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TECTONIC AND MAGMATIC MODELS FOR THE ORIGIN O F  CLEOPATRA PATERA, 
MAXWELL MONTES, VENUS. A.M. Nikishin, Geological Faculty, Moscow State University, 119899, Moscow, USSR, 
and L.S. Cnunpler, Department of Geological Sciences, Brown University, Providence, RI 02912 

Introduction. Cleopatra Patera is 100 km-diameter, 2 to 3 km deep, and nearly circular crater on Venus which is 
unusual in a variety of characteristics [1,2,3.4,5]. Many of these characetristics are such that the origin, whether by impact 
or by volcanism, is uncertain. The presence of a number of non-impact-like aspects, such as low rim, surrounding 
plains-forming unit, and nonconcentric nature of its inner basin, among other features, argues for a volcanic origin [5]. The 
correspondence in time and space of a volcanic caldera with the highest mountain belt on Venus (Figure 1) suggests a close 
link between the process responsible for the topography of the mountains and the process responsible for the magmatism 
associated with Cleopatra Patera. In the following, we investigate some ways in which orogenic activity and magmatic 
activity could be linked on Venus. 

Origin of Melting. The origin of silicate melting responsible for volcanism on Earth has been the subject of an 
intense focus in petrology over the last several decades, and several fundamental mechanisms have been identified for 
generating silicate melts in a solid planet[6,7,8]. These can be summarized as six fundamental models, and most current 
studies of magmatism employ one or more of the following: (i) smss relief in the source, (ii) mass ascent (a) or descent (b) 
to melting curve, (iii) change in thermal properties or density of source region, (iv) conversion of mechanical energy to 
thermal energy, (v) compositional change in the source area, and (vi) thermal change in the source region. When considering 
the various models in terrestrial situations, some constraint is offered in each case by consideration of the characteristics of 
the local physiographic, geologic and tectonic setting. Comparing the tectonic setting for each of these models with that of 
the region about Cleopatra Patera enables some restrictions to be placed on possible origins of the magmatism in this part 
of Venus. 

Stress relief (i) is considered possible in areas where rapid tectonic uplift brings warmer mantle material into the 
melting zone. Because the melting curve for mafic material of a variety of compositions (from basalt to peridotite) lies just 
above the typical geotherms for the Earth (Figure 2), this mechansim is potentially applicable for initially warm mantles . 
On Venus the shallower mantle adiabat places most of the upper mantle in the partial melt zone for dry basalt and peridotite, 
and an uplift alone would, in contrast to the Earth, have little influence on the degree of melting. For similar reasons, mass 
ascent (iib) as associated with convection or diapirs is unlikely to contribute to significant predicted changes in partial melt 
volumes. 

Significant changes in thermal prpoerties or densities (iii) come about as a result of phase changes associated with an 
increase or decrease in pressure. An important phase change in the Earth is the "basaltecologite transition" which should 
occur at depths exceeding that of partial melting in Venus [9]. Compositional changes (v) are considered where the elemental 
abundances in the volcanic rocks at the surface imply that significant differences in parental material composition (volatile 
abundance, incompatible elements, etc.) can be considered. These differences are envisioned as sub-lithospheric and not 
directly linked to the overlying tectonic and topographic environment. Thermal effects (vi) resulting from anomalous 
warming of the lithosphere can yield uplifts with associated volcanism, but the tectonic enviroment associated with these 
uplifts is frequently one of extension or vertical tectonic movements, in contrast to the compressive orogenic environment 
of Maxwell Montes[ 101. 

The two remaining mechanisms cannot be excluded on the basis of the physiographic and tectonic associations of the 
Maxwell/Cleopatra region. Conversion of mechanical energy to thermal energy (iv) and subsequent melting is a potential 
mechanism on Earth for many volcanic regions [ll] where large shearing stresses resulting from horizontal tectonic motions 
can generate the thermal energy necessary to initiate melting. Mass descent (iia) is applicable on Earth when significant 
penetration of low melting temperature materials into the mantle occurs, exemplified in subduction zones, or in certain 
orogenic enviroments ( for example, Himalayan anatectic granites)[l2]. 

Analysis. Model (iia), dsecent of low melting material is an attractive model for generating melts associated with 
Maxwell Montes for a variety of reasons. Current models for the origin of Maxwell Montes suggest that much of the 
topgraphic elevation has resulted from compression and crustal thickening [3,4, 101 a process that seems to characterize 
many areas of the high latitides in general [13] and the margins of Lakshmi Planurn in particularfl41. In addition to 
increases in s d a c e  elevation associated with compressive forces, a significant crustal thickening occurrs in terreseial 
orogenic belts either through obduction or through isostatic subsidence of a root as the mountain belt grows in height. The 
consequences of significant crustal thickening in terms of the potential for anatexis are seen from Figure 2. Because the 
thermal gradient is much steeper on Venus, partial melting can occur at significantly shallower depths on Venus than on 
Earth. The amount of crustal thickening on Venus necessary for this process to occur is not greaf and the process could 
occur more easily than on Earth. This suggests that basal melting of mountain roots could be one of the limiting factors in 
the maximum elevation of orgenic zones on Venus. For either the obduction or isostatic subsidence cases, the base of the 
crust will enter the zone of partial melting if the crustal thickness exceeds about 40 km. 

Conclusions. On the basis of a consideration of a variety of mechanisms that have been proposed for the origin of 
silicate melting on earth, we propose: (1) that crustal anatexis is a viable model for the origin of magmatism at Cleopatra 
Patera, (2) that the process could be associated with other high mountain belts on Venus, and (3) the process 
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may be analogous to that associated with anatexis as in the Himalayan granites. Because of the shallowness of the 
asthenosphere on Venus, the melting can be compared as well with melting at subdudon zones. A combination of vertical 
tectonic crustal thickening and abduction resulting h m  intense horhntal compression at Maxwell Montes can r d t  in 
penetration of an orogenic root zone into the zone of partial melting (Fig. 3). The result is melting of the lower levels of 
the thickened crust, and potential magmatic activity, volcanism, and caldera formation at the surface. 
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Fig.1. Altimetric map of Maxwell Montes showing 
location of Cleopatra Patera on the east flank. 
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Fig. 3. Model of melting in lower crust beneath 
Maxwell Montes. (A) Initial compresssion, folding 
in upper layers, uplift, and crustal thickening. Lower 
crust undergoes partial melting in thickened root zone. 
(B) Partial melts accumulate at the lithospheric 
boundary and result in magmatic sitivity and 
caldera formation. 

Fig.2. Schematic melting relationships in upper 
100 km of Eaah and Venus. Compiled from [6,7,8.9]. 
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