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Introduction, On the basis of gravity, topography, and imaging, at least two kinds of 
highlands on Venus may be distinguished [I]. Beta-type uplands are characterized by broad, 
domical rises, extension, shield volcanism, and large gravity anomalies (implying apparent 
depths of isostatic compensation, or ADCs, of 100-300 km). Beta, Atla, Eistla, and Bell are the 
largest such "volcanic rises". Ovda-type highlands are characterized by plateau-like topography 
and intense tectonic deformation. Such deformation generally occurs in the upland interior in the 
form of complex ridged terrain (CRT) and peripherally as margin-parallel lineations. Gravity 
anomalies are more modest with implied ADCs of around 100 km. Ovda and Thetis are the 
principal members. Smaller, low-elevation assemblages of CRT, such as Tellus and Alpha may 
qualify, but can be distinguished by their much smaller ADCs (< 30 km) and by their relation to 
regional deformation (see below). The unusual appearance of western Ishtar Terra - mountain 
belts surrounding a largely undeformed plateau, the whole displaying a large (180 km) ADC - 
suggests a third category, Lakshmi-type, which has but a single member. 

Formation at a hot spot. An evolutionary hot-spot model [2,3] includes (i) uplift from a 
rising mantle plume, (ii) massive partial melting in the plume head and generation of thickened 
crust, (iii) collapse of dynamic topography, and (iv) creep spreading of the plateau over several 
hundred million years. In this scenario, Beta-type highlands evolve to Ovda-type and are 
accompanied by a decreasing ADC as the plume wanes and crustal compensation increases. The 
model has been criticized [4] on the basis of (i) non-axisyrnrnetry; (ii) lack of a peripheral trough; 
(iii) embayment of CRT near Beta-type rises; and (iv) lack of evidence for early volcanism, 
especially shields, in Ovda-type uplands. Argument (i) is groundless: perfect axisyrnmetry has 
simply been a mathematical modelling convenience in both models. With respect to argument 
(ii), a peripheral trough due to viscous relaxation [2] would be a transient feature and was later 
deemed unimportant [3]. Argument (iii) simply implies that CRT in the vicinity of volcanic rises 
are outcrops of terrain deformed before local plains volcanism; radial fractures from the centers 
of the rises then indicate both units pre-date major uplift. Argument (iv) remains a valid 
objection: although local volcanic centers are observed in Ovda and Thetis, most have negative 
relief and appear recent. The strongest point in favor of a hot-spot model remains its simplicity 
in explaining global gravity and topography [5]. Its weakest point is that there appears to be little 
evidence that Beta will ever turn into an Ovda. 

Formation at a cold syot. The cold spot sequence [4,6] is characterized by (i) downward 
surface displacement in response to the sinking plume; (ii) inward secondary crustal flow due to 
gravitational body forces and mantle shear tractions; (iii) upward surface displacement as the 
crust thickens. The model's strong points are held to be: (i) that steeper and more rugged 
topography is more consistent with large-strain regional shortening due to cold spots rather than 
vertical tectonics of hot spots; (ii) that the relatively low ADCs and a spatial offset between 
gravity and topography highs are more consistent with thickened crust over a downwelling; (iii) 
that "compressional" features at high elevation are uniquely ascribable to the model; and (iv) that 
geological evidence exists for a sequence of shortening followed by extension and possibly 
strike slip. Argument (i) ignores the fact that mantle upwelling is a reciprocal process to mantle 
downwelling and can impart the same magnitude of strain; regional-scale movements are 
plausible for Venus in either regime [3]. Argument (ii) is too qualitative: ADCs are smaller for 
Ovda-type highlands, but values of order 100 krn still require a substantial component of mantle 
coupling, even if some crustal thickening is present. No quantitative gravity work has been 
performed by proponents of the cold-spot model. ADCs as small as 20 km are plausibly the 
result of crustal thickening, but Tellus Regio, a modest-sized, comparatively low-relief upland, 
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is the only unit of CRT for which a reliable ADC has been measured [7]. Arguments (iii) and 
(iv) bear merit, but do not exclude other models. 

There are several internal inconsistencies with the cold spot model. First, time scales for 
long-wavelength uplift due to secondary crustal flow are of order 1 Ga for a mantle viscosity of 
1021 Pa-s [6,8]; this would require an exceptionally stable mantle convection pattern. Second, 
some downwellings must be extremely vigorous: at western Ishtar, for example, normal 
stresses of 200-300 MPa must be imparted by the sinker [8], which in turn implies thermal 
boundary layers in excess of 500 km thick. Third, crustal mass balance for an upland the size of 
Ovda (1000 km radius, 4-km height locally compensated) requires that a zone 4000 km in 
diameter be scavenged for material, even given a 20-km thickness of crust able to flow ductilely. 
We find it implausible that such large-scale flow would occur with no visible manifestation at the 
surface in the plains surrounding Ovda. Plains that are translated intact and accreted to the 
highland would be part of a plate-like process and not due to deep crustal flow. Fourth, gravity 
and topography are anti-correlated during the initial downwarping, i.e., positive gravity 
anomalies should be observed over the lowland planitiae, but are not. Fifth, Beta-type uplands 
should evolve into depressions as crust flows away from the rise in a process complementary to 
that at cold spots. Indeed, lower viscosities under hot spots would make such evolution faster! 

Bindschadler et al. [4] have rightly emphasized the importance of downwellings if the 
mantle of Venus is dominantly internally heated. We do not dispute that return flow may be an 
important contributor to stress in the lithosphere of Venus; however, highland formation models 
exclusively relying on secondary crustal flow are untenable. 

Discussion. Boundary-parallel ridge-and-trough structures in Alpha Regio are considered 
primary evidence for radial crustal shortening and supportive of a cold-spot origin [9]. 
However, many such structures trend N-S and are only strongly boundary-parallel on the 
western margin. Furthermore, structures with similar orientations are visible in the plains to the 
north of Alpha and are in contact with the highland. This observation, together with evidence 
that plains emplacement locally post-dates CRT formation [I], suggests that CRT around Alpha 
may have once been areally extensive and has been subsequently disrupted and volcanically 
buried. Such a model was proposed previously by Nikishin [lo] for tessera viewed by Venera 
15/16 at high northern latitudes, including Tellus, Laima, and Fortuna. The regional orientation 
and extent of structures implies that the original scale of deformation - and hence source of stress 
- greatly exceeded Alpha itself. Present deformation is likely driven by slow gravitational 
relaxation or by stresses associated with downwellings in the adjacent planitiae. Repeated 
deformation of CRT through a variety of pathways is probably the rule [I]. 

Crust must be accumulated either by massive volcanism or by large-scale imbrication and 
collision. Given the lack of evidence for movement on the several-thousand km scale [l] 
necessary for the latter, we still consider flood volcanism to be the most likely mechanism for 
forming highland nuclei. Buoyant crustal plateaus would be long-lived [3] and could be 
subjected to repeated deformation from both internal and external stresses over the next several 
hundred million years until they are eventually broken up and buried. Such forces could include 
internal buoyancy due to upwelling or downwelling, or external shear tractions originating from 
regional flow. Many analogues can be found with terrestrial continents, but the deep structure of 
the large, elevated CRT - as manifested in strong gravity anomalies - remains enigmatic. 
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