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Chapter 6
Heterogeneity of Electrical Conductivity  
in the Oceanic Upper Mantle
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Abstract We discuss conductivity heterogeneities of the oceanic upper mantle 
using available experimental data. The activation energy of the polaron conduction 
in olivine, wadsleyite, and ringwoodite is similar, at 1.4–1.6 eV. The ionic conduc-
tion is significant in olivine, but not in wadsleyite and ringwoodite. Its activation 
energy is much larger than that of the small polaron conduction (7–12 eV). The 
proton conductions have a smaller activation energy than the small polaron conduc-
tion (less than 1 eV) and are negligible at high temperatures in the depleted MORB 
mantle. The effects of the secondary minerals are negligible. No significant con-
ductivity jump is associated with the olivine–wadsleyite transition. Volatile compo-
nents greatly increase conductivity of basaltic melt. The anisotropy in both intrinsic 
and proton conditions in olivine is small. Sheared, partially molten peridotite can 
show conductivity anisotropy. The high conductivity below mid-oceanic ridges 
could be caused by partial melting. Conductivity at several locations suggests a 
melt fraction of the order of 0.1 vol.%, whereas that under the East Pacific Rise 
at 9°N suggests one of 15 vol.%. Lithosphere has low conductivity, which should 
be primarily due to its low temperature. However, the conductivity is too high, 
judging from the temperature structure and intrinsic conduction of olivine. The 
circulation of water does not provide enough explanation. The high- conductivity 
layer at the top of the asthenosphere is not a ubiquitous feature of the mantle— 
it is relatively limited to regions under young plates. The associated conductivity 
anisotropy suggests its partial melting origin. The conductivity in the mantle tran-
sition zone can be explained by the intrinsic conduction of wadsleyite and ring-
woodite. Estimations of water content in the transition zone are largely affected 
by the uncertainty of geophysical modeling. The MT studies do not detect mantle 
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plumes, although the seismic studies show the presence of low-velocity zones.  
The conductivity anomalies, whose origins are not understood, are observed under 
the southern Philippine Sea and the broad region north of Hawaii.

Keywords Electrical conductivity · Small polaron conduction · Ionic conduction ·  
Proton conduction · Magnetotellurics · Olivine · Wadsleyite · Ringwoodite · Mantle  
heterogeneity

6.1  Introduction

Electrical conductivity is a physical parameter that can be estimated from the 
earth’s surface by means of the magnetotelluric (MT) and geomagnetic deep 
soundings (GDS) method. Unfortunately, however, spatial resolutions of MT 
studies are by far worse than those of seismic studies (cf. Fukao et al. 2004). 
Additionally, although seismic studies can detect variation in elasticity of the order 
of 0.1 %, variation by factors is necessary to detect conductivity anomalies by the 
MT and GDS methods. Nevertheless, electrical conductivity can provide valuable 
information about the earth’s depths.

Fortunately, conductivity of minerals can vary by orders of magnitude. One 
reason for the importance of conductivity studies is this large variation: A large 
variation in conductivity allows the detection of a conductive phase with a small 
volume fraction. Furthermore, some chemical variations that are difficult to detect 
with a seismic study can be detected: Those in defect structures and amounts of 
impurities produce conductivity variation, whereas those in chemical bonding 
between major constituent atoms could be caused by elastic variation. As Jacobsen 
(2006) suggested, although elastic moduli decrease with increasing water content 
at a given pressure, the effects of water on the elastic moduli become smaller with 
increasing pressure because of the larger pressure dependence of elastic moduli 
with the increasing water content. On the other hand, many workers reported that 
water incorporation in nominally anhydrous minerals largely increases their con-
ductivity (cf. Yoshino and Katsura 2013). Thus, conductivity studies should pro-
vide different and independent information about the earth’s interior to that from 
seismic studies.

Another point that we should mention is that regions that can be studied with 
electrical methods are different from those that can be seismically studied. The 
distribution of seismicity is quite heterogeneous in the earth, whereas the source 
signals of the MT and GDS observations are the variations in the electromagnetic 
field from space, available anywhere on earth. The electromagnetic waves from 
space penetrate the mantle vertically, allowing us to study conductivity struc-
tures under observatories. Seismic structures are obtained for the regions between 
observatories and large earthquakes.

In this article, we try to understand the conductivity variation in the oceanic upper 
mantle. Because the oceans cover 70 % of the earth’s surface, the oceanic mantle 
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should be representative of the earth’s mantle. We focus on the upper mantle and do 
not consider the lower mantle, although results of observational and experimental 
studies for the lower mantle conductivity recently exist (cf. Velimsky 2010; Ohta et al. 
2010). We first review results of laboratory conductivity measurements to discuss pos-
sible reasons for the creation of conductivity heterogeneity in the mantle. We then 
discuss geophysical observations of conductivity heterogeneity in the oceanic upper 
mantle, using the experimental results discussed in the first part. Since the authors 
have been studying electrical conductivity of geomaterials (cf. Fuji-ta et al. 2004, 
2007; Katsura et al. 1998, 2007; Manthilake et al. 2009; Yoshino and Katsura 2009, 
2012, 2013; Yoshino et al. 2003, 2004, 2006, 2008a, b, c, 2009a, b, 2010, 2011; 2012a, 
b; Zhang et al. 2012, 2014), but are no MT and GDS experts, we have for the purposes 
of this article critically evaluated and selected experimental studies based on our expe-
rience. Of course, we are aware of a number of problems with MT and GDS studies, 
namely (1) strong model dependency (Shimizu et al. 2010a) and (2) the effects of sur-
rounding geometry and conductivity structures (Heinson and Constable 1992). On the 
other hand, we have less MT and GDS study results that have been clearly disputed in 
literature.

Throughout this article, we assume that the mantle consists of two kinds of 
materials: the depleted MORB mantle (DMM) and the enriched mantle (EM). The 
DMM occupies the majority of the upper mantle, whereas the EM is associated 
with mantle plumes. As Workman et al. (2006) argued, the EM contains several 
times more volatile components than the DMM. According to Hirschmann (2010), 
we assume that the DMM contains 100 and 60 ppm of H2O and CO2, respec-
tively, whereas the EM contains 300–900 and 120–1800 ppm of H2O and CO2, 
respectively.

6.2  Laboratory Conductivity Measurements of Upper 
Mantle Constituents

6.2.1  Mathematical Expression of Conductivity

Electrical conduction in the upper mantle minerals is a thermal activation process. 
For this reason, the temperature and pressure dependence of conductivity of min-
erals is assumed to follow the Arrhenius relation.

where σ0 is the pre-exponential term, Ha is the activation enthalpy, Ea is the acti-
vation energy, Va is the activation volume, R is the gas constant, T is the tempera-
ture, and P is the pressure. The pre-exponential term σ0 expresses the population 
of charge. The activation energy Ea expresses the energy barrier for the charge 
transfer at ambient pressure—the large Ea means that conductivity rapidly 
decreases with decreasing temperature. The activation enthalpy Ha expresses the 

(6.1)σ = σ0 exp

[

−
Ha

RT

]

= σ0 exp

[

−
Ea + PVa

RT

]
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high-pressure correction of Ea. The pressure dependence is considered to be lin-
ear with the constant activation volume Va. The positive Va means that conductiv-
ity has negative pressure dependence. Note that, although the population of charge 
could vary with pressure, it is usually assumed that only the energy barrier varies 
with pressure. The frequently used units of Ha,Ea,Va, P, and T are kJ/mol, kJ/mol, 
cm3, GPa, and K, respectively. The unit eV is also frequently used for Ea. In this 
case, the gas constant should be replaced by the Boltzmann constant k. If more 
than two mechanisms are considered to contribute to the bulk conductivity, the 
conductivity is expressed by the sum of Arrhenius equations.

Electrical conduction in liquid phases such as aqueous fluids, silicate melts, 
and carbonate melts is also a thermal activation process. Due to the complex-
ity of electrical conduction in liquid phases, there is no widely accepted formula 
for the electrical conduction of liquid phases. In some studies, the obtained tem-
perature dependence of electrical conductivity is well expressed using a single 
Arrhenius relation (Eq. 6.1) (cf. Waff and Tyburczy 1983; Gaillard 2004). Other 
studies find that the temperature dependence of conductivity largely deviates from 
the Arrhenius relations (cf. Ni et al. 2011). Ni et al. (2011) applied the Vogel–
Tammann–Fulcher (VTF) equation (Angel and Smith 1982) originally developed to 
express the temperature dependence of viscosity in the expression of conductivity 
of liquid phases, because both electrical conduction and viscosity are related to the 
body motion of ions in liquid phases. The simple formula for the VTF equation is:

where A, B, and T0 are empirical parameters. Conductivity in this expression 
decreases with decreasing temperature less strongly than in the Arrhenius equa-
tion, especially at lower temperatures.

6.2.2  Intrinsic Conduction of Olivine

Since olivine is the most abundant mineral in the upper mantle, its electrical 
 properties have been studied extensively. Most efforts to understand the intrin-
sic conduction were made until 2000. Intrinsic conduction in this paper refers to 
electrical conduction by major chemical components. Since olivine is a ferromag-
nesian mineral, hopping of electron holes between ferrous and ferric iron, often 
called the small polaronconduction (cf. Wanamaker and Duba 1993), should be the 
most essential intrinsic conduction mechanism. Another mechanism is the migra-
tion of Mg vacancies, called ionic conduction in this chapter. Schock et al. (1989) 
demonstrated the importance of this mechanism at high temperatures. Separation 
of these two mechanisms is often difficult because ionic conduction becomes vis-
ible only in a small range of inverse temperatures in an Arrhenius plot. Therefore, 
we treat these two mechanisms as one intrinsic mechanism in most of this paper.

(6.2)σ = A exp

[

−
B

T − T0

]
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The following is a summary of properties of the intrinsic conduction in olivine.

1. Small polaron conduction is dominant up to 1500 K. Above this temperature, 
ionic conduction gradually becomes significant (Constable 2006).

2. The activation energy of small polaron conduction is about 1.5–1.7 eV 
(Constable and Duba 1990; Shankland and Duba 1990; Constable et al. 1992; 
Xu et al. 1998; Yoshino et al. 2009a, b). These values are smaller than the ionic 
conduction but larger than that of the proton conduction mentioned later. The 
small polaron conduction decreases significantly at low temperatures.

3. The activation energy of ionic conduction is very high. Due to difficulty in sep-
arating the ionic conduction from the small polaron conduction, its activation 
energy is not clear. However, it is reported to be from 7 to 12 eV (Constable 
et al. 1992; Constable and Duba 1990).

4. The absolute values of conductivity increase with increasing Fe content 
(decreasing Mg# = 100 Mg/(Mg + Fe)) at the same oxygen buffer (Omura 
et al. 1989; Yoshino et al. 2012). Although the degree of increase in conductiv-
ity with Fe content varies with temperature because of the Fe content depend-
ence of activation energy mentioned below, conductivity of olivine with 
Mg# = 80 composition is half an order of magnitude higher than that with 
Mg# = 90 composition at upper mantle temperatures.

5. The activation energy decreases with increasing Fe content (decreasing Mg#) 
(Omura et al. 1989; Yoshino et al. 2012). The activation energy decreases by 
0.2 eV when the Mg# changes from 90 to 80.

6. Conductivity increases proportionally to 0.18 the power of oxygen fugacity 
(Wanamaker and Duba 1993; Duba and Constable 1993). Namely, the oxida-
tion state slightly affects conductivity.

7. Silica activity slightly affects conductivity. Wanamaker and Duba (1993) 
showed that a pyroxene-buffered sample has up to 0.2 log unit lower conduc-
tivity than a self-buffered sample.

8. Conductivity in the [001] direction is by a factor of about two higher than that 
in the [100] and [010] directions at temperatures of the upper mantle (Schock 
et al. 1989; Shankland and Duba 1990; Du Frane et al. 2005). Although the 
conductivity anisotropy in olivine is small, the degree of anisotropy increases 
with decreasing temperature.

9. Olivine conductivity has positive pressure dependence, namely negative activa-
tion volume (Yoshino et al. 2012b). The absolute values of activation volume 
decrease with increasing Mg#, and the pressure dependence of the intrinsic 
conduction of the mantle olivine is very small.

In this paper, we use the Constable’s (2006) SO3 model as a reference for the 
intrinsic conductivity of mantle olivine with the assumption that the mantle 
 oxygen fugacity is near the QFM buffer (Fig. 6.1).
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6.2.3  Proton Conduction of Olivine

Proton conduction is an electrical charge transfer by the migration of H+. Since 
olivine can incorporate water under pressure in spite of its nominally anhydrous 
formula, the proton conduction could be significant as the dominant conduction 
mechanism in the deep mantle (Karato 1990). Subsequent to this finding, proton 
conduction has received attention from many scientists in this field (cf. Constable 
1993; Evans et al. 1999; Baba 2005). Before proton conduction in olivine was 
actually measured, it was estimated using hydrogen diffusion data in olivine pro-
vided by Mackwell and Kohlstedt (1990) and Kohlstedt and Mackwell (1998). 
This estimation predicted more than one order of magnitude higher conductivity 
than the intrinsic conduction and more than one order of magnitude higher anisot-
ropy (cf. Karato 1990; Evans et al. 2005).

In the late 2000s, three groups reported proton conduction of olivine (Wang 
et al. 2006; Yoshino et al. 2006, 2009a, b; Poe et al. 2010). Although the results 
of Poe et al. (2010) agree with those of Yoshino et al. (2009a, b) at relatively low 
water contents, Wang et al. (2006) report significantly higher proton conduction at 
the same water content than those of the other two groups. There are a few indica-
tors of the reliability of the Yoshino et al. (2009a, b) results. Firstly, Yoshino et al. 

Fig. 6.1  Electrical conductivity of olivine. The green curve denotes a reference intrinsic conduc-
tion model of mantle olivine “SO3” proposed by (Constable (2006)). The red and blue curves 
denote the sum of the intrinsic and proton conduction with different water content, where the 
proton conduction is based on (Yoshino et al. (2009a, b) and Wang et al. (2006). The numbers 
next to these curves indicate the weight fraction of water in olivine, namely 10−3 or 0.1 wt% of 
water. The contribution of proton conduction is prominent at low temperatures but becomes neg-
ligible at temperatures corresponding to the asthenosphere. The two vertical black broken lines 
denote the range of temperature in the asthenosphere down to 400 km depth according to Katsura 
et al. (2010). The horizontal black broken line denotes conductivity of asthenosphere under the 
Western Pacific to the east of Izu Islands at 250–300 km depth reported by Baba et al. (2010). 
The vertical gray line denotes the possible temperature at a depth of 50 km in this region. The 
horizontal gray broken lines denote the minimum conductivity in this region
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(2006), (2009a, b) and Yoshino and Katsura (2012) demonstrated that water in 
doped olivine is released at temperatures above 1000 K. Above 1000 K, olivine 
conductivity is masked by a fluid phase and therefore, it is impossible to meas-
ure the conductivity of anhydrous olivine. Nevertheless, Wang et al. (2006) meas-
ured conductivity at temperatures up to 1273 K. Secondly, Yoshino et al. (2006) 
observed changes in conductivity, with water content down to the conditions 
where the effects of proton conduction are almost masked by the intrinsic conduc-
tion. Wang et al. (2006) measured proton conduction only when conductivity is 
more than one order of magnitude higher than the supposed intrinsic conduction. 
This group has actually never shown measurements of the intrinsic conduction 
of olivine. Thirdly, the impedance spectra produced by Yoshino et al. (2009a, b)  
showed almost perfect semi-arcs with a tail, which indicates that only one con-
duction mechanism is responsible for conductivity, although there is some reac-
tion with the electrode. Although Wang et al. (2006) did not show any impedance 
spectra, impedance spectra of water-doped, nominally anhydrous minerals given 
by this group usually show strong distortion, further discussed by Yoshino and 
Katsura (2012). Since Yoshino and Katsura (2013) discussed all these points 
in detail, the proton conduction in olivine discussed in this article is based on 
Yoshino et al. (2006, 2009a, b) .

The following are summaries of the proton conductivity of olivine from 
Yoshino et al. (2006, 2009a, b).

1. Proton conduction increases with increasing water content. Although there is 
an additional effect on the activation energy mentioned below, the magnitude 
of proton conduction is essentially proportional to the water content.

2. The activation energy decreases with increasing water content, linearly with 

one-third power of water content: σp = σp0exp

[

−
E0−αC

1/3
H2O

kT

]

, where σp is the

 proton conduction, σp0 is the pre-exponential term of the proton conduction, 
EP0 is the activation energy of the proton conduction at zero water, CH2O is the 
water content, k is the Boltzmann factor, T is the absolute temperature, and α 
is the constant. The activation energy of the proton conduction at zero water 
is EP0 = 0.92 eV. Thus, the activation energies of proton conduction are lower 
than those of intrinsic conduction (1.4–12 eV). Consequently, proton conduc-
tion dominates at low temperatures. At asthenospheric temperatures, the contri-
bution of proton conduction is very small.

3. Although a large anisotropy is expected from the hydrogen diffusion data  
(cf. Evans et al. 2005), the proton conduction in olivine is essentially isotropic at 
asthenospheric temperatures (Yoshino et al. 2006; Yang 2012) (Fig. 6.2). The 
 anisotropy of proton conduction is actually even smaller than that of the  intrinsic 
conduction. Although the hydrogen diffusion experiments (Mackwell and 
Kohlstedt 1990; Kohlstedt and Mackwell 1998) did not report a decrease in anisot-
ropy with increasing temperature, this is due to their large experimental uncertainty.

4. There is no report about the activation volume of proton conduction of olivine. 
Since the ionic volume of protons is small, the pressure effect on proton con-
duction should be small, i.e., the activation energy is nearly zero.
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In comparison, the following are summaries of proton conduction from Wang 
et al. (2006) (Fig. 6.1).

1. Proton conduction increases proportionally to the power of 0.62 of the water 
content.

2. The activation energy is independent of water content and is 0.92 eV.
3. The magnitudes of the proton conductions are about two orders of magnitude 

higher than those reported by Yoshino et al. (2006).

6.2.4  Olivine High-Pressure Polymorphs

Olivine transforms to wadsleyite and then to ringwoodite in the upper mantle. The 
conductivity of wadsleyite and ringwoodite has been studied extensively compared 
to olivine because their conductivity is thought to govern the conductivity of the 
transition zone (cf. Yoshino and Katsura 2013). Since wadsleyite and ringwood-
ite incorporate even higher amounts of water than olivine (Keppler and Bolfan-
Casanova 2006), the proton conduction of these minerals was considered to be 
important in understanding the transition zone conductivity as well as the intrinsic 
conductivity. We note that there are huge discrepancies in the magnitude of proton 
conduction of wadsleyite and ringwoodite, as well as that of olivine, among differ-
ent data sets (Huang et al. 2005; Yoshino et al. 2008a, b, c; Dai and Karato 2009; 
Karato and Dai 2009; Romano et al. 2009; Yoshino and Katsura 2009, 2013). 
Although the conclusion is still indefinite, we will adopt the results from Yoshino 
et al. (2008a, b, c), Manthilake et al. (2009), and Yoshino and Katsura (2012) in 
the present chapter, as explained in Yoshino and Katsura (2013).

Fig. 6.2  Conductivity anisotropy of the intrinsic (SI, red) and proton (P, blue) conductions of 
olivine. The original data are from Constable et al. (1992) (intrinsic conduction) and Yoshino 
et al. (2006) (proton conduction). The anisotropy in proton conduction is negligible at high tem-
peratures between 1000 and 1700 K and even smaller than that in intrinsic conduction
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The following is a summary of the conductivity of wadsleyite and ringwoodite 
(Fig. 6.3).

1. The conductivity of these minerals without water increases with increasing iron 
content (Yoshino and Katsura 2009; Yoshino et al. 2012b). Therefore, the small 
polaronconduction should be the essential conduction mechanism.

2. There is no clear evidence for dominance of ionic conduction at high tempera-
tures (cf. Xu et al. 1998; Yoshino et al. 2008a, b, c).

3. The activation energy of the small polaron conduction of wadsleyite and ring-
woodite is similar to or slightly smaller than that of olivine, namely 1.5 and 
1.4 eV, respectively (Yoshino and Katsura 2013).

4. The small polaron conductivity of wadsleyite is by 0.5 log unit higher than that 
of olivine. That of ringwoodite is by 0.7 log unit higher than that of wadsleyite 
(Yoshino and Katsura 2013).

5. Due to ionic conduction in olivine but not in wadsleyite and ringwoodite, the 
intrinsic conductivity of wadsleyite and ringwoodite is smaller than that of oli-
vine at temperatures in the asthenosphere and transition zone (see the “Ol 0 %” 
curve in Fig. 6.3).

6. The magnitude of proton conduction in ringwoodite is much larger than that in 
olivine and wadsleyite. That in wadsleyite is slightly lower than that in olivine 
(Yoshino and Katsura 2013).

7. The activation energy of proton conduction in wadsleyite and ringwoodite 
decreases with increasing water content, linearly with one-third power of water 

Fig. 6.3  Comparison of the intrinsic and total (intrinsic + proton) conductions of olivine (red), 
wadsleyite (green), and ringwoodite (blue). The solid, short-broken, and long-broken curves 
denote conductivity of these minerals with water contents of 0, 0.1, and 0.5 wt%. The original data 
are from Yoshino et al. (2008a, b, c, 2009a, b). The intrinsic conduction increases with the high-
pressure phase transition from olivine to wadsleyite and then to ringwoodite. The differences in 
conductivity among the three phases become smaller with the incorporation of 0.1 % of water. The 
contribution of the proton conduction of ringwoodite becomes significant above this water content
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content as in olivine: σp = σp0exp

[

−
E0−αC

1/3
H2O

kT

]

. The α values of olivine and 

wadsleyite are similar (0.16 and 0.20, respectively) but that of ringwoodite is 3 
times larger (0.67).

8. As is assumed for olivine, the pressure effects on conduction should be negli-
gible. Additionally, the stability fields of wadsleyite and ringwoodite are very 
narrow in pressure; therefore, their activation volumes do not have significance 
in terms of geophysics.

Following are summaries of proton conduction from Huang et al. (2005) and Dai and 
Karato (2009). The general tendencies to discrepancies in wadsleyite and ringwoodite 
are similar to those in olivine between Yoshino et al. (2009a, b) and Wang et al. (2006).

1. Proton conduction increases proportionally to the power of 0.7 of the water content.
2. The activation energyis independent of water content and is 0.90 and 0.67 eV 

in wadsleyite and ringwoodite, respectively.
3. The magnitudes of the proton conductions are about two orders of magnitude 

higher than those reported by Yoshino et al. (2006).

Figure 6.3 shows total conduction of olivine with 0 and 0.1 % of water, and wads-
leyite and ringwoodite with 0, 0.1, and 0.5 % of water. Since ionic conduction is sig-
nificant in olivine but not in wadsleyite and ringwoodite, the intrinsic conductivity of 
olivine exceeds that of wadsleyite at the temperature at 410 km depth (1810 ± 20 K) 
in the present model. It is not clear whether this feature is the real case or not. Many 
studies measured intrinsic conductivity of wadsleyite only up to 1470 K (Xu et al. 
1998; Dai and Karato 2009), which cannot provide any information about the ionic 
conduction. Yoshino and Katsura (2012) measured wadsleyite conductivity up to 
2000 K, and their data show some possible contribution by ionic conduction. The 
number of data points in this paper is, however, insufficient to estimate the contribu-
tion by ionic conduction by numerically separating it from the small polaron conduc-
tion. A detailed conductivity measurement for wadsleyite at even higher temperature 
is necessary to understand the ionic conduction of wadsleyite.

After Xu et al. (1998) claimed a large conductivity jump associated with the 
olivine–wadsleyite transition, some geophysical studies artificially set a conductiv-
ity jump at 400 km depth by releasing the smoothing conditions (cf. Utada et al. 
2003). However, as Huang et al. (2005) later demonstrated, the wadsleyite sample 
of Xu et al. (1998) contained 0.07 % of water, and therefore, their data cannot be 
used to discuss the intrinsic conduction of wadsleyite. Hence, it is unnecessary to 
assume a large conductivity jump at a depth of 400 km in MT modeling based on 
the current experimental data.

6.2.5  Secondary Minerals

Olivine is not the only constituent mineral in the upper mantle. Garnet, Ca-rich 
pyroxene, and Ca-poor pyroxene are also petrologically important constituent 
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minerals. Their conductivity has been measured less extensively than olivine, and 
the reliability of the measurement is not high. One reason for the confusing results 
is their complex compositions. In the case of olivine, we can reasonably approxi-
mate its composition by a binary solution Mg2SiO4–Fe2SiO4. On the other hand, 
at least four components, e.g., MgSiO3–FeSiO3–CaSiO3–Al2O3, are necessary to 
describe the compositions of pyroxene and garnet. They can also contain large 
amounts of ferric iron. Accordingly, their conductivity should vary largely with 
a Fe3+/Fe2+ ratio. Although some efforts have been made to estimate the bulk 
rock conductivity from each mineral conductivity based on the Hashin–Shtrikman 
bounds, there is no experimental data showing that secondary minerals affect the 
bulk rock conductivity of peridotite (cf. Jones et al. 2009). Actually, Duba and 
Constable (1993) report that the conductivity of lherzolite with 65 % of olivine 
modal composition is identical to that of olivine. Olivine forms a network of con-
ductivity in peridotite, which masks the effects of other minerals. The effect of 
these minerals on the bulk conductivity in the mantle should therefore be negligi-
ble. Hence, we ignore the effects of the other minerals on mantle conductivity in 
this paper.

6.2.6  Liquid Phases

In contrast to the secondary solid minerals, liquid phases could affect whole-rock 
conductivity. Waff and Bulau (1979) showed dihedral angles of 30–50° for the 
basalt–olivine systems. Yoshino et al. (2009a, b) reported that dihedral angles in 
the forsterite–H2O system decrease with pressure and become zero above 7 GPa. 
These reports suggest that liquid phases form an interconnected network in the 
deep upper mantle even though their fractions are small. Moreover, the surface 
energy at grain edges formed by three minerals must be higher than that of grain 
surfaces formed by two minerals. Therefore, it is expected that liquid phases, even 
if their amounts are trace, should affect conductivity paths in the peridotite matrix.

The primary candidate for a liquid phase in the upper mantle is basaltic melt. 
Some studies measure electrical conductivity of basaltic melt (cf. Tyburczy and 
Waff 1983; Ni et al. 2011) (Fig. 6.3). The results suggest that the conductivity of 
dry basaltic melt is 0.5–0.9 log S/m at the temperature at the top of the oceanic 
asthenosphere (Fig. 6.4) and slightly increases with increasing temperature. The 
conductivity slightly decreases with increasing pressure up to 0.5–1.5 GPa, but it 
becomes almost constant above 1.5 GPa (Tyburczy and Waff 1983). Conductivity 
of dry basaltic melt is higher than that of the intrinsic conduction of olivine by 
about three orders of magnitude. Therefore, when the basaltic melt fraction is 
more than 1 %, the bulk conductivity is primarily a function of conductivity and 
the fraction of basaltic melt. Yoshino et al. (2010) studied the logarithmic relations 
between the bulk conductivity and basaltic melt fraction and obtained a basaltic 
melt fraction exponent of 0.89 (Fig. 6.5). Thus, the bulk conductivity is approxi-
mately proportional to the basaltic melt fraction.
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Recently, some groups studied conductivity anisotropy caused by small 
amounts of basaltic melt under shear (Caricchi et al. 2011; Zhang et al. 2014). 
Caricchi et al. (2011) measured the conductivity of natural peridotite with 4 
or 8 % of basaltic melt in a torsion experiment. They found that the bulk con-
ductivity normal to the shear is smaller than that under static conditions by one 
order of magnitude. Zhang et al. (2014) measured the conductivity of natural and 
model peridotite with 2 % of basaltic melt in the normal and parallel to shear on 
a shear plane simultaneously. They reported that the bulk conductivity in the nor-
mal and parallel shear directions is equivalent in the beginning of shear deforma-
tion, whereas that in the shear direction increased by one order of magnitude with 
increasing shear strain. Micro-texture analysis demonstrated that melt tubes were 
aligned in the shear direction, which should account for the high bulk conductiv-
ity in the shear direction. Since anisotropy of olivine does not cause conductivity 
anisotropy by more than a factor of three as previously mentioned, high-conduc-
tivity anisotropy should indicate the presence of a small fraction of liquid phases 
(Fig. 6.6).

H2O is the most important volatile component in the upper mantle. Gaillard 
(2004) observed that conductivity of silicate melt (obsidian) increases in asso-
ciation with the addition of water. Ni et al. (2011) measured the conductivity of 
hydrous basaltic melt as a function of temperature and water content (Fig. 6.4). 
Hirschmann (2010) suggested that water content in the basaltic melt in the DMM 
and EM could be up to 2 and 6 wt%, respectively, at low degree of partial melting. 

Fig. 6.4  Conductivity of basaltic melt with various H2O and CO2 contents by Sifre et al. (2014). 
The marking letters “H_C_” denote H2O and CO2 contents in the melt: The numbers after H and 
C indicate H2O and CO2 contents in wt%. The two pairs of vertical bracketing lines denote the 
temperature ranges of the normal asthenosphere based on Katsura et al. (2010) and the plume 
center based on the seismic wave anomalies reported by Montelli et al. (2006), and the relations 
between the temperature and shear-wave velocity reported by Faul (1997)
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The 6 wt% of water increases the conductivity of basaltic melt by one order of 
magnitude.

CO2 is another important volatile component in the mantle. Gaillard et al. 
(2008) demonstrated that molten carbonate has a conductivity of more than 

Fig. 6.5  Bulk conductivity 
of rocks against the fractions 
of liquid phases. Green saline 
water with 3 % of NaCl in 
quartzite (Shimojuku et al. 
2014). Blue basalt with 
0.1 % of H2O in peridotite 
at 1670 K. Red basalt with 
0.6 % of H2O in peridotite 
at 1870 K based on the 
conductivity of hydrous 
basalt by Ni et al. (2011) 
and melt fraction exponent 
by Yoshino et al. (2010). 
Gray carbonatite with 25 % 
of CO2 at 1740 K (Yoshino 
et al. 2010). The dashed lines 
denote the estimated fractions 
of the liquid phases at various 
tectonic settings

Fig. 6.6  One-dimensional 
conductivity beneath mid- 
oceanic ridges. Blue and 
Gray East Pacific Rise at 
17°S and 15°45'S, 
respectively (Baba et al. 
2006a, b). Red and violet 
Reykyanes Ridge (Heinson 
et al. 2000). Green Axial 
Seamount on the Juan 
de Fuca Ridge (Heinson 
et al. 1996). The intrinsic 
conductivity of olivine is in 
the order of 10−4 S/m and 
below the conductivity range 
shown in this figure
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3 × 102 S/m, which is by 2.5–3.5 orders of magnitude higher than that of basaltic 
melt. Sifre et al. (2014) modeled the effects of CO2 and H2O on the conductivity 
of basaltic melt by assuming the compensation law (Tyburczy and Waff 1983) and 
parallel conductive processes of hydrous basaltic melt and carbonate (Fig. 6.4). 
The effects of H2O are large at low water content, but saturated at high water 
contents. The effects of CO2 are smaller than H2O below 10 wt%. However, they 
become significant at a CO2 content above 8 %, exceeding the effects of water. 
These effects also seem saturated above 20 wt%. Proton can be incorporated in 
olivine and pyroxene, whereas carbon cannot be incorporated in silicate miner-
als. Consequently, the CO2 content in the incipient melts can reach about 50 %, 
whereas that of H2O should be limited to up to 7 % (Sifre et al. 2014). Therefore, 
the effects of CO2 are more significant than those of H2O in the majority of the 
asthenosphere, where the degree of partial melting should be less than 0.3 % 
(Hirschmann 2010). The relation of the bulk conductivity to the carbonatite melt 
fraction was studied by Yoshino et al. (2010), who reported a melt fraction expo-
nent of 1.12 (Fig. 6.5).

Aqueous fluids are another possible liquid phase in the earth. However, sili-
cate melts and fluid phases become miscible at high pressures. Mibe et al. (2011) 
demonstrated that the second critical point of the basalt + H2O system is located 
at 3.4 GPa and 1100 K (Fig. 6.5). Therefore, no aqueous fluid phase is present 
below 100 km depth. In addition, the miscibility gap between a fluid phase and 
silicate melt should close at higher temperatures even at lower pressures. Mibe 
et al. (2011) observed that the miscibility gap closes at a temperature of 1600 K at 
a pressure of 1.8 GPa. Therefore, conductivity of fluid phases is important only at 
shallower parts of the mantle.

Although there is no measurement for the conductivity of aqueous fluid coex-
isting with peridotite, Shimojuku et al. (2014) measured the conductivity of brine-
bearing quartzite at temperatures of 800–1100 K and a pressure of 1 GPa. They 
showed that the fluid conductivity is almost independent of temperature and the 
bulk rock conductivity increases with increasing salinity and fluid fraction. The 
bulk rock conductivity with a fluid phase with a constant salinity near that of sea-
water (3 wt%) is shown in Fig. 6.4.

6.3  Conductivity Heterogeneity in the Upper Mantle

6.3.1  High Conductivity Below Mid-Oceanic Ridges

Large amounts of basalt erupt at mid-oceanic ridges and huge partial melting 
regions are therefore expected under mid-oceanic ridges. Forsyth et al. (1998) esti-
mated a minimum melt of 1–2 % down to 100 km depth under the East Pacific 
Rise,based on the seismic low-velocity anomaly. It is therefore expected that 
mid-oceanic ridge magmatism should cause a high-conductivity anomaly under 
ridges. There have actually been a number of reports on high-conductivity regions 
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under mid-oceanic ridges (Heinson and Lilley 1993; Heinson et al. 1993, 1996, 
2000; Constable et al. 1997; Sinha et al. 1997; Evans et al. 1999, 2005; Baba et al. 
2006a, b; Key et al. 2013) (Fig. 6.7).

Baba et al. (2006a) studied the two-dimensional conductivity structure under 
the East Pacific Rise at 17°S and showed a high-conductivity region of 9 × 10−2 
S/m, 40 km in width, and vertically elongated from 50 to 120 km in depth imme-
diately beneath the ridge axis. On the other hand, Baba et al. (2006b) showed no 
high-conductivity region under the East Pacific Rise at 15° 45′S: The conductiv-
ity at 50–80 km depth just beneath the axis is about 1–3 × 10−3 S/m. Key et al. 
(2013) illustrated the very detailed conductivity structure under the East Pacific 
Rise at 9°N. Their model shows that conductivity at the center of the high-con-
ductivity region reaches 2 S/m. The regions with conductivity up to 2 × 10−1 S/m 
extend vertically from 20 to 80 km in depth and horizontally over 60 km. Thus, 
the presence of high-conductivity regions is very heterogeneous, even beneath the 
same ridge, the East Pacific Rise.

The adiabatic temperature at 50–80 km depth is about 1630–1680 K (Katsura 
et al. 2010). The intrinsic olivine conductivity is 3–5 × 10−3 S/m at these temper-
atures. These values explain conductivity beneath the East Pacific Rise at 15° 45′S 
but are far lower than the observed values at 17°S and 9°N. Therefore, the high 
conductivity at these regions should be explained by the MORB magmatism. 
The N-MORB (normal MORB) contains about 0.1 % of H2O (cf. Sobolev and 
Chaussidon 1996), and such basaltic melt should have a conductivity of 20 S/m. 
Conductivities of 9 × 10−2 and 2 S/m suggest 0.2 and 10 vol.% of melt fractions 
beneath the East Pacific Rise at 17°S and 9°N, respectively, based on the melt 
fraction exponent of 0.89 for basaltic melt from Yoshino et al. (2010) (Fig. 6.4). 

Fig. 6.7  One-dimensional conductivity structures under the Philippine Sea (orange) (Baba et al. 
2010) and the northwestern Pacific near the Izu Islands (violet) (Baba et al. 2010) and near Tahiti 
(olive) (Nolasco et al. 1998). The conductivity of olivine under dry and water-saturated condi-
tions is shown in red and brown. The conductivity of olivine with the DMM and EM composi-
tions is denoted by broken curves in dark and light gray, respectively. The conductivity of dry 
wadsleyite and ringwoodite is shown in green and blue
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This melt fraction of 15 vol.% exceeds the threshold fraction for melt segregation 
(2–3 vol.%) (Faul 1997). The melt should be successively supplied and rise in this 
region. On the other hand, Forthys et al. (1998) estimate the melt fraction at 17°S 
to be 1–2 vol.%. Thus, the melt fraction based on the conductivity is much lower 
than that based on the seismic velocity anomaly.

Heinson et al. (1996) presented a one-dimensional conductivity structure under 
Axial Seamount on the Juan de Fuca Ridge. They showed a conductivity maxi-
mum of 2 × 10−1 S/m at a depth of 30–40 km. Heinson et al. (2000) studied the 
conductivity structures under the spreading center of the Reykjanes Ridge, the 
northern section of the mid-Atlantic Ridge. They showed conductivity maximum 
of 3 × 10−1 S/m at a depth of 60 km. These locations are known as the over-
lap of the ridge and a hot spot. As previously mentioned, the EM contains much 
higher volatile components than the DMM. Hung et al. (2004) studied the seis-
mic structures beneath Iceland. From the velocity anomalies, they estimated that 
the temperature anomaly in this region is 150–200 K higher than the surrounding 
mantle. Nicholas et al. (2002) reported that the H2O content in basaltic melt from 
the Reykjanes Ridge is up to 0.6 wt%. Such high water content would increase the 
melt conductivity, which should be enhanced by these high temperatures and high-
volatile contents, and is estimated to be 40–60 S/m. From these values, the melt 
fraction is estimated to be 0.5–1 vol.%.

6.3.2  Lithosphere

As mentioned earlier on, the conductivity of minerals and liquids is a thermally 
activated process, and the mantle should have low conductivity at low-temperature 
regions. We emphasize that the Arrhenius relation (6.1) indicates that the magni-
tude of the conductivity anomaly by a low-temperature anomaly is more signif-
icant than that by a high-temperature one, if the magnitudes of the temperature 
anomalies are comparable.

Conductivity models under oceans depict low-conductivity layers at shal-
low regions. For example, Baba et al. (2010) showed conductivity minimums 
of 3 × 10−4 and 1.5 × 10−4 S/m at 20 and 50 km depth under the northern 
Philippine Sea and the Pacific Ocean to the east of the Izu Islands (Fig. 6.7). 
Conductivity in these regions monotonically increases with increasing depth 
below these depths. The Philippine Sea plate was formed 60 million years ago, 
and the Western Pacific plate of the studied area formed 125–150 million years 
ago. The temperatures at 20 and 50 km depth under the Philippine Sea and 
Western Pacific plates can be estimated at 600–1100 K and 900 K, respectively, 
based on the cooling model of the ocean plates. If the intrinsic conduction of oli-
vine is the dominant conduction mechanism in such regions, the olivine conductiv-
ity should be lower than 1 × 10−5 S/m (Fig. 6.1). Therefore, the observed values 
are by more than one order of magnitude higher than expected from the intrin-
sic conductivity of olivine. Heinson and Constable (1992) had already indicated 
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that the observed conductivity in the lithosphere is significantly higher than that 
expected from the intrinsic conductivity of olivine. They argued that such dis-
crepancy could be due to overestimation by geophysical modeling because of the 
coastal effect, for example.

Should a more conductive lithosphere than expected from the intrinsic con-
ductivity of olivine not be due to analysis problems in geophysical modeling, it 
could be caused by proton conduction. However, proton conduction also has 
positive temperature dependence. In order to produce proton conduction of 
1 × 10−4 S/m at 1000 K, about 1000 ppm of water is necessary, according to data 
from Yoshino et al. (2009a, b) (Fig. 6.1). However, the solubility of water at 1 GPa 
(30 km depth) is 100–200 ppm (cf. Keppler and Bolfan-Casanova 2006). Thus, 
proton conduction is insufficient for explaining the magnitude of the lithospheric 
conductivity.

Heinson and Constable (1992) argue that high conductivity at the shallowest 
depth could reflect circulation of saline water and the decrease in conductivity 
with depth in spite of a temperature increase should be due to crack closure with 
increased lithostatic pressure. By assuming the comparable salinity with seawater 
(3 %), the conductivity of 1–3 × 10−4 S/m can be achieved with 0.02–0.03 vol.% 
of the fluid phase (Fig. 6.5). However, the conductivity increases from the mini-
mum 20 and 50 km depth to the deeper regions (Baba et al. 2010) which cannot 
be explained by this hypothesis because the conductivity of saline water is almost 
independent of temperature and a fluid fraction increase with increasing depth can 
hardly be considered.

6.3.3  Asthenosphere

Several studies in the 1970s and 1980s (cf. Larsen 1975; Filloux 1977; Oldenburg 
1981) report “high-conductivity layers” in the oceanic asthenosphere. “High-
conductivity layer” here is defined as a horizontal layer with maximum conduc-
tivity in the vertical direction. Since temperatures increase with increasing depth 
in the upper mantle, except for subduction zones, and conductivities of mantle 
minerals have positive temperature dependence but negligible pressure depend-
ence, we specifically need to account for the high-conductivity layer. Heinson 
and Constable (1992), however, re-examined Oldenburg’s (1981) analysis and 
concluded that the presence of the high-conductivity layer proposed by this study 
could be true but not robust enough. In addition, the majority of reported high con-
ductivity in the oceanic asthenosphere should originate in the mid-oceanic ridge 
magmatism discussed above.

Nevertheless, we currently have examples showing high-conductivity layers at 
the top of the asthenosphere. Baba et al. (2006a) studied the conductivity structure 
in the region 150 km west to 350 km east of the East Pacific Rise at 17°S, down to 
200 km depth, and defined a high-conductivity layer with a maximum of 9 × 10−2 
S/m from 50 to 350 km east at 70–120 km depth (Fig. 6.8). Baba et al. (2006a) 
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and Evans et al. (2005) reported conductivity anisotropy in this high-conductivity 
layer, in which conductivity is by one order of magnitude higher in the direction 
parallel to the plate motion than in the normal direction. Naif et al. (2013) showed 
a conductivity structure in the 23–24-million-year-old region of the Cocos plate 
down to 150 km depth. They presented an anisotropic conductivity model with a 
maximum conductivity of 2 × 10−1 S/m at 50 km depth in the direction of the 
plate motion but almost no maximum in the other direction. Baba et al. (2006b) 
also illustrated an anisotropic conductivity model near the East Pacific Rise at 
15° 45′S showing a high-conductivity layer of 3 × 10−1 S/m from 100 km east 
of the East Pacific Rise at 80–100 km depth in the direction of the plate motion. 
Although these regions are located near mid-oceanic ridges, Baba et al. (2010) 
studied conductivity structure under the northern Philippine Sea at depths down to 
750 km. The conductivity in this region increases largely to reach 3 × 10−2 S/m 
from 20 to 70 km depth and slightly decreases by at most 1 × 10−2 S/m at 120 km 
depth (Fig. 6.7).

Nolasco et al. (1998) reported the conductivity structure under Tahiti, whose 
lithospheric age is 70 million years (Fig. 6.7). Their profile starts to increase from 
1 × 10−4 S/m at the surface to 3 × 10−2 S/m at 130 km depth. The conductivity 
stays constant from this depth to 400 km depth. Thus, there is no high-conduc-
tivity layer in this region. Lizarralde et al. (1995) studied a conductivity struc-
ture between Hawaiiand California at depths from 150 to 1000 km. Their model 
reveals a conductive zone (0.05–0.1 S/m) between 250 and 450 km depth and 
a positive gradient in regions deeper than 500 km (Fig. 6.7). Baba et al. (2010) 
explained that conductivity increases to reach 3 × 10−2 S/m between 50 and 250–
300 km depth and slightly decreases at deeper parts of the upper mantle, under 

Fig. 6.8  The conductivity structures at the top of the asthenosphere under young plates. Vio-
let East Pacific Rise at 17°S (Baba et al. 2006a). Red East Pacific Rise at 15° 45′S (Baba et al. 
2006b). Green Cocos plate (Naif et al. 2013). The solid line denotes an isotropic structure. The 
broken and dotted lines denote anisotropic conductivity structures in the direction parallel and 
normal to the plate motion, respectively
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the Pacific Ocean to the east of the Izu Islands. These two models show no high-
conductivity layer at the top of the asthenosphere, but some high-conductivity 
regions at deeper levels.

In summary, the high-conductivity layers with a conductivity maximum exist 
at the top of the asthenosphere under relatively young plates, with associated con-
ductivity anisotropy. Such layers do not exist at the top of the asthenosphere under 
mature plates, and high-conductivity regions without a clear maximum may exist 
in deeper regions (150–400 km depth).

The high-conductivity layers were often interpreted in view of the proton 
conduction of olivine (Karato 1990; Evans et al. 2005). However, Yoshino et al.  
(2006, 2009a, b) argued that the magnitudes of the proton conduction are not 
enough to explain the high-conductivity layers at the top of the asthenosphere, 
because of the limited water solubility in olivine at low pressures. The temperature 
at 100 km depth along the adiabatic geotherm is 1670 ± 20 K, and the olivine 
intrinsic conduction is 4 × 10−3 S/m. The maximum water content in the 3 GPa 
is 600 ppm, according to Mosenfelder et al. (2006), which gives a proton conduc-
tion of 4 × 10−3 S/m. Yoshino et al. (2006) also argued that the anisotropy of the 
proton conduction is negligibly small at temperatures corresponding to the top of 
the asthenosphere. Thus, the high-conductivity layers associated with conductivity 
anisotropy at the top of the asthenosphere cannot be explained by the proton con-
duction, although the magnitude of the high-conductivity layers can be explained 
using the data set from Wang et al. (2006).

Partial melting is an alternative interpretation of the high-conductivity layers. 
Although it is usually difficult to expect partial melting in regions deeper than 
80 km in anhydrous peridotite, the trace amounts of volatiles, H2O, and CO2 
should produce partial melting down to 180–200 km depth even in a DMM com-
position (Hirschmann 2010; Dasgupta et al. 2013). Sifre et al. (2014) argued that 
the high-conductivity layers should originate in trace partial melting induced by 
trace amounts of H2O and CO2. Sifre et al. (2014) assumed the H2O and CO2 con-
tents of 200 and 100–500 ppm, respectively, for the DMM mantle and interpreted 
the high-conductivity layers. However, their assumed CO2 contents are too high in 
comparison with the commonly accepted values (cf. Workman et al. 2006). Here, 
we have to estimate the bulk conductivity of peridotite with incipient melting due 
to 100 ppm of H2O and 50 ppm of CO2. The melt fraction at 100 km depth is 
about 0.1 wt%, according to Dasgupta et al. (2013). Sifre et al. (2014) analysis 
suggests that the CO2 and H2O contents in the 0.1 % partial melt should be 1.3 
and 6.5 %, respectively, and its conductivity should be 3.2 × 101 S/m. Therefore, 
the bulk conductivity would be 3 × 10−2 S/m. Therefore, the partial melting 
hypothesis is also insufficient to explain the high-conductivity layers near mid-
oceanic ridges if we assume the above volatile contents in the DMM.

As mentioned above, the high-conductivity layer shows conductivity anisotropy 
(Evans et al. 2005; Baba et al. 2006a, b; Naif et al. 2013). Since conductivity ani-
sotropies of intrinsic and proton conductions of olivine are both small, the anisot-
ropy in the high-conductivity layer cannot be explained with the conductivity of 
olivine. On the other hand, Zhang et al. (2014) demonstrated that partially melted 
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peridotite can produce conductivity anisotropy between the normal and parallel to 
shear directions on a shear plane. Therefore, the presence of conductivity anisot-
ropy implies the presence of partial melting in these regions. Since the magnitude 
of partially molten peridotite at the top of the asthenosphere with 100 and 50 ppm 
of H2O and CO2, respectively, is much lower than the observation, the actual vola-
tile contents in the DMM could be higher than these values and might be 200 and 
100–500 ppm, respectively, as Sifre et al. (2014) assumed.

6.3.4  Vertical Conductivity Structure in the Deep Upper 
Mantle

Xu et al. (1998) claimed a conductivity jump by more than one order of magnitude 
for the olivine–wadsleyite transition and essentially no jump for the wadsleyite 
and ringwoodite transition. Although smoothing conditions are included in build-
ing a conductivity model from MT data, these were not applied at a 400 km depth 
to create a conductivity jump for the olivine–wadsleyite transition in order to con-
struct a large-scale model (Utada et al. 2003). The current experimental data, how-
ever, suggest no large conductivity jump associated with the olivine–wadsleyite 
transition in intrinsic conduction or even imply a decrease in conductivity for this 
transition. It seems that Xu et al. (1998) obtained the high conductivity of wads-
leyite and ringwoodite due to proton conduction (Huang et al. 2005). The decrease 
in conductivity for the olivine–wadsleyite transition is due to the ionic conduction 
in olivine but not in wadsleyite. It is not clear whether the absence of ionic con-
duction in wadsleyite is due to the limited experimental technology in laboratory 
conductivity measurement (Fig. 6.9).

Figure 6.10 shows the most recent semi-global 1D conductivity models with 
and without the application of smoothing conditions at 400, 550, and 650 km 
depths under the northern Pacific Ocean reported by Shimizu et al. (2010a, b). 

Fig. 6.9  The average one-
dimensional conductivity 
structure under the North 
Pacific Ocean reported by 
Shimizu et al. (2010a). 
This model describes three 
conductivity jumps at 400, 
500, and 650 km depths. The 
conductivities of wadsleyite 
and ringwoodite with 0 and 
0.4 wt% of water are shown 
based on data by (Yoshino 
et al. (2008a, b, c)). The 
conductivity of dry olivine 
is also shown (Yoshino et al. 
2009a, b)
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The conductivity of dry olivine, wadsleyite and ringwoodite, and wadsleyite and 
 ringwoodite with 0.4 % of water is shown for comparison. The conductivity in the 
upper mantleabove 400 km in these models is significantly lower than that of intrinsic 
conduction in olivine. However, Shimizu et al. (2010a) used the long period range 
of MT signals (0.5–113 days), and therefore, the conductivity above 400 km depth 
was not well constrained (Baba et al. 2010). The conductivity in the transition zone 
in these models can be explained by intrinsic conduction in wadsleyite and ringwood-
ite. Because large amounts of water can be incorporated in these minerals, many 
attempts have been made to estimate water contents in the mantle transition zone by 
comparing the geophysical models and laboratory measurements (Huang et al. 2005; 
Yoshino et al. 2008a, b, c; Manthilake et al. 2009; Dai and Karato 2009; Romano 
et al. 2009; Yoshino and Katsura 2012). However, Fig. 6.10 demonstrates that the 
conductivity values of the transition zone depend on the modeling assumption. The 
uncertainty of each model is also large, and it is therefore found that estimation of the 
abundance of water in the transition zone in this way is not yet meaningful.

6.3.5  Local Conductivity Structures Under Hot Spots

Nolasco et al. (1998) studied conductivity structures under the Tahiti hot spot 
(Fig. 6.11). They showed about half an order of magnitude higher conductivity 

Fig. 6.10  The 2D conductivity structure near Tahiti (modified from Nolasco et al. 1998). a The 
locality of the observatories (labeled S6, S10, S1, S13, S15, and S16). The size of the Hawaiian 
plume, marked by an arrow, is 300 km (Montelli et al. 2006). b The two-dimensional conductivity 
structure approximately from NNW to SSE according to Nolasco et al. (1998). The locations of the 
observatories are marked on the figure. The conductivity is higher than the surrounding mantle in the 
region that is shallower than 130 km depth, whereas it is identical or even lower in the deeper regions
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down to the depth of 130 km. However, deeper regions have equivalent or even 
lower conductivity than the surrounding regions. On the other hand, a seismic 
study shows clear, low-velocity anomalies from the depth of 300 km to the bottom  
of the mantle (Montelli et al. 2006). Constable and Heinson (2004) showed a 
two-dimensional conductivity model beneath the region southwest of Hawaii 
(Fig. 6.12). Their model also does not show conductivity anomalies in this region. 
Seismic tomography, however, shows a clear 1 % P-wave anomaly beneath Hawaii 
(Montelli et al. 2006).

The 1 % P-wave velocity anomaly would correspond to a temperature higher 
by 150 K. This temperature anomaly would increase the intrinsic conductivity of 
the main upper mantle minerals by half an order of magnitude. This high conduc-
tivity should be detectable by MT observations. In addition, geochemical studies 
show that sources of the ocean island basalt are enriched and have up to several 
factors higher volatile components (cf. Wallace 1998). As previously mentioned, 
high-volatile contents should always increase bulk conductivity by the proton con-
duction or melt network. For these reasons, the absence of high-conductivity zones 
under the hot spots cannot be explained consistently, based on available knowl-
edge of mineral physics, seismology, and geochemistry.

Fig. 6.11  The 2D conductivity structure southwest of Hawaii (modified from  Constable 
and Heinson 2004). a The localities of observatories (labeled K, L, N, O, R, T, and U). The 
size of the Hawaiian plume, marked by an arrow, is 300 km (Montelli et al. 2006). b The 
 two-dimensional conductivity structure approximately NE to SW, indicating the locations of 
observatories (Constable and Heinson 2004)
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6.3.6  Conductivity Anomalies in the Transition Zone

Shimizu et al. (2010b) report a 3D conductivity structure from a depth of 
350–850 km beneath the Pacific Ocean. They show a strong high- conductivity 
anomaly in the mantle transition zone under the southern Philippine Sea 
(Fig. 6.11). The center of the high-conductivity anomaly is located from the 
West Philippine Basin to the Caroline Basin. In contrast, the northern part of 
the Philippine Sea shows no conductivity anomaly. The maximum magnitude 
of high conductivity is about 0.8 log unit. The center of the high-conductivity 
anomaly is located at a depth of 450–550 km, becoming weaker at a depth of 
550–650 km depth and turning into a low-conductivity anomaly in the top part 
of the lower mantle.

It is possible that this high-conductivity anomaly is caused by high-volatile 
contents in the region. If this high-conductivity anomaly was caused by the 
proton conduction of wadsleyite, the water contents in this region would be 
found to be 0.5 wt% in the upper part of the transition zone. Since wadsleyite 

Fig. 6.12  Three-dimensional conductivity structure under the Pacific Ocean (modified from 
Shimizu et al. 2010b). The strong high-conductivity anomaly (red) is visible under the  southern 
Philippine Sea. Another weak and broad high-conductivity anomaly is visible in the north of 
Hawaii
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and ringwoodite can contain water more than 2 wt% (Keppler and Bolfan-
Casanova 2006), the amount of 0.5 wt% water in wadsleyite is possible. It is 
noteworthy that the petrological study on Mariana back-arc trough magma 
(Stolper and Newman 1994) suggests such high water content in these regions. 
Another explanation for this is partial melting. However, the enhancement of 
bulk conductivity by partial melting has not been studied under the conditions 
of the mantle transition zone, and we therefore cannot argue this possibility at 
present.

Although the high-conductivity anomaly can be explained by assuming larger 
amounts of volatile components, the possible high-volatile contents in the upper 
part of the mantle transition zone under the southern part of the Philippine Sea are 
difficult to explain. Although there are complex subduction systems in this region, 
the high-conductivity anomaly in this region should not be directly attributed to 
the subduction of the Pacific plate to the Philippine Sea, because the high-conduc-
tivity anomaly does not exist in the northern part of the Philippine Sea. There is 
no reason for a drastic difference in transported water between the northern and 
southern parts of the Philippine Sea.

Shimizu et al. (2010b) also show a high-conductivity anomaly under the region 
north of Hawaii. The depth range of this anomaly is from 450 to 650 km. The 
east–west dimension of the high-conductivity region extends over 6000 km. 
The global seismic tomography shows a low-velocity anomaly beneath Hawaii. 
However, the low-velocity anomaly is located just below or even west of Hawaii. 
Consequently, high-conductivity and low-velocity anomalies are not caused by the 
same mechanism. The low-velocity anomaly is caused by a temperature anomaly, 
whereas the high-conductivity anomaly is caused by a compositional anomaly. 
This difference results in variation of a specific scale between these two anoma-
lies. The very small dimension of high-temperature regions should be detected by 
P-wave tomography but would be too small for the analysis of the semi-global 3D 
structure of conductivity.

6.3.7  Fine-Scale Conductivity Variation Under  
the Philippine Sea

As previously explained, the semi-global 3D structures in conductivity show the 
high-conductivity anomaly in the upper part of the mantle transition zone under 
the south Philippine Sea. In addition to this, a regional study shows other anoma-
lous features under the Philippine Sea (Seama et al. 2007). The study comprised a 
two-dimensional conductivity structure (Fig. 6.12b) from the south of the Mariana 
Trough to the north of the Daito Ridge (under the yellow line in Fig. 6.12a). This 
showed a strong high-conductivity anomaly exceeding 1 × 10−1 S/m under one 
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point east of the Ryukyu-Palau ridge between the Shikoku and Parece Vela basins 
(Point 4 in Fig. 6.12a) and weaker but still strong anomalies west of the north-
ern part of the Ryukyu-Palau Ridge (Points 5 and 6). The peaks of these high-
conductivity anomalies are located at a depth of 50–150 km. In contrast to these 
high-conductivity anomalies, the study found no high-conductivity anomaly 
under the Mariana Trough. Matsuno et al. (2010) also reported an absence of 
high-conductivity anomalies beneath the Mariana Trough (under the pink line in  
Fig. 6.12a).

The regions in which the high-conductivity anomalies are found were active 
in the past (40–60 million years ago). The region of no conductivity anomalies 
is located in the currently active volcanic zone. A seismic study shows a very 
strong S-wave velocity anomaly up to −8 % in this region (Isse et al. 2009) 
(Fig. 6.12c). It also shows that the low-velocity anomaly becomes weaker and 
deeper with increasing plate age from 0 to 100 million years. Actually, the 
region that shows the strongest S-wave velocity anomaly is under the Mariana 
Trough. The 8 % S-wave anomaly may indicate a temperature anomaly of 
200 K, if we attribute the S-wave anomaly to a temperature anomaly only. This 
temperature anomaly should raise conductivity by 0.6 orders of magnitude, 
assuming a base temperature of 1660 K at 80 km depth. Thus, the absence of a 
high-conductivity layer is contrary to our expectation from the tectonic setting 
and seismic observation.

One possible explanation is that while volatile components or melts are suc-
cessively supplied from the deeper part of the mantle to the upper mantle, the 
currently active zone has been releasing the volatile components. As a result, the 
non-active regions become volatile rich, whereas the active region becomes vola-
tile poor. However, we note that the maximum water content at 100 km depth is 
only 500 ppm (cf. Keppler and Bolfan-Casanova 2006). The magnitude of proton 
conduction by this amount of water is negligible in comparison with the intrin-
sic conduction. The high-conductivity anomaly could be explained by the pres-
ence of partial melt. The Mariana Trough basalt contains 2 % of water (Stolper 
and Newman 1994), which suggests melt conductivity of 10 S/m. Therefore, 
the conductivity anomaly exceeding 1 × 10−1 S/m should indicate a melt frac-
tion more than 1 %, which should cause some degree of low shear-wave anomaly. 
Actually, Isse et al. (2009) showed some low shear-wave anomaly under the Points 
4, 5, and 6 in the Seama et al. (2007) study. This hypothesis could thus explain 
the high-conductivity anomaly under the Kyushu-Palau Ridge. There is yet no per-
suasive explanation for the low-conductivity anomaly under the Mariana Trough 
(Fig. 6.13).
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Fig. 6.13  Comparison of conductivity and seismic anomalies under the Philippine Sea.  
a Location of the observation sites in Seama et al. (2007). b 2D conductivity structure along the 
observation line S07 shown in a. The region under the Mariana Trough (OBEM1) at 40–200 km 
depth has low conductivity (modified from Seama et al. 2007). c The shear-wave anomaly under 
the Philippine Sea at 80 km depth (Isse et al. 2009). The region under the Mariana Trough has the 
low shear-wave anomaly, suggesting high temperatures (modified from Isse et al. 2009)
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6.4  Concluding Remarks

We have reviewed the results of laboratory experiments about the conductiv-
ity of upper mantle minerals and representative MT observations under oceans. 
Conductivity in the upper mantle varies by more than three orders of magnitude. 
We have the following qualitative explanation for the following results obtained by 
the MT method.

1. The high conductivity just below the mid-oceanic ridges is mainly due to par-
tial melting and partly due to high temperature.

2. The very low conductivity in the lithosphere is due to low temperatures.
3. The gradually increasing conductivity in the asthenosphere is due to the tem-

perature increases in the adiabatic geotherm.
4. The high-conductivity layers are a feature of the asthenosphere under young plates. 

They associate conductivity anisotropy, which implies its partial melting origin.
5. There should be no large conductivity jump at the 410 km depth.
6. The high-conductivity anomaly in the mantle transition zone under the south of 

the Philippine Sea may be due to high water content.
7. The high-conductivity anomaly in the mantle transition zone north of Hawaii 

may be due to the volatile components of plume source.

The mantle structures under oceans are expected to be simpler than those under 
continents. Therefore, we expect that we can obtain quantitative and robust expla-
nations. Nevertheless, the above explanations have the following serious problems.

1. The conductivity in the uppermost part of the lithosphere is too high by far, 
considering its low temperatures based on the ocean floor cooling model.

2. The magnitude of the high-conductivity layers at the top of the asthenosphere 
is difficult to explain based on the usually assumed volatile contents in the 
DMM.

3. The high-temperature anomalies inferred from the seismic tomography indicate 
no or little effect on the conductivity structures.

4. The local conductivity anomalies disagree with those expected from the tec-
tonic setting.

5. In general, the conductivity in the upper mantle is higher than that expected 
from the experimental results.
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