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Introduction: Chemical interactions between Ve-

nus’ atmosphere and surface rocks may be crucial to 

understanding the atmosphere’s composition [1-3], and 

to interpreting surface geology and physical properties 

[2,4,5]. Most studies have emphasized the atmosphere 

– its composition and ‘chemical sediments,’ and few 

have focused on what happens to basalts and their 

minerals in reaction with the atmosphere. Our prelimi-

nary re-investigation of the mineralogy of altered ba-

saltic minerals and rocks shows that: the anorthite 

component of plagioclase reacts to anhydrite + andalu-

site + quartz; diopside pyroxene reacts to anhydrite + 

orthopyroxene + quartz; and bulk basalt reacts to an-

hydrite + cordierite + orthopyroxene + quartz (± iron 

oxide, depending on ƒ(O2)). 

Venus: Venus’ surface is at ~ 740K and ~ 96 bars 

pressure [5] – a metamorphic environment of ‘amphi-

bolite grade,’ ‘hornfels facies [6];’ the paucity of H2O 

in Venus’ atmosphere (30±15 ppm) prevents formation 

of amphibole. Venus’ atmosphere, at its surface, is 

mostly CO2 (96.5 %), with significant proportions of S 

gases (SO2, 150±30 ppm, COS 4.4±1 ppm, H2S 3±2 

ppm and S, 20 ppb [5,7]). The oxidation state at the 

Venus surface is not entirely clear, but it probably is 

relatively oxidizing, above the magnetite-hematite 

oxygen buffer, logƒ(O2) ~ -21.3 [8]. 

Venus’ surface materials are known only through 

the Soviet Venera and VEGA landers, which all landed 

on lava flows and volcanic constructs [9]. All analyzed 

materials were of basaltic composition. Here, we work 

from the V14 basalt, which (within its large impreci-

sion) is similar to Earthly MORB (Table 1), and inves-

tigate how a MORB model of the V14 basalt would 

react at the Venus surface. 

Mineral Reactions: Reactions between individual 

minerals and Venus atmosphere were investigated via 

the SUPCRT code (and self-consistent database)[11], 

which accesses a large database of minerals, but is 

designed for aqueous solution chemistry. So far, com-

putations have been done up to 623K with manual ex-

trapolation to higher T with data from [12]. Neither 

database has values for relevant sulfates besides anhy-

drite, nor for carbonate or sulfate liquids [13]. 

The anorthite component of plagioclase can react 

with the Venus atmosphere: CaAl2Si2O8 + SO3  

CaSO4 + Al2SiO5 + SiO2 (anhydrite + andalusite + 

quartz; corundum + quartz is always unstable [14]). 

This reaction should proceed [2,6], although its equi-

librium SO3 is close to that of the Venus atmosphere 

[7,15]; our calculations imply that plagioclase with 

anorthite activity of ~0.3 should be in equilibrium with 

anhydrite, andalusite, quartz, and the atmosphere. The 

albite component of the plagioclase remains in feldspar 

(jadeite is unstable at Venus surface P [6]).  

Among mafic minerals, diopside is calculated to 

react via CaMgSi2O6 + SO3  CaSO4 + MgSiO3 + 

SiO2. This reaction should proceed to near completion 

in the Venus atmosphere [7,15,16], leaving pyroxene 

with diopside activity ~0.05. Enstatite and forsterite 

remain stable, while ferrosilite and fayalite may oxi-

dize/sulfidize to iron oxides/sulfides and quartz.  

Bulk Rock Reaction: Our second approach is to 

model the reaction of a bulk basalt (Table 1) with the 

Venus atmosphere. This model would correspond to 

alteration of basalt glass, or of a crystalline basalt with 

easy element diffusion between crystals. We determine 

the equilibrium mineralogy of that basalt at Venus sur-

face p-T-X, using analog systems, chemography, and 

thermochemical calculations [17]. Analog and syn-

thetic systems and their chemography are summarized 

in [6], but few such systems take into account the high 

ƒ(SO2) of the Venus surface. Thermochemical calcula-

tions are done (so far as possible) with Thermocalc
®

 

and its self-consistent database [18,19], which does not 

include S-bearing species. To apply that code and da-

tabase, we assume that all CaO in the model basalt 

reacts with atmospheric SO2/SO3 to form anhydrite, 

CaSO4. This assumption is justified by the mineral 

reaction results above, and results cited in [2,7,16,17]. 

We further assume that: {1} carbonates are not stable 

[16]; {2} no other sulfate phases form; {3} volatile-

bearing silicates (scapolites, micas, amphiboles) do not 

Table 1. Basalt Compostions, with uncertainties. 

 MORB [10] 1   V14 1  

SiO2 49.8 0.37 48.7 3.6 

TiO2 1.45 0.11 1.25 0.4 

Al2O3 15.1 0.42 17.9 5.2 

FeO 10.3 0.27 8.8 1.8 

MnO 0.2 0.03 0.16 0.08 

MgO 7.79 0.12 8.1 3.3 

CaO 12.4 0.18 10.3 1.2 

Na2O 2.47 0.12 n.d. - 

K2O  0.09 0.03 0.2 0.07 

  Sum 99.60   95.4*  

*Does not include 0.35±0.3% SO3. 
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form; and {4} Na and K reside in alkali feldspar (not 

in sulfates, carbonate melt, or feldspathoids). The last 

assumption is reasonable here (Table 1), but will not 

be appropriate for K-rich basalts (Venera 8,13). We 

consider two simple cases: reduced, in which Fe is 

treated as a divalent cation and lumped with Mg and 

Mn; and oxidized or sulfided, in which Fe is assumed 

to all be reacted to form an oxide (hematite or 

magnetite; [8,20] or a sulfide (pyrite; [21,22]). 

In the first case (Fe as a divalent cation), removal 

of Ca as anhydrite and Na & K as ‘albite’ yields a resi-

due with molar ratios Si:Al:‘M’ of 2.1:1:1.6 (‘M’ = 

molar Mg+Fe+Mn). This material is inferred to equili-

brate to anhydrous cordierite + enstatite + quartz [23], 

Table 2 (pyrope & sapphirine are unstable at Venus 

surface P [24,25]; spinel + quartz is unstable at Venus 

surface T [26]). In the latter case, in which Fe is al-

lowed to be oxidized to hematite by the atmosphere, 

the alteration assemblage remains the same but the 

proportions of enstatite and quartz change (Table 2).  

Implications: Within the available datasets and 

current understanding of Venus’ atmosphere and rocks, 

it appears that the principal reaction at the Venus sur-

face will be production of anhydrite from essentially 

all the Ca in basaltic minerals and rocks. Iron in the 

rocks and minerals will likely react to either oxides or 

sulfides, depending on the oxidation state of the at-

mosphere. The fate of alkalis is not clear – our calcula-

tions yield only alkali feldspar (albite), but alkalis 

could be partitioned into ionic (carbonate-sulfate) 

melts [13]. Some Venus basalts are so rich in potas-

sium that phases besides feldspar may be present (e.g., 

leucite, nepheline-group, or sodalite-group).  

In Venus surface weathering, sequestration of Ca in 

anhydrite and Fe in iron oxide (sulfide) leaves the resi-

due rich in Al and Si, which then equilibrates to anhy-

drous cordierite + enstatite + quartz (Table 2). Weath-

ering causes a significant increase in mass and volume 

(Table 2), most of which derives from formation of 

anhydrite. However, a portion of the increase comes 

from formation of quartz and cordierite, which both 

have open crystalline structures. The volume increase 

could be responsible for the platy structure visible in 

lander images of the Venus surface. 

Prospects: This work is preliminary, with several 

areas of improvement forthcoming. First, the thermo-

chemical databases lack several phases and compo-

nents needed for full treatment: S-bearing gas and 

mineral species into the Thermocalc
®

 database; Fe- 

and Mg-sulfates need to be added, as do those on S-

bearing silicates (e.g., sulfate scapolite, S-sodalite); 

and explicit consideration of ionic melts. Solid solu-

tions need to be considered explicitly. We look for-

ward to Venus Express’ new constraints on the compo-

sition of Venus’ atmosphere.  

Acknowledgments. Both authors are grateful to 

the LPI for support of this work, and to NASA HQ for 

supporting the Venus Geochemistry workshop.  

References: [1] Lewis J.S. (1970) EPSL 10, 73–80. [2] 

Fegley B.Jr. & Treiman A.H. (1992) 7–71 in Venus and 

Mars: Atmospheres, Ionospheres, and Solar Wind Interac-

tions. AGU. [3] Hashimoto G.L. & Abe Y. (2005) Planet. 

Space. Sci. 53, 839–848. [4] Shafer L. & Fegley B.Jr (2004) 

Icarus 168, 215–219. [5] Fegley B.Jr. (2003) Venus. 487–

507 in Treatise on Geochemistry, vol. 1. Oxford. [6] Spear 

F.S. (1993) Metamorphic Phase Equilibria and Pressure-

Temperature-Time Paths. Mineral Soc. Amer. [7] Zolotov 

M.Yu. (2007) 349–369 in Treatise on Geophysics, Vol. 10, 

Planets. Elsevier. [8] Fegley B.Jr et al. (1997) Icarus 125, 

416–439. [9] Kargel J. et al. (1993) Icarus 103, 253–275. 

[10] Smith M.C. et al. (1994) JGR 99, 4687–4812. [11] 

Johnson J.W. et al. (1992) Computers & Geosciences 18, 

899–947. [12] Robie R.A. & Hemingway J. (1995) USGS PP 

#2131. [13] Kargel J. et al. (1994) Icarus 112, 219–252. [14] 

Harlov D.E & Milke R. (2002) Amer. Mineral. 87, 424–432. 

[15] Volkov V.P. et al. (1986) Ch. 4 in Chemistry and Phys-

ics of Terrestrial Planets Springer NY. [16] Fegley B.Jr. & 

Prinn R.G. (1989) Nature 337, 55–58. [17] Volkov V.P. et al. 

(1986) Ch 4 in Chemistry and Physics of Terrestrial Planets. 

Springer NY. [18] Holland T. & Powell R. (1990) Jour. Met. 

Pet. 8, 89–124 [19] Powell R. & Holland T. (2001) Course 

Notes for "THERMOCALC Workshop 2001: Calculating 

Metamorphic Phase Equilibria" (CD-ROM). [20] Fegley 

B.Jr. et al. (1995) Icarus 118, 373–383. [21] Klose K.B. et al. 

(1992) J. Geophys. Res. 97, 16,353–16,369. [22] Wood J.A. 

(1997) 637–666 in Venus II. University of Arizona Press. 

[23] Sidorov Yu.I. (2006) Geochem. Internat. 44, 94–107. 

[24] Fockenberg C. (2008) Eur. J. Min. 20, 735–744. [25] 

Podlesskii et al. (2008) Eur. J. Min. 20, 721–734. [26] Harley 

S.L. (1998) Spec. Publ.-Geol. Soc. Lond. 138, 81–107.  

Table 2. Masses of Alteration Products from 100 grams of 

MOR Basalt (Table 1), & Volume Change on Alteration. 

Grams 

Case 1 – Diva-

lent Fe 

Case 2 – All Fe 

as hematite 

Anhydrite 28.3 28.3 

Albite 21.4 21.4 

Cordierite 30.8* 30.1 

Enstatite 26.4* 8.9 

Quartz 5.1 13.67 

Hematite 0 11.5 

Total Mass 112.0 113.9 

 Volume % +12 +14.6 

Assumes all anorthite component reacts to form anhydrite.  

*With Fe/Mg ratio of bulk rock.  

Volumes calculated for 25°C, 1 bar. 
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