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Abstract

The electrical conduction properties of olivine, the most abundant mineral in the
Earth’s mantle, are beneficial to scientists studying deformation processes involving
diffusive mass transfer, and deep geo-thermometry inferred from magneto-telluric
methods. To date, studies have only concentrated on dry ‘natural’ iron-bearing olivine
and synthetic, polycrystalline, iron-free olivine (forsterite). This study will largely be
focused on dry iron-bearing (FelO0%) synthetic olivine, to properly determine the
magnitude of electrical conduction in upper mantle olivine in addition to better define the
charge-transport mechanisms, which are seen in impure natural iron-bearing olivine.
Using advanced sol-gel synthesis techniques of pure, fine-grained, iron-bearing olivine
material with 10% fayalite / 90% forsterite composition and impedance spectroscopy, the
effects of controlled atmosphere (redox conditions) on conductivity, at temperatures
between 800°C and 1200°C, are further investigated. Experiments show that the
conductivity of the iron-bearing material is similar in magnitude to the pure magnesium-
olivine and for different grain sizes, with apparent activation energies at around 200
kJ/mole (800-1200) °C. This is a significant difference to the reported conductivities of
“natural” olivine which show a spread in conductivity for two orders of magnitude.
“Natural” (probably oxidized) olivine requires a mechanism involving Fe’* to Fe’*
oxidation (small polaron formation) and magnesium vacancies, to explain the excess
conduction and a 1/6 relation with the oxygen fugacity. Impedance spectroscopy and
quantitative modelling of the defect population in our iron-bearing material shows no
presence of the contribution of small polarons within the olivine stability field but is
found to become one of the major charge carriers upon oxidation under normal
atmospheric conditions. Instead under reducing conditions electrons and magnesium
vacancies are the major charge carriers. Furthermore, evidence for reduced conduction
via grain boundaries is found with higher oxygen fugacity. The apparent activation
energy in the grain boundaries is at around 320 kJ/mol. There the most likely major
charge carriers are iron and magnesium interstitials. Lastly, no apparent relation of the
conductivity with increasing grain size was found. Most likely the conduction path of
least resistance is through the bulk, or grain interiors.

Title page displays the furnace used.
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1. Introduction

The upper mantle is mainly composed of the mineral olivine or better yet, 90%
forsterite and 10% fayalite and some amounts of pyroxene and spinel. The temperature
distribution in this zone in the Earth is frequently studied by geophysicists. Specifically
magneto-telluric methods are used to determine the temperatures at that depth from
conduction measurements. The conduction, or its reciprocal resistance, of olivine can be
determined at different temperatures and oxygen fugacities in the laboratory. The oxygen
fugacity is a measure of how reduced the atmosphere or surroundings are. It is known
that most igneous rocks are formed in reducing conditions in the Earth. The range of
oxygen fugacity also determines the stability of the mineral in question, in this case
olivine. The stability field of olivine also varies with temperature. For example, at
1200°C the stability field of olivine with 10% fayalite is in the oxygen fugacity range of
1E-9 Pa to 1 Pa (Du Frane et al., 2005). This study will determine the conductivities of
synthetic forsterite and synthetic olivine with 10% fayalite at different temperatures in
order to give accurate and reliable conduction-temperature data. Further goals are to seek
out the true role of the charge carriers in olivine and their identity. For this the defect
chemistry of olivine becomes invaluable knowledge. In addition, an Arrhenius type
relation can be created from a log-conductivity versus the reciprocal of temperature plot
from which the total activation energy can be deduced. The activation energy is the
amount of energy required for charged species to hop to the next (empty) position in the
crystal lattice. Because we are using polycrystalline samples, not only can the conduction
mechanism in the grain interior (i.e. through the grains) be identified, but also the nature
of conduction in the grain boundaries. The corresponding aim is to determine whether
conduction through grain boundaries is slower or faster than conduction through the grain
interior material at different oxygen fugacity and temperatures. But most importantly, this
study attempts to challenge the use of natural olivine material versus synthetic material
because natural olivine rock is strictly impure and is often crushed and re-sintered to a
compact sample with 'new' grain boundaries. This study is also highly relevant to
understanding the nature and temperature distribution in shear zones in the upper mantle.
The synthetic samples have a grain size of 1 micron and higher typical of grains found in
shear zones.

In the crustal region in the Earth there exist weak zones along which seismic
activity occurs caused by the build up of stress and its sudden release. These weak zones
or faults are sometimes connected to shear zones running deep into the upper mantle that
have a characteristically small grain size up to a few micrometres. In addition, the
majority of these shear zones are highly conductive in relation to the surrounding rocks as
discovered by magneto-telluric studies. Both a reduction of grain size and the presence of
fluids such as CO, CO,, H;O, and other fluids play a large role in this. Furthermore,
many shear zones into the upper mantle region have been determined to be composed of
mainly the mineral olivine and some pyroxene and maybe trace amounts of spinel.
Olivine, however, has two end-members. The iron (Fe) rich end-member called Fayalite
and the Magnesium (Mg) end-member called Forsterite. A solid solution range occurs
between the two. It has been proven in the laboratory that the stability of olivine depends
on many thermodynamic degrees of freedom. These are pressure, temperature,
composition, oxygen fugacity, water activity, silica activity and iron activity. Now it is



possible to control these parameters, but only to a certain extent due to apparatus
limitations or the nature of the material used for sensors. For example, it is possible to
create a closed system to metal and silicon components or to control all parameters and
vary the oxygen fugacity.

Fugacity is a state function of matter at fixed temperature. The fugacity, which
has units of pressure (Pa or bar), represents the tendency of a fluid to escape or expand
isothermally. At low temperatures gases approximate the ideal gas law. However, for this
experiment the temperature range will be from 800°C to 1200°C. There are two ways to
reduce the oxygen fugacity. One is via diluting the atmosphere using a gas mixture that
creates a reducing environment (eg CO/CO,) or two, via actively taking away the oxygen
using a H, gas (very reducing!). This investigation will primarily be conducted using
CO/CO; as a means to reduce the oxygen fugacity. The other option is less favourable
because the reaction of O, and H, gas creates water and will affect the conductivity
results. However, also the CO/CO, gas mixture must be used with caution because below
a certain temperature and oxygen fugacity carbon will precipitate. The mathematics of
rewriting the general fugacity equation for a CO/CO, gas mixture is further explained in
the background section.

In this study the electrical conductivity of dry polycrystalline synthetic olivine is
measured at different temperatures and oxygen fugacity and the process of diffusion
identified. This investigation will therefore give a better understanding of the temperature
distribution in the upper mantle and in shear zones. Previous studies have carried out
similar experiments on the conductivity of synthetic forsterite (ten Grotenhuis et al.,
2004; Hinze et al., 1980). That has been much easier because the oxygen fugacity
component was thought not to affect the results of the experiment and thus was ignored.
However, in this study the synthetic olivine will contain 10% iron as well. Iron can
change its oxidation state from 2+ to 3+ when in contact with an oxygen rich
environment. When that happens an electron is lost from one of the iron orbitals causing
an increase in conductivity due to free electrons moving about in the conduction band. So
in order to avoid that happening, i.e. oxidising all the iron in the sample, we need to
control the oxygen fugacity in the atmosphere.

In addition to carrying out experiments on synthetic iron-bearing olivine with
varying oxygen fugacity's at a constant temperature, two more are conducted. One, where
the oxygen fugacity is fixed and temperature is varied and two, a forsterite control
experiment where the temperature is held constant and the oxygen fugacity is varied. In
the method section the experiments are summarised in table 4.

The aim of the experiments is to check whether the impedance, or resistance to
conduction, is the same as in previous studies. But also to check whether the apparent
activation energy, as well as the type of process that allows electrical conduction to occur
are comparable to other experimental results. Electrical conduction either occurs via the
movement of electrons or ions. However, this may not be entirely true as holes (e.g.
electron holes or vacancies in the crystal lattice) can equally behave as conductors. The
impedance is similar to the resistance but applies to an AC current instead of a DC one.
For an AC current there is an additional component in the imaginary plane. Impedance is
a complex quantity that includes the regular ohmic resistance (Z’) but also a capacitive
reactance (Z’’, the imaginary component) or the resistance at 90 degrees out of phase.
This extra component exists because of a phase shift in the current versus time compared



to the voltage versus time causing the sample, through which the current flows, to act as a
capacitor. The physics behind circuits and electrical conduction via an AC current is
further explained in the background section. The electrical conduction for a mineral like
olivine is controlled by defect diffusion and thus relates to the diffusion of charge
carrying species (interstitials and vacancies) by the Nernst-Einstein equation. Thus the
conductivity in olivine is dependent on the defect population and the mobility of these
defects in the crystal lattice. Noticeably, the net flow of diffusion species is zero. This is
caused by the alternating current applied. A direct current does cause a net flow of
diffusing species into one direction. Electrical impedance experiments therefore do not
concern mass transport, but the charge is instead passed on from one neighbouring
species to the next, which are the most mobile and in highest concentration.

The final two experiments performed will be an investigation on the oxidation and
grain size relationship with conductivity. Controlled oxidation of one of the iron-bearing
samples should provide good insights into the actual conductivity increase that one might
expect from the release of electrons from Fe** to Fe’, i.e. and significant increase in
small polaron concentrations. The conductivity on grain size experiments will be carried
out with various samples of different grain sizes obtained through the re-sintering of the
samples at very high temperature for different time spans. This should provide extra
insights in determining the role of the grain boundaries versus grain interior conduction.

1.1. Background
1.1.1. Oxygen fugacity

Fugacity, as has been explained in the introduction, is a state function of matter at
a fixed temperature. Or in other words, it is a property of the system that only depends on
the current state of the system but not on how the system got to that state. One might
actually view the fugacity as a partial pressure. This is because it is a strong function of
the mole fraction of a component, such as oxygen, in the gas phase and the total pressure
of the gas phase.

The fugacity is linked to the chemical potential of the system. The fugacity of a
component can be used to account for the difference between the chemical potential of
interest (P, T) and the chemical potential of the pure substance at T, 1 bar. So we can
write:

,u(T,P) —,u(T,l bar,purej
RT

f =exp ey

Where f; is the fugacity of component i in a mixture, 4 is the chemical potential, R is the
gas constant, 7T is the temperature and P is the pressure. Having T and P fixed, there are
only two variables, ((P,T) and f; and so for example a high fugacity of oxygen means a
high chemical potential of oxygen which in turn indicates an “oxidised” system. For a
general equation of fugacity we have:

f =P (2)



Where @is the fugacity coefficient. One can think of fugacity simply as a measure of how
much the chemical potential of the component in the gas deviates from the chemical
potential of some reference, namely, the standard state.

However, the fugacity does slightly deviate from the concept of partial pressure or
total pressure. From the general equation, we see that f deviates from P. This goes back to
the fact that the rate of change of the chemical potential of a pure gas (i) with respect to
changes in P (at a given T) equals the volume of the gas, V. Or for an ideal gas:

V:R—;; du=vdpP 3)
Which then becomes:
dP
du=RT| — 4
H ( P j “4)
Integrating:
M(P) = u(lbar)+ RT In P 5

However, we are dealing with a non-ideal gas so V has a different value from R7/P. So
RTInP, must, in fact, become RTIn(f;). Fugacity coefficients are tabulated or available as
output from computer models but are in reality derived from experiments. So fugacity is
not a corrected pressure and only has meaning when related to a chemical potential.

In this experiment we are dealing with the fO,, or the oxygen fugacity. It is
important to note that a high fO, (oxidising conditions) is still much lower than the fO, =
x(i) P = 0.21x (bar). Or fO, = 0.21 bar (21000 Pa) of the present atmosphere (ideal gas
behaviour assumed). Instead an fO, of 10 Pa or higher is already considered oxidising
depending on the rock/mineral material in question.

For a given temperature, the general differential equation for the fugacity is:

dint =" =" (6)

where G is the Gibbs free energy, R is the gas constant, V is the fluids volume and fj is
the reference fugacity which is generally taken as that of an ideal gas at 1 bar. This
equation can easily be derived from a chemical reaction of interest. In this case we will
be looking at the reaction between carbon dioxide and carbon monoxide.

CO, —==CO0+1/20, (7)
From this reaction an equilibrium constant can be written as

(/CO)(fO)" _ acsr
(£CO,)

We are assuming a constant pressure and thus the equilibrium constant is a function of
temperature. We will also assume ideal gas behaviour at this point allowing us to rewrite
equation (8) as

®)

pCO ~1/2 -pG/RT
=(pO e 9
»CO, (p 2) ®)
Yet another assumption will be that these gases are the only ones present which is valid
because this will be a controlled experiment. So the total pressure will be

Feo, tBoo t Ky =1 bar (10)



At this point we will substitute pO, for fO, in equation (9) and we have the equation

pCO _ -1/2 _AG/RT
200, (f0,) e (11
This will allow the calculation of the CO/CO; concentrations we need at a given oxygen
fugacity and temperature assuming ideal gas behaviour. Note that AG also changes with
temperature. The Gibbs free energy of the components at given temperatures are
tabulated in the JANAF tables or from the NASA Glenn database, the preferred and up to
date source used in this study. It is important that the input gases (CO and CQO,) are well
mixed and allowed to flow into the furnace stepwise allowing the gases to reach
equilibrium establishing an oxygen fugacity. Adding a CO/CO, mixture will create
reducing conditions which is one of the objectives of the experiment.
There are, however, limits to the oxygen fugacity range. It cannot go below 10
Pa because of several reasons. One, lower fO, might cause increased iron loss to the Pt
electrodes. Two, carbon will precipitate at low fO, from the CO/CO, gas mixture. Three,
the olivine (forsterite — fayalite) stability field is very narrow and does not allow a greater
range for fO, values. The fO, range used in previous studies is between 10® and 1 Pa
(Schock and Duba, 1985; Constable and Duba, 2002) but varies at different temperatures
slightly. The same range will be used in this investigation. In real (igneous) rocks fO,
values often do not increase above 10™'" bar but depends on many factors including the
temperature, pressure and mineral composition as stated in the introduction. A
comparison with these rocks is therefore impossible.

1.1.2. Impedance spectroscopy

Movable charges in a material define conductivity. In other words we are dealing
with the movement of ions, electrons, or even holes and vacancies in a material. This
investigation will make use of an AC current from which extra, valuable, information can
be taken. In addition, the electrical charges remain in place whereas a DC current
transports them from one location to another. An AC current can be described as a
sinusoid wave with a phase shift due to the delay in response from the current to the
voltage. This changes the traditional Ohm’s law equation of resistance is the voltage over
the current to

E,sin(ax) _ 7 sin(a)
I,sin(ar+@)  sin(ar +¢)
Where Z is the impedance, E is the voltage, I is the current, o is the angular frequency, t
is time and ¢ is the phase shift. With the current plotted against the voltage a “Lissajous
curve” can be plotted. This used to be the conventional way of measuring the impedance.

The impedance can be expressed as a complex function. So equation (13) can also

E
Z="t= 12
7 (12)

be expressed with the imaginary number j (= J-1 ).

_E _ Eyexp(jar) _ N .
G ey g Z,exp(jg) = Z, (cos g+ jsing) (13)

t

Bearing in mind Eulers relationship exp( j¢) =cos@+ jsin@. So here we have two
expressions of the impedance represented in terms of phase shift. If the phase shift is 90°,



the system or sample behaves as a capacitor. The system or sample behaves as a resistor
when there is no phase shift.

However, the impedance can also be expressed as a resistance and a capacitance.
In the real plane you have the resistance, as with a DC current (Z’), but in the imaginary
plane you have the capacitive resistance (Z’’). In other words Z'=R and Z"=1/awC
where C is the capacitance. The complex impedance then becomes

Z¥=7'-jZ" (14)

Note that with an increase in frequency, the capacitor’s impedance decreases.
2y +(z

The capacitance can be described as an electric charge stored over an electric
potential or as the electric flux over the voltage.

C= [ 12 (15)
vV E
Figure 1 shows the basic setup of a capacitor. The conductors must have an equal but
opposite charge Q. The SI unit of a capacitor is the Farad (F). Often results are written in
uF. There is yet another way capacitance can be written (a more practical way) which is

A
C ZEOE’E (16)

2

—
N—

The magnitude of the impedance is |Z | =

Where ¢ is the permittivity of free space (Fm'l), ¢, 18 the dielectric constant, A is the area
of each plate electrode (mz) and d is the separation between the electrodes (m). The
capacitance reflects that electrons cannot pass through a capacitor, yet an AC current can,
the higher the frequency, the better (see above).

Charge
+Q

'S
o

Plate area
A

Electric
tield

i

Plate separation d
Figure 1. A capacitor. When electric charge accumulates on the plates, an electric field is created in
the region between the plates that is proportional to the amount of accumulated charge. This electric
field creates a potential difference V = E-d between the plates of this simple parallel-plate capacitor.

It is often said that a DC current is ‘blocked’ by a capacitor. Yet this is not really
true. The voltage across the capacitor cannot exceed the voltage of the source. So at a
certain moment the voltage across the capacitor is constant (dV = 0) and the current

LY = Cd—v. The capacitor

through the capacitor is zero as shown in the relation: I = P 7
t t



current (of AC type) is non-zero at all times during a cycle because the voltage and the
current are out of phase by a quarter cycle. Technically an AC current can therefore pass
through a capacitor but no actual electrons cross between the plates. It is important to
note that an ideal capacitor does not dissipate power but stores energy due to the potential
difference build up between the two plates. So in conclusion, the experimental setup will
resemble a capacitor. The olivine sample is the insulator and the platinum electrodes on
either side act as conductors.

However, there is more to it than simply measuring the impedance. The computer
attached to the electric interface will automatically plot the measured impedance on a Z’
versus 7’ graph called a Nyquist plot. On this plot one or more arcs will show up. Each
arc represents a conduction process with a different relaxation time In this case it would
be related to diffusion of magnesium, iron, and possibly silica interstitials or vacancies. In
addition, the diffusing species can be electrons. The difference between ionic and
electronic diffusion can be seen on an Arrhenius plot from a sharp change in slopes. A
gradual change indicates a mixed conduction region. In the Nyquist plot, the arc closer to
the origin is the higher frequency arc.

The Bode plot is another plot that the computer can produce from the impedance
data. It is log (Z) versus  and ¢ versus . This plot, unlike the Nyquist plot, does show
frequency information.

The impedance arcs obtained in a Nyquist (or impedance) plot are often depressed
semicircles. This means that the origin of the circle lies below the real axis. The CPE
(constant phase element) is a component in the electric circuit which explains this
depression. The CPE is a non-intuitive circuit element that was discovered (or invented)
while looking at the response of real world systems. These depressed semi-circles are
commonly explained by a property of the system being non-homogeneous or that there is
some distribution of the value of some physical property in the system. The CPE’s
impedance is given by

1/Z=Y=0(jw)" 17)
Where Q has units of S s". Q has the numerical value of the admittance (1/ |Z |) atm=1

rad/s. This equation shows that the phase angle of the CPE impedance is independent of
the frequency and has a value of -(90*n) degrees. Hence constant phase element. When
we have n = 1, the equation becomes the same as the equation for the impedance of a
capacitor where Q = C. When n is close to 1, the CPE resembles a capacitor, but the
phase angle is not 90°, but constant and somewhat less than 90° at all frequencies. See
Figure 2 how a CPE explains a depression in the impedance arc.

10



e dir

Figure 2. The Nyquist (Complex Impedance Plane) plot of a CPE is a simple one. For a solitary CPE
(symbolized here by Q), it is just a straight line which makes an angle of (n*90°) with the x-axis as
shown in pink in the Figure. The plot for a resistor (symbolized by R) in parallel with a CPE is shown
in green. In this case the center of the semicircle is depressed by an angle of (1-n)*90°. From
http://www.consultrsr.com/resources/eis/cpel.htm.

There are several theories that go on to try to explain what causes a CPE to exist.
These include surface roughness of the electrode in contact with the sample, a
distribution of reaction rates, varying thickness or composition of a coating and non-
uniform current distribution along the radius of the electrode. The electrode roughness
relates to the fractal dimension (D) of a surface which is between 2 and 3 dimensions
because it is not 100% flat. It has been shown by Mulder et al. (1990) that for these
electrodes, the interfacial impedance is changed by an exponent, n = 1/(D-1). For a
smooth surface D = 2 and n =1 to a highly contorted surface where D = 3 and n = 0.5.
Usually an electrode surface (metallic or solid) gives a CPE with a value n between n =
0.9 and n = 1. Another reason for a depressed impedance arc is that there could be
inhomogeneous reaction rates taking place on a surface. Carbon electrodes are
particularly affected by this but also metal electrodes can show a distribution of active
sites with varying activation energies on the surface. Varying thickness or composition of
a coating can also affect the conductivity through it. A thicker coating may decrease
conductivity approximating a CPE. Lastly, a non-uniform current distribution along the
electrode surface could also yield a CPE. Jorcin et al. (2004) looked at the varying n
value along the radius of an electrode and discovered that in the centre the n value was
largest (n = 1) indicating true capacitance, but near the edges the n value for the CPE was
0.83. Therefore ‘edge effects’ are not to be ignored. However, in this study a precaution
has been taken to avoid this scattering effect and the interference of electric fluxes around
the sample with the fluxes through the sample. A guard ring does just the trick. This ring
is typically zeroed or earthed so that a point of zero potential exists between the edge of
the electrode and the guard ring positioned around the electrode. This way all conduction
is attributed to electric fluxes going straight through the sample to the other electrode and
not around the sample. In a recent study the 2D and 3D components contributing to CPE
behaviour was investigated. For a 2D distribution an AZ91 Mg alloy was used and for a
mixed contribution an aluminium electrode. For the 2D distribution it has been found that
the origin of CPE behaviour was the distribution of high frequency resistance associated
with the geometry of the disk electrode; whereas the capacitance was independent of
position (Jorcin et al., 2006).
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In the past the CPE was still unknown and another way was used to approach the
depressed impedance arc which was done using the ZARC element. The semicircle was
modelled directly as a system with a distribution of time constants. The term ZARC is
derived from the (depressed) arc that is produced in the impedance plane, Z’ vs Z°.

Normally with just one arc in the Nyquist plot a simple circuit can be drawn as
shown in Figure 3. However with more than one arc the circuit will need to be expanded.
The trick is to keep the circuit as simple as possible without too many unnecessary circuit
elements. This is the biggest problem with impedance spectroscopy. It provides only an
indirect characterisation of a given system. The consequence of this inferential character
is that many models can provide fits that fall within the apparent confidence limits of the
data (Orazem et al., 1994). Therefore ideally impedance spectroscopy should not be used
as a ‘stand — alone’ technique. In this study the best and most intuitive approach is taken
to provide an appropriate model to the system and not solely targeted to provide the best
possible fit to the data.

CPE

Figure 3. A simple circuit which yields one depressed arc in an impedance plot.

1.1.3. Defect chemistry of olivine in relation to conductivity

Olivine, like other crystalline magmatic minerals, contains an amount of defects
that increases as the mineral experiences higher temperatures. These defects contribute to
the diffusion mechanisms that can take place within the crystals. Possible diffusion
carriers can be Mg2+, Fe?t 02', or even Si** interstitial ions or vacancies. The most
common vacancies are of course magnesium and iron vacancies as the two ions can hop
from an M1 site to an M2 site although recent ab initio studies have shown that atoms
preferably hop from one M1 site to another M1 site instead to an M2 site (Brodholt,
1997). In addition, the diffusing species can be electrons or electron holes as well.
Olivine is a semi-conductor at high temperatures (1000°C - 1400°C) like silicon and has
a certain population of electrons in the conduction band at these temperatures. The
electron density of a typical olivine crystal would be pejectron = 3.25 g/ccl. Still because
electrons move relatively easier through the crystal lattice in the conduction band than
large ions, associated with higher activation energies, one can assume that at lower
temperatures electrons are the dominating diffusing species. However, it may be tricky to
distinguish between pure electron movement due to an electric current and ions/vacancies
because it may be that some electrons behave like polarons when moving through the

! http://webmineral.com/data/Olivine.shtml
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crystal lattice (e.g. Mihdly and Martin, 1996). Polarons are defined as a charge moving
through a crystal lattice and due to its polarization effect it can shorten and lengthen the
bonds between atoms nearby thus slowing it down.

The defect diffusion processes depend a lot on the composition of the olivine in
question. For example, an iron rich olivine is more likely to demonstrate electronic
diffusion under relatively oxidizing conditions and high temperatures as opposed to
forsterite in which the Mg2+ will generally not lose an electron under oxidizing
conditions. Past research has shown various reactions that can take place for forsterite
and olivine to fayalite (see Table 3 at the end of this section). Some assumptions will
have to be made. For example electrons and electron holes created as a result of changes
in point defect concentration can become charge carriers in the conduction and valence
bands respectively. The other assumption deals with the fact that only two phases are
present, olivine and oxygen gas. It is possible to use CO/CO, gas mixes to obtain
reducing conditions but the current temperature and the olivine and carbon stability fields
limit the range of oxygen fugacity experimental work can be done in (see Figure 4).

Stability Fields ws Ozyvgen Fugacity and Temperature
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log,4(0, fugacity, Pa)
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Figure 4. Stability fields of olivine versus temperature and oxygen fugacity. M = magnetite, H
=hematite, O=olivine, S = silicon, W = wiistite, I = iron. Gas mix ratios are indicated as CO,:CO. The
shaded area is the region where olivine is stable. After Constable and Duba (1990), Constable (2005).

In a simple system the conductivity is related to the concentration of the charged

species by multiplying the concentration of the species by its mobility (or drift velocity
per applied field E) and its charge of the mobile species. The same is done to other
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species and as a whole the sum of them is the total conductivity where different
conduction mechanisms are acting in parallel. See below:

U=Zdi =Zc[q[u[ (18)

Where c is the concentration, q is the charge and p is the mobility of species i. The
concentrations of defects, such as Frenkel and Schottky defects or vacancies, are
thermally induced so the number of defects and thus conductivity increases with
increasing temperature. The relationship is a Boltzmann relation; e.g. for Schottky defects
or vacancies we have:

c, = Nexp(— f}j (19)

The defect chemistry of olivine deals with the mobility or diffusion of defects
through the crystal lattice and grain boundaries in a polycrystalline sample. Table 3 for
instance shows the possible defect reaction that can take place. Or see Figure 5 for a
visual approach to the defect nomenclature used. The diffusion of defects is given as the
flux of particles Jy crossing an unit area in unit time under the influence of a
concentration gradient, [JN. This is Fick's first law:

J, =-DON (20)

Where D is the diffusivity which are found to vary with temperature as a thermally
activated Boltzmann process:

E
D =D, exp(—ﬁj 21

where Ey is another activation energy for diffusion. Using the Nernst-Einstein equation
we can relate diffusivities to mobilities of defects:

kTu = gD (22)

So the mobility g =¢gD/kT . The conductivity of, for example, Schottky defects
becomes:

o=c lqlu
E D
=New| - |Gt 23
enf - a2 @)

Nq2D0 E, E,
=——Lexp| - exp| ——%
kT p( ij p( kT
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The exponential terms dominate so to a first approximation conductivity is given by:

kT

Where E, is the total activation energy of the mixed conduction processes going on
associated with defect concentration and mobility.

o=0, exp(— £, j (24)
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Figure 5. Defects in crystals. From Constable (2005).
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1.1.4. Obtaining an adequate quantitative model

One of the more exhaustive models is from Hirsch and Shankland (1993) where
various conservation laws were applied like mass conservation, charge neutrality
condition and lattice-site conservation. For mass conservation it means that the specimen
can only interact and exchange oxygen atoms with an external gas like a CO/CO,
mixture. This constrains the ratio of the Mg to Fe atoms. Other chemical reactions that
can take place constrain the ratio of the concentrations of Mg and Fe atoms to Si atoms as
2. The charge neutrality condition has been enhanced, as earlier models (eg Stocker
1978b) did not allow a complete charge neutrality condition. The formula for this
condition can be seen in Table 2 (at the end of this section) along with the other
conservation laws incorporated into the model. The lattice site conservation law simple
states that the sum of the site fractions of all the occupied and vacant magnesium sites
must be unity to conserve site stoichiometry. The defect model predicts that at a
temperature of 1200C and olivine containing 10% fayalite, the dominant charge carriers

are magnesium vacancies V;Qg , electrons e” and small polarons of iron in magnesium sites

Fe),, - The reaction describing the formation of small polarons is shown as:
8Fe,, +20, & -2V, +Vg +40; +8Fe,, (1)

See Table 1 for explanation of defect notation and the nomenclature of the various
species involved. This reaction shows how normal, reduced iron in its lattice site
becomes oxidised upon contact with oxygen in gas phase. This causes the release of an
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electron as according to the redox mechanisms. This free electron is taken up by either a
magnesium or silicon vacancy that has formed due to the release of the oxidised iron (or
small polaron) from the crystal lattice. In fact, the reaction states that 8 iron atoms (in
magnesium sites) have to be oxidised to create two magnesium vacancies and one silicon
vacancy. The oxygen atoms have taken position in the crystal lattice in a neutral state to
preserve charge balance. The small polarons are then free to move as charge carriers
through the crystal lattice.

In contrast to previous studies, this study will show it is questionable to what

extent reaction ( I ) takes place to form small polarons (Fe1]4g) as one of the dominant

charge carriers in synthetic olivine. Table 3 shows some of the possible reactions that
could potentially take place. Each reaction is associated with a certain equilibrium
constant. The exponential relationship with the oxygen fugacity and this equilibrium
constant is of a certain order of magnitude for each reaction. For example, a reaction
involving the generation of electrons from oxygen interstitials or the formation of holes
and free electrons yields an fO, dependence of —1/6. Reaction ( 1) above predicts a +1/6
slope dependence of fO, for small polarons and magnesium vacancies (Stocker and
Smyth, 1977). For pure forsterite fO, is theoretically independent, i.e. the charge carrier
concentrations remain unaffected at every oxygen partial pressure but as Hirsch and
Shankland (1993) have shown in their quantitative model, is that with as little as 0.01%
Fe present, the system of charge carrier concentrations is affected (at higher fO,).
Anyhow, it would theoretically appear that magnesium vacancies, electrons, and small
polarons are the effective charge carriers.

Now that we have identified the possible charge carriers in olivine containing
10% fayalite, it is essential to understand the link between the concentrations of charged
species to the overall conductivity measured. Already knowing the link between the
conductivity and the mobility and concentration of a defect, as described earlier, we can
now write:

og=0,+%t0,+0,, (25)

o= |_Fe1'wg J,uFee tc e+ ZlVA;g J,uMge (26)

Here we are assuming that small polarons (localised holes on Fe), electrons, and
magnesium vacancies are the dominant charge carriers. However, finding the two
important components, the concentration and the mobility of each species is not a trivial
task. Even though the model by Hirsch and Shankland (1993) serves as a guideline, their
results cannot be used directly. This is because certain constants have to be incorporated
into the final model such as the activation energies of the small polarons and magnesium
vacancies. In addition, from experimental results we see an arrhenius type behaviour very
often and would be the starting place for finding a relationship between the concentration
dependence of the species on the oxygen fugacity and constraining unknown constants
which will later on need a physical meaning if the model is to be verified.
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Constable and Duba (1990) empirically modelled the conductivity as function of the
oxygen fugacity as:

o=o,+0,(f0,) 27)

Where oy is a fitting parameter. This was later adopted by Constable and Roberts (1997)
with the introduction of an extra arrhenius relationship for 6; to account for the activation
energy for the dominant charge carriers involved. ¢ is the exponential dependence
constant derived from the chemical reaction in question and equilibrium constant. It
equals 1/6 for reaction (1) and —1/6 for the electron contribution (see Hirsch and
Shankland 1993).

The mobility of a particular species in olivine is even more speculative. Finding
the mobility of an electron can at least be somewhat constrained at around 0.14 m*V™'s™
which is for silicon and is assumed not to vary greatly for olivine®. For other species like
magnesium vacancies the only way to obtain a value is from previous experimental work.
The mobility of a dominant charged species is also calculated from an Arrhenius type
relationship using the activation energy of mobility for each species. This value, again,
must come from previous experimental work, which is very hard to find.

As mentioned before, when modelling the data the activation energy is required
for each defect species, which is able to carry a charge. With these experiments it is
possible to obtain an activation energy by executing experiments at different
temperatures. By selecting the data at a specific oxygen fugacity, the only variable is the
temperature. In a plot of the log conductivity versus 1/T, a straight slope is obtained. This
type of plot is also called an arrhenius plot. From the slope an activation energy can be
obtained. The activation energy obtained could be, for a temperature range between
800°C and 1200°C, related to mixed conduction of electrons and magnesium (and iron)
vacancies. If so, it would be incorrect to use this value for say, for instance, magnesium
vacancies. The activation energy is a lower limit because electrons, with hardly any
activation energy, lower the total activation energy. Therefore, the activation energy for
magnesium ions/vacancies is best obtained from electrical experiments carried out at
much higher temperature (1200°C-1400°C) or from creep experiments on the same
olivine material.

It is also important to know the approximate electron concentration. Even though
some quantitative models like the one by Hirsch and Shankland (1993) show the electron
concentration as a function of fO, at a specific temperature of 1200°C, the absolute
concentration of electrons may vary in the real world. The best way to obtain reasonable
values for the electron concentration at different temperatures is to know the approximate
bandgap of forsterite with 10% fayalite. There have only been two (or few more) studies
where this was determined as well as the bandgap of forsterite. One is by Shankland
(1968) and the other is by Morin et al (1977). In these papers it is suggested that the
(thermal) band gap of forsterite with 10% fayalite is at or around 6.4 eV. Assuming the
effective electron mass is around 0.26 (as it is for Silicon®), then the concentration of
electrons can be calculated using a modified Fermi function for semi-conductors. The

? http://www.ioffe.rssi.ru/SVA/NSM/Semicond/Si/electric.html
? http://www.ioffe.rssi.ru/SVA/NSM/Semicond/Si/bandstr.html
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conduction electron population for a semiconductor is calculated by multiplying the
density of conduction electron states r(E) times the Fermi function f(E) of the form

1
E)= ey (8)

The number of conduction electrons as a function of energy is then given by:

_ _ 8\/577713/2 1
N(E)dE = p(E)f (E)dE = = [E-E,, Pl (29)

This can be simplified by noting that for the energies of the conduction band, E-Eg>>kT,
so the 1 in the denominator of the Fermi function becomes insignificant. L.e., the tail of
the function, which extends into the conduction band, is so far out that it can be
approximated by the Boltzmann function. Using the fact that

Er = Egap/2 (30)
The population density can then be written:

3/72
N(E)dE :8*/_211—75” E-E

£,
gape gap

)24k 31)

The total number of electrons in the conduction band, N, can then be obtained by
integrating the above function from the bottom of the conduction band upward. For all
practical purposes, the upper limit of the integral can be taken to be infinity since by the
time we reach the top of the conduction band, the integrand will be essentially zero. The
resulting relation is:

2 (mrAT)"? i, ur
n ;

N, = T N(E)dE =

Egal’

(32)

Where N, is the population of conducting electrons in electrons/m3, m is the effective
mass of electrons, E,,, is the energy (band) gap, 4 is Plank’s constant, k is boltzmann’s
constant and T is the temperature (Simpson, 1987). For pure forsterite the bandgap is in
the order of 8.4 to 9 eV (Shankland, 1968 and Kitaura er al., 2001). It’s evident that the
presence of iron greatly lowers the bandgap, which is no surprise as iron has, for
example, multiple oxidation states.

The method used in this study for modelling a fitting curve to the conduction data
is similar to that of Constable and Roberts (1997). However, due to the nature of the
material Constable and Roberts used (i.e. natural olivine versus synthetic olivine), the by,
constant must satisfy a different value. For more detail, see the method and results
sections.
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Table 1. Defect notation and description thereof (after Kroger and Vink, 1956)

Notation Description

Va Vacancy where atom A is missing

V. Vacancy V, with a net positive charge (more * for higher charge)

V/: Neutral vacancy Vja

V;sx Vacancy V, with a net negative charge (more for higher charge)

An Atom A residing in its own lattice site (with *, * and “in superscript
denoting charge)

As Atom A residing in site position of atom B (with *, * and "in superscript
denoting charge)

Aior la Atom A residing in an interstitial site (with *, * and "~ in superscript

denoting charge)

Common species in this paper

V' Magnesium vacancy
Mg
v Silicon vacancy
Si
Fe' Small polaron (electron hole on iron or Fe*" on the Mg site)
Mg
e Electron
h Electron hole

Oxygen interstitial

Table 2. Conservation laws after Hirsch and Shankland (1993)

Mass [y xlmg) f+{me; Y = (1-v)<(Fel F+{re;, e {per +{re])
2x({six p+{si =gy b{me; }+{Fe), fo{Fe;, e {pe; f+{Fe; )
Charge | Amagr}ofrer e ofre; Fefrey, Fe s+ [} 2}
condition - 2{Vﬁ;g} - 2{0;} -4 VSl} —{e'} =0
ceoaon | 1o btes Jr ol
1={vy}+{os}
1={vy }+{siz}
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Table 3. Most probable defect reaction mechanisms (after Smyth and Stocker, 1975, Stocker, 1978

and Schock et al., 1989)

Intrinsic reactions

Frenkel defects

Movement of ions from normally occupied sites to normally

vacant sites. E.g. nil £ — Mg;" +V,,

Schottky defects

One formula unit of Mg,SiO4 moves from normally occupied
sites to an external or internal surface, creating new lattice

sites and leaving vacancies of all three kinds. E.g.
nil & -2V, +Vg +4V;"

Electronic disorder

Electrons are promoted across the band gap from the
valence band to the conduction band: nil £ - e'+h’

Interesting extrinsic reactions

Incorporation of SiO, 28i0, & - 40} +Siy, +Si" + 2VA;g N_tew Mg
sites
remain
vacant

Incorporation of AMoO L - 40% +2Mo> +2Mo" +V." New Mg

MgO i 0 & mg &1 Si interstitials

Oxygen excess Vacancies: 20, £ - 40, +2V,, +Vg +8h’

region

Interstitials: 20, £ - 40, +8h’

Oxygen deficient
region

Vacancies: 40, £ - 20, +4V;" +8e

Interstitials:

lonisation reactions

Oxygen: V, L -V, +e (and again).
I[ron on magnesium sites: Fe;}g Ll - Fel'wg +e

Interstitial iron: Fe;” £ - Fe;” +e

Iron oxidation by
adsorption of O

8Fe,, +20, & -2V, +Vg +40; +8Fe,,
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2. Method

Due to the wide variety of experiments, qualitative and quantitative modelling the
method is divided into two sections. One section is directly related to the experimental
procedure and the other is related to modelling the data. For the latter most background
information on the matter can be found in the introduction. The sections are then further
subdivided accordingly.

2.1. Conductivity experiments

2.1.1. Sample preparation

The olivine samples were created via a solgel synthesis method as described by
McDonnell et al. (2002). Two kinds of synthetic olivine were made, one with 100%
magnesium dubbed Fojgp (from forsterite) and various samples of 90% forsterite 10%
fayalite composition (ie 10% Fe) which are dubbed as Fog or in tables as FeO#, where #
is sample number. Note that in preventing MgO to form, the samples contain excess Si
instead, which exists as pyroxene. However there is no more than 5% pyroxene present in
all samples and is not considered to affect the overall electrical conductivity processes
going on. The samples are small discs, around 12 mm in diameter and 1 — 1.5 mm thick.
A hard ceramic of the samples was formed after being fired for 40 minutes at 1400 C for
Fo and for 40 minutes at 1250 C for Fe under a controlled reducing atmosphere.

As can be seen in Figure 6, the samples have a foam texture with a narrow grain
size distribution. The average grain size is 1.1 = 0.4 um as determined from the
orientation contrast scanning electron microscope (SEM) images. The grain boundaries
are free of precipitates and impurities while the grain size distribution is roughly the same
everywhere. The porosity of the samples is about 13%. To produce different grain sizes,
the Fe samples were sintered at 1300 C or 1350 C at different times. This caused further
porosity reduction. Ten Grotenhuis ef al. (2004) used a similar method to obtain these
synthetic olivine samples. They discovered that there is no significant effect of porosity
variations on the electrical conductivity by hot isostatically press (HIP) a sample in an Ar
gas pressure vessel in a gold jacket at 900 C with 0.2 wt% water present. The result was a
porosity decrease without changing the average grain size. After the impedance
measurements the samples were checked on grain size using the SEM to ensure that grain
growth was limited.

The Fo sample was given special treatment. The top and bottom region of the disc
was painted using porous platinum paint to allow maximum gas contact with the sample
in a reducing atmosphere to verify that the electrical conductivity of the sample is really
independent of the oxygen fugacity within the olivine stability field. Ordinarily, the top
and bottom electrode would form a solid contact with the sample, preventing gas to get in
between and interact with the sample. See Figure 7 for the setup. However, due to
reproducibly problems of data at every new higher temperature the method was
discontinued for the Fe samples. See for more information in the appendix.
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The thickness of the samples was measured before and after experiments using a
micrometer.

'{ AccY  Spot Magn  Det WD Exp
L. 300KV 50 5000x IMG 202 |
. i ML e : 2
Figure 6. Forsterite sample SEM image showing a foam texture, with an average 1.1 micron grain
size and about 13% porosity (black holes).
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Figure 7. Sample setup for forsterite with the Pt paint (A) and for Fos, samples without Pt paint (B).

2.1.2. Impedance measurements

The electrical impedance measurements were taken with a Solartron 1260A
impedance analyser with the ability to measure tiny conductivities with the addition of
the Solartron 1296A dielectric interface. The exact impedance range is then 10'* Ohm
and lower capacitance determination is down to 10™'* F both measured with an accuracy
of 2%. The capacitance of the system is 10" F. Figure 8 shows the experimental setup
which resides in a vertically mounted controlled atmosphere furnace. The electrodes are
made of 0.5 mm thick Pt plates which are pressed onto the sample by the weight of the
column made of alumina. The wires coming from the electrodes and guard ring and
shielding go through separate holes in the two alumina tubes. These tubes are painted
with Pt paint and earthed to avoid additional signals from the AC power supply.

The method used was with 2 electrodes only. The guard ring made sure that
fluxes around the sample were eliminated and that the conductivity (or resistance)
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measured is only going straight through the sample. One Type-S Pt / Pt-10%Rh
thermocouple resides below the sample and the other above the sample. An additional
thermocouple from the oxygen sensor is present in close proximity to the sample as well.
For all experiments, upon initial heating to the set temperature, the sample is left to
equilibrate for 2 hours before commencing measuring the impedance. After each change
in temperature, the standard equilibration time is 45 minutes. This is the same for each
change in oxygen fugacity. The data was collected during one or more cycles, depending
on the time available, to check the reproducibility of the data. In some cases the same
experiment was carried out the next day to see if a full cooling and heating cycle had any
effect on the impedance measurements. A control experiment on Fo was carried out to
see if the oxygen fugacity has any effect on the conductivity of the sample, while for Fe
the atmosphere had to be reduced to an oxygen fugacity range at which olivine is stable
using a CO / CO, gas mix. H, was not used because that would introduce the risk of
unwanted water vapour despite an increase in reducing conditions. The oxygen fugacity
was first predicted wusing calculations for the reaction in equilibrium:
Cco, & - CO+1/20,. The updated thermodynamic properties for each species at

different temperatures were obtained from NASA®*. The calculations give the ratio of CO,
versus CO at each fO,. By inserting the desired fO2 value into the calculation one can
therefore see what amount CO needs to be added to achieve the target fO2. The initial
CO,:CO ratio used, while heating the furnace, was 1:5 in order to remain as short as
possible outside the carbon stability field but reducing enough so that the olivine sample
does not oxidise. After initial equilibration of 2 hours, measurements were taken at 45
minute intervals and the oxygen fugacity, while calculated, was in reality read from a
computer which in turn gave readings from the oxygen sensor up to high accuracy. The
oxygen sensor was coupled to a thermocouple which reads to an accuracy of 0.2°C and
two other thermocouples, one below and one above the sample, read to an accuracy of
0.2°C.

Once the apparatus is readied for impedance measurements, the data obtained is
corrected for the geometry of the sample. Only the real impedance is used because it is
equivalent to the resistance of the sample. This is taken where the impedance arc touches
the x-axis. The geometrical correction, the area divided by the thickness of the sample, is
multiplied by the real impedance. The reciprocal is equivalent to the conductivity.

* MS Excel thermovader plugin by Stuart Scott and Paul Fennell (2004) from the NASA Glenn
thermodynamic database (http://cea.grc.nasa.gov/about).
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Figure 8. Gas mixing furnace for making electrical conductivity measurements at room pressure
and high temperature. The mixture of CO and CO, is controlled by separate mass flow controllers for
each gas.
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2.1.2.1. Experiments on Foy,

Electrical measurements on the Fojoy sample were taken in the temperature range
of 800 C to 1200 C in the frequency range of 10" Hz to 10° Hz with 8 measurements per
decade at each temperature with an AC level of 0.5 V and a 10 second integration time.
The first set of measurements was taken under normal atmospheric pressure and
composition. While the atmospheric pressure was kept the same, the second set of
experiments was done under controlled oxygen fugacity using a gas mix of CO and CO,.
The account of the exact sequence of events and problems encountered can be read in the
appendix.

2.1.2.2. Experiments on Foy,

Impedance measurements on the Fogy samples were taken in the temperature
range of 1000 C to 1200 C and between oxygen fugacity values of 1E-8 Pa to 1E-2 Pa,
well within the stability field of olivine at those temperatures. The same frequency range
and number of measurements per decade was adopted with an AC level of 0.5 V and a 10
second integration time as was used for experiments on Fojgp. There was one exception
when a prolonged measurement was taken down to a frequency of 10~ Hz in order to
confirm the presence of a third impedance arc. Again measurements were carried out in
cycles to confirm the reproducibility of the data. Grain size was varied by sintering the
other samples for 5 hours and 16 hours at 1350 C in a platinum jacket in a bucket.
Because all Fogy samples come from the same sol-gel substance and were heat treated the
same, they are of the same composition and initial average grain size of 1 micron. To
make sure that all samples yield the same order of magnitude resistance before sintering,
conductivity experiments were done on each sample at 1100°C and compared. Because
the samples are of different thickness, a geometric correction is applied.

Table 4 shows an overview of all the experiments conducted and Table 5 shows
the properties of each sample used.
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Table 4. Overview of all the experiments performed.

Temperature Oxygen fugacity Grain size (um) | Frequency range/ points

range/ set T range/ set fO2 (Pa) per decade

(°C)
FoO1 800C-1200 21,000 1.1+/-04 1Mhz — 0.1 HZ/ 8
Fo02 1100 1E-8 —1E-2 1.0 +/- 0.4 1Mhz — 0.1 HZ/ 8
FeO1a 1000 1E-8 —1E-2 1.0 +/-0.4 1Mhz — 0.1 Hz/ 8
FeO1b 1050 1E-8 —1E-2 1.0 +/-0.4 1Mhz — 0.1 Hz/ 8
FeO1c 1100 1E-8 —1E-2 1.0 +/-0.4 1Mhz — 0.1 Hz/ 8
FeO1d 1200 1E-8 —1E-2 1.0 +/-0.4 1Mhz — 0.1 Hz/ 8
FeO1total | 1000-1200 1E-8 —1E-2 1.0 +/-0.4 1Mhz — 0.1 Hz/ 8
Fe02a 1000 1E-8 —1E-2 2.6 +/-0.7 1Mhz — 0.1 Hz/ 8
Fe02b 1100 1E-8 —1E-2 2.6 +/-0.7 1Mhz — 0.1 Hz/ 8
Fe02c 1200 1E-8 —1E-2 2.6 +/-0.7 1Mhz — 0.1 Hz/ 8
FeO2total | 1000-1200 1E-8 —1E-2 2.6 +/-0.7 1Mhz — 0.1 Hz/ 8
Fe03a 1000 1E-8 —1E-2 3.2 +/-1.1 1Mhz — 0.1 Hz/ 8
Fe03b 1100 1E-8 —1E-2 3.2 +/-1.1 1Mhz — 0.1 HZ/ 8
Fe03c 1200 1E-8 —1E-2 3.2 +/-1.1 1Mhz — 0.1 HZ/ 8
FeO3total | 1000-1200 1E-8 —1E-2 3.2 +/-1.1 1Mhz — 0.1 Hz/ 8
Fe01-oxi 1100 1E-8 —1E-2 1.1 +/-0.6 1Mhz — 0.001 Hz/ 8

Table 5. Overview of the properties of each sample.

Sample A/ll, m Sintering time / | Av. grainsize, ym Porosity, %
temperature
FoO1 0.0350 0 1.1+4/-04 13%
FeO1 0.0367 0 1.0+/-0.4 13%
Fe02 0.0336 5h / 1350°C 2.6 +/-0.7 5.2%
Fe03 0.0507 16h / 1350°C 3.2 +/-1.1 4.8%
Fe01-oxi 0.0367 0 1.1 +4/-0.6 10.6%

2.2. Modelling the data

Using controlled atmospheric conditions with a gas mix of CO / CO,, when every
variable except the oxygen fugacity is kept constant, the data shows a relationship with
the oxygen fugacity and resistance which is in turn coupled to the species and
concentration of charge carriers in the material. Numerous quantitative models have been
proposed in the early 90’s (Constable and Duba, 1990, Hirsch and Shankland, 1993 and
Schock et al., 1989) which model the concentration of various defect species in olivine
under different oxygen fugacities. These models, however, only apply to single crystals.
In other words, the grain boundary effect is not incorporated and hence will not be
modelled in this study.

The model used in this study is a modified approach adopted by Constable and
Duba (1990) and Constable and Roberts (1997). Most details have already been stated in
the introduction / background sections but the actual equations used to obtain the
conduction contribution of the various charge carriers are shown here.

As has been described earlier, in order to obtain the conduction contribution of
each charge carrier, one will need to know the concentration of that carrier, its mobility
and the effective charge it carries (which can be approximated to be the charge of an
electron) as shown in this model for this reaction:
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The mobility of magnesium vacancies and small polarons can be approximated
with an Arrhenius relationship, i.e. as thermally activated processes. The same can be
said of the constants br, and by, (Constable and Roberts, 1997) which appear in the
equation for the concentration of charged species shown below. The corresponding
activation energies for the mobility of the charged species appear to be estimated by
Constable and Roberts (1997). This study will adopt the same values. The activation
energies in the equation for the concentration of the charged species are not adopted but
the value obtained from recent creep experiments, on synthetic forsterite with 10%
fayalite which yielded an activation energy of 270 +/- 50 kJ/mol, is adopted (Slotemaker
and de Bresser, work in progress). The reason being is that with creep experiments there
is only ionic displacement (not electronic) thus this activation energy belongs to
magnesium ions. Similar but somewhat higher activation energies at temperatures of
1200 — 1400°C were obtained for forsterite where ionic conduction is thought to
completely dominate over electronic conduction (see Table 6 for values and references in
results section 3.6). Experiments on FeO# are carried out between 1000°C and 1200°C.
The numerical model is shown below (see Table 7 in the discussion section for
corresponding values for each parameter):

Mobility: Concentrations:
A : E

P N A A A T
A . E

T I O O By A

where A, and E, are in J/mol.

For electrons the mobility is referenced to be around 0.14 m?/Vs (see Table 7). Its
concentration is calculated from the electron effective mass in Si and the temperature
using the modified Fermi function as described in the background section. The relation of
the electron concentration against the oxygen fugacity is —1/6 (Hirsch and Shankland,
1993 and Constable and Roberts, 1997).
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3. Results

3.1. Testrun

The first measurements were done on an iron free synthetic olivine sample under
normal atmospheric conditions and at various temperatures. 800°C was taken as a starting
temperature because any lower and the resistance of the sample would be too high and
our goal is to quantify the behaviour of olivine under mantle conditions. To verify if there
would be a possibility of a leaky capacitor in the system, at room temperature for both
samples; the forsterite and the iron bearing sample, conductivity measurements were
done under these conditions. As Figure 9 shows the sample behaves as a near-perfect
capacitor with a phase angle near 90°.
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Figure 9. Impedance (Nyquist) plot and merged log-log, linear-log bode plots showing an
approximate ideal capacitor indicating no presence of a leaky capacitor. This plot was produced
from the Fe01 olivine sample at room temperature.

3.2. Fo;9 control experiments (forsterite)

At elevated temperatures, however, the typical impedance plots produced show a
distinct arc, often depressed to sometimes high degrees like 50°. But more frequently the
angle of depression is more in the order of 5°- 10° especially at temperatures below
1100°C. Note that these figures are not 1:1 because in most cases the arc would become
very indistinct. Figure 10 is such an impedance plot of a forsterite sample at 900°C where
the angle of depression is low and a clear arc is seen. At higher temperatures the main arc
becomes smaller and at lower frequencies one could argue that there is a second arc
present and a beginning of a third, but the scatter is great. The scatter is probably an
effect of the electrodes seen often with the two electrode technique (Roberts and
Tyburczy, 1991 and ten Grotenhuis, 2004). Each arc has a different relaxation time, T.
These arcs can be seen in the impedance plot of forsterite at 1200°C in Figure 11.
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Figure 10. Impedance and merged log-log, linear-log bode plots of forsterite (Fo01) at 900°C.
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Figure 11. Impedance and merged log-log, linear-log bode plots of forsterite (Fo01) at 1200°C.

taken under normal atmospheric conditions, there is virtually no change.

After enough data was collected at different temperatures, the forsterite sample
was left at a constant temperature of 1100°C and the oxygen fugacity was changed.
Figure 12 shows that at different oxygen fugacity the conductivity through the sample
remains within 0.1 order of magnitude and when compared to conductivity measurements
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Figure 12. Conductivity versus oxygen fugacity log-log plot showing the effect of reducing conditions
on the conductivity through forsterite (Fo01). Note the y-axis is only one order of magnitude.

Despite the fact that the data lies in the range of a mere (5E-5 to 6E-5) S/m there can be a
small negative slope distinguished. More oxidising conditions seem to indicate higher
resistance. If this falls within the margin of error of measurement is unsure, however, it
must be noted that there were former problems with reproducing same results. See more
about this in the appendix.

Figure 13 shows two Arrhenius plots with the grain interior conductivity plotted
against 1000/T. As for Figure 12, the grain interior conductivity values in Figure 13 were
taken at the lower frequency end of the impedance arc where the phase shift is closest to
zero on the real axis in the impedance plot, thus omitting the imaginary component of the
impedance. A geometric correction, taking into account the contact surface area and the
thickness of the sample, was applied to the values (A/l). As can be seen, heating and
cooling cycles reproduce almost perfectly. An activation energy was obtained from the
slope which equals about 191 kJ/mol.
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Figure 13. Arrhenius log-linear plot showing the conductivity data for forsterite (Fo01) at during
different heating and cooling cycles. Temperature range is between 800°C and 1200°C. A slight
curvature upwards can be seen.

3.3. Fogy (Fe01) experiments (average grain size: 1 micron)

Unlike Figure 10 and Figure 11, conductivity measurements on iron bearing
olivine at 1100°C and at different oxygen fugacity show a distinct second arc and a
beginning of a third (see Figure 16). This arc increases in size, but shifts to the right (ie
higher resistivity) at higher oxygen fugacity. As with all results the arcs are depressed as
seen in Figure 14. At low oxygen fugacity the second arc is almost indiscernible. In
addition, at higher temperatures the second arc is also much less well developed. The
overall conductivity at 1100°C is much higher too, but not much higher as compared to
the forsterite sample at 1100°C (with a difference of 50kOhm) (see Figure 15).
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Figure 14. A 1:1 representation of the depressed arcs obtained. This is Fe01 at 1200°C and fO2 of 1E-
5 Pa.
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Figure 15. Impedance plot at 1100°C and at an oxygen fugacity of roughly 9e-6 Pa showing the
conductivities of forsterite (Fo01) and Fe01 olivine.
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Figure 16. Impedance and merged log-log, linear-log bode plots of Fe01 olivine at 1100°C and oxygen
fugacity of 1.2e-3 Pa. Note that the phase angle theta is even initially not very high. Also note the
distinct second arc in the impedance plot.

Figure 17 is similar to Figure 12 where the conductivity measured is plotted
against various oxygen fugacities. Double measurements at one oxygen fugacity means
that a reduced atmosphere has been relatively more oxidised and subsequently been
brought back to the same reducing conditions thus showing that data is reproducible.
Data has been plotted from measurements taken at 1100°C and at 1200°C. For
comparison with forsterite, that data is also shown. In addition, for the FeOl olivine
sample, It was possible to obtain conductivity data of the second arc as seen in Figure 16
and that data has been plotted as well as a function of fO,. At first sight, it is readily
apparent that there is little response of the olivine samples to different oxygen fugacity.
All slopes are even slightly negative, especially the data obtained at from the second arcs.
In the plot is also shown a slope of 1/6. Many authors have obtained this slope from
measurements on natural iron bearing olivine within the olivine stability field (Du Frane
et al. (2005), Schock et al. (1989), Wanamaker and Duba (1993), Constable and Duba
(1990), Sato (1986)). It is clear that current data does not support this.
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Figure 17. Conductivity versus oxygen fugacity log-log plot. Shown is data from Foy, olivine (Fe01) at
1000°C, 1100°C and at 1200°C and data from the forsterite. Note how the slope of the data indicated
as the second impedance arc is steeper than for the first arc. The slope 1/6 is a typical slope many
authors obtain for natural occurring iron bearing olivine (Du Frane et al. (2005), Schock et al. (1989),
Wanamaker and Duba (1993), Constable and Duba (1990), Sato (1986)).

The next figure (Figure 18) shows an Arrhenius plot similar to Figure 13, but for
the iron bearing olivine sample. Despite the fact that there are fewer data points, the slope
obtained isn’t unreasonably different than the one obtained from the forsterite data. The
activation energy that can be calculated from the slope is about 200 kJ/mol. Figure 19
shows that at very low frequency (1E-3 Hz) a third arc is formed.

34



1.00E-03

1.00E-04

log(g (S/m))

1.00E-05

fO2 =1E-5

Ea =200 kd/mol
=2.07eV
Grain size = 1 micron

0.66 0.

68 0.7 0.72 0.74 0.76 0.78 0.8
1000/T (/K)

Figure 18. Log-linear Arrhenius plot of the conductivity*T versus the reciprocal of the temperature

for Foy, olivine between 1000°C and 1200°C and at £f(O,) of 1 x 10” Pa. The activation energy

obtained is around 200 kJ/mol.
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3.4. Fogy (Fe02) experiments (average grain size: 2.6 micron)

Electrical impedance measurements were performed on synthetic iron-bearing
olivine that had re-sintered for 5 hours at 1350°C. The temperature range is 1000°C -
1200°C. Similar to experiments performed on FeOl, the slopes in Figure 20 are almost
horizontal instead of 1/6 as shown in natural material. The apparent activation energy
obtained is 185 kJ/mol.
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Figure 20. Conductivity versus oxygen fugacity log-log plot. Shown is data from Fe(2 olivine at
1000°C, 1100°C and at 1200°. Note again how the slope of the data indicated as the second impedance
arc is steeper than for the first arc. The slope 1/6 is a typical slope many authors obtain for natural
occurring iron bearing olivine.
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Figure 21. Log-linear Arrhenius plot of the conductivity*T versus the reciprocal of the temperature
for Fe02 olivine between 1000°C and 1200°C and at £f(O,) of 5.5 x 10”° Pa. The activation energy
obtained is around 175 kJ/mol.

3.5. Fogy (Fe03) experiments (average grain size: 3.2 micron)

The next sample, Fe03, was sintered at 1350°C in a Pt jacket for 16 hours.
Electrical impedance experiments were carried out thereafter between 1000°C and
1200°C. Due to unexpected interference at low frequencies the second arc could not be
properly identified. However, the first arc was fully formed. The conductivities obtained
at the various temperatures under different oxygen fugacities can be seen in Figure 22.
When comparing this figure to Figure 17, it is apparent that the conductivities at each
temperature are almost the same or the same within the range of error. This would
suggest no grain size dependency. See the section on grain size dependence for more
details. Figure 23 shows an Arrhenius plot for Fe03. The activation energy obtained from
the slope is around 207 kJ/mol which is very close to what was obtained for FeOl.
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Figure 22. Conductivity data at different fO2 and temperatures.
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Figure 23. Log-linear Arrhenius plot of the conductivity*T versus the reciprocal of the temperature
for Fe03 olivine between 1000°C and 1200°C and at f(O,) of 1 x 10”° Pa. The activation energy

obtained is around 207 kJ/mol.
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3.6. Summary

Figure 24 is a compilation plot to give a better overview of the conductivities
obtained for the various samples at one specific temperature of 1100°C. As can clearly be
seen, most data plots in one area on a line including the forsterite data indicating that
forsterite is not necessarily less conductive than forsterite with 10% Fe because all the
iron is in reduced form. Table 6 shows an overview of all the samples and used and their
respective properties like grain size and associated apparent activation energy obtained.
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Figure 24. This chart sums up the conductivity data from all samples at 1100°C. Note how most data
clusters one line and that conductivity of forsterite is not specifically less than that of forsterite with
10% fayalite. The conductivity data for Fe02 lies somewhat higher than the rest.

Table 6. Summary of the apparent activation energies obtained for the various samples for bulk and
grain boundary conduction.

Sample Average grain size Activation energy
um kJ/mol eV
FoO1 1.1+/-04 191 1.98
Fe01 1.0 +/- 0.4 200 2.07
Fe01 Grain boundaries 1.0 +-0.4 324 3.36
Fe02 2.6 +/-0.7 185 1.92
Fe03 3.2 +/-1.1 207 2.15

3.7. Oxidation experiment on Fe01 (Fe01-oxi)

Figure 25 shows what would happen if olivine we brought outside its stability
field. It is apparent that beyond the olivine stability field the data points lie on a slope of
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1/6. The last set of data points at fO, = 21 000 Pa were taken at t = O to t = 44 minutes,
where t = 0 is immediately after the flow of CO and CO, gases was stopped and ordinary
air was introduced. The steady increase in conductivity with time indicates that
eventually the conductivity will approach the 1/6 slope. Later, when the sample was
examined, it was confirmed that the inside was not yet fully oxidised as compared to the
outside of the sample. This can also be seen in Figure 41 in the appendix. The red
conductivity data point was taken after the CO/CO, gases were re-introduced after about
1 hour. Whether the oxidised sample has undergone permanent change will be discussed
later.
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Figure 25. Conductivity data plotted as a function of the oxygen fugacity in a log-log plot. OST+
indicates the upper boundary of the olivine stability field.
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4. Discussion

4.1. Problems with repeatability of results

Normally any mention of experiments that have gone wrong are not reported.
However, in this case it is appropriate to briefly mention some of the biggest obstacles.

Initial experiments on FoO1, with Pt paint, did not go smoothly. The problem was
noticed when increasing the temperature from 1100 C to 1200 C and back again. The data
would not be reproducible within the wanted error margin. It is suspected that the
platinum paint would reconfigure its coverage on the sample thus altering the total
surface contact area. The idea of adding platinum paint and inserting a platinum coil on
the forsterite sample between the paint and electrode therefore proved to be less than
worth it. The idea was to grand ample access for the reducing atmosphere to the sample
between the electrodes. But in practice the platinum paint made it difficult to yield
reproducible results. Every other day the absolute electrical conductivity values would
decrease over the selected frequency range. This was going to be especially problematic
when the time would come to measure the electrical conductivity at different oxygen
fugacities and constant temperature. To tackle the problem, the temperature of the
furnace was raised to 1400°C for 15 minutes to allow the platinum paint to sinter once
and for all. This seemed to have been successful. The following conductivity
measurements at various temperatures were all reproducible during heating and cooling
cycles and at different days within reasonable margin of error (see Figure 13). See
appendix for a detailed account of the problems with the Pt paint.

Later, during experimentation on the iron bearing olivine, it happened more than
once where the guard ring short-circuited with the top electrode even though this was
checked beforehand. This appeared to cause an increase in conductivity by over an order
of magnitude. Experiments were therefore mostly repeated to check for this possible
problem.

4.2. Data comparison

It is apparent that the impedance data for 10% iron containing olivine (FeO#)
shows no real changes over an oxygen fugacity range of more than three orders of
magnitude. What is even more apparent is that the conductivities calculated for forsterite
at different f(O2) and at 1100C (corrected for contact surface area due to Pt paint) plot
within 0.2 order of magnitude close to the data of FeOl at 1100C (Figure 24). This would
indicate that the conduction process in forsterite is likely to be very similar as in FeO#
olivine. However, unlike the forsterite data seems to indicate in the larger amount of
noise at low frequency, the impedance measurements of FeOl produce a complete second
arc at higher f(O2) and lower temperature. The apparent activation energies obtained for
the various olivine samples are quite close to each other at around 200 kJ/mol. This can
be seen in Table 6.

When comparing the impedance results of this study for forsterite and FeO#
olivine (which are relatively of the same magnitude) it is striking that these absolute
conductivity values do not compare with values obtained by other studies. For Fe(l
olivine with a grain size of 1pm and porosity of 13%, the absolute conductivity values
calculated are roughly at 1E-4 S/m at 1100C. An extensive and study by Du Frane et al.
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(2005) obtains data in the range of 1E-3 S/m to 5E-3 S/m at 1100C for single crystal San
Carlos olivine (Fogy ;). Constable and Duba (2002) obtained conductivity values in the
range of 3E-4 S/m to 1E-3 S/m at 1100C for a lherzolite (65% olivine). For more
comparison, also at different temperatures, see Figure 35. So generally speaking the
conductivities obtained in this study for synthetic olivine seem to be lower than for single
crystal / polycrystalline natural samples. Once explanation is that due to the presence of
more phases in polycrystalline samples or due to the altered impure chemistry of single
crystals containing more defects, natural materials contain more charge carriers than
synthetic olivine samples. More on this will be discussed in section 4.3.3.

4.3. Current data and model

4.3.1. Circuit modelling

Figure 26 shows a bricklayer model for electrical transport through a
polycrystalline medium such as olivine. The two pathways shown are the end members.
It is apparent that path 2 is the longer route. Unless the grain interiors are more resistive
relative to grain boundaries, most conduction is expected to go through the grain
interiors.

Dgrain

D grain boundary

v
Path 2 Path 1

Figure 26. Bricklayer model for electrical transport through a polycrystalline olivine sample. The
two pathways shown are end-members with one path fully going through the grain boundaries and
another going straight through the grain interiors.

The first arc in an the impedance plot corresponds to the first component of a CPE
in parallel to a resistor. Three such components form three arcs as seen in Figure 27.
Figure 28 shows how the data is fitted using this model. In effect, the grain interior, grain
boundary and electrode effect conduction pathways act in serial as can be seen in Figure
28. If the arc for the grain boundaries becomes small or may not even appear, it means
virtually all conduction will take place through the grain interiors and grain boundaries
equally. When grain boundary conduction is less than that of grain interior conduction
then two arcs are shown and sometimes even three if an electrode effect is present too. If
grain boundary conduction would be modelled in parallel to grain interiors then, if grain
interiors were highly resistive, conduction would be dominated through grain boundaries
in one arc only. However, if grain boundaries are highly resistive then grain interior
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conduction would prevail together in series with some grain boundary crossing as shown
by path 1 in Figure 26. This would predict at least one arc and up to three with grain
boundaries acting very resistive and an electrode effect. This is clearly the case in as seen
in Figure 28. Other measurements as shown as in Figure 15 and Figure 16 show at least
two arcs and a beginning of a third.

grain interior grain boundary electrode

CPE1 CPE2 CPE3
L
£ F
R1 R2 R3
I IT ITT

Figure 27. Circuit model for grain interior and grain boundary conduction acting in series (path 1 in
Figure 26).
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Figure 28. Modelled data from Figure 19 to circuit shown in Figure 27 using Z-view software. Ratio
is 1:1.

43



Authors such as Roberts and Tyburczy (1991, 1993) attributed the first arc to
grain interiors, because they thought the grain boundaries are in actuality blocking the
current because of impurities and phase / defect aggregation. The reason why in this
study the second arc attributed to grain boundaries and not the first arc is not only
because of Figure 28 but also because consistently it can be seen that at higher fO2, the
second arc becomes more and more resistive to electrical flow. This would be difficult to
explain for grain interiors but not for grain boundaries where presumably oxygen atoms
or interstitials may be blocking the passing of charge carriers as the oxygen pressure is
increased or decreased mobility of iron and magnesium interstitials at higher fO2 at the
grain boundaries.

The last (often poorly developed) arc represents the electrodes where the
conversion of ionic to electronic conduction acts as a blocking effect to conduction. The
rough 3D contact between sample and electrode may also play a part though it is assumed
that the platinum becomes soft enough at these temperatures to create a full contact.

The scatter of data at high real impedance (low frequency) in Figure 11 and
Figure 15 can be due to two causes. One, the irregular heated platinum paint for FoOl
between the sample surface and the spiral and electrode is affecting the lower frequency
region. Reruns show that the general arc remains the same but the scatter in the low
frequency region evolves. This may mean that the heated platinum paint has started to
creep. Two, it may mean that there is unknown interference from other electrical
applicances such as the furnace. Although this interference is expected only at certain
frequencies. Or third, the interference is from improper grounding (of the guard ring and
shield). For certain experiments the interference was completely gone, especially for
FeOl, but returned with experimentation on Fe03. In between the apparatus was repaired
for gas leaks so something might have changed again.

4.3.2. Modelled data

With all the data obtained from the experiments, the model, as explained in the
background and method sections, can be fitted to the data. Table 7 shows the various
parameters used and their source. Even though the temperature, concentration of
electrons, and the constant by, are the variables, only the temperature and the constant
are the controllable variables because the concentration of electrons is calculated from the
bandgap of olivine and the temperature using the equations derived in the background
section 1.1.4.

The mobility of an electron is more of an estimate value taken from silicon,
because no source could be found where the mobility of an electron is quoted forsterite
with 10% fayalite. The same applies for the effective mass of an electron. The value used
really applies to silicon. The normal electron mass could not be used because that is
defined for an electron moving in a vacuum and not through a crystal structure of olivine.
The average activation energy for magnesium vacancies is taken from recent and ongoing
creep experiments carried out on the same synthetic material. With creep experiments
one can be sure that the electronic component is not contributing to the activation energy.
However, since creep involves the diffusion of mass it must be assumed that the same
activation energy for magnesium vacancies applies to diffusion of magnesium (and the
small percentage of iron) ions. The activation energy for the magnesium mobility is taken
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from Constable and Roberts (1997) and yields a good diffusivity value via the Nernst-
Einstein relationship (see section 4.3.5). The other constants, ¢y, and ay are also taken
from the model by Constable and Roberts (1997) where the latter is modified for this
study to provide a better approximation. These constants are pre-exponential components
and, like the fitting parameter by, could contain other dependencies such as temperature,
grain size or buffering by pyroxene (which limits the ability to lower the fO, state of the
sample beyond the threshold value...ensuring a minimum population of small polarons
(Constable and Roberts, 1997)). The fO, dependence for electrons is -1/6 as described by
e.g. Stocker and Smyth, 1977 and Hirsch and Shankland, 1993.

It must be noted, however, that during the modelling of the data it became

readily apparent that the small polaron contribution, Fe,,, is not significant and therefore
not included.

Table 7. Model parameters. Note that the only true adjustable variable is by,. All other parameters
are constrained at different temperatures.

Parameters Value Source
Slotemaker, de Bresser (ongoing research,

Ea for Mg (J/mol): 270000 2006)
Slope electrons -1/6 e.g. Hirsch and Shankland (1993)
Ea Mg mobility (J/mol) 105000 Constable and Roberts (1997)
Mobility electron (m?/Vs) 0.14 http://www.ioffe.rssi.ru/SVA/NSM/Semicond/Si
Charge of an electron, e (C) 1.60E-19 /
Gas constant (J/Kmol) 8.314 /
Cuto 2 97E-06 Constable and Roberts (1997)

Modified estimate from Constable and Roberts
EX® 9.40E+33 (1997)
Effective electron mass (for http://www.ioffe.rssi.ru/SVA/NSM/Semicond/Si
conductivity experiments) (kg) 0.26m, /bandstr.html
Bandgap (eV) 6.3 (= better fit) Shankland (1968), Morin et al (1977)

Table continued on next page.
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Variables

Fe01

bug 4.60E+23
T (K) 1263
INES (electrons/ms) (calc. from T and band gap) 9.31E+12
bug 8.40E+23
T (K) 1363
Nep (electrons/m3) (calc. from T and band gap) 9.05E+13
Oug 4.40E+23
T (K) 1453
Neb (electrons/m3) (calc. from T and band gap) 5.92E+14
Fe02

bug 1.03E+24
T (K) 1263
Nep (electrons/m3) (calc. from T and band gap) 9.34E+12
bug 1.36E+24
T (K) 1363
Neb (electrons/m3) (calc. from T and band gap) 9.05E+13
bug 1.20E+24
T (K) 1453
N, (electrons/m®) (calc. from T and band gap) 5.92E+14
Fe03

Duig 3.40E+23
T (K) 1263
Neb (electrons/m3) (calc. from T and band gap) 9.31E+12
Dug 5.50E+23
T (K) 1363
Nco (electrons/ms) (calc. from T and band gap) 9.05E+13
bug 4.50E+23
T (K) 1453
N (electrons/m®) (calc. from T and band gap) 5.92E+14

The following subsections show the electrical conductivity plots (Figure 29,
Figure 30 and Figure 31) for the various samples. The solid line is the modelled result
obtained via solving the equations to a best fit using MS Excel's solver plug-in. Despite
some scatter at certain temperatures, the fits are generally very well constrained.
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4.3.2.1. Fe01 (Foyy)
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Figure 29. Conductivity data modelled at three different temperatures. The solid lines show the

expected trend of the conductivity at different oxygen fugacity. Note the accurate fit for 1200°C and

1100°C. At 1000°C the fit is somewhat less perfect. The entire range in fO2 shown is within the

olivine stability field.

4.3.2.2. Fe02 (Foyy)

1.E-03 ]
! 1/6
1200C
[] — s B
~ 1 1100C
E .
s
= 1000C
9
1.E-05
] ¢ 1000C
——1000C Model
A 1100C
1100C Model
s 1200C Grain size = 2.6 micron
1200C Model
1.E-06 [ T . =y ; ——r ; e .
1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02
Log(fO2 (Pa))

Figure 30. Conductivity data modelled at three different temperatures. The solid lines show the
expected trend of the conductivity at different oxygen fugacity. The entire range in fO2 shown is

within the olivine stability field.
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4.3.2.3. Fe03 (Foyy)
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Figure 31. Conductivity data modelled at three different temperatures. The solid lines show the
expected trend of the conductivity at different oxygen fugacity. The entire range in fO2 shown is
within the olivine stability field.

The model fits the data well, which means that, as predicted, the dominant charge
carriers are indeed magnesium vacancies and electrons. The olivine samples, containing
(almost) no oxidised iron, therefore do not contain any small polarons to high
concentrations and can therefore never contribute as a dominant charge carrier to the
overall conductivity. This has major implications for all electrical impedance experiments
performed on natural olivine. This is explained in the next sections.

4.3.3. Identifying the charge carriers involved in conduction

4.3.3.1. Grain interior diffusion

As already stated in the previous section, the contribution of Fe,, or small
polarons, is not included in the final result of the model. It was quickly apparent that
Fe,,, would only add a +1/6 slope, one which is already contributed by Mg vacancies.
But that was not the main reason. Inserting the parameters in the equation for Fe,, and
plotting it as a function of fO2 along with the contribution of Mg vacancies showed that
the concentration of Fe,  was several orders of magnitude less than that of Mg
vacancies. Thus the result remained unchanged after deleting the contribution of Fe,,, .

However, the most important reason why it was not considered further in the model is
that these experiments have been carried out on purpose well within the olivine stability
field. This would indicate that the reduced form of iron in the olivine samples stays, for
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the greatest part, reduced Fe** One would, therefore, not expect Fe,,, to be a major

charge carrier. Eliminating Fe,,, from the equation leaves Mg vacancies and electrons as

the most important, but not the only charge carriers. The contribution of electrons is
justified because the conductivity data for FeOl, Fe02 and Fe03 show consistently at
different temperatures and low fO, a slightly negative slope. Only electrons, which are
mobile enough in larger concentrations and contribute with a negative slope of -1/6, can
explain this.

Looking in further detail at the diffusion of magnesium vacancies, Brodholt
(1997) discovered from ab initio calculations that the magnesium defects on the M1 sites
are 0.8eV lower in energy than on the M2 sites. Thus the Mg vacancy hopping
mechanism most likely only occurs from M1 sites to other M1 sites. See Figure 32.

Other than magnesium vacancies, small polarons and electrons as charge carriers,
other candidates such as Si interstitials are not likely to contribute greatly to the overall
conductivity (see Hirsch and Shankland, 1993). Reason being is that Si binds the olivine
structure together and is therefore less likely to move in great concentrations. The only
other possible candidates are oxygen interstitials or vacancies especially when observing
the evolution of the second impedance arc (ie the grain boundaries) at different oxygen
fugacity.
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Figure 32. Crystal structure of olivine with the unit cell and the locations of the M1, M2 and the O1,
02, O3 sites. Oxygen is shown in red, silicon in pink and magnesium/iron in blue.

4.3.3.2. Grain boundary diffusion

In previous studies various models have been proposed, which quantitatively
describe the concentration of defects (cm™) at different temperatures and oxygen fugacity
but have so far been focused on the diffusion of defects through grain interiors only “to
avoid additional uncertainties related to poorly controlled or unknown conditions at grain
boundaries in many of the studies of the polycrystalline samples” (Hirsch and Shankland
1993). The first impedance arc (as seen in Figure 15) represents this grain interior or
grain interior conduction. However, as seen in Figure 15, Figure 16 and Figure 19, there
is a second arc. The point where this arc touches the x-axis (or real impedance or
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resistance) can be taken and converted to conductivities. This is represents conduction
though the grain boundaries as explained earlier.

Until recently models did not distinguish between the M1, M2 sites and in
particular the O1, O2 and O3 sites, which bears a consequence for conduction in grain
boundaries. In a study by Walker ef al. 2003, where oxygen diffusion was quantitatively
calculated and in a study by Brodholt (1997), the authors realise that almost all oxygen
vacancies are found on the O3 site. This is concluded from the fact that there seems to be
a large difference (at least 0.66 eV) between the energy required to form vacancies on the
three symmetry-inequivalent oxygen sites (Walker et al. 2003). This may limit the
effective contribution of oxygen vacancy diffusion and is therefore unlikely to contribute
to conduction in high concentrations. For oxygen interstitials it is, however, possible that
they are scavenged at reducing conditions thus forming a gradient in oxygen
concentration causing further diffusion (of possibly oxygen vacancies) and higher
conduction. When looking at the results (as in Figure 17, Figure 20 and Figure 24)
increasing oxygen fugacity causes a decrease in conductivity.

Figure 34 is a compilation of the conductivity data obtained for the grain
boundaries. The data from the authors, as well as current data show negative slopes. It is
interesting to note that different natural materials give different absolute conductivities
which seems very unreliable. The synthetic data lies at a lower conductivity than the
natural data. Again this might have to do with added small polaron conduction for natural
material increasing the overall conductivity. The slopes for natural material are generally
also less negative. It is also interesting to see that for 1000°C the slope is exactly —1/6.

With an increase of oxygen fugacity, the concentration of oxygen vacancies
would be expected to drop and the concentration of oxygen interstitials to rise (Walker et
al., 2003). If oxygen vacancies are the major charge carriers, then with increasing oxygen
fugacity the diffusion of oxygen vacancies would drop and thus the conductivity would
drop. This is clearly seen. Furthermore, as seen in Table 8, only oxygen vacancies that
have a charge of +2 can contribute such a negative dependence on oxygen fugacity. This
at least rules out oxygen interstitials as the dominant charge carriers in the grain
boundaries. However, because the slopes vary at different temperatures, there must be at
least some sort of mixed conduction with something that contributes a positive relation to
the fO,. This still could be the oxygen interstitials with a low mobility or simply
magnesium vacancies.

It is a useful exercise to calculate the diffusivity of oxygen and hence the
conductivity via a modified Nernst — Einstein relation and see if oxygen vacancies is a
reliable candidate. Using the equation below we can get an estimate of the conductivity
from the diffusivity D.

o=c Gy
_ _E, D (A)
e [ardy

D can be obtained from Oxygen (self-diffusion) experiments in forsterite. At 1200°C D =
3.16E-16 cm’/s (Jaoul et al., 1980), D = 2.18E-16 cm*/s (Reddy ef al., 1980) and D =
9.45E-17 cm*/s (Jaoul and Houlier, 1983) with corresponding activation energies of 320
kJ/mol, 372 kJ/mol and 293 kJ/mol respectively. Not many oxygen diffusion experiments
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have been conducted on natural iron-bearing olivine but Houlier et al., 1988 obtained D =
1E-18 m*/s at 1300°C. We still need some estimation of the concentration of oxygen
interstitials and vacancies. For this we turn to the model of Hirsch and Shankland (1993).
Even though the model is calculated for grain interiors, the calculated values are for iron-
bearing olivine at 1200°C. For oxygen interstitials at around fO, = 1E-5 Pa the
concentration is 1E18 cm™. For oxygen vacancies: 1E4 cm™. Roberts and Tyburczy
(1993) faced a similar problem for identifying the charge carriers in the grain boundaries.
They ruled out oxygen because oxygen has been shown to diffuse relatively fast in
polycrystalline dunite (D = 1E-7 cm”/s at 1200°C at 1GPa) (Watson, 1986), so higher
conductivities would have been expected. However, using equation (A) above a
conductivity can be calculated for oxygen interstitials at 1200°C which equals to ¢ =
1.26E-4 S/m. This is calculated with a concentration of 1E25 /m’ and Watson’s value. If
oxygen vacancies can exist in such a concentration than that would explain the negative
slopes, but alas. In addition, as we have seen, there is much more research done where
much lower and similar D values have been obtained leading only to lower
conductivities. This leads to a problem concerning oxygen vacancies as the major
conducting species.

Now that we are still at a loss which major charge carries might explain the
conductivity in the grain boundaries, we turn to other possible candidates. One other
candidate is electrons. Still, the high activation energy associated with grain boundaries
(Figure 33) would seem to contradict this and again hints more that we are dealing with
oxygen vacancy diffusion. We may be looking at electrons that could be polarised in the
grain boundaries and act as polarons. Polarons can contribute to a high activation energy
because the electrons have significantly reduced mobility as they distort the lattice bonds
around them as they move. In other words a polaron is formed when a moving charge
(typically an electron or a hole) in a crystal with some ionic character polarizes (by its
electric field) the lattice around it. The resulting lattice polarization acts as a potential
well that hinders the movements of the charge, thus decreasing its mobility. Do not,

however, confuse polarons with small polarons (e.g. Fe,, )! They are entirely two

different things. However, while electrons may act as polarons within the crystal lattice
structure, it is unlikely that they would be slowed down to the same degree in grain
boundaries, where there is more space.
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Table 8. Variation of point defect concentrations with ag, and P, for various charge neutrality conditions. Calculated from equilibrium constants for
several reactions by Stocker and Smyth, 1977. The interesting P, coefficients are circled in red for the charge neutrality condition of interest.
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n;m where n refers to ag, (activity of enstatite) and m to Pq,
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Figure 33. Arrhenius plot for the grain boundaries of Fe01. As the slope indicates, the activation
energy in the grain boundaries, for the charge carriers, is much higher than in the grain interior.
Temperature range is at 1000°C to 1050°C to 1100°C.

Roberts and Tyburczy (1993) also cited research by Fujkama (1988) where the
diffusion of iron on grain boundaries was measured at D = 10™" cm?/s at 1200°C. This
happened to be at least one order of magnitude to slow compared to data by Roberts and
Tyburczy (1993). However, current data for grain boundaries, as seen in Figure 34, might
satisfy that. Iron interstitials do appear to contribute a -1/6 fO, dependence as seen in
Table 8. Whether these calculated concentrations of different charge species are the same
for grain boundaries is unknown. Magnesium interstitials also contribute a -1/6 fO,
dependence which are have been computed to be 2 orders of magnitude higher in
concentration than iron interstitials for the grain interiors (Hirsch and Shankland,1993),
which seems logical since olivine looked at only has 10% Fe.

To summarise, the dominant charge carriers contributing to the conductivity
obtained in the grain boundaries are most likely iron and magnesium interstitials because
they exist in much higher concentration than oxygen vacancies (10 orders of magnitude
(Hirsch and Shankland,1993)). In addition, one might think of grain interior Mg vacancy
diffusion to be linked to grain boundary Mg interstitial diffusion. If an improved model
or future experiments show that oxygen vacancies can exist in high concentrations and
diffuse relatively fast in the grain boundaries then they are the most likely candidates.
The reason being is because of the decrease in conductivity with an increase in fO,, the
high activation energy and the -1/6 dependence on fO, for the grain boundaries. The
exact reason why iron and magnesium interstitials could be the dominant charge carriers
also relates to high activation energies obtained as observed in e.g. creep experiments.
The higher apparent activation energy (324 kJ/mol) in Figure 33 certainly corresponds
well to activation energies obtained in other creep experiments and high temperature
(1200°C - 1400°C) electrical conduction experiments (315 +/- 35 kJ/mol (Hirth and
Kohlstedt 1995), 315 +/- 39 klJ/mol, 321+/- 8 kJ/mol and 323 +/- 15 kJ/mol (ten
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Grotenhuis et al 2004), 343 +/- 27 and 376 +/- 47 kJ/mol (Farver et al 1994) (grain
boundaries)). Nonetheless, in a study oxygen self-diffusion in forsterite did yield an
apparent activation energy of 320 +/- 40 kJ/mol (Jaoul et al., 1980) but in a
computational study the activation energy is predicted to be between 94 and 178 kJ/mol
(Walker et al., 2003). There was no relationship found between oxygen fugacity and
oxygen self-diffusion in forsterite (Jaoul et al., 1980) but there is for iron-bearing olivine
with (fOy/po)™, where m is between -0.17 and -0.3 (Gerand and Jaoul, 1989; Ryerson et
al., 1989) and py is the atmospheric pressure.
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Figure 34. Conductivity data from the second arc in the impedance plot (i.e. grain boundaries) at
different temperatures. Note that the synthetic olivine (Fe01) from this study is much more resistant
than data from Roberts and Tyburczy, 1993. Also note that natural material is not consistent. The
San Carlos Dunite does not give the same result at 1200°C compared to the North Carolina dunite.
All slopes are negative except the one of SQD and deviate greatly from the 1/6 slope. Clearly other
dominant charge carriers are involved in conduction.

4.3.4. Oxidation of Fe01 (to Fe01-oxi)

Having established which dominant charge carriers are present under stable
conditions for (synthetic) olivine (Fogp), namely electrons and magnesium vacancies, it is
interesting to see what would happen if we were to oxidise one of the samples. This was
done to FeOl-oxi. Figure 25 shows the conductivity of olivine outside its stability field. It
can immediately be seen that there is a significant increase in conductivity and that the
slope from that point on approaches 1/6. It is speculated that this is what many authors
see for natural olivine. This means that natural olivine already contains a concentration of
oxidised iron in the olivine crystal lattice. Hence one sees the contribution of small
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polarons Fe,,, which dominate and which also give a slope of 1/6 (see Table 8 again).

What is more, is that oxidising FeOl and bringing it back to the original reducing
conditions showed that a change has taken place. In fact, this would make sense because
once the iron is oxidised it will not become reducing again unless the sample is taken to
near melting temperatures. However, it may be that the excess electrons are taken out by
oxidised atmosphere eventually and that the conductivity of oxidised olivine will return
to its previous magnitude. This has regrettably not been tested due to time constrains. But
theory predicts that, since oxygen fugacity is a state function, one would assume that it
does not matter how the system got to an oxidised state and back again. fO, is a property
of the system that only depends on the current state of the system. Figure 41 in the
appendix shows the oxidised sample along with the original samples. It clearly has turned
brownish red.

Other research has been carried out to see what happens to olivine under highly
reducing conditions (1E-6 Pa to 1E-23 Pa) using San Carlos olivine. A fast (»1£2 min)
increase of electrical conductivity is first observed, followed by a slower decrease (1+ 10
h, depending on the crystal orientation). The fast conductivity increase in the first
transient regime is ascribed to an increase in the population of electrons at the olivine
surface. Two effects: (1) equilibration of surface defects with the bulk of the crystal, and
(2) iron loss from the olivine due to metal precipitation, could explain the subsequent
decrease of electrical conductivity (Lemelle et al., 1998).

4.3.5. Calculating the diffusivity

The diffusivity of magnesium vacancies can be calculated from the Nernst-
Einstein relationship:

LkT
q

D=

Where p is the mobility of the species and q its charge. For this study the mobility of
magnesium vacancies at 1200°C is 5.14E-10 m*V's™. So the diffusivity of magnesium
vacancies at 1200°C is approximately 3.27E-11 m’s™. This compares well with other
estimates at this temperature by Mackwell et al., (1988) (3.5-9.8E-11 m?s™"), Nakamura
and Schmalzreid (1984) (1.9E-11 m’s"), Wanamaker (1986) (4.8E-11 m’s™"), Duba and
Constable (1993) (7E-11 m’s") and Constable and Roberts (1997) (3.2E-11 m’s™).
Experiments on Fe-Mg interdiffusion in olivine up to 9 GPa and extrapolated to T =
1200°C yields a diffusivity value of only 5.2E-18 m’s™ (Jaoul et al., 1995). Apparently
interdiffusion of magnesium and iron is much slower and thus has no consequence.

4.4. Previous work

44.1. Comparison of data

The following figures show the data of several authors compared to the data
obtained in this study. It can be seen in Figure 35 that there is an enormous scatter, which
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presumably primarily results from the use of natural material. Also note how the data
from synthetic olivine samples from this study falls more or less in the middle with the
same slope as the data from synthetic forsterite from ten Grotenhuis et al., 2004. The
absolute conductivity for similar grain sizes is not the same. It can be said that generally
it shows that synthetic forsterite containing 10% fayalite is slightly more conductive than
pure forsterite. But when observing natural materials this cannot be said with conviction.
Also note that polycrystalline and single crystal data is mixed in this graph. The sample
used is a single crystal where stated otherwise it is polycrystalline. The position of the
transition from electronic to ionic conduction is unclear as can be seen by the many
locations where a line has a distinct bend. The oxygen fugacity is variable. The data of
FeO1 and Fe03 are at fO, = 1E-5 Pa, for Fe02 at 5.5E-5 Pa. For the other data from the
various authors no oxygen fugacity was kept constant, which is very strange as it is yet
another variable which can, in reality, be controlled. The activity of silica, being another
variable, is on the other hand, is very difficult to control.
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Figure 35. Compilation graph of the data from many authors and this study. In the legend is shown the distinction between forsterite and forsterite with

10% fayalite.
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Figure 36. Another compilation graph showing the experimental results obtained by various authors.
This graph displays the conductivity data versus the oxygen fugacity. Except for Fe01 from this
study, San Carlos olivine (F090) was used unless otherwise stated. Note the slope of most data from
natural material is around 1/6 as shown in the upper left hand corner. Synthetic Fo90 does not show
this relationship.

Figure 36 is a compilation graph of the electrical conductivity versus the oxygen
fugacity. This important graph shows several data from different natural olivine (Fo90)
material and data from FeOl at 1200°C. It is most apparent that all data, except for the
synthetic olivine, plots at or near a slope of +1/6. Referring back to previous discussions
in sections modelled data and oxidation, this is what one expects if there is already
oxidised iron present in abundance yielding therefore high concentrations of small
polarons. This is clearly not the correct approach if one wishes to examine the electrical
properties of olivine under upper mantle conditions where olivine most likely has not
undergone oxidation.

Parkin (1972), as cited by Shankland (1975) and Schock et al., (1989), has
conducted experiments on synthetic forsterite with very small amounts of FeO. Figure 37
below shows the results. Even though he only had very small amounts of fayalite it most
certainly does not contain oxidised iron. The results with higher amounts of fayalite look
remarkably like the results from this study (although note that the experiments were done
at 1422°C). While it is apparent that between 0.2% Fa and 0.33% Fa there is a sharp
decrease in absolute conductivity, both curve at around the point where data from this
study curves from a negative slope to a positive one. Namely between an fO, of 1E-5 Pa
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and 1E-1 Pa. Authors using natural Fog, clearly have a slope of 1/6 in this region (see
Figure 36).

What has not been mentioned so far is that the majority of electrical impedance
experiments performed on olivine by the various authors have been carried out under
normal atmospheric pressures. This is justified because the electrical conduction in
olivine has been tested to be largely independent of pressure (Xu et al., 2000).
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Figure 37. Log-log plot of the conductivity versus the oxygen fugacity for synthetic forsterite
containing small amounts of fayalite. Note that the temperature at which the experiments were taken
is 1422°C, way higher than the conductivity experiments of this study. This might explain the order
of magnitude higher conductivity obtained. The relatively iron-rich samples behave differently at
higher fO, than the low-iron samples. The fO, range is the same as in Figure 36 for comparison.

4.4.1.1. Is there a dependence on grain size?

In previous research on forsterite there was a clear dependence on grain size
found and that with increasing grain size, a decrease in conductivity was noted (ten
Grotenhuis, et al., 2004). This was obtained from the grain interior conductivity of the
samples.
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Figure 38. This plot shows the conductivity data for the original sample Fe01, the data obtained from
Fe03 before re-sintering and data of Fe03 after re-sintering at 1350°C for 16 hours. Fe03 does not
show a distinct change in grain interior conductivity due to a larger grain size. All data show a
slightly negative slope curving upwards at higher fO,.

Figure 38 shows the grain interior conductivity of the samples used in this study,
in particular Fe03 (which has sintered for 16 hours at 1350°C). What is shown is virtually
no change in conductivity before re-sintering and after and that the absolute values lie
very close (approximately within the error range) of FeOl which was not re-sintered and
has a grain size of 1 micron. This indicates that most conduction goes through the grain
interiors and is not affected by a change in grain size from a large grain boundary area
per unit volume to a smaller grain boundary area per unit volume. Figure 39 shows a log-
log plot of the grain size versus the grain interior conductivity where it is clearly seen that
if there is a relation between the conductivity of iron bearing olivine and grain size, it is a
very poor one to say the least. Most conduction therefore appears to go through the bulk
material. In an effort to try explaining the apparent increase and decrease with increasing
grain size, it is useful to observe the SEM micrographs of the samples. One is shown in
Figure 40. Others can be seen in the appendix. Very large grains can be seen in Fe03
whereas they have not been found in Fe02. Despite the occasional presence of these large
grains, it may have been enough to have an impact on the bulk conductivity. In addition,
it may help to explain why the average grain size for Fe03 has not increased more than
twice the size of Fe02, as Fe02 has compared to Fe(Ol. It would appear that eventually it
became more energetically favourable to grow localised larger grains than having a
global increase in grain size. No melt was observed, which would contribute to an
increase in conductivity (Roberts and Tyburczy, 1999; ten Grotenhuis et al., 2005).
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Figure 40. SEM image of Fe(03. Note the large grains that have developed. Upon closer inspection
these grains average at around 40 micron in size and have grown by means of assimilating the grain
boundaries of neighbouring grains. They still contain substantial porosity. Overall porosity has,
however, been reduced to 4.8 %. These large grains are not present in SEM images from Fe(2. For

more, see the appendix.
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4.5. Geophysical applications

Conductivity data obtained in this study can be used for geophysical applications
such as magneto-telluric methods (MT). The region of interest is the upper mantle where
olivine is by far the most abundant mineral. MT methods work by measuring the
conductivity in the Earth and sometimes certain features are looked at such as the Moho,
where a dramatic increase in compressional seismic velocity is observed. The
conductivity data can consequently be compared to laboratory data to determine whether
there is, for example, an extra conducting phase present under upper mantle conditions if
the conductivity data from the field is more conductive. If the lab data compares to the
field data, then the temperature distribution in the upper mantle can be computed. One
study where MT methods were used was for the slave craton in Canada Measured
conductivities in the upper mantle region appeared to be up to two orders of magnitude
higher than lab data would suggest, hence it was inferred that “there must be a connected
conducting phase” (Jones and Ferguson, 2001).

The nature of a highly conducting phase can be many things. The most popular
one is of course the presence of partially molten rocks (Pous et al., 1995; Ichiki et al.,
2001; Wenbo Wei et al., 2001) However, the formation and presence of grain boundary
carbon films is another widely investigated option (Frost et al., 1989; Jones, 1992; Nover
et al., 2005; Glover, 2006). Carbon is of course a good conductor. Other possibilities are
the presence of saline fluids (Jones, 1992; Chen et al., 1996; Mai et al., 2004) and/or
metastable defect populations (Freund, 2003) and not to forget water: H, or OH" diffusion
in olivine (Sweeney, 1997; Demouchy and Mackwell, 2003 and 2006).

However, in a recent study it is argued that a conducting phase does not need to
be present as long as there are deep shear zones detected in the middle and lower crust
where, as is common in shear zones, grain size is much reduced (Rutter and Brodie,
1991). On experiments on synthetic forsterite it was found that with increasing grain size,
the bulk conductivity decreases (ten Grotenhuis et al., 2004). Thus when grain size is
very small (at around 1-1000 micron in a mylonite) the conductivity will be higher than
when the grain size is larger (1000 -10000 micron in a protomylonite). In this study on
synthetic forsterite with 10% fayalite such a relationship with the bulk electrical
conductivity versus the grain size is not reproduced or is poorly defined (see Figure 39).
Whether this is related to iron and magnesium interstitial diffusion in the grain
boundaries is unknown. In another study, the relationship with the grain boundary
conductivity versus the grain size for San Carlos olivine compacts appeared equally
independent or poorly defined (Roberts and Tyburczy, 1993). They suggested that further
experimentation is needed to address this issue. More studies have been focussed on
determining a grain boundary relationship with conductivity. In the Y,03 ZrO, system a
linear dependence of conductivity is seen for grain sizes up to 3 micron (Verkerk et al.,
1982b) but no grain size dependence beyond 3 micron. In samples such as high purity
polycrystalline alumina, the grain boundary effects are only seen at grain sizes below 0.1
micron or there is a formation of a separate phase at the grain boundaries (Kingery et al.,
1976). A more recent study on Ceria also seems to indicate that near a small grain size of
5 micron (and higher) the conductivity becomes independent of the grain size while at
lower grain sizes (0.1 micron to 1 micron) there is a strong relationship with increasing
grain size and decreasing conductivity (Zhou et al., 2002). In a study of the water content
in the transition zone from electrical conductivity of wadsleyite and ringwoodite, it was
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assumed that “previous studies on Fe-bearing olivine showed no appreciable effect of
grain size” (Huang et al., 2005) and therefore they did not incorporate it into their model.
Which studies they referred to was not mentioned, however, which is peculiar because
this article made it into Nature.

It thus remains questionable if a high conductivity zone in the lower crust and
upper mantle would indicate a small grain size in localised shear zones and not a
connected highly conducting phase. Nevertheless, from new experimental data of
synthetic forsterite with 10% fayalite and 5% pyroxene in this study, the temperature
distribution in MT models can be computed to a higher degree of confidence than from
natural olivine for lower crust and upper mantle conditions.

Electrical conductivity measurements are not only relevant to the Earth’s upper
mantle but also to other planetary bodies such as the moon. However, because the exact
composition of the moon’s interior is unknown, no definite limits can be placed on
temperatures in the lunar interior assuming a model composition of olivine (Housley and
Morin, 1972). With future space exploration these models will most likely be refined to
give us a better understanding of the temperature distribution in the moon and / or other
planets such as Mars and Venus once we know an approximate composition of the
interiors of these bodies.
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5. Conclusion

So what does this all mean? One thing is certain. Any Earth scientist studying the
electrical properties of olivine should be aware that natural olivine is unsuitable as it does
not reflect olivine that has never left its stability field. It is strongly unlikely that in the
upper mantle, olivine has the potential to become oxidised. Synthetic olivine (Fogo) is
therefore the most suitable material to use, which is also free of impurity atoms, other
phases such as spinel and altered grain boundaries after crushing and re-sintering natural
samples. The results from this study reinforce that statement because:

* Electrical conductivity data of dry synthetic iron-bearing olivine show no +1/6
slope dependence at different fO,.

* Quantitative modelling, using the same approach as Constable and Roberts (1997)
yields a different result, namely that magnesium vacancies and electrons are the
major charge carriers within the olivine stability field.

* Synthetic material yields more consistent and reproducible conductivities than the
various natural olivines, e.g. San Carlos olivine, Red Sea dunite, North Carolina
dunite.

* Oxidation of iron-bearing olivine beyond its stability field does yield a +1/6 slope
indicating that the major charge carrier has become the small polaron.

Other results show:

* Three impedance arcs can be produced where the first one is the grain interiors,
the second, grain boundaries, and the third, an electrode effect.

* A general apparent activation energy for grain interiors for mixed conduction is at
around 200 kJ/mol for all samples.

* An apparent activation energy for grain boundaries for iron-bearing olivine is
much higher at around 320 kJ/mol. This may reflect iron and magnesium
interstitial diffusion or, but very unlikely, oxygen vacancy diffusion in the grain
boundaries / electrons which contribute a -1/6 dependence to fO,.

* No evident dependence of conductivity on grain size. The path of least resistance
is therefore likely to mostly go through the grain interiors.

* Between 5 hours and 16 hours of re-sintering at 1350°C, localised large (~40
micron) grains start to grow at the expense of a general increase of grain growth.

« For this study the mobility of magnesium vacancies at 1200°C is 5.14E-10 m*V~
's!. The diffusivity of magnesium vacancies at 1200°C is approximately 3.27E-
11 m’s™. This compares well with other results.

* The conductivity of forsterite is independent of the oxygen fugacity.

This study would benefit from more experiments at different temperatures, better
defined parameters for the quantitative model and more samples with different uniform
grain sizes.

This study can be continued by doing electrical impedance measurements on dry
synthetic fayalite, determining the thermopower of synthetic olivine, applying the four
point electrode approach to aid in the interpretation of the last arc, and determining the
influence of water in (synthetic) olivine by e.g. carrying out hydrogen diffusion
experiments in ‘wet’ (synthetic) olivine.
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8. Appendix

8.1. Samples compared

s
Fe03 Fe01-oxi

~12 mm

Figure 41. Sample comparison Fe03 and Fe01-oxi. Note the brown colour of the oxidised sample. A
lighter brown circle can be seen which indicates the position of the Pt guard ring. Nevertheless,
oxygen easily diffused between the sample and the electrode or else only the edges of the sample
would be brown coloured.



8.2. SEM images of the various samples
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Porosity has been reduced somewhat.
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in size at the expense of porosity.

Flgure 42 SEM i 1mage from Fe02. Grains appear larger than 1 micron but foam texture is preserved.

Figure 43. SEM image from Fe03. A beautiful foam texture can be seen. Many grains have increased
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Figure 44. SEM image of Fe(03. Notice the two large grains in the centre surrounded by smaller
grains. The white ‘clouds’ are remains from sample preparation. Also notice that the porosity
appears to have remained relatively unaffected while the grain boundaries have been destroyed in
the large grains.

.I:’l "’ .-‘ .

- ""‘" : L o - [ [r——
B cc\  Spot Magn  Det WD |——— 20 um
§20.0kV 5.0 2000x  IMG 14.7

" ay A‘"f’ [ ."".""".. ".,._"t-’ i,

‘n.-" L e

Figure 45. Another SEM i 1mage from Fe03 showing a large grain.
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Figure 47. Another SEM image from Fe01-oxi. This is at smaller scale. Despite the unclear image, the
grains appear have remained at around 1 micron in size. This sample has not been re-sintered so no
grain growth was expected, but apparently the oxidation of Fe in the sample blurred the grain
boundaries.
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8.3. Overview experiments forsterite (Fo01)

Day 1 to 3 (morning): Only increase in resistance is noted

-At 800C, 50 MOhm increase is seen between day 1 and 2.

-At 900C, 5 MOhm increase in resistance is noted between the heating and cooling stages on day 1. On day
2, 25MOhm increase is seen between the heating and cooling cycle. On day 3, another SMOhm increase in
resistance is seen.

-At 1000C, 1.25 MOhm increase in resistance followed by just less than 1 MOhm increase in resistance
upon cooling on day 2. Day 3 shows a slight further increase in resistance.

-At 1100C, day 1, the resistance increased by 250kOhm upon cooling. On day 2 a slight increase is in
resistance is noted upon heating. On day 3 a 20 kOhm increase in resistance is seen upon heating.

-At 1200C, 50 kOhm increase in resistance followed by another 25 kOhm increase.

Day 3, afternoon
Big Change 1 : The temperature was brought to 1400C for < 15 minutes. Significant decrease in resistance
is noted.

-At 1000C a 1 MOhm decrease in resistance is noted.
-At 1200C, as a result, the resistance was lowered to almost 25 kOhm again.

Day 4
-At 900C the resistance dropped by 7.5 MOhm as compared to day 3, morning.
-At 1000C the resistance remains the same compared to the previous day.

Day 5

-At 800C 25 MOhm decrease in resistance is seen as compared to day 2. Upon cooling another 7 MOhm
decrease is seen.

-At 900C no change from day 4.

-At 1100C the resistance has dropped by 13 kOhm compared to day 3 morning.

-At 1200C the resistance remained roughly same.

Day 6 before gas
-At 1100C the resistance has dropped further by 6 kOhm upon heating.

Day 6 after gas
Big Change 2: Whole afternoon at 1100C with introduction of CO/CO2 gas mixture. Another significant
decrease in resistance is noted.

-At 1100C upon cooling at 1100C the resistance has dropped another 25 kOhm.

Day 7 after gas
-At 800C a significant decrease of 25MOhm is seen as compared to day 5 (cooling).
-At 1100C resistance changed little from day 6 after gas. Upon cooling resistance decreased slightly.

Day 8

-At 1100C resistance equals that of day 7. Gas mixture does no longer seem to affect the conductivity
measurements.
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8.3.1. Possible scenario

Day 1 to 3 (morning)

Pt paint is sintering and gradually losing contact with sample surface upon several heating and
cooling cycles thus decreasing surface area contact and thus resistance increases. It is important to note that
resistance changes only occurred at peak temperatures because a cooling measurement roughly compares in
all cases to a heating measurement of the next day. So the Pt paint only evolved at higher temperatures,
which is what one would expect.

Flakes of Pt paint loosening from surface due heating and cooling cycles.

<Z

EEEY

The big change on day 3 (afternoon)

Based on the observation that at each successive peak temperature the surface contact area
changed, leading to an increase in resistance across the sample, the furnace temperature was briefly (~15
minutes) raised to 1400C to allow the Pt paint to sinter properly. With the assumption that grain growth
was insignificant for this short time, the temperature was subsequently lowered back to 1200C and 1100C.
New conductivity measurements showed that the resistance decreased as a result. Research by ten
Grotenhuis et al. (2004) has shown an increase in conductivity correlates with a decrease in grain size,
hence it is safe to assume that no grain growth has occurred during this brief exposure at 1400C. Therefore
the change in resistance in the subsequent measurements must be due to the reconfiguring of the Pt paint
coverage. Subsequent days show no serious change in the measurements.

The big change (part 2) on day 6 (afternoon)

With the CO/CO, gas bottles connected to a gas flow device, exact gas mixtures can be regulated
to 0.1% precision for 10ml/s and 100ml/s gas flow. The furnace was heated up to 1100C as usual and this
time gas mixtures of CO/CO, were injected into the furnace around the sample. After the first test run
whereby a target oxygen fugacity of around 2.5E-6 Pa was chosen, the resistance at that temperature
significantly decreased again. It is unknown how this is caused. Maybe a similar reconfiguration occurred
of the Pt paint due to a prolonged stay at 1100C. Or some way or another the sudden depletion in oxygen in
the atmosphere triggered a reaction on the sample surface or within the sample. Possibly oxygen was
scavenged from between and below the Pt and the paint formed a better contact to the sample. Or perhaps
more oxygen ions became more mobile in the forsterite sample with an exposure to a reduced atmosphere
leading to an increase in conductivity. At any rate, conductivity measurements performed under normal
atmospheric conditions during subsequent days showed no further serious change, making it, like the big
change before, a permanent change. After the sample was taken out of the furnace, the percentage coverage
of the Pt paint was calculated and the correction applied to the data in the plots.

8.4. Overview experiments Fe;y:,Mggos; Olivine (Fe01)

Day 1, 1100C

Experiments show good closure (i.e. repeatability) going from 5.2E-6 Pa to 1.1E-5 Pa and back to
5.2E-6 Pa especially because all resistance measurements of the first arc for all oxygen fugacity's show a
maximum variation of only 4 kOhm compared to variations obtained for forsterite (at 1100C) of 25 — 250
kOhm. A second arc is seen developing at higher f(O,) and resistance of this arc also increases with
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increasing f(02). For a f(O2) change from 5.3E-5 Pa to 1.2E-3 Pa the resistance increase is roughly 13
kOhm.

Day 2, 1200C

Electrical conductivity measurements at 1200C showed even less variation in resistance (2 kOhm)
from f(O2) 1E-6 Pa to 5E-3 Pa as compared to 1100C. Reproducibility at f(O2) of 1E-5 Pa is okay but there
is some variation. First return to that oxygen fugacity gave a decrease in resistance but for the second return
the resistance had increased again approaching the initial value. A second arc is poorly visible and very
stretched at higher oxygen fugacity. Further experimentation in the following days showed equally good
repeatability. The decision to stop using the Pt paint paid off.
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