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Viscoelastic Tides of Mercury and the Determination
of its Inner Core Size

G. Steinbriigge™?>/, S. Padovan'"“’, H. Hussmann'""', T. Steinke3'"’, A. Stark'">’, and J. Oberst’

TGerman Aerospace Center (DLR), Institute of Planetary Research, Berlin, Germany, 2|nstitute for Geophysics, University of
Texas at Austin, Austin, TX, USA, 3Delft University of Technology, Delft, The Netherlands

Abstract we computed interior structure models of Mercury and analyzed their viscoelastic tidal
response. The models are consistent with MErcury Surface, Space Environment, GEochemistry, and Ranging
mission inferences of mean density, mean moment of inertia, moment of inertia of mantle and crust, and
tidal Love number k,. Based on these constraints we predict the tidal Love number h, to be in the range
from 0.77 to 0.93. Using an Andrade rheology for the mantle the tidal phase-lag is predicted to be 4° at
maximum. The corresponding tidal dissipation in Mercury’s silicate mantle induces a surface heat flux
smaller than 0.16 mW/m?2. We show that, independent of the adopted mantle rheological model, the ratio of
the tidal Love numbers h, and k, provides a better constraint on the maximum inner core size with respect
to other geodetic parameters (e.g., libration amplitude or a single Love number), provided it responds
elastically to the solar tide. For inner cores larger than 700 km, and with the expected determination of h,
from the upcoming BepiColombo mission, it may be possible to constrain the size of the inner core. The
measurement of the tidal phase-lag with an accuracy better than ~0.5° would further allow constraining the
temperature at the core-mantle boundary for a given grain size and therefore improve our understanding of
the physical structure of Mercury’s core.

Plain Language Summary Due to the proximity to the Sun, tides are raised on Mercury in a
similar way the Moon causes ocean tides on Earth. Although Mercury’s surface is rigid, a large fluid core
causes a tidal wave propagating around the planet. Using results from NASA’s MESSENGER mission, we
calculate that the surface should also deform by around 20 cm to 2.40 m during each Mercury orbit around
the Sun. This is an amplitude that could be detected with a laser altimeter, one of the instruments onboard
the upcoming BepiColombo mission. We show how the interior structure of the planet, in particular the
size of an inner solid core, can be constrained by the tidal measurement. This result will help us to better
understand Mercury’s evolution and to constrain models explaining the magnetic field generation in
Mercury’s iron core.

1. Introduction

From 2011 to 2015, NASA’s MErcury Surface, Space Environment, GEochemistry, and Ranging (MESSENGER)
spacecraft (Solomon et al., 2011) orbited Mercury and was able to provide, in combination with Earth-based
radar measurements, a set of geodetic constraints on the interior structure of the planet. Mercury’s mean
radius of (2,439.36 + 0.02) km (Perry et al., 2015) in combination with the gravitational parameter GM of
(2.203209 + 0.000091) x10'3 m/s? (Verma & Margot, 2016) leads to a mean density of 5,427.75 kg/m?3. This
high value in combination with Mercury’s size indicates a significant fraction of iron in Mercury’s composition.
The mean moment of inertia (Mol) has been first determined by ground-based radar observations of Mer-
cury’s spin state to a value of C/MR? = 0.346 + 0.014 (Margot et al., 2007). With updated values for the gravity
field inferred from MESSENGER radio science observations, a value of 0.349 + 0.014 was found (Mazarico et al.,
2014). The measurement of the physical librations at the 88 days orbital period using laser altimetry and stereo
imaging data gave a value of 0.343 + 0.014 (Baland et al., 2017; Stark et al.,, 2015). A value smaller than 0.4
indicates a concentration of mass toward the center of the planet, thus indicating the abundant iron is likely
concentrated in a large core. In the Cassini state, a combination of libration amplitudes, gravitational field, and
obliquity provides an estimate of the Mol of the mantle and crust (Peale, 1976; Peale et al., 2002). The deter-
mined values for the fractional part of the Mol of the mantle and crust (C,,/C) range between 0.431 + 0.025
(Margot et al., 2012) and 0.421 + 0.021 (Stark et al., 2015). The measured libration amplitudes of (35.8 + 2) arc
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seconds (Margot et al., 2007) and (38.9 + 1.3) arc seconds (Stark et al., 2015) reveal an at least partially molten
core (Hauck et al., 2013; Margot et al., 2007, 2012; Stark et al., 2015). Further constraints come from the mea-
surement of Mercury'’s tidal Love number k,. The value indicates the added contribution to an imposed unit
amplitude gravity potential of degree 2 at the surface of the planet due to an internal redistribution of mass.
This redistribution is a consequence of the tidal forcing that is exerted by the Sun during Mercury’s orbit. k,
has been determined to be 0.451 + 0.014 by Mazarico et al. (2014) and 0.464 + 0.023 by Verma and Mar-
got (2016). Based on the k, determination of Mazarico et al. (2014), Padovan et al. (2014) examined multiple
interior models in agreement with the k, measurement. The authors showed that in the presence of a liquid
core with known size, k, is informative of the temperature and rheological parameters of the mantle. They
inferred a cold and/or rigid mantle and further concluded that the presence of a previously suggested solid
FeS layer (Malavergne et al., 2010; Smith et al., 2012) is only in agreement with the measurements when the
temperature at the core-mantle boundary (CMB) is <1,600 K.

The core generates a weak magnetic field with an unusually large quadropole moment (Anderson et al., 2012).
Possible origins are the classical dynamo driven by latent heat and chemically induced density differences
from crystallization at the inner core boundary (Cao et al.,, 2014; Manglik et al., 2010), but alternative models
involving iron snow formation dynamics have been proposed (Dumberry & Rivoldini, 2015). Independent of
the model assumed, a key factor of the magnetic field generation models is the presence and, if it exists, the
size of the solid inner core.

Since a solid core has a different density than a liquid core in the presence of light-alloying elements, the den-
sity contrast also influences the polar Mol. The mantle Mol indirectly depends on the inner core, since the core
and mantle Mol needs to sum up to the polar Mol. However, the different Mols do not give unique solutions
for the currently published values, thus, it is not possible to determine the inner core size from these quantities
(Rivoldini & Van Hoolst, 2013). In this work we study the tidal deformation of Mercury based on the geode-
tic constraints from the MESSENGER mission and show that a future determination of the tidal Love number
h, can yield important constraints on the inner core size, when combined with the available (or future) mea-
surements of k,. We further study the potential range of tidal phase-lags and resulting tidal heat dissipation
in Mercury’s mantle. All the geodetic parameters discussed in this paper are expected to be measured by the
upcoming BepiColombo mission (Benkhoff et al., 2010) scheduled for launch in October 2018 and operated
by the European Space Agency and the Japan Aerospace Exploration Agency.

2. Methods

The construction of the interior models of Mercury follows a two-step approach. We first compute structural
models, which are then used to compute the tidal response of the planet. The interior models consist of three
chemically separated layers: a core surrounded by a mantle and a crust. While the crust is kept as one single
layer, the mantle and core are further subdivided into 5 and 20 equally spaced sublayers, respectively. Each
sublayer is characterized by its thickness, density, temperature, pressure, viscosity, and rigidity. We tested that
a larger number of sublayers would not affect the results.

2.1. Governing Equations

The models are built from outside to inside and generally follow the recipe from previous studies (e.g.,
Hauck et al., 2007, 2013; Knibbe & van Westrenen, 2015). Assuming the densities in the mantle and crust
to be constant, we compute the pressure and gravitational acceleration at the CMB. From there on, pres-
sure and temperature of the core are propagated inward satisfying equations (1)-(5). Equation (1) is a
third-order Birch-Murnaghan equation of state giving the pressure P at radius r as a function of density p and

temperature T.
3K 7/3 5/3
o[- (2)
2 Po Po

3 2/3
: [1 + —(K6—4)<<£> - 1>] + agKy(T() = T).
4 Po

Tor Pos Ko, Ki, and a are the reference temperature, density, isothermal bulk modulus as well as its pressure
derivative, and the reference volumetric coefficient of thermal expansion, respectively. A list of all parameters
used to calculate the properties of the core in this study can be found in Table 1.
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Table 1
Parameters Derived From Laboratory Measurements Used for the Computation of the Interior Structure of Mercury’s Liquid and Solid Core
Solid Core
Parameter Value Unit Source
Tofe 298 K Komabayashi and Fei (2010)
Pofe 8,170 kg/m?3 Komabayashi and Fei (2010)
Ko re 165.3 GPa Komabayashi and Fei (2010)
K&Fe 5.5 - Komabayashi and Fei (2010)
o fe 6.4x107° K Komabayashi and Fei (2010)
To.Fe-i (17 wt%) 300 K Lin et al. (2003)
P0.Fe-Si (17 wioh) 7,147 kg/m?3 Lin et al. (2003)
Ko re-si (17 wtos) 141 GPa Lin et al. (2003)
Ké,Fe_Si (17 wit) 5.7 - Lin et al. (2003)
0 Fe-si (17 wid%) 5.5% 107 K- Uchida et al. (2001), Lin et al. (2003)
Liquid Core
Parameter Value Unit Reference
To.Fe-Si (17 wt%) 1650 K Sanloup et al. (2004)
PO.Fe-Si (17 wioh) 6,300 kg/m3 Sanloup et al. (2004)
Ko Fe-si (17 wtos) 79 GPa Sanloup et al. (2004)
K(,),Fe—Si A 4 - Sanloup et al. (2004)
Q0 Fe-si (17 widk) 9.2x107° K1 Sanloup et al. (2004)
To.Fes 1770 K Knibbe and van Westrenen (2015) and Sanloup et al. (2000)
POFeS.a 31,524 kg/m3 Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)
POFeS b —20,012 kg/m?3 Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)
PO.FeS.c 7,019 kg/m3 Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)
Ko res.a 780.8 GPa Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)
Ko res.b —462.4 GPa Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)
Ko.Fes.c 86.6 GPa Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)
K(,),FeS 5.1 - Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)
@ Fes 9.2x107° K1 Knibbe and van Westrenen (2015),Sanloup et al. (2000), and Jing et al. (2014)

Note. The hyphen indicates that the respective quantity is unitless.

The pressure can be calculated from the overlaying layers by integrating from the outer radius R down to the
current radius r:

p(r) = / p(X)g(x)dx, )
R
where the function g denotes the gravitational acceleration of each layer and can be calculated by
4zG ['
g(r) = :[—2 p0OX2dx. (3)
0

The adiabatic temperature profile in the core is obtained by integration of the adiabatic relation

dr  «aT
a _ o’ 4
dap pC,’ )

where C, is the thermal and a is the thermal expansion coefficient. If the temperature is above the Debye
temperature, which is around 1000 K for terrestrial planets, the thermal expansion coefficient can be

obtained from
dP

%.
In this work we use a thermal heat capacity for the core of 825 J/(kg K) (Beutl et al., 1994; Knibbe & van
Westrenen, 2015). We use a constant heat capacity within our models, but variations of this value have little

5)

ayKy = ap
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influence on our results. By performing the inward propagation, the problem reduces to solving equations (1),
(4), and (5). These are solved simultaneously for the density p at the given depth, the temperature T, and
the coefficient of thermal expansion « using a Levenberg-Marquardt algorithm (Levenberg, 1944; Marquardt,
1963) to allow for self-consistent core models. For models with mixed Fe-FeS-FeSi composition, the parame-
ters in equations (1)-(5) are linearly interpolated from the values given in Table 1. The bulk modulus of sulfur
is quadratically interpolated as

2 2
Kores = Kores.a'Xs + Kofesp = Xs + Kipes - 6)

At each sublayer the liquidus for the respective sulfur and silicon content is checked and if the temperature is
lower than the melting temperature at the corresponding pressure, the state of the core below and including
that sublayer is switched from liquid to solid. The parameterization for the liquidus of a sulfur-enriched Fe core
is taken from Dumberry and Rivoldini (2015) and modified according to Knibbe and van Westrenen (2015) to
account for the further decrease of the melting temperature due to the Si content. The melting temperature

of the Fe-FeS-FeSi system is then described as a function of pressure P, sulfur content y, and silicon content
o TrreP) = To.(P)
m,Fe —le
Tn(P, X5, X)) = Tm,Fe(P) - —SZS

€s

Tonge(P) = Tog (P)
Xeg;

Asi-

T re is the melting temperature of pure iron which is parameterized as a function of pressure by

Tnre(P) = a,(Py + P)*2, (8)

with a; = 495.5 K/GPa?, a, =0.42, and P, = 22.2 GPa (Dumberry & Rivoldini, 2015). In equation (7), T and T,
are the eutectic temperatures of the FeS system with sulfur content y,_and the FeSi system with the silicon
content ., respectively. The FeS system is parameterized as a function of pressure as

1265K — 11.15(P — 3GPa)K/GPa for 3 GPa < P < 14 GPa
T..(P) =1 1143K — 29(P — 14GPa)K/GPa  for 14 GPa < P <21 GPa )
1346K — 13(P — 21GPa)K/GPa for 21 GPa < P <60 GPa

and

Ze, = 0.11+0.187 exp (—0'065P> ‘

GPa

Since no information about the eutectic temperature of FeSi as a function of pressure is available from exper-
imental data, we follow the approach of Knibbe and van Westrenen (2015) and use T, .(P) — T, = 400 K at
26 wt% Si based on the lab measurements from Kuwayama and Hirose (2004).

(10)

The inner core is assumed to be isothermal and to have an FeSi alloy composition with a silicon content being
the same as in the liquid phase. Once the melting point is crossed, we keep the temperature below that point
isothermal in our model. For sulfur contents up to 15 wt%, sulfur does not solidify and stays in the liquid phase
leading to a sulfur free inner core, for higher contents an additional FeS layer would form. In the presence of
silicon it has also been suggested that the liquid core would partition into a lower Si-rich part and an upper
S-rich part leading to an accretion of solid FeS in the mantle layer (Hauck et al., 2013). However, previous
studies (Knibbe & van Westrenen, 2015; Padovan et al., 2014) seem to indicate that the presence of such layer
is unlikely, and therefore this particular case is not further treated in this study. Additionally, there are possible
regimes in which the melting point curve can be crossed in the upper part of the core generating iron snow
(Dumberry & Rivoldini, 2015). We do not consider this possibility since the goal of this work is to investigate
the effect of an inner core on the geodetic parameters, not to constrain the inner core composition or growth
mechanism. We obtain inner core sizes encompassing previously published ranges (section 3).

2.2, Structural Models

Typically, interior structure models are built using either standard Monte-Carlo methods (e.g., Hauck et al.,
2013; Knibbe & van Westrenen, 2015) or Bayesian methods (e.g., Rivoldini & Van Hoolst, 2013). Here we
approach the modeling in a slightly different way. We first create grids both for the input parameters (crustal
density and thickness, and sulfur and silicon content in the core, CMB temperature) and for the observables
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(mean density, polar Mol, and Mol of the mantle and crust). The initial crust parameters are varied between
thicknesses of 10 and 40 km with a step size of 2 km and densities between 2,600 and 4,000 kg/m3. The den-
sity step size is 10 kg/m?3. The sulfur content of the core is assumed to be between 0% and 14%, varied with
a step size of 1%. Limiting the range to a value below 15% means that during core solidification the sulfur
remains in the liquid phase. The silicon content of the core is varied between 0% and 26% with a step size
of 2%, a range comparable to the values used in previous work (Hauck et al., 2013; Knibbe & van Westrenen,
2015). The temperature at the CMBiis initially assumed to be between 1400 K for a cold mantle and 2000 K rep-
resenting a very hot mantle. The step size is 10 K. Note, however, that the most likely range might be between
1600 and 1850 K based on the liquidus of the mantle and the thermal evolution models (e.g., Tosi et al., 2013).
By choosing a more conservative temperature range, we compensate for other uncertainties, for example, the
unknown crustal enrichment factor.

Each node of the input parameters grid is then combined with a node of the observables grid, which corre-
sponds to the mean density (p), the mean Mol, and the fractional part of the Mol of the mantle (C,,/C). The
used mean Mol is 0.346 + 0.014 and has been taken from Margot et al. (2012) but is consistent with the value
derived by Stark et al. (2015). The assumed C,,,/C value is 0.421 + 0.025 and taken from Stark et al. (2015).
However, within the used error intervals the C,, /C is also consistent with the value 0.431 + 0.021 determined
by Margot et al. (2012). The Mol and C,,/C are varied within their 3-o error bar with a step size of 0.02. We
thereby obtain around 166 million possible combinations of initial parameter sets equally distributed within
the parameter space. The remaining unknowns of the model are the radius of the core (R,), its density param-
eterized by the reference density (p,) via equation (1), and the density of the mantle (p,,). For each grid point
of the observables and initial model parameters, we solve for R, p,, p,,, by iteratively modifying their values
using the Levenberg-Marquardt algorithm (Levenberg, 1944; Marquardt, 1963). In details, a first guess is used
to compute the pressure at the CMB. Note that the mantle density is kept constant for all sublayers. Using the
core modeling described above, we then determine the core size. The resulting density profile is used to com-
pute the geodetic observables (C/MR?, C,,/C, p), which are then compared to the values of the current node
of the observables grid. The iteration is stopped when the target values for the Mol and C,,,/C is reached with
a relative accuracy better than 107 and the mean density is within the error bounds.

The numerical procedure just described does not guarantee that density is always increasing with depth. A
solution is retained only if the resulting model is hydrostatic and if the solved core reference density is con-
sistent with laboratory measurements as listed in Table 1 within +200 kg/m? for the respective composition
of the model. The +200 kg/m?3 is an upper bound on the individual laboratory measurement errors on the
reference densities. After applying these constraints, we have around 1.3 million models left.

An example model is given in Figure 1. The pressure for this model is around 6 GPa at the CMB and 36 GPa in
the center, in agreement with previous studies (Dumberry & Rivoldini, 2015; Hauck et al., 2013).

2.3. Rheological Models

In a second step the rheological model is computed. For this step we follow the same approach as Padovan
etal. (2014) using a Maxwell model for the inner and outer core and crust and a pseudo-period Andrade model
for the mantle (Jackson & Faul, 2010). Each valid structural model is provided with a set of different mantle
rheologies, parameterized by the unrelaxed rigidity and the grain size. For the unrelaxed rigidity, we use values
between 59 and 71 GPa and a step size of 2 GPa based on mineralogical models for the mantle of Mercury
(Malavergne et al., 2010; Padovan et al., 2014; Rivoldini et al., 2009). The grain size is varied between T mm
and 1.2 cm with a step size of 2 mm. Based on these, the tidal Love number k, is calculated and compared
against the measurement. The nominal value used for k, is 0.464 + 0.023 (Verma & Margot, 2016) but the 3-¢
error bar includes the value determined by Mazarico et al. (2014). Since Mercury has a thin mantle which does
not reach high pressures, the effect of compressibility can be neglected. The tidal Love numbers can then be
computed using a matrix propagation method (e.g., Segatz et al., 1988) taking as input the radial profile of
density and complex shear modulus g, which in the case of a Maxwell model is given by

iopy
i+ £
n

(1m

In equation (11) w is the tidal frequency 2z /t with t being the tidal period, that is, ~88 days for Mercury (Van
Hoolst & Jacobs, 2003). y, is the unrelaxed rigidity of the corresponding layer and 7 its viscosity. The ratio
1/ uy corresponds to the Maxwell-time 7, of the material. In the case where 7, > 27 /@ the medium reacts
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Figure 1. Example of a structural model consistent with the geodetic constraints. The core has 6 wt% sulfur, 8 wt%
silicon, and a radius of about 2,000 km. Panel (a) shows the density profile assumed constant in the mantle and the
crust. The phase transition from a liquid to solid core occurs at a radius of around 500 km. Panel (b) shows the
gravitational acceleration and Panels (c) and (d) show the temperature and pressure profiles. The pressure is around
6 GPa at the core-mantle boundary and 36 GPa in the center.

fully elastically to external forces, while in the case 1), < 27 /w the material is in the fluid regime. We use the
Maxwell rheology for the solid inner core and the crust since both are assumed to respond elastically and the
liquid core is in the fluid regime. However, the mantle is expected to show a viscoelastic response to the exter-
nal tidal potential (r), ~ 27 /w) and it has been shown previously that in this case a Maxwell description is
inadequate since it does not provide a good fit to laboratory and field data in the low-frequency range (Efroim-
sky & Lainey, 2007; Nimmo et al., 2012; Padovan et al., 2014). Therefore, for the mantle we employ the Andrade
pseudo-period model introduced by Jackson and Faul (2010), which has been fitted against melt-free olivine.
Even if the Andrade model has been successfully applied for a wide set of materials, it should nonetheless be
noted that the application to tidal frequencies is still an extrapolation. The complex shear modulus within this
model is expressed as

AT
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where J; and J; are the real and negative imaginary parts of the complex compliance given as

1 " —a ar
o= [1 +AT( + @) cos(—2 )] (13)
_ 1 o (O 1
h=o [/} I'(1 + @), sin (—2 >+ wpr] . (14)

In the equations above, u;, denotes the unrelaxed rigidity, @ and g* are the Andrade creep coefficient
and parameter, respectively, and T is the Gamma-function. The tidal frequency is replaced here by the
pseudo-frequency w, = 2z /X,, where X, is the pseudo-period master variable (Jackson & Faul, 2010; Padovan
etal, 2014). It is temperature- and pressure-dependent and can be computed by

O (1o OIS

The exponent m characterizes the dependence on the grain size d. E; is the activation energy and V the
activation volume. R is the ideal gas constant and P, and T, are the reference temperature and pressure.
The unrelaxed rigidity can be calculated from the temperature and pressure of the respective layer. We cal-
culate them for a reference temperature of T, = 1173 K and a reference pressure of P, = 0.2 GPa (Jackson
& Faul, 2010) as

du du
uy(Ts Pr) = po + (T — TR)E +(P- PR)%' (16)

For the composite rigidity p,, we used values between 59 and 71 GPa representing the possible end mem-
bers of Mercury’s mantle composition calculated by Padovan et al. (2014) based on mineralogical models by
Rivoldini et al. (2009) and Malavergne et al. (2010). du /dT is set to 13.6 X 103 GPa/K and du/dP to 1.8 (Jackson
& Faul, 2010). We consider grain sizes are between 0.5 and 1.2 cm. This range covers values expected from
creep mechanisms in the mantle (e.g., Karato & Wu, 1993) and the preferred values for the grain size of Mars
and the Moon (Nimmo et al., 2012; Nimmo & Faul, 2013). All further parameters used to compute the rheol-
ogy in this study are summarized in Table 2. The pressure inside each layer is given by the respective structural
model and the temperature is controlled by the CMB temperature as well as by the surface temperature,
which is set to 440 K (Padovan et al., 2014). The temperature profile is obtained by solving the static heat
conduction equation

k%%<r2%>+pH=0. (17)
The heat production rate H is set for the crust to H. = 2.2 x 10~"" W/kg (Peplowski et al., 2011). For the
mantle we used H,, = H./2.5 (Padovan et al,, 2014) in agreement with the enrichment factor derived by
Tosi et al. (2013). The value of the thermal conductivity k is set to 3.3 W/m/K (e.g., Tang et al., 2014). For
a given temperature profile the rigidity and viscosity of each layer can then be derived from the complex
compliance by

w=1/y/2+ 2], (18)

n= 1/(J,a)p). (19)

3. Results

We find models with liquid cores between 1,950 and 2,100 km in agreement with Hauck et al. (2013), Rivoldini
and Van Hoolst (2013), and Knibbe and van Westrenen (2015). Mantle densities are between 2,800 and
4,000 kg/m3, a range that covers all possible composition models for Mercury’s mantle (e.g., Padovan et al.,
2014; Rivoldini et al., 2009). The maximum inner core size is around 1,500 km, which is compliant with the
models found by Dumberry and Rivoldini (2015) but slightly smaller than 1,690 km found by (Knibbe & van
Westrenen, 2015). However, this is likely related to the parameter spaces used in the individual studies. We do
not have any models without light-alloying elements in the core. Any of these models would freeze out and
a completely solid core is not in agreement with the geodetic constraints.
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Table 2

Rheological Parameters Used in the Computation of the Tidal Love Numbers

Parameter Symbol Value Unit Reference
Crust rigidity Hy 55 GPa Padovan et al. (2014)
Crust viscosity n 1023 Pa/s Padovan et al. (2014)
Liquid core rigidity Hy 0 GPa -

Liquid core viscosity n 0 GPa -

Solid core rigidity Hy 100 GPa Padovan et al. (2014)
Solid core viscosity n 1020 Pa/s Padovan et al. (2014)

Andrade creep coefficient 0.33 - Jackson and Faul (2010

)
Andrade creep parameter B 0.02 - Jackson and Faul (2010)
Reference temperature Tr 1173 K Jackson and Faul (2010)
Reference pressure Pg 0.2 GPa Jackson and Faul (2010)
Reference grain size dgp 3.1 um Jackson and Faul (2010)
Grain size exponent m 1.31 - Jackson and Faul (2010)
Activation volume v 10~ m3/mol Jackson and Faul (2010)
Activation energy Eg 303 kJ/mol Jackson and Faul (2010)

3.1. Tidal Love Numbers

Typical k, values range between 0.45 and 0.52 implying that the measured value argues for a high mantle
rigidity, large grain sizes, and/or a lower temperature at the CMB in agreement with Padovan et al. (2014). In
the considered range of models the tidal Love number h, ranges between 0.77 and 0.93. The corresponding
radial tidal amplitudes are between 1.93 and 2.33 m at the equator and 0.24 and 0.29 m at the poles. For
the tidal Love number /,, we find values between 0.17 and 0.20. The main parameters controlling h, are the
size of the liquid core and the unrelaxed rigidity of the mantle, while the sensitivity to the mantle density is
small. Both CMB temperature and grain size influence h, (section 3.3) through their strong effects on viscosity
(equation (15)).

3.2. Inner Core Radius

The size of Mercury’s inner core is a key parameter to understand the workings of the planetary dynamo.
Previous studies (Dumberry & Rivoldini, 2015) found that the radius of the inner core is likely smaller than =
1,300 km with smaller core sizes being favored, while Knibbe and van Westrenen (2015) found a maximum
inner core size of 1,690 km. However, no direct measurements are currently available and it is not evident
that an improved measurement accuracy of the Mol and C,,,/C will lead to a direct detection (Margot et al.,
2017; Rivoldini & Van Hoolst, 2013). Peale et al. (2016) pointed out that the value of the Mol has to be adjusted
due to a possible additional torque from a nonspherical inner core. This effect is greater for larger inner core
radii (>35% of the solid core radius). For smaller inner core radii, the Mol would not be affected significantly.
In the most extreme case (large and dense inner core) with an inner core radius and density of 60% of the
outer core radius and 10,000 kg/m?3, respectively, the dimensionless Mol would be reduced to about 0.316.
Furthermore, Dumberry et al. (2013) showed that the 88 days libration amplitude has to be corrected by a
factor of 1/(1+¢) where ¢ can reach values of order 0.05 for large inner cores, resulting in an overestimation
of C,,/C by up to 5%. Both effects show the importance of attempting to place constraints on the inner core
size. These possible reductions have to be taken into account when placing the constraints on our models.
In this study we use the constraints from the Mol without taking additional torques from the inner core into
account. Should the values obtained for h, suggest a large, dense inner core, the Mol constraints would have
to be adjusted accordingly.

The measurement of h, is listed among the objectives of the BepiColombo Laser Altimeter (BELA) aboard the
BepiColombo mission (Thomas et al., 2007). An important advantage of having both tidal Love numbers is
that certain trade-offs among the parameters can be suppressed by combining them (e.g., Hussmann et al.,
2011; Wahr et al., 2006). The main parameter controlling the magnitude of k, and h, in case of Mercury is
the radius of the liquid part of the core. Further, the amplitude of the tidal deformation is controlled by the
mantle rheology. For the given geodetic constraints, and for each Love number individually, the magnitude
is mainly controlled by the thickness and rheological properties of the mantle, while the size of the inner core

STEINBRUGGE ET AL.

2767



..............

Journal of Geophysical Research: Planets

10.1029/2018JE005569

0.8
2150 0.925
0.7 I! H ‘ 0.48
<o.6] | ‘ L , 2100E  £0.900
g 1l = g
] g <@ 0.47
205 20502 £ 0.875
> il T Z i
Z0.4 @ 0850 —+% <
2 ! 20009 3 ST
o o i 0.46
- 03 f O —0.825
o s
S0 19508 o
iz 0. 2 :
’ = 0.800 . i l .
1900 T
0.1 _ 0.775{ . |
00y 500 1000 1500 2000 500 1000 1500
Inner Core Radius [km] Inner Core Radius [km]
(a) (b)
0.68
2.00 3500 0.66/ ||}t 3500_
T aeal tbHIEILE E
1.95 ' 30003 SRS i,[; 1 30009
pe 7 <o62 Ra i1y [
gl'go e, i 25008 L THE 3 2500%
£ L S Y060 =
1.85 aby g # 1 B000°
i 20002 oss 15 z
1.80 it S ' 2
A 15000 0.56 150083
| W%
175, 4t . o
: 1000 0.5 1000
500 1000 1500 500 1000 1500

Inner Core Radius [km] Inner Core Radius [km]

(@] (d)

Figure 2. (a) Tidal Love number k, as a function of inner core size for the full range of models consistent with the
geodetic constraints. No useful inferences can be made from the measured k, range (dashed lines). (b) The tidal Love
number h;, for the subset of models in agreement with the k, error interval from panel (a). The observable trend is given
by the strong correlation with k. (c) h,/k, as a function of inner core size. The distribution of points is relatively tight
and therefore potentially useful to constrain the inner core size. (d) The diminishing factor 1 + k, — h, as a function of
the inner core size. As for h, /k, in panel (c), there is a clear trend, however it provides a less strict constraint.

has only a minor influence (Figure 2a). However, a linear combination as well as the ratio h,/k, cancels out
the ambiguity to a certain extent. In presence of a density contrast between a solid core and a liquid core, the
size of an inner core is noticeable when combining both Love numbers. It should be noted that the density
contrast alone is not sufficient to observe the effect, the inner core must be solid, that is, in a predominantly
elasticregime (7, > 27 /w). Two liquid core layers with a strong density contrast would not reproduce the same
effect. Thus, an inner core showing a fluid response might not be revealed with the method proposed here or
it would appear to be smaller than its actual size, if the fluid response characterize only the outer part of the
inner core. The effect is further not limited to the measured value of k, but also noticeable when assuming
the full range of models from Figure 2a. The linear combination 1 + k, — h,, known as the diminishing factor,
has been proposed previously to better constrain thickness of the outer ice layer of Jupiter's moon Europa
(Wahr et al., 2006) and of other icy satellites as Ganymede (Steinbriigge et al., 2015). The diminishing factor
decreases with increasing inner core size, and the trend is stronger for larger inner cores. Similarly, the ratio
h, /k, increases with increasing inner core size, in particular for the larger sizes. The distribution of data points
is tighter for the ratio h, /k, than for the diminishing factor (Figures 2c and 2d). This finding implies that with
an accurate h, determination, a measure of h, /k, could provide at least an upper bound on the inner core
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Figure 3. Phase-lag of (a) k, and (b) h, as a function of the temperature at the CMB. The difference between both
phase-lags is < 0.2 at maximum and therefore barely noticeable. CMB = core-mantle boundary.

size. For inner cores larger than about 700 km, the steep slope of the h, /k, versus inner core size distribution
implies that the inner core size could potentially be inferred to roughly +100 km.

3.3. Phase-lags
The tidal Love numbers are complex numbers that are characterized by their amplitude and phase, which are
a function of the rheological parameters. The tidal phase-lag is defined as

Im(k,)

sz). (20)

arctan(gy,) =
Re(k,) and Im(k,) are the real and imaginary part of the complex number k,, respectively. In the elastic and
fluid limit of the rheology, the Maxwell-time is either significantly larger or lower than the forcing period, in
which case the body reacts instantly to the tidal forcing. Such a case implies further that no heat is dissipated.
The more the forcing period approaches the Maxwell-time, the more the body reacts viscoelastically and the
more heat is dissipated. The tidal dissipation can be derived from a multipole expansion in eccentricity and
inclination. To zero-th order inclination and fourth order in eccentricity e the mean tidal dissipation rate can
be derived from Makarov and Efroimsky (2014) as

GMZ, R°n 3 39 2043
E=—  im(k (-——2+—4), 21
A VT T @n

with R, a, and n being Mercury’s radius, semi-major axis, and mean motion, respectively. GMg,, is the gravita-
tional parameter of the Sun. A particularity of the 3:2 resonance is that the tidal dissipation barely depends
on the eccentricity. Therefore, also a body with a significant eccentricity like Mercury does not dissipate much
tidal energy. The main source of tidal dissipation on Mercury is the mantle and the maximum values for Im(k,)
consistent with the geodetic constraints range between 0.02 and 0.03 corresponding to a phase-lag of less
than 4° (Figure 3). This result is consistent with the maximum value derived by Baland et al. (2017) estimated
from the spin orientation. The maximum tidal dissipation expected from equation (21) using e = 0.205,
a = 57.9x 10° km, and an orbital period of 88 days corresponds to a surface heat flux <0.16 mW/m?2. Figure 3
shows the same range for the phase-lags of h, and k,. This is in contrast to the case of icy satellites, where the
phase-lag difference can be indicative for dissipation in the deep interior (Hussmann et al., 2016). The maxi-
mum difference is expected to be 0.2° but due to the small radial amplitudes the phase-lag of k, is more likely
to be measured than the h,-lag (see section 4). Using a viscoelastic inner core instead could lead to a phase-lag
difference of up to 0.8°. Since the compliance is mainly controlled by the temperature and grain size, a mea-
surement of a tidal phase-lag with an accuracy better than 0.5° would however help to further constrain the
temperature at the CMB and the grain size and therefore also further constrain the physical state of the core.
It should be noted, however, that the exact value of the phase-lag and corresponding dissipation depends on
the rheological model. We adopted the Andrade pseudo-period model, which is based on olivine (Jackson &
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Faul, 2010). While the dominant mineral in Mercury’s mantle may indeed be olivine (Namur et al., 2016; Vander
Kaaden & McCubbin, 2016), it is certainly not the only mineral. Furthermore, the iron content of Mercury’s
mantle is unknown, and iron has a strong influence on the flow properties of olivine (Zhao et al., 2009). How-
ever, our approach is warranted given that the simple Maxwell model is not able to fit observational and field
data (e.g., Efroimsky & Lainey, 2007) and that the Andrade pseudo-period depends on a smaller number of
unknown parameters with respect to the possibly superior extended Burgers-model (Jackson & Faul, 2010).

4. Discussion and Conclusion

We constructed a broad range of Mercury interior models compliant with MESSENGER measurements of mean
density, Mol, and C,,/C within their 3-c range. Our approach to sample the parameter space in a regular grid
is chosen to ensure that the complete range of possible models in agreement with the measurement con-
straints are represented in our analysis. If our current understanding of the interior structure of Mercury is
correct, then a measurement of the tidal Love number h, should fall within the range from 0.77 to 0.93. The
corresponding peak-to-peak deformations are between 1.93 and 2.33 m at the equator and between 0.24 and
0.29 m at the poles. These values are based on conservative ranges for the model parameters. Refined mea-
surements of the Mol, C,,/C, and k, are therefore expected to further constrain the range of radial surface
deformations. The remaining uncertainties should mainly be captured inside the interior modeling. Despite
different values for the parameters listed in Table 1 have been used previously in the literature, varying the
parameters involved shows that the results for the tides we presented in this study are robust against reason-
able variations on those parameters. Our models do not account for possible iron snow regimes, which might
resultin athermal boundary layer in the upper core. However, such a boundary layer would have minorimpact
on the tidal Love numbers as long as the core is partially liquid. While for the most part the model parame-
ters rely on laboratory measurements, uncertainties mainly linked to the composition of the core remain and
a measured h, number outside the predicted range could point out inaccurate assumptions of present-day
interior models. In the case of a compliant measurement the remaining range of possible values is particu-
larly valuable to obtain additional constraints on the inner core size. Circumstantial evidence points toward
a small inner core, that is, <1,000 km in radius (e.g., Margot et al., 2017). This assumption could be confirmed
or rejected with the proposed h, /k, measurement. In case of a small inner core however, its size is unlikely
to be constrained due to the little sensitivity of h,/k, to a small inner cores (Figure 2c¢). In case of an inner
core with a radius above 1,000 km, its size could be constrained due to the rapid growth of the h, over k,
ratio. Therefore, it would also allow for reassessing the Mol and providing constraints for models addressing
Mercury'’s core dynamics and related magnetic field generation. It is important to note that the dependence
of the ratio h, /k, on the radius of the inner core is independent of the assumed rheological model since the
same results hold when using a simple Maxwell rheological model for the mantle (see supporting informa-
tion). Taking advantage of the h, /k, versus inner core size dependence requires that the tidal Love number
h, can be measured with sufficient accuracy. Assuming that the h, determination dominates the h, /k, error
budget at the upcoming BepiColombo mission, an absolute accuracy of < 0.05 in h, would be needed to dis-
criminate between a large and a small core. For an h, value of 0.8 this corresponds to a measurement error of
6%. This is close to the estimated 7% by Koch et al. (2010) for the BELA (Thomas et al., 2007). The authors sug-
gest inferring h, from the time dependency of the spherical harmonics expansion of Mercury’s topography.
However, their estimation assumes a mission life time of 4 years and does not treat a wide range of systematic
errors (e.g., instrument alignment or rotational state). Indeed, due to the low tidal amplitudes and the 10 Hz
shot frequency of BELA, an accurate-enough determination will be very challenging. Alternative methods
like cross-over measurements suffer from the low-rotation rate of Mercury and a consequently low amount
of cross-over points at lower latitudes during the nominal mission (Steinbriigge et al.,, 2018). Therefore, cur-
rent estimates of the h, measurement accuracies point toward a confirmation or rejection of the presence of
a large inner core. However, a further assessment of the size of the inner core will depend on the final instru-
ment performance in orbit, the mission lifetime, the accuracy of the alignment calibration, as well as on the
quality of the orbit reconstruction.

The tidal phase-lag is inferred to be lower than 4°. The tidal dissipation would then correspond to a surface
heat flux of <0.16 mW/m?. A measurement of the tidal phase-lag can be used to constrain the temperature at
the CMB for a given grain size and under the condition that the profile is conductive, which seems to be the
case based on thermal evolution models (Padovan et al., 2017; Tosi et al., 2013), and thereby further constrain
the physical state of Mercury’s core. The accuracy on the real and imaginary part of k, has been estimated for
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the Mercury Orbiter Radio Experiment (less et al., 2009) on board of the upcoming BepiColombo mission to
be 2.6 x 107* (Imperi et al., 2018). This corresponds to a phase-lag measurement with an accuracy of <0.1°
and therefore provides the needed precision. An estimate for the h, phase-lag is currently not available, due
to the small expected radial amplitudes unlikely to be measured. We expect it to be very similar to the k,-lag
and below 4°. Therefore, refined measurements of Mercury's gravity field and librations together with a simul-
taneous determination of h, as well as both the real and imaginary part of k, by the upcoming mission can
constrain the interior structure of Mercury, including the inner core size and possibly the temperature profile,
to an unprecedented level.
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