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Abstract

The solubility of N, in basaltic (MORB) and haplogranitic melts was studied at oxidizing conditions (oxygen fugacity
about two log units above the Ni-NiO buffer). Under these conditions, N, is expected to be the only significant nitrogen
species present in the melt. Experiments were carried out from 0.1 to 2 GPa and 1000-1450 °C using either an externally
heated TZM pressure vessel, an internally heated gas pressure vessel or a piston cylinder apparatus. Nitrogen contents in
run product glasses were quantified by SIMS (secondary ion mass spectrometry). To discriminate against atmospheric
contamination, "N-enriched AgN; was used as the nitrogen source in the experiments. According to infrared and Raman
spectra, run product glasses contain N, as their only dissolved nitrogen species. Due to interactions with the matrix, the N,
molecule becomes slightly infrared active. Nitrogen solubility in the melts increases linearly with pressure over the entire
range studied; the effect of temperature on solubility is small. The data may, therefore, be described by simple Henry con-
stants Ky, iogranite = (1461 £26) ppm N,/GPa and Ky;org = (449 £21) ppm N,/GPa, recalculated to ppm by weight (pg/g)
of isotopically normal samples. These equations describe the solubility of nitrogen during MORB generation and during
melting in the crust, as we show by thermodynamic analysis that N, is the only significant nitrogen species in these environ-
ments. Nitrogen solubility in the haplogranitic melt is about three times larger than for the MORB melt, as is expected from
ionic porosity considerations. If expressed on a molar basis, nitrogen solubility is significantly lower than argon solubility,
in accordance with the larger size of the N, molecule. Notably, N, solubility in felsic melts is also much lower than CO,
solubility, even on a molar basis. This implies that the exsolution of nitrogen may drive vapor oversaturation in felsic melts
derived from nitrogen-rich sediments. We also measured the partitioning of nitrogen between olivine, pyroxenes, plagioclase,
garnet, and basaltic melt by slowly cooling MORB melts to sub-liquidus temperatures to grow large crystals. The mineral/
melt partition coefficients of nitrogen range from 0.001 to 0.002, and are similar to argon partition coefficients. These new
data, therefore, support the assumption that there is little fractionation between nitrogen and argon during mantle melting
and that the N,/Ar ratio in basalts and xenoliths is, therefore, representative of the N,/Ar ratio in the mantle source. This
assumption is essential for assessing the size of the nitrogen reservoir in the mantle. Our data also show that for an upper
mantle oxidation state that is similar to the one observed today, nitrogen outgassing by partial melting is extremely efficient
and even low melt fractions in the range of a few percent may extract nearly all nitrogen from the mantle source.

Keywords Nitrogen - Solubility - Partitioning - Silicate melt - Argon - N,/argon ratio - Mantle reservoir - Degassing

Introduction

Among the volatile elements on Earth (H, C, N, S, noble
gases), the geochemical behavior of nitrogen is probably
54 Hans Keppler the least well understood. N, is the main constituent of the

hans.keppler @uni-bayreuth.de atmosphere, and nitrogen occurs in all living organisms as
an essential component of amino acids, proteins, nucle-
obases, RNA, and DNA. The near-surface nitrogen cycle
between organic matter, oceans, and the atmosphere has
been extensively studied (e.g., Karl et al., 1997). In the form
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of ammonium (NH,*) ions derived from decaying organic
matter, nitrogen may also enter sediments, where NH,*
mostly substitutes for K* in sheet silicates (e.g., Busigny
et al. 2003). However, the magnitude of the nitrogen reser-
voirs in the Earth’s interior is difficult to infer, and the uncer-
tainty of such estimates generally increases with depth (e.g.,
Marty 1995; Johnson and Goldblatt 2015). Moreover, the
cycling of nitrogen between Earth’s interior and the surface
is not easy to study; one obvious problem is the difficulty to
discriminate nitrogen in volcanic gases from contamination
by air (e.g., Sano et al. 2001; Labidi et al. 2020).

The isotopic composition of nitrogen in the atmosphere is
very different from that of most comets (Marty and Yokochi
2006). It is, therefore, likely that nitrogen, the main compo-
nent of the atmosphere was not delivered by some cometary
bodies during the latest stages of accretion, but instead origi-
nated from the degassing of Earth’s interior, probably after
solidification of a magma ocean. On the modern Earth, the
deep cycle of nitrogen is driven by nitrogen recycling in
subduction zones (e.g., Busigny et al. 2003) and outgassing
at midocean ridges, ocean islands, and continental hotspot
volcanoes (e.g., Sano et al. 2001). All of these processes
depend on the solubility of nitrogen in silicate melts and on
the partitioning of nitrogen between silicate melts and man-
tle minerals. Previous studies have shown that the behavior
of nitrogen in magmatic systems depends very strongly on
oxygen fugacity. Over a wide range of oxygen fugacities, N,
is the main nitrogen species dissolved in silicate melts and
in fluids, while only at rather reducing conditions, species
of N3~ become more significant (e.g., Libourel et al. 2003;
Roskosz et al. 2006; Mysen et al. 2008; Kadik et al. 2011;
Li and Keppler 2014; Boulliung et al. 2020; Bernadou et al.
2021). Under anhydrous conditions, this switch in nitrogen
oxidation state requires oxygen fugacities below the Fe-FeO
buffer (e.g., Libourel et al. 2003). In the presence of water,
however, noticeable fractions of reduced species, in particu-
lar NH; and NH,* may already be observed at more oxidiz-
ing conditions. A comprehensive study of nitrogen solubility
in melts and of nitrogen partitioning between silicate melts
and minerals would therefore have to consider the effects
of temperature, pressure, and oxygen fugacity. However,
the oxygen fugacity in the modern-day upper mantle is far
above the Fe—FeO buffer (Frost and McCammon 2008) with
most of Earth’s crust being even more oxidized. Under these
conditions, N, is expected to be the only significant nitrogen
species is silicate melts and aqueous fluids. We, therefore,
carried out a systematic study of N, solubility in basaltic
(MORB) and felsic (haplogranitic) melts, as well as some
exploratory experiments on nitrogen partitioning between
mantle minerals and basaltic melt under conditions where
N, should predominate in the melt phase. We will use these
data primarily to compare the behavior of N, with Ar and to
experimentally test whether fractionation between N, and
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Ar may occur during mantle melting. Since the correlation
of N, with Ar is an essential tool for estimating the mantle
inventory of nitrogen (Marty 1995; Johnson and Goldblatt
2015), any possible fractionation between these two species
would have severe consequences for our understanding of
Earth’s deep nitrogen budget.

Experimental methods
Starting materials

Synthetic glasses were used as starting materials for the sol-
ubility experiments. A MORB glass with a composition sim-
ilar to an average midocean ridge basalt (Gale et al. 2013)
was prepared by mixing stoichiometric amounts of analyti-
cal grade Si0O,, TiO,, Al(OH);, Fe,0;, Mg(OH),, CaCOs;,
Na,CO;, and K,COj; and grinding the mixture for 1 h under
ethanol. After drying, the powder was transferred into a Pt
crucible and heated over 12 h with a constant rate to 1100
°C, after which the temperature was kept constant for another
12 h. The sample was then melted in air at 1600 °C in a
high-temperature furnace and quenched in distilled water.
The resulting black glass was crushed and used as starting
material in N, solubility experiments with MORB compo-
sition. A haplogranitic glass with a composition equivalent
to 40 wt.% albite, 35 wt.% quartz and 25 wt.% orthoclase
was prepared by a similar procedure. The glass was color-
less with abundant gas bubbles and was crushed before use.
The compositions of the starting glasses are compiled in
Table 1. In some partitioning experiments, the MORB glass
was mixed with 15-30 wt.% of a mixture of MgO and SiO,
in Mg,Si0, (“olivine”) or MgSiO; (“orthopyroxene’) com-
position to saturate crystalline phases. Silver azide AgN,
enriched with >98% in the '°N isotope was prepared from
!>N-enriched NaN, (Eurisotop) and AgNO, following the
procedure described by Keppler (1989). Upon heating to 300
°C, silver azide decomposes to N, and Ag. In the interpreta-
tion of our data, we will assume that there is a negligible
difference between the solubility and partitioning behavior
of >N and isotopically normal nitrogen (mostly *N).

High-pressure experiments

Solubility and partitioning experiments were carried out
at 0.1-0.5 GPa in an internally heated gas pressure vessel
(IHPV) with rapid-quench device and from 1 to 3 GPa in an
end-loaded piston cylinder apparatus. For the IHPV experi-
ments, 1-5 mg of Ag'°N 3 was sealed (arc welded) together
with 50-100 mg of glass powder into Pt capsules (20 mm
long, 3.5 mm outer diameter, 0.15 mm wall thickness). A
Harwood IHPV vessel rated to a maximum pressure of 1
GPa was used in vertical orientation. The pressure medium
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Table 1 Composition of starting

. HPG MORB
glasses (in wt.%)

Sio, 77.0 (1) 49.7 (7)
TiO, - 1.72 (4)
ALO,  133(7)  141(1)
MgO - 8.1 (1)
CaO - 10.8 (1)
FeO,, 10.1 (1)
Na,O 4.4 (3) 2.93(7)
K,0 4.2 (1) 0.18 (1)
Total 98.9 97.6

Compositions were measured
by electron microprobe. Num-
bers in parentheses are one
standard deviation in the last
digits. Data are averages of
about 20 individual analyses.
Note that total iron oxide is
given as FeO,,; since the glass
was melted in air, it may mostly
contain Fe,O;, which would
increase the total of MORB by
about 1 wt.%

HPG  haplogranite,
midocean ridge basalt

MORB

was argon, though as the samples were sealed in Pt capsules,
the argon had no access to them. The sample capsules were
suspended on a Pt wire, which could be fused by a voltage
pulse for quenching, causing the sample to drop into the cold
zone of the autoclave at the end of an experiment. Tempera-
ture was measured by two type S thermocouples located near
the upper and lower ends of the capsule. A two-zone heater
with Mo wires was adjusted such that during the experiment,
no temperature gradient was measurable along the sample.
Pressure was measured with a manganin cell with an uncer-
tainty of less than 1%. A few experiments at 0.1 GPa and
temperatures up to 1100 °C were also carried out in exter-
nally heated pressure vessels made of the TZM alloy (Ti and
Zr enforced Mo), again using argon as pressure medium. In
these experiments, the capsule was mounted at the end of a
filler rod with a magnetic piece at the bottom. For quench-
ing, an outer magnet holding the filler rod was removed such
that the sample dropped into a water-cooled zone and was
quenched to nearly room temperature within 1-2 s.

For piston cylinder experiments, usually 4-7 mg of AgN,
and about 150 mg of glass powder (or of a glass oxide mix,
see above) were sealed into cylindrical PtysRhs capsules with
lids at the end (10 mm long, 5 mm outer diameter, 0.3 mm
wall thickness). A %2 inch talc pyrex assembly with a tapered
graphite heater was used for the experiments. Temperatures
were measured with a type S thermocouple nearly touch-
ing the sample. A friction correction of 18% was applied
to the nominal pressure on the piston, as derived from the

hydraulic oil pressure. Solubility runs were carried out at
constant temperature, while partitioning experiments were
first heated to some temperature above the liquidus for a
few hours to completely melt the charge, then very slowly
cooled down a constant ramp rate to the final run tempera-
ture between the liquidus and the solidus of the system and
then kept at this temperature for several days. All experi-
ments were quenched by shutting of the heating current,
which caused the sample to cool almost to room temperature
within about 30 s.

Analytical methods

Sample capsules were weighed and checked for leaks before
and after the experiments. After the runs, capsules were
opened and the contents embedded in epoxy blocks and
polished. Phases were identified and analyzed by a JEOL
JXA-8200 electron microprobe. These measurements were
carried out with 15 kV acceleration voltage, 15 nA beam
current, 20 s counting time on peak, and 10 s on background.
Calibrants used were andradite for Si and Ca, MnTiO; for
Ti, spinel for Al, Fe metal for Fe, enstatite for Mg, albite for
Na and orthoclase for K.

SIMS measurements of !N were carried out with the
Cameca 1280-HR ion probe at GFZ Potsdam, using a pro-
tocol similar to that described by Yoshioka et al. (2018).
Polished sample capsules embedded in epoxy were coated
with a 35 nm thick high-purity gold layer. Individual anal-
yses used a 'O~ primary ion beam focused to a ~15 pm
diameter spot with a total impact energy of 23 keV and
20-24 nA primary beam current. The mass resolution was
set at ~2500 (10% of peak height) and data were collected
in mono-collection depth profiling mode. Each measure-
ment cycle included 28Si**, ""N* and '>N*. Our SIMS cali-
bration was based on '°N-implanted synthetic MORB and
rhyolite glasses. Nitrogen-free glass samples were implanted
with 1°N at the Institute of Ion Beam Physics and Materials
Research at the Helmholtz Zentrum Dresden-Rossendorf,
with three different peak concentrations equivalent to 100,
300, and 10,000 pmol/mol. Synthetic buddingtonite with
natural isotopic composition was also measured under the
same condition as the calibration materials to establish
the analytical mass fractionation of our SIMS method.
Nearly all of our analyses of experimental products yielded
ISNF/1N* > 1, such that the background was less than 1%
of total nitrogen in all but the most depleted of cases. The
best-fit linear regressions for the MORB and rhyolite implant
series yielded relative sensitivity factors that agreed within
1.5%. Based on all our observations, we believe our data are
reliable at better than a 10% uncertainty. For the analyses of
olivine, pyroxenes, and garnet, the ion-implanted mineral
standards described by Li et al. (2013) were used. Nitrogen
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in plagioclase was quantified using the glass standards
described above.

Spectroscopic methods

Raman spectra of glasses and fluid inclusions were measured
in backscatter geometry using a Horiba LabRam 800 HR
UV confocal Raman spectrometer. The 514 nm line of an
argon laser at 200 mW output power was used for excita-
tion. Spectra were recorded using a 50 X objective with a
1800 mm ™! grating and a Peltier-cooled CCD detector. The
spectroscopic resolution was about 5 cm~'. Accumulation
times of 2 X 120 s per spectral segment were typically used.
For measuring glass spectra, the cut, but not yet polished
surfaces of the samples were used, to minimize interferences
from defects caused by mechanical damage to the glass.
Fluid inclusions were measured through polished surfaces.
To reduce interferences from atmospheric N, a spectrum of
air measured under the same conditions as the sample was
always subtracted from the sample spectrum.

Infrared spectra were measured on doubly polished glass
slabs with a Bruker IFS 120 HR Fourier-transform infrared
spectrometer coupled to a microscope with all-reflecting,
Cassegrainian optics (Bruker IRscope I). A tungsten light
source, CaF, beam splitter, and a narrow-band MCT detector

Table 2 Summary of experiments on nitrogen solubility in silicate melts

were used for the measurements. For each sample, up to
2000 scans were accumulated at 4 cm ™! resolution. Water
and CO, contents were quantified using the extinction coef-
ficients given by Shishkina et al. (2010).

Mossbauer spectra were collected at room temperature
on flat slices of glass approximately 300 pm thick (7 mg
Fe/cm?). A 1.5 mm diameter hole in a piece of Pb foil was
placed over the central part of each sample. Spectra were
recorded in transmission mode on a constant acceleration
Maossbauer spectrometer with a nominal 370 MBq *’Co high
specific activity source in a 12 pm thick Rh matrix. The
velocity scale was calibrated relative to Fe foil. Each spec-
trum was collected for two days.

Results and discussion
Solubility experiments

Table 2 gives a summary of the N, solubility experi-
ments. Run products were glasses either completely free
of crystals or they contained only traces of crystalline
phases. Gas bubbles, indicating vapor saturation were
often observed. The haplogranitic glasses were color-
less or slightly greenish or bluish in hue due to colloidal

Run no Starting material Glass (mg) AgPNy(mg) Apparatus P (GPa) T(CC) Duration Nitrogen (pg/g 1°N)
(hours)

al HPG 64 1.6 TZM 0.1 1000 24 120 (1)

a2 HPG 50 2.1 TZM 0.1 1100 24 130 (1)

a5 HPG 88 4.5 [HPV 0.3 1100 4 507 (1)

a3 HPG 73 2.0 IHPV 0.3 1200 6 455 (6)

ad HPG 75 2.0 IHPV 0.3 1300 4 397 (4)

a9 HPG 93 4.0 IHPV 0.4 1300 6 117 (1)

al0 HPG 91 39 IHPV 0.4 1400 4 602 (18)

bl HPG 141 1.7 PC 1 1200 6 1576 (339)

b2 HPG 153 2.7 PC 1 1300 6 1923 (75)

b5 HPG 141 7.0 PC 2 1300 6 3002 (529)

b6 HPG 135 4.9 PC 2 1300 6 3222 (69)

cl7 MORB 122 4.2 IHPV 0.1 1400 4 46 (7)

c8 MORB 109 3.6 IHPV 0.3 1300 4 165 (1)

c9 MORB 93 33 IHPV 0.3 1400 4 139 (59)

c7 MORB 108 44 IHPV 0.45 1400 3 88 (13)

d1 MORB 142 43 PC 1 1300 6 541 (271)

d2 MORB 144 43 PC 1 1400 6 573 (7)

d3 MORB 147 6.6 PC 1.5 1400 6 701 (10)

d4 MORB 136 5.8 PC 2 1450 6 929 (55)

Numbers in parentheses are one standard deviation in the last digits. Glass and Ag'>Nj are the amounts of HPG or MORB glass and of Ag'>N,

initially loaded into the capsule

HPG haplogranite, MORB midocean ridge basalt, 7ZM rapid-quench TZM cold seal pressure vessel, /[HPV internally heated gas pressure vessel,

PC piston cylinder apparatus, P pressure, T temperature
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Fig. 1 Run product glass from experiment a2 on N, solubility in hap-
lograntic melt as seen in reflected light. Abundant gas bubbles are
seen in the clear glass, indicating vapor saturation. Bright particles
are silver grains from the decomposition of AgN;

silver and they almost always contained abundant bubbles
(Fig. 1). The MORB glasses were nearly black and only
occasionally included a few bubbles. This is likely due
to the much lower viscosity of the MORB melt, which
allowed any gas bubble to rapidly segregate out. In any
case, the amount of N, initially loaded into the capsules
was always larger than that detected in the samples, such
that vapor saturation should have been achieved. With few
exceptions (see below), our synthetic glasses appeared
homogeneous without obvious signs of nitrogen zonation
in the SIMS measurements. Indeed, according to published
diffusion coefficients of N in silicate melts (Frischat et al.
1978) the run durations should be more than sufficient
to reach equilibrium, in particular as the starting mate-
rial was a fine-grained (<50 pm) glass powder, meaning
that the required diffusion distance to reach equilibrium
was short. The volatile-free silicate bulk composition of
the glasses measured after the solubility experiments was
essentially identical to the starting composition. Even FeO
contents were within 5% (relative) of the original FeO
content of the MORB glass, indicating negligible iron loss,
as expected from the short run durations and the oxidized
state of the starting glass prepared in air.

For constraining the redox conditions during the runs,
Mossbauer spectra of MORB glasses from piston cylinder
and internally heated gas pressure vessel experiments are
shown in Fig. 2. The data show a high (Fe’*/Fe*") ratio,
attesting to highly oxidizing conditions. Using the calibra-
tion of Borisov et al. (2018), the redox state of iron was
converted into oxygen fugacity. For sample d4 from a piston
cylinder experiment at 2 GPa, 1450 °C, with a Fe**/Fe’*
ratio of 0.92 (Fig. 2a), this yielded an oxygen fugacity of
2.4 log units above the Ni-NiO buffer. Sample c8 from an
experiment in the internally heated gas pressure vessel at 0.3
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Fig.2 Mossbauer spectra of run product MORB glasses. a Sample d4
from a piston cylinder experiment at 2 GPa, 1450 °C, yielding a Fe**/
Fe?* ratio of 0.92. b Sample c8 from an experiment in the internally
heated gas pressure vessel at 0.3 GPa and 1300 °C, yielding a Fe**/
Fe?* ratio of 0.52

GPa and 1300 °C, with a Fe**/Fe** ratio of 0.52 (Fig. 2b),
indicated a log fO, of Ni-NiO + 1.8.

Figure 3 shows N, solubility in haplogranitic and MORB
melt as a function of pressure. To a good approximation,
the N, concentration in the melt was found to be propor-
tional to pressure over the entire range studied. Nitrogen
solubility may therefore be described by a simple Henry
constant K, with Ky, o0ranite = (1552 £52) ppm 5N,/
GPa (R*=0.994) and Ky;opp = (481 +22) ppm *N,/GPa
(R?=0.991). The Henry constants were obtained by a lin-
ear fit of the data constrained to pass through the origin.
The two apparently anomalous experiments a9 (haplogran-
ite) and ¢c7 (MORB) were excluded. These two samples
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Fig.3 >N, solubility in haplogranite melt and MORB melt as a func-
tion of pressure. Error bars are one standard deviation. Where no
error bars are shown, the uncertainty is smaller than the size of the
symbol
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Fig.4 Temperature dependence of 'SN, solubility in haplogranitic
melt at 0.3 GPa. Error bars are one standard deviation

may not have been vapor-saturated, possibly due to minor
leakage during the experiment. Recalculated to ppm (by
weight; pg/g) of isotopically normal nitrogen, the Henry
constants are Ky, ,jooranice = (1449 £49) ppm N,/GPa and
Kyorg = (449 +21) ppm N,/GPa.

Compared to the effect of pressure on solubility, the
effect of temperature is subordinate. As shown in Fig. 4,
N,solubility in haplogranitic melt at 0.3 GPa appears to sys-
tematically decrease with temperature. However, at higher
pressures of 1 GPa and above, the data in Table 2 rather sug-
gest a reversal of this trend. A similar effect is known from
studies of the solubility of water in silicate melts, where the
solubility decreases with temperature at low pressures, while
it increases at higher pressures above 0.5 GPa (Holtz et al.
1995). This behavior can be understood from entropy con-
siderations. Increasing temperature should always favor the
state with higher entropy. At low pressures, the silicate melt
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coexists with a low-density fluid of high entropy and there-
fore, increasing temperature should favor the partitioning
of nitrogen into the fluid. However, at higher pressures, the
fluid phase becomes more liquid like, such that the entropy
difference between the two phases decreases. In this situa-
tion, the mixing entropy in both phases contributes strongly
to the overall entropy. Mixing entropy alone would favor
an equal distribution of nitrogen between the two phases,
with the effect that increasing temperature then increases
N, solubility in the silicate melt.

Comparison with previous studies of nitrogen
solubility in silicate melts

The results presented here are the first data on the solubility
of a pure N, fluid in a felsic or basaltic melt up to 2 GPa.
Most previous studies were carried out under rather reducing
conditions, where several species of nitrogen may coexist
and/or in systems where the fluid phase coexisting with the
melt contained other volatile species, such as water as well
(Mallik et al. 2018; Bernadou et al. 2021). Libourel et al.
(2003) and Miyazaki et al. (2004) reported Henry coeffi-
cients for the dissolution on N, in basaltic melts derived
from experiments at 1 bar. Miyazaki et al. give a range of
(3-5) 1072 mol N, g~ ! atm™!, while Libourel et al. (2003)
reports a value of (2.21+0.53) 107 mol N, g~ " atm~" at
1425 °C. The latter value would correspond to (6188 + 1484)
ppm/GPa. Obviously, this number is about one order of mag-
nitude higher than the Henry coefficient derived here from
our experiments at higher pressure. However, considering
that these data are based on experiments that range over
more than four orders of magnitude in pressure, the simi-
larity of the Henry constants is remarkable. The difference
between the low-pressure values and those observed here
could be due to the fact that the compressibility of silicate
melts markedly decreases with pressure (Bottinga 1985;
Wang et al. 2014). This means that in the range of very low
pressures, a significant compaction of the melt occurs, which
may reduce the pore space available to accommodate mol-
ecules such as N,. However, in particular for experiments
carried out at 1 bar under oxidizing conditions, nitrogen
solubility in the melt is so low that quantification may be
difficult; the associated uncertainties may also contribute to
the differences between the experimental data sets.

Mallik et al. (2018) measured nitrogen contents in silicic
melts in equilibrium with a nitrogen-rich fluid phase at 2—4
GPa, 1050-1300 °C and oxygen fugacities ranging from
close to the Ni—NiO buffer to 4 log units below this buffer.
They observed nitrogen contents ranging from 0.4 to 1
wt.%, which are not very different from the data reported
here in the haplogranitic system, considering the differences
in pressure. The somewhat higher solubilities observed by
Mallik et al. (2018) may perhaps be due to minor amounts
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of dissolved NHj; in the melt, in addition to the predomi-
nant N,. Curiously, an early study by Kesson and Holloway
(1974) reports a Henry constant of about 2000 ppm/GPa
for albitic melts, derived from experiments with a mixed
N, containing fluid phase at 0.44 GPa. This value is very
close to that reported here for haplogranitic composition.
However, Kesson and Holloway (1974) do not provide any
details on the analytical methods used for measuring nitro-
gen, making a detailed comparison difficult. Finally, Carroll
and Webster (1994) predicted a solubility of N, in silicate
melts in the order of 750-1500 ppm/GPa, depending on
composition, and assuming that N, behaves similarly to Ar.
This prediction is remarkably close to the experimental data
obtained here.

Bernadou et al (2021) proposed a general model of nitro-
gen solubility in basaltic melts as a function of pressure,
temperature, and oxygen fugacity, valid to 1 GPa. In this
model, bulk solubility is given as the sum of N, solubil-
ity and of N3~ solubility, the latter only being relevant at
reduced conditions. N, solubility is described as ¢ (N,) =k,
fN,, where fN, is N, fugacity and k;, is a thermodynamic
equilibrium constant, depending on pressure and tempera-
ture. For 0.1 GPa, this equation describes the N, solubility
measured in MORB at 1400 °C reasonably well. However,
with increasing pressure, the Bernadou et al. (2021) model
more and more underestimates nitrogen solubility, up to
about an order of magnitude at 1 GPa. The reason for this is
likely a rather high value for AV, the volume change of the
melt upon dissolution of N,. This value is given as 4 J/bar
mol, which corresponds to 40 cm’/mol. However, the molar
volume of liquid nitrogen at ambient pressure is only 34.7
cm?/mol and it appears implausible that the partial molar
volume in the melt at high pressure should be larger—it
should rather be considerably smaller. The Bernadou et al.
(2021) model is a regression fit of nitrogen solubility data
covering a wide range of redox conditions. The discrepancy
with our measurements illustrates that for deriving any reli-
able solubility model, measurements of nitrogen solubility
under conditions where N, is definitively the only species
present are essential.

Nitrogen speciation in quenched glasses and fluid
inclusions

Figure 5 shows Raman spectra of a fluid inclusion inside
glass and of quenched haplogranitic glass alone from our
high-pressure solubility experiments. Only bands due to N,
can be seen, no other nitrogen species were detected. In par-
ticular, no bands due to ammonium or other N—H species are
observed in the 3000-3300 cm ™! range. Due to the doping
with ' N, the stretching frequency of '°N, is shifted relative
to '“N, which is the predominant isotope species of natural
nitrogen, i.e., in air, by a factor of (14/15)”2:0.966. This

frequency shift allows a reliable distinction of nitrogen in the
sample from atmospheric N,. From the ratio of the!*N'SN
band to the 1°N, band, the isotopic purity of the N, in the
sample can be estimated to be 98-99%, in agreement with
the specification of the isotopically enriched NaN; used to
produce AgN; and further confirmed during our SIMS anal-
yses. The spectra of quenched MORB glasses look similar to
the haplogranitic glass shown in Fig. 5a, but the intensities
of the N, bands are much weaker due to the lower nitrogen
solubility in such melts.

A FTIR spectrum of a haplogranitic glass saturated with
N, at 2 GPa is shown in Fig. 6. As N, is not infrared active, it
should not be detectable in infrared spectra. However, there
is a band at 2253 cm ™!, essentially identical in position with
the 15N, band seen in the Raman spectra of both glasses and
fluid inclusions. Very likely, the >N, molecules dissolved
in the glass matrix became infrared active by the interac-
tion with the glass matrix, which induced dipoles. A similar
effect is known for H, molecules dissolved in a glass matrix
(Schmidt et al. 1998). From the infrared spectrum shown in
Fig. 6 and the nitrogen content of this sample of 3222 ppm
15N (Table 2), the infrared extinction coefficients of 15N2
in haplogranitic glass can be estimated, assuming a density
of 2300 g/liter. This yields a linear extinction coefficient of
6.37 L mol~! cm™! and an integral extinction coefficient of
83.2L mol~! cm™>

No evidence for any other nitrogen species, in particu-
lar of reduced nitrogen, e.g., NH; or NH4+, is detectable
either in the Raman or in the infrared spectra. No evidence
for the nitrosyl species suggested by Roskosz et al. (2006)
was found either. In a series of nitrogen-containing glasses
synthesized in the piston cylinder apparatus, Roskosz et al.
(2006) had detected a Raman band near 2100 cm™!, which
they assigned to NO. We note, however, that a Raman band
at a very similar position may also be caused by carbon mon-
oxide (CO) in the quenched glass (Yoshioka et al. 2015).
Carbon contamination may occur in piston cylinder runs at
high temperature (Brooker et al. 1998) and the glasses stud-
ied by Roskosz et al. (2006) were prepared from carbonate
as starting material, such that the presence of CO cannot be
confidently excluded.

Our spectroscopic data confirm that N, was the only
nitrogen species present in the fluid phase and the only
significant nitrogen species dissolved in the silicate melts.
This is consistent with the high oxygen fugacity prevailing
during the experiments and with the fact that the decom-
position of AgN; upon heating only produces N, (Keppler
1989). Moreover, N, is kinetically inert and extremely unre-
active, such that even under conditions where it should be
reduced to other nitrogen species, very long-run durations
and sometimes the presence of a catalyst, such as Pt pow-
der, are required to convert it into different nitrogen spe-
cies (Li and Keppler 2014). While oxygen fugacity was not
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strictly buffered in our experiments, the Mossbauer spectra
of quenched MORB glasses (Fig. 2) show that it was about
2 two log units above the Ni-NiO buffer.
The glasses from piston cylinder experiments typically
. contained < 0.5 wt.% of H,O and <0.1 wt.% of CO,. Since
N, water will partition strongly into the silicate melt, this
8 means that the fluid coexisting with the melt is basically
% 1 dry and very pure N,. According to the water solubility law
§ co, of Shishkina et al. (2010), 0.5 wt.% of H,O in a basaltic
melt corresponds to a water partial pressure of only 3.7 MPa,
which is negligible to the total pressure of the experiments.
Concentrations in samples from IHPV experiments were
0 : ' ; ' even lower. The traces of CO, may still be inherited from the
2500 2400 2300 2200 2100 2000

Wavenumber (cm™)

Fig.6 Detail of the infrared spectrum of a quenched haplogranitic
glass (run b6). This is an uncorrected raw spectrum from a 1.755 mm
thick sample. A band of >N, dissolved in the glass is detectable.
While N, should not be infrared active, the interaction with the glass
matrix may induce dipoles, which make the molecule infrared active.
The band of molecular CO, in the glass is due to a minor carbon con-
tamination, probably from the carbonates used to make the starting
glasses

@ Springer

carbonate starting materials used for glass synthesis at 1 bar.
A comparison of N, and Ar solubilities

Figure 7 compares the nitrogen solubilities obtained in the
current study with the argon solubilities in granitic and
basaltic melt as measured by White et al. (1989), Carroll and
Stolper (1993), Schmidt and Keppler (2002), and Iacono-
Marziano et al. (2010). In both types of silicate melts, N,
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Fig.7 Comparison of N, solubility and Ar solubility in granitic melt
(a) and basaltic melt (b). N, solubility data (red circles) are from the
current study. Ar solubility data are from White et al. (1989), Carroll
and Stolper (1993), Schmidt & Keppler (2002), and Iacono-Marziano
et al. (2010). The Ar solubility data by Schmidt & Keppler refer to
a Fe-free melt with higher silica content than for the other results
shown here

is less soluble than Ar, with the difference being particu-
larly large for the granitic melt. The lower solubility of N,
would be consistent with the larger size of the N, molecule
as compared to the Ar atom. From studies of noble gasses,
it is known that the solubility of noble gases in silicate melts
generally decreases with the size of the noble gas atom, pos-
sibly because the population of suitable “cavities” in the
silicate melt decreases with size (e.g., Carroll and Webster
1994 and references therein). It is not straightforward, how-
ever, to compare the size of a spherical atom like Ar with
that of a non-spherical molecule such as N,. One possibility
here is to compare the molar volumes of the liquids at their
boiling points at 1 bar. For liquid nitrogen, the density is
0.807 g cm™> at - 196 °C, while for Ar it is 1.398 g cm™>
at -185 °C. This translates into a molar volume of Ar in
the liquid state of 28.57 cm® mol™!, as compared to 34.72
cm® mol™! for N,. This comparison confirms that indeed the
N, molecule will require more space than the Ar atom under

similar conditions; in addition, the non-spherical geometry
of the N, may have some influence on the overall solubility.

The increase of N, solubility from basaltic to haplogra-
nitic melt is rather similar to that observed for noble gases,
particularly argon (Fig. 7). This suggests that the composi-
tional dependence of N, solubility may be related to ionic
porosity as is often assumed for noble gases (e.g., Carroll
and Webster 1994 and references therein). Ionic porosity
generally decreases with the NBO/T (non-bridging oxygen
atoms per tetrahedron) parameter, but for N,, the relation-
ship of solubility with ionic porosity may be more easily to
visualize than that with the NBO/T parameter.

Partitioning experiments

By slow cooling of MORB melts—some of which were
doped with an excess of Mg,SiO, or MgSiO; component
or with natural almandine powder—from super-liquidus
temperatures, it was possible to grown large, sometimes
mm-sized crystals of olivine, pyroxenes, garnet, and pla-
gioclase (Figs. 8, 9). Nitrogen partition coefficients derived
from SIMS analyses of such crystals and coexisting residual
melts are compiled in Table 3. Bulk chemical analyses of the
phases in these experiments are given in Table 4. Because
of the much longer run duration and because of the addi-
tion of hydroscopic MgO to the starting material in some
partitioning experiments, the glass samples have elevated
H,O contents up to 3.2 wt.%, as compared to the nearly
“dry” solubility experiments. The long-run durations also
caused significant iron loss (Table 4), but due to the poly-
phase nature of these products, the extent of bulk iron loss
is hard to quantify.

Mineral/melt partition coefficients of N, range from
about 0.001-0.002, indicating a generally highly incompat-
ible behavior of nitrogen. A similar range of partition coef-
ficients was already estimated by Li et al. (2013) for Ni-NiO
buffer conditions at 2 GPa and 1300 °C. The single value of
DePmelt— () 00013 from run 3.18 appears to be anomalously
low. This is likely related to the fact that in this experiment,
the nitrogen concentration in the melt was particularly high
(0.4 wt.%) and the low partition coefficient may reflect some
saturation effect in the crystal lattice. All other partition
coefficients are similar, without any obvious dependence on
crystal structures or compositions. The fact that even for
Al-rich pyroxenes (see Table 4), the partition coefficients
are not higher than for olivine, essentially rules out any con-
tribution of ammonium ions (NH,*) to nitrogen solubility
in the minerals, since this type of substitution mechanism
would be very much favored by coupled substitutions such
as the replacement of Ca®* +Mg”* by NH,™ and AI’* (Li
et al. 2013). Very likely, N, is incorporated in vacancies or
Schottky defects in these minerals.
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Fig.8 Optical images of run products from partitioning experiments.
a Large crystals of orthopyroxene crystallized from a MORB melt at
1.5 GPa and 1400—1300 °C (Run 8.24). b Crystals of red garnet at
the bottom of a capsule together with residual MORB melt, quenched
to a black glass (Run 21.45, 4 GPa, 1620—1500 °C)

Figure 10 compares the partition coefficients of nitrogen
with those for argon by Heber et al. (2007). The two datasets
overlap, but the nitrogen partition coefficients tend to be
higher, though it must be noted that the uncertainties in both
data sets are considerable.

Relevance of N, solubility and partitioning data
for mantle melting and degassing

Since our experiments were carried out under rather oxidiz-
ing conditions and N, was the only nitrogen species detected
in the run product glasses, the possible applicability of
these data to melting and degassing processes, in particular
in the upper mantle, requires some discussion. In natural,
water-bearing melts and fluids, N, and NH; appear to be the

@ Springer

major nitrogen species (e.g., Li and Keppler 2014). They are
related to each other through the equilibrium

N, + 3H, = 2NH;, (1)

with the equilibrium constant K,

2
NH;

= 3 5
fN2fH2

@

N

where f are the fugacities of the relevant species.
Hydrogen (H,) fugacity is related to water fugacity and
oxygen fugacity through the reaction

H,0=H, +1/20,, ?3)

with the equilibrium constant

172
szfof
= —. @)
Ju,0
Equations (2) and (4) may be combined to yield
2 3
NH; N szo )
=KyK, =7
N, fo2

As one may see from Eq. (5), the equilibrium between
reduced (NH;) and oxidized (N,) nitrogen species does
not only depend on oxygen fugacity, but also on water
fugacity—and the effect of water fugacity is actually much
stronger than that of oxygen fugacity.

The degassing of midocean ridge basalts is currently
the main mechanism transporting nitrogen from the man-
tle into the atmosphere. MORB melts are generated in
the upper mantle where the ambient oxygen fugacity is
within + 2 log units of the QFM (quartz fayalite magnet-
ite) buffer (Frost and McCammon 2008; for reference, the
oxygen fugacity of Ni-NiO is just 0.5 to 1 log unit above
QFM). More specifically, the oxygen fugacity recorded in
natural MORBs is 0.2 + 0.3 log units above QFM (ONeill
et al. 2018). We will therefore calculate here the likely
species distribution of nitrogen in MORB melts and asso-
ciated fluids at pressures of 0.5 to 2 GPa, a temperature of
1300 °C and an oxygen fugacity at the QFM buffer.

Li and Keppler (2014) studied nitrogen speciation in
aqueous fluids and parameterized.

xIZ\IH3

K" = ; (6)

X;
Nz

where x are molar fractions, as a function of pressure (P),
temperature (7) and redox conditions (relative to the log fO2
at Ni-NiO buffer conditions, ANNO):
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Fig. 9 Backscatter electron
images of run products from
partitioning experiments. The
location of SIMS measurements
is indicated by red spots. a run
3.18, b run 19.43, ¢ run 21.45
(compare Fig. 8b), d run 8.24
(compare Fig. 8 a). Figures a,

¢, and d are composites made
from several images, the bound-
aries are visible as straight
vertical or horizontal lines.
plag plagioclase, ol olivine, grt
garnet, opx orthopyroxene

log K* = —9.694 + 8272/T + 0.0211P — 0.8020ANNO.
(N
For the QFM buffer, 1300 °C and 0.5-2 GPa their
regression Eq. (7) yields log K* ranging from—3.75
to—3.78. For a molar fraction of nitrogen in the fluid of
0.1, this predicts a NH5/N, molar ratio in the fluid of 0.04.
This is, however, in an aqueous fluid, i.e., at very high
water fugacity. Under the rather low water fugacities pre-
vailing in the MORB source mantle, according to Eq. (5),
the NH,/N, ratio in a fluid should be much lower. The
relevant water fugacities can be estimated from the water
contents of primitive MORB magmas, which are typically
in the range of 500-3000 ppm (e.g., Saal et al. 2002).
Shishkina et al. (2010) studied water solubility in basalts
as a function of water saturation pressure. They described
their data by the equation c,,., =0.2351 P78 where
Cyater 15 the water solubility in the melt in wt.% and P is
water pressure in MPa. For a water content of 0.3 wt.%,
this yields a water saturation pressure of 1.52 MPa, which
at these low pressures is essentially equal to water fugac-
ity. If one assumes that in the experiments of Li and Kep-
pler (2014) in an aqueous fluid phase, the water fugacity

was about the same as that of pure water at the given P and
T conditions, Eq. (5) can now be used to predict the NH,/
N, ratio in a fluid, assuming further that fugacities are pro-
portional to molar factions at otherwise equal conditions.
For 1300 °C and QFM buffer conditions, this yields a cor-
rected log K* ranging from—11.6 for 0.5 GPa to-15.4
at 2 GPa. For a N, molar fraction in the fluid of 0.1, the
calculated NH,/N, molar ratio then ranges from 5 107
to 2- 107", This calculation shows that the NH4/N, ratio
expected in a fluid under conditions relevant for MORB is
negligibly small. In a silicate melt, the ratio could in prin-
ciple be different. This difference would manifest itself in
a different partitioning of N, and NH; between a silicate
melt and aqueous fluid. Indeed, Li et al. (2015) noted such
a difference in their study of the fluid/melt partitioning of
nitrogen. However, the difference between the nitrogen
partition coefficient under oxidizing conditions, where N,
is predominant, and under reducing conditions, where NH;
prevails, is only about two orders of magnitude, such that
even in a MORB melt, the fraction of nitrogen in reduced
state should still be negligible. We therefore conclude
that our data on N, solubility and partitioning can be
applied with confidence to model the behavior of nitrogen
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Table 4 Mineral and melt compositions from partitioning experiments

Run no Phase Si0, TiO, AlLO4 MgO CaO FeO,, Na,O K,O H,0 Total
3.18 Glass 53.4(2) 2.19 (6) 16.7 (2) 3.50 (1) 5.47(9) 8.12 (8) 3.8(1) 0.47 (4 0.29 93.9
Plg 58.5(4) 0.04 (1) 24.5(2) 0.07 (2) 722 (4) 0.68 (2) 6.38 (1) 0.19 (1) - 97.5
Cpx 47.2(6) 0.89 (1) 12.6 (4) 11.2(5) 13 (1) 11.3(2) 23(1) - - 98.4
21.45 Glass 49.9 (3) 1.6 (1) 15.0(2) 441 (2) 7.7(1) 12.5(1) 2.4(1) 0.20 (1) 1.71 95.4
Grt 3994) 0.21 (4) 22.3(5) 13.4(2) 6.4 (8) 16 (1) 0.06 (1) - - 98.7
19.43 Glass 58.1(2) 1.0 (1) 12.5(1) 11.4 (1) 6.4 (1) 1.5(1) 3.4(1) 0.31(1) 1.09 95.7
Ol 41.5 (5) 0.05 (4) - 55.1(3) 0.13 (1) 2.6(1) - - - 99.4
8.24 Glass 474 (1) 1.47 (6) 13.7 (5) 12 (1) 9.6 (2) 5.28(1) 2.7(7) 0.27 (3) 3.17 952
Opx 57.6(1) 0.11 (1) 1.7(2) 36.0 (1) 1.4 (1) 3.50 (2) 0.08 (1) - - 100.3
7.23 Glass 42.6 (3) 2.2(1) 15.4 (1) 10.9 (1) 8.5(1) 6.0 (1) 2.8(1) 0.34(2) 0.10 88.7
Cpx 51.8 (11) 0.40 (1) 8.0(17) 17.3 (17) 16.3 (3) 424 1.8 (3) - - 99.9
Opx 54.0(2) 0.15 4) 5@3) 34(2) 1.2 (2) 5(1) 0.14 (6) - - 99.8

Compositions were measured by electron microprobe, except for H,O, which was measured by FTIR. Numbers in brackets are one standard
deviation in the last digits.—indicates concentrations below detection limit. The low microprobe totals of the glasses are partially due to the fact
that iron is reported as FeO only (FeO,,), while in reality, it is partially Fe,O;. Most of the effect, however, likely results from surface charging
due to the high defect concentration in the glasses (Hughes et al. 2019). The glass in run 7.23 is difficult to measure due to numerous fine cracks

produced upon decompression
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Fig. 10 Comparison of the mineral/melt partition coefficients of
nitrogen (this study) with the mineral/melt partition coefficients of
argon (Heber et al. 2007). Where no error bars are shown, the uncer-
tainties are not known, because only one measurement was performed

Fractionation of nitrogen and argon during mantle
melting

The question of whether or not nitrogen and argon are frac-
tionated during mantle melting is of fundamental importance
for constraining the Earth’s deep nitrogen budget. Since
nitrogen is highly volatile, it is likely, at least partially, to
be lost from most mantle samples upon ascent to the sur-
face and therefore, the initial mantle nitrogen content can-
not be determined by the direct analysis of samples. Marty
(1995) observed that the N,/*°Ar ratio in MORB samples is
nearly constant, despite large variations in the overall vola-
tile content. This suggested that N, and Ar are not signifi-
cantly fractionated during partial melting or degassing, such

that the measured N,/*’Ar ratio may be representative for
the mantle source. This observation allows one to estimate
mantle nitrogen contents, since the abundance of YOAr, a
radioactive decay product of *°K, is well constrained (e.g.,
Marty 1995; Johnson and Goldblatt 2015). Current estimates
of nitrogen abundances in the mantle, therefore, usually
rely on N,/*°Ar systematics (for an alternative approach,
see Cartigny et al. 2001a). The data presented here for the
first time allow a direct check of the validity of the underly-
ing assumptions in such calculations. Contrary to what is
conventionally assumed, there appears to be a fractionation
between N, and Ar during mantle melting, with N, being
more compatible, although the experimental data presented
here have significant uncertainties (Fig. 9). However, the
partition coefficients are so low that during plausible degrees
of melting, e.g., during MORB generation (10-20% melt-
ing), nearly the entire budget of N, and Ar will enter the
melt, such that both elements are indeed not fractionated.
Only for very low-degree partial melts, some noticeable
fractionation might occur. On the other hand, the solubility
data in Fig. 7 clearly show that N, is less soluble in melts
than Ar, which should cause some fractionation of Ar and
N, during degassing. Indeed, Cartigny et al (2001b) inves-
tigated the relative contributions of source inhomogeneity
and degassing to the variability of N,/Ar ratios in a large
suite of MORB samples. With a two-stage degassing model
(closed-system degassing followed by Rayleigh distillation),
they were able to explain most of the variability. Their model
suggests that Ar solubility in the MORB melt is about 1.2
times higher than N, solubility, in good agreement with our
study. Overall, the data presented here therefore support the
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reliability of estimated mantle nitrogen reservoirs based on
N2/40Ar systematics, although some minor fractionations
may occur both during melting and degassing.
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