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Introduction: Plumes are one of the few mani-
festations of mantle convection that can be readily 
observed on other planets. The number of active 
mantle plumes on Venus can be inferred from the 
volcano-rich,  broad topographic swells with gravity 
anomalies implying low density anomalies at depth.   
The interpretation of high emissivity anomalies in the 
VIRTIS data set as indicating recent volcanism cor-
roborates the presence of an active plume [1].  In this 
study we use a spherical 3D simulation of mantle 
convection with temperature dependent rheology to 
constrain the balance between internal heating (Hs), 
temperature difference across the mantle (DT), and 
mantle viscosity needed to produce a small number 
of hot plumes (~10) globally.  We find that the num-
ber of plumes is proportional to the convective 
Rayleigh number and (δd)-1/2, where δ is the thick-
ness of the hot or cold boundary layer, and d is the 
thickness of the convective mantle. When even rela-
tively small amounts of internal heating are included, 
a mantle viscosity of 1020 Pa s is needed to maintain a 
positive temperature difference between the core and 
the mantle..  Partial melting occurs over 100s of km 
in the upper mantle, including in the bottom of the 
conductive lid, assuming a wet solidus but not a dry 
solidus.   

Method: We employ the OEDIPUS code [2,3] to 
simulate thermal convection in Venus mantle. This 
code uses the cubic-sphere geometry to solve the 
equations describing the conservation of mass, mo-
mentum and energy in a 3D spherical geometry. 
These equations include the Boussinesq approxima-
tion and an infinite value of the Prandtl number. The 
fluid is characterized by several parameters including 
thermal diffusivity (Κ), thermal conductivity (k), 
thermal expansion (α), density (ρ), and viscosity (η), 
which is strongly temperature dependent. The use of 
the cubic sphere allows us to solve the equations in 
one sixth of the total sphere with periodic boundary 
conditions on the vertical planes. The temperature is 
imposed at the surface (T0) and at the core mantle 
boundary (T1). Free-slip or no-slip conditions can be 
applied on the horizontal planes.  For all cases we 
assume a surface temperature of 735°K, Κ = 1 x 10-6  
m2/s, α = 3 x 10-5 K-1, k =1 W K-1 m-1, ρ = 3500 
kg/m3, g = 8.87 m/s2, a core radius of 3120 km, and a 
planetary radius of 6052 km.  Most cases have a grid 
spacing of 1283; two cases have 256 elements verti-
cally.  The temperature dependence of the viscosity is 

equivalent to using an activation energy of 450 
kJ/mole.   

Results:  We have examined 15 cases to date 
spanning a range of Hs and DT =(T1-T0) (Table 1).  
For some values of DT and Hs, the hot thermal 
boundary layer (HTBL) has too small a DT HTBL to 
develop plumes (Figure 1). To date the most realistic  
case in terms of number of hot plumes (7x6 = 42 
globally), the thickness of the conductive lid (312 
km), and Hs (10) is case 15 (Table 1).  This case has 
a mantle viscosity of 1020 Pa s. 

The hot plumes produce pressure release melting 
over several 100s km in the upper mantle, but only 
for a wet solidus, not a dry solidus.  In many cases 
melting occurs in the base of the conductive lid.  
Rather than spreading laterally, the hot plumes pro-
duce viscous fingers in the lid, which may account 
for some of the unusual morphology of coronae and 
hotspots on Venus. 

Discussion: These results have important impli-
cations for the mantle. First, we can’t predict realistic 
values of the conductive lid thickness or use substan-
tial values of Hs unless the mantle viscosity is low 
(1020 Pa s) compared to terrestrial values.  This is 
consistent with a hotter mantle due to the absence of 
plate tectonics.  Second,  wet melting is predicted 
through out much of the upper mantle. Thus the up-
per mantle may be lacking in light elements and be 
more fully outgassed than the lower mantle.  Volcan-
ism may have gone through a transition from more 
wide-spread, wet melting in the upper mantle to more 
localized melting in mantle plumes carrying un-
melted, volatile rich material from depth.   

We have not yet exactly reproduced the desired 
number of plumes, perhaps due to time-dependent 
effects, lack of phase transitions, or other limitations. 

Conclusions:  Using 3D spherical simulations of 
mantle convection including internal heating, the 
determination of the number of plumes and the pre-
diction of pressure release melting adds important 
new constraints on interior evolution.  We find a rela-
tively low viscosity mantle, with only wet melting.  
Although the upper mantle may have melted suffi-
ciently to outgas, the lower mantle may still contain 
appreciable water. 
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Case # Symbol Hs  ΔT 
(K°) 

Bound 
Condi-
tion 

Mantle 
Viscosity 
Pa s 

Grid 
Size 

Ra conv Convec-
tive 
Mantle T   

Lid 
Depth 
(km) 

Lid 
ΔT 
(K) 

1  0 840 NS 1E+21 128^3 1.27E+5 0.84 991 362 
2  0 840 FS 1E+21 128^3 2.80E+5 0.87 851 364 
3  0 1140 NS 1E+21 128^3 1.95E+5 0.83 873 469 
4  0 1140 FS 1E+21 128^3 4.92E+5 0.87 750 468 
5  0 1140 NS 1E+20 128^3 4.16E+6 0.83 383 392 
6  0 1466 NS 1E+21 128^3 5.22E+5 0.83 358 522 
7 ◊ 0 1466 FS 1E+21 128^3 8.45E+5 0.85 326 518 
8  1.25 1140 NS 1E+21 128^3 4.32E+5 0.87 776 552 
9  1.25 1140 FS 1E+21 128^3 7.75E+5 0.90 689 551 
10  2.5 1140 NS 1E+21 128^3 8.62E+5 0.91 712 635 
11  2.5 1215 NS 1E+21 128^3 9.24E+5 0.91 695 667 
12  2.5 1290 NS 1E+21 128^3 1.07E+6 0.91 646 667 
13  5 1140 NS 1E+20 128^3 2.42E+6 0.96 594 723 
14  5 1140 NS 1E+20 256x128^2 2.27E+6 0.92 329 493 
15  10 1140 NS 1E+20 256x128^2 4.06e+6 0.96 312 544 

Table 1.  Run parameters.  Symbols are those used in Figure 1. NS = no slip, FS= free slip. Raconv is the Rayliegh number calcu-
lated without the conductive lid.  Mantle temperature in non-dimensional. 

 
 
Figure 1.  The number of cold plumes (top row) and hot plumes (bottom row) are a function of Raconv  and the thickness and tem-
perature difference across the respective thermal boundary layers.  Symbols correspond to those in Table 1. 
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