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Abstract The presence of melt in the Earth’s interior depends on the thermal state, bulk chemistry, and
dynamics. Therefore, the investigation of the physical and chemical properties of melt is a probe of the
planet’s structure, dynamics, and potentially evolution. Here we explore melt properties by interpreting
geophysical data sets sensitive to the presence of melt (electromagnetic and seismic) with considerations of
petrology and, in particular, peridotite partial melting. We present a petrology-based model of the electrical
conductivity of fertile and depleted peridotites during partial melting. Seismic and magnetotelluric (MT)
studies do not necessarily agree on melt fraction estimates, a possible explanation being the assumptions
made about melt chemistry as part of MT data interpretation. Melt fraction estimates from electrical
anomalies usually assume a basaltic melt phase, whereas petrological knowledge suggests that the first
liquids produced have a different chemistry, and thus a different conductivity. Our results show that melts
produced by low-degree peridotite melting (< 15 vol %) are up to 5 times more conductive than basaltic
liquids. Such conductive melts significantly affect bulk rock conductivity. Application of our electrical model
to magnetotelluric results suggests melt fractions that are in good agreement with seismic estimates. With
the aim of a simultaneous interpretation of electrical and seismic data, we combine our electrical results with
seismic velocity considerations in a joint model of partial melting. Field electrical and seismic anomalies can
be explained by ~1 vol % melt beneath Hawaii and ~1–8 vol % melt beneath the Afar Ridge.

1. Introduction

Melting in response to mantle processes occurs in different geological contexts, such as mid-ocean ridges,
oceanic islands, continental rifts, and subduction zones, and depends on the thermal state, bulk chemistry,
and dynamics of the Earth’s interior. Therefore, the investigation of the physical and chemical properties of
melt is a probe of the Earth’s structure and dynamics and furthers our understanding of the evolutionary
pathways that led to the present-day state of the planet. Because melting influences bulk rock properties,
such as seismic velocity and electrical conductivity, partial melting of mantle materials can be modeled using
geophysical investigations. Seismic and magnetotelluric (MT) surveys have shown that partially molten
regions of high electrical conductivity can generally be correlated with a reduction in seismic velocity [e.g.,
Sinha et al., 1998; Naif et al., 2013]. However, MT and seismic signals throughout the lithosphere and
asthenosphere depend on temperature, chemistry, and geometry (melt interconnection) in differing degrees
[e.g., Schmeling, 1985, 1986; Karato, 1993; Roberts and Tyburczy, 1999; Takei, 2000; Faul et al., 2004]. If both
types of geophysical data can be interpreted in terms of interconnected melt, these interpretations do not
necessarily agree on melt fraction estimates, with electrical interpretations usually providing higher melt
contents than seismic interpretations (Figure 1). For instance, seismic results in the Hawaiian hot spot region
(Figure 1, region 3) are explained by the presence of less than 2 vol % melt [Laske et al., 2011], whereas the
interpretation of electromagnetic data suggests the presence of a higher melt fraction, 5–10 vol % [Constable
and Heinson, 2004]. The interpretation of geophysical data to infer melt fraction requires knowledge of the
influence of different parameters (temperature, bulk chemical composition, and geometry) on the measured
physical properties [e.g., Hammond and Humphreys, 2000a, 2000b; Pommier, 2013]. By investigating the effect
of these parameters on the rock physical properties, experimental measurements in the laboratory and their
modeling are critical as part of geophysical data interpretation.

Possible explanations for the discrepancies in the estimations of melt content from electrical and seismic data
can involve the quality of geophysical measurements, as well as assumptions made for the interpretation.
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From a magnetotelluric viewpoint, the choice of laboratory electrical measurements used as part of the
interpretation of field results or hypotheses regarding the petrological settings of the investigated area can
influence melt fraction estimates. In particular, a significant source of uncertainty on melt fraction estimates
from MT studies may lie in the assumptions regarding melt chemistry. Melt fraction from bulk electrical
anomalies is usually calculated using mixingmodels (such as the spheres model [Hashin and Shtrikman, 1962]
or the tubes model [Schmeling, 1986]), with the conductivity of the melt phase taken from laboratory-based
conductivity models for synthetic or natural basaltic melts at high temperature [e.g., Schilling et al., 1997;
McGregor et al., 1998; Kelbert et al., 2012;Matsuno et al., 2012]. However, this approach does not account for the
wide range of chemical compositions through which melt evolves during partial melting under equilibrium or
during fractional crystallization [e.g., Takahashi and Kushiro, 1983; Hirschmann et al., 1998, 1999]. For instance, a
low degree of melting of fertile peridotite (<5%) at 1GPa produces melts whose bulk chemistry is significantly
different from the composition of typical basaltic melts [e.g., Baker and Stolper, 1994; Baker et al., 1995]. Because
electrical conductivity is sensitive tomelt chemical composition [Roberts and Tyburczy, 1999; Gaillard and Iacono
Marziano, 2005; Pommier et al., 2008, 2013], it is expected that the electrical response of molten silicates from
low-degree melting should differ from the conductivity of basaltic melt at similar pressure and temperature,
hence influencing the estimation of melt fraction. Since isolated pockets of melt do not significantly influence
bulk conductivity, the effect of melt composition on bulk conductivity is especially relevant for contexts of
interconnected melt, which can occur at very low melt fraction [e.g., Kohlstedt, 1992].

In this paper, we explore the effect of melt chemical evolution during peridotite partial melting on electrical
conductivity. Partial melting of three chemically distinct peridotites is considered. Based on the existing
laboratory database of electrical conductivity of silicate melts, we propose a petrology-based model of the
electrical conductivity of peridotite partial melting up to 2GPa that accounts for the evolution of melt
composition along with the extent of melting. Melt conductivities are up to 5 times higher than the
conductivity of a basaltic liquid at the same temperature. Depending on the peridotite composition, melt
electrical conductivity value at low degree of melting can be higher than 15 S/m, whereas the electrical
response of a basaltic melt over the same temperature range does not exceed 8 S/m. Application of our
electrical model to MT results allows estimation of melt fraction in hot spot and mid-ocean ridge contexts,
and our estimates are in good agreement with melt fractions suggested by seismic studies. Finally, we
combine our electrical results with seismic velocity (VS,VP) considerations, and apply the resulting joint model
of partial melting to the Hawaiian hot spot, the Mid-Atlantic Ridge, and the Afar Ridge.

Figure 1. Examples of areas for which both electromagnetic and seismic surveys have been performed. (a) Location. (b) Melt content estimates from both geophy-
sical techniques for the detected anomalies. 1 from Sinha et al. [1998] and Delorey et al. [2005]; 2 from Toomey et al. [2007] and Key et al. [2013]; 3 from Constable and
Heinson [2004] and Laske et al. [2011]; 4 from Heise et al. [2010] and Behr et al. [2010]; 5 from Toomey et al. [1998], Evans et al. [1999], and Dunn and Forsyth [2003];
6 fromWagner et al. [2010] using Hammond and Humphreys [2000a] and Kelbert et al. [2011]; 7 from Kawakatsu et al. [2009] and Baba et al. [2010]; 8 from Desissa et al.
[2013] and Stork et al. [2013]; 9 from Pozgay et al. [2009] and Matsuno et al. [2012].
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2. Electrical Conductivity of Peridotites During Partial Melting Processes
2.1. Chemical Considerations

In the Earth’s mantle, peridotite melting processes significantly affect the chemical composition of partial
melts. For example, because alkalis are incompatible with respect to the minerals in spinel and garnet
peridotites, silicatemelts produced by small extent of melting of peridotite can contain 6–13wt % alkalis [e.g.,
Draper, 1992; Schiano and Clocchiatti, 1994; Baker et al., 1995]. Figures 2a and 2b illustrate variations in liquid
composition during equilibrium partial melting at 1GPa using the pMELTS algorithm [Ghiorso et al., 2002] for
partial melting of a fertile (MM3), a depleted (TI), and a very depleted (DMM1) peridotite (bulk rock
compositions from Baker and Stolper [1994], Wasylenki et al. [1996], and Robinson et al. [1998], respectively).
For calculations with wet peridotite, we considered 200 wt ppm water in the starting composition. All
calculations were made at constant oxygen fugacity (Fayalite-Magnetite-Quartz (FMQ) buffer). The sodium-
rich content in the first melts produced are in general agreement with experimental results, which supports
the validity of our approach that uses pMELTS to compute partial melt compositions. High sodium content
has been observed in experimental products of partial melting. In the study by Hirose and Kushiro [1993],
liquid compositions from partial melting experiments of spinel lherzolites at 1 GPa present Na2O contents up
to 4.60wt %. The results of Walter and Presnall [1994] on a simplified lherzolite composition showed Na2O
contents in the melt phase ranging of 3.47 and 5.54 at 1 and 1.1 GPa, respectively, and T< 1280°C. At 1.5 GPa,
Robinson et al. [1998] measured Na2O contents of 7.49wt % in melt from fertile peridotite melting at their

Figure 2. Melt phase chemistry of partially molten fertile and depleted peridotites, P=1 GPa. (a) Variations in oxide contents for fertile (MM3) and two depleted
(DMM1 and TI) peridotites for a degree of partial melting up to 20%, using the pMELTS algorithm. Starting compositions from Hirschmann et al. [1998]. Crosses
correspond to experimental melts fromWalter and Presnall [1994] on a synthetic lherzolite at 1280°C, 1 GPa; 1310°C, 1.3 GPa; and 1380°C, 1.7 GPa. Circles correspond
to experimental melts from Robinson et al. [1998] on the TI composition at 1336°C and 1.5 GPa. (b) Same as Figure 2a with an initial water content of 200 ppm wt %
water. (c and d) Comparison between dry (Figure 2c) and hydrous (Figure 2d) melt compositions produced by partial melting and silicate melt compositions
investigated as part of electrical conductivity studies in the laboratory. Laboratory studies on dry melts allow modeling of the electrical conductivity of partially
molten dry peridotite, while the electrical properties of hydrous melts have been studied for compositions that are not representative of partial melts of hydrous
peridotites. Filled symbols correspond to melts whose electrical properties were used to develop our conductivity model. See text for details. Optical Basicity cal-
culated using Pommier et al. [2013]. Pr et al.: Presnall et al. [1972]; WW: Waff and Weill [1975]; RM: Rai and Manghnani [1977]; K et al.: Kawahara et al. [1978]; TW:
Tyburczy andWaff [1983, 1985]; LT: Li and Tomozawa [1996]; S et al.: Simonnet et al. [2003]; G: Gaillard [2004]; P et al.: Pommier et al. [2008, 2010]; N et al.: Ni et al. [2011a,
2011b]; No et al.: Noritake et al. [2012].
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lowest temperature (1267°C), and 4.90wt % Na2O in melt from TI peridotite melting at 1315°C. The first melts
observed in the experiments by Wasylenki et al. [2003] on DMM1 composition present a sodium content of
2.02wt % at 1275°C and 1GPa. For a similar melt composition, we note that experimental works observe a
lower temperature than the one predicted using pMELTS, particularly for the DMM1 and TI peridotites. In our
study, we consider the results from pMELTS, and, because increasing temperature increases electrical
conductivity, we assume that the electrical models of the DMM1 and TI peridotites may slightly overestimate
the electrical conductivity of partially molten peridotite.

The electrical conductivity of silicate melts depends on its chemical composition and, in particular, strongly
increases with alkali content (particularly sodium) and water content [Bockris et al., 1952; Gaillard, 2004;
Pommier et al., 2008; Ni et al., 2011a, 2011b]. Electrical conductivity is also sensitive to the degree of
polymerization of the melt, which can be characterized through its Optical Basicity [e.g., Moretti, 2005;
Mathieu et al., 2011]. Optical Basicity expresses acid-base interactions within a silicate melt that are determined
from Pauling electronegativity [e.g., Duffy and Ingram, 1976]. In silicate melts, network modifying cations (e.g.,
Mg2+, Ca2+, Fe2+, Na+, K+, and H+) are considered as bases (electron donors) and network forming cations
(Si4+ and Al3+) as acids (electron receivers). The interested reader is referred to Pommier et al. [2013] for
details regarding the Optical Basicity calculation for silicate melts and its effect on electrical conductivity.

Figure 2c compares the chemical composition of liquids from partial melting of dry and wet peridotites
(from Figures 2a and 2b) to the composition of silicate melts investigated as part of electrical studies in the
laboratory. A few laboratory studies also attempted to measure the bulk electrical conductivity of partially
molten rocks [e.g., Roberts and Tyburczy, 1999; Partzsch et al., 2000; ten Grotenhuis et al., 2005; Maumus et al.,
2005]. However, it is not possible to discriminate from these electrical measurements the effect of melt fraction,
melt composition, and melt geometry on the bulk conductivity. Therefore, electrical data conductivity studies
on partially molten rocks are not considered as part of our modeling.

As shown in Figure 2c, several electrical measurements have been performed on compositions
representative of liquids in the 0–20 % melting interval, allowing a conductivity model of peridotite partial
melting to be developed. In particular, silicate melts from the studies of Rai and Manghnani [1977], Tyburczy
and Waff [1983], and Li and Tomozawa [1996] have sodium content and Optical Basicity close to the dry
partial melts considered in our study. The electrical database for hydrous melts is more limited and unavailable
for compositions that correspond to the ones of liquids produced from partial melting of hydrous peridotite.
Thus, the existing electrical data set for hydrous melts cannot be used to calculate satisfactorily the electrical
conductivity of hydrous peridotite during partial melting. As a result, our conductivity model will focus on fertile
and depleted dry peridotites, allowing geophysical applications in water-depleted geological contexts for
magma genesis, such as hot spots and mid-ocean ridges.

2.2. Petrology-Based Model of the Electrical Conductivity of Partially Molten Peridotites
2.2.1. Electrical Conductivity of the Liquid Phase
We considered the electrical data from the studies of Rai and Manghnani [1977], Tyburczy and Waff [1983],
and Li and Tomozawa [1996]. As underlined in Figure 2c, the melt compositions investigated as part of these
two studies are representative of the chemistry of liquids for low degrees of partial melting. Therefore, these
experimental data are the best candidates to model the evolution of the electrical conductivity of peridotite
at low degrees of partial melting. Electrical conductivity results for the mugearite composition from the study
by Rai and Manghnani [1977] were discarded from our conductivity model (Figure 2, data point in grey),
because a long dwell (63 h) at relatively high temperature (950°C) was made during the electrical
measurements on this composition, leading probably to significant alkali loss through volatilization and
therefore explaining the low conductivity value. For studies that performed measurements at atmospheric
pressure, we applied a correction of �0.15 log unit in electrical conductivity to account for the effect of a
pressure of 1 GPa, in agreement with the effect of pressure observed in experimental studies [e.g., Tyburczy
and Waff, 1983]. The temperatures considered in the experiments of Rai and Manghnani [1977] (500–1500°C)
cover the temperature range of peridotite partial melting up to 20 vol % (~1250–1400°C for the fertile
peridotite and ~1340–1510°C for the depleted peridotites; see Figures 2a and 2b), while Li and Tomozawa
[1996] conducted experiments from 950 to 1250°C. Their melt compositions correspond to the composition
of the partial melts that are produced at temperatures from 1300 to 1370°C, and, as a result, we extrapolated
their conductivity model to these higher temperatures of interest.
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The evolution of melt electrical conductivity during partial melting (i.e., as a function of melt fraction and
temperature) at 1 GPa is shown in Figure 3a. For the three peridotites, low-degree partial melting produces
conductive melts (>7 S/m). The first melts produced are silicate liquids whose conductivities are up to 5 times
higher than the conductivity of a basaltic melt at the same temperature. This is essentially explained by the
very high Na2O contents of these liquids (Figure 2a). For the three peridotites, the observed decrease in
conductivity along with an increase in temperature suggests that electrical conductivity of these liquids is
controlled by melt chemistry rather than by temperature. We propose the following empirical equations
to model the electrical conductivity of melt produced from peridotite partial melting. These equations
represent the best fit to the considered data set (Figure 3a). In the case of MM3 peridotite, for a melt content
X: 0.1≤ X≤ 15 vol %,

σmelt ¼ 205:36X2 � 95:414X þ 19:717 (1)

For DMM1 peridotite, for 0.1≤ X≤ 10 vol %

σmelt ¼ �5807:1X3 þ 1495:2X2 � 105:29X þ 10:045 (2)

For TI peridotite, for 0.1≤X≤ 15 vol %

σmelt ¼ �2496:1X3 þ 1320:1X2 � 231:76X þ 21:449 (3)

with σmelt in S/m and X in vol %. Equations (1) to (3) reproduce considered laboratory conductivity data
(Figure 3a) with a correlation coefficient of 0.993, 0.981, and 0.988, respectively, and an average error of ±0.2
for MM3 peridotite, ±0.1 for DMM1 peridotite, and ±0.4 for TI peridotite.

For all three peridotites, higher degrees of partial melting produce melts with low sodium contents and high
Optical Basicity (Figure 2c). As shown in Figure 2c, one silicate melt in particular is representative of these
compositions and comes from the study of Rai and Manghnani [1977] (Optical Basicity of 0.60 and sodium
content of 1.48wt % Na2O). The electrical response of this basaltic melt can be used to model the electrical
conductivity of liquids produced at high degrees of partial melting (X> 15 vol % for MM3 and TI
peridotites, and X> 10 vol % for DMM1 peridotite) (Figure 3a). The experimental data from Rai and
Manghnani [1977] show that the electrical conductivity of this basaltic melt can be modeled using the
following Arrhenian equation:

σmelt ¼ 2:321� 105 exp
�1:40� 105

RT

� �
(4)

with σmelt the electrical conductivity of melt (S/m), T the temperature (K), and R the universal gas constant
(8.314 J mol�1 K�1). Equation (4) accounts for the correction of pressure effect at 1 GPa. As shown in Figure 3a,
liquids produced at high degrees of partial melting present an increase in electrical conductivity with
temperature. This suggests that the high temperatures (>1400°C) govern the electrical conductivity regime
for these liquids. For the three peridotites, changes in the chemistry of liquids coming from high-degree
partial melting are less dramatic than during the first steps of the melting process, which diminishes the
effect of melt chemistry on electrical conductivity.

At a first approximation, our melt conductivity model can be used at a pressure of 2 GPa by applying the
following correction to equations (1) to (4):

log σmeltð Þ 2GPa ¼ log σmeltð Þj j1GPa � 0:2 (5)

A higher temperature (160°C (±20) higher) is needed at 2GPa to produce the samemelt fraction: for instance,
a temperature of 1270°C at 1GPa produces 1 vol % of melt from the MM3 peridotite, while a similar melt
fraction is obtained for a temperature of ~1430°C at 2GPa. According to the experimental data of Ni et al.
[2011a], such an increase in temperature increases the conductivity of melt by ~0.55 log units (±0.05). The
effect of temperature is partially counterbalanced by (1) the effect of pressure, for an increase of 1GPa
decreases melt conductivity by ~�0.15 log unit (±0.05) [Tyburczy and Waff, 1983] and (2) the effect of melt
composition, because melts at 2 GPa have a lower sodium content than at 1GPa (for a similar degree of partial
melting) and are therefore less conductive. For instance, pMELTS calculations show that low-degree melting
of MM3 peridotite (X~0.01) produces liquids with a Na2O content of 8.2wt % at 1GPa and 7.6wt % at 2GPa.
Experiments performed by Walter and Presnall [1994] at 1–1.1GPa and 2GPa showed Na2O contents in the
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Figure 3. Electrical conductivity model for partially molten fertile (MM3) and depleted (DMM1) peridotites up to 20 vol % of melt. Indicated temperatures are for
melting at 1 GPa. (a) Melt electrical conductivity from partial melting of peridotite. Melt chemistry at defined T and volume fraction calculated using MELTS calcu-
lations. Data points are from laboratory studies selected from Figure 2c. Dashed lines are melt conductivities for basaltic melts and tholeiitic melt with constant
chemistry (from Rai and Manghnani [1977] (RM), Tyburczy and Waff [1983] (TW), and Ni et al. [2011a] (Ni et al.), respectively). Data from RM (at 1 bar) were calculated
for a pressure of 1 GPa using the pressure correction detailed in the text. (b) Bulk electrical conductivity using the Hashin-Shtrikman upper bound (HS+) and a solid
matrix conductivity based on the nature and proportion of mineral phases (olivine (ol), orthopyroxene (opx), and clinopyroxene (cpx)). See text for details. Melt phase
conductivity from our model (equations (1) to (3)). (c) Bulk electrical conductivity using the HS+ bound. Liquid phase conductivity is from our model. Solid phase
conductivity of 0.1 S/m, 0.001 S/m, and based on the nature and proportion of mineral phases. (d) Bulk electrical conductivity considering a solid phase conductivity
function of the nature and proportion of minerals and a liquid phase conductivity from our model. Upper bound conductivities are for the film model [Waff, 1974],
HS+ (spheres, liquid matrix) bound [Hashin and Shtrikman, 1962], and the tube model [Grant and West, 1965]. Lower bound conductivities are calculated using
the HS lower bound (spheres, solid matrix) [Hashin and Shtrikman, 1962].
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melt phase of 3.47–5.54wt % and 4.96–1.15wt %, respectively. Their results are consistent with a small
decrease in sodium content when pressure increases from 1 to 2 GPa. In the experiments by Blundy et al.
[1995], the melt phase contains 4wt % Na2O at 1 GPa and 1390°C, and 6wt % at 1500°C and 2 GPa (runs
93PC11 and 93PC20), which does not suggest a strong depletion in sodium at comparable degrees of
melting. According to electrical laboratory studies [Rai and Manghnani, 1977; Pommier et al., 2008], such a
change in melt chemistry when increasing pressure is likely to account for a change in conductivity
of ~�0.10 to�0.20 log unit. As a consequence, for a defined melt fraction, the change in melt conductivity
from 1 to 2 GPa is estimated to be about 0.20 log unit in the 0–20% melting interval and 0.15 log unit at
higher extent of melting.

We assume that pMELTS calculations reproduce experimental results rather satisfactorily over the P range
1–2 GPa and can be used to model mantle partial melting. However, over a larger amplitude pressure
range, studies of sodium partition coefficient between melt and clinopyroxene have demonstrated that
sodium preferentially goes to the solid phase at high pressure [Blundy et al., 1998; Robinson et al., 1998],
leading to a significant decrease in the sodium content of the melt phase with increasing pressure, and
thus decreasing the electrical conductivity of the melt phase substantially. Therefore, we do not
recommend the use of our conductivity model developed at 1 GPa at pressure higher than 2 GPa.
2.2.2. Electrical Conductivity of the Solid Phase
For each temperature of partial melting process, calculations using the MELTS algorithm provide with the
composition and abundance of minerals that are expected to be in equilibrium with the melt phase. For both
kinds of peridotites, these minerals are olivine, orthopyroxene, spinel, and sometimes clinopyroxene. With
proportions less than 5 vol %, spinel is considered as a minor phase that, therefore, does not contribute
significantly to the bulk conductivity. As a result, we calculated the electrical conductivity of the solid matrix
based on an assemblage of olivine and pyroxenes.

Olivine conductivity was determined using the SOE3 model at the FMQ redox buffer [Constable, 2006], and
the electrical conductivity of pyroxenes was calculated using the laboratory-based models by Dai and Karato
[2009] and Yang et al. [2011], for orthopyroxene and clinopyroxene, respectively. Because the effect of
pressure from 1 to 2GPa is negligible on the electrical conductivity of these minerals, our calculations of the
electrical conductivity of the solid matrix are valid at 1 and 2GPa. For each temperature of the partial melting
process, the conductivity of the solid matrix σsolid matrix is calculated using the geometric means [Shankland
and Duba, 1990]

σsolidmatrix ¼ ∏
i
σxii
� �

(6)

with σi the conductivity of phase i (S/m) and xi its volume fraction. The electrical conductivity of the solid
matrix for a degree of partial melting up to 20 vol % at 1GPa ranges from 9.10�3 to 0.02 S/m for the MM3
peridotite, from ~2.6.10�3 to 0.02 for the DMM1 peridotite, and from 0.02 to 0.05 for the TI peridotite (see
supporting information).
2.2.3. Bulk Electrical Conductivity
Calculations of bulk electrical conductivity (i.e., liquid and solid phases) are presented in Figures 3b–3c.
Conductivity values are listed in the supporting information. The effect of chemical changes in melt
composition on bulk conductivity is observed for all peridotites and is particularly significant for the MM3 and
TI peridotites (Figure 3b). For 8.5 vol % of partial melting, the electrical conductivity of the partially
molten MM3 peridotite is ~0.8 S/m, i.e., more than 2 times higher than the conductivity of an
assemblage that considers a basaltic melt as the liquid phase (0.35 S/m). Five vol % of partial melting of
the TI peridotite is characterized by an electrical conductivity of ~0.43 S/m, which is also more than 2
times higher than the conductivity of an assemblage that considers a basaltic melt (0.20 S/m). In
contrast, only the liquids produced during the first ~2 vol % of partial melting of the DMM1 peridotite
are very conductive (>8 S/m, Figure 3a), and these amounts of melt are too low to affect dramatically
the bulk electrical conductivity (Figure 3b).

As shown in Figure 3c, the effect of the solid matrix conductivity on bulk conductivity is negligible at our
conditions and for an interconnected melt phase (Hashin-Shtrikman upper bound) [Hashin and Shtrikman,
1962]. Accounting for each mineral phase or assuming a homogenous conductivity value for the solid matrix
does not lead to significant discrepancies. The effect of geometry of the liquid and solid assemblage on bulk
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conductivity is more important than the solid matrix composition. Several two-phase mixing models have
been proposed, and in Figure 3d, we consider the following geometrical configurations:

1. The cubes model, where thin films of melt of uniform thickness surround cubic grains (for melt fractions
less than approximately 15% and continuous grain boundary wetting) [Waff, 1974]

σbulk ¼ 1� 1� Xmeltð Þ2=3
h i

σmelt (7)

2. The spheres model, consisting of spheres of solid (or melt) isolated from each other in a liquid (or solid)
matrix, called Hashin-Shtrikman upper (lower) bound [Hashin and Shtrikman, 1962]

σbulk HSþj ¼ σmelt þ 1� Xmelt

1
σsolid �σmelt

� �
þ Xmelt

3σmelt

� � (8)

σbulk HS�j ¼ σsolid þ Xmelt

1
σmelt �σsolid

� �
þ 1�Xmelt

3σsolid

� � (9)

3. The tubes model [Schmeling, 1986], in which the melt is distributed in equally spaced tubes:

σbulk ¼ 1
3
Xmeltσmelt þ 1� Xmeltð Þσsolid (10)

In each case, Xmelt is the melt fraction, σbulk is the bulk electrical conductivity, σmelt is the electrical conductivity
of the melt phase, and σsolid is the electrical conductivity of the solid phase (all conductivities are in S/m).

The Hashin-Shtrikman upper bounds, the films model, and the tubes model provide estimates for a well-
interconnected melt phase. The tubes model gives a higher melt fraction for a given electrical conductivity
value, and hence represents the upper bound of melt fraction determination from electrical conductivity.
If the tube geometry is relevant in some high deformation contexts where electrical anisotropy is observed
[e.g., Caricchi et al., 2011; Naif et al., 2013], the Hashin-Shtrikman bounds are considered the narrowest
upper and lower bounds in the absence of knowledge of the geometrical arrangement of the constituent
phases [Hashin and Shtrikman, 1962; Berryman, 1995]. Thus, we will consider this mixing model as part of
geophysical applications.

3. Geophysical Implications
3.1. Melt Fraction Estimates in the Upper Mantle Using MT Data

The geological processes involving silicate melts probed using MT soundings are usually explained by melt
fractions<20%, which highlights the need for electrical models as the one proposed in this study. For
instance, the suboceanic upper mantle partially melts between ~5 and 20% to produce mid-ocean ridge
basalt (MORB) during near-adiabatic upwelling [e.g., Klein and Langmuir, 1987; McKenzie and Bickle, 1988;
Bonatti et al., 2003], and MT studies are successfully used to detect these partially molten zones below mid-
ocean ridges [e.g., Sinha et al., 1998; Evans et al., 1999; Baba et al., 2006; Key et al., 2013].

Our conductivity model shows that the effect of melt chemistry on the bulk electrical conductivity of partially
molten peridotites MM3 and TI is significant for a degree of melting up to ~10–15 vol %, whereas it will not
affect significantly the bulk conductivity of peridotite DMM1 (Figure 3b). A partially molten peridotite with a
composition close to the one of MM3 or TI is more conductive than an assemblage assuming a basaltic
composition as the liquid phase. As a consequence, our conductivity model also suggests that the melt
fraction needed to explain a field electrical anomaly will be lower than a melt fraction estimate involving a
liquid composition that is not based on petrological considerations.

Melt fraction estimates using equations (1) to (4) are presented in Table 1 and Figure 4 for the different
locations shown in Figure 1 (except the context of the Mariana Arc, since melts in this subduction context are
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volatile rich [e.g., Kelley et al., 2010]).
There is a general good agreement
with melt content estimates from
seismic studies in the same locations
(hot spots and mid-ocean ridges).
One exception regards the East
Pacific Rise (8–11°N segment), for
which themelt content estimate from
electrical data is significantly higher
than the one suggested from seismic
data (up to 15 vol% versus 1–3 vol %).
As suggested by Key et al. [2013],
it is possible that this detected
geophysical anomaly contains
hydrous and carbonated fluids that
would noticeably increase the
conductivity of liquids produced from
peridotite partial melting. In such a
scenario, our dry melting conductivity
model would not be suitable for
estimating a melt fraction.

Our model has been developed for
partial melting of chemically distinct
peridotites under equilibrium
conditions. Therefore, it aims to
approximate batch melting rather
than to predict the electrical
conductivity of melt undergoing
fractional crystallization, in which
case melt begins separating from the
solid residue once interconnected
[e.g., McKenzie, 1984]. Fractional
crystallization experiments by
Falloon et al. [2008] on the MM3
peridotite composition at 1 and
1.5GPa show that a low degree of
melting will produce liquids that are
less enriched in sodium than under
equilibrium conditions (Na2O from
3 to 5 wt % versus 3 to ~9 wt %,
respectively). In terms of electrical
properties, these findings suggest
that the electrical conductivity of
liquids from fractional crystallization
is lower (possibly a few tenths of log
unit) than the electrical conductivity
under equilibrium conditions.
Therefore, the electrical conductivity
of melts undergoing fractional
crystallization processes is likely to
range between conductivity values
from our equilibrium model and
conductivity of basaltic
melts (Figure 3a).Ta
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Melting processes in the mantle can be
strongly coupled to melt migration, which
can affect the relationship between melt
fraction and temperature. For instance,
beneath ocean ridges, melts produced over a
wide region and depth range in the mantle
can ascend and migrate laterally toward the
axial zone of crustal accretion [e.g., Niu,
1997]. During cooling, these melts crystallize
olivine as they pass through previously
depleted residues in the thermal boundary
layer. Their composition is different from the
one of partial melts produced in peridotite
melting experiments because primary
mantle melts crystallize olivine back in the
mantle [Niu, 1997]. As a result, our electrical
conductivity model is unlikely to be valid
where melt migration is a dominant process,
and we suggest, for these cases, to model the
electrical conductivity of a drained residual

peridotite by considering a mid-ocean ridge basalt as the liquid phase for every melt fraction (equation (4)).
Actually, MORBs are considered to represent the final product of these melts that have evolved primarily
through fractional crystallization as a result of cooling at shallow levels [e.g., Sinton and Detrick, 1992].

3.2. Electrical Conductivity-Seismic Velocity Model of Partially Molten Peridotites

Owing to the general good agreement between melt fraction estimates from our electrical modeling and
seismic studies (Table 1), we propose to further the comparison between electrical conductivity and seismic
velocity of peridotite partial melting. Schmeling [1986] compared electrical conductivities to elastic and
anelastic properties for different idealized geometries, melt distributions, and melt fractions. However,
petrological constraints, such as melt chemical evolution during partial melting or the dependence of
temperature and melt fraction to geophysical properties, were not considered as part of these previous
numerical models. Our seismic and electrical comparison considers two configurations involving an isotropic
melt geometry (i.e., in one case, melt is interconnected (liquid matrix), and in the other case, melt is under the
form of isolated pockets (solid matrix)).

Our conductivity-velocity comparison is based on the respective dependence of electrical conductivity and
seismic velocity (shear and compressional, and VS and VP, respectively) to melt fraction and is illustrated in
Figures 5 and 6. The relationship between electrical conductivity and melt fraction corresponds to the model
presented in this study, where the liquid phase conductivity is calculated using equations (1) to (3) for low
melt fractions, equation (4) for high melt fractions, and equation (5) for calculations at 2GPa. The electrical
conductivity of the solid matrix accounts for the nature and proportions of the mineral phases at each
temperature and is calculated using equation (6). We considered the Hashin-Shtrikman bounds (equations (8)
and (9)) to calculate bulk electrical conductivities.

The relationship between seismic velocities (VS and VP) and melt fraction corresponds to the modeling study
by Mainprice [1997], which calculates velocities considering different models for effective isotropic media.
Onemodel, called the Gassmannmodel [Gassmann, 1951], is particularly appropriate since it models the low-
frequency domain of marine seismic field experiments (from 1 to a few tens of Hz). By combining Gassmann’s
work with higher-frequency velocity models (the differential effective mediummodel [Boucher, 1976] and the
self-consistent scheme model [Berryman and Berge, 1993]), Mainprice [1997] also proposed a means of
determining the high-frequency velocity and hence attenuation. Therefore, we used the Gassmann model
modified by Mainprice [1997] to estimate VS and VP values as a function of melt fraction.

The shape of the melt inclusions and, in particular, the aspect ratio, influences significantly seismic wave
velocities [e.g., Faul et al., 2004]. The Hashin-Shtrikman bounds used in our study consider spherical melt
inclusions. Theoretical modeling showed that the effect of partial melt on VS and VP using this geometry is
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Figure 4. Melt content estimates from electromagnetic and seismic
studies in the same locations as in Figure 1b, after correction of elec-
trical melt fraction estimates using our model (equations (1) to (5)).
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similar to the one that considers melt tubules [Watt et al., 1976;Williams and Garnero, 1996], implying that our
model can be used to model environment with tubular melt inclusions. Actually, for melt fractions up to 0.4,
differences in seismic velocities between these two geometries are less than 0.05 on VS reduction and less
than 0.02 on VP reduction. The same studies suggest that our model can also predict VS and VP values for melt
film geometry (aspect ratio of 0.05) with a difference in VS and VP reduction less than 0.10 and 0.05,
respectively. Melt films with an aspect ratio of 0.01 will not be reproduced satisfactorily with our model. Melt
tubule geometry can be particularly relevant in contexts where melt alignment is expected (such as mid-
ocean ridges), leading to seismic and electrical anisotropy [Kawakatsu et al., 2009; Caricchi et al., 2011]. The
lower and upper bounds of our conductivity-velocity model (Figure 6) provides an estimate of both electrical
and seismic anisotropy.

In the study by Mainprice [1997], seismic velocities are estimated for a liquid-solid assemblage made of
basaltic melt and peridotite (harzburgite) at 1200°C and 0.2 GPa. We accounted for the effect of temperature
on seismic velocities using, as a first approximation, the following empirical equations [Stacey, 1992]:

dln Vsð Þ
dT

����
P

¼ �5� 10�5K�1 (11)

and
dln Vpð Þ

dT

����
P

¼ �2:5� 10�5K�1 (12)

However, for both peridotites, the effect of temperature on VS and VP values is negligible on the investigated
T range, in agreement with previous estimates of T dependence of seismic velocities in the Earth’s mantle
[e.g., Duffy and Anderson, 1989; Stacey, 1992]. We assume that seismic velocities are less sensitive than
electrical conductivity to melt chemistry, and therefore, that the chemical changes in melt chemistry
considered in our study do not significantly affect seismic velocities.Mainprice [1997] also underlined that the
effect of pressure on seismic velocities can be ignored, estimated to be only 0.15 km/s from 1 to 2 GPa.

The dependence of seismic velocity and electrical conductivity on melt fraction is illustrated in Figure 5 for
two typical contexts: a hot spot, as an example of fertile peridotite melting, and a mid-ocean ridge, as an

Figure 5. Conductivity-shear wave velocity comparison for (a) a hot spot context and (b) a mid-ocean ridge context.
Numbers are VS values (km/s), and bold numbers are electrical conductivity values (S/m). Velocity lines are from seismic
profiles from Laske et al. [2011] for the Hawaiian hot spot and Delorey et al. [2005] for the Mid-Atlantic Ridge. Melt content
estimates are obtained using themodel byMainprice [1997] and electrical conductivity values from ourmodel for MM3 and TI
peridotites (equations (1) and (3) to (5)). Position of the ridge in Figure 5b corresponds to distance 0 km. See text for details.
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example of depleted peridotite melting. Contoured shear wave velocities come from Laske et al. [2011]
(for the hot spot case) and Delorey et al. [2005] (for the mid-ocean ridge case). Using modeling results from
Mainprice [1997], we interpreted VS values in terms of melt fraction and calculated electrical conductivity
values corresponding to the variable shear wave velocities using equations (1) to (5). The two synthetic
models in Figure 5 underline that, for similar shear wave velocity (and thus, melt fraction), predicted
electrical conductivities in the hot spot context are in the same range as the ones under the mid-ocean
ridge. This is explained by the small chemical differences in major oxide content between MM3 and TI
peridotite partial melting (Figure 2), leading to comparable bulk electrical conductivities. For instance, the
presence of ~3 vol %melt that corresponds to a VS value of 4.20 km/s is characterized by a bulk electrical
conductivity value of 0.26 (±0.01) S/m in both hot spot and mid-ocean ridge contexts. In Figures 5a
and 5b, the outline of the geophysical anomalies presents electrical conductivity values that are in
general agreement with the bulk electrical conductivity of anomalies detected in magnetotelluric
studies (~0.10 S/m in Hawaii [Constable and Heinson, 2004]; ~0.17 S/m under the Mid-Atlantic Ridge
[Sinha et al., 1998]). The core of the anomalies is slightly more conductive than observed in field (>0.40 S/m
in both cases).

Figure 6. Comparison between electrical conductivity and seismic velocities (VS and VP) during peridotite partial melting
at 1 and 2 GPa. Numbers in italic are vol % of melt. Electrical conductivities are calculated using our petrology-based
model (equations (1) to (4) for melt conductivity, equation (5) for solid matrix conductivity, and equations (8) (upper
bound, full line) and (9) (lower bound, dashed line) for bulk conductivity). Seismic parameters computed after the model
byMainprice [1997]. See text for details. (a) Model for fertile peridotite. Comparison with field data from the Hawaiian hot
spot [Constable and Heinson, 2004; Laske et al., 2011]. (b) Model for depleted peridotite. Comparison with field data from
the Mid-Atlantic Ridge [Sinha et al., 1998; Delorey et al., 2005].
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A direct means of conversion of electrical conductivity values into VS or VP values as a function of melt fraction
is presented in Figure 6 for peridotites MM3 and TI. Comparison with field data considers the Hawaiian hot
spot [Constable and Heinson, 2004; Laske et al., 2011], the Mid-Atlantic Ridge (Reykjanes Ridge) [Sinha et al.,
1998; Delorey et al., 2005], and the Afar Ridge [Desissa et al., 2013; Stork et al., 2013]. The combination of field
conductivity data and seismic velocities defines an intersection area in the plot space of electrical
conductivity versus seismic velocity (VS or VP). This area favors a mutually consistent interpretation of the
considered data pair in terms of geometry (defined by the location of the intersection area compared to
the position of the liquid matrix curve and the solid matrix curve), melt fraction, and hence temperature.
The geophysical anomaly detected below the Hawaiian hot spot (>60km depth) is compatible with the
presence of well interconnected~1 vol % melt or less (Figure 6a). Seismic data in the Mid-Atlantic Ridge are
compatible with a melt content ranging from ~2 to 12 vol %; however, the incorporation of MT results favors
the lowest estimates, narrowing this range to ~0.30–3.0 vol % (Figure 6b, left). In the case of the Afar Ridge
(Figure 6b, right), melt fraction estimates from our electrical conductivity model are in very good agreement
with estimates from Desissa et al. [2013] (up to 13 vol %), and the superimposition of the seismic results from
Stork et al. [2013] allows narrowing the estimate (1 to 8 vol % melt). The joint data approach helps narrow
the uncertainty range of melt fraction possibilities that would be estimated from only one geophysical
technique, illustrating the fact that both geophysical techniques benefit from each other’s information.

Our model is based on idealized melt geometries. However, these geometries are able to reproduce rather
satisfactorily electrical conductivities measured experimentally on melt-bearing aggregates [e.g., ten
Grotenhuis et al., 2005; Caricchi et al., 2011]. Also, in some cases, unexplored conduction or relaxation
mechanisms, or geometry effects, may dominate over the approach presented in this paper, and further
electrical studies in the laboratory are needed to quantify their effects on bulk electrical conductivity. If
Figures 5 and 6 should be regarded as relatively rough estimates, a systematic application of our model
provides a comprehensive insight into the electrical behavior of a partial melt, as a function of composition,
temperature, and melt fraction, and improves the comparison between magnetotelluric and seismic results.

4. Concluding Remarks

We have developed a petrology-based conductivity model of the electrical conductivity of partial melting
of three chemically distinct peridotites valid at pressures up to 2GPa. Particular attention was given to the
0–20% melting interval, where dramatic changes in melt chemistry can control bulk electrical conductivity.
Our results highlight the importance of estimating melt fractions in the upper mantle from magnetotelluric
surveys by accounting for melts compositions that are in agreement with petrological knowledge. We
show that the electrical conductivity of low-degree partial melting of a peridotite can be significantly
underestimated if the liquid phase is assumed to be basaltic, resulting in overestimated melt fractions
from bulk conductivity values.

Melt estimates using our model in hot spot and mid-ocean ridge contexts are in good agreement with
estimates from seismic studies. In an attempt to promote joint geophysical interpretations, we propose a
model relating electrical conductivity to seismic velocities VS and VP as a function of melt fraction during
peridotite partial melting.
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