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Venus Reconsidered 
William M. Kaula 

The Magellan imagery shows that Venus has a crater abundance equivalent to a surface 
age of 300 million to 500 million years and a crater distribution close to random. Hence, 
the tectonics of Venus must be quiescent compared to those of Earth in the last few 100 
million years. The main debate is whether the decline in tectonic activity on Venus is closer 
to monotonic or episodic, with enhanced tectonism and volcanism yet to come. The 
former hypothesis implies that most radioactive heat sources have been differentiated 
upward; the latter, that they have remained at depth. The low level of activity in the last 
few 100 million years inferred from imagery favors the monotonic hypothesis; some 
chemical evidence, particularly the low abundance of radiogenic argon, favors the epi- 
sodic. A problem for both hypotheses is the rapid decline of thermal and tectonic activity 
some 300 million to 500 million years ago. The nature of the convective instabilities that 
caused the decline, and their propagation, are unclear. 

Perceptions of Venus have changed signlf- 
icantly in the  last 5 years, not only because 
of results returllecl by the  hlagellaln space- 
craft but also because of better experiments 
011 the  rheology of dry crustal rocks. As of 
1990, it was gellerally but not universally 
agreed that plate tectonics was llegligible 
o n  Venus. that Venus must have a stlff 
upper mantle, and that at least the north- 
ernmost 25% of the  surface ( the  part oh- 
served by Velnera orbiters) must average 
several 100 lnillloln years in age. T h e  surface 
comnositiolls measured at most Velnera 
landing sltes were considered to  be consls- 
tent with a primitive basaltic crust, and taro 
of the  sites ilndicated further ~iifferentia- 
tions. T h e  strength illdlcated by high 
denthidialneter ratios of craters was inter- 

L ,  

preted to limit the  mean thickness of the  
crust to  less than 20 km. Leadllng llnferelnces 
In 1990 were i i )  that Venus lacks water in ~, 

its outer fear hundreds of kilometers; (i i)  
that the  energy dellvery from the  lna~l t le  

The author 1s In the Departlnent of Earth and Space 
Sc~ences, Un~vers~ty of Cal~forn~a, Los Angeles CA 
90095. USA. 

must he less than Earth's, perhaps half as 
much; ancl (lii) that some appreciable en- 
ergy sources persist at great depths to sus- 
tain the  few great mou11tai11 complexes. 
T h e  problem identified as the  greatest was 
reconciling a voluminous crust with the  
i~ldications of co~lsiderable s t re~lgth  at shal- 
low depths of 20 to  100 kin (1 ). 

T h e  most llnportant data from Magellan 
radar ilnagery are the  ilnpact craters, of 
\\.hich 915 have been identified. They have 
an  abundance indicating a n  average surface 
age of 300 million to  500 million years ancl 
a geographic dlstrlbution consistent with 
ralndomlness on a global scale (2) .  Further- 
more, the  lack of clusters of older craters 
implies a rapld decline in the  resurfacing of 
Venus, perhaps a7ithi11 a few tens of Inillions 
of years. Although lnore detailed exami~la- 
tlolls infer that Venus is not elltirely dead 
( 3 ) ,  they generally collflrln illfere~lces fro111 
Pioneer Velnus altilnetry (4)  that recent 
tectonic activity o n  Venus 1s slight corn- 
pared to Earth's. A n  i m p o r t a ~ ~ t  general 
characterlstlc llnferred from Magellan  mag- 
erv is that deforrnatio~l 011 Venus is distrib- 
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Table I. Abundances of radoactlve elements on Venus The numbers are based on gamma ray 
spectrometry, except for Venera 13 and 14, for which x-ray fluorescence was used to measure K,O and 
WU = 9000; K/Th = 3000 has been assumed. N-MORB. normal m~docean ridge basalt. 

Heat generation 
(lo-" W kg-') 

Venera 8 (12) 
Venera 9 (12) 
Venera 10 (1 2) 
Venera 13 (12) 
Venera 14 (12) 
Vega 1 (12) 
Vega 2 (12) 
N-MORB (13) 

uted, with stram patterns exte~lclillg hun-  
dreds of kilometers, rather than concentrat- 
ed in relatively narrolv zones, as o n  Earth 
(5). T h e  Magellall llnagery also raised some 
compositional problems, such as the  nature 
and source of lavas creating long sinuous 
rllls (6) ,  which may relate to  the  mecha- 
nisms of the  resurfacing, and the  cause of 
the  high radar reflectivity of upland regions 
(7) .  which constrallls the  subseauent rate of . , ,  

change In the  surface of Venus. 
Important new experimental iiata on the  

rheology of dry diahase (8) showed ~t to 
have a viscosity as high as that of dry oli- 
vine 19). althoueh at strain rates 10 orilers , , ,  

of magnitude greater than those Inferred for 
Venus ( 10).  This finding rernoved the  con- 
straint o n  crustal thickness from the  hiph - 
depth/cllameter ratios of craters (1 1 ), which 
was based o n  earlier rheoloeical e x ~ e r i -  
lnents that apparently failed to dry out the  
specimens. It may also remove the  lleecl for 
deep convective sources to support the  
highland regions. 

Several problelns remain. Those that ap- 
pear lnost important to  the  long-term evo- 
lution of Venus are as folloars: ( i )  C a n  the  
cruiescent tectonics of Venus be attributed 
to  the  clifferelltiatioll of   no st of its radioac- 
tive heat sources LID into the  crust, t11~1s 
reducing ternperatu'e gradients? (ii) Are 
the  apparent stiff~less of the venusian upper 
mantle and the slo~v time scale of its tec- 
to~l ics  explicable by the  lack of water! (iii) 
W h a t  nlecha~lislns caused the apparent rap- 
id declille in resurfacing at 300 millio~l to 
500 lnillion years ago? 

Evolution of the Venus Crust 

A quiescent Venus could he explained hy 
upwarii differentiation of the  racliogellic el- 
ements K, G,  T h ,  which are the  principal 
heat sources, to  the crust. T h e  ahundances 
of the  radiogenic elelnents Fvere measured 
at seven Venera and Vega lallcling sites 
(Table 1 ) .  T h e  five sites with K 2 0  concen- 
trations of less than 1% (12) are often 
clisrnlssed as resernblillg terrestrial tholei- 
ites. However, they are actually high In K,  
G,  and Th content,  not only in measured 

values compared to the  most comparable 
Earth rocks (13) hut also with resuect to  , , 

their for~natlon and circu~nstances of mea- 
surement. Most of Ve11us appears to he re- 
surfaced by lavas. T h e  area-clom~nant lavas 
should he those of the  lowest viscosity. Low 
viscositv basalts have basic comuositio~ls 
and thus low contents of the  radioge~lic 
elements, ~vh ich  are all large ion litho- 
philes. It 1s likely that the  lander sites were 
selected to rninlmize the  chance that the  
lander would tip over; thus, they would 
have heen smooth areas, lnclicated by radar 
darkness. Such selection a~oulcl cause a bias 
in favor of low viscosity basic lavas. All the  
lander sites, as analyzed o n  hlagella~l imag- 
ery, are 111deed in radar dark areas (14).  T h e  
lnost raciioactive rocks o n  Venus, as on 
Earth, were probably produced by remelt- 
ings of crust, which, norrnally being slnaller 
scale events, are Inore often plutonic than 
volcanic (15).  T h e  ratio of uluto~lism to  
volcanism plausibly increases [vith the  de- 
c l i~ le  in the  level of activity and 11e11ce 
could he higher on quiescent Venus than 
o n  active Earth (16) .  Fillally, Venus lacks 
the  dominant process, erosion, that brillgs 
highly radioactive pluto~lic rocks to the  sur- 
face of Earth; Venus exhibits only tec- 
tonism. ~vh ich  characterizes a  nill lor frac- 
tion of the  surface. 

Turcotte (1 7)  argued that packi~lg radio- 
active elements illto the  crust would cause 
it to melt. This process would have bee11 
even Inore likely when the  rate of heat 
generation was much higher-twice as 
muc11 at 2.7 billion years ago. T h e  resulting 
intracrustal differentiation would have been 
a n  effective mechanism for moving raclio- 
active elelnents upward, leaving ample time 
for the  crust to cool. T h e  high surface tem- 
perature of V e n ~ ~ s  ~voulcl have helped to 
reduce temperature gradients at depth, he- 
cause of the  strollg positive temperature 
dependence of thermal conductivity above 
500 K (18) .  

Thus, it is plausible for a Venus crust to 
evolve to a strong up~varcl concentration of 
radioactive elements, arith a maximum con- 
celltratloll a f e~v  kilometers belo~v the  sur- 
face because of the  absence of eroslon. This 

would have kent crustal ternneratures low 
enough, and hence viscosities high enough 
(8), to ensure strong coupling of the dry 
crust to the  dry lithosphere and hence to 
dry mantle. This coupling would i1111ibit 
broad-scale  late tectollics 11 9) ancl hence ~, 

Earth-like subduction as a mechanism of 
crustal recycli~lg. T h e  evident rnechanisrn 
of crustal recycli~lg o n  Ve11us thus becomes 
the  gabhro-to-eclogite t r a n s i t i o ~ ~  (2Q), cle- 
pendent o n  the  ~ h a s e  transformation of low 
density feldspars to  garnet. T h e  resulting 
rock eclogite has a density higher than that 
of ferromagnesian silicates, which consti- 
tute the  bulk of the  mantle. Hence, this 
rnechanisrn a~oulcl cause detachment, and 
thus recycli~lg, of crust. This transition oc- 
curs a t  depths of 50 to  70 km u11cler Venus 
conditions, thus requiri~lg a t111ck crust to 
be effective. 

T h e  main evidence contrary to  this sce- 
nario of a high content of radiogenic ele- 
ments in Venus's crust is the  low abundance 
of radiogenic Ar,  4'Ar, in the  Ve11us atmo- 
sphere, about one-third that of Earth (21).  
Although Venus does not exhibit erosion, 
which would release A r  fi-om rocks, the  
temperatures of 740 K or Inore should cause 
Ar  to diffuse easilt;. There are some exnla- 
nations, s~1c11 as intracrustal differentiations 
and nonrepresentative~less of the  lander 
measurements, hut none are fully persuasive 
(22).  

A ~ l o t h e r  consequence of l~ltracrustal dif- 
ferentiation arould be a reduction in the  
density of shalloar crustal rocks conlpared to  
that of deer. rocks, as occurs in Earth's 
contine~lts,  ~vhere  shallow igneous layers 
are estimated to he less dense by at least 100 
kg mp '  than typical oceanic crustal rocks. 
This mechanism appears esselltial to ex- 
plain the  highest region o n  Venus, h lasa~el l  
Mo~ltes.  T h e  radar imagery stro~lgly incli- 
cates that Maxwell h lo~ l t e s  was created by 
convergent flow (23).  T h e  revised diabase 
rheology (8) now predicts that the  topo- 
graphic height arould take several 100 mil- 
lion years to slump away (24). h'iodels that 
assume a crust of uniform lateral de~lsit\; 
cannot posit sufficient crust to  compensate 
for the 10 km of topography by purely Airy 
isostasy within the  gahhro-to-eclogite tran- 
sition (2Q). But a model of convergent flow, 
followed by intracrustal differentiation to 
create a Pratt compensation, in which the  
lnore nlafic component sinks below the  po- 
sition of the  eahbro-to-eclopite transition. 

u 

satisfies the  topography and gravity quite 
well (25).  T h e  parallel ridge belts of about 
20-km spaciqg, illdicati~lg instability of a 
competent layer over a ~veaker substratum 
(26) ,  would have to  he frozen in from the  
terminal of such a n  evolution. This 
crustal differentiation pertains to the sup- 
port of reg~onal features that are less than 
1000 km in extent. Ishtar Terra as a arhole 
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(as well as the  edifices of Beta Regio and 
Atla Regio) must be supported by lnantle 
mechanisms, thermal or compositional, he- 
cause the  apparent depths of cornpensation 
inferred from the  long wavelengths of grav- 
ity and topography exceed 100 km (25).  

Effects of Dryness on Tectonics 
and Mantle Convection in Venus 

T h e  high ratio of correlated gravity to to- 
pograpl~y o n  Venus, implying apparent 
depths of compensation of greater than 100 
kn1 in the  long wavelengths, requires a 
strong coupling of the lnalntle to the  litho- 
sphere and hence no  Earth-like astheno- 
sphere (19) .  It was conjectured that this 
cl~aracteristic of Venus arose from a lack of 
Fvater in its outer parts (1) .  Turcotte (17) 
has criticized this co~ljecture o n  the  grounds 
that if Venus's mantle lacked water but still 
had a comparable amount of heat to lose, 
then it would merely heat up e ~ ~ o u g h  to  
lower the  viscosity so as to ensure the  nec- 
essary rate of convection. This is true to  the  
zeroth order but is not annlicable to the  
first-order prohlern of a n  asthenosphere, 
\\711ich is a quite distinct layer under Earth's 
oceans, bei11g less viscous t11a11 both the  
material above it and the  material below it. 
This property is sometimes ascribed to pres- 
sure release melting. But if all else were 
equal except surface temperature, as 111 the  
Turcotte conjecture, then this e x p l a n a t i o ~ ~  
i~ldicates that Venus should have an  as- 
thenosnhere as well. 

Packillg most of the  heat sources in  the  
crust, as suggested above, would help to 
prevent an  asthenosphere o n  Venus. But 
this ~voulcl be a circular argument, because 
the  inability to recycle crust underlying the  
crust depends o n  the  strong rheological 
coupling b e t a r e e ~ ~  lithosphere and mantle. 
Hence, In principle, the  ahsence of a n  as- 
thenosphere o n  Velnus should occur even 
thouph there was sieniflcant heat delivery 
from the  mantle. If the  dry~less of Venus is 
the  explanation, it must affect the  gr a d '  lent 
of viscosity with respect to depth. 

T h e  solidus of wet mantle rock o n  Venus 
is rnarkecllv lower than that of drv rock a t  
pressures correspondillg to the  depth of 
Earth's a s t l ~ e ~ ~ o s p l ~ e r e  (27).  If there arere an  
analogous effect o n  viscosity, then dryness 
mig l~ t  explain the  absence of a n  astheno- 
sphere o n  Venus, even if heat sources re- 
lnained at depth; the  important thing is not 
the temperature dependence of viscosity per 
se, hut the  gradient of this dependence n i t h  
respect to pressure. It is desirable that this 
col~jecture be verified e ~ ~ e r i r n e n t a l l y ,  but 
sufficie~lt pressures have not  been attained 
in the  laboratory. h~ieanwhile, there is am- 
ple room for theoretical speculation. T h e  
effect of water o n  the  solidus arises from the  
breakdown of hydrated phases (mainly 

hornblende) a t  asthenospheric pressures, 
whereas ~ t s  effect o n  viscosity probably aris- 
es from intergranular tlow plus intragranular 
diff~lslon a t  large grain slzes (9) .  These ef- 
fects are rather different, but a connection 
cannot be summarilv ruled out: in narticu- , L 

lar, lowered viscosity in Earth's astheno- 
sphere lnay be in part caused by, as well as 
correlated n l th ,  small degrees of partial 
melting. 

T h e  most important consecjuence of the 
stiff upper lna11tle o n  Venus is the inhibition 
of crustal recycling. O n  Earth, this process is 
dominated by the subcluctiol1 of tectonic 
plates (28).  O n  Venus, the distributed defor- 
mation arising from the tight coupling of 
lithosphere to rnantle ( 1 9 )  could prevent the 
co~lcentration necessary for such a n  instabil- 
ity. There are asymmetric chasms on Venus 
suggestive of subduc t io~~  trenches, but they 
are limited in extent (29).  T h e  lack of water , , 

may make the lithosphere more difficult to 
break; lnarginal zones o n  Earth are charac- 
terized by a high abundance of hydrated 
rocks (30). 111 the past, the lnechanisln of 
crustal recycli~lg by the  gabbro-to-eclogite 
phase tra~lsition may have been quite effec- 
tive, but the  present high subcrustal viscosity 
must slow any sinkings substantially. Anoth- 
er consequence of the preve~ltion of s~~hcluc- 
tion is that the  rna~ltle convective nattern is 
Inore i~lflue~lced by internal, rather than by 
upper bou~lclary layer, instabilities. Thls 
would lead to Inore regional flow patterns, 
characterized by or internal ava- 
la~lches associated with nhase transitions, as 
occur in three-dimensional computer exper- 
ilne~lts (31). But the effect of internal flow 
natterns on thermal evolution should be less 
than the inhlbition of crustal recycling, 
which leads to the conce~ltration of radioac- 
tive energy sources in the crust 

Models of Venus Evolution 
Satisfying the Evidence of Rapid 

Decline 

T h e  crater distribution 011 Venus is consis- 
tent with ra~ldomness 12). However. to 111- ~, 

fer therefrom that the  distribution is ran- 
dom (32) is a misapplication of Ockharn's 
razor. T h e  actual distribution of craters per 
unit area has a loner peak and higher ex- 
tremes than the  centroid of a Poisson clis- 
t r i h u t i o ~ ~  (33).  T h e  question then becomes 
what is the  raqge of models consistent with 
the  olxerved distribution. This is difficult t o  
define systematically, because volcanism 
and tecto~lism o n  Venus are ohviouslv non-  
random, as they are o n  any planet. T h e  
evident reference frame, the  topography, is 
q ~ ~ i t e  non-Gaussian, with positive skewness 
and excess (34). Relatively recent volcanic 
occurrences do have fewer t11a11 average 
craters ( 3 ) ,  whereas old-appearing tesserae 
have a n  a b u ~ l d a ~ l c e  of larger craters 40% 

higher than average but a ileflciency of 
small craters (35).  

Hence, the  time scale of the shutdown of 
tectonlc activity in Venus could be several 
times 10 lnillion years, perhaps Inore than 
100 lnillioll years. This 1s still difficult to 
reconcile n i t h  a decrease in average strain 
rate by at least a factor of 100 (10).  Clearly, 
the  clecli~le cannot be due solely to the  
interactton of nonli~lear rheology ~vit11 a 
global, nearly uniform thermal state; it must 
entail no~lli l~earit ies of the  flow system, 
comnositional as well as thermal. T h e  sip- 
nificant tectonic activity probably was 
widespread but ~nvolved only a mlnor, tec- 
tonically active part of the  globe (a~lalogous 
to contemporary Earth); ho~vever,  the  lavas 
nroduced thereby must have been volumi- 
nous and fluid enough to  resurface the  en- 
tire planet within 100 lnillion years or so. 
Factors that have been suepestecl to affect 

& ,<, 

evolution and the  rapid clecli~le include the  
following: ( i )  upward concentration of ra- 
dioactive heat sources in the  crust; ( i i)  a 
lithosphere hotter t11a11 Earth's, leading to a 
more free top boundary (36) ;  (iii) the  accu- 
mulation of a high h'ig-Fe residuum in the  
upper mantle (37);  (iv) a t ra~ls i t io~l  of the  
lithosphere to positive buoyancy n i t h  cool- 
ing (38) ;  ( v )  increased rigidity of the litho- 
sphere with cooling (39);  (vi)  nonlinear 
dependence of viscosity o n  temperature and 
strain rate (1 1 .  39);  and (vii) the  ahsence of 
water ( 1 ). ~, 

A transltio~l of domi~lance from factors i 
and ii, which promote the  escape of heat 
from the  mantle, to factors iii through v,  
which act to shut off heat escape, is char- 
acteristic of most scenarios. ilnnlicitlv if not , L 

explicitly. Dominance of factors ii through 
vi, counled ~vit11 retelltion of heat sources at 
depth, a~oulcl have caused a telnperature rise 
leading to massive melti~lg,  rupturing the  
lithosnhere. T h e  llol~linearitv of factor vi 
enhances instabilities that propagate rup- 
ture, whereas factor vii acts to strengthen 

u 

the  l i t h ~ s ~ l ~ e r e ,  thus increasing the  temper- 
ature buildup required for rupture. 

T h e  lack of water mav also have acted to 
prevent plate tectonics, which depends o n  
weak lithospheric margins (30) ,  throughout 
Venus's history. This idea is contrary to the  
hypothesis of Herrick (38) but is consistent 
with the  more distributed deformation im- 
plied by the  models of Arkani-Hamed (39).  
But factor i, the  removal of heat sources 
from the  interior. still seems essential. 

Instabilities require cle~lsity inhomoge- 
neities, thermal or comnositional, which in 
turn are normally associated wit11 interfaces. 
T h e  more pro~lounced the  density differen- 
tial at the  interface. the  n o r e  likelv it is 
that an  illstability can occur. ~oss ibld  loca- 
tions include (i)  the  surface, from develop- 
ment of a thick, cle~lse lithosphere, arhich 
breaks and sinks, as in Earth's subduction 
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(abetted by lateral variations in crustal 
density and thickness); ( i i )  t he  base of a 
crust thick enough to  reach the  basalt-to- 
eclogite transition; (iii) t he  upper mantle,  
after accumulation of a Mg-rich layer re- 
s ~ d u a l  to  crustal differentiation (37) ;  as 
the  convective vigor s lo~ved,  such a layer 
may not  have been swept aside so quickly 
(as ~t is o n  Earth);  ( ~ v )  the  zone, 400 to  
700 knl deep, of ol~\~ine-spinel-perovskite 
p h a x  trxallsitio~ns, \ v h ~ c h  111 three-ilimen- 
s ~ o n a l  computer experinlents trlgger ava- 
lanche downflows (31) ;  ancl ( v )  the  core 
rnantle interface, about 2800 km deep in 
Venus, which has the  largest density 
change and is often conjectured to origi- 
nate olumes in both Earth ancl Venus. A 
combination of ruechan~sms associated 
\\it11 locations i and iii seems most plausi- 
ble. Both lnechan~sms depend o n  crustal 
i i ifferentiat~on, hut not  o n  the  g ro~v th  of 
crust to a thickness of nlore than 50 knl or 
more, as do ~nechanisms associated with 
location ii. Mecha~lisnls associated arith 
location iv deoend on the  snlallest densltv 
difference, whereas the  de\~elopment  of a 
densitv excess sufficient to  nenetrate the  
core mantle bo~~nclary  s e e m  impossible. 

Probably the greater difficulty is the prop- 
agation of instability, a problem somewhat 
analogous to that of earthquake occurrence: 
relief of an  instabilitv in one place enhances 
instabilities elsewhere. It is part~cularly a 
problem if the upper nla~ltle were already 
stiff. Propagation would be greatly aided by 
the presence of an  asthenosphere, as in Tur- 
cotte's enisodlc nloclel 11 7), to which the 
nlain objection 1s that if heat sources re- 
mained at depth, their effects should he seen 
within a time much less than 300 million 
years after the resurfacing event (as with 
seconciarv convection under Earth's oceans). 
Any monotonic model (42) ~ o u l c l  require 
that the instabilities not return too many 
heat sources to the interior and hence lvould 
be facilitated hy intracn~stal difierentiations 
and the stripping off of the upper crust in 
do\vnflolvs. 

Constraints on the  nature of activity 
nlore than 500 million years ago are slight. 
T h e  occurrence of contorted tessera terrain 
in lnany areas is generall\- thought to indi- 
cate a regime of [nore vigorous distributed 
tectonics. T h e  thoroughness of the latest 
resurfacing and the decline of radioactivit\- 
indicate that convection was more vigorous 
in the  past, and hence the tendency for 
oscillator\- behavior was greater, as is char- 
acteristic of convection at higher Rayleigh 
numbers. Arkani-Hamed (39) s~lggested 
that the  high tenlperatures o n  Venus led to 
a surface condition closer to stress-free, and 
hence a greater c o o l i ~ ~ g  of the  mantle, than 
has occ~lrred in Earth. This lnakes the ra- 
diogenic A r  cieficienc\- a greater problem; if 
the  Arkani-Hamed ~llodel is correct, then 

o n  Venus there must have been a n  in i t~a l  
deficiency of K, relative to that on Earth. 
A consequence of the  greater cooling of 

the  rnantle on Venus could be to  freeze the  
core, thus accounting for the  absence of a 
magnetic field (39).  Another hypothesis 1s 
that the  core is entirely fluid, thus lacking 
the  solidiflcatlon of the  inner core generally 
thought to be the  energy source for Earth's 
nlagnetic field (41 ). This question is acces- 
s h l e  to  observational testing, by inference 
of Venus's Love number k 2 ,  a measure of ~ t s  
nonr~gid yleldlng to t~des .  Early estimates 
from h'iagellan orbiter t rack~ng obtaineii a 
relatively high Love number, 0.23 + 0.07, 
tending to favor a iluid core (42).  

Conclusions 

T h e  striklng differe~lces between Venus and 
Earth stimulate hypotheses that may seem 
contrived, even though they depend o n  ef- 
fects that are known to exist but are of 
secondary significance o n  Earth. Insight 
\\.ould he aided by computer exper~ments, 
but such experlrnents are time-consum~ng if 
nonlinear rheology and colnpositio~lal differ- 
entiations in three dimens~ons are included, 
and there is a clallger of wish f~~lf i l lment  in 

u 

the nlacroscale simulation of magmatism. 
Describing the debate as lnonotonic ver- 

sus episodic is an  oversi~llplificatio~~; the 
question is more the  magnitude of the os- 
cillations about a n  inevitably declining 
trend. B L I ~  certainly Venus's activity in the 
last 300 million years has been slight corn- 
pared to Earth's. During this perlod, the 
magn~tude of sea-floor spreading on Earth 
has varied by a factor of -2 (43).  It is hard 
to believe that the oscillations could he 
much greater for a Venus that is 110n7 so 
quiescent. Perhaps a r eq~~is i t e  conciition for 
catastrophic episodicity is the dr\-ness, b\- 
making the  lithosphere more difficult to 
break. It is also difficult to adiust Earth- 
conditioned intuitions to the long time 
scales inciicated by the  stiff dry rheology o n  
V e n ~ ~ s .  

T h e  greatest observational constraint o n  
packing radioactive elements in the crust of 
Venus is the  low abundance of raciiogenic 
A r  in the atmosphere, which requires either 
a K/U ratio much loiver than that on Earth 
or a much loiver average level of activity in 
Venus's entire thermal and compositional 
evolution. If the K/U ratio o n  Venus is as 
high as Earth's, the  material could not have 
been brought close to Venus's surface at a 
rate colnparable to that by Earth's nlantle 
convection (44) ,  in vie~v of the transparen- 
c\- to Ar  diffusion of rocks at Venus's tern- 
peratures. T h e  observations we would most 
like to have of Venus are chemical sam- 
plings to depths of at least 10 cm, preferably 
30 cm, to avoid atmosnher~c effects that 
concentrate volatiles (including K)  in the 

uoner f e~v  centimeters. These aonear to be 
L L 

unlikely nit11111 the  near future. In labora- 
tory experiments, it would be desirable to 
extend rheological experiments on wet and 
dry o l~v ine  or peridotite to  pressures of 6.0 
GPa  or more, a uroceclure that 1s of consid- 
erable technical difficulty, to  ver~fy the  ex- 
tent to  \\.hich lvater makes a d~fference at 
depths up to 200 km in the  mantle. 
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Crystal Structure of the Ternary 
EF-Tu, Complex of Phe-tRNA , 

and a GTP Analog 
Poul Nissen, Morten Kjeldgaard, Serren Thirup, Galina Polekhina, 

Ludmila Reshetnikova, Brian F. C. Clark, Jens Nyborg* 

The structure of the ternary complex consisting of yeast phenylalanyl-transfer RNA 
(Phe-tRNAPhe), Thermus aquaticus elongation factor Tu (EF-Tu), and the guanosine 
triphosphate (GTP) analog GDPNP was determined by x-ray crystallography at 2.7 ang- 
strom resolution. The ternary complex participates in placing the amino acids in their 
correct order when messenger RNA is translated into a protein sequence on the ribosome. 
The EF-Tu-GDPNP component binds to one side of the acceptor helix of Phe-tRNAPhe 
involving all three domains of EF-Tu. Binding sites for the phenylalanylated CCA end and 
the phosphorylated 5 '  end are located at domain interfaces, whereas theT stem interacts 
with the surface of the p-barrel domain 3. The binding involves many conserved residues 
in EF-Tu. The overall shape of the ternary complex is similar to that of the translocation 
factor, EF-G-GDP, and this suggests a novel mechanism involving "molecular mimicry" 
in the translational apparatus. 

Pro te in  hiosynthesis is a central process in 
every organism. It provides the link between 
the genetic i ~ l f o r m a t i o ~ ~  encocied in D L A  
and functional protei~ls. Understa~lJillg the 
steps of protein hiosynthesis sho~lld ha\re an 
impact on our overall perception of the pro- 
cess of translation. AII essential participant 
in protein biosy~lthesis is the ternary com- 
plex of aminoacyl transfer R L A  (aa-tRNA), 
elo~lgation factor T u  (EF-TLI or EF-la) ,  and 
g~lanosi~le  triphosphate (GTP) ,  yet its three- 
dilnensional structure has hitherto beell un- 
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known. T h e  determination of this structure 
allows a I ~ L I C ~  more precise and testahle 
description of the lnolecular mechanisln of 
protein hiosy~lthesis. 

T h e  p r ~ c e s s o f  synthesi;ing proteins on 
the rihosome call he divided into initiation, 
elongation, and termination. Initiation and 
terlnination are uunctuation events in that 
they deal lvith starting and stopping synthe- 
sis as a response to specific start and stop 
c o i i o ~ ~ s  OII messenger R K A  (mRKA) .  These 
steps are assisted b\- initiation anci release 
factors, resvectivelv. 

T h e  central step in protein hiosynthesis is 
elongation, in ~vhich amino acids are added 
one at a time to the grolving polypeptide 
chain accordillg to the sequence of codons 
present on mRNA. In prokaryotes, three 
elongatioll factors are i~lvolved as catal\-sts in 
this process: EF-TLI, the EF-TLI specific nu- 

44. C~rrently. about 20 km3 of crust. averagng about 6 
km thck, 1s dlfierentated per yearn Eanh This crust 
1s the product of m u t p e  dfierentatons extendng 60 
kln cleep, and so the volume rate of rnaterla assocl- 
ated v!~th magtnatlsm, whch would release Ar, 1s 
about 200 km3 year-' The volume of the mantle 1s 9 
x 10' krn" Hence, f t v!ere unformly sampled, the 
entlre mantle v!ould have been cycled through the 
near surface layer In 4 5  x 10' years. However, con- 
vecton, and hence magmaism, was rnuch more vg -  
orous n the past, whereas the sources of cornteln- 
porary basats are clearly recycled. But, regardless of 
the numbers, the comment In the text apples 
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cleotide exchange factor EF-Ts, and the 
translocation factor EF-C. Both EF-TLI and 
EF-G are members of the G protein super- 
family, lvhich collsists of proteins lvith a 
co~~se rved ,  conlmoll str~lct~lral  design ( I ) .  
Thus EF-TLI exists in one of tlvo states, either 
ho~111d to gLlanoslne diphosphate (CDP)  as 
the illactive complex EF-TLI-GDP, or in the 
active form EF-TLI-GTP. T h e  active EF-TLI- 
G T P  hinds aa-tRNA to form the ternary 
complex aa-tRNA-EF-TLI-GTP. T h e  ex- 
poseci anticodon of aa-tRKA is recognized 
on the rihosome hy lllteractioll x l t h  a codon 
o n  mRKA. This is part of the overall inter- 
action hetrveen the ternary colnples and the 
so-calleci A site of the rihosome. T h e  ribo- 
some ind~lces hydrolysis of EF-TLI-CTP to 
EF-TLI-GDP, which is releaseci from the ri- 
hosonle (2) .  This inactive form of EF-TLI is 
recycled by the exchange of G D P  for GTP,  a 
process catalyzed hy EF-Ts. T h e  third elo11- 
gation factor, EF-C, catal\-zes the transloca- 
tion reaction xhereby the rihosolne advanc- 
es to the next codon on mRKA and trans- 
locates the pepticiyl tRNA froln the A site to 
the P site. 

Both EF-TLI and aa-tRNA s\-nthetases 
(aaRS) are protei~ls that call bind t R L A .  
Honrever, in contrast to an  aaRS, EF-TLI 
forms complexes x i t h  all aa-tRKAs. It is 
therefore expected that EF-TLI recognizes 
colnnloll features of all aa-tRKAs. Some 
s t r~lc t~lra l  information o n  ho\v a n  aaRS 
binds to its cognate tRNA is available ( 3 ) .  
A survey of features of tRNAs believed to 
be involveci in ternary complex f o r m a t i o ~ ~  
has heen prese~lted by Faulhammer and 
Joshi (4) .  Investigations of the  specific parts 
or residues of aa-tRKA or EF-TLI participat- 
ing in ternar\- complex forn1ation have led 
to the formulation of possible models for 
the ternar\- complex (5-7). Hoxever,  none 
of these nlodels is in agreelnent lvith the 
x-ray nlodel described in this article. 

T h e  crystal structure of yeast tRLA1"" 
revealed the str~lctural organization of 
tRNA as ta.o double-helical segnlents al- 
nlost perpendicular to each other (8, 9).  
Each helical segnlent contains tlvo base- 
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