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We review the consequences of atmosphere-surface interactions for the geochemistry
of Venus. Earth-based, Earth-orbital, and spacecraft observations of the atmosphere
and surface are combined with experimental studies of reaction rate kinetics and
theoretical models of thermochemical equilibria to discuss mineral buffering of CO,,
HC], and HF in the atmosphere; the evidence for carbonatites and related alkaline
igneous rocks on the surface; the oxidation state of the surface of Venus, the sulfur
geochemical cycle; and the origin of low radar emissivity regions on the surface of
Venus. Although available experiments, observations, and theory provide important
constraints on atmosphere-surface interactions, some of the key issues that remain
unresolved include (1) the mineralogy of the surface of Venus, (2) the chemical
composition of the lower 22 km of the atmosphere of Venus, (3) the oxidation state of
the surface of Venus, and (4) the identity of the high dielectric phase(s) present in low
radar emissivity regions. These issues can be best addressed by in-situ measurements
of atmospheric composition and surface mineralogy on future spacecraft missions.

I. INTRODUCTION

Venus is a natural laboratory for studying thermochemical interactions be-
tween a planetary surface and the overlying atmosphere (Fegley and Treiman
1992). The temperature is ~740 K and the global surface pressure is about
95.6 bar (at the modal planetary radius of 6051.4 km (Fdrd and Pettengill
1992), which is taken as 0 km altitude in this chapter). Chemically reactive
and highly corrosive gases such as HF, HCI, H,SO4, SO,, and supercritical
CO, are present in Venus’ atmosphere at abundances orders of magnitude

[591]

In Venus I (1997), S. W. Bougher, D. M. Hunten, and R.
Phillips, Eds. University of Arizona Press, pp. 591-636.



592 B. FEGLEY ET AL.

greater than in the Earth’s atmosphere and therefore indicate the lower atmo-
sphere of Venus is probably reacting with the surface. Only a few percent of
the incident solar flux penetrates to below the clouds and the short-wavelength
ultraviolet sunlight that photolyzes CO, is stopped at high altitudes above the
clouds. Thus, photochemically driven atmosphere-surface reactions are less
important than thermochemically driven atmosphere—surface reactions.

In the 1960s the microwave radiometer on the Mariner 2 mission (Barath
et al. 1964) confirmed the earlier Earth-based microwave observations (Mayer
et al. 1958) of high brightness temperatures for Venus. The Mariner 2 obser-
vations led Mueller (1963) to realize that the deduced surface temperature of
~700 K “corresponds with those {temperatures] attained during moderately
high degrees of metamorphism on Earth. It is therefore possible that large
parts of the atmosphere of Venus are partially equilibrated with the surface
rocks. From this assumption, it follows that the composition of the atmosphere
should reflect the mineralogical character of the rocks.”

Mueller’s hypothesis of chemical equilibrium formed the basis for the-
oretical work by many investigators who explored the consequences for the
geochemistry and mineralogy of the surface and the composition of the at-
mosphere (see, e.g., the review by Fegley and Treiman 1992). Despite these
theoretical studies and the great advances in Earth-based, Earth-orbital, and
spacecraft observations of Venus many important questions about the nature
of the surface remain unanswered.

In this chapter we use constraints derived from observations of the surface
and atmosphere of Venus; from chemical equilibrium models of atmosphere-
lithosphere chemical reactions; and from laboratory studies of the kinetics of
some important gas-solid reactions to discuss three fundamental issues about
the geochemistry and mineralogy of the surface of Venus:

1. What are the major minerals, and rock types that are present on the
surface of Venus? Related questions involve the possible hypsometric
control of mineralogy and whether or not chemical reactions between the
atmosphere and surface are kinetically or thermodynamically controlled.

2. What is the oxidation state of the surface of Venus? Is magnetite (Fe;O4)
stable on the surface of Venus, or is hematite (Fe,O;) stable on the
surface of Venus, or are both oxides stable? Related questions involve
whether or not the gases in the near-surface atmosphere of Venus are in
thermochemical equilibrium with each other and with minerals present
on the surface.

3. What plausible phases are responsible for the low radar emissivity regions
on the surface? Related questions are whether or not the low radar emis-
sivity regions reflect altitude-dependent chemical weathering reactions
(see point 1 above), whether or not pyrite (FeS;) is stable on the surface
of Venus, or if volatile metal compounds analogous to those commonly
observed around volcanic vents and fumaroles on the Earth are found
on Venus.
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After discussing these issues we conclude by identifying key questions
about the geochemistry and mineralogy of the surface of Venus and suggest
Earth-based observations, spacecraft and laboratory experiments, and theo-

retical studies that can improve our knowledge.

II. MINERALOGY OF THE SURFACE OF VENUS

We begin by considering constraints on the presence of carbonates on the
surface of Venus. Because we have no direct information on the mineralogy
of the surface, the question of whether or not carbonates are present on
Venus is a long-standing and controversial issue (see, €.g., Barsukov et al.
1980,1982; Fegley and Treiman 1992; Fegley et al. 1992; Klose et al. 1992;
Lewis 1968,1970,1971; Mueller 1963,1964; Orville 1974; Vinogradov and
Volkov 1971; Volkov et al. 1986). We then discuss halogen-bearing minerals,
which can buffer HCI and HF in the atmosphere. We conclude this section
by discussing possible high dielectric constant phases present in low radar
emissivity areas on the surface.

A. Thermochemical Calculations of Carbonate Stability on Venus

As Table I shows, CO, is the major gas in the atmosphere of Venus, and
is a supercritical fluid under Venus’ surface conditions. Carbon dioxide is
involved in terrestrial metamorphic reactions which take place at tempera-
tures of several hundred degrees, and it would be somewhat surprising if CO;
were not also involved in chemical reactions with reactive minerals on the
hot surface of Venus. Although unsuitable for providing kinetic data rele-
vant to Venus (see, e.g., Fegley and Treiman 1992), laboratory experiments
show that (even under anhydrous conditions) CO,(g), quartz (SiO,), calcite
(CaCOs), and wollastonite (CaSiO3) react within hours at 830 to $00°C and
CO; pressures of 1 to 68 bars (Kridelbaugh 1973).
Urey (1952) suggested that carbonate-silicate reactions such as

MgCO; + SiO; = MgSiO; + CO: (g) ey

CaCOj; + Si0; = CaSiOs + CO; (g) 2)

could regulate or buffer the CO; pressure in a planetary atmosphere. But when
Urey (1952) proposed this concept, the low surface temperature accepted at
that time for Venus led him to dismiss reactions (1) and (2) as irrelevant to
Venus because the equilibrium CO, pressures at low temperatures are much

However, the situation changed dramatically after the Mariner 2 mi-
crowave radiometer observations confirmed Venus’ high surface temperature.
Mueller (1963,1964) and others (see, e.g., Lewis 1968,1970) revived Urey’s
concept that carbonate-silicate equilibria are CO, buffers. Apparent discrep-
ancies between observations by the American Mariner 5 flyby and Soviet



Abundances of Chemically Reactive Gases in the Lower Atmosphere of Venus

TABLEI

a.b

Gas Abundance

References and Notes

CO, 96.5+£0.8%
N2 3.5£0.8%
SO, 150 ppm
65 ppm
125 ppm
200 ppm
130+35 ppm
130440 ppm
180+70 ppm
185+43 ppm
38 ppm
25£12 ppm
H,0 150 ppm
60 ppm
40 ppm
3010 ppm
30+10 ppm
30+15 ppm
20 ppm
CO 45+10 ppm
51 ppm
45 ppm
2345 ppm
3018 ppm
28+7 ppm
20+3 ppm
17£1 ppm
H,S 342 ppm
HCl 0.6+0.12 ppm
0.4 ppm
0.4 ppm
0.5 ppm
0.48+0.12 ppm
OCS 4.4+£1.0ppm

Uncertainty due to uncertainty in N3; von Zahn et al. (1983)
Recommended value from von Zahn et al. (1983)

52 km; Bertaux et al. (1996) Vega 1 UV spectroscopy

52 km; Bertaux et al. (1996) Vega 2 UV spectroscopy

42 km; Bertaux et al. (1996) Vega 1 UV spectroscopy

42 km; Bertaux et al. (1996) Vega 2 UV spectroscopy

<42 km; Gel’man et al. (1979) Venera 11/]12 GC data

35-45 km; Bézard et al. (1993) Emh-baséd IR spectra

42 km,; Pollack et al. (1993) Earth-based IR spectra

22 km; Oyama et al. (1980) Pioneer Venus GC data

22 km; Bertaux et al. (1996) Vega 1 UV spectroscopy

12 km; Bertaux et al. (1996) Vega 1 UV spectroscopy

42 km; Moroz et al. (1979) Venera 11/12 Vis-IR spectrophotometry®
22 km; Moroz et al. (1979) Venera 11/12 Vis-IR spectrophotometry*
35-45 km; Bézard et al. (1990) Earth-based IR spectra

1040 km; Pollack et al. (1993) Earth-based IR spectra

15-25 km; de Bergh et al. (1995) Earth-based IR spectra

0-15 km; de Bergh et al. (1995) Earth-based IR spectra

0 km; Moroz et al. (1979) Venera 11/12 Vis-IR spectrophotometry®
Cloud top; Connes et al. (1968) Earth-based IR spectra

Cloud top; Young (1972) re-analysis of Connes et al. (1968) data
35-45 km; Bézard et al. (1990) Earth-based IR spectra

36 km,; Pollack et al. (1993) Earth-based IR spectra

42 km; Oyama et al. (1980) Pioneer Venus GC data

36-42 km; Gel’man et al. (1979) Venera 11/12 GC data

22 km; Oyama et al. (1980) Pioneer Venus GC data

12 km; Marov et al. (1989) Venera 11/12 GC data

<20 km; Hoffman et al. (1980a,b) Pioneer Venus MS data®
Cloud top; Connes et al. (1967) Earth-based IR spectra

Cloud top; Young (1972) re-analysis of Connes et al. (1967) data
Cloud top; de Bergh et al. (1989) Earth-based IR spectra

3545 km; Bézard et al. (1990) Earth-based IR spectra

23.5 km; Pollack et al. (1993) Earth-based IR spectra

33 km; Pollack et al. (1993) Earth-based IR spectra

40420 ppm  29-37 km; Mukhin et al. (1983) Venera 13/14 GC data
SO 20+10ppb  Cloud top; Na et al. (1990)
HF 535 ppb Cloud top; Connes et al. (1967)
10 ppb Cloud top; Young (1972) re-analysis of Connes et al. (1967) data
4.5 ppb 35-45 km; Bézard et al. (1990) Earth-based IR spectra
1-5 ppb 33.5 km; Pollack et al. (1993) Earth-based IR spectra

2 Modified from Fegley et al. (1992). *Excluding the noble gases and isotopi-
cally substituted species. “Re-analysis of these data by Young et al. (1984)
gives a constant H,O abundance of 20 to 30 ppm if only the 1.13 um band
is considered. “Reported by Hoffman et al. {1980a,b) as a preliminary value.
Oyama et al. (1980) reported an upper limit of 2 ppm at <22 km altitude.
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Venera 4-6 entry missions caused the temperature and pressure at the sur-
face of Venus to remain a matter of debate until the early 1970s (Lewis
1968,1969,1970). However, it was generally accepted that the CO; pressure
from reaction (2) at ~700 to 740 K was comparable to the CO; pressure at
the surface of Venus.
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Figure 1. A comparison of the observed and calculated CO, pressures on Venus. The
observed CO, pressure is 0.965 times the total pressure from Seiff (1983). The
calculated CO, pressure is for the calcite-quartz-wollastonite buffer. The dashed
lines are for 2 sigma uncertainties in the thermodynamic data. The observed and
calculated curves intersect at 740430 K (0£4 km altitude) (based on calculations
presented in Fegley and Treiman 1992).

This point is illustrated by Fig. 1 which shows that the equilibrium CO,
pressure buffered by the coexistence of quartz, calcite, and wollastonite in-
tersects the observed CO, pressure in the lower atmosphere of Venus at
740+30 K (0+4 km altitude). This agreement is better than that for any
other carbonate-silicate buffer (Fegley and Treiman 1992), and for over two
decades has been regarded as evidence that reaction (2) is buffering the CO;
pressure on Venus (Lewis 1970). (The details of thermodynamic calculations
for this buffer, and other gas-solid reactions are discussed by Fegley and
Treiman [1992].)

Equilibria similar to reactions (1) and (2) have been used to predict the
thermodynamic stability of other carbonates on the surface of Venus. Lewis
(1970) considered reactions involving dolomite (CaMg(COs3)2), magnesite
(MgCO3), and siderite (FeCO3). He showed that only calcite was stable at
740 K. Fegley and Treiman (1992) calculated the hypsometric control of car-
bonate stability on Venus initially proposed by Florensky et al. (1977a). They
showed that dolomite and magnesite could be stable at lower temperatures
and higher altitudes where the equilibrium CO, pressures are equal to or less
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than the CO; partial pressure in the atmosphere of Venus. Their results are
summarized in Table II.

TABLE II
Carbonate Stability on the Surface of Venus®
Stability Field®
Reaction® Trnax(K) Zmin(km)
CaCO; + Si0, = CaSiO; + CO, (g) 740+£30 04
MgCOs-+ MgSiO; = Mg,Si04 + CO; (g) 700+£30 5+4
CaMg(CO3), + 4MgSiO; = 2Mg,SiO, + CaMgSi;Os + 2CO; (g) 660+70 10x9
2CaMg(CO;3); + SiO; = 2CaCO; + Mg;Si04 + 2CO; (g) 645+25 12+3

@ Thermodynamic data sources are given in Fegley and Treiman (1992).
4 The maximum temperature and minimum altitude at which the carbonate-
bearing mineral assemblage is stable.

Fegley and Treiman (1992) and Fegley et al. (1992) also calculated the
stability of siderite, rhodochrosite (MnCOs3), and cerussite (PbCO3) as a
function of altitude because these minerals were potential candidates for high
dielectric constant phases on Venus (Garvin and Head 1985; Pettengill et al.
1988). However, the pure carbonates are predicted to be unstable on Venus.
Other potential carbonate-forming elements, such as Ba, Sr, and Zn are present
at very low abundance in Venusian rocks. Their pure carbonates would not
be important, even if stable. ‘

However, the relevance of carbonate-silicate equilibria to Venus has been
questioned by several authors (Orville 1974; Klose et al. 1992), who argued
that calcite is absent on the surface of Venus. Because of the importance of
carbonates for atmosphere-surface reactions on Venus, and in order to guide
the design of geochemical experiments on future spacecraft missions to Venus,
it is worth examining these arguments in some detail.

B. Geochemical Arguments For and Against Carbonates on Venus

1. Calcite Paragenesis. On the Earth calcite is generally, but not exclusively,
found in sedimentary and metamorphic rocks (Deer et al. 1963). As noted
by Fegley and Treiman (1992) and discussed in more detail by Fegley et
al. (1992) and Kargel et al. (1994), calcite also typically is found at the
level of a few percent in many alkaline igneous rocks such as nepheline-
syenites, melilite-nephelinites, okaites, ijolites, and melteigites (Johannsen
1937). Calcite is also a major phase in kimberlites (Mitchell 1986) and some
carbonatites (Woolley and Kempe 1989). Wollastonite occurs with calcite
in many of the same alkaline igneous rocks. Kargel et al. (1994) pointed
out that wollastonite occurs with quartz in carbonatites (Deer et al. 1963;
Sorensen 1974; Hogarth 1989). As discussed in Sec. II.C below, the XRF and
y-ray analyses of the surface of Venus by several Venera and Vega spacecraft
provide indirect evidence for the presence of calcite-bearing rocks on Venus.
The XRF data and geomorphological evidence also suggest that carbonatites
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and related alkaline igneous rocks, while rare on Earth, are apparently more
common on Venus (Kargel et al. 1993,1994). Several other arguments also
suggest the presence of calcite on Venus. We mention these points here, and
discuss some of them in more detail with hydrogen halide buffers in Sec. IL.D.

2. Geomorphology. Kargel et al. (1991,1994) argued that carbonatite
magmas, which normally have water-like rheological properties, could be
responsible for the canali, outflow channels, and associated volcanic deposits
seen in Magellan radar images. Kargel and colleagues point out that these
features on Venus more closely resemble fluvial landforms than common
volcanic features made by basaltic magmas on the Earth and Mars.

3. Hydrogen Halide Buffers. These geological and geophysical argu-
ments are consistent with independent geochemical arguments that carbon-
atites and related types of alkaline rocks provide the necessary mineral assem-
blages to buffer the observed HCI and HF abundances in the atmosphere of
Venus (Fegley et al. 1992; Kargel et al. 1994). As discussed later in Sec. IL.D,
mineral assemblages containing wollastonite + sodalite (Nas[AlISiO4]5Ch or
nepheline (NaAlSiOy4) give the best agreement between the calculated and
observed HC pressure in the atmosphere of Venus. Nepheline is widespread
and abundant in alkaline igneous rocks and carbonatites. Wollastonite and
sodalite also occur in these rock types but typically are not as widespread and
abundant as nepheline. The best agreement between calculated and observed
HF pressures in the atmosphere of Venus is provided by assemblages involv-
ing feldspathoids and fluoramphiboles or feldspar and fluorphlogopite. These
mineral assemblages are also found in alkaline igneous rocks and carbonatites.

4. Dielectric and Ferroelectric Minerals. Carbonatites and associated
alkaline igneous rocks also contain perovskites and pyrochlores, which are
high dielectric phases, that may explain the low radar emissivity on Venus
(Pettengill et al. 1982,1988; chapter by Pettengill). The observed abundances
of perovskites and pyrochlores in terrestrial alkaline rocks and carbonatites
are consistent with the amounts of ferroelectrics required to increase the bulk
dielectric constant of rocks on Venus. Perovskites are common minor and
trace phases, found at abundances of a few percent, in terrestrial carbonatites
and igneous alkaline rocks (Hogarth 1989; Semenov 1974). For example,
~2 to 9% (by volume) perovskite is found in melilite-rich alkaline rocks
from the Kola peninsula, the Oka hills in Quebec, and in South Africa and
5 to 9% (by volume) perovskite is found in leucite-rich rocks from Uganda
_and in nepheline-rich rocks from Colorado (Johannsen 1937; Deer et al. 1963;
" Sorensen 1974). Pyrochlores (A - B16043(0,0H,F)3_,), with a wide variety

of compositions, are also common minor and trace minerals present at percent
levels in carbonatites and associated alkaline igneous rocks (Hogarth 1989;
Semenov 1974).

Synthetic perovskite (CaTiO3) has dielectric constants of 165 to 170
at radar frequencies (Von Hippel 1954) and some natural perovskites have
dielectric constants of 1100 to 2200 at 10 kHz (Timco 1977). Fegley et al.
(1992) calculated the stability of pure CaTiOs against chemical weathering
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by CO,, SO,, HCI, and HF on Venus. At the highest elevations (e.g., 10 km
at the summit of Maxwell Montes), CaTiOj3 is converted to fluorite+rutile at a
rate that exceeds the production of fresh, perovskite-bearing rock. Thus, the
top of Maxwell displays normal radar emissivity because it is perovskite poor.
Along the flanks of Maxwell, at slightly lower elevations, fluorite formation is
thermodynamically unfavorable and the rate of CaTiO3 weathering by the less
reactive gases CO; and SO; is slow enough that perovskite can persist on a
geologic time scale. These regions display low radar emissivity because they
are perovskite rich. At the base of Maxwell, the temperatures are sufficiently
high that chemical weathering of CaTiO3; by CO, and SO, proceeds fast
enough to destroy perovskite in a geologically short time. As a result, the low
altitude regions also display normal radar emissivity.

Kargel et al. (1994) expanded on this model by noting that the variations in
the critical elevation (where low emissivity regions begin) are plausibly due to
variations in the compositions, and hence, reactivities, of natural perovskites.
They also pointed out that some regions within the perovskite metastability
zone (at intermediate altitudes) that show normal emissivity, may simply not
contain any perovskite-bearing rocks.

Other perovskites, in particular Nb-rich ones, are ferroelectric phases
with even higher dielectric constants (Lines and Glass 1977). Many synthetic
pyrochlores studied in the laboratory are also ferroelectric phases. Figure 2
in Shepard et al. (1994) dramatically illustrates that the variation of dielectric
constant with temperature for a typical ferroelectric compound almost exactly
reproduces the altitude dependent emissivity variations that are observed at
Ovda Regio. Arvidson et al. (1994) also showed that the ferroelectric model
can reproduce the emissivity vs altitude curves for 13 areas in geologically
different regions on the surface of Venus.

Using theoretical models for the bulk dielectric constant of a binary mix-
ture, Shepard et al. (1994) showed that only 0.09% (by volumey of ferroelectric
phases with dielectric constants of 100,000 can raise the bulk dielectric con-
stant of Venus surface rock from values of ~4 to 5 to a dielectric constant of
65. Larger amounts of ferroelectrics would yield even larger bulk dielectric
constants. Shepard et al. (1994) also showed that ferroelectrics of slightly
different composition can plausibly explain the observed trend of emissivity
vs altitude and the observed variations in the critical elevation from region to
region on Venus.

Although the phases studied in the laboratory are generally not the same
minerals found in carbonatites and alkaline igneous rocks, there are important
similarities which suggest that it is important to measure electrical properties
of appropriate minerals and rocks to test the model before it can be uncritically
accepted or arbitrarily dismissed.

5. Ancient Sedimentation or High Altitude Weathering. Calcite could
also be produced by other processes that operated on Venus in the past or
operate on Venus today. If water were present on Venus in the past, as the
high atmospheric D/H ratio suggests (see, e.g., Donahue et al. 1982), then
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sedimentary calcite formation may have taken place. Alternatively, as pro-
posed by Florensky et al. (1977a) and Nozette and Lewis (1982), chemical
weathering of rocks at high elevations could produce calcite (and other car-
bonates) that are then abraded and blown into the hotter lowlands below where
these fine-grained carbonate weathering products react with quartz to form
wollastonite and establish the calcite-quartz-wollastonite buffer.

None of these arguments for or against the presence of calcite on Venus
can be proven or disproven at the present time. However, alkaline ig-
neous rocks, with or without associated carbonatites, provide the minerals
involved in the calcite-quartz-wollastonite buffer, several petrologically plau-
sible buffers for HCl and HF, plausible high dielectric constant phases to
explain the origin of low radar emissivity regions, and also plausibly explain
the observed variations of emissivity with altitude and location. As discussed
below, elemental analyses of the surface of Venus are compatible with the
presence of alkaline igneous rocks on Venus.

C. Evidence for Carbonates from X-ray Fluorescence and Gamma Ray
Spectroscopy on Venera and Vega Landers

Table I lists the seven Venera and Vega missions which made geochemical
analyses of the surface of Venus. Descriptions of these experiments are given
in the Appendix on the CD-ROM (CDP4C4A1). Magellan radar imagery,
interpretations of the y -ray spectroscopy data for K, U, and Th (Table IV), and
interpretations of the X-ray fluorescence (XRF) major element data (Tables V
and VI) indicate that several different rock types were sampled by these
geochemical analyses (see, e.g., Basilevsky et al. 1992; Barsukov et al. 1986;
Kargel et al. 1993; Volkov et al. 1986).

For example, Kargel et al. (1993) interpreted the Venera 9, 10, 14, and
Vega 1 and 2 landing sites as tholeiitic basalts, the Venera 13 site as a weathered
olivine leucitite, and the Venera 8 site as a leucitite, rhyolite, or monzonite.
These interpretations are not unique but the other groups cited above have
come to similar conclusions. Of particular interest here are the interpretations
(Basilevsky et al. 1992; Barsukov et al. 1986; Volkov et al. 1986) of the
Venera 8 y-ray and the Venera 13 XRF analyses indicating that alkaline
igneous rocks on Venus (Tables III and V), may be more abundant than on the
Earth (see, e.g., Kargel et al. 1993).

The mass deficits in the XRF elemental analyses (Table V) were in-
terpreted by Fegley et al. (1992) and Kargel et al. (1994) as evidence for
carbonates on Venus. The Venera and Vega XRF instruments (Surkov et al.
1983,1984,1986), like those flown on the Viking landers (Clark et al. 1977),
were sensitive only to Mg and heavier elements, and could not detect C and
other light elements with atomic numbers Z<12. The Venera 13, 14, and
Vega 2 XRF elemental analyses, show mass deficits of ~4 to 7% (Table V),
before the addition of ~2 to 2.5% Na,O, that was estimated on the basis of
petrochemical trends (Barsukov et al. 1986; Surkov et al. 1984). Similar mass
deficits of ~7 to 10% occur in the Viking XRF analyses (see, e.g., Clark et al.
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TABLE 1V
Gamma Ray Analyses of the Surface of Venus®
Lander K (wt%) U (ppm) Th (ppm)
Venera 8 4.0+£1.2 2.2+0.7 6.5+£2.2
Venera 9 0.47£0.08 0.60£0.16 3.65+0.42
Venera 10 0.30£0.16 0.46£0.26 0.70+0.34
Vega 1 0.45+0.22 0.641+0.47 1.5+1.2
Vega 2 0.4040.20° 0.681+0.38 20£1.0

a

b

Table from Surkov et al. (1987a,b).
Compare to 0.1+0.08 wt% from XRF analysis on Vega 2.

TABLE V
Major Element Composition of the Surface of Venus and

of Some Terrestrial Rocks

Mass Percent (£10)

Oxide Venera 13° Venera 14°  Vega2* N-MORB’/ Leucitite* Lamprophyre”

SiO; 45.1+£3.0 48.7+3.6 45.6+£3.2 48.77 46.2 46.3
TiO, 1.59+045 1.25+0.41 0.2+0.1 1.15 1.2 2.6
Al,O3 158430 17.9+2.6 16+1.8 15.90 14.4 . 13.5
FeO 9.31£2.2 8.8+1.8 7.7+£1.1 9.82 8.09 11.0
MnO 0.24+0.1 0.16+0.08 0.141+0.12 0.17 0.0 0.21
MgO 11.4+6.2 8.1+3.3 11.5+£3.7 9.67 7.0 9.1
CaO 7.1£0.96 10.3£1.2 7.54£0.7 11.16 13.2 10.7
Nay O¢ 2+0.5 24104 2 2.43 1.6 3.1
) 10 4.01+0.63 0.2+0.07 0.1£0.08 0.08 6.4 29
SOs 1.62+1.0 0.88+0.77 47£15

Cl <0.3 <04 <0.3

Total 98.1 98.7 95.4 99.157 98.09 99.41
2 Surkov et al. (1984).

b Surkov et al. (1986).

¢ All Fe reported as FeO for all analyses.

4 Calculated by Surkov et al. (1984,1986).

e

In addition to CI, Surkov et al. (1986) also report the following upper limits
(in mass %): Cu, Pb<0.3; Zn<0.2; Sr, Y, Zr, Nb, Mo<0.1; As, Se, Br<0.08.
N-type, or normal MORB (Wilson 1989). Also contains 0.09% P,Os and
0.30% H,O0.

Leucitite, an alkaline basalt (Philpotts 1990). Also contains 0.4% P,Os.
Lamprophyre, which is an ultrapotassic rock (Wilson 1989). Also contains
0.9% P,0s, 2.6% H,0, and 2.5% CO,.

1977,1982; Toulmin et al. 1977). The Na content of Martian soil was either
estimated by assuming that enough Na was present to balance the measured
Cl and S (Toulmin et al. 1977) or from analyses of the SNC meteorites (Banin
et al. 1992).

As discussed by Toulmin et al. (1977), the mass deficits in the Viking
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TABLE VI
Normative Mineralogy of the Venera and Vega Landing Sites”

CIPW Norm (Mass %)

Mineral Venera 13, , Venera }42, 3 Vega 2
Orthopyroxene En 20.8 0.0 14.2
Fs 9.2 0.0 10.1
Clinopyroxene Wo 0.8 9.4 5
En 0.5 5.8 2.8
Fs 0.2 3.0 20
Olivine Fo 7.4 16.2 2.6
Fa 3.6 9.3 2.1
Plagioclase Ab 17 0.0 17.0
An 39.3 13.1 40.6
K-feldspar Or 0.7 10.2 1.2
Feldspathoids Lc 0.0 11.2 0.0
Ne 0.0 18.8 0.0
Oxides 11 0.4 3.0 24
Total 99.9 100.0 100.0

4 Calculated by Kargel et al. (1993) on a volatile-free basis. En: enstatite; Fs:
ferrosilite; Wo: wollastonite; Fo: forsterite; Fa: fayalite; Ab: albite; An:
anorthite; Lc: leucite; Ne: nepheline; II: ilmenite.

XRF analyses, and by analogy in the Venera and Vega XRF analyses, must
be attributed to some or all of the following factors: (1) analytical error,
(2) the presence of low Z elements, and (3) the sum of smaller amounts
of heavier elements that are individually below their respective detection
limits. Toulmin et al. (1977) discuss why it is unlikely that analytical errors
account for the observed mass deficits in the Viking XRF analyses. Based on
descriptions of the Venera and Vega XRF experiments, the data processing
procedures and algorithms (Surkov et al. 1983,1984,1985,1986,1987¢), and
the similar uncertainties in individual elemental abundances in the Viking, and
Venera/Vega XRF analyses, it is unlikely that analytical errors can account
for all of the observed mass deficits in the Venera 13,14 and Vega 2 XRF
elemental analyses. The amounts of heavier elements that are individually
below their respective detection limits are also probably insufficient to account
for the remaining mass deficit. As emphasized by Toulmin et al. (1977) for the
Viking XRF data, the cosmochemical abundances of other high Z elements
(Anders and Grevesse 1989) and geochemical considerations suggest that the
other undetected, high Z elements are not present in large enough amounts
to contribute significantly to the mass deficit. The possible exceptions are Ni
and Mn (Touimin et al. 1977). However, Mn is already included in the Venera
and Vega XRF analyses (Table IIT), and by analogy with the Earth’s crust, the
average Ni content of the surface of Venus would be ~0.003 to 0.02%.

As with the Viking XRF analyses, the most plausible explanation for
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the mass deficits in the Venera and Vega XRF analyses is the presence of
compounds formed by low Z elements. Some low Z elements (Li, Be, B)
and their compounds can be ruled out as major contributors to the mass
deficits because of their low cosmochemical and geochemical abundances.
Oxygen and Na, which are not directly measured, are already considered
in the XRF analyses. Nitrogen, in the form of nitrides and nitrates can be
ruled out because these compounds are not stable on the surface of Venus
(Fegley and Treiman 1992). Dissolved N in minerals is probably only a
few ppm by mass. Fegley and Treiman (1992) concluded that hydrated
silicates are unstable on the surface of Venus. Recent Earth-based infrared
observations of H,O in Venus’ near-surface atmosphere and more recent
thermodynamic data for hydrated minerals strengthen this conclusion. Thus,
the mass deficits are most plausibly due to compounds formed by fluorine and
carbon. Although F-bearing minerals are probably present on the surface,
their abundance is unlikely to account for the entire mass deficit (as also
argued by Toulmin et al. [1977] for the Viking XRF analyses). Assuming that
the mass deficit is indeed due to carbonates, Kargel et al. (1994) calculated
that calcite made up ~4% (by mass) of the Venera 13 sample, ~3% of the
Venera 14 sample, and ~ 10% of the Vega 2 sample. In principle, these inferred
carbonate abundances can be tested by future Venus landers equipped with
low Z sensitive analytical experiments such as an APX (a-proton-X-ray)
analyzer or with infrared reflection spectrometers.

D. HCI and HF Mineral Buffers

Table I shows that HCI and HF are only trace constituents of the Venusian
atmosphere. However, they are still many times more abundant on Venus than
on Earth. The HCI mixing ratio of ~0.5 ppm corresponds to a column density
of ~7 x 102 HCl molecules cm~2. On Earth, the total Cl mixing ratio (CH;Cl
+ 2CF,Cl, + 3CFCl; + 3CH3CCl; + 4CCly + HCI) in the nonurban terrestrial
troposphere is ~2.7 ppb (Fegley 1995). This is equal to a total Cl column
density of ~6 x 10'® Cl atoms cm~2, or about 0.009% of the Cl column density
in the atmosphere of Venus. The Cl content of the terrestrial troposphere
is dominated by man-made compounds such as chlorofluorocarbons, while
volcanic HCI, sea spray, and some biogenic halocarbons comprise a smaller
percentage of the chlorine in the Earth’s troposphere. Thus, the Cl content
of the terrestrial troposphere would be much smaller if the anthropogenic,
biogenic, and oceanic components were removed.

Likewise, the 1 to 5 ppb of HF in the atmosphere of Venus corresponds
to an HF column density of ~(1-7) x10'® cm~2. The total F mixing ratio
(2CF,Cl; + CFCl; + 4CF, + 2CHCIF; + 3C,Cl3F3) in the nonurban terrestrial
troposphere is ~1.3 ppb (Fegley 1995). The corresponding total fluorine
column density of ~3 x 10'® F atoms cm~2 is about 0.4 to 3% of the HF
column density on Venus. Again, total atmospheric fluorine on Earth is
dominantly due to man-made compounds, and the natural fluorine column
density is significantly lower.
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The much higher abundances of HCI and HF on Venus are directly due
to the high surface temperature. The corrosive nature of HCl and HF implies
that these acids are not inert components of the Venusian atmosphere, but
are instead chemically reacting with minerals and rocks on the surface of
the planet.

Lewis (1968,1970) and Mueller (1968,1969) proposed that HCI and HF
in Venus’ atmosphere are buffered by gas-solid reactions. The essentially
identical HCI and HF abundances observed above the clouds (Connes et al.
1967) and below the clouds (Pollack et al. 1993) support this concept. Both
HCI and HF are found in volcanic exhalations on the Earth (e.g., at Kilauea in
Hawaii) and are also likely to be found in volcanic gases on Venus. Although
HCI and HF in the atmosphere of Venus plausibly originated from volcanoes,
their constant abundances during the 30 years since their discovery in 1967
imply that HCI and HF are probably being buffered by chemical reactions
with minerals on the surface of Venus.

Thermochemical models of nebular condensation chemistry predict that
Venus and Earth have similar Cl and F inventories (Fegley and Lewis 1980).
The Cl/C and F/C ratios at the surface of the Earth (atmosphere + oceans +
sediments + crust) are ~0.12 and 0.09, respectively (Smith 1981; Ronov and
Yaroshevsky 1976), and the CI/F ratio is approximately unity. In contrast,
the atmospheric Cl/C and F/C ratios on Venus (essentially the HCI and HF
mixing ratios) are orders of magnitude smaller, and the CV/F ratio is ~100 to
500. Thus, Cl- and F-bearing phases are plausibly present in the interior and
on the surface of Venus today.

Fegley and Treiman (1992) reconsidered the HCI and HF buffers sug-
gested previously (Lewis 1968,1970; Mueller 1968,1969) using more recent
thermodynamic data. They found that many of the reactions originally sug-
gested by Lewis and Mueller as HCI and HF buffers actually did not provide
a good match to the observed abundances. The discrepancies are due to
changes in thermodynamic data for some minerals (e.g., for sodalite) and to
increased knowledge of conditions, in particular the temperature and water
vapor abundance, at the surface of Venus. Furthermore, as originally noted
by Orville (1974), the buffers that did seem to match the observed hydro-
gen halide abundances involved mineral assemblages that were petrologically
unreasonable. For example, jadeite, which is unstable below ~10 kilobar
pressure, or the assemblage nepheline + quartz, which reacts to form albite,
were used in buffer reactions.

Fegley and Treiman (1992) proposed new buffers for HCl and HF on
Venus. They did so using terrestrial petrology and experimental phase equi-
libria as guides. Their preferred buffers, that most closely match the HCl abun-
dance in the atmosphere of Venus, are the wollastonite-sodalite-halite buffer

12HCI (g) + 6CaSiO; + 5Nay[AlSiO4]3Cl =

17NaCl + 6CaAl,Si,Og + 3NaAlSi;Og + 6H;0 (g) 3)
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and the nepheline-albite-sodalite buffer
2HCI (g) + 9NaAlSiO, = AL O3+

NaAlSiz;Og + 2Nas[AlISiO4]5Cl + H,0 (g) “4)

Both buffers provide the observed amount of HCI within the uncertainties
of the thermodynamic data and spectroscopic observations. Reaction (4),
involving nepheline-+albite+sodalite, does not match the observed HCI abun-
dance as closely as reaction (3), but the sodalite+nepheline+albite assemblage
is common in terrestrial nepheline-syenites and by analogy would also be ex-
pected to be common in alkaline rocks on Venus. Reaction (3) involves the
assemblage of wollastonite+sodalite which, as discussed earlier in Sec. IL.B,
is also found in alkaline igneous rocks.

The preferred HF buffers of Fegley and Treiman (1992) include the
fluorphlogopite buffer first proposed by Lewis (1970):

2HF (g) + KAISiz05 + 3MgSiO; =

KMg, AlSi;00F, + 38i0; + H,0 (g) (5)

and two buffers involving fluoredenite
2HF (g) + NaAlSiO4 + 2CaMgSi,0¢ + 3MgSiO; =

NaCa,;Mg;Si; AlO»F, + Si0; + H,0 (g) (6)
2HF (g) + NaAiSiOy4 4 2CaMgSi, O + Mg, SiO4+
MgSiO; = NaCa;MgsSi;AlOxF, + H>0 (g). (7)

The HF buffers, like the HCI buffers and the calcite-quartz-wollastonite
CO;, buffer are generally compatible with the mineralogy of terrestrial alkaline
igneous rocks and carbonatites (Kargel et al. 1994). However, pure enstatite is
not found, or at least is not at all common, in terrestrial carbonatites (Hogarth
1989), but augites in alkaline igneous rocks do contain an enstatite component
which can take part in buffering reactions. Kargel et al. (1994) also noted that
fluoramphiboles are involved in HF buffers and that amphiboles containing
up to 3 weight percent F are found in terrestrial carbonatites (Hogarth 1989).

ITL. OXIDATION STATE OF THE LOWER ATMOSPHERE AND SUR-
FACE OF VENUS

A. CO Abundance and Oxygen Fugacity of the Near-Surface Atmosphere

Carbon monoxide is a minor gas in the atmosphere of Venus (Table I} and
it is generally believed (Lewis 1970; Lewis and Kreimendahl 1980; Prinn
1985; Volkov et al. 1986; Fegley and Treiman 1992; Zolotov 1994) that the



