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Abstract. Laboratory experiments on the trapping of gases by ice forming at low temperatures
implicate comets as major carriers of the heavy noble gases to the inner planets. These icy plan-
etesimals may also have brought the nitrogen compounds that ultimately produced atmospheric N2.
However, if the sample of three comets analyzed so far is typical, the Earth’s oceans cannot have
been produced by comets alone, they require an additional source of water with low D/H. The highly
fractionated neon in the Earth’s atmosphere may also indicate the importance of non-icy carriers of
volatiles. The most important additional carrier is probably the rocky material comprising the bulk
of the mass of these planets. Venus may require a contribution from icy planetesimals formed at the
low temperatures characteristic of the Kuiper Belt.

1. Introduction

As soon as he had successfully calculated cometary orbits, Edmund Halley (1687)
realized that collisions of comets with the Earth were a real possibility and might
have remarkable consequences. In more modern times, Oro (1961) proposed that
comets could have been an important source of pre-biotic organic material, and
other investigators have suggested that these icy planetesimals might have made
major contributions to our planet’s atmosphere (e.g., Sill and Wilkening, 1978;
Delsemme, 1991, 2000). Recent work on this question has focused on models of the
dissipation of icy planetesimals from the Uranus-Neptune region as these planets
finished forming (Levison et al., 1999), or attempts to calculate the extent of the
terrestrial cometary influx through analysis of the cratering record of the moon
(Chyba, 1990; Delsemme, 1991, 2000). All of these studies suffer from the absence
of evidence for a uniquely identifiable cometary contribution to the Earth’s volatile
inventory.

The difficulty in identifying the sources of the Earth’s volatiles is compounded
by the 4.6 billion year history of the planet, during which chemical reactions with
the crust, escape of gases from the upper atmosphere and the origin and evolution
of life have episodically changed the composition of the atmosphere and hydro-
sphere. The central problem of life’s origin is intimately dependent on the nature

Origins of Life and Evolution of the Biosphere 31: 435–458, 2001.
© 2001 Kluwer Academic Publishers. Printed in the Netherlands.



436 T. C. OWEN AND A. BAR-NUN

of the early atmosphere, making our inability to define the composition of that
atmosphere all the more frustrating.

It is this dilemma that the heavy noble gases have the potential to resolve,
since they are chemically inert, do not easily escape from the atmosphere, and
are not involved in the activities of living organisms. The firmly entrenched idea
that the atmospheric noble gas abundances (and hence other volatiles) are the res-
ult of delivery by meteorites (e.g., Turekian and Clark, 1975; Anders and Owen,
1977) stems from the recognition of a so-called ‘planetary pattern’ in the noble
gases found in these objects many years ago. This idea gained widespread support,
despite the fact that it has never been possible to explain why the abundances of
krypton and xenon in the meteorites are about the same, while xenon is ∼20 times
less abundant than krypton in the Earth’s atmosphere (Figure 1). Attempts to find
the ‘missing’ xenon buried in the sedimentary column, clathrates or ice have failed
(Wacker and Anders, 1984; Bernatowicz et al., 1985). Furthermore, the relative
abundances of the isotopes in atmospheric xenon are distinctly different from those
in meteorites (or the solar wind) (Figure 2). These difficulties with meteoritic xenon
coupled with the arguments for early cometary bombardment encouraged us to
pursue the idea that icy, rather than rocky planetesimals delivered the noble gases
and many other volatiles as well.

2. A Cometary Model for Delivery of Volatiles

Accordingly, we set out to determine whether or not the abundance patterns of the
heavy noble gases in the atmospheres of the inner planets could be accounted for
by comets. The first step was to apply the same laboratory techniques for trapping
gases in amorphous ice deposited at low temperatures that had been used with N2

CO, H2, etc. (Bar-Nun et al., 1985, 1988; Laufer et al., 1987) to a mixture of heavy
noble gases; argon, krypton and xenon (Owen et al., 1991). These experiments
were designed to imitate the formation of comets in the outer solar nebula. The
idea was that interstellar ice grains probably sublimated as they fell toward the
mid-plane of the nebula and recondensed on cold refractory cores (Lunine et al.,
1991; Chick and Cassen, 1997). In this re-condensation process, the ice could
trap ambient gas according to the local temperature. We restricted our study to
amorphous ice because we assume that the ambient temperature and pressure in
the comet-forming region favor the production of ice in this state. Crystalline ice
particles could form closer to the sun and might be carried outward to mix with
the colder material according to Nuth et al. (2000). However, such ice would not
capture gas unless by clathration, which has not been demonstrated to occur at
these low temperatures and pressures. Furthermore, the one spectrum of ice in the
nucleus of a dynamically young comet that we have indicates that the ice is in the
amorphous state (Davies et al., 1997).
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Figure 1. Chondritic meteorites contain about as much xenon as krypton. The meteoritic noble gas
abundances therefore do not match the abundance patterns found in inner planet atmospheres, despite
the apparent agreement for Ne, Ar, and Kr. (Solar values are normalized for 84Kr on Mars). Note the
high abundances of Ne and Ar per gram of rock and the solar type 36Ar/84Kr on Venus (Owen and
Bar-Nun, 1995a).
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Figure 2. In this plot, the relative abundances of the xenon isotopes in the solar wind (as sampled
in lunar surface materials), carbonaceous chondrites and the Martian atmosphere are compared with
values in the Earth’s atmosphere. We seem to have two ‘families’: Mars and Earth vs the sun and the
chondrites. But no two sources are exactly alike (after Pepin, 1989, solar wind data from Ozima et
al., 1998; Mars points from Swindle et al., 1986 confirmed by Garrrison and Bogard, 1998).
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The laboratory results showed that temperature-dependent fractionation of the
gas mixtures occurs, principally the depletion of Ar, which suggested that trapping
in ice might indeed be responsible for the patterns of noble gas abundances found in
the atmospheres of Mars, Earth and Venus (Owen et al., 1991). This initial analysis
was not conclusive, however, since it did not seem possible to account for the
variety of patterns observed on the three planets with a single model of cometary
bombardment.

The SNC meteorites provided another clue. It is now widely accepted that these
meteorites come from Mars (e.g., McSween, 1994). Yet a three-element plot of
36Ar/132Xe vs 84Kr/132Xe shows that the abundances of these gases are very differ-
ent in the different meteorites, and even in different samples of the same meteorite,
with abundances from S and C meteorites forming a straight line on a log-log plot
(Figure 3). This line passes through points corresponding to the noble gases found
in the atmospheres of the Earth and Mars, but it is widely separated from the field
of abundances in chondritic meteorites or the values found in the solar wind (Ott
and Begemann, 1985).

We have interpreted this distribution of noble gas abundances in the SNC met-
eorites as an effect of the mixing of two different reservoirs: one that represents
gases trapped in the rocks that form the planets, the second a contribution from
impacting icy planetesimals. This interpretation is based on our data for the frac-
tionation of noble gases by trapping in amorphous ice (Bar-Nun et al., 1988; Laufer
et al., 1987; Owen et al., 1991). At a temperature of ∼50 K, ice formed by con-
densation of water vapor traps argon, krypton and xenon in relative abundances
that fall on an extrapolation of a mixing line drawn through the abundances from
the atmospheres of Earth and Mars on the same three-element plot (Figure 3). The
analysis is complicated by the fact that the linear relation on the log-log plot (as
first illustrated by Ott and Begemann, 1985) is very close to this mixing line over
the range of noble gas values determined in the Shergottites (Owen et al., 1992;
Ozima and Wada, 1993; Owen and Bar-Nun, 1993). It may well be that more than
one process is at work here. However, we have pointed out that the increase in
129Xe/132Xe with increasing 36Ar/132Xe that occurs in the samples plotted along
this same mixing line demonstrates that solubility in a melt (for example) cannot
explain the data by itself (Owen and Bar-Nun, 1993).

The noble gases in the atmosphere of Venus do not conform to this simple
picture. Xenon has not yet been measured on Venus, but the relative abundances of
argon and krypton resemble the solar ratio (Figure 1), placing Venus somewhere
in the stippled trapezoid at the top of Figure 3. As Figure 1 demonstrates, Venus
exhibits higher abundances of argon and neon per gram of rock than the most
volatile-rich carbonaceous chondrites. We have suggested that the heavy noble
gases on Venus were contributed by one or more icy planetesimals formed at T
≤ 30 K, i.e., objects equivalent to those populating the Kuiper Belt (Owen and
Bar-Nun, 1995a). A single icy planetesimal that condensed with solar elemental
abundances would need a radius of ∼90 km to deliver the presently observed
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Figure 3. In a three element plot, noble gas abundances in the atmospheres of Mars (Viking) and Earth
can be used to define a mixing line between internal and external volatile reservoirs. The internal
reservoir lies below Mars on this plot, and consists of the rocks that formed the planet. We suggest icy
planetesimals as the external reservoir, lying above the Earth mixture at the opposite end of the line.
The external reservoir is represented here by the noble gases trapped in amorphous ice in laboratory
experiments (the open triangles). These points correspond to solar elemental ratios multiplied by the
factionation factors found experimentally (Owen et al., 1991). Noble gas abundances in Shergottites
(meteorites from Mars) fall along this line. The gases on Venus could have been delivered by comets
from Kuiper Belt that formed at tempertures less than 30-35 K. The abundance of Xe on Venus is
not yet known, hence the stippled trapezoid. References: Shergotty (a), Chassigny: Ott, 1988; Lew
885516 glass: Beck and Pepin, 1993; ALAH 77005 79001 Glass (a): Swindle et al., 1986; 79001
Glass (b): Becker and Pepin (1984); Zagami: Ott et al. (1988); Shergotty (b), Y 793605, 71, 79001
glass (c): Bogard and Garrison, 1998.
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amount of argon. (A different approach, scaling from a now-obsolete model of
Titan gave r = 75 km [Hunten et al., 1988].) Obviously a cluster of smaller comets
could achieve the same effect. Earth and Mars must have been struck by such
planetesimals as well, the argument is simply that Venus was hit by a bigger one,
or by more of such objects than the other two planets.

Alternatively, one could postulate that the heavy noble gases on Venus were
contributed by the solar wind directly into the dust that became the rocks that
formed the planet (Wetherill, 1981). The presence of this new-solar component
of noble gases on Venus and not on Mars and Earth could then explained by the
lack of major, atmosphere-eroding impacts on Venus. We will discuss the neon
abundance in a later section.

We have further tested the applicability of the laboratory data to natural phe-
nomena by examining the abundances of CO and N2 in comets. We pointed out that
the apparently mysterious depletion of nitrogen in comets (Geiss, 1988; Krankowsky,
1991) probably results from the inability of ice to trap N2 efficiently when the ice
forms at T > 35 K. Our assumption is that most of the nitrogen that was present
in the outer solar nebula was in the form of N2, just as it is assumed to be in the
interstellar medium (van Dishoeck et al., 1993). Hence for comets to acquire a
solar ratio of N/O, the condensing ice that formed the comets would have to trap
N2. Just as the abundance of Ar is sharply reduced in ice forming at 50 K, N2 will
be depleted as well (Bar-Nun et al., 1988). Thus it is entirely consistent that comets
should deliver an ensemble of volatiles that is depleted in both Ar and N, relative
to solar abundances referenced to oxygen. In the Earth’s volatile inventory, C/N is
between 5 and 10 times the solar value.

Because of the difficulty in trapping N2, we expect the dominant carriers of
nitrogen to the inner planets (and the small, icy bodies of the outer solar system) to
have been nitrogen compounds such as HCN and NH3 and large organic molecules
that are easily trapped in ice forming at temperatures of 50 K (or even higher).
The isotopic composition of the nitrogen in the atmospheres of these relatively
small bodies could therefore be different from that of nitrogen in the sun or in the
atmospheres of the giant planets, where N2 should have been the dominant carrier.
We will return to this point below.

We also showed that the relative abundances of CO+/N2
+ derived from obser-

vations of comet tail spectra are consistent with the formation of the icy nuclei at
temperatures near 50 K. Further work on the trapping of CO and N2 in ice has
substantiated our original conclusions (Notesco and Bar-Nun, 1996).

These consistencies between the laboratory results and the observed abundances
in comets lent support to our effort to extrapolate laboratory work on ice trapping
of noble gases to noble gas abundances in planetary atmospheres. Accordingly,
we developed an ‘icy impact’ model for the contibution of comets to inner planet
atmospheres. An immediate consequence of this model was the realization that
if comets contributed the terrestrial heavy noble gases, they would not supply
enough water to fill the oceans. Impact erosion might have solved this problem
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by removing noble gases (plus carbon monoxide, carbon dioxide and nitrogen),
(Chyba, 1990; Chyba et al., 1994) but we also suggested that some water might
have been contributed from another source, such as the rocks making up most of
the mass of the planet (Owen and Bar-Nun, 1995a).

Turning to Mars, we showed that the present atmospheric abundance of 84Kr
would only correspond to the equivalent of 75 mb of CO2. This amount of CO2

would give a ratio of C/84Kr in the atmosphere equal to the value found in the
Earth’s volatile reservoir and (within existing uncertainties) in the present atmo-
sphere of Venus. While 75 mb of CO2 is 10 × the present value in the Martian
atmosphere, it corresponds to a layer of water only 12 m thick over the planet’s
surface, an insufficient amount to account for the observed fluvial erosion (Carr,
1986; Greely, 1987). Accordingly, we invoked impact erosion as developed for
Mars by Melosh and Vickery (1989), as the responsible agent for diminishing the
atmosphere to the 75 mb level. We pointed out that impact erosion explains the
relatively high ratios of 129Xe/132Xe and 40Ar/36Ar in the current Martian atmo-
sphere (Owen et al., 1977), well-illustrated in the gases trapped in the meteorites
EETA 79001 and Zagami (Bogard and Johnson, 1983; Swindle et al., 1986; Marti
et al., 1995; Garrison and Bogard, 1998). Another way to achieve this same result
is by massive hydrodynamic escape of the early atmosphere, as proposed by Pepin
(1991). In each case the assumption is that the radiogenic 129Xe or its parent 129I is
protected from loss, e.g., by differential solubility (Musselwhite et al., 1991), while
the 40K parent of 40Ar is protected by its location in rocks. Production of massive
amounts of carbonates and/or CO2 adsorption in the regolith (e.g., Pollack, 1979),
would remove CO2 from the atmosphere, but it would not account for the excess
129Xe and 40Ar and it would leave behind large amounts of noble gases and nitrogen
in the atmosphere, which are not observed.

We thus suggested a scenario in which the early atmosphere of Mars could have
passed through several episodes of growth and decay, depending on the planet’s
bombardment history.

3. Deuterium in Comets: A Tie to the Interstellar Medium

Depending on the details of the process of sublimation and recondensation of
infalling grains, in particular the time interval between these two processes, the
comets that were subsequently built from these grains may have retained a good
memory of interstellar chemical conditions. One way to test this assumption is to
investigate the abundance of stable isotopes of common elements, as isotope ratios
should not change during the comet-formation process we have described if it is
sufficiently rapid. The recent appearance of two bright comets has allowed us to
add to the isotopic data collected by in situ measurements of Comet Halley using
ground-based observations at radio wavelengths.
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The value of D/H is particularly sensitive to physical processes, since the mass
ratio of these two stable isotopes is the largest in the periodic table. In Halley’s
comet, two independent investigations led to the result that D/H = 3.2 ± 0.1 ×
104 in the comet’s H2O, (Balsiger et al., 1995; Eberhardt et al., 1995). These
studies were carried out in situ, with mass spectrometers on the Giotto spacecraft.
Observations of Comet Hyakutake at radio and infrared wavelengths from Earth
allowed the detection of lines of HDO and H2O that led to a value of D/H = 2.9 ±
1.0 × 10−4 (Bockelee-Morvan et al., 1998). Similar investigations of Comet Hale-
Bopp found (D/H) = 3.3 ± 0.8 × 10−4 in H2O (Meier et al., 1998a). We thus have
three Oort cloud comets exhibiting a value of D/H in H2O that is essentially twice
the value of 1.56 × 10−4 in Standard Mean Ocean Water (SMOW).

In the case of Comet Hale-Bopp, it was possible to use these same remote
sensing techniques to determine D/H in HCN (Meier et al., 1998b). The results
were quite different: (D/H) HCN = 23 ± 4 × 10−4. This is exactly the kind of
difference between D/H in different molecular species that shows up in interstellar
molecular clouds (Millar et al., 1989), providing a strong case for the preservation
of interstellar chemistry in comet ices. If comets had formed from solar nebula
gas that was warmed and homogenized by radial mixing, the value of D/H in
both molecules would be much lower and identical, as the HCN and H2O would
exchange D with the huge reservoir of H2 in the solar nebula, in which D/H = 0.26
± 0.07 × 10−4 (Mahaffy et al., 1998) (Figure 4).

A simple ion-molecule reaction scheme appropriate for interstellar clouds sug-
gests a formation temperature of 30 ± 10 K for H2O and HCN in order to produce
the observed values of D/H (Meier et al., 1998b; Millar et al., 1989). This is no-
ticeably higher than the canonical value of 10 K for the interiors of dark clouds, but
it would be appropriate for a warm clump near a ‘hot core’ in a cloud in which star
formation is going on. This temperature is also consistent with values derived from
measurements of the ortho-para ratio of hydrogen in comets (Mumma et al., 1993;
Crovisier et al., 1997). Both the isotope ratios and the ortho-para ratio could remain
constant during the simple sublimation and recondensation that takes place as icy
grains settle into the disk of the solar nebula. However, the temperature at which
recondensation occurs will determine how gases are trapped in the ices (Bar-Nun et
al., 1985; Owen and Bar-Nun, 1995a; Notesco and Bar-Nun, 1996). Hence it is not
uneasonable to find solar nebula temperatures deduced from noble gas abundances
to be 20 to 30 degrees higher than the original interstellar cloud (grain formation)
temperatures deduced from the isotope and ortho-para ratios.

4. The Origin of Water on Earth and Mars

We might also expect to see signs of cometary bombardment in the water that is
present on the inner planets. Note that all three of the comets that have been studied
exhibit a value of D/H in ice that is twice the value found in ocean water on Earth.
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Figure 4. We can divide deuterium in the solar system into primitive (left) and reprocessed (right)
reservoirs. D/H in the hydrogen gas that dominated the solar nebula can now be measured in the
atmosphere of Jupiter (Mahaffy et al., 1998). As expected, it is higher than the contemporary value
in the Local Interstellar Medium (LISM) (Linsky, 1996), which reflects the decrease in D/H over 4.6
BY resulting from stellar nucleosynthesis in the galaxy. The much higher values of D/H in primitive
condensed matter are revealed in studies of comets (see Meier and Owen, 1999 for review and data
sources). Exchange between hydrogen gas and volatalized condensed matter can produce a variety
of D/H values, as illustrated in the right panel of the figure. The points above terrestrial SMOW
are from Martian rocks (Nakhlites) and minerals in Shergottites and Chassigny, referenced in the
text. The Uranus, Neptune and Titan points come from recent observations with the Infrared Space
Observatory (Feuchtgruber et al., 1999; Coustenis, 1999).
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All of these comets come from the Oort Cloud, a spherical shell of cometary nuclei
whose average radius is 50,000 times the Earth’s distance from the sun. Three is
certainly a tiny number compared to the 1011 comets that may be present in the
Oort Cloud, so one might speculate that other comets may have different values
of D/H. Moreover, we have not yet sampled any comets from the Kuiper Belt, a
disk of comet nuclei extending outward from Neptune. The Kuiper Belt is currently
thought to be the likely source of short period comets, which are unfortunately too
faint to yield values of D/H to present ground-based techniques. However, these
are the easiest comets for us to explore with spacecraft, because their orbits are so
well known. As a result, several missions will visit short period comets in the next
decade.

Meanwhile, we shall assume that the three comets that have been examined are
indeed representative and see whether we can find traces of cometary water on the
inner planets. Mars is the best case, because the atmosphere is so thin. The total
amount of water that exchanges seasonally though the Martian atmosphere from
pole to pole is just 2.9 × 1015 gm, equivalent to a single comet nucleus (density
ρ = 0.5 g cm−3) with a radius of only 1 km. Hence the impact of a relatively
small comet could have a significant effect on the surface water supply. Indications
of such an effect can be found in studies of D/H in hydrous phases of the SNC
meteorites. Watson et al. (1994) reported a range of values of D/H in kaersutite,
biotite and apatite in Chassigny, Shergotty and Zagami, with the highest values,
4 to 5.5 times SMOW, occurring in Zagami apatite. Infrared spectroscopy from
Earth has determined D/H in Martian atmospheric water vapor to be 5.5 ± 2 ×
terrestrial (Owen et al., 1988; Krasnopolsky et al., 1997a). Note that Zagami is one
of the Shergottites with glassy inclusions containing the high values of 129Xe/132Xe
clearly associated with trapped Martian atmosphere (Marti et al., 1995). The over-
lap between the Zagami apatite and Mars atmosphere values of D/H indicates that
some mixing between atmospheric water vapor and the crustal rocks must occur.
It is therefore arresting to note that the lowest values of D/H measured in the SNC
minerals do not cluster around 1 × terrestrial, but rather around ∼2 × terrestrial,
the value measured in the three comets (Figure 4). It thus appears possible that
most of the near-surface water on Mars accumulated after the end of the early
bombardment phase and was contributed primarily by cometary impact rather than
by magma from the planet or by meteoritic contributions.

This interpretation is consistent with the geochemical analysis by Carr and
Wänke (1992) who concluded that Mars is much drier than the Earth, with roughly
35 ppm water in mantle rocks as opposed to 150 ppm for Earth. These authors
suggested that one possible explanation for this difference is the lack of plate
tectonics on Mars which would prevent a volatile-rich veneer from mixing with
mantle rocks. This is exactly what the D/H values in the SNC minerals appear to
signify.

In whole rock samples, D/H in water from the Shergottites is systematically
higher than in Nakhla and Chassigny (Leshin et al., 1996). This could be a result
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of the larger fraction of atmospheric H2O incorporated in the Shergottites by shock,
a process Nakhlites evidently avoided (Bogard et al., 1986; Ott, 1988; Drake et al.,
1994). Furthermore, higher values of �17O are found in these samples of Nakhla
and Chassigny compared with the Shergottites, reinforcing the idea that the Sher-
gottites sampled a different source of water. Finally, the oxygen isotope ratios in
water from whole rock samples of the SNCs are also systematically different from
the ratios found in silicates in these rocks (Karlsson et al., 1992) again suggesting
a hydrosphere that is not strongly coupled to the lithosphere.

On Earth, oxygen isotopes in sea water match those in the silicates, indicating
thorough mixing for at least the last 3.5 BY (Robert et al., 1992). The Earth has
also lost relatively little hydrogen to space after the postulated early hydrodynamic
escape (Zahnle et al., 1990; Pepin, 1991, 1997) so the value of D/H we measure
in sea water today must be close to the original value. Yung and Dissly (1992)
estimate an increase of (D/H/(D/H)0 = 1.006. If Halley, Hyakutake and Hale-Bopp
are truly representative of all comets, then we can’t make the oceans out of melted
comets alone. This is a very different situation from Mars. It suggests that water
from the inner reservoir, the rocks making up the bulk of the Earth, must have
mixed with incoming cometary water to produce our planet’s oceans. On Mars,
this mixing was apparently much less efficient.

Explanations for the relatively high value of O/C (12 ± 6) in the terrestrial
volatile inventory also suggest such mixing (Owen and Bar-Nun, 1995a). The solar
value of O/C = 2.4, which was also the value found in Halley’s comet (Geiss,
1988). Impact erosion on the Earth could remove CO and CO2 while having less
effect on water in the oceans or polar caps, thereby raising the value of O/C (Chyba,
1990; Owen and Bar-Nun, 1995a). This process would not affect the value of D/H,
however. The average value of D/H in chondritic meteorites is close to that in sea
water, so mixing meteoritic and cometary water would not lead to the right result.
We need a contribution from a reservoir of water that is grossly deficient in C and
N, with D/H < 1.6 × 10−4. Lecluse and Robert (1994) have shown that water vapor
in the solar nebula at 1 AU from the sun would have developed a value of D/H ≈
0.8 × 10−4 to 1.0 × 10−4, depending on the lifetime of the nebula (2 × 105 to 2
× 106 yr). An ocean made of roughly 35% cometary water and 65% water from
the local solar nebula (trapped in planetary rocks) would satisfy the D/H constraint
and would also be consistent with the observed value of O/C = 12 ± 6.

To accept this idea, we should be able to demonstrate that water vapor from the
solar nebula was adsorbed on grains that became the rocks that formed the planets.
Robert (1977) has reported D/H = 0.8 × 10−4 in water from some meteorites. This
is an indication that low D/H water was present in the inner solar system. However,
our best hope for finding some of that original inner-nebula water appears to be
on Mars, where mixing between the surface and the mantle has been so poor. The
test is thus to look for water incorporated in SNC meteorites that appear to have
trapped only mantle gases, to see if D/H < 1.6 × 10−4. The best case for such a
test among the rocks we have is Chassigny, which exhibits no enrichment of 129Xe
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and thus appears not to have trapped any atmospheric gas. However, there is no
evidence of water with low D/H in this rock (Leshin et al., 1996). It may be that
contamination by terrestrial water has masked the Martian mantle component in
Chassigny. This is a good project for a sample returned from Mars by spacecraft,
where such contamination can be avoided.

Pavlov et al. (1999) have proposed an aternative means of lowering the D/H
ratio in cometary water delivered to Earth, viz., the early impact of H-carrying in-
terplanetary dust particles (IDPs). This hypothesis is also testable by investigation
of Martian samples if it is possible to obtain rocks excavated from different depths
below the crust by large impacts.

5. The Importance of Neon and Nitrogen

We have concentrated our analysis on water and the heavy noble gases: argon,
krypton and xenon. Any model for the origin of the atmosphere must also account
for neon and nitrogen. Neon has about the same cosmic abundance as nitrogen
relative to hydrogen (Anders and Grevesse, 1989), viz., 1.2 × 10−4 vs 1.1 × 10−4.
Hence we expect any atmosphere that consists of a captured remnant of the solar
nebula to exhibit a ratio of Ne/N2 ≈ 2. On Earth, Mars and Venus, Ne � N2.
The neon is not only deficient in these atmospheres, the isotopes have been highly
fractionated. The solar ratio of 20Ne/22Ne = 13.8 ± 0.1 (Benkert et al., 1993), while
on Earth 20Ne/22Ne = 9.8, on Venus 11.8 ± 0.7 (Istomin et al., 1982) and on Mars
10.1 ± 0.7 (Wiens et al., 1986) (Figure 5-R).

The data from the nitrogen isotopes are more ambiguous. In atmospheric nitro-
gen on Earth, we find 14N/15N = 273 (Anders and Grevesse, 1989). Direct meas-
urements of the solar wind give 14N/15N = 200 ± 55 (Kallenbach et al., 1998),
whereas the most careful measurements of solar wind implanted in lunar grains
give 14N/15 > 360 (Hashizume et al., 2000) (Figure 5, left).

As we have pointed out previously, there is a good reason to expect the solar
and Earth atmosphere values to differ, viz., the atmospheric nitrogen was almost
certainly delivered in the form of N-compounds, while the solar nitrogen was ori-
ginally primarily (> 90%) in the form of N2 (Owen and Bar-Nun, 1995a). This
dichotomy would result from the assumed predominance of N2 as the chief nitro-
gen carrier in the interstellar medium (ISM) and hence the outer solar nebula, as
well as the difficulty to incorporate N2 in icy (or rocky) planetesimals as mentioned
previously.

In the local interstellar medium, 14N/15N = 450 ± 100 (Wilson and Rood, 1994;
Dahmen et al., 1995) (Figure 5, left). This value was determined in NH3 and HCN:
the value in N2, the putative main reservoir of interstellar N, remains unknown.
This is because the rotational spectrum of this homonuclear molecule is forbidden
and thus inaccessible to radio telescopes. However, calculations of ion-molecule
reactions for N2 and various N-compounds in the ISM indicate that the value of
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Figure 5. (Right): 20Ne/22Ne is lower on Venus, Earth and Mars compared with the solar value,
presumably as a result of early atmospheric escape. (Left): In contrast, 14N/15N is higher on Earth,
Venus, Comet Hale-Bopp and in NH3 and HCN in the local interstellar medium than its value in
the Sun as determined in solar wind measurements by Kallenbach et al. (1998). However, it now
appears that the correct value of proto-solar 14N/15N is the one measured in Jupiter’s atmosphere by
the Galileo Probe Mass Spectrometer, while the original value in atmospheric nitrogen on the inner
planets was probably closer to the value measured in Hale-Bopp’s HCN (see text). The contemporary
atmosphere of both Mars and Titan exhibit still lower values owing to atmospheric escape. A value
similar to that in the terrestrial atmosphere has been measured in the Martian meteorite ALH 84001.
(References to data points given in text).

14N/15N in N2 could be as high as 1.3 × the value in HCN (Terzieva and Herbst,
2000). In comparing interstellar nitrogen isotope ratios with those found in the
solar system, it is important to keep in mind that 14N/15N increases with time in
the galaxy as 15N is apparently made early, through primary production in Type
II Supernova explosions, while 14N is steadily produced as a secondary element in
low and intermediate-mass stars. This conclusion is supported by studies of HCN in
the Large Magellanic Cloud, where galactic evolution has proceeded more slowly,
and 14N/15N = 100 (Chin et al., 1999). The best available measurement of 14N/15N
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in comets comes from a study of HCN by Jewitt et al. (1997), which gave 14N/15N =
323 ± 46. Assuming that the cometary HCN has preserved the interstellar isotopic
ratio – as we have previously assumed for D/H – we would predict a value of
14N/15N = 1.3 × 323 = 420 in solar nebula N2. This should then be the isotope ratio
we find for solar nitrogen, suggesting that the Hashizume et al. (2000) deduction
from solar wind implanted in lunar soils is correct.

There is a further test. Jupiter should exhibit the same isotopic ratios of elements
as the sun, if the uniform enhancement of heavy elements that we observe there is
indeed caused by their delivery in low temperature planestesimals (Owen et al.,
1999). Fouchet et al. (2000) found 14N/15N = 525/ + 1500/–200) in ISO observa-
tions of Jupiter’s NH3, again supporting the lunar measurement but with large error
bars. We have recently succeeded in extracting a value of 14N/15N = 435/ + 65/ –
50 from the Galileo Probe Mass Spectrometer data (Owen et al., 2001), which is
probably the best value for protosolar nitrogen that we have at the present time.

Further insight can again be sought on Mars. As for H, the problem is com-
plicated on Mars by atmospheric escape. In this case, nonthermal escape through
dissociative recombination has led to an atmospheric value of 14N/15N = 165 ±
15 (Nier and McElroy, 1977) (Figure 5L). It is therefore necessary to search for
light nitrogen in a ‘heavy’ atmospheric background. Mathew et al. (1998, 2000)
have reported a light component in nitrogen from the Martian meteorite ALH
84001 (Figure 5L), with 14N/15N ≥ 278, which may be the first indication of the
hypothesized cometary component.

The absence of neon-like fractionation in such a component can again be ex-
plained in terms of cometary delivery of volatiles, albeit in a paradoxical manner.
The laboratory work shows that ice forming at T = 30 K traps less than 5 × 10−3 of
the initial neon in a starting gas mixture while at T = 50 K, this fraction drops
to < 10−5 (Laufer et al., 1987; Owen and Bar-Nun, 2001). We have therefore
assumed that Oort cloud comets carry a negligible amount of Ne (Owen and Bar-
Nun, 1995a). This assumption is supported by the apparent absence of neon in
the atmospheres of Titan, Triton, and Pluto, where the upper limits on Ne/N2 are
typically about 0.01. Triton and Pluto represent giant icy planetesimals that can
be thought of as the largest members of the Kuiper Belt. Hence the absence of
detectable neon in their atmospheres may be taken as a good indication that ice
condensing in the outer solar nebula did not trap significant amounts of gas, and
thus we do not expect to find it in comets. (Titan is a more complicated problem
because it formed in Saturn’s subnebula, not in the solar nebula). This prediction is
consistent with observations of Comet Hale-Bopp carried out with the Extreme Ul-
traviolet Explorer satellite by Krasnopolsky et al. (1997). These authors established
an upper limit of Ne/O < 1/200 × solar in the comet.

If the comets don’t carry neon, how did this gas reach the inner planets? Once
again the meteorites don’t help. Even if they brought in all the xenon, the neon they
could deliver would be < 10% of what we observe. Instead it seems likely that on
Mars and Earth, neon was brought in by the rocks, the internal reservoir we have
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discussed above. In fact, we have evidence that this was the case, because we can
still find neon whose isotope abundances approach the solar ratio in rocks derived
from the mantle (Craig and Lupton, 1976; Honda et al., 1991). Unlike the other
noble gases, neon cannot be subducted in the Earth’s interior (Hiyagon, 1994).
Thus is is not possible to dilute the original trapped gas with highly fractionated
atmospheric neon. The record of original emplacement is preserved.

If neon, which diffuses so easily through solids, was retained by the Earth’s
rocks from the time of the planet’s accretion, we can reasonably assume that some
water was also kept in the interior, to emerge after the catastrophic formation of the
moon, mixing with incoming water from comets to form the oceans we find today.
This perspective supports the idea that we may yet find evidence of this original
water with D/H < SMOW in mantle-derived rocks on Mars.

Returning to the Earth, it appears that the atmospheric neon bears a record of
an early fractionating process that sharply reduced the ratio of 20Ne/22Ne from the
solar value. This process must have affected all of the other species in the atmo-
sphere at the time. It may have been the massive, hydrodynamic escape of hydrogen
produced by the reduction of water by contemporary mantle-crustal iron (Dreibus
and Wänke, 1989; Pepin, 1991). The fact that we do not see evidence of such a
fractionation in atmospheric nitrogen today suggests that the nitrogen we breathe
reached the Earth after the vigorous escape process had ended. Cometary delivery
of nitrogen (and other volatiles) but not neon offers an easy means of achieving
this situation, but we need more measurements of 14N/15N in other molecules in
comets be certain. The only cometary measurement of nitrogen isotopes we have
refers to HCN, which is a trace constituent (<1%) in cometary nuclei (Crovisier,
1998). We need to know the average value of the isotope ratio in all cometary
N-compounds to see how closely cometary nitrogen comes to the gas we breathe
on Earth. It may well be that neon is a kind of atmospheric fossil, a remnant of
conditions that existed on the Earth before the volatiles that produced the bulk of
the present atmosphere were in place.

What about Venus? The atmosphere of this planet contains 21 ± 5 times the
amount of neon found on Earth (Donahue and Pollack, 1983). Perhaps the grains
that formed Venus simply accumulated more solar wind neon than the Earth, be-
cause of their greater proximity to the sun (Wetherill, 1981). Perhaps both planets
started with the same neon content, but less neon escaped from Venus. This would
be consistent with the higher value of 20Ne/22Ne = 11.8 ± 0.7 measured on Venus
by Istomin et al. (1982) compared with 9.8 on Earth.

On the other hand we have argued above that the heavy noble gases were
delivered to Venus by icy planetesimals that condensed at temperatures of about
30 K or less. In this case, there is the possibility that these same objects could have
delivered some neon. For example, ice forming at T = 23 ± 3 K can trap ∼3% of the
ambient neon gas, while trapping all of the available Ar, Kr and Xe. Fractionation
of this amount of neon by escape could reduce the initial planestesimal-delivered
value of Ne/Ar = 1 to the present value of 0.25 ± 0.10 while changing the isotope
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ratio from 13.8 to the value of 11.8 ± 0.7 reported by Istomin et al. (1982). Other
scenarios are certainly possible, including the baseline case of no neon loss and no
isotope fractionation. The latter would be accommodated by the results of Hoffman
et al. (1980), who reported a value of 20Ne/22Ne = 14 (+ 6/ –3) for this difficult
measurement. It is obviously important to derive more precise values for both the
abundance and the isotope ratio of neon on Venus to determine the origin and
history of this gas on the planet.

Note that even with icy planetsimals delivery of neon to Venus, the maximum
amount of nitrogen these low temperature comets could deliver would be only 30
times the argon abundance, still approximately 30 times less than the abundance of
nitrogen we find in the planet’s present atmosphere (Hoffman et al., 1980). Hence
the nitrogen requires another source, which we have suggested is icy planetesimals
from the Saturn-Jupiter region, as in the case of the Earth (Owen and Bar-Nun,
1995a). The best current value for 14N/15N on Venus is terrestrial ± 20% (Hoffman
et al., 1979) (Figure 5L). As this isotope ratio depends on the mixing of at least
two reservoirs with possible modifications through escape processes, it would be
surprising to find identical values of 14N/15N on both Venus and Earth. Improving
this measurement should be a major objective of any future atmospheric probes to
Venus.

6. Conclusions

How unique is the Earth? This is a perennial question in efforts to estimate the
possibilities for abundant life in the universe. We have argued here that the source
of our planet’s atmosphere can be found in a combination of volatiles trapped in
the rocks that made the planet and a late-accreting veneer of volatile-rich material
delivered by icy planetesimals. The volatiles composing the atmosphere include
the carbon, nitrogen, and water essential to life. The question then is, how common
are these rocks and ices in the galaxy? At the level of detail we need for a truly
satisfactory answer, we must admit that we lack the necessary data. We can draw
some confidence from the often-cited similarities between the molecules found in
comets and those in interstellar clouds (e.g., Crovisier, 1998) which may lead us
to expect that icy planetesimals that form in any planetary system originating from
an interstellar cloud will carry these same biogenic materials. Hence this model for
the origin of our planet’s atmosphere suggests that there is nothing unique about
the inventory of volatiles that was delivered to the Earth. Current studies of the
Martian atmosphere, aided by study of the SNC meteorites, reinforce this idea by
indicating a similar inventory on that planet. The explanation we have given for
the anomalous noble gas abundances on Venus suggests that the same inventory is
present on Venus, with just an exotic ‘spike’ of gases captured by a special family
of icy planetesimals that formed at low temperatures. Based on what we know
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today, it appears that Oro’s (1961) original insight probably applies throughout the
galaxy.

Nevertheless, we are still in the stage of finding ‘similarities’ and ‘indications’.
We are far from a rigorous proof of the validity of the icy impact model. We have
stressed the boundary conditions provided by the abundances and isotope ratios
of the noble gases and determinations of cometary D/H. As we have seen, these
boundary conditions are blurred by the effects of atmospheric escape and contri-
butions from multiple molecular reservoirs. It is clear that meteoritic delivery of
volatiles cannot by itself satisfy the constraints set by our present knowledge of
noble gas abundances and isotope ratios. However, the cometary alternative that we
have emphasized will remain conjectural until noble gases are actually measured
in several comets. Although laboratory studies strongly suggest that comets can
deliver the correct elemental abundances, we have not yet found evidence that
trapping of gas in ice affects the relative abundance of Xe isotopes (Notesco et
al., 1999). The sensitivity of these experiments needs to be improved and future
work should include a test of multiple sublimation and deposition events. In the
absence of such evidence, we are forced to assume that comets carry xenon whose
isotopes resemble the distribution found in the terrestrial and Martian atmospheres
rather than that found in the solar wind. It is not at all obvious why this should
be the case, although the existence of several different types of xenon in the solar
system (e.g., Swindle, 1988; Zahnle, 1993; Pepin, 1994a) allows this possibility
to be taken seriously. If the cometary xenon in fact resembles solar wind xenon, it
will be necessary to invoke a fractionating process that acted to produce identical
results for xenon on Mars and Earth followed by subsequent, selected replacement
of other volatiles, as developed and described in detail by Pepin (1991, 1994b,
1997).

The xenon isotopes provide the best test of a cometary connection, as the iso-
topes of less massive species are more easily fractionated by atmospheric processes
and similarities in elemental abundances can always be attributed to coincidence.
Nevertheless, it is important not to lose sight of other key volatiles, particularly
nitrogen.

How can we move forward from this unsatisfactory situation? There are a num-
ber of possible sources of new data on the horizon:
1. MARS. The Japnese Nozomi Mission launched in 1998 carries instruments
that will teach us much more about possible non-thermal escape processes on
Mars. This knowledge will allow a more confident reconstruction of the early
mass and composition of the Martian atmosphere. These parameters can then be
used (again!) to test our understanding of the origin of our own atmosphere. Mars
Express, an ESA mission to be launched in 2003, will include a mass spectrometer
that will re-analyze the neutral atmosphere.

If present plans mature, the steps forward achieved by Nozomi and Mars Ex-
press will soon be overshadowed by information obtained from Mars Sample Re-
turn Missions, scheduled to begin in 2011. These missions will bring back samples
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of Martian rocks and atmosphere for analysis on Earth, enabling far more accurate
measurements of isotopic ratios than we can expect from missions to the planet.
These investigations will include not only the noble gases, but also isotopes of
carbon, nitrogen, and oxygen, the last in both H2O and CO2. With the kind of
precision obtainable in laboratories on Earth, great progress should be achieved in
unraveling the history of the Martian atmosphere from these isotope measurements,
including estimates of the sizes and locations of contemporary reservoirs of H2O
and CO2 (McElroy et al., 1977; Owen et al., 1988; Jakosky, 1991; Owen, 1992;
Jakosky et al., 1994). Another goal of this research should be a search for low
values of D/H in water from mantle-derived rocks, which should also contain neon
with 20Ne/22Ne approaching the solar value of 13.8.
2. COMETS. Both NASA and ESA are planning missions that will rendezvous
with short period comets originating from the Kuiper Belt. These missions will
have the capability to detect and measure the abundances of the heavy noble gases
and their isotopes and to investigate isotope ratios of nitrogen in various com-
pounds. It is especially important to have this information from several comets. We
already know that the composition of comets can vary, both from the laboratory
work on the trapping of gas in ice (Figure 3) and from observations of variations in
the abundances of carbon compounds in comets (Fink, 1992; A’Hearn et al., 1995).

The ESA rendezvous mission to Comet Wirtanen is called Rosetta, it should
arrive at its destination in 2012. The first NASA comet mission is called Deep
Space 1 (DS-1), a technology-testing mission that uses an ion engine for continuous
thrusting and is currently (March 2001) on track to encounter Comet Borrelly in
September 2001. DS-1 will be followed by the CONTOUR mission, scheduled
to launch in 2002 and designed to fly past three comets starting with P/Encke in
2003. While these missions will provide a major advance over our present state of
knowledge, we will ultimately need returned samples to get the level of precision
we want, just as in the case of Mars. A comet sample-return mission is not yet
under serous consideration by any Space Agency.

There is hope for an inexpensive atmospheric probe to Venus within the next
decade, which would tell us more about the nitrogen isotopes and the anomalous
abundances of the noble gases and their isotopes on our sister planet. We will await
all these new results with great interest.
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