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Summary:  The Earth stands out in the solar sys-

tem as the only planet with plate tectonics. This pecu-
liarity is due not only to strong internal heating but 
also a lithosphere rheology characterized by brittle 
failure and localization, as a comparison with Venus 
clearly show. Localization in the ductile regime are 
manifested on Earth by ductile shear zones, which 
have proven difficult to explain theoretically. The dif-
ference with Venus may be the absence of these shear 
zones, which would prevent plate boundaries to form. 
Here, I show that the development of layer in a shear-
ing material which is a hallmark of terrestrial shear 
zones, can produce enough weakening to enable local-
ization, and therefore plate tectonics. However, the 
associated weakening is virtually inexitant in the ab-
sence of water. Therefore, localization on dry Venus is 
unlikely, except in settings undergoing partial melting. 
This explains why Venus displays Earth-like tectonics 
in rift zones but not in other tectonic settings, and no 
global plate tectonics. 

Ductile shear zones as a requirement for plate 
tectonics: A recent analysis by O’Neill et al. [1] 
showed that every planet and icy satellite is expected 
to be at or below the transition from stagnant to mobile 
lid convection. For the Earth to exceed this transition, 
i.e., to have plate tectonics, the coefficient of friction 
of the lithosphere must be reduced to ~0.15. Similarly 
low coefficients of friction appear also necessary to 
produce double-sided subduction [2]. Although 
O’Neill et al. [1] justify this modification based on the 
presence of free water, it is not clear that most fault 
have a such a low coefficient of friction [3]. Moreover, 
Solomatov [4] showed that the yield strength required 
to allow subduction is only 3 MPa. All these study rely 
on a significant reduction the strength of the litho-
sphere compared to standard models [5] to enable plate 
tectonic.  

Although in the laboratory, ductile rheology is, per 
definition, non-localized, there is ample evidence for 
ductile shear zones in the field [6]. Deformation is 
strongly enhanced in these shear zones, which requires 
a reduced strength compared to the host rocks [7]. In 
spite of decades of research [8], what causes this 
strength reduction remains uncertain as traditional 
mechanisms such as shear heating and grain size re-
duction are shown to be inefficient under natural litho-
spheric conditions [7].  Explaining shear zones has the 
double benefit that not only the strength of the litho-
sphere in deformation zones is reduced, but deforma-

tion is localized, as may be expected for a narrow plate 
boundary. Explaining the difference between the Earth 
and Venus may therefore hinge on identifying a proc-
ess that enables shear zone formation on Earth, but 
would be inactive on Venus. I propose that the devel-
opment of layers is such a process. 

Figure 1: A) Strain rate enhancement produced by 
layer development in dry olivine [12] with 20% of 
either dry [13] or “as is” [14] diabase at constant 
stress 600, 800, and 1000°C (curves overlap for dry 
diabase); B) Stress reduction at fixed strain rate.  
 

Effect of layer development: One characteristic of 
shear zones that has often been neglected in theoretical 
studies to date is the development of layering and sepa-
ration of phases [9]. Often regarded as a manifestation 
of the large strain in the shear zones, layering also has 
significant rheological consequences. In fact, the 
amount of weakening that can be achieved by transit-
ing from a non-layered to layered rheology far exceeds 
that from other localization processes such as shear 
heating (bounded by geological constrained provided 
by paleothermometers) and grain size reduction. 

I recently proposed a constitutive model for the 
rheology of a partially layered multiphase material 
[10], complemented by an evolution equation for the 
evolution of layering near the brittle-ductile transition. 
In the absence of layering, each mineral phase has the 
same strain rate, so that the aggregate strength is con-
trolled by the strongest phase. With layering, each 
phase has instead the same stress, so that strength is 
controlled by the weakest phase instead. The theory 
uses a two-level mixing formulation to estimate aggre-
gate strength for intermediate degrees of layering [10]. 
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In terrestrial shear zones, the weak phase represents 
phyllosillicates such as mica or serpentine. However, 
these materials are unlikely to be factor on Venus, due 
to the high surface temperature and the dearth of water. 
In fact, simply selecting dry rather than wet materials 
removes most of the potential for weakening that re-
sults from the layer development. Figure (1) shows 
how much strain rate enhancement at fixed stress, or 
stress reduction at fixed strain rate, is expected for a 
mixture of olivine and diabase. When the diabase has 
water (“as is” conditions), the stress can drop by 3 or-
ders of magnitude, but is essentially enchanged for dry 
diabase. Models with micas and feldspar are even more 
efficient, but not relevant beyond Earth. Therefore, 
passing to Venus-like dry conditions removes any pos-
sibility for localization with this mechanism.  
 

 
Figure 2: Evolution of the foliated fraction (A) and 
strain rate (B) for dry olivine mixed with 20% of 
dry (thin dashed lines) or “as is” (thick solid line) 
diabase at 800°C for constant stress given by the 
legend in A. 

 
Furthermore, I proposed a constitutive description 

for the evolution of the degree of layering, or foliated 
fraction [10]. Therefore, it is possible to follow (in 
theory) the development of foliation to predict over 
what time scale the shear zone may form. Figures (2) 
and (3) show the evolution of foliation a fixed stress 
and strain rate, respectively. At 800°C, foliation devel-
opment is complete after 10 Ma is the stress is more 
than ~50 MPa or the strain rate exceeds 10-14 s-1 – Note 
thatthese time scales are uncertain as the structure evo-
lution parameters are poorly constrained. 

The constant stress condition produces a positive 
feedback, while constant strain rate stabilizes, but can-
not prevent, microfabric evolution. Therefore, as for 
other localization processes like shear heating [11], 
constant stress facilitates localization while constant 
strain rate retards localization. We observe that even 
for dry material, the fabric evolution occurs, albeit 

more more slowly due to the absence of localization 
feedback. However, this fabric evolution is not accom-
panied by weakening, so that no localized shear zone 
or plate boundary is expected. 
 

 
Figure 3: Same as figure (2) but for a fixed strain 
rate given in the legend in A. 
 

Even though the pair of materials used in this 
analysis does not result in localization in Venus, there 
may be other combination that do. In particular, layer 
development in presence of partial melt will result in 
significant weakening and localization. Thus, although  
we may not expect a global system of plate tectonics, 
localization and Earth-like structures are likely in set-
ting where melting occurs. Accordingly, Venusian rifts 
present many similarities to terrestrial continental rifts, 
although the absence of localization in other settings, 
and therefore the absence of a global network of plate 
boundaries probably limits the strain on Venusian rifts. 
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