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Abstract. Phengite is known to be an important mineral in the transport of alkalis and water to upper
mantle depths. Since ammonium (NH;{) can substitute for K™ in K-bearing minerals, phengite is thus a
potential host to transport nitrogen into the mantle. However, the temperature and pressure conditions at
which devolatilisation of NHy-bearing phengite occurs are not well constrained. In this study, NH4-phengite
(NH4)(Mg( Al 5)(Alp 5513.5)O190(OH), was synthesised in piston-cylinder experiments at 700 °C and 4.0 GPa.
Its devolatilisation behaviour was studied by means of in situ micro-FTIR (Fourier transform infrared) spec-
troscopy under low and high temperatures from —180 up to 600 °C at ambient pressure using a Linkam cooling—
heating stage and pressures up to 42 GPa at ambient temperature in diamond anvil cell (DAC) experiments. In
addition to these short-term in situ experiments, we performed quenched experiments where the samples were
annealed for 24 h at certain temperatures and analysed at room conditions by micro-FTIR spectroscopy.

Our results can be summarised as follows: (1) an order—disorder process of the NHI molecule takes place with
temperature variation at ambient pressure; (2) NH;L|r is still retained in the phengite structure up to 600 °C, and the
expansion of the NHA|r molecule with heating is reversible for short-term experiments; (3) kinetic effects partly
control the destabilisation of NHI in phengite; (4) ammonium loss occurs at temperatures near dehydration;
o) NHZ‘r in phengite is apparently distorted above 8.6 GPa at ambient temperature; and (6) the local symmetry
of the NHZr molecule is lowered/descended/reduced by increasing pressure (P) or decreasing temperature (7),
and the type and mechanism of this lowered symmetry is different in both cases. The current study confirms the
wide stability range of phengite and its volatiles and thus has important implications for the recycling of nitrogen
and hydrogen into the deep Earth. Moreover, it is considered as a first step in the crystallographic determination
of the orientation of the NHI molecule in the phengite structure.

1 Introduction

Phengite is a key mineral in the transport of alkalis and
water into the lowermost parts of the Earth’s upper mantle
through subduction of metasedimentary and basaltic rocks
(Poli and Schmidt, 1995, 2002). Due to its flexible struc-
ture, phengite accommodates alkalis of various ionic radii
between 1.39 A (I'2INat) and 1.88 A (12ICs™) (e.g. Keller
et al., 2005; Melzer and Wunder, 2000). The ionic radius
of 12IK+ = 1.64 A (Shannon, 1976), the main alkali ion in
phengite, is slightly smaller than that of the isovalent ammo-

nium ion ('2!NH; = 1.80 A; Matthias Gottschalk, personal
communication, 2020); thus, for many K-bearing phases, in-
cluding phengite, complete substitution of NHI for KT is
possible and has been shown experimentally (e.g. Harlov et
al., 2001; Watenphul et al., 2009, 2010; Wunder et al., 2015).

In nature, during diagenetic processes, the organic matter
thermally degrades and NHZr is formed. This NHZr can sub-
stitute for K™ in different K-bearing phases, and during meta-
morphism (Barrovian-type or contact), about 90 % of this
NHI — originally produced by organic processes — is con-
tinuously released (e.g. Mingram and Brauer, 2001). How-
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ever, significant NHI incorporation up to concentrations of
~ 2000 ppm has been documented for natural phengite from
the high-pressure metasediments of the Dora Maira Massif,
Western Alps (Busigny et al., 2003), indicating the recycling
of substantial amounts of nitrogen (in form of N HI) in cold
slabs from the Earth’s surface into large depths during sub-
duction and back to the surface. The cycling of nitrogen into
and out of the Earth’s mantle has been of considerable recent
interest and debate (e.g. Marty, 2012; Mikhail and Sverjen-
ski, 2014; Zedgenizov and Litasov, 2017). To further con-
strain the pressure (P) and temperature (7°) conditions at
which phengite transports nitrogen into the deep levels of
the upper mantle, we synthesised NH4-endmember phengite
and investigated its T-dependent devolatilisation (dehydra-
tion and ammonium loss) at ambient P using in situ spectro-
scopic methods. Furthermore, we studied its vibrational re-
sponse to compression up to 42 GPa at ambient 7" in diamond
anvil cell (DAC) experiments. These data are compared with
recent studies on the devolatilisation of natural phengite con-
taining trace amounts of NHI (Liu et al., 2019; Yang et al.,
2017) and with our own experimental results as well as with
existing data (Goryainov et al., 2017; Zhang et al., 2010)
on the dehydration of synthetic and natural ammonium-free
phengite. NH4-endmember phengite is not reported from nat-
ural rocks so far. However, phengites reported in nature have
experienced subduction, so the initial amount of NHI in-
cluded in them is not known. Therefore, the current study is
unique in terms of studying NH4-endmember phengite. The
advantages of this are twofold: the behaviour of the inter-
layer cation site is solely controlled by the NHZr molecule
which is of crystallographic importance, and starting with
this ideal case with full occupancy with NH, we can fol-
low how much NH;lF is getting lost when we mimic P and T
conditions of subduction.

2 Synthesis of NHy4-phengite and further samples
2.1 Synthesis of NH4-phengite

For the synthesis of NH4-phengite, we followed the method
described in Watenphul et al. (2009) using 25 % NH4OH so-
lution in excess. They succeeded in the synthesis of phengite
of composition (NHs)(Mg 5Al; 5)(Alg5Si3.5)0190(OH) at
4.0 GPa, 700 °C. A homogenous mixture of SiO,, y —Al;O3
and MgO oxides in the ratio 3.5:1:0.5 was used as solid
starting material, which corresponds to an NH4-phengite of
the composition given above. Two Au capsules of 10 mm
length, 3mm in diameter and 0.2 mm wall thickness were
filled with NH4OH solution and about 7 mg of the solid start-
ing material (of different fluid/solid ratios of about 0.4 (run
NADI) and 0.8 (run NAD2)) and immediately closed by
cold welding. The two capsules were placed in pyrophyllite-
NaCl-steel-furnace assemblies of 12.7 mm (1/2 in.) diameter
in a piston-cylinder press. Experiments were performed at
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4.0 GPa and 700 °C for 24 h. P was calibrated according to
the quartz—coesite transition (Mirwald and Massonne, 1980).
The estimated P uncertainty is about 0.04 GPa. The T was
monitored by a chromel-alumel thermocouple, with a pre-
cision of +2 °C. The estimated uncertainty in experimental
T is about 10°C. At the end of the experiment, the sample
was quenched isobarically to a T below 200 °C in less than
15s, followed by slow release of P. The two capsules were
cleaned, reweighed and then opened. The solid products were
washed in pure water to avoid the presence of any adsorbed
NHI on the mineral surface and prepared for optical investi-
gations, powder X-ray diffraction (XRD) and spectroscopic
analyses.

2.2 Further sample material of ammonium-free
phengite

T-dependent infrared (IR) investigations were also
performed on synthetic and natural ammonium-
free phengite samples. The synthetic phengite is
sample 10 from the study by Melzer and Wun-
der (2000), containing 99 % phengite of composition
(Ko.85Cs0.05) (Al1.58Mg( 46) (Alg.54513.46)O10(OH)2

together with traces of quartz. Natural phengite
from the Gran Paradiso area (sample AL 17; see
Chopin and Maluski, 1980), of the composition

(Ko.9Nag.01) (Al1.45Fe0.12Mgg 43) (Alp.43Si3.56 Tio.01)O10(OH)2,

was investigated.

3 Analytical methods

3.1 Field-emission scanning electron microscopy
(FE-SEM)

Solid run products were mounted on metal stubs with double-
sided stick tape, coated with carbon and characterised op-
tically via scanning electron microscopy using the Gem-
ini ultra-high-resolution FE-SEM from Zeiss located at
GFZ Potsdam. The SEM was operated at an accelerating
voltage of 3.00kV, a working distance (WD) of 2.3 mm and
an aperture size of 30 um.

3.2 Powder X-ray diffraction (powder XRD)

The run products were ground for several minutes in an
agate mortar and mixed with Elmer’s white glue, before be-
ing spread evenly on a zero-scattering Mylar polymer cir-
cular foil. Preferential orientation of the crystals was min-
imised by constantly stirring the sample during drying. The
sample was covered with another clean foil and mounted
onto a transmission sample holder. Powder XRD patterns
were recorded in transmission with a fully automated STOE
STADI P diffractometer using Cu K-o; radiation at 40kV
and 40 mA, a take-off angle of 6°, a primary monochroma-
tor, and a 7° wide position-sensitive detector (PSD). The in-
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tensities were recorded between 5 and 125° 26 with a de-
tector step size of 0.1° and a resolution of 0.02°. Collected
patterns were processed using the GSAS software package
(Toby and Von Dreele, 2013) with the Rietveld method for
phase identification, phase proportions and unit cell param-
eters. The refinement procedure for the NHy phases fol-
lowed that of Poter et al. (2007). Initial crystal structures
of the respective KT-endmember polytypes were taken from
the Inorganic Crystal Structure Database (ICSD, FIZ Karl-
sruhe, http://icsdweb.FIZ-karlsruhe.de, last access: 20 Febru-
ary 2020), with structures modified by replacement of K™
with NHI, using the lattice parameters of NHy-phengites
given by Watenphul et al. (2009).

3.3 Fourier transform infrared (FTIR) spectroscopy

Prior to all measurements, samples were kept in the oven
at 170°C for a few days to eliminate adsorbed water.
Micro-FTIR absorbance spectra were recorded using a
Bruker VERTEX 80v FTIR spectrometer in combination
with a Bruker HYPERION 2000 microscope equipped with
15x Cassegrain objectives. For the measurements down to
400 cm™! (i.e. in the 4000-400 cm~! wave number range),
a globar light source, a KBr beam splitter and a mercury
cadmium telluride (MCT) detector were used. For the mea-
surements in the OH stretching region (i.e. in the 4000-
2500cm™! wave number range), a tungsten light source, a
CaF;, beam splitter and an InSb detector were used. Dried
air was used to purge the IR microscope, and the main op-
tical bench of the system was kept under vacuum during
the IR measurements. The ambient and 7-dependent spec-
tra were collected with a spectral resolution of 2cm™! aver-
aged over 256 scans, with an aperture size of 50 um x 50 pm.
Such an aperture size was possible even for the fine-grained
samples as the measurements were performed on prepared
thin films and not on the fine-grained single crystals (see
below). The P-dependent spectra were accumulated with
4cm! spectral resolution, averaged over 512 scans, with the
aperture size set to match the sample at about 20 um x 30 pm.
T- and P-dependent spectra were collected on the same se-
lected area both for sample and background measurement.
The spectra were analysed with the program PeakFit v4.11.

3.3.1 T-dependent FTIR measurements

For in situ cooling and heating experiments (— 180 to 600 °C)
at ambient pressure, a thin film of the fine-grained crys-
tals of sample NADI1, pressed between a KBr pellet and a
glass slide, was placed in the Linkam cooling—heating stage
THMS600 with glass windows (SiO3). The stage was purged
with nitrogen. FTIR spectra were recorded in the 4000-
2500 cm~! spectral wave number range. Liquid nitrogen was
used to cool the stage down from room 7 to —180°C in in-
crements of 40 °C. For every T, the dwell time was 10 min
before a spectrum was taken. After the cooling experiment,
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the sample was heated in air up to 600 °C in increments of
50°C. For every T, the dwell time was 15 min before collect-
ing the in situ spectra. After the cooling and heating cycles,
the sample was quenched back to room temperature and was
remeasured.

To delineate the antisymmetric NHs—v4 bending vibra-
tion observed at 1430 cm™! and to confirm the splitting be-
haviour (discussed below) of the NH4—v3 band observed in
the 3600-2800 cm™! spectral wave number range, in situ
low-T measurements were additionally performed with the
NADI1 sample in the 4000-500 cm™" spectral wave number
range.

Low-T spectra exhibited additional broad peaks that con-
tributed to the FTIR spectra in the same wave number range
as the NH; —v3 band (3600-2800 cm ™). We attributed those
peaks to the formation of “thin ice films” on the sample thin-
film surface in the Linkam cooling—heating stage THMS600
for which the spectra have to be corrected. Some papers (e.g.
Yesilbas and Boily, 2016, and references therein) suggest the
formation/condensation of ice in the form of thin layers or
films at interfaces or mineral particle surfaces where defects
and functional groups at the mineral surface can serve as po-
tential nucleation sites for ice formation; as a result, the struc-
tures and hydrogen bonding of these few monolayers of ice
— namely thin ice films — can be considerably different than
those of the known hexagonal ice crystals (e.g. Hornig et al.,
1958). The correction procedure we applied is a broad back-
ground subtraction of two fitted broad bands (at 3182.5 and
3499.2cm™! at ambient T'). With decreasing T (i.e. ice for-
mation), the two ice peaks shift to lower wave numbers (red
shifting, due to formation of stronger H bonds) along with an
increase in their integral absorbance.

In addition to these short-term in situ experiments, we per-
formed quenched experiments where the samples were an-
nealed in air at T's specified below. Each T was maintained
for 24 h. These annealing experiments were performed on the
samples: NAD2 sample (300, 400, 500, 600, 650 °C), sam-
ple 10 (50 °C intervals from 500 to 650 °C), and AL17 (50°C
intervals from 550 to 800 °C) in order to compare the rates
of dehydration and Nijr loss. After annealing, the samples
were quenched back to room temperature, and FTIR spectra
in the 4000-400 cm™! spectral wave number range were col-
lected. The samples used in the quenched experiments were
in the form of thin films of the fine-grained synthesised crys-
tals of NAD2 and sample 10 and single crystals of AL17.
The thickness of the AL17 single crystal was 3.3 um, mea-
sured with a digital micrometre, and the thin film of NAD2
was 3 um thick. The thin film of sample 10 was much thinner
and estimated to be about 0.75 pym.

3.3.2 P-dependent FTIR measurements using a
diamond anvil cell (DAC)

The fine-grained crystals of NAD2 sample were pressed to a
thin film in a separate ungasketed diamond anvil cell (DAC).
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For in situ high- P FTIR measurements up to 42 GPa at ambi-
ent 7, we used a Mao-type piston-cylinder DAC with type 11
diamonds and a rhenium gasket, pre-indented to 40 um thick-
ness. The DAC is equipped with diamonds of 400 um culet.
The hole in the gasket was about 160 um in diameter, drilled
into the pre-indented gasket using a spark discharge eroder.
The film was then embedded in the gasket hole of the DAC
together with small ruby crystals for P determination (Mao
et al., 1986). The cell was loaded cryogenically with liquid
Ar serving as a pressure-transmitting medium (PTM). To get
hydrostatic P conditions, the cell was annealed to 120 °C for
1 h at 8 GPa and above 27 GPa (Koch-Miiller et al., 2016).

FTIR spectra were recorded in the 4000400 cm™! spec-
tral range. Two P-dependent series were performed. In the
first series, P was increased to 42 GPa and spectra were col-
lected at eight different P points. P was then released to
2 GPa and increased again up to 35 GPa, in order to perform
the second high- P investigation.

The IR spectra of the transparent sample in the loaded
DAC always exhibited interference fringes due to the inter-
nal reflections within the DAC. We applied sinusoidal back-
ground subtraction from the IR spectra (Efthimiopoulos et
al., 2019) using Origin 2019 software. The sinusoidal back-
ground was determined from the particular fringes observed
in each IR spectrum individually, in order to correct for the
most intense fringes and facilitate the interpretation of the IR
spectra, without losing any spectral information.

4 Results
4.1 Synthesis products

Powder X-ray diffraction data revealed the synthesis of dif-
ferent NHy4-phengite polytypes (2M2, 2M1, 3T, 20r and
IM in decreasing order of their abundance) in various pro-
portions. For the NADI1 sample, coesite and kyanite were
formed as additional minor phases. In the experimental run
with the higher fluid/solid ratios (NAD2), NHy4-phengites
are exclusively synthesised with no such additional minor
phases.

The observed and calculated patterns of the Rietveld re-
finement of X-ray data for both samples are shown graph-
ically in Fig. 1. The lattice parameters of the two main
NH4-phengite polytypes (2M2, 2M1) calculated from the
refinement are shown in Table 1, as well as the lattice pa-
rameters of NHy-phengite polytypes produced by Waten-
phul et al. (2009) and the K analogues by Massonne and
Schreyer (1986) for comparison.

FE-SEM micrographs of run products of sample NADI
are shown in Fig. 2. Thin flakes of well-crystallised NH4-
phengite crystals are formed and show characteristic pseudo-
hexagonal form in cross section. Chemical analysis by elec-
tron microprobe was not applied (a) due to the fact that NHy
phases tend to decompose under the electron beam during
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Figure 1. Rietveld refinement of the XRD patterns of the synthetic
samples (a) NAD1 and (b) NAD2. Black: measured intensities; red:
refined data; blue: residuals. Reflections of the 2M2 polytype as the
main polytype in NAD2 are shown (green).

long-term exposure (Mingram and Briuer, 2001; Watenphul
et al.,, 2009) and (b) because the grain sizes of our NHy-
phengite crystals are too small (<1um). However, NHZr
incorporation into phengite was confirmed by FTIR spec-
troscopy (see below).

4.2 Ambient FTIR spectroscopy

The lattice modes of phengite have been assigned by means
of IR and Raman spectroscopy (e.g. Goryainov et al., 2017;
McKeown et al., 1999). In addition to the lattice modes,
other vibrational modes in NHy-phengite come from the
NHImolecule located at the interlayer cation site, as well as
from the OH situated in the octahedral layer (OH stretching
vibration). The IR spectrum of the NAD2 sample at ambient
conditions is shown in the Supplement (Fig. S1). An isolated
NHI molecule with ideal 73 symmetry has four normal vi-
brational modes, namely symmetric (v1) and antisymmetric
(v3) stretching vibrations, as well as symmetric (v;) and an-
tisymmetric (v4) bending vibrations (Herzberg, 1966; Kear-
ley and Oxton, 1983). Two of those vibrations are IR-active,
i.e. the triply degenerate antisymmetric stretching (v3) and
bending (v4) vibrations. Previous studies of NHy-bearing sil-
icates (e.g. Busigny et al., 2003; Liu et al., 2019; Vennari et
al., 2017; Watenphul et al., 2009; Wunder et al., 2015; Yang
et al., 2017) show that the band at 3610 cm! s assigned
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Table 1. Lattice parameters of the main NHy4-phengite (Ph) polytypes produced in different runs (NAD1 and NAD?2), calculated from
Rietveld refinements. Limited quantities of other polytypes (3T, 20r and 1M) are also present together with traces of kyanite and coesite.
Lattice parameters of NH4-Ph polytypes produced by Watenphul et al. (2009) as well as a K analogue by Massonne and Schreyer (1986) are
shown for comparison. Mineral abbreviation is used following Whitney and Evans (2010).

Lattice parameters

Sample no. Main polytypes present
a(A) b(A) c(A) B VA
NADI1 NH,—Ph 2M2 9.049 5222 20.563(2) 99.53  958.36(9)
NH4—Ph 2M1 5.221(2) 9.051  20.367(2) 95.57(3) 957.90(9)
NAD2 NH4—Ph 2M2 9.056 5.221  20.589(1) 99.63  959.78(5)
Massonne and Schreyer (1986) K—Ph 2M1 5211 9.041(2) 19972 (1) 95.44(6) 936.3(1)
Watenphul et al. (2009) NH4—Ph 2M2 8.93(1)  5.198(5) 20.77(3) 99.3(1) 952(2)
NH4—Ph 2M1 5220  9.049(2) 20.44(1)  95.71(3) 960.9(5)

Figure 2. FE-SEM micrographs (secondary electron image) of run products from our piston-cylinder experiment NAD1 showing (a) the thin
flakes of well-crystallised NH4-phengite and (b) the pseudohexagonal cross section.

to the OH stretching vibration in phengite, and the bands at
3291 and 1430cm™! correspond to the NHI—\)g and vy vi-
brations, respectively. The assignment of the v3 and v4 modes
is based on the assumption that the NH;L'r molecule behaves
almost as a free tetrahedral molecule in the interlayer cation
site in the phengite structure (Watenphul et al., 2009). The
band at 3036 cm ™! is related to a combination of symmetric
and antisymmetric bending vibrations (v + v4 — the Raman-
active v, mode occurs at 1669 cm™ !, Price et al., 1991) and
the band at 2818 cm™! is ascribed to an overtone of the v4
bending vibration (2v4). All of the FTIR bands of the NH4-
phengite including the lattice vibrations and the respective
references are summarised in Table S1.

The quantification of the amount of NHI in micas was
done using IR spectroscopy applying the method described
by Higashi (2000). In his method, the ratio of the linear
absorbances of the NHs—v4 band to the OH stretching vi-
bration (i.e. A(NH)/A(OH)) is used to quantify NHZ in
muscovite-tobelite solid solutions and endmembers; this ra-
tio was used because the intensity of the v4 band is a function
of the NHZ{r content, whereas the intensity of the OH band
is constant. Accordingly, we used the linear absorbances of

https://doi.org/10.5194/ejm-32-469-2020

the OH stretching vibration and the NHI—U4 band of the
background-subtracted spectra of the thin-film samples of
NAD2 and of a sample from Watenphul et al. (2009) di-
lIuted in KBr (450 mg KBr: 1 mg sample) for the ratio cal-
culation. The calculated (NHy4),O in both samples is 8.2 &
0.2 wt %. Using another method, the equation given by Poter
et al. (2007) for NH;‘1r quantification in muscovite-tobelite
solid solution, (NH4),0 content is 9.6 0.2 wt % (equiva-

lent to the calculated ngi = 1.4£0.03 pfu). An alternative
4

approach for NHI quantification in muscovites proposed by
Busigny et al. (2003) is only calibrated for traces of NH;L'r
and thus cannot be applied for phengites with several wt %
of NHI (Wt % in the present paper vs. ppm in their study).
Bentabol and Cruz (2016) reported calibrations to estimate
the amount of NHI in muscovite-tobelite solid solutions us-
ing FTIR and X-ray diffraction methods. Their calibration
methods also cannot be applied for our samples.
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Figure 3. T-dependent (—180 to 600 °C) FTIR spectra of sample
NADI1 at ambient P. OH stretching vibration and N-H antisym-
metric stretching vibration (NHI—v3) are observed in this spec-
tral range. Spectra are vertically offset for clarity. Red: spectra with
heating; blue: spectra with cooling; black: at ambient conditions and
quenched spectra.

4.3 T-dependent FTIR measurements
4.3.1 Insitu low- and high-T FTIR spectroscopy

Low- and high-T-dependent FTIR spectra of sample NAD1
in the 4000-2500cm™' spectral wave number range are
shown in Fig. 3. Figure 4 shows the evolution of the peak
position and integral absorbance of the NH4—v3 vibration
in the T range from —200 to 600°C after correcting the
low-T spectra for the thin-ice-film contribution. Upon cool-
ing to —180°C at ambient P, the NHZ{—speCiﬁc bands be-
come sharper and more intense, with the splitting of the
triply degenerate NH4—vs3 stretching vibration into three dis-
tinct peaks. This splitting behaviour of the NH4—v3; was re-
produced in the repeated cooling experiment in the 4000—
400 cm™! spectral wave number range on sample NAD1 (not
shown here). Upon heating up to 600 °C, all observed IR
bands become broader and the NH4—v3 band at 3291 cm™!
shifts slightly to lower wave numbers. The absorbance of
NH4—v3 decreases with increasing 7'; this behaviour is re-
versible after quenching to room temperature.

The behaviour of the triply degenerate antisymmetric
bending vibration (NH4—v4) with decreasing T is shown
in the Supplement (Fig. S2). Splitting into two peaks is ob-
served: one band shifts to higher wave numbers, whereas the
other shifts to lower wave numbers (Fig. S3). The fitted lin-
ear regressions of the vibrational data of both NH4—v3 and
vs4 with T, plotted with their respective slopes (dv/dT), are
shown in Figs. 4a and S3, respectively.
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Figure 4. (a) Peak position of NH4—v3 stretching vibration of sam-
ple NAD1 with decreasing T (after correction for thin-ice-film con-
tribution; see text) showing splitting into three different peaks and
with increasing 7 showing a shift to lower wave numbers. Changes
in peak positions with 7', i.e. (dv/dT) values, are shown with es-
timated standard deviations of the last digit in parentheses. (b) De-
crease in integral absorbance of v3 with heating; integral absorbance
of NH4—v3 peaks with cooling is the summation of the three split
peaks. The error bars are shown; otherwise they are within the sym-
bol size. Black solid lines are linear fits to the data. Grey shaded area
represents the 95 % confidence interval of the data. Squares repre-
sent the main NH4—v3 peak and the summation of the three split
peaks with cooling; triangles represent the two additional peaks re-
sulting from splitting of this main vibration with decreasing 7 .

4.3.2 Annealing experiments

Long-term (24h) annealing experiments were performed
and FTIR spectra were recorded after quenching. To bet-
ter compare the spectra of the different samples, the calcu-
lated absorption coefficients! for (a) synthetic NH4-phengite
(NAD?2), (b) synthetic K-phengite (sample 10) and (c) natu-
ral K-phengite (AL17) are shown in Fig. 5 in the range of the
volatile vibrations from 3850 to 1250 cm™~!. The full spectra
down to 400 cm™! are shown in Fig. S4.

Considering the NHZ{—related vibrations in sample NAD2
(Fig. 5a, d), a slight decrease in the NHI—vg and v4 bands
from ambient temperature to 300 °C is observed. The ab-

I The absorption coefficient « (em~ 1) is calculated by dividing
the absorbance (A) by the sample thickness (d) in centimetres, ac-
cording to the Beer—Lambert law (Burns, 1993).
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sorbances of the bands remain more or less constant from
300 to 550°C, whereas an abrupt decrease from 550 to
600 °C and a complete loss after annealing at 650 °C for 24 h
are observed. This behaviour of decrease in the area of the
NHI—V3 and v4 bands vs. the quench T is parallel to the
decrease in the area of the OH band (Fig. 5d).

Considering the OH vibration, the two synthetic samples,
i.e. both the NHI-phengites (NAD2) and ammonium-free
(sample 10) phengites (Fig. 5a, b), exhibit a continuous de-
crease in the respective OH stretching bands’ IR absorbances
from ambient temperature to 550 °C, an abrupt decrease from
550 to 600 °C, and a complete loss after annealing at 650 °C
for 24 h. On the other hand, the OH band in the natural sam-
ple (AL17) displays a similar behaviour yet at higher T's:
the absorbances of the bands remain more or less constant
from ambient to 700 °C, while an abrupt decrease from 700
to 750°C and a complete loss of hydroxyl after annealing
at 800°C for 24 h is observed (Fig. 5c¢). This behaviour is
displayed otherwise in Fig. 5d, where the integrated area of
the OH bands for each of the three samples is plotted vs. the
quench T.

In all samples, synchronous to the decrease in the inten-
sities of OH (and NHZr in the case of the NHj—phengite
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(NAD2)) bands, the intensities of the T-O-T and M-Ogpjcal
(where T refers to tetrahedral site, O is oxygen, and M refers
to octahedral site) between 830 and 750cm™! decrease, as
well as the M-OH libration at 910 cm™! (Fig. S4).

4.4 Insitu high- P FTIR spectroscopy

FTIR spectra in the range of 4000-400cm~! of NHy-
phengite (NAD2) measured with increasing P at ambient T
are shown in Fig. 6. With increasing P, the NHI—V3 an-
tisymmetric stretching vibration is shifted to higher wave
numbers, accompanied by an increase in its absorbance.
In contrast, the OH stretching band shifts to lower wave
numbers, becomes broader and appears to vanish. Beyond
25 GPa, the OH and v3 bands merge and can no longer be
distinguished. The P-induced wave number shifts of the OH
stretching band and the NH;L'r —v3 bands are plotted in Fig. 7a;
results are shown only up to 25 GPa because spectra mea-
sured at Ps above 25 GPa cannot be reliably fitted. The slope
of the regression lines fitted through the shift in wave num-
ber — at least that of the NHI—V:), band — as a function of P
shows a small but discernible change at Ps above 8.6 GPa.
The full widths at half maximum (FWHMs) of NH;l|r —v3 and
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Figure 6. Some representative FTIR spectra of NH4-phengite (sam-
ple NAD2) with increasing P at ambient 7' in a DAC, after the
elimination of the interference fringes (see text). Arrows indicate
the P-induced shift of the O-H stretching vibration to lower and
the NHI—v3 to higher wave numbers with increasing P. At high
Ps (above ~ 25 GPa), both peaks merge and form one broad peak
and cannot be further distinguished. Spectra are vertically offset for
clarity.

the OH stretching vibrations as a function of P are shown
in Fig. 7b, in addition to the regression lines fitted through.
Changes in the slopes of these regression lines show an in-
flection point around 8.6 GPa. Despite the large scatter of
data, for the OH vibration, there is a general positive trend of
the slope on either side of this inflection point but with larger
magnitude above 8.6 GPa, whereas for the NHI—Ug band,
the slope is positive below 8.6 GPa and negative above. The
linear absorbances of NHI—U3 and the OH stretching vibra-
tions as a function of P shown in Fig. 7c indicate a notice-
able discontinuity at Ps between 5 and 8.6 GPa. At Ps lower
than 5 GPa, both vibrations show comparable decrease in ab-
sorbance with P. At Ps above 8.6 GPa, the absorbance of the
NHI—vg vibration increases and the absorbance of the OH
stretching decreases.

The evolution of the NHI —v4 band with P up to 42 GPa is
shown in Fig. 7d. The splitting of the NHI—U4 antisymmet-
ric bending vibration band into three peaks is observed with
increasing P at ambient 7. Similar splitting but only to two
peaks was observed previously with cooling (see Fig. S3).
This splitting and sharpening of the peaks starts at Ps of
about 8.6 GPa, and the slopes (dv/dP) are shown on the re-
gression lines fitted through. In Fig. 7e and f, the FWHMs
and linear absorbances of the the NH} —1y vibration are plot-
ted vs. P. The discontinuity in the slopes of FWHMs and
linear absorbances of the OH stretching and NHI—V3 vi-
brations at 8.6 GPa (Fig. 7b and c) is also observed for the
NHI—U4 vibration even more explicitly (Fig. 7e and f).
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5 Discussion

5.1 Synthesis of NH4-phengite endmember and NHI
quantification

NH4-phengite endmember with composition
(NH4) (Mg sAly 5)(Alp 5Si35)010(OH),  was  success-
fully synthesised at 700°C, 4.0GPa and 24h. NHA|r
incorporation into phengite is confirmed by both XRD and
IR methods. The lattice dimensions (Table 1) of the main
polytypes synthesised here (2M2 and 2M1) are enlarged
compared to its K analogues synthesised by Massonne and
Schreyer (1986) and are comparable to the NHy-phengite
polytypes produced by Watenphul et al. (2009) at identical
synthesis conditions. This enlargement is mostly along the
¢ direction owing to the slightly larger ionic radius of N Hj{
compared to KT in the interlayer between the silicate sheets.

The IR spectrum at ambient conditions (Fig. S1) shows the
IR-active modes of the NHI molecule as well as the expected
phengite lattice vibrations (Table S1). The OH stretching vi-
bration has an identical wave number as in ammonium-free
phengites (K-phengites), suggesting that the incorporation of
NHI has no visible effect on the OH vibration band at ambi-
ent conditions, which is reasonable from a structural point of
view; both NH;L'r and K have the same charge and approxi-
mately the same ionic radii when 12-fold coordinated, so the
neighbouring structure should be comparable in both cases.

Quantification of NHA|r from IR spectra using different
available calibration methods was quite challenging. To our
knowledge, no method is calibrated for the quantification
of NH;{ in phengites, neither in tobelite—NH4-phengite nor
NH4-phengite—phengite solid solutions. Therefore, we used
the calibration methods available for muscovite-tobelite solid
solutions.

According to charge balance, the maximum amount of
NHI that could be present in phengite is 1 pfu or 6.9 wt %
(NH4)20. The calculated (NH4),0O amount of 8.240.2 wt %
using the Higashi (2000) IR calibration and the calcu-
lated (NH4)20 amount of 9.6 £0.2 wt % using the Poter
et al. (2007) method exceed the maximum amount of
NHI that could be present in phengite. Therefore, we as-
sume that the interlayer cation sites are fully occupied
with N HI, and, accordingly, we assume that the phen-
gite produced in the current study has the composition
(NHy) (Mgo,sAllis)(AIO.SSi3.5)OIO(OH)2- This suggests that
the IR calibration of Higashi (2000) and Péter et al. (2007),
which were established for the muscovite-tobelite solid solu-
tion series, overestimates the N Hj{ content in phengite. This
holds as a confirmation to the importance of the establish-
ment of a calibration method for NHI quantification in phen-
gite as previously suggested by Bentabol and Cruz (2016),
who highlighted that mineral-specific calibrations for NH;l|r
quantification are required for different types of mica miner-
als and different solid solutions.
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5.2 T dependence of the OH stretching and NHI
vibrational modes

The splitting of the NHI—vg stretching and N HI—V4 bend-
ing vibrations at 3291 and 1430 cm™" respectively with de-
creasing T observed here in in situ experiments (Figs. 3,
4a, S2 and S3) has also been observed at low T's in the IR
spectra of other NHj{-bearing micas like synthetic tobelite
(Mookherjee et al., 2002a), synthetic phlogopite (Mookher-
jee et al.,, 2002b) and in natural NHI-bearing phengites
(Yang et al., 2017). This splitting as well as the sharpening
of the NHI—Vg, V4, the overtone (2v4) and the combination
bands (v2 + v4) is attributed by the formerly mentioned stud-
ies to a low-T ordering process of the N HI molecule based
on the proposal by Pauling (1930), who first suggested such
orientational ordering of tetrahedral molecules (like NHZ‘)
and the possibility of its transition from free rotation on cool-
ing. Furthermore, with increasing 7 up to 600 °C, the de-
crease in absorbances of NHI—U3 and the OH stretching
vibrations cannot be attributed to OH or NHI loss, since
the spectra measured at ambient conditions before and af-
ter heating are comparable and thus indicate a reversible
process (Fig. 3). The integral absorbance of the v3 band at
3291cm™! (Fig. 4b), however, decreases by 86.9 % upon
heating to 600 °C despite the concentration of NHI being
the same as at ambient conditions. This decrease in the in-
tegral absorbance of the NHI—V3 band despite no loss of
NHZr can be explained by (i) the NHZ‘r molecule in the inter-
layer cation site getting disordered with increasing 7 and/or
(i1) a T-induced decrease in the molar extinction coefficient
of the NHI molecule. Yang et al. (2017) has assigned this
to a change in molar extinction coefficient? with 7. We,
both looking at the whole T-dependent spectral series from
—180 to 600 °C and observing the reversible expansion of the
NH;‘1r molecule (discussed below), rather assign this to a T-
dependent order/disorder mechanism changing/reducing the
local tetrahedral (73) symmetry of the NHI molecule and ad-
ditionally changing the molar extinction coefficient. In other
words, at ambient to high temperatures, the NHI molecule
is disordered and has an ideal cubic 7y symmetry, and as a
consequence, the N HI—U:), and v4 modes are triply degener-
ate. With cooling, the molecule is hindered in its dynamics
and freezes, and it is distorted in terms of bond lengths and
angles, the Ty symmetry is reduced, and as a consequence
the NHI—V3 splits into three peaks and the NHI—U4 splits
into two peaks. A similar 7'-dependent order/disorder mech-
anism changing the local symmetry of the NHA|r molecule
was reported previously in studies on different ammonium
perovskites (e.g. Knop et al., 1981; Niemann et al., 2016;
Schuck et al., 2018). One to keep in mind is the 7T-dependent

2The reader is referred to the fact that Yang et al. 2017 used the
term absorption coefficient to express the molar extinction coeffi-
cient (¢). This is different from our usage for the term absorption
coefficient in the current study.
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change in the molar extinction coefficient when performing
in situ high-7 IR studies as the real amount of NHZr incorpo-
rated in the structure still cannot be quantified.

The wave number shift of NHI—V3 at 3291 cm™! with
increasing T (Fig. 4a) observed here reflects the lengthen-
ing of the N-H interatomic distance of the NHI molecule
with increasing T up to 600 °C. This expansion is reversible
upon cooling back to room temperature. Similar shifting to
lower wave numbers and lengthening of the N-H bond was
also observed in the in situ 7-dependent study performed by
Yang et al. (2017) but only up to 500 °C on natural sam-
ples containing few parts per million of NHZ. At T's higher
than 500 °C, they observed no further N-H bond lengthen-
ing and they proposed that one hydrogen atom is detached
from the NH;‘|r molecule and linked to one of the basal oxy-
gen atoms in the tetrahedral sheets, initiating the devolatili-
sation processes. Evidently, then, NH4-phengite endmember
(studied here) and phengite containing only trace amounts
(ppm) (such as that used in Liu et al., 2019, and Yang et al.,
2017) of NHI behave differently during heating in terms of
NHI expansion. Accordingly, from this in situ experiment,
OH and NHI seem to be stable and are still retained in the
structure while heating up to 600 °C at least for a short pe-
riod of time (about 60 min). On the other side, our quenched
long-term (24 h) annealing experiments (Figs. 5, S4) showed
that loss of NHI and dehydration starts at T's of 550 °C. This
variation in T's at which devolatilisation takes place with the
experimental heating duration confirms that the kinetic ef-
fects partly control the destabilisation of NHZ{ in phengite in
our experiments.

Comparing rates of devolatilisation in quenched long-
term (24 h) annealing experiments, NH4-phengite endmem-
ber (NAD2) thin film (Figs. 5a, S4a) starts to lose NHI and
dehydrates at T's of 550°C. This T is much lower than the
T of NHZr loss in single crystals of natural NHI-bearing
phengite with traces of NH,, in which dehydration and NHI
loss were observed to start at 800 °C (Liu et al., 2019; Yang
et al., 2017). This difference in the T might be due to the
nature of the sample (i.e. thin film vs. single crystal, syn-
thetic vs. natural). Our comparative study on thin films (NH4-
and ammonium-free) vs. single crystals indicates that the de-
volatilisation at lower T's is due to the sample preparation
(thin film vs. single crystal). Moreover, NHI loss occurs at
the same T's as the dehydration (Fig. 5d). The synchronous
decrease in the intensities of the vibrations in which the OH
is involved at 910cm™! with the decrease in the NHI and
OH bands confirms dehydration. The fact that also the vibra-
tions at 750-830cm™! decrease let us suggest that H must
be involved in these vibrations. However, it seems that even
complete loss of OH and NHZr at 650°C (thin films) does
not lead to breakdown of the phengite structure as the main
vibrational units can still be observed (Fig. S4).
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5.3 P dependence of the OH stretching and NHI
vibrational modes

The shift of the OH band to lower wave numbers with in-
creasing P as observed here (Fig. 7a) indicates the weaken-
ing of the O-H bond in the hydroxyl group through a length-
ening of the O—H distance caused by shortening of the O- - -H
and O- - -O hydrogen bond distances (Libowitzky, 1999). The
OH stretching band becomes broader and seems to decrease
in its absorbance (Figs. 6, 7c). The FWHM of the OH band
displays a change in the slope from 1.7cm~! GPa~! at Ps
up to 8.6 GPa to 6cm™! GPa~! for higher Ps (Fig. 7b). The
wave numbers of the NHI-\}3 band shift with increasing P
to higher values. The shift to higher wave numbers indicates
an increase in N—H bond strength (Harris and Bertolucci,
1989; Nakamoto, 1978, as cited in Beran et al., 2004) and
hence shortening of the bond length generated by com-
pression. This shortening of the bond length is much more
pronounced at Ps above 8.6 GPa; the shift of peak posi-
tions (dv/dP) increases from 1.5cm™' GPa~! at Ps below
8.6GPato 5.0cm~! GPa~! at higher Ps (Fig. 7a).

Recalling the concept of dipole moment, in the NHI
molecule, there are four similar N-H bonds (dipoles) that
could be stretched antisymmetrically in relation to the Ty
symmetry elements giving rise to three identical stretch-
ing vibrations (NHI—\J3), and there are H-N—H angles that
could be bent in relation to the 7y symmetry elements giv-
ing rise to three identical bending vibrations (NHZ—U3); if
any of these H-N-H angles change, then the resultant vector
for the dipole of each N-H bond changes, the resultant par-
tial dipole moment will change and the tetrahedral shape of
the molecule (7y) will consequently change. This concept is
of relevance with respect to the continuous increase in the
absorbance of the NHI—V3 vibration observed between 5
and 10GPa (Figs. 6, 7c). This increase with increasing P
can then be explained by a P-induced increase in the partial
dipole moments of the NHZr molecule. Most probably the
orientation of the dipoles (angles) changes with increasing
P such that partial dipole moments increase. This change in
the orientation of the partial NHI dipoles is further empha-
sised by the splitting of the v4 vibration into three peaks at
Ps > 8.6 GPa (Fig. 7d). The P-induced discontinuity in the
changes in the FWHM, the band positions, and the intensities
of the OH and NHA|r —v3 bands, as well as the observed split-
ting of the NHAF —v4 at Ps of about 8.6 GPa, all indicate local
structural rearrangement affecting/reducing/lowering the T
symmetry of the NHZr molecule. The mechanism and type
of symmetry reduction as a response to P are different from
those involved with T'.

5.4 TImplications for nature
Our finding that NHZ remains stable in phengites at higher

Ts and Ps than previously thought has important implica-
tions for the cycles of nitrogen and water between the Earth’s
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crust and the mantle. Comparison between the composition
of the bulk Earth and of carbonaceous chondrites shows that
the Earth is depleted in nitrogen (Marty, 2012). Recent stud-
ies (e.g. Zedgenizov and Litasov, 2017) have suggested that
this depletion can be due to “unaccounted” nitrogen that is
stored in the Earth’s deep interior. However, nitrogen has
been reported in two forms: firstly in the form of NH;L'r within
for example micas (Busigny et al., 2003, 2004; Higashi,
1982) and feldspar (e.g. Erd et al., 1964) in terrains that ex-
perienced high-grade metamorphism (Hall et al., 1996), and
secondly in the form of Nj-bearing micro- and nano-sized
inclusions that may persist to great depths (Rudloff-Grund et
al., 2016). In this regard, knowledge of the extent to which ni-
trogen that is subducted is released from metamorphic rocks
during devolatilisation is extremely important in answering
questions like the following. (1) Does nitrogen in the mantle
have a primordial or recycled origin? (2) If it is recycled, how
and what transports it to great depths? (3) What are the dif-
ferent P—T conditions controlling the efficiency of this recy-
cling? The current study provides insights on the behaviour
of NHA|r and its connection to the hydroxyl (OH) in phengite,
as one of the most important hosts and transporters for NHI.
As we show, complete breakdown of phengite does not occur
until great depths, at high Ps and high T's. As such we can
demonstrate that crustal recycling and subduction could con-
stitute a feasible mechanism for delivery of recycled N to the
mantle, indicating that N stored in the mantle may not neces-
sarily be primordial in its source. For the hydrogen cycle,
according to previous studies (Ono, 1998; Schmidt, 1996;
Schmidt and Poli, 1998), water transported into the mantle
via phengite should not be lost until the complete breakdown
of the mineral down to 300 km depths. However, the effect of
NHI on the stability and dehydration rates of phengite and
other NHZr -bearing hydrous minerals has up to now remained
uncertain. Liu et al. (2019) suggested that the presence of
NHI would trigger dehydration at shallower depths — in that
the presence of NHI increases the efficiency of phengite de-
hydration. Based on our data, it is tempting to suggest that
NHI does not have such an effect on recycling efficiency.
However, the observed effect could also be attributed to the
sample prepared as a thin film vs. single crystal rather than to
the ammonium content. For better constraining of the P and
T conditions at which NH4-phengite transports nitrogen into
the deep levels of the upper mantle, spectroscopic investi-
gations at simultaneous pressure and temperature conditions
are needed.
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