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Abstract With its 1 day lasting 243 days on Earth, Venus is the slowest‐spinning planet in the Solar System
and its rotational bulge is anomalously small. A rotational bulge stabilizes the orientation of planets. Having
only a tiny stabilizer, the rotational pole of Venus has been expected to separate from the figure pole in response
to mantle flow, which has been used to explain why both poles are observed to be 0.5° apart. Here, we couple 3D
mantle‐convection simulations and polar motion dynamics to explore howmantle flow, and in particular surface
mobilization, drives Venus's polar motion. We provide a predictive framework for polar motion on slow rotators
and show that the spin/figure pole separation (or offset) follows a simple law: it scales with the figure‐axis drift
rate times the planet's Chandler period. Contrary to prior expectations, stronger internal loading does not
amplify the offset, and the mantle‐driven polar motion is smooth rather than wobbly, more similar to that of fast
rotators. In models matching Venus's geoid, figure‐axis drift rates reach only up to a few °/Myr, too slow
compared to ca. 60°/Myr that is needed to match the observed offset. We therefore exclude mantle convection as
the cause of Venus' spin and figure poles separation, and suggest that atmospheric and solid tides are not
balanced instead.

Plain Language Summary In response to various geological processes such as mantle convection or
volcano formation, the rotational pole of a planet may move on its surface. This phenomenon is called true polar
wander (TPW) and it is known to operate differently on Venus when compared to planets such as Earth and
Mars, because Venus rotates very slowly. On Venus, the spin axis has been expected to separate from the figure
axis during TPW, which is consistent with the observed, relatively large separation of both of these axes on
Venus (0.5°, figure axis reflects the density structure of the planet). Here we show that when mantle convection
is simulated with a state‐of‐the‐art numerical model that accounts for the slow and continuous nature of mantle
flow, TPW on the slow‐rotating Venus is more similar to TPW on all other planets. We derive an equation that
can be used to predict howmuch the spin and figure axes separate during TPW and argue that mantle convection
is not responsible for the observed 0.5° offset. Therefore, other mechanisms must be involved, implying that the
moments of forces exerted on Venus by the atmosphere and by the Sun are not balanced.

1. Introduction
On most planets, the deviation from spherical shape is driven primarily by rotation. The polar and equatorial radii
of Earth differ by 21 km and this circumequatorial excess mass acts as a stabilizing anchor, firmly binding the
rotation vectorω to the figure axis (or main axis of inertia, MIA). In equilibrium, planetary bodies spin around the
figure axis:ω andMIA are exactly aligned.When perturbed, the rotation pole exhibits a circular motion (wobble),
a phenomenon first observed by the astronomer S.C. Chandler. With respect to stars,ω stays approximately fixed,
and it is the figure of the planet that periodically changes its orientation. To estimate the present‐day wobble
amplitude, one typically measures the angular distance between both axes (Gross, 2000; Spada et al., 1996) (here
labeled α). On Earth, the Chandler wobble has a radius of less than 5 m (α < 0.2ʺ) , as its main drivers, atmo-
spheric and ocean dynamics (Gross, 2000), are weak compared to the stabilizing mass of the rotational bulge. On
geological time scales, the figure and rotation poles are assumed to coincide (Ricard et al., 1993). In other words,
on Earth, the Chandler wobble and the secular motion of the solid surface relative to the rotation pole (true polar
wander) have different origins and are treated separately when the polar path is analyzed.

Venus, on the other hand, rotates slowly. The planet has a retrograde, 243‐day long rotation period, which
generates an equatorial bulge of a few tens of centimeters in amplitude if rotation only is considered. Such a small
bulge translates into a small difference between the main moment of inertia C and the minor moment of inertia A,
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of only 3.4 × 1030 kg m2 (Appendix A), which corresponds to dynamic flattening (C− A)/C = 5.7 × 10− 8.
However, from the observed gravity field of Venus (Konopliv et al., 1999), the dynamic flattening is 1.7 × 10− 5,
more than two orders of magnitude larger than the value derived from rotation only (but still much smaller than
Earth's 3.3 × 10− 3). Hence, unlike all other planets in the Solar System, the long‐wavelength shape of Venus is
not dominated by its rotation. Its principal moments of inertia must result from other sources, such as dynamic
topography generated by convective flow in the mantle, a fossil shape, or large uncompensated topography.

A related striking property associated with Venus' rotation dynamics is the large angular difference between the
rotation axis and the figure axis (Figure 1). The observed value α = 0.5° (Konopliv et al., 1999) relies on an
accurate determination of the spin state (Davies et al., 1992; Margot et al., 2021), and suggests that Venus should
have a uniquely large amplitude wobble. This motivated Spada et al. (1996) to investigate whether mantle
convection could drive the planet's wobbling (cf. also Yoder & Ward, 1979). Spada et al. (1996) showed that the
rotational and figure poles of slow rotators separate during true polar wander and seemingly explained the angular
offset α. When averaged over time, the obtained value was comparable to 0.5°. The study simulated mantle flow
as a series of randomly distributed internal point loads mimicking subducting slabs. As a result, the pole path
consisted of large spiral segments triggered by individual loads and α showed a large temporal variance,
sometimes exceeding 10°. However, the stepwise perturbations from point loads do not adequately portray the
slow and continuous mantle flow and are inconsistent with the observed geoid.

Here, the possibility of an internally driven wobble is revisited using global 3D thermal evolution models of
mantle convection for different geodynamic regimes, since the latter remains enigmatic on Venus. Observational
data do not support the existence of continuous plate tectonics as on Earth, but recent evidence of ongoing
geological activity (Herrick & Hensley, 2023; S. E. Smrekar et al., 2010; Sulcanese et al., 2024) and crater
statistics analyses (O’Rourke et al., 2014) indicate that the planet is unlikely to be in a stagnant lid regime (Rolf
et al., 2022), as is the case for Mars and Mercury.

We investigate how mantle convection, with fine temporal resolution and realistic geoid signature, is imprinted
into the polar motion dynamics of slow‐rotating planets. In particular, models with different surface mobility are
compared in terms of the resulting α, and also the relative paths of the rotation and figure poles are analyzed, a
feature that can be of interest in the context of the upcoming missions to Venus, VERITAS (S. Smrekar
et al., 2022) and EnVision (Grete Straume‐Lindner et al., 2022). We show that true polar wander on fast and slow
rotators behaves more similarly than previously thought, and derive a scaling law for the angular offset α.

Writing – original draft:Vojtěch Patočka
Writing – review & editing: Julia Maia,
Ana‐Catalina Plesa

Figure 1. (a) Snapshot of the temperature anomalies in model MMY and the resulting geoid height. The angular difference
between the main axis of inertia MIA and the rotation vector ω is denoted by α. The observed value is α = 0.5° (Konopliv
et al., 1999). (b) Relationship between the geoid power at the spherical harmonic degree 2 and the Chandler period PCh
(Equation 2). Points show evenly sampled snapshots in time from each numerical simulation (different symbols represent
different models), red circle shows the observed geoid of Venus (Konopliv et al., 1999). Simulation data mostly lie in a narrow
band, implying that moments of inertia differences C− A and C− B typically do not go to zero, that is, that the mantle flow breaks
the symmetry of the body in a way that is consistent with the observed geoid components (cf. Equation 2).
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2. Polar Motion Driven by Mantle Convection
We perform global mantle convection simulations in a 3D spherical geometry adopting the code GAIA‐v2 (Hüttig
et al., 2013) to model Venus' thermal evolution over 4.5 Gyr and employing parameters representative for the
interior of Venus, assuming a liquid core (Table B1). We consider partial melt production (Padovan et al., 2017)
and extract the produced melt both extrusively at the surface and intrusively within the lithosphere. Given the
uncertainties regarding Venus' tectonic regime and crustal recycling (Rolf et al., 2022), we focus on investigating
models with different levels of surface mobility. The details of the code and model setups are provided inMethods
(Appendix B).

Our reference scenario (MREF) represents the so‐called plutonic squishy lid regime (Lourenço et al., 2020) where
most of the produced melt is placed within the lithosphere. The model has a reference viscosity of 1021 Pa s and
assumes that 80% of the melt is placed intrusively at a depth of 45 km while the remaining melt is placed
extrusively at the surface. No plastic yielding is included, but small‐scale surface mobilization can happen due to
weakening of the lithosphere after the emplacement of large volumes of magmatic intrusions.

Higher levels of surface mobilization and lithospheric recycling can be obtained by considering a pseudo‐plastic
rheology. The yield stress value controls the level and behavior of surface mobilization. Adopting a moderate
yield stress value (30MPa, model MMY) results in sporadic surface mobilization events and can be interpreted as
in‐between plutonic‐squishy lid and episodic lid regimes. When the yield stress is further reduced (19MPa, model
MLY), the simulation shows continuous surface mobilization (so‐called mobile‐lid regime).

In each simulation, we extract the evolving inertia tensor IMC(t) from the degree‐2 geoid anomalies generated by
mantle convection. The tensor is combined with the rotational bulge contribution, IRB(t), together forming the
total inertia tensor I(t) that enters the Liouville equation (Appendix A), which is solved to determine the rotation
vector evolution in the body‐fixed frame (polar motion). While the simulated time is 4.5 Gyr, we select only the
last 0.5 Gyr to compute the polar motion.

Owing to Venus' small rotational bulge, the perturbations of the total inertia tensor are dominated by mantle
convection. Hence, the main axis of IMC (named MIA‐MC) and of I (MIA) nearly coincide and we refer to both
simply as MIA or figure pole (with the exception of the fossil shape analysis in Section S3 in Supporting In-
formation S1). This stands in contrast to fast rotators, where the large rotational bulge acts as a low‐pass filter of
the convective signals and delays MIA with respect to MIA‐MC by up to a few degrees (Cambiotti et al., 2011).

Figure 2 illustrates the dynamics of polar motion in response to mantle flow for a slow‐rotating planet. The time
evolution of the figure pole in theMMYmodel is shown as a path on the unit sphere (Figure 2c). The movement of
MIA is driven by the slow reorganization of mantle plumes and by episodes of increased surface mobility. Its
speed stays below 1.5°/Myr. During the 0.5 Gyr window,MIAmoves by tens of degrees in total, whereas α is only
a small fraction of a degree—the paths of the figure and rotation poles are thus indistinguishable on the geological
timescale, similarly to the theory of fast rotators (e.g., Earth, Mars). The angular offset α is at all times smaller
than 0.05°, an order of magnitude below the observed value, the time‐average being another order of magnitude
lower (gray dashed line in Figure 2e).

To understand how the figure pole drift drives polar motion, we performed a series of synthetic tests in which the
inertia tensor is artificially controlled by imposing a time‐evolving surface load, in which the MIA direction and
speed are arbitrarily varied (Figures 2a and 2b and Section S1 in Supporting Information S1). As soon as the
figure pole sets out, the rotation pole also starts to move, but in a perpendicular direction, consistent with the linear
analysis of the Liouville equation in the limit of slow‐rotators (Spada et al., 1996).

The faster the figure pole moves, the more the rotational pole departs from it, because both poles are moving in
different directions. Hence, the angular speed of the figure pole (MIA rate) drives the increase of α. However, this
increase is not unlimited. The natural timescale over which the rotation pole velocity changes direction and α
stops growing is the Chandler period. Therefore, the angular separation of the figure axis and the rotation axis, α,
should be proportional to the MIA rate times PCh.

During the initial, straight segment of the figure pole, the rotation pole draws half‐ellipses along the right side of
the MIA path (“scalloped” behavior, Figures 2a and 2b; one scallop lasts PCh). During this stage, α oscillates from
0 to (MIA rate)PCh/π, averaging at half of the maximum value. Rapid changes in the direction or speed of the
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figure pole trigger wobbling, during which α reflects the pre‐change MIA rate (Figure 2b). However, if the figure
pole moves steadily, the average value of α always returns to 0.5 (MIA rate) PCh/π due to viscous dissipation. In
steady state, the rotational pole moves smoothly, following the figure pole on its right‐hand side (Figure S1h in
Supporting Information S1).

In our mantle convection simulations (MREF, MMY, and MLY), the figure pole path is a natural response to
mantle flow. At the onset of polar motion, scalloped behavior lasts about 30 Myr (blue line in Figure 2e appears
thick), but once the oscillations decay they do not reappear—the natural jerks in the figure pole trajectory are not
rapid enough to excite wobbling. After the initial transient stage, ω and MIA move parallel to each other and α is
reasonably well captured by the law obtained in synthetic tests:

α ≈
d(MIA)
dt

PCh
2π
, (1)

Figure 2. Polar motion response of Venus. (a, b) Synthetic tests in which the internal loading, IMC(t), is artificially
prescribed, with MIA‐MC moving first straight at the rate of 5°/Myr (polar motion is scalloped) and then abruptly slowing
down to 1.2°/Myr (the change induces wobbling). The imposed difference between the main and the minor moments of
inertia (C− A) is two orders of magnitude larger than C− A of the rotational bulge (MC/RB), similarly to values obtained from
the observed geoid. In steady state, the angular offset between the spin and figure axes α follows Equation 1, shown by the
orange dashed line. (c–d) Mantle convection simulation with moderate surface mobility (MMY). Paths of the rotational and
figure poles on the globe (c), the evolution of Chandler period, PCh, as computed via Equation 2 from the mantle flow‐induced
geoid (d), and the time evolution of α, compared with our scaling law, Equation 1 (panel e, blue vs. orange lines). The average
angular separation of the figure and rotation axes is two orders of magnitude below the observed value (gray dashed line).
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where d(MIA)/dt is the angular speed of the figure pole. Discrepancies generally depend on the direction of the
figure pole acceleration, with sudden moves toward the rotation axis decreasing the mutual offset and vice versa.

The Chandler period PCh is related to the Euler period—the free wobble period of rigid bodies—through a
factor that accounts for the elastic readjustment of the rotational bulge (Munk & MacDonald, 1975; Patočka &
Walterová, 2025). Such an approach is necessary only when the shape of the body is dominated by rotation, which
is not the case for Venus, whose secular Love number is anomalous (Burša, 1984; Patočka & Walterová, 2025).
Hence, we can approximate the Chandler period simply as the Euler period,

PCh ≈ PE =
2π
ω0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
AB

(C − A)(C − B)

√

. (2)

With MIA‐MC ≈ MIA and PCh ≈ PE, the reorientation dynamics of Venus are seemingly similar to those of a
rigid body, while for other bodies in the Solar System the rotational bulge and its readjustment are important
features (Matsuyama et al., 2014; Patočka & Kihoulou, 2023). In the context of Venus, the rotational bulge
relaxation enters merely in that it defines the time scale at which viscous dissipation dampens the oscillations of α
and the polar motion becomes steady.

The relationship derived here, Equation 1, marks a key paradigm shift in our understanding of polar motion on
slow rotators. Large amplitudes of the load compared to the rotational bulge do not enable large‐scale wobbling
(and high α values). Instead, we show that α is controlled by the drift velocity of the figure axis (MIA rate), which
is governed solely by the slow mantle circulation, and by the Chandler period. The Chandler period is inversely
affected by the internal load strength. This relationship is illustrated in Figure 1b, where the load strength is
represented in terms of the degree‐2 geoid power. Thus, strong loading tends to suppress, rather than promote,
large offsets between the spin and figure axes (see Figure S2a in Supporting Information S1 for a comparison with
the original work of Spada et al. (1996)).

With the rotation axis staying close to the main inertia direction of mantle convection (MIA‐MC) on geological
time scales, the obtained true polar wander is similar to that on other planets (Ricard et al., 1993). This contrasts
with the mega‐wobble scenario in which the rotation pole moves along large‐angle circular segments, as pre-
sented in Spada et al. (1996) or Hu et al. (2017). The difference lies in the significantly larger and continuous load
amplitude investigated here.

While the load size is prescribed as a certain fraction (∼10− 5) of Venus' mass by Spada et al. (1996), in our
simulations it is controlled by the height of the mantle flow‐derived geoid. In model MMY, the geoid power is
comparable to the observed one, but in models MREF and MLY it is lower (Figure 1). It cannot be excluded that
part of Venus's geoid originates from uncompensated surface features or from a fossil shape (Zharkov
et al., 2019). In Section S3 in Supporting Information S1, we investigate the possibility that Venus is only partially
shaped by convection at present. In this additional simulation, the rotation pole still follows the figure pole and
Equation 1 is satisfied. The obtained offset is, however, even smaller, because the overall MIA rate is reduced by
the presence of the static contribution to the inertia tensor (i.e., by the fossil contribution).

Since the rotational bulge plays only a small role in the obtained polar motion, key parameters of this study are
those governing the mantle flow. Increasing or decreasing the reference viscosity, η = 1021 Pa s, by up to one
order of magnitude does not have a significant effect on the presented results. Some of our preliminary tests
indicate that lower viscosity leads to smaller geoid and higher MIA rates, but making general conclusions about
the relationship between mantle viscosity, the geoid, and the MIA rate requires a thorough statistical analysis,
outside the scope of the present work whose focus is on the polar motion dynamics.

3. Figure Pole Drift Rates and the Relative Paths
In Figure 1b, the simulated degree‐2 geoid amplitude is plotted against the Chandler period. There is a clear
negative correlation: the larger the geoid signal, the smaller the PCh. The filled red circle marks the observed geoid
of Venus (Konopliv et al., 1999), which lies within the band obtained from our numerical simulations, in line with
the hypothesis that the long‐wavelength density structure and shape of Venus are dominated by mantle convection
(James et al., 2013; Maia et al., 2023; Pauer et al., 2006).
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Assuming a 1D density profile consistent with the mass of Venus (Methods), the gravity data can be converted to
the moments of inertia A,B,C using MacCullagh relations, and Equation 2 then gives PCh ≈ 50 kyr (marked
as “observed geoid” in Figure 1b). Using this value, Equation 1 requires the figure pole to drift at approximately
60°/Myr to separate ω from MIA by 0.5°. In this section we argue that such high values of the MIA rate are
unlikely regardless of the tectonic regime.

The average figure pole speed increases with increasing surface mobility (Figure 3b), but even for the mobile‐lid
case MLY it is only∼1°/Myr, much less than the critical rate of 60°/Myr. For a comparison, despite the operation
of plate tectonics, the typical MIA rate on Earth is expected to be <0.2°/Myr (Richards et al., 1997) (although
some rapid episodes of true polar wander have been proposed on the basis of reconstructed plate motion velocities
(Steinberger & Torsvik, 2008)).

Despite the chaotic and fast MIA trajectory, the jerks in the figure pole velocity are not sufficient to disrupt the
steady‐state polar motion in models MREF and MMY (Figure 3a). Our results thus indicate that the internally
driven polar motion should be parallel to that of the figure pole, its speed staying below ∼1°/Myr, which cor-
responds to ∼0.1 m/yr on the surface of Venus.

Direct detection of the secular motion of Venus's surface is limited by radar tie points sensitivity, which is 5–10 m
laterally over the whole time span of VERITAS (Cascioli et al., 2023). A more promising method for estimating
the direction and speed of polar motion is to compare the rotation pole position with the one recorded decades ago
(using Magellan images and those from VERITAS or EnVision (Cascioli et al., 2021)). Evaluating the figure pole
motion additionally requires an analysis of the time evolution of the degree‐2 gravity coefficients in the body‐
fixed frame. In our simulations, the time derivatives of C21,S21, and S22 reach only ∼10− 14/yr, while the un-
certainty in measuring these degree‐2 coefficients by VERITAS is on the order of 10− 11 (Giuliani et al., 2025).
Therefore, our predicted true polar wander signature is likely below the observational threshold of the upcoming
missions.

To disrupt a steady polar motion, that is, to trigger a scalloped or wobbling behavior, the figure pole velocity must
undergo significant changes in amplitude or direction on a time scale comparable to the Chandler period. In the
model with high surface mobility, MLY, a few transitions between the different qualitative behaviors are
experienced. For instance, after two very brief episodes of flow reorganization during which theMIA rate exceeds
10°/Myr (Figure 3b). Note, however, that while the geoid amplitude is in agreement with the observed geoid in
model MMY (Figure 2d), it is not the case in the high mobility case MLY. The non‐trivial behavior in model
MLY is related to its unrealistically low geoid amplitude, hence large PCh (Figure 1b). It is a result of the Chandler
period occasionally exceeding 1 Myr, making the figure pole jerks relatively more rapid. Such a scenario can be
excluded for present day Venus, as it is inconsistent with the observed geoid.

Figure 3. (a) Zoom‐in to a 15 and 1 Myr (inset) time windows, showing the smooth path of the rotation pole even during one
of the “jerks” in which the figure pole velocity rapidly changes direction (the selected window is indicated by the black circle
near the end of the polar path in Figure 2c). (b) Time evolution of the figure‐axis drift rate in models with different surface
mobilities. The mean value is stated in the legend and stays firmly below the critical value of 60°/Myr in all three simulations.
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4. Discussion
We have analyzed the polar motion response of slow‐rotating planets to internal loading, testing the hypothesis
that the angular offset between the rotation and figure poles of Venus is driven by mantle convection. We derived
a scaling law, Equation 1, which implies that the figure pole has to move at ≈ 60°/Myr to explain the observed
α = 0.5° offset. Using 3D spherical mantle convection simulations with variable surface mobility, we showed
that the obtained rates were one to three orders of magnitude smaller.

We model Venus as a free rotator, neglecting external torques. This means that the solar gravitational torques,
acting on the thermal and solid body tides, are assumed balanced, which results in a stable rotation relative to stars
(non‐stationarity in the body‐fixed frame is a direct consequence of the non‐zero α value). Mutual balance be-
tween atmospheric and solid tides is commonly assumed in order to explain the slow retrograde rotation of Venus
in the first place (Correia & Laskar, 2001, 2003; Dobrovolskis & Ingersoll, 1980; Musseau et al., 2024; Revol
et al., 2023; Yoder, 1995), but recent measurements of the spin axis precession imply a non‐zero net torque
(Margot et al., 2021). The way in which atmospheric circulation drags the surface of Venus is unclear. Apart from
surface friction from the wind and gravitational coupling between mass of the atmosphere and that of the solid,
there may be a significant role of mountain waves (Navarro & Schubert, 2024; Navarro et al., 2018). If internal
forces are unlikely to separate the rotation and figure axes, as our results suggest, then external forces are the
probable cause, indicating that the torques acting on the solid Venus are not balanced and its rotation state is still
evolving.

Future studies should examine how tidal forcing affects the derived rotational law (Equation 1). We note that
considering tidal forcing may shorten the Chandler period (Phan & Rambaux, 2025), which would further reduce
the predicted value of the internally generated value of α.

While the polar motion dynamics of slow and fast rotators are, in some aspects, fundamentally different, we argue
that true polar wander of Venus may be more similar to that of Earth and Mars than previously thought—on
geological timescales, the rotation pole follows the main inertia direction of mantle convection. Recent analysis
of misaligned parabola‐shaped dust deposits on Venus's surface indicates that Venus has reoriented by 10–20° in
the past tens of Myr (Austin et al., 2025), implying a moderate true polar wander rate.

On Earth, it is speculated that the orientation of the mantle is controlled by a deep degree‐2 structure, the large
low‐shear‐velocity provinces and plumes rising from their edges (Dziewonski et al., 2010; Torsvik et al., 2010).
Although our geodynamic models do not indicate any prominent degree‐2 structure, it is tempting to speculate
that plume clusters anchor also the mantle of Venus. The Beta‐Atla‐Themis (BAT) province is dominated by a
high concentration of volcanic rises, interconnected by rift systems and tectono‐magmatic structures (Johnson &
Richards, 2003), probably with ongoing or recent volcanoes (Herrick & Hensley, 2023) indicating mantle plumes
as the source of the geological activity. Similarly to fast rotators that have prominent features near the equator, the
BAT province is located in the equatorial region of Venus.

Appendix A: LIOUSHELL—Liouville Equation Solver for Viscoelastic Planetary
Shells
In order to couple the interior and rotational dynamics and hence simulate the polar motion of Venus, two sets of
equations need to be solved. The first set describes the viscoelastic response to changes in the direction or speed of
the rotation vector. The second set are the Liouville equations, which determine the time evolution of the rotation
vector ω(t). The numerical method used here was benchmarked and described in more detail in Patočka
et al. (2018) and Patočka (2021). The method is briefly repeated below.

The viscoelastic response of a hydrostatically prestressed, radially stratified spherical shell (i.e., the time evo-
lution of the rotational bulge, IRB) is obtained by integrating the following set of partial differential equations:

∇ ⋅ τ − (u ⋅∇ρ0) g0 − ρ0∇(Φ + Θ) = 0, (A1)

∇ ⋅ u = 0, (A2)
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τd − μ(∇u + (∇u)T) = −
μ
η
∫

t

0
τddtʹ , (A3)

representing respectively the conservation of momentum, incompressibility, and the Maxwellian viscoelastic
rheology. The Cauchy stress tensor is denoted by τ, τd is its deviatoric part, ρ0 is the 1D density profile of the
undeformed (reference) configuration of the body, u is the displacement field, μ is the elastic shear modulus, η is
the viscosity, t is the time, and Φ and Θ are defined below (Equation A5).

In the deformed state, the Eulerian density increment of the incompressible body is given as,

δρ (r, t) = ρ(r, t) − ρ0(r)≅ − u(r, t) ⋅∇ρ0(r), (A4)

Therefore, the second term on the LHS of Equation A1 is the body force δρ g0. The potentials Φ and Θ are
respectively the self‐gravity and the centrifugal potentials,

Φ(r, t) = − G∫
v(t)

δρ(rʹ , t)
|r − rʹ | dvʹ , Θ(ω, r) =

1
2
( (ω ⋅ r)2 − |ω|2|r|2) (A5)

The outer boundary condition mimics a free surface. A liquid core in hydrostatic equilibrium is assumed to
reorient along with the mantle (assuming a rotationally decoupled core shortens the Chandler period by a few tens
of percent but does not change the results qualitatively).

To compute the temporal evolution of the angular velocity vector ω with respect to the body‐fixed Tisserand
frame (Munk & MacDonald, 1975), the Liouville equations with zero external torque are solved,

dω
dt
= − I− 1 ⋅ (

dI
dt
⋅ω + ω × (I ⋅ω)), (A6)

where I is the time dependent tensor of inertia, representing both the rotational bulge and the signal from mantle
convection, I(t) = IRB(t) + IMC(t). Equation A6 is the conservation of the angular momentum, I ⋅ω, expressed
in the rotating geographic frame. Equations A1–A3 are mutually coupled with Equation A6 through the
displacement field u, which is needed to compute the inertia tensor IRB (MacCullagh's formulae, given in terms of
the self‐gravity potential Φ in Equation 14 of Patočka et al. (2018)), and through the centrifugal potential Θ, which
depends on the angular velocity vectorω(t). IMC(t) is computed from mantle convection simulations as described
in Appendix B.

Prior to each simulation, we let the body spin for 10 Gyr to reach rotational equilibrium. Therefore, at the time
t = 0, the body has a fully developed rotational bulge. In order to avoid unrealistic stepwise jump of the figure
pole at the beginning of each simulation, we rotate IMC to make it initially aligned with the z‐axis. In this way, the
figure pole path is continuous and only the MIA‐MC rate, that is, only the first derivative, experiences a jump at
the beginning of each simulation. Radial profiles of the model are described in Appendix B, the elastic shear
modulus is assumed depth‐constant, μ = 100 GPa.

Appendix B: 3D Mantle Convection Simulations Using GAIA
We use the finite volume, mantle convection code GAIA‐v2 (Hüttig et al., 2013) in a full 3D spherical shell
geometry to model the thermal evolution of Venus' interior. We solve the conservation equation of mass, linear
momentum, and thermal energy on a fixed grid with 3.6 million computational cells (i.e., 40,962 lateral and 87
radial points), resulting in 30 km radial resolution in the mantle and 106 km at the planetary surface. The non‐
dimensional equations read:
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∇ ⋅ ṽ = 0,

∇ ⋅ [η(∇ṽ + (∇ṽ)T)] − ∇p + Ra αT ẽr = 0,

∂T
∂t
+ ṽ ⋅∇T − ∇ ⋅ (k∇T) − Di α(T + T0) vr −

Di
Ra
Ψ − H = 0,

(B1)

where ṽ is the velocity vector, vr is its radial component, η is the viscosity, p is the dynamic pressure, α is the
thermal expansivity, T is the temperature, ẽr is the unit vector in radial direction, t is the time, k is the thermal
conductivity, Di is the dissipation number, T0 is the non‐dimensional surface temperature, and Ψ is the viscous
dissipation, that is, the product of the deviatoric stress and strain‐rate tensors. The list of parameters used in this
study is given in Table B1.

The thermal Rayleigh number (Ra), the internal heating rate (H), and the dissipation number Di are calculated as
follows:

Ra =
ρgαΔTD3

ηκ
, H =

ρ QHPED2

kΔT
, Di =

αgD
cp

, (B2)

where g is the gravitational acceleration, QHPE is the internal heat production rate in W kg− 1, and cp is the mantle
heat capacity.

Table B1
Parameters Used in the Geodynamical Simulations

Symbol Description Value

D Mantle thickness 2,550 km

Tref Reference temperature 1600 K

zref Reference depth 102.5 km

E Activation energy 154.3 × 103 J mol− 1

Vref Activation volume at the surface 4.3 × 10− 6 m3 mol− 1

Tsurf Surface temperature 737 K

Tinit Initial temperature at the top of the convecting mantle 1800 K

ΔT Initial temperature drop across the mantle 3263 K

TCMB Initial core‐mantle boundary temperature 4000 K

αV Reference thermal expansivity 3 × 10− 5 K− 1

η Reference viscosity 1021 Pa s

μ Shear modulus 1011 Pa

cp Reference heat capacity 1,142 J kg− 1 K− 1

ρ Reference density 3,300 kg m− 3

cc Core heat capacity 850 J kg− 1 K− 1

ρc Core density 7,000 kg m− 3

g Surface gravity acceleration 8.87 m s− 2

k Reference thermal conductivity 2.3 W m− 1 K− 1

κ Mantle thermal diffusivity 6.1 × 10− 7 m2 s− 1

Q Total initial radiogenic heating 23.5 × 10− 12 W kg− 1

σy Yield stress 1.88 × 107, 3 × 107 Pa

Note. The values for the activation energy and activation volume are scaled in order to mimic a non‐Newtonian rheology (see
text for further details).
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Our models use a pressure and temperature dependent viscosity following the Arrhenius law. Its non‐dimensional
form reads (Roberts & Zhong, 2006):

η(T,z) = exp(
E + zV(z)
T + T0

−
E + zrefV(z)
Tref + T0

), (B3)

where z is the depth, zref and Tref are the reference depth and temperature where the reference viscosity is attained,
and E and V(z) are the activation energy and the depth‐dependent activation volume, respectively. The activation
energy E controls the temperature dependence of the viscosity, and the activation volume V determines the
viscosity increase with depth (Hirth & Kohlstedt, 2003). For all our models we assume a dry, non‐Newtonian
rheology and mimic the behavior of dislocation creep by employing a Newtonian viscosity and dividing the
activation energy and activation volume by the stress exponent (Christensen, 1984). In the reference case
(MREF), we employ a depth‐dependent activation volume (Tackley et al., 2013), setting
dV /dz = − 2.3 × 10− 13, decreasing the activation volume from Vref = 4.3 × 10− 6 m− 3mol− 1 at the surface to
Vcmb = 3.5 × 10− 6 m− 3mol− 1 at the CMB. The resulting viscosity increase with depth is about two orders of
magnitude, consistent with constraints from gravity–topography correlation analyses (Pauer et al., 2006; Rolf
et al., 2018). For cases with surface mobility, we adopted depth‐constant activation volume, dV /dz = 0, resulting
in a three‐order‐of‐magnitude increase to produce larger, more buoyant plumes capable of stronger surface
mobilization.

In the models MLY and MMY, we use pseudo‐plastic yielding and allow the stagnant lid to self‐consistently fail
when convective stresses exceed a prescribed yield stress σy. In this case the effective viscosity reads:

ηeff =

⎡

⎢
⎣η(T,z)− 1 + (

σy
2ε̇
)

− 1⎤

⎥
⎦

− 1

, (B4)

where σy is the yield stress, and ε̇ is the second invariant of the strain rate tensor. We use a yield stress values of
3 × 107 Pa for MMY and 1.88 × 107 Pa for MLY in order to obtain a higher surface mobility. While yield
stress values adopted here are much lower than experimentally determined values (∼700 MPa, Kohlstedt
et al., 1995), this discrepancy between geodynamical models with plate tectonics‐like behavior and laboratory
studies is well‐known and stems from the simplifications that global geodynamical models need to adopt when
modeling brittle deformation (Van Zelst et al., 2022).

The thermal expansivity and thermal conductivity used in our models are also pressure and temperature
dependent and follow the parametrization in Tosi et al. (2013). Moreover, we account for radioactive decay and
core cooling. For the radioactive decay of heat producing elements we use the heat production rate and half‐lives
of radioactive isotopes (i.e., 235U, 238U, 232Th, 40K) together with Equation 1 and parameters from Breuer (2009)
to update the total heat production rate at each step of the simulation. For the evolution of the core, we use a 1D
energy balance at the bottom boundary to update the temperature at the core‐mantle boundary at each time step
(Stevenson et al., 1983).

Our models consider melting in the mantle using the method by Padovan et al. (2017) and comparing at each time
step the mantle temperature with the local solidus (Stixrude et al., 2009). Melt is extracted from the mantle
assuming that 20% will reach the surface while 80% remains trapped in the lithosphere at 45 km depth. On Venus,
a high intrusive rate has been suggested to best represent the magmatic regime (Lourenço et al., 2020).

The surface melt instantaneously cools at the surface temperature, since the time span of cooling of lava flows is
much faster than the time step of our models. The intrusive melt, instead, cools by conduction and leads to a local
warmer lithosphere. As this locally decreases the viscosity, magmatic intrusions can lead to local lithospheric
foundering and surface delamination, in particular during the early stages of evolution, even in the absence of a
pseudo‐plastic rheology.

The 3D grids of temperature anomalies ΔT(r,θ,ϕ) and thermal expansivity α(r,θ,ϕ) are then used to estimate the
associated density anomalies via the relation Δρ(r,θ,ϕ) = ΔT(r,θ,ϕ)α(r,θ,ϕ)ρ0(r), where ρ0(r) is the reference
density profile estimated with Perple_X (Connolly, 2009) for an Earth‐like mantle composition. The estimated
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density anomalies and output viscosities from the model are then used to
estimate the gravitational potential at the surface using the propagator matrix
technique (Richards &Hager, 1984). In this approach, gravity is computed by
combining contributions from density anomalies caused by temperature
variations in the mantle, as well as from flow‐induced boundary de-
formations, both at the core‐mantle boundary and at the surface (i.e., dynamic
topography). The main simplification of this method is the assumption of a
spherically symmetric viscosity structure, which neglects lateral viscosity
variations. However, such variations are thought to be minor on Venus (Maia

et al., 2023). Finally, the inertia tensor is calculated from the gravity spherical harmonic coefficients using the
MacCullagh formula (Equation 6 in Rouby et al., 2010). Although the simulations are performed over 4.5 Gyrs,
the moment of inertia tensors are only calculated for the past 1 Gyr of Venus' evolution since our investigation
focuses on understanding the observed offset between MIA and ω at present day. Within this time period the
inertia tensor is computed for all time steps output from the model, which are typically 3 Myr apart. For selected
models we also performed finer sampling with a maximum of 0.3 Myr time steps. The complete list of performed
models is summarized in Table B2.
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