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a b s t r a c t

Venus’s mantle convection model was studied in a three-dimensional spherical shell domain with

depth- and temperature-dependent viscosity. Numerical results show that key observations of Venus

including the number of major ‘‘hotspot’’ volcanic systems, spectral patterns of the surface topography

and geoid at long- and intermediate-wavelengths can be explained in models that have a spinel-to-

post-spinel endothermic phase change of �3.5 MPa/K Clapeyron slope and averaged mantle viscosity

of 2�1021 Pa s (i.e., convective Rayleigh number of 1.8�107). Our models with the endothermic

phase change show relatively weak time-dependence, suggesting that the phase change may not be the

primary cause for ‘‘catastrophic’’ resurfacing on Venus. Our calculations also show that Venus cannot

have a weak asthenosphere that is similar to that on the Earth, in order to match the observations, thus

supporting a key role of asthenosphere in producing plate tectonics.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Despite of their similar sizes and compositions, Venus and the
Earth show distinctly different surface tectonics and dynamic
evolution. Venus is characterized by one-plate, stagnant-lid man-
tle convection, while the Earth is controlled by mobile-lid, plate
tectonics type of convection (Kaula and Phillips, 1981; Nimmo
and Mckenzie, 1998; Smrekar et al., 2007). What controls the
style of mantle convection, i.e., stagnant-lid versus plate tectonic
convection, remains one of the most important unresolved ques-
tions in geodynamics. While lithospheric deformation including
faulting plays important roles (Moresi and Solomatov, 1998;
O’Neill et al., 2007), recent studies suggest that weak astheno-
sphere also exerts a significant control on generation of plate
tectonics (Höink et al., 2012; Richards et al., 2001).

Venus is a geologically active planet with significant young
volcanism, as observed recently by the Venus Express spacecraft
(Smrekar et al., 2010). These surface features of volcanism and
tectonics, together with satellite observations of surface topogra-
phy and gravity anomalies by the Pioneer Venus Orbiter and
Megellan spacecraft (Konopliv et al., 1999; Konopliv and Sjogren,
1994; Rappaport et al., 1999; Sjogren et al., 1997), provide
important constraints on the dynamics of Venus. The gravity

and topography anomalies on Venus are highly correlated and
show a relatively large ratio or admittance at lower degrees
(Fig. 1), suggesting a dynamic origin for these anomalies (Pauer
et al., 2006; Simons et al., 1997; Smrekar and Phillips, 1991). Mantle
dynamic modeling of large topographic rises with volcanic features
showed that their gravity and topography can be explained as a
result of mantle upwelling plumes (Kiefer and Hager, 1991; Nimmo
and McKenzie, 1996; Smrekar and Parmentier, 1996). Such features
are known as ‘‘hotspot’’ on Earth, with Hawaii being the classic
example. Nine ‘‘hotspots’’ have been identified based on observa-
tions of geologic features, gravity anomalies and topographic rises,
and several of them are supposed to be with geologically recent
volcanism based on recent data from Venus Express (Smrekar et al.,
2010; Stofan et al., 1995). Therefore, these nine ‘‘hotspots’’ or mantle
plumes represent the characteristic convective wavelength for
Venus (Smrekar and Sotin, 2012).

However, little effort has been made to investigate the rela-
tionship between the spectra of the topography and gravity and
mantle convective structure in global models of stagnant-lid
mantle convection. Such studies are necessary for two reasons.
First, the topography and gravity spectra are inherently related
to mantle convective structure at intermediate- and long-wave-
lengths. While convective structure wavelength is often pre-
scribed in regional models for individual plumes, only global models
of mantle convection yield dynamically self-consistent convective
structure (e.g., the number of plumes). Second, convective structure
including its dominant wavelength is affected significantly by
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mantle viscosity structure and mantle phase changes (Roberts and
Zhong, 2006; Tackley, 1996). For example, stagnant-lid convection
with relatively uniform mantle viscosity under the lid that is
preferred by regional models of individual plumes (Kiefer and
Hager, 1991), typically contains a large number of mantle
plumes (Reese et al., 1999; Smrekar and Sotin, 2012) that may be
inconsistent with the inferred nine mantle plumes for Venus.
However, both endothermic spinel-to-post-spinel phase
change and asthenosphere may increase the dominant convective
wavelength and reduce the number of plumes (Roberts and Zhong,
2006).

We have formulated three-dimensional global models of mantle
convection to simultaneously explain the number of plumes and
the spectra of surface topography and gravity (i.e., geoid) for Venus.
The models employ the extended-Boussinesq approximation and
realistic temperature- and depth-dependent viscosity, similar to
those used for Mars (Roberts and Zhong, 2006). In total, 15 cases
are computed. By comparing with observations we seek con-
straints on mantle dynamics including the mantle viscosity struc-
ture, convective vigor, and phase changes.

2. Model setup

The Venus’ mantle is treated as an infinite Prandtl number
fluid in a three dimensional spherical shell under the extended
Boussinesq approximation. The non-dimensional governing equa-
tions of mantle convection are (Zhong, 2006; Zhong et al., 2008):
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where u, P, Z, T, Ts, Di, ur, sij and H are the velocity vector,
pressure, viscosity, temperature, surface temperature, dissipation
number, radial velocity, deviatoric stress, and heat production
rate, respectively. R0 is the radius of Venus and D is the Venusian
mantle thickness. Gk, gk, and pk are phase function, Clapeyron
slope, and excess pressure for phase k (k¼1 and 2 for olivine–
spinel and spinel–perovskite phase changes, respectively), respec-
tively (Christensen and Yuen, 1985). er is the unit vector in radial
direction. Ra and Rak are a Rayleigh number and phase change
Rayleigh number for phase change k (k¼1 and 2), respectively.

Characteristic scales for the above equations are: length R0, time
R2

0=k (k is the thermal diffusivity), and temperature DT. Ra, Rak, Di

and H are defined as
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where r0 and Z0 are the reference values for density and viscosity.
a, g and Cp are coefficient of thermal expansion, gravitational
acceleration and specific heat, respectively. drk is the density
change for phase change k (k¼1 and 2) and Q is the volumetric
internal heat generation rate.

The viscosity of the mantle is assumed to be temperature- and
pressure-dependent (Karato and Jung, 2003). The non-dimensional
viscosity in our model is given by

Z¼ Zrexp
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where Zr is a pre-exponential factor, which is used to specify the
viscosity contrast between the upper and lower mantle, and Zr is
reduced for the upper mantle (i.e., above the 690 km depth) to
model the weak asthenosphere. r is the non-dimensional radial
position, rcore is the Venusian non-dimensional core radius, and E

and V are the non-dimensional values of activation energy, En, and
activation volume, Vn, which are given by

E¼
En

RDT
,V ¼

r0gDVn

RDT
ð9Þ

where R is the gas constant. The viscosity is cut off with a maximum
non-dimensional value of 2�104 at the surface. Table 1 lists model
parameter values.

Among the model parameters, we mainly consider three con-
trolling parameters in our models, i.e., Rayleigh number, Ra, viscos-
ity pre-factor, Zr, and Clapeyron slope of the phase changes, g, with
the goal to search and find these parameters that could reproduce
the observations on Venus. With less constraint for Venus, most of
the parameters used here are based on those for the Earth. The
viscosity in the Earth’s mantle is on average �1021

�1022 Pa s with
the lower mantle that may be a factor of 30 stronger than the upper
mantle (e.g. Hager and Richards, 1989). Therefore, in our models
here to test the influences of a weak upper mantle (or astheno-
sphere), the upper mantle viscosity is set to be 3–30 times weaker
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Fig. 1. Power spectra of geoid (a), topography (b), and correlation between geoid and topography (c) for Venus and Cases 1, 4, 9 and 15. Also included in (c) are results for

the Earth.
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through varying Zr. We vary Ra to take into account the range of
possible mantle averaged viscosity. The Clapeyron slope of phase
changes is set to vary from 73 to 75 MPa/K in our model (e.g.
Christensen and Yuen, 1985).

However, we used relatively small activation energy and
activation volume and did not vary them in our models. The
relatively small activation energy was used because we used a
Newtonian rheology to approximate a non-Newtonian rheology
(Christensen, 1984; Karato and Wu, 1993; van Hunen et al., 2005).
The reduced activation volume is mainly for relatively small
depth-dependence of viscosity, to keep the models simple. We
also point out that depth-dependent viscosity is also introduced
in the pre-factor of viscosity equation at the upper–lower mantle
boundary. We also varied internal heat generation in the models
to maintain a relatively large internal heating ratio (�80%) for
Venus mantle convection. Large internal heating ratio or small
CMB heat flux may be required for Venus because of the lack of an
active dynamo. For this reason, in this study we only consider
models with similarly large internal heating ratios. The dimen-
sional internal heat generation considered here is between
2�10�12 W/kg and 6�10�12 W/kg, which is compatible with
the current Earth and also with a recent study on Venus’ mantle
convection (Smrekar and Sotin, 2012). Our calculations are
performed with the 3-D spherical finite element and parallel
code CitcomS (Zhong et al., 2008). The spherical shell is divided
into 12 approximately equal size caps and each cap is further
divided into either 483 or 643 elements, depending on convective
vigor. Radial resolution is doubled for the top and bottom thermal
boundary layers such that there are at least three elements to
cover each of the boundary layers. Our resolution tests show that
the resolution is sufficient to resolve the heat flux across the
boundary layers.

For all the calculations, we use free-slip boundary conditions
for the surface and the bottom boundary. We run a test case to
obtain its horizontally averaged temperature, and use it as initial
temperature for all cases. All cases are run until convective heat
fluxes are in a quasi-steady state. Table 2 lists all the 15 cases
performed for this study. For each case, we compute its averaged
surface and bottom heat flux (qs and qb), averaged temperature
and root-mean-square velocity of the whole mantle for each time
step. Internal heating ratio is computed as (qs�qb)/qs. Because
these values change with time in quasi-steady state convection,
we compute their time averages over the final 4000 time steps of

each model, which are also list in Table 2 as averaged surface heat
flux Qs, averaged mantle temperature /TS, averaged internal
heating ratio fH, and averaged mantle root-mean-square velocity
Vrms, respectively. Lithospheric thickness d, also listed in Table 2,
is computed based on horizontally averaged viscosity and is
defined as the thickness of the layer in the upper thermal
boundary with a viscosity 10 times larger than the average
viscosity of the upper mantle below the lithosphere.

3. Numerical results

We quantify dynamic topography, geoid and number of
upwelling plumes from our models. Dynamic topography and
geoid anomalies are computed using a formulation that includes
the self-gravitation and employs consistent boundary flux tech-
niques (Leng and Zhong, 2008). Dynamic topography includes
contributions only from mantle dynamics with no contribution
from the crust buoyancy (Hager and Richards, 1989). The number
of plumes is determined using the similar method in Leng and
Zhong (2008) (also see Smrekar and Sotin, 2012) that is outlined
as follows. For a given time frame, we use the temperature field in
the upper mantle at the 425-km depth to identify upwelling
plumes. Define a threshold temperature Tc¼Taveþ f(Tmax�Tave),
where Tave and Tmax are the average and maximum temperature at
the 425-km depth, and f is chosen to be 0.2. Only a plume with its
center temperature greater than Tc and its plume heat flux greater
than 5% of the maximum plume heat flux is counted. The choices
of parameter f and the 5% plume heat flux threshold do not affect
results significantly (Leng and Zhong, 2008). Because the number
of plumes changes with time, we compute an average, Nplume, for
the final 4000 time steps of a model. A standard deviation for
Nplume is also determined and the time variability of the number
of plumes is measured (Table 2).

Case 1 includes temperature- and pressure-dependent viscosity
with a unit pre-exponential factor (i.e., no asthenosphere), Rayleigh
number Ra¼7.3�106, and no phase changes (Table 2). The horizon-
tally averaged temperature and viscosity indicate �240 km thick top
thermal boundary layer or lithosphere with a viscosity that is five
orders of magnitude larger than the mantle below (Fig. 2), char-
acterizing a stagnant-lid convection. The pressure-dependent viscos-
ity leads to six times of gradual increase in viscosity with depth from
the base of lithosphere to the core–mantle boundary (CMB) region.
The time-averaged internal heating ratio is 78% (Table 2), suggesting
largely internally heated convection with small heat flux at the CMB.
A representative convective thermal structure (Fig. 3a) shows
dominant short-wavelengths with 78 upwelling plumes (Table 2),
typical of stagnant-lid convection (Orth and Solomatov, 2011;
Smrekar and Sotin, 2012; Zhong et al., 2008). While the surface
topography and geoid are highly correlated (Figs. 1c and 3a), the
powers of topography and geoid spectra are significantly reduced at
long-wavelengths, compared with the observed (Fig. 1a and b).

Cases 2–4 differ from Case 1 in having an asthenosphere that is
realized by reducing the pre-exponential factor of the viscosity
equation for the upper mantle by a factor of 3, 10 and 30,
respectively (Fig. 2b and Table 2). Because the asthenosphere
leads to more vigorous convection and larger surface heat flux,
internal heat generation rates are increased to maintain similarly
large internal heating ratios (Table 2). Cases 2, 3 and 4 have on
average 19, 12 and 10 plumes, respectively, compared with 78
plumes in Case 1 (Table 2), reflecting the effect of asthenosphere
on promoting long-wavelength convective structures (Roberts
and Zhong, 2006). The increased convective wavelengths for
Cases 2–4 are also evident in the thermal structure, surface
topography and geoid (Figs. 1 and 3b for Case 4 and Figs. 4 and
5a). However, the powers of topography and geoid for Cases 2–4

Table 1
Model parameter values.

Parameter Value

Venusian radius R0 6050 km

Inner radius rcore 3330 km

Surface temperature Ts 730 K

Temperature difference DT 2500 K

Reference density r0 3300 kg/m3

Specific heat Cp 1200 J/(K kg)

Thermal diffusivity k 8.1�10�7 m2/s

Thermal expansivity a 2�10�5/K

Activation energy E* 150 kJ/mol

Activation volume V* 1.5 cm3/mol

Dissipation number Di 0.89

Gravitational acceleration g 8.87 m/s2

Olivine-spinel phase change (k¼1)

Position 490 km

Half-width 50 km

Density change dr1 210 kg/m3

Spinel-perovskite phase change (k¼2)

Position 690 km

Half-width 50 km

Density change dr2 210 kg/m3
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remain significantly less than the observed (Fig. 1a and b). In
particular, the negative correlations for Case 4 between spherical
harmonic degrees l¼5–9 indicate positive (negative) geoid anomalies
over topographic lows (highs), which is characteristic of Earth’s
mantle convection with a weak asthenosphere (Hager and Richards,
1989), but inconsistent with Venus. Since Case 2 has significantly
more plumes than the observed, this leaves Case 3 with a factor of 10
viscosity reduction in the upper mantle as more viable. However,
additional calculations of Cases 5 and 6 that differ from Case 3 in
having different Ra show that the powers of topography and geoid for
these cases are always significantly smaller than the observed (Fig. 4).

We now present models with olivine-to-spinel exothermic and
spinel-to-post-spinel endothermic phase changes that should
exist in Venus at depths of 490 km and 690 km, respectively
(Schubert et al., 1997; Steinbach and Yuen, 1992). An endother-
mic phase change is known to promote long-wavelength con-
vective structures (Tackley et al., 1993, 1994). Such effects of the
endothermic phase change depend on Ra and Clapeyron slope,
and are stronger for larger Ra and Clapeyron slope (Christensen
and Yuen, 1985; Tackley et al., 1993, 1994). Cases 7, 8 and
9 include these phase changes with Clapeyron slopes g of 73,
74, and 75 MPa/K, respectively, but these cases are otherwise
identical to Case 1 (Table 2). That is, these cases also include a

stagnant-lid and strongly temperature-dependent viscosity that
were not included in a previous global mantle convection model
with the phase changes for Venus (Schubert et al., 1997). Here we
assume that the two phase changes have the same magnitude of
Clapeyron slopes. However, the dynamics is mainly controlled
by the endothermic phase change (Zhong and Gurnis, 1994). The
dominant convective wavelength increases and the number of
plumes decreases with the magnitude of Clapeyron slopes 9g9
(Figs. 5b and 3c for Cases 8 and 9, respectively). The number of
plumes is 76, 24 and 3, as 9g9 increases from 3, 4 to 5 MPa/K for
Cases 7, 8 and 9, respectively (Table 2). The powers of the
topography and geoid spectra also increase with 9g9 (Fig. 6). Case
8 with 9g9¼4 MPa/K provides the best fit to the observed spectra
among these three cases (Fig. 6), but with 24 plumes this case
significantly over-predicts the number of plumes.

Cases 10, 11 and 12 with the same 9g9¼3 MPa/K as Case 7
but higher Ra at 1.8�107, 2.7�107 and 3.6�107, respectively,
explore the effects of Ra. Internal heat generation rate for
Cases 10–12 is increased accordingly to maintain similar internal
heating ratios (Table 2). Cases 10–12 show that for a given
Clapeyron slope 9g9, increasing Ra leads to increase in convective
wavelengths. The number of plumes decreases to 15, 12 and 10
for Cases 10, 11 to 12, respectively (Table 2). Consequently, the

Table 2
Model input parameters and outputs.

Case no. Ra H 1/Zr g (MPa/K) /TS Qs fH (%) Nplume
a Vrms d (km)

1 7.3�106 30 1 No 0.618 10.1 78.0 78.1(717.6) 698.5 245

2 7.3�106 40 3 No 0.621 12.9 80.8 19.2(75.0) 1258 182

3 7.3�106 60 10 No 0.613 17.3 82.0 11.7(72.5) 2231 134

4 7.3�106 90 30 No 0.596 23.2 82.3 9.9(70.3) 3656 103

5 3.7�106 45 10 No 0.607 14.0 81.1 14.6(73.3) 1290 167

6 1.5�107 75 10 No 0.607 20.9 80.0 9.1(72.3) 3599 109

7 7.3�106 30 1 73 0.617 10.5 73.2 76.2(74.4) 702.5 236

8 7.3�106 30 1 74 0.637 10.6 72.4 24.4(74.7) 718.6 245

9 7.3�106 30 1 75 0.646 9.72 79.5 3.1(70.3) 584.7 270

10 1.8�107 40 1 73 0.636 13.1 75.5 14.6(73.8) 1353 197

11 2.7�107 45 1 73 0.637 14.6 75.2 11.7(73.0) 1777 176

12 3.6�107 45 1 73 0.629 15.1 72.0 9.8(73.9) 2098 170

13 1.8�107 40 1 74 0.648 12.7 74.4 3.0(71.1) 1259 212

14 3.6�107 45 1 74 0.634 15.2 69.9 3.3(70.5) 1886 203

15 1.8�107 40 1 73.5 0.643 13.1 75.4 7.8(73.4) 1356 200

a The numbers in parentheses are the standard deviations.
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power spectra of the topography and geoid increase at relatively
long wavelengths as Ra increases (Fig. 7). The results from these
six phase change calculations (Cases 7–12) are further confirmed

by Cases 13–15 with varying Ra and Clapeyron slopes (Table 2). In
particular, Case 15 with Clapeyron slopes of 73.5 MPa/K and
Ra¼1.8�107 (i.e., averaged mantle viscosity of 2�1021 Pa s, if
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Fig. 3. Representative thermal structures represented by residual temperature iso-surfaces of upwelling plumes (left column), geoid (middle column) and surface

topography (right column) for Cases 1 (a, first row), 4 (b, second row), 9 (c, third row) and 15 (d, bottom row), respectively. Iso-surfaces of residual temperature have a

non-dimensional value of 0.03.
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scaled using parameters in Table 1) reproduces the number of
plumes and the topography and geoid spectra the best (Figs. 1
and 3d and Table 2). All the cases with phase changes show
positively correlated topography and geoid, consistent with the
observed (Figs. 1, 6 and 7).

Our results show that phase changes may affect convective
wavelengths and hence the number of plumes significantly (e.g.
Tackley et al., 1993). It should be pointed out that phase changes
may lead to different numbers of plumes in the upper and lower
mantles. For example, Fig. 8 shows a zoom-in view of plume
structures for case 15. Under each large plume in the upper
mantle, there are several small separate plumes in the lower
mantle.

4. Discussions

Our models represent the first three-dimensional spherical man-
tle convection calculations for Venus with realistic temperature- and
pressure-dependent viscosity and phase changes, although previous
studies considered separately either temperature-dependent viscos-
ity (Orth and Solomatov, 2011) or phase changes (Schubert et al.,
1997). We would like to make three remarks relevant to previous
mantle convection modeling studies for Venus. (1) The episodic
major mantle overturn or mantle ‘‘avalanche’’ associated with the
endothermic phase change was suggested to cause the resurfacing of
Venus, based on two-dimension models (Steinbach and Yuen, 1992).
However, our models with the endothermic phase change show
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Fig. 5. Representative thermal structures represented by residual temperature iso-surfaces of upwelling plumes (left column), geoid (middle column) and surface

topography (right column) for Cases 3 (a, first row), 8 (b, second row) and 13 (c, third row), respectively. Iso-surfaces of residual temperature have a value of 0.03.
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relatively weak time-dependence, due to the combined effects of
temperature-dependent viscosity and three-dimensional geometry
in our models (Schubert et al., 1997; Zhong and Gurnis, 1994). (2)
Stagnant-lid convection can have a variety of different dominant
convective wavelengths, ranging from the traditional short-
wavelength mushroom-type convection for relatively uniform man-
tle viscosity (Case 1) to long-wavelength convection when endother-
mic phase change or weak asthenosphere is present (Fig. 3). (3)
Schubert et al. (1997) studied the effects of phase changes on the
topography and geoid spectra in global models of mantle convection,
but unlike our models their models ignored temperature-dependent
viscosity and stagnant-lid convection which may affect convective
structure significantly.

The absence of plate tectonics on Venus, a planet with a
similar size and composition to the Earth, has prompted a number
of proposals on controls for generation of plate tectonics (Kaula
and Phillips, 1981; Nimmo and Mckenzie, 1998), and most
proposals are related to lithospheric deformation (Landuyt and
Bercovici, 2009; Lenardic and Kaula, 1994; Moresi and Solomatov,
1998). Recent studies suggest that weak asthenosphere may play
an essential role in generating plate tectonics by increasing
lithospheric stress to promote localized lithospheric deformation
and by organizing long-wavelength convection (Höink et al.,
2012). This proposal is corroborated by our findings and previous
studies (Kiefer and Hager, 1991) that reject an Earth-like astheno-
sphere for Venus. This further raises the question on what causes
asthenosphere and the differences in tectonics and climate
between Venus and Earth. Water may play an essential role in
forming asthenosphere on the Earth (Hirth and Kohlstedt, 1996),
suggesting that Venus may be devoid of water in the mantle
(Kiefer and Hager, 1991; Nimmo and Mckenzie, 1998) and that

volatiles and water play an important role in controlling plane-
tary evolution and plate tectonics (Smrekar et al., 2007).

Given that recent studies show evidence of active volcanism
on the Venusian surface (Smrekar et al., 2010), it is interesting to
see if our models could predict the pressure release melting. The
melting curves for dry and wet peridotite are shown in Fig. 2a.
The equations for the melting curves are (Basaltic Volcanism
Study Project, 1981; Smrekar and Sotin, 2012)

TðKÞ ¼ 1350þ0:1PðMPaÞ for dry peridotite

TðKÞ ¼ 1240þ49:8=½PðGPaÞþ0:323� for Po2:4 GPa and wet peridotite

TðKÞ ¼ 1266�11:8PðGPaÞþ3:5P2 for P42:4 GPa and wet peridotite

The averaged temperatures of our models are always smaller
than the dry solidus, but are higher than the wet solidus under
the lithosphere (Fig. 2a). However, the maximum mantle tem-
peratures from mantle plumes are very close to that of the dry
solidus (e.g., Fig. 2a for Case 15). This suggests that our models
may explain the recent ‘‘hotspot’’ volcanism but not wide spread,
large-scale volcanism (Smrekar et al., 2010), if the Venus’ mantle
is devoid of water and volatiles.

5. Conclusions

Compared with the observations, our model calculations lead
to three conclusions. First, our models, as the first attempt for
global convection calculations for Venus with realistic mantle
viscosity and phase changes, reproduce all the key observations
for Venus including the number of plumes and the spectra
of topography and geoid (Fig. 1 and Table 2). The model with
Clapeyron slopes g of 73.5 MPa/K and averaged mantle viscosity
of 2�1021 Pa s (i.e., Ra¼1.8�107) (Case 15) provides the best fit
to the observations, although other models with Ra ranging from
7.3�106 to 3.6�107 and 9g9 between 3 and 4 MPa/K (Table 2 and
Figs. 6 and 7) may also provide a reasonable fit. All these cases
have lithospheric thickness ranging from �170 km to �240 km
(Table 2), consistent with previous studies (Moore and Schubert,
1995). It should be pointed out that while our preferred model of
Case 15 reproduces well the geoid spectra, its topography power
remains slightly smaller than the observed. This is expected and
reasonable, considering that our models ignore the crust and crustal
compensation process that produces the topography but negligible
geoid anomalies at intermediate- and long-wavelengths for Venus
(Smrekar and Phillips, 1991).

Second, the Venusian mantle may not have a weak astheno-
sphere as that of the Earth’s mantle, because such an astheno-
sphere leads to negative topography–geoid correlations that are
inconsistent with the observed (Case 4 in Fig. 1). This conclusion
on mantle viscosity is consistent with previous studies of the
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the Earth.

Fig. 8. Isosurfaces of residual temperature showing plume structures for Case 15.

The isosurface contour is for residual temperature of 0.021, which is the Tc value

used for determining the plume number in the upper mantle. Also shown is the

residual temperature at the CMB. Note that for clarity, the structure for the top

425 km of the mantle was removed and only a small regional domain (901�301)

was shown.
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topography and geoid from regional mantle plume models for
individual plume features (Kiefer and Hager, 1991; Smrekar and
Phillips, 1991). Although the topography–geoid correlations are
improved in cases with a less pronounced asthenosphere (e.g.,
Cases 3, 5 and 6 with a factor of 10 reduction in viscosity), the
powers of the topography and geoid spectra for these cases are
significantly smaller than the observed (Fig. 4). Furthermore, our
results show that models with the relatively uniform mantle
viscosity under lithosphere (i.e., Cases 1 and 2) as suggested by
regional models of individual plumes (Kiefer and Hager, 1991;
Smrekar and Phillips, 1991) tend to lead to too many mantle
plumes that are inconsistent with the observed. Therefore, our
results suggest that in order to explain the observed topography
and geoid spectra and the number of mantle plumes, the endother-
mic phase change must play an important role in Venusian mantle
dynamics.

Finally, our models with the endothermic phase change show
relatively weak time-dependence in heat transfer across the
mantle, significantly different from the 2-D convection models.
This suggests that the endothermic phase change may only play a
limited role in causing the resurfacing. Our preferred model also
predicts that partial melting could occur currently in upwelling
plumes for a dry Venusian mantle, thus explaining the recently
observed active ‘‘hotspot’’ volcanism on Venus.
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