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Nitrogen (N) is the main component of the atmosphere and is largely considered as a volatile element. However, most researchers now agree that a significant amount of N, in the form of ammonium (NH 4 + ) substituting for K + in some K-bearing minerals such as clays, micas, and feldspars, can be transferred to the deep Earth through subduction. The fate of ammonium in those minerals during subduction is still poorly known but is likely controlled by temperature and pressure pathways. In an attempt to contribute to understanding the fate of N during high temperature processes, we carried out in situ high temperature IR and Raman spectra measurements to investigate the rate and mechanism of NH 4 + loss in phengite. We observed that a new OH band at 3425 cm - 1 became prominent above 400 °C, and did not change with times during isothermal annealing at 500 and 700 °C. The N-H stretching band shifted to higher wavenumbers in the temperature interval from -150 to 20 °C, while linearly shifted to lower wavenumbers in the temperature interval from 20 to 500 °C and remained stable above 500 °C. The N-H bending band linearly shifted to lower wavenumbers in the temperature interval from -150 to 400 °C and remained stable. The K-O stretching frequency decreased with increasing temperature to 600 °C, and then remained stable.

These processes were reversible until dehydration and ammonium loss from phengite starting at 800 °C. The results suggest that (1) at low temperatures, ammonium is ordered and hydrogen bonding between ammonium and the framework evolves during cooling;

(2) at high temperatures, the N-H interatomic distance of NH 4 + lengthens with increasing temperature until 500 °C. N-H bond subsequently no longer lengthens, accompanied by H transferring from N to neighboring O and forming a new OH band at 3425 cm -1 . At 800 °C, H + starts breaking from N and leaving others to form NH 3 and OH -. This study has implications for evaluating the extent to which these minerals can preserve information regarding nitrogen behavior during high temperature processes.

INTRODUCTION

Nitrogen (N) is an essential element for all living organisms. Although N is one of the predominant elements in the atmosphere and biosphere on Earth surface, it only accounts for 25-30% of the total planet inventory. Large amounts of N indeed reside in the deep Earth [START_REF] Galloway | The global nitrogen cycle[END_REF][START_REF] Goldblatt | Nitrogen enhanced greenhouse warming on early Earth[END_REF][START_REF] Palya | Storage and mobility of nitrogen in the continental crust: Evidence from partially melted metasedimentary rocks, Mt. Stafford, Australia[END_REF][START_REF] Busigny | Nitrogen in the silicate Earth: Speciation and isotopic behavior during mineral-fluid interactions[END_REF][START_REF] Johnson | The nitrogen budge of Earth[END_REF]. In sedimentary rocks, N occurs essentially as ammonium (NH 4 + ) released from decomposed organic matter and is substituted for K + in some K-bearing minerals such as clays, micas, and feldspars [START_REF] Williams | Diagenesis of ammonium during hydrocarbon maturation and migration, Wilcox Group, Louisiana, USA[END_REF]. A significant amount of N, in the form of NH 4 + , can then be transferred to the deep Earth reservoir through subduction. The speciation of N in the Earth mantle is not very well constrained due to the very low N concentration and the poor degree of preservation of mantle rocks recovered at the surface [START_REF] Yokochi | Nitrogen in peridotite xenoliths: Lithophile behavior and magmatic isotope fractionation[END_REF]). However, several recent theoretical and experimental studies suggested that NH 4 + may be the main N species in most of the mantle [START_REF] Watenphul | Ammonium-bearing clinopyroxene: A potential nitrogen reservoir in the Earth's mantle[END_REF][START_REF] Li | Nitrogen solubility in upper mantle minerals[END_REF][START_REF] Mikhail | Nitrogen speciation in upper mantle fluids and the origin of Earth's nitrogen-rich atmosphere[END_REF].

To address the N cycle in the deep Earth, extensive works have concerned the size and isotope composition of major crustal and upper-mantle N reservoirs (e.g., Cartigny

and Marty 2013 and references therein; [START_REF] Halama | Nitrogen recycling in subducted mantle rocks and implications for the global nitrogen cycle[END_REF][START_REF] Li | Anomalous nitrogen isotopes in ultrahigh-pressure metamorphic rocks from the Sulu orogenic belt: Effect of abiotic nitrogen reduction during fluid-rock interaction[END_REF]. Recently, some studies reported N solubility in high-pressure minerals typical of deep Earth conditions [START_REF] Li | Nitrogen solubility in upper mantle minerals[END_REF][START_REF] Watenphul | High-pressure ammonium-bearing silicates: implications for nitrogen and hydrogen storage in the Earth's mantle[END_REF][START_REF] Watenphul | Ammonium-bearing clinopyroxene: A potential nitrogen reservoir in the Earth's mantle[END_REF][START_REF] Nobel | Solubility of nitrogen in stishovite: A possible storage mechanism for nitrogen in Earth's deep interior[END_REF]). Since subduction is the important mechanism for carrying N into deep reservoirs, it is crucial to determine the extent to which minerals can preserve NH 4 + during deep subduction. Studies on sediments subducted to different depths show either a decrease or a preservation of N concentration with increasing metamorphic grade [START_REF] Bebout | Nitrogen-isotope compositions of metasedimentary rocks in the Catalina Schist, California: Implications for metamorphic devolatilization history[END_REF][START_REF] Mingram | Ammonium concentration and nitrogen isotope composition in metasedimentary rocks from different tectonometamorphic units of the European Variscan Belt[END_REF]Busigny et al. 2003a;[START_REF] Plessen | Ammonium loss and nitrogen isotopic fractionation in biotite as a function of metamorphic grade in metapelites from western Maine, USA[END_REF]. One of the most important parameters for N stability or loss in subducting rocks was suggested to be the geothermal gradient, specifically temperature variations (Bebout et al. 1999a;Busigny et al. 2003a;[START_REF] Busigny | Nitrogen in the silicate Earth: Speciation and isotopic behavior during mineral-fluid interactions[END_REF]. However, the diffusion rate and mechanism of NH 4 + loss in the host minerals such as micas, alkali feldspar and clinopyroxene are still poorly known. Several studies have compared the rates of NH 4 + loss and dehydration in some minerals, but there is still no consensus on rate and mechanism of NH 4 + loss.

For example, [START_REF] Higashi | Dioctahedral mica minerals with ammonium ions[END_REF][START_REF] Higashi | Ammonium-bearing mica and mica/smectite of several pottery stone and pyrophyllite deposits in Japan: Their mineralogical properties and utilization[END_REF] suggested that NH 4 + loss was far ahead of dehydration in sericite (a fine grained variety of muscovite with chemical formula K(AlFeMg) 2 (SiAl) 4 O 10 (OH) 2 .nH 2 O) based on differential thermal analysis. Other works argued that in NH 4 -analcime, NH 4 + loss and dehydration were parallel processes based on thermogravimetric and Fourier Transform Infrared (FTIR) spectrometry analyses [START_REF] Miroshnichenko | Thermal decomposition of NH 4analcime: A kinetic study[END_REF]Likhcheva et al. 2004). Using in situ high temperature FTIR spectra, [START_REF] Zhang | Thermal behavior of vibrational phonons and hydroxyls of muscovite in dehydroxylation: In situ high-temperature infrared spectroscopic investigations[END_REF] suggested that NH 4 + loss in muscovite happened at temperatures near dehydration.

Phengite is the most common high-pressure white mica observed in subducted metasediments. Experimental works indicated that phengite was stable and could carry water to depths of about 300 km in subduction environment [START_REF] Poli | H 2 O transport and release in subduction zonesexperimental constraints on basaltic and andesitic systems[END_REF][START_REF] Domanik | The stability and composition of phengitic muscovite and associated phases from 5.5 to 11 GPa: Implications for deeply subducted sendiments[END_REF][START_REF] Schmidt | Experimental constraints on recycling of potassium from subducted ocean crust[END_REF][START_REF] Schmidt | Experimental constraints on recycling of potassium from subducted ocean crust[END_REF]Poli 1998, 2014) 

MATERIALS AND METHODS

Sample description

Phengite crystals from a natural sample were used here as a starting material. They were extracted from a single high-pressure mestasediment of the western Alps (sample 98SE8). This sample was characterized in a previous study (Busigny et al., 2003b) 

Low and high temperature FTIR spectroscopy

For the in situ low temperature measurement, the phengite sample was placed on an Al foil with a hole of 1.5 mm in diameter in a Linkam FTIR600 heating/cooling stage with ZnSe windows. The temperature step was regulated by a Linkam TMS94 controller with 0.1 ˚C accuracy. The sample was cooled successively from room temperature to 0 ˚C, -50 ˚C, -100 ˚C and -150 ˚C at a cooling rate of 10 ˚C/min. For every temperature step, the dwell time was 10 minutes.

For the in situ high temperature measurement, the phengite sample was placed on a Pt foil with a hole of 1.5 mm in diameter 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 Ar and air, respectively. The sample temperature was determined with a typical uncertainty of less than 1 °C. The temperature was initially increased from 20 to 100 ˚C, and then by 100 ˚C increments to 800 ˚C, using a heating rate of 15 ˚C/min.

For every temperature step, the dwell time was 5 minutes. The In situ FTIR measurements in isothermal annealing were conducted using the procedure described by Okumura and Nakashima (2006): the temperature of the heating stage was elevated at a rate of 100 °C /min and held at a desired temperature. After collecting the background FTIR spectrum at the desired temperature, a phengite grain was put in the heating stage and the initial sample FTIR spectrum was measured just after the sample was set.

To compare rate of dehydration and ammonium loss, FTIR measurements on quenched samples were conducted. Two thin phengite grains (about 0.01 and 0.03 mm thickness) were heated in the heating stage purged with Ar at a desired temperature of 750 and 800 ˚C for 30 minutes, respectively. Then FTIR measurements were carried out on the samples quenched to room temperature.

FTIR spectra in the frequency range 4000-1000 cm -1 were collected with an IR beam direction perpendicular to the (001) plane (i.e. to the layer) using a Nicolet iS50 FTIR spectrometer coupled with a Continuµm microscope. 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 aperture size was set to 50×50 µm. Spectra were collected on the same selected area for every sample.

In situ high temperature Raman spectroscopy

The phengite sample was placed on a Pt foil in a Linkam TS1500 heating stage, equipped with a resistance heater and an S type thermocouple. The sample temperature was determined with a typical uncertainty of less than 1 °C. The automatic temperature control unit was programmed to set the heating rate at 20 ˚C/min to reach the desired temperature. The dwelling time amounted to 5 minutes at each experimental temperature.

In situ high temperature Raman spectroscopic analyses were performed with the incident laser beam perpendicular to the (001) plane on a LABRAM-HR spectrometer with 1800 g/mm gratings. Single-crystal silicon was used as a reference. Raman spectra in the frequency range 50-1200 cm -1 were collected at room temperature and from 100

to 800 °C at 100 °C interval. The focal length for the spectrograph was 750 mm. The sample was excited by the 514.5 nm green light of a Spectra Physics Ar ion laser. A 50X objective was used to focus the incident laser light on the sample and to collect the scattered light. The diameter of the focused laser light spot was estimated to be 10 µm.

Data analysis

OriginPro 8.0 software was used to analyze IR and Raman spectra at various temperatures.

RESULTS

FTIR spectra of NH 4 + in phengite at room temperature

There are four normal vibrational modes in isolated ammonium: symmetric (ν 1 ), and antisymmetric (ν 3 ) stretching vibrations, as well as symmetric (ν 2 ) and antisymmetric (ν 4 ) bending vibrations [START_REF] Herzberg | Molecular spectra and molecular structure[END_REF][START_REF] Kearley | Recent advances in the vibrational spectroscopy of ammonium ion in crystal[END_REF]. Of these, only ν 3 and ν 4 are IR active. However, for ammonium in a crystal, ν 1 and ν 2 bands may appear in IR spectra due to decreased symmetry. FTIR spectroscopy is very sensitive to N-H vibrations and has been used to analyze NH 4 + in minerals in previous studies (e.g., Busigny et al. 2003b;[START_REF] Watenphul | High-pressure ammonium-bearing silicates: implications for nitrogen and hydrogen storage in the Earth's mantle[END_REF][START_REF] Watenphul | Ammonium-bearing clinopyroxene: A potential nitrogen reservoir in the Earth's mantle[END_REF][START_REF] Zhang | Thermal behavior of vibrational phonons and hydroxyls of muscovite in dehydroxylation: In situ high-temperature infrared spectroscopic investigations[END_REF][START_REF] Wunder | Synthetic and natural ammonium-bearying tourmaline[END_REF][START_REF] Vennari | The ammonium ion in a silicate under compression: infrared spectroscopy and powder X-ray diffraction of NH 4 AlSi 3 O 8 -buddingtonite to 30 GPa[END_REF]. The polarized and unpolarized IR spectra of NH 4 + in phengite at room temperature are shown in Figure 2. Following the band assignments from [START_REF] Harlov | Characterization of buddingtonite (NH 4 ) (AlSi 3 O 8 ) and ND 4 -buddingtonite (ND 4 )(AlSi 3 O 8 ) using IR spectroscopy and Rietveld refinement of XRD spectra[END_REF], Busigny et al. (2003b) and [START_REF] Watenphul | High-pressure ammonium-bearing silicates: implications for nitrogen and hydrogen storage in the Earth's mantle[END_REF] (Table 1), the band at 3291 cm -1 corresponds to ν 3 -asymmetric stretching mode while the one at 3036 cm -1 reflects a combination of ν 2 -symmetric and ν 4 -antisymmetric bending vibrations. The band at 1430 cm -1 corresponds to ν 4 and its corresponding overtone 2ν 4 is at 2818 cm -1 . Since using an IR beam perpendicular to the (001) plane represents isotropic properties independent from orientation, there is little difference in the absorption of NH 4 + or OH with the polarizer rotating different angles as shown in Figure 2. Therefore, in the present contribution, we used unpolarized radiation to study ammonium in phengite under different temperatures, as was also applied by Zhang et al. (2010) to study OH and ammonium in muscovite.

In situ FTIR spectra of NH 4 + in phengite at different temperatures Upon cooling, the bands are intensive, sharp and peak splitting. We can clearly distinguish four new bands at 3219, 3117, 2880 and 1404 cm -1 as the temperature is decreased down to -150 °C (Fig. 3). Those bands are assigned to the vibrations of ammonium [START_REF] Reed | An infrared spectroscopic study of NH 4 Brammonium bromide to 55 GPa[END_REF][START_REF] Watenphul | High-pressure ammonium-bearing silicates: implications for nitrogen and hydrogen storage in the Earth's mantle[END_REF][START_REF] Wunder | Synthetic and natural ammonium-bearying tourmaline[END_REF]. At high temperatures, changes of the IR spectra with increasing temperature under air and Ar atmospheres are similar, with all bands becoming significantly broad and overlapping (Fig. 4). Most interestingly, a new band at 3425 cm -1 becomes prominent above 400 °C. The appearance of this new band is unquenchable, and does not exist in the spectrum at room temperature after heating. The combination of NH 4 + symmetric and antisymmetric bending band (ν 2 + ν 4 ) at 3036 cm -1 and the overtone antisymmetric bending band (2ν 4 ) at 2818 cm -1 disappear at 200 °C, while the N-H stretching band (ν 3 ) at 3291 cm -1 and bending band (ν 4 ) at 1430 cm -1 still remain up to 800 °C. The evolution of frequencies of the bands of ν 3 and ν 4 with temperature is plotted in Figure 5. With increasing temperature, the ν 3 band shifts to higher wavenumbers from -150 to 20 °C, while linearly shifts to lower wavenumbers from 20 to 500 °C and remains stable above 500 °C. The ν 4 band linearly shifts to lower wavenumbers with increasing temperature from -150 to 400 °C and remains stable.

In situ FTIR spectra of NH 4 + in isothermal annealing and on quenched samples

To investigate the stability of NH 4 + , we carried out in situ FTIR measurements in isothermal annealing at 500 and 700 °C in air, respectively. Figure 6 displays in situ IR spectra collected at different time intervals. At the two different temperatures explored herein, the IR absorptions of the new band at 3425 cm -1 and ammonium bands do not change with heating times. In addition, the IR spectra are the same at room temperature before and after heating. It should be noted that the weakening of the absorptions at high temperatures compared to room temperature is mainly induced by decreasing absorption coefficient with increasing temperature (e.g., [START_REF] Zhang | Temperature dependence of IR absorption of hydrous/hydroxyl species in minerals and synthetic materials[END_REF][START_REF] Tokiwai | Integral molar absorptivities of OH in muscovite at 20 to 650 °C by in-situ high-temperature IR microspectroscopy[END_REF][START_REF] Yang | Temperature dependence of IR absorption of OH species in clinopyroxene[END_REF][START_REF] Yang | OH in nature orthopyroxene: an in situ FTIR investigation at varying temperatures[END_REF]Radica et al. 2016).

We cannot investigate the stability of water in phengite from data presented in Figure 6 since the detector of IR spectrometer is oversaturated for measuring absorption of OH band around 3610 cm -1 using the thick sample. To overcome this problem and compare the starting temperature of dehydration and loss of ammonium, we use much thinner samples (<30 µm). We collected IR spectra of the thinner phengite flakes quenched from 750 and 800 °C, respectively (Fig. 7). The absorptions of both OH and NH 4 + at room temperature before and after heating to 750 °C for 30 minutes are almost the same, indicating that water and ammonium in phengite still can be preserved to 750 °C. In contrast, the absorptions of OH and NH 4 + distinctly decrease comparing the spectra at room temperature before and after heating to 800 °C for 30 minutes. The integrated absorptions of NH 4 + from 2800 to 3400 cm -1 and 1340 to 1500 cm -1 are reduced by 45.8% and 73.1%, respectively, and the integrated absorptions of OH around 3610 cm -1 decrease by 25.8%. As a result, dehydration and loss of ammonium in phengite start at the same temperature around 800 °C, which supports previous arguments that ammonium loss and dehydration were parallel processes in analcime and muscovite [START_REF] Miroshnichenko | Thermal decomposition of NH 4analcime: A kinetic study[END_REF]Likhcheva et al. 2004;[START_REF] Zhang | Thermal behavior of vibrational phonons and hydroxyls of muscovite in dehydroxylation: In situ high-temperature infrared spectroscopic investigations[END_REF].

In situ Raman spectra of lattice vibrations in phengite at high temperatures

Raman spectroscopy is sensitive to local structural environment within crystal and usually used to study lattice vibrations. The Raman spectra of phengite at different temperatures are displayed in the range 50-1200 cm -1 (Fig. 8). There are four most prominent bands at 104, 192, 270, and 706 cm -1 in the spectrum at room temperature (25 °C). The band assignments are listed in Table 1. Based on lattice dynamic calculations, [START_REF] Mckeown | Vibrational analysis of the dioctahedral mica: 2M1 muscovite[END_REF] suggested that modes between 800 and 360 cm -1 had internal tetrahedral sheet motions mixed with K and octahedral Al displacements, and modes at frequencies less than 360 cm -1 had lattice motions. In the present study, the band at 104 cm -1 is due to K-O stretching vibration according to band assignment of [START_REF] Holtz | Effect of pressure on the Raman vibrational modes of layered aluminosilicate compounds[END_REF][START_REF] Mckeown | Vibrational analysis of the dioctahedral mica: 2M1 muscovite[END_REF], Mookherjee and Redfern (2002), [START_REF] Zhang | Thermal behavior of vibrational phonons and hydroxyls of muscovite in dehydroxylation: In situ high-temperature infrared spectroscopic investigations[END_REF] and [START_REF] Williams | The high--pressure behavior of micas: Vibrational spectra of muscovite, biotite, and phlogopite to 30 GPa[END_REF]. Figure 9 displays the mode frequency shifts with temperature. The bands at 192, 270 and 706 cm -1 linearly shift to lower Raman frequencies, indicating expansion of the microstructure with increasing temperature.

Among these bands, the K-O stretching band at 104 cm -1 exhibits interesting temperature dependence. The band frequency decreases with increasing temperature to 600 °C, then remains stable.

DISCUSSION

The local environment of the ammonium in phengite at low temperature [START_REF] Pauling | Rotational motion of molecules in crystals[END_REF] expressed orientational ordering of a tetrahedral molecule such as ammonium and suggested the possibility of a transition from free rotation or tumbling of the ammonium to oscillatory motion on cooling. At room temperature, ammonium freely tumbles and the site symmetry is essentially spherical. Upon cooling, the ammonium freezes into one orientation, multiple equivalent orientations, or hindered oscillation, changing the symmetry with a loss of degeneracy, peak splitting, as well as line narrowing. Mookherjee et al. (2002a and2002b) observed the peak splitting of ammonium in the IR spectra of tobelite and phlogopite at low temperatures and attributed it to a disorder/order transition of the ammonium. Similarly, the splitting and narrowing IR bands of ammonium during cooling in this study indicates the ordering of ammonium in phengite at low temperatures. Thus a discrete hydrogen bonding between ammonium and the framework evolves at low temperatures. The presence of hydrogen bonding at low temperatures can also be indicated from the lower frequency shift of ν 3 and higher frequency shift of ν 4 (Plumb and Hornig 1955). Figure 5 shows that the frequencies of ν 3 and ν 4 change from 3291 and 1430 cm -1 at room temperature to 3286 and 1433 cm -1 at -150 o C, respectively, suggesting the presence of hydrogen bonding at low temperatures.

Origin of the new band at 3425 cm -1

The source of this new band at 3425 cm -1 may has two possibilities. First, the NH 3 molecule has four normal modes at 3336 (ν 1 ), 950 (ν 2 ), 3444 (ν 3 ) and 1626 cm -1 (ν 4 ) in the gaseous state [START_REF] Buback | Raman Scattering of Pure Ammonia to High Pressures and Temperatures[END_REF]). Thus, it may result from the 3444 (ν 3 ) mode of NH 3 . Second, it is due to O-H vibration. In this study, we exclude the first 

Evolutions of K-O and ammonium vibrations with temperature

Ammonium locates in the interlayer substituting for K in the phengite [START_REF] Vedder | Ammonium in muscovite[END_REF]. Thus acknowledgement of high temperature behavior of interlayer is necessary to understand evolutions of ammonium at high temperatures. Considering the relatively low content of ammonium in the sample, the high temperature behavior of the interlayer is likely primarily controlled by K. The Raman spectroscopic study shows the decrease of vibration frequency at 104 cm -1 corresponding to K-O vibration with increasing temperature to 600 °C. Based on bond length, K-O bond can be divided into K-O inner which is shorter and K-O outer which is longer [START_REF] Tateyama | Estimation of K-O distance and tetrahedral rotation angle of K-micas from far-infrared absorption spectral data[END_REF]. The band at 104 cm -1 was attributed to stretching vibration of K-O inner (Mookherjee and Redfern 2002;[START_REF] Zhang | Thermal behavior of vibrational phonons and hydroxyls of muscovite in dehydroxylation: In situ high-temperature infrared spectroscopic investigations[END_REF]. Thus the decrease of vibration frequency at 104 cm -1 with increasing temperature indicates the lengthening of K-O inner bond, consistent with the increase in length of the K-O inner bonds with increasing temperature as observed by neutron diffraction and X-ray diffraction [START_REF] Guggenheim | Muscovite dehydroxylation: High-temperature studies[END_REF]Mookherjee et al. 2011;[START_REF] Gemmi | Thermal expansion and dehydroxylation of phengite micas[END_REF]. The K-O vibration does not change after 600 °C, indicating K-O bond no longer lengthens. [START_REF] Guggenheim | Muscovite dehydroxylation: High-temperature studies[END_REF] proposed that dehydroxylation in muscovite started with lengthening of K-O2 relative to the other two interlayer bonds, thus this discontinuity in lengthening of K-O bond may be precursory to thermal decomposition or dehydroxylation of the phengite.

The broad and overlapping bands of ammonium at high temperatures suggest ordering of ammonium does not occur during heating. In addition, because of thermal expansion of the interlayer sites and lengthening of K-O bonds, hydrogen bonding between ammonium and silicate framework at high temperatures would be negligible.

However, hydrogen bonding can appear under low temperatures such as -150 °C stated above because the interlayer distance decreases leading to an increased interaction between ammonium and silicate framework.

Previous studies suggested that positive frequency shift with increasing pressure typically indicate an increase in bond strength generated by compression, while negative frequency shift with increasing pressure in hydrogen stretching vibrations are associated with increases in hydrogen bonding (and hence weakening of the primary anion-H bond) (e.g., [START_REF] Cynn | High-pressure IR spectra of lattice modes and OH vibrations in Fe-bearing wadsleyite[END_REF][START_REF] Vennari | The ammonium ion in a silicate under compression: infrared spectroscopy and powder X-ray diffraction of NH 4 AlSi 3 O 8 -buddingtonite to 30 GPa[END_REF]. In contrast to pressure-induced frequency shift, negative shift of frequency with increasing temperature in vibration spectra typically indicates a weakening in bond strength generated by expansion, while positive shift of frequency of hydrogen stretching vibrations with increasing temperature is associated with weakening hydrogen bonding (and hence strengthening of the primary anion-H bond) [START_REF] Aines | The high temperature behavior of trace hydrous components in silicate minerals[END_REF][START_REF] Xu | High-temperature neutron diffraction study of deuterated brucite[END_REF][START_REF] Yang | Evolutions of OH groups in diopside and feldspars with temperature[END_REF][START_REF] Thompson | In-situ infrared spectroscopic studies of hydroxyl in amphiboles at high pressure[END_REF]). Thus, under low temperatures, the positive frequency shift of N-H stretching band with increasing temperature may indicate hydrogen bonding is the dominant effect. With increasing temperature, hydrogen bond weakens, thereby N-H strengthens. With increasing temperatures above 20 °C, hydrogen bond is too weak to be the dominant effect. Therefore, at high temperatures, the negative frequency shift of N-H stretching vibration with increasing temperature from 20 to 500 °C indicates that lengthening of N-H bond rather than hydrogen bonding is the dominant effect. On further heating above 500 °C, the N-H stretching frequency remains stable, suggesting that the N-H bond no longer lengthens.

The bending vibration of ammonium exhibits the similar high temperature behavior with a discontinuity at 400 °C. This probably accounts for the occurrence of the new OH band at 3425 cm -1 during heating, with H transferring from N to the adjacent O and forming O-H. The proton transferring process is reversible with H transferring from O back to N after being quenched.

Mechanism of ammonium loss in phengite

In our experiment, loss of ammonium in phengite starts at 800 °C and is synchronized with dehydration. The results of the present study are consistent with et al. 2004).

Concerning the products of thermal decomposition of NH 4 + in minerals, some studies reported NH 3 (e.g., [START_REF] Weeks | The thermochemical properties of ammonium exchanged erionite[END_REF][START_REF] Beyer | Thermal stability of NH 4 -chabazite[END_REF][START_REF] Likhacheva | Thermal decomposition of NH 4 -analcime[END_REF],

while other experiments obtained no NH 3 but N 2 in the products (e.g., [START_REF] Whelan | Thermogravimetfic Fourier transform infrared spectroscopy (TG-FTIR) of petroleum source rocks-initial results[END_REF]. [START_REF] Haendel | Isotopic variations of the fixed nitrogen in metamorphic rocks[END_REF] suggested a second process of further conversion of NH 3

to N 2 at elevated temperatures and thus explained the controversy. For the thermal decomposition of NH 3 to N 2 , it follows the slightly endothermic reaction [START_REF] Cheddie | Ammonia as a hydrogen source for fuel cells: a review[END_REF]): 2NH 3 + 94.2 KJ = N 2 + 3H 2 . Thus NH 3 is not stable at high temperatures and begins to decompose at 200 °C [START_REF] Lan | Ammonia and related chemicals as potential indirect hydrogen storage materials[END_REF]) from thermodynamic analysis.

However, the reaction rate depends on temperature as well as catalysts. According to the rate of reaction with catalyst at 800 °C [START_REF] Li | Kinetic nitrogen isotope fractionation associated with thermal decomposition of NH 3 : Experimental results and potential applications to trace the origin of N 2 in natural gas and hydrothermal systems[END_REF], the fraction of remaining NH 3 was up to 90% after heating for one hour. In this study, no catalyst was introduced during the heating process and the dwelling time was at most 30 minutes at 800 °C. As a result, under the conditions of the present study, the second step is not involved and the product of NH 4 + decomposition in phengite is most likely dominated by NH 3 .

Previous spectroscopic study on NH 4 + in fluid (NH 4 Cl) also showed that a significant amount of NH 4 + was converted to NH 3 at high temperatures [START_REF] Schmidt | Ammonium in aqueous fluids to 600[END_REF].

Although NH 3 is the product of the first step of NH 4 + decomposition in minerals, the second step involving NH 3 decomposition to N 2 hence could potentially be efficient in natural environment and at geological time scales, because of the existing abundance of catalysts (e.g., Fe 2 O 3 , CuO, CaO, ZnO, MnO 2 , TiO 2 , SiO 2 , V 2 O 5 , etc.) in geological conditions. This is witnessed for instance by the observation that several high temperature metamorphic rocks are compatible with a release of N 2 rather than NH 3 (e.g., [START_REF] Duit | Ammonium micas in metamorphic rocks as exemplified by Dome de L'Agout (France)[END_REF][START_REF] Bebout | Nitrogen-isotope compositions of metasedimentary rocks in the Catalina Schist, California: Implications for metamorphic devolatilization history[END_REF][START_REF] Svensen | Nitrogen geochemistry as a tracer of fluid flow in a hydrothermal vent complex in the Karoo Basin, South Africa[END_REF]. These effects of catalysts and temperature should be tested further in future experimental studies, specifically exploring variable parameters affecting NH 4 + fate in high temperature systems.

IMPLICATIONS

From the results obtained herein by IR and Raman spectroscopic analysis of phengite at different temperatures, the following conclusions can be drawn. ( 1)

Dehydration and loss of ammonium in phengite start at the same temperature of 800 °C.

(2) The mechanism of NH 4 + loss involves the following process: during heating, the N-H interatomic distance of NH 4 + lengthens until 500 °C and subsequently no longer lengthens accompanied by H transferring from N to O and forming a new OH band at 3425 cm -1 . The process is reversible and ammonium does not dissociate until 800 °C.

At 800 °C, H + starts breaking from N, leaving others forming NH 3 following the reaction: NH 4 + + O 2-= NH 3 + OH -.

The results of this study imply that phengite cannot preserve a large amount of NH 4 + in its structure under high temperature conditions (i.e. > 700 °C) even in Ar atmosphere. This finding is in good agreement with general observation that samples subducted along high geothermal gradients experienced drastic N devolatilization with increasing metamorphic conditions, while samples from cooler subduction zones retained N [START_REF] Bebout | Nitrogen-isotope compositions of metasedimentary rocks in the Catalina Schist, California: Implications for metamorphic devolatilization history[END_REF][START_REF] Mingram | Ammonium concentration and nitrogen isotope composition in metasedimentary rocks from different tectonometamorphic units of the European Variscan Belt[END_REF]Busigny et al. 2003a;[START_REF] Elkins | Tracing nitrogen in volcanic and geothermal volatiles from the Nicaraguan volcanic front[END_REF][START_REF] Mitchell | Nitrogen souces and recycling at subduction zones: Insights from the bizu-Bonin-Mariana arc[END_REF][START_REF] Plessen | Ammonium loss and nitrogen isotopic fractionation in biotite as a function of metamorphic grade in metapelites from western Maine, USA[END_REF]. The strong temperature dependence of N content during metamorphism was also illustrated by previous work in continental geological settings. For instance, studies on mica-bearing metasediments heated by granitic intrusion demonstrated that bulk-rock N content decreased along a profile toward the granite contact (e.g., Bebout et al. 1999b;[START_REF] Jia | Nitrogen isotope fractionations during progressive metamorphism: A case study from the Paleozoic Cooma metasedimentary complex, southeastern Australia[END_REF]. Nitrogen was released at temperature higher than ~500 °C, which is slightly lower than the temperature identified in the present laboratory experiment. Note: The bands are assigned referring to [START_REF] Holtz | Effect of pressure on the Raman vibrational modes of layered aluminosilicate compounds[END_REF][START_REF] Mckeown | Vibrational analysis of the dioctahedral mica: 2M1 muscovite[END_REF], Mookherjee and Redfern (2002), Busigny et al. (2003b), [START_REF] Zhang | Thermal behavior of vibrational phonons and hydroxyls of muscovite in dehydroxylation: In situ high-temperature infrared spectroscopic investigations[END_REF] and [START_REF] Williams | The high--pressure behavior of micas: Vibrational spectra of muscovite, biotite, and phlogopite to 30 GPa[END_REF], Mookherjee et al. (2012a and2012b).

Figure captions:

Figure 1 The illustration of ammonium in the phengite structure. The crystal structure of phengite of 3T polytype is from [START_REF] Ivaldi | Coexisting 3T and 2M_1 polytypes of phengite from Cima Pal (Val Savenca, western Alps): Chemical and polytypic zoning and structural characterization[END_REF]. 

  and was selected for its high NH 4 + content (~2000 ppm) in phengite, thus allowing relatively easy measurement by IR spectroscopy. The phengite powder was used for the X-ray diffraction measurement. Intensity data were collected using CuKα radiation with 2θ ranging from 3 to 70 o . Based on the X-ray diffraction analysis (see supplementary material), this sample is trigonal. The unit-cell parameters of the sample are as following: a = 5.225 Å, b = 5.225 Å, c = 29.75 Å, α = β = 90 o , γ = 120 o .

  possibility and ascribe it to the O-H vibration based on the following reasons. (1) Ammonium in phengite does not dissociate until 800 °C. Thus the appearance of the new band at 400 °C is not likely related to NH 3 gas. (2) The IR spectra in this study were recorded from samples heating in open system in air or flushed with Ar. The absorption of the new band does not vary with time during in situ isothermal annealing and is not quenchable, which is unlikely for NH 3 gas being very mobile. The new OH band is very weak compared to the original OH band in phengite, indicating it is not the inherent water. Zhang et al. (2010) also observed a new band around 3428 cm -1 at 327-427 °C from the in situ high temperature IR spectra of muscovite. They ascribed it to OH resulting from protons migrating to new locations or change of OH environments at the atomic level with increasing temperature.

  [START_REF] Zhang | Thermal behavior of vibrational phonons and hydroxyls of muscovite in dehydroxylation: In situ high-temperature infrared spectroscopic investigations[END_REF] and support their conclusion that ammonium loss in muscovite took place at temperatures near dehydration. Based on the above discussion about evolutions of K-O and ammonium bonds with temperatures and origin of the new OH band, we propose the processes involved in ammonium loss illustrated in Figure10. With increasing temperature, the N-H interatomic distance of NH 4 + lengthens until 500 °C. N-H bond subsequently no longer lengthens, accompanied by H transferring from N to neighboring O (likely a basal oxygen in the Si 6 O 8 ring) and forming a new OH band at 3425 cm -1 . The process is reversible and ammonium does not dissociate until the temperature is increased to 800 °C. At 800 °C, H + starts breaking from N, leaving others forming NH 3 and OH -, just similar to the decomposition of NH 4 -analcime (NH 4 + + O 2 -= NH 3 + OH -) and NH 4 Cl (NH 4 + + Cl -= NH 3 + HCl) (Likhacheva et al. 2004; Schmidt and Watenphul 2010). Unfortunately, we did not observe the band of NH 3 vibrations in the IR spectra at high temperatures because of the trace amounts of ammonium in phengite and the open system. However, Likhacheva et al. (2004) indeed found the band around 1626 cm -1 of NH 3 in high temperature IR spectra of NH 4 -analcime. Schmidt and Watenphul (2010) also observed the formation of NH 3 at high temperatures based on the appearance of the band around 3310 cm -1 in the high temperature Raman spectra of NH 4 Cl. Conclusively, the results of our study suggest that the first step of NH 4 + loss in phengite corresponds to the following reaction: NH 4 + + O 2-= NH 3 + OH -, which is consistent with the mechanism proposed for degassing of NH 4 -analcime (Likhacheva

Figure 2

 2 Figure 2 (a) FTIR spectra of phengite (0.112 mm thickness) at room temperature; (b) A detailed view of the deconvolved ammonium bands. The marked bands originate from vibrations of ammonium and OH. The spectra are vertically offset for clarity.

Figure 3

 3 Figure 3 In situ FTIR spectra of phengite (0.125 mm thickness) at low temperatures. Arrows indicates peak splitting at low temperatures. The dotted line is to guide the eye. The spectra are vertically offset for clarity.

Figure 4

 4 Figure 4 In situ FTIR spectra of phengite (0.098 mm thickness) at high temperatures: (a) heating in air; (b) heating in Ar. The blue dotted lines are to show the new OH band appearing with increasing temperature, and the black dotted lines are to show the evolutions ammonium bands with temperature. The spectra are vertically offset for clarity.

Figure 5

 5 Figure 5 Frequencies of (a) N-H stretching band and (b) bending band in phengite as a function of temperature. The error bars represent standard deviations which are obtained by performing

Figure 6

 6 Figure 6 Time evolution of in situ IR spectra of phengite isothermally annealed at (a) 500 °C (using the grain with 0.084 mm thickness) and (b) 700 °C (using the grain with 0.115 mm thickness) in air. The spectra are vertically offset for clarity.

Figure 7

 7 Figure7Room-temperature spectra recorded before and after the isothermal annealing for 30 min at (a) 750 °C (using the grain with 0.03 mm thickness) and (b) 800 (using the grain with 0.01 mm thickness) in Ar. The spectra are vertically offset for clarity.

Figure 8

 8 Figure 8 In situ Raman spectra of phengite (0.119 mm thickness) at high temperatures. The spectra are vertically offset for clarity.

Figure 9

 9 Figure 9 Frequency shifts of lattice modes with temperature: (a) the 104 cm -1 band; (b) the 192 cm -1 band; (c) the 270 cm -1 band, and (d) 706 cm -1 band. The error bars represent standard deviations which are obtained by performing multiple fits on the spectra.

Figure 10

 10 Figure 10 Schematic illustration of the mechanism of ammonium loss during the heating process.
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