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A number of geodynamical mechanisms have been proposed to explain the origin of the structure of the
inner core. Our goal here is to compare quantitatively mechanisms involving deformation of the inner
core and build a regime diagram giving the dominant mechanism as a function of key control parameters.
A meaningful comparison between the different mechanisms requires the definition of a measure of the
strength of the flow, and we choose here to compare this mechanisms in terms of the instantaneous
strain rate, and consider that the dominant mechanism is the one which induces the highest strain rates
at a given time. Using scaling laws for all proposed mechanisms, we build regime diagrams giving the
dominant mechanisms as a function of control parameters including the sign and strength of the density
stratification in Earth’s inner core, its viscosity, and magnetic field strength. We find that only specific
regions of the diagram have a dominant regime potentially consistent with the seismological observed
geometry and strength of the inner core anisotropy.
1. Introduction and rationale

Since the discovery that P-waves in the inner core travel faster
along the Earth’s spin axis than perpendicular to it (Poupinet et al.,
1983), an observation which had soon been interpreted as indicat-
ing elastic anisotropy in the inner core (Morelli et al., 1986;
Woodhouse et al., 1986), the seismological picture of Earth’s inner
core has become increasingly complex: the strength and geometry
of anisotropy, P-wave velocity, attenuation and anisotropy in
attenuation all exhibit radial and longitudinal variations (see
Souriau, 2007; Tkalčić and Kennett, 2008; Deuss, 2014; Tkalčić,
2015 for reviews). A number of geodynamical mechanisms have
been proposed to explain the origin of the structure of the inner
core, with suggested mechanisms falling into two broad cate-
gories: (i) solidification texturing, whereby the iron crystals
acquire a lattice preferred orientation (LPO) as a result of the solid-
ification process (Karato, 1993; Bergman, 1997), and (ii) develop-
ment of LPO due to deformation associated with creeping flow in
the inner core. Solidification texturing is likely to exist, but to what
extent the resulting texture is re-worked by deformation within
the inner core is unclear (Bergman, 2002; Bergman et al., 2010;
Al-Khatatbeh et al., 2013; Bergman et al., 2014; Lincot et al.,
2014). We focus here on deformation mechanisms, with the goal
of this study being to compare quantitatively the many mecha-
nisms proposed so far in the literature and build a regime diagram
giving the dominant mechanism as a function of the values of key
control parameters.

It is useful to further subdivide deformation mechanisms
between Rayleigh-Bénard-type convection (arising from unstable
radial thermal or compositional gradients) and what we will call
externally forced mechanisms, with forcing originating from the
outer core. Possible forcing include the effect of the core magnetic
field, which can drive a flow either through the direct effect of the
Lorentz force (Karato, 1999; Buffett and Bloxham, 2000; Buffett
and Wenk, 2001) or through heterogeneous Joule heating of the
inner core (Takehiro, 2010), and viscous relaxation of a topography
of the inner core boundary (ICB) associated with spatially hetero-
geneous inner core growth (Yoshida et al., 1996).

The existence of Rayleigh-Bénard convection depends on a
strict criterion, namely that a Rayleigh number appropriately
defined is larger than a critical value. As a consequence,
Rayleigh-Bénard convection can exist only under specific condi-
tions. In contrast, externally forced mechanisms can in principle
always exist, but the geometry and strength of the flow and associ-
ated amount of stress or strain rate then depend on the physical
parameters and state of the inner core.

A meaningful comparison between the different proposed
mechanisms requires first the definition of a measure of the
strength of the flow. Since we are interested in comparing their
ability to produce a seismologically observable LPO, possible mea-
sures include the instantaneous strain rates or stresses, and cumu-
lative strain. The magnitude of the velocity of the flow is not a good
indicator of its ability to produce LPO, which depends on the
http://
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strength of the spatial gradient of the velocity field (deformation
rate) – a uniform flow, with therefore no deformation associated,
will not produce any texture. The cumulative strain could be a
good measure for simple flows, but is difficult to estimate and
interpret in the case of time-dependent flows. For this reason, we
rather focus on the instantaneous strain rate, and consider that
the dominant mechanism at a given time is the one which induces
the highest strain rates, when averaged over the inner core. Note
that this will not tell us whether the dominant mechanism has
the potential to produce an observable seismic anisotropy. For
example, large strain rates would not necessarily lead to a signifi-
cant large scale anisotropy if the flow is highly time-dependent, as
is the case of chaotic thermal convection. In addition, the resulting
seismic anisotropy depends on the stable phase of iron, its elastic
properties and slip system, and the rheology (diffusion creep or
dislocation creep), which depends on the level of stress and grain
size. Most of this parameters are poorly known at inner core con-
ditions, which makes the process of actually predicting the geome-
try and strength of the anisotropy well out of the scope of the
present paper.

One possible caveat associated with using a global quantity (the
averaged strain rate) to discriminate between different
mechanisms is that the location of the maximum strain rate may
differ among the various deformation mechanisms, which means
that it is possible that at a given time different mechanisms are
dominant in different parts of the inner core. The complexity of
the seismological picture of the inner core may indicate that this
indeed the case.

The paper is organized as follow. In Section 2, we discuss under
what conditions the inner core has a stable or unstable thermally
or compositionally induced density stratification. Scaling laws for
the strain rate associated with the various mechanisms proposed
in the literature are summarized and discussed in Section 3. The
regime diagrams build from these scaling laws are then discussed
in Section 4.
2. Thermal and compositional density stratification

A first key question for inner core dynamics is whether the
radial density profile in the inner core resulting from thermal
and compositional variations is stable or unstable. This has been
studied in details in a number of previous work (Sumita et al.,
1995; Yukutake, 1998; Buffett, 2009; Deguen and Cardin, 2011;
Gubbins et al., 2013; Labrosse, 2014). We briefly discuss this ques-
tion here, following the approach developed in Deguen and Cardin
(2011).

A necessary condition for thermal convection to exist is that the
temperature profile in the inner core is superadiabatic. It is there-
fore useful to introduce a potential temperature defined as
H ¼ Tðr; h;/; tÞ � Tadðr; tÞ, where Tadðr; tÞ is the adiabat anchored
at the ICB. The temperature profile is superadiabatic if
@H=@r > 0, and is subadiabatic if @H=@r < 0. With this formulation,
the heat equation can be rewritten as

DH
Dt
¼ jTr2Hþ STðtÞ; HðricÞ ¼ 0; ð1Þ

where jT is the thermal diffusivity (Deguen and Cardin, 2011;
Deguen et al., 2013). This formulation of the heat equation remains
valid if the temperature variations are not large compared to adia-
batic temperature variations, which is the case of the inner core,
provided that the dissipation number Di ¼ agric=cp (=0.06 in the
inner core) is small (e.g. Tritton, 1988). Though the effective source
term STðtÞ can include radiogenic heating and Joule heating, it is in
fact dominated by the contribution of secular cooling (Yukutake,
1998; Deguen and Cardin, 2011). Ignoring radiogenic and Joule
Please cite this article in press as: Lasbleis, M., Deguen, R. Building a regime
dx.doi.org/10.1016/j.pepi.2015.02.001
heating, the effective heating rate STðtÞ is given by the difference
between the rate of heat conduction along the adiabat and secular
cooling:

STðtÞ ¼ jTr2Tad �
@Tad

@t
: ð2Þ

The term ST is mathematically analog to internal heating.
Depending on the sign of ST , either an unstable (ST > 0) or stable
(ST < 0) thermal stratification can develop in the inner core. The
first term on the RHS of Eq. (2) is negative (the inner core loses heat
to the outer core) and the term �@Tad=@t is positive, which shows
that the inner core can develop a superadiabatic temperature
profile only if the cooling rate at the ICB is fast enough compared
to thermal conduction.

The effective heating rate ST can be written as

ST ¼ 3
jTqg0cT

KS

dTs

dTad
� 1

� �
2

ricðtÞ2=6jT

ric=uic
� 1

" #
; ð3Þ

(Deguen and Cardin, 2011), where ricðtÞ is the radius of the inner
core at time t, uic ¼ dric=dt is the growth rate of the inner core, q is
the density of the inner core, g0 ¼ dg=dr is the radial derivative of
the acceleration of gravity, c the Gruneisen parameter, KS the isen-
tropic bulk modulus, and dTs=dTad is the ratio of the Clapeyron
slope to the adiabat. The sign of ST depends on whether the
parameter

T ic;t ¼
1
2

dTs

dTad
� 1

� ��1 ric=uic

r2
ic=6jT

; ð4Þ

is larger or smaller than 1. T ic;t basically compares the timescale of
inner core growth ricðtÞ=uicðtÞ at time t to the timescale of thermal

diffusion ricðtÞ2=6jT (the factor 6 comes from the spherical geome-
try of the inner core), with the factor dTs=dTad � 1ð Þ being a measure
of the distance of the initial temperature profile from the adiabat. At
first order, the radius of the inner core evolves as ric / ta, with
a ¼ 1=2 just after the inner core nucleation (Buffett et al., 1992,
1996). Labrosse (2014) shows that during the history of the inner
core, this approximation is still relevant, and that the exponent a
is between 1=3 and 1=2. In the special case where the radius of
the inner core increases as the square root of time, the quantity
6jT=ðricuicÞ is constant and equal to 2sic=sj, where sic is the age
of the inner core and sj ¼ r2

ic=ð6jTÞ is the timescale of thermal dif-
fusion in the inner core calculated with the current inner core
radius. The parameter T icðtÞ is then constant and equal to

T ic ¼
dTs

dTad
� 1

� ��1 sic

sj
: ð5Þ

The parameter T ic, hereafter called the non-dimensional inner
core age, is therefore a good indicator of whether the geotherm
in the inner core is subadiabatic or superadiabatic: according to
Eq. (3), ST would have been positive (leading to an unstable ther-
mal gradient) for most of inner core history if T ic < 1, and negative
for most of inner core history if T ic > 1. With the recent estimates
of inner core thermal conductivity above 170 W m�1 K�1 (de Koker
et al., 2012; Pozzo et al., 2012; Gomi et al., 2013; Pozzo et al.,
2014), giving jT J 1:7� 10�5 m�2 s�1, we find that the inner core
can be superadiabatic (T ic < 1) only if the age of the inner core is
smaller than ’ 300 My (see Fig. 1), which would require a CMB
heat flux larger than 30 TW (Labrosse et al., 2001; Nimmo, 2007;
Gomi et al., 2013), which is very unlikely. As a comparison, with
the much smaller value of thermal conductivity of
k = 36 W m�1 K�1 previously proposed by Stacey and Loper
(2007) and Stacey and Davis (2008), the requirement for a
superadiabatic temperature profile is that sic < 1:3 Gy, which is
much more plausible.
diagram for the Earth’s inner core. Phys. Earth Planet. In. (2015), http://
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Fig. 1. Critical age of the inner core above which a subadiabatic temperature profile
is predicted, as a function of j, for dTs=dTad ¼ 1:65� 0:1. The corresponding value
of the thermal conductivity k assuming q ¼ 12800 kg m�3 and cp ¼ 750 J kg�1 is
given on the upper axis.

Table 1
A set of non-dimensional numbers for Earth’s inner core dynamics.

Non-dimensional number

Rayleigh number Rax ¼
dqx gicb r3

ic
gjx

Phase change number P ¼ Dqgicbrics/

g

Magnetic number M ¼ B2
/ric

l0 g uic

Péclet number Pex ¼ uicric=jx

Inner core growth heterogeneity S2
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A formulation similar to Eq. (1) can be found for the com-
positional field (Deguen et al., 2013). We denote by cs and cl the light

element concentration in the inner and outer core, respectively, cs;l
icb

their values at the ICB, and _cs;l
icb ¼ dcs;l

icb=dt their time derivatives at
the ICB. The concentration in the liquid and solid sides of the ICB
are linked by the partition coefficient D ¼ cs

icb=cl
icb. Introducing

C ¼ c � cs
icb, the equation of transport of light elements can be

written as

DC
Dt
¼ jcr2C þ Sc; CðricÞ ¼ 0; ð6Þ

where jc is the coefficient of diffusion of the light element and

Sc ¼ �
dcs

icb

dt
¼ �D

dcl
icb

dt
� cl

icb
dD
dt
; ð7Þ

which is analog to the potential temperature transport Eq. (1).
Similarly, the sign of Sc determines whether an unstable (Sc > 0)
or stable (Sc <) compositional stratification would develop in the
inner core. In general, the partition coefficient D can vary with time,
either because of dynamical effects or because D likely varies with
pressure, temperature and composition (Alboussière et al., 2010;
Deguen and Cardin, 2011; Gubbins et al., 2013), which can lead to
a non-monotonic compositional profile in the inner core (Gubbins
et al., 2013; Labrosse, 2014).

One important difference between thermal and compositional
stratification comes from the very large difference between thermal
and compositional diffusivities. The importance of diffusion can be
estimated by comparing the timescales of diffusion of heat or com-
position, given by r2

ic=ð6jTÞ and r2
ic=ð6jcÞ, to the timescale of inner

core growth ric=uic, where ric is the radius of the inner core and uic

its growth rate. The ratio of the timescales of diffusion and inner
core growth gives a thermal Péclet number PeT ¼ uicric=jT and a
compositional Péclet number Pec ¼ uicric=jc . With a thermal
diffusivity jT ’ 1:7� 10�5 m2 s�1, the diffusion time scale is
� 470 My. With an age of the inner core sic between 200 My and
1.5 Gy, the current inner core growth rate is 1:3� 9� 10�11 m s�1.
The corresponding Péclet values are PeT ¼ uicric=jT � 0:9� 6. In
Please cite this article in press as: Lasbleis, M., Deguen, R. Building a regime
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contrast, assuming a compositional diffusion coefficient
jc � 10�12 m2 s�1 gives a diffusion timescale � 3� 107 Gy and a
compositional Péclet number Pec ¼ uicric=jc � 107 � 1, which
means that the composition is virtually frozen in the inner core.

If the thermal Péclet number is Oð1Þ, then diffusion approxi-
mately balances heat production, which gives a potential tempera-
ture difference ’ ST r2

ic=ð6jTÞ between the inner core center and the
ICB. The density difference associated with potential temperature
variations across the inner core is on the order of
dqT ¼ aTqST r2

ic=ð6jTÞ. ST is typically on the order of �100 K=Gy
(Deguen and Cardin, 2011), which gives a thermally induced den-
sity difference across the inner core on the order of �5 kg m3.

If the Péclet number is large and diffusion ineffective, then the

difference in concentration is
R t

0 Scðt0Þdt0 with t the time since inner
core nucleation, and the current density stratification is given by
dqc � acq

R sic
0 Scðt0Þdt0. This can typically be a few kg m�3, similar

to the thermal effect.
In what follows, the strength of the stratification will be mea-

sured by a Rayleigh number, which we define as

Rax ¼
dqxgicbr3

ic

gjx
; ð8Þ

where dqx is either dqT in the thermal case or dqc in the com-
positional case as defined above.

In this paper, we are interested in the sign and the strength of
the stratification, which are both included in the Rayleigh number.
A negative Rayleigh number means a stable stratification for which
only external forces are relevant and a positive Rayleigh number
means either an unstable Rayleigh number if larger than a critical
Rayleigh number and the development of convective instabilities,
or a stable stratification.
3. Dynamical regimes

In this section, we now discuss quantitatively the various pub-
lished dynamical mechanisms and give scaling laws for the strain
rate associated with these mechanisms. We will express the strain
rates as functions of a limited number of non-dimensional num-
bers, summarized in Table 1, to allow easy comparison between
the different mechanisms. Several of these non-dimensional num-
bers have thermal and compositional counterparts (i.e. Rayleigh
and Péclet numbers). In the following, we will use a subscript ‘x’
denoting either thermal (x ¼ T) or compositional (x ¼ c) parame-
ters in formulas valid for both thermal and compositional fields.

A summary of the different regimes is presented in Fig. 2, with
scaling laws for the strain rate and examples of flow produced by
these mechanisms. We discuss here the effect of external forcing
(heterogeneous growth, Lorentz force and Joule heating) as well
as convective instabilities. External forcings exist for both stable
and unstable stratification, but specific scaling laws are developed
for a strong stable stratification. In this case, we will use the oppo-
site of the Rayleigh number, i.e. the strength of the stable stratifica-
tion, as the control parameter.
diagram for the Earth’s inner core. Phys. Earth Planet. In. (2015), http://
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Fig. 2. Summary of the different mechanisms presented here, with scaling laws for the instantaneous strain rate normalized by uic=ric . In the case of an unstable stratification,
meridional cross sections of the vorticity (left) and temperature (right) fields are presented. In the case of externally forced mechanisms, streamlines (black lines) are shown
on meridional cross sections, as well as the magnetic field strength in the case of the flow induced by the Lorentz force and heterogeneous Joule heating.

4 M. Lasbleis, R. Deguen / Physics of the Earth and Planetary Interiors xxx (2015) xxx–xxx
3.1. Heterogeneous inner core growth and topography relaxation

Yoshida et al. (1996) have proposed a mechanism based on the
idea that the inner core is unlikely to grow in a perfectly spheri-
cally symmetric way. The inner core boundary would therefore
not exactly coincide with an isopotential surface, and the resulting
topographical load would induce horizontal variations in stress
within the inner core, which would drive a flow from the high
stress regions (below positive topography) to the low stress
regions (below negative topography). The process is analog to
post-glacial rebound, except that here the topographical load is
constantly renewed by solidification. This implies that the system
can reach a quasi steady state with a velocity field of magnitude
proportional to the amplitude of the solidification rate heterogene-
ity, provided that the pattern of heterogeneous solidification is
maintained on a timescale long compared with the viscous relax-
ation timescale. For a degree two heterogeneity, the viscous relax-
ation timescale is � g=ðDqgicbricÞ, which is at most � 100 kyrs if
gK 1022 Pa s, and only about one month if the viscosity is, say,
� 1016 Pa s.

Yoshida et al. (1996) argue that the inner core likely grows fas-
ter in the equatorial belt than at the poles because of the effect of
the Coriolis force on the structure of the flow in the outer core,
which is expected to make heat transfer in the outer core anisotro-
pic, with more efficient heat transfer in the directions perpendicu-
lar to the Earth’s spin axis. Yoshida et al. (1996) therefore assumed
a degree 2, order 0 solidification pattern with a solidification rate of
the form uic 1� S2P2ðcos hÞ½ �, where h is the colatitude and
P2ðxÞ ¼ ð3x2 � 1Þ=2 is the Legendre polynomial of degree 2. With
this formulation, the ratio between the equatorial and polar
growth rates is given by ð1þ S2=2Þ=ð1� S2Þ. Numerical simulations
Please cite this article in press as: Lasbleis, M., Deguen, R. Building a regime
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of thermocompositional convection and dynamo action in the core
display solidification rates possibly twice larger at the equator than
at the poles (e.g. Aubert et al., 2008), which corresponds to
S2 ¼ 2=5. Additional spatial variations of the solidification rate
may be associated with long term control of the mean outer core
flow by lateral variations of the heat flux through the core-mantle
boundary (Sumita and Olson, 1999; Aubert et al., 2008); this can
lead to a deformation pattern in the inner core including degree
one and higher degrees components (Deguen, 2012).

In the case of a negligible density stratification, as considered by
Yoshida et al. (1996), the flow develops within the whole inner
core (see Fig. 2). The velocity simply scales as S2uic and varies over
a length scale comparable with the inner core radius. The strain
rate then scales as

_� � uic

ric
S2: ð9Þ

If the inner core is stably stratified, the flow calculated by Yoshida
et al. (1996) remains unaltered by the stratification only if
�RaT < S2PeT or �Rac < S2Pec (see Appendix A). If the stratification
is stronger, then the stable stratification impedes radial motions
and the deformation becomes localized in a shear layer below the
ICB (see Fig. 2) rather than developing within the whole inner core.
To describe this flow, Deguen et al. (2011) used a control parameter
defined as

Bx ¼
dqxgicbr2

ic

g uic
; ð10Þ

where dqx is the difference of density across the ICB associated with
either thermal or compositional stratification. In terms of the non-
dimensional numbers used so far, BT ¼ RaT=PeT and Bc ¼ Rac=Pec .
diagram for the Earth’s inner core. Phys. Earth Planet. In. (2015), http://
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The scaling laws for the shear layer thickness d, for the horizon-
tal velocity u in the layer, and for the strain rate depends on
whether the stable stratification is of thermal or compositional ori-
gin. In the case of a stable compositional stratification, for which
the Péclet number is large and diffusion of the stabilizing field
negligible, Deguen et al. (2011) found that the thickness of the

shear layer scales as d � ricð�BcÞ�1=5, while the horizontal velocity

in the layer scales as S2 uicð�BcÞ1=5. This gives a strain rate

_� � uic

ric
S2
�Rac

Pec

� �2=5

; ð11Þ

where Rac is the Rayleigh number defined in Eq. (8) based on the

composition scale
R t

0 Sc dt0. Notice that the diffusivity jc in Rac

and Pec cancel out: the strain rate is independent of the com-
positional diffusivity.

If thermal stratification is considered instead of compositional
stratification, the Péclet number is Oð1Þ and the scaling given in
Eq. (11) does not apply. The correct scaling (demonstrated in

Appendix A) is d � ricð�RaTÞ�1=6 and u � S2 uic ð�RaTÞ1=6, which
gives

_� � uic

ric
S2 ð�RaTÞ1=3

: ð12Þ
3.2. Lorentz force

Poloidal flow. Karato (1999) investigated the effect of the poloi-
dal part of the Lorentz force. Assuming a magnetic field at the inner
core boundary of the form B ¼ B/ cos h sin h e/, with h and / the
colatitude and longitude, the magnitude of the Lorentz force within
the inner core is � B2

/=ðl0ricÞ, where l0 ¼ 4p 10�7 H m�1 is the
magnetic permeability of free space and B/ is the azimuthal com-
ponent of the magnetic field at the ICB. Assuming a balance
between the Lorentz force and the viscous forces, which are
� gu=r2

ic, gives a typical flow velocity � B2
/ric=ðl0gÞ � uicM, where

the number M is defined as

M ¼
B2

/ric

l0 g uic
: ð13Þ

The typical length scale of the flow is the inner core radius, and the
strain rate is

_� � uic

ric
M: ð14Þ

Buffett and Bloxham (2000) argued that if the inner core is sta-
bly stratified the poloidal part of the Lorentz force would not pro-
duce any significant flow, because a large fraction of the Lorentz
force would be balanced by the buoyancy forces arising when iso-
compositional or isothermal surfaces are deformed. Though the
Lorentz force cannot be balanced exactly by the buoyancy forces,
the residual flow becomes vanishingly small as the strength of
the stratification is increased. Lasbleis et al. (submitted for
publication) have shown that the effect of stratification is negligi-
ble if �RaT=PeT K M or jRacj=Pec K M. In this case, the scaling law
from Eq. 14 is valid.

When the stratification is strong enough to alter the flow, the
effect on the pattern of the flow is found to be similar to what
was found in the case of heterogeneous inner core growth: radial
flow is impeded and the flow is localized in a shear layer below
the ICB. Lasbleis et al. (submitted for publication) found that the
scaling laws describing the shear layer thickness and the magni-
tude of the velocity in the layer depend on the value of the
Péclet number. In the small Péclet number limit, corresponding
to thermal stratification, the thickness d of the shear layer scales
Please cite this article in press as: Lasbleis, M., Deguen, R. Building a regime
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as d � ricð�RaTÞ�1=6 while the horizontal velocity in the layer scales

as u � uicMð�RaTÞ�1=2. This gives

_� � uic

ric
Mð�RaTÞ�1=3

: ð15Þ

In the large Péclet number limit, corresponding to compositional
stratification, the thickness of the shear layer scales as

d � ricð�Rac=PecÞ�1=5 and u � uicMð�Rac=PecÞ�3=5. This gives

_� � uic

ric
M
�Rac

Pec

� ��2=5

: ð16Þ

As with heterogeneous growth, the scalings are independent of the
compositional diffusivity in the case of compositional stratification.

Notice that the shear layer thickness follows the same scaling as
does the layer which develops in the case of a flow forced by het-
erogeneous inner core growth with stable stratification (see
Section 3.1). The key difference is that in the case of heterogeneous
growth, the flux of mass across the layer is independent of the
stratification strength, since it is set by the magnitude of the solid-
ification rate heterogeneities, so that decreasing the shear layer
thickness results in larger horizontal velocities. Increasing the
strength of the stratification therefore results in higher velocities
and smaller length scales, which together imply a larger strain rate
magnitude. In the case of the flow induced by the Lorentz force, the
horizontal velocity decreases as the strength of the stratification is
increased. The velocity decreases with (�Ra) faster than does the
layer thickness, which at the end implies than that the strain rate
magnitude decreases with increasing stratification.

Azimuthal flow. With the realization that a stable radial strat-
ification would strongly impede the development of a radial flow
in the inner core, Buffett and Wenk (2001) turned their attention
to the horizontal part of the Lorentz force, which arises from inter-
actions between the azimuthal component and z-component of the
magnetic field. Adding a constant Bz component to the purely tor-
oidal magnetic field defined previously, the /-component of the
Lorentz force drives a longitudinal flow of magnitude

v/ ¼ �
1

10
BzB/

l0 g
r3

r2
ic

sin h: ð17Þ

Being horizontal, this flow is not affected by the presence of a den-
sity stratification (Buffett and Wenk, 2001). The strain rate at ðr; hÞ
can be calculated as

_�ðr; hÞ ¼ _�r;/ðr; hÞ ¼
1

10
BzB/r2

l0gr2
ic

sin h: ð18Þ

The maximum value of _� is reached at the equator at the ICB, and is

_�max ¼
1

10
BzB/

l0g
¼ uic

ric

1
10

Bz

B/
M: ð19Þ
3.3. Joule heating

Another possible effect of the magnetic field comes, as proposed
by Takehiro (2010), from the Joule heating associated with the
electrical currents j ¼ r� B=l0 diffused in the inner core. The

volumetric rate of Joule heating is given by Q j ¼ j2
=r ¼

jr� Bj2=ðrl2
0Þ, where r is electrical conductivity. Because Q j

depends on the magnetic field intensity, spatial variations in mag-
netic field strength induces spatial variations of heating rate, and
the resulting horizontal variations of temperature induces horizon-
tal variations of density which can drive a flow. Regions with a lar-
ger than average rate of Joule heating will tend to rise, while
regions with low Joule heating will tend to sink.
diagram for the Earth’s inner core. Phys. Earth Planet. In. (2015), http://
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Takehiro (2010) developed a model for the flow induced by
Joule heating associated with the degree 2 component of the toroi-
dal field in the case of a stable thermal stratification, and found
that the typical velocity is given by

u ’ 8
Q jric

qcpd �H
; with Q j ¼

B2
/

l2
0rr2

ic

; ð20Þ

where d �H is the difference of potential temperature between the
ICB and the center of the inner core. With B/ � 10�2 T and

r ¼ 1:5� 106 X�1 m�1;Qj is about 10�11 W m�3. The scaling given
by Eq. (20) can be found with the following simple calculation.
Neglecting thermal diffusion, a parcel of inner core material would
see its temperature increase at a rate Qj=ðqcpÞ. The density of the
parcel will therefore decrease and the parcel will tend to rise with
a velocity u. However, if a stable thermal stratification is assumed,
the parcel will find itself in warmer – and therefore less dense – sur-
roundings. Viewed from the parcel, the rate of change of the poten-
tial temperature around the parcel is given by u @ �H=@r. Assuming
that the parcel evolves through a succession of equilibrium states
at which its temperature remains equal to that of the surrounding
(which is a reasonable assumption since this is a creeping flow),
equating the rate of temperature increase Qj=ðqcpÞ of the parcel

with u @ �H=@r � u �H=ric gives the velocity scaling given in Eq. (20).
The length scale of velocity variations is the radius of the inner

core, and the strain rate is therefore

_� ’ 8
Qj

qcpd �H
’ uic

ric
8

k
jT

aT gicbric

cp
Mð�RaTÞ�1

; ð21Þ

where k ¼ 1=ðrl0Þ. With k=j ’ 3� 104, and the dissipation number

Di ¼ ðaT gicbricÞ=cp ’ 7� 10�2, we have approximately
_� ’ ðuic=ricÞ2� 104Mð�RaTÞ�1.

The analysis done by Takehiro (2010) cannot be simply trans-
posed to the case of stable compositional stratification. If locally
heated, a parcel of inner core material will rise but, in the case of
a stable compositional stratification, will have a concentration in
light elements lower than the surroundings . The parcel will stop
when the effect of composition on density compensates the effect
of temperature. Ignoring thermal diffusion, and starting at a time
t ¼ 0 with no horizontal temperature variations, the temperature
excess in a region of high Joule heating at a time t is � Qjt=ðqcpÞ
and the associated density decrease is � aTqQjt=ðqcpÞ � aT Qjt=cp.
Now, if a parcel is displaced upward by an amount h, the com-
positional difference between the parcel and the environment is
� ð@c=@rÞh and the density difference arising from the com-
positional effect is acqð@c=@rÞh. Thermal and compositional effects
compensate when

h �
aT Q j

cpacqð@c=@rÞ t: ð22Þ

Assuming that the parcel evolves through a succession of equilib-
rium states at which thermal and compositional effects compen-
sate, the heated part of the inner core would rise at a velocity
u ¼ dh=dt given by

u �
aT Q j

cpacqð@c=@rÞ : ð23Þ

According to Eqs. (22) and (23) with Qj � 10�11 W m�3 and

acqð@�c=@rÞ � 5� 10�6 kg m�3, the total displacement in 500My is
� 500 m, and the typical velocity is � 10�14 m s�1, which is negligi-
bly small compared with the other mechanisms. In addition, the
assumptions made in this simple calculation were chosen as to
maximize the velocity estimate. Including the effect of thermal dif-
fusion in particular would make the process even slower.
Please cite this article in press as: Lasbleis, M., Deguen, R. Building a regime
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3.4. Rayleigh-Bénard convection

The last mechanism we consider is Rayleigh-Bénard type con-
vection, i.e. natural convection arising from an unstable radial den-
sity gradient. This has been first proposed for the inner core by
Jeanloz and Wenk (1988), and later studied in more details
(Weber and Machetel, 1992; Wenk et al., 2000; Buffett, 2009;
Monnereau et al., 2010; Alboussière et al., 2010; Deguen and
Cardin, 2011; Cottaar and Buffett, 2012; Mizzon and Monnereau,
2013; Deguen et al., 2013).

One peculiarity of convection in Earth’s inner core is that the
inner core boundary is a phase change interface, at which solid-
ification or melting can occur. If the ICB is deformed in response
to internal stresses, regions of negative topography will tend to
crystallize faster, while regions of positive topography will tend
to crystallize at a slower rate or even melt back, depending on
the magnitude of the topography. The rate of phase change can
be shown to be proportional to the dynamic topography
(Alboussière et al., 2010), with a timescale of topography erosion
by melting or solidification s/ estimated to � 1000 years by
Alboussière et al. (2010). The behavior of the interface depends
on the value of a non-dimensional number, here called the ‘‘phase
change number’’, defined as

P ¼ s/

sg
; ð24Þ

where sg ¼ g=ðDqgicbricÞ is the timescale of viscous relaxation of a
topography of wavelength � ric (see Deguen et al., 2013 for more
details on the definition of P and description of boundary condi-
tions allowing for melting/solidification at the ICB).

In addition to the phase change number P, the style and vigor of
convection depends on thermal and compositional Rayleigh
numbers. Though thermal and compositional convection, if they
exist, are driven respectively by cooling at the ICB and change in
composition at the ICB, the two situations are mathematically
equivalent to convection driven by an internal buoyancy source,
which is either ST or Sc as defined in Section 2. Unlike the
mechanisms discussed so far, the relevant definition of the
Rayleigh number is then

Ra�x ¼
ax q gicb Sx r5

ic

6 j2
x g

; ð25Þ

in both the thermal and compositional cases. In the thermal case,
the definition is equivalent to the Rayleigh number used so far
and Ra�T ¼ RaT . In the compositional case, the definition is different,
and Ra�c � Rac=Pec .

Large P limit. If the phase change number P > 30, dynamically
induced melting and solidification happen at a rate small com-
pared with typical convection velocity within the inner core. The
inner core boundary then behaves as an impermeable boundary
(i.e. there is negligible mass flux across the ICB) and the regime
of convection is not affected by phase change at the ICB (Deguen
et al., 2013; Mizzon and Monnereau, 2013). The inner core is unsta-
ble if the Rayleigh number is larger than a critical value of 1545.6,
above which the first unstable mode has a degree 1 pattern
(Chandrasekhar, 1961). Smaller scales modes appear when the
Rayleigh number is increased, a chaotic regime with plumes origi-
nating from below the ICB being eventually reached (Weber and
Machetel, 1992; Deguen and Cardin, 2011; Mizzon and
Monnereau, 2013; Deguen et al., 2013).

Deguen et al., 2013 have developed scaling laws for the velocity,
mean temperature, horizontal spacing between plumes, and typi-
cal strain rates valid for chaotic internally heated convection in a
sphere in statistically steady state. In particular, the typical value
of the strain rate is found to be
diagram for the Earth’s inner core. Phys. Earth Planet. In. (2015), http://
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Table 2
Parameters used in this study.

Parameter Symbol Value

Thermal diffusivitya jT 1:7� 10�5 m s�2

Compositional diffusivityb jc 10�12 m s�2

Magnetic field strengthc B 3 mT
Phase change timescaled s/ 103 yrs
Density jump at the ICBe Dq 600 kg m�3

Radius of ICBe ric 1221 km
Density of solid irone q 12800 kg m�3

Acceleration of gravitye (at ICB) gicb 4.4 m s�2

Thermal expansivityf a 10�5 K�1

Heat capacityg Cp 750 J kg�1 K�1

Electrical conductivitya r 1:5� 106 S m�1

Grüneisen parameterf c 1.4
Isentropic bulk moduluse K 1300 GPa
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_� ’ 0:25
uic

ric

Ra�x
0:524

Pex
; ð26Þ

in numerical simulations (Deguen et al., 2013, Table 3). In principle,
the scaling laws found by Deguen et al. (2013) are valid for both the
thermal and compositional cases, provided that the Rayleigh num-
ber is large enough, and that the statistically steady state assump-
tion applies. However, since the inner core is growing and the
source terms ST and Sc in the heat and composition equations vary
with time, whether the inner core can be considered in quasi-steady
state is open to question. It has been verified in numerical sim-
ulations of thermal convection including inner core growth and core
thermal evolution that the scaling laws developed for statistically
steady state correctly predict the dynamical state of the inner core
(Deguen et al., 2013), but no similar verification has been done in
the case of compositional convection.

One way to estimate the approach to quasi-steady state is to
compare the timescale needed to reach the mean temperature or
composition predicted by the steady-state scaling law, and com-
pare this timescale to the timescale ric=uic of inner core growth.
In steady state, the mean potential temperature and composition

are given by hHi ¼ 2:9ðST r2
ic=6jÞRa�T

�0:238 and hCi ¼ 2:9

ðScr2
ic=6jcÞRa�c

�0:238 (Deguen et al., 2013). The time needed to reach
these mean temperature and composition are hHi=ST ¼ 2:9

ðr2
ic=6jÞRa�T

�0:238 and hCi=Sc ¼ 2:9ðr2
ic=6jcÞRa�c

�0:238, respectively.
The ratio of these timescales to the timescale of inner core growth

ric=uic are given by 0:48PeT Ra�T
�0:238 and 0:48Pec Ra�c

�0:238. The Péclet
numbers being fixed, the inner core can approach a quasi steady
state only if its Rayleigh number is large enough. In the case of
thermal convection, PeT < 6 and a quasi-steady state regime can
be reached within Earth’s inner core history if Ra�T �
ð0:48 PeÞ1=0:238 � 102. In the case of compositional convection,
Pec � 107, and a quasi-steady state regime can be reached if

Ra�c � ð0:48 PecÞ1=0:238 � 1028. With Sc � 10�20 s�1, we obtain

Ra�c � ðg=1016Pa sÞ � 1023 which, although large, does not allow
to reach a quasi-steady state.

Small P limit. When the phase change number P is small, phase
change at the ICB is fast and profoundly modifies the regime of
convection, since a new mode emerges, consisting in a global
translation of the inner core with solidification on one hemisphere
and melting on the other (Monnereau et al., 2010; Alboussière
et al., 2010; Mizzon and Monnereau, 2013; Deguen et al., 2013).
At zeroth order in P, the motion is a pure translation with velocity

j=ricð6Ra�x=5PÞ1=2, with no deformation, and _� ¼ 0. However, since
the viscosity of the inner core is finite, deformation is still associ-
ated with the translation regime: the horizontal density variations
associated with the translation induces a large scale l ¼ 1 convec-
tive flow, with a typical velocity of order P times the translation
velocity (Deguen et al., 2013), which gives a typical velocity

� ðRa�x PÞ
1=2jx=ric. The resulting strain rate is

_� � uic

ric

ðRa�x PÞ
1=2

Pex
: ð27Þ

This scaling law is valid irrespectively of whether the buoyancy
source is of thermal or compositional origin (Deguen et al., 2013).
s

Clapeyron/adiabat slope ratioh @Tad=@Ts 1.65

a Gomi et al., 2013.
b Gubbins and Davies, 2013.
c Gillet et al., 2010.
d Deguen et al., 2013.
e Dziewoński and Anderson, 1981.
f Vočadlo, 2007.
g Gubbins et al., 2003.
h Deguen and Cardin, 2011.
4. Regime diagram

We now compare the instantaneous strain rate of all the dif-
ferent mechanisms discussed in Section 3 to build regime dia-
grams for inner core dynamics, assuming that the dominant
regime for given values of the control parameters is the one with
the largest instantaneous strain rate. We normalize the strain rate
Please cite this article in press as: Lasbleis, M., Deguen, R. Building a regime
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by uic=ric, and thus a value close to 1 corresponds to a cumulative
strain of � 100% over the whole history of the inner core, had the
strain rate been constant and continuously applied on the same
parcel.

The inner core viscosity is the parameter with the largest uncer-
tainties, with published estimates ranging from 1011 to 1022 Pa s
(Yoshida et al., 1996; Buffett, 1997; Van Orman, 2004; Mound
and Buffett, 2006; Koot and Dumberry, 2011; Reaman et al.,
2011, 2012; Gleason and Mao, 2013; Davies et al., 2014). Rax, M,
and P are inversely proportional to the viscosity, whereas S2 and
P are independent of g. The second key point is, as discussed in
Section 2, whether the density profile of the inner core is stable
or unstable, since it leads to drastically different dynamical
regimes.

We will therefore focus on the effect of the viscosity and on the
strength and sign of the stratification to construct regime diagrams
of the dynamics of the inner core. The relevant measure of the
stratification depends on the type of stratification, compositional
or thermal, and the two cases will be discussed separately.

Other parameters for the core are known with large uncertain-
ties or have been recently been discussed, such as the intensity of
the magnetic field at the vicinity of the inner core boundary and
the thermal diffusivity of solid iron at core pressure, and the effect
of varying these parameters will be discussed in the text. Typical
values for all the parameters are given in Table 2.

Fig. 2 summarizes the different mechanisms and their require-
ments in terms of dimensionless parameters. However, we choose
here to use a parameter space using dimensional parameters,
focusing on the effect of the viscosity and sign and strength of
the stratification.

4.1. Thermal stratification

As discussed in Section 2, the parameter T ic defined in Eq. (5) is
a good indicator of the thermal state of the inner core, with T ic > 1
implying a subadiabatic temperature profile and T ic < 1 implying a
superadiabatic temperature profile. We will use this parameter as
a measure of thermal stratification, and build regime diagrams in
(g; T ic) space. For a given value of T ic, the corresponding age of
the inner core, sic, can be calculated from Eq. (5) if the inner core
radius is assumed to increase as the square root of time. The
diagram for the Earth’s inner core. Phys. Earth Planet. In. (2015), http://
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conversion depends mostly on the assumed value of the thermal
conductivity.

Fig. 3 shows the maximum instantaneous strain rate in the
(g; T ic) space. A zoom on the boundary between stable and unsta-
ble stratification is also provided. For a given set of parameters, the
mechanism with the largest instantaneous strain rate is assumed
to be dominant, and is shown in Fig. 3. The dashed black lines on
Fig. 3 show the boundaries between the different regimes, with
the name of the mechanism and a snapshot of the flow shown
for each regime.

The stratification is stable whenever the Rayleigh number is
lower than the critical Rayleigh number for convection, which is
equal to Ralimit ¼ 1545:6 (Chandrasekhar, 1961) when P is large
(corresponding to low viscosities), and varies with P as
Ralimit ¼ 87:5 P when P is small (corresponding to large viscosi-
ties) (Deguen et al., 2013). This boundary is shown on Fig. 3 in
Fig. 3. Instantaneous strain rate as a function of the viscosity and age of the inner core.
values of the control parameters is the one with the largest instantaneous strain rate (se
solid dashed lines. The stripped rectangle corresponds to a zone of transition between th
accurately the strain rate. The limit T ic ¼ 1 (black line) corresponds to the limit betwee
bottom panel, to show the boundary between convection and stable state (solid red line
figure legend, the reader is referred to the web version of this article.)
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the second panel. With a thermal conductivity equal to
180 W m�1 K�1, the ratio Ra=P reaches 87.5 at T ic ¼ 0:9992, where
T ic ¼ 1 corresponds here to sic ¼ 300 kyrs. The boundary is
independent of g. In terms of T ic, the onset of convection always
appears very close to the limit T ic ¼ 1, which is why it is not visible
on the main panel of Fig. 3.
4.1.1. Stable stratification
In the case of stable stratification, all the mechanisms due to

external forcing coexist in the inner core. The expected dominant
mechanisms for a stable inner core are shown in Fig. 3, for
T ic > 1: deformation induced by heterogeneous growth is pre-
dicted to be dominant if the viscosity is larger than 1011—12 Pa s,
while the effect of the azimuthal component of the Lorentz force
dominates if the viscosity is lower than this. If the viscosity is
The regime diagram is build on the assumption that the dominant regime for given
e text for details on the calculations). The domains of each regime are delimited by
e translation and plume convection regimes, where the scaling laws do not predict
n stable and unstable density stratification. A zoom around T ic ¼ 1 is given on the
) and T ic ¼ 1 (solid black line). (For interpretation of the references to colour in this
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larger than 1023—24 Pa s, S2PeT=jRaT j 	 1 and a flow similar to the
one for neutral stratification (Yoshida et al., 1996) is reached.

Fig. 4 shows the viscosity dependence of the strain rate for all of
the mechanisms for T ic ¼ 1:65 (jic ¼ 0:5 Gyrs, k ¼ 180W
m�1 K�1). The strain rate shown in Fig. 3 is obtained by maximiz-
ing the strain rate from Fig. 4. Fig. 4 shows also the effect of a larger
magnetic field: with a magnetic field B ¼ 3� 10�2T, the boundary
between heterogeneous growth rate and azimuthal Lorentz force is
shifted toward higher viscosity values (� 1014 Pa s) and Joule heat-
ing produces a deformation with an intensity similar to heteroge-
neous growth rate.
Fig. 5. Unstable stratification (T ic ¼ 0:5). Instantaneous strain rate as a function of
the viscosity. Colors correspond to different mechanisms. A magnetic field intensity
of B ¼ 3� 10�3 T is assumed. The stripped rectangle corresponds to a zone of
transition between the translation and plume convection regimes (10 < P < 100),
where the scaling laws do not predict accurately the strain rate. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
4.1.2. Unstable stratification
If the Rayleigh number is larger than the critical Rayleigh num-

ber, convective instabilities develop. Unlike externally forced
mechanisms, these two regimes cannot coexist, and the boundary
between the two is plotted on Fig. 3. This boundary was estimated
by Deguen et al. (2013) to be at P ¼ 30, which corresponds to
g ¼ 3� 1018 Pa s. In the transition zone between the translation
and plume convection regimes (10 < P < 100), the scaling laws
do not predict accurately the strain rate, and we use a striped rec-
tangle to identify this domain.

The strain rate associated with the translation regime at large
viscosity is low but non zero because of the secondary flow associ-
ated with the lateral temperature variations induced by the trans-
lation. The strain rate decreases with increasing viscosity, while
the translation velocity is an increasing function of the viscosity.

If the viscosity is low, which corresponds to large value of P, the
convective instability develops as plumes and the strain rate is
large. However, convection is unsteady and the exact position
where the strain is applied varies on time scales several orders of
magnitude smaller than the age of the inner core.

External forcings are still active when the stratification is unsta-
ble, but they are expected to have a smaller effect than convective
instabilities in most of the regime diagram, as shown in Fig. 5.
However, if the velocities due to these external forces are large
enough compared to convective velocities, we expect the convec-
tion pattern to be modified by the forcing. To estimate this, the
Fig. 4. Stable stratification (T ic ¼ 1:65). Instantaneous strain rate as a function of
the viscosity. Colors correspond to different mechanisms. For each mechanism, the
upper and lower bounds correspond to magnetic field intensities of B ¼ 3� 10�3 T
and B ¼ 3� 10�2 T. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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typical velocity scales associated with the Lorentz force and
preferential growth are compared with the typical velocity of con-
vection. The azimuthal and poloidal magnetic field components
promote a flow which velocity scales as 10�2M uic while the veloc-
ity of the flow induced by heterogeneous growth scales as S2uic

(Yoshida et al., 1996). In the plume convection regime, the velocity
scales as 0:96 Ra�0:334=Pe uic (Deguen et al., 2013). Magnetic forces
will therefore modify the geometry of convection if M=Ra�0:334 is
larger than 102, which requires a low viscosity (g < 1012) as seen
on the regime diagram of Fig. 3. To obtain a plume velocity of
the same order or smaller than S2uic, the viscosity has to be larger
than 1021, which would put the inner core largely in the translation
regime, for which this scaling for the velocity is no longer relevant.

4.1.3. Effect of thermal diffusivity
Fig. 6 shows regime diagrams computed with three different

values of the thermal diffusivity. The three diagrams are qual-
itatively similar.

When decreasing the thermal diffusivity and keeping the other
parameters unchanged, we obtain slightly larger strain rates and
the boundaries between the regimes are shifted toward lower vis-
cosity values, except for the one between translation and plume con-
vection. The effect of the magnetic field is thus larger, for both stably
and unstably stratified regions, for a smaller thermal diffusivity.

The main difference between the three diagrams is the dimen-
sional inner core age corresponding to the boundary between the
stably and unstably stratified regimes. The limit T ic ¼ 1 corre-
sponds to a dimensional age of the inner core of 1.3 Gyrs if the
smallest thermal conductivity (k = 36 W K�1 s�1) is assumed, and
of less than 0.2 Gyrs for the largest published value
(k = 232 W K�1 s�1). See Fig. 1 for the evolution of the critical age
of the inner core as a function of the conductivity and Section 2
for discussion.

4.1.4. Exploring the inner core history
Given the scaling laws for the strain rate induced by the differ-

ent mechanisms and the time dependence of the dimensionless
parameters (assuming the inner core radius evolves as
diagram for the Earth’s inner core. Phys. Earth Planet. In. (2015), http://
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ricðtÞ ¼ ricðsicÞ
ffiffiffiffiffiffiffiffiffiffi
t=sic

p
) we can investigate how the regime diagram

and the strain rate magnitude have involved with time.
We build regime diagrams corresponding to three different

times in the history of the inner core, at which the inner core
radius is equal to 0.25, 0.5 and 1 times its current radius (Fig. 7).
In contrast with Fig. 3, the strain rate is dimensional in this figure,
which explains that when decreasing T ic in the unstably stratified
regime the strain rate is actually increasing, but the total strain
over the inner core history would be lower. Using the dimensional
strain rate allows us to compare more readily the regime diagrams
of this figure.

When going back in time, two main effects are noticeable on the
diagrams. First, the stable zone for T ic < 1 is larger. This is because
the Rayleigh number is a strong function of ricðtÞ, and the onset of
the instability requires faster inner core cooling (smaller T ic) to
compensate for the smaller ric . Even if the set of parameters indi-
cates a translation regime for today’s inner core, it is less likely
to happen when the inner core was younger. The time at which
the translation started depends on the ratio RaT=P which is
proportional to SðT icÞr4

icðtÞ. Second, the effect of a stable stratifica-
tion on the flow induced by heterogeneous growth is less
pronounced. As discussed in Section 3.1, stratification has a signifi-
cant effect on the flow induced by heterogeneous growth if

�RaT=ðS2PeTÞ > 1. Since �RaT=ðS2PeTÞ / ricðtÞ6=g, the limit of the
strongly stratified regime is shifted toward smaller values of the
viscosity when the inner core radius is smaller, as can be seen in
Fig. 7. The effect of stratification is always negligible early in the
inner core history, and then becomes increasingly important.
Fig. 7. Regime diagrams for three different inner core radius (ricðsicÞ;0:5ricðsicÞ;0:25ricðsic

dimensional to enable comparison between the regime diagrams.
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Finally, the ric /
ffiffi
t
p

growth law assumed here is a special case,
for which the source term ST in the heat conservation equation is a
constant. In this case, the inner core would remain either stably or
unstable stratified during all of its history. If a more realistic
growth law (based on core energetics (Labrosse, 2003)) is consid-
ered, it can be shown that the source term ST is in general a
decreasing function of time, which, even if initially positive, can
become negative in the course of inner core solidification
(Deguen and Cardin, 2011). This implies that the inner core may
have evolved from an unstably stratified regime to a stably strati-
fied regime.

4.2. Compositional stratification

Compositional stratification is scaled with the source term
Sc ¼ _csðricÞ, which can be either negative or positive (see Eq. (7)).
Values for �acSc are expected to range from �10�19 s�1 (constant
partition coefficient and dq ¼ 10 kg m�3) to þ10�20 s�1 (from
Labrosse (2014) the density variation from oxygen only should
be of order 1 kg m�3. Considering that sulfur is stabilizing the strat-
ification, this overestimates all reasonable values).

Fig. 8 shows the instantaneous strain rate in a regime diagram
in the ðacSc;gÞ space, build with the same approach as for the ther-
mal case. In the stable stratification case, the mechanism with the
maximum instantaneous strain rate is assumed to be dominant
and is shown in the figure. Other mechanisms are still valid but
are less likely to texture the inner core. In the unstable stratifica-
tion case, the boundary between the translation and plume
Þ), corresponding to three different times in the inner core’s history. The strain rate is
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Fig. 8. Regime diagram for compositional stratification. The color intensity shows
the instantaneous strain rate and the boundaries between the different regimes are
indicated with dashed (coexistence of different regimes) and solid lines (incom-
patibility between the regimes). For acSc > 0 and g < 1018 Pa s (grey shade),
convective instabilities develop as plumes but a steady state may not be reached,
and the value of the strain rate is uncertain. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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convection regimes is shown, as well as the region where the
Lorentz forces are likely to alter the pattern of the flow. As
discussed in Section 3.4, it is not clear that the scaling laws devel-
oped for plume convection can be used here, as the steady state
may not be reached in the case of compositional convection, and
we show this domain in the regime diagram with a grey shading.
In the plume convection regime, the limit below which the
magnetic field can alter the pattern of the flow is also shown.
5. Discussion and conclusion

In this paper, we have developed regime diagrams for the
dynamics of the inner core based on the instantaneous strain rate
associated with each published mechanisms. For a given age and
viscosity of the inner core, the flow geometry and the associated
strain rate can be inferred from the diagrams. These regime dia-
grams may also be used to determine which regions in parameter
space are likely to correspond to Earth’s inner core by comparing
the flow geometry and/or the intensity of strain to seismic obser-
vations. For the mechanisms discussed here, compositional or ther-
mal stratification have qualitatively similar effects. The scaling
laws for the strain rate are different, but for the range of parame-
ters suitable for the Earth’s inner core, they both lead to strain rate
values of the same order of magnitude.

Developing a significant texture requires that the accumulated
strain is at least a few tenths of percents (e.g. Wenk et al.,
2000,Deguen et al., 2011). Whether this is likely or not can be
roughly estimated from the regime diagrams shown in Figs. 3 and
8, which show the strain rate normalized by uic=ric, i.e. the dimen-
sional strain rate multiplied by the timescale of inner core growth
ric=uic. This gives an estimate of the cumulative strain over the inner
core history, had the strain rate remained constant during this time.

Most of the regions of the diagram are expected to produce sig-
nificant textures when considering the intensity of the strain rate,
except for the highest viscosity regions in the translation regime.
The translation mode has very large velocities, implying a high
replacement rate and a smaller residence time of the crystals in
Please cite this article in press as: Lasbleis, M., Deguen, R. Building a regime
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the inner core, which may limit the accumulation of strain.
Translation is a good candidate to produce an East–West dichotomy
(Monnereau et al., 2010; Alboussière et al., 2010; Bergman et al.,
2010; Geballe et al., 2013) but may not produce by itself a texture
strong enough to explain the global anisotropy. The regions of the
regime diagram with the highest strain rates are found for the low-
est viscosity. The instantaneous strain rate in the plume convection
regime is large but unlikely to add up because the flow is unsteady.
Lorentz force can channel the flow if the viscosity is low enough and
may organize the deformation such that the accumulated strain is
large enough to be detected by seismic studies.

When considering only the flow geometry, a significant fraction
of the mechanisms presented here are unlikely to produce the N–S
oriented cylindrical symmetry revealed by seismology. Both het-
erogeneous growth and poloidal Lorentz forcing show such a sym-
metry if the stratification is weak (Karato, 1999; Yoshida et al.,
1996). In the case of a strong stratification (Buffett and Bloxham,
2000; Deguen et al., 2011; Lasbleis et al., submitted for
publication), the flow is confined in an upper layer and unlikely
to produce the correct anisotropy geometry. The flow induced by
the azimuthal Lorentz force (Buffett and Wenk, 2001) may seem
unlikely to produce the expected geometry because deformation
is restricted to the uppermost inner core, but the accumulated
strain in fact increases with depth and reaches a maximum at an
intermediate depth (Deguen, 2012). In the case of plume convec-
tion, the flow is unsteady and the strain can not add up. If the vis-
cosity is lower than � 1012 Pa s, magnetic forcing can channel the
flow, thus plausibly leading to a cylindrical anisotropy.

A mechanism able to explain the strong anisotropy revealed by
seismic data would have to satisfy two requirements: that the
induced strain is large enough, and that the flow has the correct
geometry. Based on our regime diagram, this seems to require


 either a stable stratification and a viscosity large enough to
reach the weakly stratified heterogeneous growth regime,
which could give a flow with the adequate geometry (Yoshida
et al., 1996). However, the timescale of texture development
would be similar to the age of the inner core;

 or a low viscosity ( K 1012 Pa s ) and either a stable or unstable

stratification, to allow the Lorentz force to have a strong effect
and impose a N-S axisymmetric geometry.

Our regime diagrams still provide only a simplified view of Earth’s
inner core dynamics. For example, evaluating the effect of thermal
and compositional stratification independently is artificial, and
ignores the possibility of having double diffusive convection
(Deguen and Cardin, 2011; Cottaar and Buffett, 2012; Pozzo
et al., 2014). Also, we have limited our analysis to mechanisms
with scaling laws for the strain rate available in the literature,
and thus our regime diagrams are probably incomplete. In particu-
lar, the effect of Joule heating when the inner core is unstable
against convection has not yet be investigated, but may be of
importance (Takehiro, 2010).

Finally, though the order of magnitude of the cumulative strain
is a good indicator of the likelihood of developing a significant tex-
ture, predicting travel time residuals requires simulating the tex-
ture development process and microscopic properties of iron at
inner core pressure and temperature (Lincot et al., 2014).
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Appendix A. Flow induced by heterogeneous inner core growth
in the case of stable thermal stratification

In this appendix, we derive scaling laws describing the flow
forced by heterogeneous growth of the inner core in the case of a
stable thermal or compositional stratification. Scaling laws have
already been derived by Deguen et al. (2011) in the compositional
case, for which the Péclet number is large, but not in the thermal
case, for which the Péclet number is on the order of 1 and diffusion
is important. In both cases, the stable stratification impedes the
development of a strong radial flow because of the buoyancy forces
which arise when surface of constant temperature or composition
are deformed, and the flow is confined in a shear layer below the
ICB. In what follows, we will denote by d the thickness of this shear
layer, ur and uh the radial and latitudinal velocities, and look for
scaling laws for these quantities.

We start with the equations of conservation of vorticity assum-
ing axisymmetry around Earth’s spin axis (obtained by taking the
curl of the Stokes equation), heat, and mass, which we write as

0 ¼ �axqg0
@v
@h
þ gr2x/; ðA:1Þ

Dv
Dt
¼ jxr2vþ Sx; ðA:2Þ

0 ¼ $ � u; ðA:3Þ

where v denotes either the potential temperature H or the modified
composition C ¼ c � cs

icb as defined in Section 2, and x denotes either
thermal (x ¼ T) or compositional (x ¼ c) parameters, u ¼ ður;uhÞ
denotes the radial and latitudinal components of the velocity field,
x/e/ ¼ $� u the vorticity, with e/ the unit vector along the long-
itudinal direction.

We scale lengths by ric, time by sic, velocity by jx=ric, and v by
Dv.

Assuming for simplicity that Dv is constant, the system of Eqs.
(A.1)–(A.3) is rewritten in non-dimensional form as

0 ¼ �Rax
@v
@h
þr2x/; ðA:4Þ

nx
@v
@t
¼ r2v� ðu� PexrÞ � $vþ Sx; ðA:5Þ

0 ¼ r � u; ðA:6Þ

where Sx ¼ Sxsic=Dv and nx ¼ r2
ic=ðjxsicÞ. nx is related to Pex. For

example, nx ¼ 2Pex t if the radius of the inner core increases as
the square root of time. The term Pexr � $v in Eq. (A.5) comes from
the time dependence of ric (inner core growth), and represents
radially inward advection relative to the ICB (e.g. Deguen and
Cardin, 2011). With this scaling, the non-dimensional inner core
growth rate is given by uicric=jx, which is the Péclet number Pex.

We write v ¼ �vþ v0 with �vðr; tÞ the potential temperature or
composition field for u ¼ 0. �v is solution of

nx
@�v
@t
¼ r2 �vþ Pex r � $�vþ Sx: ðA:7Þ

Subtracting Eq. (A.7) to (A.2), and assuming v0 	 �v, we obtain

nx
@v0

@t
¼ r2v0 � uh

@v0

@h
� ur

@v0

@r
� ur

@�v
@r
þ Pexr � $v0: ðA:8Þ

In what follows, we will look for steady state scaling laws and we
will therefore assume that nx@v0=@t ¼ 0.

The continuity equation implies uh � ur=d. The radial velocity is
imposed by the boundary condition, and is on the order of
ur � S2uic � S2 Pex, which gives

uh �
S2Pex

d
: ðA:9Þ
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In the vorticity equation, the two terms must balance when the
effect of stratification is important: starting with no perturbations,
v0 ¼ 0, surfaces of constant v are deformed by the flow induced by
the boundary conditions. This induces an increase of v0 and of the
buoyancy force which eventually balances the flow if the stratifica-
tion is strong enough. With the vorticity x/ � uh=d � S2Pex=d

2, we
therefore have

S2Pex

d4 � jRaxjv0: ðA:10Þ

The scaling of the different terms of the potential temperature/com-
position equation depends on whether a thermal or compositional
stratification is assumed, and will consider both cases separately,
starting with the thermal stratification case.

Boundary between weak and strong stratification regimes. The
effect of the stratification is negligible if the buoyancy term
jRaxj @v0=@h cannot balance the viscous forcing term. With v0 being
necessarily smaller than the temperature difference across the
inner core, which is Oð1Þ in non-dimensional units in the thermal
case, the buoyancy term magnitude is K jRaxj. The viscous term
r2x/ � x/=d

2 � uh=d
3 � S2Pex=d

4 being larger than S2 Pex, the
effect of stratification would therefore be negligible if
S2 Pex > jRaxj.

A.1. Small Pe limit – thermal stratification

Scaling of the heat equation terms. With the radial gradient of H0

scaling as H0=d, the horizontal gradient of H0 scaling as H0, and
@ �H=@r � 1, the different terms of the potential temperature per-
turbation equation then scale as follows:

0 ¼ r2H0|fflffl{zfflffl}
�H0=d2

�uh
@H0

@h|fflfflffl{zfflfflffl}
�uhH

0

�ur
@H0

@r|fflfflffl{zfflfflffl}
�urH

0=d

�ur
@ �H
@r|fflffl{zfflffl}
�ur

þPeT r � $H0|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
�PeT H0=d

: ðA:11Þ

With H0 � S2 PeT=ðRa d4Þ from Eq. (A.10), ur � S2PeT and
uh � S2 PeT=d, we obtain

0 ¼ r2H0|fflffl{zfflffl}
�S2 PeT=ðRa d6Þ

� uh
@H0

@h|fflfflffl{zfflfflffl}
�S2 PeT H0=d

� ur
@H0

@r|fflfflffl{zfflfflffl}
�S2PeT H0=d

� ur
@ �H
@r|fflffl{zfflffl}

�S2 PeT

þ PeT r � $H0|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
�S2Pe2

T =ðRad5Þ

:

ðA:12Þ

The advection term must be balanced by either the diffusion term
r2H0, or by the inner core growth term PeT r � $H0 (the last term
is always smaller than PeT r � $H0 since d < 1). Comparing the diffu-
sion term, which is � S2 PeT=ðjRaj d6Þ, with the inner core growth
term, which is S2 Pe2

T=ðjRaj d5Þ, we find that the effect of inner core
growth is negligible if PeT 	 1=d.

Neglecting the term in PeT , the equation for the perturbation of
the potential temperature writes

0 ¼ r2H0|fflffl{zfflffl}
�S2 PeT=ðRaT d6Þ

� uh
@H0

@h|fflfflffl{zfflfflffl}
�S2 PeT H0=d

� ur
@H0

@r|fflfflffl{zfflfflffl}
�S2PeT H0=d

� ur
@ �H
@r|fflffl{zfflffl}

�S2 PeT

: ðA:13Þ

We now assume that the terms of advection of the temperature per-
turbation are small compared to the term of vertical advection of
the mean temperature profile, which requires that

H0=d ¼ S2 PeT=ðjRaT j d5Þ 	 1, or that d� ðS2 PeT=jRaT jÞ1=5 (self-
consistency will be checked later). Balancing vertical advection
and diffusion, we obtain

d � jRaT j�1=6
: ðA:14Þ

With uh � S2 PeT=d, this yields

uh � S2 PeT jRaT j1=6
; ðA:15Þ
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and

_� � uh

d
� S2 PeT jRaT j1=3

: ðA:16Þ

The dimensional strain rate is given by

_� � jT

r2
ic

S2 PeT jRaT j1=3 � uic

ric
S2 jRaT j1=3

: ðA:17Þ

The requirement that d� ðS2 PeT=jRaT jÞ1=5 for horizontal advection
to be small compared with vertical advection requires

jRaT j � ðS2 PeTÞ6=11, which is verified here since PeT and S2 are both
on the order of 1, while jRaT j is typically � 1.

Using the scaling found for d, the requirement that PeT 	 1=d
for inner core growth to be of negligible effect is written as

PeT 	 jRaT j1=6
: ðA:18Þ
A.2. Large Pe limit – compositional stratification

Scaling of the terms of the composition transport equation. The dif-
fusion term is now assumed to be negligible, which gives

0 ¼ � uh
@C 0

@h|fflffl{zfflffl}
�S2 Pec C0=d

� ur
@C 0

@r|fflffl{zfflffl}
�S2 PecC0=d

� ur
@�C
@r|fflffl{zfflffl}

�S2 Pec

þ Pec r � rC 0|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
�Pec C0=d

: ðA:19Þ

Assuming again that the composition perturbation advection terms
are small compared to the vertical advection of the mean com-
positional profile, the main balance is between the second and third
terms, which gives

S2 Pec �
Pec C0

d
: ðA:20Þ

Using C0 � S2 Pec=ðd4 RacÞ from Eq. (A.10), we obtain

d � ðjRacj=PecÞ�1=5
: ðA:21Þ

With uh � S2 Pec=d, this yields

uh � S2 Pec ðjRacj=PecÞ1=5 � S2 Pe4=5
c jRacj1=5

; ðA:22Þ

and

_� � uh

d
� S2 Pec ðjRacj=PecÞ2=5 � S2 Pe3=5

c jRacj2=5
: ðA:23Þ

The dimensional strain rate is given by

_� � uic

ric
S2 ðjRacj=PecÞ2=5

; ðA:24Þ

as found by Deguen et al., 2011.
Using the scalings found for d and uh, the requirement that

d� ðS2 Pec=jRacjÞ1=5 for the vertical advection term to dominate
over the horizontal advection term requires that S2 	 1.
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