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The rheological properties of the mantle of super-Earths have important influences on their orbital and
thermal evolution. Mineral physics observations are reviewed to obtain some insights into the rheolog-
ical properties of deep mantles of these planets where pressure can be as high as ~1 TPa. It is shown that,
in contrast to a conventional view that the viscosity of a solid increases with pressure (at a fixed temper-
ature), viscosity will decrease with pressure (and depth) when pressure exceeds ~0.1 TPa. The causes for
pressure-weakening include: (i) the transition in diffusion mechanisms from vacancy to interstitial
mechanism (at ~0.1 TPa), (ii) the phase transition in MgO from B1 to B2 structure (at ~0.5 TPa), (iii)
the dissociation of MgSiO3 into MgO and SiO, (at ~1 TPa), and (iv) the transition to the metallic state
(at ~1 TPa). Some (or all) of them individually or in combination reduce the effective viscosity of constit-
uent materials in the deep interior of super-Earths. Taken together, super-Earths are likely to have low
viscosity deep mantle by at least 2-3 orders of magnitude less than the maximum viscosity in the lower
mantle of Earth. Because viscosity likely decreases with pressure above ~0.1 TPa (in addition to higher
temperatures for larger planets), deep mantle viscosity of super-Earths will decrease with increasing
planetary mass. The inferred low viscosity of the deep mantle results in high tidal dissipation and resul-
tant rapid orbital evolution, and affects thermal history and hence generation of the magnetic field and
the style of mantle convection.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Recently more than 400 of exo-planets have been found making
the list of planets much richer than we had before (e.g., http://exo-
planets.org, Howard et al., 2010). These exo-planets include planets
with the mass exceeding Earth mass, M, but less than that of giant
planets, called super-Earths. Super-Earths may have a range of
compositions (Valencia et al., 2007a), but mantles of these planets
are likely made of silicates or oxides much the same as Earth. With
increasing number of observed super-Earths, several groups of sci-
entists initiated a series of studies to develop models of structure
and evolution of Earth-like planets in general (Papuc and Davies,
2008; Sotin et al., 2007; Valencia and O’Connell, 2009; Valencia
et al.,, 2006, 2007a,b). In most of them, compositional models of
these planets are discussed, but there were no previous studies
on the rheological properties of super-Earths in any detail.

Rheological properties have strong influence on the nature of
mantle convection that controls most of the dynamics and evolu-
tion of terrestrial planets (Schubert et al., 2001). Rheological prop-
erties also control tidal dissipation that will affect the temperature
and orbital evolution of planets (Goldreich and Soter, 1966; Peale
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and Cassen, 1978; Valencia and O’Connell, 2009; Valencia et al.,
2007b). Viscosity of any condensed materials depends both on
temperature and pressure (e.g., Karato, 2008). However, the influ-
ence of pressure dependence of viscosity was not investigated in
any detail in the previous studies on super-Earths. For instance,
(Valencia and O’Connell, 2009) did not consider the influence of
pressure on viscosity in their analysis of viscosity of super-Earth.
In recent papers by Papuc and Davies (2008) and Tachinami et al.
(2010), some discussions are presented on the influence of total
mass on the rate of mantle convection and other processes of
super-Earths. Papuc and Davies (2008) and Tachinami et al.
(2010) adopted a simple relationship between pressure and viscos-
ity where log 17 (1: viscosity) increases linearly with pressure,

logn = a+ bP )

where a and b are constants (b =% > 0, V: activation volume, P:
pressure), and concluded that a super-Earth with a larger mass will
have a larger average viscosity.

The assumption of monotonic increase in viscosity with pres-
sure at a constant temperature used by Papuc and Davies (2008)
and Tachinami et al. (2010) is based on the limited knowledge at
relatively low pressures that viscosity of most of solids increases
with pressure (e.g., Karato, 2008). However, the limitation of such
a model becomes obvious if one considers rheological properties of
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matter at a very high degree of compression. When a material such
as FeO is compressed to a large degree, electron orbits start to over-
lap leading to the metallic state (e.g., Mott, 1968) and further com-
pression leads all materials to a dense state, p > ™3 (21tksT)*/? (p:
density, m: atomic mass, h: the Planck constant, kz the Boltzmann
constant, T: temperature), where the mean distance of atoms be-
comes smaller than the de Broglie length. In such a case, the quan-
tum mechanical tunneling effects allow nearly free relative motion
of atoms leading to a low viscosity (e.g., Landau and Lifshitz, 1964).
Therefore if viscosity increases with pressure at low pressures,
there must be some critical pressure above which viscosity of a gi-
ven material decreases with pressure.

In this paper, I will examine plausible mechanisms to cause
such a change in the viscosity—pressure relationship. Because di-
rect experimental studies under these conditions are missing,
one cannot obtain any detailed quantitative results, but limitations
with conventional approaches can be identified that will help
guide studies in this area. It will be shown that the conventional
idea of increase of viscosity with depth is not valid at pressures
comparable to or exceeding the zero-pressure bulk modulus of
the material (P/Ko > 1, P: pressure, Ko: bulk modulus (at P = 0)),
and that there will be a maximum in viscosity at a certain pressure
on the order of P/Ky ~ 1 (~0.1 TPa for most of oxides and silicates).
Consequently, the viscosity of the deep interior of super-Earths will
be smaller as the total mass of a planet increases. Some conse-
quence of such a rheological structure on the dynamics and evolu-
tion of super-Earths will also be discussed.

2. Structure of a super-Earth
2.1. Pressure and temperature in super-Earths

Sotin et al. (2007) and Valencia et al. (2006, 2007b) investigated
the structure of super-Earths. The pressure-depth relationships for
these planets can be developed based on the assumption of hydro-
static equilibrium, and the pressure is found to be ~1 TPa at the
based of mantle of the super-Earth with a total mass of 7 M, (Sotin
et al.,, 2007). Temperature distribution is uncertain because both
the distribution of heat sources and the rate of heat transport by
convection are not well known. Consequently, although the tem-
perature gradient in the main portion of mantles of super-Earths
is reasonably well constrained by the adiabatic gradient, the abso-
lute value of temperature is highly uncertain.

In this paper, I will first use the temperature-depth profile for
7 M., super-Earth estimated by Sotin et al. (2007) and Valencia
et al. (2006) to examine the general trend in the rheological behav-
ior of mantle materials in the pressure range of ~0.1 to ~1 TPa.
Such a discussion provides a guide as to the possible rheological
behaviors in this pressure range. However, results for a given tem-
perature profile cannot be extended to investigate the influence of
planetary mass on the (average) viscosity because of the important
role of temperature-viscosity feedback. The influence of tempera-
ture-viscosity feedback will be discussed later after I discuss a
plausible range of rheological behavior, and the viscosity-mass
relationships for super-Earths will be examined and its implica-
tions for the evolution of super-Earths will be discussed.

2.2. Materials in super-Earths

In this paper, I will consider super-Earths with Earth-like com-
positions. A standard compositional model of Earth is the pyrolite
model (Ringwood, 1975) that is made of a mixture of many oxides
and silicates (mostly MgO, FeO, SiO,, Ca0O, Al,03 and their com-
pounds). However, because the purpose of this paper is to examine
the gross rheological behavior of such planets, I choose a simple

compositional model where the mantle is made of MgO and
MgSiOs. In this model, the majority of mantles of super-Earths will
be made of perovskite (MgSiO3) + MgO (0.024 TPa < P < 0.12 TPa),
post-perovskite (MgSiOs) + MgO (at P> 0.12 TPa) and finally a mix-
ture of MgO +SiO, (at P>1TPa, Umemoto et al., 2006). MgO
undergoes a phase transition from NaCl (B1) to CsCl (B2) structure
at P ~ 0.5 TPa (Karki et al., 1997; Oganov et al., 2003) (Fig. 2) (these
are essentially pressure-induced phase transitions and the influ-
ence of temperature is minor (for T~5000K, AP~ 0.01-
0.03 TPa)). It is also noted that some of these oxides may change
into the metallic state under those conditions (e.g., Gramsch
et al., 2003; Mott, 1968; Nellis, 2010; Umemoto et al., 2006).

3. Rheological properties under high pressure, temperature
conditions

3.1. General introduction

Viscous deformation of solids occur through a variety of mech-
anisms (e.g., Frost and Ashby, 1982; Karato, 2008). At typical con-
ditions in the deep mantle, i.e. relatively high homologous
temperatures (T/T,, > 0.5, T;;;: melting temperature) and low stres-
ses (o/u < 1073, o: stress, u: shear modulus), most of solids de-
form plastically by mechanisms involving thermally activated
motion of crystalline defects. In these cases, the viscosity of solids
depends strongly on temperature and pressure as,

1= menp (PO

where 7 is the viscosity at pressure P, 1 is a reference viscosity (at
pressure Py), H*(P) is the activation enthalpy at pressure P, and R is
the gas constant. In many cases, the rate-controlling process of
deformation includes diffusion of atoms, and I will use a simple dif-
fusion-controlled model of high-temperature deformation where
the activation enthalpy of deformation is the same as that of diffu-
sion (of the slowest diffusing species) (e.g., Karato, 2008).

The pre-exponential factor may also depend on pressure, and in
such a case, Eq. (2a) needs to be modified to,

=1 (i) o0 () (2b)

where X(P) is an pre-exponential factor. However, the pre-exponen-
tial term changes with pressures only modestly compared to a pos-
sible range of change in exp (T P-H %)) term. For instance, if one

assumes H* =E"+PV* with V' =10 X 10~° m?/mol, then for a
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Fig. 1. The pressure-temperature distribution of the mantle of a super-Earth with a
mass of 7 M., (after Valencia et al. (2006)).
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Fig. 2. A schematic model of the structure of a super-Earth (a super-Earth with
Earth-like composition with a mass of 7 M.) (from Valencia et al. (2007b)). The
radius is ~11,000 km, A: upper mantle (olivine-rich), B: lower mantle (perov-
skite + MgO, post-perovskite + MgO, MgO + SiO;), C: core. The core-mantle pressure
is ~1.1 TPa and temperature is ~4000 K. The transition from upper to lower mantle
is at ~0.024 TPa. MgO undergoes a phase transformation from the B1 (NaCl) to (B2)
structure at ~0.5 GPa. MgSiOs; perovskite changes to post-perovskite at ~0.12 TPa,
and post-perovskite dissociates to MgO and SiO; at ~1 TPa. Metallization of oxides
may occur at ~1 TPa or higher pressures.

typical mantle temperature of T=5000K and for a variation of
P—Po=1TPa, L ~ 10'%, while the change in the pre-exponential
term is about a factor of ~10 (I used a model where the pre-expo-
nential term is made primarily of the Debye frequency). Therefore
I will focus on the exponential term in this paper. When crystal
structure changes or the nature of chemical bonding changes, then
all terms may change. In these cases, I will use a more general
approach using the systematics in high-temperature rheological
properties.

Note also that parameters such as #o and H* depend on the
material (crystal structure for a given composition) and on the
mechanism of deformation both of which will change under
high-pressure conditions in the deep interior of a super-Earth.
Because the pressure in a super-Earth covers a broad range (to
~1 TPa (P/Ko =~ 10)), all of these factors will play an important role
in controlling the rheological properties. In the following sections, I
will examine the influence of these factors separately.

3.2. Influence of pressure on viscosity

3.2.1. Pressure effects for a fixed deformation mechanism

Let us first consider a simple case where crystal structure and
deformation mechanism remain the same. In such a case, the depth
variation of viscosity is determined by the depth variation of 2.
To examine how this term affects the viscosity-depth profile, I will
use the temperature profile for a 7 M, super-Earth calculated by
Valencia et al. (2006). Because there are no experimental studies
on viscosity under these conditions, I will use a semi-empirical
approach to estimate the depth variation of viscosity through the
calculation of %8. Widely used semi-empirical models for diffu-
sion-related properties are (i) the homologous temperature scaling
model (Sherby et al., 1970) and (ii) the elastic strain energy model
(Keyes, 1963) for thermally activated processes (see Chapter 10 of
Karato (2008)). In the homologous temperature scaling, activation
energy is assumed to be proportional to the melting temperature,
viz., prdoo’p2). Therefore one needs to estimate the pressure
(depth) dependence of melting temperature. However, these two
methods are equivalent if one accepts the Lindemann model for
melting and the Debye model of lattice vibration (Poirier and

Liebermann, 1984).

Consequently, I will use the elastic strain energy model in this
paper. The validity of the strain energy model was examined by
Karato (1981) and Sammis et al. (1981). Karato (1981) showed that
this model works well for migration enthalpy but not for formation
enthalpy of defects (see also Chapter 10 of Karato (2008)). With
this model, the activation enthalpy can be written as

H'(z)=B-C(2)-V(2) 3)

where B is a non-dimensional constant (on the order of ~0.1), Cis a
relevant elastic constant and V is the molar volume. This model pro-
vides an explanation for the decrease of activation volume with
pressure (e.g., Poirier and Liebermann, 1984). Fig. 3 shows the
variation of viscosity with depth (pressure) for MgO based on the
results on elastic constants and molar volume from Karki et al.
(1997). The temperature and pressure distribution corresponding
to a super-Earth with 7 M, shown in Fig. 1 are used. Similar results
are obtained for perovskite (not shown). The depth variation of
H'(z) = B- C(2) - V(z) depends strongly on the choice of C. Assuming,
for simplicity, that Cis a linear combination of bulk and shear mod-
uli, i.e,, C = ¢K + (1 — ¢)G (K: bulk modulus, G: shear modulus), I
calculated the results for a range of ¢. It is seen that for a large value
of ¢, viscosity increases significantly with depth, but for a small va-
lue of ¢, viscosity changes only slightly with depth. A value of ¢
consistent with the experimental data of activation energy and vol-
ume in MgO by Van Orman et al. (2003) is ¢ = 0.0-0.2 yielding a vis-
cosity-depth profile where viscosity is nearly independent of depth.

A similar conclusion was obtained by Yamazaki and Karato
(2001) who calculated the viscosity-depth profiles of the Earth’s
lower mantle based on the experimental data on the activation
energies and volumes of diffusion in MgO and MgSiOs perovskite.

3.2.2. Effects of a change in diffusion mechanism

In the above analysis, I assumed that the mechanism of diffusion
remains the same, i.e., the values of B and ¢ do not change with
pressure. However, in a broad range of pressures (and tempera-
tures), microscopic processes of diffusion may change. Here I will
examine a possible change in diffusion mechanism with pressure.

In a dense oxide such as MgO, diffusion of atoms at low pres-
sures occurs mostly through the vacancy mechanism including
the diffusion of a vacancy pair (e.g., Ando, 1989). However, the
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Fig. 3. The viscosity-depth profile corresponding to a case without phase trans-
formation nor mechanism change. Viscosity-depth profile is calculated using Eq. (2)
with an activation energy described by the strain energy model (Eq. (4)). Molar
volume and elastic constants are from Karki et al. (1997) (the data on MgO are
extended to higher pressures; personal communication with Bijay Karki). ¢ is a
fraction of strain energy partitioned to the volumetric strain. The temperature-, and
pressure-depth relations for the 7 M., super-Earth are used (see Fig. 1a). Results for
various models with C=¢K+ (1 —¢)G (0< ¢ < 1) are shown. Experimental
observations for MgO (and perovskite) suggest 0 < ¢ < 0.2.
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vacancy mechanism of diffusion may become inefficient at high
pressures compared to the interstitial mechanism because the acti-
vation volume for the vacancy mechanism is larger than that for
the interstitial mechanism. For simplicity, let us use a linear
expression for activation enthalpy, i.e., H}, = E7, + PV},, where
Hj, is the activation enthalpy, Ej, is the activation energy, and
V1, is the activation volume for mechanism 1, 2 respectively. At
low pressures, a mechanism with a smaller activation energy will
dominate, whereas, at high pressures, the influence of activation
volume becomes important and a mechanism with a lower activa-
tion volume will dominate (i.e., for MgO E] > E; and V3 > V7, 1:
interstitial mechanism and 2: vacancy mechanism). The transition
pressure is given by
E, - E

Py, o
where | assumed that the difference in activation entropy (the pre-
exponential term) is small (exp(%;) ~ 1, see Shewmon, 1989). If such
a transition occurs, then activation volume decreases and the vis-
cosity in the high-pressure region will be lower than expected for
a case of no transition in diffusion mechanism.

This model was studied by Karato (1978) for a simple case of a
mono-atomic fcc crystal based on the theoretical calculation of de-
fect energies using a method by Kanzaki (1957) (for a brief sum-
mary see Appendix A). Results supporting such a concept was
recently published by Ito and Toriumi (2007) who made molecular
dynamics calculations of diffusion in MgO. They showed that the
viscosity calculated from diffusion coefficient in MgO has the max-
imum at ~60 GPa (~0.4 Ko) after which it decreases with pressure
(Fig. 4). Although the atomistic mechanism to cause the minimum
of diffusion coefficients was not investigated by Ito and Toriumi
(2007), it is possible that this is caused by the transition from
the vacancy to interstitial mechanism of diffusion. If this phenom-
enon occurs in the planetary mantle, then viscosity will be lower
than expected from a case without mechanism transition. Note
that the viscosity maximum (the diffusion minimum) was not ob-
served in other numerical studies where the diffusion mechanism
was assumed to be vacancy mechanism and the possibility of the
mechanism change was not considered (e.g., Ita and Cohen, 1997).

However, Karato (1978) also found that this mechanism transi-
tion is highly sensitive to the nature of inter-atomic potential, and
the transition pressure increases strongly with the increase in the
“stiffness” of the potential. When the potential is stiff, formation of
an interstitial atom needs a large amount of energy, and hence the
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Fig. 4. Solid curve: the normalized viscosity (#: viscosity, #o: viscosity at 660 km
depth), as a function of depth in Earth’s mantle based on the molecular dynamics
calculations of diffusion coefficients in MgO by Ito and Toriumi (2007) showing the
maximum at ~1200 km (60 GPa (~0.4 Ko)). Broken curve: a viscosity-depth profile
without the change in activation volume (diffusion mechanism).

transition pressure from the vacancy to the interstitial mechanism
becomes high. Therefore the transition pressure is likely sensitive
to materials. Based on the results by Ito and Toriumi (2007) and
Karato (1978), I assume that this transition occurs in MgO at
~0.1 TPa. After such a transition, viscosity will become lower than
the case without a mechanism change and the degree of viscosity
reduction is larger at higher pressures.

3.3. Influence of phase transformations

Phase transformations occur in most of mantle minerals under
high-pressure conditions in a planet. Various factors can affect
the rheological properties upon a phase transformation (for a re-
view see Chapter 15 of Karato (2008)). The change in grain-size
has the largest effect at low temperature, but the most important
mechanism is the influence of the change in crystal structure under
most of high-temperature conditions in the mantle of super-
Earths. The influence of crystal structure can be studied through
the studies on analog materials (e.g., Frost and Ashby, 1982;
Karato, 1989). Fig. 5 provides such a result based on Karato (1989)
and Frost and Ashby (1982). This figure indicates that among the
possible constituent of the mantles of super-Earths, MgO (with
the B1 (NaCl) structure) likely has the lowest viscosity and hence
has an important role in controlling the average viscosity of the
mantles of these planets (see also Yamazaki and Karato, 2001).

MgO likely changes its structure from B1 to B2 at ~0.5 TPa.
However, in the previous work by Karato (1989), creep strength
of materials with B2 structure was not considered. Here, [ examine
the differences in high-temperature creep behavior in materials
with these two structures. Two different data sets are available
to compare the difference in viscosity between B1 and B2 struc-
ture. First is a comparison of high-temperature power-law creep
behavior between NaCl (Franssen, 1994) and CsCl (Heard and
Kirby, 1981) (Fig. 6a). Compared at the same normalized conditions,
CsCl shows substantially smaller creep strength than NaCl (by a fac-
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Fig. 5. The crystal structure versus creep strength systematics for various materials
for power-law dislocation creep (based on Frost and Ashby (1982) and Karato
(1989)). Normalized stress (a/u, o: deviatoric stress, p: shear modulus) is plotted
against normalized temperature (T,,/T, T: temperature, T,,: melting temperature)
for a strain-rate of 107> s~'. The results for metals include those with fcc, bcc and
hep structures from Frost and Ashby (1982).
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tor of ~10-102). Under the conditions explored in these studies,
both of these materials show power-law creep behavior with the
stress exponent of n = 4.4, but the creep strength of CsCl is system-
atically smaller than that of NaCl (after the normalization).

A similar conclusion can be drawn from the comparison of ener-
gies of point defects (Rowell and Sanger, 1981) (Fig. 6b). Defect for-
mation energies are much the same between these structures,
whereas defect migration energies are distinctly different. Conse-
quently, the viscosity ratio between materials with these struc-
tures was calculated using the defect migration energies,

Mg Gy — Gpy
Ne2 exp ( RT ) ®)

where 77, 5, is the viscosity of the B1 or B2 phase, and Gy, g, is the
migration energy of point defects in the B1 or B2 phase respectively.

From the data complied in Fig. 6b, I estimate the viscosity ratio is
e 107,

” Similar results (smaller strength of the B2 phase than the B1
phase) were reported for low-temperature plasticity in MgO
(Meade and Jeanloz, 1988), although these results are not applica-
ble to deformation in planetary interiors. I conclude that materials
with the B2 structure have considerably smaller creep strength
than those of the B1 structure under most conditions. A compari-
son of diffusion coefficients of silicate perovskite and MgO also
shows a result similar to those shown in Fig. 5: diffusion coeffi-
cients in perovskite are considerably smaller than those in MgO
(Yamazaki and Karato, 2001).

Previous studies on deformation of post-perovskite phase have
been focused on deformation microstructures (lattice-preferred
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Fig. 6. A comparison of (a) high-temperature creep and (b) point defect migration
energies between B1 and B2 structure. (a) A comparison of high-temperature creep
in NaCl (Franssen, 1994) and CsCl (Heard and Kirby, 1981). (b) A comparison of
energies of point defects in NaCl and CsCl (Rowell and Sanger, 1981). G,, is the
migration energy of vacancy, T, is the melting temperature.

orientation) (Merkel et al., 2007; Miyagi et al., 2008; Yamazaki
et al., 2006) and no systematic studies have been made on high-
temperature creep of materials with the CalrOs structure (post-
perovskite structure). The only published quantitative study on a
post-perovskite phase that is related to high-temperature creep
is a paper by Ammann et al. (2010). They calculated defect migra-
tion energies in the post-perovskite phase of MgSiOs; and other co-
existing minerals under the D” layer conditions (0.13 TPa), and
found large anisotropy in defect migration energy in the post-peri-
vskite. However, defect concentration was not calculated and
therefore no quantitative conclusions on diffusion (and hence dif-
fusion-controlled high-temperature creep) can be obtained from
this study. If one makes an assumption (as these authors did) that
the defect concentrations are the same among co-existing minerals
and takes an appropriate average of diffusion coefficient, then one
would conclude that the post-perovskite phase has a similar or
somewhat larger creep strength (viscosity) than perovskite and
much stronger than (Mg, Fe)O (this conclusion is different from
the conclusion by Ammann et al. (2010) because they used an
incorrect averaging scheme as discussed by Karato (2010)).

3.4. Influence of metallization

As pressure increases, the inter-atomic distance is reduced and
then electron orbits (wave functions of electrons) of neighboring
ions overlap more and more. Consequently, at a certain point the
outer electrons of ions will be delocalized and hence the material
becomes metallic (e.g., Mott, 1968). Transition to metallic state
in some oxides has been reported (e.g., Knittle and Jeanloz, 1986;
Todo et al., 2001). Although there is no convincing case for metal-
lization of Earth-like oxides (such as (Mg,Fe)0), it is theoretically
feasible that metallization occurs eventually as one squeezes an
oxide (transition may occur at around ~1 TPa for some oxides,
see Umemoto et al., 2006). As seen from Fig. 5, metals in general
have smaller viscosity than other oxides compared at the same
normalized conditions and therefore this possible metallization
will reduce the creep strength (viscosity) (oxides with the B2 struc-
ture may be an exception: they may be as weak as metals).

4. Models of rheological structure of super-Earths

4.1. A model of viscosity-depth profile for a fixed temperature—depth
profile

In super-Earths with Earth-like composition, a majority of the
mantle is made of lower mantle type materials (Valencia et al.,
2007a). In the simple model used in this paper, the constituent
minerals of super-Earths are perovskite (MgSiOs)+ MgO, post-
perovskite (MgSiO3) + MgO and MgO + SiO,. I will discuss the rhe-
ological properties of such a region of super-Earths. In all of these
regions, relatively weak MgO occupies ~20-30% (in perov-
skite + MgO, post-perovskite + Mg0O) to ~60% (in MgO + SiO,).
With an inferred rheological contrast between MgO and co-
existing phases, a volume fraction of ~20-30% exceeds the
percolation threshold, and the rheological properties of a mixture
are largely controlled by that of a weak phase (IWL model by
Handy (1994), see also Stauffer and Aharony, 1992).

Given such a model, one can recognize four processes that will
affect the rheological properties substantially:

mechanism I (~0.1 TPa): transition in diffusion mechanism,
mechanism II (~0.5 TPa): B1 — B2 transition in MgO,
mechanism III (~1 TPa): dissociation of post-perovskite into
oxides,

mechanism IV (~1 TPa or higher): metallization of oxides.
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The magnitude of viscosity reduction at each step is not well
constrained by currently available data but using the systematics
and semi-quantitative study, one can make some plausible esti-
mates. The viscosity reduction by the mechanism I is gradual but
can be large (see Fig. 7). The mechanism II will further reduce
the viscosity by a factor of ~10? (see Fig. 6). The mechanism III will
further reduce the viscosity by a factor of ~3 through the increase
in the volume fraction of a weaker phase MgO (from 20-30% to
~50-60%). Metallization (mechanism IV) will also reduce the vis-
cosity. Although the dissociation of post-perovskite and metalliza-
tion have not been well established, all of these processes lead to
rheological weakening.

Consequently, I conclude that the viscosity of mantle materials
at a given temperature is likely reduced by the increase of pressure
in the pressure range exceeding ~0.1 GPa. The magnitude of de-
crease in viscosity is difficult to estimate, but using the above esti-
mated values and assuming a simple adiabatic temperature profile,
I conclude that the overall reduction in viscosity is at least by two
to three orders of magnitude. If an analogy to Earth’s mantle is
made and the average (peak) viscosity of ~10%2 Pa s for the lower
mantle of Earth is used as a representative viscosity before the
above mentioned processes take in (at ~0.1 TPa), then the viscosity
of the deep mantles of super-Earths is estimated to be on the order
of ~10'° Pa s for a super-Earth with 7 M, (Fig. 7). Because the vis-
cosity maximum occurs at ~0.1 GPa or so, the critical mass above
which deep mantle viscosity starts to decrease with mass is ~1 M.

4.2. Influence of viscosity-temperature feedback

In the previous sections, possible factors controlling the rheo-
logical properties of super-Earths’ mantle were discussed for an as-
sumed temperature-depth profile. However, temperatures in a
planet are strongly controlled by the rheological properties and
consequently, in a more complete study, the viscosity-tempera-
ture feedback needs to be included through a self-consistent

viscosity

(~0.1TPa) (~0.5TPa) (~1TPa)

depth (pressure)

Fig. 7. A schematic diagram showing the influence of various processes to modify
the viscosity-depth relationship. The following three processes are considered: I:
influence of mechanisms change in diffusion (~0.1 TPa). II: influence of B1-B2
transition in MgO (~0.5 TPa). IlI: influence of dissociation of MgSiO (~1 TPa). A
broken curve represents the viscosity—depth profile without these processes. The
variation of viscosity by a process I is continuous and its magnitude becomes larger
as pressure increases. The variation of viscosity by a process Il is about two orders of
magnitude (from Fig. 6). The reduction of viscosity by a process IIl is a factor of ~3
(caused by the increase in the volume fraction of MgO from ~20-30% to ~50-60%).
Metallization of oxides may occur at ~1TPa or higher pressures that will also
reduce the viscosity.

analysis (e.g., Tozer, 1972). This is critical particularly when one
compares the viscosity profiles of planets with different masses.
An analysis of such a feedback will involve the calculation of
thermal history (e.g., Kite et al., 2009; Papuc and Davies, 2008;
Tachinami et al., 2010). However, for simplicity, I will analyze
the effect of this feedback for the steady-state where heat genera-
tion is balanced with heat loss, viz.,

T-T,
2 6)

where M is the mass of the planet, H is heat production per unit
mass (by radioactive elements), A is the total surface area, Nu is
the Nusselt number, k is thermal conductivity, T is the representa-
tive temperature (the potential temperature), T is the surface tem-
perature, and d is the thickness of the mantle. The Nusselt number
represents the rate of heat transfer by convection relative to the
conductive heat transfer and hence depends on the viscosity, viz.,

3\ #
Nu— (Pg(x(TK;I Ts)d > (7)

MH=A-Nu-k

where $ is a non-dimensional constant (~1/3 for a simple boundary
layer model of convection; Schubert et al., 2001), g is the accelera-
tion due to gravity, o is thermal expansion, p is density and K is
thermal diffusivity (i =-%, C,: specific heat). If one assumes that
the Nusselt number depends on the representative temperature
(viscosity) of the mantle (the parameterized convection approach,
Schubert et al., 2001), then Eq. (6) provides a relationship between
mantle temperature and mass relationship.

In some previous studies on super-Earth, a power-law relation-
ship between some properties and the planetary mass was ex-
plored (e.g., Valencia and O’Connell, 2009; Valencia et al., 2007b).
In order to facilitate a comparison to these studies, I use the follow-
ing simple form of temperature and pressure dependence of
viscosity,

0o TP (8)

where 0 and s are non-dimensional parameters that characterize
the temperature and pressure dependence of viscosity respectively.
If one uses the Arrhenius relation, # o exp (E£Y), with a constant
V', then 0 = E4P" and y = 2. Obviously, neither 0 nor v is truly
constant but they depend on temperature and pressure. However,
when the temperature and pressure range are small, this parame-
terization can be justified as a crude guide to investigate the rela-
tion between planetary mass and temperature (and viscosity).

In the following, I will consider a simple case of constant den-
sity, thermal expansion, thermal diffusivity, and I will also assume
T > T;. This simplification may be justified because the variation of
thermal expansion, density and thermal conductivity is much
smaller than the possible range of variation of viscosity. Given
these assumptions, P « M*? and one has

2(1-2p+up) 2(144) 1
T < M3twp | = M3@&0  for ﬂ — § (9)

and

201-26+)0 , 2 2(0-4y)
N M 30 50p R M 3@

for [3:%) (10)

el and %81 calculated from Egs. (9) and (10) are plotted as a

function of 0 and  in Fig. 8. When viscosity is independent of tem-
perature and pressure, then 467 — 0.17 and 49" — 0. When viscos-

dlogM dlogM
ity is sensitive to temperature but not to pressure, then jl’(‘)’g& ~ 0.02
and §2%% ~ —0.6 for 0=30 and = 0 for example (see also Fig. 8).

Due to the self-regulation effects by the viscosity-temperature
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Fig. 8. Values of {27 and jﬂ;’g;j, as a function of two parameters (0, y) characterizing

the temperature and pressure dependence of viscosity, 1 o« T"P".

feedback, temperature in a planet is relatively insensitive to the
mass, but viscosity decreases with the mass. When pressure effect
is introduced, these trends change drastically. For instance, if

V' =3 x 107 m?/mol (with E =300Kk]/mol), then %%’ ~ 0.8 and

dlogM
jl’ggg,'g,z 2 (0~40 and Y ~40). In such a case, viscosity increases
strongly with the planetary mass despite the increase in tempera-
ture, and convection becomes sluggish in a large planet. However,
if the viscosity decreases with pressure as I suggest in this paper,
then the dependence of viscosity on planetary mass will be differ-
ent. In these cases, the temperature-pressure dependence of viscos-
ity becomes complicated and 6 and { need to be interpreted as
effective parameters. For instance, if the pressure dependence of
viscosity becomes negative due to the influence of the mechanism
change as discussed in Appendix, then the pressure dependence is
negative although the activation enthalpy remains positive. In
terms of effective parameters, such a situation corresponds to
0> 0 and ¥ <0, and hence viscosity decreases with planetary mass,

dlogn
dlogM <0.

5. Discussion
5.1. Implications for tidal dissipation

The proposed low viscosity of the deep mantles of super-Earths
has a direct implication for tidal dissipation. Tidal dissipation due
to non-elastic deformation caused by the interaction of a super-
Earth with its parent star controls the orbital evolution of a
super-Earth (e.g., Lin et al., 1996). Tidal dissipation occurs through-

out the planet, but most of tidal energy is stored in the deep part of
the mantle (Peale and Cassen, 1978). Consequently, the results of
present study on deep mantle viscosity can be applied directly to
tidal dissipation.

If we assume Maxwell body behavior, then the energy dissipa-
tion by tidal dissipation, E(t), is proportional to —2%, (w: fre-

1+w?72
quency of tidal deformation, 7 —Z’l is the Maxwell time (u:
shear modulus, #: viscosity of the deep mantle)) and E(T = 1352112

with (Emax: the maximum energy dissipation as a functlon of relax-
ation time) (e.g., Ross and Schubert, 1986). For a typical frequency
of w~ 1075571, elastic modulus of u ~ 10'?Pa, and a viscosity of
1 ~ 10* Pa s (typical lower mantle viscosity in Earth’s lower man-
tle), we get £2 ~2 x 1074 However, if a lower viscosity, say
n~10"Pasis s used as dlscussed m this paper then one gets much
more intense tidal dissipation, £2 ~ 2 x 10!, High tidal dissipa-
tion results in large internal heatlng and further reduces viscosity
that in turn enhances orbital evolution. The orbital evolution of
these super-Earths would be faster than previously thought.

5.2. Implications for thermal evolution, plate tectonics and magnetic
field generation

A number of important processes on a planet including volcanic
activities, generation of magnetic field, and the style of mantle con-
vection (e.g., plate tectonics versus stagnant-lid convection) de-
pend strongly on the rheological properties of its mantle. Several
previous studies addressed the nature of these activities on
super-Earths with a different degree of complications (e.g., Gaidos
et al., 2010; Kite et al., 2009; Papuc and Davies, 2008; Tachinami
et al.,, 2010; Valencia and O’Connell, 2009). For instance, Tachinami
et al. (2010) and Gaidos et al. (2010) evaluated the conditions for
magnetic field generation. When magnetic field is generated in
the core by dynamo, the conditions for magnetic field generation
is that the core is cooled rapidly enough to allow vigorous convec-
tion (e.g., Gaidos et al., 2010; Tachinami et al., 2010). Consequently,
the issue of generation of magnetic field on a planet is boiled down
to the evaluation of the rate of heat transport in the mantle, which
depends on mantle viscosity. When the conditions for the opera-
tion of plate tectonics are examined, one compares the stress mag-
nitude on the plate caused by convection with the resistance force
for plate subduction, and when the former is larger than the latter,
the surface layer can subduct and plate tectonics would occur (e.g.,
O’Neill et al., 2007; Valencia and O’Connell, 2009).

In these studies, one of the goals is to evaluate the conditions
where certain geodynamic activities operate on super-Earths as a
function of planetary mass. Consequently, the use of a proper scal-
ing relationship between the planetary mass and viscosity is essen-
tial. However, due to the lack of understanding of the influence of
pressure on viscosity under high-pressure conditions relevant to
super-Earths, either pressure dependence of viscosity was ignored
(Valencia and O’Connell, 2009) or a conventional formula such as
1 = 1o exp (E+EY) with a constant V" was used (Papuc and Davies,
2008; Tachinami et al., 2010) in the previous studies. The use of
a different scaling relationship proposed here will have an impor-
tant impact on the studies of dynamic activities on super-Earths.

6. Summary and perspectives

As a large number of Earth-like planets are found at various dis-
tances from their parent stars, it is important to understand the
dynamics and evolution of these planets including their orbital
evolution and some tectonic activities such as the presence or
the absence of plate tectonics and the magnetic field. The rheolog-
ical properties of their mantles are among the key properties that
have an important control on these issues.
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Materials science observations are reviewed to obtain some in-
sights into these properties in the deep mantle of super-Earths.
Four processes are identified that may have important influence
on rheological properties of rocky materials under 1TPa range
pressures. They include (i) a change in diffusion mechanism (at
~0.1 TPa), (ii) the B1 to B2 phase transition in MgO (at ~0.5 TPa),
(iii) the dissociation of MgSiO3 post-perovskite (~1 TPa), and (iv)
the possible metallization of oxides (~1 TPa or higher). All of them
reduce the viscosity of these materials. However, currently quanti-
tative studies on the influence of these processes on rheological
properties are lacking. The presence of the minimum diffusion
coefficient has not been confirmed by experiments, and not many
data exist to demonstrate a large rheological contrast between the
materials with the B1 and B2 structure. Predicted dissociation of
the post-perovskite phase of MgSiOs; has not been confirmed (an
experimental study on the analog material, NaMgFs by Grocholski
et al. (2010) did not show the dissociation at ~40 GPa predicted
some theoretical calculations). I also note that possible phase
transformations such as the B1 to B2 and the dissociation of
post-perovskite also change the melting temperature, that in turn
affect the rheological properties. Experimental tests or computa-
tional studies on these issues are important to make further pro-
gress in our understanding of the evolution and dynamics of
these planets.
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Appendix A. Transition in the dominant type of point defect
under high-pressures

In any crystal, point defects are present at finite temperature.
Several transport properties such as diffusion and creep involve
motion of point defects, and the rate of these processes is propor-
tional to the defect concentration and defect mobility. Under the
deep mantle conditions, diffusion (and related processes) likely oc-
curs via an extrinsic mechanism where defect concentration is con-
trolled by the chemical environment such as oxygen fugacity. In
such a case, the concentration of defect is related to the oxygen
fugacity and the defect formation free energy, G;, as (e.g., Flynn,
1972; Karato, 2008),

%

¢ o f}, - exp (— %) (A1)

where r is a non-dimensional parameter and the defect formation
free energy is given by,

G =E+P-V;~T-S (A2)

where E; is the energy change associated with the formation of a
defect, V} is the volume change associated with the formation of a
defect, S; is the change in the (vibrational) entropy associated with
the formation of a defect.

Here I will examine the pressure dependence of defect forma-
tion free energy for a vacancy and an interstitial atom to examine
how the dominant defect type may change under high-pressure
conditions. The contrsi])ution from vibrational gntropy to defect
concentration is exp(%), but for most defects, £~ 1 (e.g., Flynn,
1972; Shewmon, 1989), so the influence of this term is small and
will be ignored. Consequently, I will focus on Hy = Ef + P - Vy.

Typical point defects are vacancies and interstitial atoms. In
most of oxides, commonly observed point defects at ambient tem-
peratures are vacancies (e.g., Ando, 1989). This is because the for-
mation of interstitial atoms requires a large excess energy
compared to the formation of vacancies, i.e., E; for a vacancy is
smaller than E; for an interstitial atom. However, under high-pres-
sure conditions, the contribution from P - V; term becomes impor-
tant and hence the dominant type of point defect may change from
vacancies at low pressures to interstitial atoms at high pressures.
To see this point, let us take typical values of volume changes upon
defect formation, 10 x 10~ ® m*/mol. For this value, P-V} term is
=1000 kJ/mol (at P=1 TPa) and is larger than a typical defect for-
mation energies (E; ~ 100-300 kJ/mol, e.g., Flynn, 1972). Conse-
quently, a difference in formation volume is expected to play an
important role in controlling the dominant type of point defects
under high-pressure conditions. Because the formation volume
(the volume change upon the formation of a defect) for an intersti-
tial atom is smaller than that for a vacancy, an interstitial atom will
dominate under high-pressure conditions.

To explore this possibility, I use a simple model of a crystal with
the fcc structure where the inter-atomic potential is represented by
the Morse-potential acting only between the nearest neighbor
atoms i.e.,

o(r)=¢ {exp {—2 %} —2exp {—%H (A3)

where r is the inter-atomic distance, ry is the inter-atomic distance
at P=0, —¢ is the minimum energy (energy at r=ry), and p is a
parameter that is related to the shape (stiffness) of the potential
(Fig. A1). In the following, I will use t =™ to characterize the stiff-
ness of the potential (when pressure is changed, t is defined in
terms of inter-atomic distance at P=0). This parameter is related
to the pressure dependence of bulk modulus as (%), =t + 1.

I consider two types of point defects, namely a vacancy and an
interstitial atom. When one forms a defect (such as a vacancy or an
interstitial atom), one needs to change chemical bonding as well as
the volume of a crystal. Also, when a defect is introduced in a crys-
tal, a source of extra force is introduced at the defect site, and con-
sequently the positions of other atoms move from the previous
equilibrium positions. By this process, the enthalpy of a crystal will
change (relaxation enthalpy). The calculation of enthalpy of forma-
tion of a crystalline defect was made in two steps. First, I calculate
the enthalpy needed to form a defect when all other atoms remain
their original positions. The enthalpy change for this first step cor-
responds to non-equilibrium state because due to the formation of

/e

r/ro

Fig. A1. The inter-atomic potential used in this study, r is the inter-atomic distance,
and ry is the inter-atomic distance at P= 0. t = ro/p represents the “stiffness” of the
potential.
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a defect, excess force act on other atoms. Second step is to calculate
the enthalpy change caused by the displacement of atoms caused
by a defect. Consequently, the total free enthalpy change associ-
ated with the formation of a defect is given by,

Hj = Hj + Hj, (A4)

where Hj is the enthalpy change necessary to create a defect with-
out changing the positions of other atoms, and H, is the enthalpy
change due to the displacement of all other atoms respectively
(relaxation enthalpy). Both H; and Hp, have a P- AV term related
to the volume change, AV (AV: the volume change associated with
the formation of a defect).

The calculation of Hy, was made explicitly without approxima-
tion for the atoms next to the defect, but the harmonic approxima-
tion was applied to atoms farther away and the lattice calculation
in the far field was made using the Fourier transform following the
method of Kanzaki (1957). This is due to the fact that atomic dis-
placement of nearest neighbor atoms is large (~10-20% of lattice
spacing), whereas the atomic displacement becomes much smaller
(less than a few %) from the second nearest neighbor and beyond.
This method allows one to calculate the relaxation enthalpy using
an infinite number of atoms (we assume the periodic boundary
conditions) and the formation energy was calculated through the
calculation in the wave-number space over the first Brillouin zone.

The free enthalpies of formation of a vacancy and an interstitial
atom depend differently on the inter-atomic potential and pres-
sure. The formation energy of an interstitial atom is highly sensi-
tive to the nature of inter-atomic potential: the stiffer is the
potential, the higher is the energy of formation of an interstitial
atom (Fig. A2). The difference in formation energy (at zero pres-
sure) does not change with pressure very much. However, because
of the contribution of the P - AV term, the formation free energy of
a vacancy increases with pressure more rapidly than that of an
interstitial atom. Consequently, there is a critical pressure at which
the formation free energy of an interstitial atom becomes smaller
than that of a vacancy. This critical pressure is sensitive to the nat-
ure of inter-atomic potential and the critical pressure increases
with the stiffness of the potential. For a very weak potential
(t=2), interstitial mechanism always dominates whereas for a stiff
potential, vacancy mechanism dominates for a broad range of
pressure.

—— interstitial
=== vacancy

];/68

H

10™ . ,
10™ 10° 10" 10?
P/Ko

Fig. A2. The normalized pressure, P/K, (P: pressure, Ko: zero pressure bulk
modulus), versus normalized free energy of formation (H;/6¢) of vacancies and
interstitial atoms for various values of stiffness parameter (reproduced from Karato
(1978)). The stiffness parameter t is related to (%)p,0 as (%), =t+1, and for
(& )p-o =4 (t=3), the transition pressure is ~0.8Ko, but the transition pressure is
highly sensitive to the stiffness and other features of inter-atomic potential.
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