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Figure 1 Variations in (a) melt SiO, and MgO contents, (b) olivine
Mg#, and (c) densities of melt and olivine during the fractional
crystallization of dry and hydrous (2% water) magma with a primitive
mantle composition at low pressure (1 bar). Simulations performed using
the pMELTS software'*" indicate that olivine crystallization occurs only
under these conditions. The dashed lines in (a) and (b) represent the
anhydrous system, while the solid lines represent the hydrous system;
tot

Mg#=molar 100xMg/(Mg+Fe™); The values of primitive mantle
composition are from Palme and O’Neill*”!
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Figure 2 Schematic illustration of H,O migration during the early evolution of the Earth. (a) A volatile-rich atmosphere maintained the magma ocean
surface above the liquidus, allowing for a relatively sufficient exchange of H,O between the magma ocean and the atmosphere in the early stage of
magma ocean evolution. (b) The formation of a stagnant lid due to the high surface radiative heat flow largely suppressed the exchange of H,O between
the magma and atmosphere, resulting in the retention of a substantial amount of water in the melt. (c) Heat loss from the Earth due to thermal conduction
and radiation led to the progressive thickening of the stagnant lid from top down, driving H,O to migrate downward and become enriched in the
shallowest part of the residual melt layer and at the base of the adjacent proto-crust. Yellow arrows indicate the direction of H,O migration driven by the
thickening of the proto-crust and the accretion of the solid mantle
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Figure 3 Schematic diagram illustrating the formation of TTG through
aqueous melting at the base of the proto-crust as it thickens and the solid
mantle accretes. L, Formation of low-pressure TTG; M, formation of
medium-pressure TTG; H, formation of high-pressure TTG
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Top-down water enrichment caused by the proto-crust
thickening triggered the first TTG formation
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The Earth is distinguished from other planets by its unique plate tectonics and the presence of an evolved felsic continental
crust. The growth of the continental crust is not uniform, with most of it forming within the first 1.5 billion years of Earth’s
history (i.e., before ~3.0 Ga). The preserved Archean continental crust is primarily composed of greenstones and felsic
rocks such as tonalite-trondhjemite-granodiorite (TTG), many of which were formed between 3.0 and 4.0 Ga or even
earlier. Global plate tectonics likely began in the mid-Archean, raising the question of whether the earliest felsic rocks were
formed in localized plate tectonic settings before the initiation of global plate tectonics or through alternative, non-plate
tectonic mechanisms. Previous models suggest the earliest TTG formation through partial melting at the base of oceanic
plateaus under a stagnant lid regime, but these fail to explain the source of water required for the melting of basaltic rocks.

The early Earth experienced extensive melting, forming a global magma ocean. Once Earth cooled sufficiently for heat
conduction to no longer sustain surface melt temperatures, the silicate melt inevitably solidified, forming a crust. Even with
a thin solid crust forming on the surface of the magma ocean, heat could still be effectively dissipated through conduction
and radiation. The cooling rate of the magma ocean, though rapid on a geological timescale, was quite slow compared to the
crystallization of silicate minerals in basaltic melts. Consequently, fractional crystallization of olivine in the upper magma
ocean could have led to melt differentiation from ultramafic to mafic, forming a mafic proto-crust.

The formation and thickness of the mafic proto-crust significantly altered the way and efficiency of volatile components,
such as water, migrating during the degassing process of the magma ocean. As the proto-crust thickened, its barrier effect
caused the degassing efficiency of the magma ocean to plummet, reducing the rate of magma degassing and ultimately
approaching zero. Due to the extremely high incompatibility of water and other volatile components within solid
substances, once a solid crust forms on the surface of a magma ocean, these components will be expelled from the solid
material and enter the residual magma ocean during the solidification process. Therefore, before the magma ocean
completely solidifies, most of the H,O will remain in the residual melt.

This outward-to-inward cooling and solidification progressively thickened the crust from the top down. As the proto-
crust thickened, the solid-melt interface migrated downward, driving water and other volatiles toward the interior. This
process, combined with the solid mantle accretion from deep to shallow regions, would have concentrated water in the
residual melt, ultimately forming a water-rich layer at the base of the proto-crust. Therefore, during the cooling of the
magma ocean, the “reverse migration” of water due to the thickening of the proto-crust may have sequestered a large
amount of water in the solid Earth, creating conditions for the hydrous melting of the proto-crust to form the earliest TTG.

This mechanism not only explains the high water content required for basaltic proto-crust melting to form felsic magmas
before the onset of plate tectonics but also accounts for the observed transition in the formation pressure of Hadean and
Eoarchean sodic granitoids from low to high over time. Previous researchers found that a significant change in Archean
sodic granitoid composition occurs in the 3.9-3.75 Ga period, corresponding to an increase in formation depth from ~3 km
to 25-50 km. We hypothesize that the hydrous melting triggered by top-down water enrichment caused by the proto-crust
thickening may have mainly occurred during the Hadean and the Eoarchean.

Magma ocean cooling, stagnant lid tectonics, proto-crust thickening, top-down water enrichment, genesis of TTG
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