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Supplementary Table 1. Nd concentration ([Nd]) and Nd isotopic composition (εNd) of Fe–Mn oxyhydroxides, residual and bulk suspended particulate matter (SPM) 

from the Amazon River and Pará River. 

Diluted reductive solution Strong reductive solution Residual SPM Bulk SPM Origin 

Labile Fe-Mn 

oxyhydroxides [Nd] 

Labile Fe-Mn 

oxyhydroxides εNd 

Fe-Mn 

oxyhydroxides [Nd] 

Fe-Mn 

oxyhydroxides εNd 
[Nd] εNd [Nd] εNd  

21.8 ± 2.6 -8.3 ± 0.1 59.3 ± 8.5 -7.9 ± 0.1 157.3 ± 26.0 -11.8 ± 0.03 238.4 ± 32.1 -11.3 ± 0.2 Amazon 

34.2 ± 0.8 -10.6 ± 0.02 105.1 ± 2.2 -10.3 ± 0.1 194.1 ± 2.4 -12.7 ± 0.05 333.4 ± 0.5 -12.1 ± 0.02 Pará 

Note: The standard deviation (1SD) is calculated for the mean value of 5 samples in the north Amazon transect and 2 samples in the Pará transect. The unit of [Nd] 

is μmol kg-1. The diluted reductive solution is a mixture of 0.005 M hydroxylamine hydrochloride/1.5% acetic acid/0.03 M Na-EDTA (sodium-

ethylenediaminetetraacetate) solution buffered to pH 4 with NaOH (sodium hydroxide), while the concentrations of hydroxylamine hydrochloride and acetic acid in 



the strong reductive solution are 10 times higher. Residual SPM represents the SPM after removal of the Fe-Mn oxyhydroxides phases, while the bulk SPM represents 

the sum of all phases. Further details of SPM sample treatment have been provided in the methods of the main text. 

 

Supplementary Table 2. Average rare earth element and yttrium (REY) concentrations of Fe–Mn oxyhydroxides, residual and bulk suspended particulate matter 

(SPM) from the Amazon River and Pará River. 

Origin Amazon River Pará River 

μmol kg-1 
Labile Fe-Mn 

oxyhydroxides 

Fe-Mn 

oxyhydroxides 
Residual SPM Bulk SPM 

Labile Fe-Mn 

oxyhydroxides 

Fe-Mn 

oxyhydroxides 
Residual SPM Bulk SPM 

La 15.7 ± 1.9 42.9 ± 6.4 234.9 ± 40.8 293.4 ± 45.2 25.8 ± 0.3 80.3 ± 2.8 303.1 ± 3.7 409.1 ± 0.6 

Ce 47.6 ± 5.9 119.3 ± 19.1 433.7 ± 43.3 600.6 ± 55.4 73.8 ± 1.4 228.4 ± 8.5 510.8 ± 2.3 813.0 ± 7.6 

Pr 5.2 ± 0.6 13.9 ± 2.0 51.5 ± 8.7 70.6 ± 10.2 8.3 ± 0.1 25.1 ± 0.6 64.3 ± 1.0 97.7 ± 0.2 

Nd 21.8 ± 2.6 59.3 ± 8.5 157.3 ± 26.0 238.4 ± 32.1 34.2 ± 0.8 105.1 ± 2.2 194.1 ± 2.4 333.4 ± 0.5 

Sm 5.1 ± 0.6 13.8 ± 2.0 27.0 ± 4.2 45.9 ± 5.7 7.7 ± 0.2 23.4 ± 0.5 32.0 ± 0.3 63.0 ± 0.4 

Eu 1.1 ± 0.1 3.0 ± 0.4 5.2 ± 0.7 9.4 ± 1.0 1.7 ± 0.02 5.1 ± 0.1 6.1 ± 0.2 12.9 ± 0.02 

Gd 4.5 ± 0.5 12.2 ± 1.8 20.7 ± 3.0 37.5 ± 4.4 6.7 ± 0.1 20.5 ± 0.6 23.5 ± 0.3 50.7 ± 0.4 

Tb 0.7 ± 0.1 1.8 ± 0.3 3.1 ± 0.4 5.6 ± 0.6 1.0 ± 0.01 3.0 ± 0.1 3.3 ± 0.1 7.3 ± 0.003 

Dy 3.5 ± 0.4 9.7 ± 1.4 20.7 ± 2.4 34.0 ± 3.3 5.3 ± 0.05 16.2 ± 0.5 21.5 ± 0.7 43.0 ± 0.1 

Y 31.2 ± 3.3 82.0 ± 11.2 236.1 ± 28.2 349.3 ± 34.1 48.6 ± 0.3 137.3 ± 1.1 236.4 ± 9.1 422.2 ± 7.7 

Ho 0.6 ± 0.1 1.8 ± 0.3 4.4 ± 0.5 6.7 ± 0.6 1.0 ± 0.01 2.9 ± 0.1 4.5 ± 0.2 8.4 ± 0.1 

Er 1.5 ± 0.2 4.3 ± 0.6 13.2 ± 1.5 19.1 ± 1.8 2.4 ± 0.1 7.5 ± 0.2 13.3 ± 0.3 23.2 ± 0.1 

Yb 1.1 ± 0.1 3.3 ± 0.5 13.5 ± 1.3 17.9 ± 1.5 1.8 ± 0.02 5.8 ± 0.1 13.6 ± 0.4 21.2 ± 0.4 

Lu 0.1 ± 0.02 0.4 ± 0.1 2.0 ± 0.2 2.6 ± 0.2 0.2 ± 0.01 0.8 ± 0.01 2.1 ± 0.1 3.1 ± 0.04 

Note: The standard deviation (1SD) is calculated for the mean value of 5 samples in the north Amazon transect and 2 samples in the Pará transect. REY concentration 

is given in μmol kg-1. 

 

 



Supplementary Table 3. Calculated estuarine water Nd isotopic composition (εNd) changes in the mid- to high-salinity zone of the south Amazon transect resulting 

from the influence of suspended particulate matter (SPM) from the Amazon River and Pará River. 

Sta_ID 
Sal 

[psu] 

εNd 

meas

ured 

[Nd] 

measure

d [pmol 

kg-1] 

[Nd] 

conserva

tive 

[pmol 

kg-1] 

εNd 

conser

vative 

[Nd] 

addition 

[pmol kg-1] 

SPM 

content 

[mg L-1] 

Labile Fe-

Mn oxy. 

fraction 

dissolved 

εNd 

labile Fe-

Mn 

influenced 

Residue 

fraction 

dissolved 

εNd 

residue 

influen

ced 

Bulk 

fraction 

dissolve

d 

εNd 

bulk 

influe

nced 

ΔNdF

e-Mn 

ΔNdr

esidue 

ΔNdb

ulk 

SPM 

origin 
       

Amazon River, 

Pará River 

AM18 9.3 -10.3 26.1 25.8 -9.8 0.3 2.7 
0.52%, 

0.33% 

-9.8, 

-9.8 

0.07%, 

0.06% 

-9.8, 

-9.8 

0.05%, 

0.03% 

-9.8, 

-9.8 

-0.4, 

-0.4 

-0.4, 

-0.4 

-0.4, 

-0.4 

AM17 12.3 -10.6 27.6 25.3 -9.9 2.3 3.6 
2.83%, 

1.80% 

-9.9, 

-9.9 

0.39%, 

0.32% 

-9.9, 

-9.9 

0.26%, 

0.19% 

-9.9, 

-9.9 

-0.8, 

-0.8 

-0.8, 

-0.7 

-0.8, 

-0.8 

AM16 15.9 -11.0 27.9 24.7 -9.9 3.3 2.5 
6.03%, 

3.84% 

-9.9, 

-9.9 

0.84%, 

0.68% 

-9.9, 

-10.0 

0.55%, 

0.39% 

-9.9, 

-9.9 

-1.1, 

-1.1 

-1.0, 

-1.0 

-1.1, 

-1.0 

AM15 20.5 -11.8 29.3 23.8 -10.0 5.5 4.3 
5.82%, 

3.70% 

-9.9, 

-10.0 

0.81%, 

0.65% 

-10.1, 

-10.1 

0.53%, 

0.38% 

-10.0, 

-10.1 

-1.9, 

-1.8 

-1.7, 

-1.7 

-1.7, 

-1.7 

AM36 24.9 -13.2 29.1 23.0 -10.1 6.1 7.8 
3.56%, 

2.26% 

-10.0, 

-10.1 

0.49%, 

0.40% 

-10.2, 

-10.3 

0.33%, 

0.23% 

-10.2, 

-10.2 

-3.3, 

-3.1 

-3.0, 

-3.0 

-3.1, 

-3.0 

AM14 26.8 -10.8 34.6 22.7 -10.2 11.9 6.9 
7.96%, 

5.07% 

-9.8, 

-10.3 

1.10%, 

0.89% 

-10.5, 

-10.7 

0.73%, 

0.52% 

-10.4, 

-10.6 

-1.0, 

-0.5 

-0.2, 

-0.1 

-0.4, 

-0.2 

AM13 30.7 -13.5 32.2 22.0 -10.5 10.2 — — 
-10.1, 

-10.5 
— 

-10.7, 

-10.9 
— 

-10.6, 

-10.8 

-3.3, 

-2.9 

-2.7, 

-2.6 

-2.8, 

-2.7 

Notes: 

(1) The possible influence of SPM dissolution from the Amazon River and Pará River on the variation of εNd in estuarine waters were calculated separately. 

(2) The conservative Nd concentration ([Nd]conservative) is calculated between the water samples exhibiting maximum removal in the estuary and the seawater 

endmember. 



(3) The conservative εNd signature (εNd conservative) corresponds to the two-endmember conservative mixing of Amazon freshwater (S: 0.2, [Nd]: 501.9 pmol kg-1, 

εNd: -9.4) and seawater (S: 35.5, [Nd]: 25.8 pmol kg-1, εNd: -11.4) in the transect. 

(4) [Nd] addition = [Nd]measured – [Nd]conservative. 

(5) Dissolution of labile Fe-Mn oxyhydroxides, residual SPM and bulk SPM is calculated by the equation: contribution = ([Nd] addition / (Fe-Mn oxyhydroxides 

[Nd] or residual SPM [Nd] or bulk SPM [Nd] / SPM content)) * 100 assuming that the [Nd] addition is only supplied via dissolution of the labile Fe-Mn 

oxyhydroxides or residual SPM or bulk SPM. 

(6) ΔNd = εNd measured – εNd labile Fe-Mn influenced or εNd residue influenced or εNd bulk influenced. 

 

 

Supplementary Fig. 1. Calculated estuarine water Nd isotopic composition (εNd) changes influenced by suspended particulate matter (SPM) dissolution in the mid- 

to high-salinity zone of the south Amazon transect. The εNd changes influenced by the dissolution of labile Fe-Mn oxyhydroxides, residual SPM and bulk SPM from 

the Amazon River (a) and Pará River (b). The large difference between the modeled εNd changes and measured εNd in the mid- to high-salinity zone precludes SPM 



dissolution as the main source for the increase of [Nd] and less radiogenic εNd signatures in the Amazon estuarine plume. Error bars correspond to the 2 standard 

deviations (2SD) of the εNd measurements. 

 

 

Supplementary Fig. 2. Calculated estuarine water rare earth element and yttrium (REY) changes influenced by suspended particulate matter (SPM) dissolution in 

the mid- to high-salinity zone of the south Amazon transect. Panels a) to g) show the REY concentrations changes (normalized to conservative mixing) in estuarine 

water influenced by the dissolution of different phases of SPM from the Amazon River. Panel h) display the estuarine water REY patterns of changes influenced by 

the dissolution of labile Fe-Mn oxyhydroxides, residual SPM and bulk SPM from the Amazon River. The sample with the highest REY concentrations corresponding 

to a [Nd] of 34.6 pmol kg-1 in the mid- to high-salinity zone of the south Amazon transect is selected to calculate the influence of SPM dissolution on the REY pattern 

of estuarine water. Panel h) also show the REY patterns of labile Fe-Mn oxyhydroxides, residual SPM and bulk SPM from the Amazon River. 

 



 

Supplementary Fig. 3. Stations of near-bottom water sampling above the continental shelf area of the Amazon estuary. Salinity is given in psu. 



 

Supplementary Fig. 4. Establishment of a box model for the Amazon estuary. The box includes the Pará estuary and outer Amazon estuary with width WB, as shown 

in panel a). The schematic of the Nd and Hf mass calculations in the box model is shown in panel b. 



 

Supplementary Fig. 5. Relationships between the dissolved Nd and Hf concentrations (a and b) and salinity (c) with distance from the Pará River mouth. 

 

 

 

 

 

 

 

 



Supplementary Table 4. Parameters and results of the box model used in this study. 

Parameters or results 
Pará River Amazon River Seawater 

Box Box  

[Nd], [Hf] (pmol kg-1) 1035.6, 13.4 501.9, 12.3 25.8, 0.4 

εNd, εHf -14.0, -4.1 -9.4, 1.8 -11.4, -1.0 

Salinity 0.4 0.2 35.5 

Distance, width and depth (km) 352, 70, 0.005 352, 70, 0.005  

Discharge in May (m3 day-1) 2.6 × 109 2.3 × 1010  

Seawater volume (m3) 5.7× 1010 5.7× 1010  

Freshwater volume (m3) 6.5 × 1010 7.5 × 109  

Nd, Hf mass (mol) 5.2 × 103, 1.5 × 102 5.2 × 103, 1.5 × 102  

Nd, Hf maximum removal percentage (%) 95.0%, 82.5% 90.8%, 87.3%  

Gross Nd, Hf supply (mol) 6.8 × 104, 8.7 × 102 0-3.8 × 103, 0-93  

Removed Nd, Hf mass (mol) 6.4 × 104, 7.2 × 102 0-3.4 × 103, 0-81  

Net Nd, Hf supply (mol) 3.4 × 103, 1.5 × 102 0-3.5 × 102, 0-12 1.5 × 103, 23 

Calculated mean εNd, εHf -13.9 ~ -13.7, -4.1 ~ -3.6 

 



 

Supplementary Fig. 6. Regional coastal circulation (a)1 and satellite images of mud distribution in the Amazon estuary (b)2, documenting the northward deflection 

of both river plumes. The Amazon plume is usually deflected northward along the coast, while the direct deflection along the coast of the Pará plume is hindered by 

the strong discharge of the Amazon River. However, further offshore, the highly channeled Pará plume is also deflected to the north by the vigorous North Brazil 

Current (NBC), which explains the observed higher Pará River fractions at this location. 



 

Supplementary Fig. 7. Locations of compiled global river dataset of this study indicated by pH (circles) and dissolved organic carbon concentration ([DOC]) 

concentration (triangles). Original data for predicting discharge-weighted mean dissolved riverine [Nd] and maximum Nd removal percentage are from GEMStat3, 4 

and GLORICH5. Figure produced using QGIS. 

 



Supplementary Discussion 

Quantifying uncertainty in the calculation of revised weighted mean riverine dissolved [Nd] using global datasets 

In this study, the pH values of 582 global rivers and DOC data of 211 rivers entering the oceans have been compiled to predict [Nd] and maximum removal percentage. 

To assess the uncertainty in our calculations, we employed measures such as standard deviation (1SD), standard error (1SE), and 95% confidence interval (CI) (listed 

in Table 2). The calculation of [Nd] yielded a 1SD of 1534 pmol kg-1, confirming a wide range of values in the dataset (n=582), as shown by the positively skewed 

distribution of [Nd] in global rivers (Fig. 6b). Therefore, we calculated the weighted mean instead of the mean value to reduce the effect of extreme values. It is 

important to note that the standard deviation primarily represents the statistical dispersion of [Nd] in global rivers. Thus, it was not appropriate to solely rely on the 

standard deviation for displaying the accuracy and uncertainty of the weighted mean calculation. The small 1SE and narrow range of 95% CI suggest relatively 

precise estimations of dissolved riverine weighted mean [Nd] and maximum removal percentage, with low levels of uncertainty. Furthermore, it is worth noting that 

our calculated value of 943 pmol kg-1 for the predicted weighted mean dissolved riverine [Nd] is consistent with the estimates of 1054 pmol kg-1 by Gaillardet et al. 

6 and 894 pmol kg-1 by Dang et al. 7. The close correspondence of our estimate to these previously determined values supports the reliability and accuracy of our 

calculations. 

 

Methods 

Rare earth element and yttrium concentration and neodymium isotope analyses of SPM 

The rare earth element and yttrium concentration analyses of Fe–Mn oxyhydroxides (including those treated with a diluted and strong reductive solution) and the 

residual were measured on an Agilent 7500cx Quadrupole-ICP-MS at GEOMAR. The reproducibility was monitored by repeated measurements of certified reference 

sediment material MESS-2 (n=3). The REY concentration of bulk SPM is calculated as the sum concentration of Fe–Mn oxyhydroxides and residual SPM. The Nd 

isotopic composition was measured on a Neptune Plus MC-ICPMS at GEOMAR. Details have been provided in the methods of the main text. 

 

Establishment of the box model 



The box model was established following Kaul and Froelich8. The relationships between salinity and dissolved Nd and Hf concentrations with distance in the estuary 

are described by the following equations: 

F(Nd) = f(𝑥) = 318.056 × 𝑥−0.442 (1) 

F(Hf) = f(𝑥) = 7.455 × 𝑥−0.394 (2) 

F(Sal) = f(𝑠) = 1.047 × 𝑠0.549 (3) 

The freshwater volume, seawater volume, Nd and Hf masses in the Pará estuary and outer Amazon estuary were calculated by integrating the following equations: 

Nd or Hf concentration mass (MNd or Hf−final
) = ∫ f(𝑥) ∙ depth ∙ width ∙ d𝑥 

distance

0.1
(4) 

Seawater volume (Volseawater) = ∫
(f(𝑠)−Salfreshwater)

Salseawater
∙ depth ∙  width ∙ d𝑥 

distance

0.1
(5) 

Freshwater volume (Volfreshwater) = ∫
(Salseawater−f(𝑠))

Salseawater−Salfreshwater
∙ depth ∙ width ∙ d𝑥 

distance

0.1
(6) 

εNd or εHf was calculated by equation (7): 

ε𝑁𝑑 𝑜𝑟 𝐻𝑓 =
MNd or Hf−freshwater × εNd or Hffreshwater

+ MNd or Hf−seawater × εNd or Hfseawater

MNd or Hf−final + MNd or Hf−removal
 (7) 

where the MNd or Hf-freshwater or -seawater is the gross Nd or Hf mass supplied by the Amazon River, Pará River or seawater and is calculated by equation (8), MNd or Hf-final 

is the Nd or Hf mass in the box calculated by equation (4) and MNd or Hf-removal is the Nd or Hf mass removed in the estuary calculated by equation (9): 

MNd or Hf = Volwater × [Nd] or [Hf] (8) 

MNd or Hf−removal
= Volwater × [Nd]freshwater or [Hf]freshwater × % removal (9) 

where the % removal reflects the maximum removal percentage of Nd or Hf in the estuary quantified with equation (1) in the main text. 
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