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Abstract we investigated the electrical conductivity of Ti-H-doped synthetic olivine aggregates at 4 GPa,
873-1273 K, and controlled oxygen fugacities. Under a given pressure and temperature, electrical
conductivity depends on both hydrogen and Ti content, but these samples show different conductivity
behavior from that observed in Ti-poor sample such as San Carlos olivine. We found that when Ti content is
comparable to or larger than hydrogen content, Ti has notable effects on electrical conductivity, but the
effects of Ti is different between the H-rich and the H-poor regimes. In the H-rich regime, electrical
conductivity of olivine is weakly dependent on Ti content but has different sensitivity to water content than a
Ti-poor olivine. In contrast, in the H-poor regime, electrical conductivity of Ti-rich olivine is

substantially higher than the conductivity of Ti-poor olivine. As a consequence, the effect of hydrogen for the
Ti-rich synthetic olivine on electrical conductivity is smaller than for the Ti-poor (natural) olivine for

the modest H content expected in the asthenosphere, whereas in the H-poor lithosphere Ti will enhance the
electrical conductivity substantially. Possible models to explain these observations are proposed including
the interaction of Ti-related defects and H-related defects as well as the charge transfer caused by the
hopping conduction due to Ti** « Ti** under the H-poor conditions. We conclude that the addition of Ti to
olivine affects the behavior of H-related defects, and therefore the applications of results from Ti-rich
olivine samples to the Ti-poor real Earth need to be made with great care.

1. Introduction

The role of hydrogen to enhance many defect-related properties such as high-pressure experiments from the
electrical conductivity and plastic deformation in olivine is well established (e.g., Dai et al., 2020;
Karato, 2019; Karato & Jung, 2003; Karato & Wang, 2013; Mei & Kohlstedt, 2000a, 2000b). A large number
of previous investigations are mainly focused on the effects of hydrogen on high-pressure physical properties
of olivine, and the influence of impurities other than hydrogen has not been studied in any detail. However,
a series of papers suggested the importance of some charged impurities such as Ti on hydrogen dissolution in
olivine (e.g., Berry et al., 2005; Tollan et al., 2017, 2018). In particular, Cline et al. (2018) reported that in
Ti-doped olivine, hydrogen has little effect on anelasticity. This is a puzzling observation because anelasticity
is closely linked to plastic flow (e.g., Karato, 2008; McCarthy et al., 2011), and hence one expects some influ-
ence of hydrogen on anelasticity (e.g., Karato, 2012).

As is well known in semiconductor physics (e.g., Kittel, 1986; Phillips, 1973), addition of charged impurities
(ionic species with electric charge that is different from the charges of ions in the host material) can modify
defect-related properties substantially. Therefore, when charged defects other than hydrogen (e.g., Ti*") are
present, the influence of hydrogen on physical properties might be modified. Consequently, it is not clear if
the role of hydrogen in olivine is similar between a sample with the low TiO, content (most of natural olivine
has 10-100 ppm wt of TiO,; e.g., De Hoog et al., 2010) and a sample with the high TiO, content used in some
experimental studies (Cline et al., 2018, used samples with the TiO, content up to 800 ppm wt).

In this study, we investigate the influence of Ti and H dissolution on electrical conductivity of olivine. We
used synthetic samples with a range of TiO, content from 200 to 683 ppm wt (TiO,) with varying H content.
We will report the results, provide possible models to explain new observations, and discuss the roles of Ti on
electrical conductivity in the upper mantle. Finally, some possible implications of Ti on other physical prop-
erties such as seismic attenuation and high-temperature creep will be discussed.
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Table 1

2. Hydrogen-Related Defects in Olivine

A Summary of Chemical Composition of Dry and Hydrous Ti-Bearing
Synthetic Olivine

In most minerals, some mount of hydrogen can be dissolved as point

— MgO FeO Si0, Xpi Cu defects (e.g., Karato, 2008). In case of “pure” (Mg,Fe),SiO, olivine, likely

no. (wt%)* (wt%)* (wt%)* (ppm)® (Wt%) mechanisms of hydrogen dissolution are dissolution at cation sites, for
X X . I . .

K1997 P . P - T example, (2H)y, or (4H)g in addition to other ionized defects (e.g.,

K1998 4935 9.77 40.87 200 0.024 Karato, 2008; Kohlstedt et al., 1996). However, the role of other charged

K2004 49.35 9.77 40.87 200 0.0070 impurities such as Ti** and Cr** on the dissolution of hydrogen has also

K2007 49.35 9.77 40.87 683 0.053 been suggested (e.g., Berry et al., 2005; Berry, O'Neil, et al., 2007; Berry,

LU “EL ey Ly e UL Walker, et al., 2007; Tollan et al., 2017, 2018).

K2009 49.35 9.77 40.87 683 0.0076

K2016 49.35 9.77 40.87 683 0.0011 Hydrogen (H) enhances electrical conductivity in olivine via diffusion of

K2017 49.35 9.77 40.87 683 0.046 some H-related defects (e.g., Karato, 1990, 2019; Yoshino &

LAY £55 7Y ALY & Ui Katsura, 2013). However, experimental studies also show that there are

K2019 49.35 9.77 40.87 683 0.0013 . . . .

K2022 4935 9.77 40.87 633 0.0012 multiple H-related defects whose concentration and mobility are different

The content of these oxides are based on the composition of the starting
materials ([(Mgo.9,Fep.1)25104]) by virtue of the sol-gel synthetic

method. ~“The corresponding Ti contents are obtained from individual

that makes a complication including the changes in conductivity aniso-
tropy with temperature (e.g., Dai & Karato, 2014a; Karato, 2015).
Similarly, hydrogen enhances plastic deformation and grain growth pre-

samples using ICP-MS analysis in the Department of Earth and sumably through some H-related defects (e.g., Karato, 1989; Karato &

Planetary Sciences, Yale University.

Jung, 2003; Mei & Kohlstedt, 2000a, 2000b).

Ti and hydrogen may be dissolved in olivine as (e.g., Tollan et al., 2017)

TiO, + H,0 + olivine = [Ti]'\; + (2H);i] + MgSiO, @

olivine
where the Kroger-Vink notation of point defects is applied, and a symbol {Ti;\,; —+ (2H)Sl} . indicates
olvine
olivine containing a pair of defects Ti;; and (ZH)Sl Evidence of such a mechanism was presented by
Berry, Walker, et al. (2007). In this case, Ti and H would interact strongly, and the mobility of hydrogen
might be different from a case where Ti content is less. In order to test this hypothesis, we investigated
electrical conductivity of olivine where both hydrogen and Ti (TiO,) are dissolved.

3. Experimental Procedure

3.1. Sample Preparation and Characterization

In the present study, we used a sol-gel method to synthesize the high-purity olivine [(Mgg o,Feg 1),Si04] with
the TiO, content of 200 and 700 ppm wt following the method by Faul and Jackson (2007). We produced syn-
thetic olivine of composition (Mgy 9Fe 1),Si04 + 200 and 683 ppm wt TiO, (see Table 1) with ~2% excess
orthopyroxene. Powder samples are annealed for 18 hr in the furnace at the predesigned temperature of
1573 K, where the oxygen partial pressure is controlled by the Ar + H,/CO, mixed gas to achieve the oxygen
fugacity of sample chamber close to the Ni-NiO buffer.

In order to explore the influence of oxygen fugacity on electrical conductivity, we prepared samples synthe-
sized using three different solid oxygen buffers (e.g., Re-ReO,, Ni-NiO, and Mo-MoO,). The synthesis
experiments were conducted at high P and T (P = 4 GPa and T = 1373 K) for 3 hr.

To add water (hydrogen), high-pressure annealing experiments were performed at the pressure of 4.0 GPa
and temperature of 1373 K, where the annealing time is 3 hr and the oxygen partial pressure in sample
chamber is controlled using the double layers of nickel capsule. A mixture of talc and brucite (6:1 weight
ratio) was used as a water resource. In order to prepare samples with smaller water content, we remove
water from those samples by heating under water-poor conditions in the high-temperature furnace. These
drying experiments were made at 873 K using different annealing time of 1.0, 3.0, and 7.0 hr using the
Ar + H,/CO, mixed gas to control the oxygen partial pressure near the Ni-NiO bulffer.

Water (hydrogen) in samples was investigated using Fourier transform infrared (FT-IR) spectroscopy both
before and after the conductivity measurements. FT-IR absorption spectra were taken from approximately
five locations in a sample using 100 um aperture for the wavenumber of 1,000-4,000 cm™! using Varian
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(a) TiO2=200 ppm wt

(b) TiO2=683 ppm wt
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Figure 1. The representative FT-IR spectra of synthetic olivine aggregates with the TiO, content of 200 ppm wt (a) and
683 ppm wt (b) for the wavenumber range of 3,000-3,800 cm™. For each sample, the highest water content
corresponds to the starting sample. Each starting sample was dried to remove water content. We measured electrical

conductivity for each sample (a total

of seven) (we also took FT-IR spectra for each sample before and after each

conductivity measurement. The difference in FT-IR absorption is small (less than ~7% between before and after).

UMA FT-IR microscope. The sample is ~200 um thick, and for each measurement we took 128 scans. For
each sample, FT-IR measurements were made on five different regions. We report the average and
standard deviation from these measurements. FT-IR absorption spectra of all the samples are shown in
Figure 1. The difference in water content between before and after conductivity measurement is less than 7%.

The Paterson (1982) equation was chosen to calculate the water content of sample:

12 mm

Figure 2. Experimental assemblage for electrical conductivity
measurements of olivine aggregates in the Kawai-1000t multianvil press:
(1) a metallic Mo ring; (2) MgO octahedral pressure medium with its edge
length of 25 mm; (3) a sample; (4) zirconia; (5) Al,O3 insulation cement;
(6) an electric grounding; (7) a lead wire of metallic electrode and

Al,O3 insulation tube; (8) an insulation tube made of four-hole alumina;
(9) a heater of lanthanum chromite; (10) two symmetric buffer

electrodes; (11) an MgO insulation tube; (12) a metallic shielding case made
of Ni, Re, or Mo foil; and (13) a thermocouple and Al,O3 insulation tube.

Con

Bi j‘( K(V) d

~ 1508 (3, 780 — v) @

where Coyy is the molar concentration, B; is the density factor of olivine,
& is the orientational factor, and K (v) is the absorption coefficient.
Integration was made from 3,000 to 3,750 cm ! (if the Bell calibration,
Aubaud et al., 2009; Bell et al., 2003, is employed, ~3 times higher water
content will be obtained).

The water content of the initial hydrothermally prepared samples is
~550 ppm wt (8,600 H/10°Si H,0) for a sample with 200 ppm wt TiO,,
and 530 ppm wt (8,200 H/10°Si H,0) for a sample with 683 ppm wt
TiO,, respectively. After annealing the sample in the furnace at tempera-
ture of 873 K and atmospheric pressure, water content of sample was
reduced accordingly, as shown in Table 1. Room pressure annealing
reduces the total water content, but the relative intensity of absorption
at various frequencies does not change so much by room pressure anneal-
ing. The relative uncertainties in water content measurement depend on
the water content and is ~10-20% for water-rich sample (a sample with
~550 ppm wt water) but is larger (~50%) for a water-poor sample (a sample
with ~13 ppm wt water).

3.2. Methods of Conductivity Measurements

Experimental assemblage for electrical conductivity measurements of oli-
vine aggregates in the Kawai-1000t multianvil press is shown in Figure 2.
Sample assembly with its dimension of “25 X 17” was symmetrically
installed in the cubic anvil of tungsten carbide, which the edge length
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Table 2
Summary of Run Conditions and the Water Content of the Samples

Water content

Before experiment After experiment

Run Xi 2 Oxygen

no. (ppm) (GPa) T (K) buffers ppm wt H/10° Si ppm wt H/10° si
K1997 200 4 873-1273 Ni-NiO 552 + 10 8,592 + 161 551 +9 8,589 + 142
K1998 200 4 873-1273 Ni-NiO 241 + 13 3,748 + 206 240 + 14 3,747 £ 225
K2004 200 4 873-1273 Ni-NiO 70 + 10 1,072 + 159 68 + 12 1,067 + 192
K2007 683 4 873-1273 Ni-NiO 529 + 12 8,231 + 188 527 + 14 8,209 + 217
K2008 683 4 873-1273 Ni-NiO 214 + 20 3,378 2 331 212 + 15 3,296 + 234
K2009 683 4 873-1273 Ni-NiO 76 + 17 1,182 + 269 75 + 13 1,164 + 206
K2016 683 4 873-1273 Ni-NiO 13+5 199 + 75 9+3 132 + 40
K2017 683 4 873-1273 Re-ReO, 458 +7 7,131 + 109 456 + 10 7,110 + 162
K2020 683 4 873-1273 Mo-MoO, 435 + 11 6,760 + 173 433 +12 6,733 + 193
K2019 683 4 873-1273 Re-ReO, 13+6 186 + 81 10+ 4 163 + 70
K2022 683 4 873-1273 Mo-MoO, 12+ 4 184 + 65 10+5 160 + 79

for the octahedral pressure medium of magnesium oxide and the magnitude of truncation for the cubic

tungsten carbide anvil is 25 mm and 17 mm, respectively. Pressure is calibrated by virtue of the phase

transition of some representative minerals at high-temperature and high-pressure conditions, such as

quartz and olivine (Morishima

et al, 1994; Zhang et al.,, 1996). Before each electrical conductivity

measurement, all parts in the electrical conductivity assembly were baked 12 hr at 1223 K in the muffle

furnace so as to remove the adsorbed water. The metallic foil shield is installed between the sample and

the insulating tube of magnesium oxide to minimize the electric noise from the heater. Material for the

shield is the same metal as the metal used to synthesize the sample. One disc-shaped olivine sample that

is obtained using the ultrasonic core sampling equipments with several different sizes of diamond drilling

tools was switched into two symmetric electrodes where the insulation ring of alumina was surrounded.

300 T T T T T
u = 873K
1 o 9BK |
250 A 103K
- e 173K
* 1273K
200 3
[ | [ ]
g [ ] ® [ )
:N 150 . ° ° E
[ ] [ ]
00 £ = <
[ ]
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0 L 1 1 1
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Z7'/kQ

Figure 3. The Z’ (real part of the impedance) versus Z” (imaginary part of
the impedance) plot of complex impedance spectra of synthetic olivine
aggregates with TiO, content of 683 ppm wt from 10°-10° Hz (right to left),
obtained under conditions of 4 GPa, 873-1273 K, the Ni-NiO oxygen bulffer,
and the water content of ~214 ppm wt.

The electrode material is the same metal as used to synthesize the
sample. The thermocouple of Ws,Re-W,¢Re was adopted to monitor
the experimental temperature during the process of electrical
conductivity measurements. The experimental uncertainties from the
fluctuations of the respective pressure and temperature are less than
0.5 GPa and 10 K. The measurement uncertainty from the analysis of
fitted impedance spectroscopy in sample is no more than less than 3%.

For each electrical conductivity measurements, the pressure was increased
with a rate of ~1.0 GPa/hr to 4.0 GPa. After the pressure reached 4.0 GPa,
the temperature was gradually increased with a rate of ~80 K/min up to
the predetermined value. Then, the complex impedance spectroscopy of
a sample was made at a given temperature and pressure. After completing
the impedance spectroscopy at a given temperature (at 4 GPa), we changed
temperature and other impedance spectroscopy measurements were made
at a different temperature. Grain size of our samples was determined by
scanning electron microscope (SEM) observations. It is ~10 + 5 um before
and after each electrical conductivity measurements.

The impedance spectroscopy was made using the Solartron 1260 for the fre-
quency range of 10°-10° Hz (we choose relative high-frequency range to
minimize the water loss; see Karato, 2019) and the signal voltage is 1.0 V.
In the impedance spectroscopy, we determine both the in-phase and out-
of-phase response of a sample to the applied AC voltage. Measuring both
in-phase (real part of impedance [Z’]) and out-of-phase (imaginary part
of impedance [Z”]) response is important because when conduction is
due to migration of ions, migrating ions can be accumulated at the
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10!

10°

electrical conductivity (S/m)

10

T T T T T T electrode (or at grain boundaries) that prevents the migration of other ions.
In most cases, the electrical conductivity of sample was acquired during the
TiO2=200 ppm wt first cycle of decreasing temperature after the peak temperature was
reached. The experimental conditions are summarized in Table 2.

Figure 3 shows typical impedance spectroscopy results for the synthetic
olivine aggregates with the Ti-bearing content of 683 ppm wt under con-
ditions of 4 GPa, 873-1273 K, the Ni-NiO oxygen buffer, and the
~214 ppm wt of water content. Other impedance spectra on Ti-bearing oli-
vine aggregates acquired under the conditions of different temperature,
oxygen fugacity, and water content are similar to these results. We observe
E clearly defined half circle which implies the equivalent circuit character-
izing the sample behavior is a parallel connection of resistor and capacitor
(Barsoukov & Macdonald, 2005; Roberts & Tyburczy, 1993). Using such a
model, we determined the resistance of a sample (R).

water content

m 552 ppm wt
® 241 ppm wt
A 70 ppm wt

The electrical conductivity of a sample was calculated from the deter-

= 3 o 10 1 12 13 mined resistivity and the geometry of a sample using

10000/T (1/K) s L

R SR )

Figure 4. Electrical conductivity versus inverse temperature relationship of
synthetic olivine aggregates with TiO, content of 200 ppm wt at 4 GPa, 873~ where L is the thickness of a sample and S is the cross-sectional area of

1273 K, and the Ni-NiO oxygen buffer.

10°

10!

102

10°

electrical conductivity (S/m)

10

the electrode. Before and after each electrical conductivity measure-

ments, both of the sample thickness and the cross-sectional area of the
metallic electrode were measured. The uncertainties in the calculated conductivity caused by the uncer-
tainties in the sample geometry are less than ~5%.

We used the following equation to fit the data:

fo Ganhydrous H hyd Cw " fo Ghydrous H*h i
g :Aanhdrous(hydrous) O_:O €xp _$ +Ahydrous C_WO —0220 exp —7qufous 4)

where Aanhdrous(hydrous) 1S the preexponential factor of anhydrous

T T (hydrous)olivine (S/m),H. :nhydmus(hydmus) is the activation enthalpy of anhy-
drous (hydrous) sample (kJ/mol), f o, is oxygen fugacity, qanhydrous(hydrous)
Ti02=200 ppm wt is a constant characterizing the oxygen fugacity dependence, f, is the
reference oxygen fugacity of the Ni-NiO oxygen buffer, Cyy is the water
content, Cyy is a reference water content (= 0.01 wt%), r is a constant char-
acterizing the water content dependence, T is the absolute temperature
(kelvin), and R is the gas constant. To estimate these parameters, we use
our new data as well as some of the previous results for smaller TiO,
content (e.g., San Carlos olivine, Wang et al., 2006 [for wet olivine],
Xu et al., 2000 [for dry olivine], and synthetic olivine without TiO,, Dai
& Karato, 2014b). Our data set is limited, and therefore we cannot deter-
mine all of these parameters, but we can get reasonable constraints on
the conduction mechanism of Ti-bearing olivine.

. . 4. Results
10° 10” 10" 10°  The results including the effects from the variations of water content and
water content (wt%) oxygen fugacity on electrical conductivities of Ti-bearing olivine can be

summarized in Figures 4-8 and Tables 3-6.

Figure 5. Electrical conductivity-water content relationship of synthetic

olivine aggregates with TiO, content of 200 ppm wt at 4 GPa for the

For the Ni-NiO oxygen buffer, the dependence relations between the elec-

Ni-NiO oxygen buffer for different water contents, showing o « Cy, with trical conductivity of olivine with its correspondent Ti-bearing content of
r = 0.51 + 0.18 (Cyw = water content). ~200 ppm wt on the temperature/water content at 4 GPa are displayed in
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Figure 6. Electrical conductivity versus inverse temperature relationship of synthetic olivine aggregates with TiO,
content of 683 ppm wt at 4 GPa, 873-1273 K, and the Ni-NiO oxygen buffer.

Figures 4 and 5. It makes clear that at lower Ti-bearing synthetic olivine (~200 ppm wt), the electrical
conductivity of sample will tend to increase with the rise of water content. The water content sensitivity
parameter r is determined to be r = 0.51 + 0.18 (Cy = water content) for a sample with TiO, 200 ppm wt.
Figures 6 and 7 illustrate the dependence relations of the electrical conductivity of olivine with its
correspondent Ti-bearing content of ~683 ppm wt on the temperature and water content at 4 GPa. It can
be seen clearly that a similar tendency was also observed for the Ti-rich synthetic olivine aggregates
(TiO, = 683 ppm wt) and showed more strong dependent relation of electrical conductivity of Ti-rich

10° . .

TiO2=683 ppm wt

10!

102

107

10

electrical conductivity (S/m)

10‘5 1 1
1073 102 10! 10°

water content (Wt%)

Figure 7. Electrical conductivity versus water content relation for hydrous synthetic olivine aggregates with TiO,
content of 683 ppm wt under conditions of 4 GPa, 873-1273 K, and the Ni-NiO oxygen buffer, showing o «x Cy, with
r = 0.98 + 0.21 (Cw = water content) for Cy, > 1072 ppm wt, but below this, conductivity is nearly independent of
water content.
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(a) water content=458 ppm wt (b) water content=13 ppm wt
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Figure 8. Influence of oxygen fugacity on the electrical conductivity of (a) hydrous (water content = 458 ppm wt) and
(b) anhydrous (water content = 13 ppm wt) olivine aggregates with TiO, content of 683 ppm wt under conditions of
4.0 GPa and 873-1273 K for three different solid buffers (e.g., Mo—-MoO,, Ni-NiO, and Re-ReO,).

olivine on water content at the condition of water content larger than ~7.6 X 107 wt% (r = 0.98 + 0.21).
However, a relatively stable electrical conductivity for Ti-rich olivine aggregates was observed and
displayed a nondependence of electrical conductivity of sample on the variation of water content at the
water-poor regime (its water content ranges from ~107> to ~7.6 X 107> wt%). Obviously, the activation
enthalpy of Ti-rich and water-rich olivine (AH) is lower than the value of dry Ti-bearing sample; however,
the activation enthalpy of dry Ti-bearing olivine is lower than previously published Ti-free synthetic
olivine (Dai & Karato, 2014b). The fitted parameter results of electrical conductivity for the Ti-bearing
olivine are list in Tables 3 and 4.

The dependence relations between the electrical conductivity of dry and hydrous olivines with Ti-bearing
content of ~683 ppm wt on the oxygen fugacity are shown in Figure 8 and Table 5 at 4 GPa, 873-1273 K,
458 ppm wt water, and controlled oxygen fugacities using three different solid oxygen buffers (e.g., Re-
ReO,, Ni-NiO, and Mo-MoO,) at 4.0 GPa and 873-1273 K. The water content in hydrous Ti-rich sample
is 458 ppm wt, and the oxygen fugacity is controlled by using three different solid oxygen buffers (e.g.,
Re-ReO,, Ni-NiO, and Mo-MoO,).

Further, the average exponential factor of oxygen fugacity (q) that can be used to describe the dependence
relation of electrical conductivity on the oxygen fugacity for dry and wet olivine are 0.097 + 0.008 and
—0.089 + 0.006, respectively, which are close to those obtained q values of dry and wet olivine results of
0.096 and —0.066, respectively (Dai et al., 2010; Dai & Karato, 2014c). In addition, for each correspondent
temperature point, our present obtained dependence relations between the electrical conductivity on the
variation of oxygen fugacity are shown in Table 6. It is clear that the absolute terms of g reduce with the rise
of temperature.

Table 3
Fitted Parameters of Arrhenius Relation for the Electrical Conductivity of Ti-Bearing Hydrous Olivine Under Conditions of
4.0 GPa, 873-1273 K, and the Ni-NiO Oxygen Buffer

Run no. Xri (ppm) Cyw (Wt%) Log gy H* (kJ mol ™)
K1997 200 0.055 2.34 +0.08 87 +2
K1998 200 0.024 2.24 +0.12 89 +3
K2004 200 0.0070 1.86 + 0.09 87 +2
K2007 683 0.053 2.32 £ 0.05 89 +2
K2008 683 0.021 2.21 + 0.03 96 + 4
K2009 683 0.0076 1.92 + 0.06 100 + 3
K2016 683 0.0013 1.99 + 0.04 101 £ 2
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Table 4

Fitted Parameter Values for Electrical Conductivity of Hydrous and Anhydrous Synthetic Ti-Bearing Olivine Aggregates Under Conditions of 4.0 GPa, 873-1273 K,
and Oxygen Fugacity Controlled by Three Oxygen Buffers (Mo—-MoO,, Ni-NiO, and Re-ReO>)

Xi (ppm) Water-bearing conditions Oxygen buffers Logio [A (S m_l)] r q H* (kJ mol )
200 Hydrous Ni-NiO 3.01 +0.32 0.51 + 0.18 = 87+3
683 Hydrous Mo-Mo0O,, Ni-NiO and Re-ReO, 3.98 +£0.19 0.98 + 0.21 —0.089 + 0.006 94 +2
683 Anhydrous Mo-Mo0O,, Ni-NiO and Re-ReO, 1.94 +0.13 = 0.097 + 0.008 100 + 2

5. Discussions

Our results show that the addition of Ti (TiO,) has a marked effect when TiO, content exceeds ~200 ppm wt,
but the effects of Ti are different between the H-poor and the H-rich regimes. This is shown in Figure 9
where we plot electrical conductivity of olivine with different TiO, content (683 and ~30 ppm wt (San
Carlos olivine)) as a function of water content. The comparison is made at P = 4 GPa and T = 1073 K for
the oxygen fugacity corresponding to the Ni-NiO buffer. Results for San Carlos olivine are from Wang
et al. (2006) for wet conditions and from Xu et al. (2000) for dry conditions.

In the present studies, we found that one markedly different electrical transport behavior in the Ti-poor and
Ti-rich olivines was observed at the respective water-poor (“dry”) and the water-rich (“wet”) regimes. In the
“dry” regime, electrical conductivity of Ti-rich olivine is much higher than that of Ti-poor olivine. In con-
trast, for the “wet” regime (water content >100 ppm wt), the influence of Ti is smaller, and a comparison
of results for samples with different Ti content needs to be done carefully. In our experiments, we prepared
two samples with different TiO, content using the same method (sol-gel synthesis), we focus on those two
sets of the results seen in Figure 10. From such a comparison, we conclude that the water content depen-
dence (parameter “r” in Equation 4) is different between Ti-poor sample and Ti-rich sample.

In Ti-poor hydrogen-doped olivine such as San Carlos olivine, hydrogen-assisted electrical conduction is
caused by the migration of interstitial (or “free”) proton at relatively low temperature (T < 1300 K) (e.g.,
Dai & Karato, 2014c; Karato, 2015, 2019; Karato & Wang, 2013). The value of “r” for such a model is 1/2-
3/4 that is consistent with the experimental observations. When Ti is doped, the value of “r” is ~1, and as
a result, conductivity is substantially smaller than that for a Ti-poor olivine at relatively water-poor condi-

tions (Figure 10). In Ti-rich olivine, hydrogen may be incorporated in combination of Ti at M site, the charge
balance being maintained by [Ti;| = {(ZH)”SJ (e.g., Berry, Walker, et al., 2007). When hydrogen is trapped
at the Si site, ionization of hydrogen to produce interstitial hydrogen will be difficult. In such a case, electri-
cal conductivity is less than a case of hydrated olivine with small or no Ti. And this model predicts {(ZH)SI]
& fu,0 ¢ Cw (r = 1). Therefore, if hydrogen in (2H)”si contributes to electrical conductivity, the water con-
tent exponent will be r = 1. In its simplest version, this model predicts that conductivity is insensitive to oxy-

gen fugacity. The observed small negative dependence relation of electrical conductivity on the variation of
oxygen fugacity implies that we need to invoke a modified model. One possibility is to assume that some Ti is

Table 5

The Fitted Parameters of Arrhenius Relation for Hydrous and Anhydrous Synthetic Olivine Aggregates With Its Ti Content
of 683 ppm wt Under Conditions of 4.0 GPa and Oxygen Fugacity Controlled by Three Oxygen Buffers (Mo—MoO,, Ni—-NiO,
and Re-ReO,)

Samples Oxygen buffers T (K) Logig 0o (S/m) H* (kJ/mol) Average q
Hydrous (all data) Re-ReO, 873-1273 1.90 + 0.15 85+ 2
Ni-NiO 873-1273 2.39 +0.17 89+ 5 —0.089 + 0.006
Mo-MoO, 873-1273 2.37 +0.12 84 +3
Anhydrous (all data) Re-ReO, 873-1273 2.14 + 0.19 100 + 6
Ni-NiO 873-1273 1.95 + 0.08 100 + 2 0.097 + 0.008
Mo-MoO, 873-1273 1.79 + 0.09 104 + 3

Note. The fitted parameters, oy and H* correspond to our synthetic sample with the Ti content of 683 ppm wt (The stan-
dardized water content of 458 ppm wt was determined by the Paterson calibration).
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Table 6

The Fitted Parameters of Arrhenius Relation for Hydrous (~458 ppm wt)
and Dry (~10 ppm wt) Synthetic Olivine Aggregates With Its Ti Content of

dissolved in olivine as Ti**, say Ti,. In this case, the charge balance will be

[Tiy, ] = [(3H)/Si} . Since [Ti**] «f§ with g < 0, this explains the

683 ppm wt Under Conditions of 4.0 GPa and Controlled Oxygen Buffers observed fO, dependence.

(Re-ReO,, Ni-NiO, and Mo-MoO>)

The observed FT-IR absorption spectra of olivine with different TiO,

T q
content could potentially provide some hint on the nature of
e el ey 2;; _g'gg? = 8'88§ hydrogen-related defects in these samples. However, the differences in
—0.091 + 0. . . . . .
1073 —0.089 ; 0.001 FT-IR spectra among olivine with different TiO, content are minor: In
1173 —0.088 + 0.002 all samples, dominant absorption peaks are located at 3,525-3,610 cm™".
1273 —0.084 +£0.004  And the assignment of absorption peaks to specific hydrogen-related
Dry (All data) 873 0.120£0.002  defects is unclear. For example, although Tollan et al. (2017) proposed that
973 0.099 + 0.003 s -1 .
T 0.098 4 0.002 absorption peaks at 3,?25 and 3,572 cm™ " are due to Ti rglated hydrogen
1173 0.089 + 0.002 defects, strong absorption peaks at/or near these frequencies are observed
1273 0.087 + 0.001 in Ti-poor olivine (Ti-bearing olivine in this study and San Carlos olivine)

where molar concentration of H determined by the IR absorption far
exceeds that of Ti. Consequently, we consider that the correspondence
for IR peaks with H speciation is not well understood at this time, and we do not use FT-IR spectra to discuss
the model of electrical conductivity in this paper.

In the water-poor regime (i.e., “dry” conditions), electrical conductivity in Ti-poor olivine is considered to be
due to the charge transfer between Fet o Fe3+(e.g., Karato, 1974; Schock et al., 1989). The evidence for this
is the positive dependence of electrical conductivity on oxygen fugacity. In Ti-rich olivine, oxygen fugacity
dependence of electrical conductivity in the “dry” regime is similar to that of Ti-poor olivine, but the mag-
nitude of conductivity is much higher than that of Ti-poor olivine. Also, the activation energy of conductivity
in Ti-rich sample in the “dry” regime (~100 kJ/mol) is substantially lower than that of Ti-poor olivine (~130-
150 kJ/mol). Consequently, we conclude that electrical conductivity in Ti-rich “dry” olivine is due to some-
thing other than the charge transfer between Fe** < Fe®*. One possible mechanism is charge transfer

10—1 T 1 1 T T
~ P=4 GPa
E San Carlos T=1073 K
2 10 [----- TiO2683 ppmwt|  £02: Ni/NiO -
by
>
0:
[5)
=
= 107
=
)
(5]
=
=
) 4
bt 10
=
-5
10—5 1 1 1 1 1
107 10° 10° 10 103 102

water content (wt%)

Figure 9. Electrical conductivity of Ti-poor (San Carlos) olivine and Ti-rich (683 ppm wt) olivine as a function of water
content (P = 4 GPa and T = 1073 K). The data for Ti-rich olivine is from the present study, and the data for San
Carlos olivine is from Wang et al. (2006) (for water-rich conditions) and from Xu et al. (2000) (for water-poor conditions).
The results of Wang et al. (2006) are under the water-rich conditions; the influence of Ti is small (but the water
content dependence is different between Ti-poor and Ti-rich olivine; see also Figure 10). However, under the water-poor
conditions, Ti enhances conductivity substantially.
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T between Ti** < Ti** in analogy with Fe** < Fe**. In order for this model
to work, it must satisfy the relation of [Ti**] > [Ti**], but the validity of
this notion needs to be tested. Also, the quantitative relationship between
TiO2 content and conductivity needs to be constrained better.

6. Summary and Conclusions

We measured electrical conductivity of H (hydrogen) and Ti (titanium)
doped olivine to understand how Ti modifies the mobility and concentra-
tion of charged defects in olivine. Doping of Ti modifies electrical conduc-
tivity of olivine differently between water (H)-rich and water (H)-poor
regimes: In the water-poor regime, addition of Ti increases electrical con-
ductivity substantially, whereas in the water-rich regime, addition of Ti
has smaller effects on conductivity, but it changes the water content sensi-
tivity suggesting a change in the mechanism of conductivity. In contrast,
oxygen fugacity dependence of electrical conductivity of Ti-doped samples

1073 102

water content (Wt%)

Figure 10. A comparison of two samples with different Ti content from this
study and previous conductivity results of hydrous San Carlos olivine.
The blue dot, red solid, and green dash lines are for samples with

200 and 683 ppm wt TiO, in the present studies and hydrous San Carlos

olivine by Wang et al. (2006).
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is similar to that of Ti-poor samples: In both samples, electrical conductiv-
ity increases with oxygen fugacity in the H-poor regime, whereas it
decreases with oxygen fugacity in the water-rich regime. In most of the
asthenosphere, hydrogen content far exceeds Ti content, and therefore
the role of Ti is likely negligible. In contrast, in the water-poor regions such
as in the lithosphere Ti may play an important role. Because the magni-
tude of TiO2 effect in the “dry” regime is large, it is possible that some of
the observed variations in electrical conductivity in the lithosphere may
be due to the variation in TiO2 content. Further studies on this issue are warranted to understand the causes
of heterogeneity of electrical conductivity in the lithosphere.

10! 10°

Our study shows that the addition of Ti modifies electrical conductivity of olivine substantially implying that
the concentration and/or the mobility of charged point defects in olivine are affected by the addition of Ti.
Because some other properties such as high-temperature creep and seismic attenuation are also related to
defects, it is likely that the addition of Ti also modifies these properties.

However, published results on Ti and H effects on these properties are puzzling. Faul et al. (2016) investi-
gated the influence of Ti and H doping on high-temperature creep in olivine and concluded that the creep
strength of Ti- and H-doped olivine samples is reduced by the addition of hydrogen much the same way
as has been shown in the previous results on Ti-poor but H-doped olivine (e.g., Karato et al., 1986; Mei &
Kohlstedt, 2000a, 2000b). In contrast, Cline et al. (2018) conducted an experimental study on anelasticity
in Ti- and H-doped olivine and reported that anelasticity is insensitive to hydrogen content. Given a close
link between high-temperature creep and anelasticity (e.g., Karato, 2008; McCarthy et al., 2011), the con-
trasting reports by these studies are puzzling. Further studies are needed on the dissolution of hydrogen
together with Ti and the influence of these defects on high-temperature creep and anelasticity in more sys-
tematic manner.
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