
1
9
9
2
L
P
S
C
.
.
.
2
2
.
.
.
.
3
F

Proceedings of Lunar and Planetary Science, lblume 22, pp. 3-19 
Lunar and Planetary Institute, Houston, 1992 3 

Venus Surface Mineralogy: Observational and Theoretical Constraints 

Bruce Fegley Jr. 
Department of Earth and Planetary Sciences and 

McDonnell Center for Space Sciences, Washington University, St. Louis MO 63130 

Allan H. Treiman 
NRC Fellow, Mail Code SN21, NASA.Johnson Space Center, Houston TX 77058 

Virgil L Sharpton 
Lunar and Planetary Institute, 3303 NASA Road 1, Houston TX 77058 

We utilize Earth-based, Earth-orbital, and spacecraft observations of the atmosphere and surlilce of 
Venus, thermodynamic models of atmosphere-lithosphere interactions, and where available kinetic data 
on rele\1311t gas-solid reactions to place constraints on the mineralogy of the surfuce of Venus. We discuss 
which minerals and mineral as&:mblages are stable on the surlace of Venus and which, if any, of these 
minerals are involved in controlling the abundances of reactive gases in the atmosphere of Venus. We 
conclude by identifying key is.w.es facing us today about the mineralogy and geochemistry of the surlace 
of Venus and suggest experimental, observational, and theoretical studies that can improve our knowledge 
of these important questions. 

1. INTRODUCTION 

The nature of the surface of Venus, Earth's sister planet, has 
been the subject of much debate and speculation during the 
past four decades. This debate arose in large part because the 
surface of Venus is obscured from our view by the global 
sulfuric acid cloud cover. Thus, during the 1950s and early 
1960s, when available data about Venus was limited to Earth-
based remote sensing, a wide range of views about the con-
ditions prevailing on the venusian surface were put forward 
in the scientific literature. As noted by Lewis ( 1971b ), these 
views of Venus ranged from a planet covered by global oceans 
of carbonic acid, to a planet with IO-km-thick water-ice polar 
caps and boiling hot equatorial regions, to an extremely hot, 
dry, wincl.-swept planet covered by global deserts ( e.g., see 
Menzel and Whipple, 1955; Libby, 196Ba,b; Dpik, 1961, respec-
tively, for discussions of these three models). 

With the continuing improvements in Earth-based remote 
sensing and with the advent of space probes that successfully 
landed on the surface of Venus ( e,g., Venera 9, which returned 
the first pictures of the venusian surface in October 1975), 
it became clear that many of these early models had to be 
discarded. We now know that conditions on the surface of 
Venus are characterized by a high global mean surface temper-
ature of about 740 K, by a high global mean surface pressure 
of about 95 bar, and by extremely dry conditions with the 
amount of water vapor at the surface being only -20 ppm by 
volume, orders of magnitude lower than the 1-4% by volume 
water vapor content of the terrestrial troposphere. 

However, despite the great advances in our knowledge about 
conditions on the surface of Venus, many important questions 
about the nature of the surface still remain unanswered. For 
example, although radar observations provide evidence for 
global variations in surface properties ( e.g., Pettengill et al., 
1982), we still have no direct observations of the mineralogy 
of the surface ofVenus and have only limited information about 

the geochemistry at a handful of sites on the surface. likewise, 
our knowledge of how the surface chemistry and mineralogy 
are affected by chemical reactions with the hot, dense, ven-
usian atmosphere, which contains reactive gases such as HF, 
HCI, and S02, is also incomplete. These uncertainties are 
partially due to a lack of relevant observations, but also arise 
from conflicts between some of the existing observations. 

In this paper we will review work relevant to these funda-
mental issues about the geochemistry and mineralogy of the 
surface of Venus. We will use constraints derived from Earth-
based, Earth-orbital, and spacecraft observations of the atmo-
sphere and surface of Venus to discuss which minerals and 
mineral assemblages are stable on the surface of Venus and to 
determine which, if any, of these minerals are involved in 
regulating the abundances of reactive gases in the venusian 
atmosphere. Throughout our discussion we will use chemical 
thermodynamic models to interpret the observational data A 
detailed discussion of chemical thermodynamic modeling of 
atmosphere-lithosphere interactions on Venus has recently 
been given by Fegley and 'Jreiman (1991) and we therefore 
make use of their results in this paper. Finally, we will con-
clude by identifying key issues facing us today about the 
geochemistry and mineralogy of the surface of Venus and will 
suggest theoretical, experimental, and observational studies 
that can improve our knowledge of these important questions. 

2. CARBONATE MINERMS 

We will start by considering observational constraints on car-
bonate minerals, which frequently have been proposed to be 
present on Venus ( e.g., Adamcik and Draper, 1963; Kl:Joda. 
kovsky et al., 1979; Lewis, 1968, 1970, 1971a; Mueller, 1963, 
1964a; Wnogradov and Volkov, 1971 ). 

The most direct information on the geochemistry of the 
surface of Venus, the trace-element and major-element analyses 
performed by the Soviet Venera and Vega spacecraft, provide 
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only weak evidence for the presence of carbonates. As Table 1 
shows, seven different spacecraft have performed analyses at 
different surface sites. Four analyses, done by -y-ray spectros-
copy, only give abundances for K, U, and Th (Table 2), while 
three other analyses, done by X-ray fluorescence (XRF) spec-
troscopy, give major-element abundances (Table 3). The major-
element compositions in Table 3 have been compared to 
terrestrial rock types ( e.g., Barsukov et al., 1986; Volkov et 
al., 1986). The possible correspondence of the Venera 13 
analysis with terrestrial alkaline rocks ( e.g., olivine basalt) and 
the Venera 14 analysis with more common terrestrial rock 
types ( e.g., MORB) is given in Table 3. The Venera and Vega 
XRF experiments were sensitive only to elements heavier than 
Mg, and were not able to detect C. Thus, the normative 
compositions derived from these elemental analyses (Table 4) 
do not contain any carbonate. 

TABLE 1. Locations of space probes performipg geochemical 
analyses of the surfilce of Venus•. 

Probe 

Venera8 
Venera9 
Venera 10 
Venera 13 
Venera 14 
Vega 1 
Vega2 

Latitude ( 0 ) 

-10 
31.7 
16.0 
-7.6 

-13.2 
8.1 

-7.2 

Longitude ( 0 ) Altitude (km)t 

335 0.4 ± 0.1 
290.8 1.6 ± 0.4 
291.0 1.0 ± 0.6 
303.5 0.9 ± 0.3 
310.1 0.5 ± 0.3 
176.7 -0.3 ±0.1 
179.4 0.8±0.4 

• Modified from Garoin et al. ( 1984 ). 
t Relative to a median radius of 6051.5 km. 

TABLE 2. Gamma ray analyses of the surface of Venus 
(Surkov et al., 1987). 

Probe K(%) U(ppm) Th(ppm) K/URatio 

Venera8 4.0 ± 1.2 2.2 ±0.7 6.5 ±0.2 18,200:J~ 
Venera9 0.47 ± 0.08 0.60±0.16 3.65 ± 0.42 7,800:1-7~ 
Venera IO 0.30 ± 0.16 0.46±0.26 0.70±0.34 6,500~ 
Vega 1 0.45 ±0.22 0.64 ±0.47 1.5 ± 1.2 1,000:l~ 
Vega2 0.40±0.20 0.68±0.38 2.0 ± 1.0 5,900:Mo¼i00 

Because of the instrumental limitations, the XRF analyses at 
best provide indirect evidence for the presence of carbonates. 
None of the analyses in Table 3 total 100%, even after the Na 
abundances calculated by Surkov et al. ( 1984, 1986) are taken 
into account. Carbon is the only other major element lighter 
than Mg that is a plausible constituent of minerals on the 
venusian surface. Nitrogen can be ruled out because conditions 
are too hot for either ammonium or nitrate minerals to be 
stable and are too oxidizing for nitride minerals to be stable 
(Fegley and 'Jreiman, 1991). Likewise, as we discuss later, 
hydrated minerals can be ruled out because no hydrated 
minerals ( e.g., amphiboles, micas, clays, etc.) are stable under 
venusian surface conditions. Thus, taking the mass deficits in 
Table 3 at face value leads to the conclusion that several 
percent by mass of carbonate is present on the venusian 
surface. For example, if calcite ( CaCO3) were present, then 
-25% of all Ca in the Venera 13 analysis, -12% of all Ca in 
the Venera 14 analysis, and -58% of all Ca in the Vega 2 
analysis would have to be in CaCO3 to account for the ob-
served mass deficits. However, mass deficits may plausibly 
result from sampling techniques rather than the presence of 
carbonates. 

A second independent, but also indirect, line of evidence for 
carbonates on Venus comes from the interpretation of Magel-
lan radar observations of tluvial-like geologic features on Venus. 
Karge/ et al. ( 1991) have proposed carbonatite magmas as one 
possible phase responsible for producing these features. Kim-
berlite magmas, which also contain carbonate ( e.g., Mi"tchell, 
1986), have been suggested by Head et al. (1991) to account 
for other geologic features observed by the Magellan space-
craft. 

The most persuasive, albeit indirect, evidence for the pres-
ence of carbonates on Venus comes from comparisons of the 
observed CO2 pressure at the surface of Venus with the CO2 
pressures generated by different carbonate-silicate chemical 
equilibria As Table 5 shows, CO2 is the major gas in the 
atmosphere of Venus, and it would be somewhat surprising if 
CO2 were not involved in chemical reactions with reactive 
minerals on the hot surface of the planet. In fact, Urey ( 1952, 
1959) proposed that carbonate-silicate equilibria could regu-
late the CO2 pressure in a planetary atmosphere. However, he 

TABLE 3. Composition of the surface ofVenus (Sumov et al., 1984, 1986) and comparisons to terrestrial rock types 
(data from Carmichael et al., 1974). 

Chemical Composition (Mass%± la) 
Component Venera 13 Venera 14 Vega 2• MORB Alkali Olivine Basalt 

SiO2 45.1 ± 3.0 48.7± 3.6 45.6 ± 3.2 49.02 
TIO2 1.59 ± 0.45 1.25 ± 0.41 0.2 ±0.1 1.46 
Al2O3 15.8 ± 3.0 17.9 ± 2.6 16 ± 1.8 18.04 
FeO 9.3 ±2.2 8.8 ± 1.8 7.7± 1.1 7.8 
MnO 0.2 ±0.1 0.16±0.08 0.14 ± 0.12 0.13 
MgO 11.4 ± 6.2 8.1±3.3 11.5 ± 3.7 7.85 
eao 7.1 ±0.96 10.3 ± 1.2 7.5 ± 0.7 11.51 
Na2ot 2.0 ±0.5 2.4 ± 0.4 2.0 2.92 
K2O 4.0±0.63 0.2 ±0.07 0.1 ± 0.08 0.08 
S03 1.62 ± 1.0 0.88±0.77 4.7 ± 1.5 
Total 98.1% 98.7% 95.4% 98.81 

• The Vega 2 analysis also has the following upper limits: <0.3% 0, Cu, Pb; <0.2% Zn; <0.1% Sr, Y, Zr, Nb, Mo; <0.08% As, Se, Br. 
t Not detected; calculated by Surkov et al 

46.29 
1.90 

17.17 
12.83 
0.19 
6.95 
7.31 
3.90 
1.48 

98.52 
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TABLE 4. Normative mineral compositions (Barsukov et al., 1986; 
Surkov et al., 1984). 

Mineral Venera 13 Venera 14 Vega2 

Orthopyroxene 18.2 25.4° 
Oinopyroxene 2.5t 
Diopside 10.2 9-9 
Olivine 26.6 9.1 13.!}I: 
Anorthite 24.2 38.6 38.3 
Albite 3.0 20.7 18.9 
Orthoclase 25.0 1.2 0.5 
Nepheline 8.0 
Ilmenite 3.0 2.3 0.5 
Total 100.0 100.0 100.0 

• The orthopyroxene is 75 mo!% enstatite. 
t The clinopyroxene is 1.2 mol% wollastonite, 0.9 mo!% enstatite, and 
0.4 mo!% ferrosilite. 
t The olivine is 75 mo!% forsterite. 

TABLE 5. Composition of the lower atmosphere of Venus•. 

Gas Abundance References and Notes 

CO2 96.5 ±0.8% Adams and Dunham ( 1932) 
Von 7Alm et al. ( 1983) 

N2 3.5 ±0.8% Von 7Alm et al. ( 1983) 
4.0±2.0% 0-22 km; Hoffman et al. ( 1980a,b) 
4.0 ±0.3% 0-22 km; lstomin etal. (1979) 
3.54 ±0.04% 42 km; O)¥ima etal. (1980) 
3.41 ±0.01% 22 km; O)¥ima etal. (1980) 
2.5 ±0.3% 22-42 km; Gel'man etal. (1979) 

S02 185 ±43ppm 22 km; O)¥ima et al. ( 1980) 
130± 35ppm :542 km; Gel'man et al. ( 1979) 
(30-50) ppm 25-40 km; Berto et al. ( 1987) 

H2O 150ppm 42km;Morozetal. (1979) 
6oppm 22 km; Moroz et al. ( 1979) 
20ppm 0 km; Moroz et al. ( 1979) 
40ppm 35-45 km;Bezardetal. (1990) 

co 45 ± IO ppm cloud top; Connes et al. ( 1968) 
5lppm cloud top; Young (1972) 
30 ± 18ppm 42 km; O)¥ima et al. ( 1980) 
20±3ppm 22 km; O)¥ima et al. ( 1980) 
28±7ppm 36-42 km; Gel'man et al. ( 1979) 
17±1ppm 12 km;Marovetal. (1989) 
45ppm 35-45 km;Bezard etal. (1990) 

HiSt 3±2ppm <20 km; Hoffman et al. ( 1980a,b) 
HOO 1.3±0.2ppm DeBergh et al. ( 1991) 
HO 0.6 ± 0.12 ppm cloud top; Connes et al. ( 1967) 

0.4ppm cloudtop;Young(1972) 
0.4ppm cloud top; DeBergh et al. ( 1989) 
0.5ppm 35-45 km;Bezard etal. (1990) 

cos 0.3ppm 35-45 km;Bezard etal. (1990) 
S1-s 20ppb :a;50 km; Moroz et al. ( 1980) 

:a;50 km; Sanlw (1980) 
(2-10) ppm 25-40 km; Berto et al. ( 1987) 

so 20± l0ppb cloud top; Na et al. ( 1990) 
HF 5~lsPPb cloud top; Connes et al. ( 1967) 

lOppb cloudtop;Young(1972) 
4.5ppb 35-45 km; Bezard et al. ( 1990) 

• Excluding the noble gases. 
t Reported as a preliminary value. Ojuma et al. ( 1980) reported an 
upper limit of 2 ppm at ~2 km altitude. 
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dismissed the importance of this mechanism for Venus because 
the low surface temperature accepted at that time for Venus 
led to large disagreements between the equilibrium CO2 pres-
sures from the chemical reactions and the observed CO2 

pressure in the atmosphere of Venus. 
After spacecraft measurements proved the existence of high 

surface temperatures on Venus, this disagreement disappeared 
because the CO2 presmu-es generated by reactions such as 

log1oPco2 {bar)= 7.97 - 4456(±98)/T (2) 

log1oPco2 {bar)= 8.85 - 4903(±120)/T 

(3) 

(4) 

log1oPco2 (bar)= 8.95 - 4735(±122)/T (6) 

at temperatures of 660-740 K are similar to the observed CO2 
pressure at the surface of Venus (e.g., see Fl.gs. 1-3). This cor-
respondence led several theorists ( e.g., Adamcik and Draper, 
1963; Lewis, 1968, 1970; Mueller, 1963, 1964a) to propose 
that the CO2 pressure in the atmosphere of Venus was reg-
ulated by chemical reactions between mineral assemblages on 
the surface of Venus. In fuct, Mueller ( 1963) noted that the 
temperature on the surface of Venus "corresponds with those 
attained during moderately high degrees of metamorphism on 
Earth. It is therefore ~ible that large parts of the atmosphere 
of Venus are partially equilibrated with the surface rocks. From 
this asmunption, it follows that the composition of the atmo-
sphere should reflect the mineralogical character of the rocks." 

660 

g 680 
w g; 700 
!c a: 
w 720 
IL :::. 

740 

760 

10 

CALCITE - WOLLASTONITE 
BUFFER FOR CO2 

100 1000 

10 100 1000 
CARBON DIOXIDE PRESSURE (BARS) 

Fjg. 1. A comparison of the observed and calculated CO2 pressures 
at the sudiice of Venus. The observed CO2 partial pressure is simply 
0.965 times the total presmn-e from Seiff ( 1983 ). The calculated CO2 
presmn-e is for reaction ( 1 ). The dashed lines show the range of 
calculated CO2 pressures allowed by the uncertainties in the thermo-
dynamic data The calculated and observed curves intersect at 740 ± 
30 K ( 0 ± 4 km). Refer to Fig. 4 to relate temperatures to altitudes 
on the sur1ilce ofVenus. From Fegley and 1reiman (1991). 
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10 100 1000 

660 

g 680 
w a: 700 ::, 
!;;: 
a: w 720 
Q. ~---::; 
w <'a\ 
I- 740 '<--. MAGNESITE - FORSTERITE -,...,.-_ 

760 
BUFFER FOR CO2 ~\ 

10 100 1000 
CARBON DIOXIDE PRESSURE (BARS) 

Fig. 2. A comparison of the CO2 presmu-e calculated for reaction ( 3) 
with the observed CO2 presmire at the surface of Venus. The dashed 
lines show the range of calculated CO2 presmires allowed by the 
uncertainties in the thermodynamic data. The two curves intersect at 
700 ± 30 K ( 5 ± 4 km). Magnesite is apparently stable only at cooler 
temperatures (higher altitudes) than calcite, although their stability 
fields overlap within the fonnal uncertainties of the thermodynamic 
data. From Fegley and Jreiman ( 1991 ). 

10 100 1000 10000 

660 

g 680 
w a: 700 ::, 
!;;: 
a: w 720 
Q. 
::; 
w 740 I-

DOLOMITE - FORSTERITE 

760 
BUFFER FOR CO2 

10 100 1000 10000 
CARBON DIOXIDE PRESSURE (BARS) 

Fig. 3. Same as in Fig. 2 but for reaction ( 5 ). The intersection of 
the two curves is at 645 ± 25 K (12 ± 3 km). Dolomite is probably 
restricted to only the coolest temperatures (highest altitudes) on 
Venus. From Fegley and Jreiman (1991). 

As Fig. 4 shows, the range of temperatures considered in 
Figs. 1-3 corresponds to the range of temperatures at different 
altitudes on the surface of Venus. Thus, calcite is predicted to 
be stable over almost the entire surface of Venus. In contrast, 
magnesite (MgCO3) and dolomite [CaMg(CO3) 2] are appar-
ently stable only at higher altitudes, which make up a much 
more limited fraction of the total surface area. However, as 
shown in Figs. 1-3, the uncertainties in the thermodynamic 
data translate into large uncertainties in the altitude ranges 
within which the different carbonate minerals first become 
stable. 

- - - - - Maxwell Montes--------- 6062 660 10 so 
6060 

680 
60 

605B 

j 700 
6056 70 

v> ::, 

6054 i5 710 BO 

- 90 
0 ---------- --------- 6052 740 

6050 
100 

- - - - - Diana (hasma - - - - - - - - - - 760 110 
-4 604B 

120 
0 20 40 60 BO 100 

PERCENT OF SURFACE AREA 

Fig. 4. Surfuce area distribution on Venus as a function of altitude. 
The vertical scales indicate the altitude from the median planetary 
radius of 6051.5 km and the atmospheric temperature and presmu-e. 
The highest (Maxwell Montes) and lowest (Diana Chasma) points 
observed by Pioneer Venus are also shown. The Pioneer Venus radar 
altimetry data (Masursky et al., 1980; Pettengill et al., 1980), which 
cover 93% of the planet, and the 60° latitude (P,T) model of Seift 
( 1983) were used to construct this plot. Radar mapping of the entire 
planetary surface at higher resolution is likely to reveal points at both 
higher and lower altitudes than those found by Pioneer Venus. From 
Fegley and Jreiman (1991). 

The altitude-dependent, or hypsometric, control of mineral 
stabilities on the surface of Venus was probably first discussed 
by Flarensky et al. ( 1977) and later studied quantitatively by 
Nozette and Lewis ( 1982), who considered a few reactions 
involving carbonates, hydrated silicates, and halogen-bearing 
minerals. The basis of this concept is simply that the variations 
in temperature and pressure over the surface of Venus (from 
about 740 Kand 95 bar in the lowlands to about 660 Kand 
50 bar at the top of Maxwell Montes) will lead to different 
thermodynamic stability fields for different minerals. As we 
shall see later, the hypsometric control of mineral stabilities 
may play an important role in the origin of the high-radar-
reflectivity regions found at high altitudes on Venus. However, 
it is also important to note that the altitude-dependent temper-
ature variations over the surface of Venus may also lead to 
kinetic control of mineral stabilities because of the exponential 
dependence of reaction rates on temperature. Thus for suffi-
ciently large activation energies, chemical weathering reac-
tions, such as equations ( 3) and ( 5) above, will proceed much 
more slowly in the cooler highlands than in the hotter plains. 

At present, these qualitative considerations cannot be quan-
tified because the required kinetic data have not been mea-
sured under appropriate conditions. Several kinetic studies 
have in fact been done on the calcite-wollastonite reaction 
(e.g., ]antler, 1927; Repa, 1954; Gordon, 1971; KrideOJaugb, 
1973; Tanner et a/,., 1985), but none of the studies measured 
the specific reaction rate (molecules cm-2 s-1) required to 
calculate how fust the reaction will take place on the venusian 
surface. In some cases (e.g., ]antler, 1927) the experiments 
were done under conditions that allowed the formation of 
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several other calcium silicates in addition to wollastonite, while 
in other cases (e.g., Repa, 1954) only qualitative data were 
reported. The more recent studies by Gordon ( 1971 ), Kridel-
baugb ( 1973 ), and Tanner et al. ( 1985) do not have these 
problems. However, with the exception of the work of Kri-
delbaugb ( 1973 ), the kinetic studies have been done with 
binary COi-H2O mixtures containing percent levels of H2O, far 
above the amounts actually present in the lower atmosphere 
of Venus. Unfortunately, Kridelbaugb's ( 1973) study, which 
was done under anhydrous conditions, has been questioned by 
Tanner et al. (1985) on several grounds, and is probably also 
inappropriate for our purposes. Thus new kinetic studies are 
necessary before questions about the kinetic control of car-
bonate mineral stability in the venusian highlands can be quan-
titatively 

At this point we discus.s whether or not other carbonates 
in addition to calcite, magnesite, and dolomite are to be ex-
pected on the surfuce of Venus. Lewis ( 1970) considered the 
stability of siderite {FeCO3) and Fegley and 'Jreiman ( 1991) 
considered the stability of rhodochrosite {MnCO3). These 
carbonates are interesting because Fe and Mn compounds are 
potential candidates for the high-radar-reflectivity materials 
seen at high altitudes on Venus ( e.g., Pettengill et al., 1988; 
Garvin et al., 1985a,b ). Siderite and rhodochrosite could form 
by reactions such as 

FeSiO3 + CO2 = FeCO3 + SiO2 (7) 

log10Pco2 {bar)= 8.46 - 3088(±179)/T (8) 

Fe2SiO4 + 2CO2 = 2FeCO3 + SiO2 (9) 

log1oPco, {bar)= 8.55 - 3111(±130)/T {10) 

MnSiO3 + CO2 = MnCO3 + SiO2 {11) 

log1oPco2 (bar)= 8.84 - 4405(±119)/T {12) 

Mn2SiO4 + 2CO2 = 2MnCO3 + SiO2 (13) 

log1oPco2 {bar)= 8.79 - 4388(±119)/T {14) 

The lowest equilibrium CO2 pressures required for siderite and 
rhodochrosite to be stable will occur if pure Fe silicates and 
Mn silicates are available for reaction Of course, this is unreal-
istic because ferrosilite {FeSiO3) is unstable in nature and 
fuyalite {Fe2SiO4), rhodonite {MnSiO3), and tephroite (Mn2 
SiO4) are expected to be present in solid solution in olivine. 
However, even in this idealized case, comparison of the equi-
librium CO2 pressures for these reactions with the obsetved 
CO2 pressure at the surfuce of Venus shows that neither 
siderite nor rhocochrosite are thermodynamically stable on the 
venusian surfuce. 

Other potential carbonate-forming elements such as Pb, Sr, 
and Zn are present at low levels in average venusian rocks and 
soil ( e.g., see the Vega 2 analysis in Table 3 ), and their 
carbonates would not normally be expected to be important 
even if stable. However, because cerussite {PbCO3) has a 
room-temperature dielectric constant of -20 at frequencies of 
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100-1000 MHz (Church et al., 1988; Young and Frederikse, 
1973 ), its stability was also evaluated by using the reactions 

log1oPco, {bar)= 7.92 - 3727(±241)/T {16) 

PbS04 +CO= PbCO3 + S02 (17) 

log10Kn = 1.72 - 1803(±99)/T {18) 

where the thermodynamic data were taken from Robie et al. 
( 1979) and the JANAF Tables ( Chase et al., 1985 ). In the case 
of reaction ( 15 ), when we assume that pure PbSiO3 is present, 
which leads to the lowest equilibrium CO2 pressure, we find 
that PbCO3 is unstable anywhere on the surfuce of Venus. At 
high altitudes (T - 660 K) the equilibrium CO2 pressure is 
about 190 bar, or almost four times higher than the obsetved 
value, and in the lowlands at 740 K the discrepancy is even 
worse. In the case of reaction ( 17), which is considered 
because anglesite (PbS04) is a common Pb-bearing mineral on 
the Earth, we also find that PbCO3 is unstable over the entire 
surfuce of Venus. 

In summary, we conclude that the only carbonates that are 
likely to be found on the surface of Venus are calcite, at almost 
all altitudes, and magnesite and dolomite, but only at higher 
altitudes. 

3. IRON-BEARING MINERALS 

We next consider the types of Fe-bearing minerals that may 
be present on the surfuce of Venus. Not surprisingly, the Venera 
13, Venera 14, and Vega 2 XRF analyses of the surfuce of Venus 
showed that Fe is one of the major elements present at levels 
of a few mass percent. Unfortunately, these analyses provide 
very little information about the actual Fe-bearing minerals or 
about the oxidation state of Fe in these minerals. Additional 
constraints derived from other spacecraft measurements and 
from thermodynamic models of atmosphere-lithosphere inter-
actions must be used in order to deduce which Fe-bearing 
minerals are likely to be present. 

3.1. Iron Oxides 

In an attempt to obtain information about the oxidation state 
of Fe minerals on the surfuce of Venus, Pieters et al. {1986) 
combined data from the Venera 9/10 wide-angle photometer 
and the Venera 13/14 camera to produce a reflection spectrum 
of the venusian surfuce in the 0.54-1.0-µm region Their 
results, reproduced in Fig. 5, show that at visible wave-
lengths the spectral reflectance of the venusian surfuce is not 
diagnostic about the Fe oxidation state, with either Fe2+- or 
Fe3+-bearing phases being acceptable. However, at longer 
wavelengths in the near-infrared, the high reflectance appar-
ently requires Fe3+-bearing minerals such as hematite {Fe2O3). 
This conclusion is somewhat surprising because other space-
craft measurements and thermodynamic equilibrium predic-
tions indicate that the fo2 at the surfuce of Venus is more 
reducing than that at the magnetite-hematite {MH) phase 
boundary. 
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Fig. 5. Reflection spectra of the venusian surface at the Venera 9/ 
10 sites are compared with the reflection spectra of terrestrial mineral 
and rock samples. H is hematite, RC is red cinder, MC is maroon 
cinder, Bis basalt, and BC is black cinder. From Pieters et al. ( 1986). 

For example, the "Contrast" experiment on Venera 13/14 
(Florensky et al., 1983; Volkov et al., 1986) qualitatively 
measured the fo2 at the surface of Venus from the color change 
that took place on an indicator plate as a result of the chemical 
reactions 

This experiment indicated fo2 :5 10-21 bar, which (as illustrated 
by Fig. 6) is inside the magnetite stability field 

The qualitative measurement by the "Contrast" experiment 
is in good agreement with the fo, calculated from the observed 
CO/CO2 ratio in the lower atmosphere of Venus. In si,tu 
measurements of the CO abundance in the lower atmosphere 
of Venus have been made by the Pioneer Venus and Venera 
11 and 12 spacecraft. These data, which are summarized in 
Table 5, show that the CO abundance in the lower atmosphere 
ranges from about 30 ppm at 42 km altitude to about 17 ppm 
at 12 km altitude. Extrapolating the apparent trend in the 
Pioneer Venus and Venera 11/12 data for CO downward to 
the venusian surface gives a CO mixing ratio of about 13 ppm, 
which corresponds to fo2 -10-21-2 bar. Es.5e0tially the same 
oxygen fugacity is calculated by simply assuming that the CO 
abundance is constant at 20 ppm from 22 km down to the 
surface. (Within the stated uncertainties, the Pioneer Venus 
measurement of 20 ± 3 ppm CO at 22 km and the Venera 
11/12 measurement of 17 ± 1 ppm CO at 12 km are identical, 
thus supporting this assumption.) In this case the temperature-
dependent expression for the oxygen fugacity is 

log1ofo2 = 18.57 - 29621(±19)/T (21) 

and the calculated fo2 at the surface ofVenus is -10-21.5 bar. 

Thus, qualitative measurements of the fo2 at the surface of 
Venus and quantitative measurements of the CO/CO2 ratio in 
the lower atmosphere of Venus both indicate that the surface 
of Venus lies within the magnetite stability field How then can 
we explain the apparent discrepancy with the results of Pieters 
etal. (1986)? 

One possibility suggested by Pieters et al. ( 1986) is the 
existence of a more oxidizing environment at the surface of 
Venus. This explanation requires us to reject the results of the 
"Contrast" experiment; it also requires that the CO mixing 
ratio be reduced to -4 ppm at the surface of Venus. This ex-
planation appears unlikely but cannot be quantitatively evalu-
ated until either the CO mixing ratio or the oxygen fugacity 
has been measured quantitatively in the 0-12-km-altitude 
region. 

A second possibility, also originally proposed by Pieters et 
al. ( 1986), is that the surface mineralogy of Venus may be 
incompletely equilibrated with the overlying atmosphere. This 
suggestion is plausible for reactions with sufficiently large 
activation energies, but at present cannot be quantitatively 
evaluated for Fe-bearing minerals because the required kinetic 
data are unavailable. However, we point out that the magne-
tite - hematite conversion is known to be a sluggish reaction 
below 1000 K on a laboratory timescale ( O'Neill, 1988; Hem-
ingway, 1990). 

A third possibility, suggested by Fegley and 'Jreiman ( 1991 ), 
is that a stable Fe3+ mineral may be produced as a result of 
chemical weathering reactions on the surface of Venus. Fegley 
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Fig. 6. The temperature-dependent oxygen fugacity (CO/CO2) in 
the lower atmosphere of Venus is compared to the oxygen fugacities 
buffered by different iron-bearing mineral assemblages that may exist 
on the surface of Venus. Mineral assemblages to the right of the Venus 
atmosphere curve (CO/CO2) are more reducing; those to the left are 
more oxidizing. As originally noted by Mueller (1964a), the oxygen 
fugacity at the surface of Venus is inside the magnetite (Fe3O4) stability 
field Neither WU5tite (Fea.94.P) nor hematite (Fe20 3) is stable under 
equilibrium conditions on the Venus surface. The two curves involving 
pyrite FeSi are for oxygen fugacity buffers originally proposed by 
Mueller (1965) for the anhydrite + wollastonite buffer and by Lewis 
and Kreimendahl (1980) for the anhydrite + calcite buffer. From 
Fegley and 'Jreiman ( 1991 ). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1992LPSC...22....3F


1
9
9
2
L
P
S
C
.
.
.
2
2
.
.
.
.
3
F

and 'Jreiman (1991) used the available thermodynamic data 
for common ferric minerals [ acmite NaFe3+Si2O6' magnesio-
ferrite MgF&i+o4, and epidote Ca2Fe3+Al2Si3O12(OH)] to test 
this idea, but found that none of these three minerals would 
be stable. Unfortunately, no thermodynamic data are available 
to calculate the stabilities of many other ferric minerals. Fegley 
and 'Jreiman (1991) also pointed out that laihunite (ideally 
Fe2+pe~+Si2O8) is an interesting candidate mineral. I.aihunite 
is a nonstoichiometric distorted olivine-type mineral found in 
nature and is produced by the oxidation in air of synthetic 
fayalite (Kjtamura et al., 1984; Kondob et al., 1985). I.aihunite 
might be produced on Venus by reactions such as 

but no experimental or theoretical data are available to 
this suggestion at present 

3.2. Iron-bearing Silicates 

Ferromagnesian silicates ( such as Fe-bearing olivine and low-
Ca pyroxene) on the surfuce of Venus can react with the co2· 
and CO in the overlying atmosphere. As a result, the amount 
of Fe2SiO4 dissolved in olivine and FeSiO3 dissolved in low-
Ca pyroxene can vary as a function of altitude on the planet 
because reactions exemplified by 

will distribute Fe between magnetite and the silicate minerals. 
Using thermodynamic data for the pure endmember minerals 
and activity-composition models from the literature (Robie et 
al., 1979; Helgeson et al., 1978; Woa4 1987), Fegley and 
1reiman (1991) calculated the following equations for the 
temperature-dependent variations in the fayalite (XFa) and 
ferrosilite (XFs) mole ft-actions in olivine and low-Ca pyroxene 
on the sudace of Venus 

log1o31:a = -2.76 + 1060(±160)/T (25) 

Fegley et al.: Venus surface mineralogy 9 

log1oai:s = log1oXFs = -1.326 + 496(±146)/T (28) 

Their results, displayed in Table 6, show that under equilibrium 
conditions more Fe2SiO4 dissolves in olivine and more FeSiO3 
dissolves in low-Ca pyroxene in rocks in the highland regions 
of Venus than in the lowland regions. Thus, in the lowland 
plains at a temperature of -740 K, olivine containing up to 
9-15 mot% fayalite and low-Ca pyroxene containing up to 14-
35 mot% ferrosilite are predicted to be stable, while at the 
top of Maxwell Montes where T - 660 K, olivine containing 
up to 13-17 mot% fayalite and low-Ca pyroxene containing up 
to 16-44 mot% ferrosilite are predicted to be stable. Paren-
thetically we also note that the normative olivine composition 
with 25 mot% fayalite that was calculated for the Vega 2 XRF 
analysis (Table 4) is thermodynamically unstable at that site 
( -0.8 km) and would oxidize to a mixture of magnetite + 
more forsteritic olivine. 

3.3. Iron Sulfides 

In the early 1980s, radar observations by the Pioneer Venus 
spacecraft apparently provided evidence for the presence of 
iron sulfides on Venus (Pettengill et al., 1982). It was observed 
that high-altitude regions on Venus displayed significantly high-
er radar reflectivities and backscatter than the venusian low-
lands ( e.g., see Table 7). Pettengill and colleagues modeled the 
radar observations in a series of papers ( Pettengill et al., 1982, 
1983, 1988; Ford and Pettengill, 1983) and suggested that the 
high-reflectivity regions consisted of inclusions of high dielect-
ric material( s) embedded in a rocky matrix. They also derived 
the bulk dielectric constant and corresponding volume fraction 
of the conductive phase for different regions on Venus. As 
shown in Table 7, the bulk dielectric constant t: for the 
venusian lowlands is about 5 and only a small amount of a 
conductive phase is required. However, at altitudes of 4 km 
and above, dielectric constants of -20-40 and -10-15% of a 
conductive phase are implied by the radar data. (It is interest-
ing to note that even if all S in the Venera 13, Venera 14, or 
Vega 2 analyses is arbitrarily assumed to be present as pyrrho-
tite or as pyrite, not enough is present to produce this large 
volume fraction of conductive phase.) 

TABLE 6. Predicted composition of olivine and pyroxene on the surfuce of Venus 
(Fegley and 1reiman, 1991 ). 

Olivine Pyroxene 
Altitude Temperature loguifo2 Mole%Fa Mole%Fs 

(km) (K) (bars) and Range and Range 
-4 770 -19.9 10.8 (8.4 - 13.9) 20.8 (13.4 - 32.1) 
-2 755 -20.7 11.0 (8.5 - 14.3) 21.4 ( 13.7 - 33.4) 
0 740 -21.5 11.2 (8.6- 14.6) 22.1 (14.0 - 34.7) 
2 725 -22.3 11.5 (8.8- 15.0) 22.8 (14.4 - 36.2) 
4 710 -23.2 11.7 (9.0 - 15.5) 23.6 (14.7 - 37.8) 
6 695 -24.1 12.0 (9.1- 16.0) 24.4 (15.1 - 39.5) 
8 679 -25.1 12.3 (9.3- 16.6) 25.4 (15.5-41.5) 

10 663 -26.1 12.7 (9.5-17.2) 26.4 (15.9 - 43.8) 
12 648 -27.1 13.0 (9.6-17.8) 27.5 (16.4 - 46.1) 
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TI\BLE 7. Electromagnetic properties of the surface of Venus (Pettengill et al., 1988). 

Altitude Radar Radio Dielectric Volume%of 
Location (km) Reflectivity ( Po) Emissivity ( e) Permittivity ( E) Conductive Phase 

Average Lowlands 0 0.14 ± 0.03 0.86±0.04 5.0 ±0.9 0.0(+o.7) 
ThetisRegio 4 0.37±0.08 0.60±0-07 20.5 ± 9.0 8.6 ± 3.5 
OvdaRegio 5 0.39±0.05 0.55 ± 0.06 24.3 ±8.8 10.0 ±3.0 
OZ7.aMons 5 0.40±0.05 0.61 ±0.04 21.6± 6.2 9.0 ±2.3 
Rhea Mons 5 0.35 ±0.04 0.70±0.06 
TheiaMons 5 0.43 ±0.05 0.61 ±0.04 22.8 ±6.4 9.5 ± 2.3 
MaatMons 6 0.40±0.05 0.76±0.07 21.6 ± 7.2 9.0 ± 2.7 
Maxwell Montes 9 >0.4 0.50 ±0.07 38.7 ± 15.0 13.8 ± 3.7 

More recently, the initial Magellan radar observations of 
Venus have provided additional information about high-radar-
reflectivity regions at high altitudes on Venus. For example, 
Pettengill et al. (1991) reported that some areas around 
Maxwell Montes have emissivities of 0.35 and dielectric con-
stants as high as 87. Also, 'Jyler et al. (1991) report that most 
regions above an altitude of 6055 km show low emissivities. 

As mentioned above, Pettengill et al. ( 1982) interpreted the 
radar data as evidence for pyrite FeSz at high altitudes on 
Venus. However, other phases such as magnetite, hematite, 
ilmenite, Mn minerals, and pyrrhotite (Fe1-xS) have also been 
suggested as potential candidates for the high dielectric mate-
rial( s ). Magnetite is in fu.ct predicted to be stable on the 
surface of Venus. But how likely are iron sulfides? 

The chemistry of iron sulfides on Venus was recently re-
viewed by Fegley and Treiman (1991) and we shall make use 
of their results in the subsequent discussion. As Fegley and 
Treiman noted, Mueller (1965) presented the first theoretical 
models of S chemistry on Venus. However, he neglected to 
include the important gas COS in his calculations and thus 
obtained incorrect results concerning the stability of iron 
sulfides on Venus. Furthermore at the time of his work, no 
observations of or upper limits for sulfur gases ( e.g., COS, H2S, 
S02, S,,) were available for comparison with his results. The 
first complete models of sulfide chemistry on Venus were done 
shortly afterward by Lewis (1968, 1970, 1971b, 1974), who 
included all the relevant gaseous species and was able to 
compare his results to the upper limits set by Earth-based 
spectroscopy ( Cruikshank, 1967; Anderson et al., 1969; 
Kuiper, 1971). Lewis' models were the first to show that at 
the mean Venus surface temperature of -740 K, iron sulfides 
should react spontaneously with the CO2 and CO in the 
overlying atmosphere to produce the reduced sulfur gas COS. 
This result has been reproduced by later workers ( e.g., Bar-
sukov et al, 1980, 1982; Khodakovsky, 1982; Nozette and 
Lewis, 1982; Volkov et al., 1986; Zolotov, 1991 ). 

The chemical weathering of pyrite and pyrrhotite is pre-
dicted to proceed via reactions such as 

log10K29 = 7.48 - 19334( ±441 )/T 

log1ol<J1 = -1.56 - 11533(±311)/T. 

(29) 

(30) 

(31) 

(32) 

At temperatures of -660-740 Kon the surface of Venus, pyrite 
and pyrrhotite chemical weathering yields COS mixing ratios 
of-5-30 ppm for pyrite and -10-70 ppm for pyrrhotite. The 
higher COS mixing ratios are produced at higher temperatures 
(i.e., in lowland regions) and the lower COS mixing ratios are 
produced at lower temperatures ( i.e., in highland regions). 

In other words, pyrite on the surfuce of Venus will continue 
to be oxidized by the CO2 and CO in the overlying atmosphere 
until either all pyrite is exhausted or until the equilibrium COS 
mixing ratio is generated; the same is true for pyrrhotite on 
the surfuce of Venus. 

The results of the pyrite chemical weathering calculations 
are illustrated in Fig. 7 where they are compared to the 
observed COS abundance of -0.3 ppm in the lower atmo-
sphere of Venus (Bezard et al,., 1990). The observed COS 
abundance is much lower than the abundance required for 
pyrite to be stable on the surface of Venus. A similar conclusion 
also holds for pyrrhotite, which requires even larger COS 
mixing ratios in order to be stable. However, the COS obser-
vations of Bezard et al,. (1990) are for the 35-45-km region 
of the venusian atmosphere, and may not be representative of 
the COS abundance lower in the atmosphere. 
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Fig. 7. A comparison of the COS abundance calculated from pyrite 
chemical weathering with the observed COS abundance in the 35-
45-km region of the lower atmosphere of Venus (Bezartl et al., 1990). 
The clashed lines show the range of COS abundances allowed by the 
uncertainties in the thermodynamic data. As discussed in the text, the 
COS abundances expected near the surface of Venus from equilibrium 
with Si and CO are also significantly lower than those required for 
pyrite stability on Venus. From Fegley and 'Jreiman ( 1991 ). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1992LPSC...22....3F


1
9
9
2
L
P
S
C
.
.
.
2
2
.
.
.
.
3
F

Luckily we can check this J><)S&bility by making use of the 
gas-phase equilibrium between COS and Si 

2CO + Si = 2COS (33) 

logiol½3 = -8.30 + 9591(±116)/T (34) 

As mentioned earlier, the Venera 11/12 and Pioneer Venus 
spacecraft made measurements of the CO/CO2 ratio in the 12-
22-km region of the venusian atmosphere. The Venera 11/12 
spacecraft also measured light absorption in the 0-30-km 
region (Moroz et al., 1979, 1980) and these measurements 
provide information on the Si mixing ratio in this region of 
the atmosphere (San?w, 1980; Zolotov, 1985). The derived 
Si mixing ratio is -20 ppb and is constant with altitude from 
0 to 20 km. We therefore used the measured CO and Si 
abundances in the near-surfuce atmosphere of Venus to calcu-
late the equilibrium COS mixing ratios. The results show that 
the COS mixing ratio varies from -60 ppb at 740 K to -0.5 
ppm at 660 K These results confirm that pyrite and pyrrhotite 
are thermodynamically unstable everywhere on the surfuce of 
Venus because the equilibrium COS mixing ratios in the near-
surfuce atmosphere are significantly lower than the values 
needed to stabilize these two sulfide minerals. 

We note that J. A Wood and colleagues ( Wood and Hashi-
moto, 1991; Wood and Klose, 1991) recently proposed that 
pyrite and pyrrhotite are stable over most of the surfuce of 
Venus. Our results presented above predict exactly the oppo-
site. This contradiction apparently exists because Wood and 
colleagues neglected COS gas in their calculations and con-
sidered only metastable equilibria involving S02 ( Wood and 
Hashimoto, 1991). 

3.4. Pyrite and PylThotite Chemical 
Weathering Kinetics 

1n order to test how long iron sulfides could remain on the 
surfuce of Venus, Fegley and 'Jreiman ( 1990) and 'Jreiman 
and Fegley ( 1991) started experimental studies of the rates 
of pyrite and pyrrhotite chemical weathering. The experiments 
were done using basically the same techniques utilized by 
Fegley and Prinn (1989) in a kinetic study of anhydrite 
formation from calcite+ S02• Well-characterized natural pyrite 
and pyrrhotite samples with known surfuce areas were heated 
isothermally in 1 bar of pure CO2 or in COrH2 gas mixtures 
for different time periods. The samples were then quenched 
in the cool furnace gas by rapidly being raised out of the hot 
zone of the furnace. The rate of reaction was determined by 
measuring the weight change of the samples after reaction The 
purity of the starting materials was checked by X-ray diffrac-
tion, by instrumental neutron activation analysis, and by cal-
culations of sample densities. These techniques showed that 
the starting materials were pure FeSi and Feo.95S. The reacted 
samples were also examined by X-ray diffraction, optical micro-
scopy, and scanning dectron microscopy. 

The preliminary experimental results indicate that pyrite 
oxidation to magnetite is a two-stage process, with the first 
stage being the conversion of pyrite to pyrrhotite and the 

Fegley et al.: Venus surface mtneralogy 11 

second stage being the oxidation of pyrrhotite to magnetite. 
The derived rate equation for the pyrite - pyrrhotite conver-
sion is 

R = 1026·09(±0-3-4)exp[-17,038(±640)/T] (35) 

and the activation energy is 141.7 ± 5.3 mole-I. The units 
on the rate equation are sulfur atoms cm-2 s-I_ For comparison 
we note that Scbwob and Pbilinis ( 1947), who studied pyrite 
decomposition in pure CO2 from 873-973 K, reported an 
apparent activation energy of 145 kJ mole-I, in good agree-
ment with the preliminary results of Fegley and 'Jreiman 
(1990). 

The preliminary results of the pyrrhotite oxidation exper-
iments indicate that this also is a complex process that pro-
ceeds through at least two steps. The first step, which follows 
an Arrhenius-type relation, may involve the growth of a critical 
number of magnetite nuclei. This behavior is consistent with 
that exhibited by many reactions involving solids ( e.g., Broum 
et al., 1980). The second step involves the oxidation process 
and displays a dependence on time tI14• While this is unusual 
behavior, it is confirmed by the data of Asaki et al. ( 1983) 
on troilite oxidation in Ar-O2 gas mixtures that also exhibited 
a tI14 dependence in the later stage. 

The experiments indicate that pyrrhotite oxidation to mag-
netite is also a rapid reaction, although it is apparently slower 
than the pyrite - pyrrhotite conversion It appears unlikely that 
either pyrite or pyrrhotite could survive on the venusian sur-
f.lee for geologically long time periods, although this conclu-
sion must be tempered by the fuct that only preliminary 
experimental results applicable to short time periods are avail-
able. However, it is important to realize that the volume 
change for the pyrrhotite - magnetite conversion is negative 
( -7% ), so the oxide coating that is formed will be porous and 
will not present a barrier to gaseous diffusion At present, the 
kinetic data imply that, if pyrite ( or pyrrhotite) is responsible 
for the high radar reflectivity observed in the venusian high-
lands, then fresh sulfides will be constantly needed to replenish 
the material that has been chemically weathered. 

4. TITANIUM-BEARING MINERAIS 

4.1. Ilmenite 

Ilmenite (Fe1iO3) has also been suggested as a candidate 
for the high didectric material bdieved to be present in the 
venusian highlands ( e.g., Garvin, 1985; Garvin and Head, 
1985; Garvin et al., 1985a,b; Head et al., 1985). We first 
examine the thermodynamic constraints on ilmenite stability 
on Venus and then review laboratory data on dielectric con-
stant measurements of ilmenite-bearing lunar samples in order 
to determine if ilmenite is a likely candidate for the high 
didectric material on Venus. 

Ilmenite stability on Venus is probably controlled by its 
oxidation to magnetite and rutile 

logiol½6 = -5.70 + 12143(±322)/T (37) 
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We calculated the stability fields of ilmenite and of magnetite + 
rutile as a function of oxygen fugacity, and the results are 
displayed in Fig. 8 along with the oxygen fugacity for 20 ppm 
CO in the lower atmosphere of Venus. The two curves inter-
sect at -755 K, and ilmenite is unstable at all lower temper-
atures over the surface of Venus. However, the uncertainties 
in the thermodynamic data (Robie et al., 1979) are sufficiently 
large that this intersection may occur anywhere from -660 K 
to -850 K A more firm thermodynamic constraint on ilmenite 
stability would require improved thermodynamic data for reac-
tion (36). 

Ilmenite is the most abundant oxide mineral in lunar rocks 
anµ forms as much as 15-20 vol% of many Apollo 11 and 17 
mare basalts. It commonly occurs as bladed crystals up to a 
few millimeters long. The volumetric abundance of ilmenite 
in some lunar samples is in the same range (10-15%) as that 
estimated by Pettengill et al. (1988) for the volumetric abun-
dance of the high dielectric phase in the venusian highlands. 
Furthermore, the occurrence of ilmenite in lunar samples as 
small inclusions in a rocky matrix is very similar ( if not 
identical) to the loaded dielectric model proposed by Petten-
gill et al. ( 1982, 1988) for Venus. Thus, the extensive mea-
surements of the relative dielectric permittivities of lunar 
samples should provide a test of the hypothesis that ilmenite 
is the high dielectric phase in the venusian highlands. 

Heiken et al. (1991) summarize the results of dielectric 
constant measurements on lunar samples. The largest value of 
the relative dielectric permittivity measured was 11 for an 
Apollo 11 mare basalt containing -16% ilmenite. However, 
most permittivity values were less than 7. Furthermore, as 
illustrated in Fig. 9, there is no correlation between the 
ilmenite content of lunar samples and the relative dielectric 
permittivity. However, there is a correlation with the loss 
tangent, which increases with increasing ilmenite content. 

Thus, ilmenite appears to be an unlikely candidate for the 
high dielectric phase in the venusian highlands, and other 
suitable minerals must be sought. 
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Fig. 8. A comparison of the ilmenite and magnetite + rutile stability 
fields with the oxygen fugacity defined by the CO/CO2 ratio in the 
lower atmosphere of Venus. The dotted lines indicate the range of 
uncertainties from the thermodynamic data for this reaction. 
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Fig. 9. Results of dielectric constant measurements on lunar samples 
at 450 MHz from Heiken et al (1991, Table A9.16). The dielectric 
constants for all samples are less than 10 and do not correlate with 
the ilmenite content. The diagonal line is a least-squares fit showing 
the correlation of the loss tangent with the ilmenite content. 

4.2. Perovskite 

A combination of factors make perovskite, ideally CaTIO3, 
an intriguing candidate for the high dielectric phase( s) in the 
venusian highlands. One factor is the relatively high dielectric 
constant of CaTIO3• For example, laboratory measurements of 
synthetic calcium titanate ceramics ( at 298 K) show dielectric 
constants of -165-170 over frequencies of 102 to 1010 Hz, 
and -155-160 over frequencies of 102 to 107 Hz at a slightly 
higher temperature of 355 K (Von n;ppei 1954). The labor-
atory measurements also show that CaTIO3 is a low-loss mate-
rial ( Young and~ 1973; Von n;ppei 1954 ). 

Another factor is the occurrence of perovskite as a charac-
teristic accessory mineral in some types of alkaline rocks ( e.g., 
Deer et al., 1963; Sprensen, 1974; Johannsen, 1937). For 
example, -2.5-9 vol% perovskite is found in melilite-rich 
alkaline rocks in localities such as the Kola Pennisula, the Oka 
Hills, Quebec, and South Africa. Comparable amounts (5-9%) 
of perovskite are found in leucite-rich rocks from Uganda and 
in nepheline-rich rocks from Colorado Uobannsen, 1937). 
Rarer rock types associated with alkaline rocks on Earth are 
even richer in perovskite. For instance, magnetite-perovskite 
dikes in the Powderhom alkaline complex, Colorado, contain 
50% perovskite in addition to 41 % magnetite, 8% ilmenite, and 
1% apatite (Larsen, 1942). 

Although alkaline rocks are a rare terrestrial rock type, 
several arguments suggest that alkaline rocks are present on 
Venus and play an important role in atmosphere-surface inter-
actions. The '}'-ray-spectroscopy data for U, Th, and K at the 
Venera 8 site (Wnogradov et al., 1973; Surkov, 1977) and the 
X-ray fluorescence data for major rock-forming oxides at the 
Venera 13 site have been interpreted as high-potassium alkaline 
basalts (Volkov et al., 1986; Barsukov et al., 1986). These 
interpretations are consistent with thermodynamic calculations 
that show that the assemblage of sodalite + nepheline ± 
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albite, which is common in terrestrial aJkaline rocks such as 
nepheline-syenites and related types (Deer et al., 1963; 
Johannsen, 1937), can buffer the HO abundance in the ve-
nusian atmosphere at the observed value (Fegley and 1reiman, 
1991 ). In addition, mineral assemblages involving fluor-
phlogopite, which is common in ultrabasic rocks ( e.g., Deer 
et al., 1963), can buffer the HF abundance in the venusian 
atmosphere at the observed value (Lewis, 1970; Fegley and 
1reiman, 1991 ). Furthermore, several types of aJkaline rocks 
such as the ijolites, melteigites, and urtites ( rocks composed 
predominantly of feldspathoids and clinopyroxene) also con-
tain the assemblage calcite + wollastonite (Sfwensen, 1974; 
Johannsen, 1937), which is generally believed to buffer the 
CO2 Pres&Jre in the venusian atmosphere ( e.g., Mueller, 1963, 
1964a; Lewis, 1970; Vinogradov and Volkov, 1971). Thus, 
observational data on the composition of the venusian surfuce 
and theoretical models of atmosphere-surfuce chemistry on 
Venus both suggest the presence of a1kaline rocks and char-
acteristic accessory minerals such as perovski.te. 

Perovskite is predicted to be inert with respect to gas-solid 
reactions involving HO in the overlying atmosphere because 
the obsetved HO abundance is significantly lower than the 
equilibrium abundance required for hydrophilite formation 
This reaction, which yields rutile, is 

log1~ = -6.46 + 7164(± 114)/T (39) 

Evaluating equation (39) at 740 K, the mean surfuce temper-
ature on Venus, shows that -11 ± 2 ppm HO, or about 20 
times more than the observed value of -0.5 ppm, are needed 
for hydrophilite, Ca02, to form. The equilibrium abundance 
of HO decreases with decreasing temperature, but at 660 K, 
the approximate temperature at the top of Maxwell Montes, 
-4 ± 1 ppm HO are still required for hydrophilite formation 
Thus, perovskite is predicted to be resistant to attack by HO 
in the venusian atmosphere over the entire venusian surfuce. 

However, a different situation may occur for the reaction of 
perovski.te with HF to form fluorite 

log1ol¼o = -7.01 + 10,995(±137)/T ( 41) 

Evaluation of equation ( 41) at 740 K shows that -55 ± 11 ppb 
HF, or about 5-10 times more than the observed value of 5-
1 O ppb, are needed for fluorite formation, so perovskite will 
not be attacked by HF over most of the venusian surfuce. 
However, at 660 K the equilibrium abundance is only -10 ± 
2 ppb, which overlaps the observed HF abundance. These 
results indicate that within the combined uncertainties of the 
thermodynamic data and observed HF abundance, perovski.te 
can be converted to fluorite + rutile at the highest altitudes 
on the venusian surfuce ( e.g., at the very summit of Maxwell 
Montes). 

It is also interesting to note that reactions with two les&-
corrosive gases in the venusian atmosphere, CO2 and S02, can 
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also destroy perovskite by forming calcite and anhydrite 
respectively. The net reactions and their equilibrium constants 
are 

log1oPco2 = 8.45 - 5019(±129)/T ( 43) 

log1ol(« = -14.86 + 21,919(±243)/T (45) 

However, in contrast to fluorite formation, both calcite forma-
tion and anhydrite formation are predicted to be thermo-
dynamically fuvorable over the entire venusian surfuce. The 
thermodynamic fuvorability of fluorite formation at the highest 
altitudes on Venus, coupled· with the higher reactivity of HF 
relative to that of CO2 and S02, may lead to the following 
situation 

At the highest altitudes, such as on the top of Maxwell 
Montes, perovskite is converted to fluorite + rutile at a rate 
that is rapid with respect to production of fresh perovski.te-
bearing material ( e.g., by volcanism or by exposure of unre-
acted rock). At slightly lower altitudes, where fluorite 
formation is not thermodynamically fuvorable, the rates of 
formation of calcite + rutile and/ or anhydrite + rutile are slow 
on a geologic timescale. However, at the lowest altitudes on 
Venus, where the temperature is 740 K or higher, the rates 
of calcite and anhydrite formation are faster and perovskite 
destruction is rapid once again 

We feel that this scenario is interesting for several reasons. 
One reason is that the Ca-bearing weathering products formed 
from perovski.te have lower dielectric constants than perovskite 
itself. Thus, the weathered material should have a different 
radar signature, presumably more like that of the "average" 
venusian surfuce. We note that rutile, which is also formed in 
these reactions, does have a fairly high dielectric constant of 
-80-100, dependent somewhat on the crystal orientation rel-
ative to the electric field and ambient temperature ( e.g., Von 
Hippe4 1954; Young and Frederiske, 1973). However, we 
question whether or not these E values are high enough for 
rutile itself to yield the observed E - 87 derived for Maxwell 
Montes (Pettengill et al., 1991) and to do so when present 
at a volume fraction of only -15% as indicated by the earlier 
Pioneer Venus radar data ( Pettengill et al., 1988 ). 

In this regard we note that studies have been done of the 
dielectric constant of two-phase mixtures composed of TI02 
dispersed in low dielectric matrixes ( e.g., [(jngery et al., 1976). 
A mixture of 85 vol% polystyrene + 15% TI02 had a dielectric 
constant of only -5, about 20 times lower than the value of 
100 observed for the pure Ti02• Furthennore, data presented 
in /(jngery et al. ( 1976) also demonstrate that the dielectric 
constant of TI02 drops rapidly M the amount of porosity in 
a polycrystalline TI02 ceramic increases. Presumably the rutile 
formed as a weathering product of perovskite will be more 
porous than the initial crystal [ as was the case tor anhydrite 
formed as a weathering product of calcite in the experiments 
of Fegley and Prinn (1989)] and thus would be expected to 
have a lower dielectric constant than fully dense rutile. In fact, 
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the volume change of -44% that occurs in the perovskite -
rutile conversion indicates that substantial porosity will be 
formed. As a consequence, the weathering products may also 
be more easily abraded than the initial perovskite so they can 
be more easily removed by aeolian weathering and mass wast-
ing. If so, then the rutile can be blown into the lowlands where 
it can either undergo further reactions such as MgTIO3 
formation 

log10Ki6 = -0.04 + 224(±138)/T ( 47) 

or simply be dispersed at such a low concentration that no 
substantial dielectric constant enhancements can be seen. 

Finally, we note that the different chemical reactions in-
volved in perovskite destruction on Venus may provide an ex-
planation for the initial Magellan observations that indicated 
that the high dielectric phase( s) are not always present at the 
highest elevations on the venusian surface ( e.g., Arvidson et 
al., 1991; Pettengill et al., 1991). This apparently paradoxical 
situation cannot be explained by the other candidates for the 
high dielectric materials on Venus. If these initial observations 
by the Magellan spacecraft are confirmed, then laboratory 
studies of the kinetics of fluorite, calcite, and anhydrite for-
mation from perovskite via reactions ( 40), ( 42), and ( 44) 
would be of interest. 

5. HYDRATED SILICATES 

The presence of hydrated silicates on the surface of Venus 
was probably first suggested by Mueller ( 1964a,b ). He spe-
cifically proposed that phlogopite [KMg~i3O10(OH)2] 

would be present but could not test his prediction 
quantitatively because of the lack of data about phlogopite 
thermodynamics and water vapor partial pressure at the surface 
ofVenus. 

Subsequently, many other investigators tried to calculate the 
stabilities of hydrated silicates on the surface of Venus ( e.g., 
Lewis, 1968, 1970; Mueller, 1970; Lewis and Kreiment/abi 
1980; Kbodakovsky et al., 1979; Barsukov et al., 1980; Nozette 
and Lewis, 1982; Volkov et al., 1986; Kbodakovsky, 1982). 
This literature is full of contradictory predictions about 
hydrated silicate stabilities on Venus because of unavailable or 
unreliable thermodynamic data and uncertainties about the 
actual water vapor content of the near-surface atmosphere of 
Venus. 

Fegley and 'Jreiman (1991) used the latest available 
thermodynamic data to calculate the water-vapor dissociation 
pressures of common hydrated minerals and compared their 
results to the spacecraft measurements of the water vapor 
abundance in the lower atmosphere of Venus. The latter data 
are also somewhat contradictory ( e.g., see Von Zahn et al., 
1983, and Fegley and 'Jreiman, 1991, for reviews) but the 
most reliable data indicate a water vapor abundance of only 
20 ppm at the surface of Venus (Moroz et al., 1979, 1980, 
1983); this is equivalent to a water vapor pressure of -0.002 
bar at the surface of Venus. 

TABLE 8. Dissociation pressures for hydrated silicates on the 
Slllface of Venus (Fegley and 'Jreiman, 1991 )°. 

Mineral Ideal Dissociation 
Name Formula Pr= 

Tremolite Ca2Mg5Sis02i( OH)2 0.09bar 
Phlogopite KMg~i3010(0H)2 0.1 bar 
Talc M~S4010(0H)2 2bar 
Epidote Ca2FeAl;iSi3012( OH) 4bar 
Pargasite NaCa2~3Si(;02i( OH)2 13bar 
Muscovite ~Si3010( OH)2 23bar 
Paragonite NaAliSi3010( OH)2 ll0bar 
Glaucophane Na2Mg~2Sis02i( OH)2 230bar 
Margarite ~Si2010( OH)2 240bar 
<luysotile ~Si205( OH)4 310bar 
Anthophyllite Mg7Sis022( OH)2 510bar 
Prehnite Ca~2Si3010(0H)2 610bar 
Pyrophyllite Al254010( OH)2 620bar 
Kaolinite Al2Si205( OH)4 890bar 
Annite KFe~3010(0H)2 12,600bar 

• At740K 

A summary of the results obtained by Fegley and 'Jreiman 
( 1991) is given in Table 8. They found that none of the 
hydrated silicates considered are stable anywhere on the sur-
face of Venus. The two most stable hydrated minerals were 
tremolite and phlogopite, but even these two had water vapor 
dissociation pressures about 50 times larger than the observed 
water vapor pressure at the venusian surface. All the other 
hydrated silicates for which thermodynamic data are available 
have markedly higher water vapor dissociation pressures. As 
noted by Fegley and 'Jreiman ( 1991 ), no thermodynamic data 
are available for some amphiboles and hornblendes such as 
edenite, some members of the richterite family, and some alkali 
amphiboles. Thus it is possible that if these minerals are more 
stable than tremolite they may exit on the venusian surface. 
However, at present it appears that the surface of Venus is too 
hot ( even in the highland regions) and too dry for any 
hydrated minerals to exist there. 

6. SULFATE MINERAIS 

Measurements by the Pioneer Venus and Venera 11/12 
spacecraft summarized in Table 5 show that S02 is the major 
sulfur gas in the lower atmosphere of Venus. This can react 
with Ca-bearing minerals on the surface to form anhydrite 
(CaS04) via reactions such as 

log10Kts = -1.82 + 2092(±230)/T 

(48) 

(49) 

However, the analogous reactions with Mg-bearing minerals, 
for example, the reaction with magnesite 

log1oJ½0 = -1.18 - 558(±74)/T 

(50) 

(51) 

are thermodynamically unfavorable because they require S02 

pressures higher than the obsetved values in the venusian 
atmosphere. 
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As illustrated in Fig. 10, the equilibrium S02 pres&Jre for 
the formation of anhydrite from calcite is about 100 times 
lower than the observed S02 pres&1re on Venus. This implies 
that reaction ( 48) is a sink for S02 on Venus. In fact, the 
Venera 13/14 and Vega 2 analyses of the surface of Venus 
(Table 3) show that the CaO/S03 ratio is less than that 
expected if all Ca were present as anhydrite. Thus, the present-
day surface of Venus is still a sink for S02 via anhydrite 
formation. It also implies that the rate of anhydrite formation 
is a slow process. 

Kinetic measurements of the rate of reaction ( 48) have been 
made by isothermally heating high-purity natural calcite crystals 
with known surface areas and weights in 1 bar of COi-S02 
for varying time periods. The rate of anhydrite formation was 
measured by several methods such as chemical analysis for 
sulfut:e, weight gain, and scanning electron microscopy. The 
latter method was used to measure the porosity and thickness 
of the anhydrite layers formed on the reacted crystals ( e.g., 
Fig. 11 ). The experimental techniques used are described by 
Fegley and Prinn (1989), who derived the rate equation 

R = 1019-64(±0.28>exp[-15,248(±2970)/T] (52) 

which has units of S02 molecules cm-2s-1• The corresponding 
activation energy is 126.8 ± 24.7 kJ mole-1. 

The global mean rate of anhydrite formation on the surface 
of Venus, which is calculated from the rate equation by taking 
into account the temperature variation with altitude on Venus, 
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Fig. 10. A comparison of the S02 abundance calculated for reaction 
( 48) with the observed S02 abundance in the atmosphere of Venus. 
The S02 mixing ratios observed at 22 km by the Pioneer Venus and 
the Venera 11/12 gas chromatograph experiments are 185 ± 43 ppm 
and 130 ± 35 ppm respectively. In contrast, the S02 mixing ratios 
predicted from equilibrium with calcite CaCO3 and anhydrite CaS04 
on the Venus surfuce are -1 ppm. The dichotomy suggests that sulfur 
gases in the atmosphere of Venus are not in equilibrium with the 
suditce ofVenus. From Fegley and 'Jreiman (1991). 
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Fig. 11. A scanning electron microgrnph of the fracture suditce of 
a calcite crystal that has partially reacted with a gas mixture having 
the nominal composition 1 % S02 + 99% CO2• The outer surfuces of 
the crystal are coated with anhydrite CaS04. The reaction conditions 
were 850°C for 192 hr. The scale bar is 100 µm long. Photo from 
Fegley and Prinn ( 1989 ). 

is -4.6 x 1010 molecules cm-2s-1. This is equivalent to about 
1 µm of anhydrite deposition per year. Fegley and Prinn 
(1989) and Fegley and 'Jreiman (1991) have applied these 
data to a discussion of the volcanism rate on Venus by using 
a steady-state model for S02 on Venus and the plausible as-
sumption that volcanism is a source of sulfur. 

Here we merely note that about 1.9 Ma are required for 
reaction ( 48) to reach equilibrium on the surface of Venus. 
Thus, the anhydrite + calcite assemblage on the surface of 
Venus cannot be buffering S02 in the atmosphere of Venus. 
Preliminary kinetic data (Fegley and Prinn, 1989) show that 
other possible anhydrite formation reactions, such as the 
reaction of S02 with diopside, are at least as slow as the 
reaction of S02 with calcite. Thus this reaction cannot be 
buffering S02 on Venus, as recently suggested by Wood and 
Hashimoto ( 1991 ). 

7. HALOGEN-BEARING MINERALS 

Finally, we consider the implications of the observations of 
HF and HQ in the atmosphere of Venus for the mineralogy 
of the surface. As shown in Table 5, HF is present at about 
5 ppb by volume and HCl at about 0.5 ppm by volume. Shortly 
after the discovecy of HF and HQ in the atmosphere of Venus, 
Lewis (1968, 1970) and Mueller (1968, 1969) proposed that 
the atmospheric abundances of the two hydrogen halides were 
regulated, or buffered, by chemical equilibria between halogen-
bearing minerals and other silicates on the surface of Venus. 
The highly reactive nature of HQ and HF, which is used to 
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etch glass, intuitively suggests that this explanation is reasona-
ble. It is further supported by the essentially identical abun-
dances of HF and HO observed above the clouds by Connes 
et al. (1967) and below the clouds by Bezard et al. (1990). 
This would not be expected if the abundances of HF and HQ 
were controlled by episodic phenomena such as volcanism 
unless their average reaction rates were identical and slow over 
this period 

Fegley and 'Jreiman ( 1991) critically evaluated the reactions 
proposed as HCl and HF buffers by Lewis (1970) and con-
sidered new reactions for buffering these two gases. They 
found that several different equilibria are potential candidates 
for buffering HCl and HF in the atmosphere of Venus. In the 
case of HCl, the two best buffers were found to be 

12HO + 6CaSi03 + 5N~[AISi04hCl = 17NaCl + 
6CaA12Si208 + 3NaAlSi30s + 6H20 

log1oK53 = -20.17 + 49,384(±4884)/T 

2HO + 9NaAISi04 = Al203 + NaAlSi30s + 
2N~[AISi04hCl + H20 

(53) 

(54) 

(55) 

log1oK55 = -13.56 + 16,150(±2259)/T (56) 

which are illustrated in Figs. 12 and 13 respectively. Reaction 
( 53) involves the mineral assemblage wollastonite + socialite + 
halite + anorthite + albite, while reaction (55) involves the 
mineral assemblage nepheline + corundum + albite + socialite. 
Both these buffers involve mineral assemblages found in 
alkaline rocks such as nepheline-syenites (Deer et al., 1963) 
and argue for the presence of alkaline rocks on the surfuce 
ofVenus. 
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Fig. 12. A comparison of the HO abundance calculated for reaction 
(53) with the observed HO abundance (Bezard et al., 1990; C.Onnes 
et al., 1967; deBergb et al., 1989) in the atmosphere of Venus. The 
dashed lines indicate the range of HO values allowed by the 
uncertainties in the thermodynamic data. Refer to Fig. 4 to relate 
temperatures to altitudes on the surf.Ice of Venus. From Fegley and 
1reiman ( 1991). 

0.00001 0.0001 0.001 0.01 0.1 1.0 10 

660 

g 680 
LU a: 700 ::, 
!c: a: 

720 LU a.. 
:::;; 
LU 
I- 740 SODALITE + NEPHE_LINE 

BUFFER FOR HCl 
760 

0.00001 0.0001 0.001 0.01 0.1 1.0 10 
HCIABUNDANCE(PPM) 

Fig. 13. A comparison of the HO abundance calculated for reaction 
(55) with the observed HO abundance (Bezard et al., 1990; C-onnes 
et al., 1967; deBergb et al., 1989) in the atmosphere of Venus. The 
dashed lines indicate the range of HCI values allowed by the 
uncertainties in the thermodynamic data. Refer to Fig. 4 to relate 
temperatures to altitudes on the surf.Ice of Venus. From Fegley and 
1reiman (1991). 

In the case of HF the two best buffers were found to be 

2HF + KA1Si30s + 3MgSi03 = 
KMg~i3010F2 + 3Si02 + H20 

log1oK57 = -5.53 + 10,765(±1848)/T 

2HF + NaAlSi04 + 2CaMgSi206 + 3MgSi03 = 
NaCa2Mg5Si7Al022F2 + Si02 + H20 

(57) 

(58) 

(59) 

log1ol(59 = -6.88 + 12,098(±1120)/T (60) 

Reaction (57) was originally proposed by Lewis (1970) but 
probably involves microdine instead of sanidine as he pro-
posed, because K-feldspar is probably totally ordered at 
venusian surfuce temperatures. Reaction ( 59 ), involving the 
mineral assemblage nepheline + diopside + enstatite + tluor-
edenite + quartz, governs the stability of tluoredenite in felsic 
rocks. Figures 14 and 15 illustrate how the HF abundances 
produced by these two reactions compare to the observed HF 
abundance in the venusian atmosphere. 

Thus, the high reactivity of HF and HO coupled with the 
high temperature of the venusian sudace suggests that these 
two gases are in chemical equilibrium with minerals on the 
surfuce of Venus. The virtually identical HF and HQ abun-
dances observed 20 years apart in two different regions of the 
atmosphere of Venus support this concept. The mineral 
assemblages that apparently are in equilibrium with the ob-
served HCl abundance include socialite + nepheline ± albite 
and are assemblages found in alkaline rocks on the Earth. The 
mineral assemblages that apparently are in equilibrium with 
the observed HF abundance involve tluorphlogopite in some 
cases and tluoramphiboles such as tluoredenite and tluor-
tremolite in other cases ( Fegley and 1reiman, 1991 ). 
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Fig. 14. A comparison of the HF abundance calculated for reaction 
(57) with the observed HF abundance (Bezard et al., 1990; Connes 
et al., 1967) in the atmosphere of Venus. The dashed lines indicate 
the range of HF values allowed by the uncertainties in the 
thermodynamic data This buffering reaction was originally proposed 
by Lewis (1970). Refer to Fig. 4 to relate temperatures to altitudes 
on the surlilce ofVenus. From Rigley and 1relman (1991). 
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Fig. 15. A comparison of the HF abundance calculated for reaction 
(59) with the observed HF abundance (Bezard et al., 1990; Connes 
et al., 1967) in the atmosphere of Venus. The dashed lines indicate 
the range of HF values allowed by the uncertainties in the 
thermodynamic data Refer to Fig. 4 to relate temperatures to altitudes 
on the surf.ice ofVenus. FromR!g/eyand 1reiman (1991). 

8. SUMMARY 

In this paper we have given a brief review of how constraints 
derived from Earth-based, Earth-orbital, and spacecraft ob-
servations can be combined with chemical thermodynamic 
models and other laboratory measurements ( e.g., kinetic data, 
dielectric constant measurements) to make deductions about 
the mineralogy of the surfuce of Venus. At this point we want 
to conclude by identifying the key ismes fucing us today about 
the geochemistry and mineralogy of the surfuce of Venus and 
making some recommendations for future work in this area. 
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First, it is important to remember that no direct information 
is available about the mineralogy of the surfuce of Venus. The 
geochemical analyses that have been done are limited to a 
handful of sites at low elevations and only give data on major-
element abundances in three cases and K, U, and Th 
abundances in four other cases. Furthermore, even these data 
are limited because some major elements of interest ( e.g., C 
and F) could not be detected because of limitations in the 
spacecraft instrumentation We recommend development of an 
X-ray diffraction experiment suitable for spacecraft operations 
in order to get direct information about the mineralogy of 
Venus (e.g., see Vaniman et al., 1991). Failing this, we also 
recommend elemental analysis of highland regions of Venus by 
an X-ray fluorescence instrument This would at least provide 
elemental compositions for regions believed to be enhanced 
in Fe, S, and TI. These data would potentially provide con-
straints on models of altitude-dependent mineralogy on Venus. 

Another unresolved question is the presence of carbonates 
on the surfuce of Venus. Although the most direct way to 
addre&" this question is to search for calcite, dolomite, and 
magnesite ( e.g., by X-ray diffraction), another important area 
of study is the kinetics of the different carbonate-silicate 
equilibria believed to occur on Venus. At present we do not 
know if these equilibria can be established on reasonable 
timescales or if geologically long time periods are involved. 
This question can be answered by suitably designed laboratory 
experiments that can then be extrapolated and/ or interpolated 
to venusian swtace conditions. An important factor in these 
experiments is to determine the dependence of the reaction 
rate on parameters such as the temperature, total pressure, 
mineral surfuce area, etc. Maintenance of anhydrous conditions 
is also important 

The presence of hematite on the surfuce of Venus is also 
an open question that could potentially be resolved by 
laboratory experimentation This is another case where kinetic 
data are needed. The relevant spacecraft measurements needed 
to address this issue are the oxygen fugacity and/ or CO mixing 
ratio in the 0-12-km region of the atmosphere of Venus. 

However, perhaps the most actively debated question at 
present is the nature of the high-radar-reflectivity regions in 
the highland regions of Venus. These areas have been suggested 
to contain-10-15 vol% of pyrite (Pettengill etal., 1982, 1983, 
1988). However, as discussed earlier, iron sulfides are pre-
dicted to be thermodynamically unstable over the entire 
surfuce of Venus and should be oxidized to magnetite and COS 
gas. The observed abundance of COS in the lower atmosphere 
of Venus is significantly lower than the amount required for 
iron sulfides to be stable on the venusian surfuce. Furthermore, 
preliminary kinetic data on pyrite and pyrrhotite chemical 
weathering under venusian surfuce conditions indicate that 
these minerals are rapidly weathered and are unlikely to be 
present for geologically long time periods. In order to resolve 
this apparent discrepancy we suggest several types of lab-
oratory studies. One is further studies of the rates of iron 
sulfide chemical weathering under venusian surfuce conditions. 
Another is a laboratory investigation of the radar properties of 
possible analogs to the high-radar-reflectivity regions on Venus. 
Possible analogs are magnetite-rich terrestrial basalts, magmatic 
sulfides from terrestrial deposits, and perovskite-rich alkaline 
rocks. 
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