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is an excellent description of all experimentally measured diffusion coefficients in wadsleyite and points to consistency between the various studies from different laboratories that used different methods. This expression should provide a robust basis for extrapolation of diffusion data for wadsleyite to conditions removed from the experimental ones, e.g. for modeling processes in the interiors of cold subducting slabs. Moreover, characterization of fO 2 and water contents of wadsleyites in the current study and consideration of the pressure dependence of diffusion rates in olivines confirms that the jump in diffusion rates at the olivine -wadsleyite boundary in the transition zone is at least 6 orders of magnitude; increased water contents in wadsleyite can cause the actual enhancement [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] to be as much as 7 orders of magnitude. Taken together with the observation that diffusive mixing is practically impossible in the lower mantle [START_REF] Holzapfel | Fe-Mg interdiffusion in (Mg.Fe)SiO 3 perovskite and lower mantle reequilibration[END_REF], has a maximum at the lithosphere -asthenosphere boundary in the olivine-bearing upper mantle [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF], and decreases with depth within the transition zone (this work), these results establish the base of the lithosphere and the top of the mantle transition zone as the key regions for mixing and erasure of chemical heterogeneities in the mantle. Keywords: Diffusion, Pressure, Activation volume, Activation energy, Wadsleyite, Olivine, Multianvil, Mantle transition zone, Olivine-wadsleyite phase transition.

A c c e p t e d M a n u s c r i p t

Introduction

Knowledge of diffusion rates of atoms in minerals of the mantle transition zone is important for understanding rates of chemical equilibration and mixing in this region as well as for the modeling of physical processes such as creep and electrical conductivity. In spite of their importance, diffusion coefficients are particularly difficult to determine because of (a) the difficulty in obtaining suitable material for diffusion experiments, (b) the usual uncertainties of obtaining diffusion data from high pressure experiments, i.e. the precise control of ambient variables such as temperature, pressure and oxygen fugacity is difficult, and (c) the narrow stability range of some of the high pressure phases at temperatures where diffusion experiments can be carried out. This last aspect precludes obtaining Arrhenius equation parameters (activation energies and volumes) from experiments carried out over a wide range of pressures and temperatures, even if difficulties (a) and (b) were to be overcome through innovative experimental strategies. The situation is aggravated by the fact that the few available data on diffusion rates in wadsleyite [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF][START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] appear to be inconsistent with each other or, in an alternative interpretation, are scattered over a wide range. This aspect becomes critical when one needs to extrapolate these data to lower temperatures to calculate, for example, the kinetics of conversion of olivine to wadsleyite in the interior of relatively-cold subducting slabs.

To address this issue, we have carried out an additional, key experiment and analysed the available data to exploit subtle systematics in the "scatter" noted above in order to retrieve an activation energy and activation volume that reproduces all available data surprisingly well. Additionally, the activation energy that is obtained is consistent with that obtained for Fe-Mg diffusion in other spinel structures [START_REF] Liermann | Diffusion kinetics of Fe2+ and Mg in aluminous spinel: experimental determination and applications[END_REF][START_REF] Sheng | Self-diffusion of magnesium in spinel and in equilibrium melts: constraints on flash heating of silicates[END_REF], giving confidence that our results may be used for the reliable extrapolation of diffusion data.

A c c e p t e d M a n u s c r i p t

Previous Work

Only three studies exist in which Fe-Mg interdiffusion coefficients for wadsleyite were measured. All studies [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF]Kubo et al., 2004] showed a marked increase in diffusivity of 2-3 orders of magnitude across the olivine-wadsleyite phase boundary. In the study of [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF], only two experiments, at 1373 and 1473 K, were performed on wadsleyite, and these results are subject to uncertainties in oxygen fugacity that have been discussed in detail in [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF]. Consequently, we have measured an additional data point at a different temperature and used the improved characterization of the ambient oxygen fugacity conditions [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF] to better constrain the activation energy of diffusion in wadsleyite. We use this result in conjunction with data from [START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF] and [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] to constrain the activation volume of diffusion.

Experimental

Starting material

Wadsleyite diffusion couple experiments, employing a single crystal as one endmember, are described by [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF], but we failed to synthesize large enough crystals for this study. Therefore, polycrystalline wadsleyite samples were synthesized prior to diffusion runs as starting material. For all synthesis experiments a 14/8 multianvil sample assembly (see below [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF] for a detailed description) and Re capsules were used. A polycrystalline pure Mg 2 SiO 4 wadsleyite sample was prepared by annealing forsterite powder at 15 GPa and 1673 K in a 1000 t multianvil press. For the Fe-bearing sample, a single crystal of olivine from San Carlos, with Fe/(Fe+Mg) = 0.16, kindly provided by S. Mackwell, was annealed at 15 GPa and 1873 K. Another Fe-bearing wadsleyite sample was synthesized from hot-pressed San Carlos olivine powder at 15 GPa and 1673 K in a Re-capsule. Raman spectroscopy using a LabRAM microraman instrument (Jobin Yvon GmbH) and X-ray microdiffraction showed the synthesized material to be wadsleyite in all cases.

After synthesis the samples were removed from the high-pressure assembly and the A c c e p t e d M a n u s c r i p t Re foil capsule was peeled off. Subsequently the cylindrical wadsleyite samples were cut into discs ~ 250 m thick and mounted on glass slides in order to polish them using diamond compounds. After polishing, small discs were drilled out for use in diffusion couples.

Capsule Material

The diffusion anneal at high pressure was carried out in a Ni capsule produced from Ni foil (thickness 125 m, 99.98% Goodfellow). The two polycrystalline slices of wadsleyite were placed with their polished faces in contact, and the material was covered by NiO powder that was previously dried at 1273 K. This setup constrains the oxygen fugacity to lie at the NNO buffer and close to that obtained intrinsically in a Au capsule [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF], and the silica activity is constrained by the equilibrium 2Ni + SiO 2 = Ni 2 SiO 4 .

High-Pressure Diffusion Anneal

The high-pressure diffusion anneal was carried out at 15 GPa and 1773 K for 16 minutes using a 1000 t split-cylinder multianvil apparatus. The pressure assembly consisted of a MgO octahedron with 14 mm edge length as the pressure medium and WC cubes with a truncation edge length of 8 mm (14/8 assembly), which is identical to the one illustrated in [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF]. Heating was performed with a stepped LaCrO 3 resistance furnace, thus ensuring that temperature gradients do not exceed 20 K mm -1 [START_REF] Rubie | Low differential stress and controlled chemical environment in multianvil high-pressure experiments[END_REF]. Pressure was calibrated using the quartz-coesite and Mg 2 SiO 4 olivine-wadsleyite transformations [START_REF] Keppler | Introduction to minerals under extreme conditions[END_REF]. After heating to 1773 K, the temperature was controlled to within ±1 K. The sample was quenched by switching off the power to the furnace, which resulted in the temperature dropping to below 573 K in less than 2 sec. This run condition is at a higher temperature, but at the same pressure and at a defined oxygen fugacity that is similar to that of the experiments of [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF], and can thus be used to better constrain the temperature dependence of the diffusion coefficient. Simple numerical simulations indicate that for realistic values of activation energies and diffusion coefficients, it is not necessary to correct for diffusion that occurred during the heat up time (at 2 K / sec). In experiments that we performed at lower temperatures (e.g. 1673 K)

A c c e p t e d M a n u s c r i p t ringwoodite began to form in the compositions of our choice and results from these experiments are therefore not considered further for obtaining diffusion coefficients.

Profile analysis and diffusion coefficient determination

After the experiment, the octahedron was mounted in epoxy resin and ground and polished until the middle of the diffusion couple was exposed (Fig. 1). Concentration profiles were measured using an electron microprobe (Cameca SX-50 equipped with 4 wavelength dispersive spectrometers and operating at 15 kV, 15nA). Special attention was paid to optimize the lateral spatial resolution of the microprobe beam by aligning the objective aperture with the help of a cathodoluminenscence spot on SnO 2 and by correcting for astigmatism at high magnifications. San Carlos olivine was used as the standard for quantification of all major elements. Strongly asymmetric diffusion profiles were observed which could be modelled by finite difference simulation using a exponential composition dependence. The algorithm is the same as that used by [START_REF] Holzapfel | Effect of pressure on Fe-Mg interdiffusion in (Fe,Mg)O, ferropericlase[END_REF] for simulation of asymmetric profiles in ferropericlase diffusion couples.

Results

Backscatter images and sample characterization

Backscatter and orientation contrast imaging reveals that grain sizes on the Fe-rich side of the diffusion couple are on the order of 25 m. On the Mg-rich side, grains of approximately 60 m are found which show a pervasive deformation microstructure.

The large grains are recrystallized into subgrains of ~ 1 m during the high-pressure, high-temperature anneal. Potentially this could lead to enhanced diffusion like that found in the feldspar system by [START_REF] Yund | Compositional changes of minerals associated with dynamic recrystallization[END_REF]. However, careful observation of the diffusion zone by backscatter imaging and elemental mapping does not reveal any significant disturbance of the diffusion front, as would be expected if grain boundary diffusion had played an important role. We note here that grain boundary diffusion is likely to dominate at lower temperatures and therefore the observation of no grain boundary enhancement of diffusion rates at the high temperature of this experiment is entirely consistent with expectations from diffusion theory (e.g. see A c c e p t e d M a n u s c r i p t [START_REF] Manning | Diffusion kinetics and mechanisms in simple crystals[END_REF][START_REF] Chakraborty | Diffusion in solid silicates -a tool to track timescales of processes comes of age[END_REF].

On the Fe-free side of the interface, the backscatter image of the sample, together with element mapping, reveals the presence of a silica-rich phase with enstatite stoichiometry, in addition to wadsleyite. This phase is interpreted to result from the synthesis where the stoichiometry of the starting mixture must not have been in the exact proportions. If the presence of enstatite had resulted from Fe uptake by the Ni capsule, the enstatite inclusions would be confined to or at least concentrated near the outer rim of the diffusion couple, which is not the case. Furthermore, measurements in the Ni capsule did not reveal any increase in Fe at the contact with the sample.

Because wadsleyite can potentially accommodate several thousand ppm of water [START_REF] Smyth | -Mg 2 SiO 4 : A potential host for water in the mantle?[END_REF][START_REF] Mcmillan | Hydroxyl groups in -Mg 2 SiO 4[END_REF][START_REF] Kohlstedt | Solubility of water in the , , and  phases of (Mg,Fe) 2 SiO 4[END_REF], IR-spectroscopy was performed which indicated water concentrations of around 35 ppm (Fig. 2) for both endmembers [START_REF] Paterson | The determination of hydroxyl by infrared absorption in quartz, silicate glasses and similar materials[END_REF]. This is an extremely low water content for wadsleyite, indicating that the results presented here are representative of essentially-dry wadsleyite. The study of [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] showed that there is a strong influence of water on Fe-Mg interdiffusion in wadsleyite. [START_REF] Hier-Majumder | Influence of Protons on Fe-Mg interdiffusion in olivine[END_REF], [START_REF] Demouchy | Influence of hydrogen on Fe-Mg interdiffusion in (Mg,Fe)O and implications for Earth's lower mantle[END_REF], [START_REF] Costa | The effect of water on Si and O diffusion rates in olivine and implications for transport properties and processes in the upper mantle[END_REF] and [START_REF] Wang | Effect of H + on Fe-Mg interdiffusion in olivine[END_REF] have demonstrated that water enhances diffusion rates in other mantle phases.

Profiles

Figure 3a shows representative Fe and Mg concentration profiles. Both profiles show a marked asymmetry, implying that the Fe-Mg interdiffusion coefficient is strongly composition-dependent. A numerical simulation was carried out, as noted above, to retrieve compositionally-dependent diffusion coefficients given by D Wds Fe-Mg (X Fe ) = D Wds Fe-Mg (X Fe = 0) exp (11.8 X Fe2SiO4 ). At the run conditions of this experiment (run # C45, 15 GPa, 1773 K, f O2 = NNO, 16 min.), D Wds Fe-Mg (X Fe = 0) = 4.7 x 10 -14 m 2 /s. Calculated concentration profiles using the retrieved diffusion coefficients are also shown in Fig. 3a for comparison and it is seen that an exponential composition dependence, qualitatively analogous to that found in olivine [START_REF] Chakraborty | Rates and mechanisms of Fe-Mg interdiffusion in olivine at 980-1300 °C[END_REF]Dohmen et al., 2007), also reproduces the observed asymmetry of the profiles in wadsleyite.

A c c e p t e d M a n u s c r i p t

The relatively strong asymmetry of the profiles shown in Fig. 3a contrasts with the symmetry of the profile shown for wadsleyite interdiffusion experiments in Fig. 3a of [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF]. This difference arises because the range of compositions used in the latter study was small (X Fe ranged from 0.10 to 0.18). Figure 3b shows that the data from run # H654 of [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF] (15 GPa, 1200 °C, 24 hours) can be described just as well using the same compositional dependence as that obtained above and that over this narrow compositional range the calculated profile is indeed symmetric.

Composition and temperature dependence at 15 GPa

As noted by [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF], their estimated activation energy for Fe-Mg interdiffusion was of a very preliminary nature because it was based on only two data points that were obtained over a restricted temperature range (1100 and 1200 °C). The addition of the new result from this study, obtained at 1500 °C at the same pressure (15 GPa) and oxygen fugacity (close to NNO buffer, see [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF] and the same experimental protocoll considerably improves the situation. When diffusion coefficients calculated at a constant median composition of X Fe = 0.14 using the above compositional-dependence are plotted on an Arrhenius diagram (Fig. 4a), data points from the three experiments lie on a well defined isobaric Arrhenius line given by 1.24 x 10 -6 exp (-229 kJ/mol/RT) m 2 /sec. Here, 229 kJ/mol refers to the activation energy for Fe-Mg diffusion at 15 GPa and is considerably larger than the preliminary value of 145 kJ/mol given by [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF]. If a formal fitting is carried out, the nominal statistical errors yield and uncertainty of ± 27 kJ/mol for the activation energy.

Comparison with previous studies and the effects of pressure and

water content [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] and [START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF] have also determined Fe-Mg diffusion rates in wadsleyite using diffusion couples with different mean compositions and from experiments carried out at different pressures; in the case of [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF],

A c c e p t e d M a n u s c r i p t measurements were also made on wadsleyites with different water contents. All of the experiments were carried out at oxygen fugacities close to that of the NNO buffer at the respective P-T conditions. When all diffusion coefficients obtained under nominally dry conditions are normalized to the same composition (X Fe = 0.14) using the relationship obtained above, it appears, on first sight, that there is a large scatter (Table 1, Fig. 4b). However, on closer inspection it is found that data obtained from higher pressure experiments yield systematically smaller diffusion coefficients, suggesting that the scatter may result from the effect of pressure on diffusion.

Consequently, we tested the following hypothesis: If a pressure dependence is determined using data from our laboratory obtained at 15 GPa (Fig. 4a) and that from any one other pressure, does the resulting pressure dependence allow all other diffusion coefficients in the literature (Fig. 4b) to be adequately described? Using any one of the other data points in combination with our data, we consistently obtain an activation volume of about 13  10 -6 m 3 /mol for Fe-Mg diffusion in wadsleyite.

Therefore, we decided to take all of the remaining data from the literature (i.e. [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF] in combination with the composition and temperature dependences obtained above to constrain the pressure dependence of Fe-Mg diffusion in wadsleyite. The resulting activation volume of 13.9 (±1.5)  10 -6 m 3 /mol is found to describe all available diffusion data in Fe-Mg wadsleyite rather well (Fig. 4c).

Combining these results, we can obtain the following global relationship for Fe-Mg diffusion in wadsleyite under dry conditions and with fO 2 lying along the NNO equilibrium: where "dry conditions" means up to several 10's of ppm H 2 O [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF].
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Here, P is in gigapascals, T is absolute temperature and X Mg is the mole fraction of the Mg-endmember. Fig. 4c shows that this relationship is an excellent description of all data from all three laboratories. If the effect of water on diffusion observed by [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] at 1230 °C is independent of temperature and water content, then diffusion in wet wadsleyite (several 100 ppm or more of H 2 O) would be an order of magnitude A c c e p t e d M a n u s c r i p t faster than that calculated using the above relation. To determine diffusion coefficients in wadsleyite at other oxygen fugacities, it is necessary to know the fO 2 dependence of diffusion, which is currently not known. Therefore, the relationship should be restricted to the calculation of diffusion coefficients at oxygen fugacities at or near the NNO buffer. At more reducing conditions, the calculated diffusion coefficients are likely to be overestimates. In the absence of other constraints, an approximate estimate of the magnitude of this effect may be obtained by using the f O2 dependence of Fe-Mg diffusion coefficients observed for olivine (e.g. see Holzapfel et al., 2007, Dohmen andChakraborty, 2007).

Implications

In spite of indications that diffusion in wadsleyite is faster than in olivine at similar conditions by about three to four orders of magnitude [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF], there have been questions as to whether uncertainties in fO 2 and fH 2 O have compromised this conclusion (e.g. [START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF]. Now that relationships have been established to calculate Fe-Mg diffusion coefficients in nominally dry (up to a few 10's of ppm H 2 O) olivine and wadsleyite [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF]Dohmen and Chakraborty, 2007;[START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF][START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] this work) as a function of P, T and composition, we can compare the diffusion rates in these two minerals at conditions where they coexist in equilibrium at the top of the transition zone (410 km seismic discontinuity). Using data from the experimental work of [START_REF] Katsura | Olivinewadsleyite transition in the system (Mg, Fe) 2 SiO 4[END_REF], we find that the transition occurs at 13 GPa, 1750 K and the compositions of coexisting olivine and wadsleyite are X Mg = 0.91 and 0.86, respectively. The diffusion coefficients in olivine and wadsleyite at these P, T, X conditions are given by 1.3 x 10 -18 m 2 / sec and 1.2 x 10 -12 m 2 /sec, respectively, if the fO 2 is at or close to that of the NNO buffer i.e. there is a jump in diffusion rates of 6 orders of magnitude at the transition. Conversely if olivine survives metastably in the interior of slabs, diffusive and mixing proccesses would be retarded by the same factor. This magnitude of jump in diffusivity is not changed if bulk compositional constraints for the mantle are used to compare diffusivities in olivine and wadsleyite at a composition of X Mg ~ 0.9 for both, over a range of P-T conditions between 13 -14 GPa and 1700 -1750 K.

A c c e p t e d M a n u s c r i p t

The jump in diffusion rates inferred above is a minimum estimate, because water partitions strongly between olivine and wadsleyite [START_REF] Bolfan-Casanova | Water partitioning between nominally anhydrous minerals in the MgO-SiO2-H2O system up to 24 GPa: Implications for the distribution of water in the Earth's mantle[END_REF].

Due to this partitioning, olivine coexisting with wadsleyite is likely to be relatively dry ( < 20 ppm H 2 O) whereas wadsleyite may contain up to several hundred ppm H 2 O. This would imply another order of magnitude increase in the diffusion coefficients in wadsleyite, leading to a total jump in diffusion rates at the top pf the transition zone of 7 orders of magnitude. The large change in diffusivity across this boundary reinforces the conclusion that reequilibration is much more efficient in the transition zone than in the upper mantle (see [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF][START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF] for earlier inferences). However, the large activation volume of diffusion implies that diffusion rates in wadsleyite decrease rapidly and non-linearly with pressure, although these rates remain much faster than those in olivine at all conditions. If it is assumed that diffusion rates in ringwoodite are very similar to those in wadselyite, then the activation volume obtained in this work suggests that diffusion rates in the top 100 Km or so of the transition zone (at depths between 400 and 500 Km) are much faster than the rates at greater depths. Holzapfel et al. (2004) have shown that extremely sluggish diffusion in perovskite practically precludes diffusive mixing in the lower mantle. On the other hand, [START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF] show that diffusion is most efficient at the lithosphereasthenosphere boundary in the olivine-bearing part of the mantle. Combined with the results for wadsleyite, we can identify the top of the transition zone and the lithosphere -asthenosphere boundary as the two depths in the mantle where transport is most efficient, making these the primary sites for chemical homogenization and erasure of heterogeneities.

Conclusions

It has been shown that the activation energy for Fe-Mg diffusion in wadsleyite at 15 GPa (~ 229 kJ/mol) is similar to that for Fe-Mg diffusion rates in other spinels that are stable at atmospheric pressure (e.g. ~200 kJ/mol, [START_REF] Liermann | Diffusion kinetics of Fe2+ and Mg in aluminous spinel: experimental determination and applications[END_REF] and the diffusion rate has a relatively strong pressure dependence described by an activation volume of ~14 x 10 -6 m 3 /mol. The diffusion rate in wadsleyite depends on A c c e p t e d M a n u s c r i p t composition, with diffusion rates increasing with Fe-content in an exponential manner similar to that found for olivine: D Wds Fe-Mg (X Fe ) = D Wds Fe-Mg (X Fe = 0) exp (11.8 X Fe2SiO4 ). Combined with constraints on water contents and oxygen fugacities of the experimental diffusion anneals, it is now possible to calculate diffusion coefficients in wadsleyite as a function of pressure, temperature, composition and water content over a wide range of conditions, although uncertainty remains about the f O2 dependence of the diffusivities. Knowledge of diffusivity as a function of these variables in olivine (Dohmen and[START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF] as well as wadsleyite (this work) now demonstrates convincingly that at the boundary between the upper mantle and the transition zone diffusivities jump by at least 6 and may be 7 orders of magnitude (depending on the exact content and distribution of water in the mantle).

The activation volume of diffusion obtained in this work implies that diffusion rates decrease rapidly and non-linearly with depth within the transition zone. In combination with results from earlier diffusion studies [START_REF] Holzapfel | Fe-Mg interdiffusion in (Mg.Fe)SiO 3 perovskite and lower mantle reequilibration[END_REF][START_REF] Holzapfel | Effect of pressure on Fe-Mg, Ni and Mn diffusion in (Fe x Mg 1-x ) 2 SiO 4 olivine[END_REF], this allows us to identify the lithosphere -asthenosphere boundary and the top of the transition zone as the two key regions for chemical mixing in the mantle. (1999). Figure 4a. Logarithm of the Fe-Mg interdiffusion coefficient for wadsleyite at 15 GPa as a function of inverse temperature obtained in this study (one datum) and by Chakraborty et al., 1999 (two data points). The datum of this study is for the composition X Fe = 0.14, the average composition of the earlier study of [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF] As described in the text, the activation energy is derived by fitting all data simultaneously. Figure 4b. Logarithm of Fe-Mg interdiffusion coefficients for wadsleyite measured in different studies (this work, [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF], Kubo et al., 2004). All experiments were carried out at oxygen fugacities close to that of the NNO buffer. The experimental anneals were carried out at different pressures. Figure 4c. Lines showing variation of Fe-Mg diffusion in wadsleyite as a function of temperature at different pressures (from top down: 13 GPa, 15 GPa, 16 GPa and 17 GPa). The calculations are based on the retrieved activation volume of 13.9 x 10 -6 m 3 /mol. The symbols represent measured data points -square: [START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF]at 13 GPa, solid circle: Chakraborty et al., 1999, open circles: Kubo et al., 2004 at 16, 16.5 and 17 GPa, and diamond: this study, 15 GPa.

A c c e p t e d M a n u s c r i p t [START_REF] Chakraborty | Enhancement of cation diffusion rates across the 410-kilometer discontinuity in Earth's mantle[END_REF][START_REF] Farber | Divalent cation diffusion in Mg 2 SiO 4 spinel (ringwoodite),  -phase (wadsleyite), and olivine: Implications for the electrical conductivity of the mantle[END_REF][START_REF] Kubo | Fe-Mg interdiffusion rates in wadsleyite and the diffusivity jump at the 410 km discontinuity[END_REF], all normalized to a composition of X Fe = 0.14 using the composition dependence found in this study. Source P(GPa) T(K) D (m 2 /s) Log 10 D 
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  Unpolarized FTIR spectrum of (Mg,Fe) 2 SiO 4 wadsleyite from experiment C45 synthesised at 15 GPa and 1773 K. The absorption coefficient is normalised to a thickness of 1 cm. The absorption bands are consistent with previous measurements (e.g.[START_REF] Kohlstedt | Solubility of water in the , , and  phases of (Mg,Fe) 2 SiO 4[END_REF] and attributed to OH defects in the crystal structure of wadsleyite. The H 2 O content is estimated to be approximately 35 ppm, which is one order of magnitude lower than previous H 2 O measurements on wadsleyite synthesised under nominally anhydrous conditions[START_REF] Mcmillan | Hydroxyl groups in -Mg 2 SiO 4[END_REF]. Figure3a. Representative Fe and Mg profiles (symbols) measured by electron microprobe on sample C45. The sample was annealed at 15 GPa, 1773 K for 16 minutes and the fit (line) is calculated according to the compositionally dependent expression given in the text. Figure3b. Comparison of a numerical profile simulation using values for the composition dependence obtained at high temperature in this study, as described in the text, and an Fe-Mg profile of sample H654 from the study ofChakraborty et al. 
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