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Introduction:  The sources of volatiles to the 

Earth are unresolved. Multiple ideas have been pro-
posed for Earth’s hydrogen, incuding direct ingassing 
from the solar nebula [1], late delivery by carbona-
ceous chondrites (the Late Veneer) [2], addition from 
accreting asteroids and comets as Earth was growing 
[3,4], scattering of wet planetesimals onto Earth-
crossing orbits [4] and delivery of small bodies as the 
snow line migrated to 1 AU [5]. High 3He/4He ratios in 
deeply-sourced mantle rocks require a primordial 
source for 3He, either as direct ingassing from a dense 
nebular atmosphere [6,7] or early addition of planetes-
imals that had been irradiated by solar wind from the 
early Sun [8]. All of these models have merits, but 
there are a number of inconsistancies that exist. Here 
we show that nebular ingassing explains much of the 
data and eliminates the inconsistencies inherent in the 
other models. 

The late veneer model has received considerable 
acceptance because it explains the high highly sidero-
phile element (HSE) abundance of the mantle and the 
D/H ratio of  the presumed carbonaceous chondrite 
source matches that of the bulk Earth [9]. However, 
the isotope ratios of some HSEs (187Os/188Os and 
100Ru/101Ru) are similar to anhydrous enstatite and 
ordinary chondrites but not water-rich carbonaceous 
chondrites [10,11]. The late veneer model does not 
explain the high 3He/4He ratio of the primitive mantle, 
making a late veneer C chondrite source problematic. 
The addition of solar-irradiated corposular material 
explains both He and Ne isotope ratios [12], but it is 
hard to envison how He delivered from impacts would 
be incorporated into the growing planet rather than 
being degassed and lost to space. We show that nebu-
lar ingassing is an efficient mechanism for ingassing of 
both H and He as long as the nebula persisted until 
Earth reached ~80‰ of its present size. The subse-
quent degassing of H2 following nebular dissipation 
would raise the f(O2) of Earth’s mantle such that the 
HSEs sourced in the metal component of later impacts 
would dissolve into the mantle, explaining the high 
HSE abundance observed in the mantle today.  

Modeled ingassing and outgassing: Here we use 
a boundary layer model of atmosphere-ocean gas ex-
change to quantify the acquisition and loss of hydro-
gen and helium to a magma ocean from a nebular at-
mosphere during terrestrial planet accretion. Our mod-
el assumes that surface pressure and temperature in-

crease with planet mass to maintain a global magma 
ocean during the nebular atmosphere lifetime, that the 
gas transfer velocity is limited by the solubility and 
age of the magma ocean surface, and that iron species 
control the magma oxidation state. 

For a wide variety of accretion scenarios our pre-
dicted hydrogen ingassing on Earth is several ocean 
mass equivalents, and still more if core sequestration 
occurs (Fig. 1). In addition, Earth would have acquired 
several hundred petagrams of helium-3 from the same 
nebular atmosphere, more than 100 times the present 
day inventory [13]. 

 After the dissipation of the nebula, the drop in at-
mospheric pressure would cause the mantle to be over-
saturated with respect to H2 and degassing into the thin 
proto-Earth atmosphere would occur. Using the same 
modeling approach as for ingassing (loss across the 
surface layer and a ‘surface age’), the total H2 concen-
tration of the mantle would decrease as long as there 
was a continual high rate of bombardment to maintain 
a fresh surface layer (Fig. 2). Loss of H2 would have a 
dramatic effect on raising the f(O2) of the mantle [14]. 
Modeling the f(O2) using the reaction 

    3 FeO + H2O = Fe3O4 + H2 and Fe3+/Fe2+  
in basalt as a proxy for f(O2) [15], we find that a 
Fe3+Fe2+ ratio equivalent to the fayalite-magnetite-
quartz (FMQ) buffer would be reached several million 

 
Fig. 1. Final H2 abundance (in ocean equivalents) from 
nebular ingassing into a magma ocean as a function of 
the average age of the surface layer and duration of ac-
cretion (age of nebula). A mean surface age of 1 year 
and accretion time of 5 Ma will generate 3 ocean equiva-
lents H2. 
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years after dissipation of the solar nebula (Fig. 3). 

Raising the f(O2) of the growing Earth has im-
portant ramifications for the source of mantle HSEs.  
Metal grains delivered by accretion following the f(O2) 
increase would dissolve into the silicate mantle, liber-
ating HSEs in chondritic proportions. The high f(O2) 
of the the mantle would partially or completely oxidize 
iron from the impactor, sourced either as emulsified 
core material from a differentiated body, or discrete 
metal grains from a chondrite impactor. The high HSE 
abundance commonly attributed to the late veneer can 
also be explained by early incorporation of impact 
material into an oxidized mantle. The Moon-forming 
Giant Impact event would result in a larger fraction of 
HSEs being incorporated into the lunar core compared 
to Earth, explaining the HSE discrepancy between the 
two bodies.  

Overall, the model rectifies some of the problems 
with previous models and removes some constraints 
imposed by those models. For example, the D/H ratio 
of nebular-sourced hydrogen is far lower than the pre-
sent-day mantle [16,17] and requires additional com-
ponents of high D/H material [18]. This could be satis-
fied by some combination of chondrites and comets 
[14]. It therefore allows for high D/H ratio comets to 
be a volatile contributor without violating the bulk 
Earth D/H value. The model also does not require car-
bonaceous chondites as the late veneer source, elimi-
nating the Os and Ru isotope ratio discrepancy be-
tween C-chondrites and Earth’s mantle.  

Our model also predicts negligible hydrogen and 
helium-3 ingassing for Mars, but shows that vast 

amounts (tens of ocean mass equivalents of hydrogen) 
are possible during the accretion of super Earth-sized 
terrestrial planets.   
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Fig. 2. Final H2 abundance (in ocean equivalents) assum-
ing that the nebula dissipated at 10 Ma. After that time, 
H2 would be lost from Earth’s mantle by degassing to 
space. Green and yellow diamonds both lead to a final 
f(O2) of FMQ with 2 and 0.4 ocean equivalents addition, 
respectively. The lower water content for the yellow 
diamond is due to continued loss of H2 long after nebualr 
dissipation. 

Fig. 3. Calculated Fe3+/Fetotal ratios of mantle following 
degassing of H2 after nebular dissipation. The FMQ contour 
is shown in red. A mean surface age of ~1 year will raise 
the Fe3+ concentration from zero to 0.05 in several million 
years. Any additional material delivered after this time will 
add HSE to the silicate mantle. 
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