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Abstract: The time at which surface conditions favorable for prebiotic chemistry were established 

on Earth remains debated. Following magma-ocean solidification, high atmospheric pressure 20 

modulated the release of water from Earth’s primary crust. Here, we model the coupled formation 

of early oceans and felsic crust under these conditions. Our calculations show that a hydrated 

primary crust forms, resulting in shallow oceans and enabling felsic magmatism. Together, this 

facilitated the emergence of land and established environments conducive to prebiotic chemistry, 

such as lakes and lagoons, rapidly after magma-ocean solidification. We propose that a planet’s 25 

initial water content and the interactions between the atmosphere and geosphere governs the 

emergence of habitable surface environments on early Earth and, potentially, rocky exoplanets. 
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Main Text:  

The nature of Earth’s surface environment following magma ocean solidification remains poorly 

constrained, hampering our understanding of the conditions under which life emerged. Any model 

for the origin of life requires liquid water as a central element for prebiotic chemistry (1, 2). 

Proposed environments for life's origin range from deep-water settings such as submarine 5 

hydrothermal vents (3, 4) to shallow-water settings like ponds and lakes (5, 6). However, deep 

water bodies can represent an impediment to the concentration of organic compounds necessary 

for the efficient production of the building blocks of life (5, 6). Consequently, constraining how 

and when oceans and emerged land formed during Earth’s first billion years is central to 

understanding the conditions that led to the emergence of life (1, 7, 8). In this context, an important 10 

but underexplored factor is the interaction between magmatism and the atmosphere after magma 

ocean solidification. 

Earth’s secondary atmosphere formed through the release of volatiles from the mantle during 

magma ocean solidification (9). Current models suggest that once the magma ocean solidified, the 

atmosphere was CO2-rich, H2O-poor (10–13) and dense, reaching pressures between 100 and 300 15 

bar (11, 13). At this stage, the mantle’s water concentration is estimated to have ranged between 

500 µg/g and 4000 µg/g (10, 14–16), equivalent to 2 to 15 present-day ocean masses (14). Once 

the magma ocean surface cooled below its solidus, the deeper mantle remained partially molten, 

allowing melt extraction and eruption to form a primary crust (17, 18). Because volatile solubility 

in magmas depends strongly on pressure (19, 20), atmospheric pressures of 100 to 300 bar 20 

suppressed water degassing from erupted magmas (17), potentially creating a global reservoir of 

hydrous mafic crust. Constraining the water budget of this early crust is critical because it exerts a 

first-order control on the evolution of Earth’s surface environment and the production of felsic 

crust (21). Crustal water content regulates the quantity of water released to the atmosphere that 

subsequently condenses as seawater (17). Furthermore, partial melting or fractionation of hydrous 25 

mafic lithologies generates buoyant felsic rocks, such as granitoids, which promote topographic 

relief and emergence of subaerial land (21–23). 

Water content of the primary crust and its implication for granitoid formation 

Water content of mantle-derived melts 

Mantle melting is governed by the mantle geotherm and the peridotite solidus. Before the 30 

solidification of the magma ocean, the asthenospheric temperatures remained higher than the 

mantle solidus over a depth interval that depends on the mantle potential temperature and the water 

content of the mantle (24–26) (Fig. 1a, Fig. 1b). The presence of water enhances melt production 

by substantially depressing the peridotite solidus (27, 28), triggering initial melting at significantly 

higher pressures than under dry conditions (Fig. 1c, Fig. 1d). Because H2O behaves as a strongly 35 

incompatible element during partial melting of the mantle (29), it partitions preferentially into the 

primary mafic melt phase during early low-degree melting at depth. The ascent of these melts 

resulted in the transfer of water from the mantle toward the Earth’s surface. 

Using a Monte Carlo approach, we simulate the partial melting of the mantle and its impact on the 

water content of the primary crust, by sampling eight parameters (Supplementary Materials, Fig. 40 

S1, Table S1). Sensitivity tests (Fig. S2) identify two parameters that exert a primary control on 

the volume of mafic magma produced and its water content: (i) the initial water content of the 

mantle and (ii) mantle potential temperature. We therefore sample these two parameters from 

uniform distributions that cover the plausible range of parameters reported for early Hadean 

conditions, (500 to 4000 µg/g for mantle water content (10, 14–16) and 1600 to 2000 K for mantle 45 
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potential temperature (24–26). We further assume a fixed conductive lid thickness (i.e. lithosphere) 

of 32 km (approximately 1 GPa), corresponding to the midpoint of the 16 to 48 km (approximately 

0.5 – 1.5 GPa) range proposed for the early Hadean (30). Materials for conductive lid thicknesses 

of 16 and 48 km (Fig. S3, Fig. S4) are presented in the Supplementary Information, showing that 

varying the lid thickness within this range does not significantly affect our results. 5 

We calculate the thickness of the mafic crust assuming that melt is extracted from the mantle if 

the melt fraction is above a connectivity threshold of 0.03 (31). The simulations show that the 

depth range from which mafic melts are extracted increases with water content of the mantle and 

mantle potential temperature (Fig. 2a). Additionally, while the mantle potential temperature 

controls the thickness of the mafic crust, its water content is almost entirely controlled by the initial 10 

water content of the mantle (Fig. 2a). The volume of melt extracted from the mantle is equivalent 

to a global layer from 8 to 57 km thickness, with a median of 28 km (Fig. 2b, Fig. S3). Our 

simulations furthermore show that primary mafic mantle melts contain mostly between 0.4 and 2.3 

wt.% H2O, with more than 50% of the simulations yielding water content above 1.35 wt.% (Fig. 

2c, Fig. S3). Assuming that melts ascending from the mantle retained all their water during 15 

emplacement, the primary crust could have contain up to 1.5 times the present-day ocean volume. 

Granitoid formation 

The result that these primary mantle melts contain a substantial amount of water has important 

implications for the formation of felsic lithologies like granitoids very early in Earth’s history, as 

the key prerequisite for their generation is the presence of H2O in the mafic melt or crust (21, 32) 20 

(Fig. 3a, Fig. S4). Dissolved water alters the phase equilibria of cooling melts, by lowering its 

liquidus temperature and strongly suppressing the early crystallization of plagioclase relative to 

hydrous ferromagnesian silicates like amphibole, resulting in a relatively strong enrichment of 

Al2O3 and SiO2 in the residual melt (33, 34). Experimental studies show that fractional 

crystallization of mafic melts (35, 36) and partial melting of mafic crust (32, 33) can produce 25 

between 10 and 30 wt.% felsic melts (above 60 wt.% of SiO2) when the parental material contains 

more than 0.5 wt.% H2O (Fig. S5, (33, 34)). The transformation of 10 to 30% of the primary mafic 

mantle melt into felsic crust produces 10 – 40% of the modern felsic crust if the mantle contains 

500 µg/g H2O and 30 – 80% if it contains 4000 µg/g H2O (Fig. 3b, Fig. S4). 

Previous models have considered the production of felsic rocks to require a water-poor mafic crust 30 

to first undergo hydrothermal alteration and enrichment in H2O by seawater, followed by burial to 

pressures and temperatures sufficient for partial melting (21). Our calculations instead suggest that 

mafic melt extracted from the mantle, already contained sufficient water to form abundant felsic 

rocks either by fractional crystallisation or partial melting just after magma ocean solidification 

(Fig. 3a, Fig. 3b, Fig. S4, (33, 34)). This remains the case even if mantle melts lost part of their 35 

water to the atmosphere during eruption and crust formation, as the erupting melts would have 

retained more than 0.7 wt.% H2O at atmospheric pressures that were estimated to exceed 100 bar 

at the end of the magma ocean (11, 13, 20).  

 

Depth of the first oceans and the likelihood for emerged land 40 

Formation of first oceans 

Once the surface conditions permit the existence of liquid water, ocean volume is controlled by 

the mass of H2O extracted from the mantle by ascending melts and ultimately released to the 

atmosphere by magmatism (9, 17). The condensation of this degassed magmatic water into liquid 
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oceans further requires that surface temperatures are below the critical point of water under a dense 

CO2 atmosphere (300 – 600 K) (9, 37). The efficiency of the transfer of H2O from the crust to the 

atmosphere depends on the modality of magma emplacement and atmospheric pressure. In a 

scenario where crust forms through the progressive accumulation of surface lava flows (e.g., a 

heat-pipe Earth; (38)), high atmospheric pressure suppresses water release from the magma 5 

because of the dependence of water solubility on pressure (11, 13). Thus, basalts cooling at the 

surface would have retained up to 1.2 wt.% and 0.7 wt.% H2O for atmospheric pressures of 300 

bar and 100 bar, respectively (20). On the other hand, magma emplaced at depth undergoes 

crystallization-induced degassing (39, 40), which would have maximised H2O release during 

solidification. Under these conditions, H2O is chiefly released to the atmosphere with only minor 10 

amounts retained in hydrous mineral phases (e.g., hornblende). 

Using the calculated volume and water content of the residual melts extracted from the mantle 

(Supplementary Materials, Fig. 2, Fig. 3a), we compute the global equivalent volume of surface 

water that could form under three end-member emplacement scenarios: (i) all melt erupts at the 

surface under atmospheric pressures of 100 bar; (ii) 300 bar (“heat-pipe Earth”), and (iii) all melt 15 

is emplaced and crystallizes at depth (“all-intrusive”). Conservatively, for this last case, we 

consider that the water bearing mineral hornblende makes up 10 wt.% of the solidified mineral 

assembly (34, 41). 

Considering the wide range of conditions explored by our Monte Carlo simulations, including 

variations in initial mantle H2O content, mantle potential temperature, atmospheric pressure, and 20 

melt emplacement mode (eruption at the surface versus crystallization at depth), we find that most 

simulations produce less than 50% of the modern ocean volume (Fig. 3c, Fig. 3d, Fig. S6). When 

mantle melts erupt at the surface (heat-pipe Earth scenarios), the median value of the surface water 

volume is 16% and 2% of modern ocean volumes, corresponding to ocean depths of about 450 

meters and 60 meters (Fig. 3d, Fig. S7) for atmospheric pressure of 100 and 300 bars, respectively. 25 

In contrast, melt crystallization at depth within the crust (all-intrusive scenarios) allows for larger 

surface water volumes. Across the explored parameter space, the amount of surface water exceeds 

50% of the present-day ocean volume for initial mantle H2O contents above around 0.22 wt.% 

(Fig. 3c, Fig. S6). Importantly, our results for the “all-intrusive” scenario provide maximum 

estimates of the water that can be released to the atmosphere because previous studies considering 30 

a wider range of parameters suggest that magma emplaced at depth can retain more water than 

assumed in our model (40). 

Implications for emerged lands and prebiotic chemistry 

Whether land emerges under these water inventories depends on the topographic relief of the 

primary crust. Isostatic calculations for early Earth conditions indicate that a purely mafic crust 35 

could sustain ~1000 m of topographic relief, which increases up to 5000 m in the presence of larger 

amounts of felsic crust (22). This increased relief stems from the density contrast between the  

felsic blocks (2650 – 2700 kg/m3)(42) and the surrounding mafic crust (3000 kg/m3)(42). The low-

density felsic nuclei resist gravitational recycling and can thus become locally concentrated in the 

upper crust, which increases regional isostatic elevation and promotes the emergence of 40 

landmasses above sea level. Furthermore, where simulated primary mafic crustal thicknesses 

exceed 30 km, the deepest crustal levels would undergo high-pressure phase transformations into 

dense (3400 kg/m3) garnet amphibolite or eclogite (42, 43). Lower-crustal delamination or drip 

recycling of these dense residues back into the mantle would selectively preserve the less dense, 

felsic-to-intermediate upper crust, further enhancing the topographic relief. 45 
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Therefore, our results show that the likelihood of emerged land following magma ocean 

solidification does not depend strongly on the formation processes of the primary crust. If the 

primary crust formed predominantly through volcanism, the relatively low ocean volume we 

calculate, corresponding to a surface water layer less than 1000 meters deep, implies that emerged 

land would have developed with high probability shortly after magma ocean solidification (Fig. 5 

3d). In the “all-intrusive” scenario, as the volume of surface water and the volume of felsic crust 

are both positively correlated with the initial water content of the mantle, our results suggest that 

deeper oceans go together with more felsic crust (Fig. 3b, Fig. 3c). Therefore, the increase in 

crustal relief associated with the presence of voluminous felsic rocks allows emerged land to 

persist even with higher surface water volumes (22). Overall, our results indicate that emerged 10 

land was likely present just after the solidification of the magma ocean.  

A corollary of our results is that most of our simulations produce surface water volumes that are 

lower than the modern surface water inventory (Fig. 3c, Fig. 3d). This implies either external 

addition of water since the Hadean or progressive mantle degassing to reach the modern surface 

water volumes. Recent H and N isotopic mass-balance calculations suggest that late-accreted 15 

external material, such as Ivuna-type carbonaceous chondrites, contributed less than 15% of 

Earth’s surface water inventory (16). This implies that progressive transfer of water from the 

mantle to the surface was likely the dominant mechanism driving an increase in ocean volume 

over time. This transfer may have accelerated as atmospheric CO2 concentrations, and thus 

atmospheric pressure declined through silicate weathering, allowing more water to degas from 20 

mantle-derived magmas. The drawdown of CO2 could have thus established a positive feedback 

loop: early subaerial exposure of felsic and mafic crust accelerates silicate weathering, which traps 

atmospheric CO2 into carbonates (44). The resulting drop in total atmospheric pressure 

progressively lowers the solubility threshold for magmatic water in subsequent volcanic pulses 

(17, 19), enabling more water to degas and increasing ocean depth. Whether this led to a sufficient 25 

increase in ocean volume to submerge at one point the existing land or not is debated (45, 46). 

However, it has been shown that reducing atmospheric CO2 from 200 to 100 bar likely took more 

than 100 Myr (17). Thus, shallow oceans and emerged land persisted long after magma ocean 

solidification, providing an environment that enabled wetting-drying cycles in shallow water 

bodies, which are thought to be essential for polymerization of pre-biotic molecules (5, 6, 47).  30 

This approach can be transferred to explore the potential of exoplanets to harbor favorable 

conditions for prebiotic chemistry as the volatile content of telluric planets is progressively 

becoming accessible through the observations of their atmospheres when transiting their stars (48). 

The water content of telluric exoplanets and slightly larger objects known as “sub-Neptunes” is an 

intense area of studies (49). Volatile species could be directly detected through the study of the 35 

outgassing atmosphere from the surface magma oceans of hot rocky planets (50) or the primordial 

gas envelopes of temperate rocky worlds (51). These distant planets could thus ultimately provide 

precious comparative cases helping us put Earth in perspective and understanding its evolution 

toward habitable conditions. 

More broadly, our findings highlight the importance of the initial volatile inventory of planets and 40 

early atmospheric evolution in regulating the presence of surface water and, consequently, the 

emergence of habitable environments. Therefore, a planet primordial volatile budget and the 

continuous exchange between its early atmosphere and its solid interior may serve as the first-

order control that ultimately sets telluric worlds on the pathway toward habitability. 
 45 
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Fig. 1. Pressure–temperature thermodynamic diagrams mapping the intersection of the 

Hadean mantle geotherm and the wet solidus across varied parameter spaces. Red curves are 

calculated mantle geotherm profiles. Blue curves are wet solidus. Panels (a) and (b) illustrate the 

impact of mantle potential temperature (Tp) on the geotherm slope and the resulting melt fraction 5 

(F). Panels (c) and (d) demonstrate the effect of variable initial mantle water content. Complete 
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thermodynamic equations and parameters are provided in Methods (Supplementary Materials) and 

Table S1. 

 

Fig. 2. Monte Carlo simulation outputs. Panel (a): Predictive petrological abacus mapping 

partial melting behavior as a function of mantle source initial H2O content (x-axis) and mantle 5 
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potential temperature (Tp; y-axis) at a lithospheric pressure boundary of 1 GPa. Results for 

lithospheric pressures of 0.5 and 1.5 GPa are shown in Fig. S3.  The background color gradient 

denotes the maximum depth of melting (km). White solid contours delineate the calculated 

thickness of the extracted mafic melt layer (in km; a proxy for mafic crustal thickness), while cyan 

dashed contours indicate the resulting water concentration within the generated melt (wt.%). 5 

Thermodynamic melting parameterizations are adapted from ref. (27) and calibrated for Hadean 

mantle conditions (Supplementary Materials). Panels (b) and (c): Kernel density estimation (KDE) 

plots illustrating the overall probability distributions, median values (dashed lines) and 90% 

confidence intervals (dotted lines) for the thickness of the primary crust (b); and its bulk H2O 

concentration (c), extracted across the entire suite of Monte Carlo simulation runs. 10 

 

Fig. 3. Water content of mafic melts, felsic crust production and ocean volumes as function 

of mantle initial water content. Violin plots illustrate probability distributions from Monte Carlo 

simulations; dashed lines indicate the median and the 25th and 75th percentiles. Results are shown 

for a lithospheric lid pressure of 1.0 GPa, those for 0.5 and 1.5 GPa are given in Fig. S4. Panel (a): 15 

Water content of primary mafic melts extracted from the mantle as a function of initial mantle 

water content (500 – 4000 µg/g). Panel (b): Generated felsic crust volume expressed as a 

percentage of modern continental crust volume (% Modern Continental Crust; left axis) and 

equivalent global layer thickness (GEL, meters; right axis). Light pink violins represent a 

conversion efficiency of 10% felsic melt production, whereas dark red violins represent a 30% 20 

yield. Panel (c): Calculated Ocean volume (% Modern Ocean; left axis) and equivalent global layer 

ocean thickness (GEL, meters; right axis) under an all-intrusive (plutonic) scenario where melts 

crystallize in the crust, assuming 10 wt.% residual amphibole retention. Panel (d): Calculated 

Ocean volume (% Modern Ocean; left axis) and equivalent global layer ocean thickness (GEL, 
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meters; right axis) under a heat-pipe scenario where all melts erupt at the surface under a 100 or 

300 bar atmospheric pressure. 
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Materials and Methods 

Parametrization of Hadean mantle melting 

To evaluate the generation of the primary basaltic crust, we simulate partial melting of a primitive, 

volatile-rich Hadean mantle. Melting of this primitive mantle was parametrized following the 

method and equation of ref. (27), which describes melt fraction as a function of pressure, 

temperature and bulk water content. 

Melting occurs where the geotherm exceeds the solidus temperature. To account for the extreme 

thermal regime of the early Earth following magma ocean crystallization, the geotherm (Tgeo) is 

parameterized under high-temperature Hadean conditions (26) using the mantle potential 

temperature (TP = 1600 – 2000 K; (24 – 26)), surface temperature (Tsurf = 300 K; (52)), and 

pressure at the base of the lithosphere (Plith ) of 0.5  to 1.5 GPa (30). Within the shallow conductive 

lithosphere (P < Plith), temperature increases rapidly via non-linear scaling across a thin lid 

anchored to Tsurf (53). Beneath the lithosphere (P > Plith), the profile transitions into a hot, 

convective mantle adiabat governed by TP and the adiabatic gradient parameter α (54): 

 

(1)   Tgeo(P) =

{
 

 
Tsurf + (Tp − Tsurf)√

P

Plith

, for P ≤ Plith

Tp exp[α ⋅ (P − Plith)] , for P > Plith

 

Where P is pressure in GPa and temperatures are in Kelvin. We parametrize the baseline solidus 

temperature for a rigid, pristine dry peridotite mantle (Ts
dry) across two distinct pressure regimes 

to account for high-pressure phase transitions and mineral compressibility (27): 

 

(2)   Ts
dry(P) = {

(1085 + 132.9P − 5.1P2) + 273.15, for P < 5.0 GPa

(1622 + 65(P − 5.0)) + 273.15, for P ≥ 5.0 GPa
 

The presence of dissolved water in the mantle depresses the peridotite solidus (27). The effective 

reduction in the solidus temperature (∆Ts) driven by the initial mantle volatile concentration (XH2O) 

is governed by a non-linear power law capped at a maximum depression parameter (K; (27)): 

 

(3)   ΔTs = K ⋅ XH2O
        0.75 

 

As the partial melts are extracted, the remaining mantle residue becomes progressively more 

refractory (depleted in incompatible and volatiles). To account for progressive mantle depletion 

during melt extraction, the effective solidus temperature (Ts
eff) is shifted upward as a function of 

cumulative extracted melt fraction (Fcumulative), regulated by the depletion coefficient γ (γ = 200 – 

400 K; (27)): 

 

(4)   Ts
eff(P, XH2O, Fcumulative) = Ts

dry(P) − ΔTs + γ ⋅ Fcumulative 

 

The melt fraction (Fi) generated at any localized pressure step (Pi) is controlled by the thermal 

excess above the solidus relative to the liquidus, parametrized by a power law exponent β (27): 



 

 

3 

 

(5)   Fi = {
(
Tgeo(Pi) − Ts

eff(Pi)

Tl(Pi) − Ts
eff(Pi)

)

β

, for Tgeo(Pi) > Ts, eff(Pi)

0, for Tgeo(Pi) ≤ Ts, eff(Pi)

 

where Tgeo(Pi) is the local mantle geotherm, Ts
eff(Pi) is the effective wet solidus temperature, and 

Tl(Pi) is the peridotite liquidus temperature at pressure Pi. 

The total column thickness of primary mafic crust (hmafic) generated per simulation iteration is 

calculated by integrating the melt fraction over depth, considering a melt extraction threshold 

(Fextract = 0.03; (30)): 

 

(6)   h
mafic

= ∫max(F(z) − Fextract ,   0) dz 

 

The mean water concentration of the primary mafic melt phase (Xmelt, in wt.%) is calculated by 

integrating over pressure, assuming a constant mineral-melt partition coefficient for water DH2O = 

0.01; (29)): 

(7)   Xmelt =
1

∫ FdP
∫ [(

XH2O

F(P) + DH2O(1 − F(P))
) ⋅ F] dP 

 

where XH2O is the initial bulk mantle water content of the mantle, and F(P) the melt fraction at a 

pressure P. 

 

Monte Carlo simulations 

To explore the range of plausible Hadean conditions, Monte Carlo simulations were performed 

over key parameters, including mantle potential temperature (Tp; 1600 – 2000 K, (24 – 26), bulk 

mantle water content, lithosphere thickness (500 – 4000 µg/g, (10, 14 – 16), melt productivity 

exponent (β), water partition coefficient (DH2O), adiabatic gradient (α), melt extraction threshold 

and coefficient of depletion feedback (γ) (Table S1). A total of 100,000 simulations were 

performed to generate statistical distributions of melt fraction, melt column thickness and melt 

water content (Fig. S1). Global sensitivity analysis was conducted using correlation metrics to 

identify the dominant controlling parameters (Fig. S2). Mantle potential temperature and bulk 

water content exert primary control on melt productivity and melt hydration. Based on these 

results, simplified predictive diagrams (abacus) showing melt column thickness, melt hydration 

and depth of initial melting were constructed as a function mantle potential temperature and bulk 

water content for lithospheric pressures of 1 GPa (Fig. 2), as well as 0.5 and 1.5 GPa (Fig. S3) 

with all other parameters fixed at representative values (Table S1). 

 

Felsic Crust Volumes 

To estimate the generation of felsic crust via partial melting of the hydrous mafic crust or 

differentiation of the mafic mantle melt, we parametrize the felsic crust thickness (hfelsic, GEL) as 

a function of mafic crust thickness (hmafic) and fractional conversion efficiency (𝜖fc): 

 

(12)  hfelsic = hmafic ⋅ ϵfc 
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where hmafic is the mafic melt layer (see equation 6) and 𝜖fc provides the fraction of felsic melt 

that can be obtained by partial melting or differentiation of the mafic melt. 𝜖fc was varied 

between a minimum of 0.10 and a maximum of 0.3 (Fig. S5, 33, 34). 

To convert layer thicknesses into a volume expressed as a percentage of modern felsic crust, the 

calculated thickness is integrated over Earth’s surface area (SEarth): 

 

(13)   Felsic Crust Volume (% Modern) = (
hfelsic ⋅ SEarth

Vfelsic, modern

) × 100 

 

where Vfelsic,modern = 7.20 ⋅ 109 km3 and SEarth = 5.10 ⋅ 108 km2. 

 

Ocean Volumes 

The absolute volume of water available to build early oceans is calculated by tracking volatile 

extraction during mantle melting and subsequent outgassing. To convert the mass fraction of water 

dissolved in the parental melt into a physical water layer, we use the thickness of mafic melt (or 

primary mafic crust) and its water content: 

(8)   hwater = hmafic ⋅ (
Xmelt
100

) ⋅ (
ρcrust

ρwater

) =  hmafic ⋅ Xmelt ⋅  𝒞 

 

where 𝒞 is the scaling factor, ρcrust is the density of the primary mafic crust (3000 kg/m3) and ρwater 

is the density of liquid water (1000 kg/m3). This scaling tracks the Global Equivalent Layer (GEL) 

surface water height (hwater) if the magmatic water mass was fully degassed at the surface. 

Water extraction is dependent on the emplacement scenario of the mafic melt, i.e., either extrusive 

or intrusive (melt crystallized at depth). Under a purely extrusive regime (e.g., a heat-pipe Earth; 

(38)), melts erupt at the surface, trapping water in the erupted glass. The atmospheric pressure 

exerts a primary control on how much water can be dissolved in the melt. This saturation threshold 

under a high atmospheric pressure is defined as Xsat = 0.071 ⋅  √Patm; i.e., 0.71 wt.% and 1.23 

wt.% of H2O under a 100 and 300 bar atmosphere respectively (11, 13). The GEL height of water 

degassed under the heat-pipe Earth scenario (hwater, heat-pipe) is then a function of the water that is 

dissolved in the melt and the saturation threshold: 

 
(9)  hwater, heat-pipe = max(0, Xmelt − Xsat) ⋅ hmafic ⋅ 𝒞 

 

In the case where one assumes that all the melt crystallizes at depth (“all-intrusive” scenario), the 

GEL height of water degassed (hwater, intrusive) is governed by the volatile retention capacity (Xret): 

 
(10)  hwater, intrusive = max(0, Xmelt − Xret) ⋅ hmafic ⋅ 𝒞 

 

The volatile retention capacity is controlled by the crystallization of hydrous minerals. Here, we 

defined Xret as 0.20 wt.% H2O, assuming that the intrusive rock consists of 10 wt.% of hornblende 

with a water concentration of 2 wt.%. 

Global equivalent layer heights can be converted to a percentage of modern ocean volume, using 

a standard reference for the modern ocean GEL of 2700 m (55): 
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(11)  Ocean Volume (% Modern) = (
hwater

2700
) × 100 
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Fig. S1. 

Monte Carlo simulation outputs. Left panels display melt fraction, water content of the melt and 

melt layer thickness (top to bottom) for fixed parameters (Table S1) and varying mantle potential 

temperature (Tp) and mantle source initial water content. Right panels display the result of 100,000 

simulations with all parameters varying. 
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Fig. S2. 

Global Sensitivity Analysis. The three panels display the correlation between the different 

parameters (Monte Carlo simulation inputs) and mafic layer thickness, melt fraction and water 

content of the melt (from left to right). 

 

  



 

 

8 

 

 

Fig. S3. 

Monte Carlo simulation outputs for a lithospheric pressure of 0.5 and 1.5 GPa. Results are 

analog of Fig. 2 from the main text. Panels on the left side shows the predictive petrological abacus 

mapping partial melting behavior as a function of mantle source initial H2O content (x-axis) and 

mantle potential temperature (Tp; y-axis), as well as Kernel density estimates (KDE) for the water 

concentration in the mantle melts and thickness of the primary crust, applying a lithospheric 

pressure of 0.5 GPa. Panels on the right side show the same for a lithospheric pressure of 1.5 GPa. 

The differences in the results between a 0.5 GPa and 1.5 GPa lithospheric pressure are small. 
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Fig. S4. 

Water content of mafic melts, felsic crust production and ocean volumes as function of 

mantle initial water content for lithospheric pressure of 0.5 GPa and 1.5 GPa. Results are 

presented analog to Fig. 3 in the main text. Violin plots illustrate probability distributions from 

Monte Carlo simulations; dashed lines indicate the median and the 25th and 75th percentiles. 
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Fig. S5. 

Crustal water retention as a function of atmospheric pressure (Patm). Monte Carlo simulation 

illustrating retained H2O in the crust under eruptive scenario (heat-pipe) across atmospheric 

pressure from 0 to 500 bar. Retained water is constrained by the pressure-dependent solubility 

limit (black dotted line), defined as the saturation threshold Xsat = 0.071 ⋅  √Patm (11,13). Most 

simulations fall on the solubility limit because the simulated melt has a water content exceeding 

saturation threshold.   
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Fig. S6. 

Compilation of experiments of partial melting of mafic lithologies. Panels show the 

relationship between melt fraction (F, wt.%) and bulk initial H2O content (wt.%) for low-pressure 

(1 – 8 kbar) and high-pressure (10 – 22 kbar). Data are filtered for mafic starting compositions 

(SiO2 < 51.5 wt.%). Color scale shows the melt SiO2 content. Symbol scale displays the 

experimental temperature. Symbol shapes represent experimental data references. Dashed lines 

are linear regression contours representing constant melt SiO2 concentrations.  
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Fig. S7. 

Individual Monte Carlo simulation outcomes. Scattered points show (a) dissolved water in the 

melt, (b) felsic crust volume, (c) ocean volume for plutonic scenario and (d) for heat-pipe scenario. 

Solid curves indicate the median of simulations. 
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Fig. S8. 

Distribution of ocean volume for different scenarios. Indicated are the volumes of surface 

waters shown as percent of modern ocean for (a) heat-pipe scenario at 300 bar atmospheric 

pressure, (b) heat-pipe scenario at 100 bar atmospheric pressure, (c) intrusive with 10 wt.% of 

crystallized hornblende. 
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Table S1. 

Parameters sampled by Monte Carlo and fixed value chosen for further calculations. 

 

 

Parameter Unit Sampling Range Fixed value References 

Mantle water content µg/g 500 - 4000 Elkins-Tanton, 2008; Marty, 2012; Peslier et al., 2017; Piani et al., 2020 

Mantle potentail temperature K 1600 - 2000 Herzberg et al., 2010; Korenaga, 2013; Andrault et al., 2018

Melting exponent β 1.2 - 1.7 1.5 Katz et al., 2003

Adiabatic gradient coefficient α GPa-1 0.005 - 0.018 0.01 Katz et al., 2003

Depletion slope coefficient ϒ K 200 - 400 300 Katz et al., 2003

Water partition coefficient 0.005 - 0.02 0.01 Aubaud et al., 2004; Hauri et al., 2006

Conductive Lid pressure GPa 0.5 - 1.5 1 Marchi et al., 2026

Extraction threshold 0.01 - 0.05 0.03 Vogt et al., 2012
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