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Rapid rise of early ocean pH under elevated 
weathering rates
 

Meng Guo    1,2   & Jun Korenaga    2

Ocean pH is a fundamental property regulating various aspects of Earth 
system evolution. However, early ocean pH remains controversial, with 
estimates ranging from strongly acidic to alkaline. Here we develop a 
model integrating global carbon cycling with ocean geochemistry, and 
incorporating continental growth and mantle thermal evolution. By 
coupling global carbon cycle with ocean charge balance, and by using solid 
Earth processes of mantle degassing and crustal evolution to specify the 
history of volatile distribution and ocean chemistry, we show that a rapid 
increase in ocean pH is likely during the Hadean to the early Archaean eons, 
with pH evolving from 5 to neutral by approximately 4.0 Gyr ago. This rapid 
pH evolution is attributed primarily to elevated rates of both seafloor and 
continental weathering during the Hadean. This acceleration in weathering 
rates originates in the unique aspects of Hadean geodynamics, including 
rapid crust formation, different crustal lithology and fast plate motion. 
Earth probably transformed from a hostile state to a habitable one by the 
end of the Hadean, approximately 4.0 Gyr ago, with important implications 
for planetary habitability and the origin of life.

Ocean pH regulates carbon partitioning within the hydrosphere, bio-
synthetic pathways, the stability of crustal and authigenic minerals, 
and the habitability of Earth. However, early ocean pH remains highly 
controversial, with estimates ranging from strongly acidic to alkaline1–6. 
Existing ambiguities arise largely from the scarce preservation of  
Precambrian carbonates, making it difficult to utilize direct proxies, 
for example, boron isotopes7, to reconstruct past ocean pH.

Previous efforts have used both empirical and theoretical 
approaches. Calcium carbonate and sulfate precipitation8 and high 
calcium-to-carbonate alkalinity ratios9 suggest an acidic early ocean, 
while rare-earth element anomalies in sedimentary rocks argue for a 
neutral to weakly alkaline pH10. The scarcity of gypsum pseudomorphs 
indicates an early ocean pH of 5.7 to 8.6 (ref. 11), although this could 
be related to solubility and poor preservation potential. Atmospheric 
partial pressure of CO2 (pCO2) could constrain ocean pH, but its early 
evolution remains debated12–17.

Theoretical studies have also yielded varying conclusions, predict-
ing the early ocean to be alkaline1, acidic2–4 or approximately neutral5, 
due to ambiguities in modelling carbon fluxes. Specifically, the roles 

of continental and seafloor weathering in balancing the global carbon 
cycle remain unclear3–6. A wide range of continental evolution pat-
terns is adopted4, spanning rapid early to slow growth, adding uncer-
tainty to continental weathering rates. One longstanding paradigm 
involves slow and gradual continental growth18–20, whereas recent 
studies suggest rapid growth in the Hadean eon21–26. Continental growth 
is, however, not so under-constrained as commonly believed27. Addi-
tionally, when parameterizing seafloor weathering rate and major ion 
exchanges between oceans and crusts, previous studies often assume 
exponentially higher mantle heat flux in the past3,4,6, inconsistent with 
petrological estimates on mantle cooling28. Therefore, a more justifi-
able modelling of relevant geochemical cycles, while considering the 
history of continental formation, becomes imperative.

Considering the above, we developed a model integrating global 
carbon cycling with ocean geochemistry (Fig. 1), guided by the solid 
Earth system evolution. Our model explicitly tracks the changing atmos-
pheric pCO2 and ocean pH using ocean charge balance, incorporating 
continental growth23 and mantle thermal evolution24 to self-consistently 
constrain the geochemical cycles of carbon, sodium and magnesium. 
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in the Hadean (Fig. 4a,b), leading to a rapid pCO2 drop and rising ocean 
pH. Consequently, the ocean transitioned from acidic to alkaline dur-
ing the Hadean, with pCO2 dropping from >100 atm to 10−2 atm (Fig. 3). 
Correspondingly, surface temperature decreased substantially to near 
0 °C by the end of the Hadean (Fig. 3).

In our model, the Archaean surface temperature is slightly 
below present levels, reflecting low luminosity and rapid sequestra-
tions of CO2. As the early surface temperature is calculated using a 
one-dimensional (1D) grey atmosphere model without the effects of 
other greenhouse gases, this low-temperature period does not neces-
sarily indicate a snowball Earth. We also do not account for freezing 
effects on global carbon cycling, so crossing the freezing point has 
minimal impact on the model behaviour. Nonetheless, the predicted 
low surface temperatures around the early Archaean agree with previ-
ous theoretical studies5 and more sophisticated climate simulations38.

The successful solutions with different starting times of ‘reverse 
weathering’4,39,40, referring to the consumption of alkalinity and gen-
eration of acidity during marine authigenic clay formation, are shown 
in Fig. 3, and Supplementary Figs. 1 and 2. Reverse weathering, which 
returns aqueous CO2 to the atmosphere, causes a sudden increase 
in pCO2 and a corresponding decrease in ocean pH. This process has 
been proposed as a potential solution to the faint young Sun paradox39. 
However, owing to the intense continental and seafloor weathering 
during the Hadean suggested by our model results, the post-Hadean 
pCO2 level remained relatively low (~10−2 atm). Additionally, given the 
large uncertainties in Archaean and Proterozoic pCO2 estimates13–17, the 
exact timing and intensity of reverse weathering could not shift pCO2 
outside the Archaean and Proterozoic constraints and, therefore, does 
not substantially affect the selection of successful solutions.

The preferred continental evolution models are shown in Fig. 2. 
While early rapid continental formation is not required in the first 
two stages (Extended Data Fig. 2), it is favoured by the carbon cycling 
model to quickly reduce pCO2 levels on the early Earth, aligning with 

It also factors in seawater mass changes based on a continental free-
board model29, which aligns with the modern global water cycle30,31. 
By quantifying carbon exchanges during mantle degassing, crustal 
formation, subduction and weathering, we map the history of carbon 
storages and assess the physical mechanisms that lead to the transfor-
mation of an initial CO2-rich atmosphere, expected after magma ocean 
solidification32–34, to a habitable one during the early Earth35.

Here we present an overview of our modelling, summarize results, 
and discuss the impact of terrestrial and marine silicate weathering 
on surface conditions. A complete model description is provided in 
Methods.

We conduct our modelling in three stages using Monte Carlo 
sampling, similar to ref. 23. First, we simulate various crustal growth 
models, selecting successful growth models based on the present-day 
distribution of crustal formation ages36 (Fig. 2d). Second, the accepted 
growth models are paired with different thermal evolution models, 
and such pairs are checked against the Archaean and Proterozoic man-
tle potential temperatures28 (Fig. 2e). Lastly, the successful pairs are 
combined with a global carbon cycle and ocean pH model, where solid 
Earth evolution controls the rates of carbon subduction, degassing 
and crustal renewal. The inferred atmospheric pCO2 values are used 
to calculate Earth’s surface temperature and ocean pH, employing a 
hybrid atmospheric model and an ocean charge balance model, respec-
tively. The successful solutions at the third stage are chosen based on 
the present-day and Precambrian pCO2 levels13–17, modern ocean pH, 
surface temperature, seawater ion concentrations37 and carbon con-
tent in terrestrial reservoirs. The successful solutions of seawater ion 
concentrations are provided in Extended Data Fig. 1.

Our results suggest that surface conditions evolved consider-
ably during the first 500 Myr of Earth history (Fig. 3). Initially, ocean 
pH was strongly acidic due to the high levels of pCO2, and the surface 
temperature could exceed 200 °C. Abundant CO2 and extreme heat 
accelerated silicate weathering of both continental and oceanic crusts 
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Fig. 1 | Conceptual model of global carbon cycle coupled with ocean 
chemistry. The history of continental formation and mantle thermal evolution is 
incorporated to guide the exchange of carbon during mantle degassing, crustal 

formation, subduction and chemical weathering, as well as the geochemical 
cycles of sodium and magnesium. The changing atmospheric pCO2 and ocean pH 
are tracked throughout Earth history using ocean charge balance.

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-025-01649-9

Precambrian pCO2 estimates13,14. This results in a continental mass being 
comparable to the present-day value by the end of the Hadean (Fig. 2a). 
Meanwhile, all successful solutions show intensive Hadean continental 
generation (Fig. 2b) and recycling (Fig. 2c), ensuring a steady supply of 
fresh silicate rock at the surface. Enhanced resurfacing of early crust 
contributed to the early sequestering of atmospheric CO2, because the 
high surface temperatures and pCO2 levels increased the reactivity of 
silicate rocks (Fig. 4a).

Our results also indicate that seafloor weathering was probably 
more influential than continental weathering in producing a clement 
Earth (Fig. 4a,b). The Hadean seafloor weathering rate is at least one 
order of magnitude higher compared with its rates during the rest of 
Earth history, driven by several factors that were probably present 
during the Hadean, including faster plate velocity (Fig. 2f), elevated 
pCO2 levels (Fig. 3a), higher surface temperatures (Fig. 3c) and higher 
magnesium content (high Mg#) in the oceanic crust produced from a 

chemically heterogeneous mantle after magma ocean solidification. 
Modelling of magma ocean solidification suggests that ~75% of the 
early mantle is occupied by the pyroxenite matrix with an average 
Mg# of 95 (ref. 41). With the elevated weathering rate, the Hadean 
oceanic crust sequestered an abundant atmospheric CO2 (Fig. 4b). 
Meanwhile, faster plate velocity enabled efficient carbon recycling 
through subduction (Fig. 4c), aiding early pCO2 reduction, even with 
the assumption that only ~50% of subducted carbon is sequestered 
in the mantle.

As most CO2 was degassed into the atmosphere during magma 
ocean solidification32,33,42, the mantle carbon content was low in the 
early Hadean (Fig. 5a), reducing carbon degassing through mantle 
melting. However, fast Hadean plate velocity increased mantle melting 
rates. These competing effects kept overall mantle carbon degassing 
relatively steady, with degassing rates only slightly higher in the Hadean 
(Fig. 4d). Notably, Archaean carbon degassing fluxes are estimated to 
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Fig. 2 | Successful solutions with observational constraints. Constraints used 
to select solutions are shown in yellow. The mid-50% and mid-90% ranges of 
successful solutions are shown in dark blue and light blue, respectively, with solid 
lines indicating the medians. A total of 145 successful solutions were analysed.  

a, Net growth of continental crust. b, Crustal generation rate. c, Crustal recycling 
rate. d, Present-day cumulative distribution of continental formation age. The 
yellow line is from ref. 36. e, Mantle potential temperature. Yellow dots are from 
ref. 28. f, Plate velocity.
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be 3–8 times the present-day level43, and our model can reasonably 
reproduce this trend without using such constraints.

Importance of seafloor weathering on the early 
Earth
Studies on atmospheric evolution following magma ocean 
solidification32,33,42 suggest a dense initial atmosphere with pCO2 lev-
els of 100–200 atm. The subsequent pCO2 was primarily controlled by 
the rates of carbon removal and subduction, considering the relatively 
low carbon content in the Hadean mantle. Our results suggest that, 
during the first 500 Myr, the CO2-rich atmosphere transitioned into 
a habitable one, the strongly acidic ocean became alkaline and the 
surface temperature decreased from >200 °C to near 0 °C. These rapid 
changes were primarily attributed to intense seafloor and continental 
weathering, driven by high surface temperatures, ample CO2 supply, 
rapid formation and destruction of surface rocks, and elevated divalent 
cations in the crust.

While the role of continental weathering in stabilizing climate is 
well recognized, the relative importance of seafloor and continental 
weathering in regulating pCO2 and global temperatures, along with 
their overall efficacy in buffering pH, remains controversial3–5. In our 
model, continental weathering became more important than seafloor 
weathering only by the late Hadean. During the early Hadean (insets in 
Fig. 4a,b), with high pCO2, the maximum weathering rates were con-
strained by the availability of fresh silicate rocks44,45. As the composi-
tions of continental and oceanic crusts differ, their maximum capacities 
of carbon sequestering varied. Assuming complete consumption of 
major divalent cations (that is, MgO and CaO) in the upper 500 m of 
the continental crust, Hadean continental weathering consumed only 
1.3–1.6 times more CO2 than today. Based on the restoration model of 
the upper Archaean continental crust46, we assume that the maximum 
continental weathering rate decreased linearly from 1.6 to 1.4 times 
its present-day level during the Hadean, and subsequently decreased 
from 1.4 to 1.3 times its present-day level by the end of the Archaean, 
indicating a modest impact on CO2 removal. Early Hadean continental 
weathering was also limited by smaller continental surface area (Figs. 2a 
and 4a), even though the total continental mass quickly reached the 
present-day level by the mid-Hadean in our model. Towards the end of 
the Hadean (~4.0 Gyr ago; Ga), as pCO₂ levels decreased and solar irra-
diation was low, surface temperatures dropped considerably (Fig. 3c). 
The Earth’s surface temperature directly influences the weathering 
capability of surface silicate rocks47, which became the limiting factor 
for the continental weathering rate in the late Hadean to early Archaean.

In contrast, seafloor weathering may have been more effective 
than continental weathering in sequestering CO2 during the early 
Hadean (Extended Data Fig. 3). The high Mg# in the Hadean oceanic 
crust, from melting of a chemically heterogeneous mantle, allowed sea-
floor weathering to consume up to 13 times more CO2 than today42. The 
frequent renewal of oceanic crust, driven by rapid Hadean plate tecton-
ics, also enhanced seafloor weathering. After the Hadean, the maximum 
seafloor weathering rate decreased to 6.5 times its present-day level, 
as oceanic crust composition approached its modern Mg# and plate 
motion slowed down because mantle chemical heterogeneities were 
gradually erased by convective mixing. Consequently, the role of sea-
floor weathering in removing CO2 became less pronounced compared 
with continental weathering by the end of the Hadean. Our model, inte-
grating continental evolution, evolving crustal lithology, and mantle 
thermal and chemical evolution with global carbon cycling, captures 
this shift in physical mechanisms that stabilized the early climate. Fur-
ther exploration of the impacts of siliceous life expansion, land plant 
radiation and continental crust emergence on global carbon cycling 
would be beneficial. Previous studies on ocean pH evolution suggest 
that seafloor weathering could effectively buffer the climate against 
shifts driven by siliceous life expansion4; whereas more recent studies 
indicate a potentially stronger effect of siliceous life expansion40,48.

Implications for the origin of life on the early Earth
The evolution of ocean pH is sensitive to the different modes of crustal 
growth, and all successful solutions show rapid continental genera-
tion and recycling on the early Earth (Fig. 2 and Extended Data Fig. 2). 
Such continental evolution is necessary to reduce the initial pCO2 of  
>100 atm (refs. 32,33,42) to ~10−2 atm in the late Archaean to 
Proterozoic13,14. A comparison between solutions with early and late 
growth of continental crust is shown in Extended Data Fig. 4. After the 
Hadean, sluggish plate tectonics, constrained by the history of mantle 
cooling (Fig. 1e,f), limited the weathering capacity of the crust, requiring 
most carbon sequestration to occur during the Hadean. Thus, our model 
favours rapid Hadean continental evolution, supporting the notion of 
substantial continental crust in the Hadean21–26 and reinforcing the geo-
logical basis for Darwin’s ‘warm little pond’ hypothesis of abiogenesis49.

The extent and timing of early continental emergence, however, 
still require further investigation. The origin of life traces back to Earth’s 
first two geologic eons, with unequivocal evidence dating back to 3.5 Ga 
(ref. 50) and possibly extending to 4.1 Ga (ref. 51). Two major abiogen-
esis hypotheses exist: Darwin’s ‘warm little pond’ theory, suggesting 
polymerization of organic molecules through wet–dry cycles49; and 
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Fig. 3 | Successful solutions and observational constraints of atmospheric 
pCO2, ocean pH and surface temperature of Earth, when reverse weathering 
started 3.5 Ga and turned off 0.5 Ga. Constraints used to select solutions are 
shown by coloured circles and the error bars represent 2 s.d. The mid-50% and 
mid-90% ranges of successful solutions are shown in dark blue and light blue, 
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arrow shows reverse weathering starting 3.5 Ga and turning off 0.5 Ga. b, Ocean 
pH. The median model solutions from ref. 3 and ref. 4 are shown in orange and 
green lines, respectively. c, Earth’s surface temperature. The dashed line is  
drawn at 0 °C.
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the deep-sea hydrothermal theory52. Each of these hypotheses requires 
specific surface environments; the former necessitates exposed con-
tinent and suitable inland water pH, and the latter requires ocean pH 
favourable for biomolecule formation. Acidic water poses challenges 
for complex molecule synthesis53, and atmospheric pCO2 controls pH 
in both settings. Our results suggest that pCO2 decreased to 10−2 atm 
within the Hadean, providing the necessary geological foundation for 
both hypotheses. The early formation of continental crust was required 
in lowering the initially high atmospheric pCO2 and probably facilitated 
the delivery of growth-limiting nutrients to the surface. By providing 
constraints on the history of land formation, atmospheric composition 
and marine chemistry, we delineate a habitability boundary in Earth 
history to be around the end of the Hadean.

Importance of self-consistent pCO2 and ocean pH 
evolution
Compared with Halevy and Bachan3, our results show a more rapid 
increase in ocean pH, evolving from ~5 to neutral within the Earth’s 
first 500 Myr. Their model begins with an environment not very differ-
ent from modern conditions, with a near-neutral ocean pH (6.2–6.5). 
However, studies on magma ocean solidification32,33 suggest an initially 
dense, CO2-rich atmosphere, implying an initial ocean pH of 3.5–5.5. 
Solving for this fast CO2 reduction requires a model that integrates 
crustal growth, thermal evolution, evolving plate velocities and global 
carbon cycling. As mentioned earlier, they calculate ocean pH by pre-
scribing pCO2 evolution (see their Fig. 1b), which essentially determines 
pH evolution. Also, they do not consider the history of continental 
growth and the evolving crustal compositions, both of which could 
impact pH evolution by affecting seawater metal ion concentrations 
and silicate weathering efficiency. Additionally, their assumption of 

higher Archaean heat fluxes is inconsistent with petrological estimates 
of mantle cooling28. Mantle heat flux affects seafloor weathering rate 
and, consequently, chemical exchanges between continental and oce-
anic crusts in their model. As seafloor weathering rates and seawater 
cation concentrations decline over time, their model shows a steady 
pH increase.

On the other hand, Krissansen-Totton et al.4 employ a pH- and 
temperature-dependent parameterization for seafloor weathering 
fluxes and solve for ocean pH using evolving alkalinity and dissolved 
inorganic carbon in seawater. Their model, like Halevy and Bachan3, 
suggests a monotonic increase in ocean pH from 6.5 to 8.2 over Earth 
history, reaching neutral around 2.5 Ga. They consider various conti-
nental growth patterns, but they are biased towards higher heat flow 
in the past, which, as explained, controls crustal weathering rates and 
alkalinity exchanges.

Lowering high initial pCO2 requires substantial CO2 consumption. 
Studies on impact ejecta suggest potentially important CO2 absorp-
tion by ejecta weathering5,6,38. However, existing studies probably 
overestimate this effect, by not accounting for carbon re-release due 
to heating from subsequent impacts. As the mass of impacts decreases 
exponentially over time, only early impacts can consume a meaning-
ful amount of CO2 by forming carbonates; however, these carbonates 
would later release CO2 due to impact metamorphism if not subducted, 
especially as early impact events are closely spaced.

Estimates of late Archaean and early Precambrian pCO2 levels 
vary widely, from ~0.007 to ~1 atm (refs. 13,14,16,17). As discussed ear-
lier, achieving the late Archaean pCO2 levels from an initially CO2-rich 
atmosphere requires substantial carbon sequestration, enabled by 
rapid Hadean crustal formation and plate tectonics. After the Hadean, 
slow plate tectonics (Fig. 2f) and low surface temperatures reduced 
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weathering capabilities of both continental and oceanic domains. To 
reconcile this with the present-day pCO2, our model favours the lower 
end of late Archaean and early Proterozoic pCO2 estimates (Fig. 3a). 
Owing to limited constraints on reverse weathering, our model only 
explores reverse weathering rates from zero up to modern levels. Sug-
gested by seawater δ18O observations40, a higher-than-modern rate in 
the Precambrian has been proposed, which could potentially elevate 
pCO2. Further investigation into this possibility is warranted.

By integrating Earth interior processes with the history of volatile 
distribution and ocean chemistry, we present a plausible scenario for 
Earth’s transformation from a hostile to a habitable state during the 
Hadean. Our model represents an attempt to incorporate continental 
evolution, changing crustal lithology, and mantle thermal evolution 
in a self-consistent global carbon cycle framework, enabling a more 
accurate assessment of climate feedback from continental and seafloor 
weathering. As the early ocean pH controlled the solubility, speciation 
and bioavailability of key nutrients, understanding its evolution lays 
the groundwork for future studies on the origin of life.
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Methods
We developed a global carbon cycle model coupled with ocean charge 
balance to explore the co-evolution of atmospheric CO2 and seawater 
acidity. The model integrates crust, mantle, atmosphere and ocean inter-
actions, using mantle thermal evolution and Earth’s surface processes to 
track volatile and incompatible element distribution across reservoirs.

The mantle’s thermal evolution and continental formation his-
tory drive changes in the global carbon cycle, parameterized based 
on refs. 23,24. The mantle heat flux (Q) has been adjusted to reflect 
updated insights regarding Hadean mantle conditions. Rapid plate 
tectonics in the Hadean is essential to sequester the massive amount 
of atmospheric carbon resulting from magma ocean solidification, 
as it has long been speculated in the literature5,33,54. Rapid plate move-
ment is possible in the Hadean if magma ocean solidification results  
in a wet, chemically heterogeneous mantle42, which is currently the only 
physically plausible mechanism that can enable this process. Owing to 
different lithologies, melting of a heterogeneous mantle wouldn’t form 
a thick depleted lithosphere even at high temperatures, enabling rapid 
tectonics. Following ref. 42, Q is set to be three times its current value 
initially (a tenfold increase in plate velocity) and decreases linearly to 
the Archaean value due to convective mixing. From the Archaean to 
present, Q is held constant at 36 TW, aligning with petrological esti-
mates of mantle thermal evolution28 as well as geochemical models of 
Earth’s composition. Such a constant heat flux over time corresponds 
to more sluggish plate tectonics in the past55. A hybrid atmospheric 
model is used to determine the surface temperatures under different 
solar irradiation and atmospheric pCO2.

We conduct our modelling in three stages, first with crustal evolu-
tion only, then with thermal evolution, and finally with global carbon 
cycle and ocean pH, using Monte Carlo sampling throughout. Success-
ful models from the first two stages, filtered by present-day continental 
formation age distribution36 and the Archaean and Proterozoic mantle 
temperatures28, are used to calculate atmospheric pCO2 and ocean 
pH evolution. Final successful results are constrained by present-day 
and Precambrian pCO2 levels13–17, present-day ocean pH (8.2), surface 
temperature (12 °C), concentrations of major seawater ions37, and car-
bon content in the atmosphere (3.9 × 1016 mol), oceans (3.6 × 1018 mol), 
oceanic crust (8.5 × 1020 mol), and mantle (3 × 1022 mol).

In the following sections, we describe the global carbon cycle model, 
the ocean charge balance model and the hybrid atmospheric model.

The global carbon cycle model
Parameterization of carbon fluxes. We consider four major reservoirs 
in the global carbon cycle model: mantle, continental crust, oceanic 
crust, and the combined reservoir of atmosphere and oceans (Fig. 1). 
The atmosphere and oceans are treated as a single reservoir due to 
CO2 solubility equilibrium4,5. We assume that the carbon content in 
the continental crust is proportional to its mass, as it grows through 
accretion and erodes via subduction4,5,45,56.

The following governing equations describe how carbon is added 
and removed from reservoirs of oceanic plates (MOC), atmosphere and 
ocean (MAO), and mantle (MM) through geological processes5,45,56,57:

dMOC(t)
dt

= Fsilicate(t)
2 + Fsfw(t) − Fsub(t), (1)

dMAO(t)
dt

= Fdegas(t) + fFsub (t) −
Fsilicate(t)

2 − Fsfw(t) − FCC (t) − Fosub(t),
(2)

dMM(t)
dt

= (1 − f ) Fsub (t) + Fosub (t) − Fdegas(t), (3)

where M represents reservoir sizes, t is time, F represents various  
carbon fluxes, and f is a factor that accounts for incomplete degassing 

at subduction zones, with a mean value of 0.5 and a standard deviation 
of ±0.1 (ref. 58). Note that the carbon content in the continental crust 
(MCC) is assumed to be proportional to its mass evolution throughout 
Earth history (MsCC) (MCC (t) = MCC (tp)MsCC (t) /MsCC (tp)) and the amount 
of carbon deposited on continental crust from the ocean is denoted 
by FCC, which represents the change in MCC.

The term Fsilicate is the carbon flux from atmosphere to oceanic 
plates due to continental silicate weathering, which is divided by two 
in equation (1), because only half of the carbon initially sequestered 
during silicate weathering can be stored within oceanic plates59. We 
model the temporal variation of Fsilicate as56:

Fsilicate (t) = F∗silicate(t)fland(t)
̇Mu (t)
̇Mu (tp)

, (4)

where fland is the ratio of the exposed weatherable land area to 
present-day area, which is assumed to be proportional to the ratio of 
the mass of continental crust at a given time to its present-day mass; 
and Ṁu is the generation rate of continental crust23. We model the 
continental crust evolution following ref. 23. The term F∗silicate denotes 
a weathering function47,56,59,60:

F∗silicate (t) = Fsilicate(tp)(
pCO2(t)
pCO2(tp)

)
0.55

( Psat(t)
Psat(tp)

)
0.3

exp ( Ea
Rg
( 1
T(tp)

− 1
T(t)

)) .
(5)

where the term tp represents the present day, Ea is the activation energy 
(4.186 × 104 J mol−1; ref. 60), Rg is the gas constant (8.314 J K−1 mol−1) and 
T(tp) is the reference temperature (298 K). In equation (5), Fsilicate(tp) is 
the present-day silicate weathering flux61–64, the second term describes 
the influence of the partial pressure of atmospheric CO2, the third term 
denotes the influence of precipitation and run-off, and the last term is 
the influence of temperature on continental silicate weathering. The 
term Psat denotes the saturation pressure65:

Psat(t)= P∗sat exp (
mwLw
Rg

( 1T∗ − 1
T(t) )) , (6)

where P∗sat (610 Pa) is the reference saturation vapour pressure at the 
reference temperature T* (273 K), mw is the molar mass of water (18 g 
mol−1) and Lw is the latent heat of water (2,469 J g−1). The surface tem-
perature, T, is calculated in the hybrid atmospheric model (‘A hybrid 
atmospheric model’).

For most of Earth history, equation (5) can describe the weathering 
reaction kinetics between CO2 and silicate rocks. However, during the 
Hadean to the early Archaean, when atmospheric CO2 is abundant, the 
maximum rate of terrestrial silicate weathering (Fmaxsilicate) is capped by 
the availability of fresh rocks44,45, controlled by the generation rate and 
composition of continental crust. Thus, we define Fmaxsilicate  as the CO2 
sequestered in the uppermost 500 m of the continental crust66 multi-
plied by its generation rate, assuming complete consumption of oxide 
components, MgO, CaO, Na2O and K2O, to form carbonates. To account 
for changing crustal lithology, we use oxide compositions for Hadean 
and Archaean upper crusts based on a restoration model for continental 
crust older than 3.5 Gyr and between 3.5 and 2.5 Gyr, respectively46.

The term Fsfw is the carbon flux from oceans to oceanic plates 
resulting from seafloor hydrothermal alteration. It should be noted 
that Fsfw only includes the alteration of basalt by CO2 dissolved in the 
oceans; formation of carbonates by calcium and bicarbonate ions 
derived from continental silicate weathering are accounted by Fsilicate. 
We model Fsfw as follows:

Fsfw (t) = Fsfw(tp) (
v(t)
v(tp)

) ( pCO2(t)
pCO2(tp)

)
0.25

, (7)
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where the first term (Fsfw(tp)) is the present-day seafloor weathering 
flux48,67; the second and the last term denote the influences of plate 
velocity and atmospheric CO2 partial pressure on seafloor weathering, 
respectively. The exponential dependence of Fsfw on pCO2 is set to be 
0.25 (refs. 45,68) and the present-day atmospheric CO2 partial pressure 
(pCO2(tp)) is set to 33 Pa (ref. 65).

Similar to Fmaxsilicate, we define the maximum seafloor weathering rate 
(Fmaxsfw ) as the amount of CO2 sequestered in the uppermost 500 m of 
the oceanic crust69,70 multiplied by plate velocity, assuming complete 
alteration of MgO and CaO into carbonates. With the present-day 
oceanic crust composition, Fmaxsfw  can be 6.5 times the present-day sea-
floor weathering rate. During the Hadean, when oceanic crust was 
probably ultramafic due to melting of the high Mg# matrix in the  
mantle42 (Supplementary Table 2), Fmaxsfw  is assumed to decrease linearly 
from 13 times to 6.5 times the modern rate. Plate velocity is calculated 
based on mantle thermal evolution28 with an initial value 10 times 
higher, tapering to the Archaean rate by the end of the Hadean.

The term Fosub is the carbon flux lost from ocean to mantle during 
subduction, which is calculated as:

Fosub (t) =
Mocean(t − 1)(Msocean(t)−Msocean(t − 1))

Msocean(t − 1)
, (8)

where Mocean represents inorganic carbon in the ocean and Msocean is the 
ocean mass. The initial ocean mass, Msocean(t0), is assumed to be in the 
range of 10–40% of the present-day value42. It linearly increases to 
200–300% of the present-day value by the end of the Hadean, 
Msocean(t4.0), and then linearly decreases to the present-day value, 
Msocean(tp), during the rest of Earth history. Thus, during the Hadean, 
the mass evolution of the oceans can be expressed as Msocean (t) =
Msocean (t0) + (Msocean (t4.0) −Msocean (t0))(t − t0)/(t4.0 − t0) ; whereas for  
t h e  r e s t  o f  E a r t h  h i s t o r y ,  Msocean (t) = Msocean (t4.0)
+(Msocean (tp) −Msocean (t4.0))(tp − t4.0)/(t − t4.0).

The term Fsub is the carbon flux by the subducted oceanic plates, 
which can be expressed as:

Fsub (t) = Fsub(tp)
v(t)
v(tp)

MOC(t)
MOC(tp)

, (9)

where Fsub(tp) is the present-day subducted carbon flux (1–15 ×  
1012 mol yr−1; refs. 31,71,72). The term f in equations (2) and (3) denotes 
the fraction of carbon that is degassed through arc volcanism before 
reaching the mantle, which is set to be 0.5. Thus, the term fFsub repre-
sents the carbon flux released back to the atmosphere and ocean via 
arc volcanism and (1 − f)Fsub denotes the carbon flux that is recycled 
back into the mantle.

The term Fdegas is the carbon flux degassed from the mantle to the 
atmosphere through mid-ocean ridge volcanism, which is influenced 
by the carbon content in the mantle (MM), plate velocity (v) and mantle 
melting depth (z) as:

Fdegas (t) = Fdegas(tp)
MM(t)
MM(tp)

v(t)
v(tp)

z(t)
z(tp)

, (10)

where Fdegas(tp) is the present-day mantle outgassing flux (1–10 ×  
1012 mol yr−1; refs. 73,74).

Parameterization of carbon reservoir sizes. In the atmosphere, pCO2 
is defined as following:

pCO2(t) =
Matm(t)mCO2g

Aearth
, (11)

where Matm is the atmospheric carbon abundance, Aearth is the surface 
area of the Earth (5.1 × 1014 km2), g is the acceleration of gravity (9.8 m s−1) 

and mCO2  is the molar mass of CO2 (44 g mol−1). Rearranging  
equation (11), Matm can be expressed with pCO2 as the following:

Matm(t) =
pCO2(t)Aearth

mCO2g
. (12)

At the same time, the abundance of inorganic carbon in the ocean 
(Mocean) can be calculated as:

Mocean = [CO2]aq + [HCO3
−] + [CO3

2−], (13)

where [CO2]aq, [HCO3
−] and [CO3

2−] are the concentrations of  
dissolved CO2, HCO3

− and CO3
2− in the oceans, respectively. These 

concentrations can be related to pCO2 through equilibrium constants:

Mocean(t) = (pCO2(t)KH +
pCO2(t)KHKA1

[H+] + pCO2(t)KHKA1KA2
[H+]2

)Msocean(t),

(14)

where KH, KA1 and KA2 are Henry’s law constant, the first dissociation 
constant of carbonic acid and the second dissociation constant 
of carbonic acid, respectively (Supplementary Table 1); [H+] is the  
concentration of hydrogen ions in the oceans; and Msocean is the mass 
of the oceans.

The combined carbon reservoir of the atmosphere and oceans 
(MAO) can be expressed as:

MAO (t) = Matm (t) +Mocean (t) . (15)

Thus, MAO can be calculated using pCO2 and [H+] as follows:

MAO(t) = pCO2(t) ((KH +
KHKA1
[H+] + KHKA1KA2

[H+]2
)Msocean(t) +

Aearth
mCO2g

) . (16)

The ocean charge balance model
Following Halevy and Bachan3, we consider the concentrations of the 
following major ions for ocean charge balance:

[HCO−
3 ] + 2[CO2−3 ] + [HS−] + [OH−] + 2[SO2−4 ] + [Cl−]

= [H+] + [Na+] + [K+] + 2[Mg2+] + 2[Ca2+] + 2[Fe2+] + [NH+
4 ].
(17)

Among these ions, the concentration of [HCO3
−], [CO3

2−], [OH−] 
and [Ca2+] can be expressed with pCO2, [H+] and relevant equilibrium 
constants:

pCO2KHKA1[H
+] + 2pCO2KHKA1KA2 + [HS−] [H+]

2

+KW[H
+] + 2[SO2−4 ][H+]

2
+ [Cl−][H+]

2

= [H+]
3
+ [Na+][H+]

2
+ [K+][H+]

2
+ 2[Mg2+][H+]

2

+ 2nsatKSP[H
+]

4

pCO2KHKA1KA2
+ 2[Fe2+][H+]

2
+ [NH+

4 ][H
+]
2
,

(18)

where KW and KSP (4.2658 × 10−7) are the water dissociation constant  
and calcite solubility product constant, respectively, and nsat is the 
calcite saturation factor3.

The evolving concentrations of [Na+] and [Mg2+] in seawater  
are explicitly modelled according to their respective geological driv-
ing forces, that is, pCO2-dependent sources and sinks. The change of 
sodium concentration in seawater, [Na+], can be calculated as:

Msocean(t)
d[Na+](t)

dt
= FNaW + FNaExb − FNaExr − FNaExd − FNaEB − FNaNAH − FNaRW. (19)
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In equation (19), FNaW  represents sodium influx from silicate weath-
ering, parameterized as FNaW (tp)fW, where FNaW (tp) denotes the modern 
sodium weathering flux and fW accounts for weathering enhancement 
due to rain pH. Here, fW = ((pCO2KHKA1)

0.5 /[H+]rain(tp))
nW

, where [H+]rain(tp) 
represents the present-day proton concentration in rainwater exposed 
to 280 ppm CO2 and nW is the rain pH dependence exponent. The term 
FNaExb, FNaExr and FNaExd denote sodium exchange fluxes with boundary layer 
sediments, riverine particles and deep sediments, respectively. The 
FNaExb is a source of sodium to seawater, which is held constant. The 
exchanges of sodium with riverine particles and deep sediments are 
sinks, which are proportional to their present-day values and the 
sodium concentration in the seawater. Thus, FNaExr and FNaExd are modelled 
as FNaExr(tp)[Na

+](t)/[Na+](tp)  and FNaExd(tp)[Na
+](t)/[Na+](tp) , respectively. 

The term FNaEB  is the net burial flux of halite, which is calculated as 
FEB(tp)([Na

+](t)/[Na+](tp))([Cl
−](t)/[Cl−](tp)) . The term FNaNAH is a sodium 

sink during near-axis hydrothermal circulation, modelled as 
FNaNAH(tp)fNAH[Na

+](t)/[Na+](tp) , where FNaNAH(tp) is the present-day value 
and the factor fNAH accounts for the enhancement of hydrothermal 
circulation due to higher heat flux on the early Earth. Lastly, the effect 
of reverse weathering on seawater sodium concentration is explored 
with FNaRW. The total amount of cations consumed during reverse weath-
ering can be calculated as FRW(tp)fRW, where FRW(tp) is the present-day 
amount of total cations consumed, assuming an approximate 1:1 molar 
ratio of consumed silica to metal ions during reverse weathering reac-
tions, and fRW is a factor accounting for the relative intensities of reverse 
weathering compared to its present-day levels39,40,75. As FRW(tp) accounts 
for all the cations consumed during reverse weathering (that is, Na+, 
Mg2+ and K+), FNaRW is parameterized as FRW(tp)fRW[Na+](t)/([Na+](t) + [Mg2+]
(t) + [K+](t)). The values of the present-day carbon fluxes and the for-
mulations of enhancement factors used in the model are summarized 
in Supplementary Table 2. It is noted that the sodium sink due to sub-
duction of seawater is taken into account by the term Msocean.

The seawater concentration of magnesium is tracked in a similar 
fashion to sodium, again following Halevy and Bachan3. The change 
of magnesium concentration in seawater, [Mg2+], can be calculated as:

Msocean (t)
d[Mg2+](t)

dt
= FMgW + FMgGW − FMgCB − FMgNAH − FMgOAH − FMgRW. (20)

In equation (20), FMgW  represents magnesium influx from silicate 
weathering and is parameterized similarly to FNaW . The term FMgGW repre-
sents the input of magnesium from ground water to ocean, which is 
assumed to be constant. The term FMgCB  denotes magnesium loss  
through carbonate burial, parameterized as 1

2
F
C

degas
(tp)fdegas( fD(t)/fD(tp))

( fCARB(t)/fCARB(tp))([Mg
2+](t)/[Mg2+](tp)) , where FCdegas(tp) is the modern 

CO2 degassing flux, fdegas is the mantle degassing enhancement factor, 
and fD and fCARB are the dolomite and carbonate fractions in buried 
carbonate, respectively. The terms FMgNAH and FMgOAH account for the magnesium  
sink due to near-axis and off-axis hydrothermal circulations, with  
FMgNAH = FNAH (tp) fNAH ([Mg

2+] (tp)  [Mg2+]NAH (tp)) [Mg
2+](t)/[Mg2+](tp)  and 

FMgOAH = FOAH (tp) fOAH ([Mg2+] (tp) − [Mg2+]OAH (tp)) [Mg
2+](t )/[Mg2+ ](tp). 

Here, fNAH(tp) and fOAH(tp) are the modern near-axis and off-axis water 
fluxes, fNAH and fOAH are the corresponding enhancement factors, and 
[Mg2+]NAH(tp) and [Mg2+]OAH(tp) are the modern concentrations of magne-
sium in near-axis and off-axis hydrothermal effluents. Finally, magnesium 
loss due to reverse weathering, FMgRW, is parameterized similarly to FNaRW.

In our model, seawater concentrations of [Cl−], [K+] and [SO4
2−] 

are prescribed based on data from fluid inclusions in Archaean hydro-
thermal quartz76, inferred halogen degassing history77, and the sulfur 
isotopes found in both Archaean78,79 and Palaeoproterozoic seawater 
sulfate reservoirs80. The Hadean [Cl−] is set to 1.87 times its present-day 
concentration (0.52 M)76,77, whereas [K+] is estimated to be 40% of its 
present-day concentration (12.1 mM) from Earth’s formation to 4 Ga 
(ref. 76; Extended Data Fig. 1e). These concentrations linearly transition 

to modern levels over 0.5 Gyr for [Cl−] and 1 Gyr for [K+], remaining 
constant thereafter. Potassium levels are then corrected according to 
different assumptions of reverse weathering. For Hadean and Archaean 
seawater, [SO4

2−] is estimated at 1–100 μM (refs. 78,79), and 0.1–5 mM 
for the Proterozoic80.

On the other hand, the concentrations of [HS−], [NH4
+], [Fe2+]  

and [Ca2+] depend on the ocean pH and their equilibrium constants:

[HS−] = KAS1∑ SII−

KAS1 + [H+]
, (21)

[NH4
+] =

KN [H
+]∑NIII−

1 + KN [H
+]

, (22)

[Fe2+] =
[H+]∑ FeII

KFeS[HS
−] + [H+]

, (23)

[Ca2+] =
2nsatKSP[H

+]
4

pCO2KHKA1KA2
, (24)

where KAS1, KN and KFeS are the first acid dissociation constant of H2S, 
ammonium dissociation constant and FeS solubility product constant, 
respectively (Supplementary Table 1). These ion concentrations, 
however, are in turn necessary to solve for the ocean charge balance 
(equation (18)). Thus, knowing the total concentrations of ΣSII−, ΣNIII− 
and ΣFeII (ref. 3), we calculate the concentrations of [HS−], [NH4

+], [Fe2+] 
and [Ca2+] based on an initial [H+] value, iterating until convergence 
is reached for [H+] via charge balance. Because the concentrations of 
reduced species (ΣSII−, ΣNIII− and ΣFeII) are too low to affect seawater 
charge balance3 (Extended Data Fig. 1b–d), they are assumed constant 
over time.

Combining the carbon cycle and ocean charge balance models, we 
have two unknowns, pCO2 and [H+], solved by equations (16) and (18). 
We solve these equations forward in time using the following steps. 
First, we calculate major ion concentrations in seawater based on their 
geological drivers or dissociation constants, assuming an initial [H+] 
concentration. Second, we track the sizes of carbon reservoirs using 
equations (1)–(3). Third, the pCO2 and ocean pH are calculated using 
equations (16) and (18). Lastly, we calculate the Earth’s surface proper-
ties dependent on pCO2 and/or seawater [H+], for example, seawater 
ion concentrations, carbon reservoir sizes and surface temperature.

The concentrations of [HS−], [NH4
+], [Fe2+] and [Ca2+] are calculated 

using ocean pH, pCO2 and their dissociation equilibrium constants. 
Knowing the partial pressure of CO2 in the atmosphere, the reservoir 
sizes of the atmosphere and oceans are obtained using equations (12) 
and (14), respectively.

A hybrid atmospheric model
The Earth’s surface temperature is determined using a hybrid atmos-
pheric model. When pCO2 falls within the range of present-day value 
to 10 atm, the surface temperature is calculated utilizing a 1D radiative 
convective climate model4:

T (t) = 3, 145.89 − 894.196x − 14, 231.92y − 3, 791.699x2 + 18, 527.77x2y

−33, 560.74x2y2 + 26, 297.61y2 − 7,674.76xy2 + 4,461.16xy

−1, 569.25x3 + 11, 329.25x3y3 − 21, 270.62y3 − 14,022.32x3y2

+26,860.83x2y3 + 7,684.55x3y + 5, 722.64xy3 − 178.264x4

−396.147x4y4 + 6, 399.091y4 + 875.423x4y − 1,605.364x4y2

+1, 304.944x4y3 − 1, 569.3007xy4 − 8,012.67x2y4 − 3,415.93x3y4,
(25)
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where x represents log10(pCO2), where pCO2 is in bar and y represents the 
relative solar irradiance compared to present-day level. We assume that 
the solar irradiance has linearly increased from 952 W m−2 at the beginning 
of Earth history to 1,360 W m−2 at present day. In this model, the albedo 
is assumed to be 0.32. A Manabe–Wetherald relative humidity model 
is applied to the troposphere81, with a surface relative humidity of 0.8.

When pCO2 exceeds 10 atm, the temperature is determined  
employing a two-layer grey atmosphere model, following ref. 82 and  
ref. 42. This shift of modelling strategy is necessary as the 10 atm exceeds 
the upper limit tested by the polynomial fit conducted in the 1D model 
and the application of grey atmosphere assumption is inappropriate at 
low pCO2 conditions. In this model, the Earth’s surface temperature is 
calculated by first establishing physical conditions at the tropopause 
based on radiation balance and a specified water vapour mixing ratio, q. 
Second, using the temperature and optical depth at the tropopause as 
reference, the thermal structures of the stratosphere and troposphere 
are determined by applying energy balance and the moist adiabatic 
lapse rate, respectively. Finally, a bisection search adjusts q to maintain 
energy balance at the top of the atmosphere, with the temperature at the 
bottom of the troposphere representing the Earth’s surface tempera-
ture. This model assumes a plane-parallel atmosphere that is transparent 
to solar radiation and opaque to infrared radiation at all wavelengths, 
with a constant absorption coefficient for infrared radiation42,82.

The values of the initial Earth conditions used in the model, includ-
ing the concentrations of seawater ions and the carbon reservoirs sizes, 
are summarized in Supplementary Table 2.

Data availability
Source data are available at https://doi.org/10.6084/m9.figshare. 
28172345.v1 (ref. 83).

Code availability
The MATLAB codes are available at https://doi.org/10.24433/
CO.2739452.v3 (ref. 84).
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Extended Data Fig. 1 | Successful model solutions and observational 
constraints of seawater ion concentrations. Constraints used to select solutions 
are shown in yellow37. The mid-50% and mid-90% ranges of successful solutions 
are shown in dark blue and light blue, respectively, with solid lines indicating 

the medians. A total of 145 successful solutions were analyzed. (a-l) Evolutions 
of seawater concentration of [Na+], [Cl−], [Mg2+], [Ca2+], [K+], [Fe2+], [SO4

2−], [OH−], 
[NH4

+], [HS−], [CO3
2−], and [HCO3

−], respectively. The posterior distribution of 
CaCO3 saturation factor in oceans is shown as an inset within panel (D).
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Extended Data Fig. 2 | A posteriori distributions of crustal evolution 
parameters, based on ~300, ~300, and 145 successful Monte Carlo solutions 
from stages 1, 2, and 3, respectively. Distributions from stages 1, 2, and 3 are 

shown in green, blue, and red, respectively. (a) Initial recycling rate, (b) present-
day recycling rate, (c) decay constant for crustal recycling, (d) decay constant for 
crustal generation, and (e) onset time for crustal formation.
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lines indicating the medians. A total of 145 successful solutions were analyzed. 
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