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ABSTRACT

Electrical conductivity is a potentially powerful observable that may be used in combination with seismological models 
to investigate the 3D thermo-chemical structure of the Earth’s mantle because it depends upon both temperature and composi-
tional parameters. Despite strong uncertainties in the lower mantle mineral conductive properties and ambiguities in choosing 
an appropriate average scheme to estimate the aggregate conductivity from the individual conductivities of each mineral, it is 
possible to calculate a radial reference model and 3D maps of electrical conductivity in the lower mantle from thermo-chemical 
reference models and 3D maps. This work presents a first attempt to build such models using probabilistic tomography as the 
input thermo-chemical structure. The radial model increases from about 0.6 S m-1 at the top of the lower mantle to 16 S m-1 at 
its bottom. The 3D structure shows strong lateral variations at both the top (670 - 1200 km) and bottom (2000 - 2891 km) of 
the lower mantle, with moderate variations in the 1200 - 2000 km layer. In the lowermost mantle (> 2000 km), which is not yet 
imaged yet by electrical conductivity tomographic models, a belt of high conductivity extends along the equator with relative 
anomalies up to 90% compared to the horizontal average.
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1. INTRODUCTION

Seismic observations provide the most detailed infor-
mation so far about the structure of the Earth’s lower man-
tle. Seismic tomography models map relative anomalies in 
shear and compressional seismic velocity with the most re-
cent global models resolving structures about 500 km across 
(e.g., Houser et al. 2008; Kustowski et al. 2008; Ritsema 
et al. 2011). Models obtained using different datasets and 
inversion methods now agree on the large scale structure 
(for a comparison between recent models, see Ritsema et al. 
2011). A major, unsolved, issue is to interpret these mod-
els in terms of mantle thermo-chemical structure. Seismic 
velocity anomalies reflect variations in density and elastic 
moduli (bulk and shear), which in turn result from varia-
tions in temperature and composition. Given the pressure, 
temperature and composition (either petrological or miner-
alogical), seismic velocity and their 3D variations can be 
modeled using an appropriate equation of state modeling 

and mineral physics data (e.g., Trampert et al. 2001; Con-
nolly 2005). Because temperature and composition strongly 
trade-off, seismic velocity anomalies alone cannot resolve 
the 3D thermo-chemical structure of the mantle. Indepen-
dent constraints on the density structure, in particular from 
seismic normal modes (Ishii and Tromp 1999; Trampert et 
al. 2004; Mosca et al. 2012), help break this trade-off, but do 
not lift up all ambiguities.

In contrast to density and seismic velocities, the elec-
trical conductivity of mantle materials increases with tem-
perature (e.g., Poirier 1991). It also varies with the mineral-
ogical composition. In particular, magnesio-wüstite is more 
conductive than perovskite throughout the lower mantle 
(Vacher and Verhoeven 2007; Khan and Shankland 2012). 
Therefore, a good knowledge of lateral variations in electri-
cal conductivity potentially provides additional and indepen-
dent constraints on the mantle thermo-chemical structure. 
The Earth’s magnetic field induces electrical currents in the 
mantle and crust. These currents depend on the 3D variations 
in electrical conductivity and induce small variations in the 
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observed magnetic field. Geomagnetic variation inversions 
with periods from a few days to 1 year, measured at both 
magnetic observatories and from satellite data, can be used 
to recover 1D radial profiles and 3D maps of mantle electri-
cal conductivity (Banks 1969; for a detailed treatment, see 
Kuvshinov and Semenov 2012). Several 1D radial models 
have been inferred (Olsen 1999; Kuvshinov and Olsen 2006; 
Velímský 2010), showing an increase in 2 orders of magni-
tude between the top of the mantle and 1500 km depth. In 
the past few years the first regional and global tomographic 
models of mantle electrical conductivity have been proposed 
(Kelbert et al. 2009; Shimizu et al. 2010; Tarits and Mandéa 
2010; Semenov and Kuvshinov 2012). However, due to data 
availability and ambiguity concerning the source of long pe-
riod (1 year and more) magnetic field variations, conductiv-
ity at depths greater than ~1600 km cannot yet be resolved.

Linking the mantle thermo-chemical and electrical 
conductivity structures further requires mineral physics data 
and modeling. Electrical conductivities and their sensitivi-
ties to temperature and pressure have been measured for the 
main minerals in the upper and lower mantle (for a recent 
compilation, see Khan and Shankland 2012). Available data 
for perovskite (Li and Jeanloz 1991; Poirier and Peyron-
neau 1992; Shankland et al. 1993; Katsura et al. 1998) and 
magnesio-wüstite (Dobson and Brodholt 2000) were further 
used to infer 1D radial models of lower mantle conductiv-
ity from prescribed 1D radial temperature and composition 
models (e.g., Xu et al. 2000; Vacher and Verhoeven 2007; 
Khan and Shankland 2012). So far, however, no 3D model 
has been proposed.

The purpose of this article is to calculate 3D models of 
lower mantle electrical conductivity from its thermo-chem-
ical structure using an appropriate electrical conductivity 
modeling at mantle temperature and pressure (Vacher and 
Verhoeven 2007).

2. LOWER MANTLE SEISMIC AND  
THERMO-CHEMICAL STRUCTURE

Global models of seismic tomography using different 
datasets and methods now provide coherent maps of seis-
mic velocity variations in the lower mantle. The strongest 
heterogeneities are found in the bottom part of the lower 
mantle, starting around 2400 km depth and down to the 
core-mantle boundary (CMB). At these depths the seismic 
structure of the mantle is dominated by two large low shear-
wave velocity provinces (LLSVP) beneath the Pacific and 
Africa, where shear-wave velocity drops by a few percent 
compared to its horizontally averaged value. By contrast, 
the mid-lower mantle, between 1000 and 2000 km is seismi-
cally homogeneous at large and medium scales. The RMS 
of seismic velocity anomalies is small, and no significant 
pattern appears. The upper part of the lower mantle, be-
tween 670 - 1000 km depth is moderately heterogeneous, 

with global tomographic models showing a secondary peak 
in the radial RMS of shear-wave velocity anomalies. Seis-
mic heterogeneities at these depths may be related to the 
stacking of subducted slabs (Fukao et al. 2001).

At each depth, lateral seismic velocity anomalies result 
from lateral variations in temperature and composition. Com-
parisons between the shear- and compressional-wave veloci-
ties anomaly distributions gives first order hints about the 
nature of these anomalies (van der Hilst and Kárason 1999; 
Masters et al. 2000). Due to a trade-off between thermal and 
compositional terms, however, the detailed distributions of 
these anomalies cannot be resolved using seismic velocity 
alone. Additional constraints on density allow breaking this 
trade-off. For instance, probabilistic tomography, which is 
based on normal modes data providing full probability den-
sity functions for the shear-wave velocity, bulk-sound veloc-
ity, and density at each point in the model, have been used to 
determine full distributions of temperature, fractions of sili-
cate [parameterized as (Mg, Fe)-perovskite] and iron oxide 
(the latter being distributed in perovskite and magnesio-wüs-
tite) (Trampert et al. 2004). Due to normal mode availability 
and computational resources, the thermo-chemical structure 
is limited to spherical harmonic degrees 2, 4, and 6, and to 
three layers in the lower mantle. These distributions are how-
ever robust and indicate that variations in iron and silicate 
are present throughout the lower mantle, in particular in its 
lowermost part where LLSVP appears enriched in iron and 
perovskite (Fig. 1). Interestingly, the thermo-chemical distri-
butions inferred by Trampert et al. (2004) suggest that densi-
ty variations are a good proxy for variations in iron, whereas 
bulk-sound velocity anomalies map variations in the fraction 
of perovskite with a good approximation. By contrast, tem-
perature anomalies cannot be inferred straightforwardly from 
shear-wave velocity anomalies, as often assumed. Mosca et 
al. (2012) recently obtained an updated probabilistic tomog-
raphy model with finer vertical resolution, from which they 
infer thermo-chemical distributions, including for the post-
perovskite phase. Interestingly, these thermo-chemical distri-
butions do not substantially differ from those of Trampert et 
al. (2004). In particular, the large scale structures identified 
by Mosca et al. (2012) are similar to those in Trampert et al. 
(2004), and in both models LLSVP appears enriched in iron 
and perovskite by about 3 and 10%, respectively.

The choice to parameterize the compositional anoma-
lies in terms of variations in iron and silicate, as in Trampert 
et al. (2004) and Mosca et al. (2012) may appear somewhat 
arbitrary. It is however consistent with the hypothesis that 
lower mantle chemical heterogeneities result from an early 
chemical differentiation in the mantle (Lee et al. 2010; No-
mura et al. 2011). It further agrees with E-chondritic models 
of Earth’s composition (Javoy et al. 2010). Another poten-
tial source of chemical heterogeneities in the deep mantle is 
high-pressure MORB entrained in the deep mantle by sub-
ducted slab (e.g., van der Hilst et al. 1997). While patches 
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of high-pressure MORB are certainly present in the deep 
mantle, it has been shown that they would hardly explain the 
LLSVP (Deschamps et al. 2012).

The thermo-chemical distribution from Trampert et al. 
(2004), rather than those from Mosca et al. (2012) will be 
used in this study in combination with mineral physics data 
(see section 3) to calculate the electrical conductivity distri-
bution. This choice is motivated by the fact that electrical 
conductivity data for post-perovskite are still sparse.

3. MODELING LOWER MANTLE ELECTRICAL 
CONDUCTIVITY

At mantle pressure and temperature, mantle miner-
als behave as semi-conductors (e.g., Poirier 1991; Goddat 
et al. 1999). In iron-bearing hydrous silicates, three main 
mechanisms, involving different charge-carriers (ionic, 
small polaron, and proton), contribute to mantle rocks elec-
trical conductivity (e.g., Yoshino et al. 2009). Ionic con-
duction involves migration of Mg-site vacancies, whereas 
small polaron conduction results from charge hopping from  
Fe3+ - Fe2+ ions, while proton conduction is due to proton 
hopping amongst point defects. In each case charge migra-
tion is a diffusion process that can be modeled using the 
Nernst-Einstein equation (e.g., Poirier 1991), in which the 
charge carrier concentration is thermally controlled follow-
ing a Boltzmann distribution. Overall the electrical conduc-
tivity associated with each mechanism may be parameter-
ized using an Arrhenius law,

expT kT
E PVm a a

0v v= - +c m (1)

where T is the temperature, P the pressure, k = 8.617 × 10-5 
eV K-1 the Boltzmann constant and m a constant whose theo-
retical value depends on the type of polaron (Goddat et al. 
1999). The values of the pre-exponential factor 0v , and of 
the activation energy and activation volume, Ea and Va, de-
pends on the transport mechanism. The total electrical con-
ductivity is the sum of the Arrhenius law for each conduction 
mechanism considered. In practice, however, the lower man-
tle conductivity can be modeled with one single mechanism 
with a good approximation. Goddat et al. (1999) pointed out 
that the dominant conduction mechanism in the lower mantle 
should be small polaron conduction due to the fact that the 
lower mantle mineral activation energy for this mechanism 
is small, typically a few tenths of eV (Table 1). By contrast 
the activation energy for ionic conduction is larger than 1 eV. 
In addition, proton conduction strongly depends on the water 
content (Yoshino et al. 2009), and may thus be inefficient 
in the lower mantle. For perovskite, Vacher and Verhoeven 
(2007) further pointed out that the sum the two conduction 
mechanisms (ionic and small polaron) identified by Xu and 
McCammon (2002) may be parameterized with a single Ar-
rhenius law, as defined by Xu et al. (2000). They also noted 
that the influence of the iron content is much more sensitive 
than accounting for mechanisms with different temperature-
dependence. Finally, it is worth noting that for magnesio-
wüstite, Dobson and Brodholt (2000) identified only one 
regime for temperatures larger than 1000 K, i.e., at tempera-
tures relevant to the lower mantle.

3.1 Model and Data

The electrical conductivity of the lower mantle is  

Fig. 1. Thermo-chemical structure of the lower mantle inferred from probabilistic tomography (Trampert et al. 2004). Left, middle, and right column 
plots anomalies in temperature, fraction of (Mg, Fe)-perovskite, and global fraction of iron (the iron being distributed in perovskite and magnesio-
wüstite). Vertical parameterization includes three layers, from top to bottom 670 - 1200, 1200 - 2000, and 2000 - 2891 km. Distributions include 
spherical harmonic degrees 2, 4, and 6, and are smoothed on a 1° × 1° grid.
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modeled following the approach described in Vacher and 
Verhoeven (2007). Two minerals are considered, perovskite 
and magnesio-wüstite, and for each of these two minerals 
the influence of the iron content is taken into account. The 
individual conductivity iv  of each mineral i depends on the 
temperature T, pressure P, and individual iron fraction xFe

i , 
as follows

exp
x
x

kT
E x x PV

i
i

ref
i
Fe
i

a
i

Fe
i

ref
i

a
i

0v v
b

= -
+ - +a

e ^o h; E (2)

where i
0v  and Ea

i  are the pre-exponential factor and activa-
tion energy of mineral i, respectively, calculated at the refer-
ence iron fraction xref

i . The values of xref
i  can be arbitrarily 

chosen, provided that the corresponding input values of i
0v  

and Ea
i  are corrected to match the mineral physics data. Here, 

xref
i  is set to 0.1 for both perovskite and magnesio-wüstite. 

For each mineral the sensitivity of conductivity to iron is con-
trolled using two parameters, α and β, which are deduced 
from experimental data. The parameters used in this study are 
similar to those in Vacher and Verhoeven (2007) and are list-
ed in Table 1. These values were deduced from mineral phys-
ics experiments on perovskite (Poirier and Peyronneau 1992; 
Shankland et al. 1993) and on magnesio-wüstite (Dobson and 
Brodholt 2000). Note that Vacher and Verhoeven (2007) re-
calculated the pre-exponential factor and activation energy 
of magnesio-wüstite from the original data from Dobson and 
Brodholt (2000) in order to cancel the pre-exponential depen-
dence on temperature, i.e., they set m = 0 in Eq. (1), the origi-
nal value determined by Dobson and Brodholt (2000) being 
m = -0.24. The iron content in each mineral is controlled by 
prescribing the global fraction of iron in the assemblage, XFe, 
and the iron partitioning between perovskite and magnesio-
wüstite, KFe, which is defined as

)(1
( )

K
x x
x x1

Fe
Fe
mw

Fe
mw

Fe
pv

Fe
pv

=
-
-

 (3)

where xFe
pv  and xFe

mw  are the individual fractions of iron in per-
ovskite and magnesio-wüstite, respectively. These individual 
fractions are further related to the global iron fraction by

X X x X x1Fe pv Fe
pv

pv Fe
mw= + -^ h  (4)

where Xpv is the volume fraction of perovskite in the as-
semblage. Individual iron fractions are obtained by solving  
Eqs. (3) and (4). For instance, taking Xpv = 0.8, XFe = 0.1, 
and KFe = 0.5 leads to xFe

pv  = 0.086 and xFe
mw  = 0.158. For  

KFe = 1.0, xFe
pv  and xFe

mw  are both equal to XFe.
The conductivity of the lower mantle assemblage is then 

obtained by prescribing the volume fraction of perovskite Xpv 
in the assemblage, and by performing an appropriate aver-
age between the individual conductivities of perovskite and 
magnesio-wüstite, pvv  and mwv , as calculated using Eq. (2). 
Defining an appropriate average scheme to determine the 
electrical conductivity of a multiphase system is a sensitive 
issue, in particular because the individual conductivities of 
each mineral may strongly differ (for instance, pvv  and mwv  
typically differ by 1 or 2 orders of magnitude, depending on 
the temperature and iron fraction). Different average schemes 
may lead to very different estimates of aggregate conductivi-
ties. The latter should however yield within the lower and 
upper Hashin-Shriktman bounds (HS- and HS+), which are 
based on variational principles and are the narrowest pos-
sible bounds for a multiphase system (Hashin and Shriktman 
1962). For an aggregate of perovskite and magnesio-wüstite, 
and noting that the conductivity of magnesio-wüstite is larger 
than that of perovskite, these bounds are

( )
( ) ( )

X
X

3
1

pv
pv pv mw pv

pv pv mw pv
HSv v

v v v

v v v
= + + -

- -
-  (5)
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X
X

3mw
mw pv mw pv

pv mw mw pv
HSv v

v v v

v v v
= - + - -

-
+  (6)

The Voigt-Reuss-Hill (VRH) average (Hill 1963), which is 
often used to derive the thermo-elastic properties of mul-
tiphase aggregates, is the mean of the arithmetic and har-
monic averages,

( ) ( )X X X X2
1 1 1pv pv pv mw

pv pv pv mw

pv mw
VRHv v v

v v

v v
= + - + - +; E (7)

and is usually found to be biased towards the arithmetic av-
erage, i.e., towards the upper Hashin-Shriktman bound. By 
contrast, the geometric average (GM),

( )
pv

X
mw

X1
GM

pv pvv v v= -  (8)

is usually found to be biased towards the lower  

Parameter Perovskite Magnesio-wüstite

log( 0v ) 1.28 ± 0.18 2.56 ± 0.10

Ea (eV K-1) 0.68 ± 0.04 0.88 ± 0.03

Va (cm3 mol-1) -0.26 ± 0.03 -0.26 ± 0.07

α 3.56 ± 1.32 3.14 ± 0.07

β -1.72 ± 0.38 0

Table 1. Electrical conductivity properties of perovskite 
and magnesio-wüstite.

Note:  Listed values were deduced by Vacher and Verhoeven 
(2007) from experimental data on perovskite (Poirier 
and Peyronneau 1992; Shankland et al. 1993) and 
magnesio-wüstite (Dobson and Brodholt 2000). The 
reference value of the iron fraction is xref = 0.1 for both 
perovskite and magnesio-wüstite.
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Hashin-Shriktman bound (e.g., Shankland and Duba 1990; 
Khan and Shankland 2012). The effective medium theory 
(EMT) developed by Landauer (1952) for a two-phase ag-
gregate assumes that each individual grain is surrounded by 
a homogeneous medium with conductivity EMTv . Assuming 
that the total polarization induced by all individual grains 
should cancel out implies that EMTv  satisfies a degree two 
polynomial, of which it is the positive solution. For an as-
semblage of perovskite and magnesio-wüstite the conduc-
tivity thus is given by

8b b4
1

pv mw
2

EMTv v v= + +6 @ (9)

with (3 1) (3 2)b X Xpv pv mw pvv v= - - - .
Figure 2 compares the Hashin-Shtrikman bounds and 

the conductivity obtained with the three estimators dis-
cussed above for an aggregate composed of 80% perovskite 
and 20% magnesio-wüstite using the data in Table 1. Also 
shown are the conductivity for pure perovskite and pure 
magnesio-wüstite for an iron fraction XFe = 0.1. As noted 
in previous studies (e.g., Shankland and Duba 1990; Khan 
and Shankland 2012), the VRH average is close to the Hash-
in-Shtrikman upper bound throughout the lower mantle. 
By contrast, both the GM and EMT averages are close to 
Hashin-Shtrikman lower bound. However, it is important 
to note that all three estimators remain within the Hashin-
Shtrikman bounds. An interesting property shown in Fig. 2 
is that the size of the Hashin-Shtrikman interval depends on 
the iron partitioning. As more iron goes to magnesio-wüs-
tite (decreasing KFe), the difference between the individual 
conductivities of perovskite and magnesio-wüstite is larger, 
which in turn increases the difference between the lower 
and upper Hashin-Shtrikman bounds. Note that in the case 
KFe = 0.5, because the fraction of iron in perovskite is only 
0.086, the lower Hashin-Strikman bound is smaller than the 
conductivity for pure perovskite, which was calculated for a 

fraction of iron of 0.1.
When investigating the influence of temperature and 

composition on the lower mantle conductivity, it is con-
venient to prescribe the potential temperature Tp, i.e., the 
temperature at surface pressure. In the Earth’s mantle com-
pression induces an adiabatic increase in temperature that 
must be added to the potential temperature. The adiabatic 
gradient is given by

dP
dT

K
T

S S

c=` j  (10)

where c  is the Grüneisen parameter, and KS the adiabatic 
bulk modulus of the assemblage at temperature T and pres-
sure P. The Grüneisen parameter is calculated from its sur-
face value 0c  following

q

0
0

c c
t
t= c m  (11)

where q is a constant and t  and 0t  the densities of the assem-
blage at (T, P) and at the surface, respectively. KS and t  can 
be calculated from their surface values using an appropriate 
equation of state modelling. Here we used data and methods 
similar to those in Deschamps and Trampert (2004) to deter-
mine these quantities and the associated adiabatic gradient. 
Figure 3 illustrates the influence of the adiabatic increase in 
temperature with depth for two potential temperatures. At 
the bottom of the mantle, the adiabatic temperature increase 
can be as high as half the potential temperature and account-
ing for this effect increases the conductivity by 50 - 60% 
compared to the uncorrected value.

3.2 Influence of Temperature and Composition

Electrical conductivity increases with increasing real 
temperature (i.e., accounting for the adiabatic increase) Treal 

(a) (b)

Fig. 2. Variation of electrical conductivity with depth for an assemblage of 80% perovskite and 20% magnesio-wüstite. The potential temperature is 
Tp = 2500 K, the global iron fraction XFe = 0.1, and two values of the iron partitioning are considered, (a) KFe = 1.0, and (b) KFe = 0.5. The extent be-
tween the lower and upper Hashin-Shriktman bounds is denoted by the grey area, with three estimators calculated, geometric average (GM) (Eq. 8),  
Voigt-Reuss-Hill average (VRH) (Eq. 7), and effective medium theory (EMT) (Eq. 9). For compositions radial for pure perovskite (Pv) and pure 
magnesio-wüstite (Mw) are also shown (blue curves).
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throughout the mantle (Fig. 4a). The temperature effect is 
slightly attenuated with increasing depth. Figure 4a further 
indicates that a temperature excess of 500 K at the bottom 
of the mantle, as might be the case in LLSVP (Trampert et 
al. 2004; Deschamps et al. 2012) would result in a change in 
electrical conductivity between 20 - 30%, depending on the 
average mantle temperature.

A careful examination at Table 1 indicates that magne-
sio-wüstite is electrically more conductive than perovskite 
by about two orders of magnitude. This holds throughout 
the lower mantle (blue curves in Fig. 2), as noted in previous 
studies (e.g., Vacher and Verhoeven 2007; Khan and Shank-
land 2012). Consequently, the mantle aggregate conductiv-
ity decreases with increasing perovskite fraction, Xpv. How-
ever, varying Xpv triggers side effects making the detailed 
influence of this parameter more complex. Because the 
adiabatic gradient depends on the bulk modulus [Eq. (10)],  
Treal indirectly depends on the compositional parameters, 
and in particular on Xpv. The bulk modulus of magnesio-
wüstite being smaller than that of perovskite, Treal (and thus 
the conductivity of the aggregate) increases with decreas-
ing perovskite fraction. This effect therefore enhances the 
purely compositional effect, i.e., the decrease in conductiv-
ity with increasing amount of perovskite. Figure 4b plots 
the cumulated influence (chemical and differences in adia-
batic corrections) of Xpv on conductivity for Treal = 2500 K,  
XFe = 0.1, and KFe = 1.0. For realistic mantle compositions, 
i.e., values of Xpv in the range 0.6 - 0.9, the conductivity cal-
culated with EMT average varies between 1.5 - 12, depend-
ing on depth and on Xpv. However, the detailed influence of 
Xpv further depends on the iron partitioning (Fig. 5). This 
complex dependence is due to the fact that the iron correc-
tions are different for each mineral (parameters α and β in 
Table 1), the conductivity of magnesio-wüstite being more 
sensitive to iron than that of perovskite. Because both Xpv 

and KFe control the values of the individual iron fractions in 
perovskite and magnesio-wüstite [Eqs. (3) and (4)], chang-
ing the value of KFe modifies the effect of Xpv. For KFe = 1.0, 
the conductivity monotically decreases with increasing per-
ovskite fraction, as shown in Fig. 5. By contrast, in the case 
KFe = 0.3, in which iron mostly goes to magnesio-wüstite, 
the influence of Xpv is more complicated and is further af-
fected by the average scheme used to determine the aggre-
gate conductivity (blue curves in Fig. 5).

Figure 4c indicates that electrical conductivity increas-
es with increasing iron fraction throughout the lower mantle. 
In the lowermost mantle (z ≥ 2500 km), and for Xpv = 0.8 and 
KFe = 1.0, an increase in XFe by 0.03 (i.e., 3.0%) induces a 
threefold increase in conductivity. Unlike the effect of the 
perovskite fraction, the influence of the iron fraction does 
not substantially depend on the iron partitioning. For a given 
value KFe, the electrical conductivity increases with increas-
ing iron content, whatever the chosen value of KFe.

As pointed out above, the detailed effect of iron par-
titioning depends on the volume fraction of perovskite.  
Figure 5 shows that it further depends on the average scheme 
used to calculate the aggregate conductivity. For values of 
Xpv in the 0.6 - 0.9 range, which are relevant to the Earth’s 
lower mantle, electrical conductivity calculated with EMT 
average increases with increasing KFe (Fig. 4d), i.e., as more 
and more iron goes to perovskite. However, if a VRH aver-
age is used, the opposite is true, i.e., electrical conductiv-
ity decreases with increasing KFe (dotted curves in Fig. 5). 
Again, for values of Xpv lower than 0.6, more complicated 
effects appear.

The results from the systematic search displayed in  
Figs. 4 and 5 have interesting implications for the lower 
mantle. Several models based on seismic tomography and 
the thermo-elastic data set have indicated that compared 
to the surrounding mantle, the LLSVP are hotter by about 
500 K and enriched in iron and perovskite by about 3.0 and 
10%, respectively (Trampert et al. 2004; Deschamps et al. 
2012; Mosca et al. 2012). According to Fig. 4, the excesses 
in temperature and iron fraction observed in LLSVP should 
both result in an increase in conductivity. The implications of 
variations in the perovskite fraction are more difficult to as-
sess because they depend on the iron partitioning and on the 
average scheme (Fig. 5). It should be pointed out, however, 
that this effect is moderate, compared to that of iron. The ag-
gregate conductivity changes by only 20% for a 10% excess 
of perovskite, but is multiplied by a factor three for a 3% in-
crease in global iron fraction. Overall, LLSVP should appear 
as electrically more conductive than the surrounding mantle.

4. ELECTRICAL CONDUCTIVITY FROM  
THERMO-CHEMICAL STRUCTURE

Using the approach underlined in section 3 it is pos-
sible to determine synthetic horizontally averaged profiles 

Fig. 3. Influence of the adiabatic increase of temperature with depth. 
The plain curves take the adiabatic contribution into account and the 
dotted curve neglect it. Two values of the potential temperature are con-
sidered, Tp = 2500 K (blue curves), and Tp = 3000 K (dark red curves). 
Other input parameters are XFe = 0.1, Xpv = 0.8, and KFe = 1.0. Aggregate 
conductivities are calculated using the EMT average (Eq. 9).
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and 3D distributions of lower mantle electrical conductivity 
from appropriate thermo-chemical models.

4.1 Radial 1D Model

The first application is designed to determine a 1D elec-
trical conductivity radial model from the average thermo-
chemical model of the Earth’s mantle. The average thermo-
chemical model used here is model DT2 from Deschamps 
and Trampert (2004). It is based on a Monte-Carlo search 

that takes into account uncertainties in the thermo-elastic pa-
rameters of mantle minerals, and derives a horizontally aver-
age (or reference) thermo-chemical model from all models 
that fit PREM seismic velocities and density (Dziewonski 
and Anderson 1981) within 1%. In model DT2 the reference 
real (i.e., including the adiabatic gradient) temperature rang-
es from 2000 K at the top of the lower mantle to 2500 K at 
its base, with error bars (taken as one standard deviation of a 
nearly Gaussian distribution) of about 500 K. The reference 
perovskite fraction varies between 0.7 ± 0.1 and 0.8 ± 0.1, 
depending on the depth and the reference iron global frac-
tion is nearly constant with depth, around 0.09 ± 0.02. At 
each depth the individual perovskite and magnesio-wüstite 
conductivities are calculated with Eq. (2). Hasin-Shtrikman 
bounds [Eqs. (5) and (6)] and three different estimators {GM 
[Eq. (8)], VRH [Eq. (7)], and EMT [Eq. (9)]}, of the ag-
gregate conductivity are then calculated. Uncertainties in the 
radial thermo-chemical model and in mineral physics data 
(Table 1) are taken into account using a Monte-Carlo search. 
The iron partitioning [Eq. (3)] is randomly varied in the  
0.2 - 1.0 range. A total of 104 reference thermo-chemical 
models and 105 combinations of the electrical conductivity 
parameters lead to a collection of radial conductivity models, 
from which a mean and a standard deviation are calculated.

The resulting radial electrical conductivity model is 
plotted in Fig. 6, together with the models observed by Ku-
vshinov and Olsen (2006) and Velímský (2010). Observed 
models fit well within the Hashin-Shtrikman bounds except 

(a) (b)

(c) (d)

Fig. 4. Influence of temperature and composition on electrical conductivity. Results are plotted as a function of depth, and default real temperature, 
fraction of perovskite, global fraction of iron, and iron partitioning are Treal = 2500 K, Xpv = 0.80, XFe = 0.1, and KFe = 1.0, respectively. Average 
scheme is EMT. (a) Influence of the real temperature (see labels on curves). (b) Influence of the fraction of perovskite (see labels on curves). (c) 
Influence of the global fraction of iron (see labels on curves). (d) Influence of iron partitioning (see labels on curves).

Fig. 5. Combined effects of the fraction of perovskite, Xpv, and of the 
iron partitioning, KFe. The real temperature and global fraction of iron 
are Treal = 3000 K and XFe = 0.1, respectively. Calculations are made 
at depth z = 2500 km, and two average schemes are considered, VRH 
and EMT.
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at the very top of the lower mantle (670 - 800 km). The con-
ductivity calculated from EMT average ranges from 0.6 S m-1  
[log(v) = 0.25] at the top of the lower mantle to about 16 S m-1  
[log(v) = 1.2] at its base. Interestingly, it fits well the model 
observed by Velímský (2010) in the 800 - 1000 km layer 
and in the lowermost mantle (2200 - 2891 km). The conduc-
tivity profile predicted by GM average remains close to the 
lower Hashin-Shtrikman bound throughout the lower man-
tle. By contrast the conductivity obtained from VRH aver-
age is close to the upper Hashin-Shtrikman bound and var-
ies from 8 S m-1 [log(v) = 0.9] at the top to about 60 S m-1  
[log(v) = 1.8] at the bottom, which is always larger than the 
values observed by both Kuvshinov and Olsen (2006) and 
Velímský (2010). Note that in all cases, error bars on log(v)  
(defined as one standard deviation around the mean) is large, 
typically around 0.5.

4.2 3D Structure

Mantle electrical conductivity maps may be recovered 
from the thermo-chemical structure inferred by probabilistic 
tomography (Trampert et al. 2004) (Fig. 1). These thermo-
chemical distributions are varied within their error bars and 
added to the 1D radial thermo-chemical model DT2 (De-
schamps and Trampert 2004), which is used as the refer-
ence model. At each point in the model the perovskite and 
magnesio-wüstite electrical conductivities are deduced 
from Eq. (2), and three estimators of the aggregate conduc-
tivity are calculated. Again, mineral physics data are varied 
within their error bars, generating a collection of conduc-
tivity maps, from which the mean and standard deviation 
are calculated. Figures 7 - 9 plot the resulting conductivity 
map (logarithm and relative anomalies), for the three layers 
defined by probabilistic tomography. Table 2 lists the aver-
age, minimum and maximum in these distributions for all 
three estimators and Hashin-Shtrikman bounds. It should be 
pointed out, however, that the RMS in the error bars (taken 
as one standard deviation around the mean value) is large, 
around 0.6 on log(v).

A striking feature appearing in the lowermost mantle 
(2000 - 2891 km) is a belt of high electrical conductiv-
ity running along the equator (Fig. 9), and peaking in the 
LLSVP. Interestingly, this belt is predicted by all three esti-
mators. According to EMT average, conductivity in the layer  
2000 - 2891 km is up to 12 S m-1 (Table 2), leading to rela-
tive anomalies around 90%, compared to the average con-
ductivity. The maximum conductivity predicted by VRH 
average is around 20 S m-1, and relative anomalies are up to 
97%. In the mid lower mantle (1200 - 2000 km), the mean 
conductivity obtained with EMT and VRH average schemes 
are 1.7 and 4.4 S m-1, respectively, and lateral relative anom-
alies are moderate, up to 30 - 40% (Fig. 8). Finally, in the 
upper part of the lower mantle (670 - 1200 km), the mean 
electrical conductivity is comparable to that in the middle 

mantle (around 1.6 and 3.4 S m-1 for EMT and VRH aver-
ages, respectively), but relative anomalies are strong again, 
around 80% or more, depending on the average scheme, the 
largest anomalies being observed beneath the north-eastern 
Pacific, South Atlantic, and Indian Oceans.

Global models of lower mantle electrical conductiv-
ity based on magnetic field variations with period ranging 
from a few to 100 days have recently been obtained (Kelbert 
et al. 2009; Semenov and Kuvshinov 2012). The models of 
Kelbert et al. (2009) (KSE09) and Semenov and Kuvshinov 
(2012) (SK12) extend down to 2000 and 1600 km, respec-
tively. Lack of data and strong trade-off in the interpretation 
of long period (> 1 year) variations of the magnetic field, do 
not yet allow inferring electrical conductivity distributions at 
larger depths. Due to differences in the data used and inver-
sion methods, KSE09 and SK12 are substantially different. 
In particular, the conductivity from SK12 is on average larger 
than that of KSE09 by about a factor of 2 and the correlation 
between the two models is low (0.183, -0.190, and 0.079 in 
the layers 670 - 900, 900 - 1200, and 1200 - 1600 km, respec-
tively). Furthermore, relative lateral variations in conductiv-
ity are more pronounced in KSE09 than in SK12.

Comparing electrical conductivity maps inferred from 
the lower mantle thermo-chemical structure with the ob-
served values raises several difficulties. First, spatial filtering 
of the observed models is required according to the vertical 
parameterization and lateral resolution of the thermo-chem-
ical distributions used to infer the modeled conductivity. A 
potentially more serious problem is related to the frequency 

Fig. 6. Observed and modelled radial models of electrical conduc-
tivity. Three estimators are shown, GM, VRH, and EMT. The grey 
area extends from the lower to the upper Hashin-Shriktman bound. 
Observed models are from Kuvshinov and Olsen (2006) (KO06), and 
Velímský (2010) (V10).
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of the geomagnetic signal used to build KSE09 and SK12, 
which may be inconsistent with the conductivity deduced 
from the thermo-chemical structure. Due to skin depth ef-
fects, only magnetic field variations with frequencies lower 
than a limit value may be observed at the surface of the 
Earth. The limit frequency decreases with increasing man-
tle conductivity. Therefore, large values of the lowermost 
mantle conductivity may decrease the limit frequency such 
that part of the geomagnetic signals used to build KSE09 
and SK12 may have higher frequencies. Careful compari-
sons between modeled and observed conductivities would 
then require estimating the limit frequency imposed by the 
modeled conductivity, and filtering the observed conductiv-
ity maps according to this estimated limit frequency.

Figure 10 compares the modeled conductivity with 
spatially filtered models KSE09 and SK12. Conductivities 
from KSE09 and SK12 were averaged in layer 670 - 1200 
and 1200 - 2000 km, and filtered for spherical harmonic de-
grees 2, 4, and 6. Note that SK12 is limited to 1600 km 
depth and that the structure in the layer 1200 - 2000 km 
was assumed to be similar to that in the original SK12 lay-
er 1200 - 1600 km. Modeled conductivity calculated with 
EMT average is comparable in amplitude to that observed 
by SK12, but its distribution correlates very poorly with that 
of SK12. Conductivity obtained with VRH average is larger 
by a factor of 2 compared to SK12. Disagreement between 
the modeled conductivities and that mapped by KSE09 is 
more pronounced, both in amplitude and lateral variations. 

However, taking uncertainties in the modeled conductivi-
ties into account, the synthetic conductivity inferred from 
thermo-chemical structure is not totally inconsistent with 
the conductivity observed in KSE09 and SK12.

5. CONCLUDING DISCUSSION

This study attempted to infer the electrical conductivity 
of the Earth’s mantle from its thermo-chemical structure. The 
resulting radial conductivity model increases from 0.6 S m-1 
at the top of the lower mantle, to 16 S m-1 at its base. Lateral 
variations in conductivity are strong at the top (670 - 1200 km)  
of the lower mantle and at its bottom (2000 - 2891 km), and 
moderate in the intermediate layer (1200 - 2000 km). Cer-
tainly the most interesting feature, which needs to be further 
investigated in the future, is the presence of a high conduc-
tivity belt at the bottom of the mantle along the equator. This 
structure is present whatever the average scheme used to 
estimate the aggregate conductivity and it results from the 
fact that the low shear-wave velocity provinces observed by 
seismic tomography are enriched in iron and, at least part of 
them, hotter than the surrounding mantle (Fig. 1). Several 
directions may be followed in future works to improve the 
models discussed in this study.

The conductivity models calculated in this study have 
large uncertainties and their agreement with the global tomo-
graphic models of electrical conductivity KSE09 (Kelbert et 
al. 2009) and SK12 (Semenov and Kuvshinov 2012) is poor. 

Layer (km) Average scheme
log(v ) dv  (%)

mean min max RMS min max

670 - 1200 HS- 0.12 -0.19 0.54 34.7 -53.2 149.1

HS+ 0.64 0.47 0.87 18.8 -34.2 67.0

GM 0.17 -0.11 0.56 31.5 -48.9 134.6

VRH 0.53 0.33 0.79 21.2 -37.5 78.9

EMT 0.21 0.01 0.56 27.3 -40.0 119.3

1200 - 2000 HS- 0.16 0.01 0.34 19.0 -29.8 50.5

HS+ 0.76 0.66 0.88 11.7 -19.8 32.8

GM 0.21 0.09 0.38 17.2 -26.0 43.5

VRH 0.64 0.53 0.77 12.5 -22.0 33.8

EMT 0.23 0.14 0.38 15.2 -21.9 36.2

2000 - 2891 HS- 0.51 0.33 0.96 35.0 -37.4 167.1

HS+ 1.20 1.08 1.46 19.2 -23.9 80.0

GM 0.62 0.45 1.02 29.2 -35.5 139.6

VRH 1.06 0.93 1.34 21.4 -26.0 90.4

EMT 0.78 0.60 1.08 19.9 -34.9 97.5

Table 2. Some statistics on modeled electrical conductivity.

Note:  Listed values are the mean, minimum and maximum in the logarithm of electrical conductivity and 
the RMS, minimum and maximum in the relative anomalies in electrical conductivity. Average 
scheme are lower and upper Hashin-Shtrikman bounds (HS- and HS+), GM, VRH, and EMT.
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Large uncertainties are directly related to uncertainties in 
the mineral physics data (Table 1) and in thermo-chemical 
models of the Earth’s mantle. These latter further result 
from uncertainties in thermo-elastic data and in the refer-
ence thermo-chemical radial model. A better knowledge of 
mantle mineral and aggregate thermo-elastic and electrical 
properties is therefore needed to obtain a finer estimate of 
the electrical conductivity from the thermo-chemical struc-
ture. It should be kept in mind that due to differences in the 
data set and inversion methods, the conductivities mapped 
by KSE09 and SK12 strongly disagree. The discrepancies 
between the modeled conductivity and the observed mod-
els are comparable to the discrepancies that exist between 
KSE09 and SK12. Electrical conductivity tomographic 
maps may lack resolution at lower mantle depths. Finally, 
as pointed out in section 4, the geomagnetic signals used 
to build KSE09 and SK12 include signals with frequencies 
that may be incompatible with the conductivity deduced 
from the mantle thermo-chemical structure. More accurate 
comparisons would thus require a frequency filtering of the 
observed electrical conductivity maps.

The chemical anomalies inferred from probabilistic to-

mography were parameterized in terms of iron and silicate 
(perovskite) anomalies. Clearly, other chemical heterogene-
ities may be present in the deep mantle, including recycled 
oceanic crust (MORB). Slabs may temporarily stack below 
the 670 phase transition (Kárason and van der Hilst 2000; 
Fukao et al. 2001), in which case they may partially explain 
the seismic anomalies observed at these depths. MORB 
may also reach the bottom of the mantle and stack there, 
as suggested by thermo-chemical convection models (e.g., 
Nakagawa et al. 2010). Unless they are very hot, recycled 
MORB are unlikely to explain LLSVP (Deschamps et al. 
2012). They may however be present in local pools or even 
incorporated in small amounts into LLSVP (Tackley 2012; 
Li et al. 2014). Compared to pyrolite, MORB are enriched 
in iron and free of perovskite. All other effects being equal, 
they would therefore be more conductive than pyrolitic 
mantle. Recent experiments (Ohta et al. 2010) suggested 
that the electrical conductivity of MORB strongly increases 
with pressure. According to these experiments the conduc-
tivity of MORB at 51 GPa (1200 km-depth) varies between 
3 - 10 S m-1 for temperatures in the 1400 - 2100 K range. 
Such values are comparable to those obtained for a pyrolitic 
composition. Slab stacking at the top of the lower mantle 
(670 - 1000 km) may thus significantly influence the lateral 
variations in electrical conductivity at these depths. To pro-
vide better electrical conductivity estimates, mantle thermo-
chemical models should therefore include recycled oceanic 
crust. At lowermost mantle pressure, the experiments of 
Ohta et al. (2010) suggested that MORB are much more 
conductive that pyrolite, with values around 300 S m-1 at 
133 GPa and 2500 K. This is about one order of magnitude 
larger than the conductivity inferred from iron and silicate 
rich material. Furthermore, it has been proposed that the 
electrical conductivity of the post-perovskite phase is also 
large, with values around 50 S m-1 at 129 GPa and 2500 K  
(Ohta et al. 2008). The presence of high pressure MORB 
and post-perovskite in the lowermost mantle may thus result 
in a layer of large electrical conductivity at these depths, 
with values about one order of magnitude larger than the 
conductivity reconstructed from probabilistic tomography. 
It should be pointed out, however, that available radial 
conductivity models do not report any strong increase in 
conductivity in the deep mantle (Fig. 6). Mantle electrical 
conductivity remains around 4.0 S m-1 from 1000 - 2600 km  
depth and slightly increases to 10 S m-1 at greater depths 
(Velímský 2010).

Three dimensional images of electrical conductivity in 
the lowermost mantle are needed to discriminate between 
the possible thermo-chemical models and to determine the 
relative amount of each component (e.g., recycled MORB, 
post-perovskite, reservoirs of primordial material enriched in 
iron). So far the global electrical conductivity tomographic 
models (Kelbert et al. 2009; Semenov and Kuvshinov 2012) 
could not image regions deeper than 2000 km, in particular 

Fig. 10. Comparison between observed and modelled electrical con-
ductivity in the layer 670 - 1200 km (left column) and 1200 - 2000 km 
(right column). Observed electrical conductivity are from Kelbert et al. 
(2009) and Semenov and Kuvshinov (2012), and are filtered vertically 
and laterally for spherical harmonic degrees 2, 4, and 6. Three estima-
tors are mapped, GM, VRH, and EMT.
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because this would require longer period (1 year and larg-
er) geomagnetic signals, which are still sparse. In addition, 
at these periods the variations in magnetic field may have 
several origins (including sources from the core and from 
the magnetosphere), which are difficult to separate from the 
magnetic field induced by lower mantle electrical currents. 
Additional data and methodological developments are there-
fore needed to map electrical conductivity in this region.
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