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The composition of a planet’s atmosphere can be 

buffered by chemical reactions with minerals at its 

surface [1-5]. The compositions of ‘hot’ thick 

exoplanet atmospheres can therefore act as probes of 

their planets’ surface mineralogies and compositions. 

In the context of a planetary atmosphere, however, 

many potential buffering reactions are not stable and 

would lead to catastrophic greenhouse runaway or at-

mospheric collapse.  

Introduction: In our solar system, mineral-

atmosphere buffering is most relevant for Venus [2-5]. 

The T and CO2 pressure at Venus’ surface match a 

point on the mineral decarbonation equilibrium,  

Calcite + Quartz = Wollastonite + CO2   

CaCO3 + SiO2 = CaSiO3 + CO2  

(Fig. 1), which has been suggested to buffer the CO2 

content of Venus’ atmosphere [1-5]. The concept of 

atmospheric buffering by the surface has been applied 

to other gas species, such as sulfur gases, halogens, 

oxidation state (e.g., CO/CO2), etc. [2-6].  

This particular reaction, calcite-quartz-wollastonite 

(CcQWo) cannot buffer the CO2 content Venus’ at-

mosphere, because of the interplay between the atmos-

phere’s temperature lapse rate and the reaction thermo-

chemistry. A chemical buffer would act to damp out or 

diminish chemical perturbations in a system, so a 

buffer of Venus’ atmosphere composition would op-

pose or diminish a change imposed on the atmosphere. 

The CcQWo reaction cannot, however, buffer the tem-

perature or CO2 pressure of the Venus atmosphere (if 

Venus’ surface actually has abundant wollastonite or 

calcite+quartz [7-9]); its operation at the Venus surface 

would amplify perturbations in temperature or pressure 

[10-13]. These effects are based on CcQWo achieving 

thermochemical equilibrium with the atmosphere. The 

kinetics of this reaction at Venus surface conditions are 

unknown, although other heterogeneous reactions have 

been shown to proceed rapidly [5,7,14] relative to geo-

logic timescales. 

Reaction-Adiabat Instability: The atmosphere-

reaction instability is illustrated in Figure 1 and its 

inset. Consider a spot on Venus’ surface in the Cc+Q 

stability field, just above (in T) the reaction stability of 

Wo+CO2 (Fig. 1 inset), and imagine a small increase in 

T (as from an increase in solar luminosity). The Cc+Q 

at that spot will react to form Wo+CO2, which in-

creases the surface pressure. The increased pressure in 

turn increases the Venus greenhouse effect and hence 

surface T, returning the atmosphere to the dry adiabat 

but at a higher pressure and T. The increase in pressure 

and T causes Cc+Q that was initially at lower P&T 

(higher elevation) to react, releasing more CO2 and 

further increasing pressure, the greenhouse effect, and 

therefore surface T. The process runs away until all 

Cc+Q has reacted and its carbon dioxide resides in a 

massive, high T atmosphere. The stair-steps of the 

Figure 1 inset are schematic – in reality, pressure and T 

at the Venus surface would follow a smooth trajectory, 

running away to high T until the Cc+Q was exhausted. 

In the converse case, a small a decrease in T would 

lead to runaway production of Cc+Wo from Wo, and 

collapse of the CO2 atmosphere.  

General Instability Criterion: Generalizing this 

argument for any atmosphere that follows a dry adia-

bat, a surface-atmosphere reaction that produces a ra-

diatively active gas species can buffer the abundance 

of that species only if the atmospheric lapse rate is 

greater than the P-T slope of the potential buffering 

reaction: 

dP /dT atm( ) > dP /dT rxn( )
. 

Applying the Clausius-Clapeyron equation and the 

expression for an adiabatic lapse rate, approximating 

the gases as ideal, and taking molar volumes for gases 

as much greater than those of solids, a solid-gas reac-

tion can buffer an atmosphere’s composition only if  

C p(atm ) /V atm( ) > H (rxn ) / T V gas( )( ) .  

 
Fig. 1. Demonstration that the Cc-Q-Wo reaction cannot 

buffer CO2 pressure in the Venus atmosphere. Main figure 

shows pressure-temperature trajectories for the dry adiabat 

of the Venus atmosphere and the reaction Cc-Q-Wo. Inset 
shows instability with respect to a T perturbation – see text. 
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For an atmosphere whose main constituent is the radia-

tively active gas species produced or consumed in the 

reaction, this relation simplifies to  

C p(gas) T > H rxn( )
.  

CO2 Atmospheres: Venusoid exoplanets will have 

massive CO2 atmospheres and greenhouse-amplified 

surface temperatures, and thus other decarbonation 

reactions may act as potential CO2 buffers (e.g., for-

sterite + CO2 = enstatite + magnesite [3]). However, 

the H (rxn )
 values for likely decarbonation reactions 

are uniformly much greater than C p(gas) T  at Venus-

like T. Thus, it is unlikely that mineral-gas reactions at 

an exoplanet’s surface could buffer the CO2 pressure 

of its atmosphere.  

H2O Atmosphere: The early Earth may have had a 

steam atmosphere [15,16], as might some comparable 

exoplanets. The H2O pressure of such an atmosphere 

could be buffered by reactions with its surface, e.g.: 

Antigorite + Brucite = Forsterite + H2O; 

Mg3Si2O5(OH)4 + Mg(OH)2 = 2 Mg2SiO4 + 3 H2O. 

This and other dehydration reactions also fail the 

stability criterion above, and so it seems likely that the 

density of a steam atmosphere cannot be buffered by 

gas-mineral reactions at its surface. 

Minor Gas Species: The above derivation applies 

also to minor gas species in an atmosphere, without the 

last simplification, i.e.:  

Cp(atm ) T > H rxn( ) V (atm ) / V (rxn )( )  

For instance, SO2 in Venus’ atmosphere may be buff-

ered or affected by reactions with the solid surface. 

The anhydrite-calcite reaction [4,14] cannot be a buffer 

for Venus, but is illustrative: 

Anhydrite + CO = Calcite  + SO2 

CaSO4 + CO  = CaCO3 + SO2 

The reaction produces the radiatively active gas SO2, 

and consumes a radiatively inactive gas, so can con-

tribute to increased greenhouse warming. It produces 

no net gases, so its V (rxn )
 is that for the solids, which 

is small and negative (–9 cm
3
·mol

-1
) because the molar 

volume of anhydrite (CaSO4) is greater than that of 

calcite (CaCO3). Thus, the inequality is satisfied and 

the reaction is a potential buffer of SO2 in the atmos-

phere of a Venus-like planet.  

Mixed Radiatively Active Gases: The SO2 con-

tent of Venus’ atmosphere might also be buffered by 

reactions involving iron oxide and sulfide on the sur-

face [17-19], such as 

Pyrite  + CO2  = Magnetite + SO2 + CO 

3 FeS2 + 16 CO2 = Fe3O4 + 6 SO2 + 16 CO .  

The composition of Venus’ lower atmosphere is 

close to that expected if this reaction were at equilib-

rium on the Venus surface [19]. Progress of this reac-

tion (to the right) reduces the abundance of radiatively 

active gas molecules in the atmosphere (6 SO2 minus 

16 CO2). However, because SO2 absorbs energy in the 

2.1 to 2.7 μm window between very broad CO2 ab-

sorption bands, incremental changes in atmospheric 

SO2 have more impact on the greenhouse than do 

changes in CO2. The oxidation of pyrite is therefore 

near an unstable equilibrium with respect to the Venus 

greenhouse effect. On Venus-like planets where CO2 

may not be the major atmospheric gas, however, pyrite 

oxidation could lead to a net decrease in the green-

house, and the pyrite-magnetite reaction would pass 

the criterion as a potential buffering reaction. In gen-

eral, the sensitivity of a particular terrestrial planet’s 

atmosphere to a specific triatomic gas depends on the 

temperatures (and hence the peak of the Planck func-

tions) of the host star and planetary surface, as well as 

on the specific composition of the atmosphere. 

Conclusions: On a hot terrestrial (Venus-like) 

planet, the atmosphere composition can be strongly 

affected by chemical reactions with solids at its sur-

face. Buffering of radiatively active gases is con-

strained by the interplay of reaction enthalpy and at-

mospheric lapse rate, so that some species (e.g., CO2, 

H2O) are not likely to be buffered.  

Acknowledgments: We are grateful to S. Lemaye and 

P. Broussard for organizing the conferences at which these 

ideas were developed. AHT’s participation is supported by 

the NASA CAN for the LPI. MAB’s contribution was sup-

ported by an NSF Planetary Astronomy grant. 
References: [1] Urey HC (1952) The Planets, Yale 

Univ. Press. [2] Lewis JS (1968) Icarus 8, 434-456. [3] 

Lewis JS (1970) Earth Planet. Sci. Lett. 10, 73-80. [4] 

Fegley BFJr et al. (1992) Proc. LPSC 22, 3–19. [5] Fegley 

BFJr et al. (1997) In Bougher SW et al. eds. Venus II, 591-

636. [6] Hashimoto GA & Abe Y (2005) Planet. Space Sci. 

53, 839-848. [7] Fegley BFJr (2004) Venus. In Davis AM ed. 

Vol. 1 of Treatise on Geochemistry. Elsevier-Pergamon, 487-

507. [8] Zolotov MYu (2007) 349-369 in Spohn T & Schu-

bert G eds. Treatise on Geophysics, vol. 10, Elsevier. [9] 

Treiman AH (2010) In “Venus, Our Closest Earth-like 

Planet: From Surface to Thermosphere - How does it 

Work?”, 35 (abstract). [10] Bullock MA & Grinspoon DH 

(1996) J. Geophys. Res. 101, 7521-7529. [11] Hashimoto GA 

et al. (1997) Geophys. Res. Lett. 24, 289-292. [12] Bullock 

MA & Grinspoon DH (2001) Icarus 150, 19-37. [13] Taylor 

FW (2006) Space Sci. Rev. 125, 445-455. [14] Fegley BFJr 

& Prinn RG (1989) Nature 337, 55-58. [15] Matsui T & Abe 

Y (1986) Nature 322, 526-528. [16] Zahnle K et al. (1988) 

Icarus 74, 62-97. [17] Zolotov MYu (2007) 349-369 Treatise 

on Geophysics 10. [18] Klose KB et al. (1992) J. Geophys. 

Res. 97, 16353–16369. [19] Hashimoto GA & Abe Y (2000) 

Earth Planets Space 52, 197-202.  

2146.pdf42nd Lunar and Planetary Science Conference (2011)


