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This paper applies electromagnetic sounding methods for Earth's mantle to constrain its thermal state, chem-
ical composition, and “water” content. We consider long-period inductive response functions in the form of
C-responses from four stations distributed across the Earth (Europe, North America, Asia and Australia)
covering a period range from 3.9 to 95.2 days and sensitivity to ~1200 km depth. We invert C-responses di-
rectly for thermo-chemical state using a self-consistent thermodynamic method that computes phase equi-
libria as functions of pressure, temperature, and composition (in the Na2O–CaO–FeO–MgO–Al2O3–SiO2

model system). Computed mineral modes are combined with recent laboratory-based electrical conductivity
models from independent experimental research groups (Yoshino (2010) and Karato (2011)) to compute
bulk conductivity structure beneath each of the four stations from which C-responses are estimated. To reli-
ably allocate water between the various mineral phases we include laboratory-measured water partition co-
efficients for major upper mantle and transition zone minerals. This scheme is interfaced with a sampling-
based algorithm to solve the resulting non-linear inverse problem. This approach has two advantages: (1)
It anchors temperatures, composition, electrical conductivities, and discontinuities that are in laboratory-
based forward models, and (2) At the same time it permits the use of geophysical inverse methods to
optimize conductivity profiles to match geophysical data. The results show lateral variations in upper mantle
temperatures beneath the four stations that appear to persist throughout the upper mantle and parts of the
transition zone. Calculated mantle temperatures at 410 and 660 km depth lie in the range 1250–1650 °C and
1500–1750 °C, respectively, and generally agree with the experimentally-determined temperatures at which
the measured phase reactions olivine→β-spinel and γ-spinel→ ferropericlase+perovskite occur. The re-
trieved conductivity structures beneath the various stations tend to follow trends observed for temperature
with the strongest lateral variations in the uppermost mantle; for depths >300 km conductivities appear to
depend less on the particular conductivity database. Conductivities at 410 km and at 660 km depth are found
to agree overall with purely geophysically-derived global and semi-global one-dimensional conductivity
models. Both electrical conductivity databases point to b0.01 wt.% H2O in the upper mantle. For transition
zone minerals results from the laboratory database of Yoshino (2010) suggest that a much higher water con-
tent (up to 2 wt.% H2O) is required than in the other database (Karato, 2011), which favors a relatively “dry”
transition zone (b0.01 wt.% H2O). Incorporating laboratory measurements of hydrous silicate melting rela-
tions and available conductivity data allows us to consider the possibility of hydration melting and a high-
conductivity melt layer above the 410-km discontinuity. The latter appears to be 1) regionally localized
and 2) principally a feature from the Yoshino (2010) database. Further, there is evidence of lateral heteroge-
neity: The mantle beneath southwestern North America and central China appears “wetter” than that be-
neath central Europe or Australia.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Water has and continues to play an important role in determining
the evolution of Earth through its influence on such critical processes
as chemical differentiation and geodynamical evolution. This results
l rights reserved.
from the strong influence of water on dynamical behavior of the man-
tle, including its creep strength, melting relations, phase transitions,
transport, and physical rock properties (e.g. Hirth and Kohlstedt,
1996; Hofmeister, 2004; Karato, 1990, 2006; Karato and Jung, 2003;
Litasov and Ohtani, 2007; Mao et al., 2008; Mei and Kohlstedt,
2000; Peslier et al., 2010; Smyth and Frost, 2002; Wood, 1995).

The total water inventory of the Earth is not well-constrained with
values ranging from the equivalent of half an ocean to as much as 5 or
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more oceans (e.g., Ahrens, 1989; Hirschmann et al., 2005; Ringwood,
1975). However, much experimental work has been conducted since
Smyth (1987) suggested that wadsleyite, a major transition zone
mineral, can incorporate significant amounts of water in its crystal
structure, implying that the mantle could store the equivalent of
several oceans of water. This, however, is not the only possible
mode for storing water in the mantle. Hydrous fluids and melts that
are related to melting processes occurring at a number of locations
in the mantle present other means. These are likely to be found in
mantle wedges above subduction zones, within mid-ocean ridge
basalt (MORB) and ocean-island basalt (OIB) source regions, and in
up- and downwellings across the transition zone (e.g. Hirschmann,
2006). Moreover, such hydrous fluid or melt layers, even on a local-
ized scale, may act to critically modulate the flux of water and chem-
ical elements between the upper mantle, transition zone (TZ) and
lower mantle (e.g., Bercovici and Karato, 2003; Ohtani et al., 2004).
However, the exact amount, location and mechanism of exchange of
water between various mantle reservoirs are yet to be fully under-
stood (e.g. Hirschmann et al., 2005; Keppler and Bolfan-Casanova,
2006). Improving the understanding of deep water cycles and their
relations to mantle dynamics thus hinges crucially on characterizing
these reservoirs as accurately as possible.

Current estimates of mantle water content rely mostly on sample
analyses of MORB and OIB material, mantle xenoliths, as well as
on cosmochemical and geochemical arguments. MORB and OIB
sources imply an upper mantle containing between 0.0005–0.02
and 0.03–0.1 wt.% H2O, respectively, while bulk silicate Earth is geo-
chemically constrained to contain between 0.05 and 0.19 wt.% H2O
(see e.g. Bolfan-Casanova et al., 2006; Hirschmann, 2006; Keppler
and Bolfan-Casanova, 2006 for recent reviews). Of prime interest in
the context of these estimates is the concept of water storage capac-
ity, which is the maximum amount of water that a mineral or rock at
a given pressure and temperature is able to retain without producing
a hydrous fluid (water- or silicate-rich). The importance of storage
capacity arises because different minerals have different storage ca-
pacities, which in turn limits potential reservoirs. Much recent work
has thus focused on assessing the compatibility of the above esti-
mates with constraints on H2O storage capacity of different minerals
as a function of depth derived from experimental petrology andmin-
eral physics. Briefly, storage capacity of the upper mantle at 400 km
depth is likely to be between 0.05 and 0.5 wt.% H2O (Hirschmann
et al., 2005, 2009) based on measurements performed on major
upper mantle minerals olivine, orthopyroxene and garnet (e.g.,
Aubaud et al., 2004; Bell et al., 2003; Koga et al., 2003; Kohlstedt
et al., 1996; Litasov et al., 2007; Mosenfelder et al., 2006; Rauch
and Keppler, 2002; Smyth et al., 2006), although values up to
1 wt.% H2O cannot be excluded (Hirschmann et al., 2009).

With this in mind, the purpose of the present study is to employ
an alternative and complimentary means of assessing mantle water
content. To this end we make use of electromagnetic (EM) sounding,
which has proved a valuable geophysical tool in addition to seismology
for probing the physical structure of Earth's mantle (e.g., Kuvshinov,
2011). In spite of EM soundings having lower spatial resolution than
do seismic methods, they are an important complement to the latter
for extracting physical information, particularly on mantle water con-
tent through comparison of laboratory-based conductivity measure-
ments of hydrous minerals with field estimates (e.g., Dai and Karato,
2009a,b,c; Huang et al., 2005; Manthilake et al., 2009; Wang et al.,
2006; Yoshino et al., 2006, 2008a, 2009). Current laboratory-based
conductivity measurements indicate average contents of ~0.01 wt.%
H2O in the upper mantle and ~0.1 wt.% H2O in the TZ (e.g., Karato,
2011), although the possibility of a “dry” mantle cannot be excluded
(e.g., Manthilake et al., 2009).

More to the point, knowledge of electrical conductivity by itself
only provides hints about underlying properties. A more informative
process comes from geophysically-derived conductivity models based
on laboratory data following assumptions about composition and tem-
perature (e.g., Dobson and Brodholt, 2000a; Fullea et al., 2011; Jones
et al., 2009; Karato, 2011; Khan et al., 2011; Ledo and Jones, 2005;
Pommier and Le Trong, 2011; Vacher and Verhoeven, 2007; Xu et al.,
2000a). More definitive approaches in which EM data are inverted
directly for thermochemical state (e.g., Khan et al., 2006; Verhoeven
et al., 2009) are able to cover a much wider parameter range to be ex-
amined below.

In the first stage of this study we illustrate the sensitivity of EM
sounding data to various properties (major element chemistry, tem-
perature and water content) by comparing simple examples in
which EM inductive responses of various conductivity profiles are
constructed by varying in turn water content, composition, and tem-
perature. In the next stage, we invert the EM sounding data for ther-
mochemical state along the lines of a previous investigation (Khan
et al., 2006) in which mineral phase equilibrium calculations based
on Gibbs free energy minimization (Connolly, 2005) were interfaced
with a stochastic sampling algorithm to generate a large collection
of one-dimensional conductivity profiles whose EM responses are
compared with geophysical observations. Here we consider four im-
provements: 1) a considerably augmented (in quantity and quality)
mineral physics database of laboratory-measured electrical conduc-
tivities of upper mantle and TZ minerals obtained by two indepen-
dent groups (e.g., Karato (2011) and Yoshino (2010)), which will be
considered independently so as to minimize bias; 2) use of
laboratory-measured water partition coefficients to realistically ac-
count for water allocation between various mineral phases; 3) high-
quality long-period inductive responses recently acquired (Khan
et al., 2011) from a set of geomagnetic observatories distributed
across the globe (Europe, China, Australia, and North America); and
4) the possibility of thin hydrous fluid melt layers immediately
above the TZ in cases where upper mantle water storage capacity is
exceeded. Melt layers are a ubiquitous feature of the water filter hy-
pothesis (Bercovici and Karato, 2003), and seismic evidence for low ve-
locity zones above the TZ has been reported regionally (e.g., Revenaugh
and Sipkin, 1994; Song et al., 2004; Tauzin et al., 2010). In view of the
large conductivity increases associated with hydrous silicate melt
(e.g., Mookherjee et al., 2008) these are potentially amenable of detec-
tion with EM sounding data (e.g., Park and Ducea, 2003; Shankland and
Waff, 1977; Shankland et al., 1981; Toffelmier and Tyburczy, 2007).

2. Long-period electromagnetic sounding data

Data selection and processing have been described in detail in a
previous study (Khan et al., 2011). Briefly, the C-responses (defined
below) that we consider 1) satisfy quasi-1D behavior; 2) are located
away from polar regions where auroral source effects are of possible
influence (Fujii and Schultz, 2002); 3) have high coherency, low un-
certainty, and vary smoothly; and 4) cover a large period range (3.9
to 95.2 days). The following stations were found to satisfy the above
criteria: Fürstenfeldbrück (FUR), Europe; Langzhou (LZH), China;
Alice Springs (ASP), Australia; Tucson (TUC), North America; Honolulu
(HON), North Pacific; Hermanus (HER), South Africa. Of these we
consider the first four stations for further analysis here, because the
latter two are influenced by the ocean induction effect (Kuvshinov
et al., 2002), which cannot be modeled thermodynamically. Length
of data series and coordinates (geographical and geomagnetic) for
the four stations are summarized in Table 1.

Under the assumption of a P1
0 source structure, C-responses are

defined as follows (Banks, 1969)

C ωð Þ ¼ −a tanϑ
2

Z ωð Þ
H ωð Þ ð1Þ

where a=6371.2 km is Earth'smean radius,ϑ geomagnetic co-latitude,
Z(ω) and H(ω) vertical and horizontal (directed toward geomagnetic
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Table 1
Summary of geomagnetic observatories.

Station Latitude Longitude Geomagnetic
latitude

Observation
period

Fürstenfeldbrück (FUR) 48.17 11.28 48.38 1957–2007
Langzhou (LZH) 36.09 103.85 25.86 1980–2007
Alice Springs (ASP) −23.76 133.88 −32.91 1992–2007
Tucson (TUC) 32.17 249.27 39.88 1957–1994

Table 2
Parameter used to characterize olivine conductivity (after Yoshino et al., 2009).

log10
(σi)

Hi

(eV)
log10
(σ0

h)
Hh

(eV)
log10
(σ0

p)
H0

(eV)
α

4.73
±0.53

2.31
±0.07

2.98
±0.85

1.71
±0.04

1.9
±0.44

0.92
±0.04

0.16
±0.02
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north) components of the geomagnetic field, respectively, at frequency
ω=2π/T and period T. This technique is known as the Z :Hmethod (fur-
ther details in Khan et al., 2011). As outlined in our previous investiga-
tion, the inductive responses provide information on mantle structure
to a depth of about 1200 km and, although data are most sensitive in
the depth range 500–1000 km, there is considerable sensitivity to
upper mantle structure. The use of 1D radial conductivity profiles for
making 3D inferences is also discussed in our previous study.

3. Laboratory electrical conductivity data

Experimental results show that mechanisms of mineral conductiv-
ity usually increase with temperature according to an Arrhenius rela-
tion (e.g., Tyburczy and Fisler, 1995)

σ ¼ σ0exp − H
kT

� �
ð2Þ

where σ0 is the so-called pre-exponential factor, H activation enthalpy,
k Boltzmann's constant, and T is absolute temperature. σ0 and H both
depend on the particular charge transport mechanism. Generally, con-
ductivity of a hydrous iron-bearing silicate mineral is given in terms of
several charge transport mechanisms (e.g., Yoshino et al., 2009)

σ ¼ σ i þ σh þ σp ð3Þ

where σi, σh, and σp denote contributions from ionic conduction (mi-
gration of Mg-site vacancies), small polaron conduction (hopping of
electrons between ferric and ferrous iron sites), and conduction arising
from migration of protons, respectively.

Several groups have recently measured conductivity of major
upper mantle and TZ minerals with the difficult outcome for the com-
munity of obtaining somewhat discrepant results. Whilst the issue
has been debated (e.g., Karato, 2011; Karato and Dai, 2009; Yoshino,
2010; Yoshino and Katsura, 2009a), it is yet to be resolved. To mini-
mize any particular bias we have created two electrical conductivity
databases that are based on the measurements of 1) Yoshino, Katsura
and coworkers (YK) and 2) Karato, Dai and coworkers (KD). These
will be briefly summarized below.

Minerals of interest include olivine (ol), orthopyroxene (opx),
clinopyroxene (cpx), garnet (gt), the high-pressure polymorph of
cpx (C2/c), akimotoite (aki), wadsleyite (wad), ringwoodite (ring),
ferropericlase (fp), perovskite (pv), calcium perovskite (ca-pv), and
calcium ferrite (cf). It should be noted that in the case of C2/c, aki,
ca-pv, and cf no conductivity measurements are presently available.
As in Khan et al. (2006) we use the electrical conductivity of cpx as
a proxy for C2/c and aki; for ca-pv we assume conductivity to equal
that of Al-free pv, because Al is less soluble in ca-pv than in pv; for
cf we disregard the contribution to conductivity in line with our ear-
lier study (Khan et al., 2011), where it was shown that omitting the
contribution of a mineral that is present at levels b10 vol.%, produces
a difference in bulk conductivity of b0.02 log units. In the following
we summarize the conductivity data employed here for the above
minerals, and unless stated otherwise data parameters have the same
meaning as in Eqs. (2)and (3). It should be noted that throughout we
assume the mantle to be chemically homogeneous (compositional
ranges investigated here are given in Table 10).

3.1. YK database

Electrical conductivity for hydrous iron-bearing olivine can be
described by the form (Yoshino et al., 2009)

σ ¼ σ i
0 exp − Hi

kT

� �
þ σh

0 exp −Hh

kT

� �
þ σp

0Cw exp −H0−αC1=3
w

kT

 !
ð4Þ

where the different σ0s and Hs are pre-exponential factors and activa-
tion enthalpies for the various conduction mechanisms, respectively,
Cw is water content in wt.%, and α a geometrical factor. Values for
these parameters are given in Table 2.

For opx and cpx we model conductivity according to Eq. (2) and
use the values for σ0 and H measured by Xu and Shankland (1999).
For gt we consider measurements by Yoshino et al. (2008a) and use
Eq. (2) as in the case of opx and cpx. Parameter values are given in
Table 3.

Wadsleyite conductivity is taken from Manthilake et al. (2009)
and is given by

σ ¼ σh
0exp −Hh

kT

� �
þ σp

0Cwexp −H0−αC1=3
w

kT

 !
ð5Þ

where the first and second terms signify small polaron and proton
conduction, respectively. Parameter values are summarized in Table 4.

For ringwoodite, we consider the measurements by Yoshino et al.
(2008b) for proton conduction, while the small polaron term is taken
from Yoshino and Katsura (2009b).

σ ¼ σp
0Cwexp −H0−αC1=3

w

kT

 !
þ σ Fe

0 XFeexp −HFe
0 −αFeX

1=3
Fe

kT

 !
: ð6Þ

In the Fe correction term, XFe is mole fraction of Fe in theMg site,H0
Fe

activation enthalpy at very low Fe concentrations, andαFe a geometrical
factor; Yoshino and Katsura (2009b) found two different temperature
regimes each with their own parameter values. Parameter values are
compiled in Table 5.

For the major lower mantle minerals ferropericlase and perovskite
electrical conductivities are modeled as

σ ¼ σ0exp −E þ PV
kT

� �
ð7Þ

where E, P and V are activation energy, pressure, and activation volume
respectively. These parameters were measured by Xu et al. (2000a) for
ferropericlase and Xu et al. (1998) for both Al-free and Al-bearing
perovskite. Data parameters are tabulated in Table 6.

In treating upper mantle and transition zone minerals we have
omitted pressure effects arising from activation volumes because of
the relatively narrow pressure ranges over which the minerals are
stable. Although some laboratory experiments have suggested that
conductivity of major lower mantle minerals varies with composition
(Fe in the case of ferropericlase (Dobson and Brodholt, 2000b; Wu
et al., 2010) and Al in the case of perovskite (Xu et al., 1998)), we omit



Table 3
Parameters used to characterize conductivities of orthopyroxene (opx), clinopyroxene
(cpx) and garnet (gt). For gt no uncertainties were provided in the original data.
Parameters are from Xu and Shankland (1999) for opx and cpx, and Yoshino et al.
(2008a) for gt.

Mineral log10
(σ0)

H
(eV)

opx 3.72±0.1 1.8±0.02
cpx 3.25±0.11 1.87±0.02
gt (b1300 K) 1.73 1.27
gt (1300–1750 K) 3.03 1.59
gt (>1800K) 4.24 2.02
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their possible contributions here, given that geophysical data only sense
to depths of ~1200 km.
3.2. KD database

Conductivity data from Karato, Dai and coworkers (Dai and Karato
(2009a,b,c), Huang et al. (2005), Wang et al. (2006)) are taken from a
recent review (Karato, 2011) and include measurements of ol, opx, gt,
wad, and ring. Electrical conductivity of these minerals was described
by a relationship of the form

σ ¼ A1 exp −E1 þ PV1

RT

� �
þ A2C

r
w exp − E2 þ PV2

RT

� �
ð8Þ

where A is a pre-exponential factor, Cw water content in wt.%, r an
exponent determining water dependence, E activation energy, P pres-
sure, V activation volume, T temperature, and R the gas constant; sub-
scripts 1 and 2 refer to mechanisms of polaron (1) and proton (2)
conduction. Note that effects of oxygen fugacity (f O2

) have been omit-
ted because fO2

is not well-constrained and uncertainties are likely to
be small compared to those arising from other parameters (further
discussed in next section). The various parameters are tabulated in
Table 7. For lower mantle minerals we employ equations and param-
eters summarized in the previous section.
3.3. Mineral water partition coefficients

We consider partitioning of water between the following minerals
for which conductivity measurements under hydrous conditions
exist: orthopyroxene/olivine and garnet/olivine. For orthopyroxene/
olivine we employ a partition coefficient Dopx=ol

H2O

� �
of 15, based on

the measurements of Aubaud et al. (2004), Grant et al. (2004),
Hauri et al. (2004) and Koga et al. (2003). For garnet/olivine we use
Dgt=ol

H2O
¼ 2 from results of Hauri et al. (2004). Experiments on the par-

titioning behavior of water between wadsleyite and olivine have also
been carried out, but are not used here as we want to determine
water content of the upper mantle and transition zone independently
of each other. In the TZ we invoke the simplifying assumption that
Dring=wad

H2O
¼ 1 (see also Section 7.1.4). The partitioning behavior be-

tween lower mantle minerals is not of interest as conductivity
measurements on hydrous lower mantle minerals currently are not
available.
Table 4
Wadsleyite conductivity parameters and their sources (after Manthilake et al., 2009).

σ0
h

(S/m)
Hh

(eV)
σ0
p

(S/m)
H0

(eV)
α

399±311 1.499±0.1 7.749±4.08 0.689±0.03 0.02±0.02
3.4. Mineral water storage capacity and melt layer on top of the TZ

The water storage capacities of mantle minerals of interest here in-
clude those of olivine and wadsleyite. Given current uncertainties in the
storage capacity of the upper mantle (e.g., Hirschmann et al., 2005,
2009), which ranges from 0.05 to 0.5 wt.%, we employ a value of
0.1 wt.% H2O (Férot and Bolfan-Casanova, submitted for publication).
For wadsleyite we assume an upper bound of ~3 wt.% based on the
considerations of Smyth (1987) and the measurements of Bolfan-
Casanova et al. (2000), Inoue et al. (1995) and Kohlstedt et al.
(1996). This value is likely to be slightly on the high side, given mea-
surements by Demouchy et al. (2005) that showed Fe-bearing wad-
sleyite to contain 2.5 wt.% H2O at 1400 °C and to decrease to 1.5 wt.%
at ~1500 °C (see also discussion by Bolfan-Casanova, 2005).We assume
water storage in the TZ to be controlled by the solubility of wadsleyite,
since majorite garnet contains b0.1 wt.% H2O (e.g. Bolfan-Casanova
et al., 2006). Although there is evidence that olivine water content de-
creases as a function of pressure and temperature above 5 GPa and
1100 °C (Peslier et al., 2010), we assume that water storage capacity is
independent of temperature and pressure because of limited experi-
mental data and sensitivity of EM sounding data.

The importance of specifically considering bounds on the water
storage capacity of olivine and wadsleyite stems from the observation
that hydrous melting ensues at locations where the upper mantle
water content, assumed to be controlled principally by that of olivine
given its larger volume fraction in comparison to garnet and ortho-
pyroxene, exceeds the local storage capacity. This likely occurs in
the shallow mantle within the basalt source regions (e.g., Kohlstedt
et al., 1996) and, of more relevance for the present case, in the deep
part of the upper mantle when material enriched in water is advected
from the TZ (e.g., Bercovici and Karato, 2003). Specifically, we employ
the storage capacity of olivine discussed above as a threshold value
above which we assume that a melt layer of a given thickness and
conductivity appears, in line with the modeling assumptions of
Toffelmier and Tyburczy (2007). These simplifying assumptions are
warranted given the generally unknown composition of such a hydrous
silicate melt, the currently limited database of electrical conductivity
measurements associated with melts, and absence of information on
melt configuration, i.e., interconnectedness, within the layer, which is
important if melt conductivity is to dominate that of the resistive solid
matrix (e.g., Shankland and Waff, 1977). Further details on physical
properties describing the melt layer are in Section 7.1.5.

3.5. Oxygen fugacity and miscellaneous effects

Most of the above experiments were made at oxygen fugacities
controlled by the Mo-MoO2 buffer (Table 2 of Karato (2011) contains
a summary of oxygen fugacities associated with the most recent con-
ductivity experiments). Although it has been observed that olivine
conductivity could vary as f 1=6O2

(Duba and Constable, 1993; Schock
et al., 1989), effects of f O2

under mantle conditions are weakly quan-
tified (Xu et al., 2000b). As a result we make no oxygen fugacity
corrections to conductivity of the mantle minerals considered here
and thus make the assumption that fO2

throughout the mantle is near
that of the Mo-MoO2 buffer. Moreover, as assessed by Karato (2011),
the influence of fO2

on conductivity profiles computed in that study is
relatively small given that oxygen fugacity itself varies relatively little.
This is also observed when computing conductivity of olivine for
various oxygen fugacities using SIGMELTS (Pommier and Le Trong,
2011).

Pressure effects on electrical conductivity of upper mantle min-
erals have been investigated by Xu et al. (2000b) for olivine and by
Dai and Karato (2009a) for pyrope garnet. Resulting effects were
observed to be weak in the work of Xu et al. particularly in the depth
range 80–200 km, while at 400 km depth olivine conductivity changed
by less than a factor of 2.5 when varying activation volumes ±0.6 cm3/



Table 5
Ringwoodite conductivity parameters and their sources. The small polaron term is from Yoshino and Katsura (2009b), whereas the proton conduction term is from Yoshino et al.
(2008b).

T
(K)

σ0
p

(S/m)
H0

(eV)
α σ0

Fe

(S/m)
H0
Fe

(eV)
αFe

b1000 27.79±9.6 1.12±0.03 0.67±0.03 467±150 2.14±0.05 2.14±0.07
>1000 27.79±9.6 1.12±0.03 0.67±0.03 10,042±4211 2.08±0.06 1.55±0.09

Table 7
Parameters taken from Karato, Dai and coworkers (Karato, 2011) used for modeling
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mol. Based on these results we neglect the effect of pressure on upper
mantle conductivity here.

As in Xu et al. (2000a) and our previous studies no corrections
were made for grain boundary effects, given that substantial system-
atic variations in conductivity are yet to be observed (e.g., Dai et al.,
2008; Duba and Shankland, 1982; Roberts and Tyburczy, 1993; ten
Grotenhuis et al., 2004; Watson et al., 2010; Xu et al., 2000a).

Contributions to bulk electrical conductivity of some minor mineral
phases are not accounted for because of a lack of relevant laboratory
measurements. However, disregarding contributions from phases
that are present at levels of ~10 vol.% amounts to a negligible differ-
ence in bulk conductivity. Specifically, Khan et al. (2011) found that
omitting the contribution from the C2/c (high-pressure polymorph
of cpx) phase, for example, resulted in a difference of b0.02 log-
units, which for practical purposes is insignificant.

Finally, no exhaustive attempt to consider other data sets, e.g.,
measurements by Romano et al. (2006) on garnet, Romano et al.
(2009) on hydrous wadsleyite, Poe et al. (2010) on hydrous olivine,
or Wu et al. (2010) on ferropericlase was made and the choice of ex-
perimental data possibly influences the outcome. However, because
this inversion treatment is able to consider uncertainties in measured
conductivity parameters, it automatically allows for larger variations,
and we are thus a priori less likely to bias the results.

4. Thermodynamic modeling

In order to compute mantle mineral modes for a given composi-
tion X and temperature T, we assume mantle mineralogy to be gov-
erned by thermodynamic equilibrium and predict mineralogy as a
function of composition, pressure, and temperature by Gibbs energy
minimization using the self-consistent method of Connolly (2005).
We adopt the thermodynamic formalism of Stixrude and Lithgow-
Bertelloni (2005) as parameterized by Xu et al. (2008) for mantle
minerals in the model chemical system Na2O–CaO–FeO–MgO–
Al2O3–SiO2 (abbreviated NCFMAS). The Gibbs energy minimization
procedure yields amounts, compositions, and physical properties,
including elastic moduli, of the stable minerals in the model chemical
system.

5. Laboratory-based electrical conductivity models

With the data described above we can construct aggregate mantle
conductivity profiles. It is necessary to average conductivities of indi-
vidual minerals with their volume fractions, and there are several
different schemes to do this in the absence of information on the
actual distribution of various mineral phases within the bulk rock.
Table 6
Parameters used to model ferropericlase (fp) and perovskite (pv) conductivities.
Parameters are from Xu et al. (2000a) for fp and Xu and Shankland (1999) for pv.

Mineral log10
(σ0)

E
(eV)

V
(cm3/mol)

fp 2.69±0.1 0.85±0.03 −0.26
pv (Al-bearing) 1.87±0.11 0.7±0.04 −0.1
pv (Al-free) 1.12±0.12 0.62±0.04 −0.1
Of general utility for the calculation of conductivity for multiphase
materials are some generalized averages, which include the arithmetic
(A) mean (Voigt average), and the harmonic (H) mean (Reuss average)

σA ¼
XN
i

xiσ i; σH ¼
XN
i

xi
σ i

" #−1

ð9Þ

where σi and xi are conductivity and volume fraction of mineral phase i,
respectively, and N is the total number of mineral phases present. The
above averages are extremes for upper and lower bounds of bulk con-
ductivity and bracket the permissible range within which the effective
conductivity of the multiphase system must be contained (e.g., Park
and Ducea, 2003; Waff, 1974). It is implicitly assumed that xi is a func-
tion of composition, pressure, and temperature, whereas σi depends
on pressure and temperature as well as Fe and H2O content.

Hashin–Shtrikman bounds are considered the narrowest upper and
lower bounds for a multiphase system in the absence of knowledge
of the geometrical arrangement of the constituent phases (Berryman,
1995; Hashin and Shtrikman, 1962; Watt et al., 1976). The lower
bound (HS−) assumes non-interconnected conductive inclusions
within a resistive matrix, and the upper bound (HS+) assumes non-
interconnected resistive inclusions in a conductive matrix

σHS� ¼
XN
i¼1

xi
σ i þ 2σ�

" #−1

−2σ� ð10Þ

where σi and xi are as before conductivity and volume fraction of min-
eral phase i, respectively, and σ± correspond to minimum (σ−=min
(σi)) and maximum (σ+=max(σi)) conductivities of the N mineral
phases.

In addition to computing boundswe also compute estimators.We
consider 1) the geometric mean, 2) the effective medium theory of
Landauer (1952) for conducting composites and generalized by
Berryman (1995), and 3) the Hill or the Voigt–Reuss–Hill average
(Hill, 1963; Watt et al., 1976). The latter average (σVRH) is the arith-
metic mean of the Voigt and Reuss bounds and is biased toward the
Voigt bound (Shankland and Duba, 1990). The geometric mean
(GM) used previously by Shankland and Duba (1990) can readily
be computed (e.g., Constable, 2006)

σGM ¼ ∏
i
σ xi

i : ð11Þ
conductivity of olivine (ol), orthopyroxene (opx), garnet (gt), wadsleyite (wad) and ring-
woodite (ring). Parameter uncertainties are ±10 kJ/mol for E, ±0.1 for r and ±0.1/0.3
(polaron/proton) for log10A.

Mineral log10A1 log10A2 r E1/E2
(eV)

V1/V2

(cm3/mol)

ol 2.4 3.1 0.62 154/87 2.4/−
opx 2.7 2.6 0.62 147/82 −/−
gt 2.1 2.7 0.63 128/70 2.5/−0.6
wad 2.1 2.1 0.72 147/88 −/−
ring – 3.6 0.69 −/104 −/−
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With more computational effort effective medium theory pro-
duces a self-consistent solution (σsc) that is found through iteration
to satisfy (while being bounded by HS− and HS+)

XN
i¼1

xi
σ i−σ sc

σ i þ 2σ sc

� �
¼ 0: ð12Þ

The various conductivity bounds and estimates are illustrated in
Fig. 1 for pyrolite composition along the geotherm of Brown and
Shankland (1981) using the YK conductivity database at “dry”mantle
conditions. We observe, as in Shankland and Duba (1990), that the
only estimator consistently within the Hashin–Shtrikman bounds is
σsc; both σGM and σVRH can lie outside these bounds at various points
along the bulk conductivity profile. As Hashin–Shtrikman bounds
present the narrowest possible restrictions that exist on an arbitrary
isotropic multi-phase system, we consider, like Xu et al. (2000a),
self-consistently determined conductivity values as the most appro-
priate average bulk rock conductivity.

Prior to inverting data, we treat some simplified forward models
to investigate to what extent the various properties (major element
chemistry, temperature, and water content) influence electrical con-
ductivity and, most importantly, C-responses. This approach helps
indicate the main consequences of the two databases.

6. Variation in mantle material properties

6.1. Water content

For modeling purposes we consider a homogeneous adiabatic
mantle of pyrolite composition (Table 9) using the mantle adiabat
of Brown and Shankland (henceforth BS adiabat). With this back-
ground model, we vary mantle water content for both conductivity
databases using the Cws given in Table 8 and compute bulk rock con-
ductivity profiles from the equilibriummineralogy obtained via Gibbs
free energy minimization outlined in Section 4. The resulting varia-
tions in phase proportions and aggregate conductivity for the two
databases are shown in Fig. 2.
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Fig. 1. Estimated bulk conductivity profiles using different averaging schemes (see main text
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bound; EMT — effective medium theory; VRH — Voigt–Reuss–Hill average; and GM— geomet
For the YK database conductivity variations in the upper mantle
are negligible, whereas differences in the upper and lower TZ are ~
0.3 and ~0.01 log-units, respectively. Minor conductivity variations
in the lower TZ are related to the small contribution arising from
the proton conduction term relative to the polaron term (Eq. (6)).
In contrast, the KD database produces strong conductivity variations
in the upper mantle that reach 0.5–1 log-unit, with even stronger var-
iations occurring in the TZ. Comparison of the YK and KD conductivity
profiles further accentuates these first-order differences. For the “dry”
case, YK is overall more conductive than is KD, with a conductivity de-
crease across the ol→wad (410-km seismic discontinuity), while KD
shows an increase at the same location in addition to a large jump
(~2.5 log-units) at the transition ring→ fp+pv (660-km). For the
other two “wet” cases the KD conductivity profiles are generally
more conductive than the YK profiles over the entire depth range
considered here, with relatively strong “410”s and no “660”s, while
for the YK profiles the “660” is the strongest transition (0.5–0.6 log-
units). Fig. 2 illustrates the important point that in the TZ the KD
database requires a smaller water content than does the YK database
to achieve the same conductivity increase. With the YK database this
appears in the inversion results as requiring a greater water content
at the bottom of the upper mantle than does the KD database. For
pressures >25 GPa (corresponding to depths >700 km) the different
mantle conductivity profiles converge as expected, because the two
databases use the same conductivity data for the lower mantle. Induc-
tive response functions for the six conductivity profiles of Fig. 2 are
shown in Fig. 3, and we note that while the YK conductivity profiles
are almost indistinguishable within the uncertainties of the data,
the KD profiles are easily differentiated. For brevity here and in the
following two subsections (6.2 and 6.3) only the real part of the
inductive response is shown.

Simplifying assumptions made in the present exercise include, in
addition to neglecting the contribution from minor mineral phases
as discussed previously, disregarding the effect of water on mineral
phase equilibria. Although there is evidence from theory and experi-
ment that water is likely to stabilize wadsleyite over olivine thereby
decreasing depth to the 410-km discontinuity (e.g., Chen et al.,
2002; Smyth and Frost, 2002; Wood, 1995), scarcity of relevant
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Table 8
Water contents used for modeling electrical conductivities; water contents are in wt.%.
Labels a–c are used to identify the conductivity profiles in Fig. 2. Note that KD provided
no conductivity data for ringwoodite at “dry” conditions, and 0 wt.% actually implies
the presence of a minute amount of water (0.0001 wt.%).

Database Cw
ol Cwopx Cw

gt Cw
wad Cw

ring

YK(a) 0 – – 0 0
YK(b) 0.001 – – 0.1 0.1
YK(c) 0.005 – – 0.5 0.5
KD(a) 0 0 0 0 0
KD(b) 0.001 0.001 0.001 0.1 0.1
KD(c) 0.005 0.005 0.005 0.5 0.5
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thermodynamic data prevents us from including this effect. However,
given the modest change in conductivity across the ol→wad transi-
tion, this is likely a minor issue.
106 107

Period [s]

Fig. 3. Inductive response functions (real part only) calculated for the six conductivity
profiles shown in Fig. 2 and compared to observations from station TUC. KD and YK
refer to the laboratory databases used for modeling conductivity profiles. (a), (b),
and (c) refer to the same compositions as in the previous figure.
6.2. Major element composition

We consider three different “dry” mantle compositions: 1) harz-
burgite, 2) pyrolite, and 3) basalt. The compositions are tabulated
below (Table 9). As before we compute the equilibriummineralogies
for each of these compositions using Gibbs free energy minimization
along the BS adiabat. The resulting electrical conductivities are
shown in Fig. 4.

The distinction between computed conductivity profiles is clearly
noticeable, which is a direct consequence of the different stable
mineralogies produced for each of the three compositions. Again,
b

a

Fig. 2. Bulk conductivity profiles as a function of water content in the upper mantle, transit
constructed using the KD and YK conductivity databases, respectively. In both plots water co
“dry” conditions, (b) 0.001 wt.% (UM), and 0.1 wt.% (TZ) and (c) 0.005 wt.% (UM) and 0.5 wt
at “dry” conditions; for these calculations we included a vanishingly small amount of wate
composition and an adiabatic temperature profile (see main text for details). Phases are (mi
fp, pv, and cf. ε=1 S/m.
KD profiles are overall more conductive than their YK counterparts.
For the latter, strong conductivity increases only occur at pressures
around 18–20 GPa (520-km seismic discontinuity) and ~23 GPa
(660-km). Fig. 4 also shows C-responses computed from the six
profiles that are distinguishable within the uncertainties of the EM
sounding data.
ion zone, and uppermost lower mantle. Conductivity profiles in plots (A) and (B) were
ntent in the upper mantle (UM) and transition zone (TZ) is: (a) both 0 wt.% water, i.e.,
.% (TZ). Note that the KD database does not contain a conductivity term for ringwoodite
r (0.0001 wt.%). Equilibrium mineralogy is computed on the basis of a pyrolitic mantle
neral abbreviations defined in the main text): ol, opx, cpx, C2/c, gt, wad, ring, aki, ca-pv,



Table 9
Model endmember bulk compositions in wt.%. Basalt and harzburgite compositions are
from Khan et al. (2009), whereas the pyrolite composition is taken from Lyubetskaya
and Korenaga (2007).

Component Basalt Harzburgite Pyrolite

CaO 13.05 0.5 2.79
FeO 7.68 7.83 7.97
MgO 10.49 46.36 39.5
Al2O3 16.08 0.65 3.52
SiO2 50.39 43.64 44.95
Na2O 1.87 0.01 0.298
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Fig. 5. Dependence of conductivity and response functions on mantle geotherm. (a) Bulk
conductivity profiles for three different geotherms, comprising “subadiabatic”, adiabatic,
and “superadiabatic” mantle conditions from the lithosphere down to the outermost
lower mantle using the conductivity databases KD and YK. ε=1 S/m. (b) Inductive
response functions (real part only) for the six profiles shown in (a) and compared to ob-
servations from station TUC. “Dry” mantle conditions are assumed.
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6.3. Geotherm

We consider a homogeneous mantle of pyrolitic composition and
combine it with three different geotherms: 1) the BS adiabat (TBS),
2) a “subadiabat” (TBS-150 K), and 3) a “superadiabat” (TBS+150 K).
Againwe assume a “dry”mantle and compute for each of the geotherms
bulk electrical conductivity profiles and inductive response functions
(Fig. 5).

As expected, in the upper mantle there is a quasi-linear variation
in conductivity with temperature, given similarity in equilibrium
mineralogy among the three different models. This contrasts with
the TZ and uppermost lower mantle, where conductivity changes
are no longer simply proportional to temperature. Conductivity is
seen to vary by ~0.4 to 1 log-unit in the upper mantle and by ~
0.2–0.3 log-units in the TZ. For a given geotherm KD-based profiles
are more conductive than their YK counterparts. KD-based profiles
are distinguished by a strong conductivity increase at the ol→wad
transition (~13 GPa), whereas such a transition is almost absent in
YK-based profiles. The opposite occurs at ~18 GPa (wad→ ring transi-
tion at ~520-km) and at ~23 GPa (ring→ fp+pv), where the YK
profiles display much stronger increases than do the KD profiles. Elec-
tromagnetic response functions for the six profiles are also shown in
Fig. 5 and appear to be distinguishable within uncertainties of re-
sponse functions.
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Fig. 4. Dependence of conductivity and response functions on mantle composition. (a) Bul
zone, and outermost lower mantle (Table 9) using the two conductivity databases KD an
shown in (a) and compared to observations from station TUC. “Dry” mantle conditions are
In summary, these forward-modeling tests have revealed
perceptible differences between the two electrical conductivity
databases. Most notably, conductivity profiles constructed from the
KD-based database are generally more conductive than their YK-
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Table 10
Model compositions in wt.%.

Component Mantle

CaO 2.32–3.88
FeO 7.24–8.84
MgO 35–41.6
Al2O3 2.92–4.87
SiO2 40.5–49.4
Na2O 0.16–0.44
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based counterparts for a given set of conditions (water content,
chemical composition, thermal state). In particular, KD-based con-
ductivity profiles respond strongly to changes in water content. In
comparison, YK conductivity profiles appear generally insensitive
to changes in upper mantle and lower TZ water content. Another
noticeable difference is the strength of the discontinuous changes
in conductivity at major mantle phase transitions. KD-based conduc-
tivity profiles generally show strong changes in conductivity at the
“410”, whereas YK conductivity profiles display relatively strong
“520”s and “660”s.

7. Inverse modeling

This section outlines the methodology used to invert the long-
period EM sounding data for mantle composition, temperature, and
water content. We closely follow the approach of Khan et al. (2006,
2007) which supply details.

In an inverse problem the relationship between modelm and data
d is usually written as

d ¼ g mð Þ ð13Þ

where g in the general case is a non-linear operator. However, there is
a problem in the absence of an analytical expression for g that would
allow us to compute inductive response functions from a knowledge
of mantle composition, temperature, and water content. In place of
an analytical expression we use an algorithm that, when applied to
the various parameters, is able to compute the desired response func-
tions. The workings of the algorithm are given in the scheme below
and shows the complete solution of the forward problem

X; T ;Cwf g→g1 Mf g→g2 σf g→g3 Re Cð Þ;Im Cð Þf g

where X, T and Cw are the fundamental parameters sought, M is equi-
librium modal mineralogy, σ is bulk conductivity profile, Re(C) and
Im(C) real and imaginary parts of inductive response, respectively.
The different g's denote the various physical laws, i.e., Gibbs free
energy minimization (g1), construction of bulk laboratory-based con-
ductivity profile (g2), and prediction of data (g3).

Central to formulation of a Bayesian approach to inverse problems
is extensive use of probability density functions (pdf's) to delineate
parameters specific to the problem (Tarantola and Valette, 1982).
These include probabilistic prior information on model and data
parameters, f(m) (for the present discussion we limit ourselves to a
functional dependence on m and omit any reference to d), and the
physical laws that relate data to the unknown model parameters.
Using Bayes's theorem these pdf's are combined to yield the posterior
probability density function in the model space

∑ mð Þ ¼ kf mð ÞL mð Þ; ð14Þ

where k is a normalization constant and L mð Þ is the likelihood func-
tion, which in probabilistic terms can be interpreted as a measure of
misfit between observations and predictions from the model m.

We use the Metropolis algorithm (a Markov chain Monte Carlo
method) to sample the posterior distribution in the model space
using the approach of Mosegaard and Tarantola (1995). While this
algorithm is based on a random sampling of the model space, only
models that result in a good data fit and that are consistent with
prior information are frequently sampled.

Due to the generally complex shape of the posterior distribution,
typically employed measures such as means and covariances are
generally inadequate descriptors. Instead we present the solution
in terms of a large collection of models sampled from the posterior
probability density. In the following section we describe prior infor-
mation, parameterization, and the likelihood function.
7.1. Prior information

We consider a spherical Earth varying laterally and radially in
properties. At the location of each geomagnetic observatory at the
Earth's surface, we represent a (local) model of the Earth by a number
of layers, corresponding to crust and mantle layers (details given
below). The crust is represented by a local physical model, whereas
mantle layers are described by model parameters related to composi-
tion and temperature. It is implicitly assumed that all parameters
depend on geographical position and depth.

7.1.1. Crust
As the long-period EM sounding data considered here are only

marginally sensitive to crustal structure we use a simplified parame-
terization consisting of a crust with the Moho fixed at 50 km depth
beneath each station. Crustal conductivity (σcr) varies independently
among the various sites with an interval of 10−6 S/m to 10−3 S/m
and is made to increase with depth down to the Moho.

7.1.2. Mantle composition
Wemodel the mantle composition using the Na2–CaO–FeO–MgO–

Al2O3–SiO2 (NCFMAS) model system, that accounts for more than 98%
of mass of the mantle (Irifune, 1994). Mantle composition is assumed
to be uniformly distributed within the bounds given in Table 10.

Bounds are chosen such that compositions agree with the range of
compositions of mantle peridotites derived from several geochemical
studies (Table 2 of Lyubetskaya and Korenaga (2007)).

7.1.3. Temperature
We assume mantle temperature to be uniformly distributed with

no lower or upper bounds, except for a constant surface temperature
of 0 °C. We additionally require that temperature not decrease as a
function of depth and employ the constraint Tj−1≤Tj≤Tj+1 where
Tj is temperature in layer j. In this scheme we determine temperature
in 25 uniform layers at intervals of 50 km in the depth range
0–700 km and 100 km in the range 700–2886 km; this yields 26 ther-
mal parameters.

7.1.4. Mantle water content
Wemodel water content in the following minerals: olivine, ortho-

pyroxene, garnet, wadsleyite, and ringwoodite and use the simplify-
ing assumption that Cw

wad=Cw
ring, because of data sensitivity in the

mantle TZ (Khan et al., 2011), in addition to the use of water partition
coefficients as discussed in Section 3.3. The latter implies that only Cw

ol

and Cw
wad need to be determined. Furthermore, we assume that Cws

for all the above minerals are log-uniformly distributed within inter-
vals in the range 0–0.1 wt.% (olivine) and 0–3 wt.% (wadsleyite) H2O,
respectively. As the KD conductivity measurements do not include
measurements for purely “dry” ringwoodite, i.e., a polaron term in
Eq. (8) is absent, we set a lower limit of 10−4 wt.% H2O for CwTZ(KD).

7.1.5. Melt layer conductivity
In view of the unknown composition of hydrous silicate melts and

scarcity of electrical conductivity measurements pertaining to such
melts (e.g., Gaillard, 2004; Maumus et al., 2005; Ni et al., 2011;
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Pommier et al., 2010; Roberts and Tyburczy, 1999; Tyburczy and Waff,
1983; Yoshino et al., 2010), we consider a melt layer with a fixed thick-
ness of 20 km and conductivity that varies from the “background”
mantle value (σm) andup to amaximumof 2+σm (S/m), i.e.,σmelt=σ-
m+2⋅α, where α is a randomly distributed number in the interval 0–1.
For comparison, Toffelmier and Tyburczy (2007) used values of 1–6 S/m
for the conductivity of their melt layer (5–30 km thick) based on low-
pressure conductivity measurements of various melts, including basa-
nite melt, olivine tholeiitic melt, “dry” and “wet” rhyolitic melt, Yellow-
stone rhyolite and Hawaiian tholeiite (Gaillard, 2004; Tyburczy and
Fisler, 1995; Tyburczy and Waff, 1983) and an assumed temperature
at the 410-km discontinuity of around 1420 °C.

7.1.6. Electrical conductivity parameters
Uncertainties in all parameters relevant to modeling conductivity

(e.g., σ0,H,α,A, r,E — see Tables 2–7), are considered by assuming
that these are uniformly distributed within bounds of [p−Δp ;p+
Δp], where p is any of the aforementioned parameters and Δp the
associated uncertainty.

7.1.7. Modal mineralogy and bulk electrical conductivity
Being secondary parameters, i.e., conditional on the values of X,T

and Cw, no prior constraints apply to M and σ. This also applies to
the conductivity structure of the mid- and lower mantle where data
lack sensitivity; core conductivity was fixed to 5 ∙105 S/m (Stacey
and Anderson, 2001).

7.1.8. Overall parameterization
In summary, given values of the parameters described above we

compute equilibrium modal mineralogy and bulk conductivity at 75
depth nodes from the surface downward as a function of pressure,
temperature, and composition at intervals of 10 km in the range
50–110 and 570–630 km depth, 20 km in the ranges 110–370,
420–540 and 700–800 km depth, 5 km within the range 380–420,
545–570 and 645–700 km depth, 100 km in the range 800–1600 km
depth, and finally 200 km in the depth range from 1600 to 2000 km.

There is no unique way to parameterize the model system, and the
particular parameterization chosen here has been found by conduct-
ing many trial inversions and reflects a particular, near-minimal, pa-
rameterization that yields data fitting the observations within
uncertainties. Also, as we have neglected uncertainties of measured
mineral physics parameters related to the thermodynamic formula-
tion, actual uncertainties are likely larger than indicated here.

7.2. Posterior distribution

Assuming that data noise can be modeled using a Gaussian distri-
bution and that observational uncertainties and calculation errors be-
tween the real and imaginary part of the C-response functions are
independent, the likelihood function is given by

L mð Þ∝exp −∑
i

id
Re Cf g
obs −id

Re Cf g
cal mð Þ

h i2
2iΔ

2
Re Cf g

þ id
Im Cf g
obs −id

Im Cf g
cal mð Þ

h i2
2iΔ

2
Im Cf g

0
B@

1
CA

ð15Þ

where dRe Cf g
obs , dIm Cf g

obs , dRe Cf g
cal and dIm Cf g

cal denote observed and calculat-
ed real and imaginary C-responses, respectively, and ΔRe Cf g and
ΔIm Cf g are the observational uncertainties on either of these.

Sampling proceeded by randomly perturbing either of the param-
eters in the set {X, T, Cw, σcr} according to the prior distribution as de-
fined in Section 6.1 (for brevity we leave aside parameters pertaining
to measurement uncertainties (σ0,A,H,α,E,V). The burn-in time for
this distribution (number of iterations until samples were retained
from the posterior distribution) was found to be of the order of
5 ∙104. We sampled 1 million models, with an overall acceptance
rate of about 35% of which every 100th model was retained for fur-
ther analysis.

8. Results and discussion

8.1. Thermal structure

Fig. 6 shows the retrieved thermal structure beneath the four
stations and reveals mantle temperatures that span a range of
200–250 °C to a depth of about 800–900 km. Generally, we observe
that sampled geotherms remain relatively well-defined in compari-
son to prior models over most of the depth range shown here. Com-
parison of the various thermal profiles obtained from inversion of
the two databases is found to be remarkably consistent showing,
within uncertainties of the models, similar features including mantle
temperatures. This is an important result as it shows that inverting
EM sounding data directly for mantle thermal state is weakly depen-
dent on the conductivity database employed to model bulk conduc-
tivity profiles.

For comparison Fig. 6 displays temperatures from petrological ex-
periments on mineral phase transitions in the system (Mg,Fe)2SiO4.
Ito and Takahashi (1989) found that the ol→wad and ring→ fp+pv
reactions (410- and 660-km) occurred at temperatures of ~1750±
100 K and ~1900±150 K, respectively. In similar experiments
Katsura et al. (2004) determined temperatures of 1760±45 K and
1860±50 K for these reactions, respectively. The inversions are in
overall agreement with these experiments. Moreover, temperatures
beneath the various localities follow surface tectonics to some extent
in that the Archean craton (ASP) is generally found to be cold relative
to a younger continental site (LZH).

8.2. Electrical conductivity structure

Conductivity structures obtained from inversion of long-period in-
ductive response functions discussed in Section 2 are shown in Fig. 7,
and their fits to observed data are shown in Figs. 8 and 9. Calculated
inductive response functions from both databases fit the observations
equally well with no real apparent differences. The non-monotonic
increase in the real part of the observed C-responses at stations ASP
and LZH is incompatible with the assumption of a 1-D conductivity
structure (Weidelt, 1972), which likely reflects violation of assumed
source structure (P10) and/or possible contamination from the core
in the period range in question. Note also that for stations LZH and
ASP uncertainties increase at longer periods because of a shorter
time span over which data were collected. These points were dis-
cussed further in Khan et al. (2011). We omit prior sampled conduc-
tivity models in Fig. 7 because conductivity is a secondary parameter
and conditional on the primary parameters (mantle composition and
temperature). As previously, we find that relative to the range of prior
models the posterior range is much reduced. Data are not sensitive to
crustal structure so that models are shown from the lithosphere on
down.

The inversion-derived conductivity profiles beneath the four
stations differ as observed earlier (Khan et al., 2011). As in the previ-
ous study, we note that TUC and LZH are more conductive in the
upper mantle than are ASP and FUR, which conforms with the real
part of the inductive response functions for periods (≤106 s), i.e.,
Re CASP;FUR
� 	

> Re CLZH;TUC
� 	

. This observation is also consistent with
calculated temperature differences (Fig. 6). Strong conductivity in-
creases associated with a thin melt layer are only observed beneath
stations LZH (YK and KD) and TUC (YK only), while ASP and FUR for
both databases have entirely melt-free results. This will be discussed
further in the following section. Regional conductivity variations have
also been reported in other 1-D mantle conductivity studies (e.g.,
Egbert and Booker, 1992; Lizzaralde et al., 1995; Neal et al., 2000;
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Schultz and Larsen, 1987; Tarits et al., 2004) semiglobal (e.g., Fukao
et al., 2004; Shimizu et al., 2010; Utada et al., 2009), and global stud-
ies (e.g., Kelbert et al., 2009; Semenov and Kuvshinov, 2011; Tarits
and Mandea, 2010). Within the TZ and lower mantle, in particular,
model discrepancies tend to narrow, although conductivities in the TZ
beneath TUC and LZH appear slightly higher than ASP and FUR. In the
lower mantle conductivity heterogeneities have been smoothed out,
which is consistent with seismic tomography models (e.g., Kustowski
et al., 2008; Panning and Romanowicz, 2006; Ritsema et al., 2011).

Further comparison of the models constructed from the two labora-
tory conductivity databases (Fig. 7) generally show an overall agree-
ment, except for the highly conductive uppermost upper mantle,
which is a distinct feature of the KD–TUC and KD–LZH profiles. This
particular feature also appears at odds with the purely conductivity-
derivedmodels shown in Fig. 7, although themodels overlap to a larger
extentwith those of Khan et al. (2011). It appears that this anomalously
high conductivity is related to the strong increase in conductivity of
hydrous ol and especially of hydrous opx for even small amounts of
water that is an inherent feature of the KD database (Fig. 2). Another
curious feature of the KD–TUC and KD–LZH profiles is the strong con-
ductivity decrease that occurs just beneath ~300 km. Neither of the
other two KD-based profiles (ASP and FUR) show such amarked behav-
ior, hence the drops could be related to the above-mentioned high con-
ductivities for depths (b300 km). Although low-conductivity bands are
peculiar, they cannot be construed as a priori evidence against applying
the KD database; they nonetheless suggest that the latter might be used
with caution.

For comparison we also show the conductivity-derived sub-
continental European conductivity model of Olsen (1999) and global
model of Kuvshinov and Olsen (2006), the laboratory-based models of
Khan et al. (2006) and Xu et al. (2000a), as well as those of Khan et al.
(2011). Unlike purely geophysically-derivedmodels, which are charac-
terized by continuous conductivity increase through the mantle, the
profiles presented here implicitly display discontinuities across major
phase transitions and resemble earlier laboratory-based models. The
general inability of EM fields to sense discontinuities results directly
from their diffusive nature as evidenced in comparisons of conductivity
models obtained here with those of, e.g., Khan et al. (2011).

Major differences between present and previous profiles are prin-
cipally in the upper mantle and are mainly related to differing model-
ing aspects such as inversion for conductivity only, dσ(r)/dr≥0, and
data sensitivity, among others. As discussed previously in Khan et al.
(2011), although data are sensitive to upper mantle conductivity struc-
ture their main sensitivity lies in the TZ and uppermost lower mantle.
We should mention that the models of Khan et al. (2006) and Xu et al.
(2000a) also display a strong jump in electrical conductivity in the
vicinity of the seismic 410-km discontinuity (ol→wad). This particular
increase is not observed here because of using different mineral con-
ductivity databases for major minerals, especially ol and wad. On the
basis of measurements performed entirely on nominally anhydrous
minerals, Xu et al. (2000a) measured a conductivity increase by at
least an order of magnitude on going from ol to wad. In contrast, for a
given constant upper mantle and TZwater content, the most recent ex-
periments (YK) on hydrous equivalents hint at a smooth conductivity
curve on crossing the 410-km discontinuity, while the anhydrous case
suggests a decrease in conductivity (Fig. 2).

A consistent feature of all YK-based profiles is the jump in
conductivity at ~520–540 km depth, which is related to the mineral
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transformation wad→ring. This feature is not produced in KD-based
profiles. Because Eq. (8) lacks any conduction mechanism other than
the single proton term, its ability to represent TZ conductivity is
restricted.

Across the 660-km discontinuity (ring→ fp+pv) conductivity in-
creases abruptly by about one order of magnitude to 1 S/m for both
databases. Further strong conductivity jumps are not observed in the
lower mantle (to 1500 km depth), and conductivity increases only to
a minor extent to ~2–7 S/m. As expected for the lower mantle, differ-
ences between conductivity profiles beneath all four stations are mini-
mal because both databases employ the same measurements for pv
and fp.

8.3. Mantle water content, hydration melting and high-conductivity
upper-mantle melt layer

Compositional variations can also play an important role in deter-
mining conductivity structure (Figs. 2–4). We discuss only variations
in upper mantle and TZ water content because data sensitivity to
variations in major element composition is relatively minor given
the somewhat narrow prior bounds on major element chemistry
(Table 7). Apart from the indirect dependence of conductivity on
composition through the influence of modal mineralogy, we only
model a direct compositional dependence of conductivity through
Eq. (6), which relates ringwoodite conductivity to Fe content as ob-
served in experiments of Yoshino and Katsura (2009b).

Calculated mantle water content is shown in Fig. 10. Note that
only water contents in olivine and wadsleyite are shown as Cwopx and
Cw
gt are fixed through the use of partition coefficients Dopx=ol

H2O
and

Dgt=ol
H2O

, respectively (Section 3.3). For both databases Cw
ol is for the

most part constrained to be ≪0.05 wt.% and by far the largest prob-
ability is centered on Cw

ol ~0–0.01 wt.%, Although minor variations
occur for Cw

ol, both databases point to a relatively dry upper mantle
beneath all four stations, with a somewhat larger variation in the
case of the KD database. For orthopyroxene and garnet (KD database
only, not shown) Cw

opxs in the ranges 0–0.1 wt.% (ASP and FUR) and
0–0.3 wt.% (LZH and TUC), respectively, are also observed, whereas
Cw
gt is generally centered around 0 wt.%. These results largely agree

with geochemical analyses of mantle rocks, for which water contents
in the range from 0.0005 to 0.1 wt.% (e.g., Hirschmann et al., 2005)
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have been found. The petrologically determined water content, how-
ever, might not be representative of that in deeper rocks as samples
derive from depths shallower than ~200 km. In the TZ discrepancies
between the two laboratory databases become apparent. Overall,
the KD database implies Cw

wadb0.05 wt.% with the bulk centered
close to 0 wt.%. This somewhat contrasts with results obtained for
the YK database where Cw

wad>0.1 wt.% is found to occur, in particular
beneath LZH and TUC, although as in the case of KD, there is a high
tendency for low values to be sampled.

Implications of these results for the presence of a highly conduct-
ing thin melt layer on top of the TZ are evident in Fig. 7. Only beneath
stations LZH and TUC (both YK) are the water storage capacity of the
upper mantle exceeded so that a thin melt layer appears with a
relatively high probability. For the KD database only station LZH
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evidences a melt layer, although with such a low probability that
upper mantle water storage capacity is not likely to be exceeded,
hence formation of a hydrous silicate melt layer would be prevented.
Toffelmier and Tyburczy (2007) using a different data set in their
electromagnetic depth sounding study, also indicated the presence
of a melt layer beneath station TUC. However, it should be mentioned
that this conclusion is not robust inasmuch as their preferred model
having a highly conductive (1 S/m) thin melt layer (5–30 thick)
does not fit the EM data within uncertainties.

Using the YK database, Manthilake et al. (2009) concluded that a
“dry”mantlemodel, i.e., a conductivity profile with Cw=0wt.% through-
out, agreed well with current semi-global conductivity profiles and thus
that the concept of a globally hydrated mantle TZ needs not be invoked
to explain mantle conductivity. On the other hand, on the basis of the
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KD database Karato (2011) concluded that averagewater contents in the
uppermost mantle and TZ are around 0.01 and 0.1 wt.%, respectively.

Thus, one observation of these treatments is that within the uncer-
tainties of the two laboratory datasets a relatively “dry” uppermost man-
tle with b0.01 wt.% H2O is consistent with both conductivity databases.
Another observation is that according to the KD database the TZ should
have a comparable water content of ~0.01 wt.% H2O, implying absence
of melt layer above the TZ as upper mantle water storage capacity is
not exceeded. This contrasts with results from the YK database that
show the TZ to be locally more hydrated with values reaching as much
as 1–2 wt.%, thus enabling hydration melting and the presence of thin
melt layers above the 410-km discontinuity. However, this result has to
be considered in light of the relative sensitivity of YK- and KD-based con-
ductivity profiles to changes in water content as discussed previously
(see also Sections 6.1 and 6.3). This implies that the hypothesized
water TZfilter of Bercovici andKarato (2003) occurs atmost on a regional
scale, in line with a similar conclusion drawn earlier by Toffelmier and
Tyburczy (2007). Although tentative, a third observation is an indication
of lateral variation: LZH–YK and TUC–YK appear to overliemore hydrat-
ed transition zones than doASP and FUR,whereas LZH–KDand TUC–KD
imply amore hydrated uppermantle than occurs beneath ASP and FUR.

Reasons for discrepancies between present results and earlier forward
calculations (e.g., Karato, 2011; Manthilake et al., 2009) are most likely
related to 1) the simplified nature of previous laboratory-based conduc-
tivity profiles (e.g., adiabatic geotherm, PREM-like pressure profile,
mineralogy based on pyrolite composition) and 2) the largely quali-
tative comparison of these laboratory-based profiles with previous
geophysically-derived conductivity profiles.

For completeness, we also considered the water storage capacity
measurements of Tenner et al. (2011), who found values for olivine of
0.045±0.015 wt.% H2O at 400 km depth. Use of the lower bound, i.e.,
0.03 wt.%, as a limiting value above which advected material from the
TZ induces melting, resulted in no significant changes, in particular for
the presence of high-conductivitymelt layers in the deep uppermantle.

9. Summary and conclusion

This study uses a geophysical approach to estimating mantle com-
position (major element chemistry and water content) and thermal
state by inverting a set of long-period electromagnetic sounding data
beneath four geomagnetic stations at diverse tectonic settings. The
connection between geophysical observables, physical rock properties
(electrical conductivity), and thermo-chemistry is contained in the
use of a self-consistent thermodynamic modeling scheme of mantle
mineral phase equilibria that depend only on composition, tempera-
ture, and pressure. The great advantage of this approach is that it inserts
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plausible geophysical/petrological knowledge of discontinuities that
straightforward EM inversions would not be able to resolve even
though they have to be present. Using inverse methods in the form of
a stochastic-based algorithm, we sample these parameters to produce
conductivity profiles fitting data within a range of uncertainties to
obtain models of mantle conditions that simultaneously combine fea-
tures of both laboratory and geophysical data.

The results indicate that the thermo-chemical state of the mantle
can be reasonably well-retrieved given a set of high-quality inductive
response functions and a consistent set of measurements of laboratory
mineral conductivity and water partition coefficients. For conductivity
data, we considered independent measurements from two experimen-
tal laboratories in order tominimize bias. Independent inversions using
either database revealed similar features in mantle temperature struc-
ture beneath the four stations and agree well with experimentally-
determined temperatures of major mantle phase transitions. Bulk con-
ductivity profiles constructed from the thermo-chemical models were
also found to broadly concur with geophysically-derived and previous
laboratory-based conductivity profiles. The particular choice of parti-
tion coefficients between co-existingminerals appears to be of little im-
portance. With regard to water content the results imply around
0–0.01 wt.% H2O in the upper mantle, independent of the particular
conductivity database employed. On the other hand, TZ water content
seems to depend more on the particular choice of conductivity data-
base. With the YK conductivity database much “wetter” (up to
~2 wt.% H2O)minerals can fit the C-response data, resulting in localized
thin melt layers above the TZ. Use of the KD equivalent, on the other
hand, implies a relatively “dry” TZ and no melt layers.

Although this study has shown that it is indeed feasible to constrain
mantle thermo-chemical state from inversion of long-period electro-
magnetic response functions, understanding how water shapes mantle
processes nonetheless rests on key factors that will need to be consid-
ered in the future. Of main importance are 1) continued collection and
refinement of the laboratory-based mineral conductivity database, 2)
construction of high-quality inductive response functions of high coher-
ency and small uncertainties, and not least 3) continued effort to extend
the thermodynamic database employed in modeling mantle mineral
phase equilibria. Point 2) includes extending the observed period
range to improve sampling of both the upper mantle and the lower
mantle and improving sensitivity throughout by decreasing data uncer-
tainties, which presently limit inferences that can be drawn. Similarly,
an improved experimental database for lowermantle conductivity, par-
ticularly of hydrous minerals, is needed.

In spite of any shortcomings of this analysis due to scarcity or ab-
sence of appropriate experimental data, it is our contention that a
quantitative approach in which geophysical data are tested directly
for fundamental parameters (composition and temperature) should
be emphasized over approaches that rely on a plain comparison be-
tween geophysical models and forward models constructed from labo-
ratory measurements.
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