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Abstract
Oxygen is a potential biosignature for terrestrial Earth-like planets. The primary source of oxygen on Earth is oxygenic photosynthesis, which may be limited by the supply of riverine phosphorus. Therefore, phosphorus supply from the chemical weathering of continents is crucial for the evolution of pO2. Chemical weathering occurs on both the continents and seafloor and stabilizes the climate, but phosphorus is only supplied by continental weathering. The amount of continental weathering relative to seafloor weathering may be critical for primary productivity and pO2. The area of continents could change as a result of continental growth and the amount of ocean mass on the planetary surface, and these factors could be very different on extrasolar Earth-like planets. Here, we investigated the effects of continental and seafloor weathering on the atmospheric oxygen levels, in terms of the Earth-like phosphorus-limited marine biosphere. We used a simple biogeochemical model and investigated a possible relationship between continental growth and atmospheric oxygen levels. We found that the atmosphere could evolve totally different redox conditions (an abrupt rise of atmospheric oxygen levels or a reducing condition to form organic haze) caused by continental growth, which changes the relative contribution of silicate weathering feedback from seafloor to continent. We also found that conditions with lower solar luminosity and a larger land fraction provided a preferable condition for the phosphorus-limited marine biosphere to produce high levels of oxygen in the atmosphere. We also found that the atmospheric oxygen level is strongly affected by the activity of the anaerobic marine microbial ecosystem. Our results suggest that the area of land on the planetary surface may be crucial for achieving high oxygen levels in a phosphorus-limited marine biosphere. These results contribute to the fundamental understanding of the general behaviors of Earth-like planets with oceans and an Earth-like marine biosphere.
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Introduction
Oxygen is produced from oxygenic photosynthesis on land and in the ocean, and comprises 21% of the present atmosphere. In the history of the Earth, atmospheric oxygen level (pO2) substantially increased from extremely low (pO2 < 10–6 present atmospheric level; PAL) to a weakly oxidized condition (~ 10–2 PAL) around 2.4–2.1 Ga, which is called the Great Oxidation Event (GOE) (e.g., Lyons et al. 2014; Catling and Zahnle 2020). The trigger of the GOE is vigorously debated (Catling et al. 2001; Holland 2006; Claire et al. 2006; Kump and Barley 2007; Kump 2008; Gaillard et al. 2011; Kasting 2013; Kipp et al. 2020; Kadoya et al. 2020), and it is likely that the source of oxygen due to oxygenic photosynthesis must have exceeded the sink of oxygen to trigger the GOE. On the modern Earth, the net primary productivity of oxygenic photosynthesis in marine and land ecosystems is ~ 4 × 1015 mol C year–1 and ~ 5 × 1015 mol C year–1, respectively (Field et al. 1998; Sarmiento and Gruber 2002). Before the evolution of land plants in the Phanerozoic, marine ecosystems accounted for most of the oxygen flux supplied to the atmosphere (e.g., Lenton et al. 2016). Global marine primary productivity in the present ocean may be limited by the supply of riverine phosphorus (Tyrrell 1999), so phosphorus supply from the weathering of continental phosphorus-hosted minerals, such as apatite, is crucial for the evolution of pO2 (Hao et al. 2020a, b). Weathering proceeds on continents and seafloor, both of which could stabilize the climate through the silicate weathering negative feedback (e.g., Walker et al. 1981; Krissansen-Totton and Catling 2017; Krissansen-Totton et al. 2018). In particular, the fundamental role of seafloor weathering for climate regulation has recently gained attention in understanding the stability of the climate on Earth and Earth-like exoplanets (e.g., Krissansen-Totton and Catling 2017; Krissansen-Totton et al. 2018; Hao et al. 2020b; Hayworth and Foley 2020). Phosphorus is derived from chemical weathering of the phosphorus-hosted minerals on continental crusts, but is not derived from the oceanic crust by seafloor weathering (Wheat et al. 1996; Paytan and McLaughlin 2007; Hao et al. 2020b). Therefore, changes in the land fraction and the climate should affect the supply rate of phosphorus to the ocean, which, in turn, affect marine primary productivity.
Preceding the GOE, the mass of continental crusts may have increased since the mid–late Archean (3.5–2.5 Ga) (e.g., Taylor and McLennan 1995; Hawkesworth and Kemp 2006; Korenaga et al. 2017). It has been discussed that the increase in the continental crust would have contributed to accumulation of oxygen in the atmosphere through an increased phosphorus supply from the continent (e.g., Godderis and Veizer 2000; Flament et al. 2013; Korenaga et al. 2017; Eguchi et al. 2020; Hao et al. 2020a, b), an increased contribution of subaerial volcanism (Kump and Barley 2007; Gaillard et al. 2011), a change in the chemical composition of continental crusts (Lee et al. 2016; Cox et al. 2018), or a decrease in reduced metamorphic gases due to oxidation of continents in association with hydrogen escape to space (Catling et al. 2001). While the different roles of the continental and seafloor weathering in the marine phosphorus budget of the early Earth have been established (Hao et al. 2020b), the conditions for atmospheric oxygenation driven by changes in the relative contributions of continental and seafloor weathering in association with tectonic, climatic, and biological evolution in the early Earth have not been systematically assessed. In the broader context of Earth-like planets, land fraction, volcanic activities, and the resulting climate could vary with large uncertainty, which could affect atmospheric composition through competition between continental and seafloor weathering if a planet is inhabited by an Earth-like phosphorus-limited marine biosphere.
In this paper, we focused on the conditions required to cause biologically driven transition of the atmospheric composition (e.g., accumulation of oxygen in the atmosphere) of the Earth and Earth-like planets with a phosphorus-limited marine biosphere. We examine how the relative contributions of continental and seafloor weathering change with climatic, tectonic, and biological evolutions, and consider how such changes might contributes to transition of the atmospheric composition of the early Earth and Earth-like planets.
Methods
We considered an early Earth environment and employed a simplified equilibrium ocean box model, which simplified the time-dependent model of Harada et al. (2015) (Fig. 1). We improved the model to be suitable for a calculation of a long-term steady state of four components in the atmosphere–ocean system (CO2, O2, CH4, and [PO4]3–), including the introduction of seafloor weathering and the greenhouse effect of CH4 and C2H6, which were not considered in the model of Harada et al. (2015). The global carbon budget in the atmosphere–ocean system is expressed as follows:[image: ../images/40623_2021_1527_Fig1_HTML.png]
Fig. 1Schematic diagram of the simplified steady-state ocean box model. Arrows represent a net chemical flux
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The CO2 source is outgassing from the interior of the Earth (Fd), while the CO2 sink includes continental weathering (Fws) and seafloor weathering (Fsws). Our focus is on the long-term stability of the system, so the burial of organic carbon is assumed to be balanced with the CO2 input via decomposition of organic carbon by metamorphism–volcanism. The rate of silicate weathering on land is represented as follows (Krissansen-Totton and Catling 2017; Krissansen-Totton et al. 2018):[image: $$\frac{{F}_{\mathrm{ws}}}{{F}_{\mathrm{ws},0}}={f}_{\mathrm{a}}{{f}_{\mathrm{e}}\left(\frac{{p\mathrm{CO}}_{2}}{{p\mathrm{CO}}_{\mathrm{2,0}}}\right)}^{\beta }\mathrm{exp}\left(\frac{{-E}_{\mathrm{cont}}}{R}(\frac{1}{{T}_{\mathrm{s}}}-\frac{1}{{T}_{\mathrm{s},0}})\right),$$]

 (2)


where pCO2 is the atmospheric CO2 level, Ts is the global mean surface temperature, R is the gas constant, fe is the efficiency of soil biological activity relative to present, fa is the land fraction relative to present (30% of the Earth’s surface), β is an exponent assumed to be 0.3, and Econt represents an effective activation energy for the continental weathering of silicate minerals (20 kJ mol–1) (Riebe et al. 2004; Krissansen-Totton and Catling 2017). The subscript 0 represents the modern value (Additional file 1: Table S1). The effect of the uncertainty in the values of β and Econt is shown in the Additional file 1: Figs. S1 and S2. The value of fe is fixed at 0.15, assuming no vascular plants on land (Berner 1994; Drever and Zobrist 1992). The effect of continental growth is assumed to be reflected on an aerial land fraction because physical erosion of submerged continents is small (e.g., Glaser et al. 2020). We varied the value of fa to represent an increase in the land fraction. The surface temperature is estimated using a parameterization of the greenhouse effect of CO2, H2O, CH4, and C2H6 based on Lehmer et al. (2020) and Haqq-Misra et al. (2008) (Additional file 1).
The rate of seafloor weathering is represented as follows (Krissansen-Totton and Catling 2017; Krissansen-Totton et al. 2018):[image: $$\frac{{F}_{\mathrm{sws}}}{{F}_{\mathrm{sws},0}}={r}_{\mathrm{spr}}{\left(\frac{{[{H}^{+}]}_{\mathrm{pore}}}{[{H}^{+}{]}_{\mathrm{pore},0}}\right)}^{\gamma }\mathrm{exp}\left(\frac{{-E}_{\mathrm{diss}}}{R}(\frac{1}{{T}_{\mathrm{pore}}}-\frac{1}{{T}_{\mathrm{pore},0}})\right),$$]

 (3)


where rspr is the spreading rate of the ocean crust relative to present; [H+]pore and Tpore are the hydrogen ion concentration and temperature in the pore space of ocean crust, respectively; γ is the exponent of the dissolution of seafloor basalt (0.25); and Ediss is the effective activation energy of basalt (80 kJ mol–1) (Coogan and Dosso 2015; Krissansen-Totton et al. 2018). The effect of the uncertainty in the values of γ and Ediss is shown in the Additional file 1: Figs. S1 and S2. We used a simplified relationship between pore space pH in the oceanic crust and pCO2 in the atmosphere, which is derived based on the regression of the results of numerous simulations using a global carbon cycle model coupled with geochemical processes in the pore space of seafloor basalt (Krissansen-Totton et al. 2018):[image: $${\left[{H}^{+}\right]}_{\mathrm{pore}}=({10}^{-8.44}\times {{p\mathrm{CO}}_{2})}^{\frac{1}{1.34}}.$$]
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The marine phosphorus budget can be derived by solving the mass balance equation of phosphorus in a steady state, assuming a bioavailable fraction of riverine phosphorus (γbio), which is the fraction of phosphorus ultimately consumed by the marine biosphere (subsequently removed as organic matter), and considering that phosphorus is also partly removed as inorganic compounds in the ocean and seafloor and partly recycled from buried sediment:[image: $${{\gamma }_{\mathrm{bio}}F}_{\mathrm{rp}}=\frac{\alpha }{{R}_{\mathrm{cp},\mathrm{bur}}}{F}_{\mathrm{po}},$$]

 (5)


where Frp is the riverine phosphorus supply rate; Fpo is the export production rate from the surface ocean (mol C year–1); α is the burial efficiency of exported organic carbon from the surface water (α = 0.2) assuming a value of the burial efficiency of organic carbon (fpo・α) of 0.02, which is similar to the value observed in the Black Sea (Betts and Holland 1991), where fpo is the export production efficiency (fpo = 0.1); Rcp,bur is the C:P ratio of organic matter buried in sediment (Rcp,bur = 300), which is an observed value in the euxinic basin (Algeo and Ingall 2007; Laakso and Schrag 2019) but could have been even larger in the anoxic Archean ocean (Reinhard et al. 2017). It should be noted that this value could be larger than the Redfield ratio (C:P ~ 106:1) because of two different processes: release of phosphorus from organic carbon buried in the sediment to anoxic deep water, and larger C:P ratio of organic matter produced by primary producers under the condition of phosphorus scarcity in the ocean. We also assumed that all riverine phosphorus is ultimately utilized by the marine biosphere (γbio = 1). The dependency of the result on these parameters is discussed in Sect. 3.4. We assumed that the rates of continental weathering of both carbonate minerals (Fwc) and phosphorus-hosted minerals (hence, riverine phosphorus supply, Frp), are proportional to the rates of continental silicate weathering:[image: $$\frac{{F}_{\mathrm{rp}}}{{F}_{\mathrm{rp},0}}=\frac{{F}_{\mathrm{wc}}}{{F}_{\mathrm{wc},0}}=\frac{{F}_{\mathrm{ws}}}{{F}_{\mathrm{ws},0}}.$$]

 (6)



This assumption is based on estimates of predominantly transport-limited continental weathering, which is also reflected in the low value of Econt (Riebe et al. 2004; Krissansen-Totton and Catling 2017).
The export production from the surface ocean (Fpo) is estimated from the phosphorus concentration in the surface ocean ([PO4]3–s in mol L–1) (Yamanaka and Tajika 1996):[image: $${F}_{\mathrm{po}}={R}_{\mathrm{cp},\mathrm{bio}}{V}_{\mathrm{s}}[{\mathrm{PO}}_{4}{]}_{\mathrm{s}}^{3-}\cdot \frac{[{\mathrm{PO}}_{4}{]}_{s}^{3-}}{[{\mathrm{PO}}_{4}{]}_{s}^{3-}+{\gamma }_{\mathrm{p}}} (\mathrm{mol\,C\,year}^{-1}),$$]

 (7)


where Vs is the volume of the surface ocean (5.0 × 1019 L), Rcp,bio is the C:P ratio of organic matter produced by primary producers (Rcp,bio = 106), and γp is the half saturation constant for the export production (1.0 × 10–6 mol L–1). The rate of primary production (Fpp) is estimated from the export production (Harada et al. 2015):[image: $${F}_{\mathrm{pp}}=\frac{1}{{f}_{\mathrm{p}o}}{F}_{\mathrm{p}o}.$$]

 (8)



Using Eqs. (5), (7), and (8), the phosphorus concentrations in the surface ocean and the primary productivity are calculated. We assumed that primary production is performed by both oxygenic photoautotrophs (Foph) and anoxygenic photoautotrophs (Fred), which use reduced compounds in the ocean as electron donors (e.g., H2 and Fe2+).[image: $${F}_{\mathrm{pp}}={F}_{\mathrm{oph}}+{F}_{\mathrm{red}}.$$]

 (9)



These groups can coexist in the ocean because some anoxygenic photoautotrophs can photosynthesize in the deeper part of the photic zone (e.g., Ozaki et al. 2019). We treated the primary productivity of anoxygenic photoautotrophs as a fixed parameter, assuming that the supply of electron donors (e.g., H2 and Fe2+) limited the primary productivity of anoxygenic photoautotrophs. We assumed two values for Fred: one is for the Proterozoic-like biosphere, where most primary production is conducted by oxygenic photosynthesis (Fred = 7.5 × 1010 mol C year–1), which is similar to the modern hydrothermal input rate of iron (Holland 2006; Goldblatt et al. 2006). The other is the Archean-like biosphere, where the primary productivity by anoxygenic photoautotrophs is assumed to be larger (Fred = 2.0 × 1013 mol C year–1), because the iron input flux is large and the recycling of H2 is amplified by the photo-dissociation of methane in the atmosphere (e.g., Ozaki et al. 2018). The atmospheric methane and oxygen levels were calculated from Fpp and Fred using a simplified parameterization of the atmospheric methane oxidation rate (Goldblatt et al. 2006; Harada et al. 2015).
Results and discussion
Climate-dependent riverine phosphorus supply
First, we showed the dependence of the riverine phosphorus supply rate on climate warming caused by increases in pCO2 and pCH4 (Fig. 2A–D). With an increase in pCO2 and surface temperature, the rate of riverine phosphorus input increases with increased continental weathering rate (Fig. 2C; solid line) (Hao et al. 2020a, b). However, the dependence on climate warming is different when it is driven by an increase in pCH4 (Fig. 2E–H). As the CH4 level increases, the surface temperature increases but pCO2 decreases as a result of the negative feedback of silicate weathering against warming caused by CH4 (Fig. 2E, F). In the case of CH4-induced warming, the continental weathering rate decreases despite climate warming (Fig. 2G; solid lines), which leads to the decrease in the phosphorus supply rate (Fig. 2H). This different sensitivity arises primarily from the difference in the dependencies of continental and seafloor weathering on pCO2. The pCO2 dependence of seafloor weathering is weak because it is dependent on the pore space pH as in Eq. (3). The difference is also enhanced by different effective activation energy of continental and seafloor weathering. Because seafloor weathering becomes effective compared with continental weathering under lower pCO2 and higher temperature, CH4-induced warming causes seafloor weathering to be important in climate regulation. As a result, the phosphorus supply caused by continental weathering responds differently to CO2-induced or CH4-induced warming. This result suggests the importance of the competition between continental and seafloor weathering in controlling the phosphorus input rate and the global marine primary productivity.[image: ../images/40623_2021_1527_Fig2_HTML.png]
Fig. 2Relationship between climate warmings and riverine phosphorus supply rate. Response of A the surface temperature (K); B atmospheric CO2 level (present atmospheric level; PAL); C continental/seafloor weathering rate (Tmol year–1) (solid line/dot-dashed line), and D the riverine phosphorus supply rate (1011 mol year–1) to CO2-induced warming at a fixed pCH4 (blue: 1.00 × 10–6 (bar), black: 1.00 × 10–4 (bar), red: 3.00 × 10–3 (bar)). Similarly, response of E the surface temperature (K); F atmospheric CO2 level (PAL); G continental/seafloor weathering rate (Tmol year−1), and H the riverine phosphorus supply rate (1011 mol year−1) to CH4-induced warming at a fixed CO2 outgassing rate (blue: 6.7 Tmol year–1, black: 13.4 Tmol year–1, red: 20.1 Tmol year–1). These calculations are conducted with solar luminosity (83% of present Earth), seafloor spreading rate (1.307 times the present rate), soil biological activity (fe = 0.15), and present continental area (fa = 1)


Atmospheric evolution driven by continental growth
Next, we showed the effect of continental growth (i.e., an increase of land area) on the atmospheric oxygen level (Fig. 3A–D). In this calculation, we assumed a Proterozoic-like ecosystem, where the primary productivity of the anaerobic photoautotrophs is small (Fred = 7.50 × 1010 mol C year–1). The colored lines in Fig. 3A–D represent the steady states at different CO2 outgassing rates (1–5 times higher relative to present). With a small land fraction (fa ~ 0), pO2 is low (< 1.0 × 10–7 PAL) at any CO2 outgassing rate (Fig. 3D) because the riverine phosphorus supply from continental weathering would be very limited (Hao et al. 2020b). As the land area increases, pCO2 and the surface temperature decrease because the continental weathering efficiency increases with increasing land area. The increased continental weathering efficiency caused by the increased land area drives changes in the equilibrium climate state, and the riverine phosphorus input increases with decreasing pCO2 and surface temperature; this is different from the sensitivity experiments in Fig. 2A–D because the continental weathering efficiency is constant in Fig. 2. As a result, the marine primary productivity and pO2 increase with the continental growth (Fig. 3C–D).[image: ../images/40623_2021_1527_Fig3_HTML.png]
Fig. 3Response of the system against continental growth with Proterozoic-like ecosystem. The dependence of pCO2, surface temperature, export production rate, and pO2 (PAL) on the continental area (A–D) and CO2 outgassing flux (E–H), calculated for low primary productivity of anaerobic photoautotrophs (Fred = 7.50 × 1010 mol C year–1), bioavailable fraction of the riverine phosphorus (γbio = 1), solar luminosity (83% of present Earth), seafloor spreading rate (1.307 times the present rate), and soil biological activity (fe = 0.15). A–D The dependence on the continental area at different CO2 outgassing rates. Steady states for 1, 2, 3, 4, and 5 times the present CO2 outgassing rate are shown with blue, cyan, grey, pink, and red lines, respectively. E–H The dependence on CO2 outgassing rate at different continental areas. Steady states for 0.2, 0.4, 0.6, 0.8, and 1.0 times the present continental area of the Earth are shown with blue, cyan, grey, pink, and red lines, respectively


When the CO2 outgassing rate is comparable to the present condition, the atmospheric oxygen level is kept low (pO2 < 10–5 PAL) even with the present land area (fa = 1.0) (lower blue line in Fig. 3D). However, when the CO2 outgassing rate is more than 2 times the present level, an equilibrium level of atmospheric oxygen increases abruptly to a higher equilibrium level when land area reaches a critical size during continental growth (grey, pink, and red lines in Fig. 3D).
The lifetime of atmospheric oxygen increases nonlinearly as a result of UV shielding by the development of an ozone layer, which is formed from oxygen at an atmospheric oxygen level above ~ 10–5 PAL, causing bistability of atmospheric oxygen levels against primary productivity (Goldblatt et al. 2006). Thus, transition from the low to the high oxygen branch could occur when primary productivity increases to a critical level. Once the high pO2 state is achieved, the high pO2 branch could be maintained with a smaller rate of production of oxygen to the atmosphere than that required for the onset of the abrupt rise of atmospheric oxygen from the low pO2 branch (Fig. 3D, H). Consequently, high equilibrium levels of atmospheric oxygen could exist even at the present CO2 outgassing rate when the land area exceeds ~ 50% of the present area (upper blue line in Fig. 3D). Even if oxygenation from the low to the high oxygen branch were not driven by continental growth with a small CO2 outgassing rate, the existence of the high oxygen branch would allow atmospheric oxygenation after the snowball Earth event, driven by extremely large primary productivity attributable to transient warming caused by accumulation of CO2 during the snowball glaciation, as discussed in Harada et al. (2015). With a sufficient CO2 outgassing rate, oxygenation could have been driven without a snowball Earth event; otherwise, climatic perturbation after the snowball Earth event might have been necessary to trigger oxygenation.
The existence of the bistability of pO2 depends on assumptions that affect the net supply rate of oxygen or methane to the atmosphere (e.g., methanotroph activity in the surface ocean) (Daines and Lenton 2016). However, recent simulations with 1-D photochemical models suggest that the bistability of pO2 against the oxygen flux from the ocean could exist if the ratios of methane and oxygen flux are dependent on pO2 through changes in the marine sulfate concentration (Gregory et al. 2021). Therefore, although the bistability of atmospheric oxygen level should be evaluated with a more sophisticated ecosystem model, we suggest that the existence of bistability helped to maintain the high atmospheric oxygen level (pO2 >  ~ 10–2 PAL) after its abrupt rise.
The dependence of the atmospheric oxygen level on the CO2 outgassing rate is shown in Fig. 3E–H. Colored lines represent a different land fraction (fa = 0.2, 0.4, 0.6, 0.8, and 1.0). With the present land fraction (fa = 1.0; red line), the lower equilibrium levels of atmospheric oxygen abruptly disappears when the CO2 outgassing rate exceeds ~ 2.0 times the present level. Because of the bistability of atmospheric oxygen levels, high equilibrium levels of oxygen could be sustained with a smaller CO2 outgassing rate after the abrupt increase in pO2, for example, owing to a transient increase in the CO2 outgassing rate. This result suggests that if the land area reached the present size in the late Archean to early Proterozoic, oxygenation could have been driven by an increase in CO2 outgassing (and climate warming) which is caused by increased volcanic activity over a period of geological timescale (~ 106 years). Therefore, increased continental area and volcanic activity (hence, CO2 outgassing rate) is preferable for a phosphorus-limited marine biosphere to achieve a high oxygen level.
Formation of an organic haze layer driven by continental growth
The large CH4 flux condition, as considered in the Archean Earth system, could have been amplified through the recycling of hydrogen by anoxygenic photoautotrophs (Ozaki et al. 2018). Under such conditions, the oxygenation of the atmosphere cannot occur even when the CO2 outgassing rate is very large (Fd/Fd,0 = 5) (Fig. 4C) because riverine phosphorus accumulates in the ocean and is used preferentially by anoxygenic photoautotrophs in upwelling regions. This is because the Fe-based photoautotrophs can photosynthesize with smaller amount of sunlight at the deeper part of the photic zone than the oxygenic photoautotrophs like cyanobacteria, which live in the shallower part of the photic zone (Ozaki et al. 2019). Our result is consistent with the geological records, which suggest that low pO2 remained in the late Archean, even after the evolution of oxygenic photosynthesis. The activity of anoxygenic photosynthesis might have inhibited the spread of oxygenic photosynthesis until the GOE in the early Paleoproterozoic (e.g., Ozaki et al. 2019; Olejarz et al. 2021).[image: ../images/40623_2021_1527_Fig4_HTML.png]
Fig. 4Response of the system against continental growth with Archean-like ecosystem. The dependence of A pCO2, B surface temperature, C pO2 (PAL), and D CH4/CO2 ratio on the continental area, calculated in the case of high primary productivity of the anaerobic photoautotrophs (Fred = 2.00 × 1013 mol C year–1), bioavailable fraction of the riverine phosphorus (γbio = 1), solar luminosity (83% of the present Earth), seafloor spreading rate (1.307 times the present rate), and soil biological activity (fe = 0.15). Dependence on continental area for 1, 2, 3, 4, and 5 times the present CO2 outgassing rate are shown with blue, cyan, grey, pink, and red lines, respectively


Under the high CH4 flux from the anaerobic marine biosphere, the evolution of continents could cause different consequences for atmospheric composition (Fig. 4A–D). With the present CO2 outgassing rate, the atmosphere reaches a highly reducing condition (CH4/CO2 >  ~ 0.2) as the continental crust grows and an organic haze is formed (Fig. 4D blue line) (Pavlov et al. 2001; Arney et al. 2016). Atmospheric CH4 levels increase with the activity of anoxygenic photoautotroph, followed by the decomposition of organic carbon by methanogenesis in the deep ocean. As a result, pCO2 is lower than in the Proterozoic-like case (Fig. 3A) because the greenhouse effect of CH4 decreases the equilibrium pCO2 owing to the silicate weathering negative feedback (Fig. 2E–F). When the land area increases to more than ~ 0.5 times the present area with the present CO2 outgassing rate, formation of an organic haze layer could be driven in the atmosphere (Fig. 4D). Repeated haze-forming events have been suggested from the co-variation of carbon and sulfur isotopes during the late Archean (Zerkle et al. 2012; Izon et al. 2017). The continental growth in the mid–late Archean may have helped to form the organic haze layer when the CO2 outgassing rate is small.
In summary, the continental growth could cause a totally different atmospheric redox state, such as an abrupt increase in the atmospheric oxygen level (weakly oxidizing condition) or the formation of hydrocarbon haze (highly reducing condition), depending on anoxygenic photoautotroph activity and volcanic CO2 outgassing rate.
Optimal conditions for the earth-like planets with high atmospheric oxygen level
The responses of the phosphorus-limited biosphere and atmospheric oxygen levels are summarized in Fig. 5A–F. The blue-shaded and red-shaded areas represent the steady-state solutions of low and high pO2, respectively, and the purple-shaded area represents the conditions under which both the high and low pO2 states exist. As discussed above, large land area and/or high CO2 outgassing flux are required for high atmospheric oxygen levels with the phosphorus-limited marine biosphere (Fig. 5A). When the solar luminosity is high, pO2 tends to be low (Fig. 5B). This is because high solar luminosity causes climate warming as in the case of increased pCH4 (Fig. 2E–H), which results in low equilibrium pCO2 and hence the low continental weathering rate. This may suggest that Earth-like exoplanets near the inner edge of the habitable zone are not preferable for sustaining high atmospheric oxygen levels with an Earth-like phosphorus-limited marine biosphere. This result may also suggest that Earth-like exoplanets near the outer edge of the habitable zone are preferable for the phosphorus-limited marine biosphere to maintain the high atmospheric oxygen levels. The decrease in pCO2 due to the large solar luminosity also promotes the formation of the hydrocarbon haze when CO2 outgassing rate is low (black-shaded area in Fig. 5B), which is consistent with previous study of the biosphere evolution on a future Earth, which suggests formation of an organic haze layer in the future atmosphere (Ozaki and Reinhard 2021) (Fig. 5B).[image: ../images/40623_2021_1527_Fig5_HTML.png]
Fig. 5Dependencies of atmospheric oxygen level on various parameters. Response of atmospheric oxygen levels in the parameter space of A continental area vs. CO2 outgassing rate; B solar luminosity vs. CO2 outgassing rate; C the primary productivity of anaerobic photoautotrophs (Fred) vs. CO2 outgassing rate; D fraction of bioavailable phosphorus vs. primary productivity of anaerobic photoautotrophs; E burial efficiency of the exported organic carbon (α) vs. export production efficiency (fpo), and F C:P ratio of organic matter buried in sediment vs. CO2 outgassing rate. Parameters are varied from the condition of Fred of 7.50 × 1010 mol C year–1, bioavailable fraction of the riverine phosphorus (γbio = 1), solar luminosity of 83% of the present Earth, CO2 outgassing rate of present outgassing rate (6.7 × 1012 mol C year–1), seafloor spreading rate of 1.307 times the present rate, C:P ratio of organic matter buried in sediment (Rcp,bur) of 300, burial efficiency of the exported organic carbon (α) of 0.2, export production efficiency (fpo) of 0.1, and soil biological activity (fe) of 0.15. The areas filled with red and blue colors represent the conditions where high O2 levels (> ~ 10–2 PAL) and low O2 levels (< ~ 10–5 PAL) exist, respectively. Thin red/blue dashed line is the contour of the atmospheric oxygen level (PAL). Thick blue and red lines represent the conditions for the transition from the low pO2 state to high pO2 state and vice versa, respectively. Thick black line and grey-shaded areas represent the condition of haze formation (CH4/CO2 > 0.2)


The dependence of atmospheric oxygen levels on anoxygenic photoautotroph activity is shown in Fig. 5C. The CO2 outgassing rate required for an abrupt increase in the atmospheric oxygen levels (thick blue line in Fig. 5C) increases with the anoxygenic photoautotroph activity. With more than ~ 1.6 × 1011 mol C year–1 of Fred, the abrupt increase in oxygen levels does not occur even when the CO2 outgassing rate reaches ~ 5 times the present level. Under the high Fred condition, pO2 remains low because anoxygenic photoautotrophs consume riverine phosphorus (Ozaki et al. 2019; Olejarz et al. 2021), and because high pCH4 (and low pCO2) keeps the riverine phosphorus input rate low (Fig. 2E–H). Assuming that Fred is conducted by Fe-based photoautotrophs, this critical level of Fred (~ 6.4 × 1011 mol Fe year–1) is comparable with the minimum estimates of iron supply rate based on the deposition rate of Hamersley banded iron formations in the late Archean to the early Proterozoic (5 × 1011 mol Fe year–1) (Holland 2006). Considering that the primary productivity of H2-based photoautotrophs is also important before the GOE (Kharecha et al. 2005; Canfield et al. 2006; Ozaki et al. 2018), the large Fred might have maintained low pO2 before the GOE, even under the condition of a large volcanic CO2 outgassing rate. We expect that the activity of anoxygenic photoautotrophs decreases as the activity of oxygenic photosynthesis increases owing to the oxygenation of electron donors (e.g., H2 and Fe2+); therefore, the value of Fred might have become smaller in the early Proterozoic before the GOE.
The critical condition of the high-O2 solution is also dependent on the fraction of bioavailable phosphorus, which is affected by the removal of phosphorus via inorganic compounds (e.g., absorption of phosphorus to Fe(III) minerals) (Fig. 5D). In addition, this critical condition is also dependent on the burial efficiency of organic carbon and the C:P ratio of the buried organic matter which could be much higher than the Redfield ratio (C:P ~ 106:1) in anoxic marine conditions (Fig. 5E–F) (e.g., Algeo and Ingall 2007; Reinhard et al. 2017; Kipp and Stüeken 2017; Laakso and Schrag 2019). Because the burial rate of organic carbon and the inorganic removal rate of phosphorus in the ocean and sediments are also dependent on marine redox conditions, the biogeochemical conditions causing the abrupt rise of atmospheric oxygen should be evaluated using a more sophisticated biogeochemical model, that resolves the vertical profiles of the processes such as burial of organic carbon and the adsorption of phosphorus to Fe(III) minerals in the ocean.
Conclusions
In this paper, we reveal the possible relationship between continental growth and atmospheric evolution. We showed that the changes in the relative contribution between land and seafloor weathering affects phosphorus input, and that the atmosphere could evolve totally different redox conditions depending on the structure of the marine ecosystem and the CO2 outgassing flux. The conditions with lower solar luminosity and larger land fraction are preferable for the phosphorus-limited marine biosphere to achieve high oxygen levels in the atmosphere. However, the atmospheric oxygen level is strongly affected by the activity of the anaerobic marine microbial ecosystem. Nevertheless, our results suggest that the existence of continental crusts is crucial for achieving high oxygen levels with a phosphorus-limited marine biosphere.
Oxygen is a potential biosignature for Earth-like planets, with strong absorption bands detectable by transmission observations and future direct-imaging missions (e.g., Rothman et al. 2013; Meadows et al. 2018). Therefore, understanding how atmospheric oxygen could be built up biotically or abiotically is crucial to inform upcoming direct-imaging missions with coronagraphs. Recently, the importance of continents and their relationship to atmospheric oxygen levels has received attention (e.g., Olson et al. 2020; Glaser et al. 2020). Planets with large ocean masses are suggested to have important habitable planetary conditions (e.g., Olson et al. 2020; Glaser et al. 2020; Hayworth and Foley 2020). In these waterworlds, with a limited phosphorus to the ocean, the anaerobic microbial ecosystem might be as crucial as on the early Earth. However, even if oxygen is not detected in a planetary atmosphere, it does not mean that there are no oxygenic photosynthetic organisms in the marine ecosystem, regardless of the size of continents, as was the case for the early Earth before the GOE. Our results provide a fundamental understanding for processes in Earth-like planets with an Earth-like marine ecosystem, and would help constrain the observable biosignatures for future direct-imaging missions.
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