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ration of plate tectonics suggests an important interaction between a planet's
climate and its lithospheric damage behavior; and thus provides a simple explanation for the tectonic
difference between Earth and Venus. We propose that high surface temperatures will lead to higher healing
rates (e.g. grain growth) in the lithosphere that will act to suppress localization, plate boundary formation,
and subduction. This leads to episodic or stagnant lid convection on Venus because of its hotter climate. In
contrast, Earth's cooler climate promotes damage and plate boundary formation. The damage rheology
presented in this paper attempts to describe the evolution of grain size by allowing for grain reduction via
deformational work input and grain growth via surface tension-driven coarsening. We explore the
interaction of damage and healing in two-dimensional numerical convection simulations. We also develop a
simple “drip-instability” model to test the hypothesis that the competition between damage and healing
controls convective and plate tectonic style by modulating episodicity at subduction zones. At small values of
damage, fA, (or large values of healing, kA) the lithosphere remains strong enough to resist subduction on
time scales of billions of years. At intermediate values of fA and kA the lithosphere may become mobilized and
allow for short bursts of tectonic behavior followed by periods of quiescence. At large (small) values of fA (kA )
the fineness is increased so that the viscosity of the plate boundary is reduced to allow for continuous,
unimpeded subduction of lithosphere and plate-like deformation. The results suggest the feasibility of our
proposed hypothesis that the interplay of climate and damage control the mode of tectonics on a planet.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Although plate tectonics is a well established theory, much remains
to be understood about the development of plate tectonics on Earth as
well as its absence on the other terrestrial planets (Tackley, 2000a;
Bercovici, 2003). Plate tectonics on Earth has been determined to have
been in operation continuously for at least two billion years and may
well have been in operation much earlier (Cawood et al., 2006). In
contrast, stagnant lid convection is themode of convection observed on
the other terrestrial planets (Kaula and Phillips, 1981; Moresi and
Solomatov, 1998; Schubert et al., 2001; O’Neill et al., 2007). It is most
notable that Venus does not have plate tectonics since it is similar in
many characteristics to Earth. Observations of statistically uniform
impact craters over the entire surface of Venus implies uniformity in age
of the Venusian lithosphere, and has been suggested to be indicative of a
global resurfacing event a few hundredmillion years ago (Schaber et al.,
1992; Stromet al.,1994). This evidence has led some to hypothesize that
tectonics on Venus oscillate between stagnant lid convection and short
bursts of mobile lid convection (Turcotte, 1993). Given the similarities
between Earth and Venus the contrasting styles of tectonics presents
a significant conundrum, specifically why does Earth exhibit plate
yt).
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tectonics and Venus does not? The difference in convective behavior
between Earth and Venus is an important component of plate
generation studies separate from considerations of plate-ness and the
generation of toroidal motion (Bercovici et al., 2000; Tackley, 2000a;
Bercovici, 2003). Note that because Mars, Mercury, and the Moon are
considerably smaller than either Earth or Venus, and thus lost heat and
became largely stagnant early in their thermal histories, we do not
consider them in this comparison. An obvious difference between Earth
and Venus is the existence of free surfacewater on Earth and its absence
on Venus. This observation has led previous authors to suggest
various mechanisms in which water directly facilitates the rheological
weakening that permits plate formation and/or subduction initiation;
for example, damage induced void generation and water ingestion
leading to self-weakening (Bercovici, 1998), a reduction of the friction
coefficient andhence yield stress (Moresi and Solomatov,1998), hydrous
weakening coincident with sediment loading in convergent margins
leading to subduction initiation (Regenauer-Lieb et al., 2001), and deep
thermal cracking and hydration of oceanic lithosphere leading to
subsequent reduction in friction coefficient (Korenaga, 2007). But
geophysical observations seem to suggest that Earth's lithosphere is
actually dry (Evans et al., 2005), therefore the role ofwater in facilitating
plate tectonics remains a mystery.

The formation of narrow, rapidly deforming boundaries character-
istic of plate tectonics necessitates a highly non-linear rheology in
order to generate significant shear localization. Incorporation of non-
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Newtonian rheologies into plate generation studies has shown an
improvement in generating plate-like behaviors in comparison to
Newtonian viscosity (Christensen and Harder, 1991; Weinstein and
Olson, 1992; Bercovici, 1993, 1995), but typically requires viscosity
exponents far greater than what would be expected from mineral
physics studies (Karato and Wu, 1993). Previous studies have also
implemented a yield criterion in the uppermost part of the litho-
sphere transitioning to temperature-dependent viscous rheology at
deeper depths to incorporate a form of brittle deformation into the
lithospheric rheology (Moresi and Solomatov, 1998; Tackley, 2000b).
These studies were able to generate plate-like behaviors for low values
of yield stress (compared to experimental work), as well as episodic
behavior at intermediate yield stress values. Brittle deformation only
occurs in the upper 10–15 km of the lithosphere (Kohlstedt et al.,
1995), and therefore a mechanism for localization in the ductile
and combined brittle–ductile region is likely necessary for mobilizing
the entire lithosphere. Two-phase damage theory was developed in
order to take a first-principles approach to studying the rheological
weakening that leads to shear localization in the lithosphere
(Bercovici et al., 2001a; Bercovici and Ricard, 2003, 2005). In the
formulation of two-phase damage theory the assumption is made that
some fraction of deformational work goes into the generation of
internal surfaces, voids and grain size reduction, and the development
of internal surfaces causes weakening in the rock. In two previous
studies it was determined that grain size reducing damage was more
successful at producing plate-like behaviors (Bercovici and Ricard,
2005; Landuyt et al., 2008).

Our goal here is to explain how the rheological mechanism that
allows plate tectonics to form on Earth and not on Venus can fit with
the observed differences between the two planets (regarding free
surface water, surface temperature, atmospheric CO2 concentration).
Our hypothesis is that variations in the competition between damage
and healing will allow transitions in convective behavior; these
variations are associated with differences in surface and lithospheric
temperatures governed by distinctions in the climatic systems of
Earth and Venus. In particular, higher lithospheric temperatures due
to elevated surface temperatures will act to moderate localization
that is necessary for formation of plate boundaries, hence leading
to episodic/stagnant lid behavior on Venus. The reason Venus has
significantly higher surface temperatures is the lack of free surface
water, which is necessary for climate control through its maintenance
of the carbon cycle (Berner, 2004); therefore we propose that the role
water plays in allowing plate tectonics is through its control on
climate and not through a direct rheological weakening effect.

The interaction of climate and tectonics on Venus was used to
explain the prevalence of wrinkle ridges on the planet's surface
(Solomon et al., 1999). The interaction of climate, mantle convection,
and melting was used for a simple model of Venus to understand
coupled volcanism and climate evolution on the planet (Phillips et al.,
2001). A recent study has suggested that an increase in surface
temperature could shut downplate tectonics by decreasing convective
stresses below the lithospheric yield stress (Lenardic et al., 2008). Our
hypothesis differs by suggesting that surface temperature variations
between the two planets influence the recovery and healing rate of
the lithosphere, and correspondingly alters the dynamic interaction of
damage and healing to suppress or mitigate localization necessary for
subduction and plate boundary formation.

To test our hypothesis that surface temperature controls efficacy of
damage and shear localization we consider the incorporation of two-
phase damage physics into a coupled plate–mantle model that is
convectively driven by exploring the transitions in convective
behavior as a function of damage parameters. The steady-state
convective behaviors for the coupled plate–mantle model were
mapped in Landuyt et al. (2008), and that study is extended to
determine how damage physics might explain the transition from
episodic tectonics to stable plate-like convection. In this paper we
consider only fineness inducing (grain size reducing) damage for two
reasons: this was generally found to be more successful at generating
plate-like flows than void-generating damage, and fineness-generat-
ing damage is more likely to be sensitive to variations in lithospheric
temperature than void-generating damage. Our results indicate that
the effect of grain size on rheology in a damage theory formulation
induces transitions in convective style that can explain the differences
in tectonics between Earth and Venus. We also analyze the results
from our convection experiments by looking at a simple physical
model for lithospheric foundering to clearly understand the subduc-
tion zone force balance of the different modes of convection. Finally, a
discussion of our model for the role of free surfacewater in controlling
climate and plate tectonics is presented that may explain why Earth
exhibits stable plate-like behavior while Venus exhibits episodic
behavior, even though they share many similarities.

2. Model formulation

The focus of this paper is to explain the tectonic difference between
Earth and Venus by implementing a grain size reducing damage
rheology in the lithosphere of the convecting system. We therefore
employ a lithosphere–mantle coupling model where a Newtonian
mantle is overlain by a lithospheric layer with two-phase damage
rheology (Landuyt et al., 2008); thismodel is similar to the formulation
of Weinstein and Olson (1992). The lithospheric layer is of constant
thickness h and is much smaller than the thickness of the underlying
mantle d, (h≪d). The mass, momentum, and damage evolution
equations in the lithosphere are vertically integrated and thin-sheet
approximations aremade, hence all variations in the lithosphere are in
the horizontal direction. We consider simple Rayleigh–Benard con-
vection to take advantage of the inherent symmetries of this mode of
convection. While our model of mantle convection has certain
simplicities, we are still able to understand the important coupling
between damage theory and planetary convective style.

The two-phase damage equations originate from a series of papers
(Ricard et al., 2001; Bercovici et al., 2001a,b; Ricard and Bercovici,
2003; Bercovici and Ricard, 2003, 2005). In our previous results with
only fineness generating damage there was some porosity (void
fraction) evolution, but the values of porosity were quite small and
had little effect on the convective dynamics. Therefore we neglect the
effect of porosity/void generating damage in this study (c.f. Landuyt
et al., 2008). Following previous formulations for the matrix rheology
the lithospheric viscosity is given by

μ l = μp
Aref

A

� �m

ð1Þ

where µp is the reference lithospheric viscosity. The variable A is
called fineness (Bercovici and Ricard, 2005), and is essentially the
inverse grain size of the rock ([A]=m−1). The viscosity exponentm is a
dimensionless positive constant, and here we consider m=2 consis-
tent with a grain size sensitive deformation mechanism (e.g. diffusion
creep, grain boundary sliding) (Karato and Wu, 1993; Hirth and
Kohlstedt, 2003). The evolution equation for fineness is

DA
Dt

=
fA
γ
W−kAAp ð2Þ

where fA is the fraction of deformational work which goes into
increasing fineness (or reducing grain size), γ is the surface tension, kA
is the healing rate ([kA]=mp−1/s), and

W =jv :
¯
τ; ð3Þ

is the rate of deformational work, where v is the lithospheric velocity,
and τ is the lithospheric stress tensor. The healing rate kA is a function
of temperature (Karato, 1989), but we assume that kA is to leading
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order a function only of the mean lithospheric temperature. We
choose the healing exponent p to be three in order to reproduce
classical surface tension driven grain growth whereby the grain size
increases with the square root of time (e.g. Karato, 1989; Evans et al.,
2001). The first term in Eq. (2) allows for the reduction of grain size via
the input of deformational work, hence the surface energy in the
system is increased. Grain size reduction is assumed to occur through
a combination of mechanisms, such as dynamic recrystallization and
cataclasis. While recent work comparing theory to experiments has
suggested that grain size evolution follows a relationship governed by
work input (Austin and Evans, 2007), a complete quantitative
description for the evolution of grain size (or grain size distribution)
undergoing both grain size reduction and grain growth is still in its
infancy (Ricard and Bercovici, in press). The medium is assumed to
have a grain size sensitive viscosity, which can be accomplished by
having a statistical average of creep mechanisms over grain size
distribution (e.g. large grains undergo dislocation creep and small
grains undergo diffusion creep) (Ricard and Bercovici, in press). Field
and experimental work on shear localization has shown that a rock
with a given grain size distribution can partially deform by dislocation
creep but have the rheology controlled by the weaker diffusion creep
(and hence grain size sensitive) portion (Jin et al., 1998). This
observation coupled with the ubiquity of mylonites in shear zones
observed on Earth (White et al., 1980; Jaroslow et al., 1996; Warren
and Hirth, 2006) suggests that grain size sensitive creep plays an
important role in weakening the shallow portions of the Earth.

3. Numerical results

We examine a series of numerical results to understand how
changes in damage parameters affect the behavior of our mantle
convection model. Our results focus on understanding changes
associated with variations in the fraction of deformational work
partitioned into damage, fA, and healing rate, kA. In previous work it
was shown that the magnitude of fineness is predominantly sensitive
to the ratio of fA/kA (Landuyt et al., 2008), hence increasing fA relative
to kA will increase fineness (or decrease grain size) and subsequently
reduce viscosity. The calculations were run with Rayleigh number
Ra=ρgαΔTd3/(κµ) equal to 106 (where ρ is density, g is gravitational
acceleration, d is the convecting layer depth, α is thermal expansivity,
ΔT is the temperature drop across the mantle, κ is the thermal
diffusivity, and µ is the mantle viscosity). The aspect ratio of the box
(width/height) is two, and the lithospheric viscosity is four orders of
magnitude greater than the Newtonian mantle viscosity. The
equations were non-dimensionalized with the thermal diffusion
time scale, mantle depth for length scale, mantle viscosity to construct
Fig. 1. The transition in convective behavior exhibited by the model as a function of increasin
velocity time series, and plot (b) displays the maximum fineness time series for three differe
transitions from an initially stagnant lid regime (fA=5 ·10−4, green curves) to episodic behavio
black curves). The time scale is non-dimensionalized by the diffusion time scale (d2/κ, where
regime to be approximately 500 Myr. (For interpretation of the references to color in this fi
pressure and stress scale, and the mantle temperature drop for the
temperature scale. In this case, k̂ A is the non-dimensional healing rate.
All simulations were initiated with a constant value of fineness in the
lithosphere equal to one. We employ a combined spectral and
Propagator Matrix method to solve the mass and momentum
equations, and a combined spectral and finite difference method to
solve the thermal equation (Landuyt et al., 2008). The calculations
were performed on a spatial grid of 128 points in the horizontal
direction and 64 points in the vertical direction, and this resolution
was able to reproduce the results from test simulations at higher
resolutions but at significantly reduced computational times. As stated
previously the simplicity of our model allows for easier identification
of plate-like behaviors generated from our complex damage rheology.

Our main focus is on understanding transitions in time-dependent
behavior of convection within our model. In particular, maintaining a
constant healing rate with different values of damage fraction fA leads
to substantially different convective behaviors (Fig. 1). For example,
at fA=5 ·10−4 (Fig. 1, green curves) the system displays stagnant lid
convection as evident in the very small surface velocities exhibited
throughout the entire numerical simulation. While both the values of
fineness and surface velocity are weakly periodic (Fig. 1), we identify
this behavior as stagnant lid due to the amplitude of variations and
absolute magnitude being relatively small throughout the calculation.
At intermediate values fA=10−2 (Fig.1, red curves) themodel undergoes
a transition to episodic plate mobility. The episodic plate mobility
regime is identifiedwith cases wherein the surface velocity undergoes
amplitude variations over at least one order of magnitude, hence the
system oscillates betweenwhat we refer to as stagnant-lid convection
and amobile-plate regime. Further increases in fA to 5 ·10−2(Fig.1, black
curves) result in a transition in convective behavior to stable plate like
flow. This regime is characterized by plate like surface velocities (i.e.,
concentrated deformation and high plate velocity) that reach steady-
state after an initial set of transient oscillations. In the stable plate like
regime the increasedfineness values at the subduction zonemaintain a
viscosity reduction that allows for continuous and uninhibited litho-
spheric subduction. The amplitude of oscillation in the episodic regime
remains large for all time,while the stable plate-like regime eventually
settles to a steady velocity (Fig.1a). Increasing damage fraction relative
to healing leads to significant changes in plate velocity and convective
behavior (Fig. 1a), hence the ratio of damage to healing acts to control
the mode of convection. The transition in convective behavior
described above can also be accomplished by choosing a suitably
large value of fA and decreasing k̂ A(also see Landuyt et al., 2008). The
transition in convective behavior is rather insensitive to the absolute
magnitudes of fA and k̂ A (Fig. 2), though at values of fA on the order of
10−7 or less the system remains in stagnant-lid behavior for the entire
g the fraction of deformational work partitioned into damage. Plot (a) displays the plate
nt fA,k̂ A pairs (both (a) and (b) are log-linear). By increasing fA (k̂ A=2.5 ·105) the system
r ( fA=10−2, red curves), eventually transitioning to stable plate like behavior ( fA=5 ·10−4,
d≈3·106 m and κ≈10−6 m2 s−1) which gives the period for plate mobility in the episodic
gure legend, the reader is referred to the web version of this article.)



Fig. 2. Convective behavior regimes in terms of surface velocity and fineness results from a series of numerical experiments with damage rheology in the lithosphere. At low values of
fA relative to healing the system is in a stagnant lid regime, and as damage is increased the system transitions to episodic behavior and eventually stable plate like behavior. The results
also show the transition in convective behavior occurs over a large range of magnitudes of damage and healing (see inset box values of k̂ A).
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numerical run. The range of fA/k̂ A for which episodic behavior is
exhibited is rather narrow, being less than an order of magnitude in
total width.

The cycle of lithospheric mobility in the episodic convection
regime is displayed in Fig. 3. At times a and b (Fig. 3) the lithospheric
velocity is relatively low and the thermal boundary layer does not
have any significant downwelling component. Eventually the thermal
load from mass injection into the nascent subduction zone becomes
large enough to overcome the viscous resistance of the lithosphere
to subduction. Time c (Fig. 3) displays the rapid rise in fineness
associated with the large deformational work input from subduction
of the lithosphere and the corresponding increase in surface velocity;
in this case, the thermal boundary layer has been substantially
thinned due to the mass loss through subduction. Soon after this burst
of tectonic activity the lithospheric velocity substantially decreases
(time d, Fig. 3) and the fineness field evolution in the subduction zone
is dominated by grain growth. The healing time scale though is longer
than the time it takes for the subduction zone to develop significant
negative buoyancy, hence the location of this zone of weakness and all
subsequent subduction bursts occur in roughly the same region.
Fig. 3. Snapshots from a convection experiment showing episodic behavior with fA=10−2 an
points a and b. Eventually the negative buoyancy of the lithosphere causes a massive releas
frame c. After the foundering of lithosphere the surface velocity decreases and the fineness
The transitions in convective behavior detailed above were made
with the assumption that the lithospheric viscosity is four orders of
magnitude larger than the underlying mantle viscosity (i.e., µR=104).
While this choice for µR is reasonable for Earth, the µR for Venus remains
unknown. Thenature of theVenusian lithospherepossibly ranges froma
thin lithosphere similar to Earth's (Sandwell andSchubert,1992;Nimmo
and McKenzie, 1998) to a significantly thicker, practically immobile lid
(Kaula, 1984; Solomatov and Moresi, 1995), though the aforementioned
studies suggest that it is either the same or greater than that of the
Earth's lithosphere. Convection simulations runwith µR greater than 104

would likely cause the transition from episodic to stable plate-like
behavior to occur at a greater value of fA/kA sincemore damagewould be
required to mobilize an even stronger lithosphere. While small values
of fA (b10−7) will not produce stable plate like behavior, this behavior
is present for a substantial range of fA (10−5 100). This result implies
robustness of stable plate like behavior over a wide range of fA, which is
the least constrained component of the damage model. The efficacy of
fA=10−5 at inducing plate like behavior is a function of the surface
tension value (we assume a reasonable γ≈1 N/m), whereas a larger
surface tension would necessitate a larger fA to facilitate plate like
d k̂ A=2.5 ·105. At small surface velocities the lithosphere grows in thickness as seen in
e of lithospheric material which causes a spike in plate velocity and fineness as seen in
evolution is dominated by healing (frame d).



Fig. 4. The drip instability model employed in this study. The view is side-on, and the
cylinder extends uniformly a distance L into the page.
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behavior. Results from the convection simulations show that variations
in fA/k̂A of around one order of magnitude allow for the spectrum of
convective styles to be exhibited, therefore it seems plausible that
variations in the damage parameters offer an explanation for the
differences in convective style between Earth and Venus.

4. A simple drip instability model

To understand transitions in convective behavior we consider a
simple conceptual model of a drip instability (see Fig. 4). Our hypothesis
is that the style of convection (stagnant, episodic, or stable-plate) results
from the interplay of damage and healing as it occurs specifically at
subduction zones. Hence we test how the drip instability is modulated
by damage and healing. The drip instability is represented by a cold,
negatively buoyant cylinder viscously detaching from the overlying
lithospheric layer. The cylinder becomes heavier and more unstable as
it acquires mass from the lithospheric convergent zone. Deformation
is focused in a detachment region, which connects the cylinder and
lithospheric layer and is thus where damage and healing is concen-
trated.When the detachment regionweakens to a critical level (defined
below) the cylinder breaks away and is no longer considered in the
model. Subsequently a new cylinder is formed and the process repeats
itself. In the model, a very long repeat cycle is indicative of stagnant lid
behavior. A very high frequency cycle is representative of continuous
subduction, while an intermediate cycle implies episodic behavior.

Conservation of mass in the cylinder requires that

dV
dt

=Q ; V = πR2L ð4Þ

where V is the volume of the cylinder, R is the cylinder radius, L is the
length of the cylinder, and Q is the constant slab volume flux. The
stress on the detachment region (σ) is given by the negative buoyancy
of the cylinder acting over the area of the detachment region,

σ =
πR2LΔρg

2δL
=
πR2Δρg

2δ
: ð5Þ

The other evolution equation to consider is the change in fineness
(which controls viscosity) in the fault, as defined in Eq. (2). Since the
deformational work (Ψ) in the fault is given by Eq. (3), Ψ is given by
σ2/µ, where µ=µpA−m and is σ is given by Eq. (5). Thus, the evolution
of fineness in the fault goes as

dA
dt

=
fA
γ
Am

μ p

πR2Δρg
2δ

� �2

−kAAp: ð6Þ

We non-dimensionalize the above equations with the spatial
length scale R=(µpQ/LΔρg)1/3R′, the inverse grain size with A=AoA′,
and the time scale by t=(µp/Δρg)2/3(Q/L)−1/3 t′=τcylt′. This non-
dimensionalization results in the following set of equations where
all primes designating non-dimensional quantities have been dropped

dR
dt

=
1

2πR
ð7Þ

dA
dt

= fADAmR4−k̂AAp ð8Þ

where D=(µp/(γAo))(π2Q/4δ2L) is the damage number, and k̂ A=kAAo
p−1

(µp/Δρg)2/3 (Q/L)−1/3 is the non-dimensional healing rate.
Initially the cylinder inflates due to the constant mass flux into it.

As the cylinder begins to grow, the stress on the detachment region
from the negative buoyancy of the cylinder increases and this region is
damaged andweakened.When the stiffness of the detachment region,
defined to be the region’s viscosity multiplied by its width (Ribe,1992;
Weinstein and Olson, 1992), is reduced to a critical value (arbitrarily
defined to be 10 percent of the undamaged region's stiffness) the
cylinder breaks away from the lithospheric layer and no longer
remains part of the system. The cylinder's radius is then reset to its
initial value (which is determined by the width of the detachment
region, or Ro=δ). The value of fineness in the detachment region is not
reset because the history of deformation is retained. However the new
cylinder has a small negative buoyancy, hence deformation on the
detachment region is small and initially undergoes significant healing.
The detachment region subsequently weakens as the cylinder grows
until separation occurs again.

4.1. Results

To facilitate comparison between the convection experiments and
the drip instability (or cylinder) model, we run multiple cases with
similar values of damage parameters (i.e. fA,k̂ A, and D). The above
equations are solved with a fifth-order, adaptive time-step Runge–
Kutta solver. The constant Q/L is estimated by assuming a plate
velocity of 1 cm/yr and the lithospheric thickness (δ) of 100 km, hence
Q/L≈10−5 m2 s−1. We also assume that µ≈1025 Pa s (Beaumont, 1976),
Δρg≈500–1000 Pa m−1, and Ao≈102–103 m−1. The ratio of the time
scale for the cylinder model (τcyl) to that for the convection
experiments (τconv=d2/κ) is given by

τcyl
τconv

=
μp=Δρg

� �2=3
Q=Lð Þ−1=3

d2=κ
= 10−2−10�3 ð9Þ

where κ is the thermal diffusivity (10−6 m2 s−1 ) and d is the depth of
the convecting system (1–3·106m). Given the above estimations
this implies that k̂ Acyl

= (τcyl/τconv)k̂ Aconv
and Dcyl=(τconv/τcyl)Dconv. The

values of k̂ Aconv
vary throughout the convection experiments, but the

value of Dconv is held constant at 104. The ratio τconv/τcyl is 300 based
on the range of parameters listed above and to maintain a similar
maximum value of fineness between the convection and cylinder
model experiments. The values of healing rate and time scale
presented for the cylinder model are adjusted to the diffusive time
scale (i.e., k̂ Aconv

).
The time series behavior of the fineness curves for the falling

cylinder model reveals variations which are similar to the results from
the stagnant lid, episodic, and stable plate like behavior of the
convection simulations (Fig. 5). At large healing rates (k̂A=105 black
curve) the fineness remains very low for a substantial portion of the
numerical run, and only grows to a modest level when the cylinder
radius becomes large. The average value of fineness for the largest
healing rate though remains very small, and the stiffness of the
detachment region leads to a stagnation of the cylinder (i.e., failure to
subduct) on long time scales (of order a few billion years). At an
intermediate healing rate (k̂A=103 red curve) the system transitions
into episodic behavior where the model's variables (R and A) undergo
periodic oscillations on the order of a few hundred million years. For



Fig. 5. Results from the drip instability model demonstrating long term stagnation of the cylinder (k̂A=105 black curves), episodic detachment k̂A=103 (red curves), and continuous
detachment/delamination (k̂A=102 green curves). The parameters displayed are cylinder radius R and fineness value in the detachment region A. The value of damage fraction is
fA=5 ·10−5 and the three different healing rates (kA) are identified in the legend. The time scale and healing rate values presented have all been adjusted to the diffusive scale used in
the convection experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

34 W. Landuyt, D. Bercovici / Earth and Planetary Science Letters 277 (2009) 29–37
this set of parameters the cylinder must grow to provide enough
negative buoyancy to weaken the detachment region via damage and
thereby overcome the resistance to delamination. After the cylinder is
released the fineness in the detachment region decreases (i.e., the
damaged medium heals) until the weight of the cylinder damages the
detachment region at a greater rate than it is being healed. This series
of oscillations continues indefinitely as long as there is amass source to
feed the cylinder. Finally, the smallest value of healing rate (k̂A=102

green curve) induces substantially different behavior. The fineness in
the detachment region rapidly increases to its steady-state value and
remains unchanged throughout the calculation. In this mode the
fineness reaches a critical value and the detachment region remains
sufficiently and permanently weak to allow for steady, unimpeded
detachment. The cylinder radius also remains unchanged from its
starting value, implying that the system is undergoing continuous and
steady delamination/detachment events, which is similar to subduc-
tion in the stable plate like behavior of convection simulations.
Although the cylinder model has many simplifications, it is able to
demonstrate a transition in delamination/detachment modes that is
similar to the transition in convective behavior from episodic to stable
plate like demonstrated by the full numerical convection experiments
with a damageable lithosphere.

Comparing the results of the cylinder model and the convection
experiments over a range of damage and healing rates we find similar
transitions in fineness evolution for both models (Fig. 6). In order to
Fig. 6. A comparison of fineness rate for the convection experiments and the cylinder
model. The plot compares the fineness rate results as a function of fA/k̂ A for the cylinder
model (colored lines) and the convection simulations (colored dots). The values of
fineness rate for both the convection experiments and the cylinder model have each
been normalized by their respective maximum value of fineness rate at k̂ A=2.5 ·105.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
capture the transition in convective behavior we define a new variable
called the fineness rate, this variable is the product of the range of
fineness values and the frequency of oscillation i.e., (Amax–Amin) ·ν,
where ν=frequency of oscillation. At small and intermediate fA/k̂ A the
values of fineness from the cylinder model oscillate between Amax and
Amin (see Fig. 5), but at the lower end values (fA/kAˆ b10−8.5) the period of
oscillation is long enough (hence fineness rate is small) that we
associate this result with stagnant lid behavior similar to that in the
convection experiments. The peak in fineness rate for both the
convection experiments and the cylinder model occurs for fA/k̂
between 10−8 and 10−7 (Fig. 6); the increase in fineness rate seen by
increasing fA/k̂ A is predominantly due to an increasing frequency of
oscillation, ν (see Fig. 5). At larger fA/k̂ (N10−7), both the cylinder model
and convection data exhibit no range of fineness (i.e., Amax=Amin) and
hence negligible fineness rate, we associate this with the stable plate
like regime since subduction occurs unimpeded and continuously due
to the large fineness and hence low viscosity. The results from the
cylinder model further suggest that the transition in convective
behavior and the frequency of subduction demonstrated by the
convection simulations are controlled by the interaction of damage
and healing in initiating subduction.

5. Discussion

5.1. Feasibility of hypothesis

Our hypothesis is that the differences in convective style between
Earth and Venus are related to surface temperature and climatic
variations between the planets, since climate influences the damage
parameters (fA,k̂ A) that control the mode of convection on a planet.
The surface temperature of Venus is approximately 400 K higher than
on Earth (Seiff, 1983), although themantle temperature differencewill
be less owing to the temperature dependence of viscosity. The
difference in mantle temperature drop between Earth and Venus can
be estimated by comparing their global heat flux (Q); we assume that

Qv = βQe; ð10Þ

where β is of order one (given the planets similar sizes, although the
higher surface temperature Venus might suggest β is modestly less
than one) and the subscripts e and v stand for Earth and Venus,
respectively. For both planets Q=(kΔT/d)Nu, where the Nusselt
number (Nu) goes as

NufRa1=3 =
ραgd3

κ

� �1=3 ΔT
μ Tð Þ

� �1=3

; ð11Þ

and T is the mantle temperature. Using Eq. (11) in (10) and assuming
that κ, α, g, d, and ρ are the same for the two planets we arrive at the
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following equation for mean lithospheric temperature difference
between Earth and Venus

β
ΔT4=3

e

exp E= 3RTeð Þð Þ =
ΔT4=3

v

exp E= 3RTvð Þð Þ ; ð12Þ

where E is the activation energy for viscosity (we assume that E~300 kJ/
mol; Karato and Wu, 1993). The mantle temperature Te,v is Te,v

s +ΔTe,v,
where T s is the surface temperature, and the lithospheric temperature is
then Te,v

l Te,v
s =Te,v+ΔTe,v /2. Since the surface temperature for Earth and

Venus and the approximate temperature drop across Earth's mantle is
known we can then estimate ΔTv. Assuming the heat flux constant β is
approximately one, the difference in average lithospheric temperature
δTl (=Tvl−Tel) between Venus and Earth is about 200 K, similar to previous
estimates (Nimmo and McKenzie, 1998). The Nusselt–Rayleigh number
relationship for a planet is still controversial (e.g. Korenaga, 2003, 2006).
The above relationship has been shown to be appropriate for both
mobile lid convection (Gurnis, 1989; Moresi and Solomatov, 1998) and
stagnant-lid convection at steady state (Davaille and Jaupart, 1993;
Solomatov, 1995), therefore we employ this relationship since both
planets are typically in either of these convective modes.

The evolution of grain size involves a competition between
damage and healing, and each is sensitive to variations in tempera-
ture. The rate of healing during grain growth is kA=ko exp(−H/(RT))
(Karato,1989), where ko is the reference healing rate,H is an activation
enthalpy, R is the gas constant, and T is the temperature. Assuming
that the material parameters for grain growth are the same for Earth
and Venus, the ratio of Venus's healing rate (kAv

) to Earth's healing rate
(kAe

) in the lithosphere would be

kAv

kAe

= exp −
H
R

T l
e−T l

v

T l
eT l

v

� �� �
: ð13Þ

We choose an activation enthalpy for grain growth in pure olivine
(H=2 ·105J/mol K; Karato, 1989), although in a mantle-like mineral
assemblage this activation energy is difficult to quantify (Solomatov
et al., 2002; Ohuchi and Nakamura, 2006). The lithospheric healing
rate for a planet with a given surface temperature T sNTe

s is larger than
Earth's healing rate (Fig. 7a). At Venusian surface temperatures the
lithospheric healing rate is about two orders of magnitude larger than
Earth's lithospheric healing rate. Deformational work (Ψ) is equal to
τ2/µ, and both viscosity (µ) and stress (τ) are sensitive to temperature
variations. The viscosity has an Arrhenius type sensitivity to tempera-
ture as used in Eq. (12), and τ=µu/d, where u is the convective velocity
Fig. 7. The variations in lithospheric grain growth healing rate (normalized by Earth's value) a
by Earth's value) as a function of surface temperature (b), and the variation in damage to h
increase in surface temperature leads to an increase in both the lithospheric temperature and
The ratio of damage to healing therefore decreases as surface temperature increases.
and u~Ra2/3 from scaling analyses for convection. By isolating the
temperature dependence of the Rayleigh number as ~ΔT/µ (see Eq. (11)
above) we arrive at

Wfμp
u
d

� �2
fcμP

ΔT4=3

μ4=3 ð14Þ

where µp is the lithospheric viscosity, µ is the mantle viscosity, c is a
constant, and this leads to

Wv

We
=
μpv

μpe

ΔTv
ΔTe

� �4=3 μ Teð Þ
μ Tυð Þ

� �4=3

: ð15Þ

For larger surface temperature, both the temperature drop across
the lithosphere and viscosity decrease, thus the deformational work
remains a very weak function of temperature and almost equal to the
value on Earth even out to Venusian surface temperatures (Fig. 7b).
The ratio of damage to healing is therefore about two to three orders of
magnitude lower on Venus than on Earth (Fig. 7c). Assuming that
Earth is in the stable plate-like regime of Fig. 2, a reduction in the
damage to healing ratio characteristic of Venus could readily put
Venus into the episodic or stagnant lid convective regime. Without
specifically knowing fA it is difficult to know in which regime Venus
would reside. The above analysis though explains the differences in
tectonic style of Venus and Earth in terms of variations in damage and
healing brought about by differences in surface temperature between
the planets. If the surface temperature on either planet were to rise
significantly higher (i.e.~1000 K), then both planets would likely
undergo subduction since the viscosity difference between the
lithosphere andmantle would become negligible (given the Arrhenius
relationship for temperature dependent viscosity) and the system
would undergo isoviscous convection.

5.2. Model for plate tectonic formation

The above analysis suggests criteria for the development of plate
tectonics on a planetary body. Venus is most distinct from Earth in that
it lacks free surface water, has an atmosphere mainly composed of
CO2, and hence high surface temperatures. The role of water in
facilitating plate tectonics by hydrating the lithosphere is a common
theme in many plate generation studies (Lenardic and Kaula, 1994;
Bercovici, 1998; Moresi and Solomatov, 1998); however observations
suggest that the Earth's lithosphere is dry (Evans et al., 2005), hence
the lithospheric hydration state of Earth and Venus are similar. It is
s a function of surface temperature (a), the variation in deformational work (normalized
ealing rates (normalized by Earth's value) as a function of surface temperature (c). An
healing rate, while deformational work remains insensitive to surface temperature rise.
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well known that Earth's ocean is a significant reservoir for carbon, and
its presence allows the formation of a carbon cycle that moderates the
amount of CO2 in the atmosphere and subsequently surface
temperatures (Berner, 2004). Venus on the other hand has little to
no free surface water, and correspondingly has a large amount of
CO2 in the atmosphere which leads to the significantly higher
surface temperatures. The corresponding increase in surface tem-
perature going from Earth to Venus leads to higher average litho-
spheric temperatures, and following the analysis described above
leads to a reduction in the damage to healing ratio and hence larger
grain sizes in the lithosphere. According to our analysis this effect
may place Venus in an episodic or stagnant-lid mode of convection.
Therefore free surface water potentially allows for plate tectonics
through regulation of climate, and not necessarily through a direct
rheological effect such as weakening of faults (Moresi and Solomatov,
1998). While our study shares similar views on the importance of the
interaction between climate and convection as the recent study by
Lenardic et al. (2008), the two models are quite different in operation.
Lenardic et al. (2008) suggest that increases in surface temperature
leads to a decrease in convective stress below the lithospheric yield,
thereby not allowing convection to “break” the lithosphere and cause
subduction. On the contrary, our model suggests that the larger
surface temperature on Venus causes an increase in the healing rate
that leads to a moderation or obstruction of localization necessary for
plate boundary formation and subduction of the lithosphere. More-
over, the two models likely predict different tectonic responses to
climate change. In our model, tectonic variations are controlled by
lithospheric temperature which dictates the healing rate, hence the
timescale for response to climate change is the thermal diffusion
timescale for the lithosphere (~100 Myr). In the Lenardic et al. (2008)
hypothesis, changing convective stresses necessitates changing the
overall mantle temperature, therefore the diffusion timescale govern-
ing the response to climate change is significantly longer (~Gyr).
The role of free surface water in moderating climate and surface
temperature as suggested above accounts for a feasible weakening
mechanism in the brittle–ductile and ductile portion of the litho-
sphere and also includes one of the primary differences between Earth
and Venus, namely free surface water. Our model for the formation of
plate tectonics allows for an explanation of this planetary dichotomy
that includes free surface water but does not necessitate hydrating a
lithosphere that is observed to be dry.

6. Summary and conclusion

The range of observed planetary behaviors within our solar system
necessitates an explanation, especially the difference in tectonic
behavior of Venus and Earth given their abundant similarities (Schubert
et al., 2001). The damage rheology presented in this paper attempts to
describe the evolution of grain size by allowing for grain size reduction
via deformational work input and grain growth via curvature-driven
coarsening (Bercovici and Ricard, 2005; Landuyt et al., 2008). While the
model for grain size evolution we assume is rather simple, recent work
has suggested that a theoretical approach employing conservation of
energy is successful at reproducing experimental results (Austin and
Evans, 2007). The idea that grain size mechanisms are responsible for
controlling the strength of faults is not a new idea since reduced grain
sizes and grain size sensitive creep are not uncommon in shear zones
(White et al., 1980; Jaroslow et al.,1996; Kameyama et al.,1997; Jin et al.,
1998; Bercovici and Karato, 2003;Warren and Hirth, 2006). Over a large
range of parameters associated with grain size evolution model we
employ, we find that relatively small changes in deformational work
input and healing rate can account for stagnant lid, episodic and stable
plate-like states. Calculations of the variation in lithospheric healing rate
and deformational work input for both Earth and Venus suggest that
surface temperature variations between the two planets can explain the
different modes of convection exhibited.
Our proposed model of plate generation suggests an important role
for surface water that is very different from previous hypotheses where
wateracts to directly cause rheologicalweakening (Tozer,1985; Lenardic
and Kaula,1994; Korenaga, 2007). The role of water in ourmodel causes
weakening by moderating surface temperatures and subsequently
allowing localization to become more efficacious. Therefore our model
allows an explanation of the tectonic differences between Earth and
Venus that also fits current geophysical observations (e.g. similar
hydration state for both Venus and Earth's lithosphere).
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