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Abstract Venus is a terrestrial planet with dimensions similar to the Earth, but a vastly different
geodynamic evolution, with recent studies debating the occurrence and extent of tectonic-like processes
happening on the planet. The precious direct data that we have for Venus is very little, and there are only few
numerical modeling studies concerning lithospheric-scale processes. However, the use of numerical models
has proven crucial for our understanding of large-scale geodynamic processes of the Earth. Therefore, here we
adapt 2D thermomechanical numerical models of rifting on Earth to Venus to study how the observed rifting
structures on the Venusian surface could have been formed. More specifically, we aim to investigate how
rifting evolves under the Venusian surface conditions and the proposed lithospheric structure. Our results show
that a strong crustal rheology such as diabase is needed to localize strain and to develop a rift under the high
surface temperature and pressure of Venus. The evolution of the rift formation is predominantly controlled by
the crustal thickness, with a 25 km-thick diabase crust required to produce mantle upwelling and melting. The
surface topography produced by our models fits well with the topography profiles of the Ganis and Devana
Chasmata for different crustal thicknesses. We therefore speculate that the difference in these rift features on
Venus could be due to different crustal thicknesses. Based on the estimated heat flux of Venus, our models
indicate that a crust with a global average lower than 35 km is the most likely crustal thickness on Venus.

Plain Language Summary Venus is a planet that is roughly the same size as the Earth, and recent
studies have debated the style of Venusian tectonics and how it differs from Earth. One such tectonic process
is known as “rifting,” where a tectonic plate gets extended and forms structures as in East Africa on Earth.
These rift structures have been observed on Venus as well, but it is unclear how they formed under Venus' high
surface temperature and pressure. Computer simulations have improved our understanding of the rifting process
on Earth, so here we apply them to Venus to discover how rifting processes work under Venusian conditions.
Our results show that the crust needs to consist of strong rocks in order for rifting to take place under Venus'
conditions. The thickness of the crust also has a direct effect on the evolution of the rift and a thin crust favors
the production of magma on Venus. We compare the surface topography of the rifts in our simulations with
rift topographies observed on Venus. We find that different crustal thicknesses fit different rift observations on
Venus. Therefore, we speculate that differences in rifts on Venus could be related to differences in the crustal
thickness.

1. Introduction

Venus is often regarded as Earth's sister planet that holds the key to understanding the Earth and terrestrial plan-
ets (Wilson et al., 2021). Indeed, Venus' mass and radius are similar to those of Earth's, yet the evolution of the
planet resulted in a hell-like environment of high surface temperatures (464°C) and pressures (9.3 MPa compared
to Earth's surface pressure of 0.1 MPa) with clouds of sulfuric acid compared to the temperate life-sustaining
environment on Earth. Hence, studying the difference in evolution and processes between the two planets could
give us additional insights into the Earth.

Besides the differing surface conditions, another main difference between Earth and Venus is that Earth currently
hosts plate tectonics, whereas on Venus we do not currently observe plate tectonics as we know it. This difference
could stem from Venus' lack of surface water, which is generally assumed to be an important factor in driving
Earth's plate tectonics, and the hypothesis that Venus is currently a dry planet based on water content observations
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mostly limited to the atmosphere (Elkins-Tanton et al., 2007; Huang et al., 2013; Smrekar, Elkins-Tanton
et al., 2007). However, there are indications that Venus might have experienced, or indeed still does experience,
some other form of tectonics. Synthetic aperture radar data from the Magellan mission provided 98% imaging
coverage of the planet, unveiling a large diversity of tectonic features (Saunders & Pettengill, 1991). However,
the spatial resolution of this data is quite limited. The radar images have a spatial resolution in the order of 100 m
(Saunders & Pettengill, 1991), while the altimetry-derived topography has a vertical resolution of roughly 80 m
and horizontal resolution of 10 km (Ford & Pettengill, 1992). This lack of detailed data means that the ages and
origins of Venus' geologic features are largely unknown.

Although limited, the available data sets of Venus allowed for almost global geologic mapping of Venus' surface
(e.g., Ivanov & Head, 2011), which has lead to studies of the planet's lithosphere and potential current tectonic
activity. Analyzing the surface images and topography, Sandwell and Schubert (1992) have found evidence for
lithospheric subduction on large Venus coronae. Further on, Schubert and Sandwell (1995) identified approx-
imately 10,000 km of potential subduction troughs based on observed morphological similarities to subduc-
tion troughs on Earth. The interpretation of subduction at coronae was further supported by experiments by
Davaille et al. (2017). In addition, regional-scale geodynamic modeling showed that coronae could be formed
via subduction caused by plume impingement of the lithosphere (Gerya, 2014), which could still be an ongoing
process today (Giilcher et al., 2020). In line with that, recent volcanism on Venus has been suggested by several
studies because of observed fluctuations in sulfur dioxide in the atmosphere of Venus (Esposito, 1984; Esposito
et al., 1988) that could be caused by volcanic eruptions. Indeed, specific regions such as the Atla Regio have been
recognized as potential sites of current tectonic and volcanic activity (Brossier et al., 2022; Shalygin et al., 2015).

To explain the observed surface features in a global dynamical context, theoretical and modeling studies of Venus
have proposed various possible geodynamic regimes (e.g., Rolf et al., 2022), including the plutonic-squishy lid
tectonic regime (Lourenco et al., 2020), delamination tectonics (Adams et al., 2022), subcrustal lid rejuvenation
(Ghail, 2015), the episodic lid regime (Rolf, Steinberger, et al., 2018; Turcotte, 1993; Uppalapati et al., 2020),
heat-pipe volcanism (Moore et al., 2017), and the movement of fragmented lithosphere similar to the deformation
of the interior of continents of Earth (Byrne et al., 2021).

On a regional scale, there are widespread observations of rifts on Venus (in black Figure 1a), called “chasma”
(plural “chasmata”), from radar-image interpretation of normal-fault-bounded graben structures (Harris &
Bédard, 2015). In total, rifts on Venus have an estimated length of up to 40,000 km (Masursky et al., 1980;
McGill et al., 1981; Schaber, 1982) covering approximately 36.5 X 10% km?, or 7.9% of Venus' surface (Price &
Suppe, 1995). Despite being a prominent feature on its surface, little is known about the mechanisms responsible
for creating rifts on Venus beyond the assumption that they are extensional features (Magee & Head, 1995). This
lack of knowledge stems from the large-scale uncertainties on Venus' first-order tectonic regime and the many
unknowns regarding the rifting structures on Venus. For example, the absolute age of the rift features and their
extension rate and relationship with other structural features, such as coronae, are largely unconstrained. Yet, the
global geological mapping by Ivanov and Head (2011) has shown that these major rifts zones are stratigraphically
among the youngest formations on the planet. In addition, Grimm (1994b) estimated that the recent surface strain
rate of Venus should be around 10717-107'8 s~! by the evaluation of the postimpact degradation of craters.

To provide some insights into the potential extension rates of rift systems and their formation, early mode-
ling studies have attempted to model the topographic signature of rifts on Venus through lithospheric stretching
models (Solomon & Head, 1984, 1985) as well as theoretical (Banerdt & Golombek, 1988) and simple exten-
sional models (Smrekar, Hoogenboom, et al., 2007). However, to date the physical driving mechanism behind
the observed rift surface expressions in an environment of high surface temperature and pressure remains elusive
with no comprehensive modeling study into the dynamics of rifting on Venus yet attempted.

In contrast, rifting on Earth in both continental and oceanic settings has been extensively studied through
modeling (e.g., Bollino et al., 2022; Brune & Autin, 2013; Erdés et al., 2014; Sim et al., 2020; Theunissen &
Huismans, 2019; Theunissen et al., 2022) and observational studies (e.g., Nonn et al., 2019; Peron-Pinvidic
et al., 2022; Tavani & Mufioz, 2012; Zwaan et al., 2020) alike. Modeling studies in particular have focused on
different aspects of rifting, including the drivers behind large-scale rift deformation and geometry (e.g., Naliboff
& Buiter, 2015; Petersen et al., 2018; Tetreault & Buiter, 2018), the accompanying surface expressions (e.g.,
Balézs et al., 2021; Beucher & Huismans, 2020; Neuharth et al., 2022; Sternai, 2020), and emerging fault patterns
(e.g., Richter et al., 2021; Sharples et al., 2015; Theunissen & Huismans, 2022). These studies have lead to key
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Figure 1. (a) Topographic map of Venus with the distribution of rift zones indicated in black (obtained from Ivanov and
Head (2011)). (b) Zoom on Devana Chasma with the location of the topographic profile indicated. Both maps are in simple
cylindrical projection. (c) Topographic profiles of Ganis Chasma (average) and Devana Chasma (along profile A-A’ in panel b).

insights into and a greater understanding of the rifting process on Earth. In particular, the key role of weakness
zones, such as inherited structures and lithospheric heterogeneity, has been widely recognized for the locali-
zation of the strain and the development of tectonic structures in a divergent tectonic setting (e.g., Le Pourhiet
et al., 2004; Wenker & Beaumont, 2018; van den Broek et al., 2020). Given the complexity of the settings in
which continental rifting can initiate, many authors have studied the factors that can affect the evolution of conti-
nental rifting, such as the lithospheric strength (e.g., Andrés-Martinez et al., 2019; Dias et al., 2015; Jourdon
et al., 2020; Liao et al., 2013), kinematic boundary conditions (e.g., Duretz et al., 2021; Korchinski et al., 2021;
Piithe & Gerya, 2014; Zwaan et al., 2016), strain weakening (e.g., Allken et al., 2011; Choi et al., 2013; Huismans
& Beaumont, 2003; Lavier et al., 1999, 2000), and temperature (e.g., Beniest et al., 2017; Manatschal et al., 2015;
Petersen et al., 2015).

Considering the extensive modeling of rifting on Earth, a big outstanding question from a physical perspective
is how modeling rifting on Venus would work with the increased surface temperature and pressure with respect
to Earth. In other words, when considering Venusian surface conditions, are the ingredients typically used in the
modeling of terrestrial rifts sufficient to create deformation in Venus' lithosphere? Previous studies (e.g., Foster &
Nimmo, 1996) pointed out that brittle deformation would not occur on Venus in case of classical terrestrial rheol-
ogy because of the high surface temperatures and pressures (e.g., Byrne et al., 2021; Gudkova & Zharkov, 2020;
Giilcher et al., 2020). However, extensive surface faulting is observed on Venus and, therefore, the Venusian crust
should be characterized by a stronger basaltic rheology, such as a diabase (Foster & Nimmo, 1996; Mackwell
et al., 1998). In addition, the absence of water on Venus further increase the lithospheric strength (Foster &
Nimmo, 1996). In fact, many authors have observed the similarities and differences between the rift features
on Earth and Venus (e.g., Kiefer & Swafford, 2006; Solomon, 1993; Stoddard & Jurdy, 2012) and the rifts on
Venus have been likened to continental rifts on Earth such as the East African rift (Basilevsky & McGill, 2007;
Foster & Nimmo, 1996) and the Atlantic rift system prior to ocean opening (Graff et al., 2018). Rifts on Venus
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are typically wider than their terrestrial equivalent, potentially due to a strong viscous surface layer (Zuber &
Parmentier, 1986) or the lack of sediment infill (Foster & Nimmo, 1996). Uncertainties about Venus' crust also
include both its composition, with a direct impact on the rheology, and its thickness. James et al. (2013) and
Jiménez-Diaz et al. (2015) estimate that the average crustal thickness of Venus should be between 8 and 40 km.
Localized gravity and topography studies showed that plateau highlands have crustal thicknesses of about 30 km
and suggest that the average crustal thickness of Venus should be between 15 and 25 km (Grimm, 1994a; Maia
& Wieczorek, 2022; Simons et al., 1997).

The observables for Venus to which we can compare are significantly more scarce than on Earth, but the
topographic data provides profiles of rifts on Venus (e.g., Guseva, 2016; Guseva & Ivanov, 2019; Kiefer &
Swafford, 2004; Stoddard & Jurdy, 2012) and modeling studies have provided various estimates of the global heat
flow (Borrelli et al., 2021; Ghail, 2015; O’Rourke & Smrekar, 2018; Smrekar et al., 2022; Solomon et al., 1992).
In addition, missions like EnVision (de Oliveira et al., 2018; Ghail et al., 2016) and VERITAS (Smrekar
et al., 2020) are anticipated to provide a wealth of new information on Venus' surface and interior in the coming
decade. Therefore, we believe it is time that a rift-modeling study like the ones so often used for Earth is applied
to Venus to test how rifting takes place under the Venusian surface conditions.

Here, we use state-of-the-art numerical models of rifting on Earth and systematically change the model setup to
reflect the conditions on Venus to assess how the rifting process works there and which numerical ingredients are
needed to successfully model rifting on Venus. In particular, our goals are as follows:

1. Evaluate the impact of the surface temperature, pressure, and gravity of Venus on the lithospheric rheological
behavior in a diverging tectonic setting and their consequences on localization and accumulation of strain and,
ultimately, on the development of a continental rift.

2. Determine the effects of (a) strong crustal and mantle rheologies, such as diabase and dry dunite; (b) different
types of weak seed; and (c) different crustal thicknesses on the evolution of a continental rift under Venusian
conditions.

3. Compare the results of our Venusian models with the observed topography of two rift zones on Venus and
estimates of Venus' surface flux from other modeling studies. This will allow us to assess whether different
lithospheric thicknesses could be responsible for distinct structures on surface.

In the following, we first describe the employed numerical code and model setup (Section 2). We then
describe the results obtained when changing the temperature, pressure, gravity, and rheology to Venus-like
conditions, as well as different types of weak seeds and crustal thicknesses (Section 3). Last, we discuss how
each change affects the rift formation and how well our models reproduce observed rift patterns on Venus
(Section 4).

2. Methods

The numerical code that we have used in this work, coined FALCON (Finite element ALgorithm for COmpu-
tational aNalysis), is briefly described in the following section, while a complete description is presented in
Regorda (2022). All the numerical methods described below have been thoroughly benchmarked with commu-
nity benchmarks and, when available, analytical solutions. These passed benchmarks, as well as the features they
test, are listed in Table 1; their descriptions and results can be found in Regorda (2022).

2.1. Numerical Methods

Flow is assumed to be incompressible and the extended Boussinesq approximation (e.g., Christensen &
Yuen, 1985; Gassmoller et al., 2020) is used so that the mass, momentum, and energy conservation equations
are as follows:

V-o+pg=0 9]
V-i=0 2

poc,,(‘z—f +i- %T) =V. (WT) + pH + 2né (i) : & (i) — aT pu, 3)
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Table 1
List of Benchmarks Passed to Test All the Feature Implemented in the FALCON Code
Feature tested Benchmark Reference
Stokes solver Manufactured solution Donea and Huerta (2003)
Markers advection Zalesak disk Zalesak (1979)
Conservative Velocity Interpolation Comparison with other codes
Momentum equation Poiseuille flow Thieulot (2014)
Instantaneous 2D sphere Comparison with other codes
Rayleigh-Taylor experiment Van Keken et al. (1997)
Falling block Gerya and Yuen (2003), Gerya (2010), and
Thieulot (2011)
Sticky air and free surface 2D Stokes sphere Comparison with other codes
Stabilization algorithm Kaus et al. (2010) and Thieulot (2014)
Topography relaxation Crameri et al. (2012)
Spontaneous subduction Schmeling et al. (2008)
Nonlinear rheology Slab detachment Schmalholz (2011) and Glerum et al. (2018)
Indenter Thieulot et al. (2008), Thieulot (2014), and
Glerum et al. (2018)
Brick Glerum et al. (2018)
Energy equation Advection stabilization Donea and Huerta (2003) and Thieulot (2011)
Simple shear heating Analytical solution
Shear and adiabatic heating Gerya (2010)
Energy + momentum Mantle convection Blankenbach et al. (1989), Davies et al. (2007),
Gerya (2010), and Leng and Zhong (2011)
Viscoplastic mantle convection Tosi et al. (2015)
Thin layer entrainment Van Keken et al. (1997) and Thieulot (2014)
Phase changes and hydration Hydrated sinking cylinder Quinquis and Buiter (2014)
Melting Experimental melting curves Katz et al. (2003)
Note. Descriptions and results of all the benchmarks can be found in Regorda (2022).
o = —pl + 2né (i) 4)
- 1(z- =_\T
é(u) = §<Vu+(Vu> ) 5)
o(T) = po(l = a(T = To)) ©)
where o is the stress tensor, p is the density, g is the gravitational acceleration vector (pointing into the negative
y-direction), # is the velocity, p, is the reference density, C, is the isobaric heat capacity, T is the temperature,
is time, k is the thermal conductivity, H is the volumetric heat production, 7 is the (effective) viscosity, & is the
strain rate tensor, « is the thermal expansion coefficient, and p is the pressure.
With an appropriate choice of boundary conditions and an initial temperature field these equations are well posed
and can be numerically solved for pressure, velocity, and temperature by means of the Finite Element Method
(FEM).
FALCON is a FEM code which solves Equations 1-3 in a 2D Cartesian domain. It relies on quadrilateral bilin-
ear velocity-constant pressure elements, also coined Q, X P, elements (this notation is explained for instance in
Thieulot and Bangerth (2022)). O, X P, elements do not satisfy the Ladyzhenskaya, Babuska and Brezzi (LBB)
stability condition (Donea & Huerta, 2003) and they are prone to element-wise checkerboard pressure pattern
(van Zelst et al., 2022). Therefore, the elemental pressure is smoothed by interpolating it onto nodes and then
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back onto elements centroids and markers. The code implements a so-called penalty formulation for which the
flow is not truly incompressible but very weakly compressible so that Equation 2 is replaced by the following
equation:

-

- p
V.i=-L
i=-7 ™

where 1 is the penalty coefficient with the same units as viscosity. This then allows us to eliminate the pressure
from the momentum Equation 1 resulting in the following equation:

N(%-a’)+§-n<§ﬁ+<§a)r> +pg=0 ®)

This equation is solved for the velocity field, while the pressure can be recovered using Equation 7 as a post-
processing step.

One strong requirement is that the penalty coefficient A must be many orders of magnitude larger than the
dynamic viscosity 5 (typically between 5 and 8 orders of magnitude). In case of large viscosity variations it has
been proved beneficial to relate the penalty factor to the element's viscosity to improve the condition number of
the global matrix (Dabrowski et al., 2008). A dimensionless coefficient A* is then used so that the penalty factor
is calculated for each element as A(e) = 1*#(e). Here, A* has been fixed to 10°. The unfortunate consequence of
the penalty method coupled to the O, X P, element is that the resulting finite element matrix is poorly conditioned
and the linear system can only be solved by means of direct solvers. Therefore, FALCON relies on the parallel
version of the direct MUMPS solver (Amestoy et al., 2001, 2006).

Finite element pair Q, X P, has been implemented in many code used in hundreds of geodynamical publi-
cations during the last 30 years, such as ConMan (King et al., 1990), SOPALE (Fullsack, 1995), DOUAR
(Braun et al., 2008), SLIM3D (Popov & Sobolev, 2008), CitcomCU (Moresi & Gurnis, 1996), CitcomS (Zhong
et al., 2000), Ellipsis (O’Neill et al., 2006), Underworld (Moresi et al., 2003), FANTOM (Thieulot, 2011), and
SULEC (Buiter & Ellis, 2012).

The time step is given by the Courant-Friedrichs-Lewy (CFL) condition (J. Anderson, 1995):

h2
61:Cmin<ﬂ,—m> )
Uy K
where C is the dimensionless Courant number between O and 1, i, = ming(h) is the diameter of the smallest
element in the mesh, uy = maxg|u|is the maximum velocity in the domain, and « is the heat diffusion (typically
around 1 X 1078 m2 s~! in lithospheric-scale models).

The discretization of the equations above is standard and is available for instance in Donea and Huerta (2003),
Elman et al. (2014), and in Appendix A of Thieulot (2011). At each time step 6t the (nonlinear) mass and momen-
tum conservation equations are solved, followed by the energy equation. The streamline-upwind Petrov-Galerkin
(SUPG) method is implemented in the energy equation to stabilize advection (Hughes & Brooks, 1982;
Thieulot, 2011). Materials are subsequently advected and topography updated.

2.1.1. Lagrangian Markers and Topography

Materials are tracked by means of the Particle-in-Cell method. A regularly distributed swarm of Lagrangian
markers covers the entire domain and their advection is performed by means of a second-order Runge-Kutta
scheme in space. The interpolated velocity is then corrected by means of the Conservative Velocity Interpolation
(CVI), which introduces a corrective term to reduce dispersion and clustering of particles (H. Wang et al., 2015).
Each particle tracks a given material type. The number of markers contained in each element is maintained

between a minimum (n,; ) and a maximum (n_, ) value. When there are less markers in an element than n_; the

max

code adds random markers to reach the n_, , while if the number is higher than n_, some of them are randomly

‘min’
deleted. When new markers are added, they assume the properties of the nearest marker. In this way, elements are
never empty and maintain a number of markers inside a fixed range. Elemental properties, except for the viscos-

ity, are calculated as the arithmetic average on all the markers inside each element.

FALCON implements the Arbitrary Lagrangian Eulerian (ALE; Donea et al., 2004) formulation to accommodate
topography by means of free surface deformation: the sides and bottom boundaries remain straight and the length
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of the domain in the x-direction does not change (kinematic boundary conditions on these boundaries thereby
imply a flux of material through the boundary). However, the top boundary deforms using the velocity field as it
is resampled at equidistant abscissae with vertical adjustment of grid nodes in each column at equidistant ordi-
nates and topography is thus created (Thieulot, 2011). To avoid the drunken-sailor instability, the free surface
stabilization algorithm of Kaus et al. (2010) is implemented.

2.1.2. Rheology

The viscosities for different creep mechanisms, which are dislocation (ds) and diffusion (df) creep, are given by
the following equations:

_ a—Ungg -=141/ngg Qus + pI/ds
R e o
mg- Qas + pVas
nar =d Ad}exp<—RT 11)

(e.g., Arredondo & Billen, 2016; Billen & Hirth, 2007; Gerya et al., 2002), where A, n, Q, V are material depend-
ent parameters. A is the preexponential factor, 7 is the stress exponent, Q is the activation energy, V is the activa-
tion volume, R is the gas constant, d is the grain size, m is the grain size exponent, and ¢, = \/m is the effective
strain rate, given as the square root of the second invariant of the strain rate tensor. Since effects of variations of
the grain size are taken into account with strain softening and healing (see below), the grain size here is constant.
Note that diffusion creep is considered in the sublithospheric mantle only and in this case the stress exponent
is n = 1, so that the corresponding viscosity does not depend on strain rate. Since both types of viscous creep
act simultaneously under the same deviatoric stress (Glerum et al., 2018; Karato, 2008), the composite viscous
creep 7, is then calculated as the harmonic average between 7, and 77, (e.g., Arredondo & Billen, 2016; Duretz
et al., 2011; Glerum et al., 2018):

o1\
Hep = <_+_) (12)
Ndf  MNds

To approximate brittle behavior in our models, a Drucker-Prager plasticity criterion is used (e.g., Alejano &
Bobet, 2012; Glerum et al., 2018; Le Pourhiet et al., 2017; Quinquis & Buiter, 2014) and the “plastic viscosity”
is then given by the following equation:

_ psing+ccos¢

. e (13)

where c is the cohesion and ¢ the angle of friction. The effective viscosity value entering the finite element matrix
is then computed assuming that creep mechanisms and plasticity are independent processes (e.g., Andrews &
Billen, 2009; Glerum et al., 2018; Karato, 2008), that is,

Neft = min(”cm ’7/)) (14)

In order to keep this viscosity within meaningful bounds it is limited to remain in the range [, 7. J> With
typically 7,;, = 1 X 10" Pa s and 5,,,, = 1 X 10% Pa s unless specified otherwise. The effective viscosity 77,4 is
calculated interpolating effective strain rates, pressures, and temperatures of the nodes onto the markers. Elemen-
tal viscosities are then calculated as the geometric average of 7, of the markers inside each element.

Since viscosity is a function of pressure, velocity (via the strain rate), and temperature, Equation 8 is nonlinear
and, although the Newton method converges faster in most cases (Fraters et al., 2019; Spiegelman et al., 2016), we
resort here to the simpler so-called Picard iterations. Velocity, pressure, strain rates, and viscosities are updated at
each nonlinear iteration, which are performed until either the maximum number of nonlinear iterations is reached
or the normalized nonlinear residual, the velocity residual, and the pressure residual converge under a defined
tolerance (Glerum et al., 2018). Here, the maximum number of iterations and the tolerance have been fixed to
100 and 1073, respectively.

Strain softening is taken into account for both plasticity and viscous creep (Babeyko & Sobolev, 2005; Huismans
& Beaumont, 2003; Huismans et al., 2005; Sobolev & Babeyko, 2005; Warren et al., 20082) by means of
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the accumulated strain ¢, and ¢,, respectively, memorized by each marker. Plastic weakening approximates
deformation-induced softening of faults and brittle shear zones, while viscous weakening can be interpreted as
strain-induced grain size reduction and effects of synkinematic metamorphic reactions (Warren et al., 2008a). In
particular, weakening due to grain size reduction has been proven important to sustain lithospheric strain local-
ization and the development of a low-viscosity layer at the base of the lithosphere, with a consequent influence
on plate tectonic evolution (Bercovici & Ricard, 2012, 2013; Dannberg et al., 2017). When the plastic strain
¢, reaches a critical value &, the cohesion and angle of friction values decrease linearly with strain up until ¢,
reaches another critical value &, for which the cohesion and the angle of friction are now ¢* and ¢**, respectively
(plastic weakening). For £, > &, ¢ and ¢ remain at their strain-weakened values. In addition to the plastic weak-
ening, all of our models include viscous weakening, which linearly reduces the viscosity by a factor f,  up to 10
when the viscous strain &, is between ¢, and ¢, (Huismans & Beaumont, 2003; Warren et al., 2008a). This value
of f,, is in agreement with suggestion from laboratory experiments on monomineralic systems and field studies
of polymineralic systems (Warren et al., 2008a).

At each time step ot the accumulated strain ¢,, both plastic and viscous, is calculated as follows:
& = &1 + (€ — &r-1 Hrae(T))61 (15)

with the temperature-dependent healing factor H (T) defined as follows:

where B is a constant describing the timescale of healing, while u, and T* = % are the nondimensional
b= 1s
temperature activation and temperature, respectively (Fuchs & Becker, 2021), with T, and 7 the temperatures at

the bottom and at the surface of the domain.
2.1.3. Melting

Melt fraction in the mantle depends on temperature (7, in °C), total pressure (p, in GPa), and the water content
in the melt (X 4,0, in wt.%). The determination of the melt fraction M is implemented as explained by Katz
et al. (2003), according to the successive modification by Langmuir et al. (2006) and Kelley et al. (2010), as
follows:

M (p.T, Xu,0) = =T + Tyt + (x; - In(p + y)) - X110 —

bulk 14
LK, Xiho a7
Du,o0(1 = Xy0) + X0

where T, , is the temperature of the dry solidus, Dy, is the partition coefficient, x, - In(p + y,) indicates the pres-
sure dependence of the melting curve, and K, and y are parameters needed to calculate the temperature decrease

in the solidus caused by a water content. Values and meanings of the parameters x,, y,, K, , and y are described in
Katz et al. (2003) and Kelley et al. (2010). X ,0 depends on the melt fraction as follows:
bulk
H,0

Xu,o(M) =
#0(M) Do + M (1= Diyo)

18)

and a numerical solution can be found using a root-finder method (Kelley et al., 2010; Z. Wang et al., 2016).
Furthermore, the content of water in the melt is limited by the pressure-dependent saturation concentration of
water in the melt, determined as follows:

Xino = 010" + j2p (19)

where y,, y,, and 4, are parameters chosen according to Katz et al. (2003), Langmuir et al. (2006), and Kelley
et al. (2010). In case of melting, rheological weakening of the viscous creep viscosity 7,, is taken into account
according to Z. Wang et al. (2016), as follows:

Hep = Hep * e(n™M) (20)
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Figure 2. Model setup showing crust and mantle lithosphere layer thicknesses and the corresponding strength and temperature profiles, the weak seed to initialize
localization, and the velocity boundary conditions (red) for our initial Earth model (left) and the Venus setup (right). Strength profiles are calculated far from the weak
seed at the beginning of the evolution with the strain rates resulting from a divergence velocity of 1 cm (approximately 5 X 10715 s71).

where a,, is the melt fraction factor for dislocation and diffusion creep. The effective density (p,) for partially
molten rocks is calculated as follows:

et = ps(1 = M) + pu M @n

where p_ and p,, are the densities of the solid and the molten rock, respectively (Gerya & Yuen, 2007; Gerya
et al., 2004; Z. Wang et al., 2016).

2.2. Numerical Setup

In this study, we use two different setups for Earth and Venus (Figure 2) with an experimental domain of
1,200 x 600 km. The minimum numerical resolution is 5 X 5 km with a horizontal refinement toward the center
of the model (between x = 400 and x = 800 km) and a vertical refinement toward the surface (above 120 km
depth) where the maximum resolution is 1 X 1 km. The total number of elements is 163,200 and each element is
initialized with 16 markers that allow for the tracking of different materials throughout the experiments. For time
stepping we use the CFL condition with a Courant number of 0.05 and a maximum time step of 10 kyr. Such a
low value of the Courant number has been chosen to avoid the drunken sailor effect in case of the low viscosities
predicted by the models in case of the high surface temperature of Venus.

In the Earth setup, we consider a 25 km thick upper crust, a 10 km thick lower crust, and an 85 km thick layer of
lithospheric mantle resulting in a 120 km thick lithosphere on top of the asthenosphere. In contrast, in the Venus
setup we consider a 35 km thick crust, as for the Earth, at the top of a lithospheric mantle that is only 20 km
thick, similarly to the lithospheric structure used in previous numerical models of Venus (Gerya, 2014; Giilcher
et al., 2020). In case of the Venus setup, we also tested models with no lower crust (e.g., F. S. Anderson &
Smrekar, 2006; Gudkova & Zharkov, 2020; Kiefer & Peterson, 2003; Sandwell et al., 1997; Simons et al., 1997,
Xiao et al., 2020), resulting in a 25 km thick crust and a 20 km thick lithospheric mantle. For the sake of simplicity,
we did not consider any phase transition neither in the crust nor in the mantle. Measurements of Venusian crustal
rocks indicated a predominantly basaltic composition (Foster & Nimmo, 1996; Mackwell et al., 1998), similar to
terrestrial oceanic rocks. Therefore, we test for the crust both a classic terrestrial rheology (wet quartzite and wet
anorthite for the upper and the lower crust, respectively; e.g., Farangitakis et al., 2020; Naliboff & Buiter, 2015;
Peron-Pinvidic et al., 2022) and a dry diabase flow law to represent both the upper and the lower crust of Venus
(e.g., Byrne et al., 2021; Kohlstedt & Mackwell, 2009; Mackwell et al., 1998). In fact, dry diabase is character-
ized by a stronger rheology than wet quartzite and it is often used in numerical modeling studies of long-term
tectonic processes as a rheology for the oceanic crust (e.g., Auzemery et al., 2020; Sleep & Warren, 2014; Warren
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et al., 2008a). Here, we used the Maryland diabase flow law from Mackwell et al. (1998) to simulate a stronger
rheology due to the absence of water hypothesized for Venus' interiors (Foster & Nimmo, 1996). Although some
studies have tried to constrain mantle viscosity on Venus by means of the long-wavelength geoid (BeneSova &
Cizkova, 2012; Pauer et al., 2006; Rolf, Steinberger, et al., 2018), some uncertainties still remain (Aitta, 2012;
Armann & Tackley, 2012). Therefore, we decide to investigate the effects of two different rheologies for both
the lithospheric and the asthenospheric mantle. In particular we test a dry olivine, as widely used for models of
Earth (e.g., Brune et al., 2017; Gerya, 2013; Korenaga, 2013), and a stronger dry dunite, as assumed by some
authors for Venus (e.g., Byrne et al., 2021; Ghail, 2015). The rheological parameters of each of these layers can
be found in Table 2.

In order to localize deformation in the center of the model domain, we used and tested 3 different types of weak
seeds. Type one is a 6 X 6 km strain-weakened domain located at the top of the lithospheric mantle. Type two is
a 6 x 6 km strain-weakened domain located at the strong part of the upper-crust, and, since this seed is extremely
shallow, we also tested a smaller 2 X 2 km seed to minimize its effect at surface. Type three is a random Gaussian
distribution of strain assigned only to lithospheric markers, according to the following equation:

2
£= rdm(sl,ez)exp<—(x2_ f) > (22)
(o}

where rdm(¢,, &,) is a random number between ¢, and &,, x is the horizontal coordinate of the marker, and y and
o are the mean and the standard deviation of the Gaussian distribution, respectively. Here, the distribution of the
initial strain assigned to each marker has been centered in the middle of the domain (¥ = 600 km) and spread out
over a range of 4o, with 6 = 150 km.

Depending on the model setup, the initial temperature-profile is either a steady-state geotherm characteristic of
the continental lithosphere on Earth with a fixed surface temperature of 0°C and a basal temperature of 1330°C
at 600 km depth (e.g., Erdds et al., 2019; Marotta et al., 2020; Regorda et al., 2021), or a steady-state geotherm
characteristic of Venus with a fixed surface temperature of 464°C and a basal temperature of 1580°C at 600 km
depth (e.g., Gudkova & Zharkov, 2020; Giilcher et al., 2020). At the start of the model, a constant outflow veloc-
ity of 0.5 cm yr~! is set along both vertical boundaries from the surface down to the bottom of the lithosphere,
resulting in a total extension rate of 1 cm yr~!, in agreement with estimates by Ghail (2015). A constant inflow
velocity along the vertical boundaries in the asthenosphere and a linear transitional zone of 100 km is set such
that the net material flux along the vertical boundaries is 0. Apart from the lithospheric setup, the initial seeding
and the initial temperature profile, we also vary the value of gravitational acceleration and the surface pressure to
correspond to Venus surface conditions. All the simulations tested are summarized in Table 3.

3. Results

First of all, we here present the modeling results of a model with terrestrial conditions and without viscous
weakening, followed by the results of a similar model but with the addition of the viscous weakening. Since the
rheology of Venus is largely unconstrained, we here present the modeling results for three different proposed
rheologies. For each rheology, we consider the impact of the Venusian surface pressure, gravitational accelera-
tion, and lithospheric temperature profile. For these models, we considered a duration of the extension of 10 Myr.
In addition, we present the results of the effects of different types of weak seeds and crustal thicknesses on models
with Venusian conditions and for each rheology. We tested these models for a maximum duration of the extension
up to 20 Myr to guarantee the potential strain accumulation and the consequent development of the rifting. First,
we discuss the results of a typical terrestrial rheology with wet quartzite and wet anorthite for the upper and lower
crust, respectively, and a dry olivine rheology for the mantle. Second, we consider a diabase rheology for both
the upper and lower crust and dry olivine for the mantle. Last, we consider a diabase rheology for the crust and a
dry dunite rheology for the mantle.

In the figures presented throughout this work, the models are identified by their unique model identifier (first
column of Table 3) and by the parameters that are modified with respect to the Earth model: P indicates the use
of the Venusian surface pressure (9.3 MPa; e.g., Gudkova & Zharkov, 2020), g indicates the use of the Venusian
gravitational acceleration (8.87 m s~2), T indicates the use of the Venusian temperature profile, L indicates a
55 km-thick Venusian lithosphere, and C indicates a 25 km-thick crust instead of the reference case of 35 km
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Table 3
Simulations
Surface Lithospheric Crustal Model
ucC LC Mantle Viscous pressure  Gravity  temperature Lithospheric thickness time
Model rheology rheology rheology weakening (MPa) (ms~?) °C) thickness (km) (km) Weak seed (Myr) Figures
R1 Quartzite Anorthite Olivine 1 0 9.81 0-1330 120 35 Mantle 10 Figure 3
Ql Quartzite Anorthite Olivine 10 0 9.81 0-1330 120 35 Mantle 10 Figure 4
Q2 Quartzite Anorthite Olivine 10 9.3 9.81 0-1330 120 35 Mantle 10 Figure 5
Q3 Quartzite Anorthite Olivine 10 0 8.87 0-1330 120 35 Mantle 10 Figure 5
Q4 Quartzite Anorthite Olivine 10 9.3 8.87 0-1330 120 35 Mantle 10 Figure 5
Q5 Quartzite Anorthite Olivine 10 0 9.81 464-1300 55 35 Mantle 10 Figure 5
Q6 Quartzite Anorthite Olivine 10 9.3 9.81 464-1300 55 35 Mantle 10 -
Q7 Quartzite Anorthite Olivine 10 0 8.87 464-1300 55 35 Mantle 10 -
Q8 Quartzite Anorthite Olivine 10 0 9.81 464-1300 120 35 Mantle 10 Figure 5
Q9 Quartzite Anorthite Olivine 10 9.3 8.87 464-1794 120 35 Mantle - -
Q10 Quartzite Anorthite Olivine 10 9.3 8.87 464-1300 55 35 Mantle 20 -
Ql11 Quartzite Anorthite Olivine 10 9.3 8.87 464-1300 55 35 Crust (2 X 2) 20 -
Q12 Quartzite Anorthite Olivine 10 9.3 8.87 464-1300 55 35 Crust (6 X 6) 20 Figure 6
Q13 Quartzite Anorthite Olivine 10 9.3 8.87 464-1300 55 35 Random 20 Figure 6
Q14 Quartzite - Olivine 10 9.3 8.87 464-1300 55 25 Mantle 20 Figure 6
Q15 Quartzite - Olivine 10 9.3 8.87 464-1300 55 25 Crust (2 X 2) 20 -
Ql6 Quartzite - Olivine 10 9.3 8.87 464-1300 55 25 Crust (6 X 6) 20 -
Q17 Quartzite - Olivine 10 9.3 8.87 464-1300 55 25 Random 20 -
D1 Diabase Diabase  Olivine 10 0 9.81 0-1330 120 35 Mantle 10 Figure 7
D2 Diabase Diabase  Olivine 10 9.3 9.81 0-1330 120 35 Mantle 10 -
D3 Diabase Diabase  Olivine 10 0 8.87 0-1330 120 35 Mantle 10 -
D4 Diabase Diabase  Olivine 10 0 9.81 464-1300 55 35 Mantle 10 -
D5 Diabase Diabase  Olivine 10 9.3 8.87 464-1300 55 55 Mantle 20 Figure 8
D6 Diabase Diabase  Olivine 10 9.3 8.87 464-1300 55 35 Crust (2 X 2) 20 -
D7 Diabase Diabase  Olivine 10 9.3 8.87 464-1300 55 35 Crust (6 X 6) 20 Figure 8
D8 Diabase Diabase  Olivine 10 9.3 8.87 464-1300 55 35 Random 20 Figure 8
D9 Diabase - Olivine 10 9.3 8.87 464-1300 55 25 Mantle 20 Figure 9
D10 Diabase - Olivine 10 9.3 8.87 464-1300 55 25 Crust (2 X 2) 20 -
D11 Diabase - Olivine 10 9.3 8.87 464-1300 55 25 Crust (6 X 6) 8 Figure 9
D12 Diabase - Olivine 10 9.3 8.87 464-1300 55 25 Random 10 Figure 9
DD1 Diabase Diabase  Dunite 10 0 9.81 0-1330 120 35 Mantle 10 Figure 10
DD2 Diabase Diabase  Dunite 10 9.3 9.81 0-1330 120 35 Mantle 10 -
DD3 Diabase Diabase  Dunite 10 0 8.87 0-1330 120 35 Mantle 10 -
DD4  Diabase Diabase  Dunite 10 0 9.81 464-1300 55 35 Mantle 10 -
DD5 Diabase Diabase  Dunite 10 9.3 8.87 464-1300 55 35 Mantle 20 Figure 11
DD6  Diabase Diabase  Dunite 10 9.3 8.87 464-1300 55 35 Crust (2 X 2) 20 -
DD7 Diabase Diabase  Dunite 10 9.3 8.87 464-1300 55 35 Crust (6 X 6) 20 Figure 11
DD8  Diabase Diabase  Dunite 10 9.3 8.87 464-1300 55 35 Random 20 Figure 11
DD9  Diabase - Dunite 10 9.3 8.87 464-1300 55 25 Mantle 10 Figure 12
DD10 Diabase - Dunite 10 9.3 8.87 464-1300 55 25 Crust (2 X 2) 20 -
REGORDA ET AL. 12 of 36

85UBDI SUOWILLIOD BAERID) ol dde 8Ly Aq pauseA0B 88 B YO 128N JO S9N Joj AR 1 BUIIUO AB]IM UO (SUORIPUOY-PU.-SWLBY WY A3 | 1M AFRc| U1 |UO//SdNU) SUONIPUOD PUE SWLB L 84} 885 *[£202/80/0€] U0 AkIqIT 2UIIUO A8IIM “UBWeS Z)oywieH 'q Ul UUed Wney "N-4n7T '3 Wnnuez yosia Aq 885.00302202/620T 0T/10p/u0d™Aa] 1w Areiq1feutjuo'sqndnBe//sdiy woy papeojumod e ‘€202 ‘00T669TZ



.Yl d .
Fa LY Journal of Geophysical Research: Planets 10.1029/2022JE007588

ADVANCING EARTH
AND SPACE SCIENCE

Table 3
Continued
Surface Lithospheric Crustal Model
ucC LC Mantle Viscous pressure  Gravity  temperature Lithospheric  thickness time
Model rheology rheology rheology weakening (MPa) (ms~2) °C) thickness (km) (km) Weak seed (Myr) Figures
DDI11 Diabase - Dunite 10 9.3 8.87 464-1300 55 25 Crust (6 X 6) 20 Figure 12
DD12 Diabase - Dunite 10 9.3 8.87 464-1300 55 25 Random 20 Figure 12

Note. The following parameters have been varied: upper crust (UC), lower crust (LC), mantle rheology, surface pressure, gravitational acceleration, lithospheric
temperature and thickness, crustal thickness, type of weak seed, and the duration of the evolution. The models are shown in the figures listed in the last column.

(e.g., the identifier Pg will be used in case of a model with only pressure and gravity of Venus). When we use
all assumed Venusian conditions, that is its surface pressure, gravitational acceleration, temperature profile, and
lithosphere thickness, the identifier V is used instead to indicate a full Venusian model. In addition, in case of
Venus conditions, .m, .c, and .r are used to identify mantle, crustal, and random weak seeds, respectively (e.g., the
identifier VC.r will be used in case of a model with pressure, gravity, and temperature conditions of Venus and
with both a 25 km-thick crust and a random seed).

3.1. Models With a Wet Quartzite/Wet Anorthite Rheology in the Crust and Dry Olivine in the Mantle
3.1.1. Earth Model Without Viscous Weakening—Model R1

Our model with typical pressure and temperature conditions of the Earth and without viscous weakening (model
R1) shows the classical formation of symmetric shear bands with high strain rates in correspondence of the
imposed weak seed (Figure 3a). Localization of high strain rates produces low viscosities inside the symmetric
shear bands (Figures 3d-3f) and a continuous accumulation of plastic strain that allows the development of
symmetric conjugate normal faults along which the extension is accommodated (Figures 3h and 31i). The symmet-
ric evolution is observed during the whole numerical experiment and is characterized by a continuous upwelling
of the mantle associated with a slight crustal thinning during the first 10 Myr of evolution (Figure 3h) and a

t=10 Myr =20 Myr

- - 1e-13

?
>
Strain rate (s™)

o

Depth (km)
s &
Viscosity (Pa s)

Acc. Strain

-200 -150 100 -50 O 50 100 150 200 -200 -150 -100 -50 O 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
Horizontal position (km)

Figure 3. Evolution of strain rates (first row), viscosities (second row), and composition (third row) with accumulated strain of model R1 without viscous weakening at
0 Myr (left column), 10 Myr (middle column) and 20 Myr (right column). Note that the accumulated strain is shown only if & > 0.5. Black lines represent 600, 900, and
1200°C isotherms. Background colors are defined by the composition in panels (g-i) as in Figure 2.
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Figure 4. Evolution of strain rates (first row), viscosities (second row), and composition (third row) with accumulated strain of model Q1 with conditions of the Earth
and wet quartzite/wet anorthite rheologies for the upper/lower crust and dry olivine in the mantle at 0 Myr (left column), 5 Myr (middle column), and 10 Myr (right
column). Note that the accumulated strain is shown only if &, > 0.5. Black lines in panels (a—i) represent 600, 900, and 1200°C isotherms. Background colors are
defined by the composition in panels (g—i) as in Figure 2; dark brown indicates melt. Continuous and dashed black lines in panels (I-n) represent the topography and the
initial topography, respectively; dashed red lines in panels (I-n) represent topography of model R2 with modified plastic and weakening parameters.

successive crustal break up at 19—20 Myr (Figure 3i and Movies S3 and S4 in Supporting Information S1) when
the lithospheric mantle is exposed. In this model, we do not account for melting to recreate at best the conditions
of previous numerical models (e.g., Beucher & Huismans, 2020; Naliboff & Buiter, 2015).

3.1.2. Earth Model—Model Q1

Our reference model with the surface pressure, gravitational acceleration, and temperature profile of the Earth
and the introduction of the viscous weakening (model Q1) initially shows the formation of symmetric shear bands
with high strain rates (Figure 4a), as observed in the model R1. However, it soon evolves into an asymmetric rift
(Figures 4h and 4i and Movies S1 and S2 in Supporting Information S1). The effects of the viscous weakening are
clear in the lithospheric mantle, resulting in very high strain rates and lower viscosities than model R1 (Figures 4c
and 4f, respectively) where the strain accumulates (Figure 4i), even if the temperature-dependent viscous healing
allows the strain to accumulate only along narrow areas characterized by very high strain rates.

Apart from the general asymmetric evolution, model Q1 shows a continuous upwelling of the mantle associated
with crustal thinning but no crustal break up is observed at the end of the evolution after 10 Myr (Figure 41).
However, the abundant mantle upwelling results in partial melting of approximately 7% in the shallow portion of
the asthenosphere after 9-10 Myr of evolution (dark brown in Figure 41).

The evolution of model Q1 results in an asymmetric topography characterized by different heights on the oppo-
site sides of the rifting. In particular, heights on the left side of model do not change during the evolution with
a maximum value of 800 m (Figures 4m and 4n), while on the right side the maximum height is approximately
1,500 m with a slight decrease in time (Figures 4m and 4n). Similarly, the continental basin is characterized by
an asymmetric topography with a decrease of the maximum depth throughout the evolution and a maximum
depth of approximately 2,500 m at the end of the numerical experiment. We performed a model to test the effects
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Figure 5. Final distribution of composition and accumulated strain of models with wet quartzite and wet anorthite rheologies
for the upper and lower crust and a dry olivine rheology for the mantle at 10 Myr. (a) Model of the Earth (model Q1); (b)
model with surface pressure of Venus (P, model Q2); (c) model with gravitational acceleration of Venus (g, model Q3); (d)
model with surface pressure and gravitational acceleration of Venus (Pg, model Q4); (e) model with temperature profile and
lithospheric thickness of Venus (TL, model Q5); and (f) model with temperature profile of Venus but lithospheric thickness of
Earth (T, model Q8). Note that the accumulated strain is shown only if &, > 0.5. Black lines represent 600, 900, and 1200°C
isotherms. Background colors are defined by the composition as in Figure 2; dark brown indicates melt.

of different plastic and weakening parameters on the overall evolution (model R2). We observe that different
initial/final cohesion and friction angle (20/4 MPa and 15°/2°, respectively) and different weakening parameters
(¢, =0.1 and &, = 0.6) produce a very similar large-scale final geometry (Movies S3bis and S4bis in Supporting
Information S1) and the same final topography (dashed red lines in Figures 41-4n), even if with a slight slower
evolution. In fact, the final setting at 10 Myr of model R2 is equivalent to the setting at 7 Myr of model Q1.

3.1.3. Effects of Venusian Surface Conditions: Pressure, Gravitational Acceleration, and Temperature—
Models Q2-Q9

The effects of separately including the surface pressure and gravitational acceleration of Venus into the Earth
model on the evolution of a continental rift have been tested systematically in models Q2 and Q3 and have then
been combined in model Q4.

We observe that neither the increased surface pressure nor the lowered gravitational acceleration play an essential
role on the evolution, showing almost identical areas of accumulated strain and very similar amounts of mantle
upwelling and crustal thinning (Figures 5b—5d). However, some differences can be observed in the extent of the
melting area. In particular, the higher Venusian surface pressure combined with the gravitational acceleration of
the Earth (model Q2) results in higher pressures in the Venus interior, with less mantle melting as a consequence
(dark brown in Figure 5b). Specifically, conditions of pressure and temperature compatible with mantle melting
occur in 286 elements and a maximum melt fraction of 6% for model Q2 with respect to 346 elements and a
maximum melt fraction of 7% for model Q1. On the contrary, models with the lower gravitational acceleration
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Figure 6. Final distribution of strain rates (first row) and composition with accumulated strain (second row) of models with Venus conditions and wet quartzite and wet
anorthite rheologies for the upper and lower crust and a dry olivine rheology for the mantle after 20 Myr. 6 X 6 km crustal seed and 35 km-thick crust model (V.c in the
left column; model Q12); random seed and 35 km-thick crust model (V.r in the middle column; model Q13); mantle seed with 25 km-thick crust model (VC.m in the
right column; model Q14). Black lines represent 600, 900, and 1200°C isotherms. Background colors are defined by the composition in panels (d—f) as in Figure 2.

of Venus (models Q3 and Q4) show larger areas of melting with 661 and 511 elements, respectively, and a maxi-
mum melt fraction of 11% (dark brown in Figures 5c and 5d), as a response to the reduced pressure conditions
compared to the reference model (model Q1). In particular, the gravitational acceleration of Venus results in
reduced pressure below 3.5 km even when combined with the higher surface pressure.

In contrast to the minimal effects of varying the pressure and gravitational acceleration of Venus, changing the
temperature profile of the lithosphere (models Q5 to Q9) has a big impact on the general rift evolution. In fact, the
high surface temperature of Venus determines a clear different strength profile in the crust, with the disappear-
ance of the brittle layer (continuous red line in the strength profile of Venus in Figure 2). Therefore, these high
temperatures in combination with a 55 km-thick lithosphere do not allow for the development of shear bands at
the beginning of the evolution, preventing strain localization and the development of a continental rift (Figure Se).
The same behavior is also observed when the temperature profile of Venus is combined with the surface pressure
(model Q6) and gravitational acceleration (model Q7) of Venus. Surface temperature of Venus combined with a
120 km-thick lithosphere (model Q8) results in a lower thermal gradient (see isotherms in Figure 5), with conse-
quent lower temperatures with respect to models with a thinner lithosphere (models Q5—Q?7). This thermal profile
allows for the development of shear bands at the interface between the upper and lower crust and deeper in the
lithospheric mantle, with the consequent localization and accumulation of strain (Figure 5f). This behavior results
in mantle deformation and upwelling, even if less pronounced than in models Q1-Q4, but no melting (Figure 5f).
However, there are no traces of shear bands and accumulated strain in the shallower portion of the upper crust and
no crustal thinning is observed (Figure 5f).

One last test has been conducted using the surface temperature of Venus in combination with a thermal gradient
of the Earth in a 120 km-thick lithosphere (model Q9). In this case, however, the temperatures at the bottom of the
lithosphere are so high that the entire sublithospheric mantle is under melting conditions. Therefore, the model
could not be run beyond a few hundreds of years since the low viscosity of the melt in such a large area results in
very high velocities and therefore small time steps on the order of a few years.

3.1.4. Venus Models—Models Q10-Q17

In our Venus models, we test crustal thicknesses of 35 (models Q10-Q13) and 25 km (models Q14-Q17) and
additional kinds of weak seeds to see how strain can localize under Venusian conditions. In particular, we test two
different weak seeds in the upper crust, one with dimensions 2 X 2 km (models Q11 and Q15) and one with dimen-
sions 6 X 6 km (models Q12 and Q16), in addition to a model with diffuse random seeding (models Q13 and Q17).

In case of a 35 km-thick crust, we observe that when the temperature profile of Venus is combined with the
Venusian surface pressure and gravitational acceleration, there is no strain localization with any kind of weak
seed (models Q10-Q13), even after 20 Myr of evolution. In all these models the high temperatures prevent the
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Figure 7. Evolution of strain rates (first), viscosities (second row), and composition with accumulated strain (third row) of model D1 with Earth conditions and a
diabase rheology for the crust and a dry olivine rheology for the mantle at 0 Myr (left column) and 10 Myr (right column). Note that the accumulated strain is shown
only if £ > 0.5. Black lines in panels a—f represent 600, 900, and 1200°C isotherms. Background colors are defined by the composition in panels (e and f) as in

Figure 2; dark brown indicates melt. Continuous and dashed black lines in panels (g and h) represent the topography and the initial topography, respectively; dashed red
line in panels (g and h) represent topography of model Q1.

development of shear bands (model Q12 in Figure 6a and model Q13 in Figure 6b), and the development of a rift
is impeded by the lack of strain localization (model Q12 in Figure 6d and model Q13 in Figure 6e).

In the case of a crustal thickness of 25 km in combination with Venus conditions (models Q14-Q17), models
show higher strain rates (model Q14 in Figures 6¢ and 6f) than in models with a thicker crust. As a consequence,
some strain localization is observed in the crust, as well as the beginning of a mantle upwelling in the model with
a mantle weak seed after 20 Myr of evolution (model Q14 in Figure 6f). The models with different seeds (models
Q15-Q17) do not show any deformation, similar to the models with 35 km-thick crust.

3.2. Models With a Diabase Rheology in the Crust and Dry Olivine in the Mantle

In the following models, we choose a diabase flow law to represent both the upper and the lower crust of Venus
(e.g., Byrne et al., 2021; Kohlstedt & Mackwell, 2009; Mackwell et al., 1998).

3.2.1. Earth Model and Effects of Venusian Surface Conditions: Pressure, Gravitational Acceleration,
and Temperature—Models D1-D4

The use of a diabase flow law (model D1) for the crust results in higher viscosities throughout the entire evolution
of the model, in particular in the lower crust, compared to our other models of Earth (compare Figures 7c and 7d
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Figure 8. Final distribution of strain rates (first row), viscosities (second row), and composition with accumulated strain (third row) of models with Venus conditions
and a wet diabase crustal rheology and dry olivine mantle rheology with a 35 km-thick crust and different methods of localizing initial deformation (i.e., types of weak
seeds) at 20 Myr. Left column model D5 with a 6 X 6 km mantle seed (V.m); middle column model D7 with a 6 X 6 km crustal seed (V.c); right column model D8 with
random seeding (V.r). Accumulated strain for models D7 and DS is plotted only if higher than 0.5. Black lines represent 600, 900, and 1200°C isotherms. Background
colors are defined by the composition in panels g, h, and i as in Figure 2. Continuous and dashed black lines in panels (1-n) represent the topography and the initial
topography, respectively, while red lines represent the heat flux.

with model Q1 in Figures 4d—4f). In addition, the shear bands that develop in the crust at the start of the evolution
are characterized by strain rates at least one order of magnitude higher than in model with a wet quartzite and wet
anorthite crustal rheology (Figure 7a). The higher strain rates produce a faster strain accumulation in the crust,
originating crustal breakup after approximately 9-10 Myr (Figure 7f). However, mantle upwelling is a bit slower,
resulting both in a slight smaller final area of melt and a lower melt fraction (maximum 2%) than in model Q1
(compare the dark brown patch in Figure 7f with model Q1 in Figure 4i). Apart from that, the final asymmetric
large scale distribution of the accumulated strain is very similar to the one from model Q1 (Figure 7f). This
stronger crustal rheology produces larger vertical offset with respect to model Q1 (continuous black and dashed
red lines in Figure 7h for models D1 and Q1, respectively). In particular, the maximum height on the left and right
side of the rift are approximately 3.2 and 4.7 km, respectively, roughly three times than model Q1. Similarly, the
depth of the basin is approximately twice than in model Q1 (5 and 2.5 km for models D1 and Q1, respectively).

Similar to the models with a wet quartzite and wet anorthite rheology for the upper and lower crust, the addition of
the surface pressure and the gravitational acceleration of Venus (models D2 and D3, respectively) do not significantly
affect the general evolution of the models characterized by a diabase crustal theology. The only difference is the extent
of the melting area, which does not develop in the model including the surface pressure of Venus (model D2), but it is
larger in the model with the Venusian gravitational acceleration (model D3). Adding the temperature profile of Venus
(model D4) does not result in strain localization, resulting in the absence of mantle upwelling as well as melting.

3.2.2. Venus Models With a 35 km-Thick Crust—Models D5-D8

Using a diabase rheology for the crust has a clear impact on the evolution of the models with surface pressure and
temperature, gravity, and lithospheric thickness of Venus, as most models now show clear localization of strain
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Figure 9. Final distribution of strain rates (first row), viscosities (second row) and composition with accumulated strain (third row) of models with Venus conditions
and a wet diabase crustal rheology and dry olivine mantle rheology with a 25 km-thick crust and different methods of localizing initial deformation. Left column model
D9 with a 6 X 6 km mantle seed at 20 Myr of model evolution (VC.m); middle column model D11 with a 6 X 6 km crustal seed at 8 Myr (VC.c) and; right column
model D12 with random seeding at 10 Myr (VC.r). Note that the accumulated strain is shown only if & > 0.5. Black lines represent 600, 900, and 1200°C isotherms.
Background colors are defined by the composition in panels (g—i) as in Figure 2; dark brown indicates melt. Continuous and dashed black lines in panels (I-n) represent
the topography and the initial topography, respectively, while red lines represent the heat flux.

in contrast to the lack of strain localization in the corresponding models with a wet quartzite and wet anorthite
crustal rheology. In fact, this stronger rheology allows the presence of a brittle layer of approximately 9 km in the
upper crust (dashed red line in the strength profile of Venus in Figure 2), similar to the reference terrestrial model
with the wet quartzite/wet anorthite crust (model Q1). Consequently, the only Venus model with a 35 km-thick
crust that does not show strain localization or deformation in the lithosphere is the model with the mantle seed
(model D5 in Figures 8a, 8d, and 8g).

In contrast, the model with 6 X 6 km crustal seed (model D7) results in the development of symmetric shear bands
at the beginning of the evolution (point Srl in Figure 8b), with a consequent accumulation of strain in the center
of the domain (point Sal in Figure 8h). The initial shear bands developed in model D7 then slowly became less
effective, while new shear bands developed in two areas approximately 100 km from the geometric center of the
model domain (points Sr2 in Figure 8b and Movie S5 in Supporting Information S1), causing new accumulation
of the strain (points Sa2 in Figure 8h). The repositioning of the shear bands results in a more diffuse deformation
in the lithosphere, with a consequent small mantle upwelling that prevents the mantle from melting (Figure 8h).

Similar behavior is observed in the model with random seeding (model D8 in Figures 8c, 8f, and 8i). In the first
stages of the evolution, the strain begins to accumulate symmetrically in two areas close to the center of the
domain (points Sal in Figure 8i). However, with time, new shear bands characterized by the highest strain rates
develop toward the boundaries (points Srl and Sr2 in Figure 8c and Movie S6 in Supporting Information S1),
causing the strain to be accumulated in two new areas (points Sa2 in Figure 8i). Similar to the model with the
crustal seed (model D7), this diffuse deformation results only in a small mantle upwelling and does not result in
any mantle melting (Figure 8i). The development of shear bands and the localization of the strain in models D6,
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Figure 10. Evolution of strain rates (first row), viscosities (second row), and composition with accumulated strain (third row) of a model with the conditions of the
Earth and a dry dunite rheology for the mantle (model DD1) at 0 Myr (left column) and 10 Myr (right column). Note that the accumulated strain is shown only if
£,> 0.5. Black lines in panels (a—f) represent 600, 900, and 1200°C isotherms. Background colors are defined by the composition in panels e and f as in Figure 2.
Continuous and dashed black lines in panels (g and h) represent the topography and the initial topography, respectively; dashed and dotted red lines in panels g and h
represent topography of models Q1 and D1, respectively.

D7 and D8 (Figures 8b and 8c) result in higher viscosities in the crust (Figures 8e and 8f) with respect to model
D5 (Figure 8d), in which the strain rates are generally higher due to the diffuse deformation pattern (Figure 8a).
This behavior is similar to those observed in models characterized by Earth conditions (models Q1 and D1).

The lack of lithospheric deformation of model D5 determines the absence of the development of a topography
(continuous black line in Figure 81). Conversely, the topography in models D7 and D8 is well developed at the
end of the evolution (continuous black lines in Figures 8m and 8n) but with lower peaks (maximum 1 km) and
shallower basins (maximum 1.5 km) than the terrestrial model D1. In addition, models D7 and D8 show their
highest peaks in correspondence of the high strain rates conjugate bands, in the middle of the opening basins,
while model D1 has its highest peaks on the sides of the basin. Similarly, the heat flux predicted in model D5 is
constant along the whole surface (red line in Figure 81), while in models D7 and DS there is a slight variations in
correspondence of the conjugate shear bands with respect to the average values in the far-field, with the decrease
of approximately 10-20 mW m~2 where the highest topography is predicted (red lines in Figures 8m and 8n).

3.2.3. Venus Models With 25 km-Thick Crust—Models D9-D12

Venus models with 25 km-thick crust show more strain localization, regardless of the seed used. More specif-
ically, the model with a mantle seed (model D9) shows typical shear bands characterized by high strain rates
(Figure 9a), with the corresponding highly localized strain accumulation pattern (Figure 9g). The rift evolution
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Figure 11. Final distribution of strain rates (first row) and composition with accumulated strain (second row) of models with Venus conditions and a diabase crustal

rheology and dry dunite mantle rheology at 20 Myr for different methods of initiating deformation (i.e., types of weak seeds). Left column model DD5 with a 6 X 6 km
mantle seed (V.m); middle column model DD7 with a 6 X 6 km crustal seed (V.c); and right column model DD8 with random seeding (V.r). Note that the accumulated
strain is shown only if &, > 0.5. Black lines represent 600, 900, and 1200°C isotherms. Background colors are defined by the composition in panels (d—f) as in Figure 2.

Continuous and dashed black lines in panels g—i represent the topography and the initial topography, respectively, while red lines represent the heat flux.

of this model is slower than that of models with Earth conditions (models Q1 and D1) but nevertheless shows
the beginning of asymmetric rifting during the last stages of the model, as revealed by the lower strain rates, the

higher viscosities, and the lower accumulated strain on the left portion of the model domain at the end of the

evolution (Figures 9a, 9d, and 9g).
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Figure 12. Final distribution of strain rates (first row) and composition with accumulated strain (second row) of models with Venus conditions and a diabase crustal
rheology and dry dunite mantle rheology for a 25 km-thick crust for different methods of initiating deformation (i.e., types of weak seeds). Left column model DD9
with a 6 X 6 km mantle seed at 10 Myr (VC.m); middle column model DD11 with a 6 X 6 km crustal seed at 20 Myr (VC.c) and; right column model DD12 with
random seeding at 20 Myr (VC.r). Note that the accumulated strain is shown only if &, > 0.5. Black lines represent 600, 900, and 1200°C isotherms. Background colors
are defined by the composition in panels (d—f) as in Figure 2; dark brown indicates melt. Continuous and dashed black lines in panels (g—i) represent the topography and

the initial topography, respectively, while red lines represent the heat flux.
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The 6 x 6 km crustal seed model (model D11) has a much faster evolution than both the model with the mantle
seed and all of the models with the 35 km-thick crust. Note therefore that the last stage presented in Figures 9b,
9e, and %h is at 8 Myr instead of the usual 20 Myr. In this model, there is no development of new shear bands
toward the borders (Figure 9b) and the strain accumulates only in the central portion of the domain (Figure 9h).
This results in a fast symmetric evolution of the model, with early mantle upwelling and melting in the mantle
after just 5.5 Myr model time, with maximum melt fraction of 7% (dark brown in Figure 9h).

Similar to model D11, the model with the random seed (model D12) shows a faster evolution with respect to
the previous models and the last stage is depicted at 10 Myr (Figures 9c, 9f, and 9i). However, in this model the
rift evolution is strongly asymmetric, similar to that observed in models with Earth conditions (models Q1-Q4).
In fact, new shear bands develop toward the left (points Srl and Sr2 in Figure 9c and Movie S7 in Supporting
Information S1), resulting in low viscosities and in an asymmetric upwelling of the mantle (Figures 9f and 9i,
respectively). The initial shear bands can be identified by the strain accumulated in the middle of the domain
(point Sal in Figure 9i), where there are no high strain rates at the end of the evolution (point Srl in Figure 9c).
Similarly, the final area of high strain rates can be clearly identified (point Sr2 in Figure 9c¢) and it corresponds
to the accumulation of strain on the left of the domain (point Sa2 in Figure 9i). Although this model evolves
quickly, the behavior of the shear bands spreads out the accumulation of the strain (Figure 9i), delaying the mantle
upwelling with respect to model D11 and consequently melting only occurs after 10 Myr model time and the
maximum melt fraction is 1% (dark brown in Figure 9i).

The higher lithospheric deformation observed in model D9 with respect to the 35 km-crust model D5 determines
a clear topography at the end of the evolution (continuous black line in Figure 91). In addition, this is the only
model with a 25 km crust that shows some peaks above the initial topography, while models D11 and D12 are
characterized by wider and deeper basins than models D7 and D8 (with a 35 km crust) and there are no peaks
above 0 km (continuous black lines in Figures 9m and 9n). The heat fluxes predicted by all of these models (red
lines in Figures 91-9n) show clear differences with respect to models DS, D7, and D8 (red lines in Figures 81-8n).
In fact, in all of these models there is an evident increase of heat flux in correspondence of the opening basins,
with values up to 70-80 mW m~? higher than in the far-field (red lines in Figures 91-9n). This increase is more
evident in models D11 and D12 that are characterized by melting but can be observed also in model D9 that does
not have any melting and has an evolution more similar to models D7 and DS.

3.3. Models With a Diabase Rheology in the Crust and Dry Dunite in the Mantle

In the following models, we use a dry dunite rheology for the mantle of Venus in addition to the diabase rheology
of the crust (e.g., Byrne et al., 2021; Ghail, 2015).

3.3.1. Earth Model and Effects of Venusian Surface Conditions: Pressure, Gravitational Acceleration,
and Temperature—Models DD1-DD4

The dunite mantle rheology model with the conditions of the Earth (model DD1) shows an evolution comparable
to that observed for the corresponding models with weaker rheologies for the mantle and for the crust, with an
asymmetric final rift geometry. The initial strain rates in the crust are lower than those in the model with a dry
olivine rheology (model D1) but shear bands in the mantle are less diffuse (Figure 10a). At the same time, the
viscosities are higher in the entire lithosphere (Figures 10c and 10d), which result in a slower rift evolution with
respect to model D1 and there is no occurrence of crustal breakup after 10 Myr (Figure 10f). However, the final
topography is almost the same than the one predicted in model D1, with both the same maximum heights on the
sides of the rift and the same depth of the basin (continuous black and dotted red lines in Figure 10h for models
DD1 and D1, respectively). In contrast to the models with weaker rheologies for the mantle (model D1) and for
the crust (model Q1), there is no melting at the end of the evolution and the accumulated strain is more localized
along shear bands (Figure 10f).

The addition of the surface pressure and the gravitational acceleration of Venus (models DD2 and DD3, respec-
tively) do not have any significant effects on the evolution. In fact, unlike the diabase and dry olivine models
(models D1, D2, and D3), in which surface pressure and gravitational acceleration had an impact on the extent of
the melting area, none of these models develop conditions compatible with mantle melting. Adding the temper-
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ature profile of Venus (model DD4) results in a lack of development of shear bands, similar to model D4. As a
consequence, there is no strain localization, mantle upwelling, or melting.

3.3.2. Venus Models With 35 km-Thick Crust—Models DD5-DDS8

The stronger dry dunite rheology used for the mantle produces an increase of approximately 20 MPa in the stress
profile of the lithospheric mantle, but the lithosphere continues to deform by viscous creep, without the presence
of a brittle layer (dark brown line in Figure 2). However, models with conditions of Venus and a 35 km-thick
crust show a similar evolution to what we observed in the corresponding models with a dry olivine rheology for
the mantle (models D5-D8). Nonetheless, the timing of the rifting is different depending on the type of weak seed
employed. The model with the mantle seed (model DDS5) has shear bands in the upper part of the crust, with a
consequent faster localization of strain (Figures 11a and 11d, respectively) with respect to the corresponding dry
olivine mantle model (model D5). Nonetheless, there is only a slight mantle upwelling after 20 Myr of evolution
and no melt is produced (Figure 11d).

The model with the 6 X 6 km crustal seed (model DD7) evolves similarly to the corresponding dry olivine model
(model D7) and after 20 Myr the strain accumulates in the center of the domain, with a slight mantle upwelling
and no mantle melting (Figure 11e). Even if there is no clear evidence of the development of new shear bands
toward the boundaries as observed in model D7, the beginning of this kind of behavior can be seen in Figure 11b.
In fact, shear bands with the higher strain rates at the end of the evolution are in two new areas (points Sr2 in
Figure 11b) less centered than the initial location, which can be recognized by the distribution of the accumulated
strain (points Srl and Sal in Figures 11b and 11e, respectively, and Movie S8 in Supporting Information S1).

The evolution of the continental rifting in the model with random seeding (model DD8) is similar to what we
observed in the corresponding dry olivine model (model D8). However, the initial shear bands are not symmetric
but instead, they are positioned to the left of the center of the domain (point Srl in Figure 11c¢), corresponding to
the larger accumulated strain bands (point Sal in Figure 11f). Subsequently, new shear bands develop to the right
of the center of the domain which result in the localization of strain in two new locations (points Sr2 and Sa2 in
Figures 11c and 11f, respectively). The original strain accumulation location then moves toward the left, while the
two successive locations move to the right. The position of the final shear bands is indicated by the higher strain
rates and the strain accumulation pattern after 20 Myr (points Sr3 and Sa3 in Figures 11c and 11f, respectively
and Movie S9 in Supporting Information S1). Similar to model DS, the leap of the shear bands results in more
diffusive deformation, allowing a slight mantle upwelling but preventing the melting of the mantle (Figure 11f).

The evolution of the topography in these models is similar to that observed for models D5, D7, and D8. In fact, the
topography is well developed at the end of the evolution (continuous black lines in Figures 11g—11i) and is char-
acterized by similar heights (approximately 1 km) and depths (approximately 1.5 km). In the same way, models
DD7 and DD8 show their highest peaks in the middle of the opening basins, differently from what observed in
model DD1 (compare continuous black lines in Figures 11h and 11i and in Figure 10h, respectively). Similarly,
the heat fluxes in correspondence of the rifting show little differences with respect to the far-field, with variations
between —20 and 20 mW m~2, with minimum values where the highest topography is predicted (red lines in
Figures 11g—111i), as observed in the 35 km-crust models D5, D7, and DS.

3.3.3. Venus Models With 25 km-Thick Crust—Models DD9-DD12

Using a 25 km-thick crust (model DD9-DD12) amplifies the differences in the timing of rift evolution with
respect to the corresponding models with dry olivine mantle rheology (models D9-D12). In particular, the evolu-
tion of the model with the mantle seed is much faster (model DD9 with respect to model D9). More specifically,
model DD9 shows a very fast symmetric evolution of the rifting with the shear bands located in the central
portion of the domain (Figure 12a). This results in very localized accumulated strain and a faster upwelling of
the mantle, with consequent melting after just 6.5 Myr and a higher melt fraction (maximum 7%: dark brown in
Figure 12d). Therefore, the last stage presented in Figures 12a and 12d is at 10 Myr instead of the usual 20 Myr.

Conversely, the evolution of the rifting in case of a crustal and random seeds is clearly slower (models DD10-
DD12 compared to models D10-D12). In fact, the rifting in the model with a 6 X 6 km crustal seed (model DD11)
evolves slower than model D11 and its evolution is asymmetric. However, the evolution of the rifting during the
initial 10 Myr is symmetric, with the localization and the accumulation of the strain in the middle of the domain
(point Sal in Figure 12e). In time, new shear bands with the highest strain rates develop on the right of the domain
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(point Sr2 and Sa2 in Figures 12b and 12e, respectively, and Movie S10 in Supporting Information S1), resulting
in a final asymmetric rift. This behavior of the strain localization could be the reason why the mantle upwelling
is delayed compared to model D11, resulting in mantle melting after 15.5 Myr with a melt fraction of 2% (dark
brown in Figure 12e).

Similarly, the model with the random seed (model DD12) is slower compared to model D12, with mantle melting
occurring after 20 Myr and a maximum melt fraction of 2% (dark brown in Figure 12f). In addition, the evolution
of the rifting in this model is strongly symmetric with shear bands and localization of the strain in the center of
the domain, different from what we observed in model D12. In contrast to models with mantle and crustal
seeds, some minor shear bands with consequent strain localization are observed toward the borders (Figures 12¢
and 12f, respectively), but the main area of deformation does not move away from the center.

The evolution of the topography in all of these models is similar to what observed for models D11 and D12. In
fact, there is the development of a wide and deep basin, with maximum depths of approximately 2.5 km (contin-
uous black lines in Figures 12g—12i). However, differently from the 35 km-crust models, here models DD11 and
DD12 show also peaks up to 0.7—1 km on the sides of the basins (continuous black lines in Figures 12h and 121i).
Similarly, the heat fluxes predicted by all of these models show an evident increase in correspondence of the
rifting, with maximum values up to 200 mW m~2 higher than in the far-field (red lines in Figures 12g—12i). In
particular, highest values are observed in models DD11 and DD9, where the melting area is wider than in model
DD12 (dark brown in Figures 12d—12f).

4. Discussion
4.1. Comparison With Previous Numerical Models

The evolution of our model without viscous weakening is fully comparable to what has been observed by previ-
ous numerical models characterized by low divergent velocities and weak crust (e.g., Beucher & Huismans, 2020;
Huismans & Beaumont, 2007; Naliboff & Buiter, 2015). In fact, all of these models show a symmetric evolution
of the continental rifting throughout the entire numerical experiment, until the crustal break up. However, plastic
weakening is limited almost entirely in the crust, while viscous weakening is fundamental to have strain localiza-
tion and development of a low-viscosity layer in the lithosphere, with potential consequence on the rifting evolu-
tion (Bercovici & Ricard, 2012, 2013; Dannberg et al., 2017). We observed that the introduction of the viscous
weakening affects the numerical evolution with the consequent development of an asymmetric rifting. The influ-
ence of the weakening and its rate on the symmetry of continental rifting has been already noted by Lavier
et al. (2000) and Huismans and Beaumont (2003) and the asymmetric behavior of model Q1 is similar to results
obtained by Pérez-Gussinyé et al. (2020) and Richter et al. (2021) that implemented both plastic and viscous
weakening. In addition, the asymmetric geometry of continental rifting (as in the Red Sea; e.g., Bosworth, 2015;
Youssef, 2015) and passive margins (as in the Atlantic; e.g., Flament et al., 2014; Granot & Dyment, 2015) is well
documented. In particular, the asymmetric topography observed in model Q1 recall the topography recorded in
correspondence of the Conrad Deep in the northern part of the Red Sea, with similar maximum heights of approx-
imately 1,500 m on the eastern side and between 500 and 1,000 m on the western side (Bosworth, 2015; Ehrhardt
& Hiibscher, 2015). Therefore, the asymmetric evolution of our models is in agreement with both previous
numerical models (e.g., Chenin & Beaumont, 2013; Oliveira et al., 2022; Peron-Pinvidic et al., 2022; Theunissen
& Huismans, 2022) and natural observation (e.g., Bosworth, 2015; Ehrhardt & Hiibscher, 2015; Youssef, 2015)
of continental rifting. Since weakening have been proven to have an impact on the evolution of diverge tectonic
settings (e.g., Choi et al., 2013; Lavier et al., 1999, 2000), we made a test changing weakening parameters in order
to verify if they can affect significantly the evolution of our system (model R2). We observed few differences
in the surface distribution of the faults, as previously observed by Choi et al. (2013), but the general large scale
evolution is the same than model Q1 and the topography of the two models show same vertical displacements.

4.2. Effects of Venusian Conditions: Surface Pressure, Gravitational Acceleration, and Temperature

We investigated the impact of the surface pressure, gravitational acceleration, and temperature profile of Venus
on the evolution of a continental rift in models with a widely used continental crust rheology of wet quartzite and
wet anorthite.
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Figure 13. Summary of the results of all of the simulations with Venus conditions. Turquoise squares indicate when

strain localization, mantle upwelling, or melting occur. Olive green squares indicate that mantle upwelling occurs partially.
Dark red squares indicate a lack of strain localization, mantle upwelling, or melting. We defined the strain localization as
the occurrence of shear bands that accumulated at least 0.5 strain. The occurrence of mantle upwelling is defined by both
lithospheric thinning and a crustal thinning of at least 50%, while its partial occurrence is identified by lithospheric thinning
only. Squares are labeled with the names of the models as in Table 3. Black contours indicates models shown in figures in
Section 3.

We observed that the different surface pressure and gravitational acceleration, either used separately or together
(models Q2-Q4), do not have any discernible effect on the development of shear bands and the successive local-
ization of strain (Figure 13), resulting in the same asymmetric rifting evolution as in the reference Earth model
(model Q1). However, changing these parameters has a slight effect on melting due to the different pressure
distribution in the models. For example, the model with surface pressure of Venus (9.3 MPa) but gravitational
acceleration of Earth (model Q2) has higher pressures in the entire model domain, resulting in a smaller area with
melting conditions. In contrast, the model with surface pressure of Earth and gravitational acceleration of Venus
(8.87 m s72; model Q3) shows lower pressures, with a larger melting domain. Combining the higher Venusian
surface pressure with the lower gravitational acceleration (model Q4) results in higher pressures than on Earth
in depths shallower than 3.5 km. However, below this depth, the effect of the lower gravitational acceleration
prevails and the pressure predicted is lower than on Earth. This results in Venusian pressure up to 150 MPa lower
than on Earth between 40 and 50 km depth, with a larger domain under melting conditions with respect to models
Q1 and Q2.

Unlike the change in surface pressure and gravitational acceleration, higher Venusian surface temperature and the
resulting temperature-depth profile has a major impact on the rift evolution, with the disappearance of the plastic
layer. Moreover, Venusian temperatures result in more efficient healing, with a consequent reduction of accumu-
lated strain. Therefore, Venusian temperature conditions combined with a weak crustal rheology (models Q10
to Q17), both in case of a 35 and 25 km-thick crust, act against efficient strain localization, thereby preventing
mantle upwelling, melting (Figure 13) and the development of a continental rift. A particular case is model Q9,
for which the temperatures at the bottom of the lithosphere are so high that the entire sublithospheric mantle is
under melting conditions. However, mantle melting on present-day Venus is hypothesized to occur in case of hot
upwelling mantle underlying the major rift systems (e.g., Ghail, 2015) and, therefore, the thermal profile consid-
ered for this model is not compatible with Venus.

4.3. Effects of the Lithospheric Structure

Since a crust characterized by wet quartzite and wet anorthite rheologies does not allow for the development
of a continental rift despite evidence of rift structures on Venus (e.g., D. B. Campbell et al., 1984; Foster &
Nimmo, 1996; Guseva & Ivanov, 2019; Kiefer & Swafford, 2006; Magee & Head, 1995; Masursky et al., 1980;
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Shalygin et al., 2015; Stoddard & Jurdy, 2012), we tested models with a
stronger rheology for the whole crust using a diabase flow law (e.g., Byrne
o et al., 2021; Kohlstedt & Mackwell, 2009; Mackwell et al., 1998). In addi-
E tion, we tested models with a stronger rheology for the mantle of dry dunite
(e.g., Byrne et al., 2021; Ghail, 2015). However, the two different mantle
rheologies implemented (dry olivine and dry dunite) produce similar viscos-
ities, in agreement with constraints of Venusian mantle viscosities estimated
by previous studies (e.g., Rolf, Steinberger, et al., 2018).

4.3.1. Stress Profiles

The implementation of a stronger crustal rheology in models with the diabase
flow law results in a layer characterized by a plastic behavior in the upper crust
also under Venus conditions. This behavior occurs both in case of dry olivine
N (D models) and dry dunite (DD models; gray area in Figure 14) mantle rheol-
ogy and it is not observed in models with the wet quartzite crustal rheology
- (continuous black line in Figure 14). The lithospheric stress profiles predicted

Byrne et al., 2021 ————— the mantle show a good fit with the stress profiles associated with gravita-
\ \

0 50

100 150 200 tionally inferred mantle motion (for details see the viscous flow modeling by

Stress (MPa) Byrne et al. (2021)) for a 30 km-thick crust model (compare continuous red

and dashed black lines with dash-dotted blue line in Figure 14). Differences

Figure 14. Lithospheric stress profile calculated in the diabase-dunite models between our lithospheric stress profiles and the one from Byrne et al. (2021)

for 35 (models from DD5 to DD8) and 25 (models from DD9 to DD12)
km-thick crust (continuous red and dashed black lines, respectively) compared
to the stress profile from viscous flow models in case of a 30 km-thick crust

are observed mainly in the plastic behavior in the shallower portion of the
crust. However, these differences are restricted to the shallowest 7-9 km

calculated by Byrne et al. (2021) (dash-dotted blue line). The gray area (gray area in Figure 14) and are related to the assumed cohesion and the fric-
indicates the maximum portion of the lithosphere characterized by plastic tion angle of the Venusian crust, which are not well constrained. Nonetheless,
behavior.

maximum crustal yield stress of approximately 80 MPa predicted by models

with the diabase rheology for the crust and either a dry olivine or a dry dunite

rheology for the mantle (D and DD models, respectively; continuous red and
dashed black lines in Figure 14) is in agreement with values calculated for tectonic processes associated to either
a plutonic squishy lid or an episodic lid regime (e.g., Armann & Tackley, 2012; Lourenco et al., 2020; Moresi
& Solomatov, 1998; Uppalapati et al., 2020). In fact, mobile and stagnant regimes have recently been associated
to lower (<30-50 MPa) and higher (>120-160 MPa) surface yield stress, respectively (Lourenco et al., 2020).
Previous studies based on the inferred crustal thicknesses of Venus suggested that the episodic lid regime could
be more applicable for Venus' evolution than a purely stagnant lid regime (Rolf, Steinberger, et al., 2018), while
more recent studies advance the hypothesis that a squishy lid regime could be more suitable to explain the tecton-
ics of Venus (Byrne et al., 2021; Lourengo, 2023; Smrekar et al., 2022). Therefore, the diabase rheology used in
our models seems to recreate the surface stress hypothesized for Venus well. However, we want to stress that these
values are strongly related to rheological parameters which are poorly known for Venus.

4.3.2. Strain Localization

The different rheological behavior in the crust in the models with a diabase flow law for the crust, and either a
dry olivine or a dry dunite for the mantle (models D and DD, respectively), results in the development of up to
two orders of magnitude higher strain rates in shear bands in the crust, with a resulting faster strain accumulation.
Although this difference does not have big effects in model with Earth conditions (models D1-D3 and DD1-
DD3), apart from a slightly slower rifting evolution (model D1 in Figure 7 and model DD1 in Figure 10), major
differences are seen in the models with Venus conditions (models D5-12 and DD5-DD12). In fact, Figure 13
shows that the use of a diabase rheology for the crust drastically changes the capacity of the model to localize
strain, irrespective of the mantle rheology (compare Q vs. D and DD models of Figure 13).

Considering models with a dry olivine rheology for the mantle (D models), the only model with a diabase crustal
rheology that does not show any strain localization is the one with the mantle seed and a 35 km-thick crust (model
D5, dark red square in Figure 13). This is because the mantle seed produces low strain rates at the bottom of the
crust, resulting in very slow localization of the strain. In addition, high temperatures at the crust-mantle interface
determine more efficient healing, with an additional reduction of accumulated strain. In contrast, crustal and
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random seeds allow the development of shear bands in a shallower portion of the crust characterized by lower
temperatures. This results in less efficient healing and a faster localization of the strain (models D6-D8, turquoise
squares in Figure 13). These differences are attenuated in case of 25 km thick crust and, in fact, all models localize
strain efficiently (modes D9-D12, turquoise squares in Figure 13). In case of a dry dunite mantle rheology (DD
models), all models with either a 35 or a 25 km thick crust produce higher strain rates at the beginning of the
numerical simulations. This results in a faster strain localization with respect to D models (models DD5-DD12,
turquoise squares in Figure 13), with the development of rift-like faults and structures. Therefore, the evolution
of these models is less affected by the choice of weak seed. The necessity to simulate a basaltic crust with a
strong diabase flow law to localize the strain and to develop rift-like structures under Venusian conditions is
in agreement with the hypothesis regarding the absence of water on Venus that would preclude the formation
of extensive felsic crust (I. H. Campbell & Taylor, 1983; Schubert et al., 2001). However, the water content of
the interior of Venus remains poorly known, as measurements are available only for the atmosphere, and some
authors suggested that the crust involved in the formation of specific tesserae could have felsic composition
(Gilmore et al., 2015; Resor et al., 2021).

4.3.3. Mantle Upwelling and Melting

The lack of strain localization in the models with quartzite-anorthite crustal rheology means that neither signifi-
cant mantle upwelling nor the related melting occurs in these models (models Q10-Q17 in Figure 13). The picture
is more complex when looking at models with a diabase crustal rheology. All diabase models with a 35 km-thick
crust are characterized by a slight mantle upwelling (models D6-D8 and DD5-DDS; olive green squares in
Figure 13), with the exception of the model with a mantle seed and a dry olivine rheology for the mantle (model
D5; dark red squares in Figure 13). The lack of mantle upwelling in model D5 is related to its inability to localize
the strain and, therefore, to produce crustal thinning. However, the overall evolution of the majority of the 35
km-thick models (models D6-D8 and DD5-DDS) is similar, showing a general symmetric development of high
strain rate shear bands localized in the upper crust, followed by a general development of new shear bands toward
the boundaries of the model domain. This migration of deformation in the crust suppresses localized mantle
upwelling in all of the 35 km-thick crust models (olive green squares in Figure 13) and prevents the development
of conditions compatible with mantle melting (dark red squares in Figure 13).

On the contrary, all 25 km-thick diabase crust models show either a partial or a pronounced mantle upwelling,
resulting in melting in most of these models. In fact, continental rifting in all of the 25 km-thick crustal diabase
models (models D10, D11, D12, DD9, DD11, and DD12) is fast and shows pronounced mantle upwelling and
mantle melting within 20 Myr of evolution (turquoise squares in Figure 13), as a result of the better localization
of strain and less diffuse crustal deformation compared to the 35 km-thick crust diabase models. The only excep-
tions are the model with dry olivine mantle rheology and a mantle seed (model D9) and the model with dry dunite
and 2 X 2 km crustal seed (model DD10); these models both produce only very limited mantle upwelling and no
melting at all (olive green squares in Figure 13). In particular, the localization of the strain in model D9 is slower
because of the highly efficient healing at the crust-mantle interface (as observed for model DS5) and, therefore, it
needs more time to observe crustal thinning and mantle upwelling. In contrast, the 2 X 2 km crustal seed in model
DD10 allows high strain rates and strain localization in the shallower portion of the crust. However, the smaller
size of the seed produces lower strain rates and less strain localization with respect to model DD11, and the strong
dry dunite rheology of the mantle reduces the deeper deformation. This results in a slower evolution of this model
and a very limited mantle upwelling.

In general, the thickness and rheology of the crust both play a major role on the evolution of rifting on Venus and
are more important than the chosen mantle rheology or deformation seed method. More specifically, a rheolog-
ically stronger but thinner crust results in mantle melting in most of our models. This is particularly important
when considering the recent mounting evidence for volcanic activity inferred for Venus and associated with areas
of rifting (e.g., Brossier et al., 2021, 2022; Guseva, 2019; Shalygin et al., 2015; Smrekar et al., 2010). Hence, our
models suggest that a thin Venusian crust with a crustal thickness of 25 km or less is more likely in areas of Venus
where previous studies inferred recent volcanic activity.

4.4. Comparison With Data From Venus

To assess how well our models capture the rifting process proposed for Venus, here we compare our results to
estimated global average surface heat flux values and to observed rift topographies. Since the structures that can
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Figure 15. (a) Average heat flux of diabase (D models; light blue and blue lines) and diabase-dunite models (DD models;
yellow and orange lines) with a 25 and 35 km-thick crust. The light gray area indicates the estimated global average heat flux
estimated for Venus (Giilcher et al., 2020; Smrekar et al., 2022); (b) average topography of diabase (D models; light blue

and blue lines) and diabase-dunite models (DD models; yellow and orange lines) with 25 and 35 km-thick crust compared

to the average topography of Ganis (Stoddard & Jurdy, 2012) and Devana (Kiefer & Swafford, 2006) Chasmata (dashed red
and black lines, respectively). Light and dark gray areas indicate the minimum topography for the 25 and 35 km-thick crust
models, respectively. p1 indicates the position of the peak topography for the 35 km-thick crust models and p2 indicates the
peak topography of Ganis chasma.

favor initial localization of the strain are not well known for the lithosphere of Venus, the three different weak
zones implemented can be considered equally effective. For this reason, we decided to average surface heat flux
and topography for our models with different weak seeds in order to compare them with estimates from Venus
(Figures 15a and 15b, respectively). Therefore, we created four composite lines for models with a diabase crust
of varying crustal thicknesses and different mantle rheologies.

4.4.1. Heat Flux

Heat fluxes predicted by models with Venus conditions and thickness of the crust of 25 and 35 km show two
different trends (Figure 15a). In particular, models with a 35 km-thick diabase crust are characterized by a
decrease of the surface heat flux in the center of the domain of approximately 20 mW m~2 with respect to the
far-field (light blue and blue lines in Figure 15a). In contrast, models with a 25 km-thick diabase crust show a
clear increase of the surface heat flux in the proximity of rifting, up to 60 mW m~2 (yellow and orange lines in
Figure 15a). The higher heat fluxes are related to the upwelling of a large amount of the mantle, resulting in a
large area characterized by mantle melting. Since the heat flux is calculated as an average of models with different
seeds, the asymmetry displayed by the models with the 25 km-thick crust and a dry dunite mantle rheology
(orange line in Figure 15a) is strictly related to asymmetric behavior observed in the model with the crustal seed
(model DD11 in Figures 12b and 12¢). The maximum values of 110-130 mW m~? predicted by models with 25
km-thick diabase crust (yellow and orange lines in Figure 15a) are comparable with heat fluxes calculated from
previous numerical models (e.g., Giilcher et al., 2020) and with maximum heat fluxes of 140 mW m~2 estimated
in correspondence of fracture belts on coronae on Venus (e.g., O’Rourke & Smrekar, 2018).

Values of 55-60 and 65-70 mW m~2 predicted far from the highly deformed area of the rifting by models with
25 and 35 km-thick diabase crust, respectively, are in agreement with the estimates of 20-75 mW m~2 for the
global average on Venus (light gray area in Figure 15a; Giilcher et al., 2020; Smrekar et al., 2022). However, our
models predicted values similar to the maximum estimates for Venus, suggesting that thicker crust are unlikely
for the global average of Venus.
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4.4.2. Rift Topography

Our results show that a stronger crustal rheology in case of pressure and temperature conditions of the Earth
determines more pronounced topography, with both higher peaks on the sides of the rift and deeper basins.
Otherwise, different mantle rheology does not impact on the topography. In particular, models with a diabase
rheology for the crust and either a dry olivine or a dry dunite rheology for the mantle (models D1 and DD1,
respectively) show peaks approximately three times higher and basins twice deeper than the model with the wet
quartzite/wet anorthite crust (model Q1). Similarly, Venus conditions in case of diabase rheology for the crust
result in a decrease of crustal strength, with consequent lower topography with respect to models characterized
by terrestrial conditions. We compare the averaged topography of our models with Venus conditions both with
the average topography of Ganis Chasma (Stoddard & Jurdy, 2012) and with a cross-section across the offset
zone of Devana Chasma (Kiefer & Swafford, 2006) (dashed red and black lines in Figure 15b, respectively). The
topography predicted by the models show two different trends for 25 (yellow and orange lines in Figure 15b) and
35 km-thick (light blue and blue lines in Figure 15b) diabase crust models, while the rheology of the mantle does
not significantly change the general trend. Indeed, the averaged minimum topography of both models with a 35
km-thick crust and different rheologies of the mantle show variations of less than 1 km (dark gray area under light
blue and blue lines in Figure 15b). In contrast, the models with a 25 km-thick crust have maximum variations of
approximately 1.5 km (light gray area under yellow and orange lines in Figure 15b). In addition, the 35 km-thick
crust models have a central peak, approximately 1 km higher than the surrounding area (point p1 in Figure 15b),
while a similar peak is not observed in the 25 km-thick crust models.

The two trends emerging from the models with different crustal thickness each fit well the average topographic
features of one of the rifts observed on Venus. In particular, the average topography of the Ganis chasma (dashed
red line in Figure 15b) has depressions similar in location and magnitude to those predicted by the 35 km-thick
crust models (dark gray area under light blue and blue lines in Figure 15b) while the data also shows a central
peak (point p2 in Figure 15b) with a similar amplitude to the peak predicted by the 35 km-thick crust models
(point p1 in Figure 15b). The topography observed across the offset zone of Devana chasma (dashed black line
in Figure 15b) is similar to the topography predicted by the 25 km-thick crust models, especially in terms of the
amplitude of the central depression and the lack of a central peak that is present in the Ganis chasma (yellow and
orange lines in Figure 15b). Therefore, our models capture the first-order topography observed for Venusian rifts,
suggesting different crustal thicknesses beneath Ganis and Devana chasma. This is in agreement with the crustal
thickness model for Venus by Jiménez-Diaz et al. (2015), which estimated a thicker crust in correspondence of
Ganis chasma and the Atla Regio (approximately 30-35 km thick) with respect to Devana chasma in the plains
between Beta Regio and Phoebe Regio (approximately 25 km thick).

4.5. Limitations and Future Works

In this work, we mainly focus on crustal variations, including both its rheology and thickness, and we evaluate
their effects on the rifting evolution. However, we considered here only crustal thicknesses of 25 and 35 km,
while some studies have proposed crustal thickness lower than 25 km down to 8—13 km (e.g., James et al., 2013).
As there are so many uncertainties about Venusian material properties and conditions, there are many other
parameters that can be investigated in future studies as they could also play major roles in Venusian rift evolution.
In particular, initial strength and weakening due to localization of the strain has been proven fundamental for
the development and evolution of faults and continental rifting (e.g., Choi et al., 2013; Lavier et al., 1999, 2000)
and, therefore, additional analysis considering different weakening and rheological parameters, both viscous and
plastic, need to be investigated. In addition, the velocity and duration of extension will have a direct impact on
the amount of mantle upwelling and, therefore, on the amount of mantle melting. Similarly, different lithospheric
thicknesses, and therefore different thermal profiles, will directly affect the lithospheric strength, thereby increas-
ing or reducing the timescale of rifting evolution. Hence, since the analysis of all these additional parameters is
outside the scope of this study, future studies could expand upon the work presented here to include additional
crustal and lithospheric thicknesses, thermal profiles, extensional velocities, and weakening/rheological parame-
ters. Even if 3D numerical models allow to simulate more complex and realistic tectonic settings, we here decided
to use 2D models to explore in detail specific factors and analyze their impact on the development, evolution and
duration of lithospheric-scale tectonic structures. In fact, a better understanding of the dynamics that control rifts
on Venus by means of 2D models will allow to better constrain future 3D models.
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5. Conclusions

In this work, we investigated the effect of Venusian surface conditions on the development and evolution of a
continental rift. We also studied in detail how different crustal and mantle rheologies, crustal thickness, and weak
seeds can affect the evolution of the rifting. To assess how well our models correspond to rift observations on
Venus, we compared our results, in terms of topography and heat flux, with data and estimates for Venus. We
found that although surface pressure and gravitational acceleration of Venus do not majorly affect the evolution
of rifting, the increased Venusian surface temperature dramatically changes the lithospheric strength. In fact,
the high temperatures of Venus determine the disappearance of a brittle layer in the crust, thus preventing the
development of shear bands, strain localization, and the ensuing development of rifting when typical Earth-like
rheologies of wet quartzite and wet anorthite are assumed for the crust. Therefore, a stronger rheology, such as
diabase, must be taken into account for the crust to observe a thin brittle layer and to ensure localization of strain
when modeling the conditions of Venus.

Different combinations of weak seeds and mantle rheologies only partially control the development of rifting in
models with Venusian conditions. In particular, a mantle seed results in a faster evolution in case of a stronger
mantle (dry dunite), as it is better able to localize the strain at depth. In contrast, crustal and random seeds result
in a shallower localization of the strain and the development of the rifting is faster if a dry olivine rheology is
used for the mantle.

Conversely, we found that the thickness of the crust has a primary control on the evolution of rifting on Venus.
In fact, only models with a 25 km-thick diabase crust show pronounced mantle upwelling that allows for mantle
melting. However, it must be noted that our simulations were run for a maximum of 20 Myr, and a longer evolu-
tion might also develop conditions favorable for mantle melting for models with a 35 km-thick diabase crust.

The resulting topography of models with crustal thicknesses of 25-35 km and a thin lithosphere fit well with
the observed topography of Ganis and Devana Chasmata. In particular, two trends are observed: the 35 km-thick
diabase crust models show a topography peak in the center of the domain, similar to the observed topography
of Ganis chasma. In contrast, the 25 km-thick diabase crust models show a deeper basin at the rift center, which
corresponds to observations of Devana chasma. Therefore, we speculate that a difference in crustal thickness
could be the cause of the different rift profiles of Ganis and Devana Chasmata on Venus. In addition, the far field
heat fluxes in our models align with highest and latest global average heat flux estimates from previous studies of
Venus. Hence, we hypothesize that a global average crust thicker than 35 km is unlikely for Venus.

Data Availability Statement

The numerical code FALCON used in this work together with its complete description and with the results of
the benchmarks performed to test the features implemented in the code can be found on the Zenodo online open
access repository Regorda (2022). In addition, the same repository provides the input files with properties of
the materials and parameters used in this work. The complete data set with the output files in Paraview format
(vtu) of all of the models tested in this work can be found on the Zenodo online open access repository Regorda
et al. (2022).
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