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Abstract. The impedance spectra of single and polycrys-
talline olivine display two and three impedance arcs, re-
spectively. Impedance spectra of single crystal olivine,
polycrystalline olivine compacts, and natural dunite are
compared to deduce the causes of the different imped-
ance arcs. Variation of sample dimensions and use of
three- and four-electrode configurations aid in the inter-
pretation. The resistance of the two highest frequency
mechanisms varies directly with the length to area ratio
(l/A) of the sample. Experiments using the four-electrode
configuration confirm that the lowest frequency imped-
ance arc is caused by processes at the sample-electrode
interface. In both single and polycrystalline samples the
highest frequency mechanism is interpreted as bulk
(grain interior) conduction, and the lowest frequency
mechanism is attributed to sample-clectrode interface ef-
fects. In the polycrystalline samples, the intermediate fre-
quency mechanism is interpreted as the grain boundary
conduction mechanism. The resistances of the grain inte-
rior and grain boundary mechanisms add in a series
manner.

Introduction

Grain boundaries are known to play an important role
in the diffusive, mechanical, and electrical properties of
many polycrystalline materials. Understanding how
grain boundaries aftect the electrical properties of poly-
crystalline olivine is important to our interpretation of
the lower crust and upper mantle. It is the purpose of
this study to demonstrate that polycrystalline olivine dis-
plays a different frequency dependent electrical response
than single crystal olivine by observing the impedance
spectra of 1) ground-and-pressed olivine compacts, 2)
dunites, and 3) single crystal olivine. The impedance
spectra of these materials exhibit impedance arcs in the
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complex plane. These arcs represent different conduction
mechanisms that are separated in frequency because they
have different relaxation times. By performing experi-
ments on samples with different dimensions and using
different electrode configurations, it is possible to deter-
mine the conduction mechanisms responsible for the in-
dividual impedance arcs. In this way information per-
taining to the role of grain boundaries on the overall
electrical properties of a material may be obtained.

In this work we measure the frequency dependent
electrical behavior of polycrystalline and single crystal
olivine over the frequency range 10 ~* to 10° Hz. Several
mechanisms having different relaxation times are ob-
served in this extended frequency range. By making 4
to 6 measurements per decade of frequency, the imped-
ance spectra are generally more well-defined and the in-
dividual mechanisms are more easily observed than in
studies where only 1 to 2 measurements per decade of
frequency are reported. Because field measurements are
made in this range of frequencies it is important to mea-
sure the electrical response of Earth materials over this
same frequency range.

In previous papers, Roberts and Tyburczy (1991) and
Tyburczy and Roberts (1990) made frequency dependent
electrical measurements (10™* to 10* Hz) on ground-
and-pressed olivine compacts from 800 to 1400° C. They
observed impedance arcs in the complex impedance
plane and interpreted them as grain interior, grain
boundary, and electrode mechanisms from high to low
frequency, respectively. The present work adds to the
previous work and provides direct evidence for that in-
terpretation by analyzing experiments comparing single
versus polycrystalline olivine, two- versus four-electrode
experiments, and experiments with variable sample di-
mensions.

Nomenclature

Impedance is a complex quantity that includes an ohmic
resistance (the real component) and a reactance (the im-



20

aginary component). In this work the impedance is ex-
pressed as a magnitude and a phase (|Z|, ¢), and as
a real component and an imaginary component (Z', Z''),
or as a resistance and a capacitance (R, C). The complex
impedance Z* is given by

Z5=7'—jZ" (1)

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 ¢, and Z""=|Z]| sin ¢. The com-
plex impedance can also be represented by Z*=R—jX,,
where R corresponds to Z, the reactance X,=1/wC cor-
responds to Z”, and w is the angular frequency.

Previous Work

There are many studies in the ceramics literature that
utilize electrical measurements as a function of frequency
to determine the electrical properties of grain boundaries
(e.g., Bauerle 1969; Verkerk et al. 1982b; van Dijk and
Burggraaf 1981). Bauerle (1969) reported the electrical
response of polycrystalline yttria stabilized zirconia
(YSZ), and employed an equivalent circuit of resistors
and capacitors to describe the experimentally observed
response. By comparing measurements made with two-
and four-electrode configurations, and by examining the
variation of the individual circuit parameters with sam-
ple dimensions, he concluded that the high, intermediate,
and low-frequency responses are due to grain interior
(bulk), grain boundary, and electrode processes, respec-
tively. Abelard and Baumard (1980) measured the fre-
quency dependent electrical properties of sintered for-
sterite over the frequency range 10~ % to 10° Hz. They
observed a frequency dependent electrical response, but
did not specifically address the role of grain boundaries
in their measurements. Sato et al. (1986) studied the fre-
quency dependent electrical properties of partially mol-
ten gabbro. Although Sato et al.’s study does not investi-
gate grain boundary conduction, it does demonstrate
that the effects of electrodes are observed at the lowest
frequencies of measurement, and that by making a fre-
quency dependent electrical measurement a correction
can be made that eliminates the effects of the electrodes
from the measurements. Sato (1986) also investigated
the frequency dependent electrical properties of single
crystal San Carlos olivine over the frequency range 0.1
to 1000 Hz from 1000 to 1400° C as a function of oxygen
partial pressure. An important aspect of Sato’s study
is that different defect species have different relaxation
frequencies and information about the different defect
species is obtained by measuring the frequency depen-
dence of the dielectric constant.

A contrasting view of the frequency dependence of
electrical properties is presented by Constable and Duba
(1990) who measured the electrical conductivity of po-
lycrystalline dunite from Jackson County, North Caro-
lina. Between 0.1 and 10 kHz they reported dispersion

of conductivity less than 2 hundredths of a log unit.
Their lowest frequency of measurement roughly coin-
cides with the frequency of maximum phase angle com-
monly observed in other frequency dependent measure-
ments (Huebner and Voigt 1988 ; Roberts and Tyburczy
1991). This could mean that they did not measure the
electrical properties at frequencies low enough to ob-
serve additional conduction mechanisms. Another im-
portant factor is that Constable and Duba measured
the impedance magnitude and did not report a phase
angle measurement. The frequency variation of electrical
measurements is commonly most pronounced in plots
of the phase angle versus frequency, the real and imagin-
ary impedances versus frequency, and the imaginary im-
pedance versus the real impedance in the complex plane.

Experimental Procedures

Samples and Sample Preparation

Experiments were performed on ground-and-pressed polycrystal-
line samples prepared from San Carlos olivine (Foy;) single crys-
tals, a single crystal olivine from San Carlos, Arizona, and natural
dunite samples. The ground-and-pressed compacts were prepared
according to the procedure described in Roberts and Tyburczy
(1991). Two different natural dunite samples were examined. The
first natural sample was a dunite from the San Quintin volcanic
field in Baja California, Mexico (Basu and Murthy 1977). The
San Quintin dunite contains approximately 95% olivine (Fogq 5),
3% clinopyroxene and 2% spinel (Roberts and Tyburczy 1991).
Tt is relatively fine-grained with an average grain size of 0.2-
0.4 mm. The second natural dunite is from Jackson County, North
Carolina. It has an average grain size of 0.4 mm and the olivine
is Fo,, 5 in composition. The samples employed have no serpentine
or chlorite alteration.

The single crystal sample was prepared from a large gem quality
olivine specimen from San Carlos, Arizona (Foo,). This specimen
was oriented optically to within +3° of the [001] axis and was
carefully examined to 500 x to insure that it was free of fractures
and inclusions.

The method of preparing the samples for electrical properties
measurements is described in detail in Roberts and Tyburczy
(1991). Significant differences are noted here. Pt electrodes were
used for all the experiments except for samples NCDSE, NCD6A,
and NCD7A (Table 1) in which Ir electrodes were employed. No
difference in the electrical response of the material was observed
with the different electrode materials. Loss of Fe to the electrodes
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. Iron
loss was checked for during the experiments by making measure-
ments at a specific frequency at different times during the course
of an experiment. The variation in Z' (and |Z|) at 100 Hz was
less than 5% for experiments lasting 10 to 24 hours. Hirsch and
Shankland (1991) present a quantitative defect model of electrical
conduction in olivine and conclude that a small loss of Fe to elec-
trodes does not significantly affect electrical conductivity or oxygen
diffusivity in olivine.

The electrical measurements were made in a one atmosphere
total pressure gas mixing furnace. Samples were allowed to equili-
brate to experimental conditions for a period of 4-20 hours de-
pending on sample dimensions, grain size, and the experimental
temperature. 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 as determined by an
yttria stabilized zirconia (YSZ) oxygen sensor. Temperatures were
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Runname Temp,°C fo,Pa A/lm R, Q C,F Rpga, Q TpEzs S dpEs
Polycrystalline olivine compacts

PC10 1200 107°%  0.0424 2.0540.01x10* n.d 2.01+0.01 x10* 8.66+0.12x107%  0.30+0.01
PC6F 1200 1075°  0.0392 2.4240.03x10* 2.5940.07x1071% 197+40.52x10* 1.144+030x107* 0.44+0.04
PC6G 1200 1075°  0.0240 4.18-40.03x10* 2.70+0.04x107'% 4.5840.08x10* 6.04+0.48x10"" 0.34+0.01
PAH 1200 107+ 0.0231 4.08+0.01x10* 6.234+0.01x1071° 47840.02x10* 4.1040.21x107" 0.55+£0.01
North Carolina dunite

NCD3A 1200 10-%*  0.0553 3.80+0.01x10* 9.67+0.24x107*2 1.114+0.04x10* 1.164+0.13x10"% 0.56+0.01
NCD3E 1200 10743 00172 9.97+026x10* 9.81+0.77x107'? 6.264+090x10* 2.774+0.85x107% 0.55+0.04
NCD6A 1200 10747 0.0115 1414001x10° 7.11+0.13x107*% 9.15+0.34x10* 4.85+0.37x1072 0.5340.01
NCD7A 1200 10743 0.0175 1.314+0.01x10° 520+0.12x107** 3.614+0.61x10* 4.19-4+0.59%x107% 0.5840.05
San Carlos single crystal, [001}]

SC23 1198 10743 0.0170 7.184+0.28x 10* 2.524+0.20x107*% 125+0.04x10° 345+049x10°* 0.3840.01

Grain size ranges for the polycrystalline compacts are: PC10, 7-15; PC6F and PC6G, 35-45; PAH, 75-180 pm. n.d. — not determined

controlled and monitored to 4 3° C with Pt 70-Rh 30/Pt 94-Rh 6
thermocouples. The temperature gradient between the top and bot-
tom of the sample was less than 1° C.

An important factor to consider is the state of the grain bound-
aries: whether or not they are intact, and what effect grain bound-
ary microcracking has on the electrical properties of the grain
boundaries. Based on a previous analysis of thermal expansion
anisotropy in olivine compacts (Roberts and Tyburczy 1991) and
on physical inspection of the samples following an experiment,
it can be concluded that at least partial grain-to-grain contact exists
in these samples. In many cases sintering during the long duration
of an experiment (20-40 hours) increases the overall competency
of the sample and presumably the degree of grain-to-grain contact,
without significant differences in the observed impedance spectrum.
In addition, impedance spectra of ZrO, with grain sizes as small
as 4 um are qualitatively similiar to those of this study (Verkerk
et al. 1982b). On the other hand, acoustic and mechanical proper-
ties indicate that microcracks exist in samples such as these (Kuszyk
and Bradt 1973). Clearly, experimentation at elevated pressures
is needed to resolve this issue.

Impedance Measurements

Electrical measurements were made over the frequency range 5 x
1073 to 10° Hz using two data collection systems. Between 5 x 103
and 10* Hz data were collected using the system described by Ro-
berts and Tyburczy (1991). At frequencies from 5 to 10° Hz, data
were collected with a Hewlett Packard 4192 Impedance Spectrum
Analyzer. The two systems overlap in frequency between 0.005-
10 kHz (Fig. 1a); between 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 instrumentation amplifiers.
The high-frequency system has a built in correction to eliminate
the effects of stray capacitance at the highest frequencies. The fre-
quency at which we have switched from data obtained using one
system to the other for input into the equivalent circuit fitting
routine is typically 30-70 Hz. Accuracy of the measuring systems
was checked by analyzing circuits of precision resistors and capaci-
tors with values known to within 1%.

Results and Discussion

Experimental Data

A set of impedance measurements typical for polycrys-
talline olivine is shown in Fig. 1 (1200°C, fo =
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Fig. 1. a, b Impedance data for the North Carolina Dunite collected
at 1200° C and an fo, of 107°2 Pa (Pt electrodes). 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 displayed. Symbols: open circles, |Z|, LF; solid dia-
monds, |Z|, HF; open squares, phase angle, LF; solid triangles,
phase, HF. b Complex impedance plane plot of the data. A filled
circle occurs every decade of frequency ; numerals are log frequency
of the corresponding filled data point. The lines through the data
are model responses obtained from CNLS fitting with an equiva-
lent circuit
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1073-? Pa, dunite from Jackson County, North Caro-
lina). The measured parameters |Z| and ¢ are plotted
against frequency in Fig. 1a. In Fig. 1b, the imaginary
part of the complex impedance Z” is plotted against
the real part Z'. The complex impedance plane plot dis-
plays parts of three impedance arcs, which are circular
arcs approximately centered on the real axis. Each im-
pedance arc has a different characteristic relaxation time
(t=R- C) and corresponds to a separate conduction pro-
cess that is dominant over a distinct frequency range.
Impedance arcs will be distinct in the complex imped-
ance plane if the time constants differ by a factor of
about 100 or more. The impedance spectra presented
in this paper display 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. 1b).
An arc can be partial or incomplete if it extends past
the range of measurement or adjacent impedance arcs
can overlap.

Modeling the Data with Equivalent Circuits

Each impedance spectrum is modeled using a circuit of
resistors, capacitors, and other more specialized circuit
elements using a complex non-linear least squares
(CNLS) fitting routine described in detail by Macdonald
et al. (1982). Values for individual resistors and capaci-
tors are obtained that are then related to specific conduc-
tion and polarization mechanisms within the material
(Macdonald 1985; Roberts and Tyburczy 1991). Because

we observe impedance arcs that have different time con-

stants, i.e., the impedance arcs occur over different
ranges of frequency and are distinct on complex imped-
ance plane plots, the equivalent circuit generally consists
of two or more parallel 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. Because in real materials the electri-
cal response often exhibits impedance arcs with centers
that lie below the real axis, a constant phase element
(CPE) is used in the equivalent circuit in place of the
capacitor to empirically account for the depressed im-
pedance arcs. With the use of the CPE an additional
parameter « is introduced to the fit corresponding to
the angle of depression of the impedance arc. The equa-
tion describing the complex impedance of the circuit ele-
ment containing a CPE and a resistor in parallel (also
referred to as a distributed circuit element) ist

R
Z3 src= T+ Goo" 2

where j=]/—7, and «=1-2 6/x. The exponent « varies
between 0 and 1, and 6 is the angle of depression of
the center of the impedance arc below the real axis. For
a=1, the CPE is an ideal capacitor. Distributed elements
and their responses are discussed by many authors (e. g.,
Macdonald 1985; Raistrick 1987). Numerous equivalent
circuits can be used to describe the frequency response
of the impedance data. The general form of the equiva-
lent circuit used to model the results of this study is

Fig. 2. 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. If only two impedance arcs are ob-
served as in the single crystal experiments, the second distributed
element 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 material. The system capaci-
tance masks the smaller C; capacitance and is in parallel with
the entire circuit

shown in Fig. 2. This circuit was chosen because it accur-
ately describes the experimentally observed frequency
response over the entire frequency range of measure-
ment, yet is simple enough that portions of the circuit
(i.c., resistances) can be related to physical properties
of the material. Fitting parameters and the associated
errors are listed in Table 1.

Single Crystal, Polycrystalline and Dunite Impedance
Spectra

The most basic and direct evidence for grain boundary
conduction is the comparison of the impedance spectra
of a single crystal, a polycrystalline compact, and a dun-
ite (Fig. 3). These three experiments were performed us-
ing the two-electrode technique at approximately
1200° C and similar fo_’s. In the single crystal experiment
two impedance arcs are observed, while the polycrystal-
line compact and natural dunite display portions of three
impedance arcs. The width of the first highest frequency
arc for each material corresponds to a resistivity (p)
value of 950 to 1800 Qm. These values include differ-
ences from slightly different temperatures (1197.5-
1200° C), fo,’s (107 *?°-107%° Pa), and Fe content
(Foo;—Foe3). At 1200° C, the expected change in resis-
tance of the bulk mechanism from any one of these fac-
tors is less than 34% (based on T, f,,, and Fe content
variations of olivine conductivity; (Schock et al. 1989;
Hirsch et al. 1991; Roberts and Tyburczy 1991)). These
differences do not affect the number of impedance arcs,
but will have an effect on the width of the impedance
arc. The resistivity values calculated from the widths
of the highest frequency arcs are, however, similar to
published values for the resistivity of San Carlos olivine
and North Carolina dunite at similar conditions (Schock
et al. 1989; Constable and Duba 1990). Thus we infer
that the additional impedance arc in the polycrystalline
spectra is caused by the presence of grain boundaries,
and that the highest frequency impedance arc represents
bulk (grain interior) conduction through the crystal.
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Fig. 3a, b, ¢. Complex impedance spectra. a Single crystal San Car-
los olivine, 1197.5° C, fo, =10"*2? Pa, [001] orientation, Pt elcc-
trodes. b Polycrystalline San Carlos olivine compact, 1200° C, fo,=
1075-° Pa, 3545 um average grain size, Pt electrodes. ¢ Dunite
from Jackson County, North Carolina, 1200° C, f, =10"*28 Pa,
Ir electrodes. The lines through the data are models obtained by
CNLS fitting with equivalent circuits
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Table 2. Resistance versus 1/A straight line fits

Mechanism slope, Om y-intercept, Q
Polycrystalline compacts

Ri 1032 +44 —3658 +1533
R2 1406+ 5 —130674+ 143
North Carolina dunite

R1 1752 +290 6399+ 5877
R2 1126 +106 —9301 42175

Measurements on Samples of Different Dimensions

Sato et al. (1986) measured the complex impedance of
partially molten gabbro from 0.032 to 10* Hz using a
two-electrode technique. By examining samples of con-
stant area and different thickness they were able to eval-
uate the contribution of the sample electrode interface
to the total impedance. They concluded that electrode
polarization had no effect on the real impedance over
the range of frequency measured and affected the im-
aginary impedance only at the lowest frequencies of
measurement.

The resistance of a sample will increase for a thicker
sample if the area remains constant, and will decrease
for a sample of greater area if the thickness remains
constant. Similarly, specific properties of a material,
such as resistivity and permittivity, will remain constant
for samples of varying dimensions. Properties that relate
to the electrodes will vary with the area of the sample
and should be independent of sample thickness. In this
work we define the geometric factor (A/]) as the cross
sectional area-to-thickness ratio of the sample. The resis-
tivity is calculated from p= R 4//. where R is the resistor
value determined by the curve fitting routine (Table 1).
In order to compare resistances of different samples with
slightly different areas, we examine the variation of resis-
tance with the inverse of the geometric factor (I/A).
When plotted in this manner, the resistance of a sample
will tend to zero as the sample becomes infinitely thin
and of infinite areal extent, that is, as //4 goes to zero.

In the polycrystalline samples that we have examined,
the resistances of the two highest frequency mechanisms
vary linearly with variation in //4. This is shown in
Fig. 4 for polycrystalline olivine compacts and a dunite
from Jackson County, North Carolina. The low-fre-
guency mechanism resistance R; is extremely variable.
One cause of this variability is the lack of coverage of
the impedance arc at the lowest frequencies, making it
difficult to obtain the resistance (width) of this arc
through CNLS fitting. For this reason R, was not plot-
ted as a function of //4. The polycrystalline compacts
are comprised of samples with different grain sizes (Ta-
ble 1). However, in polycrystalline materials such as oliv-
ine and YSZ the bulk grain boundary resistivity is inde-
pendent of grain size in the grain size range of 4 to
200 um (Verkerk et al. 1982b; Roberts and Tyburczy
1991), and the comparison is valid. The dependence of
R on [/A4 indicates that the measured values represent
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Fig. 4a, b. Resistance of the two highest frequency
mechanisms plotted against the inverse of the geo-
metric factor (I/4). Open circles, mechanism 1 (high-
est frequency); filled circles mechanism I (intermedi-
ate frequency). a Polycrystalline San Carlos olivine
compacts, 1200° C, fo =10"*°"39 p North Caro-
lina dunite, 1200° C, fo,=10"%>. Lines are straight
line fits, see Table 2
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material properties, rather than properties of the elec-
trodes or measurement system. The lines through the
data on Fig. 4 are simple straight line fits using the equa-
tion R=(Il/A)*a+b, where a is the slope and b is the
y-intercept. Results for these fits are shown in Table 2.
One concern is the failure of these lines to have a zero
intercept. There are several factors to consider including
sample inhomogeneity, and temperature and f, control.
The y-intercept of R, for the polycrystalline compacts
(Fig. 5a) using equation (6) is —3658 41533 Q (errors
represent 1 standard deviation). The North Carolina
dunites (Fig. 4b) have a y-intercept of 6399+ 5877 Q for
R, . The intercepts for R, are not systematically positive
or negative indicating that the determined resistances
are not influenced by systematic errors in the measuring
system or data analysis technique. The most likely rea-
son for the non-zero intercepts is the samples are sepa-
rate, physically distinct samples, and therefore may not
be completely homogeneous. This is especially true for
the natural samples from North Carolina. Slight differ-
ences in these samples are inevitable.

Another difficulty is the control of temperature and

100

Jo,- The temperature is accurate to within +3°C, and
the fo, to within +0.15 log units. Assuming an Arrhen-
ius type temperature dependence of the conductivity of
single crystal olivine and an activation energy of 1.45 eV
for conduction (Roberts and Tyburczy 1991), a tempera-
ture variation of +3° C for a 1200° C experiment could
cause a variation in resistance measurement of + 2000 Q
for a given A/l value. Similarly, if conductivity depends
on fo, to the 1/5.5 power, (Schock etal. 1989), at
1200° C, an fo, variation of +0.15 log units has the po-
tential for a resistance variation of 45500 Q. In spite
of these potential difficulties, the resistance data in Fig. 4
do clearly demonstrate a linear dependence on sample
dimension. The variation of resistance with //4 of the
two highest frequency mechanisms of the polycrystalline
materials is consistent with mechanisms representing
properties of the materials.

Two- and Four-Electrode Experiments

Experiments performed using the four-electrode tech-
nique remove the effects of electrodes from the measure-
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Fig. 5a, b. Complex plane plots of impedance for San Quintin dun-
ite using two- and four-electrode methods. Solid lines are fits to
experimental data using equivalent circuits. a 1203° C, two-elec-
trode, fo_=107% Pa. b 1200° C, four-electrode, f,, =10~ > Pa. Two-
electrode results show low-frequency, high impedance behavior
characteristic of electrode effects. Four-electrode method eliminates
electrode effects from the measurement and reveals low-frequency
behavior of the sample. In the 1203° C case (a), the low frequency
response of the sample is obscured by the electrode effects in the
two-electrode measurement

ments (Lockner and Byerlee 1985; Olhoeft 1985). Com- '

parison of experiments on the San Quintin dunite using
two- and four-clectrode configurations (Fig. 5) shows
differences in both the real and imaginary parts of the
impedance, particularly at low frequencies (Roberts and
Tyburczy 1991). These experiments showed that one less
impedance arc is present in the results using a four-
electrode configuration. The remaining two impedance
arcs are taken to be related to properties of the material.
The two-electrode configuration experiments include a
large impedance arc at the lowest frequencies of mea-
surement that is related to electrode properties. Because
of high capacitance associated with blocking at elec-
trodes, the electrode response occurs at the lowest fre-
quencies of measurement. Thus we conclude that the
third (lowest frequency) arc represents electrical pro-
cesses at the sample-electrode interface and is not related
to the electrical properties of the sample, and the two
highest frequency arcs represent bulk properties of the
sample. These results also indicate that careful experi-
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mentation and study are required to accurately deter-
mine which portions of a particular impedance spectrum
relate to sample properties as opposed to properties of
the sample-electrode interface.

Comparison to Other Studies

A comparison of our results with those of similar experi-
ments on oxide and ceramic systems (e. g., Chu and Seitz
1978; van Dijk and Burggraaf 1981; Verkerk et al.
1982a; Tuller 1985; Tanaka et al. 1987) demonstrates
agreement in interpretation. When portions of three arcs
are observed in these studies, they have been attributed
to 1) grain interiors (highest frequency, lowest imped-
ance arc), 2) grain boundaries (intermediate frequency
and impedance arc), and 3) electrode processes (lowest
frequency, highest impedance arc). Impedance arcs sepa-
rated in the complex plane have time constants
T, €7, <75, and the same trend is observed in capaci-
tance values (C, < C, < C;). If grain boundaries are a
barrier to the conducting defect species and are areas
where polarization occurs (Kingery et al. 1976), then it
is reasonable to assume that grain boundaries have a
higher capacitance than the interior of a crystal grain.
Thus, a grain boundary impedance arc would occur at
lower frequencies than a grain interior impedance arc.

Conclusions

Single crystal olivine and polycrystalline olivine (com-
pacts and natural rocks) display distinctly different im-
pedance spectra over the frequency range 10~4-10° Hz.
The impedance spectra of polycrystalline materials ex-
hibit two impedance arcs attributable to properties of
the material, while the impedance spectra of single crys-
tal materials display only one impedance arc related to
material properties. Each impedance arc corresponds to
a separate conduction mechanism that is observed over
a distinct range of frequency, that is, the mechanisms
add in series. Our interpretation of these mechanisms
is that the highest frequency impedance arc is caused
by conduction through grain interiors, and for polycrys-
talline materials the low-frequency impedance arc is at-
tributable to grain boundary conduction. In both single
and polycrystalline materials the impedance arc at the
lowest frequencies of measurement corresponds to sam-
ple-electrode polarization effects. By modeling the elec-
trical response with equivalent circuits of resistors and
capacitors we are able to determine the separate conduc-
tivities of both grain interiors and grain boundaries. The
natural dunites and the polycrystalline olivine compacts
display similiar electrical behavior: the resistances of the
grain interior and grain boundary mechanisms add in
series. The ability to determine the separate contribu-
tions of each mechanism to the overall electrical re-
sponse is dependent on the series nature of the grain
interior and grain boundary mechanisms.
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