subject, conceived and designed the study, and was
the project administrator. HC carried out the experimental study and wrote
the manuscript. QL and HH conceived the study and participated in discus‑
sion on the manuscript. ZZQ analyzed and interpreted the data. All authors
read and approved the final manuscript.
Funding
This study was partially supported by the National Natural Science Foun‑
dation of China (Grant Nos. NSFC-41890801, 4191154007, 41906038, and
41530965); the Key Laboratory of Marine Ecology and Environmental Science
and Engineering, SOA (Grant No. MESE-2019-04); the Pilot National Laboratory
for Marine Science and Technology (Qingdao) (Grant No. JCZX202019); JSPS
KAKENHI Grant Nos. JP20H04319 and 15H05821.
Availability of data and materials
The datasets generated and analysed during the current study are available
in the [Data Publisher for Earth & Environmental Science] repository, (https://
doi.org/10.1594/PANGAEA.939705; https://doi.org/10.1594/PANGAEA.939706;
https://doi.org/10.1594/PANGAEA.939708).

Page 9 of 10

Declarations
Ethical approval
Our research does not involve human participants, or tissue or animals. The
datasets generated and analysed during the current study are available in the
[Data Publisher for Earth & Environmental Science] repository, [https://doi.org/
10.1594/PANGAEA.939705,939706,939708].
Competing interests
The authors declare that they have no competing interests.
Author details
1
Frontiers Science Center for Deep Ocean Multispheres and Earth System,
and Key Laboratory of Marine Chemistry Theory and Technology, Ministry
of Education, Ocean University of China, Qingdao 266100, China. 2 Deep‑sea
Multidisciplinary Research Center, Pilot National Laboratory for Marine Sci‑
ence and Technology, Qingdao 266237, China. 3 Faculty of Science, University
of Toyama, Toyama 9308555, Japan. 4 School of Earth Science and Resources,
Chang’an University, Xi’an 710054, China.
Received: 13 October 2021 Accepted: 3 April 2022

References
Abbott AN, Haley BA, McManus J, Reimersa CE (2015) The sedimentary flux of
dissolved rare earth elements to the ocean. Geochim Cosmochim Acta
154:186–200
Bertram CJ, Elderfield H (1993) The geochemical balance of the rare earth
elements and neodymium isotopes in the oceans. Geochim Cosmochim
Acta 57:1957–1986
Broecker WS, Peng TH (1982) Tracers in the Sea. Eldigio Press, New York
Chao SY (1990) Circulation of the East China Sea, a numerical study. J Ocean‑
ogr Soc Jpn 46(6):273–295
Che H, Zhang J (2018) Water mass analysis and end-member mixing contribu‑
tion using coupled radiogenic Nd isotopes and Nd concentrations: inter‑
action between marginal seas and the Northwestern Pacific. Geophys
Res Lett 45(5):2388–2395
Che H, Zhang J, Zhao ZQ, He HJ (2018) Measurement of neodymium isotope
in seawater and its significance in mixing of water masses. Chin J Anal
Chem 46(9):1393–1399
Chen J, Wang F, Xia X, Zhang L (2002) Major element chemistry of the Changji‑
ang (Yangtze River). Chem Geol 187:231–255
Duce RA, Liss PS, Merrill JT, Atlas EL, Buat-Menard P, Hicks BB, Miller JM, Pros‑
pero JM, Arimoto R, Church TM, Ellis W, Galloway JN, Hansen L, Jickells
TD, Knap AH, Reinhardt KH, Schneider B, Soudine A, Tokos JJ, Tsunogai S,
Wollast R, Zhou M (1991) The atmospheric input of trace species to the
world ocean. Global Biogeochem Cycles 5(3):193–259
Eckert JM, Sholkovitz ER (1976) The flocculation of iron, aluminium and
humates from river water by electrolytes. Geochim Cosmochim Acta
40(7):847–848
Elderfield H, Upstill-Goddard R, Sholkovitz ER (1990) The rare earth elements in
rivers, estuaries, and coastal seas and their significance to the composi‑
tion of ocean waters. Geochim Cosmochim Acta 54(4):971–991
Frank M (2002) Radiogenic isotopes: tracers of past ocean circulation and ero‑
sional input. Rev Geophys 40:1. https://doi.org/10.1029/2000RG000094
Goldstein SL, Hemming SR (2003) Long-lived isotopic tracers in oceanography,
paleoceanography, and ice-sheet dynamics. In: Elderfield H (ed) Treatise
on geochemistry. Elsevier, Oxford
Gu H, Moore WS, Zhang L, Du J, Zhang J (2012) Using radium isotopes to esti‑
mate the residence time and the contribution of submarine groundwater
discharge (SGD) in the Changjiang effluent plume, East China Sea. Cont
Shelf Res 35:95–107
Hatje V, Bruland KW, Flegal AR (2014) Determination of rare earth elements
after pre-concentration using Nobias-chelate PA-1® resin: Method
development and application in the San Francisco Bay plume. Mar Chem
160:34–41

Che et al. Progress in Earth and Planetary Science

(2022) 9:22

Hoyle J, Elderfield H, Gledhill A, Greaves M (1984) The behaviour of the rare
earth elements during mixing of river and sea waters. Geochim Cosmo‑
chim Acta 48(1):143–149
Jacobsen SB, Wasserburg GJ (1980) Sm–Nd evolution of chondrites. Earth
Planet Sci Lett 50(1):139–155
Jeandel C, Bishop JK, Zindler A (1995) Exchange of neodymium and its
isotopes between seawater and small and large particles in the Sargasso
Sea. Geochim Cosmochim Acta 59:535–547
Johannesson KH, Burdige DJ (2007) Balancing the global oceanic neodymium
budget: evaluating the role of groundwater. Earth Planet Sci Lett
253(1–2):129–142
Kadko D, Landing WM, Buck CS (2020) Quantifying atmospheric trace element
deposition over the ocean on a global scale with satellite rainfall prod‑
ucts. Geophys Res Lett 47(7):e2019GL086357
Kim I, Kim G (2011) Large fluxes of rare earth elements through submarine
groundwater discharge (SGD) from a volcanic island, Jeju, Korea. Mar
Chem 127(1):12–19
Kim I, Kim G (2014) Submarine groundwater discharge as a main source of rare
earth elements in coastal waters. Mar Chem 160:11–17
Lacan F, Jeandel C (2005) Neodymium isotopic as a new tool for quantifying
exchange fluxes at the continent–ocean interface. Earth Planet Sci Lett
232:245–257
Laukert G, Frank M, Bauch D, Hathorne EC, Gutjahr M, Janout M, Holemann J
(2017) Transport and transformation of riverine neodymium isotope and
rare earth element signatures in high latitude estuaries: a case study from
the Laptev sea. Earth Planet Sci Lett 477:205–217
Lee H, Kim G, Kim J, Park G, Song KH (2014) Tracing the flow rate and mixing
ratio of the Changjiang Diluted Water in the northwestern Pacific mar‑
ginal seas using radium isotopes. Geophys Res Lett 41(13):4637–4645
Li J, Gong ZB, Li YC, Wen YY, Wand T, Yao JM (2005) Geochemical behaviors
of rare earth elements in the estuary of Changjiang River in China. Acta
Oceanol Sin (chin) 27(5):164–172
Li M, Xu K, Watanabe M, Chen Z (2007) Long-term variations in dissolved
silicate, nitrogen, and phosphorus flux from the Yangtze River into the
East China Sea and impacts on estuarine ecosystem. Estuar Coast Shelf
Sci 71:3–12
Li XA, Yu Z, Song X, Cao X, Yuan Y (2011) Nitrogen and phosphorus budgets of
the Yangtze River estuary. Chin J Oceanol Limn 29(4):762–774
Liu SM, Zhang J, Chen SZ, Chen HT, Hong GH, Wei H, Wu QM (2003)
Inventory of nutrient compounds in the Yellow Sea. Cont Shelf Res
23(11–13):1161–1174
Liu Q, Zhang J, He H, Ma L, Li H, Matsuno T (2022) Significance of nutrients in
oxygen-depleted bottom waters via various origins on the mid-outer
shelf of the East China Sea during summer. Sci Total Environ 826:154083
Merschel G, Bau M, Schmidt K, Münker C, Dantas EL (2017a) Hafnium and
Neodymium isotopes and REY distribution in the truly dissolved, nano‑
particulate/colloidal and suspended loads of rivers in the Amazon basin,
Brazil. Geochim Cosmochim Acta 213:383–399
Merschel G, Bau M, Dantas EL (2017b) Contrasting impact of organic and
inorganic nanoparticles and colloids on the behavior of particle-reactive
elements in tropical estuaries: an experimental study. Geochim Cosmo‑
chim Acta 197:1–13
Meybeck M, Ragu A (2012) GEMS-GLORI world river discharge database.
Pangaea, Paris. https://doi.org/10.1594/PANGAEA.804574
Ministry of Water Resources of the People’s Republic of China (2015) http://
www.mwr.gov.cn/
Paffrath R, Pahnke K, Van der Loeff MR, Böning P, Valk O, Gdaniec S, Planquette
H (2021) Seawater–particle interactions of rare earth elements and neo‑
dymium isotopes in the deep central arctic ocean. J Geophys Res Oceans.
https://doi.org/10.1029/2021JC017423
Pearce CR, Jones MT, Oelkers EH, Pradoux C, Jeandel C (2013) The effect
of particulate dissolution on the neodymium (Nd) isotope and rare
earth element (REE) composition of seawater. Earth Planet Sci Lett
369–370:138–147
Persson PO, Andersson PS, Zhang J, Porcelli D (2011) Determination of Nd iso‑
topes in water: a chemical separation technique for extracting Nd from
seawater using a chelating resin. Anal Chem 83(4):1336–1341
Rousseau TCC, Sonke JE, Chmeleff J, Beek PV, Souhaut M, Boaventura G (2015)
Rapid neodymium release to marine waters from lithogenic sediments in
the Amazon estuary. Nat Commun 6:7592

Page 10 of 10

Swaney DP, Smith SV, Wulff F (2011) The LOICZ biogeochemical modeling pro‑
tocol and its application to estuarine ecosystems. In: Wolanski E, McLusky
D (eds) Treatise on estuarine and coastal science, vol 9. Academic Press,
Waltham, pp 135–159
Tepe N, Bau M (2015) Distribution of rare earth elements and other high field
strength elements in glacial meltwaters and sediments from the western
Greenland Ice Sheet: evidence for different sources of particles and
nanoparticles. Chem Geol 412:59–68
van de Flierdt T, Frank M, Lee DC, Halliday AN, Reynolds BC, Hein JR (2004) New
constraints on the sources and behavior of neodymiumand hafnium in
seawater from Pacific Ocean ferromanganese crusts. Geochim Cosmo‑
chim Acta 68:3827–3843
Wang ZL, Liu CQ (2008) Geochemistry of rare earth elements in the dissolved,
acid-soluble and residual phases in surface waters of the Changjiang
estuary. J Oceanogr 64(3):407–416
Wong GTF, Gong G-C, Liu K-K, Pai S-C (1998) “Excess nitrate” in the East China
Sea. Estuar Coast Shelf Sci 46:411–418
Yang S, Jiang S, Lin H, Xia X, Sun M, Wang D (2007) Sr-Nd isotope compositions
of the Yangtze River (Chinese). Sci China Ser D 37(5):682–690
Yang D, Yin B, Liu Z, Feng X (2011) Numerical study of the ocean circulation
on the East China Sea shelf and a Kuroshio bottom branch northeast of
Taiwan in summer. J Geophys Res 116(C5):86–86
Yuan JF, Mao SM, Wang YX (2013) Inorganic speciation of rare earth elements
for groundwater in northeastern of the Pearl River dealt mouth, south
China. Hydrogeol Eng Geol 40(06):14–21
Zhang J (2002) Biogeochemistry of Chinese estuarine and coastal waters:
nutrients, trace metals and biomarkers. Reg Environ Change 3:65–76
Zhang J, Liu CQ (2004) Major and rare earth elements in rainwater from Japan
and East China Sea: natural and anthropogenic sources. Chem Geol
209(3):315–326

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

