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VENUS: SYNTHESIS OF OBSERVATIONS, OUTSTANDING QUESTIONS, AND 
IMPLICATIONS FOR FUTURE EXPLORATION: James W. Head, 111, Department of Geological 
Sciences, Brown University, Providence, RI 02912 USA. 

m: Venus, because of its Earth-like nature in terms of size, density, and position in the Solar 
System, has always been a subject of intense interest. Earlier observations revealed Earth-like mountain belts, rift 
zones, highly deformed terrains and vast volcanic plains. These emerging clues to geologic processes and history 
came in parallel with the exploration of the smaller terrestrial planetary bodies (Moon, Mars, Mercury) and the 
characterization of them as one-plate planets whose surfaces stabilized early in the history of the Solar System, in 
contrast to the Earth with its laterally moving plates and constant surface renewal. Was Venus similar to the Earth 
with a component of plate tectonics, was it like the smaller bodies with early heavily cratered regions and superposed 
old volcanic plains, or was it something different and perhaps unique? Interest was heightened by the increased 
awareness of the changes that have occurred in the history of the Earth and the knowledge that the first half of Earth 
history was very different from the last half in terms of the nature of the atmosphere, biosphere and lithosphere. 
Could Venus be a Rosetta stone allowing planetary scientists to decipher the extremely fragmentary early history of 
the Earth? The global coverage provided by the Magellan measurements has yielded a new set of constraints on the 
geologic characteristics and history of Venus; a new picture of Venus and its relevance to the evolution of the Earth 
has emerged, and new questions for future exploration have arisen. 

. . and C-cs of m ~ a c t  C r m : l  One of the major surprises of Magellan was 
that the global distribution of impact craters could not be distinguished from a completely spatially random 
population. This meant that there was not a distinct bimodality or sequence of ages on different parts of the surface 
as observed on the Earth (continents and ocean basins) or on the smaller terrestrial planets (e.g., lunar highlands and 
the maria). The crater size-frequency distribution has been interpreted to mean that the global crater retention age is 
surprisingly young, about 300-500 Ma, more like the Earth than the smaller terrestrial planets. The vast majority of 
superposed impact craters appear pristine; only a small number have been modlfied by subsequent tectonic and 
volcanic activity. The unusual characteristics of the crater population suggested the radical idea that the extensive 
regional volcanic plains were emplaced geologically very rapidly and that subsequent volcanic and tectonic activity 
were at much lower rates and more localized. 

f VO-:~ A wide range of volcanic features and 
units has been observed, with volcanic style being largely consistent with predictions from theory for volcanism in 
the high-temperature, high-pressure Venus environment. Analysis of petrogenetic processes and products showed 
that although predominantly basaltic compositions were predicted, variations due to water content, degrees of 
melting, and thermal gradient indicated that environments existed for more basic and more highly evolved magmas. 
On the basis of Magellan data, over 1700 volcanic structures and edifices in excess of 20 krn diameter have been 
mapped globally, and countless thousands of smaller shield volcanoes are observed. The vast majority of volcanic 
features are apparently basaltic in nature, consistent with geochemical results from Venera landers. Petrologic 
diversity is indicated by 1) steep-sided domes and a few large festoon-like deposits, perhaps representative of more 
evolved compositions, and 2) extensive sinuous channels, consistent with very high effusion rates and/or with more 
fluid magmas perhaps of komatiitic or other, non-basaltic composition. Global distribution of all mapped volcanic 
f-es shows that they are widespread, but not evenly distributed; features are much more abundant in the Beta-Atla- 
Themis (BAT) region which covers about 20% of the planet and is also the site of rift-zone concentrations and 
geophysical evidence for upwelling. Stratigraphic evidence shows that the majority of edifices and structures are 
superposed on the vast volcanic plains, but the exact chronologic significance of these features is debated. Volcanic 
flux has clearly ckaased with time, but exact trends are also debated; nonetheless, the recent flux appears to be on 
the order of <0.1 krn3/a, comparable to present intraplate volcanic activity on Earth. 

Global Stratip.raDhic &lationshipS:3 On the basis of analyses in 36 areas randomly distributed 
across the planet and several larger regions, a series of broad stratigraphic units can be identified: highly deformed 
tessera represent the earliest regional stratigraphic unit, followed by fractured and grooved plains, ridged plains (the 
most widespread unit), and finally digitate and lobate plains. This sequence represents a dstinct change in geologic 
activity from initial intense deformation (tessera), through regional volcanic flooding, to low levels of volcanic 
activity localized at rifts and volcanic centers (e.g., shields, coronae); associated tectonic features show a similar 
series of changes as a function of time. 
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:4 Tessera terrain represents sufficiently 
high rates of deformation over short periods of time such that intermediate to highly deformed impact craters are not 
recognized; as evidenced by the small percentage of deformed craters on the tessera and their low levels of 
deformation, this deformation ceased rather rapidly. Tessera-forming processes were not homogeneous over the whole 
planet; variations in topography, tectonic structure, and gravity characteristics all suggest that areas of high-standing 
tessera formed from regional convergence and underthrusting, creating large areas of thickened crust over less than 
about 8% of the planet. These regions were focused in Aphrodite and Ishtar Terrae and are interpreted to be areas of 
major downwelling. On the basis of crater counts, it is difficult to distinguish tesserae age from the crater retention 
age of the planet, although they may be slightly older; stratigraphic relationships demonstrate that the tessera 
consistently predate the ridged plains. Parallel narrow graben systems represent the last deformation in the tessera and 
relationships to craters suggest that the tessera deformation essentially ceased relatively rapidly after its formation. 
Subsequent deformatimal stages are represented by distributed mare-ridge compressional deformation of the near- 
global volcanic ridged plains, and local regions of more intense deformation in the form of ridge belts. The age of 
deformation of the ridged plains immediately follows their emplacement because only three craters are clearly cut by 
compressional structures. Extensive focused large-scale rift and fracture belt systems represent the latest stage of 
deformation; these cross-cut regional structure and units and are concentrated in areas (such as Beta and Alta 
Regiones) where gravity data strongly suggest that there is contemporaneous upwelling. Rifts represent minimal 
extension, often diverge from the center of rises, show associated large volcanic flows, are the sites where coronae 
preferentially show associated volcanism. In summary, rates, styles, and areal distribution of deformation vary over 
time; initial regional intense tessera shortening gave way to more widespread apparently distributed extension, 
followed by widespread distributed modest compression, and most recently by rift systems of modest extension 
largely concentrated in areas of upwelling in the BAT region. 

of Observations: In contrast to the Moon, Mars, and Mercury, no regional geologic units 
dating from the first 80-90% of the history of Venus remain at the surface although some of the rocks in the tessera 
are likely to date from earlier time periods. The formation of tessera terrain is the fist major event recorded in the 
presently preserved record; this involved extensive shortening, regional compressional deformation, and crustal 
thickening over at least 8-10% of the surface presently exposed, but the nature of deformation and terrain elsewhere is 
obscured by immediately subsequent widespread volcanic plains. Initial stages of shortening were followed by 
regional extension (swarms of parallel narrow graben). Tessera formation was immediately followed by extensive 
plains volcanism the earliest units of which share the dense swarms of parallel narrow graben. Voluminous flooding 
of low-lying regions of Venus covered over at least 80% of the planet; volcanic style in this period appears to be 
dominated by flood-type eruptions. Global compressional deformation accompanied the latter stages of global plains 
emplacement as evidenced by extensive mare-ridge patterns. Widespread plains emplacement and compressional 
deformation was followed by a major change in the style and location of volcanic and tectonic activity; volcanism 
switched from extensive plains units to localized point source regions in the form of volcanoes, coronae, radial dike 
swarms, and large flow fields, and tectonism shifted from distributed compression to localized extension and rift 
formation. Both volcanism and tectonism in this period were primarily concentrated in the BAT region, an area 
largely complementary to the major focused region of downwelling represented by the high-standing tessera 
(IshtadAphrodite). Gravity and geologic data strongly suggest that Beta and Atla are presently areas of mantle 
upwelling. 

c: Much work remains using the existing Magellan 
image data and the more recently acquired gravity data. Fundamental issues include the nature of the global 
stratigraphy and its implications for the preserved geologic history, whether Venus has evolved through a 
monotonically declining thermal evolution or through episodic periods of enhanced heat loss, the present structure, 
state, and level of activity of the interior, the origin and evolution of the atmosphere and its link to geological 
history, the nature of atmosphere-surface interactions, and the geochemical and petrological diversity and origin of 
surface materials. Many of these questions can be addressed through Discovery-type missions to Venus, including 
atmospheric probes, Venera-like surface landers with geochemical instruments, ascendingldescending balloons with 
instrumented payloads, long-lived landers with seismometers, and ultimately in the future, long-range surface 
mobility and buoyancy-related mechanisms of sample return. 

m: 11 G. Schaber et al. (1992) JGR, 97, 13257; R. Phillips et al. (1992) JGR, 97, 15923: R. 
Strom et al. (1994) JGR, 99, 10899. 2) J. Head et al. (1992) JGR, 97,13153; 3) A. Basilevsky and J. Head (1994) 
EMP, in press; 4) S. Solomon et al. (1992) JGR, 97, 13199. 
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