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The presence of a small fraction of basaltic melt is a potential explanation for mantle electrical 
conductivity anomalies detected near the top of the oceanic asthenosphere. The interpretation of 
magnetotelluric profiles in terms of the nature and proportion of melt, however, relies on mathematical 
models that have not been experimentally tested at realistically low melt fractions (<0.01). In order to 
address this, we have performed in situ electrical conductivity measurements on partially molten olivine 
aggregates. The obtained data suggest that the bulk conductivity follows the conventional Archie’s law 
with the melt fraction exponents of 0.75 and 1.37 at melt fractions greater and smaller than 0.5 vol.% 
respectively at 1350 ◦C. Our results imply multiple conducting phases in melt-bearing olivine aggregate 
and a connectedness threshold at ∼0.5 vol.% of melt. The model predicts that the conductive oceanic 
upper asthenosphere contains 0.5 to 1 vol.% of melt, which is consistent with the durable presence of 
melt at depths over millions years while the oceanic plates spread apart at the mid-ocean ridge. Beneath 
ridges a minimum permeability may allow mid-ocean ridge basalts to rise out of the mantle, where our 
model indicates that melt is present in proportions of up to 4 vol.%.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

One of the most striking geophysical anomalies identified in the 
upper mantle is the Low Velocity Zone (LVZ, e.g. Holtzman, 2016) 
characterized by low seismic velocities and high attenuation and 
located in the asthenosphere near the Lithosphere–Asthenosphere 
Boundary (LAB). Under oceanic plates, the LVZ appears to coincide 
in some regions with a 20 to 50 km thick layer that possesses a 
high electrical conductivity (EC) (up to Log σ = −0.3; σ in S/m) 
relative to overlying and underlying layers (e.g. Evans et al., 2005;
Baba et al., 2006; Naif et al., 2013; Sarafian et al., 2015).

Several factors that might enhance EC have been invoked to 
explain these anomalies, such as anisotropy in mineral conduc-
tivity (e.g. Poe et al., 2010), water dissolved in nominally an-
hydrous minerals (e.g. Dai and Karato, 2014), or the presence 
of melt (e.g. Gaillard et al., 2008; Yoshino et al., 2010; Ni et 
al., 2011; Sifré et al., 2014). However, conductivity anisotropy in 
olivine aggregates appears to have an insufficient effect on EC 
to account for the observed mantle anomaly (Poe et al., 2010; 
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Yang, 2012). In addition, water dissolved in olivine is unlikely to 
produce the conductivity anomalies observed in the upper man-
tle (Gardés et al., 2014) because the concentration of water in 
minerals required to reach upper mantle conductivities (100 to 
1000 ppm; e.g. Dai and Karato, 2014) would lead to partial melt-
ing of the mantle rocks, accompanied by partitioning of signifi-
cant proportions of water into a melt phase rather than miner-
als (Hirschmann, 2006). Anisotropic distribution of the melt may 
also be a further factor enhancing the EC (Caricchi et al., 2011;
Zhang et al., 2014; Pommier et al., 2015a, 2015b). For these rea-
sons, it seems that the presence of melt is the most likely expla-
nation for the EC anomalies in the upper mantle, supported by 
melt-solid viscosity and density contrast (Sakamaki et al., 2013).

Large differences in transport properties between silicate min-
erals and melt mean that the EC of silicate melts is orders of 
magnitude higher than mineral phases (e.g. Tyburczy and Fisler, 
1995). As a consequence, the bulk EC of partially molten rocks 
(minerals + melt) varies with the relative fraction of solid and 
liquid phases, but also with their respective distribution (Glover, 
2010 and references therein). A liquid phase should form an inter-
connected network in a solid aggregate whenever dihedral angles 
between the two phases are lower than 60◦ . Since, in olivine ag-
gregates, basaltic melt is distributed as pockets, tubes and films 
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Table 1
Chemical compositions and standard deviations (italic grey font) of the starting materials (Olivine & Synthesis, whereby the nominal and the analyzed composition of the 
latter are reported) and melt compositions after experiments. All analyses were normalized to 100 wt.%, and the total (∗) shows the sum of oxides before correction. The 
number of analyses performed is indicated after the name of each experiment.

#Exp SiO2 TiO2 Al2O3 Cr2O3 Gd2O3 FeO MgO NiO MnO CaO Na2O K2O Total∗

Olivine (54) 39.78 0.01 0.02 0.04 8.21 51.37 0.38 0.12 0.06 0.01
0.75 0.01 0.02 0.07 0.20 0.64 0.05 0.04 0.02 0.01

nominal 52 15 2 7.5 8.5 10 3 2 100

Synthesis (20) 52.00 0.01 15.34 1.88 6.81 8.68 0.02 10.20 3.10 1.96 98.71
0.31 0.01 0.19 0.23 0.17 0.17 0.02 0.13 0.10 0.04 2.71

M480 – 100% (16) 48.27 0.01 14.38 1.80 6.15 13.58 0.01 10.43 3.28 2.09 97.75
0.40 0.02 0.35 0.14 0.17 0.96 0.01 0.32 0.16 0.13 0.53

M484 – 10% (15) 48.86 0.03 12.19 1.64 9.59 11.34 0.15 10.98 3.02 2.19 97.98
0.73 0.02 0.82 0.24 0.56 1.62 0.05 0.55 0.22 0.23 0.48

M477 – 4% (11) 50.21 0.04 15.28 2.18 7.31 8.77 0.19 10.67 3.17 2.19 96.69
1.10 0.02 2.62 0.16 0.86 0.93 0.03 0.39 0.06 0.10 0.63

M486 – 2% (14) 49.75 0.07 11.65 1.40 9.76 11.14 0.19 10.82 3.18 2.06 98.48
0.52 0.02 0.79 0.17 0.50 0.83 0.04 0.65 0.36 0.27 0.52

M487 – 1% (8) 48.65 0.11 11.43 1.18 9.50 13.45 0.15 10.79 3.00 1.73 95.90
2.40 0.05 0.76 0.25 0.64 1.23 0.06 2.59 0.43 0.32 1.10

M488 – 0.5% (29) 49.90 0.01 14.15 1.76 8.45 8.81 0.08 12.48 2.67 1.69 97.21
0.62 0.01 0.33 0.24 0.38 0.69 0.03 0.67 0.17 0.14 0.91

M501 – 0.5% (4) 52.09 0.05 13.54 1.25 9.57 10.93 0.00 8.77 2.47 1.34 98.45
1.10 0.02 0.67 0.14 0.28 2.50 0.00 1.35 0.19 0.12 0.59

M510 – 0.25% (11) 51.45 0.05 10.78 1.14 7.83 15.20 0.15 9.31 2.97 1.10 97.42
1.13 0.03 0.70 0.24 1.16 2.22 0.04 0.69 0.37 0.07 0.49
with dihedral angles as low as ∼10◦ , melt is expected to be in-
terconnected and thus contributes to a significant increase of the 
EC even at melt fractions lower than 1% (Cmíral et al., 1998;
Yoshino et al., 2009; Faul and Scott, 2006; Garapić et al., 2013).

The conductivity of a partially molten assemblage is gener-
ally calculated based on a mathematical model with an assumed 
mineral and melt geometry. The applicability of such models has, 
to date, not been experimentally investigated, particularly at very 
low (<1%) melt fractions, which are likely realistic for the up-
per mantle. Amongst the numerous mixing laws summarized and 
described by Glover (2010) and ten Grotenhuis et al. (2005), the 
conventional and modified Archie’s laws appear very suitable for 
calculating the EC of upper mantle materials in which both solid 
and liquid phases contribute to the bulk conductivity according to 
defined exponents. Other models, such as the tubes, cubes, and 
sphere + models (Grant and West, 1965; Waff, 1974) texturally 
reproduce a melt-bearing aggregate with a melt fraction >0.05 
where pockets (pools) and films wetting grain boundaries are the 
dominant features of the melt network (Miller et al., 2014). At 
melt fractions lower than 0.02, the melt principally forms chan-
nels residing along grain edges, and can still be interconnected 
down to very low melt fractions resulting in a potentially poor fit 
to these models (Garapić et al., 2013; Holtzman, 2016). In spite of 
the proposed interconnectivity threshold (e.g. Holtzman, 2016), it 
is expected that the melt raises the bulk conductivity at these low 
(<0.01%) melt fractions.

Estimates for the amount of melt potentially present in the up-
per mantle is still quite uncertain due to a lack of experimental 
verification of models relating the degree of partial melt to the re-
sulting EC, particularly at very low (<1%) melt fractions. In order 
to find the most adequate mixing law for mantle rocks containing 
low melt fractions, we have performed in situ electrical conductiv-
ity measurements on olivine aggregate with melt fraction varying 
from 0 to 100 vol.% at pressures and temperatures up to 3 GPa and 
1430 ◦C respectively. From the results, we build a model based on 
the conventional Archie’s law, which is valid over a large range 
of temperature and melt fraction. Then, we discuss the amount of 
melt potentially existing in the upper mantle, and its mobility. In 
addition, we estimate the temperature distribution in the astheno-
sphere without melt based on the present conductivity measure-
ments of melt-free olivine aggregates.

2. Experimental procedure

2.1. Starting materials and sample preparation

Natural olivine from a Lanzarote peridotite (Canary Islands, 
Spain) and synthetic basalt were employed as solid and liquid 
starting materials respectively. The Lanzarote olivine consists of a 
single chemically homogeneous population of Fo92 (Table 1). Opti-
cal impurity-free olivine grains were crushed and sieved to obtain 
a maximum grain size of 100 μm. Olivine was used without further 
treatment (e.g. annealing under special conditions) so as to remain 
close to natural mantle materials. The basaltic glass was produced 
by mixing reagent grade oxides and carbonates and fusing the mix-
ture twice in an iron-enriched platinum crucible at 1450 ◦C and 
1 atm for 3 h. The resulting homogeneous glass had a composition 
similar to that of a Mid-Ocean Ridge Basalt (termed “synthesis”, 
Table 1). Gadolinium was added to the melt (a very incompatible 
element that concentrates exclusively in the liquid) for neutron to-
mography observations that are not reported here. The same batch 
of basalt was used for all experiments. Its liquidus temperature 
was estimated to be approximately 1270 ◦C at 1.5 GPa from the 
melting temperature during synthesis and from EC measurements 
with the sample with 100% of melt. The glass was then cored to 
provide starting samples of basalt i.e. for 100% melt fraction exper-
iments, while the rest of the glass was crushed into a fine powder 
(∼5 μm grain size). This powder was mechanically mixed with 
olivine grains in order to distribute the glass as homogeneously 
as possible within the olivine aggregate. Each component was ac-
curately weighed (precision of 0.1 μg) to achieve the desired melt 
fraction, assuming very little density variation between room and 
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Fig. 1. The 12-mm assembly employed for in situ electrical conductivity measure-
ments with the MAVO 6ram press. The sample (green) diameter is 3 mm before 
compression. The electrical path (red) includes platinum foil electrodes which sand-
wich the sample and are in contact with 2 S-type thermocouples connected inter-
changeably to a temperature monitor and a gain phase impedance analyzer. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

experimental conditions (Sakamaki et al., 2013). The mixtures are 
named according to the volume fraction of added basaltic glass 
(see also section 4.1). The mixtures and the olivine-only aggregate 
were cold-pressed using a hydraulic press and jig to provide sam-
ples 3 mm in diameter and 1.0 to 1.4 mm in length.

2.2. In situ electrical conductivity measurements

In every experiment, the sample was placed between two plat-
inum foils (electrodes) in contact with two thermocouples forming 
the electrical cell (Fig. 1). An MgO sleeve chemically and electri-
cally insulates the sample from the graphite furnace (see Fig. SI1). 
Crushable and hard alumina pistons were placed either side of the 
sample, which was positioned within the hot zone at the centre 
of the assembly. This zone extending over ∼1.5 mm, and was de-
termined by two thermocouples that measured the temperature 
∼0.3 mm away from each edge of the sample. Experiments where 
a temperature difference larger than 20 ◦C between the 2 thermo-
couples was measured, were discarded to avoid EC uncertainties 
due to large temperature gradients. The furnace and inner parts of 
the assembly were inserted in a zirconia cylinder used as a ther-
mal insulator that was inserted in an unfired 12-mm edge length 
pyrophyllite cube. Because of the graphite furnace, the absence of 
a welded-shut capsule and the presence of olivine, oxygen fugac-
ity is believed to approximate FMQ (±1.5 Log unit) conditions. 
Confining pressure was applied to the cube by a six-ram press 
(MAVO press, Bayerisches Geoinstitute) employing second stage 
anvils with square truncations of 9-mm edge length (Manthilake 
et al., 2012).

In situ EC measurements were performed using a Solartron 
impedance gain phase analyzer connected to the 4 wires of the 
2 thermocouples (see details about impedance spectroscopy in 
Barsoukov and Macdonald, 2005, for instance). The very low resis-
tance of the liquid basalt required the use of the 4-wire method for 
accurate EC measurements, as the internal resistance of a 2-wire 
measurement is significant (see Fig. SI 2). The graphite furnace 
was heated manually by controlling the electrical power and acted 
as a grounded Faraday cage, causing only a minor amount of in-
ductive interference in the frequency range 50 to 250 Hz. In a 
typical run the sample was pressurized for one hour, followed 
by a heating and cooling cycle, during which impedance spectra 
were acquired. The 2 thermocouples were switched between the 
temperature monitor and the impedance spectrometer to avoid 
interference. After each increase or decrease in temperature the 
sample was allowed to reach a stable temperature over a period 
∼1 min before the sample resistance was measured. Impedance 
spectra were typically acquired in a frequency range from 1 MHz 
to 10 Hz depending on the signal response of the sample and the 
temperature (Fig. 2). The temperature was monitored before and 
after the resistance measurement and was generally found to have 
remained constant. The measurement was repeated when the tem-
perature was found to have deviated by more than 5 ◦C during 
the resistance acquisition. Uncertainties on the sample conductiv-
ity arise from the sample geometry, temperature measurement and 
deviation during the measurement and from the determination 
of the resistance. The total uncertainty calculated by propagating 
these errors is 0.2 Log units (Laumonier et al., 2015). At the end of 
the experiment, the furnace power was switched off to quench the 
sample before slow decompression.

Electrical conductivity mechanisms for minerals and melts have 
been extensively described in the literature (e.g. Roberts and Ty-
burczy, 1999; Gaillard, 2004; Yoshino and Katsura, 2010, 2013; 
Laumonier et al., 2015). It is worth to recall, however, the temper-
ature dependence of the electrical conductivity σ (S/m) according 
to the Arrhenius Law:

σ = σ0 exp−(Ea+P�V /�T ) (1)

where σ0, Ea , P , �V and � are a pre-exponential term (S/m), the 
activation energy (J/mol), the pressure (bar), the activation volume 
(cm3/mol) and the gas constant (J/mol/K) respectively.
Fig. 2. Impedance spectra in the Nyquist plane and equivalent electrical circuits (Huebner and Dillenburg, 1995) obtained at low (A: T < 1200 ◦C) and high (B: T > 1200 ◦C) 
temperatures on the pure basalt sample. R, C and L in electrical circuits stand for resistance, capacitance and inductance respectively. The real resistance (yellow R) is shown 
by a yellow symbol. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Experimental conditions for EC measurements and fitted activation energy Ea and preexponential factor σ0 (S/m), with standard deviations into brackets. T ◦C max to T ◦C 
min defines the temperature interval for the fitting of Ea and σ0.

Exp # Pressure 
(GPa)

Duration 
(min)

Added basalt 
(vol.%)

Geometri-
cal factor 
(10−3)

T before 
quench 
(◦C)

Duration 
before quench 
(min)

T
max 
(◦C)

T
min 
(◦C)

Ea

(kJ)
Log σ0

M496 1.5 331 0.0 5.90 1348 16 1348 1192 239 (11) 5.84 (0.39)
M502 1.5 203 0.15 4.16 1307 23 1289 1164 163 (3) 3.66 (0.10)
M510 1.5 131 0.25 4.83 1354 21 1360 1182 177 (3) 4.41 (0.09)
M501 3.0 173 0.5 5.09 1299 31 1357 1121 170 (2) 4.60 (0.07)
M488 1.5 399 0.5 2.78 1373 35 1373 1205 162 (5) 4.54 (0.16)
M487 1.5 238 1.0 2.76 1346 102 1430 1292 195 (4) 5.70 (0.14)
M486 1.5 181 2.0 3.24 1373 15 1391 1266 191 (8) 5.80 (0.28)
M478 1.5 308 4.0 1.69 1395 25 1418 1214 207 (4) 6.52 (0.14)
M484 1.5 130 10 2.46 1425 20 1425 1298 206 (4) 6.71 (0.13)
M480 1.5 161 100 3.13 1405 19 1405 1317 210 (2) 7.67 (0.07)

M523 1.5 1690 0.25 6.16 1319 – – – – –
2.3. Post-experiment analysis

Once recovered, the assembly was cut in the middle along an 
axial plane of the sample, mounted in epoxy resin and polished 
for textural and chemical analyses. The distribution of the melt 
and the sample dimensions were characterized by Scanning Elec-
tron Microscopy (SEM) with a typical acceleration voltage of 20 to 
22 kV. Crystal size distribution and orientation were measured by 
Electron Backscatter Diffraction on a ZEISS SEM, Leo Gemini 1530 
with a Schottky field emission gun employing an accelerating volt-
age of 20 keV and a beam current of about 2.0–2.5 nA using a 
60 mm aperture (more details about the methods in Supplemen-
tary Information).

Chemical compositions of melt and minerals (olivine) were 
quantified by an Electron Probe Micro Analyzer with unfocused 
(10 μm) and focused (1 μm) beams respectively, with an accel-
eration voltage of 15 kV and beam current of 150 nA. The water 
content was measured using the Cameca IMS 1280HR at the Swiss 
SIMS laboratory of the University of Lausanne (Switzerland) under 
a 10 kV Cs+ primary beam with a ∼1.5 nA current, resulting in a 
typical spot size of ∼10 μm. To minimize the water background in 
the machine, samples were mounted in indium with a reference 
material. Before each measurement, the surface was cleaned us-
ing a 25 μm rastered presputtering beam, for 240 s (more details 
about the methods in Supplementary Information).

3. Results

Table 2 shows the experimental conditions and fitting parame-
ters for the eleven experiments conducted with in situ EC measure-
ments. One run was performed at a constant temperature (M523) 
while all others followed similar heating and cooling cycles. All ex-
periments were carried out at a pressure of 1.5 GPa, except M501 
that was conducted at 3 GPa in order to investigate the effect 
of pressure on EC. The explored melt fraction, based on the ini-
tial fraction of added basaltic glass, ranges from 0 (olivine-only) to 
100 vol.% (basaltic melt only).

3.1. Electrical conductivity of melt-bearing olivine aggregates

The EC of the olivine-only sample (M496) for several heating-
cooling cycles is shown in Fig. 3. During the first heating, the EC 
increased with temperature, corresponding to a low activation en-
ergy (Ea ∼ 50 kJ/mol), likely due to the presence of moisture up to 
∼700 ◦C. Between ∼800 and ∼1230 ◦C, Ea is a factor of two higher 
than at lower temperatures (Ea ∼ 100 kJ/mol) due to hopping 
(also called small polaron) conduction and potential grain bound-
ary effects (Wanamaker and Duba, 1993; Sakamoto et al., 2002;
Yoshino et al., 2009). At temperatures above 1230 ◦C, high Ea
(239 ± 11 kJ/mol) indicates that ionic conduction (e.g. Yoshino et 
al., 2009) is the dominant mechanism, although there may still be 
minor contributions from other mechanisms (see also Gardés et al., 
2014).

The conductivity of sample M510 that contained 0.25 vol.% of 
added basalt is similar to that of pure olivine below the basalt liq-
uidus temperature (1270 ◦C), but it becomes significantly higher 
than olivine at temperatures above 1300 ◦C (Fig. 3). However, dur-
ing the following cooling and heating cycles, the conductivity re-
mains higher than that for pure olivine, probably due to the better 
wetting properties of melt once it has overshot the liquidus tem-
perature and distributed through the solid matrix. The effect of 
crossing the solidus temperature of the basalt is not visible in the 
experiment involving 0.25 vol.% of added basalt, probably due to 
the low amount and initial distribution of melt (Fig. 3).

In the case of the sample composed of basaltic melt only 
(M480), the jump observed around 880 ◦C during the first heating 
can be explained by improved contact between sample and elec-
trodes upon relaxation of the glass once the glass transition tem-
perature has been crossed. Around 1090 ◦C (grey arrow in Fig. 3), 
the slope suddenly increases from 74 ± 9 to 248 ± 10 kJ, probably 
coinciding with the solidus temperature of the basalt. The value 
of 248 kJ has no physical meaning because the basaltic glass may 
have partly crystallized, and the formed crystals may have grad-
ually melted at these temperatures. The very good reproducibility 
of the conductivity measurements during the different heating and 
cooling cycles attests to the accuracy of the measurements and 
the limited loss of melt from the sample chamber (see also sec-
tion 4.1).

The logarithmic EC of the pure olivine aggregate and of olivine 
aggregates containing various fractions of basaltic melt are dis-
played as a function of reciprocal temperature in Fig. 4. For all 
melt fractions investigated, the EC increases with the temperature 
but is clearly very sensitive to the fraction of melt: the higher the 
melt fraction, the higher the conductivity. For instance, at 1300 ◦C, 
the addition of 0.5 vol.% of basaltic melt increases the EC by one 
order of magnitude compared to the pure olivine aggregate; the 
addition of 10 vol.% of melt increases the EC by 1.8 log unit, and 
the pure basalt liquid end-member is by 2.6 orders of magnitude 
more conductive. These relations are not affected by run dura-
tion: experiment M523 was performed at a single temperature 
of 1319 ◦C for 27 h, but the conductivity is consistent with data 
from M510 which contained the same melt fraction but followed 
a temperature–time cycle similar to the other experiments (Fig. 4; 
see also Fig SI 3). M488 and M501 both contained a basalt melt 
fraction of 0.5 vol.% and were conducted at 1.5 and 3.0 GPa re-
spectively have identical conductivities within the error.
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Fig. 3. Reciprocal temperature versus electrical conductivity of samples containing 0, 0.25 and 100% of basaltic melt at 1.5 GPa. The activation energy (Ea) is indicated for the 
pure olivine sample, with probable conduction mechanisms. Black and grey arrows correspond to features most likely caused by the glass transition and the solidus of the 
basalt respectively. The conductivity values obtained during cooling are superimposed by the last heating path. The error in temperature is smaller than the symbols while 
the maximum error in EC is 0.2 log unit.
Fig. 4. Reciprocal temperature versus EC of basaltic melt and olivine aggregate with 
0 to 10 vol.% of added basaltic melt at 1.5 GPa (symbols). An olivine aggregate ex-
periment containing 0.5 vol.% of added basalt was also conducted at 3 GPa (empty 
diamonds). The range of conductivity measured at constant temperature in experi-
ment M523 is shown by the empty triangles. Lines correspond to the fit of the data 
using equation (1) and fitting parameters are presented in Table 2.

3.2. Textural results

SEM observations of the recovered experimental charges
showed that the initial cylindrical shape of the sample was pre-
served through the experiment with only minor irregularities, 
mainly where the electrodes are in contact with the thermocouples 
(Fig. 5; Fig. SI 4). The horizontal cracks observed throughout the 
sample may have been caused by tensile stresses during decom-
pression and were omitted from the calculation of the geometrical 
factor (corresponding to the aspect ratio of the sample, i.e. the 
surface divided by the length; Table 2). The grain size ranges up 
to 100 μm, but shows no significant grain growth over the du-
ration of the experiments (Fig. SI 5). The effect of grain size on 
EC was not investigated here. Low magnification images show a 
relatively homogeneous distribution of melt, which is visible as 
pockets ∼50 μm across in the experiment where ≤2 vol.% of melt 
was added (Fig. 5 A, C & F). The elongated melt pockets appear 
to follow the flow lines typically induced by compressive defor-
mation, i.e. sub-normal to the electrodes at the top and bottom 
of the sample, rotating sub-parallel to the electrodes in the cen-
tre of the sample, suggesting a small deviatoric stress was present 
during the experiments (Fig. 5A and Fig. SI 4C; see more in Sec-
tion 4.1). At higher magnification, we note the presence of melt 
as films and tubes, displayed as lines and dots respectively in 2D 
sections (examples of the labels on Fig. 5B). The melt appears to 
be fully interconnected for basalt melt fractions ≥2 vol.% but not 
interconnected at fractions <0.5% (Fig. 5 D & G). A comparison in 
the distribution of calcium between experiments with 0.5 and 0.25 
vol.% melt contents reveals the presence of small melt-associated 
Ca-rich pockets in both samples but Ca-rich films are not visible in 
the sample with 0.25 vol.% of added melt (Fig. 5 E & H).

3.3. Chemical composition and water content of experimental products

The chemical composition of olivine after experiments is almost 
identical to the starting composition (Fig. SI 6). The slight increase 
of the Fo content, by up to ∼0.01 (molar Mg/(Fe + Mg)), is proba-
bly related to minor reaction with the MgO capsule (see section 1
of supplementary materials), slight loss of Fe to the Pt electrodes 
and/or a minor readjustment in mineral/melt Fe–Mg partitioning.

The chemical composition of the melt in the experimental 
products is similar to that of the starting basaltic melt (Table 1). 
There is some variation apparent in the concentrations of MgO, 
Al2O3, and FeO and a small variation in the sodium concentration 
(electrical charge carriers) but none of these differences exceed 
10%, except for the experiments with a basalt fraction of 0.5 vol.% 
that show changes that are slightly larger than this. The chemical 
compositions and textural observations give no indication that in-
teractions occurred between olivine crystals and melt that could 
have significantly affected the EC measurements.

The water content measured in olivine is below the detec-
tion threshold, thus implying a concentration of water lower than 
10 ppm in the solid material, in comparison with the dry forsterite 
used as a calibration standard. In contrast, the glasses contain sub-
stantial amounts of water, with the experiments containing the 
lower melt fractions producing the most hydrous glasses (Fig. 6). 
The experiment with no crystals produced a glass with little water 
(0.1 wt.% H2O), slightly more than the starting glass (0.03 wt.%). 
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Fig. 5. Back-Scattered Electron (BSE) images (A to D, F and G) and relative concentration maps for calcium (E and H) in experiments involving 2, 0.5, and 0.25 vol.% of added 
basalt. On SEM images, the metal electrodes are white, the melt (m) is light grey and olivine (Ol) is dark grey. Calcium mapping highlights melt pockets and films around 
olivine crystals (black and dark blue areas). Rare orthopyroxene crystals (Opx) are present at the top of the sample in image H, coming from impurity in the starting material. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Experiments with lower melt fractions resulted in glasses con-
taining between 0.54 wt.% H2O (10 vol.% of added basalt) and 
0.74 wt.% H2O (2 vol.% of added basalt) (Fig. 6). The glasses from 
the experiments with 0.25, 0.5 and 2 vol.% added melt have simi-
lar water contents but there is no clear a correlation between the 
water content in the experimental glasses and the added melt frac-
tion (Fig. 6).

4. Discussion

4.1. Experimental limitations

4.1.1. Chemical contamination
The experiments were conducted for durations as short as pos-

sible (except M523) in order to limit melt loss or chemical contam-
ination of the sample with the surrounding host assembly. Only 
the experiment conducted with pure basaltic liquid (M480) shows 
a minor amount of melt percolating into the MgO sleeve (Fig. SI 4 
A & B). Based on the presence of melt after 27 h at 1319 ◦C, in-
cluding regions close to the MgO sleeve, we believe that there is 
no significant escape of liquid from the sample over the experi-
mental duration. A stable sample volume and EC measurement is, 
therefore, maintained over the duration of the experiments. The 
contamination of the sample by the MgO sleeve is limited to a 
narrow peripheral layer of 100 to 150 μm in the longest dura-
tion experiment (excluding M523), representing less than 5% of the 
sample diameter. On the other hand, the platinum electrodes alloy 
to some degree with iron from olivine and the melt, the latter re-
maining homogeneous in composition (see iron distribution in the 
100% melt experiment, Fig. SI 4B) except in a narrow (<50 μm) 
layer at the contact with electrodes. This alloying, however, does 
not influence the electrical conductivity of the sample.
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Fig. 6. Water contents (bold font) of melts in experimental products reported with 
the number of analyses (number in brackets). The average water content in melts 
from experiments with added melt fractions between 0.25 and 0.10 is 0.68 ±
0.09 wt.% (horizontal green line). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

4.1.2. Textural equilibrium
Once above the basalt liquidus temperature of the first heating, 

the EC reaches a value reproduced during later cooling and heat-
ing cycles (see the experiment with 0.25 vol.% of basalt, Fig. 3). 
According to this observation, we conclude that the melt should 
have promptly percolated through the sample and wetted the elec-
trodes. The examination of the experiment M523 shows that melt 
pockets are preserved even after 27 h without further wetting of 
the crystal aggregate (Fig. SI 4K & L). Coaxial strain in the experi-
ments would have favored the percolation of the melt through the 
aggregate as highlighted by preferentially oriented melt pockets in 
samples involving 2 and 10 vol.% of added basalt. The melt distri-
bution geometry in the samples is complex and it is not clear how 
a small amount of coaxial strain would have contributed to en-
hance the EC in the samples. However, the consistent orientation 
of these persistent melt pockets parallel to the electrodes (perpen-
dicular to the electrical path) should have not led to an increase in 
the bulk conductivity of the sample (Zhang et al., 2014).

4.1.3. Melt fraction determination
The determination of post-experimental melt fractions by SEM 

observation is challenging due to the image resolution, and the 
conversion from 2D to 3D. Post-experimental melt fraction esti-
mates are usually under-estimated at low magnification due to the 
difficulty in observing the thin melt films and pockets, particularly 
for the samples with the lowest melt fractions (Fig. SI 7). On the 
other hand, at higher magnification, heterogeneity in melt distribu-
tion, i.e. the presence of scattered melt pockets of different sizes, 
leads to biased estimates of the melt–crystal ratio. This can lead to 
errors in the melt fraction determination that are larger than the 
initial mass ratio of the mixed components. Consequently, though 
the glass fraction observed in post-mortem SEM pictures is simi-
lar to that determined from the initial weight ratio of olivine and 
basalt in the starting material of each experiment, we rely only on 
the latter (Fig. 5, Fig. SI 4 and Fig. SI 7). In addition, it is possi-
ble that the pure olivine aggregate does not remain melt-free at 
high temperatures (for instance, T > 1350 ◦C), since the solidus 
temperature of an olivine aggregate particularly in the presence of 
even minor amounts of H2O could easily be over stepped (Hashim, 
2016). However, according to Chantel et al. (2016), the very low 
amounts of melt that could be expected in the pure olivine aggre-
gate (<0.1%) would not wet the grain boundaries, as reflected in 
the very high EC compared to samples with a low added basalt 
fraction (Table 2 and Fig. SI 7) even though intergranular mass 
transport is strongly influenced by minor amounts of hydroxyl as 
proven by the work of Gardés et al. (2012). It is shown that acti-
vation energy of diffusion in hydrous-saturated grain boundaries is 
reduced compared to dry grain boundaries.

4.2. Implications of the melt distribution

For experimental durations investigated in this study (<27 h), 
melt pockets are preserved regardless of the melt fraction (Fig. 5), 
including when the melt is not fully interconnected (melt frac-
tion <0.5 vol.%). Complete redistribution of a small melt fraction 
appears to require much longer timescales than employed in the 
experiments. Similar persistent melt pockets were also observed by 
Garapić et al. (2013) after 430 h at high temperature. Alternatively, 
a threshold melt fraction may be required for the complete redis-
tribution of melt pockets, as discussed in the next section. Their 
stability excludes any textural evolution that would affect the elec-
trical results.

Although tubes are common features in all samples, films on 
the grain boundaries are not recognized in the samples containing 
0.25 vol.% of added basalt or less (Fig. 5). This feature apparently 
marks the boundary between low degrees of interconnectivity 
where films are not present and high degrees of interconnectivity 
where films are present alongside pockets and tubes. The presence 
of films implies dihedral angles smaller than 10◦ (Cmíral et al., 
1998). Our observations therefore suggest that olivine does not ex-
hibit dihedral angles less than 10◦ in the presence of very small 
melt fractions. Furthermore, dihedral angles were observed to be 
temperature-dependent in melt-bearing olivine aggregates ranging 
from 19◦ to 9◦ between 1300 ◦C and 1450 ◦C (Yoshino et al., 2009). 
In the olivine–basalt system, the disappearance of films with lower 
melt fraction seems to record the interconnectivity threshold as 
supported by the EC measurements (see next section). However, 
our experimental setup does not allow us to distinguish between 
the individual effects of pockets or films on the bulk conductivity 
of the partially molten assemblages.

4.3. Choice of the mixing law

The activation energy and pre-exponential factor were deter-
mined for each experiment based on an Arrhenius relationship 
of EC (Eq. (1); Table 2; Fig. 4). The calculated EC values closely 
reproduce the experimental data (Fig. 4). For the pure olivine ag-
gregate, only data points obtained at temperatures higher than 
1230 ◦C were used to determine the fit, corresponding to tem-
perature where ionic conduction is assumed to be the dominant 
transport mechanism (Fig. 3 and Section 6 of supplementary ma-
terials). The value of the EC fitted at 1350 ◦C is plotted against the 
added melt fraction in Fig. 7: from 100 down to 0.5 vol.%, the EC 
of partially-molten olivine aggregates defines a trend significantly 
higher than the models commonly used in the literature, such 
as +Spheres, Tubes, and Cubes models (Grant and West, 1965;
Waff, 1974) (Fig. 7), which can be modeled most closely using the 
Conventional Archie’s law (Eq. (2)):

σbulk = σlχ
m
l (2)

where σbulk is the EC of the system, χl the melt fraction in vol.%, 
σl the EC of the liquid and m is a measure of how the ratio σbulk

σl

varies as a function of melt fraction and degree of interconnec-
tion of the melt (Glover, 2010 and references therein). The value 
m will be <2 for a well-interconnected liquid phase and it will 
tend to unity only if the liquid phase is fully interconnected and is 
the only conductive phase (Glover, 2010). In our case, at 1350 ◦C 
and for an added basalt fraction >0.5 vol.% (i.e. a high degree 
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Fig. 7. Electrical conductivity versus the fraction of added basalt (in volume %) (Log 
scale) from the current experimental data (blue to green symbols which are identi-
cal to legend of Fig. 4) compared with the Modified Archie’s law (MA), Conventional 
Archie’s law (CA), Parallel model (PM), +Spheres (+S), Cubes (C), Tubes (T) and 
-Spheres (-S) models (curves) from the literature at 1350 ◦C. See text for model 
references. Black segments represent the error on the model fraction estimated by 
image analysis (see supplementary information). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this 
article.)

of interconnectivity), the power law exponent m = 0.75 ± 0.02
while the first term is the conductivity of the basaltic liquid, i.e. 
logσl = 0.89 ± 0.03 (σ in S/m). This low value of m indicates that 
the liquid phase is highly interconnected and that another con-
duction mechanism contributes to the bulk conductivity so as to 
provide a value of the exponent m < 1. The existence of another 
conduction mechanism than the melt is also demonstrated by the 
higher EC than given by the parallel model (“PM” in Fig. 7), which 
is supposed to represent the maximum EC where the melt is the 
unique conduction mechanism.

The maximum value of m (0.84 ± 0.05) is obtained when con-
sidering the experiments with 0.5 to 2 vol.% of added basalt that 
contain similar water contents (∼0.68 ± 0.09 wt.%). Based on the 
experiments of Ni et al. (2011) at 1450 ◦C, the effect of 1.1 wt.% 
of water would increase the EC by 0.3 log unit only (Log σ = 1.0), 
and the resulting m exponent would be 0.86 ± 0.04. Therefore, 
the value of the exponent m cannot be the result of the small wa-
ter content difference observed in the experiments. Since the melt 
composition does not vary significantly, in particular in the Na con-
tent, the reason why the value of m is lower than unity may reside 
in the solid phase, even though the EC of the latter is almost 3 log 
units lower than the basalt melt. Grain boundary effects and/or 
the existence of an electric double layer (Grahame, 1947) might 
enhance EC and would argue in favor of a low m exponent after 
the Na-coating of crystallizing olivine but these concepts cannot be 
demonstrated by our experiments.

The m value we find is comparable to that (0.89) experimen-
tally determined by Yoshino et al. (2010), but significantly different 
from that calculated by Miller et al. (2015) of 1.3 ± 0.3. Such 
a value is inconsistent for melt fractions lower than 0.8% since 
the conductivity of the melt-bearing olivine aggregate becomes 
lower than that of olivine-only (Log σ = −2.05; Constable, 2006). 
The exponent calculated by Yoshino et al. (2010) on an olivine–
carbonatite system (m = 1.14) implies a very good interconnect-
edness, but the existence of one conducting phase only, probably 
due to the higher conductivity of carbonatite melt compared to a 
basaltic one (more than one order of magnitude).

4.4. Interconnectivity threshold of the melt fraction (0.5 vol.%)

For experiments with added basalt fractions of 0.25 and 
0.15 vol.%, the EC is lower than the trend previously described 
(dashed line, Fig. 7) but still higher than the olivine-only aggre-
gate defining a higher exponent of m = 1.37. We deduce that 
the basaltic melt is no longer fully interconnected but remains 
still well-interconnected overall, and still contributes to an in-
crease in the bulk EC. Therefore, under our experimental con-
ditions, an interconnectivity threshold exists at a added basalt 
fraction of 0.5 vol.% in the olivine aggregates. No mathematical 
law reproduces such a change in connectedness with the melt 
fraction. Such a threshold is likely linked to the appearance/dis-
appearance of films, switching to a low/high degree of intercon-
nectivity and resulting in different electrical transport properties. 
The low degree of interconnectivity is explained by the persis-
tence of tubes in the solid aggregate. The threshold evidenced 
here occurs at very low melt fraction, and could be easily masked 
by the high jump in EC observed upon melting observed in 
other study (e.g. Maumus et al., 2005). The threshold depends on 
the melt distribution (tubes/films. . .), thus on the wetting prop-
erties of the melt with the solid phase (Yoshino et al., 2009;
Zhu et al., 2011).

4.5. Model of the EC of partially-molten olivine aggregate

Since the difference between the conventional and the modified 
Archie’s laws is negligible above the interconnectivity threshold 
(added basalt fraction ∼0.5 vol.%), we use the conventional law 
to fit all data from this study with a high degree of interconnectiv-
ity: we now incorporate the temperature dependence on the EC to 
the previous fit by regressing the evolution of the Archie’s law pa-
rameters with temperature. The correlation of the two parameters 
with temperature provides the following simplified equation:

logσ = (aT + b) ∗ logχm + (cT + d) (3)

where σ , T , χm are the electrical conductivity (in S/m), the tem-
perature (in Kelvin) and the melt fraction respectively, and a to 
d are fitting parameters determined from the experiments (a =
3.66E−04 ± 8E−6; b = 0.151 ± 0.013; c = 4.52E−03 ± 1E−4; d =
−6.448 ± 0.16). The mixing model integrating both temperature 
and melt fraction is valid for temperatures higher than 1230 ◦C 
and melt fractions χm higher than 0.5 vol.%.

The same Equation (3) can be applied to calculate the EC of 
partially molten olivine aggregate with melt fraction ranging be-
tween 0.5 down to 0.15 vol.% and temperature higher than 1230 ◦C. 
In that case, the fitting parameters are a′ = 1.57E−04 ± 4E−6; 
b′ = 1.113 ± 0.006; c′ = 3.92E−03 ± 9E−5; d′ = −4.082 ± 0.14. 
In this range of melt fraction with a lower degree of connectivity, 
if m = 1.37, then the preexponential factor A = 2.9 log units, is 
a value too high for the conductivity of basaltic melt. Hence, there 
must be other phase more conductive than olivine to get m = 1.37, 
such as, for instance, grain boundary effects that become more and 
more significant at lower melt fractions (Marquardt et al., 2015).

Both models reproduce very closely the experimental results 
(see Fig. SI 8) and are compared with data from the literature 
(Fig. 8) except that for the solid end-member for which the Ar-
rhenius fit is used (Eq. (1); Table 2).

Conductivities for both solid and liquid end-members fall in the 
range of their respective values defined by previous studies, though 
most of the melt measurements were performed on basaltic liquids 
that do not appear to respect an Arrhenius law (Fig. 8) (Pres-
nall et al., 1972; Waff and Weill, 1975; Tyburczy and Waff, 1983;
Pommier et al., 2010; Ni et al., 2011). The EC measurements on the 
pure olivine aggregate reproduce closely those reported for olivine 
by Poe et al. (2010) along the (100) and (001) axis orientations 
at lower temperatures (T < 1250 ◦C) but the data diverge quite 
significantly at higher temperatures. A comparison between our 
measurements and those reported for dry olivine and olivine con-
taining 50 ppm of H2O (Jones et al., 2012) is consistent with SIMS 
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Fig. 8. Electrical conductivity plotted against the reciprocal temperature for basalt, 
olivine aggregate and partially molten olivine aggregates with various fractions of 
basalt. Thick curves are model end-member conductivities (basalt and olivine ag-
gregate), plotted with the experimental data (3 point stars and circles respectively). 
Modeled mixtures from this study (purple to pink) are also shown. Previous stud-
ies on basalt with comparable compositions are shown as thin blue curves (Presnall 
et al., 1972; Waff and Weill, 1975; Tyburczy and Waff, 1983; Pommier et al., 2010;
Ni et al., 2011), whereas previous olivine measurements are shown by thin green 
curves (Sakamoto et al., 2002; Constable, 2006; Poe et al., 2010; Jones et al., 2012) 
and partially molten olivine aggregate measurements (Yoshino et al., 2010; Caricchi 
et al., 2011; Zhang et al., 2014). The two values from Zhang et al. (2014) correspond 
to measurement in the direction normal (lower value) and parallel (higher value of 
conductivity) to the shear direction. Melt proportions from Yoshino et al. (2010)
and Caricchi et al. (2011) are expressed in weight %. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

analyses indicating <10 ppm H2O in our olivine aggregates. Cau-
tion should be taken, however, when comparing transport mecha-
nisms determined for single crystals, with those of polycrystalline 
aggregates since models for this conversion have not be thoroughly 
tested. Finally, the extrapolation of olivine EC measured at low 
temperature (typically <1200 ◦C) to natural upper mantle condi-
tions by assuming a constant Ea may be misleading, in particular 
at low melt fractions and high temperatures where the contribu-
tion of olivine to EC is significant.

The comparison of the EC of partially molten olivine aggregate 
with the study of Yoshino et al. (2010) (10, 3 and 2 wt.% of basalt 
added to olivine aggregate), corresponding to volume proportions 
of 8, 2.4 and 1.6 vol.% (when assuming densities of 3.3 for olivine 
and 2.7 for the basalt), indicate good agreement at T < 1300 ◦C, 
but the higher Ea they found and the presumed absence of wa-
ter in their experimental products results in lower EC at higher 
temperatures (Fig. 8). One significant difference between the two 
studies is the starting grain size (up to 100 μm here against a 
few micrometers in Yoshino et al., 2010). Our model also gives 
a higher conductivity than deformed partially-molten olivine ag-
gregates (Caricchi et al., 2011; Zhang et al., 2014). In the study of 
Zhang et al. (2014), the electrical anisotropy of a peridotite with 
2 vol.% of basaltic melt was investigated during deformation. The 
EC in the direction parallel to the shear direction was found to 
be one order of magnitude higher than in the direction normal to 
the shear plane. Such a difference comes from the good melt in-
terconnection and agrees with our results (Fig. 8). In addition, if 
the EC value of the experiment with 2 vol.% of added melt was 
lowered by one order of magnitude, then this would equate to a 
melt fraction close to 0.25 vol.%, i.e. in the field of low degree of 
interconnectivity, such as suggested by Zhang et al. (2014).
Fig. 9. (A) Reported values of electrical conductivity of various upper mantle anoma-
lies: East Pacific Ridge (EPR, Baba et al., 2006), Off axis EPR (Off EPR, Evans et al., 
2005; Baba et al., 2006), Cocos plate (Naif et al., 2013) and the NoMelt experiment 
(Sarafian et al., 2015) compared with the EC of partially molten olivine aggregates 
(lines, this study) for various plausible basalt fractions (numbers on the right of the 
lines). The temperature ranges of the Off EPR and NoMelt experiments displayed in 
the graph are plotted according to a geotherm calculated from the NoMelt depth-
conductivity and the olivine-only EC from this study (see section 4.7). (B) Other 
geotherms from the literature and the approximated depth of the LVZ are plotted 
for comparison (F&J05: Faul and Jackson, 2005; Kat10: Katsura et al., 2010; Sar15: 
Sarafian et al., 2015), along with the position of the dry peridotite solidus (Hir00: 
Hirschmann, 2000; Sar15: Sarafian et al., 2015).

4.6. Estimation of the melt fraction in the upper mantle

4.6.1. Oceanic asthenosphere
Our model for the EC of melt-bearing olivine aggregates can be 

adapted for the interpretation of melt-induced electrical anoma-
lies located in the upper mantle, in situations where (i) the melt 
is likely basaltic in composition and exceeds 0.15 vol.%, (ii) assum-
ing the EC of peridotite is similar to that of an olivine aggregate, 
(iii) the grain size has negligible effect on the EC and (iv) regions 
are deformed by long-range tectonic stresses. The absence of a 
measureable pressure effect on the EC between 1.5 and 3.0 GPa 
implies that the mixing model developed in this study can be ap-
plied to understand the conductivity structures of the LAB and 
LVZ. Our model implies an interpreted maximum melt fraction of 
0.4–1 vol.% to explain the conductive, off-axis region of the East 
Pacific Rise (off EPR), assuming a temperature of 1350 ◦C (Evans 
et al., 2005; Baba et al., 2006; Sarafian et al., 2015) (Fig. 9A). The 
lower EC of the Cocos plate LAB (log σ = −0.6 to −0.9 S/m) and 
higher assumed temperature (1420 ◦C; Naif et al., 2013) leads to 
a melt fraction range of 0.3 to 0.5 vol.%, implying that the melt 
would not be fully interconnected (Fig. 9A). These melt propor-
tions estimated for the top of the asthenosphere in these two 
regions are lower than previous estimates (e.g. Evans et al., 1999, 
2005; Baba et al., 2006; Hirschmann, 2010; Yoshino et al., 2010;
Ni et al., 2011; Naif et al., 2013) as a result of the mathemati-
cal models previously employed underestimating bulk EC at low 
melt fractions. On the other hand, the melt fractions remotely es-
timated using our model agree with estimates of <1% based on 
melt migration and incremental melting models, in which there is 
a maximum melt fraction that can be retained by the solid matrix 
(Kelemen et al., 1997). They also agree with the value of 0.5 vol.% 
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estimated by Chantel et al. (2016) based on ultrasound velocity 
measurements.

4.6.2. East-Pacific Rise and Mid-Ocean Ridge regions
The melt fraction estimated beneath the EPR crest will de-

pend strongly on the solidus of the peridotite and, therefore, on 
the adiabatic gradient. We use a melting depth interval of be-
tween 60 and 100 km (Langmuir et al., 1993; Baba et al., 2006;
Key et al., 2013) and employ the volatile-poor peridotite solidus 
determined by Hirschmann (2000) (Fig. 9B) to constrain the pres-
sure (2 to 3 GPa) and temperature (1330 to 1400 ◦C) of the melting 
zone beneath the EPR. Under such conditions, based on the con-
ductivity value of Baba et al. (2006) and our results, we estimate 
melt proportions of between 0.8 and 4 vol.%, which is consistent 
with the value of Kelemen et al. (1997, and references therein), 
although less than half the value of 10% proposed by Key et al.
(2013).

Contrary to the suggestion of Miller et al. (2015), high concen-
trations of volatiles in the melt (>0.7 wt%) and olivine aggregate 
are not required to explain conductive anomalies in the oceanic 
upper mantle, under ridges or at the top of the asthenosphere. 
However, higher concentrations of volatiles dissolved in the melt 
would significantly increase the bulk conductivity (Gaillard, 2004;
Ni et al., 2011; Sifré et al., 2014; Laumonier et al., 2015) and 
the temperature, melt fraction and volatile concentration would be 
highly correlated. It therefore becomes impossible to resolve be-
tween the effects of temperature or volatile concentration using EC 
alone and some additional constraint needs to be found, a problem 
that is beyond the scope of this study.

4.7. Temperature estimation of the “NoMelt” upper mantle

Sarafian et al. (2015) reported the EC structure beneath the 
70 Ma Pacific plate, located between the Clarion and Clipperton 
fracture zones where no melt should be present (“NoMelt” experi-
ment). We estimate the temperature distribution of this site using 
our olivine-only sample conductivity and assuming the absence of 
melt and significant proportions of volatiles in constituting man-
tle minerals (Fig. 9A & B). The resulting temperature increases 
almost linearly from 70 (1265 ◦C) to 110 km (1362 ◦C) and from 
110 to 300 km (1486 ◦C) with gradients of ∼5◦/km and 0.65 ◦C/km 
respectively. The temperature profile is about 50 ◦C lower than 
the geotherm estimated by Sarafian et al. (2015) that was based 
on the EC of olivine after Constable (2006); it is similar to that 
of Katsura et al. (2010) and significantly higher than that pro-
posed by Faul and Jackson (2005) from fitting the shear modulus 
and attenuation data obtained experimentally on olivine Fo90. The 
geotherm we calculate implies a temperature difference by about 
100 ◦C from the solidus of dry peridotite (e.g. Hirschmann, 2000;
Sarafian et al., 2015). Such a temperature difference excludes the 
presence of dry, silicate melt in these regions.

4.8. Melt interconnectivity and mobility

The 0.5 to 1% of melt estimated using our model to explain 
the magnitude of the electrical anomaly at the top of the astheno-
sphere would have a high degree of interconnectivity but unable 
to segregate upwards only based on the absence of intense volcan-
ism at the surface. On the contrary, the melt produced beneath a 
Mid-Ocean Ridge (MOR) rises upwards due to a buoyancy effect, 
which implies the existence of a minimum permeability threshold 
for melt ascent in the production of MOR-Basalt, consistent with 
the efficient draining of the mantle at melt fraction higher than 1% 
(Zhu et al., 2011). The permeability significantly increases between 
0.5–1 vol.% (LVZ) and 0.8–4 vol.% (beneath MOR) without taking 
into account the anisotropic distribution of the melt. This melt 
fraction interval corresponds to a permeability k (m2) bounded be-
tween Log k = −16.7 (at 0.5 vol.% of melt) and k = −14.3 (melt 
fraction of 4 vol.%) based on Miller et al. (2014). The permeability 
calculated for a 4 vol.% melt fraction corresponds to a compaction 
length of the order of 70 km for a MORB-like melt at 1350 ◦C 
(McKenzie, 1985), which matches the thickness of the layer the 
melt has to percolate beneath EPR axis.

The critical melt fraction (melt fraction above which melt is 
drained through the network, Holtzman, 2016) may thus range be-
tween the melt fraction of the LVZ (sustainable melt in the mantle) 
and the one of intense melt production beneath the MOR. Ac-
cording to our results, such a critical melt fraction in the high 
conductivity regions ranges between 0.5 and 1 vol.% in volume, 
significantly higher than 0.1% estimated by Hirschmann (2010). As 
suggested by Miller et al. (2015), electrical and fluid flow pathways 
may act differently. The critical melt fraction may also depend on 
the local and regional stress field. We also still lack knowledge 
concerning the melt distribution (pervasive or scattered) in nat-
ural settings either beneath the MOR or at the LAB. Furthermore, 
anisotropic distribution of silicate melts may also significantly in-
crease EC (Pommier et al., 2015a). The presence of “petit spot” 
volcanoes within the oceanic crust might result from localized 
melt concentrations higher than the critical melt fraction (about 
1%) after eventual accumulation, that are thus synonymous with 
non-pervasive melt distribution in the LVZ, which does not require 
a formation mechanism that directly involves oceanic plate flexure 
(Hirano et al., 2006; Yamamoto et al., 2014).

5. Conclusions

The results of our in situ electrical conductivity measurements 
allow us to build a model for the electrical conductivity of par-
tially molten olivine aggregates as a function of temperature (T >

1230 ◦C) and melt fraction (0.15 to 100 vol.%) based on the con-
ventional Archie’s Law. The low value of the exponent m (0.75 
at 1350 ◦C and a melt fraction higher than 0.5 vol.%) suggests 
that the conductivity of partially-molten olivine aggregate operates 
through several mechanisms, the main one being achieved by the 
presence of melt. High volatile concentrations or anisotropic distri-
bution of the melt are not necessarily required in order to explain 
high conductivities observed in upper mantle settings: we inter-
pret the upper asthenosphere electrical anomaly to result from the 
presence of 0.5 to 1 vol.% of melt, which is consistent with the 
persistence of melt at depths. On the other hand, the conductiv-
ity of regions beneath MOR results from the presence of higher 
amounts of melt (<4 vol.%) that ascend towards the crust, thus 
defining a percolation threshold. Since relatively high concentra-
tions of H2O and/or CO2 have been suggested to be present in 
the upper mantle (leading to carbonatite melt for the case of 
CO2), our model and conclusions should also be tested on hy-
drous peridotite and/or carbonatitic melts (Yoshino et al., 2012;
Dasgupta et al., 2013; Sifré et al., 2014). In addition, the effect of 
grain size and thus the grain boundary effects on the electrical 
conductivity should also be tested, possibly using the approach of 
Marquardt et al. (2015).
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