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Abstract

Carbon, nitrogen and water abundances at the surfaces of Earth and Venus are compared in order to investigate the
distributions of these elements between fluid and solid envelopes in both planets. The atmosphere of Venus contains
about twice more carbon (1.25U1020 kg of C) and nitrogen (4.8U1018 kg of N) than the atmosphere, hydrosphere and
sediments of the Earth (5.4U1019 kg of C and 3U1018 kg of N). After scaling to the planetary masses, surface excesses
of 1U1020 kg of C and 2.7U1018 kg of N are calculated for Venus relatively to the Earth. The simplest proposed
explanation is the storage of 25 ppm of C and 0.7 ppm of N in the Earth mantle due to lithospheric subduction, a
mechanism not operating on Venus. Following the same line of arguments, the Earth has an excess surface water of
about 1.2U1021 kg of H2O, when compared to Venus. Under the hypothesis of a primordial sizable water mass on
Venus, thermodynamic modeling of mineral stabilities reveals that hydrous minerals are stable at the P^T conditions of
both the surface and the deep crust of Venus, and thus could be the carriers of the missing Venusian water. A
combination of crustal hydration and hydrogen escape processes may explain the present-day low amount and high
deuterium/hydrogen (D/H) ratio (2.5U1032) of water in the Venusian atmosphere relatively to the Earth's hydrosphere
(1.55U1034). Alternatively, if the high D/H ratio of Venus only resulted from hydrogen escape, the reservoir of
remaining oxygen must have been involved in the oxidation of a rock layer of about 50 km in depth. ß 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The abundance and distribution of light ele-

ments such as H, C, N and O during the early
evolution of terrestrial planets is critical for the
emergence of stable atmosphere and hydrosphere
that will generate climatic conditions propitious
to the birth and development of life. Among the
three terrestrial planets of our solar system having
an atmosphere, the Earth is unique in possessing
a thick layer of water averaging to 3700 m in
depth that covers 70% of the surface and a
CO2-poor atmosphere (370 ppmv) that contrib-
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utes to maintain cool and stable climatic condi-
tions with an average surface temperature of 288
K. Venus with a size comparable to the Earth is
commonly considered as its `twin sister'. How-
ever, the average surface temperature is main-
tained at 735 K as the consequence of strong
greenhouse conditions generated by a thick at-
mosphere composed of 96.5% of CO2 and about
30 ppmv of water. According to Wetherill [1], in
the 0.5^1.5 AU belt of the solar system, volatile
mixing and homogenization likely occurred dur-
ing collisions among planetesimals. Except if
Earth and Venus were formed with di¡erent par-
ent bodies or in very di¡erent proportions, we
may question why the compositions of £uid res-
ervoirs appear to be so di¡erent of each other?

This study explores plausible mass distributions
of carbon, nitrogen, and water between the sur-
face and the deep layers of the Earth and Venus
by using well constrained elemental abundances
measured in super¢cial reservoirs of both planets.
The aim of the mass balance approach is to pro-
vide boundary conditions for the early chemical
evolution of planetary atmospheres that lead on
one hand to a CO2-poor Earth atmosphere and
on the other hand to an apparently `dry Venus'.

2. Carbon and nitrogen

The atmosphere of Venus contains 1.25U1020

kg of carbon and 4.8U1018 kg of N ([2] and refer-
ences therein; Table 1). At the surface of the

Earth, carbon is stored in two main reservoirs
that are carbonates (80 wt%) and organic matter
(20 wt%). Various estimates of the total amount
of carbon contained in these two reservoirs range
from 5.4U1019 [3,4] to 8.7U1019 kg [5^7]. A re-
cent estimate of 7.5U1019 kg by Berner [8] indi-
cates that the Earth's surface carbon inventory is
known with an uncertainty of about 30%. This
should be kept in mind for the meaning of further
calculations, indeed we used the low estimate of
5.4U1019 kg which implies maximum di¡erences
between the carbon budgets of the two planets.

The main reservoir of nitrogen is the atmo-
sphere (2U1018 kg of N) whereas seawater nitrates
constitute only a minor contribution (3.7U1016 kg
of N) which can be ignored for mass balance con-
siderations (Table 1). We consider that there are
no signi¢cant crustal Venusian reservoirs of C
and N, and consequently that their atmospheric
abundances may be used to estimate primordial
abundances at the Earth surface. It is indeed re-
markable that the carbon isotope ratio of the Ve-
nusian atmosphere is similar to the Earth surface
ratio (Table 2) when combining the weighted N13C
values of carbonates and organic matter [9]. A
linear mass scaling law is used to compare the
elemental abundances (Table 1) since the mass
of Venus is 82% of the Earth's mass. Apparent
surface excesses of 1U1020 kg of C and 2.7U1018

kg of N are derived for Venus relatively to the
Earth. The simplest hypothesis is to consider
that these missing light elements have been buried
in the deep Earth by lithospheric subduction.

On Earth, carbon is mainly recycled into the
mantle as hydrothermal carbonates veining the

Table 1
Inventory of carbon, nitrogen, oxygen and water abundances
in Venus and Earth surface reservoirs

Mass of reservoirs Earth Venus

Bulk planet (kg) 5.97U1024 4.87U1024

Super¢cial C (kg) 5.4U1019a 1.25U1020

Super¢cial H2O (kg) 1.41U1021b 6U1015

Atmospheric N (kg) 2U1018 4.8U1018

Super¢cial N (kg) 3U1018a v4.8U1018

C/N mass ratio 18 26
C/H mass ratio 0.69 W105

Data sources from Taylor and McLennan [42], Pepin [43]
and Taylor [2].
aSediments+atmospheric gases+dissolved aqueous species.
bOcean water.

Table 2
Inventory of carbon and hydrogen isotopic compositions of
Venus and Earth reservoirs

Reservoirs D/H 13C/12C

Venus (atmosphere) 2.5U1032 0.01120
Bulk Earth 1.49( þ 0.03)U1034 0.01118
Earth (carbonates) ^ 0.01124
Earth (organic matter) ^ 0.01096
Earth (hydrosphere) 1.55U1034 0.01123

Data sources from Galimov et al. [44], Hoefs [45], Donahue
et al. [46], Schidlowski [4], Taylor [2], Lëcuyer et al. [47] and
Donahue [21].
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oceanic basaltic crust and its £ux is estimated
close to 1011 kg a31 [10,11] in the same order of
magnitude as the carbon £ux at oceanic ridges
[10^12]. The di¡erence between super¢cial reser-
voirs of Venus and the Earth could indeed be
achieved by a carbon £ux toward the mantle
30% higher than the carbon £ux extracted from
the mantle at mid-ocean ridges, i.e. an average
£ux of 3U1010 kg a31 into the mantle integrated
over 3.5 Gyr. In this way, the subducted compo-
nent of super¢cial mostly inorganic carbon would
represent a mean concentration of 25 þ 5 ppm of
carbon in the Earth's mantle which corresponds
to about 10 or 30 wt% of the carbon reservoir in
the primitive mantle depending on estimates pro-
vided by Javoy [13] and Canil et al. [14], respec-
tively. One direct consequence of this mass bal-
ance calculation concerns the N13C of the
primordial mantle that should be close to
315x compared to the present-day N13C of
upper mantle carbon estimated at 34x [10,15]
and that became progressively 13C-enriched by
mixing with carbon derived from marine carbo-
nates (N13CW0; Table 2). The mixing of primor-
dial and surface carbon at a Gyr time scale could
be a component of the observed spectrum of car-
bon isotope ratios of diamonds [16,17].

The observed de¢cit of nitrogen in the Earth's
atmosphere compared to Venus is partly ex-
plained by the growth of the continental crust
that contains from 50 to 60 ppm of nitrogen
[18], thus constituting a reservoir of 1018 kg. An-
other sink could be the subduction of about
1.4U1012 kg a31 of marine sediments [19] that
contains 0.015% of organic nitrogen in average
[20]. This would result in another 7.4U1017 kg
of nitrogen that could be injected over a period
of 3.5 Gyr into the mantle. A total amount of
about 2U1018 kg of N removed from the terres-
trial atmosphere is thus estimated, and constitutes
two thirds of the calculated surface de¢cit rela-
tively to Venus. The apparent remaining missing
nitrogen could be due to uncertainties in the
amount of N stored in the continental crust or
to varying sizes in the £uxes of subducted N
through time. The 3U1018 kg of nitrogen, poten-
tially subducted into the mantle, correspond to an
average concentration of 0.7 ppm in the mantle

which represents no more than 3 wt% of the prim-
itive mantle nitrogen abundance according to Jav-
oy [13]. Consequently, the di¡erence between the
C/N ratios for the super¢cial reservoirs of the
Earth and Venus (Table 1) could be more likely
attributed to fractionation processes occurring
during subduction of lithospheric plates with rel-
atively more injection of C than N in the deep
Earth.

3. Water

The total mass of water at the surface of the
Earth can be identi¢ed to the oceanic reservoir
which is 1.41U1021 kg. Using the same scaling
law as above, the initial amount of water on Ve-
nus should be close to 1.2U1021 kg. The present-
day mass of water at the surface of Venus is only
of 6U1015 kg ([21] ; Table 1). Does this low
amount of water require that the two planets
had initially very di¡erent bulk H contents?
This is rather unlikely because collisions among
planetesimals would have produced volatile mix-
ing and homogenization in the region from 0.5^
1.5 AU, leading to similar volatile contents in
both Earth and Venus [1].

The high deuterium/hydrogen (D/H) ratio of
2.5U1032 measured in the atmosphere of Venus
[22,23] suggests that the planet may have sheltered
at its surface more than 100 times as much water
as it has in its present atmosphere [24]. A com-
mon hypothesis is to consider that primordial
water has been lost by photodissociation followed
by hydrodynamic escape of hydrogen [21,25^28].
If this surface water disappeared through photo-
dissociation and escape of hydrogen towards the
interplanetary space, a water mass of 1.2U1021 kg
would have left 1.07U1021 kg of molecular oxy-
gen in the Venusian atmosphere. At the temper-
atures of Venus' surface, oxidation of basaltic
rocks can be modeled as:

2FeSiO3
ferrosilite

� 1=2O2 � Fe2O3
hematite

� 2SiO2
quartz

�1�

the ferrosilite, hematite and quartz constituents
being dissolved in relevant minerals (e.g. pyrox-
enes, spinel). Thermodynamic modeling of Eq. 1
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using a free-energy minimization procedure [29]
indeed predicts the stability of hematite at P^T
conditions of the Venusian surface (Fig. 1). The
stoichiometry of this reaction implies the oxida-
tion of 5.3U1022 to 6.9U1022 kg of basalt assum-
ing an average concentration of 7^9% of FeO in
Venusian basalts [30] which represents an equiv-
alent crustal thickness of 50 þ 10 km. Lewis and
Prinn [31] reached a similar conclusion on the
basis of mass balance calculations also involving
oxidation of ferrous iron into ferric iron. Oxida-
tion of Venusian surface rocks with the presence
of ferric minerals has already been proposed by
Pieters et al. [32] on the basis of their analysis of
multispectral images obtained by Venera 13.

The hypothesis of a primordial sizable water
mass on Venus also led to the investigation of
possible hydration reactions of basaltic rocks by
analogy with hydrothermal seawater^rock inter-
actions occurring on Earth. Thermodynamic cal-
culations have been therefore performed in P^T
ranges that satisfy both surface (T = 660^760 K;
P = 48^100 bar; [33]) and subsurface (thermal gra-
dient = 10^30 K km31 down to 40 km; [34,35])
Venusian conditions. For example, serpentines,
talc and chlorites, that contain from 10 to 15
wt% of H2O, are stable under an atmosphere of

100 bar of CO2 when water is abundant (Fig. 2).
Mg-amphibole (tremolite) and phlogopite, that
contain about 4 wt% of H2O, are also stable
even when water represents no more than a few
percent of the £uid envelope (Fig. 3). Hydration
of 10^30 km of Venusian crust is required for
trapping 1.2U1021 kg of water in these metamor-
phic hydrous minerals depending on their propor-
tions. Phlogopite may be considered only as a
minor phase according to the low-K basaltic com-
positions [30]. Tremolite could be the last hydrous
mineral to crystallize at the surface of Venus leav-
ing a residual atmospheric water mass that ranges
between 1 and 2U1018 kg. MacDonald and Fyfe
[36] have shown that 1 Myr is required for the
serpentinization of a 1 km thick basaltic layer at
300³C. At surface Venusian temperatures, the rate
of serpentinization is expected to be enhanced by
at least one order in magnitude, thus likely result-

Fig. 2. Stability curves of chlorite, serpentine and talc consid-
ering various phase reactions that are compatible with the
P^T conditions at the surface of Venus. Thermodynamic
data used to compute these curves are from Holland and Po-
well [50].

Fig. 1. Stability curves of hematite and the P^T conditions
at the surface of Venus for di¡erent mol fractions of molecu-
lar oxygen in the atmosphere. Thermodynamic data used to
compute these curves are from Robie et al. [48]. Equation of
the state for molecular oxygen is taken from Holland and
Powell [49].
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ing in a characteristic time of 1 Myr for the hy-
dration of 10 km of Venusian basaltic crust. Ex-
tensive resurfacing of the planet by volcanic activ-
ity during the last 400 Myr [37^39] could also
enhance deep crustal hydration, possibly generat-
ing silica-rich magmas in some locations instead
of basalts.

During hydrothermal reactions in the temper-
ature range from 500 to 800 K, residual water is
deuterium-enriched at the expense of the initial
reservoir of free-water, the fractionation factor,
K, between OH-bearing minerals (amphiboles)
and water is [40]:

K r3w � Rf
r

Rf
w
� 0:935 �2�

The e¡ect of a D/H fractionation occurring be-
tween water and hydrated basalts on the D/H

ratio of the residual water may be readily tested
with the following mass balance equation that
describes a batch equilibrium mechanism of
both hydration and isotopic fractionation be-
tween given masses of rock and water:

M i
wWX wWRi

w �M i
rWX

i
rWR

i
r �M f

wWX wWRf
w �M f

r WX
f
r WR

f
r

�3�

where M is the mass, X the molar fractions of
hydrogen in water (w) or rock (r), R the D/H
ratios before hydration reaction (i) and at batch
equilibrium (f). The following data have been se-
lected considering that tremolite is the dominant
mineral that replaced 30 km of basalts equivalent
to 3U1022 kg: Mi

w = 1.2U1021 kg, Mf
w = 1^2U

1018 kg, Mi
r = Mf

r = 3U1022 kg, Ri
w = 0.000155,

Xw = 1/9, Xf
r = 2/812, and if we neglect the amount

of water, likely very small, in primordial Venusian
basalts (Xi

r = 0), Eq. 3 is reduced to:

Rf
w �

M i
wWX wWRi

w

M f
wWX w �M f

r WX f
r WK

�4�

Solving Eq. 4 leads to a D/H ratio of residual
water of 3.0U1034, which is about twice the ini-
tial ratio (SMOW hypothesis). Even if the hydra-
tion mechanism could be more complex than a
simple batch equilibrium process, it cannot ex-
plain the 160-fold enrichment observed in the
present-day Venusian atmosphere. However, hy-
drogen escape of residual water from the atmo-
sphere may be associated with hydration processes
to produce the D-rich atmosphere. The remaining
80-fold enrichment may be tested using the equa-
tions given by Gurwell [41] and Donahue [21] that
describe D and H behaviors during hydrogen es-
cape. We emphasize that the thermodynamic cal-
culations of crust hydration provide an independ-
ent constraint for models of hydrogen escape.
Using our calculated amount of initial remaining
water in the range 1^2U1018 kg, computation of
the equations (see Fig. 4 for detailed explana-
tions) reveals that photodissociation and escape
processes over 2 Gyr may explain the present-
day mass of 6U1015 kg of atmospheric water
with a D/H ratio of 2.5U1032. It is noteworthy
that the calculated initial water mass of about

Fig. 3. Stability curves of tremolite and phlogopite consider-
ing various phase reactions that are compatible with the P^T
conditions at the surface of Venus. Thermodynamic data
used to compute these curves are from Holland and Powell
[50].
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1018 kg corresponds to the lower limit of the
range (1018^1020 kg) de¢ned by Donahue [21] on
the basis of various modeling results of hydrogen
escape.

Therefore, we consider that the low amount of
Venusian water atmosphere and its high D/H ra-
tio are compatible with a combination of crustal
hydration and hydrogen escape. In this scenario,
oxidation processes are more limited than in the
case of a global hydrogen escape without hydra-
tion reactions, and the corresponding crustal
thickness of oxidized rocks is only a few meters.

4. Conclusions

A comparison of carbon, nitrogen and water
abundances at the surface of the Earth and Venus
leads to conclude that these two planets likely had
similar primitive atmospheres which reacted dif-
ferently with the solid envelopes. The capability of

the Earth to maintain at its surface a thick layer
of liquid water resulted in a major long-term stor-
age of carbon and nitrogen in the continental
crust, oceanic platforms and deep mantle. As
the result of 3.5 Gyr of lithospheric subduction
on Earth, at least 10% of mantle carbon and
less than 3% of mantle nitrogen originated from
the surface.

Assuming the hypothesis of the early presence
of a Venusian reservoir of water comparable in
size to that on Earth, thermodynamic modeling
of mineral stabilities reveals that chlorites, serpen-
tines, tremolite and phlogopite are stable at the
P^T conditions of both the surface and the deep
crust of Venus, and thus could be the carriers of
the missing Venusian water. The low amount of
present-day water in the Venusian atmosphere
and its high D/H ratio are in fact not incompat-
ible with a combination of crustal hydration and
hydrogen escape processes. Alternatively, if the
high D/H ratio of 2.5U1032 of Venus atmospher-
ic water only resulted from hydrogen escape after
photodissociation of water, the huge reservoir of
remaining oxygen must have been involved in the
oxidation of a rock layer as deep as 50 km in
depth to match the observed present-day very
low amounts of molecular oxygen in the atmo-
sphere.

The Venusian crust could thus be either a ma-
jor reservoir of water or strongly oxidized, and in
both cases, these reactions would deeply modify
its rheology and seismic properties. Interpreta-
tions of spectroscopic data obtained during the
Venera and Magellan missions should be viewed
keeping in mind that signi¢cant volumes of Ve-
nusian rocks can be either strongly oxidized or
hydrated.

If more mineralogical data became available
about the Venusian crust, important conclusions
could be drawn:

b if super¢cial rocks are found neither strongly
oxidized nor massively hydrated, di¡erent ac-
cretion histories will have to be invoked for
Earth and Venus;

b if massively oxidized rocks are discovered, this
will support the important role of photodisso-
ciation of water, and hydrogen hydrodynamic

Fig. 4. Time dependence of the D/H ratio during hydrogen
escape from Venus calculated from equations 1^8 given in
[21]. The D/H ratio before escape, R0 = 3U1032, and the ra-
tio between water masses before and after hydrogen escape,
H0/H1 = 150, are ¢xed by the results of thermodynamic cal-
culations of crust hydration. The computed curve has been
obtained using the following parameter values: the escape
£ux of hydrogen; x1 = 0.7U107 cm32 s31, the source £ux;
P1 = 0.5x1, and the fractionation factor; f = 0.1. These pa-
rameters are in the ranges of calculated values that are re-
spectively 0.7^3.3U107 cm32 s31, 0.1x1^0.44x1, and 0^1
([21], and references therein).
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escape for explaining the low water content of
Venus atmosphere

b if massively hydrated rocks are observed, it will
be consistent with the scenario of extensive
high-temperature hydrothermal reactions that
took place between the crust and a primordial
ocean during the early history of Venus.
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C. Lëcuyer et al. / Earth and Planetary Science Letters 181 (2000) 33^40 39



cape of hydrogen and deuterium from Venus and impli-
cations for loss of water, Icarus 55 (1983) 369^375.

[27] J.F. Kasting, J.B. Pollack, Loss of water from Venus. I,
hydrodynamic escape of hydrogen, Icarus 53 (1983) 479^
508.

[28] J.M. Rodriguez, M.J. Prather, M.B. McElroy, Hydrogen
on Venus: Exospheric distribution and escape, Planet.
Space Sci. 32 (1984) 1235^1251.

[29] J. Matas, Y. Ricard, L. Lemelle, F. Guyot, Thermody-
namic equilibrium of metallic and silicate phases: Impli-
cations for chondrites and Earth core formation, Phys.
Earth Planet. Int. (2000) in press.

[30] Y.A. Surkov, V.L. Barukov, L.P. Moskalyeva, V.P.
Kharyukova, A.L. Kemurdzhian, New data on the com-
position, structure, and properties of Venus rock obtained
by Venera 13 and Venera 14, Proc. Lunar Planet. Sci.
Conf. 14th, J. Geophys. Res. 89 (1984) 393^402.

[31] J.S. Lewis and R.G. Prinn, Planets and their atmo-
spheres: origin and evolution, Academic Press, Orlando,
FL, 1984, 470 pp.

[32] C.M. Pieters, J.W. Head, W. Patterson, S. Pratt, J. Gar-
vin, V.L. Barsukov, A.T. Basilevsky, I.L. Khodakovsky,
A.S. Selivanov, A.S. Pan¢lov, Y.M. Getkin, Y.M. Nar-
ayeva, The color of the surface of Venus, Science 234
(1986) 1379^1383.

[33] A. Sei¡, J.T. Scho¢eld, A.J. Kliore, F.W. Taylor, S.S.
Limaye, H.E. Revercomb, L.A. Sromovsky, V.V. Kerzha-
novich, V.I. Moroz, M.Y. Marov, in: A.J. Kliore, V.I.
Moroz, G.M. Keating (Eds.), The Venus International
Reference Atmosphere, Pergamon Press, New York
(1986) 3^32.

[34] M.T. Zuber, Constraints on the lithospheric structure of
Venus from mechanical models and tectonic surface fea-
tures, Proc. Lunar Planet. Sci. Conf. 17th, J. Geophys.
Res. 92 (1987) 541^551.

[35] R.J. Phillips, Estimating lithospheric properties at Alta
Regio, Venus, Icarus 112 (1994) 147^170.

[36] A.H. MacDonald, W.S. Fyfe, Rate of serpentinization in
sea£oor environments, Tectonophysics 116 (1985) 123^
135.

[37] D.B. Campbell, D.A. Senske, J.W. Head, A.A. Hine, P.C.
Fisher, Venus southern hemisphere Geologic character
and age of terrains in the Themis^Alpha^Lada region,
Science 251 (1991) 180^183.

[38] R.J. Phillips, R.E. Arvidson, J.M. Boyce, D.B. Campbell,
J.E. Guest, G.G. Schaber, L.A. Soderblom, Impact cra-
ters on Venus initial analysis from Magellan, Science 252
(1991) 288^297.

[39] F. Nimmo, D. McKenzie, Volcanism and tectonics on
Venus, Annu. Rev. Earth Planet. Sci. 26 (1998) 23^51.

[40] T. Suzuoki, S. Epstein, Hydrogen isotope fractionation
between OH-bearing minerals and water, Geochim. Cos-
mochim. Acta 40 (1976) 1229^1240.

[41] M.A. Gurwell, Venus deuterium evolution and implica-
tions for primordial water, Nature 363 (1995) 1702^1704.

[42] S.R. Taylor, S.M. McLennan, The continental crust: its
composition and evolution. An examination of the geo-
chemical record preserved in sedimentary rocks, Blackwell
Scienti¢c Publications, Oxford (1985) 312.

[43] R.O. Pepin, Volatile inventories of the terrestrial planets,
Rev. Geophys. 25 (1987) 293^296.

[44] E.M. Galimov, A.A. Migdison, A.B. Ronov, Carbonate
and organic carbon in sedimentary rocks during Earth's
history, Geochem. Int. 12 (1975) 1^19.

[45] J. Hoefs, Some peculiarities in the carbon isotope compo-
sition of `juvenile' carbon, Dep. Sci. Ind. Res. Bull. 220
(1978) 181^184.

[46] T.M. Donahue, J.H. Ho¡man, R.R. Hodges Jr., A.J.
Watson, Venus was wet: A measurement of the ratio of
deuterium to hydrogen, Science 216 (1982) 630^633.
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