








Article

Extended DataFig. 5| Corner plot showingthe posterior distribution arenon-hydrostatic contributions to gravity coefficients C,,, i1;are shear
oflo’sinternal structure parameters for the case withamagmaocean. moduli, n;are viscosities and §;are the Andrade rheology parameters.
Thevariables are as follows: h;are layer thicknesses, p;are layer densities, 6C,,,, Thelayersare numbered from the outermost layer inward.
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Extended DataFig. 6| Corner plot showing the posterior distribution of non-hydrostatic contributions to gravity coefficients C,,,, u;are shear moduli,

lo’sinternal structure parameters for the case withoutamagmaocean.The  p;areviscosities and B;arethe Andrade rheology parameters. The layers are
variables are as follows: h;are layer thicknesses, p; are layer densities, 6C,, are numbered from the outermost layer inward.
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Extended DataFig. 7| Posterior distribution of gravitational and linear libration amplitudes for the cases with and without amagma ocean. The vertical
axis shows the gravitational libration amplitude and the horizontal axis shows the libration amplitude (10, 20and 3o regions are shown).



Extended Data Table 1| Recovered lo quadrupole gravity field and the tidal Love number k,

J2 (105 Cy1 (10% | S5 (105 Cay (109 | S5, (109 Re(ky) |k2| Notes
— = —Im(ky)
Q
1863.0 £90.0 - - 559.0+27.0 - - - Anderson et al. (1996)
1830.2+4.2 - - 5489+1.2 - - - Anderson et al. (2001)
1843.7+£2.7 - - 554.0 £ 0.8 - - - Schubert et al. (2004)

- - - - - - 0.015+0.003 | Lainey et al. (2009)

1834615 | 0.0£0.1 | -40+0.8 | 549.6+0.3 | 0.5+0.3 | 0.125+0.047 | 0.0109 +0.0054| This study (includes the
(108.4) (54.0) (4.6) permanent tide corrections

from k> and lag angle

shown in the parenthesis).

The spherical harmonic coefficients are unnormalized and uncertainties are formal 10. The reference radii used in some of the earlier analyses differ from ours; thus, the quadrupole harmonic
values in this table have all been adjusted to the same reference radius of 1,829.4km. In our estimation, the dissipation quality factor is directly estimated Q=11.4+3.6 (10) and combined with
|k,| to compute the ratio |k,|/Q=-Im(k,). Our estimated y; is 5,959.8948+0.0027 km®s2 (10). The correlations between Re(k,) and permanent tide correlated J, and C,, are 0.0291and 0.5120,
respectively, whereas the correlation between permanent tide correlated J, and C,, is 0.0026.
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Extended Data Table 2 | Tabulation of model parameters for no magma ocean and magma ocean cases

No magma ocean case Magma ocean case
Outer Density | Rigidity | Steady- | Andrade Outer Density Rigidity | Steady- Andrade
radius (kg m?) | (GPa) state parameter radius (kg m?) (GPa) state parameter
(km) viscosity | g (km) viscosity | g
(Pas) (Pa'°'3s'1) (Pas) (Pa-o.ss-l)
Core 950 5150 0 0 0 Core 950 5150 0 0 0
Mantle | var. 3259 40 10! var. Mantle | var. 3259 40 10% var.
Lid 1820 3259 40 10% 0 Magma | var.+100 | 3259 0.06 10* 0
ocean
Mantle 1820 3259 40 10% var.

See text. var, variable. Our default magma ocean thickness is 100 km.



Extended Data Table 3 | Full model input for the magma ocean case

contribution to C,,

with o34 = ,/5/12-2-
10°¢

Parameter Minimum Maximum Type of distribution Additional constraints
value value

Top mantle outer radius | 1820 km 1820 km constant value Thickness between 10
and 900 km

Magma ocean outer 500 km 1820 km uniform Magma ocean thickness

radius between 50 and 1200
km

Bottom mantle outer 500 km 1820 km uniform Thickness between 50

radius and 650 km

Core radius 650 km 1200 km uniform None

Magma ocean density 2700 kg/m3 | 3300 kg/m3 uniform Densities are
constrained to increase

Mantle density 2700 kg/m® | 3300 kg/m*® | uniform with depth. The density
of the top layer is

Core density 5000 kg/m® | 8000 kg/m? | uniform computed to satisfy the
mass constraint.

Top mantle shear 30 GPa 50 GPa log-uniform None

modulus

Bottom mangle shear 30 GPa 50 GPa log-uniform None

modulus

Top mantle viscosity 10®Pas 1022 Pas log-uniform None

Bottom mantle viscosity | 10°Pas 102 Pas log-uniform None

Top mantle Andrade § | 10%Pa%sT [ 100Pa®3 s [ log-uniform None

parameter

Bottom mantle Andrade | 105 Pa%3sT | 1010Pa% s | log-uniform None

B parameter

Nonhydrostatic —40,, +40,n Normal, zero-centered Rotational stability is

contribution to C5, with ol =V5-2- imposed:

107¢
>0
Nonhydrostatic —40,, +40,, Normal, zero-centered

—cg > 2c8

Parameters of the prior probability distribution for the internal structure retrieval of the four-layer modelling including a magma ocean.
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Extended Data Table 4 | Full model input for the no magma ocean case

contribution to C;,

with 07§ = ,[/5/12-2-
10°¢

Parameter Minimum Maximum Type of distribution Additional constraints
value value

Elastic lid outer radius 1820 km 1820 km constant value Thickness between 10
and 900 km

Mantle outer radius 500 km 1820 km uniform Thickness between 50
and 1200 km

Core radius 650 km 1200 km uniform None

Elastic lid density 2700 kg/m® | 3300 kg/m?® | uniform Densities are
constrained to increase

Mantle density 2700 kg/m® | 3300 kg/m*® | uniform with depth. The density
of the top layer is

Core density 5000 kg/m® | 8000 kg/m® | uniform computed to satisfy the
mass constraint.

Elastic lid shear 20 GPa 50 GPa log-uniform None

modulus

Mantle shear modulus 20 GPa 50 GPa log-uniform None

Mantle viscosity 102¥Pas 102 Pas log-uniform None

Mantle Andrade 8 103 Pa%3 sl | 10'10Pa%3 g1 | log-uniform None

parameter

Nonhydrostatic —40,, +40,, Normal, zero-centered Rotational stability is

contribution to C5 with ot =52 imposed:

107°
>0
Nonhydrostatic —40,, +40p, Normal, zero-centered

—cgh > 2038

Parameters of the prior probability distribution for the internal structure retrieval of the three-layer modelling without a magma ocean.






