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The early Earth �s environment is controversi al. Climatic estimates
range from hot to glacial, and inferred marine pH spans strongly
alkaline to acidic. Better understanding of early climate and ocean
chemistry would improve our knowledge of the origin of life and its
coevolution with the environment. Here, we use a geological carbon
cycle model with ocean chemistry to c alculate self-consistent histo-
ries of climate and ocean pH. Our carbon cycle model includes an
empirically justified temperature and pH dependence of seafloor
weathering, allowing the relative importance of continental and sea-
floor weathering to be evaluated. We find that the Archean climate
was likely temperate (0 � 50 °C) due to the combined negative feed-
backs of continental and seafl oor weathering. Ocean pH evolves
monotonically from 6.6 + 0.6

� 0.4 (2� ) at 4.0 Ga to 7.0 + 0.7
� 0.5 (2� ) at the Ar-

chean� Proterozoic boundary, and to 7.9 + 0.1
� 0.2 (2� ) at the Proterozoic �

Phanerozoic boundary. This evolution is driven by the secular decline
of pCO2, which in turn is a consequence of increasing solar luminos-
ity, but is moderated by carbonate alkalinity delivered from conti-
nental and seafloor weathering. Archean seafloor weathering may
have been a comparable carbon sink to continental weathering, but
is less dominant than previously assumed, and would not have in-
duced global glaciation. We show how these conclusions are robust
to a wide range of scenarios for continental growth, internal heat
flow evolution and outgassing history, greenhouse gas abundances,
and changes in the biotic enhancement of weathering.
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Constraining the climate and ocean chemistry of the early
Earth is crucial for understanding the emergence of life, the

subsequent coevolution of life and the environment, and as a
point of reference for evaluating the habitability of terrestrial
exoplanets. However, the surface temperature of the early Earth
is debated. Oxygen isotopes in chert have low‐ 18O values in the
Archean (1). If this isotope record reflects the temperature-
dependent equilibrium fractionation of 18O and 16O between sil-
ica and seawater, then this would imply mean surface temperatures
around 70– 15 °C at 3.3 Ga (2). A hot early Earth is also supported
by possible evidence for a low viscosity Archean ocean (3), and the
thermostability of reconstructed ancestral proteins (4), including
those purportedly reflective of Archean photic zone temperatures
(5). Silicon isotopes in cherts have also been interpreted to infer
60� 80 °C Archean seawater temperatures (6).

Alternatively, the trend in ‐ 18O over Earth history has been
interpreted as a change in the oxygen isotope composition of
seawater (7), or hydrothermal alteration of the seafloor (8).
Isotopic analyses using deuterium (9) and phosphates (10) report
Archean surface temperatures<40 °C. Archean glacial deposits
(ref. 11 and references therein) also suggest an early Earth with
ice caps, or at least transient cool periods. A geological carbon
cycle model of Sleep and Zahnle (12) predicts Archean and
Hadean temperatures below 0 °C due to efficient seafloor
weathering. An analysis combining general circulation model
(GCM) outputs with a carbon cycle model predicts more mod-
erate temperatures at 3.8 Ga (13). Resolving these conflicting
interpretations would provide a better understanding of the
conditions for the origin and early evolution of life.

Ocean pH is another important environmental parameter
because it partitions carbon between the atmosphere and ocean
and is thus linked to climate. Additionally, many biosynthetic
pathways hypothesized to be important for the origin of life are
strongly pH dependent (14� 16), and so constraining the pH of
the early ocean would inform their viability. Furthermore, bac-
terial biomineralization is favorable at higher environmental pH
values because this allows cells to more easily attract cations
through deprotonation (17). Arguably, low environmental pH
values would be an obstacle to the evolution of advanced life due
to biomineralization inhibition (18). Finally, many pO2 proxies
are pH dependent (19� 21), and so understanding the history of
pH would enable better quantification of the history of pO2.

However, just as with climate, debate surrounds empirical
constraints on Archean ocean pH. Empirical constraints are
scant and conflicting. Based on the scarcity of gypsum pseudo-
morphs before 1.8 Ga, Grotzinger and Kasting (22) argued that
the Archean ocean pH was likely between 5.7 and 8.6. However,
others note the presence of Archean gypsum as early as 3.5 Ga
(23); its scarcity could be explained by low sulfate (24). Blättler
et al. (24) interpreted Archean Ca isotopes to reflect high Ca/
alkalinity ratios, which in turn would rule out high pH and high
pCO2 values. Friend et al. (25) argued for qualitatively circum-
neutral to weakly alkaline Archean ocean pH based on rare
Earth element anomalies.

Significance

The climate and ocean pH of the early Earth are important for
understanding the origin and early evolution of life. However,
estimates of early climate range from below freezing to over
70 °C, and ocean pH estimates span from strongly acidic to
alkaline. To better constrain environmental conditions, we
applied a self-consistent geological carbon cycle model to the
last 4 billion years. The model predicts a temperate (0 � 50 °C)
climate and circumneutral ocean pH throughout the Precam-
brian due to stabilizing feedbacks from continental and sea-
floor weathering. These environmental conditions under which
life emerged and diversified were akin to the modern Earth.
Similar stabilizing feedbacks on climate and ocean pH may
operate on earthlike exoplanets, implying life elsewhere could
emerge in comparable environments.
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