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a b s t r a c t

A detailed characterization of the formation and evolution of Venus is a key link to the study of

terrestrial planets, and to their divergent evolutions. While Earth and to a lesser extent Mars (thanks to

the analysis of SNC meteorites) are extensively studied in a comparative planetology context, the

history of the most Earth-like planet of the Solar System, Venus, is still poorly understood. For how long

has Venus been in its current extreme climate state? When and how did it diverge from a (possible)

early Earth-like state? Has Venus been a potentially habitable planet at some time of its early history?

Did a ‘‘cool early Venus’’ stage occur between the end of accretion and the late heavy bombardment,

like suspected for Earth? What are the implications of the Venus/Earth comparison for the nature and

evolution of habitable terrestrial planets throughout the universe? A major observational missing link

in our understanding of Venus’ climate evolution is the elementary and isotopic pattern of noble gases

and of stable isotopes in Venus’ atmosphere, still poorly known. The concentrations of heavy noble

gases (Kr, Xe) and their isotopes are mostly unknown, and our knowledge of light noble gases and

stable isotopes is incomplete and inaccurate. In this paper, we summarize our present understanding of

Venus’ early evolution, including the crucial question of knowing if water ever condensed at the surface

of the planet. Then, we assess the potential contribution of a precise measurement of noble gases, their

isotopes and stable isotopes to improve of our understanding of Venus evolution, and list the main

questions that noble gases and isotope measurements would help to answer. Finally, we show how

future exploration of Venus could allow to gain a glimpse into the early evolution of Venus through a

small in-situ mission based on a single balloon probe, called EVE (European Venus Explorer), proposed

in the frame of the ESA Cosmic Vision program.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

It is generally believed that Venus received similar amounts of
volatiles from the proto-planetary nebula as the Earth did.
The atmosphere of Venus contains about twice as much carbon
and nitrogen as the atmosphere, hydrosphere and sediments of
the Earth (Lécuyer et al., 2000). The low quantity of water in the
present atmosphere of Venus could result from a combination of
crustal hydration and past escape processes. The present value of
the deuterium/hydrogen (D/H) ratio on Venus, larger than that on
Earth by a factor of 150 (Donahue et al., 1982; De Bergh et al.,
1991), suggests that hydrogen escape has played an important
role in removing water from the Venus’ atmosphere. Recent

results from the ASPERA instrument on Venus Express show that
oxygen is escaping at a rate about half that of hydrogen (Barabash
et al., 2007a), suggesting that both H and O have escaped
significantly through non-thermal processes during Venus’
history. Although thermal escape is no more effective at the
present time, in the form of hydrodynamic escape it could have
removed very large amounts of water (the content of one or
several terrestrial oceans) during the few first hundred million
years (Kasting and Pollack, 1983; Gillmann et al. 2009). Volatile
loss could have also occurred through catastrophic early impacts
(Zahnle, 2006). These primitive episodes of atmospheric losses,
which probably also affected Earth’s and Mars’ atmospheres, are
suggested by noble gas elemental and isotopic data, which remain
quite incomplete for Venus. The presence of an early massive
atmosphere of water vapor on Venus, which further escaped to
space, and/or was trapped in the interior in the form of hydrates,
is generally considered to have initiated the strong greenhouse
effect observed today (Shimazu and Urabe, 1968; Rasool and
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de Bergh, 1970). This massive H2O atmosphere may have resulted,
(i) either from the evaporation of a primordial water ocean,
followed by hydrodynamic escape of hydrogen (Kasting, 1988),
(ii) or the outgassing from the primordial magma ocean, not
necessarily followed by the formation of a (transient) water ocean
(Gillmann et al., 2009).

In the present state of knowledge of the primitive Venus’
atmosphere, with large uncertainties on the results of existing
radiative transfer codes of H2O–CO2 massive atmospheres, it is
unclear if the surface temperature has ever been low enough to
allow the condensation of water, even in reduced solar illumina-
tion conditions prevailing at the beginning of the Solar System.
But, even if thermodynamical conditions allowed the formation of
an ocean at some early stage, the necessary condition for such an
ocean to have formed is that large amounts of water have been
available in the atmosphere. It could not have been the case, for
example if Venus was initially endowed with less water than
Earth, as it occurs in some existing accretion simulations (see e.g.
Raymond et al., 2006), and has been rapidly dessicated through
the combined effects of the progressive crystallization of the
magma ocean, releasing water to the atmosphere, and of hydro-
dynamic escape removing this water from the atmosphere to
space (Gillmann et al., 2009).

We will first summarize the present state of our understand-
ing of the early evolution of Venus’ atmosphere. In a second step,
the potential contribution of a precise measurement of noble
gases and their isotopes as well as stable isotopes of elements like
H, C, O and N, to the improvement of our understanding of Venus’
evolution, will be described. Then, the main questions that noble
gases and isotope measurements would help to answer will be
detailed. Finally, we will show how future exploration of Venus
could allow to gain a glimpse into the early evolution of Venus
and its atmosphere through a small in-situ mission based on a
single balloon probe, called EVE (European Venus Explorer),
proposed in the frame of the ESA Cosmic Vision program
(Wilson et al., 2008; Chassefi�ere et al., 2009a, b).

2. Early evolution of Venus’ atmosphere and hypothesized
formation of a transient water ocean

According to a classical picture, the strong greenhouse effect
that is responsible for very high temperature and pressure at the
surface of Venus has been initiated by the evaporation of a water
ocean in earlier times (Shimazu and Urabe, 1968; Rasool and de
Bergh, 1970), that is a few 100 Myr after the formation of planets,
resulting in a runaway (or moist) greenhouse (Kasting, 1988). It is
nevertheless unclear if the conditions at the surface of Venus ever
allowed liquid water to be stable. According to radiative-con-
vective models developed twenty years ago (Matsui and Abe,
1986; Abe and Matsui, 1988; Kasting, 1988), the solar flux at
Venus’ orbit early in solar system history could have been close to
the critical value required to trigger a runaway greenhouse. The
critical point of H2O is located at 647 K. According to Matsui and
Abe (1986), the surface temperature of Earth at the end of
accretion could have been �600 K, which is lower than the
critical temperature, and therefore water would have been able
to condense. From the same authors, the temperature of Venus’
surface at the end of the accretion was �700 K, larger than the
critical temperature, potentially preventing atmospheric water
from condensing out. According to Kasting (1988), the presence of
clouds could have resulted in a critical value of the solar flux
definitely larger than its effective value, allowing liquid water
to remain stable. These models are very sensitive to the H2O
absorption coefficients in the infrared, which are quite uncertain
in such high temperature and pressure conditions. Based on

these models (Abe and Matsui, 1988; Kasting, 1988), a new,
more sophisticated 1D radiative–convective model of a thick
(P�300 bar) H2O–CO2 atmosphere is presently being developed
for a later inclusion in a coupled magmatic–atmospheric evolu-
tion model of primitive telluric planets (Marcq et al., 2010).

Much progress has been made in the last ten years in our
understanding of Earth-like planet formation, significantly mod-
ifying our view of the delivery of water to the terrestrial planets.
According to recent accretion simulations, the initial water
endowment of terrestrial planets would have been provided by
a few planetary embryos in a relatively late stage of accretion
(Morbidelli et al., 2000). In typical scenarios, accretion started at
�10 Myr after Sun ignition. Most of the water supplied by
asteroids has been delivered between 10 and 35 Myr, a time
when the mass of the planet did not exceed 50% of its final mass.
A maximum of 1 terrestrial ocean (1 TO; TO: Terrestrial Ocean)
has been provided by asteroids, but further collisions probably
removed a significant fraction of this water. In the time between
35 and 70 Myr, accretion has been completed and large amounts
of water delivered to the planet by a few large accreted embryos
coming from large distances to the Sun (42.5 AU), where water is
efficiently trapped in planetesimals. At later times, comets from
the Uranus–Neptune region and from the Kuiper-Belt may
have supplied a late veneer of 10% of the present water content
of the Earth.

From existing simulations, a Venus-type planet builds up in
typically �20–30 Myr from embryos formed close to 1–2 AU,
most of the water being brought lately (30–70 Myr) by relatively
small embryos formed at larger distances (Raymond et al., 2006).
The cumulated supply of water is of the order of 15–70 TO for an
Earth-type planet, and about 2–3 times smaller (5–30 TO)
(Raymond et al., 2006) for a Venus-type planet, consistent with
the fact that the feeding zone for the Venus-type planet does not
extend significantly beyond 2.5 AU. Using the five simulations of
Raymond et al. (2006), and the four simulations of O’Brien et al.
(2006), the histogram of the Venus versus Earth water depletion
factor shows an average depletion factor of �3, or more (Fig. 1).
But in one case twice the amount of water is accreted by the
Venus-type planet than by the Earth-type planet, and one other
simulation shows similar endowments. It is due to the highly
stochastic character of the accretion process at late stages. Indeed,
most of the water is delivered by only a small number of
planetary embryos, typically a few tens (Raymond et al., 2006).
It cannot be therefore excluded that Venus has been endowed
with as much water as Earth (or even more), but the case of a
lower endowment, by a factor �3 or more, is the most likely one
according to existing simulations. The estimated amount of water
in Earth mantle is in the range 0.3–2.8 TO (Lécuyer et al., 2000),
showing that a maximum of �4 TO remained in Earth crust and
mantle. On Venus, the present water content may be 1–3 TO, all
in the mantle, assuming that the Venus mantle is similar to that of
the Earth. Taking into account the escape of oxygen atoms,

Fig. 1. Histogram of the water endowment depletion factor of Venus with respect

to Earth based on nine high resolution accretion simulations (from Raymond et al.,

2006; O’Brien et al., 2006).
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