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‘We present experimental results showing that basalt is oxi-
dized in gas mixtures with CO number densities approximately
equal to those at the surface of Venus. Although the gas mix-
tures have CO/CO; ratios falling inside the magnetite stability
field, Mossbauer spectroscopy shows that hematite and Fe** in
pyroxene are produced in the oxidized basalt. The results sug-
gest that the red color observed at several Venera landing sites
is due to sub-acrial oxidation of Fe’*-bearing basalt on the
surface of Venus, and that hematite, instead of magnetite, is
present on the surface of Venus. © 1995 Academic Press, Inc.

INTRODUCTION

The global mean surface temperature of Venus is about
740 K and the global mean pressure is about 95 bars,
dominated by CO; (~96.5%) and N, (~3.5%), with trace
amounts of CO and other reactive gases (e.g., H20, SO,,
OCS, HCl, HF). The massive CQO, atmosphere and the
presence of reactive gases such as SO,, OCS, HCI, and HF
are direct consequences of the high surface temperature
of Venus (e.g., see Fegley and Treiman 1992). Likewise,
it is generally believed that the oxidation state of the sur-
face of Venus is controlled by thermochemical gas—solid
reactions such as

CO,(g) + 2Fe;0,(magnetite) = CO(g)
+ 3Fe,O5(hematite), (1)

with CO,, the dominant atmospheric constituent (e.g.,
Mueller 1964; Lewis 1970; Prinn 1985; Fegley and Treiman

1992). The equilibrium CO/CO; ratios, and hence the equi-
librium oxygen fugacities for reaction (1) and for the analo-
gous reactions involving pyroxene and olivine,

CO,(g) + 2FeSiOs(ferrosilite in pyroxenc)
= Fe,0Os(hematite) + 2Si0,(silica) + CO(g) (2)

CO4(g) + Fe,SiOq(fayalite in olivine)
= Fe,0;(hematite) + SiO,(silica) + CO(g), (3)

are independent of the total pressure because reactions
{1)-(3) have the same number of gas molecules (one) on
each side of the equations, Thus, total pressure cancels out
of the equilibrium constant expressions, which then depend
only on the temperature.

In-situ measurements by the Pioneer Venus spaceprobe
show that the CO mixing ratio in the lower atmosphere
of Venus varies from 30 + 18 ppm at 42 km to 20 = 3
ppm at 22 km altitude (Von Zahn et al. 1983). A similar
trend in this altitude region was deduced from Earth-based
IR observations of the nightside of Venus by Pollack er al.
(1993). However, the CO abundance below 22 km altitude
in the atmosphere of Venus is not well constrained. In situ
measurements of the CO abundance by the Pioneer Venus
spacecraft at 22 km of 20 + 3 ppm (Von Zahn et al. 1983)
and by the Venera 11/12 spacecraft at 12 km of 17 = 1
ppm (Gel’'man et al. 1979; Marov et al. 1989) are the same
within the measurement uncertainties. As discussed else-
where (e.g., by Fegley et al. 1992), the measured CO/CO,
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ratios of ~18-21 ppm lie inside the magnetite stability
field at Venus surface temperatures and thus hematite is
predicted to be thermodynamically unstable on the surface
of Venus. (Note that because CO, comprises 96.5% of the
atmosphere of Venus the CO/CO; ratio is equal to 1/0.965
times the CO mixing ratio.)

Unfortunately no direct measurements of either the min-
eralogy of the surface of Venus or of the chemical composi-
tion of the lower 12 km of the atmosphere of Venus are
available to test the predictions of the thermochemical
equilibrium models. Two indirect, apparently contradic-
tory observations of the oxidation state of the lower atmo-
sphere and surface of Venus do, however, exist. Pieters et
al. (1986) used a combination of the Venera 9/10 wide
angle photometer measurements and the Venera 13/14
color images to derive the spectral reflectance of the venu-
sian surface in the range 0.54 to 1.0 wm. They found that at
visible wavelengths the spectral reflectance of the venusian
surface was not diagnostic about the Fe oxidation state
(with either Fe**- or Fe**-bearing minerals being accept-
able), but that a high reflectance in the near-IR region
apparently required Fe’*-bearing phases such as hematite.

The second indirect observation comes from the
CONTRAST experiment on the Venera 13/14 landers,
which qualitatively measured the oxygen fugacity at the
surface of Venus from the color change from white to
blue for the reaction

Na4V20—,- + C02 +CO= V204 + 2Na2CO3 (4)
or from white to black for the reaction
N34V207 +2C0O = VzO:‘, + 2N32CO3 (5)

for asbestos paper impregnated with sodium pyrovanadate
(Na4V,0,). The observed darkening of the asbestos paper
(Florensky et al. 1983) gave a lower limit of =10 ppm for
the CO mixing ratio and an upper limit of =107?! atm
for the oxygen fugacity. The deduced CO mixing ratio is
consistent with the value of 17 = 1 ppm measured by
the Venera 11/12 gas chromatograph at 12 km altitude
(Gel'man ef al. 1979; Marov et al. 1989) and the deduced
oxygen fugacity is inside the magnetite stability field at
Venus surface temperatures. However, darkening of the
asbestos paper by dust thrown up by the spacecraft landing
could not be ruled out, so the results of this experiment
may be somewhat subjective.

Prior experimental work has demonstrated that atmo-
sphere-surface reactions of sulfur gases on Venus, such as
80, loss by anhydrite formation and reduced sulfur gas
production by pyrite decomposition, are kinetically con-
trolled (Fegley and Prinn 1989, Fegley et af. 1995). We
therefore decided to experimentally study whether or not
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redox reactions between Fe-bearing phases and CO-CO,
gas mixtures may also be kinetically controlled.

Below we report experimental data showing that hema-
tite and Fe®* in pyroxene are formed by heating basalt
samples in gas mixtures with CQ/CO,; ratios inside the
magnetite stability field. We also report results from exper-
iments with synthetic Fe;O4 and CuQ showing that CO-
CO; gas mixtures do not thermochemically equilibrate at
Venus surface temperatures. Instead we find that while
still highly reducing, the oxygen fugacities of CO-COQ,
gas mixtures (at Venus surface temperatures) are several
orders of magnitude more oxidizing than predicted by ther-
mochemical equilibrium calculations using JANAF data.
Preliminary descriptions of this work were given by Fegley
et al. (1994a, 1994b).

EXPERIMENTAL METHODS

Well-characterized, powdered thoieiitic basalt from the
Vogelsberg region of Germany was used in the experi-
ments for two reasons: (i) geologic interpretation of Magel-
lan radar observations shows that the majority of landforms
are consistent with basaltic compositions {(e.g., Head et af.
1992), and (ii) most of the elemental analyses by gamma
ray spectroscopy and X-ray fluorescence at several Venera
and Vega landing sites are consistent with tholeiitic basalt
compositions (e.g., Kargel er al. 1993 and references
therein).

The chemical composition of the basalt powder used
was analyzed by X-ray fluorescence spectroscopy and in-
strumental neutron activation analysis at the Max Planck
Institut fiir Chemie, Mainz, Germany (Lodders 1991) and
the mineralogy of the basalt was determined by powder
X.ray diffraction, optical microscopy, energy dispersive
spectroscopy, and electron microprobe analyses at Wash-
ington University, and for Fe-bearing phases by Mossbauer
{MB) spectroscopy (at the Institut fiir Kernphysik of the
Technische Hochschule, Darmstadt, Germany). The X-
ray diffraction patterns were taken on a Rigaku powder
diffractometer with CuKe radiation and calibrated with
an external Si standard (NIST). The electron microprobe
analyses (see Table T) were done using a JEQL-733 elec-
tron microprobe equipped with Advanced Microbeam au-
tomation. The accelerating voltage, beam current, and
beam diameter were 15 kV, 20-30 nA, and 1-10 um, re-
spectively. Simple oxides and minerals were used as pri-
mary standards and X-ray matrix corrections were based
on a modified Armstrong (1988) CITZAF routine incorpo-
rated into the software. The energy dispersive spectroscopy
was also done using the Washington University electron
microprobe,

The Méssbauer spectra of the unreacted basalt and run
products were measured in transmission geometry at room
temperature. The experimental setup consists of a loud-
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TABLE 1
Chemical Composition {wt%) of Basalt Used
in the Experiments

Basalt
Component powder® Olivine® Pyroxene® Feldspar®

Si0; 49.59 39.35 47.89 56.19
TiQ, 237 <{.03 2.63 na
AlLO; 11.69 <{.02 5.83 27.20
FeO* 10.22 19.83 6.63 0.65
MnO 0.15 0.33 0.12 na
MgO 11.67 4023 1351 na
CaO 8.76 032 22.39 9.21
Cr;o; 0.07 <0.04 0.31 na
Na,O 243 <0.03 0.47 541
K;O 1.64 <0.01 <0.01 0.94
Sum 98.59 100.06 99.80 99.86%

Note. na, not analyzed.

“ From Lodders (1991).

® Electron microprobe analyses which are averages of 6, 5, and 7 analy-
ses, respectively, for the olivine, pyroxene, and feldspar,

¢ All Fe is reported as FeQ.

4 Includes 0.26% BaO.

speaker-type drive, developed at Darmstadt (Kankeleit
1964, 1975), running in constant acceleration mode, and a
SiPIN diode (Klingelhofer ef af. 1995, Kankeleit e al. 1994)
for the detection of the 14.4-keV Mdssbauer radiation. A
S'Co/Rh Maéssbauer source with an activity of ~200 mCi
was used, having a linewidth of ~0.2 mm sec™!. The typical
absorber thickness used for the measurements was about
25 mg em~? and thickness effects can be assumed to be
small. Recording times for one spectrum are about 1-4
days. All isomer shift values in this paper are reported
relative to a-Fe. The Mossbauer spectra were analyzed
assuming a Voigt lineshape (convolution of Lorentzian and
Gaussian line profiles) for the resonance lines.

Two sets of heating experiments were done. In one set,
basalt powder samples weighing several hundred milli-
grams were isothermally heated in alumina crucibles in
flowing CO-CQO, gas mixtures at ambient pressure in Del-
tech vertical tube furnaces for several days. In the second
set, synthetic magnetite and CuQO (both 99.999%, Tohnson
Matthey Puratronic grade) were heated under the same
conditions. The experimental protocols are summarized in
Table II. The gas mixtures used in all the experiments are
certified standards prepared by the commercial supplier.
The CO concentrations in the certified standard gas mix-
tures are accurate to *2% of the stated value. The mixtures
in the basalt oxidation experiments contained 1000 parts
per million by volume (ppm) CO, while those used in the
metal oxide experiments contained from 100 to ~37,000
ppm CO. The CO molecular number density in the basalt
oxidation experiments was thus about 50% of that at the
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surface of Venus, while the CO molecular number densities
in the metal oxide experiments ranged from about 0.05-20
times that at the surface of Venus, After cooling in the
CO-CO, gas mixtures inside the top of the furnaces, which
took <5 min, the basalt and metal oxide samples were
removed, weighed, and characterized by powder X-ray
diffraction at Washington University. The unreacted and
reacted basalt samples were also analyzed by Mdassbauer
spectroscopy as described above,

We ruled out the possibility of reactions taking place
during the heating and cooling of samples by heating some
basalt powder in air at ~110° Cin a drying oven for a few
days. The powder was analyzed by MB spectroscopy before
and after this heating. There is no change in the MB spectra
after this heating. The heating in the drying oven was much
longer (days vs minutes) than the time the samples spend
heating and cooling. Thus no reactions take place in our
samples during insertion into or removal from the furnace.
This experiment also shows that any adsorbed water and
oxygen in the samples are unimportant for basalt oxidation
because the identical MB spectra before and after heating
show that no oxidation took place during these experi-
ments.

EXPERIMENTAL RESULTS

{a) Unreacted Basalt

The basalt mineralogy as determined by XRD, optical
microscopy, energy dispersive spectroscopy, and electron
microprobe analysis is dominantly plagioclase feldspar
(AbssAns,Or;) and clinopyroxene (WogEnyFsy;) with
smaller amounts of olivine (Fos3Fa5,) and trace ilmenite.
We carefully looked for but did not find any glass in the
basalt starting material. We also carefully looked for but
did not find any trace Fe-bearing phases other than ilmen-
ite in the basalt. The two major Fe-bearing phases are
olivine and clinopyroxene. Ilmenite and feldspar contain
minor amounts of the total Fe in the basalt. Representative
analyses for the major minerals are given in Table I. The
composition and mineralogy are in good agreement with
analyses of other tholeiites from the Vogelsberg region
(e.g., Kreuzer er al. 1974, Ehrenberg er al. 1982).

These results are consistent with those obtained by
Maossbauer spectroscopy. Figure 1 shows the Mdéssbauer
spectrum for the unreacted basalt sample. The correspond-
ing MB parameters and the relative intensities of the ditfer-
ent Fe-bearing phases in the samples are summarized in
Table III. A reasonably good statistical fit with a normal-
ized y? value of 1.25 for the MB data of the unreacted
basalt was obtained by using at least four doublets (quadru-
pole split components). The best fit (3* = 1.17) was ob-
tained using five quadrupole split doublets, but no statisti-
cally significant improvement (within the statistical
variation of the y? value) of the fit results was observed
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TABLE 11
Experimental Runs

logg fo: (atm)

Run Temp. Time Cco
no. °C) (days) {ppm})* Predicted®  Observed® Starting material Final preduct(s)”
Basalt oxidation experiments in CO-CQO-
ZT1 5035 7 1,000 -229 =-19.0 Basalt See Table 11T
BBBI1 803 10 1,000 —123 >—94 Basalt See Table 111
Metal oxide experiments

R118 417 38 100 —257 =-234 Fe;0, Fe;0. + Fe,0s
R132 392 4.8 10,100 -314 =-24.9 Fe;0, Fe;0, + Fe,0s
R133 413 1 10,100 —-299 <—14.1 Cu Cu metal
R136 415 1.8 10,100 —29.9 =-235 Fes0, FeyO4 + Fe,05
R180 598 6.8 34.700 —219 <—93 CuC Cu metal
R181 602 47 37.000 —21.8 =-152 Fe,0; Fe;Oy + Fey 05

* Carbon dioxide makes up the balance of the gas mixture. All gases are certified standard gas mixtures from a comenercial supplier.
*The oxygen fugacity {aim} predicted from the CO/CO, ratio of the gas mixture and thermodynamic data from the JANAF Tables (Chase ef

al. 1985} is given by the equation:

togss fo, = 210gio (Xco [ Xco) + 9.170 — 29607.34/ T,

where X; is the mixing ratio of gas / and T is temperature in Kelvin.

¢The observed fo, is deduced from the composition of the final products. Magnetite + hematite shows an oxygen fugacity at or above the
magnetite/hematite boundary, hematite alone shows an oxygen fugacity above the magnetite/hematite boundary, and Cu metal alone shows an

oxygen fugacity below the CuQ/Cu boundary.

¢ The temperature-dependent oxygen fugacity for the Cu/CuQ and Fe;0,/Fe,0; phase boundaries are given Eqs. (9) and (11) in the text.

by using more than five quadrupole split doublets or mag-
netically split sextets as, for instance, a magnetite compo-
nent. From these fits the amount of magnetite in the unre-
acted basalt was determined to be ~0-0.2 wt%, with an
upper limit of <0.4 wt% giving the same x* value. In the
present case, MB spectroscopy is very sensitive to magne-
tite and hematite because the corresponding sextets are
clearly resolved from the silicate doublets (see Fig. 2), and
because of the high iron content per mole of hematite and
magnetite (e.g., see the relative intensity versus relative
mass given in Table IIT for samples ZT1 and BBB1, respec-
tively).

As shown in Fig. 1 and Table I1I, the five different MB
doublets could be attributed to the following Fe compo-
nents: ilmenite, which contains Fe®**, olivine, which con-
tains Fe?*, and clinopyroxene (augite), which contains Fe?*
in M1 (almost perfect octahedral symmetry) and M2
(highly distorted octahedral symmetry approximated as
C,, symmetry) sites, and Fe**. The M1 component having
a larger quadrupole splitting than the M2 component in-
deed has a significantly smaller linewidth than the M2 site.
This is expected because the lattice site distortions in the
M2 site result in line broadening.

The Fe?* component in the MB spectrum was attributed
to pyroxene and not to olivine for two reasons. First, the

isomer shift and quadrupole splitting are consistent with
Fe®* in M1 pyroxene sites (Burns 1994). Second, X-ray
diffraction did not detect olivine, although optical micros-
copy. energy dispersive spectroscopy, and electron micro-
probe analysis show that olivine is present in small amounts
(less than a few percent).

The trace amounts of Fe present in the feldspar were
not determined from the MB spectra. As illustrated in Fig.
1 and Table III, the MB spectrum of the unreacted basalt
is dominated by Fe?' in augite, with Fe*' in the augite
being the second most abundant component, Fe** in olivine
coming next, and Fe?* in ilmenite being the least abundant
component. Based on the present work and on our prior
use of MB spectroscopy to detect magnetite and hematite
in our pyrite decomposition experiments (Fegley ef al.
1995) we know that MB spectroscopy can detect as little
as (.4% magnetite. Thus, we are confident that no other
trace Fe-bearing phases other than ilmenite are present in
the basalt starting material.

(b) Oxidized Basalts

As illustrated in Fig. 2 and Table 1II, the MB spectra
systematically change in going from the unheated powder
to sample ZT1 (505°C for 7 days) to sample BBB1 (803°
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FIG. 1. The MB spectrum of the unreacted basalt. Components are

assigned as follows: (a} olivine, (b) pyroxene M1 site, (c) pyroxene M2
site, (d) Fe™* in pyroxene, (e) ilmenite.

C for 10 days). The changes are due to the decreasing
amount of Fe?* and to the increasing amount of Fe3* in
the basalt samples. The evolution of the MB spectra also
correlates with increased reddening in the samples from
gray (starting material) to rose (ZT1) to reddish (BBB1).

After sample ZT1 is heated at about 500° C for 7 days,
the amounts of Fe?* in olivine and clinopyroxene have
decreased, the amount of Fe’ in clinopyroxene has in-
creased, and magnetite and hematite have been formed.
The magnetite is close to, but not exactly, stoichiometric
with a B/A ratio of ~1.9. The larger linewidth found for
the B site component (Fe?* and Fe* in octahedral sites)
is due to electron hopping between Fe?* and Fe** (Sawat-
zky et al. 1969, Mitra 1992). The hematite component was
fitted with one sextet having magnetic hyperfine parame-
ters and a quadrupole distortion nearly identical to bulk
hematite. This high magnetic hyperfine field of 51.6 T,
which is very close to the maximum value observed for
pure bulk hematite, and the absence of any asymmetry in
the lineshape indicate the presence of well crystallized and
relatively large hematite particles with very little (if any)
substitution of Fe by Al (see the description for BBBI1
below).
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More intense heating at about 800° C for 10 days (sample
BBBI1) leads to further decreases in the amounts of Fe®*
in olivine and clinopyroxene, further increases in the
amount of Fe** in clinopyroxene, a decrease below detec-
tion limit in the amount of magnetite, and an increase in
the amount of hematite. Formation of vacancies in the
pyroxene or formation of other phases from the pyroxene
are both possible mechanisms to provide iron for the for-
mation of magnetite and hematite while preserving mass
balance.

As can be seen in Fig. 2, the lineshape of the hematite
component is asymmetric in the MB spectrum for sample
BBB1. A set of four different magnetically split sextets was
needed to reproduce the data. The quadrupole distortion

TABLE III
Mossbauer Parameters for Unreacted and Oxidized Basalts
Q.S. (mm
Isomer sec™l) Relative Relative
shift or intensity  mass
Component (mm sec™}) HF. (T)* (%)* (%)
Unreacted Basalt
A Olivine Fe?* 1.15 2.94 mm sec™! 23.5 10.5
B Cpx Fe¥* 037 0.88 28.2 31.0
C Cpx Fe?* (M1) 1.11 225 250 33.0
D Cpx Fe** (M2) 1.05 1.80 22.0 25.0
E Ilimenite Fe?* 1.11 071 1.3 0.5
Oxidized basalt ZT1
A Olivine Fe?* 1.12 2.94 22.0 14.0
B Cpx Fe** 037 0.95 34.0 51.0
C  Cpx Fe?* (M1) 1.04 235 10.6 230
D Cpx Fe** (M2) 112 1.85 49 8.0
E Ilmenite Fe? L.11 0.68 5.0 1.1
F Hematite 037 516 T 3.5 0.5
G Fe304 A site 0.26 483 T 7.0 0.8
Fe;0, B site 0.63 457 T 13.0 1.6
Oxidized basalt BBB1
A Olivine Fe** 1.12 2.95 6.3 42
B Cpx Fe** 0.36 0.87 41.0 63.3
C Cpx Fe** (M1) 1.14 2.16 12.4 233
D Cpx Fe** (M2) 1.13 1.90 3.0 3
E llmenite Fe?* 1.08 071 0.4 02
F Hematite 0.36 4976 T 10.8 1.2
0378 5143 T 11.3 1.3
037 4364 T 8S 1.0
0.38 4752 T 6.3 0.8

2 Q.8., Quadrupole shift {mm sec™!) and H.F., hyperfine splitting in T.
Hyperfine splittings are listed for hematite and magnetite and quadrupole
splittings are listed for the other components.

“The apparent variation in the ilmenite content, which is constant,
gives an indication of the typical uncertainty in the relative intensities of
strongly overlapping components. The typical uncertainty in the relative
intensities of clearly resolved components, ie., magnetite and hematite,
is significantly smaller.
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FIG. 2. A comparisen of the MB spectra of the unreacted basalt and
the two oxidized samples. The stick diagrams indicate the positions and
relative intensities of the peaks for Fe?* in olivine, Fe?* in the M1 (outer)
and M2 (inner) sites of clinopyroxene, Fe** in clinopyroxene, Fe?* in
ilmenite, Fe** in hematite and for the A (lower) and B (upper) sites of
Fe;Q,. Table 111 lists the MB parameters for the three spectra, which
are described in the text.

determined for all four sextets is the same within error and
matches well with the bulk hematite quadrupole splitting
value of about —0.20 mm sec~!, Other iron oxides such as
maghemite and goethite have different quadrupole distor-
tion or magnetic splitting values and can be excluded.
Two effects are responsible for the asymmetric lineshape
and the reduction of the magnetic splitting of the hematite
spectrum. A breakdown of the magnetic splitting, due to
superparamagnetic relaxation, is observed for particles
with small diameters on the order of a few nanometers
(Kiindig et al. 1966; van der Kraan 1973, Morris et al. 1989).
Furthermore, the substitution of Fe by Al also causes a
reduction of magnetic splitting values (Murad and John-
ston 1987, Morris ef al. 1992). Both effects may be present
in this case and are difficult to distinguish. To evaluate
from the data which effect might be dominant, one has
to look for the quadrupole splitting values (QS). From
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systematic studies (Murad and Johnston 1987, Morris et
al. 1992) it is known that QS shows no systematic variation
with Al concentration, whereas for superparamagnetic pas-
ticles (size on the order of a few nm up to about 20 nm)
an increase of QS is found with decreasing particle size.
For sample BBB1 all four sextets show a QS of about
—(.20(3), which is nearly identical with the bulk hematite
value. This result is consistent with both a substitution of
the Fe** in hematite by Al, and the presence of small
hematite particles which are still large enough not to be
superparamagnetic at room temperature. This question
could be answered by an additional measurement taken
at temperatures well below room temperature (e.g., at
77 K).

Finally, the amount of ilmenite in the unreacted basalt
and in samples ZT1 and BBB1 is the same within uncer-
tainty. The large variation in the amount of ilmenite de-
tected is probably due to the low amount of this mineral
and the large overlap of all components, leading to strong
correlations between the fit results of the different compo-
nents,

The growth of Fe** and the decrease of Fe?* components
in the basalt samples is summarized by the bar graphs in
Fig. 3. These graphs show the relative intensities of Fe in
olivine, pyroxene, ilmenite, magnetite, and hematite.
These values, which are also listed in Table TII, were con-
verted into relative mass percentages by taking into ac-
count the different Debye—Waller factors for the different
minerals (DeGrave and Van Alboom 1991, Fegley et al.
1995, Meisel er al. 1990).

(c) Metal Oxide Experiments
At thermochemical equilibrium, the oxygen fugacity of
a CO-CO; gas mixture is controlled by the reaction

CO(g) + 10,(g) = CO(g) (6)

and is given by the equation

10810 for = 2 logio(Xco,/ Xco) + 9.170 — 29607.34/T, (7)

where X; is the mixing ratio (or mole fraction) of gas i,
T is the temperature in kelvins, and the coefficients are
determined from thermodynamic data in the JANAF Ta-
bles (Chase et al. 1985).

Normally, we would use zirconia oxygen fugacity sensors
to measure the oxygen fugacities of the gas mixtures in
the experiments. However, zirconia sensors cannot be used
in the present work because the experiments were done at
temperatures below the operational range of these sensors,
which is >700°C (Ceramic Oxide Fabricators Pty. Ltd.
brochure). Thus, we used oxidation and reduction reac-
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FIG. 3. The decreasing abundance of Fe?* and the increasing abundance of Fe* in the unreacted basalt, ZT1, and BBB1. The relative intensities
of Fe?* and Fe?* in the different minerals are plotted in the three sets of bar graphs.

tions of metal oxides to provide some qualitative con-
straints on the oxygen fugacities ( fo,) of the CO-CO; gas
mixtures used in the experiments.

We did one set of experiments by heating weighed sam-
ples of copper oxide powder (CuQ) in several CO-CO,
gas mixtures (listed in Table II). In experiment R133 the
gas mixture was the same as that used in magnetite oxida-
tion experiments R132 and R136. In another experiment
{R180) the gas mixture was another tank from the same
supplier and had almost the same CO/CO, ratio as the gas
tank used in magnetite oxidation experiment R181. When
the copper oxide powder was removed from the furnace
after heating, it had quantitatively converted to copper
metal. The quantitative conversion to Cu metal was veri-
fied by the X-ray diffraction pattern, which showed only
Cu metal lines, and the observed weight loss, which corre-
sponded to complete conversion of the original CuQ pow-
der to Cu metal. Thermodynamic data from the JANAF
Tables (Chase et al. 1985) show that the CuQ)/Cu metat
phase boundary

CuO(s) = Cu(metal) + $0,(g) (8)

corresponds to temperature-dependent oxygen fugacities
(i.c., partial pressures) given by the equation:
logo fo, = 9.024 — 15942.24/T. (9
Thus, the 'quantitative reduction of CuO to Cu metal
proves that the oxygen fugacities inside the furnace were
less than the oxygen fugacity of the CuQ/Cu phase bound-
ary (Eq. (9)) because no CuQ was left in the sample. The
two CuO reduction experiments listed in Table II were
done at temperatures of 415°C (688 K) and 598°C (871 K)
and atmospheric pressure. The upper limits to the oxygen
abundances in the two experiments correspond to the CuO/
Cu phase boundary (Eq. (9)} and are <0.000007 ppb (688
K} and <0.5 ppb (871 K). Thus, we are confident that
there is no oxygen contamination in the compressed gases
we are using and that there are no oxygen leaks in the
furnaces we are using. Otherwise it would be impossible
to reduce CuQ to Cu metal as we have done in these
two experiments.
We did an analogous set of experiments by heating
synthetic magnetite powder in several CO-CQO, gas mix-
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tures (see Table IT). The experiments done with magnetite
always resulted in a mixture of magnetite plus hematite.
This conversion was reflected by the color change (from
black to reddish-black or red), the X-ray diffraction pow-
der patterns, and the Mgssbauer specira (e.g., the MB
spectrum shows that R118 is mainly hematite). These
experiments set an absolute lower bound, corresponding
to the magnetite/hematite boundary (Hemingway 1990)

2Fe;04(magnetite) + $0,(g) = 3Fe,Os(hematite)  (10)
10g10 fo, = 15.541 — 26884.65/T, (11)

on the oxygen fugacity of the CO-CO, gas mixtures be-
cause of the coexistence of magnetite and hematite in the
products. Two alternatives may explain the presence of
both magnetite and hematite in the run products. Either
magnetite was mncompletely oxidized to hematite for the
duration of the experiments (in which case the CO-CO,
gas mixtures have oxygen fugacities above that of the mag-
netite/hematite phase boundary) or magnetite and hema-
tite coexist in equilibrium on the phase boundary (in which
case the CO-CO; gas mixtures have oxygen fugacities
equal to that of the magnetite/hematite phase boundary).
However, as shown in Table IL, the observed oxygen fugaci-
ties of the CO-CO, gas mixtures, determined from the
phase(s) in the products, were always several orders of
magnitude more oxidizing than the oxygen fugacities pre-
dicted from the CO/CO, ratios of the mixtures and the
experimental temperatures. Figure 4 summarizes the re-
sults of the two experiments done at 688 K (~8 km altitude
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FIG. 4. A comparison of the predicted and observed oxygen fuga-
cities in a CO-CO, gas mixture containing 1.01% CO at 416°C. The
observed oxygen fugacity is between 6-12 orders of magnitude more
oxidizing than predicted from thermochemical equilibrium calculations.
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on Venus) with the same CO-CO, gas mixture. These
results bracket the “true” oxygen fugacity of a CO-CO,
gas mixture containing ~1% CO and graphically illustrate
that the oxygen fugacities of the gas mixtures, while ex-
tremely low, are not as low as predicted by thermochemical
equilibrium calculations.

Our conclusion that CO-CO; gas mixtures do not ther-
mochemically equilibrate at Venus surface temperatures
(~660-740 K) is supported by prior studies done by petrol-
ogists of the oxygen fugacities of CO, gas mixtures.
Huebner (1975) used a zirconia oxygen sensor to measure
the oxygen fugacity of CO-CO; gas mixtures as a function
of temperature and composition. He concluded that the
CO-CO; gas mixtures do not thermochemically equili-
brate below ~1373 K.

INTERPRETATION AND APPLICATIONS TO VENUS

The data in Table I and Fig. 4 show that the CO-CQ,
gas mixtures did not equilibrate at temperatures equivalent
to those over the surface of Venus, but instead were at
oxygen fugacities 6—12 orders of magnitude more oxidizing
than expected. In particular, the metal oxide runs done at
~870 K show that the gas mixtures failed to equilibrate
at temperatures ~130° higher than the global mean tem-
perature in the plains of Venus and over 200° higher than
the temperatures in the highest regions on Venus.

The production of hematite and Fe**-bearing pyroxene
in the basalt oxidation experiments occurs because the
basalt is reacting with gases that have an oxygen fugacity
inside the stability fields of hematite and the Fe**-bearing
pyroxenes. In other words, the failure of the CO-CO,
gas mixtures to reach thermochemical equilibrium leads
to a significantly more oxidizing environment that stabil-
izes Fe**-bearing phases at the expense of Fe?*-bearing
ones.

Our results show that basalt heated at Venus surface
temperatures is oxidized in CO-CO, gas mixtures con-
taining about the same number density (i.e., the same par-
tial pressure) of CO as expected at the surface of Venus.
Straub and Burns (1991) reported oxidation of pyroxene,
but heated their samples in pure CO,, in which production
of hematite is predicted thermodynamically. They did not
perform any experiments in CO-CO, gas mixtures, The
red color observed by Pieters et al. (1986) at the Venera
landing sites is plausibly due to hematite and other Fe**-
bearing phases produced by the sub-aerial oxidation of
erupted basalts. In other words, our experiments indicate
that the near-surface environment on Venus is significantly
more oXidizing than predicted on the basis of thermochem-
ical equilibrium models of atmospheric chemistry,

By analogy with theoretical models of CO, photochemis-
try on Mars and Venus, and with experimental studies of
combustion chemistry in the C/H/O system, we propose
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that the CO and CO, in the near-surface atmosphere of
Venus have not equilibrated because of the low water
vapor abundance. The elementary reaction

CO+0OH—-CO,+H (12)
which has a rate constant (Mallard et al. 1994)
ki, =2X 108 cm®sec™, (13)

is of basic importance for CO oxidation in flames and
combustion processes (Warnatz 1984) and is also a key
reaction in the catalytic cycles invoked for maintaining the
CO; atmosphere of Mars (McElroy and Donahue 1972,
Parkinson and Hunten 1972). Interestingly, reaction (12)
is much less effective in the stratosphere of Venus than it is
on Mars, due to the extremely low abundance of hydrogen
compounds above the clouds of Venus (Yung and DeMore
1982}, Apparently the anhydrous nature of the near-sur-
face atmosphere of Venus (~20-30 ppm water vapor ver-
sus a few percent water vapor in the terrestrial tropo-
sphere) also inhibits reaction (12) and prevents the
thermochemical equilibration of CO and CO, at the sur-
face of Venus.
Prinn (1985) and later Krasnopolsky and Pollack (1994)
discussed the reaction
CO + 850;— CO; + SO, (149
as a part of the postulated fast atmospheric sulfur cycle
on Venus. However, reaction (14) also provides a route
for converting CO and CO,. As nated by Krasnopoisky
and Pollack (1994), no experimental rate data are available
for reaction (14), but their models gave a rate constant of

ki4 = 107" exp(—13,100(=1000)/T) cm*sec . (15)

Thus, the ratio of the two rate constants (kj»/ki4) at a
constant temperature is

(ki2/kr) = 0.02 exp(~13,100{£1000)/T), (16)
giving values of ~107° (505° C) to ~1077 (803° C) over the
temperature range of our basalt oxidation experiments.
This caleulation suggests that reaction {14) driven by SO5
will be much less effective than reaction (12) driven by
OH radicals for converting CO and CO,, unless the ratio
of molecular number densities [SO;)/[OH] » 107-10° in
the gas phase.

In fact, Fegley er al. {1995) observed the formation of
hematite in their pyrite decomposition experiments done
in CO-CO,-80, gas mixtures. The gas mixtures had ap-
proximately the same SO, number density and about a 10
times higher CO number density than at the surface of
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Venus. Hematite formation in these experiments indicates
that the equilibration of CO and CO, is apparently not
catalyzed by sulfur oxide chemistry, at least under the
laboratory conditions (~390-530°C, 1 atm., 1.9% CO, 1.8%
S0,, 96.3% CO,).

Finally, we note that our proposed kinetic inhibition
model also explains why the CONTRAST experiment on
the Venera 13/14 landers indicated redox conditions inside
the magnetite stability field, while the color imaging from
the same spacecraft indicated the presence of hematite.
The reason is that the CONTRAST experiment measured
the concentration of CO from its reaction with vanadium
oxides, which Florensky ez al. (1983) state is a rapid process
occurring within minutes. In contrast, the color imaging
measured the oxidation state of Fe minerals that are re-
acting with the overlying atmosphere. Even though ~10
ppm CO may be present, as indicated by the CONTRAST
experiment, the slow reaction between CO and CO; under
the anhydrous conditions at the surface of Venus will lead
to an oxygen fugacity significantly higher than the pre-
dicted equilibrium value. Thus, the two experiments can
indicate both a high CO concentration and a high oxygen
fugacity, without necessarily contradicting each other.

SUMMARY

Hematite and other Fe**-bearing minerals are produced
by heating Fe?*-bearing basalt at Venus surface tempera-
tures in gas mixtures with CO/CO, ratios falling inside
the magnetite stability field. Additional experiments with
synthetic magnetite and CuO show that the CO-CO, gas
mixtures do not equilibrate on laboratory time scales and
have oxygen fugacities that, while extremely reducing, are
still several orders of magnitude greater than expected
from thermochemical equilibrium calculations. The experi-
mental results are plausibly explained by the failure of
CO-C0O, gas mixtures to equilibrate at low temperatures
under anhydrous, or nearly anhydrous, conditions. The
experimental results are consistent with the sugpgestion by
Picters et al. (1986) that the reflectance properties at sev-
eral Venera landing sites indicate an oxidized basaltic sur-
face containing Fe** minerals such as hematite. Further
work is now underway to constrain the rate of basalt oxida-
tion on the surface of Venus and the conditions under
which CO and CO; may attain thermochemical equilibrium
in the lower atmosphere of Venus,
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