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Electrical Conductivity Measurement of Fayalite
Under Shock Compression up to 56 GPa
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The electrical conductivity measurements of single-crystal fayalite are performed under shock wave
compression in the pressure range 19.5-56 GPa. The electrical conductivity under shock compression in-
creases by a factor of more than 10'° from 0 to 40 GPa. Over the range 19.5-42 GPa the specific con-
ductivity o can be closely described by log,, 6 (S/m) = —4.65 + 0.15P (GPa). The conductivity versus
pressure relation at room temperature is calculated by using measured values of the activation energy to
correct the high-temperature shock data to room temperature. After the effect of temperature is removed,
the increase in conductivity with pressure approximately agrees with that measured under static pressure
using a diamond anvil cell by Mao and Bell. Above pressures of ~42 GPa the conductivity remains at a
relatively high level of ~100 S/m from 40 to 55 GPa.

INTRODUCTION

Olivine, (Mg, Fe),Si0,, is one of the main constituents of
the earth’s mantle. Its physical properties such as electrical
conductivity are important because of the availability of con-
ductivity measurements of the earth’s mantle, which are car-
ried out in inversion of magnetic induction data. A number of
electrical conductivity measurements on olivine have been
carried out, and various factors affecting the conductivity are
summarized by Duba and Nicholls [1973] and Shankland
[1975]. Iron and other transition metal ion content, oxygen
fugacity, and temperature are among the more important
variables, whereas pressure affects conductivity to a lesser de-
gree.

The electrical conductivity and the absorption spectra of
the olivine and spinel forms of Fe,SiO, have previously been
measured under static pressure up to 30 GPa using a diamond
anvil apparatus by Mao and Bell [1972]. The electrical con-
ductivity of olivine increases by a factor of more than 10° over
this pressure range, and this increase was explained from con-
sideration of the red shift of the optical absorption edge as
being due to Fe>*-O*~ charge transfer processes. Very re-
cently, electrical conductivity measurements of natural oli-
vines were carried out up to 40 GPa by using a shock wave
technique, and a considerable increase in conductivity was re-
ported [Schulien et al., 1978]. The present study was carried
out concurrently with that of Schulien et al. [1978] to relate the
conductivity measurements under shock condition to the
transport properties of the earth’s mantle.

In the present study the measurements of the electrical con-
ductivity of pure fayalite were extended to pressures up to 56
GPa using shock compression techniques.
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EXPERIMENTAL PROCEDURES

Since the electrical properties of fayalite are sensitive to
stoichiometry, pure synthetic single crystals were grown using
the floating zone method under controlled oxygen fugacity
(partial pressure of oxygen, 10~ Pa) of the surrounding atmo-
sphere [Takei, 1978]. The content of ferric ions in the present
crystals was determined to be less than 0.3% by chemical anal-
ysis. The bulk density of 4.393 Mg m~> measured by the Ar-
chimedean method was in close agreement with the measured
X ray density of 4.392 Mg m™>. Lattice parameters measured
at room temperature are a, = 0.48218 nm, b, = 1.04814 nm,
and ¢, = 0.60977 nm. The microscopic observation of thin sec-
tions revealed no precipitated impurities within the crystals.
Synthetic crystals, grown along the [001] direction, have a typ-
ical dimension of 6-7 mm in diameter and 6-8 cm in length.
Disc-shaped specimens, about 1-2 mm in thickness, were cut
from the boule, perpendicularly to the growth direction. Spec-
imens were carefully polished on both parallel faces in order
to give a good electrical contact with the driver plate and the
electrode. The conductivity measured by dc method at room
temperature and 1 atm pressure was found to be 5 x 107'°
S/m.

The impact shock experiments were conducted using the
double-stage light gas gun, HS-2, of Tokyo Institute of Tech-
nology. The projectile, 20 mm in diameter, consists of a high-
density polyethylene base with a 1.5-mm-thick copper flyer
plate. The impact velocities of the flyer plate were measured
by the magnetoflyer method [Kondo et al., 1977]. Precision in
velocity measurements is estimated to be within 1%. The flyer
plate tilt angle upon impact was found to be less than 1°, us-
ing the pin-contactor method.

The conductivity experiments were performed by using the
longitudinal arrangement, in which current flows parallel to
the shock propagation direction, as is shown in Figure la. The
specimen was mounted between a copper driver plate (1.5 mm
thick) and a cylindrical copper backing electrode (45 mm in
diameter and several millimeters in height). A small amount
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Fig. 1. (a) Experimental arrangement for the electrical con-

ductivity measurements. (b) Electrical circuit for condenser charge
method. (¢) Electrical circuit for constant current method.

of conducting silver paste was applied to the driver-specimen
and specimen-electrode interfaces to obtain better electrical
contacts. The condenser charge method [Ahrens, 1966] was
used for measurements in the low-conductance range (~10~%-
to 107'-S range) as shown in Figure 1. A constant current cir-
cuit (Figure 1c) was used for measurement of conductances
greater than 10~' S. Oscilloscopes were triggered by one of
two redundant coaxial shorting pins placed on both sides of
the specimen (Figure la). To exclude the possibility that the
observed decrease in resistivity could result from ionized air
around the shocked specimen, the specimen assembly was
placed in a pure helium atmosphere. The partial pressure of
oxygen was estimated to be about 1 Pa.

The shock state produced in the driver-target and flyer
plate was determined from the measured flyer plate velocity
and the Hugoniot of copper by using the impedance matching
method [Rice et al., 1958; McQueen et al., 1970]. No Hugoniot
measurements of fayalite were planned in the present study.
Reported Hugoniot data for natural fayalite [McQueen and
Marsh, 1966] were used for estimating the pressure achieved
in the fayalite specimens (Figure 2). For a lower pressure
range below the observed phase transition near 30 GPa a the-
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oretical Hugoniot of fayalite was constructed by using the
Birch-Murnaghan equation of state with the measured elastic
parameters [Yagi et al., 1975] (Figure 2). Although the small
temperature increase during shock compression and the elas-
tic-plastic effect was neglected in the calculation, the calcu-
lated Hugoniot was found to be consistent with the observed
shock data, as is shown in Figure 2.

An example of the determination of the shock state in an
experiment on fayalite is given in Figure 2. Upon impact of
the flyer plate on the target a shock is driven into the driver
plate, which, in turn, propagates into the sample. The first
shock state induced in the specimen by the shock wave is in-
dicated as | in Figure 2. Upon the shock arrival at the speci-
men-electrode boundary a reflected shock propagates rear-
ward in the specimen and brings it to the second shock state 2.
Because of the higher shock impedance of copper as com-
pared to fayalite the pressure of the reflected shock is higher
than that of the first shock (see Figure 2). We have assumed
that the Hugoniot of fayalite centered at shock state 1 is simi-
lar to the Hugoniot centered at zero pressure. Shock state con-
ditions for each experiment are summarized in Table 1.

The shock temperatures (Table 1) were calculated on the
basis of the method proposed by Walsh and Christian [1955].
Above about 40 GPa the effect of the phase transition (de-
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Fig. 2. Hugoniot of fayalite and graphical representation of the
impedance-matching method in the pressure-particle velocity plane.
Shock compression data of natural fayalite from Rockport, Massa-
chusetts, were determined by McQueen and Marsh [1966] (open cir-
cles). (Solid circles are data cited by Davies and Gaffney [1973).) The
calculated Hugoniot of fayalite is based on the elastic parameters de-
termined by Yagi et al. [1975] (K, = 1.25 Mbar and X' = 5). Heavy
lines indicate the shock state produced via reflection of the shock
wave from the fayalite-copper interface (shot 106). Shock states 1 and
2 correspond to the states denoted by A-B and B-C in Figures 3 and 4,
respectively.
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TABLE 1. Conductivity of Fayalite Under Shock Compression
Initial
Impact Shock Specimen Shock- Specific Shock
Velocity, Pressure,*  Thickness, Induced Conductance, Conductivity, Temperature,t
Shot km/s GPa mm Voltage, V S S/m K Remarks
Condenser Charge Method
113 1.20+0.01 19.5 (1) 1.42 061 £004 (27+02)x10* (2.7+0.2)x 102 390
25.0(2) 044 +004 (20+03)x10* (22+03)x 107!
107 1.56 £0.02 26.0(1) 1.35 50+£06 (24+04)x10™* (1.1+03)x 10! 430 diameter of
320(2) 48+06 (23x0.5)%x1073 (5.8x1.2)x 107! electrode is
5.00 mmi}
106 1.92+0.02 33.0(1) 1.10 30+1.2 (20+£07)%x 1072 (1.4+0.5)x 10° 480
42002 74+12 (19£02)x 107! (6.2 +0.6) x 10
106° 192 +0.02 33.0(D) 1.10 33+£20 (23£03)x1072 (L.7x0.2)x10° 480 without silver
42.0(2) 62+20 (89+12)x102 (3.0+0.4)x 10! conducting
paste§
108 219+002 38.0(1) 133 57+12 (69+04)x 1072 (59+04)x10° (560)
490(2) 76+12 (22+02)x107" (1.5+0.2) % 10?
105 2.42+0.02 420(1) 1.09 83+16 (48x15x107' (33+1.0)x10 (720)
56.0 (2) 83+16 (48+15)x107" (L.5+£0.5)x10?
Constant Current Method
126 2.30+0.02 40.0(1) 0.90 0.1+£002 (B6%+23)x107" (5.1+1.3)x10? (650) 0.09A
129 234+0.02 41.0(1) 1.44 06+004 (3.6+04)x10""' (3.2+04)Xx10? (680) 024 A
123 2.74 £0.03 490 0.90 0.1+004 (B8.6+6.0)x107! (47%13)x10? (960) 0.09A
135 3.02+0.03 55.0(1) 1.44 04 +0.1 (56+£20)x107" (4.6 1.7) x 10? (1160) 024 A

In the condenser charge method the applied voltage is 90 V. For the constant current method the applied current is given in the last column.
*The first shock state is indicated by (1), and the reverberated shock state by (2).
1Values in parentheses indicate the temperature calculations where the effect of phase transition to 2FeQ + SiO, was taken into consid-

eration.
}Diameter of electrode is 4.00 mm unless otherwise stated.

§A small amount of conducting silver paste is applied on the specimen surfaces unless otherwise stated.

composition reaction to 2FeO + SiO, (stishovite) was tenta-
tively assumed) was taken into consideration, where the in-
crease of the internal energy at the standard state was
estimated from the difference of free energy and entropy be-
tween Fe,Si0, (olivine) and 2FeO + SiO, (stishovite) [Mao et
al., 1969; Mashimo et al., 1980].

RESULTS AND DISCUSSION

Voltage-time profiles for dynamic conductivity measure-
ments obtained with the condenser charge method, when the
impact velocities were 1.56 £+ 0.02, 1.92 = 0.02, and 2.42 +
0.02 km/s, are shown in Figures 34-3¢. The first shock wave
enters the specimen at time A (Figure 4b), when oscilloscopes
are triggered nearly simultaneously. The first voltage signal at
B is due to the arrival of the shock wave at the specimen-elec-
trode boundary, and the whole specimen is brought into a
conducting state. The effective area for conduction is B-B’ be-
cause of the rarefaction wave originated from the margin of
the electrode B-B’ (Figure 4a). The shock transit time between
A and B is in reasonable agreement with the estimated re-
flected shock velocity inferred from the known Hugoniot data.
Upon reflection of the shock wave from the electrode back
into the specimen the specimen is shocked to a higher pressure
state and, accordingly, a higher conductivity state, as is re-
vealed in the increased voltage signal at C, where the reflected
shock wave arrives at the driver-specimen boundary. The ef-
fective conducting area is now decreased to C-C’. Subsequent
shocks are considered to be disturbed owing to the interaction
with the rarefaction waves before the shock rearrival on the
specimen-electrode boundary, and therefore later signals were
not utilized in the conductivity analysis. In the present analy-
sis, voltage signals of ¥, and V. were taken as representing
the conductivity of the first and second shock states, states 1
and 2, respectively, and the specific conductivity is obtained

from

L V.,
U_ARO(VO— VX) M
where V, is the observed voltage on the oscilloscope, ¥V is the
applied voltage, R, is the effective resistance in parallel with
the specimen (including cable termination), and L and 4 are
the specimen thickness in the compressed state and effective
area of the specimen, respectively. The value for the effective
conduction area A is tentatively estimated from assuming lat-
eral release waves at 45° with respect to the direction of shock
propagation. The value thus obtained for the second shock
state could be underestimated, since the lateral release waves
generally occur at angles larger than 45°.

Figure 5a shows the voltage-time profile observed by the
constant current (0.09 A) method when the impact velocity is
2.30 + 0.02 km/s. The initial voltage V;, across the matching
resistance of 25 Q of 2.25 V, abruptly decreases at the time A,
when the shock wave arrives at the specimen-electrode
boundary and the specimen becomes conducting. From the
observed voltage V,, indicated in the figure, the conductance
of the specimen, S, is calculated to be

§ =225 - V,)/25V, )

Results of the electrical conductivity measurements are
summarized in Figure 6 and Table 1. As can be seen by in-
specting Table 1, in the condenser charge experiments the spe-
cific conductivity immediately after shock transit (state B in
Figure 4) is smaller by a factor from 4.3 (shot 105) to 47 (shot
106) than that achieved via a second shock reflection (state C
in Figure 4). This increase in specific conductivity agrees re-
markably well with the increase in conductivity inferred from
just single-shock data. The electric conductivity of fayalite in-
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Fig. 3. Voltage-time profiles of dynamic conductivity measure-
ments by the condenser charge method. A and B indicate the time of
shock arrival on the driver plate-specimen interface and the speci-
men-electrode boundary. C is the arrival time of the reverberated
shock on the specimen—driver plate boundary. (a) Shot 113: impact
velocity = 1.20 £ 0.01 km/s, P5 = 195 kbar, and P, = 250 kbar. (b)
Shot 106: impact velocity = 1.92 & 0.02 km/s, Pp = 330 kbar, and P,
= 420 kbar. (c) Shot 105: impact velocity = 2.42 + 0.02 km/s, Pp =
420 kbar, and P, = 560 kbar.

creases with increasing pressure by a factor of about 10° from
20 to 40 GPa. The specific conductivity data over the range
from 19.5 to 42 GPa can be closely fitted with a semi-
logarithmic relation

10g1 o(S/m) = —4.65 + 0.15P (GPa) 3)

The conductivity increase apparently becomes less rapid
above about 40 GPa, and the conductivity remains at about
10 S/m to 56 GPa.
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Although a change in the slope of the fayalite Hugoniot is
clearly seen around 30 GPa, indicating a phase transforma-
tion, no particular anomaly was obtained in the conductivity
versus pressure plot (Figure 6). A two-wave structure accom-
panied by the phase transformation was not detected in the
voltage-time trace in the conductivity measurement.

In order to compare the present dynamic conductivity re-
sults with the static data the effect of the temperature increase
during shock compression on the electrical conductivity must
be corrected. In the correction procedure the pressure depen-
dence of the activation energy of the electrical conductivity of
olivine reported by Bradley et al. [1964] and Hamilton [1965]
was taken into consideration. All the presently available data
on the activation energy of pure fayalite are plotted in Figure
7 [Bradley et al., 1964; Akimoto and Fujisawa, 1965; Mao and
Bell, 1972]. A systematic decrease of the activation energy
with increasing pressure is clearly seen. This is reasonably un-
derstood from the consideration that the decrease in inter-
atomic distance caused by pressure would lower the potential
barrier for the electron hopping among neighboring iron ions.
In the present analysis the activation energy at high-pressure
regions was estimated by extrapolation as indicated in Figure
7. Thus at each value of compression we assume a single value
of activation enthalpy, independent of temperature. By using
the estimated activation energy and the calculated temper-
ature increase during the shock compression (see Table 1) the
dynamic conductivity data were reduced to an isothermal
curve as shown by a dash-dotted line in Figure 6.

The present analysis shows that the observed conductivity
increase in dynamic measurements is predominantly caused
by pressure. The general trend of the conductivity versus pres-
sure in dynamic measurements is in remarkable agreement
with the static measurements by Mao and Bell [1972). A simi-
lar conductivity increase under shock loading has been found
in some transition metal oxides, such as MnO and CoO
[Syono et al., 1975]. However, the leveling off at high con-
ductivities takes place at lower pressures in fayalite than in
MnO and CoO. On the other hand, no appreciable con-
ductivity increase has been reported for nontransition metal
oxides such as MgO and AL,O; up to several tens of gigapas-
cals. In the present study, dummy experiments of iron-doped
MgO crystals (~0.25 wt % FeO) were also carried out up to
about 50 GPa. No shock conduction signals were detected in
this pressure range. Similarly, no large increase of absorptivity
at short wavelengths was observed in the optical absorption
experiments on the same Fe’*-containing MgO crystals [Goto
et al., 1980]. According to Mao [1976], olivine containing less
than 10 mol % fayalite does not show strong absorptivity in
the blue at high pressures. The observed drastic increase in
conductivity under shock compression might be peculiar to
the oxides with a high concentration of transition metal ions.

It is to be noted that at ambient condition the present
single-crystal specimen is about 5 orders of magnitude less
conductive than the polycrystalline fayalite used by Mao and
Bell [1972), while the conductivities of both specimens show
rather similar trends at high pressures. The conduction mech-
anism in ionic compounds under shock-compressed state is
not fully understood yet. However, a large number of crystal
defects introduced by shock deformation, specifically during
elastic-plastic transition, would provide an abundant source of
carriers in favor of the enhancement of conduction. This may
partially explain why the initial difference in conductivities of
our specimen and Mao and Bell’s almost vanishes at high
pressures. The agreement between pressure trends of the
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Fig. 4. (a) Illustration of the shock compression state realized in the present arrangement. AB (A’B’) and BC (B'C’)
show rarefaction cones originated from the specimen rim (A-A’) at time A and from the electrode rim (BB’) at time B,
respectively. (b) Schematic distance-time profile of shock propagation in the specimen assembly (shot 106).

shock and static conductivity measurements is not likely to be
completely fortuitous. The decrease in the interatomic dis-
tance under high pressure might play a more important role in
determining the conductivity. Most probably, the conductivity
increase at high pressures observed here is related to the
charge transfer process involving transition metal ions [Mao
and Bell, 1972].

The steep conductivity increase around the depth of 400 km
in the earth’s mantle, obtained from studies of induction
caused by magnetic disturbances [Rikitake, 1966; Banks,
1969], has been interpreted to be due to the olivine-spinel
transformation [Akimoto and Fujisawa, 1965]. However, the
drastic increase in conductivity with increasing pressure, as
was demonstrated in the present study, might also be relevant
to the earth’s mantle. Olivine is not stable in the lower mantle.
However, pressure enhancement of the charge transfer process
seems to be more or less generally observed for most mantle
minerals containing substantial amounts of transition metal
ions [Mao, 1976]. Since the lower mantle is believed to consist
of MgSiO; perovskite plus periclase [Liu, 1976; Yagi et al.,
1977; Ito and Matsui, 1978], the mode of iron partitioning be-
tween coexisting mantle phases such as MgSiO; perovskite
and periclase is quite important for the understanding of the
transport properties in the mantle.
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Fig. 5. Voltage-time profile of dynamic conductivity measure-
ments by the constant current method (shot 126: impact velocity =
2.30 + 0.02 km/s and P = 650 kbar). The insert illustrates how the
voltage changes with the arrival of the shock wave on the specimen-
electrode boundary indicated by A. V; is the voltage induced by the
constant current through the matching resistance of 25 & (see Figure
l¢). ¥, is the voltage induced by the onset of conduction through the
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Fig. 6. Electrical conductivity of fayalite versus pressure. Mea-
surements by Mao and Bell [1972] were conducted at room temper-
ature, whereas data obtained in the shock compression experiments
varied from 360 to 1160 K with increasing pressure.
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Fig. 7. Observed pressure dependence of activation energy in
fayalite. The corrected isothermal curve (Figure 6) was calculated by
using the activation energy versus pressure relation indicated in this
figure. (The activation energy data by Akomoto and Fujisawa [1965]
were partly from Akimoto and Fujisawa [1964].)
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