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Introduction: Water is thought to be vital for the 

development of plate tectonics because it lowers vis-
cosities in the asthenosphere and enables subduction. 
However, the following issue persists: if water is nec-
essary for plate tectonics, but subduction itself hy-
drates the upper mantle, how is the upper mantle ini-
tially hydrated? Here we present models demonstrating 
that processes associated with magma ocean solidifica-
tion and overturn may segregate sufficient quantities of 
water within the Earth’s upper mantle to induce partial 
melting, produce a damp asthenosphere, and thereby 
facilitate a rapid onset for plate tectonics. 

Model framework: Geochemical studies suggest 
that the Earth likely accreted from chondritic planetes-
imals (see review in [1]) that may have contained up to 
20 wt. % water as evidenced from meteorites [2].  It is 
likely that volatiles were partially retained through 
planet formation and therefore that the majority of 
Earth’s water was acquired during accretion. In addi-
tion to delivering water, the giant impacts of late accre-
tion created magma lakes and oceans [3], which de-
gassed during solidification to produce a heavy atmos-
phere [4].  However, some water would have remained 
in the mantle, trapped within crystallographic defects 
in nominally anhydrous minerals.  

Magma oceans on Earth-sized planets are thought 
to solidify from the bottom-up because the solidus and 
adiabat would intersect at depth [3]. Because the mag-
nesium ion is smaller than that of iron, magnesium is 
preferentially incorporated into mantle silicate miner-
als during the initial stages of magma ocean solidifica-
tion.  The remaining magma ocean liquid is increasing-
ly enriched with dense iron and incompatible elements, 
yielding an unstable mantle profile with density radial-
ly increasing as solidification progresses from the bot-
tom up.  As a result, the solid mantle overturns until it 
reaches a gravitationally stable configuration [3].   

As solidification proceeds from the bottom-up, wa-
ter is preferentially incorporated up to saturation into 
late-crystallizing, dense cumulates that are gravitation-
ally unstable.  During overturn, these relatively water-
rich cumulates sink into the lower mantle (Fig. 1).  
Because lower mantle minerals such as perovskite and 
magnesiowüstite have water saturation limits 10-100 
times lower than upper mantle phases such as olivine 
and pyroxene, sinking cumulates must undergo de-
watering as they enter the lower mantle.   

 
  

 
 
Figure 1: Cumulate mantle density before and after over-
turn for a 2000-km deep terrestrial magma ocean with an 
initial water content of 0.25 wt. % at solidus temperatures 
and a reference pressure of 1 atm. The green highlighted 
area denotes the lower mantle boundary (i.e., the top of the 
perovskite stability zone) where dewatering occurs. 

 
 
Figure 2: Mineral assemblages and relative abundances 
assumed to solidify from a terrestrial magma ocean. 
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We modeled scenarios for terrestrial magma ocean 
solidification and overturn using initial water contents 
spanning from 0.001 wt. % to 5 wt. % and magma 
ocean depths ranging between 250 km and 2800 km 
using the same code as [4,5].  We assumed that the 
mantle solidified via fractional crystallization accord-
ing to specified mineral assemblages (Fig. 2) and that 
water partitioned into nominally anhydrous minerals 
according to their solid-melt partition coefficients up to 
saturation (see [6] for details). Our models variably 
assumed that magma ocean cumulates retained either 
0% or 1% interstitial liquids. 

Following solidification, each modeled cumulate 
layer has a unique composition and water content that 
is tracked by the code.  During overturn, we assume 
that cumulates which sink into the perovskite-
magnesiowüstite stability zone will release all water in 
excess of a defined lower mantle water saturation limit 
of 2.58×10$% wt. %. We obtained this lower mantle 
water saturation limit by assuming a lower mantle 
mineral assemblage of 64% Mg-perovskite, 8% Fe-
perovskite, 8% Ca-perovskite, and 20% magnesio-
wüstite with corresponding water saturation limits for 
these minerals. 

Results and Discussion: We found that magma 
ocean overturn and the dewatering processes are poten-
tially capable of enriching the upper mantle with up to 
~0.1-1 wt. % water, depending on model parameters 
(Fig. 3). Inclusion of interstitial liquids increases the 
amount of dewatering by a factor of <2.  This water 
would remain in the upper mantle and potentially low-
er mantle viscosities, induce partial melting, and create 
a damp asthenosphere. Our results thus predict that the 
presence of a perovskite-magnesiowüstite stability 
zone may facilitate an early onset for plate tectonics on 
>~1 ME Earth-like planets and super-Earths rather than 
the development of a stagnant lid regime (which would 
form on small <0.2 ME bodies as exemplified by the 
Moon, Mars, and Mercury).  However, it is possible 
that subsequent events may cause plate tectonic activi-
ty to cease, as in the case of Venus where it is possible 
that impact devolatilization [7], hydrodynamic escape 
from a runaway greenhouse [8], or planet-wide desic-
cation from forming too close to the sun [9] may have 
dehydrated the mantle.   
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Figure 3: Amount of water released into the upper mantle 
as a result of the dewatering process for magma oceans 
ranging in depth between 250 and 2800 km, excluding 
contributions from interstitial liquids.  (A) Calculated 
water release for initial water contents ranging between 
0.001 wt. % and 0.45 wt. % and (B) initial water contents 
ranging between 1 wt. % and 5 wt. %.  Depicted results 
assumed that cumulates in the top (near-surface) 1% by 
volume of the magma ocean simulations participated in 
magma ocean overturn, although solidification and over-
turn is not directly modeled for this fraction due to its 
unknown mineral assemblage compositions.  The evolu-
tion of this top layer is uncertain but possible outcomes are 
discussed in [10,11]. Therefore, these results represent 
upper limits on the amount of dewatering produced by 
magma ocean overturn. 
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