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Abstract. Using impedance spectroscopy, we have mea-
sured the electrical properties of two dunites and a single
crystal olivine sample from 1000 to 1200° C as a function
of oxygen fugacity (fo,). Two conduction mechanisms
with resistances that add in series are observed for the
dunites corresponding to grain interior and grain bound-
ary conduction mechanisms. The conductivities for each
mechanism were determined by analyzing the data using
a complex nonlinear least squares fitting routine and
the equivalent circuit approach. The grain interiors dis-
play a conductivity dependent on fy, to the 1/5.5-1/7
power, consistent with other determinations, and inter-
preted as indicating small polaron transport (Fej,,). The
grain boundaries demonstrate a weaker f,,, dependence
that is dependent on temperature and material. Under
certain conditions the f,, dependence of the grain bound-
ary conductivity is negative. This result indicates that
oxygen ion transport is probably not the dominant grain
boundary charge transport mechanism; however, an un-
equivocal determination of the grain boundary mecha-
nism has not been achieved. In some dunites the grain
boundaries are more conductive than the grain interiors;
in other dunites they are more resistive than grain interi-
ors. The grain boundaries do not enhance the total con-
ductivity of any of the materials of this study but are
the controlling mechanism in some instances. Measure-
ment of the complex electrical response at frequencies
as low as 10™% Hz is required to determine the role of
grain boundaries on the overall electrical properties of
polycrystalline dunite.

Introduction

Because of its volumetric abundance olivine is an impor-
tant mineral in the upper mantle and lower crust. Cur
understanding of the composition, state, and dynamics
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of these regions depends on our understanding the physi-
cal properties of representative single and polycrystalline
samples. The measurement of the electrical conductivity
of single and polycrystalline olivine has led to an in-
creased understanding of point defect chemistry and de-
fect mobility in these materials. Experimental electrical
conductivity results are useful in interpreting field mea-
surements of the electrical response of the Earth and
in estimating the temperature profile of the Earth based
on conductivity-depth profiles derived from inversions
of electromagnetic field results.

Grain boundaries are known to play an important
role in many physical properties of rock including diffu-
sion, creep, and electrical conduction. It has been pre-
viously suggested that grain boundaries may be responsi-
ble for enhanced conduction in olivine-rich rock (e.g.,
Shankland and Waff 1977; Shankland 1981; Kariya and
Shankland 1983). A study by Schock et al. (1977) on
the conductivity of ground-and-pressed polycrystalline
olivine suggested that grain boundaries have only a small
effect on the overall conductivity. The conductivity of
a dunite from Jackson County, North Carolina has been
studied by Constable and Duba (1990). They concluded
that the grain boundaries do not enhance the conductivi-
ty of this rock and in fact they reported that the observed
conductivity of the rock is lower than that of single crys-
tal olivine under comparable conditions. Alternatively,
Haak (1982) compared conductivity results of single and
polycrystalline olivine samples and concluded that be-
tween 560 and 1150° C polycrystalline samples exhibit
higher conductivity than single crystal samples. Because
of higher activation energies for the single crystal sam-
ples than for the polycrystalline samples, the conductivi-
ties are equal at approximately 1400° C. One possibility
considered by Haak is that the increased conductivity
in the polycrystalline samples is a result of enhanced
grain boundary conductivity caused by an increased
number of paths for ionic diffusion.

Frequency dependent electrical measurements have
been used by a number of authors to separate the contri-
butions of the bulk (grain interior) and the grain bound-
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aries of polycrystalline materials to the overall electrical
properties of the material (e.g., Bauerle 1969; Chu and
Seitz 1978; Lilley and Strutt 1979; Verkerk et al. 1982b;
Tanaka et al. 1987). Tyburczy and Roberts (1990) and
Roberts and Tyburczy (1991) applied impedance spectro-
scopy to polycrystalline olivine compacts and a natural
dunite sample from San Quintin, Baja California, Mexi-
co. They determined that the grain interior and grain
boundary mechanisms add in a series manner leading
to increased resistance and decreased conductivity (at
zero frequency) for a polycrystalline material compared
to a single crystal sample. In this work we investigate
the frequency dependent electrical properties of two dun-
ites and a single crystal olivine. We have determined
the separate grain interior conductivity ¢,; and grain
boundary conductivity ¢, as a function of oxygen fuga-
city (fo,) from 1000 to 1200° C. By observing how the
electrical impedance of olivine changes with changing
conditions of temperature and f,, we learn more about
the conduction mechanisms in these materials and can
better evaluate the role of grain boundaries on the total
electrical properties of rocks occurring within the Earth.
In the rocks of this study, the grain interior and grain
boundary resistivities add in series, resulting in a more
resistive sample (at 0 Hz) than the grain interiors consid-
ered separately. The grain boundaries do not enhance
the conductivity of any of the samples studied here, even
though they are more conductive than the grain interiors
in some cases.

Nomenclature

Impedance is the total opposition to current flow in re-
sponse to an AC signal and is a complex quantity, gener-
ally expressed as a magnitude and a phase (|Z], ¢), as
a real component and an imaginary component (Z', Z"),
or as a resistance and a capacitance (R, C). In rocks im-
pedance normally contains both resistive and capacitive
components. The complex impedance Z* is given by

Z*=7'—j7" (n
where the asterisk denotes a complex quantity, a single
prime indicates a real quantity, the double prime indi-
cates an imaginary quantity, and j is |/ —1. The real
and imaginary parts of the impedance are obtained from

the measured quantities |Z| and ¢ determined at a given
frequency by

Z'=\Z| cos ¢, 2
Z"=|Z| sin ¢. (3)
The complex resistivity p* is obtained by multiplying
the impedance by the geometric factor gf, which is the
area to thickness ratio of the sample. The complex con-

ductivity y* is obtained by the taking the inverse of
p*. The complex conductivity is also represented as

Yr=o+joe, @)

where the conductivity c=we"”, w is the angular fre-
quency, and ¢ and ¢” are the real and imaginary parts

of the dielectric permittivity. ¢* is related to the complex
impedance through

e*=(jwCo Z*) " )

where C, is the capacitance of the empty cell (C,
=gy A/D). The relative permittivity x* is the dielectric
permittivity divided by the permittivity of free space ¢,
=8.854 x 107 '? F/m. The complex impedances reported
in this work can be converted to permittivities with (5).

Experimental Procedures
Materials Studied and Sample Preparation

Two different natural dunite samples were examined.
The first natural sample is a dunite from the San Quintin
volcanic field in Baja California, Mexico (SQD; Basu
1977; Basu and Murthy 1977). The dunite contains ap-
proximately 95% olivine (Fogg_s), 3% clinopyroxene and
2% spinel (Fig. 1). It is relatively fine-grained with an
average grain size of 0.2-0.4 mm. This sample has no
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Fig. 1. Optical micrograph of San Quintin dunite, plane polarized
light. The field of view consists entirely of olivine grains and shows

little or no alteration along grain boundaries (a). The area indicated
by (b) is a fracture across the large grain

100pm SR

North Carolina, plane, polarized light. The long dimension of the
image is 1.5 mm. This material displays very little alteration along
grain boundaries



serpentine or chlorite alteration and is an excellent rock
for conductivity studies. The second natural dunite is
from Jackson County, North Carolina (NCD; Fig. 2).
It consists almost entirely of olivine (Fog, 5) and has
an average grain size of 0.4 mm. The Jackson County
peridotite bodies have been partially serpentinized at
their peripheries (Astwood et al. 1972). The samples used
in this study were free of serpentine and chlorite phases
as observed optically and with scanning electron micros-
copy (SEM), although in optical thin section, this rock
does not have the clean, “tight” grain boundaries ob-
served in the SQD. Because of the differences in Fe con-
tent and visible character of the grain boundaries, it is
useful to compare the clectrical properties of these rocks.

Single crystal samples were prepared from large gem
quality specimens from San Carlos, Arizona (Fo,, ; SC).
These specimens were oriented optically to within +3°
to the [001] axis. The specimens selected for study were
carefully examined optically to 500 x to insure that they
were free of fractures and inclusions.

Electrical measurements were made on disks that
were polished on both sides using diamond paste with
a final grit of 0.25 pm. The samples were cleansed and
rinsed ultrasonically in ethanol prior to applying elec-
trodes. The two-electrode technique was generally used
for the electrical measurements, except for specific cases
in which four-clectrode methods were used. Electrodes
were either sputtered Pt followed by Pt paint and a thin
Pt sheet, Pt paint and Pt sheet, or sputtered Pt and Ir
sheet. The thickness of sputtered coatings was between
200 and 300 A. Both painted and sputtered electrodes
give satisfactory results. One problem that results from
using Pt and Ir electrodes is the loss of Fe from the
sample to the electrodes. Samples were checked with
the electron microprobe for Fe loss after each experimen-
tal run. The loss of Fe was confined to the outermost
25 um of the sample (or less) and the loss in this outer
zone was generally less than 2 wt% Fe. One effect of
Fe loss is the increase of Z' over the entire frequency
range. Iron loss was checked for during the experiments
by making measurements at a specific frequency (typi-
cally 100 Hz) at different times during the course of an
experiment. Over the course of an experiment, usually
10 to 24 hours, the variation in Z’ and {Z] after equilibra-
tion was generally less than 5%. Hirsch and Shankland
(1991b) present a quantitative model of electrical con-
duction in olivine and determine that a small loss of
Fe to electrodes does not significantly affect electrical
conductivity and oxygen diffusivity in olivine.

The electrical measurements were made in a one at-
mosphere total pressure gas mixing furnace. Samples
were placed into the furnace and allowed to equilibrate
to experimental conditions for a period of 4-20 hours.
The length of time required for the sample to equilibrate
is related to the sample dimensions, grain size, experi-
mental temperature, and the mobility of point defects.
During equilibration the resistance of the sample was
monitored at specific frequencies and gradually reached
a steady value. The oxygen fugacity was controlled with
a CO/CO, mixture and was accurate to within +0.15
log units checked with an yttria-stabilized zirconia oxy-
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gen sensor. Temperatures were controlled and monitored
to +3° C with type B Pt 70-Rh 30/Pt 94-Rh 6 thermo-
couples. The temperature gradient between the top and
bottom of the sample was less than 1° C.

Impedance Measurements

Electrical measurements were made over the frequency
range 5 x 1073 to 10° Hz using two data collection sys-
tems. Between 5x 107° and 10* Hz data was collected
using the system described previously by Roberts and
Tyburczy (1991) that was designed after the system de-

North Carolina Dunite
1200°C, log foz=-5.2, Pa
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Fig. 3a, b Impedance data for the North Carolina Dunite collected
at 1200° C and an f,, of 107°-? Pa. a Impedance magnitude and
phase angle versus log frequency in Hz. All data collected by both
the high frequency (HF) and low frequency (LF) systems are dis-
played. Symbols: open circles, |Z), LF; solid circles, |Z|, HF; open
squares, phase angle, LF; solid squares, phase, HF. The two systems
are in good agreement over the frequency range 5 to 100 Hz, and
depart significantly above 1000 Hz as a result of system capacitance
in the low frequency measuring system. The crossover frequency
is the frequency at which we have combined data sets, and is usually
between 30 and 70 Hz. In this experiment the crossover frequency
is 50 Hz. b The complex impedance plane plot of the data displays
three impedance arcs, referred to as arcs I, II, and III from high
to low frequency as indicated on the diagram. A filled circle occurs
every decade of frequency; numerals are log frequency of the corre-
sponding filled data point. The impedance arcs can be incomplete
if they extend past the range of frequency measurement. The lines
through the data are model responses obtained from CNLS fitting
with an equivalent circuit
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scribed in detail by Olhoeft (1979, 1985). At frequencies
from 5 to 10° Hz, data was collected with a Hewlett
Packard 4192 Impedance Spectrum Analyzer. At each
frequency the measured parameters are the impedance
magnitude and phase. The two systems overlap in fre-
quency from 5 Hz to 10 kHz (Figure 3a, b). In the fre-
quency range 5-100 Hz measurements of [Z] and ¢ are
nearly identical for the two systems. The low frequency
system is limited at high frequencies because of cross-talk
between the leads and the frequency response of the in-
strumentation amplifiers. The high frequency system has
a built in correction to eliminate the effects of stray capa-
citance at the highest frequencies. The cross-over fre-
quency band, at which we have combined data sets for
input into CNLS analysis, is typically 30-70 Hz. Accura-
cy of the measuring systems was checked by analyzing
RC circuits of resistors and capacitors with values
known to within 1%. Numerous tests were performed
using components with a range of values approximating
those of the experiments. The accuracy of the measured
parameters |Z| and ¢ was within the tolerance of the
known standards.

Experimental Data

The impedance measurements shown in Fig. 3 are typical
of the electrical response observed for the natural dunite.
The data shown in this figure are the results of an experi-
ment on the NCD performed at a temperature of
1200° C, and an f,, of 6.31 x 10~ Pa. Figure 3a displays
the measured parameters |Z] and ¢ plotted against log
frequency. The phase angle displays a strong dependence
on frequency and two relative minima (phase angle near-
est zero) are clearly seen. The impedance magnitude in-
creases with increasing frequency across the entire fre-
quency spectrum, but the increase is not linear with log
frequency. In Fig. 3b, the imaginary part of the complex
impedance Z” is plotted against the real part Z’, in what
is referred to as a ‘complex plane’ plot. The complex
impedance plane plot displays parts of three impedance
arcs, which are sub-circular arcs approximately centered
on the real axis. Each arc corresponds to a separate
conduction process or mechanism that is dominant at
a different range of frequency and has a different relaxa-
tion time t relative to the other arcs. In general, each
experiment displays two or three impedance arcs occur-
ring at high, intermediate, and low frequency ranges (re-
ferred to as arcs I, II, and III, respectively, Fig. 3b). An
arc can be partial or incomplete if it extends past the
range of measurement and adjacent impedance arcs can
overlap.

The interpretation of the mechanism causing each arc
is grain interior conduction at the highest frequency
range, grain boundary conduction at intermediate fre-
quencies, and electrode-sample response at the lowest
frequencies. This interpretation is based on comparison
of single and polycrystalline experiments, experiments
on polycrystalline sample with varying dimensions, and
experiments utilizing different electrode configurations
(Tyburczy and Roberts 1990; Roberts and Tyburczy

1991, 1992a). Numerous other polycrystalline materials
display a similar type of electrical response including
Zr0,-Y,0; (Bauerle 1969), Al,O; (Lilley and Strutt
1979), BaTiO; (Chiou et al. 1989), and CeO, - Y ,05 (Ger-
hardt and Nowick 1986).

Modeling the Data with Equivalent Circuits

Each experimental impedance spectrum is modeled using
a circuit of resistors and capacitors. A complex non-
linear least squares (CNLS) fitting routine is used to
get the best fit. By fitting the data in this way, values
for individual resistors and capacitors are obtained that
are then related to specific conduction and polarization
mechanisms within the material (Macdonald 1985; Ro-
berts and Tyburczy 1991). Because we observe imped-
ance arcs that have different time constants, i.e., the im-
pedance arcs occur over different ranges of frequency
and are separate on complex impedance plane plots, the
equivalent circuit generally consists of two or more par-
allel RC circuit elements connected in series.

A parallel RC element produces a semi-circle in the
complex impedance plane, having a center that falls on
the real axis. The complex impedance of a parallel RC
circuit is given by

R—jwCR?

*=‘———
1+@*C*R*’

(6)

As w—0, the impedance is equal to the resistor value
R, or the width of the impedance arc, and there is no
capacitive component. Because in real materials the elec-
trical response often exhibits impedance arcs with centers
that lie below the real axis, a distributed element (CPE)
is used in the equivalent circuit to empirically describe

Fig. 4. The general form of the equivalent circuit used to model
the overall response observed in the samples of this study. This
circuit produces three impedance arcs in the complex plane, two
of which can have centers below the real axis, appropriate for the
polycrystalline samples. R, corresponds to the grain interior resis-
tance, Rpg, and CPE, correspond to grain boundary properties,
and R; and CPE, relate to electrode properties. If only two imped-
ance arcs are observed as in the single crystal experiments, one
distributed element (Rpg,, CPE,) is removed from the circuit. The
portion of the circuit enclosed by the dashed box indicates the
parts of the circuit that correspond solely to properties of the mate-
rial. The system capacitance Cy, is in parallel with the entire circuit.
Use of the high frequency measuring system, which has a much
lower Cj, than the low frequency measuring system, enables a
reasonable estimate of the grain interior capacitance (not shown)
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the depressed impedance arcs. The equation that de-
scribes the response of a CPE in parallel with a resistor
is

R
® . 7
ZZARC 1+(ja)1)“ ( )
where Z% ,rc indicates the complex impedance of an arc
depressed in the impedance plane. The exponent « relates
to 6 the angle of depression of the impedance arc
(¢=1—286/m) and varies between 0 and 1. For a=1 the
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Fig. 5. The resistivity spectra of NCD3 at 1200° C as a function
of f,. Roman numerals indicate the high-, intermediate-, and low-
frequency resistivity arcs, corresponding to grain interior, grain
boundary, and sample-electrode mechanisms, respectively. A filled
data point occurs every decade of frequency and the numeral indi-
cates log frequency of the corresponding filled point. The lines
through the data are the CNLS fit to the data using the equivalent
circuit of Fig. 4

CPE is an ideal capacitor (no depression, center of im-
pedance arc falls on the real axis) and there is a single
time constant ¢ equal to R-C. For «=0 the CPE is an
ideal resistor and there is no imaginary (capacitive) com-
ponent. Distributed elements and their responses are dis-
cussed by many authors (e.g., Macdonald 1985; Raistrick
1987). The general form of the equivalent circuit used
to model the results of this study is shown in Fig. 4.
When only two impedance arcs are observed the equiva-
lent circuit is modified by removing either the second
element (grain boundaries in the single crystal case), or
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Fig. 6. The resistivity spectra of NCD2 at 1101° C as a function
of f,. Roman numerals indicate the high-, intermediate-, and low-
frequency resistivity arcs, corresponding to grain interior, grain
boundary, and sample-electrode mechanisms, respectively. A filled

the third element {electrode response in the polycrystal-
line sample, four-electrode configuration).

Using the circuit in Fig. 4 and a CNLS fitting routine
(Macdonald et al. 1982; Hurt and Macdonald 1986) we
were able to fit the data and obtain values for each of
the specific components and parameters. Models of the
data obtained in this manner are shown as lines through
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data point occurs every decade of frequency and the numeral indi-
cates log frequency of the corresponding filled point. The lines
through the data are the CNLS {it to the data using the equivalent
circuit of Fig. 4

the experimental data for each experiment. The circuit
parameters obtained from the CNLS fit for each experi-
ment are listed in Table 1, along with the estimated stan-
dard deviations for each parameter. The resistances, res-
istivities, and conductivities obtained from the parame-
ters in Table 1 are DC values for the corresponding con-
duction mechanism. The parameters for the third circuit
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element are not always determined. The two reasons for
this are 1) only two impedance arcs are observed in the
impedance spectrum, as is the case in the single crystal
and four-electrode experiments, and 2) there were not
enough data points describing the electrode arc for an
adequate fit to be obtained.

Results
Impedance Spectra

Effect of Oxygen Fugacity on Impedance Spectra. The
resistivity spectra (impedance spectra corrected for sam-
ple dimensions) for NCD3 (1200° C) are shown in Fig. 5
as a function of increasing f,,,. The approximate stability
field of Fogo at 1200° C is between fu,’s of 107888 to
10°-63 Pa (Nitsan 1974). At the highest f,,,’s of our experi-
ments, three resistivity arcs are clearly observed. At the
lowest fp,’s the low frequency portion of the spectrum
is not well resolved; the grain boundary arc in particular
is very small compared to the grain interior arc. As the
fo, increases, the grain boundary arc emerges and be-
comes more distinct while the grain interior arc decreases
in width. These changes in the resistivity spectra indicate
that the grain interiors become more conductive with
increasing f,,, while the grain boundaries become more
resistive with increasing f,,. Similar changes are also
seen in the resistivity spectra of NCD2 (1101° C, Fig. 6).

The resistivity spectra of the San Quintin dunite at
1200° C and a range of f,, from 107896 to 1073-%¢ Pa
are shown in Fig. 7. The four-electrode technique was
used to measure the impedance of these samples and
no electrode response appears in these spectra. The gen-
eral electrical response of the SQD is similar to that
of the NCD in that two impedance arcs related to prop-
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Fig. 7. The modeled resistivity spectra of SQDS at 1200°C as a
function of f;,,. The four-electrode configuration was used in these
experiments, hence they lack a response due to the sample-electrode
interface. The numbers represent log fo,, (Pa) of the corresponding
model curve. The selid circles are data points for the experiment
performed at an f,, of 10~*8 Pa (solid line), one point is reported
per decade frequency
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Fig. 8. The resistivity spectra of SC19 at 1000 °C as a function
of fo,. A filled data point occurs every decade of frequency and
the numeral indicates log frequency of the corresponding filled
point. The highest frequency reported for each curve is 10* Hz
The spectra shown were taken at fo’s of 1077-%3, 107%13 and
1073-2° Pa, as indicated on the diagram. The lines through the
data are the CNLS fit to the data using the equivalent circuit
of Fig. 4, modified to produce only two impedance arcs. Only data
taken using the low-frequency measuring system are reported for
these experiments

erties of the material are present. The grain interior
mechanism decreases in resistivity with increasing fo,,
however, there is very little variation in the width of
the grain boundary arc with changes in fo,.

We have measured the impedance of a San Carlos
olivine single crystal in the [001] direction at 1001° C
at fo,’s of 107793, 107% '3, and 107 >-2° Pa (Fig. 8). The
resistivity spectra of the single crystal displays two arcs,
one at high frequency corresponding to conduction in
the crystal, and one at lower frequencies related to elec-
trode effects. The grain interior arc width decreases with
increasing f,,, and the electrode response arc width in-
creases with increasing fo, . The electrode arc at the high-
est fo, is no longer semicircular, but becomes asymmetric
at the lowest frequencies. One possible reason for the
changes in the electrode arc with changing f,, is the
decreased activity of Fe in Pt at higher f5,’s (Gudmunds-
son et al. 1992). The decreased Fe activity may cause
the electrodes to be more blocking to charge carriers
at the highest f,’s.

A similar, but less pronounced, electrode response
is observed in the NCD spectra (Fig. 5). The spectra of
NCD1 (1004° C; Fig. 9) display a greater amount of scat-
ter than the other NCD spectra. This is particularly true
for the low frequency portion of each spectrum
(<10 Hz). The low frequency impedance arcs are not
well-resolved and it was difficult to obtain fit parameters
for the grain boundary and electrode mechanisms. One
reason for this is that the measured impedances at
1004° C and low frequency are commonly greater than
500 k€. The measurements are more susceptible to noise
and electrical interference at high impedance values. At
an fo, of 10712 Pa (Fig. 9a) there is only one well-defined
impedance arc; that being the one corresponding to
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Fig. 9. The resistivity spectra of NCD1 at 1004° C as a function
of fo,. A filled data point occurs every decade of frequency and
the numeral indicates log frequency of the corresponding filled
point. The lines through the data are the CNLS fit to the data
using the equivalent circuit of Fig. 4. Only data taken using the

grain interiors. The low impedance portion of this spec-
trum is poor and cannot be fit properly. At higher f, s
some of the spectra display two overlapping arcs at fre-
quencies lower than that of the grain interior response.
Two experiments run at the same f,, (Fig. 9¢, d) display
very similar grain interior arcs with slightly different re-
sponses at low frequency. The low frequency portions
of NCD spectra at higher temperatures are much more
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low-frequency measuring system are reported for these experiments.
The inflated high-frequency impedance arc is a consequence of the
increased system capacitance of the low-frequency measuring sys-
tem

well-defined. It is unclear why single crystal olivine at
1001° C produces a pronounced electrode arc, while the
NCD at 1004° C does not.

Because of the difficulty in CNLS fitting of NCD1
and the ambiguity in the number of impedance arcs of
this experiment at low frequency, only the high frequency
grain interior fit parameters of this experiment (Table 1;
Ry, C,) can be used with confidence. Additional work
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needs to be performed to understand the differences be-
tween the single and polycrystalline electrode response
and the polarization mechanisms at the sample-electrode
interface.

Conductivity Results and Comparison to Other Studies

The conductivity of each experiment (c=1/p) has been
calculated from the resistances and sample dimensions
listed in Table 1. Conductivities obtained in this manner
are DC conductivities of the respective conduction mech-
anism. The conductivities and resistivities of the grain
boundaries are given as macroscopic properties, that is,
the resistance is corrected for the overall sample dimen-
sions, not the actual volume of the grain boundary phase
itself (pg =R,y A/l and o,,=(1/R,;)-I/A). Determined in
this manner, p,, and a,, are the normalized resistance
and conductance. All grain boundary resistivities and
conductivities reported here are macroscopic properties
unless otherwise designated. Additional discussion of
macroscopic and microscopic grain boundary electrical
properties follows in the Discussion section. The log of
the conductivity of the grain interiors, grain boundaries,
and the series total of the grain interior and grain bound-
ary conductivities is plotted as a function of log f,, in
Fig. 10 for the North Carolina dunite at 1200° C. The
general response of the grain interiors is typical for all
the experiments in this study; conductivity and slope
increase with increasing fo,. For all the experiments the
slope of the grain interiors at the highest f,’s is between
1/9 and 1/5. One interesting result is that the grain
boundaries of NCD2 and NCD3 display a negative f,,
dependence. Because the grain interior and grain bound-
ary resistivity mechanisms add in series, the total con-
ductivity is lower than either mechanism considered sep-
aratelY' That iS, ptotal:pgi+pgb> and Utotal=(1/agi
+1/o,,)”'. This situation occurs despite the grain
boundaries being more conductive than the grain interi-
ors. At 1200° C the grain boundaries contribute very

little to the total conductivity at the lowest f,’s, and
have a greater contribution to ¢,,, as fo, increases. Se-
ries behavior is also observed in polycrystalline olivine
compacts (Tyburczy and Roberts 1990; Roberts and Ty-
burczy 1991).

Also shown on Fig. 10 is the conductivity data from
Constable and Duba (1990). Their measurements were
performed on a dunite from Jackson County, North Caz-
olina, a rock similar to the Jackson County dunite used
in the present study, but it may not be from precisely
the same location. In Constable and Duba’s study, the
conductivity was determined by making measurements
over the frequency range 0.1-10 kHz and they report
little or no dependence of conductivity on frequency.
This frequency range roughly corresponds to the high
frequency grain interior mechanism. The agreement be-
tween the two results is quite good, with the data from
Constable and Duba about 0.2 log units lower in con-
ductivity than in our determination over the entire range
of f,, measured. The similarity in the two results is an
encouraging indication of inter-laboratory agreement.

As a comparison, 6,;, 0,4, and o,,, at 1200° C for
the San Quintin dunite are plotted against log fo, in
Fig. 11. The grain interiors of SQD are more conductive
than those of NCD over the entire range of f,,. This
is probably a result of the higher Fe content in the SQD.
Again, o,; displays a gradual increase in conductivity
and slope with increasing f,,. A significant difference
between the two dunites at 1200° C s in the grain bound-
ary conductivity. The grain boundary conductivity of
SQD shows little or no f,, dependence and is lower
in conductivity than the grain interior mechanism. The
result is that the SQD is a less conductive rock than
the NCD, even though the SQD is richer in Fe. In both
rocks the grain boundaries do not enhance the conduc-
tivity of the material, but over certain ranges of f,, play
an important role in determining the total conductivity.
These differences demonstrate the variability of grain
boundary properties in natural rocks. The SQD shows
very tight, “clean” grain boundaries in thin section and

- Fig. 10. Log o as a function of log f,, for NCD3 at

1 1200° C. For this rock, o,,>0,; over the entire range of
Jo,. At the lowest f,,’s the grain boundaries affect g,
1 very little, and have the greatest influence at the highest
1  fo,’s (compare to the San Quintin dunite at 1200° C,

] Fig. 11). The grain boundary conductivities display a

] negative f,, dependence. Diamonds are the conductivity
N of Jackson County, North Carolina dunite as
determined by Constable and Duba (1990) at
frequencies between 0.1 and 10 kHz (1200° C). Their

] experiments display an f,, dependence similar to that of
the grain interior conductivity of NCD3 of this work,
with about a 0.2 log ¢ offset over the entire range of
Jo,. The arrow indicates the f,, of the QFM buffer
assemblage at 1200° C
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_ Fig. 11. Log ¢ as a function of log f;, for the SQDS at
1200° C. This rock displays grain boundaries that are

E more resistive than grain interiors over entire range of
1 fo,, and the grain boundary conductivities are nearly
independent of f,. At the highest f,,’s o, is
dominated by the more resistive grain boundaries, in
contrast to NCD3 (Fig. 10). The arrow indicates the f,,
of the QFM buffer assemblage at 1200° C

Fig. 12, Log o, versus log fo, for all the experiments,
including the San Carlos single crystal and San Carlos
polycrystalline compacts (SCPC; Roberts and Tyburczy
1991). Lines are fits to the data using (8) in the text.

1 These fits assume an exponential f,, dependence of 1/5.5.
7 The dashed line fit to the 1200° C NCD data assumes

1 an exponential f,, dependence of 1/7 for comparison,
Both exponents provide adequate fits to the data over
the range of f,, of the experiments. The fit parameters
are listed in Table 2
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SEM. The grain boundaries in the NCD have a different
appearance, although no weathering products are ob-
served in pre-run optical and post-run SEM inspections
(see Figs. 1, 2). Physical differences in the grain bound-
aries (structure and/or composition) are possible reasons
for the differences in o, between the two rocks.

Grain Interior Conductivity. The grain interior conducti-
vities for all the experiments performed are plotted as
a function of f,, in Fig. 12. The single crystal results
for San Carlos single crystal olivine (SC19) are also
shown on this diagram (1000° C, [001] orientation). The
SC19 conductivities display a positive fo, dependence
that is steeper than the polycrystalline results. The SC19
conductivities are also higher than the grain interior con-
ductivities of the NCD. This relationship can be partly
attributed to taking measurements in the most conduc-
tive crystallographic direction and partly to greater Fe
content. Schock et al. (1989) report that the [001] direc-
tion of olivine is about 0.3 log units higher in conductivi-
ty than the [010] direction at 1200° C and fo,=10"" Pa.

The curves through the data points were fit using
the model
o=00+0f5, ®)
where o is the conductivity, o, is the conductivity inde-
pendent of f, , ¢, is the preexponential term, and c is
the exponent of the f,, dependence. This equation was
used by Constable and Duba (1990) to describe the con-
ductivity-fp, curves of their single and polycrystalline ex-
perimental results. Constable and Duba allowed oy, 0,
and ¢ to be frec variables when fitting their data. The
result is a very good fit to the data, but the exponent
¢ was found to be 0.296 (the weighted average for their
three data sets; Red Sea olivine, San Carlos olivine, and
Jackson County dunite). This is much higher than the
expected fo,-dependence of olivine conductivity based
on point defect calculations (Stocker and Smyth 1978;
Hirsch and Shankland 1991b) and other experimental
determinations {Schock et al. 1989). Based on the above
studies, the conductivity is expected to have a depen-
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dence on f,, to the 1/5.5-1/7 (0.18-0.14) power. Because
of its importance In interpreting electrical conduction
in olivine, a brief discussion of defect chemistry and the
recent defect model for olivine by Hirsch and Skankland
(1991b) is presented here.

Electrical conduction in olivine is largely dependent
on temperature, composition, f,, and defect chemistry.
The defect equilibria in Fe-bearing olivine has been qual-
itatively described (e.g., Stocker 1978a, b, ¢; Stocker and
Smyth 1978; Nakamura and Schmalzried 1983). The
model presented by Hirsch and Shankland (1991a, b)
is a computational model based on solving the set of
coupled nonlinear equations that govern the defect pop-
ulations using available thermodynamic data as model
input. The result is a set of quantitative models of the
concentration of each defect as a function of f, for differ-
ent temperatures and Fe content.

From Fig. 13 we note that at 1200° C the most con-
centrated defects in the range of fo, of our experiments
are electrons, trivalent Fe on Mg sites (Féjy, ; the small
polaron), oxygen interstitials (07), Mg vacancies (Vyz,),
Mg interstitials (Mg7), and Si vacancies (Vy;"). Here we
employ standard Krdger-Vink notation (1956). The con-
ductivity depends not only on the concentration of
charged defect species, but also their mobilities. That
is,

o=2¢;q; I &)

where c; is the concentration of the charge carrier, g;
is the charge, and y; is the mobility. In general, the con-
ductivity is dominated by one defect species (Tuller 1985;
Schock et al. 1989), in which case we expect a plot of
the conductivity versus f,, to have an f,, dependence

similar to that of the concentration of one of the defect

species listed above. The conductivity of the grain interi-
ors at 1200° C for the NCD and SQD both display a
positive fp, dependence (Fig. 10), with a slope that ap-
proaches 1/5.5 at the highest fo,’s. The grain interiors
of the NCD show similar f,, dependences at 1004 and
1101° C. Experimental measurement of the Seebeck coef-

ficient by Schock et al. (1989) indicates that the sign of
the dominant charge carrier in single crystal San Carlos
olivine is positive below 1390° C. According to the defect
population model, the only positively charged defect ex-
isting in sufficient quantity to account for the observed
conductivity is Fej,,. The concentration of Fej,, depends
on fo, to the 1/5.5 power which can be explained by
considering the following defect reaction (Schock et al.
1989):

20,4+ 8Fej, =405+ 2 Vi + Vsl + 8 Fejyg. (10
The equilibrium constant K, for this reaction can be
written as

K03, =(Feng)® Vi) (Vsi") (1)

where the brackets refer to the concentration of the spe-
cies. Assuming the charge balance condition (Fej,)
=4(Vye) = 8(V5;") yields

(Felg)=Kiofol™. 12)

Of the most abundant defects considered by Hirsch and
Shankland, Fey,, is the most abundant mobile charged
species and displays the correct f,, dependence and sign
of charge carrier to explain the observed experimental
data. A complicating factor is the possible contribution
to conduction of other defects. The mobility of ¢ may
be as much as 1000 times higher than that of Fe},, where~
as the mobility of V};, may be as low as 0.1 times the
mobility of Fey, (Hirsch and Shankland 1991b). The
total effective charge carriers contributing to conduction
would then be 1000{e’} + {Fej}+0.1{Vy,}, which is
plotted on Fig. 13. The effect is to modify the effective
charge carrier curve at low fo,’s so that there is a “flat’
region independent of f5,,, while Fej,, dominates conduc-
tion at higher fo,’s.

Because of experimental limitations, it is difficult to
obtain results at fo’s higher than 1072 Pa at 1200° C,
which means that measurements are made at fp,’s just
to the point at which one would expect to see the 1/5.5
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Table 2. Fitting parameters to conductivity-fo, data using (8)

Material Temp log o, logo, %RMS
0 (S/m) (S/m)

Grain interior mechanism, fixed exponent ¢c=1/5.5

NCD1 1004 —4.20+0.63 —3.104+0.10 0.6

NCD2 1101 —4.02+0.13 —2.99+0.15 0.69

NCD3 1200 ~3.704+0.05 —277+005 032

SQD5 1200 —3.404+0.07 —290+0.15 0.62

Grain interior mechanism, fixed exponent, c=1/7

NCD1 1004 —~425+0.11 —3294013 074

NCD2 1101 -4.124+0.24 —~3134£018 082

NCD3 1200 ~3.81+0.09 —287+007 043

SQD5 1200 —3.44+0.08 —299+0.14 058

Table 3. Fitting parameters to conductivity-f,, data using (13)

Material Temperature loga, Slope %RMS
G (S/m)

Grain boundary mechanism

NCD1 1004 ~390+0.10  0.019+0.014 090

NCD2 1101 —~3334£0.09 —0.033140.015 1.07

NCD3 1200 —3.134+0.34 —0.081+0.060 7.49

SQD3 1200 —3444005  0.008+0.009 083

Grain interior mechanism, single crystal sample

SC19 1001 ~256+048 013440073 244

or 1/7 fo, dependence. What we observe is the flat region
where the concentration of effective charge carriers re-
mains constant, until with increasing f,,, the concentra-
tion depends on f,, to the 1/5.5 power. Experimentally,
we do observe a gradual increase in the slope with in-
creasing fo,,, but not the full 1/5.5 dependence. For this
reason we fit the high frequency grain interior data using
(8) with the exponent ¢ fixed at a value of 1/5.5 (theoreti-
cal) and 1/7 (experimental, (Schock et al. 1989)). The re-
sults of these analyses are presented in Table 2. The sin-
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gle crystal data have been fit with a straight line equation
{(13), next section) because of the lack of data points
to get a meaningful fit using (8). The observed slope
is 0.134 (Table 3), consistent with similar measurements
made by Schock et al. (1989).

Grain Boundary Conductivity. The grain boundary con-
ductivity of each experiment is plotted in Fig. 14. The
equation

o=0.f5, (13)

was used to fit the data, and is a straight line on a log
o versus log fo; plot. o4 is the preexponential term and
the exponent c is the slope. A straight line fit was used
since there is no a priori reason to assume a different
type of f,, dependence, and the data do not indicate
any curvature. The values obtained from the fits are pre-
sented in Table 3. From Fig. 14 and Table 3 we note
that o, sops displays a very slight positive slope of 0.008,
in contrast to o, ycps Which has a slope of —0.081.
Another interesting observation is that the slope of
45, Ncp DeCcomes increasingly negative as temperature in-
creases. The mechanism responsible for grain boundary
conduction is not known. There are very little data avail-
able on intergranular diffusion in polycrystalline olivine.
Oxygen has been shown to diffuse relatively fast in polyc-
rystalline dunite (D~1077 cm~%/s at 1200° C, 1 GPa)
(Watson 1986). Because we expect that the concentration
of oxygen on grain boundaries increases with increasing
fo, the negative or non-f,, dependence of the conductivi-
ty appears to rule oxygen defects out as the grain bound-
ary mechanism. The only other study of intergranular
diffusion in olivine of which we are aware is by Naughton
and Fujkawa (1959). They determined that in polycrys-
talline olivine Dy, ,,~ 107" cm?/s at 1200° C, approxi-
mately the same rate as within the crystal lattice (Jurew-
icz and Watson 1988). The diffusion rate of Fe on grain
boundaries is at least one order of magnitude too slow
to account for the observed grain boundary conductivity
in these studies.

Fig. 14. Log o, versus log f,, for all the polycrystalline
experiments, including San Carlos polycrystalline

| compacts (SCPC; Roberts and Tyburczy 1991). The
lines through the data are straight line fits using (13).
The lowest f,, point for NCD1 is not included in the
. fit because of the uncertainty in this point. The fit
parameters are listed in Table 3. As temperature
increases, a,; of the NCD displays an increasingly

N negative slope. The grain boundaries of SQD5 show a
slight positive f,, dependence at 1200° C. The arrows
indicate fp,’s corresponding to the QFM buffer
assemblage at 1000 and 1200° C
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Total Conductivity of Polycrystalline Dunite. In both the
SQ and NC dunites, the two conduction mechanisms
add in series, resulting in a lower total conductivity than
for either mechanism considered separately (Figs. 10, 11).
The result is an f,, dependence for the total conductivity
that is lower than the grain interior f;,, dependence over
the range of experimental measurement. The total DC
conductivity as a function of f,, is shown in Fig. 15,
The lines through the data on this graph are the series
combination of the fits to g,; and o, of (8, 13) assuming
in f3/3-> dependence for the grain interiors such that

Orotar=(1/0gi+1/0g) . (14)

For the 1200° C data, a,,,, assuming the grain interior
conductivity varies as f, to the 1/7 power is also plotted.
Over the range of fo, of the experiments, this assumption
has a minimal effect on the description of g,,,,;. However,
when extrapolating to higher f,,’s this assumption can
have a slightly greater effect on ¢,,,,. The approximate
stability field of Fog, at 1200° C calculated from Nitsan
(1974) is illustrated on Fig. 15. On this diagram o6,,,
is plotted by extrapolating the f,, dependences of both
grain interior and grain boundary conductivity as deter-
mined from the fits to the data in Tables2 and 3
(Figs. 12, 14). At the higher f,, end of the stability region
the total conductivity of NCD3 (1200° C) actually de-
creases with increasing f,,. This decrease is a result of
the series behavior of the two conduction mechanisms
and the negative, or lower f,, dependence of the grain
boundary mechanism. The overall conductivity is con-
trolled by the most resistive mechanism. When the two
mechanisms are sub-equal, they both contribute to the
total conductivity. If one mechanism is much more res-
istive than the other, the total conductivity is dominated
by that mechanism. The slope of o, ycp Versus fo, be-
comes increasingly negative with increasing temperature.
If this trend continues at higher temperatures, the effect
demonstrated above where g,,,,, displays a negative slope
at the higher f5,’s will be increased. We caution that
further experiments are needed to determine the f,, de-

" pendence of both grain interior and grain boundary me-

chansims at the highest f,,’s of the Fog, stability field
and suggest that care be used when extrapolating the
results of this study to higher f,,, regions.

Discussion

The fo, dependence of the grain interior conductivity
is similar to that seen in other experimental studies and
predicted by chemical defect calculations. Defect model-
ing predicts that the concentration of Fe),, (and effective
charge carriers) will shift to higher f,,’s with increasing
temperature (Hirsch and Shankland 1991b). The experi-
mental results of this study (Fig. 12) agree with this pre-
diction. The SQD, higher in Fe content than NCD, does
not display as strong an f,, dependence as NCD at the
highest f,,’s over the same range of fo,. The grain bound-
aries display a negative f,, dependence. Grain boundary
regions are an area of intense research and high interest
in materials science. The structural, diffusive and electri-
cal properties of a large number of polycrystalline com-
pounds have been studied, but little research has been
performed on silicates. A number of parallels can be
made by comparing results from materials science to
the results of this study.

The idea that grain boundaries in polycrystalline ma-
terials representative of the upper mantle will enhance
the electrical conductivity of those materials is not sup-
ported by the results of this study. In the dunites studied
here we find that the grain boundary resistivity adds
in series with the grain interior resistivity, resulting in
a higher DC resistivity (lower conductivity) for the mate-
rial. Materials such as Al,O4, MgO, ZrO,, and numer-
ous other oxides demonstrate a similar grain boundary
response. This type of series behavior is caused by the
higher dielectric permittivity, and hence the higher capa-
citance, of the grain boundaries as compared to the grain
interiors. The phenomenon of grain boundaries occur-
ring in series with grain interiors resulting in a more
resistive material is termed the “grain boundary effect”



(Gerhardt and Nowick 1986). Gerhardt and Nowick
studied the grain boundary effect in doped ceria (dopants
Y, Gd, and La), an ionic conductor, and determined
that 6, pc could be reduced by up to three orders of
magnitude by this effect. The formation of a silica phase
at the grain boundaries was found to be the cause of
the resistive grain boundary arc. An interesting aspect
of their study (that may be applicable to silicate Earth
materials) is that the grain boundary effect could be near-
ly eliminated by using ultra-pure materials free of silica
and minimized by utilizing high dopant concentrations
and doping cations of large ionic radius. Grain bound-
aries are thought to be blocking to electronic conduction
mechanisms (Schock et al. 1977). Fog, is thought to be
an electronic conductor below 1390° C and an ionic con-
ductor at temperatures above 1390° C (Schock et al.
1989). This could indicate that charge blocking at grain
boundaries might be eliminated at temperatures greater
than 1400° C. Earlier work on the complex impedance
of San Carlos olivine compacts demonstrated that 6,,/0,;
increased with increasing temperature, and that above
1344° C ¢,,>0,;, consistent with the above scenario
(Roberts and Tyburczy 1991).

That the grain boundary region is an area containing
a large degree of disorder is generally agreed upon. Grain
boundaries can also display a definite periodicity and
composition. Furthermore, impurity segregation is com-
monly observed at grain boundaries. Duffy (1986) re-
ports that in ionic crystals (such as NiO) the mechanism
responsible for diffusion in grain boundaries and in the
bulk appears to be the same. In olivine, grain boundary
diffusion of Fe and lattice diffusion of Fe are on the
same order of magnitude (Naughton and Fujikawa 1959;
Jurewicz and Watson 1988; Nichols and Mackwell
1991). Grain boundary and grain interior conduction
mechanisms in the polycrystalline dunites studied here
may not be identical as evidenced by the distinctly differ-
ent f,, dependence of the crystal interior versus the grain
boundary conductivities. Two possibilities are 1) there
are two different conduction mechanisms (i.c., different
“defects” or ions) responsible for grain interior and grain
boundary conduction, or 2) the diffusivity and/or mobi-
lity of the “defects” or ions is different within the crystal
lattice and on the grain boundary. It may be possible
to learn more about the nature of the grain boundary
mechanism by performing additional conductivity, diffu-
sion, and thermopower experiments, and by analytically
determining the composition of the grain boundaries.
One possible reason for reduced defect mobility within
grain boundaries is the presence of a high number of
dangling bonds at grain boundaries (Grovenor 1985)
that can serve as charge and defect traps that inhibit
diffusion.

Another way of considering grain boundaries is as
an amorphous region (Chiou et al. 1989). An amorphous
region such as a glass or melt would be similar to a
grain boundary in that they are both highly disordered
regions and they both arc areas where diffusion, at least
in some materials, may occur quickly. The grain bound-
aries in this study have a much lower conductivity than
a glass or melt. We cannot directly compare o,y 4,5 Of
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this study to 6,4, because o,p puy is @ volume weighted
value of 6,4, micr,- This is illustrated by the observed series
electrical behavior of the grain interior and grain bound-
ary mechanisms. The bricklayer model (van Dijk and
Burggraaf 1981; Verkerk et al. 1982b; Bonanos et al
1987) has previously been used to describe conduction
in polycrystalline olivine (Roberts and Tyburczy 1991).
This model treats the material under study as a two
phase mixture of cubic grains surrounded everywhere
by the grain boundary ‘phase’. There are two end
member paths of conduction within this model: 1)
through a grain, across a grain boundary and through
a grain repeatedly, and 2) through a grain boundary
only, bypassing the grains. In light of this model, DC
resistivities in series add according to

Ptotal = (xgi) Pgi + (xgb/3) Pgb,mic (15)

where X, is the volume fraction of the grain boundary
phase, x,; is the volume fraction of the grain interiors
(xgi= 1), Pgp,mic is the microscopic grain boundary resis-
tivity (that is, the resistivity of pure grain boundary
‘phase’), and the factor of three arises because on the
average, only 1/3 of the grain boundary phase is in the
series path. x,; is estimated by

o - 3D?d+3Dd*+d’
&8 D34 3D?d+3Dd>+ 4>’

(16)

where D is the length of a side of a cubic grain and
d is the grain boundary width. For our experiments on
SQD D300 um, and we estimate d ~ 10 nm. For D> d,
Xgp = 3d/D. From Tyburczy and Waff (1983) we can esti-
mate a resistivity of basaltic melt (Hawaiian tholeiite)
at 1200° C of 0.5 Qm. With these parameters, equation
15 yields a value of p,,=p,;+1.7x 107> Qm. Since p,;
is on the order of 10° Qm, p,,.;=p,;. Assuming a wider
grain boundary width of 1pm, p,,=p,+1.7
x 1072 Qm, which is essentially the same result, meaning
that if the conductivity of grain boundaries is similar
to that of a melt, they would contribute nothing to the
total resistivity of a sample that exhibits series electrical
behavior. Alternatively, if the grain boundaries behave
similar to a melt and exhibit parallel conduction behav-
ior with the grain interiors, the conductivities add ac-
cording to

Ototar = (Xgi) Ogi +(2Xg5/3) O, mic- (17

Here the factor of 2/3 arises because two-thirds of the
grain boundary ‘phase’ is in parallel with the grain inte-
riors and we have assumed cubic grains. Using the same
parameters as before (0,~107°S/m, o, mie=2 S/m,
D=300pm, d=10nm), 6,y =0,+1.3x 107*S/m;
~1.13x107* S/m. For a wider grain boundary of 1 um,
Ororai=0g;+1.3x 1072 S/m; ~ 1.4 x 10~ 2 S/m. If parallel
behavior occurs, only one impedance arc will be ob-
served in the complex impedance plane (excluding the
electrode response). Experimentally this is not observed,
Pgp adds in series with p,; and the grain boundaries have
a much higher resistivity than silicate melts at similar
conditions. Thus we conclude that the grain boundary
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microscopic conductivity is much less than that of a ba-
saltic glass. For a minority phase such as a grain bound-
ary to enhance bulk conduction, that phase must have
a significantly higher conductivity than the grain interi-
018 (0gp, mic= 10° 0,;), and must conduct in parallel with
the grain interiors (7., ~T,;).

In terms of polycrystalline materials as analogs of
mantle rocks, xenoliths such as those found at San Quin-
tin and San Carlos probably better represent a sample
of the upper mantle than alpine peridotite bodies like
the Jackson County peridotite. Earlier work performed
on polycrystalline compacts of San Carlos olivine also
indicates series electrical behavior for grain interior and
grain boundary mechanisms (Tyburczy and Roberts
1990; Roberts and Tyburczy 1991). The grain interiors
of the polycrystalline compacts are more conductive than
those of the natural dunites of the present work (Fig. 12).
The grain boundaries of the polycrystalline compacts
are more resistive than o, ycp, slightly more conductive
than 6, sop at 1200° C, and nearly equal to o, ycp at
1100 and 1000° C (Fig. 14). The resulting total conduc-
tivity of the polycrystalline olivine compacts is greater
than either natural dunite (Fig. 15). Tyburczy and Ro-
berts also showed that from 800 to approximately
1250° C 6,4,<0y;, and from 1250 to 1400° C 6,,>0y;.
The ratio of grain interior to grain boundary conductivi-
ties of the San Quintin dunite displays the opposite tem-
perature dependence. At 900° C the SQD has more con-
ductive grain boundaries than grain interiors, and at
1200° C the grain interiors are more conductive than
the grain boundaries. The material with the most con-
ductive grain boundaries is the North Carolina dunite.
The ratio of 6,,/0,; increases with increasing temperature
for this material. In the natural rocks studied, the grain
boundary electrical response always acts in series with
the grain interior response. However, the value of a,,,
the relationship of g,, to o,;, and the f,, dependence
of o, exhibit considerable variability.

Conclusions

The role of grain boundaries in determining the electrical
properties of a material is dependent upon many factors,
including temperature, composition, and f,,. Only by
making complex impedance measurements at frequencies
as low as 1073 to 10™* Hz are we able to distinguish
grain boundary contributions and determine their sepa-
rate response to different experimental conditions. By
modeling the electrical response with equivalent circuits
of resistors and capacitors we are able to determine the
separate conductivities of both grain interiors and grain
boundaries. The conductivity of the grain interiors dis-
plays a positive f,, dependence, approaching an expo-
nential dependence of 1/5.5 at the most oxidizing fg,’s
within the olivine stability field. This behavior is in agree-
ment with previous experimental and theoretical deter-
minations. The electrical response of the grain bound-
aries is observed at lower frequencies than that of the
grain interiors, between approximately 1073 to 10° Hz
It is necessary to make measurements at frequen-

cies lower than this to accurately assess the sample-elec-
trode effects on the complex impedance. Series electrical
behavior is exhibited by the grain boundaries and grain
mnteriors indicating very different relaxation times. The
grain boundaries exhibit a different f,, dependence than
the grain interiors. The grain boundary conductivity of
the North Carolina dunite is greater than the grain inte-
rior conductivity and displays an increasingly negative
Jo, dependence with increasing temperature. The grain
boundaries of the San Quintin dunite are more resistive
than the grain interiors and display a slightly positive
Jo, dependence. The grain boundaries of ground-and-
pressed compacts of San Carlos olivine also exhibit res-
istive grain boundaries in series with grain interiors (Ty-
burczy and Roberts 1991). Because of the variable and
sometimes negative f,,, dependence of the grain bound-
ary conductivity, we conclude that the mechanism of
charge transport is probably not oxygen ion transport.
The grain boundary charge transport mechanism re-
mains to be determined. Mantle materials probably have
grain boundaries most like the San Quintin dunite, and
from this we might expect that the grain boundaries of
mantle materials will behave in a similar manner electri-
cally, exhibiting grain boundaries that are more resistive
than the grain interiors that add in series with grain
interiors. The effect of resistive, charge blocking grain
boundaries on the total conductivity of a polycrystalline
olivine may be reduced at temperatures above 1400° C.
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