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Ilmenite is a common metallic oxide distributed in the mafic rocks from the Earth’s upper mantle, and thus the effect of ilmenite contents on the electrical structures of the Earth’s upper mantle should be investigated in detail. Electrical conductivities of the olivine–ilmenite systems with various contents of ilmenite (VIlm = 4, 7, 10, 11 and 15 vol%) and pure ilmenite aggregates were measured using a complex impedance spectroscopic technique at 1.0–3.0 GPa and 773–1273 K. Electrical conductivities of the olivine–ilmenite systems increased with increasing temperatures in different degrees, conforming to the Arrhenius law. With the rise of pressure, the conductivities of the olivine–ilmenite systems slightly increased. According to the significant change of the conductivities, the percolation threshold of ilmenite grains in the olivine–ilmenite systems was proposed to be ∼ 11 vol%. Isolated ilmenites moderately influence the conductivities of olivine aggregates, but the interconnected ilmenites dramatically enhanced the conductivities of the olivine–ilmenite systems. The conductivities of the olivine aggregates with 11 vol% ilmenites were about 1.5–3 orders magnitude higher than those of 10 vol% ilmenites-bearing olivine aggregates. Small polarons were proposed to be the dominant charge carriers for olivine aggregates with isolated ilmenites (activation enthalpies: 0.62–0.89 eV) and interconnected ilmenites (activation enthalpies: 0.15–0.20 eV). Furthermore, the conductivity–depth profiles of olivine–ilmenite systems in the Earth’s upper mantle were constructed, providing an important constraint on the electrical structures of the Earth’s interior.
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INTRODUCTION
Electrical conductivity research for geological materials at high temperatures and pressures is a significant window to watch into the material compositions and thermodynamic state in the interior of the planets. Previous studies on the electrical conductivity were focused on the dominant silicate minerals and rocks, aqueous fluids, and silicate and carbonate melts in the Earth’s interior (Huang et al., 2005; Ni et al., 2011; Yang et al., 2012; Dai et al., 2018; Guo et al., 2018; Guo and Keppler, 2019; Huang et al., 2021). It was proposed that the high conductivity anomalies in the Earth’s interior can be caused by the various high-conductivity phases (e.g., melts, fluids, hydrogen in the nominally anhydrous minerals) (Wannamaker et al., 2009; Ni et al., 2011; Dai and Karato, 2014; Manthilake et al., 2016; Laumonier et al., 2017; Sun et al., 2017; Guo et al., 2018; Li et al., 2018), and high-conductivity mineral phases (e.g., graphite, magnetite, iron sulfide) were determined to be one significant influence factor for the high conductivity anomalies (Watson et al., 2010; Wang et al., 2013; Zhang and Pommier, 2017). It is note that the graphite is stable in the cratonic lithospheric mantle (Pearson et al., 1994), and aqueous fluids and melts are widely distributed in the subduction zones (Iwamori, 1998; Scambelluri and Philippot, 2001; Gaillard, 2005; Gaillard et al., 2008). A small quantity of high-conductivity minerals can dramatically enhance the conductivities of polycrystalline olivine (Wang et al., 2013; Zhang and Pommier, 2017; Dai et al., 2019). And thus, the high-conductivity minerals might play a significant role on the electrical structures of the Earth’s upper mantle, where the most dominant mineral is olivine.
Ilmenites as mineral inclusions and accessory minerals are widely distributed in the peridotites and kimberlites in various geological regions (Ponomarenko, 1977; Risold et al., 2003; Wirth and Matsyuk, 2005; Pang et al., 2008; Cao et al., 2019), and exsolution of ilmenite from olivine is a common phenomenon (Liu et al., 2005; Massonne and Neuser, 2005). Due to the magmatic fractionation and crystallization, Ilmenite ore deposite can be formed in some special regions, such as Emeishan Large Igneous Province (She et al., 2015). It was implied that ilmenite exist in the interior of the Earth, and ilmenite contents of mafic rocks in various regions might be different. Ilmenites might be enriched in some peridotites of the special regions due to magmatic fractionations and crystallizations in the period of crust-mantle differentiation. In order to in-depth study electrical structures in the Earth’s upper mantle, the influence of ilmenite contents on the olivine aggregates should be considered. Previous studies have researched the conductivities of monocrystalline olivine, olivine aggregates and olivine aggregates mixed with graphite, magnetite or metal sulfide (Dai et al., 2010; Wang et al., 2013; Dai and Karato, 2014; Zhang and Pommier, 2017; Dai et al., 2019). Single crystal of hydrous olivine shows the apparent anisotropy of electrical property, and the conductivity of olivine along the crystal orientation of [100], [010] and [001] decreases in order (Dai and Karato, 2014). In addition, water and iron contents significantly enhance the conductivity of olivine, providing a basis for the interpretation of electrical conductivity model of other planets with different iron and hydrogen contents (Dai and Karato, 2014). In the real geological environments, the material compositions of the Earth’s interior are complicated, and change with spatial location. It was confirmed that olivine usually coexists with various contents of high-conductivity mineral phases (e.g., graphite, magnetite, et al.) in some special regions of the Earth’s interior (Duba and Shankland, 1982; Yamanaka et al., 2001). When the concentration of graphite exceeds percolation threshold ( ∼ 1 wt%), the conductivities of olivine aggregates with graphite was markedly enhanced (Wang et al., 2013). A small quantity of magnetite can also moderately enhance the conductivities of olivine aggregates (Dai et al., 2019). For the olivine–metal systems, the conductivities increased with the increase of metal: olivine ratios and the contents of metal melt infiltrated into polycrystalline olivine matrix (Zhang and Pommier, 2017). However, electrical conductivities of olivine aggregates mixed with various contents of ilmenites at high temperatures and high pressures have not been investigated.
In the present study, we in-situ measured the conductivities of the dry olivine–ilmenite systems under the conditions of 1.0–3.0 GPa and 773–1273 K. Effects of temperature, pressure and ilmenite content on the conductivities of the olivine–ilmenite systems were systematically researched, and the conduction mechanism for the olivine–ilmenite systems was discussed in detail. According to the thermal models of the Earth’s interior and electrical conductivity–temperature data of olivine aggregates with various contents of ilmenites, we constructed the electrical conductivity–depth profiles for the olivine–ilmenite systems in the Earth’s upper mantles.
EXPERIMENTAL PROCEDURES
Sample Preparation
The main chemical compositions of the natural olivine and ilmenite grains were tested using the electron probe microanalysis, and the weight percentages of the oxides for the main elements were shown in Table 1. It is note that the whole iron ions in the olivine and ilmenite were assumed to be ferrous iron, and the slight decrease of the total quantity of the oxides for ilmenite might be due to the presence of ferric irons and hematite (Andreozzi et al., 1996). Due to the very low decrease of the total quantity of oxides for ilmenite, it is revealed that the purity of ilmenite is very high. The fresh olivine and ilmenite grains were ultrasonically cleaned in a mixture of distilled water, acetone and ethanol, and ground to powder (<200 mesh) in an agate mortar. The olivine and ilmenite powders were homogeneously mixed by weight percent, and ilmenite contents of five powder samples were 5, 10, 13, 15, and 20 wt%, respectively. According to the weight fractions and densities of olivine (3.4 g/cm3) and ilmenite (4.7 g/cm3), the volume percent of ilmenite in the five olivine–ilmenite systems was 4, 7, 10, 11, and 15 vol%, respectively. The sample powder was loaded into a copper capsule with a 0.025-mm thick Ni-foil liner, and then sintered for 6 h in a multi-anvil high pressure apparatus at 2.0 GPa and 873 K. The hydrothermally annealed samples were cut and polished into cylinders with diameter and height of 6 mm, and ultrasonically cleaned in a mixture of deionized water, acetone and ethanol. In order to avoid the effect of absorbed water on the electrical conductivity measurements, all synthetic samples were dried at 423 K for 12 h in an oven. The mineral distribution and interior structure of the samples were observed by scanning electron microscopy at the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences (CAS), Guiyang, China. As shown in Figure 1 the olivine and ilmenite grains were relatively uniformly distributed to the samples, and the particle-size ranges in various samples were close to each other. In order to determine the water content in the olivines, we applied the Fourier transform infrared (FTIR) spectrometer (Vertex-70 V and Hyperion-1000 infrared microscope) in the Key Laboratory of High-temperature and High-pressure Study of the Earth’s Interior, Institute of Geochemistry, Chinese Academy of Sciences, China. The infrared spectra were measured with unpolarized radiation from a mid-IR light source, a mercury-cadmium-telluride detector (aperture size: 100 × 100 μm) and a CaF2 beam splitter. The FTIR spectra in wavenumber range of 3,000–4,000 cm−1 with 512 scans of the original and annealed olivine grains were obtained. After simple base and smooth treatments, the infrared spectra of the original and annealed olivines were almost flat (Figure 2), indicating no water was absorbed in the original and annealed olivines.
TABLE 1 | Chemical compositions of the initial olivine and ilmenite samples obtained using the electron probe microanalysis. The numbers represent the weight percent (wt.%) of the oxides for main elements of the olivine and ilmenite, and the whole iron elements are assumed to be ferrous irons.
[image: Table 1][image: Figure 1]FIGURE 1 | Representative electron backscattered images (BSIs) of the recovered samples of polycrystalline olivine–ilmenite systems with 4 vol% (A), 7 vol% (B), 10 vol% (C), and 15 vol% (D). The dark gray regions represent the olivine (Ol) grains, and the white gray regions are corresponding to the ilmenite (Ilm) grains. The olivine and ilmenite grains (particle size: <50 μm) were relatively homogeneously distributed in the samples.
[image: Figure 2]FIGURE 2 | Fourier transform infrared (FTIR) spectra of the original and recovered olivines in the wavenumbers range of 3,000–4,000 cm−1.
Impedance Measurements
Electrical conductivity measurements were performed in the YJ-3000t multi-anvil apparatus and Solartron-1260 impedance/gain-phase analyzer at the Key Laboratory of High-Temperature and High-Pressure Study of the Earth’s Interior, Institute of Geochemistry, CAS, Guiyang, China. The large-volume high-pressure press and complex impedance analyzer have been widely applied to study the electrical conductivities of a series of minerals and rocks (Wang et al., 2010; Dai et al., 2015a; Dai et al., 2015b, Dai et al., 2016, Dai et al., 2018; Hu et al., 2014, Hu et al., 2017, Hu et al., 2018; Sun et al., 2017). During operation of the high-pressure press, six cubic WC anvils (side length: 25 mm) were driven by oil pressure to compress the cubic sample assembly, providing the pressures of up to 3.0 GPa. Using the lanthanum chromate and stainless steel as heater, temperatures of up to 2,273 and 1573 K can be achieved, respectively. The schematic diagram of the sample assembly for electrical conductivity measurements was shown in Figure 3. In order to remove the water in the sample assembly, all relevant components were baked in a 1073 K muffle furnace for 6 h. A pyrophyllite cube (32.5 × 32.5 × 32.5 mm3) and stainless-steel sheets (thickness: 0.5 mm) were used as the pressure medium and heater, respectively. Alumina and magnesia sleeves were located adjacent to the heater as insulators and pressure medium. To shield against external electromagnetism and spurious signal interference, a layer of nickel foil was placed between the Al2O3 and MgO sleeves. The MgO tube (inner diameter: 6 mm, height: 20 mm) was applied as sample capsule. The parallel-plate electrode was composed of two nickel disks with the diameter of 6.0 mm and thickness of 0.5 mm. In addition, the nickel electrode and nickel foil can be used to control the oxygen fugacity in the sample capsule at high temperatures and high pressures. It has been demonstrated that the oxygen fugacity controlled by Ni-NiO buffer (NNO) at high temperature and high pressure is close to the oxygen fugacity of the Earth’s upper mantle (Xu et al., 2000; Dai et al., 2012). And then, the K-type thermocouple wires (NiCr/NiSi) and ground wire (NiSi) were inserted into the holes in the lateral edge of the pyrophyllite cube, and contacted with the sample and nickel foil, respectively. To keep dry, the sample assembly was placed in a 323 K oven for at least 12 h before electrical conductivity measurements.
[image: Figure 3]FIGURE 3 | Schematic diagram of experimental setup for the electrical conductivity measurements of olivine–ilmenite systems at high temperatures and high pressures.
During the experiments, the pressure was slowly raised at a rate of 0.5 GPa/h until it reached the desired value, and then the temperature was increased with a speed of 10 K/min to the designated value. Under the stable pressure and temperature, impedance spectra of the samples were collected in the frequency range of 10−1–106 Hz at the constant exciting voltage of 1,000 mV. The measurement temperatures change with a 50-K interval. To obtain reproducible data, impedance spectra of samples were collected in multiple heating/cooling cycles under conditions of 1.0–3.0 GPa and 773–1273 K. The errors of temperature and pressure were ±5 K and ±0.1 GPa, respectively.
RESULTS
Representative complex impedance spectra of the dry olivine–ilmenite systems and pure ilmenite aggregates were shown in Figure 4. For the pure ilmenite aggregates, the impedance spectra were approximate perpendicular lines, and the intercepts of the lines in the horizontal axis represented the electrical resistances. For the olivine–ilmenite systems, the impedance spectra were composed of an almost ideal semicircle in the high-frequency region and an additional tail in the low-frequency region. Previous studies have proposed that the ideal semicircle in the high-frequency region represents the bulk electrical properties of the sample, and the additional tail is related to the diffusion processes at the sample–electrode interface (Roberts and Tyburczy, 1991; Dai and Karato, 2009; Yang et al., 2012). Therefore, the bulk sample resistance can be obtained by fitting the ideal semicircle in the high-frequency region. A series connection of RS–CPES (RS and CPES represent the resistance and constant-phase element of the sample, respectively) and RE–CPEE (RE and CPEE represent the resistance and constant-phase element for electrode effect, respectively) were used as the equivalent circuit, and the fitting errors of the electrical resistance were less than 5%. The electrical conductivities of the olivine–ilmenite systems were calculated using the following formula:
[image: image]
where L is the height of the sample (m), S is the cross-sectional area of the electrodes (m2), R is the fitting resistance (Ω), and σ is the electrical conductivity of the sample (S/m).
[image: Figure 4]FIGURE 4 | Typical complex impedance spectra for (A) polycrystalline olivine–ilmenite system with 10 vol% ilmenites and (B) pure ilmenite aggregates under the conditions of 2 GPa and various temperatures.
The impedance spectra of the olivine–ilmenite systems were collected in multiple heating/cooling cycles, and the final stable data were applied to discuss the relevant laws. As shown in Figure 5, the electrical conductivities of olivine–ilmenite system with 10 vol% ilmenite were almost repeated in the 2nd heating/cooling cycles. In order to investigate the relationship between the conductivities and temperatures and pressures, we plotted the logarithmic conductivities versus temperatures at the constant pressures. The reproducible data were applied to analyze the electrical properties of the samples at high temperatures and pressures. Figure 6 revealed pressure influence on the conductivities of the olivine aggregates mixed with 11 vol% ilmenites under the conditions of 1.0–3.0 GPa and 773–1273 K. Pressure was positively related to the conductivities of olivine–ilmenite systems, being the opposite influence for pure olivine aggregates (Dai et al., 2010; Dai et al., 2019). Influence of pressure on the conductivities of the olivine–ilmenite systems was much weaker than that of temperature (Figure 6), further supporting the previous conclusion for the slight influence of pressure on the conductivities of silicate minerals with or without some other high-conductivity minerals (Wang et al., 2010; Yang et al., 2011; Hu et al., 2014; Dai et al., 2019; Guo et al., 2020). Figure 7 showed the influence of ilmenite contents on the conductivities of olivine–ilmenite systems at 2.0 GPa and 773–1273 K. Electrical conductivities of olivine–ilmenite systems with the ilmenite volume fractions of 0–10 vol% moderately increased with increasing ilmenite content. The conductivities of olivine–ilmenite system with 10 vol% ilmenites were about 0.5 orders of magnitude higher than those of the system with 7 vol% ilmenites. However, the conductivities of olivine aggregates with 11 vol% ilmenites were ∼ 1.5–3 orders of magnitude higher than those for olivine–ilmenite system with 10 vol% ilmenites. And then, the conductivities of olivine–ilmenite system with 15 vol% ilmenites were about 1 order of magnitude higher than those of the system with 11 vol% ilmenites (Figure 7). It was clear that the conductivities of olivine–ilmenite systems dramatically increased at the ilmenite content of 11 vol% (Figure 8). And thus, the ilmenite grains in the olivine–ilmenite system with 11 vol% ilmenites might be interconnected. In order to further verify the above inference, we applied Cube model which was suitable for the systems with interconnected high-conductivity phase to calculate the conductivities of olivine–ilmenite systems with 11 vol% and 15 vol% ilmenites. The mathematical formula for the cube model is expressed as:
[image: image]
where σb and σi are the conductivities of the olivine–ilmenite system and ilmenite aggregates, respectively, Φ is the ilmenite content. Unexpectedly, for the conductivities of olivine–ilmenite systems with 11 vol% ilmenites, the measurement values was 0.5–1.0 orders lower than the calculated values using Cube model; for the conductivities of olivine–ilmenite systems with 15 vol% ilmenites, the measurement values was very close to the calculated values from Cube model (Figure 7). It was proposed that ilmenite grains in the olivine–15 vol% ilmenite system were well interconnected, but locally interconnected in olivine–11 vol% ilmenite system. According to the linear relations between the logarithmic conductivities of the olivine–ilmenite systems and reciprocal temperatures (Figure 7), the conductivities and temperatures at a certain pressure conformed to the Arrhenius formula,
[image: image]
where σ0 is the pre-exponential factor (KS/m), k is the Boltzmann constant (eV/K), T is the absolute temperature (K), and ΔH is the activation enthalpy (eV). The relevant fitting thermodynamic parameters for electrical conductivities of the samples were listed in Table 2. Activation enthalpies of the charge carriers for the pure ilmenite aggregates, olivine–ilmenite systems with interconnected and isolated ilmenites were 0.01, 0.15–0.24, 0.62–0.89 eV, respectively, being much lower than the enthalpy for olivine aggregates (1.27 eV) from Dai et al. (2019). The activation enthalpies for the olivine–ilmenite systems dramatically decreased at the ilmenite content of 11 vol% (Figure 9), corresponding to the significant increase of the electrical conductivities (Figure 8).
[image: Figure 5]FIGURE 5 | Logarithmic electrical conductivity versus reciprocal temperature for dry olivine aggregates with 10 vol% chromite during multiple heating/cooling cycles at 2.0 GPa and 773–1273 K.
[image: Figure 6]FIGURE 6 | The linear relationship between Logarithmic electrical conductivities and reciprocal temperatures for olivine–ilmenite system with 11 vol% ilmenites under the conditions of 1.0–3.0 GPa and 773–1273 K.
[image: Figure 7]FIGURE 7 | Logarithm of electrical conductivities versus reciprocal temperatures for pure olivine aggregates, polycrystalline olivine with various ilmenite contents (4–15 vol%), and pure ilmenite aggregates at 2.0 GPa and 873–1273 K. The solid lines represent the measurement conductivities of pure olivine aggregates (Dai et al., 2019), olivine–ilmenite systems and pure ilmenite aggregates, and green and pink dash lines stand for the calculated conductivities of olivine–ilmenite systems with 11 vol% and 15 vol% using cube model, respectively.
[image: Figure 8]FIGURE 8 | The relationships between logarithmic conductivities of the olivine–ilmenite systems and ilmenite volume fractions at 773 and 1273 K. The diamond symbols and five-star symbols stand for the measured values of electrical conductivities, and solid lines represented the fitted curves.
TABLE 2 | Fitted parameters for the Arrhenius relations for the electrical conductivities of the dry olivine aggregates with various volume percents of ilmenite (VIlm).
[image: Table 2][image: Figure 9]FIGURE 9 | Activation enthalpies of charge carriers for olivine–ilmenite systems versus the volume fractions of ilmenites at 2.0 GPa and 773–1273 K.
DISCUSSIONS
Comparisons With Previous Studies
Under the conditions of 2.0 GPa and 773–1273 K, electrical conductivities of the pure olivine aggregates (Dai et al., 2019), olivine–ilmenite systems with isolated ilmenites, olivine–ilmenite systems with interconnected ilmenites and pure ilmenite aggregates were about 10−5–10−3, 10−5–10−2, 10−1–10−0.5 and 102.5 S/m, respectively. It was indicated that the conductivities of the olivine–ilmenite systems increased with increasing content of ilmenite. According to the abrupt changes of the conductivities and activation enthalpies for the olivine–ilmenite systems, the percolation threshold of the ilmenite grains in the olivine aggregates was proposed to be about 11 vol%. Effect of temperature on the conductivities of the olivine aggregates and olivine–ilmenite systems with isolated ilmenite were much greater than those of the olivine–interconnected ilmenite systems. It might be due to the activation enthalpies for olivine–ilmenite systems decreased with increasing ilmenite contents. Some previous studies have researched the electrical conductivities of olivine aggregates with other high-conductivity mineral phases at high temperatures and high pressures (Figure 10). Graphite is widely distributed in cratonic lithospheric mantle (Pearson et al., 1994), and thus plays a significant role on the electrical structure of the stable regions of upper mantle. Wang et al. (2013) researched the conductivities of olivine aggregates with various contents of graphite at 4 GPa and 1,173–1673 K. When the concentration of graphite exceeds percolation threshold ( ∼ 1 wt%), the conductivities of olivine aggregates with graphite was markedly enhanced. Zhang and Pommier (2017) investigated the conductivities of metal–olivine systems at ∼ 5‒6 GPa and up to 1948 K. Both the metal: olivine ratio and the metal phase geometry influenced the electrical conductivities of the two-layer samples. Dai et al. (2019) studied the electrical conductivities of olivine with various contents of magnetite under the conditions of 2.0 GPa and 873–1273 K. The conductivities of olivine‒magnetite systems dramatically increased with increasing magnetite contents, and the percolation threshold of magnetite in the olivine aggregates was about 3 vol%. As shown in Figure 10, the conductivities of olivine–11 vol% ilmenite system were very close to those of olivine–3 vol% magnetite and olivine–12 vol% FeS systems, but 3‒6 orders of magnitude higher than those of the olivine aggregates; the conductivities of olivine–10 vol% ilmenite system were much lower than those of olivine–4 vol% graphite system at lower-temperature range, but close to each other at higher temperature range. The conductivities of olivine–10 vol% FeS system were slightly higher than those of olivine–4 vol% graphite system. In addition, the conductivities of olivine–15 vol% ilmenite system were about 0.75 orders of magnitude lower than those of the olivine–10 vol% magnetite system, whose conductivities were about 1 order of magnitude lower than those of olivine–7 vol% graphite system. Furthermore, the conductivities of ilmenite aggregates were very close to those of magnetite aggregates, slightly higher than those of olivine–20 vol% magnetite system, and 2 orders of magnitude higher than those of olivine–15 vol% ilmenite system. According to the above analysis, we proposed that the graphite and magnetite grains were more easily interconnected than ilmenite grains in the olivine aggregates. The percolation thresholds of various high-conductivity minerals in the olivine aggregates are possibly dominated to the particle sizes, plasticity and interface energy of the high-conductivity minerals.
[image: Figure 10]FIGURE 10 | Electrical conductivities of olivine–ilmenite systems with various ilmenite contents compared with other relevant olivine systems at high temperatures and high pressures. The solid black lines with various symbols denoted the conductivities of olivine–ilmenite systems with various ilmenite contents in this study, the dashed orange and pink lines standed for the conductivities of olivine–magnesite–diamond and olivine graphite systems (7 vol% graphite) at 4.0 GPa, respectively (Wang et al., 2013); the dashed green and brown lines indicated the results of the olivine–FeS systems with 10 vol% and 12 vol% FeS at 4.7–6.1 GPa, respectively (Zhang and Pommier, 2017); the dashed black, sky blue, pink, purple and red lines represented the conductivities of pure olivine aggregates, olivine–3 vol% magnetite system, olivine–10 vol% magnetite system, olivine–20 vol% magnetite system and pure ilmenite aggregates at 2.0 GPa, respectively (Dai et al., 2019).
Conduction Mechanism
The logarithmic electrical conductivities of the dry olivine–ilmenite systems and reciprocal temperatures conformed to only one linear relationship under the experimental conditions (Figure 7). This was revealed that the conductivities of a certain olivine–ilmenite system were chiefly constrained by one major conduction mechanism at 1.0–3.0 GPa and 773–1273 K. According to the previous studies, small polaron, proton, and alkali ions were proposed to be the significant charge carriers for silicate minerals and rocks (Wang et al., 2006; Dai et al., 2010, Dai et al., 2018; Karato, 2013; Hu et al., 2014, Hu et al., 2018; Guo et al., 2020). In addition, the main conduction mechanism for a certain mineral was changed with the variation of chemical compositions. The electrical conductivities and conduction mechanisms for natural and synthetic olivine with various chemical compositions have been widely researched, and small polaron and proton conduction was proposed to be the dominant conduction mechanism for the anhydrous and hydrous olivine, respectively. (e.g., Wang et al., 2006; Poe et al., 2010; Karato, 2013; Dai and Karato, 2014; Dai et al., 2019). There was no obvious absorption peak being observed in the FT-IR spectra of the original and recovered olivine (Figure 2). And thus, proton conduction was excluded from the possible conduction mechanism for the olivine. The small polaron conduction was proposed to be the conduction mechanism for dry olivine, reference to Dai et al. (2019). For the ilmenite (FeTiO3), the activation enthalpy (0.01 eV) was much lower than those for the ionic conduction (Hu et al., 2014), proton conduction (Dai and Karato, 2014) and small polaron conduction (Zhang et al., 2017). The crystal structure of ilmenite was same with that of geikielite (MgTiO3), and the activation enthalpy for iron-bearing ilmenite (0.01 eV) was much lower than the values (0.23–0.39 eV) for geikielite (Parthasarathy, 2011). The discrepancy might be due to the presence of iron in the ilmenite. Parthasarathy (2011) proposed that the conduction mechanism of geikielite is closely related to the electron transport. In contrast to geikielite, ferrous ions occupy the lattice positions of the ilmenite. Both iron and titanium ions in the ilmenite crystal are variable valence elements, and thus the conduction mechanism for pure ilmenite is proposed to be the small polaron conduction. The conduction processes of the small polarons in the olivine and ilmenite were displayed in Figure 11. Electrical conductivity of a mineral or rock was the result of directed migration of all charge carrier species, and the corresponding expression was displayed as follow:
[image: image]
where qj, nj and μj are the effective charge, quantity and mobility of the j-type charge carrier in the sample. Electrical conductivity of ilmenite was much higher than that of olivine (Figure 7), indicating the quantity and mobility of small polarons in the ilmenite crystals were superior to those in the olivine crystals. As a consequence, the conductivities of olivine–ilmenite systems increased with the increase of ilmenite content. The activation enthalpies of the olivine–ilmenite systems with isolated ilmenites (0.62–0.89 eV) were much higher than those for the samples with interconnected ilmenites (0.15–0.20 eV). This revealed that the ilmenite mainly constrained the electrical conductivities of the dry olivine aggregates with interconnected ilmenites, and the dominant charge carriers are the small polarons in the ilmenite crystals. According to the previous studies, the electrical conductivities of the minerals and rocks with the small polaron conduction increase with the increase of oxygen fugacity at high temperatures and high pressures (Dai et al., 2008; Dai et al., 2012). It was implied that the electrical conductivities of the olivine–ilmenite systems probably increase with the increase of oxygen fugacity to some extent. The oxygen fugacity controlled by NNO buffer is close to the oxygen fugacity of the normal region in the Earth’s upper mantle (Xu et al., 2000; Dai et al., 2012), and our measured electrical conductivity only represents the conductivity of the peridotite with a certain amount of ilmenite in the regions where the oxygen fugacity is close to that controlled by NNO buffer.
[image: Figure 11]FIGURE 11 | The visualization models of the small polaron conduction for olivine and ilmenite at high temperatures and high pressures. The circular shadow regions and positive numbers represent the nucleus and proton numbers of Fe2+, Fe3+ and Ti4+, respectively. The red circles indicate the extranuclear electrons for the iron and titanium ions, and the gray rectangles indicate the electron holes. Under the activation of the applied electrical field (E), the activated electrons from Fe2+ are transported to the electron holes of the Fe3+ in the olivine crystals, and the activated electrons from Fe2+ are transported to the electron holes of the Ti4+ in the ilmenite crystals.
Geophysical Implications
Ilmenite exists as the inclusion in olivine and the accessory mineral of mantle derived mafic rock (Hacker et al., 1997; Risold et al., 2003; Carter Hearn Jr, 2004; Litasov et al., 2003; Bali et al., 2018). The estimated contents of ilmenite in some mafic rocks were lower than 10 vol% based on the scanning electronic microscope images of the natural samples (Risold et al., 2003; Litasov et al., 2003). In some special regions, ilmenite deposites were formed by the magmatism which closely related to the mantle plume (Xu et al., 2001; Charlier et al., 2010). In Emeishan Large Igneous Province (ELIP), ilmenites were enriched in the ultra-basic rocks formed in the process of mantle plume activity in the late Permian (Zhang et al., 2008, Zhang et al., 2009; She et al., 2015). This implied that ilmenite components in the upper mantle might be converged in the magmatism. The conductivities of the olivine aggregates with various ilmenite contents can be applied to invert the magnetotelluric (MT) profiles, and further research electrical structures of the Earth’s upper mantle. Combining with the electrical conductivities of olivine–ilmenite systems and the thermal models of the Earth’s continental upper mantle and oceanic upper mantle (Grigné and Combes, 2020), the electrical conductivity–depth profiles of the olivine aggregates with various ilmenite contents in the continental and oceanic upper mantles were constructed in detail (Figures 12A−C). As shown in Figure 12, the conductivities of dry olivine aggregates with a certain content of ilmenites at the same depth beneath the continental plate and oceanic plate were different due to the various thermodynamic conditions. In addition, the electrical conductivity of a certain olivine–ilmenite system increased with depth due to the increase of temperature. According to the MT profiles, the range of the anomaly high electrical conductivity in the upper mantle is about 10−2–100 S/m (Dong et al., 2014; Adetunji et al., 2015). Electrical conductivities of dry olivine aggregates with 11–15 vol% ilmenite (10−1–100.5 S/m) were close to those of the high conductivity layers (10−2‒1 S/m) in the upper mantle (Figure 12). It was implied that the presence of interconnected ilmenite can interpret the high conductivity anomalies in the upper mantle. However, the ilmenite contents in the natural peridotites are much lower than the threshold percolation (11 vol%) for ilmenite, and it is not clear whether ilmenite can reach interconnected state in the present upper mantle. We proposed that the interpretation of high conductivity anomalies using the interconnected ilmenites should be cautious unless the interconnected ilmenites are demonstrated to exist in the upper mantle in the future.
[image: Figure 12]FIGURE 12 | The thermal models for the Earth’s continental upper mantle and oceanic upper mantle (A) (Grigné and Combes, 2020), which were used to construct electrical conductivity–depth profiles for olivine aggregates with various ilmenite contents in the Earth’s oceanic upper mantle (B) and continental upper mantle (C). Electrical conductivities of olivine aggregates were calculated based on the thermodynamic parameters of the Arrhenius relation (Dai et al., 2019), and the conductivities of the olivine–ilmenite systems and ilmenite aggregates were calculated based on the thermodynamic parameters in this study. The solid lines presented the electrical conductivity–depth profiles of the olivine–ilmenite systems, and shadow regions indicated the high conductivity anomalies in the Earth’s oceanic upper mantle and continental upper mantle.
CONCLUSIONS
Electrical conductivities of dry olivine–ilmenite systems with various contents of ilmenite (VIlm = 4, 7, 10, 11, 15 vol%) and pure ilmenite aggregates were ∼ 10−5–100.5 and ∼ 102.5 S/m, respectively, under the conditions of 1.0–3.0 GPa and 773–1273 K. Temperature moderately enhanced the conductivities of olivine–ilmenite systems, but the positive effect of pressure was slight. Based on the inflection point for the relationship between electrical conductivities of the systems and ilmenite contents, we proposed that the percolation threshold of the ilmenite grains in the dry olivine–ilmenite systems was about 11 vol%. Interconnected ilmenites dramatically enhanced the conductivities of the olivine–ilmenite systems. In addition, activation enthalpies for the charge carriers of olivine–ilmenite systems (0.15–0.89 eV) decreased with increasing ilmenite contents. The dominant conduction mechanism for the whole olivine–ilmenite systems is small polaron conduction. Electrical conductivity–depth profiles of olivine–ilmenite systems in the Earth’s upper mantle have been constructed, being beneficial to research the electrical structures in the Earth’s interior. Ilmenite can play an important role on the electrical properties of some special regions in the Earth’s interior. Due to the percolation threshold (11 vol%) for the interconnectivity of ilmenites is much higher than the volume percentages of ilmenites in the natural peridotites, it should be very cautious to interpret the high conductivity anomalies in the Earth’s upper mantle (Dai and Karato, 2020).
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