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Abstract 

A heat-pipe mechanism is proposed for the transport of heat through 

the lithosphere on Venus. This mechanism allows the crust and lithosphere 

on Venus to be greater than 150 km thick. 

lithosphere can explain the high observed topography and large associated 

gravity anomalies. For a 150 km thick lithosphere, the required volcanic 

flux on Venus is 200 km3/yr; this is compared with a flux of 17 km3/yr 

associated with the formation of the oceanic crust on the earth. A thick 

basaltic crust on Venus is expected to transform to eclogite at a depth of 

60 to 80 km; the dense eclogite would contribute to lithospheric 

delamination that returns the crust to the interior of the planet 

completing the heat-pipe cycle. 

anomalies can be explained by Airy compensation of the thick crust. 

principal observation that is contrary to this hypothesis is the mean age 

of the surface that is inferred from crater statistics; the minimum mean 

age is about 130 Myr and this implies an upper limit of 2 km3/yr for the 

surface volcanic flux. If the heat-pipe mechanism was applicable on the 

earth in the Archean it would provide the thick lithosphere implied by 

isotopic data from diamonds. 

A thick crust and thick 

Topography and the associated gravity 

The 
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Introduction 

Venus, in terms of size, is the planet in the solar system most 

similar to the earth. However, studies carried out to date show major 

geological differences. 

associated with plate tectonics on the earth are absent on Venus. Linear 

volcanic trends associated with mantle plumes are also absent on Venus. 

Several general explanations can be given for these differences: 

The elongated trenches and ridge structures 

i.) The surface of Venus is about 450 OK hotter than the surface of the 

earth. The interior temperature in Venus may be somewhat higher than in 

the earth, but the strong exponential dependence of the solid-state 

viscosity on temperature would require the difference to be considerably 

less than the difference in surface temperature. Thus, it is concluded 

that the temperature difference across the lithosphere on Venus is about 

two-thirds of the difference on the earth. For a similar conductive heat 

flux through the lithosphere, its average thickness would also be reduced 

by about a third. 

weaker lithosphere and the reduced negative bouyancy of the lithosphere 

could impede plate tectonics on the planet. 

The higher surface temperature on Venus implies a 

ii). The lack of oceans eliminates the hydrologic cycle. Without 

extensive erosion, major tectonic features would be expected to last for 

long periods of time. 

also preclude the formation of thick silicic continents. 

bimodal hypsometric curve on earth is provided by continental erosion to 

sea level. 

The lack of erosion and hydrologic transport could 

Certainly the 

A large fraction of the geological activity on earth can be directly 

associated with plate tectonics. Some authors associate topographic 
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features on Venus with plate tectonics [Brass and Harrison, 1982; Head and 

Crumpler, 1987; Crumpler and Head, 19881. But most authors argue that 

plate tectonics does not occur or is so inefficient that it only transfers 

a small fraction of the heat from the interior to the surface [Kaula, 

1984; Kaula and Phillips, 1981; Grimm and Solomon, 19871. Certainly 

neither a global set of ridges (spreading centers) or trenches (subduction 

zones) are observable from either the altimeter or radar observations of 

the surface. 

One of the major surprises from the altimeter data [Pettingill et 

al., 19801 was the presence of several extensive regions of high 

topography. 

4-5 kms over the mean reference surface and Ishtar Terra has elevations as 

high as 12 km. 

on the earth. 

Aphrodite Terra and Beta Regio have elevations in the range 

These elevations are comparable to the highest elevations 

Another surprise was that the major topographic features on Venus 

could be directly correlated with large gravity anomalies [Sjogren et al., 

1983; Mottinger et al., 19851. This is generally not the case on the 

earth where major mountain belts such as the Himalayas, Andes, or Rockies 

have small gravity anomalies. The gravity anomalies on Venus are small 

compared with those expected from uncompensated topography, but require 

depths of compensation of 135 km for Beta Regio [Esposito et al., 19831 

and up to 150 km for Ishtar [Sjogren et al., 19841. Reasenberg et al. 

[1982] suggest at least two compensation mechanisms are required. 

On the earth, mantle convection is responsible for plate tectonics. 

The plates are the cold thermal boundary layers of mantle convection 

cells. Without plate tectonics, alternative means for the transport of 
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heat to the surface must be found. This problem has been considered in 

some detail by Solomon and Head [1982], Phillips and Malin [1983, 19841, 

and Morgan and Phillips [1983]. Two alternative mechanisms have been 

proposed: 

i). Conductive transport through a relatively thin, rigid 

lithosphere. Solid-state convection within the interior of Venus would 

transport heat to the base of the lithospheric cap. 

to this hypothesis is the presence of the large correlated topography and 

gravity anomalies on Venus. 

mechanism that can explain these anomalies with a thin lithosphere. 

The primary objection 

It is extremely difficult to hypothesize a 

ii). Surface volcanic flows. Pressure release melting associated 

with solid-state convection at depth would produce magmas that would 

rapidly ascend to the surface in magma driven fractures producing thin 

extrusive flows. 

heat-pipe mechanism for the transport of heat and can lead to a relatively 

thick lithosphere. This mechanism has been proposed for the cooling of Io 

by O'Reilly and Davies [1981]. Previous authors have questioned the 

applicability of this mechanism for Venus due to the very large flux of 

magma required. 

The solidification and cooling of these flows acts as a 

The purpose of this paper is to examine the heat-pipe mechanism for 

Venus in some detail and to discuss its implications. It will also be 

argued that this mechanism may have been important for the earth, 

particularly in the Archean. 
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The Heat-Pipe Hypothesis 

Our basic hypothesis is that a substantial fraction of the heat lost 

from the interior of Venus is transported through the lithosphere by 

magma. 

limbs of mantle convection cells. 

lithosphere and then migrates to the surface in magma-generated fractures. 

The surface eruptions of the magma solidify rapidly without significantly 

heating the surface. 

lithosphere and crust, this loss is estimated in a later section. This is 

a heat-pipe mechanism. The melting at depth and surface solidification is 

an efficient means of transporting heat. 

Magma is generated within the interior of Venus in the ascending 

This magma pools at the base of the 

Some heat is lost during transit through the 

The standard plate tectonic mechanism for heat transport is 

illustrated in Figure 1. 

boundary layer of mantle convection cells. 

surface of the plate is the primary means of heat transport from the 

interior of the earth at the present time. An essential feature of this 

process is the subduction of the oceanic crust and its subsequent mixing 

into the earth's mantle. 

earth and returns substantial quantities of the heat-producing elements to 

the interior. 

The oceanic lithosphere is the cold thermal 

Conductive heat loss from the 

This prevents complete fractionation of the 

The heat pipe mechanism is illustrated in Figure 2. The various 

stages of volcanic addition and loss of crust by delamination are 

illustrated as a sequence in time, horizontal surface displacements are 

not implied. Surface volcanic flows accumulate and thicken the crust. 

The crust is sufficiently thick so that its base transforms to eclogite. 

Based on the experimental work of Green and Ringwood [1972] this phase 



7 

transformation is likely to occur at pressures of 1.5 GPa to 2.0 GPa; on 

Venus this corresponds to depths of 60 to 80 km. The dense eclogite phase 

is gravitationally unstable with respect to the mantle below; when the 

mantle lithosphere and eclogite layer are sufficiently thick delamination 

can occur. There is a reasonable basis for hypothesizing that 

delamination occurs at the basalt-eclogite phase change boundary as this 

is likely to be a zone of weakness. 

Delamination on the earth has been suggested by Bird [1978, 19791 and 

These authors model delamination in a manner Bird and Baumgardner [1981]. 

similar to subduction, the lithosphere bends and sinks into the mantle. 

Large gravity and topographic anomalies would be associated with such a 

process, these anomalies are not observed on the earth. Turcotte (1983) 

has proposed an alternative mechanism for delamination, lithospheric 

stoping in which the lithosphere fails along pre-existing zones of 

weakness and blocks of lithosphere break away and sink into the mantle. 

McKenzie and O'Nions [1983] have suggested that delamination occurs at 

island arcs. Delamination has been proposed by Head [1986] as a possible 

explanation for the elevated topography of Ishtar Terra on Venus. 

As illustrated in Figure 2 basaltic volcanism is hypothesized to be 

continuous; however, the heat loss from the ascending magma to the 

lithosphere is sufficiently low that the lithosphere continues to thicken. 

The extrusive volcanics thickens the crust and leads to subsidence; this 

subsidence causes the basalt in the lower crust to cross into the eclogite 

stability field. Since the eclogite is more dense than the mantle rock it 

is not only gravitationally unstable, but can also result in net 

subsidence of the surface. When the negative buoyancy of the eclogitic 
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crust and mantle lithosphere become sufficiently large, they delaminate at 

the basalt-eclogite phase boundary and sink into the mantle; the result is 

a period of rapid uplift. The regions of high topography on Venus are 

associated with this uplift. The cycle then repeats. 

Volcanism 

The heat-pipe mechanism certainly can be an effective means of heat 

transport from a planetary interior. However, an essential question is 

whether the required volume flux of surface volcanics is compatible with 

observations. Before this volume flux can be determined the mean heat 

flow to the surface of Venus must be specified. 

surface of the earth is q = 72 rnW/m* and is quite well constrained. 

The mean heat flow to the 
- 

However, the fraction of this heat loss that is attributed to radiogenic 

isotopes (the Urey number U) can only be estimated with values ranging 

from 0.5-0.85; the remainder is due to secular cooling. A reasonable 

hypothesis is to simply scale the surface heat flux from the earth to 

Venus so that q = 66 mW/m2 for Venus. 
- 

If this heat flowed through a lithosphere that acted as a rigid- 

conductive lid, the thickness of the lid would be 

b T  
YL - - - 

It is reasonable to estimate that the transition from rigid to fluid 

behavior in the mantle of Venus occurs at a temperature of 1560"k. 

mean surface temperature of 735"k we find AT - 825"k. 
With a 

With k - 3.3 W/m"k 
we find that the mean thickness of the lithosphere on Venus would be y~ = 

41.25 km. 



9 

Based on our analogy, the total heat loss from the interior of Venus 

is Q - 3.03 x 1013 W. The required volcanic flux V if the heat-pipe 

mechanism transported all this heat is 

where L is the latent heat of fusion of basalt (4 x lo5 J/kg), cp is the 

specific heat at constant pressure (1 W/kg OK), and AT = 825 OK. The 

value of the required volcanic flux is V = 270 km3/yr. Clearly a fraction 

of the surface heat loss on Venus can be attributed to conduction through 

a lithosphere. Combining (1) and (2) gives 

47ra2kAT 
Q -  

YL .ir- 
P (L + c p w  

where a is the radius of Venus. The dependence of the volcanic flux on 

(3) 

the mean thickness of the lithosphere on Venus is given in Figure 3 .  

Based on the discussion in the previous section the minimum 

lithospheric thickness for delamination to occur at the basalt-eclogite 

phase boundary is about 100 km. Our determination of the maximum 

thickness in the next section is 356 km. As a reasonable value we take 

y ~ =  150 km. From Figure 3, the required volcanic flux is V = 200 km3/yr. 

Twenty-five percent of the heat flux from the interior is by conduction 

and seventy-five percent is by the heat-pipe mechanism. 

It is of interest to compare the required volcanic flux for Venus 

with various volcanic fluxes on the earth. The largest source of 

volcanism on the earth is at mid-ocean ridges. 

about 17 km3/yr, or about an order of magnitude less than the required 

This volcanic flux is 
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flux for Venus. 

relevant. 

0.02 km3/yr so that Venus would require 1,000 Hawaiian hot spots. 

However, there is evidence that hot spot volcanism on the earth has been 

A comparison with intraplate fluxes may be more directly 

The long-term volcanic flux for the Hawaiian hot spot is about 

considerably higher in the past. 

formation of the Deccan Traps is 4.9 km3/yr [McLean, 19851. 

The volcanic flux associated with the 

The volcanic 

flux associated with the formation of the Mid-Pacific Mountains in the 

Cretaceous is 3.8 km/yr [Arthur et al., 19851. The flux required for 

Venus is certainly high compared with present rates of volcanism on the 

earth, but this is not a difficulty in itself. 

In order to get a better feeling for the implications of V - 200 
km3/yr for Venus, we make a few simple calculations. If volcanism 

uniformly covered the entire surface of Venus, the mean interval between 

eruptions 7i is given by 

4ra2hf 

V 
Ti - (4) 

where hf is the mean thickness of the erupted m a g m a .  

the dependence of Ti on hf is given in Figure 4. 

10 m thick that covers the entire surface of Venus is required every 

For V - 200 km3/yr 

For example, an eruption 

23,000 years. 

extrusive eruption 7c. 

Also given in Figure 4 is the time required to solidify the 

It is a reasonable approximation (Carslaw and 

Jaeger, 1959, pp. 283-289) to assume that 

hf2 - 
Tc - 4n 

with n - 0.8 mm2/s. In all cases the cooling time is several orders of 

(5 )  

magnitude shorter than the interval time. This shows that the flow can be 
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quite localized and solidification will still take place in the intervals 

between flows. If it is assumed that volcanism is restricted to the areas 

of high topography, surface flows would cover about 6% of the entire 

surface with an area of about 30 x lo6 km2. 

thickness of volcanic flows, they would be formed in only 1.5 Myr. 

an impressive rate. 

If these areas have a 10 km 

Quite 

There is certainly extensive evidence for recent surface volcanism on 

Venus [Schaber, 1982; Esposito, 1984; Ksanfomaliti, 1985; Taylor and 

Cloutier, 1986; Head and Wilson, 19861. However, the essential question 

is the volumetric flow. 

An important constraint on the rate of surface volcanism is the density 

of impact craters. Crater counts have been obtained from Arecibo radar 

data [Campbell and Burns, 19801 and from Veneras 15 and 16 radar data 

[Barsukov et al., 19861. Frequency-size statistics and morphology favor 

an impact origin for a majority of the observed craters. Using statistics 

from other planetary bodies, it is inferred that the mean age of the Venus 

surface where data are available is between 0.5 and 1 Gyr. 

Solomon [1987] took a minimum mean surface age of 130 Myr and concluded 

that the upper limit on the rate of volcanism is V - 2 km3/yr. 

older mean surface age the inferred rate of volcanism would be less. 

These observations could be compatible with the heat-pipe mechanism if: 

i) Volcanism on Venus is very localized. Observational evidence does 

not favor this. 

ii) A large fraction of the craters have a volcanic origin. It would 

not be surprising if both impact and volcanic craters obey scale- 

invarient, power-law statistics. 

Grim and 

For an 
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iii) A substantial fraction of the volcanism occurs as shallow 

intrusions. 

On balance, however, the density of impact craters is evidence against 

the heat-pipe mechanism transporting a large fraction of the heat from the 

interior of Venus. 

Magma Transport 

The only way in which magma can be transported through a thick, cool 

lithosphere is by magma fracture. 

and Turcotte [1985], Emerman et al. [1988] and Spence et al. [1987]. It 

is appropriate to hypothesize that the magma ascends upwards due to its 

buoyancy in thin cracks of width w and horizontal length 1 .  

applicable turbulent flow, the mean ascent velocity u is given by 

This process has been studied by Spence 

For the 
- 

,5/7 
u - 4.7 

Pm 3/7 t11/7 

where p and q are the density and viscosity of the magma and Ap is the 

density difference between the magma and the lithosphere through which it 

is ascending. The volume of magma in an eruption V is given by 
- v - a w u Tf (7) 

where 1 is the horizontal length of the crack and Tf is the time of 

eruption. 

As a typical example, we take w - 1 m, Ap = 300 kg/m3, p - 3,000 
kg/m3, Q - 1 Pa s and find from ( 6 )  that 

and rf - 1 day, we find from (7) that V - 117 km3. 
100 m thick covering an area 1,000 by 1,200 km. 

mean flux an average of two of these eruptions would have to occur each 

- 13.5 m/s. Taking R - 100 km 
This would be a flow 

To provide the required 
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year. 

found in shield areas of the earth. The flow rates are also consistent 

with observations in Hawaii and Iceland. 

fast eruption is a series of slow eruptions through thinner cracks that 

form thick dikes by multiple eruptions. 

The length and width of the assumed crack are typical of dikes 

An alternative to the single 

As the magma ascends upwards through the lithosphere in magma driven 

fractures, the magma will lose heat to the lithosphere and some magma will 

solidify. Assuming that magma erupts at a temperature Tm and that the 

rock through which it flows has a temperature T(y), the heat lost from the 

magma in the crack to the country rock during an eruption is [Turcotte and 

Schubert, 1982; p. 1611 

li 
Q - 4 k l ( T m - T )  [A] 

per unit depth where k and n are the thermal conductivity and thermal 

diffusivity of the country rock respectively. The mean heat loss to the 

lithosphere of Venus per unit depth is given by 

4 k I (Tm - T) 
I 

Q 
9 -  - 

71 ri 
( 9 )  

This is the amount of heat added to the l,thosp..ere from the ascending 

magma per unit depth. 

We now make a one-dimensional approximation for the variation of T 

through the lithosphere and relate the heat conduction to the heat 

transferred from the magma using the equation 

d2T 9 
0 - k -  + -  

dy2 4nq2 
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where a is the radius of Venus. Implicit in writing (10) is the 

assumption that adjacent magma fractures are closer than the thickness of 

the lithosphere (= 150 km) on a thermal time scale for the lithosphere (= 

700 Myr). Substitution of ( 9 )  into (10) gives 

a = -  d2T - 
dy2 na 2 ri 

With the boundary conditions T = To at y - 0 and T + Tm as y + Q), (11) is 

integrated to give 

Taking (Tm - T)/(Tm-To) = 0.1 at the base of the lithosphere, we find 

that the thickness of the lithosphere is given by 

Based on the examples given above, we take ri = 0.58 yr, r f  = 1 day, 

100 km, a = 6050 km, and n = 

This is the maximum thickness of the lithosphere due to the loss of heat 

from magma ascent. The lithosphere can be thinner, either due to heat 

input to its base, or due to crustal delamination. The spacing condition 

for the applicability of the one-dimensional model is satisfied. 

R = 

m2/s, from (13) we find dL - 356 km. 

Topography and Gravity Anomalies 

The tectonic processes responsible for topography and gravity 

anomalies on Venus must be associated with the processes of heat transport 



15 

to the surface of the planet. 

basic tectonic processes: 

(1) Variations in the thickness of the crust. The elevation of the 

continents on the earth relative to the oceans is attributed to variations 

in crustal thickness. A large fraction of the topography on the earth can 

be directly related to this mechanism. The maximum relative elevation 

difference due to this effect on the earth is about 14 km. Anderson 

[1981], Bowin [1983], and Bowin et al., [1985] have suggested its 

applicability to Venus. 

Topography can be associated with three 

The topographic elevation wc is related to increases in crustal 

thickness Ahc by the isostatic relation 

where pc is the crustal density and pm the mantle density. Taking pc - 
2,800 kg/m 3 and pm - 3,300 kg/m3, 12 km of topography on Venus requires an 
increase of crustal thickness Ahc - 80 km. 
incompatible with a thin (40 km) conductive lithosphere since variations 

in crustal thickness must be embedded in a rigid lithosphere in order to 

Such a thick crust would be 

survive. 

(2) Variations in the thickness of the lithosphere. This mechanism is 

responsible for the elevation of the mid-ocean ridge system relative to 

the ocean basins on the earth. It is also responsible for the elevation 

of oceanic and continental swells that are associated with intraplate hot 

spots. The maximum elevation associated with lithosphere thinning on the 

earth is about 2.5 km. 

The topographic elevation WL is related to the thickness of the 
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lithosphere y~ by the isostatic relation 

where a linear temperature is assumed in the lithosphere, a is the 

volumetric coefficient of thermal expansion, Tm the mantle temperature, 

and To the surface temperature. OK-' and T, - To - 
825"K, the elevation associated with a conductive lithospheric thickness 

of 40 km is 0.5 km, an insignificant fraction of the observed topography. 

Taking a - 3 x 

Topography on Venus due to changes in crustal and lithospheric 

thicknesses are given in Figure 5. 

variations in lithospheric thickness can only make relatively small 

It is seen from this figure that 

contributions to topography, about one kilometer. Variations in crustal 

thickness can certainly provide the observed topography on Venus, but 

variations as large as 75 km are required to produce the observed 12 k m  in 

Ishtar Terra. 

[ 19831 . 
Similar results have been obtained by Morgan and Phillips 

An explanation for the large topographic variations on Venus should 

also be able to explain the correlated gravity anomalies. The largest and 

most striking topography associated gravity anomaly is that of Beta Regio. 

The maximum topography is about 5 km and the maximum gravity anomaly is 

about 135-150 mgal [Reasonberg et al., 1982; Esposito et al., 19831; this 

represents about 75% compensation. The associated geoid anomaly for Beta 

Regio is about 80 m. The geoid anomaly AN associated with Airy 
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compensation is given by [Turcotte and Schubert, 1982, p. 2251. 

where G is the gravitational constant and hco is the reference crustal 

thickness corresponding to the reference geoid. 

crustal thicknesses are given as a function of the fully compensated 

crustal elevation in Figure 6 ,  the corresponding thicknesses are also 

given. It is seen that for an initial crustal thickness of 100 km, 4 km 

of topography requires a total crustal thickness of 125 km. 

corresponding geoid anomaly is 60 m. 

agreement with the 135 km depth of compensation given by Reasonberg et al. 

[1982] and Esposito [1983]. Thus a relatively thick crust and lithosphere 

on Venus can explain the topography and associated gravity anomalies. The 

heat-pipe mechanism for heat transfer is one way to obtain a thick 

lithosphere. 

The geoid anomalies and 

The 

This result is in reasonably good 

An alternative hypothesis to explain the topography on Venus is dynamic 

support. This mechanism has been considered by Kiefer e t  a1 [1986]. I t  

is certainly possible to generate topography through pressure gradients 

associated with mantle convection. However, the critical quantity is the 

mantle viscosity. Significant dynamic topography requires high pressures 

that are associated with high viscosities. 

topography with associated gravity anomalies are observed on the earth. 

Essentially all topography on the earth can be directly associated with 

either changes in crustal thickness (the continents) or changes in 

lithospheric thickness (mid-ocean ridges and hot-spot swells) [Turcotte 

and Schubert, 1983, pp. 225-2291. An exception is aseismic ocean ridges, 

Essentially no dynamic 
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but these are associated with density variations within the mantle 

lithosphere [Angevine and Turcotte, 1980, 19831. Significant dynamic 

topography on Venus implies a higher mantle viscosity and thus a lower 

mantle temperature. This is inconsistent with the higher surface 

temperature and the lack of plate tectonics. 

Conclusions 

The favored explanation for most of the large topographic and 

correlated gravity anomalies on Venus is Airy isostacy associated with a 

thickened crust. This explanation is incompatible with a thin conductive 

lithosphere on the planet. 

One method to increase the thickness of a planetary lithosphere is to 

transport heat by volcanism. 

near the surface is an efficient means of heat transport known as a heat 

pipe. 

is 200 km3/yr; this is compared with a flux of 17 km3/yr associated with 

the formation of the oceanic crust on the earth. The high elevations on 

Venus are attributed to this volcanism. 

not consistent with massive surface volcanic flows is the mean age of the 

surface inferred from crater statistics. If these craters are attributed 

to a standard flux of meteorite bombardment the minimum mean age of the 

surface is about 130 Myr; this implies an upper limit of 2 km3/yr for the 

surface volcanic flux. 

Melting at depth and solidification at or 

For a 150 km thick lithosphere on Venus the required volcanic flux 

The principal observation that is 

In order to maintain volcanism it is necessary to recycle basalt into 

the interior of the planet. A thick basaltic crust on Venus is expected 

to transform to eclogite at a depth of 60 to 80 km; the dense eclogite 
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would contribute to lithospheric delamination that would return crust to 

the interior of the planet. 

The heat pipe mechanism has been proposed [O'Reilly and Davies, 19811 

for Io in order to provide a thick lithosphere to support the observed 

topography on that body. Isotopic studies of diamonds by Richardson et 

al. [1984] have been interpreted to require a lithospheric thickness on 

earth of at least 175 km 3 Gyr before present. Since the heat output from 

radioactive isotopes at that time was twice the present value it is 

difficult to explain such a thick lithosphere, even with plate tectonics. 

A large heat flux due to extensive volcanism in the Archean which 

transported heat by the heat-pipe mechanism would help explain this 

observation. 
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Figure Captions 

Figure 1. Illustration of the plate tectonic mechanism for heat loss from 

a planetary interior. 

mid-ocean ridge (mor) froms the basaltic oceanic crust (b). The mantle 

lithosphere (ml) is gravitationally unstable and is subducted into the 

interior at an ocean trench (ot). As the pressure increases, the basaltic 

crust transforms to dense eclogite (e) and partial melting produces island 

arcs (ia). 

Figure 2 .  

through the lithosphere. 

lithosphere is illustrated. Ascending convection in the asthenosphere (a) 

produces basaltic magma that ascends to the surface through the 

lithosphere by magma fracture. 

forming the basaltic crust (b). 

and temperature are sufficiently high that the basalt transforms to 

eclogite (e). The eclogitic lower crust and mantle lithosphere (ml) are 

gravitationally unstable and are recycled into the planetary interior by 

delamination. 

Partial melting of the athenosphere (a) beneath a 

Illustration of the heat-pipe mechanism for heat transport 

The evolution in time of a section of 

The extrusive flows solidify and thicken 

At a depth of about 70 km the pressure 

Figure 3 .  

the mean thickness of the lithosphere 7~ from ( 3 ) .  

Figure 4. 

from (4) and the solidification time rc as a function of the flow 

thickness hf from (5). 

Figure 5 .  Topographic elevation w as a function of the increase in 

crustal thickness Ahc for several values of the lithospheric thickness hL 

from (14) and (15). 

The required surface volcanic flux V on Venus as a function of 

The mean interval 71 between global surface eruptions on Venus 
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Figura 6. The required crustal thickness h, and associated isostatic 

geoid anomaly AN as a function of topographic elevation w for several 

values of the initial crustal thickness hco from (14) and (16). 
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