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Observations of electrical noise and sulfur dioxide variations by the Pioneer Venus spaceaaft have
been interpreted as evidence for ongoing volcanic activity (Scarf and Russell, 1983; Esposito, 1984).
Recently this intetpretation has been challenged, with the general conclusion that there is no evidence
for active volcanism on the planet (Taylor and Cloutier, 1986). This debate does not impinge on the
abundant comparative planetological reasons for believing that Venus should be active (ie., it is
compositionally similar to and has nearly the same mass as the Earth), and direct observations of volcanic
landforms on Venera 15 and 16 and Arecibo radar images. The 0.5-1.0 b.y. age of these volcanic materials,
as originally determined by Ivanov et al. (1986), is likely to be an overestimate for a variety of reasons.
Comparison with the duration of major volcanic systems on Earth (75-80 my. for the Hawaiian-Emperor
chain) and Mars (perhaps 1 b.y. for Olympus Mons) suggests that volcanism is likely to continue on
Venus today if it existed 0.5-1.0 b.y. ago. Unfortunately, there is little hope of remotely detecting active
volcanism because of the masking effects of the pervasive and hot atmosphere of Venus. The Venera
data confirm or strengthen various predictions about volcanism on Venus based upon a comparative
planetological approach.

We know of no geological ev/denc,e for currently active volcanism on Venm.
... the available ev/denc,e appears to indicate that it is inactive.

-Taylor and Ooutier, 1986, p. 1093.

INTRODUCI1ON
Of all the extraterrestrial planets Venus is most like the Earth
in tenns of bulk properties, but it has vastly different surfuce
conditions. The similarities led to early speculation that the
planet might even be an abode of life. By contr.lSt, the discovery
of a CO2-rich atmosphere at high temperature and p ~
led to more recent speculation of an inert, Dantesque hell
Recently, there have been some equally discordant
speculation on the georogic state of the planet On the basis
of evidence that is now controversial, Venus has been claimed
to be volcanically active with ongoing explosive eruptions
monitored by the Pioneer-Venus spacecraft ( Scarf and Russell,
1983; Iisposito, 1984; Ksanjomaliti, 1985). Critics dismiss the
evidence and see no evidence that Venus is active ( Taylor
and Goutier, 1986). We suggest that these conflicting views
are based on only a limited set of data about Venus and ignore
the principal conclusions from two decades of comparative
planetological studies of Venus and dozens of other planets
and moons of the solar system. These studies strongly imply
that Venus is almost certainly active volcanically and
tectonically.
VOLCANIC UGHl'NING ON VENUS?

Electrical impulses recorded by the plasma wave instrument
on Pioneer-Venus were interpreted as lightning "whistlers" by
Taylor et al. (1979), Scarf and Russell (1984), Singh and
Russell ( 1986), and others. The details of the interpretation
are complex and beyond the scope of the present study;

however, one aspect of the lightning hypothesis has been a
major factor in the question of volcanic activity on Venus. Scarf
and Russell ( 1983) attempted to trace the lightning down
magnetic field lines back to source regions, and argued that
the putative lightning is clustered near Beta and Phoebe Regios
and perhaps near Ada Regio. Noting that lightning is often
generated in volcanic eruption columns on Earth, Scarf and
Russell speculated that the lightning postulated to exist on
Venus was of the same origin, and quoted suggestions by
Masursky et al. ( 1980) that these highland regios are probably
young volcanoes.
Taylor and Goutier ( 1986) carried out a detailed reanalysis
of the electrical data, and convincingly concluded that the
electric noise is related to solar wind interactions with the
ionosphere of Venus, and is not correlated with topographic
highs that could be volcanoes. These authors further
extrapolated their negation of the proposed electric noise/
lightning/volcano relation to claim that there was no evidence
of any kind to indicate that Venus is currently active. Singh
and Russell ( 1986) disagreed with this interpretation, and
argued that lightning is still the best ~Janation of the data,
but they also admitted that newly considered stochastic factors
impair the correlation between lightning sources and Venus
surfuce topography. Thus there is little evidence, regardless
of the origin of the electrical noise, that lightning on Venus
is associated with active volcanism. Taylor and Goutier ( 1986)
also concluded, based on physical evidence such as the lack
of aerosols necessary for significant electrical charge buildup,
that lightning of any origin is unlikely on Venus.
In any case, the original interpretation of active volcanism
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on Venus based on the detection of electrical noise was
unrealistic for a number of reasons.
1. Vutually all lightning on Earth originates in thunderstorms
(ie., it is nonvolcanic in origin), with an average of 100
lightning strikes per second over the globe (Navarra, 1979).
By contrast, the frequency of occurrence of volcanic-derived
lightning apparently has not been studied Most volcanology
texts mention lightning only briefly. Although most eruption
descriptions do not mention lightning at all [e.g., there is no
entry in the index to 1be Volcano Letter (Fiske et al., 1987),
which reports 30 years of volcanic activity in Hawaii), it is
apparently a relatively common feature of explosive eruptions.
Blong ( 1984) reports that volcanically derived lightning is most
likely to be as&>Ciated with strongly explosive eruptions that
loft ash particles through the atmosphere. Such explosive
eruptions are likely to be rare on Venus because of the massive
atmosphere ( W~ 1979; Head and lliiUon, 1986), and the
existing radar data also reveal little evidence for pyroclastic
deposits from such eruptions (Head and lliiUon, 1986).
2. Five hundred sixty-seven individual electrical noise events
( interpreted as lightning strikes) were recorded by the plasma
wave instrument during Pioneer-Venus' first 3.5 years in orbit
around Venus (Scar/ and Russell, 1983). If all of these
widespread events were caused by volcanism, Venus would
have to have an extraordinary number of large-scale explosive
eruptions simultaneously occurring at many volcanoes. This
seems unlikely based on the lack of evidence for pyroclastic
deposits as mentioned above, and on the much lower
occurrence rate of large scale volcanism on Earth [only six
large eruptions have occurred during the first 80 years of this
century (Newball and Self, 1982)).
ATMOSPHERIC

S0z VARIA110NS

During its first five years of operation the Pioneer-Venus
ultraviolet spectrometer detected an order of magnitude
decrease in sulfur dioxide abundance at the top ofVenus' clouds
and in the amount of submicron haze above the clouds
(Esposito, 1984). Review of telescopic data revealed that a
similar variation probably occurred during the late 1950s.
Esposito suggested that these variations were due to episodic
injections of sulfur dioxide into the atmosphere, l)Ol&bly caused
by episodic volcanic eruptions. .Esposito ( 1984) calculated that
the rise of a volcanic plume high enough to emplace S02 in
the upper atmosphere of Venus requires an eruptive thermal
energy release equal to that of the largest eruptions in historic
times on Earth. Thus, Esposito suggested that a Krakatoa scale
eruption might have occurred just before the arrival of the
Pioneer-Venus spacecraft at Venus in 1978 and again in about
1959. On Earth such eruptions occur only about once per
century.
This intriguing suggestion that volcanism may be vigorously
active on Venus has also been challenged by Taylor and Cloutier
( 1986) who, in debunking the lightning/volcanism claim,
vaguely proposed that the S02 variations might "result from
as yet unexplained changes in the general circulation of the
Venus atmosphere." Whereas there almost certainly are many
unknown processes affecting Venus' atmosphere, Esposito's

explanation generally agrees with terrestrial experience ( e.g.,
the rapid formation and multiyear dissipation of the
stratospheric S0 2 cloud), and should be considered a viable
alternative until it is shown to be unlikely. The main .ugument
against the proposal is that explosive volcanism is unlikely on
Venus unless the exsolved magma volatile content exceeds 4
wt % (Head and lliiUon, 1986). On Earth, large gas-rich
explosive eruptions derive their volatiles from meteoric water,
which enhances volatile concentrations in silicic magma
chambers (Sommer, 1977); presumably this mechanism is
absent on Venus.
VOLCANISM ON VENUS: 11IE COMPARATIVE

PLANETOI..OGICAL APPROACH

The two phenomena discussed above, lightning and S02
variations, are not the only or the best evidence for a volcanically
active Venus. The most important .uguments are inferential,
deriving from cosmochemical and comparative planetological
considerations, and observational ( see next section). Because
Venus is so similar to the Earth in diameter, density, and location
in the solar system it has long been considered Earth's twin,
and likely to be made of similar materials and to have had
a similar thermal history ( e.g., Basaltic Volcanism Study Project,
1981, Otapter 9). Although the atmospheric conditions of
Venus differ greatly from those of the Earth, modeling indicates
that the onset and continuation of greenhouse heating may
be due to accidental rather than fundamental differences
between the planets (Donahue and Pollack, 1983).
A number of petrological and moiphological comparisons
of volcanism in the solar system also imply that Venus should
have experienced significant volcanic activity that may continue
today. Walker et al. (1979) recognized that for planetary
basaltic volcanism for which we have samples, the maximum

Fig. 1. The volcanic calderas Colette {80 x 120 km) and Sacajawea
( 140 x 280 km), with bright ( = radar rough) radial 1lows up to
300 km long. Photograph from Venera 15/16 mosaic; dimensions from
Barsukov et al. ( 1986).
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eruption temperature, degree of fractionation, chemical
diversity, and duration all increase from the eucrite meteorite
parent body to the Moon to Earth, i.e., with increasing planet
size. Head et al. ( 1977) defined a planetary evolution index,
the ratio of volcanic terrain to impact cratered terrain, which
they found to increase from the Moon to Mercury to Mars
to Earth. Similarly, Wood ( 1984) found that the number of
calderas on a planet increases from the Moon to Mars to Earth.
All three of these statistical relations, which are based on
observed details of petrology, volcanic motphology, and
planetary surface characteristics, predict that Venus should have
had, and probably continues to have, a complex and dynamic
volcanic history. This result can readily be extended to
tectonism, for the same sort of progres&on in diversity,
magnitude, and duration of tectonic activity occurs from the
Moon to Mercury to Mars and the Earth, based on
photogeologic evidence. Thus, Venus should be geologically
alive today.
VOLCANISM ON VENUS: OBSERVATIONS

There is significant evidence from spacecraft and Earth-based
observations for volcanic landforms on Venus. The coarse
resolution radar data from Pioneer-Venus and Goldstone
Observatory revealed large mountains that were somewhat
speculatively interpreted to be volcanic (Masursky et al., 1980;
Malin and Saunders, 1977). The increased resolution of the

VENUS CRATER COUNTS: Ivanov et al., '86
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Fig. 2. Impact crater densities versus crater diameter for Venus and
Earth, modified from Fig. 9 of Ivanov et al. (1986). The highlighted
diagonal line represents a crater retention age of 100 my. The data

for the European shield ( top curved line) and the North American
shield (bottom curved line) bracket the data for Venus. Earth data
from Cllap. 8 of the BVSP(1981).

Venera 15/16 and Arecibo radar images leaves little doubt,
however, that volcanic flows and mountains are common
landforms on Venus. Head and WiLron ( 1986) reviewed the
topographic and morphologic evidence that Rhea and Theia
Montes, a massif south of Ishtar Terra, and Collette (Fig. 1)
are volcanoes, each of which has radial lobes of radar-bright
material, which they interpreted as lava flows. Barsukov et
al. ( 1986) pointed out other likely calderas ( including
Sacajawea), as well as many other posmle volcanic landforms.
They also noted that many large areas of plains show similarities
to lunar maria and other presumed basaltic plains on Mars.
Preliminary mapping (Barsukov et al., 1986) suggests that
much of the northern quarter of Venus is formed of volcanic
units of various types and ages.
<llemical support for these morphological conclusions is
provided by analyses of samples by Venera and Vega landers.
Analyses of rocks at fiVl! different landing sites on Venus are
consistent with their interpretation as various kinds of basalts,
similar to those found on Earth (Surllov et al., 1986).
Interestingly, all of the samples analysed by Venera and Vega
landers on different terrain types are quite mafic: alkaline basalts,
tholeiitic basalts, and olivine gabbronorite ( Surllov et al., 1986).
The lack of any silicic rocks in this admittedly limited sample,
and the lack of strong morphological evidence for silicic
volcanic landforms (Head and lmron, 1986), indicate a more
restricted range of volcanic compositions and processes than
on Earth.

WHAT IS 11IE AGE OF VENUS VOLCANISM?
Radar data demonstrate that Venus has a diversity of volcanic
landforms over a substantial portion of its mapped surfuce,
and in situ measurements document a variety of probable
igneous rock types; the only uncertainty is the age range of
this volcanic activity. Based on crater counts over the entire
northern quarter of Venus, Ivanov et al. ( 1986) deduced an
average crater retention age of 500-1000 my. A number of
additional fu.ctors need to be considered, however.
1. W. K Hartmann (personal communication, 1987), whose
lunar crater count/absolute age relation was used by Ivanov
et al. ( 1986), estimates uncertainties in crater counts and the
applicability of the lunar crater relation to Venus might yield
errors of fuctors of 3-4. Thus, the average age of the northern
cap of Venus could be as young as about 100 my. or as old
as 4 b.y.
2. Schaber et al. (1987) proposed that the surface of Venus
is even younger than suggested by Ivanov et al. ( 1986), because
( 1) the Hartmann lunar cratering rate over the past 3.3 b.y.
( corrected for Venus) is 2 to 3 times higher than the present
rate for asteroid and comet impacts on Earth, and ( 2) this
rate is essentially the same as that for Venus, based on recent
calculations of the orbits of astronomically observed asteroids
and comets (Shoemaker and Wolf~ 1987). Schaber et al
admitted that if the Venusian atmosphere inhibits the formation
of all but the largest craters on Venus, then the surface age
could be older than their estimate of 100-300 my., but they
suggest that no physical evidence indicates an age as great
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Barsukov et al. (1986)
Proc. 16th LPSC

Fig. 3. Distribution of impact craters (dots) and terrains lacking them
(shaded) based on mapping of the northern portion of Venus by
Barsukov et al. (1986). Based on the lack of observed impact craters
the indicated terrains must be considerably younger than the average
age of this part of the planet. These young areas include ridged belted
plains, ridged plains, and several other units that generally appear
tectonized.

as 1 b.y. 1n any case, the intrinsic uncertainty in crater counting
discussed above is still pertinent to the Schaber et al estimate:
The age could be as young as 45 my.!
.
3. No matter which crater retention age is accepted for
the northern quarter of Venus, it is an average age; some units
must be older and others younger, just as on Earth. According
to Cogley (1984), the average age of the Earth's continental
crust is 450 my. [which is also the crater retention age for
the North American and European shields according to the
Basaltic Volcanism Study Project, 1981, Olapter 8; note that
these shield crater counts bracket the Venus data (Fig. 2)).
Oearly the Earth, with its average age at the lower range of
the estimates for Venus by Ivanov et al, is a volcanically and
tectonically active world, and thus Venus probably is also.
Although only a small-scale geologic map of the northern
portion of Venus is available ( Barsukov et al., 1986), it does
show that some of the terrain units apparently have no
superposed impact craters and thus must be significantly
younger than the average age (Fig. 3 ).
CAN WE DETECT ACl1VE VOLCANISM ON VENUS?
Cosmochemical considerations and radar data suggest that
volcanism probably continues as an active process on Venus
today. How can we test this hypothesis? How can active
volcanism, or recently deposited volcanic materials, be
detected? Before addres&ng this question it is necessary to
clarify what "active volcanism" encompasses. Although the term

"active" is commonly used in studies of terrestrial volcanoes
to denote those that have some historic eruption record, the
term is best applied to those volcanoes that retain the potential
for future activity. Oearly, this is difficult to determine, and
as a matter of convenience, volcanologists generally accept as
active those volcanoes that have erupted within the last 10,000
years, as for example in the catalog Volcanoes of the World
(Simkin et al., 1981). Vesuvius, which has not erupted since
1944, is listed as active, as are most of the Cascade volcanoes.
There is a clear relationship between the explosiveness of an
eruption and the repose interval between eruptions ( Simkin
et al., 1981, Fig. 6). Thus, Iai-ge terrestrial eruptions of the
same magnitude as those hypothesized to emplace S02 in the
upper atmosphere of Venus typically occur after repose periods
of 100-10,000 years. 1n other words, since eruptions are
generally of short duration, the most explosive volcanoes
typically spend only 1-0.01% of their time actually in an eruptive
state. On longer time scales, Iai-ge volcanic systems such as
that which produced Valles Caldera in New Mexico may have
only a few major eruptions in the course of a 10-my. lifetime
(Luedke and Smith, 1978). The major mantle anomaly that
produced the Hawaiian-Emperor chain of volcanoes has been
producing magma for at least 75-80 my. ( Clague and
Dalrymple, 1987). Thus, although individual volcanoes have
life spans of 105- 106 years, mantle source regions such as hot
spots
be active 107 years. Evidence from crater counts
on Olympus Mons and other giant shield volcanoes on Mars
(Blasius, 1976; Tanaka, 1987) suggest that they have had
lifetimes up to a billion years. Thus, "active" volcanism can
span periods from tens of years to hundreds of millions of
years; the failure to detect an eruption at any given instant
certainly does not imply that a volcano is dead
Detection of an eruption in progress on Venus would be
very difficult. On Earth the most common method of detecting
an explosive eruption ( other than from reports from local
citizens) is through imaging of an eruption plume by satellite
or Shuttle photography ( e.g., Robock and Matson, 1983; Wooe(
1986). On Venus, an eruption cloud would not be visible within
the already completely cloudy atmosphere. Similarly, the
thermal anomalies that are sometimes remotely detected at
terrestrial volcanoes ( e.g., Francis and Rothery, 1987) would
be undetectable through Venus' masmve and hot atmosphere.
Interestingly, some terrestrial eruptions have been detected by
their S02 signatures in the upper atmosphere ( e.g., the Mystery
Ooud of 1981), exactly like the S02 variations~to (1984)
reported on Venus. On Earth, the clear temporal and spatial
association of atmospheric S02 concentrations with observed
eruptions leaves no doubt of the physical link; for Venus, some
doubt can still exist.
The discus&on above concerns the detection of plumes from
Iai-ge explosive eruptions, which are not expected to be
common on Venus, however ( Wooe( 1978; Head and WiLson,
1986). Effusive eruptions, which Iai-gely emplace lava flows,
would be evro more difficult to detect on Venus as they occur,
but could be detected through comparison of high resolution
radar images obtained at different times. For example, large
lava flows, such as those around Colette, are obviously
detectable, but recognition that a fl.ow is new requires

may
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AREAS OF HISTORIC LAVA FLOWS
40

C

on comparative planetological considerations, concerning
volcanism on Venus-that it should be compositionally diverse
and of long duration (Walker et al., 1979), that volcanic
materials should cover substantial portions of the planet's
surfu.ce (Head et al., 1977), and that there should be many
calderas (Woo4 1984)-are all apparently correct.
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~ o n of an earlier image in which the flow does not
exist. Venera 15/16 radar provides "before" images and the
proposed Magellan spacecraft will, we hope, provide "after''
images in the 1990s. If flows on Venus are comparable in
size to those on Earth, flows that formed since 1986 are unlikely
to be detected with the Venera/Magellan data pairs because
the typical area of larger historic flows on Earth is only 15
km2 (Fig. 4); probably only flows larger than 100 km2 could
be easily detected on Venus. Similarly, Head and Wilson ( 1986)
calculate that radar detectable pyroclastic deposits would only
extend 10-15 km downwind from explosive volcanic vents.
Thus, unless vecy large lava flows or pyroclastic deposits are
formed vecy frequently on Venus, there is little hope of detecting
the recent volcanic activity that ought to be taking place on
Venus with existing or planned spacecraft techniques.
CONCLUSIONS

There is no compelling direct evidence that Venus has been
volcanically active during the last decade. There is however,
excellent evidence for youthful volcanic mountains and lava
flows. The surface of the northern quarter of Venus is probably
younger than 1 b.y. old; some units are likely to be much
younger. Considering the lifetimes of major volcanic systems
on Earth and Mars, it is likely that Venus maintains its volcanic
vigor today. It is unlikely that any direct evidence of eruptions
will be detected with existing and planned spacecraft because
of the small sizes of likely volcanic manifestations and the long
intervals expected between eruptions. Perhaps the best
evidence for active volcanism on Venus will come if future
studies of the dynamics and chemical mixing of the planet's
atmosphere cannot account for Esposito's variations of S02 by
any process other than volcanism. Finally, it is interesting to
note that three sets of previously published predictions, based
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Note added In proof:

Prinn (1985, The volcanoes and clouds of Venus: Scientific American, 252, 46-53.) has argued from
chemical considerations that the amount of S02 in Venus' atmosphere is ten times that which could
co-exist in equilibrium with likely surface materials. He argues that the presence of sulphurous gases
in the atmosphere Jar in excess of their equilibrium proportions demonstrates that these gases must
have been introduced into the atmosphere by geologically very recent processes, and that this is in
itself good evidence for continuing volcanic activity on Venus.
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