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Abstract

An interpretation of the electrical signature of molten rocks within the Earth’s interior in terms of nature and
temperature conditions of magma requires additional laboratory data on the electrical conductivity of silicate melts.
This paper describes an experimental setup and presents measurements of the electrical impedance of dry and hydrous
(1^3 wt% H2O) metaluminous obsidians determined in an internally heated pressure vessel, in the range of 50^400
MPa and 350^1325‡C. It is shown that the temperature and pressure dependences of electrical conductivity of both
hydrous and dry obsidian can be fitted by an Arrhenius law applying in the melt and the glass regions. This suggests
that a similar transport mechanism operates in both melt and glass. The determined activation energies are 70 kJ/mol
for the dry obsidian and 65 and 61 kJ/mol for the 1 and 3 wt% H2O melts, respectively. The activation volume is 20
cm3/mol. Combination of tracer diffusion and electrical conductivity reveals that sodium is the dominant charge
carrier in the hydrous and dry obsidians. The temperature and pressure effects on conductivity are therefore
interpreted in terms of activation energy and activation volume for Na mobility in dry and hydrous rhyolites. An
increase in conductivity associated with addition of water was observed and is shown to reflect the effect of water
incorporation in melts on the mobility of sodium. As a prospective, it is anticipated that both the mobility and
content of sodium could control the electrical conductivity of most terrestrial silicate melts. Magma under
differentiation becomes more conductive due to sodium and water enrichment associated with fractional
crystallization; therefore, its electrical signature must reveal its nature and maturity.
< 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Electrical conductivity is a subtle probe of
transport properties in silicates, which reveals

the mobility and number of charge carriers acti-
vated in the presence of a gradient in electrical
potential. Therefore, the conductivity of a rock
is extremely sensitive to its chemical composition,
the nature of its constituting phases and its tex-
ture. It is then likely that heterogeneities of con-
ductivity identi¢ed from geomagnetic and magne-
totelluric data could be interpreted in terms of
physicochemical state of rocks within the interior
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of the Earth [1^6]. Recent reports have brought
evidence of highly conductive zones in the crust
and upper mantle attributed to the presence of
magmas [2,6]. Conducting experiments on partial-
ly molten granulites, Roberts and Tyburczy [7]
and Partzsch et al. [3] have assessed the e¡ect of
melt content on electrical properties of lower crus-
tal rocks, and they proposed that melt fraction
and possibly temperature could be evaluated
from geoelectrical and magnetotelluric measure-
ments. In these partially molten systems, the con-
ductivity of both solid and liquid contribute to
the bulk electrical behavior of the rocks. Glover
et al. [8] have articulated a theoretical model pre-
dicting how the conductivity, in a two-conducting
phase system, evolves as a function of their rela-
tive proportion; due to the contrast in conductiv-
ity between solid and liquid, the conductivity of
the melt is mostly dominant. The spectrum of
terrestrial magma compositions is very large and
is not covered by the current database of molten
silicate electrical conductivity. In particular, melt-
ing is often attributable to or at least facilitated
by the presence of water. Furthermore, during
melting of rocks, water is largely partitioned in
the liquid together with alkalis elements. There-
fore, most of the magma contains water in the
range of ppm to wt% [9], which is likely to se-
verely in£uence its conductivity. An elucidation of
the e¡ect of water on electrical conductivity of
silicate melts is subsequently required. Moreover,
temperature and, to a lesser extent, pressure a¡ect
conductivity. In the absence of reliable laboratory
constraints on these physicochemical factors, esti-
mation of melt fraction and nature from electrical
conductivity of the Earth’s interior might be ten-
tative. This paper presents a system allowing the
electrical conductivity of melts to be measured
under temperature and pressure in an internally
heated pressure vessel. Electrical conductivity
measurements are performed on a dry and hy-
drated natural rhyolite in a P^T range relevant
to the terrestrial upper crust. Both temperature
and pressure e¡ects on electrical conductivity are
determined and the nature of charge carriers in
magma is elucidated.

2. Basis of electrical conductivity

As with di¡usivity and viscosity properties, the
electrical conductivity of silicate melts is a prop-
erty whose temperature and pressure dependence
can be described, in the temperature range of nat-
ural magmas, by an Arrhenius law:

c ¼ c 0 exp½ð3Ea þ PvVÞ=RT � ð1Þ

The expression of conductivity (c) is here sim-
pli¢ed as a function of a pre-exponential term
(c0)and an activation energy term (Ea), and can
also be accounted for by a pressure dependence
(PvV). For speci¢c silicate melt compositions, it
has been shown that the relaxation time and the
activation energy of electrical conductivity are
similar to that of viscosity [10]. This equivalence
is predictable combining the Nernst^Einstein
equation, relating electrical conductivity to di¡u-
sion properties, and the Eyring equation, which
relates di¡usion to viscosity. However, Mungall
[11] recently evaluated the relationships between
di¡usion and viscosity data for silicate melts and
showed that di¡usion rate of network formers
matches well with viscosity whereas alkalis, being
charge-compensator or modi¢er cations, show a
di¡usion behavior decoupled from relaxation
times of silicate network (i.e. the Si^O bonds).
Therefore, depending on the conduction mecha-
nisms and the nature of charge carriers, electrical
conductivity may or may not be predicted from
viscosity and vice versa. In natural magmas, sev-
eral charge carriers are likely to be involved. The
total conductivity is the sum of each individual
transport mechanisms (1, 2, 3, T) :

c ¼ c 1 þ c 2 þ c 3 þ T ð2Þ

Although natural magmas are multicomponent
and complex systems, their conductivity is gener-
ally dominated by one or two transport mecha-
nisms, being much faster than other possible
mechanisms. The individual contribution to the
bulk conductivity of a charge carrier, i, is de¢ned
by the Nernst^Einstein equation:

c i ¼ Diq2i NiðkTÞ31ðHrÞ31 ð3Þ

Di is the tracer di¡usion coe⁄cient, qi and Ni

are respectively the charge and number of charge
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carrier per volume unit, k is the Boltzmann con-
stant and T is the temperature. Hr de¢nes the
Haven ratio, which is related to the correlation
factor [12]. The Haven ratio of amorphous sili-
cates generally lies between 0.2 and 1, depending
on the nature of the di¡usion mechanisms [13].
Therefore, combining Eqs. 2 and 3 allows the
number and the nature of charge carriers to be
determined when ci and Di and their temperature
dependences are known.

3. Methodology

3.1. Starting materials

Anhydrous experiments were performed on a
natural obsidian that contains 0.1 wt% water (Ta-
ble 1, [14]). Electrical measurements in the hy-
drous system were conducted on this obsidian
that was pre-hydrated to 1 and 3 wt% H2O in a
pressure vessel (see hereafter). Both dry and hy-
drated starting glasses are bubble free at the mi-
crometer scale. Their compositions are provided
in Table 1. The dry glass was shown to have a
glass transition temperature around 800‡C at
1 atm [14].

3.2. High-pressure and high-temperature
experiments

Experiments were realized in the internally
heated pressure vessel of the BGI. The pressure
medium was argon and the total pressure was
monitored using a Bourdon gauge. A two-Mo-
winding vertical furnace was used. Both windings

were independently controlled with Eurotherm
controllers to reduce the thermal gradient in the
sample zone. The thermal gradient was monitored
with three thermocouples and reduced to less than
2‡C at a pressure below 200 MPa but increased to
10‡C over 3 cm at 400 MPa. However, combining
all runs, the average thermal gradient within the
3 cm where the thermocouples were placed was
3‡C. The temperature of the 3.5 mm sample was
monitored with a thermocouple placed next to it.
The hydration of the obsidian was performed at
1150‡C and 200 MPa during 3 days for the 3 wt%
H2O sample and at 1250‡C, 200 MPa for 4 days
for the 1 wt% H2O sample. Powders of the glass
were loaded and welded in a Pt capsule (8 mm
diameter, 3 cm length) together with the wanted
amount of distilled water. After synthesis, hy-
drous glasses were inspected to check for the pres-
ence of bubbles and all of them where clear
glasses. Electron microprobe analyses were con-
ducted to check for chemical changes and water
content was determined by infrared spectroscopy
following the procedure described in [14].

Redox conditions in the pressure vessel were
not determined. We estimated that oxygen fugac-
ity in dry melt was around the nickel^nickel oxide
bu¡er and the hydrous sample was slightly more
oxidized (VNNO+1). Given that no bu¡er was
used and no H2 was loaded in the pressure vessel,
reduction by H2 associated with hydration of the
melt is not expected [14,15]. To verify this hypoth-
esis, infrared spectra were collected on the dry
sample after experiments and no hydrogen enrich-
ment were observed compared to the starting
products. Therefore no changes in the sample re-
dox state were likely (see [14], for the relationships

Table 1
Composition of the starting ‘dry’ obsidian (see [14])

SiO2 TiO2 Al2O3 MgO FeO CaO Na2O K2O OHa Fe3þ/Fetot b

74.51 0.10 13.25 0.08 1.60 0.75 4.15 5.64 0.125 0.2
0.55 0.06 0.12 0.05 0.08 0.04 0.06 0.10 0.004 0.05

The hydrated obsidians contain 1.05 and 3.1 wt% H2O but their compositions in terms of major elements were the same as the
starting dry obsidian.
Numbers are wt% values, except Fe3þ/Fetot expressed in atoms. The ¢rst row is composition and the second one is standard devi-
ation or uncertainty for the ferric^ferrous ratio.
a Obtained by FTIR. No molecular H2O was detected.
b Obtained by Mossbauer spectroscopy.
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between H and redox exchanges). Another source
of redox modi¢cation is iron loss in the metal
capsule (see Section 3.3 for details of the capsule
assemblage). This point is treated in the following
but alteration of redox conditions by this way is
also excluded.

The sample holder was used to suspend the
sample in the pressure vessel and to supply two
wires (electrodes) for the conductivity measure-
ments (Fig. 1).

3.3. Conductivity cell and conductivity calculation

The sample geometry and the cell design are
given in Fig. 1. In most hydrothermal and gas
pressure experiments, the sample is, in general,
enclosed in a welded noble metal capsule. In our
case, noble metals, being good electrical conduc-
tors even at high temperature, exclude the use of
a closed capsule. Previous workers mainly per-

formed electrical conductivity measurements in
piston cylinder apparatus with two electrodes
symmetrically abutted to the molten sample en-
closed in a solid container such as SiO2 glass or
MgO [16]. In such a setup, the capsule is not
sealed and so, in a gas pressure vessel, argon is
likely to incorporate the sample, which may a¡ect
the conductivity. Also, water that has to be main-
tained in the sample during the measurements at
P and T may escape if the electrical cell is not
sealed in an impermeable membrane. Further-
more, depending on its geometry, the cell might
undergo distortions, modifying the electrode^elec-
trode distance. As it is critical to accurately know
this distance, a system undergoing the minimum
of deformation has to be used. Instead of adopt-
ing mirror symmetry for the electrode^sample^
electrode system enclosed in a solid container,
we adopted a radial electrode^sample^electrode
symmetry with the capsule being used as the outer

Fig. 1. Experimental setup and design of the conductivity cell. (a) A sketch of the electrical cell. The capsule is 2 cm long and
V2.3 cm with the boron nitride cone and cement lid. The melt (2^4 mm long) is sandwiched between two quartz slices, which
avoid any deformations. The inner and outer electrodes are connected to thick Pt wires (q : 1 mm, panel b) that are connected
outside of the vessel to the impedance analyzer. The course of the electrodes from the impedance analyzer to the cell includes
several materials (Alumina, cement, BN, quartz), but the obsidian is by far the most-conducting path and therefore the impe-
dance of other materials can be neglected.

EPSL 6925 9-1-04 Cyaan Magenta Geel Zwart

F. Gaillard / Earth and Planetary Science Letters 218 (2004) 215^228218



electrode (Fig. 1). The capsule is made of plati-
num (outer q : 6 mm) with a wall thickness of 0.2
mm. The inner electrode is a platinum wire (q :
1 mm). Cylinders 3.5 mm long and of 5 mm q
were respectively cored from the starting hydrous
and dry glass and an inner hole of 1 mm q was
drilled in the center of each sample for the inner
electrode. One end of the capsule was arc-welded,
whereas, the other end was closed using a BN
cone through which the inner electrode passed.
To ensure the sealing of the assembly with respect
to argon and water, SiO2^PO3^H2O-based cement
with a low thermal expansion was used. In order
to ensure the stability of the cell geometry, a thick
platinum capsule was used and the glass cylinder
was sandwiched between two slices of quartz (Fig.
1). After each experiment, the cell shape was
checked and no signi¢cant deformation was de-
tected. The extent of chemical interactions be-
tween quartz and the melt phase was checked
by systematic EMPA pro¢les and was shown to
be negligible even after a 3-day experiment at
1250‡C. The extent of SiO2 dissolution in the
melt and its e¡ect on the measured impedance
are therefore neglected. Another source of change
in the cell geometry is the thermal expansion. For
platinum, we calculate that thermal expansion
from 25 to 1300‡C should induce a change in
the cell geometry of less than 1%. We therefore
neglected it. For the melt, changing temperature
from 25 to 1300‡C should increase its volume by
6% (using the volume data of Lange and Car-
michael [17]). The design of the cell (Fig. 1) allows
a vertical expansion through the inner hole of
the quartz wafer. Therefore, the expansion of the
melt occurs vertically and does not damage the
cell geometry. By performing blank experiments
(without obsidian in the cell) it was shown that
the contribution of quartz, the BN, the cement
and the alumina tube to the impedance measured
is negligible. The measured impedance, which was
probably the BN contribution, was higher than
the impedance of the obsidian at a given temper-
ature by a factor of 103^104. Therefore, the obsi-
dian sample was the only conductive path.

Di¡erential thermal expansion of the di¡erent
materials used was in part responsible for some
dehydration of the sample during measurements

at high temperature. Although the run on the hy-
drous samples was short (6 12 h), evidence of
dehydration were brought through infrared anal-
yses (FTIR) on the quenched glass. The water
content and distribution in the glass were deter-
mined using a Bruker IFS 120 HR high-resolution
FTIR spectrometer (see [14] for additional de-
tails). Fig. 2 reveals that total water concentration
in the 3 wt% H2O sample dropped from 3 to 1.5
wt% at the quartz^melt interface on the boron
nitride side (not-welded side). The other side of
the sample had undergone only a partial dehydra-
tion from 3 to 2.5 wt%. No radial gradient were
found. In all, it appears that 80 volume % of
the sample contain between 2.5 and 3 wt% water
at the end of the run. Most of this dehydration
must have occurred in the last minutes of the run,
when high-temperature conditions were reached
(s 1300‡C). Using data for di¡usion of water in
melts given in [18], the pro¢le shown in Fig. 2
would correspond to an exposure of 20 min at
1300‡C of a similar melt to a dry atmosphere.
At lower temperature, it is calculated that a lower
di¡usion rate of water limited the extent of dehy-
dration. The 1 wt% H2O sample showed abso-
lutely no evidence of dehydration. FTIR pro¢les
on this sample reveal the absence of any gradient
in water content. The reason for this is probably
the combination of the relatively low water con-
tent (the water di¡usion rate increases with in-

Fig. 2. FTIR pro¢les of water-derived species in the pre-hy-
drated sample after measurements at P and T. Dehydration
occurs toward the left where the BN cone and the cement
are, but note that s 80% of the sample contains between 2.5
and 3 wt% water. The shapes of the pro¢les are due to the
fact dehydration occurs essentially through migration of mo-
lecular H2O [22].
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creasing water content [18]) and the fact that
measurements were performed at T6 1200‡C, a
relatively low temperature compared to the run
with 3 wt% H2O.

The conductivity (631 m31) is calculated from
resistance measured with the impedance analyzer
using the following equation [19] :

c ¼ ðRÞ31½2Z lðlnðro=riÞÞ31�31 ð4Þ

R is the resistance, and l, ro and ri are respec-
tively the length, outer radius and inner radius of
the sample (see Fig. 1b). As changes in the cell
geometry parameters, l, ro and ri, were small, un-
certainty in conductivity calculation was dominat-
ed by uncertainty in R, measured with the impe-
dance analyzer. Incorporations of iron in the
outer (capsule) and in the inner (wire) electrode
are likely to occur and could potentially a¡ect the
measurements of the sample resistance or at least
the melt-electrode interface resistance. Electron
microprobe analyses were conducted on quenched
sample^capsule assemblages after 3 days at
1250‡C. No iron was detected in platinum and
the Fe content of the glass was shown to be ho-
mogeneous and similar to that of the starting ma-
terial. Alteration of the impedance measurements
by iron di¡usion into the electrodes is therefore
excluded. Eventually, uncertainty in the measured
resistance was estimated from repeated measure-
ments at the same P^T conditions as a function of
time. In addition, P^T cycles were performed to
check if some irreversible damage of the cell could
occur. In all case, repeated measurements agreed
fairly well, for given P, T conditions, the mea-
sured variations of resistance were less than 3%.
Only the 3 wt% H2O experiment has shown an
alteration probably due to dehydration at high
temperature. The resistance measured at 1050‡C
after the high-temperature stage was 41.5 6
against 38.5 6 before the high-temperature treat-
ment. The two points are discussed in the results
part. This increase in resistance of 8% was attrib-
uted to a partial release of water (Fig. 2). In spite
of this, no corrections were applied to the resis-
tance values. The high-temperature data on the
hydrous melt may slightly underestimate (max
8%) the real conductivity of a 3wt% water-bearing
obsidian.

3.4. Impedance spectra and resistance of the
sample

Silicate solids or liquids display electrical impe-
dance that is a function of the electrical fre-
quency. Therefore, an apparatus producing an al-
ternating current over a large frequency domain
was used. A Solartron 1260 impedance gain phase
analyzer with a 100 mV applied voltage was used
[5]. Most data were obtained in the frequency
range of 1 kHz^2 MHz. The electrical response
of the sample in this frequency range is equivalent
to that of a resistor in series with a resistor and a
capacitor in parallel [20]. Therefore, from impe-
dance spectroscopy, one can extract a conductiv-
ity value and also an electrical relaxation time
(see the caption of Fig. 3). At high temperature
(s 1000‡C), the measured resistance was lower
than 100 6 and only at frequencies higher than
104 Hz, the measured impedance was dominated
by the sample. Below this frequency, the impe-
dance spectrum was dominated by the sample^
electrode interface impedance (Fig. 3, see also

Fig. 3. Impedance spectrum showing a complex plane plot of
the imaginary part ZQ vs. real part ZP of the electric modulus
for the dry rhyolite at 1100‡C, 400 MPa. Frequency values
are indicated in Hz for selected data. Basically, frequency de-
creases from left to right in the diagram. The circle results
from a ¢t of the data in the frequency range of 2U106^
4U104 Hz. At the circle top, gd=1 means that the frequency
of the applied sinusoidal voltage equals the frequency of elec-
trical relaxation of the rhyolite [39] (this frequency should be
close to the frequency of Na jumps in the melt, see Section
5). For this spectrum, we calculate a relaxation time of
V1036 s. For a frequency lower than 4U104 Hz, the sam-
ple^electrode (S^E) interface impedance dominates the signal.
The frequency dependence of this interface impedance is ¢t-
ted using a CPE as described in [20].

EPSL 6925 9-1-04 Cyaan Magenta Geel Zwart

F. Gaillard / Earth and Planetary Science Letters 218 (2004) 215^228220



[20]). The sample resistance R (i.e. ohmic resis-
tance) is derived from the low-frequency intersec-
tion of the impedance semicircle with the X-axis.
The value for R is directly readable in Fig. 3 as
V68 6. Applying a circle ¢t gives a value for R
that is twice the radius of the impedance circle
plus a resistance, r, accounting for the fact that
the circle does not systematically start at 0 [20].
When possible, this ¢tting method was used to
extract a value for the sample resistance. The elec-
trical relaxation time corresponds to the fre-
quency at which the imaginary component (ZQ)
of impedance is greatest (top of the circle in
Fig. 3). In the frequency region VMHz, where
the electrical response of the sample occurs, the
high-frequency part of the spectra were a¡ected
by electrical noises probably related to the induc-
tance of the wires connecting the impedance ana-
lyzer to the sample [20]. The electrical noise of the
furnace is not thought to a¡ect the measurements
since it has a frequency of 50 Hz, therefore far
below the frequency explored for conductivity
measurements. In addition, several tests were per-
formed by switching o¡ and on the furnaces dur-
ing conductivity measurements and no alterations
of the impedance spectra were observed. These
statements suggest that the electrical noise of the
furnace is not responsible for the high-frequency
perturbation of the signal and, rather, the wires
connecting the impedance analyzer to the sample
must cause most of the high-frequency noise. In
fact, Fig. 3 shows one of the rare spectra for
which the high-frequency part was properly mea-
sured. For V80% of the spectra, only the fre-
quency part where the circle crosses the X-axis
and the sample^electrode interface was accessible.
In that case, ¢tting a semicircle was not feasible,
and Rsample was calculated by ¢tting the sample^
electrode interface with a constant-phase element
circuit (CPE) described in [20], taking into ac-
count the Rsample value. When both high- and
low-frequency regions were properly collected,
crosschecking of both methods of R calculation
(¢t of the circle or ¢t of the sample^electrode
impedance) yielded results in agreement within
2%. Due to this lack of complete information at
high frequency, a systematic investigation of the
electrical relaxation as a function of temperature

and pressure was precluded, and in the following,
we focus on the ohmic (DC) conductivity results.

3.5. Equilibrium achievement at P and T

Dry experiments were started at 1300‡C where-
as hydrous runs were started at 1050‡C (1 wt%)
and 950‡C (3 wt%) in order to anneal the melt
and to optimize the wetting of the melt on the
electrodes. During this process the conductivity
was measured in order to monitor the time re-
quired to achieve a steady state regime. The re-
sults are shown in Fig. 4, where the resistance is
plotted as a function of time. Within 15 min a
steady value is attained at 1300‡C for the dry
sample. For the hydrous run, V35 min were re-
quired to achieve a steady value. To investigate
the e¡ect of temperature and pressure, the set
point of the Eurotherm regulator was changed
to the desired value, pressure was then readjusted
and successive measurements were performed un-
til a stable resistance was observed. Within less
than 15 min at the set P and T, a constant value
of resistance was measured. At temperature below
V950‡C for the dry melt and V900^850‡C for
the hydrous one, crystallization should occur in
response to a greater thermodynamic stability of
minerals vs. melt. Probably due to the high vis-
cosity of this rhyolite at such temperatures, no
evidence of crystallization was found after experi-
ments. Similarly, conducting experiments for sev-
eral days on the same rhyolites at di¡erent tem-
peratures, no changes in the crystal content were
observed [14]. Therefore, the sample is thermody-
namically un-equilibrated, but the slow re-equili-

Fig. 4. Evidence of achievement of steady resistance within
the ¢rst minute of an experiment at 1300‡C.
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bration rate allows steady measurements to be
performed.

The results we present in the following part are
results of a dry experiment that has been dupli-
cated to check for consistency. Hydrous runs were
not duplicated. In all, dry experiments lasted 2^3
days whereas the hydrous runs lasted 10^15 h.

4. Results

Conductivity of the dry rhyolitic melt is shown
in Fig. 5 as a function of temperature variations
in the range of 800^1300‡C. In this temperature
range, the isobaric conductivity is described by an
Arrhenius law. The pressure dependence of the
conductivity can also be accounted for by the Ar-
rhenius law as indicates Eq. 1. The values ¢tted
for each constant of Eq. 1 against the set of data
points shown in Fig. 5 are available in this ¢gure.
In Fig. 6, conductivity results over a large temper-
ature range (1300^350‡C) are shown. No break in
the Arrhenius line was detected at the glass tran-
sition temperature, which was estimated for this
glass in a previous study at V800^850‡C [14].

Conductivity of the hydrous rhyolites at 200
MPa is shown in Fig. 7 as a function of temper-
ature. For both composition, data are described
by an Arrhenius law in the temperature range of
1325^500‡C. As the water content increases from
1 to 3 wt%, the conductivity increases slightly.
For comparison, the conductivity of the dry rhyo-

lite calculated at 200 MPa using Eq. 2 and the
parameters in Fig. 5 is also shown. At low tem-
perature, the conductivity of the 3 wt% H2O
rhyolite is 0.5 log unit higher than the conductiv-
ity of the dry sample. With increasing tempera-
ture, the di¡erence decreases.

At T=1050‡C, for the 3 wt% H2O sample, two
data points are shown. The di¡erence between the
two conductivity values corresponds probably to
the dehydration e¡ect at high T. One conductivity
data was collected during the heating step while
the second conductivity value was obtained after
the high T stage (to 1325‡C). The di¡erence be-
tween the two values allows an estimation of the
minor e¡ect of partial dehydration on the electri-
cal conductivity of the hydrous obsidian.

Fig. 5. Arrhenius plot of the conductivity results for the dry
obsidian in the temperature range of 1300^800‡C. Both tem-
perature and pressure e¡ects can be reproduced using an Ar-
rhenius law whose parameters are shown in the ¢gure. The
error bars are smaller than the size of the points. Tg refers
to the glass transition temperature.

Fig. 6. Arrhenius plot of the conductivity results in the tem-
perature range of 1300^350‡C. The temperature e¡ect can be
reproduced using a single Arrhenius law for both the melt
and the glass region. The error bars are smaller than the size
of the points.

Fig. 7. Arrhenius plot of the conductivity results for hydrous
obsidians in the temperature range of 1325^500‡C at 200
MPa. The temperature e¡ect can be reproduced using an Ar-
rhenius law whose parameters are shown in the ¢gure. For
comparison, the conductivity of a dry obsidian at 200 MPa
calculated using the parameters in Fig. 5 is shown. The error
bars are smaller than the size of the points.
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5. Interpretation

5.1. Charge carriers in dry and hydrous obsidian

The electrical conductivity of both dry and
hydrous obsidians is reproducible using an Ar-
rhenius ¢t. It is therefore likely that a single
transport mechanism dominates the electrical
conductivity in the melt and glass regions of these
obsidians. The most mobile species in these melts
are lithium and sodium [13,21,22]. Proton migra-
tion is precluded since it is known to move as
neutral molecular H2O or H2 in obsidian glass
and melt [14,23] ^ species that obviously do not
participate in charge transport. Nevertheless, re-
cent conductivity data on hydrated BaSi2O5

glasses reveal that protons may potentially act
as charge carriers in glass with a low degree of
polymerization [24]. In contrast, the obsidian
composition investigated in this study is fully
polymerized; moreover, extrapolations of proton
conductivity [24] to temperature of this study fall
far below the conductivity values that were mea-
sured in the obsidian. It is therefore anticipated
that protons do not signi¢cantly contribute to the
charge transfer in obsidian. According to Jambon
[21], both alkalis (Li, Na) have the same mobility
in an obsidian melt at a given temperature; how-
ever, the low Li content (6 500 ppm) should
make its contribution to the bulk conductivity
negligible. Electronic conductivity could also oc-
cur due to the presence of iron in both ferrous
and ferric forms. However, to our knowledge, evi-
dence of electronic conduction in natural silicate
melts is not reported in the literature. Only iron-
rich glasses at low temperature were shown to
behave as electronic conductors [25,26]. For our
sample, its low iron content together with the
high-temperature conditions precludes any signi¢-
cant electronic conduction. Using Eq. 3 and pos-
tulating that sodium is the dominating charge car-
rier, we calculated its di¡usion coe⁄cient from
conductivity data on the dry obsidian, assuming
that all available Na is involved in the transport
process. A Haven equal to 1 was adopted. The
results of this calculation are shown in Fig. 8,
where DNa calculated from conductivity data on
the dry sample is plotted against temperature to-

gether with the Na tracer di¡usion coe⁄cient
measured in [21] in dry obsidian melt. The perfect
agreement between calculated and measured val-
ues clearly reveals that Na is the dominating
charge carrier in dry obsidian. Other ionic/elec-
tronic contributions can be neglected given that
their mobility is at least one to several orders of
magnitude slower than that of Na.

The activation volume we extracted from the ¢t
in Fig. 5 should therefore reveal the pressure ef-
fect on Na mobility in dry silicic melts. The value
we obtained from the Arrhenius ¢t (20 cm3/mol)
indicates a large e¡ect of pressure at least in the
crustal pressure domain. Relating this pressure
e¡ect to the size of the charge carrier is probably
tentative. However, such an activation volume is
in good agreement with the pressure dependence
of conductivity of Na^borosilicate or Na-bearing
organic glasses recently resolved by material sci-
entists [27]. This pressure dependence seems,
therefore, to be a feature of Na-rich glasses^melts
whose conductivity is dominated by Na migra-

Fig. 8. Identi¢cation of Na as the dominating charge carrier
in the dry and the hydrous rhyolites. The tracer di¡usion co-
e⁄cient of Na in dry obsidian [21] is plotted together with
the di¡usion coe⁄cient calculated from the conductivity data
at 300 MPa. At a temperature higher than 1000‡C, the tracer
di¡usion data of [21] data are extrapolated (dashed line).
The tracer di¡usion coe⁄cient of Na in a rhyolite containing
3.5 wt% water (determined in the temperature range of 700^
900‡C [28]) is plotted together with the di¡usion coe⁄cient
calculated from the conductivity data of the hydrated obsi-
dian at 200 MPa. Above 900‡C, extrapolation of the di¡u-
sion models [21^28] deviates from our prediction. We there-
fore improve the di¡usion data on Na in the high-
temperature domain. At 1050‡C for the hydrous system, two
data are shown. The highest DNa is before the high-tempera-
ture step and the lowest is after. This gives an idea of the ef-
fect on the measurements of dehydration subsequent to the
high-temperature treatment.
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tion. Also, Tyburczy and Wa¡ [16] found a sim-
ilar activation volume for the conductivity of a
Na-rich andesite (V18 cm3/mol).

For the hydrous obsidians, their conductivity is
slightly higher whereas its activation energy is
slightly lower than that of the dry obsidian (Fig.
7). These observations are consistent with the ef-
fect of water on the mobility of sodium identi¢ed
by Watson [28] for obsidian containing 3.5 wt%
water. In Fig. 8, tracer di¡usion of Na calculated
from conductivity data on the 3 wt% H2O obsi-
dian is plotted against temperature together with
tracer di¡usion of Na measured by Watson [28]
on a similar composition. In the temperature
range of 700^900‡C, corresponding to the domain
covered by [28], the agreements between predicted
and measured di¡usion coe⁄cients are good, sug-
gesting that sodium controls the conductivity of
the most hydrous rhyolite studied. Consequently,
the conductivity of the 1 wt% H2O obsidian must
also be controlled by Na mobility. At higher
temperature, extrapolation of Watson’s model
deviates from our prediction. This deviation is
probably explained by the propagation of the
uncertainty in activation energy given by Watson
at high temperature.

Two attempts to measure the electrical conduc-
tivity of dry and hydrous silicate melts are avail-
able in the literature. Lebedev and Khiratov [29]
performed measurements in a pressure vessel us-
ing unspeci¢ed cell geometry. The frequency of

the AC measurements was 100 Hz, a frequency
at which this study clearly shows that the sam-
ple^electrode interface dominates the measured
impedance (Fig. 3). The activation energy for elec-
trical conductivity they estimated also decreases
as the melt water content increases. However,
the conductivity values they obtained di¡er by a
factor of 10^100 from the results of this study.
Given the lack of technical details given in [29],
it is di⁄cult to determine the exact nature of this
divergence. Shatherley and Smedley [30] per-
formed similar measurements on dry and hydrous
(4 wt% H2O) alkali-rich melts in the frequency
range of 1^20 kHz. At the highest-pressure con-
ditions of their study (135 MPa), the e¡ect of
water they determined is almost consistent with
this study (at least at T6 900‡C). However, their
low-pressure experiments, which are strongly
water oversaturated, seem to indicate a strong
dehydration of the melt in either the form of
water-bearing bubble within the melt or an insu-
lating layer of vapor at the sample^electrode in-
terface (vapor being insulator in comparison to
the silicate melt). The extent of this dehydration,
which is kinetically enhanced by high tempera-
ture, is most likely responsible for the decrease
in conductivity they observed as the temperature
increases.

Combining the above elements of discussion
and the fact that the Nernst^Einstein equation
was successfully applied to our measurements, it
appears that this study provides robust data on
the electrical conductivity of hydrous silicate
melts, which should be considered for the inter-
pretation of partially molten region observed by
the magnetotelluric survey. This study allows the
individual e¡ect of water, temperature and pres-
sure on the conductivity of silicic melts to be pre-
dicted. In Eq. 1, the dependence of the pre-expo-
nential and the activation terms to the water
content was accounted for by an empirical ¢t.
The electrical conductivity of hydrous rhyolitic^
granitic melts should be calculated as follow:

c ð6 mÞ31 ¼ c 0 exp½ð3Ea þ 2PÞ=RT � ð5Þ

with

c 0 ¼ 378:9 ln½wt% H2O� þ 754

Fig. 9. Temperature dependence of ionic conductivity in dry
Na2SiO3 liquid (1), 3 wt% H2O rhyolite (2), dry rholite (3),
andesite (4), Na-bearing basalt (5), Na-free basalt (6), and
extrapolation toward high temperature of electronic conduc-
tivity in Fe-rich glasses (7); references [13,16,25,3,33] and see
Section 5.3.

EPSL 6925 9-1-04 Cyaan Magenta Geel Zwart

F. Gaillard / Earth and Planetary Science Letters 218 (2004) 215^228224



Ea ¼ 32925 ln½wt% H2O� þ 64132

where wt% H2O is the total water content of the
melt expressed as H2O wt%. Extrapolation of
these equations to 6 wt% of water content should
remain reasonable. At higher water content, it is
likely that water, by dilution, would decrease the
Na concentration and then decrease the electrical
conductivity of the melt.

5.2. Transport properties in silicic melt

No change in the current transport mechanisms
is observed at the glass transition temperature
(Tg). The Arrhenius formalism is applicable in
the entire temperature range investigated in this
study. Therefore, the glass transition temperature
or the closure temperature associated with electri-
cal relaxation is very low and could be far below
350‡C, the minimum temperature investigated in
this study (Fig. 6).

The strongly linear temperature dependence of
electrical conductivity reminds us of the viscous
properties of ‘strong’ melts that show a remark-
able Arrhenius behavior over a large temperature
domain [10]. Similarly to our sample, these strong
melts are generally silica-rich and therefore
strongly polymerized. However, viscosity is most-
ly controlled by Si^O bond relaxation time, which
makes an important di¡erence with the electrical
conductivity of our melt being rate-controlled by
Na migration. For example, the activation energy
for the electrical conductivity of our sample is 70^
61 kJ/mol, whereas for a sample with a similar
composition, the activation energy for viscosity
is V450 kJ/mol [31]. Moreover, no change in
the temperature dependence of electrical conduc-
tivity is observed as the sample crosses the melt^
glass transition whereas viscosity of rhyolites does
show a kink in an Arrhenius plot around Tg. This
clearly illustrates that alkali di¡usion is not re-
lated to viscosity and therefore does not obey
the Eyring equation as suggested in [11]. Sodium
must move without involving the breaking of
Si^O bonds. Interpreting more in detail the trans-
port mechanisms should be feasible by combina-
tion of the Nernst^Einstein equation and the fre-
quency dependence of electrical conductivity

[13,31]. Unfortunately the high-frequency signal
was not accessible, which limits the understanding
of microscopic transport mechanisms. Neverthe-
less, a remarkable feature revealed by the use of
the Nernst^Einstein equation is that all Na ions in
the melt act as charge carriers. The number of
charge carriers is therefore not thought to be ther-
mally activated, at least in the temperature range
of this study. The e¡ect of water on electrical
conductivity reveals therefore an e¡ect on Na mo-
bility and not on the number of Na available for
charge transport. In addition, a Haven ratio equal
to 1 tells us that Na ions move independently of
each other by an interstitial mechanism [13,32].
Addition of water enhances this interstitial migra-
tion probably by creating more interstitial sites
and therefore facilitating the mobility of Na. Pres-
sure, which decreases the electrical conductivity,
must have an opposite e¡ect on these interstitial
sites. An increase in pressure reduces the porosity
of the melt and must consequently reduce the
possibility of interstitial migrations. The value of
activation volume extracted (20 cm3/mol) indi-
cates a strong e¡ect of pressure at least in the
crustal range, which could be related to a rela-
tively high compressibility of these silica-rich melt.

5.3. Charge carriers in magma and interpretation
of magnetotelluric data

Fig. 9 shows the temperature dependence of
electrical conductivity for several molten silicates
collected from this study and the literature [13,16,
33]. The activation energies are similar (V70 kJ/
mol) for the dry sodium silicate, the dry Na-rich
andesite and the dry rhyolite melt, which strongly
supports the idea that Na mobility controls the
electrical properties of these relatively Na-rich
molten silicates [29]. For the hydrous obsidian,
its low activation energy (64^61 kJ/mol) re£ects
also a control by Na mobility although it con-
tains s 10% H2O mol. The activation energy
for the conductivity of Na-bearing basalt is
slightly higher (120 kJ/mol) but cannot be ex-
plained by the mobility of divalent cation having
an activation energy around 250 kJ/mol, which is
consistent with the conductivity of Na-free basal-
tic melts (Fig. 9). Electronic conductivity is prob-
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ably not signi¢cant in the high-temperature region
as suggested by extrapolation from low-tempera-
ture measurements [25,26,34] (see Fig. 9) and
Wa¡ and Weill [35], showing that changes in the
ferric^ferrous ratio of basaltic melts do not a¡ect
their electrical conductivity. It seems therefore
likely that Na controls also the electrical conduc-
tivity of natural basalts. The di¡erence in activa-
tion energy between the rhyolitic^andesitic and
the basaltic compositions is consistent with the
fact that the activation energy for Na mobility is
a function of Na content in melts [36]. Henderson
et al. [22] have also shown how the activation
energy for Na tracer di¡usion greatly increases
with decreasing Na content, reaching a value of
150 kJ/mol for Na-poor tholeiitic basalts. We
therefore anticipate that both Na content and mo-
bility would be responsible for the conductivity of
basaltic to Na-rich rhyolitic melts, which could
greatly simplify the interpretation of resistivity
anomalies attributed to the molten region in the
crust and in the mantle. In particular, Na, being
an incompatible element, is preferentially incorpo-
rated in the liquid as magma crystallizes. A mag-
ma under di¡erentiation becomes Na-richer and is
therefore likely to show a particular electrical sig-
nature that could be elucidated from the marriage
of laboratory and high-resolution geomagnetic
measurements.

Ho¡mann-Rothe et al. [6] revealed the presence
of a conductive zone below Java, a volcanic area,
which is probably attributable to a magma cham-
ber at 6 km depth (V200 MPa). They determined
a resistivity of 2 for this magma, which cannot
reasonably re£ect the presence of basaltic lava
since it would correspond to a temperature higher
than 1250‡C. Considering the results of this study
at 200 MPa, a resistivity of 2 would correspond to
a dry rhyolite at 950‡C, or a 1 wt% H2O melt at
875‡C, or a 3 wt% H2O melt at 830‡C or by ex-
trapolation of Eq. 5, a 6 wt% water-bearing melt
at 760‡C. All these temperature^water content es-
timations are extremely realistic and consistent
with what we know from phase equilibria in
water-bearing magma [37]. Analyses of eruption
products of Merapi volcano, located just above
the identi¢ed magma chamber [6], reveal that
most of the lavas have an andesitic bulk compo-

sition with a rhyolitic matrix [38] (3.5 wt% Na2O).
The Na content of the matrix is slightly lower
than in the obsidian melt of this study and should
therefore be slightly more resistive for a given
temperature. This study clari¢es the mechanisms
of conduction in hydrous magma, but more has
to be known about the combined e¡ects of water
and Na content on the electrical conductivity of
melts. Furthermore, the crystal content of magma
should a¡ect slightly its electrical conductivity
and must therefore be understood.

Multicomponent thermodynamic models such
as MELTS tell us that parameters controlling
the conductivity of a magma such as temperature,
water, sodium and crystal contents are not inde-
pendent parameters and, furthermore, they can be
estimated. Combining phase equilibria models
[37] of magmas upon di¡erentiation and their
electrical conductivity seems, therefore, to be a
promising approach allowing the elucidation of
maturity and water content of magmas stored
within the Earth with some vital aspects concern-
ing the estimation and anticipation of volcanic
hazards.

6. Conclusion and perspectives

This paper describes a setup to perform high-
P^high-T laboratory measurements of electrical
conductivity of hydrous and dry obsidians. We
show that the e¡ect of pressure and temperature
can be elucidated and rationalized using an Ar-
rhenius law that reproduces measured electrical
conductivity in the glass and the melt region.
Therefore, for hydrous and dry obsidian, a
change in the mechanisms of conduction across
Tg is excluded. The conductivity of dry and hy-
drous rhyolites is shown to be exclusively con-
trolled by sodium mobility and concentration.
The positive e¡ect of water on electrical conduc-
tivity is interpreted as the e¡ect of water on so-
dium mobility.

Compilation of literature data on both electri-
cal conductivity and tracer di¡usion in natural
and synthetic melts indicates that Na could be
responsible for the electrical behavior of most ter-
restrial magmas, making the conductivity of mag-
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mas stored in the Earth a potential probe of their
maturity and di¡erentiation degree.
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