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Abstract This review paper focuses on joint modelling and interpretation of electro-
magnetic data and other geophysical and petrological observables. In particular, integrated
geophysical-petrological modelling approaches, where the electrical conductivity and
other physical properties of rocks are required to be linked by the common subsurface
thermochemical conditions within a self-consistent thermodynamic framework, are
reviewed. The paper gives an overview of the main geophysical electromagnetic tech-
niques/data sets employed in lithospheric and mantle imaging including recent advances
using satellite data, and an up-to-date summary of the most relevant laboratory experi-
ments regarding the electrical conductivity of upper mantle minerals for various temper-
ature—pressure—water conditions. The sensitivity of electrical conductivity and other
geophysical parameters (density, seismic velocities) of mantle rocks to changes in tem-
perature and composition are presented based on a Monte Carlo method parameter
exploration. Finally, a case study in Central Tibet is presented where both seismological
(long-period surface wave phase velocities) and electromagnetic (magnetotelluric) data—
simultaneously including the constraints offered by topography, surface heat flow and
mantle xenoliths—have been integrated. The modelling is based on a self-consistent
petrological-geophysical thermodynamic framework where mantle properties are calcu-
lated as a function of temperature, pressure, and composition. The Tibetan case study
offers an excellent opportunity to illustrate the different and complementary sensitivities of
the various data sets used and to show how integrated thermochemical models of the
lithosphere can help understand settings with a complex tectonic evolution.
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1 Introduction

The electrical conductivity of a material, o (S/m), expresses the capacity of the medium to
carry an electrical current. It is often also represented by its inverse, the resistivity, p
(Q m). The conductivity of the subsurface depends mostly on the in situ thermochemical
conditions within the Earth, and therefore, imaging 3D conductivity variations by means of
electromagnetic methods is a useful tool for a number of relevant topics in solid Earth
sciences including the analysis of tectonically stable lithosphere (e.g., Korja 2007; Selway
et al. 2014; Neska 2016), geodynamic modelling (e.g., Heise and Ellis 2016), or melt- and
water-related processes in the upper mantle (e.g., Karato and Wang 2013; Yoshino and
Katsura 2013; Khan 2016). There are two ways of deriving the electrical conductivity of
Earth’s rocks: (i) using indirect electromagnetic geophysical methods (e.g., Karato 2011;
Siripunvaraporn 2012; Kuvshinov 2012, see Sect. 2.1) and (ii) conducting experimental
studies directly on rock samples at controlled laboratory conditions (e.g., Yoshino 2010;
Pommier 2014, see Sect. 2.2). Both electrical conductivity and its inverse, electrical
resistivity, are referred to in the literature, with an emphasis on the former in laboratory
measurements. Conversely, most electromagnetic (EM) surveys, particularly MT, report
resistivity to avoid the small fraction (< 1) conductivity values. Both representations are
equivalent, and I will employ them interchangeably throughout this paper.

There are two levels of parameterizations connecting Earth observations and models of
the subsurface. On a first level we have the so-called secondary geophysical parameters
(e.g., electrical conductivity) that relate to a particular Earth observation (e.g., electric and
magnetic time series) through an appropriate physical theory (e.g., propagation of EM
waves according to Maxwell equations). On a second and more fundamental level we have
the primary parameters describing the thermochemical state of rocks within the Earth (e.g.,
temperature, composition, water, melts) that control the secondary geophysical parameters
according to thermodynamics and mineral physics. Based on these two levels of param-
eterization, there are three main approaches to combine electrical conductivity and other
geophysical and petrological data sets.

A first approach within the first level of parameterization consists of the comparison
(either qualitative or quantitative) of 1D, 2D, or 3D conductivity models derived from
electromagnetic modelling with other data sets (e.g., Kelbert et al. 2009; Spichak et al.
2013; Thiel and Heinson 2013; Ichiki et al. 2015, Jones et al. 2012; Le Pape et al. 2015).
As noted by Heise and Ellis (2016), the absolute value of MT data has to be interpreted
with caution in such joint studies as it could be over- or underestimated due to the choice of
the initial model among other factors.

In the second approach, still within the first level of parameterization, some authors
propose a combined inversion of EM and other data sets, e.g., MT and gravity (Jegen et al.
2009), MT and surface waves (Moorkamp et al. 2010; Roux et al. 2011; Mandolesi and
Jones 2014), or MT and receiver functions (Moorkamp et al. 2007). In this second
approach, EM and the other data are jointly inverted for the subsurface distribution of
electrical conductivity and other physical properties of rocks (seismic velocity or density)
that are either treated as decoupled, independent variables or linked by empirical
relationships.

Finally, the third approach is the integrated geophysical-petrological modelling of EM
and other data sets within a self-consistent thermodynamic framework (e.g., Khan et al.
2006; Fullea et al. 2011; Khan and Shankland 2012; Koyama et al. 2014; Vozar et al.
2014). Integrated approaches not only jointly account for EM and other geophysical data,
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but also require the output models of electrical conductivity and other physical properties
(i.e. the second level of parameterization) to be linked by the thermochemical conditions
within the Earth. Integrated models, therefore, aim at imaging the ultimately relevant
temperature, pressure, and compositional fields in depth, using electrical conductivity and
other physical properties of rocks as a secondary parameter in the modelling process (see
Sect. 3 for further details). In this review, I will focus on the third approach, integrated
geophysical-petrological studies.

2 Electrical Conductivity in the Upper Mantle
2.1 Electromagnetic Geophysical Methods

The magnetotelluric (MT) method is a natural source electromagnetic method used to
image the Earth from the near-surface (100 m) to deep within the mantle (> 100 km)
depending on the frequency of the electromagnetic waves. Long-period MT responses
cover periods up to few days and sample upper mantle depths. However, high-quality long-
period MT data (periods < 10 days) are difficult to obtain due to technical and intrinsic
limitations of the method (Shimizu et al. 2010; Semenov and Kuvshinov 2012; Koyama
et al. 2014). MT is based on the relation between the temporal variations of the Earth’s
electric and magnetic fields, and its subsurface electrical resistivity structure (e.g., Jones
1999). The objective of MT modelling is to map the conductivity/resistivity distribution
laterally and with depth by the inversion of the complex frequency-dependent impedance
tensor responses that are usually displayed as apparent resistivities and phases.
Traditionally, deep EM studies have used time series of the magnetic field variations
recorded on the global network of geomagnetic observatories to infer the Earth’s electrical
conductivity. 1D geomagnetic deep soundings and horizontal spatial gradient studies (e.g.,
Fujii and Schultz 2002), and 3D inversion of geomagnetic observatory data (e.g., Kelbert
et al. 2009; Tarits and Mandéa 2010) constrain the conductivity distribution in the mantle
in the depth range 400-1600 km (i.e. periods of few days to few months). Electromagnetic
perturbations of ionospheric source (Sq) are sensitive to the lithosphere—uppermost mantle
conductivity structure (depth 100400 km, cf. Koch and Kuvshinov 2013). The iono-
spheric field is characterized by periods of a few hours and a complex spatial structure.
When using global ground-based data, the Sq source is conventionally recovered using the
potential method that allows for separating internal (induced field) and external (the
source, inducing field) parts of the magnetic potential by exploiting the least squares
technique and the spherical harmonic representation. Unfortunately, this separation cannot
be applied to satellite data: as satellites orbit far above the ionospheric shell, the Sq signals
are seen as purely internal and thus the separation of satellite Sq signals into internal and
external parts is not possible (e.g., Schnepf et al. 2015). The main limitation of observatory
data is their poor coverage of the Earth’s surface (sparse distribution over continents and
almost nothing over oceans) that severely hampers the robustness and accuracy of global
EM models. Satellite measurements represent an attractive alternative to the sparse ter-
restrial observatory data, providing high-precision and high-resolution magnetic field
measurements with uniform global coverage (e.g., Sabaka et al. 2004; Olsen et al. 2013).
Recent advances in global 3D EM (spherical) forward modelling, the increasing avail-
ability of computational resources, and satellite data have made it possible to obtain a new
generation of global electrical conductivity models of the mantle. The conductivity
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structure in the lower mantle can be derived from the inversion of time series of internal
(induced) and external (inducing) spherical harmonic expansion coefficients related to
disturbed storm-time variations of magnetospheric ring current origin (Dst) (time and
frequency approaches cf. Velimsky 2013 and Piithe and Kuvshinov 2014).

The spatial gradients of the solar and lunar gravity fields produce ocean tides involving
the motion of electrically conducting sea water. Such ocean electrical currents in the
presence of an ambient main magnetic field produce secondary electric and magnetic
fields. In contrast to Sq currents (induced field), ocean tides induce galvanic currents in
physical contact with the electric media. Hence, whereas EM sensing based on Sq data (i.e.
toroidal currents) illuminates well-conductive areas within the Earth (e.g., melt, volatiles),
ocean tides (toroidal and poloidal currents) are comparatively more sensitive to resistive
areas (e.g., Fainberg et al. 1990). The EM signals due to (periodic) tidal sources (lunar
semidiurnal, M2, and lunar elliptic semidiurnal, N2) can be detected either at seafloor
(Kuvshinov et al. 2006; Schnepf et al. 2014) or coastal stations (Maus and Kuvshinov
2004; Love and Rigler 2014). Recent studies suggest that satellite magnetic data could also
be used to measure ocean tide currents (Schnepf et al. 2015; Grayver et al. 2016; Sabaka
et al. 2016).

2.2 Mineral Physics: An Experimental Perspective

The major upper mantle mineral phases (e.g., olivine, pyroxenes, and garnet) show an
insulator-like electrical behaviour at relatively low temperatures. However, in the tem-
perature range prevalent in the upper mantle (i.e. 500 °C < T < 1520 °C, e.g., Anderson
2000; Herzberg et al. 2007; Fullea et al. 2011, 2012, 2014; Khan et al. 2013; Kuskov et al.
2014), the electrical conductivity of the mantle minerals can be adequately described as an
activated process, or processes, in a semiconductor and, therefore, following an Arrhenius-

type power equation:
—AH
- —— 1
o aoexp<kBT) (1)

where o (S/m) is a pre-exponential term, AH (eV) the activation enthalpy, T (K) the
temperature, and kg (eV/K) Boltzmann’s constant. The activation enthalpy includes two
terms: the activation energy, AU (eV), and an extra term that accounts for the pressure
dependence:

AH = AU + PAV 2)

where AV (cm>/mol) is the activation volume and P (GPa) the pressure. The conduction
mechanism in this temperature range changes at around 1300-1550 °C from small polaron
(electron hopping between ferric Fe** and ferrous Fe>* jons) at T < 1300 °C, to ionic
conduction (charge carriers are magnesium vacancies) (e.g., Schock et al. 1989; Yoshino
et al. 2008a). For olivine, a variation in the conduction regime from small polaron to ionic
conduction has been reported at 7> 1300 °C (within the sublithosphere) (Schock et al.
1989; Constable 2006; Yoshino et al. 2009; Farla et al. 2010). For garnet, the small polaron
to ionic conduction takes place at T > 1530 °C (Yoshino et al. 2008b). In general, the ionic
conduction shows an activation enthalpy typically > 2 eV in olivine (Yoshino et al. 2009;
Farla et al. 2010) and > 1.6 eV in garnet (Yoshino et al. 2008b).

As expressed by Eq. (1), electrical conductivity is governed, to first order, by temper-
ature variation. However, there are other variables (i.e. composition, partial melt, and/or
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water content in the solid phase and the melt, see Sects. 2.2.1 and 2.2.2) that affect
electrical conductivity to lesser or greater extent. It is well known that chemical substi-
tution of magnesium by iron in the dodecahedral site of silicate minerals, without changes
in the lattice symmetry, increases electrical conductivity (e.g., Hinze et al. 1981; Seifert
et al. 1982; Omura et al. 1989; Romano et al. 2006). The amount of iron, either for the
whole rock or for the individual mineral constituents, is usually described by the mag-
nesium number, Mg# = Mg/(Mg + Fe), or its converse, the iron content,
XFe = 1 — Mg#/100, where Mg and Fe refer to the molar concentrations of those
elements.

Laboratory studies at the temperatures and pressures relevant to the upper mantle are
essential to understand the electrical behaviour of the mantle mineral constituents in situ.
Such measurements have been taking place since the 1960s; see the review of early work
by Duba (1976), and other reviews over the last 30 years by Hinze (1982), Lastovickova
(1991), Nover (2005), Yoshino (2010) and Pommier (2014). In recent years, considerable
effort has been expended into designing suitable experiments to measure the electrical
properties of many of the mantle minerals under various conditions (e.g., Wang et al. 2006;
Dai and Karato 2009a, Yoshino et al. 2009; Yoshino and Katsura 2012; Karato 2011;
Karato and Wang 2013). Fullea et al. (2011) presented a review of the state-of-the-art
conductivity models for olivine, pyroxenes, and garnet, as the most representative minerals
in the mantle down to the 410 km discontinuity (e.g., Ringwood 1975; Irifune and
Ringwood 1987) including the Fe dependence. These authors proposed a model for the
bulk electrical conductivity of the mantle that integrates temperature, pressure, and com-
positional variations according to available laboratory results. The equations describing the
conductivity of mantle minerals include three terms:

e _AH(XFeap) + e _AHl +

g = 0p€X —_— 00p; €X 0,

0 €Xp keT 0i €Xp keT p
AH(Xpe, P) = a + bXre + X}, + dXi, + eXp, + fXpe + PAV

(3)

The first term in the first row of Eq. 3 describes conduction due to small polarons, and the
second term represents the ionic conduction at high temperatures. The second row in Eq. 3
is the activation enthalpy for small polaron conduction, accounting for the iron content and
pressure dependencies. All the experimentally derived parameters describing the con-
ductivity model for each mineral (oy, 0y, a, b, ¢, d, e, f, AV, AH;, AHy, o, A, r) are listed in
Table 1. A similar mineral physics database extended to include transition zone and lower
mantle minerals is given by Khan and Shankland (2012) and Khan (2016). Figure 1
summarizes different experimental results for olivine, pyroxenes, and garnet for a 180-km-
thick and chemically stratified lithosphere (mantle compositions as in Table 1 in Fullea
et al. (2011)).

The third term in the first row of Eq. 3, the proton conduction (o), describes the
electrical conductivity contribution from hydrogen (OH) diffusion. This can be expressed
as:

oy = F(Cy) exp (M)

kol (4)

The proton term includes conduction from different chemical species in the crystal lattice
and in the grain boundaries. It was first proposed by Karato (1990) that the presence of
small amounts of water (part per million scales) in the form of protons structurally linked
to oxygen in the so-called nominally anhydrous minerals (e.g., olivine and its high-pressure
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Fig. 1 Top panel: Reference lithospheric structure assumed to compare the electrical conductivity of
mantle minerals according to different experimental results (see the text for further details). From left to
right: temperature, iron content, and mineral assemblage distributions computed using the software LitMod
(Fullea et al. 2009), see Sects. 3.1-3.3. Bottom panel: Comparison of different laboratory results for the
electrical resistivity of olivine (a), pyroxenes (b), and garnet (¢) under dry conditions (see the text for further
details). Temperature, pressure, and iron content are taken from the reference lithospheric column in panel
above. *Modified version of Dai and Karato’s (2009b) garnet resistivity model including measurements for
the activation enthalpy as a function of iron content [after Romano et al. (2006)]

polymorphs, pyroxenes, and garnet) could significantly enhance mineral conductivity.
After this seminal work, a number of experimental studies on the topic have been pub-
lished (e.g., Wang et al. 2006; Yoshino et al. 2009; Poe et al. 2010; Yang et al. 2012;
Yoshino and Katsura 2012; Karato 2015). For various reasons, including different tem-
perature—pressure and water content ranges and sample preparation, the results of these
experiments are controversial (see, for example, Karato and Dai 2009; Yoshino 2010) yet
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coincident in the observation that water considerably increases electrical conductivity of
nominally anhydrous minerals. Jones (2016) discussed in detail the role that the different
calibrations in the spectral techniques used to measure water content in rock samples may
have played in this controversy. This author also claimed that, in the majority of the
experiments conducted to date, the amount of water considered is far from the typical
water contents measured in xenolith samples (see Sect. 2.2.1), thus potentially biasing the
form of the equation used to fit the experimental measurements. As for the specific form of
Eq. 4, there are two widely used parameterizations in the literature. The first parameteri-
zation (PC1) relies on the experimental results from Karato’s and Dai’s laboratories for
olivine (e.g., Wang et al. 2006; Dai and Karato 2014a, b), orthopyroxene (Dai and Karato
2009b), and garnet (Dai and Karato 2009a; Dai et al. 2012, 2013) and is defined by a
constant activation enthalpy in Eq. 4, AH,., and a pre-exponential term of the form:
f(Cy) = AC;,. The second parameterization (PC2) follows the experimental results by
Yoshino’s and Poe’s laboratories for olivine (e.g., Yoshino et al. 2009; Poe et al. 2010) and
orthopyroxene (Zhang et al. 2012) and is defined by a water-dependent activation enthalpy
(its cubic root) in Eq. 4, AH,e, = AHy — aC and a pre-exponential term of the form:
MAC,,) = AC,,. Note that PC2 parameterization for proton conduction has also been used by
Yang et al. (2011, 2012) to describe the electrical conductivity of lower crustal minerals.
The non-unity value of r in the pre-exponential term f(Cy,) (Eq. 4) in PC1 is introduced to
simulate the nonlinear effects due to multiple hydrogen atoms in a single defect (in PC2,
this effect is neglected and hence r = 1). The parameter o (Eq. 4) within the activation
enthalpy is equal to 1/3 in PC2, setting a dependence on water content in the activation
enthalpy, whereas PC1 ignores this effect setting o = 0. The parameters describing both
PC1 (AHy., A, 1) and PC2 (AH,, A, o) proton conduction terms are listed in Table 2.

Table 2 Proton conduction term for the PC1 and PC2 models

AHye, (eV) logio A (S/m) r A (eVI(wt.%)"?)

o1 (pC1) 0.9 3.1 0.62 0
01? (PC2) 1.19 235 1 1.1
0o1® (PC2) 0.92 1.9 1 0.16
01 (PC1 and PC2) 0.91 3.05 0.86 0.09
01 (PC2) 0.92 2.63 1 0.4
0px® (PC1) 0.85 26 0.62 0
0opx” (PC2) 0.84 2.58 1 0.08
0opx® (PC1) 0.84 3.83 0.9 0
Cpx” (PC1) 0.74 3.56 1.13 0
Ccpx'? (PC1) 0.76 3.67 094 0
Gnt'Y (PC1) 0.725 2.29 0.63 0
Gnt"? (o) 0.75 — P * AV (1.4 cm®/mol) 1.75 0 0

See Eq. 4 and the text for further details. (1) Olivine data from Wang et al. (2006). (2) Olivine data from Poe
et al. (2010). (3) Olivine data from Yoshino et al. (2009). (4) Olivine model from Jones et al. (2012). (5)
Olivine model from Gardés et al. (2014) assuming Bell’s calibration. (6) Orthopyroxene data from Dai and
Karato (2009b). (7) Orthopyroxene data from Zhang et al. (2012). (8) Fe-rich lower crustal orthopyroxene
data from Yang et al. (2012). (9) Fe-rich lower crustal clinopyroxene data from Yang et al. (2011). (10) Fe-
rich clinopyroxene (augite) data from Yang and McCammon (2012). (11) Garnet data from Dai and Karato
(2009a). (12) Garnet data (wet with 465 wt ppm) from Dai et al. (2012)
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Different attempts have been made on various grounds to overcome the discrepancies
between PC1 and PC2. Jones et al. (2012) use high-quality MT data and other geochemical
constraints in the Kaapvaal craton (South Africa) to recalibrate the parameters in Eq. 4 for
olivine within the water content range expected from xenolith measurements, i.e.
60-100 wt ppm (Table 2 and see Sect. 2.2.1). These authors found that neither PC1 nor
PC2 was able to reproduce MT field data in Kaapvaal and proposed a combination of PC1
and PC2 with modified parameters in Eq. 4 to match MT data. Another recent attempt to
match all experimental data is the work by Gardés et al. (2014). These authors propose a
conductivity law of the form of Eq. 3 (first row) accounting for small polaron, magnesium
vacancies, and proton conduction with parameters tuned to match all available laboratory
data. Gardés et al. (2014) assumed large errors (factor 4 compared to original estimates) to
account for both bias and random errors in water content measurements from literature.
The proton conduction term in Gardés et al. (2014) model assumes the parameterization of
PC2 (i.e. r =1 and o # 0) (Table 2). Figure 2 summarizes the resulting electrical con-
ductivity for a 180-km-thick and lithospheric geotherm (see Fig. 1 for details) for the
different proton conduction models.

An alternative approach to estimate the electrical conductivity of minerals is using the
Nernst-Einstein equation relating the concentration of the charge carrier and the diffusivity
of the charge carrier to electrical conductivity. Hydrogen is the chemical species that
diffuses the fastest (by orders of magnitude) in olivine (e.g., Chakraborty 2010; Demouchy
and Bolfan-Casanova 2016). Diffusion includes two processes: volume diffusion within a
phase and boundary diffusion. In the context of proton diffusion in olivine, this translates

Resistivity (Ohm.m) Resistivity (Ohm.m) Resistivity (Ohm.m)
Olivine 60 wt ppm Olivine 150 wt ppm Pyroxenes 400 wt ppm
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Fig. 2 Comparison of different laboratory results examining the effect of water content on electrical
resistivity (i.e. the proton conduction term in Eq. 4, see the text for further details) of (from left to right):
olivine at 60 wt ppm (left), olivine at 150 wt ppm (centre), and pyroxenes at 400 wt ppm (right).
Temperature, pressure, and iron content are taken from the reference lithospheric column of Fig. 1. The
water content distribution with depth is assumed to be constant throughout the whole upper mantle. Solid
lines are dry resistivity depth profiles for olivine (left and centre). For the pyroxenes (right), the thick solid
and dashed lines are dry resistivity for orthopyroxene and clinopyroxene, respectively
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into grain and grain boundary diffusion. Grain boundary diffusion of hydrogen in olivine is
orders of magnitude faster than volume diffusion (Demouchy 2010). The ratio between
volume and grain boundary diffusion depends on grain size. Jones (2016) estimated that for
a 1-nm-thick grain boundary, the grain boundary diffusion will overcome volume diffusion
up to a grain size of 0.1-1 mm. Based on the work of Demouchy (2010) and ten
Grotenhuis et al. (2004), Jones (2016) proposed a conductivity model for olivine including
small polaron, proton, and ionic contributions including grain boundary effects for the
latter two terms. The grain size dependence in his formulation allowed Jones (2016) to
estimate this parameter for the interconnected most conducting phase in two locations
within Kaapvaal craton based on conductivity values derived from high-quality MT data
(Jones et al. 2009b). The expected grain size found by Jones (2016) from conductivity
models and estimated temperatures from xenoliths (see Jones et al. 2012) is 2-3 orders of
magnitude smaller than the measured grain sizes from in situ xenoliths (i.e. 5-12 mm,
Lallemant et al. 1980).

Temperature is in general the most important parameter controlling the electrical
conductivity of mantle minerals as illustrated in the example from Fig. 1: the imposed
chemical boundaries at 120 km depth and at the base of the lithosphere (180 km) in the
model produce only minor changes in conductivity compared to the change in the slope
from the thermally conductive domain (steep) to the convective one (gentle). Under some
conditions (i.e. small grain size), proton conduction related to water is the dominant
process (Fig. 2). The presence of melt can also significantly enhance the conductivity of
minerals provided the required connectivity (see Sect. 2.2.2). The amount of iron is only
relatively important in the case of high iron content variations. Pressure does not have an
appreciable effect in the conductivity of pyroxenes (Dai et al. 2006), but is relevant for
olivine (Xu et al. 2000) as well as for garnet (Dai and Karato 2009a) in the sublithospheric
mantle (7 > 1300 °C) (Fig. 1). The effect of oxygen fugacity on the conductivity of
mantle minerals is only of minor importance in comparison with temperature or iron
content, particularly in view of the uncertainties in the EM data used to infer subsurface
electrical conductivity (e.g., Jones et al. 2009a; Khan 2016).

2.2.1 Proton Conduction: Water Distribution in the Mantle

The presence of water (i.e. OH defects) dissolved in mantle rocks can significantly enhance
electrical conductivity of mantle minerals (e.g., Karato 1990; Wang et al. 1999, 2006;
Yoshino et al. 2009; Poe et al. 2010). The actual amount of water in the mantle remains
debated (see, for example, Demouchy and Bolfan-Casanova 2016), but of interest as its
presence dramatically affects mantle viscosity, a key parameter in geodynamic evolu-
tionary models. There are two end-member cases defining water content in the mantle:
(i) experimental measurements of OH defects in minerals either using secondary ion mass
spectrometry (SIMS) or Fourier transform infrared spectroscopy (FTIR) and (ii) experi-
mental measurements of water storage capacity at high pressure under water-saturated
conditions. As for direct measurements of water, it is worth mentioning that due to
decompression experienced by mantle xenoliths brought up to the surface, water can
diffuse out of the sample (i.e. into grain boundaries space) (Demouchy 2010). Water
diffusion out seems to be relevant for garnet and, to a lesser extent, for olivine (Demouchy
et al. 2006). Hence, directly measured water contents in xenolith should be considered as
the minimum possible values. The absorption of additional water into a xenolith rock due
to re-equilibration with a water-saturated melt on its way to the surface is possible, but
unlikely (e.g., Demouchy and Mackwell 2006). Water storage capacity or water solubility
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in a mineral is the maximum possible water content that a mineral, or an assemblage of
minerals, can accommodate within their structures without saturating or producing a water-
rich fluid or hydrous melt at a given pressure. The amount of water in the mantle is
bounded on the low side by the measured water content in xenolith and peridotite massif
samples (e.g., Demouchy and Bolfan-Casanova 2016) and on the high side by the water
solubility (e.g., Zhao et al. 2004) falling most likely close to the xenolith measurements
(see Figs. 3 and 4).

Zhao et al. (2004) conducted an experiment on the solubility of hydrogen (i.e. the water
storage capacity, CQy) in synthetic forsterite and San Carlos olivine at temperatures
between 1000 and 1300 C and a pressure of 300 MPa. Their results show that Cou
increases systematically with increasing temperature, with increasing water fugacity, and
with increasing iron content (Zhao et al. 2004):

—(AE® + PAV®) + yXp,
RT

Con = Afit0 exp( (5)
where A = 5.62 x 10° wt ppm/GPa, fiy,0 is the water fugacity (GPa), AE° = 50 kJ/mol,
AV’ =10 cm3/m01, v = 97 kJ/mol, and R is the universal gas constant. Zhao et al. (2004)
assumed a fy,0 for pure water from Pitzer and Sterner (1995) formula, hence without
accounting for any dissolved oxides in the vapour phase (Bali et al. (2008)). The water
contents used in Eq. 5 assume the calibration of Patterson (1982) increased by a factor of
3.5 based on the calibration of Bell et al. (2003). Kohlstedt et al. (1996) determined water
storage capacity in olivine at 7 = 1100 C and pressures up to 13 GPa using FTIR spec-
troscopy and Paterson calibration. This was later re-evaluated by Hirschmann et al. (2005)
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Fig. 3 Experimental water solubility curves for olivine. From left to right the vertical scale changes: down
to 400 km (left), 250 km (centre), and 100 km (right). The different lines throughout the figure are: solid
green (Kohlstedt et al. 1996); dashed green (Hirschmann et al. 2005); solid blue (Mosenfelder et al. 2006);
and solid red (Zhao et al. 2004). See the text for further details. The black diamonds are natural sample
olivine water contents from Demouchy and Bolfan-Casanova (2016) database. The grey solid line in the left
plot is the geotherm used to compute the solubility curves
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Fig. 4 Experimental water solubility curves for upper mantle minerals. Left plot: temperature distribution
(solid grey) and volumetric fractions of the different minerals (red for olivine, green for garnet, blue for
orthopyroxene, and black for clinopyroxene) assumed to compute experimental solubility curves (centre and
right plots in the figure) and the bulk rock solubility (centre). The assumed bulk composition corresponds to
an average garnet peridotite (column 1 in Table 4). Centre and right plots: water solubility for the different
minerals according to various experimental results (solid red for olivine according to Kohlstedt et al. (1996),
solid green for garnet according to Lu and Keppler (1997), solid blue orthopyroxene, and solid black
clinopyroxene after Mierdel et al. (2007) and Gravrilenko (2008)) and natural rock water contents from
Demouchy and Bolfan-Casanova (2016) database (red diamonds are olivine, blue triangles orthopyroxene,
black hexagons clinopyroxene, and grey stars bulk rock). The vertical scale in the centre and right plots
varies: down to 400 km (centre) and to 250 km (right). The absorption coefficients assumed for olivine,
garnet, and the pyroxenes, for both the water content measurements and the solubility models are those of
Bell et al. (1995, 2003)

based on the more accurate calibration of Bell et al. (2003) including also a constraint at
0.3 MPa from Bai and Kohlstedt (1993). Hirschmann et al. (2005) derived the following
depth-dependent equation for the water storage capacity in olivine, C3y (in wt ppm):

log oy Cyy = (a+b - 2°) (6)

where, a = —1.194, b = 2.263, ¢ = 0.128 and z is the depth in km.

Mosenfelder et al. (2006) also conducted an experiment on OH solubility in Fe-bearing
olivine at temperatures between 1000 and 1300 C but in contrast to the experiment con-
ducted by Zhao et al. (2004), where the pressure was 0.3 GPa, the pressure ranged from 2
to 12 GPa. These authors presented the following formula for OH solubility in olivine:

0
=) )
where A = 2.45 x 10° H/10°Si/GPa (149.8 wt ppm/GPa), fi,0 is the water fugacity
(GPa), AV° = 10.2 cm*/mol, and R is the universal gas constant (Mosenfelder et al. 2006).
Using the same expression, Kohlstedt et al. (1996) (using the calibration of Patterson
(1982)) derived the following parameters: A = 1.1 X 10* H/10°Si/GPa (67.3 wt ppm/
GPa) and AV’ = 10.6 cm*/mol.

Con = Afino exp<
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The water capacity in olivine from the available laboratory results is shown in Fig. 3.
The differences among the experimental results are evident at all upper mantle depths. At
the top of the transition zone (olivine—wadsleyite, 13 GPa), the solubility according to
Zhao et al. (2004) is around an order of magnitude larger than the estimates from the other
laboratory studies: 32,510 wt ppm (Zhao et al. 2004) versus 2260-7245 wt ppm
(Kohlstedt et al. 1996; Hirschmann et al. 2005; Mosenfelder et al. 2006). Zhao et al.’s
(2004) model starts to diverge from the other models at depths > 100 km (Fig. 3). At
shallower depths, z < 100 km (P < 3 GPa), the model by Hirschmann et al. (2005) pre-
dicts a water capacity 0.5-1 log units larger than the other experimental results. Excluding
the model of Hirschmann et al. (2005), the water storage in olivine in the uppermost mantle
remains quite modest and almost dry beneath the Moho (0.2-20 wt ppm at ~ 30 km),
reaching 100 wt ppm at depths of 60-80 km (Fig. 3). The models of Mosenfelder et al.
(2006) and Kohlstedt et al. (1996) differ in the whole upper mantle range by a factor
2.5-3.2 (with higher water capacity in Mosenfelder et al. (2006)) which could be related to
the different FTIR calibrations assumed. For the same OH calibration, Zhao et al.’s (2004)
model predicts CQy; that are 2080 wt ppm lower than Mosenfelder et al.’s (2006) down to
90 km, where their estimates coincide in a value of around 380 wt ppm (Fig. 3). As noted
by Mosenfelder et al. (2006), the mechanisms by which hydrogen is incorporated in olivine
at low and high pressures may be significantly different.

In the case of pyroxenes (orthopyroxene and clinopyroxene, opx and cpx, respectively),
the water solubility (Chy) shows two main sources: an aluminium-free contribution (C5*)
and an aluminium-related contribution (CR}) (Mierdel et al. 2007). This can be expressed
as:

B =B+ ki

RT
—(AES, + PAVY)
RT

—(AE® 4+ PAV®
ng :AszOeXp( ( ks )) (8)

% = Anino) exp

Mierdel et al. (2007) determined experimental parameters based on Eq. 8 for pure Al-free
enstatite (opx): A = 1.35 x 10> wt ppm/GPa, AE® = —4.56 kJ/mol, AV’ = 12.1 cm’/-
mol, and for opx coexisting with the corresponding aluminous phase (spinel or garnet):
Ax = 4.2 wt ppm/(GPa)'?, AEQ; = —79.685 kJ/mol, AVY, = 11.3 cm*/mol. Gavrilenko
(2008) estimated the Al-free parameters for pure diopside (cpx): A = 1.85 x 107 wt ppm/
GPa, AE® = —11.12 kJ/mol, AV° = 14.62 cm>/mol. The absorption coefficients from Bell
et al. (1995) calibration were assumed to determine the OH contents in the works by
Mierdel et al. (2007) and Gavrilenko (2008).

The water solubility in garnet remains controversial, especially for relatively high
pressures P > 7 GPa. Lu and Keppler (1997) studied the solubility of water in natural
pyrope at 7= 1000 °C for the oxygen fugacity associated with the Ni—NiO buffer:

0 0
i = Alfvo) Pexp( ~AE ) ©)
Lu and Keppler (1997) determined experimental parameters for Eq. 9 assuming the cali-
bration of Bell et al. (1995): A = 18.09 wt ppm/(GPa)"?, AE® = — 14 kJ/mol,
AV® = 5.71 cm*/mol. Following Fullea et al. (2011), the original value of the pre-expo-
nent A in Lu and Keppler (1997) (67.9 wt ppm/(GPa)” 2), valid only for 7 = 1000 °C, has

@ Springer



976 Surv Geophys (2017) 38:963—-1004

been modified to account for the enthalpy of the reaction in Eq. 9. According to the
laboratory study of Withers et al. (1998) on pyrope garnets, in the presence of excess SiO,
at 7= 1000 °C in the pressure range 2—13 GPa, the water solubility of garnet increases
down to 5 GPa (z = 160 km) up to values of > 1000 wt ppm, decreasing subsequently to
below the detection limit for P > 7 GPa (z = 215 km). In contrast, the work by
Mookherjee and Karato (2010) shows that the solubility of pyrope-rich garnet at
T = 1100-1200 °C and P = 5-9 GPa is > 1000 wt ppm for P > 7 GPa. In general, the
solubility predicted by the model of Withers et al. (1998) is higher than that of Lu and
Keppler’s (1997) except for z > 215 km. The results by Mookherjee and Karato (2010)
suggest that the solubility of garnet is systematically higher than that derived by Lu and
Keppler (1997) for the whole lithospheric and sublithospheric mantle range. Regardless of
which experimental result is considered, for depths > 220 km olivine is the most important
potential water host due to its higher water solubility in comparison with the other minerals
(Fig. 4).

It is estimated from measurements in various tectonic settings that the water content in
upper mantle minerals typically goes from dry up to 80, 200 and 400 wt ppm, for olivine,
orthopyroxene, and clinopyroxene, respectively (e.g., Grant et al. 2007; Peslier 2010;
Peslier et al. 2010; Baptiste et al. 2012; Doucet et al. 2014; Peslier and Bizimis 2015;
Demouchy and Bolfan-Casanova 2016). Garnet shows the largest range of variations in
water content from > 1000 wt ppm in ultra-high pressure (UHP) metamorphic rocks (Xia
et al. 2005) to < 20 wt ppm in peridotites and eclogites in mantle xenoliths (Bell and
Rossman 1992). Hirschmann (2006) estimated a bulk water content in the upper mantle,
disregarding plumes or subduction zones, of 50-200 wt ppm range. Peridotite xenoliths
studies in a well-studied craton in South Africa (Kaapvaal) show olivine water content
estimates decreasing with depth, over the depth range from P = 4 GPa (z = 130 km) to
P =6 GPa (z = 190 km) (Peslier 2010; Peslier et al. 2010; Baptiste et al. 2012). At
P < 3.0 GPa, the olivine samples in the Kaapvaal xenoliths seem to have lost their initial
water content due to diffusion processes (Peslier and Luhr 2006). Both clinopyroxene and
orthopyroxene in the Kaapvaal xenolith suite show a minimum water content at
P = 2.5 GPa (z = 80 km), increasing down to 4.0-4.5 GPa (z = 130-140 km) and
remaining constant with around 400 and 200 wt ppm, respectively, at P > 4.5 GPa
(Peslier 2010).

Water contents measurements in garnet from peridotite and eclogite rocks in xenoliths
show < 20 wt ppm in general, whereas Cr-poor garnet megacrysts are slightly wetter on
average (33 wt ppm) (Bell and Rossman 1992). After filtering the samples from the
Kaapvaal suite, Peslier (2010) found that garnet at P > 4.5 GPa is virtually dry
(<1 wt ppm). Grant et al. (2007) found similar water contents for the pyroxenes but
significantly lower values for olivine (< 10 wt ppm) in samples from South African
kimberlite pipes. In a recent work Demouchy and Bolfan-Casanova (2016) review pub-
lished hydrogen content in a variety xenolith samples across the world (see their Table 2
for details). The water contents from Demouchy and Bolfan-Casanova (2016) are plotted in
Figs. 3 and 4 along with experimentally determined solubility for different minerals. With
the exception of a few shallow samples (< 35 km depth), olivine water content in natural
olivine is bounded by the experimental solubility (e.g., Zhao et al. 2004; Kohlstedt et al.
1996) and ranges from dry to the water-saturated curve for depths up to 70 km (Fig. 3). At
greater depths, water in olivine is much lower than the experimentally derived water
storage capacity. As noted by Demouchy and Bolfan-Casanova (2016), there seems to be
no significant differences between the water content of lherzolites (fertile) and harzburgites
(depleted) in either the spinel (shallow) or garnet (deep) stability field, suggesting that
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there is no apparent correlation between melt depletion and water content in olivine. Below
80 km, the hydrogen content in olivine seems to decrease down to around 100 km (local
minimum) and then increases again (> 100 wt ppm) down to the deepest recorded xenolith
measurements compiled in Demouchy and Bolfan-Casanova (2016) (230 km) (Fig. 3).
Therefore, garnet peridotites are on average more hydrated than spinel peridotites. If the
pyroxenes and garnet are taken into account, then the bulk water content of the xenoliths
can be calculated (Fig. 4). The distribution of water in the pyroxenes follows a similar
pattern than in olivine with a minimum around 120-130 km depth and then increasing
progressively and in general well below the saturation values. The bulk water content
mimics the variations in both the olivine and the pyroxenes modulated as well by the
modal distribution. In the spinel stability field (< 70 km), the bulk water content varies
between 50 and 100 wt ppm in agreement with estimates for a mid-ocean ridge basalt
(MORB) mantle source (e.g., Hirschmann 2006). In the garnet stability field, the bulk
water decreases with a minimum around 120-130 km depth and then increasing again to
values of &~ 100 wt ppm (Fig. 4).

The bulk amount of water in upper mantle peridotites is to a large extent controlled by
the storage capacity in olivine (Ferot and Bolfan-Casanova 2012). In that sense, an
important parameter is the so-called mineral/mineral water partition coefficients expressing
how water is differently distributed among mantle minerals. The bulk rock water content,
Cy,, can be expressed as:

CW = Zi:phases C‘ZNXI (10)

where Ci, and X' are the water content and modal amount of phase i (olivine, orthopy-
roxene, clinopyroxene, and garnet in the case of the upper mantle), respectively. Alter-

natively, Cy, can be expressed in terms of the water partition coefficients DZ:’(I) :

i/ol i
CW—CSJ<X°1+ > Déjox) (11)

i = opx,cpx,gnt

The partition coefficients are in general less prone to strong pressure and temperature
variations than measurements of peridotite-saturated storage capacity (Hirschmann et al.
2009; Tenner et al. 2012) and that makes them useful for modelling purposes. In addition,
partition coefficients allow redefining the variable space using only water content in olivine
as a free parameter (e.g., Vozar et al. 2014; Khan 2016). Measurements made on mantle
xenoliths and laboratory studies at controlled conditions show a range of partition coef-
ficients (Table 3).

In the case of the pyroxenes, the partition between clinopyroxene and orthopyroxene,

D;p;g(’px, seems to be rather independent of compositional or pressure variations, with
values of 1.7-2.2 in studies on natural peridotite samples, and of 1.4-3.5 in laboratory
studies (Table 3). The dispersion is far wider in the case of the partitioning between olivine
and pyroxenes. The amount of Al,O;3 oxide in orthopyroxene seems to control the amount
of water that the mineral can host (e.g., Grant et al. 2007; Mierdel et al. 2007; Ardia et al.
2012; Sakurai et al. 2014). For higher Al,O5 contents, orthopyroxene can host compara-
tively more water, and therefore, D%‘z/ % decreases its value (Ardia et al. 2012; Sakurai

et al. 2014). Grant et al. (2007) obtained similar results from analysis of natural samples

observing a significant increase in Dillf gpx across the spinel-garnet stability field (Table 3).
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Table 3 Partition coefficients for water in different upper mantle minerals

1/opx Ccpx/opx
Dy D™
Sakurai et al. (2014)* 0.5-1 (Al,O5-free) -

0.24-2 (ALO; < 1 wt.%)
0.028-0.14 (ALO; > 1 wt.%)
Novella et al. (2014)° 0.53 1.7

Ardia et al. (2012)° (2 635 CP 10 78)71
: ALO; T Y-

Tenner et al. (2012)¢ 0.74 -
Kovicks et al. (2012)° 0.15-0.21 2.7-3.5
Ferot and Bolfan-Casanova (2012)" 0.92-3.6 (Al,O3-free) -

0.6 (P = 2.5 GPa, AL,05)
1.11 (P = 5 GPa, Al,0O3)

Aubaud et al. (2004)2 0.11 1.4

Peslier (2010)" 0.37 1.76

Grant et al. (2007)i 0.011 (spinel field) 2.1
0.085 (garnet field)

Bell et al. (2004) - 2

Peslier et al. (2002)* - 22

Demouchy and Bolfan-Casanova (2016)" 0.02-0.2 (spinel field) 2.1

0.02-0.48 (garnet field)

# Laboratory study at P = 1.5-6 GPa

® Laboratory study at P = 6 GPa, T = 1400 C

¢ Laboratory study at P = 5-8 GPa, T = 1400-1500 C

4 Laboratory study at P = 10-13 GPa, T = 1350-1450 C
¢ Laboratory study at P = 2.5-4 GPa

f Laboratory study at P = 2.5-9 GPa, T = 1175-1400 C
€ Laboratory study at P = 1-2 GPa, T = 1230-1380 C

h i, j. ko1
» 1 )% 1 Natural sample water content measurements

Interestingly, the increase in D(ﬁl’/gpx observed by Grant et al. (2007) in the garnet field,
where less Al,Oj is available for the orthopyroxene phase, is due to a different mechanism
by which water is incorporated into olivine (i.e. more water in garnet peridotites than spinel
peridotites) rather than to a change in orthopyroxene’s water content with depth. The
partition coefficient values for olivine and orthopyroxene found by Grant et al. (2007)
based on the analysis of eight natural samples from six geographic localities representing a
variety of tectonic setting are rather low (D%IZ/ oP* = 0.01 and 0.085 for the spinel and garnet
stability fields, respectively) compared with the values obtained from a larger data set
compilation of mantle-derived rocks by Peslier (2010) (average Dillz/ % of 0.37, Table 3).
Most of the samples in Peslier (2010) are from cratonic settings (with a significant bias
towards the Kaapvaal craton) and exhibit average olivine water content larger than that
reported by Grant et al. (2007) with similar values for the water contents in the pyroxenes
in the two studies.

@ Springer



Surv Geophys (2017) 38:963-1004 979

A more recent compilation by Demouchy and Bolfan-Casanova (2016) also shows
comparatively larger maximum values of D;l/ o = 0.2 and 0.48 for the spinel and garnet

stability fields, respectively (Table 3). Laboratory estimates of D(}){Iz/ o* indicate an increase

with depth (for a decrease in Al,O; available for orthopyroxene) (Ardia et al. 2012;
Sakurai et al. 2014) also reported in xenolith-based studies (Grant et al. 2007; Demouchy
and Bolfan-Casanova 2016). However, water content measurements in mantle xenoliths for

the Kaapvaal craton show a systematic decrease in olivine water with depth (Peslier et al.

2010; Baptiste et al. 2012), resulting in the opposite behaviour (i.e. Dglz/ gpx decreasing with

depth below 130 km). The work by Demouchy and Bolfan-Casanova (2016) includes
samples from a cratonic setting in Siberia (data from Doucet et al. 2014) that, in contrast to
xenoliths from the Kaapvaal craton (Peslier et al. 2010; Baptiste et al. 2012), exhibit high
olivine water contents at depths > 150 km that would lead to an increase in Dgz/ ¥ across
the spinel-garnet phase transition (Figs. 3 and 4). However, water content estimates in
olivine inclusions within cratonic diamonds in Siberia, from the same locality as the
xenoliths analysed by Doucet et al. 2014, show very low values of 0.5-5 wt ppm (Novella
et al. 2015). This apparent contradiction suggests a rehydration process taking place after
the diamond formed due to an interaction with either the kimberlitic magmas or metaso-
matic fluids/melts (Demouchy and Bolfan-Casanova 2016). The question whether these
metasomatic interactions postdating to the Siberian craton formation conditions (as
recorded and preserved in the diamond inclusions) affect large portions of the Archaean
mantle or only local veins related to the kimberlitic magmatism remains open.

The presence of dissolved water is also a potential source of significant and observable
electrical anisotropy. Dry undeformed olivine single crystals are only weakly anisotropic
(e.g., Du Frane et al. 2005), but the presence of water can increase anisotropy by as much
as one order of magnitude for 1000 wt ppm according to laboratory results (Poe et al.
2010). If proton conduction in olivine single crystals is adequately described by the Nernst-
Einstein equation, then the conductivity should be proportional to the diffusivity of protons
in olivine (e.g., Murch 1983; Jones 2016). The diffusion of protons in the olivine lattice is a
process dominated by the interaction of protons with polarons at temperatures < 900 °C
and by the proton—metal vacancy interaction at temperatures > 900 °C (e.g., Kohlstedt and
Mackwell 1998; Demouchy and Mackwell 2006). Both the low- and the high-temperature
diffusion regimes are strongly anisotropic, but in both regimes, the fast diffusion axis
seems to be at odds with the high electrical conductivity axis in olivine observed in the
most recent and detailed laboratory measurements at pressure above 6 GPa (Poe et al.
2010). Deformation seems to play an important role in electrical anisotropy (e.g., Gatze-
meier and Tommasi 2006; Caricchi et al. 2011; Zhang et al. 2014; Pommier et al. 2015).
Strongly sheared and deformed olivine samples show electrical anisotropy factors around
ten, with the enhanced conductivity directed along the shear direction likely due to grain
size reduction via dynamic recrystallization (Pommier et al. 2015). Moreover, macroscopic
anisotropy in olivine (or other mineral phase) aggregates requires significant alignment of
the single crystals, i.e. crystal or shape preferred orientation produced by dislocation creep
mantle deformation (e.g., Gatzemeier and Tommasi 2006).

2.2.2 Melt Conduction

Another factor that can potentially enhance electrical conductivity of upper mantle min-
erals is the presence of an interconnected melt in the crust, lithospheric or sublithospheric
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mantle. EM studies have identified partially molten zones associated with a very high
conductivity (> 0.1 S/m) that cannot be explained by thermal or other effects (e.g., Baba
et al. 2010; Heise et al. 2007; Toffelmier and Tyburczy 2007; Didana et al. 2014). The
conductivity of various types of melts has been measured in several laboratory studies (see
the review by Pommier 2014). Silicate melts, either rhyolitic (Gaillard 2004), dacitic
(Laumonier et al. 2014), or basaltic (Tyburczy and Waff 1983; Ni et al. 2011; Miller et al.
2015), are about an order of magnitude less conductive than carbonatite melt (Gaillard
et al. 2008; Yoshino et al. 2010; Sifré et al. 2014). In addition, the connectivity of car-
bonatite melt is larger than that of silicate melt (e.g., Hammouda and Laporte 2000). The
conductivity of silicate melts has been shown to depend strongly on its chemical com-
position: amounts of Na, Si, and water content are the most important factors (e.g.,
Pommier et al. 2008; Ni et al. 2011). The effective conductivity of a partially molten rock
depends on the conductivities of the bulk rock and melt, the melt fraction and the mixing
rule connecting the bulk rock and the melt assumed. For the mixing rule, there are different
options: Archie’s law, cubic grains approach (Waff 1974), Hashin and Shtrikman maxi-
mum bound (Hashin and Shtrikman 1963). For a more detailed discussion of the fluid—rock
mixing rules, the reader is referred to Glover (2010) and Laumonier et al. (2017).
According to a recent experimental study by Pommier et al. (2015), a melt phase also
induces significant electrical anisotropy in sheared olivine samples up to temperatures of
900 C, decreasing for higher temperatures. Interestingly, such temperature-driven beha-
viour indicates that the crystal or shape preferred orientation induced by deformation
(responsible for seismic anisotropy) may differ from the melt preferred orientation (one of
the possible causes for electrical anisotropy along with water) which would be controlled
by melt—solid interfacial energy (Pommier et al. 2015). Thus, obliquity between seismic
and electrical anisotropy not only could be due to large-scale geoelectric structure or
crystal mineral orientations (e.g., Wannamaker 2005; Adetunji et al. 2015) but also could
be related to the thermal regime via melt as exemplified by Pommier et al. (2015) in three
Pacific Ocean settings.

The existence of a molten phase in the crust and upper mantle is dictated by the solidus
curve of the different constituent rocks (e.g., Hirth and Kohlstedt 1996; Asimow et al.
2004; Katz et al. 2003). The solidus of lithospheric and upper mantle rocks is significantly
decreased by the presence of even small amounts of water which in turn increases strongly
the electrical conductivity of upper mantle rocks by proton diffusion (see Sect. 2.2.1).
Therefore, both water and melt affect the conductivity of rocks in a nonlinear, entangled
manner which thus makes it difficult to straightforwardly translate conductivity values
from EM models into, for example, melt fraction estimates.

2.3 Sensitivity of Electrical Conductivity, Density and Seismic Velocities
on the Thermochemical Structure

In Sect. 2.2, I have summarized the main characteristics of the electrical conductivity of
minerals from an experimental, laboratory perspective. In the following, I explore the
dependence of electrical conductivity and other secondary geophysical parameters (den-
sity, seismic velocities) to variations in the thermochemical conditions. In other words,
what is the sensitivity of secondary geophysical parameters to changes in primary
parameters (temperature, composition). Afonso et al. (2013a) presented an illustrative
example taking the electrical conductivity, density, and seismic velocity of a given mineral
aggregate at given temperature and pressure conditions (peridotite sample at P = 3 GPa
and T = 900 C) computed based on thermodynamics and mineral physics. The idea of this
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theoretical exercise is to retrieve the major element chemistry and temperature exploring
the compositional/thermal space based on a Monte Carlo method. In this way, the sensi-
tivity of the different secondary geophysical parameters to the thermochemical conditions
is assessed. This is of particular importance in the light of studies that try to infer the
thermochemical structure of the Earth based on secondary parameter models of resistivity,
density, or seismic velocities (e.g., Cammarano et al. 2003; Simmons et al. 2010; Thiel and
Heinson 2013; Ichiki et al. 2015; Cammarano and Guerri 2017).

2.3.1 Composition

We first fix the temperature and analyse the range of compositions that are able to
reproduce the target secondary parameters. If only electrical conductivity is considered
(Fig. 5), a region of low residuals (i.e. target minus estimated conductivity) is observed in
the compositional space, preferentially in areas of low MgO values. In the case of only
inverting Vp or Vs, the subset of acceptable models with residuals lower than the exper-
imental uncertainties cover most of the compositional variability observed in natural
samples. Vp exhibits a larger sensitivity compared to Vs due to the higher sensitivity of the
bulk modulus to Al,O3 changes compared to that of the shear modulus. For both Vp and Vs,
the low residuals align along a trend from high MgO and low CaO and Al,O; (harzburgites
and dunites) to low MgO and high CaO and Al,O;3 (lherzolites), reflecting trade-offs
between modal (phase abundancies) and chemical effects (major oxide composition of the
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Fig. 5 Ensemble of 2326 acceptable compositions from a total random population of 2500 samples. The
only constraining data are the bulk electrical conductivity. The true (target) composition is indicated by the
white star (SiO, = 44.03, Al,05; = 3.81, FeO = 8.08 and MgO = 40.82, CaO = 3.25 in wt.%), and the
corresponding target electrical conductivity is logy (6/69) = — 3.9163, with gy = 1 S/m (calculated at
T =900 C, P = 3 GPa). The black arrow indicates the direction of increasing garnet content in the samples.
The colour scale represents the misfit in absolute values. After Afonso et al. (2013a)
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phases). The residuals using only bulk density are less extended along the MgO and FeO
and SiO, axes although still define a large compositional range. Inverting together Vp, Vs,
bulk density, and electrical conductivity allows to define a much narrower compositional
space around the target composition compared to the case of inverting any of the secondary
geophysical parameters alone (Fig. 6). Yet the low residuals lie along a linear trend in the
compositional space from high MgO, low Al,O3, high FeO (harzburgites with anomalously
high FeO and Al203 content) to low MgO, high Al,O;, low FeO (lherzolites with
anomalously low FeO content). This linear trend, again, results from modal vs composi-
tional effects. For example, typical harzburgites (from global databases) exhibit low
density and high Vp and Vs, but FeO-rich harzburgites tend to host larger volumetric
amounts of high density, low Vp, Vs olivine (fayalite). At the same time, relatively high
amounts of Al,O; promote more modal dense garnet phase, resulting in FeO- and Al,O5-
rich harzburgites having similar physical properties than fertile lherzolites. Therefore, there
is a trade-off between the influence on the secondary geophysical parameters of Mg# and
FeO on the one hand, and of Al,O5 on the other hand. This modal-compositional trend is
minimized at high pressures (depth > 300 km) as the capacity of the pyroxenes to
incorporate Al,O3 (without generating more garnet, the densest, fastest, and more elec-
trically conducting upper mantle mineral phase) is significantly reduced.

SiO2

AlRO3

0 0 ;
32 34 36 38 40 42 44 46 48 50 52 32 34 36 38 40 42 44 46 48 50 52
MgO MgO

[

0.5 1 15 2 25
combined residual

Fig. 6 Ensemble of 546 acceptable compositions from a total random population of 2500 samples. These
acceptable samples simultaneously fit Vs, Vp, electrical conductivity, and bulk density constraints (within
uncertainties). True (target) composition, P-T conditions, and corresponding ¢ as in Fig. 5. The
corresponding target Vs and density are 4.634 km/s and 3378.79 kg/m®, respectively (calculated at
T =900 C, P = 3 GPa). The colour scale represents the combined normalized residual. After Afonso et al.
(2013a)
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Fig. 7 Histogram of 990 samples that fit Vp, Vs, bulk density, and electrical conductivity within
uncertainties. Note that more than 92% of these samples are found within the range 800 C < T < 1000 C.
b as in a but excluding electrical conductivity from the constraining parameters. The colour scale denotes
values of the normalized posterior probability distribution function (PDF). Numbers between two
temperature bins are the average residuals for the two adjacent bins. After Afonso et al. (2013a)

2.3.2 Temperature

Now we add temperature as a variable, in addition to composition, and try to retrieve the
temperature and compositional values that reproduce the target secondary parameters
(Fig. 7). If electrical conductivity is not included, the distribution of samples matching the
target parameters is wider in temperature, i.e. the “true” temperature is less well defined.
This fact reflects the higher sensitivity of conductivity (exponential) to temperature
compared to that of seismic velocities or density (quasi-linear). However, due to its
dependence on modal garnet and bulk MgO content, the electrical conductivity tends to
produce wider low misfit compositional regions when added to seismic velocities and
density inversions.

3 Integrated Geophysical-Petrological Modelling

Integrated modelling of geophysical-petrological data sets (e.g., gravity, seismic, elec-
tromagnetic, heat flow, mantle xenolith composition) in either its forward or inverse
version requires solving a number of equations describing the various physical (e.g., heat
transport, Maxwell’s equations, or seismic wave propagation) and chemical (thermody-
namic mineral phase equilibria) processes that link the thermochemical conditions within
the Earth to those geophysical-petrological observables (Dobson and Brodholt 2000; Xu
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et al. 2000; Shapiro and Ritzwoller 2004; Khan et al. 2006; Afonso et al. 2008; Verhoeven
et al. 2009; Fullea et al. 2009; Zunino et al. 2016). An essential ingredient of the integrated
approach is to determine, within a self-consistent thermodynamic framework, key physical
parameters in the mantle (e.g., density, resistivity, elastic moduli) as a function of the
pressure, temperature, and bulk mineralogical composition (e.g., Connolly 2005; Khan
et al. 2007; Afonso et al. 2008; Fullea et al., 2011; Khan 2016, Kuskov et al. 2014).
Modelling several data sets simultaneously reduces significantly the uncertainties related to
the modelling of these data sets separately or in pairs. This section gives an overview of the
main ingredients in the integrated geophysical-petrological approach focused on the
lithosphere, including the basic definitions (3.1 The lithosphere—asthenosphere boundary,
3.2 The geotherm), the petrological and mineralogical components (3.3 Thermodynamic
framework, 3.4. Mantle bulk electrical conductivity), and the observations (3.5 Forward
modelling: geophysical observables). The overview is illustrated by an example from
Vozar et al. (2014), where the authors presented a 1D joint forward modelling of long-
period surface wave phase velocities, MT responses, and surface topography in central
Tibet (Qiangtang and Lhasa terranes).

3.1 The Lithosphere—Asthenosphere Boundary

The lithosphere—asthenosphere boundary (LAB) is one of the fundamental discontinuities
within the upper mantle and a commonly used term in integrated modelling. It has been
characterized according to different geophysical and geochemical parameters: seismic
velocities, seismic and electrical anisotropy, temperature, composition, electrical resistivity
(e.g., Eaton et al. 2009; Muller et al. 2009; Jones et al. 2010; Yuan and Romanowicz 2010;
Fullea et al., 2011, 2012; Pommier et al. 2015). The LAB divides the outermost, cold,
relatively rigid layer of the Earth (lithosphere) from the warmer and rheologically weaker
sublithospheric or asthenospheric mantle. A number of different reasons have been pro-
posed to explain the weak rheological nature of the asthenosphere, most notably aniso-
tropy, partial melt and/or the presence of relatively small amounts of water (e.g., Anderson
and Sammis 1970; Hirth and Kohlstedt 1996; Kawakatsu et al. 2009; Poe et al. 2010;
Karato 2012; Schmerr 2012; Pommier et al. 2015; Laumonier et al. 2017). Here we define
the LAB as both a thermal (see Sect. 3.2) and a chemical boundary (see Sect. 3.3).

3.2 The Geotherm

The lithospheric geotherm is computed under the assumption of steady-state heat con-
duction transfer in the crust and lithospheric mantle for a set of fixed boundary conditions,
considering a P-T-dependent thermal conductivity (Afonso et al. 2008; Fullea et al. 2009).
In particular, the base of the lithosphere is defined here by the 1300 C isotherm, which is
the bottom fixed-temperature boundary condition for the conduction equation. In the
convecting sublithospheric mantle, the geotherm is given by an adiabatic temperature
gradient (generally assumed to be in the range 0.35-0.6 C/km). Here we assume a mantle
adiabat characterized by a potential temperature of 1345 C (e.g., Herzberg et al. 2007).
Between the lithosphere and sublithospheric mantle, we parameterize a “transition” region
(a buffer or boundary layer) of variable thickness and characterized by super adiabatic
gradient (i.e. heat transfer is controlled by both conduction and convection mechanisms,
see Fullea et al. (2009) for details). At the 410-km discontinuity (olivine to wadsleyite
transition), maximum lateral temperature variations are ~ 120 °C, according to seismic
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observations (e.g., Chambers et al. 2005, and references therein, Khan et al. 2013; Kuskov
et al. 2014).

3.3 Thermodynamic Framework

Stable mineral assemblages in the mantle can be determined using a Gibbs free energy
minimization approach as described by Connolly (2005) and Connolly (2009). The com-
positional space is usually defined within the major oxide system NCFMAS (Na,O—CaO-
FeO-MgO-Al,03-Si0,). The NCFMAS compositional space can be treated as six inde-
pendent variables (i.e. the weight amount of each of the major oxides linked by the
restriction that the sum of all of them has to be 100%). The NCFMAS system accounts
for > 98 wt.% of the Earth’s crust and mantle, and therefore, it is considered to be an
excellent starting basis for modelling mineral phase assemblages in the Earth. Based on
empirical relationships from global xenolith and peridotite massif databases, the number of
independent oxides can be reduced to one or two (usually Al,O; and FeO, see, for
example, Afonso et al. 2013a). Other authors parameterize the compositional space in
terms of a one-parameter basalt—harzburgite mixture, either a chemically equilibrated bulk
composition (e.g., Khan 2016) or a mechanical mixture of the basaltic and harzburgitic
end-members (Xu et al. 2008).

In our case study in Tibet, we follow the compositional parameterization based on the
NCFMAS system as in, for example, Fullea et al. (2010), (2014); (2015a, b). We define
two chemically distinct mantle domains in our 1D model column: the lithospheric mantle
and the sublithospheric mantle. In the sublithospheric mantle, we assume an average and
fixed fertile primitive composition (i.e. PUM in Table 4). The bulk composition in the
lithospheric mantle is a model parameter. Vozar et al. (2014) considered different possible

Table 4 Bulk mantle compositions in Vozar et al. (2014)

Mongolia: Av.  Lhasa 1: dry Fe- Lhasa 2: dry Fe-rich Lhasa 3: wet Fe-rich PUM
Gnt peridotite rich harz. (ol/opx) harz. (ol/opx/cpx) harz. (ol/opx/cpx/sp/ M&S95

(Wt.%)* (Wt.%)° (Wt.%)° phl) (wt.%)° (Wt.%)°
Si0,  44.59 43.44 432 42 45
TiO,  0.14 - - - 0.201
ALO; 348 0.44 0.96 2.24 4.45
Cr,0; 04 - - - 0.384
FeO 8.25 10.6 103 1037 8.05
MnO  0.14 - - - 0.135
MgO  39.56 44.42 44.6 432 37.8
CaO 285 0.36 0.82 0.61 3.55
Na,0O 031 0.02 0.04 0.04 0.36
NiO 0.6 - - - -
Total ~ 99.98 99.28 99.92 98.5 99.93
Mg# 897 87.96 88.2 88.14 89.3

* Average gnt peridotite from central Mongolia-Baikal from Ionov (2002 and references therein)
® Harzburgite averages in Sailipu (West Lhasa) from Liu et al. (2011)
¢ PUM stands for primitive upper mantle, M&S95 refers to McDonough and Sun (1995)
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compositions based on xenolith data from western Lhasa (Liu et al. 2011) as well as on
average garnet peridotite compositions from Asian mantle xenolith suites (Ionov 2002;
Barry et al. 2003) (Table 4).

To solve for the equilibrium mineralogy, different thermodynamically self-consistent
databases are available (e.g., Stixrude and Lithgow-Bertelloni 2005, 2011; Ricard et al.
2005; Matas et al. 2007; Khan et al. 2006; Piazzoni et al. 2007). The density and seismic
velocities in the mantle can be derived from the elastic moduli and density of each of the
stable end-member minerals (e.g., Connolly and Kerrick 2002; Afonso et al. (2008).
Anelasticity effects in observed seismic velocities are of primary importance particularly at
high temperatures (e.g., Karato and Wu 1993; Sobolev et al. 1996; Goes et al. 2000;
Cammarano et al. 2003; Afonso et al. 2010). Anelasticity is here treated as a posteriori
pressure—temperature-dependent correction to the anharmonic velocities computed from
thermodynamics (e.g., Afonso et al. 2005; Fullea et al. 2012; Karato and Wu 1993; Minster
and Anderson 1981). The applied anelastic correction to high-frequency anharmonic
velocities is based on the expressions (e.g., Karato and Wu 1993; Minster and Anderson

1981):
Vp = vpo(l — (%) cot(%) Q;l)
Vs = VSO(I - (%) cot(%a) Q;l) (12)

I NET

where Op = (9/4) Qs is assumed (this is equivalent to assuming an infinite quality factor
for the bulk modulus, i.e. Qx — 1 ~ 0). Vpy and Vg, are the unrelaxed anharmonic
velocities at a given temperature (7) and pressure (P) for a given bulk composition,
A =750 pum as-a, o = 0.26, E = 424 kJ/mol, R is the universal gas constant, d is the
grain size, V* the activation volume, and T, the reference oscillation period (Faul and
Jackson 2005; Jackson et al. 2002). For further discussion on the effects of other param-
eters (i.e. grain size, activation volume) on the anelasticity correction, the interested reader
is referred to laboratory (e.g., Faul and Jackson 2005; Jackson and Faul 2010) and mod-
elling (Fullea et al. 2012) studies. In our case study in Tibet, we use the same attenuation
parameters (d, V*, and Tj) as in Fullea et al. (2012).

As in the case of the electrical conductivity, melt has a significant impact in both the
seismic velocities and the attenuation. Recent experimental studies suggest a decrease in
the Vs and Qg values of up to 50% and an order of magnitude, respectively, for a melt
fraction of 4% (Chantel et al. 2016).

Uncertainties associated with the thermodynamic modelling (e.g., identity of the
stable minerals, the compositions of the minerals, and the elastic properties of the minerals)
are difficult to assess due to the nonlinearity of the associated free energy minimization
problem and autocorrelations among the various thermodynamic parameters. Estimated
values in the elastic properties of minerals yield uncertainties of 1-3, 2—4 and 0.5-1%, in
Vp, Vs, and mantle density, respectively (e.g., Kuskov and Fabrichnaya 1994; Connolly
and Kerrick 2002; Cammarano et al. 2003; Kennett and Jackson 2009). A recent work by
Connolly and Khan (2016) has estimated uncertainties in the phase equilibrium. One of
their main conclusions is that mineralogical uncertainties in Vp (3—4%) and density (2-3%)
are similar to those associated with mineral composition and elastic properties, being in
addition more important in the upper than in the lower mantle. However, for Vs the total
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uncertainty is comparatively higher (5%), approximately depth independent, and domi-
nated by the elastic properties-related component (Connolly and Khan 2016).

3.4 Mantle Bulk Electrical Conductivity

The bulk conductivity of a mantle rock can be computed knowing its mineral modal
distribution and the conductivity of the individual mineral phases (see Sect. 2.2). There are
different mixing theories described in the literature to obtain the conductivity of a mineral
assemblage based on its geometrical distribution (Maxwell-Garnett 1904; Hashin and
Shtrikman 1963; Schulgasser 1976, 1977; Berryman 1995). These mixing theories have
been employed by different authors in real case EM studies (e.g., Xu et al. 2000, Ledo and
Jones 2005; Jones et al. 2009a). Two-phase systems describing conductive and non-con-
ductive regimes have been generally applied for simplified geometrical representations
(e.g., Spangenberg 1998; Kozlovskaya and Hjelt 2000). However, these approaches are
less relevant for the Earth because the crucial information about the texture of rocks is in
general missing and only poorly sampled in xenoliths and other exposed mantle rocks.
Therefore, the bulk conductivity of mantle rocks is better described by means of averaging
schemes involving no assumptions in terms of the phase geometry. Maxwell-Garnett
(1904) developed the concept of the most extreme bounds that can possibly be obtained for
a physically meaningful mixture without any textural assumptions (“extremal bounds”).
The Hashin—Shtrikman (HS) extremal bounds (Hashin and Shtrikman 1963) are the nar-
rowest possible limits for a two-phase composite without assuming any information about
the texture/geometry of the phases. The generalization of the HS bounds for the conduc-
tivity of an N-phase material is given by (Berryman 1995):

N -1
— Vi
Ops = (;W) ~2Gmin (13)
where oys is the lower bound, v; is the volume fraction, N the number of phases, and Gy,
is the minimum conductivity of the N individual phases (see Sect. 2.2). In a similar way,
the upper bound, o1, in Eq. 13 results from replacing the maximum value, Gy, for the
minimum one. The minimum bound cyg can be thought of as resistive matrix filled with
non-interconnected conductive inclusions. ofjs would be represented by a conductive
matrix with non-interconnected resistive inclusions. Another set of bounds widely used to
characterize the electrical conductivity of mineral assemblages are the series and parallel
solutions (Schulgasser 1976, 1977):

()
(14)
op — (; O',‘V,‘)

where g and op are the series and parallel solutions, respectively. The series solution
represents the minimum bound, whereas the parallel solution is the maximum bound. From
a practical point of view, the differences between the series and parallel solutions and the
HS bounds are relatively minor (e.g., Fullea et al. 2011) and the geometrical average
between the min and max bounds in any of the two cases is a good estimation of the bulk
rock conductivity.
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3.5 Forward Modelling: Geophysical Observables

Density and pressure are mutually inter-related, and their distribution in depth has to be
found following an iterative procedure (see Appendix B in Fullea et al. 2009). Once
temperature, density, seismic velocities, and electrical conductivity distributions have been
derived in 1D, 2D, or 3D (see Sects. 3.1-3.4 above), a variety of synthetic geophysical
observables can be computed: surface heat flow, elevation, gravity field anomalies, and
seismic and electromagnetic data sets. These theoretical/predicted values are then com-
pared to measured data in order to validate Earth models either sequentially (i.e. forward
modelling) or within an inversion scheme.

In our case study in Tibet, Vozar et al. (2014) modelled the 1D lithospheric mantle
structure using surface wave phase dispersion curves, MT responses, and surface topog-
raphy with additional constraints from mantle xenoliths and surface heat flow. The main
model parameters in Vozar et al. (2014) are the Moho and LAB depths, controlling to a
large extent the geotherm, and the mantle bulk composition and hydrous state. Other
parameters like crustal properties (velocities, resistivity, and thermal parameters) and
a radial anisotropy profile were taken from previous studies and kept fixed (see Vozar et al.
2014 and references therein). The surface wave Rayleigh and Love phase velocities in
Tibet modelled in Vozar et al. (2014) were measured by Agius and Lebedev (2013) over a
period range broad enough to sense the lithosphere (Fig. 8). The MT data modelled in
Vozar et al. (2014) come from INDEPTH project line 500 (Fig. 8). From the whole
INDEPTH 500 line, a subsection of the MT stations was selected by Vozar et al. (2014)
(marked by circles in the north (purple—ii) and south (red—i) in Fig. 8 insert). Based on
skin depth and consistency considerations, MT data from the TE mode were selected for
integrated 1D modelling in the Lhasa Block and the Qiangtang Terrane. Data from stations
within the two groups (i.e. Lhasa and Qiangtang) exhibit significant similarities in their
sounding curves (Fig. 9). Synthetic local isostatic topography was estimated integrating the
crustal and lithospheric mantle density down to a reference compensation level. According
to the isostatic principle, the density-dependent pressure at the so-called compensation
level should be constant everywhere, and therefore, it is possible to use a calibrated
reference column (usually a mid-oceanic rift, see Afonso et al. 2008 and Fullea et al. 2009
for details) to determine absolute elevation as a measure of lithospheric buoyancy.
Although not considered in the Tibet case study, lithospheric flexure effects related to the
effective elastic thickness and the wavelengths of the loads can also be included (see
Appendix C2 in Fullea et al. 2009),

In the Qiangtang Terrane (Fig. 8), the best-fitting lithospheric model shows a 100-km-
thick lithosphere with a relatively fertile and dry lherzolitic composition (Mongolian
composition in Table 4) (Fig. 10). This best-fitting model is able to match the observed
MT responses and Rayleigh and Love phase velocities, and also the average topography of
the area in an isostatic sense (4.8 km). The crust in the best-fitting model is defined by a
Moho depth of 66 km in agreement with the existing literature (e.g., Zhao et al. 2001; Kind
et al. 2002; Kumar et al. 2006; Li et al. 2006; Yue et al. 2012). For illustrative purposes,
Fig. 10 shows the effect on the synthetic geophysical observables of changing in 20 km the
thickness of the lithosphere in the best-fitting model. In the southern part of the Lhasa
Terrane (Fig. 8), both the crust and the lithosphere are thicker (75 and 180 km, respec-
tively) than in Qiangtang according to modelling of surface wave and elevation data. This
lithospheric structure, however, is unable to explain the long-period MT data if the mantle
is assumed to be dry; in such a case, the electrical resistivity is too elevated regardless of
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Fig. 8 Maps showing the locations of INDEPTH MT profiles in Tibet (different colours). BNS, Banggong—
Nujiang suture; ITS, Indus-Tsangpo suture; MBT, main frontal thrust; KLF, Kunlun fault; SS, Shuanghu
suture. (Top right) Map of seismic stations used for surface wave modelling in Vozar et al. (2014). (Bottom
right) Zoomed map of line 500 with highlighted sites from the Lhasa and Qiangtang Blocks used for analysis
in Vozar et al. (2014)

the assumed lithospheric thickness (i.e. geotherm). There are several factors that can very
effectively decrease the electrical resistivity of the mantle (e.g., minor conducting phases,
melt, or water, see Sect. 2.2). Vozar et al. (2014) explored the hypothesis of small amounts
of water (hundreds of wt ppm) in nominally anhydrous minerals (NAMs). At this scale,
water significantly decreases mantle resistivity with a negligible effect in the density and
seismic velocities and associated observables. In addition, the presence of hydrous min-
erals (i.e. phlogopite) observed in some of the Fe-rich harzburgites in xenoliths from
Sailipu, a Lhasa terrain location west of the study region (Liu et al. 2011, Table 4), further
suggests a wet mantle. On those grounds, Vozar et al. (2014) modelled Lhasa mantle with a
phlogopite-bearing Fe-rich spinel harzburgite composition based on xenoliths from West
Lhasa (Lhasa 3 composition in Table 4). Vozar et al. (2014) considered three olivine
proton conduction models to estimate the amount and vertical distribution of water in the
Tibetan/Indian mantle: (1) Wang et al. (2006); (2) Yoshino et al. (2009); and (3) Jones
et al. (2012). The different olivine proton conduction models considered in Vozar et al.
(2014) require bulk water contents ranging from tens to hundreds wt ppm to match the MT
data, assuming water partitioning among the different minerals based on laboratory studies
(e.g., Kovacks et al. 2012, see Table 3). Vertically, the water distribution in the preferred
model is constant from the Moho to 160 km, decreasing down to the LAB depth at 180 km
(green line in Fig. 11). Alternative water distributions in olivine are shown in Fig. 11. A
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Fig. 9 Apparent resistivities and impedance phases of the TE (transverse electric) magnetotelluric mode
decomposed to regional strike direction for selected sites in the Lhasa and Qiangtang Blocks. The data are
used in integrated geophysical—petrological study by Vozar et al. (2014)

completely wet mantle (red line in Fig. 11) produces a very conducting mantle unable to
match MT data. In contrast, a completely dry (yellow line) or linearly decreasing water
content lithospheric model (blue line) is too resistive (Fig. 11). The best-fitting models
underneath Lhasa suggest a relatively wet underthrusting Indian lithosphere
(depth < 180 km) likely caused by dehydration processes. Vozar et al. (2014) interpreted
the thick lithosphere under Lhasa as a result of the underthrusting or low-angle subduction
without a significant downwelling of a relatively warm and wet Indian lithosphere beneath
Tibet. This process would have triggered metasomatism in a previously depleted Tibetan
lithosphere as evidenced by the Fe enrichment and the inferred rehydration.

4 Discussion

As illustrated by the case study in Tibet, integrated geophysical-petrological joint mod-
elling of both seismological and electromagnetic data simultaneously including the con-
straints offered by topography, mantle xenoliths and surface heat flow has the potential to
yield superior inferences than using either of them independently due to their different
sensitivities to temperature and composition (i.e. modal mineralogy and water content).
The grey areas in the seismic velocity and resistivity profiles in Fig. 10 (bottom panel)
represent the uncertainties in the secondary parameters derived from purely seismic and
purely MT inversion of the seismic and MT data sets, respectively (see Vozar et al. 2014
and references therein). It is clear that the range of integrated models that match the
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Fig. 10 Integrated geophysical-petrological models of the Qiangtang region for a dry mantle composition
(Mongolian Av. Gnt Peridotite, Table 4). (Top) Fits of MT and seismic data for three (red—80 km, green—
100 km, and blue—120 km) different thermal lithosphere—asthenosphere boundary (LAB) depths. (Bottom)
Corresponding calculated models of Vs velocities (dashed lines represent shear wave quality factors Os, grey
lines represent all possible models based only on seismic modelling), temperature, density, resistivity (grey
area—the range of all resistivity models based only on MT data), and anisotropy. Seismic anisotropy values
are fixed based on the best-fitting model from Agius and Lebedev (2013). See the text (Sect. 3) for a
description on how temperature, Vs, density, and Qs values are computed within the integrated approach

constraining data sets within their error bars defines a considerable narrower area in the
secondary parameter space (coloured lines in Fig. 10). More importantly, within the
integrated modelling approach we are not trying to find a thermochemical model that
simultaneously corresponds to some plausible velocity, density, and resistivity model (that
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Fig. 11 Integrated geophysical-petrological models in Lhasa for four different bulk water distributions
within the mantle: blue—linear decrease from 80 km to LAB depth at 180 km, green—constant down to
160 km and then linear decrease to 180 km, red—full wet mantle, and yellow—dry mantle. Olivine’s
solubility is modelled according to the work by Zhao et al. (2004) (see Fig. 3 and Sect. 2.2.1 in the main
text)

already exhibits a considerable variability, see Fig. 10); instead, we are trying to find
temperature and compositional models that can simultaneously explain the input seismic,
MT, and elevation data with appropriate assumptions regarding the underlying physical
process involved. In this way, we also mitigate to some extent the non-uniqueness of
converting point-wise (in this particular 1D example depth-wise) secondary parameter
models of velocities, resistivity, or density into temperature and composition (see
Sect. 2.3) as often done in the literature (e.g., Cammarano et al. 2003; Simmons et al.
2010; Thiel and Heinson 2013; Ichiki et al. 2015; Cammarano and Guerri 2017).
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The study case considered here in Tibet was modelled in 1D. Surface wave dispersion
data, either coming from the two-station (e.g., Agius and Lebedev 2013) or the ambient
noise technique (e.g., Yang et al. 2008), can adequately be modelled in 1D in as much as
the effects of azimuthal anisotropy are accounted for (e.g., Adam and Lebedev 2012). In
the case of MT data, the situation is considerably more complex. The dimensionality of
MT data can be due to 2D-3D electrical structures in the vicinity of the measuring point
but also can be related to intrinsic 1D microscopic anisotropy, the difference between the
two scenarios being subtle in general (e.g., Wannamaker 2005; Adetunji et al. 2015; Marti
2014). Therefore, in order to apply the 1D integrated methodology presented here a careful
analysis of the MT data (e.g., dimensionality, regional strike, distortion) should be carried
out first to ensure the suitability of the data for 1D modelling. For example, in the study
case taken here, after the dimensionality, regional strike, decomposition, and consistency
analyses were conducted, TE mode was deemed the most suitable data to represent the
average 1D lithospheric structure in the area. This, however, should not be taken as a
general rule: TM mode, an invariant or even synthetic responses from a 3D inversion
model, could be more appropriate given the case. Each scenario should be assessed dis-
tinctively based on the context.

The method presented here is focused on the mantle structure. Under the prevalent
conditions in the mantle, the assumption of thermodynamic equilibrium is valid, and
therefore, secondary parameters in the Earth (resistivity, density, seismic velocities) can be
self-consistently determined using geophysical and petrological modelling tools (e.g.,
LitMod, Perple_X). In contrast to the mantle, where thermodynamic equilibrium is
prevalent, vast portions of the continental crust are thermodynamically metastable. This is
because equilibration processes are essentially temperature-activated and the temperature
in the crust is usually too low (< 500 C) to trigger them. Consequently, the mineralogical
assemblage of crustal rocks is mostly decoupled from the in situ pressure and temperature
conditions, reflecting instead the conditions present at the moment of rock formation. In
addition to this complication, the variety of existing mineral phases in the crust is con-
siderably wider than that in the mantle. There are comparatively fewer electrical con-
ductivity experiments conducted for crustal minerals, and it is well known that factors
other than temperature and pressure can greatly affect the conductivity of crustal rocks
(e.g., porosity, fluids). Considering all these restrictive factors together, we can conclude
that the application of the integrated method to investigate the crust using EM data is not
yet viable.

One of the major restrictions of integrated forward modelling is the size and complexity
of parameter space, and the trade-offs between the different variables. In addition,
uncertainties and the non-uniqueness of the derived forward models are rather difficult to
quantify. Probabilistic (Bayesian) inversions are a powerful option to circumvent all these
difficulties, while allowing for an adequate treatment of the intrinsic uncertainties asso-
ciated with both input data and chemical-physical theories and processes involved (e.g.,
Khan et al. 2006, 2007; Afonso et al. 2013a, b). Bayesian inversions characterize the
parameter space in terms of the so-called posterior probability density function (PDF)
which contains all current information about the problem considered and represents an
objective measure of our best state of knowledge on the problem. The posterior PDF
contains a term describing all a priori information in the data and parameter space and the
so-called likelihood function which measures how well a particular model explains the
observations. The likelihood function contains a term describing the correlations and
uncertainties of any physical-chemical theory connecting model parameters and predicted
observations (covariance matrix). The Likelihood function can be determined in a
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straightforward manner (e.g., Khan et al. 2006), but the choice of the prior PDF on the
model parameters is not trivial and often is controversial. The main information the prior
PDF on the parameters should contain is everything known about the problem that is
independent of the observed data, and how certain we are about this knowledge. For an
extensive description about how to describe and characterize the prior PDF on the ther-
mochemical parameters, the reader is referred to Afonso et al. (2013a).

5 Concluding Remarks

This paper is intended to review the joint modelling and interpretation of electromagnetic
data and other geophysical and petrological observables. The necessity of consistently
combining different observations and techniques has been often highlighted in the litera-
ture in the past. However, the materialization of such joint efforts perhaps has been less
generous in terms of dedicated studies, and especially so in the EM research field. This
tendency seems to be fortunately overcome, with many relevant studies being published in
the last few years from both the experimental and the geophysical sides. Integrated geo-
physical-petrological joint modelling of electromagnetic and other data sets has the
potential to yield superior inferences than using either data set independently. In particular,
EM techniques are very sensitive to minor constituents (e.g., melt and water) and textural
characteristics of rocks (anisotropy). Precise knowledge of those minor rock constituents
along with the fabric anisotropy is crucial to characterize rock rheology and deformation:
that is, the geodynamic evolution of the Earth. One of the main challenges in interpreting
EM data is to connect electrical conductivity models with the thermochemical conditions
within the Earth or, in other words, to disentangle the in situ thermal, chemical, and
textural components of the Earth’s conductivity distribution, which are linked in a highly
nonlinear manner. In that sense, integrated geophysical—-petrological modelling of EM and
other data sets offers the advantage of naturally exploiting the complementary sensitivities
of the various observations within a consistent framework reducing therefore the uncer-
tainties. Seismic measurements are mostly sensitive to temperature, and hence, an inte-
grated modelling of them along with EM data within a common thermodynamic setting
allows striping off the thermal component in the electrical conductivity field. The former
makes possible focusing on the distribution of minor rock components that are, for the
most part, invisible to other geophysical observations (e.g., seismological, gravity).

The integrated modelling example presented here in Tibet corresponds to a 1D
approximation to the Earth. To the best of my knowledge, integrated geophysical-petro-
logical studies (either forward modelling or inversion) including EM data have only been
carried out in the 1D approximation so far (Fullea et al. 2011; Khan and Shankland 2012;
Koyama et al. 2014; Vozar et al. 2014). This has the advantage of simplicity but of course
the limitation of artificially reducing the complexity of the real Earth. An extension of the
integrated approach to 2D or 3D would be desirable and in some cases even necessary
depending on the complexity of the EM data considered. In its forward modelling version,
this is at hand as there are several efficient MT solvers in 2D and 3D that could be coupled
with integrated models. The MT solvers would calculate the synthetic responses associated
with volumetric resistivity distributions self-consistently computed based on thermo-
chemical structure derived from other geophysical observations. This would be a natural
step forward in our interpretation of large MT arrays, particularly useful in cases where
collocated seismic data are available on top of other public global data sets like gravity or
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magnetics (e.g., USArray, SinoProbe, SAMTEX). The 2D-3D move towards integrated
inversion would be more challenging, particularly in 3D, due to the considerable com-
putational time required by the state-of-the-art forward solvers; in spite of this, alternative
strategies like dimensionally adaptive grids could be explored to alleviate the computa-
tional cost (e.g., Ledo et al. 2002; Alvarez-Aramberri and Pardo 2017).

Integrated modelling relies heavily on the constraints offered by thermodynamic
databases and mineral physics experiments which are, to some extent, subjected to
uncertainties, discrepancies and problems related to their extrapolation to the Earth’s
temperature, hydrous and pressure conditions, particularly in the case of electrical con-
ductivity. This fact reflects the geophysical community’s urgent need for further experi-
ments that can overcome or mitigate such limitations in the future. At the same time,
integrated geophysical studies host the potential to explore and test at large scales, and
even globally, measurements or hypotheses that the experimental community can only
probe at the microscopic scale and under rather restrictive and controlled thermochemical
conditions. At regional and local scales, the benefits of integrative studies combining EM
with other disciplines have proved to be considerable. At global scales, the advent of high-
precision and high-resolution magnetic field satellite measurements with uniform global
coverage, along with long-term geomagnetic observatory data, is enabling the development
of a new generation of global electrical conductivity models of the crust and mantle. Yet
those conductivity models still need to be appropriately and consistently integrated with
other global observations (e.g., seismic tomography, satellite gravity data, deformation) to
produce a coherent structural and rheological image of the Earth.
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