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M Solar neon dissolution into an ultramafic magma ocean
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The solar-like neon isotopic signature of the mantle suggests the presence of a primi-
tive reservoir. Its origin remains a puzzle, though the literature suggests that a pri-
mordial H, and He-rich atmosphere captured from the accretion disk was dissolved
into a magma ocean. Our study investigates how much neon can be incorporated into
the magma ocean based on the basal pressure of such an atmosphere and the neon
solubility in mafic to ultramafic melts (49-34 wt. % SiO, and 9-21 wt. % MgO). The
neon solubility range obtained (3.4 x 107 to 6.5 x 10™> cm® STP g~! bar™!) cannot
match the primitive mantle theoretical neon content in a slow accretion scenario,
demanding either fast accretion or alternative models for neon origin on Earth.

Considering the planetary embryo mass required to accumulate enough neon
(>0.8 times the mass of the Earth), the hypothesis of partial dissolution of the atmosphere into the magma ocean remains difficult

to consider.
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¥ Introduction

Establishing the source of deep mantle Ne is key to understand-
ing the formation of Earth and its primitive atmosphere. The
2Ne/*Ne of the deep mantle (up to 13.03 =0.04; Williams
and Mukhopadhyay, 2019) approaches that of solar wind
(13.36 £ 0.10; Heber et al., 2012); if we consider isotopic frac-
tionation to be limited, then this signature points to the presence
of a primitive reservoir, as is the case for helium isotopes (e.g.,
Kurz et al., 1982). The origin of this solar neon has been assigned
to partial dissolution of a solar-like atmosphere (H, and He-rich)
from the accretion disk into the magma ocean (e.g., Mizuno et al.,
1980; Yokochi and Marty, 2004). However, Jaupart ef al. (2017)
and Olson and Sharp (2019) demonstrated that this model only
dissolves enough neon if the mass of the proto-Earth is adequate
(>0.2-0.3 times the mass of the Earth—Mg,1,) to sustain dense
atmospheres. Additionally, the gas from the accretion disk is
only present, at most, in the first 10 Myr of planetary formation
(e.g., Williams and Cieza, 2011), when the mass of the proto-
planet is modelled to be below 0.2 Mg, in the distance from
the sun where the Earth was formed (Walsh and Levison,
2016; Jaupart et al., 2017). The captured atmosphere scenario
is thus only possible if there was fast accretion, allowing a higher
mass and hence higher atmospheric pressure and ingassing,.

In the Jaupart et al. (2017) model, they employed the solu-
bility of neon in tholeiitic basalts to establish the amount of neon
that could be trapped in the magma ocean from the simulated
atmospheric conditions. Olson and Sharp (2018) demonstrated
that gas solubility is a critical parameter in establishing the volatile
abundances in the magma ocean phase. In this paper, we present
new neon solubility values for a range of silica (49 to 34 wt. %) and
MgO (9 to 21 wt. %) contents, and update the Jaupart et al. (2017)
model by approaching the early Earth magma ocean composition,

which we assume to resemble the theoretical pyrolite composition
(~45 wt. % SiO, and ~39 wt. % MgO; Lyubetskaya and
Korenaga, 2007).

¥ Material and Methods

Experiments were performed on a natural tholeiitic basalt glass
mixed with various fractions of a MgO:Fe,O4 mixture (1:1.25) to
approach ultramafic compositions. The powder was melted at
1400 °C for 3 hr in an open Pt crucible. The resulting dry glass
used on the experiments was grinded (<200 um) in an agate
mortar under acetone. The starting dry glass shows homo-
geneous composition (Table 1). Each experimental run was done
with 0.3 (EXP01 and EXP02) or 1 g of sample loaded in an open
Pt crucible in a horizontal furnace permanently flushed with
1 bar of neon gas, and left for at least 3 hr under ~1400 °C.
The experiments were ended by removing the Pt crucible and
dropping it in water; experiment duration and the composition
of glasses are in Tables 1 and 2. During the experiments, the gas
was introduced via tubes into a closed system ending in a water
container in order to flush out the air and prevent atmospheric
contamination. Our gas is composed of pure neon and our pro-
cedure follows that of Jambon et al. (1986), who demonstrated
that gas composition (i.e. whether pure Ne or mixed with other
gases), pressure and experiment duration do not substantially
affect the neon solubility in basaltic glasses, which follows
Henry’s law under the experimental conditions investigated
here. We conclude that the neon contents we report are repre-
sentative of the solubility of the compositions of interest. Grain
images to detect the presence or not of bubbles and crystals were
obtained using an SEM-EDS under 15 kV accelerating voltage,
60 pum aperture, and at 10 mm working distance; images are
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Table 1 Composition of the starting dry glass and experimental glasses (wt. %). “n" refers to the number of analyses per sample.

Sample (1) SiO, TiO, AlL,O3 FeO MnO MgO CaO Na,O K,O Total
Starting dry glass
CH31-DR12 (10) 49.90 1.28 14.92 9.74 0.16 8.63 12.13 2.06 0.21 99.01
o 0.32 0.09 0.23 0.26 0.05 0.04 0.09 0.06 0.05
Experimental glass
EXPO01 (12) 48.60 1.22 14.81 13.22 0.17 8.63 11.84 1.04 0.11 99.65
o 0.40 0.11 0.23 0.27 0.08 0.10 0.11 0.15 0.03
EXP02 (12) 47.37 1.19 14.19 10.82 0.15 12.01 11.61 1.79 0.19 99.34
IS 0.32 0.12 0.14 0.18 0.07 0.10 0.11 0.04 0.05
EXP03 (15) 46.19 1.16 13.73 13.59 0.13 11.77 11.28 1.83 0.17 99.86
c 0.35 0.07 0.14 0.37 0.06 0.13 0.08 0.04 0.03
EXP04 (10) 41.33 0.99 12.61 16.75 0.12 14.74 10.11 1.59 0.18 98.41
o 0.32 0.07 0.24 0.40 0.08 0.21 0.06 0.06 0.03
EXP04B (12) 42.10 1.06 12.48 17.30 0.12 14.96 10.31 1.66 0.16 100.16
o 0.39 0.04 0.14 0.50 0.08 0.08 0.08 0.04 0.04
EXP05 (10) 39.04 0.98 11.75 18.06 0.10 16.74 9.51 1.49 0.15 97.83
o 0.35 0.10 0.14 0.63 0.07 0.12 0.09 0.05 0.05
EXP06 (12) 35.07 0.87 10.50 22.68 0.10 19.59 8.76 1.42 0.18 99.17
15 0.25 0.07 0.11 0.37 0.06 0.15 0.10 0.05 0.03
EXPO06B (12) 35.42 0.87 10.21 21.98 0.13 19.91 8.83 1.39 0.17 98.91
c 0.47 0.10 0.26 0.71 0.08 0.34 0.34 0.07 0.04
EXP07 (10) 33.77 0.81 9.75 24.06 0.14 20.77 8.84 1.40 0.14 99.69
o 0.19 0.09 0.11 0.54 0.06 0.18 0.07 0.02 0.03

Table 2 22Ne solubility results obtained from 5 grains including the temperature and duration of each experiment performed at 1 bar.

o . 2Ne solubili _ 22Ne solubili
Sample T (°C) duration (hr) (x 104 cm? STP g‘tiybar‘l) o (x107%) ( 105 wt, % bta}llrl)
EXP01 1400 24 3.36 0.26 3.02
EXP02 1400 24 2.92 0.36 2.62
EXP03 1345 4 1.94 0.26 1.75
EXP04 1400 4 1.71 0.25 1.54
EXP04B 1400 3 1.76 0.08 1.58
EXP05 1400 4 1.50 0.08 1.35
EXP06 1400 2 0.95 0.13 0.86
EXP06B 1400 3 0.90 0.10 0.81
EXP07* 1400 4 0.65 0.06 0.59

included in the Supplementary Information. Chemical composi-
tion was obtained with a Cameca SX-Five electron microprobe
under an accelerating voltage of 15 kV, a beam current of 10
nA, counting times of 10 seconds per element and a defocused
beam diameter of 20 um to minimise alkali migration. The calibra-
tion of major elements was performed using the following stan-
dards: albite (Si, Na), TIMnO3 (Mn, Ti), AlL,O3 (Al), FeO (Fe), MgO
(Mg), orthoclase (K), andradite (Ca) and apatite (P). PET analyser
crystals were used for elements with lower energy emissions (K,
Ti, P and Ca), while LiF analyser crystals were employed for higher
energy emissions (Fe and Mn) (Di Carlo et al., 2006). Five grains of
each resulting glass composition were heated, using a laser type
Ytterbium-doped fibre (T'> 1500 °C), analysed on a quadrupole
mass spectrometer (QMS 700) and showed a small standard
deviation (4 to 15 %; Table 2) with blanks contributing up to
1.6 % to the 2*Ne abundance. All procedures were undertaken
at the Institut des Sciences de la Terre d’Orléans (ISTO).
Homogeneous chemical composition and neon content in

Q) EAc

different grains along with the absence of bubbles confirm that
equilibrium was reached. The fact that the Ne solubility data of
the most viscous liquid of our series (basalt) is similar to that of
previous studies (see below) shows that the role of bubbles, which
would be made of pure Ne and thus strongly increase Ne bulk
content, is minor to non-existent.

! Neon Solubility in Ultramafic Melts

As a noble gas, Ne is chemically inert and thus solubility is not
controlled by chemical processes but by weak van der Waals
interactions between the atoms and the silicate melt. The size
of the atoms is the main parameter in this type of physical solu-
bility (e.g., Doremus, 1966), or ionic porosity (e.g., Carroll and
Stolper, 1993), with lighter noble gases displaying higher solu-
bility than heavier ones (e.g., Jambon et al., 1986). The quantity
of noble gas dissolved in the melt is controlled by the partial
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Figure 1 Experimental results (1400 °C, 1 bar of Ne) with best fit
(Eq. 1) and expected solubility value for the primitive mantle (PM;
Lyubetskaya and Korenaga, 2007). Error bars represent the stan-
dard deviation. *Result for the 72 % glass phase. The dashed line
represents the model equation (1) discussed in the text.

pressure of said gas, following Henry’s law. Experimental studies
demonstrated that neon solubility is higher in rhyolites than in
basalts (e.g., Carroll et al., 1994), possibly due to the available
space between SiO, tetrahedra links (Shackelford et al., 1972).
Our results are in agreement with this hypothesis, as ?Ne solu-
bility decreases with SiO, contents, from 3.4 X 10~* cm?® STP g
bar~!in a tholeiitic basalt (49 wt. % SiO, and 9 wt. % MgO) to as
low as 6.5 x 1075 cm® STP g~! bar~! in ultramafic rocks (34 wt. %
SiO; and 21 wt. % MgO) (Table 1 and Table 2, Fig. 1). The result-
ing glasses showed minimal compositional variation and
presence of bubbles (<10 pm), with limited and localised
quenched crystals (EXP06B, Fig. S-1). Only the experiment with
lowest SiO, content (34 wt. %) produced crystals in equilibrium
(EXPO07, Fig. S-2). The neon solubility of this experiment is an
estimation from the glass phase based on a least square mass
balance calculation (Albarede, 1996) between the three phases
produced during the experiment: glass (~72 wt. %), olivine
(~16 wt. %) and spinel (~12 wt. %) crystals. Our result for the
tholeiitic basalt is compatible with the literature (~2.5 to 3.5 X
10~ cm® STP g~! bar™! from 49 to 50 wt. %; Jambon et al.,
1986; Lux, 1987; Iacono-Marziano et al,, 2010), whereas the
results from our experimental ultramafic compositions fall above
the estimates of the Iacono-Marziano et al. (2010) model, which
yields values as low as 6 x 107 cm® STP g~ bar~!. This difference
is likely due to the fact that, although SiO, content is the main
factor in the ionic porosity, the introduction of network modifiers
cations, such as MgQO, can further reduce the interstitial space
and thus noble gas atoms are not accommodated (Shibata et al.,
1998). For simplification, the primitive mantle composition
(PM) we refer to in our model is only based on the SiO, content
(45 wt. %). From the experimental data, we obtain the best fit for
22Ne solubility (s) based on the SiO, content (R*=0.93):

§=3.22 x 1070¢%43%1075i0; Eq. 1

Neon Concentration in the Magma
Ocean

Rough estimates of the current ?Ne content in the upper mantle
are ~1071 cm® STP g~! (Moreira and Kurz, 2013) (~1078 ppm).
Considering that over 99 % of the volatiles degassed from the

mantle (e.g., Allegre et al., 1986), the primitive mantle composi-
tion would approach at least 107 cm® STP g~! for 2Ne (~107°
ppm). Starting with the Jaupart et al. (2017) accretion model,
we can establish the amount of neon that can be captured from
the primitive atmosphere. In this model, the atmosphere sym-
metrically surrounds the embryo following the Bondi radius,
i.e. the region around the embryo that is able to attract gas
and dust particles. We modified this model by removing the
luminosity, as it showed minimal influence, and applied an
upper bound nebula photoevaporation range of 10 Myr, as some
models show the nebula dissipating before 8 Myr (e.g., Ercolano
and Pascucci, 2017), especially if we only consider the inner solar
system and not the whole disk. With our new values of neon
solubility, even lower concentrations are obtained for a melt with
30 to 49 wt. % SiO,. For the theoretical pyrolite composition of
~45 wt. % SiO, (Lyubetskaya and Korenaga, 2007), ??Ne solu-
bility would be close to 2x 107 cm® STP g~! bar~! based on
EXP03 (Table 2) and Equation 1, yielding ~107** ¢cm® STP g™
of dissolved 2Ne for a 0.2 Mg, embryo with 2.0 x 103 bar
atmosphere and ~1.5x 1077 bar ?Ne partial pressure. Our
ranges are lower than the ones from Jaupart et al. (2017), and
thus even less compatible with the 22Ne content estimations
for the primitive mantle. As seen in Figure 2b, only embryos with
over 0.8 Mg, are capable of capturing enough neon in the
magma ocean to reflect the primitive mantle composition.

Our model can be contested on the basis of whether or not
Earth accretion took place in a faster pace, allowing for
>0.2 Mg, to be formed still in the presence of the solar nebula.
If accretion was slow (e.g., ~30 Myr or more to achieve 90 % of
the mass), the nebula gas could not be captured as the mass
would be too low, as would the surface pressure. There is still
debate whether Earth’s accretion took place in the first 10 Myr
or if it extended to ~30 Myr, or more. Hf-W isotopes yield differ-
ent core formation ages depending on the model applied; how-
ever, according to certain authors (e.g., Halliday et al., 1996;
Kleine and Walker, 2017), the two-stage model (~30 Myr; e.g.,
Kleine and Walker, 2017) represents the earliest age of core for-
mation. Nonetheless, it is possible that most of the core was
formed in the early stages of accretion but extended beyond
the age of Mars accretion, for instance, based on mantle '82W
isotopes (Kleine and Walker, 2017). Yin et al. (2002) proposed
a model with exponential decrease in accretion and previous
metal-silicate equilibrium with the magma ocean before segre-
gation to the core; they obtained 63 % core formation by 11 Myr
and 90 % by 29 Myr. Several growth models agree that Mars ana-
logues are formed in a few Myr (e.g., Walsh and Levison, 2016);
however, the question remains open for Earth-like bodies.

In the Olson and Sharp (2019) fast accretion model (up to
16 Myr), the surface pressure and temperature continually
increase until 50 % of the accretion and then starts to drop.
The magma volatiles content, however, stays relatively stable
after this mark, when the solar nebula would be nearly fully dis-
sipated (up to 10 Myr). Nonetheless, applying the Jaupart et al.
(2017) model for an embryo of 0.5 Mg, (under ~5 x 1072 bar,
Fig. 2a), it would still not reach the primitive mantle estimate,
especially for the lower silica-rich compositions (Fig. 2b).
Considering that our model yields an upper bound for neon con-
centration, as mantle equilibration is not assured, the atmos-
phere capture into the magma ocean scenario remains
improbable. Furthermore, if the magma ocean was formed
before core formation, its composition would be even more
primitive and neon solubility even lower. One alternative model
is that of solar wind implantation (Trieloff et al., 2000; Raquin and
Moreira, 2009; Péron et al., 2017), in which pre-planetary dust is
irradiated by solar wind, enriching the embryos in H,, He, O, C
and Ne.
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Figure 2 (a) The surface pressure estimation follows the Jaupart et al. (2017) accretion model for a 10 Myr degassing period for the nebula.
(b) For a given surface pressure, the 22Ne content relative to the primitive estimation (*’Ne) varies according to the solubility value applied;
an embryo with over 0.8 Mg, is necessary to reach the primitive 22Ne content. PM = theoretical value obtained from Equation 1.

! Conclusion

Neon solubility decreases in approximately one order of magni-
tude between 49 and 30 wt. % SiO, (3.4 x 10~* to 6.5 X 10~° cm®
STP g~! bar™}, respectively), supporting what has been previ-
ously shown in the literature for rhyolitic and basaltic composi-
tion experiments (e.g., Carroll et al., 1994). Our results allowed us
to update the Jaupart ef al. (2017) accretion model and show that
dissolution of a primitive atmosphere into the magma ocean
cannot account for the theoretical primitive mantle neon con-
tents, requiring a body close to 1 Mgan, to accumulate enough
neon. Thus, alternative models are needed to explain the high
20Ne/?*Ne ratios found in deep mantle rocks.
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