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Tectonics and Evolution of Venus 
R. J .  Phillips, W. M. Kaula, G. E. McGill, M. C. Malin 

Radar altimetry and imaging from the 
Pioneer Venus Orbiter have produced 
the first comprehensive topographic map 
of Venus. As of April 1980, this map 
covered 90 percent of the surface with a 
horizontal resolution of about 200 kilo- 
meters and a vertical accuracy of * 200 
meters (I). The lateral variations in the 
gravity field of Venus have also been 

Global Properties of Venus 

Tables 1 and 2 give the bulk properties 
of Venus, Earth, Mars, the sun, and 
chondritic meteorites relevant to plane- 
tary internal structure and evolution. Of 
these properties, only those pertaining to 
the abundance of the radioactive element 
potassium and its daughter product ar- 

Summary. The global tectonics of Venus differs significantly from that of Earth, 
most markedly in that the surface is covered predominately by gently rolling terrain; 
there apparently are no features like ocean rises; the gravity is positively correlated 
with topography at all wavelengths; and the few highlands are estimated to be 
supported or compensated at a depth of approximately 100 kilometers. The surface of 
Venus appears to be covered mainly by an ancient crust, the high surface tempera- 
ture making subduction difficult. It seems likely that well over 1 billion years ago water 
was destabilized at the surface and, soon after, plate tectonics ceased. The highlands 
appear to be actively supported, presumably as manifestations of long-enduring hot 
spots. 

measured (2). Other recent measure- 
ments pertinent to the interior of Venus 
and its evolution include Pioneer Venus 
Orbiter magnetometry (3),  Pioneer Ve- 
nus Probe mass spectrometry (4) and gas 
chromatography (9, and more detailed 
Earth-based radar imaging (6). 

In this article we synthesize these re- 
cent data and earlier data (7) to infer the 
internal state and long-term evolution of 
Venus. Our interpretation draws heavily 
on comparison with Earth, but legiti- 
mately so, as Venus differs less than 30 
percent from Earth in all important bulk 
properties. It is fascinating that, despite 
these gross similarities, Venus appears 
to have evolved so differently from 
Earth. If there is one outstanding conclu- 
sion to be drawn from the recent mea- 
surements, it is that Venus is even more 
different from Earth than previously 
imagined. 
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gon entail debatable extrapolations, as 
discussed below. The properties in 
which Venus is most strikingly different 
from Earth are its slow rotation rate, the 
absence of a satellite, the virtual absence 
of a magnetic field, the dearth of water in 
the atmosphere, the abundance of pri- 
mordial argon ( 3 6 + 3 8 ~ r ) ,  and the high 
surface temperature. 

Figure 1 is a map of the venerean 
topography, superimposed with con- 
tours of the gravity field (2). Figure 2 
shows the hypsometric curves for Venus 
and Earth: smoothed histograms of the 
frequencies of occurrence of topographic 
elevations. Table 3 gives spectral (spher- 
ical harmonic degree 0 information 
about the topography and free-air gravity 
fields of Venus and Earth, specifically 
the root-mean-square normalized coeffi- 
cient u, and the degree correlation coeffi- 
cient rl (8). The topography has one 

predominant elevation, resulting in a sin- 
gle mode in the hypsometric curve in 
Fig. 2. We refer to this mode as the 
Median Plains. The Venus gravity field 
as mapped to data shows a significant 
positive correlation with topography. 
The visual relation, as seen in Fig. 1, is 
striking for both positive and negative 
features. Results for the Beta and Ishtar 
regions show the same strong correla- 
tion. This relation is quite unlike that on 
Earth, where only 10 percent of the long- 
wavelength gravity is correlated with to- 
pography, most of the signal being asso- 
ciated with dynamic mantle processes 
(9). 

The proportionate abundaoce of 40Ar 
in the atmosphere of Venus is about 30 
percent of Earth's (4). This lower abun- 
dance arises from either a lower initial 
amount of 40K or a lower proportionate 
release of the 40Ar generated by decay 
(10). Alternative extreme models are: (i) 
a Venus with a similar potassium abun- 
dance, as tectonically active as Earth, 
but with lower erosion rates; (ii) a Venus 
with a similar potassium abundance but 
less active tectonically; and (iii) a Venus 
with a lower potassium abundance. 

Thermal Regime 

Models for support of topographic and 
gravitational variations on Venus depend 
on the internal temperature gradient be- 
cause of the strong temperature depen- 
dence of the viscosity. This temperature 
gradient is, in turn, a consequence of the 
thermal history of the planet, including 
the upward differentiation of radioactive 
heat sources. However, the near-surface 
temperature curve for Venus, at present 
and in the Archean era (more than 3 
billion years ago), can be calculated from 
a relatively restricted set of assumptions, 
using the same methods applied to ter- 
restrial continents (11, 12). The slopes of 
these temperature curves decrease with 
depth because of the concentration of 
radioactivity in the crust. 
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Table 1. Planetary properties. 

Re- Mag- Sur- 
Solar duced Mean netic Rota- face 

Planet dis- Masst den- radius tion Satel- tern- 
tance* (md sityt (km) mentl period lites pera- 
(AU) (gicm3) (days) ture 

(K) 

Venus 0.72 0.816 3.9 6051 5 x 243 0 740 
Earth 1.00 1.000 4.03 6371 1 .OO 1.00 1 280 
Mars 1.52 0 108 3.7 3390 lo4 1.03 2 210 
Reference (46) (1) (3) 

*AU, astronomical unlt (1 AU = 1.5 x lo8 km) TmE, ratlo to Earth mass (6 x loz4 kg) tDens~ty of 
the planetary mater~al $ ~t were all at a pressure of 10 k~lobars (1.0 g~gapascal) BM, Earth magnet~c 
moment (8 x loz5 gauss-cm3; 8 X 1015 tesla-m3). 

A Venus most nearly "equivalent" to 
Earth in specific (per unit mass) radioac- 
tive heat sources would have a lower 
radioactive heat flux because of its lower 
total mass of heat sources (13), and 
might have a lower primordial heat flux 
because it is a smaller planet. The abun- 
dance of 4 0 ~ r  in Table 2 suggests that 
specific potassium in Venus might be 
depleted to one-third of that in Earth, but 
the KIU ratio suggests that it is not 
depleted at all. However, the total heat 
flux of the surface of Venus would be 
relatively insensitive to this particular 
variation in the abundance of potassium. 

Estimates of the residual terrestrial 
primordial heat can be made from the 
drop of - 200°C in upper mantle tem- 
perature in the last 2.5 billion years, 
estimated from phase relations of rocks 
(14). Taking this temperature change of 
200°C with a decay time for primordial 
heat of 2 billion years, and assuming a 
Venus-Earth primordial heat ratio of 0.9, 
gives a present venerean value of 15 ergs 
per square centimeter per second. 

The resulting temperature curves, 
starting from surface values of 280 K for 
Earth and 740 K for Venus and calculat- 
ed numerically because of the pressure 
and temperature dependence of conduc- 
tivity, are plotted in Fig. 3. 

Since we are interested in evolution as 
well as present state, we also show in 
Fig. 3 estimated Archean temperature 
curves, which are most strongly con- 

strained for Venus by the solidus of 
ultramafic rocks and for Earth by the 
observed temperature change of 
- 200°C. The principal unknown for 
these Archean curves is the surface tem- 
perature of Venus. The greenhouse ef- 
fect depends nonlinearly on the solar 
temperature, which was lower in the 
past. A solar temperature sufficient to 
lead to the high surface temperature 
could have arisen relatively late in the 
history of Venus (15). 

If temperatures sufficient to destabi- 
lize water on the surface were attained 
well over 1.0 billion years ago, the evolu- 
tion of Venus might have differed long 
enough for appreciably greater retention 
of lithophiles near the surface and loss of 
primordial heat. We therefore show a 
Venus temperature curve ("early vola- 
tile loss") for which primordial and man- 
tle radioactive heat are half as great as in 
the "equivalent" Venus and crustal heat 
is greater. As it is also plausible that in a 
dry Venus the decay depth of crustal 
radioactivity is greater, we have doubled 
its value. If venerean temperature gradi- 
ents vary as much as those suggested for 
terrestrial continents (11, 12), departures 
in temperature of -500°C from the mean 
are plausible at a depth of 100 km. 

A mild constraint on the temperature 
curve at great depth is the absence of a 
magnetic field, which indicates core tem- 
peratures not significantly lower than 
those of Earth (16). 

Table 2. Compositions. 

Compensation Models 

The high degree of correlation be- 
tween gravity and topography on Venus 
indicates that finite strength, as well as 
compensation, should be considered in 
models of internal density distributions 
that support the topographic loads. In 
addition, the compensation may be ei- 
ther passive or dynamic. Passive com- 
pensation is the classical concept of Airy 
or Pratt isostasy (17), with roots or lower 
density composition supporting elevated 
regions. The entire system of topography 
and compensating zone is stabilized 
against deformation by being cool 
enough to resist lateral creep. Alterna- 
tively, the topography is dynamically 
supported by thermal convection, which 
entails viscous forces and thermal anom- 
alies. On Earth, this process has been 
inferred from gravity anomalies which 
indicate that the compensation of certain 
topographic features extends to depths 
beneath the seismically determined litho- 
sphere (18). However, it is important to 
note that gravity data alone cannot en- 
tirely distinguish between isostatic, dy- 
namic, or finite-strength support of topo- 
graphic irregularities. 

Although isostasy provides a near- 
minimum in the maximum lithospheric 
stress, reduction of the maximum shear 
stress near extreme topography may 
require substantial compression in the 
lithosphere so that, in conjunction with 
the vertical load stress, the resulting 
stress difference is small. This mecha- 
nism has been proposed for support of 
the Tibetan Plateau (19) and may apply 
to the great topographic heights of Aph- 
rodite and Ishtar on Venus (Fig. 1). 

A useful constraint on any internal 
density model is the admittance func- 
tion, Z,, the spectral ratio of gravity 
(measured at the surface) to topography 
(20). We estimated the admittance (21) 
for three topographic features in the 
equatorial regions of Venus: western 
Aphrodite and two isolated smaller fea- 
tures to the northwest. The nondimen- 

Atomic ratios 
Body 

K 38Ar 20Ne 
U 36Ar 36Ar 

Venust 1 o4 0.18 0.3 
Earth 1 o4 0.19 0.6 
Mars? 2 x lo3 0.2 0.5 
Sun 3 1 
Carbonaceous 4 x lo4 0.2 0.1-15 

chondrites 
References (13, 28, 29) (4, 47, 48) (4, 47, 48) 

- -- - 

Volatile abundance 

*Grams per gram of body. tAssuming total outgassing. 
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sional admittance estimates and the cor- 
responding wavelengths (Al = 2 ~ R ~ l l ;  
where Ro is planetary radius) for the 
three topographic features are Zl = 0.28 
for XI = 2700 km; Zl = 0.15 for hl = 

4200 km; and Zl = 0.08 for XI = 6000 
km. 

The hypothesis most easily tested for 
the support of Venus topography is a 
combination of local compensation and 
regional elastic flexure. Consider a thin 
elastic spherical shell of thickness t ~ ,  
depth to compensating zone tc, and flex- 
ural rigidity D (22). Figure 4 shows 
curves of D versus tc for each of the 
three regions analyzed. The two curves 
for each region bound an arbitrary 
choice of tL values between 50 km (lower 
curve) and 400 km (upper curve), with 
the corresponding range of rigidities 
from 10" to 10'' dyne-cm-2, respective- 
ly. All three regions show depths of com- 
plete compensation of tc - 115 i 30 km, 
the variation being close to the formal 
errors of the estimates. Although the 
solutions are not unique, the sharp roll- 
over in the curves indicates either a 
depth of complete local compensation of 
about 100 km (where the flexural rigidity 
approaches zero) or regional elastic sup- 
port at shallower depths, with a flexural 
rigidity due to topographic loading of 

to dyne-cm. Each of these 
possibilities is discussed below. 

Passive (isostatic) compensation at 
100-km depth is possible only if this 
region is stable against creep deforma- 
tion-that is, if lateral density variations 
providing compensation are statically 
maintained. An approximate temporal 
boundary between the elastic litho- 
spheric behavior required for stable iso- 
static compensation and destabilizing 
viscous behavior is given by the Maxwell 
time, T M ,  the ratio of viscosity to elastic 
rigidity. Using 10' years as a geologically 
"young" reference age T, and the tem- 

I I I I I I 
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Fig. 2. Hypsometric curves of topography: 
frequencies of occurrence of elevations on 
Earth and Venus. Venus data are from (1). 

perature curves of Fig. 3, then for even 
the most creep-resistant geological mate- 
rial measured in the laboratory (23), T M  is 
less than T, for all depths greater than 50 
km. That is, it does not seem possible to 
have passive compensation at 100 km 
unless the topography is geologically 
very young. 

The 50-km maximum lithospheric 
thickness corresponds to a flexural rigid- 
ity of lo3' dyne-cm, based on elastic 
rigidities typical of Earth's lithosphere. 
Thus the upper left-hand solution branch 
of Fig. 4, suggesting flexural rigidities in 
excess of dyne-cm, does not seem 
plausible. 

On Earth the seismically determined 
flexural rigidities are in the same range, 

to dyne-cm, as the Venus load- 
ing estimates, and correspond to a range 
of old oceanic lithosphere (100 km) to 
continental lithosphere (200 km). It has 
been argued (24) that the zero-age load- 
ing and seismically determined flexural 
rigidities are the same and that the flex- 
ural rigidity determined from loading de- 
creases with geologic time; possibly no- 
where on earth is the observed (present 
age) loading value found to be greater 

Table 3. Spectral properties of gravity and topography. 

Venus Earth 
De- 
gree $3; (h) rl (gh) U I  (g) ~1 (h) 1 (km) ( 1 0") (km) r~ (gh) 

than lo3' dyne-cm (and elastic litho- 
spheric thickness greater than 50 km). 
Given venerean surface temperatures 
and Earth-like heat sources, it does not 
seem possible to generate loading flexur- 
al rigidities (and hence elastic litho- 
spheric thicknesses) greater than Earth 
values [see also (25)l. 

A relative lack of volatiles in the vene- 
rean lithosphere might lead to sufficient 
creep resistance to more than offset the 
increased temperatures and allow sub- 
stantially thicker lithospheres. The in- 
creased activation energy for creep 
would have to result from a lower water 
content than that of samples character- 
ized as "dry" in laboratory experiments. 
[A "dry" rheology best matches the 
lower oceanic lithosphere (26).] Howev- 
er, the validity of the phenomenon of 
hydrolytic weakening in creep of basic 
igneous rocks, at least at temperatures 
well below those required for partial 
melting, is being questioned both theo- 
retically and experimentally (27). In all, 
we do not believe there will be definitive 
implications regarding the volatile con- 
tent of the venerean lithosphere until the 
role of hydrolytic weakening is better 
understood in the laboratory and Earth. 

In summary, the results of the gravity 
analyses (Fig. 4) and the current under- 
standing of creep laws for geologic mate- 
rials suggest a dynamically maintained 
compensation of the venerean topogra- 
phy unless (i) all of the topography is 
exceedingly young geologically (younger 
than the Maxwell time for 100-km depth) 
or (ii) the generated heat (radioactive 
plus primordial) is considerably less in 
Venus than in Earth, leading to low, 
lunar-like temperature gradients. The lat- 
ter appears unlikely on the basis of mea- 
surements of potassium, uranium, and 
thorium by the Venera spacecraft (28, 
29) (Table 2). 

A major compositional change at 115- 
km depth has profound implications if it 
is the crust-mantle boundary. If this in- 
terface (that is, the crust) is global, 
which is one interpretation of the strong 
(but not yet fully analyzed) gravity 
anomalies associated with all major to- 
pographic features, then Venus would 
have generated some seven times (nor- 
malized to planetary volume) more crust 
than Earth (oceanic plus continental). If 
only the upper mantle of Earth has been 
differentiated to form the oceanic and 
continental crust (30), it is not possible to 
differentiate even the entirety of Venus 
and produce an even remotely similar 
bulk composition of the venerean crust; 
alternatively, to produce a similar crustal 
composition for the two planets requires 
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significantly different whole-planet bulk 
compositions. 

A more plausible alternative is that the 
compensation zone is not the crust-man- 
tle boundary, but in fact represents re- 
gions of lateral heterogeneity in the man- 
tle associated with convection and 
attendant surface disturbances. The den- 
sity variations implied by the compensa- 
tion could be compositional or thermal. 

Global Morphology 

In general, the terrain of the Median 
Plains appears to be rolling at the scale 
and resolution of Fig. 1. It is character- 
ized by irregularly shaped, but roughly 
equidimensional, topographic features 
that vary in elevation from the median 
radius (6051.2 km) by about i- 0.5 to 1.0 
km. These positive and negative features 
are about 500 to 1500 km in diameter. 

Rising above this planetwide terrain 
are a few truly high areas. Two of these 
have elevations averaging several kilo- 
meters above the planetary meridian and 
are as large as small Earth continents. 
Terra Ishtar, centered at 70°N,100E, is 
about the size of Australia; Aphrodite 
Terra, centered near 10°S,150"E, is 
about twice as large. The other elevated 
regions are much smaller than Ishtar and 
Aphrodite. 

In Fig. 1 there appears to be a tenden- 
cy for the elevated regions to be elongat- 
ed and to be part of very long systems of 
elevations that roughly follow great cir- 
cles. This tendency is best illustrated by 
Aphrodite, which lies along a trend ori- 
ented west-northwest to east-southeast 
that stretches over about 160" of longi- 
tude from 20"N,10°W ( -  10" in Fig. 1) to 
at least 20"S, l50"E. Beta Regio, centered 
at 25"N,75OW, also appears to lie on this 
great circle, inclined roughly 30" to the 
equator. This elevated belt is referred to 
here as the Equatorial Highlands. East of 
Aphrodite is a complex of ridges and 
troughs (I) that seem to lie in the linear 
belt noted above, although the strike of 
individual features is not exactly parallel 
to this trend. 

Ishtar extends beyond the northern 
limit of Pioneer Venus radar altimetry 
coverage. Hence its shape and total ex- 
tent are uncertain. The known part ap- 
pears to be elongated parallel to a trend 
that starts at about 65"N.13OoE and is 
still going at the limit of coverage, near 
73"N,60°W. Ishtar proper consists pre- 
dominantly of a large plateau with a high 
massif, Maxwell Montes, rising above 
the eastern portion of the plateau and 
small massifs rising above its western 
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Fig. 3. Temperature curves for Earth and Venus now and in the Archean; calculated in 1-kbar 
steps taking into account the temperature and pressure dependence of conductivity. "Equiva- 
lent" Venus has crustal heat flux, 32 mW/m2; mantle heat flux, 23.5 mW/m2; decay depth of 
crustal radioactivity, 8 km; and crustal thickness, 30 km. The corresponding parameters for 
"early volatile loss" Venus are 35 mWim2, 11.6 mWlm2, 16 km, and 60 km, respectively. In 
both cases, the volumetric heat generation at the surface is - 4.1 x ergicm3-sec. 

margin (31). The Ishtar region (defined, 
as for Aphrodite, by the 1.5-km level) 
extends from about 65"N,8OoE to 
73"N,60"W. Although Maxwell Montes 
appears to have a large and roughly 
circular depression near its center that 
may be a caldera (32), the size, overall 
shape, and detailed structure of the mas- 
sif indicated by radar reflectivity ( I )  
make it unlikely that it is one large 
volcano. A topographic ridge parallels 
the arcuate and steep southwestern 
boundary of Ishtar (33). This ridge is 
separated by several hundred kilometers 
from the main mass of Ishtar and is the 
feature on Venus most similar in appear- 
ance to an island arc structure on Earth. 

Although much smaller than Aphrodi- 
te or Ishtar, the elevated feature Beta 
Regio is of great interest because of its 
topography, as well as the basalt-like K, 
U, and Th abundances measured by the 
Venera 9 and 10 spacecraft landers (28). 
The crest in the southwestern part of 
Beta has been interpreted as a basaltic 
shield volcano in Earth-based radar re- 
flectivity (34). A depression immediately 
to the east of this crest appears to be part 
of a chain of interconnected depressions 
defining a trough extending the full 
north-south length of Beta Regio and 
continuing southward to 17"s (35). 

All the regions discussed in the pre- 
ceding paragraphs are parts of major 
"linear" topographic trends on the sur- 
face of Venus; two are associated with 
large troughs, two provide some evi- 

dence that volcanism is at least partly 
responsible for their formation, and all 
are topographically elevated. Parallel lin- 
eaments near the equator at 10°E have 
also been noted (36). In total, there is 
evidence for horizontal stress in the 
lithosphere of Venus. Such stress distri- 
butions are essentially absent from the 
moon, are intimately associated with 
plate tectonics on Earth, and are associ- 
ated with continental-style uplift and rift- 
ing, but not plate tectonics, on Mars (9). 

In Fig. 5, we show several topographic 
profiles at right angles to the Aphrodite 
linear trend. Also shown are profiles 
across three different divergent plate 
boundaries [ocean rises (37)] on Earth, 
where the data have been smoothed and 
sampled to simulate Pioneer Venus al- 
timetry characteristics. Specifically, the 
ocean rise profiles show a distinctly con- 
cave shape, which is a direct conse- 
quence of the conductively cooling, di- 
verging oceanic lithosphere. This con- 
cavity is a fundamental feature and does 
not depend on material properties (other 
than thermal expansivity) or on the mag- 
nitude of steady plate velocity. Indeed, 
the differences in shape of the terrestrial 
profiles can be reconciled to a universal 
profile when time instead of distance is 
used as the x axis (12). 

Although the terrestrial rises are often 
obscured by local topographic irregular- 
ities, the venerean profiles we have ex- 
amined do not seem to show this concav- 
ity; if they possess any characteristic 



shape, it is convex. This absence of an 
ocean rise shape on the Venus profiles 
would be a fundamental argument 
against present-day terrestrial-style plate 
tectonics. 

A more exhaustive analysis may be 
required to demonstrate a planetwide 
absence of terrestrial-type rises. What 
factors might obscure this simple nega- 
tive observation? Because of the higher 
ambient surface temperature and lack of 
oceanic water pressure on Venus, the 
total conductive cooling and vertical re- 
lief of a compensated venerean rise 
could be less. Scaling the (typical) 2.8- 
km terrestrial relief to Venus, however, 
still yields a rise height of about 1 km, 
which is detectable by the Pioneer Venus 
altimetry. If much of the basalt produced 
at a divergent plate boundary occurred 
as surface flows, then the ratio of specif- 
ic volume change to latent heat of freez- 
ing would lead to a larger volume change 
(per unit heat loss) than simple whole- 
rock cooling, and thus the characteristic 
concavity associated with a rise would 
probably be enhanced. The one factor 
that might easily obscure the characteris- 
tic rise profile would be rapid variations 
(episodic changes) in plate velocity, 
which in turn should lead to lack of a 
monotonic rise profile. 

Earth-based radar showed large, rath- 
er circular, smooth features 20 to 1200 
km in diameter on the Median Plains. 
Most are surrounded by an annulus of 
relatively rough terrain and hence look 
like impact craters (38). However, these 
features might be volcanic; their relative 
size distribution is not inconsistent with 
that origin, but the diameters of several 
of the features are larger than the largest 
known terrestrial caldera. Figure 6 
shows Pioneer Venus altimetry profiles 
across some large circular features. Ex- 
cept possibly for structure D, they lack 
the topographic depressions suggestive 
of impact features. It is possible that the 
crater floors relaxed viscously over geo- 
logic time. Acceptance of this argument 
forces the conclusion that (i) the large- 
scale topography is young or dynamical- 
ly supported or (ii) there was a signifi- 
cant change in rheology between the 
time the craters were formed and the 
time the topography was formed. 

A crater interpretation for the circular 
features has profound implications for 
the evolution of Venus. It means that the 
plains-much of the surface of the plan- 
et-are geologically old. The frequency 
distribution of circular features greater 
than 75 km in diameter is 1.3 x lo-' per 
square kilometer, corresponding to mean 
surface age of 1.7 +- 1.0 billion years 
(39). 

Interpretation 

Major uncertainties in interpreting the 
observations and modeling results are (i) 
the great geologic age of the plains, 
based on interpretation of the circular 
features as craters, and (ii) composition- 
al inferences based on the Venera gam- 
ma-ray spectrometry: basalt associated 
with the Beta region and granite with the 
plains [a broad extrapolation of Venera 8 
results (29)l. We keep these uncertain- 
ties in mind when developing alternative 
hypotheses. 

It is likely that the Beta complex con- 
tains large basaltic shield volcanoes, 
based on the two Venera measurements 
and the geomorphic interpretations of 
the Earth-based radar data. A problem is 
the composition of other highland areas. 
From the apparent association of Beta in 
a global equatorial linear zone, it might 
be reasonable to assume that much of 
this zone contains basaltic volcanism. 
There is, however, no link with which to 
infer the composition of Ishtar. Linear 
zones of basaltic composition are remi- 
niscent of terrestrial midocean ridges, as 
are parallel tectonic features such as 
those seen east of Aphrodite. Here the 
analogy becomes less certain, however, 
because of the apparent absence of a 
characteristic cross-sectional profile in- 
dicating conduction cooling. The tecton- 
ics of this zone may be more similar to 
continental swelling and rifting, such as 
found in Africa (35). 

Acceptance of the "ancient surface" 
hypothesis rules out significant present- 
day crust generation by plate tectonics. 
It does not rule out ancient plate tecton- 
ics, with the plains as spreading crust 
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Fig. 4. Trade-offs of compensation depth, tc, 
versus flexural rigidity, D, based on admit- 
tance estimates for three venerean topograph- 
ic features at differing wavelengths. 

and the Equatorial Highlands as the di- 
vergence zone. As the spreading became 
arrested, new basaltic crust would con- 
tinue to pile up, creating the Equatorial 
Highlands. The gravity results imply that 
this tectonic system is still active-that 
is, the high-standing topography is quite 
young (hence few craters)-or that it is 
presently supported by mantle convec- 
tion, which amounts to the same thing. 
The large region of surviving ancient 
crust suggests that active tectonism has 
been confined to certain geographic re- 
gions of Venus for a long time and is best 
characterized as "hot-spot dynamics." 
Many of the lineaments seen might be 
"gravity" or "load" tectonic in origin, 
although they could also be remnants of 
divergent plate boundary structure. If 
the granite-like composition of the plains 
is also accepted, ancient plate tectonism 
is not ruled out; in fact, these rocks offer 
a possible explanation for its cessation. 
If terrestrial continental material is 
formed dominantly through secondary 
differentiation processes at plate bound- 
aries, then the wide extent of continental 
crust-the Median Plains-could have 
led to choking off plate tectonics. That 
is, the process was so efficient in creat- 
ing continental material that eventually 
there was simply no open "oceanic" 
area in which to move about low-density 
continental crust. 

If the ancient surface hypothesis is 
rejected, then the apparent lack of mor- 
phologic evidence for a cooling conduc- 
tion boundary layer implies a very differ- 
ent tectonic stvle than on Earth, one 
much more regional and less global. 

Ishtar is important in any tectonic hy- 
pothesis. It presents a steep front on its 
southern border and is plateau-like ex- 
cept for the superposition of Maxwell 
Montes, and an arcuate ridge stands off 
from and parallels the southwestern 
boundary (33). The topographic load of 
Ishtar (and possibly other high-standing 
regions on Venus) must, even with dy- 
namic compensation, cause lithospheric 
stresses of several kilobars, and may 
require horizontal stress in the litho- 
sphere for support. If Venus has become 
a one-plate planet, there should be con- 
siderable compression in its lithosphere, 
much more than on Earth (40). Several 
scenarios come to mind: (i) Ishtar was 
caused, and is supported, by stresses 
associated with a divergent but arrested 
or nascent plate boundary associated 
with the Equatorial Highlands. Composi- 
tionally, Ishtar is no different from the 
plains; it is an upthrown block of crust, 
and the steep southern border is a thrust 
boundary. (ii) Ishtar is the only true 
continent on Venus; it is granite-like and 
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the plains are not (rejecting extrapola- 
tions from the Venera 8 data). Ishtar was 
formed as  a consequence of terrestrial- 
type plate tectonics, and the ridge-like 
structure paralleling the southwestern 
boundary is an island arc. The divergent 
plate boundary is represented by the 
Equatorial Highlands, which at  present 
do not actively spread, but supply suffi- 
cient horizontal stress to  support Ishtar. 
Active volcanism along the Equatorial 
Highlands piles up  new basaltic crust, 
with the major activity at  Beta Regio and 
Aphrodite. 

In summary, the present evidence sug- 
gests the absence of contemporary plate 
tectonics on Venus, but does not pre- 
clude plate tectonics in the past. Below, 
we explore factors that might have extin- 
guished this style of tectonics had it 
existed. 

of water a t  the surface in the present 
environment and implies an inability to 
recycle water to  the interior, once out- 
gassed. Hence, two major questions are 
the decay time for outgassing of volatiles 
and the epoch when the surface became 
hot enough to destabilize water. 

If H 2 0  destabilization occurred in the 
second half of Venus' history, then Ve- 
nus could have had an Archean like 
Earth's; that is, in the first 2 billion or 3 
billion years outgassing of nearly all vol- 
a t i l e ~  and formation of most of the vol- 
ume of continental crust, but also appre- 
ciable recycling of crustal rocks, as ener- 
getically plausible and isotopically per- 
missible. A problem that makes extrap- 
olation to  Venus difficult is the uncer- 

tainty about tectonic style during the 
terrestrial Archean. The petrology and 
trace element content of Archean rocks, 
as well as the configuration of green- 
stone belts, suggest a subduction-and- 
andesite regime similar to  what has pre- 
vailed in more recent geologic time (44). 
However, nearly all present subduction 
is of oceanic lithosphere more than 30 
million years old, and hence with a litho- 
sphere-to-crust thickness ratio of more 
than 10 (12). The steeper Archean geo- 
therm would have led to  lower thickness 
ratios. Hence one would expect pileups 
of crustal material that, if the rate of 
differentiation of crust is proportionate 
to  energy sources, would in a few hun- 
dred million years constitute a greater 
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Evolution: The Cessation of 

Plate Tectonics? 

Two significant constraints on the for- 
mation of Venus are its great abundance 
of primordial argon (see Table 2) and its 
slow retrograde spin. Both properties 
suggest the plausible but nonunique hy- 

L - 
0 FSoutheast Indian - 100°E pothesis of impact by a major body. 

Such a "packaged delivery" may, how- 
ever, be the only hypothesis proposed to 
date that can explain why Venus differs 
from Earth by a factor of 100 in primordi- 
al argon. As suggested by Wetherill (41), 

Lat i tude (deg) 

Fig. 5. Selected profiles at right angles to the linear trend of the Equatorial Highlands on Venus. 
Also shown, to the same scale, are selected profiles across ocean rises on Earth. Earth data 
have been degraded here to simulate the Pioneer Venus altimeter data characteristics. 

a body composed of material that had 
been heavily irradiated by close proximi- 
ty to  the early sun (within the orbit of 
Mercury) might explain this anomaly. 
The planetary rather than solar 'ONeI 
36Ar ratio in Table 2 would require that 
the same laws of isotopic discrimination 
apply in all parts of the nebula. While 
appeal to a fifth (and sixth, because of 
Earth's moon) former planet in the inner 
solar system may seem unaesthetic and 
ad hoc, it is a reasonable, but difficult to  
prove, outcome of growth of planets by 
planetesimal accretion (42). 

An event that almost certainly oc- 
curred very early in the history of Venus 
was core formation; there is no reason to 
conjecture that Venus was any different 
from Earth and Mercury (43). 

While nebula condensation models 
leave C 0 2 / H 2 0  ratios uncertain, the 
amount of C 0 2  in Venus makes it plausi- / Latitude Longitude 

ble that the planet originally had suffi- 
cient H 2 0  for advanced differentiation to  
create granite-like rocks (Venera 8 mea- 
surement): an amount of H 2 0  somewhat 
less than is needed to create oceans. The 
dearth of H 2 0  in the venerean atmo- 
sphere (Table 2) attests to  the instability 

Fig. 6. Locations of five large circular features (labeled A through E) identified in Arecibo radar 
images (38) shown in relation to Pioneer Venus altimetry profiles (1). 
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volume than is now observed in conti- 
nental crust. Possibly the lack of crystal- 
lization ages greater than 3.8 billion 
years is the result of two factors: reset- 
ting of radioactive clocks by intense 
metamorphism (including the effects of 
impacts), and an - 0.8-billion-year time 
scale for reduction of the mean geotherm 
and evolution of lateral temperature in- 
homogeneities sufficient to stabilize 
"rockbergs" as cratons. At the next 
stage, temperature gradients could have 
dropped sufficiently for the basalt-eclo- 
gite transition to drive subduction. How- 
ever, this scenario would still leave con- 
siderably more sialic material in the top 
40 km than is now in Earth's crust; some 
thermomechanically plausible way of re- 
cycling this material is needed. In any 
case, it is plausible that the last third of 
Archean, 3.0 billion to 2.5 billion years 
ago, was a time of maximum stabiliza- 
tion of crust (as distinguished from dif- 
ferentiation) and that plate tectonics 
proper evolved in the Proterozoic (44). 

These uncertainties in mechanisms for 
terrestrial evolution make it desirable to 
talk about Venus in terms of differences 
from Earth. We propose that two impor- 
tant factors would lead to the cessation 
of plate tectonics on Venus: loss of water 
from the interior and the higher surface 
temperature. Both tend to inhibit litho- 
spheric subduction and the motion of 
continental blocks and to increase the 
rate of continent formation, with the 
latter leading to the choking up of the 
surface, as discussed in the previous 
section. 

Loss of water from the interior may 
remove an asthenosphere, which could 
be important for developing terrestrial- 
style plate tectonics. On Earth, this me- 
chanically weak region may uncouple 
the lithosphere from the underlying re- 
gions and provide ease of movement of 
the lithospheric layer. The role of trace 
amounts of water in lowering the tem- 
perature for partial melting close to or 
below the geotherm is probably the cru- 
cial ingredient in formation of the as- 
thenosphere. The asthenosphere may 
persist despite volatile outgassing be- 
cause of water storage in oceans and 
ultimate recycling to the interior by plate 
tectonic processes. Destabilization of 
water at the surface would interrupt this 
process and could lead to disappearance 
of the asthenosphere. 

The present surface temperature on 
Venus is - 450°C higher than that on 
Earth. Several effects of this would lead 
to a less d e n s e h e n c e  more buoyant 
and difficult to subduct-lithosphere. 
First, the basalt-eclogite transition 
would be depressed on Venus (45) (Fig. 

3), leading to a lithospheric column with 
lower density. Second, all other parame- 
ters being equal, the composition of ba- 
saltic magmas would be more magne- 
sium-rich (higher MgIFe ratio) at elevat- 
ed temperatures, and hence less dense. 

If water destabilization on the surface 
of Venus occurred late (after the bulk of 
outgassing had taken place, so that the 
surface temperature was increased by a 
greenhouse effect) and an amount of 
continent comparable to that on Earth 
had evolved, then in any subsequent 
plate tectonic phase there would have 
been an appreciably greater ratio of ma- 
terial accreted to continents, rather than 
subducted, because of the lower nega- 
tive buoyancy. At spreading rates com- 
parable to Earth's, the entire surface 
could have choked up within a few 
tenths of a billion years. If destabiliza- 
tion occurred very early, before appre- 
ciable outgassing, then the production of 
granites would have ceased and subduc- 
tion would be inhibited by loss of an 
asthenosphere, but the decrease in nega- 
tive buoyancy due to the higher surface 
temperature would not have taken place 
until the remaining volatiles were out- 
gassed. Another possibility is that all 
volatiles, including water, were lost very 
early. The question of volatile loss will 
probably not be settled, however, until 
the surface has been petrologically and 
geochemically sampled. 

A phenomenon that may have oc- 
curred in connection with a rapid volatile 
loss and surface temperature rise is a 
reversal of the temperature gradient in 
the lithosphere (10). However, if this 
happened, it was almost certainly more 
than 1.0 billion years ago; hence it may 
have helped in the initial stabilization of 
plateau compensation, but would have 
little effect on the temperature gradient 
now. 

After choke-up of the surface with 
crustal material, there would be a long 
period of tectonism of a planet as ther- 
mally active as Earth but with no active 
lithospheric spreading. On a regional ba- 
sis (for instance, Beta Regio), there may 
be some analogy with Neogene Africa. 

Conclusions 

The apparent absence of any feature 
like an ocean rise and the positive corre- 
lation of gravity and topography at all 
wavelengths indicate that Venus is a 
one-plate planet, more like Mars than 
Earth. The sharpness of the unimodal 
peak in the topography suggests that this 
condition came about by the entire sur- 
face being choked up by continental 

crust, subduction being much more diffi- 
cult than on Earth because of the dry- 
ness of the rocks and low density of the 
lithosphere. 

A plausible scenario for Venus thus 
involves the following phases after ac- 
cretion: 

1) Major impact, bringing inert vola- 
tiles and creating the retrograde spin 
(after which any satellite would spin in 
by tidal friction); 

2) Core formation; 
3) Outgassing; 
4) Crustal stabilization; 
5) Plate tectonics; 
6) Destabilization of water; 
7) Choke-up of the surface by crustal 

material; and 
8) One-plate tectonism. 
One great uncertainty in this scenario 

is whether phases 6 and 7, destabiliza- 
tion of water and choke-up, occurred 
before or after the completion of phase 3, 
outgassing. Other problems include the 
elevation of the plateaus (as collision 
features of the choke-up phase or con- 
structs of the past plate tectonic phase); 
the extent to which tectonism has dwin- 
dled; the manner of dynamic support of 
the highlands; and, underlying most of 
these, the efficiency of upward differen- 
tiation of radioactive heat sources. 

Comparative consideration of the 
planets suggests that planets of the same 
size and mean density should follow 
roughly the same evolutionary path. The 
recently returned data about Venus di- 
rectly challenge this premise. It is a 
delicately balanced set of the circum- 
stances that determines the evolutionary 
style for any planet. 
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