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INTRODUCTION

Nominally anhydrous minerals (NAMs) constitute a significant water reservoir in the mantle [START_REF] Bell | Water in Earth's mantle: The role of nominally anhydrous minerals[END_REF][START_REF] Pearson | Hydrous mantle transition zone indicated by ringwoodite included within diamond[END_REF]. Water is mainly incorporated as hydrogen defects bonding to oxygen in the minerals, where hydrogen acts as charge compensation for cation vacancies or heterovalent substitutions. Even trace amounts of water in NAMs can strongly influence their physical properties, such as electrical conductivity, thermal conductivity, elastic properties and rheology (e.g., [START_REF] Mackwell | The role of water in the deformation of olivine single crystals[END_REF][START_REF] Karato | The role of hydrogen diffusivity in the electrical conductivity of the upper mantle[END_REF][START_REF] Thomas | Radiative heat transfer in a hydrous mantle transition zone[END_REF][START_REF] Faul | Titanium-hydroxyl defect-controlled rheology of the Earth's upper mantle[END_REF][START_REF] Chang | Hydration-reduced lattice thermal conductivity of olivine in Earth's upper mantle[END_REF], thereby responsible for physical and chemical processes in the deep Earth [START_REF] Peslier | Olivine water contents in the continental lithosphere and the longevity of cratons[END_REF][START_REF] Xia | High water content in Mesozoic primitive basalts of the North China Craton and implications on the destruction of cratonic mantle lithosphere[END_REF][START_REF] Liu | Mantle hydration and the role of water in the generation of large igneous provinces[END_REF]. Orthopyroxene is the second abundant constituent mineral of the upper mantle. Aluminous orthopyroxene could be a more important host for water than olivine in the upper mantle, because about 8000 ppm by weight H 2 O could be incorporated in aluminous orthopyroxene synthesized at low pressures of 15 kb [START_REF] Mierdel | Water solubility in aluminous orthpyroxene and the origin of the Earth's asthenosphere[END_REF]. Natural orthopyroxene can accommodate water up to 460 ppm by weight H 2 O [START_REF] Demouchy | Distribution and transport of hydrogen in the lithospheric mantle: A review[END_REF]. Several studies have explored hydrogen incorporation mechanism in synthetic orthopyroxene using Fourier Transform Infrared Spectroscopy (FTIR) to identify characteristic OH vibration bands. For example, there are mainly two OH bands at 3360 and 3070 cm -1 for the synthetic pure enstatite system, and additional OH bands above 3400 cm -1 will occur for the orthopyroxene doped with cations such as Al and Cr (Prechtel andStalder 2010, 2011;[START_REF] Stalder | No site-specific infrared absorption coefficients for OH-defects in pure enstatite[END_REF]. Cations such as Al 3+ , Cr 3+ and Fe 3+ are identified as potential key parameters affecting hydrogen incorporation mechanism in orthopyroxene [START_REF] Stalder | Hydrogen incorporation in enstatite[END_REF][START_REF] Stalder | Influence of Fe, Cr and Al on hydrogen incorporation in orthopyroxene[END_REF][START_REF] Stalder | Hydrogen incorporation in orthopyroxene: interaction of different trivalent cations[END_REF]. In contrast, orthopyroxene samples from the mantle usually show more complex hydrogen features than synthetic orthopyroxene. Spectral features of hydrogen defects in synthetic orthopyroxene samples rarely match those in natural orthopyroxene samples, and the discrepancies between them are still not satisfactorily explained [START_REF] Stalder | OH-defects in multiple-doped orthoenstatite at 4-8 GPa: filling the gap between pure and natural systems[END_REF].

Because of the complexity of hydrogen defects in natural orthopyroxene, the features of hydrogen defects can be used to decipher physical conditions of the geological processes. Spectral features of hydrogen defects have been found to be different for mantle orthopyroxenes from different geological settings. For instance, the FTIR spectral signatures of hydrogen defects of orthopyroxene in spinel lherzolites are different from those in garnet lherzolites, and the difference was interpreted from the perspective of different oxygen fugacity by [START_REF] Grant | Water partitioning between mantle minerals from peridotite xenoliths[END_REF].

Pyroxenes in mantle xenoliths from the Nógrád-Gömör volcanic field have anomalous types of FTIR spectra, and were interpreted as relating to the young extensional tectonic setting (Patkó et al. 2019). Furthermore, a variety of profiles of hydrogen defects has been observed for natural orthopyroxene from core to rim. For example, the diffusive loss profiles of hydrogen defects were found in the orthopyroxene from mantle lherzolites and harzburgite xenoliths, which was applied to constrain the annealing history of the mantle-derived xenoliths in the hosting magma (Tian et al. 2017). Very recently, the redox-sensitive and redox-insensitive hydrogen defects in orthopyroxene from mantle harzburgite xenoliths were identified by [START_REF] Tollan | Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene[END_REF]. The two groups of hydrogen defects exhibit different profiles from core to rim. The redox-insensitive hydrogen defects bands at 3600 and 3395 cm -1 show diffusive profiles with pronounced H loss at the rim. In contrast, the redox-sensitive hydrogen defects bands at 3544, 3520 and 3060 cm -1 show increase from core towards the rim. The unique behavior of the redox-sensitive hydrogen defects was suggested by the authors to preserve the information of melts from reduced to oxidized conditions and thus linked to oxidized arc magmas. In addition, interesting evolutions from core to rim of hydrogen defects in orthopyroxene from a garnet lherzolite have also been presented by [START_REF] Xu | Reconciling the discrepancy between the dehydration rates in mantle olivine and pyroxene during xenolith emplacement[END_REF]. It shows that the intensity ratio of the 3546 cm -1 band to 3520 cm -1 band increases from core to rim. Several studies have reported site-specific diffusivities and re-distribution of hydrogen defects in natural clinopyroxene and olivine at high temperatures [START_REF] Ferriss | Site-specific hydrogen diffusion rates during clinopyroxene dehydration[END_REF][START_REF] Ferriss | Rates of dehydration of olivines from San Carlos and Kilauea Iki[END_REF][START_REF] Jollands | Coupled inter-site reaction and diffusion: Rapid dehydrogenation of silicon vacancies in natural olivine[END_REF][START_REF] Thoraval | Relative diffusivities of hydrous defects from a partially dehydrated natural olivine[END_REF]Ya ng et al. 2019aYa ng et al. , 2019b)).

These intricate features of hydrogen defects observed in natural orthopyroxene from

In addition to distinct diffusivities of some hydrogen defects, these studies found that some new hydrogen defects occurred during high temperature dehydration experiments, providing new insights into features of hydrogen defects in clinopyroxene and olivine from the upper mantle. Therefore, it is indispensable to clarify the origin of hydrogen defects in the upper mantle minerals, which leads to correlate their features with geological processes. However, there has been no such studies for hydrogen defects in natural orthopyroxene. Based on the complex spectral features of hydrogen defects in natural orthopyroxene and their potential links to geological processes, it is important to investigate what happens to hydrogen defects during high temperature processes. So far, only one study has reported high temperature behavior of hydrogen defects in natural orthopyroxene [START_REF] Yang | OH in nature orthopyroxene: an in situ FTIR investigation at varying temperatures[END_REF]), but the temperature is lower than 500 o C. In this study, we carried out high temperature FTIR spectroscopic studies on hydrogen defects of three natural orthopyroxenes at elevated temperatures to 1000 o C. We report hydrogen disordering at high temperatures, and present the site-specific diffusivities and re-distribution of hydrogen defects during high temperature processes.

SAMPLES AND ANALYTICAL METHODS

Sample description

Three natural orthopyroxene crystals from different localities were analyzed in this study. Ca-in-Opx geothermometers assuming a pressure of 15kbar [START_REF] Hao | Partial melting control of water contents in the Cenozoic lithospheric mantle of the Cathaysia block of South China[END_REF]. The second orthopyroxene comes from a peridotite xenolith from Zealandia, New Zealand.

The host xenolith lies in the Dun mountain ophiolite belt [START_REF] Li | Lateral H 2 O variation in the Zealandia lithospheric mantle controls orogen width[END_REF]. Finally, a gem-quality enstatite, formed through metamorphic-hydrothermal processes or in connection with pegmatites, comes from the Morogoro region in Tanzania [START_REF] Malisa | Tectonic Setting of Gemstone Mineralization in the Proterozoic Metamorphic Terrane of the Mozambique Belt in Tanzania[END_REF] 

Electron probe micro analyzer (EPMA)

The chemical compositions of the samples were determined using a 1600 (Shimadzu) electron microprobe at Zhejiang University (China). The analyses were performed with a 15 kV accelerating voltage, 10 nA beam current and a 5 μm beam diameter. Natural minerals were used as standards, and a program based on the ZAF procedure was applied for data correction. Multi-point measurements were conducted from core to rim of each mineral grain. The chemical compositions of the three samples are shown in Table 1.

FTIR spectroscopy at varying temperatures

Unpolarized and polarized FTIR spectra in the frequency range 4000-2500 cm -1 were collected using a Nicolet iS50 FTIR spectrometer coupled with a Continuum microscope at Zhejiang University (China). A KBr beam-splitter and a liquid nitrogen-cooled MCT-A detector were used. A total of 128 scans were accumulated for each spectrum at a 4 cm -1 resolution. The squared aperture size was set to 50 μm×50 μm. Sample spectra were collected on the same selected area for each sample. For the high temperature measurements, the samples were placed on a Pt foil with a hole of 1.5 mm in diameter or on a sapphire plate in an Instec HS1300 heating stage with CaF 2 windows, equipped with a resistance heater and an S-type thermocouple. The sample was heated in N 2 . The sample temperature was determined with an uncertainty of less than 1 °C. The temperature was increased from 20 to 1000 °C using a heating rate of 15 ˚C/min. For every temperature step, the dwell time was 5 minutes. A background spectrum and a sample spectrum were collected at each temperature 100 ºC step.

Dehydration experiments

Slices of the three samples were annealed in the heating stage at desired temperatures for different durations. For the samples from JD, the durations are 0, 30, 90, 210, 300 mins at 800 °C, and 0, 30, 90 mins at 1000 °C. For the samples from Tanzania, the durations are 0, 30, 60, 120, 300, 600 mins at 700 °C, and 0, 15, 25, 55 mins at 1000 °C. For the samples from New Zealand, the durations are 0, 30, 90, 210, 480, 750 mins at 700 °C, and 0, 15 mins at 1000 °C. To avoid sample oxidized by the air, the heating stage was purged with N 2 of high purity during the annealing. Fourier

Transform Infrared Spectroscopy measurements were carried out on the samples after quenching to room temperature.

Data analysis

To analyze site-specific temperature dependence of hydrogen defects in the samples, FTIR spectra were deconvoluted into Gaussian components using the Peakfit program (ver. 4.12, Systat Software Inc.). Width, amplitude and frequency of every single band are adjustable to achieve the best peakfitting. To calculate the site-specific diffusivities, areas of the OH bands after annealing for different durations were obtained. Since the sizes of the crystals used for the dehydration experiments are three times larger than their thicknesses, the site-specific hydrogen diffusivities are fitted using the one-dimensional model of diffusion from [START_REF] Ingrin | Diffusion of hydrogen in diopside: Results of dehydration experiments[END_REF]. The ratio of the final to initial peak area is used to obtain the ratio of the final to initial 

RESULTS

Features of hydrogen defects at ambient conditions

Polarized FTIR spectra of hydrogen defects of the three samples at ambient conditions are displayed in Figure 1. Five groups of OH bands can be discerned: 3590, 3560, 3520-3510, 3420-3410 and 3060 cm -1 . The polarized spectra show that all bands are pleochroic, indicating that the hydrogen defects responsible for these bands are all crystallographically oriented rather than caused by a hydrogen in an unoriented inclusion. These OH bands are within the range of those reported based on the literature compilation of mantle orthopyroxenes [START_REF] Tollan | Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene[END_REF]. The band at 3060 cm -1 occurs only in the orthopyroxene from Tanzania. The three samples all contain the bands around 3420-3410 cm -1 and 3520-3510 cm -1 , which are ubiquitous for mantle orthopyroxenes [START_REF] Tollan | Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene[END_REF]. Additionally, the two OH bands at 3590 and 3560 cm -1 exist in both of the orthopyroxene samples from peridotite xenoliths. According to previous studies on hydrogen defects in synthetic orthopyroxene [START_REF] Prechtel | FT-IR spectroscopy with focal plane array detector -A novel tool to monitor the spatial OH-defect distribution in single crystals applied to synthetic enstatite[END_REF], 2011, 2012;[START_REF] Stalder | OH-defects in multiple-doped orthoenstatite at 4-8 GPa: filling the gap between pure and natural systems[END_REF], the high-wavenumber bands (>3500 cm -1 ) are generally assigned to hydrogen defects associated with Si-vacancies (e.g., pure Si-vacancies or Al-Si substitution), and the low-wavenumber bands (<3500 cm -1 ) are due to hydrogen defects associated with M-vacancies. Specifically, the band at 3060 cm -1 in the orthopyroxene from Tanzania is similar to that in the synthetic pure enstatite, and is related to hydrogen defects in Mg vacancies [START_REF] Stalder | Influence of Fe, Cr and Al on hydrogen incorporation in orthopyroxene[END_REF][START_REF] Prechtel | FT-IR spectroscopy with focal plane array detector -A novel tool to monitor the spatial OH-defect distribution in single crystals applied to synthetic enstatite[END_REF]. The band around 3420-3410 cm -1 has been reported in the synthetic Al-rich orthopyroxene, and increases with the redistribution of ferrous iron from M1 to M2 sites (Stalder and Skogby 2007).

Moreover, this redistribution of ferrous iron is favored during annealing at lower temperatures of 600-700 °C (Stalder and Skogby 2007). The dominant OH band at 3420 cm -1 in the enstatite from New Zealand is therefore compatible with the fact that this sample experienced hydration by subduction of the oceanic lithosphere [START_REF] Li | Lateral H 2 O variation in the Zealandia lithospheric mantle controls orogen width[END_REF]. The bands around 3520 and 3560 cm -1 exist in the synthetic Al-containing orthopyroxene as well [START_REF] Stalder | Influence of Fe, Cr and Al on hydrogen incorporation in orthopyroxene[END_REF]), thereby should be attributed to hydrogen defects coupled with Al in Si vacancies. The band around 3590 cm -1 also appears in the synthetic pure enstatite with intensity increasing as silica activity decreasing in the system, thus was assigned to four protons in a Si vacancy [START_REF] Prechtel | The potential use of OH-defects in enstatite as geobarometer[END_REF].

To date, incorporation mechanism of hydrogen defects in natural orthopyroxene has been scarcely explored. We here infer these possible incorporation mechanisms by analogy with those proposed for synthetic doped orthopyroxene samples. Considering the complex compositions of nature orthopyroxenes, other minor elements such as Ti and Na may also play a role in hydrogen incorporation, which has been reported in olivine [START_REF] Tollan | The role of trace elements in controlling H incorporation in San Carlos olivine[END_REF].

Features of hydrogen defects at high temperatures

Figure 2 displays the unpolarized and polarized FTIR spectra of hydrogen defects of the enstatite from JD heated at various temperatures. With increasing temperature, the bands broaden and approach each other, thus, only one asymmetric broad band at temperatures above 700 °C is visible. This variation is reversible and the resolved OH bands re-appear when the sample is quenched to room temperature.

Comparison between the absorbances of OH bands before and after heating suggests that dehydration in the crystal has happened during the heating process, especially prominent for the hydrogen defects responsible for the band around 3420 cm -1 . The consistent variations of OH absorbances along the two perpendicular directions exclude the possibility of the OH bond orientation changing with temperature.

Hydrogen defects in the enstatite from Tanzania exhibit peculiar behavior at elevated temperatures (Fig. 3). The 3520 cm -1 band broadens and becomes invisible at temperatures above 700 °C, accompanied by the appearance of the broad band centering at 3400 cm -1 . It could not be caused by the OH bond orientation changing with increasing temperature, because the variations along the two perpendicular directions are consistent. When the OH bands at 20 °C before and after heating are compared, it can be observed that several new OH bands at 3460, 3360 and 3070 cm -1 appear while the original OH bands are no longer present. Thus, the broad band around 3400 cm -1 observed at high temperatures (>700 °C) must be caused by disordering of hydrogen defects responsible for these new bands.

Figure 4 shows the FTIR spectra of hydrogen defects of the enstatite in peridotite xenolith from New Zealand at elevated temperatures. The dominant OH band is around 3420 cm -1 , which is distinct from the spectral characteristics of the OH bands of the enstatite in peridotite xenolith from JD. It broadens with increasing temperature and flattens at temperatures above 900 °C. After being quenched from 1000 °C, there is a residual of the band around 3520 cm -1 , whereas the band around 3420 cm -1 is almost invisible in the spectrum. Therefore, hydrogen defects giving rise to the 3420 cm -1 band in this sample are lost during the heating process, which is similar to the behavior of hydrogen defects related to the 3420 cm -1 band in the enstatite from JD.

Features of hydrogen defects in quenched samples after annealing

Figure 5 displays the FTIR spectra of hydrogen defects in the enstatite from JD after annealing at 800 and 1000 °C for different durations, respectively. The integral absorbance area decreases with annealing duration, indicating dehydration during the annealing. Moreover, the intensity ratio between the OH bands varies, which is particular apparent after annealing at 1000 °C. For example, the 3420 cm -1 band greatly decreases while the 3520 cm -1 band shows a moderate reduction. Distinct responses of the OH bands to annealing suggest site-specific thermal stabilities of the hydrogen defects. No new OH bands appear for this sample. In contrast, the hydrogen defects in the enstatite from Tanzania present some special variations (Fig. 6). Even after the initial annealing for 30 mins at 700 °C or 10 mins at 1000 °C, the 3520 cm -1 band drastically reduces, and the bands around 3420-3410 cm -1 and 3060 cm -1 almost disappear. Meanwhile, some new bands at 3546, 3460, 3360 and 3070 cm -1 appear.

They have stronger absorption along Z' direction. Furthermore, these new bands seem very stable and almost unchanged with further annealing. The distinct thermal stabilities of the hydrogen defects are further demonstrated by the different responses of hydrogen defects in the enstatite from New Zealand (Fig. 7). The intensity ratios between the OH bands vary with annealing durations. It is evident that the 3420 cm -1 band drastically reduces, whereas the bands at 3560 and 3520 cm -1 decrease less.

DISCUSSION

O-H bonding at high temperatures

Since the wavenumber of an OH band reflects the strength of O-H bonding, we can have an understanding of O-H bonding of the hydrogen defects in natural orthopyroxene at high temperatures. The wavenumber positions of the main OH bands of the three samples at elevated temperatures are examined (Fig. 8). With increasing temperature, the 3590 cm -1 band gradually shifts to lower wavenumbers, the 3520 cm -1 band shows little shift, while the 3420 and 3060 cm -1 bands shift to higher wavenumbers. It is noteworthy that the evolution of the 3420 cm -1 band displays a turning point around 500 °C. The negative wavenumber shifts of the 3590 cm -1 band with increasing temperature indicate temperature-induced lengthening and weakening of the O-H bonding. In contrast, the positive wavenumber shifts of the 3420 and 3060 cm -1 bands with increasing temperature suggest temperature-induced weakening of the hydrogen bonding (O-H…O) which will induce a relative strengthening of the primary O-H bonding [START_REF] Nakamoto | Stretching frequencies as a function of distances in hydrogen bonds[END_REF][START_REF] Xu | High-temperature neutron diffraction study of deuterated brucite[END_REF].

The turning point around 500 °C in the evolution of the 3420 cm -1 band suggests that the corresponding hydrogen bonding expands with increasing temperature and breakdowns then ceases to expand at temperatures above 500 °C, followed by dehydration. We plot wavenumber shifts to initial wavenumbers of the OH bands in the orthopyroxene samples as well as other nominally anhydrous minerals from previous studies in Figure 8d. A negative relationship exists. This relationship is helpful for evaluating the strength of hydrogen bonding in nominally anhydrous minerals. The OH bands at wavenumbers above 3450 cm -1 have negative wavenumber shifts with increasing temperature, suggesting weak hydrogen bonding.

In contrast, the OH bands at wavenumber below 3450 cm -1 have positive wavenumber shifts with increasing temperature, indicating strong hydrogen bonding. Consequently, at high temperatures, the O-H bonding of hydrogen defects in Si vacancies corresponding to the 3590 cm -1 band softens, whereas the O-H bonding of hydrogen defects in M vacancies corresponding to the 3420 and 3060 cm -1 bands stiffens because of the hydrogen bonding involved. In the light of evolutions of wavenumbers of these OH bands, it can be expected that hydrogen defects in orthopyroxene should have similar ranges of O-H bonding strength at temperatures relevant to the upper mantle, which should be characterized by the broad bands at temperatures above 700 °C observed for the three samples.

Site-specific hydrogen diffusivities

To quantitively compare thermal stabilities of the hydrogen defects, we plotted absorbances of the deconvoluted bands in the enstatite from JD with annealing duration at 800 and 1000 °C, as well as in the enstatite from New Zealand with annealing duration at 700 °C in Figure 9. With increasing annealing duration, the integral absorbance of the 3420 cm -1 band displays the most drastic decrease for the three runs, while those of the other bands present a moderate reduction. As stated before, the 3420 cm -1 band is assigned to hydrogen defects in M vacancies, and the other bands at the 3520, 3560 and 3590 cm -1 correspond to hydrogen defects in Si vacancies. Therefore, the hydrogen defects in M vacancies and Si vacancies may have contrasting thermal stabilities. To have an approximated idea about the site-specific hydrogen diffusivities, diffusion coefficients of hydrogen defects corresponding to the 3420, 3520, 3560 and 3590 cm -1 bands were obtained by fitting the data using a one-dimensional model of diffusion as in [START_REF] Ingrin | Diffusion of hydrogen in diopside: Results of dehydration experiments[END_REF]. The diffusion coefficients of these hydrogen defects at 700 and 800 °C are on the order of 10 -13 to 10 -14 m 2 /s. Diffusion coefficients of the different hydrogen defects in the synthetic pure enstatite from [START_REF] Prechtel | The potential use of OH-defects in enstatite as geobarometer[END_REF] are included in Figure 9d for comparison. Diffusion coefficients of hydrogen defects in the synthetic pure enstatite are on the order of 10 -15 m 2 /s, several orders of magnitude lower than those of our natural orthopyroxenes. The difference has also been observed for the bulk hydrogen diffusivities between natural and synthetic pure enstatite by Stalder and Skogby (2003). This is not difficult to understand considering that the natural orthopyroxenes contain iron which leads to dehydration by a redox mechanism (Stalder et al. 2007). For the synthetic orthopyroxenes in the system MgSiO 3 -FeSiO 3 , it was shown that the rate of the redox reaction increases with iron content until a threshold value of iron content of 10-12% (Stalder et al. 2007). However, for the two natural orthopyroxene samples with comparable iron content from peridotite, the hydrogen diffusion coefficients in the orthopyroxene from New Zealand are generally higher than those in the orthopyroxene from JD. Therefore, besides iron content, other factors can affect the kinetics of dehydration in natural orthopyroxenes. The different hydrogen diffusivities between the two natural orthopyroxenes may be accounted by their different tectonic settings. It was suggested that the orthopyroxene from New Zealand has experienced later hydration by subduction of the oceanic lithosphere [START_REF] Li | Lateral H 2 O variation in the Zealandia lithospheric mantle controls orogen width[END_REF]. Hydrogen defects incorporated later at the lower temperatures near subducting slabs thus may have weaker stabilities. It is also possible that these hydrogen defects are unstable defects created by late-stage melt rock reaction or during reaction with the host magma shortly before eruption. Another important point of our study is that diffusion coefficients vary with the type of hydrogen defects, especially for the hydrogen defects in M vacancies responsible for the 3420 cm -1 band which has the fastest diffusivity. It has also been found that Fe-related hydrogen defects and Fe-unrelated hydrogen defects have different thermal stabilities (Stalder and Skogby 2007). The different diffusivities between hydrogen defects have been also observed in FTIR spectra of natural orthopyroxene grains analyzed from core to rim (Tian et al. 2017). We do not know the accurate diffusivities of the different hydrogen defects in Tian et al. (2017), but the site-specific hydrogen diffusion coefficients in our study indicate that the differences are generally around one order of magnitude. These differences are comparable to differences in the site-specific diffusivities of hydrogen defects in natural clinopyroxene and olivine [START_REF] Ferriss | Site-specific hydrogen diffusion rates during clinopyroxene dehydration[END_REF][START_REF] Thoraval | Relative diffusivities of hydrous defects from a partially dehydrated natural olivine[END_REF]), but are up to two orders of magnitude lower than difference in diffusivities between magnesium vacancies and pure Si vacancies in the synthetic forsterite [START_REF] Padrón-Navarta | Site-specific hydrogen diffusion rates in forsterite[END_REF]. In contrast, the hydrogen defects corresponding to the 3067, 3362. 3592 and 3687 cm -1 band of the synthetic pure enstatite show almost the same diffusivities (Fig. 9). It thus has been suggested that the hydrogen defects in M vacancies and Si vacancies of synthetic orthopyroxene possibly have similar diffusivities [START_REF] Prechtel | The potential use of OH-defects in enstatite as geobarometer[END_REF].

Re-distribution of hydrogen defects during dehydration

The most striking feature of hydrogen defects in the three orthopyroxenes is the appearance of the new OH bands at 3546, 3460, 3360 and 3070 cm -1 with annealing duration at the cost of the original OH bands at 3520, 3420 and 3060 cm -1 observed in the enstatite from Tanzania. We exclude possible changes of O-H directions based on the consistent variations of OH absorbances along the two perpendicular directions.

Additionally, possible phase transition does not occur within the temperature range based on the high temperature Raman spectra of this sample (Fig. S1). Therefore, the variations in the absorption of the OH bands reflect destruction and generation of hydrogen defects through inter-site reaction. As stated before, the 3520 cm -1 band is assigned to hydrogen coupled with Al in Si vacancies, while the 3420 and 3060 cm -1 bands correspond to hydrogen related to M vacancies. The reduction of the absorbances of these bands suggest loss of the corresponding hydrogen defects.

Meanwhile, the appearance of the new bands indicates gain of some new hydrogen defects. These new bands are not frequently observed in mantle samples, but they have been found in synthetic samples [START_REF] Stalder | Hydrogen incorporation in enstatite[END_REF][START_REF] Rauch | Water solubility in orthopyroxene[END_REF][START_REF] Stalder | Influence of Fe, Cr and Al on hydrogen incorporation in orthopyroxene[END_REF]). Thus, these new OH bands can be currently assigned with analogy to those synthetic orthopyroxenes. Since the 3546 cm -1 band appeared in Al-doped orthopyroxene, it may correspond to hydrogen defects coupled with Al 3+ in Si vacancies. The 3460 cm -1 band occurred in Fe-doped orthopyroxene. Considering that the dehydration mechanism of orthopyroxene usually involves the oxidation of Fe 2+ to Fe 3+ (Stalder et al. 2007), the new band at 3460 cm -1 in this study could be a new hydrogen defect in Si vacancies, coupled with the Fe 3+ formed during dehydration. Indeed, based on the observation on the synthetic orthopyroxene doped with Al and Fe, the Fe 3+ -related 3460 cm -1 band increases when the dehydrated sample is annealed in H 2 (Stalder and Skogby 2007). The 3360 and 3070 cm -1 bands are common in pure enstatite, thereby, the new 3360 and 3070 cm -1 bands may environments compared to the original ones because of the complex interactions with trivalent cations in natural orthopyroxene [START_REF] Stalder | Hydrogen incorporation in orthopyroxene: interaction of different trivalent cations[END_REF]. Other minor elements such as Ti and Na may also be responsible for these defects. It should be noted that these assignments with analogy to those synthetic orthopyroxenes may not always work for natural samples. For example, most natural mantle orthopyroxenes containing Al do not typically show the 3546 cm -1 band in their IR spectra based on the literature compilation of mantle orthopyroxene from a wide range of tectonic settings [START_REF] Tollan | Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene[END_REF]. However, the 3546 cm -1 band has been reported in some Al-bearing natural mantle orthopyroxenes (e.g., [START_REF] Grant | Water partitioning between mantle minerals from peridotite xenoliths[END_REF][START_REF] Tollan | Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene[END_REF][START_REF] Xu | Reconciling the discrepancy between the dehydration rates in mantle olivine and pyroxene during xenolith emplacement[END_REF]. Anyway, the dehydration experiments in our study evidence a re-distribution of hydrogen defects at high temperatures in natural orthopyroxene samples. Hence, hydrogen does not always diffuse out of the crystal at high temperatures, but may redistribute between different defects.

Temperature-induced re-distribution of hydrogen defects not only occurs in this natural orthopyroxene, but was also reported in natural olivine and clinopyroxene. For instance, [START_REF] Ferriss | Rates of dehydration of olivines from San Carlos and Kilauea Iki[END_REF] observed hydrogen re-distribution between the [Fe 3+ -H] and pure Si vacancies in natural olivine after annealing 8 h at 800 °C. Coincidently, the dehydration experiments of natural olivine revealed that hydrogen released from titanium-clinohumite defects moved to pure Si vacancies, and Mg vacancies coupling with trivalent cations (Yang et al. 2019b). The inter-site reactions of hydrogen defects were further reported in natural olivine by Jolland et al. (2019). For natural clinopyroxene, several studies reported that a new hydrogen defect coupled with Fe 3+ in M vacancies appeared accompanying loss of other hydrogen defects [START_REF] Skogby | OHin pyroxene: An experimental study of incorporation mechanisms and stability[END_REF][START_REF] Ferriss | Site-specific hydrogen diffusion rates during clinopyroxene dehydration[END_REF]Yang et al. 2019a). All in all, this study along with previous studies on olivine and clinopyroxene suggests that hydrogen defects observed in upper mantle minerals may have experienced complex variations during high-temperature processes. 

IMPLICATIONS Implications for fingerprinting hydrogen of different origins

The most important findings of this study are the site-specific diffusivities and re-distribution of hydrogen defects in natural orthopyroxene during high temperature processes, improving our understanding of spectral features of hydrogen defects in orthopyroxene from the mantle. Numerous studies have been carried out to explore the correlation between water concentrations and tectonic settings (e.g., [START_REF] Skogby | Hydroxide in pyroxene: variations in the natural environment[END_REF][START_REF] Peslier | Low water contents in pyroxenes from spinel-peridotites of the oxidized, sub-arc mantle wedge[END_REF][START_REF] Grant | Water partitioning between mantle minerals from peridotite xenoliths[END_REF] It is common that the dominant spectrum type in pyroxene from the mantle peridotite is characterized by reducing intensities of OH bands from higher to lower wavenumbers, hence, the 3420 cm -1 band usually is not the most predominant.

Exceptionally, the FTIR spectra orthopyroxene from New Zealand in this study are dominated by the 3420 cm -1 band, which is little affected by the pleochroism. The abnormal hydrogen features are not difficult to be understood considering the nature of the 3420 cm -1 band and geological settings the host minerals experienced. Our study finds that hydrogen defects corresponding to the 3420 cm -1 band have the fastest diffusivities for mantle orthopyroxene. This finding may account for the relatively weaker intensity of this band in most mantle orthopyroxenes which have experienced outgassing during their transport to the surface (e.g., Tian et al. 2017;[START_REF] Xu | Reconciling the discrepancy between the dehydration rates in mantle olivine and pyroxene during xenolith emplacement[END_REF]. Furthermore, previous dehydration experiment for synthetic orthopyroxene shows that the 3420 cm -1 band intensity increases during the initial annealing at lower temperatures (Stalder and Skogby 2007), indicating that hydrogen can be re-introduced into the relevant M site at appropriate conditions. Thus, the dominant 3420 cm -1 band of the orthopyroxene from New Zealand should be ascribed to hydrogen incorporated later, either through sample hydration by subduction of the oceanic lithosphere as suggested by [START_REF] Li | Lateral H 2 O variation in the Zealandia lithospheric mantle controls orogen width[END_REF], or during late-stage melt rock reaction or during reaction with the host magma shortly before eruption. Thus, the 3420 cm -1 band may be a potential indicator of later hydrogen incorporation.

Additionally, it has been reported that hydrogen defects of Si vacancies in olivine is favored by high water activity conditions [START_REF] Tollan | The responses of the four main substitution mechanisms of H in olivine to H 2 O activity at 1050°C and 3 GPa[END_REF]. Consequently, to understand abnormal FTIR spectral signals of hydrogen defects in pyroxene such as those presented in Patkó et al. ( 2019), site-specific hydrogen diffusivities, tectonic settings, and site-specific hydrogen solubilities of pyroxene should be taken into account together.

Besides site-specific hydrogen diffusivities, temperature-induced re-distribution of hydrogen defects in upper mantle minerals has implications for deciphering hydrogen defects of different origins. This study evidences the appearance of several new OH bands at 3546, 3460, 3360 and 3070 cm -1 at the cost of the initial 3520, 3420 and 3060 cm -1 bands, and hydrogen defects corresponding to these new bands are very stable. Therefore, if observed in natural orthopyroxenes, these hydrogen defects may be at least partly inherited from the initial hydrogen defects. The 3546 cm -1 band is not always observed for natural orthopyroxenes. Several studies have reported this band in mantle orthopyroxenes and its height variation from core to rim [START_REF] Grant | Water partitioning between mantle minerals from peridotite xenoliths[END_REF][START_REF] Tollan | Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene[END_REF][START_REF] Xu | Reconciling the discrepancy between the dehydration rates in mantle olivine and pyroxene during xenolith emplacement[END_REF]. In contrast to the 3546 cm -1 band, the 3460 cm -1 band is scarcely observed in natural mantle orthopyroxenes. Our study indicates that these hydrogen defects can be produced by inter-site reactions, without involving reaction with water in the external environments such as fluid or melt. Along with inter-site reactions of hydrogen defects in natural olivine and clinopyroxene observed by previous studies [START_REF] Skogby | OHin pyroxene: An experimental study of incorporation mechanisms and stability[END_REF][START_REF] Ferriss | Site-specific hydrogen diffusion rates during clinopyroxene dehydration[END_REF], 2018;Jolland et al. 2019;Yang et al. 2019aYang et al. , 2019b)), temperature-induced re-distribution of hydrogen defects in natural orthopyroxene opens a new window for deciphering these hydrogen defects if observed in natural mantle minerals.

Implications for the physical properties of the mantle

The spectroscopic data of this study suggest that the hydrogen defects in natural orthopyroxene would have a constant O-H bonding strength at high temperatures but display disordering at temperatures above 700 o C. This finding is in agreement with previous conclusions about hydrogen disordering in olivine and clinopyroxene at high temperatures (Yang et al. 2019a(Yang et al. , 2019b)). To apply to the simultaneously high temperature and high pressure conditions of the upper mantle, pressure effects should be considered. Since high pressure FTIR spectra of hydrogen defects in the natural orthopyroxene with trace amount of water are difficult to be measured using diamond anvil cell (DAC), we cannot evaluate disordering degree at high pressure in this study.

But previous spectroscopic studies on hydrogen defects in olivine and ringwoodite at high pressure indicate that pressure also induces hydrogen disordering [START_REF] Panero | Hydrous ringwoodite to 5 K and 35 GPa: Multiple hydrogen bonding sites resolved with FTIR spectroscopy[END_REF]Yang et al. 2019b). Moreover, water concentration has been suggested to enhance hydrogen disordering in wadsleyite as well [START_REF] Kohn | Ordering of hydroxyl defects in hydrous wadsleyite (β-Mg 2 SiO 4 )[END_REF]. Consequently, taking the factors of temperature, pressure and water concentration in the mantle into account, hydrogen defects should be disordered, which is different from their nature observed at ambient conditions. Consequently, hydrogen disordering in mantle minerals at high temperature and high pressure should be taken into account when predicting and extrapolating data on physical properties from room-temperature measurements.

clinopyroxenes from room temperature up to 1000 °C: Implication for the preservation of hydrogen in the upper mantle and impact on electrical conductivity. American Mineralogist, 104, 79-93.

Yang, Y., Liu, W. D., Qi, Z. M., Wang, Z. P., Smyth, J. R., and Xia, Q. K. (2019b)

Re-configuration and interaction of hydrogen sites in olivine at high temperature and high pressure. American Mineralogist, 104, 878-889. dν/dT is the change in wavenumber divided by the change in temperature. Their values are fitted from the relationships between wavenumber and temperature. Clinopyroxenes data indicated by red symbols are from Yang et al. (2019a). Pyrope data are from [START_REF] Lu | Water solubility in pyrope in 100 kbar[END_REF]. Olivine data are from Yang et al. (2019b). Feldspar data are from [START_REF] Liu | Temperature dependences of hydrous species in feldspars[END_REF]. The data from this study are indicated by the green symbols. 2011), in the natural diopside [START_REF] Ferriss | Site-specific hydrogen diffusion rates during clinopyroxene dehydration[END_REF]) and synthetic forsterite (Padrón-Navarta et al.

  ;[START_REF] Sundvall | Water in upper mantle pyroxene megacrysts and xenocrysts: a survey study[END_REF][START_REF] Demouchy | Distribution and transport of hydrogen in the lithospheric mantle: A review[END_REF] Patkó et al. 2019), but the relationship is still unclear, partly because hydrogen defects in the host minerals may be modified during their ascent from the source region. In contrast to water concentration, characters of hydrogen defects in the mantle minerals from different geological settings are scarcely noticed.It is well known that different OH bands of the FTIR spectra represent different modes of hydrogen defects incorporated in the minerals (e.g.,[START_REF] Beran | A model of the OH position in olivine, derived from infrared spectroscopy investigations[END_REF].Many cases indicate that FTIR spectral signals of hydrogen defects in the upper mantle minerals from different geological settings are not persistent. Along with previous reports of site-specific diffusivities and re-distribution of hydrogen defects in olivine and clinopyroxene, this study sheds light to the fingerprinting of different processes generating hydrogen defects.

Figure captions Figure 1

 captions1 Figure captionsFigure 1 (a)-(c) Polarized FTIR spectra of hydrogen defects of the three orthopyroxenes from JD, Tanzania, and New Zealand at room temperature. The spectra are normalized to 1 cm thickness. (a')-(c') spectra of the Si-O overtones of the orthopyroxenes with the polarizer rotated at two perpendicular angles. The X', Y' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with Prechtel and Stalder (2012).

Figure 2

 2 Figure2FTIR spectra of hydrogen defects in the enstatite from JD analyzed at various temperatures: (a) unpolarized spectra; (b) and (c) spectra collected with the polarizer rotated at two perpendicular angles. The X' and Y' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. The spectra are shifted vertically for clarity.

Figure 3

 3 Figure 3 FTIR spectra of hydrogen defects in the enstatite from Tanzania analyzed at various temperatures: (a) unpolarized spectra; (b) and (c) spectra collected with the polarizer rotated at two perpendicular angles. The X' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with Prechtel and Stalder (2012). The spectra are shifted vertically for clarity. The arrow indicates the appearance of the new bands. The new bands at high temperatures are indicated by the yellow boxes.

Figure 4 Figure 5

 45 Figure4FTIR spectra of hydrogen defects in the enstatite from New Zealand analyzed at various temperatures: (a) unpolarized spectra; (b) and (c) spectra collected with the polarizer rotated at two perpendicular angles. The X' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. The spectra are shifted vertically for clarity.

Figure 6

 6 Figure5Unpolarized and polarized FTIR spectra of the enstatite from JD annealed at 800 and 1000 o C. The spectra are normalized to 1 cm thickness. The Y' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. Figure6Unpolarized and polarized FTIR spectra of the enstatite from Tanzania annealed at 700 and 1000 o C. The spectra are normalized to 1 cm thickness. The X' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. The new bands are indicated by the colored rectangles. Figure7Unpolarized and polarized FTIR spectra of the enstatite from New Zealand annealed at 700 and 1000 o C. The 3700 cm -1 band should be the signal of coexisting hydrous minerals. The spectra are normalized to 1 cm thickness. The X', Y' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. Figure8(a) to (c) Evolutions of OH wavenumbers with increasing temperature for the enstatite from JD, Tanzania and New Zealand, respectively; (d) relationship between temperature-induced wavenumber shift (dν/dT) with initial wavenumber for the common NAMs in the crust and mantle.

Figure 7

 7 Figure5Unpolarized and polarized FTIR spectra of the enstatite from JD annealed at 800 and 1000 o C. The spectra are normalized to 1 cm thickness. The Y' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. Figure6Unpolarized and polarized FTIR spectra of the enstatite from Tanzania annealed at 700 and 1000 o C. The spectra are normalized to 1 cm thickness. The X' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. The new bands are indicated by the colored rectangles. Figure7Unpolarized and polarized FTIR spectra of the enstatite from New Zealand annealed at 700 and 1000 o C. The 3700 cm -1 band should be the signal of coexisting hydrous minerals. The spectra are normalized to 1 cm thickness. The X', Y' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. Figure8(a) to (c) Evolutions of OH wavenumbers with increasing temperature for the enstatite from JD, Tanzania and New Zealand, respectively; (d) relationship between temperature-induced wavenumber shift (dν/dT) with initial wavenumber for the common NAMs in the crust and mantle.

Figure 8

 8 Figure5Unpolarized and polarized FTIR spectra of the enstatite from JD annealed at 800 and 1000 o C. The spectra are normalized to 1 cm thickness. The Y' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. Figure6Unpolarized and polarized FTIR spectra of the enstatite from Tanzania annealed at 700 and 1000 o C. The spectra are normalized to 1 cm thickness. The X' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. The new bands are indicated by the colored rectangles. Figure7Unpolarized and polarized FTIR spectra of the enstatite from New Zealand annealed at 700 and 1000 o C. The 3700 cm -1 band should be the signal of coexisting hydrous minerals. The spectra are normalized to 1 cm thickness. The X', Y' and Z' indicate the directions obtained by comparing the spectra of the Si-O overtones with[START_REF] Prechtel | OH-defects in Al-and Cr-doped synthetic enstatites and defect geobarometry on natural orthopyroxenes from Earth's mantle[END_REF]. Figure8(a) to (c) Evolutions of OH wavenumbers with increasing temperature for the enstatite from JD, Tanzania and New Zealand, respectively; (d) relationship between temperature-induced wavenumber shift (dν/dT) with initial wavenumber for the common NAMs in the crust and mantle.

Figure 9

 9 (a)-(c) Variations of integral absorbances of OH bands in enstatites from JD and New Zealand with annealing duration; (d) site-specific diffusion coefficients of the hydrogen defects in natural enstatite from JD at 800 o C and from New Zealand at 700 o C. The site-specific diffusion coefficients of hydrogen defects at 800 o C in the synthetic pure enstatite (Prechtel and Stalder
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Table 1 Chemical compositions of the three orthopyroxenes

 1 

	Sample	SiO 2	TiO 2	Al 2 O 3	Cr 2 O 3	FeO	MnO	MgO	CaO	Na 2 O	K 2 O	NiO	Total
	JD	54.65	0.15	4.79	0.34	6.50	0.11	32.01	0.71	0.10	0.00	0.08	99.77
	Tanzania	57.44	0.02	0.05	0.01	6.64	0.21	34.75	0.11	0.02	0.00	0.01	99.27
	New	55.23	0.02	3.17	0.73	6.06	0.12	33.22	1.04	0.04	0.02	0.18	99.81
	Zealand												
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2014) are shown for comparison.
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