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ABSTRACT

Microbial metabolisms underpin geochemical cycling in nearly all of the Earth’s biosphere. Anaerobic pathways of carbon1

mineralization by iron and sulfate reduction and methanogenesis, in particular, have existed over most of Earth history and2

have been central in shaping the chemistry of the oceans and atmosphere. The governing principles by which microbial3

metabolisms contribute to water-column chemistry, however, are incompletely understood in natural systems where mi-4

crobes compete for resources. Contrary to common assumptions, thermodynamics often fails to reproduce the observed5

metabolic succession. Here, we analyze the coupled effects of thermodynamics, kinetics, population dynamics, and phys-6

ical transport on the composition of microbial communities, their integrated rates of metabolic activity, and effects on the7

chemistry of aqueous environments. Together, these controls explain the microbiology and chemistry of modern lakes and8

seas, and constrain the expected variability in the Earth’s oceans over geologic time. We find, in particular, that microbial9

sulfate reduction, despite being less thermodynamically favored than iron reduction, can account for a significant fraction10

of organic matter remineralization, even without producing measurable concentrations of aqueous sulfide. In ferruginous11

water columns, methanogenesis is viable under low (<∼100 µM) sulfate conditions, but methane accumulation in early12

oceans was unlikely before a widespread oxygenation of the ocean surface. We also illustrate how processes in anoxic wa-13

ter columns become reflected in the deposition of iron sulfide minerals that are commonly used as proxies of paleoredox14

conditions.15

SIGNIFICANCE STATEMENT16

Biogeochemical reactions in anoxic sediments and water columns are traditionally assumed to proceed in a sequence determined17

by the thermodynamics of the respective microbial metabolic pathways, with multiple exceptions being explained ad-hoc. Here,18

we develop a theoretical framework that accounts for the competitive growths of microbial populations and their known physio-19

logical capabilities. We show that competition amongmicrobial populations, together with local physical transport, are essential for20

defining geochemical outcomes. The developed theoretical approach explains several previously enigmatic observations, outlines21

ecological niches for microbial populations, creates a framework for interpreting marine chemistry on Early Earth, and may help un-22

derstand the drivers for the evolution of microbial capabilities.23

INTRODUCTION24

Where oxygen is unavailable, organic matter is mineralized by competing anaerobic pathways, catalyzed by diverse microbial pop-25

ulations. Perhaps most consequential for ocean chemistry is the split of anaerobic mineralization of organic carbon among dis-26

similatory sulfate reducers, iron reducers, and methanogens. Over the course of the Earth’s geologic history, this split controlled27

the chemical composition of the ocean interior, fluxes of toxic hydrogen sulfide to the surface biosphere, and fluxes of methane to28

the atmosphere1,2 . The partitioning among these metabolisms is usually considered to reflect their thermodynamic favorability29

and/or the relative supply rates of sulfur, iron, and carbon. Observations, however, diverge from this simple view3 . Methanogenesis30

is known to be highly viable in the presence of reactive iron oxides4,5 , and sulfate reduction often outpaces iron reduction3 . Like-31

wise, in sediments6 and in ferruginous water columns7 of low-sulfate lakes, a substantial fraction of reactive iron is reduced abioti-32

cally by the sulfide produced during sulfate reduction, rather than by microbial iron reduction. These deviations from the canonical33

thermodynamic sequence have sometimes been explained by the dependence of iron reduction energetics on solution pH and34
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the mineralogy and crystallinity of iron oxides3 . In other cases, such deviations have been attributed to challenges faced by some35

microbial communities, such as for iron reducers to gain access to solid mineral surfaces8 . Rates of microbially-catalyzed geochem-36

ical reactions, however, also depend on cell populations, which are affected by conditions for microbial growth, competition for sub-37

strates, and population dynamics in a physically changing environment. Effects of these additional factors have not been systemati-38

cally explored, confounding the interpretations of many aspects of aqueous biogeochemistry in modern and ancient environments.39

For much of Earth history, reduced products (H2S, Fe
2+ and CH4) of anaerobic metabolisms could accumulate in deep ocean wa-40

ters, depending on their relative rates of production and consumption. Precipitation of insoluble iron sulfide minerals could remove41

the element (either sulfur or iron) that was supplied at a lower rate, allowing the other to accumulate. Whether the deep waters be-42

came ferruginous (iron-rich) or euxinic (sulfide-rich) had far-reaching implications for biogeochemical cycles and the biosphere.43

Sedimentary rock records, mostly of iron speciation, have been interpreted to infer predominantly ferruginous marine conditions44

during the Archean and Proterozoic eons, with notable occurrences of euxinia limited in either space or time9 . Global climate is45

strongly affected by rates of marine methanogenesis and the methane fluxes to the atmosphere, which are in turn strongly atten-46

uated by sulfate via microbially-catalyzed oxidation10 . Understanding the evolution of the ocean-atmosphere system, therefore, re-47

quires understanding of the controls on the drawdown of seawater sulfate and the development of ferruginous versus euxinic con-48

ditions.49

In addition to chemical processes, physical transport must also be important. For example, the zone of iron reduction in sediments50

is typically situated near the oxic-anoxic boundary and above the zone of sulfate reduction, in accordance with the thermodynamic51

favorability of iron reduction. In water columns, in contrast, mid-water euxinia is a well-recognized phenomenon in ferruginous wa-52

ter bodies11 . A mid-water ferruginous layer in an otherwise euxinic water column has not been observed, to our knowledge, de-53

spite the thermodynamic favorability of iron reduction. The rates of physical transport, especially in relation to the rates of (bio)chemical54

reactions that produce or consume the involved substrates, thus strongly influence the patterns of dominant chemical species and55

microbial populations.56

Physico-chemical dynamics in chemically stratified aquatic environments have been successfully explored in the past using reaction-57

transport models12,13 , some of which explicitly considered the dynamics of microbial biomass14,15 . Such models have more re-58

cently begun to incorporate genomic, transcriptomic and proteomic data16,17 . For specific environments with well characterized59

conditions, biogeochemical kinetics may be parameterized from observations or sometimes calculated theoretically13,18 . For a60

wider spectrum of environments, however, one needs to account for the growth rates of microbial populations19 , each with their61

own (and varying) cell-specific rates of reactions that they catalyze. One way to couple the rates of chemical reactions and biomass62

growth is through the energetics of microbial metabolisms20,21 . Biomass growth depends on the balance between the energy fur-63

nished to cells by their catabolic reactions and the energy required for their anabolism. The energetics-based approach, while re-64

lying on experimental data for microbial kinetics, allows accounting for the relative differences in the growth rates among popula-65

tions, when they compete for substrates in the same environment. Studies without a spatial component18,22,23 used this approach66

to successfully simulate the patterns of microbial populations and their metabolic pathways under a range of conditions. The use67

of such models19,24 in dynamic water columns, where both cells and their substrates are physically transported (often at disparate68

rates) across concentration gradients, has been so far unexplored.69

Here, we incorporate such competitive microbial dynamics into a reactive-transport model, and explore the patterns of geomicrobi-70

ological activity that result in redox-stratified water columns under a wide range of conditions. We analyze how such patterns corre-71

spond to observations in modern marine and freshwater environments, and explore their likely manifestations in ocean chemistry72

of the geologic past.73

CONTROLS ON ANAEROBIC RESPIRATION PATHWAYS74

The rates of microbially-catalyzed dissimilatory iron reduction (IR), sulfate reduction (SR), and methanogenesis (MG) are determined75

by the combined influences of thermodynamic, kinetic, physiological, and population dynamics factors. These factors have compet-76

ing effects, manifested differently in different environments, and it is instructive to analyze them individually.77



Figure 1: Thermodynamic and kinetic characteristics of selected anaerobic microbial pathways, as functions of the concentrations of sulfate,
acetate (as electron donor), and the pH. A) Thermodynamic limitation factor FT ; B) Kinetic limitation factor FK ; C) Rate of catabolic reaction per
C-mol of cell biomass; D) Energetics-based biomass yield Y in C-mol of biomass created per mol of catabolic reaction; E) Net (growth minus
death) rate of biomass growth µ. Values of the (non-varied) parameters: [SO 2–

4 ] = 28 µM, [Ac] = 1 µM, pH = 7, [Fe2+] = 1 µM, [CH4] = 10 µM, [H2S] =
10 µM, T = 4◦C, and goethite as the Fe(III) solid phase [FeOOH] = 111 µmol/L. Kinetic parameters are listed in Table 1. Different conditions can
result in different relative favorabilities of the illustrated pathways.

Thermodynamics78

The canonical view is that iron reduction is more energetically favorable than sulfate reduction, which is in turn more favorable than79

methanogenesis. The pH and the mineralogy and crystallinity of ferric iron particles, however, have been shown to affect the ther-80

modynamic drive for iron reduction, creating differences in the order of favorability of anaerobic respiration reactions3,25 . Neverthe-81

less, oxidation of acetate with goethite generates nearly 400 kJ/mol at typical environmental conditions, while acetoclastic sulfate82

reduction andmethanogenesis provide an order of magnitude less energy (the difference being smaller at higher pH; Fig. 1). Far83

from thermodynamic equilibrium, biochemical reaction rates are determined by kinetic, rather than energetic, factors. Thermody-84

namic limitation, however, becomes important when the energy obtained by the microorganism per reaction turnover becomes85

comparable to the energy that may be conserved as ATP. The corresponding effect on bioreaction kinetics is commonly described86

with a dimensionless thermodynamic factor FT , between 0 and 1, which reflects the catabolic free energy available after ATP syn-87

thesis (Methods Eq. 5; Fig. 1A). Since the number of ATPmolecules synthesized per reaction turnover varies amongmetabolic path-88

ways3 , the effect of energy availability on FT also varies. Methanogenic archaea, for example, while having less available catabolic89

energy from the environment (less negative∆Gcat) than sulfate reducers, synthesize fewer ATPmolecules per reaction turnover3 .90

This can leave methanogens with more energy than sulfate reducers for the combined biochemical reaction, providing a greater91

thermodynamic drive (higher FT , Fig. 1A).92

Kinetics93

Microbes with different metabolisms face different challenges. Whereas sulfate reducers obtain their substrates from bulk solution,94

iron-reducer activity is limited to surfaces of Fe(III) particles. At the cell level, kinetics of biogeochemical reactions are affected by the95



physiological capabilities related to the inventory, structure and dynamics of enzymes and the transfer of metabolites in and out of96

the cell. These pathway-dependent differences are commonly described using pathway-specific kinetic factors (FK , Methods Eq.4;97

Fig. 1B), which express Monod-type dependencies on substrate concentrations using a maximum cell-specific rate Vmax and a half-98

maximum concentrationKm that reflects the affinity towards a given substrate. Experimental data suggest that sulfate reducers99

andmethanogens can metabolize their electron donor substrates approximately one to two orders of magnitude faster (on a per-100

cell basis, Vmax) than iron reducers26,27 (Table 1). Sulfate and iron reducers, however, can access organic substrates such as acetate101

(and likely also H2;28) at lower concentrations (lowerKm towards acetate) than methanogens (Table 1;29,30).102

Cell-specific rates103

Taken together, thermodynamic and kinetic factors predict higher rates of cell-specific acetate oxidation by sulfate reducers than104

by iron reducers (Fig. 1C), under a wide range of environmentally relevant conditions. Methanogens are also predicted to consume105

acetate faster than iron reducers, although this changes at higher concentrations of reactive Fe(III), such as in sediments. At low sul-106

fate concentrations (< ∼10 µM) andmethane concentrations on the order of 10 µM (Fig. 1C), methanogens are additionally pre-107

dicted to have higher cell-specific catabolic rates than sulfate reducers. These predictions are based solely on the characteristics of108

individual catabolisms and account for neither the efficiency of anabolisms nor the outcome of competition among the different109

metabolic groups. Rate favorabilities could be different for different electron donors, such as H2 or for small organic molecules other110

than acetate (e.g., lactate).111

Biosynthesis112

The higher energy yield (∆Gr) of IR means that iron reducers are expected to produce more biomass per mole of organic carbon113

oxidized (Fig. 1D). Their lower cell-specific catabolic rates, however, mean that this energetic advantage does not necessarily trans-114

late into a faster biomass growth. To compare growth rates (µ) among different metabolic groups, one needs to compare prod-115

ucts (rY ) of the thermodynamics-based yields Y of biomass per reaction turnover and the respective reaction rates r. For exam-116

ple, the biomass yield Y of iron reducers is about 7.5 times greater than for sulfate reducers (Fig. 1D), but their cell-specific catabolic117

rate capacity Vmax is 10-100 times lower27,31 . Thus, at sulfate concentrations exceeding several micromolar, the population of sul-118

fate reducers would grow faster than the population of iron reducers (Fig. 1E), and the bulk rate of sulfate reduction could be corre-119

spondingly greater. Similarly, high cell-specific rates of methanogenesis may sustain high rates of bulk reaction, despite the low en-120

ergy yield per electron donor and a low biomass growth rate. Differences in biomass yield and cell-specific catabolic rates between121

metabolic groups are expected to vary with substrate and product concentrations, temperature and the pH. Under certain combi-122

nations of these parameters, a microbial population dominated by iron-reducer biomass may, for example, display higher bulk rates123

of sulfate reduction than iron reduction. We note that the variation of kinetic parameters with the environmental parameters is cur-124

rently poorly constrained.125

Importantly, for slow-growing populations, rates of microbial death (from energy starvation, viral lysis, etc.) may impose an addi-126

tional limit, as growth rates must not fall below death rates. The calculations in Fig. 1E, for example, suggest that sulfate-driven AOM,127

while thermodynamically favorable, may become prohibitively slow at lowmethane concentrations and sulfate concentrations be-128

low 100 µM, which may explain the absence of sulfate-driven AOM observations in freshwater. The model similarly predicts stunted129

growth of sulfate reducers and methanogens at sub-micromolar concentrations of acetate, consistent with observations of micromolar-130

level residual acetate concentrations in sulfate-reducing andmethanogenic zones of marine and freshwater sediments32–34 .131

Population Dynamics132

Cell abundances in natural environments are strongly affected by interactions with other microbial populations. As concentrations133

of growth-limiting substrates are dynamically adjusted by competition or mutualism, conditions may become variably favorable134

for one type of metabolic group or another. Growth conditions can be also affected by toxicity. Slow-growing populations may be135

further disadvantaged by physical flows, as metabolizing cells may exit the system before they can divide. This complicates predic-136

tions of pathway dominance that are based on thermodynamics, kinetics, or biomass yields alone3 . Figure 2 illustrates the simu-137

lated outcomes of the combined growth of iron-reducing, sulfate-reducing, and methanogenic microbes in a spatially homoge-138



Figure 2: Microbial biomasses (A) and catabolic rates (B) in a simulated flow-through reactor at a steady state, as a function of electron donor
(acetate) and sulfate concentrations. Sulfate reducers dominate when sulfate exceeds µM levels. High biomasses of iron reducers do not
necessarily translate into high catabolic rates of acetate consumption. Competition results depend on the ratio ofKm values for the affinities for
acetate for the involved populations. At low ratios of the iron-reducer to sulfate-reducerKm (e.g., 1:4), a high affinity for acetate gives iron
reducers an advantage at low acetate concentrations. At higher ratios (e.g., 1:1), iron reducers can be outcompeted by methanogens or sulfate
reducers. For better visibility, biomasses and rates were normalized to their respective values for the maximum sulfate level at each of the acetate
concentrations.

neous flow-through reactor. Despite the higher biomass yield of iron reducers, the higher cell-specific catabolic rates of sulfate re-139

ducers and methanogens allow them to be the dominant consumers of acetate. At micromolar sulfate concentrations, most of the140

organic carbon is mineralized throughmethanogenesis. At sulfate concentrations above several tens of µM, sulfate reducers dom-141

inate both the biomass pools and carbon mineralization, in agreement with observations29 . Iron reducers, nevertheless, may con-142

stitute a significant portion of the microbial biomass under some conditions, as their high catabolic energy allows them to harvest143

a proportionally greater fraction of the total energy. Iron reducers may also gain an advantage if they are able to access acetate at144

significantly lower levels than their competitors, a possibility that is hinted at by some data30 but is still poorly constrained.145

Physical transport146

In natural aquatic environments, advection, turbulence, and molecular diffusion transport the reactive substrates and products, as147

well as living cells themselves, to and from reaction zones, controlling metabolic rates and cell abundances. Effects of these phys-148

ical processes are different for different respiratory pathways and may influence the outcomes of competition amongmetabolic149

groups.150

In chemically stratified water bodies, sulfate is supplied across the chemocline by processes such as turbulent diffusion, whose rates151

increase with the concentration gradient. Fluxes of solid iron oxides, in contrast, are determined primarily by settling of particles.152

This means that, while sulfate reducers can access more sulfate by increasing their metabolic rate of sulfate consumption, thereby153

increasing the concentration gradient, iron reducers lack such an opportunity for positive feedback. This gives sulfate reducers an154

additional local advantage. On a global scale, over timescales comparable to the residence time of seawater sulfate, the feedback is155

likely weakened if high rates of sulfate reduction decrease the size of the oceanic sulfate pool.156

To a similar effect, most reactive iron oxyhydroxide phases are nanosize particles, which settle through the water columnmuch slower157

than more crystalline, coarser-grained iron oxides. Produced at the redoxcline via oxidation of the upwardly diffusing or upwelling158

Fe2+, the nanosize and highly reactive Fe(III) particles can be consumed immediately below the redoxcline by reaction with hydro-159

gen sulfide. Such sulfide scavenging maintains a thermodynamic drive for sulfate reduction and decreases Fe(III) oxide availability160

for microbial iron reduction, further increasing the advantage of sulfate reducers.161



Figure 3: Profiles of water-column chemistry (A, B) and anaerobic microbe biomasses and respiration rates (C) simulated for the meromictic
ferruginous Lake Matano. Circles represent measured concentrations, whereas black ‘×’ are measured sulfate reduction rates35,36 .Vertical
mixing rates were approximated after37 .

BIOGEOCHEMISTRY OF STRATIFIED WATER COLUMNS162

In spatially extended systems, the above processes shape biogeochemical zonations: partitioning of organic matter respiration among163

metabolisms, variations in microbial cell densities and metabolic rates, and the resultant aqueous chemistry. To elucidate the pat-164

terns of such zonations in stratified water columns, we combined the above thermodynamic, kinetic, and competitive controls in a165

biomass-explicit reaction-transport model (see Materials and Methods). For a reasonable set of parameters (see SI), for example, the166

model reproduces the water-column chemistry and microbial respiration rates observed in ferruginous Lake Matano (Fig. 3). We167

then used the model to explore the likely biogeochemical scenarios under a wide range of anoxic environmental conditions, such168

as those that existed in marine coastal waters during the Archean and Proterozoic eons, and those that are found today in restricted169

marine basins and meromictic freshwater lakes.170

Contrary to the thermodynamic sequence, we find that sulfate reducers commonly dominate both the microbial biomass and bulk171

geochemical rates in anoxic waters (Figs. 4, S1, S2). This dominance arises from the favorable kinetics of sulfate reduction (Fig. 1), a172

positive feedback between the steepness of the sulfate concentration gradient and the rate of bulk sulfate reduction, and the scav-173

enging of Fe(III) oxyhydroxide particles by sulfide. The water-column chemistry does not always reflect the dominant metabolism174

(Figs. 3, 4). Deep waters dominated by sulfate reducers (or methanogens) may remain ferruginous, while sulfide may not build up175

because of its scavenging by upwelled iron (Fig. 4). The reverse situation—a euxinic water column dominated by iron reducers—is176

unlikely to occur because of the lack of Fe(III) substrates: Abiotic sulfidization of the Fe(III) oxyhydroxides settling from the ocean sur-177

face strongly competes with microbial iron reduction (Fig. S1), whereas euxinic water lacks Fe2+ that could be oxidized to produce178

Fe(III) near the redoxcline.179

As our simulations illustrate, in the absence of strong external sources of iron, robust ferruginous conditions are unlikely to develop180

when surface sulfate concentrations exceed ∼ 100 µM. Modern low-sulfate systems conform to this pattern: nearly all known fer-181

ruginous lakes11 have sulfate concentrations below 100 µM, whereas water bodies with higher sulfate levels are sulfidic. For anoxic182

columns with ferruginous deep waters, simulations predict at least somemid-water euxinia (Fig. 4), again a common pattern in183

modern lakes38,39 and a widely hypothesized scenario for ancient oceans. Concentrations of dissolved Fe2+ in excess of ∼10s of µM184

generally cannot be sustained by water-column iron reduction, and require an upward flux of Fe2+ from below. In ferruginous lakes185

such fluxes usually come from sediments (Fig. 3). In the ancient ferruginous oceans, Fe2+ was likely supplied by upwelling from the186

deep ocean, where it came from hydrothermal inputs and the reduction of sinking particles.187



Figure 4: Average profiles of water-column chemistry (A) and anaerobic microbial biomasses and respiration rates (B), simulated for different
sulfate levels and different geologic epochs. The shown profiles were obtained for the same set of model parameter values but with boundary
conditions differing among the epochs as indicated in Table 4, for the Fe(III) flux of 63.25 mmol/m2/y. Individual model solutions plotted as faint
thin lines illustrate the associated variability. Graphs at the bottom indicate the corresponding boundary conditions: concentrations of sulfate
and dissolved molecular oxygen in surface water, dissolved iron in the deep ocean reservoir, primary productivity (PP), and the extents of
oxygenic versus anoxygenic (iron- or sulfur-based) photosynthesis.

We characterize the overall balance between Fe2+ and H2S in the water column by the depth-integrated difference between the188

aqueous sulfide and iron concentrations (Fig. 5B). The distributions of this concentration difference cluster at ± ∼104 mmol m−2 ,189

corresponding in our simulations (for a 200-m-deep water column) to average concentrations of several tens of µM, and do not190

cover much of the range between these extremes (Fig. 5). In other words, “slightly” ferruginous or euxinic conditions do not appear191

to be stable. The Fe:S stoichiometry of iron sulfide minerals (1:1 for FeS or or 1:2 for pyrite) means that the source of the component192

(iron or sulfide) being supplied more quickly cannot be balanced by an iron sulfide precipitation sink. For example, when the net193

sulfide source exceeds the net iron source, precipitation of FeS matches exactly the iron source, while sulfide builds up in the water194

column until its concentration becomes limited by the next most effective sink (e.g., oxidation at the redoxcline) or by the availability195

of organic matter for microbial sulfate reduction.196

Methanogenesis can occur in water columns below the depths where sulfate is depleted, or in sediments. Importantly, while mi-197

crobial iron reduction becomes more favorable in sediments where Fe(III) and organic substrates are more concentrated, methano-198

genesis can remain sufficiently competitive even under iron-rich conditions (Fig. 2), as is indeed observed in iron-rich lakes4 . The199

autotrophic anaerobic oxidation of methane by Fe(III) oxides (Fe-dependent AOM), while energetically viable (Fig. 1), becomes com-200

petitively viable only under carbon-limiting conditions, and kinetically significant only in iron-rich environments under very low sul-201

fate (Fig. 1), as recently observed40 . The S-dependent AOM is energetically inhibited at sulfate levels below several tens of µM (Fig. 1),202

which likely explains the scarcity of observations of this metabolism in lakes41 , but becomes progressively more favorable at higher203

sulfate concentrations. We note that a complete analysis may need to include hydrogenotrophic pathways. Previous bioenergetics204

modeling suggested that the energetic balance for S-dependent AOM could be controlled by the relative rates of hydrogeotrophic205
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Figure 5: Statistics on model solutions, illustrating patterns of microbial activity and water chemistry (A-C), and their manifestations in sediment
deposition signals (D). A) Ratios of depth-integrated biomasses of iron reducers to sulfate reducers (see also Fig. S2); B) Depth-integrated
difference between the concentrations of total aqueous sulfide and dissolved iron; C) Depth integrated concentrations of total aqueous sulfide
(same as the horizontal axis in D; see also Fig. S3); D) Ratios of pyrite to highly reactive iron (FePYR :FeHR) in settling particles, against the
depth-integrated water-column aqueous sulfide (same as C). Colors represent the fraction of the anoxic water column that is euxinic (defined as
sulfide concentrations exceeding ferrous iron concentrations). The line at FePYR :FeHR of 0.7 is the threshold between ferruginous and euxinic
conditions proposed in iron speciation studies43 . Arrows in panels A-C indicate the points in time (and the corresponding sulfate levels) when
sulfate reducers begin to dominate in biomass (A), when sulfide becomes persistent in the water column (B), and when iron speciation in
settling particles would begin to be interpreted to reflect euxinic conditions (C). We note that diagenesis in sediments largely decouples iron
speciation in sedimentary rocks from the chemical conditions in the water column44 .

sulfate reduction and acetoclastic methanogenesis, as hydrogen is exchanged between the symbiotic methane-oxidizing archaea206

and SRBs42 . In carbon-starved environments, such as deep oligotrophic water columns or the deep subsurface, autotrophic path-207

ways (including AOM) become comparatively more competitive (Fig. 1) relative to the heterotrophic pathways with which they com-208

pete for substrates, such as sulfate or iron oxides.209

IMPLICATIONS FOR MODERN AND ANCIENT ENVIRONMENTS210

In modern oceans, bottom waters are generally oxygenated because meridional overturning supplies O2 at rates that exceed those211

of aerobic respiration. In restricted basins, such as the Black Sea, Saanich Inlet, or Cariaco Basin45 , anoxic conditions develop. Our212

one-dimensional model, accordingly, predicts deep-water O2 depletion even in water bodies with well oxygenated surfaces. In the213

absence of deep-water Fe2+ upwelling, ferruginous conditions can develop only when surface sulfate concentrations are below214

∼100 µM or the iron supply to the water surface (e.g., as dust or runoff) exceeds hundreds of m−2 y−1 (Figs. S4, S5). Under the mod-215

ern high-O2 conditions, this is the case only in a small number of meromictic lakes. Despite only a narrow zone of sulfide accumu-216

lation below the oxycline, sulfate reduction rates in such environments may be substantial (Fig. 3). Except in rare cases of significant217

photoferrotrophy, such as in the Kabuno Bay of Lake Kivu46 , heterotrophic Fe(III) reduction is limited in the water column (Fig. S6),218

occurring mostly in the sediments. For example, in agreement with our model (Fig. 3), only minimal microbial production of dis-219

solved Fe2+ was suggested for the water column of ferruginous Lake Matano, with most of the Fe2+ coming from benthic fluxes36 .220

Methanogenesis in such ferruginous environments can be highly active, in agreement with the detection of methanogens in Lake221

Matano4 , and can account for a large portion of organic carbon mineralization5 . Despite thermodynamic favorability of Fe-driven222



AOM, our model suggests relatively low rates of this metabolism, at least in the water column where Fe(III) concentrations are low223

(Fig. S7), though we note that its kinetics are poorly constrained. Observational evidence for this pathway so far is circumstantial224

and inconclusive. In Lake Matano, for example, mass balance considerations suggested that Fe-AOMmay be contributing to water-225

column Fe2+ and serves as a quantitatively important sink for methane in the chemocline4 , but direct evidence is still lacking. In226

neighboring Lake Towuti, in contrast, coexistence of reactive Fe(III) phases with millimolar methane concentrations in sediments227

suggested the absence of Fe-driven AOM5 .228

Archean oceans are thought to have been characterized by lower-than-present pH and by sulfate concentrations in the low µM range47–49 .229

Prior to the evolution of oxygenic photosynthesis, primary productivity was sustained by anoxygenic photosynthesis coupled to the230

oxidation of either hydrogen sulfide (to elemental sulfur) or Fe2+ (to Fe(III) oxyhydroxides). The latter process would serve as a source231

of highly reactive Fe(III) phases to the water column, supporting iron reduction (Fig. 4). Over the range of parameter values typical of232

the Archean, the model predicts that most of the water column remained ferruginous and that degradation of organic matter was233

dominated by dissimilatory iron reduction (Figs. 4, S8). Introduction of oxygenic photosynthesis in the Neoarchean would further234

boost water-column iron reduction by enabling production of reactive Fe(III) particles by oxidation of Fe2+ upwelled from the ocean235

interior. Increases in seawater sulfate during the Neoarchean48 would provide a competing effect, increasing the favorability of dis-236

similatory sulfate reduction (Fig. 4). Despite the low sulfate concentrations throughout the Archean, sulfate reduction is predicted237

with some parameter combinations to proceed at appreciable rates, with cryptic sulfur cycling supporting respiration of a sizeable238

population of microorganisms and accounting for degradation of appreciable fractions of the photosynthetically produced organic239

matter (Fig. 4). These predictions are consistent with observations from the modern Lake Towuti, for example, where robust popula-240

tions of sulfate reducers were found in sediments underlying a ferruginous water column50 . Thoughmethanogenesis, even at low241

concentrations of sulfate, accounts for a small fraction of the degradation of organic matter (Fig. S9), the depth-integrated rates of242

methanogenesis in Archean water columns could be high enough to support large methane fluxes to the atmosphere (Figs. S10,243

S11).244

While modern ferruginous lakes are often construed as geochemical analogues of the Archean oceans35 , they differ in several im-245

portant respects. Anoxygenic photosynthesis in lakes, when present, is relegated to a narrow layer below the oxycline, where regions246

of sulfate reduction and iron reduction are separated vertically by density gradients. In the Archean oceans, on the other hand, anoxy-247

genic photosynthesis and anaerobic respiration could co-occur in the vigorously mixed surface layer. Reactive Fe(III) oxyhydroxides248

would be available throughout the photic zone, where they could support high rates of iron reduction and a substantial biomass of249

iron reducers (Fig. 4). Sulfate reduction could take place in the same anoxic mixed layer. At the higher sulfate concentrations that250

were likely achieved in the Neoarchean48 , sulfate reducers could dominate the microbial biomass and the respiration of organic251

matter, with much of the Fe(III) oxyhydroxides being reduced by microbially generated sulfide rather than via microbial iron reduc-252

tion (Fig. 4). Sulfur-based anoxygenic photosynthesis would further consume sulfide, contributing to maintaining a predominantly253

ferruginous water column. The biogeochemical and physical settings for the competition between iron reducers and sulfate reduc-254

ers in the Archean oceans would thus differ markedly from those in modern ferruginous analogues. Environments that developed255

when oxygenic photosynthesis could sustain an oxycline within the water column would resemble modern ferruginous lakes more256

closely.257

Proterozoic oceans are believed to have been characterized by higher primary productivity than in the Archean, sustained predomi-258

nantly by oxygenic photosynthesis51,52 . Sulfate concentrations reached hundreds of µM53,54 . The ocean interior is believed to have259

remained ferruginous, potentially supplying Fe2+ to shelf areas by upwelling. Under such conditions, our analysis suggests that sul-260

fate reduction would be the dominant pathway of organic carbon mineralization (Fig. 4). At low sulfate concentrations (10s to low261

100s of µM), methanogenesis could dominate mineralization in deep anoxic waters (Fig. S9), and could sustain noticeable fluxes of262

methane even across the oxic surface layer (Fig. S10;54). As sulfate levels exceeded 100s of µM, the dominance of sulfate reduction263

would lead to extensive coastal euxinia (Figs. S4, S5). Fluxes of dissolved Fe2+ from the deep ocean and sediments, however, could264

sustain ferruginous conditions in the lower extents of the coastal water columns, potentially affecting diagenetic processes. Under265

these conditions, variability in vertical mixing rates, being highly dependent on local hydrodynamic conditions, should have created266



a large diversity in water chemistry and microbial activity (Figs. 4, 5). This may be reflected in the observed variety in the composi-267

tion of Proterozoic sedimentary Fe minerals55 , though it is unclear that the Fe mineralogy of sedimentary rocks represents water-268

column conditions and not diagenetic processes44,56 .269

INTERPRETATIONS OF SEDIMENT RECORDS270

While our analysis cannot consider post-depositional alterations of sediments44,56,57 , it allows us to interpret the depositional sig-271

nals that are created by particle fluxes and the degree to which they correspond to chemical conditions in the water column. Even272

in the absence of diagenesis, we find that iron speciation, a popular sedimentary proxy of water-column redox conditions43,58 would273

often yield incorrect interpretations (Fig. 5). Specifically, the ratio of pyrite to highly reactive iron (FePYR :FeHR) in particles settling274

to the seabed is predicted to be greater than 0.7, the proposed threshold between ferruginous and euxinic water-column chem-275

istry, when the total depth-integrated amount of hydrogen sulfide in the water column exceeds ∼1000mmol/m2 (Fig. 5). This value276

could be typical in the late Archean and early-to-mid Proterozoic, as it corresponds to an average concentration of only 10 µM sul-277

fide over a 100-meter water column (Fig. S3). Ferruginous Archean water columns could contain sufficient amounts of sulfide to278

pyritize settling particles (Fig. 5), whereas some of the predominantly sulfidic water columns could sustain sufficient downward279

fluxes of oxidized iron to generate “ferruginous” diagenetic signals. Even under modern high-sulfate conditions, high Fe(III) fluxes280

in oligotrophic (carbon-poor) water columns may result in low FePYR :FeHR ratios, analogously to the conditions recorded in the sed-281

iments in the Gulf of Acaba59 . More generally, we find that the main determinant of the degree of sulfidization of sedimentary iron282

is not the fraction of the water column occupied by euxinic conditions, but the depth-integrated amount of hydrogen sulfide (Fig.283

5C and D).284

Statistical analyses of our simulations reveal that certain conditions that dominated ancient water columns may have become recorded285

in the rock record only in subsequent geological epochs (Fig. 5). For instance, sulfate reducers could dominate the anaerobic respi-286

ration already in the ferruginous water columns of the Neoarchean, at sulfate levels of only tens of µM. Euxinia likely became widespread287

only during the Proterozoic when sulfate levels reached hundreds of µM. The euxinic conditions could only be recorded in sediments288

(by the FePYR :FeHR ratios), however, only at higher sulfate concentrations, when settling particles in Proterozoic or Phanerozoic wa-289

ter columns were exposed to higher amounts of sulfide.290

While alteration of iron speciation in sediments during diagenesis introduces additional effects that are not accounted by our anal-291

ysis, the above examples themselves show that the current interpretive framework based on iron speciation may be insufficient to292

constrain the aqueous chemistry even in topmost sediments, especially under mildly (tens of µM) sulfidic conditions. More gener-293

ally, a more robust definition of ferruginous or euxinicwater columns (as opposed to the well defined ferruginous or euxinic condi-294

tions) appears to be necessary, given the frequent coexistence of euxinic and ferruginous regions within the same water column.295

IMPLICATIONS FOR MICROBIAL EVOLUTION AND ECOLOGY296

Anaerobic respiratory pathways evolved on early Earth in ecological niches that were potentially different from those in which they297

operate now. Comparing such ecological conditions may hold keys to understanding past and present microbial capabilities. To298

sustain their metabolisms, methanogens must extract a high fraction of usable energy out of the small amount of Gibbs free en-299

ergy available for their catabolism. Under the ferruginous conditions of early oceans, however, methanogens also had to exist in wa-300

ter columns or sediments that contained large amounts of iron. Competing with iron reducers then would require developing fast301

turnover rates for organic substrates. This may have allowedmethanogens to inhabit substrate-rich ecological niches in upper sedi-302

ment and throughout the water column, in contrast to the limited extents of sulfate-free marine columns today. Likewise, sulfate re-303

ducers evolved in a low-sulfate world where they had to compete with methanogens and iron reducers. Sulfate reducers could have304

initially inhabited the anoxic surface mixed layer were organic matter was more available (Fig. 4) but would then have to adapt to305

competing in more limiting conditions once a significant oxic layer developed at the ocean surface (Fig. 4). Sufficiently fast kinetics306

of catabolism and an ability to access sulfate at low µM concentrations gave sulfate reducers the competitive advantage over iron307

reducers as soon as sulfate levels increased to even a few tens µM. From that point onwards, in most marine settings, sulfate reduc-308

ers dominated water-column anaerobic populations and respiration rates, whereas the activity of iron reducers was relegated to the309



sediments.310

The dynamic stability of the environment also matters for the outcomes of microbial competition. Microbes such as iron reducers,311

with high energy yields but low cell-specific rates, respond slowly to changes in their environments. Iron reducers may thus be less312

susceptible to transient changes in environmental conditions and may be better adapted to living under more stable conditions313

in sediments. Conversely, transient changes in environmental conditions or substrate availability could temporarily lead to domi-314

nance of metabolic groups with higher cell-specific catabolic rates, like sulfate reducers and methanogens. Oscillating conditions315

could thus lead to dominance of rapidly respiring groups even where the long-term average conditions would lead to dominance of316

slower-respiring groups like iron reducers.317

Our findings also have important implications for genomics-based inferences in aquatic ecology. Biogeochemical cycling is now318

routinely informed by abundances of microbial genes and rates of their expression60 , while geochemical proxies are commonly319

viewed as indicative of the activities and dominance of microbial groups. Our results indicate decoupling between the water-column320

chemistry and microbial population makeup under certain conditions. For instance, ferruginous conditions do not preclude sub-321

stantial activity of sulfate reducers and more generally sulfur cycling, while low cell counts of methanogens may not necessarily in-322

dicate the absence of methanogenesis. Such decouplings may thus underlie “cryptic” elemental cycling by detectable, abundant323

microorganisms in some cases, and detectable geochemical activities by “stealth” microbial populations in others.324



MATERIALS AND METHODS325

Bioenergetics model326

The model follows the conceptual approach of Refs. 22,23 , which offers one of several ways of addressing metabolic limitations on327

microbial kinetics19 . The net change in the Gibbs free energy of a microbial metabolism (per C-mol of new biomass) is328

∆G = λcat∆Gcat +∆Gana (1)

where∆Gcat and∆Gana are, respectively, the Gibbs free energy of the catabolism and anabolism, and λcat is the number of times329

a catabolic reaction needs to be run to provide the energy needed to form one C-mol of biomass. The maximum growth yield (mol330

biomass synthesized per mol reaction) is then331

Ymax =
1

λcat
=

∆Gcat

∆G−∆Gana
(2)

We follow the argument of61 that the Gibbs free energy of a macrochemical reaction∆G is equivalent in magnitude to the dis-332

sipated energy∆Gdis . The∆Gdis was calculated using the phenomenological expression of61 for heterotrophic and autotrophic333

metabolisms. ∆Gcat and∆Gana were calculated for each individual reaction from the corresponding standard energies of forma-334

tion and activity products, at relevant environmental conditions.335

The cell-specific catabolic rates were calculated as functions of substrate (S) concentrations:336

r =
1

X

dS

dt
= FKFT (3)

HereX is the biomass in C-mols. The kinetic factor FK depends on the pathway-dependent maximum cell-specific rate Vmax and337

expresses the Monod-type dependence on substrate concentrations:338

FK = Vmax

∏ Si

Ki
m + Si

(4)

Where oxygen could be present (as in the reaction-transport model described below), FK expressions for anaerobic pathways also339

included the inhibition factorKinh
O2

/(Kinh
O2

+ [O2]), to account for oxygen toxicity.340

The thermodynamic factor FT is62341

FT = 1− exp

(
∆Gcat +m∆GATP

χRT

)
(5)

where∆GATP is the energy being conserved into ATP, andm and χ are metabolism-specific stoichiometric factors (Table 1). The342

evolution of the chemical (S) and biomass concentrations (X) are then described as:343

dSs

dt
= AsmrmbXb +BsnYnmrmbXb (6)

dXb

dt
=

∑
n

YnmrmbXb − λ(mG)Xb (7)

Here, summation is implied over the repeating indices (the Einstein convention). Asm is the stoichiometric matrix for substrate s in344

a catabolic reactionm catalyzed by the microbial population b; Bsn is the stoichiometric matrix for the use of substrate s in an an-345

abolic growth reaction n, Ynm is the yield for the microbial growth utilizing catabolic reactionm and anabolic reaction n. The natural346

decay of the biomass is described by the “death” term λ, which is a function of the maintenance energymG , which itself depends347

on the metabolic power (see SI). For simplicity, in the present model, each catabolic reaction was considered catalyzed by a separate348

microbial population, with either heterotrophic or autotrophic anabolism. This approach was used to describe the microbial iron re-349

duction (assuming goethite as the reactive solid phase), sulfate reduction, methanogenesis, and Fe- and S-dependent AOM. Kinetic350

formulations for other reactions are listed in Table 3.351

For the flow-reactor mode (Fig. 2), the reactor described by Eqs. 6-7 was allowed to exchange reactive substrates with the ambi-352



Table 1: Model parameters

Parameter Value Unit Range Description and references

[SO 2–
4 ] µM 2.8-28000∗ surface sulfate concentration

F 0
FeIII mmol m−2 y−1 1-1500∗ external flux of particulate Fe(III) (see SI)

Qupwell m y−1 1-36 water upwelling from deep ocean63

τinit y 0.05-2.0∗ initial age of organic matter64,65

KAc 30 µM acetate half-saturation constant for SR and IR30,66

100 µM acetate half-saturation constant for methanogens28

KO2 2 µM oxygen half-saturation constant67,68

Kinh
O2 1 µM oxygen half-inhibition constant for anaerobes67,68

KSO4 5 µM sulfate half-saturation constant for SR69

KCH4 30 µM methane half-saturation constant for AOM (see SI)
KFeIII 1000 µmol/L goethite half-saturation constant for IR27

10 µmol/L nanophase precipitate half-saturation constant for IR (see SI)
vsettle m/y 100-1000∗ particle settling velocity70

K0
z m2/s (0.1-2)×10−4∗ mixing intensity near surface37,71

HK 30 m thermocline depth (for mixing)
hK 7 m thermocline vertical extent (for mixing)
fKz 0.05 - ratio ofKz at bottom relative to surface72

frec - 0-0.5∗ fraction of Fe(III) recycled in sediments and released to water column
kHSox 1 µM−1 y−1 rate constant for sulfide oxidation by oxygen67

kFeox 1 µM−1 y−1 rate constant for Fe2+ oxidation by oxygen67

kHSFeIII 0.2 µM−1 y−1 rate constant for sulfide oxidation by Fe(III) (oxyhydr)oxides67

4.0 µM−1 y−1 rate constant for sulfide oxidation by nanophase Fe(III) (oxyhydr)oxides (see SI)
kFeS 250 µM y−1 rate constant for iron sulfide mineral precipitation68

kCH4ox 1 µM−1 y−1 rate constant for methane oxidation by oxygen73

kdisp 0.02 y−1 rate constant for disproportionation of S0 74

KFeS 2.5×10−3 M equilibrium constant for the reaction FeS + H+ ⇀↽ HS– + Fe2+67

∆GATP 30 kJ/mol cost of producing ATP for FT ;75

χ 8/6/2 - stoichiometric number for IR/SR/MG3

m 1.25/1/0.25 - stoichiometric number for IR/SR/MG3

Vmax 1.0 molrx/molx/h∗∗ microbial kinetics for SR26

0.1/0.3 microbial kinetics for IR27,31 (bulk/nanophase)
1.0 microbial kinetics for MG26

0.04 microbial kinetics for S-AOM (see SI)
0.02/0.04 microbial kinetics for Fe-AOM (bulk/nanophase) (see SI)

λdeath 2×10−4 h−1 death rate constant76

kdeath 2×10−3 h−1 death rate from energy starvation (see SI))
[HCO –

3 ] 3 mM ambient concentration
[NH +

4 ] 10 µM ambient concentration of nutrient for anabolism
[H2] 0.1 µM ambient concentration
Notes: ∗Parameter values sampled from uniform distributions of their base-10 logarithms. ∗∗Mol-reaction (Table 2) per C-mol of biomass per hour.

ent environment at the rate proportional to the respective concentration differences, with the exchange rate constant of 0.02 h−1 .353

Acetate concentrations were imposed in the ambient environment. The model was run to a steady state to obtain the steady-state354

concentrations of the substrates and the biomasses.355

Reaction-transport model356

The one-dimensional reaction transport model solved a system of partial differential equations for a set Cj of substrate concentra-357

tions and biomasses:358
∂Cj

∂t
=

∂

∂z

(
Kz(z)

∂Cj

∂z

)
− vj

∂Cj

∂z
+

∑
i

νiRij (8)

Here,Kz(z) is the depth-dependent turbulent eddy diffusion coefficient, vj is the settling velocity, and Rij are the rates of reactions,359

with stoichiometric coefficients νi . Explicitly considered concentrations included those of POM, Ac, O2 , SO2−
4 ,H2Stot = H2S + HS− ,360

FeOOH, Fe2+ , S0 , FeS, and the biomasses of the microbial populations that catalyze the corresponding reactions: XIR, XSR, XCH4, XS–AOM,361

XFe–AOM. The concentrations of DIC and ammonium (as the nutrient for anabolism), as well as the pH, were prescribed and assumed362

constant. The kinetics of the biomass-explicit reactions were simulated as described above for the bioenergetics model.363

The boundary conditions were prescribed as fixed-concentrations for the dissolved species and fixed-fluxes for the particulate species.364

A no-gradient boundary condition was imposed at the bottom of the domain, except for species such as Fe2+ and CH4 for which365

fluxes from sediments could be prescribed, as a fraction of the respective downward fluxes of solid-phase iron and particulate or-366

ganic matter (POM). The upward flux of Fe2+ from the ferruginous deep ocean was simulated as an additional flux through the lower367

domain boundary.368

Photosynthetic primary production was assumed to be distributed in the upper water column according to a prescribed (exponen-369



Table 2: Reactions included in the model. The Gibbs free energy is in units of kJ mol−1 at pH 7.

Reaction ∆G0

CO2 + H2O + light POM + O2
CO2 + 4 Fe2+ + 10H2O + light POM + 4 FeOOH + 8H+

CO2 + 2H2S + light POM + H2O + 2 S0

POM CH3COO
–

CH3COO
– + 2O2 2HCO –

3 + H+ -875
CH3COO

– + SO 2–
4 2HCO –

3 + HS– -48
CH3COO

– + 8 FeOOH + 15H+ 8 Fe2+ + 2HCO –
3 + 12H2O -132

CH3COO
– + H2O HCO –

3 + CH4 -15
SO 2–

4 + CH4 HS– + HCO –
3 + H2O -33

8 FeOOH + CH4 + 15H+ 8 Fe2+ + HCO –
3 + 13H2O -117

H2S + 2O2 SO 2–
4 + 2H+ -830

4 Fe2+ + O2 + 6H2O 4FeOOH + 8H+ -371
2 FeOOH + H2S + 4H+ S0 + 2 Fe2+ + 4H2O -32
Fe2+ + HS– FeS + H+

4 S0 + 4H2O SO 2–
4 + 3HS– + 5H+ +55

0.525CH3COO
– + 0.2NH +

4 + 0.275H+

Xhetero + 0.05HCO –
3 + 0.4H2O +612

CO2 + 0.2NH +
4 + 0.6H2 Xauto + 0.2H+ + 1.5H2O +543

Table 3: Reaction rate formulations. All reaction rates are in units of µM y−1 . RPPO2 ,RPPFe andRPPH2S are, respectively, the rates of oxygenic,
iron-driven anoxygenic, and sulfide-driven anoxygenic photosynthesis (see SI).RG is the rate ofparticulate organic matter (POM) hydrolysis (see
SI).RO2 is the rate of aerobic respiration. RHSox ,RFeox , andRCH4ox are, respectively, the rates of sulfide, ferrous iron, and methane oxidation by
oxygen. RHSFeIII is the rate of sulfidization of Fe(III) (oxyhydr)oxides. RFeS is the rate of FeS precipitation, which depends on the degree of FeS
saturation, ΩFeS . Rdisp is the rate of elemental sulfur disproportionation.

Rate

RPPO2 = RPP · foxygenic

RPPFe = RPP · (1 − foxygenic)
[Fe2+]

[Fe2+]+KPFe

RPPH2S = RPP · (1 − foxygenic)
[ΣH2S]

[ΣH2S]+KPs
RG = k(z, [O2])[POM ]

RO2 = RG
[O2]

[O2]+KO2
RHSox = kHSox[ΣH2S][O2]

RFeox = kFeox[Fe2+][O2]
RCH4ox = kCH4ox[CH4][O2]
RHSFeIII = kHSFeIII [FeOOH][ΣH2S]
RFeS = kFeS(ΩFeS − 1)

ΩFeS = [Fe2+][HS–]/([H+]KFeS)

Rdisp = kdisp[S0]

tial) function of depth, and was assumed to produce POM. Oxygen was produced from that reaction for oxygentic photosynthesis,370

whereas anoxygenic pathways produced, respectively, FeOOH and S0 (Table 2). The rate of particulate organic carbon mineralization371

(hydrolysis) was assumed to follow the power law of Ref.65 , which stipulates different reactivities under oxic vs. anoxic conditions.372

Aerobic respiration was treated as biomass-implicit (no explicit biomass pool), and was assumed to consume acetate at the maxi-373

mum rate that matched that of hydrolysis. Precipitation of iron sulfides in the water column was considered to produce FeS. Pyrite374

formation was assumed to take place subsequently in the sediment and was not explicitly modelled.375

The set of equations (8) was solved as an initial-value problem using MATLAB’s pdepe solver. Solutions were propagated for the sim-376

ulation time of 1000 years, with final profiles being used on output as approximations for steady-state solutions.377

Further details of the model’s formulation are provided in the SI. For application of the model to ferruginous Lake Towuti, see Ref.77 .378

Randomized exploration of model solutions379

Distributions of model outcomes over a range of environmental conditions were obtained by randomizing model parameters within380

their likely ranges, as indicated in Table 1. Parameters were randomly and independently sampled from either uniform or log-uniform381

distributions (as indicated in Table 1) to obtain 1000 randomized parameter sets. The same sets were then used to run the model382

1000 times for each of the combinations of sulfate concentration levels and Fe(III) fluxes (see supplementary figures) for each of the383

geologic epochs. Computations were performed on a parallel computing cluster at the Weizmann Institute of Science.384



Table 4: Assumed ocean characteristics through time.

Parameter Archean Neoarchean Proterozoic Phanerozoic

T (◦C) 4 4 4
pH 6.5 7.5 8.0
Surface O2 (µM) 2.8×10−3 28 280
Primary Prod. (PP, mmol/m2/d) 5-20 25-100 50-200
Fraction oxygenic PP 0 0.1 1.0 1.0
OM settling vel. (m/y) 50-100 50-100 50-100
Deep ocean [Fe2+] (µM) 100-1,000 10-100 0

Caveats and limitations385

The reaction-transport model does not account for the cycling of nitrate or manganese oxides, which were omitted for simplicity.386

These species participate in the organic matter oxidation sequence before iron oxides and sulfate and can also serve as oxidants for387

ferrous iron. While Mn cycling usually happens in a narrow depth interval, in a chemically stratified water column the zone of nitrate388

reduction can be substantial, shifting the zones of iron and sulfate reduction downward. Competitions of these pathways with deni-389

trification, however, merit a separate study. In meromictic Lake Malawi, for example, zones of nitrate reduction and sulfate reduction390

overlap substantially78 .391

In evaluating the kinetic competitiveness of pathways, we did not model hydrogenotrophic pathways34 , nor the forward and re-392

verse acetogenesis. These may, in principle, influence metabolic competitiveness under some conditions. Wemade the choice not393

to include them in this study for reasons of clarity, focusing solely on the competition among the heterotrophic acetate-dependent394

pathways.395
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SUPPORTING INFORMATION

Additional details of model formulation
In the bioenergetics model, the microbial death term was described as

λ(mG) = λdeath −min

[
0, kdeath

(
rFT∆Gcat

Pmaint
− 1

)]
(9)

This formulation accounts for an increased rate of cell death when the obtained catabolic power falls below the minimummainte-
nance power requirement Pmaint , as well as a lower, uniform death rate λdeath from viral lysis, etc. The maintenance power (kJ/molx/h)
was calculated as a function of absolute temperature according to Ref.79 :

Pmaint = 4.5 exp

[
−
69

R

(
1

T
−

1

298

)]
(10)

Anabolism was assumed to slow down at very low concentrations of acetate (as a carbon source), which was described by a Monod-
type kinetic term with the half-saturation constantKana = 0.01 µM.
In the reaction-transport model, the depth variation in mixing by turbulent eddy diffusion was simulated according to

Kz(z) = K0
z

(
fKz +

1− fKz

1 + e(z−HK)/hK

)
(11)

This mimics the greater intensity of mixing in the surface waters about the thermocline, though it does not account for a potential
increase in mixing below the thermocline, which can result from a weaker density gradient there37 .
The depth distribution of photosynthetic primary production was described as

RPP (z) =
2PP

σ
√
2π

e−z2/2σ2
; (12)

where the half-width σ was set toHK/2. The integral of this function over depth equals PP .
The reactivity of POM was described as a function of the ambient oxygen concentration and the age of organic material:

k(z, [O2]) = fkox + (1− f)kanox (13)

where the partitioning coefficient is f = [O2]/(KO2 + [O2]). The reactivities for the oxic and anoxic mineralization are65 :

kox = 10−0.312τ−0.977 (14)
kanox = 10−1.1τ−0.857 (15)

where the age τ of organic material (in years) was calculated at each depth as

τ = τinit +

∫ z

0

dz

vdiff + vsettleG
(16)

The effective downward velocity vdiff = dz̄/dt due to turbulent diffusion here reflects the root-mean-square displacement that in a
diffusive process increases as a square root of time z̄ =

√
2Kzt; it was calculated accordingly as

vdiff =
1

z
Kz

− ( z
2Kz

)2 dKz
dz

(17)

The supply of Fe2+ from the deep ocean by upwelling was calculated as a flux across the bottom boundary of the model that is pro-
portional to the Fe2+ concentration difference between the bottom waters and the deeper ocean:

FFe−upwell = ([Fe2+]deep − [Fe2+]bot)Qupwell (18)

The flux of Fe2+ from sediments was assumed to be zero under oxic (O2 > 0.1µM) or sulfidic (H2S > 1µM) bottom conditions. Oth-
erwise, it was calculated from the near-bottom downward flux of particulate iron FFeIII according to the specified efficiency of re-
cycling frec , up to a maximum imposed by the available flux FOM of settling organic matter and the 1 : 4 stoichiometry of dissimila-
tory iron reduction:

FFe−sed = frecFFeIII min

[
1,

FOM

4FFeIII

]
(19)

Simulations of Lake Matano
Lake-specific parameters used in the model included upper boundary conditions for dissolved oxygen and sulfate. The intensity
of vertical mixing was specified as a function of depth according to37 . Model parameters adjusted to reflect broadly in-lake condi-
tions4,35,36,80 included: F 0

FeIII = 240mmol/m2/y, PP = 150mmol/m2/d, vsettle = 1800m/y, vOM = 666m/y,HK=88m, hK = 6m,
frec = 0.35, pH 7.2, T = 29oC. Organic matter reaching the sediment was considered to be recycled into methane fluxing back into
the water column with the efficiency of 37%.
As already noted in early work on Lake Matano36 , geochemical distributions in the water column are shaped primarily by physical
mixing, with chemical sources and sinks contributing at the top and bottom boundaries and the relatively narrow chemocline. The
chemical reactions in the bulk monimolimnion are thus only weakly constrained by the data, so the corresponding model results
should be treated as illustration of the likely patterns, rather than their quantification.



Additional justification of model parameters
Model parameters in Table 1 were chosen to represent most likely conditions for coastal marine environments. Parameter ranges
for the sensitivity analysis (Table 1) were chosen to bracket the corresponding likely ranges over the simulated geologic periods.
As true probability distributions over time and space are not known, we used uniform distributions, either of the parameter values
themselves or of their logarithms (in cases where likely values spanned several orders of magnitude). The obtained distributions of
model solutions thus should not be viewed as approximations for the corresponding true probabilities. The ranges of model solu-
tions are expected to span the corresponding true ranges, however. Information below provides additional context for values and
ranges in Table 1.
External fluxes of particulate iron, F 0

FeIII , with runoff and dust deposition in modern high-iron environments can reach several 100s
mmol m−2 y−1 59,80 . Typical coastal environments, especially under low-oxygen conditions, likely had values closer to the lower end
of our chosen range (1-1500mmol m−2 y−1), whereas values at the top of the range could represent more extreme or possibly
more land-influenced environments, similar to modern small ferruginous lakes11 . Gross primary production for coastal ocean set-
tings (Table 4) was taken from the modern ocean value of around 100mmol/m2/d81 and scaled down for earlier geologic epochs
in line with current understanding52 .
Values for several parameters that describe microbial kinetics and are still poorly constrained by available data were chosen as best
guesses. They included the Monod-type half-saturation constantKCH4 for methane oxidation by AOM consortia, the maximum
cell-specific catabolic rates (Vmax) for both S- and Fe-driven AOM, and the cell death parameter kdeath . The Monod half-saturation
constantKFeIII for reduction of nanophase (freshly precipitated) iron oxyhydroxides was chosen to be much lower than the corre-
sponding parameter for crystalline Fe(III) phases (Table 1), to reflect their greater availability to microbial cells and the known reduc-
tion of such particles at µM concentratinos in ferruginous chemoclines80 . Similarly, the rate of abiotic oxidation of hydrogen sulfide
at the surface of such particles (kHSFeIII ) was assumed to be higher than for crystalline oxides, to reflect the greater specific surface
area.



SUPPLEMENTARY FIGURES

Figures below show the results of model exploration for different geologic eons, for the specified discrete levels of sulfate concen-
trations and Fe(III) inputs at the upper model boundary. The values for the sulfate concentrations and Fe(III) fluxes are shown in the
lower row and the rightmost column, respectively. Histograms for quantities specified in the figure captions were obtained by ran-
domized model runs, as described in the Methods section. Histogram colors correspond to the geologic periods (Archean = orange;
Neoarchean = yellow; Proterozoic = purple; Phanerozoic = grey). The colored bars at the top extend over the sulfate concentrations
that may be considered plausible for the corresponding eons.
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Fig. S1. Ratio of the depth-integrated rate of abiotic iron reduction driven by dissolved hydrogen sulfide to the depth-integrated
rate of microbial iron reduction (RHSFeIII : RIR), on a logarithmic scale. Values smaller than zero indicate dominance of abiotic
S-dependent reduction of iron in the water column.
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Fig. S2. Ratio of the depth-integrated biomasses of iron reducers and sulfate reducers (ΣXIR : ΣXSR), on a logarithmic scale. Values
greater than zero indicate dominance of iron reduction. Values smaller than zero indicate dominance of sulfate reduction.
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Fig. S3. Depth-integrated amount of hydrogen sulfide, ΣH2S, on a logarithmic scale (log10 of mmol/m2).
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Fig. S4. Fraction of the anoxic portion of the simulated water column that is euxinic (defined as sulfide concentrations exceeding
ferrous higher concentrations), (∆zeux/∆zanox).
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Fig. S5. Depth-integrated difference between the concentrations of total aqueous sulfide and dissolved iron (Σ([H2S]tot − [Fe2+]))
(log10 of mmol m−2). Values smaller than zero indicate predominantly ferruginous conditions.
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Fig. S6. Proportion of iron reduction in the total anaerobic mineralization of organic carbon in the water column, ΣRIR/Σ(RIR +
RSR +RCH4), on a logarithmic scale.



-5 0 5

2.8 M

-5 0 5

-5 0 5

F
e(

III
) 

flu
x 

(m
m

ol
 m

-2
 y

-1
)

-5 0 5

-5 0 5

-5 0 5

28 M

-5 0 5

-5 0 5

-5 0 5

-5 0 5

-5 0 5

[SO
4
2- ]

0

280 M

-5 0 5

-5 0 5

-5 0 5

-5 0 5

-5 0 5

2.8 mM

-5 0 5

-5 0 5

-5 0 5

-5 0 5

-5 0 5

28 mM

1.00e+00 

-5 0 5

6.22e+00 

-5 0 5

3.87e+01 

-5 0 5

2.41e+02 

-5 0 5

1.50e+03 

Fig. S7. Ratio of the depth-integrated rate of Fe-dependent AOM to the depth-integrated rate of S-dependent AOM (RFe−AOM :
RS−AOM ), on a logarithmic scale. Values smaller than zero indicate dominance of sulfate-dependent anaerobic oxidation of
methane in the water column.
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Fig. S8. Ratio of the depth-integrated rates of microbial iron reduction andmicrobial sulfate reduction (RIR : RSR), on a logarithmic
scale. Values greater than zero indicate dominance of iron reducers. Values smaller than zero indicate dominance of sulfate reduc-
ers.
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Fig. S9. Proportion of methanogenesis in the total anaerobic mineralization of organic carbon in the water column,
ΣRCH4/Σ(RIR +RSR +RCH4), on a logarithmic scale.
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Fig. S10. Model-calculated flux of methane from water column towards the atmosphere (log10 of mmol/m2/y).
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Fig. S11. Depth-integrated rate of methanogenesis in the water column, ΣRCH4 (log10 of mmol/m2/y).
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