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Abstract Numerical simulations of mantle convection with a viscoplastic rheology usually display mobile,
episodic or stagnant lid regimes. In this study, we report a new convective regime in which a ridge can form
without destabilizing the surrounding lithosphere or forming subduction zones. Using simulations in 2-D
spherical annulus geometry, we show that a depth-dependent yield stress is sufficient to reach this ridge
only regime. This regime occurs when the friction coefficient is close to the critical value between mobile
lid and stagnant lid regimes. Maps of convective regime as a function of the parameters friction coefficients
and depth dependence of viscosity are provided for both basal heating and mixed heating situations. The
ridge only regime appears for both pure basal heating and mixed heating mode. For basal heating, this
regime can occur for all vertical viscosity contrasts, while for mixed heating, a highly viscous deep mantle

is required.

1. Introduction

The terrestrial planets and the satellites of the solar system display a large variety of enigmatic large-scale
surface features [Schubert et al., 2001]. Numerical simulations of thermal convection have shown that plan-
ets form a thick undeformable lithosphere called a “stagnant lid” when a strongly temperature-dependent
viscosity is used [Solomatov, 1995], as indicated by experimental data [Kohl/stedt, 2007]. It has been demon-
strated that the consideration of plasticity is sufficient to obtain models in which the lithosphere can deform
and potentially form plates as we observe on Earth, due to the high stress typically reached in the cold sur-
face regions [Moresi and Solomatov, 1998; Trompert and Hansen, 1998; Tackley, 2000a; Stein et al., 2004]. The
term “mobile lid" is often used to describe a simulation in which the lithosphere deforms and resurfaces,
independent whether this occurs continuously or not. Different surface expressions of mobile lid regimes can
be found, and two major regimes have been documented. First, in the “plate-like” regime, the lithosphere is
continuously recycled back into the mantle. Second, in the “episodic” regime, the lithospheric stresses are suf-
ficient to break the lid only when it is very thick and parts or the whole lithosphere can suddenly resurface
[Moresi and Solomatov, 1998; Stein et al., 2004]. Up to now, only stagnant, plate-like and episodic regimes were
reported for viscoplastic simulations.

Yet the global behavior of the mantle and lithosphere of convecting bodies such as the resurfacing of Venus
[Fowler and O'Brien, 1996, 2003; Noack et al., 2012; Rozel, 2012; Armann and Tackley, 2012] or plate tectonics on
Earth [Tackley, 2000a, 2000b; Bercovici et al., 2000; Ogawa, 2003; Stein et al., 2004] cannot always be fully repro-
duced. Along list of potentially crucial mechanisms that should be considered in studies of thermomechanical
convection can be compiled: melting [Korenaga, 2009], water circulation [Hirth and Kohlstedt, 2003; Kohlstedt,
20071], viscoelastoplasticity of the lithosphere [Burov, 2007], shear heating [Bercovici and Karato, 2003; Burg and
Schmalholz, 2008; Thielmann and Kaus, 2012], nonlinear rheologies [Christensen, 1983; Bercovici, 1995], dam-
age [Bercovici et al., 2001; Ricard and Bercovici, 2009], generation of geochemical reservoirs [Tackley, 2007], the
presence of continental crust [Rolf and Tackley, 2011], etc. Incorporating all these complexities in numerical
simulations is challenging [Zhong et al., 2007]. Also, complex simulations make it difficult to identify the dom-
inant mechanism involved. Therefore, we explore here the space of convective regimes using a simple model
considering only depth-dependent plastic yielding. We show that a convection state, which we term “ridge
only” (RO), first observed by Tackley [2000a] in 3-D Cartesian geometry using a depth-dependent yield stress,
can develop for a considerable range of parameters.
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2. Setup

We assume a 2-D spherical annulus geometry [Hernlund and Tackley, 2008]. The Prandtl number is consid-
ered to be infinite [e.g., Schubert et al., 2001], and the convecting material is assumed to be incompressible
under the Boussinesq approximation. The dimensionless equations of conservation of momentum, mass, and
energy are [e.g., Schubert et al., 2001]

V-7 —-VP=Ra,Tz, (m
V-v=0, and (2)
%zVZT—v~VT+H, (3)

where 7 is the deviatoric stress tensor, P is the pressure, Ra,, is the bottom Rayleigh number, T is the temper-
ature (between 0 and 1), z is the downward pointing unit vector, v is the velocity of the fluid, t is time, and H
is the internal radiogenic heating rate.

The bottom Rayleigh number is defined as

3
Ra = M’ (4)

Kot

where «a is the thermal expansivity, p the density, g the gravity, AT the temperature contrast, h the depth of
the computational domain, k the thermal diffusivity, and 7, is a reference viscosity.

Since we solve dimensionless equations, manipulating several dimensional parameters can result in the same
Rayleigh number. This enables the activity of the RO regime on various types of planetary objects to be
studied. The bottom Rayleigh number used in this study is 5 - 107, and for mixed heated cases we use a
dimensionless internal heat production rate of H = 10.

The viscosity is both temperature and depth dependent:

5)

41.4465+ VZ  41.4465
'I=’1refeXp< a+1n - 5 >,
where 7' is the dimensionless depth (from 0 to 1) and V is a dimensionless activation volume. The dimension-
less activation energy is set to 41.4465 to generate 9 orders of magnitude of viscosity contrast (for an activation
volume equal to zero). Lower and upper viscosity cutoffs allow for a total viscosity contrast of 24 orders of
magnitude. Yet the definition of the rheology (equation (7)) is such that the viscosity cutoffs are never reached.
The core size is set to 1.5 times the mantle thickness. Basally and mixed heating cases are tested for various
activation volumes and various values of the friction coefficient f, which represents the depth dependence of

the yield stress 7,:
7, = fpgz, (6)

where z is the dimensional depth. When the stress is below 7,, deformation is fully ductile. When stresses are
too high, 7, is used to decrease the viscosity, such that the effective stress is equal to the yield stress. The

effective viscosity becomes
-1
1, 2€
neff=(—+—€> : 7)

where ¢ is the strain rate. This formulation ensures a smooth transition from ductile to brittle deformation.

The conservation equations (1)-(3) are solved using a finite volume formalism on a staggered grid [Harlow
and Welch, 1965], using the convection code StagYY [Tackley, 1993, 2008]. The grid is refined in radial direc-
tion in the top and bottom boundary layers. A grid of 64 times 512 nodes in radial and angular direction has
been found to provide a satisfactory resolution throughout the whole set of simulations. For the present cal-
culations, the direct solver UMFPACK is used [Davis, 2004] and is accessed using the PETSc toolkit [Balay et al.,
2012] (http://www.mcs.anl.gov/petsc) to obtain velocity, pressure, and temperature fields. The temperature
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equation is solved using the fully implicit Crank-Nicolson method. Twenty-eight simulations were performed
assuming basal heating only, and 75 simulations considered mixed heating (both basal and internal heat-
ing). Additional simulations in 2-D Cartesian geometry are provided in the supporting information. Since
history-dependent convective regimes have been reported in previous studies [Weller and Lenardic, 2012],
we provide the initial temperature field in the supporting information. All our simulations started with a top
thermal boundary layer, an internal temperature equal to the core temperature, and some white noise.

3. Results

In both sets of simulations—basally heated and mixed heated—we observe either the mobile lid, RO, or
stagnant lid regimes, depending on the vertical viscosity contrast induced by the activation volume of the
rheology and on the friction coefficient. The RO regime always appears at the boundary between stagnant
lid and mobile lid regimes, where the presence of the episodic regime was reported previously [Moresi and
Solomatov, 1998; Stein et al., 2004].

Figure 1 depicts two examples of the RO regime, obtained in a basally heated case (above the dashed line,
using V = 3.4012 and f = 0.14) and in a mixed heated simulation (below the dashed line, using V = 18.4207
and f = 0.4). Green arrows point at the respective ridge. Snapshots in Figures 1a—1d show the temperature,
viscosity, root-mean-square velocity, and stress fields for the basally heated simulation. Figures 1e and 1f dis-
play the temperature and viscosity fields in the mixed heated case only. Plots of the second invariant of the
2-D strain rate fields are provided for both cases in the supporting information. We depict an example for both
heating situations since they represent two different kinds of RO regime (see the discussion for details).

To our knowledge, this specific regime, which does not result in the formation of subduction zones and litho-
sphere resurfacing, was previously reported only by Tackley [2000a], where its dynamics were compared to
the sluggish lid regime [Solomatov, 1995]. In both basally and mixed heated cases, RO is present when the
convective degree reaches sufficient stability, although convection does not necessarily have to be stationary.
Thus, this regime can appear after a certain global equilibration time, usually when the internal temperature
of the convecting domain is about to stabilize or is actually stable. Figure 1 indicates that the basal heating
case converged to degree 6 and that the mixed heating case displays a degree 3. Figure 1 shows that under
these conditions the gathering downwellings tend to be viscous enough to connect the sloping bottom of
the lithosphere to the very viscous deep interior (see the dark areas in Figures 1d and 1f). Apart from the
existence of the ridge structure itself, the RO regime is very similar to the stagnant lid regime, with moderate
internal stresses and higher stresses in the lithosphere. Figures 1a and 1e show that large upwellings generate
very localized ridges, without yielding the top boundary layers of the two corresponding convection cells, as
it usually happens in the mobile lid regime. Figure 1c reveals that the ridge generates a weak velocity field in
the surrounding lithosphere, with velocities 10 times slower than the internal velocities (yellow) throughout
the entire lid (see blue, black, and red areas). This corresponds to a compressional horizontal stress field which
instantaneously follows the location of the ridge wherever it appears. The deformation of the lithosphere sur-
rounding the ridge is limited, and the lithosphere remains stable. Finally, although Figure 1b depicts a very
thick and viscous downwelling next to the ridge, Figures 1e and 1f show that such a structure is not necessary
to obtain the RO regime. The RO regime appears in certain cases long after the stabilization of the stagnant lid
regime, when several plumes happen to gather and are sufficiently strong to pierce through the lithosphere.

Figure 2 depicts the top Nusselt numbers of five simulations using identical activation volume (V = 3.4012),
but different friction coefficients (ranging from 0.1 to 0.2), all purely basally heated. Plots of both a RO and a
mobile lid case (showing episodic resurfacing) are also shown in the same figure, for moments in time dis-
playing strong variations of the top Nusselt number (Figures 2a to 2e). Horizontal profiles for both the surface
velocity and the Nusselt number are provided in the supporting information. In the mixed heated simulations,
all bottom Nusselt numbers of RO and stagnant lid cases are between —1 and 2. The top Nusselt numbers are
between 10 and 13. These simulations can be considered fully internally heated to first order since the basal
heat flux is significantly smaller than the surface heat flux.

Figure 2 (bottom left) shows that the top Nusselt number for RO and stagnant lid regimes are compara-
ble, although variations of 20% can be observed for the RO regime (comparing blue, light blue, and violet
curves). The local increase of heat flux above the ridge is very high, due to the temperature gradient at the
ridge (see supporting information). The temperature fields in Figures 2a to 2d show that the position of the
ridge alternates between preferential sites (see green arrows), causing the Nusselt number oscillations of
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Figure 1. (a—d) Dimensionless temperature, viscosity, velocity, and stress fields obtained in the simulation using the
parameters: V = 3.4012 and f = 0.14, in the 2-D spherical annulus geometry with basal heating. (e and f) Dimensionless
temperature and viscosity fields in a mixed heating case using V = 18.4207 and f = 0.4. Green arrows point at the
ridges. See section 3 for a detailed description.

the purple curve. The simultaneous presence of two ridges has only been observed in mixed heating simula-
tions, when considering the largest vertical viscosity contrast. This always occurs for cases on the convective
regime map close to the border of the mobile lid regime. On the other hand, for RO cases close to the stag-
nant lid regime, the single ridge remains stationary. However, close to the mobile lid regime the ridge position
alternates remarkably quickly between preferential sites. For comparison, the orange and red curves show
the top Nusselt numbers for simulations in which resurfacing events occur.

Figure 2e illustrates the resurfacing events observed for the episodic regime (see the red circular arrows) and
the associated broad downwellings dragging the destabilized lithosphere into the deep mantle (red arrows
inside the domain). This shows that the mobile lid regime can assume very exotic forms, distinct from the
classical plate tectonics regime. The top right part of the spherical annulus seems to be temporarily in a
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Figure 2. (a—d) Temperature time series displaying an oscillating ridge for a model in RO regime. Green arrows point at
the ridge structure. (e) An example of a resurfacing event for a model in the mobile lid regime (see red arrows).
(bottom left) Top Nusselt numbers obtained for cases assuming basal heating using V = 3.4012. The temperature fields
(see Figures 2a-2e) correspond to important times in the Nusselt number plot.

diffusive state, while three new plumes appear at the bottom left. This coexistence of low and high convec-
tive activities is due to both the absence of radiogenic heating and the depth dependence of the rheology,
as reported, for example, in Christensen [1983]. Figures 2b-2e clearly show that the main difference between
RO and mobile lid regimes is the lack of horizontal mobility of the lithosphere, while the internal activity
is comparable.

Figure 3 shows the convective regimes obtained for all simulations, for both (top) basally heated and (bottom)
mixed heated conditions. The vertical viscosity contrast plotted on the y axis represents the viscosity contrast
caused by the activation volume V only (the temperature dependence is excluded here):

@ =1,T=1)

Tz =0,T=1) ®

Any
For basally heated cases the RO regime is always obtained at the boundary between stagnant and mobile lid
regimes. For mixed heated cases, the RO regime is absent when small vertical viscosity contrasts are applied,
but it occurs for a wide range of parameters in cases where a large vertical viscosity contrast is prescribed. As
expected, the stagnant lid regime was always observed when considering large friction coefficients.

Figure 3 displays a large variety of convective states in the mobile and RO regimes. In basally heated cases, the
plate-like behavior was never observed because of the low internal temperature and plates being too thick
and viscous. Thus, only the episodic regime displayed in Figure 2 can be reached (yellow area in Figure 3, top).
The pink area in Figure 3 (top) represents simulations in which the RO regime was observed, but resurfacing
events can occur at locations far from the ridge and therefore have no direct link to the already present ridges.
We classify this state as being part of the mobile lid regime since resurfacing events occur but ridges with-
out related subduction zones were observed. In mixed heating cases (Figure 3, bottom), plate-like behavior
was observed at low-viscosity contrasts and the episodic regime was reached in the simulations considering
a vertical viscosity contrast of 30. Vertical viscosity contrasts larger than 30 always lead to a state showing
slow stationary downwellings (labeled “SSD” in Figure 3) that stabilize convection, which can no longer be
considered to be episodic (see supporting information for a description).

The red area (SSD/RO) in Figure 3 represents simulations in which large and slow downwellings are stabilized
but one or several RO features occur. The purple areas in both panels of Figure 3 represent the simulations in
which the RO regime is fully stationary and no resurfacing events occur at equilibrium. The deep blue regions
stands for simulations in which stagnant lid and RO regimes alternate through time. The two regimes are
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Figure 3. Convective regimes obtained at statistical equilibrium for (top) basally heated and (bottom) mixed heated
simulations. Black circles represent the simulations (circles filled green represent the RO regime). The background colors
depict in more detail the regime boundaries obtained: orange and pink represent mobile lid, light blue represents
stagnant lid, and darker colors stand for RO/mobile lid (red), RO regime (purple), and stagnant/RO regime (blue). White
blending is used to emphasize the lack of data in certain areas. “SSD” stands for “Slow Stationary Downwellings”

(see text).

successively active because of changes in the convection degree in the internal region. The RO regime is the
equilibrium state of a given degree, but the appearance of an additional convection cell, which reduces the
stress state in the lithosphere, brings the regime back to stagnant lid regime. Yet the additional cell is no longer
stable in the stagnant lid and disappears again. This allows the largest cells to pierce through the lithosphere
and to reestablish the RO regime.

4, Discussion

For the basally heated cases our results show that an increasing vertical viscosity contrast results in a transition
from the RO to the stagnant lid regime (see Figure 3a). However, this is not the case for mixed heating cases
(see Figure 3b), where the RO regime can also occur for the largest vertical viscosity contrast considered in
our study. This difference in behavior is caused by the higher temperatures that can be observed in the latter
case (compare Figures 1a and 1e), enabling the formation of sufficiently strong plumes able to penetrate the
lid locally. This difference in internal temperature between basally and mixed heating cases also explains why
we only investigated Az, = 20 in the first situation and up to A, = 10% in the latter case. For basally heated
simulations, a nonnegligible activation volume results in a large viscosity at the base of the mantle forming a
thick bottom boundary layer, which tends to insulate the mantle from the core, thus decreasing its temper-
ature. In mixed heated cases, internal heating prevents the mantle from reaching such low temperatures. In
basally heated cases the effective Rayleigh numbers typically range between 5 - 10° (at large vertical viscosity
contrast) and 7 - 10° (at small vertical viscosity contrast). In mixed heating cases, the effective Rayleigh num-
ber varies between 5 - 10° and 108. As discussed in the previous section the lithosphere is stable in the RO
regime without occurrence of resurfacing events. Therefore, the thickness of the lithosphere in these models
is only limited by the presence of plumes at nearly stationary locations eroding the bottom of the lid.

For both heating scenarios studied here the RO regime can only occur when the lower mantle is viscous
enough to prevent the lithosphere from yielding. When we consider a locally thicker region of lithospheric
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material (see, e.g., Figure 1), its sinking into the mantle can be treated as a Rayleigh-Taylor instability. Since
the growth rate of such an instability is dependent on both the viscosity of the underlying mantle and of the
lithosphere itself [Turcotte and Schubert, 2014], a high viscosity in both regions will result in negligible growth
rates, thus effectively holding the thickened lithosphere in place. In basally heated cases, the viscosity is large
enough to achieve this state, even without any vertical viscosity contrast, due to the low internal temperature
(Figures 1a and 1b). In mixed heated cases, it seems that the vertical viscosity contrast helps to halt poten-
tial instabilities that could result in lithosphere resurfacing events, even if the internal temperature is high
(Figures 1e and 1f).

Thus, the RO regime can be expected in convecting bodies at relatively low Rayleigh number when internal
heating is absent, as it might be the case, for example, in icy satellites. In rocky planets or satellites that have
significant internal heating, our models show that a large vertical viscosity contrast (of more than a factor
100) is needed to reach this state. Whether or not large internal vertical viscosity contrasts are to be expected
in large exoplanets is still under debate [Karato, 2011; Stein et al., 2011; Stamenkovic et al., 2012; Tackley et al.,
2013]. Since vertical internal viscosity contrasts of at least 2 orders of magnitude are nowadays considered to
be required to model the Earth [Cizkovd et al., 2012], one could expect the RO regime to be at least active in
Earth- or Venus-sized planets, when their internal cooling brings them close to the transition between plate
tectonics to stagnant lid.

Additional complexities such as melting, neglected in this study, might change this result and drive the con-
vecting body toward the episodic regime, as it occurred in the case of Venus [Johnson and Richards, 2003].
Furthermore, the RO regime has only been observed using depth-dependent yielding. Additional studies are
required to characterize under what conditions the episodic regime or the ridge-only regime can be expected
to occur in between mobile lid and stagnant lid regimes.

5. Conclusion

A singular convective state called the “ridge-only” regime, in which one or two ridges can form in an other-
wise stagnant lid, is shown to exist in the regime diagram between stagnant and mobile lid regimes, when
we consider a viscoplastic rheology with a yield stress proportional to depth. We show that the lid does not
deform significantly when such a ridge appears. We observe that single ridges can oscillate between prefer-
ential sites but rarely coexist with a second one, with the exception of mixed heating cases considering a large
vertical viscosity contrast. Two regime maps are provided for basally and mixed heating situations. The new
convection regime presented in this paper can be expected to occur in Earth-sized (or larger) planets or in icy
satellites.
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