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Introduction: The source of volatiles to the Earth
has been attributed to 1) incorporation of hydrous ma-
terial during planetary growth (e.g., pebble accretion);
2) late accretion of carbonaceous chondrites and 3)
nebular ingassing directly from the primordial nebula.
In this contribution, we build on our earlier work [1] to
estimate the amount of water and noble gases that were
introduced by ingassing in the presence of the solar
nebula and subsequently by late accretion.

If the Earth reached more than ~27% of its present
size before dissipation of the nebula, a high-pressure
and high-temperature atmosphere would have devel-
oped. Our estimates, building on previous work [2, 3]
suggest surface temperatures that would have exceed-
ed the melting point for an ultramafic composition and
pressures in excess of 200 bars (Fig. 1).
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Fig. 1 Calculated peak temperature and pressures the
Earth’s surface in the presence of a nebular atmosphere.

The amount of H, and H,O that were ingassed are
a function of the oxygen fugacity (f(O2)) at the atmos-
phere-surface interface, the duration of the solar nebu-
la and the accretion rate for the Earth. We assume for

these calculations that the solar nebula survived to ~ %2
the time for Earth accretion (e.g., 5 My and 10 My,
respectively). The calculated amount of hydrogen
ingassed exceeds 6 ocean equivalents H,O at ITW-1
(Fig. 2). Implicit in these calculations is that even after
the dissipation of the solar nebula, the accreted atmos-
phere of the Earth would still take millions of years to
dissipate.
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Fig. 2. Amount of total hydrogen ingassed for an f(O2)
of IW-1.

Similar calculations can be made for the noble gas-
es. The amount of ingassed 3He is over 700 times the
present-day estimates. This result is compelling evi-
dence for a strong ingassed component. Other ideas for
ingassed He include late delivery, but once the Earth
reached 27% of its present size, impactors would be
completely volatilized [4]. It is difficult to envision
how volatilized He in a thin atmosphere could be in-
corporated into the deep mantle.

In contrast to the light rare gases, our calculations
show that ingassing results in far less incorporation of
the heavy noble gases Kr and Xe than what is thought
to exist in the Earth today. Ingassing leads to an excess
of He, Ne and Ar, and a deficit of Kr and Xe (Fig. 3).
A semilogarithmic plot of (ingassed/present-day) con-
centrations of noble gases vs. the atomic mass shows a
linear decrease for the three lightest noble gases. The
linear fit is expected based on models of hydrodynam-
ic escape [5] with the 0 intercept giving an m¢ value of
~48, representing the mass above which hydrodynamic
escape is negligible. The heavier rare gases require a
late addition. We find that late addition of 1.3% CI
chondrite precisely explains the deficit of Kr and Xe.
The late addition would not add appreciably to the
lighter rare gases, as they would tend to be lost to
space.
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Fig. 3. Ratio of amount ingassed No to present-day ter-
restrial abundances (N) of noble gases. The light gases
have a linear semi-log relationship consistent with sig-
nificant hydrodynamic escape. The heavier gases require
late addition of ~1.3 wt % chondrites.

Loss of H, gas will also occur once the atmosphere
has eroded away. H; loss is a very effective method of
raising the f(O,) of the magma ocean [6]. A loss of less
than 1 ocean equivalent will raise the f(O2) from IW-1
to FMQ (Fig. 4).

There are numerous geochemical studies that sup-
port the idea of significant nebular ingassing. The
20Ne/*>Ne ratios of mantle plume sources match the
solar nebula [7] and anomalously low D/H ratios from
primitive plume sources are thought to represent pri-
mordial ingassing of nebular hydrogen [8]. Heavy rare
gases also require a nebular component [9].
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Fig. 4. Oceans of water remaining after Hz loss as a
function of rise in f(O2) from an initial value of IW-1
(101267). The f(O2) buffer becomes strong close to
QFM (10%%) due to the rapid increase in Fe®*. The
total amount of hydrogen ingassed at IW-1 is given at
an f(O2) of 101267,

Previous authors have suggested that the amount of
ingassed volatiles is related to planetary size by a pow-
er function of the 3" to 4% order [2, 3]. We find a simi-
lar relationship which leads to several important con-
clusions. First, the temperature of the Martian surface
never exceeded the melting point of an ultramafic
composition, so ingassing would not have occurred on
Mars. Second, a planet that was even 2 times the size
of Earth would have more than 10 times the amount of
ingassed water. Under such conditions, the planet
would be a ‘water world’ with ocean depths exceeding
100 km. Under such conditions, there would be no
continental erosion, nutrient fluxes into the ocean
would be greatly reduced and development of ad-
vanced life would likely be greatly curtailed. As a re-
sult, search for advanced life in exoplanets should fo-
cus on planets in the Earth-size range.
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