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a b s t r a c t
A proper determination of the lower-mantle viscosity proﬁle is fundamental to understanding Earth
geodynamics. Based on results coming from different sources, several models have been proposed to
constrain the variations of viscosity as a function of pressure, stress and temperature. While some models
have proposed a relatively modest viscosity variation across the lower mantle, others have proposed
variations of several orders of magnitude. Here, we have determined the viscosity of ferropericlase,
a major mantle mineral, and explored the role of the iron high-to-low spin transition. Viscosity was
described within the elastic strain energy model, in which the activation parameters are obtained from
the bulk and shear wave velocities. Those velocities were computed combining ﬁrst principles total
energy calculations and the quasi-harmonic approximation. As a result of a strong elasticity softening
across the spin transition, there is a large reduction in the activation free energies of the materials creep
properties, leading to viscosity undulations. These results suggest that the variations of the viscosity
across the lower mantle, resulting from geoid inversion and postglacial rebound studies, may be caused
by the iron spin transition in mantle minerals. Implications of the undulated lower mantle viscosity
proﬁle exist for both, down- and up-wellings in the mantle. We ﬁnd that a viscosity proﬁle characterized
by an activation free energy of G ∗ ( z0 ) ∼ 300–400 kJ/mol based on diffusion creep and dilation factor
δ = 0.5 better ﬁts the observed high velocity layer at mid mantle depths, which can be explained by
the stagnation and mixing of mantle material. Our model also accounts for the growth of mantle plume
heads up to the size necessary to explain the Large Igneous Provinces that characterize the start of most
plume tracks.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Lower mantle viscosity has been the subject of great debate
over the last decades (Sammis et al., 1977; Ricard and Wuming,
1991; Forte and Mitrovica, 2001), and its determination would be
fundamental to address a number of questions on the mantle, such
as its composition, heterogeneity, and geodynamics. Interpretation of data, coming from geoid inversion and postglacial rebound
studies, indicated undulations in the viscosity proﬁle, with peaks
around 1300 and 2000 km deep and a valley around 1600 km
(Mitrovica and Forte, 2004). If viscosity is considered as controlled
by thermally activated microscopic mechanisms (Sammis et al.,
1977; Ellsworth et al., 1985), this viscosity proﬁle could not be
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easily reconciled with a single diffusion creep mechanism taking
place in the lower mantle. Those variations in the lower mantle viscosity suggest that several microscopic competing diffusion
mechanisms could be taking place in the mantle. On the other
hand, the recent discovery of the iron spin transition in major
mantle minerals (Badro et al., 2003, 2004; Lin et al., 2005, 2007;
Speziale et al., 2005; Tsuchiya et al., 2006; Fei et al., 2007), and the
corresponding anomalies in their elasticity (Crowhurst et al., 2008;
Wentzcovitch et al., 2009; Marquardt et al., 2009; Wu et al., 2009;
Antonangeli et al., 2011; Wu and Wentzcovitch, 2014), could reconcile the description of viscosity with a single thermally activated
mechanism by using the available information from simultaneous
inversion of geoid and post-glacial rebound data (Mitrovica and
Forte, 2004).
Van Keken et al. (1992) found that some radial viscosity proﬁle would produce a pulsating diapiric rise. This work has simulated numerous investigations of the effects of non-monotonous
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viscosity proﬁle in the lower mantle. Tomographic models of
slabs that penetrated in the lower mantle show strong signals
of large body lying between 1500 and 2000 km depth (Grand,
1994), such as the Farallon slab (Sigloch et al., 2008). This result has been conﬁrmed by the analysis of a variety of global
tomographic models, e.g. Tx2007 (Simmons et al., 2006), Rmsl-s06
(Li et al., 2007), Saw642an (Panning and Romanowicz, 2006), all
ﬁnding a clear transition from fast to slow shear seismic velocities for degree up to ∼16 at a less than 1500 km depth (Boschi
et al., 2008). Morra et al. (2010) showed that a sinking plate
might penetrate, reorganize or even stall when crossing a 200 to
500 km high viscosity region in the middle of the lower mantle. Shahnas et al. (2011) used global mantle convection models
to demonstrate that the only effects on the density of the iron
spin transition enhances the vigor of rising plumes below 2000 km
depth and slightly increases the temperature of the lowermost region of the mantle. Peltier and Drummond (2010) used glacial
isostatic adjustment observations to infer a modest increase of
the viscosity at mid mantle depths. Overall, those investigations
have shown that a non-monotonic lower mantle viscosity proﬁle
would create substantial complications to the dynamics of sinking slabs and rising plumes. Here, we employ a standard scaling
for plume head size evolution (e.g., Griﬃths and Campbell, 1990;
Ribe et al., 2007) integrating it along a one-dimensional vertical
proﬁle to calculate a broad range of solutions for the dynamics of
a plume rise through a variety of physically based lower mantle
viscosity proﬁles, obtained by ﬁrst principles calculations of mineral elasticity.
We used the elastic properties of ferropericlase (Fp), Mg1−x Fex O
with x = 0.1875, computed by a combination of ﬁrst principles calculations and quasiharmonic approximation (Carrier et al., 2008;
Wentzcovitch et al., 2009; Wu et al., 2013), to determine its viscosity under lower mantle conditions. Fp was treated as a solid
solution in a mixed spin state, with the concentration of material with iron in high and low spin determined by the respective
free energies. Although Fp is only the second most abundant lower
mantle mineral, it is likely controlling deformation in the lower
mantle (Zerr and Boehler, 1994; Yamazaki and Karato, 2001). This
is justiﬁed by the fact that Fp is softer than the more abundant
ferrosilicate perovskite under the same thermodynamic conditions.
The viscosity of Fp was described within the elastic strain model
(Sammis et al., 1977; Ellsworth et al., 1985), in which the activation energy parameters were computed along adiabatic (0.3 K/km)
(Boehler, 2000) and superadiabatic (1.2 K/km) (da Silva et al.,
2000) geotherms. The manuscript explores the role of dilatation
and shear microscopic mechanisms (Ellsworth et al., 1985), variations in activation energies at the top of the lower mantle, and
the Newtonian character of the mantle. The results show that the
variations in Fp elasticity due to the iron spin transition can explain the undulations in the mantle viscosity, such as the viscosity
hill about 800 km above the core–mantle boundary (Mitrovica and
Forte, 2004).
2. Theoretical models
The viscosity (η ) of Fp was described as a thermally activated
process, as a result of diffusion of atomic species (Saha et al.,
2013),



η = f (σ ) exp

G e∗
RT



(1)

where G e∗ is the Gibbs free energy of activation and f (σ ) is a
function of stress. For a Newtonian ﬂuid, f (σ ) is a constant and
G ∗ = G e∗ , where G ∗ is the activation energy of the appropriate dynamical mechanism (Ellsworth et al., 1985). On the other hand, the
effective viscosity of a power law ﬂuid of order n is equivalent to
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the viscosity of a Newtonian ﬂuid with an apparent activation energy G ∗ = 2G e∗ /(n + 1) (Karato, 1981). Here we have considered the
mineral as a Newtonian ﬂuid, consistent with assumptions used
to determine the lower mantle viscosity experimentally (Mitrovica
and Forte, 2004). Therefore, the viscosity at a certain depth z, η( z),
is given by:



η(z) = η(z0 ) exp

G ∗ ( z)
R T ( z)

−

G ∗ ( z0 )



(2)

R T ( z0 )

where z0 = 670 km (the top of the lower mantle), η( z0 ) and
G ∗ ( z0 ) are respectively the viscosity and the activation free energy
at that reference depth.
The activation energy G ∗ ( z) can be described as a linear combination of energies from pure shear, G ∗s ( z), and pure dilatation,
G ∗D ( z), mechanisms:

G ∗ ( z) = δ G ∗s ( z) + (1 − δ)G ∗D ( z)

(3)

where δ is a free parameter (0 ≤ δ ≤ 1) that weights the respective
contributions. Using the elastic strain energy model, those activation energies for pure shear and dilatation can be calculated in
terms of the seismic velocities (Ellsworth et al., 1985),

G ∗s ( z)

G ∗s ( z0 )


=

V s ( z)
V s ( z0 )

2
and

G ∗D ( z)

G ∗D ( z0 )


=

V φ ( z)
V φ ( z0 )

2
(4)

where V s ( z) and V φ ( z) are respectively the shear and bulk sound
wave velocities at a depth z, which were computed from the mineral elastic constants (Wentzcovitch et al., 2009; Wu et al., 2013).
This model has ﬁve free parameters: δ , n, G ∗s ( z0 ), G ∗D ( z0 ), and
η(z0 ). We have assumed that G ∗ (z0 ) = G ∗s (z0 ) = G ∗D (z0 ). Earlier
phenomenological considerations (Ellsworth et al., 1985) have suggested G ∗ ( z0 ) = 680 kJ/mol at the top of the lower mantle. However, recent investigations have indicated considerably lower values
for this activation energy, around 300 kJ/mol (Stretton et al., 2001;
Van Orman et al., 2003; Ito and Tomiuri, 2007). We considered
several values for this parameter, ranging from 200 to 500 kJ/mol.
The competition between shear and dilatation mechanisms in the
lower mantle is still not fully understood, such that we considered
values for δ ranging from pure shear to pure dilatation.
According to Eqs. (2)–(4), the viscosity can be computed knowing the shear and bulk sound wave velocities as a function of
depth. First of all, we considered adiabatic (≈0.3 K/km) and superadiabatic (≈1.2 K/km) geotherms, allowing explore variations
in viscosity for different mantle temperature proﬁles. In order to
compute the seismic velocities, we need the adiabatic bulk K s ( z)
and shear μ( z) moduli and the density ρ ( z) of Fp as a function of
depth along a geotherm, which requires those properties as a function of pressure and temperature: K s ( P , T ), μ( P , T ) and ρ ( P , T ).
In order to obtain those properties, a thermodynamic model to
describe the Fp in a mixed spin state was recently developed
(Wu et al., 2009, 2013). Within that model, the material, at ﬁnite
temperatures and pressures, was described as a solid solution in
thermal equilibrium, composed of concentrations of iron atoms in
low and high spins. The high temperature properties in pure spin
states were computed by a combination of ﬁrst principles calculations and the quasiharmonic approximation (Carrier et al., 2008;
Wentzcovitch et al., 2009). The ﬁrst principles calculations were
performed using a plane-wave-pseudopotential methodology in
which the electron–electron interactions were described by an invariant version of the local density approximation plus Hubbard
potential (LDA+U) (Cococcioni and de Gironcoli, 2005).
In modeling plume upwelling, we follow a standard theory
(e.g., Griﬃths and Campbell, 1990; Ribe et al., 2007) which relates
the mantle viscosity proﬁle with plume rising speed, plume head
volume and plume conduit size. The instability that initiates the
plume rises with speed V = g ρ a2 /3η0 , where a is the radius
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of the nearly spherical plume head. This approximation is generally valid for any rising collection of diapirs with heterogeneities
in size distribution (e.g. Morra et al., in press). During its rise the
plume head grows at a constant rate due to the feeding ﬂow from
the conduit  p plus the entrained ﬂow
√ due to the plume head
advection e = 2π aU ε , where ε = 2κ a/U is the thickness of
the boundary layer around the plume head, U is the speed of the
ﬂow in the plume conduit and κ the thermal diffusivity. Combining√
these equations, one obtains
√ a scaling for entrained ﬂow e =
2π 2a3/2 V 1/2 κ 1/2 = 2π a5/2 2κ g ρ /3η0 which, by assuming a
plume head growth controlled by the entrained ﬂow, relates a
2
plume head volume
√ growth rate ∂ V head /∂ t = 4π a ∂ a/∂ t = e , and
therefore ∂ a/∂ t = aκ g ρ /6η0 .
Numerically, the calculation of the radius head a and of the
rising velocity v are discretized integrating their values from the
bottom to the top of the lower mantle. The scheme requires only
thermal and viscosity proﬁle. The discrete values ai , v i and t i are
calculated at constant depth intervals  z, that we assumed equal
to 5 km. For these 1-D simulations, we employed the following parameter set: ρ = 5000 kg/m3 , α = 5 × 10−5 K−1 , κ = 10−6 m2 /s,
g = 10 m/s2 . We varied two parameters,  T and a0 , the ﬁrst
among three values (150 K, 300 K, 450 K), and a0 , the initial plume
head radius, among ten values (50 km to 150 km, every 10 km).
At every depth the scheme requires 6 steps:
(i)
(ii)
(iii)
(iv)
(v)
(vi)

ρ = ρα  T ;
v i +1 = g ρ a2i /3ηi ;
t =  z/ v i +1 ;
da/dt = ai κ g ρ /6ηi ;
ai +1 = ai + (da/dt ) t ;
t i +1 = t i + t .

Fig. 1. Calculated (a) adiabatic bulk (full line) and shear (dashed line) moduli and (b)
bulk and shear wave velocities of Fp as a function of depth z along two geotherms.
The ﬁgure also shows the respective (c) activation Gibbs free energy G ∗ ( z) and (d)
activation volume V ∗ ( z) normalized with respect to reference values in the top of
the lower mantle, G ∗0 = G ∗ ( z0 ) and V 0∗ = V ∗ ( z0 ). In (c) and (d), full and dashed
lines represent activation parameters for pure dilatation (G ∗D and V D∗ ) and pure
shear (G ∗s and V s∗ ) mechanisms, respectively. Black and gray lines represent results
along adiabatic (Boehler, 2000) and superadiabatic (da Silva et al., 2000) geotherms,
respectively.

The merit of this simple approach is that we can carry out a
detailed parameter space search and learn easily about the main
physics of the problem.
3. Viscosity of ferropericlase
Fig. 1 shows the adiabatic bulk and shear moduli and the respective sound wave velocities of Fp along two geotherms. The
spin transition causes strong softening in the bulk modulus, but
minor effect in the shear modulus. These results are consistent
with recent experimental data on the elasticity of ferropericlase
(Marquardt et al., 2009). The ﬁgure shows that the softening is
more noticeable in the adiabatic geotherm than in the superadiabatic one. This is because the depth regions in which the spin transition takes place, the temperatures along the adiabatic geotherm
are considerably lower than the respective ones in the superadiabatic geotherm. The ﬁgure also shows the normalized activation parameters of viscosity as a function of depth for dilatation
and shear mechanisms, computed according to the elastic strain
model (Ellsworth et al., 1985). The activation free energy oscillates considerably, mainly in the case of the dilatation mechanisms,
which resulted from the elastic softening in the bulk modulus
(Wentzcovitch et al., 2009; Wu et al., 2013).
Fig. 2 shows the normalized Fp viscosity, ranging from pure
dilatation to pure shear mechanism for two different geotherms,
with G ∗ ( z0 ) = 300 kJ/mol and n = 1. The viscosity along the adiabatic geotherm presents strong undulations in the middle of the
lower mantle when the dilatation mechanism is considered, and
reproduces qualitatively the viscosity data obtained from geoid
inversion and postglacial rebound studies (Mitrovica and Forte,
2004). The Fp viscosity presents strong variations of as much as
three orders in magnitude along the geotherm, with peaks around
1100 and 2500 km and a valley around 1600 km. These values agree reasonably well with the observed viscosity peaks in

Fig. 2. (Color online.) Calculated normalized Fp viscosity as a function of depth for
(a) adiabatic and (b) superadiabatic geotherms for several contributions of dilatation
and shear mechanisms. The red, orange and green lines represent respectively δ = 0
(pure dilatation), δ = 0.5, and δ = 1.0 (pure shear). Here, G ∗ ( z0 ) = 300 kJ/mol and
the ﬂuid is considered Newtonian (n = 1). The gray line is an estimated normalized
viscosity of the lower mantle (Mitrovica and Forte, 2004).

the lower mantle around 1300 and 2000 km and valley around
1600 km (Mitrovica and Forte, 2004). Our results indicate that a
single creep mechanism, if connected to the iron spin transition,
can lead to undulations in the viscosity. On the other hand, a pure
shear mechanism generates only one wide peak in the Fp viscosity,
around 2100 km, indicating that dilatation mechanism is important
for the viscosity undulations.
The viscosity along the superadiabatic geotherm does not
present such undulations, and the viscosity decreases too fast
compared to experimental data. This behavior resulted from the
high temperatures along the superadiabatic geotherm over the
lower mantle, compared to the other geotherm. Along the su-
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Fig. 3. (Color online.) Calculated normalized Fp viscosity as a function of depth along
(a) adiabatic and (b) superadiabatic geotherms for several activation energies in the
top of the lower mantle, all with δ = 0.5 and n = 1. The red, orange, green, and blue
lines represent G ∗ ( z0 ) respectively 200, 300, 400, and 500 kJ/mol. The gray line is
the normalized viscosity of the lower mantle (Mitrovica and Forte, 2004).

peradiabatic geotherm, the viscosity shows only one peak around
1200–1500 km depending on the value of δ .
Fig. 3 presents the normalized viscosity along the geotherms for
several activation energies at the top of the lower mantle, G ∗ ( z0 ),
ranging from 200 to 500 kJ/mol, with δ = 0.5 and n = 1. The results indicate that variations in the activation energy do not change
qualitatively the viscosity proﬁle. Fig. 4 presents the Fp viscosity along the geotherms if one considers Fp as a power law ﬂuid
(with G ∗ ( z0 ) = 300 kJ/mol and δ = 0.5), as computed by the effective viscosity of an equivalent Newtonian ﬂuid (Karato, 1981). The
results show that variations in n do not affect considerably the undulations in the viscosity.
Changes in the elastic parameters due to iron spin transition
of Fp causes dramatic variations in the rheological properties of
the material. The results indicate that the observed viscosity undulations in the mid-lower mantle could be correlated to the spin
transition in Fp. The viscosity hills in the mid-lower mantle have
already been shown to exert effects on the dynamics of mantle
plumes (Yuen et al., 1996), so that such plumes may have some
connection with the spin transition occurring in the mantle. The
low viscosity in mid mantle provides a region for chemical mixture of minerals. Therefore, the iron spin transition provides a new
ingredient in mantle rheology and should be included in geodynamical modeling of the lower mantle.
4. Implications for mantle dynamics
Implications of the undulated lower mantle viscosity proﬁle exist for both, down- and up-wellings in the mantle. Three dimensional models show that a viscosity “hill” of one order of magnitude through 500–1000 km of lower mantle is suﬃcient to slow
down the sinking speed of a slab, and that a viscosity peak of two
orders of magnitude can completely stop the sinking (Morra et al.,
2010). Analytical calculations demonstrate that the sinking velocity
of a slab is only weakly dependent on its geometry, and described
by the rate S [1 + ln( L / S )] (Capitanio et al., 2007), where L and
S are the two orthogonal maximum lengths, respectively. Approximating S as the size of the upper mantle (∼1000 km), subducted
lithospheres are expected to sink in the lower mantle at a speed
inversely proportional to the mantle viscosity, regardless on the
slab morphology. Recent estimations of sinking velocities based on
matching plate reconstructions with mantle tomography conﬁrmed
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Fig. 4. (Color online.) Calculated normalized Fp viscosity as a function of depth along
(a) adiabatic and (b) superadiabatic geotherms for a power law ﬂuid. The results are
computed considering G ∗ ( z0 ) = 300 kJ/mol and δ = 0.5. The red, orange, and green
lines represent n respectively 1, 2, and 3. The gray line is the normalized viscosity
of the lower mantle (Mitrovica and Forte, 2004).

this scenario averaging the slab sinking speed to 12 to 13 mm/yr
(van der Meer et al., 2010; Butterworth et al., 2014).
Based on these elements, we suggest that the high velocity
anomalies observed at 2000 km depth (Van der Hilst and Kárason, 1999) can be explained by the rheological variations due to
the mid lower mantle spin transition. Mantle tomography shows
that some of the largest slabs sink into the lowermost mantle
while others stall, or are characterized by very long transient
times. Morra et al. (2010) found a transition between sinking and
stalling for a mantle proﬁle model compatible with an adiabatic
mantle model characterized by activation energies around G ∗ ( z0 )
∼300–400 kJ/mol for a linear mantle viscosity (characteristic of
diffusion creep) and dilation δ = 0.5 or lower.
Following the procedure described in Section 2, we have modeled how the undulating mantle viscosity proﬁle modiﬁes the
speed and size of a rising plume head. We assumed that its volume
increases due to entrainment from the plume tail, as benchmarked
by laboratory and numerical models (Griﬃths and Campbell, 1990;
Ribe et al., 2007). From the observation that the crossing time of
the plume head through the high viscosity region is proportional
to the mantle viscosity (from the rising speed V = g ρ a2 /3η0 ),
we predict a scaling increase of the plume head radius propor√
tional to the square root of the mantle viscosity a/a0 = η0 . This
implies that if the viscosity peak reaches two orders of magnitude
above the average mantle, the linear size of the plume head will
increase of one order of magnitude, and its volume of three orders
of magnitude.
Our 1D approach, based on the approximated assumption of a
spherical shape of the plume head, allows quantifying the relationship between plume head size and the intensity of the lower viscosity undulations. Fig. 5 shows the model results of the evolution
√
of the plume head radius a, given by ∂ a/∂ t = aκ g ρ /6η0 (see
Section 2 for details), for six lower mantle viscosity proﬁle (adiabatic and superadiabatic, δ = 0.0, 0.5 and 1.0). For each mantle
proﬁle, we explored three families of ten time-evolution models.
Each family is characterized by one value of average plume–mantle
temperature difference  T (150 K, 300 K and 450 K). For each
 T , we varied the initial plume radius a0 from 50 km to 150 km,
testing one model every 10 km. While we ﬁnd that all superadiabatic mantle proﬁles, regardless on the dilation parameter δ , have
a minor effect on the plume evolution, a plume crossing the undu-
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Fig. 5. (Color online.) Plume head radius (in km) vs. depth (in km) as obtained from the numerical integration of the entrainment plume head growth described in Section 2.
The six plots refer to adiabatic and superadiabatic geotherms, G ∗ ( z0 ) = 300 kJ/mol, n = 1, for δ = 0.0, 0.5 and 1.0. Three families of plot show the range of variation for three
(assumed constant) differential temperature between the plume and the background mantle  T = 150 K, 300 K and 450 K, as indicated by the labels. Ten lines represent the
range of starting values of the head radius, ranging from 50 km (initial volume V 0 ∼ 5 × 105 km3 ) to 150 km (V 0 ∼ 1.4 × 107 km3 ). The plume head is assumed spherical
at a ﬁrst order, therefore the plot represents an upper bound for the volume. The blue line is the associated viscosity model. The plot shows how the size of the plume head
is primarily controlled by the largest viscosity peak in the lower mantle, then by the differential density between the plume and the mantle, and does not show almost any
dependency from the nucleation size.

lations of an adiabatic mantle displays instead a dramatic change
of the plume head size (Fig. 5).
Our models show that the evolution of the plume head size
for adiabatic proﬁles is dominated by the size of the greatest peak
of the viscosity in the lower mantle, and to be up to two orders
of magnitude (Fig. 5). The rising velocity is strongly modulated by
both the greater and minor peak of the mantle viscosity ﬂuctuations (Fig. 6). However, the larger peak has a primary control on
the plume size, being the rising speed inversely proportional to the
background viscosity. Because the period of entrainment is proportional to the time necessary to cross the high viscosity layer, the
plume size is mostly dominated by the amplitude and thickness of
the high viscosity region.
We ﬁnd that the size of the initial plume radius, the nucleation of the plume, has a minimum effect to the size that the
head reaches at the surface. A greater role is instead played by the
average temperature difference between plume and mantle, that
can change the ﬁnal integrated radius of the plume of about 25%,
equivalent to a duplication of the volume head, for a factor of three
of increase of  T (from 150 K to 450 K).
The combination plume head size and velocity speed (Figs. 5
and 6) suggests that a dilation parameter δ = 0.0 is too small,
since the time necessary to overcome the high viscosity region is
of the order of several hundreds of Myrs or greater. Instead, the
integrated effect of the viscosity proﬁle with δ = 0.5 and δ = 0.0
decreases rising time to less than 100 Myrs, compatible with the
life length of deep mantle plumes. Our models show that only an
undulated lower mantle viscosity proﬁle is capable of producing
plume heads characterized by a radius above 300 km. This corresponds to a surface extension of the order of 0.1–1.0 Mkm2 , com-

patible with the deﬁnition of Large Igneous Province that emerges
from the most up-to-date databases (Bryan and Ernst, 2008).
Although our models are limited by the assumption of a spherical plume head, they capture the volumetric increase of the plume
head in the range order of magnitude. Future 2D and 3D models
will have to take into account the details of the plume dynamics
and quantify more precisely the departure from the present 1-D
analysis.
5. Summary
In summary, we have demonstrated that changes in the elastic
parameters due to iron spin transition of Fp can produce dramatic
variations in the rheological properties of the material, as to cause
a non-monotonic behavior with depth. Our results indicate that, at
lower mantle conditions, the effect of the spin transition in Fp is
to create viscosity undulations respect to the radial proﬁle and also
horizontal variations. High viscosity regions would trap sinking
slabs favoring chemical mixing, and that this picture concurs with
mantle tomographic models (Van der Hilst and Kárason, 1999;
Boschi et al., 2008). Complexities in the dynamics of mantle
plumes are expected, such as the formation of large plume heads
(e.g. Lin and van Keken, 2005). Since the inception of most plumes
has been shown to be characterized by a Large Igneous Province
(LIP), we propose that this dramatic size increase could be linked
to their setting. Future models, in 2D and 3D, will have to explore
the details of the plume evolution, going beyond the spherical assumption used here only to calculate the order of magnitude of
the effect on lower mantle geodynamics. Therefore, we conclude
that the iron spin transition provides a new ingredient in man-
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Fig. 6. (Color online.) Calculated rising speed in (in logarithmic scale) of the plume head from the core–mantle boundary to the surface. The results refer to the same models
shown in Fig. 5 (adiabatic and superadiabatic geotherms, G ∗ ( z0 ) = 300 kJ/mol, n = 1 and δ = 0.0, 0.5 and 1.0), three families for  T = 150 K, 300 K and 450 K, the models
for family a0 = 50 km to 150 km, each 10 km. The plot shows that the rising speed mirrors the mantle viscosity proﬁle. The greater the viscosity peak, the smaller is the
difference between the proﬁles of the plume rising speeds, since the plume head emerges from the high viscosity region with similar size. The difference between model
families (different  T ) is a linear dependency between rising speed and differential density. The models show that although the plume head size changes minimally when
crossing the second peak, the rising speed displays large variations, being inversely dependent on the background mantle viscosity.

tle rheology and should be included in future global geodynamic
modeling.
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