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Abstract

Solubility and speciation of nitrogen in silicate melts have been investigated between 1400 and 1700 °C and at pressures ranging from
10 to 30 kbar for six different binary alkali and alkaline-earth silicate liquids and a Ca—Mg-alumino silicate. Experiments were performed
in a piston—cylinder apparatus. The nitrogen source is silver azide, which breaks down to Ag and molecular N, below 300 °C. At high
pressure and temperature, the nitrogen content may be as high as 0.7 wt% depending on the melt composition, pressure, and tempera-
ture. It increases with T, P and the polymerization state of the liquid. Characterization by Raman spectroscopy and '°N solid state MAS
NMR indicates that nitrogen is not only physically dissolved as N, within the melt structure like noble gases, but a fraction of nitrogen
interacts strongly with the silicate network. The most likely nitrogen-bearing species that can account for Raman and NMR results is
nitrosyl group. Solubility data follow an apparent Henry’s law behavior and are in good agreement with previous studies when the nitro-
syl content is low. On the other hand, a significant departure from a Henry’s law behavior is observed for highly depolymerized melts,
which contain more nitrosyl than polymerized melts. Possible solubility mechanisms are also discussed. Finally, a multi-variant empirical
relation is given to predict the relative content of nitrosyl and molecular nitrogen as a function of P, T, and melt composition and struc-
ture. This complex speciation of nitrogen in melts under high pressure may have significant implication concerning crystal-melt parti-

tioning of nitrogen as well as for potential elemental and isotopic fractionation of nitrogen in the deep Earth.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Nitrogen is the major volatile element of the Earth’s
atmosphere. It is therefore critical to determine its physical
properties and its chemical reactivity with geomaterials to
understand and quantify processes that may have con-
trolled its exchange between the solid Earth and the atmo-
sphere. Indeed, nitrogen, like noble gases, is a prime
geochemical and cosmochemical tool to unravel differenti-
ation processes which took place after the accretion of
Earth-like bodies, and lead to the formation of a layered
solid Earth, a hydrosphere and an atmosphere (e.g., Javoy,
1997; Tolstikhin and Marty, 1998; Marty and Dauphas,
2003). In this respect, extraction of volatiles from a hypo-
thetical magma ocean or from the solid Earth through par-
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tial melting and degassing of mantle-derived magmas
played a central role.

Mechanisms governing the incorporation of nitrogen in
silicate melts are not extensively documented. Because N,
has one of a strong covalent bond, its behavior is generally
assumed to resemble that of noble gases. The latter have
been widely studied in the past decades (Kirsten, 1968; Hiy-
agon and Ozima, 1986; Jambon et al., 1986; Lux, 1986;
Carroll and Stolper, 1991, 1993; Broadhurst et al., 1992;
Miyazaki et al., 1995, 2004; Chamorro-Perez et al., 1996,
1998; Shibata et al., 1998; Schmidt and Keppler, 2002;
Brooker et al., 2003). At relatively low pressure, the solu-
bility of these inert gases is relatively low, thus allowing
an efficient degassing of magmas. Their partitioning be-
tween crystal-melt and melt-vapor phases follow Henry’s
laws at low pressure and are essentially incompatible ele-
ments. Finally, their solubilities in melts decrease signifi-
cantly with the increase of their atomic radius, a behavior
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consistent with a steric effect: these gases fill empty spaces
within the melt network.

At near ambient pressure and under oxidizing condi-
tions, nitrogen qualitatively follows similar patterns (Dore-
mus, 1966; Marty, 1995; Miyazaki et al., 1995; Libourel
et al., 2003). However, its behavior is quite different under
reducing conditions (Mulfinger, 1966; Libourel et al., 2003;
Miyazaki et al., 2004). For instance, other parameters
being equal, nitrogen contents typically vary by 5 orders
of magnitude as a function of the redox conditions within
a MORB-like liquid (Libourel et al., 2003). This effect is
due to a change of the solubility mechanism. Under oxidiz-
ing conditions and at low pressure, nitrogen is dissolved as
N, within the empty spaces of the silicate network and do
not interact with it. Conversely, under reducing conditions
nitrogen is chemically bound to the silicate (Mulfinger,
1966). Extremely reducing conditions are required, though,
to reach these conditions at ambient pressure. Typically,
nitrogen does not interact with the silicate for oxygen
fugacity (fO,) above 10~'%7, corresponding to an fO, one
order of magnitude below the iron-wiistite buffer (IW) at
1400 °C. Because the redox state of the mantle is unlikely
to be below IW since the Archean (e.g., Canil, 2002), nitro-
gen behavior is thus expected to be really comparable to
that of noble gases at ambient pressure (Marty, 1995;
Libourel et al., 2003).

At high pressure however, the behavior of volatiles is
less well understood and more complicated. For instance,
concerning noble gas, available data show that the solu-
bility is very sensitive to the chemical composition of the
silicate melt (Chamorro-Perez et al., 1996, 1998; Shibata
et al., 1998; Schmidt and Keppler, 2002; Brooker et al.,
2003; Bouhifd and Jephcoat, 2006). Their solubility
may decrease above a few GPa or just become pres-
sure-independent. As a consequence, the partitioning of
noble gases between melts and minerals may change with
pressure so that these elements becoming progressively
moderately incompatible to compatible. The only general
agreement is that at high pressure, the Henry’s law
breaks down (Sarda and Guillot, 2005). In addition,
the first evidence for a xenon silicate has recently been
found at ultra-high pressure (Sanloup et al., 2002). By
analogy, the behavior of nitrogen may also be more
complicated at high pressure. Furthermore, a dramatic
enhancement of the reactivity of N, at high pressure
has actually been confirmed recently. Indeed, previously
unknown nitrides such as platinum nitride (PtN) may
be prepared by compressing Pt above 45 GPa in a dia-
mond anvil cell and using N, as a pressure medium
(Gregoryanz et al., 2004).

Understanding how nitrogen and other volatiles pro-
gressively lose their inert behavior is crucial because if it oc-
curs at different pressures, then a significant fractionation
among these species may occur and the composition of
the different reservoirs may be misestimated by the records
of atmospheric, basaltic and xenolith samples. Thus, high-
pressure data on solubility and solubility mechanisms are

required to constrain better the budget of volatiles of the
different geochemical reservoirs.

No studies have been dedicated to the solubility and,
more importantly, to the speciation of nitrogen in silicate
melts at kilobars total pressures. For this purpose we have
investigated both the solubility and the speciation of nitro-
gen in nominally anhydrous alkali-, and alkaline-earth sil-
icate melts at pressures ranging from 10 to 30 kbar and
temperature ranging from 1400 to 1700 °C. Raman spec-
troscopy and >N solid state MAS NMR were employed
to study the speciation of nitrogen under these conditions.
It is found that a significant fraction, and sometime a dom-
inant fraction of this volatile interacts strongly with the sil-
icate melt despite a moderately oxidized state.

2. Experimental methods
2.1. Starting compositions

Nine glasses were synthesized: three sodium silicates
[Na,0-28i0, (NS2), Na,0-4Si0O, (NS4), Na,0-8SiO,
(NS8)], a potassium [K,0-4Si0, (KS4)] and a lithium sili-
cate [Li,0-4SiO, (LS4)], a calcium, a strontium, and a bar-
ium silicate [CaO-Si0, (CS), SrO-SiO, (SrS), BaO-SiO,
(BaS), respectively], and finally an anorthite-diopside
eutectic glass (CMAS). Nominal compositions of these
starting materials are given in Table 1. The use of sodium
silicates is justified by their low melting points, their mod-
erately hygroscopic behavior compared to other alumina-
free glasses and the wide range of composition over which
homogeneous glass can be prepared (without liquid-liquid
immiscibility). These three sodium silicates cover up a large
range of polymerization state and, thus, provide a measure
of the effect of this structural parameter on the solubility
behavior of nitrogen. Potassium and lithium silicates were
selected to compare the effect of the alkali cation on the
nitrogen solubility behavior, other parameter being equal.
A ratio M,O/SiO, of 1:4 was selected because at higher
potassium content, the glass is too hygroscopic to be con-
sidered as anhydrous at virtually any condition. Converse-
ly, at lower Li content, subliquidus liquid-liquid
metastable phase separation occurred very fast, even dur-
ing the quench. Though ultramafic melts are obviously
the target of such a study of silicate melts at high pressure,
they cannot be directly studied because of experimental

Table 1
Nominal compositions of starting glasses (in mol%)

NS2 NS4 NS8 KS4 Ls4 SrS CMAS
SiO, 66.66 80 89.99 80 80 50 53.55
AlLO; 9.8
MgO 11.01
CaO 25.64
SrO 50
Na,O 33.33 20 11.11
K,O 20
Li,O 20
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limitations. As a consequence, the effect of alkaline-earth
cations has been studied through simple binary melts with
a polymerization state ressembling ultramafic melts. Such
melts may be prepared and studied at high pressure (CS,
SrS, BaS). Even within this restricted range of composition,
only the strontium silicate was found to be quenchable to a
glass from high temperature, high pressure experiments. In
spite of the structural complexity of CMAS glasses, which
prevent any simple quantification of the interaction be-
tween nitrogen and such melts, an anorthite-diopside
eutectic was studied because it is often considered as a
good, synthetic analog of the ‘Silicate Earth’.

All these glasses were synthesized from mixtures of
reagent grade SiO,, Al,O;, Na,CO;, K,CO;, Li,COg;,
CaCOs;, MgCO;, SrCO;, BaCOs, first fired at relevant tem-
peratures to dehydrate them (between 300 and 1000 °C).
Samples were melted in air in thin-walled Pt crucible at
temperature between 1000 and 1600 °C. These tempera-
tures depend on the melting point of compositions and
were optimized in order to prevent significant alkali volatil-
ization during the process.

2.2. The solid-state nitrogen source employed

The fraction of nitrogen dissolved in these melts, espe-
cially at high pressure, is expected to be relatively large.
As a consequence, the use of a solid source of nitrogen
was required to ensure that complete saturation of the
liquid was achieved. Generally, the nitrogen source used
in high-pressure experiments are guanidine nitrate or
ammonium, used in the presence of oxygen buffers (Hollo-
way and Reese, 1974). Heating several other nitrates may
also lead to generate an N,—O, atmosphere. In the latter
case, the vapor composition accessible by these methods
is restricted and determination of the speciation of nitrogen
is not trivial. Furthermore, the use of these components
generally implies a contamination of the melt by non-vola-
tile by-products resulting from the thermal decomposition
of the nitrogen-bearing molecules.

The only way to obtain a nominally pure N,-atmo-
sphere is to use an azide (Keppler, 1989). We used a silver
azide (AgN3), an extremely unstable and explosive com-
pound. It was synthesized by mixing solutions of reagent
grade silver nitride (AgNO3) and sodium azide (NaNj3) fol-
lowing the protocol described by Keppler (1989). Because
this product is very unstable, it was not dried but used in
the form of a suspension in distilled water, and was stored
in an opaque Teflon container because it is slowly decom-
posed by light. A small amount of '’N-labeled silver azide
was also prepared for NMR experiments (33% of '°N). For
this purpose, isotopically labeled sodium azide (Cambridge
Isotope Laboratories, Inc.) was employed to prepare the
AgN3

With this nitrogen compound, a nominally pure N,-
atmosphere is produced even at temperature below
350 °C because AgNj; is thermodynamically unstable with
respect to silver and nitrogen at all P-T conditions of inter-

est. Thus, even before the melting of silicate glasses, AgN;
breaks down to Ag’ and N,. Another advantage of this
method is that Ag® readily makes an alloy with the plati-
num used to prepare capsules. In other words, the use of
this compound does not lead to any contamination of the
starting silicate as confirmed by electron microprobe anal-
yses. However, in presence of other redox couples like
Fe®/Fe?*, or Fe*t/Fe*", a redox reaction occurs with Ag’.
Metallic silver is oxidized to Ag™ and is stabilized in melts.
This is why iron-bearing melts have not yet been studied.
Additional problems attached to the study of iron-bearing
liquids includes the following: (1) part of iron is always lost
in Pt capsules, (2) Fe precludes the use of NMR, and (3) sig-
nificant fluorescence decreases the signal/noise of Raman
spectra considerably particularly in the high frequency re-
gion, where nitrogen Raman bands are expected.

2.3. Run procedure

Experiments were performed with a solid-media, Boyd—
England piston—cylinder press (Boyd and England, 1960)
and using sealed platinum capsules. Silver azide was added
as a suspension in such a way that a quantity of 2 mg of dry
azide was obtained. The capsule was then dehydrated at
105 °C, a temperature at which the decomposition of the
azide is very sluggish and not explosive. We left the sample
at this temperature until no mass changes could be mea-
sured using a high precision Mettler AE 240 microbalance.
Typically 6 h was required to reach this plateau, but we left
the capsule at 105 °C for 12 h. Then, about 10 mg of glass
powder was added. The capsule was then welded in air or
in ultrapure argon flow, while the bottom was cooled in
water to prevent any blow-out during this stage.

Capsules were then placed in 3/4” or 1/2" talc-Pyrex
sleeves assemblies. Graphite heaters were employed and
samples were packed in previously dehydrated MgO pow-
der. Temperature was controlled by a Pt-Pt;,Rh thermo-
couple. The pressure uncertainty is +1 kbar. Samples
were heat-treated over a temperature range between 1400
and 1700 °C and a pressure range between 10 and 30 kbar
(Table 2). The 3/4” assemblies were used to allow the heat-
ing of three different samples at exactly the same condi-
tions. On the other hand, 1/2” assemblies were used to
allow a faster quench. No significant differences were ob-
served among samples prepared in both techniques, either
in terms of nitrogen content or in terms of the Raman spec-
tra of the glasses.

Typical run duration was 60 min though shorter and
longer runs have been performed to determine more accu-
rately the time required to reach the equilibrium (see
below). After an experiment, capsules were cleaned and
opened. Samples are generally crystal-free, translucent yel-
lowish glasses. When this was not the case, samples were
discarded with the exception of strontium silicate for which
only partly crystallized samples could be recovered and
analyzed. Some bubbles are present but they are randomly
distributed. This suggests a saturation of the sample in
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Table 2
Experimental conditions

Composition  Pressure =~ Temperature  Type of Run duration
(kbar) (°C) assembly  (min)
NS8-blank 15 1650 3/4" 60
NS4-blank 15 1650 3/4" 60
NS2-blank 15 1650 3/4" 60
NS2-Ar 20 1400 1/2" 60
NS2-Ar 20 1600 1/2" 60
NS2-°N 20 1600 3/4" 180
NS2 20 1600 1/2" 90
NS2 20 1600 1/2" 40
NS2 20 1600 1/2" 20
NS8 10 1600 3/4" 60
Ns4 10 1600 3/4" 60
NS2 10 1600 3/4" 60
NS8 15 1650 3/4" 60
NS4 15 1650 3/4” 60
NS2 15 1650 3/4" 60
NS8 20 1700 3/4” 60
NS4 20 1700 3/4" 60
NS2 20 1700 3/4" 60
NS2 20 1400 1/2" 60
NS2 20 1500 1/2" 60
NS2 20 1600 1/2" 60
NS2 10 1600 3/4” 60
NS4 20 1600 3/4" 60
Ns4 10 1600 3/4" 60
NS2 10 1600 3/4" 60
NS2 30 1600 1/2" 60
LS4 17 1600 3/4" 60
NS4 17 1600 3/4" 60
KS4 17 1600 3/4" 60
SrS 10 1700 3/4" 60
CMAS 20 1600 1/2" 60

volatiles rather than a partial degassing during the quench
(Fig. 1), which is characterized by heterogeneously distri-
buted and locally concentrated bubbles conferring a cloudy
appearance to the sample. Half of the glass chips were then
mounted as polished sections for electron microprobe anal-
ysis and other chips were directly analyzed with the Raman
spectrometer to prevent any dissolution of atmospheric
water after the experiment.

2.4. Raman spectroscopy

Raman spectra were recorded in a backscattering geom-
etry with a XY DILOR Raman microspectrometer
equipped with a CCD detector. The 514.5 nm line of a
Spectra Physics Ar' laser was focused on the sample down
to a 2 um spot through a microscope objective (50x) that
was also used to collect the backscattered Raman light.

At least five different glass chips of the same samples
were analyzed. A linear base line was fitted to the high fre-
quency region (especially around the region of nitrogen
stretching modes) of all the spectra and a temperature—fre-
quency correction of the Raman intensity was applied
(Long, 1977). A more unusual procedure was then em-
ployed because of the presence of atmospheric nitrogen
into the spectrometer itself: a Raman spectrum of nitrogen
from the ambient is observed when no sample is illuminat-
ed. To remove this “blank™ signal, a Raman spectrum of
the air was recorded with the same analytical conditions
as the samples. This procedure was followed at the begin-
ning of each analytical session. In this way, after the base
line and the temperature—frequency correction, this signal
was removed from the spectra. Once this correction
applied, spectra were compared directly. Spectra of glasses
with different composition were compared without intensi-
ty normalization because no normalization is rigorously
valid in this case since these glasses have very different dis-
tribution of Q-species (Maekawa et al., 1991). However,
when samples of the same composition were compared,
all the spectra were normalized to the most intense peak
of the silicate region.

2.5. °N solid state magic angle spinning nuclear magnetic
resonance spectroscopy

15N solid state MAS NMR spectra were acquired using
single pulse methods, employing a 4.5 ps excitation pulse, a
spectral width of 40 kHz, an acquisition time of 25 ms, and
a sample spinning speed of 10 kHz. The magnetic field is
7.05 T; the larmor frequency of >N at this field strength

Fig. 1. Optical micrographs of samples quenched from high pressure and temperature (same scale, magnification 20x). (a) Large bubbles randomly
distributed within a NS2 glass chips, indicating a saturation of the liquid in volatile. (b) Small bubbles concentrated along preferential path in a NS2 glass
chips, indicating a partial exsolution of the volatile phase during the quench. Such samples were discarded.
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is ~30 MHz. We note that a 90° pulse requires a recycle de-
lay greater than 5 x T1. Given the very weak signal associ-
ated with low abundance of N in these glasses no attempt
was made to measure T1, but we have measured the T1 of
28j with Gadolinum oxide added as a relaxation agent and
measured a T1 of less than 20 ms. We assume, therefore,
that 1 s recycle delay is sufficient to avoid longitudinal sat-
uration. Due to the relatively weak signal resulting from
the low abundance of nitrogen in these samples, 640,000
acquisitions were obtained per sample. The time domain
signal was zero-filled to 8192 points and line broadening
of 200 Hz was applied prior to Fourier Transformation.
Spectra were referenced to the '°N resonance of solid gly-
cine (defined as 10 ppm relative to ammonium chloride
solution = 0 ppm).

2.6. Chemical analyses

Samples were polished dry and only ethanol was used to
clean them in order to minimize their hydration. Chemical
analyses were made with a JEOL 8800 operating at 10 nA,
15 kV. The standardization was done using a synthetic ba-
salt glass. Boron nitride was used as a standard for nitro-
gen. It is of note that microprobe is not the most efficient
apparatus to analyze nitrogen compared to UVLAMP
(e.g., Brooker et al., 1998) or ion probe techniques (e.g.,
Hashizume et al., 2000), but this simple technique has been
found reliable and reproducible given the high nitrogen
content of our glasses. The reported nitrogen contents rep-
resent an average of more than 10 analyses in the areas
with no bubbles that would distort the chemical analysis.
Repeated analyses on the same area showed no difference
of the nitrogen content.

Only sodium silicates were analyzed. The KS4 samples
were not analyzed because the preparation and storage of
this hygroscopic glass for microprobe analyses may have
altered the nitrogen content. Finally, the detection of lith-
ium did not allow the determination of any reliable compo-
sition. In the case of sodium-bearing silicates a large area
(~100 um?) was analyzed to minimize this volatilization.
Volatilization was negligible for NS8 and NS4 glasses
and very low for NS2. Analyses performed on NS8 with
different acquisition times do not lead to any change of
the determined nitrogen content. A loss associated with
sodium volatilization in the case of NS2 cannot be ruled
out though. It must however be restricted to an acceptable
level given the fact that no correlation could be found be-
tween the nitrogen content measured and the fraction of
sodium lost under the electron beam.

3. Results

3.1. Nitrogen content of glasses quenched from high-pressure
and high temperature

The nitrogen content of NS8, NS4, and NS2 glasses
temperature-quenched at high pressure ranges from 0.3

to 0.7 wt% with typical uncertainties of the order of
0.03 wt%. It is systematically higher for NS8 than for
NS2. This is particularly obvious at the highest P and
T conditions (Fig. 2a). The increase of temperature re-
sults in an increase of the nitrogen content. The temper-
ature dependence is higher for NS2 than for NS4. For
instance, in the former case, Xy, increases by almost a
factor of two over 300 °C (Fig. 2b). The temperature
dependence is linear within the analytical error. The pres-
sure has qualitatively the same effect as temperature but
its effect is more pronounced for polymerized melts
(Fig. 2c¢).

3.2. Spectroscopic evidence for a dual behavior of nitrogen
dissolved in silicate melts

At ambient pressure, the main vibron of the N, mole-
cule is located at 2331 cm™!. Therefore, our study focuses
mainly on the high frequency region of the spectrum
(2000-2500 cm™"). This region shows some significant
variations as a function of experimental conditions. In
glasses prepared at ambient pressure in air, only the
aforementioned lorentzian band near 2331 cm ™' is ob-
served. It likely embodies the air trapped in the spectrom-
eter, rather than the nitrogen dissolved in glasses as
explained above. Nominally nitrogen-free melts quenched
from high pressure but still synthesized with air trapped
in the sealed container are not different (Figs. 3 and 4).
Only the structure of the silicate network is modified.
These differences in the low frequency envelope illustrate
changes of the relative contents of Q-species within the
melt at increasing pressure, as repeatedly described for
such compositions (Dickinson et al., 1990; Mysen, 1990;
Xue et al., 1989).

This picture is different when nitrogen is added. First,
the typical vibron of N, is no longer a sharp, lorentzian
peak but becomes broader and Gaussian (Fig. 4). This
broadening is interpreted as the result of the distortion of
N, molecules trapped in interstitial sites within the silicate
structure. The dependence of this distortion as a function
of intensive and compositional parameters is addressed be-
low. More importantly, two additional and even broader
bands are resolved at lower frequencies, around 2100 and
2200 cm ' (Fig. 4). These additional bands are rather inde-
pendent of the initial composition of the gas mixture
trapped in the platinum capsule. Indeed, samples prepared
in air or under a flow of argon (ultra high purity) do not
show significant differences in terms of signal intensity or
frequency (Fig. 4). In these samples, no significant amount
of dissolved water was detected by Raman spectroscopy.

>N-labeled AgN; was used to characterize further the
speciation of nitrogen in these melts. As detailed below,
the intensity of the Raman bands in addition to that near
2331 cm ™! are higher for NS2 than for other sodium sili-
cate glasses. This glass was, therefore, the main composi-
tion examined with '>’N NMR and Raman spectroscopy.
Raman spectra of samples prepared with labeled nitrogen
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T
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Fig. 3. Typical Raman spectra of nominally nitrogen-free NS2 glasses
prepared at ambient pressure and at 15 kbar. Relative intensities of bands
forming the broad envelope around 1000 cm ™! are pressure dependent and
are assigned to the distribution of the Q-species in the glass. Besides, no
significant changes are observed especially above 2000 cm™! where only
the signal of atmospheric nitrogen is observed.

revealed a strong isotopic effect (Fig. 5). For instance, the
single vibron of N is split in three bands with very different
frequencies. Such isotopic effect on the vibration frequency
of this diatomic molecule can be predicted using the
Hooke’s law for a harmonic oscillator

1k

: (1)

" one\
where v is the frequency, c is the light velocity, k is the force
constant and u is the reduced mass defined as
ml - m2
- _ 2
R (2)
where m1 and m?2 are the masses of the atoms. Because the
frequency of the vibron for "*"N=N'* is well known, the
frequency of '"’N=N'* and '"’N=N'° can be easily derived
using Eq. (1). As shown in Fig. 5 and Table 3, the three

---+ NS2-1 bar-air

— NS2-15 kbar-air

---. NS2-20 kbar-Ny-air
—— NS2-20 kbar-N-argon

Intensity (a.u.)

T T T
2200 2300 2400

Wave number (cm™)

T T
2000 2100

Fig. 4. High frequency region of typical Raman spectra of glasses
prepared in different experimental conditions. Without addition of
nitrogen into the capsule, the only Raman signal collected is that of the
atmospheric nitrogen. When azide is poured into the capsule, this vibron
has a higher intensity and additional bands are observed. The presence of
air or pure argon into the capsule before the run does not affect
significantly the Raman spectra of the samples. In this figure, Raman
spectra are not corrected for atmospheric nitrogen.

14 14
N=N

2331

15 15 14 15
N°= N N7= N
predicted 2252 2292

measured 2255 2293

Intensity (a.u.)

2053 2085

T

T 1
2100 2200 2400
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Fig. 5. High frequency region of the Raman spectra of a NS2 glass quenched
from HT-HP and containing '’N-labeled nitrogen. The isotopic substitution
induces the split of the Raman signature of nitrogen-bearing groups. This
shift is used to infer the nature of these groups (see text and Table 3). In this
figure, Raman spectra are not corrected for atmospheric nitrogen.
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high-frequency bands are characteristic of molecular N,
with different isotopic compositions.

The lower-frequency band, between 2100 and 2200 cm™
(Fig. 4) is also affected by the isotopic substitution. This
confirms first that this signal refers directly to a nitrogen-
bearing molecule and cannot be attributed to any indirect
modification of the silicate network during experiments.
Moreover, it is likely that only a single N atom is involved
because the Raman band is split in two. If two N atoms
were involved, the band would be split in three. The fre-
quency shift induced by the isotopic substitution can be
estimated assuming different kind of diatomic oscillator
(e.g., NSi, NO, NH). Only NO- molecules containing
N and >N can account for the frequency shift measured
experimentally, whereas a substitution "*N—'"N in NSi and
NH groups leads to a too large and to small frequency
shift, respectively (Table 3). This result thus suggests inter-
actions between nitrogen and oxygen of the silicate net-
work at high temperature and high pressure. There is a
plethora of studies dedicated to the structure of nitride
glasses (e.g., Rouxel et al., 1990; Grande et al., 1995; Sak-
ka, 1995; Rouxel and Piriou, 1996; McMillan et al., 1998;
Navarro, 1998). Raman bands in the frequency region
2000-2200 cm ™! have never been reported for such glasses,
supporting the fact that Raman bands observed cannot be
assigned to any NSi group. Based on Raman spectroscopy,
nitrosyl group is the most likely candidate.

>N solid state MAS NMR experiments have been car-
ried out on the same sample. This spectroscopy provides a
relatively wide spectral window for separating nitrogen
species based on oxidation state as it affects nuclear
shielding. Reduced nitrogen experiences the greatest
shielding, hence ammonia and amines resonate in the low-
est frequency range of the '°N spectral region. If we refer
the '°N spectrum to the resonant frequency of ammonium
chloride, defining this resonance as lying at 0, then we
note that the "N spectrum extends up to near 400 ppm
where the '°N resonance of highly deshielded nitrate is
observed. Virtually all other "N species lie between 0
and 400 ppm.

1

Table 3
Calculated Raman frequency shift induced by the substitution of '*N by
5N in an harmonic diatomic oscillator

Diatomic Frequency Frequency
molecule calculated (cm ™) observed (cm™!)
UN-N 2331 23312
UN-IN 2291 2293
N-I5N 2251 2255
“N-O 2085%
N-0 2049 2053
4N-Si 2085%
ISN-Si 2038 2053
“N-H 2085%
SN-H 2081 2053

* Raman frequency shifts are calculated for isotopically substituted
molecules assuming that this band may be assigned to the stretching of its
non-substituted counterpart (see the main text).

In Fig. 6, the '°N solid state spectrum of the NS2 glass is
presented. Two nitrogen-bearing species are clearly ob-
served with peaks at 289 and 253 ppm (relative to NH4Cl);
A pair of nitrogen-bearing species is consistent with what is
detected via Raman spectroscopy (Figs. 4 and 5). The larg-
er 289 ppm peak (~85% of the total resonance intensity)
most likely corresponds to N, located within the NS2 glass
matrix. This frequency is consistent with triply bonded
nitrogen, e.g., “CN” groups resonate in the 200-230 ppm
range, substitution of nitrogen for carbon would reason-
ably decrease the shielding leading to a slightly higher fre-
quency resonance of N,. This frequency is also consistent
with that of N, gases measured by Jameson et al. (1981).
The nitrogen species responsible for the smaller peak at
253 ppm (15% of the total intensity) cannot be identified
directly from these data but the following conclusions
can be made. First, the relatively high frequency unambig-
uously excludes the possibility that this peak indicates the
presence of ammonium cations. Second, in the discussion
above, the Raman data indicate the presence of a second
N-bearing species, possibly NO or bound nitrosyl groups.
Given that the triple bond will have the most significant af-
fect on the shielding characteristics of nitrogen, the pres-
ence of this smaller peak near N, and “CN” is consistent
with triply bonded nitrogen; plausibly NO or nitrosyl.
Based on the combination of NMR and Raman data, it
is thus proposed that the intense peak around 2100 cm™!
embodies nitrosyl groups present in the silicate network.
It is not possible to assign the third and least intense peak
(2200 cm ') detected by Raman spectroscopy. The crude
correlation between the area under this peak and the one
at 2100 cm ™' indicates that both are probably related to
the same nitrogen-bearing group. However the intensity
of this peak is too weak to resolve this environment by
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Fig. 6. >N solid state NMR spectrum of a nitrogen-bearing glass, NS2,
acquired with single pulse excitation and 10 kHz magic angle sample
spinning. Two nitrogen-bearing species are clearly evident in this glass.
The spectral ranges corresponding to reduced nitrogen, e.g., ammonium
and amines (~0-30 ppm); triply bonded cyano (“CN”) nitrogen (~200—
230 ppm); and oxidized nitrogen, e.g., nitrate (~335-400 ppm). The larger
peak at 289 ppm is most likely Nj; the smaller peak at 253 ppm may
correspond to NO (??).
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NMR spectroscopy. It is thus impossible to know if the
two peaks represent simply different local environments
of NO- groups.

3.3. A contrasted time-, composition-, temperature-, and
pressure-dependence of the Raman scattering of dissolved
nitrogen in silicate melts

3.3.1. Time-dependence and gas—liquid equilibration

Time series were performed with the NS2 composition.
Samples prepared in comparable conditions of pressure
and temperature were quenched after 20, 40, and 90 min
in order to document the kinetics of nitrogen dissolution
in melts. Because of the experimental setup and in particu-
lar because the starting glass is finely crushed, the gaseous
nitrogen embedded glass chips (grain size typically
<100 pm) before the melting. Therefore, it was expected
that the dissolution occurred rapidly. At ambient pressure,
it has been observed that a minimum of 10 h was required
to equilibrate a liquid with the gas phase (Libourel et al.,
2003). In this case, however, diffusion of N, had to proceed
through Pt or graphite crucible containing 300-500 mg of
liquid. Our results indicate that the Raman signature of
nitrogen dissolved in glasses does not change after 40
min (Fig. 7). The intensity of molecular nitrogen
(~2300cm™ ') does not change significantly between 20
and 90 min. Furthermore, typical high-pressure experi-
ments dealing with gas-melt equilibration are performed
for 1-2 h (e.g., Schmidt and Keppler, 2002). This result
suggests that under these pressure and temperature condi-
tions, the diffusion of nitrogen trapped between glass chips
is fast and equilibration occurs within a few tens of min-
utes. On the other hand, intensities of other peaks
(~2100 and ~2200 cm~') change over time. The signal
increases by a factor of 2 between 20 and 40 min. For long-
er run duration, no further increase of these intensities can
be noted. Chemical reactions that lead part of N, to inter-
act with the silicate network are thus slower than the pure
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Fig. 7. Effect of the run duration on the high frequency region of the
Raman spectra of NS2 glasses prepared at 1600 °C and 20 kbar. A steady

state is reached at 40 min. In this figure, Raman spectra are not corrected
for atmospheric nitrogen.

diffusion of the gas into the melt but the steady state is
reached after 40 min. To ensure a complete equilibration,
we have set the time duration of other experiments to
60 min.

3.3.2. Influence of the gas mixture composition and of the
nitrogen partial pressure

The control of the volatiles partial pressures is a major
concern during high pressure, high temperature experi-
ments. It was virtually impossible to buffer precisely gas
fugacities. However, the hypothetical influence of the gas
mixture on the Raman spectra may provide an insight into
this issue. First of all, we note that the presence of air or
pure argon in the capsule does not change any feature
either qualitatively or quantitatively (Fig. 4). Besides,
Libourel et al. (2003) and Miyazaki et al. (2004) demon-
strated that the composition of the gas mixture did not af-
fect nitrogen solubility unless conditions are strongly
reducing (below IW-1). In this latter case, the composition
of the gas phase has a critical effect on the nitrogen solubil-
ity because silicone nitride is produced. Such complex was
never observed in any of our experimental charges and is
not consistent with the redox state of nitrogen inferred
by NMR results. We thus conclude that experiments took
place under oxidizing to moderately reducing conditions.

The amount of nitrogen produced by the decomposi-
tion of AgNj3; exceeds the amount of nitrogen that could
readily be dissolved into the melt. The drawback of this
design is that the extrapolation of such results to realistic
nitrogen content such as those currently measured in nat-
ural magmas is not straightforward. We carried out
experiments with various amounts of AgN; between 0.8
and 4.6 mg. No obvious and systematic changes were
observed in Raman spectra of the different samples.
Especially, the relative intensities of the bands do not
change. It is worth noting that these experiments are
all N, oversaturated but we think it may be reasonably
assumed that results described below are valid even un-
der low nitrogen partial pressure (i.e., experimental con-
ditions which would prevent the study of the nitrogen
speciation in melts).

3.3.3. Effect of the melt polymerization state

A critical parameter that controls many properties of
magmas is their polymerization state. This parameter is
generally quantified by the number of non-bridging oxygen
per tetrahedrally coordinated cation (NBO/T). Glasses
NS2, NS4, and NS8 have been selected to cover a wide
range of NBO/T, respectively: 1, 0.5, and 0.25. For these
three compositions, the speciation of nitrogen has been
studied at different pressures and temperatures. For given
pressure and temperature, three samples (one of each com-
position) were heat-treated together to insure strictly iden-
tical experimental conditions. Raman spectra were
recorded during the same session and in the same condi-
tions for a given experimental run. In this way, spectra
can be compared directly.
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The dual speciation of nitrogen is obvious regardless of
pressure, temperature and polymerization state (Figs. 8a,b,
and c). However, the intensity of the peak at 2200 cm™! is
very low to negligible for NS4 and NS8, whereas intensities
of peaks at 2100 and 2300 cm ™' are always significant. A
consistent picture emerges that is independent of pressure
and temperatures: the intensity of the peak at 2300 cm !
is higher for the most polymerized, silica-rich melts,
whereas the intensity of the peak at 2100 cm™' is higher
for depolymerized, silica-poor melts. In addition, the shape
of the peak at 2300 cm ™' changes with composition and
shifts toward higher frequency and is broader for depoly-
merized melts than for polymerized ones. This result is con-
sistent with the dissolution of molecular nitrogen in
interstitial position within the melt structure. The decrease
of the signal intensity with the increase of the melt depoly-
merization is thus related to the more compact structure of
these glasses. This structural interpretation also accounts
for the increase of the distortion of N, molecules as indicat-
ed by the line broadening and the frequency shift (Fig. 8b).

The Raman cross section of the different Raman bands
is unknown and as a consequence it is difficult to quantify
the relative amount of these species. However, we have
rationalized spectroscopic data by calculating the ratio of
the area below peaks at 2100cm™' over peaks at
2300 cm . It is not possible to derive accurate error bars
for these ratios but typically the accuracy cannot be better
than 5%. Whatever the real accuracy is, this method allows
comparison of the spectra of data for all the samples (any
P, T, X).

M. Roskosz et al. 70 (2006) 2902-2918

The intensity ratio of the 2100 to 2300 cm ' bands does
not change significantly for NS8 and NS4, and decrease
significantly with increasing P and T for NS2 (Fig. 8d).
The non-linear relation between this ratio and the polymer-
ization state prevailing at low pressure and temperature be-
comes linear at high pressure and temperature.

3.3.4. Temperature dependence

All other parameters being equal, an increase of temper-
ature results in an increase of the intensity of the peak at
2100 cm ™! and a decrease of the peak assigned to vibra-
tions in molecular nitrogen. The intensity of the peak at
2200 cm ! does not change significantly (Figs. 9a and b).
This feature is obvious for NS2 glasses because the temper-
ature range studied is large but the same trend is also ob-
served for NS4 glasses. No significant frequency shift or
any change in the peak shape occurs with the increase of
temperature. This observation indicates that temperature
has no effect on the distortion of nitrogen-bearing species
or that this effect is not recorded in quenched glasses.
The area measured below the peaks of molecular N, is a
linear function of the temperature (Figs. 9¢ and d). Con-
versely, the increase of the area below the peak at
2100 cm ™' may be a non-linear function of temperature.

3.3.5. Pressure dependence

The intensity of the signal of N, (2300 cm™') increases
with total pressure. There is a significant frequency shift to-
ward higher wave number and a significant broadening of
the Raman signal of N, (Figs. 10 a and b). This broadening
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Fig. 8. Effect of the polymerization state of the liquid (quantified as NBO/T) on the high frequency region of Raman spectra of NS2, NS4, and NS8
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the different experimental conditions. Lines are only guides for the eyes.



Behavior of nitrogen in silicate melts at high pressure

[ns2]

— 1400°C

Intensity (a.u.)

2200 2300 2400

2000
wave number (cm™)

¢ [ns2]
2100 cm’
© 2200 cmi’
0 2300 cmi’

3

&

(]

o

©

k4

©

[

o

—o—o0o——o5
1300 1400 1500 1600 1700 1800

Temperature (°C)

2911

’
—1600°C
~| |[=1700¢C
=]
s
z
%
c
8
£
T T T T 1
2000 2100 2200 2300 2400
wave number (cm™)
e (2100/2200)-NS2
§ 4| o @002200Nss 08 5
Y « (2100/2300)-NS2 2
S © (2100/2200)-NS4 S
3 06 S
u -
2 i 5
82 04 =
5 8
g 3
<y / 02 <
0 0
1300 1400 1500 1600 1700 1800

Temperature (°C)

Fig. 9. Effect of temperature on the high frequency region of Raman spectra of NS2 (a) and NS4 (b) glasses prepared at 20 kbar. (c) Area below the three
characteristic peaks for NS2. (d) Ratio of the area below peaks at 2100 and 2200 cm™! and 2100 and 2300 cm ™! as a function of T for NS2 and NS4

glasses. Lines are only guides for the eyes.

©2100 e - NS2
a b C | o22000m'-Ns2
02300 cm'- NS2
— 10 kbar #2100 cri’ - NS4
_ - --- 17 kbar S| e2200cm)-Nss
3 3 — 20 kbar a| o2300cm'-nsa
< = &
= £ :
= ] ©
[} c
g g s
£ £ K3
o * ¢
ey - pe o0
—_— O
T T T T T T T T T T T T - >
2000 2100 2200 2300 2400 2000 2100 2200 2300 2400 0 10 20 30

wave number (cm")

wave number (cm™)

Pressure (kbar)

Fig. 10. Effect of pressure on the high frequency region of Raman spectra of NS2 (a) and NS4 (b) glasses prepared at 1600 °C. (c) Area below the three

characteristic peaks for NS2 and NS4. Lines are only guides for the eyes.

is consistent with an increased distortion of the molecule as
the silicate network is compressed. Pressure has no signifi-
cant effect on peaks at 2100 and 2200 cm ™' except for NS2
at relatively low pressures are applied on NS2. In this case,
increasing the pressure from 10 to 20 kbar results in a sig-
nificant decrease of the intensity of the peak at 2100 cm ™.
Further pressure increase does not lead to any additional
intensity decrease. Furthermore, such trend is not observed
for NS4 glasses (Fig. 10c).

Pressure is thus required to form the chemical interac-
tion between the melt and the volatile but once formed, fur-
ther increase does not have a strong effect at least up to
30 kbar. However, as the content of molecular nitrogen
increases rapidly, the overall relative content of this com-
plex in the melt also increases.

3.3.6. A speciation typical of binary alkali liquids?

To quantify the behavior of nitrogen in silicate liquids
further, potassium and lithium silicates have been synthe-
sized (KS4 and LS4, respectively). Calcium, strontium,
and barium silicates were prepared but as previously men-
tioned, only strontium silicate could be quenched from
high pressure, high temperature experiments. Eventually
a melt corresponding to the ambient pressure anorthite—
diopside eutectic was studied (CMAS, Table 1).

Raman spectra of potassium-bearing melts exhibits two
strong peaks around 2100 and 2200 cm~'. Other parame-
ters being equal, the relative intensities of these bands are
higher for K- than for Na-bearing melts (Fig. 11a). Fur-
thermore, these bands are shifted toward lower frequencies
compared to their sodium counterparts. This is a strong
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indication that the local environment of this nitrogen spe-
cies depends on the network-modifying cations. Converse-
ly, Li-bearing silicates show a very different feature. In
these melts nitrogen appears to dissolve exclusively as
molecular nitrogen.

The areas below the different peaks are linear functions
of the ionic radius of the alkali for bands 2100 and
2200 cm ™' (Fig. 11b). Conversely, the area below the peak
of the molecular nitrogen is constant for Li- and Na-bear-
ing silicates but decreases significantly for K-bearing glass-
es. These observations suggest that the presence of
potassium (the largest of the three alkali cations studied)
induces a significant decrease of the size of empty spaces
within the structure. As a result, molecular nitrogen is less
easily accommodated within the silicate melt structure.
Correlatively, the intensity of the peak characteristic of
nitrogen interacting with the silicate increases with the ion-
ic radius of the network modifying cations. As discussed
below, this link can be a consequence of the strength of
M-O bonds or of the ‘porosity’ of the melt structure.

Raman spectra of alkaline-earth-bearing melts exhibits
the band at 2100 cm ' and in a lesser extend the peak at
2200 cm ™' (Fig. 12). For strontium silicates, this signal is
dominant over that of the molecular nitrogen. It is thus
obvious that the occurrence of a strong interaction between
nitrogen and the silicate melt is not only typical of binary
alkali silicates but is a common feature of silicate liquids.
Other parameters being equal, the network modifying cat-
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ion controls the speciation and the local environment of the
dissolved nitrogen. This feature is observed not only in sim-
ple alkaline-earth binary melts but also in more complex
Ca0O-MgO-AIl,03-SiO, melts.

4. Discussion

4.1. Insight into the nitrogen solubility at high pressure and
high temperature

The present data can be used to address the effect of ele-
vated pressure and temperature on the solubility of nitro-
gen in silicate melts. First, it must be noted that after the
thermal decomposition of the silver azide, the gas mixture
trapped into the capsule may be considered as pure nitro-
gen. The total pressure is thus comparable to the partial
pressure of nitrogen.

The solubility of a volatile in silicate melts is usually de-
scribed by a Henry’s law. This approach is valid at low
pressure and for species which have a nearly ideal behavior
(e.g., noble gases and nitrogen). However, the fugacity
coefficient (I'N,) of a given volatile is pressure-dependent.
In our case, I'N, may be calculated using a modified Red-
lich—-Kwong equation of state using the critical constants
for Ny (Tey=1262K, Py =3.39 MPa). At 1600 °C
and for pressures of 1, 2, and 3 GPa, I'N, is, respectively,
5.35, 29.63, and 164.82. Thus, at high-pressure, the usual
assumption N, = PN, is not correct. It explains why even
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Fig. 12. Typical high frequency region of Raman spectra of strontium silicate (SrS) (a) and CMAS (b) glasses prepared at 1700 °C, 10 kbar and at
1600 °C, 20 kbar, respectively. Qualitatively the same features as in NS, glasses are observed in these samples.
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helium and neon solubility are not linear functions of their
respective fugacity (Shelby, 1976). On the other hand, high-
pressure noble gas solubility data show a linear pressure-
dependence (Chamorro-Perez et al., 1996, 1998; Schmidt
and Keppler, 2002; Bouhifd and Jephcoat, 2006). This par-
adoxical behavior has been explained recently (Sarda and
Guillot, 2005). Though the solubility readily decreases
when pressure increases, this effect is counterbalanced by
the compression of the fluid phase. The Henrian behavior
reported in experimental studies is thus only apparent.
Nevertheless, it offers a unique and simple way to model
and extrapolate experimental data to relatively high pres-
sure. As a consequence, we have derived Henrian coeffi-
cient and we discuss these results below, keeping in mind
that the Henrian behavior is only apparent.

For NS4, the nitrogen solubility follows an apparent
Henry’s law behavior within the error bars (Fig. 13). The
Henry’s constant is 9.23+1.3x 10 mol g ' bar™' at
1600 °C. This value is somewhat higher than values deter-
mined on synthetic melts studied at ambient pressure by
Libourel et al. (2003) as well as values determined from
natural basalts studied by Javoy and Pineau (1991)
(~3.6x 107" mol g ! bar~!) and for natural basaltic melts
equilibrated with air and studied by Marty (19995)
3.7+ 1.1x 10" mol g ' bar™!). However, these results
are still in reasonable agreement because the composition
of the melt has a dramatic effect on the solubility of inert
gases. For instance, the solubility of argon at 1-3 GPa
pressures vary from about 3.44 x 10" mol g ! bar! to
more than 13 x 10 " mol g ' bar™! as a function of the
melt composition (Shibata et al., 1998; Schmidt and Kep-
pler, 2002). A variation of more than one order of magni-
tude has also been observed in the case of N, solubility as a
function of the melt composition at moderate pressure
(Miyazaki et al., 2004). In addition to this compositional
effect that is still difficult to take into account quantitative-
ly, another bias may result from the fact that part of the
nitrogen is not dissolved as an inert gas under high pres-
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sure. Nonetheless, this feature is probably not critical for
NS4 glasses as demonstrated by the Henry’s law behavior
of nitrogen in this melt.

The solubility of nitrogen in NS2 does not follow any
apparent Henry’s law behavior, contrary to other volatiles
at high pressure (Fig. 13). This was already indicated by the
fact that the extrapolation of high pressure data to one bar
pressure gives a nitrogen content of 0.1-0.2 wt% whereas
experiments carried out at this pressure demonstrate that
nitrogen solubility is below 0.1 ppm for a simplified
MORB-like glass (Libourel et al., 2003). In other words,
the solubility of nitrogen at high pressure in highly depoly-
merized liquids is not only a function of the nitrogen fugac-
ity. This feature is likely due to the fact that a significant
part of nitrogen is not dissolved in melts as an inert compo-
nent. NMR data indicate that at least 15% of the nitrogen
dissolved in NS2 at 20 kbar and 1600 °C is not as the
molecular species. If this result is used to calibrate Raman
spectra, the change of the relative fraction of nitrogen not
dissolved as N, may be estimated for other experimental
conditions (Fig. 13). At 10 kbar, this fraction is about
60% of the total nitrogen dissolved. The apparent excess
of nitrogen measured in the melt, and consequently the
apparent departure of the Henry’s law behavior may then
be quantitatively accounted for by this fraction of nitrogen
which do not behave as an inert gas (Fig. 13).

Miyazaki (1996) showed that under oxidizing condi-
tions, the solubility of nitrogen in the pressure range
1-800 bar followed Henry’s law. This result has been extend-
ed recently by Libourel et al. (2003) and then by Miyazaki
et al. (2004) to reducing conditions down to the IW buffer.
Our results in part confirm these results to pressures up to
3 GPa provided that the melt is not highly depolymerized.

The NBO/T of NS4 is between mean andesite and mean
tholeite melt values (Mysen and Richet, 2005). It can, thus,
be expected that the solubility of nitrogen in such melts fol-
lows a Henry’s law behavior at least up to 30 kbar. Under
these conditions, the Henry’s constant is identical to those
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Fig. 13. (a) Nitrogen content of NS2 and NS4 glasses as a function of pressure. The extrapolation of the nitrogen content of NS2 glasses to ambient
pressure gives anomalously high nitrogen content compared to experimental values (white dote, see text). This apparent excess may be explained by the
presence of nitrosyl, the content of which has been determined using an empirical calibration of Raman spectra using NMR data (see text). (b) Nitrogen
solubility as a function of pressure for NS2 and NS4. While NS4 exhibits a Henry’s law behavior, NS2 clearly does not.
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accurately determined experimentally up to few hundreds
of atmospheres or measured on natural samples.

Turning now to the NS2 composition, the polymeriza-
tion state is within the range of silica under-saturated bas-
alts. For these liquids, the use of a Henry’s law may lead to
a significant underestimation of the nitrogen solubility.
Finally, the situation is even more critical for the study
of the degassing of a hypothetical magma ocean because
those liquids are even more depolymerized than basalt.

4.2. Solubility mechanisms

The physical solubility of nitrogen (i.e., the dissolution
of nitrogen as molecular N,) and other inert gases have
been described in several contributions (Doremus, 1966;
Carroll and Stolper, 1991, 1993; Shibata et al., 1998;
Schmidt and Keppler, 2002). It may be simply written as:

Nogas) = Nomely) 3)

Qualitatively, this reaction is similar to that which de-
scribes the dissolution of noble gases. It thus depends on
the number and the size of empty spaces existing within
the melt structure. Our results are in agreement with this
description. More interestingly, the fact that molecular
nitrogen is a simple diatomic molecule can be used to illus-
trate the effect of composition and pressure on the ‘ionic
porosity’ of the melt. Indeed, silica-rich, polymerized melts
are supposed to have a larger ‘ionic porosity’ than other,
less polymerized glasses (Shelby, 1976; Carroll and Stolper,
1991). Therefore, the nitrogen solubility should be higher.
This is actually observed experimentally (Figs. 2 and §).

The local environment of N, changes continuously,
however, from polymerized to depolymerized liquids. It is
significantly more distorted in the latter case as demon-
strated by the broadening and the frequency shift of the
N, vibron (Fig. 8). The effect of pressure on the local envi-
ronment is also consistent with the distortion of the mole-
cule as the silicate network is squeezed (Fig. 10). Given this
increasing distortion of the N, molecule, the loss of the in-
ert behavior as a function of pressure becomes a critical
question.

It is likely that previous models describing the solubil-
ity of noble gases in silicates may be applied to the
behavior of the fraction of nitrogen dissolved as a molec-
ular species. Nevertheless, the effect of pressure on this
mechanism (and thus the way models take this parameter
into account) is still discussed. High-pressure data on
noble gases solubilities show a contrasted picture. It is,
for instance, not clear if their solubility reaches a plateau
at a given pressure, generally higher than 50 kbar (and
thus beyond the pressure range considered in this study)
or drops abruptly (Chamorro-Perez et al., 1996, 1998;
Schmidt and Keppler, 2002). Based on the significant
change in Raman frequency and shape of the N, vibron,
one may anticipate that a progressive collapse of the sil-
icate structure could affect the dissolution of nitrogen at
very high pressure.

More important, but still hypothetical, is the mechanism
that leads part of the nitrogen to interact chemically with
the network. Under highly reducing conditions it has been
demonstrated (e.g., Mulfinger, 1966) that part of the nitro-
gen is chemically bonded to the silicate by forming nitrides
(N*~ groups). However, our Raman and NMR data indi-
cate that such process is not at work in our samples and
that nitrosyl groups are the most likely group that form
in melts at high pressure and high temperature.

Addressing now the formation of such species, we note
that the fraction of this species is larger in depolymerized
liquids. In addition, the nature of the network modifying
cation affects the characteristic frequency and intensity of
Raman band assigned to vibrations of bonds in this spe-
cies. It is thus likely that nitrogen does not react with bridg-
ing oxygen but with non-bridging oxygen. Interestingly, the
relative concentration of this species is correlated with the
ionic radius of the network-modifying cation. The larger
the cation, the larger is the relative content. One possible
explanation may be found in a different strength of the
M-O bonds or in a different degree of ionicity of these
bonds. However, these differences are relatively small and
unlikely account for the very contrasted behavior of nitro-
gen in MS4 glasses, for example. Another usual scaling
parameter is the electronegativity scale or the mixing
enthalpy scale (Hess, 1995). However, if these parameters
were relevant, it would not be expected to find nitrosyl
groups in calcium-magnesium aluminosilicate and in
strontium silicate glasses because the sequences are
K>Na>Ba>Li>Sr>Ca>Mgand K>Na>Ba>Sr>
Li> Ca > Mg, respectively. The only sequence that repro-
duces the trends observed is the ionic radius of the cations.
This leads to the conclusion that the formation of nitrosyl
groups is in part controlled by a steric effect. The larger the
cation, the less porous the silicate network and the more
prevalent is the nitrosyl groups.

Nevertheless, a simple process that leads to the forma-
tion of nitrosyl starting from N, is difficult because nitro-
gen has to be partially oxidized. The fact that nitrosyl is
found in glasses loaded under an argon flow tends to rule
out the direct effect of molecular oxygen from air trapped
in the sealed sample containers. Thus, the oxidation may
be explained either by an electron loss through the plati-
num capsule or by a reaction involving water. In the former
case, it is well known that water trapped in the talc furnace
parts dissociates into OH™ and H" at high pressure and
temperature. In this way, a limited charge transfer, involv-
ing H" as an electron acceptor, could occur during the
experimental run.

Another way to oxidize nitrogen is to involve H,O
directly. Water was not detected by Raman spectroscopy
and thus if present its content should not exceed few
0.1 wt%. Nevertheless, it is nearly impossible to study
strictly anhydrous compositions at high pressure (see, for
example, Eggler and Kadik, 1979). Preliminary results on
water-bearing compositions indicate that a detectable level
of water in NS4 promotes the formation of ammonium
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complexes, but at low content, nitrosyl and ammonium
coexist in glasses (unpublished data). Thus, it is possible
that a small amount of water, probably adsorbed at the
surface of the azide promote the formation of nitrosyl. If
water is involved in the reaction path, a simple equation
can account for the features detailed above:

a3
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0 i
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2Si-0-Na+N, +2H,0 = 2Si-O-N+H, +2NaOH  (4)

This reaction accounts for the moderately oxidized state of
nitrogen, the role of non-bridging oxygens and the effect of
modifying cation on the environment of the nitrogen with-
in the glass. The total amount of water required to form
nitrosyl is small and cannot be measured with available
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Fig. 14. (a) 2D representation of the data used to determine the empirical relationship between the ratio of area below peaks at 2100 and 2300 cm ™! and P,
T, and X parameters. (b) Measured and predicted values of the ratio. The line corresponds to the expected 1:1 correlation between both values. Black dotes
correspond to the data used to determine the multi-variant fit. White dotes correspond to calculated values of the ratio for CMAS (low value) and SrS
(high value) glasses using the empirical relationship. Indicative error bars have been settled to +10%.
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analytical methods. Given the molecular weight of N, and
H,O0, the water content required to oxidize a few 0.1 wt%
of nitrogen is still below the detection limit. This reaction
path is, nevertheless, still hypothetical.

4.3. First attempt to determine the P-T-X dependence of the
nitrogen speciation in silicate melts

Experimental data cover a relatively large range of com-
position, pressure and temperature conditions (Fig. 14a).
Therefore, they may be used to determine an empirical
equation quantifying the P-T-X dependences of the nitro-
gen speciation in silicate liquids. For this purpose, we used
the ratio of areas below peaks at 2100 and 2300 cm ',
which embody NO and N, species, respectively. As
described previously, the individual P, T, X-dependence
of this speciation is probably not linear but given the num-
ber of independent parameters involved in this equation,
we generally assumed linear dependence. A notable excep-
tion in this respect is the effect of temperature, which is
expressed as a function of 72 to account for the clear
non-linear T-dependence (Fig. 9). A multi-variant equation
has been fitted to all the data collected for binary alkali
melts. The equation is of the form

b
RNO/Nz:kO"*'kl'g‘i‘kz'l"-i-lﬁ'1‘)—i-]€4-Tz7 (5)

where Ryo)x, is the ratio of the area below the peaks of
interest, nbo/t is the number of non-bridging oxygen per
tetrahedron, r is the ionic radius of network modifying cat-
ion, P is the pressure in kilobar, 7 is the temperature in de-
gree Celsius, and ko, k1, k», k3, and k4 are the parameters of
the equation and are given in Table 4.

Predicted and measured values are in good agreement
given the accuracy of spectroscopic methods available to
quantify the speciation of nitrogen (Fig. 14b). More impor-
tantly, we applied this equation to melts very different from
those used to derive Eq. (5). Predicted values of the relative
content of the different species dissolved in CMAS and SrS
liquids have been determined. For CMAS melts, a mean
ionic radius was used to account for the presence of both
calcium and magnesium. The nbo/t was calculated by con-
sidering that all the aluminum was tetrahedrally coordinat-
ed. Furthermore, these two liquids exhibit very different
relative Raman intensities (Fig. 12) and have been synthe-
sized under very different conditions. For these dramatical-
ly different melts, Eq. (5) reproduces well the measured
values within a 10% uncertainty (Fig. 14b). Though purely
empirical, this equation may thus be applied to liquids hav-

Table 4
Parameters of Eq. (5) determined by a multi-variant fit to experimental
data

ko —3.377+1.22

ky 1.571 +0.295

ks 1.674 + 0.654

ks —0.0752 +0.017

k4 9.72¢—07 4 3.74e—07

ing very different compositions and polymerization states.
However, the extrapolation of the equation to much higher
temperature and pressure may be questionable especially
because of the change of the coordination number of sili-
con and aluminum at very high pressure. For instance, it
is well known that above 15 GPa, silicon coordination
number change progressively from four to six (Hemley
et al., 1986, 1994; Williams et al., 1993). The effect of this
transition on the nitrogen solubility behavior has however
still to be studied.

5. Concluding remarks

The behavior of nitrogen in deep geochemical reservoirs
is generally inferred from its similarity with noble gases.
This study indicates that this assumption is not completely
true at high pressure. Under very reducing conditions, nit-
rides are probably the main speciation of nitrogen as
shown in several studies. The stability of such compounds
extends to pressures typically relevant for the Earth core
(Adler and Williams, 2005). Under more oxidizing condi-
tions, nitrosyl may represent a significant part of the nitro-
gen dissolved and above a still undetermined content of
water it is likely that ammonium also coexist with molecu-
lar nitrogen. The formation of nitrosyl is responsible for an
apparent deviation from the Henry’s law behavior. Fur-
thermore, this deviation as well as the relative content of
the nitrosyl species may be roughly quantified.

Another critical question that arises from this study is
the real partitioning behavior of these nitrogen-bearing
groups between melt and crystals. This parameter strongly
controls degassing processes and the real nitrogen content
of geochemical reservoirs. It is commonly assumed that
partitioning coefficient of nitrogen between melts and crys-
tals may be approximated in the light of the partitioning
behavior of noble gases (Brooker et al., 2003). Then,
according to existing models such as the ‘lattice strength
model’ (Brice, 1975; Blundy and Wood, 1994), nitrogen
must be a very incompatible element. This theory is based
on the ionic (or atomic or molecular) size of the element of
interest and its electrical property. In this respect, N,, be-
cause of its zero-charge and its size must be very incompat-
ible. However, nitrosyl, ammonium, and nitride complexes
in melts have no reason to behave like noble gases. Thus,
part of the nitrogen initially dissolved in a putative Hadean
magma ocean or in any kind of deep magma chamber may
not be as incompatible as previously assumed.

Finally, turning to a hypothetical isotopic fractionation
of nitrogen, it has been shown in the case of water that
decompression of a magma may lead to a significant frac-
tionation of the D/H ratio (Pineau et al., 1998). This is
likely induced by the dual speciation of water in silicate
melts (as molecular water and OH groups). Our study
shows that the behavior of nitrogen under high pressure
is closer to that of water than to that of noble gases. Thus,
the question of a potential isotope fractionation of nitrogen
during a degassing event must be envisaged.
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