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Experimental studies at pressure and temperature conditions of the Earth’s lower mantle have shown 
that iron in ferropericlase (Fp) and in Mg-silicate perovskite (Pv) undergoes a spin state transition. This 
electronic transition changes elastic and transport properties of lower mantle minerals and can play 
an important role in mantle convection. Here we focus on the geodynamic effect of the spin-induced 
density modifications caused by the volume collapse of Fp and by the variation of Fe partitioning 
(K Pv–Fp) between Fp and Pv. Since K Pv–Fp behavior strongly depends on alumina content, we explore 
two end-member compositions, one Al-bearing (with 4.7 wt% Al2O3 in Pv) and the other Al-free. We 
use the theoretical model by Sturhahn et al. (2005) to calculate the spin configuration of Fp over a 
range of pressure–temperature conditions, and use experimental results to model Fe partitioning. We 
then apply the Mie–Grüneisen–Debye equation of state to obtain the density of the mineral assemblages. 
The calculated amplitude of the density change across the spin state transition is less than 1%, consistent 
with experiments by Mao et al. (2011); our density profiles differ from PREM by less than 1.5%. The 
spin-induced density variations are included in a three dimensional convection code (Stag3D) for a 
compressible mantle. We find small temperature differences between models with and without spin state 
transitions, since over billions of years the relative temperature difference is less than 50 K. However the 
relative RMS vertical velocity difference is up to 15% for an Al-free system, but only less than 6% for an 
Al-bearing system.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The widely accepted pyrolitic compositions consist of approx-
imately 18 vol% ferropericlase (Mg, Fe)O (hereafter called Fp), 
75 vol% Mg-silicate perovskite (Mg, Fe)(Al, Si)O3 (hereafter called 
Pv), and 7 vol% Ca-silicate perovskite CaSiO3 (hereafter called CaPv) 
(Ringwood, 1982; Irifune, 1994; Irifune et al., 2010). Even if the 
uncertainties in the composition of the lower mantle are consid-
ered, current experiments at high pressure and temperature, cou-
pled with equations of state (Jackson, 1998; Ricolleau et al., 2009;
Murakami et al., 2012) cannot fully explain density and seismic ve-
locities inferred by seismic models such as PREM (Dziewonski and 
Anderson, 1981). The disagreement reveals the large uncertainties 
that still affect composition, temperature, and physical properties 
in the lower mantle.
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Fyfe (1960) suggested that the electronic structure of Fe2+ in 
the octahedral coordination can change at high pressure. For ex-
ample, the 3d orbitals of Fe2+ in Fp, which is surrounded by six 
oxygen atoms, split in two different groups with different ener-
gies: three orbitals (t2g ) with a lower energy and two orbitals (e2g ) 
with a higher energy (see Li et al., 2004, Fig. 4). Following Hund’s 
rule, at ambient condition, the stable state has two unpaired elec-
tron in two t2g orbitals, two unpaired electrons in two e2g orbitals, 
and two paired electrons in a t2g orbital. This configuration is the 
high spin (HS) state. With compression, the splitting of the two 
energy levels can increase and at some point the energy gap be-
comes large enough to stabilize the state with six paired electrons 
in the t2g orbitals. This configuration is the low spin (LS) state. 
Sherman (1988) and Burns (1993), with a crystal field theory, as 
well as Cohen et al. (1997), with a band theory, predicted the oc-
currence of such change in spin state at the pressure–temperature 
conditions of the Earth’s lower mantle. Badro et al. (2003) found 
a spin state transition in Fp at a pressure range ∼60–70 GPa and 
at ambient temperature. At higher temperatures, theoretical mod-
els (Sturhahn et al., 2005; Tsuchiya et al., 2006) predicted that the 
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spin state transition should occur at higher pressure and over a 
broad range of pressure, as confirmed by Lin et al. (2007a). Iron 
spin state transitions occur also in Pv (Badro et al., 2004; Jackson 
et al., 2005), but it is more complex because of two different crys-
tallographic sites, an octahedral and a dodecahedral, and two dif-
ferent oxidation state of iron, Fe2+ and Fe3+ (see Lin et al., 2013;
Badro, 2014, and reference therein).

Spin state transitions alter the elastic and transport properties 
(Jackson et al., 2006; Lin et al., 2006, 2007b, 2013; Crowhurst et 
al., 2008; Goncharov et al., 2008, 2009; Antonangeli et al., 2011;
Ammann et al., 2011) thereby affecting mantle dynamics. More-
over the lower mantle density is modified by the volume collapse 
due to the lower volume of Fe2+ in LS state, and by the spin 
state induced modification of Fe partitioning between Fp and Pv. 
Bower et al. (2009) and Shahnas et al. (2011) calculated the prop-
erty changes induced by the Fe2+ spin state transition in Fp, and 
conducted numerical simulations to quantify the effect on mantle 
dynamics. Both studies found increased mantle temperature and 
enhanced flow velocity. However, Bower et al. (2009) assumed a 
pure Fp composition and Shahnas et al. (2011) neglected Fe parti-
tioning, so that both studies use a simplified lower mantle compo-
sition.

Here we use a theoretical model (Sturhahn et al., 2005) cou-
pled to an equation of state (Jackson and Rigden, 1996) to build a 
density model including the Fe2+ spin state transition in Fp. The 
dominant chemical components (e.g., FeO, MgO, MgSiO3, Fe2O3, 
Al2O3, etc.) are included in order to provide realistic thermody-
namic properties of the mineral assemblages (Fp, Pv, and CaPv). 
We apply an equation of state to these minerals to obtain their 
density as a function of pressure and temperature. This approach 
enables us to explore different compositions and to calculate the 
corresponding density profile.

A new aspect of our work is to consider the spin state induced 
Fe partitioning between Pv and Fp (K Pv–Fp). Recent experiments 
have shown different behaviors of K Pv–Fp for an olivine composi-
tion (Kobayashi et al., 2005; Sinmyo et al., 2008; Auzende et al., 
2008; Sakai et al., 2009) and pyrolitic compositions (Irifune, 1994;
Kesson et al., 1998; Wood, 2000; Murakami et al., 2005; Irifune et 
al., 2010; Sinmyo and Hirose, 2013). Therefore we study two end-
member compositions, an Al-bearing and an Al-free pyrolite, with 
their corresponding Fe partitioning. We assume that in the Al-free 
system Fe partitioning follows the same behavior as in the olivine 
composition. The calculated density profile in the lower mantle fits 
PREM density (Dziewonski and Anderson, 1981) within 1.5%, using 
Brown and Shankland (1981) geotherm, and it is consistent with 
high temperature experiments (Mao et al., 2011). The density mod-
els are then included in the convection code Stag3D (Tackley, 1996)
to quantify the long term impact of the Fe spin state transition on 
mantle convection.

2. Density models

This paragraph presents how we calculate: (a) the average spin 
sate of Fe2+ in Fp, (b) the iron content of Fp and Pv, considering 
Fe partitioning, and (c) the density variations induced by the spin 
state transition for two end-member lower mantle compositions.

2.1. Average spin state of iron in ferropericlase

Following Sturhahn et al. (2005) we calculate the average Fe2+
spin configuration in Fp by minimizing the Helmholtz free energy: 
F = U − T S . Note that by considering the Helmholtz free energy, 
rather than the Gibbs free energy, Sturhahn et al. (2005) implicitly 
neglect work variations during the spin state transition. Only LS 
state Fe2+ ions interact with each other, thus the internal energy 
is
U = −N JLSη
2
LS + N(ηLS ELS + ηHS EHS), (1)

where N is the number of Fe2+ in Fp, ELS and EHS are the energy 
levels of LS state and HS state, respectively, JLS is the coupling LS 
state-LS state, ηLS and ηHS the fractions of Fe2+ in LS state and HS 
state, respectively, with ηLS + ηHS = 1. The entropy of the crystal 
can be written as

S = −kB N

[
ηLS ln

(
ηLS

gLS

)
+ ηHS ln

(
ηHS

gH S

)]
, (2)

where kB is the Boltzmann constant, gLS and gHS are the energy 
degeneracies of the electronic configuration. The free energy is 
then:

F = N
{

− JLSη
2
LS + ηHS EHS + ηLS ELS +

kB T

[
ηLS ln

(
ηLS

gLS

)
+ ηHS ln

(
ηHS

gHS

)]}
. (3)

To find the equilibrium state at a given condition we solve

∂ F

∂ηLS
= 0. (4)

By using the normalized equation, we express Eq. (4) as:

0 = ηLS

[
1 + gHS

gLS
exp(−2β JLSηLS)exp(β(ELS − EHS))

]
− 1, (5)

with β = kB T . JLS depends on the iron content and volume, ELS
and EHS depend on volume (Sturhahn et al., 2005), the remain-
ing parameters are assumed to be constant. The solution of Eq. (5)
provides the fraction of LS state as a function of iron content, vol-
ume, and temperature. For further details on the parameters values 
please refer to Sturhahn et al. (2005).

The next step is to convert volume to pressure using the Mie–
Grüneisen–Debye equation of state (Jackson and Rigden, 1996) and 
the parameters listed in Tables 1 and 2. At ambient temperature 
we use the third order Birch–Murnaghan equation of state:

P = 3KT 0

2

[(
V 0

V

)7/3

−
(

V 0

V

)5/3]
{

1 − 3

4
(4 − K ′

T 0)

[(
V 0

V

)2/3

− 1

]}
+ �Pth, (6)

while the effect of temperature is added via a thermal pressure:

�Pth = γ (V )

V
[Eth(V , T ) − Eth(V , T0)], (7)

where the subscript zero indicates ambient conditions for volume 
V 0, temperature T0, isothermal bulk modulus KT 0 and its pressure 
derivative K ′

T 0. The Grüneisen parameter depends on volume:

γ (V ) = γ0

(
V

V 0

)q

, (8)

where q is assumed to be a constant. The vibrational energy is 
calculated from the Debye model,

Eth = 9nRT 4

θ3

θ/T∫
0

x3

ex − 1
dx, (9)

n is the number of atoms per formula unit, R is the gas constant, 
and θ is the Debye temperature:

θ = θ0 exp

(
γ0 − γ (V )

)
. (10)
q
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Fig. 1. Fe partitioning between Pv and Fp versus pressure. (a) For the Al-free system the experimental results (solid lines) are from: Kobayashi et al. (2005) (purple); Sinmyo 
et al. (2008) (orange); Auzende et al. (2008) (green); Sakai et al. (2009) (black). (b) For the Al-bearing system data by: Irifune et al. (2010) (open circles); Irifune (1994) (open 
squares); Wood (2000) (squares); Kesson et al. (1998) (circles); Murakami et al. (2005) (open triangles); Sinmyo and Hirose (2013) (triangles). In both panels the blue dashed 
line represents the constant partitioning used in the Reference-models without spin state transition, whereas the red dashed line represents the variable K Pv–Fp used in our 
models with spin state transition (see text). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Experimental results at ambient temperature show that K T 0 for 
FeO could change with the spin state, however the pressure range 
of the LS state is too small to determine KT 0 precisely (see Lin 
et al., 2013, for more details). At higher temperature, Mao et al.
(2011) found a KT 0 difference within the error bars. The change of 
KT 0 for FeO due to spin state transition seems to have a minor ef-
fect on the lower mantle density, therefore we use the same value 
for both spin states. This set of equations enables us to calculate 
the average spin state as a function of iron content, temperature 
and pressure.

2.2. Iron content in ferropericlase and perovskite

Fe partitioning is measured with the Fe–Mg exchange coeffi-
cient between Pv and Fp,

K Pv–Fp =

(
Fe

Mg

)
Pv(

Fe

Mg

)
Fp

=
1

xFp
− 1

1

xPv
− 1

, (11)

where xPv and xFp are the molar iron concentration in Pv and Fp, 
respectively.

Experimental studies have shown that Fe partitioning depends 
strongly on Al content, perhaps because of the coupled substitu-
tion of Al and Fe3+ in Pv and absence of such substitution for Fp 
(Navrotsky, 1999). For the Al-free system, the solid lines in Fig. 1a 
highlight two different behaviors: Kobayashi et al. (2005) and 
Sinmyo et al. (2008) found an almost constant partitioning with 
pressure, whereas Auzende et al. (2008) and Sakai et al. (2009)
showed that Fe partitioning decreases dramatically at ∼70 GPa, 
the pressure at which the spin state transition occurs in Fp. For 
the Al-bearing system, Fig. 1b shows the main experimental data 
as compiled by Irifune et al. (2010). A sharp increase of the par-
titioning at ∼25 GPa (Irifune, 1994; Wood, 2000) is followed by a 
sharp decrease at ∼40 GPa. At higher pressure the results are con-
flicting: Kesson et al. (1998) and Murakami et al. (2005) measured 
a constant partitioning, while Sinmyo and Hirose (2013) found an 
increase of Fe partitioning above 90 GPa.

Given the striking difference between the Al-free (Fig. 1a) and 
the Al-bearing (Fig. 1b) cases, we build two end-member models 
for lower mantle composition. Our first composition, called Al-free, 
has a classical lower mantle mineral volume proportion: 75% Pv, 
18% Fp and 7% CaPv, with 8 wt% FeO in the bulk composition. All 
iron is assumed to be Fe2+ . Our second composition, called Al-
bearing, differs from the previous one by the addition of 4.7 wt% 
Al2O3 and by assuming that 60% of iron in Pv is Fe3+ , the remain-
ing is Fe2+. Ferrous iron enters into Pv as FeSiO3, ferric iron enters 
Table 1
Isothermal bulk modulus (KT 0) and volume (V 0) at ambient conditions for several 
compounds.

Compounds KT 0

(GPa)
V 0

(cm3/mol)

MgO 160a 11.25a

FeO (LS) 150b 10.82b

FeO (HS) 150 12.18b

MgSiO3 261c 24.43c

0.85MgSiO3–0.15FeSiO3 259 c 24.58c

0.915MgSiO3–0.085Fe2O3 237d 24.95d

0.90MgSiO3–0.10FeAlO3 262e 24.80e

0.90MgSiO3–0.10Al2O3 244e 24.66e

CaSiO3 236f 27.45f

a Speziale et al. (2001).
b Fei et al. (2007).
c Lundin et al. (2008).
d Catalli et al. (2010).
e Catalli et al. (2011).
f Shim et al. (2000b).

into Pv as FeAlO3. If there is an excess of Fe3+ , Fe2O3 enters into 
Pv, whereas if there is an excess of Al, Al2O3 enters into Pv.

These compositions are used in the models that include the 
spin state transition and a variable partitioning coefficient, as 
shown in Fig. 1 (red dashed lines), as well as in the correspond-
ing reference models (called Reference Al-free and Reference Al-
bearing), which are calculated without spin state transition and 
with a constant partitioning coefficient, as shown in Fig. 1 (blue 
dashed lines). The underlying assumption is that the change of par-
titioning is caused by the spin state transition. Badro et al. (2005)
provide a thermodynamic argument for the Al-free system, and 
find that

K Pv–Fp = K0 exp

(
−�V (P − Ptr)

RT

)
, (12)

where �V = 1.36 cm3/mol is the FeO volume difference between 
HS and LS states (Fei et al., 2007) and Ptr is the pressure of the 
spin state transition. The red dashed line in Fig. 1a is calculated 
using Eq. (12), which is in agreement with experimental results by 
Auzende et al. (2008) and by Sakai et al. (2009). For the Al-bearing 
system, we use a fit of experimental results by Irifune et al. (2010).

2.3. Density as a function of temperature and pressure

We calculate the density of each mineral using the average spin 
configuration and the Mie–Grüneisen–Debye equation of state de-
tailed in Eq. (6) (standard values are listed in Tables 1 and 2). The 
composition of each mineral species changes with pressure and 
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Table 2
Equation of state parameters for lower mantle minerals: Perovskite (Pv), Ferroperi-
clase (Fp) and Ca-Perovskite (CaPv).

Parameter Pv Fp CaPv

K ′
T 0 3.7a 4b 3.9c

θ0 (K) 1100a 673b 1000c

γ0 1.4a 1.41b 1.92c

q 1.4a 1.3b 0.6c

a Fiquet et al. (2000).
b Jackson and Niesler (1982).
c Shim et al. (2000a).

temperature because of variations in Fe partitioning. The initial 
volume and bulk modulus (V 0 and KT 0) are obtained by linear in-
terpolation between the Mg- and Fe-end-members. We then calcu-
late the density of the rock as the weighted average of constituent 
mineral densities.

The relative density difference (�ρ = 100(ρSpin − ρRef)/ρSpin) 
between the model with spin state transition and variable K Pv–Fp

and the corresponding reference model is shown for Al free 
(Fig. 2a) and Al bearing (Fig. 2b) compositions. As found by theo-
retical and experimental studies, the spin state transition is sharp 
at low temperature and broad at high temperature. At 1200 <
T < 1800 K, our transition is sharper than experimental results 
(Komabayashi et al., 2010; Mao et al., 2011), but the difference 
vanishes at higher temperatures (T > 2000 K) appropriate to the 
lower mantle. The amplitude of the density change is ∼0.8% for Al-
free system and only ∼0.5% for Al-bearing system, this difference 
is due to the Fe partitioning. In Fig. 2b the peak of �ρ at 35 GPa is 
due to Fe partitioning and clearly reflects the K Pv–Fp trend shown 
is Fig. 1b. Finally, we note that the calculated density changes are 
comparable with those found in experimental results, although a 
slight mismatch still exists. For example, at T = 2000 K we find the 
same density change as Mao et al. (2011), but our transition oc-
curs at a pressure 10 GPa lower. This seems acceptable, given that 
a similar mismatch is observed between experimental studies (for 
a review see Lin and Tsuchiya, 2008). At a given pressure, the den-
sity change varies with temperature, so the temperature derivative 
of density is affected by the spin state transition. Therefore, the 
thermal expansivity, defined as α = (−1/ρ)(∂ρ/∂T )p , is also af-
fected by the spin state transition. At lower mantle temperatures, 
α is locally increased up to ∼40%. We also note that the mismatch 
between our density profile and PREM density, using Brown and 
Shankland (1981) geotherm, is less than 0.6% for reference models. 
Furthermore we conducted a number of simulations (not shown 
here) to gauge the effect of uncertainties in experimental results 
and found that they induce only small variations (less than 0.1%) in 
relative density differences, suggesting that our results are robust.

3. Mantle convection model

We include the calculated lower mantle density in a three di-
mensional geodynamic model. The code Stag3D (Tackley, 1996) in 
cartesian geometry solves the non-dimensional equations govern-
ing mantle convection, assuming the truncated anelastic approxi-
mation. The equations are: conservation of mass

∇ • (ρv) = 0, (13)

conservation of momentum

∇ • σ − ∇p = RaραT ′ ẑ, (14)

conservation of energy

ρC p
DT

Dt
= −DisαρT ′vz + ∇ • (k∇T ) + ρH + Dis

Ra
σ : ε̇. (15)

k is the depth-dependent thermal conductivity, α the depth-
dependent thermal expansivity and ρ the depth-dependent den-
sity. T is temperature, T ′ = T − Tref the temperature anomaly with 
respect to the adiabatic temperature Tref , p the dynamic pressure, 
v the velocity vector, H the internal heating rate, C p the spe-
cific heat capacity, σ the deviatoric stress tensor, ε̇ the strain rate 
tensor, ẑ is a unit vector in the vertical direction. The truncated 
anelastic approximation neglects the variations of temperature due 
to the dynamic pressure, therefore we use the dynamic pressure 
rather than the total pressure. The two non-dimensional num-
bers are the surface dissipation number Dis = αs g D/C p and the 
Rayleigh number Ra = ρgα�T D3/ηκ (see Table 3). To include our 
lower mantle density models (ρmodel) we must modify the equa-
tion of conservation of momentum, since the thermal expansivity 
depends on depth and spin state transition (i.e., on temperature). 
We modify the equation of conservation of momentum as follows

∇ • σ − ∇p = Ra
�ρmodel

�ρth
ẑ, (16)

where �ρth = α�T and �ρmodel = ρmodel(Tref , p) − ρmodel(T , p). 
With this formulation the thermal expansivity does not appear 
explicitly. We approximate mantle viscosity via the following equa-
tion,
Fig. 2. Relative density difference (%) between the model with spin state transition and the reference model (without spin state transition), as a function of pressure and 
temperature, for (a) Al-free, and (b) Al-bearing compositions. The geotherm (black line) is from our numerical simulations, and the dotted area corresponds to the range of 
possible lower mantle temperatures by Deschamps and Trampert (2004), inferred from seismic models combined with experimental mineralogy data.
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Table 3
Mantle parameters used in the numerical simulations.

Symbol Parameter Value Non-dimensional
value

Ra0
a Surface Rayleigh 

number
107 N/A

Dis
b Surface dissipation 

number
1.18 N/A

ρ0 Surface density 3300 kg/m3 1.0
g Gravity 9.81 m/s2 1.0
α0 Surface 

expansivity
5 × 10−5 K−1 1.0

�T Superadiabatic 
temperature scale

2500 K 1.0

d Mantle thickness 2890 km 1.0
κ0 Surface thermal 

diffusivity
7 × 10−7 m2/s 1.0

C P ,0 Surface heat 
capacity

1200 J/(kg K) 1.0

η0 Reference viscosity 1.4 × 1022 Pa s 1.0
H Internal heating 

rate
7.38 × 10−12 W/kg 15.5c

�ρ410 Density change at 
410 km

198 kg/m3 0.06

�ρ660 Density change at 
660 km

462 kg/m3 0.14

γ660 Clapeyron slope at 
410 km

−2.5 MPa/K −0.066

γ660 Clapeyron slope at 
660 km

2.5 MPa/K 0.066

a Ra0 = ρgα�T D3/ηκ .
b Dis = αs g D/C p .
c Corrected for Cartesian geometry, see Tackley (1996) for further details.

η(T ,d) = η0 exp(d�ηd)exp

(
13.8

T + 0.88

)
, (17)

providing a four orders of magnitude variation with temperature 
and a tenfold increase from the surface to the core mantle bound-
ary (CMB), for �ηd = 2.3. At 660 km depth the viscosity increases 
by a factor 30 due to the phase transition. Numerical values of the 
Clapeyron slope and of the density change induced by the phase 
transitions at 660 km and 410 km depth are given in Table 3.

The modeled domain is divided in 1024 × 1024 × 128 ele-
ments, providing a spatial resolution of ∼22.6 km. The boundary 
conditions at top and bottom are free slip velocity and constant 
temperature (300 K and 4000 K, respectively), the side boundaries 
are periodic. The temperature field at equilibrium (i.e., after the 
equivalent of 15 Ga) is used as initial condition for the different 
numerical simulations. The four models are run for further 20 Ga 
and we avoid any influence of the initial condition by conducting 
time averages only over the last 7 Ga.

4. Results

Fig. 3 shows snapshots of the anomaly of potential temperature 
for the Al-bearing case and its corresponding reference case. Con-
vection in both snapshots seems to be identical. Some cold down-
wellings are stopped at 660 km depth and create avalanches that 
reach the lower mantle (Fig. 4). Hot upwellings are also stopped at 
660 km depth and form secondary plumes that reach the surface 
(Fig. 4).

The temperature field is averaged horizontally and temporally 
in order to calculate the relative temperature difference between 
models with and without spin state transition. The temperature 
difference (Fig. 5a) is almost constant in the whole mantle and 
varies sharply close to the surface and to the CMB. For the Al-
bearing composition, the temperature increases by ∼0.6%, equiv-
alent to a ∼20 K difference at ∼2500 km depth. The temporally 
averaged surface heat loss for the reference case is 42.7 TW, in 
the range of value inferred by Jaupart et al. (2007), and increases 
Fig. 3. Potential temperature anomaly (T –Tm , where Tm is the average tempera-
ture) for the Al-bearing case with the spin state transition (a) and without (b), the 
two isosurfaces (−450 K and 200 K) highlight downwellings and upwellings. For 
graphical reasons the cold isosurface (blue) is transparent at shallow depths and 
the temperature scale is truncated. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

to 43.2 TW with the spin state transition. Therefore the spin state 
transition slightly increases the efficiency of heat transfer. For the 
Al-free composition, the effects are similar but more significant 
with a temperature increase of ∼1.6%, equivalent to a ∼50 K dif-
ference at ∼2500 km depth. The temporally averaged surface heat 
loss for the reference case is 42.7 TW and 43.8 TW with the spin 
state transition, this ∼2.5% difference is much smaller than the un-
certainty for the Earth (the range of plausible values by (Jaupart et 
al., 2007) is 43–49 TW). Since the temperature profile is close in 
both models, the corresponding relative density difference (Fig. 5b) 
reflects the density change due to the spin state transition found in 
Fig. 2. In the Al-free case the relative density difference increases 
at ∼100 GPa and deeper, but decreases in the lowermost ∼150 km 
(125 < P < 135 GPa) because the sharp temperature rise in the 
thermal boundary layer reduces the extent of LS state (as shown 
by the geotherm in Fig. 2). In the Al-bearing case the relative den-
sity increases at ∼40 GPa, is almost constant to ∼100 GPa and 
then increases to the CMB.

Fig. 4 shows a slice of the temperature field and the density 
change induced by the spin state transition. In plumes the LS to HS 
transition occurs at greater depth, so that the surrounding mantle 
is in LS state while the plume center is in HS state. This lateral 
density difference increases plume buoyancy and should enhance 
the upwelling velocity. In slabs the HS to LS transition occurs at 
shallower depth, thus the surrounding mantle is in HS state while 
the slab center is in LS state. The increased lateral density dif-
ference should enhance the downwelling velocity. We first study 
the RMS vertical flow velocity by separating upwelling and down-
welling material with a criterion solely based on the vertical veloc-
ity. Note that only in the next paragraph we will focus on plumes 
and slabs by introducing a further criterion based on the excess 
of temperature. Fig. 6a shows that for the Al-free system the spin 
state transition modifies the vertical velocity of both upwelling and 
downwelling material throughout the whole mantle. In particular, 
the RMS vertical velocity difference for upwelling is 5–15% faster 
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Fig. 4. Vertical cross-section of the anomaly of potential temperature (top) and the density change induced by the spin state transition (bottom) for a typical slab (left) and a 
typical plume (right). Temperature anomaly is defined as T − Tm , where Tm is the average temperature. The density change is equivalent to the spin state: blue is HS state, 
red is LS state. These results are extracted from the Al-free case. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)
Fig. 5. (a) Horizontally and temporally averaged temperature difference relative to 
reference (%) for the Al-free case (orange line) and for the Al-bearing case (pur-
ple line). (b) A typical relative density difference horizontally averaged (%) for the 
Al-free case (orange line) and for the Al-bearing case (purple line). The pressure 
scale is extracted from numerical simulations. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this arti-
cle.)

in the lowermost mantle (i.e., D > 2300 km), it remains constant 
(∼5% faster) throughout the lower mantle and decreases only in 
the upper mantle. For downwellings the relative velocity differ-
ence is 4–17% faster throughout the lower mantle, reaching a peak 
value of ∼17% at ∼2400 km. For the sum of the two contribu-
tions the relative velocity difference increases with depth, reaching 
Fig. 6. Horizontally and temporally averaged relative RMS vertical velocity difference 
(%) versus depth (km). For both Al-free (a) and Al-bearing (b) system, we represent 
the downwelling velocity (blue lines), the upwelling velocity (red lines), selected 
as negative or positive flow velocity, respectively, and the velocity of the whole 
convective fluid (black lines). The pressure scale is extracted from numerical simu-
lations. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

∼15% at the CMB. For the Al-bearing system (Fig. 6b), the effects 
of the spin state transition are similar. The main difference bears 
on the amplitude of the velocity difference, which is less signifi-
cant for this composition (up to ∼6% for upwellings, up to ∼8% 
for downwellings and up to ∼6% for the whole convective fluids) 
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Fig. 7. Horizontally and temporally averaged relative RMS vertical velocity difference 
(%) versus depth (km). For both Al-free (a) and Al-bearing (b) system, we represent 
the impact of spin state transition in the lower mantle on slabs (blue lines) and 
on plumes (red lines), selected via the method explained in the text. The pressure 
scale is extracted from numerical simulations. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this arti-
cle.)

in agreement with the lower density change (Fig. 5b). Surprisingly 
the relative velocity difference does not seem to be affected by the 
change of Fe partitioning at 30 GPa.

Note that averages for downwellings and upwellings material, 
so defined by the vertical velocity, cannot provide detailed infor-
mation on slabs and plumes, which represent only a small fraction 
of the whole convective material. To focus on plumes and slabs we 
need to use a temperature based criterion (Labrosse, 2002). A point 
(x, y, z) belongs to a plume if:

T (x, y, z) > Tmean(z) + ph,T [Tmax(z) − Tmean(z)] (18)

or to a slab if:

T (x, y, z) < Tmean(z) + pc,T [Tmin(z) − Tmean(z)], (19)

where Tmean , Tmin and Tmax are the averaged, the minimum and 
the maximum temperature at a given depth, respectively, pc,T =
ph,T = 0.45 are constants, the chosen value is from Galsa and 
Lenkey (2007). We apply this algorithm across all the lower man-
tle, except for the last 50 km close to the bottom boundary, since 
slabs do not penetrate the thermal boundary layer. For the Al-
free system (Fig. 7a), with the spin state transition plumes are 
faster (up to 20%) in the lowermost mantle (D < 2100 km) but 
become slower (up to −10%) once they reach shallow depths 
(700 < D < 2100 km), whereas slabs are faster (up to 30%) in the 
whole lower mantle. For the Al-bearing system (Fig. 7b) the trends 
are similar, but the relative velocity difference is reduced to ∼15%, 
showing how important is to include Al in lower mantle compo-
sition models. We find that the effect of the spin state transition 
is to increase slabs and plumes vertical velocities at depths greater 
than 2100 km (i.e., P > 100 GPa). These results show that the sim-
ple reasoning presented above, which predicts the vertical velocity 
solely on the local lateral density difference, is valid at first order 
but some disagreements remain. For instance plumes and slabs are 
affected by the spin state transition at the top of the lower man-
tle, whereas for this pressure–temperature condition there is no 
lateral density difference. This result is not surprising, since at in-
finite Prandtl number the whole convective fluid is immediately 
affected by a local change. Slabs could be faster in the whole man-
tle because their deepest part, which is undergoing the spin state 
transition, is able to pull down the whole slab.

We also calculated the averaged time required to travel the 
lower mantle depth. We found that the spin state transition 
slightly slows down plumes (2.8% for Al-bearing system and 0.3% 
for Al-free), but accelerates slabs (8.3% for Al-bearing system and 
14.1% for Al-free). Overall, for an Al-free composition, with the spin 
state transition the RMS vertical velocity is faster in the lower 
mantle, which implies an enhanced convection. However, the ef-
fects of spin state transition on temperature are small compared 
with our uncertainties. For example the plausible geotherm in-
ferred by Deschamps and Trampert (2004) has an uncertainty of 
∼500 K, which is large compared with the 50 K difference caused 
by the spin state transition. For an Al-bearing composition the am-
plitude of the relative change of average temperature and velocity 
is lower and becomes not significant. When we focus on slabs and 
plumes, rather than study the average vertical flow velocity, we 
find that the effect of the spin state transition is to enhance their 
vertical velocity.

5. Discussion

We conducted numerical simulations of mantle convection with 
and without the density change induced by the spin state transi-
tion in Fp. A novel aspect of our approach is to consider that iron 
content in Fp varies with pressure and temperature, as indicated 
by recent experiments on iron partition coefficient (K Pv–Fp) be-
tween Fp and Pv. Since the experiments show a different behavior
of K Pv–Fp depending on alumina content, we explored two end-
member mantle compositions, one Al-free (i.e., 75% Pv, 18% Fp, and 
7% CaPv) and one Al-bearing, with 4.7 wt% Al2O3. The advantage 
of calculating lower mantle density using experimental measure-
ments of single phase minerals is that we can consider several 
cases, each with a plausible mantle mineralogy. Our calculated 
density profiles fit PREM density within 1.5%, and are consistent 
with recent high temperature experimental data (Komabayashi et 
al., 2010; Mao et al., 2011). We have shown that for plausible 
lower mantle compositions, the global density increase of ∼0.7% 
induced by the spin state transition in Fp has a minor effect on 
mantle temperature. More precisely, spatially and temporally aver-
aged mantle temperatures differ by less than 50 K between models 
with and without spin state transition, whereas the total surface 
heat loss differs by less than 2.5%. For Al-free composition, flow 
velocity is significantly affected by the spin state transition, since 
RMS vertical velocity of downwellings and upwellings differ by 
∼17% and ∼15%, respectively. However, for Al-bearing composi-
tion, the average flow velocity is moderately affected (differ by less 
than ∼6%).

Bower et al. (2009) found a more important effect of the spin 
state transition on mantle temperatures (up to 10%) and on the 
vertical flow velocity (up to 25% while we find up to 15% for Al-
free system). There are two reasons for this difference. First, Bower 
et al. (2009) explored the effect of a 2–4% density increase. This 
value is appropriate for pure Fp (Lin and Tsuchiya, 2008), but it 
is certainly excessive for a lower mantle composition with ∼20% 
Fp. The second reason concerns the range of acceptable values 
for mantle potential temperature. Petrological studies (e.g., Putirka, 
2005 and references therein) indicate that mantle potential tem-
perature is around 1550 K, whereas Bower et al. (2009) geotherm 
is only at ∼1050 K. The role of the spin state transition is thereby 
enhanced, since at low temperatures the transition is sharper.

Numerical simulations by Shahnas et al. (2011) include depth 
dependent properties and consider a plausible lower mantle com-
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position. Shahnas et al. (2011) calculate Fp density anomalies 
caused by the spin state transition, but do not explore different 
compositions, nor the role of spin driven Fe partitioning. Their 
density change induced by the spin state transition is relatively 
high (∼1.8%), if we consider that recent experiments find a 1.5–2% 
density variation for pure Fp (Mao et al., 2011; Lin et al., 2013). 
Shahnas et al. (2011) simulations without post-perovskite (PPv) 
can be compared to our results and indeed show a minor ef-
fect on mantle temperature (with a maximum of 3% variation at 
1000 km depth) and on the radial mass flux. Only for more ex-
treme models, which reduce to a pure Fp lower mantle, and in 
presence of the PPv transition, the authors conclude that mantle 
mixing is enhanced. Shahnas et al. (2011) conclusions are simi-
lar to ours, however they did not show the effect on vertical flow 
velocity, since velocity variations were only inferred from lateral 
density changes.

In the following we discuss under which conditions it is pos-
sible to infer fluid velocity uniquely from local lateral density 
changes. The simple relation between ascent velocity (V z) and lat-
eral density change (�ρ) was shown by Batchelor (1954) for a 
steady laminar plume:

V z ∝ r2
p�ρg

η
, (20)

where rp is the plume radius. However, this expression is valid 
under a number of restrictive conditions: First, it is valid only far 
from the source and the interfaces; Kaminski and Jaupart (2003)
have shown that the velocity is constant only at a distance from 
the interface corresponding to five times the plume radius. For ex-
ample, if rp = 100 km, Eq. (20) holds 500 km above the CMB and 
500 km below the 660 km discontinuity. Second, it is valid only if 
the source of buoyant material provides a constant flux over time. 
Clearly this condition is not satisfied for mantle convection, where 
time varying plate velocities induce a varying influx at subduction 
zones. Third, to obtain this constant ascent velocity, we need to 
make the assumption of zero pressure on the sides of the plume 
conduit. This implies that the conduit must be straight and con-
tinuous, because bending of the conduit induces compression and 
decompression (Garel et al., 2014). It is clear that mantle plumes 
and slabs are not straight and continuous. Thus the simple relation 
between lateral �ρ and vertical flow velocity may have limited 
applications in the Earth’s mantle.

Since the presence of alumina in the lower mantle is widely 
accepted, the Al-bearing system is the most plausible composition. 
For this composition, the density change induced by the spin state 
transition in Fp is small (<0.5%) as well as its impact on dynam-
ics. This is coherent with seismic observations that do not exhibit 
any mantle layering at the depth range corresponding to the spin 
state transition. Our results confirm that there is no disagreement 
between seismic observations and experimental results at high 
pressure–temperature conditions. The enhanced convection in the 
lowermost mantle is a robust consequence of the spin state tran-
sition, that could affect the stability of the two Large Low Shear 
Velocity Provinces (LLSVP) beneath Africa and the Pacific (Garnero 
and McNamara, 2008). The nature of LLSVP is subject of de-
bates, some authors claim a thermal origin (Schuberth et al., 2009;
Davies et al., 2012), while most of studies introduce a chemically 
distinct reservoir (Deschamps and Tackley, 2008, 2009; Li et al., 
2014) related to recycled basaltic crust or iron rich primitive ma-
terial. The significant increase of slabs and plumes velocity in the 
deepest part of the mantle may imply a destabilization of such 
reservoirs. However, this suggestion is speculative because of the 
poor knowledge of the lowermost mantle coupled to the complex-
ity of mantle dynamics.

Finally, we note that we did not explore all the implications 
of spin state transitions, hence our conclusions could change with 
the addition of new features. First, we consider only the spin state 
transition in Fp, whereas spin state transitions also occurs in Pv 
and in PPv. To the best of our knowledge there is no experimental 
study at high pressure and temperature for these two minerals, 
thus it is difficult to build a robust model of spin state transi-
tions. We also choose to not include the PPv in our numerical 
simulations, unlike Shahnas et al. (2011), because the coexistence 
of Fp, Pv and PPv with their corresponding Fe partitioning (see 
Lin et al., 2013; Badro, 2014, and reference therein) would add 
more complexities. Second, Fe partitioning could have some major 
consequences on the Earth’s mantle, since iron content changes 
dramatically the radiative thermal conductivity (Goncharov et al., 
2010), the electrical conductivity (Dobson and Brodholt, 2000), and 
may change the viscosity, which is a key parameter for dynamics 
(Naliboff and Kellogg, 2007). Ammann et al. (2011) find a negligi-
ble effect of spin state transitions on viscosity, but the effect of Fe 
partitioning on viscosity is unknown. Fig. 1 showed that important 
variations of Fe partitioning are likely to occur in the lower man-
tle, therefore in a future study we will explore the implications of 
a viscosity change associated to a Fe partitioning change.

Fe partitioning may also be important to understand yet un-
explained observations, for example Ricolleau et al. (2009) high-
lighted that a typical pyrolitic composition has a density profile 
with a steeper slope than PREM density; this disagreement can-
not be resolved by considering uncertainties of both PREM and 
experimental results and requires another explanation. Cobden et 
al. (2009) used mineral physics constraints with their correspond-
ing uncertainties to interpret seismic data. They concluded that 
the seismic observations can be explained with a superadiabatic 
geotherm combined to a gradual change of the bulk chemistry. 
They suggested an increase of the MORB proportion with depth, 
and they indicated that a Fe-enrichment is also possible. One 
can speculate that a higher superadiabatic geotherm coupled to 
an increase of Fe partitioning due to temperature could provide 
an explanation to seismic observations. Understanding to which 
extent Fe partitioning affects the lower mantle requires further 
work and experimental results on effects of temperature, alu-
mina content and bulk iron (Mao et al., 1997; Sakai et al., 2009;
Irifune et al., 2010).
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