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Abstract Venus is currently characterized by stagnant-lid mantle convection, but could have
previously experienced episodes of global resurfacing due to lithospheric overturn. Using numerical
models of Venus's interior, we attempt to explain Venus's surface characteristics in the context of

interior evolution and to understand how Venus's tectonic history has diverged from Earth's. For both
the stagnant- and the episodic-lid regime, we explore the role of reference mantle viscosity; for the latter
regime, we also explore the role of the lithospheric yield stress. Our stagnant-lid models predict thicker
crust and younger surface than typically inferred from cratering statistics. When considering resurfacing
episodes, the yield stress influences the frequency of overturns, which limits crustal thickness to better
agree with previous independent estimates. Surface age is variable and depends on overturn frequency
and resurfacing rate between overturns but reaches larger values just before an upcoming overturn event
compared to values in the stagnant-lid cases. Both regimes predict substantial lateral variations in surface
age, instead of an end-member uniform surface age indicating the cessation time of the last overturn,
because ongoing volcanic resurfacing is spatially heterogeneous and dominates over tectonic resurfacing.
Reviewing the crater-based surface age variations suggests that the model-predicted age spreads in the
episodic scenario could be consistent with Venus's cratering record. Moreover, we find that a small
fraction of crust can resist recycling during overturns. These outcomes indicate that overturn events may
allow for surface age variations that reproduce Venus's surface better than stagnant-lid models.

Plain Language Summary In contrast to Earth, Venus currently does not feature plate
tectonics inhibiting effective crustal recycling into the planetary interior. Yet, its surface features only
few and almost randomly distributed craters, which suggests a globally young and more homogeneous
surface age than on other planetary surfaces. To date, it remains unclear whether these surface
characteristics are generated in an equilibrium style of resurfacing due to volcanism or whether large-
scale tectonic overturns are required to explain the observations. Here, we use numerical models

of Venus's interior evolution to predict the planet's surface characteristic like crustal thickness and
surface age in two geodynamic regimes, either with or without tectonic overturns. With overturns,
predicted mean crustal thickness and mean surface age are closer to other independent estimates. Both
regimes predict substantial lateral variations of surface age (which is thus nonuniform), because even
if global resurfacing happens at a time, ongoing and spatially heterogeneous volcanism modifies the
age distribution subsequently. However, inspection of independent Venus crater-based surface ages and
geological mapping reveals that our predicted variations using an episodic scenario could be consistent
with the planet's cratering record. Within our modeling framework, the episodic regime seems thus more
promising to explain Venus's surface age characteristics.

1. Introduction

Across the solar system, planetary surfaces and specifically their volcano-tectonic structures offer windows
into the dynamic evolution of planetary interiors. Volcanism and tectonism rejuvenate the planetary sur-
face depending on the rate and style of magmatic and tectonic processes. While the present Earth's surface
is, at the large scale, dominated by ocean-plate tectonics (Crameri et al., 2019), other bodies’ surfaces are
either dominated by extensive volcanism (e.g., Io) or show very little to no sign of recent activity. The latter
is the case for the classical stagnant-lid bodies, Mars, Mercury, and the Moon, which feature a strong immo-
bile lithosphere; the global-scale convection is or was (if convection ceased at some point) restricted to the
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mantle region below this so-called stagnant lid. Venus, however, appears as a special case and may be an
example of a body with a lithosphere somewhere in between the limits of the above end-members.

Venus's present surface does not feature any indication for ongoing plate tectonics as on Earth. The rate
(if any) at which the planet recycles its crust is not clear and could, for example, invoke entrainment of
lower crust by convective mantle downwelling (Lenardic et al., 1993). However, the surface shows signs of
a variety of different styles of surface deformation, even subduction-like structures (Davaille et al., 2017;
Sandwell & Schubert, 1992). Detailed mapping of Magellan radar observations and Venera images revealed
large extensional ridge belts and quasi-circular features matching terrestrial subduction structures, which
gave rise to the idea of recent activity and large-scale tectonic resurfacing on Venus (Frank & Head, 1990;
Hansen & Phillips, 1995). Venus's essentially random distribution of impact craters (Schaber et al., 1992)
has consequences for interpreting the crater record with regards to surface age. One end-member interpre-
tation is that the whole planet was resurfaced by one catastrophic event (Ivanov & Head, 2013; Lenardic
et al., 1993; Strom et al., 1994; Turcotte et al., 1999), which would imply a close-to-uniform surface age.

Compared to the very old surfaces of the Moon, Mars, or Mercury, the low crater density suggests a surface

age of ~750i3(5)g Myr (Hauck et al., 1998; McKinnon et al., 1997; Nimmo & McKenzie, 1998; Strom et al.,

1994), but some recent studies have even proposed ages as low as 150-250 Myr (Herrick & Rumpf, 2011; Le
Feuvre & Wieczorek, 2011). Clearly, such a rapid, global resurfacing event is an end-member and using sta-
tistical arguments it could well be that a number of several, smaller-scale events determined Venus's surface
distribution (see e.g., Hauck et al., 1998). In the extreme case, there could be many events that affect only
a small and spatially random surface fraction, so that resurfacing is not characterized by distinct episodes
any longer, but more in equilibrium. However, the observed size distribution of the mapped volcanic units
excludes the pure equilibrium end-member, because the largest volcanic plain units are too large (Romeo
& Turcotte, 2010).

The frequency and lateral extent of global resurfacing events during Venus's evolution can hardly be con-
strained from present-day observations since no rocks older than the latest event would persist at the sur-
face. Therefore, the idea of less catastrophic resurfacing provides a more straightforward explanation for
how Venus's complex geological surface structure with many different geological units of different age
could have been generated (Ivanov & Head, 2011; Kreslavsky et al., 2015).

These and other issues have motivated researchers to find alternatives to both resurfacing end-members,
involving either catastrophic global overturns or equilibrium volcanic resurfacing. The latter end-member,
with resurfacing happening more continuously but at a much reduced rate, has been suggested to match the
constraints from crater statistics similarly well as the catastrophic overturn scenario (Bjonnes et al., 2012).
Yet, the capacity of equilibrium resurfacing to match observations remains debated (Kreslavsky et al., 2015;
O'Rourke et al., 2014; Romeo, 2013; Romeo & Turcotte, 2010). After all, it is difficult to infer Venus's govern-
ing surface tectonic regime and its history in the context of the existing sparse observations.

Numerical models have thus widely been applied to investigate Venus's interior evolution and the dynamic
causes of resurfacing. King (2018) computed 3D spherical models of thermal convection and concluded that
an episodic overturn regime conflicts with the observed small offset between Venus's center of mass and
center of figure (Bindschadler et al., 1992). However, this depends on timing: the more time has passed since
the latest overturn, the weaker will be relics of it in the Venusian mantle. Rolf et al. (2018) showed that many
of the overturn effects are limited to a couple of 100 Myr after overturn cessation, with the region above the
core-mantle boundary (CMB) being affected the longest, as most recycled surface material eventually ends
up there. This crucially depends on the composition and density structure of the mantle and the recycled
surface material as well as the associated mineral phases (e.g., Papuc & Davies, 2012). Such complexities
were investigated by Armann and Tackley (2012) with the conclusion that an episodic style of mantle con-
vection with pronounced resurfacing events helps limiting the rate of magmatism and crustal growth. The
same conclusion was reached by Rolf et al. (2018) using 3D geometry. In their stagnant-lid models, pre-
dicted crustal thickness exceeded other independent estimates significantly (Anderson & Smrekar, 2006;
James et al., 2013; Jiménez-Diaz et al., 2015; Wei et al., 2014), while the episodic regime was more successful
at approaching these estimates. Rolf et al. (2018) did not investigate the center of mass-center of figure off-
set (King, 2018) but, for the rest of the long-wavelength gravity spectrum (spherical harmonic degrees 2-16),
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the match to the observations was as good as or even better in the episodic than in the stagnant-lid models.
The authors also concluded that episodic overturns facilitate the generation of a surface age comparable to
the classic estimates of, for instance, McKinnon et al. (1997). The resurfacing events modeled by Rolf et al.
(2018) tended to mobilize the surface globally, but the authors did not closely investigate whether parts of
the surface resist recycling during these events. Such a tendency has recently been modeled by Weller and
Kiefer (2020). In any case, what is observed on the present surface of Venus would be strongly shaped by an
overturn event. The interpretation of the surface record is dependent on the timing of the overturn events,
in particular the latest, as well as on how much of the internal magmatic activity manifests itself in the form
of volcanism and crustal growth on the surface after the event has ceased.

Up to now, no systematic investigation of these aspects and their effects on the crustal thickness and surface
age of Venus has been performed. We thus build on the work of Rolf et al. (2018) and address the following
questions: (1) How do episodic overturns affect the evolution and resurfacing history of Venus? (2) What
controls the timing, duration, and frequency of overturn events? (3) Do overturn events facilitate the gener-
ation of a young surface such as inferred from Venus's cratering statistics? (4) Can parts of the surface resist
recycling during overturn events? To address these questions, we introduce our methodology and diagnos-
tics in Section 2, present our results in Section 3, and discuss these in the context of Venus in Section 4 to
support a number of key conclusions (Section 5).

2. Methodology
2.1. Physical Model

We compute the thermochemical evolution of Venus's interior in a 2D spherical annulus using the mantle
convection code StagYY (Tackley, 2008). The model setup is similar to that in Rolf et al. (2018), which itself
is based on Armann and Tackley (2012). Its most important features are the strongly temperature-, pressure-
and stress-dependent viscosity, major mineral phase transitions and partial melting (see subsequent para-
graphs and the papers cited above for more details).

We solve the governing equations arising from the conservation of mass, momentum, and energy in the
extended Boussinesq approximation. This approximation includes the terms for viscous dissipation and
adiabatic heating in the heat transport equation and therefore improves consistency of the governing equa-
tions in the presence of latent heat effects related to phase transitions and partial melting (Christensen &
Yuen, 1985). This implies that an adiabatic temperature gradient is included in the modeled temperature
fields. With our assumed model parameters (Table 1), the adiabatic temperature increase is ~850 K across
the whole mantle.

2.1.1. Viscosity

In our models, effective mantle viscosity () is an average of two contributions. The first one accounts for
viscous deformation and is computed using Arrhenius’ law:

n = Angn,, eXp(%}
8

Here, A is a pre-factor that forces 1), to be equal to the reference viscosity 1, at reference pressure (p = 0 Pa)
and reference temperature (T = 1613 K). R, is the gas constant, E, the activation energy, and V} is the activa-
tion volume, which depends on pressure according to Vi(p) = Vi exp (—p/p”) (Tackley et al., 2013). In this
equation, V), is the activation volume at p = 0 Pa and p* = 400 GPa is a scaling pressure, which determines
the decrease of activation volume toward the lower mantle. Our employed value of activation energy leads
to a strong thermal viscosity variation that results in the formation of a stagnant lid at the top of the mantle,
which does not actively participate in the convection of the mantle. Still, our chosen value is likely lower
than for real rocks, but we made this choice as a compromise between realism and computational feasibility.
Moreover, viscosity in our model is a posteriori limited to the interval (10'*-10*) Pa s.
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Table 1
Physical Parameters and Symbols
Physical parameters Symbol Value Dimension
Planetary radius R; 6.052 x 10° m
Core radius R. 3.186 x 10° m
Mantle thickness D, 2.866 x 10° m
Surface temperature 1y 740 K
CMB temperature e 3870 K
Superadiabatic temperature drop AT 2300 K
Gravitational acceleration 2 8.87 ms?
Internal heating rate H, 5%10~12 Wkg™
Mantle density Po 3,378 kgm™
Mantle thermal expansivity o) 2%x107° Jmol™
Mantle thermal conductivity ko 4 Wm 'K
Activation energy E,4 2%x10° Jmol™
Activation volume Vao 35%x10° m® mol ™"
Mantle specific heat capacity Cho 1,250 Jkg 'K
Latent heat of melting Ly 6% 10° Tkg™!
Clapeyron slopes (ol system) Yol (730/450) (_2, 2) % 10° PaK™!
Clapeyron slopes (px system) ¥ px (800/450/65) (1’ 1. 0) % 105 PaK™!
Density jumps (ol system) APoi (730/450) (150, 250) kgm™
Density jumps (px system) AP px(800/450/65) (150, 150, 250) kgm™

The term 1, describes the modulation of viscosity due to different mineral phases. It has been shown,
however, that a significant viscosity discontinuity at the boundary between upper and lower mantle phases
deteriorates the match between the model-predicted and the observed correlation between Venus's surface
topography and geoid (Rolf et al., 2018). While this may be an effective response from a combination of
several processes, we take this as a motivation to use n, = 1 in this work, for simplicity. We emphasize
that viscosity still varies significantly with depth due to the pressure dependence using a finite activation
volume. The typical viscosity variation between upper- and lowermost mantle is a factor of ~100. A ra-
dial viscosity variation has a strong impact on topography and geoid and as shown by Steinberger et al.
(2010) and Rolf et al. (2018); the effective viscosity contrast between upper and lower mantle results in
a rather good match between model predicted and observed surface geoid. In our 2D model, analyzing
topography and geoid patterns is not too meaningful, but we confirmed that our models at least predict
topography and geoid ranges that are consistent with Venus's present-day observations (see Figure S1). As
an additional detail, our models also predict the high correlation between topography and geoid, at least at
long-wavelength, which is characteristic of Venus. We therefore have confidence that our modeled viscosity
structure is reasonable for Venus.

In our computed stagnant lid evolutions (see Table 2), 1; is used as the effective viscosity entering the gov-
erning equations. We also consider evolutions featuring global overturn episodes in which a weakening
mechanism is required in the lithosphere. Here, we assume this to be plastic yielding. As long as convective
stresses remain below a critical value (the yield stress, oy) material deforms viscously, but once oy is reached
deformation becomes plastic. The yield stress is given by Byerlee's law (Gy =0y + pp) using a friction coef-
ficient of w = 0.5. The surface value (00) describes the cohesion of the material and is used here as a tuning
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Table 2

List of Performed Computations and Their Governing Parameters,
Reference Viscosity, 1 in Pa s and, for the Episodic Cases, the Surface

variable to modulate the occurrence and frequency of overturn episodes
(i.e., we do not claim that our model values are realistic for the rocks
found on Venus's surface).

Yield Stress (o)
Model name 1o (Pa's) oo(MPa) 212, Composition and Mineralogy
S L2 ) The initial mantle material is a mixture of harzburgite and basalt, which
52e20 (3D) 2.e+20 - consist of 75% olivine (ol) + 25% pyroxene-garnet (px) and 0% ol + 100%
S3e20 (*) 3.e+20 - px, respectively (see Xie & Tackley, 2004). The ol- and px-systems un-
S1e21 le+21 B dergo phase transitions at different depths (ol: 450 and 730 km; px: 65,
S2e21 26421 ) 450, and 800 km). These depths are scaled from the Earth, accounting
3001 3es21 ) for the somewhat lower gravity and thus pressure at a given depth on
Venus. Phase transitions related density jumps and Clapeyron slopes
sl Loz ) are specified in Table 1. As pointed out in the previous section, we do
E50_1e20 1.e+20 50 not consider an additional viscosity contrast associated with these phase
E50_2€e20 (3D) 2.e+20 50 transitions.
E50_3e20 (*) 21620 = Initially, composition is homogeneous throughout the mantle, but
E50_1e21 le+21 50 when the local temperature exceeds the solidus partial melting occurs
E40_3e20 3.420 40 and leads to local compositional variations (Nakagawa et al., 2009;
E45_3¢20 36420 45 2010; Xie & Tackley, 2004). Partial melting consumes latent heat; more-
ES5_ 3620 3.0420 . over, the molten material is assumed to be strongly buoyant and to rise
to the surface on time scales much shorter than typical for solid-state
E65_3¢20 3e+20 65 convection. For a first-order description, the melt is thus instantane-
E70_3€20 3.+20 70 ously extracted from the mantle and emplaced as crust at the top of the
E80_3e20 3.e+20 80 mantle, which is a parametrization for eruptive volcanism (Keller &
E90_3e20 3.6420 90 Tackley, 2009). Only basaltic melt in the upper mantle (d < 730 km) is
E100_3¢20 3.6420 100 extracted, while it would be left if occurring in the lower mantle (very

Note. Model names are constructed as follows: the initial capital letter
denotes the tectonic regime, S for stagnant, E for episodic. In the latter set,
the numeric part after the initial letter denotes the value of o,. The second
part of the model name indicates the reference viscosity in Pa s. Two cases,
marked “(3D),” where run in 2D and in 3D geometry for comparison. The
suffix “(*)” indicates that a case has been recomputed with several values

of melt eruption efficiency (see Supporting Information S3).

atypical). In reality, the depth layer over which basaltic melt is buoyant
is confined to shallower depth. However, Armann and Tackley (2012)
have shown that limiting the maximum depth of melt extraction to 300
km does not greatly impact the results, which we also observed in this
study. Our assumed solidus curve increases more strongly with depth
than the typical temperature profile observed in our model, so that the
actual degree of melting below 300-400 km depth is actually very small

(if any).

For simplicity, we assume that all the locally molten material is extracted

and erupted (i.e., the melt eruption efficiency is ¢ = 100%). This is clearly an end-member scenario since in
reality significant parts of the melt do not reach the surface, but form magmatic intrusions. Recently, plane-
tary evolution models featuring coexisting eruptions and intrusions have been formulated (Lourenco et al.,
2018; Rozel et al., 2017), but our model does not yet allow for this complexity (see Supporting Information
S3 and discussion in Section 4). The mantle below the emplacement depth is compacted accordingly to
maintain conservation of mass. Maximum melt fractions largely remain below 40%, so below the threshold
above which effective viscosity decreases dramatically as interconnectivity of the solid matrix is lost (Abe,
1995).

Only the basalt fraction of the mantle material can melt, so that the emplaced crust is basaltic. The solidus
considered here is taken from previous studies and is parametrized based on experimental data from Earth's
mantle rocks (see Xie & Tackley, 2004). Becoming depleted in basalt, material becomes more difficult to
melt, which is considered here by a linear increase in the solidus temperature by up to 150 K. All informa-
tion related to material composition is tracked by tracer particles that are distributed over the entire mantle
and advected by the mantle flow. The resulting material composition at any given location in the model is
computed from the tracer distribution using the tracer ratio method (Tackley & King, 2003).
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Table 3

Diagnostics for All Stagnant Lid Models Discussed in Section 2.4: Mean
Crustal Thickness, 8., + o.,; Mean Surface Age, s, £ 0, Ratio of Total
Cumulative Mass of Erupted Material to the Total Mantle Mass, E,,/M,,

2.2. Initial and Boundary Conditions

We use a 2D spherical annulus geometry (Hernlund & Tackley, 2008)
with a grid resolution chosen after a consideration from three sample
resolutions (1024 x 128, 768 X 96, and 512 X 64). Out of these three, not

Model Sxtou(m) utou(Gyr) EnMnC) & (mWm™) much deviation in the final output was observed, and as a compromise
S1e20 98 £17 0.11 £ 0.09 0.36 29+08 between accuracy and computational cost we chose the intermediate
S2e20 113 +18 0.12 + 0.08 0.29 23+0.3 resolution. The radial grid spacing is refined at the surface, phase tran-
$3e20 124 + 20 0.11 + 0.08 0.27 22+ 0.1 sitions, and above the CMB. We use 7.28 million tracers to track composi-
S 1 1 DB G . 62 T tion (~100 tracers per cell on average). The model employs free-slip and

isothermal boundaries at the surface and CMB. The surface temperature
S2e21 188 15 0.14%0.10 013 15£06 is the one inferred for present-day Venus (740 K). At the CMB, we impose
S3ezl 200 £17 0.16 £ 0.12 0.14 13+09 a temperature of 3870 K, which reflects the hot end-member scenario
Sle22 198 + 72 0.27 £0.21 0.12 11+0.5 of Dumoulin et al. (2017), but we note that this parameter is very un-

Note. This diagnostic is given after 4.4 Gyr of evolution at which time
most cases have reached a state close to equilibrium, ¢, is the average
surface heat flux observed at 4.4 Gyr. If given, + symbols indicate one
standard deviation.

certain for Venus and even for the Earth. We do not consider changes
in these boundary temperatures with time (Gillmann & Tackley, 2014),
because we are mostly interested in the system behavior in a statistically

steady state, which is difficult to achieve using these complexities. This

is also consistent with our assumption of a time-independent internal

heating rate (H, = 5x 107w kg™"), which should also decay with time
in a more realistic model. A discussion on the potential role of different internal heating rates is provided in
Section 4.3. Internal heat sources are distributed evenly across the mantle.

The initial temperature field is adiabatic with potential temperature set at 1900 K and with a boundary
layer thickness of 80 km at top and bottom of the model domain. Convective instability is initiated by su-
perimposing random perturbations with an amplitude of 20 K upon the initial temperature field. The initial
conditions for Venus's evolution are not known and can affect the resulting tectonic regime (e.g., King,
2018; O'Neill et al., 2016) and across our suite of simulations (see Section 2.3) we did not test different initial
conditions. However, it is important to point out that the goal of our study is not to examine under which
conditions one (or another) geodynamic region develops, but to explore how the developed regime affects
the geodynamic diagnostics listed in Section 2.4.

2.3. Computed Simulations

We present 21 numerical simulations (see Table 2), eight cases in stagnant lid (S*), and 13 in episodic lid
regime (E*). The nominal integration time is set to 4.4 Gyr, but is extended if the evolution has not reached
a statistical steady state by then. The nominal choice approximately matches the entire duration of Venus's
evolution, but this has no physical significance here.

In our set of simulations, we varied the reference viscosity (1,) between 10*° and 10** Pa s and the surface
yield stress (g,) between 40 and 100 MPa. These absolute values of o, are chosen to enable an evolution with
episodic overturns, they should not be seen as a constraint on Venus's unknown lithospheric strength. In-
stead, we rather want to derive systematics in the style and frequency of overturns with varying yield stress.
We do not investigate the yield stress dependence of the transition between episodic and stagnant regime,
which is affected by many parameters fixed here and also by boundary and initial conditions. In stagnant-lid
cases, no yield stress is considered, so that the development of a stagnant-lid is predefined and independent
of the chosen initial conditions for instance.

2.4. Diagnostics

We extract several diagnostics (listed in Tables 3 and 4), which are derived and displayed with the post-
processing tool StagLab (Crameri, 2017, 2018). Since we are interested in the surface responses of interior
dynamics, we focus on the (mean) surface age (is,) and (mean) crustal thickness (8,). In order to charac-
terize the evolution of magmatism and volcanism, we also compute the total (cumulative) mass of erupted
material, normalized to the mass of the mantle (E,,/M,,). This diagnostic gives insight into the strength of
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Table 4

Diagnostics for All Episodic Lid Models as Discussed in Section 2.4: Mean Crustal Thickness, 8., + o, for Either Just
Before the Beginning (Bor) or Just After the End of the Overturn Event (Por); Mean Surface Age, i, * oy, Ratio of Total
Cumulative Mass of Erupted Material to the Total Mantle Mass, E,,/M,,; Number of Overturns Nor; Average Duration
of the Overturns tor; the Average Duration of Tectonic Quiescence Between Overturn Events, Ator. ¢s min is the Average
Surface Heat Flux Observed Between the Overturn Events and ¢s max is the Average Surface Heat Flux During the
Overturn Events

8er £ 0 (Km) Msa £ Oa (GyT) s (mW m™?)
Model Bor Por Bor Por E./M, Nor tor(Gyr) Ator(Gyr) Min Max
E50_1e20 39+15 30+14 0.19+0.10 0.04+0.06 0.18 7 0.15+0.09 0.3 24 79
E50_2e20 50+22 32+22 0.26%+0.14 0.14+0.06 0.15 4 0.21 £0.03 0.14 25 65
E50_3e20 55+20 25+12 0.34+0.13 0.20+0.10 0.14 3 037+0.10 0.43 24 68
E50_le21 37+17 32+15 0.46+0.34 0.22+0.20 0.11 n = = 22 52

E40_3e20 39+15 3215 037+0.18 0.12+0.17 0.15 n = = 24 66
E45_3e20 62+23 34+14 040x+0.08 0.09+0.07 0.15 3 0.34+0.20 1.06 24 65
E55_3e20 36 £24 28+14 0.34+0.18 0.09+0.07 0.14 3 0.38+0.02 1.25 24 60
E65_3e20 69+27 30+18 0.25+0.13 0.05+0.04 0.13 3 0.30+0.08 0.76 19 70
E70_3e20 55+23 30+20 0.24+0.13 0.08+0.06 0.13 3
E80_3e20 125+25 30x14 0.11x0.06 0.04+0.02 0.14 1
E90_3e20 126 +32 49+47 0.10x0.05 0.04+0.05 0.13 1

1

E100_3e20 126 +£30 26+14 0.09+0.05 0.05+0.04 0.13

0.15 + 0.02 1.00 18 78
0.36 = 19 79
0.08 = 19 77
0.45 = 18 76

9

Note. If given, + symbols indicate one standard deviation. The indicator “n” is used where the number of overturns is
more than 3-5 Gyr™', which almost resembles a continuous mobile lid regime.

volcanic activity in a time-averaged sense; the higher the diagnostics is after a given time span, the more
volcanism has occurred. In episodic cases, we additionally compute the number of overturn events (Nor) as
well as their spacing (Ator) and duration (for).

2.4.1. Surface Age

Surface age is an important constraint on Venus's surface evolution and has been inferred from the crater
statistics of geological units observed on Venus (Kreslavsky et al., 2015). So far only very limited attempts (see
Noack et al., 2012; Rolf et al., 2018) used surface age distributions as a constraint for dynamic evolution mod-
els, which we take as a motivation to investigate it more rigorously. In our models, surface age is tracked as the
residence time of tracer particles in the uppermost layer of the numerical grid. All other tracers outside this
top layer carry an undefined surface age. Typically, many tracers are present in each grid cell, so that there may
be some age stratification within the cell, but our model cannot capture such sub-grid scales. We thus take the
mean of all tracer surface ages as a characteristic value for the entire cell and define this as the age of the re-
lated patch of surface area. As melt reaches the surface, the tracer particles carried by the melt are considered
as long as they reside in the topmost cells. In the stagnant lid regime, molten tracers may reach the surface by
melt extraction equivalent to volcanism. No large-scale surface recycling is possible in this mode, so the only
way to remove a tracer from the shallowest level is by addition of new material on the surface. This pushes
older material downwards, eventually deep enough so that delamination processes transport it further down.
In cases with lithospheric overturn, tracers may reach the surface either via melt extraction or tectonically in
situations where the surface is mobilized (like during seafloor spreading on Earth). Similarly, the tracers get
recycled into the deeper interior during overturn episodes (like during terrestrial subduction).

We note that melting and thus eruptive volcanism is a local process often happening on the scale of indi-
vidual grid cells. This can cause strong lateral variations over short length scales. In reality, the distribution
of lava may be smoother since lava will flow laterally following the topographic gradients on the planetary
surface until solidification. Capturing this is currently beyond the capacity of our approach. We thus mostly
focus on the mean surface age (us,) and its standard deviation (og,) in our discussion, which can be related
to Venus's mean surface age as inferred from cratering statistics, respectively.
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2.4.2. Crustal Thickness

The thickness of Venusian crust is not directly observed, given the lack of seismic measurements for instance.
Its lateral variations may be inferred from the observed gravity and topography (Anderson & Smrekar, 2006;
James et al., 2013; Jiménez-Diaz et al., 2015; Wieczorek, 2007), but typically this requires an assumption on the
mean thickness, which is only nonuniquely determined from surface topography and gravity. Consequently,
our models add independent insight by deriving crustal thickness consistent with the internal evolution.

In our model, crustal thickness is equivalent to the layer of basaltic material that is emplaced at the surface
as a consequence of volcanism. This layer thickness is tracked in each radial column of the numerical grid
following Keller and Tackley (2009). Due to the initial condition with homogeneous composition in our
model, the crustal thickness is initially zero, until the onset of melting. As for the surface age diagnostic, we
mostly focus here on the mean value and its standard deviation, but we will also touch upon lateral varia-
tions and their link to internal dynamic features.

3. Results

We first discuss two reference cases: one stagnant-lid case (S3e20) and one episodic case (E50_3e20). Both
cases differ only in terms of the yield strength, which is infinite in the former and finite in the case.

3.1. Stagnant Lid Evolution

3.1.1. General Characteristics

In the stagnant-lid reference case S3e20 (Figure 1a), the average potential mantle temperature gradually
increases from its initial value due to the dominance of internal heating, reaching a maximum at ~1.7 Gyr.
The mantle temperature then gradually decreases at a rate of 15-20 K Gyr™" until an equilibrium is reached.
The mean temperature is roughly 2300 K during at least the final billion year of evolution, when internal
heat generation and surface heat loss are in balance. We define this period as the equilibrium state.

Since the lithosphere is immobile, heat can only escape via conduction and volcanism through melt extrac-
tion, which appears inefficient and explains the small heat flux of only ~22 mW m™, a factor of 4-5 less
than the terrestrial value (Figure 1b), but similar to other model predictions (e.g., Reese et al., 2007). In con-
trast, the heat flux across the bottom boundary of the mantle adjusts relatively quickly into an equilibrium
state (~74 mW m™, Figure 1c). This gives rise to the formation of several plumes at the CMB (Figure 2). The
number of plumes slowly decreases until an equilibrium state with three plumes is established. The sys-
tem remains weakly time-dependent, but the general structure is maintained (compare Figures 2h and 2j).
Finally, the plumes appear most prominent in the lower mantle, but less so in the upper mantle. The total
temperature field is not a complete representation of the strength of the plume in our model, because dur-
ing a plume's rise through the mantle its absolute temperature reduces due to adiabatic decompression.
Indeed, subsequent analysis shows that there is still magmatism and thus melt eruption at the surface in
the regions above active plumes. It is, however, evident that these plumes are not strong enough to pierce
through an intact, stable, and strong lithosphere. Giilcher et al. (2020) suggest that mantle plumes inter-
acting with the lithosphere can lead to domical uplift on Venus, which be the origin of some of the planet's
central volcanoes. The lithosphere in our model may be too thick and strong to show such features (see
Figure S1), but such regional scales (some hundreds of kilometers) are anyway difficult to analyze in our
global models with limited resolution.

With our assumption that the lithosphere cannot yield in the stagnant-lid scenario, subducting slabs that
locally cool the mantle are absent. This also prevents efficient crustal recycling and leads to larger amounts
of depleted mantle, because the once extracted basalt components are difficult to mix in again. During
the evolution, partial melting and thus eruptive volcanism happen continuously except for the very early
phases during which the evolution is affected by the initial condition. The rate of volcanism evolves slowly
and is linked to the temperature in the mantle. The maximum rate (which corresponds to the maximum
slope in the evolution of cumulative erupted mass, Figure 1d) is obtained between ~1.7 and 2.5 Gyr, when
the mantle is also at its hottest state. Once thermal equilibrium is reached, the rate of eruption is essentially
constant.
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Figure 1. Evolution of cases S3e20 and E50_3e20. Shown are (a) globally averaged temperature, (b) average heat flux
across the surface, (c) average heat flux across the core-mantle boundary, and (d) total mass of erupted material (E,,
cumulative over time) normalized to the total mass of the mantle (M,,). The dashed lines mark the overturn periods in
the episodic cases, whose onsets are indicated with arrows in panel (a).

The continuous melt extraction thickens the crust with time leading to an equilibrium thickness of ~120
km (Figures 3c-3g). Such a thick crust easily extends into the stability field of eclogite (below 65 km here),
which is denser than the shallower basalt. This induces significant negative buoyancy and stress into the
lithosphere, which would likely fail under these stresses, if it was not prohibited in the stagnant-lid scenario.
Since magmatism and volcanism are ongoing throughout the entire evolution, one may then expect contin-
uous growth of the crust with time. An equilibrium thickness is still reached, because convective erosion
and dripping can recycle the deeper, mostly eclogitic parts back into the mantle (Armann & Tackley, 2012).
However, these processes seemingly become effective only below the thermal boundary layer in which the
relatively low temperature causes high viscosity that inhibits viscous recycling processes at shallower depth,
even though the eclogitized crust is negatively buoyant.

The influence of plumes, and the magmatic activity related to them, shows a clear imprint on crustal
thickness (Figures 3c-3g). In the early stages of evolution, when the mantle is still heating up globally
(Figure 1a), the effect of plumes is most pronounced since they are the only regions inducing substantial
melting, while the rest of the upper mantle is not yet hot enough to do so (Figure 2c). Later in the evolution,
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Figure 2. Evolution of basalt fraction (100% = pure basalt, 0% = no basalt) and mantle temperature for case S3e20 for

different points in time as indicated.
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color shade region indicate the +1c standard deviation of the correspondingly to the reference stagnant lid case S3e20
(reference viscosity, ny = 3 x 10% Pass). The horizontal dash-dotted line indicates the transition depth into dense eclogite
(~66 km).

when an equilibrium state has developed, the effect can still be observed, but the differences in crustal
thickness above plumes compared to the background level are smaller (Figures 2e-2g).

Accordingly, the mean surface age increases quickly during the initial 0.5 Gyr of evolution without exten-
sive volcanism (Figure 3b). Once approaching equilibrium, the surface adopts a very young mean age of
only ~100 Myr, but lateral variations are quite large and the surface age ranges from 50 Myr to up to 300-400
Myr (e.g., Figure 31). The surface age distribution is linked to crustal thickness since the youngest surface
appears atop the hot mantle plumes, which are also the regions in which the thickest body of crust has
accumulated (Figures 3h-31). Note that this relation may be a result of the here-assumed purely extrusive
magmatism. In reality, volcanic resurfacing could be hindered by a thick crust in which magmatic intru-
sions are more likely to form. Also, the crust may not ever become so thick with intrusions happening (see
Section 4.1 and Lourenco et al., 2018). In our model though, the oldest regions exceeding a surface age of
300 Myr or so make only a small fraction of the distribution. Our reference stagnant lid model thus predicts
a very young mean surface age (i.e., 100 = 90 Myr). The observed trends are relatively robust against the var-
ied parameters in our model, but detailed timescales and equilibrium values are of course affected, which
we discuss in the subsequent sections.

3.1.2. Influence of Reference Viscosity (1))

Previous studies (Armann & Tackley, 2012; Keller & Tackley, 2009; Lourenco et al., 2016) suggest that in-
creasing viscosity (here, ) would lower the convective heat transport causing more melting at depths and
leading to thicker crust. In higher viscosity cases, the maximum crustal thickness is achieved after a longer
time, whereas it occurs earlier in lower viscosity cases. This is due to the initial high convective heat trans-
port in the low viscosity cases that quickly cools the mantle leading to less melt generation later. With high-
er reference viscosity, the evolution is affected longer by its initial condition and it generally takes longer
to reach the equilibrium state in which our diagnostics do not follow a pronounced trend anymore. For
example, in our cases with higher reference viscosity more than 4.4 Gyr integration time are needed until
crustal thickness reaches an equilibrium (Figure 4); in these cases, we extended the model time to obtain
the equilibrium value, which is plotted in Figure 5.

If the reference viscosity is sufficiently low (e.g., in case S1e20 with n, = 10%° Pass), the initial phase of glob-

ally heating the mantle as observed in the reference case vanishes from the evolution and temperature de-
creases right from the initial time until an equilibrium is reached, because surface heat loss is immediately
large enough to counterbalance radiogenic heating. This is also reflected in the fastest mantle cooling rate,
the highest surface heat flux, and the largest amount of cumulative erupted material (Table 3). However,
even with the lowest reference viscosity, the average surface heat flux does not exceed 30 mW m™2 (Table 3);
with high reference viscosity, it can be as low as 11 mW m™>. Such values are comparable to those obtained
in Reese et al. (2007) and clearly indicative of a long-term stable stagnant lid.
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As a first-order trend, equilibrium crustal thickness increases with increasing reference viscosity (Figure
5a). This is observed although the amount of erupted material is decreased (Table 3), which means that
lower reference viscosity leads to more efficient recycling at the crustal base as the thermal boundary layer
is thinner and convective velocities are higher. However, even in the lowest viscosity case tested here, the
observed equilibrium thickness does not fall below ~100 km. The equilibrium value is reached rather quick-
ly for models with low reference viscosities (Figure 4), but it is not reached at the end of the computation for
models with the highest reference viscosities, so that the mean values for these cases (Figure 5a) have to be
interpreted with care and may underestimate the true equilibrium value to some degree. It is clear though
that a trend exists toward increasing mean crustal thicknesses with higher reference viscosities.

As a general trend, surface age increases with increased viscosity, similar to crustal thickness (Figure 5b).
The reason for this is again tied to the thicker thermal boundary layer, which is inefficient in heat transport
and leads to less melt eruption as it becomes more difficult to reach the (depth-dependent) solidus in the
sub-lithospheric mantle. This effectively limits the rate of volcanic resurfacing (Figure 5c). Comparing the
different cases for the surface age variations along the annulus, we observe an increase in standard devia-
tion with increasing viscosity, respectively. The surface is older at thick crustal regions, which hints at slow
but continuous magmatism.

To summarize, the higher the reference viscosity, the hotter the interior with thicker crust and the wider
the range of ages (Figure 5b), when compared to the lower-to-intermediate reference viscosity. Overall,
the mean surface age remains at about ~250 Myr, whereas the upper and lower limits vary for different
models.

3.2. Episodic-Lid Evolution

The episodic reference model (case E50_3e20, Figure 1) assumes a surface yield stress of o, = 50 MPa,
which is chosen so that convective stress reaches this value occasionally, plastic yielding can occur and
initiate surface mobilization. Over the 4.4 Gyr evolution, overturns are seen temporally set apart in time.
The surface mobility (i.e., the ratio between surface velocity to whole mantle velocity, Figure 6a) is high
during these episodes, but is close to zero at the remaining times. During the overturn event, substantial
resurfacing happens and leads to the recycling of cold surface material into the interior and to net cooling
of the mantle (Figure 1a). The previously thick and stable stagnant lid breaks into fragments during the
resurfacing events, which allows heat to escape more efficiently. Surface heat flux is strongly enhanced then
and gets much closer to the terrestrial value (up to 60-70 mW m™2, Figure 1b). After cessation of an over-
turn event, it may take several hundred million years for the heat flux to decrease to its pre-overturn level
(Figure 1b). Therefore, even if direct measurements of Venus's surface heat flux existed, their interpretation
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with regards to the planets internal structure would require knowledge about the timing and cessation of
the latest overturn.

3.2.1. Overturn Dynamics and Episodicity

In this example, several distinct overturn events are observed, which initiate at ~1.28 Gyr, ~2.60 Gyr, and
~3.70 Gyr, each lasting for ~370 + 140 Myr. The surface is mobile during the overturn episodes and moves
with an average velocity that equals or exceeds the interior average velocity (i.e., surface mobility > 1, Figure
6a). Moreover, the time scale of thermal equilibration of the cold recycled material in the interior is typically
longer than the time scale of sinking through the mantle. Consequently, cold recycled (basaltic) material
can pile up on top of the CMB (Figure 6), where it causes a temporal increase in heat flux (Figure 1c). This
material can even form an almost global layer and thereby induce a strong disturbance to the plume pattern
established before the overturn (Rolf et al., 2018), but without having a pronounced effects on the center of
mass in this spherically symmetric configuration (King, 2018).

The rate of melt production and volcanic activity is not linear in the episodic regime (Figure 1d). During the
stagnant-lid phases between the overturns, magmatic activity may almost cease (e.g., between 2.0 and 2.5
Gyr), but during the mobilization events pronounced peaks of volcanic resurfacing occur, so that the total
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cumulative amount of erupted material is here almost the same in the episodic and the stagnant-lid cases.
The pulses in volcanic activity are linked to the recycling of thick lithosphere and crust, which allows hot
upper mantle material to reach shallower depth where it is easier to reach the solidus.

3.2.2. Response of Crustal Thickness and Surface Age following Overturn Events

Generally, much thinner basaltic crust is observed in episodic models compared to the stagnant-lid scenar-
io. Lithospheric overturns destroy and recycle thick basaltic provinces and thus reduce the average crustal
thickness. Some regions seem to survive one recycling event, but not necessarily multiple ones. In the ref-
erence model E50_3e20, we obtain a typical mean crustal thickness of ., ~45 = 20 km before the overturn
events. Several reasons combined may explain this: First, the generally lower temperature and reduced vol-
canic activity do not allow for the generation of a very thick crust on an inter-overturn time scale (~Ator).
This time scale is determined by the growth of crust itself. As soon as the crustal roots reach the stability
field of denser eclogite (i.e., below 65 km in our model), the negative buoyancy of the dense root acts as a
trigger to initiate the overturn event by causing excess stress. This implies that the interval between over-
turns depends on the density contrast of eclogite and the surrounding lithosphere for which we have not
investigated different values here. But the timing will also depend on how much stress the lithosphere can
support, which is in our model simply controlled by the yield stress (see Section 3.3.1).

Globally, the average crustal thickness is strongly impacted by the time passed since overturn cessation,
but the minimum value is observed when the recycling is still ongoing (Figure 7). Here, mean crustal
thickness never reaches very small values because of the finite duration of the event. Although effectively
global in our model, crustal recycling in fact happens locally in typically only one major downwelling
zone (Figure 6). It takes time to move all pre-overturn crustal material to the recycling zone and while
this happens, volcanic activity is revived already in other parts and leads to the formation of new crust
(Figure 7).

Typically, resurfacing events are considered to be global, that means they affect the entire lithosphere. Weller
and Kiefer (2020) present another possible scenario, where an overturn initiates, but involves only part of
the whole planetary surface and then ceases after resurfacing the thickest crustal roots that induce most
of the lithospheric stress. In case E50_3e20, a globally young surface seems to indicate an overturn event
with a global resurfacing (indicated in Figure 7f by the local surface ages that are all younger than the time
passed since the onset of the overturn). However, the resulting crust after the overturn still features a small
portion of surface with a thick crust that survived the overturn (Figure 7g). Comparing the distributions of
mean surface age with crustal thickness reveals that for some cases this thick, preexisting crust features a
very young (i.e., reset) surface, because a thin layer of fresh crust was emplaced on top. However, the exist-
ence of a substantial amount of young basalts on top of thick crustal provinces may not be entirely realistic.
If isostatically compensated, a low crustal density would cause uplift and thus high topography. Lava may
then flow down the topographic gradient, away from these regions, but our model is not yet capable of treat-
ing lateral lava flow. In addition, volcanic eruption efficiency may be reduced in regions with thick crust as
it is more difficult for rising magma to overcome the integrated strength of the crust. An intrusive mode of
magmatism would be more realistic here and will be investigated in future.

Our surface age diagnostic only considers the shallowest layer (uppermost cell) of our model and does not
provide any information on how the crustal age changes with depth. We applied therefore model tracers to
also track information about when the material was last molten to infer an alternative age, which consid-
ers only volcanic resurfacing, but not tectonic resurfacing (Noack, 2009). Both diagnostics seem to lead to
almost identical results in stagnant-lid situations. For the episodic regime during overturn events, the meas-
ure without tectonic resurfacing typically predicts somewhat older age than expected, but the difference is
rather small (not more than a few percent), which indicates that volcanism remains the main resurfacing
mechanism even during overturn events.

The tracked property “age since last molten” is not limited to the surface layer, but available globally. Typ-
ically, the youngest ages are observed at the surface and just below the thermal boundary layer within the
major zone of melting, below which age strongly increases toward the lower mantle. Within the crust and
lithosphere, however, the age since last molten is larger than below and atop this zone. This demonstrates
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Figure 7. Lateral variation of (left) crustal thickness and (right) surface age during the overturn event shown in Figure 6. In the thickness panels, the
horizontal dashed line denotes the transition depth to eclogite. The arrows span the area that underwent resurfacing since the onset of the overturn and the
ellipses indicate a region with provinces of surviving older crust. Note that surface age can still be reset (=very low) in places with a thicker and older crustal
province as the surface ages diagnostic only considers the shallowest layer: a thin layer of fresh crust on top of an older crustal root would still indicate a very
low surface age.

that relatively old crustal material can persist in the shallow subsurface, but it is not directly apparent in our
pure surface diagnostics, which does not capture the full effect of the recycling process.

3.3. Overturn Frequency and Intervals

The occurrence and timing of overturn events is highly dependent on the balance of the level of stress the
lithosphere can support and the level of stress generated and induced into the lithosphere either by sub-
lithospheric mantle flow or by surface loads, like negatively buoyant thick eclogitic roots. Effectively, this
balance is here defined by the yield stress and the reference viscosity. Therefore, we investigate the impact
of these control parameters on overturn frequency and intervals.
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Figure 8. Mean crustal thickness in episodic cases with (a) variable yield stress and (b) variable reference viscosity. The
square markers indicate the overturn initiation timing in the respective cases, which are distinctively spaced apart. The
horizontal dashed-dotted line denotes the transition depth to eclogite.

3.3.1. Yield Stress

We investigate a range of surface yield stresses (40 <o, <100 MPa), while keeping the reference viscosity

atn, =3x 10% Pas. We define overturn events by a combination of high surface mobility and abrupt crus-
tal thickness variations. In comparison with the reference case (E50_3e20, 6, = 50 MPa), lower yield stress

cases display more frequent overturns. The higher the yield stress, the later the first overturn event initiates
(Figure 8a). This is clearly because the lithosphere can support more stress, while the convective stress
generated stays approximately the same. More extensive eclogitic crustal roots are thus necessary to initiate
the first overturn. In our highest yield stress cases, it takes more than 3.5 Gyr before an overturn occurs. In-
terestingly, for the cases with higher yield stress than in the reference case, mean crustal thickness reaches
equilibrium much earlier (at ~2.5 Gyr), while there is no clear pattern for the first overturn to occur. This
probably means that overturn events are triggered locally and not when the crust reaches an equilibrium
average crustal thickness. The value of equilibrium average crustal thickness is not reached again after the
first overturn event.

Overturn events at low yield stress occur with considerably shorter quiescence phases between them and
start to resemble a mobile lid regime in which surface mobilization is continuous and no distinct events are

present anymore. In intermediate cases (50 <0y <70 MPa) overturn events are somewhat regularly spaced

although with different length of the quiescence phase. Our results do not allow discussion of this trend in
the high yield stress cases, because these feature only a single overturn event within the entire integration
time.

At high yield stress (¢, > 80 MPa) when the time until initiation of the first overturn is long, the crustal
thickness evolution resembles that of the corresponding stagnant lid case with a large mean thickness of

120 + 5 km just before overturn onset. With lower yield stress, overturns initiate early and crustal thickness
cannot grow up to its equilibrium stagnant-lid thickness, but no clear trend between the crustal thickness
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Figure 9. Effect of the yield stress on (a) mean crustal thickness and (b) surface age, both plotted for the time just before the onset of an overturn event (Bor)
and just after its cessation (Por). Error bars represent the corresponding +1o standard deviation. The horizontal dash-dotted line in (a) indicates the transition

depth into dense eclogite.

before the first overturn and the yield stress is visible (Figure 9a). For the range of yield stresses tested, the
mean crustal thickness is reduced to a value of 25-35 km during the overturn event (case E90_3e20 with &,
~50 km being a moderate exception, Table 4). While the actual numeric value should not be overinterpret-
ed, this may approach the equilibrium crustal thickness expected for typical mobile lid scenarios. On the
other hand, for the E50-E70 cases, the crustal thickness ranges between the values of 45-70 km just before
the overturn, meaning that the resurfacing rate and thus crust production between the overturns (Ator) is
reduced to 30% of the rate during the overturn (Figure 9a). This in turn resembles the eruption rates for
stagnant lid models. The duration of the overturn event seems to control the surface age, which is on the
order of 80-400 Myr (Figure 9b). Thus, the process of rejuvenation of the crustal surface is for the high yield
stress cases dominated by volcanic rather than tectonic resurfacing.

In addition, surface age is examined just before and just after overturn (Figure 9b). Before the overturn
occurs, the surface is oldest with the weakest lithosphere and youngest with the strongest lithosphere (i.e.,
with the highest yield stress). This may appear counterintuitive initially, because a weak lithosphere allows
for frequent surface mobilization and thus a more continuous recycling of lithosphere and crust. With a
strong lithosphere and long inter-overturn interval, however, the sub-lithospheric mantle remains hotter,
thus generates more melt and ultimately leads to a higher rate of volcanic resurfacing. After cessation of
the overturn, mean surface age is generally very low and does not vary largely across the range of yield
stress investigated here. Again, we emphasize that this diagnostic only considers the shallowest layer of
our model.

3.3.2. Reference Viscosity

Changing the reference viscosity influences the level of stress t generated in the model. On the other hand,
stress is also proportional to strain rate € (as t ~ 1 ¢), which is a function of flow velocity and in turn depends
inversely on viscosity. In scaling laws, which typically invoke nondimensional parameters like the Rayleigh
number (proportional to the inverse reference viscosity), convective stress increases with the Rayleigh num-
ber (e.g., Hoink et al., 2012; Moresi & Solomatov, 1998), and thus decreases with reference viscosity. This
implies a smaller feasibility of surface mobilization and overturn events with larger reference viscosity
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(smaller Rayleigh number) (e.g., Stein et al., 2013). However, if the scaling is converted back to dimensional
viscosities, this trend reverses and convective stress is expected to decrease with decreasing reference vis-
cosity (see van Heck, 2011). Comparing cases E50_le21 and E50_3e20 (Table 4; Figure 8b) confirms this as
the former case produces enough stress to continuously break the lithosphere (forming a quasi-mobile lid),
while the latter case only produces a small number of distinct overturn episodes. For the other cases, this
trend does not hold. Upon further reduction of the reference viscosity, the number of overturns increases
again (e.g., Nor = 7 in case E50_1e20 compared to Nor = 3 in case E50_3e20).

In all of these cases, the frequency of overturns is too high to allow crustal thickness to reach its equilib-
rium thickness, as observed in the corresponding stagnant-lid models (Figure 8). An exception is model
E50_1e21 without pronounced overturns, where the mean crustal thickness before overturn onset is 50-60
km. Crustal thickness after the overturn is between 25 and 35 km and does not seem to follow a trend. The
relatively small drop in mean crustal thickness (compared to cases E80_3e20 or E_100_3e20 for instance) is
an indication that individual overturn events are not as vigorous as they are in the higher yield stress regime
close to the transition to a continuous stagnant lid.

In the evolution of mean surface age, the youngest surface before the overturn onset is seen with the lowest
reference viscosity (200 Myr or less, Figure 10a), because this case features a high number of overturns and
the highest rate of volcanic resurfacing. With our nominal reference viscosity (1, = 3 x 10% Pas), both of
these aspects are reduced allowing for a pre-overturn surface age up to 400 Myr (Figure 10c). A similar level
of surface age is observed with the highest reference viscosity (n, = 1x 10*' Pass, Figure 10d), but without

the abrupt decrease in surface age typical for pronounced overturn events. In all tested cases, lateral age
variations are quite strong (sometimes exceeding +100% of the mean age) and the distribution thus seems
not representative of a rather uniform planetary surface age.

3.4. Comparison to 3D Spherical Geometry

To test whether our model results are not strongly affected by the employed 2D spherical annulus geometry,
we recomputed cases S2e20 and E50_2e20 in 3D spherical geometry. For computational feasibility, we had
to use a reduced grid resolution of 64 X 192 X 64 grid cells for each grid blocks of the Yin-Yang grid (Tackley,
2008). In stagnant lid, the predicted evolution of mean crustal thickness is very similar in 2D and 3D. The
crustal growth rate seems somewhat smaller in 3D, so that the equilibrium thickness is reached later. After
this point, however, mean crustal thickness differs only by ~6% between 2D and 3D (see Figure S2). For
surface age, however, the geometric differences are clearly more pronounced, because we observe a strong
increase in surface age when changing from 2D to 3D. This is mostly explained by the different radial grid
resolutions as the thickness of the “surface layer” within which tracer ages are averaged is tied to the nu-
merical grid in our simple approach. This implies that a coarser surface layer (3D) leads to greater surface
age than a thinner surface layer (2D). Recomputing the 2D case with the same radial grid resolution as in 3D
leads to much more similar mean surface ages in 2D and 3D (see Figure S2). However, the apparent mesh
sensitivity of our method should be improved in future work.

In the episodic regime, we observe very similar evolutions in mean crustal thickness for 2D and 3D. In
both cases, four major overturn events are predicted within 4.4 Gyr of evolution, but the exact timing
and duration of these events differ to some degree. A tendency that mean crustal thickness is larger just
before the onset of the overturn event in 3D than in 2D is observed, but this has not been investigated in
detail further. In 3D, we further observe that overturn events initiate locally and then spread and affect
the surface globally (Figure 11), which is consistent with Rolf et al. (2018). Nevertheless, some provinces
of old surface and/or thick crust are retained (Figures 11 and S4) and apparently survive recycling during
the overturn event. While similar qualitative behavior is observed in 2D (case E50_2e20), the size and dis-
tribution of surviving patches is certainly affected by model geometry. Weller and Kiefer (2020) recently
reported the survival of parts of the surface during overturn, but so far it remains unclear what controls
the growth of overturn events from local to global overturns and under which conditions how much
pre-overturn surface material can be maintained. Future 3D models using our framework aims to address
these issues.
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Figure 10. Time evolution of (a-d) mean surface ages of episodic models with variable reference viscosity as listed in Table 2. The shaded regions represent the
corresponding +1o standard deviation.
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Figure 11. Mollweide projections of (left) heat flux, (middle) surface age, and (right) crustal thickness from the
episodic case E50-2e20-3D. Shown are four different time steps that depict the evolution during an overturn event.
Yellow arrows in the surface age maps indicate anomalously old surface; yellow ellipses in the crustal thickness maps
indicate regions with anomalously great crustal thickness.

4. Discussion

In this study, we investigated parametric controls on the convective regime and the consequences for crus-
tal thickness and surface age. In this section, we summarize the key findings and discuss their potential
relevance for Venus and its resurfacing history.

4.1. Crustal Thickness Predictions

On Venus, we find several regions with high standing topography (terrae and regiones). These include crus-
tal plateaus, which themselves comprise heavily deformed terrains (tesserae) and volcanic rises differing
morphologically. Based on gravity data, the latter forms the thickest crustal provinces (e.g., comparable
to Themis Regio) and are often observed above the major mantle plumes, which are rather stationary and
source the volcanism above them (Stofan et al., 2016). The crustal plateaus have been suggested to resem-
ble “pulsating continental crust,” crustal units that remain unrecycled, but experience phases of lateral
compression and decompression (Romeo & Turcotte, 2008). Additionally, based on the correlation of to-
pography and gravity, many rift-volcanic constructs are supported by dynamic topography (Steinberger et
al., 2010). Our modeling attempts to reproduce such variations in crustal thickness (and comparable global
mean values) and link them to the internal dynamics of the planet.
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Direct measurements for crustal thickness on Venus (e.g., from seismic data) do not exist to date, but other
methods allow for indirect estimates. Inversion of the observed gravity to topography ratios suggests a mean
crustal thickness of less than 25 km, perhaps even less than 10 km (James et al., 2013). Wei et al. (2014)
suggest a crustal thickness range of 30-70 km and Anderson and Smrekar (2006) a range of 0-90 km. All
these values are below our predictions in the continuous stagnant lid, which suggest mean crustal thick-
nesses of 98-200 km. Previous studies using a similar model setup reached the same conclusion (Armann
& Tackley, 2012; Jiménez-Diaz et al., 2015; Rolf et al., 2018).

However, we find that crustal thickness decreases with lower reference viscosity due to more dripping and
convective erosion at the crustal base. Figure 5 suggests a thickness reduction by a factor of about 2 (from
~200 km to ~100 km), if the reference viscosity is reduced by factor 30. If this trend was to be extrapolated
to lower viscosities, our models would match the above estimates with a reference viscosity in the range of
10'7-10" Pa s only. This does not seem to align with the mantle viscosity profiles inferred for Venus from
geoid inversion, which suggest upper mantle viscosity to be ~10*°-10*' Pa s (Benesova & Cizkova, 2012; Rolf
et al., 2018; Steinberger et al., 2010). Thus, reference viscosity alone does not seem to explain the different
estimates. If heat-producing elements partition preferentially into the basaltic melt and are thus enriched
in the surface crust, this would reduce mantle temperature and limit the amount of melting and crustal
production subsequently. Armann and Tackley (2012) demonstrated that this effect helps to reduce the re-
sulting crustal thickness, but not sufficiently, unless the partitioning would be much stronger than expected
from typical Earth values.

A more likely reason is that magmatic activity and melt formation in the interior of a planet like Venus do
not necessarily lead to volcanic eruption at the surface. Instead, intrusions may form in or at the base of
the crust. For the Earth, more than 80% of magmatism may be intrusive (Cawood et al., 2013; Crisp, 1984),
so the effect is substantial. For computational reasons, we could not consider partitioning into volcanic
eruption and magmatic intrusions here, as this requires a distinct treatment of heat transport in melt pock-
ets (e.g., Lourenco et al., 2018) that dramatically increases computation time. As an initial step into this
direction (see Supporting Information S3), we tested some cases in which we simply reduced the eruption
efficiency of the melt. This means only a portion of the melt is extracted and emplaced at the surface, but
the rest is left behind in its original place and further transported by the evolving flow. Effectively, however,
this merely leads to a slowdown in basalt extraction and a longer time is needed to reached equilibrium.
Once obtained, mean crustal thickness does not seems to vary strongly with different eruption efficiencies
(Figure S5). In terms of surface age, differences are more pronounced as this diagnostic is directly related
to the rate of volcanic eruptions and thus to the eruption efficiency. In particular, low eruption efficiencies
(<30%) promoted lateral age variations (Figure S6) as eruption of material is much reduced in regions above
relatively cold upper mantle. These results indicate the importance of implementing a more realistic parti-
tioning into volcanic eruption and magmatic intrusion into our model in future.

Considering magmatic intrusions would additionally imply that hot material penetrates the crust at shallow
depths, which will weaken the strong surface layer and effectively allows for more crustal recycling and an
effective thinning of the lithosphere (Lourengo et al., 2018). This may also affect the mobilization of the
lithosphere since Lourenco et al. (2018) report a sluggish style of surface mobility with substantial intrusive
volcanism even at yield stresses large enough to inhibit large-scale tectonic overturns. How intrusions may
alter the timing, frequency, and vigor of overturn events has not been investigated and is an interesting
prospect for future studies.

Overturn events generally help to limit the crustal thickness to levels of 20-65 km in our suite of cases. This
range is more compatible with previous estimates (Jiménez-Diaz et al., 2015), because overturns recycle
crustal layers and tectonically reset crustal thickness. In the episodic-lid regime, the actual crustal thickness
depends strongly on the rate of eruptive volcanism and crustal growth, but also on the time that passed
since overturn cessation. The shorter the time that passed since the last overturn, and the lower the erup-
tion rate, the thinner is the crustal layer. This has motivated us to investigate the dynamics of lithospheric
overturns, their conditions of occurrence, their duration, and frequency with our model.

Our episodic models suggest that both yield stress and reference viscosity significantly influence the over-
turn frequency and definitively impact the duration of the overturn events (Figure 8). The average crustal

UPPALAPATI ET AL.

22 of 29



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2019JE006258

thickness can be considerably reduced with short overturn events lasting ~80-150 Myr. On a time scale
comparable to Venus's entire history (~4.4 Gyr), the mean crustal thickness at the end of the model runs
shows dependency largely on the time since the last overturn, the crust formation rate becomes considerably
lower than during the overturn period. The time periods between subsequent overturn events are found to
be considerably shorter with decreasing yield stress and are around 50-350 Myr.

During the cessation period, especially in cases where an overturn occurs early (at ~0.75-1 Gyr), some crus-
tal regions are found to survive the overturn. This leads to a crust that is in certain regions as much as 20-40
km thicker than the surrounding crustal regions across the surface, and may resemble the plateau-like
highlands (Grimm, 1994). These regions surviving at least the first overturn could be comparable to the
prominent tessera regions on Venus, which are slightly more elevated than the vastly spread regional lava
plains and may make about 10% of the surface (e.g., Hansen et al., 2000). However, the preservation of
these surviving structures may be affected by the lithospheric rheology assumed here for which we have
taken a fixed set of parameters that provided reasonable geodynamic behavior (e.g., the friction coefficient,
activation energy, activation volume, and others). For future work, variation of these uncertain parameters
is desirable to map out under which conditions how much pre-overturn surface material survives a major
resurfacing event.

Either way, it is evident that resurfacing is highly nonuniform in all the episodic models. Nevertheless, our
episodic models are more successful in reproducing the crustal thickness distributions of the order of the
values applicable to the different geologic units on Venus.

4.2. Modeled Surface Age in Relation to Venus

In principle, the surface age derivation on Venus is an outcome of the planets’ crater distribution. But the
conversion of the observed crater frequencies is difficult to calibrate and to translate into an absolute age
as this method has to make assumptions on the evolution of the impactor flux and on the detectability of
crater structures, which may be modified by subsequent surface processes after the formation of a crater.
Consequently, Venus's absolute surface age has significant uncertainty and a variety of mean ages between
150 and 1,000 Ma have been suggested (Hauck et al., 1998; McKinnon et al., 1997; Nimmo & McKenzie,
1998; Strom et al., 1994), with an often used nominal value of 750*5) Myr (McKinnon et al., 1997).

In our suite of stagnant-lid models, the surface always remains very young, typically 100-150 Myr (Table 3).
Only with very high reference viscosity (case S1e22) the surface was slightly older than 250 Myr or if melt
eruption efficiency is very low (supplementary case S3e20_20%), because in these cases the rate of volcanic
resurfacing is low enough to allow the surface to grow older. Further increasing the reference viscosity
does not match Venus's viscosity profile inferred from geoid inversion and is thus an infeasible approach.
Some further reduction of the melt eruption efficiency may be feasible as terrestrial ratios of extrusive to
intrusive volumes of volcanism may be as low as ~10% (Crisp, 1984). With such low eruption efficiencies,
it seems likely that the observationally inferred mean age of Venus's surface could be matched with our
stagnant-lid models, especially if the possibility of forming intrusions is considered (Lourenco et al., 2018).
We also emphasize that surface age estimates based on crater statistics have a substantial spread. Herrick
and Rumpf (2011), for instance, argued that the volcanic and tectonic postimpact modification apparent
for many Venusian craters may require a reduced surface age of ~150 Myr. In such a case, our stagnant lid
model predictions (Figure 5b) would fit the observational estimate even with purely extrusive volcanism,
although this remains an unlikely end-member for a planet like Venus.

It should be emphasized again that our estimate of absolute surface age depends on the radial grid resolu-
tion at the top of the model domain (here ~20 km). Averaging age over all tracers in a thicker (thinner) sur-
face layer should lead to older (younger) absolute surface age. An additional simplification of our estimate
is that we neglect lava flows down topographic gradients that potentially cover large areas. These caveats
that should be addressed in future models may lead to systematic offsets in our absolute age estimates, how-
ever, a comparison between our models is still useful.

Independent of the absolute mean age, it remains problematic in our stagnant-lid models to predict surface
ages that do not vary strongly across the surface: the model-predicted standard deviation is at least 70% of
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the mean age (Table 3). In stagnant lid cases, the regions above hot mantle plumes are constantly resur-
faced, while the regions away from these hotspots are much less resurfaced (and possibly by more than
an order of magnitude older, see Figure 3). This contradicts the idea of a homogeneously young surface
age for Venus. However, this trend is likely fostered by our assumption of 100% melt eruption efficiency.
Independent of that and in the absence of properly calibrated (absolute) surface ages based on cratering
statistics, refined mapping of Venus's geology has revealed a statistically significant spread in superposed
craters (density) and thus in the age of Venus's surface features. Tesserae may be substantially older (1.47 +
0.46-times the mean age (Ivanov & Basilevsky, 1993), so they could predate an catastrophic overturn episode
(Hansen & Lopez, 2010). On the other end of the spectrum, the age of the youngest volcanic features reach
only ~40% of the mean age (Kreslavsky et al., 2015; Price & Suppe, 1994). This is consistent with the grow-
ing body of evidence for ongoing or at least very recent volcanism (e.g., Filiberto et al., 2020; Giilcher et al.,
2020; Smrekar et al., 2010; Stofan et al., 2016). However, such extreme features may concern only relatively
small portions of the surface; the tesserae only cover 10% of the surface after all. Consequently, such strong
variations as we observe in most of our stagnant lid cases seem little compatible with the geological map-
ping and crater statistics for Venus. In other words, our model fails to generate the characteristics of Venus's
surface age under equilibrium resurfacing in a stagnant-lid scenario.

Our models with episodic overturns generally predict greater absolute surface age than the stagnant-lid
models except during an ongoing overturn event or shortly after its cessation. Just before resurfacing be-
gins, mean surface ages as old as 400 Myr can be observed even with 100% melt eruption efficiencies. Even
larger surface ages can be expected in episodic models with lower eruption efficiencies. In tests with lower
eruption efficiency, we observed that only 2% of the surface remain older than 500 Myr with 100% eruption
efficiency due to a large average resurfacing rate of 3-5 km” yr™', but with only 25% melt eruption efficiency
already 12% of the surface become older than 500 Myr.

A sufficiently long time after overturn cessation, the overturn scenario seems better capable of reproducing
absolute mean surface ages comparable to those suggested for Venus, while keeping in mind the potential
offsets in our approach described above. This is because the mantle is globally cooler in this scenario and
the rate of melting and volcanic resurfacing is reduced. Although the lateral variation of surface age with
respect to the mean value is slightly lower than in the stagnant-lid suite (see Table 4), the problem with the
uniformity of surface age persists also in this scenario, which still predicts strong lateral variations (Figure
10). While mean age grows during a long stagnant-lid phase between two overturns, the regions above the
mantle plumes are still frequently resurfaced, while the other regions are less so, which causes strong lateral
variation.

Conceptually, a close-to-uniform surface age can only be expected if resurfacing rates are similar across
the entire surface. One extreme scenario to realize this would be a hot upper mantle without strong lateral
temperature variation or, in other words, the absence of very hot plume heads in Venus's upper mantle. The
absence of dynamo activity on Venus may be linked to rather low heat flow from the core into the mantle
and consequently weak plumes, which could support this hypothesis. On the other hand, measurements
made on Venus Express do suggest the presence of isolated regions with anomalously high thermal emis-
sivity, which could be a surface signature of mantle plumes (Smrekar et al., 2010). Our models feature
relatively strong heat flux across the CMB (Figure 1c); although we employ the same initial temperature
of the CMB as in Rolf et al. (2018), our predictions of CMB heat flux is a factor of ~3-4 higher. The reason
for this discrepancy is that we do not include the temporal adjustment of the CMB temperature throughout
the evolution, which resulted in a significant decrease in bottom temperature and thus heat flux in that
previous study. It is thus possible that our models overemphasize the strength of plumes and thus their role
in shaping the distribution of volcanism. We note, however, that even with much weaker plumes, Rolf et al.
(2018) were not successful in predicting surface age distributions without strong lateral variations; similar
results were obtained in the study of Noack et al. (2012).

Another possible scenario to generate a very uniform surface age would be that volcanic resurfacing essen-
tially vanishes at some point, because then the surface age would grow globally and uniformly after cessa-
tion of an overturn and can only be reset via a subsequent event of tectonic mobilization and resurfacing.
If parts of the surface resist recycling by the terminal overturn, this would still lead to old, but less uni-
form surface ages, which possibly explains the observational record best. However, several studies suggest
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dormant volcanic activity on Venus (Bondarenko et al., 2010; Shalygin et al., 2015; Smrekar et al., 2010),
which rejuvenates the surface and works against this possibility, unless the volumes of recent volcanism are
sufficiently small and limited to minor regions that do not distort the global mean. More in-depth analysis
and comparison on both ends, numerical modeling and geological mapping, is thus necessary to under-
stand Venus's resurfacing history. Currently, we cannot speculate any further whether and when volcanic
activity could have diminished to a level where it does not affect the global mean surface age substantially
anymore. This would (at least) require including long-term cooling trends related to the heat loss of the core
and to the decay of heat-producing elements as well as their heterogeneous distribution in the mantle and
lithosphere. Some additional complexities, such as those listed in Section 4.4, could additionally help to
resolve which particular geodynamic evolution can generate a rather uniform surface age.

4.3. Overturn Frequency Dependence on Viscosity

We studied how the choice of reference viscosity influences the level of stress generated in the model, which
is generally expected to depend on both viscosity and strain rate. The latter is itself a function of flow rate
and (inversely) of viscosity. Scaling arguments from boundary layer theory for plane-layer, isochemical con-
vection (Hoink et al., 2011, 2012) suggest that convective stress shall decrease with decreasing mantle (refer-
ence) viscosity (van Heck, 2011). This would imply a tendency to less plastic yielding in the lithosphere and
thus less overturns and surface mobilization. But our modeling results with changing reference viscosity do
not confirm this in a simple manner as the model behavior is nonlinear and the tendency for overturns to
occur first decreases and then increases again by reducing the reference viscosity.

An explanation for more frequent overturns with lower reference viscosity could be given by the fact that
the yield stress increases with depth and what matters for overturn initiation is not only its surface value but
also the level at the base of the lithosphere, because the entire lithosphere needs to undergo yielding to de-
velop subduction-like behavior (Crameri & Tackley, 2016; Hoink et al., 2011, 2012). With a constant friction
coefficient in all cases, this base value is determined by lithospheric thickness, which is known to decrease
with reference viscosity. Effectively, the integrated strength of the lithosphere is then lower and it may thus
yield at a somewhat smaller level of convective stress. Such scaling relations have been investigated previ-
ously (e.g., Moresi & Solomatov, 1998), but in simpler systems without melting and volcanism. The loading
of the lithosphere with basal crust (and eventually eclogitic roots) changes the stress in the lithosphere and
the boundary layer thickness as a function of reference viscosity. Further details are beyond the scope of this
paper, but these aspects could explain the nonlinear trends in overturn frequency observed in our models
with varying reference viscosity.

Internal heating (as a parameter) also influences these relationships. For example, Weller et al. (2015) stud-
ied the impact of internal heating on the transition of tectonic regimes on large timescales and highlight-
ed the strong sensitivity to yield strength. Similarly, Stein et al. (2013) argue that the tendency of surface
mobilization decreases with increasing internal heating rate. Our results closely agree with their results:
although we keep the internal heating rate constant throughout the presented models, we tested both high-
er and lower internal heating rates compared to the nominal value used here. As internal heating rates de-
crease with time during planetary evolution, higher (lower) internal heating rates may reflect earlier (later)
stages of Venus's history, although this simple comparison must be taken with care. Higher internal heating
would be expected to cause a hotter and less viscous mantle and thus less stress induced to the lithosphere.
The thinner thermal boundary layer may allow for more magmatic activity, so that thicker crust and a
younger surface are expected in the stagnant lid regime of evolution. However, if the crust grows too thick
in places, its base transforms to dense eclogite and results in larger stresses in the crust and lithosphere.
This modulates the initiation of overturns (Section 3.3) and it is not clear what the net result on the tectonic
evolution would be.

4.4. Model Limitations

The models presented for Venus's thermochemical mantle evolution are based on the earlier study of Rolf et
al. (2018) and thus inherit similar assumptions taken in their work. This includes mantle incompressibility
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and neglecting the coupling to the atmospheric evolution (e.g., Gillmann & Tackley, 2014; Gillmann et al.,
2016) as well as any previously existing water and volatile recycling. The initial conditions for Venus are
only speculative at best and assumed ad hoc in our model. Moreover, the influence of many parameters and
properties of the model still remain uncertain. These initial assumptions certainly have some effect on the
dynamic evolution presented in our models and should therefore be tested further in the future.

For the main focus of this work, however, the simplifications made on the melting and magmatism descrip-
tion are probably most notable, as already discussed in the previous sections. Another important limitation
is that our model has a 2D geometry. In a 3D model, overturn and mantle plumes could evolve somewhat
differently. As the regions above plumes are the hottest and prone to the most efficient volcanic resurfacing,
changing to 3D geometry could have important effects on the predicted age distribution since plumes are 3D
features. While we presented two example cases in 3D, a larger set of 3D models would allow to compare our
model more directly to correlations with specific geological features on Venus. Furthermore, implementing
the combination of various styles of magmatism in 3D modeling environments can refine the models pre-
sented here. Indeed, considering intrusive magmatism rather than modulating the eruption efficiency, as
in Lourenco et al. (2018), is an essential next step to understand Venus's cooling and the resulting surface
age distribution better.

Despite such model limitations, our models capture key aspects of the dynamically evolving planetary man-
tle of Venus and can, under considerations of their limits, yield important insights into how a system so
similar to Earth in size and composition, evolve so differently over geologic time scales.

5. Conclusions

We carried out a systematic parametric study of Venus's interior dynamic evolution, considering both a po-
tential stagnant (corresponding to equilibrium resurfacing) and a potential episodic lid regime (correspond-
ing to catastrophic resurfacing) with the goal to refine which regime works better to explain Venus's surface
characteristics. In stagnant lid, our models predict thicker crust and result in a much younger surface than
commonly inferred for Venus. This suggests a too high rate of volcanic resurfacing in our models. Reduc-
ing the efficiency of melt eruption and thus of volcanic resurfacing may help reducing this rate, especially
if melt eruption efficiency is <30%, but then the resulting age distributions feature very strong variations
between regions atop main mantle plumes and those regions atop colder mantle. Future implementation of
partitioning into extrusive volcanism and intrusive magmatism seems necessary.

In the episodic lid regime, the timing and interval of overturn events is highly dependent on the lithospheric
yield stress. With a yield stress close to the threshold value of the stagnant-lid regime, only one, or very few,
clearly distinct overturn episodes occur, while lower yield stress allows for more frequent overturns, which
at some point begin to resemble a continuous mobile lid regime. With overturn episodes, crustal thickness
is generally reduced, and, even after a long period of tectonic quiescence, the large equilibrium value of the
stagnant-lid regime is not reached. Overturns generally reduce mantle temperature due to recycling of cold
material into the interior and thereby reduce the rate of volcanic resurfacing during the inter-overturn phas-
es of the model evolutions. This can lead to an older surface on average (up to 400 Myr). After cessation of
an overturn event, the entity of the surface seems to be renewed, so that the surface on average appears very
young. However, this surface appears young because of a very thin layer in places underlain by thick old
crustal roots that originate from the pre-overturn period. Such a thin surface layer modified by subsequent
crustal process could still disguise the underlying old roots and represent anomalously thick but actually old
features in the surface age distributions such as, perhaps, tesserae on Venus.

Both resurfacing regimes generally suggest substantial spatial variations, in crustal thickness but also in
surface age, because the regions atop hot mantle plumes feature faster crustal growth and thus a younger
surface than those regions overlying relatively colder mantle, especially in episodic models. A higher de-
gree of uniformity in predicted surface age may be achieved by further reducing the rate of volcanism, for
instance via more efficient mantle cooling in general, or by a smaller fraction of eruptive to intrusive vol-
canism, or probably by a combination of both. Overall, our modeling still suggests that a regime with large-
scale tectonic overturns, that mobilize the entire surface but do not necessarily recycle the whole entirety of
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surface material, is more promising than a pure stagnant-lid regime of equilibrium resurfacing, but Venus's
true dynamic regime cannot simply be expressed by either option.
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