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Abstract Nitrogen (N) is extremely depleted in the bulk silicate Earth (BSE). However, whether the silicate
magma ocean was as N-poor as the present-day BSE is unknown. We performed multi-anvil experiments at
20 GPa and 1,673—2,073 K to determine the dihedral angle of Fe—Ni—N alloy melt in ringwoodite matrix to
investigate whether percolation of Fe-rich alloy melt in the solid mantle can explain N depletion in the BSE. The
dihedral angles ranged from 112° to 137°, surpassing the wetting boundary. Our experiments suggest that N
removal from the mantle by percolation of Fe-rich alloy melt to the Earth's core is unlikely. Therefore, besides N
loss to space during planetesimal and planetary differentiation, as well as its segregation into the Earth core, the
stranded Fe-rich metal in the deep mantle could be a hidden N reservoir, contributing to the anomalous depletion
of N in the observable BSE.

Plain Language Summary Understanding how and when the present-day inventory of nitrogen (N)
in the bulk silicate Earth (BSE) was established is important to gain insights into Earth's habitability. A key
question remains as to why N is strongly depleted in the BSE than carbon and hydrogen. Efficient segregation of
N into the metallic core in the final stage of Earth's formation is postulated to be one of the primary causes
behind this depletion. However, it is not clear whether the silicate magma ocean (MO) was as depleted in N as
the present-day BSE due to the uncertainties in the degree of metal-silicate equilibration during the final stages
of Earth's formation. Post-MO crystallization, Fe—Ni alloy precipitated in the reduced mantle owing to the
disproportionation of ferrous iron. We used high-pressure experiments to examine whether this Fe—Ni alloy
melt can trap the excess N and percolate through the solid mantle to the core. Our experiments show that the
percolation of Fe—Ni—N melt is unlikely owing to its dihedral angle in silicate phases being larger than the
wetting boundary. Instead, the Fe—Ni—N alloy stranded in the mantle can be a hidden N reservoir and the
present-day BSE may not be as N-depleted as predicted.

1. Introduction

Nitrogen (N), along with carbon (C) and hydrogen (H), is a key life-forming element and is essential for sup-
porting life on the Earth's surface. The present-day inventory of N on Earth's surficial reservoirs is controlled by
its exchange with the silicate interior over billions of years of Earth's history (Gaillard et al., 2021; Grewal
et al., 2020; Zahnle et al., 2007). Therefore, in order to understand the origin of the present-day inventory of N in
Earth's surficial reservoirs, it is critical to determine the origin of N in the bulk silicate Earth
(BSE = atmosphere + hydrosphere + crust + mantle). Nitrogen is depleted in the observable BSE by ~2-3 orders
of magnitude relative to the primitive building blocks of Earth sampled by chondrites (Halliday, 2013;
Marty, 2012). The cause of N depletion in the BSE has been linked to —(a) N loss during planetesimal differ-
entiation (Grewal, 2022; Grewal & Asimow, 2023; Grewal et al., 2022a); (b) Segregation of N into the metallic
core of the growing Earth (Dalou et al., 2017; Grewal et al., 2019a, 2021b; Speelmanns et al., 2019; Suer
et al., 2023); and (c) Atmospheric loss during Earth's formation (Grewal et al., 2021b; Jackson et al., 2021;
Kurokawa et al., 2022). The efficacy of these processes in establishing N-depletion remains debated owing to the
complexities involved during the stochastic growth of Earth's over tens of millions of years, namely —(a) Ac-
cretion of N from multiple reservoirs in the solar protoplanetary disk via a mix of undifferentiated and differ-
entiated materials (Grewal et al., 2021a; Piani et al., 2020); (b) Efficiency of metal-silicate equilibrium between
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the impactor's core and proto-Earth's mantle after impacts (Grewal et al., 2024; Rudge et al., 2010); and (c)
Efficiency of atmosphere loss during impacts (Grewal et al., 2024; Schlichting et al., 2015).

Limited efficiency of metal-silicate equilibrium (Deguen et al., 2014; Landeau et al., 2016) and the retention of
substantial portion of proto-atmosphere(s) (Genda & Abe, 2003; Kegerreis et al., 2018) during giant impacts at
the later stages of Earth's growth suggest that the BSE after the main stage of Earth's accretion may not have been
as N-depleted as it is in its present state. Processes after the Earth's formation could also have played a role in
establishing the N-depletion in the present-day BSE. One of those processes could be precipitation of excess
Fe—Ni alloy melt in the post-magma ocean (MO) crystallization mantle, followed by its percolation to the Earth's
core through the solid mantle. However, the feasibility of this process has not explored thus far.

Based on the analysis of rocks derived from lithospheric mantle, oxygen fugacity in the Earth's mantle, buffered
by the interaction between ferrous (Fe®*) and ferric iron (Fe**) in the silicate phases, decreases as a function of
depth (Frost & McCammon, 2008; Woodland & Koch, 2003). Fe—Ni alloy can precipitate at >250 km depth
owing to the following charge disproportionation reaction (Rohrbach et al., 2007; Rohrbach & Schmidt, 2011):

3 F62+(silicale) =2 F63+(silicate) + Fe(a]loy) (1)

If the excess N was stored in the silicate mantle after early Earth differentiation (e.g., in trapped melts (Hier-
Majumder & Hirschmann, 2017) and mantle minerals (Fukuyama et al., 2023; Rustioni et al., 2024; Yoshioka
etal., 2018)), it can combine with the precipitated Fe—Ni alloy to form Fe—Ni—N alloy melt at conditions relevant
for the mantle geotherm (Katsura, 2022; Katsura et al., 2010). Nitrogen strongly partitions into metallic Fe rather
than silicate minerals (e.g., ringwoodite and bridgmanite; Yoshioka et al., 2018). Since 0.3—0.5 wt% metallic Fe
can be present in the deep part of mantle transition zone (MTZ) (e.g., 520—660 km depth (Rohrbach et al., 2007,
Rohrbach & Schmidt, 2011);), the presence of ~50-100 ppm N in the Earth's mantle after Earth's formation
(Grewal et al., 2019b; Speelmanns et al., 2019) could result in a few percent of N in the Fe—Ni alloy melt. The
Fe—Ni—N alloy melt, depending on its wetting behavior with solid silicate minerals, can mobilize and remove the
excess N from the Earth's mantle to its core. Iron nitride inclusions in diamonds attest to the presence of Fe—Ni—N
alloy in the deep mantle (Kaminsky & Wirth, 2017; Zedgenizov & Litasov, 2017). Therefore, if the percolation of
the Fe—Ni—N alloy melt through the silicate minerals to the core is efficient, it could have removed excess N from
the solid mantle to establish the present-day N depletion in the BSE.

In this study, we use high pressure-high temperature experiments to examine the wetting behavior of Fe—Ni—N
alloy melt in ringwoodite (a major mineral in the deep MTZ), at pressures and temperatures corresponding to the
mantle geotherm. We apply our experimental results to examine the role of Fe—Ni—N alloy melt percolation in
solid mantle in establishing the N-depletion in the present-day BSE.

2. Experimental Details

The starting materials were mixtures of Fe, Ni, and iron nitride reagent powders and crushed natural San Carlos
olivine. To study the effects of Ni and N content on the dihedral angle, three different alloy compositions were
prepared: Ni-free with 1 wt% N, Ni-free with 4 wt% N, and 10 wt% Ni with 4 wt% N (Supplementary Table 1 in
Supporting Information S1). Addition of 10 wt% Ni to the starting alloy mixture results in the Ni content in the
recovered alloy products being similar to that of metallic alloys in the Earth's MTZ (Supplementary Table 2 in
Supporting Information S1) (Frost & McCammon, 2008; Rohrbach & Schmidt, 2011). Addition of 1-4 wt% N in
the starting alloy mixture simulates Fe—Ni—N alloys, where 0.3—0.5 wt% alloy precipitated in the deep MTZ
(Rohrbach & Schmidt, 2011) and equilibrated with a mantle containing ~30—500 ppm N. The volume fraction of
the alloy mixture in the starting material was 2 vol.%, which is below the critical melt fraction required for
forming interconnected network when the dihedral angle is greater than 60° (von Bargen & Waff, 1986).

The high-pressure experiments at 20 GPa and 1,673—2,073 K were carried out using a 1,000 ton Walker-type
multi-anvil device at Arizona State University (ASU), following the procedure of Leinenweber et al. (2012).
The experimental temperature is in the range of the mantle geotherm in the MTZ (Katsura, 2022; Katsura
et al., 2010) and higher than the melting temperature of iron nitride (Kusakabe et al., 2019). Following the
procedure of previous studies (Grewal et al., 2021c; Tsuno et al., 2018), the sample was initially heated to and
kept overnight at 1,123—1,173 K to reduce the porosity of MgO capsule, and then heated to the target temperature
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Figure 1. Representative back-scattered electron images of the experimental run products. (a) Experiments at 20 GPa and
1,873 K (BB1644). For most of the run products except for BB1669, the dihedral angle would be distributed in the range of
~80°-160°. (b) Experiments at 20 GPa and 2,073 K (BB1669). The median value of dihedral angle (true dihedral angle, in
other words) of this run is the smallest of all of the experimental run charges in our study. In this recovered sample, alloy
melts with dihedral angles smaller than 60° were also observed. (c) The overall image of BB1669. It can be seen that most of
the sample region was composed of Fe—N alloy melts and ringwoodite. (d) Detail of the experimental run marked in
rectangle in (c), showing that small amount of wadsleyite was observed in the sample area close to thermocouple. Also
shown are ferropericlase formed by the diffusion of Fe in alloy melt and FeO in ringwoodite and wadsleyite in MgO capsule.

of 1,673 K for 16 hr, of 1,873 K for 6—8 hr, and of 2,073 K for 2 hr. Terasaki et al. (2005) and Shannon &
Agee (1996) conducted time-series experiments to demonstrate the attainment of textural equilibrium of Fe
(=0)-S alloy melts, achieving relatively constant dihedral angles in 12 hr at 1,650 K and 2.4 hr at 2,033 K,
respectively. Given that our experiments were conducted for 16 hr at 1,673 K, 8 hr at 1,873 K, and 2 hr at 2,073
K — durations that are longer or comparable to those in the studies by Terasaki et al. (2005) and Shannon &
Agee (1996) — it is expected that our experiments had attained textural equilibrium.

The recovered samples were analyzed using a micro-Raman spectroscopy for phase identification and a JEOL
JXA-8530F electron microprobe for chemical and image analysis at 15 kV and 15 nA at ASU. Synthetic iron
nitride (Fe;N) was used as a standard for N in the metallic alloy and it was measured using an LDE2 spectrometer
crystal, consistent with Grewal et al. (2019a, 2019b, 2021b).

The apparent dihedral angle was measured using backscattered electron images of the recovered samples
(Figure 1). Dihedral angle measurements were performed using the image processing program “Image J.” The
true dihedral angle of Fe—Ni—N alloy melts in ringwoodite was the median of the apparent dihedral angle dis-
tribution (Supplementary Table 1 in Supporting Information S1 and Figure 2). The measurement error of the
dihedral angle is based on a 95% confidence interval centered on the population median. Each sample underwent a
sufficient number of dihedral angle measurements, ranging from 219 to 258, ensuring accurate determination of
the true dihedral angle (Holness & Lewis, 1997).

3. Results

3.1. Texture of the Experimental Products

All the recovered products consisted of quenched Fe(—Ni)—N alloy and ringwoodite (Supplementary Table 1 in
Supporting Information S1, Figures 1a and 1b, and Supplementary Figure 1 in Supporting Information S1), except
for one sample (Exp. No. BB1669), which contained a small amount of wadsleyite in the sample region close to
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Figure 2. The apparent dihedral angle distribution based on the back-scattered electron images of six recovered run products and the image analysis by Image J. These
graphs also show the theoretical frequency curves, drawn in solid curves, with the peak being the true dihedral angle.

thermocouple junction (Supplementary Table 1 in Supporting Information S1, Figures 1c and 1d and Supple-
mentary Figure 1 in Supporting Information S1). Melting of Fe(—Ni)—N alloy is determined by the photomi-
crographs (Figures 1a and 1b), indicating that (a) the isolated alloys at the interface between the silicate phases
with euhedral shape rounded off the angles; and (b) most of the alloy is clustered in the triple-point junction of
ringwoodite.

3.2. Phase Compositions

The chemical compositions of the alloy melt, ringwoodite, and wadsleyite in the recovered run products are
reported in Supplementary Table 2 in Supporting Information S1 and plotted in Supplementary Figure 2 in
Supporting Information S1. The alloy melt contained 0.88 (£0.32) wt% N for the Ni-free starting alloy mixture
containing 1 wt% N, 5.5 (£0.9) t0 9.7 (£0.5) wt% N and O to 1.5 (£0.3) wt% Ni for the one mixed with Ni-free and
4 wt% N starting mixture, and 4.1 (£0.4) to 6.0 (£1.3) wt% N and 28.4 (+5.8) to 29.3 (+2.8) wt% Ni for the
starting mixture containing 4 wt% N and 10 wt% Ni. Oxygen and Si contents in the alloy melts are below 0.4 and
0.1 wt%, respectively. Ringwoodite contained 10.4 (£0.1) wt% FeO for the starting mixture with Ni—free alloy
and 1 wt% N, 7.8 (£0.6) to 11.0 (£0.3) wt% FeO for the one mixed with Ni-free alloy containing 4 wt% N, and 9.6
(£0.4) to 10.6 (£0.2) wt% FeO for the one mixed with alloy containing 4 wt% N and 10 wt% Ni. Measurable NiO
in ringwoodite was observed only in Exp. No. BB1669 (0.09 + 0.03 wt%). Wadsleyite in Exp. No. BB1669
contained 7.0 (+0.6) wt% FeO and 0.06 (+0.03) wt% NiO.

3.3. Estimation of Oxygen Fugacity

Oxygen fugacity (fO,), relative to iron-wiistite buffer (IW), is calculated from the compositions of Fe-rich alloy
melt and ferropericlase following the procedure of (Mann et al., 2009):
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where Xj;peo, X‘}Z”y , P, and T correspond to FeO content in ferropericlase (in molar ratio), Fe content in alloy (in

molar ratio), pressure in GPa, and temperature in Kelvin. X,fv’efo can be calculated from X7, (FeO content in

ringwoodite) obtained in this study. The relation between X£i0 and X7 ,, which is unaffected by P and T (Frost
et al., 2001), is re-fitted as;

X[ =2311 & 0.131) X, — 1.223 @& 0.178) (X}2,))> (3)

log fO, is nearly constant versus temperature in each of the nominally Ni-free and Ni-bearing alloy melts (from
IW-1.37 (£0.17) to IW-1.15 (£0.09) and from IW-0.77 (£0.04) to IW-0.64 (£0.05), respectively) (Supple-
mentary Figure 2c¢ in Supporting Information S1).

3.4. Dihedral Angle Between Fe(—Ni)—N Alloy and Ringwoodite

The dihedral angle distribution and theoretical frequency curve is shown in Figure 2. The deviation of the
measurement is based on a 95% confidence interval around the population median (Supplementary Table 1 in
Supporting Information S1 and Figure 4). Dihedral angle of nominally Ni-free alloy melt in ringwoodite, with N
content in the alloy between 0.9 and 9.7 wt% and temperature varying between 1,673 and 2,073 K, ranged from
137.3°950 to 111.9°433°. Whereas dihedral angle of Ni-bearing alloy (28.4-29.3 wt% Ni), with N content in the

alloy between 4.1 and 6.0 wt% and temperature varying between 1,673 and 1,873 K alloy, ranged from 130.9"3‘1‘2

to 123.9°1210.

4. Discussion
4.1. Phase Compositions and Oxygen Fugacity of the Recovered Products

The N content in the recovered alloy products tends to be higher than that in the starting materials containing
4 wt% of N in the alloy component (Supplementary Figure 2a in Supporting Information S1). This can be
explained by the loss of Fe from the alloy into the MgO capsule walls during the equilibrium interaction
between the constituent phases (Figure 1d). The N content in the alloy products from Ni-free starting alloy
material with 4 wt% N is consistently higher than those of Ni-bearing starting alloys with the same N content
at temperatures between 1,673 and 1,873 K (supplementary Figure 2a in Supporting Information S1). No
systematic trends were observed for (a) FeO content in ringwoodite and (b) oxygen fugacity between Ni-free
and Ni-bearing alloys (supplementary Figure 2b, 2¢ in Supporting Information S1). The evaluation of these
trends is described in the supplementary file. We also note that the recovered alloy in the Exp. No. BB1669
contained 1.5 wt% Ni, despite the absence of Ni in the alloy starting mix, and the equilibrating ringwoodite
had correspondingly lower NiO content than in the starting San Carlos olivine. Hereafter, the alloy recovered
from BB1669, along with the other alloys from Ni-free starting alloy mixtures, are referred to as “nominally
Ni-free alloys.”

4.2. The Effects of Ni and N in Alloy Melts and Temperature on Dihedral Angle

The obtained dihedral angles of Fe(—Ni)—N alloy melts in ringwoodite is above the wetting boundary of 60°
(Figure 3a), suggesting that alloy melt percolation would not occur at 20 GPa (corresponding to the condition of
deep transition zone; ~520—660 km depth). There is no significant difference in the dihedral angles between
Ni-free alloy and Ni-bearing alloys (Figure 3a; BB1632 vs. BB1641 and BB1624 vs. BB1644). Because Ni
content in the alloy and fO, are intertwined (refer to Supplementary Figure 2c; for further discussion, see
Section 3 and Supplementary Figure 3 in Supporting Information S1), fO, does not have an apparent effect on
the dihedral angle, either. At a fixed N content (BB1632 and BB1641 vs. BB1624 and BB1644), the dihedral
angle decreases with increasing temperature. At a constant temperature of 1,873 K (BB1650 vs. BB1624 and
BB1644), the dihedral angle decreases with increasing N content in the alloy melt. This decrease, as observed
in metallurgical studies, results from the lowering of surface tension of alloy melts upon N addition. For
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Figure 3. (a) The value of true dihedral angle in ringwoodite as a function of N content in the alloy melts on the X-axis, Ni
content in the alloy melts by color codes, and temperature directly written on the graph. (b) The true dihedral angle in silicate
minerals (olivine, wadsleyite, ringwoodite, and bridgmanite and ferropericlase mixture) as a function of the concentrations of
light elements (N, O, C, and Si) on the X-axis and pressure (GPa) by the color codes. The data on Fe(—Ni)—N alloy melts
obtained in our experiments are shown in filled circles. For comparison, the data on Fe—O—S alloy (Shannon & Agee, 1996;
Terasaki et al., 2005, 2007, 2008), Fe—C alloy (Dong et al., 2019), and Fe—Si alloy (Mann et al., 2008) are also plotted in
open circles, open squares, and open triangles, respectively.

example, the addition of 0.05 wt% N reduces the surface tension of the alloy melt by about 15% at 1 bar
(Figure 4) (Iida & Guthrie, 2015).

4.3. Comparison With Other Light Elements in Fe(—Ni) Alloy Melts

Figure 3b shows that the dihedral angles of Fe(—Ni)—N alloys in the silicate phase (ringwoodite) at 20 GPa in this
study are higher than those of Fe(—0)—S melts (Shannon & Agee, 1996; Terasaki et al., 2005, 2007, 2008; Wang &
Fei, 2023) and lower than those of Fe—Si melts (Mann et al., 2008) at high pressures. This relationship is consistent
with that of the surface tension of Fe—O, Fe—S, Fe—Si, and Fe—N melts under ambient pressure (Halden &
Kingery, 1955; lida & Guthrie, 2015; Kawai et al., 1974) (Figure 4). The surface tension of Fe—S and Fe—Si under
high pressure (1.5 GPa) has been measured experimentally and the relative relationship is similar to the predictions
atambient pressure (Terasaki et al., 2009, 2012) (Figure 4). If the relation of the Fe—N melt surface tension remains
the same as that of Fe—S and Fe—Si melts at higher pressures, the dihedral angle of Fe—Ni—N melt is expected to be
larger than Fe(—O)—S melt and smaller than that of Fe—Si melt.

On the other hand, the dihedral angle of the Fe(—Ni)—N alloy, within a

0.8 -

(1atm) (1.5GPa)

similar light element concentration in the alloy, is lower than that of Fe—C
‘ alloy melts (Figure 3b) (Dong et al., 2019). These high-pressure results are in
2 1 contrast to those at the ambient pressure, where the surface tension of Fe—N
3 melt is shown to be similar to that of Fe—C melt (Figure 4).

¥ The dihedral angle (6) of alloy melts in solid phases (e.g., silicates such as
‘ olivine, wadsleyite, ringwoodite, and bridgmanite) is expressed as

Fe-N —o—
0.6 -| Fe-O —0—
[|FeS b oty 2cos =1 4)
0.4 -] Fe-Si—O- - — A - Vs
0.2 L LFeC v~
102 100 where y and y, denote solid — liquid and solid — solid interfacial energy,

Addition of light elements (wt.%)

Figure 4. Surface tension of iron-rich alloy melts on aluminum oxide surface
as a function of light element concentration in the alloy at ambient pressure
(Halden & Kingery, 1955; lida & Guthrie, 2015; Kawai et al., 1974) and that
of Fe—S and Fe—Si melts at 1.5 GPa (Terasaki et al., 2009, 2012). Note that
the absolute value of the interfacial tension may differ due to differences in
the surrounding materials, for example, Na-disilicate (Na,Si,Os) at 1.5 GPa
and inert gases (H, or Ar) at ambient pressure, during the experiments.

respectively. According to Terasaki et al. (2005), the interfacial energy can be
expressed as

dyy
d}; ~ TVt 5)

where I'; and V;”el’ stand for the excess concentration of component i at the
surface and the partial molar volume of i in alloy melts, respectively
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(i = Fe—N or Fe—C). High-pressure experiments show that iron nitrides (Fe,N, Fe,N, and Fe,;N;) are more
compressible than iron carbides (Fe,C;, Fe;C, and Fe,C) (Litasov et al., 2017; Zhuang et al., 2021) at elevated
pressures, indicating that ‘i,’,;’ for iron nitrides is more negative. Although the compressibility of Fe—N melts,
unlike that of Fe—C melts (Shibazaki et al., 2015; Shimoyama et al., 2013), has not been investigated at high
pressures, the difference in compressibility of iron nitrides and iron carbides indicate that the surface tension of
Fe—N melts could be lower than the surface tension of Fe—C melts at high pressures. This could explain the lower
dihedral angle of Fe(—Ni)—N alloy melts compared to Fe—C melts at high pressures (Figure 3b).

4.4. The Cause of N Depletion in Present-Day Bulk Silicate Earth

The extreme depletion of the N in the BSE has previously been linked to the loss of N during planetesimal
differentiation (Grewal et al., 2021b, 2022a, 2022b; Grewal & Asimow, 2023), segregation of N into the Earth's
core (Grewal et al., 2019a, 2021b; Jackson et al., 2021; Speelmanns et al., 2019), and loss of proto-Earth's N-
bearing atmosphere(s) during impacts (Sakuraba et al., 2021; Tucker & Mukhopadhyay, 2014). Among the
BSE reservoirs, the N inventory of Earth's mantle, particularly deep mantle, is poorly constrained. It is unclear
whether the N depletion in the convecting mantle also reflects a deep mantle signature or if there are unsampled
N-bearing reservoirs in the deep mantle. If the latter is true, N might not be as extremely depleted in the
present-day BSE, especially when compared to other volatiles like carbon and water.

A recent study has shown that ferropericlase could capture a large amount of nitrogen, indicating that substantial
nitrogen might be sequestered in the deep mantle after Earth's formation (Rustioni et al., 2024). Our experi-
mental results suggest that metallic Fe, formed after the disproportionation of Fe>* into Fe and Fe** at a depth
>250 km, could be another potential N-bearing reservoir in the deep mantle. The dihedral angle of Fe(—Ni)—N
alloy melt in a ringwoodite matrix ranged from 112° to 137°. These values are much greater than 60°, meaning
interconnected networks can form only if the initial melt fraction is higher than critical melt fraction. Given the
vol% of alloy initially precipitated in the deep MTZ is low (0.3—0.5 wt%); Rohrbach & Schmidt (2011), this is
not feasible. If the dihedral angles of Fe(—Ni)—N alloy melt in other major mantle minerals such as olivine and
bridgmanite are also similarly high, percolation of Fe(—Ni)—N alloy melt in the solid mantle remains unfeasible.
Consequently, removal of excess N from the Earth's mantle via the percolation of Fe-rich alloy melt to the
Earth's core cannot be a viable mechanism to explain the present-day N-depletion in the BSE. If the alloy melt
was stranded in the mantle, via entrapment along grain boundaries of silicate minerals, it can instead be a hidden
reservoir of N in the deep mantle. For instance, observations of iron nitride inclusions in mineral phases attest to
the plausible presence of N in the Fe-rich alloys present in the deep mantle, such as Fe;N, Fe,N, and Fe-car-
bonitride (Kaminsky & Wirth, 2017). Since the estimates of the present-day N inventory of the mantle are based
on natural basalts and mantle-derived volcanic gases (Marty, 1995; Marty et al., 2020; Marty & Zimmer-
mann, 1999), they are oblivious to the presence of such a N-bearing reservoir in the non-convecting portion of
Earth's mantle. The prevalence of N-bearing metallic phases in the deep mantle is currently unknown and re-
quires further investigation.

Data Availability Statement

The raw dihedral angle data are available in an Excel file on Zenodo: Tsuno (2024).
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