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Abstract

The atmospheric noble gas isotope and elemental bulk ratios on Venus and Earth pro-
vide important information on their origin and evolution. If the protoplanets grew to a
certain mass (i.e. > 0.5 Mgam, they could have captured H»-dominated primordial
atmospheres by accreting gas from the circumstellar disk during the formation of the
Solar System, which were then quickly lost by hydrodynamic escape after the disk
dissipated. In such a case, the EUV-driven hydrodynamic flow of H atoms dragged
heavier elements with it at different rates, leading to changes in their initial isotope ratios.
For reproducing Earth and Venus present atmospheric 3°Ar/3®Ar, 2°Ne/?’Ne, 3°Ar/*’Ne,
isotope and bulk K/U ratios we applied hydrodynamic upper atmosphere escape and
Smooth Particle Hydrodynamics (SPH) impact models for the calculation of captured H-

dominated primordial atmospheres for various protoplanetary masses. We
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investigated a wide range of possible EUV evolution tracks of the young Sun and initial
atmospheric compositions based on mixtures of captured nebula gas, outgassed and
delivered material from ureilite, enstatite and carbonaceaous chondrites. Depending on
the disk lifetime of = 3-5Myr (Bollard et al., 2017; Wang et al., 2017) and the compo-
sition of accreted material after disk dispersal, we find from the reproduction of the
present atmospheric Ar, Ne, and bulk K/U ratios, that early Earth’s evolution can be
explained if proto-Earth had accreted masses between = 0.53 — 0.58 Mg.m by the time
the nebula gas dissipated. If proto-Earth would have accreted a higher mass during the
disk lifetime the present atmospheric Ar and Ne isotope ratios can not be reproduced
with our model approach. For masses > 0.75Mgarn, Earth would have had a problem to
get get rid of its primordial atmosphere. If proto-

Earth accreted = 0.53 — 0.58 Mgan of enstatite-dominated material as suggested by
Dauphas (2017) during the disk lifetime, it would have captured a tiny primordial
atmosphere that was lost =3 Myr after the disk dissipated. In such a case we find that the
present-day atmospheric Ar and Ne isotope ratios can be best reproduced if the post-
nebula impactors contained = 5% weakly depleted carbonaceous chon- dritic material
and =95% enstatite chondrites that are strongly depleted in Ar, Ne and moderately
volatile elements like potassium. If higher amounts of carbona- ceous chondrites were
involved in early Earth’s accretion as recently suggested by Schiller et al. (2018), then the
Earth’s present atmospheric Ar and Ne ratios can only be reproduced if the involved
carbonaceous chondritic post-nebula material was also highly depleted in these noble
gases and/or had to be partially be delivered as long as the primordial atmosphere was yet
escaping. As long as primordial atmo- spheres surround the growing protoplanets the
abundance of their volatile elements is

overwritten by their respective captured solar-like atmospheric abundances. Therefore
the initial composition of the protoplanets at the disk dispersal time can not be iden- tified

by our method. For masses less than 0.5 Mg.n atmospheric escape cannot



explain the present-day ratios, i.e. if Earth grew slower then these ratios have to be
explained differently (Marty, 2012). If proto-Venus captured a primordial atmosphere it
should have grown to masses of = 0.8 = 1.0 Myens during the time until the disk dissipated
and if early Venus accreted its main mass during the disk lifetime than the present
atmospheric Ar and Ne isotope ratios and the observed K/U ratios on Venus surface can
also be reproduced by the escape of a captured primordial atmosphere that is lost within
< 100 Myr, if the Sun was born between a weakly and moderately active young G star.
New precise re-measurements of atmospheric noble gases are necessary by future Venus
missions to better con- strain the material that was involved in the planet’s accretion
history and possibly also the EUV activity evolution of the young Sun. In addition,
measurements of other moderately volatile element and isotope ratios on the surface such
as Rb/U, %4Zn/%Zn, and 3°K/*'K can give an insight on whether Venus accreted slow or

fast, i.e. almost to its final mass within the disk lifetime.
1. Introduction

The bulk composition of the silicate part of the Solar System planets has long been

linked to chondritic meteorites (e.g. Taylor, 1964; Anders and Grevesse, 1989; Dauphas,

2017; Schiller et al., 2018). Venus and Earth are expected to have formed over several
million years by accretion of planetesimals and planetary embryos originating from
various heliocentric distances, with the majority coming from a narrow annulus near 1
AU (O’Brien et al., 2006). Ruthenium (Ru) isotope studies related to primitive meteoritic
material indicate that the terrestrial planets received the main fraction of their volatiles by
accretion of volatile-rich bodies from the outer Solar System during the main stage of
their formation and not during the late accretion phase, i.e. the late veneer which
comprises the last =0.5% (Fischer-Godde and Kleine, 2017). A more recent study,

however, based on Selenium isotopes contrarily suggests that the late veneer



originated from carbonaceous chondrites originating in sthe out Solar System and was
volatile rich (Varas-Reus et al., 2019).

The building blocks of the most primitive meteorites formed from thermally pro-
cessed depleted inner disk material relative to material that formed in the outer regions.
These inner and outer regions comprise two distinct reservoirs of planet forming ma-
terial that were not mixed initially (Budde et al., 2019), i.e. the non-carbonaceous
chondritic (NCC) and the carbonaceous chondritic (CC) reservoirs.

Marty (2012) analyzed the noble gases of the present Earth atmosphere and con-
cluded that the ratios of today’s atmosphere and concentrations of water, carbon and
nitrogen indicate a volatile content equivalent to an =98% non-chondritic dry proto-
Earth with =2% contribution of carbonaceous CI-CM-like (CC) material during the main
Earth-forming events. Based on the analysis of 3°Ar/?*Ne isotope data from Earth’s
atmosphere, rocks related to its interior (Moreira et al., 1998) and well gases (Ballentine
et al., 2005) the 2’Ne/**Ne end member (planetary-A) matches carbonaceous chondrites
and not enstatite or ordinary chondrites (Marty, 2012). According to this pioneering study
by Marty (2012) the present atmospheric Ar and Ne isotope ratios do not necessarily
require isotopic fractionation during hy- drodynamic escape of an early primordial
atmosphere (see Fig. 3 in (Marty, 2012)).

More recently, Dauphas (2017) found that elements with distinct affinities
for metal can be used to reveal the isotopic nature of early Earth’s accreting material
through time. Isotope measurements of 70, 4¥Ca, OTi, >*Cr, **Ni, %Mo, '®Ru indicate
that the Earth has isotopic compositions that almost match enstatite meteorites (e.g. Javoy
et al., 2010; Dauphas et al., 2014; Dauphas and Schauble, 2016). Dauphas (2017)
analyzed isotopic signatures of lithophile (O, Ca, Ti, Nd), moderately siderophile (Cr, Ni
and Mo) and highly siderophile elements (Ru) from Earth‘s mantle and found that they

record different stages of its accretion. According to this analysis



the best-fitting model of the first 60% of proto-Earth’s mass consisted of about

= 51 % enstatite chondrites (EC), = 40 % ordinary chondrites (OC) and = 9%
carbonaceous chondrites (CC: an average over CI, CO, CV), whereas all of the remaining
accreted material consisted mainly of enstatite-like impactors.

A recent study by Schiller et al. (2018) investigated Ca for understanding the secular
evolution of the nucleosynthetic composition of the disk material that accreted to growing
protoplanets. These authors determined the mass-independent *Ca/**Ca isotope
composition of selected Solar System objects, including angrites, eucrites, ureilites,
Lunar and Martian meteorites, ordinary and carbonaceous chondrites, and individual
very young chondrules from ordinary and carbonaceous chondrites. It was found that the
Ca-isotope composition of different planetary bodies in the inner Solar System correlates
with their masses. Schiller et al. (2018) suggest that  all planetary embryos grew at
the same rate, but stopped growing at different times so that smaller bodies ceased their
accretion earlier than did larger ones. This unorthodox hypothesis of growth is, however,
also supported by numerical simulations (Levison et al., 2015; Morbidelli, 2018).

According to this analysis the inner Solar System chondrules indicate that the

48Ca/*Ca composition of early inner disk material evolved from an ureilite-like to a
terrestrial composition within =1 Myr after the formation of the Sun. From their analysis
these authors suggest that the Earth accreted from = 60% ureilite-like (UR) inner disk
material and =40% mainly CI chondrites from the outer Solar System. Ithas been argued
by Budde et al. (2019) that a mixture of carbonaceous chondritic and non-carbonaceous
chondritic material such as ureilites might also achieve some of the isotopic compositions
of the terrestrial building blocks.

By comparing the findings of Dauphas (2017) based on lithophile-siderophile
isotopic affinities of Earth’s accreting material and the recent findings by Schiller et al.

(2018) based on their Ca-isotope composition data of different planetary bodies



one can see that our understanding of terrestrial planet formation is most likely
incomplete. According to Morbidelli (2018) these findings need to be connected with
other findings provided by chemical, chronological, isotopical and dynamical constraints.

Although these findings, including that of Marty (2012), might seem to contradict
each other, this is not necessarily the case. A variety of different processes such as
thermal processing in the primordial atmosphere and atmospheric escape must have had
a dramatic impact on the bulk and isotopic compositions of planetary embryos, being
possibly a major factor in volatile depletion. For instance, after dissipation of the solar
nebula, protoplanets were susceptible to strong volatile loss by either hydrodynamic
escape of their accreted primordial hydrogen atmospheres (Erkaev et al., 2015, 2016;
Kubyshkina et al., 2018b) or of their magma ocean outgassed primary atmosphere (Odert
et al., 2018; Benedikt et al., 2019).

Therefore, impacting planetary embryos that collide with growing protoplanets
after the disk evaporated were most likely depleted in volatile elements such as noble
gases and/or rock forming elements (Benedikt et al., 2019; Young et al., 2019; Sossi et
al., 2019). If these processes played a crucial role in the evolution of the Earth’s volatile
content, then these studies might be considered as non-contradicting, with the work of
Marty (2012) representing present Earth after the early phase of volatile loss and Dauphas
(2017), and/or Schiller et al. (2018) or a mixture of both representing proto-Earth.

Recently Wang et al. (2017) constrained the nebula lifetime of the Solar System by
meteorite paleomagnetism to be within the age of =3.7-3.9 Myr after formation of the
Sun. This age agrees with the study by Bollard et al. (2017) who analyzed the 22
youngest chondrules and inferred from lead (Pb) isotopic ages a minimum and maximum

lifetime of the active phase of the protoplanetary disk in the Solar System of

=3.3-4.5 Myr. This time scale of the lifetime of the solar circumstellar disk fits well



within observations of young stellar disk lifetimes that last mainly between 1-10 Myr
(Montmerle et al., 2006; Evans et al., 2009; Mamajek, 2009).

If a protoplanet reached a mass >0.5Mg,u before the protoplanetary nebula evapo-
rated it could have captured a small H>-dominated envelope (e.g. Hayashi, 1981; Ikoma
and Genda, 2006; Stokl et al., 2015, 2016). In the case of Earth, there are studies based
on measurements of 2’Ne/*’Ne isotope ratios from mantle material indicating that a
fraction of noble gases have also been trapped in solar composition from the
protoplanetary disk within its interior (e.g. Mizuno et al., 1980; Porcelli et al., 2001;
Yokochi and Marty, 2004; Mukhopadhyay, 2012).

This interpretation, however, is still debated. Other researchers argued that these
ratios could be reproduced through implantation of solar wind onto accreted meteoritic
material (Raquin and Moreira, 2009; Trieloff et al., 2000; Moreira and Kurz, 2013;
Moreira and Charnoz, 2016; Péron et al., 2016; Jaupart et al., 2017; Péron et al., 2018).
A more recent study measured values up to 13.03+£0.04 from deep mantle plumes
and determined a **Ne/?*Ne ratio for the primordial plume mantle of 13.23+0.22
(Williams and Mukhopadhyay, 2019) which is indistinguishable from the nebular ratio.
While these authors suggest this to be a robust evidence for a reservoir  of nebular gas
preserved in the deep mantle, it might also be explained by afore mentioned solar wind
implantation in case that the irradiation of the solar wind onto the accreted material was
very short (Moreira and Charnoz, 2016). However, if the assumption by Williams and
Mukhopadhyay (2019) is true then i. proto-Earth must have grown to a certain mass that
allowed to accrete an Hs-envelope (Sekiya et al., 1980; Sasaki and Nakazawa, 1990;
Ikoma and Genda, 2006; Stokl et al., 2016), ii. proto-Earth must have had a magma ocean
(Bouhifd and Jephcoat, 2011; Stokl et al., 2016; Lammer et al., 2018) that interacted with
the surrounding primordial atmosphere and iii. one needs to account for the present
Earth’s atmospheric 2°Ne/?’Ne and °Ar/*’Ne isotope ratios which can also be

explained without any hydrodynamic



escape of an early primordial atmosphere (Marty, 2012).

Furthermore, under these extreme conditions, significant amounts of major rock-
forming elements (e.g., K, Si, Mg, Fe, Ca, Al, Na, S, P, Cl, F) and other moderately
volatile elements like Rb or Zn with condensation temperatures of <1000 K (Lodders et
al., 2009) populate the hot accretionary atmospheres to significant amounts (Schaefer and
Fegley, 2010; Fegley et al., 2016) and can therefore be lost via atmospheric escape as
previously suggested for the observed depletion of K relative to U (see Fig. 1) (Albaréde
and Blichert-Toft, 2007). In addition, most solubility data of noble gases in melts support
their incompatibility (Carroll et al., 1994), therefore one can assume that most Ar and Ne
isotopes have also been outgassed from the magma oceans that formed below the H»-
envelopes (Sekiya et al., 1980; Sasaki and Nakazawa, 1990; Bouhifd and Jephcoat,
2011). In this case isotopes with solar-abundance that were embedded in the nebular gas
mixed with those that had the composition and corresponding ratios of the growing
protoplanet.

The trace element potassium (K) is important since its radioactive heat producing
isotope “°K contributes to the thermal evolution of planetary interiors and global pro-
cesses such as the generation of long-lived magnetic dynamos (Turcotte and Schubert,
2002; Murthy et al., 2003; Nimmo, 2007). Different amounts of “°K can therefore have
severe implications for the habitability of a planet, since a different heat budget in a
planet’s interior might effect the onset and duration of a dynamo and of tectonic activity.
Venus, for instance, does presently not show either, whereas Earth does. This might be
reflected in the K/U ratio and K abundance (Jellinek and Jackson, 2015) (Fig. 1). As
shown in Fig. 1 a significant depletion of K can be seen in the K/U ratio of each planet
(e.g. =13800 for the bulk silicate Earth (BSE) (Arevalo et al., 2009; Lodders et al.,
2009), and 27000 on Venus’ surface (Davis et al., 2005)), with respect to a K/U
abundance ratio of 64650 in the solar photosphere (Lodders et al., 2009) and 68928 in

unprocessed chondrites (Lodders et al., 2009). This divergence from the initial ratio



indicates that K was efficiently depleted in early planetary evolution compared to the
heavier U. Potassium is moderately volatile with a condensation temperature of =1000
K (Lodders, 2003), while U is highly refractory (=1610 K (Lodders, 2003)). Both
elements are lithophile, i.e. tend to go into the crust and mantle during differentiation,
and geochemically incompatible so that they do not fractionate via collisional erosion
(O’Neill and Palme, 2008).

Depending on the protoplanetary mass and the possible differences in the extreme
ultraviolet (EUV) flux evolution of the young Sun (Tu et al., 2015), captured H»-
envelopes of low mass protoplanets can be lost due to hydrodynamic escape (Lammer et
al., 2014; Tu et al., 2015; Johnstone et al., 2015) that drags and fractionates heavier
species (Zahnle and Kasting, 1986; Hunten et al., 1987; Odert et al., 2018). The detailed
conditions under which this escape takes place led to the diverse isotope and elemental
ratios observed in Solar System planets (Donahue, 1986; Pepin, 2006; Davis et al., 2005;
Odert et al., 2018).

One may wonder why other isotopes of masses similar to Ne and Ar or lower,
especially nitrogen (i.e. '“N, '°N), do not show a strong enrichment - such as in
the Martian atmosphere (e.g. Fiiri and Marty, 2015) - of the heavier one in Earth’s and
Venus’ atmospheres. Nitrogen was delivered in the form of NH; clathrate, amino acids
and other organic compounds during the planetary accretion phase, by planetesimals that
originated beyond the ice line (Lammer et al. (2018) and references therein). The growing
protoplanets developed magma oceans, and thus hot and extreme surface conditions,
during the first tens to hundred Myr (Wordsworth, 2016; Lammer et al., 2018, 2019). At
such extreme conditions abiotic atmospheric-surface weathering processes were capable
of transferring atmospheric nitrogen efficiently into the surface
and mantle via direct dissolution of reduced nitrogen in the early magma ocean(s) during
and just after accretion (Wordsworth, 2016). Additionally, atmospheric N, also

underwent fixation via weathering caused by lightning, shock heating via impactors,



and energetic particles. Because of this, one can expect that volatiles like N», including
their isotopes, were more or less absent compared to Ar, Ne isotopes or elements like K,
Na, Mg, etc. in the early protoplanetary atmospheres (Wordsworth, 2016; Lammer et al.,
2018, 2019). Therefore, its isotopes ("*N, '*N) on Earth and Venus did not experience
isotope fractionation by atmospheric escape, avoiding 'N-enrichment. In case of the
Earth, as soon as the planet’s crust and upper mantle oxidized =4 Gyr ago (a time when
no H»/He was present anymore), N> was released efficiently via secondary outgassing by
volcanoes (Mikhail and Sverjensky, 2014; Lammer et al., 2018, 2019). The enrichment
of PN isotopes in today’s martian atmosphere is generally thought to indicate that the
less massive Mars lost its outgassed nitrogen inventory to space by escape processes that
did not work on Earth and Venus (i.e. photochemical escape, sputtering; e.g. Fox and Ha¢
(1997); Fiiri and Marty (2015); Lammer et al. (2018, 2019)). Heavier atmospheric noble
gas isotopes of Kr and Xe are too massive to be efficiently fractionated by atmospheric
drag of escaping H atoms. However, heavy Xe isotopes in the Earth’s mantle and
atmospheric Xe in Earth and Mars are isotopically fractionated (see e.g. Ozima and
Podosek (1983); Hébrard and Marty (2014); Conrad et al. (2016); Cassata (2017); Avice
et al. (2018). On Earth, Xe isotopes may have experienced photochemical fractionation
during the Archean period in organic hazes (Hébrard and Marty, 2014; Avice et al., 2018).
Another Xe fraction should then have escaped to space via ionized polar outflow in a
hydrogen-rich upper atmosphere, which originated from dissociation of CH4 (Zahnle,
2015; Zahnle et al., 2019; Catling and

Kasting, 2017; Avice et al., 2018). As mentioned above, Mars, because of its low mass,
could not capture a relevant Ho/He-envelope; therefore, non-thermal escape processes
(i.e., ion pick up, sputtering, dissociative recombination) were involved in its noble gas,
isotopic and elemental fractionation e.g. Jakosky et al. (1994); Hutchins and Jakosky
(1996); Jakosky et al. (2017).

In the past, various researchers attempted to reproduce the present day atmospheric
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36Ar/38 Ar, and 2°Ne/?*Ne noble gas isotope ratios on Venus and Earth (e.g. Pepin, 1991,
1997; Gillmann et al., 2009). These studies, however, applied simple atmo- spheric escape
models and arbitrary assumptions about the early solar radiation and plasma
environments, and on the initial hydrogen amount of their early atmospheres. Moreover,
the possible escape of the radioactive heat producing element K from a primordial
atmosphere was never modeled at all. Since measurements of the K/U ratio are also
available for Venus (Surkov et al., 1976; Abdrakhimov and Basilevsky, 2002; Basilevsky,
1997) we aim for the first time at reproducing the above mentioned atmo- spheric Ar, Ne
noble gas and bulk K/U ratios of both planets simultaneously within a reasonable set of
initial conditions based on the hypotheses of Dauphas (2017) and Schiller et al. (2018)
implemented by a sequence of models described below:

* a hydrodynamic upper atmosphere model for the calculation of the captured H,-

envelope that remains after the boil-off phase during disk dispersal for various

protoplanetary masses (Kubyshkina et al., 2018b,a);

 an upper atmosphere model for the EUV-driven hydrodynamic H atom escape,

including heavy isotopes/element dragging (Odert et al., 2018);
» amodel for the estimation of magma ocean depths;

* Smooth Particle Hydrodynamics (SPH) model impact simulations for estimating
average atmospheric mass losses caused by Moon- and Mars-like impactors with

different impact angles and velocities (Burger et al., 2018).
In addition our approach also considers:

* various different evolution scenarios of the young Sun’s EUV flux that are con-

strained by an activity-rotation relation of young solar-like stars (Tu et al., 2015);

* an initial atmospheric composition based on a mixture of captured nebular gas and
outgassing from the magma ocean based on different compositions of the

protoplanet;
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* mass additions via Moon- and Mars-like impactors and the related gravity change
up to the final planet and its effect on the photospheric radius and the correspond-

ing escape rates;

» modification of isotope ratios by different reasonable compositions for the im-

pacting material.

By reproducing the measured atmospheric °Ar/38Ar, 2’Ne/*?Ne and the bulk K/U ra-
tios on Venus and Earth via atmospheric escape simulations we are able to constrain the
growth rate of both planets in the presence of the solar nebular as well as a certain range
for the EUV flux evolution of the young Sun. To determine the upper limit of the
protoplanetary masses of Venus and Earth at the time when the disk evaporated together
with a range of solar EUV flux evolution scenarios that can reproduce present day
measurements within their error bars we perform a X> parameter study over within
reasonable uncertainties. For successful reproduction attempts we also simulate addi-
tional isotopical and elemental ratios such as 3°Ar/*?Ne, 3°K/*'K, 4Zn/®®Zn and Rb/U.
Sect. 2 describes the models, including their input parameters and the used data. In Sect.
3 and 4 we present and discuss the results and the implications of our study for terrestrial

planet formation and habitability. Sect. 5 concludes the work.

2. Model description

2.1. Initially accumulated primordial atmospheres

In gaseous accretion, a growing protoplanet gravitationally attracts nebular gas to
form an H,-dominated solar-composition atmosphere. The phase at the end of the disk
lifetime is known as “boil-off” and can last from 0.1 up to a few Myr (Lammer et al.,
2016; Owen and Wu, 2016). During this phase, the protoplanet’s photospheric radius 7pn
of the H,-dominated envelope decreases due to the strong thermal loss of hydrogen.
During this phase characterized by high thermal atmospheric escape, 7pn shrinks rapidly

until the escape flux become first equal to and then smaller than the maximum possible
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EUV-driven escape flux Fryv (Fossati et al., 2017). As a consequence, the atmosphere
flows upwards, even without additional external energy inputs, such as the stellar EUV
flux. In this case, the stellar EUV flux is not the main driver of the atmospheric escape
(Lammer et al., 2016; Owen and Wu, 2016; Fossati et al., 2017). The extent of the
remaining gravitationally-bound H»-envelope of the protoplanet after this short phase
depends strongly on the protoplanetary mass Mp and equilibrium temperature at the orbit
location.

We estimate the range of equilibrium temperatures after the origin of the Sun by
using stellar evolutionary tracks for a solar-mass star. The models and selected
parameters are: [M/H]=0, Y=0.282, a=1.9 (Baraffe et al., 1998); Y=0.28, Z=0.02 (Siess
et al., 2000); Y=0.288, Z=0.02, 0=1.68 (Tognelli et al., 2011); [M/H]=0, Y=0.28, 0=1.6
(Baraffe et al., 2015). Here, [M/H] is the metallicity, Y the helium content, Z the metal
content, and a the mixing length parameter. We extract ages and luminosities from all
tracks and calculate the equilibrium temperature evolution for full redistribution and zero
albedo at orbits of 1 AU and 0.7 AU. As shown in Fig. 2 we find temperature ranges at
the age of =2, 5 and 10 Myr between the different models of =280 K, 248 K,228 K (Earth)
and =350 K, 297 K, and 277 K (Venus), respectively, in agreement with the two most
recent models (Baraffe et al., 2015; Tognelli et al., 2011).

For the calculation of 7y, for assumed initial protoplanet masses of 0.45 - 0.8 Mearn,
we calculated hydrodynamic atmospheric models in a similar way as described in detail
in Fossati et al. (2017) and Kubyshkina et al. (2018b) with the aim of deriving the
hydrogen “boil-off” escape fluxes Fi, for these protoplanetary masses at Venus and Earth
orbit. During this initial extreme escape phase the photospheric radius of the planet
shrinks fast until the planet reaches a “stable” configuration.

To define the photospheric radius 7y, and corresponding escape rate of the planet
coming out of the “boil-off” phase, for each protoplanetary mass considered in this study

we assign a set of possible photospheric radii. For each pair of Mpoi0, 7ph We
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applied 1D hydrodynamical modelling following Erkaev et al. (2015); Fossati et al.
(2017); Kubyshkina et al. (2018b) and use the resolved atmospheric parameters to define
a posteriori the actual photospheric radius. The model solves the system of basic

hydrodynamic equations
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where p, v and T are, respectively, the mass density, bulk velocity and atmospheric
temperature as functions on the radial distance » from the center of the planet. U is a
gravitational potential accounting for the Roche lobe effect (Erkaev et al., 2007). P and
E are atmospheric pressure and thermal energy, respectively, and X is a thermal
conductivity of the neutral gas (Watson et al., 1981). In the right-hand of the energy con-
servation equation (3), quantities Qruv, Orya and Qg+ are the volume heating/cooling
rates of EUV heating (Kubyshkina et al., 2018a), Lya €ooling (Watson et al., 1981) and
H* cooling (Miller et al., 2013).

3 The system of equations (1)-(3) is complemented with continuity equations for the
number density, accounting for the chemical reactions between molecular and atomic
hydrogen, their ions and H*, including ionization, recombination and dissociation. The
full list of included chemic?il reactions, and more thorough description and discussion of
the model can be found in Kubyshkina et al. (2018a).

The outputs from the model are the height profiles of the atmospheric parame- ters,
including atmospheric temperature, mass density, bulk velocity, dissociation and
ionization rates. From this, we can resolve the isotropic mass loss through the upper

boundary F- = 4mr’pv. This value includes both primary escape because of the plan-
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etary low gravity and the escape induced from the stellar insolation. Assuming, that the
EUV exposed part of the escape should not be very different from what is given by the
energy-limited formula (F.,), we define the parameters (particularly 7pn for the known
protoplanetary mass) of the planet when going out of “boil-off” as the ones correspond-
ing to F' = F,. This approach defines our start parameter. The further evolution is then
described with the energy-limited approach (Watson et al., 1981; Hunten et al., 1987;
Zahnle and Kasting, 1986; Odert et al., 2018).

As for the other parameters, we considered a stellar mass of 1 M , stellar EUV flux
evolution scenarios expected for the saturation level of young G-type stars (Tu et al.,
2015), and orbital separation of 1 AU for early Earth and 0.7 AU for early Venus, respec-
tively with corresponding values of T.q. By applying a radiative-transfer transmission-
spectrum model! for a solar composition atmosphere and the temperature-pressure
profiles obtained from the hydrodynamic code extended with isothermal hydrostatic
profiles at high pressures, it is found that the optical depth T = 1 and thus 7, lies for the
mass-range of the studied protoplanets at =700 mbar (Cubillos et al., 2017; Kubyshkina
et al., 2018b).

The initial atmospheric mass fraction of the captured Hz-envelope f; remaining from
the “boil-off” phase is estimated by using the initial model integrator of the TAPIR- Code
(short for The adaptive, implicit RHD-Code) (Stokl et al., 2016; Johnstone et al., 2015;
Stokl, 2008; Stokl et al., 2015; Lammer et al., 2014). The TAPIR-Code provides a
framework for the implicit solution of the equations of radiation hydrodynamics on
adaptive grids and previously has been applied to spherical flows (Dorfi et al., 2006), 2-
dimensional flows (Stokl and Dorfi, 2007), convection modeling in Cepheids (Stokl,
2008), and planetary atmospheres (Erkaev et al., 2014; Lammer et al., 2014). To solve the
hydrostatic structure equations of Stokl et al. (2015, 2016) we are taking into account

radiative and convective energy transport, including the opacities for gas and dust, and

Uhttps://github.com/exosports/BART

15



the flux of energy from the protoplanet. The dependence of 7, on the atmospheric mass
fraction fy = Mu/My for protoplanetary masses of 0.45-0.81 Mg obtained with this

model can be described as

)
= log(ry) +0.07151 h1zn
Jar=

: “
1.14767
with rp, normalized to the Earth-radius. When the protoplanet accretes further mass,
7on decreases with time, due to
‘M 3217
(V Ph) = ) Mpl

2.2. Initial elemental abundances

If the protoplanets already accreted to masses that could attract H,-envelopes within
the protoplanetary disk, then one can expect that this atmosphere initially contained the
elements and their ratios in solar abundances as given in Table 1. We consider every
atmospheric element abundance a. relative to the abundance of hydrogen an (Anders and
Grevesse, 1989; Heber et al., 2012; Meshik et al., 2014; Lodders et al., 2009). From those
we are then able to compute the total mass of each specific element in the Hs-envelope
by me = (aelan)My A, where A is the atomic mass number of the element.

The solar wind provides information on the isotopic composition of the solar atmo-
sphere, the bulk Sun and hence the protoplanetary nebula. For the initial abundance ratios
of 3°Ar/38Ar and 2°Ne/2*Ne shown in Table 1, we use data from the modern solar wind
obtained by NASA’s Genesis spacecraft (Heber et al., 2012; Meshik et al., 2014) and data
that may represent the early solar wind that was trapped in solar gas rich soils and
breccias on the Lunar surface and meteorites (lunar and meteoritic mineral grains:
LMMG) (Anders and Grevesse, 1989; Pepin et al., 1999; Palma et al., 2002; Caffee and

Nishiizumi, 2001; Lindsay et al., 2014). Since solar wind isotopes can
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also be fractionated during solar wind formation and acceleration, we also consider Ar
and Ne isotope ratios for the bulk Sun, represented by the so-called Outer Convective
Zone (OCZ) derived by a model applied to Genesis data by Heber et al. (2012). Ini- tial
noble gas ratios and abundances for different reservoirs compared to the measured
present-day values of Earth and Venus are shown in Table 1; K/U ratio and abundances
in Table 2, respectively. For the present day ratios of K/U we use the BSE ratio for Earth
(Arevalo et al., 2009; Lodders et al., 2009); for Venus we use ratios inferred from surface
rock-measurements by several Soviet landers. Besides solar, Earth, and Venus, we use
admixtures of the following different compositions for the impacting material in our

simulations, i.e. from the CC-reservoir

» an average of carbonaceous chondrites (CC), i.e. of CI, CM, CO, and CV
chondrites (Marty, 2012; Wasson and Kallemeyn, 1988) and

 CI chondrites (CI) (Lodders et al., 2009),
and

* ureilite-like material (UR) (Rai et al., 2016; Gobel et al., 1978; Wasson and
Kallemeyn, 1988; Workman and Hart, 2005; Gale et al., 2013) and

* enstatite-like material (EC) (Wasson and Kallemeyn, 1988; Patzer and Schultz,
2001, 2002).
from the NCC-reservoir.
For proto-Earth, we assume a wide range of different CC-NCC compositions in-

cluding the suggested admixtures of Marty (2012), Dauphas (2017), and Schiller et al.
(2018).

2.3. Magma ocean depth estimates

Schaefer and Fegley (2010) and Fegley et al. (2016) used chemical equilibrium and

chemical kinetic model calculations for studying volatiles that are released by
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Table 1: Initial ratios and abundances of Ne and Ar for different reservoirs. The solar values are in 1 aH,
the rest in mol/g.

Reservoir 2ONe/**Ne “’Ar/jxér ONe OAr
Solar [SW] 13777 5350 ¢ 6. 13 %1077 T.45%10 07
Solar [LMMG] 13.69° 5.79P 2.29 x1073°¢ 1.097x1074¢
Solar [0CZ] 13.34°¢ 533°¢ 6.13 x107¢ 1.45%1076¢
cc 850 F 532f 1.38x107 1 f 3.47x1071 f
CI 9.02 ¢ 532¢ 8.10x10712h 3,11 x107!1h
UR 1071 5261 4.03x1071%1 2,72 107157
EC 1048 K 4.89% 4.66%x10710% 2.69x10711 ¥
Earth 9.8+0.008 ' 5324033F  2.22x10713f  9,58x10713f
Venus 11.840.7! 5.640.6™ - -

14.29+4.08 " 5.08+0.05 " - -

3Genesis solar wind data (Heber et al., 2012); bSolar wind data inferred from Lunar and meteoritic Mineral
grains (LMMG) (Anders and Grevesse, 1989; Pepin et al., 1999; Palma etal., 2002); “Genesis data correlated
to the Outer Convective Zone (OCZ) which is assumed to be similar to the solar nebula (Heber et al., 2012);
dGenesis solar wind data from Meshik et al. (2014) — 5.47 in Heber et al. (2012); “Particles relative to
hydrogen (nH) - solar wind and OCZ data from Heber et al. (2012), LMMG data from Anders and Grevesse
(1989); fData from Carbonaceous Chondrites (CC) by Marty (2012); 8Data from CI chondrites (CI) by
Mazor et al. (1970); "Mazor et al. (1970) & Lodders et al. (2009); Data from ureilites (UR) by Gobel et al.
(1978); iAccording to Rai et al. (2016) the composition of the ureilite-like material can be assumed to be
similar to the terrestrial depleted mantle (DM), i.e. for the abundances of >’Ne and 3®Ar in UR we use the
corresponding data for the DM as given in Marty (2012); ¥Data from Enstatites (En) by Patzer and Schultz
(2001, 2002) (averaged); Wenera 13 & 14 (Istomin et al., 1983); ™Pioneer Venus Orbiter (Hoffman et al.,
1980; Donahue, 1986); "Venera 11 & 12 (Istomin et al., 1980).

Table 2: Initial ratios and abundances of K and U for different reservoirs. The solar values are in 1/ nH, the
rest in mol/g.

Reservoir K/U K
Solar 64,6412 4.91x107°P
cc 38,825 ¢ 1.03x1073¢
CI 68,928 4 1.39x107%4d
UR 12,340 © 1.04x1076¢
EC 80,789 © 3.68%1076¢
Earth 13800+2600°

Venus 7032412208 -

18182+7951 P -

aAnders and Grevesse (1989); PParticles relative to hydrogen in the solar nebula/hydrogen atmosphere
(Anders and Grevesse, 1989); “Carbonaceous chondrites (CC) assumed to be an average over CI, CM, CO,
CV. Data from Wasson and Kallemeyn (1988); dLodders et al. (2009); “According to Rai et al. (2016) the
composition of the ureilite-like material can be assumed to be similar to the terrestrial depleted mantle (DM),
i.e. for the abundance of K in UR we use the corresponding data for the DM as given in Workman and Hart
(2005) and Gale et al. (2013); fArevalo et al. (2009); &Vega 1,2 & Venera 9, 10 landing sites (Davis et al.,
2005); hyenera 8 landing site (Davis et al., 2005).
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heating different types of carbonaceous, ordinary and enstatite chondritic material as a
function of temperature and pressure. Their results predict significant amounts of S, P,
CL F, Na, and K in accretionary atmospheres at high temperatures of =1500-2500 K by
outgassing of magmatic material. During the early stage of atmosphere evolution, surface
temperatures below the H,-envelope can reach up to 22000-3000 K (Tkoma and Genda,
2006; Bouhifd and Jephcoat, 2011; Stokl et al., 2016), i.e. magma oceans will be present
below the hydrogen atmosphere.

We considered protoplanets with masses between 0.5Mgan and 0.81 Mgarn = Mvyenus.
We further assumed the protoplanets to be differentiated into a silicate mantle and a
metallic core and to have an Earth-like composition with core and mantle mass fractions
of 32.5% and 67.5%, respectively (Valencia et al., 2006). For surface temper- atures
between =2000-3000 K, such as those assumed in this study, at least part of the mantle
lies largely above the liquidus and thus forms a magma ocean. Silicate liquids have low
viscosity (Karki and Stixrude, 2010). The magma ocean is thus expected to undergo
turbulent convection and hence to be well mixed and have an adiabatic tem- perature
profile. For both peridotitic (Fiquet et al., 2010) and chondritic (Andrault et al., 2011)
mantle compositions, the slope of the liquid adiabat is steeper than the slopes of the
liquidus and solidus throughout the pressure range of the Earth’s mantle (e.g., Monteux
et al., 2016; Nikolaou et al., 2019). The mantle remains thus molten from its surface
down to a certain depth and starts to solidify at its bottom, although, for a pure
bridgmanite composition, crystallization could also begin at mid-mantle depths (Stixrude
et al., 2009). Even when the temperature drops below the liquidus at depth upon mantle
cooling, the magma ocean is expected to exhibit a liquid-like convective behaviour as
long as the melt fraction is above a critical threshold of ~40%, which marks a transition
to the solid-like behaviour characteristic of creep deformation (Costa et al., 2009).
Assuming that the surface temperature and the mantle potential temperature are similar

(Lebrun et al., 2013), a condition satisfied
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in the presence of the steam atmosphere that is likely to be outgassed by a magma ocean
(Hamano et al., 2013), we computed the depth of the magma ocean based on the inter-
section between the adiabatic temperature profile and the temperature corresponding to
the critical melt fraction of 40%. For different potential temperatures, we computed

adiabatic profiles (7%) according to the adiabatic gradient

dl, _aoT
“ra - == , (6)
dP Pcp
where P is the hydrostatic pressure in GPa, ¢p=1000 J kg™! K™! the heat capacity at
constant pressure, and o the pressure-dependent thermal expansivity (Abe, 1997)
.PK'JZ(I_KJ)/KJ
a(P) = ao , (7

Ko

where a=3-107 K™! is the thermal expansivity at zero-pressure, K;=200 GPa the bulk
modulus, and K =4 its pressure-derivative. For the solidus and liquidus temperatures we
assumed a peridotitic composition based on experimental data for pressures up to 22.5
GPa (Zhang and Herzberg, 1994; Herzberg et al., 2000) and for higher pressures (Fiquet
et al., 2010) down to the core-mantle boundary. For the given surface temperature, the
differences in the magma ocean depth between the studied protoplanetary masses range
from a few percent to about 30%. As an example if one takes a protplanet of =0.5 Mg
with a surface temperature ranging from *2000-2600 K, the magma ocean depths can
range from 135 - 1900 km. Thus, we assume an average depth of a magmatic layer of

=1000 km for the protoplanetary masses considered in our study, from which the noble
gases as well as potassium will be outgassed into the surrounding envelope. Depending
on the actual composition of the magma ocean, its pressure range and degree of
crystallinity, the residual melt can become denser than newly formed crystals due to
strong FeO enrichment in the liquid phase (Caracas et al., 2019). Crystals and melt would

thus tend to separate leading to an inside-out crystallization and the
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formation of a basal magma ocean (e.g., Labrosse et al., 2007; Ballmer et al., 2017;
Caracas et al., 2019). Yet, even in this case, the surface magma ocean would still be in
contact with the surrounding atmosphere so that our assumptions would remain valid.

According to magma ocean studies the convective velocities in the magma ocean
reach up to 10 m s~ Solomatov (2007). Therefore, one can assume that 1000 km deep
magma oceans are well mixed and soluble elements reach the protoplanetary surface from
the bottom within a day. Because, of this short time scale one can assume that the escape
of evaporating elements will not deplete the surface layer and elements can outgas from
the magma ocean into the escaping primordial atmosphere to maintain the chemical
equilibrium (Fegley et al., 2016).

We estimate the maximum amount of outgassed elements (i.c., K, Ar, Ne, etc.) from
an average magmatic layer of ®1000 km, which lies within the simulated magma ocean
depth ranges, by assuming that they have been incorporated during the disk phase into
the magma initially with compositions as described above (see Table 1 and references
therein for different Ar and Ne noble gas ratios and abundances in CI/CC and UR;
respectively Table 2 for K and U.).

1D radiative convective models of hot steam atmospheres above a solidified magma
ocean (Marcq, 2012; Marcq et al., 2017) indicate that in later stages, after the Ho-
dominated envelope was lost and large impacts decrease, mesospheric temperatures
remain always lower than T, even for very high surface temperatures and dense
atmospheres. This severely hampers further escape of K and similar heavy elements once
the primordial atmosphere is lost, the kinetic energy supply by impactors becomes
negligible, and steam atmospheres are catastrophically outgassed.

However, additional enrichment of elements in the protoplanetary atmosphere can
also be caused by the evaporation of impacting chondrites in the atmosphere, water

production through oxidation of atmospheric hydrogen (Ikoma and Genda, 2006), as
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well as due to large impactors crashing into the magma ocean that release their volatile
materials (e.g., HO, CO») via shock degassing (Abe and Matsui, 1985). For investigat-
ing how additional volatiles influence the escaping hydrogen and the related elemental
fractionation, we add different H,O and CO; partial pressures within ranges of 15-75 bar

and 1-15 bar respectively to the nebula-captured Hs-envelope.

2.4. Impact simulations

For simulations in which the initial protoplanetary masses are small enough we
accrete the rest of the planet by adding giant impactors with different masses. To quantify
atmospheric erosion by these giant impact-events, we performed 3D Smooth Particle
Hydrodynamics (SPH) simulations of the growing protoplanets with captured Ho»-
envelopes being hit by Moon- and Mars-mass embryos.

Atmospheric loss due to impacting bodies has so far been treated by means of
analytical models (Schlichting et al., 2015), 1D (Genda and Abe, 2003; Inamdar and
Schlichting, 2016) and 3D hydrodynamic codes (Shuvalov, 2009) and of head-on im-
pacts of Earth-sized onto super-Earth-sized planets (Shang-Fei et al., 2015). To quantify
atmospheric losses in large impact events, we performed a suite of fully 3D SPH colli-
sion simulations considering two main scenarios. These comprise protoplanets between
0.6 and 0.75 Mgar that are hit by either a Moon- or a Mars-mass planetary embryo with
varying impact velocities and angles. Both colliding bodies consist of an iron core that
contains 30 % of the total mass and a silicate mantle. The target body, representing the
protoplanet, is covered by an H,-envelope with f; of =0.001, while the smaller impactor
itself has no atmosphere. Fig. 3 shows collision snapshots of a Moon-mass planetary
embryo that collides with an H, envelope surrounded protoplanet with 0.6 X Mgy

Our multi-material SPH code (Schéfer et al., 2016) includes self-gravity and runs on
highly-parallel GPU hardware to allow for fast, high-resolution computations. Several
material models and equations of state (EOS) are available, allowing simulation of gases,

non-viscous fluids (Burger et al., 2018), granular media (Schéfer et al., 2017),
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solid bodies (Maindl et al., 2014; Burger and Schifer, 2017), and porous continua
(Haghighipour et al., 2018). Due to the high involved masses, material strength is
neglected in this study and the colliding bodies are modeled purely hydrodynamically.
The core and mantle material are described by the Tillotson EOS (H. Tillotson, 1962),
with parameters for iron (Melosh, 1989) and basalt (Benz and Asphaug, 1999) while the
atmosphere is modeled as an ideal H, gas with an adiabadic index of 7/5. In order to
produce equilibrated initial configurations we first compute hydrostatic profiles with a
semi-analytical relaxation approach, as described in Burger et al. (2018), followed by
additional numerical relaxation to settle remaining fluctuations. The outer boundary
conditions for hydrostatic structure calculations were chosen to end up with atmospheric
heights roughly half the radius of the underlying core and mantle.

To verify the influence of an evolving protoplanetary mass, four selected scenarios
(Mars-sized projectile, V/Vese=1.5, 0=0°, 30°, 45°, 75°) were studied between masses of
=0.6 Mgarm and =0.75Mgam, but all other collision parameters are equal. These scenarios
led to atmosphere losses identical, or only marginally below those of the runs with less
massive targets. Under the assumption of a constant bulk density 9, the specific collision
energy Or as a function of V/Ve, the total colliding mass M, and Y = Mo/ Miarg can
be expressed as Burger et al. (2018)

. L3 - )
419 173 Vv 2 2/3 Y

RO s M e ggne ®

On the one hand, the larger gravity of the more massive protoplanet can be expected to
exert a stronger hold on the atmosphere, while on the other hand Eq. 8 indicates that the
specific collision energy increases for higher M, but also decreases for lower y (which
is both fulfilled for the =0.75%Mgawn runs compared to the respective 0.6 X Meamn runs). At
least in the examined scenario these contributions seem to practically balance each other
and atmosphere losses appear to be almost independent of the protoplanetary mass within

the studied range.
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By covering the full range of possible impact angles from central to almost perfectly
grazing, and likely impact velocities from 1-2Ve, as illustrated in Fig. 4 we infer  on
average atmosphere losses around 5% per collision for impacts with Moon-mass embryos
and =15% for Mars-mass impactors. Besides this atmospheric mass loss one should
note that these impactors also deliver mass and elements to the growing protoplanet.
Impact masses with different 36Ar38Ar, 29Ne/22Ne, and K/U ratios are thus added to
simulate the growth of the protoplanet to its final mass as well as its elemental
modification in the atmosphere. We varied the impactor composition to take into
account different compositional models of the Earth. The Moon-forming impact as final
impactor is assumed to not significantly alter the composition of proto-Earth.

To test the influence of varying atmosphere mass, we repeated all 10 simulations
involving Moon-sized impactors with a significantly more massive atmosphere with
f=0.03, and found results very close to those of the standard runs, with deviations not
larger than =1%. In addition, we also repeated one scenario (Mars-sized projectile,
V/Vese=1.5, 0=30") with a lower-mass atmosphere of =0.01 mass%, where 22% of the
initial atmosphere is lost (vs. 16% in the standard run). The presence (or absence) of these
deviations is at least partly due to different atmospheric heights, which certainly depend
on various atmospheric properties, and the results derived from our standard runs should
be considered as being not more than first order estimates.

Finally, to test resolution dependence, we repeated one scenario (Mars-mass pro-
jectile, VIVese=1.5, 0=30") in high resolution with 1 million SPH particles, instead of the
2.0-2.5%10° particles of the standard runs. The outcomes of the two simulations
were found to be practically identical in all their major aspects.

For each collision we subtract a randomly determined atmospheric mass fraction,
within 1-10% for Moon-mass and 1-30% for Mars-mass impactors. Frequent large

impactors are also significant atmospheric heating sources since they disturb the at-
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mosphere (see also Fig. 3) and produce shock waves (Genda and Abe, 2003; Trigo-
Rodriguez, 2013) so we assume that trace elements such as K can reach the thermo-
sphere, where they can be dragged along and be partly lost along with the escaping H-

dominated atmosphere.

2.5. Element fractionation by EUV-driven hydrodynamic escape

The main process related to the escape of “rare gases” and volatile elements in
primordial atmospheres of planets is the dragging of heavy particles by EUV-driven
hydrodynamic escape of H atoms that originate from the dissociation of H, and H,O
molecules (Zahnle and Kasting, 1986; Hunten et al., 1987; Odert et al., 2018; Pepin,
2000).

For Sun-like stars younger than =3.5 Gyr, the intrinsic spread in stellar rotation rates
and corresponding high-energy emission is large (Tu et al., 2015). To study the dragging
and fractionation of the noble gas isotopes and K/U, we model the atmospheric escape
along different possible EUV-flux (100-920 A) evolution tracks of the young Sun. At
very young ages, the EUV emission is saturated at a roughly constant fraction of the star’s
bolometric luminosity (Lgyy ~ 107> Ly, Christian and Athioudakis (2002)), lasting =5
Myr, 25 Myr and 225 Myr, for slow, moderate, and fast rotator tracks. Because the
rotation rate of the young Sun is unknown, we model various evolution scenarios, based

on the rotation rate distribution of young solar-like stars according to
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Tu et al. (2015)

Leuy = EUViaw1 : 2.45 x 10317083
EUViay2:3.57x10317087
slow rotator : EUV a3 : 5.75 X 1031£70.93
EUViwa : 6.55 x 10314709
EUVis : 8.66 x 103177098 ©)
EUViws : 1.54 x 103247105
EUViay7 : 2.49 x 1032111
EUVians:3.46% 103277114
moderate rotator : EUVy,,9 : 4.70 x 1032118

fast rotator : EUV 10 : 1.2 x 103677215

where ¢ is the stellar age in Myr and Lgyy the EUV luminosity in erg/s. Here, the EUVay
3, 9 and 10 correspond to the slow, moderate and fast rotating young Sun in Tu et al.
(2015).

The hydrodynamic H escape flux Fu from an H>-dominated atmosphere, where the
heavy major component is atomic O (from dissociated H,O molecules) and “k” are the
heavy minor trace species (=3°Ar, 38Ar, 2Ne, 22Ne, K, CO,) that are embedded in the
outflow, can be written as (Zahnle and Kasting, 1986; Hunten et al., 1987; Odert et al.,

2018)
B NFruy
a

Ho4AD mH+mofoxo+ n k=1m]x
k k k

5, (10)

where AO=GM,,/ryh is the gravitational potential, fo=no/nu~No/Nu and fk =nk [nu~Nk [Nu
are the mixing ratios relative to the atmospheric light main species (here, H), with local
number densities n and atmospheric inventories N. Here, mik is the mass of trace
species k and xo, xi are the fractionation factors (Odert et al., 2018). The escape fluxes

of the dragged heavy species can therefore be written as Fo=F4 fo xo and Fr =Fuy fk Xk .

Here, 3 is the ratio of rguv/rpn where reuy is the effective radius where the bulk of the
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incoming EUV radiation is absorbed.

The dynamics of hydrodynamically escaping H,-dominated atmospheres with ap-
plications to the evolution of Venus and Earth were discussed by Watson et al. (1981).
Under the studied conditions, it was found that the EUV-driven hydrodynamic escape of
H atoms from the upper atmosphere of early Venus and Earth would have been energy-
limited, corrected by a less than unity heating efficiency (Watson et al., 1981;
Shematovich et al., 2014) n of 15%, if their primordial atmospheres contained total H,
mixing ratios that exceeded a few percent. As one can see in Eq. 10, the hydrogen

escape flux Fyy o row%gy depends critically on 7suv. We calculate the EUV absorption

radius rgyv numerically as Watson et al. (1981) in their pioneering work,
: 20_52_1* -0.5
reov=rfNe . YA - 2 , (11)
[ max (1 + )M l

with the quantity W = (NFruvGMymy )/ (T K/kg) and the maximum escape flux [Mpax
2

2
.Acrh L13s
2 ( erl?V : +El
= . 12
Moo= g A g (12)
l ¢ r'Euv

K is the thermal conductivity parameter (Watson et al., 1981) of 4.45 x 10% ergs cm™! 57!

K™!and s the neutral gas factor of 0.7 (Banks and Kockarts, 1973). By solving Eq. 11
together with Eq. 12 simultaneously by numerical means new values of rpn, 7euv,  fat,
My and Fy, Fo, Fiare determined, and the corresponding elemental fractionation ratios
are calculated as a function of time.

In this approach atmospheric escape is limited by the amount of solar EUV energy
absorbed in a narrow region around an effective EUV absorption radius reuy (Watson et
al., 1981). However, it was shown by Erkaev et al. (2014, 2015) that this simplification

yields for bodies with masses < 1 Mgam an underestimation of 7guy = rguv,,, andthus

27



the escape rate. In such cases as illustrated in Fig. 5, due to the low gravity H,- dominated
low mass bodies develop extended upper atmospheres, so that the EUV flux is absorbed
not in a narrow area but over a wide region above the photospheric radius 7, moving
VEUV.g

D [ w Zys
FEUVa ™ TEUVme = Rph - 1+2 1 = Ipuv(r, T1/2)/Feuv]rdr ; (13)

to much higher distances (Erkaev et al., 2014, 2015), where Izuv(r, 8) is the local stellar
EUV flux in the atmosphere as a function of the non-dimensional radius » = R/R,, and
spherical angle ©.

Because it is beyond the present study to calculate EUV-heated upper atmosphere
structures of the accreting protoplanets by solving the full set of hydrodynamic equations
at every evolution period we investigate the effect of rgyv variations between a rguv,,,
(Watson et al., 1981) and an rgyy,, based on hydrodynamic approaches (Erkaev et al.,
2014, 2015) to the atmospheric loss rates from Eq. 10. To estimate an upper limit of
TEUV » WE applied a hydrodynamic upper atmosphere model (Erkaev et al., 2016;
Kubyshkina et al., 2018b) in the EUV-driven regime and assuming saturated solar EUV
emission, which corresponds to the nebula lifetimes of 3-5 Myr (Wang et al., 2017;
Bollard et al., 2017) of our simulation. Depending on the nebula lifetime, the
corresponding equilibrium temperature, protoplanetary mass and EUV flux the difference
between rguv,,, ~ 7Euv,,;, can amount to up to =1 Earth-radius.

The EUV flux Fgyy in Eq. 10 corresponds to Fryv=Leuv/(4T1d?) with orbital
distances d of 0.7 AU and 1 AU for Venus and Earth. We calculate the EUV-driven
hydrodynamic atmospheric mass loss rate over time along various possible EUV lu-
minosity Lguy evolution tracks (Tu et al., 2015) shown in Fig. 6, which is defined as
Mu=dMy/dt=47r* myFy. The EUV flux, the mixing ratios and the fractionation factors
are therefore calculatdd as functions of time. This provides the description of the evolving

elemental masses m for the considered isotope and elemental ratios. From
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the evolving elemental masses we build the various isotope and elemental ratios.

2.6. Fractionation factors and binary diffusion parameters

Since we aim to study the loss of H atoms that drag away O atoms (a dissociation
product of H,0), CO, molecules and the embedded trace elements 3°Ar, 38Ar, 2°Ne, 2’Ne,
and K, we apply a formalism for the calculation of the fractionation factors, which is
applicable to more than two species. Here we apply improved analytic so- lutions (Zahnle
and Kasting, 1986; Zahnle et al., 1990) of the general hydrodynamic multi-component
equations (Hunten et al., 1987). These equations are applicable to atmospheres with one
or two major species and an arbitrary amount of additional minor species (Zahnle and
Kasting, 1986). Assuming that the escape of the heavier constituents is mainly driven by
efficient hydrodynamic escape of species H, the frac- tionation factors xo and xx (k=3Ar,
3Ar, 2Ne, 2Ne, K) of the heavier species can then be written as (Zahnle and Kasting,
1986; Odert et al., 2018; Zahnle et al., 1990; Lichtenegger et al., 2016)

d(mo = mu) bu,o

= 1- 14
* FuksT (1 + fo) (19

and
1 - gtmemmibok Bikge (1 - xo) + g xg

Xk = bor , (15)

=y
TTHKBT

bH,
1+ &.lc f
bor O
Here, g is the gravitational acceleration at the base of the flow ro, kg is the Boltzmann
constant, T the upper atmosphere temperature, and Fy the escape flux at rpn of hydrogen

in units of cm 2 s™!. The binary diffusion parameters bu,0 = 4.8 x 1077 %7 ¢cm™! 571,

bu,co,= 8.4 x 1077 %0 cm™ 571 by ar = 1.06 x 10187 %57 cm™ 71 hyne = 7.9 x
1017793 em™' 57! boyco, = 7.86 % 101070776 ¢m™1 s71 | ho,ar = 5.6 %

10107 034 em™! s7hand bone = 1.5 % 1017797 cm™! 57! were taken from Zahnle and
Kasting (1986). The binary diffusion coefficients of potassium within hydrogen and

oxygen bu,k and bo,k in units of cm™! s™! are calculated from the relation (Koskinen
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etal., 2013)

biox =152 x 105(——+— )I’ZVT. - (16)
T My, Mk

Eq. 14 describes the fractionation of the major heavy species O and is similar to  the
frequently used expression derived by Hunten et al. (1987), except that it does not
require that fo « 1. This expression is therefore more suitable for calculating the escape
of dissociated H>O products such as oxygen in the atmosphere. Eq. 15 describes the
fractionation of the additional heavy minor species (here CO,, 3°Ar, 33Ar, 2°Ne, 2’Ne,
K), which feel the drag from both major gases. If there is no heavy major species in the
atmosphere, the escape of minor heavy species would be described by Eq. 14. The
fractionation factors take values between 1 (both species escape efficiently with the same
velocity) and 0 (the heavy species cannot escape). If the latter case occurs for the major
heavy species, escape of the light species is then limited by diffusion through the static,
heavy background gas, and its escape flux can be found from Eq. 14 by setting xo=0. If
xx =0, the light gas still escapes hydrodynamically, but the concerned minor species is

maintained.

2.7. Input parameters and X* statistical tests

For constraining the upper limit of accreted masses during the disk lifetime of proto-
Venus and Earth that can capture small primordial atmospheres and our model runs can
reproduce the present atmospheric Ar, Ne isotope ratios within the measured error bars
we vary input various input parameters discussed below and apply a statistical X* test.
The main input parameters of the applied upper atmosphere drag model are initial
protoplanetary masses My, the H envelope mass, the composition of the envelop and of
the elements outgassed from the magma ocean, the evolution ofthe EUV radiation given
as power laws (Eq. 9), EUV absorption radii within ™" rpyy, initial H,O and CO,
atmospheric partial pressure within the H>-dominated gas envelope above the underlying
magma ocean, the disk life time when the simulations start, and the times and Tiumbers

of big Moon- (for Earth and Venus) or Mars-sized impacts (for
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Earth only), and the composition of the impactors. In our study we investigated how
these different parameters influence the model results. We defined a parameter grid
where a range of values of the parameters are considered. The planetary mass grid for
Earth ranges from 0.45-0.8 Mg With increments of 0.01 Mg masses. For Venus the
planetary core mass grid ranges from 0.71 to 1.0Mvyenys With increments — of 0.01 Mvyenus
masses. For core masses below the lower end of the planetary mass grids, no
atmospheric mass can be kept gravitationally. For masses above the upper end of the
planetary mass grid, none of the used EUV power laws can sufficiently drive atmospheric
escape to fractionate the ratios down to present-day values. The EUV grid consists of 9
different EUV power laws (see Eq. 9, and Fig. 6), which were obtained by fitting
additional laws between the three evolution tracks of Tu et al. (2015). The grid for the
initial partial surface pressure ratios of H,O/CO, are 5/1, 15/3, 30/6, and 75/15,
respectively.

Important parameters are the photospheric radius 7pn, the equilibrium temperature 7eq
at the planet’s orbit, and the initial atmospheric mass M, accreted from the solar nebula.
To test whether variations of the parameter values influence the resulting fractionation of
the elements, we also test different effective EUV absorption radii rgyy between a
minimum (Watson et al., 1981) and a maximum (Erkaev et al., 2014, 2015) value. For Tq
of proto-Venus and proto-Earth, we use temperatures for Earth of 245 K, and for Venus
of 295 K. The initial My surrounding the planet is dependent on the protoplanet mass,
Tq, and the photospheric radius 7pp.

To determine the parameters (initial protoplanetary mass when the dissipated, EUV
flux, H,O/CO», tsis, "euv, impactor scenarios), which best reproduce the presently
measured isotope and elemental ratios of both Earth and Venus, we perform a X2

statistical test, which is defined by

3
X2= 2. (fkmd_ffkabs)2 , 17
k
plE1 k=1

&8s
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where f,, denotes the modelled isotope ratios, fk,, the corresponding measured
present-day isotope ratios, and ﬁ‘fftfs the error of the measured isotope ratios. Index p/
refers to the planets, Earth and Venus, and index & refers to the element ratios that we
use in the current study. The sum for index p/ for Earth and Venus is done only for
models with the same EUV power-law tracks and aisk . For the ¥ plot, we fix the
planetary core mass grid and the EUV grid and sum all H,O/CO», tis, reuv, and
impactor scenarios. Additionally we vary the initial and impacting compositions between
different admixtures of the CC- and NCC-reservoirs.

In this statistical method the sampling distribution of the test statistic is a X>
distribution when the null hypothesis is true. Therefore the lowest X* values represents

the best case.

3. Results

3.1. Statistical outcomes

The ¥? model results shown in Fig. 7 present protoplanetary masses at the end of the
disk lifetime vs. EUV evolution tracks (Fig. 6). Here, X* values <5.0 corresponding to
three reproduced elemental ratios for Earth and Venus, where the 3°Ar/*8Ar, 2'Ne/??Ne
isotope and K/U ratios are within the present day ranges at the end of the evolution
calculations. Values >5.0 indicate scenarios where at least one of the ratios is not within
the error bars. Scenarios with x> values >30.0 show distinct deviations from the present
day measurements.

The simulations of Earth with low additional H,O (5-75 bar) and CO; (1-15 bar)
amounts and a disk life time of 5 Myr mark the lower limit for possible proto-Earth
masses (=0.53Me) at the end of the disk phase retrieved from the distribution of ¥
values where a tiny primordial atmosphere remained after the disk dispersal, whereas
model runs with higher amounts of H,O and CO; and disk life times of 3 Myr mark the

upper limit of = 0.58 Mg for which the present atmospheric isotope ratios
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can be reproduced. It has also to be noted that additions of partial pressures higher than
30 bar H,O and 6 bar CO; respectively within the escaping hydrogen envelope cannot
reproduce present day’s measurements.

The addition of H,O and CO; is less influential on Venus due to a more massive
captured H,-envelope. Here, a disk life time of 5 Myr (0.85Mvyens) marks the lower limit
of proto-Venus masses as retrieved from the distribution of x> values. The upper limit
(1 Myenus) 1s obtained predominantly for EUV fluxes between a slow and moderate rotator
(evolution tracks 3-9 in Fig. 6). In case of slower rotators proto-Venus did not grow
up to its final mass within the disk lifetime. (evolution tracks 1-3 in Fig.  6). It is also
interesting to note that Venus’ mass and its corresponding captured H,- envelope
excludes that the young Sun was a moderate to fast rotating young G-star. A hypothetical
reproduction of the atmospheric 36Ar/*3Ar, 2°Ne/?*Ne isotope and K/U ratios for these
faster rotating young G-stars would need a higher mass for Venus so that a more massive
primordial atmosphere could have remained after the boil-off phase. Because early Venus
could not be more massive as today the planet’s mass constrain the activity evolution of
the young Sun if it captured a primordial atmosphere.

Thuerefore the x> analysis in Fig. 7 indicates that the 3°Ar/*8Ar, 2Ne/*’Ne ra-
tios and the measured present-day K/U elemental ratios on Venus and Earth can be
reproduced if they captured small primordial Hr-dominated envelopes with proto-
planetary masses of =0.83-1.0Myens and =0.53-0.58 Meam if the EUV flux of the young
Sun was within a slow (evolution track 3 in Fig. 6) to moderate (evolution track 9 in Fig.

6) rotating G-type star (Tuet al., 2015).

3.2. Possible evolution scenarios of early Earth and Venus

For the Earth, Fig. 8-14 show examples where we could reproduce the atmospheric

36Ar/38Ar, 2°Ne/*?Ne and today’s observed BSE K/U ratios and some where either all
three elements or at least one element could not be reproduced. In all cases we added

0.1 Mgarmn at 50 Myr, corresponding to the Moon-forming event with an Earth-
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like composition via the giant impact caused by Theia (Canup, 2012). Fig. 15-16a show
evolution scenarios for an early Venus that captured a primordial atmosphere that can
reproduce the atmospheric *°Ar/38Ar, 2’Ne/*?Ne and today’s observed Venus surface K/U
ratios whereas Fig. 16b shows an attempt in which we cannot reproduce the ratios despite
the large uncertainties in the available measurements.

An analysis of the different initial compositional reservoirs has shown that the cap-
tured Hz-envelope dominates the composition of the protoplanet to such an extent that
we cannot distinguish any other reservoir that contributed to the protoplanet before the
accreted primordial atmosphere is lost. In other words, whether we take 100% CC or
CI, 100% UR or 100% EC, or a mixture as initial composition, it will always be
overwritten by the solar component in the envelope. After the loss of the H,-envelope,
however, the composition of the impacting material starts to influence the results. We
therefore only consider different compositions for the accreted mass after the primor- dial
atmosphere is lost. Furthermore, changing initial atmospheric solar compositions
between SW, LMMG, and OCZ (see Table 1) will not influence the results signifi- cantly
within all uncertainties. In case of Ar the reason for this is that for successful reproduction
attempts Ar underfractionates for all three initial solar composition val- ues due to the
loss of the captured Hz-envelope, but the post-H,-envelope impactors overwrite this
fractionation partially. However, without the “accurateAtAf frac-
tionation through the escaping primordial atmosphere, the present-day 3°Ar/*8Ar
ratio cannot be reached by overwriting an “inaccurateAtAt’ fractionation with the post-
H,-envelope impactors.

For post-H,-envelope impactors with significant abundances of CC the present-day
elemental and isotopic ratios can only be reproduced if these impactors are considered to
be volatile-poor, i.e. depleted in the studied elements. Such an assumption is in agreement
with studies of Erkaev et al. (2015) and Odert et al. (2018), and recently by Benedikt et

al. (2019) who modeled the escape of volatile elements from Moon- to
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Mars-mass planetary embryos. These studies showed in agreement with Young et al.
(2019) that small Moon-mass embryos can lose a substantial amount of volatiles very
rapidly. The amount of their loss is dependent on the orbit location, mass and surface
temperature of the body as well as on the incident EUV flux. Furthermore, the depletion
also depends on the mass and volatility of the elements, i.e. it can be expected that the
noble gases will be stronger depleted than moderately volatile rock-forming elements.
Also, within the noble gases, for small low-mass embryos the lighter Ne will be lost
more efficiently than the heavier Ar (Benedikt et al., 2019). Here it is important to note
that for small planetary embryos of up to Mars-size, even though noble gases such as
Ar and Ne will escape from the magma ocean to space and therefore be depleted at
such bodies, the isotopic ratios will not be affected due to the high loss rates as has been
recently shown by Benedikt et al. (2019). While in case of the noble gases there is no
significant difference for CCs and Cls, CIs have to be depleted in K and similar
elements by about 50% more than for CCs to achieve the same results. Another way of
depleting rock-forming elements could be impact erosion which tends to remove the
crust of the embryo (see e.g. O’Neill and Palme (2008); Jellinek and Jackson (2015);
Carter et al. (2015); Bonsor et al. (2015)). Nevertheless it seems to be unreasonable that
planetary embryos will be much stronger depleted in rock-forming elements such as K
compared to the noble gas Ar which has more or less the same mass
range and a significantly lower condensation temperature.
In case of the post-H,-envelope impactors it makes no difference whether we choose
a few big impactors (e.g. in the range of Muars) or many small impactors (e.g. in the range
of Mwmoon) With the same composition and depletion as the few big ones to reach the final
mass of proto-Earth and proto-Venus since there is no atmosphere left that could be
eroded by the impacting material.
It is important to note that the present atmospheric 3°Ar/*Ne, which is =18.8 in

today’s atmosphere represents (Marty and All¢é, 1994; Marty, 2012)a further constraint
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on the composition of the accreted material of the post-nebula accretion.

3.2.1. Earth-case I (Dauphas, 2017): Composition derived from the isotopic nature of
lithophile-siderophile elements

Fig. 8 shows examples for two evolution scenarios for early Earth in which we can
reproduce the present-day atmospheric Ar and Ne isotope and the bulk K/U ratios with a
protoplanetary mass of 0.55 M. after a disk lifetime of 4 Myr and orbiting a young Sun
that was less active than a moderate rotator with an EUV power law 7 (see Fig. 6) by
assuming mainly accreting enstatite-like material as expected by Dauphas (2017). The
differences between Fig. 8a and 8b are only due to a different enstatite-carbonaceous
chondritic (EC-CC) mixture of the post-H,-envelope impactor material.

The post-H,-envelope impactor material in Fig. 8a consists of 95% EC that are highly
depleted in noble gases and elements like potassium (K), and 5% CC that are weakly
depleted. In such a case the CCs would have been delivered to early Earth mainly as
undifferentiated meteorites.

Fig. 8b shows a case where the post-H,-envelope impactor material consists of 70%
EC and 30% CC-like material. Here the present atmospheric Ar, Ne and bulk K/U ratios
can only be reproduced if the CC-like material is also highly depleted in the studied
elements. In such cases the CC-like material should have been delivered via planetary
embryos that underwent magma ocean-related outgassing followed by escape and hence
depletion of these particular elements. Interestingly, for cases with post-H>-envelope
impactor material of < 70% EC and more parts of strongly depleted CC the atmospheric
36Ar/22Ne ratio can not reproduced anymore with the particular accretion scenario where
early Earth accreted = 0.7 Mg, as long as it was surrounded by a primordial atmosphere
(<7 Myr). For the cases shown in Fig. 8a and 8b this ratio yields =18.8 which matches
the present-day atmospheric value (Marty and All¢, 1994; Marty, 2012). The scenario

shown in Fig. 8a agrees
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quite well with a composition obtained by Dauphas (2017) of an accreting EC-like
material with a small addition of = 5% CC and with the analysis of Marty (2012). The
spike like features correspond to atmospheric delivery/losses and changes in the
elemental ratios caused by large impactors.

Fig. 9 shows examples for an evolution scenario where we assume that the post-H,-
envelope impactors consist of 100 % EC-like material that is not depleted in Ar, Ne and
K (Fig. 9a) and almost fully depleted in these elements (Fig. 9b). One can see that both
scenarios cannot reproduce the present atmospheric Ar, N and bulk K/U ratios. This
indicates that at least a few percent CCs must have been accreted after the loss of the tiny
primordial atmosphere. This is also in agreement with the analysis by Marty (2012) which
has shown that the 2°Ne/*’Ne end member (planetary-A) matches the composition of CCs
and not of ECs and OCs.

Fig. 10 shows a similar scenario as that of Fig. 8a, but the influence of different EUV
flux evolution tracks of the young Sun. Fig. 10a corresponds to a very slow rotating
weakly EUV active young Sun (power law 1, see Fig. 6), while Fig. 10b shows a result
for a moderately rotating and slightly more EUV active young Sun (power law 9) as that
shown in Fig. 8a. One can see that a very slow rotating young Sun cannot reproduce
present Earth’s atmospheric Ar and Ne isotope ratios even though all assumptions except
the EUV flux remained the same as in Fig. 8a. The 3*Ar/*’Ne ratio in Fig. 10a s far below
the present atmosphere value. Less depleted EC-like post-Hs-envelope impactors in
elements like K may yield the present bulk K/U ratio but Ar and Ne isotopes cannot be
reproduced for this scenario.

Fig. 10b shows the same scenario as Fig. 8a but for a moderately rotating young Sun
that was slightly more active in EUV compared to the scenario shown in Fig. 8a.
Interestingly, the present atmospheric *°Ar/*®Ar and 2°Ne/?’Ne isotope ratios and also
the bulk K/U can be more or less reproduced. However, the present isotopic >°Ar/?>Ne

ratio can not reproduced under this conditions, although changes in
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the depletion of the post-Hs-envelope impactor material will not produce accurate results.

Fig. 11a shows a scenario with similar proto-Earth and young Sun input parameters
as in Fig. 10b but with an assumed post-Hz-envelope impactor com- position and
depletion which can more or less reproduce the present atmospheric 3°Ar/?*Ne. One can
see that in such a scenario the atmospheric 2’Ne/?’Ne isotope ratio cannot be reproduced
and the necessary depletion for the reproduction ofthe 3°Ar/*’Ne isotope ratio is very
unrealistic. It is impossible that the post-H,-nebula CC impactors will be undepleted in
Ar but almost fully depleted in Ne isotopes.

Fig. 11b uses the same input parameters as given in Fig. 8b, but a post-H»- envelope
impactor composition of strongly depleted 98% EC and 2% CC that are not depleted.
One can see that the 3°Ar/>3Ar and *Ne/?*Ne isotope ratios, as well as the bulk K/U ratio
can be more or less reproduced, the atmospheric 3°Ar/>?Ne isotope ratio is too low. This
more or less corresponds to the Marty (2012) case of an accretion consisting of 98%
dry material and 2% undepleted CC, but with an escaping primordial atmosphere that
alters the ratio. Consequently more than 2% CC are needed that show a slight depletion
of Ne, if a hydrodynamic escaping primordial atmosphere was involved in shaping the

present-day values.

3.2.2. Earth-case II (Schiller et al., 2018): Composition derived from Ca-isotopes in
planetary embryos

The largest difference between the compositions given in (Dauphas, 2017) and
(Schiller et al., 2018) is that (Schiller et al., 2018) suggests that the post-H,-envelope
impactors consisted mainly of carbonaceous chondrites, ®60% dry ureilite-like material
was accreted within the disk-lifetime. Fig. 12 shows examples for two evolution scenarios
for early Earth in which we can reproduce the present-day ratios with a similar
protoplanetary mass of 0.55 Mg, after a disk lifetime of 4 Myr and a similar young Sun

that was less active than a moderate rotator with an EUV power law
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Fig. 12a is basically equivalent with the result of Schiller et al. (2018), i.e. an
accretion of 100% CI for the last ®40% of proto-Earth. While Schiller et al. (2018),
however, expects an accretion of about 100% CI for the last =40% of proto-Earth, we
used an averaged value over all carbonaceous chondrites in Fig. 12a, ie. 100% CC. If one
exchanges CCs with Cls then the depletion of K would have had to be slightly higher
than the depletion of the more volatile noble gas Ar to reproduce the present-day ratio
which might be unreasonable. Here, we can reproduce the present atmospheric Ar and
Ne isotope ratios if we accrete more mass within the escaping Ho-dominated primordial
atmosphere, which results in a faster growth of the proto-Earth. In such cases proto-
Earth would have accreted = 0.85Mgan as long as it was surrounded by an escaping
primordial Hz-envelope (<7 Myr). The post-H,-envelope impactors, however, have to be
strongly depleted in the studied elements to reproduce the present-day ratios.
Interestingly, such a fast growth was also derived by (Schiller et al., 2018) from their Ca-
isotope analysis.

The main differences between Fig. 12a and 12b are only due to the delivered mate-
rial of the post-Hz-envelope impactors. One can see that in both cases the atmospheric
36 Ar/?2Ne isotope ratio also yield the present-day atmospheric value of 18.8 (Marty and
Allé, 1994; Marty, 2012). Fig. 12b has a post-H,-envelope impactor composition of 70%
CC and 30% UR and 30% of the total mass are delivered after the captured primordial
atmosphere was lost to space. In such a slightly slower accretion scenario the impacting
material has to be strongly depleted in noble gases; Ne for instance by
=99%. Such strong depletion of the noble gases might also not be unrealistic since the
present-day Earth has noble gas abundances that are about 2 magnitudes lower than those

of undepleted carbonaceous chondrites (Marty, 2012).

Fig. 13 shows a similar scenario as that of Fig. 12a, but the influence of different

EUV flux evolution tracks of the young Sun. Fig. 13a corresponds to a very slowly
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rotating weakly EUV active young Sun (power law 1), while Fig. 13b shows a result for
a moderatele rotating and slightly more EUV active young Sun (power law 9) as that
shown in Fig. 12a. Similar as in the cases shown in Fig. 10 one can see that a very slow
rotating young Sun can not reproduce the present atmospheric Ar and Ne isotope ratios
if the assumption for the proto-Earth besides the activity of the young Sun remain similar
as in Fig. 12a. The *°Ar/*?Ne ratio is only 0.47 and is far below the present atmosphere
value. Fig. 13b shows the same scenario as Fig. 13a but for a moderate rotating young
Sun that was slightly more active in EUV compared to the scenario shown in Fig. 12a.
Similar as in Fig. 10b, the present atmospheric *°Ar/*®Ar and 2’Ne/*?Ne isotope ratios
can be more or less reproduced. However, the present isotopic 3°Ar/>?Ne ratio, however,
is too low.

Fig. 14 shows unsuccessful evolution scenarios where the proto-Earth accreted a
higher mass of 0.75 Mg during the nebula lifetime. In Fig. 14a the growing protoplanet
is exposed to a young Sun with an EUV flux that is a bit lower than that for a moderate
rotator, similar as in Fig. 8a and 12a. One can see that the atmospheric 3°Ar/*8Ar,
20Ne/??Ne, 3°Ar/**Ne noble gas ratios and the BSE K/U ratios can not be produced
and Earth would not have lost its captured primordial atmosphere. Fig. 14b shows the
same evolution scenario but exposed to a fast rotating early Sun. In such a case, due to
the very high EUV flux the captured primordial atmosphere would have been lost within
500 Myr, but K/U and the atmospheric 3°Ar/*8Ar, 2°Ne/??Ne, 3°Ar/?*Ne noble gas ratios
never reached the present atmospheric values.

To summarize, it is also possible to reproduce the present atmospheric Ar, Ne and
bulk K/U ratios by assuming the composition inferred by (Schiller et al., 2018) from the
Ca-isotope data, if we assume a faster growth of proto-Earth as long as it is surrounded
by its escaping primordial atmosphere and the accreting material is strongly depleted in
the studied elements. However, the proto-Earth mass until the disk dissipated at =4 Myr

should not be > 0.58 Mg, and the process would
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be a complex interplay between EUV-driven hydrodynamic and impact-induced
atmospheric escape combined with a fast mass accretion soon after the time when the
disk dissipated. If proto-Earth accreted higher masses of about 0.7-0.8 Mg during the
disk lifetime than Earth would have had a problem to lose its primordial atmosphere and
Ar and Ne isotope ratios can not be reproduced. This is also in agreement with studies of
Johnstone et al. (2015); Owen and Wu (2016).

3.2.3. Venus: examples of different individual cases

Best case evolution scenarios for Venus are shown in Fig. 15. Here, Venus accreted
more or less all of its mass until the captured primordial atmosphere was lost. For such
scenarios (see Figs. 15 and 16) the assumed composition of proto-Venus has negligible
effects on the results. In Fig. 15a, proto-Venus finished its accretion within the disk life
time of 4 Myr to its full mass (i.e., 1.0Mvens), and we assume the same solar EUV
evolution track as for the best-case evolution scenarios of proto-Earth in Figs. 8a and 12a.
The escaping hydrogen atoms dragged the trace species and fractionated initially solar-
dominated 3°Ar/38Ar, 2°Ne/?>Ne noble gas ratios to values within the error ranges
observed in today’s Venus’ atmosphere. For the particular scenario the atmospheric Ne
isotope ratio lies within the measurement range of Venera 13 and 14 (Istomin et al., 1983;
Donahue, 1986). Because of the large uncertainties of the presently available Arisotope
data, the 3°Ar/>3Ar ratio also lies within the error range. For this particular scenario the
observed elemental ratios can be reproduced independently of the additional H,O and
CO; amounts discussed above. Here, proto-Venus accumulated a little bit earlier more
nebular gas with solar composition compared to a less massive proto-Earth shown in Fig.
8a and 9a, so that impacting carbonaceous chondritic material did not modify the solar
isotope ratios efficiently until accretion finished. The K/U ratio lies slightly above the
Vega 1, 2 and Venera 9, 10 data but within the range of the Venera 8 landing site (Davis

et al., 2005).

Gamma ray spectrometry data analysis of the rocks at the Venera 8 landing site
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showed that the surface material contains relatively high contents of K, U, and Th
(Vinogradov et al., 1973; Surkov et al., 1976). Abdrakhimov and Basilevsky (2002) used
Magellan radar images of the Venera and Vega landing-site regions, and carried out a
photogeologic analysis and mapping of these regions to interpret the soil composition,
which was previously analyzed by the various spacecraft. Judging by the mapping results,
a geochemically advanced material analyzed at the Venera 8 landing site appears to be a
complex of shield plains (Abdrakhimov and Basilevsky, 2002). Anomalously high
abundance of small volcanic shields were discovered on the Venera 8 landing site, which
lead to the suggestion that the rocky material sampled by Venera 8§ could represent these
shields (Crumpler et al., 1997; Basilevsky, 1997). The formation of shield fields, instead
of vast basaltic floods that are more typical for Venus, is believed to be due to low magma
replenishment rates (Crumpler et al., 1997). These authors expect that these conditions
might have favored intra-chamber magma differentiation and/or contamination in the
crustal material, that enriched the sampled rocks by the Venera 8 in K, U, and Th
(Basilevsky, 1997; Abdrakhimov and Basilevsky, 2002).

Fig. 15b shows a successful reproduction attempt that reproduce Venus’ atmo-
spheric Ar noble gas isotope ratio measured by Venera 11 and 12 mass spectrometer data
(Istomin et al., 1980). In such an evolution scenario proto-Venus accreted less mass (i.e.,
0.95Myenys) within the nebula lifetime of 4 Myr and an EUV flux of the early Sun that is
slightly lower compared to the scenario in Fig. 15a. Interestingly, here the obtained K/U
ratio would lie within the narrow error bars measured by the Vega 1, 2 and Venera 9, 10
surface landers. The Vega 1, 2 and Venera 9, 10 data indicate Tholeiitic compositions,
probably represent the unit of plains with wrinkle ridges, which is most common on
Venus (Abdrakhimov and Basilevsky, 2002). Here, the evolution scenario is closer to that
of the Earth shown in Fig. 8a or 9a. The 2°Ne/?’Ne ratios which are obtained in this
particular scenario would lie outside the error bars of the measurements of Venera 13

and 14 (Istomin et al., 1983; Donahue, 1986), but very close to the lower
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error bar of the initial PVO data analysis by Hoffman et al. (1980).

Fig. 16a shows a case of an even smaller proto-Venus with 0.83Mvyens at the time when
the disk evaporated at =4 Myr and a 100% EC composition, initially and delivered by the
impacting material. Due to the large error bars of the available measurements the
atmospheric Ar, Ne and also the surface K/U ratios can be reproduced. Fig. 16b shows an
example of a failed reproduction attempt of the Venus’ atmospheric Ar and Ne noble gas
isotope and surface rock K/U ratios. A smaller proto- Venus that grows to its final mass
before the captured primordial atmosphere escaped will lose most of its potassium for
EUV evolution tracks higher than for a slowly rotating Sun. In this particular case K/U
remains significantly under-fractionated.

In Venus’ case different evolution scenarios yield a reproduction of the present day
atmospheric Ar, Ne and also surface K/U ratio measurements. We agree with Dauphas
(2017) that new precise measurements in future Venus missions are necessary so that one
can test which material was mainly accreted by Venus and whether it can be linked to
material related to EC, or a mixture of EC/CC with remnants from a primordial

atmosphere.

3.2.4. 3%4r/’Ne: a further constraint on the accreting material composition

As discussed above, different admixtures of UR, EC, and CC-like material of the
post-Ha-envelope impactors can reproduce the present-day terrestrial atmospheric
30Ar38Ar and *?Ne/*'Ne ratios in dependence of their composition and assumed
depletion. A further constraint for the composition of the post-nebula accretion is hidden
in the atmospheric ratio of 3*Ar/?>Ne which is =18.8 in today’s atmosphere (Marty and
Allé, 1994; Marty, 2012). Fig. 17 shows the evolution of 3°Ar/?>Ne for reproduction cases
based on the building block compositions suggested by (Dauphas, 2017) shown in Fig.
8a (95% strongly depleted EC, 5% weakly depleted CC), Fig 9a (100% non-depleted
EC), and Fig 9b (100% strongly depleted EC), suggested by (Marty, 2012) — but with a
tiny escaping Hr-envelope — shown in Fig. 11b (98%
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strongly depleted EC and 2% non-depleted CC), and suggested by (Schiller et al., 2018)
shown in Fig. 12a (100% depleted CC). As can be seen, only the Schiller-like case and
the Dauphas-like case but with a post-H,-envelope impactor contribution of about 5%
CC can reproduce the present-day atmospheric 3°Ar/>*Ne ratio. As can also be seen in
this figure, a contribution of 100% EC after the tiny primordial atmosphere was lost
cannot reproduce the ratios correctly. One should also note that the depletions of the post-
H,-envelope impactor material can not be chosen completely arbitrarily. As shown in the
example of Fig. 11a cases, where for instance only one noble gas is strongly depleted
such as Ne but Ar and moderately volatile elements such as K are not depleted at all are
physically not realistic (see also (Benedikt et al., 2019)). Therefore, in our case studies
either all elements are not depleted or depleted and Ar and Ne should be higher depleted
than K. Moreover, the heavier Ar isotopes should not be less depleted compared to the

lighter Ne isotopes.

3.2.5. Fractionation of ' K/°K, %Zn/**Zn and Rb/U

In case of the Earth the present-day isotope ratio 3°K/*'K shows no significant
fractionation (Wang and Jacobsen, 2016a,b) which should also be reflected in our results.
In addition, the moderately volatile element Zn also does not show a significant

fractionation between its isotopes (Herzog et al., 2009; Paniello et al., 2012).

To address this in our simulations, we show in in Fig. 18a the respective ele-
ments/isotopes for the same cases as in Fig. 17. Both modeled isotope ratios frac- tionate
during the loss of the primordial atmosphere but this fractionation will then be
overwritten and compensated by the post-H-envelope impacting material. For Zn the
same depletions as for K (see Fig. 8a, 12a) were assumed. Another moderately volatile
element that behaves similar to K is Rb (Lodders et al., 2009). Here, the present-day
terrestrial Rb/U (Lyubetskaya and Korenaga, 2007) can only be reproduced very well by
the Dauphas-like case of Fig. 8a with the same depletion of the post-H»-
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envelope impactors as for K. The cases either under or overfractionate Rb/U. The
depletion of Rb might, however, not be the same as for K since Rb has on the one hand
a lower condensation temperature than K, but on the other hand Rb is more than twice as
heavy as K. This means that it might be outgassed easier but escapes less effectively from
planetary embryos than the lighter K.

However, one should note that focusing only on these moderately volatile elements
can lead to misleading interpretations. Including noble gas fractionation is therefore

crucial for constraining post-H,-envelope impactors.

If one simulates these ratios for the Venus best case scenarios with a large (Fig.
15a, Fig. 15b) and a small primordial atmosphere (Fig. 16a), one can see aremarkable
difference between an almost fully accreted proto-Venus when the disk dissipated or a
smaller proto-Venus that further accreted material after the primordial atmosphere
escaped. For the almost fully grown proto-Venus *'K/3°K and °Zn/%*Zn will be
significantly fractionated by atmospheric escape, while for the smaller counterpart these
ratios will be overwritten by the later impactors and almost no fractionation will remain.
For Rb/U, on the other hand, the smaller proto-Venus will show a stronger fractionation
than the heavier proto-Venus cases. Future missions to Venus may not only measure and
prove these ratios but will therefore also be able to give an insight on Venus’ accretion
history, i.e. onwhether Venus grew to its final mass already almost entirely within the

disk lifetime or accreted slower.

4. Discussion

A common denominator in our simulations is that whether the initial composition of
Venus and Earth at the time when the disk dissipated nor of the impactors accreted within
the lifetime of their primordial atmospheres can be determined by our model runs. This is

due to the reason that the solar-like component from the nebula, in particular of

45



the noble gases, within the captured Hr-envelope is dominating any information on the
composition of the protoplanets. For impactors that are accreted after the H,-dominated
primordial atmosphere is lost, however, the composition is crucial for the reproduction
of the studied element and isotope ratios. In addition, the main mass fraction of the post-
Hs-envelope impactor material have to be volatile-poor, i.e. significantly depleted in the
studied elements. As can be seen in Fig. 8a, in Earth’s case as long as only a few
percentage of CCs were involved in the post-Hz-envelope impactor material it could also
be delivered mainly by undifferentiated meteorites.

For the Earth, with our method we can reproduce the present day measured at-
mospheric Ar and Ne noble gas isotope and K/U ratios in case that it accreted fast  to
=0.7Mgamn, if We assume a composition as inferred by (Dauphas, 2017), and to
=0.85Mgam With a composition as inferred by (Schiller et al., 2018) as long as the
growing proto-Earth was yet surrounded by the captured nebula gas. This captured H»-
envelope was lost due to the EUV flux of a slowly to moderately rotating young Sun
within £7 Myr after formation of the Solar System.

Such a fast accretion scenario is in agreement with recent numerical models that
reproduce the formation and growth from asteroids to planetary embryos and large
protoplanets within the disk lifetime (Lambrechts and Johansen, 2012; Johansen et al.,
2015; Birnstiel et al., 2016). It is expected that these scenarios evolve from a two stage
process, where the first generation of accreting bodies form very fast by streaminginsta-
bilities followed by continuous growth that is dominated by the gas-drag in combination
by the accretion of mm-sized particles for planetesimals with radii larger than about 200
km (Johansen et al., 2015). These model simulations result in a fast formation of Mars-
sized embryos and even more massive protoplanets 20.5 Mg, over typical disk lifetimes
of <5 Myr (Bollard et al., 2017; McSween, 2013; Schiller et al., 2018).

Accretion models of terrestrial planets can also be constrained by the experimental

technique of high-precision isotope ratio mass spectrometry of tungsten (W). The de-
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cay of '82Hf to '82W via '32Ta with a half-life of 9 Myr provides a kind of radiometric
chronometer of planet formation processes (Harper et al., 1991; Halliday et al., 1996;
Halliday, 2000). Hafnhium and W are highly refractory and should be in chondritic pro-
portions in early solar system bodies. Hafnium is a lithophile element and is partitioned
strongly into the silicate fraction of a planet, while W is moderately siderophile and
partitions preferentially into a coexisting metallic phase. As a consequence the Hf/W
ratio is greatly perturbed by core formation. The chondritic Hf/W ratio of ~1.3 of the
Earth has been internally fractionated by core formation because more than 90% of the
Earth‘s W has sunk into its core.

The residual silicate portion in Earth‘s crust and mantle the BSE has a Hf/W ratio in
the range between 10-40 (Newsom et al., 1996). If the fractionation of Hf from W caused
by core formation takes place during the first few Myr of the accreting proto-Earth, i.e.
the lifetime of '82Hf, excess '®?W relative to other isotopes of W should develop in the
silicate portion of a planet as a consequence of enhanced Hf/W. Conversely, early Solar
System metals should be deficient in '3%W relative to chondritic atomic abundances ~ if
they segregated without further equilibration, before '3?Hf decayed. Therefore the
magnitude of the W isotopic effects are broadly speaking an indication of the rates  of
accretion of planetesimals and planets, together with the timing of core formation
(Halliday, 2000).

A comparison between accretion scenarios according to 'S?Hf-'82W chronometry
(see Fig. 19a) of terrestrial rocks after Wood and Halliday (2005) and Yu and Jacob- sen
(2011) shows that our obtained initial protoplanetary mass accreted at =4-7 Myr would
correspond to a Hf/W ratio that is =15, lies close to Yu and Jacobsen (2011), and
supporting a rapid accretion and early core formation (Yin et al., 2002; Kleine et al.,
2002; Yu and Jacobsen, 2011; Rudge et al., 2010; Kleine and Walker, 2017). Moreover,
in such a fast accretion scenario which is also favored from our study, the time between

the last two giant impactors on Earth could have been long enough to
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allow a solidification of a magma ocean before the last giant impact (i.e. the Moon-
forming event) and a subsequent condensation of a catastrophically outgassed steam
atmosphere. In such case one could expect that a liquid ocean already formed before the
Moon-forming event. One could speculate that the first magma ocean might have been
more reduced than the one after the Moon-forming impact. The catastrophically
outgassed atmosphere from the first magma ocean would therefore have been rich in H,
and CO while the second should have been rich in H,O and CO,. This may be reflected
in the preservation of the approximate carbonaceous chondritic D/H signature in the
terrestrial sea water (Marty, 2012). This hypothesis would also be in agreement with a
recent study of Pahlevan et al. (2019) who concludes from analysis of hydrogen isotopes
that the observed oxidation of silicate Earth occurred before crystallization of the final
magma ocean related to the late Moon-forming event.

Also a fast growth of proto-Venus during the disk phase is indeed indicated by i. the
20Ne/?>?Ne being closer to the solar value and ii. having higher abundances of the volatile
noble gases compared to the Earth (and also to the smaller Mars) as can be seen in Fig.
19b (see also Pepin (1991)). Both indications might only be achieved with an initially
higher mass of proto-Venus that could attract a larger H»-envelope to counteract the
higher EUV flux at closer orbit to the Sun.

The most likely evolution scenarios of early Venus and Earth, obtained from our
model results are illustrated in Fig. 20. Proto-Venus accreted fast to about =0.65-
0.81 Mgarn (0.83-1.0 Myenys) within the disk and captured more nebula gas compared to
Earth, which was lost later. Earth grew only to =0.53-0.58 Mg. until the solar nebula
dissipated, but grew fast to 0.70-0.85Mearn as long as it was surrounded by the escaping
H-dominated primordial atmosphere.

The evolution after proto-Earth lost its smaller H.-envelope agrees with the hypoth-
esis studied by Abe and Matsui (1985) where impactors crash into a global magma ocean

until planetary accretion finished. After the impactor rate decreased the last
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magma ocean solidified most likely after the Moon forming event and formed a catas-
trophically outgassed steam atmosphere (Salvador et al., 2017). Because of lower EUV
fluxes, condensation of H,O and ocean formation on Earth, and due to a much lower
atmospheric hydrogen content, in Earth’s case, heavy elements have not been further

fractionated efficiently until today (Lammer et al., 2018).

Finally, it has to be noted that our simulations cannot exclude a scenario

in which proto-Earth grew to masses < 0.5 Mgam, but describes an alternative possibility
and upper-mass constraint for a faster growing proto-Earth. If the planet grew slower,
however, other explanations for the present-day atmospheric noble gas ratios than
atmospheric escape have to be taken into account, such as the one outlined by Marty
(2012).

5. Conclusions

Measured atmospheric 3°Ar/*®Ar and 2°Ne/?*Ne noble gas isotope and bulk K/U
elemental ratios on Venus and Earth can be reproduced by a combination of EUV- driven
hydrodynamic escape of H atoms from an initial nebular-based H>-envelope and impacts,
if

 proto-Venus and Earth were released from the nebula, after a disk lifetime of

=4 Myr, with masses of =0.83-1.0Myens and =0.53-0.58 Mg, and small H,-

envelopes,

* proto-Earth accreted =0.7-0.85M¢gann as long as it was surrounded by nebula gas

within £7 Myr after the beginning of the Solar System,

¢ a slightly more massive solar-like H-dominated atmosphere most likely sur-
rounded early Venus compared to the less massive proto-Earth, for which en-
statite and carbonaceous chondrites modified the evolution of the noble gas ratios
to today’s measured atmospheric values, mainly reflected in the 2°Ne/>*Ne and

36 Ar/22Ne ratios,
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* the young Sun originated as a slowly to moderately rotating early G-type star.

The largest possible Hp-envelope on Venus can be captured during the disk lifetime

if the planet accreted within this time period to its full mass. Under such conditions

our results show that one can only reproduce Venus’ 3°Ar/*®Ar and 2’Ne/*’Ne and

bulk K/U ratios if the young Sun was less active than a moderate rotator. Thus, EUV
fluxes corresponding to a faster rotating young Sun are very unlikely. Therefore, precise
measurements by future Venus’ space missions, of atmospheric noble gas isotope ratios
and other elemental ratios distributed over a wide surface area would allow us to fine
tune the evolution scenario of the planet and hence the Sun’s history. Furthermore, our
results are in agreement with '8?Hf-'82W chronometric accretion scenarios and a Hf/W
ratio of <15 (Rudge et al., 2010; Yu and Jacobsen, 2011; Kleine and Walker, 2017).
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Figure 1: Average K/U ratio versus abundance of K (ppm) for different reservoirs. Present-day Earth and
Venus show significantly lower K/U ratios than the volatile rich solar and chondritic reservoirs. Venus stands
out with a high abundance of K, in particular as observed by Venera 8, whereas all other measurements on
Venus are comparable in ratio and abundance. As can be clearly seen, the Venera 8 measurements, however,
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2002).

Planetary Science Conference. volume 46 of Lunar and Planetary Inst. Technical

Report; 2015. p. 1549.

Zahnle KJ, Gacesa M, Catling DC. Strange messenger: A new history of hydro- gen
on Earth, as told by Xenon. Geochim. Cosmochim. Acta 2019;244:56-85.
doi:10.1016/j.gca.2018.09.017. arXiv:1809.06960.

Zahnle KJ, Kasting JF. Mass fractionation during transonic escape and im- plications
for loss of water from Mars and Venus. Icarus 1986;68:462—80. doi:10.1016/0019-
1035(86)90051-5.

Zhang J, Herzberg C. Melting experiments on anhydrous peridotite KLB-1 from 5.0 to
22.5 GPa. J Geophys Res 1994;99:17. doi:10.1029/94JB01406.

73



400

350

w
o
o

250

Earth

200

-+ - Baraffe et al., 1998
_____ Siess et al., 2000

—— Tognelli et al., 2011
- - Baraffe et al., 2015

380}
360| -
340}
320}
300} | = -

280}

Equilibrium temperature at EgAUbHIM temperature at 1.0AU (K)

260

10! 10° 10° 10°
Time (million years)

Figure 2: Equilibrium temperature evolution at the orbits of Venus and Earth. Modeled equilibrium tempera-
ture according to the evolution of the bolometric luminosity of the Sun at 1 AU (Earth) and 0.7 AU (Venus) as
a function of time. The dark grey shaded area constrains the typical lifetime of circumstellar gas disks, while
the two vertical dashed-lines correspond to the minimum and maximum lifetime the solar protoplanetary disk
dated from the Pb isotope analysis of young chondrules Bollard et al.(2017).
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Figure 3: Collision snapshots. A protoplanet (0.6 XMEarth, covered in a 0.1 mass% Hz atmosphere) is hit by
a Moon-mass embryo, with an impact angle 0f30° (a) and 75° (b). The density color-coding illustrates the
internal core-mantle-atmosphere structure (bodies are cut into halves), i.e. atmosphere in dark blue, mantle
in light blue, and iron core in red, respectively. The impact velocity is 2 X Vesc in both scenarios.
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Figure 4: Atmospheric loss scenarios by impacts. Atmosphere losses (in percent) of protoplanets caused by
Moon-mass impactors and Mars-sized impactors, as a function of impact angle and impact velocity (in units
of vesc).
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Figure 5: Illustration of the planetary radius rpj, photospheric radius rph and effective EUV absorption radius
reuv for amassive and less massive planetary body. The dashed white line illustrates rgyv as obtained by the
simplified approximations of Watson et al. (1981), which underestimates the energy-limited escape flux Fyy
from low mass bodies to a great extent compared to the rguy as obtained by hydrodynamic upper atmosphere
structure modeling (Erkaev et al., 2014, 2015).
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Figure 6: Various EUV flux power laws according to slow, moderate and fast rotating young Sun-like G-stars
as a function of time normalized to the present average solar EUV flux.
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Figure 7: Statistical x> parameter study of the element and isotope evolution for Earth (left panel) and Venus
(right panel). This includes the variation of possible initial H2O and CO; atmospheric partial pressures
(H20/C0O2=5/1, 15/3, 30/6, 75/15), and different nebula life times (3-5 Myr). The observed elemental ratios
of both planets can be reproduced if the young Sun was between a slow and a moderate rotating young G-type
star with masses of 0.85-1.0 Mvenus ( 0.69-0.81MEarth and 0.53-0.58 MEarth when the solar nebula
disappeared. The hotizontal white dotted lines show the rl:%ge of'the EUV flux (EUV power laws 3 to <9)
in which both planets can be reproduced simultaneously.
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Figure 8: a) Successful reproduction of Earth’s present atmospheric 36Ar/38Ar, 2°Ne/**Ne, 30Ar/?*Ne
isotope and the BSE K/U ratios of Earth by assuming a composition for Earth’s building blocks as
inferred by Dauphas (2017) from the analysis of isotopic data from lithophile-siderophile elements. A
fast accretion (30% accreted after the Hx-envelope was lost) and 95% strongly depleted (Ar by 99%,
Ne by 99% and K by 85%) EC-like material of the post-H>-envelope impactors with an addition of
5% weakly depleted (Ar by 5%, Ne by 33% and K by 1%) CC are necessary. The EUV activity of the
young Sun followed the evolution track given in EUV power law 7. b) The same as a) but with a post-
H>-envelope impactor composition of 70% EC and 30% CC-like material. Here these impactors are
also strong depleted in Ar, Ne and elements like K (Ar by 86%, Ne by 90% and K by 70%).
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Figure 9: a) Reproduction attempt of today’s atmospheric 30Ar/38Ar, 2ONe/?2Ne, 3°Ar/>*Ne isotope
ratios and the BSE K/U ratios of Earth by assuming a composition for Earth’s building blocks as
inferred by Dauphas (2017) and similar proto-Earth and young Sun parameters as in Fig. 8a, but
with an undepleted 100% post-H>-envelope impactor EC-like composition. b) The same as a) but the
post-Hz-envelope impactors are strongly depleted in Ar, Ne and K (Ar by 99%, Ne by 99% and K by

99%). Here in both cases Earth’s present atmospheric 20Ne/*’Ne, 3°Ar/*’Ne isotope ratios and the

BSE K/U ratios can not be reproduced.
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Figure 10: a) Reproduction attempt of today’s atmospheric 30Ar38Ar, 2ONe/*?Ne, 3°Ar/>’Ne isotope
and the BSE K/U ratios of Earth by assuming a composition for Earth’s building blocks as inferred
by Dauphas (2017) and Fig. 8a, but exposed to a very weakly rotating young Sun (Fig. 6: EUV power
law 1). b) The same as a) but exposed to a moderately rotating young Sun (Fig. 6: EUV power law 9.).
Here in both cases Earth’s present atmospheric 2ONe/**Ne, 3°Ar/**Ne isotope ratios and the BSE K/U
ratios can not be reproduced. However, the case shown in panel b) yield a better result compared to
the case shown in panel a) with an 36Ar/%2Ne isotope ratio which results in 22.3 instead of 18.8.
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Figure 11: a) Reproduction attempt of present Earth’s atmospheric 36Ar/22Ne isotope ratio by assuming
arbitrary values for atmospheric °Ar/>®Ar, 2°Ne/?>Ne isotope and the BSE K/U ratios (Fig. 6: EUV
powerlaw7.). Here the post-H>-envelope impactor material has a composition of 58 % strongly depleted
(Ar by 99%, Ne by 99% and K by 99%) EC-like and 42% CC-like materials where Ar and K is not
depleted but Ne is depleted by 99%. Although, the 20Ne/>’Ne isotope ratios can not be reproduced, the
36Ar/22Ne isotope ratio yields 17.8, which lies near the present Earth atmospheric ratio it is impossible
that CCs are delivered where volatile elements like Ar and K are not depleted but Ne is nearly absent.
b) The same parameters as in the case shown in Fig. 8a but with a composition as that discussed
in (Marty, 2012) of strongly depleted 98% EC and 2% un-depleted CC-like material. Although, the
36Ar38Ar, 20Ne/?2Ne isotope and the BSE K/U ratios can be roughly reproduced, the atmospheric
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30Ar/22Ne isotope ratio yields a value of 10.5, which is too low.
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Figure 12: a) Successful reproduction of Earth’s present atmospheric 36Ar/38Ar, 2ONe/2?Ne, °Ar/*’Ne
isotope and the BSE K/U ratios of Earth by assuming a composition for Earth’s building blocks as
inferred by Schiller et al. (2018) from the analysis of Ca-isotopic data. A faster accretion than in the
cases related to the building block composition obtained by (Dauphas, 2017) (15-20% accreted after
the H-envelope was lost) and 100% depleted (Ar by 33%, Ne by 70% and K by 10%) CC-like (or
ClI-like) material of the post-H-envelope impactors are necessary. The EUV activity of the young Sun
followed the same evolution track as in the case shown in Fig. 8a (EUV power law 7). b) The same as a)
but with a post-Hz-envelope impactor composition of 30% UR and 70% CC-like material. Here these
impactors are depleted in Ar by 98%, Ne by 99% and K by 60%.
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Figure 13: a) Reproduction attempt of today’s atmospheric 36Ar/*8Ar, 2ONe/22Ne, 3°Ar/*’Ne isotope
and the BSE K/U ratios of Earth by assuming a composition for Earth’s building blocks as inferred by
Schiller et al. (2018) and Fig. 12a, but exposed to a very weakly rotating young Sun (Fig. 6: EUV power
law 1.). b) The same as a) but exposed to a moderately rotating young Sun (Fig. 6: EUV power law 9.).
Here in both cases Earth’s present atmospheric 2ONe/**Ne, 3°Ar/**Ne isotope ratios and the BSE K/U
ratios can not be reproduced. In both cases the moderately volatile element K is more depleted than
the more volatile like Ar which has more or less a similar mass. This is most likely not realistic because
very volatile noble gases should be more depleted than elements like K.
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Figure 14: a) Unsuccessful reproduction of today’s atmospheric 3638 A1, 20/22Ne and BSE K/U ratios with a
proto-Earth mass of 0.75MEgarth at 4 Myr that is exposed to the EUV flux of a nearly moderate rotating early
Sun. b) Unsuccessful reproduction with a proto-Earth mass of 0.75MEgarth at 4 Myr exposed to the EUV flux

of an active fast rotating early Sun.
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Figure 15: a) Successful reproduction attempt that reproduce the Venera 11 & 12 Arand Venera 13 & 14 Ne
noble gas isotope and K/U ratios within the measured error bars at the Venera 8 landing site. b) Successful
reproduction attempt that reproduce Venus’ atmospheric Ar noble gas isotope ratio measured by Venera 11
and 12 mass spectrometer data (Istomin et al., 1980) and the K/U ratios within the tiny measured error bars
at the Vega 1, 2 and Venera 9 and 10 landing sites (Davis et al., 2005).
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Figure 16: a) Successful reproduction attempt that reproduce the Venera 11 & 12 Ar and Venera 13 &
14 Ne noble gas isotope and K/U ratios within the measured error bars at the Venera 8 landing site for
a low mass Venus of 0.84Mvenus with a 100% EC-like building block composition that accreted about
17% of its mass after a small primordial atmosphere was lost at 7 Myr after the origin of the Solar
System and 3 Myr after the disk evaporated. Here the post-H>-énvelope impactor EC-like material
is depleted iff Ar and Ne by 92% and K by 89%. b) Failed reproduction attempt of the Venus’ atmospheric
Ar and Ne noble gas isotope ratios. Here, proto-Venus has a mass of 0.86Myenys after dissipation of the
circumstellar gas disk at 4 Myr. It captures a small Ho-envelope with a partial surface pressure of 100 bar.
The nebula lifetime is assumed to be 4 Myr and the EUV activity of the early Sun is slightly less agtive than
a moderate rotator. Venus’ Ne and Ar isotope ratios are over-fractionated with their ratios being outside of
the huge error bars as measured by PVO. Interestingly, K/U rock measurements by Vega 1, 2 and Venera 9,
10 at Venus’ surface can nevertheless be reproduced in this scenario.
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Figure 17: Evolution of the atmospheric 30Ar/22Ne together with 20Ne/>2Ne and °Ar/*8Ar for our
cases Fig. 8a, Fig. 9a, Fig. 9b, Fig. 11b and Fig 12a. Of those five cases only the Dauphas and Schiller
cases, i.e. the ones with 95% strongly depleted EC and 5% weakly depleted CC-like post H>-envelope
impactor material, and depleted 100% CC-like post Hz-envelope impactors, respectively, can

reproduce the present-day atmospheric value of 36Ar/%2Ne.
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Figure 19: a) Noble gas abundances of Venus, Earth, Mars, and CCs relative to the solar value. Venus has
significantly higher abundances of Ar and Ne compared to the Earth and Mars which indicates that Venus
lost a smaller amount of these noble gases. A reason for this might be that proto-Venus had a higher mass
compared to proto-Earth after the disk dispersal which would be in agreement with our study. b) Accretion
scenarios according to '82Hf-182W chronometry of terrestrial rocks after Wood and Halliday (2005) and Yu
and Jacobsen (2011) as a function of time compared to the protoplanetary masses of early Venus and Earth
of this study for=3-5 Myr. The Schiller and Dauphas cases are both in good agreement with Yu and
Jacobsen (2011), i.e. with 182pq¢ 182 yy L5, for a proto-Earth with about 0.55MEgah after 4 Myr. It has
to be noted that the '82Hf-132W data is valid only for the Earth, whereas there is no data for Venus.
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Figure 20: Illustration of most likely evolution scenarios for early Venus and Earth if both protoplanets
captured a small primordial atmosphere in agreement with today’s observed °Ar/38 Ar, 2'Ne/?*Ne isotope
and K/U elemental ratios. Proto-planetary cores accreted fast, while they were embedded in the gas disk
(shaded blue area), thus accumulating hydrogen from the solar nebula. After the disappearance of the
circumsolar disk, this Ho-envelope is then partly lost during the short but efficient “boil-off” phase and later
on completely removed via EUV-driven hydrodynamic escape and giant impacts. During this stage
elements with initially solar abundances are fractionated and in addition mixed with the impacting material
until accretion is finally finished.
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