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Tropical peat swamps are essential ecosystems, which provide numerous services, and also serve as a rich source of dissolved organic carbon (DOC), hydrogen ions and trace elements to peat draining rivers. However, not much is known about trace element export from tropical peat swamps. We investigated trace element dynamics in rivers and estuaries draining tropical peat swamps on Borneo, and examined the influence of estuarine processes as well as dissolved organic carbon (DOC) on the distribution and concentration of trace elements. Our results indicate acidic conditions (pH = 3.3) and high DOC concentration (3500 μmol L−1) at salinities<1. We observed an initial release of trace elements at low salinity (0.05<S<0.5), followed by scavenging to particles at intermediate salinities (0.5<S<10) due to an increasing ionic strength and pH. Peak concentrations (μmol kg −1) of Al (24.9), Si (96.2), Mn (4.9), Cu (0.035) and Ni (0.047) were observed during the dry season (July), and Fe concentrations (43.2) were highest during the wet season (December). We used the NICADonnan model to investigate the combined impact of DOC and pH on the formation of solid iron hydroxide (Fe(OH)3(s)). The Maludam river was predicted to be supersaturated for Fe hydroxides and the results affirmed our model prediction. The output showed Fe and Cu had a strong affinity for DOC and to a lesser extent Al and Ni in the conditions prevailing at the study sites. Statistical analyses also indicated strong correlation between Cu and Ni (r2 = 0.97, 0.94 and 0.82) in Maludam, Sebuyau and Belait rivers and estuaries, respectively. The results obtained in this study are comparable to values published for southeast Asia and other continents for pristine peat draining rivers.
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Highlights

	✔ We observed initial remobilization of dissolved Fe, Al, Si, Mn, Cu and Ni at low salinity and pH, followed by scavenging with increasing ionic strength.

	✔ The combination of pH, salinity and DOC regulates the behaviour and distribution of trace elements.

	✔ Low pH and high DOC concentration are directly proportional to increased apparent Fe solubility (SFe(III)app).

	✔ Linear regression shows a strong correlation between trace elements investigated.

	✔ Concentration and distributions of trace elements are subject to seasonal variations in peat-draining rivers.

	✔ Trace element concentrations in Borneo tropical peat swamps are comparable with other global rivers.





1 Introduction

Tropical peatlands are essential ecosystems which sequester carbon (Cooper et al., 2019), provide habitats and biodiversity conservation, and protect endangered species (Nurulita et al., 2016). Other services include water purification and storage, flood prevention, cultural heritage, education, tourism, and food for local communities (Tonks et al., 2017; Dhandapani et al., 2020). Despite occupying only 0.3% of the global land area (Graham et al., 2017), peatlands store about 89 Gt carbon and serve as a large terrestrial CO2 sink (Wu et al., 2019). It is estimated that southeast Asian tropical peat swamp forests store about 68.5 Gt of carbon (Jauhiainen et al., 2005; Kiew et al., 2018), accounting for 11-14% of the global peat carbon stock (Verwer & Meer, 2010; Page et al., 2011), primarily in huge peat deposits in Sumatra and Borneo.

Peat swamp forests are facing increased anthropogenic activities, in the form of land-use, drainage canals, biomass burning and lowering of the water table. Peat swamps are therefore at risk of becoming potential carbon sources (Martin et al., 2018). The fresh waters draining the ombrotrophic peat swamp forest (i.e., a system where atmospheric deposition supplies nutrients and trace elements over time) in southeast Asia are rich in dissolved organic matter (DOM) that reduces the riverine pH to<5 (Wu et al., 2019). The anthropogenic activities in the regions result in increased fluvial export of DOM, an important contributor to the marine carbon budget (Gandois et al., 2020). The transfer of DOM from tropical peat swamp forests through estuaries could have an impact on the biogeochemical cycles of other elements. In particular, the close association between trace elements and DOM could affect trace element fluxes from the land to the ocean in these regions. The export of major elements and trace elements from peat swamps to surface ocean waters has been reported (Weiss et al., 2002; Rothwell et al., 2007; Broder and Biester, 2017; Jeremiason et al., 2018). There is substantial literature to facilitate a better understanding of the biogeochemistry of major and trace elements in high-latitude peatlands, peaty riparian zones (Broder and Biester, 2017), peatlands and bogs in the UK and Europe (Rothwell et al., 2007), but to the best of our knowledge scant information exists on transport of trace elements in low latitude peatlands, despite increasing destruction of peat swamps in southeast Asia.

Some trace elements (e.g., iron (Fe), manganese (Mn), copper (Cu) and nickel (Ni)) are essential as micro nutrients for organisms including phytoplankton to form enzyme cofactors (Morel et al., 2003; de Carvalho et al., 2021). However, at elevated concentrations in the environment trace elements, including Cu (Mason, 2013) and Al (Simonsen et al., 2019) can be toxic to living organisms. A number of trace elements such as Fe (II and III), Cu (I and II) and Mn (II-IV) are redox sensitive under specific environmental conditions, with Fe (II), Cu (II), Mn (II), Ni (II) as the more soluble and bioavailable forms (Yang et al., 2019; de Carvalho et al., 2021). The association between Fe and organo-mineral complexes, results in the formation of colloids, which provide suitable surfaces for binding of elements, and have important implications for trace element export in peatland (Krachler et al., 2010). Iron and Cu, and to lesser extent Aluminum (Al) and Ni, have very strong affinity for DOM, and DOM is thought to play a role in the mobilization and transport of trace elements through estuaries (Rothwell et al., 2007; Gandois et al., 2020). Aluminum, for example, is an element whose chemistry is driven essentially by the pH of the medium and that usually forms complexes with organic matter and exists in the form of oxides, hydroxides and aluminosilicates (Simonsen et al., 2019). Aluminum tends to be present in estuaries as a positively charged low molecular mass (LMM) cation species at pH< 6, while at about pH > 6, Al may exist as colloids, particles and natural species (Simonsen et al., 2019). The behavioral differences exhibited by trace elements underscores the need for better understanding of their sources, export (Gandois et al., 2020), redox conditions, mobility, bioavailability, environmental concentrations, reactivity and interactions in rivers draining tropical peat swamps. Trace element export from such a dynamic and diverse ecosystem is considered to be regulated by biological, chemical and physical conditions (Rothwell et al., 2007). Specific contributing factors include pH, ionic strength, fluvial regime, suspended particulate matter (SPM) levels, concentration of complexing agents and DOM (Achterberg et al., 2003; Broder and Biester, 2017; Jeremiason et al., 2018).

The dynamic nature of estuarine environments implies that transported materials will be subjected to pronounced changes in pH, ionic strength and DOM levels as fresh waters mix with sea waters (Zhou et al., 2016). Previous studies highlighted the interparticle forces that exist between colloidal materials and the role of humic substances in regulating the behaviour (response of an element to changes in environmental conditions) of trace elements in natural waters (Mosley et al., 2003; Sander et al., 2004). The surfaces of river-borne particles are usually enveloped by a film of natural organic matter, thereby rendering them negatively charged and creating an electrostatic repulsive force. The process of flocculation is initiated by increasing ionic strength and availability of seawater cations (e.g., Mg2+ and Ca2+) as particles enter the estuary from the freshwater region, resulting in gradual partitioning from the dissolved to particulate phase. These processes contribute to the rapid removal of trace elements from natural waters in particulate form (Sholkovitz, 1976; Zhou et al., 1994; Mosley et al., 2003; Sander et al., 2004; Zhou et al., 2016).

The biogeochemically diverse nature of the tropical peat swamps in southeast Asia, coupled with the rapid rate of their destruction due to land use change, peat fires, agricultural activities and drainage canals may contribute to enhanced trace element export. There is little research on the export of trace elements such as Fe, Al, Si, Mn, Cu and Ni to rivers draining tropical peat swamps. The purpose of this research is to a) resolve the concentrations of trace elements in rivers draining pristine tropical peat swamp forests, b) examine the role of seasonal variations on trace element distributions in the rivers and estuaries and, c) unravel the influence of estuarine processes on the supply of trace elements from black water rivers to the ocean.



2 Description of the study area

Southeast Asia contains about 23 million hectares of lowland tropical peatlands with characteristic waterlogged and predominantly peat swamp forests vegetation (Wetlands International, 2010). Borneo Island, covering some parts of Malaysia, Indonesia, and Brunei, with its rich biodiversity has been accorded a global conservation priority to ensure sustainability and protection of certain endangered species. It is classified as tropical ever-wet because of the climatic conditions with an average rainfall of 3700 mm year−1 (Wu et al., 2019). Malaysia is rich in peat swamp forests distributed across the various states with 23 percent retaining near-pristine nature; 17 percent are located in the state of Sarawak (Wetlands International, 2010). The state of Sarawak on the island of Borneo has the largest tropical peat swamp, thereby making Malaysia the second largest home to tropical peat swamp forests with an area of approximately 2.6 x 104 km2 (Zhang et al., 2020). The establishment of major industries such as metal, food processing, electronics, petroleum, rubber, and textile in Malaysia (the mid-1980s) contributed to an increase in the deforestation rate in the country. The conversion of tropical peat swamp forests for agricultural purposes including rubber, oil palm, and sago plantations between 1990 and 2010 accounted for a 2 percent increase in the deforestation rate yearly in Sarawak (Zhang et al., 2020). Indonesia accounts for about 80 percent of the tropical peat swamp forests globally, although about 94,000 km2 (above 36,000 square miles) have been lost due to anthropogenic activities (Dargie et al., 2017). Brunei Darussalam is a small oil-rich country located on Borneo Island, covering 5,765 km2 (2,226 square miles) and rich in pristine tropical peat swamp forests (Omar et al., 2022). Brunei’s forests, peat swamps, mangroves, and rivers in protected areas are home to various unique species which are endemic to Borneo. The three rivers under investigation, namely Maludam and Sebuyau in Sarawak state of Malaysia and Belait river in Brunei drain peat swamp forest waters into the South China Sea.

Maludam is a town and sub-district in Betong Division, in the state of Sarawak, Malaysia. The Maludam River, is known for its pristine nature with little anthropogenic influence since it is located in the Maludam national park, Sarawak’s second-largest national park. The catchment area of the Maludam River covers about 91.4 km2 and has an average discharge rate of 4.4 -5.9 m3 s−1 (see Table 1). The blackwater river draining the peat swamp forests is about 33 km long with its majority running through the national park. This biologically diverse national park is pristine with minimal anthropogenic impact (Müller et al., 2015).


Table 1 | Hydrographic and catchment description of selected Rivers on Borneo Island.



The Sebuyau River with characteristic black colored, oxygen-deficient and acidic waters stretches for about 58 km and has increased human activities compared to the Maludam River. Sebuyau River has a discharge rate of 34.5 m3 s−1 and drains the least pristine forest of the three rivers investigated, with some peat swamps within its catchment converted to sago and oil palm plantations (Wu et al., 2019).

Belait River, the longest river in Brunei at about 32 km, is located near the southwestern border of Sarawak. The Belait river flows through peat swamps and discharges into the South China Sea. The river meets the ocean at Kuala Belait port, an economic nerve center and home to some of Brunei’s oilfields. Located about 10 km inland is the water treatment plant and other facilities at Badas with different abstraction points (Brunei Liquified Natural Gas intake, Public Works intake and Brunei Shell Petroleum intake) (Chuan, 1993). Upstream, the forests draining the Belait river is pristine with relatively little agricultural activities and human impact. The possible sources of pollution in the Belait river include industrial discharges such as the shipping harbour, wastewater treatment plants, oil facilities, agricultural outlets, domestic waste, surface runoff, and polluted streams occasioned by increase in population density. The country’s tropical climate is characterized by enhanced rainfall (average annual rainfall 3000 mm year−1) and temperatures (annual mean 27.4°C) (Harris et al., 2020). The river’s capacity for self-purification is an essential ecosystem service despite its use for various purposes such as transportation and waste disposal (Parenti and Meisner, 1995).



3 Materials and methods


3.1 Sample collection and treatment

Samples were collected in July 2019 (dry season) and December 2019 (wet season) to study seasonal variations in the transport of trace elements from peat swamps to adjacent rivers and estuaries. A total of 42 dissolved and 10 particulate samples were collected from the blackwaters of Belait, Maludam and Sebuyau rivers and estuaries using a small boat (Figures 1A–D). Intense flooding and strong currents during December 2019 limited the number of locations that could be sampled. pH, salinity and temperature were measured at the stations, using a multiprobe (Aquaread AP-2000).




Figure 1 | Distribution of sampling stations and salinity in the study area (A) Borneo Island (B) Maludam river (C) Sebuyau river (D) Belait river in July and December, 2019. MJ, Maludam July; MD, Maludam December; SJ, Sebuyau July; SD, Sebuyau December; BJ, Belait July and BD, Belait December.



All low density polyethylene bottles used for sample collection and storage were acid cleaned in a trace element clean laboratory: the bottles were rinsed three times with deionized water (Milli-Q, Millipore), immersed in 2% Mucasol detergent for 24-48 hours, rewashed 3-5 times with deionized water, leached in 1 M reagent grade hydrochloric acid (HCl; 37%, Thermo Fisher Scientific) for 7 days, rinsed with deionized water 3-5 times, transferred to 1.5 M nitric acid (HNO3; ≥65%) for 7 days, rinsed for 5-7 times in deionized water, dried for 48 hours in laminar flow hood and sealed in double plastic bags (Rapp et al., 2017). The collected sample waters were immediately filtered using polyethersulfone (PES; 0.45 µm poresize, 47 mm, Sterlitech Corporation) membrane filters for trace elements. Filtered trace element samples were stored in acid cleaned 60 ml polyethylene bottles. The samples were acidified with HCl (37%, Optima Thermo Fisher Scientific) to pH 1.7in a trace element clean laboratory and preserved for six months.



3.2 Trace element analysis

The trace element samples were processed and analyzed in trace element clean laboratories at GEOMAR. The samples were ultraviolet (UV) digested in acid cleaned quartz tubes in order to breakdown metal complexing organic matter. The tubes were rinsed 5-7 times with deionized water, cleaned with 1 M HCl (37%, Thermo Fisher) for 24-48 hours, and rinsed again with deionized water 5-10 times between digestion cycles. To each tube containing about 30 ml of sample, 150 µl of hydrogen peroxide (H2O2; ≥30%, Sigma Aldrich) was added to speed up the destruction of organic matter (Achterberg et al., 2003). Each batch of samples was exposed to UV light from a medium pressure mercury lamp (Photochemical Reactors; 400 W) for 4-5 hours, and then transferred into clean acid washed bottles. All samples with salinity > 2 were diluted to salinity 2 prior to analysis. Samples were prepared in duplicate to confirm reproducibility. Trace elements were analyzed using high resolution inductively coupled plasma mass spectrometry (HR-ICP-MS; Element XR, Thermo Fisher Scientific). Indium was used as the internal standard throughout the analytical process. River water certified reference material (CRM, SLRS 6 Riverine Water, Canada) for trace elements from National Research Council, Canada was prepared using the same procedure as the water samples and analyzed using HR-ICP-MS. Table 2 shows the results for the CRM and trace element analyses, including the percentage recovery for the CRM. We prepared standards for both fresh and seawater samples using trace element concentrations in Southeast Asia (Ishak et al., 2016; Tashakor et al., 2018; Zhang et al., 2020). 150 µl of seawater sample was added to the standards to create similar conditions and used for calculating trace element concentration in seawater samples. The ICP-MS counts were blank and drift corrected before calculating concentration using the slope. The full procedural blanks were obtained during expedition by passing deionized water through the same procedure as samples. The reported concentrations are the blank corrected average of two runs (8 replicates – 4 each) ± % error (using average and average deviation). We reported the median trace element concentration as measured in the study area without normalization to the method recovery because the sample concentration is higher than the CRM. The duplicates were reproducible as shown in Table 2.


Table 2 | Certified reference material concentration vs measured ICP-MS concentration showing percentage recovery.





3.3 Particulate trace element analysis

Particulate samples were obtained by filtering water samples through 0.45 µmpore size polyethersulfone (PES) membrane filters. The filters, containing particulate matter, were retained and stored frozen. Prior to analysis, samples were defrosted. Each filter was then carefully stuck to the wall of an acid-cleaned 30 ml vial (savillex) and 2.5 ml of digest reagent (1 M HNO3 – 50%HNO3:49%MQ:1%Re) was added into each vial. Vials were then placed on a hot plate at 150°C overnight, for at least of 15 hours. The next day, the vials were uncapped and the samples evaporated for about 2 hours on the hotplate at 110°C to near dryness. Samples were allowed to cool for ~30 mins before addition of 0.5 ml oxidizing reagent (35%MQ:15%H2O2:50%HNO3 solution) to each vial. The caps were left, loosely capped for 30 mins, then placed uncapped on the hotplate at 110°C for 35-45 mins. After this, samples were rediluted in 4.5ml of 1 M HNO3 (63ml conc. HNO3:936ml MQ:1ml Indium (1mg/ml)) and heated at 80°C for 1 hour. Cooled samples were then decanted into pre-cleaned 15ml tubes. Standards were prepared following the same method for 0.015-0.020g of plankton (BCR 414) and 0.015-0.020g marine sediment (PACS 3) certified reference material (CRM) (typically 3 vials for each CRM), and procedural blanks applied the same method to blank filters. At least 3 vials were filled with re-dilution acid as blanks. Some membrane filters (for particulate samples) were lost in the process and this resulted in the presentation of only 10 samples.



3.4 Measurement of dissolved organic carbon and nutrient concentrations

DOC samples were collected in 3 ml glass vials (Nalgenunc, Nalgene) with Teflon-lined caps. The vials were rinsed 3 times in deionized water, cleaned in 10% HCl for 1-2 days, rinsed 5-7 times in deionized water, and combusted at 450°C for 4 hours. The vials were then pre-killed with 5 drops of concentrated phosphoric acid. DOC samples were filtered into the vials in the field using ashed (450°C for 4 hours) glass fibre filters (GF/F Whatman; 47 mm diameter). The samples were analyzed at the Centre for Coastal Biogeochemistry at Southern Cross University (Lismore, Australia) via continuous-flow wet-oxidation isotope-ratio mass spectrometry using an Aurora 1030W total organic carbon analyzer coupled to a Thermo Delta V Plus IRMS (Oakes et al., 2010). Glucose of known isotopic composition dissolved in He-purged deionized water was used as a standard to correct for drift and to verify sample concentrations. Reproducibility for concentrations was ± 0.2 mg L−1.

Water samples collected for nutrient analyses were filtered via polycarbonate membrane filters (0.4 µm pore size, Whatman®) into 60 mL sampling bottles. Concentrations of nutrients were determined in the State Key Laboratory of Estuarine and Coastal Research (SKLEC), Shanghai utilizing a Skalar SANplus auto analyser (Grasshoff et al., 1999). After thawing, water samples were thoroughly mixed prior to nutrient analyses. Dissolved silicate (DSi) was analyzed using a Skalar San++ Flow Injection Analysis system (Netherland) according to standard colorimetric methods modified by the manufacturer (Grasshoff et al., 1999).



3.5 Flux calculations

The difference between precipitation and evapotranspiration was used to calculate total flux based on catchment area and element concentration. The discharge in the catchment (Q) is given by the difference between the precipitation (P) and the evapotranspiration (ET), Q = P - ET. Precipitation rates were downloaded from DWD (https://www.dwd.de/EN/ourservices/cdc/cdc_ueberblick-klimadaten_en.html) as monthly averages. The nearest stations to our sampling locations are Kuching and Brunei. We calculated evapotranspiration (ET) using three relevant references (Kumagai et al., 2005; Moore et al., 2013; Hirano et al., 2015) and averaged the results for subsequent calculations. We obtained the monthly ET by dividing the annual ET by 12. Monthly total loads for July and December were then calculated by multiplying the discharge with the elemental concentrations.



3.6 Statistical analysis

All statistical analyses were done using R, 2021 (Version 4.1.1), R Studio Team, 2021 (Version 1.4.1103), tidyverse (2019) packages, plots with Origin 2018 and maps with QGIS (Version 3.24.1).



3.7 Visual MINTEQ and NICA-Donnan modeling

The chemical equilibrium model Visual MINTEQ (version 3.0) was used to calculate metal binding affinity to dissolved organic matter (DOM) (Chahal et al., 2016) in the blackwater rivers of Borneo Island. The generic fulvic acid NICA constants for H+, Mg2+, Ca2+ and Sr2+ were used to calculate trace element affinity to DOM (2003; Milne et al., 2001). Calculations were performed at ambient temperature, pH, ionic strength (calculated from ion pairing) obtained from the sample sites and major ions of seawater; Na+, K+, Mg2+, Ca2+, Sr2+, Cl−,  ,  , Br−, H3BO3 and F− to calculate metal binding affinity to DOM (Zhu et al., 2021). Table 3 shows constants for Al3+, Cu2+, Fe3+ and Ni2+ used to determine metal affinity to DOM as described in (Gledhill et al., 2022). The NICA-Donnan model uses a non-ideal competitive adsorption (NICA) isotherm to describe binding to heterogenous substances and the Donnan electrostatic sub-model to explain the electrostatic interaction between humic substances and ions (Milne et al., 2003). The NICA-Donnan model is widely used in different studies because of its ability to calculate the binding affinity between ions, fulvic and humic acid under varying environmental conditions (Milne et al., 2001). Hence, the application of this model allowed us evaluate the role of humic substances in the mobility and distribution of trace elements in our estuaries. The pH range, trace element and DOC concentrations measured in the rivers are provided in Table 3. We used DOC, pH and dissolved Fe data to interpret apparent iron solubility (SFe(III)app) in the systems. The concentration of total Fe was modified to 100 µmol kg−1 in the model to assess the saturation state of iron hydroxides or oxyhydroxides.


Table 3 | NICA constants for Visual MENTIQ modeling in this study.






4 Results and discussion


4.1 Water chemistry in Borneo rivers and estuaries

The conditions under which samples were collected during expeditions in the wet (December 2019) and dry (July 2019) seasons are presented in Figures 1A–D and Table 4. Flooding during the wet season (December) affected the number of samples collected and by extension the available data on the chemistry of the various rivers and estuaries across fresh and intermediate salinity. Furthermore, a range of stations were in different places in July and December. In Maludam, the salinity in our samples in July 2019 (dry season) ranged from 0.04-24.46, and 0-17.57 in December, 2019 (wet season). This river is strongly acidic with a minimum pH of 3.3 at salinity 0.05 in July, 2019 and pH 4.23 at salinity 0 in December, 2019. In Sebuyau river and estuaries, the minimum pH was 5.22 at salinity 0.02 in July and pH 4.56 at salinity 0 in December. Belait river and estuary recorded minimum pH of 4.6 at salinity 0.01 in July and pH 4.35 at salinity 0 in December  (Figure 2A–C). In terms of flow rate in the river (freshwater endmember), Maludam has the lowest discharge 4.5 m3 s−1 and is a more acidic system (pH 3.3), followed by Sebuyau with discharge 34.5 m3 s−1 with pH 4.6 and Belait with higher discharge rate 145 m3 s−1 with pH 4.4 (Table 1). The acidic conditions measured in these rivers are consistent with reported values for Maludam (pH 3.7), Sebuyau (pH 4.3) and Simunjan (pH 4.7) rivers (Zhang et al., 2020). The data obtained for pH and salinity during the wet and dry seasons show a similar trend with little variation in Maludam, Sebuyau and Belait rivers and estuaries. However, the sampled salinity range in Belait is limited with fewer data points compared to others (Figure 2A). In the Maludam estuary, for example, at salinity 18.3 the pH was 7.51 in the dry season, while during the wet season, pH 7.62 was measured at salinity 17.6. In Sebuyau estuary, at salinity 14.6 the pH was 7.51 during the dry season whereas in the wet season, pH 6 was measured at salinity 13.02.


Table 4 | Range of the master variables. Salinity, pH, and dissolved organic carbon (DOC) in three backwater rivers and estuaries, and the corresponding concentrations of Fe, Al, Si, Mn, Cu and Ni in the fresh water endmember and intermediate salinity.






Figure 2 | Plots of pH as a function of salinity in (A) Maludam (B) Sebuyau and (C) Belait, and (D) DOC as a function of salinity for Maludam (Mal) & Sebuyau (Seb) rivers, as measured during July and December 2019.



We present only DOC data for Maludam and Sebuyau here because that of Belait is unavailable due to challenges encountered during sampling. The DOC concentrations in Maludam in July 2019 ranged between 215 and 3502 µmol L−1, indicating gradual dilution of the DOC rich blackwater river as it travels through the pristine peat swamp park to waters with intermediate salinity (Zhang et al., 2020). DOC peak concentrations measured in Maludam river were attributed mainly to the organic rich nature of woodlands, peat swamps and forests (Jiann et al., 2013). The DOC concentrations in Sebuyau varied from 201 to 1290 µmol L−1 with the maximum concentration observed in the freshwater endmember and a decrease along the salinity gradient due to dilution with relatively DOC poor seawaters (Table 4; Figure 2D).



4.2 Trace element concentrations in blackwater rivers in Borneo Island

The concentrations of dissolved Fe, Al, Si, Mn, Cu and Ni in the blackwater rivers and estuaries are shown in Figures 3A–C and Table 4. The overall maximum concentrations for dissolved Al (24.9 µmol kg−1), Si (96 µmol kg−1), Mn (4.9 µmol kg−1), Cu (0.035 µmol kg−1), and Ni (0.047 µmol kg−1) were observed during the dry season, while dissolved Fe (43.2 µmol kg−1) reached peak concentrations during the wet season. The subsection on seasonal variation for each trace element in the different rivers shows interesting perspectives on their distribution. The concentration of dissolved (D) and particulate (P) trace elements at a range of salinities and pH values in Maludam, Sebuyau and Belait rivers are shown in Table SI 1. The data highlights the role of salinity and pH in driving trace element fluxes in the dissolved and particulate phases. Concentrations of dissolved trace elements were higher in the freshwater endmember, while particulate trace element concentrations were higher in the mid to high salinity and pH region. At salinity 9.79 in the Maludam estuary, Fe concentration was 139 µmol/kg (particulate – P) and 16.7 µmol kg−1 (dissolved – D), Al concentration was 935 µmol kg−1 (P) and 5.2 (D), Cu concentration was 0.052 µmol kg−1 (P) and 0.019 µmol kg−1 (D) and Ni concentration was 0.119 µmol kg−1 (P) and 0.014 µmol kg−1. All trace elements had higher particulate than dissolved concentrations, except for Mn, with a dissolved concentration (4.4 µmol kg−1 - D) that was higher than the particulate concentration (1.6 µmol kg−1 - P) (Dupré et al., 1996).




Figure 3 | Dissolved elements as a function of salinity in the blackwater rivers and estuaries of Borneo in July (dry) and December (wet), 2019. Each plot shows the distribution of elements (Fe, Al, Si, Mn, Cu and Ni) in (A) Maludam (B) Sebuyau (C) Belait rivers and estuaries.



Concentrations of dissolved Fe, Al, Mn, Cu and Ni were considerably higher at lower salinities (< 1) than at mid-salinities in the Borneo rivers (Figure 3). This is consistent with patterns observed in the river near the city of Pontianak, West Kalimantan, Indonesia (Gandois et al., 2020), and dissolved Fe concentrations in Maludam, Sebuyau and Rajang rivers (Zhang et al., 2020). Previous studies attributed the higher concentrations in peat draining blackwater rivers to the strong metal organic associations between Fe, Cd, Zn, As, Ni and DOM which stabilize the elements and prevent their removal through precipitation (Krachler et al., 2010; Neubauer et al., 2013; Broder and Biester, 2017), and the corresponding discharge of DOM rich water from the peat swamp which creates acidic conditions (Krachler et al., 2012; Gaillardet et al., 2013). At low salinity,< 0.5, there was an initial increase in the concentration of dissolved trace elements in the estuary. This suggests trace elements were released from particles containing exchangeable elements during the initial mixing between river and saline waters with enhanced ionic strength in the estuary. Subsequent to this release, elements were scavenged or precipitated at salinities between 0.5 and 10 due to further increases in ionic strength and pH which destabilized colloidal metal fractions (Achterberg et al., 2003; Mosley et al., 2003). The observed increase in particulate trace element concentrations with increasing ionic strength (Table SI 1) and the decrease in dissolved trace element concentrations support the role of estuarine processes in metal fluxes in the mixing zone (Thanh-Nho et al., 2018). Geochemical processes involving Fe play a central role in metal removal. Iron solubility is much greater at low pH and salinity, and an increase in pH and salinity in the estuary thus induces the precipitation of Fe and Mn oxyhydroxides (Achterberg et al., 2003; de Souza Machado et al., 2016). The behaviour of other trace elements is then regulated by Fe and Mn oxyhydroxide precipitation in the estuary as it creates suitable surfaces for adsorption (Turner and Millward, 2002; Mari et al., 2012). Furthermore, microorganisms and phytoplankton may also play a contributary role in trace element removal by releasing transparent exopolymer particles (TEP) in estuaries around mid to high salinity reaches that facilitate aggregation processes (Wetz et al., 2009; Mari et al., 2012).



4.3 Seasonal variation in blackwater rivers and estuaries

Seasonal variations in temperature and discharge may regulate the concentrations of trace elements; e.g., dissolved Fe delivered to the rivers may change as a function of mechanical and chemical weathering processes (Caccia and Millero, 2003). Seasonality plays an important role in the concentration dynamics of trace elements in these blackwater peat draining rivers and estuaries (Zhang et al., 2020). Our results in each river and estuary across the wet and dry seasons indicate maximum observed concentrations in Maludam (DOC – dry, Fe – wet, Al – dry, Si – wet, Mn - dry, Cu – wet and Ni – wet), Sebuyau (DOC – wet, Fe – wet, Al – dry, Si – dry, Mn -wet, Cu – dry and Ni – dry) and Belait (Fe – wet, Al – wet, Si – dry, Mn - dry, Cu – wet and Ni – dry), respectively. In the different rivers, variability exists in the distribution and concentration of dissolved and particulate trace elements in relation to seasonal variation. We observed maximum DFe concentrations in Maludam (16.7 µmol kg−1) and Sebuyau (41.4 µmol kg−1) and Belait (43.2 µmol kg−1) rivers during the wet season. The maximum concentration at salinity 9.79 observed in Maludam for particulate Fe (139.5 µmol kg−1) during the wet season was an order of magnitude higher compared to the dissolved Fe (16.7 µmol kg−1) concentration. This can be attributed to the mobilization of mobile reduced Fe (FeII) from anoxic peat swamps (Zhang et al., 2020). The observed DFe concentrations are consistent with those reported in Maludam (23.8 µmol kg−1), Sebuyau (33.6 µmol kg−1), Rajang (8.3 µmol kg−1) and Simunjan (59.2 µmol kg−1) (Zhang et al., 2020) rivers. We observed variations in the maximum concentrations of the other trace elements in the different rivers during the dry and wet seasons (see details in Table 4). The variations in trace element distributions across both seasons underscore the influence of different factors including pH, salinity, DOC, residence time, and temperature on their behaviour in the systems (Caccia and Millero, 2003). The formation of Fe oxide in the estuary mixing zone provides suitable surfaces for the removal of other trace elements, thereby influencing their mobilization and removal. To further examine the relationship between seasonal variation and trace element fluxes, we calculated the discharge for July and December in 2019 using the parameters indicated in Table SI 2 (Kumagai et al., 2005; Moore et al., 2013; Hirano et al., 2015) and calculated DOC and trace element fluxes in the black water rivers. The output indicates the influence of seasonal variation on trace element and DOC fluxes (Figure 4); this can be attributed to increased weathering of rocks, flushing of the peat swamp environment, and enhanced delivery of particles during the wet season. To better understand these interactions, we used principal component analysis (PCA) to reduce the dimensionality of the dataset and enhance its interpretability for the following parameters: pH, salinity, DOC, Fe, Al, Mn, Cu and Ni. PCA1 is the horizontal axis with the highest variation, while PCA2 is the vertical axis with the second-most variation in the dataset. The PCA results in Figure 5A explain 74.9% of variance (PC1 = 53.0% and PC2 = 21.9%) in Maludam, Sebuyau and Belait without DOC data, while, the PCA results in Figure 5B explain 84% of variance (PC1 = 52.9% and PC2 = 31.1%) in Maludam and Sebuyau only with DOC data. The output shows relationship between the different trace elements and DOC; although the relationship is not as strong as expected, it implies that similar estuarine processes affect their distribution and fluxes. However, pH and salinity exhibit an inverse relationship with the trace elements; this implies that increases in pH and salinity are related to decreases in metal concentrations in the estuary (Braungardt et al., 2003). In addition, Cu and Ni exhibited strong correlations in Maludam (r2 = 0.97), Sebuyau (r2 = 0.94) and Belait (r2 = 0.82) rivers (see supplementary information – Figure S1) and this may be due to their similar geochemical properties in the estuaries (Sholkovitz, 1976).




Figure 4 | Trace element and DOC fluxes (µmol s−1) as a function of seasonal variation in the freshwater endmember of Maludam, Sebuyau and Belait rivers. Key: July (Dry Season) and December (Wet Season).






Figure 5 | Principal Component Analysis showing the first two principal component. (A) Trace elements in the three rivers without DOC data and (B) Trace elements and DOC in Maludam and Sebuyau rivers. PC1 and PC2 in plot (A) for trace elements accounts for 74.9% of the data, while PC1 and PC2 in plot (B) for trace elements and DOC accounts for 84% of the data respectively. The circles on the plots are visual aids for the sample groups.





4.4 Trace element distribution as a function of pH in the peat draining rivers and estuaries of Borneo

pH plays an important role in determining the behaviour and distribution of trace elements in aquatic ecosystems and forms a master variable for biological and chemical processes (Santschi et al., 1997; Turner and Millward, 2002; Mosley and Liss, 2020). pH affects metal adsorption and solubility, thereby regulating their dissolved concentrations (Millward, 1995; de Souza Machado et al., 2016). The role of pH is particularly important (Millward, 1995; Braungardt et al., 2003) for the blackwater rivers of Borneo Island as these are acidic (pH 3.3) (Table 2) and this is expected to influence metal distribution along the pH gradient (Mosley and Liss, 2020). In Maludam river (pH 4.23), the concentrations of Fe, Al, Mn, Cu and Ni were consistently higher in the dissolved than the particulate phase (Table SI 1) and this is largely related to the acidic medium. At pH 4.35 in Belait river, the concentrations of Fe, Mn, Cu and Ni are higher in the dissolved than the particulate phase. Aluminum in Belait river had higher particulate phase, which may be related to enhanced weathering run-off during the wet season. Dissolved Fe concentration varied from 10 to 23 µmol kg−1 within the low pH (3-5.5) waters in July across Maludam, Sebuyau and Belait rivers, but the concentration doubled in December to 41.4 µmol kg−1 in Sebuyau and 43.2 µmol kg−1 in Belait. However, dissolved Fe remained within the same range in July (15.9 µmol kg−1) and December (16.7 µmol kg−1) in Maludam river (Figure 6). Earlier studies found similar concentrations in the river (Elbaz-Poulichet et al., 1999; Zhang et al., 2020). Aluminum concentrations varied from 9.9 to 24.9 µmol kg−1 with pH range 3-6 in both July and December in the three rivers. Manganese concentrations at pH< 6 varied from 1 to 5 µmol kg−1 in July and December across the rivers. Copper concentrations varied from 0.012 to 0.035 µmol kg−1 at pH< 6 and Ni concentrations varied from 0.009 to 0.047 µmol kg−1 at pH< 6 in July and December in the various rivers. The tendency for trace elements to remain in dissolved phase at low pH (< 6) explains the relationship between them and how pH regulates their geochemistry in the estuary as the master variable (Millward, 1995). As the pH approaches the point of neutralization, scavenging to particles facilitates metal removal from the water column, hence the observed decline in trace element concentrations with increasing pH and salinity (Braungardt et al., 2003). Figure 6 indicates that peak concentrations of trace elements are found in the low pH< 6 range and can be attributed to the influence of available dissolved metal species, positive surface charges and electrostatic force (Achterberg et al., 2003; de Souza Machado et al., 2016). The initial release of Mn, Cu, and Ni at low salinity (<0.5) and low pH (<5.5) implies the presence of a specific source. One possible explanation could be sediments or particles which were formed at higher salinity and pH further downstream in the estuary and subsequently resuspended and transported upstream as a result of tidal mixing (de Souza Machado et al., 2016). The subsequent interaction between the sediments and the low salinity, low pH water may release the trace elements back into the dissolved phase. The subsequent downstream increase in pH and salinity once again promotes scavenging of elements onto Fe hydroxides or colloids (Gaillardet et al., 2013; Mosley and Liss, 2020). In this way the trace elements are likely trapped in a cycle in the upper estuary. These processes are summarized in the schematic Figure 7.




Figure 6 | Dissolved elements as a function of pH in the blackwater rivers and estuaries of Borneo in July (dry) and December (wet), 2019. Each plot describes the distribution of elements (Fe, Al, Si, Mn, Cu and Ni) in (A) Maludam (B) Sebuyau (C) Belait rivers and estuaries.






Figure 7 | Schematic representation of trace element behaviour in blackwater river and estuarine system.



Figure 7 is a pictorial representation which summarizes the central theme of our findings. It captures the behaviour of trace elements as they travel through the river-estuarine system and the influence of estuarine processes. Trace elements entering the freshwater endmember showed an initial remobilization to the system at low salinity (< 1) and pH (< 5). However, with increasing ionic strength, scavenging and eventual dilution occurred as shown in the schematic representation (Braungardt et al., 2003). Hence, their behaviour was approximately conservative at salinities > 10.



4.5 Modeling of trace element affinity for DOM using Visual MINTEQ

The blackwaters of Borneo rivers and estuaries are rich in DOM, especially at the freshwater endmember, with peak DOC concentrations of 3500 µmol L−1 and 1290 µmol L−1 at the Maludam and Sebuyau, respectively (Figures 2A, B). The role of DOM in mobilizing and transporting trace elements across freshwater and seawater endmembers has been reported (Rothwell et al., 2007) in temperate and tropical ecological settings, but binding of elements to DOM is strongly regulated by pH (Gaillardet et al., 2013). We used the NICA-Donnan model (Milne et al., 2003), to model trace element affinity to DOM in the study area. Figure 8 shows the output of dissolved Fe, Al, Mn, Cu and Ni as a function of pH in Maludam and Sebuyau rivers and estuaries. We calculated 100% Fe and 98-100% Cu bound to DOM in Maludam, and 70-100% Fe and 96-100% Cu bound to DOM in Sebuyau river and estuaries. The percentage of Fe and Cu bound to DOM at pH 3.3 – 6 varied (70-100%), however, at higher pH (> 6) it became stable at 90-100%. This may be due to increased proton concentrations in the freshwater and mid-salinity regions of the river and estuaries. Our field data showed high proton concentrations in the freshwater endmember compared to mid-salinity in Maludam. The percentage of Al, Mn and Ni complexed with organic matter ranged from 0-100%, 1-4% and 0-6% in Maludam; 0-100%, 1-2.5% and 0-23% in Sebuyau, respectively.




Figure 8 | Model results of trace element affinity to DOM as a function of pH in Maludam and Sebuyau rivers and estuaries for dissolved Fe, Al, Mn, Cu and Ni. The output shows the percentage of trace elements bound to DOM according to the NICA-Donnan model.



Tropical peat swamps are a rich source of DOM to adjoining waters which eventually travel to the estuaries. The results of our modeling indicate strong dissolved Fe and Cu association with DOM in Maludam and Sebuyau rivers and estuaries across the pH gradient (Figure 8). The combination of low pH (<5.5) and high DOM therefore hampered the formation of Fe hydroxides with resultant implication for apparent Fe solubility. This supports the assertion that DOM transfer enhances mobilization and transport of trace elements in tropical (Gaillardet et al., 2013) and high-latitude peatlands (Rothwell et al., 2007). The association between trace elements and DOM derived from high-latitude peatlands is thought to influence metal transfer to the Atlantic Ocean (2012; Rothwell et al., 2007; Krachler et al., 2010). At higher salinity and pH, association with Fe oxides may become dominant, leading to co-removal of other trace elements with flocculating colloids (Braungardt et al., 2003).

We modified Fe concentrations to 100 µmol kg−1 in the model to determine the apparent Fe solubility (SFe(III)app) (Zhu et al., 2021). Apparent Fe solubility is defined as the total of Fe(III) bound to DOM and aqueous inorganic Fe(III) species formed at a free (Fe3+) concentration equal to the limiting solubility of Fe hydroxide (Fe(OH)3(s)) (Zhu et al., 2021). Here we used the derived equilibrium constants to calculate SFe(III)app in Maludam and Sebuyau and compare the output with observed DFe concentrations (Figure 9). In Maludam river, the SFe(III)app was higher (100 µmol kg−1) than the observed DFe concentration (< 20 µmol kg−1) at low salinity. However, with increasing salinity (5-25) the values were comparable in the system for both SFe(III)app and observed DFe concentrations, although, there was a slight increase in the observed DFe concentration at salinity 5 and 10 compared to SFe(III)app. The increased SFe(III)app at low salinity region can be attributed to low pH (3.3) and high DOC concentrations (3500 µmol L−1). This was different in Sebuyau river, where at low salinity the observed DFe concentration was higher (> 40 µmol kg−1) compared to SFe(III)app (< 10 µmol kg−1), although similar concentration was observed in the river with increasing salinity (Figure 7). The variation in Sebuyau river can be attributed to increased pH (4.56) and low DOC concentrations (1937 µmol L−1) compared to Maludam river. However, the SFe(III)app and DFe concentrations within the estuarine mixing zones in Maludam and Sebuyau (Figure 8) may be due to other processes that could influence DFe distribution such as redox conditions, scavenging to particles and possibly variation in the nature of the DOM in both rivers (Zhu et al., 2021).




Figure 9 | Plots showing Fe concentration and modelled output of Apparent Fe Solubility (SFe(app)) as a function of salinity in Maludam and Sebuyau rivers.





4.6 Comparisons with other peatlands and riverine endmembers within and outside the region

We compared surface water data from different riverine endmembers in southeast Asia and around the world with observations from the present study on the basis of pH as indicated in Table 5. The different rivers of interest range from small peat draining rivers in southeast Asia (e.g., Maludam, Sebuyau and Belait on Borneo Island), tropical rivers in Africa (e.g., Mengong, Nyong, Sanga and Congo Brazzaville), blackwater rivers in North America (e.g., Fraser and Mistassini) and natural rivers in South America (e.g. Amazon river). Reported pH values in the riverine endmember of the different rivers vary from 3.7 to 8.3. In southeast Asia, Maludam river (present study) has a lowest riverine Fe concentration (13.3 µmol kg−1) at pH 4.23 and Curtin lake the maximum Fe (35.2 µmol kg−1) at pH 6.46 (Prasanna et al., 2012). The concentrations of Cu (5.21 µmol kg−1) and Ni (1.62 µmol kg−1) in Sabah river are higher when compared to other rivers in the region and this was attributed to local Cu-rich acid mine drainage (Tashakor et al., 2018). Pahang river shows peak Al (50.3 µmol kg−1) concentration at pH 5.72 (Tashakor et al., 2018) and Mn (12.5 µmol kg−1) at pH 6.4 in Kuala Selangor river (Ishak et al., 2016).


Table 5 | Concentration of DOC (µmol L−1) and trace elements from Borneo riverine endmember (Maludam, Sebuyau and Belait) compared to studies in Southeast Asia and different continents (µmol kg−1).



The data in Table 5 provide an insight into the dissolved concentration of trace elements in the different continents. Although the size of the rivers in our study area is comparatively smaller than others, they are natural and black water peat draining rivers like the Mengong in Cameroon (Viers et al., 1997), Negro in South America and Mistassini in Canada (Gaillardet et al., 2013). The DOC data indicate varying concentrations across the riverine endmembers, with Maludam river having the highest of the rivers presented in Table 5 (4600 µmol L−1); the observed peak concentration in Maludam may be due to the pristine nature of the national park (Zhang et al., 2020). The dissolved concentrations of Fe, Al, Mn, Cu and Ni indicate variation across the various natural waters with Curtin lake (Fe), Pahang (Al), Kuala Selangor (Mn), Sabah (Cu) and Sabah (Ni) rivers showing peak concentrations which can be linked to anthropogenic signatures in Southeast Asia (Tashakor et al., 2018). Dissolved Cu and Ni concentrations also show little variation from those obtained in the present study; however, peak concentrations were observed in Sabah for (Cu), (Ni) and lowest concentrations in Maludam (Cu) and Changjiang (Ni) (Gaillardet et al., 2013). The peak concentrations observed in Southeast Asia may be indicative of the effect of the ongoing land use change, although not obvious in the study area due to minimal anthropogenic impact. It may well serve as a pointer to the fact that continuous destruction of peat swamp forests will introduce increasing concentration of trace elements into rivers and estuaries.




5 Conclusion

We used samples collected during 2019 expeditions to investigate the dynamics of trace elements in ombrotrophic tropical peat-draining rivers and estuaries in Sarawak (Maludam and Sebuyau rivers and estuaries), Malaysia and Belait river and estuary in Brunei. We further examined the role of estuarine processes driven by salinity, pH, ionic strength and DOC variability on the behaviour and distribution of trace elements (Fe, Al, Mn, Cu and Ni) in the blackwater rivers and estuaries. Dissolved trace element concentrations were higher in the freshwater endmember of the different rivers in comparison with the values obtained at intermediate salinity in the estuaries. Particulate trace element concentrations were lower in the freshwater endmember, but increased with salinity due to estuarine mixing and increased ionic strength, scavenging and precipitation processes. The rivers are acidic with pH as low as 3.3 and DOC concentrations up to 3500 µmol L−1 in the freshwater endmembers. Seasonal variations played a contributory role in the concentration and distribution of trace elements in the rivers. We observed peak concentration of dissolved Fe during the wet season (December) which can be attributed to the higher water table, resulting in mobilization of Fe from the anoxic peat swamp. In the dry season, the water table is lower, hence the organic bound elements are more important. In both cases the combination of pH and salinity sets the playing field; it determines the behaviour of the different elements. Our modelled output indicated a high proportion of Fe and Cu associated with DOM (about 100%) and to a lower extent Al and Ni at high pH, with Mn showing little association (<5%). This underscores the importance of Fe hydroxides in metal dynamic in the estuaries. pH and DOC influence SFe(III)app and trace element distribution in the rivers and estuaries. Other factors include ionic strength, scavenging, residence time and seawater cations. Comparatively, the trace element concentrations obtained in this study are similar to those reported in other Southeast Asian rivers and in natural and peat draining rivers around the world, despite differences in geology, topography, catchment area and discharge rate.
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