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Summary

Atmospheric concentrations of methane (CH4), a key greenhouse gas, are steadily 
increasing, and are linked to anthropogenic and natural sources. Coastal systems 
account for the majority of marine CH4 emissions. In such systems, the rate of CH4 
production in the sediment often exceeds its removal via aerobic and anaerobic 
oxidation, highlighting the need to understand the pathways of CH4 oxidation. 

Sulfate (SO4
2-) is the major electron acceptor for anaerobic CH4 oxidation (AOM) in 

marine systems. Other electron acceptors, such as metal oxides, may also be used. 
However, definitive proof for AOM coupled to Mn oxide reduction (Mn-AOM) in 
brackish and marine coastal sediments is still lacking. Furthermore, it is unknown 
what microbes perform Mn-AOM in such environments. In this thesis, we studied 
the potential for Mn-AOM and the microbes involved in two coastal systems, marine 
Lake Grevelingen and the brackish Bothnian Sea. 

A sequential extraction method for Mn mineral forms in sediment is presented 
in chapter 2. This method provides a straightforward and effective method to 
separate Mn oxides, Mn carbonates and Mn bound to pyrites and is demonstrated 
to be very useful when studying sedimentary Mn cycling. 

In marine Lake Grevelingen, at Scharendijke basin, temperature-induced stratifi
cation in combination with a high organic matter input lead to euxinic bottom 
waters in summer. We find in chapter 3 that dissolved Mn(III) bound to organic 
ligands is a key component of the sedimentary Mn cycle. Reactive transport 
modelling shows a strong interaction between the sedimentary Mn and iron (Fe) 
cycles. The model results also point towards a benthic flux of Mn(III) both when 
bottom waters are oxic and euxinic. Benthic release of Mn(III) likely contributes to 
increased lateral transport of Mn in the lake, because Mn(III) is relatively stable and 
therefore more mobile than dissolved Mn(II). 

The impact of seasonal euxinia on the microbial CH4 filter in the sediment at 
Scharendijke basin is studied in chapter 4. Intense SO4

2- reduction leads to high 
sulfide (H2S) production in the sediment in summer. In the sediment layer deposited 
in winter, high Fe oxide concentrations buffer the produced H2S via the formation 
of FeS minerals. This allows the development of a H2S free sediment layer which 
provides a niche for anaerobic methanotrophic archaea ANME of the clades ANME-
2ab and ANME-3. Toxicity of H2S most likely explains the strong anti-correlation 
between H2S in the porewater and the abundance of ANME in the sediment. 
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Sediment incubations show that the Mn oxides birnessite, pyrolusite and 
manganite enhance AOM in Scharendijke basin sediments in chapter 5. However, 
the addition of dissolved Mn(III) bound to organic ligands did not stimulate AOM. A 
cryptic sulfur cycle likely contributed to AOM in the incubations with birnessite and 
pyrolusite. Based on 16S rRNA amplicon sequencing, ANME-2ab and ANME-3 were 
identified as key organisms for Mn-AOM, where ANME-2ab were likely involved in 
AOM directly coupled to Mn oxide reduction, whereas ANME-3 primarily benefitted 
from a cryptic sulfur cycle driven by Mn oxide reduction.

Bothnian Sea sediments are rich in Fe and Mn oxides. In this environment, 
eutrophication has led to an increased input of organic matter input into the 
sediment, which has resulted in increased SO4

2- reduction rates and a shoaling 
of the sulfate-methane transition zone (SMTZ). We find in chapter 6 that most 
AOM occurs in the SMTZ of location US2 and is performed by ANME-2ab. 
Metatranscriptomic analyses show that ANME-2ab are also active below the SMTZ. 
Sediment incubations reveal that ANME-2ab can couple AOM to the reduction 
of SO4

2-, Mn oxide, Fe oxide and graphene oxide (an organic matter analogue), 
although a cryptic sulfur cycle could not always be excluded. The range of electron 
acceptors used by ANME-2ab for AOM likely contributes to the resilience of the 
microbial CH4 filter in brackish coastal sediments. 

Sediment incubations provide evidence for a direct coupling between CH4 
oxidation and reduction of the Mn oxides birnessite and pyrolusite in the brackish 
coastal sediments of the Bothnian Sea location US5B in chapter 7. The addition 
of molybdate as an inhibitor for SO4

2- reduction in the incubations with birnessite 
allowed us to exclude the role of a cryptic sulfur cycle. ANME-2ab were identified as 
the key organism performing these reactions. Metagenomic sequencing suggests 
that ANME-2ab use extracellular electron transfer to perform Mn-AOM.  

In this thesis we discovered direct, Mn oxide coupled CH4 oxidation that can 
contribute to a more resilient microbial CH4 filter, fundamentally altering our 
understanding of how coastal ecosystems will regulate greenhouse gas emissions 
in a future of changing climate and ocean chemistry.
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Samenvatting

De concentraties van methaan (CH4), een belangrijk broeikasgas, nemen gestaag 
toe in de atmosfeer en zijn gekoppeld aan antropogene en natuurlijke bronnen. 
Kustsystemen zijn verantwoordelijk voor het grootste deel van de mariene CH4-
emissies. In dergelijke systemen overtreft de snelheid van CH4-productie in het 
sediment vaak de verwijdering van CH4 via aerobe en anaerobe oxidatie. Deze 
disbalans benadrukt het belang van inzicht in de oxidatieprocessen van CH4.

Sulfaat (SO4
2-) is de belangrijkste elektronenacceptor voor anaerobe oxidatie van 

CH4 (AOM) in mariene systemen. Andere elektronenacceptoren, zoals metaaloxiden, 
kunnen ook worden gebruikt. Definitief bewijs voor AOM gekoppeld aan Mn-
oxide reductie (Mn-AOM) in brakke en mariene kustsedimenten ontbreekt echter 
nog steeds. Bovendien is het onbekend welke microben Mn-AOM in deze milieus 
uitvoeren. In dit proefschrift onderzochten we de potentie voor Mn-AOM en de 
betrokken microben in twee kustsystemen: het mariene Grevelingenmeer en de 
brakke Botnische Zee.

In hoofdstuk 2 wordt een sequentiële extractiemethode voor Mn-mineraalvormen 
in sediment gepresenteerd. Deze methode biedt een eenvoudige en effectieve 
manier om Mn-oxiden, Mn-carbonaten en aan pyriet gebonden Mn te scheiden en 
blijkt zeer nuttig te zijn bij het bestuderen van de sedimentaire Mn-kringloop.

In het mariene Grevelingenmeer, in het Scharendijke-bekken, leiden temperatuur 
gedreven stratificatie in combinatie met een hoge aanvoer van organisch 
materiaal tot euxinische bodemwateren in de zomer. In hoofdstuk 3 vinden we 
dat opgelost Mn(III) gebonden aan organische liganden een sleutelcomponent is 
van de sedimentaire Mn-kringloop. Reactief transportmodellering toont een sterke 
interactie tussen de sedimentaire Mn en ijzer (Fe) kringloop. De modelresultaten 
wijzen ook op een benthische flux van Mn(III) zowel wanneer er zuurstof aanwezig 
is in het bodemwater als wanneer het bodemwater euxinisch is. Een benthische flux 
van Mn(III) naar de waterkolom draagt ​​waarschijnlijk bij aan een verhoogd lateraal 
transport van Mn in het meer, omdat Mn(III) relatief stabieler en daardoor mobieler 
is dan opgelost Mn(II).

In hoofdstuk 4 wordt de impact van seizoensgebonden euxinische omstandig
heden op het microbiële CH4-filter in het sediment van het Scharendijke-bekken 
bestudeerd. Intense SO4

2- reductie leidt in de zomer tot een hoge sulfide (H2S) 
productie in het sediment. In de sedimentlaag die is afgezet in de winter bufferen 
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hoge concentraties Fe oxide de geproduceerde H2S door de vorming van FeS-
mineralen. Als gevolg hiervan vormt er een een H2S-vrije sedimentlaag die een 
niche biedt voor anaërobe methanotrofe archaea ANME van de clades ANME-2ab 
en ANME-3. De toxiciteit van H2S verklaart waarschijnlijk de sterke anticorrelatie 
tussen H2S in het poriewater en de abundantie van ANME in het sediment.

Sediment incubaties tonen aan dat de Mn oxiden birnessiet, pyrolusiet en manganiet 
bevorderend zijn voor AOM in de sedimenten van het Scharendijke-bekken 
(hoofdstuk 5). De toevoeging van opgelost Mn(III) gebonden aan organische 
liganden stimuleerde de AOM echter niet. Een verborgen zwavelcyclus droeg 
waarschijnlijk bij aan AOM in de incubaties met birnessiet en pyrolusiet. Op basis 
van 16S rRNA-ampliconsequencing werden ANME-2ab en ANME-3 geïdentificeerd 
als sleutelorganismen voor Mn-AOM, waarbij ANME-2ab waarschijnlijk direct 
betrokken was bij AOM gekoppeld aan de reductie van mangaanoxiden, terwijl 
ANME-3 voornamelijk profiteerde van een verborgen zwavelcyclus aangedreven 
door de reductie van mangaanoxiden.

De sedimenten van de Botnische Zee zijn rijk aan Fe en Mn oxiden. In dit milieu 
heeft eutrofiëring geleid tot een verhoogde aanvoer van organisch materiaal in 
het sediment, wat heeft geresulteerd in verhoogde SO4

2--reductiesnelheden en 
een ondieper wordende sulfaat-methaanovergangszone (SMTZ). In hoofdstuk 6 
stellen we vast dat op locatie US2 de meeste AOM plaatsvindt in de SMTZ en wordt 
uitgevoerd door ANME-2ab. Metatranscriptoom analyses tonen aan dat ANME-
2ab ook actief zijn onder de SMTZ. Sedimentincubaties tonen aan dat ANME-2ab 
AOM kan koppelen aan de reductie van SO4

2-, Mn oxide, Fe oxide en grafeenoxide 
(een analoog van organisch materiaal), hoewel een verborgen zwavelcyclus niet 
altijd kon worden uitgesloten. Het scala aan elektronenacceptoren dat ANME-2ab 
gebruiken voor AOM draagt ​​waarschijnlijk bij aan de veerkracht van het microbiële 
CH4-filter in brakke kustsedimenten. 

Sediment incubaties leveren bewijs voor een directe koppeling tussen CH4-oxidatie 
en reductie van de Mn oxiden birnessiet en pyrolusiet in de brakke kustsedimenten 
van de Botnische Zee, locatie US5B in hoofdstuk 7. De toevoeging van molybdaat 
als remmer van SO4

2--reductie in de incubaties met birnessiet stelde ons in staat de 
rol van een verborgen zwavelcyclus uit te sluiten. ANME-2ab werd geïdentificeerd 
als het belangrijkste organisme dat deze reacties uitvoert. Metagenomische 
sequencing suggereert dat ANME-2ab extracellulaire elektronentransfer gebruikt 
om Mn-AOM uit te voeren.
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In dit proefschrift ontdekten we directe, aan Mn oxide gekoppelde CH4-oxidatie 
die kan bijdragen aan een veerkrachtiger microbieel CH4-filter. Dit verandert 
fundamenteel ons begrip van hoe kustecosystemen de uitstoot van broeikas
gassen zullen reguleren in een toekomst met een veranderend klimaat en 
veranderende oceaanchemie.
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Methane as a greenhouse gas

Earth’s long-term habitability is strongly related to the presence of the greenhouse 
gases methane (CH4) and carbon dioxide (CO2) in the atmosphere (Lacis et al., 
2010). These gases regulate the temperature at the Earth’s surface by trapping 
heat from solar radiation (Lacis et al., 2010). Since the start of the industrial era, 
anthropogenic emissions of these greenhouse gases have strongly increased, 
resulting in elevated concentrations in the atmosphere (Keeling, 1960; Etherdige 
et al., 1992; Saunois et al., 2025; Fig. 1). Consequently, the average temperature at 
the Earth’s surface is increasing rapidly, leading to global climate change (Lee et al., 
2023). Detailed insight into the sources and sinks of CH4 and CO2 and the processes 
controlling them is critical for projections of future global warming and climate 
change (Saunois et al., 2025). 

Methane has 86 times more warming potential than CO2 on a 20 year time scale 
(Myhre et al., 2013). The concentration of CH4 in the atmosphere has increased 
from 808 ppb in pre-industrial times to a concentration of 1934 ppb in May 2025 
(Meinshausen et al., 2017; Lan et al., 2025; Fig. 1). The contribution of CH4 to global 
warming is estimated to be 16 - 23 % since the onset of industrialization (Etminan 
et al., 2016; Meinshausen et al., 2017). The relatively short residence time of around 
9 years in the atmosphere (Prather et al., 2012; Szopa et al., 2021) enables the 
advantage that a reduction in CH4 emissions can decrease global warming within a 
decadal time span (Ocko et al., 2021). 

Atmospheric CH4 originates from anthropogenic sources, like agriculture, fossil fuel 
combustion and biomass burning, and natural sources, like wetlands, inland waters 
and oceans (Ciais et al., 2013). About 46% of the CH4 in the atmosphere originates 
from natural sources, which are expected to increase further due to climate change 
(Saunois et al., 2025). Marine emissions compose a small fraction of the natural 
sources, despite the large CH4 production in marine sediments (Regnier et al., 2011). 
Most of the CH4 that forms in marine sediments is oxidized via microbially mediated 
aerobic or anaerobic CH4 oxidation before it reaches the atmosphere (Knittel & 
Boetius, 2009). The marine CH4 flux is especially high in coastal regions (Weber et 
al., 2019). We currently lack a comprehensive understanding of the possible CH4 
oxidation pathways in coastal sediments, the biogeochemical controls and the 
microbes involved in these processes (Wallenius et al., 2021). 
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Fig. 1. Atmospheric methane concentrations over the past 1000 years from ice core records (adapted 
from Meinshausen et al. (2017)), with a zoom of the averaged concentrations from 1983 - 2025 
measured at a globally distributed network of air sampling sites (adapted from Lan et al. (2025)). 

Microbial pathways for methane production 
and removal

Methane production in the sediment occurs mainly via anaerobic degradation 
of organic matter and is primarily mediated by methanogenic archaea (Whiticar, 
1999; Welte, 2018). Methanogenesis is possible with various substrates, which are 
H2/CO2 and formate (hydrogenotrophic methanogenesis), acetate (acetoclastic 
methanogenesis), methylated substrates, such as methanol (methylotrophic 
methanogenesis), and methoxylated compounds (Liu & Whitman, 2008; Kurth et al., 
2020). Generally, methanogenesis starts after the depletion of inorganic electron 
acceptors for organic matter degradation, which in order of decreasing energy yield 
are oxygen (O2), nitrate (NO3

-) / nitrite (NO2
-), Mn oxides, Fe oxides and sulfate (SO4

2-) 
(Froelich et al., 1979). Typically, a large fraction of the CH4 that forms in sediments is 
removed via aerobic and anaerobic oxidation (Knittel & Boetius, 2009).

Anaerobic oxidation of CH4 (AOM) can be coupled to reduction of SO4
2- (Jørgensen 

et al., 2001; Knittel & Boetius, 2009), NOx (Raghoebarsing et al., 2006), Fe and Mn 
oxides (Beal et al., 2009; Segarra et al., 2013; Egger et al., 2015; Lenstra et al., 2023), 
and natural organic matter (Valenzuela et al., 2017; Pelsma et al., 2023; Fig. 2a; 
Table 1). In brackish and marine coastal sediments, SO4

2--AOM is the major removal 
pathway for methane in the so-called sulfate-methane transition zone (SMTZ; Egger 
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et al., 2018; Fig. 2b). Typically, SO4
2--AOM is performed by a consortium of ANME and 

sulfate reducing bacteria (SRB) (Boetius et al., 2000). When, under non-steady state 
conditions, metal oxides are buried into the methanic zone of the sediment, an 
opportunity for Fe- and Mn-AOM is created (Soyol-Erdene & Huh, 2013; Riedinger 
et al., 2014; Egger et al., 2017; Lenstra et al., 2023). The stimulation of AOM by metal 
oxides can also be indirect, when metal oxides produce SO4

2- via the oxidation 
of reduced sulfur in a cryptic sulfur cycle (Holmkvist et al., 2011). Metal AOM is 
predicted to contribute from 3 % up to 10 % of CH4 oxidation in metal-rich brackish 
and marine sediments (Lenstra et al., 2023; Xiao et al., 2023), yet direct evidence for 
in-situ Mn-AOM in these environments is still lacking. 

Fig. 2. a) Schematic overview of the possible pathways of methane oxidation in sediments (adapted 
from Wallenius et al., 2021). b) Typical profiles of sulfate and methane when a sulfate-methane 
transition zone (SMTZ) is present in the sediment. 

The focus of research into Mn-AOM has mainly been on freshwater systems, where 
the process is generally associated with ANME-2d (Candidatus Methanoperedens; 
Ettwig et al., 2016; Leu et al., 2020; Su et al., 2020). ANME-2d can directly couple CH4 
oxidation to the reduction of metal oxides, independent of a bacterial partner, as 
shown for Fe oxides (Cai et al., 2018) and Mn oxides (Leu et al, 2020) in a bioreactor 
enrichment started with a freshwater inoculum. Furthermore, ANME-2d appear 
to benefit from a Mn oxide driven cryptic sulfur cycle in SO4

2- rich lake Cadagno 
(Su et al., 2020). In brackish and marine sediments, ANME-2d typically have low 
abundances, however, which makes it unlikely that this is a key organism for  
Mn-AOM in such environments (Aromokeye et al., 2020; Rasigraf et al., 2020; 
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Wallenius et al., 2021). A more common methanotroph in brackish and marine 
sediments is ANME-2ab, now classified as Candidatus Methanocomedenaceae 
(Chadwick et al., 2022). ANME-2a have been linked to Fe-AOM in incubations with 
marine sediment from the North Sea (Aromokeye et al., 2020). A similar depth 
trend of ANME-2a and total Fe contents (Rasigraf et al., 2020) in sediments from 
the brackish Bothnian Sea in which incubations indicate Fe-AOM activity (Egger et 
al., 2015), also point towards a potential role for ANME-2a in Fe-AOM. Furthermore, 
ANME-2ab were present in brackish sediments, where incubations showed that  
CH4 oxidation could be coupled to a humic acid analogue (Pelsma et al., 2023). 
Although ANME-2ab were present in marine sediments on the continental slope 
of South China Sea where Mn-AOM was demonstrated via incubations (Xu et 
al., 2021), it has never been shown that they can couple CH4 oxidation and Mn 
reduction. Therefore details on the key microorganisms involved in Mn-AOM in 
brackish and marine sediments are still elusive (Wallenius et al., 2021; Xue et al., 
2025). A prerequisite for microbes to perform Mn-AOM in-situ is that CH4 and Mn 
oxides co-occur in the sediment.

Table 1 The chemical reaction and Gibbs free energy (ΔG0) for the main CH4 removal pathways.

CH4 removal pathway Chemical reaction ΔG0  
[kJ mol-1 CH4]

Aerobic methane oxidation CH4 + 2 O2 CO2 + 2 H2O -859 a

NO2- - AOM CH4 + 8 NO2
- + 8 H+  3 CO2 + 4 N2+ 10 H2O -928 b 

NO3- - AOM CH4 + 4 NO3-  CO2 + 4 NO2
- + 2 H2O -503 b

Mn - AOM CH4+ MnO2 + 7 H+  HCO3- + 4 Mn2+ + 5 H2O -790 c

Fe - AOM CH4 + 8 Fe(OH)3 + 15 H+  HCO3- + 8 Fe2+ + 21 H2O -572 c

NOM - AOM* CH4 + 4 Q • NOMox + 2 H2O  CO2 + 4 QH2 • NOMred
-30 to -417 d

S - AOM CH4 + SO4
2-  HCO3

- + HS- + H2O -16.6 e

a Regnier et al. (2011); b In ’t Zandt et al. (2020); c Sturm et al. (2019); d Valenzuela et al. (2022); e Meulepas 
et al. (2010). *Q • NOMox refers to the oxidizing equivalents which are stored as quinones in oxidized 
natural organic matter (NOM). QH2 • NOMred refers to reducing equivalents stored as hydroquinones in 
reduced NOM. 

Manganese cycling in coastal sediments 

Manganese is one of the most abundant transition metals in natural environments 
and an essential micronutrient for phytoplankton (Raven, 1990; Neretin et al., 2003). 
Furthermore, the Mn cycle interacts with, and hence can impact, other elemental 
cycles such as those of C, Fe, phosphorus (P), cobalt (Co) and molybdenum (Mo) 
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(e.g. Van Cappellen & Wang, 1996; Jilbert & Slomp, 2013; Sulu-Gambari et al., 2017). 
Therefore, a detailed understanding of the Mn cycle is important.

Manganese is mainly supplied to sediments in the form of solid phase Mn oxides, 
which can include birnessite, pyrolusite and manganite (Burdige et al., 1992; Sulu-
Gambari et al., 2016; Luo et al., 2018). Typically, these Mn oxides are thought to 
be reductively dissolved upon burial into anoxic sediments (Burdige, 1993; Fig. 3).  
The dissolved Mn that forms can be present as Mn(II) and Mn(III) (Luther, 2010; 
Madison et al., 2013). Dissolved Mn(III) can form a metastable complex when bound 
to organic ligands (Kostka et al., 1995; Madison et al., 2011). This dissolved Mn(III)-
ligand complex can make up for a significant part of the dissolved Mn in sediment 
pore water (Madison et al., 2013; Oldham et al., 2019). A part of the dissolved 
Mn may leave the sediment via a benthic flux (Lenstra et al., 2020). In the water 
column, dissolved Mn(III) is expected to be more mobile than dissolved Mn(II), 
because of a lower reactivity (Oldham et al., 2017a). The reactivity of the dissolved  
Mn(III)-ligand complex is controlled by the strength of the bond between Mn(III) and 
the organic ligand (Luther et al., 2015; Oldham et al., 2015, 2017a) and may affect 
the interaction between the Mn cycle and other elemental cycles. While reactive 
transport models describing organic matter degradation and associated reactions in 
sediments typically include Mn cycling (e.g. Van Cappellen & Wang, 1996; Lenstra et 
al., 2018), they so far do not include the dynamics of dissolved Mn(III). 

Fig. 3. A conceptual model of the manganese redox cycle in coastal sediments. 
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Diffusion of dissolved Mn into the oxygenated zone of the sediment may lead to 
re-oxygenation and formation of Mn oxides (Adelson et al., 2001; Slomp et al., 
2013). Manganese can go through many reduction-oxidation cycles before either 
being buried or released to the water column (Canfield et al., 1993). The form in 
which Mn is buried depends on the redox conditions in the sediment and water 
column and is therefore indicative of the environmental history. For example, 
when concentrations of dissolved Mn(II) and alkalinity are high, Mn carbonates 
can precipitate (Lenz et al., 2014). In coastal sediments with a low salinity, and 
hence low SO4

2- reduction rates, Mn can be buried in vivianite-type minerals  
((Fe, Mn)3(PO4)2 • 4 H2O)  (Nakano, 1992; Lenstra et al., 2018; Kubeneck et al., 2023). 
When sulfide (H2S) is present in the sediment, authigenic Mn sulfide may form, 
or Mn can be incorporated in pyrite (Huerta-Diaz and Morse, 1992; Lepland and 
Stevens, 1998; Lenstra et al., 2020). While various analytical techniques are available 
to determine forms of Mn in sediments, especially for sediments that are relatively 
enriched in Mn (e.g. XRD, synchrotron-based X-ray spectroscopy; e.g. Lenz et 
al., 2014; Lenstra et al., 2018; Hermans et al., 2019), a well-calibrated extraction 
procedure for sediment Mn is not yet available. 

Under non-steady state conditions, sediment Mn oxides can also be buried into 
the methanic zone, potentially allowing for Mn-AOM (Kasten et al., 1998; März et 
al., 2008; Riedinger et al., 2014; Lenstra et al., 2023). This has been proposed to 
occur in marine sediments of the Argentine basin and the Bering Sea, based on 
the accumulation of dissolved Mn in the presence of CH4, several meters below 
the sediment-water interface (Soyol-Erdene & Huh, 2013; Riedinger et al., 2014). 
Mn-AOM could also occur closer to the sediment-water interface in brackish and 
coastal marine sediments (e.g. Lenstra et al., 2023) and potentially contribute to 
CH4 removal, although direct evidence for this is still lacking. 

Impact of climate and anthropogenic stresses on 
methane dynamics

Over the past decades, coastal zones have changed rapidly due to climate change 
and anthropogenic stresses (Diaz & Rosenberg, 2008; Breitburg et al., 2018). 
Enhanced nutrient inputs from agricultural runoff and waste water have led to 
eutrophication of coastal seas (Doney, 2010). Primary productivity has accelerated 
and the input of organic matter to sediments has increased. Rising temperatures 
have led to a decrease in oxygen solubility and increased water column 
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stratification, which, with a higher oxygen demand from degrading organic matter, 
promote coastal deoxygenation (Diaz & Rosenberg, 2008). 

The recent changes in coastal seas are strongly affecting CH4 dynamics in the 
sediment (Wallenius et al., 2021). Higher inputs of organic matter are promoting 
methanogenesis (Wallenius et al., 2025). Furthermore, the electron acceptors that 
can facilitate CH4 oxidation are depleted more rapidly. For example, an increased 
input of organic matter led to a shoaling of the SO4

2- penetration depth in 
sediments of the Bothnian Sea over the past decades (Slomp et al., 2013; Egger et 
al., 2015; Rooze et al., 2016). As a result, Mn oxides may be exposed to CH4, creating 
conditions that potentially allow for a role for Mn-AOM (Lenstra et al., 2023). At 
present, however, we lack insight into the actual occurrence of Mn-AOM in coastal 
sediments, including the Mn oxide minerals and key microbes potentially involved. 

Thesis outline

The research presented in this thesis focuses on the interaction between CH4 
and Mn oxides in coastal sediments. This research was conducted as part of a 
larger project (ERC Synergy MARIX) combining geochemical and microbiological 
techniques to study CH4 and ammonium removal in redox transition zones. This 
multidisciplinary approach enabled us to study the geochemical context, microbial 
potential, key microorganisms involved and the environmental significance of  
Mn-AOM at sites in marine lake Grevelingen and the Bothnian Sea (Fig. 4). 

Lake Grevelingen is a eutrophic marine lake in the southwest of the Netherlands 
(Fig. 4). The lake formed after damming of an estuary in the 1960’s/70’s (Hagens et 
al., 2015). Former tidal channels intersect the lake, forming several deeper basins 
in which temperature-driven stratification in combination with a high oxygen 
demand due to high organic matter input leads to anoxic or euxinic conditions in 
summer. One of these basins is the Scharendijke basin, which due to its geometry 
experiences extremely high sedimentation rates (~13 cm yr-1) and high input of 
organic matter (~250 mmol C m-2 d-1; Egger et al., 2016). The methanogenic activity 
and concentrations of CH4 throughout the sediment are high (Egger et al., 2016; 
Wallenius et al., 2025). Furthermore, active Fe-S cycling with a strong seasonal 
variability is observed in the sediment (Egger et al., 2016), making active Mn cycling 
in the methanic sediments also likely. Hence, this site was considered suitable to 
study the potential for Mn-AOM. 
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1
The Bothnian Sea is a coastal high latitude sea in northern Europe (Fig. 4). The sea is 
relatively oligotrophic and has permanently oxygenated waters, but is increasingly 
affected by  eutrophication (Kuliński et al., 2022). An associated enhanced organic 
matter supply to the sediment has led to a shoaling of the SMTZ over recent 
decades (Slomp et al., 2013; Egger et al., 2015; Rooze et al., 2016). Bothnian Sea 
sediments are characterized by high Mn oxide contents, and burial of metal oxides 
within and below the SMTZ at many sites (Slomp et al., 2013; Egger et al., 2015; 
Lenstra et al., 2023). In these sediments, Fe-AOM is possible (Egger et al., 2015), 
therefore the occurrence of Mn-AOM is also expected. 

Fig. 4. A map showing the locations of the main study areas: Lake Grevelingen (The Netherlands) and 
the Bothnian Sea (northern Europe), including the locations of study sites US2, US5B and F26. Figure 
obtained with Ocean Data View (Schlitzer, 2023).

At both study sites, we combined geochemical and microbiological analyses 
to understand the factors that control the sedimentary microbial CH4 filter and 
to explore the role of Mn oxides in CH4 oxidation. The geochemical analyses 
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include analyses of the sediment via total sediment digestions, sequential 
extractions for the speciation of Mn, Fe and S, and synchrotron-based X-ray 
absorption spectroscopy to further specify Mn speciation. Porewater was 
analyzed via spectrophotometric assays to, amongst others, determine the redox 
state of dissolved Mn, ion chromatography for SO4

2- concentrations, Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) for dissolved metal 
concentrations, gas chromatography to determine CH4 concentrations, continuous-
flow isotope ratio mass spectrometry to determine the C and D isotopes of CH4 
and gas chromatography coupled to a mass spectrometer to determine dissolved 
inorganic carbon concentrations and isotopic C composition. We also measured 
SO4

2- reduction rates using radioactive tracer experiments and CH4 production and 
oxidation rates via sediment incubations. Reactive transport modelling was used 
to quantify reactions in the Mn cycle and evaluate the effect of environmental 
changes on the Mn cycle. 

The microbiological analyses include 16S rRNA gene amplicon sequencing, qPCR, 
metagenomics and metatranscriptomics to determine the diversity and activity of 
the microbial community in the sediment. We performed incubation experiments 
with isotopically labelled 13C-CH4 to determine the potential for Mn-AOM,  
Fe-AOM, SO4

2--AOM and NOM-AOM in the sediment. We monitored changes in 
the CO2 isotopes via gas chromatography coupled to a mass spectrometer and in 
the concentrations of dissolved metals, SO4

2- and H2S. Changes in the microbial 
community composition were determined using 16S rRNA gene amplicon 
sequencing and metagenomic analyses to identify the key microbes involved. 

In chapter 2, we calibrated a sequential extraction method to determine Mn 
mineral speciation in the sediment. The extraction method consists of 5 steps, which 
we validated using 16 different Mn standards and tested on coastal sediments 
from locations with bottom water redox conditions ranging from euxinic to oxic. 
The Mn standards show that the extraction steps separate (1) poorly ordered Mn 
oxides and Mn phosphates, (2) Mn carbonates and Mn sulfides, (3, 4), crystalline 
Mn oxides and (5) Mn associated with pyrites. The sediment samples show that the 
Mn mineral speciation depends on the bottom water redox conditions at the sites. 
When the bottom water is permanently anoxic or sulfidic, Mn carbonate, pyrite and 
non-reactive Mn occur in approximately equal amounts. When anoxia or euxinia 
is periodic, Mn carbonate is the dominant form of Mn, and small amounts of Mn 
oxide occur. Under oxic bottom waters, Mn oxides, Mn-rich vivianite-type minerals 
and Mn carbonates are the most common forms of Mn. This extraction procedure 
allows quantification of various Mn forms in marine sediment and can be applied 
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1
to large numbers of samples. This relatively easy separation of Mn mineral forms is 
very useful for studies of Mn cycling in sediments. 

Chapter 3 focuses on the role of dissolved Mn(III) bound to organic ligands in Mn 
dynamics in the sediment of Scharendijke basin in Lake Grevelingen. For this, the 
dynamics of dissolved Mn(III) were, for the first time, incorporated in a sediment 
reactive transport model, and the model results were verified with measured 
sediment and porewater profiles. Our study shows that dissolved Mn(III) is a key 
component in the sedimentary Mn cycle, not only under oxic, but also under 
euxinic bottom waters. Dissolved Mn(III) even coexists with high H2S concentrations 
in the porewater. The results of the reactive transport modelling highlight strong 
interactions between the sedimentary Fe and Mn cycles. Modelled benthic fluxes 
reveal the highest release of dissolved Mn(III) when bottom waters are oxygenated, 
which partly persists throughout the euxinic months. The benthic release during 
bottom water euxinia is in line with  the detection of dissolved Mn(III) in the euxinic 
part of the water column. Dissolved Mn(III) bound to organic matter is a relatively 
stable and mobile form of Mn, compared to dissolved Mn(II). Therefore, the release 
of dissolved Mn(III) may contribute to increased lateral transport of Mn throughout 
coastal waters and possibly also to open marine waters.

In chapter 4 we follow the seasonal dynamics of the microbial CH4 filter in the 
sediment of Lake Grevelingen, where high input of organic matter during summer 
stratification drives intense SO4

2- reduction and the development of bottom water 
euxinia. Buffering by Fe oxides maintains the sediment layer deposited during 
the prior winter and spring period free of H2S throughout the year. This H2S-free 
sediment provides a narrow niche where the abundance of ANME-2ab and ANME-3  
increases during the summer. We find a strong anti-correlation between H2S in the 
porewater and the abundance of ANME, in line with H2S toxicity for the ANME. In 
contrast, the methanogenic community flourishes under sulfidic conditions. As 
a result, the sulfidic sediment is highly favorable for net CH4 production and the 
benthic release of CH4. 

Chapter 5 explores the potential for Mn driven CH4 oxidation in the sediment of Lake 
Grevelingen via a combination of geochemical profiling and sediment incubations. 
Manganese oxides are buried below the SMTZ due to the high sedimentation 
rate and seasonality in bottom water redox conditions. We tested the potential 
for a coupling of CH4 oxidation in the sediment to reduction of the Mn oxides 
birnessite, pyrolusite and manganite and dissolved Mn(III) through incubations 
with 13C-labeled CH4. Dissolved Mn(III) was tested when bound to either a strong or 
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a weak organic ligand. A clear signal of CH4 oxidation was obtained with birnessite. 
Pyrolusite and manganite also enhanced CH4 oxidation but at a lower rate. Organic-
ligand bound dissolved Mn(III) did not impact CH4 oxidation rates. A cryptic sulfur 
cycle likely contributed to CH4 oxidation when birnessite and pyrolusite were the 
electron acceptors since SO4

2- emerged in the incubations. Based on 16S rRNA 
gene amplicon sequencing of the sediments from the incubations, we conclude 
that ANME-2ab were likely involved in CH4 oxidation directly coupled to Mn oxide 
reduction, whereas ANME-3 likely primarily benefited from a cryptic sulfur cycle 
driven by Mn oxide reduction. 

In chapter 6 we unravel the functioning of the sedimentary microbial CH4 filter 
in the Bothnian Sea (site US2) combining sediment and porewater profiles,  
16S rRNA gene amplicon sequencing, metagenomics, metatranscriptomics and 
sediment incubations. We find that the strongest CH4 removal occurred in the SMTZ 
performed by ANME-2ab. These ANME are also present and active below the SMTZ, 
where they depend on other electron acceptors than SO4

2-. We tested the potential 
for CH4 oxidation with SO4

2-, Mn oxide, Fe oxide and a humic acid analogue via 
sediment incubations. We showed that both within and below the SMTZ, all tested 
electron acceptors could drive AOM by ANME-2ab, however the role of a cryptic 
sulfur cycle could not always be excluded. The variety of AOM pathways that are 
possible by ANME likely contribute to the resilience of the microbial CH4 filter in 
brackish coastal sediments.

In chapter 7 we provide evidence for a direct coupling between Mn oxide 
reduction and CH4 oxidation in brackish coastal sediments, i.e. without a cryptic 
sulfur cycle involved, performed by ANME-2ab. Incubations with sediment from the 
Bothnian Sea (site US5B) showed that the Mn oxides birnessite and pyrolusite both 
enhanced CH4 oxidation. Incubations where birnessite was added in combination 
with molybdate, an inhibitor for SO4

2- reduction, showed similar results as 
incubations with birnessite without molybdate, indicating that CH4 oxidation 
with Mn oxides is independent of SO4

2- reduction. Analysis of 16S rRNA genes and 
metagenomic sequencing revealed that ANME-2ab are the responsible micro-
organisms and suggest that these organisms use extracellular electron transfer to 
perform Mn-AOM.

In chapter 8, the findings of chapter 2 - 7 are summarized and integrated into a 
broader scientific context. Furthermore, we provide an outlook for future research. 
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Abstract

An existing sequential extraction scheme for particulate iron (Fe) is evaluated for 
manganese (Mn) using a range of Mn standards. The scheme consists of 5 steps 
and quantifies 5 operationally defined Mn pools (1) poorly ordered Mn oxides and 
Mn phosphates (ascorbic acid extractable); (2) Mn carbonates and Mn sulfides  
(1 M HCl extractable), (3 and 4) crystalline Mn oxides (citrate buffered dithionite 
and ammonium oxalate extractable, respectively) and (5) Mn associated with pyrite 
(concentrated HNO3 extractable). Application of the extraction scheme to coastal 
sediments from six locations (Black Sea, Baltic Sea, Bothnian Sea, Gulf of Mexico 
and Chesapeake Bay) highlights the dependency of sediment Mn partitioning 
on bottom water redox conditions. In sediments deposited in anoxic and sulfidic 
(euxinic) bottom waters, Mn is mostly present in Mn carbonates, pyrite and in non-
reactive Mn forms, in approximately equal amounts. We find that in sediments 
deposited in periodically euxinic and hypoxic (oxygen <63 μmol L-1) waters,  
Mn carbonates dominate over the two other fractions, and small amounts of Mn 
oxides are observed. In sediments deposited in oxygenated bottom waters, Mn 
oxides, Mn-rich vivianite-type minerals and Mn carbonates dominate and no 
pyrite-bound Mn is observed. A large advantage of the extraction scheme is that it 
quantifies sediment forms of Mn and Fe simultaneously. Given the role of Mn as a 
bottom water redox proxy, the separation of poorly ordered Mn oxides, carbonates 
and pyrite is of specific relevance.

Keywords
Manganese, Sequential extraction, Sediments, Manganese standards
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Introduction

Manganese (Mn) is a key micro-nutrient in marine surface waters (Raven, 1990; 
Moore et al., 2013). The cycling of Mn in the marine environment interacts with that 
of iron (Fe), carbon, phosphorus, nitrogen, sulfur and various trace metals (Burdige, 
1993; Canfield et al., 1993; Luther et al., 1997; Beal et al., 2009). For example, Mn 
oxides can act as an electron acceptor in the oxidation of organic matter and as 
a carrier for phosphorus, cobalt and nickel (Goldberg, 1954; Koschinsky and Hein, 
2003; Jilbert and Slomp, 2013). In ancient sediments, Mn contents are frequently 
used as a proxy of bottom water oxygen concentrations (i.e. Calvert and Pedersen 
(1993), Johnson et al. (2016), Ostrander et al. (2019)). With the present-day expansion 
of low oxygen areas in the open and coastal ocean (Breitburg et al., 2018), detailed 
insight into the forms of Mn in sediments and the water column and their response 
to environmental changes is becoming increasingly important. In oxic waters and 
surface sediments, particulate Mn is mainly present in the form of Mn oxides (Fig. 1;  
Calvert and Pedersen (1993), Burdige (1993)). These Mn oxides can consist of 
minerals within the group of tecto- and phyllomanganates such as birnessite and 
pyrolusite or crystalline forms such as manganite and bixbyite (Hem and Lind, 1983; 
Anschutz et al., 2005). Upon burial or downward mixing by macrofauna, Mn oxides 
can be reductively dissolved during the degradation of organic matter or through 
reactions with sulfide (H2S), dissolved Fe(II) or CH4 (Postma, 1985; Burdige, 1993; Beal 
et al., 2009). This leads to release of dissolved Mn to the porewater, either as Mn(II) 
or Mn(III) (Madison et al., 2013). Upward diffusing dissolved Mn(II) and Mn(III) can 
be re-oxidized in the oxic surface sediment and again form Mn oxides (Sundby and 
Silverberg, 1985; Learman et al., 2011). In anoxic sediments, where dissolved Mn(II) 
and carbonate (CO2

-) concentrations in porewaters are high, redMnCO3 or mixed Mn-
Mg-Ca carbonate phases, such as rhodochrosite or pseudokutnahorite, may form 
(Middelburg et al., 1987; Mucci, 1988; Neumann et al., 2002). In coastal sediments 
with a low salinity, vivianite-type minerals rich in Mn ((Fe, Mn)3(PO4)2 • 4 H2O)  
can contribute to burial of Mn (Nakano, 1992; Egger et al., 2015; Lenstra et al., 
2018). In sulfidic sediments, part of the dissolved Mn can be incorporated in pyrite 
or in authigenic Mn sulfide minerals, such as alabandite and rambergite, (Suess, 
1979; Lepland and Stevens, 1998; Huerta-Diaz and Morse, 1992; Lenstra et al., 2020).  
A small fraction of non-reactive Mn can be present in clays, such as smectites and 
primary Fe-Mg silicates.

Changes in particulate Mn forms with depth and time in sediments and the water 
column are frequently inferred from trends in total Mn contents (i.e. Lyons and 
Severmann (2006), Dellwig et al. (2007), Sulu-Gambari et al. (2017)). For example, 



32 | Chapter 2

when oxic marine bottom waters transition into anoxia, surface sediments typically 
become depleted of Mn (Calvert and Pedersen, 1993; Brumsack, 2006). This is 
usually attributed to reductive dissolution of Mn oxides and escape of the dissolved 
Mn to the water column (Sulu-Gambari et al., 2017; Hermans et al., 2021). This 
dissolved Mn may then precipitate again as Mn oxide in the water column upon 
contact with oxygen in the redoxcline and the Mn oxide may then settle on the 
seafloor. Analyses of the chemical and mineral composition of particulate Mn from 
marine environments with XRD, synchrotron-based X-ray spectroscopy and SEM-
EDS have confirmed such redox driven cycles. (Lenz et al., 2014; Lenstra et al., 
2020; Lee et al., 2021). While these latter methods allow the identification and, in 
suspended matter, quantification of Mn minerals, these techniques are rather time-
intensive (e.g. Lam et al. (2015)). Hence, they can typically only be carried out for a 
subset of samples and need to be complemented with bulk geochemical analyses 
by wet chemical techniques. Various single step and sequential procedures for the 
extraction of particulate Mn have been proposed (Tessier et al., 1979; Hyacinthe 
et al., 2001; Hyacinthe and Van Cappellen, 2004; Anschutz et al., 2005; Mouret et 
al., 2009). However, to date, these methods have not been applied in a sequential 
scheme, calibrated with standards for key Mn minerals.
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Fig. 1. Schematic overview of Mn dynamics in coastal sediments. Mn ox: Mn oxides, Clay Mn: Mn 
associated with clays, Mndiss: dissolved Mn, Corg: organic carbon, Fediss: dissolved Fe, Mn-FeS2: Mn 
associated with pyrite, MnS: Mn sulfides, MnCO3: Mn carbonates.

In this study, we present a 5-step sequential extraction procedure for Mn, which we 
apply to a total of sixteen standards that include various types of Mn oxides, Mn 
phosphates, Mn carbonate, Mn sulfide and clays. This procedure combines steps from 
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three sequential extraction schemes used for the partitioning of solid phase Fe (Poulton 
and Canfield, 2005; Claff et al., 2010; Raiswell et al., 2010) as presented by Lenstra et 
al. (2019) in a study of Black Sea sediments and suspended matter. We demonstrate 
that the method is particularly successful in separating poorly ordered Mn oxides, Mn 
carbonates and Mn in pyrite. By applying the method to a range of coastal sediments, 
we further demonstrate its suitability in distinguishing particulate Mn phases.

Material and methods

Mn extraction scheme
The 5-step sequential extraction procedure applied in this study (Table 1) employs 
(1) ascorbic acid (pH 7.5) to extract poorly ordered Mn oxides such as birnessite and 
pyrolusite (Raiswell et al., 2010; Hyacinthe and Van Cappellen, 2004); (2) 1 M HCl 
to dissolve metal carbonates (Claff et al., 2010); (3) citrate buffered dithionite and 
(4) ammonium oxalate to extract crystalline metal oxides (Poulton and Canfield, 
2005) and (5) concentrated HNO3 to extract Mn bound in pyrite (Huerta-Diaz and 
Morse, 1992; Claff et al., 2010). All solutions were deoxygenated before addition to 
the samples, except for the concentrated HNO3 solution. All reagents used during 
the sequential extraction procedure were analytical grade and the solutions were 
prepared using deionised (Milli-Q) water.

Table 1 Sequential extraction procedure based on Raiswell et al. (2010), Poulton and Canfield (2005) 
and Claff et al. (2010) as presented in Lenstra et al. (2019). All extraction steps were performed at 
room temperature.

Step Extractant Time (h) Terminology Reference

1 0.17 M sodium citrate, 0.6 M sodium 
bicarbonate and 0.057 M ascorbic acid (pH 7.5)

24 Mn Asc Raiswell et al. 
(2010)

2 1 M HCl 4 Mn HCl Huerta-Diaz and 
Morse (1990)

3 50 g L-1 sodium dithionite solution buffered 
to pH 4.8 with 0.35 M acetic acid/ 0.2 M 
sodium citrate

4 Mn CDB Poulton and 
Canfield (2005)

4 0.2 M ammonium oxalate/ 0.17 M oxalic acid 
(pH 3.2)

6 Mn Oxalate Poulton and 
Canfield (2005)

5 65% HNO3 2 Mn HNO3 Lord (1982), Claff 
et al. (2010)

Aliquots of ca. 20 mg of each Mn standard (in triplicate) and 100 mg of each 
sediment sample were subjected to 10 ml of extractant in each step. During the 
extraction the samples were shaken on a shaker table. After extraction, all solutions 
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were centrifuged and subsequently passed through a 0.45 μm nylon filter except for 
the concentrated HNO3 solution. Concentrations of Mn were analyzed by Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES; Spectro Arcos).

To gain insight in the dissolution kinetics of Mn oxides and Mn phosphate during 
the 24 h extraction with ascorbic acid (Step 1; Table 1), experiments where 
performed using birnissite, manganite and Mn bearing vivianite (Mn/Fe ratio: 0.1) 
standard. All Mn experiments were carried out in triplicate on ca. 20 mg of the Mn 
standards using 10 ml of extractant. During this extraction 5 samples were taken 
with time at 0, 1.1, 2.55, 4.45, 6.35 and 24 h after the start.

Mn standards
The sixteen Mn standards consist of six different types of Mn oxides, capturing 
various crystallinities and redox states, a range of six vivianite-type minerals  
((Fe, Mn)3(PO4)2 • 4 H2O) with varying ratios of Fe and Mn, a Mn carbonate 
(rhodochrosite), a Mn sulfide (alabanite) and two clay samples (two types of smectite; 
Table 2). One of the amourphous Mn oxide standards was obtained from a Mn nodule.

The vivianite-type minerals were synthesized by mixing a 0.2 M Mohr salt solution 
((NH4)2Fe(SO4)2 • 6 H2O) with a solution of 0.16 M ammonium acetate and 0.47 M 
disodium phosphate in an argon filled glovebox (1:1 volume ratio) following 
the procedure described by Rouzies and Millet (1993). To synthesize vivianite-
type minerals with varying Mn concentrations, we added 0.6 M MnCl2 solution in 
various ratios to the solutions following Dijkstra et al. (2018a), and always kept the 
P:(Fe+Mn) ratio at 1:1. All chemical solutions were deoxygenated before mixing and 
prepared in sulfate-free artificial seawater with a salinity of 14, as in Dijkstra et al. 
(2018a). Artificial seawater was prepared according to Millero (1974) after Kester 
et al. (1967). After combining the Fe, Mn and phosphate containing solutions, 
these were shaken for 48 h under an argon atmosphere. Subsequently, the super-
natant was removed by centrifuging and the minerals were washed twice with 
deoxygenated water and dried under an argon atmosphere for 7 days.

To determine the total elemental concentrations of the Mn standards, all standards 
were ground in an agate mortar and ca. 10 mg was digested in 2.5 ml mixed acid 
(HNO3:HClO4; 2:3) and 2.5 ml 40% HF at 90 ºC. After fuming off the acids, the residue 
was redissolved in 2.5 ml concentrated H2O2 and 2.5 ml concentrated HCl. After 
fuming off the H2O2 and HCl, the residue was redissolved in 1 M HNO3. The solutions 
were subsequently analyzed for total Al, Ca, Fe, Mn, P, S and Ti by ICP-OES. The 
average analytical uncertainty based on duplicates was 6% for Mn.
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The mineralogy of all Mn standards was determined by X-ray diffraction (XRD) 
using a Bruker D2 diffractometer with Cobalt Kα ra-diation over a 5–85 2σ range 
with a step size of 0.026º. The character-ization of the Mn standards using XRD is 
described in Supplementary Information (Fig. A.1).

Sediment collection and analyses
The sequential extraction scheme was applied to coastal sediments from six sites, 
which were selected to capture a range of bottom water redox conditions (Table 3). 
The sites are located in the euxinic Northern Gotland basin in the Baltic Sea (LL19), 
the seasonally hypoxic Gulf of Finland (GoF5), the oxic deep basin of the Bothnian 
Sea (US5B), the hypoxic shelf edge near the chemocline in the northwestern Black 
Sea (Black Sea 6), the seasonally hypoxic Louisiana shelf in the Gulf of Mexico 
(GoM1) and an oxic estuary in Chesapeake Bay (ET5.1).

Sediment depth profiles of organic carbon, total Mn, and pyrite, and porewater 
profiles of dissolved Mn and H2S determined for these sites were all previously 
published except for site GoM1 in the Gulf of Mexico (Table 3). We briefly summarize 
the methods here. At each site, a sediment core was collected and sliced under a 
nitrogen atmosphere. Porewater was extracted via centrifugation and sediments 
were subsequently freeze-dried and ground in an agate mortar under an argon 
atmosphere. Total Mn in the sediment was determined through dissolution with 
HF and HNO3 and analyzed with an ICP-OES as described in Section 2.2. Organic 
carbon contents were determined on a NCS analyzer after decalcification. Pyrite 
was determined as chromium reducible sulfur. For further details on the procedures 
for site GoM1, we refer to Lenstra et al. (2019).

The bottom water salinity at the sites, as determined with a CTD system at the time 
of sampling, ranged from 5.2 at ET5.1 to 35.6 at GoM1 (Table 3). Organic carbon 
contents in the surface sediment ranged from 0.8 wt% at GoM1 to 10.4 wt% at 
GoF5 (Table 3). Sediments at all sites contained pyrite (Fig. A.2), with highest 
concentrations at the euxinic (LL19) and seasonally hypoxic site in the Baltic Sea 
(GoF5). Dissolved porewater Fe was lowest at the euxinic sites and highest at the 
oxic sites (Fig. A.2).
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Results and discussion

Sequential extraction of Mn standards
The application of the 5-step sequential extraction procedure (Table 1) to the 
sixteen Mn standards (Table 2) revealed distinct differences in the solubility of the 
various Mn forms (Fig. 2; Table A.1). The ascorbic acid solution (Step 1), efficiently 
extracted the tecto- and phyllomanganates birnessite (99%) and pyrolusite (87%) 
and the amorphous Mn oxides in the nodule (88%), but only partially dissolved 
the crystalline Mn oxides manganite (49%), bixbyite (48%) and hausmannite 
(40%). This indicates that not all Mn oxides are necessarily dissolved during a 24 h  
extraction with ascorbic acid. This contrasts with the observations of Hyacinthe 
and Van Cappellen (2004) who reported efficient extraction of birnissite, bixyite, 
hausmannite and pyrolusite using this procedure. The difference might be related 
to differences in the composition of the Mn standards and/or differences in ageing 
(Eitel et al., 2018), which might especially affect the extraction of Mn minerals from 
older sediments and rocks.
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Fig. 2. Percentages of Mn extracted from sixteen standards (Table 2) during the 5-step sequential 
extraction procedure (Table 1). Total extracted Mn during the procedure for the different standards 
is given at the bottom of each bar in μmol g-1. Percentages and values are means of triplicate analyses. 
Amounts of Mn extracted, including standard deviations for all extraction steps are presented in Table A.1.

Ascorbic acid was highly efficient in extracting all Mn phosphates and vivianite-
type minerals (>95%; Fig. 2), besides Mn oxides. The dissolution of the vivianite-type 
minerals slightly decreased with increasing Mn content, from 99% (Mn/Fe ratio: 0.1) to 
96% for switzerite (the Mn-rich end-member), which could indicate that the mineral 
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stability increases slightly when the Mn content in the minerals is high. The ascorbic 
acid solution did not dissolve Mn carbonates (<1%) but did dissolve some MnS  
(ca. 30%), as also observed by Hyacinthe and Van Cappellen (2004).

The 1 M HCl solution (Step 2) efficiently extracted Mn carbonate (99%) and  
Mn sulfide (70%; Fig. 2). A small amount of the crystalline Mn oxides, manganite 
(16%), bixbyite (9%) and hausmannite (11%), was extracted in 1 M HCl as well. This 
demonstrates that 1 M HCl mainly targets Mn carbonates and Mn sulfides and that 
these can be differentiated from the poorly ordered Mn oxides and Mn phosphates 
that are extracted in the first step of this method.

The CDB and ammonium oxalate solutions (Step 3 and 4) are widely used to extract 
crystalline Fe oxides, such as goethite, hematite and magnetite (Poulton and 
Canfield, 2005; Claff et al., 2010). We observed that the CDB and ammonium oxalate 
solutions extracted the remaining part of the crystalline Mn oxides (i.e. manganite, 
bixbyite and hausmannite; Fig. 2). However, because these Mn oxides were partly 
dissolved in the first two steps, poorly ordered and more crystalline Mn oxides 
cannot be fully separated via this procedure.

Concentrated HNO3 (Step 5) is commonly used to extract pyrite and associated trace 
metals after the extraction of the other metal phases (Lord, 1982; Huerta-Diaz and 
Morse, 1992; Claff et al., 2010). Since no other Mn standards are extracted in the concen
trated HNO3 solution, this suggests that this step is indeed specific for Mn associated 
with pyrite. Part of the Mn in the smectites was extracted in all steps. However, the total 
extracted Mn concentrations were very low (<5 μmol g-1; Fig. 2; Table A.1).

The kinetic experiments with ascorbic acid were performed on two minerals 
that were nearly completely dissolved in this step (i.e. poorly ordered Mn oxide 
(birnessite) and Mn bearing vivianite (Mn/Fe ratio: 0.1)) and one mineral that 
was partly dissolved (crystalline Mn oxide (manganite); Fig. 3). Dissolved Mn 
concentrations in the birnessite and Mn bearing vivianite experiment both reach 
a plateau after ca. 2.5 h, which indicates that the complete dissolution of these 
minerals occurs relatively fast (Fig. 3A and C). Concentrations of dissolved Fe and 
Mn versus time in the ascorbic acid extraction of Mn bearing vivianite were nearly 
identical. This suggests that the mineral dissolved homogeneously and that there 
is no preferential release of either Mn or Fe. Manganite dissolution does not reach 
a plateau in the experiment (Fig. 3B), which is in accordance with our observation 
that ca. 50% of manganite dissolved in the ascorbic acid solution during the 24 h 
extraction. In future experiments, the effect of shortening the extraction time of the 
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ascorbic acid extraction might be assessed in more detail to improve the separation 
between poorly ordered Mn oxides, such as birnessite, and vivianite-type minerals 
and the crystalline Mn oxides, such as manganite.
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Fig. 3. Fraction of Mn (and Fe for the vivianite-type mineral) dissolved during the extraction of three 
Mn standards with ascorbic acid during 24 h (Step 1), A: birnessite, B: manganite and C: Mn bearing 
vivianite. Y axis represents the fraction of the Mn standard extracted in the 24 h ascorbic acid 
extraction. Data points represent the means of triplicate samples.

Porewater Mn and Mn speciation in sediments
The sediments at the six study sites differ greatly in their porewater characteristics. 
The shape of the porewater profiles point towards production of dissolved Mn in 
the sediment at all locations (Burdige (2006); Fig. 4A). Porewater sulfide was present 
at all sites and either increases with depth (LL19, GoF5, Black Sea 6) or shows a 
subsurface maximum (GoM1, US5B, ET5.1). Concentrations are highest at the 
euxinic and seasonally hypoxic sites in the Baltic Sea (LL19, GoF5). These differences 
in sulfide availability are expected to impact both total Mn contents and the Mn 
speciation in the sediment (Burdige and Nealson, 1986).

Our total Mn analyses and the application of the sequential extraction procedure 
to the sediments from the six sites, ordered based on their bottom water redox 
conditions (euxinic to oxic; Table 3) confirm that there are large differences in 
sediment Mn contents and speciation (Figs. 4B and 5). Below, we discuss the Mn 
profiles for each site within the context of several key site characteristics, including 
what is known about the sediment forms of Mn based on previous studies (Table 4).

The porewaters at the euxinic site LL19 in the Baltic Sea are rich in both dissolved 
Mn and H2S (maxima of ~70 and 250 μmol L-1, respectively, Fig. 4A). The linear 
increase in dissolved Mn with depth points towards a Mn source below the 
sampled interval. Total sediment Mn contents (Fig. 4B) are mostly below 10 μmol g-1  
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except for the depths between 7 and 10 cm where they increase to ca. 100 μmol g-1  
(Fig. 4B). At this site, only few Mn oxides are expected because of their rapid 
reduction with H2S, either in the water column or sediment (Burdige, 1993). The 
subsurface maximum in total Mn at this site has previously been attributed to Mn 
carbonate precipitation linked to water column reoxygenation (Jilbert and Slomp, 
2013; Lenz et al., 2015). The extraction data show that ascorbic acid extractable Mn 
contents are very low (Fig. 5A). A slight enrichment is observed near the sediment 
water interface, however, that may indicate that small amounts of poorly ordered 
Mn oxides can survive transport through a euxinic water column and be deposited 
at the sediment-water interface. At ca. 8 cm depth the majority of the Mn is 
extracted in the HCl step, which points towards the presence of Mn carbonate, in 
line with expectations. The CDB and ammonium oxalate extractable Mn is low and 
near constant with depth. The Mn extractable with HNO3 is a small but detectable 
fraction, pointing towards incorporation of small amounts of Mn during the 
formation of pyrite. Such incorporation has been reported previously for sediments 
in the region, based on Mn-XANES (Lenz et al., 2014).
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The porewaters at the (seasonally) hypoxic sites GoF5, Black Sea 6 and GoM1, located 
in the Baltic Sea, Black Sea and Gulf of Mexico, respectively, are all enriched in dissolved 
Mn and indicate mobilization of Mn from the solid phase in the upper 5 cm of the 
sediment. The observed maxima in porewater Mn at sites GoF5 and GoM1 are typically 
interpreted as indicators of Mn oxide dissolution near the sediment water interface 
and Mn carbonate formation at depth. At GoF5, a strong enrichment in ascorbic acid 
extractable Mn at the sediment-surface and the presence of HCl-extractable Mn at 
depth confirm this interpretation (Fig. 5). Ascorbic acid extractable Mn at site GoM1 
is very low, which may be related to dilution because of the high sedimentation rate 
(ca. 2 cm yr-1; Canfield (1988)), rapid dissolution of Mn oxides upon deposition and 
subsequent benthic release of dissolved Mn (Lenstra et al., 2022). The Black Sea site is 
located near the chemocline at the shelf edge of the deep euxinic basin.

Here, the Mn enrichment, in the nearly sulfide-free surface sediment, was expected to 
either consist of Mn oxides or Mn carbonates (Table 4). Our extraction results suggest 
that the Mn was extracted by HCl and hence consists mostly of Mn carbonates. 
At all three sites, the CDB and ammonium oxalate extractable Mn account for an 
appreciable and constant fraction of Mn, pointing towards burial of less reactive/ 
nonreactive Mn forms in the sediment. At sites GoF5 and GoM1, Mn is extracted 
in the HNO3 step when pyrite concentrations are above 40 μmol g-1 (Fig. A.2). This 
suggests that when pyrite contents and dissolved manganese concentrations are 
both sufficiently high, Mn can be incorporated in the pyrite structure.

Table 4 Expected main Mn forms in the surface sediment (0 – 2 cm) and deeper sediment (below 5 cm) 
based on previous studies.

Site Surface 
sediment

Deeper sediment Method Source

LL19 Small amount of 
Mn oxides

Mn carbonates µXRFa Lenz et al. (2015)

GoF5 Mn oxides and/or 
Mn phosphates

Non-reactive Mn Mn-XANES & µXRFb Hermans et al. (2021)

Black 
Sea 6

Mn oxides and/or 
Mn carbonates

Non-reactive Mn Mn-XANES & Mn-
EXAFS

Lenstra et al. (2021)

GoM1 Mn oxides Mn carbonates - Lenstra et al. (2022)

US5B Mn oides Mn oxides/Mn phosphates SEM-EDS, µXRFa,b, 
Mn-XANES

Egger et al. (2015)

ET5.1 Mn oxides Mn oxides/Mn phosphates SEM-EDS & µXRFa Kubeneck et al. (2021)

a Desktop µ X-Ray Fluorescence (µXRF)
b Synchrotron-based focused-beam µXRF,
  SEM-EDS: Scanning Electron Microscopy – Energy Dispersive X-ray Spectroscopy
  Mn-EXAFS: Extended X-ray Absorption Fine Structure
  Mn-XANES: X-ray Absorption Near-Edge Structure
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The porewaters at the sites with oxic bottom waters, US5B and ET5.1, located 
in the Bothnian Sea and Chesapeake Bay, are highly enriched in dissolved Mn  
(>1000 μmol L-1) with concentrations increasing with sediment depth. The 
subsurface maximum in dissolved H2S at both sites is linked to methane oxidation 
with sulfate (Egger et al., 2015; Kubeneck et al., 2021). At both sites, sink-switching 
of Mn from Mn oxides to Mn bearing vivianite-type minerals has been proposed 
(Egger et al., 2015; Kubeneck et al., 2021). At both sites, Mn extractable with 
ascorbic acid was elevated near the sediment-water interface but also at depth  
(Fig. 5C). Because both Mn oxides and Mn phosphates are extracted in the ascorbic acid 
step, we cannot differentiate between Mn oxides and Mn in vivianite-type minerals. 
The slight increase in HCl-extractable Mn with depth suggests the formation of Mn 
carbonates. CDB and ammonium oxalate extractable Mn contribute an appreciable 
and constant fraction. Manganese associated with pyrite is below the detection limit 
at these sites, in line with the low pyrite content (<45 μmol g-1; Fig. A.2).
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Implications and conclusions
In this study we applied an existing sequential extraction procedure for Fe on a 
range of Mn standards consisting of Mn oxides, Mn phosphates, Mn carbonate, Mn 
sulfide and Mn in clays (Table 1 and A.1). The ascorbic acid solution (Step 1) was 
efficient in extracting poorly ordered Mn oxides, such as birnessite and pyrolusite, 
and Mn phosphates. Additionally, ascorbic acid partly extracted crystalline Mn 
oxides, such as manganite and hausmannite. The 1 M HCl (Step 2) was highly 
efficient in extracting Mn carbonate and Mn sulfide. Since Mn sulfides are only 
observed in highly sulfidic systems (e.g. Suess (1979), Lepland and Stevens (1998)), 
we expect that 1 M HCl predominantly extracts Mn carbonates in marine systems. 
To detect the possible presence of Mn sulfides other techniques such as XRD, SEM-
EDS or XANES/EXAFS, are required. The CDB and ammonium oxalate solutions  
(Step 3 and 4), extracted the remainder of the crystalline Mn oxides. These crystalline 
Mn oxides were partially extracted in the previous steps, therefore step 3 and 4 are 
not specific for Mn oxides with a high crystallinity. The concentrated HNO3 solution 
(Step 5) extracted a negligible amount of the Mn standards (Fig. 2; Table A.1)  
but has been shown to be highly efficient in extracting pyrite in a sequential 
extraction procedure (Lord, 1982; Huerta-Diaz and Morse, 1992; Claff et al., 2010). 
Therefore this step is likely specific for Mn incorporated in pyrite.

Application of the extraction procedure to a range of coastal sediments shows 
how the results complement those of total Mn and X-ray analyses in allowing a 
quantification of the various sediment Mn forms for a large number of samples. Our 
extraction results also highlight a number of key aspects of Mn cycling in coastal 
systems. These are discussed one by one below.

In euxinic coastal marine basins, Mn oxides (or mixed Fe-Mn-P phases) formed in 
the redoxcline, are expected to be reductively dissolved by H2S before they reach 
the surface sediment (e.g. (Dellwig et al., 2010; Dijkstra et al., 2018b). Any Mn 
detected in such sediments is thought to be associated with either pyrite or clays 
(Lyons and Severmann, 2006; Lenstra et al., 2020). We find, however, that at the 
euxinic site in the Baltic Sea, ascorbic acid extractable Mn accounts for ca. 30% of 
the total Mn pool in the surface sediment, with concentrations quickly decreasing 
with sediment depth (Fig. 5A). This suggests that some Mn oxides and/or mixed 
Fe-Mn-P phases survive transport through the euxinic water column and are 
deposited at the sediment water interface. This may be due to the shallow water 
euxinic column at our Baltic Sea study site (80 m versus 2000 m in the Black Sea), 
possibly augmented by rapid sinking and shuttling of Mn-rich particles upon their 
association with other inorganic or organic particles (e.g. Martin and Knauer (1980)).
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At sites with (seasonally) hypoxic bottom waters, the Mn speciation of surface 
sediments will depend on a range of factors including bottom water oxygen 
concentrations, the input of Mn oxides from the water column, and the presence of 
reductants in the sediment, such as organic matter and porewater sulfide (Burdige, 
1993). Given that our study sites in the Baltic Sea, Black Sea and Gulf of Mexico show 
large differences in such characteristics (Table 3; Fig. 4), it is not surprising that their 
Mn speciation in the surface sediment also differs. At site GoF5, rapid cycling of 
Mn between the surface sediment and the redoxcline in the water column likely 
explains the enrichment in Mn oxides near the sediment surface in these otherwise 
highly reducing sediments (Figs. 4 and 5) as discussed in detail by Hermans et al. 
(2021). At the Black Sea site near the redoxcline, in contrast, most Mn in the surface 
sediment is present as Mn carbonate, pointing towards conversion of Mn oxides 
to Mn carbonates in these sulfide-poor shelf sediments. Based on the shape of the 
total sediment Mn profile, this Mn could have been wrongly assigned to Mn oxides 
if no Mn speciation data were available. At site GoM1, very little Mn oxide is present 
in the surface sediment, likely due to rapid mobilization in the sediment and 
diffusive loss of dissolved Mn to the water column (Figs. 4 and 5), possibly followed 
by offshore transport of the Mn (Bianchi et al., 1997; Owings et al., 2021).

At our sites with oxic bottom waters, both the surface and deeper sediments 
contain quite some ascorbic acid extractable Mn. While in the surface sediment 
this Mn fraction likely consists of Mn oxides, at depth Mn-rich vivianite plays an 
additional role as deduced from a range of microscopic and X-ray analyses of 
the sediment at these sites (Egger et al., 2015; Kubeneck et al., 2021). Vivianite is 
frequently formed below the sulfate-methane-transition zone in marine sediments 
(Marz et al., 2008; Egger et al., 2015; Lenstra et al., 2018), and while its role as a 
sink for P is well-recognized, its contribution to Mn burial deserves further study. 
Further work is also needed to establish what types of Mn oxides may be buried 
in coastal sediments and their potential role in, for example, anaerobic methane 
oxidation (e.g. Beal et al. (2009)).

At all sites, the relative contribution of 1 M HCl extractable Mn to total Mn increased 
with sediment depth (Fig. 5). At the euxinic site, the sharp increase in Mn between  
7 and 10 cm (Figs. 4 and 5) can be linked to an inflow of oxygenated North Sea 
water into the Gotland basin, subsequent deposition of newly formed Mn oxides at 
the sediment surface and their rapid conversion to Mn carbonate (Lenz et al., 2015). 
At many of the other sites, some sink-switching of Mn oxides to Mn carbonates 
likely also occurs, although this is much less pronounced. Importantly, our study 
sites are all characterized by either no macrofauna or low numbers thereof, and 
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hence, low rates of sediment mixing through bioturbation (Hermans et al., 2019; 
Lenstra et al., 2019; Egger et al., 2015; Kubeneck et al., 2021). The presence of Mn 
carbonate near the sediment water interface therefore suggests rapid formation of 
this mineral near the sediment water interface and/or input from the water column. 
We note that suspended matter in the Baltic Sea and Black Sea contains 1 M HCl 
extractable Mn (Lenstra et al., 2020, 2021), supporting the latter suggestion.

At all sites, CDB and ammonium oxalate extractable Mn accounted for a constant 
background concentration of Mn. This suggests that the associated Mn phases 
are non-reactive, and most likely involve recalcitrant Mn oxides or Mn in clays. 
Additionally, part of the Mn released in the ammonium oxalate step might be Mn 
that was readsorbed onto crystalline Fe oxides during previous extraction steps 
(Koschinsky et al., 2001). Finally, we show that HNO3 extractable Mn is a small 
but detectable fraction that increases slightly with depth at sites where pyrite 
concentrations are relatively high, in line with incorporation of Mn in pyrite.

With the use of this new sequential extraction procedure for particulate Mn, 
it is possible to determine key operationally defined Mn forms in sediments 
simultaneously with those of Fe. This has large benefits for the study of Mn and 
Fe dynamics in marine sediments, as illustrated here for Mn for six coastal sites 
with strongly contrasting bottom water redox conditions. We envisage that this 
procedure will also be of benefit when studying ancient marine sediments, by 
allowing a quick separation of Mn oxides and Mn carbonates. Sediments in the 
eastern Mediterranean Sea, for example, are characterized by an enrichment in total 
Mn at or near the top of the most recent sapropel. This enrichment usually consists 
of Mn oxides but, in some cases, the Mn oxides may convert to Mn carbonate. This 
was, for example, demonstrated for a highly Mn-enriched sediment in the Aegean 
Sea using X-ray diffraction (Mercone et al., 2001). Our procedure should allow 
such cases to be identified, also when sediment Mn contents are lower. Similarly, 
the extraction procedure could be used to assess the composition of Mn-rich 
layers in ancient Arctic Ocean sediments where, besides diagenetically formed Mn 
carbonates, buried Mn oxide layers are observed (e.g. Lowemark et al., (2014)). We 
note, however, that the current technique is not calibrated for the quantification of 
the widely used highly reactive Fe parameter in ancient sediments (Raiswell et al., 
2018; Alcott et al., 2020). The value of the extraction procedure for the analysis of Fe 
and Mn in suspended matter was illustrated previously (Lenstra et al., 2020, 2021).
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.chemgeo.2021.120538.

Supplements

The characterization of the Mn standards determined by X-ray diffraction (XRD) is 
given in figure A.1. Below we briefly discuss the XRD profiles for all minerals except 
for the synthesized minerals with varying Mn/Fe ratio’s.

Mn-nodule: the sharp peaks in the diffractogram can be attributed to silicates 
including quartz and feldspars. A small peak around 9.15º 2Θ CuΚα suggests the 
presence of phyllomanganates with a d-spacing of 10 Å, such as todorokite. No 
other distinctive peaks of Fe or Mn minerals typical for Mn nodules (e.g. Glasby 
[1972]; Knaack et al. [2020]), could be identified. This implies that most of the Fe 
and Mn in the nodule is XRD amorphous and accounts for the broad peaks shaping 
the background signal in the diffractogram.

Pyrolusite: the peaks are in agreement with those from literature. Additional peaks 
can be explained by the presence of quartz in the sample.

Birnessite: the diffraction peaks at around 12.5º 2Θ CuΚα are indicative for 
phyllomanganates with a d-spacing of around 7 Å, such as birnessite. The position 
of diffraction peaks above 35º 2Θ CuΚα are in agreement with those expected for 
H1 polytype birnessite according to Drits et al. [2007], i.e. a one layer hexagonal 
structure with vacant sites.

Manganite: the XRD profile confirms the presence of manganite together with 
some quartz.

Bixbyite: the peaks in the diffractogram agree with those expected for bixbyite. 
There are a few small diffraction peaks which indicate the presence of a minor 
component, which could not be identified.

Hausmannite: the peaks in the diffractogram point towards the presence of 
hausmannite together with minor amounts of quartz and feitknechtite.
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Hureaulite: The position of the diffraction peaks agree with those expected 
for hureaulite.

Rhodochrosite: the major diffraction peaks can be attributed to rhodochrosite. 
Additional diffraction peaks agree with those reported for wellsite, a barium 
aluminum silicate, of which the presence is questionable, however. The 
humps around 14º and 30º 2Θ CuΚα indicate the presence of some additional 
amorphous material.

Alabanite: the diffraction peaks can be explained by the presence of alabanite and 
some elemental sulfur.

Smectite-1 and Smectite-2: the major peaks at around 6.15º 2Θ CuΚα are indicative 
for clay minerals with a d-spacing of around 14 Å, which is also the case for the 
asymmetric peaks at around 20º 2Θ CuΚα and supports the designation of these 
materials as smectite. The other sharp peaks can be explained by the presence 
of quartz.
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Figure A.1 XRD spectra for all standards used in this study. Red lines are measured spectra, black vertical 
lines are theoretical peaks for the minerals. For synthezised minerals (I-L) an clay minerals (O-P), no black 
lines are included.
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Figure A.2 Depth profiles of pyrite and dissolved Fe for the six sites investigated in this study.
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1 Table appendix

Table A.1 Sediment Mn extracted in each step of the sequential procedure. N.D.: not determined 
because of complete dissolution of the mineral in the preceding extraction step. The small amount of 
Mn standards used during the extraction (20 mg) led to high standard deviations.

Standards (1) Mn Asc.
µmol g-1

(2) Mn HCl
µmol g-1

(3) Mn Dith.
µmol g-1

(4) Mn Oxa.
µmol g-1

(5) Mn HNO3

µmol g-1

Total 
extracted Mn
µmol g-1

Mn nodule 1967±238 271±88 5±1 3±1 0.1±0.2 2246

Pyrolusite 7319±427 581±102 476±362 23±13 0.3±0.1 8399

Birnessite 8511±1774 112±25 N.D. N.D. N.D. N.D.

Manganite 1543±184 495±26 1010±86 123±36 2±0.0 3172

Bixbyite 6093±1235 1173±164 5556±771 N.D. N.D. 12822

Hausmannite 4573±439 1286±22 4803±1074 805±366 0.6±0.0 11467

Rhodochrosite 52±7 8178±153 N.D. N.D. N.D. 8229

Alabanite 3336±643 7496±234 N.D. N.D. N.D. 10831

Hureaulite 4960±1810 175±118 N.D. N.D. N.D. 5134

Switserrite 6239±45 231±106 N.D. N.D. N.D. 6470

Mn/Fe (6) 4917±86 109±26 N.D. N.D. N.D. 5026

Mn/Fe (2) 3955±108 64±12 N.D. N.D. N.D. 4019

Mn/Fe (0.5) 2182±48 25±5 N.D. N.D. N.D. 2207

Mn/Fe (0.1) 625.8±16.8 6.9±1.6 N.D. N.D. N.D. 632.6

Smectite-1 0.5±0.1 1.9±0.4 0.6±0.0 1.2±0.8 0.1±0.0 4.3

Smectite-2 0.5±0.0 0.6±0.1 1.0±0.4 0.7±0.0 0.1±0.0 2.9
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Abstract

Manganese (Mn) is an essential micronutrient and key redox intermediate in 
marine systems. The role of organically complexed dissolved Mn(III) (dMn(III)-L) 
as an electron acceptor and donor in marine environments is still incompletely 
understood. Here, we use geochemical depth profiles of solutes and solids for 
the sediment and overlying waters and a reactive transport model to reconstruct 
the seasonality in sedimentary dMn(III)-L dynamics and benthic Mn release in a 
eutrophic, seasonally euxinic coastal basin (Lake Grevelingen, the Netherlands). 
Our model results suggest that dMn(III)-L is a major component of the dissolved Mn 
pool throughout the year. According to the model, there are three major sources 
of pore water dMn(III)-L when oxygen (O2) is present in the bottom water, namely 
reduction of Mn oxides coupled to the oxidation of Fe(II), reduction of Mn oxides 
coupled to organic matter degradation and oxidation of Mn(II) with O2. Removal 
of pore water dMn(III)-L is inferred to primarily take place through reduction by 
dissolved Fe(II). When bottom waters are euxinic in summer, model-calculated 
rates of sedimentary Mn cycling decrease strongly, because of a lower supply of 
Mn oxides. The dMn(III)-L transformations in summer mostly involve reactions 
with Fe(II) and organic matter. Modelled benthic release of Mn mainly occurs as 
dMn(III)-L when bottom waters are oxic, as Mn(II) upon initial bottom water euxinia 
and as both Mn(II) and dMn(III)-L when the euxinia becomes persistent. Our model 
findings highlight strong interactions between the sedimentary Fe and Mn cycles. 
Dissolved Mn(III)-L is a relatively stable and mobile Mn species, when compared 
to Mn(II), and is therefore more easily transported laterally throughout the coastal 
zone and possibly also to open marine waters.

Keywords
Manganese dynamics, benthic flux, reactive transport modelling, micronutrient
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Introduction

Manganese (Mn) is an essential micronutrient and is one of the most abundant 
transition metals in natural environments (Raven, 1990; Neretin et al., 2003). In 
marine systems, dissolved Mn is present as either Mn(II) or Mn(III) complexed to 
organic ligands (dMn(III)-L) (Burdige, 1993; Luther, 2010; Madison et al., 2013). 
Importantly, dMn(III)-L can act as either an electron acceptor or donor and can 
thereby play a key role as a redox intermediate in marine sediments (Kostka et al., 
1995; Trouwborst et al., 2006; Madison et al., 2013). Sediments may act as a source 
of both dissolved Mn(II) and dMn(III)-L to overlying waters (Oldham et al., 2019). 
The redox state of the dissolved Mn will determine its reactivity and mobility and 
thus its ultimate fate in the water column (Oldham et al., 2017a; Lenstra et al., 2020).

Sedimentary Mn cycling is driven by interactions between Mn and other redox 
sensitive compounds (Burdige, 1993). For example, reductive dissolution of Mn 
oxides, which leads to mobilization of dissolved Mn, can be coupled to the oxidation 
of organic matter (OM), hydrogen sulfide (H2S), ferrous iron (Fe(II)) or methane (CH4) 
(Postma, 1985; Burdige, 1993; Aller, 1994; Beal et al., 2009). Interactions between Mn 
oxide and ammonium (NH4

+) have also been proposed (Hulth et al., 1999; Thamdrup 
and Dalsgaard, 2000). The occurrence of this process in marine environments is still 
debated, however. Dissolved Mn may be in the form of Mn(II) or dMn(III)-L (Madison 
et al., 2013; Luther et al., 2018). Dissolved Mn(II) can precipitate as Mn-carbonate 
when alkalinity is high (Calvert and Pedersen, 1996; Lepland and Stevens, 1998) and 
can adsorb onto Mn oxide minerals (van der Zee et al., 2001).

In the presence of oxygen (O2), for example in surface sediments in marine settings 
with oxygenated waters, dissolved Mn(II) and dMn(III)-L can be oxidized, forming Mn 
oxides. When there is little O2 penetration into the sediment or when macrofauna 
are present, the dissolved Mn may escape to the overlying water (Slomp et al., 1997; 
McManus et al., 2012; Lenstra et al., 2020). In oxic waters, dissolved Mn may oxidize 
to Mn oxides and settle under gravitational forcing thereby enhancing the supply 
of Mn oxides to the sediment (Sulu-Gambari et al., 2017; Lenstra et al., 2021a). When 
bottom waters are anoxic, sediments will eventually become depleted of reactive 
Mn oxides and dissolved Mn can accumulate in the water column (Lenz et al., 2015; 
Dellwig et al., 2018).

Part of the Mn released from the sediment could consist of dMn(III)-L (Oldham et 
al., 2019). Dissolved Mn(III) is highly reactive, but the complexation with organic 
ligands can result in a meta-stable complex (Kostka et al., 1995). The strength of 
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the bond between Mn(III) and the ligand determines the reactivity of dMn(III)-L 
(Luther et al., 2015; Oldham et al., 2015, 2017b). The Mn(III)-L complex can be the 
dominant form of dissolved Mn in sediment pore water and in the water column 
(e.g. Trouwborst et al., 2006; Madison et al., 2013; Oldham et al., 2017b). Oxidation 
of Mn(II) and reduction of Mn(IV) are suggested to occur via one-electron step 
transitions with dMn(III)-L as an intermediate product (Luther, 2005). Formation 
of dMn(III)-L has been proposed to mainly take place via reduction of Mn oxides 
coupled to OM degradation or oxidation of Mn(II) by O2 (Madison et al., 2013). 
Other pathways that produce dMn(III)-L include reduction of Mn oxides coupled to 
oxidation of Fe(II) and H2S (Madison et al., 2013). Removal of dMn(III)-L is suggested 
to mainly occur via oxidation by O2 to Mn(IV) (Madison et al., 2013). Reduction of 
dMn(III)-L by oxidation of Fe(II), H2S, nitrite (NO2

-) and OM is also possible (Kostka et 
al., 1995; Oldham et al., 2015, 2019; Karolewski et al., 2021), but does not necessarily 
always occur (Oldham et al., 2015, 2019).

In recent years, the number of areas that experience eutrophication and deoxyge
nation has increased strongly (Diaz & Rosenberg, 2008; Breitburg et al., 2018). 
Anoxia initially stimulates benthic release of dissolved Mn, since the dissolved Mn 
will no longer be re-oxidized near the sediment-water interface (Pakhomova et al., 
2007; Lenstra et al., 2021a). Furthermore, organic carbon (Corg) oxidation rates and 
the benthic release of dissolved Mn can be positively correlated (Berelson et al., 
2003; McManus et al., 2012). At present we do not know to what extent dMn(III)-L 
contributes to dissolved Mn released from the sediment and what processes control 
the redox state in which Mn leaves the sediment.

The aim of this study is to understand the effects of seasonal euxinia on dMn(III)-L 
dynamics. This is studied in sediments in a seasonally euxinic coastal basin (Lake 
Grevelingen, the Netherlands). We combine detailed sediment and pore water 
analyses with a reactive transport model that, for the first time, includes a detailed 
Mn(III) cycle, to investigate the main drivers of sedimentary Mn cycling and the 
benthic release of Mn. Our model results suggest that dMn(III)-L is released from 
the sediment both when bottom waters are oxic and euxinic. Furthermore, our 
results highlight the importance of dissolved Fe(II) for the mobilization of Mn and 
release of dissolved Mn from the sediment in seasonally euxinic basins.



3

59|Dissolved Mn(III) is a key redox intermediate in sediments of a seasonally euxinic coastal basin

Methods

Study area
Lake Grevelingen is a coastal marine system in the south-west of the Netherlands 
(Fig. 1). It is a former estuary that was closed by a dam on the landward side in 1964 
and a dam on the seaward side in 1971, in response to major flooding in the area. 
A sluice on the seaward side enables sea water exchange with the North Sea. The 
lake has an average depth of 5.1 m but is intersected by former tidal channels with 
several deeper basins (Egger et al., 2016).

Figure 1. (a) Map of Lake Grevelingen indicating the location of the Scharendijke basin (adapted 
from Egger et al., 2016). (b) Temperature and (c) O2 concentrations as measured by Rijkswaterstaat 
(Directorate-General for Public Works and Water Management of the Netherlands). The observations 
by Rijkswaterstaat were carried out every two weeks to one month, giving a total of 19 time points in 
2020 in the water column of the Scharendijke basin throughout 2020 (Adapted from Żygadłowska et 
al., 2023). The black vertical lines indicate the dates of sampling in March and September.
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In this study, we focus on Scharendijke basin, located in the deepest part of the lake 
(Fig. 1; 51.742ºN, 3.849ºE; water depth of 45 m). During summer, temperature-driven 
stratification of the water column leads to the development of anoxic and sulfidic 
bottom waters, as recorded by the seasonal drawdown of molybdenum from the water 
column and its consequent sedimentary enrichment (Egger et al., 2016; Żygadłowska 
et al., 2023, 2024a). Water column euxinia was confirmed by direct measurements of 
H2S in 2021 (Żygadłowska et al., 2024a, b). Each year, the water column mixes again 
in autumn, resulting in bottom water reoxygenation. Scharendijke basin is a relatively 
narrow and deep basin in an overall shallow lake (Figure 1). As a consequence, vertical 
transport settling of suspended matter is expected to be supplemented by lateral 
transport of material from shallower areas near the sediment-water interface. The 
sediment at this site is characterized by a high sedimentation rate (~13 cm yr-1) and 
high rates of OM oxidation (~249 mmol C m-2 d-1) which is also reflected in a shallow 
sulfate-methane transition zone at around 20 cm depth in the sediment (Egger 
et al., 2016). High sulfate reduction rates lead to significant build-up of H2S in the 
sediment in summer (Egger et al., 2016). Macrofauna are absent from the sediment 
in Scharendijke basin (based on visual observations of sediment sieved over 0.5 mm). 
In 2020, two field campaigns were carried out with RV Navicula, one when the water 
column was mixed and bottom waters were oxygenated (March) and one when the 
water column was stratified and bottom waters were euxinic (September). During 
these field campaigns, the water column and sediment was sampled as described in 
detail below. Additional sampling was carried out in eight field campaigns, one in 
each month from March to October 2021, as described in the supplement (Section 1).

Water column sampling
Depth profiles of temperature and O2 were obtained from the water column with a CTD 
(Seabird SBE 911 plus) equipped with an oxygen sensor (SBE43) during the cruise in 
September 2020. Most O2 sensors, including the SBE43, measure a background signal 
when O2 is absent. Winkler titrations cannot be used for calibration, because these 
also have artefacts when O2 concentrations are low (Grégoire et al., 2021). Therefore 
we assume absence of O2 when oxygen concentrations are low and concentrations 
do not change with increasing water depth (Żygadłowska et al., 2023). Water samples 
were collected with a 10 L Niskin bottle at discrete depths (1-5 m depth resolution) 
in September 2020. Samples were obtained for analysis of Mn(II) and dMn(III)-L and 
stored in a N2 purged aluminum bag at -20°C until analysis.

Sediment and pore water collection
During both sampling campaigns in 2020, four sediment cores were collected with a 
UWITEC gravity corer with transparent PVC core liners of 120 cm length with a 6 cm 
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inner diameter. During sampling, the surface sediment remained intact. The first core 
was sectioned for pore water and solid phase analyses at a depth resolution of 1 cm in a 
glove bag under a N2 atmosphere on board the ship. The sediment was placed in 50 ml 
centrifuge tubes and subsequently centrifuged at 4500 rpm for 20 minutes to separate 
the pore water from the solid phase. Pore water was collected for all samples in the 
upper 10 cm, for samples from every second cm between 10 and 50 cm and every fifth 
cm from 50 cm until the bottom of the core. The supernatant was filtered over 0.45 μm 
pore size filters (i.e. capturing the aqueous and colloidal fractions; Raiswell and Canfield 
(2012) under a N2 atmosphere in a glove bag and subsequently sub-sampled for the 
analysis of NH4

+, sulfate (SO4
2-), alkalinity, H2S, total dissolved Fe and Mn and dissolved 

Mn(II) and dMn(III)-L. The samples for H2S analysis were diluted five times in a 2%  
Zn-acetate solution in a glass vial and stored at 4°C. Samples for the analysis of NH4

+ 
and, in September, for the analysis of NO2

- and nitrate (NO3
-) were stored at -20°C. The 

samples for SO4
2- and alkalinity were stored at 4°C. Samples for total dissolved Fe and 

Mn (TD Fe and TD Mn) were acidified with 10 μL 35% suprapure HCl per ml of sample 
and stored at 4°C. Samples for the analysis of dissolved Mn(II) and dMn(III)-L and the 
sediment residues were stored in N2 purged aluminum bags at -20°C.

The second core, with pre-drilled holes at 2.5 cm intervals covered with tape prior 
to coring, was used directly after retrieval to collect samples for pore water CH4 
concentrations. Plastic cut off syringes were used to transfer 10 ml of sediment 
directly into 65 ml glass bottles filled with saturated NaCl solution. The bottles 
were then stoppered, capped and stored upside down until analysis. Note that 
degassing of CH4 during the sampling may lead to an underestimation of the total 
CH4 concentrations, especially when CH4 concentrations are high (Egger et al., 2017; 
Jørgensen et al., 2019). The third core was sectioned at a resolution of 1 cm intervals 
to determine sediment porosity. The sediment was placed into pre-weighed 50 ml 
centrifuge tubes. The fourth core was used for high-resolution depth profiling of O2 
with micro-electrodes as described in (Żygadłowska et al., 2023).

Chemical analysis of pore water and water column samples
Pore water NH4

+ was analyzed spectrophotometrically with the indophenol blue 
method (Solórzano, 1968). Concentrations of NO2

- and NO3
- were measured with 

a Gallery™ Automated Chemistry Analyzer type 861 (Thermo Fisher Scientific; 
detection limit of 1 mmol L-1). Concentrations of SO4

2- were measured using ion 
chromatography (Metrohm 930 Compact IC Flex; detection limit for SO4

2- of  
50 µmol L-1). Alkalinity was measured through titration with 0.01 M HCl, within 24 h  
of sampling. Samples for H2S were determined spectrophotometrically, using an 
acidified solution of phenylenediamine and ferric chloride, where H2S is the sum 
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of S2-, HS- and H2S (Cline, 1969). Total dissolved Fe and Mn were determined by 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Perkin Elmer 
Avio; detection limit 0.1 µmol L-1 and 0.03 µmol L-1 for Fe and Mn respectively).

Dissolved Mn(II) and dMn(III)-L concentrations were determined simultaneously 
via a kinetic spectrophotometric method using porphyrin, cadmium chloride and 
an imidazole borate buffer as described previously (Madison et al. 2011; detection 
limit of 1 mmol L-1 for Mn). The kinetics of the Mn(II) – porphyrin reaction depends 
on environmental characteristics such as salinity (Thibault de Chanvalon and 
Luther, 2019) and should therefore be determined for each site separately. Here, 
the kinetic constant value for Mn(II) was determined in triplicate on an aliquot of 
sample in which the dissolved Mn was completely reduced by adding an excess 
of hydroxylamine (Oldham et al., 2015; for kinetic curves of the triplicate analysis 
see Fig. S1). All samples were analyzed in triplicate using a 1 cm pathlength quartz 
cuvette in a Shimadzu UV-1900i spectrophotometer (for examples of the kinetic 
curves, see Fig. S2). Our analyses were all carried out under normal atmospheric 
conditions. Strongly bound Mn(III)-ligand complexes cannot be measured via this 
method (Oldham et al., 2015; Kim et al., 2022). Therefore, the difference between 
the sum of measured Mn(II)/Mn(III)-L and the total dissolved Mn measured by ICP-
OES can be interpreted as the amount of Mn(III)-L that is bound to strong ligands.

Prior to the analysis of CH4, a 10 ml N2 headspace was injected in the bottle. After 
seven days, when equilibrium between the water and gas phase was established, 
CH4 was measured with a Thermo Finnigan TraceTM gas chromatograph (Flame 
Ionization Detector; limit of detection 0.02 μmol L-1).

Solid phase analyses
Porosity was determined based on the weight loss upon drying the samples in an 
oven at 60°C. Sediment residues for the anoxic analyses were freeze-dried and 
subsequently ground with an agate mortar and pestle under a N2 environment. 
For analysis of Corg content, aliquots of ca. 300 mg of the powdered sediment were 
decalcified with 1 M HCl (2-step wash; Van Santvoort et al., 2002), dried, weighed and 
powdered. The aliquot was analyzed with an elemental analyzer (Fisons Instruments 
model NA 1500 NCS) and the C content was corrected for the weight loss during 
decalcification. The accuracy and precision of the analyses was determined based on 
measurements of the internationally certified soil standard IVA2. The certified value 
for IVA2 is 0.732 wt.% C. The mean value that was obtained in this study for IVA2 
(n=24) was 0.722 wt.% C, with a standard deviation of 0.009 wt.% C. The analytical 
uncertainty based on duplicates (n=15) was 0.11 wt.% C for organic C.
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A second aliquot (50 – 100 mg) was analyzed via a sequential extraction procedure 
to determine the speciation of Fe following a combination of the methods from 
Poulton and Canfield (2005) and Claff et al. (2010) as described by Kraal et al. (2017)  
and Mn (Lenstra et al., 2021b).  The extraction procedure consists of the following 
five steps: (1) a mixture of 0.057 M ascorbic acid, 0.17 M sodium citrate and 0.6 M 
sodium bicarbonate, pH of 7.5, to extract Fe oxides and easily reducible Mn, (2) 1 M 
HCl to extract reducible crystalline Fe oxides, Fe carbonate, FeS and Mn carbonate, 
(3) 0.35 M acetic acid, 0.2 M Na3 citrate and 50 g L−1 Na dithionite, pH 4.8, to extract 
crystalline Fe and Mn oxides, (4) 0.2 M ammonium oxalate and 0.17 M oxalic 
acid to extract recalcitrant Fe oxides and non-reactive Mn such as Mn associated 
with clay minerals, (5) 65% HNO3 was used to extract pyrite and Mn associated 
with pyrite. Extracted Fe and Mn in step 1, 2 and 5 was measured with ICP-OES 
(ICP-OES, Perkin Elmer Avio; detection limit 0.1 µmol L-1 and 0.03 µmol L-1 for Fe 
and Mn respectively). The average recovery for Fe and Mn was 106% and 100%, 
respectively and the average analytical uncertainty based on duplicates (n=16) 
was 3.2% and 2.6%, respectively. Extracted Fe in steps 2, 3 and 4 was determined 
spectrophotometrically using the phenanthroline method (APHA, 2005). Average 
analytical uncertainty based on duplicates (n=16) was < 13.4% for all fractions of 
the three sequential extraction procedures. Mn extracted in step 3 and 4 is not 
measured, because this is mainly Mn associated with clays (Lenstra et al., 2021b), 
which is not relevant in this study. The concentration of Fe oxides is assumed to 
be the sum of the Fe extracted in steps 1, 3 and 4. The Fe extracted in step 2 is 
not taken into account for Fe oxides, because a separation of Fe(II) and Fe(III) on 
selected samples, to separate Fe oxides from Fe(II) containing minerals like FeS 
and Fe carbonate, indicated that nearly all Fe in this step was present as Fe(II). The 
concentration of Mn oxides is assumed to be the Mn extracted in step 1 (Anschutz 
et al., 2005; Lenstra et al., 2021b).

Calculation of benthic diffusive fluxes
Diffusive fluxes of dissolved Mn across the sediment-water interface were calculated 
with Fick’s law of diffusion, based on the gradient in total Mn concentration 
between the bottom water and the pore water in the upper cm of the sediment (at 
an average depth of 0.5 cm) by applying the formula:

(1)

where J is the diffusive flux in mmol m−2 d−1, φ is the porosity of the sediment, Ds is 
the diffusion coefficient for Mn in the sediment in m−2 d−1, C is the concentration of 
Mn in mmol m−3 and z is the sediment depth in m. In our calculations, we assumed 
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all Mn was present as Mn(II), The Ds for Mn(II) was corrected for temperature and 
salinity using the R package CRAN: marelac (Soetaert et al., 2010), taking into 
account the tortuosity of the sediment (Boudreau, 1996).

Reactive transport model
A 1-dimensional reactive transport model, written in R (version 3.6.2) and modified 
from Egger et al. (2016) and Lenstra et al. (2018), was used to model the sedimentary 
Mn cycle, including the dynamics of both dissolved Mn(II) and dMn(III)-L. The model, 
a standard multicomponent reactive transport model, is based on the principles 
that are outlined in, for example, Van Cappellen and Wang (1996). The modelled 
components include 9 solids and 12 solutes (Table S1). Solids are transported by 
advection (burial), while solutes are transported both by advection and molecular 
diffusion. The model includes 36 reactions (Table S2, S3). The reaction parameters 
were obtained from the literature or constrained using the model (Table S3, S4). 
Chemical and physical constants were calculated using the marelac package 
(Soetaert et al., 2010) and transport coefficients were calculated using the reactran 
package (Soetaert and Meysman, 2012) and were, where relevant, adjusted for 
environmental characteristics at the study site (Table S5). The diffusion coefficient 
for dMn(III)-L was set to a lower value than that of Mn(II), because the diffusive 
behavior of metal-ligand complexes is typically controlled by the organic ligand 
(Furukawa and Takahashi, 2008; Table S6).

The model describes the upper 100 cm of the sediment column, which is divided 
into 1000 model layers of 1 mm. The boundary conditions are set at the top of 
the sediment and are defined as fixed concentrations for solutes and fluxes for 
solids (Table S7). The model was fit to the data set for 2020. In a spin up of the 
model, the boundary conditions were fixed until steady state was reached after  
60 years, as in Egger et al. (2016). The model was then run for 20 years, in which the 
seasonal cycle of oxic – euxinic conditions was simulated by varying the bottom 
water O2 and H2S concentration, the influx of Fe-oxides, Mn oxides and OM and 
the sedimentation rate (Fig. S3). The key purpose of the model application was to 
determine the seasonality in the production and removal pathways of dMn(III)-L 
in the sediment and estimate the rate of diffusive release of dMn(III)-L and Mn(II) 
to the overlying water. Here we specifically focus on the general trends in the key 
processes that regulate the seasonal dMn(III)-L dynamics in a eutrophic basin. As 
the model focusses on these general trends, the overall picture of Mn dynamics at 
this site will not change due to uncertainties related to, for example, the sample 
resolution in the top part of the sediment.
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In the model, high rates of CH4 production lead to an overestimation of CH4 
concentrations because CH4 bubble formation is not included. Adding bubble 
formation would not improve our main model results regarding dMn(III)-L 
dynamics, however, but would increase model uncertainty. We note that a perfect 
model fit of the data is not expected, due to the complexity of the system and the 
strong seasonal variations at our study site which also vary between years. This 
is especially true for the fit to the solid phase profiles since such variations in the 
reactivity and input flux of solid phases are not specifically included in the model 
(Table S4, S5). A detailed model description is provided in supplement section 2.

A sensitivity analysis was performed to investigate the response of the benthic 
release of dMn(III)-L and Mn(II) to variations in OM input. The input of OM was 
varied by a factor of 0.01 to 2, relative to the base line scenario, leading to average 
OM oxidation rates ranging from 0.6 to 143 mmol C m-2 d-1 in the months when 
bottom waters were oxygenated and 0.9 to 219 mmol C m-2 d-1 in months with 
euxinic conditions. To obtain insight in the processes controlling the transformation 
and benthic release of Mn, reaction rates were integrated over the upper 10 cm of 
the sediment.

A forward simulation of pore water and solid phase data collected during  
8 sampling events, one in each month from March to October 2021, was performed 
to verify the model.
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Results

Water column and pore water profiles
In March 2020, the water column of Scharendijke basin was fully oxygenated (Fig. 1).  
In September, in contrast, O2 depletion was observed below a water depth of 
35 m (Fig. 2) and dissolved Mn, primarily present as dMn(III)-L, accumulated to 
concentrations of up to 22 mmol L-1 in the anoxic waters (Fig. 2). Small enrichments 
in Mn(II) and dMn(III)-L were observed above the redox cline at depths of 32 and  
30 m, respectively.
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Figure 2 (a) Water column O2 and (b) total dissolved Mn and dissolved Mn(II) and dMn(III)-L (error 
bars represent standard deviation; n=3) in the Scharendijke basin as observed in September 2020. The 
shaded area indicates the anoxic part of the water column.

The seasonal contrast in bottom water oxygen was reflected in the O2 concentration 
in the sediment: while O2 was present in the upper 0.6 cm of the sediment in March 
2020, O2 was absent in September 2020 (Fig. 3; for a zoom of the top 20 cm, see  
Fig. S6). In September, NO2

- and NO3
- did not exceed the detection limit of  

1 µmol L-1 and showed no trend with depth. Concentrations of NH4
+, alkalinity and 

CH4 increased with sediment depth to maximum values of ~15, 80 and 4 mmol 
L-1, respectively. In the surface sediment (upper 10 cm) the profiles of NH4

+ and 
alkalinity showed a distinct seasonality, however, with higher concentrations in 
September compared to March. Profiles of SO4

2- and H2S also varied between the 
two seasons seasonally with SO4

2- being removed at a shallower depth in September 
than in March and the zone of high H2S concentrations (i.e. 1.5 to 5 mmol L-1) 
shifting upwards by 10 cm. Dissolved Fe, in contrast, was abundantly present in the 
top 10 cm of the sediment in March, even reaching values of up to 1.1 mmol L-1, 
but was nearly absent from the pore water in September. Similarly, concentrations 
of dissolved Mn reached a maximum of 437 mmol L-1 near the sediment-water 
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interface in March but were much lower in September. The peak in dissolved Mn 
in the upper 10 cm of the sediment in March was found to consist of two partially 
overlapping peaks, with that of dMn(III)-L (up to 380 mmol L-1) explaining the sharp 
rise in dissolved Mn in the top cm of the sediment, and a broad peak in dissolved 
Mn(II) (up to 257 mmol L-1) accounting for most (generally >75%; Fig. S4) of the 
remaining Mn in the top 10 cm. Between 10 and 30 cm, dissolved Mn was mainly 
present as dMn(III)-L (up to 100% of the total dMn pool) and below 30 cm dissolved 
Mn(II) and dMn(III)-L contributed equally, both varying between 25% and 75% of 
the total dMn pool. In September, dissolved Mn was mainly present in the form of 
dMn(III)-L, which almost always accounted for >50% of the total dMn pool (Fig. S5).
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Figure 3 Pore water profiles of key components in March (black) and September (red) 2020. The dots 
represent measured concentrations, the lines indicate the results of the reactive transport model. 
Note the different depth scale on the y-axis for O2. TD Fe and TD Mn refer to total dissolved Fe and 
total dissolved Mn. Profiles of Mn(II) and dMn(III)-L with standard deviation error bars (n =3) and 
the contribution to TD Mn (in %) can be found in Fig. S4, S5. No O2 was detected in the sediment in 
September 2020. A zoom of the top 20 cm of the profiles is presented in Fig. S6.

The diffusive benthic Mn fluxes calculated with Fick’s law of diffusion, based on 
the concentrations of the total dissolved Mn, were 2.1 mmol m-2 d-1 in March and  
0.09 mmol m-2 d-1 in September.

Solid phase profiles
The solid phase profiles of Corg, Fe- and Mn oxides and Mn carbonate reflect the strong 
seasonality of biogeochemical processes in the basin. The Corg content in the top 10 cm 
of the sediment was much lower in March 2020 (~2.5 wt%) compared to September 
2020 (~3.5 wt%) (Fig. 4). In March, when O2 was present in the bottom water, the top part 
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of the sediment was enriched in Fe and Mn oxides and Mn carbonate. In September, 
when bottom waters were euxinic, surface enrichments in Fe and Mn oxides and Mn 
carbonate were absent (Fig. 4). The oscillations in the solid phase records are preserved 
upon burial of the sediment. For profiles of all the Fe and Mn fractions, we refer to the 
supplement (Fig. S7, S8). Porosity values vary between 0.98 and 0.88, with a general 
trend towards lower values deeper in the sediment (Fig. S7, S8).
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Figure 4 Solid phase profiles of key components in March (black) and September (red) 2020. The dots 
represent measured values, the lines indicate the results of the reactive transport model. Fe oxides 
refer to the sum of the Fe extracted in the ascorbic acid, CDB and ammonium oxalate extraction steps. 
Mn oxides refer to the Mn that is extracted in the ascorbic acid step. The profiles for all extraction steps 
are shown in Fig. S7 and S8.

Sedimentary reactive transport modelling

Model fit
The reactive transport model generally describes the depth trends in the pore 
water and solid phase profiles for March and September 2020 quite well (Fig. 3, 4). 
For the pore water, the only exceptions are the modelled CH4 profile and the profile 
of dMn(III)-L between 10 and 20 cm. For the solid phase profiles, the amplitude of 
the change in Corg, Fe oxide and Mn carbonate content is not always fully captured. 
In the next sections, we will primarily focus on a description of the model results for 
2020 that are relevant to dMn(III)-L dynamics.

Dissolved Mn(III)-L dynamics in the sediment
Depth-integrated reaction rates show that, according to the model, the formation 
of dMn(III)-L in March 2020 is driven equally by reduction of Mn oxides coupled to 
OM degradation and Fe(II) oxidation and oxidation of dissolved Mn(II) by O2 (each  
~0.3 mmol m-2 d-1; Fig. 5; for reaction rate profiles see Fig. S9) with a negligible 
role for reduction of Mn oxides by H2S. Removal of dMn(III)-L in March occurs 
via reduction coupled to Fe(II) oxidation (0.55 mmol m-2 d-1), oxidation by O2  
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(0.1 mmol m-2 d-1) and benthic release (0.21 mmol m-2 d-1). Besides oxidation by O2, 
dissolved Mn(II) precipitates as Mn carbonate and is released to the water column. 
In September 2020, the input of Mn oxides is 9 times lower than in March, leading 
to much lower rates of Mn cycling. Formation of dMn(III)-L is still coupled to OM 
degradation (0.03 mmol m-2 d-1) and oxidation of Fe(II) (0.01 mmol m-2 d-1) but 
now oxidation of H2S also contributes (0.01 mmol m-2 d-1). Removal of dMn(III)-L in 
September mainly takes place via benthic release (0.03 mmol m-2 d-1) and reduction 
of dMn(III)-L coupled to oxidation of Fe(II) (0.02 mmol m-2 d-1). Again, Mn(II) is 
removed as Mn carbonate and via benthic release.

Figure 5 Rates of Mn cycling in March (black) and September (white) 2020 as calculated with the 
reactive transport model. Numbers represent depth integrated reaction rates in mmol m-2 d-1. Note 
that the rates are not balanced because the system is not at steady state. The depth profiles of the 
reaction rates can be found in Fig. S9.

Our model also allows us to assess trends in depth-integrated rates of dMn(III)-L 
production and removal in the sediment throughout the year (Fig. 6; see Fig. S10 
for modelled pore water profiles in the months between March and September 
2020). Taking October as the starting point of the oxic period that lasts until April, 
we see that production of dMn(III)-L via reduction of Mn oxides coupled to OM 
degradation initially dominates. Over time, reduction of Mn oxides coupled to Fe(II) 
oxidation and oxidation of dissolved Mn(II) by O2 become increasingly important. 
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Following the onset of anoxia in May, reduction of Mn oxides by Fe(II) becomes 
the major source of dMn(III)-L. During the euxinic months, the role of reduction 
of Mn oxide by Fe(II) decreases and OM degradation becomes the major driver 
of Mn oxide reduction from August onwards, followed by H2S oxidation. Removal 
of dMn(III)-L from the sediment is dominated by reduction by dissolved Fe(II), 
especially during the oxic period, with additional loss through dMn(III)-L oxidation 
with O2 (oxic period only) and benthic release.

Figure 6 Depth integrated reaction rates for the sediment processes that (a) produce dMn(III)-L and 
(b) that remove dMn(III)-L as calculated with the model. The rates are calculated for each month of one 
year (2020) and are given in mmol m-2 d-1.

Figure 7 Sediment-water exchange of dissolved Mn (mmol m-2 d-1) calculated per month in 2020. The 
total dissolved Mn flux consists of dissolved Mn(II) and dMn(III)-L. Positive numbers indicate a flux from 
the sediment to the overlying water.
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According to the model, the benthic release of dissolved Mn is highest in the 
period when the bottom waters are oxic (Fig. 7). During this time, the flux consists 
primarily of dMn(III)-L. Upon the onset of euxinia in May, the flux mainly consists 
of Mn(II). With time, the benthic flux of Mn(II) subsequently decreases allowing the 
relatively constant low flux of dMn(III)-L to gain relative importance.

Sensitivity analysis
To study the effect of variations in OM degradation rates on the benthic release of 
Mn, a model sensitivity analysis in which the input of OM was varied was performed. 
The sensitivity analysis revealed that, in the model, average rates of formation 
and removal of dMn(III)-L for the oxic and euxinic periods are highly dependent 
on OM oxidation rates (Fig. 8). Rates of all processes involving dMn(III)-L initially 
increase upon a rise in OM oxidation rates and then show a variable response, 
either decreasing (Fe(II), O2), remaining largely constant (OM) or increasing (H2S). 
Reactions involving dissolved Fe(II) generally dominate. The role of processes 
involving Fe(II) diminishes, however, during the euxinic months when rates of OM 
oxidation are above 150 mmol m-2 d-1.

According to the model, the average benthic flux of Mn during the oxic period is 
highly sensitive to OM oxidation rates between 0 and 50 mmol m-2 d-1 and shows a 
strong increase before stabilizing (Fig. 8). Most of the Mn is released as dMn(III)-L. 
The pattern is different for the euxinic period: here, again an initial increase in the 
Mn flux is observed when OM oxidation rates vary between 0 and 10 mmol m-2 d-1, 
but this is followed by a strong decrease. In this case, most of the Mn is released as 
Mn(II), except for the model runs with the highest OM oxidation rate: here dMn(III)-L 
gains importance.

Forward simulation
The forward simulation for 2021 using depth profiles of pore water NH4

+, alkalinity, 
SO4

2-, H2S,  TD Fe, TD Mn and sediment Mn oxides and Mn carbonates obtained for 
2021 shows that, without any additional fitting, our model is able to capture the 
major trends in the sedimentary Mn cycle and key pore water constituents over a 
spring-summer-fall cycle (Fig. S11).



72 | Chapter 3

Figure 8 Depth-integrated reaction rates (0 – 10 cm) of formation (a, b) and removal (c, d) of dMn(III)-L 
as a function of rates of organic matter oxidation in the sensitivity analysis. Note that the months when 
the basin is oxic (October – April; a, c) and euxinic (May – September; b, d) are separated. Average 
benthic flux of dissolved Mn(II) and dMn(III)-L as a function of the rate of organic matter oxidation 
in the months when the basin is oxic (e; October - April) and when the basin is euxinic (f; May - 
September). The vertical white dashed line represents the baseline run.
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Discussion

Mn(III) is a key pore water component in a eutrophic coastal system
Dissolved Mn(III)-L is frequently observed in pore waters at sites where O2 is present 
in the surface sediment (Madison et al., 2011, 2013; Oldham et al., 2019). Here, we 
show that dMn(III)-L is also a key pore water component in a setting where O2 is 
absent and bottom waters are euxinic (Fig. 3). The results of our reactive transport 
model suggest that the pathways of production and removal of dMn(III)-L strongly 
depend on the pore water composition, with Fe(II) playing a critical role.

In March 2020, when bottom waters were oxic, a maximum in dMn(III)-L was 
observed in the top centimeter. This  maximum is based on one individual data point, 
but we note that it is based on triplicate analyses (Fig. S4) and is in accordance with 
the peak in total dissolved Mn determined via an independent procedure (ICP-OES; 
Fig. S4). Additionally, such a sharp peak in dMn(III)-L at the oxic/anoxic interface is 
expected when O2 is involved in the production of dMn(III)-L (Madison et al., 2013). 
The model underestimates the dMn(III)-L concentrations between depths of 10 to 
20 cm, which we attribute to an incomplete understanding of the processes that 
impact dMn(III)-L production and formation in sulfidic sediments. We note that the 
good fit of the model for most pore water and sediment components for 2020 and, 
as an outcome of the forward modelling, for 2021, gives confidence in the results.

According to the model, formation of dMn(III)-L in the pore water at our site in 
March is driven by - at equal rates - reduction of Mn oxides by OM and Fe(II) and 
oxidation of dissolved Mn(II) by O2 (Fig. 5). This contrasts with the production 
pathways of dMn(III)-L estimated from pore water profiles and solid phase data 
for different sites in the Saint Lawrence Estuary and Gulf, which pointed towards 
a dominant role for oxidation of Mn(II) by O2 (Madison et al., 2013). This difference 
is likely due to the exceptionally large input of OM and Fe oxides at our study site, 
with a modelled average input of ~240 mmol C m-2 d-1 and ~19 mmol reactive  
Fe m-2 d-1 throughout the year (Fig. S3; approximately half of the reactive Fe is 
accounted for by Fe extracted in ascorbic acid Fig. S7, S8), compared to maximally 
10 mmol C m-2 d-1 and 0.6 mmol Fe m-2 d-1 (Fe extracted with ascorbic acid) in the St. 
Lawrence Estuary and Gulf (Oldham et al., 2019).

In September 2020, when O2 was absent from the pore water at our site, Mn oxide 
concentrations in the top layer of the sediment were low compared to March. This 
was likely the result of a lower input of Mn oxides when the bottom water was 
sulfidic, linked to quick reduction of Mn oxides in the water column. Under these 
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conditions, dMn(III)-L was mainly formed via reduction of Mn oxides by OM, with 
a smaller contribution of Mn oxide reduction by H2S and Fe(II) (Fig. 5). Strikingly, 
dMn(III)-L co-occurred with H2S in the pore water, despite H2S concentrations of 
several millimolar (Fig. 3). A co-occurrence of dMn(III)-L and H2S was observed 
previously in estuarine waters at H2S concentrations of several micromolar (Oldham 
et al., 2015). In this previous work, the co-occurrence was attributed to stabilization 
of dMn(III)-L by organic ligands that kinetically hindered Mn(III) reduction by H2S 
(Oldham et al., 2015). Our results suggest that stabilization of dMn(III)-L against 
reduction by H2S is even possible when H2S concentrations reach several millimolar.

According to our model, most dMn(III)-L at the study site is removed through 
reduction by Fe(II) (Fig. 5), explaining  the strong counter gradients between 
dMn(III)-L and dissolved Fe in March (Fig. 3; Fig. S6). Apparently, the ligands that 
stabilize dissolved Mn(III) do not shield the Mn(III) against reduction by Fe(II). The 
larger role of Fe(II) as a reductant for dMn(III)-L then observed in the study by 
Madison et al. (2013) may be explained by the approximately 20 times higher Fe(II) 
concentrations at our site. Previous reactive transport modelling has highlighted 
the role of Fe(II) in the reduction of Mn oxides (Van Cappellen & Wang, 1996). What 
is novel here is that dissolved Fe(II) not only plays a key role in Mn oxide reduction 
and dMn(III)-L production but also in dMn(III)-L removal. We note that this role of 
Fe(II) in dMn(III)-L dynamics came to a halt in August and September when the 
Fe-oxides that accumulated in winter were completely reduced and dissolved Fe 
precipitated with H2S as FeS and FeS2. Taken together, this indicates that, in Fe rich 
coastal systems, sediment Fe dynamics can be an even more important driver of 
Mn cycling than previously considered (e.g. Madison et al., 2013). The results of the 
sensitivity analysis highlight that the role of Fe(II) in dMn(III)-L cycling holds over a 
wide range of OM oxidation rates (Fig. 8).

Due to its organic complexation the diffusion coefficient of dissolved Mn(III) 
is expected to be lower compared to that of dissolved Mn(II) (Kalinichev and 
Kirkpatrick, 2007; Furukawa and Takahashi, 2008). Additionally, due to heterogeneity 
within the ligands that can stabilize dissolved Mn(III) (Madison et al., 2013; Oldham 
et al., 2015, 2017b), the diffusion coefficient of the complex of dMn(III)-L can vary 
per location. We find that a difference in diffusion coefficient between dMn(III)-L 
and Mn(II) is essential to describe the sharp gradients in the dissolved Mn profiles 
in the model. Without a lower diffusion coefficient for dMn(III)-L it is not possible 
to form a sharp peak in dMn(III)-L near the sediment-water interface in our model  
(Fig. S12). Notably, all modelling studies of sedimentary Mn cycling to date focus 
only on dissolved Mn(II) excluding dMn(III)-L, which can explain why similar sharp 
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gradients in dissolved Mn near the sediment water interface have so far been 
difficult to capture (e.g. Slomp et al., 1997; Reed et al., 2011b). The adjusted diffusion 
coefficient for dMn(III)-L is 16.6 cm2 yr-1, ca. 8 times lower than the diffusion coefficient 
for Mn(II) (132.6 cm-2 yr-1; Table S6). When we assume all dissolved Mn is present 
as Mn(II) the calculated diffusive flux of dissolved Mn would be ca. 10 and 3 times 
higher than when we consider both Mn(II) and dMn(III)-L in March and September, 
respectively. The lower diffusion coefficient of dMn(III)-L when compared to Mn(II) 
also implies that calculated diffusive fluxes across the sediment-water interface will 
be overestimated if all Mn is assumed to be present as Mn(II) (Fig. S13).

Seasonality in benthic Mn fluxes
The model results imply that throughout the year, both dissolved Mn(II) and 
dMn(III)-L contribute to the release of Mn from the sediment to the overlying water 
(Fig. 7). The flux is highest and primarily consists of dMn(III)-L under oxic conditions 
in winter and spring, when the input of Mn oxides and recycling of Mn near the 
sediment-water interface is highest. The high contribution of dMn(III)-L to the 
benthic Mn flux in the oxygenated basin results from faster oxidation of Mn(II) with 
O2 compared to dMn(III)-L, which leads to a build-up of dMn(III)-L just below the 
sediment-water interface and subsequently a high benthic flux of dMn(III)-L.

When euxinic bottom-water conditions are established in summer, the modelled 
benthic flux primarily consists of Mn(II), because Mn(II) is no longer oxidized by O2 
(Fig. 7). However, a fraction of the Mn released from the sediment remains dMn(III)-L, 
indicating that a part of the dMn(III)-L released is a product of Mn oxide reduction 
rather than Mn(II) oxidation. As sediments become depleted in Mn oxides, typically 
during persistent hypoxia or anoxia, the benthic flux of Mn is known to strongly 
decrease (Slomp et al., 1997; Lenstra et al., 2021a). We find that the benthic flux 
of Mn decreases substantially as soon as the basin becomes euxinic, which likely 
indicates that highly reactive Mn oxides are quickly removed from the sediment 
when the input of Mn oxides decreases as a result of the bottom water euxinia. 
This is supported by the pore water and sediment data for the fieldwork campaigns 
between March and October in 2021 (Supplements section 1; Fig. S11). The TD Mn 
in the pore water already decreases between March and April 2021 and remains low 
throughout the euxinic period that lasts from June to September (Żygadłowska et 
al., 2024a). We note that part of the dissolved Mn(II) in the pore water precipitates 
as Mn carbonate and hence is retained in the sediment. To visualize that both 
variations in Mn carbonate formation and input of Mn carbonate contribute to the 
seasonal variation in the sediment, a model run without Mn carbonate precipitation 
was performed (Fig. S14).
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A new finding here is that, at the end of the anoxic period, the benthic Mn flux 
mainly consists of dMn(III)-L. The continuous release of dMn(III)-L from the sediment 
during the period of anoxia is reflected in the accumulation of dMn(III)-L in the 
anoxic part of the water column in September (Fig. 2). When bottom water O2 re-
establishes in October, the influx of Mn and Fe oxides, the rates of sedimentary Mn 
cycling and the benthic flux of Mn all increase. In subsequent months, the benthic 
flux of dMn(III)-L and the importance of Fe in Mn cycling continues to increase until 
just before the onset of a new euxinic period (Fig. 6, 7).

The sensitivity analysis reveals that the benthic fluxes of Mn(II) and dMn(III)-L are 
also dependent on the rate of OM oxidation in the sediment (Fig. 8). Nevertheless, 
the general patterns that emerged from the simulation for 2020, still hold: when 
bottom water O2 is present, dMn(III)-L release from the sediment to the overlying 
water dominates over Mn(II) release. The reverse is found during the euxinic period 
when taken as a whole. Taken together, our results highlight that while Fe(II) 
dynamics play a critical role in dMn(III)-L production and removal in our Fe- and 
OM-rich coastal sediment, the presence of bottom water O2 ultimately determines 
whether, on a yearly basis, Mn(II) or dMn(III)-L is the dominant form of Mn that 
escapes to the overlying water. Regardless of the bottom water redox conditions, 
the model always predicts some benthic release of dMn(III)-L.

Implications
Our results imply that dMn(III)-L should be considered as a potential pore water 
constituent when studying sedimentary Mn cycling in OM- and Fe-rich coastal 
sediments. When dMn(III)-L is released into anoxic waters, it can act as an oxidant 
and reductant, with potential implications for various redox interactions, as 
previously shown for anoxic water columns (e.g. Trouwborst et al., 2006; Yakushev 
et al., 2007; Oldham et al., 2015). When, in contrast, O2 is present in the bottom 
water, dissolved Mn(II) will be readily oxidized to dMn(III)-L when it is exposed to O2 
near the sediment-water interface. As a consequence, dMn(III)-L is the main form in 
which dissolved Mn may leave the sediment (Fig. 7). The ligand stabilizing dMn(III)-L 
may not only slow down diffusion but is also likely to slow down the formation of 
solid phase Mn oxides (Sander & Koschinsky, 2011; Oldham et al., 2021). Because Mn 
oxides are subject to gravitational settling (e.g. Sulu-Gambari et al., 2017; Hermans 
et al., 2021) and dMn(III)-L is not, the dMn(III)-L is expected to be transported 
further away from the sedimentary source (Lenstra et al., 2020). Additionally, trace 
metals such as cobalt, nickel and zinc, can adsorb to the negatively charged surface 
of Mn oxides (Koschinsky and Hein, 2003). When transport of Mn is in the form of 
dMn(III)-L instead of Mn oxides, these trace metals will no longer adsorb to the Mn 
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oxides and the transport of the trace metals will be decoupled from the transport 
of Mn (Oldham et al., 2021; Lenstra et al., 2022).

Conclusions

Our combined seasonal field and modelling study reveals that dissolved Mn(III) 
(dMn(III)-L) is a key component of the Mn cycle in sediments of a seasonally 
euxinic coastal basin. Dissolved Mn(III)-L accounts for the majority of dissolved 
Mn in the pore water and coexists with high concentrations of H2S. Results of a 
multicomponent reactive transport model suggest that, at our study site, reduction 
of Mn oxides coupled to oxidation of Fe(II) and organic matter and oxidation of 
Mn(II) by O2  are the primary sources of the dMn(III)-L when O2 is present near the 
sediment water interface. However, when the bottom waters are euxinic, reactions 
with dissolved Fe(II) likely dominate both the production and removal of dMn(III)-L. 
Modelled benthic Mn fluxes suggest that while dMn(III)-L is released from the 
sediment throughout the year, there is a distinct seasonal contrast: in the model, 
release of dMn(III)-L dominates when bottom waters are oxic while a transition 
to euxinia leads to a temporary increased role for Mn(II). The benthic release 
of dMn(III)-L, both under oxic and euxinic bottom waters, in combination with a 
higher mobility of dMn(III)-L in the water column when compared to Mn(II), may 
contribute to lateral transport of Mn from coastal zones to open marine waters.
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Supplements

Description of the fieldwork campaigns performed in 2021
Sampling of the sediment at Scharendijke basin was performed during 8 sampling 
campaigns with RV Navicula each month from March to October 2021, following the 
same methods used in the fieldwork campaigns in 2020 presented in this study. An 
additional sampling event in August / September 2021 is reported in Żygadłowska 
et al. (2024a, b). These results are not included here, because we focus on the 
monthly output of the reactive transport model. During each campaign, a sediment 
core was collected using a UWITEC corer with a transparent PVC core liner (120 cm 
length, 6 cm inner diameter) to collect samples for NH4

+, alkalinity, SO4
2-, H2S, TD 

Fe, TD Mn and during four campaigns, for the determination of Mn oxide and Mn 
carbonate. The core was sectioned at a 1 cm resolution under a N2 environment, 
the sections were subsequently centrifuged to separate the pore water from the 
solid phase. The supernatant was filtered over 0.45 μm pore size filters. Samples for 
the analysis of NH4

+ were stored at -20°C and later analyzed using the indophenol 
blue method (Solórzano, 1968). The samples for alkalinity and SO4

2- were stored at 
4°C until analysis. Alkalinity was measured through titration with 0.01 M HCl, within  
24 h after sampling and SO4

2- was measured using ion chromatography (Metrohm 
930 Compact IC Flex; detection limit for SO4

2- of 50 µmol L-1). The samples for H2S 
analysis were diluted five times in a 2% Zn-acetate solution in a glass vial and 
stored at 4°C. These samples were analyzed using the phenylenediamine and ferric 
chloride method (Cline, 1969). Samples for TD Fe and Mn were acidified with 10 μL 
35% suprapure HCl per ml of sample and stored at 4°C. These samples were analyzed 
via ICP-OES (Perkin Elmer Avio; detection limit 0.1 µmol L-1 and 0.03 µmol L-1 for 
Fe and Mn respectively). Samples for the analysis of the sediment residues were 
stored in N2-purged aluminum bags at -20°C. Later, the samples were freeze-dried 
and ground with an agate mortar and pestle under a N2 environment. Solid phase 
speciation of Mn was then determined using a sequential extraction procedure as 
described in Lenstra et al. (2021b).

Detailed model description
The reactions in the model describe organic matter (OM) degradation involving 
a range of electron acceptors combined with secondary reactions of the reaction 
products (Table S5). Degradation of OM is facilitated, in successive order, by 
reduction of O2, NO3

-, MnO2, Fe(OH)3 and SO4
2- and finally OM is degraded via 

methanogenesis (Table S2; Froelich et al., 1979; Reed et al., 2011a; Rooze et al., 
2016). Monod kinetics are used to describe the sequence of electron acceptors in 
OM degradation (Boudreau, 1997). In Monod kinetics, the oxidant with the highest 
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metabolic free energy yield is used preferentially, until this species becomes 
limiting and the next oxidant in the sequence is used preferentially (Boudreau, 
1996; Van Cappellen & Wang, 1996). The OM is assumed to include carbon (C), 
nitrogen (N) and phosphorus (P) in a ratio of C:N:P = 106:15.45:1 (based on Egger 
et al., 2016b). Hence, the rate of OM degradation in the sediment is directly linked 
to the NH4

+ profiles. In the model, reduction of MnO2 can be coupled to oxidation 
of OM, Fe(II), H2S and CH4 (Table S2). Reduction of MnO2 by OM, Fe(II) and H2S is 
modeled as one electron transfer steps with Mn(III) as the product (Madison et 
al., 2013). Reduction of MnO2 by CH4 is modeled as a two electron transfer with 
Mn(II) as a product, because, to our knowledge, the one electron transfer step that 
is theoretically possible has never been demonstrated. Reduction of MnO2 with 
NH4

+ as discussed by Hulth et al. (1999) and Thamdrup and Dalsgaard (2000) is not 
incorporated in the model, because the quantitative importance of this reaction 
is not well known. Reduction of dMn(III)-L is assumed to occur with Fe(II), H2S and 
OM to form Mn(II), while oxidation of Mn(III) is assumed to occur with O2 to form 
MnO2. Reduction of dMn(III)-L by NO2

- as described by Karolewski et al. (2021) is not 
incorporated in the model. Production of NO2

- in the anoxic sediment is unlikely and 
concentrations in September are below the detection limit. Oxidation of Mn(II) with 
O2 and precipitation as MnCO3 removes Mn(II). Dissolved inorganic carbon in the 
model is the sum of carbon in HCO3

2- and CO2, which are produced or consumed in 
reactions. The dominant effect of adsorption of dissolved Mn(II) to solid phase Mn 
is related to transport through bioturbation (Slomp et al., 1997). At sites with little 
or no bioturbation, as is the case here, the effect of Mn(II) adsorption on modeled 
pore water profiles will be limited.

Depending on whether a compound is a solid or solute, its generic mass 
conservation is described by Eq. S1 or Eq. S2, respectively.

(S1)

(S2)

In these equations, φ is the sediment porosity, t is time (yr), Cs and Caq are the 
concentrations of the solid and dissolved species (mol L-1), respectively, D’ is the 
diffusion coefficient of dissolved species in the porous medium (cm2 yr-1), z is 
the distance from the Sediment-Water Interface (SWI; cm), v and u (cm yr-1) are 
advective velocities of solids and dissolved species, respectively and ΣRs and ΣRaq  
are net rates of chemical reactions of solid and dissolved species, respectively.
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For porosity, a depth-dependent function is used to account for sediment 
compaction (Meysman et al., 2005; Reed 2011a; eq S3):

(S3)

In this equation, φ0 is the porosity at the SWI, φ∞ is the porosity at depth and y is the 
porosity attenuation factor/e-folding distance (Table S5).

In the last 20 years of the model run, the seasonal cycle of oxic – euxinic conditions 
was simulated by varying the bottom water O2 and H2S concentration, the influx 
of Fe oxides, Mn oxides, Mn carbonates and OM and the sedimentation rate  
(Fig. S3). The boundary conditions for the bottom water concentration of O2 were 
based on monitoring by Rijkswaterstaat (Directorate-General for Public Works 
and Water Management of the Netherlands) as reported in Żygadłowska et al. 
(2023a). The bottom water H2S was varied together with O2 and was either 0, or 
the concentration measured in the bottom water in September (111.8 mmol L-1). 
Input of metal oxides was varied together with O2 and was fitted to the sediment 
profiles. The input of Mn carbonates was also varied to fit the sediment profiles, 
because authigenic Mn carbonate formation alone was insufficient to induce the 
observed oscillations. OM input was varied to fit the sediment profiles. The input of 
OM and the sedimentation rate in April differ from those in the other oxic months, 
because the effect of a spring bloom was simulated. Such variations in OM input 
are in line with variations in primary productivity and OM supply from the North 
Sea known for this system (Hagens et al., 2015). Sedimentation rates for the model 
run until 2016 (4 years before the end of the model run) were based on Egger 
et al. (2016; 13.3 cm yr-1). Between 60 – 80 cm depth, which is around where the 
shift in sedimentation rates is assumed, a shift in the oscillations is visible in for 
example the Corg and Mn oxides sediment profiles (Fig. 4). This shift is modeled by 
varying the input of these compounds through the seasons. For the last 4 years the 
sedimentation rate was set to 20 cm yr-1, based on the onset of the shallowest peak 
in Corg at 20 cm depth (Fig. 4), which marks the Corg deposition of the previous year 
(i.e. spring 2019).



82 | Chapter 3

Fi
gu

re
s

Fi
gu

re
 S

1 
Ki

ne
tic

 c
ur

ve
s 

(t
rip

lic
at

es
) t

ha
t w

er
e 

us
ed

 to
 d

et
er

m
in

e 
th

e 
k1

 v
al

ue
 fo

r t
he

 k
in

et
ic

 re
ac

tio
n 

of
 M

n(
II)

 a
t t

hi
s 

si
te

. I
n 

th
e 

lo
w

er
 ri

gh
t c

or
ne

r o
f t

he
 g

ra
ph

, t
he

 
k1

 v
al

ue
s 

ar
e 

in
di

ca
te

d.



3

83|Dissolved Mn(III) is a key redox intermediate in sediments of a seasonally euxinic coastal basin

Fi
gu

re
 S

2 
Ki

ne
tic

 c
ur

ve
s 

th
at

 w
er

e 
m

ea
su

re
d 

an
d 

m
od

el
ed

 M
n(

II)
 a

nd
 d

M
n(

III
)-

L 
co

nc
en

tr
at

io
ns

 u
se

d 
to

 d
et

er
m

in
e 

th
e 

M
n(

II)
 a

nd
 d

M
n(

III
)-

L 
co

nt
en

t o
f t

he
 s

am
pl

es
 

fr
om

 (a
) 0

 –
 1

 c
m

; (
b)

 6
 –

 7
 c

m
; (

c)
 4

3 
– 

44
 c

m
 in

 M
ar

ch
 2

02
0 

an
d 

(d
) 1

 –
 2

 c
m

; (
e)

 7
 –

 8
 c

m
; (

f)
 2

3 
– 

24
  c

m
 in

 S
ep

te
m

be
r 2

02
0.



84 | Chapter 3

Figure S3 Seasonal variation in bottom water O2 and H2S, sedimentation rate, and in the flux of Fe 
oxides (), flux of Mn oxides (() and flux of organic matter (JOM) at the sediment-water interface in the 
final year of the model simulations.
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Figure S4 (a), (b) Data collected through spectrophotometric analysis of Mn(II) and dMn(III)-L in March, 
including error bars showing standard deviation (n=3). (c) The sum of Mn(II) and dMn(III)-L measured 
spectrophotometrically, including error bars showing standard deviation (n=3), compared with the 
total dissolved Mn measured with ICP-OES. (d) The contribution of Mn(II) and dMn(III)-L to the total 
dissolved Mn pool (determined as the sum of Mn(II) and dMn(III)-L) as percentage.
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Figure S5 (a), (b) Data collected during the spectrophotometric analysis of Mn(II) and dMn(III)-L 
in September, including error bars showing standard deviation (n = 3). (c) The sum of Mn(II) and 
dMn(III)-L measured during the spectrophotometric method including error bars (n = 3), compared 
with the total dissolved Mn measured with ICP-OES. (d) The contribution of Mn(II) and dMn(III)-L to the 
total dissolved Mn pool (determined as the sum of Mn(II) and dMn(III)-L) as a percentage.
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Figure S6 Top 20 cm of the pore water profiles of key components in March (black) and September 
(red) 2020. The dots represent measured concentrations, the lines indicate the results of the reactive 
transport model. Note the different depth scale on the y-axis for O2. TD Fe and TD Mn refer to total 
dissolved Fe and total dissolved Mn. Profiles of Mn(II) and dMn(III)-L with standard deviation error bars 
(n =3) and the contribution to TD Mn (in %) can be found in Fig. S2, S3. No O2 was detected in the 
sediment in September 2020 (Żygadłowska et al. 2023).



88 | Chapter 3

Figure S7 Porosity and all Mn and Fe fractions as determined in the sequential extraction, for the 
sediment collected in March 2020.
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Figure S8 Porosity and all fractions extracted for Mn and Fe in the sequential extraction, for the 
sediment collected in September 2020 (0-20 cm).
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Figure S9 Depth profiles of the reaction rates, which form the basis for the rate integrations shown in Fig. 4.

Figure S10 The change in pore water profiles between March and September when anoxic conditions 
develop in the basin. With the reactive transport model, pore water profiles can be extrapolated to 
months where no fieldwork was done in 2020.
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Figure S11 Forward simulation of the reactive transport model to NH4
+, alkalinity, SO4

2-, H2S, TD Fe, 
TD Mn and, for 4 months, Mn oxides and Mn carbonates obtained during 8 sampling campaigns 
performed between March and October 2021. In 2021, Scharendijke experienced euxinia from 
June until September (Żygadłowska et al., 2024a). Part of this dataset was previously published in  
Żygadłowska et al. (2024a, b). The figure continues on the next page.
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Figure S11 Continued

Figure S12  Model runs with different diffusion coefficients for dissolved Mn(III). The diffusion coefficients 
used and the range of diffusion coefficients for dissolved organic matter given in literature can be found 
in Table S6. When the diffusion coefficient decreases, the peak of dissolved Mn(III)-L and total dissolved 
Mn near the sediment-water interface in March is no longer well described by the model. The diffusion 
coefficient does not have a large effect on the pore water profiles of Mn(II) and dMn(III)-L in September.
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Figure S13 Variation in the benthic flux of dissolved Mn over the model runs with changing diffusion 
coefficient for dMn(III)-L (DMn(III)) in March (A) and September (B). Note the different y-axes for the 
different months. The figure shows that a lower diffusion coefficient for dMn(III)-L results in a lower 
benthic flux of total Mn and dMn(III)-L, but a slightly higher benthic flux of Mn(II). The values for the 
high, middle and low DMn(III) can be found in Table S6.

Figure S14 Model output when authigenic Mn carbonate precipitation is turned off in red versus the 
model base run in black. The difference in Mn carbonate concentrations between the model without 
Mn carbonate precipitation and the base run indicate the amount of Mn carbonate that, according to 
the model, has formed within the sediment.
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Tables

Table S1 Chemical species included in the model

Species Notation

Solids

Organic Mattera OMα/β/γ

Iron oxidesa Fe(OH)3
α/β/γ

Iron monosulfide FeS

Pyrite FeS2

Elemental Sulfur S0

Siderite FeCO3

Vivianite Fe3(PO4)2

Manganese oxideb MnO2
α/β

Manganese carbonate MnCO3

Solutes

Chloride Cl-

Oxygen O2

Nitrate NO3
-

Sulfate SO4
2-

Methane CH4

Dissolved iron Fe2+

Ammoniumc ΣNH4
+

Hydrogen sulfidec ΣH2S

Phosphatec ΣH3PO4

Dissolved Inorganic Carbon DIC

Dissolved manganese (II) Mn2+

Dissolved manganese(III)-L Mn3+-L

a �Consists of three types of species: reactive (α), less reactive (β) and non-reactive (γ)
b �Consists of two types of species: reactive (α) and less reactive (β)
c �Σ denotes that all species of an acid are included.
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Table S2 Reaction pathways and stoichiometries implemented in the model

Primary redox reactionsPrimary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R1
Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R2

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R3

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R4

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R5

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R6

Secondary and other reactions

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R7

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R8

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R9

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R10

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R11

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R12

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R13

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R14

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R15

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R16

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R17

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R18

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R19

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R20

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R21

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R22

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R23

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R24
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Primary redox reactions

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R25

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R26

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 

R27

Primary redox reactions  

OM!,# + 𝑎𝑎	O$ 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 	𝑎𝑎	H$O R1 

OM!,# + 0.8	𝑎𝑎	NO' + 0.8	𝑎𝑎	H& 	→ 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.4	𝑎𝑎	N$ + 	1.4	𝑎𝑎	H$O R2 

OM!,# + 4𝑎𝑎	MnO$( + 2	𝑎𝑎	H& → 4𝑎𝑎	Mn'& − L + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 2	𝑎𝑎	H$O R3 

OM!,# + 4𝑎𝑎	𝐹𝐹𝐹𝐹(OH)'
( + 4𝑎𝑎	𝜒𝜒	Fe)*P + 12	𝑎𝑎	H&

→ 4𝑎𝑎	Fe$& + 	𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + (𝑐𝑐 + 4𝑎𝑎	𝜒𝜒)ΣH'PO% + 13𝑎𝑎	H$O 
R4 

OM!,# + 0.5𝑎𝑎	SO%
$+ + 𝑎𝑎	H& → 𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	ΣH$S + 𝑎𝑎	H$O R5 

OM!,# → 0.5𝑎𝑎	CO$ + 𝑏𝑏	ΣNH%& + 𝑐𝑐	ΣH'PO% + 0.5𝑎𝑎	CH% R6 

Secondary and other reactions  

	O$ +	Fe$& + 8		H$O	 +	4	𝜒𝜒	ΣH'PO% → 4	Fe(OH)'
( + 	4	𝜒𝜒	Fe)*P + 8	CO$ R7 

2	O$ + 	FeS →	SO%$+ + 2	Fe$& + 4	H& R8 

7	O$ + 	2	FeS$ + 2	H$O	 + 	4	SO%$+ → 2	Fe$& + 4	H&	 R9 

2	O$ +	ΣH$S + 2	HCO'+ 	→ 	 SO%$+ + 2	CO$ + 2	H$O	 R10 

2	O$ +	CH% → 	CO$ + 2	H$O	 R11 

2	𝐹𝐹𝐹𝐹(OH)'
( + 2	𝜒𝜒	Fe)*P +	H$S + 4	CO$ 	→ 2	Fe$& + 	2	𝜒𝜒ΣH'PO% + 𝑆𝑆, + 4	HCO'+ + 2	H$O R12 

	Fe$& +	ΣH$S → 		FeS + 2	H& R13 

FeS +	ΣH$S → 	FeS$ 	+ H$ R14 

SO%$+ +	CH% + CO$ → 2	HCO'+ + ΣH$S R15 

CH% +	8	𝐹𝐹𝐹𝐹(OH)'
(,# + 8	𝜒𝜒	Fe)*P + 	15	H& 	→ HCO'+ + 8	Fe$& + 	8	𝜒𝜒ΣH'PO% + 	21	H$O R16 

4	𝑆𝑆, + 	4	H$O → 3	ΣH$S +	SO%$+ + 2		H& R17 

FeS + 𝑆𝑆, → 	FeS$ R18 

Fe(OH)'
( + 𝜒𝜒	Fe)*P → 𝐹𝐹𝐹𝐹(OH)'

# + 𝜒𝜒	ΣH'PO% R19 

2	𝐹𝐹𝐹𝐹(OH)'
# + 2	𝜒𝜒	Fe)*P	 +	ΣH$S + 4	CO$ → 2	Fe$& + 	2	𝜒𝜒	ΣH'PO% +	𝑆𝑆, + 4	HCO'+ + 2	H$O R20 

2	O$ +	ΣNH%& + 2	HCO'+ → NO'+ + 2	CO$ + 3	H$O R21 

	3	Fe$& + 	2	ΣH'PO% →		 Fe'(PO%)$ + 4	H& R22 

	Fe$& +	CO'$+ →		 FeCO' R23 

	FeCO' + ΣH$S	 → FeS + CO$ +	H$O R24 

	Fe'(PO%)$ + 3	ΣH$S	 → 2	FeS + 	2	ΣH'PO% + 	4	H& R25 

Mn$& + 	HCO'+ +	OH+ 	→ 	MnCO' +	H$O	 R26 

4	Mn$& + O$ + 	4	H& + L → 	4	Mn'& − L	 + 2	H$O	 R27 

MnO$(,# 	+	Fe$& 	+	H$O + H& + 	L → Fe(OH)'
( +	Mn'& − L		 R28 R28

MnO$( 	+	ΣH$S	 + 	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R29 

MnO$( 	→ 	MnO$#  R30 

MnO$# 	+	ΣH$S	 + +	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R31 

4	MnO$(,# 	+	CH% 	+ 7		H& → 4	Mn$& 	+ 	HCO'+ + 5	H$O R32 

4	Mn'& − L + 2	O$ + 4		H& 	→ 	4	MnO$( + 	2	H$O + 	L R33 

Mn'& − L + ΣH$S	 → 		 S, + Mn$& + L	 R34 

Mn'& − L + Fe$& + 3	H$O →	Mn$& +	Fe(OH)'
( +	3	H& + 	L R35 

4	Mn'& − L + OM! + H$O → 	4	Mn$& +	CO$ +	3	H& + 	L R36 

 

R29
MnO$( 	+	ΣH$S	 + 	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R29 

MnO$( 	→ 	MnO$#  R30 

MnO$# 	+	ΣH$S	 + +	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R31 

4	MnO$(,# 	+	CH% 	+ 7		H& → 4	Mn$& 	+ 	HCO'+ + 5	H$O R32 

4	Mn'& − L + 2	O$ + 4		H& 	→ 	4	MnO$( + 	2	H$O + 	L R33 

Mn'& − L + ΣH$S	 → 		 S, + Mn$& + L	 R34 

Mn'& − L + Fe$& + 3	H$O →	Mn$& +	Fe(OH)'
( +	3	H& + 	L R35 

4	Mn'& − L + OM! + H$O → 	4	Mn$& +	CO$ +	3	H& + 	L R36 

 

R30
MnO$( 	+	ΣH$S	 + 	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R29 

MnO$( 	→ 	MnO$#  R30 

MnO$# 	+	ΣH$S	 + +	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R31 

4	MnO$(,# 	+	CH% 	+ 7		H& → 4	Mn$& 	+ 	HCO'+ + 5	H$O R32 

4	Mn'& − L + 2	O$ + 4		H& 	→ 	4	MnO$( + 	2	H$O + 	L R33 

Mn'& − L + ΣH$S	 → 		 S, + Mn$& + L	 R34 

Mn'& − L + Fe$& + 3	H$O →	Mn$& +	Fe(OH)'
( +	3	H& + 	L R35 

4	Mn'& − L + OM! + H$O → 	4	Mn$& +	CO$ +	3	H& + 	L R36 

 

R31

MnO$( 	+	ΣH$S	 + 	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R29 

MnO$( 	→ 	MnO$#  R30 

MnO$# 	+	ΣH$S	 + +	2	H& + 	L → S, +	Mn'& − L	 +	2	H$O	 R31 

4	MnO$(,# 	+	CH% 	+ 7		H& → 4	Mn$& 	+ 	HCO'+ + 5	H$O R32 
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( +	3	H& + 	L R35 
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R36

Organic matter is of the form ((CH2O)a (NH4 +)b (H3PO4)c , where a=1, b= 1/15.45 and c = 106/1. α, β, & γ 
describe different fractions (i.e. highly reactive, less reactive and refractory). χ describes the P:Fe ratios 
of Fe(OH)3 and has a value of 0.3 in the model.
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Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E6

Secondary redox and other reaction equations

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]

& 

E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E7

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]

& 

E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E8

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]

& 

E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E9

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]

& 

E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E10

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]

& 

E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E11

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]

& 

E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
'",()$!([-.%!]

&	%
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&
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&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E12

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]
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E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
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&(*)%%&+
&	% '",$!
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& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
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&	%
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&
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&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E13

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]

& 

E1 

R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
& 

E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E3 

R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E14

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 

R1 = 𝑘𝑘!,#	OM!,# 	 	% [%!]
'",$!([%!]
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R2 = 𝑘𝑘!,#	OM!,# 	 	% [)%%&]
'",'$%

&(*)%%&+
&	% '",$!

'",$!([%!]
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E2 

R3 = 𝑘𝑘!,,	OM!,# 			% [-.%!]
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&
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&(*)%%&+
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'",$!([%!]
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R4 = 

 𝑘𝑘!,#	OM!,# 		% [/0(%2)%]
'",*+($-)%([/0(%2)%]

& % '",()$!
'",()$!([-.%!]

&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E15
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Primary redox reaction equations 
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& 
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R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-
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𝐾𝐾7,)%%&
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& + [NO9
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𝐾𝐾7,%! + [O5]
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E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4
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𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
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𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]
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𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 

E16

Table S3 Reaction equations implemented in the model 

Primary redox reaction equations 
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& 
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&	%
'",'$%

&

'",'$%
&(*)%%&+

&	% '",$!
'",$!([%!]

& 

E4 

R5 = 

𝑘𝑘!,#	OM!,# 	'
[SO4

56]
𝐾𝐾7,8%/

!& + [SO4
56]-'

𝐾𝐾7,/0(%2)%
𝐾𝐾7,/0(%2)% + [Fe(OH)9]

- '
𝐾𝐾7,-.%!

𝐾𝐾7,-.%! + [MnO5]
-

∗ '
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
- 

E5 

R6 = 

𝑘𝑘!,#	OM!,# 	'
𝐾𝐾7,8%/!&

𝐾𝐾7,8%/
!& + [SO4

56]-	'
𝐾𝐾7,/0(%2)%

𝐾𝐾7,/0(%2)% + [Fe(OH)9]
- '

𝐾𝐾7,-.%!
𝐾𝐾7,-.%! + [MnO5]

-

∗	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E6 

Secondary redox and other reaction equations 

R7 = 𝑘𝑘:	[O5]	[Fe5(] E7 

R8 = 𝑘𝑘5	[O5]	[FeS] E8 

R9 = 𝑘𝑘9	[O5]	[FeS5] E9 

R10 = 𝑘𝑘4	[O5]	[∑H5S] E10 

R11 = 𝑘𝑘;	[O5]	[CH4] E11 

R12 = 𝑘𝑘<	8Fe(OH)9
!9	[∑H5S] E12 

R13 = 𝑘𝑘=	[Fe5(]	[∑H5S] E13 

R14 = 𝑘𝑘>	[FeS]	[∑H5S] E14 

R15 = 𝑘𝑘?	[SO4
56]	[CH4] E15 

R16 = 𝑘𝑘:@	:Fe(OH)9
!,#;[CH4] E16 

R17 = 𝑘𝑘::	[𝑆𝑆@] E17 E17
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R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
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	'
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6]-	'
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-

E39 

E18
R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
& % '",()$!

'",()$!([-.%!]
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	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E19

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
& % '",()$!

'",()$!([-.%!]
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	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E20

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
& % '",()$!
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	'
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& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E21

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
& % '",()$!
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	'
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𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E22

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+
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	'
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6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E23

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
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	'
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& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E24

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
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	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E25

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
& % '",()$!

'",()$!([-.%!]
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	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E26

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%

'",*+($-)%([/0(%2)%]
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	'
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𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E27

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/

!&

'",0$/
!&(*8%/!&+

-	%
'",*+($-)%
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	'
𝐾𝐾7,)%%&

𝐾𝐾7,)%%
& + [NO9

6]-	'
𝐾𝐾7,%!

𝐾𝐾7,%! + [O5]
-

E39 

E28

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/
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'",0$/
!&(*8%/!&+
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6]-	'
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-

E39 

E29

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 

R24 = 𝑘𝑘:>	[FeCO9]	[∑H5S] E24 

R25 = 𝑘𝑘:?	[Fe9(PO4)5]	[∑H5S] E25 

R26 = 𝑘𝑘5@	[Mn5(]	[HCO9
6] E26 

R27 = 𝑘𝑘5:	[Mn5(]	[O5] E27 

R28 = 𝑘𝑘55	8MnO5
!,#9	[Fe5(] E28 

R29 = 𝑘𝑘59	[MnO5
!]	[∑H5S] E29 

R30 = 𝑘𝑘54	[MnO5
!]	 E30 

R31 = 𝑘𝑘5;	8MnO5
#9	[∑H5S] E31 

R32 = 𝑘𝑘5<	8MnO5
!,#9	[CH4] E32 

R33 = 𝑘𝑘5=	[Mn9( − L]	[O5] E33 

R34 = 𝑘𝑘5>	[Mn9( − L]	[∑H5S] E34 

R35 = 𝑘𝑘5?	[Mn9( − L]	[Fe5(] E35 

R36 = 𝑘𝑘9@	[Mn9( − L][OM!] E36 

R37 = 𝑘𝑘9:	[OM!] E37 

R38 = 𝑘𝑘95	[NO9
6][CH4] E38 

R39 = 𝑘𝑘99	[CO5]	[H5]	'
'",0$/
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'",0$/
!&(*8%/!&+
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6]-	'
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-

E39 

E30

R18 = 𝑘𝑘:5	[FeS]	[𝑆𝑆@] E18 

R19 = 𝑘𝑘:9	8Fe(OH)9
!9 E19 

R20 = 𝑘𝑘:4	:Fe(OH)9
#;	[∑H5S] E20 

R21 = 𝑘𝑘:;	[O5]	[NH4
(] E21 

R22 = 𝑘𝑘:<	[Fe5(]	[HPO4
56] E22 

R23 = 𝑘𝑘:=	[Fe5(]	[HCO9
6] E23 
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Table S4 Reaction parameters used in the model

Parameter Value Unit Source Values in literature

kα* 1.62 yr-1 a, b 0.05 – 1.62

kβ* 0.0086 yr-1 b, d 0.0025 - 0.0086

KO2) 20 μmol L-1 c 1 – 30

KNO3
- 20 μmol L-1 c 4 – 80

KMnO2) 32 μmol L-1 c 4 – 32

KFe(OH)3 65 μmol L-1 c 65 – 100

KSO4
2- 1.6 μmol L-1 c 1.6

k1 (E7) 1.4*105 mmol yr-1 c 1.4*105

k2 (E8) 300 mmol yr-1 c 300

k3 (E9) 1 mmol yr-1 c 1

k4 (E10) 160 mmol yr-1 c 160

k5 (E11) 100 mmol yr-1 c 107

k6 (E12) 80 mmol yr-1 c, g, i 8 - 100

k7 (E13) 11840 mmol yr-1 b, d 100 - 14800

k8 (E14) 0.0003 mmol yr-1 e, i 0.0003 – 0.0074

k9 (E15) 1.344 mmol yr-1 c, g 10 (c) – 120 (g)

k10 (E16) 3.04*10-6 mmol yr-1 g, i 1.6*10-7 – 0.0074

k11 (E17) 3 yr-1 f 3

k12 (E18) 0.1 mmol yr-1 f, g 0.001 - 7

k13 (E19) 0.1 yr-1 model constrained

k14 (E20) 0.444 mmol yr-1 c, j 0.004 – 100

k15 (E21) 19500 mmol yr-1 c, d 5000 – 39000

k16 (E22) 0.052 mmol yr-1 model constrained

k17 (E23) 0.000351 mmol yr-1 i 0.0027

k18 (E24) 0.0008 mmol yr-1 model constrained

k19 (E25) 8*10-4 mmol yr-1 i 8*10-4

k20 (E26) 0.05565 mmol yr-1 k 0.265

k21 (E27) 15000 mmol yr-1 c 800 - 20000

k22 (E28) 2.652 mmol yr-1 f, k 0.002 - 2

k23 (E29) 1 mmol yr-1 c < 100000 (20)

k24 (E30) 1.8 yr-1 f 1.8

k25 (E31) 0.02 mmol yr-1 c < 100000 (20)

k26 (E32) 0.000019 mmol yr-1 k 0.0017

k27 (E33) 144 mmol yr-1 model constrained

k28 (E34) 64 mmol yr-1 model constrained

k29 (E35) 0.025 mmol yr-1 model constrained
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Parameter Value Unit Source Values in literature

k30 (E36) 2.5*10-4 mmol yr-1 model constrained

k31 (E37) 0.15 yr-1 model constrained

k32 (E38) 0.5 mmol yr-1 model constrained

k33 (E39) 0.03675 yr-1 model constrained

a) Moodley et al. (2005); b) Reed et al. (2011a) c) Van Cappellen & Wang (1996); d) Reed et al. (2016); e) 
Rickard (1997); f ) Berg et al. (2003); g) Rooze et al. (2016); h) Egger et al. (2016a); i) Egger et al. (2016b); 
j) Lenstra et al. (2018)
*Following the approach of Reed et al. (2011b), we have assumed different reactivities of the organic 
matter towards the electron acceptors. The following factors have been used for the a fraction: O2  = 1, 
NO3 = 3, MnO2 = 2.8, Fe(OH)3 = 0.3, SO4

2- = 1.7, methanogenesis = 0.5; for the b fraction the following 
factors have been used: O2  = 1, NO3

- = 3, MnO2 = 1, Fe(OH)3 = 0.3, SO4
2- = 1, methanogenesis = 3.

Table S4 Continued
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Table S5 Environmental parameters used in the model. Values of porosity, temperature, salinity and 
the sedimentation rate are based on data for the study site.

Parameter Symbol Value Unit

Porosity at surface f0 0.944 vol/vol

Porosity at depth f∞ 0.888 vol/vol

Porosity e-folding distance g 60 cm

Sediment density r 2.65 g cm-3

Temperature T 8.4 ˚C

Salinity S 35 -

Pressure P 5.5 bar

Tortuosity q2 1 – 2ln(f ) -

Molecular diffusion coefficient 
corrected for tortuosity

D' D’ = cm-2 yr-1

Sediment accumulation rate** FSed ** g cm-2 yr-1

Advective velocity at surface n0 cm yr-1

Advective velocity at depth n∞ cm yr-1

** Sedimentation rate variations over the years

Year December – July July - December Unit

0 – 60 2.97 2.97 g cm-2 yr-1

60 – 75 0.69 3.93 g cm-2 yr-1

75 – 80 3.93 2.00 g cm-2 yr-1
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Table S6 The various diffusion coefficients used for Mn(III) (DMn(III)) to evaluate the effect of the choice 
of the diffusion coefficient for Mn(III) when it forms a complex with an organic ligand.

Name Scenario Value Range in 
literature

Sources

High DMn(III) DMn(III) = DMn(II)
As calculated by reactran package

132.6 cm2 yr-1 - a

Middle DMn(III) DMn(III) is within the range of 
diffusion coefficients for dissolved 
organic matter

33.1 cm2 yr-1 22.7 – 81 cm2 yr-1 b, c

Low DMn(III) DMn(III) is constrained by the model, 
by fitting Mn(III) to the collected data. 
This is the DMn(III) that is used in the 
model throughout the paper.

16.6 cm2 yr-1 -

Sources: a) Soetaert & Meysman (2012); b) Burdige et al. (1999); c) Burdige et al. (2004)
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Table S7 Boundary conditions of solids and solutes at the sediment-water interface in the model. For 
the time-dependent fluxes of OMα,β,γ, Fe(OH)3

α,β,γ, MnO2
α,β and MnCO3 and concentration of O2 the 

minimum and maximum fluxes and concentrations are given.  For all chemical species, a zero-gradient 
boundary condition was specified at the bottom of the model domain.

Solids Flux at sediment-water interface Unit

FeS 0.4 * 10-4 mol m-2 yr-1

FeS2 0 mol m-2 yr-1

S0 0 mol m-2 yr-1

FeCO3 2 mol m-2 yr-1

Fe3(PO4)2 0 mol m-2 yr-1

Min Max

OMa 9.51 52.31 mol m-2 yr-1

OMb 45.36 72.58 mol m-2 yr-1

OMg 0.001 0.001 mol m-2 yr-1

Fe(OH)3
a 0.0028 6.44 mol m-2 yr-1

Fe(OH)3
b 3.28 4.68 mol m-2 yr-1

Fe(OH)3
g 0 0 mol m-2 yr-1

MnO2
a 0.0108 0.081 mol m-2 yr-1

MnO2
b 0.0235 0.216 mol m-2 yr-1

MnCO3 0.0624 0.163 mol m-2 yr-1

Solutes Bottom water concentrations Unit

Min Max

O2 0 0.205 mmol L-1

ΣH2S 0 0.111 mmol L-1

Cl- 532 mmol L-1

NO3
- 0 mmol L-1

SO4
2- 27.49 mmol L-1

CH4 0 mmol L-1

Fe2+ 0 mmol L-1

ΣNH4
+ 0 mmol L-1

ΣH3PO4 0 mmol L-1

DIC 3 mmol L-1

Mn2+ 0 mmol L-1

Mn3+ 0 mmol L-1
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Abstract
Coastal sediments are increasingly a source of the greenhouse gas methane as 
eutrophication and deoxygenation favour microbial methane production over 
removal. Reports from eutrophic coastal systems show that the sediment microbial 
methane filter by anaerobic methanotrophic (ANME) archaea is often shallower 
and a lot less efficient. Yet, the underlying cause for the weakening of this filter is 
not fully understood. Here, we investigated what causes the ANME filter to fail. We 
present biogeochemical and microbiological data from a seasonally anoxic coastal 
system, Marine Lake Grevelingen, that show that sulfide toxicity drives the collapse 
of the ANME-based methane filter. We find that high organic matter loading during 
summer stratification fuels intense sulfate reduction, depleting the sediment’s 
iron oxide buffer allowing sulfide to accumulate to millimolar concentrations. 
This sulfide intrusion is toxic to the resident ANME-2ab and ANME-3 populations, 
which thrive only transiently in a narrow, low-sulfide niche, leading to a shutdown 
of methane oxidation. In contrast, a diverse methanogenic community flourishes 
under these conditions, resulting in a system that strongly favors net methane 
production. Our findings reveal that the expansion of coastal dead zones can 
severely weaken the sedimentary methane filter, creating a positive feedback on 
climate change.

Keywords
microbial methane filter, eutrophication, sulfide, ANME
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Introduction

Methane is a key greenhouse gas, and the recent decade has seen a sharp rise in 
atmospheric  concentrations, mostly as a result of increased release from natural 
sources (Michel et al., 2024). In marine sediments, most biological methane is 
produced through the breakdown of organic matter by methanogenic archaea 
(Reeburgh, 2007). The majority of this methane is oxidized by anaerobic methane-
oxidizing (ANME) archaea acting in concert with sulfate-reducing bacteria (SRB). 
Together they form a microbial methane filter in the so-called sulfate-methane 
transition zone in the sediment (SMTZ) (Knittel and Boetius, 2009). Natural methane 
emissions are therefore the result of an interplay between counteracting processes 
in the microbial methane cycle; only when methanogenesis (production) exceeds 
anaerobic methane oxidation (AOM; removal) will methane be released into the 
overlying water column and, potentially, to the atmosphere.

Increased methane emissions have been reported from shallow coastal systems, which 
currently contribute already up to 75% of all marine methane emissions (Rosentreter et 
al., 2021). Coastal systems are hugely impacted by anthropogenic eutrophication due 
to high nutrient inputs from rivers and agricultural run-off, which leads to high rates of 
primary production. This, in turn, can lead to deoxygenation, which affects all marine 
life. Rising temperatures are also exacerbating eutrophication-driven deoxygenation 
(Breitburg et al., 2018). Increased temperatures promote water column stratification, 
leading to permanent or seasonal deoxygenation of bottom waters. The associated  
increase in anaerobic degradation of organic matter provides abundant substrates 
for methanogenesis. Over time, prolonged water column anoxia may lead to euxinia, 
where toxic hydrogen sulfide from the sediment accumulates in bottom waters. Euxinia 
is fatal for most higher life and results in so-called dead zones (Diaz and Rosenberg, 
2008). In such settings, methane production by methanogenic archaea may be even 
more stimulated because of the input of readily available organic  substrates (Reeburgh, 
2007). Indeed, increased methane emissions due to methane production exceeding 
removal are reported for eutrophic systems (Żygadłowska et al., 2023, 2024b; Lapham 
et al., 2024; Wallenius et al., 2025), but the exact controls are not yet well understood.

Methane release from coastal sediments is highest at sites with a shallow SMTZ 
(Lapham et al., 2024; Zygadlowska et al., 2024b). Methanogenic archaea are often 
even found above the SMTZ (Deng et al., 2025; Wallenius et al., 2025). In contrast, 
methanotrophic ANME may be challenged by high rates of methane production and 
a narrow zone of methane removal, since ANME have notoriously slow growth rates 
and need time to build up sufficient biomass (Nauhaus et al., 2007; Lenstra et al., 
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2023). This also implies that a high sedimentation rate is disadvantageous for ANME in 
establishing a stable zone for methane removal (Egger et al., 2016). Prolonged exposure 
to sulfide may inhibit the ANME methane filter in brackish coastal sediments (Dalcin 
Martins et al., 2024). However, the precise role of these mechanisms in controlling 
ANME biomass and the balance between methane production and removal remains 
unclear. With increasing warming, deoxygenation, and eutrophication of coastal areas, 
understanding the controls on the microbial methane filter in the SMTZ is crucial in 
view of projections of potential future methane emissions.

In this study, we investigated the seasonal methane dynamics in coastal 
sediments impacted by anthropogenic eutrophication. Our study site, Marine Lake 
Grevelingen (NL) is characterized by a high input of organic matter and seasonal 
stratification of the water column that results in bottom water euxinia (Żygadłowska 
et al., 2024b; Klomp et al., 2025). Due to an extremely high sedimentation rate of  
20 cm yr-1, we were able to monitor the effects of eutrophication-driven 
deoxygenation on the biogeochemical cycles in different sediment layers 
between seasons. We hypothesized that the eutrophication of this system favours 
methanogenic archaea while inhibiting the ANME methane filter. We followed the 
seasonal changes in redox conditions with a range of (geo)chemical analyses of 
sediments and porewater.  We combined this with measurements of ex-situ rates of 
methane production and removal, and analysis of the microbial community involved 
in methane cycling. Our results show that sulfide inhibits the buildup of ANME 
biomass in these rapidly accumulating sediments, leading to high methane emissions, 
suggesting that the global expansion of marine dead zones could substantially 
weaken this natural methane sink and create a positive feedback on climate change.

Main text – Results and Discussion

Oxygen depletion in the bottom waters drives anaerobic metabolism 
in the sediment
Seasonal oxygen depletion in the bottom water of Marine Lake Grevelingen dramatically 
altered the sediment's biogeochemistry, fostering intense anaerobic metabolism 
fueled by a high influx of fresh organic matter. Following the onset of euxinia in June 
(Fig. S1), the organic carbon content in the surface sediment surged from a baseline 
in March of ~2–3 wt% to over 4 wt%, a likely consequence of the settling of organic 
matter following algal blooms (Fig. 1a; Hagens et al., 2015). A similar high peak of 4 wt% 
at a sediment depth of 18 cm (in March) can be traced back to the increased burial of 
organic carbon in the summer of the previous year, using molybdenum peaks as time 
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markers (Fig. S2). The fresh layer of organic matter was progressively buried, with the 
peak reaching a 5 cm depth by September (Fig. 1a). Sulfate penetrated to a depth of  
18 cm in March but only to 8 cm by September due to an increase in sulfate reduction 
rates (SRR) in the surface sediment following the organic matter pulse in June  
(Fig. 1b-c). The SRR increased from 100–200 nmol cm-³ d-¹ in March (a typical range for 
similar coastal regions (Howarth and Jørgensen, 1984; Egger et al., 2016; Findlay et al., 
2020)) to a peak of 1194 nmol cm-3 d-¹, a 10-fold increase, rapidly shoaling the sulfate 
penetration zone.  Moreover, Pearson analysis indicated a strong correlation between 
organic matter and sulfate from June onwards (r > 0.6, p < 0.05; Fig S3.).

Fig. 1 Geochemical profiles and rates of microbial processes across the top 20 cm of the sediment in 
March, June, August and September 2021 for a) total organic carbon; b) sulfate; c) sulfate reduction rate 
(SRR); d) sulfide; e) iron oxides; f ) methane and g) methane production. For SRR and methane production 
two separate cores were used for the analysis. The grey shading indicates sediment deposited under 
euxinic bottom waters and no shading indicates sediment deposited under oxic bottom waters, as 
explained in Fig. S1.
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The surge in sulfate reduction led to a rapid accumulation of sulfide, which had 
been absent in the surface sediment during oxic conditions (Fig. 1d), reflected in a 
strong positive correlation of sulfide and Corg from June onwards (r > 0.9, p < 0.05). 
The sediment’s initial buffer of iron oxides that removes sulfide by abiotic reactions 
forming iron sulfide minerals (Rickard and Luther, 2007) was present at up to 100 
µmol g-¹ in the top 10 cm in March. However, upon an increase in SRR it was rapidly 
consumed and completely depleted by September (Fig. 1e). Once this buffer was 
exhausted, free sulfide accumulated to high concentrations (4 mM) in the surface 
sediment, expanding the sulfidic zone to 12 cm depth. This amount of sulfide is 
high even for eutrophic coastal sediments (Thamdrup et al., 1994; Kamyshny et 
al., 2024). Taken together, the high organic matter input and summer stratification 
resulted in euxinia in the bottom waters, which, in turn, led to a shoaling of the 
redox zones in the sediment and accumulation of sulfide upon iron oxide depletion.

Methanogens favoured over methanotrophs
Prolonged euxinia and high rates of deposition of organic matter are expected to 
provide conditions that are conducive for methanogenesis (Egger et al., 2016). Indeed, 
we observed high porewater methane throughout the seasons (up to 6 mmol L-1 in 
March),  supported by active methanogenesis in the top 20 cm of sediment (Fig. 1f-g). 
In March, methanogenesis rates reached up to 0.26 µmol CH₄ g dw-¹ d-¹ and notably 
overlapped with the zone of active sulfate reduction, suggesting the two processes co-
occurred rather than competed for substrate, as suggested for other systems (Maltby 
et al., 2016; Sela-Adler et al., 2017). In September the methanogenic zone notably 
shifted upwards into the sediment deposited under oxic bottom waters, whereas 
previsouly the highest activity was seen in the sediment layers deposited during 
euxinia (Fig. 1g). Microbial community analysis confirmed the widespread activity 
of a highly diverse methanogenic community in the top 20 cm as taxa with all main 
methanogenic pathways, i.e. hydrogenotrophic, methylotrophic and acetoclastic were 
present (Fig. S4). The highest abundance of methanogenic archaea was observed in 
the most organic-rich layers (Fig. 1a, 2a), and especially methylotrophic methanogens 
were abundant in these layers, with a positive  Spearman correlation throughout 
the year (r > 0.8 except September > 0.6; Fig. S3). Mixotrophic Methanosarcina reads 
overlapped most of the time with hydrogenotrophic taxa, suggesting that they 
favour hydrogenotrophic metabolism in these sediments and it is the main source of 
methane in Lake Grevelingen sediments (Wallenius et al., 2025, Sivan et al. 2025).

Whereas methanogenesis was highly active in the top 20 cm of the sediment in all 
seasons, AOM was limited and transient. No AOM was detected in March and, when 
it appeared in June and increased in August, the process was confined to a narrow 
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zone in the oxic deposition layers (8-11 cm) with a maximum rate of  4.3 (±1.1) nmol 
CH₄ g dw-¹ d-¹; 50-fold lower than maximum methanogenesis rates (Fig. S5, Table S1).  
The clumped isotopic composition of methane (Young et al., 2017) measured in 
July showed distinct signals in the top 16 cm of the sediment compared to the 
lower depths (Fig. S6), further supporting the presence of active AOM in the SMTZ 
during summer, albeit at very low rates. However, the shift in the isotopic signal 
was less pronounced than typically expected for AOM (Adnew et al., 2025), which 
could be due to overlapping contributions from both methanogenesis and AOM. In 
September, AOM was undetectable again.

Fig. 2 Relative abundance of methanogenic (a) and methanotrophic (b-d) archaea and potential 
syntrophic SRB for AOM (e-f ) per depth in each season. Note the varying x axis for the different taxa. 
For a) all known methanogenic taxa were pooled, see Fig. S4 for relative abundances of individual 
taxa. The SRB shown were selected based on correlation analysis with ANME-2ab and ANME-3. The 
grey shading indicates sediment deposited under euxinic bottom waters and no shading indicates 
sediment deposited under oxic bottom waters.
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Although reported for this site before (Egger et al., 2016; Żygadłowska et al., 2023), 
the limited role of AOM, which is most pronounced in March and September, is 
surprising. This transient activity directly coincided with the abundance of ANME 
archaea. ANME reads were negligible (< 4%) in March but increased to 45 % in June 
and by August the two clades detected, ANME-2ab and ANME-3, constituted > 80% 
of the archaeal reads within the AOM zone, before decreasing again in September 
(Fig. 2b-c). The ANME community showed clear niche partitioning. ANME-2ab 
occupied a broader zone (5-15 cm) and grew fastest at 9 cm depth

(Fig. 2b). Their abundance correlated with the increase of Desulfobulbaceae 
reads, as well as  Desulfosacrinaceae groups SEEP-SRB1 and Sva0081 (Table S3.), 
all putative SRB partners in AOM (Fig. 2e-f; Lösekann et al., 2007; Schreiber et al., 
2010; Metcalfe et al., 2021). ANME-3 were almost entirely restricted to 11 cm depth, 
where sulfate was nearly depleted and their abundance correlated almost perfectly 
with the DBB clade Desulfobulbales (Lösekann et al., 2007). We also recovered reads 
of ANME-2c in low abundance, primarily in the sulfate-depleted methanogenic 
zones, supporting earlier observations of their role as potential methanogens in 
hydrocarbon-rich sediments (Sarno et al., 2024).

Overall, our results show that eutrophication and seasonal bottom-water anoxia 
promote a robust and diverse methanogenic community, allowing the methane 
production zone to expand upwards. In contrast, although a methane filter 
constituted by ANME-2ab and ANME-3 and SRB started to establish in June, it could 
not keep up with methane production and ultimately collapsed in September, 
documented by the lack of AOM activity and decrease in ANME abundance.

Sulfide accumulation drives the collapse of the inefficient 
methane filter
To understand what is inhibiting or restricting ANME in the sediment, we analysed 
and overlaid the monthly profiles of microbial relative abundance with selected 
geochemical and activity profiles, i.e. sulfide, SRR and organic carbon (Fig. 3). We 
found that in all seasons, ANME are restricted to a narrow zone in the sediment that 
was deposited in the winter months during oxic bottom water conditions and we 
found strong negative correlations between ANME archaea and Corg (Fig. 1,3, S3).

In these profiles, we also see a  niche separation with ANME-2ab present in the 
entire oxic deposition zone, whereas ANME-3 only reaches above 10% relative 
abundance in a narrow 5 cm section. However, in contrast to relative archaeal 
abundance based on 16S rRNA gene amplicon analysis (Fig. 2), the copy numbers 
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based on qPCR of archaeal 16S rRNA gene copies in the same samples shows that 
both clades grow best in the middle of the oxic deposition zone (Fig. 3). Both clades 
rapidly increased in abundance from March to June, with doubling times in the 
oxic zone of ~1.5-4 weeks, which is very fast for ANME archaea in-situ or in-vitro  
(Table S2; Nauhaus et al., 2007; Orphan et al., 2009; Timmers et al., 2015; Ruff et al., 
2019). In contrast to the trends in ANME abundance, SRRs are highest in the organic 
matter-rich zones deposited during bottom water euxinia and sulfide is present 
in the porewater in these zones (Fig 3). Once iron oxides were exhausted, sulfide 
was no longer buffered and could diffuse downward. We propose that this sulfide 
intrusion into the underlying, oxic deposition layers inhabited by ANME archaea was 
likely strongly contributing to the failure of the methane filter as ANME and sulfide 
concentrations > 1 mM do not overlap (Fig. 3). This is supported by a significant 
negative correlation between sulfide levels and the abundance of ANME in June 
and August  (r < -0.9 for ANME-2ab; r < -0.7 for ANME-3). In line with inhabiting 
a broader zone, ANME-2ab appear to tolerate higher sulfide concentrations  
(~1 mM; Fig S7), though its activity seems to occur only in the absence of sulfide. 
In contrast, ANME-3 exhibit a lower tolerance for sulfide (< 0.5 mM), which might 
explain the restriction to a much narrower zone. While the sulfide-sensitive ANME 
filter becomes less active or collapses, the methanogenic archaea thrive in the 
sulfidic zones. This is supported by the high relative abundance (Fig 2.) and strong 
positive correlation of different methanogenic clades and sulfide (r < 0.8; Fig. S3), 
further demonstrating how seasonal euxinia promotes net methane production in 
these sediments.

Fig. 3 The relative abundance and copy numbers of ANME-2ab and ANME-3 and the concentrations 
of key sediment characteristics linked to organic matter degradation; sulfide (H2S), sulfate reduction 
rate (SRR) and Organic C from March to September, overlaid with shifted scale to reflect the new 
sediment input.
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Genomic insights into sulfide metabolism and toxicity in ANME
To elucidate the mechanism of sulfide inhibition in ANME, we analyzed the 
sulfur metabolism in the two ANME MAGs recovered from Lake Grevelingen 
sediments belonging to the two dominant clades; ANME-2a (family Ca. Methano
comedenaceae, genus Kmv04) and ANME-3 (Ca. Methanovorans). Both MAGs 
possess complete pathways for assimilatory sulfate reduction, but they differ in the 
key enzymes for sulfite reductase; the last step that produces sulfide from sulphite, 
a toxic intermediate (SFig. 8; Yu et al., 2018). The ANME-3 genome encodes a Group I 
F₄₂₀-dependent sulfite reductase (Fsr), which is suggested to have a role in sulphite 
detoxification (Johnson and Mukhopadhyay, 2008). We hypothesize that in high-
sulfide environments, this enzyme may suffer from product inhibition, leading to a 
toxic intracellular buildup of sulfite. However, Group I Fsr proteins are widespread in 
sulfide-tolerant methanogens, thus the functionality of this enzyme needs further 
study to understand why ANME-3 are so sensitive toward sulfide. The ANME-2a 
genome lacks a complete Fsr complex but instead contains an alSir/Group I Dsr-LP 
protein which has been found in all ANME clades (Yu et al., 2018). Additionally, the 
genome encodes Group III Dsr-LP, that was upregulated in Ca. Methanoperedens 
cells exposed to sulfide stress (Echeveste Medrano et al., 2025). Both proteins have 
the same function as sulfite reductase in the methanogen M. maripaludis (Day et 
al., 2024). We hypothesize, that, like Group I Fsr in ANME-3, Group III Dsr-LP might 
result in product inhibition in high-sulfide environments, leading to sulfite toxicity 
in the cell, but it maybe less susceptible than Group I Fsr in ANME-3. Furthermore, 
we surveyed the MAGs for multiheme cytochromes (MHC) as these are potential 
targets for sulfide inhibition by blocking extracellular electron transfer (Liu et al., 
2012). Methanogens have generally relatively few or no large MHCs, but surprisingly 
ANME-3 genomes encode multiple, probably gained through horizontal gene 
transfer since their last methanogenic ancestor (Woods et al., 2024). Indeed, the 
ANME-2a genome contained nine MHCs while ANME-3 encoded seven. Thus, our 
analysis reveals multiple potential causes for sulfide toxicity in the different ANME 
clades, and the differences in their enzyme repertoire could further explain the 
niche separation of the clades.

Sulfide toxicity in ANME has been suggested before in eutrophic coastal sediments 
(Dalcin Martins et al., 2024). ANME also have been shown to negatively correlate 
with sulfide concentrations in hydrothermal vent sediments (Biddle et al., 2012). 
Additionally, ANME are absent from some methane-rich sediments that would 
otherwise be expected to host an active methane filter if not for high sulfide 
concentrations (Semler and Dekas, 2025), all observations that further strengthen 
our findings. Furthermore, clade-specific niche separation for ANME has been 
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reported before, with ANME-2ab usually preferring sulfate-rich sediments at the 
top of the SMTZ, where sulfide concentrations are low (Biddle et al., 2012; Chen et 
al., 2022). ANME-3 are less commonly found in seep habitats, and up to now there 
is no comprehensive view of their overall habitat, although some studies suggest 
they might be very susceptible to sulfide inhibition (Chen et al., 2022; Semler and 
Dekas, 2025). Thus, we suggest that the niche-separation of different ANME clades is 
partially driven by their differing susceptibility to porewater sulfide concentrations.

We conclude that eutrophication and deoxygenation shifts the balance of the 
methane cycle towards net production and increased methane emissions as  
1) seasonal bottom water euxinia promotes anerobic organic matter degradation 
leading to sulfide accumulation 2) once sulfide accumulates due to loss of 
iron oxide buffer it spreads into the methane oxidation zone, where 3) ANME 
archaea are inhibited by sulfide toxicity which collapses the methane filter, while  
4) methanogenic archaea thrive in such sulfidic organic matter rich conditions and can 
expand their zone towards the sediment-water interface. While the specific cellular 
mechanisms of sulfide toxicity warrant further investigation, our results highlight 
the urgent need for actions to reduce nutrient input in coastal waters to prevent the 
expansion of these dead zones and limit further increases in methane emissions.

Materials and Methods

Sampling location and sample collection
Our study site is the deepest basin (Scharendijke basin; 45 m) of Marine Lake 
Grevelingen in the Netherlands, which has a salinity of 29-33. The marine lake 
suffers from eutrophication and temperature-driven water column stratification in 
the summer months, leading to deoxygenation and euxinia in the bottom waters 
from June to September (Żygadłowska et al., 2024b); Fig. S1). Previous studies have 
recorded high benthic fluxes of methane, part of which escapes to the atmosphere 
(Żygadłowska et al., 2024b; Venetz et al., 2024). The bottom water redox conditions 
can be tracked with sediment molybdenum (Mo) as a proxy for bottom water 
euxinia as shown in Zygadlowska et al. (2024a), allowing an accurate estimation of 
the sediment accumulation between seasons (Fig. S2). Water column, sediment and 
porewater depth profiles were determined during four sampling campaigns with 
R/V Navicula in March, June, August and September 2021. This allowed us to capture 
the transition from an oxic, well-mixed system to a stratified euxinic system (Fig S1).  
Dissolved oxygen and sulfide in the water column were measured as described 
previously (Żygadłowska et al., 2024a). During each sampling campaign, seven 
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sediment cores were collected using a UWITEC corer and PVC core liners (120 cm 
length, 6  cm inner diameter). Core 1 was sampled for methane porewater, cores  
2 and 3 for sulfate reduction rates (SRR), core 4 for DNA and porosity, core 5 for anoxic 
porewater sampling and cores 6 and 7 for ex-situ rates of methane production and 
oxidation. In this study, we focus on the upper 20 cm of the sediment.

Sediment and porewater sampling
Methane samples were collected immediately after core retrieval using a liner with two 
rows of holes drilled at 5 cm intervals on opposite sides of the liner, offset by 2.5 cm 
and covered with tape. From each hole, 10 mL of sediment was taken with a cut-off 
plastic syringe and transferred into a 65  mL glass bottle filled with saturated NaCl 
solution. The bottles were topped up with the saturated NaCl solution, closed with 
rubber stoppers and aluminium screw caps and stored upside down until analysis. 
We note that methane concentrations might be underestimated, due to possible 
degassing during sample collection (Egger et al., 2017; Jørgensen et al., 2019). To 
collect porewater and solid phase samples, one core was sliced in a glove bag under 
a nitrogen atmosphere at a depth resolution of 1 cm. Each slice was placed in a 50 mL 
centrifuge tube and centrifuged at 4000 rpm for 20 min. The supernatant from each 
tube was filtered through a 0.45 μm nylon syringe filter in a glove bag and subsampled 
under a nitrogen atmosphere for analysis of SO4

2- and H2S. The remaining sediments 
were stored anoxically at -20°C to be processed later. All samples were stored at 4 °C; 
samples for H2S analysis were stored in a glass vial with 2  % zinc acetate solution 
(2 mL), and samples for dissolved Mn and dissolved Fe were stored in polypropylene 
vials, acidified with 35 % suprapur HCl (10 μL of acid per 1 mL of sample).

For clumped isotope measurements, 7 x 1L bottles from the bottom water and 1L of 
sediment from 8 different depths were collected, closed with a leak-tight cap and 
treated with HgCl2 to stop any microbial activity.

Porewater analysis
Porewater CH4 was analysed by first adding 10 mL of nitrogen to each bottle while 
allowing the same volume of liquid to escape, and after equilibration of the gas and 
water phase (7 days), CH4 concentrations were measured with a Thermo Finnigan 
Trace™ gas chromatograph equipped with an FID (limit of detection is 0.02 µmol L-1).  
Concentrations of H2S were measured using the phenylenediamine and ferric 
chloride method (Cline, 1969; detection limit of 1 µmol L-1 H2S). SO4

2- concentrations 
were determined with ion chromatography (Metrohm 930 Compact IC Flex; 
detection limit of 50 µmol L−1 for SO4

2-).
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Sediment analysis
The solid sediment samples were freeze-dried and subsequently ground with 
an agate mortar and pestle, under an N2 environment. The powdered sediment 
samples were used for analysis of organic carbon (Corg) and Fe oxide. For organic 
C analysis, a subsample of 250 mg was treated with 1 M HCl to remove carbonates 
(Van Santvoort et al., 2002). The samples were oven-dried for three days at 60  °C, 
re-powdered and analyzed for their carbon content using a Fisons Instruments 
NA 1500 NCS analyzer. Organic carbon content was corrected for the weight loss 
upon decalcification and the salt content of the freeze-dried sediment. Accuracy 
and precision of the organic C analysis was determined by incorporation of an 
internationally certified soil standard (IVA2; 0.732 wt.% C). The mean value obtained 
in this study (n=15) was 0.739 +/- 0.005 wt.% C. Analytical uncertainty based on 
duplicates (n=8) was 0.05 wt.% C.

To determine the  Fe oxide concentrations in the sediment, about 50 – 100 mg of a 
freeze-dried subsample was treated with 1 M HCl for 6 h at room temperature. The 
extracted Fe(III) concentration in the supernatant was measured colorimetrically 
immediately after the extraction using the phenanthroline method (APHA, 2005).  
The average analytical uncertainty of this method based on duplicates (n=7) was 
14.3%. Porosity was determined based on the weight loss upon oven-drying at 60 °C.

Sulfate reduction rates
Sediment samples were taken from two pre-drilled replicate cores (diameter 2 cm;  
5 cm vertical resolution) which were taped prior to coring. From each hole, 5 mL of wet 
sediment was extracted immediately after core retrieval using cut-off syringes, which 
were sealed with parafilm and stored under nitrogen atmosphere in the dark at 4°C.

Within 24 hours after coring, a volume of 100 μl carrier-free 35SO4
2- (100 kBq) was 

injected in the syringes and the resulting hole was sealed with parafilm. The 
sediment was incubated for 24 h in the dark at 4°C under an inert N2 atmosphere 
before it was transferred to a 50 mL centrifuge tube containing 20 mL oxygen-
free 20% Zn-acetate to precipitate dissolved sulfide and terminate microbial 
activity (Fossing and Jorgensen, 1989; Kallmeyer et al., 2004).. The samples were 
subsequently stored frozen (-20°C) under a N2 atmosphere. Upon analysis, the 
thawed samples were centrifuged for 20 min at 4000 rpm, the supernatant was 
collected for a separate measurement and the sediments were washed twice with 
deoxygenated water (10 mL) and centrifuged to remove remaining porewater and 
unreacted 35SO4

2-. The reduced S was extracted with an acidic chrome chloride 
solution for 48 h and captured in 20% Zn-acetate via the passive diffusion method 
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described before (Burton et al. 2008). The formed radioactive H2S was determined 
by mixing the Zn-acetate solution 1:2 vol:vol with Ecoscint XR (NAT1396, Scientific 
Laboratory Supplies, UK), which was analysed on an automatic triple-to-double 
coincidenc ratio liquid scintillation counter (Hidex 600 SL, LabLogic Systems 
Limited, UK). The SO4

2- reduction rates were then calculated using the activity 
(decays per minute) of the radiolabled total reduced inorganic S (αTRIS)  with the 
total added SO4

2- radiotracer (αTOT) as described in Kallmeyer et al. (2004):

(eq. 1)

where  is the porosity, αTRIS is the radiolabeled total reduced inorganic sulfur, αTOT 
is the total added SO4

2- radiotracer, t is the incubation time in days, 1.06 is the 
correction factor for the expected isotopic fractionation.

Clumped isotope measurements
To extract methane for isotope measurements, the bottles with bottom water 
were shaken while the sediment bottles were allowed to settle horizontally. 
To extract dissolved methane, 100 mL of nitrogen gas was added to each bottle 
while allowing the same volume of water to escape into a syringe, where 10 mL 
headspace was added with nitrogen. After 2 h equilibration of the gas and water 
phase, the headspace in the syringe was collected for measurement. The 100 mL 
headspace was collected by returning the 100 mL of water into the sample while 
letting the headspace gas out into a new syringe. This was repeated five times per 
sample to get a high enough methane yield for measurements. The CH4 isotopes 
were measured as previously described in (Sivan et al., 2024).

Methanogenesis and AOM rate measurements
To determine methanogenesis and AOM rates, 10 g of sediment from selected 
depths was weighed into a 60 ml serum bottle inside an anaerobic chamber, 
stoppered, capped and flushed with 100% Ar leaving 0.5 bar overpressure. Samples 
were prepared within 48 h of sampling in duplicate using two different cores. 
The methanogenesis bottles were stored in the dark at 4°C and shaken lightly 
and the amount of CH4 in the headspace was measured 1-2 times a day for one 
week by injecting 100 μl of headspace gas into a HP5890 gas chromatograph 
(Agilent) equipped with a Porapak Q column and a thermal conductivity detector. 
The AOM bottles were amended with 20% 13C-CH4 and 5% CO2 in the headspace 
and incubated in the dark at 4°C while gently shaking. We used the increase in 
the ratio of 13C/12C-CO2 as a proxy for methane oxidation which was monitored by 
measuring 12C-CO2 and 13C-CO2 in the headspace once a day for a period of one 
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week by injecting 50 μl of headspace gas into a GC-MS (Gas chromatograph-mass 
spectrometer; Agilent tech 5975c inert MSD). The first measurement was performed 
24 h after gas addition to equilibrate the headspace gas.

DNA extraction and 16S rRNA amplicon sequencing
DNA was isolated from the original sediment with the DNeasy PowerSoil Pro 
DNA isolation kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s 
instructions, with two modifications: the sample was bead-beaten on a TissueLyser 
LT (Qiagen) for 10 min at 50Hz and the DNA was eluted into 50 µl DPEC-treated 
water (Invitrogen, Carlsbad, United States). Archaeal 16S rRNA amplicon sequencing 
was performed on the Illumina MiSeq Next Generation Sequencing platform by 
Macrogen (Seoul, South Korea) using Herculase II Fusion DNA Polymerase Nextera 
XT Index Kit V2, yielding 2x300bp paired end reads. Primers used were Arch349F 
(5'-GYGCASCAGKCGMGAAW-3') and Arch806R (5'-GGACTACVSGGGTATCTAAT-3'; 
Takai and Horikoshi, 2000). The primers used for bacterial 16S rRNA gene 
amplification were Bac341F (5'-CCTACGGGNGGCWGCAG-3'; (Herlemann et al., 
2011) and Bac806R (5'-GGACTACHVGGGTWTCTAAT-3'; (Caporaso et al., 2012).  
The optimal trimming parameters were determined with Figaro (Weinstein et al., 
2019), and trimming and further processing were done using the DADA2 pipeline 
(v1.8;  Callahan et al., 2016) in Rstudio to cluster the reads into amplicon sequence 
variants (ASVs), chimaera removal and taxonomic classification using SILVA  
16S rRNA database (v138.1; Quast et al., 2013). Microbial community data analysis 
was performed with phyloseq (v1.36.0; McMurdie and Holmes, 2013), retaining only 
reads classified at phylum level, and visualised using the package ggplot2 (v3.3.5; 
Wickham, 2016). Raw reads are accessible on the National Center for Biotechnology 
Information (NCBI) website under the accession number PRJNA1257658.

Statistical analysis
Spearman correlations between environmental parameters (CH₄, FeOx, SO₄²-, H₂S, 
and Corg) and methane-cycling archaea counts were calculated using the rcorr() 
function from the Hmisc package (v5.2-3; https://github.com/harrelfe/Hmisc). 
To visualize these relationships, the quickcor() function from the ggcor package 
(v0.9.4.3) was used. This allowed for simultaneous visualization of Spearman 
correlations between microbial taxa and environmental variables, as well as 
Pearson correlations among the environmental variables themselves. Additionally, 
to identify putative SRB partners for ANME, Spearman rank correlations and 
corresponding p-values were calculated in R using the cor.test() function between 
the relative abundances of archaeal ANME genera and bacterial families across 
all samples.
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Metagenomic sequencing and analysis
We sequenced two depths, 9-11 cm and 15-17 cm, for further analysis of the SMTZ 
community. Short-read metagenomic sequencing was performed with a TruSeq 
DNA PCR-free library with an insert size of 550bp on NovaSeq6000 (Illumina) 
platform, producing 2 × 150bp paired-end reads (100 Gbp/sample). Raw read data 
is uploaded to NCBI short read sequence archive (SRA) under accession numbers 
SRR33663672 and SRR33663671. We used singleM (Woodcroft et al., 2024) to 
characterize the samples taxonomically and find any ANME reads in the samples. 
We used the output to filter the raw reads with khmer (Crusoe et al., 2015) to only 
retain reads with coverage between 20-50 to as the most abundant ANME taxa 
were in this fraction. The filtered reads were assembled and binned using the 
Aviary pipeline  (v.0.11.0; Newell et al., 2024). The reads were trimmed with fastp 
(v0.24.0; Chen, 2023), assembled with metaSPAdes (v. 4.0.0; Nurk et al., 2017), 
mapped with CoverM ( v0.7.0; Aroney et al., 2025) and binned with Vamb (v3.0.2; 
Nissen et al., 2021), MetaBAT and MetaBAT2 (v2.15; Kang et al., 2015, 2019), Semibin 
(Pan et al., 2022), Rosella (v0.5.5; https://rhysnewell.github.io/rosella/) and DASTool 
(v. 1.1.2; Sieber et al., 2018). The metagenomically assembled genomes (MAGs) 
were taxonomically classified with GTDB-Tk release 220 (v2.4.0; Chaumeil et al., 
2020). MAG completeness and contamination was estimated with CheckM2 (v1.0.2; 
Aroney et al., 2025).

We recovered two ANME metagenome annotated genomes (MAGs) and analysed 
those further. Genomes were annotated with DRAM v1.0 (Shaffer et al., 2020) with 
default parameters except for the option --min_contig_size 1000. Novel or poorly 
annotated sulfur metabolism genes were investigated more in depth by blastp 
analyses using reference sequences from ANME and methanogens from a previous 
study (Yu et al., 2018). Sulfite reductases were identified via minimum bitscore 
of 180 and confirmed via phylogenetic analyses. For that, protein sequences 
were aligned with muscle v3.8.31 (Edgar, 2004), trimmeed with trimAl v1.4.rev22 
(Capella-Gutiérrez et al., 2009) using the option -gappyout, placed in a tree built 
with FastTree v 2.1.10 (Price et al., 2010), and vizualized with iTol v7 (Letunic and 
Bork, 2021). Raw read data and ANME MAGs are accessible on the NCBI site under 
BioProject PRJNA1167897.

Quantative Polymerase Chain Reaction (qPCR) for 
archaeal abundance
Archaeal 16S rRNA gene was quantified with pArch519F (CAG CMG CCG CGG 
TAA) and Arch806R primers. The reaction mix (20 μl) consisted of 10 μl PerfeCTa 
Quanta SYBR Green FastMix (Quanta Bio, USA), 1 µmol (500 nM) of both the reverse 
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and forward primers, 3 μl of template DNA and 5 μl sterile ultrapure water. The 
following programme was used: initial denaturation (3 min at 95°C), denaturation 
(30 s at 95°C), annealing (30 s at 60°C), elongation (30 s at 72°C); after 40 cycles a 
melt curve from 54.5 to 95°C with increments of 0.5°C was measured to check for 
PCR specificity. Single-copy archaeal 16S rRNA gene carrying pGEM-T Easy vector 
plasmids (Promega, The Netherlands) were used for quantification calibration.
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Supplementary material

Fig. S1 Sulfide and oxygen concentrations in the water column in March, June, August and September 
2021. In March, the water column was fully oxygenated but by June water column stratification and 
deoxygenation had resulted in euxinic bottom waters.

Fig. S2 Scheme of sedimentation history at our study site. Sedimentary molybdenum enrichments 
are formed due to formation of thiomolybdates in the presence of free sulfide in the water column 
and around the sediment–water interface (Helz et al., 1996; Erickson and Helz, 2000; Zygadlowska et 
al., 2024a). Since the enrichment in Mo is assumed to behave conservatively, a change in depth of the 
Mo maximum formed during one period of euxinia can be used to determine the amount of sediment 
accumulated over time (Zygadlowska et al., 2024a). a) Sediment Mo profiles for March, June, August 
and September with the depth corrected so that the peak in Mo that formed in summer 2020 overlaps. 
The downward arrows in the plot represent the depth correction due to fresh sediment deposition. 
Grey shading indicates the sediment that was deposited under euxinic bottom waters and no shading 
indicates sediment that was deposited under oxic bottom waters. b) Sediment Mo profiles with 
depth correction of each month overlayed. Again, the grey shading indicates the sediment that was 
deposited under euxinic bottom waters and no shading indicates sediment that was deposited under 
oxic bottom waters. The same principle is applied to make figure 4.
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Fig. S3 Correlations between methane cycling taxa and porewater chemistry in the Grevelingen 
Sediment throughout the year. Positive and negative Spearman's r between counts of methane cycling 
taxa and porewater chemistry (CH4, FeOx., SO4

2-, H2S and Corg) are indicated by blue, solid and red, dashed 
lines respectively. Edge width indicates moderate +-0.5 to ±0.75, or strong ±0.75 to ±1 spearman’s r. 
Pearson correlations between porewater chemistry (Pearson r) is illustrated as blue (positive) or red 
(negative) circles. Circle size indicated Pearson’s r. Only correlations p < 0.05 were used for this graph. 
Not significant correlations were either not illustrated or indicated by n.s. (=not significant).



124 | Chapter 4

Fig. S4 The distribution and diversity of methanogenic archaea and methanogenic pathways in the 
sediment for March, June, August and September 2021. The methanogenic taxa are grouped by their 
most likely metabolic pathway to produce methane in each month across the sediment profile. The 
taxa are classified to genus or highest identified level. Only taxa with >2% abundance in at least  
2 samples are included.
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Fig. S5 AOM activity in incubations of sediment from March, June, August and September 2021. AOM 
activity was measured by following the 13/12CO2 ratio in the headspace gas after 13CH4 addition over a 
maximum of 6 days. Error bars represent variation in duplicate samples.

Fig. S6 Clumped isotopes of CH4 from different sediment depths sampled in July and the bottom 
water sampled in June. As a reference, the clumped isotopic composition of methane from Sivan et al. 
2025 (accepted) is used for pathway-specific methanogenesis signatures.
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Fig. S7 Sulfide (H2S) concentrations inversely correlate with ANME abundance. ANME-2ab (a) and 
ANME-3 (b) relative abundances plotted against sulfide concentration in each month.

Fig. S8 Sulfur metabolism potential in ANME-2a and ANME-3 MAGs from Lake Grevelingen sediments.

Table S1 Methane oxidation rates in nmol CH4 per gram of dry sediment per day. Rates are based on 
duplicate measurements and standard deviation is indicated in brackets.

Depth March June August September

0-3cm 0 0 0.1 0

4-7cm 0 0 0.1 0

8-11cm 0 2.8 4.3 0

16-19cm 0 0 0.1 0

20-23cm 0 0 0.2 0
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Abstract

Methane (CH4) is a strong greenhouse gas that, in marine sediments, is produced via 
methanogenesis and removed via oxidation with electron acceptors such as oxygen, 
sulfate and metal oxides. In this study, we explore the potential for manganese 
driven anaerobic oxidation of methane (Mn-AOM) in rapidly accumulating 
sediments in a seasonally euxinic coastal marine basin (Scharendijke basin, Lake 
Grevelingen, the Netherlands). Using geochemical sediment and porewater 
profiles, we show that, at our study site, Mn oxides are buried in the methanic zone. 
Sediment incubations amended with 13C-CH4 and various Mn forms indicate that the 
Mn oxide minerals birnessite, pyrolusite and manganite can enhance CH4 oxidation, 
whereas ligand bound dissolved Mn(III) does not. We attribute this to either direct 
Mn-AOM, where Mn oxides act as the electron acceptor, and/or indirect Mn-driven 
AOM via cryptic sulfur cycling. Results of 16S rRNA gene amplicon sequencing of 
the incubated sediment point towards a likely role for anaerobic methanotrophic 
archaea of the clades ANME-2ab and ANME-3 in direct and indirect Mn-driven AOM, 
respectively. An increase in relative abundance of the methanogen Methanosarcina 
in several of the incubations suggests that these versatile methanogens benefit 
from Mn oxide reduction. This study demonstrates potential for Mn-driven AOM 
in sediments from a eutrophic, seasonally euxinic coastal basin, and expands the 
range of electron acceptors involved in CH4 removal in such systems.

Keywords
Manganese oxide, Methane oxidation, ANME, Methanosarcina, seasonally euxinic basin
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Introduction

Methane (CH4) is a greenhouse gas with a concentration in the atmosphere that has 
more than doubled since the start of the Industrial Revolution (Saunois et al., 2020). 
In anoxic marine sediments, methanogens produce CH4 via methanogenesis as the 
final step in organic matter degradation (Froelich et al., 1979). Although coastal 
regions only cover a small part of the marine environment, their CH4 emissions 
may contribute up to 75% of the total marine CH4 flux (Hamdan & Wickland, 2016). 
Typically, a major proportion of the produced CH4 is removed in the sediment via 
anaerobic oxidation of CH4 (AOM) coupled to SO4

2- reduction by a consortium of 
anaerobic methane-oxidizing archaea (ANME) and sulfate-reducing bacteria (SRB; 
Knittel & Boetius, 2009). Other electron acceptors, such as nitrate/nitrite (N-AOM; 
Raghoebarsing et al., 2006), iron (Fe) and manganese (Mn) oxides (Fe-AOM, Mn-
AOM; Beal et al., 2009; Egger et al., 2015; Cai et al., 2018; Leu et al., 2020), have 
also been linked to AOM. Although Fe oxides are typically more abundant than Mn 
oxides in marine sediments, the Mn oxide birnessite is thermodynamically a more 
favorable electron acceptor for AOM, as shown with gene-based and bioenergetic 
modelling (Lenstra et al., 2023; Wallheimer et al. 2025).

Typically, Mn oxides are enriched in oxic surface sediments. Reductive dissolution 
upon burial generally leads to loss of the Mn oxides through biotic and abiotic 
processes, producing dissolved Mn (Burdige, 1993), either as dissolved Mn(II) 
(dMn(II)) or, when stabilized by organic ligands, dissolved Mn(III) bound to ligands 
(dMn(III)-L; Madison et al., 2011). Upward diffusion into oxygenated sediment layers 
can result in re-oxidation of the dissolved Mn and precipitation as Mn oxides (Adelson 
et al., 2001; Slomp et al., 2013). Burial of Mn oxide minerals into the methanic zone is 
promoted by non-steady state conditions such as variations in Mn oxide input, high 
sedimentation rates or bioturbation (März et al., 2008; Riedinger et al., 2014; Lenstra 
et al., 2023). Both dMn(II) and dMn(III)-L can be present in the methanic zone, as 
products of Mn oxide reduction, or via downward diffusion (Klomp et al., 2025). In 
the methanic zone, the dMn(III)-L could act as an electron acceptor for AOM.

In freshwater systems, Mn-AOM is commonly associated with Candidatus Methano
peredens (ANME-2d; Ettwig et al., 2016; Leu et al., 2020; Su et al., 2020). In a bioreactor 
inoculated with freshwater sediment and enriched in Ca. Methanoperedens, for 
example, CH4 oxidation was directly coupled to Mn oxide reduction, presumably 
via extracellular electron transport involving multiheme c-type cytochromes (Leu et 
al., 2020). An indirect role for Mn in AOM was observed when Mn oxides chemically 
oxidized reduced sulfur (S) species, such as iron sulfide (FeSx) and organically bound S, 
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forming SO4
2- in a cryptic S cycle that fueled AOM (Su et al., 2020). Besides solid phase 

Mn oxides, dMn(III)-L was also tested for AOM in freshwater sediments, however AOM 
was not detected (Szeinbaum et al., 2020). Mn-AOM has also been proposed to occur 
in marine sediments (Beal et al., 2009), but the main microbial players and pathways 
remain enigmatic (Wallenius et al., 2021; Xue et al., 2025). Fe-AOM in brackish 
and marine sediments has been linked to the ANME clades ANME-2ab (family 
Methanocomedenaceae), and potentially involves a bacterial metal-reducing partner 
(Aromokeye et al., 2020; Rasigraf et al., 2020). ANME-2ab are also hypothesized to be 
involved in Mn-AOM in marine sediments (Xu et al., 2021).

In the laboratory experiments to date assessing the use of solid phase Mn as an 
electron acceptor for AOM, only the Mn(IV) oxides birnessite (MnO2 * n H2O) and 
vernadite (MnO2 * n H2O) were tested (e.g. Beal et al., 2009; Ettwig et al., 2014; Su et 
al., 2020; Xu et al., 2021). In the natural environment, Mn oxides may also be present 
in more crystalline form, e.g. as manganite (Mn(III)OOH) or pyrolysite (Mn(IV)O2);  
e.g. Burdige et al., 1992; Sulu-Gambari et al., 2016; Luo et al., 2018). Since the 
crystallinity and redox state of Mn oxide minerals will affect their reactivity and 
bioavailability (Burdige et al., 1992), variations in rates of CH4 oxidation by different 
Mn oxide minerals are expected.

In this study, we examine the role of different forms of Mn, namely the Mn oxides 
birnessite, pyrolusite, manganite and of dMn(III)-L in AOM. We focus on rapidly 
accumulated sediments in a seasonally euxinic marine coastal basin (Scharendijke 
basin, Lake Grevelingen, the Netherlands), where Mn oxides are buried in the 
methanic zone of the sediment and dMn(III)-L is present in the porewater 
(Żygadłowska et al., 2023; Klomp et al., 2025). We combine geochemical sediment 
and porewater profiles with results of sediment incubations using isotopically 
labelled CH4 and the various Mn oxides and dMn(III)-L. The microbial community in 
the incubations was analyzed using 16S rRNA gene amplicon sequencing. We find 
strong indications for AOM directly coupled to Mn reduction by ANME-2ab and for 
S-AOM by ANME-3 via a cryptic S cycle driven by bacterial Mn reduction.

Materials and methods

Study area
Lake Grevelingen is a coastal marine lake in the southwest of the Netherlands. The 
lake is a former estuary of the river Rhine that was dammed at the landward side 
in 1964 and at the seaward side in 1971. The lake has an average water depth of 
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around 5 m, but is intersected by former tidal channels with deep basins that can 
reach depths of up to 45 m (Hagens et al., 2015; Egger et al., 2016). Exchange with 
water from the North Sea is enabled by sluices in the dam at the seaward side, 
giving the lake a salinity of 29 – 33. The lake is highly eutrophic (Hagens et al., 2015).

This study focuses on sediments in the deepest part of the lake, the Scharendijke 
basin (51.742ºN, 3.849ºE). Here, temperature-driven stratification leads to seasonally 
euxinic conditions between May and September, recorded in the sediment by 
distinct enrichments of the redox-sensitive trace metal molybdenum (Mo; Egger 
et al., 2016; Żygadłowska et al., 2024a). The sedimentary Mo profiles can also be 
used to determine the rate of sediment accumulation, which is exceptionally high 
and varied between 13 - 20 cm yr-1 over the last decade (Egger et al., 2016; van 
Helmond et al., 2025). The geometry of Scharendijke basin, i.e. relatively narrow 
and deep, leads to lateral transport of material from shallower areas of the lake, 
which supplements vertical settling of suspended matter, explaining the high 
sediment accumulation rates (Klomp et al., 2025). High input of organic matter 
leads to high rates of SO4

2- reduction. Furthermore, high rates of methanogenesis 
lead to strong benthic release of CH4 via diffusion and ebullition (Żygadłowska et 
al., 2024b; Klomp et al., 2025). In winter, when the bottom water is oxygenated, the 
deposition of Fe and Mn oxides prevents the accumulation of sulfide (H2S) in the 
upper 10 cm of the sediment (Klomp et al., 2025). Through summer, due to the high 
sedimentation rates, the manganese oxides are buried into the methanic zone of 
the sediment. Besides solid phase Mn oxides, dMn(III)-L is also abundantly present 
in the methanic zone (Klomp et al., 2025).

Sample collection
Sediment sampling in the Scharendijke basin was performed on board the RV 
Navicula in October 2021. Three sediment cores were collected using a UWITEC corer 
and PVC core liners (120 cm length, 6 cm inner diameter). One core was sectioned at a 
1 cm resolution in a glove bag under a N2 atmosphere. The sediment was transferred 
into 50 ml centrifuge tubes and centrifuged at 4500 rpm for 20 minutes to separate 
the porewater from the solid phase. The supernatant was filtered over 0.45 μm pore 
size filters under a N2 atmosphere in a glove bag and subsampled for the analysis of 
SO4

2-, total dissolved Mn and Fe and H2S. The samples for SO4
2- were stored at 4°C. 

Samples for the analysis of total dissolved Mn and Fe were acidified with 10 μL 30% 
suprapur HCl per ml of sample and stored at 4°C whereas samples for H2S analysis 
were diluted five times in a 2% Zn-acetate solution in a glass vial and stored at 4°C. 
The residual sediment was stored in N2 purged aluminum bags at -20°C until further 
processing for Corg, total sulfur (S) and Mo, Mn and Fe oxides and FeS analysis.
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A second core was used to sample for porewater CH4 determination. Through tape-
covered pre-drilled holes at a 2.5 cm interval, 10 ml of sediment was transferred with 
plastic cutoff syringes into a 65 ml glass bottle filled with a saturated NaCl solution. 
The bottles were then stoppered, capped and stored upside down until analysis. 
Note that degassing of CH4 occurred during the sampling, which results in a strong 
underestimation of the CH4 concentrations (Egger et al., 2016; Jørgensen et al., 2019).

The third core was sectioned at a 5 cm resolution in a N2 filled glove bag to collect 
material for sediment incubations. The sediment was transferred into plastic bags and 
stored in N2 purged sealed aluminum bags at 4°C until the start of the experiments.

Chemical analyses of sediment and porewater
Concentrations of SO4

2- were determined via ion chromatography (Metrohm 930 
Compact IC Flex; detection limit for SO4

2- of 50 µmol L-1). Total dissolved Mn and 
Fe were determined by Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES, Perkin Elmer Avio; detection limit 0.1 µmol L-1 and 0.03 µmol L-1 for Fe and 
Mn, respectively). Concentrations of H2S were measured spectrophotometrically 
using an acidified solution of phenylenediamine and ferric chloride, where H2S is 
the sum of S2-, HS- and H2S (detection limit of 1 µmol L-1; Cline, 1969).

The sediment was freeze-dried and ground with an agate mortar and pestle under 
a N2 atmosphere and subsequently split in oxic and anoxic aliquots for further 
analysis. The Corg content was determined on approximately 0.3 g of the oxic split 
that was decalcified with 1 M HCl (Van Santvoort et al., 2002), dried, weighed and 
powdered. Consecutively, the decalcified sample was analyzed on an elemental 
analyzer (Fisons Instruments model NA 1500 NCS) and the C content was corrected 
for the weight loss during decalcification. Accuracy and precision of this method 
was determined based on measurements of the internationally certified soil 
standard IVA2. The certified value for IVA2 is 0.732 wt.% C. The mean value that was 
obtained in this study for IVA2 (n=15) was 0.739 wt.% C, with a standard deviation 
of 0.005 wt.% C. The analytical uncertainty based on duplicates (n=8) for Corg was 
0.05 wt.%. The total elemental composition of the sediment was determined 
after digestion of approximately 0.1 g of the oxic split in 2.5 ml mixed acid  
(HNO3; HClO4

-; 2:3) and 2.5 ml 40% HF at 90˚C. After evaporation of the acid mixture, 
the residue was redissolved in 1 M HNO3 and the total elemental composition was 
determined via analysis on the ICP-OES for the total S content and via Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS, Perkin Elmer NexION 2000) for the 
total Mo content of the sediment. The average analytical uncertainty based on 
duplicates (n = 8) was 106 ppm for S and 114 ppb for Mo and the average recovery 
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rate was 103% for S and 97% for Mo. All elemental concentrations were corrected 
for the salt content of the freeze-dried sediment.

Two aliquots of the anoxic split (ca. 0.1 g) were subjected to a sequential extraction 
to determine the speciation of Mn and Fe. One of the aliquots was digested in a 
1M HCl solution for 4 hours to extract easily reducible Fe(III) and Fe(II) minerals 
as described in Kraal et al. (2017). The concentrations of Fe(III) and Fe(II) were 
determined spectrophotometrically via the phenantroline method (APHA, 2005). 
The average analytical uncertainty based on duplicates (n = 5) was 0.14 μmol g−1.  
Speciation of Mn and further speciation of Fe was determined following the  
5 step sequential extraction as described by Lenstra et al. (2021b). The steps were 
as follows: (1) 0.057 M ascorbic acid, 0.17 M sodium citrate and 0.6 M sodium 
bicarbonate (pH 7.5) which extracts poorly ordered Mn oxides and Mn associated 
with vivianite, (2) 1 M HCl which extracts Mn carbonates (3) 0.35 M acetic acid,  
0.2 M Na citrate and 50 g L−1 Na dithionite, pH 4.8, which extracts crystalline  
Fe and Mn oxides and Mn bound to clays (4) 0.2 M ammonium oxalate and 0.17 M  
oxalic acid which extracts recalcitrant Fe oxides, crystalline Mn oxides and Mn 
bound to clays (5) 65 % HNO3 which extracts pyrite, including any associated Mn. 
The analytical uncertainty based on duplicates (n = 9) for all fractions was 5.69 and 
0.25 μmol g−1 for Fe and Mn, respectively.

Approximately 0.3 g of the anoxic splits was used to determine the FeS content, 
via the passive diffusion method as described by Burton et al. (2008). The FeS was 
extracted from the sediment via a 24h digestion in 6M HCl in a 50 ml polypropylene 
centrifuge tube. Released H2S was trapped in an alkaline zinc-acetate solution as 
zinc sulfide precipitates. Iodometric titration of the zinc-acetate solution was used 
to quantify the released sulfide (Burton et al., 2008). The analytical uncertainty 
based on duplicates (n = 4) was 2.56 μmol g−1.

Sediment incubations
The potential for Mn-AOM was tested via incubations with sediment from the top 
layer of the sediment (0 - 5 cm) and from a sediment interval expected to contain 
Mn oxides below the SMTZ (15 - 20 cm; Klomp et al., 2025). Incubations were started 
within 3 months after sampling. The sediment was amended with various types 
of Mn oxides, namely birnessite, pyrolusite and manganite, and with dMn(III)-L, 
where the ligand was either strong or weak (Table 1). Furthermore, isotopically 
labelled 13C-CH4 was added to the incubations. Various chemical and microbial 
analysis described below were used to monitor CH4 oxidation and key microbes in 
the incubations.
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Preparation of the substrates
Birnessite was synthesized by reducing KMnO4 with C3H5NaO3 at ambient 
temperature and pressure according to the protocol by Händel et al. (2013). 
Pyrolusite and manganite were obtained from the inhouse collection of Utrecht 
University; the original sources for pyrolusite and manganite were Alfa Aesar 
and Ward, respectively (Lenstra et al., 2021b). The mineralogy was verified using 
X-ray diffraction (Fig. S1). The crystallinity of Mn oxide minerals can affect their 
reactivity (Burdige et al., 1992). To compensate for the potential lower reactivity of 
crystalline pyrolusite and manganite compared to birnessite, higher concentrations 
of these minerals were added to the incubations (Table 1). Dissolved Mn(III)-L was 
prepared with a weak binding ligand, pyrophosphate, and a strong binding ligand, 
desferrioxamine B (DFOB), as described in Oldham et al. (2015). Isotopically labelled 
13C-CH4 was obtained from Cambridge Isotope Laboratories, Inc. (Andover, USA).

Table 1 Overview of the different treatments performed in the incubation experiment.

Treatment 13CH4 added Amount of electron  
acceptor added

Control, no substrate - -

CH4 oxidation control 20% headspace -

Birnessite; Mn(IV)O2 * n H2O 20% headspace 10 mmol L-1

Pyrolusite; Mn(IV)O2 20% headspace 100 mmol L-1

Manganite; Mn(III)OOH 20% headspace 100 mmol L-1

dMn(III)-L strong ligand 20% headspace 1 mmol L-1

dMn(III)-L weak ligand 20% headspace 1 mmol L-1

Start of the incubations
The bottles were pre-incubated for one week with the electron acceptor as indicated in 
Table 1, but without labelled CH4, to remove as much FeS from the sediment as possible 
and prevent the formation of SO4

2- via oxidation of FeS by Mn oxides in the subsequent 
incubations with labelled CH4. The sediment was diluted in a 1:4 ratio with artificial 
HEPES buffered, SO4

2--free seawater (ASW; for composition, see Table S1) under a 98% N2 
+ 2% H2 atmosphere, and carefully homogenized. This mixture was equally distributed 
over sterile 120 ml serum bottles, so that each bottle contained 60 g of the mixture. The 
electron acceptors were added to the bottles (Table 1) and the bottles were stoppered 
and capped. The headspace was replaced with a 100% N2 environment and the bottles 
were placed on a shaking table (90 rpm) at room temperature for one week.

After the pre-incubation, the ASW was replaced with freshly prepared ASW and new 
electron acceptors were added to each bottle under a 98% N2 + 2% H2 atmosphere. 
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The headspace of the bottles was replaced with a headspace of 76% N2, 4% CO2 and 
20% 13C-labelled CH4 and the incubations were placed on a shaking table (90 rpm) 
at room temperature for 92 days.

Sampling and analyses of the incubations
From the start of the incubations, the ratio of 13C-CO2/12C-CO2 was determined 
weekly with a GC-MS (5975C inert MSD, Agilent, Santa Clara, CA, USA). When CO2 
concentrations are very low, the 13C-CO2/12C-CO2 ratio measured by the GC-MS 
decreases, because the 13C-CO2 reaches the detection limits faster than 12C-CO2  
(Fig. S2). Upon the addition of Mn oxides, CO2 was drawn from the headspace (Fig. S2),  
possibly linked to an increase in pH in the liquid due to high Mn oxide reduction 
rates (Silburn et al., 2017). The increase in pH upon Mn reduction is expected to be 
limited, however, due to the HEPES buffer in the medium. The drawdown of CO2 
from the headspace was highest in the incubations amended with pyrolusite and 
manganite, since extra Mn oxides were added to compensate for the expected 
lower reactivity of these minerals (Burdige et al., 1992). To compensate for the loss 
of CO2 from the headspace, new CO2 was injected into the headspace of all bottles 
amended with Mn oxide minerals after 52 days.

Every two weeks, the supernatant was sampled to analyze concentrations of 
SO4

2-, H2S and total dissolved Mn. Concentrations of SO4
2-, H2S and total dissolved 

Mn were analyzed as described above. During the setup of the pre-incubations 
and at the end of the incubations, sediment was sampled for DNA isolation. The 
samples for DNA isolation were stored frozen (-20°C) until analysis via 16S rRNA 
amplicon sequencing.

DNA was isolated from approximately 0.2 g of defrosted sediment with DNeasy 
PowerSoil DNA isolation kit (Qiagen, Venlo, Netherlands) after bead-beating for  
10 minutes at 50 Hz on a TissueLyser LT (Qiagen, Venlo, Netherlands). DNA quantity 
and quality in the eluted sterile MilliQ were measured by NanoDrop 1000 (Thermo 
Fischer Scientific, Bremen, Germany) and by Qubit® 2.0 (Invitrogen, Waltham, MA, 
USA). The DNA was stored frozen at -20˚C until further analysis.

Amplification of 16S rRNA genes was performed on samples from the incubations 
from the 15 – 20 cm depth, using primers Arch349F (5'-GYGCASCAGKCGMGAAW-3') 
and Arch806R (5'-GGACTACVSGGGTATCTAAT-3'; (Takai & Horikoshi, 2000) and 
Bac341F (5'CCTACGGGNGGCWGCAG-3'; Herlemann et al., 2011) and Bac806R 
(5'GGACTACHVGGGTWTCTAAT-3'; Caporaso et al., 2012). The amplicon sequencing 
was performed on the Illumina MiSeq Next Generation Sequencing platform by 
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Macrogen (Seoul, South Korea) using Herculase II Fusion DNA Polymerase Nextera 
XT Index Kit V2, yielding 2x300bp paired-end reads. FastQC (v0.11.5; Andrews, 
2010) was used to check the quality of the raw reads. Cutadapt (v1.158; Martin, 
2011) was used to trim the paired-end reads to remove adapters. The DADA2 
pipeline (v1.8; Callahan et al., 2016) was used in RStudio to cluster the reads into 
amplicon sequence variants (ASVs), remove chimera and determine the taxonomic 
classification using SILVA 16S rRNA database (v138.1; Quast et al., 2013). The 
package phyloseq (v1.36.0; McMurdie & Holmes, 2013) was used for microbial 
community data analysis. A differential analysis was performed with package 
DESeq2 (v.1.44.0; Love et al., 2014) to analyze the changes in microbial communities 
between the different incubations. The raw sequencing data can be accessed in the 
NCBI database under Bioproject number PRJNA1268434.

Results

Sediment and porewater chemistry
At the time of sampling in October 2021, two sediment intervals were enriched in 
Mo and Corg. These were the top 7 cm of the sediment and the layer between 19 and  
25 cm depth, which was characterized by maximum Mo and Corg contents of  
38 ppm and 3.4 wt%, respectively (Fig. 1a, b). Mn oxide contents varied between  
1 and 5 μmol g-1, with a maximum content at 8 cm depth (Fig. 1c). Fe oxide content 
varied between 0 and 4 μmol g-1, with the highest content at 10 cm depth (Fig. 1d).  
Total S concentrations varied from 200 to 380 μmol g-1, with the lowest 
concentrations between 7 and 10 cm depth and the highest content near the 
sediment-water interface (Fig. 1e). FeS followed a similar trend with depth as 
total S and varied between 35 and 90 μmol g-1. Pyrite (FeS2) contents were below  
4 μμmol g-1. The sediment was depleted in SO4

2- below 10 cm depth and CH4 was 
present throughout the sediment (Fig. 1f, g). Concentrations of dMn varied around 
80 μmol L-1, with maxima near the sediment water interface and around 10 cm 
depth (Fig. 1h). Dissolved Fe was absent from the porewater and H2S was present 
in the top 17 cm and reached a maximum concentration of 3.5 mmol L-1 (Fig. 1i, j).
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Fig. 1 Sediment profiles of Mo, Corg, Mn oxides, Fe oxides, total S, FeS and FeS2 and pore water profiles 
of SO4

2-, CH4, dMn, dFe and H2S in October 2021. The depth intervals surrounded by a red box indicate 
the depths that were used for the incubations. The gray shading represents the sediment that was 
deposited during bottom water euxinia and the white areas represent the sediment that was 
deposited during oxic bottom water conditions.

Sediment Incubations
Based on sediment geochemistry, two sediment depths (i.e. 0 – 5 cm and 15 – 20 cm;  
Fig. 1) were chosen to study Mn-AOM. In the incubations with sediment from 
0 – 5 cm depth, all bottles amended with Mn oxides showed a signal for CH4 
oxidation (Fig. 2a-c), observed as an increase in the 13C-CO2/12C-CO2 ratio relative 
to the control after 22 - 29 days (with maximum values of 0.019, 0.028 and 0.027 
for birnessite, pyrolusite and manganite, respectively, compared to 0.013 in the 
control). Soon after the increase, the CO2 isotope ratio decreased to the same 
values as the background ratio in all incubations. In the incubations with sediment 
from 15 – 20 cm depth, addition of birnessite led to an immediate increase in the 
ratio of 13C-CO2/12C-CO2, reaching a value of 0.056, compared to 0.015 in the control, 
before leveling off after 36 days of incubation (Fig. 2d). The ratio increased again in 
this incubation only after the addition of both new Mn oxide and new CO2. In the 
incubations where pyrolusite and manganite were added, the 13C-CO2/12C-CO2 ratio 
also increased compared to the control (Fig. 2e, f ). However, the increase was much 
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smaller compared to the increase with birnessite (0.019 and 0.018 for pyrolusite 
and manganite, respectively, relative to 0.015 in the control incubation) and ratios 
decreased to below that in the control after a few weeks.

Concentrations of dMn increased to 3 – 4 mmol L-1 in all bottles where Mn oxides 
were added (Fig. 2a-f ). In the incubations with sediment from 0 – 5 cm, dMn 
increased after 22 – 29 days. In the incubations with sediment from 15 – 20 cm 
depth, dMn increased from the start of the experiment. Accumulation of SO4

2- 
occurred in the incubations with sediment from 0 – 5 cm depth where birnessite 
and pyrolusite were added, reaching concentrations around 1 and 4 mmol L-1 with 
birnessite and pyrolusite, respectively (Fig. 3a-c). In the incubation with manganite, 
a SO4

2- concentration of only 0.2 mmol L-1 was observed. In the incubations with 
sediment from 15 – 20 cm depth, the SO4

2- concentration reached 2 mmol L-1 and  
6 mmol L-1 in the incubations with birnessite and pyrolusite, respectively, but no 
SO4

2- was detected in the incubation with manganite (Fig. 2d-f ). The only incubation 
where H2S accumulated (up to 500 µmol L-1) was the incubation with birnessite for 
sediments from the 0 – 5 cm depth layer, (Fig. 3a).
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Addition of dMn(III)-L did not lead to an increase in the 13C-CO2/12C-CO2 ratio relative 
to the 13C-CO2/12C-CO2 ratio in the background control (Fig. 4). Concentrations of 
dMn in the experiment with sediment from 0 – 5 cm depth first increased and then 
decreased during the experiment, to a minimum of 0.1 mmol L-1 (Fig. 4a, b). In the 
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incubations with sediment from 15 – 20 cm depth, dMn concentrations were stable, 
around 0.6 mmol L-1 in the incubation with strong ligands (around 1.8 mmol L-1 after 
the addition of new dMn(III)-L solution) and around 0.1 mmol L-1 in the incubation with 
weak ligands (Fig. 4c, d). No SO4

2- accumulated in the bottles and the concentration 
of H2S was around 500 μmol L-1 in the incubations with sediment from 0 – 5 cm depth 
and generally < 50 μmol L-1 in the bottles with sediment from 15 – 20 cm (Fig. S3).
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Diversity of ANME and SRB in the incubations
To determine which microorganisms were involved in Mn-AOM, the samples from 
incubations with sediment from 15-20 cm depth were analyzed with 16S rRNA gene 
amplicon sequencing (Fig. 5; Fig. S4) as this depth showed the most pronounced 
signal of CH4 oxidation in the 13C-CO2/12C-CO2 ratio in the incubations with birnessite 
(Fig. 2d). At the start of the incubations, ANME-2ab reads covered only 0.2 % of 
the total archaeal reads, but their reads increased in all incubations. The largest 
increase in ANME-2ab reads was observed in the incubations with manganite (8.6 % 
± 2.4) and pyrolusite (9.0 % ± 1.9).  The relative abundance of ANME-3 was also low 
in the beginning (0.8 %), but ANME-3 were most enriched in the incubations with 
birnessite (13.6% ± 0.2%) and pyrolusite (13.2% ± 1.2%). The relative abundance of 
methanogenic Methanosarcina increased from 4 % at the start to 14 % in the control 
and pyrolusite-amended incubations and comprised 21.6 % of the total archaeal 
reads in the incubations with manganite (Fig. 5a). For the bacterial community, the 
changes were more substrate specific. Below, we discuss the changes of the most 
important bacterial families, which we selected based on differential abundances 
(Fig. S5, S6). The relative abundance of potential metal-reducing bacterial families, 
Desulfobulbaceae, Sva 1033 and Geopsychrobacteraceae increased relative to the 
start and control in all incubations where Mn oxides were added, especially with 
pyrolusite and manganite (Fig. 5b; Fig S4). Desulfosarcinaceae, a potential partner 
for ANME in SRB, increased in abundance in the incubations amended with 
birnessite and pyrolusite, but decreased in the presence of manganite. Members of 
S-oxidizing Sulfurimonadaceae increased from 3 % to 6 % in the control incubations, 
but decreased in all incubations where Mn oxides were added (Fig. 5b).

Fig. 5 Relative abundance of (a) selected archaea and (b) bacteria based on 16S rRNA gene amplicon 
sequencing. The entire archaeal and bacterial communities can be found in supplementary figure S5.
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Discussion

Burial of Mn oxides creates potential for Mn-AOM
Burial of Mn oxides below the SMTZ at the study site is the result of the seasonal 
variation in bottom water redox conditions in combination with very high rates of 
sedimentation (20 cm yr-1) and organic matter input (~86 mol m-2 yr-1; Klomp et al., 
2025). When bottom waters are oxic in winter and spring, the surface sediment is 
enriched in Mn and Fe oxides and devoid of H2S (Klomp et al., 2025; Żygadłowska et 
al., 2024a; van Helmond et al., 2025). When the bottom waters become euxinic, the 
supply of metal oxides from the water column decreases strongly, and the ongoing 
production of H2S in the sediment leads to a removal of around 95% of the easily 
reducible Fe oxides from the upper part of the sediment via the precipitation of 
FeSx  (Fig. 1; van Helmond et al., 2025). Due to the high sedimentation rates and 
efficient H2S removal by Fe oxides, a part of the Mn oxides deposited in winter ends 
up buried below the SMTZ in the absence of H2S in October (Fig. 1). This sediment 
layer (15 – 20 cm) is also part of the zone where substantial numbers of ANME have 
been observed (Wallenius et al., 2025), enabling the potential for Mn-AOM.

Potential for Mn-AOM was detected in both studied sediment intervals (0 – 5 cm  
and 15 – 20 cm) and with several different Mn oxide minerals. Differences in 
AOM potential occurred between the two depths and between the different Mn 
oxide minerals (Fig. 3). The strongest signal for CH4 oxidation was observed with 
birnessite as an electron acceptor in the sediment depth interval of 15 – 20 cm. We 
also have indications that pyrolusite and manganite can be used for AOM, although 
in these incubations the signal for methane oxidation in the 13C-CO2/12C-CO2 ratio 
was masked by the drawdown of CO2 from the headspace (see methods). In both 
cases, the drawdown was higher in the incubations with pyrolusite and manganite, 
due to the higher concentrations of Mn supplied. In the incubation with the top 
5 cm of the sediment, dissolved Mn formed after a lag phase and simultaneously 
with the onset of the CH4 oxidation signal, which subsequently faded away (Fig. 2). 
Importantly, CH4 oxidation was enhanced by all of the supplied Mn oxide minerals.

A cryptic S-cycle as a driver of CH4 oxidation (Holmkvist et al., 2011; Su et al., 2020) 
likely occurred in the incubations where birnessite and pyrolusite were added, since 
SO4

2- accumulated (Fig. 3). A possible source for this SO4
2- is the oxidation of FeS 

present in the sediment by the added Mn oxides (Fig 2; Luo et al., 2018). Another 
source for the SO4

2- could be the release of S from the degradation of organic 
matter and consecutive oxidation of this S to SO4

2- when Mn oxides are added to the 
sediment (Canfield et al., 2005). The presence of SO4

2- even after a pre-incubation 
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with Mn oxides shows the importance of measuring SO4
2- and H2S when incubating 

marine sediment with alternative electron acceptors. Accumulation of SO4
2-  did 

not occur when manganite was added as an electron acceptor, which confirms 
the observations of Aller & Rude (1987) that, in marine sediments, Mn(III) minerals 
are less efficient in oxidizing reduced S species than Mn(IV) minerals. In laboratory 
experiments, manganite was also less efficient than birnessite in oxidizing FeS, 
likely because the former mineral solely consists of Mn(III) (Luo et al., 2018). The 
contribution of Mn(III) minerals to AOM is therefore expected to be through direct 
Mn-AOM, as a cryptic sulfur cycle is likely not possible due to the lower efficiency of 
Mn(III) in oxidizing reduced S species.

Incubations that were amended with dMn(III)-L did not show enhanced CH4 
oxidation, which is in accordance with previous findings regarding dMn(III)-L and 
CH4 oxidation in a freshwater environment (Szeinbaum et al., 2020). During the 
incubations, concentrations of dMn were a factor 1.7 to 10 lower than the 1 mmol L-1  
added to the bottles (Fig. 4). However, dMn was still present at concentrations 
comparable to porewater dMn(III)-L (Klomp et al., 2025). Metal-ligand complexes 
can vary over time, due to, for example, ligand exchange (Luther et al., 2015). 
Such exchange could contribute to degradation of Mn(III)-L complexes and/or 
Mn precipitation over time. H2S was observed in all incubations amended with 
dMn(III)-L (Fig. S3) and has been shown to inhibit AOM (Dalcin Martins et al., 2024). 
However, in the depth interval from 15 – 20 cm H2S concentrations were only  
50 µmol L-1, and thus were unlikely to have been high enough for full inhibition 
of AOM (Dalcin Martins et al., 2024). We speculate that the lack of enhanced AOM 
could also result from shielding of the Mn(III) from the methanotrophic archaea 
by the organic ligand surrounding it, making the Mn(III) less available for the 
microbes. Furthermore, using dissolved Mn as an electron acceptor might require 
a different metabolic pathway than the extracellular electron transfer proposed for 
metal oxide reduction coupled to AOM in freshwater sediments (Leu et al., 2020). 
In summary, our results show evidence for a coupling of Mn oxide reduction and  
CH4 oxidation, which may be either direct or indirect (i.e. coupled to the sulfur 
cycle). We did not observe enhanced AOM with dissolved Mn(III)-L, however.

A CH4 oxidation signal was observed in the controls, indicating that some residual 
electron acceptors were still present at the start of the incubations (Fig. 2). No SO4

2-

was detected in the control incubations (Fig. 1, 2). Any NOx will likely also have 
been completely removed by the time the incubations started (Rigutto et al., 2025). 
Hence, it is possible that Mn or Fe oxides drive the AOM in the control incubations. 
An increase in dMn or dFe in the control incubations, which would provide a strong 
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indication for active metal oxide reduction, was not observed, however. As an 
alternative, organic compounds such as humic acids in the sediment could act as 
an electron acceptor for AOM (Valenzuela et al., 2019, 2022; Pelsma et al., 2023).

Microbial players in Mn driven AOM
Based on 16S rRNA genes recovered from the incubations from 15-20 cm 
depth after 92 days, we show that two methanotrophic archaea enriched in the 
incubations. These were ANME-2ab and ANME-3, with ANME-3 being present 
in a higher abundance than ANME-2ab (Fig. 5). The higher increase in relative 
abundance of ANME-2ab in the incubations where Mn oxide minerals were added 
compared to the control incubations indicates that these ANMEs may benefit 
from the addition of Mn oxides (Fig. 5). ANME-2ab have previously been linked 
to other electron acceptors than SO4

2-, such as organic compounds and Fe oxides  
(Tu et al., 2017; Aromokeye et al., 2020; Pelsma et al., 2023). It is proposed that their 
large multi-heme cytochromes facilitate extracellular electron transfer, potentially 
allowing the ANME to directly reduce metal oxides (McGlynn et al., 2015; Scheller 
et al., 2016; Chadwick et al., 2022). ANME-2ab may also use a bacterial partner to 
couple CH4 oxidation to the reduction of metal oxides (Slobodkin et al., 2023). The 
main bacterial species that increased when Mn oxides were added, in parallel to the 
increase in ANME-2ab, were Desulfobulbaceae, Sva 1033 and Geopsychrobacteraceae 
(Fig. 4). Desulfobulbaceae are known bacterial partners for ANME (Lösekann et al., 
2007; Green-Saxena et al., 2014) and some members have the potential to reduce 
metal oxides (Lovley et al., 1993; Müller et al., 2020). It is therefore possible that 
Desulfobulbaceae and ANME-2ab form a consortium in which CH4 oxidation by 
ANME-2ab is coupled to Mn oxide reduction by Desulfobulbaceae.

The relative abundance of ANME-3 also increased when compared to the start of 
the incubations. Although the overall increase of ANME-3 was higher compared 
to that of ANME-2ab, the increase of ANME-3 in Mn oxide amended incubations 
relative to the control samples was not as pronounced (Fig. 5). In the incubation 
where manganite was added, the increase in relative abundance of ANME-3 
was even smaller than in the control incubations. The highest ANME-3 relative 
abundances were observed in the incubations where SO4

2- was present, especially 
the incubations where birnessite and pyrolusite were added (Figs. 3, 4). This 
suggests that ANME-3 perform S-AOM that is fueled by Mn oxides via a cryptic 
S cycle, rather than directly coupled to Mn oxide reduction. ANME-3 can be 
independent from SRBs or in a consortium with members of the Desulfobulbaceae 
and Desulfosarcinaceae families (Lösekann et al., 2007). In our incubations, both 
Desulfosarcinaceae and Desulfovibrionaceae families show a similar pattern in 
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relative abundance as ANME-3, indicating that these could be potential bacterial 
partners for ANME-3 in S-AOM.

The relative abundance of Methanosarcina increased in the incubations where 
birnessite and manganite were added compared to the start and control (Fig. 5). 
A positive effect of Mn oxide on the relative abundance of Methanosarcina has 
been observed before, during anaerobic digestion (Chen et al., 2023; Tian et al., 
2017). Methanosarcina is a metabolically versatile methanogen that can produce 
CH4 from various organic compounds, but has also been shown to use extracellular 
electron transfer to obtain electrons to perform methanogenesis in syntropy with 
a bacterial partner (Huang et al., 2021; Rotaru et al., 2014) and may also reduce 
Fe oxides (Ferry, 2020; Yang & Lu, 2022). Another possibility is that the addition 
of Mn oxides enhanced organic matter degradation, releasing substrates on 
which Methanosarcina could grow. Our results indicate that, in marine sediments, 
Methanosarcina may benefit from the presence of Mn oxides, regardless of the 
redox state, i.e. with both Mn(III) and Mn(IV) oxides.

The contribution of Mn-AOM to CH4 removal
Our experiments highlight the potential for Mn-AOM, either via direct coupling 
of CH4 oxidation to Mn reduction, or via the production of SO4

2-  when Mn oxides 
oxidize reduced S species in the sediment. If sufficient Mn oxides are present, Mn-
AOM could contribute a few percent to total CH4 oxidation in coastal sediments 
(Lenstra et al., 2023; Xiao et al., 2023). Generally, Mn oxide input into sediments is 
highest in coastal regions, especially near river mouths, as a result of the continental 
origin of the Mn oxides (Lenstra et al., 2022). Since these are also areas where 
methanogenesis rates are highest, Mn-AOM is likely especially important in these 
river-dominated coastal regions. High input of Mn oxides can also occur in coastal 
basins where the basin geometry contributes to focusing of sediment (Lenz et al., 
2015; Dijkstra et al., 2016). Recycling of Mn, i.e. repeated oxidation and reduction 
of Mn at redox interfaces in the water column or sediment,  contribute to retention 
of Mn in marine systems (Adelson et al., 2001; Sulu-Gambari et al., 2017). This 
implies that Mn can be oxidized and reduced many times before the Mn is either 
transported away in the water column or buried in the sediment as Mn carbonate 
(Sulu-Gambari et al., 2017; Lenstra et al., 2021a). Eutrophic systems where Mn 
recycling is strong and CH4 is present close to the sediment-water interface, have a 
particularly high potential for interactions between CH4 and Mn oxides.

Burial of Mn oxides into the methanic zone is promoted by non-steady state 
events like sedimentation pulses in large river delta systems (Kasten et al., 1998) or 
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extensive reworking of the sediment, for example, during mass movements along 
continental margins (Riedinger et al., 2014). Another mechanism that can result 
in the burial of Mn oxides below the sulfate-methane transition zone is a rapid 
shoaling of the SO4

2- penetration depth due to changes in sedimentation rate or 
organic matter input, as suggested in the Bothnian Sea (Slomp et al., 2013; Lenstra 
et al., 2023). Notably, ANME-2ab make up for a significant part of the archaeal 
community in Bothnian Sea sediments  (Rasigraf et al., 2020). Our work shows that, 
in marine systems where Mn oxides are buried in the methanic zone, ANME-2ab 
and/or ANME-3 could be involved in AOM coupled to reduction of Mn oxides.

Conclusions

We studied the interactions between Mn oxides and CH4 in coastal marine 
sediments of a seasonally euxinic basin. We combined geochemical sediment and 
porewater profiles with results of batch incubations using various forms of oxidized 
Mn, namely birnessite (Mn(IV)O2 * n H2O), pyrolusite (Mn(IV)O2), manganite (Mn(III)
OOH) and dissolved Mn(III) bound to organic ligands. Our field data show burial 
of Mn oxides below the sulfate-methane transition zone, resulting from seasonal 
variation in bottom water redox conditions combined with a high sedimentation 
rate. Birnessite stimulated anaerobic oxidation of CH4 in sediment incubations. 
Pyrolusite and manganite appeared to do the same, while dissolved Mn(III) bound 
to organic ligands did not affect CH4 oxidation. In the incubations where birnessite 
and pyrolusite were added, SO4

2- formed, likely via the oxidation of FeS in the 
sediment. This SO4

2- could have driven the CH4 oxidation via a cryptic sulfur cycle. 
When manganite was added, no SO4

2- formed, hence CH4 oxidation did not occur via 
a cryptic sulfur cycle. Methanotrophs of the ANME-2ab clades increased in relative 
abundance in all incubations where Mn oxide minerals were added compared to 
the control incubation, indicating that these organisms are likely involved in Mn 
driven methane oxidation. In the incubations where SO4

2- formed upon addition 
of Mn oxides, ANME-3 increased in relative abundance, which suggests that these 
methanotrophs perform S-AOM and benefit from a cryptic sulfur cycle driven by Mn 
oxides. Furthermore, enrichment of the methanogen Methanosarcina in incubations 
where Mn oxides were added showed that these methanogens benefit from the 
presence of Mn oxides. Our results highlight the versatility of methanotrophs and 
show a potential role for Mn oxides in CH4 cycling in sediments of a seasonally 
euxinic basin.
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Fig. S1 X-ray diffraction spectra for the Mn oxide minerals used in the incubation experiments, i.e. 
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MS for the incubations where Mn oxides were added to the incubation with sediment from 0 – 5 cm. 
c) amount of CO2 injected in the GC-MS for the incubations amended with Mn oxides from 15 – 20 cm 
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Fig. S4 Relative abundance of the (a) archaeal genera and (b) bacterial families based on 16S rRNA 
amplicon sequencing of the sediment from 15 - 20 cm depth at the start of the incubation and at 
the end for the control and the incubations amended with Mn oxides (birnessite, pyrolusite and 
manganite). For each treatment, duplicate bottles were analyzed separately and results for each bottle 
are shown in the plot. Two samples were taken from the start material.
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Fig. S5 Change in the microbial community between the start and end point of the incubations with 
Mn oxides (a) birnessite, (b) pyrolusite, (c) manganite, based on differential abundance analysis. The 
blue bars represent an increase in relative abundance of an organism, compared to the start, while the 
red bars indicate a decrease.
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Fig. S6 Change in the microbial community between the control incubation and end points of the 
incubations amended with Mn oxides (a) birnessite, (b) pyrolusite, (c) manganite, and (d) between the 
control and the starting material based on differential abundance analysis. The blue bars represent 
an increase in relative abundance of an organism compared to the control or start, while the red bars 
indicate an increase.
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Supplementary table

Table S1 Composition of artificial HEPES buffered, SO4
2- free seawater

Chemical Concentration

NaCl 26 g L-1

MgCl2 • 6H2O 5.0 g L-1

CaCl2 • 2H2O 1.4 g L-1

KCl 0.5 g L-1

HEPES 20 mmol L-1
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Abstract
Methane is a powerful greenhouse gas. Typically, a large fraction of the methane 
formed in coastal sediments is removed via anaerobic methane oxidation (AOM). 
Here, we demonstrate the potential for a range of AOM pathways in brackish 
coastal sediments by ANME-2ab archaea. At our study site, geochemical profiles 
indicate that AOM is primarily restricted to a shallow, metal-oxide-rich sulfate-
methane transition zone (SMTZ). ANME-2ab were the sole methanotrophs detected, 
and metatranscriptomics showed the highest expression levels of the ANME-
2ab genes in the SMTZ. AOM activity was observed in sediment incubations with 
various electron acceptors, including sulfate, metal oxides, and the organic matter 
analogue graphene oxide. Highest potential rates were observed in sediments from 
below the SMTZ, pointing towards fast stimulation of the deeper methanotrophic 
community when alleviating the electron acceptor limitation. The variety of AOM 
pathways and persistence of methanotrophs below the SMTZ likely contribute to 
the resilience of the microbial methane filter in brackish coastal sediments.

Teaser
A resilient methane filter: active methanotrophy in and below the sulfate-methane-
transition-zone in coastal sediments
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Introduction

Methane is a key greenhouse gas that in marine sediments is mainly produced by 
methanogenic archaea (Reeburgh, 2007). In most continental margin sediments, 
the methane is efficiently removed through anaerobic and aerobic oxidation 
(Knittel & Boetius, 2009). In coastal sediments, however, some of the methane may 
escape oxidation, especially when the zone of methanogenesis approaches the 
sediment-water interface (Lapham et al., 2024; Żygadłowska et al., 2024b). As a 
consequence, coastal regions may contribute up to 75% of total marine methane 
emissions, even though these systems account for only a small part of the oceanic 
surface area (Hamdan & Wickland, 2016). This makes it crucial to understand the 
microbial pathways contributing to methane removal in coastal sediments.

Coastal sediments typically receive high inputs of organic matter, which induce 
sharp redox gradients near the sediment-water interface (Burdige, 2007). Besides 
oxygen, which generally penetrates down to depths of only a few millimeters, 
other electron acceptors used to degrade organic matter are, in order of decreasing 
energy yield, nitrate/nitrite, manganese (Mn) oxide, iron (Fe) oxide and sulfate (SO4

2-; 
Froelich et al., 1979). When these electron acceptors are depleted, fermentation 
and methanogenesis are the remaining pathways (Canfield & Thamdrup, 2009). 
Most of the methane is thought to be removed through anaerobic oxidation of 
methane (AOM) with sulfate as the electron acceptor (S-AOM) in the so-called 
sulfate-methane transition zone (SMTZ) (Boetius et al., 2000; Orphan et al., 2002; 
Reeburgh, 2007).

In environments subject to non-steady state deposition, methane may also come 
into contact with metal oxides, creating an opportunity for a coupling between 
manganese and iron oxide reduction and AOM (Mn- and Fe-AOM, respectively; 
Wallenius et al., 2021 and references therein). The first evidence for potential Mn- 
and Fe-AOM was obtained from incubations of marine methane-seep sediments 
using 13C-labelled methane (Beal et al., 2009). Follow-up experimental and 
modeling studies confirmed a potential role for Mn- and/or Fe-AOM in brackish 
and marine sediments (Segarra et al., 2013; Riedinger et al., 2014; Egger et al., 2015; 
Aromokeye et al., 2020; Lenstra et al., 2023). Brackish sediments where an increased 
input of organic matter has led to an upward shift of the SMTZ are particularly 
conducive to Mn- and Fe-AOM, because of the presence of metal oxides in a zone 
with high methane concentrations (Egger et al., 2015; Rooze et al., 2016; Lenstra et 
al., 2023). Besides direct coupling of metal oxide reduction to AOM in such settings, 
metal oxides may also drive S-AOM via the production of SO4

2- in a cryptic sulfur 
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cycle (Holmkvist et al., 2011; Norði et al., 2013; Su et al., 2020). Since there is no 
conclusive geochemical signature for Mn-AOM, Fe-AOM or cryptic sulfur cycling, 
the need to identify the microorganisms involved is important.

Typically, S-AOM is performed by a consortium of anaerobic methanotrophic 
archaea (ANME) and sulfate-reducing bacteria (SRB) (Boetius et al., 2000; Orphan 
et al., 2002). The clade Ca. Methanoperedenaceae (also known as ANME-2d) has 
been linked to Mn- and Fe-AOM reduction in freshwater sediments (Ettwig et al., 
2016; Cai et al., 2018; Leu et al., 2020). In brackish and marine sediments, ANME-2d 
is typically only present at very low abundances and thus is unlikely to contribute 
to Mn- and Fe-AOM (Aromokeye et al., 2020; Rasigraf et al., 2020; Wallenius et al., 
2021, 2025). Other subclades of ANME-2 may be involved instead, such as ANME-
2ab, now classified as Ca. Methanocomedenaceae (Chadwick et al., 2022). ANME-2a 
was, for example, proposed to be linked to Fe-AOM based on sediment incubations 
for a marine site in the North Sea (Aromokeye et al., 2020). Similar depth trends 
in ANME-2a and total iron contents (Rasigraf et al., 2020) for sediments from the 
brackish Bothnian Sea for which Fe-AOM activity was reported earlier (Egger et al., 
2015), also point to a potential role for ANME-2a in Fe-AOM. Finally, AOM may also 
be coupled to redox-active humic substances in natural organic matter (NOM-AOM) 
(Scheller et al., 2016; Valenzuela et al., 2017; Zhao et al., 2024). While in freshwater 
sediments, ANME-2d can be involved in NOM-AOM (Bai et al., 2019), various other 
ANME clades have been inferred to carry out the process in brackish and marine 
environments, including ANME-1b (anoxic marine water; van Grinsven et al., 2020), 
ANME-2a and 2c (marine methane seep; Scheller et al., 2016) and ANME-2ab 
(brackish canal sediment; Pelsma et al., 2023).

In this study, we examine the potential and in-situ relevance of various AOM 
pathways and the microbes involved in methane- and metal oxide-rich sediments 
from a brackish coastal sea (Bothnian Sea). We focus on sediments from within 
and below the SMTZ and assess the following electron acceptors in AOM: sulfate, 
Mn and Fe oxides and natural organic matter.  A complementary set of methods 
was used, including geochemical profiling of sediment and pore water, 16S rRNA 
gene amplicon sequencing, metagenomics, metatranscriptomics, and sediment 
incubations using 13C-labelled methane. We find evidence for a range of AOM 
pathways, performed by ANME2-ab, with the highest in-situ activity in the SMTZ 
but the greatest potential activity deeper in the sediment, indicative of a resilient 
and easily reinvigorated methanotrophic community.



6

163|ANME-2ab drive methane oxidation in brackish coastal sediments via multiple pathways

Materials and methods

Study site
The Bothnian Sea is a brackish oligotrophic coastal basin in the northern part of the 
Baltic Sea. Rivers are the main source of organic matter in the region. Inputs of this 
terrestrial organic matter vary greatly between years, linked to variations in rainfall 
and river discharge, and appear to be increasing, linked to climate change (Algesten 
et al., 2006; Lenstra et al., 2018). Land uplift in the Bothnian Sea region contributes 
to the transport of this material from shallow areas to the deeper basins (Leivuori & 
Niemistö, 1995). The input of marine organic matter has also gained importance over 
the past decades as a result of anthropogenic eutrophication (Kuliński et al., 2022). 
The increase in deposition of both terrestrial and marine organic matter is thought 
to be responsible for the observed shallowing of the SMTZ at many locations in the 
Bothnian Sea (Slomp et al., 2013; Egger et al., 2015; Rooze et al., 2016). Bothnian Sea 
sediments are metal oxide-rich, with frequent burial of metal oxides into and below 
the SMTZ (Slomp et al., 2013; Egger et al., 2015; Lenstra et al., 2018).

The sampling location, US2 (62˚50.99’ N; 18˚53.53’ E; Fig. S1), has a permanently 
oxygenated water column, a sediment accumulation rate of 1.6 cm yr-1 and is 
characterized by a high input of metal oxides and a shallow SMTZ (Slomp et al., 
2013). Macrofaunal activity, mainly by burrowing crustaceans and polychaetes, 
affects the sediment via bioturbation and bioirrigation (Josefson et al., 2012).

Sediment and pore water collection
In May 2022, six sediment cores were collected on board Research Vessel KBV 181, 
using a Gemini corer system with transparent core liners of 8 cm inner diameter: 
one core for porewater and solid phase analysis, one for methane, one for sulfate 
reduction rates, one for porosity and DNA/RNA samples and two to collect material 
for incubation experiments.

For pore water and solid phase analysis, two bottom water samples were taken. The 
core was sectioned under a N2 atmosphere in a glove bag at a 1 cm depth resolution 
until 10 cm depth and a 2 cm depth resolution below 10 cm depth. The sediment 
was transferred into 50 mL centrifuge tubes and centrifuged at 4500 rpm for  
20 minutes to separate the sediment from the pore water. The sediment was 
stored in N2 purged aluminum bags at -20°C until further processing for solid 
phase analysis. The supernatant was filtered (0.45 µm) in a N2 filled glove bag and 
subsampled for analysis of alkalinity, SO4

2-, ammonium (NH4
+), dissolved Mn, Fe, 

phosphorus (P), sulfide (H2S) and dissolved inorganic carbon (DIC), including the DIC 
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C-isotopic signature. Aliquots for alkalinity and SO4
2- were stored in polyethylene 

vials at 4˚C until analysis. Samples for NH4
+ analysis were stored at -20˚C. Samples 

for total dissolved Mn, Fe and P were acidified with 10 µL 30% suprapur HCl per 
milliliter of sample and stored at 4˚C. Samples for H2S analysis were diluted 5 times 
in 2% Zn acetate in a glass vial and stored at 4˚C. Samples for DIC and DIC C-isotopic 
signal were stored in airtight glass vials without headspace and with 10 µL HgCl2 
per 2 ml sample at 4˚C.

Samples for the determination of CH4, including C- and D-isotopes, and sulfate 
reduction rates were taken directly upon recovery from a core liner with pre-drilled 
holes at a 2.5 cm depth resolution covered with tape prior to coring. For CH4, 10 ml 
of sediment was transferred directly into a 65 ml glass bottle filled with a saturated 
NaCl solution using pre-cut plastic syringes. Bottles were immediately stoppered, 
capped and stored upside down until analysis. For sulfate reduction rates, 5 ml of 
sediment was sampled using pre-cut syringes, which were sealed off with parafilm 
and stored in a N2 flushed aluminum bag at 4˚C.

For porosity and DNA/RNA sample collection, a core was sectioned under 
atmospheric conditions in sections of 1 cm in the top 10 cm of the core and in 
sections of 2 cm below 10 cm. Part of the sediment was placed in pre-weighed 
centrifuge tubes and stored at 4˚C until porosity analysis. Another part was 
conveyed to autoclaved Eppendorf tubes, frozen with liquid N2 and stored at -20˚C 
for DNA and RNA analyses.

The remaining cores were stored at 4˚C and sectioned within two weeks after retrieval 
under an N2 atmosphere at a 4 cm resolution. The sediment was placed in plastic bags 
and stored in N2 flushed aluminum bags at 4˚C until use in sediment incubations.

Chemical analysis of solid phase
Sample residues for the solid phase analysis were freeze-dried and ground with 
an agate mortar and pestle, all under a N2 atmosphere. Aliquots of the sediment  
(~300 mg) were used to determine Corg contents. The sediment was decalcified 
with 1 M HCl (via a two-step wash; Van Santvoort et al., 2002), dried, weighed and 
powdered in an agate mortar and pestle. The powdered sediment was analyzed 
using an elemental analyzer (Fison Instruments model NA 1500 NCS). The C content 
was corrected for weight loss during decalcification and an internationally certified 
soil standard IVA2 was used to determine the accuracy and precision of the analysis. 
The certified C content in IVA2 is 0.732 wt%, the measured mean value for C in IVA2 
(n = 7) was 0.716 wt% with a standard deviation of 0.004 wt%.
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Another aliquot (~50 – 100 mg) was used to determine the mineral phases of 
Mn and Fe via a sequential extraction. For Mn, we used the extraction scheme of 
Lenstra et al. (2021b), for Fe, the procedure described by Kraal et al. (2017). Details 
are provided in supplemental Table S1 and S2. In the first step of the Fe extraction  
(1 M HCl), Fe(II) and Fe(III) were measured separately via the spectrophotometric 
method using 1-10 phenantroline (APHA, 2005), to distinguish Fe-oxides from 
reduced Fe minerals such as FeS and Fe carbonate. In the other steps, extracted Mn 
and Fe was measured via inductively coupled plasma – optical mission spectroscopy 
(ICP-OES; PerkinElmer Avio; detection limit 0.1 µmol L−1 for Fe and 0.02 µmol L−1  
for Mn). The standard deviation over all extraction steps based on duplicates (n = 3) 
was 2.5% for Fe and 2.4% for Mn.

Iron sulfide (FeS) concentrations were determined via the passive diffusion method 
as described by (Burton et al., 2008) on sediment aliquots of ~300 mg. The standard 
deviation based on duplicates (n = 3) was 5.0%.

Total sediment Mn, Fe, P and S was determined via a sediment digestion of  
~100 mg of sediment in 2.5 ml mixed acid (HNO3; HClO-; 2:3) and 2.5 ml 40% HF 
at 90˚C. After evaporation of the acid mixture, the residue was redissolved in  
1 M HNO3. The solution was analyzed using ICP-OES with the following recoveries: 
106% for Mn, 107% for Fe, 104% for P and 101% for S. The standard deviation (n=2) 
was 1% for Mn, 1.1% for Fe, 1.1% for P and 2.1% for S. Porosity was determined 
based on the weight loss of the sample after drying in an oven at 60˚C.

Chemical analysis of pore water
Porewater Fe, Mn and P were measured via ICP-OES (PerkinElmer Avio; detection 
limit 0.1 µmol L−1 for Fe, 0.02 µmol L−1 for Mn, 3.1 µmol L−1 for P). A 10 mL N2 headspace 
was injected into the CH4 bottles and after an equilibration time of 7 days, the 
headspace was analyzed on a Thermo Finnigan Trace™ gas chromatograph (flame 
ionization detector; limit of detection 0.02 µmol L−1). The isotopic composition of 
CH4 (δ13C-CH4 and δD-CH4) was analyzed by Continuous Flow Isotope Ratio Mass 
Spectrometry (CF-IRMS) as described in Brass & Röckmann (2010) and Sapart et 
al. (2011). Porewater SO4

2- was determined via ion chromatography (Metrohm 
930 Compact IC Flex; detection limit of 10 µmol L−1). Porewater H2S was measured 
spectrophotometrically using the phenylendiamine and ferric chloride method 
(Cline, 1969; detection limit of 1 µmol L-1). Alkalinity was measured within 24 h after 
sample collection through titration with 0.01 M HCl. Porewater DIC including its 
isotopic composition was determined after acidification of the sample with 85% 
H3PO4 in an argon purged exetainer and measurement of the headspace on a 
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GasBench – Isotope Ratio Mass Spectrometer (GasBench II Delta V Advantage IRMA, 
Thermo Scientific). Concentrations of NH4

+ were determined via the indophenol 
blue spectrophotometric method (Solórzano, 1968).

Determination of SO4
2- reduction rates

To determine SO4
2- reduction rates, the samples were injected with 100 kBq  

35S-SO4
2- six days after core retrieval, sealed again and incubated for 24 h in N2-

purged aluminum bags at 4˚C. The sediment was then transferred into a 50 mL 
centrifuge tube containing 20 mL oxygen-free 20% zinc-acetate to precipitate 
any sulfide formed and terminate microbial activity (Fossing & Jørgensen, 1989; 
Kallmeyer et al., 2004). The samples were stored at -20˚C in aluminum N2 purged 
bags. Upon analysis, the samples were washed twice with oxygen-free bottom water 
and centrifuged to remove pore water and unreacted 35S-SO4

2- (Egger et al., 2016). 
The reduced S was then extracted with an acidic chrome chloride solution for 48 h 
(Kallmeyer et al., 2004) and captured in 20% zinc acetate via the passive diffusion 
method as described in Burton et al. (2008). The formed radioactive sulfide was 
determined by mixing the 20% zinc-acetate 1:2 vol:vol with Ecoscint XR (NAT1396, 
Scientific Laboratory Supplies, UK) and analysis on an automatic triple-to-double 
coincidence ratio (TDCR) liquid scintillation counter (Hidex 600 SL, LabLogic 
Systems Limited, UK). Sulfate reduction rates were quantified by comparing the 
activity (decays per minute) of the radiolabeled total reduced inorganic sulfur (αTRIS) 
to the total SO4

2- radiotracer (αTOT) as described in Kallmeyer et al. (2004):

Where  is the measured porosity, t is the incubation time in days and 1.06 is the 
correction factor for the expected isotopic fractionation (Jørgensen & Fenchel, 
1974; Kallmeyer et al., 2004).

DNA extraction and 16S rRNA amplicon sequencing and analysis
DNA was isolated with the DNeasy PowerSoil Pro DNA isolation kit (Qiagen, 
Venlo, Netherlands) according to the manufacturer’s instructions after bead-
beating the samples on a TissueLyser LT (Qiagen) for 10 min at 50Hz. Samples 
from the incubations were pre-incubated at 65°C for 10 min in the kit’s C1 solution 
before bead-beating to increase archaeal DNA yields. 16S rRNA gene amplicon 
sequencing was performed on the Illumina MiSeq Next Generation Sequencing 
platform by Macrogen (Seoul, South Korea) using Herculase II Fusion DNA 
Polymerase Nextera XT Index Kit V2, yielding 2x300bp paired end reads. Archaeal 
primers used were Arch349F (5'-GYGCASCAGKCGMGAAW-3') and Arch806R 
(5'-GGACTACVSGGGTATCTAAT-3'; Takai & Horikoshi, 2000) and for bacteria 
Bac341F (5'-CCTACGGGNGGCWGCAG-3'; Herlemann et al., 2011) and Bac806R 
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(5'-GGACTACHVGGGTWTCTAAT-3'; Caporaso et al., 2012). The optimal trimming 
parameters were determined with Figaro (Weinstein et al., 2019), and trimming 
and further processing were done using the DADA2 pipeline (v1.8; Callahan et al., 
2016) in Rstudio (v4.1.1; R Core Team, 2019) as explained previously (Wallenius 
et al., 2025). Raw reads are accessible on the National Center for Biotechnology 
Information (NCBI) website under the accession number PRJNA1306556.

Metagenomic sequencing and analysis
The DNA from sediment depths of 16-20 cm and 28-32 cm was used for short-read 
metagenomic sequencing using a TruSeq DNA PCR-free library with an insert size of 
550bp on NovaSeq6000 (Illumina) platform, producing 2 × 150bp paired-end reads 
(100 Gbp/sample). For long read sequencing with Nanopore, library preparation 
was done starting with 150 to 400 ng of DNA. The quality of the DNA was checked 
by agarose gel electrophoresis. The DNA Library construction was performed using 
the Native Barcoding Kit 24 V14 (SQK-NBD114-24), according to the manufacturer’s 
protocol (Oxford Nanopore Technologies, Oxford, UK). The library was loaded on a 
Flow Cell (R10.4.1) and sequenced using the MinION Mk1C device (Oxford Nanopore 
Technologies, Oxford, UK), according to the manufacturer’s instructions. Quality of 
the sequence reads was analyzed using fastqc (Andrews, 2010). We used singleM 
(Woodcroft et al., 2024) to characterize the samples taxonomically. The quality control, 
trimming, assembly and binning was done using the Aviary pipeline (v.0.11.0; Newell 
et al., 2025). The reads were trimmed with fastp (v0.24.0; Chen et al., 2018), assembled 
with metaSPAdes (v.4.0.0; Nurk et al., 2017), mapped with CoverM (v0.7.0; Aroney et 
al., 2025), and binned with MetaBAT andi MetaBAT2 (v2.15; Kang et al., 2015, 2019), 
Semibin (Pan et al., 2022), Rosella (v0.5.5; https://rhysnewell.github.io/rosella/) and 
DASTool (v.1.1.2.; Sieber et al., 2018). The metagenomically assembled genomes 
(MAGs) were taxonomically classified with GTDB-Tk release 220 (v2.4.0; Chaumeil et al., 
2022) and the MAG completeness and contamination was estimated with CheckM2  
(v1.0.2; Aroney et al., 2025). We also used differential coverage binning (Albertsen et 
al., 2013) as described previously (Wallenius et al. 2025, in prep) to recover one ANME 
MAG. Genomes were annotated with DRAM v1.0 (Shaffer et al., 2020) and metascan 
(Cremers et al., 2022). Genes involved in metal reduction were retrieved with FeGenie 
(Garber et al., 2020). Proteins were identified with prodigal (v2.6.3; Hyatt et al., 2010) 
and used to search for proteins with heme-binding motifs (>3).

Metatranscriptomics
RNA was extracted from freeze-dried sediment from depths of 16-20 cm and  
28-32 cm with the RNeasy PowerSoil Total RNA Kit (Qiagen, Hilden, Germany) 
with the following modifications to increase the RNA yield: the input amount was 
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increased to ~0.5 g sediment, in step 2 we added an extra 0.5 ml DEPC-treated water 
(Invitrogen, Carlsbad, United States) to increase the volume of the aquatic phase; in 
step 3 we added 4 ml of phenol/chloroform/isoamyl alcohol to counter-act for the 
increased humic acids; in step 9, one ml DEPC H2O was added before incubating  
30 min at -20°C, and the final extraction was done with 25 ul SR7 volume to 
increase the RNA concentration. DNA contamination was removed with Invitrogen 
DNA removal kit (Fischer Scientific, USA). The quality of the RNA was checked using 
the 2100 Bioanalyzer instrument (Agilent technologies, USA) and the Agilent RNA 
6000 Nano Kit according to the manufacturer’s instructions. Metatranscriptomic 
sequencing was performed using a TruSeq stranded with NEB rRNA depletion kit 
(bacteria) (Illumina, USA) on a NovaSeqX (Illumina) platform, generating 150-bp 
paired-end reads with ~15 Gb throughput/sample. For both depths three biological 
replicates per depth from different extractions were sequenced. Raw sequences 
were quality trimmed and rRNA contaminant-filtered, mapped against the DRAM-
generated scaffolds, and transcripts permillion (TPM) values were generated using 
transcriptm v0.5 (https://github.com/sternp/transcriptm). Relative abundance was 
calculated using CoverM v0.6.1. Further analysis, including data visualization was 
done in RStudio v4.4.0. Map reads corresponding to coding DNA sequences (CDS) 
were converted into transcripts per million and pooled per genome to compare the 
relative abundance of MAGs expressed per sample.

Incubation experiment
The AOM potential of various electron acceptors, namely O2, SO4

2-, Mn oxide,  
Fe oxide and graphene oxide, as an analogue for humic acid, was tested via batch 
incubations using sediment from within the SMTZ (16 - 20 cm) and below the 
SMTZ (28 - 32 cm). For both intervals, CH4 and metal oxides overlapped in-situ. The 
incubations were started within six months of sediment collection.

The sediment was diluted in a 1:4 ratio with HEPES buffered artificial SO4
2--free 

seawater (ASW; for composition see table S3) under an anoxic atmosphere. The 
sediment slurry was distributed over sterile 120 mL serum bottles, to a final amount of 
60 g slurry per bottle. In the incubations with sulfate, 10 mmol L-1 of Na2SO4 solution 
was added. Manganese was added in the form of birnessite (7.5 mmol L-1; MnO2*nH2O) 
synthesized according to the protocol by Händel et al. (2013) and iron was added 
in the form of ferrihydrite (7.5 mmol L-1; FeO(OH)) synthesized as described in Raven 
et al. (1998). Both metal oxides were analyzed via X-ray diffraction to characterize 
the minerals (Fig. S2). Graphene oxide (CxHyOz) was added in a concentration of  
200 mg L-1, after diluting graphene oxide paste (Merck KGaA, Darmstadt, Germany) in 
demineralized water and deoxygenating the solution. The bottles were closed with 
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capped rubber stoppers and, in the incubation with O2, air was injected to achieve 
4% O2 in the headspace. The sediment was first pre-incubated for one week, shaking 
at 90 rpm at room temperature with 100% N2 headspace, to oxidize sediment FeS and 
minimize the release of SO4

2- in a cryptic sulfur cycle in the real incubations. After one 
week, the ASW was replaced by freshly prepared ASW under an anoxic atmosphere 
and new electron acceptors were added to each bottle, in the same concentrations 
as in the pre-incubations. The headspace was replaced by a headspace of 76% N2, 
4% CO2 and 20% 13C-labelled CH4 (Cambridge Isotope Laboratories, Inc., Andover, 
USA). The headspace in the O2-MO incubation was amended with 50% air, 4% CO2 
and 20% 13C-CH4. The bottles were then placed at room temperature shaking at  
90 rpm for 94 days. In the O2-MO incubation, new O2 was added in the form of pure 
O2 gas to a concentration of 4% of the headspace after 28 and 49 days. In the NOM-
AOM incubations with sediment from below the SMTZ, new substrate was added to 
a concentration of 200 mg L-1 after 56 days, when the activity stagnated likely due to 
substrate depletion.

The headspace was measured weekly for 12C-CO2 and 13C-CO2 concentrations on a 
gas-chromatograph coupled to a mass spectrometer (GC-MS; Agilent 5975C inert 
MSD, detection limit for accurate CO2 isotope concentrations is 40 nmol CO2) to 
monitor 13C-CH4 oxidation. Upon addition of Mn oxides, the headspace concentration 
of CO2 decreased, possibly because CO2 was drawn into the dissolved phase upon an 
increase in the pH during Mn oxide reduction (Silburn et al., 2017). To prevent CO2 
concentrations below the detection limit, new CO2 (4% of the headspace) was added 
to the Mn-AOM incubation with sediment from below the SMTZ after 49 days.

Every other week, a sample was taken from the medium with a N2 purged syringe 
and needle through the stopper, which was used for the analysis of dissolved Mn 
and Fe (via ICP-OES, iCAP 6300 with detection limits of 0.02 and 0.18 µmol L-1 for 
Mn and Fe, respectively), SO4

2- (via IC), H2S and dissolved Mn(II) and dissolved 
Mn(III) (spectrophotometrically, as described in Madison et al. (2011); Oldham et al. 
(2015)). Every four weeks, a sample was taken to determine dissolved CO2, including 
the CO2 isotopes. A liquid sample of 0.5 ml was injected in an argon flushed 3 ml 
exetainer containing 1 ml 85% phosphoric acid and the headspace of the exetainer 
was injected into the GC-MS.

Samples for 16S rRNA amplicon sequencing were obtained at the start of the 
pre-incubations and from each bottle separately at the end of the incubation 
experiment of sediment from below the SMTZ (28 - 32 cm). These samples were 
processed as described in section 2.6.
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Results

Methane oxidation in a shallow SMTZ
A distinct SMTZ was identified between 12 and 22 cm depth in the sediment at 
our study site (US2), characterized by strong counter gradients of sulfate and 
methane in the porewater (Fig. 1). A small fraction of the methane passed onwards 
to the zone above the SMTZ. Methane isotopic values of δ13C and δD were stable 
below the SMTZ, at values around -79‰ and -265‰, respectively, and increased 
in the SMTZ to values of -61‰ and -93‰ (Fig. 1), respectively, indicating methane 
oxidation. Above the SMTZ, methane isotopic values were stable, apart from the 
uppermost 2 cm where both values increased.

Sulfate reduction rates were highest just above the SMTZ at a depth of 9 cm, 
reaching values of up to 352 nmol cm-3 d-1 (Fig. 1). A second maximum in sulfate 
reduction rates was observed at the bottom of the SMTZ at a depth of 22 cm, 
reaching values of up to 157 nmol cm-3 d-1. Free sulfide was always below the 
detection limit in the porewater. Below the SMTZ, solid phase total S reached a 
maximum concentration of 342 µmol g-1 at 27 cm depth. A substantial part of the 
peak in total S, up to 155 µmol g-1, consisted of FeS (Fig. 1).

Surface sediments were enriched in Mn and Fe oxides, reaching concentrations 
of up to 106 and 379 µmol g-1, respectively (Fig. 1). At the upper boundary of the 
SMTZ, a peak in Mn oxides was present, which may partly consist of Mn phosphates 
dissolved in the same extraction step as the Mn oxides (Fig. S3 and table S1). 
Within the SMTZ, Mn oxide contents decreased to around 20 µmol g-1 and Fe 
oxide contents decreased from 46 µmol g-1 to 0 µmol g-1. Mn oxides remained 
around 20 µmol g-1 but Fe oxides emerged again below 29 cm depth, reaching 
concentrations of up to 29 µmol g-1. Dissolved Mn and Fe increased rapidly in the 
upper few cm of the sediment to around 400 and 200 µmol L-1, respectively, and 
subsequently decreased, but at different depths (Fig. 1). Deeper in the sediment 
the concentrations of both Mn and Fe increased again, with dissolved Mn and Fe 
reaching maxima of 566 µmol L-1 and 670 µmol L-1, respectively.

The Corg content was ~2.5 wt% in the top 20 cm of the sediment and decreased 
to around 2 wt% below a depth of 20 cm (Fig. 1). Concentrations of NH4

+, DIC 
and alkalinity increased strongly in the top 20 cm of the sediment, indicating the 
highest rates of organic matter degradation in this zone (Fig. 1). Below 20 cm, 
NH4

+ continued to increase with depth, whereas DIC and alkalinity concentrations 
stabilized around 12 and 13 mmol L-1, respectively. Values of δ13C of DIC were 
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close to -5.5 ‰ near the sediment water interface and decreased to a minimum 
of -15.4‰ within the SMTZ (Fig. 1). Below the SMTZ, the δ13C of DIC increased to 
0.7‰. Porosity decreased from 0.95 at the sediment surface to ~0.90 at 5 cm depth 
and remained near this value at greater depth (Fig. S3).

Fig. 1 Pore water and sediment depth profiles and sulfate reduction rates for our study site US2. The 
zone indicated with gray shading indicates the SMTZ. The step used to determine Mn oxides may 
include Mn phosphates. Additional sediment Mn and Fe forms are shown in supplemental Fig. S4.

Diversity of the microbial community
The 16S rRNA gene amplicon sequences revealed distinct communities of both 
archaea and bacteria, which in some cases were related to the boundaries of the 
SMTZ (Fig. 1 and 2). Ammonia-oxidizing archaea, unclassified Nitrosopumilaceae and 
‘Candidatus Nitrosopumilus’, covered > 65% of all archaeal reads in the top 12 cm.  
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In the SMTZ (12 to 22 cm), ANME-2ab was the only methanotroph detected at a 
maximum abundance of 31%. Surprisingly, ANME-2ab even accounted for up 
to 61% of all archaeal reads in the interval from 24-34 cm below the SMTZ. We 
detected four abundant ANME-2ab ASVs with slightly different niches, with ASV_1 
dominating down to a depth of 34 cm, whereas the other ASVs were either more 
variable or restricted to the sediments below the SMTZ (Fig. S5). Below 28 cm, 
methanogenic genera Methanosarcina, Methanoregula and Methanosaeta together 
with Bathyarchaeaia, appeared and became abundant from a depth of 34 cm 
onwards, indicating active methane production.

Fig. 2 16S rRNA gene amplicon sequencing relative abundances of archaeal DNA (left) and bacterial 
DNA (right). All taxa with < 2% abundance are grouped in ‘Others’.

The bacterial community was highly diverse, with over 50% of taxa having a relative 
abundance of less than 2%. Despite this diversity, there was a clear difference in 
the most abundant taxa with sediment depth. Above and in the SMTZ (0 to 22 cm), 
Nitrosomonadaceae, Nitrospiraceae, Flavobacteriaceae, Woeseiaceae, unclassified 
Gammaproteobacteria, and the unclassified phylum NB1-j made up about 25% 
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of all bacterial reads. Between 18 and 34 cm depth, the SRB Desulfosarcinaceae 
was the most abundant bacterial group after the MBNT15 phylum, reaching 
up to 7% in relative abundance. Below 32 cm, bacterial diversity increased, with 
Anaerolineaceae and Solirubrobacterales being the most abundant taxa.

Metabolic potential for sulfur, C1 and metal cycling
We sequenced the metagenomes from two depths, 16-20 cm (SMTZ) and 28-32cm 
(below the SMTZ), and in total 479 medium-quality (>50% completeness, <10% 
contamination) MAGs were obtained. These MAGs covered 38% (SMTZ) and 34 % 
(below the SMTZ) of the total metagenomic reads, thus a significant part of the 
community was not assembled and thus not analyzed. Based on the mapping of 
metagenomic reads (Fig. 3), the MAG with the highest relative abundance at both 
depths was Defferimicrobium (MAG US2_17), which accounted for 4.4% of reads in 
the SMTZ and 2.0% below the SMTZ. As seen from the 16S rRNA gene amplicon 
profile of the sediment, the most abundant taxa differed significantly between 
the two depths. In the SMTZ, Deferrimicrobiaceae (US2_15), Burkholderiales 
(US2_35), Solirubrobacterales and Gammaprotebacteria (US2_34) were the only 
bins with >1 % abundance. The sediment below the SMTZ was more diverse 
and only Deferrimicrobium and Solirubrobacterales reached >1 % abundance. 
Curiously, MAGs representing likely SRBs (phylum Desulfobacterota) were higher 
in abundance below than in the SMTZ (Fig. 3).  We recovered one ANME-2ab MAG 
(f__Methanocomedenaceae; US2_17) that, in line with 16S rRNA amplicon reads, 
was more abundant below the SMTZ (0.8%) when compared to the SMTZ (0.2%).

We screened the MAGs with > 0.2 % abundance at either depth for marker genes in 
S-cycling, C1-cycling and potential for extracellular electron transport (EET) or metal 
reduction/oxidation (Fig. 3). S-cycling potential was widespread across the MAGs, 
with dissimilatory sulfate reduction genes dsrA and/or aprA found in multiple MAGs 
that were more abundant below the SMTZ, such as the two Desulfobacterales MAGs. 
However, the sulfur-oxidizing Sulfomarinibacterales MAG (US2_11) also encoded 
these genes and was more abundant in the SMTZ. In contrast, the sulfide:quinone 
oxidoreductase sqr was found in MAGs that were more abundant in the SMTZ and 
potentially used for sulfide detoxification. C1- cycle genes were scarce, indicating 
that the sediments harbor mainly heterotrophic clades. Only two MAGs with 
the marker gene for (reverse) methanogenesis, mcrA, were present; ANME-2ab 
(Methanocomedenaceae) and methanogenic Methanoregula (US2-13). Putative 
genes involved in EET and metal reduction/oxidation were found in multiple MAGs, 
which were often more abundant in the SMTZ (Fig. 3). Woeseiaceae MAG (US2_43) 
encoded multiple cytochrome c or membrane proteins involved in electron 
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transfer across the membranes, i.e. RnfC from a complex that translocates proteins 
across the membrane and MtrA, MtrB and MtrC from the decaheme-cytochrome 
c that transfers electrons to the outer membrane. OmcS, OmcF and OmcZ, outer 
membrane cytochromes linked to metal reduction via EET, were present in a few 
genomes such as Desulfobacterota MAGs. Desulfobacterales_UBA11574 that 
encoded OmcS, and the most abundant Deferrimicrobium that encoded OmcF. The 
ANME-2ab genome also showed potential for EET and metal reduction as RnfC and 
OmcZ homologue were detected in their genome.

Fig. 3 The metabolic potential of the most abundant MAGs ( > 0.2 % abundance at one depth) based 
on S-cycling genes (dsrA, aprA, soxA, sqr, asrC), C1-cycling (cdhA, cooF, mcrA, mch, mtaA, mtbA, moxA) 
and genes involved in metal reduction/oxidation or EET (cyc1, cyc2, mtoA, mtrA, mtrC, omcZ, omcS, 
omcF). The MAGs are named based on the lowest taxonomic rank with a classified name. The relative 
abundance of each MAG at the two depths is indicated in the two columns before the genome name.

Metatranscriptomic analysis shows active ANME-2ab in the SMTZ
To identify the metabolically active members of the community that contribute to 
biogeochemical cycling, metatranscriptomes were sequenced from three replicates 
for each of the two depths. The analysis of mapped coding DNA sequence (CDS) reads 
revealed that the most active taxa were notably different from the most abundant 
taxa identified in the metagenomic DNA data (Fig. 3 and 4) as has been observed in 
other studies (e.g. Zhang et al., 2020). The proportion of unmapped reads was even 
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greater in the metatranscriptomic dataset than in the metagenomic dataset, as  
~71 – 75 % of all transcripts did not map to the medium-quality MAGs analyzed. In 
the SMTZ, the most transcripts mapped to Aminicenantia_bin2 (MAG US2_47), which 
covered 12-22% of all CDS reads, and Xanthomonadales_bin3 (US2_56) with 7-8% 
relative abundance. Three putative SRBs, Desulfobacterales_JAFDCJ01 (US2_46), 
Desulfobacterales_UBA11574 (US2_27) and Desulfurivibrionaceae (US2_55) covered 
~6 % of the reads in the SMTZ, although they were either not in the top taxa at 
all or more abundant below the SMTZ in the metagenomic reads (Fig. S6). The 
Methanocomedenaceae (ANME-2ab) MAG had higher expression levels in the SMTZ 
than below the SMTZ with > 6 %  and < 1% relative abundance, respectively.

The active community below the SMTZ differed greatly from that in the SMTZ  
(Fig. 4). In general, archaeal MAGs were much more abundant in the deeper layer, 
such as Bathyarchaeia and Thermoplasmata bins. However, almost a third of the 
transcripts (~20%) were covered by two Zixibacteria MAGs which were barely 
present in the SMTZ (0.001-0.2%).

Fig. 4 The relative abundance of expressed coding DNA sequence (CDS) reads of top MAGs at both 
depths (SMTZ: 16-20 cm; below the SMTZ in methanogenesis zone (MZ): 28-32 cm). Three replicates 
from each depth were sequenced for total RNA. The relative abundance here represents the percentage 
of total counts of coding genes per MAG detected in the transcriptome of each depth.
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Increased methane oxidation upon addition of electron acceptors
The potential of methane oxidation coupled to oxygen, sulfate, Mn and Fe oxide 
and graphene oxide, as an analogue for natural organic matter, was tested in 
sediment both from within the SMTZ (16 - 20 cm) and below the SMTZ (28 - 32 cm; 
Fig. 5). All incubations supplied with extra electron acceptor showed an increase in 
13C-CO2/12C-CO2 ratio relative to the control where no electron acceptor was added, 
indicating active methane oxidation. Generally, the signal for methane oxidation 
was largest in the sediment from below the SMTZ (Fig. 5 and fig S8). Oxygen was 
the most effective electron acceptor added, inducing a methane oxidation rate of 
around 216 µmol cm-3 yr-1 at both depths (Fig. 5 and fig. S4). After oxygen, the highest 
methane oxidation rates were obtained with sulfate as electron acceptor with  
28.6 ± 0.4 and 8.0 ± 0.8 µmol cm-3 yr-1 for within and below the SMTZ, respectively. 
The methane oxidation rates in the Mn-, Fe- and NOM-AOM incubations were 
within a similar range, varying from 1.2 to 3.3 µmol cm-3 yr-1  for sediments in the 
SMTZ and from 9.4 to 15.5 µmol cm-3 yr-1 for those below the SMTZ.

Accumulation of SO4
2- occurred in the O2-MO (max. 2.7 mmol L-1 within the SMTZ 

and 1.1 mmol L-1 below the SMTZ), Mn-AOM (max. 1 mmol L-1 within the SMTZ and 
0.3 mmol L-1 below the SMTZ) and NOM-AOM (max. 0.3 mmol L-1 within the SMTZ 
and 0.5 mmol L-1 below the SMTZ) incubations (Fig. S9). In the controls and Fe-AOM 
incubations, no SO4

2- accumulated. Accumulation of H2S was only observed in the 
S-AOM incubation from below the SMTZ (Fig. S9).

In the incubations where Mn oxide was added, dissolved Mn concentrations 
increased up to around 2 mmol L-1 within the first 30 days and subsequently 
stabilized for sediment from both depths (Fig. S9). Determination of the redox 
state of the dissolved Mn in incubations where Mn oxides were added showed 
that the accumulated dissolved Mn was almost exclusively Mn(II), indicating that 
reduction of Mn(IV) to Mn(II) occurs in one step and likely does not form dissolved 
Mn(III) as a reactive intermediate (Fig. S9). In the incubations with O2 as electron 
acceptor, accumulation of dissolved Mn up to a concentration of 0.8 mmol L-1 
was also observed (Fig. S9). The other incubations had relatively stable dissolved  
Mn concentrations varying between 0.2 and 0.4 mmol L-1.

In the incubations with Fe oxides, dissolved Fe increased from 0.5 to 0.9 mmol L-1 in 
the SMTZ and from 0.2 to 0.5 mmol L-1 in the incubation with sediment from below the 
SMTZ (Fig. S9). When O2 was added as an electron acceptor, dissolved Fe accumulated 
to values of up to 1.1 mmol L-1 and 0.6 mmol L-1 in the incubations with sediment 
from within and below the SMTZ, respectively. In the other incubations, dissolved 
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Fe was relatively stable or absent, apart from the incubations with graphene oxide, 
where the dissolved Fe concentrations fluctuated around 0.2 mmol L-1.

Fig. 5 13C-CO2/12C-CO2 ratios in the headspace of the incubation experiments for sediment from within 
the SMTZ (16-20 cm; circles) and from below the SMTZ (28-32 cm; squares). The CH4 oxidation rates 
are based on the increase in 45C-CO2 in the headspace and liquid of the incubations (Fig. S8). Note the 
different y-axis at the plot showing the O2-MO incubations.

ANME archaea drive methane oxidation in the AOM incubations
ANME-2ab was the most abundant archaeal taxa in the incubations with the deeper 
sediment layer, covering ~55 % of the total archaeal reads (Fig. S10). In the anoxic 
incubations, ANME reads increased significantly in the electron acceptor amended 
samples, but not in the control samples, underlining their role in AOM (Fig 6a). Upon 
addition of Mn and Fe oxides, ANME-2ab increased by more than 20%, accounting 
for up to 75 % of the relative archaeal abundance. Methanosarcina was the second 
most abundant archaea in all samples and increased the most in the control and 
graphene oxide treatments (3-fold and 2-fold, respectively).

The 16S rRNA gene amplicon analysis revealed distinct differences between the 
microbial community of incubations with oxygen versus other electron acceptors 
(Fig. 6). With oxygen, the largest changes in the bacterial community were seen in 
Methylomonas and Methylotenera which increased in relative abundance by 5-10%, 
indicating that dormant buried cells were activated upon oxygen amendment 
(Fig. 6b). In addition, potential sulfur oxidizing taxa Sulfurimonas, Sulfurovum and 
Magnetovibrio increased in these samples. Interestingly, the changes in the bacterial 
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community composition were highly substrate-dependent, although Syntrophotalea 
reads, of phylum Desulfobacterota, increased in all samples from <0.01% by 7-18%, 
the biggest increase was observed in the Fe-AOM and NOM-AOM treatments  
(Fig. 6b and Fig. S11). Also, other Desulfobacterota taxa increased, with Trichloromas 
and MSBL7 increasing in all but the control samples, whereas changes in other 
genera were more substrate-specific. Curiously, SEEP-SRB1, a putative SRB partner 
for ANME, increased only with sulfate, whereas other putative AOM syntrophs, 
uncharacterized Desulfobulbales, increased in Mn-AOM and Fe-AOM samples. 
The changes in heterotrophic bacteria involved in organic matter breakdown via 
fermentation, such as Bacteroidetes, were also substrate-specific (Fig. 6b).

Fig. 6 Changes in the relative abundance of microbial taxa in the sediment from below the SMTZ 
(28-32 cm) after the incubation with different electron acceptors compared to that at the start for (a) 
archaea and (b) bacteria.

Discussion

Two Distinct Zones of AOM
Our integrated analysis of sediments from the Bothnian Sea site reveals two 
vertically distinct zones of anaerobic oxidation of methane (AOM) which are both 
characterized by the presence of a metabolically versatile community of ANME-2ab  
archaea but differ in their porewater and sediment chemistry. The first is the 
canonical sulfate-methane transition zone (SMTZ), where AOM is primarily 
coupled to sulfate reduction. Here, multiple indicators point towards AOM in-situ. 
The second is a deeper, previously unrecognized zone below the SMTZ, where  
ANME-2ab persist and have the potential to couple AOM to a wide range of 
electron acceptors, although their in-situ activity appears to be limited. This finding 
is supported by a combination of geochemical profiling, DNA and RNA sequencing, 
and sediment incubation experiments, as discussed in detail below.
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Active AOM in the SMTZ, which is located between depths of 12 and 22 cm (Fig. 1),  
is evident from the strong isotopic enrichment of 13C and D in the residual methane 
and depletion of 13C in DIC (Whiticar, 1999). This is corroborated by a peak in 
sulfate reduction and change in the gradient in porewater sulfate at the lower 
boundary of this zone, which is a typical feature in sediments where S-AOM occurs 
(Iversen & Jorgensen, 1985). Molecular analysis confirms these observations, with 
a high relative abundance of ANME-2ab archaea (a maximum of 31% of archaeal 
sequences) co-occurring with putative partner sulfate-reducing bacteria from 
the Desulfosarcinaceae family (Schreiber et al., 2010; Murali et al., 2023; Fig. 2). 
Furthermore, metatranscriptomic data reveal that the ANME-2ab gene transcripts 
are highly expressed within the SMTZ, accounting for over 6% of mapped 
transcripts. Besides sulfate, the SMTZ at our site also contains Mn and Fe oxides and 
abundant organic matter (Fig. 1), which may all act as potential electron acceptors in 
AOM (Fig. 5). The addition of sulfate, manganese oxides, iron oxides, and graphene 
oxide to sediment incubations all stimulated AOM at rates comparable to previous 
incubation studies with sulfate (range of 2 - 52 µmol CH4 cm-3

sed yr-1; Beal et al., 2009; 
Segarra et al., 2013; Aromokeye et al., 2020), Fe oxides (range of 0.035 - 6 µmol  
CH4 cm-3

sed yr-1; Beal et al., 2009; Segarra et al., 2013; Egger et al., 2015; Aromokeye 
et al., 2020; Xu et al., 2021) and Mn oxides (range of 0.20 - 14 µmol CH4 cm-3

sed yr-1; 
Beal et al., 2009; Segarra et al., 2013; Xu et al., 2021). However, the accumulation of 
sulfate in the incubations amended with Mn and graphene oxide makes it difficult 
to distinguish direct metal-AOM from AOM coupled to a cryptic sulfur cycle in these 
treatments (e.g. Holmkvist et al., 2011; Su et al., 2020). Taken together, these results 
provide strong indications that ANME-2ab are the primary microorganisms actively 
mediating AOM in the SMTZ, with S-AOM as the dominant pathway.

More surprisingly, we identified a second, deeper zone of potential AOM below the 
SMTZ. Here, the relative abundance of ANME-2ab is even higher, peaking at 61% of 
the archaeal community between 24 and 34 cm. This zone is depleted in sulfate but 
contains solid phase Mn and, in a few depth intervals, iron oxides that have been 
buried below the current SMTZ. The methane isotope profile does not show a clear 
signal for oxidation in this deeper layer (Fig. 1), but an AOM signal could be masked 
by concurrent methanogenesis (Seifert et al., 2006), which, based on the relative 
abundance of methanogens, starts below a depth of 28 cm (Fig. 2).

Direct observations for the metabolic potential of this deeper community are 
derived from our sediment incubation experiments. The addition of sulfate,  
Mn oxides, Fe oxides and graphene oxides all stimulated AOM, with consistently 
higher rates compared to the sediment within the SMTZ (Fig. 5), possibly linked 
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to a higher initial ANME biomass (Fig. 2 and Fig. S6). In every anaerobic incubation 
for the sediment interval from 28-32 cm, the relative abundance of ANME-2ab 
increased significantly, particularly in the presence of metal oxides, where they 
finally constituted up to 75% of the archaeal community (Fig. 6). The sediment 
incubations indicate that the ANME-2ab are capable of oxidizing methane using 
sulfate and the alternative electron acceptors tested, although again a cryptic 
sulfur cycle cannot always be excluded. Notably, the lack of sulfate accumulation in 
the iron-amended incubations points towards a direct coupling between AOM and 
iron reduction. Direct metal-AOM by ANME-2ab is supported by our genomic data, 
which show that the ANME-2ab MAG recovered from this site encodes a homologue 
for OmcZ (Fig. 3), a multiheme cytochrome known to be involved in extracellular 
electron transfer to metals in bacteria (Gu et al., 2023), although its function in 
ANME is not confirmed. Notably, the ANME-2ab in this deeper community were 
detectable through metatranscriptomics (Fig. S7), although their activity was lower 
compared to the community within the SMTZ. This strongly suggests that this deep 
ANME-2ab population is not dormant.

Environmental relevance
The existence of a deep, active ANME-2ab community may be explained by the recent 
environmental history of the site. Geochemical evidence suggests that the lower 
boundary of the SMTZ has become shallower over the past decades. This is based 
on a previously observed depth of approximately 28 cm for the lower boundary of 
the SMTZ at this site (Slomp et al., 2013) and on the mismatch between the current 
position of the SMTZ and the FeS and total S peak in the sediment (Fig. 1). In a setting 
where H2S is largely restricted to the SMTZ or, as is the case here, is absent from the 
porewater, such solid phase sulfur peaks are expected within the SMTZ and not 
below (Riedinger et al., 2014; Egger et al., 2015). The upward shift of the SMTZ at our 
study site has left a large population of ANME-2ab stranded in a now sulfate-depleted 
environment. Our data suggest that this community has remained active using one 
or more solid phase electron acceptors, possibly partly through a cryptic sulfur cycle, 
thereby establishing a second, deeper microbial filter for methane. Such a low rate of 
AOM fueled by other electron acceptors than sulfate could also explain the presence 
of ANME-2ab below the SMTZ at sites where upward shifts in SMTZ depth have not 
occurred recently (Aromokeye et al., 2020; Deng et al., 2020; Dalcin Martins et al., 
2024). In conclusion, a deep microbial methane filter, driven by ANME-2ab below the 
SMTZ, could be a general feature in many coastal sediments.

Our findings have significant implications for our understanding of coastal methane 
cycling. Eutrophication is expected to continue to increase globally (Breitburg et 
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al., 2018). Variations in river runoff due to climate change may lead to a fluctuating 
supply of organic matter and metal oxides to coastal systems, especially at high 
latitudes (Canuel et al., 2012; Lenstra et al., 2018). Combined, this may lead to a 
large variability in the depth of the SMTZ and the availability of metal oxides, and 
potentially, humic substances, to methanotrophs. The versatility of ANME-2ab 
in using these electron acceptors is expected to contribute to a more resilient 
methane filter in coastal brackish sediments in two ways. First, a substantial amount 
of methane could be removed by ANME below the SMTZ via AOM pathways other 
than S-AOM, given the relatively large overlap of methane with electron acceptors 
like Fe and Mn oxides at many coastal locations (Egger et al., 2015; Aromokeye 
et al., 2020; Lenstra et al., 2023; Xiao et al., 2023). Second, a downward shift of 
the SMTZ, as predicted by reactive transport models upon a decrease in organic 
matter supply (Rooze et al., 2016), could directly enable S-AOM by the ANME-2ab 
community deeper in the sediment. Methanotrophic archaea have notoriously low 
growth rates and S-AOM is thus often limited by ANME biomass (Dale et al., 2006; 
Lenstra et al., 2023). Hence, a rapid start of S-AOM by ANME-2ab upon a downward 
shift of the SMTZ, could increase the efficiency of the methane filter.

The persistence and versatility of the ANME-2ab community in using a range of 
electron acceptors in AOM should be incorporated in computer models designed to 
predict methane dynamics in coastal sediments (Lenstra et al., 2023; Wallheimer et 
al., 2025). Future research should also focus on quantifying the in-situ rates of Mn-, 
Fe- and NOM-driven AOM in brackish coastal sediments and in determining the 
global distribution of such AOM systems to refine estimates and models of the marine 
methane budget in a changing world (Wallenius et al., 2021; Saunois et al., 2025).

Data availability
The dataset for this study is available through Zenodo at https://doi.org/10.5281/
zenodo.16920164. Sequencing data is available at the National Center for Biotechnology 
Information (NCBI) website under the accession number PRJNA1306556.
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Supplement

Supplementary figures

Fig. S1 Map of the Bothnian Sea, including the location of site US2. Figure obtained with Ocean Data 
View (Schlitzer, 2023).

Fig. S2 X-ray diffraction spectra of birnessite and ferrihydrite. The red bars indicate the theoretical 
positions of the 2θ peaks for birnessite (Lenstra et al., 2021b) and ferrihydrite (Das et al., 2011).
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Fig. S3 Sediment profiles of porosity, Mn extracted in ascorbic acid, total solid P and dissolved P. 
The maximum in Mn extracted in ascorbic acid between depths of 10 and 20 cm corresponds to a 
maximum in total solid P, which suggests that the peak represents a Mn phosphate phase. This zone 
also corresponds with the maximum dissolved P concentrations in the pore water.

Fig. S4 Sediment profiles of total Mn and Fe and from all steps in the sequential extractions. Ascorbic 
acid (asc. acid) extracts poorly ordered Mn oxides, HCl extracts Mn carbonates and easily reducible 
Fe(III) and Fe(II) minerals, sodium dithionite (CDB) extracts crystalline Fe and Mn oxides and Mn bound 
to clays, ammonium oxalate (amm. oxalate) extracts recalcitrant Fe oxides, crystalline Mn oxides and 
Mn bound to clays and HNO3 extracts pyrite, including any associated Mn. Note the different range for 
the x-axis of Fe total.
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Fig. S5 The total read counts of different ASVs assigned taxonomically to ANME-2ab across the 
sediment depths.
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Fig. S6 The MAGs with the highest coverage in metatranscriptome data (Fig. 4) in the SMTZ and below 
the SMTZ in the methanogenic zone (MZ), portrayed as relative abundance of reads mapped to the 
metagenome of each depth.

Fig. S7 The abundance of ANME-2a MAG when mapped to a) the whole metagenome, b) the whole 
transcriptome; and c) the relative abundance of ANME-2a MAG CDS reads from all CDS reads mapped 
to analyzed MAGs in both the SMTZ and below the SMTZ in the methanogenic zone (MZ), portrayed as 
relative abundance of reads mapped to the metagenome of each depth.
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Fig. S8 Maximum CH4 oxidation rates in the different incubation experiments of sediment from within 
and below the SMTZ, calculated based on the increase in 13C-CO2 and 12C-CO2 in the headspace (lighter 
color) and the dissolved phase (darker color).
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Fig. S9 Concentrations of SO4
2-, H2S, dissolved Mn and dissolved Fe in the incubations. Note that, in 

the Mn-AOM incubation, the redox speciation of dissolved Mn was determined, providing insight in 
concentrations of Mn(II) and  Mn(III).
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Fig. S10 The relative abundance of archaeal taxa with >1% abundance in all AOM incubations and in 
the sediment at the start.

Fig. S11 The relative abundance of bacterial taxa with >1% abundance in all AOM incubations and in 
the sediment at the start.
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Supplementary tables

Table S1 Scheme for the sediment Mn extraction (Lenstra et al., 2021b)

Step Extraction solution Time of 
extraction (h)

Mineral phase targeted

1 0.17 M sodium citrate, 0.6 M sodium 
bicarbonate and 0.057 M ascorbic acid 
(pH 7.5)

24 Mn oxide and Mn phosphates

2 1 M HCl 4 Mn carbonate and Mn sulfides

3 50 g L-1 sodium dithionite solution 
buffered with 0.35 M acetic acid/ 
0.2 M sodium citrate to pH 48

4 Non-reactive Mn bound to clays

4 0.2 M ammonium oxalate /  
0.17 M oxalic acid (pH 3.2)

6 Non-reactive Mn bound to clays

5 65% HNO3 2 Mn bound to and incorporated 
in pyrite

Table S2 Scheme for the sediment Fe extraction (Kraal et al. (2017)

Step Extraction solution Time of 
extraction (h)

Mineral phase targeted

1 1 M HCl 4 Poorly ordered or pH-sensitive Fe(III) 
and Fe(II) minerals (e.g. ferrihydrite, 
siderite or Fe monosulfide)

2 50 g L-1 sodium dithionite solution 
buffered with 0.35 M acetic acid/ 
0.2 M sodium citrate to pH 48

4 Crystalline Fe oxides (goethite, 
hematite)

3 0.2 M ammonium oxalate /  
0.17 M oxalic acid (pH 3.2)

6 Recalcitrant Fe oxides (magnetite)

4 65% HNO3 2 Pyrite

Table S3 Composition of the artificial sulfate-free seawater (pH 7.5)

Compound Concentration

NaCl 5.2 g L-1

MgCl2 * 6 H2O 1 g L-1

CaCl2 * 2 H2O 0.28 g L-1

KCl 0.1 g L-1

HEPES 20 mmol L-1
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Abstract

Methane (CH4) is a powerful greenhouse gas, and its emission from coastal systems 
is critically dependent on the balance between methanogenesis and CH4 removal.  
Anaerobic oxidation of CH4 (AOM) coupled to sulfate reduction is a key pathway, but 
the role of alternative electron acceptors, such as manganese (Mn) oxides, and the 
underlying microbial physiology remain elusive. Here, we examine the potential for 
Mn-driven AOM (Mn-AOM) in brackish coastal sediments at two sites in the Bothnian 
Sea. The overlapping presence of CH4, Mn oxides, dissolved Mn, and anaerobic 
methane-oxidizing archaea (ANME) of the clade ANME-2ab in sediment zones at 
the two sites points towards the potential for Mn-AOM. Laboratory incubations 
of sediment from these zones using 13C-labelled CH4 revealed stimulation of AOM 
upon addition of the Mn oxides, birnessite and pyrolusite, at one of the two sites. 
X-ray absorption spectroscopy of the sediment confirmed reductive dissolution of 
the added Mn oxides during the incubations. A role for cryptic sulfur cycling could 
be excluded since the addition of molybdate, an inhibitor for sulfate reduction, did 
not affect the Mn-AOM activity. In all incubations where AOM was stimulated by 
Mn oxides, members of ANME-2ab were the only methanotrophs and increased 
in relative abundance compared to the start and control. Metagenomic analysis 
revealed that the ANME-2ab genome encoded for all genes involved in the reverse 
methanogenesis pathway, and eleven multi-heme c-type cytochromes (MHCs), 
which can mediate extracellular electron transfer. Several MHCs of the ANME-
2ab where similar to MHCs of freshwater metal-reducing ANME-2d, suggesting 
similar mechanisms for metal-driven AOM across ANME clades. These findings 
demonstrate that ANME-2ab can very likely couple Mn oxide reduction to  
CH4 oxidation in brackish coastal sediments, highlighting that this process needs to 
be considered when studying CH4 dynamics in coastal systems.

Keywords
Anaerobic oxidation of methane, manganese oxides, coastal sediment, ANME
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Introduction

Methane (CH4) is a major greenhouse gas. In marine sediments, most CH4 is 
produced by methanogenic archaea via methanogenesis (Reeburgh, 2007). 
Although typically a large fraction of the CH4 is consumed through anaerobic and 
aerobic oxidation (Knittel & Boetius, 2009), part of the CH4 may be released from 
the sediment, especially in coastal zones where the methanogenic zone is located 
close to the sediment-water interface (Hamdan & Wickland, 2016; Lapham et al., 
2024; Żygadłowska et al., 2024). In coastal sediments, anaerobic oxidation of CH4 
(AOM) is the major sink for CH4 (Wallenius et al., 2021), typically with sulfate (SO4

2-) 
as the main electron acceptor (Knittel & Boetius, 2009). However, metal oxides such 
as manganese (Mn) and iron (Fe) oxides can also act as an electron acceptor in AOM 
(Beal et al., 2009; Egger et al., 2015; Cai et al., 2018; Leu et al., 2020), and may account 
for an appreciable fraction of sedimentary CH4 oxidation (Lenstra et al., 2023; Xiao 
et al., 2023). While in most aquatic sediments Fe oxides are more abundant than 
Mn oxides, bioenergetic modelling suggests that Mn oxides are thermodynamically 
more favorable as an electron acceptor in AOM (Wallheimer et al., 2025).

Manganese oxides are typically enriched in surface sediments and are generally 
removed via reductive dissolution upon burial into underlying anoxic sediments 
(Burdige, 1993). The dissolved Mn that forms can diffuse upwards into the oxic 
surface sediments and re-oxidize with oxygen, forming Mn oxides again (Slomp et 
al., 1997). Repeated Mn reduction and oxidation (“recycling”) at redox interfaces in 
sediments promotes the coupling of the Mn cycle to that of other elements such as 
sulfur and carbon (Burdige, 1993). Under non-steady state conditions, Mn oxides 
may be buried in anoxic, methanic sediments (Kasten et al., 1998; März et al., 2008; 
Riedinger et al., 2014; Lenstra et al., 2023). The concomitant presence of Mn oxides, 
CH4 and elevated dissolved Mn in such settings has been interpreted to indicate 
Mn-AOM (Soyol-Erdene & Huh, 2013; Riedinger et al., 2014). However, there is, at 
present, no direct evidence for in-situ Mn-AOM in brackish coastal sediments.

Most studies of Mn-AOM have focused on freshwater systems. In such settings, Mn-
AOM is commonly associated with members of the anaerobic methane-oxidizing 
archaea ANME-2d (family Methanoperedenaceae; Ettwig et al., 2016; Leu et al., 2020; 
Su et al., 2020). Using a bioreactor inoculated with freshwater sediment, it was 
shown that Candidatus Methanoperedens manganicus and Ca. M. manganireducens 
can directly couple reduction of Mn oxides to CH4 oxidation, likely via extracellular 
electron transport using multiheme c-type cytochromes (MHCs; Leu et al., 2020). 
Manganese oxides can also stimulate oxidation of CH4 by Ca. Methanoperedens 
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via cryptic sulfur cycling, in which SO4
2- is produced upon oxidation of reduced 

sulfur compounds by Mn oxides (Su et al., 2020; Echeveste Medrano et al., 2025).  
Mn-AOM has also been suggested to occur in marine sediments (Beal et al., 2009), 
with ANME of the clade ANME-2ab (family Methanocomedenacea; Chadwick et 
al., 2022) proposed to be involved (Xu et al., 2021). Nonetheless, the identity and 
physiology of microorganisms contributing to Mn-AOM remain largely unresolved 
(Wallenius et al., 2021; Xue et al., 2025).

In this study, we assess the potential for Mn-AOM - including the microbial players 
involved - in metal- and CH4-rich brackish coastal sediments characterized by non-
steady state conditions. We focus on two sites in the Bothnian Sea (US5B, F26), 
combining sediment and porewater profiles from multi- and gravity cores. We 
use, amongst others, CH4 isotopic signatures to assess the zone where AOM likely 
occurs, X-ray absorption spectroscopy and sequential extractions to determine 
the sediment Mn speciation and 16S rRNA analyses to assess the composition of 
the microbial community. The microbial potential for Mn-AOM was determined via 
sediment incubations, using 13C-labelled CH4 and the addition of the Mn oxides 
birnessite and pyrolusite. Metagenome analyses were applied to identify the key 
microbial players in Mn-AOM in the incubations and to identify the genes that 
could be involved in the process. Our results show that ANME-2ab likely directly 
couple Mn reduction to CH4 oxidation, potentially through extracellular electron 
transfer (EET) and may contribute to AOM in brackish coastal sediments.

Materials and Methods

Site description
The two study sites, US5B (62˚35’10.3’’ N 19˚58’7.7’’ E; 232 m water depth; Fig. S1) and 
F26 (61˚59’2.0’’ N 20˚3’49.3’’ E; 150 m water depth; Fig. S1) are located in the Bothnian 
Sea, a brackish oligotrophic sea in the northern part of the Baltic Sea. Sediments rich 
in Mn oxides are widespread in the region (Slomp et al., 2013) with frequent burial 
and reduction of Mn oxides below the sulfate-methane transition zone (SMTZ). This 
unusual redox zonation has been ascribed to a shoaling of the SMTZ due to enhanced 
eutrophication and increased rates of sediment accumulation (e.g. Slomp et al., 2013; 
Egger et al., 2016; Lenstra et al., 2018). At site US5B, Fe-AOM has been demonstrated, 
which was linked to ANME-2ab (Egger et al., 2015; Rasigraf et al., 2020).

The Bothnian Sea formed at the end of the last glacial period as a freshwater lake 
(Jilbert et al., 2015). Sea level rise after the last ice age resulted in a permanent 



7

195|AOM coupled to Mn oxide reduction by ANME-2ab in brackish coastal sediments

connection with the North Sea and the establishment of brackish/marine conditions 
between 8000 and 7000 years ago (Andrén et al., 2011). This transition from freshwater 
to brackish conditions is characterized by a sedimentary enrichment in organic C and 
Mn carbonate (Jilbert et al., 2015; Häusler et al., 2017). At present, bottom waters 
are brackish and permanently oxygenated (Polyakov et al., 2022). Anthropogenic 
activities have led to an increase in nutrient input to the Bothnian Sea, and associated 
eutrophication of the basin over the past decades (Kuliński et al., 2022).

The histories of sediment accumulation rate at sites US5B and F26 differ considerably. 
The transition from freshwater to brackish/marine conditions, which is visible as a 
distinct change in the sediment lithology in Bothnian Sea sediments (Virtasalo et al., 
2016), is situated at a depth of 3 m at US5B and at a depth of 5 m at F26 (Baas et al., 
subm.). This indicates that the average rate of sediment accumulation over the past 
~7500 years at site US5B was lower than at site F26. Anthropogenic pollution of lead 
(Pb) in the Baltic Sea was at a maximum in the 1970s and can be traced back in the 
sediment record (Zillén et al., 2012). This indicates that the upper ~100 cm of the 
sediment at US5B and the upper ~20 cm at F26 were deposited in the last 50 years (Baas 
et al., subm.). These estimates lie within the range of recent sediment accumulation 
rates for these sites based on 137Cs dating (Mattila et al., 2006; Slomp et al., 2013).

Sediment and porewater collection
In July 2023, sediment cores were collected on board the RV Pelagia using a multi-
corer (Oktopus GmbH, Germany) with 10 cm diameter transparent core liners to 
sample the upper 50 cm of the sediment and a gravity coring device to retrieve 
cores with a maximum length of 6 m. Upon core recovery, the gravity core was cut 
vertically into 100 cm sections and capped.

The sediment from a multicore and the 100 cm sections of the gravity core were 
directly sampled after core retrieval for porewater CH4 concentrations using core 
liners with pre-drilled holes with a 2.5 and 10 cm spacing, respectively, that were 
taped prior to coring. Samples of 10 mL were taken with cutoff syringes from each 
hole and immediately transferred to a 65 mL glass bottle filled with saturated 
salt solution. The bottles were stoppered, capped, and stored upside down until 
analysis. Note that degassing of CH4 may occur during sampling, which can lead 
to an underestimation of the total CH4 concentrations in the porewater, especially 
with high CH4 concentrations (Egger et al., 2017; Jørgensen et al., 2019).

Another multicore and the 100 cm sections of the gravity core were sampled for 
chemical analysis of the bottom water, porewater and solid phase. A detailed 
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description of the sampling procedure is provided in the supplementary materials 
Section 1. Porewater was collected via centrifugation and subsampled for the 
analysis of sulfide (H2S), dissolved inorganic carbon (DIC), ammonium (NH4

+), SO4
2-

and dissolved Mn. For H2S, samples were pipetted into polypropylene vials and 
diluted 4 times with a degassed solution of 8 mL 1 mmol L-1 NaOH. Samples for DIC 
were diluted 9.8 times in a degassed solution of 7.5 g NaCl/L in polypropylene vials. 
For the analysis of NH4

+, samples were stored in polyethylene vials at 4°C. Samples 
for SO4

2- analysis were stored in polypropylene vials at 4°C. The samples for dissolved 
Mn were stored at 4°C in a polypropylene centrifuge tube, after acidification with 
10 µL suprapur HCl (30%) per mL of sample. Samples for H2S, DIC and NH4

+ were 
analyzed on board within 24 hours after sample collection. The sediment residues 
were stored frozen at -20°C in N2 purged aluminum bags until further processing 
for the analysis of organic carbon (Corg), total S and Mn mineral speciation.

A multicore was sectioned for DNA isolation under ambient atmospheric conditions 
at a sampling resolution of 2 cm (0 – 4 cm depth) and 4 cm (remainder of the core). 
The sediment was transferred into 50 mL centrifuge tubes, snap frozen with liquid 
N2 and stored at -80°C until further processing.

Sediment for DNA isolation and for incubation material was collected from the 
gravity core after the 100 cm sections of the core were split open into two equal 
parts. For each core section, sediment slices capturing a depth interval of 3 cm were 
collected at a 20 cm resolution. For DNA analysis, the sediment was transferred into 
50 mL centrifuge tubes, snap frozen with liquid N2 and stored at -80°C until further 
processing. The incubation material was transferred into plastic bags that were 
immediately flushed with N2, placed in N2-purged aluminum bags and stored at 4°C.

Porewater analysis
Concentrations of H2S, DIC and NH4

+  were measured using two continuous gas-
segmented flow QuAAtro Auto-Analysers (SEAL Analytical) using a LED as light 
source. The H2S content was determined using para-aminodimethylaniline and 
ferric chloride (Grasshof and Chan 1969; limit of detection of 0.04 µmol L-1), DIC 
was measured using the inversive chemistry spectrophotometer method (Stoll et 
al. 2001; limit of detection of 5.4 µmol L-1) and NH4

+ was analyzed using phenol and 
sodium hypochlorite (Helder and De Vries 1979; limit of detection of 0.1 µmol L-1). 
Porewater SO4

2- was analyzed using ion chromatography (IC; Methrom 930 Compact 
IC Flex; detection limit for SO4

2-  < 0.01 mmol L-1). Dissolved Mn was analyzed via 
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES; iCAP 6300 
with detection limits for Mn of 0.02 µmol L-1).
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Before the CH4 analysis, 10 mL of N2 headspace was injected into each bottle. After 
an equilibration phase of 7 days, CH4 in the headspace was measured on a Thermo 
Finnigan TraceTM gas chromatograph (flame ionization detector; limit of detection 
for CH4 of 0.02 mmol L-1). The isotopic composition of CH4, i.e. δ13C and δD, was 
analyzed by Continuous Flow- Isotope Ratio Mass Spectrometry (CF-IRMS; Brass & 
Röckmann, 2010; Sapart et al., 2011).

Solid phase analysis
The sediment samples were freeze-dried and ground with an agate mortar and 
piston under a N2 atmosphere and used for the analysis of sediment Corg, total S 
and Mn, FeS and the Mn mineral speciation. For the analysis of Corg, an aliquot of 
around 300 mg was decalcified using 1 M HCl (two step wash; Van Santvoort et al., 
2002), dried, weighed and powdered. The decalcified aliquot was analyzed using an 
elemental analyzer (Elementar, Vario Micro Cube) after which Corg was determined 
following correction for the weight loss during decalcification (analytical 
uncertainty based on duplicates, n = 12, was not larger than 0.037 wt.%). Total S 
and Mn were analyzed as described in (Baas et al., subm.). The average analytical 
uncertainty for S and Mn based on duplicates (n = 37) was always <16.5 % and  
<10 %, respectively. Aliquots of approximately 300 mg were used to determine 
the FeS content of the sediment, using the passive diffusion method described by 
Burton et al. (2008). The analytical uncertainty for FeS based on duplicates (n = 3) 
was < 14 %.

A sediment aliquot of ca. 100 mg was used to determine the solid phase Mn 
speciation  using a 5-step sequential extraction (Lenstra et al. 2021b). In the first 
step, Mn oxides and Mn phosphates are extracted in an ascorbic acid solution. 
The second step extracts Mn carbonates and Mn sulfides in 1 M HCl. In the third 
and fourth step, crystalline Mn oxides and Mn associated with clay minerals are 
extracted in a sodium dithionite and an ammonium oxalate solution, respectively. 
The fifth step extracts Mn incorporated in pyrite minerals in 65 % HNO3. The average 
analytical uncertainty for the sequential extractions based on duplicates (n = 13) 
was < 13.2 % for all fractions.

Incubation experiment
The potential for Mn-AOM was tested using incubations with sediment from zones 
of the gravity cores where Mn oxides, CH4 and dissolved Mn were present (Fig. 1, 3).  
For US5B, sediment from the depth intervals 75.75 – 78.75 cm and 95.75 – 98.75 cm  
was combined. For F26, we combined sediments from the depth intervals  
345 – 348 cm and 365 – 368 cm. Incubations were started in duplicate within 4 months  
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after collection of the sediment with a pre-incubation of one week where the electron 
acceptors, SO4

2- or Mn oxide (birnessite or pyrolusite; Table 1),  were added to the 
sediment to remove as much FeS from the sediment as possible, preventing a cryptic 
sulfur cycle in the subsequent incubations where AOM was tested. After the pre-
incubations, the sediment was amended with 13C-CH4 and fresh electron acceptor. 
Molybdate (MoO4

2-) was added to a selection of the incubations with birnessite, to 
inhibit SO4

2- reduction and suppress a cryptic sulfur cycle (Stoeva & Coates, 2019). 
Besides incubations with 13C-labelled CH4, sediment was also incubated with 
13C-labelled acetate and birnessite, to monitor heterotrophic Mn oxide reduction. See 
Table 1 for all treatments. A detailed explanation on substrate preparation and the 
start of the incubations can be found in the supplementary materials Section 2.

Table 1 Substrate additions in the incubation experiment.

Name Added e- donor Added e- acceptor Concentration  
e- acceptor*

no substrate control - - -

CH4 control 13C-CH4 - -

CH4 control + molybdate** 13C-CH4 - -

Sulfate 13C-CH4 SO4
2- 10 or 20 mmol L-1

Sulfate + molybdate** 13C-CH4 SO4
2- 10 mmol L-1

Birnessite 13C-CH4 Birnessite 7.5 mmol L-1

Birnessite + molybdate*** 13C-CH4 Birnessite 7.5 mmol L-1

Pyrolusite 13C-CH4 Pyrolusite 7.5 mmol L-1

Acetate** 13C-acetate Birnessite 7.5 mmol L-1

*Note that in the pre-incubations, Mn oxides were added in a concentration of 4 mmol L-1 in all 
relevant treatments. **In the CH4 control and sulfate incubations, molybdate was added to one of the 
duplicates after 100 days of incubation ***In the incubations with birnessite, molybdate (10 mM) and 
labelled acetate (2.5 mM) were added after the pre-incubations. 

The headspace concentrations of 13C-CO2 and 12C-CO2 were determined weekly 
on a gas chromatograph coupled to a mass spectrometer (GC-MS; Agilent 5975C 
inert MSD). Every other week, the supernatant was sampled through the stopper 
using a syringe with a sterile needle, for the analysis of dissolved Mn, SO4

2 and H2S. 
The samples for SO4

2-  and dissolved Mn were stored and analyzed as described 
above. Samples for H2S were diluted five times in a 2 % Zn-acetate solution in a 
glass vial and stored at 4°C until spectrophotometric analysis using an acidified 
solution of phenylenediamine and ferric chloride, where H2S is the sum of S2-, HS- 
and H2S (detection limit of 1 µmol L-1; Cline, 1969). The sediment was sampled for 
DNA isolation prior to the pre-incubations and at the end of the incubations. The 
samples for DNA isolation were stored frozen (-20°C).
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When Mn oxides were added, the concentrations of CO2 in the headspace 
decreased,  possibly linked to precipitation of Mn carbonate when dissolved Mn 
and alkalinity are high (Lenz et al., 2015), or to CO2 drawdown into the liquid phase 
upon an increase in pH when Mn oxide reduction occurs (Silburn et al., 2017). When 
CO2 concentrations became too low, the GC-MS was no longer able to measure the 
13C-CO2 signal accurately and the 13C-CO2 / 12C-CO2 ratio decreases (Klomp et al., in 
prep.). To prevent a change in the CO2 ratio due to low CO2 concentrations, new 
CO2 was added to the incubations where Mn oxides were added after 48 days at 
US5B and after 28 days at F26. This led to a reset of the 13C-CO2 / 12C-CO2 ratio. The 
decrease in CO2 concentration in the headspace made it impossible to calculate 
reaction rates from the changes in 13C-CO2.

To validate the effect of molybdate on SO4
2--AOM and to obtain insight into the 

drivers of background CH4 oxidation, 10 mmol L-1 molybdate was added to one of 
the incubations with sediment from US5B amended with SO4

2- and to one of the 
CH4 control incubations after 100 days of incubation (Table 1).

X-ray absorption spectroscopy
To determine the Mn mineralogy, fluorescence X-ray absorption spectroscopy 
was performed on a selection of sediment samples in May 2025 on the Mn K-edge 
energy range (6500 – 6900 eV) at beamline BM23 at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France (Mathon et al., 2015). For the sediment 
cores, a sample of the surface sediment, the incubated depth and, for US5B, the 
sediment just above the freshwater -brackish/marine transition was analyzed. 
For the incubations, samples from the start and end of the incubations of US5B 
sediment amended with 13C-CH4 and Mn oxides were analyzed. X-ray spectra for the 
analysis of the X-ray absorption near edge structures (XANES) were normalized and 
extracted using the ATHENA software package (v0.8.056; Ravel & Newville, 2005). 
The ATHENA software package was also used to perform linear combination fitting 
to identify and quantify the mineral phases of Mn, taking into account that phases 
present at low concentrations in the sediment may not always be detectable. 
Details on the procedure can be found in supplements section 3.

Microbial analysis
The sediment collected for DNA analysis, both from the sediment profiles and 
incubations, was defrosted and homogenized. Approximately 0.2 g of sediment 
was transferred into a PowerBead tube from the DNeasy PowerSoil DNA isolation 
kit (Qiagen, Venlo, Netherlands). After the addition of lysis buffer, and to the 
samples from the sediment core additionally 100 µL DEPC water, the samples were 
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incubated at 65°C for 10 minutes. Subsequently, the samples were bead-beaten 
for 10 minutes at 50 s-1 with a TissueLyser LT (Qiagen). DNA isolation was done 
according to the manufacturer’s instructions. The quantity of DNA in the eluted 
sterile demineralized water was assessed by Qubit® 2.0 (Invitrogen, Waltham, Ma, 
USA). The isolated DNA was incubated at 65°C to de-activate DNase and stored 
frozen at -20˚C until further analysis. The amount of sediment used and DNA 
extracted in the samples from the incubations is given in supplementary Table S2. 
For the sediment core, this information can be found in Fig. 1.

The DNA samples from the incubations with sediment from US5B amended with  
13C-CH4 were sent for 16S rRNA gene amplification to analyze changes in the 
microbial community over time in the incubations. The 16S rRNA gene amplification 
and downward processing of the data was performed as described in Wallenius et 
al. (2025). A detailed description of the software and parameters used can be found 
in supplementary materials Section 4.

Shotgun metagenomic sequencing (TruSeq PCR-Free (550 bp insert), NovaseqX 
platform, Macrogen, Amsterdam, The Netherlands) was carried out on a selection 
of the samples from the sediment core and a selection of samples from the 
incubations, i.e., the start sample and the end points for the incubations with 
sulfate, birnessite and birnessite with molybdate. The samples from the sediment 
core were analyzed for microbial relative abundance, using SingleM (Woodcroft 
et al., 2025) and normalized with ‘SingleM summarise’ to observe the relative 
abundance of ANME-2ab (Methanocomedenacea family). The samples from the 
sediment incubation were assembled and binned according to an adapted version 
of a previously published in-house bioinformatics pipeline (In ’t Zandt et al., 2019). 
A detailed description of the bioinformatics pipeline, the software and parameters 
used can be found in supplementary materials Section 4. The samples from the 
incubations were analyzed using Metascan (v1.2-beta, --nokegg; Cremers et al., 
2022) to observe changes in the mcr gene abundance, indicative for the potential 
of both anaerobic methanotrophy and methanogenesis (Evans et al., 2019), and 
using FeGenie (Garber et al., 2020) to analyze variations in metal reduction genes 
between the different incubation bottles and the starting material.
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Results

Sediment and porewater profiles
The sediment at both sites was relatively rich in Corg, with a background of 2-3 wt% 
for the brackish sediments (Fig. 1). At site US5B, the freshwater sediments were 
lean in organic carbon and an enrichment in Corg was observed directly above the 
freshwater – brackish/marine transition at ca. 300 cm depth. At US5B, a strong 
enrichment in total S of almost 300 µmol g-1 was observed above the freshwater 
– brackish/marine transition, followed by a second enrichment in the upper 50 cm 
of the sediment, which partly consisted of FeS. At F26, total S mostly varied around 
100 µmol g-1 except for the upper 50 cm of the sediment where contents ranged up 
to ca. 50 µmol g-1. At this site, FeS was present at a relatively constant background 
content of around 25 µmol g-1 below a depth of 50 cm.

Fig. 1 Sediment profiles of Corg, total S, Mn oxide and Mn carbonate, amount of DNA extracted and 
relative abundance of ANME-2ab in the total microbial community for sites US5B and F26 in July 2023. 
The horizontal dashed lines indicate the sediment depths used for incubations. Note the change in the 
x-axis for Mn carbonate at US5B. The profiles of all sediment Mn forms are shown in supplementary 
Fig. S3. The shading in the panel for US5B represents the freshwater sediments.
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The surface sediment was enriched in Mn oxides at both sites, but Mn oxides also 
persisted at depth (Fig. 1). For example, sediment Mn oxide contents of ca. 15 µmol g-1  
were observed in the upper 150 cm of the sediment at site US5B and of up to  
10 µmol g-1 around 350 cm depth at site F26. The sediment of US5B was enriched in 
Mn carbonate directly above the freshwater – brackish/marine transition, reaching 
a maximum content of 820 µmol g-1. At this site, Mn carbonate contents were also 
elevated in the upper 150 cm of the sediment. At F26, only the surface sediment and 
the sediment below a depth of 200 cm contained appreciable Mn carbonates. The 
other Mn phases showed little change with depth, with the exception of the sediments 
deposited directly after the freshwater – brackish/marine transition at US5B; in these 
sediments Mn enrichments were observed in the extraction steps targeting crystalline 
Mn oxides, Mn oxides bound to clays and Mn associated with pyrite (Fig. S3).

Fig. 2 Results of linear combination fitting based on the XANES spectra (for spectra, see Fig. S4) from 
the surface sediment and the incubated sediment at US5B (0.75 cm and 78.75 cm depth, respectively) 
and F26 (0.75 cm and 358 cm depth, respectively). For US5B, also sediment from the freshwater 
– brackish/marine transition (298.75 cm depth) was analyzed. The outcome includes birnessite, 
rhodochrosite (MnCO3), hureaulite* (Mn5(PO3OH)2(PO4)2 · 4H2O), and silicate-bound Mn. The latter 
represents the contribution of a spectrum in the LCF collected from a sample with the lowest Mn 
contents (GC215; F26, 568 cm). *Hureaulite represents a fraction of Mn(II) that is difficult to distinguish 
based on XANES spectra and likely represents adsorbed Mn(II) or Mn(II) precipitates other than MnCO3.

Linear combination fitting based on the X-ray absorption spectra of selected depths 
indicated that birnessite was present in the surface sediment of both US5B and F26 
and accounted for around 40 % and 73 % of the Mn mineral fraction, respectively 
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(Fig. 2). Deeper in the sediment, only Mn(II) phases were detected at both sites 
in addition to a signal of background Mn. Just above the fresh- to brackish water 
transition, Mn was only present as rhodochrosite.

Fig. 3 Porewater profiles of DIC, NH4
+, SO4

2-, CH4, δ13C-CH4, δD-CH4 and dissolved Mn for sites US5B and 
F26 in July 2023. The horizontal dashed lines indicate the depths used for incubations. The shading in 
the panel for US5B indicates the freshwater sediments.

In general, higher amounts of DNA were extracted at US5B when compared to F26 
(Fig. 1). At both sites, the amount of extracted DNA decreased with depth in the 
sediment. ANME-2ab were the main methanotrophs detected in the sediment. At 
US5B, ANME-2ab were only detected between depths of 18 and 84 cm, with the 
highest relative abundance of around 3.5 % of the whole microbial community 
between depths of 34 and 45 cm (Fig. 1). At F26, ANME-2ab were present below 
38 cm with the highest relative abundance at 38 cm and 189.5 cm depth (2.5 %). 
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Importantly, twice as much DNA was extracted at 38 cm depth when compared 
to 189.5 cm depth, hence the microbial biomass at 189.5 cm is expected to be 
lower. ANME-1 was detected only at site F26, at a depth of 370 cm, with a relative 
abundance of 0.07%.

Porewater concentrations of DIC and NH4
+  increased with depth at both sites, 

followed by a decrease below a depth of ca. 100 cm at site US5B and a levelling off of 
the increase at site F26 (Fig. 3). Porewater SO4

2- was completely removed within the 
first 15 cm of the sediment at US5B and within the first 40 cm at site F26 (Fig. 3). Below 
the maximum depth of SO4

2- penetration, CH4 was present, reaching concentrations 
of up to 5 - 6 mmol L-1. At site US5B, CH4 concentrations decreased again below a 
depth of 150 cm and reached a concentration of around 0.5 mmol L-1 at 300 cm 
depth. Below 50 cm depth, δ13C-CH4 and δD-CH4 values showed little change with 
depth at both sites and were mostly around -80 ‰ and -240 ‰, respectively (Fig. 3). 
At US5B, values of δ13C-CH4 and δD-CH4 were at a minimum just below the maximum 
depth of SO4

2-  penetration. At depths where CH4 and SO4
2- co-occurred, δ13C-CH4 

and δD-CH4 increased towards the sediment surface, reaching maximum values of 
-50.9 ‰ and -80.8 ‰ at site US5B and values of -74.9 ‰ and -92.7 ‰ at site F26, 
respectively. No H2S was detected in the porewater at either of the sites. Dissolved 
Mn concentrations were elevated near the sediment-water interface at both sites. 
At site US5B, the porewater was also enriched in dissolved Mn between depths of  
15 and 200 cm, with a maximum concentration of ~950 µmol L-1 at 89 cm depth. At 
F26, in contrast, dissolved Mn concentrations increased gradually with depth and 
reached a maximum of around 430 µmol L-1 at and below 350 cm depth.

Incubation experiment

Chemical analyses
The ratio of 13C-CO2/12C-CO2 increased in all incubations of sediment from site US5B 
to which 13C-CH4 was added, indicating AOM. No change in the ratio with time was 
observed in any of the incubations from site F26 (Fig. 4). Hence, in the following, we 
focus on the results for US5B. In the methane control incubations, the 13C-CO2/12C-
CO2 ratio increased from 0.014 to 0.020 during the experiment, indicating 
background CH4 oxidation without additional electron acceptors. The highest signal 
for AOM was observed when SO4

2- was added as electron acceptor. Here, the 13C-CO2/ 
12C-CO2 ratio reached a value of 0.042. In the incubations where Mn oxides 
were added, 13C-CO2/12C-CO2 increased faster compared to the methane control 
incubation. The 13C-CO2/12C-CO2 ratio in the incubations where birnessite was added, 
also together with molybdate, still increased at the end of the experiment, eventually 
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exceeding the ratio in the CH4 control, whereas in the incubations amended with 
pyrolusite the CO2 isotope ratio ceased to increase after 114 days.

Addition of molybdate to the SO4
2--amended bottles after 100 days of incubation 

halted the increase in 13C-CO2/12C-CO2 immediately (Fig. 4). Upon addition of 
molybdate to the CH4 control incubation, the CO2 isotope ratio continued to 
increase for 42 days and then decreased (Fig. S5). After 114 days, molybdate was 
still present in all Mo-amended incubations (Table S3).

In all incubations where Mn oxides were added, dissolved Mn increased from the 
start of the incubations to concentrations of 1.5 to 2 mmol L-1 and subsequently 
slightly decreased throughout the rest of the experiment (Fig. S6). In the 
incubations for site US5B with birnessite where no molybdate was added, SO4

2- 
accumulated to ca. 1.5 mmol L-1 (Fig. S7). This did not occur in any other incubation. 
Concentrations of H2S were around the detection limit in all incubations (Fig. S7). 
In the incubations for site F26, SO4

2- accumulated in the incubations with birnessite 
and pyrolusite, reaching concentrations of around 2 and 1 mmol L-1

, respectively 
(Fig. S8). Accumulation of H2S only occurred in the incubations amended with SO4

2-, 
but H2S concentrations never exceeded 100 µmol L-1 (Fig. S8).

Fig. 4 Headspace 13C-CO2/12C-CO2 ratios in the sediment incubations with 13C-labelled CH4 for site US5B 
and F26. Error bars show the standard deviation for duplicate incubations.

In the incubations amended with 13C-labelled acetate, the 13C-CO2/12C-CO2 ratio 
strongly increased both for site US5B and site F26 within a few days, indicating 
rapid Mn oxide reduction. The ratio stabilized within two weeks at values of  
~0.2 and ~0.3, respectively (Fig. 5). Dissolved Mn increased to around 3 mmol L-1   
and 2 mmol L-1

 in the incubations for sites US5B and F26, respectively.
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Fig. 5 Headspace 13C-CO2/12C-CO2 ratios and dissolved Mn concentrations in the incubations with 
13C-labelled acetate for site US5B and F26 over time. Error bars show the standard deviation for 
duplicate incubations.

Fig. 6 Results of linear combination fitting based on the XANES spectra (for spectra, see Fig. S4) of 
the start and end point of the incubations amended with birnessite, birnessite + molybdate and 
pyrolusite, for site US5B.  The best reproductions were obtained when including spectra of birnessite, 
pyrolusite, bixbyite (Mn2O3), MnSO4

*, rhodochrosite (MnCO3) and background Mn in the fitting. *MnSO4 
likely represents adsorbed Mn(II).

Linear combination fitting of the XANES spectra from sediment of the start and 
end of the incubations from site US5B amended with 13C-CH4 and the Mn(IV) oxide 
minerals birnessite and pyrolusite showed that these Mn oxides accounted for 
60 to 70 % of the total Mn mineral phase at the start of the experiment (Fig. 6). At 
the end of the experiment, both incubations to which birnessite was added still 
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contained a substantial contribution of birnessite of around 15 % of the total  
Mn mineral phase. Pyrolusite, on the other hand, only made up for a negligible fraction 
of 2 % of the total Mn mineral phase at the end of the incubations. The XANES spectra 
of the sediment at the end of the incubations could be reproduced in the linear 
combination fitting including reference spectra of rhodochrosite (MnCO3), bixbyite 
(Mn2O3) and MnSO4. The latter Mn form likely represents the signal of adsorbed Mn(II).

Microbial analyses
Samples from the incubations for site US5B amended with 13C-CH4 were analyzed 
using 16S rRNA gene amplicon sequencing to identify the micro-organisms 
involved in the observed CH4 oxidation. At the start of the incubations, ANME-2ab  
covered 11.1 % of the total archaeal reads (Fig. 7). The relative abundance of  
ANME-2ab did not change over the experiment in the no substrate control (10.8 % 
± 0.6) and decreased somewhat in the methane control (9.0 %) and when sulfate 
was added (9.9 %). When Mn oxides were added, the archaeal relative abundance 
of ANME-2ab increased. The highest increase was observed with the addition of 
birnessite + molybdate (to 19.2% ± 1.1), followed by pyrolusite (to 15.9% ± 1.8) and 
birnessite (to 12.3% ± 0.8).

Fig. 7 Relative abundances of key microbial groups based on 16S rRNA gene amplicon sequencing 
of the sediments of the incubations; (a) archaea and (b) bacteria. The relative abundance of sulfate 
reducers is the sum of the abundance of Desulfocapsaceae and Desulfosarcinaceae. The relative 
abundance of metal reducers is the sum of Geothermobacteraceae, Sva1033, Desulfuromonadaceae, 
Geobacteraceae, Geopsychrombacteracaea and Shewanellaceae. The error bars represent standard 
deviation between the duplicate incubations. No error bars are given for the methane control and 
sulfate, because molybdate was added to one of the duplicates during the experiment and only the 
incubation without molybdate is reported here. For the complete overview of all micro-organisms, see 
supplementary Fig. S9.
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Methanosarcina was the most abundant methanogen and showed the largest 
increase in relative abundance for incubations with Mn oxides (Fig. 7; Fig. S9). The 
largest increase was observed in incubations with birnessite, where the relative 
abundance reached 53.9 % ± 0.5 %, compared to 43.4 % in the start material.

Relative to the start of the incubations (15.6 %), the contribution of bacterial metal 
reducers decreased in the control (9.3 % ± 0.8 %) and SO4

2- (8.1 %) incubations and 
remained similar when birnessite (16.4 % ± 1.0 %) and birnessite + molybdate were 
added (14.2 % ± 4.1 %; Fig. 7). In the incubation with pyrolusite (23.9 % ± 2.3%), the 
relative abundance of metal reducers increased over the duration of the experiment.

The relative abundance of sulfate reducers increased most in the incubations with 
SO4

2- (7.1 %) and only slightly in those with birnessite (2.8 % ± 0.0 %), compared to 
the start material (2 %; Fig. 7).

From the incubation with sediment from site US5B, a selection of samples was used 
for metagenomic analyses, namely samples from the start material and end material 
of one of the duplicates of the incubation bottles amended with SO4

2-, birnessite 
and birnessite + molybdate. Compared to the start, the reads per million (RPM) of 
mcrABG genes, which are involved in CH4 oxidation, increased in all incubations, with 
the increase being largest in the incubation with birnessite + molybdate (Fig. S10).  
For the genes involved in metal cycling, the highest increase in RPM was observed 
in dmkB in the incubation with sulfate and birnessite, respectively (Fig. S10). Other 
genes that showed substantial increases were eetB and fmnA in the incubations 
where birnessite and birnessite + molybdate were added. The ndh2 gene decreased 
in RPM in the incubations with sulfate and birnessite.

In total, eleven high-quality metagenome assembled genomes (MAGs) were 
obtained after assembly and binning of the metagenomic data (Completeness 
> 85 %; Contamination < 5 %; Strain heterogeneity < 10 %; Table S4). Only one 
high-quality MAG could be assigned to ANME-2ab with the closest hit being  
f_Methanocomedenaceae; g_Kmv04 (89.5 % complete, 1.31 % contaminated and  
0 % strain heterogeneity) and was obtained from the end-point of the bottle where 
birnessite + molybdate were added as electron acceptor. The ANME-2ab MAG 
contained the full ‘reverse methanogenesis’ pathway and eleven MHC proteins 
(protein with ≥3 heme groups). The MHC proteins showed a marked variation in 
amino acid identity relative to each other (Fig. S11). Combined these MHCs could 
form a putative EET pathway, starting from the electron transport chain in the 
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membrane, through the S-layer to Mn-oxides. Two MHCs contain S-layer binding 
domains and are potentially involved in shuttling electrons through the S-layer. This 
could be in conjunction with the four MHCs that contain signal peptide, indicating 
a role in EET outside of the cell either from or to the S-layer MHCs (for details see 
supplements Table S6). When comparing the protein sequences that contain MHCs 
with MHC-containing proteins encoded in MAGs of Ca. M. ferrireducens (Cai et al., 
2018), Ca. M. manganireducens and Ca. M. manganicus (Leu et al., 2020), six of the 
proteins have a strong similarity, four proteins have a moderate similarity and one 
protein is likely not significantly similar with the proteins reported in literature 
(See supplements section 2 and Table S6 for the details). Furthermore, the genome 
contained  fmnB and dmkB, which are are involved in bacterial EET (Light et al., 
2018; Table S5). The role of fmnB and dmkB in archaea is unknown but potentially 
could play role in this ANME.

Discussion

CH4 production in the brackish sediment
Elevated Corg concentrations in sediments from the brackish phase at both US5B 
and F26 reflect the enhanced organic matter deposition in the Bothnian Sea after 
the transition from fresh to brackish water (Fig. 1; Jilbert et al., 2015; Häusler et 
al., 2017; Dijkstra et al., 2018c). The high porewater concentrations of NH4

+  and 
DIC indicate high rates of organic matter degradation, with trends with depth 
that reflect a different history of the rate of input and degradation of organic 
matter between the sites (Fig. 3). On time scales of thousands of years, sediment 
accumulation and organic matter deposition rates were, on average, lower at 
US5B compared to F26. However, over the past century this has reversed (Mattila 
et al., 2006; Slomp et al., 2013; Baas et al., subm.). As a result, NH4

+, CH4 and DIC 
concentrations reach a maximum in the upper 150 cm of the sediment at site US5B, 
whereas the concentrations of these compounds gradually increase with sediment 
depth at site F26 (Fig. 3). At site US5B, the maximum NH4

+ and DIC concentrations 
are approximately twice those at site F26, which confirms the acceleration of rates 
of organic matter input and degradation at US5B.

Differences in CH4 isotope signatures could reflect the contrast in sediment 
accumulation at both sites (Fig. S12; Whiticar, 1999). The isotopic signatures of the 
CH4 at US5B reflects a mixture of acetate fermentation and carbonate reduction, 
whereas the signature of F26 reflects carbonate reduction as the dominant 
pathway (Fig. S12). Generally, methyl type fermentation is dominant in freshwater 
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systems while carbonate reduction is more important in marine systems (Whiticar, 
1999). At US5B, most of the CH4 was formed over the past century, following the 
rapid increase in sedimentation rates and organic matter input (Slomp et al., 2013; 
Baas et al., subm.). At F26, in contrast, the CH4 formed over thousands of years. 
During the Holocene, a gradual freshening took place in the Bothnian Sea (Baas 
et al., subm.). This freshening could explain the shift from carbonate reduction as 
the main pathway of methanogenesis in the ‘old’ CH4 of F26 to a relatively higher 
contribution of methyl type fermentation in the ‘younger’ CH4 at US5B. Furthermore, 
the increase in eutrophication over recent decades (Kuliński et al., 2022) led to 
higher organic carbon burial and thus an increase in relative contribution of methyl 
type fermentation to methanogenesis.

CH4 removal pathways
A clear sulfate-methane transition zone (SMTZ) is visible at both sites (Fig. 3). Both 
δ13C-CH4 and δD-CH4 shift to higher values in the SMTZ, indicating CH4 oxidation 
(Whiticar, 1999; Fig. 3, S12). This is also the zone where most ANME-2ab are present 
(Fig. 1). It is therefore likely that, at both sites, the majority of the in-situ CH4 
oxidation is performed by ANME-2ab, mainly coupled to SO4

2- reduction. Relatively 
constant values of δ13C-CH4 and δD-CH4 below the SMTZ suggest that most of 
the CH4 oxidation takes place within the SMTZ (Fig. 3). However, the isotopic 
signature of methanogenesis can mask the signal of methanotrophy, especially in 
sediments where methanogenesis is high (Seifert et al., 2006; Egger et al., 2017). 
The occurrence of AOM below the SMTZ can therefore not be excluded based 
on the CH4 isotopic signature. The AOM activity in the CH4 control incubation at 
US5B indicates that AOM can occur without additional electron acceptors below 
the SMTZ at this site (Fig. S5). Continuation of this activity after the addition of 
molybdate showed that the AOM in the CH4 control incubation was independent of 
SO4

2- (Fig. S5). It is thus likely that AOM coupled to other electron acceptors such as 
Fe and Mn oxides occurs below the SMTZ at site US5B (Fig. 1, 2), as has been shown 
previously for Fe oxides (Egger et al., 2015).

Burial of Mn oxides into the methanic part of the sediment typically indicates non-
steady state conditions and high sedimentation rates (Kasten et al., 1998; März et 
al., 2008; Riedinger et al., 2014; Klomp et al., 2025). In the Bothnian Sea, burial of Mn 
oxides is further promoted by low H2S concentrations in the porewater, because the 
majority of the H2S that forms during SO4

2- reduction is captured in authigenic Fe-
sulfides (Slomp et al., 2013; Egger et al., 2015). At the depths where the sequential 
extractions suggest the presence of Mn oxides deeper in the sediment, increased 
dissolved Mn concentrations indicate that reduction of Mn oxides is or has been 
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actively taking place (Fig. 1, 3). Possible drivers for the reduction of Mn oxides are 
either organic matter degradation or CH4 oxidation (Soyol-Erdene & Huh, 2013; 
Riedinger et al., 2014).

Potential for Mn-AOM
The incubations with sediment from US5B showed that the microbial community 
around 80 - 100 cm depth is capable of performing AOM with SO4

2-, birnessite 
and pyrolusite (Fig. 4). The presence of molybdate, an inhibitor of SO4

2- reduction 
(Wilson & Bandurski, 1958), does not affect the AOM signal in incubations with 
birnessite (Fig. 4). This indicates that reduction of birnessite can directly drive AOM 
in these coastal sediments, independent of a cryptic sulfur cycle.

Mineral crystallinity can affect the bioavailability of Mn oxides (Burdige et al., 1992). 
So far, all studies of Mn-AOM used either birnessite or vernadite, which are both 
amorphous Mn(IV) oxides (e.g. Beal et al., 2009; Ettwig et al., 2016; Su et al., 2020). 
Besides birnessite, we therefore tested the more crystalline Mn(IV) oxide pyrolusite 
for Mn-AOM potential. We found that mineral crystallinity does not strongly affect 
the bioavailability of Mn oxide for AOM in our incubations. When pyrolusite was 
added, the AOM signal halted after 114 days, likely due to the complete consumption 
of pyrolusite in the incubation bottles (Figs 4, S4, 6). A higher relative abundance 
of metal reducing bacteria and therefore higher rates of metal reduction in the 
incubation with pyrolusite compared to the incubations with birnessite can explain 
this difference (Fig. 7, Table S2). Structurally higher dissolved Mn concentrations 
in the incubations with pyrolusite also indicate more Mn reduction (Fig. S6). This 
strongly indicates that the sediment was depleted of pyrolusite after 114 days, 
when the AOM signal stopped. Combined with the absence of SO4

2- and H2S from 
the incubations with pyrolusite (Fig. S7), this shows that pyrolusite reduction is 
directly coupled to CH4 oxidation, without SO4

2- as an intermediate.

Incubations with sediment of around 350 - 370 cm depth from F26 did not show an 
AOM signal after 146 days, despite immediate microbial activity in the incubations 
where birnessite and acetate were added (Fig. 5) and clear evidence of an active 
sulfur cycle (Fig. S8). We can, however, not exclude that AOM in F26 required 
more time to become detectable. The lack of an AOM signal is remarkable, since 
methanotrophs ANME-2ab were present in-situ at 350 cm depth (Fig. 1). However, 
the microbial biomass as judged from the total extracted DNA was ~7 fold lower at 
the incubated depth of F26 compared to that of US5B (Fig. 1). It is therefore possible 
that the methanotrophic community in the sediment interval incubated at F26 was 
too small to show detectable AOM activity.
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The relative abundance of ANME-2ab in archaeal 16S rRNA reads and their relevant 
genes in methanotrophy (mcrABG) increased in the incubations that showed 
AOM activity and were supplied with Mn oxides (Fig. 7, S10). Although ANME-2ab 
have previously been associated with Fe-AOM in brackish and marine sediments 
(Aromokeye et al., 2020; Rasigraf et al., 2020), they have also been hypothesized 
to play a role in Mn-AOM in marine sediments in other studies (Xu et al., 2021). 
Surprisingly, when only birnessite was added, the relative abundance of ANME-
2ab did not increase as much as in the other incubations (Fig. 7). Meanwhile, the 
relative abundance of Methanosarcina, a methanogen suspected to be capable of 
metal reduction (Ferry, 2020; Yang & Lu, 2022), increased most in the incubations 
with birnessite. An absolute increase of Methanosarcina would suppress the relative 
abundance of ANME-2ab. We speculate that this suppression of ANME-2ab solely 
took place when only birnessite was added and not with the other incubations 
with Mn oxides, because addition of molybdate inhibited the interaction of 
Methanosarcina with birnessite and because the crystallinity of pyrolusite affects its 
availability for reduction by Methanosarcina.

Based on the increased presence of ANME-2ab in the incubations with sediment 
from US5B, we were able to obtain an 89.5 % complete metagenome assembled 
genome (MAG) (Table S4). The genome of  the ANME-2ab MAG encoded for all genes 
necessary for CH4 oxidation and several MHCs with a substantial variation in amino 
acid identity (Fig. S11; Table S5, S6), which have been postulated to participate in EET 
(Cai et al., 2018; Leu et al., 2020; Zhang et al., 2023; Ouboter et al., 2024). The ANME-
2ab MAG encodes two MHC proteins containing S-layer binding domain(s) (Table S6). 
Both are located next to another MHC protein, potentially working in conjunction 
and resemble parts of large MHC proteins that are postulated to be involved in EET 
by Ca. M. ferrireducens and Ca. M. manganireducens (Cai et al., 2018; Leu et al., 2020). 
Together with the similarity of encoded MHCs to putative EET-related proteins from 
the metal-reducing ANME-2d it suggests that ANME-2ab can reduce metals via EET 
through MHCs. Our findings suggest that ANME-2ab are responsible for the coupling 
of Mn oxide reduction to oxidation of CH4 in these brackish coastal sediments.

Impact of Mn-AOM
Manganese driven AOM can account for a few percent of AOM in metal rich 
sediments (Lenstra et al., 2023; Xiao et al., 2023). We show that, when Mn oxides are 
buried into the methanic zone, ANME-2ab can likely couple the reduction of these 
Mn oxides directly to the oxidation of CH4. The occurrence of ANME-2ab ranges 
from continental margins to shallow-water permeable sediments and from brackish 
coastal basins to deep-sea cold CH4 seeps (e.g. Cambon-Bonavita et al., 2009; Mason 
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et al., 2015; Ruff et al., 2016; Li et al., 2020; Rasigraf et al., 2020). In marine surface 
sediments, Mn oxides are ubiquitous (Post, 1999), but the input of Mn oxides is 
especially high in coastal regions, close to river mouths, due to the mainly terrestrial 
origin of Mn oxides (Lenstra et al., 2022). Coastal regions are also key sites for CH4 
emissions, because the SMTZ is relatively shallow due to high SO4

2- reduction rates 
driven by high rates of organic matter degradation (Żygadłowska et al., 2024b). As 
a result, Mn-AOM is expected to be most important in coastal sediments (Lenstra et 
al., 2023), with our work highlighting potential direct coupling of Mn reduction to 
CH4 oxidation by ANME-2ab.

Conclusions

In this study, we investigated sediments in which Mn oxides were found in the 
methanic zone in the presence of ANME-2ab. Sediment incubations where 
isotopically labelled methane (13C-CH4) and the Mn oxides birnessite and pyrolusite 
were added showed that CH4 oxidation could directly be coupled to reduction 
of both Mn oxides, i.e. without a role for cryptic sulfur cycling. We show that this 
process is likely performed by ANME-2ab. Metagenome shotgun sequencing 
provided a metagenome assembled genome of ANME-2ab from the incubation with 
birnessite where SO4

2-  reduction was inhibited by molybdate. This MAG contained 
all genes involved in the ‘reverse methanogenesis’ pathway and two genes used 
by bacteria to perform extracellular electron transfer (EET; fmnB and dmkB). The 
genome encoded for eleven multiheme c-type cytochromes, which show similarity 
with multiheme c-type cytochromes of freshwater ANME, potentially forming 
an EET pathway. This suggests that ANME-2ab can perform metal reduction via 
EET. We show that Mn-AOM is possible in brackish coastal sediments and is likely 
performed by ANME-2ab. Therefore, Mn-AOM should be considered when studying 
CH4 dynamics in Mn oxide-rich coastal sediments.
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Appendix A. Supplementary material

The supplementary material contains a more detailed description of the sampling 
procedure (Section 1), incubation setup (Section 2), X-ray absorption spectroscopy 
(Section 3) and microbial analyses (Section 4). The figures in the supplementary 
material include a map of the sampling location (Fig. S1), the XRD spectra of the 
minerals used in the incubation (Fig. S2), the results of all Mn extraction steps for 
sediments from both locations (site US5B and F26; Fig. S3), the Mn-XANES spectra 
of the X-ray absorption spectroscopy (Fig. S4), a zoom of the 13C-CO2/12C-CO2 ratio 
of the CH4 in control incubations and the incubations amended with pyrolusite 
(Fig. S5), concentrations of dissolved Mn (Fig. S6), SO4

2- and H2S (Fig. S7, S8) in the 
incubations, all 16S rRNA amplicon sequencing data from the incubations (Fig. S9),  
the change of genes involved in methane oxidation and metal reduction in the 
incubations with sulfate, birnessite and birnessite + molybdate analyzed via 
shotgun metagenome analysis (Fig. S10), the amino acid identity of the MHCs from 
the ANME-2ab MAG (Fig. S11) and the CH4 isotope diagram for the CH4 isotopes 
in the porewaters of both locations (Fig. S12). The tables in the supplementary 
material show the composition of the medium used in the incubations (Table S1), 
the amount of DNA extracted in the samples from the incubations (Table S2), the 
amount of molybdenum measured in the incubations where it was added after  
114 days of incubation (Table S3), an overview of the high quality MAGs obtained 
from the incubations (Table S4), the genes present in the high quality ANME-2ab 
MAG (Table S5) and a comparison of the protein sequences of the MHCs from the 
ANME-2ab MAG with MHCs of other ANME that likely perform EET (Table S6).
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Supplement to “Anaerobic Oxidation of Methane 
Coupled to Manganese Oxide Reduction by  
ANME-2ab in Brackish Coastal Sediments”

Supplement Section 1. Sampling procedures for the 
multi- and gravity core

One of the multicores was used to collect sediment, bottom water and porewater 
immediately after retrieval. Bottom water samples were obtained from the 
overlying water with a syringe that was equipped with a three-way valve. The core 
was sectioned at a resolution of 0.5 cm (0 to 2 cm), 1 cm (2 to 10 cm) and 2 cm  
(20 to 50 cm) under a N2 atmosphere at 4˚C. The sediment was centrifuged at  
4000 rpm in a 50 ml centrifuge tube for 20 minutes to separate the porewater 
from the sediment. The supernatant was filtered over 0.45 µm filters, under a N2 
atmosphere, and subsampled for the analysis of sulfide (H2S), dissolved inorganic 
carbon (DIC), ammonium (NH4

+), sulfate (SO4
2-), and dissolved manganese (Mn).

The gravity core liners were pre-drilled at a 10 cm resolution with 2 cm diameter 
holes, which were taped prior to employment of the corer. After core recovery, 
the core liner was cut vertically into 100 cm sections, which were capped. The 
sections were sampled through the drilled holes as soon as possible using 20 ml 
cutoff syringe, for the analysis of solid phase samples and the solutes H2S, DIC, NH4

+, 
SO4

2- and dissolved Mn. The syringes for sediment and porewater collection were 
immediately sealed with parafilm and an elastic band and transported into a N2 
filled glovebag at 4°C. Here, the sediment was extruded into a 50 mL centrifuge 
tube. The centrifuge tubes were centrifuged at 4000 rpm for 20 minutes and the 
extracted porewater was subsampled as described above for the multicores. 
Again, the sediment was stored frozen at -20°C in N2 purged aluminum bags until 
further processing.
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Supplement Section 2. Incubation setup

Substrate preparation
Birnessite was synthesized via the reduction of KMnO4 with C3H5NO3 at ambient 
temperature and pressure (Händel et al., 2013). Pyrolusite was obtained from the 
inhouse collection of Utrecht University (Alfa Aesar; Lenstra et al., 2021b). The 
identity of both minerals was verified via X-ray diffraction (Fig. S2). Sulfate and 
molybdate stocks were prepared as 1 M NaSO4

2- and 1 M Na2MoO4 solutions in 
sterile demineralized water in stoppered serum bottles and consecutively made 
anoxic. Isotopically labelled 13C-acetate was obtained from Sigma Aldrich (Sodium 
acetate 13C-2), and used to make a 0.1 M stock solution in demineralized water in 
stoppered serum bottles and consecutively made anoxic.

Start of the incubations
All incubations were started with a pre-incubation, where the electron acceptors 
for each treatment were added to the sediment to remove reduced sulfur species 
via oxidation and minimalize a cryptic sulfur cycle within the incubation bottles  
(Su et al., 2020). The sediment was diluted with sterile SO4

2- free artificial seawater 
(ASW; for composition see Table S1) in a 1:4 ratio under a N2 atmosphere and 
carefully homogenized. Subsequently, 60 g of the slurry was transferred into a 
120 ml serum bottle and the electron acceptors were added (see Table 1 for all 
treatments). The bottles were stoppered and capped, the headspace was replaced 
with a 100% N2 headspace, and the bottles were stored shaking 90 rpm at 4°C for 
one week.

After the pre-incubation, the artificial seawater was replaced with freshly prepared 
ASW, new electron acceptors were added to the bottles and molybdate and 
labelled acetate were added to obtain a concentration of 10 mmol L-1 and 2.5 mmol 
L-1, respectively (for treatments, see Table 1), again under a N2 atmosphere. The 
headspace of the incubations with labelled CH4 was replaced by a mixture of 76% 
N2, 4% CO2 and 20% 13C-labelled CH4. For the incubations with labelled acetate, the 
headspace was replaced by a mixture of 96% N2 and 4% CO2. The incubations from 
sites US5B and F26 were placed on a shaking table (90 rpm) at 4°C in the dark and 
incubated for 178 and 146 days, respectively.
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Supplement section 3. X-ray absorption 
spectroscopy procedures

Sediment samples were ground with an agate mortar and piston and pressed into a 
pellet (3 mm diameter) under an N2 atmosphere. The pellets were placed in a sample 
holder within an airtight N2 filled container equipped with Kapton windows to 
position the beam and analyzed on the Mn K-edge energy range (6500 – 6900 eV).

The spectra for analyzing X-ray absorption near edge structure XANES were 
normalized and extracted using the ATHENA software package (v0.8.056; Ravel & 
Newville, 2005). The ATHENA software package was also used to perform linear 
combination fitting to qualify and quantify the mineral phases of Mn.

The high amplitude of the pre-edge feature of the normalized XANES spectrum 
from the sample just above the fresh-brackish transition at US5B indicated self-
absorption. The FLUO algorithm was used in ATHENA to correct for this (Haskel, 
1999). As the exact composition at the measured spots was not known, the 
correction was made based on MnCO3 * (H2O)n. The number of water molecules (n) 
was adjusted until the magnitude of the pre-edge feature and the amplitude of 
the white line was similar to the XANES spectrum of rhodochrosite, showing strong 
resemblance with the spectra from the sample.
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Supplement Section 4. Specifications of the 
microbial analyses

16S rRNA gene amplicon sequencing
The DNA samples from the incubations with sediment from US5B amended 
with 13C-CH4 were sent for 16S rRNA gene amplification to analyze changes 
in the microbial community over the incubations. Amplification was 
performed using the primers Arch349F (5'-GYGCASCAGKCGMGAAW-3') 
and Arch806R (5' GGACTACVSGGGTATCTAAT-3';  Takai & Horikoshi, 2000), 
Bac341F (5'CCTACGGGNGGCWGCAG-3'; Herlemann et al., 2011) and Bsac806R 
(5'GGACTACHVGGGTWTCTAAT-3'; Caporaso et al., 2012). The amplicons were 
sequenced on the Illumina MiSeq Next Generation Sequencing platform by 
Macrogen (Seoul, South Korea) using Herculase II Fusion DNA Polymerase Nextera 
XT Index Kit V2, yielding 2x300 bp paired-end reads. The quality of the raw reads 
was verified with FastQC (v0.11.5; Andrews, 2010). Cutadapt (v1.158; Martin, 2011) 
was used to trim the paired-end reads to remove adapters. The DADA2 pipeline 
(v1.8; Callahan et al., 2016) was used to cluster the reads into amplicon sequence 
variants (ASVs), remove the chimera and determine the taxonomic classification 
with the SILVA 16S rRNA database (v138.1; Quast et al., 2013) using R. The Phyloseq 
package (v1.36.0; McMurdie & Holmes, 2013) was used to analyze the microbial 
community data.

Metagenomic sequencing
The samples from the shotgun metagenomic sequencing were assembled and 
binned according to an adapted version of an in-house bioinformatics pipeline 
(In ’t Zandt et al., 2019). BBDuk (v37.76; BBTools; Bushnell, 2014) package; was 
used for quality trimming and filtering of the raw sequencing reads, Tadpole 
(v39.06) was used for error correction and BBnorm (BBTools v37.76) was applied 
for normalization of the coverage of the reads. The trimmed and filtered reads 
were coassembled by metaSPAdes (v3.15.5; Nurk et al., 2017) with k-mer sizes 21, 
33, 55, 77, 99 and 121, using the --only-assembler flag. For each sample, the reads 
were mapped back to the assembled contigs using BBmap (BBTools v37.76) and 
the mapping files were processed using SAMtools (v1.19.2; Li et al., 2009). The 
coassembled contigs were binned using CONCOCT (v1.1.0; Alneberg et al., 2014), 
MaxBin (v2.2.7; Wu et al., 2016), MetaBAT 2 (v2:2.15; Kang et al., 2019) and SemiBin2 
(v2.0.2; Pan et al., 2023). Consensus bins were generated using DAS Tool (v1.1.2; 
Sieber et al., 2018). CheckM2 (v1.1.2; Chklovski et al., 2023) was used to check the 
quality of the consensus bins and GTDB-Tk v2 (v2.4.0; Chaumeil et al., 2022) was 
used for the taxonomic classification of the bins.
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To obtain high quality bins for ANME’s (completeness > 85%, contamination <5%, 
strain heterogeneity < 10%), the reads were filtered based on scaffold coverage. 
SingleM (Woodcroft et al., 2025) was used to find the coverage of ANME genera 
in the raw reads. The reads were filtered to remove the scaffolds with a coverage 
less than 12 or greater than or equal to 50 with the khmer package (Crusoe et al., 
2015) in Python, using filter_reads_by_coverage. The reads were assembled and 
binned using the aviary pipeline (V0.11.0; Newell et al., 2025), including fastp 
(V0.23.x; Chen et al., 2018), MEGAHIT (V1.2.9; Li et al., 2015), MetaBAT2 (V2.15; Kang 
et al., 2019), CheckM (V1.2.0; Parks et al., 2015) and GTDB-Tk (v2.4.0; Chaumeil et al., 
2022). All bins obtained were dereplicated using the dRep tool (Olm et al., 2017).

One high quality bin (completeness 89.5%, contamination 1.3%, strain heterogeneity 
0%) was identified as a methane-oxidizing organism (f_Methanocomedenacea; 
g_Kmv04) and was therefore selected for further analysis. Gene annotation of 
this bin was done with Metascan and FeGenie. Furthermore, putative multiheme 
c-type cytochromes (MHCs) were identified by searching open reading frames for 
≥ 3 CXXCH + CXXXCH motifs using a custom Python script, the protein domains of 
these proteins were determined using InterPro (v105.0; Blum et al., 2025) and signal 
peptides were identified by SignalP v5.0 (Armenteros et al., 2019). The putative 
MHCs were analyzed using NCBI BlastP against the proteins reported for ANME 
that can couple CH4 oxidation to Fe oxide reduction (Ca. M. ferrireducens; Cai et al., 
2018) and to Mn oxide reduction (Ca. M. manganireducens and Ca. M. manganicus; 
Leu et al., 2020). The best blast hits were determined based on e-value, percentage 
identity and query coverage, where the hits were classified as a strong similarity 
(query coverage > 75; e-value < 1e-20), a likely similarity (30 < query coverage < 75;  
1e-5 < e-value < 1e-20) and no similarity (query coverage 93; e-value < 1e-5). 
An average amino acid identity (AAI) matrix of the different identified MHCs was 
created by Clustal2.1 using default settings (Larkin et al., 2007).
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Supplementary figures

Fig. S1 Bathymetric map of the Bothnian Sea, with the study sites, US5B and F26, indicated. Map 
generated using Ocean Data View (Schlitzer, 2023).

Fig. S2 X-ray diffraction spectra of birnessite and pyrolusite added to the incubations. The red bars 
indicate the positions of the theoretical peaks in the spectrum (Lenstra et al., 2021b).
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Fig. S3 Overview of Mn extracted in the total destruction and all 5 extraction steps (ascorbic acid, HCl, 
sodium dithionite (CDB), ammonium oxalate and HNO3) for the Mn extraction for US5B and F26.  Note 
the axis break in the graphs showing the total and HCl extracted Mn from site US5B. The shading in the 
panel for US5B indicates the freshwater sediments.
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Fig. S4 Mn-XANES spectra of the selected sediment samples, the samples from the start and end point 
of the incubations amended with birnessite, birnessite + molybdate and pyrolusite, for site US5B and 
the used reference spectra taken into consideration in the linear combination fitting of the spectra 
from samples of incubation experiments. For the linear combination fitting of the sediment samples, 
the XANES spectra from the analyzed sample with the lowest Mn content (GC215) is also included, 
assuming that this spectrum is reflecting the background signal of silicate-bound Mn phases. For 
incubation samples, the XANES spectra from the source sediment (GC180 and GC178) was included 
in the linear combination fitting, assuming that this spectrum reflects the background Mn phases. The 
red line is the collected spectrum, the black line shows the result of the linear combination fitting.
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Fig. S5 Headspace 13C-CO2/12C-CO2 for the control incubation with labelled methane and the 
incubation with pyrolusite. Error bars show the standard deviation for duplicate incubations with 
pyrolusite. The indicated points show where the AOM signal stops in the incubation with pyrolusite 
and thus likely the point where the pyrolusite was completely removed, the point where molybdate 
was added to one of the incubations with 13C-CH4 and the point where new CO2 was added to the 
incubation with pyrolusite.

 

Fig. S6 Concentrations of dissolved Mn in the incubations with sediment from US5B and F26. Error 
bars show the standard deviation for duplicate incubations.
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Fig. S7 Concentrations of SO4
2- and H2S in the incubations with sediment from US5B. Error bars show 

the standard deviation for duplicate incubations. Interference of molybdate with the H2S analysis likely 
results in an overestimation of H2S concentrations in the incubations with birnessite + molybdate and 
after 100 days in the CH4 control and SO4

2- incubations where molybdate was added.  Note that in the 
incubations where SO4

2-  was added, two different concentrations were added and SO4
2- and H2S are 

shown for each bottle.
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Fig. S8 Concentrations of SO4
2- and H2S in the incubations with sediment from F26. Error bars show 

the standard deviation for duplicate incubations. Concentrations of H2S in the birnessite + molybdate 
incubations are likely overestimated, due to interference of molybdate with the H2S analysis.
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Fig. S9 16S rRNA amplicon sequencing results at the start of the incubations and at the end of all 
treatments with the sediment from US5B. The bar plots show the averages for (a) archaeal relative 
abundance on genus level and (b) bacterial relative abundance on family level.
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Fig. S10 Change in reads per million (RPM) in the incubations with sulfate, birnessite and birnessite + 
molybdate relative to the start material for the mcr genes, that are involved in CH4 oxidation (a) and 
the genes that are involved in metal reduction (b).

Fig. S11 Average amino acid identity (AAI) matrix of the different identified MHCs.
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Fig. S12 CH4 isotope classification diagram as presented by Whiticar (1999). The light green dots and 
dark green squares represent samples from the multicore and gravity core of US5B, respectively. Light 
brown diamonds and dark brown triangles represent samples from  multicore and gravity core of F26, 
respectively. VPDB is Vienna Pee Dee Belemnite and V-SMOW is Vienna Standard Mean Ocean Water. 
Figure adapted from Egger et al. (2017).
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Supplementary tables

Table S1 Composition of the artificial sulfate-free seawater (pH 7.5).

Compound Concentration

NaCl 5.2 g L-1

MgCl2 * 6 H2O 1 g L-1

CaCl2 * 2 H2O 0.28 g L-1

KCl 0.1 g L-1

HEPES 20 mmol L-1

Table S2 For the incubations, sediment used for the DNA extractions and the amount of DNA extracted 
per g sediment.

Incubation bottle Sediment used (g) DNA extracted (ng/g sed)

Start 0.316 11582

Control 1 0.312 11250

Control 2 0.269 10855

CH4 1 0.270 8015

CH4 2 0.275 12146

SO4
2- 1 0.290 8483

SO4
2- 2 0.267 13446

Birnessite 1 0.308 8506

Birnessite 2 0.256 12421

Birnessite + molybdate 1 0.310 8032

Birnessite + molybdate 2 0.308 6299

Pyrolusite 1 0.249 11526

Pyrolusite 2 0.255 10980

Table S3 Molybdenum (Mo) concentrations after 114 days in the incubations with US5B sediment as 
measured with ICP-OES. Dissolved Mo is assumed to represent molybdate (MoO4

2-).

Incubation bottle Mo (mmol L-1)

SO4
2- - 1 10.7

Control with 13C-CH4 - 1 10.7

birnessite + molybdate – 1 7.2

birnessite + molybdate – 2 6.0
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Table S4 Overview of the high quality MAGs that were obtained with the metagenomic analysis.

Highest taxonomic 
classification (GTDB-TK)

Completeness Contamination Strain 
heterogeneity

f_JADFYW01 99.94 2.3 0

g_Syntrophotalea 97.02 1.49 0

g_RPRC01 96.69 0.65 0

g_M0040 94.91 0.97 0

g_Methanosarcina 93.95 0 0

g_Methanosarcina 92.76 0 0

s_SPBP01 sp004525935 91.86 0.68 0

g_JAAXQD01 91.83 4.53 0

f_Anaerohalosphaeraceae 90.34 3.74 0

g_Kmv04 89.49 1.31 0

g_Desulforhopalus 87.84 3.21 9.09
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Methane (CH4) is a greenhouse gas that is responsible for 16 - 23 % of the global 
warming since the start of industrialization around 1750 CE (Etminan et al., 2016; 
Meinshausen et al., 2017). The relatively short lifetime of CH4 in the atmosphere 
(~9 years; Prather et al., 2012), which contrasts with the long residence time of CO2 
(thousands of years; Archer et al., 2009), implies that a reduction of CH4 emissions 
would enable a relatively rapid decrease in global warming (Ocko et al., 2021; Szopa 
et al., 2021). Currently, atmospheric CH4 concentrations are, however, still increasing 
(Dean et al., 2018). Hence, it is urgent to gain a better understanding of the sources 
and sinks of CH4 to mitigate climate warming (Saunois et al., 2025).

Marine sediments experience high rates of CH4 production and form a very large 
reservoir of CH4 (Regnier et al., 2011). Most of this CH4 is already removed in the 
sediment via aerobic and anaerobic oxidation (Knittel & Boetius, 2009). In coastal 
systems, however, a part of this CH4 can escape and reach the atmosphere (Weber 
et al., 2019). Sulfate (SO4

2-) is the major electron acceptor in anaerobic CH4 oxidation 
(AOM) in brackish and marine systems (Egger et al., 2018). However, other electron 
acceptors, such as nitrate/nitrite (Raghoebarsing et al., 2006), natural organic 
matter (Valenzuela et al., 2017; Pelsma et al., 2023), and metal oxides (Beal et al., 
2009; Egger et al., 2015; Leu et al., 2020) can also be utilized. A coupling of AOM and 
manganese (Mn) oxide reduction (Mn-AOM) has been suggested for brackish and 
marine sediments based on results of incubations (Beal et al., 2009; Xu et al., 2021), 
the concomitant occurrence of maxima in dissolved Mn and CH4 in porewater 
(Soyol-Erdene & Huh, 2013; Riedinger et al., 2014) and reactive transport modelling 
(Lenstra et al., 2023; Xiao et al., 2023). Definitive proof for a direct coupling of CH4 
oxidation and Mn reduction in these environments, as well as identification of the 
key microbes for this process and an understanding of its quantitative importance, 
are, however, still lacking (Wallenius et al., 2021; Xue et al., 2025).

In this thesis, we focus on the interaction between CH4 and Mn oxides in coastal 
sediments from both a geochemical and microbiological perspective. In chapter 2, 
we present a sequential extraction method to identify and quantify the different 
Mn mineral forms in coastal sediments. The research in chapters 3-7 focuses on 
two study areas: a seasonally euxinic coastal marine basin in Lake Grevelingen and 
the brackish Bothnian Sea. In chapter 3, we show that dissolved Mn(III) is a key 
redox intermediate in manganese cycling in the sediment of the seasonally euxinic 
system. In chapter 4 we observe that H2S toxicity for ANME strongly controls the 
CH4 filter in the sediment. In chapter 5 we demonstrate the possibility of Mn-AOM 
and identify ANME-2ab and ANME-3 as key microbial players in brackish sediments. 
We find potential for a variety of AOM pathways by ANME-2ab, which likely 
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contribute to the resilience of the microbial CH4 filter in chapter 6, and we present 
evidence for a direct coupling between CH4 oxidation and Mn oxide reduction by  
ANME-2ab in chapter 7. In the current chapter, the main implications of our 
findings are discussed, alongside key directions for further research

Co-occurrence of Mn oxides and CH4

An important prerequisite for Mn-AOM is the co-occurrence of CH4 and Mn oxides. In 
marine sediments, this co-occurrence is not expected under steady state conditions, 
as Mn oxides reductively dissolve in the upper part of the sediment and CH4 typically 
forms and is removed in deeper layers of the sediment (Froelich et al., 1979).

Under non-steady state conditions, Mn oxides can be buried into the methanic 
zone, creating an opportunity for CH4 and Mn oxides to interact and be biologically 
removed. This is observed at our study site in Lake Grevelingen, where CH4 
production is so high that CH4 is present throughout the sediment (Egger et 
al., 2016; van Helmond et al., 2025; chapter 3, 4, 5). At this site, Mn oxides are 
mostly deposited in winter and spring and escape reduction because of rapid 
burial into a H2S-free zone below the SMTZ. This shows that Mn oxides can be 
buried into methanic sediments even when these systems are strongly impacted 
by eutrophication.

Interactions between CH4 and Mn oxides can also be promoted in non-steady state 
systems where the SMTZ moves upwards upon increased eutrophication. Our study 
area in the Bothnian Sea provides an example of such a system (Slomp et al., 2013; 
Egger et al., 2015; Rooze et al., 2016; chapter 6). In this region, Mn oxides may be 
buried below the SMTZ (Slomp et al., 2013). Additionally, the high organic matter 
input stimulates methanogenesis (Egger et al., 2015). At site US2 (chapter 6), this 
results in the presence of CH4 all the way up to the sediment-water interface, which 
also enhances the contact between CH4 and Mn oxides.

Manganese driven methane oxidation

In our experiments, we show that different Mn oxide minerals (birnessite, pyrolusite 
and manganite) can enhance CH4 oxidation (chapter 5, 6, 7). Oxidation of CH4 with 
Mn oxides can occur via two pathways. One pathway involves the production of 
SO4

2- via the oxidation of reduced sulfur species such as FeS by Mn oxides, referred 
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to as a “cryptic sulfur cycling” (Holmkvist et al., 2011; Su et al., 2020), while the other 
is a direct biological coupling between CH4 oxidation and Mn oxide reduction (e.g. 
Leu et al., 2020). The accumulation of SO4

2- in the incubations with birnessite and 
pyrolusite in chapter 5 and 6 makes it impossible to distinguish AOM that is directly 
coupled to Mn oxide reduction from AOM via a cryptic sulfur cycle (Su et al., 2020). 
Hence, AOM via a cryptic sulfur cycle driven by Mn reduction may contribute to in-
situ CH4 removal. The absence of SO4

2- in the incubation with manganite in chapter 5 
implies that a cryptic sulfur cycle cannot take place, driven by manganite reduction. 
This might be because Mn(III) minerals are less efficient in oxidizing reduced sulfur 
species than Mn(IV) minerals (Aller & Rude, 1987).  In chapter 7, we provide evidence 
for a direct coupling of CH4 oxidation to the reduction of birnessite in incubations 
where SO4

2- reduction is inhibited by molybdate. We also show the possibility of a 
direct coupling between the reduction of pyrolusite and CH4 oxidation, because 
SO4

2- is absent from the incubations. Hence, a coupling between Mn oxide reduction 
and CH4 oxidation is possible with various types of Mn oxides.

Dissolved Mn(III) was abundantly present in Scharendijke sediments, also in the 
methanic zone (chapter 3), however it did not enhance AOM in the incubations 
performed in chapter 5. It is remarkable that we found dissolved Mn(III) in porewater 
with such a high H2S concentration. Possibly the organic ligands that stabilize 
dissolved Mn(III) kinetically hinder Mn(III) reduction by H2S (Oldham et al., 2015). We 
speculate in chapter 5 that the organic ligand could also shield Mn(III) from microbial 
reduction. Furthermore, the metabolic pathway required to utilize dissolved Mn for 
AOM might be different from the pathway for solid phase Mn, further explaining why 
dissolved Mn(III), in contrast to Mn oxides, is not used for AOM.

We identified ANME-2ab (family of Methanocomedenaceae; Chadwick et al., 2022) as 
a key microbe for Mn-AOM in brackish and marine sediments in chapters 5, 6, and 
7. ANME-2ab are common in a wide range of brackish and marine environments, 
including continental margin sediments, brackish coastal sediments, deep-sea 
cold CH4 seeps, and shallow-water permeable sediments (e.g. Cambon-Bonavita et 
al., 2009; Mason et al., 2015; Ruff et al., 2016; Li et al., 2020; Rasigraf et al., 2020). 
Oxidation of CH4 coupled to Fe reduction has also been linked to ANME-2a based 
on sediment incubations (Aromokeye et al., 2020) and similar depth trends in 
total sediment Fe and ANME-2a in Bothnian Sea sediments, where Fe-AOM was 
demonstrated in incubations (Egger et al., 2015; Rasigraf et al., 2020). Furthermore, 
ANME-2ab were present in sediments where Mn-AOM activity was observed in 
sediment incubations (Xu et al., 2021). In our incubations in chapter 5, 6 and 7, 
ANME-2ab had a higher archaeal relative abundance compared to the start and 
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control when Mn oxides were added. This indicates that ANME-2ab are involved 
in Mn-AOM.

We find in chapter 5 that ANME-3 (Ca. Methanovorans; Chadwick et al., 2022) may 
be more important than ANME-2ab when Mn-AOM involves a cryptic sulfur cycle. 
ANME-3 are typically found in deep water sediments, at sites with fluid flow such 
as cold seeps and mud volcanoes (Niemann et al., 2006; Vigneron et al., 2013). Lake 
Grevelingen has so far been the only coastal sediment where ANME-3 is observed 
(Bhattarai et al., 2017; Wallenius et al., 2025).

Strong counter gradients between the abundance of ANME and concentrations 
of H2S in the sediment of Lake Grevelingen indicated that H2S is toxic for ANME 
(chapter 4). ANME-2ab appear to be less sensitive to H2S compared to ANME-3, as 
they are still present at higher H2S concentrations. These results confirm previous 
work showing that H2S hinders AOM by ANME, based on incubations with eutrophic 
coastal sediments (Dalcin Martins et al., 2024) and explain the absence of ANME 
in H2S rich marine cold-seeps (Semler & Dekas, 2025). The H2S toxicity narrows 
the zone where ANME can oxidize CH4 and therefore limits the efficiency of the 
sedimentary CH4 filter in Lake Grevelingen.

ANME can form a consortium with a bacterial partner, where the bacteria perform 
electron acceptor reduction and the ANME perform CH4 oxidation (Boetius et 
al., 2000). Bacteria that typically form a consortium with ANME belong to the 
Desulfosarcina/Desulfococcus clades and Desulfobulbaceae family (Boetius et 
al., 2000; Orphan et al., 2002; Lösekann et al., 2007). Bacterial partners may also 
be involved in metal AOM (Slobodkin et al., 2023). In chapter 5 we identified 
Desulfobulbaceae as a potential bacterial partner for ANME-2ab in Mn-AOM. Some 
members of the Desulfobulbaceae showed the ability to reduce metal oxides in 
sediment incubations (Lovley et al., 1993; Müller et al., 2020), and hence could 
indeed reduce Mn oxides. When AOM was performed by ANME-3, which likely 
involves a cryptic sulfur cycle, Desulfosarcinacea and Desulfovibrionaceae were 
identified as potential bacterial partners for ANME-3 (chapter 5). Determination of 
the bacterial partners was based on a simultaneous increase in relative abundance 
of these bacteria and the ANME in the incubations and therefore remains 
speculative. Direct proof of a consortium of ANME and bacteria in Mn-AOM and 
the identification of the bacterial partners could be obtained via Fluorescent In 
Situ Hybridization (FISH; e.g. Boetius et al., 2000), at the end of Mn-AOM incubation 
experiments. It is also possible that ANME function independently of a bacterial 
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partner and perform both CH4 oxidation and Mn reduction, most likely using 
extracellular electron transfer to the solid phase metal oxides(e.g. Leu et al., 2020).

In chapter 7, where CH4 reduction is shown to be directly coupled to Mn reduction, 
we propose that ANME-2ab performs extracellular electron transfer to couple 
these processes. Extracellular electron transfer can occur via various mechanisms, 
and may involve different types of proteins (Zhao et al., 2021; Paquete et al., 2022). 
For Candidatus Methanoperedens (ANME-2d), multiheme c-type cytochromes are 
likely important for extracellular electron transfer to perform metal reduction (Cai 
et al., 2018; Leu et al., 2020; Zhang et al., 2023; Ouboter et al., 2024). We suggested 
extracellular electron transfer by ANME-2ab based on a comparison of multiheme c-
type cytochrome proteins between the ANME-2ab from our experiment and those 
from Ca. Methanoperedens proposed to perform extracellular electron transfer (Cai 
et al., 2018; Leu et al., 2020; Ouboter et al., 2024). To verify extracellular electron 
transfer by ANME-2ab, further research can aim to identify or compare the protein 
structures that are potentially involved in this process (e.g. Edwards et al., 2014; 
Filman et al., 2019) and test these structures on electron transport properties in a 
biochemical assay (e.g. Vamshi Krishna & Venkata Mohan, 2019).

The impact of Mn-AOM

Coastal sediments are hotspots for marine methane release (Weber et al., 2019). The 
input of Mn oxides to coastal sediments is also relatively high compared to the open 
ocean, given the proximity to the terrestrial sources of Mn oxides and the lateral Mn 
transfer and recycling that is typical for coastal environments (Adelson et al., 2001; 
Lenstra et al., 2022). Furthermore, ANME-2ab, the key microbes for Mn-AOM in brackish 
and marine sediments, are present in various coastal systems (e.g. Rasigraf et al., 2020; 
Ruff et al., 2016). The co-occurrence of ANME-2ab and Mn oxides in coastal sediments 
suggests a potential contribution of Mn-AOM to CH4 removal. In the following section, 
the impact of Mn-AOM on both the carbon and manganese cycles will be explored.

We find Mn-AOM rates of 2.2 & 12.7 µmol cm-3 yr-1 in chapter 6. These rates compare 
well with experimentally determined Mn-AOM rates reported in literature, which 
range from 0.2 to 14 µmol cm-3 yr-1 (Beal et al., 2009; Segarra et al., 2013; Xu et al., 
2021). The in-situ Mn-AOM rates predicted in reactive transport modelling are lower 
than those obtained in laboratory experiments (Lenstra et al., 2023; Xiao et al., 
2023; chapter 3). This likely results from more beneficial conditions of, for example, 
temperature and Mn oxide content in the laboratory experiments compared to the  
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in-situ conditions. A future challenge would be to experimentally determine in-
situ Mn-AOM rates as verification for the rates calculated in computer models. 
Experimental determination of in-situ Mn-AOM rates remains challenging with current 
techniques, however, because it is difficult to separate the different AOM pathways.

In brackish and marine sediments, aerobic methane oxidation and SO4
2--AOM are 

often considered the most important pathways for methane oxidation (Knittel & 
Boetius, 2009; Egger et al., 2018; Lenstra et al., 2023). Notably, AOM coupled to 
Mn oxide reduction is energetically much more favorable than SO4

2--AOM, with 
a Gibbs free energy of -790 kJ mol-1 CH4 for Mn oxides (Sturm et al., 2019) versus  
-17 kJ mol-1 CH4 for SO4

2- (Meulepas et al., 2010). Nevertheless, SO4
2-, which is 

present at 25 - 30 mmol L-1 in marine environments,  contributes more to AOM. A 
key reason is that solutes are more easily available to microbes compared to solid 
phase electron acceptors (Xue et al., 2025). Another reason is that the supply of 
SO4

2- to the methanic zone of the sediment depends on diffusion and fluid transport 
and is therefore more rapid than that of Mn oxide, which depends on sediment 
accumulation rates. Furthermore, based on the reaction stoichiometry, SO4

2- 
(CH4:SO4

2- = 1:1) is more efficient per molecule in the conversion of CH4 compared 
to Mn oxides (CH4:Mn(IV) = 1:4). Nonetheless, it has been estimated that metal AOM 
could contribute up to 10% percentage of methane removal in metal-rich coastal 
systems (Lenstra et al., 2023; Xiao et al., 2023). It is therefore a sink that should be 
considered when investigating  CH4 dynamics in coastal sediments.

Besides the effect on the carbon cycle, Mn-AOM also affects the Mn cycle. The 
reaction stoichiometry which requires 4 Mn(IV), and 8 Mn(III), per CH4 molecule 
oxidized, and results in high Mn oxide reduction rates in AOM. Reduction of 
Mn oxides deeper in the sediment leads to the accumulation of dissolved Mn  
(chapter 6). Furthermore, elements that are adsorbed onto Mn oxides, such 
as molybdenum (Phillips & Xu, 2021; Żygadłowska et al., 2024a) and vanadium 
(Cui et al., 2023; van Helmond et al., 2025), which are both used as redox proxies 
(van Helmond et al., 2025), are also released into the pore water upon Mn oxide 
reduction. Therefore, Mn-AOM can affect how these proxies should be interpreted.

Mn-AOM in a changing world

Coastal seas are changing rapidly under the effect of anthropogenic stresses. An 
increase in seawater temperature upon climate change enhances water column 
stratification and reduces oxygen solubility (Breitburg et al., 2018). At the same 
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time, eutrophication amplifies primary productivity and therefore the organic 
matter supply to the sediment, which increases the oxygen demand in the 
sediment and bottom water and promotes methanogenesis (Wallenius et al., 2021). 
Higher oxygen demand in combination with a reduced oxygen supply promotes 
anoxia in the bottom water and increasingly leads to coastal dead zones (Diaz & 
Rosenberg, 2008). These changes will have an impact on Mn-AOM in brackish and 
marine sediments as discussed below.

When the organic matter input to the sediment increases due to eutrophication, 
the SMTZ might move upwards as we and others observed in the Bothnian Sea 
(Slomp et al., 2013; Egger et al., 2015; Rooze et al., 2016; chapter 6). The ANME 
cannot move upwards and will end up in SO4

2- depleted conditions (chapter 6).  
Here, the microbial community may shift from SO4

2--AOM to other electron 
acceptors for AOM, such as Mn oxides if these are present (chapter 6). Our results 
show that the versatility of the microbial community can enable a relatively quick 
response to such changes in sediment chemistry (chapter 6) because the microbial 
biomass is not limiting. Hence, variations in the depth of the SMTZ may increase the 
importance of alternative electron acceptors, such as Mn oxides, in AOM.

In a system that experiences seasonal anoxia where sedimentation rates and the 
metal oxide supply to the sediment are high, Mn oxides may be buried into the 
methanic zone, as seen in Scharendijke basin (chapter 3, 4, 5). Here, the potential for 
Mn-AOM is present (chapter 5), however, H2S toxicity restricts the ANME to a narrow 
zone in the sediment and prevents them from establishing an efficient methane filter 
(chapter 6). Furthermore, the Mn oxide content of the sediment is low, which also 
makes Mn-AOM less favorable (chapter 3, 5). A further increase in eutrophication is 
expected to lead to a higher organic matter supply to the sediment, which increases 
SO4

2- reduction. As a result, euxinia may become more severe and the ANME niche in 
the sediment may become even more narrow, which will negatively impact AOM in 
the sediment. Under fully anoxic conditions, the supply of Mn oxides to the sediment 
diminishes (Slomp et al., 1997), and the availability of Mn oxides for AOM is limited.

These examples show that an increase in CH4 production upon eutrophication in 
some situations might be partially compensated by Mn-AOM. When conditions 
in the sediment become too reducing, however, the burial of Mn oxides into the 
sediment is negatively affected because Mn oxide reduction by processes other 
than Mn-AOM increase, which limits the possibility of Mn-AOM. Furthermore, 
accumulation of H2S in the porewater likely increases, which has a toxic effect on 
the ANME performing Mn-AOM.
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Concluding remarks

With the work presented in this thesis, we show that Mn driven AOM is possible 
in brackish and marine sediments. In some settings, a cryptic sulfur cycle may 
be involved. We identify ANME-2ab as the key organism for Mn-AOM in such 
environments. These results emphasize the versatility of the methanotrophic 
community in brackish and marine coastal sediments, show the occurrence of an 
extra CH4 sink in such environments and indicate that accumulation of dissolved 
Mn below the SMTZ can be the result of Mn-AOM.

To fully understand the impact of Mn-AOM, more research should be carried out 
to quantify the contribution of Mn-AOM to CH4 removal in various types of coastal 
sediments around the world. These contributions should focus both on the upper 
part of the sediment and deeper in the sediment if Mn oxides persist. Reactive 
transport models are a good tool to estimate in-situ Mn-AOM rates, as experimental 
determination of these in-situ rates remains challenging. Such models can also be 
used to predict the effect of anthropogenic impacts and climate change on Mn-
AOM (e.g. Lenstra et al., 2023). Ideally, these reactive transport models include 
the dynamics of different types of ANME, and as such, a variety of pathways that 
specific clades can perform and the effects of the toxicity of sulfide.

Incorporation of the redox speciation of dissolved Mn into the reactive transport 
models also improves the estimates of Mn-AOM, as dissolved Mn(III) is a key 
component of Mn cycling (chapter 3). For this, more measurements of dissolved 
Mn(III) should be performed to obtain a better understanding of the dynamics 
of porewater Mn(II) and Mn(III). More insight into the different organic matter 
molecules that form a complex with Mn(III) can help understand the reactivity of 
dissolved Mn(III). It would be interesting to know which organic matter molecules 
stabilize dissolved Mn(III) in the light of organic matter-driven AOM, where certain 
reactive groups of organic matter facilitate CH4 oxidation (Valenzuela et al., 2017).

The presence of Mn oxides in the sediment was based on the sequential extraction 
method tested in chapter 2. This method is a useful tool to obtain insight into the 
overall Mn mineral speciation, however, it does not provide very specific mineral 
information. We show in chapters 5 and 7 that the type of Mn oxide affects the 
possibility for a cryptic sulfur cycle. It may also be possible that Mn-AOM rates are 
impacted by differences in Mn mineralogy, although we do not observe a clear 
difference in AOM signal between birnessite and pyrolusite in chapter 7. At depth 
in the sediment, Mn minerals often occur in low concentrations, which complicates 
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analysis via, for example, XRD or synchrotron-based X-ray spectroscopy. For further 
studies, it would be insightful to use a method that can determine the exact Mn 
mineralogy deeper in the sediment. This information is crucial to determine the 
potential for in-situ Mn-AOM and can therefore help to identify locations where this 
process can play a role in CH4 removal.
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