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G E O C H E M I S T R Y

Trace metal stoichiometry of dissolved organic matter 
in the Amazon plume
Martha Gledhill1*, Adrienne Hollister2, Michael Seidel3, Kechen Zhu1†, Eric P. Achterberg1, 
Thorsten Dittmar3,4, Andrea Koschinsky3

Dissolved organic matter (DOM) is a distinct component of Earth’s hydrosphere and provides a link between the 
biogeochemical cycles of carbon, nutrients, and trace metals (TMs). Binding of TMs to DOM is thought to result in 
a TM pool with DOM-like biogeochemistry. Here, we determined elemental stoichiometries of aluminum, iron, 
copper, nickel, zinc, cobalt, and manganese associated with a fraction of the DOM pool isolated by solid-phase 
extraction at ambient pH (DOMSPE-amb) from the Amazon plume. We found that the rank order of TM stoichiome-
try within the DOMSPE-amb fraction was underpinned by the chemical periodicity of the TM. Furthermore, the re-
moval of the TMSPE-amb pool at low salinity was related to the chemical hardness of the TM ion. Thus, the 
biogeochemistry of TMs bound to the DOMSPE-amb component in the Amazon plume was determined by the 
chemical nature of the TM and not by that of the DOMSPE-amb.

INTRODUCTION
Marine dissolved organic matter (DOM) forms a major reservoir of 
carbon (C), equivalent in size to that of atmospheric C (1). The bio-
geochemical cycle of marine DOM involves transfer of fixed C from 
the surface to the deep ocean by mixing and watermass subduction 
and contributes approximately 20% of the oceanic C export (2, 3). 
Along with C, the DOM pool also contains other heteroatoms in-
cluding nitrogen (N), phosphorus (P), sulfur (S) and oxygen (O), and 
cations such as trace metals (TMs). Important information about 
the geochemical cycles of elements associated with DOM can be in-
ferred from knowledge of elemental stoichiometry and the factors 
influencing stoichiometry; nevertheless, only the stoichiometry of 
N and P in DOM have been extensively studied [e.g., (4)], and the 
elemental stoichiometries of S and TMs in marine DOM have only 
rarely been reported (5, 6).

The TM-DOM pool, or specific components of the pool, are con-
sidered to play an important role in TM cycling, with the biogeochem-
ical cycles of iron (Fe) (7, 8), copper (Cu) (9–11), zinc (Zn) (12, 13), 
nickel (Ni) (10, 11), cobalt (Co) (14–16), and manganese (Mn) (17) all 
thought to be influenced to varying extents by binding to DOM. For 
Fe, binding to DOM competes with hydrolysis that would otherwise 
result in Fe precipitation above extremely low dissolved Fe concen-
trations (ca. 0.01 nM Fe at salinity 35, pH 8, and 25°C) (18, 19) and 
thereby increases the overall inventory of this limiting nutrient in 
the ocean. TMs (with the notable exception of mercury) are coordi-
nated to DOM rather than covalently bound, and binding of TMs to 
organic matter and adsorption of TMs onto particles can be thus 
expected to be influenced by the underlying chemical nature of the 
metal and the ligand as determined by periodic trends in their prop-
erties such as valency and ionic radius (20–22). Recent evidence 

suggests that the abundance of Cu, Ni, and Co relative to C that is 
associated with DOM in estuaries could follow the Irving-Williams 
series (Cu > Ni > Co) (6) that empirically ranks the relative affinities 
of divalent ions of the first-row TMs for chemically hard ligands 
(e.g., those containing -OH groups) and is underpinned by changes 
in cationic radii and the Jahn-Teller effect (20). The ranking of TM 
stoichiometry according to the Irving-Williams series in DOM sug-
gests that metals compete for DOM-binding sites, a factor which is 
rarely considered during investigations of TM binding to DOM in 
seawaters. Furthermore, the abundance and stoichiometry of TMs 
bound to DOM are subject to the influence of changes in the physi-
cochemical state of the solvating water. In estuaries, which are sub-
ject to steep gradients in physicochemical properties, including ionic 
strength, temperature, and pH, the binding of TMs to DOM is thought 
to be an important factor influencing the fluxes of TMs from the 
river to the sea. The binding of TMs to DOM is often assumed to mit-
igate against loss of TMs, resulting from flocculation or increased 
adsorption onto settling particles at low salinities (<5) (23, 24). Such 
a mechanism assumes that the fraction of TMs bound to DOM does 
not flocculate or adsorb onto settling particles as efficiently as the 
fraction not bound to DOM. Nevertheless, it has been shown that 
removal of a portion of the DOM pool is closely coupled to Fe re-
moval (25, 26) that, in turn, suggests that binding of DOM does not 
mitigate against estuarine removal of TMs in all cases. There is thus 
uncertainty with respect to the mechanisms that govern the trans-
port of TMs bound to DOM through the estuaries, which, in turn, 
influences the overall flux of TMs from river to ocean.

The Amazon estuary forms a conduit for the largest river on 
Earth in terms of discharge volume and creates an estuarine plume 
that can be traced to the center of the Atlantic Ocean (27). The estu-
arine plume is unusual in that the high flux of fresh water (100,200 to 
240,000 m3 s−1) (28) pushes the estuary onto the continental shelf, 
delivering DOM (29) and TMs (30–32) to coastal and offshore wa-
ters. The plume thus constitutes a source of nutrients (28) and es-
sential TMs such as Fe, Mn, and Co to the equatorial Atlantic Ocean 
(33, 34). Furthermore, notable recent intensification of the hydro-
logical cycle of the Amazon River (28) could have consequences for 
the flux of TMs from the river to the equatorial Atlantic Ocean. 
Nevertheless, the concentrations of TMs are modified by processes 
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occurring in the inner (salinity < 15) and outer (15 < salinity < 35) 
parts of the estuary, which will affect both the chemical form and 
quantity of elements delivered to the open ocean, and binding to DOM 
is an important potential modifier of these processes (35).

In this study, we examined the distribution of nine elements 
bound to DOM in the Amazon estuary, on the northwest Brazilian 
Shelf and in the adjacent surface waters of the North Brazil Current 
(NBC; Fig. 1). We compare trends in concentrations of S, P, alu-
minum (Al), Fe, Cu, Zn, Ni, Co, and Mn in a DOM fraction isolated 
by solid-phase extraction (SPE) at ambient pH (DOMSPE-amb) from 
filtered (<0.2 m) surface water samples. We quantified elements 
and further separated our DOMSPE-amb fraction by size and hydro-
phobicity using high-performance reverse-phase liquid chroma-
tography (RPLC) and size exclusion chromatography (SEC), 
coupled to inductively coupled plasma mass spectrometry (ICP-
MS). In parallel to ICP-MS analysis, we characterized the molecular 
and spectrophotometric properties of the DOM associated with the 
elements via detection of ultraviolet-visible light absorption fol-
lowed by high-resolution electrospray ionization mass spectrome-
try (ESI-MS). We assess trends in TM stoichiometry relative to C 
(C:TM) in the plume and relate them to the chemical periodicity of 
the metal and stoichiometries predicted by a nonideal competitive 
adsorption (NICA) model (36). We use the observed trends to iden-
tify key TM properties that influence binding of TMs to DOM 
and the biogeochemical behavior of the TM-DOM fraction in the 
Amazon plume.

RESULTS AND DISCUSSION
Elemental composition of DOMSPE-amb in the Amazon plume
Our study took place during the wet season in April to May 2018 
when riverine flow in the lower Amazon River typically approaches 
its maximum of 200,000 to 250,000 m3 s−1 (28). The distribution of 
surface water salinity in the study area, interpolated from data ac-
quired with the ship’s underway system (cruise track in fig. S1), 
showed that the Amazon plume flowed in a north-westerly direc-
tion and was largely constrained to the shelf. The inner estuary with 
surface water salinities <15 was characterized by depths of ≤25 m 
(Fig. 1). In this part of the estuary, dissolved inorganic P (DIP) con-
centrations decreased, while pH and chlorophyll a increased (Fig. 2, 
A to C) as the estuarine waters transitioned from the turbid, light 
limited waters of the estuarine mixing zone (S < 7, depth < 17 m, 
chlorophyll a ≤ 1 g liter−1) to higher–chlorophyll a (3 to 13 g liter−1), 
nutrient-depleted waters. Fluctuations in concentrations of DIP 
and pH in the inner estuary could therefore be largely explained 
by changes in phytoplankton productivity. In the outer estuary 
(15 < S < 35), we observed the highest chlorophyll a concentration 
(27.5 g liter−1), and DIP was variable although consistently <0.2 M, 
suggesting that a dynamic DIP cycle likely influenced by a reported 
large sedimentary flux of DIP at the time (37) and high phytoplank-
ton biomass in the plume (Fig. 2C). There was an input of DIP to 
surface waters adjacent to the mangrove forest (Fig. 2C; S = 27.6), 
but this was rapidly depleted in an offshore direction by phytoplank-
ton productivity. Sediments associated with mangrove forests have 
been identified as a source of dissolved organic carbon (DOC) (30, 38), 
inorganic C (39), and TMs (30, 31) to coastal waters in this region. 
DOC concentrations (Fig. 2D) agreed with those reported in the 
region (29) and showed some evidence of removal in the inner estu-
ary and inputs close to the mangrove forests [see also (30)], but the 
considerable changes in chlorophyll a in the estuarine plume did not 
appear to have a marked impact on the DOC concentrations.

We concentrated DOM and elements (SSPE-amb, PSPE-amb, FeSPE-amb, 
AlSPE-amb, CuSPE-amb, ZnSPE-amb, NiSPE-amb, CoSPE-amb, and MnSPE-amb) 
using SPE at ambient pH to minimize potential changes in extracted 
TMSPE-amb stoichiometry that could arise from sample acidification, 

Fig. 1. Map of the study area showing sampling sites. Depth contours are for 25, 
200, and 1000 m. Symbol colors indicate samples collected in the estuary (red), 
southwest of the estuary off a belt of mangrove forests (orange), and in the North 
Brazil Current (yellow). Labels show station numbers. Salinity was interpolated from 
data recorded using the ship’s underway system. For cruise track, see fig. S1.

Fig. 2. Biogeochemical characteristics of the study area. Variation in (A) DIP, 
(B) pH (expressed on the total scale), (C) chlorophyll a (chl a), and (D) DOC with 
salinity in the study area. Colors show samples collected in the estuary (red), south-
west of the estuary off a belt of mangrove forests (orange), and in the North Brazil 
Current (yellow).
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which is typically used to improve DOM recoveries (40). We found 
a relatively constant but low recovery of 8 ± 2% for CSPE-amb (n = 22) 
in our extracts (30), which is comparable to recoveries obtained using 
SPE at pH 8 in other studies (6, 41). We calculated the total con-
centrations of elements concentrated from the sum of all peaks de-
tected in each chromatographic mode, SEC (Fig. 3) and RPLC (fig. 
S2). We determined the relative abundance of the DOM compo-
nent via summing peaks obtained by either ultraviolet absorbance at 
254 nm (A254) or ion abundances obtained in negative and positive 
electrospray ionization modes (EICnegSPE-amb and EICposSPE-amb). 
All parameters showed a decrease from the Amazon riverine end- 
member to the NBC marine end-member (Fig. 3 and fig. S2). Com-
parison of results obtained by SEC and RPLC showed good agreement 
with respect to trends between the two chromatographic modes (fig. 
S3 and table S1). Our values for SSPE-amb, PSPE-amb, CuSPE-amb, NiSPE-amb, 
and CoSPE-amb are within the range of values reported for marine wa-
ters (Table 1) (5, 6, 11). Concentrations of PSPE-amb were consider-
ably lower than dissolved organic P typically observed in estuaries 
and coastal waters following wet oxidation techniques (42, 43), as 
expected given the percentage DOC recovery obtained for our study. 
To our knowledge, there have been no reports of total concentra-
tions of FeSPE-amb, AlSPE-amb, MnSPE-amb, and ZnSPE-amb. Concentra-
tions of FeSPE-amb in the marine end-member (0.12 ± 0.03 nM) were 
an order of magnitude higher than the highest siderophore concen-
trations reported in the ocean (44). We further highlight that re-
coveries of siderophores are typically higher [46%; (44)] than the 
average recovery observed for DOC in this study, and siderophores 

may therefore make up a minor component of the total organically 
bound Fe fraction in coastal waters (45).

All parameters behaved nonconservatively with respect to salinity. 
Removal at low salinities was observed for all elements but was weak-
est for CSPE-amb and CuSPE-amb (49 ± 3% and 46 ± 8% removal respec-
tively), and strongest for FeSPE-amb and AlSPE-amb (94 ± 1% and 93 ± 4% 
respectively, table S2). There was some evidence for an outer-estuary 
increase in PSPE-amb, ZnSPE-amb, and NiSPE-amb at salinities between 15 
and 30. Concentrations of SSPE-amb and PSPE-amb offshore from the 
mangrove forests were similar to those observed in the riverine end- 
member, while A254SPE-amb, CuSPE-amb, ZnSPE-amb, CoSPE-amb, and 
NiSPE-amb were slightly elevated close to the mangrove forests, pos-
sibly as a result of inputs from the organic carbon–rich mangrove 
sediment pore waters (46). The NBC showed elevated concentra-
tions of SSPE-amb, PSPE-amb, and ZnSPE-amb but lower concentrations 
of Fe compared to high-salinity estuarine samples (Fig. 3).

We compared TMSPE-amb with dissolved TM concentrations by 
assuming that the 8% recovery observed for CSPE-amb (30) was also 
representative for the TMSPE-amb pool (Fig. 4). Extrapolated Fe, Cu, 
Zn, and Co concentrations were similar to those for the dissolved 
TMs, while extrapolated Al, Ni, and Mn concentrations were con-
sistently lower than the dissolved TM concentrations. This approach 
represents a first-order estimate, because we do not know the TM 
concentrations associated with the DOM that was not extracted 
under our conditions, but our results are consistent with previous es-
timations of ligand concentrations in estuarine waters, which have 
been shown to be close or in excess to dissolved TM concentrations 

Fig. 3. Relationship between DOMSPE-amb components and salinity in the study area. Salinity-property plots are shown for ultraviolet absorbance at 254 nm (A254), ion 
abundances in positive and negative ionization modes (EICpos and EICneg, respectively), and total concentrations of elements determined in DOMSPE-amb samples col-
lected in our study area (parameter identity is indicated in the facet heading). Results shown here were calculated from the sum of the peak areas observed in SEC data. 
Vertical bars represent the analytical uncertainty associated with element concentrations. Colors show samples collected in the estuary (red), southwest of the estuary off 
a belt of mangrove forests (orange), and in the North Brazil Current (yellow). AU, micro–arbitrary units.
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Table 1. Total end-member concentrations (or ion counts for ESI-MS) observed on SEC and RPLC analysis of DOMSPE-amb in the Amazon River and 
NBC. ND, not determined. HPLC, high-performance liquid chromatography. 

Element
DOMSPE-amb concentration (nM),  

riverine end-member (n = 1)
DOMSPE-amb concentration (nM),  

marine end-member (n = 3)
Literature values for DOMSPE-amb 

element concentrations determined  
by HPLC–ICP-MS

SEC RPLC SEC RPLC

Al 2.8 2.7 0.020 ± 0.001 0.11 ± 0.09

Co 0.04 0.17 0.004 0.012 ± 0.003 0.02–0.07 (Elbe) (6)

Cu 2.3 1.4 0.07 ± 0.02 0.08 ± 0.03
1.4–4.3 (Elbe) (6)

0.045–0.15 (South East Pacific) (11)

Fe 42 9.5 0.08 ± 0.03 0.044 ± 0.039

Mn 0.05 0.03 0.005 0.002 ± 0.001

Ni 0.28 0.25 0.02 ± 0.01 0.008
0.09–0.44 (Elbe)

0.025–0.05 (South East Pacific) (11)

P 4.2 1.9 2.5 ± 0.8 1.6 ± 0.3 5.2–12.4 (Elbe) (6)

S 350 161 168 ± 60 24 ± 3
~100 (Atlantic Ocean) (5)

190–350 (Elbe) (6)

Zn 0.2 0.32 0.07 ± 0.05 ND

EICpos 1.76 × 106 3.27 × 105 0.65 ± 0.09 × 106 0.44 ± 0.1 × 105

EICneg 1.18 × 106 6.86 × 105 0.3 ± 0.1 × 106 0.65 ± 0.2 × 105

Fig. 4. Estuarine behavior of TMs associated with DOMSPE-amb compared to observed dissolved (<0.2 m) TM concentrations. TMSPE-amb is shown as filled circles 
colored according to sample origin, and dissolved TM concentrations are shown as open triangles. Here, we assume that TMs bound to DOM were extracted with the 
same efficiency as determined for DOC (8 ± 2%). Concentrations of TMs determined in DOMSPE-amb were therefore multiplied by a factor of 12.5 for this comparison. Dis-
solved TM concentrations are those for samples collected from surface waters in close proximity to DOMSPE-amb samples (see fig. S1). We show TMSPE-amb values obtained 
on analysis by SEC. Vertical bars represent analytical uncertainties associated with dissolved trace element concentrations. Uncertainties associated with the TMSPE-amb 
fraction are omitted for clarity.
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for Cu, Fe, and Zn (10, 13, 47–49), but lower than dissolved Ni 
(10, 50, 51) (to our knowledge, no equivalent data is available for Co, 
Al, or Mn). With the exception of Al and Mn, the relative change in 
concentrations of both dissolved and TMSPE-amb in the plume ap-
peared to be well coupled. While we cannot rule out differences in 
extraction efficiencies between TMs bound to DOM, our results 
suggest that the extraction efficiency of TMs by SPE at ambient pH 
is strongly linked to the overall poor retention of DOM, which, in 
turn, reflects the hydrophilic nature of DOM at ambient pH.

Elemental stoichiometry of DOMSPE-amb
Examination of the chromatographic (Supplementary Text, figs. S4 
to S6, and tables S3 and S4) and molecular properties (Supplemen-
tary Text, fig. S7, and table S5) showed that not all the chromato-
graphic fractions associated with DOMSPE-amb had molecular and 
spectrophotometric characteristics typically associated with bulk 
DOM [e.g., (29, 52)]. We found that A254 and ion counts observed 
by ESI-MS were most abundant in a medium–molecular weight 
(MMW) fraction (0.5 < MMW < 10 kDa; Supplementary Text and 
fig. S4) and a hydrophobic (Hphob) fraction (fig. S5). Furthermore, 
molecular signatures observed by ESI-MS in these two fractions were 
similar to those observed for DOM preconcentrated by SPE at pH 2 in 
the Amazon plume (Supplementary Text) (29). In contrast, the ab-
sorbance and molecular signatures for the low molecular weight, 
the high–molecular weight (HMW), and the hydrophilic (Hphil) 
fractions suggested that they were not representative of DOM (Sup-
plementary Text, figs. S4 to S6, and table S3 and S4). We therefore 
estimate elemental stoichiometries for DOMSPE-amb from the con-
centrations of TMs determined for the Hphob and MMW fractions 
(Table 2 and Fig. 5). We estimated C concentrations associated with 
MMW and Hphob fractions from the relationship between A254 and 
CSPE-amb and expressed our stoichiometries as C:element ratios [see 
Materials and Methods and (5, 53)].

Ratios determined for the heteroatoms S and P in DOMSPE-amb were 
similar to those reported for the Elbe estuary in the northwest Europe 
(Table 2) (6). Sulfur ratios were within the range reported for phyto-
plankton (Table 2) (54), which could point to a biological source for 
S in DOMSPE-amb (5), although abiotic sulfurization of DOM has also 
been shown to be important in marine waters (55). In contrast, P ratios 
were higher in DOMSPE-amb compared to the Redfield ratio of 106, as is 
typical for marine DOM (56). Our marine end-member P ratios were 
lower than those observed for surface organic matter (374 mol mol−1) 
(56) and the Amazon River (550 mol mol−1) (57) but comparable to 
ratios observed for recalcitrant organic matter in the deep ocean (3511 
mol mol−1) (56). For TMs, our ratios were similar to those observed 
in the Elbe estuary (Table 2) (6). The C:Fe and C:Cu ratios observed in 
HMW and Hphob fractions were in a similar range to those reported 
for Suwannee River natural organic matter, and our ratios for Ni, Zn, 
and Mn were higher than the reported values (Table 2) (58). Carbon:Fe 
ratios observed in the MMW fraction of the riverine end-member were 
within range of values for Suwannee River humic and fulvic acids 
(900 to 2200 mol mol−1) (26, 59, 60). Overall, our comparison with 
literature values shows that the number of reported values for C:TM 
stoichiometry in both riverine and marine natural organic matter is 
still limited, but there appears to be a consistency in their magnitude 
between different types of organic matter in the various studies.

We estimated the relative abundance of molecules containing ele-
ments determined in our study from the average molecular weight 
(ca. 400 Da; table S5) and the average number of C atoms observed 

for molecular formulas in MMW and Hphob peak fractions (ca. 20; 
table S5). Assuming that only one atom of an element is incorporated 
into any given molecule, we estimate that approximately 1 in every 
5 to 10 DOMSPE-amb molecules contains an S atom; 1 in every 100 to 
1000 molecules contains a P atom; 1 in every 1000 to 10,000 molecules 
contains an Al, Fe, or Cu ion; while Zn, Ni, and Co would be present 
in approximately 1 in every 100,000 molecules, and Mn would be 
present in 1 in every 1 million molecules. It should be emphasized that 
these estimates are very broad and do not consider bias in ESI-MS 
ionization efficiency, which has been shown to vary with molecular 
properties including basicity, molecular volume, and hydrophobicity 
(61), and can also all be altered by the presence of heteroatoms or 
metal ions. Furthermore, the number of elemental atoms or ions in 
a molecule could be greater than 1. Nevertheless, the estimates of the 
relative number of molecules containing P and S are comparable to 
the relative numbers of S and P containing molecular formula (ca. 20 
to 30% and 1 to 5%, respectively) detected by Fourier-transform 
ion cyclotron resonance (FT-ICR)-MS (55, 62) in marine DOM. In 
our study, we did not include S or P as possible elements in formula 
assignment because we resolved masses to 3 parts per million (ppm) 
during chromatographic peak detection. Our estimates of the rela-
tive abundance of molecules containing TMs are consistent with the 
lack of detected TM containing molecular ions in our study, as well 
as the detection of low numbers of molecular formula containing 
TM ions in DOM by FT-ICR-MS (41), because (assuming similar 
ionisation efficiencies) even for Fe, Al, or Cu, we could expect only 
very few molecular formulae for these elements given our detection 
of ca. 4000 to 5000 individual features. Furthermore, because proton- 
binding site concentrations of ca. 0.1 mol mol−1 C have been reported 
(63, 64), which would lead to an average of two available protona-
tion sites per molecule, it is also clear that TMs occupy a limited 
number of the total available number of binding sites, likely because 
only a limited number of the molecular isomers have structures fa-
vorable for metal chelation.

Stoichiometry and behavior of TMs bound to organic matter 
is underpinned by chemical periodicity of the TM
The stoichiometries of the TMs in the MMW and Hphob fraction 
increased in the order Fe ≈ Cu < Al < Zn ≈ Ni < Co < Mn (Fig. 5). 
The rank order of the C:TM stoichiometries in these fractions is not 
the same as that observed for ratios of DOC to total dissolved metal 
concentration (Al < Fe ≈ Mn ≈ Ni ≈ Cu ≈ Zn < Co), which reflects 
the relative abundances of the TMs in the study area. The rank order 
of observed C:TM stoichiometries in MMW and Hphob fractions 
also does not reflect those observed in phytoplankton (Fe ≈ Zn < Mn ≈ 
Ni ≈ Cu < Co;), which are determined by phytoplankton TM re-
quirements (54, 65). The rank order of C:TM stoichiometries was 
thus unique to the Hphob and MMW DOMSPE-amb fractions. For 
the divalent TMs (Cu, Zn, Ni, Co, and Mn), the rank order followed 
the Irving-William’s series, as has been reported for Cu, Ni, and Co 
in the DOMSPE-amb fraction in the Elbe estuary (6). Extension of the 
Irving-Williams series beyond the divalent first-row transition ele-
ments is not possible because shielding effects from changes in the 
ionic charge and number and type of electron orbitals also affect 
ionic radii. However, comparison of our determined C:TM stoichi-
ometries with the thermodynamic stability constants of 1:1 metal 
complexes with chemically hard anions including the hydroxide 
anion, EDTA, nitrilotriacetic acid, and 4-sulfocatechol showed that 
C:Fe and C:Al ratios follow a trend consistent with the increase in 
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binding strengths observed for ligands containing chemically hard 
functional groups (Fig. 6A and fig. S8). The rank order of observed 
C:TM stoichiometries therefore supports the hypothesis that metals 
compete for binding sites within the heterogeneous DOMSPE-amb 
pool. Furthermore, the correspondence of our C:TM ranking with 
stabilities of hard anions points to a likely predominant role for phe-
nolic or carboxylic groups in TM binding by marine DOM (66).

We therefore compared our observed C:TM stoichiometry in 
MMW and Hphob peak fractions to those predicted for the total 
marine DOM pool with a competitive binding model (67). We used 
the NICA-Donnan model (19, 68) in combination with bulk DOC 
concentrations, ambient pH, dissolved TM concentrations, NICA 
affinity and nonideality parameters (table S7), and major element 
concentrations derived from conservative mixing of Amazon River 
water with seawater (Supplementary Text). We accounted for poten-
tial oversaturation of Fe3+ with respect to Fe(OH)3(s) by allowing 
for formation of insoluble Fe hydroxide [Fe(OH)3(s)] in our calcula-
tions (19). Predicted C:TM ratios were within an order of magnitude 
of observed values for all TMs (Fig. 5 and fig. S9). Closer examina-
tion of the trends with salinity showed a better agreement between 
predicted and observed values for C:Fe, Al, and Ni ratios through-
out the plume, while predicted C:Mn, Zn, Cu, and Co deviated from 
observations at low salinity (Cu and Mn), mid salinities (Zn), or high 
salinity (Co) (fig. S9). Deviations likely arise because the speciation 
calculations do not incorporate all processes for all TMs, and be-
cause of limited availability of NICA parameters that describe TM 
binding to marine DOM. For example, with the exception of Fe, where 
formation of Fe(OH)3(s) plays a key role in determining the calcu-
lated C:Fe ratio, our calculations do not consider biogeochemical 
mechanisms such as scavenging onto particles, or the presence of a 
highly dynamic colloidal fraction, that are known to strongly influence 
TMs in the inner estuary. The Amazon River carries a high sediment 
load (ca. 1 × 108 t month−1 in April) that largely settles out in the 

inner estuary above the 15-m contour (69). These processes might 
especially affect Mn, which was observed in an HMW fraction at low 
salinities (fig. S6) and has been shown to form inorganic colloids 
through microbial oxidation (70–72). Furthermore, there is limited 
availability of NICA parameters for marine DOM in the literature 
(Supplementary Text), and we therefore approximated values for 
our study area. We did not account for potential changes in NICA 

Table 2. Element stoichiometry for MMW and Hphob peaks. Values are expressed as mol C mol−1 element. For Zn, only values for MMW are shown because 
the Zn Hphob and Hphil peaks could not be separated. Uncertainties are expressed as the range (n = 2) or ±1 SD (n > 2) for each region of the study area. Also 
shown in this table are literature values for the Elbe estuary, phytoplankton, and Suwannee River fulvic acid. NA, not applicable. 

DOM 
fraction S P (×103) Al (×103) Fe (×103) Cu (×103) Zn (×105) Ni (×105) Co (×105) Mn (×105) Reference

Riverine end-
member (n = 2)

MMW 130 ± 20 12 ± 5 17 ± 8 2.2 ± 0.2 20 ± 2 1.8 ± 0.5 1.6 ± 0.1 10.6 ± 0.1 30 ± 4 This study

Hphob 300 ± 20 29 20 ± 8 16 ± 16 30 ± 22 ND 2.2 7.6 ± 6.5 21 ± 7 This study

Estuary (n = 11) MMW 110 ± 40 11 ± 5 150 ± 50 20 ± 10 23 ± 5 2.4 ± 0.5 1.9 ± 0.4 15 ± 3 46 ± 9 This study

Hphob 390 ± 51 22 ± 13 120 ± 30 102 ± 60 34 ± 7 ND 7.7 ± 7.3 11 ± 3 46 ± 25 This study

Mangrove (n = 7) MMW 50 ± 10 11 ± 5 180 ± 30 27 ± 8 23 ± 4 2.1 ± 0.4 1.4 ± 0.2 11 ± 2 42 ± 11 This study

Hphob 310 ± 60 10 ± 3 110 ± 20 127 ± 80 32 ± 6 ND 3.6 ± 1.8 8 ± 2 39 ± 20 This study

NBC (n = 4) MMW 360 ± 7 2.3 ± 0.5 270 ± 70 69 ± 20 74 ± 13 0.9 ± 0.3 2.9 ± 0.1 14 63 This study

Hphob 250 ± 90 3.5 ± 0.7 70 ± 30 182 ± 70 70 ± 11 ND 4.8 ± 1.4 30 ± 10 This study

Elbe estuary 
riverine 
end-member

Total 107 8.2 ND ND 31 ND 27 5.6 ND (6)

Elbe estuary marine 
end-member Total 163 2.9 ND ND 40 ND 2.3 10 ND (6)

Phytoplankton NA 95 0.124 ND 16.5 326 1.6 ND 6.5 ND (54)

Suwannee River 
natural organic 
matter

Total ND ND ND 1.6 39 0.23 0.6 ND 2.6 (58)

Fig. 5. Elemental stoichiometry observed in MMW and Hphob fractions. Elements 
are ranked on the x axis according to their stoichiometry in the MMW fraction. 
C:element ratios are plotted as log10 values using a quasi-random density plot. “Total 
dissolved” points show the ratio calculated for dissolved elements to DOC using 
concentrations of S as sulphate (calculated from salinity), DIP, and total dissolved 
TM concentrations. Predicted values were obtained from calculations of TM specia-
tion at ambient salinity, pH, and dissolved TM and DOC concentrations, assuming 
that binding sites in DOM scale to DOC. We assumed that TM-DOM binding could 
be represented by the NICA model combined with the Donnan model for electro-
static interactions. For calculations of C:Fe ratios, we assumed competition between 
NICA binding sites and the formation of Fe(OH)3(s) (19).
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parameters that likely occur with changes in DOM composition and 
thus implicitly assume that neither the degree of heterogeneity nor 
the distribution of binding sites changed with salinity. However, we 
observed a decrease in the specific A254 per mg C m−1 (SUVA254) from 
0.83 in the Amazon River to 0.26 ± 0.03 in NBC samples (n = 4; fig. 
S10), and a greater loss of highly aromatic compounds and unsatu-
rated aliphatic compounds in ESI-MS data in comparison to highly 
unsaturated compounds (fig. S11). The MMW and Hphob fractions 
therefore became less aromatic as salinity increased, and this could 
point to a reduction in phenolic-like binding sites as salinity increases. 
Furthermore, recent work suggests that heterogeneity of DOM bind-
ing sites varies in marine waters (63, 64). Thus, NICA parameters 
likely change through our study area, although further work is re-
quired to quantify these changes.

We further examined the proportion of elements in our DOMSPE-amb 
fractions that were lost in the inner estuary when the river water end- 
member first mixed with higher-salinity waters (table S2 and Fig. 6B). 
Removal of TMs increased in the order Cu ≈ Zn ≈ Ni < Mn < Co < 
Fe < Al. Cu, Zn, and Ni removal were within range (43 to 52%) of 
both A254 (47 ± 1%) and CSPE-amb (49 ± 3%). The strong removal of 
AlSPE-amb and FeSPE-amb (>90%) reflects their chemical hardness (21) 

and well-characterized tendency to hydrolyze and be scavenged with-
in the low-salinity region of the estuary (22, 35). Quantitatively, a 
tendency to hydrolyze can be related to the polarizing power of an 
ion, as defined by the square of the oxidation state divided by the 
Shannon ionic radii (22). Direct comparison confirmed that the pro-
portion of the TM associated with the DOMSPE-amb fraction lost 
during mixing increased with polarizing power (Fig. 6B).

Both C:TM stoichiometry and the relative removal of TMs asso-
ciated with DOMSPE-amb thus indicate that the behavior of the TMs 
associated with the DOMSPE-amb fraction in the Amazon plume is 
governed by the underlying ionic characteristics of the TMs. Hence, 
Al and Fe DOMSPE-amb fractions are largely removed because the 
chemical hardness of Al and Fe and the tendency to hydrolyze over-
ride any stabilizing effect that binding to DOMSPE-amb might confer. 
Cobalt and Mn have the next highest polarizing power and low af-
finities for DOMSPE-amb binding sites, and hence, these two metals 
have high C:TM stoichiometries and relatively high removal rates that 
are likely facilitated by microbially mediated oxidation to Co(III) 
and Mn(III) or Mn(IV) (71, 72). Furthermore, the high C:Co and 
C:Mn ratios in DOMSPE-amb are consistent with a predominant oxi-
dation state of +2 for these elements because the increased charge 
associated with higher oxidation states would be expected to result 
in higher affinities for DOM sites and thus lower C:Co and C:Mn 
ratios. On the other hand, the relatively lower removal rates of Cu, 
Zn, and Ni are closest to that of A254, because these TMs have a 
low polarizing power combined with a relatively high affinity for 
DOMSPE-amb binding sites. Our results therefore indicate that bind-
ing to DOM has a variable impact on the transport and removal of 
individual TMs in the Amazon estuary because the biogeochemical 
behavior of the DOM bound fraction is governed by the same un-
derlying chemical characteristics that govern the unbound TM.

Our study has shown that simultaneous determination of the rel-
ative abundance of a suite of TMs bound to DOM provided new 
insights into underlying factors controlling TM transport and TM-
DOM interactions in our study region. A major uncertainty in our 
work is how representative our results are of bulk DOM because we 
only extracted ca. 8% of the total DOC pool. Nevertheless, both mo-
lecular characteristics and the agreement between C:TM stoichiom-
etries predicted from dissolved TM and DOC concentrations and 
observed C:TMSPE-amb stoichiometries suggest that our results could 
be representative of a larger fraction of the DOM pool. We show 
that the concentrations of TMs bound to DOM in marine waters are 
consistent with competitive interactions between TMs for a hetero-
geneous pool of binding sites. Furthermore, we demonstrate that 
chemical hardness, as illustrated by the polarizing power of TMs, is 
an important factor in determining the fraction of TMs bound to 
DOM that will be removed at low salinity in an estuary. These two 
factors therefore provide a framework to mechanistically constrain 
the transport of TMs bound to DOM in estuaries. We suggest that 
further parameterization of the intrinsic binding properties of TMs 
to marine DOM will allow for improved predictions on how TM 
binding to DOM will change as a result of changes in hydrological 
cycles, riverine TM concentrations, pH, and temperature that occur 
as a result of climate change and further anthropogenic activities.

MATERIALS AND METHODS
Samples were collected onboard the RV Meteor during the M147 
(GEOTRACES GApr11) process cruise in the Amazon plume and 

Fig. 6. Influence of chemical periodicity on TMSPE-DOM biogeochemistry in the 
Amazon estuary. (A) The decrease in C:TM ratios (circles show log10 values for the 
MMW fraction as a quasi-random density plot) is consistent with trends in other 
thermodynamic stability constants of metal complexes as illustrated here for first 
hydrolysis constant (log10KMeOH). Cu, Co, and Mn were assumed to be present in 
the +2 oxidation state, while Fe was assumed to be in the +3 oxidation state. 
(B) The proportion of TMSPE-amb fraction that is removed at low salinity increased 
with polarizing power of the TM ion as expressed by the square of the oxidation 
state (z2) divided by Shannon’s ionic radii. Diamond symbols show the percentage 
removed for the total TMSPE-amb concentrations determined by SEC, squares re-
moval of the MMW fraction, and circles removal of the Hphob fraction. For Mn and 
Co, the dashed arrow represents the increase in polarizing power that results from 
oxidation from the +2 oxidation state to the +3 oxidation state. Note the log10 scale 
for polarizing power.
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adjacent north-eastern Brazilian Shelf in the period between 29 April 
and 20 May 2018 (Fig. 1). Samples for DOMSPE-amb were collected 
from surface waters (<10-m depth) using standard (Niskin, Ocean 
Test Equipment) or ultraclean (C-Free, Ocean Test Equipment) sam-
pling bottles fitted with a conductivity, temperature depth (CTD) 
profiler (Seabird 911). Samples were filtered in-line through a 0.22-m 
polyvinylidene fluoride membrane filter (Sterivex-GV, Millipore) 
and passed over 200-mg modified polystyrene divinyl benzene SPE 
column (ENV+, Biotage, Sweden) at ambient pH (30). A vacuum mani-
fold was used to regulate the flow rate to approximately 10 ml min−1. 
After removing excess water, cartridges were stored frozen at −20°C 
before extraction. Once defrosted at GEOMAR, cartridges were washed 
with 5 ml of 10 mM (NH4)2CO3 (pH 8), and then DOMSPE-amb was 
eluted with 5 ml of 81:14:5:1 (v:v:v:v) acetonitrile:propan- 2-ol:H2O:formic 
acid and stored at −20°C between analysis. Concentrations of elements, 
light absorbance, and mass-to-charge ratios of ionizable ions in 
DOMSPE-amb were subsequently analyzed after evaporation of a 
750-l aliquot to <100 l and adjustment of the sample pH to 6.5 
with ammonium acetate. DOMSPE-amb fractions were separated by 
high-performance RPLC or by high-performance SEC coupled to a 
diode array detector, an inductively coupled mass spectrometer, 
and an electrospray ionization mass spectrometer. Further details 
on the instrumental setup are provided in Supplementary Text.

Elemental concentrations were standardized using thiamine (S), 
flavin mononucleotide (P), ferrioxamine B (Fe), cobalamin (Co), 
and (in a separate standard curve) complexes of Al, Co, Cu, Zn, and 
Mn with EDTA at pH 6.5 (10 mM ammonium acetate). EDTA was 
added at 20% excess of TMs in the standards. For SEC, we addition-
ally analyzed polymer standards (polysulfonesulfate) and Suwannee 
River fulvic and humic acids for molecular weight comparison (30). 
Concentrations of Cu obtained on SEC analysis of DOMSPE-amb were 
presented in (30). Percentage analytical uncertainty for elemental 
concentrations in DOMSPE-amb determined by ICP-MS were calcu-
lated from repeated analysis of standards during the chromatographic 
run (n = 6).

We present here a subset of the total nutrient, TM, and DOC sur-
face data obtained in the study area. Our subset is restricted to sam-
ples collected in close proximity to the DOMSPE-amb samples (fig. S1). 
The complete datasets for DOC and nutrients and the methods used 
for determination of TMs, nutrients, and DOC are described in de-
tail in (30). The complete dataset for dissolved Cu, Ni, and Co are 
described in (30, 31).

For analysis of CSPE-amb in extracts, solvents were first removed 
by evaporation and residual organic matter redissolved in 0.1 M 
HCl before analysis. We used the relationship between CSPE-amb in 
extracts and A254 to obtain the proportion of C associated with each 
peak fraction observed in chromatograms. Deep-sea reference sam-
ples (University of Miami, USA) were analyzed alongside samples 
for quality control.

We used the software program ORCHESTRA (73) to calculate 
C:TM ratios for DOM in the Amazon plume, assuming that DOM 
has binding properties that are similar to fulvic acids and binding 
sites scale to DOC concentrations (19). Speciation was calculated 
from dissolved TM concentrations and DOC concentrations for am-
bient pH and temperatures. pH value was calculated from total al-
kalinity and the partial pressure of CO2 (pCO2) using CO2SYS (74). 
Total alkalinity was determined by Gran titration (Apollo, Scitech) 
on samples collected using the CTD frame equipped with standard 
Niskin bottles following protocols described in (75). pCO2 was 

measured continuously in surface waters using an equilibration 
chamber interfaced to an infrared gas analyzer (LICOR instru-
ments, LI-820) that was connected to the ship’s seawater supply as 
described in (76). Speciation calculations are described in more 
detail in Supplementary Text.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm2249
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