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Abstract

The dynamics and evolution of Venus’ mantle are of first-order relevance for the origin and
modification of the tectonic and volcanic structures we observe on Venus today. Solid-state
convection in the mantle induces stresses into the lithosphere and crust that drive deforma-
tion leading to tectonic signatures. Thermal coupling of the mantle with the atmosphere and
the core leads to a distinct structure with substantial lateral heterogeneity, thermally and
compositionally. These processes ultimately shape Venus’ tectonic regime and provide the
framework to interpret surface observations made on Venus, such as gravity and topogra-
phy. Tectonic and convective processes are continuously changing through geological time,
largely driven by the long-term thermal and compositional evolution of Venus’ mantle. To
date, no consensus has been reached on the geodynamic regime Venus’ mantle is presently
in, mostly because observational data remains fragmentary. In contrast to Earth, Venus’
mantle does not support the existence of continuous plate tectonics on its surface. However,
the planet’s surface signature substantially deviates from those of tectonically largely inac-
tive bodies, such as Mars, Mercury, or the Moon. This work reviews the current state of
knowledge of Venus’ mantle dynamics and evolution through time, focussing on a dynamic
system perspective. Available observations to constrain the deep interior are evaluated and
their insufficiency to pin down Venus’ evolutionary path is emphasised. Future missions
will likely revive the discussion of these open issues and boost our current understanding by
filling current data gaps; some promising avenues are discussed in this chapter.

Keywords Venus - Mantle dynamics - Interior evolution - Surface tectonics - Thermal
history

1 Introduction

Early space missions—such as Pioneer, Venera, and Magellan—indicated that Venus’ present
tectonic regime differs substantially from the Earth’s, but a profound answer for why this is
so remains lacking. One major challenge to resolve this issue is the difficulty of observing
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Fig. 1 A schematic of the role of the mantle in planetary evolution. Red arrows denote the exchange of heat;
thick black arrows denote other means of transfer such as magma transport from the mantle into the crust and
to the surface; thin black arrows indicate flow. The box at right illustrates a hypothetical temperature profile
(here named the ‘Venotherm’); the dashed line is a hypothetical solidus

robust constraints on Venus, particularly for the deep interior. Nevertheless, those missions
provided important insights into Venus’ interior structure and dynamics (see e.g., O’'Rourke
et al. 2023), which are key for understanding the planet’s surface tectonics. Bulk density
and composition suggest an interior structure that is similar to that of Earth: a massive, iron-
rich core overlain by a thick silicate layer (e.g., Margot et al. 2021). The large heat capacity
and high viscosity of that silicate mantle cause huge thermal inertia and long dynamic time
scales. Over the billions of years of Venus’ evolution, however, the mantle is still a highly
dynamic system and its evolution determines the state of Venus’ interior, the tectonic expres-
sions at the surface, and the interaction with Venus’ fluid layers including the atmosphere,
the core, and thus potential magnetic field generation and evolution (Fig. 1).

Solid-state convection is the key mechanism of heat transport in the mantle (e.g., Steven-
son 2003) and its efficiency determines the temperature in the silicate interior as well as the
thickness of Venus’ lithosphere and crust. In addition to the thermal impact of convection,
upwelling mantle flow moves material from regions of higher pressure to regions of lower
pressure (decompression), causing topography at the boundaries of mantle convection cells
and controlling the locations and rates of partial melting. Eventually, these partially molten
zones form the source regions of intrusive magmatism and extrusive volcanism. Such pro-
cesses in turn lead to compositional heterogeneity in the interior, determine the thickness
and rheological strength of the crust (e.g., Lourengo et al. 2020), and control the outgassing
of volatiles into Venus’ atmosphere (e.g., O’Rourke and Korenaga 2015). At the bottom of
the mantle, thermal exchange determines core cooling and the heat transport efficiency in
the planet’s central layer. If the mantle allows for sufficient core cooling, an inner core may
crystallise at some point during the planet’s evolution (e.g., O’Rourke et al. 2018), depend-
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ing on the core composition (e.g., O’Neill 2021). Core cooling and inner core crystallisation
drive convection in the liquid iron-rich core and possibly power a core dynamo. This dy-
namo can generate a planetary magnetic field, which may interact with the atmosphere in
several ways including shielding from stellar winds and volatile loss, but to date this remains
strongly debated (see Way et al. 2023; Gillmann et al. 2022).

In summary, the mantle interacts with essentially all other subsystems of a planet over
geological time scales. For Venus, these couplings are partly revealed by observational con-
straints, but many details remain unanswered. This is the case for Venus’ present-day state—
in principle directly observable—and becomes more challenging for the evolution of Venus’
mantle through time. Today, Venus neither features plate tectonics nor generates an Earth-
like magnetic field. Evidence for volcanism and tectonics are ubiquitous on the surface, but
what caused the divergence between Venus and Earth remains poorly resolved. Were the
conditions on Venus less favourable for the development of plate tectonics right from the
start, because of differences in the accretion history, or because Venus is closer to the Sun
and therefore received more insolation (see Salvador et al. 2023)? Or did the evolution of
both planets start off relatively similar before diverging at some later stage because of an
endogenic or exogenic trigger?

Previous missions to Venus returned a number of observables useful to constrain inte-
rior models, which are summarised in Sect. 3.1 and detailed in Herrick et al. (2023), Ghail
et al. (2023), Carter et al. (2023), and Gilmore et al. (2023). Their coverage, resolution,
and non-uniqueness leave gaps and uncertainty in Venus’ core and mantle dimensions, in
how much heat is transferred from the mantle to the atmosphere, and in the thickness, age,
and composition of the crust. However, new space missions will launch to Venus within a
decade to further fill existing gaps (see Widemann et al. 2023). It is thus timely to review
our understanding of Venus’ mantle evolution through time and to identify what we know
and what we do not yet know.

This work is not the first review on Venus’ interior evolution (e.g., Mocquet et al. 2011;
Smrekar et al. 2018), but it particularly focuses on how mantle dynamics generate and relate
to different regimes of surface tectonics and volcanism, and how this relation may evolve
through time. Our goal is to emphasise which possible pathways Venus’ mantle may have
taken to its present state, and what can be done to reduce the number of feasible scenarios
in future. Section 2 provides a background on heat transfer in planetary mantles, the pecu-
liar properties of mantle silicates, and the spectrum of planetary tectonic regimes, driven by
mantle convection. Section 3 summarises the observations constraining Venus’ contempo-
rary mantle and discusses feasible tectonic regimes relating mantle dynamics, crustal tec-
tonics and volcanism. Section 4 reviews Venus’ mantle evolution through time with a focus
on the possibility of lateral and particularly temporal variations as well potential triggers.
Finally, Sect. 5 gives an overview of possible mantle evolution scenarios for Venus. A per-
spective is given on how future conceptual understanding and data collection can boost our
understanding of Venus’ interior and help to resolve unanswered questions specific to the
planet’s mantle.

2 Planetary Tectonic Regimes
2.1 Basics of Planetary Mantle Convection

The evolution of a planetary body is strongly controlled by its thermal history. Whether the
primordial heat accumulated during accretion and differentiation is efficiently kept in the

@ Springer



70 Page4of51 T.Rolf et al.

interior or can easily escape determines the planet’s cooling rate and the vigour of internal
dynamics. Inside a Venus-like planet, heat is transported via thermal conduction or convec-
tion (i.e., heat transport via large-scale material flow), where the latter is the much more
efficient mechanism for most parts of the mantle. The vigour of convection determines the
efficiency of cooling and partial melting of the silicate mantle that leads to crustal produc-
tion and volcanic outgassing. Thus, interior dynamical processes can be linked to surface
expressions such as tectonics and volcanism as well as the evolution of the atmosphere.

A simple analogue to planetary mantle convection is the Rayleigh-Bénard system, where
a homogeneous fluid layer of finite thickness D is heated uniformly from below and cooled
from above. Heating the fluid leads to unstable density stratification and initiates convec-
tive currents once the heating-induced density contrast becomes sufficiently strong. At that
point, thermal conduction cannot limit the upward-directed buoyancy anymore and this force
overcomes the viscous resistance against the onset of motion inside the fluid layer. Whether
convection occurs is determined by the Rayleigh number: Ra = ag AT pD?/kn, where o is
the thermal expansivity, g the gravitational acceleration, AT the superadiabatic temperature
contrast across the layer, and p, x,  are the layer density, thermal diffusivity, and viscos-
ity, respectively. For a convective instability to grow and generate large-scale convection,
a critical value of Ra must be reached, which depends on the layer geometry and bound-
ary conditions. Typically, this value is ~ 10* (Turcotte and Schubert 2017). Transferred to
Venus’ mantle, Ra is O(107-10%), using D =3000 km, o =3 x 1075 K~!, AT =2500 K,
g =8.87 ms~2, p = 3300 kgm_3, k=10"° m?s~!, n= 1029-10%! Pas, which implies
vigorous, time-dependent convection—despite the huge viscosity of mantle rocks.

A vigorously convecting system develops thin thermal boundary layers (TBLs) near the
top and bottom boundary. Across these TBLs, heat is transported via thermal conduction,
but this transport cannot accommodate the continuous inflow of heat, so that the TBLs form
convective instabilities, expressed as upwellings and downwellings. In comparison to these
instabilities, the bulk mantle behaves passively, is essentially stirred around, and adopts a
thermal profile that does not actively contribute to driving convection. The larger Ra, the
more prone the system is to instabilities and the thinner the TBLs become. On Earth, the
TBLs are ~100 km thick and the surface TBL is thought to correspond to the (oceanic)
lithosphere.

Convective currents self-organise the relative spacings of up- and downwellings depend-
ing on the properties of the convecting layer. In the Rayleigh—Bénard system, these spacings
are comparable to the layer thickness, but in planetary mantles several peculiarities promote
convection cells with large aspect ratios. These include the strength of the lithosphere (e.g.,
van Heck and Tackley 2008; Yoshida 2008; Rolf et al. 2014, 2018a), pressure-dependence
of mantle viscosity (Bunge et al. 1997; Hoink and Lenardic 2008, 2010; Hoink et al. 2012;
Lenardic et al. 2019) and other material properties (e.g., Hansen et al. 1993), as well as the
mantle heating mode (McNamara and Zhong 2005). On Earth, this is manifested in the size
of the largest tectonic plates, like the Pacific plate. On Venus, however, there seems to be
little indication of such long-wavelength flow structures in the mantle.

2.2 Specific Complexities of Planetary Mantle Convection
2.2.1 Planetary Heating Modes
The Rayleigh-Bénard setup oversimplifies planetary mantle convection. For example, the

ratio of the Earth’s core and mean surface radii of ~0.55 implies that the plane-layer ap-
proximation is inaccurate, impacting the flow patterns in the mantle (e.g., Weller et al. 2016;
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Yanagisawa et al. 2016; Guerrero et al. 2018). Venus’ radius ratio is not well understood
given the uncertainty in core radius (e.g., Margot et al. 2021), but is typically assumed to
be similar to Earth’s. Due to planetary curvature, the surface boundary comprises a larger
area than the core—mantle boundary. This makes the bottom boundary layer more prone
to instabilities compared with the plane-layer geometry, if the same heat flow across the
core—mantle boundary is considered.

The mantles of Earth and (probably) Venus contain long-lived radiogenic nuclides (in
particular 'K, 232Th, 23U, and 233U) that generate internal heat by radiogenic decay, with
rates decreasing through time and possibly varying spatially. Internal heating interplays with
basal heating from the hot core established during the planet’s accretion and differentiation.
The rates of basal and internal heating control the stability of the boundary layers, the spac-
ing of its instabilities, and therefore the planform of mantle flow (Moore 2008; Weller et al.
2016; Korenaga 2017). Internally heated convection exhibits different flow patterns than
basally heated convection, because the bottom boundary layer is absent or greatly weakened
as the interior adopts the temperature of the bottom boundary and inhibits inflow of heat
from below (e.g., Mulyukova and Bercovici 2020). This suppresses active hot instabilities,
which become diffuse and passive return flows compared with the active and pronounced
downwellings (e.g., McKenzie et al. 1974; Parmentier et al. 1994; Sotin and Labrosse 1999).

Both purely basal or purely internal modes of heating are special cases for planets that
either are sufficiently ancient to have depleted all their internal heat sources, or sequestered
the bulk of them into a nonrecyclable crust, or have conditions where the temperature of
the mantle temporarily becomes equal to that of the outer core. For both Earth and Venus,
such special cases are extremely unlikely, suggesting that mixed mode heating dominates
heat transport and either planet’s thermal evolution. Mixed mode convective heating allows
for a strong mechanical interaction between both the upper and lower boundary layers (here
the upper boundary layer is analogous to the thermal planetary lithosphere). This exerts
a first order control on both the thickness and the heat flux through these layers (Moore
2008; Weller et al. 2016). Critically, the mantle then deviates from the classic definition of
an adiabatic interior (Weller et al. 2016; Lenardic et al. 2019). Boundary layer interaction
through mixed heating is a stark departure from the regime identified in classical theory
(Howard 1966; Fowler 1985), where each boundary layer thermally destabilises on its own
upon reaching a critical thickness (Sect. 2.1). This emphasises that the heat loss due to
convection in planetary mantles deviates from classical convection experiments, and that
extrapolation of real behaviour from classic theory is limited.

For any planet, the ratio of basal to internal heating is debatable as it depends on the
style of planetary accretion and differentiation (e.g., McKenzie et al. 1974), and is also a
function of the planet’s evolution and geodynamic regime. For Earth, traditional estimates
of ~90% suggested a mostly internally heated mantle (e.g., Sleep 1990), but more recent
estimates indicate a more balanced partitioning of ~60-70% internal heating (e.g., Lay
et al. 2008; Leng and Zhong 2008, 2009). On Earth, the main challenge is to estimate the
heat flow across the core-mantle boundary, which depends on the poorly understood thermal
conductivity of silicates under deep mantle conditions as well as on the temperature of the
core. For Venus, not even the heat flow across the surface has been robustly measured,
but indirect estimates exist (Sect. 3.1.3); heat flow across Venus’ core—mantle boundary is
almost wholly unknown. The absence of an intrinsic magnetic field precludes a thermally
driven core dynamo, so that the heat flow conducted along the core adiabat may be an upper
bound. However, this scenario assumes an Earth-like core for Venus, which is not guaranteed
by the available data (Sect. 3.1.6).
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2.2.2 Material Properties and Rheology

The mantle’s material properties strongly depend on temperature, pressure, and other fac-
tors. As a result, viscosity, thermal expansivity, conductivity, diffusivity, and density vary
through space (and time) and the system-characterising Rayleigh number of the bulk mantle
does not properly determine the dynamics on local scales. Potential consequences of these
variations range from different planforms of mantle flow (e.g., Hansen et al. 1993; Tosi et al.
2010), to different surface heat flows (e.g., Ghias and Jarvis 2008), to differences in obtained
surface topography and geoid (e.g., Schmeling et al. 2003).

Viscosity in particular is known to vary over many orders of magnitude throughout the
mantle as a function of temperature, pressure, composition, mineral phase, water content,
grain size, previous deformation history and various other parameters (see Karato 2010).
This material property relates the strain rate with the stress that material experiences. Under
different strain-rate versus stress conditions, deformation happens through different mecha-
nisms. At relatively low levels of stress, deformation is viscous. In diffusion creep, viscosity
does not explicitly depend on stress, but depends strongly on grain size. At higher levels of
stress, but still in the viscous regime, dislocation creep becomes dominant and viscosity has
a power-law dependence on stress, yet is insensitive to grain size. In Venus’ mantle, both
creep mechanisms coexist and which one dominates strongly depends on material proper-
ties such as water and melt content, mineralogical phase, deformation texture, and oxygen
fugacity (e.g., Kohlstedt and Hansen 2015). Although coexisting creep mechanisms are fre-
quently considered in terrestrial studies of crustal to lithospheric scale, these complexities
are often ignored on planetary-scale problems (but cf. Rozel et al. 2014; Dannberg et al.
2017; Schulz et al. 2019 and others). This issue could be especially relevant in connection
with grain-size evolution, which under Venus’ hot surface conditions may affect crustal rhe-
ology very differently than under Earth-like conditions (Bercovici and Ricard 2014).

Water content is another key component of Venus’ interior rheology. If Venus’ present
mantle and shallow crust are drier than Earth’s, as suggested by some studies (e.g., Namiki
1995), the strength of Venus’ crustal rocks may be enhanced compared to Earth’s (e.g.,
Mackwell et al. 1998) with a commensurate impact on the style of tectonics (e.g., Moresi
and Solomatov 1998; Turcotte 1996). Holding all else equal, reduced water content would
also have a dampening effect on melting and magmatism as water acts to reduce the mantle
solidus (e.g., Green et al. 2014; Ohtani 2020). Although abundant water tends to decrease
mantle viscosity, the thermo-tectonic feedback between surface motions and cooling of the
mantle may actually result in a more viscous mantle if viscosity is very sensitive to water
content (Nakagawa et al. 2015). Abundant water in the mantle transition zone could also
help to explain variations in geochemical signatures of basaltic lavas across the planetary
surface. If water-rich ambient mantle ascends out of the mantle transition zone into a zone
of low-water-solubility, it may undergo dehydration-induced partial melting, thereby filter-
ing incompatible elements out of the depleted rising material (Bercovici and Karato 2003).
Finally, water transported into the deepest mantle could lead to chemical reactions with
iron-rich materials (e.g., Yuan et al. 2018) that may possibly trigger large-scale geodynamic
events (Mao et al. 2021).

Depending on the tectonic regime, water transport in Venus’ mantle may differ from
that inside Earth. Current data for Venus points to relatively low water content in the at-
mosphere, but constraints on estimates of the water budget of the mantle remain poor (e.g.,
Zolotov et al. 1997, and references therein), even though Venus’ high D/H ratio may im-
ply that substantial parts of Venus’ interior water may have been lost, possibly by volcanic
outgassing and atmospheric escape (e.g., Grinspoon 1993; Gillmann et al. 2022). The initial
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water content of the mantle after magma ocean solidification is a major unknown (Salvador
et al. 2023). Parameterized convection models coupled with water transport suggest self-
regulation effects that make the present water content only weakly sensitive to the initial
content (Sandu et al. 2011)—but these models assume a terrestrial tectonic regime that may
be inapplicable for Venus, and more complex fully dynamic models have not confirmed such
self-regulation effects (Nakagawa et al. 2015).

In the lithosphere and crust, relatively low temperatures lead to high viscosity and stress
that can lead to brittle fracturing at the low confining pressure. The consequence is irre-
versible plastic deformation associated with strong localization that is thought to enable the
formation of narrow weak zones, such as faults and, at larger scales, systems of faults such
as rifts. The stress threshold that surface rocks can sustain is often called ‘yield stress’ and
is one crucial property of the planetary lithosphere. If the yield stress is small, convection-
induced stresses can fragment the lithosphere and may generate tectonic plates such as on
Earth (Sect. 2.3). Such a yield stress approach has been used in many numerical studies to
map out the feasibility of a plate-like regime (e.g., Moresi and Solomatov 1998; Trompert
and Hansen 1998; Tackley 2000; Stein et al. 2004; van Heck and Tackley 2008; Foley and
Becker 2009). A typical, only partly resolved problem, however, is that feasible yield stress
ranges in large-scale numerical models are substantially smaller than those inferred from
laboratory experiments on terrestrial rocks (e.g., Kohlstedt et al. 1995). Non-uniform yield
stress across the surface, for instance due to variations in composition (Lenardic et al. 2003;
Rolf and Tackley 2011) or inherited weakening from previous deformation (e.g., Fuchs and
Becker 2019, 2021; Miyagoshi et al. 2020) may help to facilitate the formation of plates
and to keep the lithosphere mobile even at higher yield stress of the bulk and/or undam-
aged lithosphere. Such structural inheritance may result from various mechanisms inducing
damage. Grain-size evolution is a prominent example as it is manifested in terrestrial shear
zones, where grain size is strongly reduced during active deformation (e.g., Okudaira et al.
2017). Subsequent grain growth heals the damage at a strongly temperature-dependent rate,
which implies that planetary surface temperature could be a key factor in determining the
role of structural damage of the crust and lithosphere. Venus’ high surface temperature may
prevent preservation of lithospheric weakness that could ultimately have led to the formation
of the first tectonic plates on the (relatively cold) surface of the Earth (e.g., Bercovici and
Ricard 2014; Foley 2018).

2.2.3 Mineralogy and Compositional Variation

Composition and mineralogy are additional factors that determine state and dynamics of
the mantle. A detailed review of Venus’ surface composition and mineralogy is given in
Gilmore et al. (2023). Depending on the ambient temperature—pressure conditions, man-
tle rocks undergo a series of phase transitions that modify crystallographic structure. Both
density and viscosity change, which possibly promotes separation of distinct layers (Wei-
dner and Wang 2000) and affects mantle flow structure and radial heat transport (Tackley
1996; Bunge et al. 1997). Certain components may become abundant in specific regions
of the mantle. For instance, subducted basaltic crust is buoyant at the base of the man-
tle transition zone, but negatively buoyant just above and below as garnet transitions to
(Mg-)perovskite at slightly higher pressure than ringwoodite. As a result, basaltic crust
may get trapped in the transition zone of the (Venusian) mantle (e.g., Armann and Tack-
ley 2012; Vesterholt et al. 2021). Episodic breakdown may induce mantle avalanches and
possibly trigger dramatic periods of volcanism and large-scale tectonic activity on Venus
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(e.g., Papuc and Davies 2012; Vesterholt et al. 2021), although some geodynamic models
have challenged the relevance of this behaviour for Venus (e.g., Huang et al. 2013). Phase
transitions also alter mantle flow by either absorbing or releasing latent heat. Secondary
plumes (e.g., Yuen et al. 1998; Yoshida 2004) are likely to form when hot upwellings pen-
etrate an endothermic phase change like that from ringwoodite to perovskite at a pressure
of 23 GPa or equivalent depth of 730-740 km inside Venus (Ishii et al. 2018; Trgnnes et al.
2019).

Moreover, phase changes depend on mineral assemblage and rock composition, which
vary temporally and spatially in the mantle. Although the bulk composition is mostly deter-
mined by the accretion history, compositional mantle heterogeneity may arise from melting
and freezing processes. For example, compositional layering may be a consequence of frac-
tional crystallisation of an early magma ocean (e.g., Labrosse et al. 2007). Later-stage partial
melting induced by hot anomalies in a largely solidified mantle leads to small-scale hetero-
geneity as different rock components melt under different conditions and have different
affinity to partition into the molten phase (e.g., Hofmann 1997). Such processes compete
with mantle convective stirring that tends to homogenise lateral variation, but the mixing
time scales in the mantle are large and compositional heterogeneity occurs likely across
multiple scales in the Earth’s present mantle (e.g., TkalCi¢ et al. 2015), as is also supported
by modelling studies (Giilcher et al. 2021). However, terrestrial plate tectonics continuously
induces new heterogeneity by deep crustal subduction, which may be less relevant to Venus
without plate tectonics.

Finally, melting processes likely cause the growth of secondary crust on the planet’s
surface. Basalt-rich melts in the upper mantle rise to shallow depths where they cool and so-
lidify to form fresh basaltic crust. Such magmatic transport may happen either via magmatic
intrusions in the shallow subsurface, or via extrusive volcanism in cases where melt diapirs
reach the surface via so-called heat pipes (Fig. 2b, Turcotte 1989; Moore et al. 2017). Upon
such melt formation, latent heat is consumed and migrated to the surface, where it can be
released to the atmosphere. Therefore, melting, magmatism, and volcanism strongly influ-
ence the cooling history of a planet and with that the dominant tectonic regime at its surface
(e.g., Ogawa 2000; Ogawa and Yanagisawa 2014; Lourengo et al. 2016, 2018, 2020; Byrne
2019).

2.3 Diversity of Geodynamic Regimes

Material complexity in the mantle allows for different styles of mantle flow. In turn, this
flow induces deformation in the crust and thus determines surface tectonics. Present Earth is
in a mobile-lid tectonic regime (with plate tectonics being a peculiar subcategory), but most
other known terrestrial planets show different regimes, which are introduced in this section
and conceptually visualised in Fig. 2. Venus’ current and past regime is then specifically
discussed in detail in Sects. 3 and 4.

The standard view of convection (like that from Bénard’s experiments) is the mobile lid
regime. The name implies that the lid (typically defined as the region inside the top thermal
boundary layer) is in continuous motion, with a velocity at least as large as the average veloc-
ity of the convecting layer. In other words, the surface mobility (M), defined as the ratio of
surface-averaged to volume-averaged velocity, is M > 1 (e.g., Tackley 2000). M is a useful
measure to distinguish mobile from immobile (thus, stagnant) surface regimes. Earth’s plate
tectonics clearly falls into the mobile category given the observed speeds of tectonic plates.
One peculiarity of plate tectonics, however, is the high degree of localisation of deformation
into narrow plate boundaries (Fig. 2¢). This localisation is not a general characteristic of the
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these modes through time (see
Sect. 4). The Episodic lid is an
often-proposed specific example
of such transitional behaviour
between mode (a) and (c). The
colour coding qualitatively

Fig.2 A conceptual visualisation (a) Stagnant Lid (b) Heat pipe lid
indicates temperature, as
indicated. The white layer at the

of geodynamic regimes relevant
for the terrestrial planets: (a)

Stagnant Lid; (b) Heat Pipe; (c)

Mobile Lid; (d) (Plutonic)

bottom of each panel indicates o ) )

the core of the planet, the brown (c) Mobile Lid (d) Squishy lid
layer at the top is the lithosphere.
The zoom-ins are used to

Squishy Lid. The regime could
conceivably transition between

highlight characteristic volcanic
and tectonic structures

mobile lid regime as deformation may be more diffuse or feature patterns that are absent
in Earth’s surface motion. In an Earth-like regime, most deformation is confined to a small
fractional area of the surface. This can be expressed via the plateness (P), which quantifies
how much more localised tectonic deformation occurs in the investigated regime compared
to a reference regime, which is typically the simplest possible, thus an isoviscous regime. A
value of P =1 indicates an extremely high degree of localisation, while P = 0 means that
localisation is as poor as in the isoviscous case (Tackley 2000). Therefore, on Earth P — 1,
while a wider range of values (0 < P < 1) is representative of the mobile lid.

The viscosity of mantle rocks is so sensitive to temperature that the surface boundary
layer becomes a quasi-rigid lid and decouples from the convecting mantle below (e.g., Solo-
matov 1995). This regime is often called ‘stagnant lid’ (Fig. 2a). Small viscosity contrasts
between cold lithosphere and hot mantle degrade the decoupling and lead to a mixed regime
(‘sluggish 1id’) in which the surface lid is mobile, but at reduced rates (M < 1). The strong
temperature dependence of mantle rocks makes a stagnant lid seemingly inevitable, unless
additional processes lead to localised failure of the stagnant layer. The stagnant lid is thus
sometimes seen as the default mode of planetary mantle convection, with present Mars being
an archetype of this regime. The stagnant lid is also likely the terminal mode of mantle evo-
Iution when the planet has cooled so much that convection is not maintained any longer (e.g.,
O’Neill et al. 2016; Stern et al. 2018). In the stagnant-lid regime, surface velocity is much
smaller than interior velocity (M <« 1). Surface deformation is not particularly focussed into
narrow weak zones, so that the characteristic plateness is also small (P < 1).

The transition between the mobile lid and stagnant lid regimes is determined by the
competition between stress induced into the lithosphere and the integrated strength of that
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Fig. 3 A geodynamic regime diagram as a function of the surface yield stress of the lithosphere and the
magmatic eruption efficiency. Here, the yield stress is defined as the maximum stress material can sustain
without deforming plastically; its values cannot be directly compared to laboratory inferred values. Each dot
indicates a geodynamic model; its colour denotes the geodynamic regime and is determined on the basis
of average surface mobility and plateness—a measure for the localization of surface deformation (Tackley
2000). Background colours illustrate regime fields %ualitatively. The regime diagram is also a function of
other parameters, such as mantle viscosity (here: 10 0 Pas). The plotted data is taken from Lourenco et al.
(2020)

lithosphere (Fig. 3). Lid mobility may occur when stresses inside the lithosphere overcome
its internal strength locally to induce weakness by failure. The transition to mobile lid is
probably not sharp, but includes a transitional range. One flavour of this transition is episod-
icity. In this context (but not generally), this means that episodes of pronounced surface
mobility intersect the evolution in the stagnant-lid mode. Stress may build up gradually
during evolution, for instance due to mantle cooling or crustal and lithospheric thickening
(e.g., Fowler and O’Brien 1996). At some point the lid is mobilised and tectonic recycling
cools the mantle and reduces lid thickness. In turn, the stress in the lithosphere is lowered
and active recycling stops again until stress has built up again to initiate another episode
of recycling. The scales of such resurfacing events may range from regional (e.g.,Noack
et al. 2012; Karlsson et al. 2020; Weller and Kiefer 2020) to global (Turcotte 1993; Armann
and Tackley 2012). In its global form, this ‘episodic lid’ regime has been used as an ex-
planation for Venus’ quasi-random distribution of impact craters that imply uniform surface
age, but the necessity of such a catastrophic event has been challenged (Sects. 3.2, 4.2).
During overturn phases, surface mobility and plateness are similar to the mobile lid char-
acteristics but, between such phases, these diagnostics are representative of stagnant lid
behaviour. Temporal averages would thus strongly depend on the time scales of overturn
episodes.

The regimes outlined so far do not consider melting and magmatism. As heat transfer
across a stagnant lid is much less efficient than across a mobile lid, heat is trapped inside
the planet and leads to a hotter mantle. This trapped heat enhances melting and magmatic
activity. Latent heat consumption and transport of the hot, buoyant magma via volcanic
eruption together facilitate extraction of interior heat, buffer mantle temperatures, and act as
a ‘mantle thermostat’ (e.g., Ogawa and Yanagisawa 2011). This mode has been described
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as a ‘heat pipe’ (Fig. 2b, e.g., O’Reilly and Davies 1981; Moore and Webb 2013), as the
ascending magma is thought to rise through narrow vertical channels. At present, such a
regime may apply to Jupiter’s moon Io, which is heated by tidal friction (e.g., Tyler et al.
2015). The ‘heat pipe’ mode may be particularly relevant for the early phases of terrestrial
planet evolution (Stern et al. 2018), such as during the Hadean and Archean epochs on
Earth (e.g., Kankanamge and Moore 2016). If Venus featured a stagnant-lid throughout all
its history, it could have been in a heat pipe mode during some phases, too (e.g., Turcotte
1989). On modern Venus, there is also evidence for recent and possibly active volcanism
(e.g., Smrekar et al. 2010; Bondarenko et al. 2010, D’Incecco et al. 2017, 2021; Campbell
et al. 2017; Byrne 2019), but its rate is not well-known.

Heat-piping leads to large volumes of extrusive volcanism, but not to large-scale hori-
zontal motion as in tectonically mobile regimes. The ability of rising magma to reach the
surface strongly depends on its buoyancy and overpressure, but also on the strength of the
lithosphere and crust. A thick and strong crust prevents magma from reaching the surface
and could instead promote the emplacement of magmatic intrusions within the crust. On the
other hand, o features the largest volcanic heat flow in the solar system and may have a thick
strong crust, but its lower part may be substantially weakened by magmatic emplacements
which could consume up to 80% of the total magma delivered to the crustal base (Spencer
et al. 2020). Intrusion could be the dominant mode of terrestrial magmatism as several pro-
posals have been made that only 10-20% of magmatism is extrusive (Crisp 1984; Cawood
et al. 2012), but such ratios are spatially highly variable and sensitive to the detailed tectonic
setting and structure of the crust (e.g., White et al. 2006). For other planets including Venus,
such details are typically unknown, leaving the ratio of extrusive and intrusive magmatism
as a major unknown.

If hot crustal intrusions are sufficiently abundant, however, they weaken the surface lid
from inside and can lead to yet another tectonic regime, the ‘plutonic-squishy lid” (Lourenco
et al. 2018, 2020). This regime is characterised by a strong lithosphere that is fragmented
into a set of small tectonic units by warm and weak regions caused by plutonism (Fig. 2d).
The lithosphere is much thinner and more mobile than in the ‘heat pipe’ and ‘stagnant lid’
regime (though not as mobile as in the mobile regime, thus M < 1 and Mps;, < My,;) and
deformation is expected to be more localised (thus Ppg;, > Ps;). The Archean Earth may
have displayed such a regime, but it could also be relevant for Venus given this planet’s hot
and therefore soft lithosphere (e.g., Gerya 2014; Byrne et al. 2021) and the hints of lateral
motion documented in present tectonic features without evidence for Earth-like subduction
(Sect. 3.1).

The regimes discussed here may not capture all possible behaviours. Sub- and mixed
regimes may exist (Loddoch et al. 2006; Rozel et al. 2015). Moreover, it is challenging to
interpret a regime with regards to the state of the mantle: is the displayed regime a snapshot
representing the current state of the mantle or an accumulated consequence of planetary
evolution of hundreds of millions to billions of years? Describing a planet using the sin-
gle geodynamic regime observed today seems infeasible in most cases, including Venus
(Sect. 4). Determining how and when regime transitions occur is important for interpreting
the preserved geological record. One challenge is that evidence from earlier regimes can be
(and, on Venus, likely have been) overprinted by signatures from the modern regime. Also,
transitions may not be clearly distinct events, but stretch over long time scales (e.g., Weller
and Kiefer 2020) and possibly lead to different, coexisting tectonic styles for different parts
of a planet’s surface (e.g., Robin et al. 2007; Capitanio et al. 2019).
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3 Present-Day Mantle Dynamics on Venus
3.1 Observational Constraints

This section briefly reviews the available constraints with the greatest relevance for Venus’
deep interior. A more detailed account on these constraints is given in this collection by
Ghail et al. (2023), Gilmore et al. (2023), and Herrick et al. (2023).

3.1.1 Gravity and Topography

In the absence of seismic data, gravity and topography are the most powerful constraints
on Venus’ interior — and at shorter wavelengths — on the strength of the lithosphere and
crustal thickness variations. The long—wavelength (i.e., below spherical harmonic degree
40) gravitational and topographic response of a mantle density anomaly depend on its scale,
density contrast, depth in the mantle, and on the stress propagation from there through the
crust and lithosphere to the surface. Thus, gravity and topography provide key inferences on
the viscosity structure of Venus’ interior at long wavelengths (e.g., Hager et al. 1985; Kiefer
et al. 1986; Zhang and Christensen 1993; Rudolph et al. 2015) and ultimately on the planet’s
tectonic regime (e.g., Steinberger et al. 2010; Huang et al. 2013).

From the Magellan mission, Venus’ topography is available at 10-25 km horizontal
resolution and a nominal vertical resolution of 80 m that strongly depends on local topo-
graphic gradients (Pettengill et al. 1992). The Magellan gravity field is on average resolved
at ~270 km (corresponding to spherical harmonic degree 70, Konopliv et al. 1999), but
resolution varies from 170-540 km (spherical harmonic degrees ~35-110) across the sur-
face. Future missions aim to deliver higher resolution (Widemann et al. 2023). As discussed
below, gravity and topography analyses can be used to estimate elastic thickness in many
areas, but the low resolution of the gravity data results in larger errors (e.g., Anderson and
Smrekar 2006). Within these errors, there is evidence for significant variations in crustal
and elastic thickness over short spatial scales over much of Venus. Short-wavelength vari-
ations may have crustal sources (Fig. 4, Steinberger et al. 2010; BeneSova and Cizkové
2012).

Lacking seismological data, internal density anomalies are poorly known for Venus,
which complicates interpretation of surface gravity with respect to mantle viscosity struc-
ture. To overcome this, Steinberger et al. (2010) assumed that Venus’ mantle density anoma-
lies are statistically similar to Earth’s. Other authors used numerical models to predict syn-
thetic density distributions consistent with Venus’ evolution (e.g., Pauer et al. 2006; Armann
and Tackley 2012; Orth and Solomatov 2011, 2012; BeneSovad and Cizkové 2012; Huang
et al. 2013; King 2018; Rolf et al. 2018b). For these approaches, the spectral representation
via a gravity power spectrum is particularly useful (Fig. 4), as models cannot be expected to
fit the observed signals from Venus’ interior directly, but make predictions with statistically
similar amplitudes and scales.

3.1.2 Crater Statistics

Topography and gravity constrain the current state of Venus’ interior, but reveal little tem-
poral information. Such insights require reconstruction of the planet’s surface chronology,
which—Ilacking dating of Venus’ crustal rocks—is mostly based on cratering statistics and
the relative age of geologic features. Compared with the stagnant-lid bodies—Mars, Mer-
cury, and the Moon—Venus displays much fewer craters whose distribution taken alone is
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Fig. 4 Power spectra of Venus’ present (a) surface gravity field, (b) degree correlation between gravity
and topography, and (c¢) geoid—topography ratio. Power spectra are as defined by Steinberger et al. (2010).
The respective spectra for Earth are shown in blue for comparison. In (a) and (c¢) the background shad-
ing indicates which parts of the spectra may dominantly have deep/mantle (bright) and shallow/crustal
sources (dark) according to Steinberger et al. (2010). The gravity model SHGJ180UAOL1 is used (https://pds-
geosciences.wustl.edu/mgn/mgn-v-rss-5-gravity-12-v1/mg_5201/gravity/). Topography data is obtained from
Venus’ shape given by Wieczorek (2007) (https:/github.com/MarkWieczorek/web/tree/master/spherical-
harmonic-models-topography).

not distinguishable from random (Phillips et al. 1992; Strom et al. 1994). The planet’s dense
atmosphere tends to obliterate small meteoroids, leading to a lack of craters with diameters
below ~2 km (Herrick and Phillips 1994). Considering this atmospheric screening, Venus’
craters suggest a young age of ~150-1000 Myr (Phillips et al. 1992; Strom et al. 1994;
McKinnon et al. 1997; Herrick and Rumpf 2011; Le Feuvre and Wieczorek 2011). Overall,
there is no consensus on the average surface age, the age of various geological units (e.g.,
Kreslavsky et al. 2015), the rate of surface weathering or the degree of volcanic embayment
of impact craters (Herrick et al. 2023).

In broad terms, accommodating the relatively uniform surface age can be done by the
end members of completely wiping the surface clean of craters every few hundred Myr
or by having resurfacing occurring everywhere at similar rates but with different mech-
anisms (e.g., Romeo and Turcotte 2010; Bjonnes et al. 2012). These end members have
different implications regarding the long-term evolution of the mantle. The former ‘catas-
trophic’ resurfacing—singularly or recurring episodically—implies that mantle temperature
and other conditions are not smoothly evolving with time. Global-scale excursions occur,
with rapid periods of cooling during a resurfacing episode. The episodes are separated by
longer quiescent periods during which the mantle temperature decreases only slowly or even
increases due to radiogenic heating (e.g., Turcotte 1993; Nimmo 2002; Armann and Tackley
2012; Rolf et al. 2018b). The latter ‘equilibrium’ case has a global resurfacing rate (which
can be accommodated with different mechanisms) that implies enough surface disruption
caused by the interaction between mantle, lithosphere, and crust to eliminate at least sev-
eral hundred million years of Venus’ cratering record, regardless of surface spatial location
relative to mantle convection pattern (Herrick et al. 2023). Apart from these end members,
the scenario best supported by both the impact crater record (Phillips et al. 1992) and by the
removal of extended impact ejecta blankets (Phillips and Izenberg 1995) is regional equi-
librium resurfacing. This scenario allows local resurfacing patches on the scale of 100s to
~1000 km to occur in different locations at different times (O’Rourke et al. 2014). This sce-
nario is consistent with the scale of a variety of volcanic features, including plume-induced
subduction (Davaille et al. 2017).
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3.1.3 Crustal and Lithospheric Thickness

The thermal state of Venus’ interior is tied to the thickness of the lithosphere via conductive
heat transfer. It also sets the conditions for the occurrence of magmatism and volcanism
(partly) determining crustal thickness. To date, no direct measurements of lithospheric and
crustal thickness have been made, but indirect estimates exist (Ghail et al. 2023). Absent
seismic data, crustal thickness is typically inferred from inversion of surface gravity and to-
pography (e.g., Maia and Wieczorek 2022). Estimated mean thicknesses vary greatly, from
~10 km (James et al. 2013), to ~20-25 km (Jiménez-Diaz et al. 2015; Maia and Wieczorek
2022) to as much as ~60 km (Steinberger et al. 2010). Lateral variations are substantial,
as Anderson and Smrekar (2006) suggested thickness ranges from 0 to ~90 km, whereas
James et al. (2013) reported a range of ~5-60 km (Fig. 5a-b). However, such values de-
pend on the non-unique choice of a mean thickness and the assumption that no crust should
be thicker than ~70 km-the depth at which Venus’ basaltic crust transitions into eclog-
ite. Dense eclogitic crust may be recycled through delamination, unless the crustal root
grows too quickly, which could be the case for Maxwell Montes (Namiki and Solomon
1993).

For models of mantle convection, crustal thickness analysis is most easily incorporated
in spectral form (Fig. 5¢). Wei et al. (2014) combined observed admittance spectra of gravity
and topography with convection models to infer which parts of the spectra arise from mantle
and from crustal sources and estimated a crustal thickness range of 28—70 km. Thicknesses
exceeding 50 km are limited to Ishtar Terra, Ovda Regio, and Thetis Regio, where the grav-
ity and topography signatures suggest isostatic compensation via a thick crustal root (e.g.,
Smrekar and Phillips 1991; James et al. 2013). In addition, Yang et al. (2016) separated
Venus’ gravity and topography into dynamic and isostatic components to derive a crustal
thickness range of 12-65 km. However, as crustal growth and destruction are strongly tied
to volcanism, magmatism and convective processes acting on the crustal base, the long-
term evolution of the interior can impose substantial variations of Venus’ crustal thickness
through time (Sect. 4).

The thickness of the lithosphere, in which the crust is embedded, is defined based on
either its elastic strength or temperature profile (Ghail et al. 2023). The thermal thickness
is given by the thickness of the conductive thermal boundary layer and depends on the
(unknown) temperature and viscosity of the interior. The geoid and topography can be in-
terpreted as indicating average thickness of 200400 km, possibly less below the volcanic
highlands (Solomatov and Moresi 1996; Moore and Schubert 1997). If geoid and topogra-
phy are explained purely by thermal isostatic adjustment of Venus’ stagnant lid, the ther-
mal thickness may be as great as 600 km (Orth and Solomatov 2011). However, a thinner
lithosphere (100-150 km) may be more compatible with melt generation rates estimated at
Venus’ hotspots (Smrekar and Parmentier 1996; Nimmo and McKenzie 1998). The elastic
thickness is always less than the thermal thickness and can be estimated from flexural mod-
els applied to geological features on Venus (Solomon and Head 1990; Johnson and Sandwell
1994; O’Rourke and Smrekar 2018; Borrelli et al. 2021) and from global admittance maps
(Anderson and Smrekar 2006). For most of the planet, the elastic thickness could be as little
as 20 km (Anderson and Smrekar 2006), which may indicate a warm lithosphere possi-
bly promoted by intrusive magmatism (Lourengo et al. 2020; Plesa and Breuer 2021) and
plume-lithosphere interactions (Glilcher et al. 2020). Admittance for tessera plateaus can
be interpreted as evidence of thin elastic lithosphere, reflecting the presumed more ancient
time of tessera formation (Maia and Wieczorek 2022), or as simply Airy compensation due
to a thick crust (Anderson and Smrekar 2006). Topographic fitting to flexural models can be
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Fig. 5 (a) A Mollweide projection of inferred crustal thickness on Venus, centred at 0°E (data from James
etal. (2013), assuming a mean thickness of 15 km and a mantle load depth of 250 km). Red and blue indicate
higher- and lower-than-average thickness, respectively. (b) A histogram representation of panel (a). The black
vertical line denotes the mean value; the grey-shaded region is bounded by one standard deviation. (¢) A
power spectrum of crustal thickness variations for spherical harmonic degrees 1-60

used to estimate elastic thickness from which heat flux can be inferred (e.g., O’Rourke and
Smrekar 2018), based on assuming a particular rheology and strain rate.

3.1.4 Heat Flux and Thermal Emissivity

Venus’ average surface heat flux is typically assumed to be smaller than Earth’s (~80
mW/m?, Davies 2013). Mantle convection simulations in the stagnant lid regime pro-
mote low estimates of 10-40 mW/m? (Solomatov and Moresi 1996; Gillmann and Tackley
2014; Rolf et al. 2018b; Uppalapati et al. 2020), but episodic overturns may cause a pro-
nounced temporal increase (Armann and Tackley 2012; Gillmann and Tackley 2014; Rolf
et al. 2018b; Uppalapati et al. 2020). These average fluxes do not reflect spatial variations.
Based on viscoelastic relaxation models, Karimi and Dombard (2017) suggest a higher-than-
average flux of 55-90 mW/m? at Mead Crater, although the applicability of their model as-
sumptions has been challenged (Ruiz et al. 2019). Impact-crater formation models indicate
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that Mead’s multiring-structure implies much lower flux (<28 mW/m?, Bjonnes et al. 2021).
In contrast, many of Venus’ coronae may feature high fluxes (>95 mW/m?, O’Rourke and
Smrekar 2018), whereas domes in the proximity of coronae may display intermediate fluxes
(Borrelli et al. 2021). The spatially varying estimates imply a thermally heterogeneous up-
per mantle and/or lateral thickness variations of the crust and lithosphere, which numerical
models of Venus’ mantle dynamics can shed further light on (Sect. 4.3).

In addition, thermal emissivity provides constraints on recent volcanic activity and there-
fore on the thermal conditions in the interior that may make magmatism feasible. Emissiv-
ity measurements for Venus’ southern hemisphere by Venus Express revealed a number of
regions of anomalously high emissivity. These high values do not imply thermal anoma-
lies, but rather are consistent with fresh, unweathered basaltic composition (Smrekar et al.
2010). Each of these features had previously been identified as having the broad topographic
rises and major volcanoes analogous to terrestrial hotspot features (McGill 1994). The grav-
ity anomalies for nine such features are interpreted as indicative of active mantles plumes
(Smrekar and Phillips 1991; Kiefer and Hager 1991; Smrekar 1994), which offers insight
into the planform of Venus’ mantle flow (e.g., Huang et al. 2013; Rolf et al. 2018b). The
presence of high emissivity and gravity anomalies at both large-scale rift-dominated and
corona-dominated features is consistent with current activity at small and large plumes (Sm-
rekar et al. 2010), rather than requiring different convective regimes to allow their formation
(Jellinek et al. 2002). The inferred number of hotspots places bounds on mantle viscosity
(< 10% Pas, if the mantle is mostly internally heated) and core temperature (>1700 K,
Smrekar and Sotin 2012). Future data may reveal evidence of additional locations of re-
cent volcanism and find evidence of additional small-scale plumes at depth, thus providing
further insights into mantle temperature and planform.

3.1.5 Surface Tectonic Features Linked to the Deep Interior

Observations of the distributions, types, and spatial and temporal relations of tectonic and
volcanic landforms provide important constraints for models of Venus’ interior. These con-
straints include estimates of surface strains, areas of crustal shortening and extension, re-
gions of stratigraphically young volcanism, and the extent and distribution of likely active
surface features (see Ghail et al. 2023). A key question for this chapter is to what extent
are interior processes manifested at Venus’ surface? Gravity—topography admittance ratios
obtained during the Magellan mission indicated that some portions of the planet are dy-
namically supported. For example, the large volcanic rises — such as Beta, Atla and Themis
Regiones — and several smaller rises are consistent with their being supported by large man-
tle upwellings (e.g., Smrekar and Phillips 1991). It is notable that the volcanic flows hosting
geochemical evidence of incomplete weathering (e.g., Smrekar et al. 2010; Brossier et al.
2020) are those interpreted to be comparable to hotspots on Earth (Smrekar 1994).

Another issue is whether mantle forces drive large-scale horizontal motion on Venus?
There is no morphological evidence for Earth-like oceanic plate movement and convergent
(rather than roll-back or retrograde) subduction on Venus today. Nonetheless, because of
the high surface temperature, there may be a weak layer within the lower crust or upper
mantle, akin to the rheological layering in continental lithosphere on Earth (Buck 1992;
Ghail 2015). If so, tractions from mantle flow on this low-strength layer may drive sur-
face deformation (e.g., Leftwich et al. 1999). Rheological data for Venus’ lithosphere is
sparse, but there is a geological basis for interpreting lateral motions on the planet. For
example, Harris and Bédard (2013, 2014) documented evidence for Lakshmi Planum hav-
ing collided with Ishtar Terra. Their work proposed that, akin to how continents move on
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Earth, mantle flow on Venus may have pushed against a deep lithospheric keel of Lakshmi
Planum, driving it northwards over perhaps 1000s of kilometres. Similar deep-seated man-
tle flow may have led to major shear displacements between Ovda and Thetis Regiones.
Recent work has suggested more modest horizontal motions, too, again potentially driven
by mantle flow. Numerous portions of Venus’ lowlands feature intersecting bands of exten-
sional and shortening structures (termed ‘groove belts’ and ‘ridge belts’, respectively) that
delineate smooth plains-filled lows (Byrne et al. 2021). Many such intersecting belts show
evidence of lateral displacements and paint a picture of these plains-filled lows being me-
chanically coherent crustal blocks that have moved with respect to one another. Calculations
from gravity-induced mantle flow show that the tractions arising from mantle motion today
may transfer sufficient force to the surface at every location where these blocks have been
observed—consistent with this motion having taken place geologically recently, and perhaps
even ongoing (Byrne et al. 2021).

Various modelling studies have focused on the formation of Venus’ prominent coronae,
which are thought to have been formed by mantle upwelling impinging on the lithosphere
(Stofan et al. 1992). The observed variety of their morphological forms can be explained
by the spectrum of development of individual coronae (e.g., Stofan et al. 1991; Smrekar
and Stofan 1997; Koch and Manga 1996; Hoogenboom and Houseman 2006; Giilcher et al.
2020). Models of plume upwelling generally evolve from domes to depressions; the op-
posite is true for models of corona formation above dripping or delaminating lithosphere
(Hoogenboom and Houseman 2006; Piskorz et al. 2014). For coronae that form over small
upwellings, a major unresolved question is the origin of the upwelling and their relationship
to circulation patterns in the mantle. Are they shallow upwellings or do they rise up from
the core—mantle boundary, like classical plumes on Earth (e.g., DePaolo and Manga 2003,
French and Romanowicz 2015) and those inferred for large scale (1000-2000 km) features
such as Atla Regio (e.g., Smrekar 1994)?

3.1.6 Magnetic Field

Pioneer Venus Orbiter provided the upper limit on the intrinsic magnetic field: any mag-
netization is < 107> times weaker than Earth’s magnetic field today (Phillips and Russell
1987). Other missions have failed to detect any intrinsic magnetism and this apparent dearth
of signal has been used to exclude the existence of a magneto-hydrodynamic dynamo in a
convecting, electrically conductive core of Venus (see Gillmann et al. 2022) Theory predicts
that a dynamo inside Venus would be apparent in available data if it existed (e.g., Stevenson
2003, 2010).

The lack of an intrinsically generated magnetosphere today may inform models of man-
tle convection. Core convection is primarily affected by core cooling, which is determined
by mantle heat transfer. The described (absence of) observation is most useful assuming an
Earth-like core for Venus that is partially liquid and its liquid part is chemically homoge-
neous. Then, the heat flow across the core—mantle boundary today is below the critical value
required to drive core convection (e.g., Labrosse 2015; Nimmo 2015). If Venus has no solid
inner core, the dynamo has to be sustained by thermal convection alone and the critical value
equals the heat flow along the core adiabat. Depending on the core’s thermal conductivity,
this could range from ~5-15 TW (see Lay et al. 2008 and references therein). With a solid
inner core, the latent heat of freezing and the gravitational energy release associated with the
partitioning of light elements into the liquid following inner core growth provide additional
sources of power and lower the threshold for a dynamo to roughly half the total adiabatic
heat flow (Blaske and O’Rourke 2021).
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However, using these arguments to constrain Venus’ modern core heat flow is problem-
atic, because Venus’ core may not be like Earth’s. The estimates for the moment of inertia
(Spada et al. 1996; Margot et al. 2021) and tidal Love number (Konopliv and Yoder 1996)
are too inaccurate even to rule out that Venus’ core is fully solid or has a liquid layer too
thin to sustain a dynamo (Dumoulin et al. 2017). A fully solidified core still appears un-
likely with at least some fraction of sulphur (S) in the Venus core as this would imply core
temperatures close to the Fe-FeS eutectic. These are likely too low (e.g., Boehler 1998) to
allow for partial melting of the mantle that is prerequisite for volcanic activity. However,
core heat flow also depends on heat transport efficiency on the mantle side and if Venus’
mantle plumes are merely hot thermals (Jellinek et al. 2002), they may extract as little heat
as 3 mW/m? from the core. That is an integrated heat flow of less than 0.6 TW for the range
of possible core radii (3500 £ 500 km, Margot et al. 2021).

3.2 Which Geodynamic Regime for Present Venus?

A key question is which tectonic regime matches the observational constraints summarised
best? The mobile lid regime implies a comparably thin lithosphere as well as efficient heat
transfer through the surface. The typically suggested reduced heat flux on Venus with re-
spect to Earth then points to a thicker lithosphere favoured by less vigorous mantle flow
and a more viscous mantle. However, predictions of Venus’ modern geoid from mantle flow
models (e.g., Steinberger et al. 2010; Rolf et al. 2018b) do not point to systematically higher
mantle viscosities. Subduction—the ultimate characteristic of mobile lid convection—cools
the mantle efficiently, and a colder mantle triggers less volcanism, confined to regions un-
derlain by hotter-than-average mantle (see e.g., Bondarenko et al. 2010; Smrekar et al. 2010;
Smrekar and Sotin 2012). Although active subduction does not occur on Venus today, there
are indications for subduction-like processes (e.g., Schubert and Sandwell 1995), either in
the form of localised retrograde (Sandwell and Schubert 1992) and/or as plume-induced sub-
duction (Davaille et al. 2017; Zampa et al. 2018). A continuous network of divergent and
convergent plate boundaries is still lacking, so that the indication of subduction processes
does not imply planet-wide mobile lid tectonics (but see Sect. 4.3). Byrne et al. (2021) ar-
gue that in many locations Venus’ present lithosphere appears fragmented into dozens of
coherently moving crustal blocks — like tectonic plates, albeit the largest identified block
is only ~ 1.9 x 10° km? and thus much smaller than any major tectonic plate on Earth.
The small size could be an expression of merely crustal deformation processes rather than
fully-developed mobile lid tectonics. This in turn suggests smaller horizontal forces to drive
lateral motion of plate-size structures, and has consequences for the rheology of Venus’ crust
and upper mantle.

On Earth, a low-viscosity asthenosphere is evident in the post-seismic deformation of
large earthquakes (e.g., Hu et al. 2016) and known to promote long-wavelength flow in the
upper mantle and large tectonic plates (e.g., Hoink and Lenardic 2008). On Venus, such evi-
dence is lacking and the asthenosphere may be less pronounced—in particular if its strength
is related to water content (Green et al. 2014; Masuti et al. 2016) and Venus’ interior is rel-
atively dehydrated. The lacking or weakly pronounced asthenosphere is manifested in the
high correlation of Venus’ gravity and topography (Fig. 4b), which can also be expressed
via the spectral admittance ratio (e.g., Kiefer et al. 1986). At long wavelengths (spherical
harmonic degrees < 10), the Earth features positive geoid and negative topography, leading
to negative admittance. On Venus, in contrast, the admittance is positive, which requires
stronger coupling of the mantle and the lithosphere, hence the absence of a pronounced
asthenosphere (e.g., Kiefer et al. 1986; Steinberger et al. 2010; Rolf et al. 2018b). This ab-
sence is also supported by the large geoid anomalies associated with Atla and Beta Regiones
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that require stronger coupling of upwelling plumes to Venus’ surface layer (Smrekar and
Phillips 1991). In contrast, deformation experiments on crustal plagioclase support a strong
rheological contrast between crust and mantle at Venus’ Moho conditions. This promotes
a decoupling of both layers, which reduces the magnitude of mantle tractions transmitted
to the crust and impedes large-scale lateral motion (Azuma et al. 2014; Katayama 2021).
Smaller-scale surface mobility is still feasible, especially if facilitated by a weak lower crust
(e.g., Arkani-Hamed 1993; Ghail 2015; Byrne et al. 2021). A weaker lower crust may how-
ever have difficulty to support some of Venus’ highest topography, so that this feature may
not be global.

Venus’ crater population supports the infeasibility of a large-scale mobile plate-like
regime today as it would efficiently renew the surface, deform, and erase craters. Although
Venus’ cratering record supports a geologically young surface, the mobile-lid framework
has difficulty accounting for the apparent random distribution of Venus’ craters and the im-
plied age uniformity (Sect. 3.1.2). For example, terrestrial tectonic reconstructions since
200 Ma indicate substantial variations in surface age, even after ignoring the presence of
anomalously old continents (e.g., Coltice et al. 2013). Finally, continuous subduction of sur-
face material would foster heat transport from Venus’ core into the mantle making dynamo
action and inner core nucleation more likely. However, other aspects—such as stable strat-
ification of the core—could explain the lack of dynamo action even if the mantle were in a
mobile-lid regime today (Smrekar et al. 2018).

An episodic lid regime with an ongoing resurfacing episode is difficult to distinguish
from the mobile lid regime given the (intermittent) surface motions, but peak rates of sur-
face velocities and eruption rate are likely higher during short episodes than in a long-term
stable mobile lid. If resurfacing happens via one major zone of convergence as promoted
by some numerical models (e.g., Karlsson et al. 2020), the deep mantle density distribution
becomes heterogeneous at hemispheric scale and causes a too large offset between Venus’
centre of mass and centre of figure (Bindschadler et al. 1994; King 2018). If the resurfac-
ing process operates on localised, regional scales, this issue is less problematic, but still a
sudden increase in volcanism would occur due to the lithospheric thinning following the
onset of resurfacing. This is challenging to accommodate with the apparent rates of recent
volcanism on Venus. An ongoing resurfacing episode on Venus is thus similarly unlikely
as a continuous mobile regime. However, resurfacing episodes happen with undetermined
frequency (e.g., Uppalapati et al. 2020), and are separated by long stagnant-lid periods espe-
cially during mature stages of the planet’s evolution (Armann and Tackley 2012). Therefore,
a current quasi-stagnant state with long tectonic quiescence between episodes is difficult to
rule out based on available data (Rolf et al. 2018b). During a long-lasting stagnant lid state,
the mantle becomes mechanically decoupled from the shallow lid because of the high vis-
cosity contrast between mantle and crust. The mantle does not exert enough forces on the
lid to coherently move it horizontally in a plate-like fashion. Under this regime, surface heat
loss is greatly reduced, but it remains unclear how such a reduction accounts for locally
elevated fluxes, such as suggested for coronae structures (Sect. 3.1.4). Convection-induced
deformation in a subcrustal lid with a weak lower crust (Ghail 2015; Byrne et al. 2021) and
plumes impinging and eroding the lithospheric base (Smrekar and Stofan 1997; O’Rourke
and Smrekar 2018; Giilcher et al. 2020) together could provide an explanation.

With inefficient heat loss during a stagnant-lid period, Venus’ mantle would have diffi-
culty losing its heat. If such a period is established after previous extended periods of mobile
lid tectonics, the mantle even heats up — despite the background trend of decaying radio-
genic heat sources — until the mantle temperature has adjusted to the rate of radiogenic heat
production. During the heating process, the mantle and core slowly equilibrate thermally,
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decreasing heat transfer and making a core dynamo less feasible. Moreover, the upper man-
tle heats up towards its solidus, resulting in substantial magmatism and volcanism. Moderate
rates of localised volcanic resurfacing are not at odds with the relatively uniform surface age
inferred from Venus’ crater distribution (e.g., Kreslavsky et al. 2015). With purely volcanic
resurfacing, the uniform surface age requires lava flows to be distributed broadly across the
surface, as indeed indicated on geological maps of Venus’ surface (e.g., Ivanov and Head
2011). In the absence of cold sinking slabs, lateral variations in mantle temperature may
be small in the stagnant-lid regime, so that a global layer beneath Venus’ lithosphere could
be partially molten and feed spatially random volcanism. Whether this form of equilibrium
resurfacing is a feasible scenario to generate a uniform surface age consistent with the crater
distribution remains debated (e.g., Romeo and Turcotte 2010; cf. Bjonnes et al. 2012). How-
ever, O’Rourke et al. (2014) show that scales of volcanism of several 100 to ~1000 km are
consistent with the crater population.

The relevance of the stagnant lid for Venus also depends on this regime’s definition.
Often defined by small surface mobility, it is undefined what ‘small’ means. Although less
than in the mobile lid, some mobility is permitted, in particular if the main manifestation of
the stagnant lid is the dominance of heat transport via conduction through the lithosphere
(Byrne et al. 2021). Also, magmatic processes potentially induce mobility (e.g., Noack et al.
2012; Lourengo et al. 2016, 2020), depending on the efficiency of magma eruption. Heat
pipes can operate at any non-zero eruption efficiency, but at high efficiency less magma
production and therefore a lower temperature is required in the mantle to make heat piping
the main mode of planetary resurfacing. The estimated rates of volcanic activity on modern
Venus do not reflect a dominance of heat piping. The prospect of a heat-pipe regime is
further challenged by the estimates of Venus’ crustal thickness, which typically suggest an
average crustal thickness of only a few 10s of km (Sect. 3.1.3), whereas evolution models
of Venus’ mantle with maximum eruption efficiency—resembling the heat-pipe regime—
typically predict much larger global crustal thicknesses of ~100 km (Armann and Tackley
2012; Rolf et al. 2018b). The high volcanic fluxes required to form such thick crust are
difficult to reconcile with the age of Venus’ present crust (e.g., Turcotte 1989). Reduced
magma eruption efficiency (<20%) can substantially decrease the thicknesses of the present
crust in the stagnant lid regime (Fig. 6). At this point, crustal intrusions control the thickness
and strength of the crust so that the plutonic-squishy lid can be entered (Sect. 2.3; Lourenco
et al. 2020).

In this regime, Venus’ groove and ridge belts serve as the regions where a lot of magma
is intruded into the crust, coexisting with relatively coherent crustal blocks (Byrne et al.
2021). Recent volcanism then represents the relatively small extrusive portion of magma that
makes it to the surface, but the total volume of magmatism is much higher, so that the rate
of volcanism is not directly linked to the thermal state of the upper mantle. Extrusions are
more likely where the rising magma has anomalously high buoyancy or where the integrated
compressive strength of the crust is low. On Venus, extension in a subcrustal lid around
regions of major mantle melting is in line with regional topography variations (Ghail 2015)
and may keep the compressive strength low to facilitate the rise of magma to the surface.
Idunn Mons may be an example for such a region (D’Incecco et al. 2017). The ubiquitous
presence of novae, coronae, and other volcanic features (e.g., Stofan and Smrekar 2005)
is another hint to such a spatially heterogeneous regime in which tectonic and volcanic
resurfacing interact and widespread volcanism is consistent with a relatively uniform surface
age on scales >1000 km (O’Rourke et al. 2014). Most of the buoyant magma would intrude
the crust, keeping it warm and sufficiently weak for crustal flow and surface deformation
required to eliminate crater signatures.
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Fig. 6 A time series of mean crustal thickness during 2 Gyr of model evolution in different geodynamic
regimes (data from Lourenco et al. 2020). HP: Heat Pipe; ST: Stagnant Lid; PSL: Plutonic Squishy Lid;
EL: Episodic Lid; ML: Mobile Lid. Values in parentheses indicate the surface yield stress in MPa, and the
magmatic eruption efficiency in %. In the EL model, the shaded area indicates a large-scale overturn episode.
The grey bars at the right margin of the plot indicate estimates of Venus’ present crustal thickness (James
et %11 2013, dark: mean, bright: range). All cases assume a mantle viscosity of 1020 pa s, except one (dashed,
10" Pas)

In summary, Venus’ present dynamic regime remains hard to be defined with the available
data. Observations and predictions by numerical models can be combined, but a complete
answer to how Venus loses its interior heat and causes deformation of the lithosphere and
crust does not yet exist; future missions will provide new data that will help to resolve this
issue (Sect. 5.2). For the time being, a regime with a globally mobile lid can be ruled out —
this includes, but in a more general way, the Earth’s specific regime of plate tectonics — and
so can be an ongoing (or recently ceased) global overturn event in the episodic lid regime.
However, Venus is also not in the classical stagnant-lid state without any lid mobility such
as Mars, Mercury, or the Moon (see e.g., Tosi and Padovan 2021). Improved estimates of
strain on Venus’ surface could help to distinguish between the different regime evolutions,
as characteristic values tend to differ by orders of magnitude (e.g., Grimm 1994). Another
promising avenue invokes the interplay of magmatism and tectonics to generate a hybrid
regime, such as the plutonic-squishy lid. The interaction between tectonics and magmatism
as well as between mantle and crust vary across Venus’ surface due to mantle flow pat-
terns and crustal variations resulting from the cooling and deformation history of the planet.
Therefore, understanding Venus’ current regime also requires insights on past tectonic states.

4 Venus’ Mantle Dynamics Through Time

For Earth, the mantle during the Archean (>2.5 Ga) was several 100 K hotter than at present
and operated under a different regime, leading to a different style of tectonics (e.g., Moyen
and van Hunen 2012). Some aspects of Venus’ current geology may be analogous to those
present on early Earth (e.g., Ghail et al. 2023). As discussed in this section, Venus may have
experienced similar regime transitions, in particular with a more mobile period in its past.
However, details on the style of mobility during that epoch and when it occurred still need
to be revealed.

4.1 Shaping Venus’ Interior Through Time

The thermal evolution of Venus’ mantle is determined by the balance of interior heating and
the net flux of heat leaving the mantle (e.g., Smrekar et al. 2018). The net flux is mostly the
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sum of heat loss from the interior to the atmosphere, heat transfer from the core to the mantle,
and heat transfer related to melting and magmatism via latent heat consumption (release)
upon melting (freezing), as well as extraction of heat through extrusive volcanism. Internal
heat generation comprises mostly radiogenic heating, but can also involve shock heating
induced by asteroidal impacts and heating by tidal dissipation (negligible for Venus). Even
if the present thermal state, fluxes and heating rates were well known, backward integration
of the present heat budget is challenging because the different contributions to the heat
budget are nonlinearly coupled and depend on the geodynamic regime and its history (see
e.g., Korenaga 2008).

4.1.1 Evolution of the Upper Mantle and Crust

The well-known half-lives of the principle radiogenic isotopes expected for Venus suggest a
decay of internal heating by a factor of about three over Venus’ lifetime (Turcotte and Schu-
bert 2017). Jellinek and Jackson (2015) proposed that ablation from early impactors on Earth
may have caused the loss of an isolated geochemical reservoir with a lower *>Nd/'*Nd ra-
tio lower than ordinary chondrites. Such a loss could imply a 20-45% lower radiogenic heat
production on Earth compared to Venus, potentially enough to explain their divergent evo-
lution pathways (Weller and Lenardic 2015). Stronger radiogenic heating increases mantle
temperature and decreases viscosity, effectively resulting in weaker coupling to the mantle
and lower stress in the lithosphere. Therefore, planets operating with high mantle tempera-
tures are more likely in the stagnant lid regime (e.g., Stein et al. 2013; Weller et al. 2015).
However, whether ejected enriched material would not re-accrete to the planet and why im-
pact ablation should happen on Earth, but not on Venus has not been discussed by Jellinek
and Jackson (2015). Moreover, measurements on enstatite chondrites (Boyet et al. 2018)
suggest a nucleosynthetic origin of the Earth’s apparently anomalous '“>Nd composition
(e.g., Burkhardt et al. 2016); removing this effect leads to almost indistinguishable Nd ra-
tios of chondrites and the accessible Earth. This leaves the proposal of Jellinek and Jackson
(2015) as a possibility that cannot be disproven, but it is neither sufficiently supported by
available data.

More established is that small variations in surface temperature affect the relationship be-
tween radiogenic heating and the geodynamic regime, and may have acted as important trig-
gers for transitions in Venus’ tectonic regime (Sect. 4.2). Depending on the thermo-tectonic
history, the result can be multiple tectonic states, feasible for the same conditions. To date,
the link between radiogenic heat production, mantle thermal state, and tectonic regime has
mostly been inferred from theoretical scalings and numerical models employing a pseudo-
plastic rheology (Sect. 2.2). As discussed, stress imparted to the lithosphere through con-
vection decreases with increasing mantle temperature. Reaching the yield stress to induce
plastic failure is thus more complicated and the feasibility of developed mobile-lid tectonics
on a younger, hotter planet is reduced. On the other hand, lithospheric stress increases with
increasing slope of the lithospheric base (e.g., Fowler 1985; Wong and Solomatov 2015)
making it sensitive to the aspect ratio of convection cells. If Venus mantle established suf-
ficiently wide convection cells at some point, initiation of subduction-like processes would
have been facilitated (Wong and Solomatov 2015), in particular when the planet was not in
the heat-pipe regime anymore (Kankanamge and Moore 2016). Another possibility to en-
able lithospheric weakening in an earlier, hotter mantle—and thus a challenge to the notion
of the prevalence of early hot stagnant lid mantle convection—is via grain-size-dependent
damage evolution as the deformational work driving grain size reduction does not decrease
in a hotter mantle (Foley 2018). In contrast, an additional argument for the promotion of
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stagnant lid behaviour independent of rheological arguments may come from the physics of
mantle systems heated from below and within. In such systems, high levels of radiogenic
heating tend to inhibit convection, and thus stress imparted via internal convective veloci-
ties, due to transition in convective planforms from predominantly sheet-like to plume-like
(Weller et al. 2016; Weller and Lenardic 2016; Lenardic et al. 2021).

This discussion typically assumes a uniform radiogenic heat production across the man-
tle, which is not the case in a planetary mantle with melting-induced differentiation. In-
compatible radiogenic elements preferentially partition into the liquid phase upon melting,
which leads to an enriched crustal layer, impacts mantle cooling history (e.g., Ogawa 2018),
and can alter surface heat flux (e.g., Lourenco et al. 2018; Vilella and Deschamps 2021).
However, even with extreme partitioning that forces almost all radiogenic elements into the
melt, numerical models of Venus’ evolution in the stagnant lid—or rather heat pipe—regime
cannot produce a thin crustal layer consistent with other estimates for Venus (Armann and
Tackley 2012). As discussed in Sect. 3.2, a regime supporting high volumes of intrusive
magmatism—such as the plutonic squishy lid—may be more feasible in this regard as it
facilitates remixing of radiogenically enriched material into the mantle. The effects on ra-
diogenic partitioning could then be less pronounced than they would be otherwise (Lourenco
et al. 2018).

The melting-induced crustal layer features thickness variations reflecting the lateral vari-
ations of temperature and flow in the mantle in a time-integrated sense. Crustal heterogene-
ity locally increases the stress within the lithosphere and facilitates surface mobilisation
(Lourengo et al. 2016). This mobilisation is reinforced when the crustal root transforms
into eclogite (at ~60-70 km depth on Venus) as this denser phase induces additional buoy-
ancy and stress to trigger episodic mobilisation of an otherwise stagnant lid (e.g., Rolf et al.
2018b). Thinning the crustal layer by a mobile episode may let the stress in the lithosphere
drop below the yield strength, promoting tectonic quiescence. After shutting down recycling,
surface heat loss decreases and the mantle gradually heats up, favouring larger volumes of
melting, magmatism and volcanism until the crust and lithosphere eventually experience suf-
ficient melting-induced heterogeneity and stress to reinitiate surface mobility. As radiogenic
heat production decreases with time, heating up the mantle and powering magmatism takes
progressively more time, possibly increasing the interval between surface recycling events
until they may eventually fade (e.g., Armann and Tackley 2012; Vesterholt et al. 2021).

The importance of melting-induced heterogeneity and crustal tectonics for Venus de-
pends on the ability of magma to propagate through the crust and reach the surface. Venus
is widely covered in basaltic volcanic rocks, so that the magma eruption efficiency is clearly
non-zero. Without knowing the total volume of generated magma in the mantle, refined
estimates are difficult to make, but important as different eruption efficiencies can lead to
different tectonic regimes (Sect. 2.3, Fig. 3). Reducing the eruption efficiency in the stag-
nant lid regime tends to increase the average age of Venus’ crust, but also creates larger
spatial age variations (Uppalapati et al. 2020), which may be difficult to reconcile with
Venus’ crater distribution. Assuming a continuous stagnant lid, dominantly intrusive vol-
canism could strongly reduce the mechanical lithospheric thickness and better match present
elastic thickness estimates for Venus, especially if intrusions are placed at shallow depths
(~50 km, Plesa and Breuer 2021). Magmatic inclusions cool less efficiently than surface
lava so that pockets of high melt fractions may be preserved whose evolution is difficult to
address in global models (see Abe 1995; Rozel et al. 2017; Lourenco et al. 2018). More-
over, magma eruption varies with the integrated crustal strength and the buoyancy of ris-
ing magma, whose ascent through the crust may also be affected by permeability barriers
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(Schools and Montési 2018). For all these complexities, the interaction of magmatism and
tectonism remains incompletely understood—even in terrestrial settings—and demands future
research.

4.1.2 Evolution of the Deep Mantle and Core-Mantle Coupling

The lack of a magnetosphere is a characteristic that any evolution scenario of Venus’ mantle
has to match (Sect. 3.1.6). However, without sufficient knowledge of the state and structure
of the core, including the existence of an inner core, different evolutionary scenarios remain
possible (see Smrekar et al. 2018). Speculatively, a basal magma ocean could exist in Venus’
lower mantle, thick enough to suppress core cooling, but too thin to support a dynamo by
itself today (O’Rourke 2020). Alternatively, Venus could have experienced a ‘gentle’ ac-
cretion relative to Earth. In the absence of mechanical stirring provided by late energetic
impacts, Venus’ core could have retained a stable primordial chemical stratification (Jacob-
son et al. 2017). With a stably stratified or solid core, even rapid core cooling would not
produce a dynamo and planetary magnetic field.

Realistic predictive models of planetary dynamo generation are still to be developed (see
Wicht and Sanchez 2019), however, simplified thermal evolution models of Venus’ interior
suggest that the prospects for an internal dynamo were more favourable in the past when
Venus’ interior was hotter (Nimmo 2002; Driscoll and Bercovici 2013, 2014; O’Rourke
et al. 2018; Gillmann et al. 2022). Detecting crustal remanent magnetism could indicate that
an internal dynamo once operated on Venus. Although the surface of Venus is hot, modern
temperatures are still below both the Curie point and the expected blocking temperatures of
magnetite, a common magnetic carrier. The Pioneer Venus Orbiter and Venus Express would
have detected large magnetised surface regions northwards of 50°S, at least if magnetization
is coherent over horizontal spatial scales comparable to the orbital altitude (~150 km, Rus-
sell et al. 2007). However, crustal magnetization may still be undetected on Venus if located
near the south pole or if the spatial scales of preserved crustal magnetization at present day
are small.

Recent models of Venus’ core—mantle—atmosphere coupling (O’Rourke et al. 2018) point
out that an initially hot and chemically homogeneous core should remain at least partially
liquid today. If Venus has an Earth-like core, the absence of a dynamo is easiest to explain
if the thermal conductivity of core material is at the high end of recent estimates (i.e., >100
Wm~! K~!). Internal heating in the core and/or dense insulating layers at the base of the
mantle could keep the core fully molten. In particular, a basal magma ocean slows down
core cooling, but similarly requires slow mantle cooling to avoid solidification. For this, a
continuous stagnant lid regime would be more favourable as it keeps the mantle hotter than
one (episodically) cooled by active resurfacing. However, the stagnant lid does not rule out
a core dynamo in general, with Mercury being a solar system example for such a planet
(e.g., Christensen 2006). If melting and magmatism provide a sufficient heat sink for the
mantle, a core dynamo may be active on Venus until ~0.3 Ga in the stagnant lid regime
with sufficient extraction (>50%) of magma to cool the mantle, but only until ~3 Ga when
magma is inefficiently extruded and/or the magma volume is small (Driscoll and Bercovici
2014).

Thermal insulation of the core may also result from compositional layering of the man-
tle. When entering the lower mantle, basalt becomes denser than olivine, making recy-
cled crustal material denser than the ambient lower mantle and possibly leading to piles
of basaltic material atop the core-mantle boundary. Such ponding can happen to some de-
gree in all regimes discussed in Sect. 2.3, but most pronounced in the episodic lid or mobile
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lid where sufficiently strong, deeply subducting slabs provide an efficient way of downward
transport (Lourenco et al. 2020). The presence of such relatively dense piles may prevent
Venus’ core from solidifying completely (O’Rourke et al. 2018). If originating from the sur-
face and being transported efficiently across the mantle, the settled material may initially
be cold. The temperature contrast would temporarily increase heat transfer from the core
(King 2018; Rolf et al. 2018b) and possibly enable intermittent thermally-driven dynamo
activity. In the longer term, the accumulated dense layer would heat up, in particular when
enriched in radiogenic nuclides, insulating the core and suppressing core cooling. Depend-
ing on the competition between the thermal and compositional buoyancy, the dense layer
may be permanent or remix back into the mantle if not continuously fed by new settling
material.

On Earth, most of the dense material atop the core—mantle boundary is organised in two
antipodal provinces centred at the equator (Garnero et al. 2016 and references therein). For
Venus, seismological constraints are lacking, but the small offset of ~280 m (Bindschadler
et al. 1994) between Venus’ centre of mass (CoM) and centre of figure (CoF) rules out
strong hemispheric asymmetry in the thickness of the dense layer. This finding seemingly
argues against a recent global resurfacing episode, which produces much too large an offset
(King 2018). However, the hemispherical-scale variations may distort the offset only for a
relatively short time span (~100 Myr, Fig. 7); afterwards, propagation of active resurfacing
zones and the reorganisation of mantle flow may override the hemispherical anomaly in the
deep mantle and promote a smaller-scale structure that could have much less impact on the
CoM-CoF offset. Clearly, the feasibility of such a scenario depends on Venus’ lower mantle
properties. Given their uncertainty, the observed small offset may not definitively rule out
an episodic resurfacing event on Venus, but at least places bounds on the timing of the latest
resurfacing episode: recent cessation less than 150-200 Myr ago seems infeasible. This pre-
diction, in turn, is consistent with the decay of long-wavelength gravity anomalies observed
over a time scale of ~100-150 Myr after overturn cessation (Rolf et al. 2018b). Minimum
estimates of Venus’ mean surface age are similar (e.g., Herrick and Rumpf 2011; Le Feuvre
and Wieczorek 2011), but such a young surface can also be generated without lithospheric
overturn when magma eruption efficiency is high (Uppalapati et al. 2020). However, mantle
overturn and deep recycling wipe out the pattern of mantle plumes established prior to an
overturn episode and re-establishing that pattern tends to take much longer after the cessa-
tion of active resurfacing (Rolf et al. 2018b).

4.2 Regime Transitions: Triggers and Time Scales

As emphasised previously, the planetary tectonic regime changes through time in response
to the thermal and compositional evolution of the mantle. A relevant question for this paper
is what could trigger a regime transition and on what time scale?

4.2.1 Surface Temperature Variations

Being closer to the Sun than Earth, Venus would be expected to receive greater solar insola-
tion, but Venus’ much higher albedo ultimately leads to smaller absorption of solar energy,
at least at present. Nevertheless, Venus’ surface is almost 500 K hotter than the Earth’s sur-
face, because surface temperature is controlled by Venus’ greenhouse atmosphere (Gillmann
et al. 2022). Higher surface temperature weakens crustal rocks due to the strong tempera-
ture dependence of viscosity. An increase in surface temperature persisting over geological
time propagates through the lithosphere into the mantle, acts to reduce the stress imparted

@ Springer



70 Page 26 of 51 T.Rolf et al.

(a) 2.00 Ga Tews ~3442 K Qc~36TW

Qc~35TW

Q¢ ~14.1TW

Heat flux (mW m-2)
I
0 50 10 150 200 250 -2 -1 0 1 20 40 80 120 160 200

Density anomaly (%)
T

Fig. 7 The evolution of basalt heterogeneity (left column), the deviation from mean density (middle), and
heat flux across the core—mantle boundary (Q ¢, right) from a 3D thermochemical evolution model of Venus
(case ‘E50’ from Rolf et al. 2018b). Basalt heterogeneity is plotted as the height of the column in which basalt
is the dominant composition (i.e., basalt fraction >50%). Each row indicates a different time. Substantial lid
mobility is observed between ~1.85 and ~1.65 Ga here. The respective temperature at the core—mantle
boundary (Tcyp) is indicated

to the lithosphere from the convecting mantle, and may induce transition from a mobile
to a stagnant lid regime (e.g., Lenardic et al. 2008; Weller et al. 2015). Moreover, higher
surface temperature advances healing of previously accumulated damage, since the growth
and recovery of mineral grains is faster. As a consequence, reactivation of previously weak-
ened tectonic structures and the formation of plates may be more complicated on Venus
than on Earth (e.g., Landuyt and Bercovici 2009; Foley et al. 2012; Bercovici and Ricard
2014).

Both processes inherently require geological time scales to operate. Relaxing this tem-
poral requirement and assuming that the time scale of surface temperature change is less
than the mantle mixing time allows mantle temperatures to remain relatively unchanged.
Under this condition, an increase in surface temperature reduces the thermal contrast across
the lithosphere. If the associated viscosity contrast falls below a critical value (~10° as sug-
gested by models and scaling analysis), a previously stagnant lithosphere may enter a transi-
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tional regime (Moresi and Solomatov 1998). Although the viscosity contrast across Venus’
lithosphere is not well determined, comparison to viscosity estimates of the Earth’s crust
and asthenosphere could make this situation relevant for Venus. If so, the transition could
in turn lead to resurfacing and to a comparably young surface, like that of Venus, without
the need for global overturn episodes induced by yielding of the lithosphere (Noack et al.
2012). In contrast, Gillmann and Tackley (2014) concluded that lower surface temperatures
can trigger transition to mobile lid behaviour. Such relatively lower temperatures foster vol-
canic activity thereby potentially increasing water content in the atmosphere, which causes
surface temperatures to increase again until the interior transitions back into a stagnant and
subsequently into an episodic lid regime. Lateral variations in surface temperature can also
induce spatial variations in rheology and—in extreme cases of tidally-locked planets—induce
hemispherically different tectonics (Meier et al. 2021), but on Venus balancing by the thick
atmosphere keeps such lateral variations small.

4.2.2 Stochastic Triggers

A fundamental question is whether a planet’s state can always be categorised by a regime
that is distinct from others by a number of diagnostics (Sect. 2.3). This depends on the
frequency of regime transitions, but also on whether such transitions are reversible. If
melting-induced crustal growth triggers overturn events (e.g., Armann and Tackley 2012;
Rolf et al. 2018b; Vesterholt et al. 2021), the rate of magmatism may partly determine over-
turn frequency. Then, overturns may be more frequent in the early phases of evolution when
stronger volcanism facilitates crustal growth, and then feature longer intervals until they
eventually cease (Armann and Tackley 2012; Vesterholt et al. 2021). With sufficiently long
intervals, the mantle may reach a thermal state representative of the stagnant-lid regime in
between overturns, but it may still spontaneously enter another isolated resurfacing episode.
Although overturn timing may be unpredictable because of the chaotic nature of mantle
convection (Wong and Solomatov 2016), the triggers for such spontaneous transitions can
include localised lithospheric thinning (Wong and Solomatov 2015), the merging of several
upwellings into a stronger one (Loddoch et al. 2006), plume-induced subduction (Crameri
and Tackley 2016), or sub-lithospheric, small-scale convection (Solomatov 2003). These
mechanisms together add a degree of stochasticity to the evolution of a convecting planet,
on top of that arising from different initial states.

Stochasticity in mantle convection is associated with complex feedbacks. Critical sys-
tem parameters such as surface temperature, internal heating rate, and yield strength couple
nonlinearly to the convective system (Crowley and O’Connell 2012; Lenardic and Crow-
ley 2012; Weller and Lenardic 2012, 2018; Weller et al. 2015; Lenardic et al. 2016). This
coupling leads to a hysteresis of states in which otherwise identical parameters lead to non-
unique tectonic states (Fig. 8). Within the hysteresis window, stagnant, episodic, or mobile
states are equally allowable and stable, with none energetically preferred over another. For
vigorous mantle convection, as expected for Venus, the region of multistable states may ex-
tend over a wide range of lithospheric yield strengths and surface temperatures (Weller and
Lenardic 2018). In this framework, the observed tectonic state is inherently controlled by
the specific history of the planet. A planet such as early Venus, which may have been in a
mobile lid state before transitioning to a stagnant lid through a surface temperature increase
for example, may not transition back to a mobile lid state by a reduction in surface tempera-
ture alone (e.g., Weller et al. 2015). With all things held equal, either planetary tectonic state
represented by Earth and Venus (State A, B in Fig. 8a) is inherently allowable from the same
initial condition. Under the surface temperature regime (Fig. 8b), both Venus and Earth are
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Fig.8 Tectonic regime diagrams indicating regions of hysteresis (multiple stable tectonic regimes), showing
(a) the surface yield strength and relative internal heating (the latter is a time proxy: X% indicates that
100-X% of radiogenic heat source are exhausted), and (b) yield strength and surface temperature parameter
space. The pink threshold lines in (a) indicate the yield strength and internal heating combination required to
leave an (early) mono-tectonic stagnant lid state 0. With the yield strength held equal, either state (mobile A,
stagnant B) is allowable from the same initial state 0. In (b), the dashed lines emphasise a widening of the
hysteresis window; larger surface temperature changes (ATj,,s) are required to leave the region of multiple
states and enter a mono-tectonic state as radiogenics become depleted. Earth and Venus are plotted merely
illustratively. These plots are based on Weller and Lenardic (2018)

plotted in the positions of the currently observed surface temperatures, indicating that both
planets could currently be within the bistable temperature space. However, this strongly de-
pends on the poorly constrained effective yield strength of the planets’ lithospheres. Thus,
planets such as Earth and Venus could presently feature different tectonic regimes even un-
der identical present-day conditions, if their surface temperature evolved differently in the
past. This finding holds true for other key system parameters such as the yield strength, the
global heat budget, radiogenic heating rate, and also for largely stochastic effects occurring
in chaotic vigorous mantle convection.

4.2.3 Impact Events

A peculiar class of stochastic events are impacts, which primarily determine the accretion
of the terrestrial planets including initial structure, composition, and heat budget. An ex-
tremely large, early impact collision could have melted large parts of Venus’ early man-
tle (Davies 2008) and depleted it from most of its water (see Salvador et al. 2023). Wa-
ter could have been delivered afterwards, but coupled orbital-interior—atmosphere mod-
els suggest that such late accretion consisted mostly of relatively dry enstatite chondrites,
as otherwise Venus’ present atmosphere would be too rich in volatiles (Gillmann et al.
2020).

Apart from water delivery, impacts may trigger changes in mantle dynamics and in
interior—atmosphere coupling as reviewed in detail in Gillmann et al. (2022). On Earth,
such impacts particularly affected the Hadean and Archean mantle (O’Neill et al. 2017,
2020) which was still hotter and perhaps more comparable to present Venus. Impact energy
causes shock heating of the interior and potentially drives magmatic pulses that could trig-
ger resurfacing. The delivered impact energy cannot easily be extracted from the system
again, which adds to the discussion of hysteresis above. Under Venus’ conditions, a single
large impactor could enforce substantial volatile release into the atmosphere, maintaining
high surface temperature and promoting a stagnant lid (Gillmann et al. 2016). An otherwise
identical evolution lacking such an impact may instead evolve through a period of rela-
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tively cold surface conditions that are more prone to lithospheric mobility. On Venus’ young
surface any detectable relics of such large impacts have been obliterated (e.g., Ruedas and
Breuer 2018), but even if preserved, interpreting such anomalies with regards to the trig-
gering of large-scale tectonic events is not unique. As a general problem, the differences
between Venus’ and Earth’s bombardment history are not known well enough to reliably
use them as arguments for the diverging pathways of both planets.

4.3 Can We Establish Venus’ Geodynamic Regime Evolution?

Tesserae may be among the oldest surfaces preserved on Venus today (e.g., Ivanov and Head
2011; Kreslavsky et al. 2015) and thus possibly important windows into Venus’ past. Magel-
lan radar imaging and altimetry reveal the collision of three distinct tessera regions in Tellus
Regio (Gilmore and Head 2018), pointing to a phase of surface mobility at some period after
the formation of those tesserae. The collision of Lakshmi Planum and Ishtar Terra (Harris
and Bédard 2013, 2014; Sect. 3.1.5), and implied 2000-3000 km of crustal convergence
may further support such a mobile period (Kiefer 2013). Although ridge belts that possibly
formed by crustal convergence over downwelling mantle are ubiquitous on Venus’ volcanic
plains, they probably have accommodated far less horizontal deformation than tesserae and
Ishtar Terra (Moruzzi and Kiefer 2020; Kiefer and Weller 2021), so they may originate from
a period with less lithospheric mobility. However, expected regional variations in conver-
gence and deformation rates at the same time would complicate this argument and probably
allow for alternative scenarios. In contrast to the evidence of an (undated) earlier mobile
epoch, most geophysical evidence points to stagnant lid-like behaviour on Venus at present
(Sect. 3.2), which would require a transition in tectonic regime to explain.

Tessera terrains feature characteristic ‘ribbons’, large-aspect-ratio trough-and-graben
structures of debated origin (see Hanmer 2020, and references therein). At least two types
of ribbons have been suggested, tensile-fracture and shear-fracture ribbons both of which
require a shallow brittle-ductile transition within Venus’ crust (<1-2 km, Hansen and Willis
1998). Moreover, the apparent regular spacing and similarity of such ribbons may reflect a
thermal control on the thickness of the deformed layer (Ruiz 2007), with which the local
heat flux at the time of ribbon formation can be estimated. For a brittle—ductile transition
at 1-3 km depth (Ghent and Tibuleac 2002) — in support of prevailing locally hot litho-
spheric conditions — Ruiz (2007) proposed a heat flux range of 130-780 mW/m? assuming
present surface temperature, well above all estimates for the present (Sect. 3.1.4). If the
surface were 100—150 K hotter when the ribbons formed, heat flux could be much reduced
to 20—-130 mW/m? with a brittle-ductile transition at ~3 km depth. High heat fluxes likely
place the solidus inside Venus’ crust and support arguments for a weak lower crust (e.g.,
Ghail 2015) and for intrusive crustal magmatic bodies relevant for the plutonic-squishy lid
regime. Additional constraints for Venus’ past heat flux come from impact crater morphol-
ogy, which suggest low heat flux (<28 mW/m?) during the formation of Mead (Bjonnes
et al. 2021), in line with predictions from mantle convection modelling in the stagnant-lid
regime. In contrast, Karimi and Dombard (2017) inferred a substantially higher background
heat flow in the vicinity of Mead (55-90 mW/m?), which simply reflects the uncertainty of
heat flux estimates for Venus.

The global relevance of heat flux estimates from a single morphological structure is un-
determined, but by analogy to Earth, likely not all that representative. Apart from Mead,
several other multi-ring basins are preserved on Venus and are not spatially clustered. If the
conditions required to form a multi-ring morphology at these sites are similar as for Mead,
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the estimated low heat flow may have global relevance (Bjonnes et al. 2021). Recent maps
for Earth (e.g., Davies 2013) indicate low heat flux comparable to those derived for Mead
crater are common in and near cratonic shields, whereas heat flux is much higher at mid-
ocean ridges. Cratons on Earth are the locations of thickest lithosphere; if the tesserae on
Venus are similar in nature to cratons, then estimates from these locations are not globally
representative.

Independent of the presence of continent-like terrains on Venus, the analogy to heat flux
variations on Earth could be challenged as our world is under a regime of plate tectonics
whereas Venus is not. Still, heat flux variations are also expected under a stagnant lid regime
reflecting variations in crustal thickness and upper mantle temperature linked to the plan-
form of mantle down- and upwellings. Global models of Venus’ mantle convection (Rolf
et al. 2018b; Uppalapati et al. 2020), however, indicate relatively small variations in surface
heat flux, at least if the mantle evolved under stagnant-lid conditions for a sufficiently long
time (Fig. 9). In addition, the change over the last billion years is small due to inefficient
mantle cooling. Stronger partitioning of radiogenic elements in the crust facilitates surface
heat loss, but not greatly, and spatial variations are not more pronounced. Under the as-
sumed model conditions, heat flux lows correlate with regions of thick basaltic crust across
which conductive heat transfer is poorer. At the same time, these regions correspond to the
zones of strongest magmatic/volcanic activity and thus strong heat transfer by magmatic
processes. If magmatic activity is capable of mobilising the surface lid locally, spatial vari-
ations in heat flux can be much larger (Noack et al. 2012). On a global scale, this effect is
seen during episodic overturn events. During such an event (Fig. 9c—g), heat flux contrasts
strongly between recently recycled regions and regions where relatively thick crust is pre-
served. After cessation of the resurfacing event, the strong variations typically decay on a
time scale of 100-200 Myr. At this stage, the variations of predicted heat fluxes across the
surface could be within a factor of about two (Fig. 9e—f). If such modelled variations are
representative of Venus, this could imply that local estimates of Venus’ surface heat flux—
such as those made for Mead—may be within a factor of two or less compared to Venus’
average, unless the estimate is made for a period during (or shortly after the cessation of)
large-scale tectonic lid mobilisation. During those times, the average heat flux would not be
related to the present value. High local heat flux estimates such as those derived from ribbon
formation (Ruiz 2007) would thus—if confirmed-manifest a period of previous lid mobility
on Venus.

Making the assumption that a past mobile epoch did occur on Venus, the question is
when and how abruptly the transition to the present state occurred. Even for the Earth —
which transitioned from some early regime into the mobile lid regime — neither the timing
nor the spatiotemporal evolution of such a transition (gradual or abrupt, regional or global
onset) are well established. For Venus conditions, global mantle flow models support long
time scales for regime transitions (Weller and Kiefer 2020; Fig. 10). Whereas this time
scale is likely sensitive to both mantle structure and convective vigour, tectonic stability is
controlled by the system’s sensitivity to perturbations (Weller and Lenardic 2018) and by
the growth of thermal boundary layers. For a conditionally stable system (i.e., those in the
hysteresis windows in Fig. 8), a relatively small perturbation can initiate a transition, such
as changes in the global yield strength, water content of the crust, or surface temperature
changes of 5-10% (Weller and Kiefer 2020). Once initiated, the perturbation disrupts the
established mobile lid pattern on a time scale of ~500 Myr (dashed line in Fig. 10). As in-
stabilities grow, the system enters the transitory (or episodic-like) state, oscillating between
extreme activity and quiescence. Each overturn is marked by plume generation leading to
destabilisation of the lithosphere, followed by cessation of yielding and thermal boundary
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Fig. 9 Maps of surface heat flux (in the spherical harmonic degree range 0-32) for two models from Rolf
et al. (2018b). (a) Case ‘S2’ in the stagnant-lid regime at 0 Ga (mean: 22 £+ 3 mW/m?, range: 6-29 mW/mz)
and (b) at 1 Ga (20 =4 mW/mz, 4-26 mW/m~). (c—f) Case ‘ES0’ in the episodic regime with a global
overturn event ending at ~1.65 Ga at (¢) 2 Ga (23 =6 mW/m?2, 7-58 mW/m?), (d) 1.8 Ga (71 £ 43 mW/m2,
~0-226 mW/m?), (e) 1 Ga (29 & 4 mW/mZ, 20-39 mW/m2), (f) 0 Ga (26 + 3 mW/m2, 15-33 mW/m?).
Note the anomalous color bar for panel (d). (g) Evolution of mean surface heat flow for case ‘ES0’, the main
resurfacing episode is indicated by the grey box

layer thickening. Although the number and recurrence interval of overturns may be stochas-
tic, each overturn has a minimum operating time scale of 100-300 Myr. Consequently, each
different tectonic state likely can operate over 500-1000 Myr time frames, with multiple
states requiring several billion years to transition fully.

There are several implications for this behaviour and these time frames of operation.
At any given time, a planet that has undergone a tectonic transition would be in a form of
dynamic thermal disequilibrium. Properties such as mantle temperature and heat flow would
be out of synchronicity with the planet’s observed tectonic expressions by perhaps as much
as a billion years (Weller and Kiefer 2020). For example, portions of Venus’ mantle would
be warming at differing rates after a transition (as opposed to assumptions of secular cooling
trends), which presents substantial challenges for mission data interpretation. However, the
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Fig. 10 Oscillation in tectonic states in 3D thermo-tectonic numerical models. The transition follows from
a destabilised mobile lid (yield stress increased by 8% at time 0), through an episodic (transitional) state,
into a stagnant lid state. (a) Time series of surface mobility; time is dimensionalised assuming a mantle
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Temperature is normalised to the temperature drop across the mantle. This figure is modified from Weller and
Kiefer (2020)

overall behaviour described may elucidate several outstanding questions regarding Venus’
evolution. During a transition, rapid shifts in surface behaviour are predicted that would be
discontinuous in nature, often restricted to regional or hemispheric extents. These local scale
events may then not be reflective of the global state, in terms of activity, temperature, and
heat flux. As a result, the surface of Venus may record differing convection modes and styles
of tectonics, with some portions showing extreme activity, yet others reflecting tectonic
quiescence. This evolutionary pattern appears consistent with many Venusian geological
enigmas, such as inferences of the apparent crustal mobility required to form Ishtar Terra
in addition to some tesserae (Gilmore and Head 2018), the hemisphere-scale variation in
both volcanic rates and intensity between the BAT region and surrounding areas (Crumpler
et al. 1993), the presence of multiple differing and apparently simultaneous styles of mantle
upwelling, such as mantle plumes and coronae (Johnson and Richards 2003; Robin et al.
2007; Smrekar et al. 2010), as well as the general and more widespread partial infilling on
impact crater floors (Herrick and Rumpf 2011).

Although suggestive, this concept leaves several major questions unanswered. As men-
tioned above, during a regime transition, a stagnant lid would be effectively indistinguish-
able from a sufficiently long quiescent period following an overturn. Given the range of
proposed surface ages, this disequilibrium potential and the ambiguity regarding stagnant
lid convection versus quiescent overturn period could imply that Venus is in an ongoing
transition phase today. How long this transition has been ongoing needs to be further re-
solved. Existing insights are mostly based on numerical simulations, but observable diag-
nostics need to be defined for future missions (like those in Sect. 5.2) in order to distinguish
between the different possibilities predicted by such models.
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5 Synthesis and Future Perspectives
5.1 Mantle Dynamics and Evolution on Venus

As discussed throughout this chapter, our understanding of Venus’ mantle evolution remains
fragmentary to date due to insufficient data for developing robust models of the subsurface.
Given the clearly different surface expressions, Venus’ mantle likely differs from that of
Earth in various aspects. A key difference could be the absence of a weak asthenosphere on
Venus as suggested by gravity and topography data (Sects. 3.1.1, 3.2). The asthenosphere is
often considered as key for allowing large-scale horizontal surface motions, and thus plate
tectonics, on Earth. A reduced water content in Venus’ interior is a possible explanation for
this discrepancy, but drier conditions need to be confirmed by future observations. Alter-
natively, different concentrations of carbon dioxide and different degrees of partial melting
may also suppress an asthenosphere (e.g., Sifré et al. 2014).

Divergent surface tectonics could also arise from a different crustal structure—Ilike a dis-
tinct weak lower crust (e.g., Ghail 2015), possibly analogous to Earth’s crust in the Archean
(e.g., Ghail et al. 2023). Crustal structure is shaped by the interplay of tectonics and magma-
tism. Further understanding is needed of this coupling and how mantle and crustal interac-
tions shape the surface. Such insights include establishing the coupling between the interior
and the thermo-compositional state of the atmosphere, which is tied to the interior via man-
tle outgassing and feeds back with surface tectonics by modulating the surface temperature
(Gillmann et al. 2022). The coupling between Venus’ subsystems (Fig. 1) implies that—as
for the Earth—the planet can only be understood as one integrative system: addressing the
feedback between the subsystems is and will be essential.

Models are powerful tools with which to shed light on the coupling processes, as we have
reviewed here. A major challenge, however, is to evaluate the predictive power of those mod-
els for Venus, in particular regarding time scales. Existing studies propose a wide range of
possibilities of Venus’ present and past interior dynamics (Fig. 11). These options are only
converging in the sense that Venus’ lithosphere does not feature large-scale coherent hor-
izontal motion in contrast to Earth. Some works suggest that Venus is in the stagnant lid
regime, but upon closer inspection this regime is likely different from that of the classical
stagnant-lid bodies, such as the Moon or Mercury. The current tectonic state may be tran-
sient, with Venus in transition between a past mobile state and a future stagnant state (Weller
and Kiefer 2020), or in a quiescent state between episodic mantle overturns (e.g., Rolf et al.
2018b). Moreover, the tectonic state may be linked to the evolution of volcanism, such as in
the plutonic-squishy lid regime, where intrusive magmatism may keep the lithosphere hot
and more prone to tectonic deformation (Lourenco et al. 2020). The widespread presence of
coronae and other volcanic features on Venus (e.g., Stofan and Smrekar 2005), and the pos-
sibility of discrete, mobile crustal blocks (Byrne et al. 2021) could be indicative for such a
volcano-tectonic regime. From our general understanding of terrestrial planet evolution, the
ratio of intrusive to extrusive magmatism increases through time (e.g., Stern et al. 2018), but
it is difficult to establish where Venus is currently situated on that trend. However, several
inferences of recent volcanic activity (e.g., Smrekar et al. 2010; Brossier et al. 2020) suggest
that Venusian magmatism may not (yet) be entirely intrusive (see Byrne 2019).

Observed surface tectonics suggest that Venus’ surface has been more mobile in pre-
vious epochs, but little is known about the timing, extent, and duration of such mobility.
Present geophysical constraints are insufficient to properly distinguish the different models
and Venus’ sparse and spatially random crater population seems insufficient to reveal these
details either, especially on absolute time scales (Herrick et al. 2023; Sect. 3.1.2). On Earth,
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Fig. 11 Proposed evolutionary scenarios for Venus. (a) A continuous stagnant lid (O’Rourke and Korenaga
2015); (b) regime transitions controlled by surface temperature (Gillmann and Tackley 2014), possibly trig-
gered by an impact (yellow star, Gillmann et al. 2016); (c) the transition from early stagnant lid to a transi-
tional regime with localised resurfacing, triggered by surface temperature (Noack et al. 2012); (d) the transi-
tion from an earlier epoch of lid mobility through a transitional state towards a (future) stagnant lid (Weller
and Kiefer 2020); (e)+(f) an early epoch of mobility motivated by low surface temperature to allow for lig-
uid surface water (Way and Del Genio 2020), transitioning into a stagnant or an episodic lid state; and (g)
episodic resurfacing with a progressively increasing interval between the episodes (E, Armann and Tackley
2012); future overturns may occur. The time axis is largely unconstrained, except for a few estimates on over-
turn duration or time since last overturn from modelling studies. All scenarios may start from a magma ocean
and terminate in a stagnant lid (Stern et al. 2018). (h) Qualitative evolution of magmatism, from dominantly
extrusive to more intrusive to intermittent and ultimately faded activity (see Byrne 2019). Panel (i) provides
a quantitative example of such a scenario; shown is a (smoothed) time series of volcanic heat flux Qy in a
plutonic-squishy lid evolution (normalised to the present-day value) based on Lourengo et al. (2020). This
case assumes a mantle viscosity of 102! Pas, a lithospheric yield stress of 80 MPa and a magmatic eruption
efficiency of 10%

dating of tectonic events beyond the limit of seafloor reconstructions relies on geochronol-
ogy and radiometric dating of preserved rocks, but such an option is infeasible for Venus
for the time being. However, potential future boosts for improving our understanding are
discussed in Sect. 5.2. Apart from the timing and duration of previous lid mobility, the ques-
tion arises as to whether this period was similar to mobility on Earth (that is, plate tectonics).
On present Earth, mantle plume and plate boundary locations are largely uncorrelated, but
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laboratory experiments and structural observations on Venus point towards plume-induced
subduction, favoured by Venus’ hotter and thus weaker lithosphere (Davaille et al. 2017). A
similar mechanism may have triggered (proto-)subduction on early Earth (Gerya et al. 2015;
Fischer and Gerya 2016; Baes et al. 2020).

If the analogy with early Earth holds, present Venus would be a key observatory for the
Earth’s past, but why would Earth have evolved from its early tectonic mode into modern
plate tectonics, when Venus is still in the early-state mode? Could Venus’ evolution have
been ‘slower’, meaning that it has not yet entered the plate tectonics mode? Cooling rate is
largely controlled by mantle viscosity, thus a higher viscosity in Venus’ mantle could have
trapped heat inside more efficiently. Reduced water content could explain such increased
viscosity, but would imply that Venus either accreted differently than Earth or was dried out
soon after—perhaps by an extreme impact collision (Davies 2008). Also, such a ‘slower’
evolution would suggest a mobile epoch yet to come, but hints of such a mobile regime
are already manifested in the planet’s preserved geological record (Sect. 4.3). This could
controversially point to a ‘faster’ evolutionary pace on Venus instead. The role of a hotter
lithosphere in this regard is discussed in Ghail et al. (2023). Other possibilities are recurring
episodes of mobility or that plate tectonics may develop only under specific circumstances
(for water content and surface temperature for example) that the Earth happened to have at
some point, but Venus did not (see Stern et al. 2018).

A planet is a highly dynamic system with strongly nonlinear behaviour: small changes
can induce large and unpredictable consequences. Coupled atmosphere—interior models
(e.g., Gillmann and Tackley 2014) indicate substantial variation of surface temperature
through time, more than enough to induce transition from one mode of tectonics to another;
bolide impacts could—stochastically—further trigger such transitions (Sect. 4.2). Even if
the immediate trigger subsequently vanishes, the transition in tectonic mode may not auto-
matically reverse because of hysteresis. Once pushed off the evolutionary path into a dif-
ferent mode, various processes may establish some of Venus’ peculiarities such as lacking
an asthenosphere and having high surface temperature, which are both maintained by and
help maintain the planet’s tectonic regime. In this light, self-organisation could explain the
divergent evolutions of two very similar planets. Whether such an explanation applies for
the tectonic divergence of Venus and Earth remains difficult to answer. Some avenues to
further resolve these issues are given below.

5.2 Future Boosts for Understanding the Venus Mantle?
5.2.1 Expected Insights from Confirmed Future Missions

The upcoming decade(s) will see various space missions targeting Venus. NASA’s VERI-
TAS and DAVINCI missions, together with ESA’s EnVision mission, will look for active
volcanism and tectonics, return high-resolution gravity and topography data, provide com-
positional maps of the surface, and place bounds on estimates of mantle outgassing rates by
measuring noble gas concentrations (see Widemann et al. 2023). Some key questions with
particular relevance for the mantle that could potentially be resolved with the upcoming
mission data are discussed here.

5.2.1.1 How Did Mantle Cooling History Contol the State of Venus’ Core? The mantle pro-
vides the boundary conditions of the core and controls its cooling history. A better un-
derstanding of Venus’ core would thus inform our understanding of the mantle evolution.
VERITAS will provide much improved measurements of the planet’s k, tidal Love number,
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a characteristic for the planet’s tidal deformation from which the size of Venus’ core and
its state can be estimated, in combination with the moment of inertia factor (Mol, Cascioli
et al. 2021). The radius of the core pins the thickness of the mantle and thus places bounds
on the temperature and pressure range at and above the core—mantle boundary. Margot et al.
(2021) found the first estimate of core size (~3500 km) using Earth-based radar observa-
tions of Venus’ spin. However, this method has large error bars (£300 km at best), and
cannot determine core state. Scaling core size from that of Earth places Venus’ lowermost
mantle probably just outside the stability field of post-perovskite, which is known to influ-
ence the dynamics of the Earth’s lowermost mantle (e.g., Cizkovi et al. 2010) and outer core
(e.g., Amit and Choblet 2009). Assuming an Earth-like mantle density profile and a transi-
tion pressure of ~125 GPa (Murakami et al. 2004; Trgnnes et al. 2019), the occurrence of
post-perovskite is inconsistent with the range of core sizes estimated by Margot et al. (2021).

The improved data will not only better characterise the size of the core, but also its
state, whether it is liquid, solid, or partially both. This will be an important constraint for
mantle interior models (Dumoulin et al. 2017), and for telling us how much core cooling
should be accounted for in these models. In turn, we will be able to place bounds on core—
mantle boundary temperature and the formation of mantle plumes as well as their excess
temperature, at least in the deep mantle. For example, if future k, and Mol measurements
point to a fully solidified core, a mantle evolution in the permanent stagnant lid regime
becomes less feasible as not enough heat could have escaped the interior. In contrast, a fully
solid core would imply strong core cooling and point to a relatively cold mantle, which was
cooled more efficiently like in a mobile lid regime. Such information will also impact the
feasibility of a basal magma ocean inside Venus today, and thus our understanding of the
planet’s magnetic field history (O’Rourke et al. 2019). Mantle cooling rate further strongly
depends on the mantle viscosity. To constrain the latter, VERITAS will deliver estimates of
Venus’ tidal phase lag with a potential accuracy of 0.05° (Cascioli et al. 2021).

5.2.1.2 How Much Heat Does Venus Lose Today? The heat loss from the mantle through the
surface of the planet is a cornerstone for every thermal evolution model. VERITAS will
measure global topography and gravity at much improved resolution over presently avail-
able data. EnVision will also measure topography and gravity (e.g., Rosenblatt et al. 2021).
Such refined data is expected to inform models on upper-mantle density anomalies, crustal
thickness, and eventually elastic thickness from which thermal gradients and thus surface
heat flux can be estimated. The improved resolution could also provide a better picture of
lateral heat flux variations, which can be linked to hotter or colder regions of the mantle and
possibly to convective structures such as deep mantle plumes. VERITAS will additionally
deliver improved measurements of surface thermal emissivity, positive anomalies of which
may be linked to plume locations (e.g., Smrekar et al. 2010). Moreover, thermal emissivity is
an important observable factor for the detection of recent volcanic activity (e.g., D’Incecco
et al. 2017, 2021). Improved estimates of the volcanic eruption rate at Venus could pin the
amount of heat leaving the interior via volcanic processes, thus providing constraints on the
temperature of the uppermost mantle or the important partitioning of intrusive magmatism
and eruptive volcanism.

5.2.1.3 Are Venus’ Tesserae Felsic and Older than the Average Crust? High-resolution grav-
ity and topography data will not only allow for improved estimates of elastic thickness and
thermal gradients, but also help to further map out the crater population, in particular in
terms of searching for buried craters. Subsurface radar measurements from EnVision may
support this search. Buried craters may also be apparent in high resolution topography, as
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on other rocky bodies, or could still be retained in the gravity field if measured at suffi-
cient resolution. Given the small population of preserved craters on Venus, the detection of
buried craters, particularly a few large ones (e.g., Karimi et al. 2018), would place new con-
straints on the absolute model age of Venus’ crust and therefore on the rates of resurfacing
the internal evolution models must accommodate. This, again, is directly linked to Venus’
tectonic regime. In particular, refining the distribution of Venus’ modified craters could help
to identify whether parts of Venus’ surface, specifically tesserae, are older than the average
surface age. Deformed craters on tesserae could be seen in high resolution topography, as
evidenced in the stereo topography (see Herrick et al. 2023). Higher-resolution mapping
of the tesserae’s bounding structures can additionally help to determine the structural re-
lationship between the tesserae and their surroundings and thus to constrain the formation
mechanism of the tesserae. The advanced mapping of tesserae regions, the search for buried
craters and in particular the determination of the processes modifying craters will reveal
Venus’ resurfacing history in detail.

VERITAS and EnVision will also measure iron content from orbit, providing proxy data
for the SiO, content of the surface rocks (Dyar et al. 2020; Helbert et al. 2021). Such data
for the whole planet will be acquired, so that the composition of tessera regions will be
further refined. Alpha Regio—the only tessera region captured by previous data—has a
composition that is consistent with, but does not uniquely mean, felsic rock (Gilmore et al.
2015, 2017). Determining whether this finding holds for all Venusian tesserae is important
for our understanding of the interior evolution, as a generally felsic composition would
require the presence of near-surface water during tessera formation. The DAVINCI mission
(Garvin et al. 2022) shall deliver new measurements of Venus’ D/H ratio with a precision
sufficient to distinguish between the different scenarios proposed for the origin of Venus’
water. This will help to constrain how wet the near-surface of Venus may be. If such a wet
environment propagates into the deeper interior, it has implications for the viscosity and the
degree of partial melting in the upper mantle and therefore volcanic outgassing rates, for
which DAVINCI’s improved measurement of atmospheric noble gas concentrations will be
new constraints. Water in Venus’ shallow interior will also affect the strength of the crust.
Targeted surface deformation maps—another expected outcome of the VERITAS mission—
will further support this line of insight by revealing currently active features for various
parts of the planet. Finally, DAVINCI’s descending probe (VDI) will take high-resolution
images of Alpha Regio when approaching the surface. Such images may offer additional
visual information for the formation and evolution of what are possibly Venus’ most ancient
tectonic features.

5.2.2 Additional Desired Observations Beyond Planned Mission Plans

5.2.2.1 In-Situ Heat Flow The future data to be delivered by DAVINCI, VERITAS, and En-
Vision will greatly advance our understanding of Venus’ interior and mantle, but gaps will
naturally remain. For example, surface heat flux will remain an estimate and not be mea-
sured in-situ, which would be the ultimate data to pin down Venus’ heat loss and the thermal
state of the upper mantle. As discussed in Sect. 4.3, however, extrapolating data from single
locations to a global characteristic value is difficult when lateral variations are important, so
that future heat flow measurements would ideally be taken at various sites.

5.2.2.2 Seismology Seismology would be the most powerful tool to map out the planet’s

density distribution. With that, the thermo-compositional structure of the interior could be
further revealed, including the (spatially varying) thickness of Venus’ crust. Such constraints
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would ultimately inform thermo-magmatic evolution models about the rates of crustal pro-
duction and destruction and therefore about the volume and timing of volcanic resurfac-
ing. Mapping the relatively shallow crustal boundary could be feasible with relatively low-
magnitude seismic events; deeper structures would be more challenging to map, but useful
for understanding Venus’ deeper mantle structure. Major unknown aspects are for instance
the thickness of the mantle transition zone and its spatial variations, which provide infor-
mation about the thermal state of that zone (e.g., Lawrence and Shearer 2008), the identifi-
cation of possible heterogeneity in a deep layer comparable to the D” region on Earth (e.g.,
Cobden et al. 2015), and confirmation of the size and state of the core that are indirectly
determined by measurements of k, and the Mol. The potential of future seismic investi-
gation is detailed in Widemann et al. (2023); further background and concepts for (future)
seismology on Venus are for instance given by Stevenson et al. (2015) and Kremic et al.
(2021).

5.2.2.3 Electromagnetics As discussed above, the water content in the crust and upper man-
tle is a crucial parameter to understand rheology and deformation on Venus.

Electromagnetic methods, for instance magnetotellurics, provide a tool to constrain wa-
ter, but also melt and carbon dioxide content (e.g., Sifré et al. 2014). Such measurements
are best made from the surface, but aerial sounding is a possibility and can still achieve ex-
ploration depths exceeding the lithospheric thickness with sufficiently low electromagnetic
frequencies (Grimm et al. 2012). If Venus’ crust is dry, this method could provide an inde-
pendent measurement of crustal and lithospheric thickness. If the crust is wet, containing
100s ppm of water, exploration depth is limited to much shallower depth and lithospheric
properties can no longer be estimated; however, such a finding would still reveal the wet na-
ture of Venus’ upper mantle. Knowing the water content of the upper mantle would further
inform our models of its viscosity, jointly with improved gravity and topography measure-
ments by EnVision and VERITAS, and shed light upon whether Venus’ interior features an
asthenosphere, and how the mantle couples to the lithosphere and crust. An issue for such a
measurement is the availability of electromagnetic sources. Lightning in Venus’ atmosphere
(e.g., Russell et al. 2007)—if found to be present—could provide one such source at fre-
quencies that allow for wave penetration as deep as 100 km into Venus’ interior (Grimm
et al. 2012).

5.2.3 Future Conceptual Approaches and Modelling

The next generation of missions will deliver new observations with which to improve our un-
derstanding of Venus’ interior, but a remaining challenge will be to incorporate these obser-
vations into a common dynamic framework and ideally to place at least relative time scales
on the processes to which these observations can be attributed. To do so, future advances
in modelling the evolution of the planet are needed. Of particular importance will be work
dedicated to revealing the coupling between subsystems—such as the core and the mantle,
the mantle and the atmosphere (including surface processes), and tectonics and volcanism.
Some important questions to address with such models are how much water does Venus’
interior contain, how is it distributed through time and space, and how does it affect mantle
viscosity, melt generation, and the properties of the crust? Improved understanding of how
magma migrates through the crust and how much of it makes it to the surface as a function of
crustal properties is another target of future modelling efforts. However, such models must
also account for the properties and complexities of Venus’ crustal rocks, their composition,
and mineral assemblage—which, as we know from Earth—can be far from homogeneous
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even over relatively modest spatial scales. Identifying and analysing Earth materials ana-
logue to Venusian rocks (e.g., Filiberto et al. 2020), as well as detailed understanding of
mineral physics of mantle material under high temperature and pressure conditions, are thus
also necessary to decipher Venus’ still enigmatic mantle structure and evolution.
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