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Geochemical data about Venus’ surface materials are quite limited and of poor
precision. The Venera and VEGA lander missions (sources of the available data)
were engineering and scientific triumphs, but their chemical analyses of the
Venus surface do not permit detailed confident interpretation, such as are routine
for terrestrial analyses and MER APXS rover analyses from Mars. In particular,
the Venera and VEGA analyses of major elements (by XRF) did not return
abundances of Na, and their data on Mg and Al are little more than detections at
the 2o level. Their analyses for K, U, and Th (by gamma rays) are imprecise,
except for one (Venera 8) with extremely high K contents (~4% K,0) and one
(Venera 9) with a non-chondritic U/Th abundance ratio. The landers did not
return data on other critical trace and minor elements, like Cr and Ni. In addition,
the Venera and VEGA landers sampled only materials from the Venus lowlands
— they did not target sites in any of the highland areas: shield volcanos, tesserae,
nor the unique plateau costruct of Ishtar Terra. These limitations on current
understanding of Venus’ geochemistry emphasize the huge opportunities in
additional chemical analyses of Venus’ surface. Currently available instruments
could provide much more precise analyses for major and minor elements, even
within the engineering constraints of the Venera and VEGA lander systems. Such
precise analyses would be welcome for basalts of Venus’ lowland plains, but
would be especially desirable for the highland tesserae and for Ishtar Terra. The
tesserae may well represent ancient crust that predates the most recent volcanic
resurfacing event and so provide a geochemical look into Venus’ distant past.
Ishtar Terra may be composed (at least in part) of granitic rocks like Earth’s
continental crust, which required abundant water to form. So, Ishtar Terra could
possibly yield evidence on whether Venus once had an ocean, and thus the
possibility of life.



Introduction.

This chapter focuses on the chemical composition of Venus’ surface, direct
analyses and indirect constraints, emphasizing how little is actually known. This
incognizance of Venus’ geochemistry highlights the opportunities for high-impact
scientific return from future investigations, by remote sensing, in situ analyses, and
sample return.

At this time, it is fair to say that we know little of Venus’ geochemistry. What we
do know is greatly limited, both with respect to spatial/geologic coverage and analytical
precision. This chapter does not review, or even summarize, the many geochemical
interpretations studies that have appeared since the first images of Venus’ surface and the
first analyses of its materials. Nor does it directly address the related questions of the
mineralogy of Venus’ surface, and the nature and extent of surface-atmosphere
interactions on Venus — these are covered elsewhere. Rather, this chapter will recount the
extent of our ignorance about Venus’ geochemistry, and we will show that even limited
chemical data of modestly improved precision can provide huge advances in our
understanding of Venus’ surface, history, petrogenesis and planetary evolution.

The principal remote-sensing instrument for VVenus, radar, is insensitive to the
chemistry and lithology of Venus’ rocks and regolith, except for the unusual low-
emissivity surfaces of Venus’ highlands. Some Venusian landforms have strong
geochemical implications — e.g., shield volcanos almost certainly formed from basaltic
lavas. Other landforms are suggestive of geochemistry (e.qg., is the Ishtar Terra highland
an Earth-style continent?), while others remain enigmatic (e.g., were the pancake domes
felsic or basaltic lavas).

The technological and scientific triumphs of the Russian Venera and VEGA
landers yielded limited chemical analyses on seven sites on Venus, and those only from
lava plains and rises. Of those seven analyses, four are only of K, Th, and U; two include
most (but not all) major elements of silicate rocks; and one includes K, Th, U and most
major elements. All of these analyses are difficult to interpret because of their low
precision by the standards of terrestrial (and MER rover) rock analyses.

In this chapter, we will consider geochemical data and inferences in order of
landform type. The starting point is volcanic plains and rises (i.e., shield volcanos), which
cover > 80% of Venus’ surface and include all of the in situ chemical analyses of the
Venera and VEGA landers. Within some of these plains are small, steep-sided domical
volcanos, and long fluid-cut channels. Coronae are distinct and unusual volcanic tectonic
features, mostly in the lowland plains. The Venusian highlands are enigmatic, and
represented mostly by the tectonic landscapes of the tesserae. Unique among them is
Ishtar terra, a plateau 4 kilometers above the adjacent plains surrounded by fold/fault
mountain belts. The highest elevations of the highlands are coated with an enigmatic
radar-reflective material. Finally, we will briefly consider impact-related deposits,
including the lava flows that emanate from many Venusian craters.

Volcanic Plains and Rises.

Most of Venus’ surface is extensive volcanic plains and rises, constituting ~80%
of Venus’ surface. Most show landforms characteristic of fluid basaltic lava [Bruno and
Taylor, 1995; Crumpler et al., 1997]; the remainder lack obvious landforms but are also
interpreted as plains of basalt lava flow.



Venera and VEGA analyses

The Venera and VEGA spacecraft all landed on and among Venus’ volcanic
plains and rises (Table 1, from Kargel et al. [1993], Fegley [2004]), and chemical
analyses of surface materials are given in Tables 2 and 3. Major rock-forming elements
were analyzed by X-ray fluorescence (XRF), using radioactive sources for X-rays (***Pu
and >°Fe). Fluoresced X-rays were detected in gas-discharge proportional counters
[Barsukov et al., 1986]. Abundances of K, Th, and U were measured independently by
their own gamma-ray emissions, which were detected by a Csl(TI) scintillator [e.g.,
Surkov et al., 1986].

Major element abundances from the X-ray fluorescence analyzers on Venera 13,
Venera 14, and VEGA 2 analyses are given in Table 2, which differs from most
presentations in two respects. First, the Venera and VEGA XRF systems could not detect
Na, and it is shown as such rather than as calculated values based on unverifiable
analogies with Earth basalts [e.g., Surkov et al., 1986]. Second, analytical uncertainties
on Venera and VEGA determinations are given as 2o values rather than the 1o or 75%
confidence limits in the original and most subsequent papers [e.g., Barsukov et al., 1986a;
Kargel et al., 1993; Lodders and Fegley, 1998; Fegley, 2004]. The choice of 2c is for
consistency and comparison with the terrestrial geochemical literature and with data from
the MER rovers’ APXS instruments. It will be seen from Table 2 that, with 2o
uncertainties, the Venera and VEGA analyses become significantly less interpretable.
Foremost, MgO and MnO analyses become essentially detections or upper limits at the
20 level, and so derived properties like Mg/Fe, Mg*(molar Mg/(Mg+Fe)), and FeO/MnO
are poorly constrained. Abundances of TiO, and K;O become much less precise (on a
proportional basis), and both become detections in the VEGA 2 analysis.

Presentation of these data with 2o uncertainties is not meant to denigrate the
analyses themselves or the efforts expended obtaining them. Truly, these data are the best
available for Venus, and represent an unrivaled technical and scientific achievement. Yet,
the Venera and VEGA XRF data are not of the precision usually expected in terrestrial
analyses (or hoped for in Martian rover analyses), and cannot be interpreted with the
same level of confidence as such terrestrial or Martian analyses.

The Venera and VEGA analyses for K, Th, and U (by gamma-ray spectrometry),
are given in Table 3. In the original reports, and most subsequent investigations, these
data are presented with 1o uncertainties (“2/3 fiducial uncertainty,” [Barsukov et al.,
1986b]). As with the XRF data, we present them with 2o uncertainties for better
comparison with terrestrial analyses. At this level, the gamma-ray analyses for Venera
10, and VEGA 1 and 2 are essentially all detections or upper limits (Table 3). Only for
the unusual rock of the VVenera 9 site are all the gamma-ray analyses significant at the 2o
level.

Geochemistry of Venus’ Surface

Even recognizing that the Venera and VEGA chemical analyses are much less
precise than typical terrestrial or Martian rover results, one can still derive some
information on Venus’ geochemistry. Inferences here follow those of earlier studies [e.qg.,
Surkov et al., 1984; Hess and Head, 1990; Barsukov, 1992; Kargel et al., 1993; Fegley,
2004], although with skepticism similar to that of Grimm and Hess [1997].



In general, the Venera and VEGA analyses can be reasonably interpreted as
representing primary rocks, or nearly isochemical alterations of them (e.qg., by addition of
SO, from the atmosphere). Scenarios involving chemical alteration are possible or even
likely, i.e. mobility of Te or Fe to explain the radar reflective coatings of on the Venusian
highlands [Wood, 1997; Schaefer and Fegley, 2004] , or of Ca to explain the low Ca/Al
ratios in the surface materials [Grimm and Hess, 1997].

U-Th-K

The naturally radioactive elements uranium, thorium, and potassium, are the
major sources of post-accretion heat in VVenus. They are also highly incompatible in most
igneous settings, and so are crucial tracers of melt production and differentiation. In
nebular processes, U and Th are both highly refractory and are not readily separated by
their volatility. Thus, nearly all planetary materials have U and Th abundances in the
same ratio as CI chondrites. Potassium is more volatile than U or Th, and so K/U and
K/Th ratios are commonly much lower than CI. In planetary differentiation, these
elements do not enter metal appreciably, and so their abundance ratios are not affected by
core formation. In most silicate igneous processing, Th and U behave similarly so that the
Th/U ratio remains relatively constant. In fact, K, U, and Th are readily separated only in
processes at relatively low temperature, like aqueous alteration.

In the Venus basalt analyses, U and Th abundances are broadly consistent with a
ClI chondritic ratio, Figure 1a, although determinations of U are relatively imprecise. The
V8 analysis is exceptional in its very high Th content — 6.5 ppm or 220 x Cl — which
(along with its high K content; Table 3) are clear signs that a portion of Venus has
undergone significant chemical differentiation! Another interesting observation is that
Th/U at the V9 site (the most precise of the analyses), is greater than the ClI ratio at the
20 level of uncertainty. This deviation could represent analytical inaccuracy or an
overestimate of precision, or could represent a real fractionation of U from Th. In the
latter case, one could reasonably invoke fractionations involving garnet [van Westeren et
al., 2000; Perterman et al., 2003], aqueous fluids [e.g., Stopar et al., 2004], or possibly
ionic fluids like carbonate or sulfate magma [e.g., Kargel et al., 1994; Jones, 1995].

The potassium contents of materials at most of the Venera and VEGA sites are
relatively low — 4000 ppm or ~0.4 % KO (Table 3) — comparable to those of common
terrestrial basalts. The glaring exceptions are V8 and V13 (Table 2), which have ~4%
K20 - very high for an Earth basalts (Figure 1b, 1c) and comparable to some highly
felsic (e.g., granitic), and carbonatitic igneous rocks [e.g., DuBois et al., 1963; Keller and
Krafft, 1990; Kargel et al., 1993; Fegley, 2004]. As above, these high values require
significant or extensive differentiation within VVenus’ crust and mantle. The K/U ratios of
the Venera and VEGA samples are all consistent within 2o limits of that of the Earth’s
mantle (Figure 1b), as noted earlier [e.g., McDonough and Sun, 1995]. The K/Th ratios
are also within 2o limits of that of the Earth’s mantle (Figure 1c), except for the V9
analysis. Considering K, Th, and U abundances together, the V9 analysis likely
represents excess Th above the chondritic expectation of Th/U.

Ca-Ti-Al

Major element analyses from X-ray fluorescence provide several constraints on
the origins of the Venera and VEGA basalts. A seldom-used set of constraints from major
elements comes from Ca, Ti, and Al. These elements are all refractory and lithophile in
planetary accretion and core formation, and are all incompatible in magma genesis from



primitive mantles — Ti more incompatible, and Ca rather less so. For basalts produced by
relatively high degrees of partial melting (leaving residues of olivine £ orthopyroxene),
such as might be expected for the voluminous lavas of Venus, the Ca/Ti/Al of the basalts
would be close to those of the source region. Ca, Al, and Ti were analyzed with some
precision by the Venera and VEGA landers (unlike Na and Mg, for instances, which
would be crucial in most investigations of the geneses of igneous rocks).

In a graph of Ca/Al vs. Ti/Al (Figure 2), basalts with relatively simple
petrogeneses and high degrees of partial melting should have Ca/Al and Ti/Al values like
those CI chondrites, again because the most abundant residual mantle minerals (olivine +
orthopyroxene) retain little of those elements. In fact, simple basalts like the eucrites
meteorites have chondritic Ca/Al and Ti/Al, as do terrestrial MORB, which is consistent
with their formation from high degrees of partial melting from undepleted or slightly
depleted sources. The Martian basalts analyzed in Gusev crater by the MER Spirit lander
also have chondritic Ca/Al and Ti/Al (Figure 2). Conversely, the Martian meteorite
basalts have super-chondritic Ti/Al and most have superchondritic Ca/Al. Lunar basalts
also show superchondritic Ca/Al and TI/Al, which represent source mantle depletion in
Al by early formation of the Moon’s anorthositic crust. The lunar basalts’ Ti/Al ratio,
from chondritic to >100 times chondritic, is inferred represent melting of ilmenite-rich
cumulates in the lunar mantle [e.g., Shearer et al., 1999]. Terrestrial alkaline rocks of
oceanic associations and ocean island basalts (O1B) extend from the MORB group near
Cl, to high Ti/Al ratios at moderately sub-chondritic Ca/Al. Enrichment in Ti without
concomitant enrichment in Ca and Al may indicate mantle metasomatic processes (like
those responsible for MARID materials [e.g., Dawson and Smith, 1977; Sweeney et al.,
1993]), while the sub-chondritic Ca/Al likely reflects their high alkali content. The three
major element analyses of Table 2 are given in Figure 2, although Ti in the VEGA 2
analysis is at detection limit.

All these Venus basalts could, within 2o uncertainties, have chondritic Ca/Al; it is
more likely they have sub-chondritic Ca/Al (Figure 2). This is comparable to most
terrestrial alkaline rocks, in which Al is paired to great extent with Na and K rather than
Ca. Perhaps more relevant to VVenus is that partial melts of dry eclogite (garnet
pyroxenite) with MORB-like compositions also have subchondritic Ca/Al [Pertermann
and Hisrchmann, 2003; Perterman et al., 2003; see Klemme et al., 2002]. It is also
possible that the subchondritic Ca/Al ratio represents loss of Ca during alteration and
weathering [Grimm and Hess, 1997]. A plausible scenario for this loss builds on the
experiments of Treiman and Allen [1994], in which basalt glass exposed to CO, gas at
~500°C became coated with thin layers of calcite and magnetite. In the real Venus
atmosphere, anhydrite (CaSO,4) would replace calcite and could be abraded from the rock
and transported elsewhere by wind. Like so much else in VVenus geochemistry, this
scenario is speculative.

The Venera analyses appear to have super-chondritic Ti/Al, and so (in Ca-Al-Ti)
are more similar to terrestrial alkaline than MORB. This suggestion that V13 is an
alkaline basalt fits closely with its K,O content of 4.0% and the chemical similarity
between it and terrestrial leucitite lava (among the most K-rich and silica-poor known;
[Barsukov, 1992; Kargel et al., 1993; Fegley, 2004]). However, the V14 and V2 basalts
have low KO and are commonly compared with terrestrial MORB [e.g., Surkov et al.
1984; Kargel et al. 1993; Fegley, 2004]. These compositions are broadly similar to



basaltic partial melts of anhydrous MORB-like eclogite in their superchondritic Ti/Al and
low K;0 [Pertermann and Hisrchmann, 2003]; it should be noted that these experimental
partial melts have Na,O near 3.5%, while the common extrapolation is for the VVenus
basalts to have only ~2% Na,O [Surkov et al., 1986; Kargel et al., 1993; Fegley, 2004].
The VEGA 2 analysis is further unusual in having subchondritic Ti/Al, even though the
Ti value is an upper limit at the 2o level.
FeO
The FeO content of a basaltic magma derived from a peridotitic (olivine-rich)
mantle and the FeO content of that mantle are comparable [see Longhi et al., 1992;
Robinson and Taylor, 2001]. FeO contents of evolved magmas are higher than the mantle
value, so that the FeO content of the Venera and VEGA basalts is a rough upper limit to
the FeO content of a peridotitic mantle source. The Venera and VEGA analyses average
about 8% FeO, which is comparable to those of most primitive Earth MORBs. This
similarity suggests that the mantle source of the Venera, if peridotitic, has a comparable
FeO content as the Earth’s peridotite mantle.
Mg/Fe
For a basalt, the molar Mg/Fe ratio of a basalt and the parameter Mg* =
100-Mg/(Mg+Fe) are crucial markers for the degree of fractionation of a basalt, and of
the extent of a mantle’s Fe loss to core formation. Thus, it is unfortunate that the Venera
and VEGA analyses for Mg are so imprecise (Table 2). At the 2o level, the MgO value
for the V13 rock is an upper limit, and that for \V14 is uncertain to ~80%. The most
precise data are for the V2 sample, from which one calculates Mg*=73"*2,;. This
nominal Mg* is only slightly different from those of primitive Earth basalts (Mg*=68),
which represent equilibrium with terrestrial mantle olivine of Foo;. If the V2 basalt does
have Mg*=73, it could suggest formation from a depleted mantle source, which would be
consistent with its sub-chondritic Ti/Al ratio. Or, its high Mg* could suggest that Venus’
whole mantle is more magnesian than the Earth’s, which could possibly imply that Venus
was originally less oxidized than the Earth and that more of its original iron was metallic
and sequestered into its core.
FeO/MnO
The Fe/Mn ratio of basalts and their constituent minerals, commonly cited given
as FeO/MnOQ, is a useful constraint on the extent of core formation in a differentiated
planet. This arises because Fe and Mn have similar volatility during nebular condensation
and similar behavior during silicate differentiation. However, Mn does not enter Fe-rich
metal during core formation, so that the Fe/Mn ratio acts as a tracer for the extent of core
formation and metal separation in a planetary body
Thus, it is unfortunate that the Venera and VEGA analyses for Mn are so
imprecise (Table 2). Formally, the V13, V14 and V2 analyses for Mn are upper limits
only at the 2o level, and restrict FeO/MnO to being greater than ~25. This limit is not
diagnostic, and includes CI chondrites (FeO/Mn0O=95) and most differentiated planets,
including the Earth, the moon, Mars, and Vesta. The FeO/MnO ratio could conceivably
be more precise than either analysis by itself, if some of the uncertainties in FeO and
MnO are correlated. Taking the nominal values in the analyses of the Venus surface
materials, FeO/MnO averages about 50, which is similar to those of Earth basalts at ~60
[Kargel et al., 1993] and of Martian and eucrite basalts at ~35 [e.g., Drake et al., 1989;
Treiman et al., 2000].



Summary

From the limited and partial chemical analyses of VVenus surface materials, the
volcanic plains and rises appear to be built of basalts, which are broadly similar to those
found on Earth (e.g., in Mg*, FeO/MnO, Ti abundance, Ca/Al ratio). Many of the Venus
basalts show signs of strong differentiation, either by enrichment (as in the high K
contents of the V8 and V13 samples), depletion (as in the high low Ti/Al and high Mg*
of the V2 sample), or by alteration (the superchondritic Th/U of the V9 sample).
Considered with 2o uncertainties, it is not clear that the VVenus basalts can be correlated
with particular types or tectonic settings as defined on Earth.

Perhaps more evident from these analyses is how many issues remain unresolved.
Few analyses are available, and those are imprecise and lack critical major and trace
elements. With so few analyses, it is inevitable that vast interesting portions of Venus
remain unsampled. In particular, we lack any data from Venus’ highlands. In addition,
many of the lander sites are complex, and it remains unclear which of several units there
were actually analyzed.

The Venera and VEGA missions together produced only three major element
analyses, and only one of those was accompanied by analyses for U and Th. The major
element analyses did not include Na, and obtained Mg and Al at very low precision. At
four other sites, only one has analyses of radioactive elements, and many of those are
only upper limits at the 2o level. All of those analyses, major and radioactive elements
are imprecise by terrestrial and modern spacecraft standards (Tables 2, 3).

With so few analyses for a whole Earth-sized planet, it is inevitable that most
geomorphic and geologic regions remain unsampled. All of Venera and VEGA landers
targeted sites in a few subsets of the volcanic plains. The Venera 9, 10, 13, and 14 landers
sampled a fairly small region — the eastern flanks of the large shield volcanos of Phoebe
and Beta Regio: 290 — 310°E, -10 — 30°N. And the VEGA 1 and 2 landers both were
between Sith corona and Sapas Mons: ~175°E, -10 — 10°N. Thus, there are no in situ data
on large volcanic edifices, rift zones, tesserae, fold/fault belts, or the Ishtar Terra
highlands. And even within the volcanic plains, nearly all areas and geologic structures
remain unstudied.

The landing sites of the Venera and VEGA spacecraft are uncertain to a radius of
~300 km, so for most sites it is not clear which geologic terrane was analyzed [Kargel et
al., 1993]. Several of the landing sites have simple, uniform geology and geomorphology
so that it seems fairly clear which unit was analyzed. The V10 and V1 landing sites are
on relatively homogeneous flat volcanic plains (Figs. 7, 8 of Kargel et al. [1993]), the V2
site is almost certainly on flows emanating from Sith corona (Figs. 7, 8 of Kargel et al.
[1993]), and the V14 landing area is nearly all on a small shield volcano/caldera complex
(Fig. 3 of Kargel et al. [1993]). However, the geochemically unusual analyses (V8, V9,
and V13) are all from complex sites. The V8 landing site (very high Kand Th) is a
mottled plain (in radar imagery) with several varieties of lava flows, many small shield
volcanos, and a pancake dome (Fig. 1 of Kargel et al. [1993]). These features may be
associated with an incipient corona structure [Basilevsky et al. 1992]. The V9 landing site
(super-chondritic Th/U) is from a complex, intensely faulted plains region near the Rhea
Mons volcano of Beta Regio (Fig. 6 of Kargel et al. [1993]). The site appears to include
several different sorts of lava flows, and several small volcanic constructs. The V13 site



(basalt with 4% K;0) includes a broad rifted zone, and a portion of a small corona and
several steep-sided domes lie near the nominal landing region.

It is, of course, tempting to associate these incomplete and imprecise chemical
analyses with particular tectonic settings, especially those of the Earth. These
associations are perilous, as few (if any) of the plate tectonic regimes on Earth are present
on Venus. For instance, Venus basalts may be chemically like MORB, but Venus has no
mid-ocean ridges or divergent plate boundaries — in fact, its tectonic processes are the
subjects of significant debate. In this case, it is more reasonable to describe the basalts in
chemical terms (e.g., mildly depleted tholeiite) or by inferred mantle source region (e.g.,
partially depleted spinel peridotite) rather than the tectonic setting (e.g., MORB). The
only tectonic association we discern in the Venera and VEGA data sets is that the two
high-K analyses (V8 and V13) are from sites near coronae. With so few analyses, this
association is highly speculative.

Steep-Sided Domes

Across the relatively flat, extensive volcanic plains of VVenus are scattered steep-
sided domes and “pancakes’, which are also interpreted as volcanic constructs [McKenzie
et al., 1992; Pavri et al., 1992; Head et al., 1992]. Included here are modified domes, like
‘ticks’, which probably formed by mechanical collapse of the margins of domes with
more regular plan forms [Guest et al., 1992; Bulmer and Guest, 1996]. The shapes and
steep sides of these domes appear imply to a magma that is much more viscous than the
fluid basalts invoked for the extensive volcanic plains and rises of Venus. This apparent
high viscosity has been taken to imply a widely different chemical composition, or some
difference in physical state.

Steep-sided domes on Earth are typical of silica-rich lavas, dacitic and granitic in
composition, and Venus’ domes may be comparable [e.g., Fink et al., 1993; Fink and
Bridges, 1995]. The Venera 8 chemical analyses, rich in K, Th, and U, was first
interpreted as representing this sort of evolved silicic magma [Nikolaeva, 1990], and the
site is near a pancake dome [Kargel et al., 1993]. The V8 chemical analysis is also
consistent with more mafic magma types, and the V8 lander returned no photos of its
surroundings. Many steep-sided domes are found near the summits of large volcanos and
volcanic rises [Crumpler et al., 1997], which would be consistent with their formation as
late silicic differentiates (e.g., the Puu Waawaa trachyte dome on Hualala’i volcano,
Hawai’i [Cousens et al., 2003]).

The apparent high viscosities of the dome and pancake lavas have been explained
in two other ways. First, an abundance of crystals (or xenocrysts) will greatly increase the
viscosity of basaltic magmas [Sakimoto and Zuber, 1995], both by the mechanical effect
of being a two-phase fluid and by the chemical effect that the magma remaining among
the crystals (in a closed system) will be more evolved and silicic. Similarly, an abundance
of bubbles in the lava (i.e., a foam) will have a mechanical effect similar to abundant
crystals and will produce a high effective viscosity [Pavri et al., 1992; Crumpler et al.,
1997]. Through experimental and theoretical modeling of lava dome shapes, Fink and
Griffiths [1998] inferred that the Venus domes formed most likely from andesitic or
crystal-rich basaltic andesite lavas.

At this point, even the assumption of a high effective viscosity is in doubt, as
Bridges [1995] and Clague et al. [2000] have shown that pancake-shaped domes can



form directly from low-viscosity basaltic magma. They report flat-topped volcanic cones,
quite similar to pancake domes, on Earth as products of continuously overflowing
submarine ponds of fluid, tholeiitic basalt lava. This specific mechanism may not be
relevant to Venus, but Bridges and Clague provide a scenario in which a landform
suggestive of very-high viscosity lava can form from slow eruption of fluid lava.

Thus, the chemical compositions of Venus’ steep-sided domes and pancakes
remain essentially unconstrained. These domes may not be important in the broad scheme
of Venus’ evolution and volcanism, but yet may provide crucial clues to its magma
genesis and differentiation pathways and thus the development of its atmosphere.

Long Channels (Canali)

Most landforms of the volcanic plains and rises are reasonably ascribed to basaltic
lavas [e.g., Crumpler et al., 1997]. However, in several places the basaltic plains are
incised by long meandering channels, designated canali [Baker et al., 1992, 1997] — the
fluid that cut the canali is not known. Canali are long channels, from 500 to 6800 km in
length, sinuous and meandering, incised into volcanic plains (and rarely tesserae). Their
widths are typically 3 km, ranging up to 10 km, and are constant over the lengths of each
canale. Shorter channels are comparable to the lunar sinuous rilles, and can reasonably be
ascribed to the flow of basaltic lava. But the longer canali, with their constant widths, are
enigmatic.

The challenge presented by canali is to understand what sort of fluid could flow,
at Venus’ surface, for the distance and time needed to produce channels 500 to 6800
kilometers long. Baker et al. [1992] showed that the canali required a low-viscosity fluid
that was either very hot or had a melting temperature close to that of the VVenus surface.
Basaltic and komatiitic lavas seem to be precluded by their rapid cooling rates on Venus
[Baker et al., 1992; Komatsu et al., 1992; Gregg and Greeley, 1993]. The rapid cooling
could be reduced by formation of an insulating cover, partially as a roof (although the
channels are too wide to be spanned to form a lava tube), and partially by solid plates
floating on and carried by the flow [Gregg and Greeley, 1993]. On the other hand
subsurface flows of basaltic lava could conceivably produce long channels [Lang and
Hansen, 2006], but it is not clear if sub-surface flows could produce the observed
meanders of the canali.

Possible liquids other than basalts include liquid sulfur, carbonate-rich lavas
(carbonatites), and even water if the channels formed when Venus’ surface were
considerably cooler than at present. Liquid sulfur is a plausible product of reaction
between oxidized atmospheric sulfur and reducing silicate rocks, but its low vapor
pressure in the Venus atmosphere may imply that it would evaporate too rapidly to
produce long channels [Komatsu et al., 1992]. Carbonate-rich and carbonate-sulfate
lavas were considered by Kargel et al. [1994], and shown to have appropriately low
viscosities, erosive potentials, and melting temperatures [Treiman and Schedl, 1983;
Treiman, 1995]. They also showed that carbonate-sulfate liquids could plausibly form in
the shallow crust by burial of basalt rock that was weathered at the surface.

Although these canali are a local feature of limited areal extent, they may be
critically important for understanding Venus’ subsurface. For instance, a VVenus crust
permeated with carbonate-sulfate magma will have vastly different rheological and



electrical properties than a fluid-absent crust. And, as shown here, our understanding of
these canali and their fluids is rudimentary and speculative.

Venus’ Highlands

Besides the volcanic lowlands and rises (volcanos), Venus’ surface is marked by
two distinct sorts of uplands: highland plateaus, and the unique high plain and
surrounding mountains of Ishtar Terra. The geochemistries of the uplands are unknown.
At this time, no lander spacecraft has visited either sort of upland, and most of our
understanding of their geochemistry is limited to inferences from radar geomorphology
and gravity anomalies. The exception to our complete ignorance is that portions of the
uplands show an unusually low emissivity in radar wavelengths, which constrains (but
not uniquely) the chemistry of materials in the topmost few mm of the surface.

Highland Plateaus

Highland plateaus of Venus stand a few kilometers above the surrounding
lowland plains, and comprise ~8% of the planet’s surface. Commonly, plateau surfaces
intensely deformed by multiple generations of faults, yielding a surface morphology
called tessera [Barsukov et al., 1986¢; Hansen and Willis, 1996]. Edges of the plateaus
are commonly embayed and partially engulfed by lava flows (basalt) from the adjacent
volcanic lowlands and rises; inside some plateau are regions which appear to have been
resurfaced by lava flows, and a few tesserae cut by canali. No spacecraft have landed on
the plateaus, although the nominal landing site of V10 includes some tessera terrane [Fig.
7 of Kargel et al., 1993].

The chemical compositions and rock types of the tesserae are essentially
unknown; the available constraints come from geomorphology and gravity/topography.
Volatile-bearing minerals, created in some earlier cooler epoch, could persist over long
durations on the highlands [Johnson and Fegley, 2000, 2003a, 2003b], but are
undetectable in available data. The geomorphology of tesserae is complex and disrupted
extensively by fault surfaces, but small undeformed islands are scattered among the
faults. Ivanov [2001] found that these islands showed the same surface morphologies as
the lowland volcanic plains and inferred that tesserae developed from older plains
material and are thus basaltic.

Geophysical data (gravity and topography) for the plateaus and tessera are
consistent with a basaltic composition and density, but do not exclude less dense
materials. Magellan gravity data suggest that the topography of the tesserae and highland
plateaus are isostatically compensated, corresponding to a crust of 20-40 km of basaltic
rock [e.g., Simons et al., 1997; Anderson and Smrekar, 2006]. Geophysical data do not,
however, exclude the possibility of thinner, less dense material under the tesserae.

Ishtar Terra

The Ishtar Terra upland is unique on Venus, and bears a strong geomorphic
resemblance to a continent on Earth. The center of Ishtar Terra is the relatively flat, little
deformed Lakshmi Planum, which stands 3.5 km above mean planetary radius (which is
only slightly higher than the average elevation of the volcanic lowlands). For comparison,
the average height of a continent on Earth stands ~5 km above the average ocean depth.



Lakshmi Planum is bordered on most sides by curved mountain belts (Maxwell, Freya,
and Danu), as are some continents on Earth (e.g., North America). The mountain belts
around Ishtar are compressional, in which rock masses appear to have been thrust onto
and over Lakshmi Planum [Kaula et al., 1992, 1997]. On Earth, similar mountains are
common now and in the geologic record as foreland thrust belts [Ansan et al., 1996] (like
the Himalayas and the Rocky Mountain front range), where one continental block is
forced over another. Early work likened Ishtar Terra to the Tibetan plateau [Kiefer and
Hager, 1991], which formed in a continent-continent collision.

The geomorphic similarity of Ishtar and a terrestrial continent has led to
speculation that Ishtar might (like a continent) be composed, at least in part, of low-
density rock like granite (sensu lato) [Jull and Arkani-Hamed, 1995]. On the other hand,
the high-standing topography and gravity anomalies might represent a thick Fe-depleted
(reduced density) lower crust and upper mantle [Hansen and Phillips, 1995]. These ideas
are based on, and tested through, modeling the gravity and topography of Ishtar, but the
tests have been frustratingly inconclusive, as it is difficult (or impossible) to untangle the
effects of density and thickness variations in the crust, density variations in the mantle,
flexural support, and dynamic support. The most recent inferences admit the possibility,
but not the certainty, of granitic (low-density) rock beneath the mountain belts around
Lakshmi Planum [Kaula et al., 1997; Hansen et al., 1997].

Low-emissivity Deposits

The highest elevations on Venus, including several tesserae and the mountain
ranges surrounding Ishtar Terra (especially Maxwell Montes), appear significantly
brighter in Magellan and Venera radar imagery than do lower slopes. This difference is
ascribed to the material properties of the highlands, in having a lower radar emissivity
(low-¢), rather than being significantly rougher at radar wavelengths [Pettengill et al.,
1982, 1988]. It is generally agreed that the low-¢ materials are alterations of, or coatings
on, underlying rock materials; the altitude dependence of the low-¢ materials implies a
significant involvement of atmospheric transport or reaction. Beyond that, there is
disagreement about the nature and significance of the low-¢ material.

Earlier models of the low-& material emphasized normal rock loaded with grains
of strong dialectrics: pyrite, FeS; [Klose et al., 1992; Wood, 1994]; perovskite, CaTiO3
[Fegley et al., 1992]; or exotic ferro-electric substances [Shepard et al., 1994]. The
bistatic radar experiment of Pettingill et al. [1996] on the low-¢ material of Maxwell
Montes showed that its radar electrical properties are not consistent with the loaded
dialectric model, but are more consistent with a thin coating of a semiconductor material.
Again, several choices were proposed, all involving vapor transport through the
atmosphere and deposition in the highlands. Frosts of volatile metals or chalcogenides
[Brackett et al., 1995] are possible, with metallic tellurium being the favored material
[Pettengill et al., 1997; Schaefer and Fegley, 2004; Fegley, 2004]. However, Wood
[1997] argued that coatings of pyrite or magnetite (FesO4) would provide the requisite
electrical properties, and are more reasonable geochemically than metallic tellurium.
Preliminary results from the Venus Express spacecraft radar seem inconsistent with a
widespread conductor (like tellurium) and more consistent with a loaded dialectric
material [Simpson et al., 2007]. Obviously, this controversy is unresolved, and may not



be resolved without high-precision analyses of trace components (e.g., Te) in Venus’s
atmosphere, in situ elemental and mineralogical data in areas of low-g, or sample return.

Conclusions

The chemical compositions of Venus’ crustal materials are poorly known. The
incredible engineering and scientific successes of the Venera and VEGA landers yielded
individual chemical analyses from a few sites. Unfortunately, with so few landing sites
and so many interesting and diverse terrane types, many important volcanic and tectonic
remain unsampled, as (most likely) do many important rock composition. Also
unfortunately, the chemical analyses have very large uncertainties that preclude their
interpretation beyond broad generalities.

Even with these huge caveats, the Venera and VEGA analyses show that Venus is
geochemically diverse. Its basalts include varieties both depleted in incompatible
elements (e.g., K, U, Th) and enormously enriched in them. This variety among the few
analyses shows significant magmatic or mantle differentiation. In addition, one analysis
may show a non-chondritic Th/U ratio, which would not be attainable under silicate
magmatic differentiation and could indicate the chemical action of other fluids (e.g.,
water or carbonatite).

However, the available analyses have barely touched the surface of Venus’
geochemistry. We have no information on the chemical compositions of Venus’
highlands, or on its major shield volcanos, and only a few analyses of the basalts in its
extensive lowland volcanic plains. This lack of data on the plains is exacerbated by the
available data itself. The Venera and VEGA analyses represent a wide range of basalts,
and who knows what other varieties are present?

Other constraints on the chemistry of Venus’ surface are limited and ambiguous.
The radar-reflective (low emissivity) highlands are probably coated by thin layers of
semiconductor material, as shown by bistatic polarized radar [Pettingill et al., 1996]. The
chemistry of this coating remains a mystery. Some small volcanic domes and flows have
forms and sizes that suggest silica-rich lavas, but basalt lava (rich in phenocrysts or
bubbles) would have similar shapes. And, part of the Ishtar Terra plateau may be
underlain by silica-rich rocks (e.g., granite), but other explanations are available.

So, Venus is now a geochemical terra incognita. We know less of Venus’
geochemistry than those of many asteroids, intact or disrupted [e.qg., Keil, 1989; Drake,
2001; McCoy et al., 2002; Floss et al., 2003]! Any new data on Venus’ geochemistry
would be greatly welcome!

Remote Sensing Opportunities

Geochemistry by orbital remote sensing is extraordinarily difficult on Venus
because of its thick, relatively opaque atmosphere. The atmosphere and its clouds do not
permit surface analyses by either gamma rays nor thermal emission spectra, as have
proven so useful for Mars [e.g., Feldman et al., 2004; Christensen et al., 2005]. However,
a few orbital observations may be useful in surface chemistry.

First, the Magellan bistatic radar experiment proved very useful in constraining
the nature of the radar-reflective, low-emissivity highlands [Pettengill et al., 1996],
touched a miniscule portion of Venus’ surface. The VeRa (Venus Radio Science
Experiment) on the Venus Express spacecraft, currently in orbit at Venus, will perform



additional bistatic radar experiments to cover much more of the surface [Titov et al.,
2006; Hausler et al., 2006; Simpson et al., 2007]. These experiments are expected to
further constrain the electrical properties of the low-emissivity coatings on Venus’s
highlands, and possibly provide some constraints on the composition and structure of
other regions of VVenus’ crust.

Second, Venus’ atmosphere is not completely opaque to all wavelengths of light —
there are narrow windows in the near infrared between 0.85 and 1.18 um [Moroz, 2002;
Hashimoto and Sugita, 2003]. It may be possible to retrieve surface emissivities in these
windows (after correction for atmospheric effects) [Hashimoto and Sugita, 2003;
Marinangeli et al., 2004], and thereby retrieve broad constraints on surface rock types,
i.e. felsic versus mafic igneous rock.

Optical remote sensing of the Venusian surface would much more rewarding from
a balloon platform floating below the cloud base [e. g., Klassen and Greeley, 2003].
Below the clouds, the surface would be generally visible in all wavelengths, but
spectroscopic measurements will be affected by multiple reflections and emissions
between the clouds and the ground (downwelling and multiple radiances); yet, it should
be possible to obtain useful spectra in the visible and NIR [Moroz, 2002].

Lander Science Opportunities

Landers with contact (or near-contact) instruments are the only way (short of
sample return) to obtain detailed, precise geochemical data about the Venusian surface.
The Venera and VEGA missions demonstrated conclusively that VVenus landers are
possible and can yield an extraordinary science return. The challenges and opportunities
now are to improve on Venera and VEGA. Venus rovers or long-duration landers present
huge technical challenges, and are beyond a near-term realistic appraisal. So, one can
assume that the next VVenus surface landers might have sizes, volumes, and thermal
protection systems comparable to those of Venera and VEGA, and comparable lifetimes
of only a few hours. But significant improvements are possible in instrumentation,
sample selections, and lander location.

Instruments

The Venera and VEGA instruments were excellent at the time for chemical
analyses by X-ray fluorescence and intrinsic gamma-ray spectrometry, and there have
been significant advances in both types of analysis. For X-ray fluorescence analyses of
major and minor elements, two systems designed for Mars could work nearly as well in a
Venera-style spacecraft on Venus. The APXS system deployed now on Mars in the Mars
Exploration Rover (MER) landers [Rieder et al., 2003] is robust and has provided precise
(and accurate) chemical analyses [Gellert et al., 2006]. However, the MER analysis in
Table 2 (with very low uncertainties) represents data collection overnight, so that a 1-
hour analysis would be considerably less precise. Another XRF system is CheMin, slated
to fly on the Mars Science Laboratory (MSL) ’09 rovers system, which is a combined
XRF and XRD analytical instrument [Blake et al., 2005; Sarrazin et al., 2005]. Because
CHEMIN has an active X-ray tube, it can produce a higher flux of fluoresced X-rays than
does APXS, and so presumably provide more precise element chemistry than APXS.
Both the APXS and CheMin instruments would be usable in a Venus lander spacecraft,
would provide quantitative analyses of the crucial element Na, and provide huge
improvements in analytical precision on the other major elements.



Gamma-ray spectrometry has also seen advances since the CsI(TI) detectors used
on Venera and VEGA, but it is not clear that these advances are more advantageous for
Venus. The constraints for gamma ray analyses on Venus are: low count rates (intrinsic
radioactivity only); short count time (limited lander lifetime); difficulty (cost and mass)
of supporting cryogenic detectors (thermal constraints); and the need to detect gamma
rays from only three elements (K, U, and Th). Of currently available detector systems,
CsI(TI) is still the most efficient in terms of countable events per incident gamma ray.
Other scintillator materials, like BGO (bismuth germante), can run warm and have better
energy resolution than Csl(TI) [Feldman et al., 1999], but that energy resolution is not
helpful for analysis of K, U, and Th by their own readioactive decay. A different system,
direct gamma ray detection in germanium, is in use in the GRS instrument on the Mars
Odyssey Spacecraft [Boynton et al., 2004]. Ge detectors have very high energy
resolution, but require cryogenic cooling and also detect only about 1/20 of the gamma
rays that a comparable CsI(TI) detector would. If CslI(TI) is the gamma detector of choice
for Venus, improvements over Venera and VEGA would probably have to come from
larger detector volumes.

On the other hand, it is possible that other analytical techniques, besides XRF and
passive gamma counting, would be useful for Venus. Laser-induced breakdown
spectroscopy, LIBS [Cremers and Radziemski, 2006], is the laser-activated equivalent of
spark-source emission spectroscopy. A LIBS instrument is baselined for the MSL’09
rover mission to Mars as part of the ChemCam package [Wiens et al., 2005]. LIBS must
be considered seriously for Venus, because of the very short time it requires per analysis,
and its sensitivity to some uncommon but geochemically useful elements (including H,
Ni, and U, [Wiens et al., 2005]). The high surface pressure of Venus does affect LIBS
performance, and effect which is being studied [Arp et al., 2004; Salle et al., 2005].

If analyses of other trace elements are deemed critical, techniques besides passive
gamma counting may be required. Pulsed neutron sources [Akkurt et al., 2005] may
provide the capability of INAA-like analyses for prompt gamma emission spectrometry
on Venus landers [Latif et al., 1999; Ebihara and Oura, 2001]. Depending on neutron
energies and permitted count times, analyses may be possible for most major elements
and many trace elements, including H, B, S, CI, Co, Ni, and Sm [e.g., Oura et al., 2003].

Sample Access and Number

A significant weakness in the Venera and VEGA analyses is that they could only
analyze a single sample at each landing site. All the sites showed at least two types of
material — rock and regolith — so multiple analyses would be important. Also, it would be
very useful to measure chemical compositions of rock surfaces and interiors, to constrain
the nature and extent of surface-atmosphere interactions. This sort of study by the MER
rovers has proved important for determining the ‘real’ compositions of the basalts at the
Spirit Rover site [Gellert et al., 2006]. So, it would seem very important to have the
capability of doing at least two chemical analyses (by XRF), and of obtaining at least two
different samples for analyses. This capability has significant implications for sample
handling systems and analysis durations.

Lander Locations

As noted above, all of the in situ analyses of Venus’ geochemistry are from its
lowland basalt plains. Even though there is significant geochemical variability in the
plains, landing on other sorts of sites would greatly enhance our understanding of the



planet. Geochemistry from lavas on a major volcanic rise (a shield volcano like Sapas
Mons) or a corona feature would help determine if and how they are related to mantle
plumes. Geochemistry from a tessera site would help explain the origins of these upland
regions, and probably something of the older history of Venus. Geochemistry from a
radar-reflective (low-¢) highlands would help delimit surface-atmosphere interactions.
And geochemistry of a suitable site on Ishtar Terra might reveal whether Venus has a
true, Earth-style continent, with all its implications for abundant water [Campbell and
Taylor, 1983]. Truly, most of Venus is geochemical terra incognita.
Lander / Balloon

An interesting twist on these in situ analytical schemes is involvement of a
balloon. In this scenario, a sample would be collected from a balloon or tether, and would
then be carried up into the atmosphere to a lower temperature and pressure. There,
analytical instruments would have more time to investigate the chosen sample. This
scenario would probably not include gamma-ray analyses, and sample selection would
depend on where Venus’ winds blew the balloon.

Sample Return Opportunities

Sample return would be the most informative spacecraft outcome for Venus
geochemistry, but also would be the most ambitious, speculative, and costly. Venus
sample return presents many technical challenges, including Venus’ high surface
temperature, the need to return through a thick atmosphere, and an abundance of
corrosive gases and particulates. Yet studies of Venus sample return missions are
ongoing [e.g., Rodgers et al., 2000; Sweetser et al., 2000, 2003], and sample return
appears to be possible, if costly.

Venus sample return would allow Earth’s full analytical armamentarium to be
applied, and would permit the same sort of detailed informative investigations now
possible on Martian (and other) meteorites — age, magma composition, mantle
composition, core size, surface alteration processes and pathways, etc — see Treiman
[2005] for a review of the understanding gained from one class of Martian meteorites.
Jones and Treiman [1998], MacPherson [2001], and Shearer and Borg [2006] have
shown the importance returned samples from Mars and the moon — returned samples
from Venus would be equally important.

Acknowledgments:

This work was suggested by S. Smrekar, following the February 2006 Chapman
conference. Treiman is a co-l1 on the CHEMIN XRD/XRF instrument on the MSL’09
mission. W. Kiefer helped enormously with access to the geophysical literature, and M.
Zolotov helped with the organization and scope. | owe a debt to B. Fegley Jr., who first
interested me in Venus’ geochemistry. Careful and thoughtful reviews were provided by
G. J. Taylor, W. Kiefer, J. Filiberto, and an anonymous expert; their suggestions are
greatly appreciated. Lunar and Planetary Institute contribution No. 1xxx.

Abdrakhimov, A. M., and A. T. Basilevsky (2002), Geology of the Venera and Vega
Landing-Site Regions, Solar System Research, 36, 136-1509.

AkkurtH., J. L. Groves, J. Trombka, R. Starr, L. Evans, S. Floyd, R. Hoover, L. Lim, T.
McClanahan, R. James, T. McCoy, and J. Schweitzer (2005), Pulsed neutron



generator system for astrobiological and geochemical exploration of planetary
bodies, Nuclear Instruments and Methods in Physics Research B, 241, 232-237.

Anders, E., and N. Grevesse (1989) Abundances of the elements: Meteoritic and solar,
Geochim. Cosmichim. Acta, 53, 197-214.

Anderson, F. S., and S. E. Smrekar (2006), Global mapping of crustal and lithospheric
thickness on Venus, J. Geophys. Res., 111, E08006, doi:10.1029/2004JE002395.

Ansan, V., P. Vergely, and P. Masson (1996), Model of formation of Ishtar Terra, Venus,
Planet. Space Sci., 44, 817 — 831.

Arp, Z. A., D.A. Cremers, R. D. Harris, D. M. Oschwald, G. R. Parker, and D. M. Wayne
(2004), Feasibility of generating a useful laser-induced breakdown spectroscopy
plasma on rocks at high pressure: Preliminary study for a Venus mission,
Spectrochim. Acta B, 59, 987-999.

Baker, V. R., G. Komatsu, T. J. Parker, V. C. Gulick, J. S. Kargel, and J. S. Lewis (1992),
Channels and valleys on Venus - Preliminary analysis of Magellan data, J. Geophys
Res., 97, 13421-13444.

Baker, V. R., G. Komatsu, V. C. Gulick, and T. J. Parker (1992), Channels and Valleys,
In: Bougher, S.W., Hunten, D.M., Phillips, R.J. (Eds.), Venus I1: Geology,

Geophysics, Atmosphere, and Solar Wind Environment. Univ. of Arizona Press,
Tucson, pp. 757-793.

Barsukov, V. L. (1992), Venusian Igneous Rocks, in Venus Geology, Geochemistry, and
Geophysics (eds. V. L. Barsukov, A. T. Basilevsky, V. P. Volkov, and V. N.
Zharkov). 165-176. Univ. Arizona Press, Tucson AZ.

Barsukov, V. L., Yu. A. Surkov, L. V. Dmitriev, and I. L., Khodakovskiy (1986a)
Geochemical studies on Venus with the landers from the Vega 1 and Vega 2 probes.
Geochem. Intl., 23(7), 53-65.

Barsukov, V. L., Yu. A. Surkov, L. V. Dmitriev, and I. L. Khodakovskii (1986b),
Geochemical studies of Venus by Vega-1 and Vega-2 landers, Geokhimiia, 1986,
275-288.

Barsukov, V. L., et al., (1986c¢), The geology and geomorphology of the Venus surface is
revealed by the radar images obtained by Veneras 15 and 16, Proc. Lunar Planet.
Sci. Conf. 16", J. Geophys. Res. 91, D378-D398.

BVSP (Basaltic VVolcanism Study Project) (1981), Basaltic VVolcanism on the Terrestrial
Planets, Pergamon, NY, 1286 p.

Basilevsky, A. T., M. A. lvanov, and O. V. Nikolaeva (1992) Geology of the Venera 8
landing site region from Magelland data: Morphological and geochemical
considerations, J. Geophys. Res., 97, 16315-16335.

Blake, D. F., P. Sarrazin, D. L. Bish, S. J. Chipera, D. T. Vaniman, S. Feldman, and S.
Collins (2005), CHEMIN: A definitive mineralogy instrument in the analytical
laboratory of the Mars Science Laboratory (MSL *09), Lunar Planet. Sci., XXXVI,
Abstract #1608. CD-ROM, Lunar and Planetary Institute, Houston.

Boynton, W. V., W. C. Feldman, I. G. Mitrofanov, L. G. Evans, R. C. Reedy, S.
W. Squyres, R. Starr, J. I. Trombka, C. d'Uston, J. R. Arnol®, P. A. J. Englert, A.
E. Metzger, H. Wénke, J. Briickner, D. M. Drake, C. Shinohara, C. Fellows, D.
K. Hamara, K. Harshman, K. Kerry, C. Turner, M. Ward, H. Barthe, K. R. Fuller, S.



A. Storms, G. W. Thornton, J. L. Longmire, M. L. Litvak and A. K. Ton'chev
(2004), The Mars Odyssey Gamma-Ray Spectrometer Instrument Suite, Space Sci.
Rev., 110, 37-83.

Brackett, R.A., Fegley Jr., B., Arvidson, R.E., 1995. Volatile transport on Venus and
implications for surface geochemistry and geology. J. Geophys. Res., 100, 1553—
1563.

Bridges, N. T. (1995), Submarine analogs to Venusian pancake domes, Geophys. Res.
Lett., 22, 2718-2784.

Bruno, B. C., and G. J. Taylor (1995), Morphologic investigation of Venusian lavas,
Geophys. Res. Lett., 22, 1897-1900.

Bulmer, M. H., and J. E. Guest (1996), Modified volcanic domes and associated debris
aprons on Venus, in Volcano Instability on the Earth and Other Planets, Geol. Soc.
Spec. Publ., 110, eds. W. J. McGuire, A. P. Jones and J. Neuberg, pp. 349-371,
Geol. Soc. Amer.

Campbell, I. H., and S. R. Taylor (1983), No water, no granite - No oceans, no
continents, Geophys. Res. Lett., 10, 1061-1064.

Christensen, P. R., H. Y. McSween, Jr, J. L. Bandfield, S. W. Ruff, A. D. Rogers, V. E.
Hamilton, N. Gorelick, M. B. Wyatt, B. M. Jakosky, H. H. Kieffer, M. C. Malin
and J. E. Moersch (2005), Evidence for magmatic evolution and diversity on Mars
from infrared observations, Nature, 436, 504-509, doi:10.1038/nature03639.

Clague, D. A., J. G. Moore, and J. R. Reynolds (2000), Formation of submarine flat-

topped volcanic cones in Hawai’i, Bull. Volcanol., 62, 214-233.

Cousens, B. L., D. A. Clague, and W. D. Sharp (2003), Chronology, chemistry, and
origin of trachytes from Hualalai VVolcano, Hawaii, Geochem. Geophys. Geosyst.,
4(9), 1078, doi:10.1029/2003GC000560.

Cremers, D. A., and L. J. Radziemski (2006), Handbook of laser-induced Breakdown
Spectroscopy, John Wiley and Sons, New York.

Crumpler, L. S., J. C. Aubele, D. A. Senske, S. T. Keddie, K. P. Magee, and J. W. Head
(1997), Volcanoes and centers of volcanism on Venus. In: Bougher, S.W., Hunten,
D.M., Phillips, R.J. (Eds.), Venus I1: Geology, Geophysics, Atmosphere, and Solar
Wind Environment. Univ. of Arizona Press, Tucson, pp. 697-756.

Dawson, J. B., and J. V. Smith (1977), The MARID (mica-amphibole-rutile-ilmenite-
diopside) suite of xenoliths in kimberlite, Geochim. Cosmichim. Acta, 41, 309-310. .

Drake, M. J., H. E. Newsom, and C. J. Capobianco (1989), V, Cr, and Mn in the Earth,

Moon, EPB, and SPB and the origin of the Moon: Experimental studies, Geochim.
Cosmochim. Acta, 53,2101-2111.

Drake, M. J. (2001) The eucrite / Vesta story, Meteorit. Planet. Sci., 36, 501-513.

DuBois, C. G. B, J. Furst, N. J. Guest, and D. J. Jennings (1963) Fresh natro-carbonatite
lava from Oldoinyo L’Engai, Nature, 197, 445-446.

Ebihara, M., and Y. Oura (2001), Applicability of prompt gamma-ray analysis to the initial
analysis of the extraterrestrial materials for chemical composition, Earth Planets
Space, 53, 1039-1045.

Fegley, B., Jr. (2004), Venus, Chapter 21. pp. 487-507. In Meteorites, Comets, and
Planets (e.d. A.M. Davis) Vol. 1 Treatise on Geochemistry (Turekian, K.K. and



Holland, H.D., eds.) Elsevier-Pergamon, Oxford.

Fegley, B. Jr., A. H. Treiman, and V. L. Sharpton (1992), Venus surface mineralogy:
observational and theoretical constraints, Proc. Lunar Planet. Sci. Conf. 22nd, 3-19,
Lunar and Planetary Institute, Houston.

Feldman, W. C., B. L. Barraclough, K. R. Fuller, D. J. Lawrence, S. Maurice, M. C.
Miller, T. H. Prettyman, and A. B. Binder (1999), The Lunar Prospector gamma-ray
and neutron spectrometers, Nuclear Instruments and Methods in Physics Research A,
422, 562-566.

Feldman, W. C., T. H. Prettyman, S. Maurice, J. J. Plaut, D. L. Bish, D. T. Vaniman, and
M. T. Mellon (2004), Global distribution of near-surface hydrogen on Mars, J.
Geophys. Res., 109, E09006, doi:10.1029/2003JE002160.

Fink, J. H., and N. T. Bridges (1995), Effects of eruption history and cooling rate on lava
dome growth, Bull. Volcanol, 57, 229-239.

Fink, J. H., and R. W. Griffiths (1998), Morphology, eruption rates, and rheology of lava
domes: Insights from laboratory models, J. Geophys. Res., 103, 527-54x.
97J)B02838.

Fink, J. H., N. T. Bridges, and R. E. Grimm (1993) Shapes of venusian ‘pancake’ domes
imply episodic emplacement and silicic composition, Geophys. Res. Lett., 20, 261-
264.

Floss, C., G. Crozaz, G. McKay, T. Mikouchi, and M. Killgore (2003), Petrogenesis of
angrites, Geochim. Cosmochim. Acta, 67, 4775- 4789.

Gellert, R., R. Rieder, J. Briickner, B. C. Clark, G. Dreibus, G. Klingelhdfer, G. Lugmair,
D. W. Ming, H. Wénke, A. Yen, J. Zipfel, and S. W. Squyres (2006), Alpha Particle
X-ray Spectrometer (APXS): Results from Gusev crater and calibration report, J.
Geophys. Res., 111, E02S05, doi:10.1029/2005JE002555

Gregg T. K. P. and R. Greeley (1993), Formation of VVenusian canali: Considerations of
lava types and their thermal behaviors, J. Geophys. Res., 98, 10873-10882.

Grimm, R. E., and P. C. Hess (1997), The crust of Venus, In: Bougher, S.W., Hunten,
D.M., Phillips, R.J. (Eds.), Venus II: Geology, Geophysics, Atmosphere, and Solar
Wind Environment. Univ. of Arizona Press, Tucson, pp. 1205-1244.

Guest, J. E., M. H. Bulmer, J. C. Aubele, K. K. Beratan, R. Greeley, J. W. Head, G. A.
Michaels, C. M. Weitz, and C. R. Wiles (1992), Small volcanic edifices and
volcanism in the plains of Venus, J. Geophys. Res., 97, 15,949-15,966.

Hansen, V. L., and R. J. Phillips (1995), Formation of Ishtar Terra, Venus: Surface and
gravity constraints, Geology, 23, 292-296.

Hansen, V. L., and J. J. Willis (1996), Structural analysis of a sampling of tesserae:
Implications for Venus geodynamics, Icarus, 123, 296-312.

Hansen, V. L., J. J. Willis, and W. B. Banerdt (1997), Tectonic Overview and Synthesis, In:
Bougher, S.W., Hunten, D.M., Phillips, R.J. (Eds.), Venus II: Geology, Geophysics,

Atmosphere, and Solar Wind Environment. Univ. of Arizona Press, Tucson, pp. 797-
844.

Hashimoto, G. L., and S. Sugita (2003), On observing the compositional variability of the
surface of Venus using nightside near-infrared thermal radiation, J. Geophys. Res.,
108, 5109, doi:10.1029/2003JE002082.



Héusler, B., M. Patzold, G. L. Tyler, R. A. Simpson, M. K. Bird, V. Dehant, J.-P. Barriot,
W. Eidel, S. Remus, J. Selle, S. Tellmann, and T. Imamura (2006), radio science
investigations by VeRa onboard the Venus Express spacecraft, Planet. Space Sci. 26,
proof online.

Head, J. W., L. S. Crumpler, J. C. Aubele, J. E. Guest, and R. S. Saunders (1992), Venus
volcanism - Classification of volcanic features and structures, associations, and
global distribution from Magellan data, J. Geophys. Res., 97, 13,153-13,197.

Hess, P. C., and J. W. Head (1990), Derivation of primary magmas and melting of crustal
materials on Venus: Some preliminary petrogenetic considerations, Earth Moon
Planets, 50/51, 57-80.

Ivanov, M. A. (2001), Morphology of the tessera terrain on Venus: Implications for the
composition of tessera material, Solar System Res., 35, 1-1780.

Johnson, D. M., P. R. Hooper, R. M. and Conrey (1999), XRF analyses of rocks and
minerals for major and trace elements on a single low-dilution Li-tetraborate fused
bead. Advances X-ray Analyses, 41, 843-867.

Johnson, N. M. and B. Fegley Jr. (2000), Water on Venus: New insights from tremolite
decomposition, Icarus 146, 301-306.

Johnson, N. M. and B. Fegley Jr. (2003a), Tremolite decomposition on Venus II.
Products, kinetics, and mechanism, Icarus 164, 317-333.

Johnson, N. M. and B. Fegley Jr. (2003b), Longevity of fluorine-bearing tremolite on
Venus, Icarus 165, 340-348.

Jones, J. H. (1995), Experimental trace element partitioning, 73-104 in T. H. Ahrens (ed.)
Rock Physics and Phase Relations: A Handbook of Physical Constants, Amer.
Geophys. Un., Washington DC.

Jones, J. H., and A. H. Treiman (1998), Bringing Mars home - Opportunities and
challenges presented by the Mars sample return mission. Lunar Planet. Info. Bull.,
85, 12-17.

Jull. M. G., and J. Arkani-Hamed, (1995), The implications of basalt in the formation and
evolution of mountains on Venus, Phys. Earth Planet. Interiors, 89, 163-175.

Kargel, J. S., G. Komatsu, V. R. Baker, and R. G. Strom (1993), The volcanology of
Venera and VEGA landing sites and the geochemistry of Venus, Icarus, 103, 235-
275.

Kargel, J. S., B. Fegley Jr., and A. H. Treiman (1994), Carbonate-sulfate volcanism on
Venus?, Icarus, 112, 219-252.

Kaula, W. M., D. L. Bindschadler, R. E. Grimm, V. L. Hansen, K. M. Roberts, and S. E.
Smrekar (1992), Styles of deformation in Ishtar Terra and their implications, J.
Geophys. Res., 97, 16,085-16,120

Kaula, W. M., A. Lenardic, D. L. Bindschadler, and J. Arkani-Hamed (1997), Ishtar Terra,
In: Bougher, S.W., Hunten, D.M., Phillips, R.J. (Eds.), Venus I1: Geology,
Geophysics, Atmosphere, and Solar Wind Environment. Univ. of Arizona Press,
Tucson, pp. 879-900.

Keil, K. (1989), Enstatite meteorites and their parent bodies, Meteoritics, 24, 195-208.

Keller, J., and M. Krafft (1990) Effusive natrocarbonatite activity of Oldoinyo L’engai,
June 1988, Bull. Volcanol., 52, 629-645.



Kiefer, W. S., and B. H. Hager (1991), Mantle downwelling and crustal convergence - A
model for Ishtar Terra, Venus, J. Geophys. Res., 96, 20,967-20,980.

Klassen, K. P., and R. Greeley (2003), VEVA Discovery mission to Venus: exploration
of volcanoes and atmosphere, Acta Astronautica, 52, 151-158.

Klemme, S., J. D. Blundy, and B. J. Wood (2002), Experimental constraints on major and
trace element partitioning during partial melting of eclogite, Geochim. Cosmochim.
Acta, 66, 3109-3123.

Klose, K. B., J. A. Wood, and A. Hashimoto (1992) Mineral equilibria and the high radar
reflectivity of Venus mountaintops, J. Geophys. Res., 97, 16353-16369.

Lang N. P., and V. L. Hansen (2006), Venusian channels formation as a subsurface
process, J. Geophys. Res., 111, E04001, doi: 10.1029/2005/E002629.

Latif S. A., Y. Oura, M. Ebihara, G. W. Kallemeyn, H. Nakahara, C. Yonezawa, T.
Matsue, and H. Sawahata (1999), Prompt gamma-ray analysis (PGA) of meteorite
samples with emphasis on the determination of Si, J. Radioanal. Nucl. Chem., 239,
577-580.

Lodders, K., and B. Fegley Jr. (1998), The Planetary Scientist’s Companion, Oxford
University Press, N.Y., 371 pp.

Longhi, J., E. Knittle, J. R. Holloway, and H. Wanke (1992), The bulk composition,
mineralogy and internal structure of Mars, p. 184-208 in Mars (eds. H. H. Kieffer, B.
M. Jakosky, C. W. Snyder, and M. S. Matthews), Univ. Ariz. Press.

MacPherson, G. (2001), The First Returned Martian Samples: Science Opportunities
Science Planning for Exploring Mars, Part 3, Jet Propulsion Laboratory Pub. 01-7.

Marinangeli L. L., K. Baines, R. Garcia, P. Drossart, G. Piccioni, J. Benkhoff, J. Helbert,
Y. Langevin, G.G. Ori, G. Komatsu, and I. C. Pope (2004), Venus surface
investigation using VIRTIS onboard the ESA/Venus Express Mission (abstract),
Lunar Planet. Sci., XXXV, Abstract #1363.pdf.

McCoy, T. J., M. S. Robinson, L. R. Nittler, and T. H. Burbine (2002), The Near Earth
Asteroid Rendezvous Mission to Asteroid 433 Eros: A Milestone in the Study of
Asteroids and their Relationship to Meteorites, Chemie der Erde, 62, 89-121.

McDonough, W., and S. S. Sun (1995), The composition of the Earth, Chem. Geol., 120,
223-253.

McKenzie, D., P. G. Ford, F. Liu, and G. H. Pettengill (1992), Pancakelike domes on
Venus, J. Geophys. Res., 97, 15,967-15,976.

Moroz, V. I. (2002), Estimates of visibility of the surface of Venus from descent probes
and balloons, Planet. Space Sci., 50, 287-297.

Nikolaeva, O. V. (1990), Geochemistry of the Venera 8 material demonstrates the
presence of continental crust on Venus, Earth Moon Planets, 50/51, 328-341.

Oura, Y., N. Shirai, and M. Ebihara (2003), Chemical composition of Yamato (Y)
000593 and Y000749: Neutron induced prompt gamma-ray analysis study, Antarctic
Meteorite Research (NIPR), 16, 80-93.

Pavri, B., J. W. Head I1l, W. B. Klose, and L. Wilson (1992), Steep-sided domes on
Venus - Characteristics, geologic setting, and eruption conditions from Magellan
data, J. Geophys. Res., 97, 13,445-13,478.



Simpson, R. A., G. L. Tyler, B. Hausler, and M. Patzold (2007), Search for anomalous
surface properties at Maxwell Montes with VVenus Express bistatic radar, Lunar
Planet. Sci. XXXVIII, Abstract #2240. CD-ROM, Lunar and Planetary Institute,
Houston.

Sweetser, T., J. Cameron, G.-S. Chen, J. Cutts, R. Gershmann, M. S. Gilmore, J. L. Hall,
V. Kerzhanovich, A. McRonald, E. Nilsen, W. Petrick, D. Rodgers B. Wilcox, A.
Yavrouian, W. Zimmerman, and the JPL Advanced Project Design Team (2000),
Venus surface sample return: A weighty high-pressure challenge, Adv. Astronaut.
Sci., 103, 831-844, (Proc. AAS/AIAA Astrodynamics Conf., Aug. 16-19, 1999,
Girdwood, Alaska,) 1631.

Sweetser, T., C. Peterson, E. Nilsen, and B. Gershman (2003), Venus sample return
missions - A range of science, a range of costs, Acta Astronautica, 2, 165-1721631.

Pertermann, M., and M. M. Hirschmann, (2003), Anhydrous partial melting experiments
on MORB-like eclogite: Phase relations, phase compositions, and mineral-melt
partitioning of major elements at 2 — 3 GPa, J. Petrol., 44, 2173-2201.

Pertermann, M., M. M. Hirschmann, K. Hametner, D. Glnther, and M. W. Schmidt
(2003), High field strength element/rare earth element fractionation during partial
melting in the presence of garnet: Implications for identification of mantle
heterogeneities, Geochem. Geophys. Geosyst., 5, 10.1029/2003GC000638.

Pettengill, G. H., P. G. Ford, and B. D. Chapman (1988), Venus: Surface electromagnetic
properties, J. Geophys. Res., 93, 14881-14892.

Pettengill, G. H., P. G. Ford, and R. A. Simpson (1996), Electrical properties of the
Venus surface from bistatic radar observations, Science, 272, 1628-1631.

Pettengill, G. H., B. A. Campbell, D. B. Campbell, and R. A. Simpson (1997), Surface
scattering and dielectric properties, In: Bougher, S.W., Hunten, D.M., Phillips, R.J.
(Eds.), Venus I1: Geology, Geophysics, Atmosphere, and Solar Wind Environment.
Univ. of Arizona Press, Tucson, pp. 591-636.

Rieder, R., R. Gellert, J. Briickner, G. Klingelhofer, G. Dreibus, A. Yen, and S. W.
Squyres (2003), The new Athena alpha particle X-ray spectrometer for the Mars
Exploration Rovers, J. Geophys. Res., 108, ROV 7-1, CitelD 8066, DOI
10.1029/2003JE002150.

Robinson, M. S., and G. J. Taylor (2001), Ferrous oxide in Mercury’s crust and mantle,
Meteorit. Planet. Sci., 36, 841-847.

Rodgers, D., M. Gilmore, T. Sweetser, J. Cameron, G.-S. Chen, J. Cutts, R. Gershmann,
J. L. Hall, V. Kerzhanovich, A. McRonald, E. Nilsen, W. Petrick, C. Sauer, B.
Wilcox, A. Yavrouian, W. Zimmerman, and the JPL Advanced Project Design Team
(2000), Venus sample return: A hot topic, Proc. IEEE Aerospace Conf., 7, 473-
4831631.

Sallé, B., D. A. Cremers, S. Maurice, and R. C. Wiens (2005), Laser-Induced Breakdown
Spectroscopy for Space Exploration Applications: Influence of the Ambient Pressure
on the Calibration Curves Prepared from Soil and Clay Samples, Spectrochim. Acta
B, 60, 479-490.

Sarrazin, P., D. Blake, S. Feldman, S. Chipera, D. Vaniman, and D. Bish (2005), Field
deployment of a portable X-ray diffraction/X-ray flourescence instrument on Mars



analog terrain, Powder Diffraction, 20, 128-133.

Schaefer, L., and B. Fegley Jr. (2004), Heavy metal frost on Venus, Icarus, 168, 215—
2191631.

Shearer, C. K., and L. E. Borg (2006), Big returns on small samples: Lessons learned
from the analysis of small lunar samples and implications for the future scientific
exploration of the Moon, Chemie der Erde, 66, 163-185.

Shearer, C. K., and J. J. Papike (1999), Magmatic evolution of the Moon, Amer. Mineral.,
84, 1469-1494.

Shepard, M. K. R., E. Arvidson, R. A. Brackett, and B. Fegley Jr. (1994), A ferroelectric
model for the low emissivity highlands on Venus, Geophys. Res. Lett., 21, 469-472.

Stopar, J. D., G. J. Taylor, and W. Boynton (2004), Aqueous alteration pathways for K,
Th, and U on Mars, Lunar Planet. Sci., XXXV, Abstract #1429. Lunar and Planetary
Institute, Houston.

Surkov, Yu. A., V. L. Barsukov, L. P. Moskalyeva, V. P. Kharyukova, and A. L.
Kemurdhzhian (1984), New data on the composition, structure and properties of
Venus rock obtained by Venera 13 and Venera 14, Proc. Lunar Planet Sci. Conf.
14th, J. Geophys. Res., 89 Suppl., B393-B402.

Surkov, Yu. A., L. P. Moskalyeva, V. P. Kharyukova, A. D. Dudin, G. G. Smirnov, and
S. Ye. Zaitseva (1986), Venus rock compositions at the VVega 2 landing site, Proc.
Lunar Planet Sci. Conf. 17th, J. Geophys. Res., 91 Suppl., E215-E218.

Sweeney, R. J., A. B. Thompson, and P. Ulmer (1993), Phase relations of a natural
MARID composition and implications for MARID genesis, lithospheric melting and
mantle metasomatism, Contrib. Mineral. Petrol., 115, 225-241.

Sweetser, T., J. Cameron, G.-S. Chen, J. Cutts, R. Gershmann, M. S. Gilmore, J. L. Hall,
V. Kerzhanovich, A. McRonald, E. Nilsen, W. Petrick, D. Rodgers B. Wilcox, A.
Yavrouian, W. Zimmerman, and the JPL Advanced Project Design Team (2000),
Venus surface sample return: A weighty high-pressure challenge, Adv. Astronaut.
Sci., 103, 831-844, (Proc. AAS/AIAA Astrodynamics Conf., Aug. 16-19, 1999,
Girdwood, Alaska,) 1631.

Sweetser, T., C. Peterson, E. Nilsen, and B. Gershman (2003), Venus sample return
missions - A range of science, a range of costs, Acta Astronautica, 2, 165-1721631.

Taylor, G. J., W. Boynton, J. Bruckner, H. Wénke, G. Dreibus, K. Kerry, J. Keller, R.
Reedy, L. Evans, R. Starr, S. Squyres, S. Karunatillake, O. Gasnault, S. Maurice, C.
d’Uston, P. Englert, J. Dohm, V. Baker, D. Hamara, D. Janes, A. Sprague, K. Kim,
and D. Drake (2007), Bulk composition and early differentiation of Mars, J.
Geophys. Res., 111, E03S10, doi:10.1029/2005JE002645.

Titov, D. V., H. Svedhem, D. McCoy, J. -P. Lebreton, S. Barabash, J. -L. Bertaux,
P. Drossart, V. Formisano, B. Haeusler, O. I. Korablev, W. Markiewicz,
D. Neveance, M. Petzold, G. Piccioni, T. L. Zhang, F. W. Taylor, E. Lellouch,
D. Koschny, O. Witasse, M. Warhaut, A. Acomazzo, J. Rodrigues-Cannabal,
J. Fabrega, T. Schirmann, A. Clochet, and M. Coradini (2006), Venus Express:
Scientific goals, instrumentation, and scenario of the mission, Cosmic Research, 44,
334-348. Doi 10.1134/S0010952506040071.



Treiman, A. H. (1995), Ca-rich carbonate magmas: A regular solution model, with
applications to carbonatite magma-vapor equilibria and carbonate lavas on Venus,
Amer. Mineral, 80, 115-130.

Treiman, A. H. (2005), The nakhlite Martian meteorites: Augite-rich igneous rock from
Mars, Chemie der Erde, 65, 203-270.

Treiman, A. H., and A. Schedl (1983), Properties of carbonatite magma and processes in
carbonatite magma chambers, J. Geol., 91, 437-447.

Treiman, A. H., and C. C. Allen (1994), Chemical weathering on Venus: Preliminary
results on the interaction of basalt and CO,, Lunar Planet Sci., XXV, 1415-1416.

Treiman, A. H., J.D. Gleason, and D. D. Bogard (2000), The SNC meteorites are from
Mars, Planet. Space Sci., 48, 1213-1230.

van Westeren, W., J. D. Blundy, and B. J. Wood (2001), High field strength element/rare
earth element fractionation during partial melting in the presence of garnet:
Implications for identification of mantle heterogeneities, Geochem. Geophys.
Geosyst., 2, 10.1029/2000GC000133.

Wiens, R., S. Maurice, N. Bridges, B. Clark, D. Cremers, K. Herkenhoff, L. Kirkland, N.
Mangold, G. Manhés, P. Mauchien, C. McKay, H. Newsom, F. Poitrasson, V.
Sautter, C. d’Uston, D. Vaniman, and S. Shipp (2005), CHEMCAM science
objectives for the Mars Science Laboratory (MSL) rover, Lunar Planet. Sci., XXXVI,
Abstract #1580. Lunar and Planetary Institute, Houston.

Wood, J. A. (1997), Rock weathering on the surface of Venus. In: Bougher, S.W., Hunten,

D.M., Phillips, R.J. (Eds.), Venus II: Geology, Geophysics, Atmosphere, and Solar
Wind Environment. Univ. Arizona Press, Tucson, pp. 637-664.



FIGURE CAPTIONS

Figure 1. Abundances of uranium, thorium, and potassium in Venus basalts. Data from
Table 2, uncertainty bars are 2 o. (a). U versus Th. All analyses are consistent with a
U/Th ratio like that of CI chondrites [Anders and Grevesse, 1989], except the Venera 9
analyses (V9). (b). K versus U. All analyses are consistent, within 2o uncertainties, with
the same K/U ratio as the Earth’s mantle [McDonough and Sun, 1995]. (c). K versus Th.
All analyses but that of Venera 9 (V9) are consistent, within 2o uncertainties, with the
K/Th ratio of the Earth’s mantle [McDonough and Sun, 1995]. K/Th value for Mars’
crust from Taylor et al. [2007]. Considered with Figure 1a, the V9 sample appears
enriched in Th compared to K and U.

Figure 2. Abundance ratios CaO/Al,0O5 and TiO,/Al,O3 for solar system basalts and Cl
chondrites. Data for Venus basalts from Table 2; uncertainty bars are 2c. Data for other
basalts from literature sources including BVSP [1981] and Gellert et al. [2006]. See
discussion in text.



Table 1. Venus Lander Probes and their Landing Sites

Probe Il_oartg; Geography Geology/Tectonics Geochemistry
Mottled plains, with small
Venera 8 -10.70, E Na}v_ka cones, pancake domes; in ~ Very high K, Th, U.
335.24 Planitia .
a possible corona.
Aikhylu Chasma rift
31.01, NE slope Beta system, in lava flows from L
Venera 9 291.64 Regio Devana Chasma / Beta Low K, U; high Th.
Regio.
Probably from small
15.42, SE margin Beta shield volcano, Samodiva
Venera 10 291.51 Regio Mons, to S; possibly older Low K, Th, U.
flows of nearby coronas.
755 Navka Planitia, Dark plains, flows from
Venera 13 o e E of Phoebe rift system; near domes High K basalt.
303.69 . .
Regio and possible corona.
13.05 Navka Planitia, Landing ellipse centered
Venera 14 e E of Phoebe on caldera of small shield  Tholeiitic basalt.
310.19 . .
Regio volcano (Panina Patera).
Rusalka .
8.10, . Dark, smooth, widely
VEGAL 175.85 Planltla: N of fractured lava plains. Low K, U, Th.
Aphrodite Terra
... Dark, smooth, widely
VEGA 2 -7.14, Euéaél;a?;n't'a fractured lava plains. Tholeiitic basalt; low
177.67 g Between Eigin and Sith K, U, Th.

Aphrodite Terra
coronae.

From Kargel et al., [1993], Abdrakhimov and Basilevsky [2002], Fegley [2004].



Table 2. Major Element Compositions (XRF) of Venus Surface Materials and Others

MER-RAT WSU
Venera 13 20 Venerald 20 Vega 2 20 Humphrey 20 BCR-P 20

SiO, 451+ 6.0 487+ 7.2 456+ 6.4 46.3 = 04 55.18 + 0.06
TiO, 16x 0.9 125+ 0.8 02+ 0.2 0.58 = 0.06 228 £ 0.02
Al,Os 158+ 6.0 179+ 5.2 16.0 £ 3.6 10.78 £ 0.15 1362 = 0.04
Cr,04 n.d. n.d. n.d. 0.68 + 0.03 n.d.
FeO 93+ 44 8.8+ 3.6 77+ 22 186 <+ 0.12 1273 = 0.04
MnO 02+ 02 0.16 £ 0.16 0.14+ 0.24 041 = 0.01 0.184 + 0.002
MgO 114 +£124 8.1+ 6.6 115+ 74 949 + 0.12 352 £ 0.12
CaO 71+ 20 103+ 24 75+ 14 8.19 = 0.06 6.99 + 0.04
Na,O n.d. n.d. n.d. 28 02 3.38 £ 0.10
K;0 40+ 1.2 02+ 014 0.1+ 0.16 0.13 = 0.05 1.74 + 0.01
SO; 16x 20 0.35x 0.6 19+ 12 1.09 £ 0.03 n.d.
P20s n.d. n.d. n.d. 0.57 = 0.07 0.378 £ 0.002
Cl <0.3 <04 <0.3 032 + 0.01 n.d.
Sum 96.1 95.8 90.6 99.9 100.00

Venera and VEGA analyses from compilations of Kargel et al. [1993] and Fegley [2004], after comparison with
original data (see these references for original sources). Uncertainties are based on the 1o values tabulated by these
authors

‘MER-RAT Humphrey’ is by the APXS instrument (MER Spirit Rover, Gusev Crater Mars) of an olivine-phyric
basalt [Gellert et al., 2006].

WSU BCR-P is a high-quality, replicate analyses of a standard basalt (Columbia River basalts), typical of the best
obtainable analyses on Earth [ MORB analysis is typical of routine XRF data obtained on Earth [Johnson et al.,
1999].

Table 3. Radioactive Element Abundances in VVenus Surface Materials and Others

Venera Venera Venera VEGA VEGA I\F/{Ii?
ppm 8 20 9 20 10 20 1 20 2 20 Humphrey 20
K 40,000 +24,000 4700+ 1600 3000+ 3200 4500+ 4400 4000 + 4000 1300 + 500
U 22+ 24 0.60+0.32 0.46 £ 0.52 0.64 +0.94 0.68 +0.76 - -
Th 65+ 04 3.65+0.48 0.70+0.74 15+24 2020 - -

Venera and VEGA analyses from compilations of Kargel et al. [1993] and Fegley [2004], after comparison with
original data (see these references for original sources). Uncertainties are based on the 1o values tabulated by these
authors.

‘MER-RAT Humphrey’ is by the APXS instrument (MER Spirit Rover, Gusev Crater Mars) of an olivine-phyric
basalt [Gellert et al., 2006].









