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Abstract Magnetotelluric (MT) surveying is a remote sensing technique of the crust and

mantle based on electrical conductivity that provides constraints to our knowledge of the

structure and composition of the Earth’s interior. This paper presents a review of electrical

measurements in the laboratory applied to the understanding of MT profiles. In particular,

the purpose of such a review is to make the laboratory technique accessible to geophys-

icists by pointing out the main caveats regarding a careful use of laboratory data to

interpret electromagnetic profiles. First, this paper addresses the main issues of cross-

spatial-scale comparisons. For brevity, these issues are restricted to reproducing in the

laboratory the texture, structure of the sample as well as conditions prevailing in the

Earth’s interior (pressure, temperature, redox conditions, time). Second, some critical

scientific questions that have motivated laboratory-based interpretation of electromagnetic

profiles are presented. This section will focus on the characterization of the presence and

distribution of hydrogen in the Earth’s crust and mantle, the investigation of electrical

anisotropy in the asthenosphere and the interpretation of highly conductive field anomalies.

In a last section, the current and future challenges to improve quantitative interpretation of

MT profiles are discussed. These challenges correspond to technical improvements in the

laboratory and the field as well as the integration of other disciplines, such as petrology,

rheology and seismology.

Keywords Electrical conductivity � Impedance spectroscopy � Electromagnetics �
Magnetotellurics

1 Introduction

By probing the electrical structure of the Earth, magnetotelluric (MT) surveys represent

one of the most important and valuable tools to image the Earth’s crust and mantle and
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infer rock properties. Because electrical conductivity is a transport property that can be

measured at both laboratory (millimeters) and field (kilometers) scales, the richness of the MT

technique is enhanced because we have a large database of electrical conductivity mea-

surements in the laboratory that critically contribute to help the interpretation of MT profiles.

Laboratory measurements of electrical conductivity of geomaterials (melts, minerals, fluids)

have reached a point where interesting, intriguing and provocative interpretations of elec-

tromagnetic data in terms of composition, temperature and geological processes (such as

subducted fluids or mantle plume detection) are possible and needed.

This paper attempts to provide an overview of cross-spatial-scale comparisons between

electrical data from laboratory experiments and MT results from the field. Due to space

limitations, it is unfeasible to review exhaustively all the literature that interprets MT

results using laboratory measurements. Therefore, the issues and challenges covered in this

article are focused in a particular direction: making laboratory techniques accessible to

geophysicists, with the aim of pointing out the main caveats regarding a careful use of

laboratory data as part of the interpretation of MT profiles. This is in part motivated by the

recent rapid expansion of other geophysical experiments, for example, EarthScope US-

Array seismic network, which enables more detailed seismic models and interpretations

relevant to the electrical work. The reader is referred to other recent reviews for specific

topics that are not considered in detail in the present paper: Evans (2012) for the review of

the conductivity structure in the continental and oceanic crust and mantle; Yang (2011) for

a review of electrical anomalies in the continental crust; Tyburczy and Fisler (1995), Nover

(2005), Tyburczy (2007) and Yoshino (2010) for comprehensive reviews of the conduc-

tivity of minerals and conduction mechanisms attributed to different types of charge

carriers (ions, electrons, defects and vacancies); and Guéguen and Palciauskas (1994) for

mixing rules for multi-phase materials.

This review paper will first focus on the most important aspects of cross-spatial-scale

comparisons between field and laboratory electrical data. Impedance spectroscopy (labo-

ratory technique) and MTs (field technique) are both used to investigate conduction

mechanisms, and it is quite remarkable to see how well laboratory results agree with

conductivity models of the mantle derived from MT data (Fig. 1). However, as detailed in

the following section of this paper, cross-spacial-scale comparisons are not straightforward

(e.g., Duba 1976, 1982; Sato and Ida 1984; Bahr 1997) and a major point that has been

widely discussed regards the relevance of laboratory measurements, taken on small sam-

ples and usually at high frequencies, to MT data that probe (and average over) length and

depth scales of tens to hundreds of kilometers at lower frequencies. Laboratory mea-

surements on small samples or compacted powders may partly miss natural textural

complexity that must be taken into account in the final interpretation. On the other hand,

the significance of the information that can be extracted from laboratory results may also

be easily underestimated or used incorrectly. Besides issues related to scaling effects (i.e.,

scaling laboratory measurements to physical scales of field measurements), the use of

electrical data on melts and rocks to interpret MT profiles implies that laboratory mea-

surements are taken at conditions representative of those prevailing in the Earth’s interior.

Improvements in difficult experimental setups are more than ever a topical issue. Recent

technical efforts in the laboratory have made it possible to perform high-quality and in situ

electrical measurements with improved control of pressure, temperature, redox conditions,

thermodynamic conditions, sample composition (including fluid content) and texture (e.g.,

Huang et al. 2005; Caricchi et al. 2011; Yang and McCammon 2012; Yoshino et al. 2012).

The second part of this paper will present an overview of some of the critical scientific

questions for which a laboratory-based interpretation of MT data has significantly
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improved our understanding of the Earth’s interior and stimulated the scientific community

over the past years. Among these questions is the quest to document and characterize the

role of ‘‘water’’ in the Earth’s mantle. These investigations have benefited not only from

improvements in field and laboratory electromagnetic techniques (e.g., Simpson and Bahr

2005), but also from laboratory hydrogen solubility and diffusion studies (e.g., Mackwell

and Kohlstedt 1990; Demouchy and Mackwell 2003, 2006; Du Frane and Tyburczy 2012)

that significantly contributed to understanding the speciation and behavior of water in

minerals and melts. Impedance measurements on hydrous geomaterials (e.g., Gaillard

2004; Wang et al. 2006; Pommier et al. 2008; Manthilake et al. 2009; Poe et al. 2010; Ni

et al. 2011a; Yang et al. 2011) have quantified the increase in conductivity due to the

presence of water and have led to the elaboration of conductivity models of hydrous

minerals and melts (e.g., Pommier and LeTrong 2011; Yoshino and Katsura 2012). The

conflicting conclusions between some laboratory results (Wang et al. 2006; Yoshino et al.

2006), in particular regarding hydrous olivine, demonstrate the difficulty of these mea-

surements as well as the need for further investigations. These models at least agree on the

fact that certain very conductive field anomalies detected in some regions at particular

depths of the upper mantle (e.g., Lizarralde et al. 1995; Baba et al. 2006) cannot solely be

attributed to the presence of dissolved water, thereby stimulating further electrical studies

on other materials such as hydrous melt. Other scientific questions that will be considered

regard the hypothesis of carbonatites to explain very high conductivities (Gaillard et al.

2008; Yoshino et al. 2010, 2012) and the investigation of electrical intrinsic and extrinsic

anisotropies in mantle minerals (e.g., Yoshino et al. 2006; Dai and Karato 2009a; Poe et al.

2010; Yang 2012).
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Fig. 1 Depth–conductivity profiles: comparison between laboratory and field data. Laboratory profiles
calculated using SIGMELTS (right), based on a defined mineralogical composition (left, redrawn from
Stachel et al. 2005, FP ferropericlase, Pv perovskite) and using a mantle adiabat with a potential temperature
of 1,300 �C. Dry (red) and wet (blue) scenarios considered. Because of a limited electrical database for the
lower mantle, it is assumed that conductivity lower mantle = conductivity perovskite. Field data are from
Lizarralde et al. (1995) (NE Pacific), Baba et al. (2010) (W Pacific and Philippine sea)
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Future challenges to improve the quantitative interpretation of MT data will be discussed

in the last section of this paper. The need for high quality of laboratory and field data is

obviously critical to any quantitative interpretation of MT results. Regarding electrical field

studies, the acquisition of high-quality data at very long periods as well as the resolution of

conductivity models based on data inversion represents some of the challenges currently

faced by the MT community to improve the technique. Nevertheless, the most interesting

challenge possibly concerns the integration of other disciplines as part of the quantitative

interpretation of electrical data. Petrological and geochemical knowledge is required to

constrain the composition, temperature and pressure at which laboratory data should be used

to interpret electric profiles. Promisingly, some studies have also superimposed seismic

results and MT profiles in order to constrain better the field structure (e.g., Key and Constable

2002; Chen et al. 2009). Analyzed together with—and not subordinated to—seismic surveys,

electrical investigations significantly further our understanding of mantle heterogeneities

(thermal, chemical, textural). Another important step toward a complete interpretation of

electromagnetic data is the integration of magma chamber dynamics as part of the inter-

pretation of MT profiles in volcanic regions. Newly developed empirical relationships

between conductivity and viscosity of naturally occurring silicate melts can lead to new

understanding in such areas. The quantitative interpretation of MT data is emerging as a

powerful tool in the variety of disciplines that probe Earth materials at crust/mantle depths

(petrology, mineral physics, seismology, numerical geodynamics, tectonics), and the coming

years promise significant new contributions to our understanding of the Earth’s interior.

2 Cross-Spatial-Scale Comparisons: A View from the Laboratory

2.1 Principle of Electrical Measurements in the Laboratory and in the Field

At the scale of the laboratory (millimeters), conductivity experiments consist of the mea-

surement of the electrical complex impedance1 (e.g., Huebner and Dillenburg 1995). Imped-

ance represents the total opposition to a current flux in response to an AC signal (e.g., Roberts

and Tyburczy 1994). Being a complex number, it can be expressed as a magnitude and a phase,

or a real and an imaginary part, or equivalently a resistance and a capacitance. From complex

impedance (Z�) data, the complex conductivity r� of a sample is obtained by multiplying Z�

by a geometric factor2 and can be written as (e.g., Roberts and Tyburczy 1994):

r� ¼ rþ jxe0 ð1Þ

r being the real conductivity (S/m), x the angular frequency (Hz) and e0 is the real part of

the permittivity (F/m) (j2 = -1). Practically, what is measured in the laboratory is the

electrical resistance R (ohm), from which r is then obtained (using the geometric factor).

r ¼ 1=(G � RÞ ð2Þ

The temperature and pressure dependence of the conductivity of melts and minerals fol-

lows an Arrhenian formalism (e.g., Tyburczy and Fisler 1995):

1 It is worth noticing that methods other than impedance spectroscopy have been proposed (e.g., Volarovich
and Tolstoi 1936; Bockris et al. 1952; Volarovich et al. 1962), but they do not account for the frequency
dependence of electrical conductivity and will not be considered in this paper.
2 The geometric factor accounts for the sample dimensions. For instance, for a cylindrical geometry with
current circulating radially inside the cylinder, G = (2pL)/[ln(de/di)] with L the cylinder length and de and di

the outer and inner diameters, respectively (e.g., Gaillard 2004).
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r ¼ r0 � exp½�ðEaþ PDVÞ=RT� ð3Þ

with r0 the pre-exponential term (S/m), Ea the activation energy (J/mol), P the pressure

(Pa), DV the activation volume (cc/mol), R the universal gas constant

(8.3143 J mol-1 K-1) and T the temperature (K). In a plot Re(Z�) versus Im(Z�), the

resistance R corresponds to the intersection of the sample response to a scan in frequency

f (usually from MHz to mHz) with the real axis (e.g., Huebner and Dillenburg 1995). For a

defined temperature and pressure, this value will not depend on the frequency (contrary to

the dielectric permittivity which is frequency dependent). By discriminating between the

different polarization effects using a scan in frequency, the impedance technique allows a

careful investigation of conduction processes at high temperature in solids (de Bruin and

Franklin 1981). The determination of R from an impedance spectrum provides the sample’s

electrical conductivity, and the rest of the spectrum (at frequencies higher than the one of

the intersection with the real axis) expresses the frequency dependence of the sample and

in particular its dielectric permittivity, providing critical information regarding the dif-

ferent conduction and relaxation mechanisms (e.g., Roberts and Tyburczy 1991; Moynihan

1998). The information about high-frequency mechanisms is not directly useful as part of

MT data interpretation since field measurements consider lower frequencies (longer

periods,[103 s) (e.g., Roberts and Tyburczy 1991, 1999). The reader is referred to studies

by Bauerle (1969), Simonnet et al. (2003) and Pommier et al. (2010a) for technical details

about impedance measurements and to the works by Roberts and Tyburczy (1994), Hu-

ebner and Dillenburg (1995), Roling (1999) and Yoshino and Katsura (2012) for details

about the interpretation of impedance spectra for geological materials.

In the field, MT surveys measure a broad spectrum of natural geomagnetic fluctuations

as a power source for electromagnetic induction (Simpson and Bahr 2005) over a chosen

electromagnetic sounding period (=1/f) range. The period is directly related to the pene-

tration depth of the electromagnetic field and to the Earth’s conductivity structure. From

these fluctuations measured at the surface, the variation in the electrical field within the

Earth’s interior is obtained as a function of the period and is then expressed as a function of

depth and dimensions. A last step of data processing converts electrical field variations into

electrical resistivity q (=1/r) variations. As impedance measurements, MT measurements

are used to probe conduction (or semiconduction) mechanisms that control the capability

of a material to carry an electrical current (e.g., Chap. 8 in Simpson and Bahr 2005). And

as the laboratory community, the MT community also considers electrical conductivity as a

real number, assuming that, at low frequency, there is no imaginary component in the

response of the material. Details about data analysis and modeling can be found in

Simpson and Bahr (2005), Chave and Jones (2012).

2.2 Laboratory–Field Data Comparison: Simple Approach and ‘‘Forward’’ Modeling

There are two main approaches to interpret field electrical data using laboratory results.

First, laboratory data can be simply ‘‘superimposed’’ to MT profiles, as shown in Fig. 1. In

this case, the conductivity structure is constrained by actual observations of MT responses

over a range in frequency and for different locations. Electrical conductivity as a function

of depth is calculated through the inversion of MT data and compared to laboratory-based

models (e.g., Xu et al. 1998; Khan et al. 2011). One example is shown in Fig. 2a. In their

study, Xu et al. (1998) defined a laboratory-based conductivity-depth model for the upper

mantle and compared it to MT results from the literature in order to investigate the

composition of the Earth’s mantle. This simple approach has been (and still is) widely used
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and is particularly convenient since it represents the simplest and quickest way to compare

field and laboratory data, with the aim of placing compositional constraints. However, this

approach does not require accounting for the geological context, and it does not provide

constraints on the dimensions of a field anomaly.

The second approach consists of forward calculations that predict the MT responses

over a frequency range (usually *10 to [104 s) and at arbitrary geographic locations

based on a hypothetical model of the conductivity structure (e.g., Xu et al. 2000; Dobson

and Brodholt 2000; Toffelmier and Tyburczy 2007; Pommier et al. 2010c). These studies

used electrical laboratory measurements of minerals and melts as part of forward calcu-

lations for mantle P and T conditions and compared them to field data. This approach

promotes the use of thermodynamic and petrological knowledge that would not be nec-

essarily resolved by the MT data inversion process, since these pieces of information can

be integrated from the beginning of the modeling to the hypothetical structure. The

example presented in Fig. 2b concerns Mount Vesuvius volcanic area, Italy (Pommier

et al. 2010c). In this study, the initial structure was based on petrological knowledge of the

area, previous geophysical constraints and geochemical observations. Based on a petro-

physical conductivity model, the forward approach allowed the test of hypotheses

regarding the dimensions and storage conditions of two conductive bodies (shallow brine

and magma reservoir), the predicted MT responses being each time compared to the

existing MT dataset for Mount Vesuvius. This approach contributed to placing important

constraints on the brine (*0.5 km depth, 1.2 km thick, 5 ohm-m resistive), which is the

most conductive body below the volcano. Our forward model also suggested that the

present-day reservoir at 8 km depth probably has a resistivity[100 ohm-m, which is best

interpreted by two possible scenarios: (1) a low-temperature and crystal-rich deep magma

reservoir or (2) a hotter magma (tephriphonolitic melt at 1,000 �C containing 3.5 wt% H2O

and 30 vol.% crystals) interconnected in the more resistive solid carbonates (45 % melt,

55 % carbonates).

We can also underline a third kind of modeling, close to a forward approach and which

consists of a direct inversion of field data for a defined composition and temperature (e.g.,

Khan et al. 2006a; Verhoeven et al. 2009; Khan and Shankland 2012).

The following subsections will focus on some critical points regarding cross-spatial-

scale comparisons. In particular, the issue of reproducing in the laboratory the conditions

that prevail in the Earth’s crust and mantle will be detailed.

2.3 Reproducing Sample’s Structural and Textural Parameters in the Laboratory

One of the biggest challenges in reproducing field conditions in the laboratory regards the

structure and texture of geomaterials. The inhomogeneity of rocks over long length scales

(hundreds of meters to kilometers) probed by field studies is hardly reproducible in the

small-size samples (a few millimeters) for laboratory measurements. Measurements on

drill core samples involve sample sizes much bigger than the ones for high-pressure

Fig. 2 Different approaches for cross-spatial-scale comparisons. a ‘‘Simple’’ comparison with superim-
position of laboratory-based model to MT profile (Xu et al. 1998). Laboratory results are in black. Field data
from Banks (1969) (B69), Bahr et al. (1993) (BOS93), Schultz (1990) and Kurtz et al. (1993) (SKCJ93) and
Shankland et al. (1993) (SPPP93). b Forward modeling of the conductivity of Mount Vesuvius (Pommier
et al. 2010c). 1D simulations of the effect of a shallow and deep conductor (resistivity–depth structures on
the right) on the transfer functions (left). Predicted MT responses based on a petro-physical model are
compared to the field data from Manzella et al. (2004) (M et al. 04) for their Site 3 on Mount Vesuvius

b
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measurements (up to *1 m3 vs. a few mm3), and therefore, one may think that they would

be more relevant for a comparison with field data. As noticed by Bahr (1997), the bulk

resistivity in the study on drill core samples by Rauen and Lastovickova (1995) differs at

500 �C by a factor 3, 10 and 20 for basalt, gabbro and granite samples, respectively. The

important variations in conductivity that have been observed between different drill core

rocks for a same temperature and pressure (e.g., Kariya and Shankland 1983; Rauen and

Lastovickova 1995) are much too large to be explained by compositional effects (expected

to be *less than a factor 2) and can probably be attributed to differences in the abundance,

size and distribution of cracks in the rock samples (Bahr 1997). In fact, electrical mea-

surements on drill core rocks require considering and controlling numerous parameters that

affect the electrical measurements, including the number and geometry of cracks, the effect

of fluids possibly present in the cracks, the variations in grain size, the foliation of the rock

(e.g., Stesky 1986). By their size (typically 2–5 mm), high-pressure samples are generally

homogeneous compared to the field, enabling an easier discrimination of the effect of

every controlled parameter (chemical composition, anisotropy) on their bulk conductivity.

However, when compared to field data, experiments on homogeneous samples require

accounting for the effect of structural settings on large-scale field conductivities (partic-

ularly in tectonic contexts where abundant fluid-filled cracks in rocks are expected), which

is still poorly constrained.

The problem of reproducing and controlling connectivity and permeability of different

phases (solid or fluid) highlights the need for new experiments and mixing models.

Characterizing bulk conductivity as a function of interconnectivity is critical since a

conductive solid or liquid phase must be interconnected over kilometers, that is, on a scale

measurable by MTs, to explain field anomalies. Among the attempts that have been made,

Bahr (1997) proposed a conductivity model that combines the effective-medium theory

(EMT) with the percolation theory. Guéguen et al. (1997) also revisited the EMT models in

order to improve the characterization of porosity and permeability. In the case of partially

molten materials, the effect of melt geometry on electrical conductivity has been pointed

out by several studies such as Sato and Ida (1984), Glover et al. (2000), Roberts and

Tyburczy (2000), ten Grotenhuis et al. (2005), Yoshino et al. (2010) and Caricchi et al.

(2011). In texturally equilibrated partially molten materials, melt geometry is controlled by

its composition, the surrounding matrix and interfacial energies, the latter being usually

characterized by the determination of the melt fraction and dihedral angles (Fig. 3, von

Bargen and Waff 1986; Watson and Brennan 1987). Interconnected melt topologies occur

Fig. 3 Geometry of grain boundaries and dihedral angles (from Kohlstedt and Mackwell 2010). a Isolated
melt pockets and b interconnected melt channels along grain edges. S solid (grain), L liquid (melt), h
dihedral angle, c surface tension. The melt phase controls the bulk conductivity if interconnected (h\ 60�)
within the solid matrix
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for values of dihedral angle less than 60�. The importance of dihedral angles has also been

highlighted by seismic studies (e.g., Takei 2000; Hier-Majumder and Courtier 2011). In

natural systems, melt geometry is also influenced by other parameters such as anisotropy of

surrounding crystals (Faul et al. 1994). However, conductivity models accounting for these

parameters are lacking in the current literature. Most commonly used solid–fluid mixing

models for electrical conductivity are summarized in Table 1 after Glover et al. (2000) and

ten Grotenhuis et al. (2005).

Details about grain boundary transport can be found in Roberts and Tyburczy (1993).

Only a few studies focused on the effect of grain boundary composition and, in particular,

the effect of conductive grain boundary phases on the bulk conductivity (Ducea and Park

2000; Watson et al. 2010). For instance, sulfide in grain boundaries enhances the bulk

conductivity of polycrystalline olivine, and the effect of adding a significant amount of

sulfide (1 vol.%) is similar to the effect of adding 0.01–0.1 % hydrogen to olivine (Watson

et al. 2010). In the field, melt-related sulfides (e.g., Evans et al. 2011) have been suggested

to explain conductivities. Graphite in grain boundaries has also been suggested as a bulk

conductivity enhancer (Duba and Shankland 1982; Frost et al. 1989), but this has not been

tested by thorough electrical conductivity studies in the laboratory. Moreover, the fields of

stability of graphite and sulfide do not cover the entire depth range of the upper mantle

(e.g., Frost and McCammon 2008), implying to be careful with applications to the field.

2.4 Control of Pressure (Depth) and Temperature in the Laboratory Experiments

Experiments in the laboratory have to be conducted at relevant pressure and temperature

for the Earth’s interior in order to be compared to field data. This requires use of appro-

priate setups and conductivity cells, which can turn out to be a real challenge, in particular

regarding the minimization of thermal gradients at high pressure (Hernlund et al. 2006).

Also, placing two to four electrodes across a sample that is compressed and heated presents

several engineering and technical challenges. Different electrical cells adapted to specific

pressure ranges are presented in Fig. 4. The different materials and the sample dimensions

are chosen to minimize thermal and pressure gradients as well as chemical interactions

with the sample. Constraints on pressure estimates are based on previous calibration

experiments using phase transition of minerals, such as the quartz–coesite transition

occurring at 3.1 GPa and 1,000 �C (Bohlen and Boettcher 1982) or the fayalite–spinel

transition at 5.75 GPa and 1,200 �C (Yagi et al. 1987). Usually, the accuracy of the

pressure reading is about ±0.3 GPa using a high-pressure device (K. Leinenweber, per-

sonal communication). Recent development in high-pressure techniques can allow more

accurate pressure determination using pressure marker (e.g., MgO, Au) by means of

synchrotron X-ray radiation [see Ohta et al. (2008) for electrical conductivity measure-

ments of lower-mantle minerals in diamond anvil cell (DAC) and Yoshino et al. (2011) for

measurements in the multi-anvil, with pressure being determined by volume change in the

pressure marker].

Because of the high dependence of conductivity to temperature, minimization of the

temperature gradient across the assembly (and, in particular, across the zone where the

sample is placed) is critical. Thermal gradient can be estimated using several thermo-

couples along the assembly or by conducting experiments of mineral phase transitions

(high-pressure setups). A common method is the two-pyroxene thermometry experiment

performed by Lindsley and Dixon (1976) on the pressure range 5–35 kbar. This experiment

is based on the T-dependent phase transition between enstatite and diopside at a defined

pressure and consists of measuring the composition of pyroxene in different spots of the

Surv Geophys (2014) 35:41–84 49

123



T
a

b
le

1
C

u
rr

en
tl

y
u
se

d
m

ix
in

g
ru

le
s

fo
r

co
n
d
u
ct

iv
it

y
ca

lc
u
la

ti
o
n
s

(r
e
ff

is
th

e
ef

fe
ct

iv
e

b
u
lk

co
n
d
u
ct

iv
it

y
,

X
i

is
th

e
v

o
lu

m
e

fr
ac

ti
o

n
o

f
p

h
as

e
i,

s
st

an
d

s
fo

r
so

li
d

an
d

m
fo

r
m

el
t)

,
af

te
r

G
lo

v
er

et
al

.
2

0
0

0
an

d
te

n
G

ro
te

n
h
u
is

et
al

.
2

0
0

5
.

N
o

te
th

at
tw

o
-p

h
as

e
m

ix
in

g
eq

u
at

io
n

s
ca

n
b

e
co

m
b

in
ed

to
m

o
d

el
th

e
b

u
lk

co
n

d
u

ct
iv

it
y

o
f

3
o

r
m

o
re

p
h

as
es

(e
.g

.
D

u
ce

a
an

d
P

ar
k

2
0

0
0

w
h

o
u

se
d

th
e

H
S

-m
o

d
el

fo
r

th
e

b
u

lk
co

n
d

u
ct

iv
it

y
o

f
a

fl
u

id
-s

o
li

d
as

se
m

b
la

g
e,

th
e

co
n

d
u
ct

iv
it

y
o

f
th

e
fl

u
id

(m
el

t
?

su
lp

h
id

e)
b

ei
n
g

ca
lc

u
la

te
d

u
si

n
g

th
e

cu
b

e
m

o
d

el
)

N
am

e
E

q
u

at
io

n
P

h
as

es
(m

in
;

m
ax

)
D

es
cr

ip
ti

o
n

R
ef

er
en

ce
s

P
ar

al
le

l
m

o
d

el
r e

ff
¼
Pn i¼

1

X
ir

i
(1

;
m

an
y

)
P

ar
al

le
l

i
la

y
er

s
w

it
h

co
n

d
u
ct

iv
it

y
ar

ra
n

g
ed

ax
ia

ll
y

to
cu

rr
en

t
fl

o
w

F
o

r
ex

am
p

le
G

u
ég

u
en

an
d

P
al

ci
au

sk
as

(1
9

9
4
)

P
er

p
en

d
ic

u
la

r
m

o
d
el

1 r e
ff
¼
Pn i¼

1

X
i

r i

(1
;

m
an

y
)

P
ar

al
le

l
i

la
y

er
s

w
it

h
co

n
d

u
ct

iv
it

y
ar

ra
n

g
ed

n
o

rm
al

ly
to

cu
rr

en
t

fl
o

w
F

o
r

ex
am

p
le

G
u

ég
u

en
an

d
P

al
ci

au
sk

as
(1

9
9

4
)

R
an

d
o

m
m

o
d

el
r e

ff
¼
Qn i¼

1

rX
i

i

(1
;

m
an

y
)

A
rb

it
ra

ry
sh

ap
ed

an
d

o
ri

en
te

d
i

v
o

lu
m

es
d

is
tr

ib
u

te
d

ra
n
d

o
m

ly
S

h
an

k
la

n
d

an
d

W
af

f
(1

9
7

7
)

E
ff

ec
ti

v
e-

m
ed

iu
m

th
eo

ry
Pn i¼

1

X
i

r i
�

r
ef

f

r i
þ

2
r e

ff

h
i
¼

0
(1

;
m

an
y

)
M

ed
ia

w
it

h
lo

ca
te

d
sp

h
er

ic
al

i
in

cl
u

si
o

n
s

B
er

ry
m

an
(1

9
9

5
),

K
h

an
an

d
S

h
an

k
la

n
d

(2
0

1
2
)

H
as

h
in

–
S

h
tr

ik
m

an
u
p
p
er

b
o
u
n
d

(H
S

?
)

r e
ff
þ
¼

r m
þ

1
�

X
m

1
r

s
�

r m
þ

X
m

3
r

m

(2
;

2
)

D
er

iv
ed

fr
o
m

ef
fe

ct
iv

e-
m

ed
iu

m
co

n
si

d
er

at
io

n
s

(s
p

h
er

es
m

o
d

el
,

m
el

t
in

te
rc

o
n

n
ec

te
d

)

H
as

h
in

an
d

S
h

tr
ik

m
an

n
(1

9
6

2
)

H
as

h
in

–
S

h
tr

ik
m

an
lo

w
er

b
o
u
n
d

(H
S

-
)

r e
ff
�
¼

r s
þ

X
m

1
r m
�

r
s
þ

1
�

X
m

3
r

s

(2
;

2
)

D
er

iv
ed

fr
o
m

ef
fe

ct
iv

e-
m

ed
iu

m
co

n
si

d
er

at
io

n
s

(s
p

h
er

es
m

o
d

el
,

m
el

t
in

is
o

la
te

d
p

o
ck

et
s)

H
as

h
in

an
d

S
h

tr
ik

m
an

n
(1

9
6

2
)

C
u

b
e

m
o

d
el

r e
ff
¼

r
m

1
�
ð1
�

X
m
Þ2 3

h
i

(2
;

2
)

C
u
b

ic
g

ra
in

s
su

rr
o

u
n
d

ed
b

y
a

la
y

er
(m

el
t)

o
f

u
n
if

o
rm

th
ic

k
n
es

s
W

af
f

(1
9

7
4
)

T
u

b
es

m
o

d
el

r e
ff
¼

1 3
X

m
r

m
þ

r s
ð1
�

X
m
Þ

(2
;

2
)

E
q

u
al

ly
sp

ac
ed

tu
b

es
(m

el
t)

in
a

re
ct

an
g

u
la

r
n

et
w

o
rk

(t
ri

p
le

ju
n

ct
io

n
s)

G
ra

n
t

an
d

W
es

t
(1

9
6

5
)

M
o

d
ifi

ed
A

rc
h
ie

’s
la

w
r e

ff
¼

r
sð1
�

X
m
Þp
þ

X
n m
r

m

w
h

er
e

p
¼

lo
g
ð1
�

X
n m
Þ

lo
g
ð1
�

X
m
Þ,

an
d

n
is

a
co

n
st

an
t

(1
;

2
)

D
er

iv
ed

fr
o

m
th

e
co

n
v

en
ti

o
n

al
A

rc
h

ie
’s

la
w

(e
.g

.,
W

at
an

ab
e

an
d

K
u
ri

ta
1

9
9

3
)

b
y

co
n

si
d

er
in

g
b

o
u

n
d

ar
y

co
n

d
it

io
n

s
im

p
li

ed
b

y
g

eo
m

et
ri

ca
l

co
n

st
ra

in
ts

G
lo

v
er

et
al

.
(2

0
0

0
)

50 Surv Geophys (2014) 35:41–84

123



capsule: The ratio of the two phases corresponds to a defined temperature. Temperature

gradient across the sample is of several �C and depends on the cell assembly (Hernlund

et al. 2006). Information about reproducibility of high-pressure experiments (multi-anvil)

can be found in Leinenweber et al. (2012).

2.5 Control of Time and Redox Conditions in Experiments

As previously pointed out by Duba (1976), time and redox conditions (usually described by

the oxygen fugacity, noted fO2) are probably not important variables for electrical conduc-

tivity at the mantle scale (time is sufficient for most chemical reactions to reach equilibrium,

and fO2 is controlled by the mineralogical assemblage) but are critical at the scale of the

laboratory, because buffering a sample at a defined fO2 is experimentally challenging and the

usually short duration of most experiments does not account for kinetics.

Kinetics of chemical reactions between the sample and the surrounding parts of the

conductivity cell can be fast enough to affect the measurement at the timescale of the

experiment (e.g., Pommier et al. 2010b). This requires choosing carefully the parts of the

conductivity cell in order to minimize chemical interactions with the sample. For example,

at most relevant P and T conditions for the Earth’s interior, graphite (commonly used in

furnaces for high-pressure experiments) reacts with iron (Fe2O3) in the melt (Holloway

et al. 1992). This loss of iron from the melt influences the sample bulk conductivity and

therefore may affect the measurement.

Hydrous samples are particularly sensitive to the effect of experimental duration on their

electrical properties. Water diffusivity within minerals and melts is very high (*10-10 m2/s

at 1,000 �C for hydrogen diffusion in silicate minerals (Kohlstedt and Mackwell 1998, 1999)

and *10-9–10-11 m2/s at 1,000 �C for water diffusion in silicate melts (Baker et al. 2005

and references therein)); therefore, it is common to observe a significant water loss from

hydrous samples after a run whose duration would have given time for dissolved water to

migrate out of the sample (e.g., Satherley and Smedley 1985). Hence, it is necessary to

carefully check the water content of a hydrous sample both before and after the experiment. In

polycrystalline materials, the presence of a fluid phase will control the bulk conductivity if

interconnected between the small grains of laboratory samples. Therefore, the longer the run

duration at high temperature ([*800�C), the higher is the risk of dehydrating the grains and

forming an interconnected fluid layer between the grains (see discussion in Yoshino et al.

2009). If these processes are not carefully observed and documented, the electrical results will

be inappropriate to apply to field data. Actually, on a geological timescale and for coarse-

grained rocks, diffusion experiments show that hydrogen transport by bulk mineral diffusion

will be limited due to the large grain size of mantle rocks (e.g., Demouchy 2010a, b).

The time effect is complicated regarding measurements on partially molten materials,

and the change in conductivity across the temperature interval of crystallization can have

different explanations. First, the timescale of the experiment can be faster than the time

needed for liquid and crystals to reach chemical equilibrium. This may significantly affect

bulk conductivity of partial melt since it has been shown to depend strongly on melt’s

chemical composition (e.g., Roberts and Tyburczy 1999; Gaillard and Iacono Marziano

2005). Second, as demonstrated by Piwinskii and Duba (1974) for an albite melt, the

observed change in melt conductivity across the interval of crystallization is not neces-

sarily related to melting as previously suggested by Khitarov and Slutskii (1965), but can

be explained by kinetics of order–disorder at the atomic scale if not enough time is allowed

for the melt to order when it is heated to subsolidus temperatures (Duba et al. 1976)

(Fig. 5).
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It is also important to note that experimental duration can affect the textural equili-

bration of partial melts, which can consequently modify the conductive paths inside the

sample. It has been shown that when stress is removed at the end of a shear deformation

experiment, surface tension causes the melt to relax back to a homogeneous distribution

over a period of a few hours (Parsons et al. 2008). Therefore, the duration of conductivity

experiments on previously deformed partially molten materials must be short enough to

maintain the texture of the sample, and the texture evolution must be documented by post-

experiment characterization using, for example, scanning electron microscope (SEM) or

optical microscopy techniques.
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The conductivity of Earth materials can be very sensitive to redox conditions. The effect

of oxygen fugacity (fO2) on silicate melt conductivity is negligible at a first approximation

(Waff and Weill 1975; Pommier et al. 2010b), which is not the case for several rocks and

minerals, particularly iron-bearing lherzolite and olivine (e.g., Duba and Nicholls 1973;

Duba et al. 1974; Sato 1986; Duba and Constable 1993; Constable and Duba 2002;

Constable 2006; Dai et al. 2008) (Fig. 6). Therefore, electrical experiments on these

minerals have to be performed at controlled redox conditions that are relevant for the

conditions of the investigated portion of the Earth’s interior. Also, changes in temperature

(during heating or cooling) drive changes in oxygen fugacity and thus conductivity

(Constable and Duba 2002). Oxygen fugacity can be easily controlled in gas-medium

apparatus, particularly 1-atm gas-mixing furnaces, in which fO2 sensors such as zirconia

probes can be installed for real time and in situ fO2 monitoring. The control of redox

conditions is still rather approximate in solid-state transmitting medium of high-pressure

apparatus (piston cylinder, multi-anvil). Boron nitride (BN) can be used as part of the cell

assembly to apply reduced conditions (Wendlandt et al. 1982). As pointed out by Bagd-

assarov et al. (2011), molybdenum (Mo) electrodes combined with a BN environment

buffer the fO2 around IW 0.8. Using Mo, rhenium (Re) or BN parts for cell assemblies may

affect olivine conductivity by less than 0.1 order of magnitude (Bagdassarov et al. 2011).

3 Quantitative Interpretation of Field Data Motivated by Scientific Questions

Electrically conductive regions of the Earth’s interior have been interpreted in terms of

hydrous silicate minerals, melt, aqueous fluids or other very conductive phases such as

graphite and metallic oxides. The effect of anisotropy of conductive phases has also been

suggested to explain enhanced conductivities. The depth of investigation of electromag-

netic surveys depends on the motivation: Electromagnetic studies in the near surface have

been encouraged as part of oil prospecting, metalliferous mining and geothermal investi-

gation (e.g., Atekwana et al. 2000; Nabighian and Asten 2002; Meju 2002 and references

therein; Constable and Srnka 2007), while deeper investigations have aimed to understand

volcano feeding systems (Jones and Dumas 1993; Manzella et al. 2004), earthquake zones

(Chen et al. 2009), crustal structure (e.g., Jones and Gough 1995; Ogawa et al. 2001; Le

Pape et al. 2012) and, more generally, the structure of the Earth’s mantle (Lizarralde et al.

1995; Utada et al. 2003; Kelbert et al. 2009).

This section presents different examples of high conductive anomalies for which lab-

oratory measurements have significantly improved our interpretation of MT images. The

following examples do not deal with MT studies applied to geothermal investigation and

mining exploration.

3.1 The Quest to Document and Characterize Hydrogen (‘‘Water’’)3 in the Earth’s

Crust and Upper Mantle

The Earth’s interior is thought to contain a non-negligible amount of hydrogen that was

present in the earliest Earth (e.g., Righter and Drake 1999) or that is supplied to the planet

3 As mentioned, for instance, by Karato (2006), it is hydrogen and not molecular water that affects
the physical and chemical properties of silicates. However, the term water is also commonly used
since the concentration of chemical species is usually measured as wt% of oxide in the geology literature.
Meaning for water content unit: In olivine (Fo90), 0.1 wt% H2O corresponds to 1.65 9 104 atoms of H
per 106 Si.
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from its surface through different plate-tectonic processes (e.g., subduction of water-rich

pelagic sediments and release of bounded water during mineral breakdown or melting,

Ohtani et al. 2004). Although the hypothesis of a ‘‘dry’’ mantle cannot be totally excluded

(e.g., Yoshino et al. 2008), a water content of *0.005–0.02 wt% H2O in the upper mantle

is usually considered, based on measurements of water contents on mid-ocean ridge basalt

(MORB) glasses and mantle minerals (Bell and Rossman 1992a; Jambon 1994; Michael

1995; Saal et al. 2002; Peslier 2010). Higher estimates have been suggested for the mantle

transition zone 410–660 km deep (with a water storage capacity[0.4 wt% H2O just above

the 410-km discontinuity, Hirschmann et al. 2005). Quantifying the absolute water content

in the Earth’s mantle, inferring its distribution and flux and understanding its partitioning

are important questions because hydration greatly influences the physical properties of the

mantle (among them rheology and electrical conductivity) (Mackwell et al. 1985; Inoue

et al. 1998; Jacobsen et al. 2004; Huang et al. 2005; Manthilake et al. 2009) and is

therefore critical to our understanding of processes on microscopic-to-global scales as well

as of the evolution of the planet. Actually, hydrogen is involved in several key geodynamic

processes such as slab subduction (e.g., Ohtani et al. 2004), induced melting of the mantle

wedge (Gaetani and Grove 2003), the genesis of continental flood basalts and komatiites

(e.g., Parman et al. 1997). Direct petrologic measurements of hydrogen content in samples

at the surface (e.g., in quenched lava, xenoliths, fluid inclusions) may not be representative

of the hydrogen content in the source region (Demouchy and Mackwell 2003, 2006; Peslier

and Luhr 2006; Peslier et al. 2008). Therefore, the combination of laboratory studies with

geophysical probing (electrical and seismic) of hydrogen reservoirs in the mantle is needed

to provide estimates of hydrogen content in the Earth’s interior (e.g., Karato 2006). Among

the recent attempts to provide estimates of hydrogen content, one can mention Inoue et al.

(2010) that proposed, based on hydrogen-partitioning experiments as well as laboratory

and field electrical studies, a model of ‘‘water’’ distribution in the Earth’s mantle and

concluded that the mantle transition zone may be an important hydrogen reservoir, con-

taining up to one-third of the H2O mass of Earth’s oceans. Hydrogen can be stored in

minerals, melt or even exist as a free water phase, stimulating challenging laboratory

investigations at mantle pressure to interpret electromagnetic anomalies.

3.1.1 Hydrous Olivine and High-Pressure Polymorphs

Olivine and high-pressure polymorphs wadsleyite and ringwoodite4 are the most abundant

minerals in the Earth’s upper mantle; therefore, attention has been focused on their

capability to store hydrogen (e.g., Smyth 1987; Kohlstedt et al. 1996; Smyth et al. 2003)

and on their influence on physical properties, such as viscosity and, in particular, electrical

conductivity (e.g., Huang et al. 2005; Wang et al. 2006; Yoshino et al. 2006, 2009;

Manthilake et al. 2009; Poe et al. 2010; Yang et al. 2011; Yoshino and Katsura 2012).

Differences in conductivity between olivine, wadsleyite and ringwoodite are particularly

important as part of comparisons with MT data because conductivity-depth profiles are

much better constrained if we know at which depth discontinuities (corresponding to phase

transitions) are expected.

The recent blossoming of electrical investigations of hydrous olivine takes its roots in

conductivity calculations in the 1990s (Karato 1990; Constable 1993), with conductivity of

hydrous olivine being computed based on experimentally determined hydrogen diffusion

4 The transition between olivine and wadsleyite is known as ‘‘the 410 km discontinuity,’’ and the transition
between wadsleyite and ringwoodite occurs at *525 km depth (see Fig. 1).
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coefficients (Mackwell and Kohlstedt 1990). The proposed model by Karato (1990) esti-

mates the increase in olivine conductivity due to the presence of hydrogen by relating

electrical conductivity to the concentration of the charged species (‘‘hydrogen’’) and its

diffusion coefficient. As discussed by Karato (2006), this model was used to interpret MT

data before having been tested experimentally (e.g., Lizarralde et al. 1995; Hirth et al.

2000; Simpson 2002; Tarits et al. 2004), and unfortunately, when laboratory experiments

later tested this model (e.g., Huang et al. 2005; Wang et al. 2006), it turned out that its

validity is only partial and that hydrous olivine conductivity is not only dependent on

hydrogen solubility and diffusivity in olivine but also depends on more complicated

mechanisms involving Mg-site vacancies and electron holes (e.g., Yoshino et al. 2009).

This is a clear example of the need for constraints from laboratory experiments as part of

conductivity modeling and MT data interpretation.

Electrical measurements in the laboratory on hydrous olivine and polymorphs at high

pressure and temperature have benefited from recent technical advances in the impedance

technique applied to measurements under pressure.5 In addition to the study by Romano

et al. (2009), two laboratories have investigated the electrical properties of hydrous

polycrystalline olivine and high-pressure polymorphs, and a summary of the resulting

conductivity models is presented in Table 2. Several charge transport mechanisms con-

trolling the bulk electrical conductivity of hydrous olivine, wadsleyite and ringwoodite at

the atomic scale punctuate the role of proton, small polaron and Mg-site vacancies (e.g.,

Yoshino et al. 2009):

r ¼ rp þ rh þ rv ð4Þ

with r the bulk conductivity, rp the proton conductivity, rh the conductivity of small

polaron (hopping of electrons between ferric and ferrous iron sites) and rv the conductivity

of vacancies. Note that r refers to intra-grain conductivity and does not account for the

conductivity attributed to hydrogen in grain boundaries. At high temperature, if dehy-

dration of olivine is significant, the fluid phase along the grain boundary can form a thin

layer that will significantly contribute to the measured conductivity. Recent measurements

on hydrous single crystals (Yoshino et al. 2006; Poe et al. 2010; Yang 2012) will be

discussed in Sect. 3.2 dedicated to anisotropy. The higher conductivity of hydrous wads-

leyite and ringwoodite (compared to hydrous olivine) results from the fact that a higher

amount of hydrogen can be stored in their structure (e.g., Karato 2006) and at high

pressure, thus enhancing conductivity.

The obvious discrepancy between laboratory results (Karato and coworkers finding a

much more important effect of water on olivine conductivity than Yoshino and coworkers

and Poe et al. 2010) (Table 2; Fig. 7) has resulted in an ongoing debate concerning the

explanation of the difference in conductivities (Yoshino et al. 2009; Dai and Karato 2009c;

Yoshino and Katsura 2012). This highlights the challenging aspect of these experiments

and the difficulty to control many critical (and possibly unknown) parameters. Uncer-

tainties arise from how the grain size is characterized and applied to calculate bulk con-

ductivity (Yang and Heidelbach 2012), from the quantification method of the water content

in the sample before and after every experiment and from the technique and protocol used

5 Historically, hydrous olivine has not been the first hydrous phase to be investigated experimentally using
conductivity measurements. First attempts to measure the electrical properties of hydrous geomaterials had
been previously made on a hydrous granitic melt, Lebedev and Khitarov (1964); on granite with a free water
phase, Olhoeft (1981); on a hydrous basaltic melt, Satherley and Smedley (1985). However, because of
several experimental issues, particularly water loss during the experiment, they can hardly be applied to
interpret field data.
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to measure the water content. An adequate technique is the one by Bell et al. (2003) and

revised by Withers et al. (2012), who determined the absorption coefficients specific for

olivine and necessary for water measurements in that mineral by Fourier transform infrared

spectroscopy.

Recent studies that aim to integrate these laboratory results as part of conductivity-depth

modeling of the Earth’s mantle have either proposed separate conductivity models of the

mantle for each database (e.g., Khan and Shankland 2012) or made an attempt to reconcile

the differences between results. For instance, Jones et al. (2012) proposed a model of

conductivity based on statistically derived parameters from existing datasets that satisfy

proton conduction equations. The use of the laboratory data as part of conductivity-depth

modeling is unquestionably needed as part of cross-spatial-comparisons, but it must be

kept in mind that laboratory conductivity equations have been obtained for defined

experimental conditions that do not always appear in the final mathematical formalism,

although these conditions can influence conductivity. An example is that related to the

effect of redox conditions and is provided in Fig. 8. Based on their laboratory conductivity

measurements on wadsleyite and ringwoodite, Huang et al. (2005) suggested that the MT

soundings below the North Pacific (Utada et al. 2003) are best explained by 0.1–0.2 wt%

H2O in the mantle transition zone. This amount of water is predicated on the assumption

that the transition zone is oxidized (fO2–nickel–nickel oxide buffer) and, because their

experimental setup imposed more reduced conditions (fO2 estimated to be close to the

iron–wüstite buffer), they corrected their experimental data. Because several studies

consider that the transition zone can be reduced and close to the IW buffer (McCammon

2005), Hirschmann (2006b) used Huang et al.’s data without the fO2 correction and
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Fig. 7 Electrical conductivity of dry and hydrous olivine (San Carlos) as a function of temperature (after
Evans 2012). Data from Wang et al., Yoshino et al. and Yoshino and Katsura are from measurements on
polycrystalline olivine samples at 4, 10 and 16 GPa, respectively. Data from Poe et al. are from
measurements on single crystal at 8 GPa and are labeled with crystallographic orientation followed by water
content (ppm). It is important to note that these models have been extrapolated. To avoid sample
dehydration, measurements have been taken at: 600–1,000 �C (Wang et al. 2006), \*700 �C (Yoshino
et al. 2009),\800 �C (Poe et al. 2010). Model by Yoshino and Katsura is based on measurements taken at
T up to *1,730 �C. Extrapolation at higher T provides a first approximation of the conductivity, but their
use as part of MT data interpretation must account for the uncertainty regarding these extrapolated values
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obtained, for similar T and P conditions, a best fit to MT soundings with only 0.01–0.03

wt% H2O (Fig. 8).

3.1.2 Other Potentially Hydrous Minerals

Pyroxene and garnet are two other major phases in the Earth’s mantle (Fig. 1) and may

store significant amounts of water (e.g., Bell and Rossman 1992b; Mierdel et al. 2007;

Katayama et al. 2003; Peslier 2010; Peslier et al. 2012), although recent laboratory

experiments on olivine and pyroxene suggested that olivine is probably the main host of

water at least in the deep upper mantle (Tenner et al. 2012). Quantifying the electrical

response of pyroxene and garnet and the influence of water is needed to improve estimates

of hydrogen that can be stored in a bulk mantle composition and place quantitative con-

straints on the conductivity profiles of the Earth’s mantle. Only a few laboratory studies

have been performed on hydrous pyroxenes: Dai and Karato (2009a) (0.0001 and 0.04 wt%

H2O at 8 GPa) and Zhang et al. (2012) (0.002–0.235 wt% H2O at 3 GPa) for orthopy-

roxenes and Yang et al. (2011) and Yang and McCammon (2012) for clinopyroxenes

(\0.0375 wt% H2O, P range 0.6–1.2 GPa). The same comment can be made for hydrous

garnet conductivity: Dai and Karato (2009b) (0.047, 0.016 and 0.0046 wt% H2O, with

pressure from 4 to 16 GPa) and Dai et al. (2012) (0.0465 wt% H2O, with pressure from 1 to

4 GPa). Conduction models for hydrous pyroxene and garnet are shown in Table 3. No

systematic study has yet investigated thoroughly the effect of composition on the con-

ductivity of pyroxene or garnet. However, it seems that Fe-rich pyroxenes are more

Fig. 8 Laboratory-based conductivity-depth profiles as a function of water contents (wt%). Yellow area
corresponds to the transition zone. Left Yoshino et al. (2009), profile for the oceanic mantle geotherm.
Center Huang et al. (2005), profiles corresponding to the best fits to field data in the transition zone below
the Pacific Ocean. Calculations consider adiabatic temperatures (1,825–1,900 K in the transition zone).
Laboratory data have been corrected by the authors [experimental fO2–IW and the models are for fO2–NNO
(more oxidized mantle)]. Right Hirschmann (2006b), using equations from Huang et al. (2005) and the same
adiabatic temperatures. Laboratory data have not been corrected (fO2–IW buffer). As a result, a much lower
water content is needed in the transition zone to obtain similar conductivities as Huang et al. (2005)
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conductive and present lower activation energy (Table 3). MT data interpretation involving

a repartition of hydrogen between olivine, pyroxene and garnet (e.g., Jones et al. 2012) will

probably be promoted in the near future and stimulate further laboratory investigations.

A process that probably contributes to enrich significantly the mantle with water is the

subduction of the water-rich crust and lithospheric slab system (e.g., Ohtani et al. 2004).

Slab assimilation and associated metamorphic processes lead to the formation of a suite of

hydrous minerals in the upper mantle ([150–200 km) such as amphibole and phyllosili-

cates (talc, chlorite, antigorite) (Schmidt and Poli 1998; Fumagalli and Poli 2005; Grove

et al. 2012). MT is a valuable tool to probe subduction zones (e.g., Evans et al. 2002;

Brasse and Eydam 2008; Wannamaker et al. 2009; Worzewski et al. 2011), and con-

straining interpretations of conductive anomalies requires laboratory measurements on

subduction-related materials. A few attempts have been made to investigate the electrical

properties of subduction-related hydrous minerals (e.g., Tolland 1973; Shankland et al.

1997; Zhu et al. 2001; Guo et al. 2011; Reynard et al. 2011; Wang et al. 2012). As

discussed by Reynard et al. 2011, several studies probably encountered issues (e.g., con-

nected conductive metallic oxides in the antigorite sample in the study by Stesky and Brace

1973) related to the sample composition or potential analytical problems (Zhu et al. 2001)

that may have altered the quality of the results. Further investigations with a character-

ization (SEM imaging) of the sample texture and the control of possible water loss from the

sample during heating are therefore needed to strengthen the electrical database of hydrous

minerals.

At higher pressure, dense hydrous magnesium silicates (DHMSs, including the so-called

alphabet phases) have been suggested as a possible water reservoir in the Earth’s mantle,

with stabilities corresponding to depths [200 km (Williams and Hemley 2001 and refer-

ences therein). For instance, phase equilibria of hydrous peridotite for conditions charac-

teristic for subduction zones (e.g., Schmidt and Poli 1998) pointed out the presence of

phase A, Mg7Si2O8(OH)6, which can store up to 11.8 wt% H2O (e.g., Wunder 1998). Such

phases, if present in significant amounts and assuming that their high water content pro-

vides them with a high conductivity, might explain some deep conductive anomalies in

subduction zones. However, the conductivity of DHMS has not yet been documented. A

major difficulty is synthesizing a quantity of these phases large enough to make a sample

for conductivity measurements. If DHMSs are commonly observed in high-pressure runs,

the lack of evidence of their presence at the surface of the Earth may cast doubt on their

presence and abundance in the mantle.

3.1.3 Hydrous Silicate Melt

A wet mantle will initiate partial melting at lower temperatures than a dry mantle (Green

1973; Hirth and Kohlstedt 1996; Hirschmann 2006a), and several studies have investigated

mineral/melt partition coefficients of hydrogen at relevant mantle conditions (e.g., Koga

et al. 2003; Hauri et al. 2006; Aubaud et al. 2008; Tenner et al. 2009). These laboratory

studies provide critical constraints on the water content and composition of melts that need

to be considered as part of electrical studies in the laboratory.

Mid-ocean ridge basalt (MORB) source upper mantle, which is estimated to contain

50–250 wt ppm H2O (e.g., Dixon et al. 1988; Danyushevsky et al. 2000; Saal et al. 2002),

may not be wet enough to incite a global melt layer above the 410-km discontinuity

(Tenner et al. 2012). However, at shallower depths, for example less than *150 km (\5

GPa), a possible interconnected melt (melt fraction of 0.1), and therefore geophysically

detectable, may contain 3.2 wt% H2O (Tenner et al. 2009). Ocean island basalt (OIB)
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settings and residues of subducted slabs, which may contain 300–1,000 ppm bulk hydro-

gen (e.g., Dixon et al. 1997; Seaman et al. 2004), can exceed the peridotite H2O storage

capacity and incite localized hydrous partial melting (Tenner et al. 2012). These OIB

source melts (3–20 wt% H2O, Tenner et al. 2009) can be stable at great depth (higher than

*90 km, [3 GPa), and future electrical studies in the laboratory will probably aim to

characterize their electrical response and compare it with MT surveys in these geographic

areas. However, it is important to keep in mind that such hydrous melts will be clearly

detected by MT surveys only if they are interconnected over a large scale ([hundreds of

meters). Forward modeling of the response of electrical conductivity-depth profiles by

Toffelmier and Tyburczy (2007) suggested that a hydrous melt layer at the top of the

transition zone (410 km depth) occurs regionally in agreement with local seismic studies

(e.g., Song et al. 2004), but is unlikely to be a global feature. Therefore, partially molten

material in the upper mantle may be only intermittently detected using MT soundings.

Recent laboratory experiments have quantified the effect of water on silicate melt

conductivity for a water content up to 6 wt% water and over the pressure range 0.3–2 GPa

(Gaillard 2004; Pommier et al. 2008; Ni et al. 2011a) (Fig. 9). These data have been

included as part of a general conductivity model of dry and hydrous silicate melts

(available in the Web application SIGMELTS, Pommier and LeTrong 2011). Though

limited, this electrical database of hydrous silicate melts allows the computation of their

conductivity at crust and upper mantle conditions and its comparison with MT data

acquired in contexts of high probability of hydrous melt, such as melting in subduction

zones (Pommier and LeTrong 2011) (Fig. 10). Heating of solid mantle in the presence of

H2O-rich fluid released during slab dehydration at temperatures above the vapor-saturated

solidus generates hydrous melt, whose water content can reach *30 wt% (Hodges 1974;

Mysen and Boettcher 1975). Its bulk conductivity, as imaged from MT profiles, contributes

to place quantitative constraints on melt fraction and temperature for different scenarios

(Fig. 10). For example, a melt with 30 wt% H2O at 1,300 �C may have such a high

conductivity that it would reproduce the field conductivity only with a melt proportion of

0.02 vol.%, which raises the question of its interconnectivity. At the same temperature, a

melt fraction of 0.5 is necessary for the same basaltic melt containing 10 wt% H2O.
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Fig. 9 Electrical conductivity of
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melts (after Ni et al. 2011a). Data
on basaltic melt are from Ni et al.
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However, at such a low degree of partial melting, melt composition may be richer in

sodium (e.g., Hirschmann et al. 1999) and therefore more conductive than a basaltic melt.

As illustrated in the MT image of Fig. 10, aqueous fluids and silicate melt being positively

buoyant will then percolate upward by porous flow. Details about the role of water in

subduction zones can be found in Grove et al. (2012) and references therein. Few quan-

titative electrical constraints can be placed on aqueous fluids because of a lack of labo-

ratory measurements on free fluid phase under pressure and temperature. These

experiments are very challenging (particularly regarding leaking issues of the conductivity

cell), and only a few studies have been performed (e.g., Quist and Marshall 1968; Hol-

zapfel 1969; Nesbitt 1993; Shimojuku et al. 2012). Recently, Reynard et al. 2011 proposed

a conductivity model of saline fluid-rock mixtures that may stimulate experimental

investigations.

Several MT studies have observed conductivity anomalies atop the transition zone

(*410 km depth) (e.g., Ichiki et al. 2001; Toffelmier and Tyburczy 2007), where the

attenuation of seismic waves has been sometimes interpreted as the possible presence of

partially molten mantle rocks (e.g., Hier-Majumder and Courtier 2011 and references

therein). Beneath the French Alps and the North Pacific, conductivity is in the range

0.001–0.01 S/m (Utada et al. 2003; Tarits et al. 2004), whereas beneath North East China,

and for another study in the North Pacific, it varies between 0.05 and 0.1 S/m (Lizarralde

Fig. 10 Simple laboratory–field joint interpretation of the resistivity (=1/conductivity) of the Central Andes
subduction zone (after Pommier and LeTrong 2011). MT profile is from Brasse and Eydam (2008), and
laboratory-based constraints on resistivity values are from calculations using SIGMELTS. WB Wadati–
Benioff zone, circles show the locations of earthquakes, locations. Red areas correspond to lower
resistivities, that is, higher conductivities
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et al. 1995; Ichiki et al. 2001). The lowest conductivity values (\0.01 S/m) can hardly be

explained by the presence of hydrous melt since it would be more conductive. Tarits et al.

(2004) explained their value of 0.01 S/m by the presence of water in olivine coming from

slab dehydration. If there is melt, then it is present in a very small amount, in the form of

isolated pockets that do not significantly influence the bulk conductivity. On the contrary,

higher conductivities ([0.05 S/m) can be consistent with melt channels. For instance,

laboratory measurements showed that a conductivity value of 0.1 S/m matches with the

bulk conductivity of a basaltic melt (2 vol.%) at 1,300 �C interconnected with olivine

(Caricchi et al. 2011).

3.2 Investigation of Electrical Anisotropy

As a second-order tensor, electrical conductivity can exhibit directionality at large and

small scales. At large scales, electrical anisotropy can be caused by faults, dykes or highly

deformed rocks. At a smaller scale, single crystals can present an intrinsic anisotropy (e.g.,

olivine). Field-scale anisotropy may be induced by variations in either mineralogy or

crystallographic orientation, promoting multi-scale approaches. For instance, the anisot-

ropy of a deformed rock (under shear) can be explained by the preferential orientation of its

constituents [anisotropic grains resulting of a lattice-preferred orientation (LPO, a non-

random orientation of the crystallographic axes of the constituent minerals) or a grain-

shape-preferred orientation (SPO)], which in turn can be understood through laboratory

investigations. A major current limit to cross-spatial-scale comparisons regarding electrical

Fig. 11 Setups for laboratory investigation of electrical intrinsic and extrinsic anisotropies. Example of the
asthenosphere (cross-section after Kawakatsu et al. 2009). Intrinsic anisotropy, caused by the preferred
orientation of olivine grains, can be investigated at the scale of the laboratory by performing conductivity
measurements on single crystals cut and oriented according to the main crystallographic directions (left).
Extrinsic anisotropy, caused by the geometry of interconnected melt in a preferential direction, requires
challenging laboratory setups that involve deformed partially molten materials (right)
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anisotropy is that anisotropy is still not clearly resolved by electrical field measurements

yet. In fact, how the trade-off is defined between anisotropy and heterogeneity in the

inversion of MT data remains a challenge (Heinson and White 2005; Wannamaker 2005).

It is also important to keep in mind that electrical anisotropy detected in MT does not

necessarily imply an anisotropic fabric and that MT cannot easily make a distinction

between fabric and structural anisotropies (Wannamaker 2005; Jones 2006; Evans 2012).

An interpretation of MT data accounting for compositional and tectonic constraints is

therefore necessary in order to pursue electrical anisotropy and its geological causes. As

underlined by Eaton et al. (2004) and Jones (2006), seismic and MT measurements are

both sensitive to crystallographic anisotropy, but both techniques may not probe the same

anisotropic structures. Measured seismic anisotropy seems to be very sensitive to lattice-

preferred orientation (LPO), while grain-shape-preferred orientation (SPO) may have a

larger effect on electrical measurements (Ji et al. 1996). For a review of MT modeling of

anisotropy, the reader is referred to Weidelt (1999), Pek and Santos (2002) and Martı́, this

volume.

This section focuses on how electrical anisotropy is investigated at the scale of the

laboratory and what constraints it can place on field data for which electrical anisotropy

has been established. Depending on whether anisotropy is intrinsic (crystallography) or

extrinsic (e.g., caused by the bulk geometry of melt channels in peridotite), different

setups have been proposed to measure in situ electrical anisotropy (Fig. 11). These

experiments are challenging and point to several experimental issues, such as the pre-

cision in the orientation of the sample in comparison with the direction of the electrical

current or the control of the texture especially when the sample is a partially molten

material.

Laboratory studies of electrical anisotropy have focused primarily on olivine single

crystals. These experiments are unquestionably critical to our understanding of electrical

anisotropy in mantle minerals.6 Measurements showed that electrical anisotropy on anhy-

drous olivine is weak and seems to be pressure and temperature dependent: At 1 bar, Schock

et al. (1989) and Du Frane et al. (2005) obtained: r[010] \ or *r[100] \ r[001] at

T [ 1,200 �C. Under pressure (\3 GPa), Yoshino et al. (2006) measured

r[100] \r[001] \r[010] for T [ 800 �C and r[010] \r[001] \r[100] for T \ 800 �C.

At 8 GPa, Poe et al. (2010) obtained r[010] \r[001] * r[100] for T \ 800 �C (Fig. 12).

Yoshino et al. (2006), Poe et al. (2010) and Yang (2012) conducted measurements on a

hydrous olivine single crystals (Fig. 12). At 40 wt ppm, electrical anisotropy is not signifi-

cant (Yang 2012). At 100 wt ppm H2O, conduction along [100] is the highest and electrical

anisotropy is greater at 1,000 wt ppm H2O, with maximal conduction in the [010] direction

(Poe et al. 2010). Measurements along the [100] axis are important to interpret field data in

strain-induced deformation contexts since the resulting lattice-preferred orientation of dry

olivine occurs in the [100] direction7 (e.g., mantle rifting, Zhang and Karato 1995). In a

context of wet olivine or in a melt-bearing system, the LPO will be different from that of dry

olivine aggregates (Jung and Karato 2001; Holtzman et al. 2003). Anisotropy caused by

olivine (dry or hydrous) has been suggested to explain field anomalies (e.g., Evans et al.

2005; Baba et al. 2006). Very conductive anomalies are yet a bit difficult to explain with this

hypothesis. Existing laboratory results show that to account for the very conductive field

6 Electrical and diffusion studies show that crystallographic defects are critical to create anisotropy. These
defects can be point defects (e.g., vacancies), line defects (e.g., dislocations) and planar defects (e.g.,
stacking faults) (e.g., Skrotzy 1994; Dupas-Bruzek et al. 1998).
7 Dislocation creep is mainly due to the [100](010) slip system (Zhang and Karato 1995).
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anomalies in the asthenosphere, anisotropy in hydrous olivine implies that olivine contains

huge amounts of water (*1,000 wt ppm water at 8 GPa, see data by Poe et al. 2010), which

are yet to be supported by data. Moreover, direct application of data of electrical anisotropy

on single crystals to the field may be questionable. For instance, anisotropy in hydrous

olivine strongly depends on shear-strain accumulation (Simpson and Tommassi 2005), and

this is not taken into account as part of single-crystal studies. Another point concerns the

effect of the presence of fluids that may possibly be present at the boundary between shear-

deformed grains. How the presence of fluids would increase a bulk conductivity that is

already enhanced by intrinsic anisotropy is poorly known.

The presence of anisotropic melt distribution has been suggested in mid-ocean ridge

contexts (Daines and Kohlstedt 1997) as well as in some regions of the asthenosphere

(Kawakatsu et al. 2009). These are contexts of high shear deformation, and the intercon-

nectivity of melts under shear has been investigated at the scale of the laboratory (e.g.,

Zimmerman et al. 1999; Kohlstedt and Holtzman 2009). Based on laboratory electrical

measurements on partially molten materials, Caricchi et al. (2011) suggested that the elec-

trical anisotropy observed by Baba et al. 2006 below the East Pacific Rise may be explained

by the presence of melt preferentially interconnected in the direction perpendicular to the

ridge (Fig. 13). The anisotropy would be caused by the geometrical configuration of the rock

rather than the intrinsic anisotropy of its constituents. Their experiments suggested that 2

vol.% of interconnected melt at 1,300 �C or higher T explains the MT data perpendicular to

the ridge axis, whereas MT profiles parallel to the ridge are best explained by isolated melt

pockets (0.2–4 vol.% of melt at T [ 1,300 �C). This interesting approach offered a new way

to investigate extrinsic electrical anisotropy in the laboratory. Though improvements of the

setup are possible and needed in order to work at higher pressure ([0.4 GPa), to monitor melt

redistribution under static conditions and to measure the conductivity only on the most

deformed part of the sample (Fig. 11), this study was the first to quantify the electrical

anisotropy of a partially molten deformed material.

Note that the recent investigations of electrical intrinsic anisotropy of minerals other

than olivine, for example orthopyroxene (Dai and Karato 2009a), quartz (Wang et al.

2010), clinopyroxene and plagioclase (Yang 2012), promise interesting future comparisons

with olivine or melt to explain field anomalies.

Fig. 13 Proposed interpretation of the electrical anisotropy below the East Pacific Rise based on laboratory
experiments on deformed basalt ? olivine samples by Caricchi et al. (2011). 3D drawing after Caricchi
et al. (2011). MT profiles from Baba et al. (2006). Upper cross-section is ridge-parallel and lower cross-
section is ridge-perpendicular
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3.3 Explaining Very High Conductive Anomalies in the Asthenosphere: The

Carbonatite Hypothesis

Field conductivities of 0.1 S/m or higher are generally described as anomalously high (e.g.,

Shankland and Waff 1977). Depending on the considered datasets and temperature and

redox conditions, hydrous olivine (containing several hundreds of wt ppm H2O) may match

with a value of 0.1 S/m, but it may also involve amounts of dissolved hydrogen that are

well above the 50–250 wt ppm water estimated for the upper mantle (see Sect. 3.1.1). The

high conductivity of silicate melt makes it a possible candidate if interconnected in the

rock matrix, but its conductivity may imply huge melt fractions, particularly in the case of

dry melt ([5 vol.%, Tyburczy and Waff 1983). Therefore, electrical investigations in the

laboratory have focused on other potential candidates, especially carbonate materials.

Experiments on carbonatitic melts have been stimulated by several MT investigations

that detected conductivities in the asthenosphere exceeding 0.1 S/m (e.g., Jegen and

Edwards 1998; Evans et al. 2005, 2011; Baba et al. 2006). Experimental petrology studies

(e.g., Wyllie et al. 1990; Dalton and Presnall 1998; Dasgupta and Hirschmann 2006;

Dasgupta et al. 2007; Rohrbach and Schmidt 2011) have emphasized that carbonatitic

melts are stable at the depths of these very conductive field anomalies ([2.5 GPa),

therefore motivating the investigation of their electrical properties. The position of the

solidus of carbonated peridotite below the mantle geotherm (Fig. 14) suggests a possible

presence of melt up to *10 GPa, and experiments showed that 0.03–0.3 wt% carbonatite

liquid can be produced below mid-ocean ridges up to 330 km depth (Dasgupta and
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laboratory and some field data in the asthenosphere. (1) Dasgupta and Hirschmann (2006); (2) Rohrbach and
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Hirschmann 2006). In particular, thermodynamic modeling predicts that carbonatite melt

can be stable at depths greater than 130–180 km assuming typical volatile contents (0.01

wt% water, 0.006 wt% CO2) (Hirschmann 2010). However, as pointed out by Hirschmann

(2010), volatile-rich highly alkalic melt (H2O, CO2) is also stable at these depths and a

small fraction of such a melt may also explain the high conductivity values in the upper

mantle (low-velocity zone).

Only three studies performed electrical measurements on carbonatitic samples, and

results are shown and compared to some field data in Fig. 14. Pioneering electrical mea-

surements by Gaillard et al. (2008) showed that carbonatites are extremely conductive and

suggested that only 0.1 vol.% of carbonate melt (compared to several vol.% of silicate melt)

can match with the field conductivity in the asthenosphere. Yoshino et al. (2010, 2012)

investigated the electrical conductivity of carbonatite melt-bearing peridotite up to 3 GPa

and also measured very high conductivities attributed to a small amount of carbonatite melt,

with an attempt to control melt distribution within the solid matrix. This amount is con-

sistent with the fact that the dihedral angle of carbonatites is very low (28�, Hunter and

McKenzie 1989) and, as a result, the required melt fraction to have an interconnected melt is

also very low. Also, carbonatite viscosity is lower than the viscosity of water (Dobson et al.

1996) and Hammouda and Laporte 2000 demonstrated that its mobility into polycrystalline

olivine is much higher than that of silicate melt. As illustrated in Fig. 14, conductivity

results show that small amounts of carbonatite liquids (\0.3 wt%) can account for high

conductivity anomalies in several regions in the upper mantle (130–330 km depth), in

agreement with phase-equilibria constraints (e.g., Dasgupta and Hirschmann 2006).

However, experiments on carbonatites are particularly challenging. First, there is a

difficulty to maintain the sample from leaking out of the conductivity cell, due to its

extremely low viscosity. Second, the experimental duration (a few tens of minutes) can

dramatically affect measurements on melt–peridotite samples: It is actually very likely

that, because of its high mobility, melt leaves the solid matrix and migrates toward the

edge of the capsule before the sample reaches chemical equilibrium. This implies that bulk

conductivity measurements are taken while both melt fraction and melt distribution evolve,

increasing bulk inhomogeneity. Therefore, experimental strategy here requires one to make

a choice between minimizing carbonatitic melt migration and reaching chemical equilib-

rium. It is likely that the recent investigations of the transition between carbonate and

carbonated silicate melt (e.g., Dasgupta et al. 2007) stimulate electrical measurements on

silicate melts with CO2 content as an experimental parameter. It can also be tempting to

suggest the coexistence of silicate and carbonate melts to explain conductivity values that

are higher than the conductivity of silicate melt alone. Actually, evidence for carbonate–

silicate immiscibility has been observed in the field and experimentally in the laboratory

(Lee and Wyllie 1997a, b, 1998). However, assumptions on geometry and connectivity of

both phases, and thus on the choice of mixing law (i.e., of geometry) to compute the bulk

conductivity of silicate and carbonate melts, require attention. Immiscibility experiments

emphasized that silicate melt preferentially wets the solid matrix and, therefore, carbonate

melt mobility is restricted, in contrast to expectations about its high mobility (Minarik

1998). Such a result suggests that the addition of carbonate melt to silicate melt may not

significantly increase the bulk conductivity.

It is interesting to note that, if carbonatitic melt is usually suggested to explain high

conductive anomalies, it may also possibly account for lower conductivities depending on

the geological context. For instance, Yoshino et al. (2012) suggested that the anomaly in

the study by Baba et al. (2010) (constant value of *0.03 S/m at depths [75 km) may

correspond to 0.1 vol.% of carbonate melt and that the decrease in conductivity at
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shallower depth could describe CO2 release from the carbonate melt. As mentioned by

Yoshino et al. (2012), future petrological studies of carbonate concentration in partially

molten rocks in the upper mantle will help to place constraints on the melt fraction from

MT profiles.

4 Current and Future Challenges to Improve the Quantitative
Interpretation of MT Data

4.1 Caveats on How to Use Laboratory Data to Interpret MT Profiles

As suggested in the previous sections, electrical studies in the laboratory have produced a

large dataset (though incomplete) of the conductivity data of Earth’s materials as well as

numerous conductivity models that do not always agree between each other. Moreover,

and unfortunately, experimental details and subtleties related to experimental strategy that

are mentioned in the literature (when available) are not always made accessible and well

described to the reader. As a consequence, the integration of laboratory results into MT

data interpretation can turn out to be difficult and somewhat challenging. Integrating

laboratory-based models is, however, the only way to interpret thoroughly MT responses.

Below is a non-exhaustive list of some important caveats that deserve being taken into

account when laboratory data from the literature are used to interpret field results:

• Laboratory studies should provide information regarding the accuracy of the electrical

measurements; in particular, the effect of noise on the electrical data (electrode effect,

furnace effect) must be estimated (Pommier et al. 2010a). Regarding the technique

itself, complex impedance spectroscopy is the most accurate technique currently

available in the laboratory, allowing the discrimination of different conduction

mechanisms.

• Laboratory studies should document the evolution of texture and composition of the

sample before and after the experiments. This is particularly important for partially

molten materials and for hydrous samples, since sample textural relaxation as well as

dehydration will affect the bulk conductivity. Determination of water in minerals as

accurate as possible is critical but current technique bias results in errors of up to 50 %

in water content at times. The analysis of standards by different techniques (such as

FTIR and SIMS) and laboratories is strongly advocated.

• Experimental conditions (temperature, pressure, composition, redox conditions, etc.) of

selected laboratory studies should be relevant for the portion of the Earth’s interior that

has been probed using MT soundings and be consistent with petrological knowledge.

For example, explaining conductive anomalies in the upper mantle by the presence of

hydrous olivine requires considering water contents that are in agreement with

estimates from petrology studies. A water content of 0.005–0.02 wt% has been

estimated for the upper mantle, and higher water contents only concern the top of the

transition zone (up to [0.4 wt%, Hirschmann et al. 2005). More generally, a robust

interpretation of MT data cannot be achieved when using electrical laboratory data

while neglecting petrological knowledge.

• Great caution must be exercised with the extrapolation of laboratory-based models to

higher temperatures or pressures or water contents. For instance, when laboratory data

are collected at low temperature on hydrous materials (in order to limit sample

dehydration—see Fig. 7), an extrapolation of the results to the higher temperature
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provided by the mantle geotherm can be a source of significant uncertainty.

Extrapolation may be needed when the experimental dataset does not cover relevant

conditions to the Earth’s interior, but this must be clearly taken into account as part of

data interpretation. Rounding experimental conductivity values as part of some

conductivity modeling may dramatically increase error propagation in the computed

data, too.

• It is important to keep in mind that conductivity equations proposed in laboratory

studies are based on a set of experiments with specific experimental conditions (T, P,

fO2, duration, etc.). Some of these experimental conditions will not appear explicitly in

the mathematical formulation of the equations, whereas they can become important

parameters when applied to the field [see, for instance, the example of redox conditions

on the conductivity model by Huang et al. (2005)] (Fig. 8). Therefore, using a

laboratory-based conductivity model requires consideration of the experimental

conditions at which data have been collected and making eventually a correction so

conductivity data are relevant for the appropriate Earth’s interior conditions.

4.2 Improvements of Laboratory and Field Techniques

In the laboratory, higher-quality electrical data will mostly depend on the careful chemical

and physical characterization of the sample before and after each experiment, as well as the

frequency range used for measurements, the cell design and the efficiency of the control of

noise caused by electrodes and by the furnace. Details about the importance of the con-

tribution of electrodes and its estimation (so that it can be deduced from the measured

conductivity) can be found in Pommier et al. (2010a). Commonly used experimental

strategy to minimize interference between the voltage applied to operate the furnace and

the frequency signal to measure the sample’s complex impedance is mentioned in Poe et al.

(2010).

Obtaining conductivity data on fluids requires development of new conductivity setups

that maintain the sample in the conductivity cell during measurements under pressure and

temperature. Only a few attempts have been made and come principally from the material

science community (e.g., Zimmerman et al. 1995, 2007), highlighting the need for fur-

thered multi-disciplinary studies.

As emphasized in Sect. 2.1, new mixing solid–fluid models for representative geome-

tries of the texture of materials in the Earth’s mantle would greatly improve the integration

of laboratory results as part of field data interpretation. Such models not only need elec-

trical studies on multi-phase samples but would also benefit from laboratory investigations

of sample deformation, permeability and porosity. Technical advances on the resolution of

sample imaging (e.g., nano-tomography) will allow an extremely accurate characterization

of the geometry of multi-phase materials that can greatly improve interconnectivity-

dependent conductivity models.

Cross-spatial-scale comparisons can only be as good as constraints provided by both

the laboratory and the field. Improvements in the MT technique will also contribute to

further our understanding of the Earth’s interior. High-quality data at very long periods

are as challenging as a better treatment of data inversion or dimensionality (1D, 2D or

3D) as part of MT data analysis. Better estimates of the size and conductivity value of

electrical field anomalies are requested to make the best use of laboratory data as part

of MT profile interpretation. Among the points that directly influence the quality and

relevance of cross-spatial-scale comparisons is the choice of the ‘‘best conductivity
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model’’ as part of MT data analysis (i.e., the final model that reproduces best the field

data). In this preferred model, a conductivity value for an anomaly (such as melt) is

arbitrarily chosen, independently from any consideration for laboratory results and

petrological constraints on melt storage conditions and electrical response. The reader is

referred to the books by Simpson and Bahr (2005) and by Chave and Jones (2012) for

further details about issues that challenge the electromagnetic community.

4.3 Integration of Other Disciplines: Toward a Systematic Multi-disciplinary

Approach

Cross-spatial-scale comparisons between MT profiles and conductivity studies in the

laboratory greatly benefited from inputs from diffusion experiments, from deformation

experiments, from seismic surveys and, more generally, from the knowledge of material

science and geophysics. Each method being sensitive to specific parameters and probing

different processes, a multi-disciplinary approach represents generally the opportunity to

further the understanding of an Earth’s interior probed by the conductivity tool only.

4.3.1 Including Rheology and Dynamics (Mixing and Convection) into MT Data

Interpretation

A thorough interpretation of MT profiles should not only include laboratory results and

petrological considerations, but—ideally—should also account for rheology and dynamics.

For example, in a high melt-fraction magma reservoir, such characterization would allow

determination of the timescale for buoyancy-driven motion and fractionation of crystals,

Fig. 15 Electrical conductivity (r) versus viscosity (g) of complex (mostly natural) dry and hydrous silicate
melts and comparison with synthetic compositions from Grandjean et al. (2007), Zhang and Chou (2010)
(Pommier et al. 2013). Conductivities of natural melts are from experimental studies, and corresponding
viscosities are calculated using the model of Giordano et al. (2008)
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melt segregation and magma mixing. Because viscosity governs any convective system,

solid and/or fluid (Shaw 1965; Vetere et al. 2010; Karki and Stixrude 2010), relating melt

electrical conductivity to melt viscosity represents an opportunity to improve the inter-

pretation of electromagnetic field results.

In fact, the electrical conductivity and viscosity of silicate melts present an interesting

correlation (Fig. 15), which has been previously investigated in simple systems by the

material science community (e.g., Grandjean et al. 2007; Zhang and Chou 2010). Recently,

a semiempirical model based on laboratory measurements of viscosity and conductivity

has been developed for natural dry and hydrous silicate melts, with the aim of furthering

geophysical data interpretation in contexts of high melt fraction (Pommier et al. 2013).

Promisingly, this model can be used to convert melt conductivity into viscosity and vice

versa for a defined melt composition and temperature, the values of the latter being

constrained by petrological studies of the investigated region.

4.3.2 Integrating Seismic Profiles to Electrical Studies

Joint interpretation of models from seismic tomography and MT data was shown to be an

efficient approach to determine lithologies in different contexts: subsurface (e.g., Bauer

et al. 2012), crust (e.g., Hermance and Grillot 1970; Simpson and Warner 1998), active or

ancient subduction systems (Chen et al. 2009; McGary et al. 2011), mid-ocean ridges (e.g.,

Key and Constable 2002), cratonic contexts (Jones et al. 2009) and transition zone (Utada

et al. 2009). As suggested in the example presented Fig. 16, both techniques are not

sensitive to the same parameters and therefore benefit from each other’s information.

Seismic wave velocities are very sensitive to composition change and therefore can con-

strain the crust–mantle boundary better than electromagnetics. It also seems that the

seismic technique may help the detection of lattice-preferred orientation in deformed

mantle materials, while MT soundings may be more sensitive to lineation and large-scale

deformation patterns (Ji et al. 1996; Eaton et al. 2004) as well as conductive materials from

alteration processes (e.g., graphite, phlogopite).

(A) (B)

Fig. 16 Seismic (teleseismic receiver function) and MT profiles across the Slave craton, Canada (from
Chen et al. 2009). In this Archean subduction zone, the main geophysical anomaly has been explained by the
presence of graphite or phlogopite, related to metasomatic alteration. The solid black line underlines the
base of the conductive anomaly. The seismic data (a) are particularly sensitive to the structure of the
lithosphere, especially the position of the Moho (top red anomaly). MT data (b) seem to be more sensitive to
products of alteration. Unfortunately, the lack of laboratory data on graphite and phlogopite prevents a more
detailed interpretation of the conductive anomaly (in red)
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In a subduction context, slab serpentinization may be better detected on seismic profiles,

while melting of the mantle wedge is clearly observed from MT results (Fig. 10, Brasse

and Eydam 2008; McGary et al. 2011). Besides these differences, both techniques are

affected by the presence of fluids, including melt, which can strengthen the identification of

partially molten area on MT profiles that can consequently be interpreted in terms of

composition, temperature and interconnectivity using laboratory measurements. The

integration of seismic data to a field–laboratory electrical investigation provides a more

robust interpretation than can be obtained using the conductivity tool only. A wider use of

seismic profiles would considerably improve the interpretation of electrical data.

5 Concluding Remarks

Great progress has taken place in both field and laboratory studies of electrical properties

of Earth materials. As part of future investigations, the opportunity is present for more

directly bridging laboratory measurements to results from fundamentally different disci-

plines, such as petrology, geophysics and geodynamics.

Promoting the use of laboratory electrical data as part of a quantitative interpretation of

MT results requires making laboratory measurements accessible to the geophysical com-

munity, through databases or laboratory-based modeling. But it also means that the limits

and caveats of laboratory models should be acknowledged and made understandable, so that

their use by the geophysical community can be made with more accuracy. Elaborated

laboratory-based models combine experimental, thermodynamic and geophysical obser-

vations. However, as meaningful as they are to the geophysical community, these databases

and models have to be coupled with petrological observations. Placing constraints on a field

anomaly will only make sense if the conditions (pressure, temperature, composition, etc.)

are relevant for the investigated area. For instance, the absolute value of olivine conduc-

tivity depends on the geological context, and history of the mineral and its electrical

properties will not be exactly the same if it has an igneous or metamorphic origin (Duba and

Constable 1993).

Compiling laboratory measurements also highlights what is lacking in the electrical

database. Currently, conductivity data on fluids and hydrous minerals are particularly

poorly constrained. This can be explained by the experimental difficulty to minimize the

escape of fluids out of the conductivity cell during measurements, especially at high

temperature and under pressure, highlighting the need for new conductivity setups and

experimental strategies.

The missing link that exists between electromagnetic profiles and the understanding of

the lithologies and processes that they probe is provided by laboratory experiments. This

has been demonstrated for the Earth and could also be relevant for other planetary bodies,

such as the Moon (Khan et al. 2006b; Khan et al. 2013).
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