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Abstract

A number of studies have used one or several isotopic systems to estimate the origin of Earth’s volatiles. Several volatile
sources and subsequent volatile loss are generally considered in these models. In this communication, we use a forward model
based on the presumed formation history of Earth to simultaneously constrain the sources for seven volatile elements (H, He,
N, Ne, Ar, Kr and Xe). We consider the three potential volatile sources: nebular ingassing, chondrites, and comets. Sinks
include loss by early hydrodynamic escape and long-term loss of ionized Xe. 10,000 Monte Carlo simulations generate several
hundred solutions that match the abundance of all these elements to within a factor of �2 of the present-day Earth values, as
well as critical isotope ratios (d15N, 20Ne/22Ne, 36Ar/38Ar, Kr and Xe). The source of volatiles is distinctly different for dif-
ferent elements. Our results indicate that there was a large excess of H, He and Ne supplied by nebular ingassing, with sub-
sequent massive loss (>99% He and Ne) by early hydrodynamic escape. Kr and Xe were supplied primarily by comets, and N
was supplied almost entirely (>98%) by chondrites. The source of Ar is mixed, with 50–90% chondrites and the remainder
from ingassing. Solutions with nitrogen isotope ratios that match Earth values require a > 92% E chondrite source. d15N
values are far too high using a C chondrite source (>20‰ vs AIR). Our results suggest late addition of 7.5 ± 0.7 � 1021 g
comets, 8.3 ± 5.6 � 1024 g C chondrites and 1.2 ± 0.5 � 1026 g E chondrites.

The Kr isotope pattern should follow that of cometary input, given that > 90% of all Kr comes from a comet source. Our
results fit the measured values of Comet 67P/C-G within error. Xe isotope data can be matched to Earth values using solar
isotope values as an assumed cometary source if we assume a large mass-dependent enrichment factor during loss of ionized
Xe to space. The measured isotope data for Comet 67P/C-G have both light and heavy Xe isotope ratios that do not match
the Earth atmosphere data, suggesting that this comet is not, in our model, representative of the Earth cometary Xe source.

The amount of ingassed H is critically dependent on oxygen fugacity, ranging from 11 to 22 times the present day ocean
amount for presumed low f(O2) of the early magma ocean. Even at low f(O2) values, most of the water is dissolved as H2O
rather than H. A large hydrogen isotope fractionation during hydrodynamic escape (a = 1.6 to 1.7) is required to explain the
present-day D/H values. This a value corresponds to equilibrium between H2 and H2O at �300 �C or loss of atomic H to
space. Loss of hydrogen early in Earth’s history easily accounts the relatively high f(O2) of Earth’s present-day mantle.
� 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The sources of volatiles to Earth are poorly constrained.
In the classical ‘Safronov’ growth model (Safronov, 1972;
Wetherill, 1980) it is assumed that the Earth formed inside
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the ‘snow-line’, defined as the region where the solar nebula
dissipated before temperatures dropped sufficiently for
volatiles to condense. As a result, volatiles could not have
accreted as ices on the growing proto-Earth. In light of
these considerations, three potential volatile sources are
generally considered: addition from chondrites, addition
from comets, and direct ingassing from a nebular
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atmosphere. Solar wind implantation has also been consid-
ered as a potential source for mantle He, Ne and Ar (Péron
et al., 2017), with subtle differences in isotope ratios from
direct ingassing. Models generally consider one or two of
these potential sources, with several elemental abundances
and isotope ratios as constraints (e.g., Zhang and Zindler,
1989; Harper and Jacobsen, 1996; Dauphas and Marty,
2002; Holland et al., 2009; Marty, 2012; Halliday, 2013;
Moreira, 2013; Caracausi et al., 2016; Hirschmann, 2016;
Williams and Mukhopadhyay, 2018; McCubbin and
Barnes, 2019; Bekaert et al., 2020). In addition to sources,
a number of loss mechanisms or ‘sinks’ have been recog-
nized, including hydrodynamic escape (Zahnle and
Kasting, 1986; Hunten et al., 1987; Marty, 2012; Zahnle
et al., 2019), impact erosion (Genda and Abe, 2005), and
sequestration to the deep mantle and core (Wu et al.,
2018; Roth et al., 2019). Typically, inverse model
approaches estimate the contribution from each source in
order to get a best-fit to the measured data. In this commu-
nication, we use a forward model approach, which gener-
ates the final Earth composition without any a priori

constraints. Our mass balance model simultaneously con-
siders the volatile species, H, He, N, Ne, Ar, Kr and Xe
for abundances and isotope ratios. We limit the model to
bulk Earth concentrations and isotope ratios, and do not
detail the differences between the mantle and atmospheric
reservoirs for these rare gases (se, for example Moreira,
2013).

2. MODEL PROTOCOL

Our simplified mass balance model is structured around
the presumed formation history of the Earth. In the first
few million years following the collapse of the presolar
molecular cloud, the Earth grew in the presence of the neb-
ular disk. The growth mechanism could either be stochas-
tic, by incorporation of ever larger planetesimals and
planetary embryos (O’Brien et al., 2014; Walsh and
Levison, 2016), or continuous, by rapid accumulation of
small ‘pebble-size’ objects (Levison et al., 2015; Johansen
and Lambrechts, 2017; Johansen et al., 2021). Once a pla-
net exceeds �0.25 Earth masses (ME), it will develop a
thick atmosphere and magma ocean, and begin ingassing
material from the nebula. The amount of ingassed material
for Earth has been calculated previously (Olson and
Sharp, 2019) and is used as the initial source of volatiles
to Earth.

After dissipation of the nebula, the nebular atmosphere
disperses, atmospheric pressures decrease and degassing of
the silicate magma occurs. This second phase results in
atmospheric erosion which leads to hydrodynamic escape
of volatiles (Zahnle and Kasting, 1986; Hunten et al., 1987).

A final phase of volatile delivery comes from late addi-
tion of comets and chondrites. Late addition of chondritic
material was originally proposed to satisfy the high concen-
trations of highly siderophile elements in the Earth’s mantle
(Chou, 1978; Walker, 2009). It has subsequently been sug-
gested that late addition is also a major source for volatiles
(Dauphas and Marty, 2002; Marty, 2012; Albarede et al.,
2013).
Lastly, we assume that there was a long-term loss of Xe
via non-thermal ionization escape. Xe is the most easily ion-
ized noble gas, and it is postulated that ionized Xe can be
lost through the polar wind (Marty, 2012; Hébrard and
Marty, 2014; Zahnle et al., 2019). Evidence for preferential
loss of Xe through time has been suggested by numerous
authors both for the Earth (Pujol et al., 2011; Avice and
Marty, 2020) and Mars (Cassata et al., 2022).

3. SOURCES AND SINKS OF VOLATILES

3.1. Nebular ingassing

If planetary growth occurs in the presence of a stellar
nebula, a thick atmosphere will develop once a planet
exceeds �0.25 Earth mass (Olson and Sharp, 2019). At that
point, surface temperatures surpass the basalt solidus,
which results in dissolution of the atmospheric gases into
the silicate magma ocean (Hayashi et al., 1985). Our
ingassed estimates for H2, He, N, Ar, Kr, and Xe follow
the methods of Olson and Sharp (2018; 2019). In this work,
we estimate ingassing based on presumed the solar nebula
composition (e.g., Lodders, 2003; Marty et al., 2011;
Heber et al., 2012) rather than using Jovian atmospheric
abundances as was done in our previous work.

The amount of ingassed material is primarily controlled
by the duration, or ‘lifetime’, of the solar nebula relative to
the planet accretion time. Calculated ingassed abundances
of H, He, N, Ne, Ar, Kr and Xe for a (nebula lifetime)/
(accretion time) ratio of 0.5 are given in Table 1 using
proto-solar abundances and early solar system nuclide
abundances. Such conditions would be equivalent to the
solar nebula persisting for 5 My and 90% Earth accretion
by 10 My (or in general, any reasonable 2/1 ratio of accre-
tion time/duration of solar nebula).

There is no hard constraint on the lifetime of the solar
nebula, although published studies provide some estimates.
There is a general consensus that chondrules formed in the
presence of a nebular gas (Desch and Connolly, 2002).
Chondrule ages extend to slightly more than 4 My after
solar system formation (Villeneuve et al., 2009; Bollard
et al., 2017). This provides a minimum duration time for
the nebular gas. If the nebular solids (chondrules or peb-
bles) cleared prior to the gas nebula, as expected during
radial inward drift due to the sub-Keplerian velocities of
the solids (Johansen et al., 2021), then the gas could have
persisted without chondrule formation for an even longer
time. Age estimates for the solar nebula can also be con-
strained from observations of optically thick disks sur-
rounding T Tauri stars. Stars with an age of �3 My after
formation have a 50% disk frequency, with some star clus-
ters still having disk frequencies of 10–20% at 10 My
(Hernandez et al., 2007). We conclude that a minimum
duration of 4–6 My for the solar nebula is reasonable in
light of the above information.

The growth rate of the Earth is also poorly constrained.
Hf-W and U-Pb isotope data provide some bounds. A rea-
sonable fit to an exponentially decreasing growth rate
model given by is obtained with a s value = 2.75 My
(Kleine and Walker, 2017). This corresponds to 90%



Table 1
Calculated volatile additions from direct ingassing (row 1), chondrite and cometary additions (rows 2 and 3), present-day estimates (rows
4–11) and our model Earth abundances (row 12), which includes the contributions from ingassing, comets and chondrites as well as loss by
hydrodynamic escape. Parentheses indicate 1r errors.

Moles in Earth H 3He 14N 20Ne 36Ar 84Kr 130Xe

Amount ingassed [1] 2.5 � 1024 5.2 � 1017 7.1 � 1017 2.0 � 1018 1.4 � 1015 3.2 � 1012 1.1 � 1010

Chondrite addition† (3.2–
20) � 1022

1.2
(0.3) � 1021

6.5
(1.8) � 1014

3.6
(1.0) � 1014

2.1
(0.6) � 1013

2.7
(0.9) � 1012

comet addition† (2.0–
3.6) � 1020

1.0
(0.1) � 1019

2.2
(0.7) � 1014

4.8
(5.0) � 1014

1.0
(0.6) � 1014

1.0
(0.9) � 1012

Earth [2] 1.4 � 1024 1.6 � 1014 7.7 � 1020 3.0 � 1015 5.6 � 1015 1.2 � 1014 6.8 � 1011

Earth [3] 1.7 � 1024 6.8 � 1020 1.9 � 1015 5.9 � 1015 1.2 � 1014 7.4 � 1011

Earth [4] 5.2 � 1023 6.7 � 1020 2.9 � 1015 5.5 � 1015 1.1 � 1014 6.3 � 1011

Earth [5] 1.9 � 1023 3.9 � 1020 3.0 � 1015 5.7 � 1015 1.2 � 1014 6.4 � 1011

Earth [6] 1.9 � 1012

Earth [7] 0.2–
1.3 � 1024

0.3–
2.2 � 1014

4.3–
7.8 � 1020

2.9–
3.3 � 1015

5.7–
6.6 � 1015

1.2–
1.3 � 1014

0.6–
1.6 � 1012

Undepleted mantle [8] 1.7 � 1014

Earth avg. 1.2 � 1024 1.03 � 1013 7.1 � 1020 2.6 � 1015 5.7 � 1015 1.2 � 1014 6.8 � 1011

Model Earth abundances
(this study)

1.7 � 1024 7.90 � 1012 4.8 � 1020 3.0 � 1015 1.0 � 1016 1.2 � 1014� 6.8 � 1011�

1(Olson and Sharp, 2019 corrected for solar abundances), 2(Halliday, 2013), 3(Marty, 2012), 4(Dauphas and Morbidelli, 2014), 5(Pepin, 1991)
6(Porcelli and Elliott, 2008), 7(Dauphas and Marty, 2002) 8(Porcelli and Ballentine, 2002).
† Calculated abundances to match Kr and Xe using equations (2) and (3).
� Model requires Kr and Xe to match measured abundances (Equations (2) and (3)).
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growth of Earth within 10 My after solar system formation.
Another recent estimate based on iron isotope ratios sug-
gest a formation age of Earth of 5 million years (Schiller
et al., 2020). Changing the growth rate of Earth or changing
the nebula lifetime by several million years will change the
ingassed values in Table 1 by no more than a factor of 2.
Recently a model of planetary growth by capture of small
centimeter to meter size objects during their radially inward
drift has been developed. This ‘pebble accretion’ model
results in rapid growth, such that protoplanets can acquire
Earth-like masses within a few million years (Levison et al.,
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Fig. 1. Variations in the volatile abundance vs. molecular mass
from a number of ‘best-fit’ simulations. The y-axis is the amount of
element relative to the present day Earth abundance. Red circles
are ingassed amounts, yellow circles are post-hydrodynamic escape
amounts, and blue circles are final amounts following addition
from chondrites and comets, less long-term Xe loss. Numerous
best-fit solutions satisfy all element abundances.
2015; Johansen and Lambrechts, 2017; Ida et al., 2019;
Johansen et al., 2021).

Ingassed amounts are given in Table 1 and Fig. 1. In or
model simulations, we treat the ingassing amounts as a free
parameter, allowing it to vary between 1 and 100‰ of the
estimate in Table 1. Accretion of volatile-bearing solids
may have contributed to the initial volatile inventory of
Earth. However, we assume that a substantial fraction of
the early-accreted volatiles would be lost during hydrody-
namic escape (Benedikt et al., 2020), and that the magma
ocean would have mostly reached equilibrium with the high
pressure atmosphere, such that the contribution from vola-
tiles derived from accreting objects would have been over-
printed by the ingassing volatiles.

3.2. Atmospheric erosion

Astronomical observations identify young stars either
with or without nebular disks. Transitional disks are lack-
ing, suggesting that the timescale for disk dispersal is rapid,
on the order of 105 y (Alexander et al., 2014). When the
solar nebula dissipated, the dense atmosphere surrounding
the proto-Earth would have eroded away in a time span of
several million years (Olson and Sharp, 2019). With the
lower confining pressure, extreme mantle degassing would
occur (Sekiya et al., 1980; Pepin, 1991; Porcelli and
Elliott, 2008; Sharp, 2017).

Our time-integrated estimates for the amounts of light
gases ingassed far exceeds the present-day abundances.
There is a 104 excess of 3He and 5 � 102 excess of 20Ne com-
pared to modern values (Table 1). The excess for hydrogen
is >1024 g. The loss of the excess hydrogen, following dis-
persal of the nebula, would have promoted efficient
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hydrodynamic escape for the light noble gases (Zahnle and
Kasting, 1986; Hunten et al., 1987).

3.3. Late addition from comets and chondrites

The concept of late delivery, or ‘late accretion’ of vola-
tiles by chondrites was developed originally as an explana-
tion for the anomalously high concentration of highly
siderophile elements (HSE –Os, Ir, Ru, Rh, Pt, Pd, Re,
Au) in the mantle (Chou, 1978; Drake and Righter,
2002). If early core formation scavenged the HSEs into
the metal phase, the unexpectedly high measured HSE man-
tle abundance can be explained by addition of 0.3 to 1‰
ME of chondritic material to Earth following core forma-
tion. If this late material was volatile rich (e.g., carbona-
ceous chondrites), it could account for many of the
volatile elements as well (e.g., Javoy, 1998; Albarède, 2009).

The late accretion model is supported by the similar
D/H ratio of Earth and carbonaceous chondrites, a pre-
sumed source of water in the late accretion model
(Robert, 2001; Alexander et al., 2012). Whereas other
sources, such as comets or nebular hydrogen have D/H
ratios that are generally too high or too low, the D/H ratios
of the carbonaceous chondrites (Robert et al., 2000;
Alexander et al., 2012) broadly overlap the bulk Earth
value of 149 � 10�6 (Lécuyer et al., 1997). Recent HSE iso-
tope studies, however, indicate that non-carbonaceous
chondrites, such as enstatite chondrites, provide the best
fit to the Earth HSE inventory (Walker, 2009; Fischer-
Gödde and Kleine, 2017; Carlson et al., 2018; Zhu et al.,
2021). An enstatite chondrite source for late accretion
would not provide a significant source of volatile elements,
particularly H (see however, Piani et al., 2020).

3.4. Loss of Xe

In contrast to the light noble gases, Kr and Xe ingassing
contributes at most a few percent of the present-day total
inventory for these elements (Table 1). Additions of Kr and
Xe from chondrites and comets by late addition are required
to account for their present day abundances. Because their
masses are well above the crossover mass (explained in fol-
lowing section), loss by hydrodynamic escape should have
been minimal. However, Xe has the lowest ionization poten-
tial of the noble gases, and it has been proposed that the Xe
isotope pattern on Earth is due to loss of ionized Xe to space
(Marty, 2012; Hébrard and Marty, 2014; Avice et al., 2017;
Zahnle et al., 2019).We therefore add a ‘Xe-loss term’, which
is treated as a free parameter. In contrast to the heavy gases,
any He, and to a lesser extent Ne, delivered by late addition
would have been volatilized during impact (Tyburczy et al.,
1986) and lost from the Earth system.

4. METHODS

Our forward model consists of the following three steps:

1. Gases are supplied to Earth by nebular ingassing. We
treat the actual amount of ingassed material as a free
parameter, allowing it to vary between 1% and 100%
of our best estimate (Olson and Sharp, 2019). Ingassed
amounts are shown in Fig. 1 by the red circles. There
is a vast excess of He and Ne ingassed relative to present
day abundances. There is a large deficit for N2, and less
than 1% of Kr and Xe are sourced by nebular ingassing.

2. The light volatiles H, He, N, Ne, and potentially Ar, are

partially lost by hydrodynamic escape. Hunten et al.
(1987) showed that during hydrodynamic escape, the
log of the initial gas abundance divided by the final
gas abundance varies linearly with mass. We follow the
formulation of Hunten et al. (1987), where

log10ðNo=NÞ ¼ aM þ b ð1Þ
to estimate the amounts of volatiles lost by hydrody-
namic escape. In equation (1), N is the present-day abun-
dance of a species on Earth, No is the amount ingassed
and M is the mass of the species in amu. The crossover
mass, given by -b/a, is the mass above which minimal
hydrodynamic escape occurs. The constants a and b in
this study are determined from the best fit to the concen-
tration ratios log(No/N) of He, Ne and Ar (Fig. 1) with a
best-fit crossover mass of 39 ± 3 amu, close to the
atomic mass of Ar. This crossover mass implies that min-
imal Kr and Xe and only minor Ar were lost by hydro-
dynamic escape. The constants in equation (1) are
generated automatically (based on assumed ingassed
amounts) to obtain the best fit to the present-day abun-
dances. There are no free parameters in this step. The
elemental abundances remaining after loss are shown by
the yellow circles in Fig. 1.

3. Late addition of comet and chondrites occurs followed

by ionized Xe loss. Kr and Xe ingassing contributes at
most a few percent of the present-day total inventory
for these elements (Table 1, Fig. 1). The principal source
for Kr and Xe is therefore assumed to be from chon-
drites and comets (Moreira et al., 1998). Because their
masses are well above the crossover mass, loss by hydro-
dynamic escape should have been minimal. We do, how-
ever assume a protracted loss of ionized Xe from the
polar wind. The amount of Xe loss is treated as a free
parameter.

4. The amount of chondritic and cometary material neces-
sary to satisfy the present-day mass balance for Kr and
Xe can be determined by solving the following two cou-
pled mass balance equations:

XXe�ing þ xchonCXe�chon þ xcomCXe�com � XXe�loss

¼ XXe�Earth ð2Þ
XKr�ing þ xchonCKr�chon þ xcomCKr�com ¼ XKr�Earth ð3Þ
where Xi is the moles of the element in component i, xi is the
amount of phase i (in grams), and Ci is the concentration of
the element in phase i (in moles/g). ing is ingassed compo-
nent, chon is chondrite component, com is cometary compo-
nent, loss is the ionized Xe lost to space, and x-Earth is
present-day abundance.
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In equations (2) and (3), we are solving for the mass of
late comet and chondrite addition. Three parameters are
varied. The first is XXe-loss, the amount of Xe loss during
ionization. The second is the isotopic composition of Xe,
which we consider as equal to solar value (Meshik et al.,
2007) or that measured in Comet 67P/C-G (Marty et al.,
2017). The third is the type of chondrite added. We consider
carbonaceous and enstatite chondrites as the two endmem-
ber value varying it between 100% C chondrite and 100% E
chondrite.

4.1. Summary of model parameters and protocol

Our input data are compiled from multiple sources (see
Tables 1 and S1-S3), and no attempt is made to assess the
relative uncertainties of our input data, unless otherwise
indicated. Our results are controlled by the following five
free parameters:

Ingassed fraction: varied from 1 to 100% of our previous
estimate (Olson and Sharp, 2019) modified for a pre-
sumed solar nebula composition.
The proportion of C and E chondrites: varied from 100
% C chondrites to 100% E chondrites.
The comet Xe isotope ratio: We run the model using the
measured value from Comet 67P/C-G (Marty et al.,
2017) and an assumed solar ratio (Meshik et al., 2007),
recognizing that the composition of Comet 67P/C-G
may not be representative of comets delivered to Earth.
The isotopic fractionation (the a value) associated with
hydrodynamic escape of Xe: Fractionation is based on
the equation R = Ro � F(a�1) where R and Ro are the
initial and final iXe/130Xe values and a (given byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M1=M2

p
) is varied as x(a-1) + a, where x ranges from

0 to 4. The results in a �3‰ change in a.
The isotope fractionation associated with hydrodynamic
escape of N, Ne and Ar: For these elements, we would
expect that the isotope fractionation during hydrody-
namic escape to follow the mass dependency given by
equation (1). However, Benedikt et al. (2020) concluded
that there is no isotopic fractionation for Ar and Ne if
loss rates for these elements during hydrodynamic
escape are high. We therefore consider the isotopic frac-
tionation for N, Ne and Ar to range from zero (no frac-
tionation) to the value predicted from equation (1).

5. RESULTS

The results of a 10,000 run Monte Carlo simulation are
given in Appendix A. (Supp. Material Table S4). Of the
10,000 simulations, more than one half have non-physical
solutions, such as negative chondrite additions or H abun-
dances less than the present-day ocean equivalent
(1.4 � 1024g H2O). Of the remaining solutions, there is no
correlation of all variables towards a single best-fit. In other
words, different combinations of variables are found to give
equivalently good fits. In spite of the lack of convergence to
a single best-fit solution, there are multiple solutions that
result in final abundances of He, Ne, Ar and N2 within a
factor of 2 of the assumed modern-day values (Fig. 1). Esti-
mated contributions from ingassing, comet, and chondrite
delivery for H, He, N, Ne, Ar, Kr, and Xe are given in
Table 1 using the average of 400 simulations that closely
approach modern abundances. A summary of the best-fit
values with uncertainties are shown in Table 2.
6. DISCUSSION

6.1. Sources

While there is no single best fit solution from our model
simulations, there are a number of robust conclusions that
can be made. Most notably, different volatiles clearly come
from different sources (Fig. 2). He is overwhelming sourced
from ingassing. Ne is primarily sourced from ingassing,
with the remaining 25% from chondrites. Nitrogen is sup-
plied almost entirely from chondrites, whereas Kr and Xe
are primarily sourced from comets with the remainder from
chondrites. Earth’s argon is from chondrites and some
ingassing. The fact that different volatiles have completely
different sources has important implications for source
identification and quantification.

The masses of chondrite and comet late delivery are
shown in Fig. 3. The chondrite addition depends on the pre-
sumed final d15N value for a simulation (see following Sec-
tion 6.2). For solutions that have the requisite negative
d15N value matching present-day Earth, the chondrite late
addition averages 1.3 ± 0.5 � 1026 g, averaging 2 � 1024

g C chondrite; 1.2 � 1026 g E chondrite). Average cometary
addition is 7.5 ± 0.7 � 1021 g.

These abundances compare favorably with previous esti-
mates for the cometary contribution (Marty et al., 2016;
Bekaert et al., 2020). Previous chondrite abundance esti-
mates are at the low end of our simulations. Dauphas
and Marty (2002) suggest 0.7–2.7 � 1025 g of chondritic
addition. Pepin (1991) proposes a late addition of
1.32 � 1025 g E chondrite and 3 � 1021 g cometary addition.

6.2. Nitrogen isotope constraints

Nitrogen is sourced almost entirely from chondrites
(Fig. 2) with a very minor contribution from comets. The
d15N value of the Earth should reflect that of the chondrite
source (Our model considers only carbonaceous and ensta-
tite chondrites). C chondrites (exclusive of CV chondrites,
which have very low N concentrations) have an average
d15N value of +20‰ (Grady and Wright, 2003; Pearson
et al., 2006), while E chondrites have a significantly lower
value averaging –18‰ (Grady et al., 1986; Patzer and
Schultz, 2002). Cartigny and Marty (2013) estimate a bulk
Earth d15N value of �4 to �1‰. In order to obtain a d15N
value that matches the present-day Earth, more than 92%
of the chondrite addition must come from E chondrites
(Fig. 4). It is worth noting that hydrodynamic escape of
N2 would raise the d15N value of the remaining nitrogen.
Unless there is some mechanism to lower the d15N value
of the atmosphere, C chondrites are an unlikely candidate
for the primary source of nitrogen to Earth. An E chondrite
source has been suggested previously from volatile data
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(Lammer et al., 2020; Piani et al., 2020) and numerous stud-
ies using moderately and highly siderophile element isotope
geochemistry (Walker et al., 2002; Fischer-Gödde and
Kleine, 2017; Hopp and Kleine, 2018; Nanne et al., 2019).

6.3. Ne and Ar isotopes

Our calculated 20Ne/22Ne values overlap the present-day
air value, while the calculated 36Ar/38Ar is generally less
than the air value of 5.3, with a band of solutions that have
36Ar/38Ar ratios of �5.5 (Fig. 5). The distinct clusters of 36-
Ar/38Ar values are related to the calculated crossover mass
during hydrodynamic escape (equation (1)) and demon-
strate the sensitivity of the 36Ar/38Ar ratio to this parame-
ter. The 20Ne/22Ne ratios of our simulations average
9.85 ± 1.10, compared to air with a ratio of 9.78 and ocean
island basalts averaging 12.5 (Trieloff et al., 2000). The dis-
tinct 20Ne/22Ne ratios between the atmosphere and mantle
are explained in terms of inefficient recycling of Ne during
subduction (Moreira et al., 2003; Péron et al., 2018). The
high 20Ne/22Ne ratios of mantle samples is presumably
from nebular ingassing (Yokochi and Marty, 2004;
Williams and Mukhopadhyay, 2018) or Ne implanted from
solar wind ions in meteorites (Trieloff et al., 2000). The
lower 20Ne/22Ne values of the atmosphere are primarily
explained by late addition of chondritic material.

6.4. Kr and Xe

We find that the majority of Earth’s Kr was sourced by
comets (Fig. 2). We do not consider isotope fractionation
for Kr in our model, so that the Kr isotope trends should
mimic the cometary source. Two Kr isotope ratios for
comets are considered. One is the measured data for Comet
67P/C-G (Rubin et al., 2018), and the other is equal to solar
values (Meshik et al., 2007) (Fig. 6). Errors on the measured
Kr isotope ratios are relatively large and show an 83Kr def-
icit compared to the solar ratios. This may be related to a
�5% addition of an s-process component (Rubin et al.,
2018). Simulations fall into two groups, depending on
whether the solar or measured Kr isotope ratio of comets
is assumed (Fig. 6). The Earth Kr isotope values match
both the measured input data and solar nebula input within
error.

The abundances of 128Xe, 129Xe, 130Xe (relative to
132Xe) for air are lower than any potential known source,
while those of the heavy isotopes 134Xe and 136Xe are higher
than any known source (Pepin, 2000; Ozima and Podosek,
2003; Marty et al., 2017). It is not possible to reconstruct
the Earth’s xenon isotope composition by simple mixing
of any combination of nebular ingassed component, chon-
drite and comet. A number of explanations have been pro-
posedfor the light isotope depletion and heavy isotope
enrichment. These include a strong mass-dependent frac-
tionation during hydrodynamic escape (Pepin, 1991;
Ozima and Podosek, 2003), or isotope fractionation during
ionization with or without the presence of carbonaceous
material (Bernatowicz and Fahey, 1986; Hébrard and
Marty, 2014; Zahnle et al., 2019). Analyses of Archean
age rocks suggests that mass-dependent fractionation may



Fig. 2. Relative contributions of volatiles from different sources
from 1000 Monte Carlo simulations (420 shown to avoid clutter).
The vast majority of He and Ne were supplied by ingassing,
whereas N was supplied by chondrites, and Kr and Xe by comets.
The higher percentage of Xe and Kr sourced by comets, compared
to the light elements He and Ne) is expected due to the formers’
higher condensation temperatures.
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have been a long-term process (Avice et al., 2017; Bekaert
et al., 2020). A mass dependent Xe loss will deplete the light
isotopes and enrich the heavy isotopes relative to an inter-
mediate reference (e.g., 130Xe).

Loss of Xe also affects the Kr/Xe ratios. Bekaert et al.
(2020) calculate that 8–12 times the present-day amount
of Xe has been lost over the course of Earth history. Our
best estimates are 3.5–6.2 (1r error) time present-day
amounts lost (Table 2).

In order to estimate the Xe isotope composition of our
simulations, we vary the amount of Xe lost by hydrody-
namic escape, the mass dependent fractionation associated
Comet 
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Fig. 3. Chondrite and comet addition estimates from 4000 Monte Carlo s
chondritic additions and lower cometary additions.
with loss (a value), and the assumed Xe isotopic composi-
tion of comets (i.e., measured in Comet 67P/C-G vs. solar
values). The Xe isotope trends for 400 calculations and
for air are shown in Fig. 7. Because the source of Xe to
Earth is estimated to be primarily from comets, the calcu-
lated overall Xe isotope ratios for Earth are strongly related
to the assumed Xe isotope composition of comets. Simula-
tions where the measured (Marty et al., 2017) or calculated
(Avice et al., 2020) Xe isotope ratios of Comet 67P/C-G are
assumed give Xe isotope ratios that are a poor fit to the
Earth values for both heavy and light Xe isotopes. In con-
trast, our calculated Xe isotope ratios match the Earth val-
ues when a presumed solar value is used for the average
composition of comets delivered to Earth, and a large mass
dependent isotope fractionation during ionized Xe loss is
assumed. A mass-dependent fractionation (Fig. 8), using
an a value 3 to 5% greater than predicted by Graham’s

law (where a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M1=M2

p
), and M is the mass of the

isotopologues fits the Earth data well. Ion implantation
addition ( 10 g)× 21

δ15N<0‰

0.010. 9.5

imulations. Solutions with d15N values < 0‰ require slightly higher
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Fig. 6. Kr isotope ratios from 200 best-fit solutions. The Kr
isotope data strongly follow the presumed isotopic composition of
the cometary source. Solutions using measured cometary compo-
sitions from Comet 67P/C-G (blue lines) (Rubin et al., 2018) and
assuming a solar cometary compositions (red lines).
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Fig. 8. A solution to ingassed abundance and Xe isotope ratios
using data from line 2 of Table 2. Within the uncertainty of input
data, all abundances and most isotope ratios match Earth. The Xe
isotope composition from our model matches Earth, but only using
a mass-dependent a value that is 3% greater than Graham’s law
estimate where a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M1=M2

p
.
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experiments (Bernatowicz and Fahey, 1986) result in an iso-
tope fractionation that very closely matches our results
which satisfy the overall Xe isotope composition of Earth.

A sample solution that matches the Xe isotope trend and
other abundance and isotope ratios is shown in Fig. 8. The
results are in good agreement with the average for 400 ‘best
fits’ with a large a value for Xe isotope fractionation during
ionization and loss.

6.5. Helium

Helium is unique among the noble gases because it is
rapidly lost to space. This makes determination of the
Earth’s original He budget especially difficult, with
present-day mantle 3He abundance estimates varying by a
factor of 60 (Table 1). We use the median of published
values for our present-day estimates, but point out that
all proposed values give very similar results in terms of
the hydrodynamic escape equation (1) (See Fig. 1).
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Although our initial He concentration is considerably
higher than previous estimates (Zhang and Zindler, 1989;
Porcelli and Elliott, 2008; Dygert et al., 2018), most geo-
chemical systems would not preserve evidence for the
early-lost ingassed He.

The importance of ingassing as the source of deep man-
tle 3He cannot be overstressed. Ingassing is arguably the
only method that could effectively deliver abundant 3He
to the deep mantle (Porcelli et al., 2001). Late addition from
comets or chondrites would most likely not be incorporated
into the deep mantle. Experiments suggest that these objects
volatilize upon impact (Tyburczy et al., 1986), such that
cometary and chondritic-sourced He would be released into
the atmosphere and then lost to space.

Olson and Sharp (2022) have postulated that significant
He may have dissolved into the core during the early ingas-
sing event. The presence of abundant 3He in the core raises
the intriguing possibility that the core may be a major
source of 3He for the mantle, not only deep mantle plumes,
but also for the He flux at mid-ocean ridges (Porcelli and
Halliday, 2001). Core-derived He reduces concerns for
retention of deeply sourced mantle 3He that would other-
wise be removed by whole-mantle convection.

6.6. Hydrogen

6.6.1. Hydrogen abundance

Hydrogen solubility is silicate melts is strongly depen-
dent on oxygen fugacity (f(O2)), a trait shared with N at
low f(O2) (Libourel et al., 2003; Grewal et al., 2021). Uncer-
tainties in early Earth f(O2) and subsequent changes that
may have occurred during early degassing complicate
attempts to quantify hydrogen sources, ingassed amounts
and subsequent loss after dissipation of the primordial
atmosphere (Sharp, 2017). At the presumed low f(O2) of
Earth’s early mantle, the fugacity of H2 is six times higher
than for f(H2O) (Fig. S1 and supplementary material on
details of hydrogen calculations), nevertheless, H in the
early magma ocean is predominantly H2O (or OH�) rather
than molecular H2 (Fig. 9). For presumed mantle f(O2) val-
ues of IW-2 to IW (where IW is the iron- wüstite buffer –
see Appendix A, Supp. Material), our calculated quantity
of ingassed H (H2 and H2O) to the mantle is 1.6 � 1024
Fig. 9. Amount of ingassed H2 and H2O as a function of f(O2)
assuming equilibrium between the mantle and atmosphere and f

(H2) = 250 bars, Ptotal = 280 bars.
to 3.4 � 1024 mol H (Fig. 9), corresponding to 11 to 22
ocean equivalents of H2O. The addition from late addition
is at most 10% of the ingassed amount (Table 1 and supple-
mentary material).

Loss of H2 by subsequent hydrodynamic escape will
raise the f(O2) of the mantle (Sharp et al., 2013). Loss of
0.5 � 1024 mol H (as H2 gas) raises the f(O2) of the mantle
from IW to 1 to FMQ, the presumed present-day mantle f

(O2) (calculations in Supplementary Material and shown in
Fig S2). Reduction of H2O to H2 (lost) and a concomitant
addition of O to the mantle raises the f(O2). Our calculated
f(O2) increase related to H2 loss includes the contribution
from the mantle iron buffer (Fe2+ to Fe3+). Only as f(O2)
approach the FMQ buffer does the iron buffer contribute
appreciably to the f(O2)-H2 loss relationship, because the
Fe3+/Fe2+ ratio increases only nominally at lower f(O2) val-
ues (Fig. S3).

6.6.2. Hydrogen isotope results

The D/H ratio of Earth is set by the fraction of different
components delivered to Earth followed by subsequent loss,
either to space during hydrodynamic escape or to the core
(Sharp, 2017; Wu et al., 2018). The D/H ratio of material
supplied to Earth is estimated from the D/H ratio of each
component in proportion to its relative abundance. The
D/H ratio of bulk rock E chondrites averages �120‰
(Piani et al., 2020). Comets have variable but high D/H
ratios with estimates from 300 to 530 � 10�6 (900–
2400‰) (Bockelée-Morvan et al., 2004; Altwegg et al.,
2015). The D/H ratio of the solar nebula was very low at
25 � 10�6 (�840‰) (Geiss and Gloeckler, 2003). The
amount of H delivered to Earth from these sources gives
a D/H ratio of �37.2, or �760‰ relative to VSMOW.
Incorporation of H2O rather than H2 during nebular ingas-
sing would raise the D/H ratio of the ingassed component,
but not by very much given that the temperatures at the
surface of proto-Earth were very high (Olson and Sharp,
2019) and the fractionation between H2O and H2 would
not have been substantial.

Fractionation associated with subsequent outgassing
would raise the D/H ratio. If we assume that atomic hydro-
gen was the dominant species lost from the early atmo-
sphere (Lammer et al., 2014), then extreme fractionation
could occur. The isotope fractionation factor between H2

and H ranges from a = 2.56 at 100 �C to 1.37 at 600 �C
(Richet et al., 1977). Rayleigh fractionation with a high a
value could bring the dD value of the upper mantle and sur-
face reservoir to its present-day value of ��40‰. A signif-
icantly higher a value of 2.9 would be realized if H rather
than H2 was the species lost to space because the aH2O - H

value at 300 �C is 2.9 (Richet et al., 1977).
7. CONCLUSIONS

In this contribution we have applied a simple forward
model for the sources of volatiles to Earth constructed in
light of the presumed formation history of the Earth. We
consider ingassing, hydrodynamic escape, late additions,
and long-term ionized Xe loss to estimate the contributions
from nebular ingassing, late-addition from chondrites, and
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late addition from comets. By varying input parameters, we
are able to fit the present-day abundance of H, He, N, Ne,
Ar, Kr and Xe as well as isotopic ratios (Fig. 8). Impor-
tantly, we show that volatile sources depend on the element
of interest. Our best-fitting solutions include a vast excess of
light gases H, He, and Ne delivered to Earth by nebular
ingassing, followed by massive subsequent loss during
hydrodynamic escape (Fig. 1). These same solutions predict
that heavy noble gases and N2 were primarily supplied by
late addition of chondrites and comets, with the vast
majoritity of Kr and Xe supplied by comets, and almost
all of N supplied by chondrites (Fig. 2). On the basis of con-
straints from other elemental system, we find that a contri-
bution of at least 30% of the predicted ingas component
(Olson and Sharp, 2019) is necessary to supply sufficient
Ar to Earth.

Using the assumed Kr/Xe ratio of Earth as a hard con-
straint, we match the abundance of all volatile elements in
Table 1 and infer 2 (1r) � 1024 g of C chondrite, 7 � 1025 g
of E chondrite, and 9 � 1021 g of comet were delivered to
Earth by late addition (Fig. 3). Nitrogen isotope constraints
(Fig. 4) strongly support a predominantly E chondrite
source for this volatile (late addition).

Our model only considers three processes with 6 free
parameters (Section 4). Other processes could be added to
the model, including sequestration to the core and distinct
mantle and atmosphere reservoirs. Nevertheless, our
straightforward approach provides a satisfactory result in
terms of sources and quantities of ingassed volatile species.
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