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Introduction: Several features in western Aphrodite Terra match those of terrestrial mid-ocean ridge crustal 
spreading centersl. A half-spreading rate of 0.5 cm/yr and an average crustal thickness of 15 km have been derived2. 
The mountains bordering Ishtar Terra panu, Akna. F yja, and Maxwell) are interpreted as orogenic belts3 and are 
mnes of compression, deformation, crustal thickcningT u n m t i n g ,  and possible subduction A recent analysis of 
Freyja ~ o n t e s 5  identified an outboard rise, a forede-ep filled with volcanic plains, a 2-3 krn scarp, and a plateau, a l l  
outboard of the Freyja Montes orogenic belt. This configuration strongly suggests that flexure6, underthrusting, and 
possible crustal loss is occuring. 

We present a preliminary analysis of what the thermal structure of a zone of underthrusting and subduction might 
look like in the Venus environment, and an assessment of the possible geometry and morphology of resulting 
associated processes and structures. We first review the thermal evolution of downgoing slabs on Earth. We then map 
these processes to Venus conditions m a qualititative manner, using different geometxies and several candidate 
conductive geotherms, and consider what influence differences in the Venus environment will have on the processes 
associated with underthrusting and subduction (depth and position of melting, fate of slab, position of volcanism. 
etc.). We then compare these predictions with observations at Freyja Montes. Finally, we outline a series of 
conclusions on the probable nature of underkusting and subduction on Venus and make predictions that can be tested 
by further quantitative modelling and from imaging, gravity, and topography data h m  the Magellan mission to Venus. 

Terrestrial Subduction Zones, Processes, and Thermal Models: A model of the thermal evolution of a 
terrestrial slab subducted into the mantle, accounting for the effect of terrnperature and pressure dependent viscosity on 
convection, and assuming a constant angle (45O) and rate (8 cm/yr) of subduction has been studied by Hsui and 
~ o k s o z ~ .  They find that the descending cold lithosphere induces flow within the mantle both through mechanical shear 
and through buoyancy changes caused by loss of mantle heat to the slab. While their model does not have sufficient 
resolution to predict the details of magma generation, it does provide a basis for visualizing the process of slab 
heating and its implications. Results of the model for the thermal regime of the slab environment show that slab 
warming is slow compared to the rate of descent. At least within the upper 200 km their model does not predict slab 
heating to substantially surpass 12W0 C. Since it is when the slab is in the depth range of 125 to 175 km that 
magmatic arc magmas are generated8 and temperatures in excess of 1200° C are required to initiate partial melting at 
those depths. it can be inferred that large-scale melting of the subducted slab at shallow depths does not occur on 
Earth. Melt generation on Earth in this environment is due instead to the release of valatiles from the subducted 
oceanic lithosphere lowering the melting point of material in the mantle wedge above the slab9. 

Models for Underthrusting and Subduction: modelling Venus subduction zones we assume a 15 km 
thick basaltic crust spreading at a half-rate of 0.5 cm/yr ?The proposed geotherms and basalt phase stability zones10 
are used to estimate the thermal evolution of subducted or underthrust crust. The slab is assumed to be negatively 
buoyant for subduction and positively buoyant for under t l~~~t ing .  The thermal equilibration of the slab to its mantle 
surroundings is qualitatively derived h m  the analysis of Hsui and ~ o k s o z ~  and appears to be approximately complete 
because of the low descent rate. Slab warming is rapid relative to the rate of descent. 

A slab subducted into a mantle with the most Earth-like geotherm (lo0 C h )  would pass through two phase 
changes without crossing the solidus. Negative buoyancy would be enhanced and little melting is predicted. Lacking 
substantial volcanism or thermal uplift, such a subduction zone would not have a magmatic arc. Its trench and flexural 
rise would be broader than in the following cases due its relatively thicker lithosphere. An intermediate geotherm (15O 
C b )  causes the slab to pass into the granulite field at 45 km depth and through the solidus at 60 km depth. Negative 
buoyancy could increase after 45 Ism depth, but then partial melting is expected at and below 60 km. Small-scale 
underplating. intrusion, and volcanism could result, though spread over a broader region than in the case of steeper 
geotherms. With subduction at 45'. volcanism should appear beginning about 75 km from the trench Subduction with 
a steep geotherm (25O C h ;  Fig la) predicts total melting of the slab within 60 to 100 km of the surface. Depending 
on density contrasts this vast volume of melt could rise to or through the crust producing large-scale intrusive and 
extrusive activity, thermal uplift and crustal thickening. Since the slab never passes through any phase changes the 
negative buoyancy of the coherent slab is unlikely to persist and subduction would be difficult to continue. This 
geotherm is comparable to the average geotherrn predicted for the case of Venus with uniform heat loss due only to 
conduction1 l. 

For the case of underthrusting, the crust and lithosphere are assumed to be positively buoyant and to be driven 
together by external forces. Flexure and underthrusting are localized along h linear band, the orogenic belt. An initial 
example is again provided by the lo0 C/km geotherm. A likely scenario is the underthrusting of a slab until frictional 
resistance becomes sufficient to cause failure in the vicinity of the flexure and underthrusting, and a new zone of 
underthrusting forms. The consequences of these events are likely to be crustal thickening from stacking and ductile 
deformation. isostatic uplift of the surface, and associated deformation. Volcanism is predicted to be minor or absent 
Deep crustal layers may be forced through phase changes and lead to the initiation of subduction or possibly of 
delamination. Underthrusting with the intermediate conductive geotherm (15O C/km) would be similar, however, if 
thickening continued to depths of about 60 krn, the solidus would be reached and melting and volcanism should be a 
factor. The exact volume and location of volcanism is not addressed by this analysis, but assuming Airy isostasy, 
there should be a general correlation of uplif~ crustal thickening, onset of melting, and locations of volcanism. For 
the case of underthrusting with a steep conductive geotherm (25O C/km; Fig lb) emplacement of successive slabs could 
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force the crust deeply enough to permit large-scale melting. Thus. large-scale volcanism may be expected in the region 
o v a  the deepest undehus t  slabs. 

Application to Freyfa: Some predictions of the models can be tested against observations of Freyja Montes. 
The foredeep north of fieyja represents a linear zone of flexure and underthrusting (the closest equivalent to the 
t r e n ~ h ) ~ ~ ~ .  The volcanic plains of the foredeep appear to represent the products of melting in this environmenf The 
volcanic plains of the foredeep cover an area 600 km long and 100 km wide and if this deposit has an average depth of 
1 km, then their total volume is 6 x l f i  d. The volcanic plains units on the adjacent plateau of Itzpapalotl Tessera 
lie within 200 km of the scarp and foredeep and no volcanic plains or sources of volcanism are seen in the more 
inboard regions of Iapapalotl Tessera or Freyja Montes proper. The meal extent of these plains is on the iame order 
as that of the foredeep. If of comparable depth, then volcanic material with a volume on the order of 1 x105 km3 is 
localized in this region within 200 km of the foredeep. 

For this distribution of volcanic deposits, the most likely candidate of those investigated above is the example of 
a subducting slab with a conductive geothenn of 25O Cikm, the model which predicts that large volumes of melt should 
occur near the zone of flexure and underthmsting. Wholesale melting of a crustal slab 15 km thick and 600 km wide 
descending at a rate of 0.5 an&, would produce 4.5 x lo4 km3 of magma in a million years. 

The large-scale volcanism and the presence within Freyja Montes of features interpreted as representing north- 
south compression, crustal flexure, imbrication, and underthmsting, support the hypothesis that subduction is or has 
recently occured beneath the Freyja Montes region The 200 km separation of the foredeep h m  the volcanics within 
Itzpapalotl Tessera would require a subduction angle of less than 45O (about 25O) and melting no d e e p  than 100 krn. 
The final condition is met best by the 25O C/km geothm. This interpretation is illustrated in figure 2. 

Conclusions: Applying a simplified model of subduction and underthrusting to three proposed Venus geotherms 
has led to some predictions for the volcanic and tectonic consequences of these processes on Venus. These predictions 
rely on assumptions of crustal thickness, composition, spreading rates. and rapidity of heating of the descending slab. 
Quantitative testing of the models will be done along the lines of the study by Hsui and ~oksoz'. Work is underway to 
compare model predictions to other mountain ranges of Venus that are interpreted to be orogenic belts. 
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Fig. la.  Venus: 15 km thick basaltic crust as pan of a 
25 km lithosphere suMuaing into a m t l e  with a 
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Rg. lb. Venus: underthrusting of 25 km lithosphere 
with I5 km basaltic crust into a mantle with a 250 C h  
geothmn. 
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fig. 2 Interpretive cross-section of Freyja Montes showing the 
hypothesized subduction 
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