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1 Supplementary Methods 

Mechanistic framework. The central aim here is to provide a quantitative framework of global 

redox balance model for evaluating the biogenic CH4 cycle in the Archaean anoxic world, with 

particular emphasis on the critical role of photoferrotrophs in the redox balance. This exercise 

not only helps to elaborate on the theoretical underpinning of the results from the coupled model 

presented in the main text but also facilitates exploration of wide range of parameter space at 

reduced calculation cost with reasonable quantitative accuracy. 

 

The system considered in this study is shown in Figure 1 of the main text. The primary source of 

reducing power (in terms of H2) is outgassing of reduced gases from the Earth’s interior. The 

sink fluxes are an irreversible escape of hydrogen to space and deposition of organic matter to 

the sediments. For our purposes we concern ourselves only with times prior to the advent of 
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oxygenic photosynthesis. Because anoxygenic phototrophy was probably a dominant mode of 

primary productivity by the early Archaean, we consider an ecosystem driven by anoxygenic 

phototrophic organisms. Despite the fact that the lateral transfer of genetic material has affected 

microbial genomes, the assumption that anoxygenic phototrophic bacteria evolved before 

oxygen-producing cyanobacteria is generally accepted because it appears to require the earlier 

evolution of at least two types of photosystems (i.e., photosystems I and II). The simple microbial 

ecosystem considered here includes two primary producers (i.e., H2-using (R1) and Fe2+-using 

anoxygenic phototrophs (R5)) and secondary organisms (i.e., Fe(III) reducers (R6), fermentors 

(R3) and methanogens (R4)). CO-based chemotrophy (R2) is, for now, not included, but its 

inclusion should not significantly alter our results (see the model description of the coupled 

model which explicitly takes into account CO-based chemotrophs). The biological metabolisms 

included in this study are summarized in Supplementary Table 1. In this study, we focus 

primarily on the critical synergistic effect of H2-based and Fe2+-based photosynthesis on the 

global CH4 cycle and do not elaborate on the role of H2-using methanogens as a primary 

producer because they basically show similar behaviour to that of H2-based anoxygenic 

photosynthesis1, 2 (see Supplementary Discussion for the representative results). The following 

exercise is based mainly on the analytical approach of ref.1, and the modifications and assumptions 

are summarized below. 

 

Under almost completely anoxic conditions (atmospheric O2 levels <10-5 present atmospheric 

level; PAL), hydrogen vented from the Earth’s interior can accumulate to substantial levels in the 

atmosphere. Previous studies1, 2 have argued that anoxygenic photosynthesis with hydrogen 
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would have been one of the most active ecosystems at that time. The metabolic reaction is 

written as: 

OHOCHCO2H 2222 +→+ . (S1)  

We assume, as in ref.1, that H2-using anoxygenic phototrophs can utilize all H2 entering the 

ocean from the atmosphere. In other words, the primary production of H2-using photosynthesis, 

fluxmarH2 (in unit of molecules H2 cm-2 s-1), is limited by the flux of H2 across the air-sea interface, 

and the concentration of hydrogen in the surface ocean is assumed to be 0. The upwelling 

delivery of H2 was ignored here because it plays a minor role when atmospheric pH2 is larger 

than ~10 ppmv, even if the extreme value of 100 nM is assumed3. The downward flux of H2 

across the air-sea interface is evaluated using the stagnant boundary layer model (see below), 

giving rise to the following expression for fluxmarH2: 

2pmarH Hflux
2

pDv a= . (S2)  

where vp is a piston velocity of H2 (0.013 cm s-1), D is a constant of proportionality for converting 

to the flux units used here (6.02×1020 molecules cm-3 mol-1 l), a represents the Henry’s law 

coefficient for H2 (7.8×10-4 M atm-1), and pH2 is the mixing ratio of hydrogen just above the 

surface ocean. From equation (S1), 2 mole of hydrogen is used to produce 1 mole of organic matter, 

and therefore, primary production of organic carbon by H2-using anoxygenic photosynthesis, 

NPPH2-photo, can be represented by fluxmarH2/2. 

 

It is thought that the early Archaean oceans were essentially under anoxic, and probably 

ferruginous (i.e., anoxic and Fe2+-rich) conditions4. Under such conditions, Fe2+-using 

anoxygenic phototrophs (photoferrotrophs) should play a major role in primary production. In 
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this case Fe2+ is utilized as an electron source for carbon fixation and biomass formation. The 

metabolic stoichiometry is conventionally written as follows: 

++ ++→++ 8HOCHFe(OH)COOHFe 2322
2 4114 . (S3)  

By assuming that the activity of photoferrotrophs is limited by the flux of ferrous iron to the 

surface ocean, fluxiron, primary production of organic matter by photoferrotrophs can be written 

as fluxiron/4. The total net primary production, NPP (in terms of organic carbon), is therefore 

given by 

4
fluxflux ironmarH2 +=

2
NPP . (S4)  

 

We assume that fermenting microorganisms, which are thought to be very ancient, would have 

been an important component of the Archaean biosphere. The fermentation of organic matter 

originating from primary producers yields acetic acid: 

COOHCHO2CH 32 → . (S5)  

 

The capacity for dissimilatory iron reduction is widely distributed among a number of bacteria 

and Archaea5. If ferric hydroxide, Fe(OH)3, is available, acetic acid will be converted to CO2 by 

microbial dissimilatory Fe(III) reduction: 

OH222COFe8H168Fe(OH)COOHCH 22
2

33 ++→++ ++ . (S6)  

The net result of fermentation and iron reduction combined is: 

22
2

32 COOHFe8HFe(OH)OCH ++→++ ++ 1144 . (S7)  

The significance of this metabolic pathway in the Archaean oceans remains quite uncertain6, 7. 

We introduce a free parameter, γ, which represents the fraction of Fe(OH)3 that is reduced to Fe2+ 
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by dissimilatory Fe(III) reduction (equation (S6)). The burial rate of Fe(OH)3, fluxbur
Fe(OH)3, is 

therefore given by: 

iron
Fe(OH)
bur fluxflux 3 ×−= )1( γ . (S8)  

 

The alternative pathway of decomposition of organic matter takes place via acetotrophic 

methanogenesis: 

243 COCHCOOHCH +→ . (S9)  

In this case, the overall metabolic pathway (equation (S5) + equation (S9)) is  

242 COCHO2CH +→ . (S10)  

It is important to note that it remains unclear whether acetoclastic methanogens existed on the 

Archaean Earth. A recent phylogenetic analysis8 suggests that acetoclastic Methanosarcina did 

not evolved until the Permian. However, there are species of the other genus of acetoclastic 

methanogens Methanosaeta which likely evolved much earlier than Methanosarcina. According 

to Rothman et al.8, the emergence of Methanosaeta appears to be ~1700 Ma, but given a poor 

archaeal root calibration and an intrinsic uncertainty in molecular crock estimates, the exact 

timing for the ancestor of Metanosaeta remains elusive and we consider our assumption that 

acetoclastic methanogens existed in the Archaean ocean defensible null hypothesis. Also, even if 

acetoclastic methanogens did not exist in Archaean oceans, we can invoke alternative pathways 

for methane generation; for example, a symbiotic system between anaerobic oxidation of acetate 

and H2-based methanogens. The net stoichiometry is identical to that of acetoclastic 

methanogens (equation (S9)). In this case, H2-using methanogens plays a critical role in methane 

generation (see Supplementary Discussion). 
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We assume that a certain fraction, x, of the organic matter produced by producers will escape the 

decomposition processes and bury in sediments: 

NPPx ×=OCH
bur

2flux , (S11)  

where fluxbur
CH2O represents the burial rate of organic carbon. We also assumed that CH4 

produced via the above sequence of reactions in the anoxic ocean interior can readily escaped to 

the atmosphere with limited consumption via anaerobic methane oxidation (AOM) 

( OHHCOHSSOCH 2
-
3

--2
44 ++→+ ). This assumption is based on the notion that the 

Archaean oceans were strongly deficient in SO4
2- (ref. 9, 10). However, it has been shown that one 

of the archaeal groups (ANME-2) has an ability to use iron and manganese oxide as electron 

acceptors instead of sulphate11. In any case, the uncertainty associated with AOM is implicitly 

accounted for by examining uncertainty in γ, and we emphasize that additional sinks for methane 

in our model would only further implicate our ‘hybrid’ biosphere are being critical for supporting 

warm climate states. 

 

Overall, the biogenic CH4 flux to the atmosphere, fluxmethane, is given by 









−−=
4

)1(
2
1 iron

methane
fluxflux γNPPx . (S12)  

As the dissimilatory iron reduction decreases in importance (i.e., γ→0), methane degassing from 

the ocean to the atmosphere increases, for given x and NPP. In contrast, a significant role of iron 

reducers in the remineralization of organic matter suppresses the biogenic methane generation in 

the ocean interior. Note that there is an upper limit for γ, at which all degradable organic matter 

is oxidized by Fe(III) reduction (see below).
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The atmospheric model of ref.12 provides a relationship between biogenic methane flux to the 

atmosphere and the mixing ratio of methane in the atmosphere, f(CH4), for the range of 10-5−10-3. 

Canfield et al.1 have proposed a linear relationship on the basis of fitting to the model results 

presented in ref.12:  

43.1410
)( methane

4
fluxCH =f , (S13)  

where fluxmethane has a unit of cm-2 s-1. Although the linear relationship is a crude approximation (it 

predicts an order of magnitude lower f(CH4) than photochemical model when fluxmethane >1.5×1011 

cm-2 s-1; Supplementary Fig. 1a), it captures the first-order characteristics of atmospheric model, 

and more importantly, it enables us to obtain an analytical solution (see below). We therefore 

apply equation (S13) as a first step, but also explore an alternative fitting function (see Methods). 

 

In an anoxic H2-bearing atmosphere, hydrogen escape to space plays a significant role in the 

global hydrogen balance. If it is diffusion-limited, as it is today, the total concentration of all 

H-bearing compounds in the lower stratosphere determines the rate of hydrogen escape13. For the 

atmospheres examined in this study, H2 and CH4 appear to have been dominant 

hydrogen-bearing species in the stratosphere, and the flux, fluxesc (in unit of cm-2 s-1), is 

calculated as 

[ ])(2)( 42esc CHHflux ffA +×= , (S14)  

where A is an average bimolecular diffusion parameter for H and H2 in air divided by the 

atmospheric scale height (2.5×1013 cm-2 s-1) and f(X) represents the mixing ratio of the species of 

X in the stratosphere. It is also assumed that the partial pressures of H2 and CH4 in the air just 
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above the ocean surface are similar to the mixing ratios of these gases in the stratosphere (i.e., 

pX = f(X))1 because the vertical profiles of H2 and CH4 below the stratosphere are generally 

well-mixed. 

 

Redox balance exerts a primary control on the chemistry of the ocean-atmosphere system. For 

example, the source flux of hydrogen to the ocean-atmosphere system is volcanic outgassing, 

fluxvolc, representing an input of reducing power. Based on Kharecha et al.2 and Kasting14, we 

define “neutral” oxidation states for compounds containing hydrogen, carbon, nitrogen, iron, and 

sulphur; H2O, CO2, N2, FeO, and SO2, and reducing power is measured in units scaled to the 

reducing power of an H2 molecule that is defined as +1. Then, the reducing power of a series of 

species, Φ, is determined (Supplementary Table 2). For example, the burial of Fe(OH)3 is a loss 

of oxidative power, i.e. an input of reducing power, and burial of organic matter can be regarded 

as a sink of the reducing power. At steady state, the sum of the source fluxes of reducing power 

should be balanced by the sink fluxes, i.e., hydrogen escape and burial of organic matter. The 

redox-balanced equilibrium of the system is given by  

OCH
burOCHescH

Fe(OH)
burFe(OH)volcH

2
22

3

32
fluxfluxfluxflux F+F=F+F . (S15)  

Plugging equations (S4), (S8) and (S11) into equation (S15) leads us to a following relationship:  

( ) 







++=−+

42
21

2
1 ironmarH

escironvolc
fluxflux

fluxfluxflux 2xγ . (S16)  

With above equations and assumptions, we can obtain an analytical solution at steady state. By 

combining equations (S2), (S4), (S12)−(S14), the following relation is obtained: 
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2
)1(

442
)1(4 ironironironmarH

marH
p

volc
fluxfluxfluxflux

fluxflux 2

2
γγ

a
−−−
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+−+










+= xxABx

DV
A

, 

where B is a constant (1/(4×1014.43) = 9×10-16 molecules-1 cm2 s-1). By solving this with respect to 

fluxmarH2, we obtain equation (1) in Methods. 

 

Note that we assume that ferric oxyhydroxides represent the ultimate phase of iron removal from 

the system. If the deposited iron was converted to other phases, such as magnetite, during 

diagenesis or metamorphism, the impact of iron removal on the redox balance is slightly 

altered14 (the formation of magnetite yields slightly less hydrogen; 1/3 mol of H2 per mole of Fe). 

We neglect this here for simplicity. 

 

It is also important to note that there is an upper limit on γ, at which all degradable organic matter 

is oxidized by Fe(III) reduction. By setting equation (S12) at zero and combining equation (S4), 

the following relationship is obtained: 









+−=

iron

marH

flux
flux

221)1(max xγ . (S17)  

When γ = γmax, there is no biogenic methane flux, meaning atmospheric pCH4 = 0. Then, 

hydrogen balance in the atmosphere can be written as follows: 

escmarHvolc fluxfluxflux
2

+= . (S18)  

By substituting equations (S2) and (S14), this equation can be solved with respect to fluxmarH2; 

1−











+=

DV
A

pa
1fluxflux volcmarH2 . (S19)  
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Therefore, γmax can be written in terms of model parameters, as follows; 























++−=

−

iron

volc
max flux

flux
1

121)1(
DV

Ax
pa

γ . (S20)  

 

A coupled atmosphere-ocean ecosystem model. The photochemical model used in this study is 

a one-dimensional model originally developed by Pavlov et al12. The model includes 73 chemical 

species (39 long-lived species, 31 short-lived species, and 3 aerosols particles) (Supplementary 

Table 3) involved in 359 chemical reactions. The model includes transport by eddy and 

molecular diffusion over a 100 km with 1 km grid spacing. The governing equation is given by 

z
NfLP

t
f

N i
iii

i

∂
F∂

−−=
∂
∂

, (S21)  

where N (in cm-3) is the number density of molecules in air, fi is the mixing ratio of molecular 

species i, and the combined first and second term on the right hand side (Pi−LiNfi) (in cm-3 s-1) is 

a net production rate of molecular species i. The vertical transport efficiency is expressed as Φi 

(in cm-2 s-1), which includes the effects of both molecular and eddy diffusion: 

z
f

NKD
HH

ND i
i

ia
ii ∂

∂
−−








−=F )(11

, (S22)  

where Di (in cm s-1) denotes the molecular diffusion coefficient of molecular species i;  

)(
)(111052.1 18

zn
zT

MM
D

ai
i 








−××= . (S23)  

Mi is a molecular weight of species i, M is molecular weight of atmosphere, T(z) (in K) is 

temperature at altitude z, and na(z) is a number density of air (in cm-3). Vertical profiles of 

temperature and number density assumed in the model are shown in Supplementary Fig. 2a,b. 
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For an eddy diffusion profile, we adopted the observational result on present Earth15 

(Supplementary Fig. 2c). 

 

The model simulates an anoxic 1 bar atmosphere and variable amounts of H, C, N, and S species. 

The solar zenith angle was set at 50°. The continuity equation was solved at each height for each 

of the long-lived species, including transport by eddy and molecular diffusion. The combined 

equations were cast in centered finite difference form. Boundary conditions were set for each 

species at the top and bottom of the atmosphere, and the resulting set of coupled differential 

equations was integrated to steady state using the reverse Euler method. A two-stream approach 

was used for radiative transfer. We did not perform coupled climate model calculations; rather, 

we simply assumed that the temperature decreases with height from 298 K at the surface to 180 

at 12.5 km, following a moist adiabat. Above that height, the atmosphere was assumed to be 

isothermal (Supplementary Fig. 2a). Volcanic outgassing of H2 and other reduced species was 

included. The volcanic H2 input flux was treated as one of the sensitivity parameters. No abiotic 

source of methane is included in this study. The mixing ratio of NH3 is fixed to 1×10-10. The 

volcanic outgassing rate of SO2 and H2S was set at 3.8×108 cm-2 s-1. 

 

To evaluate the gas exchange flux at the air-water interface, we adopted the stagnant boundary 

layer model, following Kharecha et al.2. The flux of gas X across the air-water interface is 

evaluated as the product of its piston velocity (vp) and its concentration gradient between the top 

and the bottom of the boundary layer ([X]aq); 

DXpXXXvX aqp ×−×= )][)(()()( aexchangeflux , (S24)  
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where a is the Henry’s law coefficient, pX is the partial pressure of X in the atmosphere, and C 

(= 6.02×1020 molecules cm-3 mol-1 L) is a unit conversion factor. 

 

The primary difference between our coupled ocean ecosystem model and the sGRB model is the 

explicit inclusion of CO-consuming acetogens. We assume, following Kharecha et al.2, that CO 

deposited to the ocean is readily consumed by CO-consuming acetogens ([CO]aq = 0): 

COOHCH2COO2H4CO 322 +→+ . (S25)  

By combining with equation (S9), the overall reaction is given by: 

422 CH3COO2H4CO +→+ . (S26)  

As a result, the biogenic CH4 flux from the ocean to the atmosphere is modified as follows: 

CO
iron

methane fluxfluxflux
4
1

4
)1(

2
1

+






 −−= γNPPx , (S27)  

where fluxCO is the CO deposition flux from the atmosphere to the ocean and NPP is given by 

equation (S4). We force fluxmethane as a bottom boundary condition for the photochemical model. 

 

Redox states of the atmosphere, the ocean, and the ocean-atmosphere system should be balanced 

on the timescale considered here. Based on Kharecha et al.2 and Kasting14, redox balance in the 

model is tracked in units scaled to the reducing power of H2 (see above). The photochemistry 

model explicitly accounts for fluxes of oxidants and reductants into and out of the atmosphere, 

and redox balance is automatically achieved: 

0escexchangerainvolc =+++ FFFF , (S28)  

where 
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∑ ×F=
X

XXF volc,volc flux , (S29)  

∑ ×F=
X

XXF rain,rain flux , (S30)  

∑∑ ×F−×F=−=
X

X
X

XXFFF dep,depflow,depflowexchange fluxflux , (S31)  

∑ ×F=
X

XxF esc,esc flux . (S32)  

Here, FX is reducing power of species X (Supplementary Table 2), fluxvolc is the volcanic 

outgassing flux, fluxrain is the flux of rainout rate, fluxexchange is the flux of air-sea gas exchange, 

fluxesc is the rate of escape of reductants out the top of the atmosphere to space. The coupled 

model also automatically ensures that the redox balance of the ocean-atmosphere system 

(equation (S15)) is satisfied, for a given set of boundary conditions. In this study we track the 

redox budget for each simulation, and once redox imbalance in the atmosphere, the ocean, and 

the ocean-atmosphere system reaches sufficiently small (0.01%) value, the calculation is 

considered converged. 

 

2 Supplementary Discussion 

Role of CO-based chemotrophs. Figure 2 in the main text shows that net primary production of 

H2-using anoxygenic photosynthesis increases with increasing outgassing flux of reduced gases, 

fluxvolc. This can be attributed to an increase in atmospheric H2 mixing ratio (Supplementary Fig. 

4b). We also find that as biological CH4 degassing from the ocean to the atmosphere increases, 

the activity of CO-consuming acetogens increases, as evidenced by increasing the mixing ratio of 

CO in the atmosphere (Supplementary Fig. 4c). The photochemical source of CO is primarily 

controlled by the photolysis of CO2: OCOnm)  ( CO2 +→<+ 175λhv . CO is also generated 
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via CH4 oxidation by hydroxyl radical (OH) ( ...COOHCH4 +→→+ ... ). CO is oxidized by 

OH and produce CO2 as by product ( HCOOHCO 2 +→+ ). OH is produced mainly by H2O 

photolysis ( OHHOH2 +→+ hv ), but its absorption spectrum overlaps with those of CH4 at 

extreme ultraviolet wavelengths (λ < 140 nm). Consequently, as fluxvolc increases, a concomitant 

increase in CH4 (Supplementary Fig. 4a) results in an increase in CO level, promoting the 

activity of CO-consuming acetogens. 

 

Possible errors of the sGRB model. In the sGRB model, an empirical fitting function (equation 

(2) in Methods) is adopted to assess the atmospheric CH4 mixing ratio as a function of CH4 flux 

to the atmosphere (fluxmethane). The equation (2) is obtained based on the photochemical model 

experiments in which atmospheric CO2 was set at 0.01 bar. It is, however, important to note that 

the relationship between CH4 mixing ratio and fluxmethane is also a function of atmospheric CO2 

levels – lower CO2 levels lead to lower CH4 mixing ratio for a given value of fluxmethane, and vice 

versa (Supplementary Fig. 1b). However, we do not expect the inclusion of this CO2 dependency 

to alter our overarching conclusions. When we set log(pCO2) at -2.3 (~0.005 bar), the sGRB 

model overestimates the surface temperature by ~3 K. However, warm climate states (≥ 288 K) 

with CH4/CO2 ratio of ≤ 0.2 are not achievable even under such conditions (Fig. 3c,d). In other 

words, the degree of overestimation by the sGRB model should not be larger than 3 K (and is 

likely much lower). When the CO2 mixing ratio is larger than 0.01 bar, our model should be 

regarded as conservative for the search of warm climate states. Supplementary Figure 5 shows 

global surface temperature as a function of outgassing rate of reduced gases for different pCO2 

values. The sGRB model shows good agreement with the coupled model for pCO2 = 0.01 bar 
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(Supplementary Fig. 5a) and slightly underestimates surface temperature at higher pCO2 values 

(Supplementary Fig. 5b,c). 

 

Evaluating uncertainty in the effect of Fe(III) reduction. It is important to investigate the 

biogeochemical and climatological effects of dissimilatory iron reduction because we expect that 

the warming effect by photoferrotrophy tends to be attenuated if Fe(III) reduction plays a 

dominant role in the organic matter decomposition. However, the quantitative importance of 

Fe(III) reduction in the Archaean oceans remains uncertain. Konhauser et al.7 infer that as much 

as 70% of the biologically formed ferric hydroxide could have been reducing to Fe2+ via 

microbial Fe(III) reduction during deposition of Archaean banded iron formations (BIFs), based 

on geological data and laboratory results on the rates of iron reactions. This provides some basis 

for constraining the value of γ. However, it is important to note that it is unlikely that this value 

can be scaled globally for the Archaean oceans. It is more realistic to expect that heterogeneity 

would have existed in the relative importance of photoferrotrophy and Fe(III) reducers due to the 

spatio-temporal variability in phototrophic activity and depositional environment. Further careful 

consideration is needed to further constrain the value of γ. However, the important point here is 

that the acceleration of the biogenic CH4 cycle by photoferrotrophs would exert a crucial 

influence on the Archaean climate even if Fe(III) reduction is responsible for as much 70% of 

organic matter decomposition on a globally integrated basis (Supplementary Fig. 6). 

 

Fe-based ecosystem and climate. To explore the behaviour of our idealized Fe-based ecosystem 

to changes in Fe2+ input flux, we performed an additional sensitivity experiment for an Fe-based 
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ecosystem with the sGRB model, in which H2-based anoxygenic phototrophs are removed from 

the Case 2 biosphere. Supplementary Figure 7 shows the response of atmospheric f(CH4) and 

global surface temperature to changes in Fe2+ input flux to the photic zone showing that the 

conditions for warm climate are rather limited for the Fe-based ecosystem (black lines): Fe2+ 

input flux of >~400 Tmol Fe yr-1 would be needed even when γ = 0—a condition that is very 

unlikely given reasonable constraints on Fe input fluxes to the exogenic system (see Main text). 

The result obtained from the Case 2 hybrid ecosystem (red lines) also highlights the crucial role 

of the synergistic effect of multiple coexisting forms of photosynthetic metabolism in the 

feasibility of warm climate states: the calculated surface temperature is sustained at above 285 K, 

irrespective of the Fe2+ input flux. 

 

Conditions for warm climate states. Supplementary Figure 8−10 shows the critical relationship 

between model parameters and probability of warm (≥ 288 K) climate solutions for the Case 1 

(H2-based) biosphere (Supplementary Fig. 8), the Fe-based biosphere (Supplementary Fig. 9), 

and the Case 2 hybrid biosphere (Supplementary Fig. 10). In Supplementary Figs. 8 and 9, there 

are wide “dead zones” where no warm solution exists. For example, warm climate states can 

only be maintained when pCO2 is >~70 PAL for the Case 1 biosphere, even when we assume a 

total outgassing rate of reduced gases (fluxvolc) equivalent to 10× the present value of 2.9 Tmol 

H2 equivalents yr-1 (ref.16). A photosynthetic biosphere based solely on photoferrotrophy 

(Fe2+-using anoxygenic photosynthesis) also requires pCO2 of >~50 PAL and fluxiron of >~50 

Tmol Fe yr-1, respectively. In contrast, the hybrid biosphere readily expands the region of 

parameter space that favours stable warm climate states (Supplementary Fig. 10). Specifically, 

much of the parameter space in Supplementary Fig. 10b,c,d has the potential for warm climate 



17 
 

states as long as pCO2 is sufficiently high (>~50 PAL) (Supplementary Fig. 10a). One of the 

striking features is that there is a feasible range of the value of fluxiron, where the CO2 levels 

required would reach a minimum (Supplementary Fig. 10a). Supplementary Figure 10d also 

demonstrates that the feasible range of fluxiron for warm climate is sensitive to the value of γ; as 

higher γ prevents the acceleration of biogenic CH4 cycle, larger fluxiron is required for warm 

climate as γ increases. 

 

The potential role of H2-using methanogens as a primary producer. In this study, we do not 

discuss the role of H2-using methanogens as a primary producer because they basically show 

similar behaviours to that of H2-based anoxygenic photosynthesis1, 2. However, H2-based 

methanogenesis is thought to be an ancient metabolism based on phylogenetic analyses17, 18, and 

the discovery of isotopically light methane in fluid inclusions from 3.5 Ga cherts from the 

Pilbara craton in Australia provides geochemical evidence for a very early emergence of 

methanogenesis19. Here we explore the potential role of H2-using methanogens on the biogenic 

CH4 cycling. 

 

The metabolic reaction of H2-using methanogens is written as: 

OHCHCO4H 2422 2+→+ . (S33)  

The production of organic matter through this reaction is calculated based on the growth yield, y, 

the ratio of assimilation to metabolism. As in ref.2, we assume that these organisms assimilate 1 

mole of CO2 into biomass for every 10 mole they metabolize; i.e., y = 0.1. The net primary 

production is written as: 
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2marHflux
2
yNPP = , (S34)  

where the flux of hydrogen across the sea-water interface is calculated based on equation (S24): 

( ) Dpv ×−×= ][ 22pmarH HHflux
2

a . (S35)  

Methanogens are able to consume dissolved H2 only until the energy yield is sufficient for ATP 

production. Canfield et al.1 adopted 5×10-9 M, and we maintain this value here. The biogenic 

CH4 flux to the atmosphere is: 

2marHmethane fluxflux
4

1
2

1 yNPPx −
+

−
= . (S36)  

The global redox budget is written as: 

OCH
burescvolc

2fluxfluxflux 2+= , (S37)  

where the burial flux of organic matter, fluxbur
CH2O, is given by equation (S11). Plugging 

equations (2), (S11), (S14), (S34), and (S35) into equation (S37) leads us to the following 

relationship: 
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When we take into account photoferrotrophs and Fe(III) reducers, above relationship is modified 

as follows: 
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. 

These equations can be solved with respect to fluxmarH2 with a numerical scheme. Representative 

results are shown in Supplementary Fig. 11 (black and red dashed lines). Results demonstrate the 

basically similar behaviour to that of our Case 1 and 2 biospheres: Because of the low growth 
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yield of methanogens, higher atmospheric CH4 levels are required to achieve global redox 

balance than in anoxygenic photosynthetic biospheres, but the difference of surface temperature 

between those biospheres does not exceed 2 K. 

 

The alternative biosphere in which acetoclastic methanogens do not exist. As mentioned 

above, it remains unclear whether acetoclastic methanogens existed in the Archaean anoxic 

oceans. However, even if acetoclastic methanogens did not exist in Archaean oceans, we can 

invoke alternative pathways for methane generation; for example, a symbiotic system between 

anaerobic oxidation of acetate and H2-based methanogens: 

Anaerobic acetate-oxidizing bacteria 2223 CO4HOHCOOHCH 22 +→+  

H2-using methanogens OHCHCO4H 2422 2+→+  

Net 243 COCHCOOHCH +→  

The net stoichiometry is identical to that of acetoclastic methanogens (equation (S9)). In this 

case, H2-using methanogens plays a critical role in the methane generation. Here we explore the 

impact of this alternative biosphere on the biogenic CH4 cycling. In this system, H2-based 

anoxygenic phototrophs are considered as a primary producer, and a fraction of organic matter 

produced are fermented to acetate, which is converted to CH4 (and CO2) by the symbiotic system 

described above. A part of organic matter produced by H2-using methanogens (assuming growth 

yield y = 0.1), z, is buried in sediments, and a remaining fraction is fermented to acetate. 

 

The net primary production of H2-based anoxygenic phototrophs, NPPH2-photo, is given by 

fluxmarH2/2. The production of organic matter by H2-using methanogens, NPPH2-methanogen, is given 
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by 2×y×fluxCH3COOH, where fluxCH3COOH represents the production rate of acetate, which is given 

by: 

n-methanogeHphoto-HCOOHCH 223
flux NPPzNPPx

2
1

2
1 −

+
−

= . (S38)  

Because overall CH4 generation is given by (1-y) ×fluxCH3COOH, solving equation (S38) with 

respect to fluxCH3COOH gives rise to the following relationship: 

2marHmethane fluxflux
yz
yx

)1(1
)1)(1(

4
1

−−
−−

= . (S39)  

The burial rate of organic matter is then given by: 

methanogen-HphotoH
OCH

bur 22
2flux zNPPxNPP += . (S40)  

 

By adopting the global redox budget equation (S37), the following relationship can be obtained: 
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This equation can be solved with respect to fluxmarH2 using a numerical scheme. 

 

Supplementary Fig. 12 shows representative results. It is clear that if the burial efficiency of 

organic matter produced by H2-using methanogens, z, is equal to x (2%), adopting a symbiotic 

system as an alternative pathway of biogenic CH4 generation has a very small effect (<0.3 K) on 

the model outputs. The maximum effect can be seen when we assume z = 100% (dashed line). In 

this extreme case, surface temperature is decreased by <5 K for a given total H2 outgassing flux.   
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Supplementary figures: 

.  

Supplementary Fig. 1. Empirical relationship between atmospheric CH4 mixing ratio and 
CH4 degassing flux from the ocean to the atmosphere. (a) Photochemical model solutions 
with assuming atmospheric CO2 level of 0.01 bar is shown as a black line, which is compared 
with the results presented in Pavlov et al.12 (blue line). The green curve denotes the fitting 
solution for our photochemical model results (equation (2) in Methods). The previously proposed 
linear solution1 is also shown as a red line. (b) Atmospheric f(CH4) as a function of CH4 
degassing flux from the ocean for different assumed values of the atmospheric pCO2.  
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Supplementary Fig. 2. The profiles assumed in the photochemical model. (a) temperature, 
(b) number density of air, and (c) eddy diffusion coefficient15 used in the photochemical model.  
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Supplementary Fig. 3. The biogeochemical response to changes in the outgassing flux of 
reduced species. The values of model parameters are equal to that of Fig. 2 in the main text (i.e., 
x = 0.02, fluxiron = 80 Tmol yr-1, and γ = 0), except for atmospheric pCO2 (= 33 PAL). (a) NPP of 
H2-using anoxygenic photosynthesis. (b) Biogenic CH4 degassing flux from the ocean to the 
atmosphere. (c) Mixing ratio of CH4 in the atmosphere. (d) Global surface temperature. Solid 
lines with circles show results obtained with a coupled atmosphere-ecosystem model, and dashed 
lines in (b), (c) and (d) represent solutions obtained by the sGRB model. Black and red lines 
represent results for the Case 1 and Case 2 biosphere, respectively. Unfilled circles indicate 
unconverged solutions (see Methods). Note a logarithmic scale in y-axis of (c).   
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Supplementary Fig. 4. Photochemical model results showing the response of atmospheric 
composition to changes in H2 volcanic degassing flux. Parameter values are identical to those 
for Fig. 2 of the main text. Mixing ratios of CH4 (a), H2 (b), and CO (c). Black lines with circles 
represent the results for the Case 1 biosphere (H2-based ecosystem). Red lines with circles 
represent the results for the Case 2 biosphere (hybrid H2/Fe2+ ecosystem). Unfilled circles 
indicate unconverged solutions.  
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Supplementary Fig. 5. Model comparison between the coupled model and sGRB model. 
The global average surface temperature as a function of total H2 outgassing flux with different 
values of atmospheric pCO2: (a) 33 PAL (0.01 bar), (b) 100 PAL (0.03 bar), and (c) 330 PAL 
(~0.1bar). Solid lines with circles denote results obtained with a coupled model. The dashed lines 
are solutions obtained by the sGRB model. Black and red colours represent the Case 1 and Case 
2 results, respectively. Unfilled circles indicate unconverged solutions. Note a different scale in 
y-axis of (c). The values of model parameters are equal to that of Fig. 2 in the main text (i.e., x = 
0.02, fluxiron = 80 Tmol yr-1, and γ = 0). 
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Supplementary Fig. 6. The coupled atmosphere-ocean ecosystem model results showing the 
effect of γ. The values of model parameters are equal to that of Fig. 2 in the main text (i.e., x = 
0.02, fluxiron = 80 Tmol yr-1, and pCO2 = 100PAL). The response of (a) atmospheric CH4 mixing 
ratio and (b) global surface temperature to changes in outgassing flux of reductants (fluxvolc) with 
different values of γ.  
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Supplementary Fig. 7. The sGRB model result on the effect of the Fe2+ flux. The Fe2+ input 
flux is varied from 1 to 1000 Tmol Fe yr-1 while holding total H2 outgassing rate at 10 Tmol yr-1. 
The response of (a) atmospheric mixing ratio of CH4 and (b) surface temperature to changes in 
Fe2+ upwelling flux to the ocean surface, with different values of γ (0 = dashed lines; 0.7 = solid 
lines). Black lines denote results from the Fe-based ecosystem, in which H2-based anoxygenic 
phototrophs are removed from the Case 2 hybrid ecosystem. Red lines represent results for the 
Case 2 hybrid ecosystem. The values of atmospheric pCO2 and x are equal to that of Fig. 2 in the 
main text (i.e., pCO2 = 100 PAL and x = 0.02). 
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Supplementary Fig. 8. Monte Carlo simulations showing the probability density for warm 
(≥ 288 K) climate states for the Case 1 biosphere. (a) log(x)−log(pCO2) phase space, (b) 
fluxvolc−log(pCO2) phase space, and (c) fluxvolc−log(x) phase space. Black areas indicate 
parameter space where no warm solutions exist. Warm colours (orange and red) represent higher 
probability than cold colours (blue and white).  
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Supplementary Fig. 9. Monte Carlo simulations showing the probability density for warm 
(≥ 288 K) climate states for the Fe-based biosphere. The H2-based anoxygenic phototrophs are 
removed from the Case 2 biosphere. (a) fluxiron−log(pCO2) phase space, (b) fluxiron−log(x) phase 
space, (c) fluxiron−fluxvolc phase space, and (d) fluxiron−γ phase space. Black areas indicate 
parameter space where no warm solutions exist. Warm colours (orange and red) represent higher 
probability than cold colours (blue and white).  
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Supplementary Fig. 10. Monte Carlo simulations showing the probability density for warm 
(≥ 288 K) climate states for the Case 2 hybrid biosphere. (a) fluxiron−log(pCO2) phase space, 
(b) fluxiron−log(x) phase space, (c) fluxiron−fluxvolc phase space, and (d) fluxiron−γ phase space. 
Black areas indicate parameter space where no warm solutions exist. Warm colours (orange and 
red) represent higher probability than cold colours (blue and white).  
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Supplementary Fig. 11. sGRB model results for the biosphere in which H2-using 
methanogens are considered as a primary producer. (a) Schematic diagram of the biosphere 
considered here. Organic matter is produced by H2-using methanogens (assuming a growth yield, 
y, of 0.1 (ref.1, 2)) and photoferrotrophs (R5). A fraction of organic matter produced, x, is buried 
in sediments and the remaining fraction is decomposed to CH4 (and CO2). (b) Surface 
temperature response to changes in the total outgassing flux of reduced gases. Solid black and 
red lines denote solutions for our Case 1 and 2 biospheres, respectively. Dashed lines represent 
results for biospheres considered here (red line = without photoferrotrophs; black line = with 
photoferrotrophs). The values of model parameters are equal to that of Fig. 2 in the main text 
(i.e., x = 2%, pCO2 = 100 PAL, fluxiron = 80 Tmol Fe yr-1, and γ = 0).  
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Supplementary Fig. 12. sGRB model results for the alternative biosphere in which acetic 
acid is converted to CH4 via a syntrophic system between anaerobic acetate-oxidation 
bacteria and H2-using methanogens. (a) Schematic diagram of the biosphere considered here. 
H2-based anoxygenic photosynthesis (R1) is considered as a primary producer. A fraction of 
organic matter produced is fermented to acetate, which is converted to CH4 by a symbiotic 
system of acetate-oxidizing bacteria and H2-using methanogens. A fraction of organic matter 
produced by H2-using methanogens (assuming growth yield y = 0.1), z, is buried in sediments. 
(b) Surface temperature response to changes in the total outgassing flux of reduced gases. The 
black line denotes solutions for our Case 1 biosphere. Grey lines represent results for the 
biosphere considered here, with different values of z (2% = solid; 100% = dashed). The values of 
model parameters are equal to that of Fig. 2 in the main text (i.e., x = 2% and pCO2 = 100 PAL).
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Supplementary Table 1. Metabolisms considered in this study. 
Reaction # Stoichiometry Case 1 Case 2 

R1 OHOCHCO2H 2222 +→+  ● ● 

R2 COOHCHCOO2H4CO 322 +→+ 2  ● ● 

R3 COOHCHO2CH 32 →  ● ● 

R4 243 COCHCOOHCH +→  ● ● 

R5 ++ ++→++ 8HOCHFe(OH)COOH4Fe 2322
2 411   ● 

R6 O22HCOFe16HFe(OH)COOHCH 22
2

33 ++→++ ++ 288   ● 
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Supplementary Table 2. Example of chemical species considered in this study and its reducing 

power in units scaled to the reducing power of H2 that is defined as +1 (ref.14, 16). 

Species Reducing power 

H2O 0 

CO2 0 

N2 0 

FeO 0 

SO2 0 

H2 +1 

O2 -2 

CH4 +4 

CH2O +2 

CO +1 

NH3 +1.5 

NO -1 

NO2 -2 

HNO3 -2.5 

Fe(OH)3 -0.5 

S2 +4 

H2S +3 

H2SO4 -1 

 

  



37 
 

Supplementary Table 3. Chemical species included in the 1-D photochemical model 

Long-lived species O, O2, H2O, H, OH, HO2, H2O2, H2, CO, HCO, H2CO, CH4, CH3, C2H6, NO, NO2, 

HNO, H2S, HS, S, SO, SO2, H2SO4, HSO, S2, NH3, NH2, N2H3, N2H4, 3CH2, C2H5, 

C2H2, C2H4, C3H8, C2H3, C3H6, C3H2, CH2C2H2, CH3C2H 

Short-lived species HNO2, HNO3, NH, N, O3, O(1D), 1SO2, 3SO2, HSO3, SO3, S3, S4, NH2X, C2, C2H, 

C3H7, C3H3, CH, C, C3H5, C2H4OH, CH3CHO, CH3CO, C2H2OH, CH2CO, 1CH2, 

CH3O, C2H5CHO 

Aerosol particles elemental sulphur-aerosol, sulfate-aerosol, hydrocarbon-aerosol 

Relatively inert species N2, CO2 
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Supplementary Table 4. Comparison of different biospheres of Monte Carlo simulations. 

Biosphere Criteria for adoption Total sampling # # TRUE # FALSE 
Adoption rate 

(%) 

Case 1 T ≥ 288 K, CH4/CO2 ≤ 0.2 855,232 100,000 755,232 11.7 

Fe-based* T ≥ 288 K, CH4/CO2 ≤ 0.2 1,830,767 100,000 1,730,767 5.46 

Case 2 T ≥ 288 K, CH4/CO2 ≤ 0.2 423,430 100,000 323,430 23.6 
*Fig. 3c of the main text. 
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