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Abstract At 1.0—4.0 GPa and 1123—1473 K and under oxygen fugacity-controlled conditions Ni+ NiO Fe+ Fe;O; Fe+
FeO and Mo+ MoO, buffers  a YJ-3000t Model six-anvil solid high-pressure apparatus and a Sarltron-1260 Impedance Gain-Phase ana-
lyzer were employed to conduct an in situ measurement of the electrical conductivity of single crystal olivine. Experimental results showed
that 1 within the range of experimentally selected frequencies 103—10° Hz
pendence on the frequency

the electrical conductivity of the sample is of great de-
2 with the rise of temperature T  the electrical conductivity ¢ will increase and the Arrenhius linear
relationship is established between lgo and 1 T 3 under the control of oxygen buffer Fe+ Fe;O, with the rise of pressure the electri-
cal conductivity tends to decrease whereas the activation enthalpy and independent-of-temperature preexponential factor tend to increase

with the activation energy and activation volume of the sample estimated at 1.25+0.08 eV and 0.105+0.025 cm® mol respective-
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y of California, San Diego] at 13:16 29 June 2016

It is well known that olivine is one of the most
important components in the upper mantle and it is
"DEalso a predominant conductor in the mantle minerals.
;Therefore geo-physicists engaged in research on the
Sphysical properties of solid Earth’ s interior materials

versit

Ghave put their focus on olivine for a long time. The
gproperties of isomorphs of its single crystal and poly-
%crystal as well as synthetic olivine and a-olivine
O Wadsleyite namely B-olivine is present at the depth
of 410—550 km in the mantle transitional zone
Ringwoodite namely y-olivine exists at the depth of
550—670 km in the mantle transitional zone have
been investigated systematically '™ .
In various high-temperature and high-pressure
experiments if the samples contain valence-varying

elements oxygen fugacity like temperature and
pressure would become one of the most important
external factors affecting experimental results. And
the in situ control of oxygen fugacity in the dry sam-

ple system at high pressure has long been a puzzle for

% Supported by CAS Knowledge-Innovation Key Orientation Project

Grant No. KZCX3-SW-124

ly 4 under given pressure and temperature conditions the electrical conductivity tends to increase whereas the activation energy tends
to decrease with increasing oxygen fugacity and 5 the mechanism of electrical conduction of small polarons can provide insight into the
behavior of electrical conduction of olivine under high pressure and high temperature.

olivine high temperature and high pressure electrical conductivity oxygen fugacity small polaron.

the international high-pressure academic circles * .
Because exceedingly sophisticated facilities and exper-
imental technologies are required previous data were
obtained under such conditions that the in sizu con-
trol of oxygen fugacity at high pressure was not taken
into consideration or the experiment was conducted
below the pressure of 0.1 MPa. Therefore the data
obtained under high pressure and oxygen fugacity-
controlled conditions are extremely limited >~ . In
regard to the controlling methodology the high-pres-
sure data so far reported were obtained basically by
using one single buffer to control the oxygen fugacity
of the sample ®  and no similar report is available on
the simultaneous use of different buffers to control the
oxygen fugacity of the same mineral. Although Xu et

al. ?

have successively applied impedance spec-
troscopy to the in situ measurement of electrical con-
ductivity of perovskite at high temperature and high
pressure and their method has been accepted interna-
tionally as the most advanced method of in situ ex-

perimental measurement of the electric properties of
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gram and the National Natural Science Foundation of China Grant No. 49674221
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solid Earth' s interior materials at high temperature
and high pressure. However till now no relevant
report is available on the systematic study of electrical
conductivity of olivine—one extremely important sin-
gle crystal mineral in the upper mantle at high pres-
sure under the control of different oxygen buffers. In
this work we tried to perform an in situ measure-
ment of the electrical conductivity of olivine at 1.0—
4.0 GPa and 1123—1473 K under the control of four
different oxygen buffers Ni+ NiO NNO Fe +

Fe;Op IM Fe+ FeO IW  and Mo + MoO,
MMO  with the employment of impedance spec-
©troscopy in the frequency range of 10°—10° Hz ex-
Qplore the impact of frequency temperature and pres-
8sure on the measurements of electric properties at
oohigh temperature and high pressure
gsome important physical parameters such as preexpo-

and calculate

Snential factor activation enthalpy —activation energy

— .. ) . ;

ﬁand activation volume which determine the electric
roperties of minerals at high pressure.

1 Preparation of samples and buffers

Olivine samples used in the experiment were col-
lected from nodular inclusions occurring in alkali-rich
basalts at Xiaomaping area Hebei Province China.
Olivine specimens were selected carefully from a large
number of gem-grade samples which are free from
fissures and have inclusions growing along the crystal
axis 001
electron microscope observations showed that the
samples contain no serpentine and chlorite and their
chemical compositions are listed in Table 1. Prior to
experiment olivine sample was first cut into cylinders
with 5. 92 mm in diameter and 5. 95 mm in length
then immersed in acetone

Electron microprobe and transmission

washed with ultrasonic
waves to eliminate oil dirt on the surface of the sam-
ple and finally the prepared sample cylinders were
placed in a 393 K baking oven for 24 h so as to remove
adsorbed water on the surface of the sample complete-

ly.

Table 1. The chemical composition of olivine sample wt%

K,O ALOs CaO MgO TiO, SiO,

Content 0.39 0.41 0.61 12.41 0.01

0.15 0.12 0.16 45.64 0.02 41.94

The buffers were composed of fully mixed

'apP

8

o

(% Composition Cry,04 NiO MnO FeO Na,O
o

£

o

=

399. 99% purity metals and corresponding metal ox-
sides 79wt% Ni + 21wt% NiO 72wt% Fe +
%QSWt% FesO, 78wt% Fe + 22wt% FeO and
§75Wt% Mo + 25wt% MoO, which were fully
'fDEmixed respectively. The powder was crushed and sin-
;tered sintering during 2.5h at the Chinese Gener-
24l Academy of Iron and Steel with the help of the hot
Qequal static pressing technique 133MPa 1573K and
gargon gas protection  then the sintered massive
Sspecimens were proceeded into disk-like buffer elec-
Otrodes @5.0 mm X 1.0mm at Factory 185 under
the Aviation-Space Ministry of China with the help of
electrical spark discharge to erode the sintered speci-
mens.

2 Experimental methods

The experiment was conducted on a YJ-3000t
Model solid six-anvil high-pressure apparatus. For the
details of the apparatus please see Ref. 10 .

In the experiment the pressure increased at a rate
of 1.5GPa h to the assigned value. Under a constant
pressure condition the temperature was raised slowly
at a rate of 160 K h to the preset value and the tem-
perature interval between the adjacent preset values

was 50 K. After the temperature was raised to each
preset value under constant pressure condition the
system was kept constant for a sufficiently long period
of time 2—3 h to reach buffering equilibrium.
Then with the ZPlot program on a Sarltron-1260
Impedance Gain-Phase analyzer measuring preci-
sion 0.05%  the modulus | Z| and phase angle ®
of complex impedance for the sample were worked out
within the frequency range of f 10>—10° Hz . Ac-
cording to the following formulae

Z, =1 Z | cosd 1

Z; = | Z | sinf 2

we calculated the real part Z, and imaginary part Z;
of complex impedance then fitted the results of Z,
and Z; by operating the ZView program in accordance
with an equivalent electric circuit and finally we ob-
tained the resistance value of the sample at given tem-
perature pressure and oxygen fugacity. According to
Refs. 1 6 9  the fitting electric circuit is made up
of an ohmic electrical resistor representing the intrin-
sic conduction mechanism of a sample and an electric
capacitor which is made up of two parallel electrodes
with the ohmic resistance connected in parallel with
the electric capacitor.

The experimental sample set-up is shown in
Fig. 1. The whole sample block size was 32.5 mm X
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32.5mmX32.5mm. To avoid the influence of dehy-
dration on the measurement of electrical conductivity
pyrophyllite was baked to 973 K prior to sample as-
semblage to let the mineral dehydrate completely. To
control the partial pressure of oxygen in the sample
chamber and reduce the influence of surface electric
current in the process of conductivity measurement
the electrodes were made from solid oxygen buffers
as large as @5mm X 1.0mm . The heater was com-
posed of three layers of stainless steel sheet. The tem-
perature was measured with a Pt PtRh, thermocou-
ple because the total error of temperature caused by
«othe temperature gradient in the sample chamber did
Qnot exceed 10 K. In addition a shield cover made of
Pmetallic foil was installed in the sample set-up and
Sthe composition of metallic foil was similar to that in
othe buffers. Compared with the routinely used shield
gtubes 19 our shield cover owing to its consecutive
%'sealing has the advantages of more effectively shield-
=g the external electromagnetic interference block-
8ing up the stray current reducing the temperature
Ogradient in the sample chamber and controlling the
partial pressure of oxygen in the sample chamber.

13,

1260FPIA—|

e

e

L[]

Three layer stainless
steel heater

Tinsel Solid buffer

FZ

Pyrophyllite Alumina tube

Downloaded by [University of Californ
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insulating tube Earth line

Thermocouple

Fig. 1.

Schematic diagram of the experimental set-up.

3 Results and discussion

In this work the impedance spectroscopic mea-
surements of olivine were obtained respectively at
1.0—4.0 GPa and 1123—1473 K under Fe + Fe;0,
buffer and at 2. 0 GPa and 1123—1473 K under
NNO IM IW and MMO buffers. The frequency
span of impedance spectra is 10>—10° Hz.

Shown in Fig. 2 are the results of impedance
spectroscopic measurements for samples at 2. 0 GPa
and 1123—1473 K with Fe + Fe;0, as the buffer.
The results obtained under other conditions are simi-
lar to those shown in Fig. 2. It can be seen that the
circular arc representing the grain interior conduction
mechanism of the sample and appearing over a high
frequency range tends to become more and more per-
fect with the rise of temperature and its diameter
tends to become smaller and smaller. The circular arc
passes through the origin and its center and diameter
both fall on the real axis. According to the principle
of impedance spectroscopy ® it is known that the di-
ameter of the circular arc represents the intrinsic re-
sistance R of the sample. From this it can be seen
clearly that the impedance of the grain interior is of
great dependence on temperature. The semicircular
arc representing the conduction mechanism between
the sample and the electrodes appeared over the low
frequency range 10 '—10° Hz  and due to the in-
sufficient span of low frequency range the impedance
arc resultant from this conduction mechanism on the
complex plane has not yet been identified in this
work. From the Z” versus Z” plot it can also be seen
that the electrical conductivity of olivine is determined
predominantly by the grain interior conduction mech-
anism and the transmission between the sample and
the electrodes does not reflect the intrinsic conduction
of the sample. So it was not taken into consideration.
From this it can be seen that the electrical conductivi-
ty of the sample is of great dependence on temperature.

—6.00 =
o O 1123 K
- - m 173K
0 1223 K
® [273 K]
4751 = [} v 1323 K
v 1373K
3 - 4 1423K
C: ] n A 1473 K
3,50k @)
S 350 . o o,
X - @ ©
i [ ]
0 o}
—2.25- [ ] O
0
°
-1.00 v
1 1
0 1.25 2.50 3.75 500  6.00

Z' MQ
Fig. 2. Z' vs. Z" plot of complex impedance of olivine at 1 kHz—
1 MHz from right to left  obtained under the conditions of
2.0GPa 1123—1473K and IM buffer. Z" and Z” are the real

and imaginary parts of complex impedance.
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Fig. 3 shows the relationships between modulus
and frequency and between phase angle and frequency
at 2.0 GPa and 1124—1473 K. It can be seen that |
Z| and 0 of the complex impedance vary continuously
and regularly with f and | Z| is of great dependence
on f. Over the high frequency range 10°—10° Hz
| Z | tends to increase rapidly with f varying from
high to low value but the variation gradient will be-
come smaller and smaller. When f reaches 10° Hz |
Z | will generally maintain a constant value. The
phase angle @ of complex impedance is also of great
dependence on frequency f. In the frequency of 10°

SHZ recorded at 2.0 GPa and 1123 K  the absolute val-
Que of 0 is 53°  when scanning from 10° Hz to 2 X 10°
QH; | 0| will reach its maximum value 78°. After
Sone time of turning | 0] will begin to become small
gslowly and finally approach zero. The relationship be-
gtween | Z| and 0 of complex impedance and Z, and
%'Zi just satisfies Eqgs. 1 and 2 . From this it can
sbe deduced that the modulus | Z| and phase angle
8 of olivine are greatly dependent on frequency f
2and o of the sample also greatly depends on f.

San
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Fig. 3.
of complex impedance of olivine on frequency f under the condi-
tions of 2.0 GPa and 1123—1473 K. For symbols refer to Fig. 2.

Dependence of the modulus | Z| and phase angle @

All the impedance spectra obtained in the experi-
ment are fitted with the ZView program to work out
the impedance of the sample. The impedance is sub-

stituted into Eq. 3 to calculate the electrical con-

ductivity
o= LS_ L 3
R SR
where ¢ is the electrical conductivity S m L the

length of the sample m S the cross section m?

and R the impedance Q of the sample. From Eq.

3 we can calculate the electrical conductivities un-
der different temperature pressure and oxygen fugac-
ity conditions. Fig. 4 is the plot of Igo versus 1 T.
Under the 1. 0—4. 0 GPa conditions there is a good
and the
squares of correlation coefficients between AH and ¢
are 0. 9988 0.9975 0.9929 and 0. 9954 respec-

tively. Such a good correlation is related directly to
the 50 K temperature interval only. The plots of lgo

linear correlation between lgs and 1 T

versus 1 T under the four pressure conditions all

satisfy the Arrenhius’ s formula
o = opexp — AH kT 4
AH = AU + P X AV 5

oo the
preexponential factor independent of temperature
S m % the Boltzmann constant T the absolute
temperature Kelvin ~ AH the activation enthalpy
eV AU the activation energy eV P the pres-
sure  GPa and AV

em® mol .

where ¢ is the electrical conductivity S m

the activation volume

Table 2 gives the fitted parameters of Arrenhius
relation for the sample. It can be seen that 1 under
the control of oxygen buffer IM with the rise of
pressure P AH and o will increase simultaneous-
ly. From 1.0 GPa to 4.0 GPa AH tends to increase
to 0.20eV and o shows a slight increase varying on
the order of 10°—10° S m relatively stable i by
substituting the value of AH obtained at 1.0—
4.0 GPa and under the control of oxygen buffer IM
intoEq. 5 the AU and AV of the sample were
worked out to be 1.254+0.08 eV and 0.105 =+
0.025 cm® mol respectively. The AU obtained in
this work and AU 1.17—1.50 eV obtained by Xu
et al. ' from San Carlos olivine developed along dif-
ferent crystal axes at 4—10 GPa and 1273—1673 K
under the control of buffers Mo + MoO, both fall
within the same range of variations though there ex-
ists a significant difference between AH and AU. It
may be a reasonable explanation that there is a direct
relation between the iron content of the sample and
the controlled partial pressure of oxygen. The fact
that AV is a very small decimal fraction indicates that
the sample experienced slight lattice deformation with
the rise of pressure iii under the pressure of 2.0
GPa AH tends to increase in succession in the order
of NNO IM IW and MMO and 6y shows no de-
pendence on any oxygen buffer.
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Table 2.  Fitted parameters of Arrenhius relationship for the electrical
conductivity of olivine

%T]}f’f%;n P GPa lgog AH eV 60 Sm !
IM 1.0 1.96 1.34 91.20
IM 2.0 2.19 1.43 154.88
IM 3.0 2.54 1.56 346.74
IM 4.0 2.74 1.64 549.54
NNO 2.0 2.05 1.35 112.20
W 2.0 2.18 1.48 151.36
MMO 2.0 2.34 1.59 218.78

Fig. 4 shows the Igo versus 1 T plot which re-
oﬂects the influence of pressure on electrical conductiv-
Sity. The temperatures and four pressures selected in
Ethis experiment approximate to the upper-mantle con-
=ditions. It can be seen clearly that under the same
Qtemperature the rise of pressure will lead to the drop
gof electrical conductivity. The relationship between
Bthe electrical conductivity of olivine and pressure has
Ebeen well documented by previous scientists. In the
gstudy of the electrical conductivity of sintered poly-
Ocrystalline olivine— Mg, , Fe, ,Si0, at 2.9—

7.0 GPa 900—1900 K and 0. 32 kHz under the un-
aeontrolled partial pressure of oxygen Omura et al. °
.gfound that the electrical conductivity of Fe-low 0<x
%< 50% olivine decreased with increasing pressure
&_’Whereas the electrical conductivity of Fe-high olivine
g 50% < 2 <1 increased with increasing pressure.
Xu et al. '' has made the same conclusion in their
>study of the influence of pressure on the electrical
iconductivity of San Carlos olivine over the frequency
grange of 1kHz—1MHz i.e. the electrical conductiv-
Bity of Fe-low olivine tends to decrease with increasing
gpressure. This provides great support to the view-
Tpoint of Omura et al. > . Differences in iron contents
Sled to an extremely reversed rule of variation of elec-

trical conductivity with pressure which can be rea-
sonably explained by the differences in conduction
mechanism. The main conduction mechanism of Fe-
low olivine is the small polaron conduction while that
of Fe-high olivine is the ion conduction > . The cal-

culated Fe Mg+ Fe ratioof 13.1% from Table 1 is
close to that 10% of San Carlos olivine selected by
Xu et al. "' satisfying the rule of variation of the

electrical conductivity of Fe-low olivine with pressure
with small polarons playing the leading role in electri-
cal conduction. Meanwhile Xuetal. ' also thought
that the value of activation volume for the ion conduc-
tion mechanism is higher than 1.0 cm® mol but the
activation volume that varies on the order of 0.5 cm?

mol usually refers to small polaron conduction. How-

ever in any case it is the first trial to systematically
study using the impedance spectroscopy across the
order of magnitude of 10° and by selecting such a low
frequency the relationship between the electrical
conductivity of Fe-low olivine and pressure at 1.0—
4.0 GPa and 1123—1473 K and under the control of

buffer IM.

-2.40
~ —3.00F
£
2 -3.60F
©
20
—4.20F
—4.80 >
6.60 7.20 7.80 8.40 9.00
(T/K)'x10*
Fig. 4. Lg o versus 1 T for olivine under the conditions of

1.0—4.0 GPa and buffer IM.

Previous studies showed that there exist signifi-
cant differences in oxygen fugacity in different spaces
and tectonic settings of the upper mantle but the val-
ues vary from IW Fe + FeO to FQM fayalite +
SiO, + magnetite * . In accordance with the de-
scending order of oxygen fugacity four solid oxygen
buffers NNO IM IW and MMO were selected in
this work to control the oxygen fugacities in the sam-
ple chamber and their theoretically calculated data
are given in Table 3. From the table we can see that
oxygen fugacity is the odd-value function of tempera-
ture and pressure and under the control of the same
buffer the oxygen fugacity tends to increase with the
rise of temperature and the drop of pressure. Under
the same temperature and pressure conditions differ-
ent oxygen buffers show obviously different buffering
capacities. In the order of NNO IM IW and
MMO the buffering capacity the oxidation ability

Table 3.  Theoretically calculated data of log f()z fo, bar at high

temperature and high pressure”

A w e
NNO —24930 9.36 0.046 15
IM —29260 8.99 0.061 13
W —27215 6.57 0.052 14
MMO —30650 8.92 0.054 11
* Log f“z pr=A T+B+C P—1 T where T is the ab-
solute temperature Kelvin P is the pressure bar C = — AVjg

2.303R AVj stands for the bulk variation in mol volume of solid com-
ponents before and after buffering reaction cm® mol R is the gas

state constant CIIIS' atm mol Kil .
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and oxygen fugacity tend to be weaker and the re-
duction ability tends to be stronger '' 715 | From
them IM was selected because it mostly approximates
to the oxygen fugacity FQM on the margin at the
top of the upper mantle. Experiments were conducted
under different pressures and IM buffer and compar-
isons were made at 2.0 GPa under the control of dif-

ferent oxygen buffers.

Fig. 5 is the plot of Igo versus 1 T established at

2.0 GPa and 1123—1473 K under the control of four

different buffers NNO IM IW and MMO. It can

obe seen that under the conditions of different temper-
Satures and pressures the electrical conductivity o

wof a single crystal of olivine and oxygen fugacity

3 fo,

i.e. ¢ increases with the increasing [ and wice ver-

show a variation trend in the same direction

16 29

éoa. Evidence is available for the increase of positive
wthermoelectrical coefficient data '®  dielectric con-
Sitant 7 and electrical conductivity with increasing
Eiron content below 1663 K and under 0.1 MPa there

exists a positive correlation between ¢ and fo, Y It

s indicated that Fe-low olivine is dominated by small
'gpolaron conduction and small polaron conduction
*=mechanism of the sample provided a reasonable expla-
Onation to the rule of variation of electrical conductivity
Swith oxygen fugacity. Electron microprobe analysis
‘mindicated that the valence-varying element iron in sin-
?gle crystal olivine presented mainly in the form of
.'DEFGN . According to the principle of lattice point de-
gects 20 under a certain temperature condition atom-
gic exchange would necessarily occur between oxygen
RBaas sealed in the sample chamber and Fe?* in the
Tsample leading to the occurrence of point defect re-
Sduction—oxidation reaction. As a result iron Fep,
which occupied the lattice site of iron and Fe?" in the

structure of olivine was oxidized into small polarons
Fep, and at the same time vacancies and holes
which are the main forms of defects were produced

in the process of reaction. However with the time

passing by Fey, and Fep, reached the state of buffer-
ing equilibrium. Later Fep, and Fep, respectively
maintained their own concentrations. Electrical con-
duction of small polarons in the sample was affected
with the help of cavities at the lattice ferrous iron site
and transition among small polarons. The process of
transition is expressed as
FeFe e' + FéFc 6

where Feg, indicates the site the bivalent iron ion oc-

cupies e’ represents electron and Fey, denotes small
polaron. With the increasing of the temperature va-
cancies and holes in the sample would separate with

each other the cavities would transit from Fep, to

Fep,. At the same time a ferrous iron ion vacancy

was produced. In a periodical manner like Fep, it is
transferred in the lattice marking a process of electri-
cal conduction of single crystal olivine. Under the
control of oxygen buffer IM with the increasing of
pressure the concentrations of point defects produced
along with point-defect oxidation-reduction reaction
tend to increase electrical conductivity is positively
correlated with defect concentrations electrical con-
duction intensifies and electrical conductivity increas-
es. Under the control of oxygen buffer IM  with the
increasing of pressure the concentrations of free oxy-
gen sealed in the sample chamber produced by point
defects the distance of polar transition and the elec-
trical conductivity tend to decrease however activa-
tion enthalpy increases. At 2.0 GPa the oxygen fu-
gacity increased in the order of MMO IW IM and
NNO and the concentrations of small polarons pro-
duced by point-defect oxidation-reduction reaction in-
creased electrical ability intensified electrical con-
ductivity increased and at the same time the distance
of polar transition increased however activation en-

thalpy decreased.

—2.40,

T%6.60 7.20 7.80 8.40 9.00
(T/K)"'x10*

Fig. 5. Lg o versus 1 T for olivine under the conditions of

1.0—4.0 GPa and different buffers.

4 Conclusions

In the paper by virtue of impedance spectro-

scopic methods we measure the electrical conductivity
of olivine under conditions of 1.0—4.0GPa 1123—
1473 K and controlling the oxygen partial pressure.
The controlling oxygen fugacity consists of four
buffers NNO IM IW and MMO. It is the first
time that the activation energy and activation volume
of the sample have been estimated at 1.25+ 0. 08

eVand 0.105+0.025 cm® mol respectively. The
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electrical conductivity of the olivine is manifested to
be dependent on T P and f, . With the temperature

and the oxygen fugacity increasing the electrical con-
ductivity enhances. With the pressure increasing the
electrical conductivity decreases. The mechanism of
electrical conduction of small polarons can provide
reasonable explanations to the behavior of electrical
conduction of olivine at high pressure and high tem-
perature.
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