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Abstract. The extent to which the metal-binding functionality of dissolved organic matter (DOM) can be inferred from its 

conventional optical properties remains largely unknown. Optical measurements of dissolved organic matter (DOM), including 

chromophoric (CDOM) and fluorescent (FDOM) properties, are commonly used as proxies for humic substances, yet it 

remains unclear whether these approaches also reflect the same metal-binding fraction quantified by recently developed 

electrochemical techniques. In this study, electroactive humic substances (eHS), CDOM, FDOM, and dissolved trace metals 15 

were measured across a humic-rich tropical terrestrial-marine continuum, and the results were compared with a previous 

dataset from a less humified estuarine system. Principal component analysis revealed that eHS was decoupled from 

conventional optical indices, including the absorption coefficient at 254 nm (a254) and the humification index (HIX), but was 

closely associated with dissolved manganese and cobalt. Despite the contrasting environmental settings, a similar separation 

between eHS and optical DOM properties was observed, indicating this decoupling is a general feature rather than a site-20 

specific phenomenon. These findings show that optical proxies alone do not adequately characterize the fraction of humic 

substances responsible for trace metal complexation and transport, whereas electrochemical measurements selectively quantify 

a chemically distinct, metal-reactive fraction of the DOM pool. Integrating optical and electrochemical approaches therefore 

provides complementary perspectives on DOM composition and functionality, offering a more complete framework for 

improving our understanding of trace metal-DOM interactions in aquatic environments. 25 

 

1 Introduction 

Dissolved organic matter (DOM) is a major component of aquatic carbon pools and plays a vital role in regulating 

biogeochemical processes in highly productive terrestrial-marine interface region (Ittekot, 1988; Hedges et al., 1997; 

Middelburg and Herman, 2007). Among its many ecological and geochemical functions, DOM strongly influences the 30 

transport, speciation, and bioavailability of trace metals through organic complexation (Davis, 1984; Lu and Allen, 2002; 
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Baken et al., 2011). Humic substances, derived primarily from the decomposition and transformation of terrestrial plant 

material, constitute one of the most important metal-binding factions of DOM, and can facilitate the transport of terrestrially 

derived trace metals from rivers and estuaries into coastal environments (Mantoura et al., 1978; Tipping et al., 2002; Yang and 

van den Berg, 2009). 35 

 

Despite their importance in aquatic biogeochemistry, direct measurements of humic substances remain difficult because 

their isolation and molecular-level characterization are time consuming and often require highly specialized analytical 

techniques such as Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) (Lv et al., 2016; Xu et al., 

2020). Therefore, optical characterization methods have been widely used for assessing DOM composition and transformation 40 

in natural waters. In particular, chromophoric dissolved organic matter (CDOM), characterized by ultraviolet-visible 

absorbance measurements (Boyd and Osburn, 2004; Lu et al., 2016), and fluorescent dissolved organic matter (FDOM), 

characterized by fluorescence spectroscopy (Yamashita and Tanoue, 2008, Huguet et al., 2009), are frequently employed to 

investigate the sources, distributions, and biogeochemical cycling of DOM. The various optical parameters derived from 

CDOM and FDOM measurements, including absorbance coefficients, specific ultraviolet absorbance (SUVA254), 45 

humification indices (HIX), fluorescence components identified by parallel factor (PARAFAC) analysis, have been widely 

used to infer the chemical properties of humic substances (Stedmon and Bro, 2008; Yamashita et al., 2008; Murphy et al., 

2013). 

 

More recently, electrochemical approaches have emerged as powerful tools for the quantification of humic substances 50 

because they specifically target the fraction of humic substances involved in trace metal complexation, thereby enabling 

investigations into the role of humic substances in controlling the speciation, solubility, and transport of trace metals, 

particularly iron, in aquatic environments (Laglera et al., 2007; Hassler et al., 2025). Electrochemical approaches quantify 

humic substance concentrations based on their ability to form complexes with metal ions such as iron or copper, thereby 

targeting the metal-binding fraction of the humic pool, operationally defined as electroactive humic substances (eHS). Because 55 

optical and electrochemical methods probe different physicochemical characteristics of humic substances, they may not 

necessarily quantify the same fraction of the DOM pool. The extent to which commonly used optical proxies, including CDOM 

and FDOM parameters, reflect the abundance and distribution of eHS remains poorly understood (Lee et al., 2023). 

 

Tropical peatlands are among the largest sources of terrestrially derived organic matter to aquatic systems and export 60 

substantial quantities of humic-rich DOM to adjacent rivers and coastal waters (Gandois et al., 2014; Sanwlani et al., 2022). 

During the terrestrial-marine continuum, DOM undergoes extensive transformation, including microbial degradation, 

photochemical alteration, flocculation, and mixing with marine-derived organic matter, which can modify its optical 

characteristics and metal-binding properties (Gandois et al., 2020; Nichols and Martin, 2021). Therefore, peatlands, its 

surrounding blackwaters, estuaries, and coastal regions, provide an ideal natural gradient for evaluating the electrochemical 65 
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and optical properties of humic substances and assessing whether CDOM and FDOM parameters can reliably represent the 

abundance and distribution of eHS across diverse aquatic environments.  

 

In this study, we evaluate the relationship between eHS and optical proxies of DOM along a humic-rich tropical terrestrial-

marine continuum. Specifically, we characterize the spatial distributions of eHS and optical DOM properties across a diverse 70 

range of aquatic environments, including peatland, blackwater river, estuary, and coastal waters, and assess the extent to which 

CDOM and FDOM parameters reflect the abundance and distribution of eHS. By directly comparing optical and 

electrochemical measurements of humic substances, we examine whether these approaches characterize the same functional 

components of the aquatic DOM pool and evaluate the implications of their relationship for the use of optical proxies in studies 

of metal-binding humic substances dynamics and trace metal biogeochemistry. 75 

 

2 Materials and Methods 

2.1 Sample Collection 

Surface water samples were collected from 18 locations across the Bengkulu River catchment and adjacent coastal waters 

in August 2025 (Fig. 1). Water was collected using an acid-washed polypropylene bucket and immediately transferred into 80 

acid-clean 5 L cubic containers. Salinity was determined on-site using a conductivity sensor immediately after collection. The 

samples were protected from light during transport to University of Bengkulu, where they were filtered on the day of collection 

through an acid-cleaned 0.2 µm pore size capsule filter (Acropak-200, Pall Industries).  

 

Filtered samples were subsequently divided according to analytical requirements. Aliquots for eHS measurements were 85 

stored in 250 mL fluorinated polyethylene (FLPE) bottles, while those designated for CDOM, and FDOM measurements were 

transferred to 40 mL in acid-washed, pre-combusted amber glass vials and preserved at -20°c until analysis. For dissolved 

trace metal determination, filtered samples were collected in low density polyethylene (LDPE) bottles, acidified to pH < 2 

using ultrapure HCl (20%, Tamapure AA-100, Tama Industries), sealed in double plastic bags, and stored in room temperature 

for more than 6 months before analysis. 90 
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Figure 1: Map showing the sampling locations of the 18 stations in the Bengkulu River catchment and adjacent coastal waters, 

western Sumatra, Indonesia. Details of the sampling stations and their geographic coordinates are provided in Table S1. Maps data: 

© Google Earth 2026. 95 

 

2.2 Measurements of Dissolved Trace Metals 

Dissolved trace metal concentrations of cadmium (dCd), cobalt (dCo), copper (dCu), manganese (dMn), nickel (dNi), lead 

(dPb), and zinc (dZn) concentrations were determined by inductively coupled plasma mass spectrometry after offline pre-

concentration using a chelating resin, following the method of Wong et al., (2021). All pre-concentration procedures were 100 

performed in a trace metal-clean laminar flow bench using a four-channel manifold equipped with 10 mL syringe cartridges 

packed with 250 mg NOBIAS PA-1 chelating resin (Hitachi Hi-Tech).  

 

Before use, each resin column was cleaned by sequentially passing 10 mL of acetone (Wako Special Grade, Wako 

Chemicals) and 10 mL of 2 M ultrapure HNO3 (Tamapure AA-100, Tama Chemicals) through the resin under gravity. The 105 

columns were subsequently conditioned with 15 mL of deionized water (Milli-Q, Merck Millipore, 18.2 MΩ·cm), followed 

by 10 mL of 0.05 M ammonium acetate buffer (pH 6.0-6.2) prepared from ultrapure acetic acid (Tamapure AA-100, Tama 

Chemicals) and ultrapure ammonia solution (Tamapure AA-100, Tama Chemicals).  

 

To minimize interference from naturally occurring organic ligands on metal extraction, acidified samples were exposed to 110 

ultraviolet irradiation prior to preconcentration according to Wiwit et al. (2025). Briefly, 40 mL aliquots were transferred into 

50 mL perfluoroalkoxy (PFA) beakers fitted with quartz covers and irradiated directly beneath a 400 W ultraviolet lamp (365 

nm).  

 

Following ultraviolet treatment, the sample pH was adjusted to 6.0 - 6.2 using 3.6 M ammonium acetate buffer and ultrapure 115 

ammonia solution before loading onto the conditioned chelating resin columns under gravity. After sample loading, the 

columns were rinsed with 30 mL of 0.05 M ammonium acetate buffer to remove residual seawater. The retained metals were 
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then eluted with 5 mL of ultrapure HNO3 into 15 mL acid cleaned LDPE bottles, resulting in an 8-fold enrichment of the 

original sample. Procedural blanks were evaluated by processing 0.05 M ammonium acetate buffer in place of the samples. 

Detailed procedural blank values and recoveries for each trace metal have been reported previously by Wong et al. (2024).  120 

 

2.3 Measurements of Electroactive Humic Substances 

eHS were determined by CSV using a voltammetric analyzer (797 VA Computrace, Metrohm) following the method 

described by Lee et al. (2023). Measurements were carried out in a Teflon voltametric cell equipped with a hanging mercury 

drop working electrode, an Ag/AgCl reference electrode, and a glassy carbon auxiliary electrode.  125 

   

Prior to analysis, dissolved oxygen was removed by purging each sample with high-purity nitrogen gas (99.99995%) for 5 

min. eHS were then complexed with Cu by adding 50 nM Cu (CuSO4 prepared in 0.1 M ultrapure HCl), producing Cu-humic 

substance complexes (Cu-HS). The Cu-HS complexes were accumulated onto the hanging mercury drop electrode at a 

deposition potential of 0.05 V while stirring the solution at 1400 rpm. Depending on the eHS concentration, deposition times 130 

between 60 s to 180 s were employed. A mercury drop size of 7 was used throughout the measurements. 

 

After the deposition step, differential pulse voltammograms were recorded over a potential range of 0 to -0.75 V. 

Instrumental parameters were as follows: equilibration time, 9 s; pulse amplitude, 0.05 V; pulse time, 0.04 s; voltage step, 

0.005 V; voltage step time, 0.1 s. Three replicate scans were performed per sample. A 1 s potential jump to -0.2 V was applied 135 

immediately before each scan to suppress interfering signals. Under these conditions, the Cu-HS complex generated a 

characteristic peak at approximately -0.17 V.  

   

Quantified was based on external calibration using Suwannee River Fulvic Acid (SRFA) reference material (batch 2S101F) 

obtained from the International Humic Substances Society (IHSS). A 1.0 g/L stock solution was prepared in 0.1 M sodium 140 

hydroxide solution (trace metal grade, Sigma) and working standards were freshly prepared by serial dilution with deionized 

water immediately before analysis. 

 

2.4 Optical Properties of Dissolved Organic Matter 

Ultraviolet-visible absorbance spectra were measured using a UV-Vis spectrophotometer (V-630, JASCO, Japan) with a 1 145 

cm quartz cuvette. Spectra were acquired from 200 to 1000 nm at 0.5 nm intervals, and Milli-Q water blanks were measured 

and subtracted from sample spectra before calculation. To reduce the influence of residual baseline drift at low absorbance, 

spectra were baseline-corrected by subtracting the mean absorbance over 700–800 nm. Blank- and baseline-corrected 

absorbance spectra were converted to Napierian absorption coefficients according to: 
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a(λ) = 2.303A(λ)/L 150 

where a(λ) is the measured absorbance at wavelength λ and L is the optical pathlength (m). The absorption coefficients at 254 

and 320 nm were used as proxies for UV-absorbing CDOM and aromatic DOM abundance, while the absorption coefficients 

at 412, 443, and 450 nm represented visible-light CDOM absorption associated with colored humic-rich DOM. The spectral 

slopes between 275 and 295 nm (S275-295), and between 350 and 400 nm (S350-400) were calculated from log-transformed 

absorption spectra following Helms et al. (2018). 155 

 

   Fluorescence excitation-emission matrices (EEM) were measured using a spectrofluorometer (RF-5300PC, Shimadzu, 

Japan) with a 1 cm fluorescence-free quartz cuvette. Excitation and emission wavelengths were both scanned from 220 to 600 

nm, with excitation and emission intervals of 5 and 2 nm, respectively. The humification index (HIX) was calculated from the 

corrected fluorescence EEM following Ohno (2002). HIX was determined as the ratio of the integrated fluorescence intensity 160 

between emission wavelengths of 435-480 nm to the sum of the fluorescence intensities between 300-345 nm and 435-480 nm 

at an excitation wavelength of 254 nm.  

 

2.5 Statistical Analysis 

Multivariate analyses were performed to investigate patterns in DOM composition and environmental variability among 165 

sampling sites. Principal component analysis (PCA) was conducted using standardized variables (z-score normalization) to 

identify the major factors controlling the distribution of eHS, CDOM, and FDOM properties across the terrestrial-marine 

continuum.  

 

3 Results 170 

3.1 Classification of Study Sites 

PCA was conducted using salinity, eHS, a254, HIX, S275-295 and trace metal (dMn and dCo) concentration to examine the 

similarities in environmental conditions among sampling stations. The first two principal components explained 73.5% of the 

total variance, with PC1 and PC2 accounting for 45.2% and 28.3%, respectively (Fig. 2). PC1 was characterized by positive 

loadings of trace metal concentration, S275-295, and eHS, while exhibiting a negative relationship with a254 and HIX. 175 

Meanwhile, PC2 was dominated by S275-295 and salinity, with negative loadings of HIX and trace metal concentrations 

(Table S2). 
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Figure 2: Principal Component Analysis score plot showing the classification of 18 sampling stations based on salinity, electroactive 180 
humic substances (eHS), dissolved manganese (dMn), dissolved cobalt (dCo), HIX, a254, and S275-295. Based on the distribution in 

the PCA space, the stations were classified into five environmental groups: peat blackwater sites (orange), humic-rich freshwater 

sites (blue), transitional waters (red), marine waters (green), and coastal beach waters (purple). 

 

The PCA revealed a clear separation of sampling sites along the terrestrial-marine continuum according to their 185 

hydrographic and biogeochemical characteristics (Fig. 2). Based on their positions in the PCA plot, the samples were grouped 

into five distinct categories. The first group comprised of the peat blackwater sites (S7, S8, S17), which were characterized by 

elevated dissolved trace metal and eHS concentrations and low salinity, indicating strong terrestrial and peat-derived influences. 

The second group consisted of S3, S4, and S5, which formed a distinct cluster that was clearly separated from all other stations. 

Despite their low salinities, these stations exhibited different DOM characteristics and relatively low trace metal concentrations 190 

compared to the peat blackwater sites, representing a humic-rich freshwater system. 

 

The third group included S1, S2, S6, S10, and S13, which occupied an intermediate position between the freshwater and 

marine endmembers. These stations likely represent transitional waters influenced by varying degrees of terrestrial runoff and 

estuarine mixing. S14, S15, S16, and S18 formed a fourth group (marine waters) characterized by low eHS concentrations and 195 

relatively high salinity, indicating a strong marine influence. Lastly, the fifth group consisted of S11 and S12, which are clearly 

separated from the other marine stations by their high PC2 scores. As these sites were located along sandy beaches, they were 

classified as coastal beach waters. S9 did not cluster with any of the five groups, suggesting that it is an intermediate site with 

mixed environmental characteristics 

 200 

3.2 eHS and Optical DOM Properties 

eHS concentrations and optical DOM characteristics showed distinct patterns among the five environmental groups. Notably, 

eHS concentrations were highest in the humic freshwater group, which also exhibited relatively high S275-295 values 
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compared to the other stations (Fig. 3; Table S3). Meanwhile, the marine waters displayed the highest a254 values and 

moderately elevated HIX values despite relatively low S275-295 values and comparable eHS concentrations. These contrasting 205 

patterns suggest that the spatial distribution of eHS is not directly coupled to conventional optical indices of DOM abundance 

(a254) and humification. 

 

The apparent decoupling between eHS and a254 suggests that eHS do not track the abundance of CDOM, and the lack of 

correspondence between eHS and HIX further indicates that highly humified DOM is not necessarily enriched in eHS. Instead, 210 

the similarity between the distributions of eHS and S275-295 suggests that eHS may be associated with specific molecular 

characteristics rather than with the overall quantity of DOM. 

 

 

Figure 3: Distribution of (a) a254, (b) S275-295, (c) HIX, and (d) electroactive humic substances (eHS) among the five environmental 215 
groups identified by PCA. 
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3.3 Distributions of Dissolved Trace Metals 

dCo and dMn concentrations exhibited significant differences among the five PCA-derived groups. The peat blackwater and 

humic freshwater groups showed the highest concentrations of both metals, with concentrations substantially exceeding those 220 

observed in all other sites (Fig. 4; Table S3). Meanwhile, Transitional waters had slightly higher metal concentrations 

compared to the marine sites. This pattern indicates a significant terrestrial source of dCo and dMn and a sharp decrease in 

metal concentrations along the freshwater-marine continuum due to estuarine mixing. 

 

 225 

Figure 4: Distribution of (a) dissolved cobalt (dCo) and (b) dissolved manganese (dMn) among the five environmental groups 

identified by PCA. 

 

4 Discussion 

4.1 Decoupling of eHS with optical DOM properties 230 

The PCA loading revealed a clear separation between eHS and conventional optical DOM indices such as a254 and HIX 

(Fig. 5). Instead, eHS was positively associated with dCo and dMn along PC1, indicating that eHS may play an important role 

in the mobilization and transport of trace metals in terrestrial and estuarine environments. These findings suggest that eHS was 

not directly coupled to DOM abundances or humification but rather represents a chemically distinct metal-reactive fraction of 

DOM that is not fully captured by conventional optical proxies. 235 
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Figure 5: PCA loading plots showing the relationships among electroactive humic substances (eHS), optical DOM properties, salinity, 

and dissolved trace metals in Western Indonesia (left) and Otsuchi Bay, Japan (right). In both regions, eHS was closely associated 

with dissolved trace metals. 240 

 

To further evaluate this observation, we also compared our results with those reported in Otsuchi Bay, Japan, one of the 

very few studies that simultaneously quantified eHS and optical DOM proxies (Fig. 5, Lee et al., 2023). Similar to this study, 

the PCA of the Otsuchi dataset showed a close association between eHS and dCu, whereas a254 exhibited little relationship 

with eHS. In addition, eHS was negatively associated with S275-295 and the biological index (BIX), which is an indication of 245 

biological or microbial production of DOM, indicating that eHS was not linked to microbial production. Despite the substantial 

difference between the two systems - Western Indonesia representing a highly humified peat-influenced environment and 

Otsuchi Bay representing a biologically influenced estuarine system – both datasets consistently demonstrate that eHS is more 

closely associated with trace metal distributions than with bulk optical DOM proxies. 

 250 

4.2 Implication for Trace Metal Stabilization and Transport in Aquatic Systems 

Recently, eHS has gained attention as a proxy for investigating trace metal stabilization and transport, particularly for 

dissolved iron (dFe) (Whitby et al., 2020; Mahieu et al., 2024; Hassler et al., 2025) and dCu (Mellet and Buck, 2020; 

Hollister et al., 2021) stabilization and transport in oceanic and estuarine environments. In the open ocean, where external Fe 

inputs are limited and dFe concentrations are low, eHS has been shown to constitute a major component of the Fe-binding 255 

ligand pool and contribute significantly to the stabilization of dFe by preventing oxidation, aggregation, and precipitation 

under oxic conditions (Whitby et al., 2020; Mahieu et al., 2024; Hassler et al., 2025).  

 

In estuarine regions, however, the relationship between eHS and dFe appears to be weaker (Mellet and Buck, 2020), 

suggesting that multiple processes may influence metal speciation during river-ocean transport. Although dFe was not 260 

measured in this study, the strong association observed between eHS and dMn and dCo in the PCA suggests that eHS may 

play a broader role in facilitating the mobilization and stabilization of multiple trace metals in estuarine systems. This 
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interpretation is supported by previous studies reporting strong relationships between humic substances and multiple trace 

metals such as dMn, dFe, dNi, dCu, and dZn in estuarine mixing zones, although the specific metals associated with humic 

substances vary among aquatic environments (Wang et al., 2017; Chen et al., 2021; Muller et al., 2024). 265 

 

Interestingly, HIX did not track eHS in this study despite both parameters being associated with humic substances. 

Previous studies have shown that the humic-like components of FDOM are often positively correlated with trace metals like 

dFe (Yamashita et al., 2020; Lagozzo et al., 2023; Seo et al., 2026) and dCu (Wong et al., 2019; Luz-Santos et al., 2025). 

Since HIX is widely interpreted as an indicator of DOM humification, the lack of correspondence between eHS and HIX 270 

suggests that eHS represents a chemically distinct, metal-reactive subset of humic DOM, which may overlap with the humic-

like fluorescent components identified by FDOM analyses, rather than the bulk humified DOM pool. Therefore, while the 

optical properties such as HIX provide valuable information on DOM source and humification, eHS offers complementary 

information on the metal-binding functionality of humic substances.  

 275 

5 Conclusion 

Overall, this study demonstrates that eHS exhibit spatial distributions that are fundamentally different from those described 

by conventional DOM optical proxies across a humic-rich tropical terrestrial-marine continuum. Although optical parameters 

such as a254 and HIX have been widely used as indicators of humic substances and DOM humification, neither parameter 

consistently tracked eHS concentrations. Instead, eHS was closely associated with dissolved trace metals, particularly dCo and 280 

dMn, indicating that electrochemical measurements selectively quantify a chemically distinct, metal-reactive fraction of humic 

substances rather than the bulk humified DOM pool.  

 

The consistency of this relationship with observations from less humified environment of Otsuchi Bay suggests that the 

decoupling between eHS and optical DOM properties is not unqiue to peat-influenced tropical waters but may represent a 285 

more general characteristic of aquatic DOM. Consequently, while optical measurements remain valuable for characterizing 

DOM sources and transformation processes, they should not be assumed to represent the metal-binding functionality of humic 

substances. Electrochemical measurements of humic substances therefore provide important complementary information that 

is directly relevant to trace metal stabilization, complexation, and transport. Integrating electrochemical and optical approaches 

will provide a more comprehensive understanding of DOM functionality and improve assessments of trace metal cycling and 290 

aquatic biogeochemical process.  

 

https://doi.org/10.5194/egusphere-2026-4066
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.



12 

 

Data availability 

The data supporting the findings of this study are available in the supplement. 

Author contributions 295 

Wiwit and Wong conceived and designed the study. Wiwit, Wong, Negishi, Yanuar, Minamiyama, and Ni conducted the 

laboratory analyses, while Wiwit, Yanuar, Nurhamidah, and Oktiarni carried out the field investigation and performed in-situ 

measurements. Wiwit, Wong, Ni, Iwata, Mashio, and Hasegawa validated the data. Wiwit and Wong prepared the original 

manuscript draft. Iwata, Mashio, and Hasegawa reviewed and edited the manuscript. All authors reviewed the manuscript and 

approved the final version. 300 

Competing interests 

The authors declare that they have no conflict of interest. 

Acknowledgements 

We are grateful to Tomoharu Minami (Kanazawa University) for his technical assistance with ICP-MS and to Ying Ping 

Lee (independent researcher) for valuable discussions and background knowledge on DOM analytical methods. ChatGPT 305 

(OpenAI) was used to improve grammar, clarity, and readability of the manuscript. 

 

Financial support 

This study was supported by Grants-in-aid for Scientific Research, 23K04094, 25K22855, and 25H01197 awarded to HH, 

respectively, and Grant-in-aid for Early Career Scientist, 26K21421, awarded to KHW from the Japan Society for the 310 

Promotion of Science (JSPS). Additional support was provided by the Directorate of Research and Community Service, 

Ministry of Higher Education, Science, and Technology of Indonesia (grant number 2849/UN30.15/PT/2025) awarded to 

Wiwit, and by the Environmental Research Project of the Sumitomo Foundation (Grant No: 2532252) awarded to KHW.  

References 

Baken, S., Degryse, F., Verheyen, L., Merckx, R., Smolders, E.: Metal complexation properties of freshwater dissolved organic 315 

matter are explained by its aromaticity and by anthropogenic ligands. Environ. Sci. Technol., 45, 2584-2590, 

https://doi.org/10.1021/es103532a, 2011 

https://doi.org/10.5194/egusphere-2026-4066
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.



13 

 

Boyd, T., Osburn, C., 2004. Changes in DOM fluorescence from allochthonous and autochthonous sources during tidal mixing 

and bacterial degradation in two coastal estuaries. Marine Chemistry, 89, 189-210 

Chen, X., Seo, H., Han, H., Seo, J., Kim, T., Kim, G.: Conservative behavior of terrestrial trace elements associated with humic 320 

substances in the coastal ocean. Geochim. Cosmochim. Acta, 308, 373-383, https://doi.org/10.1016/j.gca.2021.05.020, 2021 

Davis, J.: Complexation of trace metals by adsorbed natural organic matter. Geochim. Cosmochim. Acta, 48, 679-691, 

https://doi.org/10.1016/0016-7037(84)90095-4, 1984 

Gandois, L., Hoyt, A., Mounier, S., Le Roux, G., Harvey, C., Claustres, A., Nuriman, M., Anshari, G.: From canals to coast: 

dissolved organic matter and trace metal compositions in rivers draining degraded tropical peatlands in Indonesia. 325 

Biogeosciences, 17, 1897-1909, https://doi.org/10.5194/bg-17-1897-2020, 2020 

Gandois, L., Teisserenc, R., Cobb, A., Chieng, H., Lim, L., Kamariah, A., Hoyt, A., Harvey, C.: Origin, composition, and 

transformation of dissolved organic matter in tropical peatlands. Geochim. Cosmochim. Acta, 317, 35-47, 

https://doi.org/10.1016/j.gca.2014.03.012, 2014 

Hassler, C., Simo, R., Fawcett, S., Ellwood, M., Laccard, S.: Marine biogenic humic substances control iron biogeochemistry 330 

across the Southern Ocean. Nat. Comm., 16:2662, https://doi.org/10.1038/s41467-025-57491-5, 2025 

Hedges, J., Keil, R., Benner, R.: What happens to terrestrial organic matter in the ocean? Org. Geochem., 27, 195-212, 

https://doi.org/10.1016/S0146-6380(97)00066-1, 1997 

Helms, J., Stubbins, A., Ritchie, J., Minor, E., Kieber, D., Mopper, K.: Absorption spectral slopes and slope ratios as indicators 

of molecular weight, source, and photobleaching of chromophoric dissolved organic matter. Limnol. Oceanogr., 53, 955-969, 335 

https://doi.org/10.4319/lo.2008.53.3.0955, 2008 

Hollister, A., Whitby, H., Seidel, M., Lodeiro, P., Gledhill, M., Koschinsky, A.: Dissolved concentrations and organic 

speciation of copper in the Amazon River estuary and mixing plume. Mar. Chem., 234, 104005, 

https://doi.org/10.1016/j.marchem.2021.104005, 2021 

Huguet, A., Vacher, L., Relexans, S., Saubusse, S., Froidefond, J., Parlanti, E.: Properties of fluorescent dissolved organic 340 

matter in the Gironde Estuary. Org. Geochem., 40, 706-719, https://doi.org/10.1016/j.orggeochem.2009.03.002, 2009 

Ittekkot, V.: Global trends in the nature of organic matter in river suspensions. Nature, 332, 436-438, 

https://doi.org/10.1038/332436a0, 1988 

Laglera, L., Battaglia, G., van den Berg, C.: Determination of humic substances in natural waters by cathodic stripping 

voltammetry of their complexes with iron. Anal. Chim. Acta, 599, 58-66, https://doi.org/10.1016/j.aca.2007.07.059, 2007 345 

Lagozzo, L., Hosen, J., McArthur, J., Raymond, P.: Distinct drivers of two size fractions of operationally dissolved iron in a 

temperate river. Limnol. Oceanogr., 68, 1185-1200, https://doi.org/10.1002/lno.12338, 2023 

Lawaetz, A., Stedmon, C.: Fluorescence intensity calibration using the Raman scatter peak of water. Appl. Spectrosc., 63, 936-

940, https://doi.org/10.1366/000370209788964548, 2009 

https://doi.org/10.5194/egusphere-2026-4066
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.



14 

 

Lee, Y., Wong, K., Obata, H., Nishitani, K., Ogawa, H., Fukuda, H., Lu, C.: Distributions of humic substances in an estuarine 350 

region (Otsuchi Bay, Japan) determined using electrochemical and optical methods. Mar. Chem., 256, 104301, 

https://doi.org/10.1016/j.marchem.2023.104301, 2023 

Lu, C., Benner, R., Fichot, C., Fukuda, H., Yamashita, Y., Ogawa, H.: Sources and transformations of dissolved lignin phenols 

and chromophoric dissolved organic matter in Otsuchi Bay, Japan. Front. Mar. Sci., 3:85, 

https://doi.org/10.3389/fmars.2016.00085, 2016 355 

Lu, Y., Allen, H.: Characterization of copper complexation with natural dissolved organic matter (DOM)-link to acidic 

moieties of DOM and competition by Ca and Mg. Water Res., 36, 5083-5101, https://doi.org/10.1016/S0043-1354(02)00240-

3, 2002 

Luz-Santos, T., Mounier, J., Marins, R.: Complexing fluorescent dissolved organic matter (FDOM) along the Parnaiba River, 

Northeast Brazil. Chemosphere, 385, 144531, https://doi.org/10.1016/j.chemosphere.2025.144531, 2025 360 

Lv, J., Zhang, S., Wang, S., Luo, L., Cao, D., Christie, P.: Molecular-scale investigation with ESI-FT-ICR-MS on fractionation 

of dissolved organic matter induced by adsorption on iron oxyhydroxide. Environ. Sci. Technol., 50, 2328-2336, 

https://doi.org/10.1021/acs.est.5b04996, 2016 

Mahieu, L., Whitby, H., Dulaquais, G., Tillette, C., Guigue, C., Tedetti, M., Leferve, D., Fourrier, P., Bressac, M., Sarthou, 

G., Bonnet, S., Guieu, C., Salaun, P.: Iron-binding by dissolved organic matter in the Western Tropical South Pacific Ocean 365 

(GEOTRACES TONGA cruise GPpr14). Front. Mar. Sci., 11:1304118, https://doi.org/10.3389/fmars.2024.1304118, 2024 

Mantoura, R., Dickson, A., Riley, J.: The complexation of metals with humic materials in natural waters. Estuar. Coast. Mar. 

Sci., 6, 387-408, https://doi.org/10.1016/0302-3524(78)90130-5, 1978 

Mellet, T., Buck, K.: Spatial and temporal variability of trace metals (Fe, Cu, Mn, Zn, Co, Ni, Cd, Pb), iron and copper 

speciation, and electroactive Fe-binding humic substances in surface waters of the eastern Gulf of Mexico. Mar. Chem., 227, 370 

103891, https://doi.org/10.1016/j.marchem.2020.103891, 2020 

Middelburg, J., Herman, P.: Organic matter processing in tidal estuaries. Mar. Chem., 106, 127-147, 

https://doi.org/10.1016/j.marchem.2006.02.007, 2007 

Muller, F., Tankere-Muller, S., Tang, C.: Terrigenous humic substances regulate the concentrations of dissolved Fe and Cu 

(but not Al, Mn, Ni or Zn) in the Gaoping River plume. Sci. Total Environ., 906, 167374, 375 

https://doi.org/10.1016/j.scitotenv.2023.167374, 2024 

Murphy, K., Butler, K., Spencer, R., Stedmon, C., Boehme, J., Aiken, G.: Measurements of dissolved organic matter in aquatic 

environments: An interlaboratory comparison. Environ. Sci. Technol., 44, 9405-9412, https://doi.org/10.1021/es102362t, 2010 

Murphy, K., Stedmon, C., Graeber, D., Bro, R.: Fluorescence spectroscopy and multi-way techniques. PARAFAC. Anal. 

Methods, 5, 6557-6566, https://doi.org/10.1039/c3ay41160e, 2013 380 

Nichols, R., Martin, P.: Low Biodegradability of dissolved organic matter from Southeast Asian Peat-Draining Rivers. J. 

Geophys. Res.: Biogeosciences, 126, e2020JG006182, https://doi.org/10.1029/2020JG006182, 2021 

https://doi.org/10.5194/egusphere-2026-4066
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.



15 

 

Ohno, T., 2002. Fluorescence inner-filtering correction for determining the humification index of dissolved organic matter. 

Environ. Sci. Technol., 36, 742-746, https://doi.org/10.1021/es0155276, 2002 

Sanwlani, N., Evans, C., Muller, M., Cherukuru, N., Martin, P.: Rising dissolved organic carbon concentrations in coastal 385 

waters of northwestern Borneo related to tropical peatland conservation. Sci. Adv., 8:15, 

https://doi.org/10.1126/sciadv.abi5688, 2022 

Seo, H., Kim, G., Han, H., Kim, S., Lee, J.: Significant benthic iron and manganese fluxes into the oxygenated ocean associated 

with humic substances: Results from benthic chamber experiments in the East Sea (Japan Sea). Mar. Chem., 276, 104640, 

https://doi.org/10.1016/j.marchem.2026.104640, 2026 390 

Stedmon, C., Bro, R.: Characterizing dissolved organic matter fluorescence with parallel factor analysis: a tutorial. Limnol. 

Oceanogr.: Methods, 6, 572-579, https://doi.org/10.4319/lom.2008.6.572, 2008 

Tipping, E., Rey-Castro, C., Bryan, S., Hamilton-Taylor, J.: Al(III) and Fe(III) binding by humic substances in freshwaters, 

and implications for trace metal speciation. Geochim. Cosmochim. Acta, 66, 3211-3224, https://doi.org/10.1016/S0016-

7037(02)00930-4, 2002 395 

Wang, W., Chen, M., Guo, L., Wang, W.: Size partitioning and mixing behavior of trace metals and dissolved organic matter 

in a South China estuary. Sci. Total Environ., 603-604, 434-444, https://doi.org/10.1016/j.scitotenv.2017.06.121, 2017 

Whitby, H., Planquette, H., Cassar, N., Bucciarelli, E., Osburn, C., Janssen, D., Cullen, J., Gonzalez, A., Volker, C., Sarthou, 

G.: A call for redefining the role of humic-like substances in the oceanic iron cycle. Sci. Rep., 10:6144, 

https://doi.org/10.1038/s41598-020-62266-7, 2020 400 

Wiwit, Wong, K., Lu, C., Fukuda, H., Ogawa, H., Takeda, S., Takahashi, K., Mashio, A., Obata, H.: Copper-binding organic 

ligands and phytoplankton growth in Japanese coastal waters. Mar. Chem., 271, 104532, 

https://doi.org/10.1016/j.marchem.2025.104532, 2025 

Wong, K., Nishitani, K., Obata, H., Fukuda, H., Ogawa, H., Idrus, F., Mohamad, F., Mashio, A., Hasegawa, H.: Simultaneous 

determination of picomolar level of dissolved silver with other key trace metals in seawater samples using solid phase 405 

extraction and isotope dilution methods. Mar. Chem., 262, 104396, https://doi.org/10.1016/j.marchem.2024.104396, 2024 

Wong, K., Obata, H., Ikhsani, I., Muhammad, R.: Controls on the distributions of dissolved Cd, Cu, Zn, and Cu-binding 

organic ligands in the East China Sea. J. Geophys. Res.: Oceans, 126, e2020JC016997, https://doi.org/10.1029/2020JC016997, 

2021 

Wong, K., Obata, H., Kim, T., Wakuta, Y., Takeda, S.: Distribution and speciation of copper and its relationship with FDOM 410 

in the East China Sea. Mar. Chem., 212, 96-107, https://doi.org/10.1016/j.marchem.2019.04.005, 2019 

Xu, W., Gao, Q., He, C., Shi, Q., Hou, Z., Zhao, H., 2020. Using ESI-FT-ICR MS to characterize dissolved organic matter in 

salt lakes with different salinity. Environ. Sci. Technol., 54, 12929-12937, https://doi.org/10.1021/acs.est.0c01681, 2020 

Yamashita, Y. Jaffe, R., Maie, N., Tanoue, E.: Assessing the dynamics of dissolved organic matter (DOM) in coastal 

environments by excitation emission matrix fluorescence and parallel factor analysis (EEM-PARAFAC). Limnol. Oceanogr., 415 

53, 1900-1908, https://doi.org/10.4319/lo.2008.53.5.1900, 2008 

https://doi.org/10.5194/egusphere-2026-4066
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.



16 

 

Yamashita, Y., Nishioka, J., Obata, H., Ogawa, H.: Shelf humic substances as carriers for basin-scale iron transport in the 

North Pacific. Sci. Rep., 10:4505, https://doi.org/10.1038/s41598-020-61375-7, 2020 

Yamashita, Y., Tanoue, E.: Production of bio-refractory fluorescent organic matter in the ocean interior. Nat. Geosci., 1, 579-

582, https://doi.org/10.1038/ngeo279, 2008 420 

Yang, R., van den Berg, C.: Metal complexation by humic substances in seawater. Environ. Sci. Technol., 43, 7192-7197, 

https://doi.org/10.1021/es900173w, 2009 

 

https://doi.org/10.5194/egusphere-2026-4066
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.


