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Abstract

Electrical impedance measurements in laboratorsilarate melts are used to interpret
magnetotelluric anomalies. On the basis of two- fmudl-electrode measurements, we show
that the influence of the electrodes of the 2-ebteld system on the measured resistivity can
be of significant importance for low-resistivity ftee and increases with temperature. At
1400°C, the resistivity of very conductive meltsasered with two electrodes can reach six
times the resistivity value measured with four efades. A short-circuit experiment is needed
to correct the 2-electrode data. Electrodes cauminoh is also estimated for samples from
other studies, for which the resistance of thetetad cell can be as high as the resistance of
the sample. A correction of the resistivity datanirthe literature is proposed and values of

the corresponding Arrhenian parameters are recomeen

Keywords. impedance measurements, resistivity, melts.



INTRODUCTION

The knowledge of the electrical properties of medtaeeded for the interpretation of
magnetotelluric profiles (Wannamaker et al. 2008shno et al. 2006; Tarits et al. 2004;
Mdiller and Haak 2004; Roberts and Tyburczy 1998).dxample, both magnetotelluric data
and electrical measurements in laboratory allowesl itlentification of partial melt in the
asthenosphere below the East Pacific Rise (Yosdtiah 2006). The information provided by
electrical measurements in laboratory is of sigaifit interest to the interpretation of
geophysical anomalies, in terms of quantitativest@mnts placed on potential conductive
magma reservoirs (Pommier et al. 2008; Gaillarcalet2008) and for the elaboration of
conductivity models (Xu et al. 2000). Since elaaiconductivity (or resistivity) is extremely
sensitive to small chemical and physical changespresents a subtle probe for studying
silicate melts properties under controlled andalde conditions (T, P, composition and,fO
(Pommier et al. 2008; Gaillard and lacono MarzidA65; Gaillard 2004; Tyburczy and Waff
1985, 1983). Several studies have contributed tprone the technique of electrical
impedance measurements over the past decadesfpajto et al. 1987; Hodge et al. 1976;
Bauerle 1969).

Experimental difficulties raised by electrical me@snents include the maintenance of
a well-constrained electrical cell geometry andrbeessity to limit the interactions between
the sample and the components of the electricdl teladdition, the problem of the
contribution of the electrical response of the &tates to the measured resistance can be of
non negligible importance (Tyburczy and Waff 19&8)d needs to be quantified. Most
electrical measurements of natural silicate metes 2electrode based, whereas the 4-
electrode system is mostly used by the materiansel community. The resistance of the
electrodes (Rectroded IS included in the impedance measured by thee@uglde system, which
can affect the electrical response of the samgdfectere resistance), particularly for low

resistivity melts. It is therefore important to &wate the contribution of the electrodes in the



experimental conductivity database for silicatetmdBecause this problem concern most of
the current database of electrical resistivitiesatfiral melts, it also raises a direct implication
in the interpretation of magnetotelluric profiles molten or partially molten regions of the
Earth’s crust and mantle.

The main goal of this study is to address the ariie of the electrode configuration
on the measurement of the resistivity of melts ahokratory. We measured the electrical
response of three silicate melts (a basalt, a gherend a borosilicate) using two different
techniques, based on 2- and 4-electrode measurenteqteriments were conducted at 1 bar
and in the T range [800-1430°C]. The influencehef ¢lectrical response of the electrodes on
the 2-electrode data was identified, demonstratiegneed for a significant correction of the
impedance measurements. Errors on resistivity gabfesilicate melts due to electrodes
contribution were estimated for the investigatethgias as well as for samples from other
studies. We recommend values of corrected Arrheparameters for the calculation of

electrical resistivity of natural silicate melts.

EXPERIMENTS
Starting products
The three starting materials were a borosilicatgtstized at the CEMHTI (CNRS-

Orléans, France), a phonolite from Mt. VesuviusnfRoer et al., 2008), and an alkali basalt
from the Pu’'u’ ‘O’o volcano (Kilauea). The compasit of the Kilauea basalt is close to the
typical composition of MORB-type basalts. The sasplere chosen for their differences in
chemical composition and their geological interéBhe starting materials were finely
crushed, melted in air at 1400°C during ~1h andhgbed into a glass. The composition of
the starting glasses is presented in Table 1. k@r2telectrode measurements, the starting
materials were melted in air in a Pt crucible amal tesulting bubble-free glass was drilled to

cylinders (Pommier et al. 2008). For the 4-eleatradeasurements, the starting materials



were melted in an alumina crucible which was dlyeased in the electrical conductivity

measurements (Simonnet et al.2003).

Basic concepts of complex impedance measur ements

Complex impedance measurements allow to study aiothu processes by
discriminating most of polarization effects obsehauring a scan in frequency (Bruin and
Franklin, 1981). While the electrical resistancegeblogic materials has been measured for
almost one century (e.g. Volarovich and Tolstoi3@) impedance measurements applied to
solid electrolytes are more recent (Bauerle, 1988yurczy et Fisler, 1995 and references
therein). The interpretation of impedance spectreerms of transport mechanisms has been
widely investigated (Roberts et Tyburczy, 1994; bher et Dillenburg, 1995; Roling, 1999).

Impedance spectroscopy consists in recording gtrelal impedance of a material at
variable frequency. An ac current is delivered lesw two “current electrodes” and an
induced ac voltage drop is measured between twdtdly® electrodes”. The complex
impedance Z* is deduced, Z*=U*/I*, U* being the vafje drop vector and I* being the
current vector (Simonnet et al. 2003). In the Z#etamle system, current and voltage
electrodes are conveyed through only two electrodes

The complex impedance Z* is the sum of a real andraginary parts: Z*=R+jX, R
being the electrical resistance and X the reactahices, the determination of the electrical
resistance of a material consists in extractingéaé part of the complex impedance ki
(Bagdassarov et al. 2004; Gaillard 2004; Pommieal e2008). The electrical resistivify
(ohm.m) is deduced from the value of R (ohm) bygshe following relation:

p=GR Q)

where G is the geometric factor (m) and dependtherdimensions of the material studied

and on the distance between electrodes.



Experimental setups

The two experimental setups are presented in Fijar@-electrode experiments were
performed at the ISTO and 4-electrode experimenttea CEMHTI (Orléans, France). All
experiments were conducted in air. In both casesglass sample was placed in the hot spot
of the furnace. Temperature, monitored with a Eheoh controller, was measured by a type
S thermocouple, placed adjacent to the conductiedl, and is known to within +2°C.
Impedance was measured in response to an AC digrtak 1Hz-1MHz frequency range
using an impedance gain/phase analyzer (Solart&®,1Schlumberger Co.), the voltage
amplitude being 0.1 to 0.5V.

In the 2-electrode configuration, the two groupsvetded electrodes are connected to
a Pt tube (external electrode) and a Pt wire (naleelectrode), respectively. The cylindrical
geometry of the sample (L from 3.5 to 9mm; OD frdrb to 7.5mm and ID=1mm) implies
the electrical resistivity to be coaxially measuresh alumina plug prevents the two
electrodes from being in contact with each othemgmier et al. 2008). In the 4-electrode
configuration, two Pt sheets serve as current reldes and two Pt wires measure the voltage
drop. The four electrodes are connected separttetfie impedance spectrometer and the
resistivity is measured between the wires. ThesiRt are totally immersed in the liquid
sample contained in the alumina crucible (L>10mnQ=B0mm). As shown in Figure 2,
measurements performed at different immersion depthithe electrodes underline that the
wetting effect on the measured electrical resigtaiscnegligible for an immersion >5mm
(similarly to Gaillard et al. 2008 for very condivet carbonate liquids with high wetting
properties). All 4-electrode measurements wereop@d at an immersion depth of ~8mm.
The precision of the immersion depth of the elet#sin the melt is controlled by a
mechanical displacement system allowing the depthbet determined with a good precision

(0.02mm, Malki and Echegut 2003).



Equivalent electrical circuits are presented igufe 1b for both configurations. The
different components of the electrodes (condugticill parts + connecting metallic wires)
are associated in series with the effective compfegedance of the sample @Zmnpi-
Contrary to the 2-electrode system, the curretihén4-electrode setup is not delivered in the
loop of measurement of the potential. As a reshé, electrical impedance of the cell is not
involved in the measured impedance {&%urey and:

Z* measured Z* samplet Z”induct (2)
where Zihguet (the imaginary part X of Zf.croded represents the inductive effects of the
electrodes and was found to be negligible for fezmies <0.1MHz (Simonnet 2004).
According to Figure 1b, the impedance measuredyusi?-electrode system can be written:
Z* measured™ Z*samplet Z* electrodes= [R+]X] samplet [Rpt partst Z”induct™ (Rpol // Cpol)]etectrodes  (3)
where Ry parsis the resistance of the Pt tube and Pt wires (Eida) and the associatiog.R
Il Cpor represents the polarization effects (ionic douajer). The best method for estimating
the electrode contributions is to conduct a shodud experiment. Because Pt resistivity is
temperature-dependent, short-circuit measuremenist rhe done at temperature. This
experiment consists in connecting the two elecsodéth a small Pt wire (Figure l1a).
Electrical measurements are performed on an englityi®. without sample) and Zr-circuit

—_ *
=Z electrode

Datareduction and calibration

An example of the electrical response of the sargpescan in frequency is presented
in the complex plane (Z', Z") Figure 1c. Graphigalthe value of the electrical resistance R
corresponds to the intersection of the electrieaponse with the real axis (i.e. Z’=0). The
first part of the response (Z'<R and Z">0) reprdasehe induction effects whereas the second
part (Z>R and Z"<0) is attributed to the impedant¢he interface between the sample and

the electrode (Huebner and Dillenburg 1995).



The determination of the resistivity valye requires the determination of the
geometric factor G (Eq. 1). For the 4-electrodefigomation, G was determined through the
calibration of the cell. Calibration was performesing three agueous KCI solution (0.01, 0.1
and 1M) of known resistivity at room temperaturtarlard liquids are generally used for this
calibration (Wu and Koch, 1991). The geometricdacif the 4-electrode cell is calculated by
measuring the resistance R of the KCI solution asiddg Eq. 1. Similar values of G were
obtained using the different KCI solutions and gf@@metric factor was found to be 0.039m.
For the 2-electrode configuration, the diffusiomnfi@alism in a cylinder in which diffusion is
coaxial (Crank 1975) showed that G can be writtefolows:

G= 271
In(dext/dint)

4)

where L is the length of the cylindrical glass s#&mjLy is the outer diameter ang dthe
internal diameter. A constant value of the georodactor during the experiment is assumed.
The uncertainty o due to error propagation of typical uncertaintesR, L, dyx and @ is

in the range of 7-12.5% for all melts. Eq. 4 yield@alues of G ranging from 0.015 to 0.019m.

These values were confirmed by the calibration hef P-electrode setup cell using KCI

solution (1M).

Chemical characterization of the samples

Most glass samples were analyzed after the expatinvith a Camebax SX-50
electron microprobe in order to check for interas between the sample and the cell parts
(Pt and alumina). Analyses were conducted at 15 &\WA, 10 s on peak and 5 s on
background. No significant variations in oxides teoits were measured in the samples after
2-electrode experiments, in agreement with the relaiens of other studies using similar
electrical cells (Pommier et al. 2008; Gaillard 2p0ron was found to be present at very low

concentrations (<0.5wt%) in the Pt electrodes ftbm 2-electrode setup. Iron depletion was



thus too small to change significantly the FeO enhbf the melt. Therefore, we considered
that iron loss was of minor importance in this stuBlectron microprobe traverses were
performed in one sample from the 4-electrode erpamis in order to estimate the

contamination of the melt by the alumina crucil#&0; enrichment was found to affect the

melt on a distance <1lmm from the @} crucible/melt interface. The melt volume occupied
by the immersed electrodes (see Figure 1a) is patiadly concerned by the contaminated
melt. A contamination of the whole volume of mealiedo convection can be excluded, due to

the small value of the Rayleigh number (<200, Jewpad Tait 1995).

RESULTS

The electrical resistivities of the three investeghmelts measured using the 2 and 4
electrode configurations are presented Figure 3. Badh configurations, measurements
during heating and cooling cycles yielded similasistivity values, which demonstrates
reproducibility (in agreement with Pommier et @008 and Malki and Echegut 2003). The
short-circuit experiment was performed with thel@gode system, from 800 to 1400°C. A
resistance from 1.5 to 2ohm was measured in thienge, corresponding to the contributions
of the electrodes. The configuration adopted ferghort-circuit experiment (Figure 1a) does
not take into account the resistance of the comdtictell (Pt tube and inner Pt wire). The
resistance of these two Pt parts was calculateth@mvestigated T range using the known
resistivity of Pt and Eq. 1. At 1200°C, the regis& of the Pt tube and inner wire (external
and internal electrodes, respectively) represess lthan 1% of the resistance of the
conductivity cell, the 99% corresponding to thesites (cf Figure 1a). This result underlines
the very low contribution of the Pt tube and inmare to the whole electrode resistance and
validates the configuration used for the shortigtrcexperiment. For all 2-electrode
experiments, the resistance of the electrodes wdsogd from the measured resistance at

each T:



Rsample= Rmeasured— Relectrodes (5)
and Psample= Peorrected= G-Reample (6)
These corrected resistivity values correspond ¢o*Phelectrode corrected” data in Figure 3.
The good agreement between 2-electrodes correcta ahd 4-electrode data is clearly
shown.

The principal result shown in Figure 3 is that Baelectrode setup used in this study
implies a low correction on the measured resistivialues of low-conductive melts
(phonolite and basalt), while electrical measuremeh high-conductive melts (borosilicate)
require either to perform a short-circuit experimeém order to quantify the electrodes
contributions or the use of a 4-electrode setupe Tbrrection on 2-electrode data of
resistivity values of the basaltic liquid only repents between 2 and 10% of the 4-electrode
value and is thus negligible for our coaxial expemtal setup. The correction of the 2-
electrode data was found to increase with tempexallnis can be easily understood since the
electrical resistivity of silicate melts decreageth increasing T whereas the resistivity of Pt
wires has the opposite behaviour. As shown in Ei@Jrthe influence of the electrodes affects
dramatically the resistivity of the less resistiveelt (borosilicate). Indeed, at 1400°C, the
resistivity measured with the 2-electrode system@5@hm.m) is six times higher than the
resistivity value given by the 4-electrode systed0@8ohm.m). A slight but noticeable
difference was observed for the data of the phtinainelt at the highest temperatures: at
1260°C, the resistivity value from the 2-electraageriment is 0.1ohm.m greater than the
value measured in the 4-electrode experiment, sporeding to an error on the 4-electrode
value of 37% (=100.£G-electrodaPa-electrodd! Pa-electrodd= 100.(0.1/0.27)).

Measurements were performed at high temperaturesaolarge interval. The
temperature dependence of the electrical respohsieeanvestigated samples is shown in

Figure 3. All the data can be fitted by an Arrhenfiarmalism:
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with o the electrical conductivity (ohm.f)p the electrical resistivity (ohm.md the pre-
exponential factor (ohm.n) Ea the activation energy (J/mol), R the univegss constant
(J.moi*.K™) and T the temperature (K). Values of the Arrharparameters calculated from
4-electrode measurements are similar to those #atectrode corrected measurements and

are presented in Table 2.

DISCUSSION

Experiments performed with our 2-electrode setaypehunderlined the importance of
the contributions of the electrodes to the measuesistivities of very low resistivity
materials. Comparison was made with other 2-eldetrsetups from other studies. Setups
characteristics are listed in Table 3 and resuktspesented in Figure 4. The 2-electrode
setup used in this study is similar to the setugdua Pommier et al. (2008) (experiments on
dry and hydrous tephritic to phonolitic sampleskilldard and lacono Marziano (2005)
(basalt) and Gaillard (2004) (dry and hydrous rhigpl Only the sample dimensions slightly
changed, modifying the value of G (Eq. 4). The ltssof the short-circuit experiment
performed in this study can be applied to correetresults from the studies mentioned above.
Our setup was compared with the techniques predemnteRai and Manghnani (1977)
(basalts), Waff and Weill (1975) (trachyte and ait#@ and Presnall et al. (1972) (synthetic
basalt). The electrical response of the electrodes estimated using indications given in the
different studies. For studies using the loop tépm (Rai and Manghnani 1977; Waff and
Weill 1975), the resistance of the electrodes spwads to the sum of the resistances of two
metallic wires, calculated as follows:

= L
Rwire = Puire - S (8)

11



with puire the resistivity of the metal (ohm.m) (given in titerature), | the length of the wire
(m) and S the cross-section area of the wire (Régarding the study from Presnall et al.
(1972), the resistance of the Pt wires was estimnagng Eq. 8 and the resistance of the
conductivity cell was calculated using Eq. 1 foe @#dopted cell geometry (consisting in two
Pt crucibles fitted into each other). The sum ahb@sistances (wires and conductivity cell)
corresponds to the resistance of the electrodeserfan of ~20% is assumed on calculations
of Reen, due to the lack of information regarding the lngf metallic wires or the geometry
cell.

The contributions of the electrodes to the meabuesistance were estimated using
the RneasurelRelectrodesfatio for this and previous 2-electrode studies] are presented in
Figure 4. The coaxial setup used in our laboratsrgfficient for measuring the electrical
properties of dry natural silicate melts ({RsurelRelectrodes >5) and the correction of the
electrodes contributions will not significantly mfydthe measured resistance. In Gaillard
(2004) and Pommier et al. (2008), the lowest valobBshe RneasurelRelectrodes Fatio were
obtained for the hydrous rhyolite and hydrous phiteaespectively, i.e. the most conductive
investigated samples. For these samplegci&ies represents 10 to 40% ofsfRpie the
contribution of the electrodes to the measuredstasce increasing with increasing T. The
low values of the ratio for the borosilicate froniststudy and carbonatites from Gaillard et al.
(2008) underline the need in conducting short-dcir@xperiments prior to 2-electrode
measurements on very conductive melts. In Gaikaral. (2008), who performed 4-electrode
measurements, a comparison between 4-electrode &@nelectrode data on
(Na,K,Ca292(COs3), at 740°C has shown that electrodes are less ctmeuthan the
carbonatite melt. Using a 2-electrode setup sindahe one of the present study implies that
the correction of the resistance of the electradasot needed for low conductivity values,

while it can be critical for high electrical condivity values.

12



The critical parameter controlling the electrodestribution is the dimensions of the
metallic wires. According to Eq. 8, the smaller tiameter and the longer the length of a
metallic wire, the higher the resistance of theewand, thus, of the electrodes. This is
particularly critical for measurements using thegdechnique, since the cell components are
two long metallic wires of small diameter (~0.2 t6f@m) (Rai and Manghnani 1977; Waff
and Weill 1975). The calculation of the sample getim factor as well as technical
considerations regarding these two previous studietailed in Waff (1976). The adopted
configuration leads to an important contributiontted electrodes to the measured resistance:
Relectrodes~>0hm at 1500°C for both studies, whilgeRurediS about 6 to 10ohm at the same
temperature. An important effect of the electrodasthe electrical measurements was also
calculated for the setup used in Presnall et &72) at 1500°C, the contribution of the
electrodes to the measured resistivity represéis 3

Whatever the 2-electrode setup used, the eledradatribution decreases with
temperature. As a consequence, the correctionedé@rode measurements is negligible for
low conductivity values, such as the conductivity glicate glasses and solids (e.g.
Wanamaker and Duba, 1993; Behrens et al. 2002ePale 2008; Pommier et al. 2008).

Errors on resistivity values determined using @léttrode system can be importance
in the interpretation of magnetotelluric anomalieaboratory data are needed to interpret
high conductive zones detected in the Earth’s imteand, particularly, to put constraints on
the composition and storage conditions of the niddpending on the cell configuration and
the length of the connecting metallic wires, meaduwesistance can be twice as great as the
effective resistance of the melt, because of eldes contributions (Figure 4). A similar
change in the electrical response of a silicatet ngelobserved when increasing the
temperature of several hundreds of °C or addingwawt% of water (Pommier et al. 2008;
Gaillard 2004; Tyburczy and Waff 1983, 1985). Thaentification of the electrodes

contributions (Figure 4) in the electrical measugats from other studies allowed the
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correction of resistivity values. Based on thesgemted resistivities, we have determined
Arrhenian laws for each melt. The correspondinghAnian parameters, s and Ea, are

presented in Table 4 and compared to the originhlighed values. These corrected values
allow the determination of the electrical resigfivbf natural melts on a wide range of
chemical composition. The improvement of the intetgtion of anomalies detected by
geophysical methods is also a matter of electnoahsurements in laboratory, including the

technical concern of the contributions of the elsdes.

CONCLUSION

Electrical impedance measurements using 2-electande4-electrode systems have
been used to discriminate the electrodes contahatof the 2-electrode setup to the measured
resistance. The electrodes contributions are ddednay the electrical response of the
connecting metallic wires and are successfully ielated by performing a short-circuit
experiment. A correction of the electrodes contidouis possible only if the dimensions (in
particular, the length of the metallic wires) areliconstrained. The 2-electrode setup used in
this study is particularly efficient for measuritige electrical resistivity of low-conductive
melts (like most natural silicate melts), wherdas ¢lectrode contribution can be important
for very conductive melts (like carbonatites). Sfigant electrode effects, particularly for
low-resistive melts and at HT were observed foreptB-electrode setups from previous
studies. Errors on the corresponding resistivitii@s of the melts can be non-negligible in
the interpretation of magnetotelluric anomaliescokrection of the database of the resistivity
of natural melts was performed and recommendedesatf Arrhenian parameters were

proposed.
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Table 1. Composition of the starting glasses (wt%).

Sample Borosilicate Phonolite Kilauea basalt
SiIO, 50 55.73 49.96
TiO, 0 0.16 2.41
Al,O3 8 21.94 13.24
FeOt 2 1.95 10.88
MnO 0 - 0.13
MgO 0 0.19 7.50
CaO 0 2.87 10.58
Na,O 22 6.11 2.29
K,0 0 10.14 0.38
B,O3 18

Total 100 99.09 97.89




Table 2: Values of the Arrhenian parameters.

Sample Corrected* Uncorrected Corrected*  Uncorrectéd
Lnog (ohm.m)*  Lnog (ohm.m)* Ea (kJ/mol) Ea (kJ/mol)

Borosilicate 1@1.5; 0.1) 5(0.5; 0.1) 73(14; 1)  31(55; 2)
Phonolite 80.6; 0.1) 7(0.5; 0.2) 83(7; 2) 79(5; 2)
Kilauea basalt 14.5; 0) 131.5; 0.1) 177(22; 1) 167(17; 2

* Corresponds to results from 2-electrode measunésreorrected. Similar results with the 4-
electrode measurements. See text for details.

° Corresponds to results from 2-electrode measuresnen

Relative errors and standard deviations in termeasft unit cited on Ea and tipvalues are
shown in parentheséerror; standard deviation).

Error propagation has been estimated using the enrtno and Eq. 7.

ALno = (Lio).Ao= -1 .Lnd—eAR+ -1 d_eAI S O S i_Adi
2 27Rl2 di

R di 27Rl "de 27R1 di
with R the electrical resistance, | the sample flepnde and di its outer and inner diameters,
respectively, andX the error on XAR=0.50hm, and&\de=Adi=Al=0.1mm.
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Figure captions

Figure 1. 2-electrode and 4-electrode configuratioa) Drawing of the electrical cells
connected to the impedance spectrometer. U angrkesent the “voltage” and “current
electrodes”, respectively. The connection of thelettrodes for the short-circuit experiment
is represented by the dashed line. Note that tbet-sircuit experiment is performed on a
free-sample cell. b) Equivalent circuit of bothlseWith the 2-electrode setup, the resistance
of the electrodes is counted in the measured inmmsd@Z*measured). | // Cyo represent
the polarization effects, 4duct the inductive effects. See text for details. cgdhiical
responses observed in the Nyquist plan (Z', Z") fbe Kilauea basalt at 1300°C. The
resistance of the sample R(ohm) is obtained fo=Z2J and represents the real part of the
complex impedance (Z’). The higher value of R ia thelectrode system is attributed to the
contribution of the resistance of the two electsodéhe short-circuit measurements underline
the contribution of the cell in the 2-electrode figuration.

Figure 2: Changes in electrical resistance as atifum of the immersion depth of the 4-
electrode system.

Figure 3: Dependence of the electrical resistiwith temperature for the three investigated
melts using 2-electrode (triangles) and 4-elecsoderosses) configurations. Circles
correspond to the 2-electrode data without therdmutton of the resistivity of the electrodes
(“2-electrode corrected”). See text for detailssdhgraphs focus on the high temperatures
data. Error bars are shown for the 2-electrodeected data.

Figure 4: Ratio of the measured resistance andetsistance of the electrodes for this study
and other studies of the electrical conductivity sificate melts using 2-electrode
measurements. P et al. 08: Pommier et al. (2008}, dk 08 : Gaillard et al. (2008), GIM 05 :
Gaillard and lacono Marziano (2005), G 04 : Gaill§g004), RM 77 : Rai and Manghnani
(2977), WW 75 : Waff and Weill (1975), Pr et al. 7Presnall et al. (1972). Gaillard et al.
(2008) performed a 4-electrode study, the data tpaias a test with a 2-electrode
configuration. The lower the ratio, the higher tbentribution of the electrodes to the
measured resistance.



2-electrode configuration 4-electrode configuration

Impedance Impedance
spectrometer spectrometer U
L N in Al
L\( \/\ Coaxial cables /
Pt tube Ptwires — 5
(external electrode) _—
; ———— Sample
Et wire P e o = Pt sheets
(internal electrode)
<«——— latm furnace ——»
. < Alumina crucible
Alumina plug
Sample dimensions: | = 3.5 to 9mm Sample dimensions: | ~30mm
od =4.5t0 7.5mm od =30mm
id=1mm
E
4 measured

measured

i

; i
i i
I
! - - — : —
: sample Z Induct RJ.=.-><tem::|l+lnt*s.-rnal : *sample Z*Induct
I Pt electrodes T D B D L LBt b et L L L e T
; i
a i
: RPt wire : RPl: wires RFI wires
S J
l I <
U ps u
1 2 1 2 3
L T T | T
l¢.83 20.63 | - 2%11 —
< y 2
0 A O — ’
=] s — L e : —
o : 46
in - sl
S | Kilauea basalt |5 |, | S L £ ]
F:J’ 5l 1300C 5 = "
— L J— N I : p—
0 2 electrodes 2|, Kilauea basalt
- . ; . - | 1300C .
3 | measure . — 3 |— | 4electrodes —
B ° Z*short-circuit | B |
4 | | | | | | ‘f‘ | 4 | | | | | | | | |
10 15 20 5 10 15 20

Z' (ohm) Z' (ohm)



Immersion depth of the electrodes (mm)

N

IS

(o)}

Kilauea sample
4-electrode setup
1430€C

. —
/ Constant R value
/ (Wetting effect negligible)
| | |
8 10 12

Measured resistance (ohm)

14



1 | |
—~ A+
2 ]
S . Agﬁéﬁ;&
S - A _
e AAAA
S 3l amaananastt® §§@*§+ ]
E o |
@ 4 —
(%))
C |
= c Borosilicate
_I - — pu—
6 | | | |
6 7 8 9

10,000/T(K)

A 2 electrodes
o 2 electrodes corrected
+ 4 electrodes

Ln (resistivity) (ohm.m)

Ln (resistivity) (ohm.m)
o
o 5
Y
%%
|

e Kilauea basalt

) | | | | | | |
5.6 6 6.4 6.8 7.2
10,000/T(K)




10000

1000

o
o
—

S9P0.J129J9 Y / painsesaw Y

o
—

—



