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Abstract. The resistance to current flow of minerals and partial-melts is a frequency dependent electri- 
cal property. Measurements of the frequency dependent electrical impedance of single crystal olivine, 
polycrystalline olivine, dunites, metapelites, and partial-melts, between 10 -4 and 105 Hz, when plotted 
in the complex impedance plane, reveal arcs that correspond to different conduction mechanisms in 
the material being studied. In polycrystalline materials, two impedance arcs related to material proper- 
ties (as opposed to electrode properties or electrode-sample interactions) are observed. Each impedance 
arc is activated over a distinct range of frequency, that is, the mechanisms occur in series. Based on 
experiments comparing single and polycrystalline impedance spectra, experiments on samples with 
different electrode configurations, and on samples of varying dimension, the mechanisms responsible 
for these impedance arcs are interpreted as grain interior conduction (~gi), grain boundary conduction 
(in polycrystalline materials; ~rgb) , and sample-electrode interface effects, from highest to lowest 
frequency, respectively. Impedance spectra of natural dunitic rocks reveal analogous behavior, that is, 
~rgb and O'g i add in series. The grain boundaries do not enhance the conductivity of any of the materials 
studied (a direct result of the observed series electrical behavior) and, under certain conditions, 
limit the total conductivity of the grain interior-grain boundary system. By examining the frequency 
dependence of the electrical properties of partial-melts, it is possible to gain information about micro- 
structure and the distribution of the melt phase and to determine the conditions under which the 
presence of melt enhances the total conductivity. Impedance spectra of olivine-basalt partial-melts 
indicate that at least two conduction mechanisms occur in series over the frequency range 10 4_ 
10 s Hz, similar to the observed electrical response of melt-absent polycrystalline materials. In a sample 
containing isolated melt pockets the intermediate frequency grain boundary impedance arc is modified 
by the presence of melt indicating series conduction behavior. In a sample with an interconnected melt 
phase the high frequency grain interior impedance arc is modified by the melt phase, indicating the 
initiation of parallel conduction behavior. Because field EM response versus frequency curves are used 
to derive conductivity versus depth profiles, it is important to perform laboratory experiments to 
understand the frequency-dependent electrical behavior of Earth materials. Activation energies deter- 
mined from studies that measure conductivity at a single frequency may be erroneous because of the 
shift of the dominant conduction mechanism with frequency as temperature is varied. 

Introduction 

Methods have been developed that utilize the electrical and magnetic properties 
of rocks and their response to either naturally occurring or artificially induced 
electromagnetic (EM) stimuli to explore the interior of the Earth. Profiles of 
conductivity versus depth derived from field observations add to our understanding 
of the composition, state, and dynamics of the crust and mantle. The usefulness 
of field based EM methods is dependent on accurate laboratory measurements of 
the electrical properties of relevant Earth materials and the interpretation of those 
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Fig. 1. Log conductivity versus reciprocal temperature for several single crystal olivine and olivine 
dominated rocks measured at 105 Pa total pressure. Symbols represent the conductivity of Red Sea 
peridot (RSP, [010], fo2 = 10-3 Pa, cgm; Duba et al., 1974), 'standard' San Carlos single crystal olivine 
(SO2, 10 -4Pa, cgm; Constable et al., 1991), Jackson County dunite (JCD, fo2 = 10-4'5 Pa, cgm; 
Constable and Duba, 1990), San Quintin dunite (SQD, fo2 = 10 SPa, wustite-magnetite; Roberts and 
Tyburczy, 1991), San Carlos sintered olivine compacts (SCO, fo2 = 10 .5 Pa, wustite-magnetite; Tybur- 
czy and Roberts, 1990), and Mount Porndon lherzolite (MPL, fo2 = 10-4 Pa, cgm; Constable and 
Duba, 1993). The oxygen fugacities listed above are the fo2 for each experiment at 1200 °C using a 
constant gas mix (cgm) or corresponding to a specific buffer assemblage (assemblage given). The line 
SO2 is a model of the conductivity of an isotropic material based on single crystal olivine measurements 
made in each of the principle crystallographic directions. The SCO data represent the DC conductivity 
of the grain interior (open triangles) and grain boundary (solid triangles) mechanisms of the polycrystal- 
line olivine compact as determined by a frequency dependent analysis. The S C O t o t a l  data (solid squares) 
represent the total conductivity of the sintered San Carlos olivine compact according to the series 
mixing model. Between 1200 and 800 °C the activation energy for all samples is within the range 1.45- 

1.6 eV. 

measurements. The electrical properties of minerals are strongly dependent on 
temperature, composition, and point defect chemistry, and are also dependent 
on the frequency at which the measurements are made. Complex impedance 
measurements aid our understanding and interpretation of single frequency electri- 
cal properties measurements. In this paper the frequency dependent nature of the 
electrical response of minerals and partial-melts is reviewed with particular atten- 
tion to the mineral olivine, an important mineral in the lower crust and upper 
mantle. 

A number of recent laboratory studies reporting the conductivity of single 
crystal olivine, polycrystalline olivine sintered compacts, and natural dunites and 
lherzolites as a function of temperature are shown in Figure 1. All of the data 
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were taken under conditions of controlled f Q  at 105 Pa (1 bar) total pressure. 
The Fe content for these samples ranges from ~Fo90 to Fo93. 
The difference in absolute conductivity at any given temperature most likely is a 
result of the differing Fe contents, the fo2 of the experiment, minor element 
chemistry, and sample history. As noted by Duba and Constable (1993), the 
metamorphic or recrystallized olivines from the Red Sea (RSP) and Jackson 
County, North Carolina (JCD) have a lower conductivity than the igneous olivines 
from San Carlos (Arizona; SC), San Quintin dunite (Baja California; SQD), and 
Mount Porndon lherzolite (Australia; MPL). Overall, the agreement between 
these different samples and laboratories is quite good; the determined activation 
energies for all the samples fall between the range of 1.45 and 1.6 eV. It is 
important to note that the data reported in Figure 1 were taken at a single 
frequency with the exception of SQD and SCO. The results for these two experi- 
ments are the dc conductivity of the grain interior conduction mechanism as 
determined by measurements taken over a range of frequency (Roberts and Tybur- 
czy, 1991). 

Single frequency measurements of the electrical conductivity of single crystal 
olivine have led to an increased understanding of point defect chemistry and defect 
mobility in these materials (e.g., Sato, 1986; Schock et al., 1989; Hirsch et al., 

1993). Conductivity studies as a function of temperature and fo2 and thermopower 
studies of Fe bearing olivine indicate that below 1390 °C the dominant defect 
species responsible for electrical conduction is the small polaron (Fe~g; standard 
Kroger-Vink defect notation), and above 1390 °C Mg vacancies (V~ag) are the 
dominant charge carriers (Schock et al., 1989). In polycrystalline materials grain 
boundaries are also known to play an important role in the diffusive and electrical 
properties of polycrystalline materials. Small amounts of melt have a potentially 
large effect on the overall electrical properties of a material. An understanding of 
how grain boundaries and the presence of melt affect the electrical properties of 
polycrystalline olivine is also important to our interpretation of the lower crust 
and upper mantle. One purpose of this study is to demonstrate that information 
about individual conduction mechanisms and microstructure can be determined 
by examining the frequency dependent electrical response of minerals and partial- 
melts. Another important factor is that parameters such as resistivity and conduc- 
tivity determined at a single frequency may differ significantly from parameters 
determined by examining the frequency dependent electrical behavior. This can 
be especially important for the determination of activation energies at relatively 
low temperatures (e.g., below 1000 °C for olivine). 

Nomenclature 

Impedance is the total opposition to current flow in response to an AC signal and 
is a complex quantity, generally expressed as a magnitude and a phase (I Z[, ~b), 
as a real component and an imaginary component (Z', Z"), or as a resistance and 
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a capacitance (R, C). In rocks impedance normally contains both resistive and 
capacitive components. The complex impedance Z* is given by 

Z *  = Z '  - j Z "  (1) 

where the asterisk denotes a complex quantity, a single prime indicates a real 
quantity, the double prime indicates an imaginary quantity, and j is ~/-1. The 
real and imaginary parts of the impedance are obtained from the measured quanti- 
ties I Z[ and ~b determined at a given frequency by 

z '  = I z l  cos 

Z"  = [Z I sin qS. 

(2) 

(3) 

The complex resistivity p* is obtained by multiplying the impedance by the geomet- 
ric factor which is the area to thickness ratio of the sample, g f  = A l l .  The complex 
conductivity O* is equal to the inverse of p*. The complex conductivity is also 
represented as 

O* = o- + jo)e',  (4) 

where the conductivity o- =~oE", w is the angular frequency, and e' and e" are the 
real and imaginary parts of the dielectric permittivity, e* is related to the complex 
impedance through 

E* = ( jooCoZ*)  -1 = Y*l jooCo -- ( M  , ) - 1  (5) 

where Co is the capacitance of the empty cell (Co = EoA/l) .  The relative permittivity 
K* is the dielectric permittivity divided by the permittivity of free space E0 = 
8.854 x 10 -12 F/re .  The complex admittance Y* and modulus M* are related to 
the complex impedance through 

Y *  = ( Z * )  -1  = O*l lA  

M * -- j w C o Z *  = ( ~ , ) - 1 .  

(6) 

(7) 

Each of the above formalisms emphasize different aspects of the AC response, 
and we find that plots in the complex impedance plane are the most illustrative 
and useful in terms of modeling our data. The permittivity and modulus formalisms 
refer to properties of the material, while the impedance and admittance formalisms 
involve the measured response of the sample with dimensions A and l. In this 
work we will differentiate between conductivities determined by single frequency 
measurements as 'apparent' conductivities (O'app) and conductivities determined 
by analysis of the frequency dependent electrical response (O-pc). The true 'DC' 
conductivity or resistivity of a given mechanism is the real value of the complex 
impedance at zero frequency (uninfluenced by overlap of other mechanisms or 
processes). 
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Experimental data 

A set of impedance measurements typical for polycrystalline olivine is shown in 
Figure 2. The data shown in this figure are the results of an experiment at 1200 °C, 
one atmosphere total pressure, and an fo2 of 10 -5.2 Pa on a dunite from Jackson 
County, North Carolina (Roberts and Tyburczy, 1993a). The measured parameters 
[Z[ and ~b are plotted against frequency in Figure 2a. In Figure 2b, the imaginary 
part of the complex impedance Z" is plotted against the real part Z'. The complex 
impedance plane plot displays parts of three impedance arcs, which are circular 
arcs approximately centered on the real axis. Each impedance arc has a different 
characteristic relaxation time (z = R • C) and corresponds to a separate conduction 
process that is dominant over a distinct frequency range. Impedance arcs will be 
distinct in the complex impedance plane if the time constants differ by a factor of 
100 or more. An arc can be partial or incomplete if it extends past the range of 
measurement and adjacent impedance arcs can overlap. 

Modeling the data with equivalent circuits 

Impedance spectra can be modeled using circuits of resistors, capacitors, and other 
more specialized circuit elements (Bauerle, 1969). A complex non-linear least 
squares (CNLS) fitting routine is commonly used to find the best fit. By fitting the 
data in this way, accurate values for individual resistors and capacitors are obtained 
that are then related to specific conduction and polarization mechanisms within 
the material (Macdonald, 1985; Roberts and Tyburczy, 1991). Because we observe 
impedance arcs that have different time constants, i.e., the impedance arcs occur 
over different ranges of frequency and are distinct on complex impedance 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 (Figure 3). 
Because in real materials the electrical 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 impedance arcs (Figure 3c). With the use of the CPE an additional 
parameter o~ is introduced to the fit corresponding to the angle of depression of 
the impedance arc. The equation describing the complex impedance of the parallel 
circuit element containing a CPE (also referred to as a distributed circuit element) 
is 

R 
Z ~ A ~ C  -- (8) 

1 + ( j , 0 ~ )  ~ 

where a = 1-20/~'. The exponent a varies between 0 and 1, and 0 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 represent 
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Fig. 2. Impedance data at 1200 °C and an fo2 of 10 .5.2 Pa for the North Carolina Dunite (Roberts 
and Tyburczy, 1993a). (a) Impedance magnitude and phase angle versus log frequency in Hz. Figure 
b is the complex impedance plane plot of the data. The impedance spectra of polycrystalline olivine 
display 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 
corresponding filled data point. The lines through the data are model responses obtained from CNLS 

fitting with an equivalent circuit. 
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in single, polycrystalline, and partially-molten samples. This circuit produces three impedance arcs in 
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entire circuit. (c) To account for impedance arcs having centers that fall below the real axis, constant 

phase elements are substituted for the capacitors in (a). See text for discussion. 
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deviations from perfect Debye relaxation in materials and are discussed by many 
authors (e.g., Macdonald, 1985; Raistrick, 1987). 

Previous impedance studies 

It has been amply demonstrated that rocks that exist in the crust (wet, dry, and 
partially molten rocks) display frequency dependent electrical behavior (e.g., 
Knight, 1984; Lockner and Byerlee, 1985; Will and Nover, 1986; Sato et al., 1986; 
Roberts and Tyburczy, 1991). While there has been much study of the electrical 
properties of olivine (e.g., Hughes, 1955; Duba, 1972; Duba et al., 1974; Cemic 
et al., 1980; Lacam, 1983; Schock et al., 1989; Constable and Duba, 1990), few 
experiments have been performed investigating the frequency dependence of elec- 
trical properties. The earliest study of this nature concerning olivine is that by 
Abelard and Baumard (1980), who investigated the AC properties of sintered 
polycrystalline forsterite between 400 and 900 °C. They observed a strong fre- 
quency dependence over the range 10 -1 to 105 Hz. They suggest that the electrical 
response they observe at frequencies under 1 Hz may be caused by microstructure 
or electrode processes. Sato (1986) measured the high-temperature (1000-1400 °C) 
AC electrical properties of San Carlos olivine single crystals between 10 -1 and 
104 Hz to find conductivities and dielectric constants as a function of oxygen partial 
pressure. Sato concluded that between 1200 and 1400 °C and at relatively high 
oxygen partial pressures (fo~ I> 10 -s Pa), real dielectric constants are proportional 

D1/6 and the major defect species contributing to conduction are Mg vacancies to ~o2 
and Fe 3+ on Fe E+ sites (electron holes). At lower oxygen partial pressures, Sato 
observed a weaker Po2 dependence and suggested that Mg interstitials and elec- 
trons contribute to the electrical conductivity in addition to Mg vacancies and 
electron holes. 

A study of the electrical conductivity of diopside single crystals from 800 to 
1300 °C over the frequency range 10 .3 to l0 s Hz revealed frequency dependent 
behavior (Huebner and Voight, 1988). The DC conductivity values of the crystal 
interiors were taken at the frequencies where the phase angle was closest to zero 
(no imaginary component in I Z I), usually between 10 and 100 Hz, corresponding 
to the width of the first (grain interior) impedance arc. 

Determination of conduction mechanisms in polycrystalline materials: Observations 
of grain boundary conductivity 

There are many studies in the ceramics literature that utilize electrical measure- 
ments as a function of frequency to separate the contributions of the crystals 
(grain interior) and the grain boundaries of polycrystalline materials to the overall 
electrical properties of the material (e.g., Bauerle, 1969; Chu and Seitz, 1978; 
Lilley and Strutt, 1979; van Dijk and Burggraaf, 1981; Verkerk et al, 1982; Tanaka 
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et aI., 1987) The study by Bauerle (1969) reported the electrical response of 
polycrystalline yttria stabilized zirconia (YSZ). Bauerle used 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 sample dimen- 
sions, he concluded that the high, intermediate, and low frequency responses are 
due to grain interior, grain boundary, and electrode processes, respectively. 

Most work involving grain boundary transport in geologic materials has come 
from studies of intergranular diffusion (Naughton and Fujikawa, 1959; Brady, 
1983; Watson, 1986; Jurewicz and Watson, 1989), rather than electrical measure- 
ments. Grain boundaries are known to play an important role in many physical 
properties of rock including diffusion, creep, and electrical conduction. It has 
previously been suggested that grain boundaries may be responsible for enhanced 
conduction in olivine-rich rock (e.g., Shankland and Waft, 1977; Shankland, 1981; 
Kariya and Shankland, 1983). Schock et al. (1977) studied the single frequency 
conductivity of ground-and-pressed polycrystalline olivine and concluded that grain 
boundaries have only a small effect on the overall conductivity. Haak (1982) 
compared conductivity results of single and polycrystalline olivine samples and 
concluded that between 560 and 1150°C polycrystalline samples exhibit higher 
conductivity than single crystal samples. Because single crystal samples have higher 
activation energies than polycrystalline samples, the conductivities become equal 
at approximately 1400 °C. 

Will and Nover (1986) employed frequency dependent electrical measurements 
on wet and dry metapelite samples at pressures of 1 to 20 MPa and 1 GPa from 
the Konzen, Germany borehole to determine the individual resistances caused by 
the grain interior, grain boundary and electrode conduction mechanisms, which 
occurred from high to low frequencies, respectively. Tyburczy and Roberts (1990) 
and Roberts and Tyburczy (1991) applied impedance spectroscopy to polycrystal- 
line olivine compacts and natural dunite samples in a one atmosphere total pressure 
gas mixing furnace. By examining the change in resistance of the two highest 
frequency mechanisms with changing sample dimensions (Figure 4) and by utilizing 
different electrode configurations (Figure 5), they determined that the grain in- 
terior and grain boundary mechanisms add in a series manner leading to increased 
resistance and decreased conductivity for a polycrystalline material as compared 
to a single crystal sample. 

The most basic and direct evidence for grain boundary conduction is the direct 
comparison of the impedance spectra of a single crystal, a polycrystalline compact, 
and a dunite (Figure 6; Roberts and Tyburczy, 1993b). These three experiments 
were performed using the two electrode technique at a temperature of approxi- 
mately 1200 °C and similar fo2'S. In the single crystal experiment two impedance 
arcs are observed, while the polycrystalline compact and natural dunite display 
portions of three impedance arcs. Thus we infer that the additional impedance 
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arc in the polycrystalline spectra is caused by the presence of grain boundaries, 
and that the highest frequency impedance arc represents grain interior conduction 

through the crystal. 
There is some question about whether or not the observed grain boundary 

response (that is, relatively resistive grain boundaries acting in series with grain 
interiors) is the result of grain boundary microcracking from thermal expansion 
anisotropy and grain boundaries that are not intact. Roberts and Tyburczy (1991) 
performed experiments on polycrystalline olivine compacts at 1200 °C as a function 
of grain size (7-180/xm) and report  no effect on the electrical response of the 
grain interior and grain boundary mechanisms. An especially important aspect of 
Will and Nover 's  (1986) work is that they performed measurements at 1 MPa and 
1 GPa pressure, and still observed impedance spectra characteristic of resistive 
(series) grain boundary behavior. Electrical measurements on fine grained dry 
rocks at these pressures indicate portions of three impedance arcs, similar to the 
response observed for polycrystalline materials at one atmosphere total pressure. 

Sato and coworkers (Sato and Ida, 1984; Sato et al . ,  1986) observed the fre- 
quency dependent  electrical response of partially molten gabbro that they attri- 
buted to physical constriction of the interconnections between melt pockets, but 
did not find grain boundaries to be resistive at temperatures below Tsozia,s. Pro- 
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posed causes of low grain boundary conductivity that have been discussed in the 
literature include impurity or phase segregation along grain boundaries and static 
space-charge polarized regions that exist at equilibrium on grain boundaries (King- 
ery et al . ,  1976; Chu and Seitz, 1978). Identification and characterization of the 
grain boundary structures and processes that control grain boundary conductivity 
are important problems that remain for future work. It is likely that in natural 
materials there exists extreme variability in the composition of grain boundaries 
and in their transport properties. 

A contrasting view of the frequency dependence of electrical properties and the 
role of grain boundaries on the overall electrical properties of a material is pre- 
sented by Constable and Duba (1990) who measured the electrical conductivity 
of polycrystalline dunite from Jackson County, North Carolina. Between 0.1 and 
10 kHz they reported no significant dependence of conductivity on frequency with 
dispersion of conductivity less than 2 hundredths of a log unit over this frequency 
range. Their lowest frequency of measurement roughly coincides with the fre- 
quency of maximum phase angle (minimum negative phase angle) commonly 
observed in other frequency dependent measurements (Huebner and Voight, 1988; 
Roberts and Tyburczy, 1991). This could mean that they did not measure the 
electrical properties at low enough frequencies to observe additional conduction 
mechanisms that may have a low frequency response. Another important factor 
is that they measured the impedance magnitude, and did not report a phase angle 
measurement. The frequency variation of electrical measurements is commonly 
most pronounced in the phase angle versus frequency, the real and imaginary 
impedances plotted against frequency, and the imaginary impedance plotted 
against the real impedance in the complex plane. 

Olivine-basalt partial-melts 

With the background knowledge that grain boundaries act electrically in series 
with the grain interiors, a useful set of experiments is the observation of the effect 
of a small amount of melt on the electrical properties of a polycrystalline material 
such as olivine. These measurements have direct relevance to the interpretation 
of areas identified by field EM surveys that display relatively high apparent conduc- 
tivity such as the high conductivity layer (HCL) that exists beneath the oceanic 
crust near mid ocean ridges (Filloux, 1980; Oldenburg, 1981) and other areas 
where a melt phase might coexist with the solid minerals. 

As mentioned above, Sato and coworkers investigated the frequency dependent 
electrical response of partially molten gabbro between 3.2 × 10 -2 and 104 Hz from 
780 to 1200 °C (Sato and Ida, 1984; Sato et al. ,  1986). This important work related 
the observed frequency response to the microstructural distribution of the melt 
phase and diffusion of ions within the melt (Sato and Ida, 1984). Another impor- 
tant aspect of this work is the conclusion that the observed frequency dispersion 
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in partial-melt samples may have an effect on the interpretation of magnetotelluric 
(MT) sounding curves and that conductivities of partially-molten rocks determined 
at frequencies above 10 Hz are not directly applicable in the interpretation of 
geomagnetic results. Sato and Ida demonstrate that apparent conductivities deter- 
mined from MT models differ from experimentally determined conductivities, and 
that the difference is dependent on the degree of frequency dispersion. It is 
possible that this effect will cause the mis-estimation of temperature as determined 
by the comparison of laboratory measurements and MT sounding curves and is 
judged important if melt pockets are larger than 1 mm. 

Recent measurements of the frequency dependence of conductivity of polycrys- 
talline olivine in a Na-silicate glass matrix show significant frequency dispersion 
between 102 and 104 Hz at temperatures above 900 °C (Wanamaker and Duba, 
1991). They suggest that the measured conductivity is a sensitive indicator of melt 
fraction, melt distribution, and melt structure. 

We report here results of preliminary impedance spectroscopy experiments on 
olivine-basalt partial-melts. Two different types of partial-melts were examined. 
The first sample consisted of FOB0 olivine grains mixed with 5% powdered basalt 
(a mid-ocean ridge basalt from the Juan de Fuca Ridge; composition given by 
Fine and Stolper, 1985) by weight in the starting material (PM03). The mixture 
was placed in Fe doped Pt capsules and prepared in an internally heated Ar gas 
pressure vessel at 350 MPa and 1130 °C for a period of 284 hours. Post-run ion 
microprobe analyses indicated that some water was present in the melt (on the 
order of 1%), but quantitative measurement was not possible. At these conditions 
the sample was above the solidus temperature. The relatively long run time served 
to ensure that the sample reached an equilibrium distribution of the melt phase 
(Figure 7a). The second partial-melt sample consisted of San Carlos olivine grains 
and a melt phase that was created during the sintering of a polycrystalline compact 
in a one atm gas mixing furnace at 1450 °C (PC07, grain size 50-90/zm). This 
sample did not reach textural equilibrium as evidenced by post-run SEM (Figure 
7b). It is useful to compare the impedance spectra of these two types of samples 
and observe the effect of the melt phase on the previously described grain interior 
and grain boundary conduction mechanisms. 

The impedance spectra for the interconnected partial-melt (PM03) are reported 
in Figure 8. Measurements were taken at 684, 812, 1004, and 1200 °C in a one 
atmosphere gas mixing furnace (CO/CO2 gas mixture) at an fo2 approximately 
corresponding to the FMQ buffer assemblage minus two log units (FMQ-2; at 
1200 °C, FMQ-1.6). An interesting observation is that at the lower temperatures 
(684 and 812 °C) portions of three impedance arcs are clearly observed, similar to 
the dry polycrystalline response, while at higher temperatures (1004 and 1200 °C), 
only two impedance arcs are clearly observed. At the higher temperatures one 
less conduction mechanism appears to be in effect. Another important point is 
illustrated in Figure 9, a plot of log Ogi-Dc versus reciprocal temperature for the 
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Fig. 7. (a) Backscatter SEM image of the texturally equilibrated partial-melt (PM03). The melt 
regions (dark gray) form an interconnected melt network. (b) Backscatter SEM image of the non- 

texturally equilibrated partial-melt (PC07). 
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high f r equency  m e c h a n i s m  only.  In  this d i a g r a m  it can be  seen  tha t  the  high 

f r equency  mechan i sm ,  which  c o r r e s p o n d s  to  gra in  in te r io r  c o n d u c t i v i t y  in mel t -  

absen t  s tudies  o f  po lycrys ta l l ine  o l iv ine ,  increases  d rama t i ca l ly  at  1200 °C. O u r  

i n t e rp re t a t i on  is tha t  at  the  h igher  t e m p e r a t u r e s  pa ra l l e l  conduc t ion  b e h a v i o r  
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between the crystal and melt phases is initiated. This would also account for the 
apparent decrease in the number of observed impedance arcs at 1004 and 1200 °C. 

In contrast, the non-interconnected partial-melt (PC07) displays portions of 
three impedance arcs at 1200 °C (Figure 10a).The interpretation of the observed 
electrical response is that the sample did not achieve textural equilibrium and an 
interconnected melt conduction path does not exist, therefore series electrical 
behavior is observed. Shown in Figure 10b is the impedance spectrum of a polycrys- 
talline olivine sample (San Carlos olivine, 35-45/xm grain size), prepared in the 
same manner as PC07, that does not have a melt phase present. Comparison of the 
high frequency (grain interior) and intermediate frequency (grain boundary/grain 
boundary-melt) conductivities (Figure 11) reveals that the grain interior conduc- 
tivities for these samples are nearly the same within experimental error, whereas 
the grain boundary conductivity (conductance corrected for overall sample dimen- 
sions rather than volume of grain boundary 'phase') of PC07 displays a conductivity 
approximately 4 times higher than that of the dry samples. This is further evidence 
that in the case of material with a non-connected conductive (melt) phase, series 
electrical behavior occurs, and the grain boundary conduction mechanism is modi- 
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text for discussion. 

fled by the presence of the melt. Only by measuring and analyzing the frequency 
response of these materials was it possible to determine the individual mechanisms 
responsible for conduction and assess the effect of melt on the electrical properties 
of the material being studied. 

Frequency bias in the determination of activation energies 

A common method of determining activation energies for conduction in minerals 
is to make resistance (or impedance) measurements at a single frequency while 
varying temperature along a trajectory of constant gas mixing ratio (typically CO-  
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CO2). For olivine, this method has been shown to yield fairly reproducible results 
(Schock et al. ,  1989; Constable and Duba, 1990), however, the neglect of the 
effect of frequency on measurements made at different temperatures creates a 
possible source of error in this method. Because the resistance and capacitance of 
a material has been shown to vary with temperature (e.g., Roberts and Tyburczy, 
1991), the characteristic relaxation frequency, as well as the frequency at which 



258 J E F F E R Y  J. R O B E R T S  A N D  J A M E S  A.  T Y B U R C Z Y  

-1.0 

-2.0 

E -3.0 

6 

--~ -4.0 

-5.0 

-6.0 

I I I I I I I 

%i DC 

- .¢,--- 1000 Hz 

- - -o---  100 Hz 

- -O- -10 Hz 

" "t~ - ~ ' ~ ' ~  , ~ , ~ , ~  . "~ ~-..-. - - -o-0 .1Hz 

San Carlos Olivine ~ ".._"~'~._ 
P o l y c r y s t a i l ~ a c t  - o . ~ . ~  . . . .  
wM,,  . . . . .  ° 

1400°C 1200°C 1000°C 

i , .~ , , . ~ ,  , , , , 

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 

10000/T ,  K "1 
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curve. Activation energies determined by measurements made at only one frequency may be in error 

because of this effect. 

the impedance arc intersects the real axis, changes with the frequency of measure-  

ment.  The point on the real axis intersected by the impedance arc (at frequency 
f0) is the value for the D C  resistance of the conduction mechanism. A measure-  
ment  taken at a higher frequency will have a shorter (lower) impedance magnitude 

than the measurement  taken at fo.  This problem is compounded at relatively low 
temperatures  (500-1000 °C) where sample resistances are significantly higher, and 

capacitive coupling of measurement  leads results in a lower measured impedance 

magnitude.  The effect of the leads can be corrected for by utilizing a mathematical  
cable correction algorithm or impedance analyzers with built-in correction cir- 

cuitry. 
Figure 12 is a log conductivity versus 1/T plot and demonstrates  this effect. The 

frequency dependent  data are for a San Carlos olivine polycrystalline compact  
(data are taken f rom Roberts ,  1992). Plotted on this diagram are the conductivities 
determined f rom O'app, f --I- (] Z lA/l)  -1 at the frequencies 1000, 100, 10, and 0.1 Hz 
(connected data points) and the best fit line to the D C  conductivity of the grain 
interior mechanism as determined by equivalent circuit analysis (Roberts  and 
Tyburczy,  1991). It is quite clear that below 1100 °C the O-app, 1000 Hz data are 
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significantly different than the true DC conductivities. The 100 Hz conductivity 
data are better, but not in very good agreement below 1000 °C. Materials com- 
monly display a reduced slope at lower temperatures on log conductivity versus 
reciprocal temperature plots. The lowest frequency data shown (0.1 Hz) closely 
represent the total conductivity (DC) for the grain interiors in series with the grain 
boundaries. 

As an example, the activation energies determined between 800 and 1100 °C 
for the 100 and 10Hz data are 0.99 and 1.37 eV, respectively. The activation 
energy over this temperature range for the grain interior mechanism determined 
by analysis of the DC conductivities is 1.45 eV (Roberts and Tyburczy, 1991). The 
higher frequency data (100Hz) yield an artificially low activation energy. To 
eliminate this possible source of error from conductivity measurements it is neces- 
sary to determine the true DC conductivity of a conduction mechanism by examin- 
ing the frequency dependence of the electrical properties to <1 Hz, or alterna- 
tively, to make the measurement at the frequency with the lowest phase angle at 
each temperature. 

Conclusions 

A variety of materials important in the study of the crust and mantle exhibit 
frequency dependent electrical behavior at relatively low frequencies, between 
10  - 4  and 105 Hz. Because geophysical methods used to construct electrical conduc- 
tivity versus depth profiles employ measurements in this low-frequency range, it 
is necessary to consider the effect of dispersion on these results. Phase angles as 
high as 75-90 mrad at frequencies as low as 10 .2 Hz that are not a result of 
processes occurring at the electrodes have been observed. This dispersion may be 
important in the inversion of field electromagnetic measurements and is deserving 
of further study. 

Information about individual conduction mechanisms such as crystal interior 
and grain boundary conductivities can be obtained through the analysis of the 
electrical response over a wide range of frequency. In the case of partially molten 
materials and materials containing a relatively conducting phase, information 
about the microstructure and distribution of the conducting phase can be deter- 
mined. The idea that grain boundaries in polycrystalline materials representative 
of the upper mantle will enhance the electrical conductivity of those materials 
has not been supported by laboratory measurements that consider the frequency 
dependence of the electrical properties. In natural dunites, metapelites, and in 
polycrystalline olivine compacts it has been found that the grain boundary resis- 
tivity adds in series with the grain interior resistivity, resulting in a higher resistivity 
(lower conductivity) for the material. The two conduction mechanisms are distiri- 
guishable by making complex impedance measurements over a range of frequenc- 
ies extending to as low a s  10 - 3  t o  10 - 4  Hz. The grain interior and grain boundary 
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resistances add in series; the resulting total conductivity is 2-5 times lower than 
that of grain interior measurements. 

The electrical conductivity of olivine displays a strong dependence on tempera- 
ture and has been used to infer temperatures in the upper mantle and lower crust 
from conductivity versus depth profiles. Temperature estimates based on single- 
crystal conductivity values or measurements of polycrystalline samples that do not 
consider grain boundary transport can be lower than temperatures calculated from 
rocks that display series behavior of grain interiors and grain boundaries. These 
differences are important to our understanding and interpretation of the conditions 
and processes occurring in the lower crust and upper mantle. 
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