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Abstract Determining Earth’s structure is a fundamental goal of Earth science, and

geophysical methods play a prominent role in investigating Earth’s interior. Geochemical,

cosmochemical, and petrological analyses of terrestrial samples and meteoritic material

provide equally important insights. Complementary information comes from high-pressure

mineral physics and chemistry, i.e., use of sophisticated experimental techniques and

numerical methods that are capable of attaining or simulating physical properties at very

high pressures and temperatures, thereby allowing recovered samples from Earth’s crust

and mantle to be analyzed in the laboratory or simulated computationally at the conditions

that prevail in Earth’s mantle and core. This is particularly important given that the vast

bulk of Earth’s interior is geochemically unsampled. This paper describes a quantitative

approach that combines data and results from mineral physics, petrological analyses of

mantle minerals, and geophysical inverse calculations, in order to map geophysical data

directly for mantle composition (major element chemistry and water content) and thermal

state. We illustrate the methodology by inverting a set of long-period electromagnetic

response functions beneath six geomagnetic stations that cover a range of geological

settings for major element chemistry, water content, and thermal state of the mantle. The

results indicate that interior structure and constitution of the mantle can be well-retrieved

given a specific set of measurements describing (1) the conductivity of mantle minerals, (2)

the partitioning behavior of water between major upper mantle and transition-zone min-

erals, and (3) the ability of nominally anhydrous minerals to store water in their crystal

structures. Specifically, upper mantle water contents determined here bracket the ranges

obtained from analyses of natural samples, whereas transition-zone water concentration is

an order-of-magnitude greater than that of the upper mantle and appears to vary laterally

underneath the investigated locations.
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1 Introduction

As most of Earth’s interior remains inaccessible from the geochemical point of view,

geophysical methods based on seismic, geodetic, gravity, and electromagnetic sounding

studies play prominent roles because of their ability to define structure on large scale

lengths and depths based on measurements acquired from surface instrumentation. Global

seismic tomography images, for example, have provided a window into Earth’s interior.

These models have linked velocity anomalies with tectonic features and provide infor-

mation on its current physical structure (e.g., Kustowski et al. 2008; Ritsema et al. 2011;

Schaeffer and Lebedev 2013). However, as physical properties such as seismic wave

speeds can only provide clues about the underlying processes that are responsible for the

wave-speed variations that are imaged, they are not an end in themselves. Moreover,

because density is generally poorly constrained, applying the information provided by the

tomographic images in a geodynamical sense is not straightforward. Given the funda-

mental nature of these limitations, the emphasis should be on producing physically realistic

models. This, however, requires the use of physical constraints that originate in laboratory

measurements of mantle minerals at the conditions relevant to Earth’s interior, i.e., the

compilation of mineral physics databases that will allow us to model mantle structure as a

function of pressure, temperature, and composition.

With this in mind, we consider a joint formalism for retrieving information about

Earth’s interior from geophysical data. Rather than relying on the elastic properties of the

Earth, here we focus on electrical conductivity, a complementary physical property for

understanding Earth’s interior. In particular, we will consider electromagnetic sounding

data in combination with mineral phase equilibrium computations and laboratory mea-

surements of electrical conductivity to infer mantle thermo-chemical state, and water

content with a view to drawing implications for mantle melting. This has become possible

through improved laboratory techniques that have increased understanding of the mech-

anisms and physico-chemical parameters governing charge transport in rocks and minerals

at mantle pressure and temperature conditions (e.g., Shankland 1979; Tyburczy and Fisler

1995; Dobson and Brodholt 2000a; Nover 2005; Tyburczy 2007; Yoshino 2010; Pommier

and Le Trong 2011; Karato and Wang 2013). These observations bring the possibility of

using data measured at small scales (laboratory) and applying them to larger scales (local,

regional, continental). Such an approach enables comparison between geophysical field

and laboratory measurements and facilitates interpretation of various conductivity struc-

tures and anomalies in terms of measured parameters (e.g., Shankland 1975; Duba 1982;

Dobson and Brodholt 2000b; Xu et al. 2000; Khan et al. 2006; Verhoeven et al. 2009;

Yang 2011; Pommier 2014).

The purpose of the present study is therefore to describe a methodology for making

quantitative inferences about Earth’s mantle structure and constitution from geophysical,

geochemical, and petrological data. In this sense, the present study does not represent a

formal review of geophysical methods, data, analysis and interpretation techniques, but can

be considered a tutorial. The goal here is to show what can be learned about the physico-

chemical structure and constitution of Earth’s mantle by combining geophysical data
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analysis with data obtained from laboratory measurements and experimental investigations

(mineral physics data) in order that fundamental parameters of interest (chemical com-

position and temperature) can be inverted for directly. Following the description of the

methodology, data, and theoretical concepts underlying the approach, we consider a case

study to highlight the advantages over more traditional approaches where inference is

typically considered in a decoupled manner (field-derived estimates are compared to

laboratory measurements and often only quantitatively), rather than in coupled form, i.e.,

integration of all relevant information.

2 Making Sound Inferences: Joint Geophysical-Thermodynamic
Modeling

In determining the structure and constitution of Earth’s interior, use of both geophysical

and geochemical methods has proved important. However, given that the vast majority of

Earth’s interior is geochemically unsampled, direct measurements or numerical compu-

tations of physical properties (e.g., seismic wave-speed, density, and electrical conduc-

tivity) of natural samples and analogs at conditions of the deep Earth allow us to compare

with physical properties obtained from field geophysical models. These sources constitute

a large complement of information that can help constrain possible compositions, tem-

peratures, and mineralogy of Earth’s mantle and core. Traditionally, therefore, inference

proceeds in the following manner

dseismic −→ Vs, Vp
comparison←→ V lab

s , V lab
p

↖↗
field → dgravity −→ ρ ←→ ρlab ← lab

↙↘
dem −→ σ ←→ σlab

where d is short for field-derived data (seismic, gravimetric, geodetic, and/or electro-

magnetic sounding), Vs;Vp; q, and r are geophysically estimated (‘‘�!’’) seismic P- and

S-wave speeds, density, and electrical conductivity, respectively; ‘‘lab’’ is shorthand for

laboratory experiments and numerical computations and the physical properties that derive

from these (‘‘ �’’).

This type of analysis is exemplified in current conductivity-based estimates of mantle water

content: from comparison of laboratory-based conductivity models with average profiles con-

structed from a global conductivity model (e.g., Kelbert et al. 2009), Karato (2011) determines

an average transition-zone water content of � 0:1 wt%. However, it is our contention that the

influence and trade-offs of all major parameters are too complex to justify inferences that rely

on qualitative comparison of a simplified laboratory-constructed conductivity model (based

on, e.g., adiabaticity, homogeneity, preliminary reference Earth model (PREM) pressure

profile, and pyrolite-based mineralogy) with typically regularized geophysical profiles.

A more definitive and quantitative approach, therefore, would be to combine the dif-

ferent pieces, i.e., data and results from mineral physics experiments, geochemical and

petrological analyses of mantle minerals, and geophysical inverse calculations, to directly

transform geophysical data into the fundamental parameters of interest (mantle composi-

tion and thermal state). This means that the above inference sequence takes the following

form
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c Vs, Vp −→ dseismic

↘ ↗
M → ρ −→ dgravity

↗ ↑ ↘
T dχ σ −→ dem

ð1Þ

where c is an appropriately defined composition, T is temperature, M is modal mineralogy,

and the remaining parameters are as above. dv represents miscellaneous data sets (where

available) that derive from e.g., petrological experiments and/or theoretical/numerical

calculations. Note that insertion of dv in the above scheme is arbitrary and depends on the

nature of the data that are considered (this will be illustrated in Sect. 6 with a specific

application). Arrows indicate the various methodologies employed (e.g., thermodynamic

and equation-of-state modeling, geophysical response estimation) to compute geophysical

data from the fundamental parameters. Should we be interested in solving the inverse

problem, i.e., determining the fundamental parameters from data, we simply reverse the

sense of the arrows (this will be considered in more detail in Sect. 6). Thermodynamically

consistent petrological-geophysical approaches have also been advocated by Afonso and

colleagues in a number of studies (e.g., Afonso et al. 2008, 2013a, b, 2015; Fullea et al.

2012, 2014; Jones et al. 2014; Kuskov et al. 2014).

Central to the method is the ability to predict geophysical response functions from

models of the thermo-chemical state of Earth’s mantle. To facilitate this, we rely on self-

consistent thermodynamic calculations of mineral phase equilibria and their physical

properties that allows for the prediction of radial profiles, e.g., electrical conductivity and

density that depend only on composition, temperature, and pressure. There are several

advantages to this interdisciplinary method: (1) adherence to the fundamental parameters

c and T implies that widely different data sets become naturally integrated allowing for

joint inversion without having to resort to unfounded or unwarranted prior assumptions

regarding data dependence; (2) discontinuities associated with mineral phase transforma-

tions such as those that are observed to occur at the 410-, 520-, and 660-km seismic

discontinuities are an integral part because their location and size are functions of the

particular composition, temperature, and pressure considered; (3) a whole range of thermo-

chemical models and parameters can be tested. Importantly, the use of different data sets

(geophysical, geochemical, petrological) can serve to break the trade-off between various

parameters (e.g., mantle temperature and water content). This will be specifically illus-

trated here with the inversion of electromagnetic sounding data and incorporation of

experimental data on the mineral water partitioning behavior and water saturation levels.

Keeping in mind the above inference scheme, this tutorial commences by describing the

thermodynamic method (Sect. 3), i.e., construction of the mineral assemblage, followed by

an outline of the mineral physics database (Sect. 4), including electrical conductivity data

and parameters, mantle water storage capacity and water partitioning, and outlines of the

effects of partial melting, grain-boundary conduction, and oxygen fugacity. Next, we

describe the construction of self-consistently computed bulk electrical conductivity profiles

(Sect. 5). In the last section (Sect. 6), we illustrate the methodology by applying it to the

estimation of mantle water content underneath a number of localities distributed across the

globe and end with a short discussion of the results.

As a final remark and keeping in mind the tutorial nature of this study, we would like to

emphasize that it is not the purpose here to discuss the intricacies of and problems related
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to measuring mineral physics data such as electrical conductivity of mantle minerals, water

partition coefficients, and mantle mineral water storage capacities. Instead, we focus on

specific sets of experimental data, e.g., laboratory mineral conductivity data compiled in

previous studies (Khan and Shankland 2012; Koyama et al. 2014) and updated with recent

measurements where available. Although a particular choice of mineral physics data set

might possibly influence the outcome, we emphasize that this is less important in the

context of a tutorial. Indeed, the methodology is so generally formulated that new and/or

additional data sets are easily incorporated.

3 Computation of Mantle Mineral Phase Equilibria

Mantle composition can be parameterized in terms of a single depth-dependent variable

that represents the weight fraction of basalt in a basalt-harzburgite mixture (e.g., Xu et al.

2008; Khan et al. 2009; Ritsema et al. 2009; Zunino et al. 2011). For a given radially

varying basalt fraction f(r) mantle composition XðrÞ is computed from

XðrÞ ¼ f ðrÞXB þ ½1� f ðrÞ�XH ð2Þ

where X is composition within the CFMASN model chemical system comprising the

oxides CaO-FeO-MgO-Al2O3-SiO2-Na2O, and XH and XB are CFMASN basalt and

harzburgite end-member model compositions, respectively (Table 1). This chemical model

accounts for � 98% of the mass of Earth’s mantle (e.g., Irifune 1994).

The advantage of this compositional model (Eq. 2) is its relation to the dynamical

processes that are responsible for generating and maintaining heterogeneities in the mantle.

Heterogeneities are believed to be produced by a sequence of processes that initiate with

asthenospheric melting at mid-ocean ridges (e.g., Ringwood 1975), followed by subduction

of physically and chemically stratified oceanic lithosphere, to chemical segregation of slabs

as they penetrate into the deep mantle and become entrained in the mantle flow (e.g.,

Tackley et al. 2005; Davies 2006) producing an increase in basalt in the mid-to-lower

mantle as observed in some models (e.g., Xie and Tackley 2004; Nakagawa et al. 2009;

Khan et al. 2009; for a discussion of alternative models see, e.g., Tackley 2000, 2012).

These heterogeneities comprise a range of length scales from microscopic to 1000 km-

sized scatterers in the mantle for which ample seismological and chemical evidence is

accumulating (e.g., Hofmann 1997; Helffrich and Wood 2001; Helffrich 2002, 2006).

We employ the free-energy minimization strategy described by Connolly (2009) to

predict rock mineralogy, elastic moduli, and density as a function of pressure, temperature,

Table 1 Model end-member
bulk compositions in wt%

Basalt and harzburgite
compositions are taken from
Khan et al. (2009)

Component Basalt (XB) Harzburgite (XH)

CaO 13.05 0.5

FeO 7.68 7.83

MgO 10.49 46.36

Al2O3 16.08 0.65

SiO2 50.39 43.64

Na2O 1.87 0.01
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and bulk composition. For this purpose we use the thermodynamic formulation of Stixrude

and Lithgow-Bertelloni (2005) with parameters as in Stixrude and Lithgow-Bertelloni

(2011). Although Gibbs energy minimization has long been advocated for geophysical

problems (e.g., Sobolev and Babeyko 1994; Bina 1998; Fabrichnaya 1999), it is only in the

last decade that the availability of comprehensive thermodynamic databases (e.g., Khan

et al. 2006; Stixrude and Lithgow-Bertelloni 2005, 2011; Ricard et al. 2005; Piazzoni et al.

2007) have made the application of such calculations feasible for geophysical models of

Earth’s entire mantle.

In the equilibrium model adopted here, it is assumed that harzburgitic and basaltic

components are chemically equilibrated and bulk properties are computed from the

mineralogy obtained by free-energy minimization for the resulting bulk composition.

Phase equilibria and corresponding bulk conductivity profiles are illustrated and dis-

cussed further in Sect. 5. In an alternative model, termed the mechanical mixture model,

Xu et al. (2008) considered the extreme scenario in which pyrolitic mantle has undergone

complete differentiation to basaltic and harzburgitic rocks. In this model, bulk properties

are computed by averaging the properties of the minerals in the basaltic and harzburgitic

end-members. From a geophysical viewpoint, however, there is no argument for the

mechanical mixture model nor the equilibrium model, whereas from a petrological

viewpoint, it can be said that, while the mechanical mixture model plausibly depicts the

influence of chemical segregation on the equilibrium model, it cannot be said to be a

more realistic end-member for the Earth’s mantle because it is inconsistent with the

products of mid-ocean ridge volcanism (Khan et al. 2009). Moreover, the arguments put

forward by Xu et al. (2008) in favor of the mechanical mixture model are based on

simplified and qualitative comparison with radial one-dimensional models of the Earth

(e.g., PREM), which neglects a lot of the apparent complexity of current three-dimen-

sional models (e.g., Khan et al. 2013).

To illustrate the thermodynamic approach, we computed phase equilibria for the two

end-member compositions basalt and harzburgite (Table 1) and pyrolite (corresponding to

a basalt fraction f � 0:2). The phase equilibria are shown in Fig. 1. To further illustrate the

advantage of the methodology, we also show corresponding bulk conductivity profiles (to

be described in the following section). The importance of considering the phase equilib-

rium-approach as illustrated in Fig. 1 is evident in the three bulk conductivity profiles. We

clearly observe that (1) the computed bulk conductivities differ and (2) the location and

size of discontinuities e.g., olivine ! wadsleyite and ringwoodite ! bridgeman-

ite ? ferropericlase (equivalent of the 410 and 660-km seismic discontinuities) vary

considerably and depend strongly on the particular mineralogy and thus thermo-chemical

setting. These variations in physical properties will have a strong influence on the com-

puted electromagnetic response, which, as a consequence, can be used to distinguish the

various profiles and by inference the thermo-chemical state of the mantle. This emphasizes

the importance of constructing profiles of physical properties that are anchored in labo-

ratory measurements.

The present thermodynamic model has limitations that might have consequences for its

validity to Earth’s mantle. First, the NCFMAS model system precludes consideration of

redox effects that are expected to be important if native or ferric iron are present in the

Earth’s mantle. We neglect such effects both out of necessity, in that the thermodynamic

data required to model redox are lacking, and simplicity, in that we are unaware of any

work that suggests that ferrous iron is not the dominant form of iron in Earth’s mantle.
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Components and phases not considered include H2O;TiO2;Cr2O3, and partial melt

because of lack of thermodynamic data. The effect of H2O on phase equilibria will be

discussed further in Sect. 5.1.1.
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Fig. 1 Variations in phase proportions (modal mineralogy) and bulk electrical conductivity in the upper
mantle, transition-zone and uppermost lower mantle (pressure range 2–30 GPa corresponding to 50–750 km
depth). Electrical conductivity (bold solid lines) and phase equilibria are calculated for three different
mantle compositions in the NCFMAS system (comprising oxides of the elements
Na2O-CaO-FeO-MgO-Al2O3-SiO2): harzburgite (a), pyrolite (b), and MORB (c), along the mantle adiabat
of Brown and Shankland (1981) (not shown). For the particular calculations performed here, we consider
water contents of 0.001 wt% (ol), 0.005 wt% (opx), 0.01 wt% (stv), and 0.01 wt% (wads and ring). Phases
are olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), pl (plagioclase), coe (coesite), stv (stishovite).
high-pressure Mg-rich cpx (C2/c), garnet (gt), wadsleyite (wad), ringwoodite (ring), akimotoite (aki),
calcium silicate perovskite (ca-pv), ferropericlase (fp), bridgemanite (br; formerly perovskite), and calcium
ferrite (cf). g ¼ 1 S/m

Surv Geophys (2016) 37:149–189 155

123



4 Mineral Physics Database

4.1 Electrical Conductivity

The electrical conductivity of the minerals making up Earth’s crust and mantle depends on

several parameters, including temperature, pressure, major element chemical composition,

oxygen fugacity, and, where present, water content. In the following, we will provide a

brief summary of the influence of the aforementioned parameters on mineral electrical

conductivity, which have to a large extent been measured for most lower crustal, upper

mantle, transition-zone, and lower mantle minerals (for recent in-depth reviews we refer

the reader to, e.g., Nover 2005; Tyburczy 2007; Yoshino 2010; Yang 2011; Karato and

Wang 2013; Yoshino and Katsura 2013; Pommier 2014).

As summarized by, e.g., Tyburczy and Fisler (1995), experimental results show that

mechanisms of mineral conductivity depend on temperature and pressure according to an

Arrhenius relation

r ¼ ro exp � H

kT

� �
ð3Þ

where ro is the so-called pre-exponential factor, H ¼ E þ PV is activation enthalpy, P is

pressure, and E and V are activation energy and volume, respectively, T is temperature, and

k is Boltzmann’s constant. The parameters ro;E, and V depend specifically on the charge

transport mechanism in operation. In relation hereto, mineral conductivity r typically

arises from several charge transport mechanisms that sum in parallel, viz.

r ¼ ri þ rh þ rp ð4Þ

where rh; rp, and ri signify conductivity arising from small polaron conduction (hopping

of electrons between ferric and ferrous iron sites), migration of protons, and ionic con-

duction (migration of Mg-site vacancies), respectively.

Since the suggestion of Karato (1990) that the presence of water is able to increase

electrical conductivity by several orders through conduction by protons, there have been

numerous laboratory measurements of the conductivity of hydrous minerals. Comparison

with field-derived conductivities indicate possible average water contents of � 0:01 wt%

in the upper mantle and � 0:1 wt% in the transition zone (e.g., Karato 2011). Because of

discrepancies between some laboratory measurements, a possibly ‘‘dry’’ mantle is, how-

ever, also not at variance with current field estimates (e.g., Yoshino et al. 2006, 2008a;

Manthilake et al. 2009). While the issue has been debated (e.g., Karato and Dai 2009;

Yoshino and Katsura 2009a, 2012a, 2013; Karato 2011; Karato and Wang 2013), it is yet to

be resolved (alternative models based on existing measurements has been proposed by

Jones et al. (2012) and more recently by Gardés et al. (2015)). As discussed by Khan and

Shankland (2012) and Jones (2014), the difficulty for the community is that somewhat

conflicting results are obtained that depend on which laboratory measurements are

employed. For a discussion of quantitative differences between the various measurements,

we refer the reader to a previous study (Khan and Shankland 2012) where we considered

the electrical conductivity data based on the measurements of (1) Yoshino, Katsura, and
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coworkers and (2) Karato, Dai, and coworkers. The discrepancies highlight the difficulty of

the measurements and more than anything point to the need for a continued effort to

improve or remeasure these, preferably by a third party.

For these reasons, and because no new measurements have been reported by Karato,

Dai, and coworkers since the study of Khan and Shankland (2012), we restrict ourselves

largely to the results of Yoshino, Katsura, and coworkers for hydrous olivine, orthopy-

roxene, wadsleyite and ringwoodite (e.g., Yoshino 2010; Yoshino and Katsura 2013).

Relative to Khan and Shankland (2012) the conductivity database of Yoshino, Katsura, and

coworkers has been updated and expanded to include recent measurements for akimotoite,

hydrous orthopyroxene and stishovite, and ferropericlase (iron-dependent), in addition to a

corrected value for the water-dependence of wadsleyite (Yoshino and Katsura 2012b). As

discussed in detail in Khan and Shankland (2012), differences in conductivity data between

the various groups is such that inverted mantle water content, for example, is model

dependent. As a consequence, any inferences made based on a particular conductivity

database have to be considered carefully. Because we rely on a stochastic inversion

method, uncertainties in measured conductivity parameters are taken into account and we

thereby automatically allow for larger variations.

Minerals of interest include olivine (ol), orthopyroxene (opx), clinopyroxene (cpx),

garnet (gt), the high-pressure polymorph of cpx (C2/c), stishovite (stv), akimotoite (aki),

wadsleyite (wads), ringwoodite (ring), ferropericlase (fp), perovskite (pv), calcium per-

ovskite (ca-pv), and calcium ferrite (cf). The conductivity data for these minerals are

briefly summarized below.

4.2 Conductivity Data and Parameters

The conductivity of olivine (ol) as a function of temperature, pressure, water and Fe

content, and oxygen fugacity is given by (Yoshino et al. 2009, 2012b)

r ¼ rio exp � Hi

kT

� �
þ rhoXFe exp �ðE0 � aX1=3

Fe Þ þ PðV0 � bXFeÞ
kT

" #

þ rpoCw exp �
H0

p � apC1=3
w

kT

" # ð5Þ

where XFe and Cw are Fe and water content (in wt%), respectively, a and b are geometrical

factors, and it is implicitly assumed (here and in the following) that each pre-exponential

term rio; r
h
o, and rpo also includes an oxygen fugacity term of the form f

q
O2

, where q is a

constant (see Sect. 4.4 for further discussion). The remaining parameters are as defined

before (see Eqs. 3–4).

For clinopyroxene (cpx) and garnet (gt), we model conductivity using Eq. 3 with

parameters determined by Xu and Shankland (1999) and Yoshino et al. (2008b), respec-

tively. Note that, for gt, we rely on the values for low-Fe majorite garnet representative of

pyrolite-type compositions. Yoshino et al. (2008b) have also measured conductivity of

majorite garnet expected for MORB-type compositions, which contain more Fe, and is thus

more conductive relative to what is used here. Lack of data to model these variations

quantitatively precludes its use here. For hydrous orthopyroxene (opx), we employ the data

and parameterization of Zhang et al. (2012)
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r ¼ rho exp �Hh

kT

� �
þ rpoCw exp �

H0
p � aC1=3

w

kT

" #
ð6Þ

In the case of hydrous stishovite (stv), we rely on the measurements performed by Yoshino

et al. (2014) and model conductivity according to

r ¼ rpoCw exp �
H0

p � aC1=3
w

kT

" #
ð7Þ

For hydrous wadsleyite (wads), we employ the model and data of Yoshino and Katsura

(2012a, b) (Eq. 6), whereas in the case of hydrous, iron-bearing ringwoodite (ring), we rely

on the results of Yoshino and Katsura (2009b) and Yoshino et al. (2008a, 2012b),

respectively, and model ringwoodite conductivity following Eq. 4. In the case of akimo-

toite (aki), we employ the data and model of Katsura et al. (2007) given by Eq. 3. For

lower mantle minerals bridgemanite (br; formerly perovskite) and ferropericlase (fp), we

rely on the measurements of Xu et al. (1998) for Al-bearing bridgemanite and Yoshino

et al. (2011) for iron-bearing ferropericlase (fp), respectively. The conductivity of Al-

bearing bridgemanite is modeled after Eq. 3, while that of iron-bearing ferropericlase is

modeled according to

r ¼ rhoXFe exp �ðE0 � aX1=3
Fe Þ þ PðV0 � bX1=3

Fe Þ
kT

" #
ð8Þ

Conductivities for all minerals are summarized in Fig. 2 as a function of temperature,

pressure, water, iron content, and oxygen fugacity. Minor phases for which conductivity

data are lacking include the high-pressure polymorph of cpx (C2/c), calcium perovskite

(ca-pv), and calcium ferrite (cf). Following previous work (Khan et al. 2006) we employ

the conductivity data for opx as a proxy for C2/c, while for ca-pv conductivity is assumed

equal to Al-free br, because Al is less soluble in ca-pv than in br. It was shown earlier

(Khan et al. 2011) that the contribution to bulk conductivity from a phase making up

\10 vol% is negligible and produces a difference of \0.02 log units. Based on this, little

error is incurred by omitting the conductivity contribution of calcium ferrite (cf). Finally,

DHMS phases (dense hydrous magnesium silicates) that are potentially important for

transport of water to the deeper mantle through subduction are not considered here because

of lack of thermodynamic data. Conductivities of these phases have been measured by Guo

and Yoshino (2013).

4.3 Mantle Water Storage Capacity and Water Partitioning

Water storage capacities of mantle minerals or their assemblages have been given ample

consideration in the light of water’s importance in relation to mantle melting processes.

Water storage capacity is defined as the maximum amount of water that a mineral is able to

accommodate in its structure without precipitating a water-rich fluid or hydrous melt (e.g.,

Hirschmann et al. 2005, 2009; Keppler and Bolfan-Casanova 2006). This implies that at

locations in the upper mantle, for example, where the water content exceeds the local

storage capacity hydrous melting ensues (e.g., Litasov 2011). It has been suggested that

this occurs when advected water-rich material from the transition zone crosses into the

upper mantle producing melt that collects at the base of the upper mantle (e.g., Young
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et al. 1993; Kawamoto et al. 1996; Litasov and Ohtani 2002; Bercovici and Karato 2003).

The lateral extent of such a melt layer just above the transition zone is unclear and might be

either global (Bercovici and Karato 2003) or local (Hirschmann 2006; Toffelmier and

Tyburczy 2007; Khan and Shankland 2012). Whatever its extent, the presence of such a

layer could play a strong role in determining the flux of water and other chemical elements

between the various parts of the mantle (e.g., Bercovici and Karato 2003).

The nominally anhydrous minerals making up mantle peridotite incorporate water as

hydrogen defects in their structures (e.g., Bell and Rossmann 1992; Kohlstedt et al. 1996;

Bolfan-Casanova et al. 2000). Hydrogen solubility in nominally anhydrous silicates con-

trols melting in water-containing systems (dependent on P, T, and fO2
) and occurs when
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Fig. 2 Summary of major upper mantle (a), transition zone (b), and lower mantle (c) single mineral
electrical conductivities based on laboratory measurements as a function of inverse temperature, water (Cw)
and iron (XFe) content. Phases are: ol (olivine), opx (orthopyroxene), cpx (clinopyroxene), gt (garnet), stv
(stishovite), wads (wadsleyite), ring (ringwoodite), aki (akimotoite), fp (ferropericlase), pv (perovskite/
bridgemanite). In plot a lines a)–c) indicate the conductivity of hydrous ol for 0.001, 0.005, and 0.01 wt%
H2O, respectively (for fixed XFe ¼ 0:1). Lines d)–f) show variation in conductivity of olivine as a function
of iron content and correspond to XFe = 0.125, 0.15, and 0.2, respectively (for a fixed water content of
0.001 wt%). Lines g)–i) are for hydrous opx with water contents of 0.001, 0.005, and 0.01 wt% H2O,
respectively. Lines j)–l) show conductivity of hydrous stv for water contents of 0.001, 0.005, and 0.01 wt%
H2O, respectively. In plot b conductivity variations of hydrous ringwoodite are computed for XFe ¼ 0:1,
whereas the variations in conductivity of ringwoodite as a function iron content are for 0.01 wt% H2O.
Stability field of each mineral is computed based on the assumption of a fixed pyrolitic bulk composition and
the mantle adiabat of Brown and Shankland (1981). To model stv conductivity we assumed a fixed basalt
composition. Mantle compositions are compiled in Table 1. See main text for further discussion. g ¼ 1 S/m

Surv Geophys (2016) 37:149–189 159

123



silicates become supersaturated with H2O. Note that water is not the only volatile capable

of producing melting in the mantle. Melting associated with CO2-containing systems and,

more generally, mantle in the presence of a C–O–H fluid, is also believed to be important

(e.g., Dasgupta and Hirschmann 2010; Litasov 2011), but beyond the scope of the present

study.

The amount of water that the nominally anhydrous upper mantle minerals (e.g., olivine,

clinopyroxene, orthopyroxene, and garnet) can hold has been determined in high-tem-

perature and high-pressure petrology experiments of which a large part has concentrated on

the volumetrically dominant mineral olivine (e.g., Kohlstedt et al. 1996; Mosenfelder et al.

2006; Smyth and Jacobsen 2006; Litasov et al. 2007; Férot and Bolfan-Casanova 2012).

Measurements on natural samples, for example, have shown that olivine, the most abun-

dant mineral in the upper mantle, contains far less water than pyroxenes, the next-most

abundant minerals (e.g., Peslier et al. 2010; Peslier and Bizmis 2015). In spite of this

observation, the water content of the upper mantle is still believed to be largely controlled

by olivine due to a marked increase in its solubility with pressure and water fugacity as

observed experimentally (e.g., Kohlstedt et al. 1996; Mosenfelder et al. 2006; Smyth and

Jacobsen 2006). This contrasts with observations of pyroxenes, where hydrogen is coupled

to aluminum content which decreases with increasing pressure, in particular after the onset

of the garnet stability field (e.g., Rauch and Keppler 2002; Aubaud et al. 2004; Hauri et al.

2006; Mierdel et al. 2007; Withers and Hirschmann 2007; Ardia et al. 2012; Férot and

Bolfan-Casanova 2012; Tenner et al. 2012; Novella et al. 2014; Sakurai et al. 2014). The

water solubility in garnet has also been measured (e.g., Withers et al. 1998; Lu and

Keppler 1997; Aubaud et al. 2004; Tenner et al. 2009; Mookherjee and Karato 2010;

Novella et al. 2014), but is of lesser importance given its relatively minor abundance in the

upper mantle (� 10–15 % by volume for a typical pyrolitic mantle, cf. Fig. 1).

In spite of discrepancies between the various studies that mostly relate to differing

experimental techniques and set-ups, these experiments show that the water solubility in

olivine and garnet increases toward the bottom of the mantle from initially � 0.005 to

0.015–0.02 wt% at 400 km depth, whereas for orthopyroxene and clinopyroxene water

content decreases from � 0.03–0.04 to 0.01–0.025 wt%. Most of these experiments were

carried out on minerals from natural samples that emanate from no more than 200–250 km

depth and thus suffer from having to be extrapolated to higher pressures. In summary, and

as reported elsewhere (e.g., Férot and Bolfan-Casanova 2012; update, 2014), the experi-

mental results suggest that the water storage capacity of the upper mantle is dominated by

the storage capacity of olivine. Thus, to determine the storage capacity of the mantle from

measurements performed on olivine the partitioning behavior of water between olivine and

orthopyroxene/clinopyroxene/garnet is needed.

For the experiments above, water partition coefficients can be calculated between the

various mineral phases that coexist. As we currently limit ourselves to modeling the effect

of water on the conductivity of olivine and orthopyroxene in the upper mantle, we only

consider the water partition coefficient between orthopyroxene and olivine (Table 2). The

results summarized in this table are not exhaustive and show significant scatter, which

attests to the difficulty in making these measurements. The most recent re-evaluation of the

experimental results conducted by Ferot and Bolfan-Casanova is shown in Fig. 3, and

includes earlier water storage capacity measurements on olivine and pyroxene, in addition

to the partition coefficients between olivine and garnet and between clino- and orthopy-

roxene by obtained Novella et al. (2014). The storage capacity of the upper mantle is

\0.1 wt% H2O below the crust and increases with pressure to 0.1–0.15 wt% H2O just

above the transition zone at 400 km depth. The major current uncertainty with the
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saturation curve in Fig. 3 is related to the storage capacity of Ca-rich clinopyroxene (pers.

comm., N. Bolfan-Casanova 2014). For present purposes, we assume the storage capacity

at the bottom of the upper mantle to be 0.15 wt% H2O. For completeness we should note

that Tenner et al. (2012) estimate the water storage capacity of peridotite at 400 km depth

to be much lower 0.02–0.06 wt%. However, it should be kept in mind that storage capacity

generally varies as a function of bulk composition and oxygen fugacity.

For completeness, we note that direct measurements made on xenoliths (e.g., Peslier

2010; Peslier et al. 2010) do not appear to follow the partitioning behavior between olivine

and pyroxenes alluded to above (see also Peslier and Bizmis 2015). From a practical point

Table 2 Summary of upper
mantle mineral water partition
coefficients between orthopyrox-

ene and olivine (D
opx=ol
H2O ). Varia-

tions in Al
2
O

3
content and

temperature between the different
experiments are not accounted
for here

Source D
opx=ol
H2O

Novella et al. (2014) at 3 GPa � 9

Novella et al. (2014) at 6 GPa 1.8

Ardia et al. (2012) at 3 GPa � 13

Ardia et al. (2012) at 6 GPa � 4:5

Férot and Bolfan-Casanova (2012, update 2014) at 3 GPa 2.2

Férot and Bolfan-Casanova (2012, update 2014) at 6 GPa 1.6

Sakurai et al. (2014) at 3 GPa 15–20

Peslier (2010) � 10

Fig. 3 Upper mantle and single mineral water storage capacity as a function of depth. Open circles denote
the storage capacity curve of the upper mantle deduced by Férot and Bolfan-Casanova (2012) using a set of
new FTIR extinction coefficients for olivine. Filled circles are based on the re-evaluation of Férot and
Bolfan-Casanova (2012; update, 2014) using the latest partition coefficients deduced by Novella et al.
(2014) between clinopyroxene/orthopyroxene and between garnet/olivine. See main text for details. If,
instead, the high-temperature partition data of Ardia et al. (2012) are employed, a different saturation (the
point where free fluid is released and produces melting) curve is obtained (crosses)
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of view, there is much to be gained by using water partition coefficients, because of the

reduction in the number of free parameters (assuming the partition coefficients known) to

be determined in the inversion. However, for the purposes of this tutorial, we rely on the

measurements of Férot and Bolfan-Casanova and emphasize that the results have to be

viewed in the light of the particular choice of water partition coefficients. Finally, we also

consider the case of no partitioning, i.e., separate determination of ol and opx water

content. This will be described in Sect. 6.4.3.

The water storage capacity of the transition zone has long been known to be much larger

than that of the upper mantle. This is based on the observation that the water solubility of

the major transition-zone mineral wadsleyite is very high and capable of dissolving more

than 3 wt% H2O (e.g., Smyth 1987; Inoue et al. 1995; Chen et al. 2002; Bolfan-Casanova

2005; Demouchy et al. 2005; Bolfan-Casanova et al. 2006; Inoue et al. 2010). This esti-

mate, however, was obtained at relatively low temperatures (� 1200�C) in comparison to

what is expected in the transition zone (� 1400�1600 �C) and accordingly only represents

an experimentally permissible upper bound. Also, it has been observed that the water

solubility of wadsleyite decreases markedly as temperature increases (e.g., Litasov and

Ohtani 2003; Demouchy et al. 2005; Litasov et al. 2011). Litasov et al. (2011), for

example, found that at conditions in the transition zone (13–20 GPa and 1500�1600�C),

wadsleyite only contained in the range 0.37–0.55 wt% H2O. While these results signifi-

cantly decrease the maximum amount of water that can possibly be stored in the upper part

of the transition zone, it nonetheless implies an increase in storage capacity of the upper

mantle (between 3 and 6 times) in agreement with the results of Inoue et al. (2010). The

associated water partition coefficient determined by Litasov et al. (2011) between olivine

(forsterite) and wadsleyite showed a complex behavior with temperature that we do not

model because of lack of systematic data. It should also be noted that the storage capacity

of Fe-bearing wadsleyite is higher than that of Fe-free wadsleyite and may accommodate

as much as 1 wt% H2O at � 13 GPa and 1500 �C (e.g., Chen et al. 2002; Hirschmann et al.

2005, 2009).

The water storage capacity of the lower part of the transition zone, which is dominated

by the mineral ringwoodite, has, based on the recent water partitioning experiments

between wadsleyite and ringwoodite (Inoue et al. 2010), been determined to be around

0.15–0.3 wt% H2O, implying a partition coefficient D
wads=ring
H2O � 2. In the absence of

measurements of the storage capacity of majorite garnet, we assume the storage capacity of

the transition zone to be governed by that of wadsleyite and ringwoodite. This implies that

at locations where material is advected from the transition zone into the bottom of the

upper mantle and contains water in excess of the storage capacity of the upper mantle (here

0.15 wt% H2O) hydrous melting ensues and result in layers or pockets of melt that pond on

top of the 410-km seismic discontinuity.

4.4 Oxygen Fugacity

As briefly mentioned previously, electrical conductivity of mantle minerals also depends

on oxygen fugacity (fO2
) and through it on oxidation state that controls the number of

charge carriers, e.g., electrons from ionization of Fe2þ to Fe3þ. For example, it has been

observed experimentally that electrical conductivity of olivine increases as f
1=6
O2

or f
2=5
O2

(e.g., Schock et al. 1989; Duba and Constable 1993; Frane et al. 2005) due to an increase

in ferric iron content. Although poorly quantified, there is additional experimental evidence

that the conductivity of other Fe-bearing mantle phases (olivine, pyroxene, garnet,
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ringwoodite, and ferropericlase) increases with increasing total iron content at the same

oxygen buffer (e.g., Seifert et al. 1982; Romano et al. 2006; Omura et al. 1989; Yoshino

et al. 2011, 2012b).

Oxidation state is relatively well-constrained for the upper mantle where natural sam-

ples are available (e.g., Frost and McCammon 2008). As summarized by e.g., Frost and

McCammon (2008) and McCammon (2005) and based on oxygen geobarometer data, fO2

in the shallow part of the upper mantle is relatively high and generally considered to be

close to the QFM (Quartz-Fayalite-Magnetite) buffer. Based on thermodynamic calcula-

tions and experimental observations of natural samples, oxygen fugacity is believed to

steadily decrease toward the transition zone attaining fO2
values close to the IW (Iron-

Wüstite) buffer (4–5 log units below QFM) leading to the likely stabilization of (Fe,Ni)-

metal (e.g., O’Neill et al. 1993; Ballhaus 1995; Frost et al. 2004; Rohrbach et al. 2007).

The ability of major transition-zone minerals majorite-garnet, wadsleyite, and ringwoodite

to incorporate Fe3þ suggests that conditions in the transition zone are close to those of the

deep upper mantle, i.e., quite reduced with an fO2
just below the IW buffer, while fO2

in the

lower mantle can be calculated as lying approximately 1–2 log units below IW (e.g., Frost

and McCammon 2008).

Excepting the measurements by Katsura et al. (2007) for akimotoite, all conductivity

experiments discussed in Sect. 4.1 were carried out at oxygen fugacities close to or around

the Mo-MoO2 buffer, which is expected to be close to the IW buffer (e.g., O’Neill et al.

1993; Xu et al. 1998). Given that most of the mantle to which measurements are sensitive

(depths [ 200 km) is at an fO2
� IW, the measured conductivity parameters can be applied

essentially without correction (i.e., we implicitly assume that oxygen fugacity in and

beneath the upper mantle is near to that of the Mo-MoO2 buffer).

In relation to oxygen fugacity, there has been some discussion in the literature (e.g.,

Huang et al. 2005; Karato 2011; Karato and Wang 2013) of the importance of correcting

conductivity for fO2
in spite of the fact that these are not likely to exceed 0.5-log units and

therefore a priori not geophysically discernible (see also Jones et al. 2009). Karato (2011),

for example, assumes an fO2
-correction term to conductivity of the form

r ¼ fO2

f ref
O2

 !q

r0 ð9Þ

where fO2
is oxygen fugacity, f ref

O2
is a reference fO2

; q is an exponent, typically small (\1),

that determines fO2
dependence (e.g., 1/6 for olivine), and r0 and r are conductivity prior to

and after correction, respectively.

This model was applied to the conductivity measurements of transition-zone minerals

by Huang et al. (2005) that were conducted at relatively reducing conditions (Ni-NiO2

buffer), but has been questioned by Hirschmann (2006). To quantitatively test the model of

Karato (2011), Khan et al. (2014) conducted inversions with and without the correction

term (Eq. 9). The inversions showed, however, that the fO2
-correction term introduced

made essentially no difference when compared to inversions without the term applied. The

reason for this is that the fO2
-correction term is not invoked self-consistently so as to model

concomitant fO2
-related changes to phase equilibria.
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5 Constructing Laboratory-Based Electrical Conductivity Profiles

To construct aggregate mantle conductivity profiles from single mineral conductivities

(Fig. 2), the conductivities need to be volumetrically averaged with the fraction of each

mineral present. The need for averages arises because in general the distribution of mineral

phases within the bulk rock is not known. Several averaging schemes are available for this

purpose and in the following we briefly discuss some of these (for more detailed discussion

the reader is referred to, e.g., Berryman 1995).

To compute conductivity bounds for multiphase materials, we employ Voigt and Reuss

averages, and Hashin-Shtrikman bounds. Voigt and Reuss averages present the extreme

bounds on bulk conductivity and bracket the permissible range within which the effective

conductivity of the multiphase system must be contained (e.g., Waff 1974). Hashin-

Shtrikman bounds are the narrowest bounds for a multiphase system in the absence of

knowledge of the geometrical arrangement of the constituent phases (e.g., Hashin and

Shtrikman 1962; Watt et al. 1976; Berryman 1995).

Voigt (arithmetic mean, A) and Reuss (harmonic mean, H) averages are calculated from

rA ¼
XN
i

xiri ð10Þ

rH ¼
XN
i

xi

ri

" #�1

ð11Þ

where ri and xi are conductivity and volume fraction of mineral phase i, respectively, and

N is the total number of mineral phases present. Note that both xi and ri are functions of

composition, pressure, and temperature. From the Reuss and Voigt averages, the Voigt-

Reuss-Hill average (VRH) can be obtained as the arithmetic mean of the two (Hill 1963;

Watt et al. 1976). The VRH average is biased toward the Voight bound (Shankland and

Duba 1990). Hashin-Shtrikman bounds are determined from

rHS� ¼
XN
i¼1

xi

ri þ 2r�

" #�1

�2r� ð12Þ

where r� corresponds to minimum and maximum conductivity of the N mineral phases

present. 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.

In addition to bounds, we also compute estimators using the geometric mean, the VRH

average, and the effective medium theory for conducting composites. The geometric mean

(GM) has the advantage of being readily computable (e.g., Shankland and Duba 1990)

rGM ¼
Y
i

rxii : ð13Þ

Although not utilized here, Ji et al. (2004, see also Jones et al. 2009) advocate using a

variant of the geometrical mean by employing the Voigt and Reuss averages. The effective

medium theory of Landauer (1952) and generalized by Berryman (1995), on the other

hand, produces a self-consistent solution (SC) that is found through iteration to satisfy

(while being bounded by HS� and HS?)
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XN
i¼1

xi
ri � rSC

ri þ 2rSC

� �
¼ 0 ð14Þ

The various conductivity bounds and estimators computed using Eqs. 10–14 are illustrated

in Fig. 4. These are computed for the case of a homogeneous mantle composition with

basalt fraction f ¼ 0 along the mantle adiabat of Brown and Shankland (1981). In line with

previous studies (e.g., Shankland and Duba 1990; Xu et al. 2000; Khan and Shankland

2012), we observe that the only estimator that consistently lies within the Hashin-

Shtrikman bounds is the EMT-based solution rSC. Both VRH and GM are found to lie

outside the Hashin-Shtrikman bounds for different depth ranges (this is illustrated in

Fig. 4b for VRH, which appears below HS�). This, combined with Hashin-Shtrikman

bounds being the narrowest possible restrictions that exist on an arbitrary isotropic multi-

phase system, prompts us to consider self-consistently determined conductivity values as

the most appropriate average bulk rock conductivity.

The procedure advocated here for constructing bulk conductivity profiles is advanta-

geous over standard approaches where laboratory conductivity data on single minerals are
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Fig. 4 Aggregate mantle conductivity profiles computed using different averaging schemes (as outlined in
the main text). a Shows single mineral conductivities and bulk mantle conductivity profiles for the upper
1000 km and b shows a zoom-in on the lower part of the transition zone. Single mineral and aggregate
conductivity profiles are computed on the basis of an adiabatic and homogeneous mantle (see main text for
more details), which dictates the stability fields of the various minerals in a. The following averages and
bounds are shown: arithmetic mean (Voigt); harmonic mean (Reuss); lower Hashin-Shtrikman bound
(HS�); upper Hashin-Shtrikman bound (HS?); effective medium theory (EMT); Voigt-Reuss-Hill average
(VRH); and geometric mean (GM). For the particular calculations performed here we consider water
contents of 0.001 wt% (ol), 0.005 wt% (opx), 0.01 wt% (stv), and 0.01 wt% (wads and ring). Colour coding
is the same in both plots. g ¼ 1 S/m
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typically compared, on a purely qualitative basis, to geophysically derived conductivity

profiles. First, disregarding the contribution of other minerals likely results in a biased

interpretation in terms of the amount of, e.g., water that is needed for a given mineral to

‘‘fit’’ a particular field-derived conductivity value or profile. This is apparent in Fig. 4,

which shows that in attempting to ‘‘fit’’ a certain conductivity value at, e.g., 300 km depth

in the upper mantle based on either of the minerals olivine, orthopyroxene, clinopyroxene,

and garnet, the amount of water required, for example, will vary considerably depending

on the particular mineral considered. Second, prominent discontinuities are generally

absent in field-derived profiles due to the insensitivity of electromagnetic sounding data to

sharp jumps in conductivity (e.g., Olsen 1999; Kuvshinov and Olsen 2006; Velimský

2010). Constructing conductivity profiles, therefore, that are based on laboratory mea-

surements of mantle mineral conductivities and phase equilibria will include discontinu-

ities at the location where the phase transformations are experimentally observed to occur

(e.g., Xu et al. 2000; Khan et al. 2006, 2011; Khan and Shankland 2012; Verhoeven et al.

2009; Fullea et al. 2011). Third, quantitative comparison with data, i.e., inversion, over

qualitative comparison with profiles should be emphasized. This arises because regular-

ization methods employed in producing profiles from electromagnetic data typically results

in structural features that are either unresolved or even artificial. Interpretation of such

features is evidently problematic.

5.1 Miscellaneous Effects

5.1.1 Mantle Phase Equilibria in the Presence of Water

A caveat with the previous calculations is the neglect of the effect of water on mineral

phase equilibria. Because relevant thermodynamic data are scarce, however, it is difficult

to quantify the error produced by this omission. Theoretical and experimental studies of

phase relationships in several water-containing systems including peridotite-

H2O;Mg2SiO4-H2O, and (Mg,Fe)2SiO4-H2O nonetheless permit some insight into the role

of water. Figure 5 (adopted from Litasov (2011)) summarizes available experimental data

on solidi and phase relationships in the peridotite-water system. Figure 5 shows that water

stabilizes wadsleyite over olivine promoting upward migration of the ‘‘410-km’’ discon-

tinuity, which is ultimately due to the differing water solubility of the minerals (e.g., Wood

1995; Chen et al. 2002; Smyth and Frost 2002; Frost 2003; Frost and Dolejs 2007; Litasov

and Ohtani 2003, 2007; Litasov et al. 2006; Deon et al. 2011). The ‘‘660-km’’ disconti-

nuity (ringwoodite ! bridgemanite ? ferropericlase) is also observed experimentally to

move to higher pressures, i.e., deeper (e.g., Frost 2003; Litasov et al. 2006; Ghosh et al.

2013).

In comparison, given the modest change in conductivity across the olivine ! wads-

leyite transition seen here (Fig. 1), neglect of water on the location of the ‘‘410’’ appears to

be a relatively minor issue. Judging from Fig. 1 depression of the ‘‘660’’ is likely to

produce a more pronounced effect on the inductive response functions. We tested this by

considering the model shown in Fig. 1b as ‘‘baseline’’ and depressed the ‘‘660’’ by 40 km

(see inset in Fig. 6). According to Ghosh et al. (2013), this is equivalent to the effect

induced by the presence of � 0:1 wt% water in the lower part of the transition zone. The

test showed (Fig. 6) that the inductive response changed little as a result, indicating that

water-induced changes in the ‘‘660’’ are at the limit of detectability with the electro-

magnetic response functions considered here. The response functions will be described in

more detail in Sect. 6.
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In addition to changes in phase equilibria, there is the effect on solidus temperatures in

water-containing systems. The solidus decreases with increasing water content (Fig. 5).

For peridotite containing 0.1 wt% water, for example, the solidus temperature at the ‘‘410-

km’’ discontinuity can drop by 200�250�C with pressure (e.g., Aubaud et al. 2004;

Hirschmann 2010; Litasov 2011). As discussed earlier, this can potentially lead to melting

of material that crosses the ‘‘410-km’’ discontinuity as it is being advected by the back-

ground mantle flow.
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5.1.2 Partial Melting

In the lower crust and upper mantle numerous zones of anomalously high electrical con-

ductivity associated with subduction zones and other tectonic regions have been detected

geophysically, particularly by magnetotelluric methods (e.g., Evans et al. 2005; Baba et al.

2006, 2010; Wannamaker et al. 2009; Worzewski et al. 2011; Becken and Ritter 2012).

The conductivity associated with these regions is around 0.1 S/m or more and in active

tectonic regions can be interpreted as a result of partial melting (e.g., Shankland and Waff

1977; Shankland et al. 1981; Shankland and Ander 1983) because it is difficult to explain

such high conductivities in terms of an olivine-dominated upper mantle. Even in the case

of a hydrated upper mantle containing as much as 0.01 wt% H2O the conductivity is not

much greater than 0.01 S/m (Khan and Shankland 2012). However, uncertainties in proton

conduction model, effects of oxygen fugacity, water content, grain-boundary conduction,

and variations in major element content, particularly Fe content, could potentially increase

conductivity.

Presence of water in the mantle will lower the solidus (e.g., Hirth and Kohlstedt 1996;

Hirschmann 2006), i.e., onset of melting will occur at a lower temperature relative to a dry

mantle. Because melts are highly conductive they are often invoked as a means of

explaining conductivity anomalies in the lower crust, asthenosphere, and bottom of the

upper mantle (e.g., Shankland and Waff 1977; Park and Ducea 2003; Toffelmier and

Tyburczy 2007; Khan and Shankland 2012; Koyama et al. 2006, 2014). Laboratory con-

ductivity measurements of silicate melts have been conducted and found to depend

strongly on chemical composition, notably sodium and water content, melt volume frac-

tion, and melt geometry (e.g., Tyburczy and Waff 1983; Roberts and Tyburczy 1999;

Partzsch et al. 2000; Gaillard 2004; ten Grotenhuis et al. 2005; Maumus et al. 2005;

Pommier et al. 2010; Ni et al. 2011).

Based on recent experimental studies of the peridotite-CO2 and eclogite-CO2 systems or

more generally peridotite and eclogite in the presence of a C–O–H fluid (e.g., Williams and

Hemley 2001; Poli and Schmidt 2002; Dasgupta and Hirschmann 2010; Litasov and Ohtani

2009; Litasov 2011), Gaillard et al. (2008) suggested that the presence of very small

amounts of highly conductive carbonatite melt would be sufficient to explain the observed

conductive field anomalies. The initial measurements by Gaillard et al. (2008), conducted

at atmospheric pressure, were subsequently redone by Yoshino et al. (2010, 2012a) at

upper mantle pressures (3 GPa). Conductivity of carbonate melt-bearing olivine aggregates

was found to be an order-of-magnitude higher than silicate melt-bearing olivine aggregates

for the same melt fraction. Similar results were also found by Ni et al. (2011) for hydrous

basaltic melt.

One way to use these results is to estimate the melt fraction that would be needed to

attain a given field-derived conductivity estimate. Following this, Shankland and Waff

(1977), for example, concluded that a melt fraction of a few percent is required to satisfy

some high conductivity anomalies in and around the asthenosphere. This amount of melt

(� 1 %), however, is only expected around mid-ocean ridges, while away from these no

more than 0.1 % is thought to be present (e.g., Hirschmann 2010). Because the combined

effect on conductivity of all of the above contributions is convoluted and difficult to

disentangle from knowledge of bulk conductivity only, and because we currently lack a

thermodynamic model for describing the composition of hydrous silicate melts in detail,

we treat melt conductivity using a simplified model based on a physical parameterization.

This will be described in Sect. 6 in more detail.
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5.1.3 Grain-Boundary Conduction

In addition to grain-interior conduction (described in Sect. 4.1), grain-boundary conduction

has also been proposed as a potential source for increased conductivity in various regions

of the upper mantle (e.g., Shankland et al. 1981; Duba and Shankland 1982; Roberts and

Tyburczy 1993; Ducea and Park 2000; Yoshino et al. 2010; Poe et al. 2010). Particularly

grain boundaries in the upper mantle shear zone are expected to be 1.5–2 orders of

magnitude more conductive than less deformed regions in the lithosphere. Experimental

observations show that grain-boundary conductivity may influence electrical conductivity

measurements through the contribution of surface conduction to total rock conductivity.

This occurs if transport of charge carriers along grain boundaries is faster than through the

crystal lattice. Alternatively, conductivity could be reduced if grain boundaries block

transport of charge carriers (e.g., Roberts and Tyburczy 1993).

Experimental evidence for the effects related to grain-boundary composition and phase

is scarce (e.g., Watson et al. 2010) and in the absence of observations that support sub-

stantial systematic variations in conductivity (e.g., Duba and Shankland 1982; Roberts and

Tyburczy 1993; Ducea and Park 2000; ten Grotenhuis et al. 2004; Dai et al. 2008; Watson

et al. 2010; Yang and Heidelbach 2012), no corrections for grain-boundary effects are

made here.

6 Geophysical Application

With a procedure for computing conductivity structure from knowledge of mantle com-

position and thermal state, we can invert this process to obtain information on the fun-

damental parameters of interest. Here, we illustrate the joint geophysical-thermodynamic

methodology by inverting long-period electromagnetic sounding data to retrieve infor-

mation on mantle composition, temperature, and water content.

The relationship between model m and data d is usually written as

d ¼ gðmÞ ð15Þ

where g is a generally nonlinear operator that maps from model to data space (forward

problem). With reference to the inference scheme (Eq. 1) and setting dv ¼ fdpetro; drg, the

forward problem comprises the following sequence

dpetro dσ

↓ ↓
{f(r), T (r),Cw} g1→ M(r)

g2−→ σ(r)
g3−→ dem

ð16Þ

where f, T, and Cw are the fundamental parameters (basalt fraction, temperature, and water

content) that we wish to invert for, M is equilibrium modal mineralogy, r is bulk con-

ductivity, r is radius, dpetro are petrological data from experimental determinations of

mineral water partition coefficients and storage capacity (Sect. 4.3), dr laboratory con-

ductivity data (Sect. 4.2), and dem are geophysical data in the form of C-response functions

(Sect. 6.1). M and r are secondary parameters and act as intermediaries in proceeding from

fundamental parameters to computation of data. g is shorthand notation for the physical

laws used in modeling data from model parameters: Gibbs free-energy minimization (g1),

construction of a bulk laboratory-based conductivity profile (g2), and prediction of C-re-

sponses (g3).
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We employ the probabilistic approach of Tarantola and Valette (1982) to solve the

nonlinear inverse problem. A detailed treatment in the context of the thermodynamic

approach is given by, e.g., Khan et al. (2007), Verhoeven et al. (2009), and Afonso et al.

(2013a, b). Within a Bayesian framework, the solution to the general inverse problem

(Eq. 15), is given by (Tarantola and Valette 1982)

XðmÞ ¼ kHðmÞLðmÞ; ð17Þ

where k is a normalization constant, HðmÞ is the prior probability distribution on model

parameters, i.e. information about model parameters obtained independently of the data,

LðmÞ is the likelihood function, which can be interpreted as a measure of misfit between

the observations and the predictions from model m, and XðmÞ is the posterior model

parameter distribution containing the solution to the inverse problem. The particular form

of LðmÞ is determined by the observations, their uncertainties and how these can model

data noise (described below).

We use the Metropolis–Hastings algorithm to sample the posterior distribution Eq. 17 in

the model space (Metropolis et al. 1953; Hastings 1970). Although this algorithm is based

on random sampling of the model space, only models that result in a good data fit and are

consistent with prior information are frequently sampled (importance sampling). The

Metropolis algorithm is capable of sampling the model space with a sampling density

proportional to the target posterior probability density without excessively sampling low-

probability areas. This is particularly important when we consider high-dimensional model

spaces in which a large proportion of the volume may have near-zero probability density

(e.g., Mosegaard and Tarantola 1995).

The main purpose for using a probabilistic inference approach to solving nonlinear

inverse problems is to present the information gathered from a whole series of sampled

models, rather than a single realization from the posterior distribution. To quantitatively

summarize information from such a complex probability density function (PDF), standard

resolution measures involving means and covariances are inadequate, and we resort to a

more general approach where the statistical features of the models are of main interest.

6.1 Electromagnetic Sounding Data

Input geophysical data are electromagnetic response functions in the form of C-responses.

As shown by Banks (1969), C-responses are obtained from magnetic measurements at a

particular geomagnetic observatory from

CðxÞ ¼ � a tan#

2

ZðxÞ
HðxÞ ; ð18Þ

where a is mean radius of the Earth (6371.2 km), # geomagnetic co-latitude, ZðxÞ and

HðxÞ vertical and horizontal components (in the direction of geomagnetic north) of the

geomagnetic field, respectively, at frequency x. This technique is commonly referred to as

the Z:H method (e.g., Olsen 1998). An inherent assumption in the Z:H method is the

structure of the source field potential. Irregular variations caused by large-scale magne-

tospheric sources are assumed proportional to the first zonal harmonic, P0
1, in the geo-

magnetic coordinate system.

To ensure that only high-quality data are inverted, C-responses were constructed using

the following interdependent criteria: (1) regional C-responses are required to show quasi-

1D behavior; (2) only C-responses from mid-latitude observatories were considered to
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minimize influence from auroral (both poles) and equatorial source effects; (3) C-responses

should vary smoothly and be characterized by low uncertainty and high coherency; (4) C-

responses should cover the largest possible period range to enable sounding of the tran-

sition-zone and uppermost lower mantle. Details on data selection and processing are given

in Khan et al. (2011).

Data (hourly mean values) from six geomagnetic observatories met these criteria:

Fürstenfeldbruck (FUR), Europe; Hermanus (HER), South Africa; Langzhou (LZH),

China; Alice Springs (ASP), Australia, Tucson (TUC), North America; and Honolulu

(HON), North Pacific. Observed responses have also been corrected for the ocean effect

using the procedure of Kuvshinov et al. (2002) in an iterative fashion as suggested by

Utada et al. (2003). These response functions are mostly sensitive to the depth range

� 400�500 to 1200–1500 km, i.e., lowermost upper mantle, transition-zone, and upper-

most lower mantle. Table 3 summarizes geographic and geomagnetic coordinates of the

selected observatories and length of data series. Observed responses are shown and dis-

cussed further in Sect. 6.4.2.

6.2 Prior Distribution

We consider a spherical Earth whose properties vary laterally and radially, assuming that

lateral variations are on longer scale lengths than the depths of penetration of the elec-

tromagnetic sounding data. At the location of each geomagnetic observatory (Table 3), we

represent a (local) model of the Earth by a number of layers, corresponding to crust and

mantle layers. The crust is represented by a local physical model, whereas mantle layers

are described by model parameters related to composition and temperature. It is implicitly

assumed that all parameters depend on geographical position and depth. Prior information

on all parameters is summarized in Table 4 and follows the prior values used in Khan and

Shankland (2012).

For the electrical conductivity parameters that appear in Eqs. 5–8

(a; ap; b; rho; r
i
o; r

p
o;Hi;E0;V0; . . .), we consider uncertainties in all parameters by assuming

that these are uniformly distributed within bounds of ½a� Da; aþ Da�, where a is any of

the aforementioned parameters and Da the associated laboratory-measured/estimated

uncertainty. As mentioned earlier, there is 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) and Jones et al. (2012) on hydrous olivine, Wu et al.

(2010) on ferropericlase or the databases of Vacher and Verhoeven (2007), Pommier and

Table 3 Summary of geographical and geomagnetic location of observatories and length of data series
available for constructing electromagnetic response functions

Station Latitude
(� North)

Longitude
(� East)

Geomagnetic latitude
(� North)

Observation period

Fürstenfeldbrück (FUR) 48.17 11.28 48.38 1957–2007

Hermanus (HER) -34.43 19.23 -33.98 1957–2007

Langzhiou (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

Honolulu (HON) 21.32 202.00 21.64 1961–2007
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Le Trong (2011), and Karato (2011). Although the choice of experimental data can pos-

sibly influence the outcome, this inversion treatment is able to consider uncertainties in

measured conductivity parameters and thereby automatically allows for larger variations.

In order to model conductivity of the melt layer, we follow a previous approach (Khan

and Shankland 2012) that is based on the physical parameterization of Toffelmier and

Tyburczy (2007); they considered conductivities in the range 1–6 S/m as appropriate.

These values are based on low-pressure conductivity measurements of basanite melt,

olivine tholeiitic melt, ‘‘dry’’ and ‘‘wet’’ rhyolitic melt, Yellowstone rhyolite, and

Hawaiian tholeiite (Tyburczy and Waff 1983; Tyburczy and Fisler 1995; Gaillard 2004)

and an assumed temperature at 410 km depth of 1420 �C. Thus, we consider a melt layer

(where needed) with a fixed thickness of 20 km and conductivity that varies from the

’’background’’ mantle value (rm) to � 10þ rm (in S/m), i.e., rmelt ¼ rm þ 10a, where a is

a randomly distributed number in the interval 0–1.

In summary, from values of the parameters described above, we compute equilibrium

modal mineralogy and bulk conductivity at 75 depth nodes from the surface downward as a

Table 4 Prior information on model parameters

Description Layers
numbers

Parameter Value/range Distribution

Crustal thickness 1 dMoho 40 km Fixed

Crustal conductivity 1 rcrust 10�6�10�3

S/m

Uniform

Basalt fraction 2 f 0–1 Log-uniform

40–410 km depth

410–2000 km depth

Temperature 25 T Ti�1 �Ti� Tiþ1 Temperature does not decrease
with depth

Surface temperature 1 Tsurf 0 �C Fixed

Water content (in wt%) 1 log10ðCol
w Þ [�6;

-0.82355]
Log-uniform

1 log10ðCopx
w Þ – Log-uniform but fixed to Col

w

through D
opx=ol
H2O

1 log10ðCwads
w Þ [�5; 0] Log-uniform

1 log10ðCring
w Þ [�5; 0] Log-uniform but fixed to Cwads

w

through D
wads=ring
H2O

Water partition
coefficient

1 D
opx=ol
H2O

See Sect. 4.3 Fixed but pressure-dependent

1 D
wads=ring
H2O

2 Fixed

Upper mantle water
storage capacity

1 Cmax
UM 0.15 wt% Fixed

Pressure-dependent

Melt conductivity 1 log10ðrmeltÞ [log10ðrmÞ; 1]

S/m

Log-uniform

rm is conductivity above melt
layer

Melt layer thickness 1 dmelt 20 km Fixed

Mantle mineralogy 25 Mi – No constraints

Mantle conductivity 25 ri – No constraints

Core conductivity 1 rcore 5 � 105 S/m Fixed
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function of pressure, temperature, composition, and water content at intervals of 10 km in

the range 40–110 and 570–630 km depth, 20 km in the ranges 110–370, 420–540, and

700–800 km depth, 5 km within the ranges 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. As there is no unique way to parameterize the model system, the particular

parameterization chosen here was found by conducting many trial inversions and reflects a

particular, near-minimal, parameterization that yields data fitting the observations within

uncertainties. Also, because we neglect uncertainties of measured mineral physics

parameters related to the thermodynamic formulation, actual uncertainties are likely to be

larger than indicated here.

6.3 Posterior Distribution

On the assumption that data noise can be modeled using a Gaussian distribution and that

observational uncertainties and calculation errors between real and imaginary parts of the

C-response functions are independent [details on how C-responses are derived is given in

Khan et al. (2011)], the likelihood function is given by

LðmÞ / exp �
X
i

id
RefCg
obs � id

RefCg
cal ðmÞ

h i2

2iD
2
RefCg

þ
id

ImfCg
obs � id

ImfCg
cal ðmÞ

h i2

2iD
2
ImfCg

0
B@

1
CA ð19Þ

where d
RefCg
obs ; d

ImfCg
obs ; d

RefCg
cal and d

ImfCg
cal denote observed and calculated real and imaginary

C-responses, respectively, and DRefCg and DImfCg are the observational uncertainties on

either of these.

Sampling proceeded by randomly perturbing either of the 31 parameters

ffj; Ti;Col
w ;C

wads
w ; rcrust; rmeltg according to the prior distribution summarized in Table 4.

For brevity we leave aside discussion of parameters pertaining to the laboratory conduc-

tivity measurements (a; ap; b; rho; r
i
o; r

p
o;Hi;E0;V0; . . .). The burn-in time for this distri-

bution (number of iterations until samples were retained from the posterior distribution)

was found to be of the order of 104 iterations. We sampled 10 million models, with an

overall acceptance rate of about 32 % of which every 200th model was retained for further

analysis.

6.4 Results and Discussion

6.4.1 Constraints on Thermochemical Structure of the Mantle

Inverted thermal profiles beneath the six stations are shown in Fig. 7 and suggest lateral

and radial variations in mantle thermal structure.1 Because the C-responses are mainly

sensitive to the base of the upper mantle, transition zone, and upper part of the lower

mantle, we only show models in the depth range 300–1200 km. The geotherms remain

relatively well-defined over most of the depth range shown with some broadening below

1000 km depth (HER and HON). The geotherms span mantle temperatures in the range

1 Inverted compositional profiles are not shown here for brevity. However, the compositional variations
found here are relatively large spanning basalt fractions that range in excess of 0.2 or more. What can be
inferred with relative certainty, though, is a radial increase in basalt fraction with depth.
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150�200 �C that increase to 250�300 �C below. These results generally agree with the

earlier determinations by Khan and Shankland (2012) for stations ASP, FUR, LZH and

TUC. Given modeling differences and changes to the conductivity database, this obser-

vation suggests that inverting long-period C-responses directly for mantle temperature is

fairly robust.

For comparison, experimentally determined temperatures at which mineral phase

transitions in the system (Mg,Fe)2SiO4 have been observed are also shown in Fig. 7. Ito

and Takahashi (1989), for example, found that the ol ! wads and ring ! fp ? br

T [ C]
de

pt
h 

[k
m

]

1500 2000

400

600

800

1000

1200

T [ C]
1500 2000

400

600

800

1000

1200

T [ C]
1500 2000

400

600

800

1000

1200

de
pt

h 
[k

m
]

T [ C]
1500 2000

400

600

800

1000

1200

T [ C]
1500 2000

400

600

800

1000

1200

T [ C]
1500 2000

400

600

800

1000

1200

FURASP HER

HON LZH TUC

Fig. 7 Sampled thermal profiles beneath stations ASP, FUR, HER, HON, LZH, and TUC (observatories are
defined in Sect. 6.1). The contoured profiles are related directly to their probability of occurrence. The
contour lines define 20 equal-sized probability density intervals for the distributions (black most probable
and white least probable). Black and red horizontal bars indicate experimentally determined temperatures
for the major mineral phase reactions at 410 and 660 km depth by Ito and Takahashi (1989) and Katsura
et al. (2010), respectively. The adiabatic temperature profile of Katsura et al. (2010) is shown in red. Thin
solid black lines indicate 95 % posterior credible intervals of sampled thermal models
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reactions occurred at temperatures of � 1750� 100 K and � 1900� 150 K, respectively,

whereas Katsura et al. (2004) obtained temperatures of 1760� 45 K and 1860� 50 K for

the same reactions. Also shown in Fig. 7 is the adiabatic temperature profile of Katsura

et al. (2010). Discrepancies between the adiabat of Katsura et al. (2010) and inverted

mantle temperatures here have to be viewed in the light of differences in composition. The

compositions investigated here span a much larger range than the single composition

(peridotite) investigated by Katsura et al. (2010).

In summary, there appears to be good evidence for lateral and radial variations in both

mantle temperature and composition, although it should be noted that the results presented

here depend on the particular conductivity data set employed. Nevertheless, the results

support the concept of distinct end-member compositions (e.g., Xu et al. 2008) resulting

from asthenospheric melting.

6.4.2 Constraints on Conductivity Structure

Laboratory-based conductivity profiles computed from the inverted thermo-chemical

profiles and the conductivity database outlined in Sect. 4.1 are shown in Fig. 8. Calculated

and observed long-period inductive response functions are compared in Fig. 9. Several

features of the conductivity profiles appears to be consistent. Most prominently among

these are the following:

– Averaged conductivity profiles beneath the various stations generally correlate with

temperature structure;

– Only the profiles beneath stations LZH and TUC show presence of high-conductivity

layers just above the transition zone;

– Absence of conductivity jumps across the olivine!wadsleyite transformation. This

contrasts with earlier laboratory-based profiles of, e.g., Xu et al. (2000) and Karato

(2011), who found strong increases in conductivity around the ‘‘410-km’’ discontinuity

due to the use of different conductivity data that were based, in the case of Xu et al.

(2000), on earlier measurements of anhydrous minerals;

– Lateral variations within the transition zone. Profiles beneath HER/HON appear to

display the most ‘‘structure’’, including relatively prominent discontinuities associated

with the wadsleyite ! ringwoodite phase transition (the ‘‘520-km’’ discontinuity);

– Strong lateral variations in the structure of the ‘‘660-km’’ discontinuity. Beneath FUR

the ‘‘660-km’’ appears to be sharp, whereas beneath LZH/TUC the ‘‘660-km’’ could be

characterized as sharp-to-gradual, and underneath ASP/HER/HON the ‘‘660-km’’ is

clearly gradual and depressed relative to the other locations;

– The structure of the ‘‘660-km’’ discontinuity is found to correlate with the

compositional variations within the transition zone that are also apparent in Fig. 1:

the profiles with gradual and sharp-to-gradual as well as depressed discontinuities are

characterized by high basalt fractions (� 0.5–0.8), i.e., more MORB-like, whereas a

sharp conductivity jump around 660 km depth is indicative of relatively low basalt

fractions (� 0.2), i.e., more harzburgitic. This possibly indicates that transition-zone

topography bears a compositional imprint;

– General overlap between the various profiles in the lower mantle (800–1200 km depth),

implying transition to a structurally homogeneous lower mantle.

Surv Geophys (2016) 37:149–189 175

123



The regional variations observed here are supported by previous geophysically derived

1-D models. Unlike the profiles presented here that implicitly incorporate discontinuities

across major phase transitions, the subcontinental European conductivity model of Olsen

(1999) and global models of Kuvshinov and Olsen (2006) and Velimský (2010) are all

characterized by a continuous conductivity increase through the mantle. This results from

the diffusive nature of electromagnetic fields that renders these insensitive to
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Fig. 8 Sampled electrical conductivity profiles beneath stations ASP, FUR, HER, HON, LZH, and TUC
(observatories are defined in Sect. 6.1). The contoured profiles are related directly to their probability of
occurrence. The contour lines define 20 equal-sized probability density intervals for the distributions (black
most probable and white least probable). Thin black lines indicate 95 % credible intervals of sampled
conductivity models. For comparison field-derived one-dimensional conductivity profiles are also shown
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(2000, blue); Khan et al. (2006, black); Note that the model of Khan et al. (2006) represents their mean
profile. g ¼ 1 S/m
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discontinuities, although evidence for a strong change in conductivity around 410 km

depth and shallower has been reported (e.g., Schultz et al. 1993; Simpson 2001).

As observed earlier (Khan et al. 2011; Khan and Shankland 2012), the non-monotonic

increase in the real part of the observed C-responses at stations ASP, HON, and LZH

(Fig. 9) appear to be incompatible with the assumption of a 1-D conductivity structure

(Weidelt 1972). There are three possible reasons for this non-monotonic data behavior: the

assumed P1
0 source structure is violated, core contamination is present in the signal within

the observed period range, and/or three-dimensional conductivity effects could be influ-

encing the C-responses. Comparison of C-responses based on one-dimensional and three-

dimensional models (constructed by interpolating profiles obtained from inversion of 1D

models), showed little difference (Khan et al. 2011). We also note that for stations ASP,

HON, and LZH uncertainties increase significantly at longer periods. This is directly

related to a shorter time span over which data were collected.
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Fig. 9 Fit to inductive response functions (observed data—circles) and uncertainties (bars) from six
geomagnetic observatories using the conductivity profiles in Fig. 8 (shaded bands—calculated data). Left
and right columns depict real and imaginary parts of C-responses, respectively. For station details see
Sect. 6.1 and Table 3
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6.4.3 Constraints on Mantle Water Content

Sampled water contents in major upper mantle2 and transition-zone minerals olivine (Col
w )

and wadsleyite (Cwads
w ) are shown in Fig. 10. Generally, we find that Col

w\0:02 wt%

underneath most of the stations, with typical values around 0.01 wt% H2O, except for one

station (FUR) where Col
w � 0:02–0.04 wt%. This indicates a relatively dry upper mantle in

agreement with earlier findings that considered two different conductivity databases (e.g.,

Khan and Shankland 2012), compilations of other data sets (e.g., Fullea et al. 2011; Jones

et al. 2012), and not least water contents inferred from analysis of natural samples as

discussed earlier (e.g., Peslier and Bizmis 2015).

Although there is fairly good agreement between these various estimations, it should be

kept in mind that the long-period inductive responses inverted here are mainly sensitive in

the depth range 400–1200 km (Khan et al. 2011; Püthe et al. 2015). This implies that

resolution of upper mantle water content is limited.3 Other data based on either magne-

totellurics or shorter-period inductive response functions related to Sq variations are needed

to infer the conductivity structure of the upper mantle proper (� 50�400 km) (e.g.,

Samrock and Kuvshinov 2013; Koch and Kuvshinov 2013).

As expected, the water content of the transition zone is, based on experimental

observations of the water storage capacity of transition-zone minerals wadsleyite and

ringwoodite (e.g., Bolfan-Casanova 2005; Hirschmann 2006; Pearson et al. 2014), higher

than that of olivine and thus of the upper mantle in general. Cwads
w ranges from � 0:1 wt%

H2O to � 1 wt% H2O. The sampled distributions (Fig. 10) are clearly distinct and point to

lateral variations in transition-zone water content that appear to be locally elevated

underneath two locations (TUC and LZH).

6.4.4 Implications for Mantle Melting

Conductivities beneath two of the investigated stations (TUC and LZH) were found to be

relatively high, ranging from � 0:6�1:6 S/m (LZH) to � 1:2�2 S/m (TUC), respectively.

For comparison, background mantle conductivities above and below are � 2 orders of

magnitude less. This can result from elevated hydration levels ([ 0:15 wt%) within the

transition zone beneath these two stations; such high water concentrations exceed the

assumed maximum upper mantle water storage capacity (0.15 wt% H2O). From the

physical parameterization of mantle water content, storage capacity, and melt conductivity

adopted here (cf. Sect. 5.1.2), this suggests that water-rich material advected from the

transition zone and into the base of the upper mantle beneath the two stations has

undergone hydration melting with melt appearing on top of the ‘‘410-km’’ discontinuity.

In evaluating the requirements for the presence of melt in this region, accurate con-

straints on the H2O storage capacity of the deep upper mantle are necessary. We tested the

robustness of the results by lowering the maximum water storage capacity of the upper

mantle to 0.1 wt%. We reperformed the inversions with this new constraint for the storage

2 Water content in orthopyroxene and ringwoodite is fixed through the use of the partition coefficients

D
opx=ol
H2O and D

ring=wads
H2O (see Table 4).

3 This observation was partly confirmed in an inversion of the C-responses for station TUC where we

inverted for Col
w and Copx

w separately, i.e., without reference to D
opx=ol
H2O , and found little change relative to the

results presented here. On the other hand, this also shows that, because of the small amounts of opx present,

application of D
opx=ol
H2O is relatively insignificant.
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capacity of the upper mantle, but found no significant changes. The new results imply no

additional melt layers at the other locations. With regard to the conductivity database,

Khan and Shankland (2012) showed that use of another conductivity database also resulted

in melt at the base of the mantle underneath station LZH. This suggests that these features

are fairly robust within the accuracy of the experimental observations and that melt layers

are more likely to be local/regional than a global phenomenon as proposed by Bercovici

and Karato (2003).

Observing the presence of melt in the C-responses is admittedly more difficult, and we

should note that models without melt are also able to fit data as shown in Khan et al.

(2011). The current inference of melt therefore has to be viewed in the context of the

water-melt model, which is based on a physical parameterization of the behavior of water-

induced melting as observed experimentally and supplemented with laboratory measure-

ments of silicate melt conductivity (cf. Sect. 5.1.2). Thus, although data might not be able

to accurately resolve a thin melt layer, physical conditions are such that melt can be

expected to stabilize.

7 Concluding Remarks

It has been the purpose here to present a methodology for making quantitative inferences

about the constitution and interior structure of the Earth from geophysical, geochemical,

and petrological data. Central to the approach is the inversion of geophysical data directly

for the fundamental parameters of interest (mantle chemical composition and temperature).

The postulate is that a quantitative approach in which geophysical data are tested directly

for fundamental parameters should be emphasized over approaches that rely on qualitative

comparison between geophysical models and forward models constructed from laboratory

measurements.
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The connection between geophysical observables, physical rock properties (electrical

conductivity), and material properties (thermo-chemical state) is provided by thermody-

namics of mantle minerals. Through the use of a self-consistent thermodynamic modeling

scheme of mantle mineral phase equilibria that depend only on composition, temperature,

and pressure, we are able to compute all relevant thermodynamic properties. The great

advantage of this approach is that it inserts plausible petrological and geochemical

knowledge directly in the form of data and/or prior information into the geophysical

inverse problem that would not be possible in traditional inversion of geophysical data

(here electromagnetic sounding data) for physical rock properties. Incorporation of

experimental petrological data has been illustrated with the use of water partition coeffi-

cients and water storage capacities of the main minerals that make up the mantle. These

parameters describe how water is divided between the various mineral phases and the

maximum amount of water that each of these can hold without giving rise to a hydrous

melt. Consideration of partition coefficients is important inasmuch as it allows for inter-

nally consistent modeling of the water distribution between the major minerals. Moreover,

mantle mineral phase equilibria fundamentally help to resolve discontinuities that

straightforward inversion of electromagnetic sounding data is incapable of ‘‘seeing’’ in

spite of the fact that these are present.

The methodology has been illustrated with a specific example where we inverted a set

of long-period electromagnetic sounding data beneath six geomagnetic stations directly for

the physico-chemical structure of the mantle (major element composition, water content,

and thermal state). The inversion can produce conductivity profiles that fit geophysical data

within uncertainties to obtain models of mantle conditions that simultaneously combine

features 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 specific set of measurements of laboratory mineral

conductivity and water partition coefficients and saturation levels.

Like other methods, this integrated approach leads to further work. Of main importance

are (1) continued collection and refinement of the laboratory-based mineral conductivity

database, particularly an improved conductivity database for all major hydrous upper

mantle, transition zone, and lower-mantle minerals; (2) improved understanding of the

partitioning behavior of water between mantle minerals and melt; (3) continued effort to

extend the thermodynamic database employed in computing mantle mineral phase equi-

libria so as to model effects related to oxygen fugacity, water, and presence of melt; and (4)

construction of high-quality inductive response functions (or more generally geophysical

data) of high coherency and small uncertainties. As the various data sets become available

or continue to be refined, these can, because of the general formulation of the methodol-

ogy, be incorporated in a straightforward manner.

Because of their versatility, integrated approaches are becoming more popular with the

geoscience community and cover a wide range of applications, including seismology,

gravity, electromagnetics, topography, and petrology, that are performed either in a pre-

dictive sense (e.g., Sobolev and Babeyko 1994; Dobson and Brodholt 2000b; Fukao et al.

2004; Utada et al. 2009; Ritsema et al. 2009; Fullea et al. 2014; Kuskov et al. 2014; Kaban

et al. 2014) or in an inverse sense (e.g., Shapiro and Ritzwoller 2004; Khan et al. 2013;

Cobden et al. 2008; Afonso et al. 2013a, b; Drilleau et al. 2013).
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