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Abstract The Earth’s uppermost asthenosphere is gen-

erally associated with low seismic wave velocity and high

electrical conductivity. The electrical conductivity anom-

alies observed from magnetotelluric studies have been

attributed to the hydration of mantle minerals, traces of

carbonatite melt, or silicate melts. We report the electrical

conductivity of both H2O-bearing (0–6 wt% H2O) and

CO2-bearing (0.5 wt% CO2) basaltic melts at 2 GPa and

1,473–1,923 K measured using impedance spectroscopy in

a piston-cylinder apparatus. CO2 hardly affects conduc-

tivity at such a concentration level. The effect of water on

the conductivity of basaltic melt is markedly larger than

inferred from previous measurements on silicate melts of

different composition. The conductivity of basaltic melts

with more than 6 wt% of water approaches the values for

carbonatites. Our data are reproduced within a factor of 1.1

by the equation log r = 2.172 - (860.82 - 204.46 w0.5)/

(T - 1146.8), where r is the electrical conductivity in S/m,

T is the temperature in K, and w is the H2O content in wt%.

We show that in a mantle with 125 ppm water and for a

bulk water partition coefficient of 0.006 between minerals

and melt, 2 vol% of melt will account for the observed

electrical conductivity in the seismic low-velocity zone.

However, for plausible higher water contents, stronger

water partitioning into the melt or melt segregation in tube-

like structures, even less than 1 vol% of hydrous melt, may

be sufficient to produce the observed conductivity. We also

show that *1 vol% of hydrous melts are likely to be stable

in the low-velocity zone, if the uncertainties in mantle

water contents, in water partition coefficients, and in the

effect of water on the melting point of peridotite are

properly considered.
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Introduction

Magnetotelluric studies have revealed regions with high

electrical conductivities ([0.1 S/m) in the Earth’s upper-

most asthenosphere (Evans et al. 2005; Baba et al. 2006),

which roughly corresponds to the seismic low-velocity

zone (LVZ) at 70–220 km depths. Furthermore, electrical

conductivity shows a marked anisotropy in the oceanic

LVZ, with higher values in the direction of plate spreading.

The electrical conductivity of anhydrous olivine is lower

than 0.01 S/m under LVZ pressure–temperature conditions

(Xu et al. 1998; Constable 2006). As a result, hydrated

olivine was proposed to cause the conductivity anomalies

in the LVZ (Wang et al. 2006; Karato 2006). However, it

appears from recent conductivity measurements on olivine

single crystals (Yoshino et al. 2006; Poe et al. 2010) that

hydrated olivine cannot account for the high conductivity

or the electrical anisotropy.

Another possibility to enhance mantle conductivity is

partial melting, as silicate melts have long been known to

be more electrically conductive than solid silicates

(Presnall et al. 1972). Although MORB is primarily pro-

duced in the upper *65 km of the oceanic lithosphere
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(Shen and Forsyth 1995), constraints from trace elements

partitioning suggest that very low degree of silicate melting

(\1%) initiates in the garnet peridotite field (Salters and

Hart 1989), probably below 100 km depth. However, based

on the conductivity of anhydrous basaltic melts, Tyburczy

and Waff (1983) showed that a melt fraction of at least

5–10% is necessary to match the observed anomalies.

Therefore, there appears to be a discrepancy between

geochemically and geophysically inferred melt fractions.

This discrepancy could be settled by assuming a car-

bonatite melt instead, which is extremely conductive

(Gaillard et al. 2008). However, there is a sharp contrast

between the low CO2 content of the MORB source mantle

(about 72 ppm CO2; Saal et al. 2002) and the tremendously

high CO2 content in carbonatite melts (typically

30–45 wt%). Even if one assumes that the entire carbon in

the MORB source were converted into carbonatite melt,

this would only yield a melt fraction of \0.024%, four

times lower than the value of 0.1% estimated by Gaillard

et al. (2008) to be necessary to explain the observed con-

ductivity. Furthermore, recent measurements at 3 GPa

(Yoshino et al. 2010) yield lower electrical conductivities

for carbonatite melt than previously measured at atmo-

spheric pressure (Gaillard et al. 2008). In addition, silicate

melt rather than carbonatite melt has been advocated to be

present at \180 km depths (Hirschmann 2010).

Water is known to have a dramatic effect on thermody-

namic and transport properties of silicate melts (e.g., Shaw

1963; Watson 1979; Ochs and Lange 1997; Zhang et al.

2010). Particularly, electrical conductivities of silicate

melts are significantly increased with the presence of a few

weight percent dissolved H2O (Gaillard 2004; Pommier

et al. 2008; Ni et al. 2011). Therefore, the high electrical

conductivities observed in the LVZ may be related to

coexisting hydrous silicate melts. Moreover, hydrous sili-

cate melting is likely to generate an electrical signature in

subduction zones (Soyer and Unsworth 2006; Brasse et al.

2009) that are widely known for water-induced melting of

mantle wedges.

To assess the influence of H2O on the conductivity of

silicate melts and partially molten mantle, we have carried

out an experimental investigation on the electrical con-

ductivity of hydrous basaltic melts. Impedance spectra

were collected at 1,473–1,923 K and 2 GPa in a piston-

cylinder apparatus. We placed emphasis on the temperature

and H2O dependences of the electrical conductivity, but the

effect of small amount of dissolved CO2 was also

examined.

Experimental methods

Starting material

Anhydrous basaltic glass was synthesized by fusing oxides

and carbonates at 1,873 K in a chamber furnace at ambient

pressure. The glass, quenched by placing Pt crucible in a

water bath, was crushed and melted again to ensure

homogeneity. Its composition (Table 1) was aimed to

represent the near-solidus partial melt at 1,633 K and

1.5 GPa for an asthenospheric mantle (Falloon et al. 2008).

To avoid complexities related to iron (multivalency,

reduced glass transparency, iron loss to platinum), Fe was

replaced with Mg and Ca while keeping the same Mg/Ca

ratio. The electrical conductivity of this haplobasaltic melt

is not much different from that of natural basaltic melts, as

will be shown later. The anhydrous glass is free of bubbles

or crystals, but contains 0.02 wt% residual water based on

FTIR analysis.

Mixtures of anhydrous glass powder and water were

sealed in Pt capsules, and hydrous glasses were synthe-

sized at 1,623 K and 0.3–0.4 GPa for 3 h in an internally

heated pressure vessel at Universität Hannover. Run

products are transparent glasses except for the one with

*6 wt% H2O, which is partially crystalline. Water con-

tents of the hydrous glasses are 1.1, 4.1, and 6.3 wt%, as

measured with the Karl Fischer Titration (KFT) method.

Examining the two ends of the hydrous glass with

4.1 wt% H2O showed a slight H2O gradient, with *15%

variation across *25 mm (length of the sample). Water

contents of the glasses were also checked with a Bruker

IFS 120HR FTIR spectrometer. Based on the water con-

tents quantified by KFT, the linear molar absorptivity was

determined to be 0.056 L/mol/mm for the 5,220 cm-1

molecular H2O band and 0.049 L/mol/mm for the

4,500 cm-1 OH band using two tangential lines as base-

lines. These values are similar to those determined for a

Fe-bearing basaltic glass (Ohlhorst et al. 2001).

Table 1 Composition of anhydrous haplobasaltic glass in wt%

SiO2 TiO2 Al2O3 MnO MgO CaO Na2O Cr2O3 Total H2O Comment

50.06 1.27 17.94 0.11 13.24 13.32 3.67 0.12 99.73 0.02 Before run

49.90 1.15 19.62 0.05 12.99 13.08 3.54 0.02 100.35 0.03 After run

Oxides contents (averages of 30 analyses) are determined by a JEOL JXA-8200 electron microprobe with a beam of 15 kV, 15 nA, and 5 lm

diameter. H2O content is measured by FTIR for the 3,550 cm-1 band using the calibration of Yamashita et al. (1997) for a tholeiitic melt. The

‘‘after run’’ composition is for the sample after the run HBS-dry-EC5
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A CO2-bearing glass was synthesized at 1,823 K and

2 GPa for 10 min in a piston-cylinder apparatus at BGI,

following the method developed by Konschak (2008).

Anhydrous glass powder was sealed in a Pt capsule,

together with silver oxalate (Ag2C2O4), Ag2O, and a piece

of gold. Ag2O was used to maintain high oxygen fugacity

and to prevent graphite formation. Upon heating, silver

oxalate decomposed to CO2 (dissolved into the melt) and

silver droplets (which alloyed with the molten gold piece),

as pointed out by Konschak (2008). The product was a

transparent haplobasaltic glass with 0.3 wt% H2O (as

measured by FTIR spectroscopy) and 0.5 wt% CO2 (as

calculated from the weight of glass powder and silver

oxalate).

Conductivity measurements

Anhydrous and hydrous glasses were prepared as cylinders

of *4 mm length and *3.1 mm diameter. A central hole

of 0.5 mm diameter was then drilled along the cylindrical

axis of glass using a tungsten carbide drill. The CO2-

bearing glass was ground into powder and cold-pressed

into a glass cylinder of a similar shape.

Electrical conductivity measurements were carried out

at 2 GPa in a 3/400 piston-cylinder apparatus. A sketch of

the sample assembly is illustrated in Fig. 1. The glass

cylinder was sandwiched between two ceramic disks (as

insulating spacers) at top and bottom. Furthermore, the

glass cylinder was bracketed by a Pt rod of 0.5 mm

diameter (as the inner electrode) and a Pt95Rh5 tube of

3.2 mm inner diameter (as the outer electrode). Compared

to pure Pt, Pt95Rh5 alloy has higher hardness and strength

at high temperature, which makes it ideal for retaining

sample geometry. Moreover, the rhodium content sup-

presses recrystallization of the platinum at high tempera-

ture and therefore reduces water loss. The small difference

in electrode compositions is not expected to have a sig-

nificant effect on conductivity measurements. The Pt95Rh5

tube was welded at one end and sealed with boron nitride at

the other end. The two electrodes were connected to a

Solartron 1260 impedance analyzer using Pt wires of

0.35 mm diameter (referred to below as EC wires). Ana-

lyzer performance was always verified by measuring a

Solartron 12861 test module before and after experiment.

Pressure medium was crushable Al2O3 inside the graphite

heater and talc and Pyrex glass outside the heater. In

addition, we used a Mo foil of 0.125 mm thickness to

shield the conductivity measurements from the inductive

effects of the heating circuit.

Each sample assembly was kept at 423 K in a furnace

overnight and then heated to 773 K for 15 min, to remove

moisture and reduce background conductivity. Next, the

assembly was loaded into the piston-cylinder apparatus

and piston-in compressed to 2 GPa (with 9% correction

on nominal pressure). Temperature was monitored using a

Pt-Pt90Rh10 thermocouple, which was not involved in the

circuit of conductivity measurements. The thermocouple

was only *1 mm above the top of the melt; therefore,

measured temperatures are reported without any correc-

tion for temperature gradients. We applied stepwise

heating and measured the electrical conductivity at each

temperature using an ac voltage of 1 V sweeping from

3 MHz to 3 Hz. Only the superliquidus data are of

interest here and are reported. At such temperatures,

impedance reached steady state within a few minutes.

Density estimates based on Lange and Carmichael (1987)

indicate that melt should expand by less than 4% from

298 to 1,923 K and by less than 2% in the temperature

range of interest. Therefore, thermal expansion should

not affect cell geometry much and will not be further

considered.

The glass sample was replaced with ceramic alumina to

evaluate the background conductivity, which turned out to

be about two orders of magnitude lower than melt con-

ductivity. On the other hand, since we used a two-electrode

instead of a four-electrode setup (four-electrode measure-

ments are extremely challenging in high-pressure devices),

Fig. 1 Sketch of sample assembly for electrical conductivity mea-

surements in a piston-cylinder apparatus (drawn to scale). The

assembly contains graphite as heater and talc–Pyrex glass–crushable

alumina as pressure medium. Electrical conductivity of the basaltic

melt is measured between a platinum (Pt) rod as the inner electrode

and a Pt95Rh5 capsule as the outer electrode, which are led out with

two platinum wires (EC wires). Temperature is monitored by a

Pt-Pt90Rh10 thermocouple (TC wires). Ceramic alumina and boron

nitride (BN) are used as insulation spacers. A molybdenum (Mo) foil

shields EC measurements from electromagnetic induction by the

heating circuit

Contrib Mineral Petrol (2011) 162:637–650 639

123



the EC wires should contribute to measured impedance, as

pointed out by Gaillard et al. (2008) and Pommier et al.

(2010a). To evaluate wire contribution, we have performed

a short-circuit experiment, in which the inner Pt rod and the

Pt95Rh5 capsule are in direct contact.

After impedance acquisitions, quenched samples were

mounted into epoxy resin and doubly polished to sections

of 1 mm thickness. Images of one sample cell and the

short-circuit cell were recorded under an optical micro-

scope (Fig. 2). Samples did not suffer much deformation,

and their original geometry was largely preserved. The

interfaces between the alumina spacers and the melt

remained sharp, indicating no sign of interface reaction.

Anhydrous melt composition exhibited little change

(Table 1). However, despite that minimal dwelling time at

high temperatures, FTIR measurements demonstrated H2O

loss for the hydrous samples (Table 2), especially the one

that experienced two cycles of heating and cooling (HBS-

H4-EC1). Experimental details are summarized in

Table 2.

Results and discussion

Impedance spectra and resistance

Examples of impedance spectra are shown in Fig. 3 as

Argand diagrams. The shape of the spectra is similar to

those reported by Pommier et al. (2008) and Gaillard et al.

(2008). The high-frequency region at positive Z00 is due to

EC wire inductance, whereas the low-frequency region at

negative Z00 is due to the response of sample–electrode

interface. The dc resistance can be found from the Z0

intercept (where Z00 = 0) of the spectra.

The contribution from EC wires needs to be removed

from dc resistance. In the short-circuit experiment, wire

resistance increased from *1.2 X at 298 K to *1.6 X at

1,923 K (Fig. 4). Accordingly, real melt resistance R at a

given temperature T can be found as follows:

RðTÞ ¼ R0ðTÞ � RSCðTÞ � RPt ð1aÞ

RPt ¼ qPt298

D‘
S

ð1bÞ

where R0 is dc resistance, RSC is wire resistance from the

short-circuit experiment, RPt is an additional correction

considering different EC wire length in each experiment,

qPt298 is Pt resistivity at 298 K, D‘ is the length difference

(from 0.46 m to 1.04 m) between the Pt wire in the

respective experiment and that in the short-circuit experi-

ment, and S is the cross-section area of EC wire. The values

of RPt are given in Table 2. For experiment HBS-dry-EC5,

the resistance correction (combining RSC and RPt) is 14% at

1,723 K and 28% at 1,923 K. For experiment HBS-H6-

EC1, the correction is as high as 31% at 1,473 K and 59%

at 1,773 K. Note that since EC wire length can be precisely

measured (within 1%), RPt is a calculated property of high

accuracy. Therefore, the uncertainties in applying resis-

tance correction are smaller than what appear from the

above percentages of total correction (14–59%).

Temperature and H2O dependences of conductivity

The electrical conductivity can be related to melt resistance

through (Barsoukov and Macdonald 2005)

Fig. 2 a Image of sample cell

HBS-dry-EC5. Deformation is

minimal, and the original

geometry is largely preserved

for the melt cell. No sign of

reaction is identified between

ceramic alumina and the melt.

b Image of short-circuit cell, in

which the two electrodes are in

direct contact
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r ¼ 1

q
¼ lnðro=riÞ

2plR
¼ 1

RG
ð2Þ

where r is the electrical conductivity, q is the melt resis-

tivity, ro and ri are the outer radius and the inner radius of

the melt, l is the length of the melt, and G = 2pl/ln(ro/ri) is

the geometry factor (Table 2).

Figure 5a shows the conductivity evolution of the melt

initially with 4.1 wt% H2O during two heating and cooling

cycles. The data in a cooling cycle lie below those in the

previous heating cycle, apparently due to H2O loss from

the melt at high temperatures. The data in the second

heating cycle are close to those in the first cooling cycle

below 1,873 K, which suggests that major H2O loss

probably occurred at temperatures above 1,873 K. There-

fore, only the data acquired at B1,873 K during the first

heating cycle are deemed to be the true values for basaltic

melt with 4.1 wt% H2O.

Electrical conductivities of H2O-bearing basaltic melts

during the first heating cycle are presented in Fig. 5b. The

conductivity of basaltic melts increases with temperature

and H2O content, qualitatively similar to the corresponding

effects for rhyolite melts (Gaillard 2004), phonolite–teph-

rite melts (Pommier et al. 2008), and albite melts (Ni et al.

2011).

The H2O dependence of the logarithm of conductivity is

weaker than a linear relationship and can be well described

with a square root relation. With respect to temperature

dependence, we observe a non-Arrhenian behavior of

Table 2 Experimental conditions

Run # H2O CO2
c (wt%) Geometry factor (mm) T range (K) RPt

d (X)

Initiala (wt%) Finalb (wt%)

HBS-dry-EC5 0.018 ± 0.004 0.027 ± 0.002 – 14.1 1723–1923 0.68

HBS-H1-EC1 1.1 0.63 ± 0.01 – 14.0 1673–1873 0.84

HBS-H4-EC1 4.1 ± 0.3 1.75 ± 0.01 – 14.2 1573–1873 1.18

HBS-H6-EC1 6.3 4.0 ± 0.1 – 14.1 1473–1773 1.01

CHBS-EC1 0.31 ± 0.01 0.22 ± 0.02 0.5 11.1 1723–1923 0.52

a Initial H2O content for HBS-dry and CHBS is determined by FTIR using the calibration of Yamashita et al. (1997), with uncertainties

estimated from multiple analyses. Initial H2O content for the hydrous glasses is determined by KFT (without correction), with the uncertainty for

HBS-H4-EC1 estimated from the measurements at two ends of the synthesized glass
b Final H2O content is determined by FTIR, with uncertainties estimated from multiple analyses. For hydrous glasses and CHBS, we apply the

molar absorptivities for 5,200 cm-1 and 4,500 cm-1 bands derived in this study. HBS-H4 experienced two heating and cooling cycles
c CO2 content is calculated from the weight of added dry glass powder and silver oxalate for synthesis
d Additional resistance correction considering different EC wire lengths

Fig. 3 Impedance spectra (Argand diagrams) of the basaltic melt

with 4.1 wt% H2O (HBS-H4-EC1), acquired from 3 M Hz to 3 Hz at

1,573–1,873 K and 2 GPa. The impedances at high frequencies

(positive Z00) are due to EC wire induction, and those at low

frequencies (negative Z00) are due to the response of sample–electrode

interface. Sample resistance can be determined from the Z0 intercept

of the spectra (where Z00 = 0), which decreases as temperature

increases

Fig. 4 Resistance variation with temperature acquired from the

short-circuit experiment, with extrapolated values given at [1,773 K
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electrical conductivity, i.e., log r is not linear with 1/T. For

hydrous melts, the flattened slopes toward higher temper-

ature may be partly due to an increasing H2O loss, but this

cannot explain the same trend for the anhydrous melt. A

similar effect for anhydrous basaltic melts was also noted

in previous work (Khitarov et al. 1970; Presnall et al. 1972;

Murase and McBirney 1973; Waff and Weill 1975;

Tyburczy and Waff 1983). The non-Arrhenian behavior

may be due to the stronger thermal motion of melt com-

ponents at high temperature and hence the increased num-

ber of collisions of the charge carriers with other atoms.

This effect is believed to be responsible for the increasing

resistance of metallic conductors with temperature (Lowrie

1997). Alternatively, the deviation from the Arrhenius law

may be related to the high fragility of melts (Angell 1991;

Pfeiffer 1998), which is inferred from the viscosity–

temperature relation of basaltic melts (Giordano and

Dingwell 2003).

We adopt the VFT (Vogel-Fulcher-Tammann) equation

(Fulcher 1925) to describe the temperature dependence of

melt conductivity and obtain the following expression:

log r ¼ 2:172� 860:82� 204:46
ffiffiffiffi

w
p

T � 1146:8
ð3Þ

where r is the electrical conductivity in S/m, T is the

temperature in K, and w is the H2O content in wt%.

Experimental data are reproduced by Eq. 3 within a factor

of 1.1 (Fig. 5b). The conductivities of the melt with

1.8 wt% H2O (the final H2O content in the run HBS-H4-

EC1) calculated from Eq. 3 are close to the data acquired

during the second cooling cycle (Fig. 5a), which further

corroborates the validity of our conductivity expression.

Equation 3 implies that the activation energy, Ea, for

electrical conductivity decreases with increasing tempera-

ture and increasing H2O content. The activation energy at a

given temperature and H2O can be calculated by

Ea ¼
<T2o ln r

oT
ð4Þ

where < is the gas constant (8.3145 J/mol/K). We found Ea

is 98–142 kJ/mol (or 1.02–1.47 eV) for the anhydrous melt

at 1,923–1,723 K, 82–125 kJ/mol for the melt with

1.1 wt% H2O at 1,873–1,673 K, 57–116 kJ/mol for the

melt with 4.1 wt% H2O at 1,873–1,573 K, and 53–136 kJ/

mol for the melt with 6.3 wt% H2O at 1,773–1,473 K.

The CO2-bearing melt contains 0.3 wt% H2O, and its

conductivities are almost identical to those predicted by

Eq. 3. Therefore, the effect of small amounts of CO2 in the

order of 0.5 wt% on electrical conductivity is small com-

pared to the effect of H2O.

Conduction mechanism

In ionically conducting materials such as silicate melts, the

bulk electrical conductivity contains contributions from

each ion. Previous work (e.g., Pfeiffer 1998; Gaillard and

Iacono-Marziano 2005) demonstrated that electrical con-

duction should be dominated by the transport of light

alkalis (Li and Na) when they are present in silicate melts.

Na diffusivity in basaltic melts has an activation energy of

*160 kJ/mol at *1,673 K (Lowry et al. 1982), which is

comparable to the activation energy of 120–150 kJ/mol for

the conductivity of a tholeiitic melt (Tyburczy and Waff

1983) or the activation energy for anhydrous basaltic melt

from this work (*142 kJ/mol at 1,723 K). Hence, we

conclude that Na transport is also the dominating

Fig. 5 a Electrical conductivity of basaltic melt initially with

4.1 wt% H2O (HBS-H4-EC1) measured in two heating and cooling

cycles. The calculated values (based on Eq. 3) for the melt with

1.8 wt% H2O (the final H2O content determined by FTIR) are shown

in dashed curve for comparison. b Electrical conductivity of hydrous

basaltic melts at 2 GPa during first heating. Conductivity increases

with temperature and H2O content but CO2 does not appear to have a

major effect. Curves are fits based on Eq. 3
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mechanism for electrical conduction in our anhydrous

basaltic melt. Assuming other contributions to the electri-

cal conductivity are negligible, the electrical conductivity

may be related to Na diffusivity through the Nernst-

Einstein relation:

r ¼ 1

HR

DcðzFÞ2

<T
ð5Þ

where D is the Na diffusivity, c is the concentration of Na

cations, z is the charge (?1 for Na?), F is the Faraday

constant (96,485 C/mol), and HR is the Haven ratio. The

Haven ratio is equivalent to the correlation factor of the

diffusion process and is determined by the diffusion

mechanism (e.g., vacancy vs. interstitial), as pointed out by

Haven and Verkerk (1965). Na diffusivity data in basaltic

melt at 2 GPa are not available. To bring the Na diffusivity

(Lowry et al. 1982) and the electrical conductivity of

basaltic melt at 0.1 MPa (Tyburczy and Waff 1983) in

concert with Eq. 5, the Haven ratio should be *0.2, which

is a reasonable factor for silicate melts (Haven and Verkerk

1965; Heinemann and Frischat 1993).

For hydrous melts, one may expect that the positive H2O

effect on electrical conductivity is due to the participation

of hydrogen in electrical conduction. However, H2O dif-

fusion studies (Zhang et al. 1991; Ni and Zhang 2008; Ni

et al. 2009a, b) indicate that hydrogen transport is domi-

nated by the neutral H2O molecule in polymerized melts,

although it is less conclusive in depolymerized melts

(Zhang and Stolper 1991; Behrens et al. 2004). Under

extremely reducing conditions, hydrogen moves in the

form of molecular H2 (Gaillard et al. 2003; Zhang and Ni

2010), still a neutral particle. Furthermore, protons are not

energetically stable, and hydrogen in silicate melts is pre-

dominantly bonded to oxygen (Ernsberger 1980). The

electrical conductivity of alkali-free hydrous glasses was

determined to be rather low (e.g., Behrens et al. 2002).

Therefore, the positive correlation between electrical con-

ductivity and H2O content is probably due to enhanced Na

mobility, as suggested by Gaillard (2004). H2O can facil-

itate Na transport by decreasing melt viscosity and hence

accelerating melt dynamics in general (Zhang et al. 2010).

In contrast, CO2 in the order of 1 wt% in basaltic melt

(dissolved partially as CO3
2-) has little effect on melt

viscosity (Brearley and Montana 1989), and probably does

not play an important role for other transport properties

either. The carbonate ion may transport electric charge, but

it is too large for rapid movement and therefore its con-

tribution to bulk electrical conductivity should be small.

Comparison with previous work

We first compare our results with previous measurements

on natural anhydrous basaltic melts (Fig. 6). The data by

Presnall et al. (1972) at 0.1 MPa seem to be too high.

Pommier et al. (2010b) have reported that reducing

oxygen fugacity would enhance conductivity, but their

data at 0.1 MPa are very low even at an oxygen fugacity

of 10-7 bar. The conductivities at 0.1 MPa from Waff

and Weill (1975) and Tyburczy and Waff (1983) are

similar. They are higher than the conductivities at 2 GPa

from this study, consistent with a negative pressure

effect. The curve at 1.7 GPa from Tyburczy and Waff

(1983) lies only slightly above our data, confirming that

Fe-free basaltic melt is a good proxy for natural basaltic

melt.

Our results are also compared with previous work on

other hydrous silicate melts (Fig. 7). The effect of water is

more pronounced in basaltic melts than in other composi-

tions. When *4 wt% H2O is added to the melt, electrical

conductivity increases by a factor of 2–3 in rhyolite

(Gaillard 2004), phonolite–phonotephrite (Pommier et al.

2008), and albite melts (Ni et al. 2011), while conductivity

increases by a factor of 4–6 in basaltic melt. This trend

differs from that observed for viscosity, i.e., the effect of

dissolved water is larger for polymerized melts than for

depolymerized melts (e.g., Whittington et al. 2000),

because water preferentially reacts with bridging oxygen

atoms. However, the transport of alkalis, the dominating

mechanism for electrical conduction in silicate melts, is not

controlled by structural relaxation and not entirely limited

by viscosity (Dingwell and Webb 1990; Mungall 2002). In

fact, water diffusion, also a process not controlled by

structural relaxation, is faster in basaltic melts than in the

melts of felsic to intermediate compositions (Zhang and Ni

2010).

Fig. 6 Electrical conductivities of dry basaltic melts from this study

compared with those from previous studies. Data sources: Presnall

et al. (1972); Waff and Weill (1975); Tyburczy and Waff (1983);

Pommier et al. (2010b)
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Implications for partial melting in the upper mantle

Conductivity of a partially molten upper mantle

The mid-ocean ridge basalt (MORB) source mantle con-

tains 50–200 ppm water, while the enriched mantle of the

ocean island basalt (OIB) source contains 500–1,000 ppm

(Saal et al. 2002; Kohn and Grant 2006 and the references

therein). In subduction zones, water released from the

subducted slab triggers melting, leading to high water

contents in arc magmas (Sisson and Layne 1993; Grove

et al. 2002). When partial melting occurs, water is prefer-

entially partitioned into the melt, and the partition coeffi-

cient between mantle and melt (Dmant–melt) is between

0.004 and 0.009 from 2 to 7 GPa (Dixon et al. 1988; Bell

et al. 2004; Hirschmann et al. 2009). For a low degree of

melting (such as 1 vol%), the H2O content in the melt

should be on the order of a few weight percent (corre-

sponding to our investigated compositions).

The electrical conductivity of a partially molten mantle

can be estimated using two-phase mixing models

(reviewed by Glover et al. 2000). The upper and lower

limit is given by the parallel and perpendicular model,

respectively. The parallel model corresponds to continuous

tubes or sheets of melt, while the perpendicular model

would imply isolated pockets of melt. The model based on

the Archie (1942)’s law involves free parameters, which

have to be predetermined. The Hashin and Shtrikman

(1962) upper bound (referred to as HS ? below) assumes

that the electrically more conductive phase forms a shell

around spherical grains of the less conducting phase. This

is a reasonable approximation if the melt is present as

interconnected intergranular film. Based on the HS ?

model, the bulk conductivity (r) can be calculated from the

individual conductivities (r1 and r2) and the volume

fractions (F1 and F2) of the two phases (where phase 2 is

more conducting):

r ¼ r2 1� 3F1ðr2 � r1Þ
3r2 � F2ðr2 � r1Þ

� �

: ð6Þ

Figure 8 displays how electrical conductivity of an H2O-

depleted mantle (with 125 ppm H2O) and an H2O-rich

mantle (with 600 ppm H2O) evolves with an increasing

degree of melting, at 1,673 K and 2 GPa (roughly the top of

asthenosphere following an adiabatic geotherm with a

potential temperature of 1,623 K). In the calculation, we

assume an average Dmant–melt of 0.006 (Hirschmann et al.

2009) and an electrical conductivity of 0.01 S/m for the

solid mantle (Yoshino et al. 2006). The small difference

between volume fraction and weight fraction is ignored.

Melting in the oceanic low-velocity zone (LVZ)

In the LVZ below the East Pacific Rise, resistivity models

(Evans et al. 2005; Baba et al. 2006) have identified elec-

trical conductivity as high as 0.1 S/m in the direction of

plate spreading. High conductivity zones include a hori-

zontal layer (with seafloor ages younger than 5 Ma) at

70–110 km depths and an on-axis region underneath. In the

Fig. 7 Compilation of electrical conductivity of both anhydrous and

hydrous silicate melts. Data sources: basalt at 2 GPa (this study);

rhyolite at 0.2 GPa (Gaillard 2004); phonolite and phonotephrite at

0.2 GPa (Pommier et al. 2008); albite at 1.8 GPa (Ni et al. 2011). The

numbers in the legend indicate H2O contents in wt% for respective

melts. H2O has a larger effect on conductivity of basaltic melt (a

factor of 4–6 from 0 to 4 wt% H2O) than on conductivities of

previously investigated melts

Fig. 8 Electrical conductivity of the mantle (with 600 ppm or

125 ppm H2O) at different melt fractions, based on the Hashin and

Shtrikman (1962) upper bound (HS?) and the parallel model.

Calculations assume a partition coefficient of 0.006 for H2O between

the solid mantle and the melt, a temperature of 1,673 K, and a

conductivity of 0.01 S/m for the solid mantle
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off-axis region at 110–200 km depths, conductivity is

lower (*0.03 S/m).

For a normal MORB source mantle (with a conservative

estimate of 125 ppm H2O and a bulk partition coefficient

of water of 0.006), Fig. 8 indicates that *2% melting is

required to match a conductivity of 0.1 S/m. If the melt was

elongated in the direction of plate motion, equivalent to a

parallel model, a melt fraction as low as 1.2% would be

sufficient. The lower conductivity in off-axis region (0.03

S/m) corresponds to *0.3% partial melting. The range of

melt fractions inferred here from conductivity arguments is

entirely consistent with the melt fractions required to

explain the seismic contrast at the lithosphere–astheno-

sphere boundary (0.25–1.25%; Kawakatsu et al. 2009). A

partitioning of melt into elongated structures would also be

consistent with the conductivity anisotropy, as well as the

anisotropy for seismic shear waves (The MELT Seismic

Team 1998).

A critical question is whether such hydrous melts are

thermodynamically stable in the LVZ. At a depth around

100 km, the temperatures along a ridge geotherm are below

the dry solidus of peridotite by roughly 100 K (Hirschmann

et al. 2009). Even for an oceanic geotherm with a litho-

sphere age of 50 Ma, the temperature difference is less than

200 K (Hirschmann et al. 2009). The temperature gaps can

be closed by the presence of volatiles. Based on water

solubility measurements in mantle minerals, Mierdel et al.

(2007) concluded that *100 ppm H2O is sufficient to

induce partial melting in the LVZ. Hirschmann et al.

(2009) argued for the necessity of 300–600 ppm H2O. In a

more recent paper, Hirschmann (2010) suggested that the

combined effect of water and CO2 is sufficient to cause

silicate melting in the LVZ. For a mantle with 100 ppm

H2O and 60 ppm CO2, Hirschmann (2010) inferred

0.1–0.5% melting at depths of 70–110 km and 0.03–0.1%

melting underneath. These melt fractions are approxi-

mately 5 times lower than our estimates in most of the

LVZ, and more than one order of magnitude lower in the

on-axis region below 110 km depth. However, we do not

consider this discrepancy to be a fundamental problem,

because of the many uncertainties involved in predicting

the thermodynamic stability of hydrous melts in the man-

tle. These uncertainties result from potential errors in (1)

mantle water contents, (2) water partition coefficients, and

(3) the effect of water on solidus temperatures.

The MORB source is usually considered to be repre-

sentative for the chemical composition of most of the upper

oceanic mantle, while the more volatile-rich OIB source

probably constitutes a smaller, but not precisely known

fraction of this reservoir. The water content in the MORB

source can be estimated from the analyses of primitive and

undegassed MORB glasses. If the degree of melting that

produced these magmas and the bulk partition coefficient

of hydrogen between melt and residual minerals are

known, the water content in the source can be calculated.

However, because of the considerable uncertainty in these

parameters, another approach has been used more suc-

cessfully in estimating mantle water contents (e.g., Michael

1995; Saal et al. 2002; Workman and Hart 2005). This

approach is based on the observation that the H2O/Ce ratio

in MORB glasses is roughly constant, even if the absolute

concentrations of these components vary by orders of

magnitude (Michael 1995). This implies that H2O and Ce

have nearly the same bulk partition coefficient during the

formation of MORB; therefore, the H2O/Ce ratio in the

MORB source must be the same as in the undegassed

MORB samples. Together with the relatively well-con-

strained Ce abundance in the depleted mantle, the observed

H2O/Ce ratio therefore can be used to infer the water

content in this reservoir (e.g., Saal et al. 2002). Various

estimates based on this method typically yield average

upper mantle water contents in the range of 100–200 ppm.

However, nearly all data show a considerable scatter in the

H2O/Ce ratio that translates into a significant uncertainty in

estimated water concentrations. Saal et al. (2002) observed

a H2O/Ce ratio of 168 ± 95 that translates into a mantle

water content of 142 ± 85 ppm. However, both the data of

Saal et al. (2002) and the extensive compilation of Michael

(1995) show a continuous range of H2O/Ce ratios from 100

to 350 that will translate into a proportional spread of

estimated mantle water contents. In particular, the glasses

from the northern part of the Middle Atlantic Ridge appear

to have high H2O/Ce ratios (Michael 1995), suggesting

extensive local variations in mantle water content. More-

over, water contents in MORB may not directly reflect the

source, but they may have been affected by reequilibration

with the surrounding mantle during the upward percolation

of the melts. This is plausible, since the diffusion coeffi-

cients of water in minerals are orders of magnitude faster

than those of other trace elements (Ingrin and Blanchard

2006). Mierdel et al. (2007) have shown that the water

solubility in orthopyroxene and in the bulk mantle drasti-

cally increases at shallow depths, while water solubility in

silicate melts decreases. This should cause water to be

repartitioned from the melt into the surrounding mantle

upon ascent and such a process may be responsible for the

observed variation in the H2O/Ce ratio. This would imply

that actually the higher H2O/Ce ratios observed are more

representative for the MORB source, which would effec-

tively double the estimated water contents for the depleted

mantle.

Most water partition coefficients between mantle min-

erals and melts have been measured using SIMS (second-

ary ion mass spectrometry), since the crystals obtained in

such experiments are usually too small for polarized

infrared spectroscopy. However, Kohn and Grant (2006)
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pointed out that any non-spectroscopic technique such as

SIMS cannot distinguish between water truly dissolved as

point defects in a mineral and water in submicroscopic melt

inclusions, lamellae of other phases and similar impurities.

Measurements by SIMS therefore strictly provide only

upper limits of water contents in minerals and of mineral/

melt partition coefficients. In the calculations above, we

used a bulk partition coefficient between the mantle and the

coexisting melt of 0.006, as derived by Hirschmann et al.

(2009), for a pressure of 3–4 GPa. However, the error

analysis provided by Hirschmann et al. (2009) suggests that

partition coefficients down to 0.004 may be consistent with

the purely statistical uncertainty in measured partition

coefficients. Independent estimates from water solubility

measurements suggest even lower values. According to

Mierdel et al. (2007), the bulk water solubility in upper

mantle minerals along an oceanic geotherm has a minimum

of 750–1,000 ppm around 3 GPa, while the water solubil-

ity in a basaltic melt at these conditions very likely exceeds

30 wt% (Hodges 1974). This translates into a bulk mantle/

melt partition coefficient of water of 0.003 or less.

The effect of low water activities on the solidus tem-

peratures of the mantle has never been directly measured

(compare Liu et al. 2006) and even published water-satu-

rated solidus temperatures of the mantle differ by several

hundred Kelvin (Grove et al. 2006; Green et al. 2008).

This is related to experimental difficulties in detecting

low-degree partial melts that usually crystallize during

quenching if they contain some water. Distinguishing

quenched melt from material precipitated from a fluid

upon quenching can be another problem. In the absence of

direct experimental data, Hirschmann et al. (2009) and

Hirschmann (2010) used a cryoscopic approach to esti-

mate the melting point depression caused by water. This

approach, however, only considers the dilution of oxygen

atoms in the silicate melt by OH groups. It does not account

for the fact that in the presence of water, the composition of

the partial melt changes, which by itself changes the melt-

ing temperatures (e.g., Kushiro 1972; Gaetani and Grove

1998). These effects will be very strong at low melt frac-

tions, because, here, highly incompatible elements such as

potassium will strongly partition into the melt. We note that

the model of Hirschmann (2010) is not calibrated at all

against true solidus temperatures of a mantle peridotite; it is

only calibrated against liquidus temperatures and against

melting temperatures corresponding to relatively large melt

fractions. The curve used by Hirschmann (2010; their

Fig. 3) would predict that a melting point depression of

150 K–a typical value required to stabilize hydrous silicate

melts in the LVZ–requires 5 wt% of water in the melt.

However, the majority of the experimental data compiled

by Hirschmann et al. (2009)suggests a much larger melting

point depression for low melt water contents in the range up

to 5 wt% than predicted by the regression curve used by

Hirschmann (2010) to infer the stability of hydrous melts in

the upper mantle.

To illustrate the feasibility of stabilizing small fractions

of hydrous melt in the depleted upper mantle, we have

calculated the melt fractions required to explain an elec-

trical conductivity of 0.1 S/m for a mantle containing

227 ppm of water. This is within two standard deviations

of the water content inferred by Saal et al. (2002;

142 ± 85 ppm). Assuming a bulk partition coefficient of

water of 0.003, as suggested above, we obtain a melt

fraction of 1.4% in the HS ? model and of 0.66% in the

parallel model. The calculated water contents in the melt

are 1.4 wt% in the former and 2.4 wt% in the latter case.

According to the experimental data compiled in Hirsch-

mann et al. (2009), there are several experimental studies

suggesting that a melt water content in the order of

2.4 wt% will produce a melting point depression of 150 K

that is close to the required value. The presence of carbon

will generate an additional reduction in the melting point

and additional albeit smaller contributions may result from

other volatile elements such as sulfur (146 ppm) and

fluorine (16 ppm; Saal et al. 2002). We therefore conclude

that small fractions of hydrous partial melts can explain the

electrical conductivity and the low seismic velocities

observed in the upper oceanic mantle. These melts may be

thermodynamically stable, if the uncertainties in mantle

water contents, partition coefficients, and experimen-

tally determined melting point depressions are properly

considered.

The suggestion of Gaillard et al. (2008) that traces of

carbonatite melt are responsible for the high conductivity

in the LVZ appears plausible in the light of the very high

conductivities for pure carbonatite melts measured at

0.1 MPa. However, according to recent data by Yoshino

et al. (2010), the conductivity of carbonatite coexisting

with silicates is probably significantly reduced, because of

the intrinsic pressure effect on conductivity and because

natural carbonatites will contain some dissolved silica. As

pointed out earlier, a main argument against carbonatites as

being responsible for the high electrical conductivity in the

asthenosphere is the low abundance of carbon in the

MORB mantle (72 ± 19 ppm CO2, Saal et al. 2002;

36 ± 12 ppm, Salters and Stracke 2004; 50 ± 12 ppm,

Workman and Hart 2005) combined with the high carbon

content in carbonatites (30–45 wt%), implying that only a

very small fraction of carbonatite (0.024%) can be pro-

duced, even if all carbon is sequestered in the melt. This

fraction is below the values of 0.1% required to explain the

observed conductivity in the asthenosphere (Gaillard et al.

2008). Furthermore, carbonatite melts are probably not

thermodynamically stable in the seismic low-velocity zone,

since at the temperatures prevailing there, they would react
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with the mantle peridotite to produce carbon-bearing sili-

cate melts (Hirschmann 2010). Much higher carbon con-

tents than those considered here have sometimes been

inferred from analyses of ‘‘popping rock’’ samples. How-

ever, as pointed out by Saal et al. (2002), these rocks

have the same CO2/Nb ratio as normal MORB samples;

they therefore simply reflect simultaneous enrichment of

incompatible trace elements either by very low degrees of

melting or by fractional crystallization. If the CO2/Nb

ratios of these rocks are extrapolated to the mantle Nb

content, CO2 concentrations in the depleted upper mantle

below 100 ppm are typically obtained. We therefore con-

clude that the permissible fraction of carbonatite melt in

the upper mantle is probably below the threshold required

to explain the observed electrical conductivity and it is

certainly far below the melt fraction required to explain the

drop in shear wave velocity at the lithosphere–astheno-

sphere boundary (0.25–1.25%; Kawakatsu et al. 2009).

Our data show that 0.5 wt% carbon does not cause any

measurable increase in the conductivity of basaltic melts.

Alkaline silicate melts may dissolve very large amounts of

carbon ([10 wt% at upper mantle pressures; Brooker et al.

2001), but if such carbon-rich silicate melts were present in

the upper mantle, the corresponding melt fraction would

again be limited by the very low bulk carbon abundance.

Although we cannot exclude that high concentrations of

CO2 may have some measurable effect on the electrical

conductivity of silicate melts, the absence of an effect for

0.5 wt% of CO2 and the low bulk abundance of carbon

make it unlikely that CO2 in silicate melts contributes

significantly to the observed high electrical conductivities

in the seismic low-velocity zone.

Yoshino et al. (2010) suggested that already as little as

1% of anhydrous basaltic melt may explain the observed

conductivity in the LVZ. However, they assumed a con-

ductivity of dry basaltic melt of 10 S/m several times

higher than according to our measurements and to those

Tyburczy and Waff (1983) at 1.7 GPa. Such high con-

ductivities may occur in basaltic melts at 0.1 MPa, but at

LVZ pressures, the conductivity will be reduced. To obtain

the conductivity in the LVZ, 4% of dry basaltic melt would

be required according to our measurements. Such a large

fraction of melt would probably not be mechanically sta-

ble. Moreover, in the absence of volatiles, melting in the

LVZ is certainly not possible.

It is worth noting that for a mantle enriched in volatiles

(such as 600 ppm H2O and 400 ppm CO2), i.e., the source

for enriched MORB or OIB, only 0.5% melting (using the

HS ? model) or 0.2% melting (using the parallel model) is

necessary to match bulk conductivity of 0.1 S/m, and only

0.05% melting reaches 0.03 S/m (Fig. 8). This is because

basaltic melt with [6 wt% of water is extremely conduc-

tive, approaching carbonatite melt at high pressure.

Melting at subduction zones

Electrical conductivities as high as 0.03–1 S/m have been

reported from magnetotelluric studies for the mantle wedge

above subducted slabs in a depth of 80–150 km (Soyer and

Unsworth 2006; Brasse and Eydam 2008; Brasse et al.

2009). This observation is consistent with the formation of

hydrous magmas triggered by H2O released from the sub-

ducted slab, although the high conductivity structure is

displaced toward the backarc, roughly 40–100 km away

from the volcanic front. The nature of the conductive phase

in mantle wedges (whether a fluid or a melt) is still debated

(Manning 2004; Grove et al. 2006). Analyses of melt

inclusions trapped at pressures up to 0.6 GPa suggest that

primitive arc basalts have water contents in the order of

3.0–5.2 wt% (Cervantes and Wallace 2003).

The conductivity of the solid mantle in the backarc is

typically 0.01 S/m based on MT inversions (Brasse and

Eydam 2008; Brasse et al. 2009). The bulk conductivity of

a partially molten mantle wedge will depend on tempera-

ture, melt H2O content, and melt fraction. Our conductivity

model of hydrous basaltic melt can be used to place some

constraints on these parameters, assuming that the anom-

alies are caused by low fractions of basaltic melt, rather

than by aqueous fluids. The thermal structure of subduction

zones is not well resolved, but the temperature at the hot

core of the mantle wedge is probably 1,573–1,673 K (van

Keken et al. 2002; Arcay et al. 2005). In Fig. 9, we show

contour plots for conductivities of 0.03, 0.1, 0.3, 1 S/m as

function of H2O contents in the melt (3–6 wt%) and of

melt fraction at 1,573 K and 1,673 K. The relatively low

conductivity (0.03 S/m as maximum) in the northern

Cascadia subduction zone (Soyer and Unsworth 2006)

corresponds to a degree of melting not higher than 0.3%.

The 0.1 S/m conductivity in northwestern Costa Rica

(Brasse et al. 2009) is consistent with 0.9 ± 0.5% melt,

depending on temperature and melt H2O content. Extensive

melting may occur in the regions of extremely high con-

ductivity (1 S/m) beneath the Bolivian Orocline (Brasse

and Eydam 2008), with melt fraction in the order of

5–15%. Alternatively, these anomalies may be produced by

lower fractions of very water-rich melts or by the presence

of some highly conductive, saline fluids.

Conclusions

We show that the effect of water on the electrical con-

ductivity of basaltic melt is significantly larger than pre-

viously assumed. For water contents above 6 wt%, the

conductivity of hydrous basalt melts almost approaches

that of carbonatites in the mantle. Dissolved CO2 in the

order of 0.5 wt%, on the other hand, does not have any
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detectable effect on the electric conductivity of basaltic

melt.

Our data suggest that between 0.3 and 2% of hydrous

basaltic melt can account for the observed electrical con-

ductivity in the LVZ, or at least in the upper LVZ

(70–110 km depths). The melt should be segregated into

tube-like structures, elongated in the direction of plate

spreading, which would be consistent with both the

observed electric and seismic anisotropy. The conductivity

model in this work can also be applied to constrain the

degree of melting at subduction zones.
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