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Electrical conductivity of basaltic and carbonatite rielaring peridotites at high
pressures: Implications for melt distribution and melt fraction in the upper mantle
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Electrical impedance measurements were performed on two types of partial molten samples with basaltic
and carbonatitic melts in a Kawaitype multi-anvil apparatus in order to investigate melt fractiont
conductivity relationships and melt distribution of the partial molten mantle peridotite under high
pressure. The silicate samples were composed of San Carlos olivine with various amounts of -oiéan
ridge basalt (MORB), and the cabonate samples were a mixture of San Carlos olivine with various
amounts of carbonatite. Highpressure experiments on the silicate and carbonate systems were performed
up to 1600 K at 1.5 GPa and up to at least 1650 K at 3 GPa, respectively. The sampledcmtivity
increased with increasing melt fraction. Carbonatitebearing samples show approximately one order of
magnitude higher conductivity than basaltbearing ones at the similar melt fraction. A linear relationship
between log conductivity (Lyx) and log melt fraction (-) can be expressed well by the Archie's law

$UFKLH bulk ;Lqen:lc-n) with parameters C=0.68 and 0.97, n=0.87 and 1.13 for silicate and
carbonate systems, respectively. Comparison of the electrical conductivity data tivi theoretical
predictions for melt distribution indicates that the model assuming that the grain boundary is completely
wetted by melt is the most preferable melt geometry. The gradual change of conductivity with melt
fraction suggests no permeability junp due to melt percolation at a certain melt fraction. The melt
fraction of the partial molten region in the upper mantle can be estimated to be~B% and ~0.3% for
basaltic melt and carbonatite melt, respectively.

1. Introduction

Partial melting is one athe most likely candidates to explain the seismic and conductivity
anomalies observed in the asthenosphere (dicano et al., 2006; Yoshino et al., 2006a;
Kawakatsu et al., 2009Electrical conductivity could be a powerful tool for assessing the
presaéce of a partiamelt component, and for estimating the melt fraction at that region if
present, because melts have distinctly higher conductivities than upper mantle minerals.
Anomalously high conduwity at shallow mantle depth has been generally gmhas 0.1

S/m Shankland and Waff, 197.7However, the conductivity measurement on dry olivine and
basaltic melt byl'yburczy and Waff (19833laimed that a 3.0% melt fraction is required to
explain 0.1 S/m based on thlashin and Shtrikmann (1968pperbound, which is assumed

to be an ideal geometry. Such a high melt fraction is not consistent with estimations from
seismological studies (e.g-he MELT seismic team, 1998This discrepancy may have been
caused by a difference between the ideal geomathaaealistic partiainelt geometry.

Knowledge of partiamelt geometry is essential for understanding the bulk physical
properties of partially molten rocks. Melt geometry in texturally equilibrated aggregates is
controlled by interfacial energies. Ifystal anisotropy is negligible, the equilibrium melt
geometry can be determined by knowing the melt fraction and the dihedral angle, which
indicates a ratio of soligbolid and solidtiquid interfacial energies (e.gvon Bargen and
Waff, 1986. Hence measing the dihedral angle has been the most common way to assess
the geometry and connectivity of intergranular silicate melts in peridotite from that predicted
from the simple isotropic system (e.gijaff and Bulau, 1979; Yoshino et al.,, 2009



However, tle melt distributions in both natural and experimental samples are different
because of crystal anisotropy, as pointed outdoyl et al. (1994)

To assess the effect of crystal anisotropy on the connectivity of the melt phase, the melt
distribution has geerally been examined by textural observations on the-sextsn using

scanning and transmission electron microscofiasl et al. (19943uggested that most of the

melt is located in disk shaped inclusions or melt layers on grain boundaries, wtiefthed

by the region between faces of polyhedral grains in-fadace contact, and the remainder

forms a network of tubes along triple junctions. In conth&trk et al. (2003) and Yoshino et

al. (2005) considered that most melt forms a triglenction network. Thus, textural
REVHUYDWLRQ GRHV QRW JLYH D GH¢¢QLWLYH DQVZHU LC
conductivity measuraent is the most effective method for determining the melt distribution

at high temperature and pressure because electricaductvity is very sensie to
interconnection of melt.

Therehavebeentwo systematic studies to determine the conductivigft fraction relation of

partial molten peridotitesRoberts and Tyburczy, 2000; ten Grotenhuis et al., RER&berts

and Tyburey (2000)investigated the effect of partial melt on the bulk conductivity using a
PLIWXUH RI ROLYLQH )R ZLWK 025% %HFDXVH L
FRPSRVLWLRQ ERWK WKH PHOW IUDFWLRQ DQG WKH FKHPL
canty wth WHPSHUDWXUH LW ZDV GLI¢FXOW WR DVVHVV WKH F
melt fraction relation. On the other hantgen Grotenhuis et al. (20058tudied the
conductivty PHOW IUDFWLRQ UHODWLRQVKLS RI D VLPSOL¢HG &
IUDFWLRQ DW D ¢([HG WHPSHUDWXUH WKH PHOW IUDFWL
composition. They concluded that melt connected through the triple junction contributes to

the increase in bulk conductivity up to 1% melt fraction and that grain boundatyian
PDLQO\ UHVSRQVLEOH IRU WKH EXON FRQGXFWLYLW\ DW KL
well by the law ofArchie (1942) These two experiments were performed at atomospheric
SUHVVXUH 6LQFH WKH GLKHGUDO D&ui®add proddur#ighivoL JQL ¢ FD
et al., 2009, conductivity measurements need to be carried out undeprieggure conditions

in order to investigate the melt distribution in partial molten peridotite.

RecentlyGaillard et al. (2008neasured the conductiyibf carbonatite melts at atmospheric
pressure, and demonstrated that carbonatite melt has a distinctly higher conductivity than
silicate melt.Gaillard et al. (2008proposed that a very small amount of carbonate melt is
enough to explain the conductivitgnomaly at the top of the asthenosphere. Because
FDUERQDWLWH PHOWY KDY Hu@dR ZndcNIdKéh@d) DOG9otie® vauld V U
form interconnected melt networks in an olivine matrix. The mobility of carbonatite melt into
olivine aggregates is geral orders of maghide higher than that of basaltic méttafnmouda

and Laporte, 2000 ,Q DGGLWLRQ FDUERQ LQ SHULGRWLWH FDQ
temperature asgupta and Hirschmann, 2006Thus the generation and movement of
carbonatite mié has important geochemical consequences. Ifridg carbonatite melt in
equilibrium with olivine has distinctly higher conductivity, we might be able to detect a trace

of carbonatite melt in the upper mantle from the viewpoint of the electrical contuctiv

However the electrical conductivities of Mch carbonatite melt and carbonatite rmdtaring

peridotite have not been measured. To assess conductivity anomalies in the upper mantle, we
need knowledge of the effect of carbonatitic melt on the butidectivity of the partial

molten rocks under high pressure.

In the present study, we determined the electrical conductivities of a series of olivine crystals

in the presence of various amounts of basaltic and carbonatitic melts in atijpevanult

anvil apparatus. Because partial melts of mantle peridotites have variable doongasnder

a wide range of mantle conditions, we varied the melt fraction by controlling the bulk
composition under constant pressure and temperature conditions to obtain naasgyste



understanding of the variation of conductivity with melt fraction. The results are compared
with predictions that were made using geometric models with different arrangements of melt
and grains. We discuss the distribution and permeability of basaitd carbonatite melts
under the conditions of the upper mantle. Finally we estimate the melt fraction in the partial
molten region of the upper mantle.

2. Experimental methods

Experiments were performed on two series of chemical systems: (1) dhesadt systems

and (2) olivinecarbonatite systems. The olividmsalt systems were mixtures of powder
made of the San Carlos olivine (Mg0.9,Fe0.1)2SiO4 with 1, 2, 3 and 10 wt.% of basalt. The
source of the basalt was natural roickan ridge basalt (SUNY M@R Richter et al., 2003)

The olivine€arbonatite systems were mixtures of powder made of the San Carlos olivine
with 1, 3, 10 and 100 wt.% of carbonatite from Phalaborwa, South Africa. The size of powder
of San Carlos olivine was a few pm in diameter. Themical compositions of the starting

melt sources are shownTable 1

In situ electrical conductivity measurements were performed using a Kgpaimultianvil
apparatus. Tungsten carbide was used as second stage anvils encasing an octahedral pressure
cell. The pressure cell was composed of MgO and Cr203, and had edge lengths of 25 mm and
truncated lengths of 15 mm. Heating was accomplished using a graphite furnace contained in
the octahedral pressure medium. The powdered sample was encapsuledndraayMgO

sample sleeve and was closed on each end by a graphite electrode that was in contact with two
sets of W97Re3aV75Re25 thermocouples. Graphite disk electrodes with a diameter of 2 mm
were placed in contact with a sample so that oxygen fugaeisy centrolled on the €0

buffer. Two sets of thermocouples were mechanically connected to each graphite electrode on
the sample and were insulated from the graphite furnace by Al203 and MgO insulators. These
were also used for the fowire resistance mibd of electrical conductivity measurement.

The design of cell assembly is showrfig. 1

Impedance spectroscopic measurements were carried out using a Solartron 1260 impedance
GainPhase Analyzer combined with a Solartron 1296 interface, which magessible to

measure a very high impedance material (up tgf>4 dBm). Complex impedances were

obtained at frequencies ranging from 1 MHz to 1 Hz. The fundamental applied voltage is 1.41

V. The impedance spectra generally show one arc at high frequendias aaditional part

appears at low frequencieBig. 2). To distinguish between graimoundarytransport and

electrode process in the impedance spectrum, complex impedances were measured from 1

MHz to 1 mHz for one experiment of the olivine+basalt systeig. 2c). At low frequencies

EHORZ N +] U RI VORSH LQ WKH FRPSOH[ LPSHGDQFH SC

impedance. If melt phase is interconnected in a solid matrix, it forms an electrical pathway in

parallel with the solid matrixRoberts and Tybery, 2000. Thus the higHrequency arc

UHAHFWV WKH VDPSOH SURSHUWLHY DQG WKH ORZ IUHTX
HITHFW Rl WKH HOHFWURGHV 7KHUHIRUH RQO\ WKH ¢UV)

conductivity. At low temperatures, @\ WKH ¢UVW DUF DSSHDUV ,Q WKLV F

ZDV FRPSRVHG RI D VDPSOH UHVLVWDQFH DQG FDSDFLW

experimental data for the determination of sample resistance. At high temperatures, it is

GLI¢{FXOW W Rst@rd, HEchusd/iddasygement in a range of much higher frequencies
KLIJIKHU WKDQ 0+] LV UHTXLUHG WR REVHUYH WKH ¢(UVW

ZHUH FRPSXWHG IURP LPSHGDQFH YDOXHV =« WDNHQ DW \

closesto zero.

Conductivity measurements of the olivilbasalt system and the carbonbé&aring systems

were conducted at 1.5 GPa and 3 GPa, respectively. Several Heatilinyg cycles were

carried out. The temperature was increased and decreased withfskEaS@m®K up to the



GHVLUHG WHPSHUDWXUH ,PSHGDQFH VSHFWURVFRS\ ZDV F
the sample was heated to 1000 K, and then cooled to 800 K after annealing for several hours
to dehydrate the sample and the surrounding maternals to close cracks and pores by
sintering. The conductivity usually decreased duringgmeealing at 1000 K. In the second

cycle, the sample was heated to the desired temperature which is above the liquidus of the
melt components. To acheive texturajudibration of the solidiquid composites, the

olivine basalt systems were annealed for a few hours at 1600 K which is above the liquidus
temperature of MORB at 1.5 GPa. For the olivinearbonatite system, the annealing
temperature to establish the tesetl equlibrium was 1650 K or 1700 K at 3 GPa. After
annealing, the sample was cooled to 800 K. Subsequent heating cycles usingsetep
WHPSHUDWXUH LQFUHPHQWY ZHUH DOVR FRQGXFWHG WR
measurement was approximatelyPLQ )RU PHDVXUHPHQWY GXULQJ FRRO
establisiment of steady state was not performed. However, measurements at lower T were
rather stable with time because texture was quenched. Average cooling rate including
measurement time was ara@uhO K per minute. In order to hold the partial molten texture, the
sample was quenched from the highest temperature to ambient temperature. To obtain
information on the melt conductivity, the conductivity of the carbonatite was also measured
independentlyrom the partial molten samples.

Fig. 3shows the conductivity variation with time. The condutt®\ AXFWXDWHG GXULQ
a few minutes at the maximum annealing temperature and then became nearly constant after 1
h annealing at the maximum temperature. Continuous monitoring of electrical conductivity at
constant temperature permits evaluation toé rate of textural equilibrium where the
interfacial energy of the system reaches its minimum. The above dependence of conductivity
with time implies that the samples reached textural equilibirum. After the establishment of the
textural equilibration, t partialmelt geometry is likely to keep sedfmilarity even if grain

growth occurs. Thus the bulk conductivity could not change with time due to the grain
growth.

Retrieved samples were mounted in epoxy and ground parallel to the long axis of heater. Th
chemical compositions of carbonate and silicate phases in the recovered sample were obtained
by electron microprobe analysis. Representative chemical compositions afatérbonelt in

run products are shown ifable 1 Microscopic observations wereaghe using secondary
electron (SEI) and baskattered electron images (BEIs) kyH-Enission scanning electron
microscope (FESEM). The melt fraction of the samples was determined by image analysis
after the experiments followed by the methodvokhino et al. (2005)To separate the melt

phase from crystal, the gray scale BEI imagese converted to binary images. Then, binary
images were treated by NIH image software to determine melt area. At least 5 BEI images
were used to determine the melt volume fraction.

There were slight differences in the melt fraction and compositioncteghefrom the
preparation of the samples in association with a change of bulk composition of the system.
However, the melt conductivity is not sensitive to small changes in the melt composition,
because the diffusion cogfFLHQWY RI WKH GLITHUHQW HOHK®E&EWY LQ W
and Ghiorso, 1993

3. Experimental results

3.1. Olivinedbasalt system

Fig. 4 show the BEI on the polished surface of the recovered samples. Grain size of olivine
crystals was aroun@O20um in diameter, suggesting that grain growth of olivine crystals
occurred during the experimental runs. In order to characterize chemical interactions between
the sample and components forming the conductivity cell, interfaces between the MgO sleeve



and graphite electrodes with the sample were carefully observed {8ENE (Fig. 4)
Although iron diffused slightly into the MgO sample container (b10 um), there was no
in dtration of basaltic melt into the MgO capsule and no reaction product at the interface
between MgO sleeve and the partial molten sample. The volume fractions estimated after
conductivity measurements by image analysis were close to the ratio expecteddroasalt

and olivine mixed proportions. The estimated volume fractions of melt are 0.9, 2.4, 3.1 and
11% for the 1.0, 2.0, 3.0 and 10.0 melt weight fractions, respectively.

The olivinesbasalt system shows relatively uniform melt disttidou at low rrelt fraction. All

of the triple junctions among three olivine grains contain nfég. (4 a). This observation is
consistent with previous studies on melt distribution in mantle rocks Y&ajf,and Bulau,

1979. As the melt fraction increases, triple giion tubules along grain edges extend deeper
into grain boundaries with increasing melt fractiéig( 40). When the melt fraction is over

10%, the melt distribution becomes heterogeneous, and melts commonly surrounded by four
or more grains are more corom As shown irFig. 4c, the development ofat grainmelt
interfaces (faceting) is more common for higher melt fraction sample. Since the faceted
systems tend to produce more facet boundaries at the pore walls due to the difference of
interfacial energies between thiat and curved surfaces, hetgeaeity of melt distribution

would be enhanced in the rocks with high melt fractddoshino et al., 2006b

An example of conductivity measurements along heating and cooling paths is sitégubin

,Q WKH ¢UVW KHDWLQJ F\FOH Wtities were waﬁvelymglﬁ)miw HG FRC
S/m). During annealing at 1000 K, conductivity generally decreased and became nearly
FRQVWDQW DIWHU D IHZ KRXUV $W WKH VDPH WHPSHUDWX
ORZHU WKDQ WKDW Ih the\8ekdhd hehtng akldideWitrénde in conductivity
occurred at 1360 K, corresponding to the solidus of MORB cortiposiThis temperature

agrees with that reported in literature (e¥asuda et al., 1994At 1600 K, above the MORB

liquidus, the coductivity increased slightly during the UV W PLQ DQG WKHQ DFKI
value during the remainder of the cycle. In the second cooling path, a large decrease in
conductivity occurred at 1500 K corresponding to the MORB liquidus. In addition, a change

of slope in the Arrhenius plot occurratl 1150 K. This may correspond to the crystallization

of the basaltic melt (e.ddurkhard, 2001 7KH FRQGXFWLYLW\ FRQWI'_QX RXVO
S/m as the tempature decreased to 1000 K.

The conductivities at the temperature maxima are presentédble 2 The conductivity

obtained for the olivinebasalt system increased by one order of magnitude with increasing

melt fraction from 0.9 to 11 vol.%. The conductivities of the olivesalt rocks and basaltic

melt are by more than one order of magrétingher than that of anhydrous olivine measured

under the same conditiongdshino et al., 200§a

3.2. Olivinearbonatite system

Four experiments on the olivisgarbonatite system containing 1, 3, 10 and 100 wt.%
carbonatite melt were performed up W OHDVW . DW *3D 7KHUH ZDV
carbonatite melt into the MgO capsule. A diffusion distance (b10 pm) of iron into the
surrounding MgO is similar to that of the olividmsalt system. The melt fractions obtained
after conductivity measements were also close to those expected from the starting
compositions (se@able 3. As shown inFig. 4d #, the melt distribution was horgeneous
throughout the sample, even if the melt fraction is high006). The morphology of the small
carbonatitemelt pools is characterized by convex shapes showing small dihedral angles

E U &RPSRVLWLRQDO JRQLQJ RI ROLYLQH FU\WWDOV V¥
observed. The Mg number in olivine increases from 90.8+0.2 to 94.2+0.7 with increasing
melt fradion because of the preferential dissolution of Fe into the carbonatitic melt.
An example of conductivity measurements along heating and cooling paths is shagurgin



,Q WKH ¢UVW F\FOH WKH FKDQJH RI FRQGXFWLNLIh&\ ZDV V
second heating, a large increase of conductivity more than one order of magnitude occurred
between 1000 and 1200 K. This temperature is consistent with the temperature at which the
conductivity of Carich carbonate abruptly increases during heateg. Gaillard et al.,

2008. Up to the desired maximum temperature, the conductivity increased linearly. The
conductivity values¢ UVWO\ GHFUHDVHG DQG WKHQ EHFDPH DOPR'
temperature after annealing for 1 kig. 3. In the second cooling path, the conductivity

gently decreased to 900 K. An abrupt change of slope in the Arrhenius plot occurred at 900 K.

This mg correspond to the crystallization of the carbonatite. In the third heating, the
conductivity value at the maximum annealing temperature was the same as that at the
beginning of the second cooling. The absolute values during the third heating werg slightl
higher than the values of the second cooling path in a temperature rangeff@b8. This

tendency was also observed for the other samples of the abart®natite system.

The conductivity obtained for the olividearbonatite system increased wititrieasing melt

fraction Fig. 6. The conductivity of carbonatitic melt was arounc% $0m at 1700 K, and
abruptly decreased at 1625 K. This temperature corresponds to the melting temperatureof the
carbonatite melt weused. Thecalculated activation enthBdpyelectrical conduction in
carbonatite melt is 0.38 eV, which is close to the values ©.3% eV) reported from
Galillard et al. (2008)The absolute conductivity value of the carbonatite melt was slightly
lower than those reported I&3aillard et al. 2008) because melts commonly have a positive
activation volume for electric conductiomyburczy and Waff, 1983 and the natural
carbonatite we used contains a considerable amount of silicate component. The conductivities
of the olivinearbonatite systerarenearly one order of magnitude higher than the olitine
basalt system at the same melt fraction, and are nearly two orders of magnitude higher than
those of the olivine even if the melt fraction yd vol.% (e.g.,.Constable, 2006; Yoshino et

al., 20063

4. Discussion

4.1. Archie's law

We demonstrated that both partial molten systems show higher conductivity than the system
without melt. As shown irFig. 5, the temperature dependence of the cotivty for the

olivine basalt system suggests that the bulk conductivity is mainly controlled by the melt ,and
that the melt is interconnected in the olivine matiyoghino et al., 2003 In addition, the

previous studies on melt textures suggested ttmatdihedral angle of the olivinbasalt

system is generally around 8®aff and Bulau, 197%Hirth and

Kohlstedt, 1995; Yoshino et al., 2005; 2009 herefore, the basaltic melt forms three
dimensional interconnection in the olivine aggate. For the olivineearbonatite system,
temperature dependence of the conductiity QRW FOHDUO\ LGHQWL{HG +RZ}
PHOW DOVR KDV ORZ GLKHGUDO D HiQdd shdRMcKebrlé JI9gI\ OHVV
Therefore, the high conductivities obtained from these two different systems compared to the
olivine conductivties could be derived from the interconnection of partial melt in olivine
aggregates.

This study demonstrates that each partially molten system with various melt fractions shows

an increase of conductivity with increasing melt contBig. 7shows log onductivity versus

melt volume fraction for each system. The data for each system shows a linear relation in this
plot. This behaviors can be represented by the Archie'sAeshie, 1942. Archie's relation is

also an empirical equation that relates thecteical conductivity to the fraction of liquid

phase as follows:



buk = C-nln (1)

where C and n are constants (eWyatanabe and Kurita, 1993This relation is commonly
DSSOLHG WR UHSUHVHQW AXLG FRQQHFWL thisWiadél,QheV DQ GV W
conductivity of the solid phase is assumed to be negligibly small. The present data for each
V\VWHP FDQ EH ¢ WWHG YHU\ ZHOO E\ (T 7TKH ¢ WWLQJ S|
Table 3

The constants C and n of the oliviiasaltsystems show lower values (C =0.67, n =0.89)
than those of the olivinarbonatite system (C =0.97, n =1.14). These values are similar to
those determined from the partial molten peridotite composed of Fo80 and MORB (C =0.73,
n =0.98) Roberts and Tyburgz 200Q. On the other hand, they are smaller than those
determined from the forsterite with various content of melt in @4gD #AI203 55102
system (C =1.47, n =1.30)efr Grotenhuis et al., 20pSNatanabe and Kurita (1993)so
determined the constants farsystem consisting of ice and liquid KCI, which is an analogue
for a partially molten peridotite system. For melt fractions less than 0.2, the calculated n
values (1.341.74) are much higher than our system, and similar to the resukinof
Grotenhuis eal. (2005) Watanabe and Kurita (1998pncluded that for their system Archie's

law indicates a change from a relatively large portion of isolated pockets, at low melt fraction,
to more melt in triple junction tubes, at high melt fraction. On the othet, ben Grotenhuis

et al. (2005)oncluded that for their system Archie's law indicates a gradual change of melt
distribution from triple junction tubes, at low melt fractions, to melt layers along grain
boundaries, at high melt fractions. However, the tovalues for our system suggest that such

a change of melt distribution is not so large in a range of the measured melt fraction. The fact
that the more realistic systems used by the present studRa@retts and Tyburczy (2000)
show similar n values suggts that analogue systems are not suitable for understanding the
melt distribution of partial molten peridotite.

4.2. Geometrical considerations of partial melt

Archie's law is not a geometrical model. It is just an empirical expression. To consi@er the

D melt morphology of the partial molten system, the conductivigjt fraction relationships
obtained from this study are compared with some theoretical predictions based on simple
geometrical melt distributions. Temperature changes should cause dfrastiges of melt
composition and wetting properties. To avoid this complexity, we present conduniglity
relations under isothermal conditions in this study.

There are various theoretical models for estimating the bulk conductivity of partially molten
rocks from the conductivity of melt and solid phas¥aff (1974)proposed a simple model to
describe the bulk conductivity as a function of melt fraction. This model assumes that cubic

grains are surrounded by a melt layer with a uniform thickness degpesdenelt fraction ()
DQG WKDW WKH VROLG FRQGXFWLYLW\ LV QHJOLJLEO\ VPDC

bu=[ 0( T- @1 (2)

ZKHUH 1P LV WKH FRQGXFWLYLW\ RI PHOW

A frequently used model to predict the maximum effective bulk gordty of an
interconnected twqhase mixture is Hashin and Shtrikman (HS) upper bottaghin and
Shtrikmann, 196 This upper bound is representative for melts distributed along grain
ERXQGDULHY DQG ¢(¢0OO0OLQJ WULSOH M X0 Bodhd Peéffedide VSKHU
FRQGXFWLYLW\ 1 RI D V\VWHP FDQ EH GH¢{QHG DV D IXQF
equation;



ZKHUH 1P DQG 1V DUH WKH FRQGXFWLYLW\ RI PHOW DQG
representing the isolated spheres oftnmesolid graindgs known as the HS lower bound.

7KH PRGHO IRFXVLQJ RQ WULSOH MXQFWLRQ ShEelHy ¢ OOHC
(1986) In this model the melt is distributed in equally spaced tubes within a rectangular
network. The effectiveanductivity is given by

Fig. 8 shows the measured bulk conductivity versus measured melt volume fraction together

with various mixing models for the olivingbasalt system. For the olividgasalt system, we

consider 1600 K, which is the annealing parature applied to achieve textural equilibrium

in this study. Basaltic melt conductivity ig[HG DW 6 P EDVHG RQ WKH UF

Presnall et al. (1972) 20LYLQH FRQGXFW L Y$/ \basat gn thEonbxatile

(2006) The cubeaype Waff, 1979 or spherdype models Klashin and Shtrikmann, 1962

explain the present experimentaisults well. This suggests that the conducting melt fully

wets the grain boundaries of the less conductive olivine matrix composed of cubic or
spherical grains. However, the sample with the maximum melt fraction (11 vol.%) shows
slightly lower conductiity in comparison with the HS upper bound. The development of
faceting occasionally leads to a remarkably inhomogeneous melt distribvtshiifo et al.,

2006b) The textural observation shows the development of large pools surrounded by four or
more grans and the corresponding shrinkage of triple junctions at high melt fraction. The
ODUJH PHOW SRFNHWYV DUH LVRODWHG DQG FRQQHFWHG E
VXUURXQGHG E\ IRXU RU PRUH JUDLQV FRQWDdtigh, eVLIQL¢F
bulk conductivity of an olivinebasalt system with high melt fractions would be lower than

that predicted from the HS upper bound.

Fig. 8 shows the case for the oliviggarbonatite system at 1650 K, which is just above the

liquidus of carbona®WWH ZH XVHG &DUERQDWLWH PZISI@]MSEGRO'@@JXFWLYL

UHVXOW 20LYLQH FR Q'G B/Midds¥d o th@ovistallel (G0dBhe present
GDWD DUH DOVR ¢ W W& oryspharey@eH IBSOupRar BoxiritiHmodelgvaff,

1974; Hashin and Shtrikmann, 196Zhey are more consistent with these models than those
of the olivinebasalt system, especially for high melt fractions N10%. They are also
consistent with homogeneous melt distribution independent of the melt frabsernved by
textural analysis.

ten Grotenhuis et al. (200pyoposed that the melt distribution gradually changes from triple
junction tubes to melt layers along grain boundaries. Although the present study can not
FRQ¢UP VXFK D V\VWHPDWLF FKDQJH RI| PHaaN a@lLtheNULE XV
olivine xarlonatite systems by electrical conductivity measwet, textural observation
suggests that a triple junction network is dominant at low melt fractions. If the melt fraction is
proportional to the thickness of melt layer along the grain boundary, thewsbnsshould be
around 2/3. Constants n higher than 2/3 should indicate that the melt distribution gradually
changes from triple junction tubes to melt layers along grain boundaries as the melt fraction
increases.

4.3. Permeability of partial molten rocks
Partial melting to produce basaltic magma occurs in the upper mantle beneatheand



ULGJHV ODJPDWLF PHOWY ULVH WKURXJK WKH SDUWLDOO\
The permeability (k) is an essential parameter for estimating the rateict melt can be

expelled from the melt source region. An empirical permeatnbty fraction relation,
Kozney£arman permeability Garman, 1956 has been widely used to estimate the
permeability of various kinds of porous materials. This relation cedigt the permeability

DERYH OLTXLG IUDFWLRQ ZKHUHDV SHUPHDELOLW\ LV V|
(Riley and Kohlstedt, 199Wark and Watson, 1998The permeability is controlled not only

by the melt fraction but also by connectiviyd melt morphology as well as electrical
conduction.Katz and Thompson (198Presented a model that predicts permeability from
electrical conductivity measurementakashima and Kurita (200&)Iso proposed a power
relationship (power exponent is 2) beemn permeability and electrical conductivity based on
permeability and electrical conductivity measurements using gel as an analogue of the solid
phase of the partially molten system. Thus, the electrical conduatngll fraction
relationship is usefuloir estimating the permeability at low melt fraction (less than 20%).

Faul et al. (1994puggested that melt distributions consist of small proportions (b15%) of

triple junction tubes and large proportions of ditlaped layers on two grain boundaries
becase of faceting of olivine crystals in partial molten rock. Based on observations of the

size differences between triple junction geometries and melt pools surrounded by more than 4
grains for the olivinebasalt systemFaul et al. (1997)proposed a porositbermeability

model that predicts permeability of partial molten peridotite. In this model, permeability
sharply increases about 4 orders of magnitude at 2% melt fraction because of the percolation

of disk-shaped melt layers. Our results show no evidesfcsuch a sharp increase of
conductivity above melt fractions of at least 1%ark et al. (2003showed that D slices
WKURXJK WKH SRUH QHWZRLDNNHBD\DYSBHOW ICGD¥WLRQ LQFU
the pore network is composed of triple junatitubules. Furthermore, the pore geometry for

the olivinexbasalt system is well approximated by a triple junction tube network, based on

the relationship between grain boundary wetness @aityy) and melt fraction{oshino et

al., 2005. In fact,Wark and Watson (1998)redicted a gradual increase of permeability with
increasing porosity based on permeability measurements for quAtL G V\VWHP DW C
porosity (0.0060.17). Therefore, we conclude that permeability of partial molten peridotites
gradually increases witimcreasing melt fraction without the percolation threshold as well as

those predicted from the ideal model. For the olidesalt system, as melt fraction
increases, the permeability would be lower than that estimated from the ideal model by the
developmenof large melt pool.

It is well known that carbonatite melt is several orders of magnitude more mobile than
basaltic melt in an olivine matrix (e.dinarik and Watson, 1995; Hammouda and Laporte,

2000. If our data are normalized by the melt conducgtivihe conductivitymelt fraction
relationship of carbonatite melt is similar to that of basaltic melt. The permeability of partial
molten rocks is only controlled by melt morphology in solid crystals as a function of melt
fraction. In fact,Takashima andurita (2008)found that the permeability is proportional to

WKH VTXDUH RI WKH HOHFWULFDO FRQGXFWLYLW\ I WKHVI
migration distance between carbonatite and basaltic melts is not controlled by the
permeability. Therefore, fashigration of carbonatite melt would be mainly controlled by

lower viscosity than basaltic melt due to fast diffusion of carbonate components in the melt.

4.4. Estimation of melt fraction in the upper mantle

Archie's relation obtained from this study damused to deduce melt fractions in the partially
molten region in the upper mantle from electromagnetic studiéggen and Edwards (1998)
estimated 0.20.6 S/m for the conductive zone beneath the Juan de Fueacesa ridge
based on the electromagnetiounding surveyEvans et al. (2005)eported a conductivity



anomaly with strong anisotropy below 60 km depth near-ou&hn ridge of the Eastern
3DFL¢F 5LVH ,Q WKLV UHJLRQ WKH KLJKHVWSHaRk@@&IXFWLYL
and Waff (1977puggested, anomolously high conduttnat shallow mantle depth has been
regarded as 0.1 S/m. We will use this value (0.1 S/m) as a reference to estimate typical melt
fractions of the region showing high conductive anomaly in the upper mantle.

Firstly we consider the case of the basaltic melt. Because the basaltic melt has a relatively
large temperature dependenéegsnall et al., 1972it is necessary to consider the effect of
temperature on the conductivity values of partial molten rocks. As showig.if®,we also
constructed Archie's relationship for the olivibasalt system based on our conductivity
measurements at 1500 K, which is just above the basalt liquidus at 1.5 GPa. The melt
fractions required to explain the conductivity of 0.1 S/m are 13awal.% at 1600 and 1500

K, respectively. This range of melt fractions is consistent with the minimum melt
concentration of 1 to 2 vol.% in the melt production region predicted from shear wave delays
and Rayleigh wave velocity variationBhe MELT seismideam, 1998

Next we consider carbonatite melt, which is only stable above 2.5 Par{ and Presnall,

1998, as a conductive agent in the upper mantle. As the temperature dependence of
conductivity on carbonatite melt is smaBdillard et al., 2008 the conductivity was assumed

to be constant as a function of temperature. As showigirg, the estimated melt fraction of
carbonatite is approximately 0.3 vol.%, which is one third to one order of magnitude lower
than that for basaltic melt (1 to 3 vidl), and slightly higher than that (0.1 vol.%) predicted
from Gaillard et al. (2008)who gstly argued that the enhanced electrical conductivity of the
low velocity zone (LVZ) beneath oceanic lithsphere is owing to small amounts of carbonatite
melt. Hirschmann (2010yecently claimed that carbonatite cannot be present in large regions
of the LVZ at intermediate depths (&A45 km) based on the petrological constraints
assuming the repsentative volatile content (100 ppm H20, 60 ppm CO2). If the condyctiv
anomaly just beneath the oceanic lithosphere is caused by carbonatite melt, fast percolation of
carbonatite melt derived from deeper magma is required to collect the melt at that depth.
Dasgupta and Hirschmann (2008&perimentally demonstrated thaetsolidus temperature

of carbonated peridotite from 3 to 10 GPa is below the mantle adiabat geotherm. Its low
solidus temperature can produce the conductivity anomaly in the regions shallower than 330
km depth.Hirschmann (20103uggested that carbonatiteelt can be stable below depths of
130480 km for the mantle peridotite contaning typical amounts of volatile components. They
proposed that melting beneath the roakan ridge occurs depths up to 330 km, producing
0.039.3 wt.% carbonatite liquid. Our te®ated melt fraction falls in this range. The deep
HOHFWULFDO FRQGXFWLYLW\ SUR¢{OH REWDLQHG IURP D

extending from Hawaii to North America, showed a conductivity peak of An at the

depth range of 20250 km (izarralde et al., 1995 Such a conductive anomaly can be
explained by a presence of very small amount of carbonatite melt.

The carbonate content in partial melt of the carbebateing peridotite decreases with
increasing temperature, in other words, witbreasing melt fractiorD@asgupta et al., 2007

As carbonate content in the partial melt decreases, the melt conductivity would change from
that of carbonate melt to that of a silicate melt. At high melt fractions, the resulting bulk
conductivity, therefce, may be much lower than our estimate. The effects of carbonatite melt
in carbonatebearing peridotite on the electrical conductivity of the upper mantle will be
discussed elsewhergdshino et al., in preparatipn

5. Conclusions

In this study, distbutions of basalt and carbonatite melts in olivine aggregates were
investigated by means of in situ electrical conductivity measurement at high pressures,
corresponding to the upper mantle. The &ybonatite melt has one order of magnitude



higher conductiity than basaltic melt. Carbonatite mbkaring rocks also show higher
conductivity than basaltic meltearing ones for the similar melt fractions. The electrical
conductivity data for each partially molten system with various melt fractions show an
increase of conductivity with increasing melt content. For both systems, the electrical
conductivity of the partially molten samples is bdsscribed by Archie's lawX{uk ket =

C-n) with parameters C =0.68 and 0.97 and n =0.87 and 1.14 for the abesedt and

olivine £arbonatite systems, respectively. Comparing our electrical conductivity data with the
predictions of geometric models for melt distribution, thedeldhat melt forms layers along

grain boundaries is the most likely for the range of melt fractions measured. The gradual
change in conductivity with melt fraction suggests no permeability jump due to the melt
percolation at a certain melt fraction. Mélactions of 18 vol.% for basaltic melt or 0.3

YRO IRU FDUERQDWLWLF PHOW DUH VXI¢FLHQW WR H[SODLI
the upper mantle.
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Table 1. Melt composition of starting materials and run products

MORB* Carbonatite
1K1177 1K1176
100 wt.% 10 wt.%

Si0,  50.20(13)10.05(16932.12(159)
TiO,  0.22(5) 0.04(4) 0.06(3)
AlLO;  15.83(7) 0.95(80) 0.54(63)
CrO; - 0.00(0) 0.84(3)
FeO*  9.44(12) 3.57(102)11.10(29)
MnO  1.59(5) 0.07(4) 0.22(6)
MgO  8.51(6) 3.08(98) 11.34(76)
CaO  10.91(8) 49.51(28937.29(56)
NaO  3.08(5) 0.04(2) 0.04(2)
K,0 0.22(2) 0.02(0) 0.02(1)
Total  100.02 67.33(17482.73(138)

Mg# 61.6 60.4 (16) 64.5(10)

*Chemical composition of SUNY MORB was determined by EDS (Richter et al., 2003).
The chemical compositions of majorite were measured by the electron probe microanalyzer under the operating
condition of 15 K and 12 nA. Mg# is calculated from Mg/(Mg+Fe).

Table 2. Summary of runs

Run No. wt.%? vol.%  Toa(K) 10g Vhax (S/m) Remarks
Olivine + basalt

1K1154 1 0.9 1600 -1.00 No 2nd cooling path
1K1152 3 3.2 1600 -0.38

1K1156 10 10.3 1600 -0.09

Olivine + carbmatite

1K1166 1 0.7 1650 -0.49

1K1169 3 2.9 1650 0.29

1K1176 10 10.0 1700 0.76°

1K1177 100 100 1700 1.95°

a: Weight percent of basalt, carbonatite and dolomite in starting materials.
b: Volume percent of melt phase in run products determined by imagesian
¢: Log conductivity measured at 1650 K.

Table 3. Parameter values fitted by Eq (1)

Analyzed system C n R Reference

olivine-basalt 0.68 0.87 0.98 this study

olivine-carbonatite 0.97 1.14 0.99 this study

Ice-KCI 0.020.30 1.341.74 Watanabe &Kurita (1993)
Fogo(95)F-MORB(5) 0.73 0.98 Roberts & Tyburczy (1999)

forsteritebasalt (CMAS)1.47 1.30 0.98 ten Grotehuis et al. (2005)




Figure Caption

Fig. 1. Schematic crossection of highpressure cell assembly for conductivity measurements in élaeaikype
multi-anvil press. Two sets of thermocouple connected to the graphite electrodes have an electric circuit similar
to the 4wire resistance method. Electrodes for heater are connected by Mo foil to the tungsten carbide cube.

Fig. 2. Complex imped®&e spectra showing the semicircular pattern of the real vs. imaginary components of
complex impedance at frequencies ranging from 1MHz to 0.1 Hz at the temperatures indicated. (a) Impedance
spectra of the carbonatite melt. (b) Impedance spectra of theeatarbonatite melt (10 wt.%).

Fig. 3. Backscattered electron images of polished samples. The darker and brighter portions indicate olivine and
melt phase, respectively. The olivine aggregates with different proportion of basaltic-o)edin@ carbortite

melt (df). (a) An image of a sample with the lowest proportion of basaltic melt (~1 vol. %). Most of melts are
located at triple junction of olivine crystals. (b) An image of sample with ~3 vol. % basaltic melt. Grain
boundaries are largely coveredwbasaltic melt. (c) A sample with ~10 vol.% basaltic melt. Note that

distribution of basaltic melt is relatively heterogeneous. (d) An image of a sample with the lowest proportion of
carbonatite melt (~0.7 vol. %). Most of melts are located at tripletipn of olivine crystals. (€) An image of a
sample with ~3 vol.% carbonatite melt. (f) An image of sample with ~10 vol. % carbonatitic melt. Some parts
filled with carbonatite melt were lost during polishing.

Fig. 4. Electrical conductivity of the olivinbasalt system as a function of reciprocal temperature. (a) Electrical
conductivity of the olivine with 3 wt.% basalt as a function of reciprocal temperature during the ‘eeating

cycles. Lines and dashed lines indicate heating and cooling cydpsctigely. (b) Electrical conductivity data

of all samples in the Arrhenius plot. The symbols indicate raw data of cooling path after annealing at 1600 K for
each sample with different melt fraction. The sample with 1 wt.% basalt could not obtain ihg path after
annealing because short circuit occurred during annealing. Abbreviations; TW83: conductivity data of tholeiitic
melt at 0.1 MPa from Tyburczy and Waff (1983). PSP73: basalt electrical conductivity at 0.1 MPa from Presnall
et al. (1973).

Fig. 5. Electrical conductivity of the olivirearbonatite system as a function of reciprocal temperature. (a)
Electrical conductivity of the olivine with 3 wt.% carbonatite as a function of reciprocal temperature during the
heatingcooling cycles. Lines andaghed lines indicate heating and cooling cycles, respectively. (b) Electrical
conductivity data of all samples in the Arrhenius plot. The symbols indicate raw data of cooling path after
annealing at the maximum temperature for each sample with differérfracéion. Shaded area denotes the
conductivity range of Mgree carbonatite with various compositions at 0.1 MPa (Gaillard et al., 2008).
Abbreviations; C06: the latest model of olivine electrical conductivity at 0.1 MPa under N(irstite)

buffersfrom Constable (2006). YMYKO06: A conductivity range of electrical conductivity of olivine single
crystal at 3 GPa under MiO buffer from Yoshino et al. (2006a).

Fig. 6. Relation between the melt fraction and electrical conductivity of the partial rpeltieiotites. The solid
lines indicate the fitting results obtained from Eq. (1).

Fig. 7.Experimental data on bulk electrical conductivity of the partially molten samples plotted as a function of
the melt fractiongolid circles). Curves represent the several mixing model predicted by inserting the measured
melt conductivity into the melt distribution models. (a) Olivimesalt system at 1600 K. Input data for the melt
distribution models and conductivity of the bitisamelt (10 S/m)and olivine (0?2 S/m) are also presenteth)
Olivine-carbonatite system at 1650 K. Input data for the melt distribution models and conductivity of the
carbonatite melt (f6°S/m)and olivine (0%* S/m) are also presented.

Fig. 8 Relation between the melt fraction and electrical conductivity for the basalt and carbonatiiearialy
peridotite. A plot of the olivine plus basalt 1 wt.% at 1500 K is estimated from the difference of conductivity for
the sample consisting of olivéplus bsasalt 3 wt.% between 1500 and 1600 K. Shaded region indicates a typical
range of conductivity values observed in regions with high conductive anomaly of the upper mantle (reference in
the text).
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