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Abstract

The tidal deformations of a planet are often considered as markers of its inner

structure. In this work, we use the tide excitations induced by the Sun on

Venus for deciphering the nature of its internal layers. In using a Monte Carlo

Random Exploration of the space of parameters describing the thickness, density

and viscosity of 4 or 5 layer profiles, we were able to select models that can

reproduce the observed mass, total moment of inertia, k2 Love number and

expected quality factor Q. Each model is assumed to have homogeneous layers

with constant density, viscosity and rigidity. These models show significant

contrasts in the viscosity between the upper mantle and the lower mantle. They

also rather favor a S-free core and a slightly hotter lower mantle consistent with

previous expectations.
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1. Introduction

The terrestrial planet Venus is reminiscent of the Earth since it is only 5%

smaller and 2% less dense. Therefore Venus is considered to be the twin planet

of the Earth in size and density. Despite the similarities between Venus and the
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Earth, these two neighbors have evolved differently as witnessed by the lack of

plate tectonics and of magnetic field on Venus. In addition it has a CO2-rich

atmosphere 92 times more massive than the Earth atmosphere. These discrep-

ancies reflect differences in the internal structure, which can be constrained by

Venus global properties (mass, radius and distance to the Sun) and geophysical

data such as topography and gravity field. Most prominently is the latter and

its global deformation due to tidal forces from the Sun.

The presence of hot spots on the surface of Venus has been clearly demon-

strated in 2008 with the measurements obtained by the mission Venus Express

(VEX) [1, 2]. The question is then not if Venus is active but more about the

extent of its activity. As there is no indication of plate tectonics on Venus sur-

face [3, 4], its volcanic activity should be driven by plumes emitted from the

planet inner part to the crust. The high temperature and pressure at its surface

(about 740 K for 93 bars respectively) can favor a more ductile crust than on

the Earth. But how are the plumes produced? From which layer of the planet

do they come from? These are some of the open questions that will be addressed

by the future ESA and NASA missions to Venus [5, 6].

In this paper, we use tidal deformations as a tool for exploring the internal

structure of the planet and more specifically its mantle and its core. Tidal forces

on a planet cause deformations and mass redistributions in its interior leading to

surface motions and variations of its gravity field that can be observed with geo-

physical experiments. [7] studied a compressible homogeneous Earth model and

showed that the resulting effects could be represented by a set of dimensionless

numbers, so-called Love numbers (hereafter LNs). These Love numbers reflect

the internal structure of the planet as they describe the capability of the planet

to resist or enhance a forcing excitation. In particular, the change in the gravi-

tational field of a planet due to the influence of an external gravity field, more

specifically its degree 2, is primarily described by the tidal Love number (here-

after TLN) k of degree 2, denoted by k2. This number can be estimated from
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the analysis of spacecraft radio tracking data. Indeed, Venus TLN k2 has been

estimated by [8] from Doppler tracking of Magellan and Pioneer Venus orbiters

(PVO) to k2 = 0.295± 0.066 at 2-σ. Due to these uncertainties, the distinction

between liquid and solid core cannot be done [9, 10]. Therefore constraining the

internal structure of Venus is still limited for now [11]. The absence of a present

internal magnetic field is not a constraint since both a liquid and a solid core are

compatible with this observation [12]. However, from the TLNs, it is possible to

estimate the energy loss of the planet induced by its visco-elastic deformation

at tidal frequencies. It is quantified by the quality factor, Q (as defined i.e. by

[13]), and can be derived by considering the real and the imaginary parts of the

TLNs. Generic studies about the energy loss of the solar system planets [14] as

well as works on the long term spin evolution of Venus [15] provide an interval

of possible values for Q for Venus ranging from 20 to 100.

In this paper we compute the TLN k2 and the quality factor Q of Venus

using the Fortran program, the updated version of ALMA, ALMA3 [16] which

calculates the TLNs of a planet under a periodic forcing. In the first part of the

paper, we present the basics of the tidal deformation modeling and the internal

model of Venus. We explore the effect of two different rheologies (Andrade and

Maxwell) and the influence of the thick and dense Venusian atmosphere on k2

and Q. In the second part of the paper, we randomly explore the space of the

internal structure parameters of Venus (densities, viscosities and thicknesses)

for 4- and 5-layer models. We use the mass, the total moment of inertia, the

value of k2 derived from observations and the expected limits for the quality

factor Q to filter out models that are not consistent with these constraints. We

end up with new scenarii for the internal structure of Venus. In particular, we

demonstrate that the mantle of Venus presents a clear gradient of viscosities

that exists whatever the state of the deeper layers: with or without solid inner

core.
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2. Model of Venus tidal deformation

2.1. Tidal modeling

The LNs describe how a planetary body deforms in response to a surface

load or an external potential and how consequently the equipotential surfaces

are modified [7, 17, 16]. The open-source Fortran 90 program ALMA [18, 17, 16]

computes LNs using a semi-analytical approach and for a spherically symmetric

(1 dimensional), incompressible, visco-elastic model of planet. The method used

in ALMA is similar to the Visco-elastic Normal-Modes method (hereafter VNM)

introduced by [19] and is based on finding the solution of the equilibrium equa-

tions in the Laplace domain. This method invokes the Correspondence Principal

of linear viscoelasticity [20] which states that, by defining the complex rigidity

(also called shear modulus) µ̃, the equilibrium equations for the viscoelastic

problem can be written similarly to the elastic problem. The Correspondence

Principal is based on the fact that the Laplace or Fourier transforms of the

equilibrium equations for a viscoelastic body are similar to an elastic body of

the same geometry [20]. In this case the equilibrium equations are functions of

µ̃(s) where s is the Laplace or Fourier variable and µ̃ depends on the rheology of

the viscoelastic body [21]. The planet is assumed to be incompressible, in Sect.

2.2 we discuss more the assumption of incompressibility and its effect on the

calculation of the TLN k2. The original version of ALMA aimed at evaluating

time-dependent LNs for a forcing term following a Heaviside time-history.

In the case of the tidal excitation, the forcing is periodic and in the case of

Venus, the main tides are induced by the Sun with a period of 58 days [22].

We then use a modified version of the code, called ALMA3, to estimate the

frequency-dependent TLNs for a periodic forcing acting on the planet [23, 16].

The difference between ALMA and ALMA3 is that the latter accommodates

the periodic perturbations which are used in this study to constrain the internal

structure of Venus. This version ALMA3 calculates the complex LNs for a given
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tidal frequency ω where the real and imaginary parts account for the amplitude

and phase lag of the tidal response, respectively. The quality factor Q can then

be estimated [14, 13], it is calculated as the ratio between the module of k2 and

its imaginary part, see Eq. 2. The theory behind ALMA3 is explained in details

in [23] and [16].

To compute the LNs, it is required as inputs a multi-layered discretization

of rheological 1D profiles (i.e., radius, density, rigidity and viscosity) such as the

PREM (Preliminary reference Earth model) model [24].

The models tested in this work have 4 or 5 layers excluding the atmosphere.

A first family of models is constituted by 4 homogeneous layers : the core,

the lower mantle, the upper mantle and the crust. The core could be either

fluid (with a viscosity up to 10−5 Pa.s) or solid (with a viscosity up to 1031

Pa.s). The models with 5 layers are constituted as the models of 4 layer with

an additional solid inner core. The layers for the lower and the upper mantle

are visco-elastic and are described with an Andrade rheology. Finally the crust

is assumed to be elastic. Fig. 1 shows the profiles in densities (top figure) and

viscosities (bottom figure) used for the initial benchmark of the model. They

will be one of the possible profiles explored with the Monte Carlo exploration

(see Sect. 3.2).

The Andrade’s creep function used in this work was deduced from the work of

both [26] and [27] on the olivine mineral, a magnesium iron silicate, the primary

component of the Earth upper mantle. The creep function J(ω) defining the

complex rigidity is given by

J(ω) =
1

µ
+ β

Γ(α+ 1)

(iω)α
− i

ηω
(1)

with Γ is the Gamma function, µ is the rigidity, η the viscosity, α and β respec-

tively determine the transient response duration in the primary creep and its

amplitude. More precisely β, characterizes the intensity of anelastic friction in

the material. [27] approximated β which is affixed to the density of the defects,
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Figure 1: Density ρ in kg.m−3 (top) and rigidity µ in 1011 Pa (bottom). Each major layer

has been averaged for the introduction in ALMA3. The model V refers to the [10] reference

profile. It is built as an Earth-like Venus model with a lower Fe content (8.1 wt%, FeO in the

mantle and the crust) to explain the density deficit of Venus in comparison to the Earth [25].
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to be β = µα−1/ηα. The value of α has been determined for olivine-rich rocks

to be within [0.1, 0.5], most often within [0.2, 0.4] (see [27]). The transient creep

of this law translates in the second addend of Eq. 1.

2.2. Validation: Comparisons to [10]

In [10], the TLN k2 is computed by integrating the radial functions associated

with the gravitational potential (denoted as y5), as defined by [28], for 10 models

with different profiles for the density ρ and the rigidity µ but all with a fluid core.

These 10 models are based on either hot or cold temperature profiles, as well

as composition and hydrostatic pressure from PREM [24] extrapolation. For

comparison with our estimates, we select the model 5 from the hot temperature

models in [10], denoted in their work as V5-Thot, referred hereafter as V. If the

composition of Venus was the same as the Earth, its density would have been

1.9% higher than that of the currently observed one [29, 30, 31]. One reasonable

explanation is that Venus and the Earth have different internal structures, and

for example, Venus could have a lower Fe content than that of the Earth [25].

This is the basis of the model V which was constructed in [10] using possible

Earth-like chemical content with a lower Fe from [25], specifically 8.1 wt%, i. e.

percentage by weight, FeO in the mantle and the crust.

The density and rigidity profiles corresponding to the model V are shown

on Fig. 1. The model V was also chosen by [10] to explore different scenarii for

the state of the core other than a fluid one, assuming a solid or a partially fluid

and partially solid core. The model has 500 layers excluding the atmosphere,

hence a radial discretization with a step slightly larger than 12 km. The model

V was also used by [32] to test the effect of incompressibility. Since their code

can be applied to both an incompressible and a compressible model, the TLN

k2 has been calculated for model V for both cases. For this test the mantle

is assumed to follow an Andrade rheology with α = 0.3 with an homogeneous

viscosity of 1020 Pa.s. The real part of k2 was found to be equal to 0.2948 (4.6%
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smaller than the compressible case). This difference is not big enough to affect

our study considering the current large uncertainty of the observed k2 (Table

1). The imaginary part of k2 was found to be the same for both cases with a

value of 0.0087. In what follows the models are assumed to be incompressible

resulting from the limitations of ALMA3.

We average sub-layers corresponding to each major Venus layer as a sin-

gle homogeneous layer, reducing our initial 500 layers to 4 layers without the

atmosphere. To compare with model V, we used for the mantle the Andrade

rheology and four viscosities η from 1019 to 1022 Pa.s. Fig. 2 (a) and Fig. 2 (b)

show the real part (i.e. kr2) and the imaginary part (i.e. ki2) of k2, respectively.

Their associated quality factor Q is calculated as

Q−1 =
ki2
‖k2‖

, (2)

with ‖k2‖ =

√
kr2

2 + ki2
2

and is shown on Fig. 2 (c) and (d). Additionally

in their work, the mantle viscosity is assumed to be constant throughout the

mantle which is similar to our study where we assume a lower mantle a an upper

mantle with the same viscosity.. The variation of α in [10] is between 0.2 and 0.3.

The range of values obtained in their work is represented as vertical lines on Fig.

2. For the real part kr2 and for α between 0.2 and 0.3, the maximum difference

between our results and those of [10] are between 1.8% to 2% depending on

the mantle viscosity. These differences are consistent with the one obtained by

[33] when comparing different methods to calculate the LN for a Heaviside step

function.

Furthermore, as one can see on Fig. 2 (a), the results for kr2 for α ∈ [0.2, 0.4]

[27] (corresponding to olivine-rich rocks) fall into the range of the most recently

estimated value from the data of Magellan and PVO, therefore denoted by

kMPVO
2 , with a ±2-σ uncertainty. For each mantle viscosity, the maximum

difference in the values of kr2 we obtain for this range of α is decreasing with
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increasing mantle viscosity.

The imaginary part ki2 (see Fig. 2 (b)), for η ≥ 1020 Pa.s, is different

between 1% and 2.16% from our estimates and the ones of [10] depending on

α. Nonetheless, for η = 1019 Pa.s, the peak of the curve falls in the range of

α ∈ [0.2, 0.3]. This is the main difference between the two results, since the

range of variations between the minimum and maximum for the considered α

range values is smaller than that of [10]. The quality factor Q is illustrated on

Fig. 2 (c) and (d). One can see on these figures that its span (upper and lower

boundaries) for α ∈ [0.2, 0.3] is almost the same for each viscosity.

Finally, we expand the viscosity range of the mantle from the previous range

of 1019, 1020, 1021 and 1022 Pa.s to a complete variation from the elastic limit

(η → 1031 Pa.s) to the fluid one (η → 0 Pa.s) for α = 0.3. Fig. 3 shows the

real k2 as a function of the mantle viscosity. The red dashed line illustrates the

range of the observed k2 with the Magellan and PVO 2-σ uncertainty. One can

see that for η > 1018 Pa.s the value of k2 fits well into the observed range. This

is consistent with the choice of the mantle viscosity range of [10], also used in

our study for the comparison.

2.3. Sensitivity to rheologies

A comparison between the Andrade and the Maxwell rheologies is performed

in order to assess the model (and more specifically the quality factor) sensitivity

to the rheologies. Fig. 4 shows the results of kr2, ki2 and Q for different mantle

viscosities η in Pa.s.

Fig. 2 (a) shows that kr2 is decreasing with increasing α, for each of the

explored mantle viscosities. More specifically Fig. 4 (a) shows that these values

approach the results for a Maxwell mantle with higher α values, which is also

the case for ki2 (see Fig. 4 (b)). The quality factor, plotted on Fig. 4 (c) and (d),

is sensitive to the mantle viscosity η for both Maxwell and Andrade rheologies.

However, when Q computed with the Andrade rheology remains in the expected
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Figure 2: Real part of k2 (a), Imaginary part of k2 (b), Quality factor Q (c) and and its

zoom (d) as a function of α (x-axis). The mantle follows an Andrade rheology with different

viscosities specified in the legend, from 1019 Pa.s to 1022 Pa.s.

The rectangles represent the intervals obtained by [10] for α ∈ [0.2, 0.3]. The

black dashed lines represent the range of α for olivine-rich rocks. The gray

delimitation shows the most recently observed value range according to an un-

certainty of 2-σ from [8].
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Figure 3: The real k2 as a function of the mantle viscosity and for α = 0.3. The model used

is V. The dashed red lines indicate the interval of k2 as observed by Magellan and PVO [8].

The colored vertical lines represent the intervals obtained by [10] for α between 0.2 and 0.3

for different mantle viscosities. The color code of the vertical lines is similar to Fig. 2 which

indicate the four different mantle viscosities.

interval of 20 < Q < 100 [15], the value of Q obtained with the Maxwell rheology

reaches far bigger values (from 100 with a low viscosity of 1019 Pa.s to 100 000

for a viscosity of 1022 Pa.s). Moreover, regarding the Andrade rheology, only Q

estimated with α < 0.3 are smaller than 100 for all considered viscosities. These

results are in agreement with the other studies [10, 27] which suggest that an

Andrade rheological law is a better choice to mimic the attenuation behavior of

planetary rocks at tidal periods [10, 34].
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Figure 4: Real part of k2 (a), Imaginary part (b), Quality factor Q (c) and its zoom (d)

as a function of mantle viscosities η in Pa.s (x-axis) for a mantle with an Andrade rheology

for different values of α ∈ [0.1, 0.5]. The black dashed lines in (c) delimits the zoomed area

in (d). The gray delimitation shows the most recently observed value range according to an

uncertainty of 2-σ from [8].

2.4. Influence of the atmosphere

Finally, we test the effect of the dense Venus atmosphere on the global tidal

deformation of the planet. A model of the atmosphere is added as a viscous

layer on top of the surface. The TLN k2 with the atmosphere is calculated

with ALMA3 by adding the atmosphere as an additional layer above the crust.

The model of the atmosphere is taken from the Venus International Reference
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Atmosphere [35]. The atmosphere has a thickness of 100 km, a density ρatmo =

36.5 kg.m−3 and no rigidity (µatmo = 0 Pa) . The viscosity of the atmosphere

is fixed to 10−5 Pa.s for each computation. Fig. 5 shows the variations (in %)

of the kr2, ki2 and Q when we include the effect of the atmosphere. We can see

that the atmosphere induces a decrease of the real and imaginary parts of k2

at a maximum level of respectively 7.2% and 8.34% (Fig. 5 (a) and (b)). The

former percentage of 7.2% is equivalent to a decrease in kr2 of a maximum of

0.026 which is lower than the 1-σ uncertainty of PVO. The variation depends

slightly on the value of α and the mantle viscosity. The effect on quality factor

Q (see Fig. 5 (c)) is only of a maximum of +1.65%. We then conclude that

the atmosphere does affect the studied parameters but not outside the ±2-σ of

the observed k2, despite its high density and low viscosity. In what follows the

models of Venus are only of the solid part of the planet, hence do not include

its atmosphere.

3. Monte Carlo exploration

Based on the previous comparisons, we extend the space of parameters to

explore (thicknesses of the layers but also their densities and viscosities) in

order to build profiles for the internal structure of Venus that match with the

present geophysical constraints. These constraints are the total mass of Venus,

its moment of inertia, the TLN k2 and the planet quality factor Q.

3.1. geophysical constraints

The mean surface radius of Venus is set to RV = 6051.8 km [36]. The total

mass with its atmosphere is denoted by MV+a. It is determined with its uncer-

tainty from the gravitational constants G and GMV+a. Using G = (6.67430 ±

0.00015)×10−11m3kg−1s−2 [37] and GMV+a = 324858.592±0.006 km3s−2 [38]

we deduce MV+a. The mass of the atmosphere equals to 4.77× 1020 kg [39] is

therefore subtracted to obtain the mass MV without the atmosphere as given
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Figure 5: Representation of the percentage variation in (%) of kr2 , ki2 and Q (y-axis) of

Venus without and with an atmosphere as a function of α ∈ [0.1, 0.5] (x-axis). The values

correspond to a mantle with either an Andrade and Maxwell rheologies for different values of

mantle viscosities η in Pa.s. The black dashed lines represent the range of α for olivine-rich

rocks.

on Table 1. Several parameters of Venus are used to constrain its interior in

addition to its mass without the atmosphere. These parameters are the nor-

malized moment of inertia C̃ = C/MVR
2
V (hereafter MoI) [40], such that C is

its polar moment of inertia and its observed TLN k2 shown on Table 1. Finally

we also consider the possible values for the quality factor Q at 58 days as given
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Table 1: Venus state-of-the-art geophysical constraints. The mass MV is without the atmo-

sphere.

Constant Value ±1-σ References

RV (km) 6051.8 1 [36]

MV (×1024kg) 4.8673 1.1× 10−4 -

MoI 0.337 0.024 [40]

k2 0.295 0.033 [8]

Q 20 < Q < 100 [15]

by [15]. Table 1 gathers these literature values that are used as constraints for

this work.

3.2. Method

As explained in Sect. 2.1, to compute the tidal deformation of the planet

and then to compare the TLN and quality factor to the state-of-the-art values, a

discretized description of the Venus internal structure in terms of profiles of den-

sity, rigidity and viscosity is requested, considering different possible rheologies

(Newton, Andrade or Maxwell). The aim of this work is to explore the space of

these internal structure parameters (ISP) by using the geophysical constraints

given in Sect. 3.1 as references for filtering acceptable combinations of ISP.

Three types of profiles are considered: the Class 1 is constituted with an

elastic crust, two visco-elastic layers for the mantle and an inviscid fluid core, the

Class 2 has a solid core instead of an inviscid fluid core and the Class 3 has both

a solid inner core and a fluid outer core. We also impose no density inversion

in the profiles but we allow equal densities for successive layers. This leaves the

algorithm free to propose 3-layer models with either the same characteristics for

the upper and the lower mantle or for the crust and upper mantle layer.

Finally the total mass of the planet is conserved in each model. To do so, the
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density of the innermost layer of each class is not randomly selected, but instead

calculated from its random thickness and random densities and thicknesses of

the other layers. Consequently, the densities of the fluid core for Class 1, of the

solid core for Class 2 and of the solid inner core for Class 3 are not randomly

sampled but deduced from the other layers.

For each class, the crustal thickness and density are both fixed to 60 km and

2950 kg.m−3 [41], respectively. As a consequence the upper mantle boundary is

fixed to 5991.8 km. The thicknesses that vary are the ones of the lower mantle

and the core. In contrast, the third class gets three layer radial boundaries that

vary. The crustal thickness is constrained in [42] to be from 8 to 25 km. Testing

the effect of the crustal thickness, we replace the original crustal thickness of 60

km in model V to 8 km. The effect on the real and imaginary parts of k2 are

0.6% and 0.7%, respectively.

In this work we uniformly explore the structural and rheological parameters

in intervals given by Table 2. The fluid core of Class 1 is assumed to be an

inviscid fluid therefore its viscosity is fixed to η = 0 Pa.s. The viscosity of the

fluid outer core of Class 3 can not be set to be an inviscid fluid (zero viscosity).

It is one limitation of the code ALMA3 where its boundary conditions allow only

the first layer from the center to be an inviscid fluid. Therefore the code does

not converge if another layer, in this case the outer core which is the second

layer from the center, to have a zero viscosity. Therefore the rheology of the

outer core is set to be fluid with an arbitrary low viscosity (here 10−5 Pa.s) to

mimic the behavior of an inviscid fluid. For the solid layers (the mantle layers

for all classes, the core for Class 2 and the inner core for Class 3), we consider

an Andrade rheology with α = 1/3 [43]. The rigidities are fixed for each layer

and are equal to the values corresponding to the rigidity profile given on Fig.

1 and on Table 2. Ultimately, we select models according to the constraints

mentioned in Sect. 3.1 considering a 3-σ interval for the mass and TLN k2, a

1-σ interval for the MoI and the range specified in Tab. 1 for the 58-day quality
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factor Q.

Table 2: Venus internal parameters, both fixed and simulated with random Monte-Carlo

within their respective range.Values indicated with a star are fixed values and values marked

with a dagger are deduced as explained in Sect. 3.2.

R (km) ρ (kg.m−3) η (log 10(Pa.s)) µ (GPa)

Crust 6051.8∗ 2950∗ ∞ 47.65∗

Upper mantle 5991.9∗ 1000-15000 15-25 85.7

Lower mantle 2000-5900 3000-15000 15-25 196.94

Fluid core (Class 1) 1000-5000 7000-22000† −∞∗ 0∗

Solid core (Class 2) 1000-5000 6000-22000† 11-22 125.63

Outer core (Class 3) 1000-5000 1000-15000 -5∗ 0∗

Inner core (Class 3) 1-5000 5000-30000† 10-20 273.91

4. Results

65000 models have been produced by varying the thickness, density and

viscosity for the different layers. After a first filtering with MoI ± 1-σ, we

retain between 54.5 and 68% of the 65000 models which correspond to 35472,

35443 and 44390 models for Class 1, Class 2 and Class 3, respectively. A

second filtering considering the TLN results in 13077, 16172 and 9944 models for

Class 1, Class 2 and Class 3, respectively. Finally the quality factor Q filter

is performed resulting in 4703, 4536 and 4160 selected models. In Appendix

A, are given the results when the quality factor Q is not used as a constraint.

To test whether the number of models simulated are enough, we tested subsets

of the original 65000 models. The randomly chosen subsets of models consist

17



increasingly of 650 to 65000 models. After filtering with the MoI, k2 and Q filters

we illustrate (see Fig. B1) in Appendix B the percentage of selected models

after several filters for Class 1 as an example. Table 3 gives the statistics of

the selected models namely the mean and the first and third quartiles of the

parameters that have been randomly sampled and selected according to our

method.

Figure 6: Class 1: Histogram of the ratio between the lower mantle viscosity versus the upper

mantle viscosities. The black curve is the bi-modal fit of the ratio distribution. Black plain

and dash lines correspond to the median and the first and third quartiles, respectively.

4.1. Class 1: only a fluid core

The models of Class 1 include a mantle with two separated layers (upper

and lower), to reproduce the Earth structure, and an inviscid fluid core. From

our simulations, it appears that when only a fluid core is present, the lower

mantle (183922321418 km) is significantly thicker than the upper mantle (9631417600 km)

with a higher density (489053604484 versus 376541233446 kg.m−3) and a significantly

higher viscosity (20.7821.8519.85 and 19.922.318.3 log 10(Pa.s)). The higher lower mantle
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Table 3: Results of the selection process over 65000 randomly sampled profiles. Are given in

Column 1, the type of models considered and on Column 2 the layers. Column 3 gives the

mean and first and third quartiles (25% and 75%) of the layer thicknesses (km), Column 4

the densities (kg.m−3) and Column 5 the viscosities in log 10(Pa.s).

Models Layers thickness density viscosity

(km) (kg.m−3) log 10(Pa.s)

Fluid (Class 1) upper mantle 9631417600 376541233446 19.922.318.3

lower mantle 183922321418 489053604484 20.7821.8519.85

core 316633722898 10899119099892 −5

Solid (Class 2A) upper mantle 14321996883 398743063619 20.9523.4819

lower mantle 13132007715 505755614612 2122.8519.95

core 324034602944 10527117139373 14.9519.4813.4

Solid (Class 2B) upper mantle 10521275773 356238443275 20.8522.918.95

lower mantle 410689220 471952774188 20.923.4818.95

core 450247024257 720975976917 20.72119.85

Fluid/Solid (Class 3) upper mantle 9252099585 372240103377 2022.618.3

lower mantle 171820991330 493253694431 21.4822.7820.54

outer core 381712159 820499006723 −5

inner core 282531412402 114501222010425 15.717.8112.95
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Figure 7: Class 1: 2-D Histograms for the thicknesses (top left-hand side), the densities (top

right-hand side) and the viscosities (bottom side) of the lower mantle versus that of the upper

mantle. The red and green dots show the values considered by [9] and [10], respectively.

density is a result of the assumption of no density inversion in each model. This

assumption is also driven by the fact that an increased density from the surface

to the center of the planet can be obtained by integrating its pressure equations.

These significant differences between the lower and the upper mantles stress the

dichotomy of state and nature of these two layers. Furthermore, the distribution

of the ratio between the lower and the upper mantle viscosities (Table 4 and

Fig. 6) show two trends of models: the first trend has a peak of distribution for

log 10(ηLM)/ log 10(ηUM) ≈ 0.9 and the second trend has a peak of distribution

for log 10(ηLM)/ log 10(ηUM) ≈ 1.1. Fig. 6 also shows that we have slightly more
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models with a more viscous lower mantle since the mean (second quartile) of

the histogram is for ηLM/ηUM > 1. It is unexpected since the lower mantle is

expected to be less viscous than the upper mantle by the Arrhenius law [44].

The result is based on the selection of models with geophysical constraints and

statistical study with minimal initial assumptions on the chemical content or

temperature profile of Venus. Table 4 gives the results in terms of χ2 for two

adjustments of the viscosity ratio distribution considering a bi-modal and a

Gaussian profiles. The bi-modal model gives a better χ2 than the Gaussian

profile (0.91 versus 1.5), favoring a double distribution of the upper and lower

viscosity ratios: one centered around 0.87 ± 0.058 (with a more viscous upper

mantle) and one around 1.13 ± 0.19 (with a more viscous lower mantle). The

possible entanglement of the lower and upper mantle viscosities is even more

visible on the 2-D histograms shown on Fig. 7. On this Figure, one can see that

a more viscous lower mantle relates to a more fluid upper mantle and vice versa,

unless the two layers have similar viscosities. Models with the same viscosity

(between 1019 and 1021 Pa.s) for both the lower and the upper mantles represent

about 1% of the models. Fig. 7 (c) also shows that the lower and upper mantles

can not be both more fluid (ηLM < 1019.5 Pa.s and ηUM < 1019 Pa.s) or more

viscous (ηLM > 1021.8 Pa.s and ηUM > 1021 Pa.s).

Finally, the distribution of the thicknesses of the lower and upper mantle

(Fig. 7 (a)) shows a direct correlation, expected for a terrestrial planet as Venus.

Moreover, the density of the fluid core that we obtain (10899119099892 kg.m−3) is

consistent with what is expected for a planet of the size of Venus composed by

iron alloys [9].

4.2. Class 2: only a solid core

The models of Class 2 include a mantle with two separated layers, as for the

models of Class 1, and a solid visco-elastic core following an Andrade rheology,

similar to the one of the mantle, with a rigidity of 125.63 GPa (see Appendix
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Figure 8: Class 2: Histograms of the thicknesses of the core. Black plain and dash lines

correspond to the median and the first and third quartiles, respectively for each sub-class.

B for the impact of the fixed rigidity on the results).

Fig. 8 shows the histogram of the selected sizes for the solid inner core. Two

families of models can be distinguished: one with a large core of about 4500 km

and one with a small core of about 3235 km. Fitting the size of the core with a

Gaussian and with a bi-modal distributions gives values of χ2 of 2.47 and 0.94,

respectively. Therefore the two families have been defined in fitting a bi-modal

distribution of the thicknesses and in separating the two distributions at 92%

of the two populations. The two families, labelled Class 2A and Class 2B

on Table 3 and Fig. 8, are considered separately in the analysis. As expected,

the bigger core (Class 2B) which is 449946994244 km thick presents a lower density

721576116924 kg.m−3, favoring a scenario of a core enriched in light elements. This

low density core is also associated with a significantly higher viscosity (20.72119.85

log 10(Pa.s)) in comparison with models of Class 2A that have a smaller core

(323534532940 km thick) and a lower viscosity (14.9519.4413.35 log 10(Pa.s)).

Thicknesses and densities (10533117239376 kg.m−3) of the core for models of

Class 2A are consistent with those of Class 1 and are in the expected range

for a planet of the size of Venus. On Table 4, one can see that, also for Class

2, the bi-modal distribution of the upper and lower mantle viscosity contrast is
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also validated (χ2 of 0.97 for bi-modal versus 1.42 for Gaussian).

However, it is not so clearly the case when we separately consider the two

sub-classes 2A and 2B. In particular, for the family with the biggest core (Class

2B), the contrast of viscosities between the upper and the lower mantles as

presented on Table 4 is not present and the single Gaussian distribution centered

on the equal viscosity for upper and lower layers gives a better χ2 (1.2) than

the bi-modal distribution (2.58). At the opposite, as one can see on Table 4,

the models of the Class 2A favor a bi-modal distributions of the viscosities (χ2

bi-modal equals to 1.22 where χ2 Gaussian is equal to 1.7).

Table 4: Gaussian and bi-modal distributions of the ratio between viscosities of the lower

mantle and the viscosities of the upper mantle (viscosity contrast) for the different classes of

models. Are given in Columns 2, 5 and 7, the centroids M , M1 and M2, in Columns 3, 6 and

8, the uncertainties σ, σ1 and σ2 and in Columns 4 and 9, the χ2 of the each fit.

Gaussian distribution Bi-modal distribution

M σ χ2 M1 σ1 M2 σ2 χ2

Class 1 0.99 0.26 1.5 0.87 0.058 1.13 0.19 0.91

Class 2 1 0.19 1.42 0.9 0.11 1.1 0.16 0.97

Class 2A 1 0.18 1.7 0.88 0.09 1.07 0.17 1.22

Class 2B 1 0.2 1.2 0.97 0.16 1.26 0.09 2.58

Class 3 1.03 0.21 1.42 0.96 0.12 1.25 0.13 1.2

4.3. Class 3: fluid outer core and solid inner core

On Table 4, Class 3 also shows a bi-modal distribution of the viscosity

ratio of upper and lower layers of the mantle (χ2 for bi-modal distribution of
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1.2 versus 1.42 for Gaussian) but with a shift of the centroids towards higher

ratios. Indeed, where for Class 1, the modes were centered on 0.87 ± 0.058

and 1.13 ± 0.19 (marginally compatible with 1), the first mode of Class 3 is

marginally compatible with a center at 1 (0.96 ± 0.12) and the second mode

is centered on 1.25 ± 0.13. In addition, Table 3 shows that the viscosities of

the lower mantle increased in comparison to the viscosity of the same layer for

models of Class 1 (20.7821.8519.85 versus 21.4822.7820.6 log 10 (Pa.s)) when the viscosities

of Class 1 and Class 3 remain identical for the upper layer. The densities

of the two layers increase marginally for Class 3 relatively to Class 1 but

not significantly. The mechanism of the increase of the lower mantle viscosity

induced by the introduction of the solid inner core is then confirmed by the

results presented on Tables 3 and 4. In terms of core densities, they are high

both for the solid inner core (114501222010450 kg.m−3) and for the fluid outer core

(827699126723 kg.m−3). They are in average compatible with the densities of Class

1 and Class 2A. Finally, when for the fluid core, the viscosity remains close

to a low value, the viscosity of the inner core is obtained to be also quite small

(15.617.7812.95 log 10(Pa.s)) for the Class 3 but compatible with the value found for

Class 2A.

5. Discussion

We compare our results with previous studies such as the one of [10] and

[9] which constructed a scaled model of the density of Venus as a function of

depth using the density profile of PREM [24]. Both studies consider a Venus

model with a fluid core and a mantle divided into a lower and an upper layer,

as the Earth. These profiles are then comparable with models of Class 1 as

defined in Sect. 4.1, except that there is no viscosity contrast in between the

two mantle layers in [10]. As one can see from Fig. 9, our Class 1 models are in

good agreement with the limits extracted from [10] model V and [9] (illustrated

respectively with red and green vertical lines). Moreover, we agree on the [10]

24



conclusion that a solid core with a high density is mostly likely to be associated

with a low viscosity. This case corresponds to the models of our Class 2A with

a density for the solid core not smaller than 9376 kg.m−3 and a viscosity not

greater than 1019.5 Pa.s. We also agree that the probability of having a k2 <

0.25 is of about 90 % with a solid core (Class 2) but only of 18 % and 6 % with

a fluid core or a solid inner core and a fluid outer core, respectively (see Fig.

10). This result stresses that the k2 value is indeed a good marker of the core

state. Figs. 11, 12 and 13, obtained with [45], show the relation between the real

part of k2, MoI and mass for each of the Classes 1, 2 and 3, respectively. Our

results depend on the presently known observations as the mass and MoI. In

the future, the results of this work can be recreated, be better constrained and

updated after future observations with smaller uncertainties. Therefore further

exploration could prove beneficial in verifying the results obtained in this study.

The mean value of the geophysical constraints of k2, MoI and mass are 0.295,

0.337 and 4.8673× 1024 kg respectively (see Table 1) and are illustrated in red,

black and green. These Figures show that the model distribution is centered

around the mean mass. The models of Class 1 are 55.8% higher and 44.17%

lower than the MoI mean (see 13. These values are respectively 72.39% and

27.6% for Class 2 (see Fig. 12) and 49.16% and 50.83% for Class 3 (see Fig.

13). Additionally 59.57% of the models of Class 2 have a MoI higher and a

k2 respectively higher and lower than the mean estimated value from Table 1

(see Fig. 12). Therefore a better estimation of the MoI of Venus, additionally

to k2, will better constrain the core structure between a totally solid state and

a partially or totally fluid one as the conclusion made with k2 (see Fig. 10).

We finally compare the density estimates from our classes of models with the

end-members of the [10] density profiles for hot and cold temperature mantle

hypothesis (Fig. 14). We obtain that the density of the lower and the upper

mantles match with [10] profiles within the 2-σ error bars, except for models of

Class 2B which have a core density completely out the range from [10] profiles
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(black triangle). Regarding the density of the cores, our estimates appear to be

slightly higher than the one from [10], except for the fluid outer core of models

of Class 3 (including also a solid inner core), which seems to match well with

the profiles of [10]. So despite the fact that our models favor a viscosity contrast

between the two mantle layers (as discussed in Sect. 4), upper and lower mantle

densities from all our models match well with that of [10]. It is not the case for

the core densities which are significantly higher than the one of [10] for the solid

inner core, the fluid core and the solid core. Additionally, our densities show

a better compatibility with the [46] S-free density profiles (Fig. 14). Fig. 14

shows the densities obtained in this work as a function of the relative radius (R)

with respect to the Earth radius (RE) and compared with the density profiles

from [46] for the three core compositions (S-free, Nominal-S and S-rich).

[46] studied also different structure models of Venus based on the equations

of state evolution for different hypothesis of core compositions: without sulfur

(S-free, with 0 wt%), with the same amount of sulfur as the Earth (Nominal-S,

with 4.6-7.6 wt%) and with more sulfur than the Earth (S-Rich, with 9.1-22

wt%). Their estimated MoI values are encompassed in the 1-σ uncertainty of

[40] and they considered two different patterns of model: those with low MoI

values (generally smaller than 0.323) representing models within the 1% lowest

possible values of MoI and those with high MoI (generally greater than 0.323)

gathering models within the 1% highest possible values of MoI. In the goal of

better comparing with their study and results, we consider two subcategories

of our models according to their MoI values using the same MoI intervals as

in [46]. More than 57% of our models included in the [46] Low and High MoI

intervals belong to the High MoI models when only 13% of our models belong to

the Low MoI type of models. 30% of the rest of our results have either smaller

or higher values for the MoI. From Fig. 14, we can see that there is a good

consistency between our densities and [46] results for the three compositions,

except for the Class 2B set of models which appears to be outside [46] ranges.
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Figure 9: Comparisons between the models of Class 1 and those from [10] and [9]: Histograms

in thicknesses in (km) (left-hand side column) and densities in (kg.m−3) (right-hand side

column). The solid black line corresponds to the mean and the dashed black lines correspond

respectively to the first and third quartiles. The red and green vertical lines indicate the limits

of the models proposed by [10] and [9] respectively.

The inner core, the outer core and the lower mantle densities obtained for 5

or 4 layers with solid or fluid cores are encompassed in the intervals proposed

by [46] without considering MoI discrimination. For the upper mantle (above

0.8 Earth radius), our estimations appear to be slightly larger. However, [46]

consider the upper mantle and the crust as a single layer while we consider two

different layers.

The radius and density of the upper mantle obtained in this work are about

5968 km and 3765 kg.m−3, respectively. The radius of the lower mantle is
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Figure 10: Cumulative histograms of the k2 values obtained with the models of Class 1 (fluid

core), Class 2 (solid core) and Class 3 (solid inner and fluid outer core).

about 5005 km. In averaging the upper mantle with the crust which has a

fixed density of 2950 kg.m−3, we obtain a crust+upper mantle density of about

3688 kg.m−3, closer to the value expected by [46]. We consider the same MoI

subcategories as the one proposed in [46], and as one can see on Figs. 15 and 16

where the densities are plotted versus the relative depth for models presenting

High MoI and Low MoI, respectively. The same conclusions remain for the

Low MoI case (see Fig. 16) as the total MoI range (see Fig. 14). For models

with High MoI (gathering more than 57% of our models), see Fig. 15, we
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Figure 11: Histograms and corner plots of the real k2, MoI and mass values obtained with

the models of Class 1 (fluid core). The solid red, black and green lines corresponds to the

mean values of the geophysical constraints k2, mass and MoI from Table 1.

see a rather better consistency between our estimates and the S-free and the

Nominal S profiles. In particular in Fig. 16 the Class 3 (top-right) inner core

density and the Class 1 (top-left) and Class 2A (bottom-left) core densities

are significantly different from the one expected with a S-rich profile, whereas
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Figure 12: Histograms and corner plots of the real k2, MoI and mass values obtained with

the models of Class 2 (fluid core). The solid red, black and green lines corresponds to the

mean values of the geophysical constraints k2, mass and MoI from Table 1.

they are statistically consistent at 2-σ with the nominal-S profile and totally

encompassed in the S-free profile.

One way to model the temperature dependence of the viscosity is to use the

Arrhenius law. [44] shows that the viscosity of a material can be expressed as
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Figure 13: Histograms and corner plots of the real k2, MoI and mass values obtained with

the models of Class 3 (fluid core). The solid red, black and green lines corresponds to the

mean values of the geophysical constraints k2, mass and MoI from Table 1.

an exponential function of temperature, in other words as an Arrhenius-type

function. Based on this fact, [47, 48] deduced an expression of the temperature

which is highly dependent on the viscosity. Eq. 3 is reformulated from equation

2 of [49] which is deduced from the work of [47, 48]. As explained in [49], it is
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possible if one assumes the temperature Tu and the viscosity ηu of the upper

mantle layer to deduce the temperature of the lower layer, Tl, by considering

the following relation:

Tl =
H∗l Tu

H∗u + TuRgln( ηlηu )
(3)

where ηl is the lower mantle viscosity, ηu is the upper mantle viscosity, H∗l and

H∗u are the activation enthalpy for the lower and the upper mantle respectively

and Rg is the gas constant. Therefore we calculate the temperature of the lower

mantle from the deduced viscosities.

From the mantle parameters (temperature, density thickness and viscosity)

we obtain a Rayleigh number much higher than the critical value, therefore the

mantle in convective. This result justifies the use of Eq. 3 for convective layers

[49]. Using Eq. 3, we estimate the temperature of the lower mantle from the

viscosity contrast between the upper and the lower mantle layers for each class

of models. They are shown on Fig. 17. We assume for this an upper mantle

temperature of 1600 K as given by the [46] temperature profile reproduced on

Fig. 17. The activation enthalpy values (H∗) are taken equivalent to those

given for the Earth (240 kJ.mol−1 for the upper mantle and 430 kJ.mol−1 for

the lower mantle) as in [50]. We consider values of the upper mantle viscosities

given by Table 3 for the different models. We then obtain values plotted on Fig.

17. The error-bars in x-axis correspond to 2-σ uncertainties given in Table 3

and the error-bars in y-axis correspond to uncertainties deduced from Table 3

upper mantle viscosities. From these estimations, we see that our models seem

to propose a slightly hotter, but still statistically consistent Tl in comparison

with [46] with or without MoI subcategories (see Figs. 17 and 19). The lower

mantle temperatures deduced from our approach are also consistent with the

temperature profiles from [41] and [51] as one can see on Fig. 17. These two

reference profiles give two possible extrema of temperature evolution with depth:

a cold one from [41] (Venus scaled adiabatic profile) and a hot one from [51]
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(thermo-chemical Venus evolution). Our temperature for the lower mantle is

compatible at 2-σ with the two hot and cold profiles but suggests an even hotter

temperature than [51].

The radii of the different layers considered in this work and in [46] are shown

on Fig. 18. As in [46], we consider two regimes of models according to MoI val-

ues: high MoI (greater than 0.323) and with low MoI (smaller than 0.323). The

upper mantle is not consider here as it is supposed to be fixed in [46]. With

these comparisons, it appears that the Class 2B (models with a big core and

a low density) is not consistent with [46]. This class was already pointed as an

outlier of our selection (see discussion of Sect. 4.2) and gathers models with no

viscosity contrast between the upper mantle and the lower mantle. For models

with high MoI (lower row of Fig. 18), the results are to some-degree more com-

patible with the S-free models from [46] than with Nominal-S or S-rich models,

especially for Class 3. It is particularly more explicit with the radius of the

inner core for which Class 3 value (284131292494 km) is consistent with that of

S-free (from 0 to 3180 km) but not with that of Nominal-S (from 0 to 2380 km)

or S-rich (from 0 to 750 km). For the lower mantle and the outer core radii for

models of Class 3 but also of Class 1 and Class 2B, our values match well

with all the models of [46]. For models with low MoI (upper row of Fig. 18),

the totality of our models except those of Class 2B are consistent with the

models of [46]. The comparisons between the densities estimated in this former

work and ours, done with error-bars at 2 − σ, especially for high MoI models

(representing more than 57% of our results) to be more compatible generally

with S-free profiles than with S-rich.

Finally, regarding the core, the Class 2B models presenting a very big

core (of about 73% of the total size of the planet) but with a low density (7215

kg.m−3) and presenting no contrast in mantle layer viscosities, is not compatible

with [46] and [10].
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Figure 14: Comparison of the densities obtained with this work for the different classes of

models with the profiles from [46] without subcategories according to the MoI values and [10]

for the two temperature profiles considered in this study (hot and cold). The x-axis gives the

ratio between the radius R of each layer and the Earth radius. The error-bars are given at

2-σ.
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Figure 15: Comparison of the densities obtained with this work for the different classes of

models with the profiles from [46] considering High MoI as defined in [46]. The x-axis gives

the ratio between the radius R of each layer and the Earth radius. The error-bars are given

at 2-σ.

6. Conclusion

In this work, we have used state-of-the-art geophysical constraints of Venus

(mass, total MoI, Love number k2 and quality factor Q) to infer possible internal
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Figure 16: Comparison of the densities obtained with this work for the different classes of

models with the profiles from [46] considering Low MoI as defined in [46]. The x-axis gives

the ratio between the radius R of each layer and the Earth radius. The error-bars are given

at 2-σ.

structure of the planet. Therefore we aim at constraining the internal structure

of Venus with minimal assumptions about its chemical content. We adapted

the deformation semi-analytical modeling of the ALMA3 open-source Fortran
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Figure 17: Comparison of the temperatures for the lower mantle for the different classes of

models with profiles from [46], [51] and [41]. The temperature of the upper mantle is fixed to

1600 K. Same x-axis as on Fig. 14. The error-bars are given at 2-σ

90 program [16] originally designed for studying the loading deformations of the

Earth [17], to the case of the tidal deformation of Venus.

For one given set of parameters extracted from [10] (model V), we first

demonstrate that our model leads to similar results in terms of real and imag-

inary Love numbers, consistent values of the Andrade rheology α parameter of

the Venus mantle and consistent intervals of the mantle viscosities when this
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Figure 18: Comparisons between layer boundaries (radii) from [46] and those obtained for the

different classes considering MoI subcategories as presented in [46]. C1, C2A, C2B, C3 stand

for Class 1, Class 2A, Class 2B and Class 3 respectively and SF, NS and SR stand for

S-free, Nominal-S and S-rich core models as defined in [46], respectively. The error-bars are

given at 2-σ

latter is supposed to be homogeneous. We then randomly sample the parameter

space of the possible internal structure profiles, in varying the thicknesses, the

densities and the viscosities of 4 or 5 layer profiles. Each layer is assumed to
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Figure 19: Comparison of the temperatures for the lower mantle obtained with this work for

the different classes of models with the profiles from [46] considering Low and High MoI as

defined in [46]. Same x-axis as on Fig. 14. The error-bars are given at 2-σ
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be homogeneous therefore having averaged values of parameters (density, rigid-

ity and viscosity). We only consider models that induce geophysical quantities

consistent with the state-of-the-art constraints given on Table 1. Over 65000

models produced randomly, remain about 18000 models with 23% of them being

5 layer models (with a solid inner core and a fluid outer core) and 77% having

either a fluid (38 %) or a solid core (39 %). We assume incompressible models,

which is in the theoretical basis of ALMA3, with layer-fixed rigidity. The exis-

tence of the Venus inner core is not clearly demonstrated from our results but we

show that the existence of a solid core cannot be ruled out by only considering

geophysical constraints. Moreover, an interesting pattern in our models is the

contrast of viscosities in the mantle. Indeed as it has been discussed in Sect.

5, only 1 % of our 4 and 5-layer models have the same viscosity for the lower

and the upper mantle, inducing significant viscosity contrasts between the two

layers. Significant differences in densities and thicknesses for these two layers

also stress the non-homogeneity of the Venus mantle.

Furthermore, as one can see on Fig. 17, the viscosity contrasts can also be

expressed as temperature differences which would than result in a lower mantle

of a higher temperature (with a minimum of 1800 K) than the upper mantle

(fixed at 1600 K). These lower mantle temperatures are also hotter (but still in

agreement at 2-σ) than the temperatures proposed by [46], [41] and [51].

The comparisons with [46] also indicate the our results are somewhat more

compatible with their results for an S-free core (considering the density or the

radius comparisons). Such types of models with a very low percentage of sulfur

are in agreement with the past literature [30, 52]. They also are not compatible

with the only class of models (Class 2B) proposing mantle layers without

viscosity contrast.

Finally, for the future missions towards Venus, we confirm that the deter-

mination of a very accurate k2 TLN will be a key for deciphering the state of

the Venus core with 90% probability that a low k2 (k2 < 0.25) will indicate a
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solid unique core with a density compatible with an iron alloy (not less than

9000 kg.m−3) and a low viscosity (of about 1015 Pa.s). We stress, at last, that

these results rely on an interval for the quality factor Q. The one used in this

work is based on the range deduced from previous models and realistic assump-

tions as no direct measurement of the tidal dissipation has been done so far

for Venus. Such an estimation will be an important outcome of future space

missions.
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Appendix A. Sensitivity to the value of dissipation

The results obtained in this work are driven by the interval of possible values

for the quality factor Q. In this section, we show the selection of models without

considering the Q filter. The original 65000 models of each class have been

filtered with the mass, MoI and observed k2 as used in this work. Therefore the

difference between the original results (Table 3) and this section is the lack of

the Q filter. The following Table A1 presents the results with this filter. Fig A1

shows the histograms of Q for each class with and without this filter. Without

the quality factor Q filter set between 20 and 100, the Q values for Classes 1,

2 and 3 range in 2-1987, 2-1707, 2-1017 respectively (see Fig A1).

In what follows we compare the original study (with the Q filter) with the

new one in this Appendix (without the Q filter). Therefore we compare the

difference in percentage between the quartiles of Table 3 of the original study

and Table A1 of this Appendix. Table A1 shows that for Class 1 the thicknesses

ThCore, ThLM and ThUM quartiles (25%, 50% and 75%,) vary from −0.82% to

−0.52%, 2.64% to 3.5% and −4.56% to −1.72% respectively. The three layers

respective densities quartiles (ρCore, ρLM and ρUM) vary from −0.52% to 0.17%,

0.25% to 0.58% and −0.81% to −0.23%. As for the viscosities of the lower

mantle ηLM and the upper mantle ηUM vary from 0% to 4.81% and 1.63%

to 4.77 respectively. Table A1 also shows that for Class 2 the thicknesses

quartiles of the layers, ThCore, ThLM and ThUM vary respectively from −2.32%

to 2.7%, −0.46% to 27.39% and −3.79% to −4.27% respectively. The three

layers respective densities (ρCore, ρLM and ρUM) quartiles vary from −1.1% to

3.35%, −1.63% to −0.56% and −2.36% to −1.6%. As for the viscosities of the

core ηCore, the lower mantle ηLM and the upper mantle ηUM vary from −6.99%

to 11.88%, −9.25% to −0.43% and −5.78% to −0.65% respectively. The same

table (Table A1) shows that for Class 3 the thicknesses ThIC, ThOC, ThLM

and ThUM quartiles (25%, 50% and 75%,) vary from −3.22% to −1.56%, 1.31%
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to 8.8%, 3.15% to 5.3% and −2.32% to 3.15%. Their respective densities (ρIC,

ρOC, ρLM and ρUM) quartiles vary from −0.21% to 0.08%, −0.58% to 1.33%,

0.87% to 1.15% and −0.08% to 1.63%. The viscosities of the inner core ηIC,

the lower mantle ηLM and the upper mantle ηUM vary from −0.38% to 0.5%,

−2.62% to 3.07% and 1.32% to 4.25%.
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Table A1: Results of the selection process over 65000 randomly sampled profiles. Are given

in Column 1, the type of models considered and on Column 2 the layers. Column 3 gives the

mean and first and third quartiles (25% and 75%) of the layer thicknesses (km), Column 4

the densities (kg.m−3) and Column 5 the viscosities in log 10(Pa.s).

Models Layers thickness density viscosity

(km) (kg.m−3) log 10(Pa.s)

Fluid (Class 1) upper mantle 9191392576 374941143418 20.8522.918.6

lower mantle 190422951453 491553924496 21.7823.619.85

core 314233552874 10956119389909 −5

Solid (Class 2) upper mantle 11661645777 373941003385 20.4822.8517.9

lower mantle 9711661472 488954414402 20.4822.8517.95

core 357141703157 9278109397789 17.9519.916

Fluid/Solid (Class 3) upper mantle 9032165580 373840763374 20.8522.918.6

lower mantle 178021651400 497554314475 21.8523.4820

outer core 386740173 831398436795 −5

inner core 273430912344 114251223010430 15.717.912.9
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Figure A1: Histograms of the quality factor Q distribution from Classes 1, 2 and 3 with

(left) and without (right) the quality factor Q filter.
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Appendix B. Testing the effect of the number of simulated models

and the sensitivity to the rigidity

The rigidities of the different layers have been fixed so far. In this appendix

we consider the effects of changing these parameters on the models selection.

We also show the fact that the 65000 originally simulated models are enough for

the statistical analysis of this work. We take Class 1 (fluid core) as an example.

We select random subsets of the original 65000 models of Class 1 and filter

them with the MoI, k2 and Q filters used in this work. Fig. B2 illustrates the

percentage of the filtered models with respect to the number of models in each

random subset. Fig. B1 shows the percentage of filtered models (y-axis) as a

function of the number of models (x-axis) of the subsets. Fig. B1 shows that for

the 65000 originally simulated models, the MoI, k2 and Q filters preserve 7.2%

of the models (or 4703 models). This value is approached after 10000 simulated

models. Therefore simulating more models does not provide a higher percentage

of models after filtration. The same conclusion is valid for the other two filters:

the MoI and k2 filters applied together and the MoI filter solely applied.

We test the effect of the rigidity variation on a subset of 10000 models of the

original 65000 original 4-layer models of Class 1. For each of the models from

this subset we vary the rigidity of only one layer and then we calculate the TLN

k2 and quality factor Q for the new models. The core is considered to be an

inviscid fluid therefore µCore = 0 Pa and therefore it does not vary. Therefore

the layers rigidities that are tested are of the lower mantle, the upper mantle

and the crust. The rigidity of each layer is varied each from the original values

(see Table 2) either by ±5%, ±10%, ±15% or ±20%.

We denote by OX and NX the original and new parameters respectively

with X = k2 or X = Q. Fig. B2 illustrates ∆k2 =
Nk2 −Ok2

Ok2
× 100 and

∆Q =
NQ −OQ

OQ
× 100 after we vary the rigidity of one layer. The y-axis and

the legend indicate which layer rigidity has varied from the original models and
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Figure B1: The number of filtered models after each additional filter: MoI (±1-σ), k2 (±2-σ)

and Q (from 20 to 100). The x-axis illustrates the number of models in each randomly selected

subset of the original 65000 models.

the percentage of variation respectively. Fig. B2 shows that the rigidity of the

crust has the least effect on k2 and Q probably due to its smaller size. The effect

of the rigidity of the other layers (lower mantle and upper mantle) has almost

the same significance. The maximum effect caused by the variation of the lower

mantle or the upper mantle rigidities by 20% increases Q by almost 30% and

k2 by less than 20%. The estimated k2 from Table 1 has an uncertainty with

2-σ of 22.37%, therefore it is of the magnitude of the difference in percentage a

different rigidity of one layer causes to the resulting k2 and Q.
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Figure B2: The difference in percentage for the real part of k2 and Q between the new

results and the original results after varying the rigidities (µ). The x-axis is the difference in

percentage either to k2 or to Q, therefore X being either k2 or Q.

Appendix C. Sensitivity to creep parameter α

In this section we investigate which layer parameters are the most sensitive

to the α parameter of the Andrade rheology. The experimental parameter α is

still not very well constrained, the value used in this work is α = 1/3 [43]. We

test the effect of α on a subset of the 65000 original models. We randomly select

5000 models and fix α values between 0.1 and 0.5 [27] with a step of 0.1. For

each value of α and for α = 1/3, we calculate the TLN k2 and quality factor

Q for the subset of models. Afterwards we apply the same filters (mass, MoI,

k2 and Q) to each case. We obtain new results for the 5000 models subset for

each class and different values of α. Finally we study the difference in the first,

second and third quartiles obtained with the original and new α values. Figs.

C1, C2 and C3 represent the difference in percentage for the quartiles of each
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layer parameters. The viscosities of each layer are studied with a unit of log 10

Pa.s as in Table 3.

Fig. C1 shows that the variations between the original and new results of

each of the three quartiles are between +33% and −30% for Class 1. These

two furthermost values correspond respectively to the ThLM and ThUM and

for α = 0.1. For an approximate lower mantle and upper mantle thicknesses

of 1800 km and 960 km (see Table 3), a change of +33% and −30% amounts

to a variation of 594 km and of −288 km, respectively. The other parameters

quartiles vary between ±10% depending on the value of α. For an approximate

lower mantle viscosity of 1020.78 Pa.s, a ±10% variation results in new viscosity

values of 1018.7 Pa.s and 1022.86 Pa.s. For an approximate value of an upper

mantle density of 3700 kg.m−3, a change of ±5% amounts to a variation of

±185 kg.m−3 of the density. Classes 2 and 3 have the similar patterns as

Class 1. Fig. C2 shows that the Class 2 quartiles vary between −13% and

33% depending on the layer parameters and the values of α. The first quartile

varies ≈ by maximum of −12.8% and 33.7% corresponding to α = 0.1 for

ρCore and ThUM respectively. The other layer parameters first quartile vary

between ±10% except ThLM which varies by 26.9% and 17.5% for α = 0.1 and

α = 0.2 respectively. The second (respectively third) quartile vary in between

−13.4% and 12.36% (respectively −13% and 7.2%). These maximum variations

correspond to ThLM. The other layer parameters vary between ±5% except

ThUM for α = 0.1 which varies by −13.2% and −7.5% for the second and third

quartiles respectively. Fig. C3 shows that the maximum variation of the first

and second quartiles of Class 3 correspond to α = 0.1 and to ThIC and ThLM.

The first quartile of the parameters of these 2 layers varies by −19% and +17%,

respectively and their second quartile varies by −9.6% and 16%, respectively.

The first quartile of the other parameters vary between ±10% except ThOC

and ρOC which vary by −16% and 11% for α = 1/3 and α = 0.1 respectively.

The second quartile of the other parameters varies between ±10% except ρOC
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Figure C1: The difference in percentage (%) for Class 1 between the new results with α

between 0.1 and 0.5 and α = 1/3. The x-axis corresponds to the layer parameters and the

y-axis is the percentage difference. From top to bottom, the supblots correspond to the first

quartile (25%), second quartile or median (50%) and third quartile (75%).
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Figure C2: The difference in percentage (%) for Class 2 between the new results with α

between 0.1 and 0.5 and α = 1/3. The x-axis corresponds to the layer parameters and the

y-axis is the percentage difference. From top to bottom, the supblots correspond to the first

quartile (25%), second quartile or median (50%) and third quartile (75%).
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Figure C3: The difference in percentage (%) for Class 3 between the new results with α

between 0.1 and 0.5 and α = 1/3. The x-axis corresponds to the layer parameters and the

y-axis is the percentage difference. From top to bottom, the supblots correspond to the first

quartile (25%), second quartile or median (50%) and third quartile (75%).

and ThLM which vary by 13.6% and 16%, respectively, both for α = 0.1. The

third quartile of Class 3 varies between −8% and 27.6% and these furthermost
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values correspond to α = 0.1. The most affected parameters are ThOC (between

18.8% and 27.6% for α of 0.1, 0.2 and 0.3) and ThLM (14% for α = 0.1). The

other layer parameters vary between ±10%. Therefore the α parameter affects

k2 and Q for each of the classes, hence it affects the distribution of the layer

parameters after filtering with the ranges of k2 and Q. Nonetheless the effect is

not big enough to affect the original general study.
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