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THERMAL BUOYANCY ON VENUS: UNDERTHRUSTING VS SUBDUCTION
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Abstract  In an effort to define the conditions distinguish-
ing underthrusting and subduction in the Venus environment,
we have modeled the thermal and buoyancy consequences of
the subduction endmember. Predictions of the thermal evolu-
tion of a slab subducting at a fixed angle into the Venusian
mantle are used to find slab densities based on slab composi-
tion and changes of temperature, pressure, and phase. The
sustainability of subduction is assessed by considering the
effects of slab buoyancy and mantle flow on the subduction
angle. Mantle flow induced by slab motion applies torques on
the slab, which are compared to buoyancy torques. Flow
torques tend to decrease the angle of subduction. Buoyancy
torques also act to decrease the subduction angle when the slab
is positively buoyant. The basalt-eclogite phase transition
dominates the transformation of positively buoyant slabs to
negative buoyancy. Slabs that have descended to depths less
than about 275 km remain positively buoyant. Beyond 275 km
slabs become negatively buoyant. We predict that the combina-
tion of flow and buoyancy torques will tend to force inidally
subducted slabs to assume an underthrusting position, leading
to crustal thickening, deformation, melting, and volcanism.
This may provide a model explaining the association of com-
pressional mountain belts and tessera blocks with apparent
flexural rises, foredeeps, and voluminous volcanic deposits.
Only special circumstances appear capable of promoting the
conditions for negative slab buoyancy. These might include
one where an underthrust slab becomes attached to or included
in a densified crustal root created in a zone of crustal thicken-
ing. The subsequent delamination and sinking of the root may
then lead to the subduction of the slab.

Introduction

Enhanced surface temperatures and a thinner lithosphere
on Venus relative to Earth have been cited as contributing to
increased lithospheric buoyancy. This would limit [Phillips
and Malin, 1982], or prevent {Anderson, 1981] subduction on
Venus, and favor the construction of thickened crust through
uderthrusting. Underthrusting may contribute to the forma-
tion of a number of features on Venus. For example, Freyja
Montes, an east-west trending linear mountain belt in northern
Ishtar Terra, lies south of a high plateau of complexly deform-
ed terrain, Itzpapalot] Tessera, that contains evidence of exten-
sive volcanic activity [Burt and Head, 1990). Itzpapalot] is
bounded to the north by Uorsar Rupes, a steep scarp marking
2 descent of 2 to 3 ki elevation to a volcanic plains-filled fore-
deep. Further north are an outboard rise and the north polar
plains of Venus. Freyja Montes is interpreted as an orogenic
belt [Crumpler et al., 1986] and the region a zone of conver-
gence and underthrusting of the north polar plains beneath
Ishtar Terra, with consequent crustal thickening [Head, 1990].
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Models for the formation of such mountain belts and associ-
ated features must explain compressional deformation, crustal
thickening, and melt production.

While Venus lacks clear evidence of Farth-like plate
tectonics, features resembling subduction zones have been
identified. The trough below Uorsar Rupes and its associated
rise to the north resemble the flexural trough and outboard rise
of terrestrial subduction zones [Solomon and Head, 1990].
Sandwell and Schubert [1992] identify similar trough and rise
features forming the outer boundaries of some coronae, and
propose their formation though the downward flexure and
possible subduction of the surrounding lithosphere under the
radially spreading central corona mass, with the flexural load
supplied by either the overriding plate or the subducted slab.
Further examples include arcuate trenches observed in eastem
Aphrodite Terra on Venus and interpreted by McKenzie et al.
[1992] to be subduction zones on the basis of their similarity
to subduction zones on Earth.

While the role of plate tectonic processes appears minor in
the overall evolution of the Venusian lithosphere, underthrust-
ing and subduction potentially contribute to the creation of
many observed features. To the extent that the surface tectonic
consequences of these two processes would differ, with un-
derthrusting leading primarily to crustal thickening and possi-
ble melt production, while the results of subduction may not
resemble those found on Earth, the factors governing the dom-
inance of one process over the other are therefore important.

In order to evaluate the conditions distinguishing under-
thrusting and subduction, we have modelled the thermal and
buoyancy consequences of the subduction endmember. This
study considers the fate of a slab from the time it starts to
subduct, but bypassing the question of subduction initiation.
Thermal changes in slabs subducting into a mantle having a
range of initial geotherms are used to predict density changes
and, thus, slab buoyancy. This then forms part of an argu-
ment, utilizing a model for subduction-induced mantle flow,
whereby the angle of slab dip helps differentiate between
underthrusting and subduction. Mantle flow applies torques to
the slab which, in combination with torques due to slab
buoyancy, act to change the angle of slab dip.

Subduction Model

In the model (Figure 1), slabs having a thickness set by
90% of the basalt solidus subduct at a fixed angle into the
mantle. Geotherms proposed for Venus range from 5°C/km
[Sandwell and Schubert, 1992] to 25°C/km [Solomon and
Head, 1990]. The initial model geotherms, matching surface
thermal gradients of 10°C/km, 15°C/km, and 25°C/km [Hess
and Head, 1989], were calculated using the instantaneous
cooling of a semi-infinite half space, and cover most of the .
proposed range. The model permits cooling of the mantle with
time, allowing the evolution of initial high geotherms toward
the lower end of the range. A basaltic mantle and slab is
assumed for the purpose of the thermal evolution calculations
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Fig. 1. Model structure for a 10°C/ km geotherm and a 25 km
thick basaltic crust.

(basalt and peridotite material properties differ insignificantly
in terms of heat conduction). Slabs heat via conduction, radio-
activity, phase changes, and adiabatic compression. Phase
changes involving the conversion of basalt to eclogite at depths
of 60 to 160 km and then enstatite to forsterite plus stishovite
between 260 and 360 km generate 0.13x10* ergs/cm’-s and
0.36x10* ergs/cm’-s respectively [Minear and Toksoz, 1970].
The assumed slab radiogenic heat production is 2.63x10”
ergs/gm-s [Turcotte and Schubert, 1982] while radioactivity in
the mantle is considered negligible and ignored. Adiabatic
compression adds 0.5°C/km. A dynamic mantle could
significantly affect slab temperatures. However, since sub-
ducting terrestrial slabs are generally in compression, mantle
motion presumably does not keep pace with that of the slab. If
a similar situation occurs on Venus, the thermal evolution may
more closely resemble the case for an immobile mantle than for
one in which the mantle moves with the slab. Therefore, for
the purpose of this initial treatment, we neglect the effects of a
dynamic mantle in the thermal evolution calculations.

We follow the slab thermal evolution using a finite
difference technique [Minear and Toksoz, 1970]. The model
region measures approximately 800 km horizontally by 400
km deep. Convergence rates range from 5 to 100 mm/yr and
processing ends at the point where slab tips reach a 300 km
depth, implying time intervals of 10 to 100 Ma.

Slab density changes derive from the thermal results
through calculation of the thermal expansion (ay=3x10"/K
[Stacey, 1977]) and the effects of pressure (b=1x10"kb
[Turcotte and Schubert, 1982]) on an initial density distribu-
tion set for zero pressure and temperature. While the coeffi-
cient of thermal expansion changes with temperature and
pressure ( the value used applies to shallow depths, but ay
decreases to 2x10* / °K by the base of the model region
[Stacey, 1977]), the error introduced by the use of a constant
value is on the order of 1%. The assumed initial density
structure [Oxburgh and Parmentier, 1977] includes a 10 or 25
km basaltic crust (p=3.0 gm/cm®); a corresponding 25 or 65
km thick depleted mantle zone (p=3.295 gm/cm); and an
underlying undepleted mantle (p=3.36 gm/cm®). The crustal
thicknesses were selected to illustrate the effects of changing
the crustal thickness, and represent a range proposed for
Venus [Zuber, 1987, Grimm and Solomon, 1988], although
the exact average thickness is unknown. The initial density
structure is based upon the assumption that basaltic crust is
derived by the partial melting of the mantle. This creates a low-
density depleted mantle layer below the crust [Oxburgh and
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Parmentier, 1977; Parmentier and Hess, 1992]. We do not
mean to imply that crust forms in a ridge-type spreading
center. Density changes include those due to phase transitions,

The sample shown in Figure 3 is for a 25 km crust and a
10°C/km initial surface geotherm. The lithosphere includes
layers of depleted and undepleted mantle material.

Results

Results of the thermal evolution take the form of tempera-
ture distributions in the slab and mantle. The principal effect
produced is slab-induced mantle cooling. Figure 2 shows
typical results of the density modeling computations, corre-
sponding to the case presented in Figure 1 for a 10°C/km
geotherm, 25 km crust, and 5 km/Ma subduction rate. Density
contours delineate the slab and its crustal layer. The crust is
distinctly lower in density than its surroundings above the 110
km depth assumed for the basalt-eclogite phase change. Below
the phase change the crustal material is of greater density than
the mantle. The depleted mantle portion of the slab is less
clearly delineated and is bounded by the thin undepleted mantle
layer included in the lithosphere. The undepleted mantle por-
tion of the slab is denser than the surrounding mantle because
of its lower temperature.

The net slab densities in the region above the basalt-
eclogite phase transition are lower than their mantle surround-
ings for every geotherm, subduction rate, and crustal thick-
ness. Above the 110 km depth, crustal densities are lower than
those of the mantle outside the slab. The mantle portions of the
slab differ slightly in density with mantle outside the slab.
Above 110 ki depth the crustal portion is much less dense
than the mantle slab layers. Below that depth the reverse is
true. Below the basalt-eclogite phase change net slab densities
always exceed those in the neighboring mantle.

Discussion

Qualitatively, subduction is likely to be enhanced by nega-
tive and hindered by positive slab buoyancy. For all geotherms
positive net buoyancy persists above the basalt-eclogite phase
change. Full length slabs were negatively buoyant in all cases.

We used a model for slab motion-induced mantle flow to
evaluate the effects of buoyancy on subduction [Turcotte and
Schubert, 1982]. The flow applies a torque to the body of the
slab (Figure 3). Mantle dynamics could contribute to the
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Fig. 2. Final density distribution for 10°C/km initial geotherm,

25 km basaltic crust, and 5 km/Ma subuction rate. Diagram
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Fig. 3. Diagram of mantle flow induced by slab motion (from
Turcotte and Schubert, 1982).

torques bearing on the slab, however, the nature of mantle
dynamics on Venus is unknown. Mantle flow could be part of
alarge convective system independent of slab motion. Because
of the uncertainty involved in modelling mantle flow, we as-
sume the simplest case of flow due to slab motion. Induced
flow depends on assuming a rigid slab. Slab heating will di-
minish that rigidity, and decrease the calculated flow torques.
Buoyancy body forces also resolve into a torque on the
slab, and both torques are taken to act on the slab about its
junction with the surface. Table 1 lists buoyancy torques for
four subduction rates, both crustal thicknesses, and shallow
and full length slabs. Figure 4 plots flow torques versus sub-
duction angle for a 100 km/Ma subduction rate. Flow torques
are positive and small (relative to buoyancy torques) for sub-
duction angles over about 15 degrees, becoming large for
small angles. Positive torques tend to decrease the subduction
angle. For the short slabs dip angles tend to decrease due to
both the buoyancy and flow torques. No matter what initial
angle a slab would take into a mantle under these conditions,
the buoyancy and mantle flow would combine to prevent
subduction and underthrusting would result. Further, since the
crustal portion of the slab would be positively buoyant, though
the mantle part of the slab is negatively buoyant, perhaps de-
lamination could be expected. In this case crustal slices may
underthrust and imbricate while the rest of the slab could sink.
For all cases of subduction rate and geotherm the 400 km
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Fig. 4. Torques imposed on the slab by induced mantle flow
for a range of subduction angles. Torques are in units of Nm.

long slab buoyancy torques are negative and large, exceeding
flow torques at angles over 10 degrees. If slabs somehow sub-
duct beyond the neutral buoyancy depth, the negative net
buoyancy could help drive subduction. Buoyancy torques for
all but the shallowest dip angles are negative and greater than
the mantle flow torques, resulting in increased slab dip.

For crustal thicknesses outside of the modelled range,
some buoyancy effects may differ. For crust thinner than 10
km, the positive buoyancy resulting from the low crustal and
depleted mantle densities would be decreased. The increase of
density due to the conversion of basalt to eclogite would also
be smaller. Thus, slabs having thin crustal layers would fol-
low the same buoyancy trend as those modelled here, but with
a smaller net buoyancy difference. If the crust were about 100
km thick the lithospheric slab may be comprised entirely of
crust and depleted mantle, or even entirely crust, depending on
the geotherm. The net positive or negative buoyancy of such
slabs, above or below the basalt-eclogite transition, respec-
tively, would be more extreme than for thinner crustal layers.

These results indicate that for all cases considered here of
assumed Venus geotherm a lithospheric slab whose subduc-
tion has been initiated will be forced to underthrust the overrid-
ing lithosphere. Also, since the crustal material in a shallow
slab is positively buoyant, while the rest of the slab may be

TABLE 1: Torques due to slab buoyancy.

10 km crust
geotherm subd. rate buoyancy torque (Nm)
L o ; 400 k 2
25 100 -1.0x10*
25 50 -7.1x10%
25 25 -5.6x10%°
25 5 -3.6x10%
15 100 -2.6x10*
15 50 -2.0x10%
15 25 -1.7x10%
15 5 -9.8x10%°
10 100 -3.8x10%
10 50 -3.1x10%
10 25 -2.8x102!
10 5 -2.4x10%

25 km crust
buoyancy torque (Nm)
ab 0 3

1.5x10% -2.5x10% 2.8x10%
1.9x10%° -2.2x102 3.2x1020
2.1x10%0 -2.0x102! 3.4x1020
2.5x10%0 -1.8x102! 3.8x1019
-1.5x10% -3.8x102! 4.9x10"
3.9x10" -3.1x10* 1.0x10%°
7.1x10% -2.8x10%! 1.3x1020
1.6x10%° -2.1x10% 2.2x10%
1.2x10%° -3.7x10% 9.1x10"*
1.4x10%0 -3.1x102t 1.1x102°
1.5x1020 -2.5x102! 2.8x1020
1.6x1020 -2.3x10% 1.3x1020
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Fig. 5. Possible results of crustal thickening including melting

of the crustal root and, alternatively, delamination after root
has deepened through the basalt-eclogite phase transition (from
Vorder Bruegge and Head, 1991).

negatively buoyant or neutral, some sort of crustal detachment
may be possible. These both could then lead to crustal thicken-
ing, melting and volcanism, and possibly provide one model
to explain the association of compressional mountain belts and
blocks of high standing tessera, with apparent flexural rises,
foredeeps, and large volumes of volcanic deposits.

Further work is required to constrain the rate at which a
slab may rise to assume an underthrusting position after
initially subducting. Nevertheless, we expect that where sub-
duction is initiated it will soon evolve into underthrusting. The
flexural signature shown by the lithosphere at Freyja Montes
[Solomon and Head, 1990] and around coronae such as
Artemis and Latona [Sandwell and Schubert, 1992] should
thus be due to the loading provided by the overriding litho-
sphere and not to a negatively buoyant slab.

Except in the case of an underthrusting/subduction event of
short duration, perhaps to be expected around a corona, the
tendency to convert subduction into underthrusting should lead
to the creation of zones of thickened, deformed crust. As
thickening continues, and the crustal root is isostatically forced
to deeper levels in the upper mantle, heating of crustal material
could trigger the formation of magmas derived by crustal
remelting (Figure 5). In the anhydrous mantle of Venus such
melts might be $i02-poor trachytes and phonolites or ferro-
basalts [Hess and Head, 1990]. These could extrude as flood
volcanics. The volcanics observed atop Itzpapalotl Tessera
may be one example of such materials.

If melting does not occur, because of a low geotherm, the
root may deepen to the level of the basalt eclogite phase transi-
tion (Figure 5). This densification of the deepést portion of the
thickened crust may lead to its detachment and descent into the
mantle. Such a delamination would clearly create strong tec-
tonic effects as the remaining crust reequilibrates isostatically.
If an underthrust lithospheric slab sutures to the crustal root it
could be carried along when that root densifies and detaches.
This scenario may then lead to self-sustaining subduction as
slab-pull provides the driving force.
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