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Abstract Graphite is considered as one of candidate to explain the high-conductivity anomalies revealed
through magnetotelluric (MT) observations. To investigate the effect of interfacial energy on the intercon-
nection of graphite in olivine matrix, we measured the electrical conductivity of polycrystalline San Carlos
olivine mixed with 0.8 vol % graphite on the grain boundaries via impedance spectroscopy at 1 GPa and
300-1700 K in a cubic multianvil apparatus. The olivine-graphite dihedral angle of the recovered sample
was also measured to determine interfacial energy between graphite and olivine. The bulk electrical con-
ductivities and large activation enthalpy (~1.32 eV) of the carbon-bearing sample were consistent with
those of dry polycrystalline olivine. This behavior implies that graphite cannot be interconnected on olivine
grain boundaries, which is also supported by the large dihedral angle (98°) of the olivine/graphite system.
Impedance spectroscopy measurements were performed at 3 GPa and a temperature of up to 1700 K for
carbon-coated olivine bicrystal samples to investigate the stability of graphite films on the grain boundaries
of silicate minerals under upper-mantle conditions. The conductivities rapidly or slowly dropped as a func-
tion of time and graphite film thickness during annealing at the target temperature. This phenomenon
exhibits that graphite film on the olivine grain boundary is readily destroyed under upper-mantle conditions
as supported by microstructural observations on the recovered carbon-coated olivine bicrystal samples.
Higher interfacial energy and larger dihedral angle (~98°) between graphite and olivine would not allow
the maintenance of graphite film on olivine grain boundaries. The activation enthalpy for the apparent dis-
connection rate of a graphite film on olivine grain boundaries is close to that of carbon diffusion in olivine
grain boundaries, which suggests that the disconnection of the graphite film is likely to be controlled by
carbon grain boundary diffusion. Therefore, graphite is an unlikely candidate to explain the high-
conductivity anomalies revealed by MT surveys in the upper mantle.

1. Introduction

Magnetotelluric (MT) and geomagnetic deep sounding (GDS) occasionally revealed ubiquitous presence of
high-conductivity anomaly zone in the upper mantle [e.g., Shankland and Waff, 1977; Jones and Ferguson,
2001; Jones et al.,, 2003; Evans et al., 2005]. These high-conductivity anomalies have been found in both tecton-
ically active regions, such as the East Pacific Rise [Evans et al., 2005; Baba et al., 2006] and the Middle America
trench offshore of Nicaragua [Naif et al,, 2013], and stable shield areas, such as the cratonic lithosphere [Jones
et al., 2003, 20093; Bologna et al., 2011], over the depth range of approximately 6-150 km. Representative con-
ductivity values encompass the order of 10~ 2 to 10~ S/m, which is distinctly higher than the conductivities
of surrounding rocks. Thus, the observed high-conductivity anomalies cannot be explained by dominant con-
stituent minerals (especially olivine) without considering the presence of a conductive phase.

During the past several decades, the origin of conductivity anomalies in the lithospheric mantle has given
rise to long-standing debates [Jones, 1999]. Several potential candidates have been proposed to account for
this issue, including aqueous fluids [e.g., Shankland and Ander, 1983; Shimojuku et al., 2012, 2014], water in
nominally anhydrous minerals [Karato, 1990; Wang et al., 2006; Karato and Wang, 2013; Dai and Karato,
2014; Gardes et al., 2014], graphite [Jones et al., 2003; Pinto et al., 2010; Bologna et al., 2011; Watson et al.,
2010; Wang et al.,, 2013], partial melting [Shankland and Waff, 1977; Drury, 1978; Shankland et al., 1981;
Yoshino et al., 2010; Ni et al,, 2011; Zhang et al., 2014; Chantel et al., 2016], and other conductive phases,
such as sulfides [Watson et al., 2010] and magnetite-bearing serpentinite [Kawano et al., 2012]. The tectoni-
cally stable cratonic lithosphere is generally believed to have depleted water and low-temperature

ZHANG AND YOSHINO

EFFECT OF GRAPHITE ON LITHOSPHERIC EC 23


http://dx.doi.org/10.1002/2016GC006530
http://orcid.org/0000-0002-1239-1569
http://orcid.org/0000-0002-5422-7396
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/

@AG U Geochemistry, Geophysics, Geosystems 10.1002/2016GC006530

conditions. Thus, hydrous mantle minerals and partial melting are discarded in such regions. Given that flu-
ids are gravitationally unstable over geological time scales, sulfides are not volumetrically abundant [Ducea
and Park, 2000]. They are also unstable at depths greater than the uppermost mantle. Consequently, fluids
and interconnected sulfides are unlikely to account for the significant conductivity anomalies in the stable
cratonic mantle [Jones et al., 2003; Watson et al., 2010; Bologna et al., 2011]. Recent electromagnetic surveys
[Pinto et al, 2010] revealed a richness of conductivity anomalies on different scales in the lithosphere
beneath the Brazilian craton. The anomalies reach conductivity values close to 10~' S/m at 120-140 km
depth, where they are at least three orders of magnitude more conductive than the adjacent lithosphere
underlying the NW Parana basin. Similar phenomena were also discovered in the Slave craton in Canada
[Jones et al., 2003] and in the Gawler craton in Australia [Selway, 2014]. These observations have been inter-
preted to be caused by either graphite or incipient carbonatite melting [Sifré et al., 2014, 2015]. On the other
hand, Chen et al. [2009] reported the spatial overlap between a seismic discontinuity and a conductive
anomaly at ~100 km depth in the central Slave craton. This overlap is likely caused by a metasomatized
mantle from a Paleoarchean subduction zone and an accretion of lithospheric fragments. Meanwhile, hori-
zontal high-conductivity anomalies observed in the Brazilian craton are probably related to continent-
continent collisions and magmatic events [Bologna et al., 2011]. Some studies have proposed the presence
of either graphite or interconnected films of graphite deposited along grain boundaries as an origin of the
high-conductivity anomalies detected in such relatively active areas of the lithospheric mantle [Chen et al.,
2009; Bologna et al., 2011].

Carbon can be present throughout the crust and down to the upper mantle [Hazen et al., 2012], and its electri-
cal conductivities are approximately 10°—10° times greater than those of seawater or silicate melt if it exists
as graphite. Thus, even a small amount of carbon can significantly increase the electrical conductivity of a
rock. Knowledge of the distribution and origin of carbon and carbonaceous phases in the mantle is important
in constraining its role in several mantle processes. Pearson et al. [1994] have demonstrated that graphite crys-
tals in peridotite, pyroxenite, and eclogite xenoliths have X-ray diffraction patterns and Raman spectra charac-
teristic of highly crystalline graphite of high-temperature origin and are interpreted to have crystallized from
C-H-O fluid in the mantle lithosphere beneath cratons. Watson et al. [2010] recently investigated the influence
of carbon impurities on the bulk electrical conductivity of polycrystalline olivine. A series-type grain boundary
impedance in the sample implied a disconnected graphite film on the olivine grain boundaries because of
the small amount (~0.16 vol %) of graphite. Subsequently, Wang et al. [2013] applied thin disk-shaped mor-
phology to explore the role of graphite on the electrical conductivity in olivine-rich aggregates through the
transformation of diamond to graphite. They proposed that graphite can significantly enhance the electrical
conductivity in these aggregates if the volume fraction of graphite exceeds ~1.6 vol % (1.0 wt %). In Wang
et al’s [2013] experiment, the initial carbon content was extremely high (8 vol % diamond). However, the aver-
age carbon concentration in the upper mantle is only about 16-500 ppm [Deines, 2002; Hirschmann and Das-
gupta, 2009], and carbon has a limited phase stability field (depends on P, T, and fO,) in the upper mantle
[Frost and Wood, 1997; Frost and McCammon, 2008; Day, 2012]. Therefore, the electrical conductivity of olivine
aggregates containing an unrealistic amount of graphite may not reflect the real electrical properties in the
Earth’s upper mantle. In contrast, Yoshino and Noritake [2011] studied the connectivity of graphite films on
the grain boundary of silicate minerals under lower crustal conditions (1 GPa, up to 1273 K), and found that
the thinner graphite film (less than 80 nm) on an artificial grain boundary between two quartz crystals is readi-
ly destroyed by higher interfacial energy. However, the effect of interfacial energy on the connectivity of
graphite film on an olivine grain boundary under upper-mantle conditions has not been investigated.

To examine the connectivity of graphite film at higher temperature and pressure, we performed in situ elec-
trical conductivity measurements at 1 or 3 GPa for two systems: polycrystalline olivine mixed with graphite
and olivine bicrystals coated with carbon on their grain boundaries. Such experimental investigations are
crucial to verify the validity of graphite hypothesis and to elucidate the origin of high-conductivity anoma-
lies in the lithospheric mantle.

2, Experimental Procedures

The two types of samples (i.e., polycrystalline olivine mixed with graphite and carbon-coated olivine bicrys-
tals) were used to measure the electrical conductivity. The samples of carbon-bearing polycrystalline olivine
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were prepared by mixing the

D i powders of San Carlos olivine,
[ ]zo, (Mgo.oFeq.1);5i0,, and reagent-

grade graphite (0.8 vol %). The
- sample average grain size for olivine

and graphite are ~5 and 2 um,
- Mo or Graphite respectively. Before weighing,
each of the starting powders was
I oiivine or Mgo dried at 473 K for 24 h in a vacu-
um oven to remove the absorbed
- Graphite heater water. Then, these powders were
mixed and ground in an agate
E Mg0 mortar for more than 3 h. The
powder samples of olivine and
graphite mixture were placed
into a molybdenum capsule and
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Figure 1. Schematic cross section of cell assembly for conductivity measurement in the sintered in an end-loaded piston-
DIA-type apparatus. cylinder apparatus at a pressure

of 1 GPa and a temperature of
1523 K with 3/4” pressure assemblies. The Mo capsule was used to buffer oxygen activity at Mo-MoO,
(MMO) equilibrium. MMO buffer was often considered to be close to that of iron-wustite (IW) [Xu et al,
2000; Yoshino et al., 2006]. In fact, previous studies have demonstrated that graphite can be stably present
even under quartz-fayalite-magnetite (QFM) buffer condition, which is distinctly higher oxidation state than
IW buffer [Frost and Wood, 1997; Frost and McCammon, 2008]. Therefore, Mo capsule can assure graphite
stability. For the carbon-coated olivine bicrystals, the method for sample preparation was the same as that
adopted by Yoshino and Noritake [2011]. The sample was a disk with a diameter and thickness of 2 and
1 mm, respectively. The disk was cored from San Carlos single-crystal olivine parallel to the b axis. The cored
disks were cut into two halves with an arbitrary face normal to the cylindrical axis. The cutting surfaces were
polished with diamond paste, and then carbon coating was performed on the polished surfaces with a
thickness ranging from several to more than 100 nm.

High-pressure and high-temperature experiments were conducted in a DIA-type apparatus installed at IPM,
Okayama University. Figure 1 shows the cell assembly for in situ electrical conductivity measurement. The
sample was placed in a San Carlos single-crystal olivine (bored along the b axis) or MgO capsule, through
which the sample was insulated from the graphite heater and sandwiched by two graphite or Mo electro-
des with a diameter and thickness of 2 and 0.5 mm, respectively. Graphite or Mo electrode serves to control
oxygen fugacity close to C-CO (CCO) or Mo-MoO, (MMO) buffer during conductivity measurements.
Although MMO buffer is lower than that of CCO buffer, previous conductivity measurements on carbon-
coated quartz reported similar results under both buffers conditions [Yoshino and Noritake, 2011].

Electrical conductivity measurements were performed at 1 GPa for a sample of polycrystalline olivine mixed
with graphite and at 3 GPa for samples of carbon-coated olivine bicrystals, respectively, using a Solartron
1260 Impedance/Gain-Phase Analyzer (combined with a Solartron 1296 Interface if the sample resistance
was higher than MQ) at conditions of T=300-1700 K (Table 1). The complex impedance spectra were
obtained over frequencies ranging from 10° to 10~ ' Hz under AC voltage with an amplitude of 1 V. The
experimental strategy for electrical conductivity of the sample containing carbon was as follows. (1) The
sample was compressed to the desired pressure. (2) In the first cycle, the electrical conductivity of the sam-
ple was measured at 100 K interval until the sample was heated up to the target temperatures (1500, 1600,
and 1700 K). (3) The sample was annealed at the maximum temperature, and the conductivity was fre-
quently monitored to detect the stability of graphite film on the grain boundary as a function of annealing
time (from 3 to 66 h). Then, the samples were cooled to 500 K, and the conductivities were measured at an
interval of 50 K each. (4) The samples were reheated to the highest temperatures in the second cycle to
check the reproducibility of the conductivity measurements. Then, the impedance spectra were obtained at
a step of 50 or 100 K as temperature decreases to 500 K (the second cooling path). For the carbon-coated
sample, the initial coated carbon layer on the olivine grain boundary was amorphous carbon, which would
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Table 1. Summary of Experimental Conditions

Run No. Sample® Electrode Capsuleb P (GPa) Tmax (K) Log a¢ (S/m) AH (eV) Duration (h)¢ d (nm)¢ Remarks

A2532 Olivine aggregate Mo MgO 1 1700 325%+0.18 1.62 + 0.04

A2534 Olivine + 0.8 vol %C Mo MgO 1 1700 2.46 +0.33 132 +£0.07 5

A2542 C-coated Graphite SC olivine 3 1700 1.09 £0.01 0.03 66 178

A2543 C-coated Mo SC olivine 3 1500 2.85*=0.07 1.58 = 0.02 10 2

A2552 C-coated Graphite MgO 3 1600 1.81£0.14 1.55 +0.03 11 25

A2553 C-coated Graphite MgO 3 1600 —0.61 0.01 3 65 First cooling
2.24 £0.07 1.46 * 0.02 33 Second cooling

A2554 C-coated Graphite SC olivine 3 1600 0.32 £0.01 0.01 19 140 First cooling
297 =0.11 130 = 0.03 27 Second cooling

A2555 C-coated Graphite MgO 3 1600 0.97 0.03 48 153

A2556 Olivine® Mo MgO 3 1700 243 +0.14 1.57 = 0.03

A128¢ Graphite Mo MgO 1 1273 517 0.02

?C-coated means sample is carbon-coated single-crystal San Carlos olivine which was cut parallel to b axis.
PSC olivine denotes the capsule material is single-crystal San Carlos olivine bored along b axis.
“Annealing time (h) at the maximum temperature.

%Thickness (dqim) of graphite film was calculated from the approach adopted by Yoshino and Noritake [2011], where dgjm=

TRgraphite

S 1 S radius of olivine (=1 mm), Ryraphite is the resis-
im

tance of graphite, Rqim is the resistance of graphite film at the maximum temperature.
This results from reference [Yoshino and Noritake, 2011].

crystallize to graphite during the first heating. After the conductivity measurement, the recovered samples
were observed by scanning electron microscope (SEM) and optical microscope to evaluate the connectivity
of the graphite film on the grain boundary.

Nine experiments were performed for the two types of samples at various temperatures and pressure
ranges (Table 1). The conductivities of polycrystalline olivine and San Carlos single-crystal olivine parallel to
the b axis were also measured at 1 and 3 GPa, respectively, and at a temperature of up to 1700 K to deter-
mine the lower bounds of the polycrystalline olivine mixed with graphite and carbon-coated olivine bicrys-
tals. The upper bound corresponding to the conductivity (~10>'" S/m) of graphite was determined by
Yoshino and Noritake [2011]. The electrical conductivity measurements were performed along the heating-
cooling cycle. The impedance spectra were fitted by a single parallel RC equivalent circuit to determine the
sample resistance. The sample conductivity and the thickness of the graphite film on the grain boundary
were calculated from the minimum resistance at the maximum annealing temperature and the sample
dimensions.

Dihedral angle measurement is another effective way to evaluate the interconnection of graphite in olivine
matrix if the system has established textural equilibrium. For the olivine-graphite aggregate, after conduc-
tivity measurement, a polished section of the sample was vacuum-impregnated with epoxy to minimize the
plucking of grains. The cross section was finally polished by diamond paste. Microscopic observations were
made through secondary electron images (SEI) and backscattered electron images (BEIls). Dihedral angle
measurements were performed on photographs with magnifications >1000X. More than 100 measure-
ments were performed in the cross section for the recovered sample. The true dihedral angle was estimated
from the median of the distribution of the apparent angles [Jurewicz and Jurewicz, 1986].

3. Results

3.1. Carbon-Bearing Sample

The electrical conductivity of rocks containing secondary conductive phases (i.e., graphite, fluid, melt, etc.)
depends primarily on the electrical conductivity of the secondary phases and on their geometry along grain
boundaries, if the dominant phase is less conductive. The impedance spectroscopy measurement is an
effective approach to identify the influence on secondary conductive phase on bulk conductivity. In general,
in the case of the presence of an interconnected highly conductive pathway, the circuit was composed of
the response of the less conductive grain interior and conductive secondary phase in a parallel circuit. Con-
versely, in the absence of an interconnected highly conductive pathway, the circuit was composed of the
response of the grain interior and isolated conductive phase in a series circuit. In this case, one arc derived
from secondary conductive phase with RC parallel circuit is completely masked by that derived from less
conductive phase because of huge (orders of magnitude) resistance contrast [Yoshino, 2010]. Therefore, the
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Figure 2. The representative impedance spectra of the carbon-bearing sample acquired at cooling path and the equivalent circuit. (a) Oliv-
ine aggregates (A2532) are fitted with a single R-CPE circuit element. (b-d) Typical impedance spectra of the carbon-bearing sample
(A2534) acquired at different temperature in the second cooling cycle. Note that the raw data can be well fitted by the equivalent circuit,
which is composed of two R-CPE parallel circuits connected in series.

first arc appeared in Nyquist diagram was considered to be equal to the sample resistance. Watson et al.
[2010] observed three impedance arcs in the complex impedance plane from a carbon-bearing sample at 1
GPa, and interpreted them as grain interior (first arc), grain boundary (second arc), and electrode reaction
mechanism (third arc) from high to low frequency, respectively. However, the presence of the second arc in
low frequency range has not been observed for carbon-bearing system in this study and previous investiga-
tions [Roberts et al., 1999; Yoshino and Noritake, 2011; Wang et al., 2013]. Thus, the low frequency tail is prob-
ably due to sample-electrode interface effects [Roberts et al., 1999; Yoshino and Noritake, 2011].

The representative impedance spectra for carbon-free and carbon-bearing samples, their associated fits and
equivalent circuits, are illustrated in Figure 2. The spectra for carbon-free olivine aggregate can be well fit-
ted by an equivalent circuit consisting of one resistance-constant phase element (R-CPE) circuit element
[Barsoukov and Macdonald, 2005] (Figure 2a), suggesting grain interior mechanism is dominant. In the
carbon-bearing sample (A2534), the impedance spectra showed a semicircle at high frequencies and an
additional part (tail) at low frequencies (Figures 2b—2d). Remarkably, the decreasing temperature resulted in
the increase of the impedance arc radius and arc becomes a completely semicircle at low temperature,
which can be well fitted by an equivalent circuit consisting of two R-CPE circuit elements (one is grain interi-
or, and another is polarization between electrode-sample) in a series circuit. However, the additional “tail”
decreases with decreasing temperature, implying that the sample-electrode interface effect becomes
smaller at low temperature.
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Figure 3. Arrhenius plots of the electrical conductivity for carbon-bearing
olivine system at 1 GPa. (a) Electrical conductivity of polycrystalline olivine
mixed with graphite as a function of reciprocal temperature (Run A2534).
Open squares and closed circles denote results of the first and second
heating-cooling cycles, respectively. Thick line denotes the electrical con-
ductivity of graphite [Yoshino and Noritake, 2011]. Light gray line indicates
the electrical conductivity of dry olivine aggregate (Run A2532). (b) Sum-
mary of the experimental results. Note that, a comparison of the present
laboratory conductivity of dry olivine with previous studies [Xu et al., 2000;
Constable, 2006; Yoshino et al., 2009; Dai et al., 2010] is also shown in
Figure 3b.

Figure 3a shows a result of electrical conduc-
tivity measurement for polycrystalline olivine
mixed with graphite. The electrical conduc-
tivity values increased with the temperature
from 300 K to the highest temperature. The
first cooling and second heating paths
showed reproducibility. When reheating to
the maximum temperature (1700 K) in the
second cycle, the sample was annealed for
5 h at 1700 K, in which the conductivity was
nearly constant. The conductivities were very
close to those of dry polycrystalline olivine in
the cooling path, which displayed a linear
relationship in the logarithmic conductivity
versus reciprocal temperature (Figure 3a).
Thus, an equivalent circuit could be consid-
ered a series RC circuit composed of olivine
and isolated graphite, implying that graphite
cannot be interconnected in olivine matrix.

The activation enthalpy and pre-exponential
factor were calculated using the Arrhenius
equation:

o=a9 exp (—AH/KT), (1

where g is the pre-exponential factor, AH is
the activation enthalpy (eV), k is the Boltz-
mann constant, and T is the absolute tem-
perature. The pre-exponential factor and the
activation enthalpy were determined by the
least square fitting of the data to the Arrheni-
us equation. The resultant parameters are
summarized in Table 1. The BEls of the run
products showed that grain growth occurred
when they were annealed at a high tempera-
ture. The average size of the olivine crystal
was approximately 10-15 pum (Figure 8a).
The graphite was isolated in the grain cor-
ners rather than interconnected film on grain
boundaries.

Previous studies indicated that the presence
of a small amount of conductive impurities
can enhance conductivity [Glover, 1996; Rob-
erts et al, 1999; Yoshino et al, 2003, 2004;

Watson et al., 2010], once such conductive phase is connected in some ways (interconnected film or
tubular structure). However, the present experimental results showed that the effect of graphite on the
electrical conductivity of olivine aggregates is very small (Figure 3b) when the fraction of graphite is
0.8 vol %. On the contrary, the large activation enthalpy of polycrystalline olivine mixed with graphite
(1.32 eV) obtained in the present study (Table 1) is rather close to that of olivine (1.62 eV), suggesting
that the graphite is disconnected at high temperature. Figure 3b also shows the comparison of the
electrical conductivity of olivine aggregate in the present study with that of previous studies. Our
results agree well with those reported by previous studies at high pressure [Xu et al., 2000; Yoshino
et al., 2009; Dai et al., 2010]. However, these results are higher than those of the SEO3 model [Constable,

2006].
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Figure 4. (a) Comparison of theoretical and measured distributions of temperature resulted in the decrease of the
apparent dihedral angle for graphite/olivine system. (b) Graphite pinch off impedance arc radius (Figure 6a). Finally, the
and connection conditions in dihedral angle versus graphite fraction . .
[modified after von Bargen and Waff, 1986]. The black open and closed first arc d.lsapp??red ”completely, and a Im.e
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the present study. nance of the wire induction [Gaillard et al.,

2008; Pommier et al,, 2010; Ni et al, 2011] at
the beginning of the annealing temperature (Figure 6b). The conductivity decreased by one order of magnitude
after heating at 1600 K for 19 h (Figures 5a and 6b). The conductivity values were nearly independent of the
temperature along the first cooling and second heating paths. This small temperature dependence (AH = 0.01
eV) is similar to that of graphite (AH = 0.02 eV), which means that the graphite film is still interconnected on
the olivine grain boundary, and the sample conductivity is controlled by the conductive phase (graphite) in a
parallel RC circuit. The temperature was maintained at 1600 K after the second cycle. The sample conductivity
showed a large drop (approximately two orders of magnitude). The corresponding impedance spectra are dis-
played in Figure 6c. As a result, the sample conductivity was close to the conductivity of the single-crystal olivine
parallel to the b axis, and the activation enthalpy of a bulk sample (1.55 eV) was nearly the same as that of oliv-
ine crystal (1.57 eV). This behavior implies that the graphite film is disconnected on the olivine grain boundary,
and the bulk conductivity is controlled by the resistive phase (olivine matrix) in a series RC circuit. The relation-
ship of conductivity-temperature-time for the carbon-coated sample (run A2554 ~140 nm) observed in the pre-
sent study (Figure 5a) is the same as that for the carbon-coated quartz bicrystal system reported by Yoshino and
Noritake [2011]. The time variation of impedance arc (Figure 6) should reflect a change of conduction mecha-
nism from a parallel RC circuit to a series one, suggesting a textural transition from an interconnected graphite
film to a disconnected one. Therefore, the graphite film on the olivine grain boundary is not stable at high
temperature.
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Figure 5. Arrhenius plots of the electrical conductivity for carbon-coated olivine bicrystals system at 3 GPa. (a) Electrical conductivity of
the sample with thinner graphite film (Run A2554 ~ 140 nm) as a function of reciprocal temperature. Closed circles and diamonds
denote results of the first and second heating-cooling cycles, respectively. (b) Electrical conductivity of the sample with the thickest
graphite film (Run A2542 ~ 178 nm) as a function of reciprocal temperature. Open squares, closed triangles and diamonds denote the
first heating, keeping and cooling paths. (c) Summary of the experimental results for carbon-coated olivine bicrystals samples. Note that,
a comparison of the present laboratory conductivity of San Carlos olivine single crystal with previous studies [Schock et al., 1989; Du
Frane et al., 2005; Yoshino et al., 2006; Poe et al., 2010] is also shown in Figure 5c. Thick line denotes the electrical conductivity of graphite
[Yoshino and Noritake, 2011]. Light gray line indicates the electrical conductivity of San Carlos olivine single-crystal parallel to b axis (Run

A2556).
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Figure 6. Evolutions of representative impedance spectra of the carbon-
coated olivine bicrystals system (run A2554 ~ 140 nm) with temperature
and time. (a) Impedance spectrum in the first heating. (b) Annealing at
1600 K in the first cycles. (c) Annealing at 1600 K in the second cycles.

In run A2542, which had a thicker carbon
film of ~178 nm (Figure 5b), the conductivity
values were initially high and slightly
increased with the temperature during heat-
ing to the target temperature (1700 K). The
sample was annealed for a relatively long
duration (66 h) at the maximum tempera-
ture. However, the change in the sample
conductivity with time was small, which was
at least three orders of magnitude higher
than that of the single-crystal olivine. In the
cooling path, the conductivity values were
nearly independent of temperature, and the
small temperature dependence (AH = 0.03
eV) was similar to that of graphite conductiv-
ity (AH=0.02 eV). These observations indi-
cated that the interconnection of graphite
film on the olivine grain boundary was main-
tained and not completely broken via
annealing at a high temperature.

A summary of the experimental results of
the conductivity measurements for carbon-
coated systems is shown in Figure 5c. The
conductivity for most runs in the last cooling
path was very close to that of a single-crystal
olivine parallel to the b axis. This observation
suggests that the interconnectivity of the
graphite film on the olivine grain boundary
is destroyed during annealing at high tem-
perature, except for the two runs (i.e., A2542
and A2555), with a thick graphite film show-
ing relatively high conductivity (~10" S/m).

Given that the stability (interconnection or
disconnection) of a graphite film is con-
trolled by interfacial energy [Yoshino and
Noritake, 2011], the annealing time kept at
the maximum temperature varies with the
decreasing rate in electrical conductivity.
Figure 7 shows a systematic variation of the
absolute conductivity values for carbon-coated
samples as a function of time during annealing
at the maximum temperature. All samples
finally showed a decrease in conductivity after
a certain time passed. The conductivity of the
sample with the thinnest film (2 nm) annealed
at 1500 K showed a rapid decrease within 1 h.
However, the conductivity of the sample with
the thickest film (178 nm) annealed at 1700 K
slightly increased at the beginning of the
annealing and then became constant. The
conductivity of the samples started to
decrease after heating for more than 2 days
because of the onset of the destruction of
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coated samples with various thickness of graphite films as a function of time . o -
during annealing at the maximum temperature. All samples finally showed a ite film after the conductivity experiment,

decrease of conductivity after a certain time passed. the microstructures of the recovered sam-
ples were examined with SEM for carbon-
bearing systems and optical microscope for carbon-coated systems across the olivine grain boundary. As
shown in Figure 8a, the graphite located at the grain corner of the olivine crystal was isolated in the olivine
matrix. It did not form an interconnected film on the olivine grain boundaries. The round shape of the olivine
grain with small grain size (~10 um) suggests that the present experiments attained textural equilibrium.

To evaluate the connectivity of the graph-

The olivine grain boundary in the carbon-coated systems, as depicted in Figure 8b, for the run A2542
(graphite film ~178 nm) characterized with high conductivity (Figure 5b) was mostly covered with a graph-
ite film. The grain shape at the interface was round, and substantive clustering of graphite was present.
Although the graphite film on the olivine grain boundary was still interconnected for the sample with the
thickest film (Figure 8b), the experimental duration was extremely short compared with geological time.
Therefore, the graphite film on the olivine grain boundary is expected to be finally broken due to the higher
interfacial energy. In contrast, the distribution of graphite for the sample (run A2554) showing low conduc-
tivity after annealing (Figure 5a) is isolated at the interface, and most graphite grains have a globular mor-
phology (Figure 8c). These textural observations are similar to those observed in a quartz grain boundary
[Yoshino and Noritake, 2011]. This finding implies that the interconnectivity of thin graphite film on the oliv-
ine grain boundary is destroyed at a high temperature.

4. Discussion

4.1. Comparison With Previous Studies

Our data on the electrical conductivity of carbon-bearing and carbon-coated systems are compared with
the previous results (Figure 9). Watson et al. [2010] performed the electrical conductivity measurements of
polycrystalline olivine containing a small amount (~0.16 vol %) of graphite as the function of temperature
at 1 GPa. They found that the conductivity values of the carbon-bearing olivine aggregate are very close to
those of olivine because of the isolated distribution of graphite on the olivine aggregate (Figure 9a). This
observation agrees well with the present result. Wang et al. [2013] investigated the influence of graphite on
the electrical conductivity of olivine aggregates within the temperature range of 1173-1673 K at 4 GPa.
However, their data, showing very high conductivity and small temperature dependence, are completely
inconsistent with our data and those of the previous study [i.e., Watson et al., 2010]. Their data also have a
similar activation enthalpy (0.04-0.16 eV) of the graphite conductivity. This inconsistency can be mainly
caused by the different starting materials. In our carbon-bearing experiment and that of Watson et al,
graphite was directly used as the starting material to measure electrical conductivity. However, in the study
by Wang et al,, a diamond was used as the starting carbon source, and then olivine aggregates containing
diamond were annealed in the stability field of graphite. Thus, the phase transformation from diamond to
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Figure 8. Microstructural observations of recovered samples. (a) Back-
scattered electron image (BSE) of olivine mixed graphite sample (A2534).
(b) Transmitted light image of sample (run A2542) across the olivine grain
boundary indicating high conductivity. (c) An image of sample (run A2554)
indicating low conductivity similar to single-crystal olivine. Note that these
two transmitted light images were taken perpendicular to the grain bound-
ary and focused in the plane of the grain boundary.

graphite quickly occurred during heating.
The thermal expansion coefficient of
graphite is considerably larger than that of
diamond at high temperatures [Zhao and
Spain, 1989; Day, 2012]. Owing to the very
high volume fractions (4-7 vol %) of carbon
in Wang et al.'s [2013] experiment, graphite
transformed from diamond may have
formed the interconnected film on the oliv-
ine grain boundary at the initial stage of
the phase transformation because of its
large volume expansion. In addition, com-
pared with a long annealing duration
including several heating-cooling cycles in
our conductivity experiments, their short
annealing time is not enough to break the
thick graphite film, as depicted in Figure 7.

The run products of the carbon-bearing
system show the rounded morphology and
isolated feature at the olivine grain corner
(Figure 8a), which are completely different
from the disk shape along the olivine grain
boundary observed by Wang et al. [2013].
This observation indicates that the huge
anisotropy in the surface energy does not
contribute to the development of the
anisotropic distribution of graphite when
graphite is used as the starting material.
After the phase transformation, the textural
evolution is controlled by the interfacial
energy minimization in the olivine/graphite
system. Their run duration is not enough to
evaluate this process.

Yoshino and Noritake [2011] measured the
electrical conductivity of graphite films on
the synthetic grain boundaries of quartz
bicrystals at 1 GPa and at temperatures up
to 1200 K. Their results showed that the
interconnection of the graphite film is read-
ily destroyed on the quartz grain bound-
aries under the lower crustal condition
when the film was thin (<80 nm). In most
cases, the final conductivity values of the
graphite film are equivalent to those of a
single-crystal quartz. No direct experimen-
tal data on carbon-coated olivine bicrystals
are available, as shown in Figure 9b. Thus,

the present results measured under the upper-mantle conditions were compared with the data from Yosh-
ino and Noritake [2011]. Although the present experimental conditions (3 GPa and up to 1700 K) for carbon-
coated olivine largely differ from those (1 GPa and up to 1200 K) of the quartz system [Yoshino and Noritake,
2011], the electrical behaviors between the two systems are nearly the same. These characteristics imply
that the graphite films are not stable in the major silicate minerals in terms of interfacial energy

minimization.
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path is high and close to that of sili-
cate minerals if the connectivity of graphite is broken during conductivity measurements. In such a circum-
stance, a strong temperature dependence on the sample bulk conductivities is expected (Figures (3 and 5),
and 9).

The decrease in electrical conductivity with time (rate of decrease in conductivity) for carbon-coated
olivine bicrystal during annealing at a high temperature depends on the thickness of the graphite film
rather than on temperature (Figure 7). This observation disagrees with the previous investigation in
carbon-coated quartz bicrystal [Yoshino and Noritake, 2011], which shows that the conductivity decrease
rate is apparently constant at the same temperature and increases with increasing temperature. This dis-
crepancy may be caused by the different temperature range for conductivity measurement between the
current study and theirs. In the experiment by Yoshino and Noritake, the maximum temperature was rel-
atively low (~1200 K). Thus, the conductivity decrease rate was very sensitive to temperature because
the Arrhenian effect intensifies at low temperatures. By contrast, the very high measured temperature in
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our study (~1700 K) generates the condition that conductivity decrease rate is considerably sensitive to
the thickness of the graphite film but not on temperature. On the contrary, the activation enthalpy for
the apparent disconnection rate is calculated as ~24 kJ/mol if the kinetics analysis proposed by Yoshino
and Noritake [2011] is followed. This finding suggests weak temperature dependence. The activation
enthalpy for the apparent disconnection rate of a graphite film on olivine grain boundaries (i.e.,, ~24 kJ/
mol) is close to that for carbon diffusion in olivine grain boundaries [14 kJ/mol; Hayden and Watson,
2008]. Therefore, the disconnection of the graphite film is probably controlled via carbon grain boundary
diffusion in silicates, but not via self-diffusion of carbon in graphite, as suggested by Yoshino and Nori-
take [2011]. In consideration of the activation enthalpy for carbon self-diffusion in graphite [682 kJ/mol;
Kanter, 1957], which is higher than that for disconnection kinetics of graphite along the quartz grain
boundaries (148 kJ/mol), the interpretation of Yoshino and Noritake [2011] is incorrect. The disconnec-
tions of the graphite films in both olivine and quartz grain boundaries are prone to be controlled by
the grain boundary diffusion of carbon. High diffusion rates for carbon diffusion in olivine grain bound-
aries [Hayden and Watson, 2008] imply that the interconnectivity of graphite is readily destroyed even at
low temperatures equivalent to the lithospheric mantle. Therefore, the high-conductive regions of the
lithospheric mantle cannot be explained by graphite.

Owing to the huge conductivity contrast between graphite (~10°> S/m) and silicate minerals (e.g., in olivine
<102 5/m), a small amount of interconnected graphite has been proposed to greatly enhance rock conductiv-
ity [Duba and Shankland, 1982; Frost et al., 1989; Roberts et al, 1999]. The present results are compared with
those of several conduction models to explain the high-conductive regions in the lithospheric mantle by esti-
mating the interconnection of graphite in a silicate matrix and the amount of carbon content that can produce
sufficiently high conductivities. In order to evaluate the effect of graphite fraction on the bulk electrical conduc-
tivity, various geometrical models have been proposed, such as the parallel and series models [Schulgasser,
1976, 1977], the cube model [Waff, 1974], the tube model [Schmeling, 1986], the Hashin-Shtrikman upper and
lower bound models [Hashin and Shtrikman, 1962].

The series and parallel (SP) models give the maximum and minimum conductivity values of two-phase or
multiphase systems [Schulgasser, 1976, 1977]:

0103
= 2
s f10'2+f20'1 ( a)
O'p:f10'1+f20'2 (Zb)

where ¢, and g, are the conductivity of two coexisting phases, and f; and f, are their volume percentages.

Waff [1974] proposed a cube model to describe the bulk conductivity as a function of conductive phase
fraction. This model supposed that cubic grains with a low conductivity are all the same size and
are surrounded by a high-conductivity phase layer of uniform thickness dependent on conductive phase
fraction (¢) and that the conductivity of resistive phase is negligibly small. The bulk conductivity is given by

Tpulk = [1 - —</J)%] Om 3)

where a,, is the conductivity of conductive phase.

The tube model, proposed by Schmeling [1986], represents the cases that conductive phase is not distributed
along the grain boundaries, but in a network along the triple junctions. The effective conductivity is given by

1
Ubulk:§¢am+(1_¢)as (4)

where gy is the conductivity of resistive phase.

The Hashin-Shtrikman upper (HS+) bound [Hashin and Shtrikman, 1962] is a frequently used model to pre-
dict the maximum effective bulk conductivity of an interconnected two phase mixture. In this model, the
matrix consists of a conductive phase surrounding spherical inclusions with a lower conductivity. The spher-
ical grains are isolated from each other by the conductive phase, so this model is applicable to cases in
which conductive phase is distributed along the grain boundaries and filling triple junctions of spherical
grains. In the HS+ model, the bulk conductivity is expressed as:
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Figure 10. (a) Logarithm of electrical conductivity versus graphite fraction for

carbon-olivine rock at 3 GPa and 1400 K according to two-phase mixture. The elec-
trical conductivity of olivine was fixed at 10> S/m from this study, graphite was

fixed at 10> S/m [Yoshino and Noritake, 2011], respectively. HS", Hashin-
Shtrikman upper bound; HS™, Hashin-Shtrikman lower bound [Hashin and Shtrik-
man, 1962]. Shaded region indicates a typical range of conductivity values
observed in regions with high-conductivity anomaly of the upper mantle [Shank-
land and Waff, 1977; Jones et al., 2003; Jones et al., 2009a; Bologna et al., 2011].

Note that, the calculated conductivity derived from cube model [Waff, 1974] yields

similar results from the sphere-type model (HS+) [Hashin and Shtrikmann, 1962].

(b) Activation enthalpy for electrical conductivity in carbon-bearing systems versus

graphite volume fraction.
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The Hashin-Shtrikman lower bound
(HS—), the opposite case of the HS
upper bound, represents isolated
spheres of conductive phase in a

resistive matrix representing the
grains, and takes the form
- _ ¢
Tps=0s+ — L) (5b)
Om—0s 30s

In this study, we calculate the bulk
effective conductivity of two-phase
(olivine + graphite) system at 1400 K
from equations (2) to (5). The graphite
conductivity is fixed at 10>' S/m
[Yoshino and Noritake, 2011]. The oliv-
ine conductivity is fixed at 1072°°
S/m from this study. Figure 10a illus-
trates the measured bulk conductivity
versus graphite fraction together with
various mixing models for the olivi-
ne + graphite system. According to
the theoretical calculations (Figure
10a), only 2 X 10"*to 7 X 10~ * vol %
of carbon fraction in the tube model
is needed to explain the high conduc-
tivity of 107" to 107 %> S/m observed
in the high-conductive regions of the
upper mantle [Shankland and Waff,
1977; Jones et al.,, 2003; Evans et al.,
2005]. In the case of the Hashin-
Shtrikman (HS) upper bound or paral-
lel model, the graphite fraction is less
than 4 X 10~* vol %. This prediction is
consistent with the calculation by Duba
and Shankland [1982]. By contrast, the
volume fraction of graphite required to
explain the high-conductive regions of
the upper mantle from laboratory mea-
surement is considerably higher than
that inferred from the HS upper bound
or tube model by assuming the inter-

connection of conductive phase. The bulk conductivity observed in this study is close to that predicted from
the HS lower bound or a series circuit when the volume fraction of graphite is low (less than 0.8 vol %). It is
also consistent with the previous observations [Watson et al., 2010]. The increasing graphite volume fraction
results in the increase in electrical conductivity of graphite-bearing samples (Figure 10a) and in the decrease
in corresponding activation enthalpy (Figure 10b).

Wang et al. [2013] reported an abnormal behavior showing relatively low conductivity for olivine containing
4 vol % graphite, which is close to that estimated from the HS lower bound (Figure 10a). However, this sam-
ple has a fairly low activation enthalpy (~0.16 eV). This phenomenon can be caused by the temporal inter-
connection of graphite immediately after diamond-to-graphite transformation as a result of volume
expansion.
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The disconnection of the graphite film observed in the carbon-coated system demonstrates that the inter-
connectivity of graphite is controlled by the interfacial energy minimization in the system. Dutta [1953]
reported that single-crystal graphite has high and anisotropic electrical conductivity, the conductivity along
the basal plane o, (i.e., perpendicular to the hexagonal axis) is four orders of magnitude higher than that
perpendicular to the basal plane o (i.e., parallel to the hexagonal axis). For example, at 560°C, log ¢, ~
5.9 S/m (0.7 log units higher than that (logs ~ 5.17 S/m) for polycrystalline graphite from Yoshino and Nori-
take [2011]) and log g ~ 2.11 S/m. Specifically, it is found that both the conductivity parallel to the basal
plane (s.) and the conductivity anisotropy (s, /g)) in single crystals of graphite decreases largely with
increasing temperature [Dutta, 1953]. Thus, it is reasonably expected that the conductivity parallel to the
basal plane (¢, ) would be close to that of polycrystalline graphite and the conductivity anisotropy becomes
smaller at high temperature. As a result, the connectivity of graphite is much important for the bulk conduc-
tivity than the anisotropic conductivity in this case. The electrical conductivity of polycrystalline graphite
with no lattice preferred orientation is almost the same as that of crystallographic direction with high con-
ductivity. The abnormally high sample conductivity at the onset of annealing also indicates that the graph-
ite aligned to the conductive crystallographic direction (along the basal plane) parallel to the grain
boundary. In addition, realignment of (0001) plane perpendicular to the olivine crystal surface during
annealing seems to be difficult because dominant slip plane is (0001). The value of interfacial energy
between graphite (0001) plane and olivine crystal surface has not been experimentally determined. On the
other hand, the grain boundary film is only stable when the dihedral angle is zero. The huge dihedral angle
more than 60° obtained from graphite-bearing system does not theoretically allow interconnection of
graphite as a conductive phase. When dihedral angle is around 100°, the percolation threshold for pinch-off
boundary exceeds more than 5 vol % [von Bargen and Waff, 1986] as shown in Figure 4b. Our conductivity
measurement of polycrystalline olivine mixed with 0.8 vol % graphite shows a strong temperature depen-
dence and relatively low conductivity. Therefore, the connectivity of graphite on olivine grain boundaries is
readily destructed as a result of the higher interfacial energy between graphite and silicate minerals.

4.3. Geophysical Implications

Hirschmann and Dasgupta [2009] estimated the carbon concentration for the depleted and enriched mantle
through H/C ratio. They argued that the H/C ratio of the MORB source mantle is 0.75 = 0.25, whereas that of
the OIB source mantle is 0.5 = 0.3. Therefore, they acquired the carbon concentration of 16 = 9 ppm for the
depleted mantle and 33-500 ppm for the enriched mantle. Although different researchers obtained differ-
ent values, the average carbon content for the lithosphere mantle is less than 60 ppm [Deines, 2002; Hazen
et al., 2012], which is considerably less than 0.8 vol % carbon. If all carbon exists as graphite, such a small
amount (0.0005-0.08 vol %) also means that continuous interconnection is particularly important in produc-
ing high conductivity observed in some areas of the mantle. In other words, graphite must form intercon-
nected films or layers over the distances of at least the resolution of MT or GDS experiments (tens or
hundreds of kilometers), and these films or layers must be stably interconnected over such long distances
on geological time scales.

Jones et al. [2003] reported a high-conductivity zone (10~ ' S/m) at the depth of approximately 80-120 km
in the upper part of the subcontinental lithospheric mantle in the central Slave craton (northern Canada),
termed the Central Slave Mantle Conductor (CSMC), through the MT technique. This high-conductivity
anomaly in the CSMC is interpreted through the presence of the interconnected graphite on the grain
boundaries rather than the water or partial melt because the old tectonic-stable area is depleted with water.
The temperature is also low (<1300 K) in the relatively shallow (~100 km) part of the upper mantle. In con-
trast to the case of Slave craton, the lithospheric conductive structure obtained by Jones et al. [2009a]
showed the evidence of obvious spatial relationships between diamondiferous kimberlites fields and the
lateral changes in either conductivity or conductivity anisotropy for the Kaapvaal Craton below southern
Africa. These correlations imply that the electrical conductivity of the Kaapvaal craton is controlled not by
minor constituents (i.e., graphite or water), as is often the case, but by the primary rock matrix. As discussed
by Jones et al. [2009b], the Kaapvaal Craton exhibits far more uniform properties without strong chemical
layering. It also has higher heat flow across the Moho than the other Archean cratons [Jaupart and Mares-
chal, 1999]. Therefore, the electrical conductivity of the lithospheric mantle of the Kaapvaal Craton is con-
trolled by temperature.
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Recently, Bologna et al. [2011] revealed several nearly horizontal high-conductivity anomalies in Sao Fran-
cisco craton in Brazil, which may be related to tectonic events. Most authors [e.g., Jones et al., 2003; Chen
et al., 2009; Bologna et al., 2011] explained the enhanced conductivity in the lithospheric mantle in terms of
the interconnected graphite on grain boundaries. Nonetheless, whether the interconnected graphite films
can be stably maintained over such long geological time is questionable. The present experimental results
and previous studies [Watson et al., 2010; Yoshino and Noritake, 2011] demonstrated that the graphite film
on the grain boundary of minerals is unstable under lithospheric mantle conditions. Thus, the conductivity
anomalies observed in the tectonically stable lithosphere cannot be interpreted with graphite hypothesis.
Alternatively, as suggested by Pinto et al. [2010], the presence of a small amount of carbonatite melts
(~0.005 vol %) was mentioned in the conductive cratonic lithosphere-generating rejuvenation and reoxida-
tion in the reduced mantle. Recent high-pressure experiments revealed a significant increase in conductivity
by a small amount of carbonate melt [Gaillard et al., 2008; Yoshino et al., 2010, 2012; Sifré et al., 2014, 2015].

On the other hand, previous studies have already shown a reasonable overlap of the high-conductive
regions and low-velocity zone (LVZ) in the upper mantle [Oldenburg, 1981; Shankland et al., 1981]. If the
graphite model is applied to such a given case, a great difficulty may be encountered in explaining LVZ.
The direct effect of graphite on other physical properties is generally insignificant because the amounts of
graphite required for the observed high-conductive regions are very small. In particular, carbon has a small
effect on lowering seismic velocities and increasing attenuation, whereas both may be easily produced
through partial melt [Takei, 2002]. Therefore, the interpretation of high-conductive regions in the upper
mantle may be locally different from one case to another, which depends on geological and petrological
settings, tectonic framework, and evolutionary processes. If graphite is invoked to explain the observations
of high-conductivity anomalies in the upper mantle, the physical and chemical causes for graphite transpor-
tation, precipitation, and interconnection over great distances should be carefully considered in view of
pressure, temperature, and stress conditions.

5. Conclusion

In this study, we performed the conductivity measurements simultaneously on polycrystalline olivine mixed
with graphite and carbon-coated olivine bicrystal at 1 and 3 GPa and up to 1700 K. The effect of graphite
on the bulk electrical conductivity of a carbon-bearing sample is found to be negligible when the carbon
content is less than 0.8 vol %. A strong temperature dependence (large activation enthalpy ~ 1.32 eV) of
conductivity suggests that graphite is disconnected on the olivine grain boundary. On the other hand, the
electrical conductivity of carbon-coated olivine bicrystal is initially high and shows a weak temperature
dependence, indicating the connectivity of graphite film on grain boundary. While during annealing at high
temperature, the electrical conductivity displays a systematical change with the rate of decrease in conduc-
tivity, which varies as a function of the graphite thickness. For most runs, strong temperature dependence
(large activation enthalpy) is similar to that of a single-crystal olivine. Both optical microscopic observations
of recovered samples and the evolution of impedance arc demonstrated that the graphite film on olivine
grain boundary is not stable at high temperature due to higher interfacial energy between graphite and
olivine. Small activation enthalpy for the apparent disconnection rate of a graphite film on olivine grain
boundaries suggests that the connectivity of graphite film is probably controlled via carbon grain boundary
diffusion in silicates. Therefore, the present study indicates that graphite cannot account for the geophysi-
cally observed high-conductivity anomalies in the lithospheric mantle.
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