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S1. Comparison of bulk elemental compositions obtained by different methods 

(calculation vs. measurement). 

The MUC samples in this study are the uppermost 0.5–2 cm of sediment for each core at 

sampling locations from the GEOTRACES M147 cruise. The M147 cruise also obtained 

sediment samples at different depths of more than one core at each sampling location for other 

scientific topics (Koschinsky et al., 2018, Spiegel et al., 2021, Vosteen et al., 2022). Using these 

samples, Spiegel et al. (2021) obtained the concentrations of Li, Ca, Mg, K, Fe, Mn and Al of 

MUC24, MUC41, MUC67, MUC73, MUC85, MUC89, MUC93, MUC108 and MUC117 by 

ICP-OES after dissolving bulk samples in HF-HClO4-HNO3, and Vosteen et al. (2022) obtained 

the concentrations of K, Fe, and Al of MUC24, MUC41, MUC85, MUC89, MUC93 and 

MUC117 by ICP-OES after dissolving bulk samples in HF-HClO4-HNO3. Here, the average 

elemental compositions of the sediments at 0–1 cm and 1–2 cm from Spiegel et al. (2021) and 

Vosteen et al. (2022) are compared with the bulk elemental compositions calculated based on 

the chemical extraction data in this study. 

The relative standard deviations (RSD) between [Li]bulk from this study and the measured 

bulk Li concentrations (Spiegel et al., 2021) are 1.0% to 22.9% (4 samples < 5%; 4 samples at 

5–15%; 1 sample at 22.9%). The average RSD between the concentrations of Ca, Mg, K, Fe, 

Mn and Al in the bulk samples obtained in this study and in Spiegel et al. (2021) are 20%, 18%, 

10%, 8%, 11% and 20%, respectively. The RSD between the concentrations of K, Fe and Al in 

the bulk samples obtained in this study and Vosteen et al. (2022) are 0.9–28.0% (mostly 0.9–

3.8%, plus only one at 28.0%), 0.1–7.6% and 1.4–8.9%, respectively. The differences may be 

due to analytical precision and/or natural variability due to differences between sampled cores 



during the GEOTRACES M147 cruise, where more than one core was collected at each 

sampling site (Koschinsky et al., 2018). 

 

S2. The chemical extracted phases of the sediments 

S2.1 Influence of the remaining dissolved load on the exchangeable pool 

The process of sampling and the existence of pore water could potentially influence the 

suspended load sediment (SPM) and/or surface sediment (MUC) samples. The river water or 

seawater may attach to the SPM and MUC samples, although both the MUC and SPM samples 

were separated by centrifugation before freeze drying (Section 2.2) (Koschinsky et al., 2018). 

Theoretically, some of the elements in this dissolved material could remain in the SPM and 

MUC samples, and would likely be re-dissolved in the leachates of the first phase (i.e., 

exchangeable pool).  

Based on the elemental concentrations of the dissolved load samples from the Amazon 

south channel transect, the Ca/Li, Mg/Li and K/Li ratios of the riverine endmember are 6.9, 3.5 

and 1.9 g/mg, respectively, and these ratios are 2.4, 7.3 and 2.4 g/mg in seawater. The δ7Li 

value of the riverine endmember is 23.7‰, and in saline water it ranges from 29.4–32.8‰. 

Basically, the Ca/Li, Mg/Li, and K/Li ratios in the pore water of the ocean surface sediments 

are similar to the overlying saline water (Smrzka et al., 2019; Andrews et al., 2020). Previous 

studies also confirm that Li concentrations and isotope compositions in the pore waters of 

surface ocean sediments are similar to seawater (Zhang et al., 1998; Andrews et al., 2020). In 

contrast, the [Ca]exchangeable/[Li]exchangeable, [Mg]exchangeable/[Li]exchangeable and [K]exchangeable 

/[Li]exchangeable ratios of both the SPM and MUC samples do not exhibit typical seawater 



elemental ratios or a binary mixing trend between seawater and clay compositions (Fig. S1) 

(Yang et al., 2021). Furthermore, the SPM samples from the Amazon north channel fit the trend 

of the MUC samples from the Amazon north channel transect (Fig. S1), even though the SPM 

and MUC samples were sampled and treated by different methods in the field (Section 2.2). In 

addition, two SPM samples (SPM8s and SPM8d) are from the same location but different water 

depths, and therefore different salinities (20 and 24, respectively), yet show similar 

[Ca]exchangeable, [Mg]exchangeable, [K]exchangeable, [Li]exchangeable and δ7Liexchangeable (Table 2). The 

[Ca]exchangeable, [Mg]exchangeable and [K]exchangeable values are within the ranges of concentrations 

of exchangeable Ca, Mg and K in of Sayles and Mangelsdorf (1979). The above evidence 

therefore supports that any remaining ambient waters (i.e., saline water and/or pore water) have 

a negligible influence on the extracted exchangeable pool. 

 

S2.2 Elemental concentrations in exchangeable pool 

Apart from Na, which was added from the leaching reagents (NaOAc), the exchangeable 

pool of both SPM and MUC samples are dominated by Mg, Ca and K, whereas the Fe, Al and 

Mn contents are very low (Fig. S2, Table 2 in main text). In the north channel transect, the 

[Ca]exchangeable fluctuates from 0.68 to 0.85 mg/g at low and medium salinity and increases to 

1.54 mg/g at high salinity. The [Mg]exchangeable increases from 0.51 mg/g in the river endmember 

to 1.17 mg/g at low salinity, and then fluctuates from 1.16 to 1.41 mg/g at higher salinities. The 

[K]exchangeable generally increases through the transect from 0.12 to 1.06 mg/g. In the alongshore 

transect, [K]exchangeable generally remains constant, whereas [Ca]exchangeable and [Mg]exchangeable 

increase from 0.81 to 1.63 mg/g, and from 1.39 to 1.87 mg/g, respectively. 



 

S2.3. Influences on carbonate leachates 

The sample 41MUC contains 39.7% carbonate, based on the total inorganic carbonate 

analysis (Spiegel et al., 2021). Its [Ca]carbonate is 66.9 mg/g, which is around 80 times higher 

than its [Mg]carbonate, which indicates that calcium carbonate dominates its carbonate leachates. 

The [Mn]carbonate/[Ca]carbonate and [Al]carbonate/[Ca]carbonate ratios are 0.30 mg/g and 0.13 mg/g, 

respectively. Furthermore, the [Ca]oxide of 41MUC is 120 mg/g, which is higher than its 

[Ca]carbonate, indicating that the oxide leachates of 41MUC are likely to be influenced by 

carbonates that were not fully leached in the previous step. This scenario likely arises because 

our leaching method is primarily designed for silicate soils, sediments and rocks, with 

carbonate contents at least less than 15% and ideally less than 5% (Liu et al., 2022). The 

[Li]carbonate of 41MUC is 0.33 μg/g, which represents only approximately 1% of the Li in the 

bulk sample, while the δ7Licarbonate value of 41MUC is 14.9‰. 

Apart from sample 41MUC, the operationally-defined carbonate leachates of the other 

MUC and SPM samples are likely to be partly influenced by leaching of other phases, due to 

their low carbonate contents. Most of the suspended particles transported by the Amazon river 

to the estuary are derived from the Andes mountains, where the rocks rarely contain carbonates 

(Gibbs, 1967; Kuehl et al., 1982; Baturin and Gordeev, 2019). Furthermore, the calculated 

saturation index (SI) of carbonates in the river endmember (W66) and the pH of the Amazon 

mainstream of around 6.8 indicate that carbonate precipitation is not favourable in this river 

system (Fig. S5) (Dellinger et al., 2015). 

The [Ca]carbonate/[Mg]carbonate and [Ca]carbonate/[Ca]exchangeable ratios of the sediment samples 



(except 41MUC) range from 0.6 to 8.7 and from 0.25 to 3.85, respectively, without clear trends. 

These data indicate a lack of significant calcium carbonate content in these sediments, and 

therefore clays may influence the carbonate leachates (Liu et al., 2022). Furthermore, except 

for sample 41MUC, the [Mn]carbonate/[Ca]carbonate ratios range from 34 to 253 mg/g, and 

[Al]carbonate/[Ca]carbonate ratios range from 4 to 118 mg/g. In contrast, the Mn/Ca ratios in 

leachates of carbonate-dominated samples range from 0.1 μg/g to 35 mg/g (Misra and Froelich, 

2012; Pogge Von Strandmann et al., 2013, 2019b, 2021; Ullmann et al., 2013; Bastian et al., 

2018; Dellinger et al., 2020; Washington et al., 2020), while the recommended Al/Ca ratios in 

carbonate leachates should be less than 0.54 mg/g (i.e., 0.8 mmol/mol) (Pogge Von Strandmann 

et al., 2013) or even less than 0.27 mg/g (i.e., 0.4 mmol/mol) (Dellinger et al., 2020). Except 

for 41MUC, the δ7Licarbonate values of the other sediments lie between their corresponding 

δ7Liexchangeable and δ7Lioxide values (Fig. 3 in main text). The above evidence suggests that, when 

the carbonate content in the sediments is low (Spiegel et al., 2021), the operationally-defined 

carbonate leachates are probably not dominated by carbonate, but may be influenced by the 

dissolution of other phases instead (Liu et al., 2022). 

 

S2.4 Oxide leachates 

The oxide leachate of 41MUC is likely influenced by additional leaching of carbonate 

remaining from the previous step due to its high carbonate content (Supplementary Material 

S2.3). For all other samples, Fe, Mn and Al dominate the oxide leachates of the MUC and SPM 

samples (Fig. S2). For example, [Ca]oxide/[Fe]oxide, [Mg]oxide/[Fe]oxide, and [K]oxide/[Fe]oxide of 

the sediments range from 0.13–0.41 g/g, 0.05–0.17 g/g, and 0.02–0.18 g/g, respectively. 



However, it is difficult to completely avoid interference from clay phases (Supplementary 

Material S3; Liu et al., 2022). In that context, it is worth noting that [Mg]oxide and [K]oxide, 

which usually enter clays instead of oxides, increase with salinity in the Amazon north channel 

transect from 0.02 to 0.2 mg/g and from 0.02 to 0.14 mg/g, respectively.  

In the north channel transect, [Fe]oxide generally increases from 0.47 to 1.53 mg/g with 

salinity (Fig. S2). Meanwhile, [Fe]oxide/[Fe]bulk fluctuates at around 1.5% from the river 

endmember up to medium salinity, then increases to 3.6% at a salinity of ~20. In the alongshore 

transect, [Fe]oxide remains stable at around 1.0 mg/g. For [Mn]oxide, one ocean surface sediment 

sample, 85MUC, located at the intersection of the north channel transect and the alongshore 

transect has low [Mn]oxide (0.03 mg/g). Except for 85MUC and 41MUC, the [Mn]oxide in the 

north transect varies in a narrow range from 0.17 to 0.24 mg/g; these values are higher than 

[Mg]oxide and [K]oxide in all the sediments, and higher than [Ca]oxide at low and medium salinity. 

The [Mn]oxide/[Mn]bulk is in the range of 20.0 to 32.3% (except for 85MUC at 6.0% and 41MUC 

at 60.4%). For [Al]oxide, the values range from 0.08 to 0.22 mg/g and show no clear trend with 

salinity in the offshore transect or with distance from the river mouth in the alongshore transect. 

 

S2.5 Clay phase 

In the clay phase of most of the MUC and SPM samples (except for 41MUC), Fe and Al 

are the dominant cations (Fig. S2). The clay leachate of sediment 41MUC also shows a high 

[Ca]clay of 5.78 mg/g, whereas in the other samples the [Ca]clay is lower and stable at around 

0.35 mg/g, except for slightly higher values in 117MUC (0.62 mg/g). Except for 41MUC, 

[Fe]clay increases from 2.04 to 3.39 mg/g at the beginning of the Amazon north channel transect, 



then increases slightly to 4.29 mg/g, and it fluctuates at 3.7–5.0 mg/g in the alongshore transect. 

For [Al]clay, the riverine endmember of the north channel transect has 0.57 mg/g, and it then 

varies from 0.94 to 1.25 mg/g in the other sediments. Both [Mg]clay and [K]clay in the north 

channel transect increase continuously with salinity, from 0.09 to 0.49 mg/g, and from 0.02 to 

0.13 mg/g, respectively. 

 

S2.6 Residue and bulk sediments 

The concentrations of Ca, Mg, K, Fe, Mn, Al and Li in the bulk sediments are calculated 

using Eq. (2) in the main text. Among these elements, the [Al]bulk is highest, followed by [Fe]bulk, 

[K]bulk, [Mg]bulk, [Ca]bulk and [Mn]bulk. In the north channel transect, the [Ca]bulk is 6.87 mg/g 

in the river endmember, remains stable at around 4.5 mg/g at low and medium salinity, and 

increases to 197 mg/g in the carbonate-dominated sediment 41MUC. In contrast, in that same 

transect, the [Fe]bulk, [Al]bulk, [Mg]bulk and [K]bulk increase in the low salinity zone, and then 

remain relatively constant at around 1.6 times the river endmember at medium salinity, before 

decreasing at high salinity. 

 

S3. Cation retention by oxides 

Except for sample 41MUC, which contains 39.7% carbonate (Supplementary Material 

S2), Fe, Mn and Al dominate the oxide leachates of the MUC and SPM samples (Fig. S2). This 

observation indicates that the HH leaching probably attacked Fe/Mn oxides (e.g., ferrihydrite, 

lepidocrocite, goethite and pyrolusite) and Al oxides (i.e., gibbsite), as expected (Velde, 1995; 

Bigham et al., 2002; Poulton and Canfield, 2005; Lenstra et al., 2021; Liu et al., 2022). Except 



for sample 41MUC, the [Fe]oxide in the other leachates shows a positive relationship with 

[Li]oxide (Fig. S4). In contrast, [Mn]oxide and [Al]oxide are generally constant through the estuary 

and do not show clear relationships with [Li]oxide (Fig. S4). The different trends between 

[Fe]oxide, [Mn]oxide and [Al]oxide may imply that there is less formation of Mn-oxides (e.g., Mn-

nodules, pyrolusite or birnessite) and Al-oxides (i.e., gibbsite), and more formation of Fe-

oxides (e.g., ferrihydrite, lepidocrocite and goethite) through the Amazon estuary. Such a 

scenario seems reasonable because Fe removal in estuaries is regarded as highly related to 

flocculation (Boyle et al., 1977; Sholkovitz et al., 1978), whereas Mn cycling is more closely 

related to redox conditions (Sholkovitz, 1978; Chester, 1990). In addition, Fe removal in the 

estuary could also be due to Fe-rich clay formation (Michalopoulos and Aller, 1995). 

Furthermore, [Mg]oxide also increases through the estuary and shows a positive linear 

relationship with [Li]oxide, while the [Mg]oxide/[Li]oxide ratio is the same as in the clay phase (Fig. 

8 in main text and Fig. S4). Since Amazon sediments contain more secondary clays than 

secondary oxides (Martinelli et al., 1993), the oxide leachates may be additionally influenced 

by inadvertent leaching of the clay or residue (Liu et al., 2022). 

 

S4. Fractionation model for Li removal from the dissolved load into sediments  

As discussed in Section 5.1.2, the exchangeable, oxide and clay phases of the sediments 

appear to remove Li from the saline water in the Amazon estuary with an accompanying 

isotopic fractionation. In the dissolved load, [Li]measured generally shows conservative mixing, 

but the measured lithium isotopic compositions (δ7Limeasured) are slightly higher than predicted 

for conservative mixing (δ7Liconservative), especially at medium salinity.  



Here, Rayleigh models (Eq. (S1)) and batch models (Eq. (S2)) are fitted to explore the 

influence of sediment Li uptake from the dissolved load (Dellinger et al., 2015; Murphy et al., 

2019; Pogge von Strandmann et al., 2019a; Yang et al., 2021). 

δ7Liafter-removal = δ7Liconservative + 1000 × (α − 1) × ln(f)   (S1) 

δ7Liafter-removal = δ7Liconservative + 1000 × ln(α) × (f − 1)   (S2)  

[Li]after-removal = [Li]conservative × f   (S3) 

The terms [Li]conservative and δ7Liconservative are the Li concentration and Li isotope composition 

in the dissolved load calculated based on conservative mixing. Because the measured dissolved 

Li concentrations conform to conservative mixing, the [Li]conservative here is the same as 

[Li]measured in Eq (4) in the main text. In the model, six [Li]conservative points are designated as 

4.99 μg/L (sample W70), 10.99 μg/L (sample W69), 33.96 μg/L (sample W80), 49.10 μg/L 

(sample W79), 99.11 μg/L (sample W75) and 150.65 μg/L (sample W56fish) (Table S4), based 

on the Li concentrations in the dissolved load in the south channel transect. The terms [Li]after-

removal and δ7Liafter-removal are the Li concentration and Li isotope composition in the dissolved 

load after Li removal by sediments, and α is the fractionation factor between specific sediment 

phases and seawater. As outlined in Section 5.1.2, the leachate data indicate that αexchangeable-

seawater is approximately 0.9860–0.9935 and αoxide/clay-seawater is approximately 0.9714–0.9757. 

Therefore, in the following modelling, αexchangeable-seawater is set as 0.9900 ± 0.0050 and αoxide-

seawater and αclay-seawater are set as 0.9750 ± 0.0050 (Table S4). These α values are similar to, or 

slighter smaller than, reported in previous studies (Pistiner and Henderson, 2003; Chan and 

Hein, 2007; Pogge von Strandmann et al., 2008, 2019a, 2020; Wimpenny et al., 2010; 

Hindshaw et al., 2018; Li and Liu, 2020; Li et al., 2020). The term f is the fraction of Li that 



remains in the dissolved load after removal into the solid phases, and is calculated from Eq. 

(S4). 

f = 1 – SSC × [Li]sediment added / [Li]conservative   (S4) 

Here, SSC is the suspended sediment concentration, and [Li]sediment added is the mass of Li per 

gram that is gained by the sediments.  

In the Amazon estuary, the SSC in the surface layer (<3 m) is greater than 0.2 g/L just off 

the river mouth, greater than 0.5 g/L in the muddy area in the middle of the estuary, but less 

than 0.1 g/L towards the end of the estuary (Gibbs, 1976; Kineke et al., 1996). The average 

SSC in the Amazon river estuary has also been calculated as 0.19 g/L based on the Amazon 

river annual discharge of water and its particle load (Gaillardet et al., 1999; Milliman and 

Farnsworth, 2011). The SSC of samples SPM27–31 range from 0.26 g/L to 0.59 g/L (Table S2). 

To explore the influence of the SSC, the value of SSC is set at three levels: 0.1, 0.5 and 1.0 g/L 

(Table S4).  

In the Amazon north channel transect, the maximum Li added to the estuarine sediments 

compared to the riverine endmember (i.e., [Li]sediment added) is 0.23 μg/g in exchangeable phases, 

0.32 μg/g in oxide phases, and 0.67 μg/g in clay phases. According to the two sediment samples 

from the Amazon south channel transect (i.e., 67MUC and 73MUC), the sediments take up 

0.18 μg/g in exchangeable phases, 0.11 μg/g in oxide phases, and 0.38 μg/g in clay phases. For 

the alongshore transect, the maximum Li added to the sediments (relative to the river 

endmember) is 0.26 μg/g in exchangeable phases, 0.33 μg/g in oxide phases, and 1.02 μg/g in 

clay phases. However, because the clay leaching method is designed to obtain the Li isotope 

composition of the clay phase rather than to quantitatively leach the entire clay phase (Liu et 



al., 2022; Pogge von Strandmann et al., 2022), the amount of Li removed into the clay phase 

may be underestimated in this case. According to mineralogical studies, clay minerals could 

account for up to 50% of the Amazon river sediments (Martinelli et al., 1993). However, the 

residue after the clay leaching shows stable δ7Liresidue values through the estuary (Fig. 9 in main 

text), so the residue appears to be negligibly influenced by the clay that is remaining after clay 

extraction. Based on mass balance considerations, the Li from any remaining clays should 

represent less than 20% of the total Li in the bulk sediments; otherwise, the δ7Li values in the 

residue should be observed to increase with salinity, in a similar manner to the clay leachates, 

which is not seen. Therefore, we consider that the [Li]sediment added could potentially comprise up 

to a maximum of 10 μg/g. Thus, [Li]sediment added in the exchangeable phases is set as 0.2 and 0.3 

μg/g (Table S4). Because of their similar fractionation factors, the oxide and clay phases can 

be treated as one phase with [Li]sediment added values set as 0.5, 1.0, 2.0, 5.0 and 10.0 μg/g. (Table 

S4). 

The results of the modelling demonstrate that the Li adsorbed by the exchangeable phases 

rarely affects either the [Li]conservative or the δ7Liconservative values in the dissolved load (Table S4), 

while the Li removed by oxides and clay phases could increase the δ7Liconservative values without 

significant alteration of the [Li]conservative in the dissolved load. The exchangeable phases 

achieve a maximum adsorption of 4.2 ± 1.9% of the dissolved load Li at very low [Li]conservative 

of 5 ng/g (assuming water density as 1 g/mL), and as a result the δ7Li value in the dissolved 

load can only increase by 0.28 ± 0.25‰. At a higher salinity (higher dissolved Li concentration), 

exchangeable phases scavenge less than 3%, and generally less than 1%, of the Li from the 

dissolved load. This relatively small amount of Li uptake leads to very little increase (less than 



0.3‰) in the dissolved δ7Li values. Thus, due to the relatively small amount of Li removal and 

the modest isotopic fractionation, the exchangeable phase negligibly changes the dissolved Li 

behaviour, and hence there is no discernible deviation from conservative mixing (Fig. 2 in main 

text).  

In contrast, due to the large isotopic fractionation (αclay/oxide-seawater = 0.9750 ± 0.0050), 

dissolved δ7Li values can be increased by 2.0–3.2‰ by oxide/clay uptake if f is 0.90 (i.e., 10% 

removal), and by 4.0–6.7‰ if f is 0.80 (i.e., 20% removal). However, the observed conservative 

mixing for dissolved Li concentrations in the Amazon estuary provides a constraint on f, which 

has to remain higher than 0.95 (based on the analytical uncertainty of the Li concentrations). 

Thus, dissolved δ7Li values could be increased by 1.0–1.5‰ by oxide/clay uptake, when f is 

0.95 (Table S4, Fig. 5 in main text), which may explain the higher measured dissolved δ7Li 

values in the medium salinity zone than those calculated based on conservative mixing. 

In the modelling, the key controlling factors on f are [Li]sediment added and SSC. For Li 

removal by oxides/clays, when the SSC is 0.1 g/L, and [Li]sediment added is 0.5 or 1 μg/g, the value 

of f at all modelled salinity values is higher than 0.98, which causes less than a 0.6‰ increase 

in dissolved load δ7Li values (Table S4, Fig. 5 in main text). In contrast, if SSC is 1 g/L and 

[Li]sediment added is 5 or 10 μg/g, the value of f is less than 0.50 in the low salinity zone, and around 

0.80 at medium salinity. In that case, there would be significant Li uptake, and the mixing of 

dissolved Li would be readily observed as non-conservative. According to our dissolved Li 

data from the Amazon, at very low salinity (0–0.5), the Li concentrations and isotopes show 

conservative mixing (Fig. 5b in main text), consistent with little resolvable Li uptake by 

particles. Similarly, at low salinity (1–7), no significant Li isotopic fractionation is observed, 



although Li removal could be relatively greater with f being 0.99 to 0.98 with approximately 

0.2 g/L SSC (Gibbs, 1976) and 1–2 μg/g [Li]sediment added. At medium salinity (9–18), δ7Limeasured 

values are 1–2‰ higher than expected for conservative mixing (Fig. 5b in main text). Such 

values could arise in a scenario with more Li removal under conditions of 0.5g/L SSC (Gibbs, 

1976) and 4–5 μg/g [Li]sediment added, enabling a lowering of f to 0.95 (remaining consistent with 

the concentration data). At higher salinity (> 20), due to the high dissolved Li concentrations 

and lower SSC, the amount of particle Li uptake could only comprise a relatively small fraction 

of the Li budget, and does not cause resolvable Li isotope fractionation. Overall, for the 

Amazon estuary as a whole, based on the assumption that 70% of the river-derived particles 

are deposited on the seafloor within 200 km from the river mouth (corresponding to sample 

85MUC from the Amazon north channel and W79 from the Amazon south channel at medium 

salinity) (Kineke et al., 1996), we estimate that the average [Li]sediment added is 3–4 μg/g. 

 

S5. Estuary model for estimating the Li removal flux during estuarine processes 

The conservative mixing model (Section 5.1.1) and fractionation model (Section 5.1.3 and 

Supplementary Material S4) are combined to quantify the fate of dissolved Li in the entire 

Amazon estuary. Here, the estuary is assumed to be at steady state, with the exchange of 

material (i.e., water and particles) between the river, estuary, and ocean being stable with time, 

and the geochemistry and particle distribution remaining constant with time. For the dissolved 

load in the estuary, the inputs of dissolved Li are from river water, seawater, and sediment 

dissolution (Fig. 6 in main text). However, the sediment samples indicate a net Li output rather 

than Li input. Therefore, the input from sediment/mineral dissolution cannot be directly 



quantified, and can be regarded as being offset by the removal. Note that, in basalt weathering 

experiments, only ~4% of the Li removed by secondary mineral formation was added by 

primary mineral dissolution (Pogge von Strandmann et al., 2019a), which suggests that the 

removal process may typically be dominant. The volume of river water (Vriverwater) input is 

regarded as constant throughout the whole estuary, since it represents the integration of river 

discharge over a period of time, with the Amazon river water input being around 6300 km3 per 

year (Milliman and Farnsworth, 2011). Assuming that the Li concentration in the river water 

at the river mouth also remains stable, the total riverine Li input flux remains stable. In other 

words, the river water input is assumed to travel through the whole estuary and to mix into the 

body of ocean water on the shelf (Fig. 6 in main text).  

Based on the mixing model, the total water volume (Vtotal = Vriverwater/FVriverwater) and the 

seawater-contributed volume can be calculated, and both increase through the estuary (Fig. 6 

in main text). Thus, the mass of Li from river water and seawater can be integrated as in Eqs. 

(S5) and (S6), and their ratio is as shown in Eq. (S7) (Table S5). The output of dissolved Li at 

steady-state arises from sediment uptake. According to the fractionation model, the fraction of 

Li that remains in the dissolved load after sediment uptake (f) was calculated to be 1.00, 0.98, 

0.95 and 0.98 at very low, low, medium and high salinity, respectively (Table S5). Thus, the 

fraction of Li that remains in the dissolved load after sediment removal from the beginning of 

the Amazon estuary to the corresponding salinity point can be calculated as Σf (Eq. (S8)). The 

Σfriver is the fraction of Li supplied by the river water that remains in the dissolved Li supplied 

by the river water after Li removal by sediments accumulated to a given point in the estuary 

(Eq. (S9)). The Σfseawater is the fraction of Li supplied by the seawater that remains in the 



dissolved Li supplied by the seawater after Li removal by sediments accumulated to a given 

point in the estuary (Eq. (S10)).  

MLiriverwater = ∫[Li]conservative  ×  𝐹Liriverwater 𝑑𝑣𝑡𝑜𝑡𝑎𝑙    (S5) 

MLiseawater = ∫[Li]conservative  ×  𝐹Liseawater 𝑑𝑣𝑡𝑜𝑡𝑎𝑙   (S6) 

MLiseawater / MLiriverwater = 
[Li]seawater

[Li]riverwater 
× (

 Vtotal− Vriver

Vriver ×ln (Vtotal/Vriver)
−  1)   (S7) 

Σ𝑓 = ∫ 𝑓 × [Li]conservative  𝑑𝑉𝑡𝑜𝑡𝑎𝑙 / ∫  [Li]conservative  𝑑𝑉𝑡𝑜𝑡𝑎𝑙   (S8) 

Σfriver = ∫ 𝑓 × [Li]conservative  ×  𝐹Liriverwater  𝑑𝑉𝑡𝑜𝑡𝑎𝑙 / ∫  [Li]conservative  ×

 𝐹Liriverwater  𝑑𝑉𝑡𝑜𝑡𝑎𝑙   (S9) 

Σfseawater = ∫ 𝑓 × [Li]conservative  ×  𝐹Liseawater  𝑑𝑉𝑡𝑜𝑡𝑎𝑙 / ∫  [Li]conservative  ×

 𝐹Liseawater  𝑑𝑉𝑡𝑜𝑡𝑎𝑙   (S10) 

In the above equations, MLiriverwater and MLiseawater represent the mass of Li discharged by the 

river and the mass of Li from seawater participating in the conservative mixing. The terms 

[Li]measured, [Li]riverwater, [Li]seawater, FLiriverwater, FLiseawater, Vtotal, Vriverwater, and Vseawater are 

described in the conservative mixing calculation (Section 5.1.1). Here, Σf, Σfriver and Σfseawater 

were calculated using a rectangular numerical integration method. To increase the accuracy of 

the numerical integration, the [Li]conservative was interpolated at every 1 μg/L from 1 to 150 μg/L 

(Table S5). The accuracy and precision of the rectangular numerical integration is verified 

based on the ratios of MLiseawater and MLiriverwater, which are integrated as in Eqs (S5) and (S6) 

by rectangular numerical integration, being in the range from 0.9985 to 1.0000 of 

MLiseawater/MLiriverwater calculated by Eq. (S7). The corresponding salinity is calculated using 

linear interpolation according to the [Li]measured between every measured samples.  

Overall, these calculations indicate around 2–3% Li loss from the river water accumulated 



from the beginning of the estuary to a salinity of above 9.3 in the Amazon estuary (Fig. 6 in 

main text and Table S5). Based on the Amazon river water discharge (~6300 km3/yr) (Milliman 

and Farnsworth, 2011), and the measured dissolved Li concentration in the river water at its 

mouth (sample W66, 0.87 μg/L), the dissolved Li input flux from the Amazon river is 5.5×109 

g/yr. Therefore, the Li loss from river water in the Amazon estuary is calculated to be around 

1.1–1.7×108 g/yr, equivalent to 2–3% of the Amazon river dissolved Li flux. 

From the sediment perspective, the total Li uptake by the sediment (Flux Lisediment removal) 

can be calculated from Eq. S11. Here, the Loadriver sediment is the sediment mass transported by 

river water in a given time (i.e., erosion rate if calculated based on SSC) and assumed to be 

deposited only in the estuary area. The average [Li]sediment added is estimated to be 3–4 μg/g based 

on the fractionation model (Supplementary Material S4) and the Amazon sediment load is 

around 1.2×1012 kg/yr (Milliman and Farnsworth, 2011). Therefore, the total flux of dissolved 

Li removed by sediment in the Amazon estuary is 3.6–4.8×109 g/yr. 

Flux Lisediment removal = Loadriver sediment × [Li]sediment added   (S11) 

If there is a simple mass balance in the estuary as a whole, the Li loss from the dissolved 

load (i.e., river water and seawater) should be equal to the Li gain in the sediment load. The Li 

removal mainly occurs at the beginning and middle of the estuary (Supplementary Material 

S4). According to Eq. (S7), integration of the seawater Li mass is ~36 times the river water Li 

mass from the river mouth to the middle of the estuary at a salinity of 9.3 (Fig. 6b, Table S5). 

In this case, around 1.0–1.3×108 g/yr of the Li uptake by sediment is from river water, which 

is around 1.8–2.4% of the dissolved Li flux of the Amazon river. More significantly, around 

3.5–4.7×109 g/yr Li is removed from seawater by estuarine sediments in the Amazon estuary.  



 

S6. Mineral stability and saturation 

In estuaries, the mixing of river water and saline water leads to significant changes in the 

weathering environments for the particle loads transported by rivers, including changes in 

mineral saturation states. For example, the Amazon dissolved load samples show that the 

concentrations of Cl, Na, Mg, Ca and K rapidly increase, while the concentrations of dissolved 

SiO4
4− and total dissolved nitrogen decrease (Table 1 in main text). Furthermore, the pH 

increases from around 7 in the river, to around 8.5 at medium salinity, and then decreases 

slightly to around 8.2 at high salinity. In this case, the predominant weathering products of 

feldspar shift from the kaolinite field (river) to the mica field (estuary) in the theoretical 

stability diagram (Fig. S3) (Tardy, 1971). The stability diagrams were plotted by PhreePlot 

(Kinniburgh and Cooper, 2011), with the database from PHREEQC (Parkhurst and Appelo, 

2013) and Robie and Hemingway (1995). Compared to kaolinite (Al2Si2O5(OH)4), mica 

(KAl2[AlSi3O10](OH)2 or NaAl2[AlSi3O10](OH)2) could retain more cations (e.g., Na, K, Mg, 

Li). 

Using PHREEQC (Parkhurst and Appelo, 2013), the saturation index (SI) for a range of 

minerals was calculated using input concentrations of Na, Ca, Mg, K, Li, NO2
−, SiO4

4−, NO3
− 

and Cl−, and alkalinity, temperature and pH (Table S6). As expected, carbonate minerals, such 

as calcite, aragonite and dolomite, rapidly shift from being undersaturated in the river water to 

being supersaturated in the saline water (Fig. S5). Salts (i.e., halite and sylvite) are 

undersaturated in the whole estuary, although their SI also increases with increasing salinity. 

Most importantly, the calculations show that silicate minerals, such as sepiolite and talc, are 



highly supersaturated, with their SI increasing from around 10 in the river water to 17 at low 

to medium salinity and then decreasing slightly to around 14 at high salinity (Fig. S5). These 

calculated SIs support the removal of cations such as Mg and Li into sediment particles in the 

estuary. 

 

S7. List of symbols in the modelling 

[Li]measured: Li concentration of each dissolved sample measured by ICP-MS. 

δ7Limeasured: Li isotope composition of each dissolved sample measured by MC-ICP-MS. 

[Li]riverwater: Li concentration of Amazon river water at the estuary, i.e., the Li concentration of 

sample W66. 

δ7Liriverwater: Li isotope composition of Amazon river water at the estuary, i.e., the Li isotope 

composition of sample W66. 

[Li]seawater: Li concentration of modern seawater, i.e., 180 μg/L. 

δ7Liseawater: Li isotope composition of modern seawater, i.e., 31‰. 

Vriver: volume of Amazon river water contributed during conservative mixing based on Li 

concentration. 

Vseawater: volume of seawater contributed during conservative mixing based on Li concentration. 

Vtotal: total volume of water from mixing of river water and seawater. 

FVriverwater: mass fraction of the water volume contributed by Amazon river water 

FVseawater: mass fraction of the water volume contributed by seawater, assuming a density of 

seawater approximately equal to river water. 

FLiriverwater: mass fraction of the Li contributed by Amazon river water. 



FLiseawater: mass fraction of the Li contributed by seawater. 

δ7Liconservative: dissolved Li isotope composition in the estuary that would be expected based on 

theoretical conservative mixing of river water and seawater. 

[Li]conservative: Li concentration in the dissolved load based on conservative mixing of river water 

and seawater. It is the same as [Li]measured at the measured sample points. 

[Li]after-removal: Li concentration in the dissolved load after Li removal by sediments. 

δ7Liafter-removal: Li isotope composition in the dissolved load after Li removal by sediments. 

f: fraction of Li that remains in the dissolved load after Li removal by sediments. 

[Li]sediment added: the mass of Li per gram that is gained by sediments in the estuary. 

SSC: suspended sediment concentration. 

α: Li isotopic fractionation factor. 

Loadriver sediment: mass per unit time of sediment transported by river water to the estuary (i.e., 

erosion rate if it is calculated based on the SSC in the river water). 

Flux Lisediment removal: the flux of Li (mass) removed in the estuary by the river-transported 

sediments. 

MLiriverwater: accumulated mass of Li supplied by the river water to a given point during the 

conservative mixing of river water and seawater. 

MLiseawater: accumulated mass of Li supplied by the seawater to a given point during the 

conservative mixing of river water and seawater. 

Σ𝑓: fraction of Li that remains in the dissolved load after Li removal by sediments accumulated 

to a given point in the estuary. 

Σfriver: fraction of Li supplied by the river water that remains in the dissolved Li supplied by 



the river water after Li removal by sediments accumulated to a given point in the estuary. 

Σfseawater: fraction of Li supplied by the seawater that remains in the dissolved Li supplied by 

the seawater after Li removal by sediments accumulated to a given point in the estuary. 
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Figures 

 

 

Fig. S1. Negligible influence of the remaining dissolved load on the exchangeable pool.  

(a) Li isotope compositions versus Mg/Li ratios. (b) Li isotope compositions versus K/Li ratios. 

(c) Li isotope compositions versus Ca/Li ratios. The open black circles and open blue diamonds 

are the dissolved load (W66) and the exchangeable phases extracted from sediments (24MUC 

and 67MUC) that represent the river endmember near the beginning of the Amazon estuary. 

The filled black circles and filled blue diamonds represent the other samples from the Amazon 

estuary. The element ratios are by mass. 

 



 

 

Fig. S2. Elemental concentrations for different phases of the sediment samples. 

Panels (a), (b), (c), (d), (e) and (f) are the concentrations of Ca, Mg, K, Al, Fe and Mn for different phases of 

the sediment samples. Note that the phases are separated based on sequential leaching, and that the carbonate 

phase is probably influenced by the leaching of phases other than carbonate (Supplementary Material S2). The 

data labelled ‘bulk’ represent the sum of the other fractions, based on Eq. (2) in the main text. Where the black 

data points are not visible, they are hidden by the grey data points because of their similar values. Note that 

data from sample 41MUC are not shown. 

 



 

 

Fig. S3. Stability diagrams of K-aluminosilicate and Na-aluminosilicate. 

(a) Stability diagram of K-aluminosilicate. (b) Stability diagram of Na-aluminosilicate. 

Calculations for individual water samples are shown as black filled circles, and the grey arrows 

indicate the direction from river to ocean. For details, see Supplementary Material S6. 

  



 

Fig. S4. The retention of cations in oxide phases. 

(a) Trends of major element concentrations (Ca, Mg, K, Fe, Al, Mn) with Li concentrations in 

the leached oxide phase of the sediment samples, i.e., SPM and MUC (except for 41MUC). 

The black dashed line is a best-fit line for [Mg]oxide and [Li]oxide. (b) Trends of Li isotope 

compositions with Ca, Mg, K and Al concentrations (plotted as ratios to Li concentrations) in 

the leached oxide phase of the sediment samples, i.e., SPM and MUC (except for 41MUC). (c) 

Trends of Li isotope compositions with Fe and Mn concentrations (plotted as ratios to Li 

concentrations) in the leached oxide phase of the sediment samples, i.e., SPM and MUC 

(except for 41MUC). The element ratios are by mass. 

  



 

Fig. S5. Calculated saturation index (SI) for selected minerals in the Amazon estuary. 

The dashed black line is plotted at SI=0; lower values are undersaturated and higher values are 

supersaturated. For details, see Supplementary Material S6 and Table S1. The Mg-clay here is 

sepiolite. 

 

  



 

Fig. S6. Relationship between BET surface area and bulk Al/Si ratios in the MUC 

sediment samples. 

Sample 41MUC is excluded because of its high carbonate content. The element ratios are by 

mass. The surface area of the MUC samples was determined by Nova 1200 (Quantachrome) at 

Johannes Gutenberg University, Mainz. 



 

Fig. S7. SEM images for sediment samples 24MUC and 85MUC. 

(a) Sample 24MUC at 50 km away from the Amazon river mouth in the estuary. (b) Sample 

85MUC at around 200 km away from the Amazon river mouth in the estuary. Samples were 

imaged at UCL with a Jeol JSM-6480LV high-performance Variable Pressure Analytical 

Scanning Electron Microscope, using a 7 kV accelerating voltage and around 9 mm working 

distance. The scale bars are 100 μm. 


