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Introduction:  Models for transitions in the mode 

of planetary tectonics (e.g. plate tectonics to single 
plate planet) have generally fallen into two categories: 
1) those that explore the effects of changing litho-
spheric properties, e.g. yield stress [1] and; 2) those 
that explore changes in internal properties, e.g. the 
degree of internal mantle heating [2]. However, two 
groups have recently suggested that changes in the 
long term climate of a planet may result in transitions 
between tectonic modes [3-6]. Both groups suggest 
that much warmer surface temperatures over geologic 
time scales may initiate the cessation of plate tectonics 
on a terrestrial planet. In this work, we evaluate the 
effects of changing climatic conditions on the tectonic 
regime of a planet using 3D mantle convection simula-
tions.  

Scaling: The driving stress that results in litho-
spheric deformation is associated with viscously in-
duced mantle shear stress, which scale as 

δητ vconv ~ (1) 

where v is a velocity scale, η is the temperature de-
pendent viscosity, following the general form of 
η=exp(-θT), where θ=EΔT, E is the activation energy, 
ΔT is the temperature drop from the base of the con-
vecting layer to the surface, and δ is a shear layer 
thickness scale which is comparable to the depth of the 
convecting mantle.  

Lithospheric strength is determined by the maxi-
mum sustained stress at the brittle-ductile transition, 
which is calculated through a depth-dependent yield 
criterion that is analogous to: 

gzcyield μρτ += 0 (2) 

where μ is the coefficient of friction, 0c  is the yield 
stress at zero hydrostatic pressure, or the cohesive 
limit, ρ is the density, g is gravity, and z is the depth 
dependant term.  

Numerical Models: We explore the effect of vari-
able surface temperature on the balance between litho-
spheric strength and convective vigor (as determined 
by the mantle Rayleigh number, Ra) using the Cit-
comS finite element code with plastic yielding, thor-
oughly detailed in [1, 7-10]. The range of viscosity 
variation is set to 1e4 and is both temperature- and 
depth-dependent, Ra is set at 1e5, and the modeling 
domain consists of a 32x32x32 grid cell resolution for 
each of the 12 spherical caps. Boundary conditions are 
free slip, and the core-mantle boundary is fixed at a 

non-dimensional temperature of 1. All simulations are 
internally heated. 

Results and Discussion: We’ve conducted a large 
number of simulations to explore surface temperature/ 
yield strength (Ys) parameter space for a hot, young 
planet, e.g. high internal heating (Q0=60). Surface tem-
peratures are increased sequentially, using the preced-
ing simulation as the initial conditions for the follow-
ing simulation. This is repeated until the system transi-
tions into a stagnant-lid regime, which occurs at a 
critical surface temperature for a fixed yield strength 
value. The onset of both episodic- and stagnant-lid 
behaviors, as well as the duration of episodic-lid con-
ditions are reported (Figure 1). In general, the transi-
tion from active- to stagnant-lid has a narrow ‘win-
dow’ of yield stress in which bursts of episodic behav-
ior can be observed (non-dimensional Ys values of 
~4.25e4 – 3.25e4) directly before the system transi-
tions into a stagnant-lid regime. More robust, longer 
lived episodic behavior begins to diverge from the 
stagnant-lid trend at intermediate Ys, and occurs over a 
wider range of lithospheric strength values for increas-
ing values of surface temperatures. That is, the range 
of lithospheric strengths for which episodic-lid behav-
ior occurs increases with decreasing Ys or with in-
creasing surface temperatures (Ts) in this region of 
parameter space (Figure 1).  

Early results indicate that decreasing the internal 
heating rate (e.g. Q0=59, to simulate an ageing planet) 
leads to an increase in the critical transition Ts from 
0.01 to 0.025, and 0.02 to 0.03 for a Ys of 3.87e4 and 
3.73e4 respectively. Additionally, the transition to 
episodic-lid behavior begins to occur at lower critical 
Ts than the stagnant-lid transition, similar to the diver-
gence seen in intermediate to lower Ys for higher lev-
els of internal heating. Transitions between regimes 
cease for values of internal heating of ~45 – 30 due to 
the inability of the system to form stable plates for the 
extremely high values of Ts required ( > 0.3). Addi-
tionally, a return to mobile-lid behavior by decreasing 
the Ts from the stagnant-lid transition appears to be 
unrealistic for this system as it requires a ΔTs far in 
excess to the transitioning Ts.  

Physically, the mechanism of transition, driven by 
changes in Ts can be understood from the following. A 
long term change in the surface temperature leads to a 
temperature change propagation that affects not only 
the surface Rayleigh number, but also the total tem-
perature drop, and the temperature-dependent viscosity 
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contrast across the system. Increasing the surface tem-
perature leads to an increase in temperature that per-
meates through the lithosphere and into the deep man-
tle, leading to: 1) a decrease in convective shear stress 
from the exponential dependence of internal viscosity 
on internal temperature; and 2) an increase in the ther-
mal boundary layer depth, which increases Ys and is 
related to the change in the internal temperature profile 
and internal Ra (Figure 2). The combination of de-
creasing convective shear stress and increasing total 
lid-strength eventually leads to the critical value of Ts 
(for both episodic- and stagnant-lid conditions) that 
marks the transition between regimes.  

Implications to the Terrestrial Worlds: Our results 
indicate that the tectonic regime a planet operates 
within may be set early in its development. A young 
planet (e.g. high internal heating) is more susceptible 
to tectonic regime shifts from changes in surface tem-
perature. Early on, transitioning at the critical surface 
temperature, for relatively high yield strength, can lead 
to a burst of episodic activity, before onset of a stag-
nant-lid regime. However, either as the planet begins 
to age (decreasing internal heating as a proxy), or for 
higher values of surface temperatures and weaker 
lithospheres, the range of lithospheric strengths that 
episodic behavior occurs for increases, allowing for 
stable episodic-lid behavior as a long lived expression 
of tectonics. After ~75 – 50% of the original Q0 is lost, 
the system becomes relatively insensitive to the effects 
of changing surface temperature on tectonic styles, and 
transitions driven by this mechanism are no longer 
possible. Additionally while the return to an active-lid 
mode of tectonics is possible, our models indicate that 
the surface temperature change would need to be far in 
excess of the surface temperature needed to transition 
to a stagnant-lid. This indicates that once a planet en-
ters into a stagnant-lid regime, it is unlikely to transi-
tion back to a mobile-lid regime by a return to the or-
iginal surface temperature. These results may suggest 
why a planet such as Venus may be operating in a 
stagnant-, or episodic-lid regime, and a planet such as 
the Earth is in an active-lid mode.    
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Figure 1: Regime transition diagram, plotting the 

change in surface temperature that results in convec-
tive regime change versus lithospheric yield strength. 
Results for both stagnant- (blue diamonds, and blue 
best fit natural log trend - ΔTss) and episodic-lid tran-
sitions (red squares, and red best fit natural log trend - 
ΔTse) are shown.  

 

 
Figure 2: Increasing surface temperature schematic. 
Red arrows indicate quantities increase, blue arrows 
indicate a decrease. Ts0=original surface temperature, 
Ts1 = new surface temperature, ΔTs = change in sur-
face temperature, δTs0 = original thermal boundary 
depth, δTs1 = new thermal boundary depth, Tb= origi-
nal base temperature, Tb1 = Tb + a function of ΔTs, Ti 
= internal temperature 
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