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Earth Structure
Two Major 
Divisions:  
*The silicate 
Earth: The crust 
and mantle are 
composed of 
silicate ceramics.

*The core:  
Primarily iron, 
with some Ni and 
“light” elements
Hidden from 
direct sampling.
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Earth Structure
*The silicate 
Earth: 
Solid convective 
motions in the 
mantle give rise to 
melting at the 
surface, sinking of 
dense oceanic 
crust creating 
plate tectonics.



Earth Mantle Dynamics & 
Surface Plate Tectonics

Kellogg et al., 1999
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Mantle Concentrations of 
radioactive isotopes

238U   20 ppb
235U     1 ppb
232Th 100 ppb
40K 280 ppm

Earth Mantle Dynamics
H radiogenic heat production 
η  Viscosity (fxn composition, T)
D Layer thickness

Kellogg et al., 1999

Ra = gρ
2αHD5

ηκk



Planetary Dynamics from 
Interior Heat Production
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Data from 
Adibekyan et al., 2012

Compositional variation in 
exoplanet hosts
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Thorium variation in Solar Analogues ���

Unterborn, Johnson, Panero in review



*Factor of ~3 
variation in Th content

4

Figure 2. Stars with observed planets are shown as closed squares and without as unfilled squares. The Sun is shown for reference as a triangle. Left: Abundance
of Th as a function of Fe. The solid line represents the best fit to those stars belonging to the high Fe, high Th group and the dashed represents a one-to-one
relationship. Center: Abundance of Th as a function of average Si abundance adopting the same legend as in Th vs Fe. Right: Th/Si as a function of average Si
abundance. For each plot stars with observed planets are shown as closed squares and without as unfilled squares. The Sun is shown for reference as a triangle.

Figure 3. Same as Figure 2C with Th abundances corrected to t = 0 Ga
(circles). Stars without planets are shown as open symbols, stars without as
closed and the Sun as triangles.

Equation (3) may be rewritten in terms of the surface heat flow
in Watts as Q(t) = 4πr2 ∗ k∆T/δ:235

Q(t) = 4πr2 k∆T (t)
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where r is the radius of the planet.
Combining equations (1 - 4) yields:
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dT

dt
= H(t) − 4πr2 k∆T (t)

D

(

gρ2
0α∆T (t)D3Cp

kη0(T )Racrit

)β

(5)

This captures the basic physics of the feedback loop be-
tween temperature, internal viscosity, and surface heat loss,240

by which the increased vigor of convection increases surface
heat loss, thereby reducing internal temperatures, increasing
the viscosity and thus limiting internal convection (Chris-
tensen 1985). This model assumes that any heat transported
to the surface is removed from the system with no insulat-245

ing thermal boundary layer at the top of the convection zone
(i.e. continents). While not strictly valid in the presence of
an insulating atmosphere, this assumption allows us to see the
first-order effects of an increase in overall thermal conductiv-
ity and viscosity profile of a planet with increased Th and U250

abundance. It also does not take into account any feedback

from tectonic recycling of cooler surface plates into the hot
mantle, and this model is therefore meant as a first order ap-
proximation of the thermal history of a planet to determine
the effects of composition on bulk thermal transport.255

We adopt Earth-like values for Cp, k and α (Table 2). In the
high temperature limit, Cp is a constant, and α and k will vary
by less than an order of magnitude due to bulk mineralogical
differences and temperature effects, thus expressing very lit-
tle variability in equation 5. In calculating ∆T (t), we adopt260

∆T (t) = T (t)− Ts, where Ts is the temperature at the top of the
convecting layer. In our model we hold Ts, at a constant tem-
perature of 273 K.

The thermal evolution model is dependent upon an initial
average temperature of the planet’s interior (T0). This reflects265

the formation history of the planet and is primarily depen-
dent upon two sources of heat: gravitational energy converted
to heat via both planetary accretion and the segregation of
a central core. Therefore we assert that varying T0 serves
as a proxy for the amount of latent primordial heat present270

via these history-dependent mechanisms, with high T0 corre-
sponding to either planets that formed quickly (and thus re-
tained much of their accretionary heat) or segregated a large
core relative to their overall volume.275

3.2.1. Mantle Heat Generation

Heat production, H(t), arises from the sum of the energy
produced via the radioactive decay of 235U, 238U, 232Th and
40K. We adopt Earth-like mantle heat production as our basis
for scaling Th abundance with present-day values of Th/U =280

4 and K/U = 104 and a BSE value of 232Th = 79 ppb of Huang
et al. (2013) with 238U/U = 0.9928, 40K/K = 1.19*10−4 (Tur-
cotte 1980). These values, as well as the respective ratios, are
scaled back in time to determine an H(t = 0) of 52.2 TW con-
sistent with the back extrapolation in time from the present285

value of H(4.5Ga) = 16.4 TW. While a significant fraction
of Th is concentrated in Earth’s continental crust, this frac-
tionation is a direct consequence of melting associated with
plate tectonics and mantle convection modeled here. There-
fore, we choose to model initially the influence of variation in290

this primordial Th abundance on planetary mantle dynamics
rather than the more complex question of sequestering some
of these radionuclides in the crust due to plate tectonics.

3.2.2. Viscosity

Power-law creep is the dominant creep mechanism in295

Earth’s mantle, which is dependent upon the convective

Unterborn, Johnson, Panero in review
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Figure 2. Stars with observed planets are shown as closed squares and without as unfilled squares. The Sun is shown for reference as a triangle. Left: Abundance
of Th as a function of Fe. The solid line represents the best fit to those stars belonging to the high Fe, high Th group and the dashed represents a one-to-one
relationship. Center: Abundance of Th as a function of average Si abundance adopting the same legend as in Th vs Fe. Right: Th/Si as a function of average Si
abundance. For each plot stars with observed planets are shown as closed squares and without as unfilled squares. The Sun is shown for reference as a triangle.

Figure 3. Same as Figure 2C with Th abundances corrected to t = 0 Ga
(circles). Stars without planets are shown as open symbols, stars without as
closed and the Sun as triangles.

Equation (3) may be rewritten in terms of the surface heat flow
in Watts as Q(t) = 4πr2 ∗ k∆T/δ:235

Q(t) = 4πr2 k∆T (t)
D

(

Ra(t)
Racrit
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(4)

where r is the radius of the planet.
Combining equations (1 - 4) yields:

MmCp
dT

dt
= H(t) − 4πr2 k∆T (t)

D

(

gρ2
0α∆T (t)D3Cp

kη0(T )Racrit
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(5)

This captures the basic physics of the feedback loop be-
tween temperature, internal viscosity, and surface heat loss,240

by which the increased vigor of convection increases surface
heat loss, thereby reducing internal temperatures, increasing
the viscosity and thus limiting internal convection (Chris-
tensen 1985). This model assumes that any heat transported
to the surface is removed from the system with no insulat-245

ing thermal boundary layer at the top of the convection zone
(i.e. continents). While not strictly valid in the presence of
an insulating atmosphere, this assumption allows us to see the
first-order effects of an increase in overall thermal conductiv-
ity and viscosity profile of a planet with increased Th and U250

abundance. It also does not take into account any feedback

from tectonic recycling of cooler surface plates into the hot
mantle, and this model is therefore meant as a first order ap-
proximation of the thermal history of a planet to determine
the effects of composition on bulk thermal transport.255

We adopt Earth-like values for Cp, k and α (Table 2). In the
high temperature limit, Cp is a constant, and α and k will vary
by less than an order of magnitude due to bulk mineralogical
differences and temperature effects, thus expressing very lit-
tle variability in equation 5. In calculating ∆T (t), we adopt260

∆T (t) = T (t)− Ts, where Ts is the temperature at the top of the
convecting layer. In our model we hold Ts, at a constant tem-
perature of 273 K.

The thermal evolution model is dependent upon an initial
average temperature of the planet’s interior (T0). This reflects265

the formation history of the planet and is primarily depen-
dent upon two sources of heat: gravitational energy converted
to heat via both planetary accretion and the segregation of
a central core. Therefore we assert that varying T0 serves
as a proxy for the amount of latent primordial heat present270

via these history-dependent mechanisms, with high T0 corre-
sponding to either planets that formed quickly (and thus re-
tained much of their accretionary heat) or segregated a large
core relative to their overall volume.275

3.2.1. Mantle Heat Generation

Heat production, H(t), arises from the sum of the energy
produced via the radioactive decay of 235U, 238U, 232Th and
40K. We adopt Earth-like mantle heat production as our basis
for scaling Th abundance with present-day values of Th/U =280

4 and K/U = 104 and a BSE value of 232Th = 79 ppb of Huang
et al. (2013) with 238U/U = 0.9928, 40K/K = 1.19*10−4 (Tur-
cotte 1980). These values, as well as the respective ratios, are
scaled back in time to determine an H(t = 0) of 52.2 TW con-
sistent with the back extrapolation in time from the present285

value of H(4.5Ga) = 16.4 TW. While a significant fraction
of Th is concentrated in Earth’s continental crust, this frac-
tionation is a direct consequence of melting associated with
plate tectonics and mantle convection modeled here. There-
fore, we choose to model initially the influence of variation in290

this primordial Th abundance on planetary mantle dynamics
rather than the more complex question of sequestering some
of these radionuclides in the crust due to plate tectonics.

3.2.2. Viscosity

Power-law creep is the dominant creep mechanism in295

Earth’s mantle, which is dependent upon the convective
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Compositional variation in exoplanet 
hosts: Major Element Variation

Data from 
Adibekyan et al., 2012

4

5

6

7
8
9

0.1

2

3

4

5

6

7
N A

l/N
Si

5 6 7 8 9
1

2

NMg/NSi

uncertainty

 Known planet hosts 

SUN



Mantle Mineral Primer
Olivine + polymorphs β-ol, γ-ol (aka Wadsleyite and Ringwoodite)
(Mg,Fe)SiO4 
Holds water (1-2 wt% H2O)
Breaks down to bridgmanite and ferropericlase ~25 GPa

Bridgmanite 
(Mg,Fe)SiO3
Stable > 25 GPa (aka Mg-Si perovskite)
Doesn’t hold water. Stiff.

Ferropericlase (aka magnesiowüstite)
(Mg,Fe)O
Doesn’t hold water. Weak.

Garnet (aka majorite, pyrope, almandine, spessartine, andradite, grossular, uvarite)  
A3B2Si3O12
Holds a little water. 
Breaks down to bridgmanite ~30 GPa
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Earth Mantle Dynamics
Ra = gρ

2αHD5

ηκk
H radiogenic heat production 
η  Viscosity (fxn composition, T)
D Layer thickness

Kellogg et al., 1999

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!1;2 ¼ E!1;2 þ PV!1;2, where
H!1;2 is the activation enthalpy, E!1;2 is the activation energy, and
V!1;2 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!1 > E!2 and V!2 > V!1, 1:
interstitial mechanism and 2: vacancy mechanism). The transition
pressure is given by

P ¼ E!2 $ E!1
V!1 $ V!2

ð4Þ

where I assumed that the difference in activation entropy (the pre-
exponential term) is small (expðS!R Þ ' 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

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, I 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. 4. Solid curve: the normalized viscosity (g: viscosity, g0: 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).
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(1989)). Normalized stress (r/l, r: deviatoric stress, l: shear modulus) is plotted
against normalized temperature (Tm/T, T: temperature, Tm: melting temperature)
for a strain-rate of 10$5 s$1. The results for metals include those with fcc, bcc and
hcp structures from Frost and Ashby (1982).
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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!1;2 ¼ E!1;2 þ PV!1;2, where
H!1;2 is the activation enthalpy, E!1;2 is the activation energy, and
V!1;2 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!1 > E!2 and V!2 > V!1, 1:
interstitial mechanism and 2: vacancy mechanism). The transition
pressure is given by

P ¼ E!2 $ E!1
V!1 $ V!2

ð4Þ

where I assumed that the difference in activation entropy (the pre-
exponential term) is small (expðS!R Þ ' 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

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, I 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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