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ABSTRACT 17 

The effects of dissolved H2O on the electrical conductivity and its anisotropy in olivine 18 

(Fo90) at 8 GPa were investigated by complex impedance spectroscopy. At nominally 19 

anhydrous conditions, conduction along [100] and [001] is slightly higher than along 20 

[010] in contrast to observations made at lower pressures in earlier studies. Increasing 21 

H2O content increases conductivities but activation energies are lower and H2O 22 

concentration dependent. The use of polarized FTIR spectroscopy to determine H2O 23 

concentrations reveals a weaker than expected effect that water has on olivine 24 

conductivity and distinguishes our results from earlier studies based on analyses using 25 

non-polarized infrared spectroscopy. We show that at H2O concentrations of a few 26 

hundred wt ppm or less, that the dominant conduction mechanism at mantle 27 

temperatures continues via small polarons, such as that observed for anhydrous olivine. 28 

Our results also suggest that at depths greater than 200 km, the presence of H2O may 29 

not be necessary to explain regions in the upper mantle where both electrical and 30 

seismic anisotropy are observed. This can be explained by differences in the pressure 31 

dependence of the activation energy for conduction along each of the three 32 

crystallographic axes. However, while electrical anisotropy of anhydrous olivine 33 

remains weak at 8 GPa, it is nevertheless enhanced by elevated concentrations (> 34 

several hundred wt ppm) of dissolved H2O. At these conditions dominated by proton 35 

hopping, conductivity along [010] is highest, approximately an order of magnitude 36 

greater than along [100]. Additionally, at 1000 wt ppm and 1500°C, an isotropic 37 

conductivity derived from the data is about 1 order of magnitude higher than that for 38 

nominally anhydrous olivine. Thus, in regions of the mantle characterized by 39 

anomalously high conductivities and both electrical and seismic anisotropy, significant 40 

amounts of dissolved hydrogen can be expected. 41 
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1. INTRODUCTION.  45 

Recent studies have indicated that regions of electrical anisotropy in the mantle are 46 

highly correlated to seismic anisotropy (Simpson, 2002; Eaton et al., 2004; Evans et al., 47 

2005) implying that knowledge of the electrical properties of olivine could provide 48 

important insights regarding mantle flow. Lattice preferred orientation (LPO) of olivine 49 

due to strain-induced deformation might account for observed electrical anisotropy at 50 

depths beginning near 60 km depth in the oceanic mantle (Evans et al., 2005) and at 51 

depths greater than 150 km below the North Central craton of Australia (Simpson, 52 

2002). These observations lead to the suggestion that electrical conductivity in mantle 53 

olivine must be highest parallel to the [100] direction. Schock et al. (1989) and Yoshino 54 

et al. (2006) showed for single crystal olivine at 1 atm and 3 GPa, respectively, that at 55 

upper mantle temperatures electrical conduction along the [100] direction is slower than 56 

its other two principal crystallographic axes. However, in order to reconcile the 57 

simultaneous presence of both electrical and seismic anisotropy, conduction along [100] 58 

should be fast and parallel to the polarization direction of S-waves.  59 

Laboratory data from Schock et al. (1989) and related models describing olivine 60 

conductivity (Shankland and Duba, 1990; Constable et al., 1992) are also too resistive 61 

to arrive at conductivities expected from models of magnetotelluric data corresponding 62 

to the upper mantle (Gatzemeier and Moorkamp, 2005). Constable (2006) derived a 63 

more recent model for dry olivine conduction which improves the agreement between 64 

dry olivine conductivity and the upper mantle, particularly at temperatures above 65 

1300°C. Nevertheless, the presence of H2O in the mantle could possibly reconcile any 66 

remaining differences between laboratory conductivity data of nominally anhydrous 67 

minerals and EM profiles generated from magnetotelluric observations. Hydrogen 68 

diffusion in olivine is faster than the mobility of intrinsic defects (Kohlstedt and 69 
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Mackwell, 1998), such that estimated conductivities of hydrous olivine through a proton 70 

conduction mechanism are in better accord with upper mantle conductivity (Karato, 71 

1990) and electrical anisotropy (Evans et al., 2005). Wang et al. (2006) measured 72 

hydrous polycrystalline olivine conductivity at 4 GPa and concluded that 80 wt ppm 73 

H2O in olivine would increase its conductivity by more than a factor of ten at 1400°C 74 

and account for the generally high conductivity of the oceanic asthenosphere. In 75 

contrast, Yoshino et al. (2006) concluded that extrapolation of their data to higher 76 

temperatures does not increase conductivity enough to explain the observed bulk 77 

conductivity of the upper mantle. Yoshino et al. (2006), however, did not determine 78 

how conductivity varies with varying water content along any of the three 79 

crystallographic directions, but rather assumed that conductivity increased linearly with 80 

H2O concentration without change in activation energy. In a later study, Yoshino et al. 81 

(2009) carried out additional experiments on hydrous polycrystalline aggregates of 82 

olivine and determined the H2O concentration dependence.   83 

In this study, we investigate the electrical properties of single crystal San Carlos olivine 84 

(Fo90) as a function of dissolved H2O content at 8 GPa using complex impedance 85 

spectroscopy in a multianvil apparatus. We find that the higher pressure of this study 86 

has a profound influence on electrical anisotropy compared to studies at lower pressure, 87 

particularly for the case of hydrous olivine. We also find that significantly greater 88 

concentrations of H2O in olivine (ca. 1000 ppm) are required to increase olivine 89 

conductivity by a factor of ten at upper mantle temperatures. In order to couple the 90 

conductivity data with the elastic properties of olivine we have also investigated in situ 91 

at high-pressure an anhydrous synthetic forsterite by single-crystal X-ray diffraction 92 

using a diamond anvil cell. 93 

94 
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2. EXPERIMENTAL METHODS 95 

2.1 Hydration of olivine single crystals.  96 

Oriented single crystals of San Carlos olivine (Fo90) were machined into 1.8 mm dia. x 97 

2 mm cylinders and placed in welded Pt capsules (2.0 mm o.d.) sandwiched between a 98 

mixture of fine-grained synthetic talc (Mg3Si4O10(OH)2) and brucite (Mg3(OH)6) 99 

(weight ratio 1.4:1). Hydration runs were carried out in a multianvil apparatus at 100 

pressures ranging from 3 to 8 GPa and T=1100°C for up to 5 hours. Recovered single 101 

crystals were then cut and polished into disc-shaped specimens (0.3 - 0.6 mm thick) for 102 

complex impedance spectroscopy. 103 

2.2 Complex impedance spectroscopy.  104 

Complex impedances were measured at 8 GPa in either a 1000-tonne or 1200-tonne 105 

Kawai-type multianvil apparatus using 11 mm truncation edge length tungsten carbide 106 

anvils and 18 mm edge length MgO octahedra. The design of the conductivity cell is 107 

described in detail by Poe and Xu (1999). The presence of a cylindrical Mo foil shield 108 

lined with a small amount of MoO2 powder is a key component of the cell. The shield is 109 

placed between sample and furnace primarily to minimize interference between the 110 

higher 50 Hz voltage applied to operate the furnace and the variable frequency signal 111 

applied across the electrodes to measure complex impedance. Additionally, the shield is 112 

grounded in common with the furnace to eliminate current leakage along the outer 113 

surface of the sample and also serves as a fO2 buffer according to the Mo + O2 = MoO2 114 

equilibrium. Both Wang et al. (2006) and Yoshino et al. (2006) used Ni / NiO to buffer 115 

their lower pressure experiments, whereas Yoshino et al. (2009) also used Mo /MoO2 to 116 

buffer their 10 GPa experiments.  Measurements were made with a Solartron 1260 117 

Impedance/Gainphase analyzer operating at 1.0 V amplitude and frequencies from 105 118 
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to 10-1 Hz. A typical measurement consisted of heating to a maximum temperature, 119 

depending on volatile content, and repeatedly acquiring the complex impedance 120 

spectrum every 10 to 15 minutes until it remained unchanged (on the order of 1 hour). 121 

Subsequent spectra were taken upon decreasing temperature only in order to maintain 122 

the sample’s H2O concentration (measured post-run) in light of possible dehydration at 123 

the maximum temperature of the measurement. It is quite likely that for the more H2O-124 

rich samples, partial dehydration occurred at the maximum temperature (Yoshino et al., 125 

2006). However, afterwards, at lower temperatures, observed Arrhenian behavior would 126 

suggest a negligible amount of additional dehydration. The complex impedance data 127 

were fit to an expression for an RC parallel equivalent circuit, allowing for some 128 

deviation (< 10°) of the circle center from the real axis. From the determined resistance 129 

and the sample and electrode dimensions, electrical conductivity was determined. 130 

Experimental error, arising mainly from uncertainties in the sample dimensions and any 131 

non-ideality of the form of the data with respect to the equivalent circuit, is estimated to 132 

be about 5% relative.  133 

2.3 Polarized FTIR spectroscopy.  134 

Samples recovered after complex impedance spectroscopy were analyzed by polarized 135 

infrared spectroscopy using a Bruker IFS 120 HR high resolution Fourier-transform 136 

spectrometer and IR microscope with Cassegranian optics. The concentration of 137 

dissolved H2O in olivine was determined using the calibration of Bell et al., (2003) who 138 

showed that the calibration of Paterson (1982) for unpolarized FTIR spectra may 139 

underestimate water content in olivine by a factor of 2-4 owing to the extreme IR 140 

pleochroism of olivine. Table 1 lists H2O concentrations (in wt ppm) for samples after 141 

complex impedance measurements. Similar to previous observations (Mosenfelder et 142 

al., 2006; Smyth et al., 2006; Kohlstedt et al., 1996) for laboratory-synthesized H2O-143 
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rich samples, multiple absorption bands in the range 3300-3500 cm-1 are observed in 144 

addition to the main peaks between 3500 and 3600 cm-1. 145 

2.4 Single crystal XRD.  146 

In order to better understand how differences in electrical conductivity might be related 147 

to structural changes to the crystal lattice at these conditions, we also performed a series 148 

of single crystal X-ray diffraction measurements. A colorless single crystal of pure 149 

forsterite, free of twins and inclusions, was synthesized at room pressure and 1600°C. 150 

Although the chemical composition of the crystal was slightly different to those of the 151 

electrical measurements, we assume that the general behavior observed can be useful to 152 

our interpretation of the conductivity results. The crystal, with dimensions 80×60×50 153 

µm3, was loaded in a BGI-type diamond-anvil cell (DAC) with T301 steel foil gasket. A 154 

mixture of methanol:ethanol (4:1) served as pressure-transmitting medium. A quartz 155 

crystal was added as an internal pressure standard (Angel et al. 1997). Unit-cell 156 

parameters (Table 1) were determined at 19 different pressures up to about 6.8 GPa and 157 

room temperature on a Huber four-circle diffractometer (non-monochromatized MoKα 158 

radiation) using eight-position centering of not less than 20-22 Bragg reflections 159 

according to the procedure of King and Finger (1979). Centering procedures and vector-160 

least-square refinement of the unit-cell constants were performed using the SINGLE04 161 

software (Angel et al. 2001) according to the protocols of Ralph and Finger (1982) 162 

without any symmetry constraints in order to monitor possible high-pressure phase 163 

transformations. The unit-cell parameters data at each pressure are reported in Table 1. 164 

3. RESULTS AND DISCUSSION 165 

3.1 Hydrogen incorporation in olivine.  166 
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The solubility of hydrogen in olivine is low compared to its higher pressure polymorphs 167 

wadsleyite and ringwoodite (Kohlstedt et al., 1998). However, recent studies that 168 

utilized polarized FTIR spectroscopy have shown that H2O solubility in olivine is 169 

higher by as much or more than a factor of two compared to previous studies that used 170 

non-polarized FTIR spectroscopy (Bell et al., 2003; Mosenfelder et al., 2006). An 171 

example of our polarized FTIR spectra is shown in Fig. 1 for the H2O-rich sample 172 

S3740. Absorption is strongest with the electric field gradient, E, oriented parallel to the 173 

a-axis, consistent with the observations of previous studies (Kohlstedt et al., 1998;  Bell 174 

et al., 2003; Mosenfelder et al., 2006). Also, similar to Kohlstedt et al. (1998) we 175 

observe several strong absorption bands at lower OH stretching frequencies (3300-3500 176 

cm-1) in our synthetically hydrated samples which do not appear in the spectra of natural 177 

olivine samples having much lower H2O concentrations (Mosenfelder et al., 2006). 178 

Differences between the spectra of synthetically hydrated and natural olivine specimens 179 

illustrate that hydrogen incorporation in olivine is a complex function of oxygen 180 

fugacity and silica activity in addition to water fugacity (Mosenfelder et al., 2006). The 181 

pressure of the hydration experiments varied from 3 to 8 GPa in order to vary water 182 

fugacity and resulted in a range of H2O concentrations from 363 to 2215 wt ppm (see 183 

Table 1), based on the calibration of Bell et al. (2003) for polarized FTIR spectra. 184 

Interestingly, in earlier attempts to hydrate single crystals of olivine using a piston 185 

cylinder apparatus (up to 3 GPa) the recovered run products were often opaque and/or 186 

fractured such they could not be used for conductivity measurements. Uncertainties in 187 

the effect of H2O on conductivity are primarily related to these analyses, however, as 188 

spectra could be obtained only post electrical measurement in order to preserve sample 189 

geometry and orientation for determination of its conductivity. Additional sources of 190 

error in the H2O concentrations stem from inhomogeneities revealed upon reducing the 191 
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size of the aperture (< ca. 600 µm2) and uncertainties in baseline subtraction owing to 192 

spectra composed of very broad and overlapping absorption bands. 193 

3.2 Complex impedance spectra.  194 

A representative suite of complex impedance spectra for a hydrated single crystal of 195 

olivine oriented along its (100) axis (H2474) is shown in Fig. 2. Each spectrum is 196 

characterized by a semi-circular pattern of data spanning from the axes origin at the 197 

highest frequencies, reaching a minimum imaginary component (Z″) and returning 198 

toward the abscissa with increasing real impedance (Z′) at very low frequencies. With 199 

increasing temperature, the shape of the spectrum remains semi-circular and its 200 

diameter, which is proportional to the sample’s electrical resistance, decreases. We note 201 

that with decreasing frequency, particularly at lower temperatures (see Fig. 2), the 202 

scatter in the data markedly increases, most likely due to increasingly higher 203 

impedances. While it has been assumed in several previously published studies that the 204 

measured impedance at a single frequency, provided that the frequency is sufficiently 205 

low, may be equal to the sample resistance (Schock et al., 1989; Fu-jita et al., 2004, 206 

Yoshino et al., 2008), such an assumption in our case would lead to large uncertainties. 207 

Over the experimental spectral range, spanning 6 decades in frequency, a majority of 208 

the semicircular arc is observed, providing a lower uncertainty of the sample resistance 209 

compared to any single low frequency measurement.  210 

Conductivities are shown for each crystallographic direction at anhydrous and various 211 

concentrations of dissolved H2O in Fig. 3. For each individual sample log conductivity 212 

decreases linearly with reciprocal temperature according to the Arrhenius expression 213 

σ = σ0 exp(-H/kT)        Eq. 1 214 
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where k is the Boltzmann constant, T the absolute temperature and log σ0 and H the 215 

intercept and slope, respectively, of the linear regressions. Best fit values of the pre-216 

exponential term σ0 and the activation enthalpy H for each experiment are listed in 217 

Table 2 along with crystallographic orientation and measured H2O concentration. 218 

Because the correlation of the data to Eq. 1 is very high in all cases, we have assumed 219 

that H2O concentration during the electrical measurement remained constant and equal 220 

to that of the post-measurement FTIR analysis of the sample. Although it is not 221 

observed here, non-Arrhenian behavior would likely be the result of either a change in 222 

chemical composition during the measurement, such as loss of dissolved H2O, or from a 223 

temperature dependent change in the conductivity mechanism. In the former case, such 224 

behavior would be irreversible with temperature, whereas in the latter case, we can 225 

expect the behavior to be reversible and characterized by a stronger temperature 226 

dependence (higher H) at lower 1/T.  227 

3.3 Electrical conductivity of dry olivine.  228 

For the anhydrous samples, conductivities were determined at temperatures ranging 229 

from 850 to 1436°C, overlapping both the small polaron and Mg vacancy conduction 230 

regimes expected as the dominant charge transport mechanisms at low and high 231 

temperatures, respectively at 1 atm (Schock et al., 1989; Hirsch et al., 1993; Constable 232 

and Roberts, 1997; Dufrane et al., 2005). Also shown in Fig. 3 are the results of 233 

Yoshino et al. (2006) obtained at 3 GPa, in very good agreement with our data for 234 

anhydrous olivine. Given that our measurements were carried out at 8 GPa, the 235 

agreement among our data and those of Yoshino et al. (2006) strongly reflects the low 236 

activation volume (< 1 cm3/mol) for electrical conduction of olivine determined by Xu 237 

et al. (2000). A low activation volume also supports the notion that the conduction 238 

mechanism is electronic, such as via small polarons which involves the hopping of 239 
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electron holes. In contrast, an ionic conduction mechanism involving the hopping of 240 

ionic species and vacancies, would require lattice distortions resulting in highly positive 241 

activation volumes on the order of several cm3/mol (Keyes, 1963; Samara, 1984). The 242 

absence of a second conduction mechanism which would otherwise be indicated by a 243 

break in slope in the data shown in Fig. 3 (open red triangles) suggests that the 244 

conductivity is governed predominantly through small polarons, even at temperatures as 245 

high as 1436°C. We note that Yoshino et al. (2009) did observe ionic conduction in 246 

their dry polycrystalline olivine at 10 GPa. However, they report that small polaron 247 

conduction continues up to 1477°C, with ionic conduction taking over at higher 248 

temperatures up to their maximum T=1727°C. 249 

The lower pressure studies of both Shock et al. (1989) and Yoshino et al. (2006) 250 

indicate that conduction along [100] is lower compared to one or both of the other 251 

crystallographic directions. Despite the seemingly good agreement illustrated in Fig. 3 252 

between our data and those of Yoshino et al. (2006) at anhydrous conditions, at 8 GPa 253 

and 1200°C we find that conduction along [100] and [001] are about equal and 254 

approximately 0.2 log units higher compared to [010]. This difference can be attributed 255 

to the small, but distinct changes in activation enthalpy from 3 to 8 GPa along each 256 

crystallographic axis. While the activation enthalpy for conduction along [100] remains 257 

high, it is reduced along both [010] and [001] in comparison to those at 3 GPa reported 258 

by Yoshino et al. (2006). A reduction in activation enthalpy with increasing pressure, 259 

here for the case of small polaron conduction, can be explained by decreasing 260 

interatomic distances between Fe2+ and Fe3+, which facilitate the electron hole hopping 261 

mechanism.  262 

Results from our single crystal diffraction measurements of forsterite up to 6.7 GPa 263 

indicate that the [100] direction is the least compressible of the three axes, in good 264 
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agreement with other recent in-situ single crystal x-ray diffraction studies (Liu and Lee, 265 

2006; Katsura et al., 2009) and with resonant ultrasonic spectroscopy (Isaak et al., 266 

1989). At high pressure, interatomic distances would thus be shortened more along both 267 

the b and c directions compared to the a direction (Fig. 4). A more rapidly changing cell 268 

parameter is likely to be accompanied by a greater change in activation energy for 269 

conduction in that direction. Thus, at 8 GPa and the higher temperatures associated with 270 

the deeper upper mantle, conductivity along [100] becomes higher than [010], opposite 271 

to that which is observed at ambient pressure (Schock et al., 1989) and at 3 GPa 272 

(Yoshino et al., 2006).  273 

For dry olivine conductivity anisotropy remains relatively weak because of the minor 274 

changes in temperature dependence from 3 to 8 GPa. However, the higher conductivity 275 

along [100] presents important implications where both electrical and seismic 276 

anisotropy are observed in the upper mantle. Because both high conductivities and fast 277 

shear wave velocities cannot be rationalized by LPO in dry olivine at shallow depths (≤ 278 

3 GPa), the presence of dissolved H2O in olivine has been suggested as responsible for 279 

favoring conduction along [100] via a fast proton conduction mechanism (Evans et al., 280 

2005). Based on our data at 8 GPa corresponding to greater depths (> 200 km), proton 281 

diffusion is not required to justify a higher conductivity along [100] and the observed 282 

electrical anisotropy at these depths, such as below the North Central craton of Australia 283 

(Simpson, 2002). Because the effects of pressure and temperature on the electrical 284 

conductivity of dry olivine are different along each crystallographic direction, electrical 285 

anisotropy changes with depth in the mantle without requiring the presence of dissolved 286 

hydrogen to invoke a different conduction mechanism. The absence of an ionic 287 

conduction pathway at 8 GPa may also contribute to the difference in anisotropy that is 288 

observed at 3 GPa (Yoshino et al., 2006). We also stress that this conclusion can be 289 
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drawn independently of our conductivity results for hydrous olivine which are discussed 290 

below (Section 3.4), and therefore is not compromised by the additional experimental 291 

uncertainties due to analyses of H2O content nor by long extrapolations of those data to 292 

the higher temperatures associated with the mantle.  293 

If we apply the geometric mean of the three data sets to generate an isotropic model for 294 

dry olivine conductivity, we find that at 8 GPa and 1200°C conductivity is 2.97 x 10-3 
295 

S/m, in very close agreement with the geometric mean of 2.14 x 10-3 S/m at the same 296 

temperature calculated using the results of Yoshino et al. (2006) at 3 GPa and a value of 297 

2.02 x 10-3 S/m at 10 GPa using the results of Yoshino et al. (2009). Both of these 298 

values compare well to mantle conductivity values below the Canadian shield (Neal et 299 

al., 2000) and below the French Alps (Tarits et al., 2004) using a standard geotherm to 300 

extract a comparative temperature from the MT profiles. These values, however, are 301 

low in comparison to the oceanic mantle at the same temperature (Evans et al., 2005). 302 

Thus, while our data for dry olivine at 8 GPa may reconcile both electrical and seismic 303 

anisotropy at deep continental mantle depths, we must still explore the effect of water 304 

on electrical anisotropy where there may be poor agreement in the absolute electrical 305 

conductivity.  306 

3.4 Hydrous olivine conductivity.  307 

For the hydrous olivine samples, temperatures did not exceed 700°C during the 308 

measurement in order to minimize possible dehydration of the sample. We can not 309 

exclude the possibility that the dominant conduction mechanism in hydrous olivine 310 

changes at temperatures above 700°C. However, Wang et al (2006) measured the 311 

conductivity of polycrystalline hydrous olivine at temperatures as high as 1000°C and 312 

determined an activation enthalpy of 87 kJ/mol (ca. 0.9 eV), significantly lower than 313 
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that for dry olivine conduction and similar to the activation enthalpies observed in this 314 

study at lower H2O concentrations (see Table 2).  315 

In Fig. 3 we see that the effect of dissolved H2O in olivine is to increase its conductivity 316 

while decreasing its activation energy. Thus, the effect of H2O on conductivity 317 

diminishes with increasing temperature. Yoshino et al. (2006) measured only one 318 

hydrous olivine sample for each crystallographic direction, and thus would not have 319 

been able to recognize this trend if it were present at 3 GPa. Yoshino et al. (2009), 320 

however, did observe this behavior in their later study of polycrystalline olivine at 10 321 

GPa and also for conductivities of hydrous wadsleyite and hydrous ringwoodite 322 

(Yoshino et al., 2008), which are high pressure polymorphs of olivine. They suggested 323 

that increasing H2O content in these phases resulted in behavior similar to that of N-324 

type semiconductors, according to the equation 325 








 −
−=

kT
CH

C W
W

3/1

0 exp
α

σσ      (Eq. 2) 326 

In the case of hydrous olivine, Yoshino et al. (2006), Wang et al (2006) and Yoshino et 327 

al. (2009) also determined their H2O concentrations using FTIR spectroscopy, but all 328 

according to the calibration of Paterson (1982) for non-polarized spectra. Our H2O 329 

determinations are based on the calibration of polarized FTIR spectra by Bell et al. 330 

(2003), who demonstrated its importance for pleochroic minerals. Mosenfelder et al. 331 

(2006) recently pointed out that use of the Paterson calibration for determining 332 

dissolved H2O concentrations in Fe-bearing olivine can underestimate concentrations by 333 

as much as a factor of 4 compared to its determination by the calibration of Bell et al. 334 

(2003). The use of a different FTIR calibration may contribute to the differences in the 335 

effect of dissolved H2O on the conductivity of olivine in our study compared to the 336 

study of Yoshino et al. (2006).  If the H2O concentrations from Yoshino et al. (2006) 337 
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were underestimated due to their use of the Paterson calibration, then the effect of 338 

dissolved H2O on olivine conductivity that they report would be overestimated by a 339 

similar factor.  340 

We have chosen to fit the hydrous olivine data separately from the anhydrous data based 341 

on two observations upon examination of Fig. 3 and Table 2. Most importantly, 342 

individual datasets show strongly Arrhenian behavior, which allows us to assume that a 343 

single charge transport process dominates each sample’s electrical conductivity. Slight 344 

changes in slope are detectable only in the case of conduction along [100] at the lowest 345 

H2O concentration and along [001] at the highest H2O concentration (Fig. 3). Because 346 

we do not observe any systematic occurrence, rather than indicating a change in 347 

conduction mechanism, this behavior may be related to some form of experimental 348 

factor, such as insufficient time allowed for sample re-equilibration at lower 349 

temperatures. Secondly, activation enthalpies are clearly lower and most likely H2O 350 

concentration dependent for the hydrous olivine data. This latter observation suggests 351 

that the dominant mechanism in hydrous olivine can not be the same as that for 352 

anhydrous olivine.  353 

Our fits of Eq. 2 to the hydrous olivine conductivity data for each of the three 354 

crystallographic orientations are also illustrated in Fig. 3. We note that within 355 

experimental error, these H2O concentration dependent approximations are in excellent 356 

agreement with the simple Arrhenian fits to each individual dataset. Best fit parameters 357 

are listed in Table 3. Also shown in Fig. 3 are the approximations reported by Yoshino 358 

et al. (2006) for dry and [H2O]-independent hydrous olivine conductivity. We can 359 

compare our results to those for hydrous, polycrystalline olivine (Yoshino et al., 2009) 360 

and its higher pressure polymorphs wadsleyite and ringwoodite (Yoshino et al., 2008) in 361 

which the same form of Eq. 2 was used (note that both Yoshino et al. 2008 and 2009 362 
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use concentration units of wt% rather than wt ppm and we convert their values of σo and 363 

α accordingly for comparison below). Our best fit values for σo range from ca. 0.001 364 

S/m along [100] to 0.3 S/m along [010]. These values are in excellent agreement with 365 

that for the proton conduction term from Yoshino et al. (2009), σo = 0.0079, as well as 366 

their study of hydrous wadsleyite and ringwoodite, with σo = 0.008 and 0.0028 S/m, 367 

respectively (Yoshino et al., 2008). The best fit values of H from Eq. 2 range from 0.8 368 

eV along [001] to 1.5 eV along [010], in good agreement with 0.92 eV for 369 

polycrystalline olivine from Yoshino et al. (2009) and the values of 0.7 and 1.1 eV for 370 

wadsleyite and ringwoodite, respectively (Yoshino et al., 2008). Finally, the H2O-371 

concentration dependence parameter, α, ranges from 0.03 to ca. 0.07, which, according 372 

to Eq. 2 results in a progressively shallower slope of log σ vs. 1/T with increasing H2O 373 

content. The values of α from Yoshino et al. (2009) for olivine and from Yoshino et al. 374 

(2008) for wadsleyite and ringwoodite range between 9x10-4 to 0.03.  375 

We also fit the equation used by Wang et al (2006) to our data for hydrous olivine. The 376 

form of the equation and results from those fits are also given in Table 3. Similar to Eq. 377 

2, the pre-exponential term is concentration dependent, but includes two adjustable 378 

parameters, σo and r. Here we find that the σo term returns a very large relative error. 379 

Additionally, the higher χ2 values from this fit compared to the fit using Eq. 2 are the 380 

result of a fixed rather than H2O concentration dependent activation enthalpy, even 381 

though the total number of adjustable parameters is the same for both fits. Interestingly, 382 

the best fit values for the exponent r (from about 2.5 along [100] to 3.5 along [010] and 383 

[001]) are much higher than that determined by Wang et al (2006) for hydrous 384 

polycrystalline olivine (ca. 0.6). As Wang et al. (2006) discussed, the value of r is 385 

indicative of the type of defect mechanism that controls proton hopping. Romano et al 386 

(2009) measured the electrical conductivity of hydrous wadsleyite and determined a 387 
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best-fit value of r = 1.44 using the same equation. As stated previously, the higher 388 

temperature measurements of Wang et al (2006) may explain some of the differences 389 

from our study as the mechanism for conduction may change with increasing 390 

temperature. Indeed, Wang et al. (2006) assumed that both small polaron and proton 391 

hopping conduction mechanisms contributed to the bulk conductivity at high 392 

temperature, such that the fits to their data included both a dry (small polaron) 393 

component and a wet (proton hopping) component. However, it is clear that at lower 394 

temperatures, the temperature dependence for conductivity is strongly coupled to 395 

dissolved water content in olivine such that Eq. 2 provides a much more robust 396 

approximation of the experimental data.  397 

3.5 Important differences from previous studies. A comparison of our results to those 398 

from Wang et al. (2006) and Yoshino et al. (2006) is made difficult because of the 399 

pressure effects that are likely to play a role between 3 or 4 GPa and 8 GPa. Regardless 400 

of such effects, however, neither Wang et al. (2006) nor Yoshino et al. (2006) 401 

demonstrate any link between temperature dependence of conductivity and H2O 402 

concentration. Our results show that activation enthalpy decreases with increasing water 403 

concentration. This observation not only indicates that the proton hopping mechanism 404 

becomes less important at higher temperatures as small polaron conduction begins to 405 

dominate, but also that the effect of dissolved water diminishes with increasing 406 

temperature. Yoshino et al. (2009) later investigated the effect of water concentration at 407 

10 GPa, but on polycrystalline olivine aggregates. Their study, like ours, observes small 408 

polaron conduction to temperatures above 1700 K in nominally anhydrous samples. 409 

Similar to our results, Yoshino et al. (2009) show that activation enthalpy decreases 410 

with increasing H2O content, but their dependence (α term, Table 3) is less than what is 411 

observed here. The reason for this difference is still unclear as the pressures and 412 
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temperatures of both studies are quite similar. The major differences in the experimental 413 

approach are that Yoshino et al. (2009) used polycrystalline samples, non-polarized 414 

FTIR spectroscopy and a corresponding FTIR calibration by Paterson (1982) whereas 415 

our study examined single crystal samples, and determined H2O contents using 416 

polarized FTIR and calibration by Bell et al. (2003). 417 

The fit to Eq. 2 allows us to determine electrical anisotropy, given simply by the 418 

difference between log σmax and log σmin among the three different crystallographic 419 

directions as a function of temperature, shown for nominally anhydrous olivine and at 420 

H2O concentrations of 100 and 1000 wt ppm in Fig. 5. We can justify extrapolation of 421 

the hydrous data to higher temperatures as the conductivities remain higher than those 422 

for dry olivine, except in the case of [001] above 1350°C at the lowest H2O 423 

concentration (see Fig. 3). No extrapolations are made for dry olivine for which 424 

electrical anisotropy is determined using the fit parameters to the Arrhenius expression 425 

(Table 2). For both anhydrous olivine and at 100 ppm wt H2O, conduction along [100] 426 

remains highest. Interestingly, at 100 wt ppm H2O, electrical conductivity is more 427 

isotropic than that of dry olivine. However, at 1000 wt ppm H2O, electrical anisotropy is 428 

greater, by about a factor of ten along [010] compared to the [001] direction. At these 429 

H2O rich conditions, anisotropy is nearly independent of temperature. The complex 430 

behavior we observe over this range of H2O content could be related to the speciation of 431 

H2O in olivine as a function of its concentration, which is still poorly understood at 432 

present. Hushur et al. (2009) report that the high pressure hydration mechanism in 433 

forsterite is principally M1 site vacancy with the proton on the O1-O2 edge shared 434 

between M1 octahedra. This mechanism would increase c-axis compressibility and 435 

facilitate proton movement along the edge-sharing M1 octahedral chains parallel to c. 436 

We would then expect a lower activation enthalpy along c compared to b for conduction 437 
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dominated by proton hopping (see Table 3) much like what we observe for the 438 

anhydrous case of small polaron hopping where b-axis compressibility is greatest (Fig. 439 

4) and its activation enthalpy lowest (Table 2). This would of course influence its 440 

anisotropy but in a different manner compared to anhydrous olivine or H2O-poor olivine 441 

for which the dominant conduction mechanism may be unrelated to the presence of 442 

hydrogen (see below Section 3.6). 443 

3.6 Competing charge transport mechanisms.  444 

It is important to note that the anhydrous data are not included in the fit to Eq. 2 because 445 

the conduction process cannot involve a protonated charge carrier. Even at low H2O 446 

concentrations, the activation enthalpy is lower than that for anhydrous olivine, such 447 

that at higher temperatures it would be expected to intersect the anhydrous data. This 448 

suggests that electrical conduction in hydrous olivine is dominated by a proton-bearing 449 

charge carrier at low temperatures but crosses over to the small polaron conduction 450 

mechanism at a temperature that depends on the H2O concentration. By combining the 451 

results of the fits to Eq. 2 for hydrous olivine with the best fit parameters to the 452 

Arrhenius equation for the anhydrous data, we can determine the temperature of this 453 

crossover for the total geometric mean electrical conductivity, which is equal to the sum 454 

of the small polaron (σFe) and proton (σH) geometric mean conductivities 455 

( ) ( )3
1

001010100
3
1

001010100 HHHFeFeFe σσσσσσσ ⋅⋅+⋅⋅=     Eq. 3 456 

Figure 6a illustrates the variation of log σ with H2O concentration and temperature and 457 

the boundary between the small polaron dominant and H-bearing dominant fields. The 458 

cross-over temperature indicated by the dashed black line increases smoothly with log 459 

[H2O]. We find that the slope of the boundary is quite steep due to the large change in 460 

activation energy with increasing H2O content. At H2O concentrations below a few 461 
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hundred wt ppm, the dominant charge transport mechanism is that of small polarons. 462 

Fig. 6b shows similar behavior using the results of Yoshino et al. (2009). At the far left 463 

of the plot beginning at 10 wt ppm H2O, which corresponds to small polaron 464 

conduction, the two models are in very good agreement. Only at the highest 465 

temperatures, at which Yoshino et al. (2009) observe ionic conduction, do the nominally 466 

anhydrous conductivities begin to diverge. For hydrous olivine, our results show that 467 

the strong H2O concentration dependence of the cross-over temperature implies that 468 

significant concentrations of dissolved H2O (several hundred wt ppm) could cause the 469 

mantle to switch from small polaron to proton hopping conduction. The results from 470 

Yoshino et al. (2009), however, would indicate this to be less likely due to a weaker 471 

H2O concentration dependence. We have assumed that the effect of H2O on the small 472 

polaron mechanism has a negligible effect on the anhydrous conductivity simply 473 

because we have no conductivity data for hydrous olivine at sufficiently high 474 

temperatures that might be suggestive of a different conduction mechanism. However, it 475 

is likely that dissolved H2O in olivine also influences the small polaron conductivity 476 

indirectly through its effect on the fO2 via autodissociation, 477 

H2O = H2 + ½O2      Eq. 4 478 

and how the change in oxidation state influences the ratio of ferric to ferrous iron. Thus, 479 

the effect is likely to be slightly positive, and therefore the boundaries shown in Fig. 6 480 

would represent the minimum temperature of the crossover.  481 

3.6 Conclusions.  482 

As mentioned above, with increasing temperature the effect of H2O concentration 483 

diminishes. However at 1500°C, the calculated isotropic conductivity (geometric mean) 484 

at 1000 ppm H2O remains a factor of ten higher than that for nominally anhydrous 485 
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olivine. We conclude that in the deeper half of the upper mantle, both the absolute 486 

conductivity and electrical anisotropy of H2O-bearing olivine can indeed account for 487 

observed magnetotelluric signatures which result in either anomalously high 488 

conductivities or strong anisotropy associated with similar anomalously high shear 489 

velocities. In other words, in the deeper regions of the upper mantle where both the 490 

absolute conductivity and electrical anisotropy are anomalously high, we cannot rule 491 

out the possibility that high concentrations of dissolved H2O (several hundred wt ppm 492 

or more) in olivine may be present. 493 

We must also note that variations in both silica and oxygen activities play important 494 

roles on the electrical properties of olivine (Wanamaker and Duba, 1993; Du Frane et 495 

al., 2005). Although we have not addressed these chemical parameters in our study, it is 496 

clear that small changes in H2O concentration still result in measureable changes in 497 

electrical conductivity. Within the dry olivine stability field, Du Frane et al. (2005) 498 

demonstrated that a difference of more than five orders of magnitude in fO2 is required 499 

to change its conductivity by a factor of ten. Within the chemical environment defined 500 

by our experiments, conceivable lateral variations in H2O concentration from nominally 501 

anhydrous to 0.1 wt% can achieve the same relative change. 502 

Lastly, we emphasize that the effect of H2O on the electrical conductivity of olivine is 503 

pressure, temperature and H2O concentration dependent. Our results show that these 504 

effects are not as large as previously suggested, possibly due to differences in both 505 

experimental and analytical approaches. Most importantly, because the activation 506 

energy for H-bearing conduction mechanisms are significantly lower than those for 507 

electronic conduction, these effects become less important with increasing depth (i.e. 508 

increasing temperature) in the mantle. Unfortunately, this also implies that experimental 509 

studies to determine the electrical conductivity of hydrous phases stable at lower mantle 510 
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conditions may not necessarily be useful in constraining the water content at very deep 511 

mantle depths. 512 
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FIGURE CAPTIONS 619 

FIG. 1 Polarized FTIR spectra of a hydrous olivine single crystal with H2O content of 620 

2215 wt ppm.  621 

 622 

FIG. 2 Representative complex impedance spectra of a hydrous olivine single crystal at 623 

8 GPa and temperatures ranging from 500 to 700 °C.  624 

 625 

FIG. 3  Electrical conductivity of olivine at 8 GPa along different crystallographic 626 

directions at various concentrations of dissolved H2O (wt ppm). Black dashed lines are 627 

reproduced from Yoshino et al., 2006. Solid red lines are Arrhenian fits (Eq. 1) through 628 

the data for nominally anhydrous olivine. Solid green and blue lines are fits of Eq. 2 629 

through the data for hydrous olivine conductivities. 630 

 631 

FIG. 4 Variation of forsterite lattice parameters as a function of pressure up to 6.7 GPa 632 

at room temperature from single crystal x-ray diffraction. 633 

 634 

FIG. 5 Electrical anisotropy given as the difference between log σmax and log σmin as a 635 

function of temperature for dry, 100 ppm and 1000 ppm wt H2O. 636 

 637 

FIG. 6 Geometric mean electrical conductivity (see Eq. 4) as a function of H2O 638 

concentration and temperatures: (a) from this study, compared to (b) Yoshino et al. 639 

(2009) for polycrystalline hydrous olivine aggregates. The thick dashed lines indicate 640 

the conditions at which proton conductivity and small polaron conductivity are equal as 641 

a function of H2O concentration, with small polaron conduction dominating at high T 642 

and low [H2O]. 643 
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Table 1. Fitting parameters of Arrhenius equation (Eq. 1) to experimental data (8 GPa). Linear 

correlation coefficient R is also given to indicate goodness of fit. Standard error in H2O analyses by 

FTIR is given in parentheses. 

expt orient. [H2O] wt. 
ppm 

σo (S/m) H (eV) R 

H2329 [100] nom. dry 334 1.46 0.9992 
H2474 [100] 393(71) 57.2 0.944 0.9952 
H2473 [100] 532(85) 41.1 0.851 0.9958 
H2320 [100] 1903(230) 48.1 0.555 0.9939 
H2476 [010] nom. dry 13.8 1.12 0.9964 
H2480 [010] 585(62) 33.1 0.819 0.9883 
H2477 [010] 722(65) 247 0.919 0.9996 
H2328 [001] nom. dry 99.0 1.29 0.9982 
H2472 [001] 363(52) 0.802 0.628 0.9963 
H2324 [001] 1771(220) 1.37 0.401 0.9962 
S3740 [001] 2215(260) 1.70 0.340 0.9824 
G.M. dry   77.0 1.29  
Yoshino [100] nom. dry  1.35  
Yoshino [010] nom. dry  1.42  
Yoshino [001] nom. dry  1.47  
 

Table 1
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Table 2. Unit-cell parameters at different pressures of forsterite studied in this work. Standard error 
in last digit shown in parentheses. 

P (GPa) a (Å) b Å c (Å) V (Å3) 
0.00010(1) 4.7602(1) 10.2155(1) 5.9874(3) 291.15(1) 
0.055(3) 4.7596(1) 10.2135(1) 5.9866(3) 291.02(1) 
0.298(2) 4.7576(1) 10.2048(1) 5.9827(2) 290.46(1) 
1.035(3) 4.7514(1) 10.1792(1) 5.9712(3) 288.80(1) 
1.445(3) 4.7480(1) 10.1651(1) 5.9648(3) 287.88(1) 
2.091(4) 4.7428(1) 10.1436(1) 5.9550(3) 286.49(2) 
2.809(4) 4.7371(2) 10.1206(2) 5.9444(4) 284.99(2) 
3.741(4) 4.7299(2) 10.0915(2) 5.9306(4) 283.08(2) 
4.376(5) 4.7254(1) 10.0717(2) 5.9220(4) 281.85(2) 
5.316(6) 4.7187(1) 10.0440(2) 5.9092(4) 280.06(2) 
*5.454(7) 4.7174(1) 10.0402(3) 5.9065(7) 279.75(4) 
5.859(6) 4.7147(1) 10.0284(2) 5.9021(6) 279.06(3) 
6.417(7) 4.7111(1) 10.0131(3) 5.8944(8) 278.06(4) 
6.696(6) 4.7092(3) 10.0054(4) 5.8914(9) 277.59(5) 
6.750(7) 4.7091(5) 10.0042(6) 5.8909(14) 277.52(7) 

Notes: *data measured during decompression 
 

Table 2
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Table 3. Best fit parameters for hydrous olivine conduction. Standard error shown in parentheses. 

Chi-squared values are also shown as an indication of goodness of fit.








 


kT

CH
C W

W

3/1

0 exp




orientation
0 H(eV)  χ2

100 3.86(1.36) x10-2 1.26(0.04) -5.49(0.20) x 10-2 0.21

010 0.290(0.061) 1.50(0.05) -6.64(0.50) x 10-2 0.013

001 1.04(0.22) x 10-3 0.812(0.016) -3.27(0.07) x 10-2 0.079







 

kT

H
C r

W exp0            (from Wang et al., 2006)

orientation
0 H(eV) r χ2

100 3.53(3.72) x 10-10 0.628(0.044) 3.55(0.20) 0.95

010 2.59(2.60) x 10-8 0.911(0.014) 3.47(0.16) 0.010

001 1.70(1.03) x 10-9 0.440(0.026) 2.53(0.06) 0.24

Table 3


