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Aqueous magmatic fluids are essential to the transport of hydrogen (H), carbon
(C), and nitrogen (N) from the mantle to the surface, during which changes in
pressure, temperature, and redox conditions affect the chemical speciation and
intermolecular isotopic fractionations of H, C, and N. Here, we performed a
series of hydrothermal diamond-anvil cell experiments to evaluate the role of
pressure, temperature, and redox conditions on the speciation and
intermolecular fractionations of H and N during the decompression and
cooling of aqueous fluids from 780 MPa to 800°C to 150 MPa and 200°C.
We used Raman spectroscopy to investigate the distribution and exchange
reactions of H and N isotopologues between water, methane, ammonia, and di-
nitrogen molecules under changing physicochemical conditions. Our
experiments show that upon decompression, a C- and N-bearing fluid will
preferentially degas D-rich methane and **N-rich N,, depleting the residual
aqueous fluid in those isotopes. If this fluid precipitates N-rich (i.e., NH4"-
bearing) minerals, the observed N isotopic fractionation is opposite to that
during N, degassing, enriching the aqueous fluid in **N. Because these
fractionations result from changes in H, C, and N speciation in the aqueous
fluid, their magnitudes depend on redox conditions as well as pressure and
temperature. Our new in-situ experimental results are consistent with the large
H and N isotopic fractionations observed between water, methane, and
ammonia species in aqueous fluids at high pressures and temperatures,
although the magnitude of the fractionations in our experiments cannot be
quantified. Nonetheless, our results suggest that statistical thermodynamic
models likely underestimate isotopic fractionation effects for isotopic
molecules under these conditions, and should account for solubility and
isotopic effects of the solvent associated with the solvation of water,
methane, and ammonia isotopologues in aqueous fluids.This work has
significant implications for interpreting isotopic measurements of natural
samples from hydrothermal systems because it offers insights into isotopic
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fractionations in multicomponent and multiphase systems under hydrothermal
temperatures and pressures.
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1 Introduction

The geochemical cycling of hydrogen (H), carbon (C), and
nitrogen (N) are central to the geological processes leading to
Earth’s habitability. The speciation and valences of these
elements in different phases determine whether they behave as
siderophile, lithophile, or atmophile elements (e.g., Gaillard et al.,
2021), thus controlling their partitioning between Earth’s main
reservoirs (core, mantle, atmosphere). Magmatic fluids and melts
are central to the transport of these elements among the different
reservoirs. Knowledge of the speciation and solubility of Hand N
in magmatic fluids and melts is thus critical to understanding,
tracing, and predicting the geochemical cycling of H and N.

The speciation of H and N in magmatic fluids and melts
depends on temperature, pressure, oxygen fugacity, pH, and the
individual concentration of the species involved (Hirschmann
et al,, 2012; Mikhail and Sverjensky, 2014; Dalou et al., 2019). In
aqueous fluids, the speciation of H and N significantly affects
their partitioning behavior between the fluid and coexisting
silicate minerals or melts (Li and Keppler, 2014; Li et al,
2015), and thus their recycling between Earth’s interior and
surface. It is commonly accepted that N mostly dissolves in
aqueous fluids as N, and NH;, whereas H can dissolve as H,O,
H,, NH;, and CH, (e.g., Li and Keppler, 2014; Mikhail and
Sverjensky, 2014; Mikhail et al., 2017; Sokol et al., 2017). This
knowledge is based mostly on estimations of relative species
abundances in quenched samples after equilibration at high-
pressure and high-temperature (HP-HT) conditions. However,
although the quenching process certainly causes structural
changes in the fluids, and thus likely affects the solubility and
speciation of Hand N (e.g., Foustoukos and Mysen, 2013), only a
few studies have examined in-situ H and N speciation in aqueous
fluids at HP-HT during hydrothermal diamond-anvil cell
(HDAC) experiments (McCubbin et al, 2014; Chen et al,
2019). These studies confirmed the effects of P-T and fO,
conditions on the relative proportions of N,, NHj, H,, and
CH, in aqueous fluids.

In addition to controlling their exchanges between aqueous
fluids and other phases (melts, minerals, gases) during H and N
recycling or degassing, the speciation of H and N in fluids exerts
an important control on their isotopic fractionations (Busigny
and Bebout, 2013; Foustoukos and Mysen, 2013; Dalou et al.,
2015). However, most H and especially N isotopic fractionation
factors have been derived from theoretical calculations (Busigny
and Bebout, 2013) but are not relevant to mineral-fluid-gas
(i.e., hydrothermal) systems. Indeed, these studies are based
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ideal
behavior of gases between species with zero intermolecular

on statistical mechanics models calculated for the

forces, and therefore fail to account for solubility, molar
volume, and vapor pressure induced fractionations produced
by intermolecular interactions with functional groups within the
condensed phases (e.g., Richet et al., 1977; Chialvo and Horita,
2003; Van Hook, 2006). Because H and N isotopic fractionations
are key tools for tracing gas or fluid exchanges via fluxing or
degassing in a magmatic system, as well as the transport of other
materials through the mantle or crust (e.g., melt-versus fluid-
induced metasomatism via percolation or infiltration,
serpentinizatio; e.g., 1998; 2002;
Manning, 2004; Dalou et al., 2022), it is important to better
constrain the effects of P-T, fO,, and fluid composition on H and

Pineau et al, Hauri,

N isotopic fractionations in aqueous fluids, and therefore their
speciation in fluids.

To address this problem and avoid quench-related issues, we
here examined the speciation of H, D, '“N, and "N in aqueous
fluids at HP-HT via in-situ Raman spectroscopy observations of
fluids equilibrated in a HDAC at pressures up to 780 MPa and
temperatures up to 800°C. Our new data allow us to better
constrain the effects of P-T and fO, conditions during the
ascent of aqueous fluids, and of the formation of bubbles on
H and N isotopologues’ speciation.

2 Methods

2.1 Hydrothermal diamond-anvil cell
experiments

Experiments were performed using a HDAC (Bassett et al.,
1994, 1996) model V installed at the CRPG’s Experimental
Cosmochemistry and Magmatology facility (Nancy, France).
The HDAC is equipped with low-fluorescence 1 mm culet
diamonds. Samples were placed into 125pum thick iridium
gaskets with a central hole 500 um in diameter. The HDAC
was externally heated by Mo wire heaters placed around the
tungsten carbide seats, distributing the heat homogeneously
The
temperature in the HDAC was monitored to within 1°C with

throughout the sample chamber (+1°C accuracy).

chromel-alumel thermocouples in contact with the upper and
lower diamond anvils. At the imposed temperature, the pressure
inside the cell is governed by the PVT relationship of the aqueous
fluid (Mysen, 2010). We performed three experiments in which
we first heated the chamber to 800°C and then cooled it to 200°C
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FIGURE 1

Pressure/temperature trajectory (starting at HP-HT) of
experiment A, fitted using a second order polynomial. The
experiment was quenched at 200°C; no **C analysis was
performed at lower temperatures.

(i.e., the lowest temperature at which we performed Raman
100°C  decrements. The
volume of the sample chamber being fixed, increasing

spectroscopy measurements) in

temperature results in increasing pressure. In the first
experiment (experiment A), it was possible to derive the
pressure in the chamber from the pressure/temperature-
dependent one-phonon Raman shift of a synthetic "C
diamond placed within the gasket (Schiferl et al., 1997). This
method was calibrated over the ranges 0.1-1,500 MPa and
25-800°C with an uncertainty of about +40 MPa (Eq. 1 in
Mysen and Yamashita, 2010), considering the +1°C error on
temperature. We determined that the pressure decreased from
776 to 154 (+37) MPa as temperature decreased from 800 to
200°C (Figure 1), with a rate of 40°C/min for all three
experiments. In the two other experiments, the *C diamonds
were either too small or covered by another phase (probably
NiO) and could not be observed. Therefore, the pressure was not
determined for experiment B and C.

All three experiments started with a different fluid
composition (see Section 2.2) and a gas bubble. To achieve
similar fluid densities in each experiment, which would
guarantee similar P-T trajectories, the fluid density was
controlled by bleeding air into the sample chamber and
checking when the gas bubble disappeared during heating. In
experiments A, B, and C, the gas bubbles disappeared at 300, 280,
and 365°C, respectively, during heating, and they reappeared
between 300 and 270°C during cooling in all experiments. This
suggests that all three experiments experienced comparable,
though not identical, P-T trajectories. If an iridium gasket is
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not perfectly centered between the two HDAC diamonds, the
center of a gasket can deform and/or shrink upon heating,
changing the overall volume of a sample, and by extension its
P-T trajectory. This may explain the difference observed between
bubbles disappearance and reappearance for experiment C.

2.2 Experimental procedure

The experiments were designed to yield deuteroammonia
and deuteromethane species via the decomposition of urea
(CH4N,O; Sigma Aldrich, 98%) into a H,O:D,0 (2:1 to 3:
1 by volume) aqueous solution at HP-HT. Experiment A
contained solely N:"*N urea (about 1:1 by volume), the H,O:
D,0 fluid, and a synthetic *C diamond. To isolate the measured
Raman peaks related to N species in experiment A, experiment B
contained solely the H,0:D,0 fluid and SisC,,Hjs (tetrakis
Alfa 98%; D/H
abundance). Experiment C contained a mixture of the same
“N:®N urea, H,O:D,0 fluid, and SisCi,Hs6, but also NiO
powder (a few pg). The addition of NiO powder in

(trimethylsilyl) ~ silane; Aesar, natural

experiment C ensured more oxidized conditions than in
experiments A and B, via the reaction NiO < Ni + 1/20,.
The compositions of the experiments are summarized in Table 1.
Contrary to Foustoukos and Mysen (2013), the complete
decomposition of SisC;,Hzs did not result in the precipitation
of SiO, crystals around 600°C during cooling; instead, around
530°C during cooling, an unidentified NH,"-bearing crystal
precipitated.

2.3 Raman spectroscopy

We used a Raman LabRAM HR microspectrometer (Horiba
Jobin Yvon) at GeoRessources (Nancy, France) equipped with an
Ar* laser (Stabilite 2017; Spectra-Physics) with about 200 mW of
output and an excitation line at 514.53 nm. A x50 objective lens
(Plan Apo SL, Mitutoyo) was employed for both visual
microscopic  examination and  spectroscopic  analysis.
of
600 grooves/mm centered at 1,400 cm™ for “C diamond
analysis and to cover the 500-1,500 cm™' and 1,450-4,200 cm ™'

ranges for the fluid (and gasket) analyses. The wavenumber

Measurements were performed with grating settings

resolution was +3 cm™. For the "’C diamond analysis, twenty
5-s acquisitions were collected, whereas thirty 4-s acquisitions were
collected for the fluid (and gasket) analyses.

Because the 2000-4,000 cm™ portion of sample Raman
spectra is dominated by the second-order diamond signal
from the diamond cell (Figure 2A), we recorded two spectra
at each P-T condition: one from the fluid (Figure 2A, red) and
one from the upper diamond by analyzing the Ir gasket
(Figure 2A, black). To subtract the diamond spectrum from
that of the fluid, we followed a procedure similar to that in Dalou
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TABLE 1 Summary of starting compositions used in the three HDAC experiments.

10.3389/feart.2022.973802

Experiment H,0:D,0 fluid N:"*N urea SisCy,H36 NiO powder
A v v
B v
C v v v v
Only a few pg of each powder was added [urea, tetrakis(trimethylsilyl) silane, and NiO].
Diamond signal
A Raw signals B subtraction C  Ppeak integration
100
10000 8000 I
L 480
prd
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2 2
= 6000 o
5 0§
L 44
= 4000 - o
= o,
4000 g
. {20 ¥
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Raman shift, cm™’ Raman shift, cm™’ Raman shift, cm™’
FIGURE 2

Example of signal processing of the 2000-4,000 cm™ portion of the Raman spectrum of the fluid phase at 800°C in experiment C. (A) Baseline
correction of the Raman spectra of the fluid, i.e., the combined signal of the fluid and the HDAC diamond (red spectrum), and the HDAC diamond
(black spectrum) at HP-HT. (B) Raman spectra of the fluid (red) and HDAC diamond (black) after baseline correction. Portions of the spectra
highlighted in blue are devoid of sample signal and were used to fit the diamond spectrum to that of the fluid. (C) Raman spectrum of the fluid

after subtraction of the HDAC diamond signal.

et al. (2015): we fit the diamond spectrum to that of the fluid in
portions devoid of sample signals (blue in Figure 2B) using a
model that combines a seventh-order polynomial background, a
linear adjustment of the diamond-sample intensities, and a linear
Raman shift correction (Figure 2B). The diamond signals were
then subtracted from the fluid signals (Figure 2C). Corrected
fluid spectra are presented in Figure 3.

Curve-fitting of the Raman spectra was performed using the
IGOR software package from Wavemetrics. In this procedure,
the location (Raman shift), bandwidth, and band intensity were
treated as independent variables, and xz minimization of was
used as the convergence criterion. Fits were judged to be
satisfactory when the intensity difference between the spectra
and the 5%. in the
2000-2,300 cm™" range of the spectra, the signal-to-noise ratio

fits decreased to below However,
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was lower than 1:2, and we often had difficulty bringing the
difference between the fit and the spectra to below 20%. Spectra
acquired from 400 to 200°C during cooling of experiments A and
C, and from 500 to 200°C during cooling of experiment B, could
not be fitted with such accuracy as they present low signal-to-
noise ratios (Figure 4A); therefore, we neither present nor discuss
the results of those attempted fits. Only the fits performed
between 800 and 500°C are presented for the three experiments.

3 Results and discussion
We collected Raman spectra of the 500-1,500 cm™ and

1,450-4,200 cm™' wavenumber ranges, but only the latter
included Raman bands that changed in the presence of N

frontiersin.org
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Experiment A: *N-rich urea, no buffer, no Si O - Hvibrations
N - H vibrations
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B
Experiment B: No urea, no buffer, Si o
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b o HDO (v)
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Experiment C: "*N-rich urea, NiO buffer, Si
O - Hvibrations
N - H vibrations
>
by
n
=
=
c N - D vibrations . .
— o C- Hvibrations
N = N vibrations
N, ) NH,D, (v,)
2000 4000
Raman shift (cm™)
FIGURE 3

Examples of curve-fitted Raman spectra in the 2000-4,000 cm™ portion of Raman spectra of fluids at 800°C in experiments (A), (B) and (C).
Black curves are the raw spectra, blue dashed curves the fitted Lorentzian, and gray curves the results of curve fitting. Peak assignments are discussed

in the Section 3.1.

(Figure 3) and with changing redox and P-T conditions in the 3.1 Peak assignments

fluid (Figure 4). Therefore, the 1,450-4,200 cm™' wavenumber
range appears to be the most relevant for assessing the effects of
physicochemical conditions on the speciation of H and N in

fluids.

The 1,450-4,200 cm™" wavenumber range, and more
precisely the 2000-4,000 cm™ wavenumber range, presents
vibration modes of D-bearing CH,, NH;, and H,0O molecules,
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A B
- ibi it
Experiment A - no buffer - Hbrations Experiment A - no buffer
o N=Huirations —— fluid before the experiment
O - Dvibrations X .
N-Dvibrations —— fluid at 800°C - 776 MPa
C - Hyvibrations
600°C : :
Experiment C —— Gas bubble
—— Mixed signal of fluid and
500°C CH,(v,) NH,*~ bearing mineral
NH,(v,)
400°C
CH,D, CH,D, (v,) CHD, )
300°C
1 1 1 1 1 1
2000 2500 3000 3500 4000 2000 2500 3000 3500 4000
Raman shift (cm™) Raman shift (cm™)
FIGURE 4

(A) Raman spectra acquired during experiment A at different temperatures (decreasing from 800 to 300°C). (B) Comparison of spectra acquired
in the fluid of experiment A prior to the experiment at room temperature, showing the absence of N-related vibrations, and at 800°C. (C) Spectra
acquired in experiment C at 300°C, showing CH,D,-related vibrations in a gas bubble and a signal obtained in a NH4"-bearing crystalline phase

apparently contaminated by the fluid signal.

and of '""N-bearing N, in fluids depending of various
experimental conditions (Figure 3). According to Foustoukos
and Mysen (2013), the 2000-2,400 cm™' wavenumber range
accommodates the bands of the asymmetric stretching and
bending vibrations of CHD; (2,129 cm™) and CH3D-CH,D,
(~2,175 cm™"), whereas at higher wavenumbers, we observed the
vibrations of CH4 (2,901cm™) and CH,D, (2,950cm™).
Following Foustoukos and Mysen (2012), we identified the
vibration modes of H,0O, D,0, HDO assigned to OH and OD
stretching (Figure 3). The asymmetric band near 3,600 cm™ is
assigned to O-H stretching vibrations from H,O molecules
(noted v1—HB), from broken hydrogen bonds in OH™ groups
(noted v1—ISOL), and HDO molecules around 3,580, 3,615, and
3,650 cm™, respectively. The OD stretching vibration modes in
D,0 molecules (noted vi—HB), OD~ groups (noted v1—ISOL),
and HDO molecules are located around 2,610, 2,640, and
2,690 cm™!, respectively (Figure 3).

Comparing N-bearing experiment A to N-free experiment B
(Figures 3A,B), we identified and assigned the different H-D
isotopologues of NHj; according to Ceccaldi and Leicknam
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(1968): ND; (~2,350 cm™), NH,D (2,420 and 3,230 cm™),
NH; (3,320 and 3,345cm™), and ND,H (2,480
3,365 cm™). Under more oxidizing conditions, experiment C
shows N, vibrations associated with "N="N at 2,246 cm™,
PN=MN  at  2,285cm™}, UN=MN at 2,327 cm!
(Figure 3C). No other peaks related to other possible forms of

and

and

oxidized N, whether in the form of nitrosyl groups or nitrate,
were observed near 2,100 and 1,050 cm™" (Kloprogge et al., 2002;
Roskosz et al., 2006).

3.2 Effects of temperature, composition,
and redox conditions

Figure 4 highlights changes in the Raman peaks in
experiment A with decreasing T and P conditions from 800 to
300°C and from 776 to 154 + 40 MPa, respectively. Overall, the
H,O and D,0O peaks broaden due to an increase in
intermolecular hydrogen bonding (Foustoukos and Mysen,
2013),  whereas the CH,D,

peaks  assigned  to
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TABLE 2 Relative normalized differential Raman scattering cross
sections ¢; of fundamental stretching vibration modes at 25°C.

o; References and values

o0 =1 This study

D,O 1.36

HDO 0.40

ocn, = 1 Kagel (1964)

CH3D 0.78

CH,D, 0.52

CHD, 0.36

CD, 071

on, = 1 Schroétter and Klockner
(1979)

NH, 62

ND, 3

(deuteromethane) and NH,D, (deuteroammonia) species
become narrower with decreasing temperature (Figure 4A).
This is probably due to a simple thermal narrowing effect
(i.e, the disappearance of “hot bands” with decreasing
temperature; e.g., Butterworth et al, 2019) diminishing the
overlap between isotopologues (Foustoukos and Mysen, 2013).
In addition, with decreasing temperature, we observe an overall
increase in the intensities and areas of the peaks assigned to
CH,D, and NH,D,, vibrations relative to those of peaks assigned
to H,O and D,O0 vibrations (Figure 4A).

3.2.1 Hydrogen and deuterium bonding in fluids

To monitor the effect of temperature (and pressure) on the
progress of reactions in the H,O-D,0-CH,-NHj system, we fit
the identified peaks using Lorentzian bands in all spectra with a
signal-to-noise ratio better than 1:2 (Figure 3). We fit four bands
to the peaks assigned to isolated and hydrogen-bonded O-H
stretching signals in (H,D),0O (Figure 3B). Hydrogen in (H,D),O
molecules forms hydrogen bonds with surrounding anions such
as O, G, and N, affecting the wavenumber of the O-H stretching
signal (e.g., see Novak, 1974). In fluids containing O, C, and N,
we thus expect the formation of (CN,0)-(HD)O (-
representing a hydrogen bond) due to hydrogen bonding in
the (H,D),0O component of the fluid phase (Walrafen, 1968;
Walrafen et al., 1996).

Based on the relative distribution of the integrated intensities
of the bands assigned to the different isotopic moieties, we can
constrain the stability of the different types of hydrogen bonds.
Assuming that the relative normalized differential Raman
scattering cross sections (o;) of the O-H and O--H-O
vl vibrations are equivalent, as well as those of the O-D and
O---D-O vl vibrations, the mole fraction ratio of isolated and
hydrogen-bonded groups, Xyypr/Xisor, should be equal to the
integrated intensity ratio: i.e., Xpypr/Xisor = Anypr/Arsor-
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However, the o; of the H,O and D,O v1 vibrations are not
equivalent (Zarei et al., 2018). Therefore, we analyzed pure H,O,
pure D,O, and a 1:1 mixture of H,O and D,O by Raman
spectroscopy with the same settings used for the HDAC
experiments. This allowed us to determine o; for H,0, D0,
and HDO at 25°C (Table 2), following X; = Aj/o; to compare to
the H,O and D,O groups (Figure 5). Although the o; values
increase with increasing temperature, the increase is weak for
wavenumbers higher than the N, vibration band (Garcia-Baonza
et al,, 2012), and we therefore ignore this effect in the following
discussion. From the correlation of In (A1sor/Ayg) with 10%/T, we
estimated the enthalpies of rupture of the intermolecular
hydrogen bonds (AH) in aqueous fluids (Figure 5; Foustoukos
and Mysen, 2012). Overall, (N,C,0)--HO hydrogen bonds are
stronger than (N,C,0)--DO hydrogen bonds (2.4-3.9 k] mol™
versus 0.8-1.3 kJ mol ™). As temperature increases, the (N,C,0)--
HO hydrogen bonds become even stronger, suggesting the
formation of H-bonded clusters that are more polar, larger,
and denser (Foustoukos and Mysen, 2012). Although we
cannot decipher the effect of pressure from our results,
Foustoukos and Mysen (2012) reported that its effect on the
enthalpy of (N,C,0)--HO and (N,C,0)--DO bond breakage was
negligible compared to that of temperature.

In all three experiments, AH (Figure 5) values were on the same
order of magnitude as those previously obtained for D/H
fractionations in the H,-H,O system between 400 and 700°C
(52 + 0.1kJmol! for H,O and 1.7 #0.1kJ mol" for D,O;
Foustoukos and Mysen, 2012). Notably, AH values for the N-free
C-bearing fluid (2.4 +1.6 k] mol ™" for H,O and 0.8 +0.6 k] mol " for
D,0) are lower than those in N-bearing fluids (3.3-3.9 0.3 k] mol ™
for H,0 and 1.3 to 4.3 0.2 k] mol™" for D,0, this study) or in the
H,-H,0 system (Foustoukos and Mysen, 2012). In short, we found
that AHo..1o > AHN..no > AHc..io» indicating the relative stability
of intermolecular hydrogen bonding. Although, hydrogen bonding
typically occurs when positively charged hydrogen atoms are located
between partially negatively charged oxygen atoms, in HT fluids,
they can also form C--HO and N---HO bonds. It is also very likely
that C.--HN and N---HN bonds form, although given the abundance
of H,O, these bonds should be negligible. Consistent with
observations of F--HO and Cl--HO bonds in HT fluids
(Bondarenko et al., 2006; Dalou et al., 2015; Foustoukos, 2016),
the stabilities of O--HO, N--HO, and C--HO hydrogen bonds are
governed by the decreasing difference in electronegativity between O
(3.44), N (3.04), and C (2.5) relative to H (2.1). This trend is also
observed for (N,C,0)--DO bonding between our experiments A and
B and that of Foustoukos and Mysen (2012). However, the AH value
of (N,CO)--DO bonding in experiment C was higher
(4.3 +02kJmol™") than that of (N,C,0)--HO bonding in the
same experiment (3.3 0.3 k] mol™), those of both (N,C,0)--DO
and (N,C,0)--HO bonding in experiments A and B, and those
obtained by Foustoukos and Mysen (2012). In addition, in our
N-bearing experiments, the difference between In (Assor/Asypr) for
O---HO and O--DO increased with increasing T'in experiment A but
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(v;=ISOL) bands (Figure 3) and, ii. the isoplot linear regressions were performed with only three data points with large uncertainties

decreased in experiment C (Figure 5). Although the reasons for these
difference remain unclear, we assume that Si(OH), and Si(OD),
complexes formed in experiment C, which would stabilize OD
bonds compared to OH bonds as T increases. Hence, the
temperature and composition (C, N, and Si content) of fluids
have variable effects on the strength and polarity of O--HO and
O---DO intermolecular bonds. Indirectly, this implies that they have
a significant
fractionations.

influence on intermolecular D/H isotopic

3.2.2 Carbon and nitrogen bonding in fluids
The of H/D methane
isotopologues were calculated from the integrated peak areas

abundances and ammonia
by summing the integrated peak areas of their C-D and C-H
vibrations for CH,D, species (as in Foustoukos and Mysen 2013),
and N-D and N-H vibrations for NH,D, species. For example,
the integrated peak area for NH,D was calculated by summing
the integrated peak areas of the bands at 2,420 cm™ and

3,230 cm™'. For these methane and ammonia species, we used
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the o; values at 25°C proposed by Kagel (1964) for CH,D,, species
(Foustoukos and Mysen 2013) and those of Schrétter and
Klockner (1979) for N, and NH.D, species (Table 2), and
calculated the relative abundances (mole fractions) of species
as X; = Aj/0;. We observed a decrease in abundances in the order
CH, > CH;D > CH,D, > CHDj;, which is in agreement with
Foustoukos and Mysen (2012), and NH; > NH,D > NHD, >
ND;. These trends are consistent with the higher activation
energy required to form C-D bonds relative to C-H bonds
(Anslyn and Dougherty, 2006); we assume the same is true
for N-D bonds relative to N-H bonds.

The abundances of CH, relative to CH,D, and of NH;
relative to NDj (as determined from their respective Raman
band areas) decrease with increasing temperature (Figure 6),
implying that increasing temperature drives the exchanges of
C-H and C-D and of N-H and N-D. By extension, this implies
that increasing temperature decreases the intramolecular D/H
fractionations in CH,D,, and NH,D,, species. This temperature
effect on intramolecular D/H fractionations in CH,D,, species is
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Relative species abundances of (A) deuteromethane and (B)
deuteroammonia species, reflecting variations of H-D exchanges
with changes in temperature and fluid composition.

similar in experiments A and B, but is significantly stronger in
experiment C. Similarly, the effect of T on the relative
abundances of NH; and NDj species is noticeably stronger in
experiment C than in experiment A. These trends imply the two
following reactions:

CH;D (c.py + CH,D; (¢c-yy — CHD; (¢-py) + CHy (c-yy (1)
as proposed by Foustoukos and Mysen (2013), and.
NHD; (v-ny + ND3 (v-py = NH,D (nopy + NH; (nopy (2)

both reactions shifting to the right with decreasing T.

The more pronounced effect of T in experiment C is not
straightforward to understand. We may infer, as we did for
O:--HO and O--DO intermolecular bonds, that the presence of Si
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in experiment C favors isotopic exchanges, or that it favors the
formation of Si-H bonds at higher temperatures reducing the
abundances of CH, relative to CH,D, and of NHj relative to
ND;. Another possibility is that oxidizing conditions prevailing
in experiment C favors isotopic exchanges, which would be
consistent with what was observed by Mysen (2018), who
observed a greater temperature effect on D/H exchanges
between an aqueous fluid and a silicate melt under oxidizing
conditions than under reducing conditions.

3.3 Redox effects on N speciation in HT
fluids

Despite several attempts to control fO, in HDAC
experiments (e.g., Mysen and Yamashita, 2010; Chen et al,
2019), it remains challenging. Here, to produce more
than
experiments A and B, we added NiO powder as an oxidizing

oxidizing conditions in experiment C those in
agent. The more oxidizing conditions in experiment C were
confirmed by the presence of N, and all its isotopologues
(*N="N, N="“N, and "N="N), which were absent in
experiment A. The presence of molecular N,, alongside with
amine groups and molecular NHj, suggests that we reached
intermediate redox conditions, illustrated with the magnetite-
wistite buffer (Mysen et al, 2014). In comparison, in
experiments A and B, the absence of N, vibrations implies
that these experiments are under more reducing conditions
such as those defined by the iron-wiistite buffer (Mysen et al.,
2014). In oxidized N- bearing melts or fluids, N may also exist as
NO or bound nitrosyl groups, vibrating near 2,100 and
2,200 cm™' (Roskosz et al., 2006), although we did not detect
any Raman signals in this frequency range in any of our fluids.
Other species may include NH,™ and NH?", which vibrate in the
same range as NH, D, species (3,390 cm™'; e.g., Mysen and Fogel,
2010; Mosenfelder et al., 2019). Although, the presence of such
bands cannot be ruled out in experiment C (Figure 3), they are
clearly absent from the Raman spectra of experiment A.

Using the relative normalized differential Raman scattering
cross sections of Schrotter and Klockner (1979) for N,, NHj, and
H,O, we calculated the variations of the mole fraction ratios
Xnn,/Xn, and Xy,0/Xy,. We observed an increase in Xyp,/Xn,
with increasing Xu,0/Xn, (Figure 7A), suggesting the following
reaction:

N, + 3H,0 < 2NH; + 3/20, (3)

However, contrary to Chen et al. (2019), this reaction does
not imply the continuous conversion of N, to NHj; with
decreasing temperature. We observed a more complicated
relationship in which Xyp,/Xy, increases as T decreases from
800 to 600°C, but then decreases with further cooling from 600 to
500°C (Figure 7B). This change in trend may be explained by the
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crystallization of a NH4'-bearing mineral around 530°C, as
suggested by the Raman spectrum of a fluid signal mixed with
that of a mineral and showing characteristic peaks at 1,383 cm™
(v4) and 3,315 cm™" (v3) (Figure 4C; Mathieu and Poulet, 1960).
Although on the Raman spectrum acquired for this mineral the

1

diamond signal is too strong in the 1,300-1,350 cm™" range to
observe any Si-O vibration, a narrow peak at 744 cm™" suggests
an Si-O-Si stretching. Therefore, this NH,*-, Si-bearing mineral
may be consistent with an NHy-analcime (Likhacheva et al,
2004), but this is difficult to be attested with certainty because the
mineral’s Raman signal is mixed with that the aqueous fluid.
Such a crystallization event would affect the net production of
NH; by converting NH; to NH," during crystallization, but does
not seem to affect the Xyu,/Xnp, ratio (Figure 6B). This
crystallization event therefore precludes a simple evolution of
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the equilibrium constants at different fugacities of the present
species (N,, NH3, and H,O) with temperature, as proposed by
Chen et al. (2019) following the Deep Earth Water model of
Mikhail and Sverjensky (2014).

Another possibility is that of a chain reaction, similar to that
for NH; oxidation (Song et al.,, 2016):

NH3 + 1.25 02 — NO + 1.5 Hzo

NO + NH, — N, + H,0 (4)

This reaction has been observed experimentally at <300°C
(reviewed in Li et al.,, 2009), but seems unlikely to have occurred
in our experiments because it requires significant amounts of NO
or N,O that simply do not appear in our Raman spectra. As
described in Li et al. (2009), the more direct oxidation of NH;
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into N followed by the recombination of 2 N atoms into N, or
the recombination of NH,, to form an intermediate N,H, that is
subsequently oxidized to form N, such as:

NH; - NH, - NH - N —- N,
NH; —-» NH, —» N,H, —» N,

®)
(6)

may also have occurred. It is unclear how to decipher
between reactions (3-6) without directly observing a change
in oxygen fugacity (Eq. 3) or the presence of NH, in our
fluid. In other words, the variation observed in Figures 7A,B
implies the transformation of NH; to N,, but is insufficient
information to conclude which exact reaction occurred in our
experiments.

3.4 Nitrogen isotopic fractionation with
decreasing P-T conditions of the fluid

Due to the abundance of N in experiment C, our spectra have
well defined bands of N, isotopologues ("*N="N, "N="N, and
N="N), allowing us to observe variations of their respective
abundances with changing temperature (Figure 7C). Assuming
that the o; of MN=MN, "N="N, and "N="N vibrations are
equivalent, we calculated the changing molar volumes of
Xunzuyn, Xienzuy, and  Xesyznsy  with decreasing
temperature (Figure 7D). From 800 to 600°C, we noted an
increase of Xisy-1sy and a decrease of Xy -y, whereas
Xisy -y remained constant. Although the N-H vibrations
could not be distinguished from "“N-H vibrations in the
fluids, the observed N, trends suggest that, with decreasing
P-T conditions, the N isotopic fractionation between NH; and
N, in HT fluids, APNNEBN2 - decreases. This observation is in
agreement with theoretical nitrogen isotopic fractionation factors
(Busigny and Bebout, 2013). From 600 to 400°C, we observed a
decrease of Xisy = 15y, and, to a lesser extent, of Xisy = 14n, and an
increase of Xuy=uy. This inversion of the trend is probably
related to the crystallization of the NH,"-bearing mineral at
530°C. This would be consistent with a N isotopic fractionation
between NH," and N,, APNNH:No - and with the theoretical
nitrogen isotopic fractionation factors of Busigny and Bebout
(2013), who reported that APNNHi™N: jncreases with decreasing

temperature.

4 Implications and conclusion

Our new in-situ experimental results support large hydrogen
and nitrogen isotopic fractionations between water, methane,
and ammonia species at HP-HT in aqueous fluids, although we
were unable to quantify the magnitude of the fractionation. The
quantification would require accurately fit *N-H, "N-H, ""N-D,
and N-D vibrations in ammonia species, which is not possible
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with the resolution of our spectra considering that the Raman
shift between these vibrations is smaller than 8 cm™. We
the of
deuteroammonia and deuteromethane species with changes in

observed large variations in abundances
temperature, fluid composition, and redox conditions, and these
variations were easily distinguishable by Raman spectroscopy.
These observations suggest that statistical thermodynamic
models underestimate isotopic fractionation effects for isotopic
molecules by discarding solubility and isotopic effects of the
solvent associated with the solvation of H/D water, methane, and
ammonia isotopologues in aqueous fluids, as was previously
established by Foustoukos and Mysen (2013) for methane
species.

We successfully determined the effect of redox conditions on
N speciation in fluids at HP-HT and were able to trace variations
in the relative abundances of N, and NH; with decreasing
temperature in an oxidized methane- and ammonia-bearing
aqueous fluid. With decreasing P-T' conditions, the N,/NHj;
abundance ratio decreased, accompanied by a decreasing N
isotopic fractionation between NH; and N,, APNNE-N2 - and
an increasing N isotopic fractionation between NH," and N,,
ANNHN,

Our findings have direct implications for understanding
the geochemical cycling of H and N: they allow better
constraining the effects of P-T-fO, conditions on the
speciation of H and N isotopologues during the ascent of,
and the formation of bubbles from, an aqueous fluid. As a C-
and N-bearing aqueous fluid ascends throughout the crust to
Earth’s surface, it exsolves N, and CH, bubbles (Figure 4C;
Mikhail and Sverjensky, 2014; Dalou et al., 2022), producing
positive gas-fluid H and N isotopic fractionations, AD and
A"N. In other words, a C- and N-bearing fluid will
preferentially degas D-rich methane and '"N-rich N,,
depleting the residual aqueous fluid in D and '"N. This is
in agreement with the highly variable isotopic compositions of
S and other volatile elements in natural hydrothermal fluids,
which are depleted in heavy isotopes compared to their
associated vapor (e.g., Stefinnson et al., 2017; Kleine et al.,
2021). Because large isotopic fractionations are associated
with changes in the speciation of volatile elements between
phases (e.g., NHj to N,), this implies that, in more oxidized
fluids in which N is solely dissolved as N,, smaller in
magnitude and negative gas-fluid A'°N values are expected
(Graham’s

metamorphic fluids under crustal conditions reach highly

law). However, because hydrothermal or
oxidized conditions, nitrogen and carbon oxide species may
become stable, whereas the gas-fluid AD value would no
longer be controlled by CH, degassing, but probably by the
depressurization boiling of water.

In decompressing and cooling N-rich fluids, isotopic
fractionations occur between aqueous, gaseous, and mineral
the observed N isotopic

fractionation between a NH,"-bearing mineral and the

species. In our experiments,
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aqueous fluid was opposite that expected between a vapor phase
and the aqueous fluid. Because NH,* is the predominant N
species in crustal minerals (substituting for K*, Na*, and Ca™;
Busigny and Bebout, 2013), such NH,"-N, and NH,"-NH;
isotopic  fractionations are relevant to mineral-fluid
interactions in geothermal systems.

Although, this study does not provide quantitative
constraints on equilibrium fractionation factors and the
kinetics of isotopic exchanges, it improves our
understanding of isotopic fractionations in multicomponent
and multiphase systems under hydrothermal temperatures
and pressures. These constraints will aid in the
interpretation of isotopic measurements of natural samples

from hydrothermal systems.
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