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15N/14N ratios of meteorites are a powerful tool for tracing the journey of life-essential volatiles like nitro-
gen (N), carbon and water from nebular solids to the present-day rocky planets, including Earth. The util-
ity of 15N/14N ratios of samples originating from differentiated protoplanets (e.g., iron meteorites) and
planets (e.g., Earth’s mantle) for tracing this journey could be affected by the fractionation of N isotopes
during core-mantle differentiation, which would overprint their primitive compositions. The extent of N
isotopic fractionation during core-mantle differentiation and its effect on the 15N/14N ratios of resulting
metallic and silicate reservoirs is, however, poorly understood. Using high pressure–temperature exper-
iments, here we show that equilibrium N isotopic fractionation between metallic and silicate melts
(D15Nalloy–silicate = d15Nalloy – d15Nsilicate = –3.3‰ to –1.0‰) is limited across a wide range of oxygen fugac-
ity and is much smaller than previous estimates. Also, we present ab initio calculations based on the rel-
evant N speciation in metallic and silicate melts confirming both the magnitude and direction of
equilibrium N isotopic fractionation predicted by our experimental results. Limited N isotopic fractiona-
tion during core-mantle differentiation suggests that the core and mantle relicts largely preserve the N
isotopic compositions of their bulk bodies. Based on the d15N values of non-carbonaceous iron meteorites
(as low as –95 ‰), we predict that the extent of variations in the N isotopic compositions of inner solar
system protoplanets was larger than that recorded by enstatite chondrites (d15N = –29 ‰ to –6‰). As
most of the Earth grew primarily via the accretion of similar inner solar system protoplanets, a relatively
high d15N value of present-day Earth’s primitive mantle (–5‰) cannot be explained by the accretion of
enstatite chondrite-like materials alone and necessitates a significant contribution of 15N-rich materials
to the Earth’s interior.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The chemical compositions of the cores and mantles of all rocky
protoplanets and planets were set by core-mantle differentiation.
Heat released by the decay of 26Al caused large-scale melting in
the earliest formed protoplanets, leading to the separation of
metallic melts from partially to fully molten silicates (Hevey and
Sanders, 2006; Neumann et al., 2012). Growth of large rocky plan-
ets took place via episodic collisions of differentiated protoplanets,
resulting in additional core-mantle differentiation events (Rubie
et al., 2011). The metallic melts equilibrated with silicate melts
during their differentiation, shaping the final elemental and iso-
topic compositions of the cores and mantles of differentiated rocky
bodies (e.g., Rubie et al., 2011; Labidi et al., 2013; Shahar et al.,
2017; Bourdon et al., 2018; Dasgupta and Grewal, 2019). Compar-
isons of elemental and isotopic compositions amongst meteoritic
and terrestrial samples have been crucial for understanding the
role of core-mantle differentiation during the growth of differenti-
ated rocky bodies in the solar system, including Earth.

As thepresenceof nitrogen (N), carbon (C), andwater (H2O) in the
Earth’s atmosphere and biosphere is critical in defining its habitabil-
ity, the fate of these life-essential volatiles during the growth and
differentiation of rocky bodies is of particular interest. Several lines
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of evidence suggest that these volatileswere accreted by the earliest
formed rockybodies in the inner solar system, andhencewere avail-
able during the entire growth history of rocky planets. For instance,
the parent bodies of non-carbonaceous (NC) iron meteorites – rem-
nants of the cores of the earliest formed protoplanets in the inner
solar system (Kruijer et al., 2014) – had N and C bearing cores
(Hirschmann et al., 2021; Grewal et al., 2021c, 2022). Moreover,
enstatite chondrites (ECs) – primitivemeteorites from the NC reser-
voir that are isotopically similar to inner solar system planets in
multi-isotope space – also contain hundreds of ppm of N, C, and H
(Grady et al., 1986; Piani et al., 2020). Importantly, the N, C, and H
isotopic compositions of these NC reservoir-derived meteorites are
similar to those of Earth’s primitive mantle (Javoy, 1997; Piani
et al., 2020; Grewal et al., 2021c; Grewal, 2022). Therefore, N, C,
and H were not only present in the seeds of the present-day rocky
planets, but they also survived the planetary growth processes to
contribute to the volatile budgets of these planets. As all protoplan-
ets and planets likely underwent at least one core-mantle differen-
tiation event during their growth, the elemental and isotopic
compositions of these volatiles in their bulk silicate and core reser-
voirs could be overprinted by the effects of alloy melt-silicate melt
equilibration. Correspondingly, determining the elemental and iso-
tope fractionation factors of volatiles between alloy and silicate
melts can yield important constraints in deciphering their origins
in rocky protoplanets and planets.

The large isotopic variations amongst meteorite and terrestrial
reservoirs as well as redox sensitive fractionation between alloy
and silicate melts makes N a widely used proxy to probe the fate
of life-essential volatiles during protoplanetary and planetary dif-
ferentiation. Equilibrium elemental partitioning of N between alloy
and silicate melts has been investigated extensively by several high
P-T experimental studies over the last decade (Roskosz et al., 2013;
Dalou et al., 2017; Grewal et al., 2019b, 2019a, 2021b; Speelmanns
et al., 2019; Jackson et al., 2021). Although these studies have been
useful in evaluating the possible causes behind the widespread
depletion of N in the bulk silicate reservoirs of differentiated rocky
bodies, i.e., segregation into the cores and/or atmospheric loss,
they do not track the other critical constraint on the provenance
of N in the rocky bodies – 15N/14N ratios.

15N/14N ratios of primitive chondrites, differentiated meteorites,
and terrestrial samples are distinct relative to the nebular gas and
comets (Füri and Marty, 2015; Grewal, 2022) (Fig. 1). Combined
evidence based on 15N/14N, D/H, and 13C/12C isotopic ratios suggest
that the parent bodies of undifferentiated and differentiated mete-
orites as well as rocky planets, including Earth, acquired their
inventories of life-essential volatiles from a common ancestral
reservoir (Marty, 2012; Alexander et al., 2017). Fingerprinting the
provenance of 15N/14N ratios in differentiated rocky bodies
requires ascertaining the N isotopic compositions of the bulk bod-
ies from the 15N/14N ratios of either silicate or metallic reservoirs.
For instance, the 15N/14N ratios of the primitive materials accreted
by the earliest formed protoplanets in both NC and CC reservoirs
have been directly inferred from the 15N/14N ratios of iron mete-
orites (Grewal et al., 2021c). Likewise, a resemblance of 15N/14N
ratios of Earth’s mantle with ECs and NC iron meteorites, and
Earth’s atmosphere with CC chondrites and iron meteorites, has
been used as evidence for a bimodal source of N in the Earth
(Javoy, 1997; Piani et al., 2020; Grewal et al., 2021c). All these con-
clusions rest on the assumption that the mean 15N/14N ratio of the
entire differentiated body can be directly inferred from the 15N/14N
ratios of a single reservoir (bulk silicate Earth (BSE) in the case of
Earth, and cores in the case of iron meteorite parent bodies). For
this assumption to hold, there must be insignificant differences
between the 15N/14N ratios of the mantles and cores of
differentiated bodies, which would only be valid if there was
limited N isotope fractionation during core-mantle differentiation.
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Compared to elemental partitioning, experimental data on
equilibrium fractionation of N isotopes between alloy and silicate
melts is limited. In a high P-T experimental study conducted at
1.5 GPa-1400 �C and log fO2 = IW–3.25 to IW–0.57 (where IW
stands for logfO2 equivalent to iron-wüstite buffer), Dalou et al.
(2019a) reported D15Nalloy–silicate (=d15Nalloy – d15Nsilicate) values
varying between –243 ‰ and –25 ‰, which were positively corre-
lated with logfO2. Such large D15Nalloy–silicate values would indicate
substantial fractionation of N isotopes during core-mantle
differentiation. Taken at a face value, these results would have
far-reaching implications for the origin of N in rocky protoplanets
and planets. First, the d15N value of Earth’s primitive mantle
(�–5‰; Cartigny and Marty, 2013) could then be explained by
the accretion and subsequent fractionation of EC-like material
(–20.9 ‰ ± 6.2 ‰ (1r); Grady et al., 1986) alone as N isotope frac-
tionation during core-mantle differentiation could yield higher
15N/14N ratios in the BSE relative to ECs (Dalou et al., 2019a).
Second, NC iron meteorites having lower d15N values (lower limit
of –95 ‰) relative to ECs (lower limit of –27 ‰) might not capture
the variation of N isotopic compositions of bulk rocky bodies in the
inner solar system because their lower 15N/14N ratios could arise
from N isotopic fractionation during core-mantle differentiation.
Third, d15N values of achondrites like HEDs, angrites, and aubrites,
as well as NC and CC iron meteorites, would not directly reflect the
N isotopic compositions of their bulk bodies. Importantly, these
results would imply that the provenance of N in bulk Earth
(BSE + core) cannot be deduced by comparing the 15N/14N ratios
of the BSE with primitive chondrites.

However, the experimental results of Dalou et al. (2019a)
disagree with the theoretical and experimental results of all pre-
vious studies. Theoretical calculations accounting for redox and
bond property differences (albeit not directly addressing ques-
tions related to core-mantle differentiation) predict equilibrium
N isotope fractionation at high temperatures to be on the order
of 1 ‰, not tens or hundreds of ‰ (e.g., Richet et al., 1977; Li
et al., 2021a, 2021b). Using high P-T experiments to simulate
core-mantle differentiation at 1.5–7 GPa, 1600–1800 �C, and
logfO2 range = IW–0.24 to IW–0.07, Li et al. (2016) reported
D15Nalloy–silicate values between –5.5 ‰ and –1.1 ‰, suggesting
limited N isotopic fractionation during core-mantle differentia-
tion. Due to the relatively oxidized conditions as well as a lim-
ited fO2 range investigated in the experiments of Li et al.
(2016), the possibility of large D15Nalloy–silicate values as predicted
by Dalou et al. (2019a) at more reduced conditions cannot be
ruled out. In a recent high P-T experimental study at 1–8 GPa,
1700–2200 �C and logfO2 between IW–4.72 and IW–0.31, Shi
et al. (2022) reported D15Nalloy–silicate values between –4.0 ‰

and +10.4 ‰. Although N isotopic fractionation between alloy
and silicate melts was smaller than that of Dalou et al.
(2019a), Shi et al. (2022) reported a negative correlation
between D15Nalloy–silicate and logfO2. This observation is in com-
plete contrast with the positive correlation between
D15Nalloy–silicate and logfO2 reported by Dalou et al. (2019a).
Importantly, Shi et al. (2022) reported positive D15Nalloy–silicate

values at logfO2 < IW–1.2. This observation is in disagreement
with the data of both Li et al. (2016) and Dalou et al. (2019a)
where the alloy melts are shown to have lower 15N/14N ratios
relative to the silicate melts. Taken together, the conflicting
results of these studies fail to deliver any meaningful verdict
on both the magnitude and direction of N isotope fractionation
during core-mantle differentiation.

The experiments of Li et al. (2016) and Dalou et al. (2019a) had
a few critical limitations. First, an approach to isotopic
equilibrium-crucial for determining equilibrium fractionation of
isotopes between alloy and silicate phases via high P-T
experiments (Shahar et al., 2017) � was not demonstrated in these



Fig. 1. Nitrogen isotopic compositions of cosmochemical reservoirs in the solar system. d15N values of bulk meteorites (chondrites, achondrites, and iron meteorites), Earth’s
mantle and atmosphere, Moon and Martian mantle are distinct relative to the 15N-poor protosolar nebular gas and 15N-rich cometary reservoirs. Meteorites are plotted in red
and blue colours using the NC-CC classification based on the isotopic anomalies of Cr, Ti, and Mo (Warren, 2011; Budde et al., 2019). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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studies. Shi et al. (2022) reported invariant D15Nalloy–silicate values
as a function of time, but their time-series experiments had rela-
tively short run times (2–3 h). Second, N-bearing high P-T experi-
ments simulating alloy melt-silicate melt equilibration are
plagued by N loss: the quenched experimental products have sig-
nificantly lower N contents relative to the starting materials
(Dalou et al., 2019a; Grewal et al., 2019a, 2021b; Speelmanns
et al., 2019; Jackson et al., 2021). Li et al. (2016), Dalou et al.
(2019a), and Shi et al. (2022) did not evaluate the effect of N deficit
in the experimental products on D15Nalloy–silicate. Li et al. (2016) did
not report the extent of N deficit in the experimental products rel-
ative to starting materials, whereas Dalou et al. (2019a) reported
significant N loss (up to �85 %) and suggested that kinetic fraction-
ation of N isotopes (likely via diffusion of N-vapor across the cap-
sule walls) was a partial cause behind their large D15Nalloy–silicate

values. Although Shi et al. (2022) reported a lower N deficit in
the experimental products relative to Dalou et al. (2019a), they
did not systematically examine its effect on D15Nalloy–silicate. To
address these experimental limitations on prior determinations
of N isotope fractionation during core-mantle differentiation, a
new experimental dataset is needed.

To constrain equilibrium fractionation of N isotopes
between alloy and silicate melts, here we present seven sets
349
of piston cylinder experiments (including three sets of time-
series experiments, three sets of experiments with variable
N in the starting mixtures, and one set of temperature-
series experiments) in graphite capsules at 2–3 GPa and
1400–1800 �C. In total, 27 individual experiments were con-
ducted. The time series experiments were used to test the
approach to isotopic steady state as an indication of isotopic
equilibrium. The experiments with variable amounts of N in
the starting mixtures were used to constrain the effect of
variable N deficit in the experimental products on D15Nalloy–sil-

icate. To constrain the effect of fO2 on D15Nalloy–silicate, the
experiments were performed in a fO2 range that varied over
two log units (IW–3.77 to IW–1.70). This fO2 range covers
the core-mantle differentiation conditions of several rocky
bodies in the solar system including iron meteorite parent
bodies, Earth, Vesta, angrite parent body, and the Moon
(Righter et al., 2016). To assess the quality of our
experimental data, we also present the results of ab initio cal-
culations based on the Density Functional Theory (DFT) to
determine the magnitude and direction of equilibrium N
isotopic fractionation between metallic and silicate melts at
conditions relevant for core-mantle differentiation in rocky
bodies.



D.S. Grewal, T. Sun, S. Aithala et al. Geochimica et Cosmochimica Acta 338 (2022) 347–364
2. Methods

2.1. Experimental details

2.1.1. Starting materials
The starting mixtures were composed of synthetic alloy mix-

tures containing variable amounts of Fe, Ni, N, and Si, and a mafic
silicate mixture with a tholeiite basalt-like composition in 3:7
mass ratio (ThB1). To avoid the interference between fluorescence
lines produced by Ti La and N Ka in microprobe analyses (Lengauer
et al., 1992) and the formation TiN speckles (Speelmanns et al.,
2019), we synthesized a TiO2-free tholeiite basalt (ThB1) as the
starting silicate mixture for our experiments (Supplementary
Table 1). A similar silicate composition has been used in several
alloy melt-silicate melt partitioning studies (Grewal et al., 2019a,
2019b, 2021a, 2021b). Reagent grade oxides (SiO2, Fe2O3, Al2O3,
Cr2O3, MnO, and MgO) and carbonates (CaCO3, Na2CO3, and
K2CO3) were ground and mixed under ethanol in an agate mortar
for �2–3 h. To decarbonate the carbonates, reduce Fe2O3 to FeO,
and devolatalize the silicate mixture, it was fired in a CO-CO2 Del-
tech gas mixing furnace at 1000 �C and �DFMQ–2 (FMQ refers to
the logfO2 of Fayalite-Magnetite-Quartz buffer) for 24 h. For the
required fO2 conditions applicable for this study, we used Si3N4

as the N source in the starting materials. To test the effect of fO2

and N loss from the capsule during the experiment, we synthesized
six different alloy mixtures with varying amounts of Si and N (Sup-
plementary Table 1). Variable amounts of reagent grade Fe, Ni, and
Si metallic powders were mixed with differing amounts of Si3N4

under ethanol in an agate mortar for �1 h followed by drying in
dessictaor �2–3 days to generate the alloy mixtures. Finally, the
alloy and silicate mixtures were mixed in a �3:7 ratio under
ethanol in an agate mortar followed by dessicator storage
for �2–3 days.

2.1.2. Capsule material and design
Previous experimental studies that constrain partitioning of N

between alloy and silicate melts have shown that all capsule
designs (graphite or Pt-graphite) and materials (graphite or MgO)
result in approximately similar amounts of N deficit in the exper-
imental products relative to starting materials at identical experi-
mental conditions (Grewal et al., 2019a, 2021b; Speelmanns
et al., 2019; Jackson et al., 2021). To quench homogenous silicate
glasses and maximize the amount of starting material in a given
capsule (for making reliable measurements of 15N/14N ratios), the
experiments were conducted in graphite capsules. Single graphite

capsules have been used extensively to determine Dalloy=silicate
N using

large volume presses (Dalou et al., 2017; Grewal et al., 2019b,
2019a; Speelmanns et al., 2019; Jackson et al., 2021). It should be
noted that Dalou et al. (2019a) also used single graphite capsules
to determine D15Nalloy–silicate values.

2.1.3. Experimental conditions
We constrained equilibrium fractionation of N isotopes

between alloy and silicate melts by performing seven sets of piston
cylinder experiments in graphite capsules at 2–3 GPa and
1400–1800 �C, comprising:

1) Three sets of time-series experiments demonstrating an
approach to N isotopic equilibrium between alloy and sili-
cate products. As N has only two isotopes (ruling out the uti-
lization of the ‘‘three-isotope approach”), time-series
experiments were required to demonstrate an approach to
isotopic steady state, as an indication of isotopic equilibrium
(Shahar et al., 2017).
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2) Three sets of experiments with varying amounts of N in the
starting mixtures and at two different pressures to test the
effect of N loss on D15Nalloy–silicate. Owing to a fixed solubility
of N in the alloy and silicate melts at a given P-T-fO2, using
different amounts of N in the starting materials at identical
experimental conditions simulates variable N deficit in the
experimental products relative to starting materials. If the
missing N (i.e., N that is not present in the experimental
products) was lost via diffusion across the capsule walls,
its effect would be reflected in the variability on d15Nalloy

and d15Nsilicate values at otherwise identical conditions.
However, if the d15Nalloy and d15Nsilicate values were not
affected by the variable N deficit in the experimental prod-
ucts, it would mean that the capsule acted as a closed system
with efficient equilibration of N isotopes between vapor,
alloy melt, and silicate melt and the missing N was finally
stored in the pores of the capsule walls. Hence, these sets
of experiments can be used to track the effect of N deficit
in the experimental products on D15Nalloy–silicate values. Out
of these three sets of experiments, two were conducted at
identical P-T-fO2 to demonstrate the reproducibility of our
results. It has been shown previously that there is stochas-
ticity in the exact amount of N retained in a given set of
experimental conditions (Speelmanns et al., 2019; Grewal
et al., 2020, 2021b; Jackson et al., 2021). Therefore, the
repeat set of experiments tests the effect of varying N deficit
in the experimental products on D15Nalloy–silicate values at
identical P-T-fO2 conditions.

3) One set of temperature series experiments to test the effect
of T – known to have a strong effect on equilibrium fraction-
ation of isotopes – on D15Nalloy–silicate.

In their 1.5 GPa experiments, Dalou et al. (2019a) noted a
high N deficit in their experimental products (as much as
85 %), resulting in D15Nalloy–silicate values that were potentially
affected by kinetic isotope fractionation due to N-vapor loss
across the capsule walls. Similarly high deficits of N were also
observed in the relatively low P (0.95–1.5 GPa) experimental
products of previous studies (Grewal et al., 2019a; Speelmanns
et al., 2019; Jackson et al., 2021). As N deficit decreases with
increasing P (Grewal et al., 2019a; Speelmanns et al., 2019;
Jackson et al., 2021), we conducted our experiments at relatively
higher pressures (2–3 GPa). For instance, Grewal et al. (2019a)
showed that the percentage of N retained in the experimental
products of graphite capsules increases from � 15 % to > 70 %
with P increasing from 1 to 3 GPa.

As fO2 imparts the strongest control on the variation of

Dalloy=silicate
N (Dalou et al., 2017; Grewal et al., 2019a, 2021b;

Speelmanns et al., 2019; Jackson et al., 2021) and possibly on D15-
Nalloy–silicate values (Dalou et al., 2019a; Shi et al., 2022), our exper-
iments were performed over two log units of fO2 range (IW–3.77 to
IW–1.70). More importantly, it has been shown previously that at
graphite-saturated conditions N neither exhibits strongly sidero-
phile nor strongly lithophile behavior within the fO2 range

explored in this study [Dalloy=silicate
N varying between � 0.5 to 10;

(Dalou et al., 2017; Grewal et al., 2019a; Speelmanns et al., 2019;
Jackson et al., 2021)]. Conducting experiments within this fO2

range was crucial because we physically separated the quenched
metallic and silicate phases for N isotopic analyses via magnetic
separation after crushing. Mildly siderophile/lithophile character
within the explored fO2 range minimizes a possible contamination
by micro-inclusions of alloy blebs during the silicate phase analy-
sis, and vice-versa, to compromise our reported D15Nalloy–silicate

values.
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2.1.4. Experimental setup
The experiments were performed using end-loaded piston

cylinder (PC) devices at Rice University. A half-inch BaCO3 and
crushable MgO assembly with straight-walled graphite heaters fol-
lowing the procedural details and calibrations of Tsuno and
Dasgupta (2011) was used. A Type C (W5%Re/W26%Re) thermo-
couple controlled and monitored the temperature. Each experi-
ment was pressurized to the target pressure at room
temperature followed by heating at a rate of 100 �C/min. Following
several previous high P-T experimental studies of a similar type
(Grewal et al., 2019b, a, 2021b, a), we sintered the experiments
overnight at �850–900 �C to reduce the porosity of the graphite
capsules prior to the onset of alloy and silicate melting. The exper-
iments were then heated to the target temperature. The experi-
ments were quenched by cutting power to the heater thereby
bringing them to the room temperature within �10–20 s. A W-
wire sawwas used to cut the recovered samples longitudinally into
halves. To prepare the samples for microprobe analysis, one half
was mounted in CrystalbondTM followed by grinding with a
1200-grit sandpaper and polishing on a velvet cloth using a 0.3-
lm alumina slurry. To remove the CrystalbondTM, the polished
samples were soaked overnight in acetone.

2.2. Analytical procedures

2.2.1. Electron probe micro-analysis (EPMA)
The concentrations of N along with other major and minor ele-

ments in the quenched alloy and silicate melts were measured
using a JEOL JXA8530F Hyperprobe EPMA at the Department of
Earth, Environmental and Planetary Sciences, Rice University.
EPMA analayis has proven to be a reliable technique in measuring
N in the quenched alloy and silicate melts at concentrations
greater than �70 ppm (Dalou et al., 2017; Speelmanns et al.,
2019; Grewal et al., 2019b, 2019a, 2021b). Each sample was ini-
tially C-coated for silicate phase analysis. C-coated natural glasses
and mineral standards (from Smithsonian Institute and SPI Supply,
respectively) were used to quantify the concentrations of all ele-
ments in the silicate phase (except N). The following standards
were used to measure the concentrations using the characteristic
Ka X-ray lines emitted by a particular element: Si, Al, Ca, Mg, Fe,
Na, K, and P - Smithsonian glasses, Cr - chromite, and Mn - rhodo-
nite. Following several previous studies from this lab (Grewal et al.,
2019b, 2019a, 2021b), BN standard was used to analyse N in the
silicate glasses. A 20-lm beam at an accelerating voltage of
15 kV and a beam current of 50nA was used for silicate phase anal-
ysis with counts per second (cps) of N Ka X-rays measured using an
LDE2 crystal. This analytical protocol was used for analyzing N-
bearing silicate glasses in all previous studies from this lab
(Grewal et al., 2019b, 2019a, 2021b). A counting time of 10 s on
peak and 5 s on each background was used for all major and minor
elements. Whereas, for N, the counting times on peak and each
background were 80 s and 60 s, respectively, yielding a N detection
limit of � 320 ppm in the silicate glasses.

Post-silicate phase analysis, each sample was re-polished and
then Al-coated for analysis of alloy phases. Note that the alloy stan-
dard mount was also re-polished and then freshly coated with Al
for each analytical session. The following standards were used for
the alloy phase analysis: laboratory synthesized stoichiometric
Fe3C for C (Walker et al., 2013), natural magnetite for O, synthetic
Fe, Ni and Si metals for Fe, Ni, and, Si, respectively. As reported in
(Grewal et al., 2019b, 2019a, 2021b), laboratory synthesized iron
nitride (Fe3N) standard was used to obtain the concentration of
N in the alloy phases. Accounting for the heterogenous texture of
the quenched alloy phases, a 20-lm beam at an accelerating volt-
age of 12 kV and a beam current of 80 nA was used. N Ka X-rays
were measured using an LDE2 crystal (following the analytical
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protocol of Grewal et al. (2021b, 2019a, 2019b)). Similar to the sil-
icate glass analysis, a counting time of 10 s on peak and 5 s on each
background was used for Fe, Ni, O, and Si. For N, the counting times
on peak and each background were 80 s and 60 s, respectively,
yielding a N detection limit of �320 ppm in the alloy phase. Taking
into consideration that C may be deposited on both standards and
samples during alloy phase analysis, the standards were re-
analyzed after every �25–30 sample spot measurements on sam-
ples. An averaged value of C blank in the Fe-metal standard for a
given analytical session was subtracted from the raw data to report
the C concentrations in the alloy phases of samples. After the anal-
yses of both the silicate and alloy phases, conducting coatings were
removed for further N isotopic analyses.

2.2.2. Elemental Analyzer-Isotope Ratio Mass Spectrometry Analysis
(EA-IRMS)

After EPMA analysis, the samples were prepared for N isotopic
analyses. We avoided using secondary ion mass spectrometry
(SIMS) to measure 15N/14N ratios due to the high average uncer-
tainty (�5.5 ‰) of the in-situ metal analyses (Dalou et al.,
2019a). Instead, we used an Elemental Analyzer-Isotope Ratio
Mass Spectrometry system (EA-IRMS; ThermoScientific Flash HT
Plus-Delta V Plus) to measure N isotopes in the separated phases
at a higher precision. We did not perform chemical separation of
the quenched alloy and silicate products to avoid potential frac-
tionation of N isotopes during the separation process. Both halves
of the uncoated samples were crushed and finely ground before the
magnetic separation of alloy and silicate phases under a binocular
microscope. Physical separation of the quenched alloy and silicate
products has been widely used in previous studies to measure the
isotopic fractionation of N (Li et al., 2016; Shi et al., 2022), S (Labidi
et al., 2016), Fe (Poitrasson et al., 2009; Kubik et al., 2022), etc., in
high P-T alloy-silicate partitioning experiments. To minimize con-
tamination, the magnetic separation process was repeated multi-
ple times. Each phase was analyzed for its bulk N isotope
composition on an EA-IRMS at the Department of Earth, Environ-
mental and Planetary Sciences, Rice University. 1–2 lmole of N
equivalents of alloy or silicate in a given sample were weighed
out and put into a tin capsule (3.5 mm � 5 mm). Subsequently
the sample was analyzed in the EA-IRMS through combustion in
a quartz reactor set at 1020 �C with pulse of research grade O2

(99.999 % purity). The reactor is structured with tungstic anhydride
as combustion catalyst and active copper granules as reduction
reagents to achieve near 100 % conversion of target N into N2

gas, an analyte suitable for gas-source IRMS analysis. The ammo-
nium sulfate standards IAEA-N1 (d15N = +0.4 ‰) and IAEA-N2
(d15N = +20.3 ‰) were used for isotopic standardization. d15N val-
ues of the measurements are reported with respect to international
standard air (d15N (‰) = [(15N/14N)sample/(15N/14N)atm – 1] � 1000,
where ‘atm’ refers to the isotopic composition of Earth’s atmo-
spheric N ((15N/14N)atm = 3.676 � 10–3). Measurement precision
was ±0.3 ‰ (1r) based on multiple standard analyses spanning
the analyses period (n > 20). Except for a few samples (G629,
X59, G646, and X66) in which the crushed alloy or silicate phases
were divided for 2–3 repeat analyses, every experiment yielded a
single measurement each of the N isotopic composition of the alloy
and silicate phases.

2.3. First-principles calculations

First-principles calculations based on DFT were performed to
determine equilibrium mass-dependent fractionation factors of N
[1000�lnb(15N/14N)] for model N species in the alloy and silicate
melts. 1000�lnb(15N/14N) values of representative N-bearing
molecules and crystals were thus used to predict the direction
and magnitude of N isotopic fractionation between alloy and
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silicate melts. Nitrogen is expected to be in the 0 oxidation state in
metals (due to N atoms occupying interstitial voids of the metallic
structure; (Goodeve and Jack, 1948)), while its oxidation state in
silicates could be either 0 or –3 (Mosenfelder et al., 2019; Grewal
et al., 2020). To sample the entire range of N chemistry in alloy
and silicate melts as determined by previous experimental studies
(Armstrong et al., 2015; Dalou et al., 2019b; Mosenfelder et al.,
2019; Grewal et al., 2020), we constructed electronic structure
models of several N species: Fe-rich intermetallic crystals (Fe3N,
Fe4N, and Fe16N2); N2 molecules; NH3 molecules; molecular silicate
amines with NH2– (Si2O6H6NH) and NH�

2 (SiO3H3NH2); and anhy-
drous N3– bearing crystals (b-Si3N4 and Si2N2O).

First-principles estimates of equilibrium mass-dependent
15N/14N fractionation factors are based on the harmonic oscillator
approximation of the vibrational (or phonon) contribution to the
Helmholtz free energy (Bigeleisen and Mayer, 1947); for crystals
the phonon density of states is sampled on a grid of phonon
wave-vectors.(e.g., Elcombe and Hulston, 1975; Méheut et al.,
2007; Schauble et al., 2006). For each species, periodic DFT is used
to construct model vibrational (phonon) spectra for pure 14N and
15N end members. All model results reported here are based on
the Perdew et al. (1996) gradient corrected density functional
(PBE). PBE is a widely used functional, including for previous stud-
ies of equilibrium isotope fractionation and related effects in met-
als, silicates, and molecules (e.g., Méheut et al., 2007; Schauble
et al., 2006). Pseudopotentials and Projector Augmented Waves
(PAW) are used in conjunction with plane wave basis sets. Datasets
were mainly chosen from the Standard Solid State Pseudopotential

collection (Prandini et al., 2021; https://www.materialscloud.org/

discover/sssp/table/precision). Plane wave basis sets are cut off at
a kinetic energy of 90 Ryberg (1088 eV). All DFT calculations are
made using version 6.6 of the Quantum Espresso software package

(Giannozzi et al., 2009; https://www.quantum-espresso.org).
Modeled species were allowed to relax to a local minimum-

energy configuration, starting from previously published
(measured or hypothetical) structures or structural analogues. Gas
phase species were modeled as a single molecule within a cubic
box of dimension 24–30 a0 (12.7–15.9 Å), to minimize artifacts of
periodic images. This treatment yields vibrational frequencies that
closely match analogous in vacuo calculations with large atom-
centred Gaussian basis sets, with RMS errors less than 1 % of the
RMS vibrational frequencies for N2, NH3, and NHþ

4 . In agreement
with previous studies, frequencies for molecules and electrically
insulating crystals in this study are 1–5 % lower than spectroscopic
measurements (corrected for anharmonicity, in the case of N2 and
NH3). DFT model frequencies for body-centred cubic (BCC) iron
are �6 % higher than frequencies measured via inelastic neutron
scattering (Brockhouse et al., 1967), though it is not clear whether
this overestimation extends to light elements in Fe-rich alloys such
as Fe3N. Given this uncertainty, no frequency scaling has been
applied. If taken at face value, the apparent systematic errors in cal-
culated frequencies are expected to yield errors in isotopic partition-
ing in the direction of high 15N/14N in metallic species and low
15N/14N in other species, overestimating actual metal-silicate frac-
tionations. For example, 1000�lnb(15N/14N) for N2 is estimated to
be 7.6 at 1100 �C in the present study, slightly below 7.9 as reported
in Richet et al. (1977) based on anharmonically-correctedmeasured
frequencies. A similar scaling is found forNH3 (17.6 vs 18.7 at 500 �C)
for the harmonic model by Liu and Liu (2016). Through a fortuitous
cancellation of errors, a more sophisticated model from Liu and Liu
(2016) that incorporates anharmonic corrections yields an estimate
of 17.6, inmuch closer agreementwith the present study; high tem-
perature model results for NH3 from Richet et al. (1977) seem to
have artifacts that unrealistically raise estimated 1000�lnb
(15N/14N) at high temperatures.
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3. Results

3.1. Textures of the experimental products

The experimental products comprised metallic blobs embedded
in homogenous silicate glasses (Supplementary Fig. 1A). Similar
glassy textures of quenched silicatemeltswere also reported in both
previous studies that determined isotopic fractionation of N
between alloy and silicate melts (Li et al., 2016; Dalou et al.,
2019a; Shi et al., 2022). The metallic alloys were composed of
quenched needles of Fe,Ni-alloys, Fe,Ni-carbides, and Fe,Ni-
nitrides (Dalou et al., 2017; Grewal et al., 2019b, 2019a;
Speelmanns et al., 2019; Jacksonet al., 2021). In agreementwithpre-
vious experimental studies from the same lab containing��1.6wt%
N in the startingmixtures (Grewal et al., 2019b, 2019a, 2021b), none
of the experimental products showed any signs of bubbles in the
quenched alloy and silicate phases (Supplementary Fig. 1A).
Rounded, homogenously distributed vesicles were, however,
observed in the alloy phases of experiments with �2 wt% N in the
startingmixtures suggesting vapor loss during quench (Supplemen-
tary Fig. 1B). Similar vesicles have also been observed in the
quenched alloy phases of the experiments determining N solubility
in Fe-alloy melts (Speelmanns et al., 2018).

3.2. Major and minor element compositions of alloys and silicate melts

Analogous to previous studies with similar starting mixtures
(Grewal et al., 2019b, 2019a), the silicate melts had mafic
compositions (NBO/T = 0.42–0.68; NBO/T is a measure of degree
of silicate melt polymerization and expressed as total non-
bridging oxygens per tetrahedral cations; NBO/T = (2 � Total O)/
T – 4, where T = Si + Ti + Al + Cr + P). The graphite saturated alloy
melts of this study were composed of Fe, Ni, C, N, and trace
amounts of O and Si. The chemical compositions of the silicate
and alloy melts are reported in Supplementary Tables 2 and 3,
respectively.

3.3. Estimation of oxygen fugacity

Oxygen fugacity (fO2) was determined based on the co-
existence of Fe-rich alloy melt and silicate melt in the experimental
products:

FeOsilicate melt ¼ Fealloy melt þ 1=2 O2 ð1Þ
where fO2 relative to the fO2 of iron–wüstite buffer (DIW), at P-T
conditions of a given experiment, is defined as:

�IW ¼ 2 log
asilicate melt
FeO

aalloy melt
Fe

¼ 2 log
Xsilicate melt

FeO � csilicate melt
FeO

Xalloy melt
Fe � calloy melt

Fe

ð2Þ

where, asilicate melt
FeO , Xsilicate melt

FeO , and csilicate melt
FeO are the activity, mole

fraction, and activity coefficient of FeO component in the silicate

phase and aalloy melt
Fe , Xalloy melt

Fe , and calloy melt
Fe are activity, mole fraction,

and activity coefficient of Fe component in the alloy phase. Non-
ideal solution models (csilicate melt

FeO = 1.5 (Holzheid et al., 1997) and

calloy melt
Fe determined via the ‘Online Metal Activity Calculator’

(https://www.earth.ox.ac.uk/�expet/metalact) were used to report
fO2 relative to the IW buffer.

3.4. Nitrogen contents in alloy and silicate melts

The three sets of time series (2 GPa/1600 �C, 3 GPa/1600 �C, and
3 GPa/1700 �C; 1–24 h duration) experiments show no correlation
between experimental duration and N contents in the alloy and sil-

icate melts, Dalloy=silicate
N , and silicate melt composition (represented

https://www.materialscloud.org/discover/sssp/table/precision
https://www.materialscloud.org/discover/sssp/table/precision
https://www.quantum-espresso.org
https://www.earth.ox.ac.uk/%e2%88%bcexpet/metalact
https://www.earth.ox.ac.uk/%e2%88%bcexpet/metalact


Fig. 2. Average percentage of N retained in the quenched alloy and silicate phases
as a function of A) time, B) N content of the starting mixtures, C) temperature, and
D) fO2. Percentage of N retained does not show any correlation with experimental
duration, T, and fO2. The 3 GPa experiments generally retained a higher percentage
of N relative to those conducted at 2 GPa.
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by NBO/T) (Supplementary Fig. 2). Similar obervations can be made
for the set of temeparture series experiments (Supplementary
Fig. 3). The three sets of experiments with variable amounts of N
in the starting mixtures (two at 2 GPa/1600 �C and one at 3
GPa/1600 �C) show that at a given P, N contents in both alloy
and silicate melts increase with increasing N content in the starting
mixture (Supplementary Fig. 4A, B). For the alloy melts, this posi-
tive correlation holds for the entire range of starting N contents
explored in this study, i.e., up �2 wt% N. For the silicate melts,
the positive correlation holds up to �1.5 wt% N in the starting mix-

ture, beyond which the N contents plateau. However, Dalloy=silicate
N

values do not show any correlation with N content of the starting
mixture (Supplementary Fig. 4C).

All three sets of time series experiments show no correlation
between the percentage of N retained in the quenched alloy and
silicate phases and the experimental duration (p-values for 2
GPa/1600 �C, 3 GPa/1600 �C, and 3 GPa/1700 �C sets of experiments
are 0.15, 0.42, and 0.67, respectively) (Fig. 2A). The percentage of N
retained also does not show any correlation with the amount of N
in the starting mixture (Fig. 2B). The two sets of identical
experiments at 2 GPa/1600 �C have almost identical amounts of
N retained in the quenched alloy and silicate phases. The
temperature series experiments show that the amount of N
retained does not vary significantly with T and time despite the
longer duration of the 1400–1500 �C (72 h) experiments than those
at 1800 �C (1 h) (Fig. 2C). The 3 GPa experiments generally retain
higher amounts of N than those conducted at 2 GPa (Fig. 2D). Addi-
tionally, at a given P the amount of N retained does not show any
correlation with fO2 (p-values for 2 GPa/1600 �C, 3 GPa/1600 �C,
and 3 GPa/1700 �C sets of experiments are 0.18, 0.48, and 0.19,
respectively) – the parameter that primarily controls equilibrium
partitioning of N between alloy and silicate melts. Overall, the

Dalloy=silicate
N values of this study vary between �0.5 and 16. The data

for equilibrium partitioning of N between alloy and silicate melts
of this study follow the previously reported trend of a decrease

in Dalloy=silicate
N with decreasing fO2 (Fig. 3) (Roskosz et al., 2013; Li

et al., 2016; Dalou et al., 2017, 2019a; Grewal et al., 2019b,
2019a, ,2021b; Speelmanns et al., 2019; Jackson et al., 2021; Shi
et al., 2022).

3.5. Nitrogen isotopes in alloy and silicate melts

d15Nalloy values of this study vary between –8.4 ‰ and –7.2 ‰

(±0.3 ‰; 1r based on replicate standard analyses) and d15Nsilicate

values between –6.6 ‰ and –5.3 ‰ (±0.3 ‰; 1r) (Table 1). The
resulting D15Nalloy–silicate values vary between –3.3 ‰ and –1.0 ‰

(±0.4 ‰; 1r). Alloy melts had consistently lower d15N values than
the equilibrating silicate melts. The replicate analyses (2–3) of the
alloy and silicate phases for a few experiments yielded a pooled
standard deviation of ±0.04 ‰ (1r), which is smaller, but ulti-
mately consistent with the observed reproducibility of the isotope
standards (Supplementary Fig. 5). Measurements of N isotopic
ratios in the alloy and silicate phases therefore do not show
additional variability beyond that expected from analytical uncer-
tainty. The three sets of time series experiments show that neither
d15Nalloy nor d15Nsilicate values correlate with experiment duration
(p-values of d15Nalloy and d15Nsilicate > 0.13 and 0.09, respectively,
for all sets of experiments) (Fig. 4A, B, C). As a result, the
D15Nalloy–silicate values do not vary substantially from the shortest
(1 h) to the longest experiment duration (24 h) (Fig. 5A). The
D15Nalloy–silicate values of the three time series experiments do
not show any systematic variation with change in P and T for a
given experiment duration (Fig. 5A). The three sets of experiments
with varying amounts of N in the starting mixtures also have
almost identical D15Nalloy–silicate values (Fig. 5B). No significant
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difference (p-value = 0.06) was observed between the D15Nalloy–sil-

icate values at 2 and 3 GPa for a given amount of N in the starting
mixture. Importantly, amongst these experiments were two sets
conducted at identical P-T conditions; their results were indistin-
guishable, attesting to the reproducibility of the D15Nalloy–silicate

values in this study. The temperature series experiments show that
there was no substantial variation (p-value = 0.21) of D15Nalloy–sil-

icate values as a function of T (Fig. 5C). The D15Nalloy–silicate values
of the temperature series experiments, which were conducted at
relatively oxidized conditions (logfO2 between IW–1.97 and IW–
1.70), are �1 ‰ lower than the other six sets of experiments which
were more reduced (logfO2 between IW–3.32 and IW–2.34).
D15Nalloy–silicate values do not show any correlation with the per-
centage of N retained in the experimental products for all seven
sets of experiments (Fig. 6A, B, C). It must be noted that even



Fig. 3. Dalloy=silicate
N as a function of fO2. D

alloy=silicate
N values of this study follow the

well-defined correlation where the siderophile character of N decreases with
decreasing fO2. Within a similar fO2 range, Dalloy=silicate

N values of this study
determined in graphite capsules lie within the range defined by previously
determined values for graphite saturated alloys (symbols filled with grey colours)
but are an order of magnitude lower than C-poor alloys (empty squares). Error bars
for Dalloy=silicate

N values of this study represent ± 1-r deviation obtained by
propagation of ± 1-r deviation on N contents in alloy and silicate melts. Where
absent, the error bars are smaller than the symbol size. Data sources: R13 - Roskosz
et al. (2013); L16 - Li et al. (2016); D17 - Dalou et al. (2017); G19a - Grewal et al.
(2019a); G19b - Grewal et al. (2019b); D19 – Dalou et al. (2019a); S19 - Speelmanns
et al. (2019); G21- Grewal et al. (2021b); J21 - Jackson et al. (2021); S22 - Shi et al.
(2022).
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though a higher amount of N was retained in 3 GPa experiments
relative to those at 2 GPa under otherwise identical conditions
(Fig. 2B), their D15Nalloy–silicate values lie in a similar range (Fig. 6B).
Table 1
Summary of the experimental conditions, quench products, oxygen fugacity, and element

Run
No.

P
(GPa)

T
(�C)

Duration
(hrs.)

Starting compositions Capsule

G577 2 1400 72 70 %ThB1 + 30 %Fe-5Ni-5 N-7.5Si Graphite
X19 2 1500 72 70 %ThB1 + 30 %Fe-5Ni-5 N-7.5Si Graphite
G576 2 1600 24 70 %ThB1 + 30 %Fe-5Ni-5 N-7.5Si Graphite
B452 2 1700 2 70 %ThB1 + 30 %Fe-5Ni-5 N-7.5Si Graphite
X18 2 1800 1 70 %ThB1 + 30 %Fe-5Ni-5 N-7.5Si Graphite
G629 2 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-6.7 N Graphite
G630 2 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-3.5 N Graphite
X57 2 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-2 N Graphite
G653 2 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-6.7 N Graphite
G655 2 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-3.5 N Graphite
G654 2 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-2 N Graphite
X58 3 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-6.7 N Graphite
X59 3 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-3.5 N Graphite
X60 3 1600 4 70 %Thb1 + 30 %Fe-5Ni-10Si-2 N Graphite
X61 3 1600 1 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G646 3 1600 2 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G592 3 1600 3 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G645 3 1600 6 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
X66 3 1600 24 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G650 3 1700 1 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G647 3 1700 2 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G651 3 1700 6 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G652 3 1700 12 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G593 2 1600 1.5 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G591 2 1600 3 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G656 2 1600 6 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
G657 2 1600 12 70 %Thb1 + 30 %Fe-5Ni-5 N-10Si Graphite
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3.6. Density Functional Theory calculations

Temperature-dependent 1000�lnb(15N/14N) values of the mod-
elled N species are plotted in Fig. 7. 1000�lnb(15N/14N) values
increase from�0 with decreasing temperature, with the maximum
fractionation being less than 8 ‰ for N2 at 1400 K. There are sub-
stantial differences in 1000�lnb(15N/14N) values of the modelled N
species in the metal and silicates. Across the entire T range appli-
able for core-mantle differentiation in rocky protoplanets and
planets, Fe-rich intermetallic crystals (Fe3N, Fe4N, and Fe16N2) have
lower 1000�lnb(15N/14N) values than N2 molecules, NH3 molecules,
molecular silicate amines with NH2– (Si2O6H6NH) and NH�

2 (SiO3-
H3NH2), and anhydrous N3– bearing crystals (b-Si3N4 and Si2N2O).
Also note the variability in the 1000�lnb(15N/14N) values of N-
bearing silicate species.
4. Discussion

4.1. Elemental partitioning of nitrogen between alloy and silicate melts

The three sets of time series experiments demonstrate that

Dalloy=silicate
N values do not show any correlations with experimental

duration (Supplementary Figs. 2, 3). Also, there was no spatial
zonation of N contents in the quenched alloy and silicate phases.
The combined evidence, in agreement with previous studies
(Dalou et al., 2017; Grewal et al., 2019b, 2019a; Speelmanns

et al., 2019; ,2021b; Jackson et al., 2021), suggests that Dalloy=silicate
N

values approached steady state within 1 h. The plateauing of N
contents in alloy melts containing greater than �1.5 wt% N in the
starting mixture can be explained if the alloys were saturated in
a N-rich vapor phase (Supplementary Fig. 4A). The empirical model
of Speelmanns et al. (2018) predicts that N solubility in graphite-
saturated alloy melts is �1.9 wt% at 2 GPa and �2.9 wt% at 3
GPa. N contents in the alloy melts with �2 wt% N in the starting
mixture fall within the range of the N solubility values at both 2
al and isotopic fractionation of nitrogen (N):

Quench
Products

log fO2

(DIW)
Dalloy=silicate
N

d15Nalloy

(‰)
d15Nsilicate

(‰)
D15Nalloy-

silicate (‰)
Mean 1-r

Glass + Alloy �1.71 15.8 5.6 �8.2 �5.8 �2.4
Glass + Alloy �1.97 5.1 0.4 �7.6 �5.4 �2.2
Glass + Alloy �1.70 7.1 1.1 �8.1 �5.3 �2.8
Glass + Alloy �1.80 3.5 0.3 �8.4 �5.8 �2.5
Glass + Alloy �1.74 3.3 0.5 �7.9 �5.2 �2.7
Glass + Alloy �2.47 1.6 0.1 �7.8 �6.4 �1.4
Glass + Alloy �2.94 0.8 0.1 �7.9 �6.5 �1.4
Glass + Alloy �2.98 0.7 0.1 �7.8 �6.6 �1.2
Glass + Alloy �2.49 2.6 0.3 �8.1 �6.2 �1.9
Glass + Alloy �2.62 1.9 0.3 �8.0 �6.4 �1.6
Glass + Alloy �3.01 1.6 0.4 �8.1 �6.8 �1.3
Glass + Alloy �2.34 2.9 0.3 �7.9 �6.2 �1.7
Glass + Alloy �2.93 1.8 0.1 �7.9 �6.3 �1.6
Glass + Alloy �2.93 0.5 0.1 �7.7 �6.3 �1.4
Glass + Alloy �2.97 1.2 0.1 �7.8 �6.4 �1.4
Glass + Alloy �3.10 1.1 0.1 �7.8 �6.4 �1.4
Glass + Alloy �2.81 1.1 0.1 �7.7 �6.5 �1.2
Glass + Alloy �3.11 0.9 0.1 �7.5 �6.5 �1.0
Glass + Alloy �2.74 1.4 0.1 �7.5 �6.3 �1.2
Glass + Alloy �3.11 1.2 0.1 �7.2 �6.0 �1.2
Glass + Alloy �2.93 1.0 0.1 �7.6 �6.2 �1.4
Glass + Alloy �3.06 0.8 0.1 �7.4 �6.0 �1.4
Glass + Alloy �2.73 1.5 0.1 �7.2 �5.8 �1.4
Glass + Alloy �3.32 0.8 0.1 �8.0 �6.9 �1.1
Glass + Alloy �3.22 0.9 0.1 �8.0 �7.0 �1.0
Glass + Alloy �2.80 1.5 0.2 �8.0 �6.9 �1.1
Glass + Alloy �2.78 1.3 0.3 �8.1 �6.6 �1.5



Fig. 4. d15Nalloy and d15Nsilicate as a function of time for the three time-series
experiments. N isotopic compositions of the alloy and silicate melts of all three
time-series experiments do not vary with experimental duration. Analytical
uncertainty (1r) of the d15N values is ± 0.3 ‰.

Fig. 5. D15Nalloy–silicate as a function of A) time, B) N content of the starting mixtures,
and C) temperature. For a given series of experiments, D15Nalloy–silicate values of this
study do not show any clear correlation with experimental duration, N content in
starting mixture, P, and T. Also, panel B) represents theD15Nalloy–silicate values of two
sets of experiments which were conducted at identical conditions (represented by
circles). Almost identical D15Nalloy–silicate values of these two sets of experiments
exhibits the reproducibility of our experimental results. Uncertainty (1r) of ± 0.4‰

is obtained by propagating the uncertainty in d15Nalloy and d15Nsilicate values.
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and 3 GPa indicating that the N contents in alloy melts of these
experiments likely reached their vapor saturation limits (Supple-
mentary Fig. 4A). This inference is supported by the observation
of homogenous, rounded vesicles in the quenched alloy melts of
experiments containing�2 wt% N in the starting mixtures (Supple-
mentary Fig. 1B). Note that the alloy melts of this study are
graphite-saturated and N solubility in graphite-saturated alloy
melts is lower than that of C-poor alloy melts (Speelmanns et al.,
2018). At a fixed N content in the starting mixtures, N abundances
in the alloy melts, in agreement with Sievert’s Law ([N]alloy melt-
/ ffiffiffiffiffiffiffi

pN2

p
) and previous high P-T experimental studies

(Speelmanns et al., 2018; Dasgupta et al., 2022), increase with
increasing P (Supplementary Fig. 4A). At a given fO2, N abundances
in the silicate melts also show a similar behavior (Supplementary
Fig. 4B). An increase of N contents in both alloy and silicate melts
with increasing N content in the starting mixtures and P results in

them having no apparent correlation with Dalloy=silicate
N values (Sup-

plementary Fig. 4C). Importantly, a lack of variation of Dalloy=silicate
N

values with increasing N content of the starting mixtures means

that Dalloy=silicate
N , unlike Dalloy=silicate

C (Grewal et al., 2021a), does not
depend on bulk N content available during core-mantle differenti-
ation. This observation is supported by the observation that the
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Dalloy=silicate
N values determined by Shi et al. (2022) for relatively N-

poor systems (containing �1000–2000 ppm N in starting materi-
als) are approximately similar to the experimental data of previous
studies containing �1–2 wt% level N in the starting mixtures
(Fig. 3). This suggests that partitioning of N between alloy and sil-
icate melts follows Henrian behavior, i.e., activity coefficients of N
in the alloy and silicate melts do not change significantly with its
bulk concentration. Therefore, experimentally determined

Dalloy=silicate
N values for systems containing wt.% level N are directly

applicable for core-mantle differentiation in rocky bodies contain-
ing few tens to hundreds of ppm of bulk N.

A lack of correlation between the percentage of N retained in
the quenched alloy and silicate phases and the experimental dura-
tion suggests that there was no continuous loss of N-bearing vapor
across the capsule walls over time (Fig. 2A). Even though there is
stochasticity in the exact amount of N retained, almost identical
amounts of N retained in the quenched alloy and silicate phases
of the two sets of identical experiments at 2 GPa/1600 �C demon-
strates the reproducibility of our experimental results (Fig. 2B).
Despite the overall variability in the amounts of N retained under
otherwise similar conditions at 2 and 3 GPa, a comparison of the



Fig. 6. D15Nalloy–silicate as a function of percentage of N retained for: A) three sets of
time-series experiments; B) three sets of experiments with different amounts of N
in the starting mixtures, C) one set of temperature-series experiments.
D15Nalloy–silicate of this study do not show any correlation with the percentage of
N retained despite variable amounts of N loss in all seven series of experiments.
Even though the 3 GPa experiments retain higher amounts of N relative to those
conducted at 2 GPa, their D15Nalloy–silicate are approximately similar.

Fig. 7. Calculated 1000�lnb(15N/14N) values of the modelled N species in the alloys
and silicates as a function of temperature. 1000�lnb(15N/14N) values of all N bearing
metal species are isotopically lighter than the silicate species.
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d15Nalloy, d15Nsilicate, and D15Nalloy–silicate values between 2 and 3
GPa experiments at otherwise identical conditions should provide
a direct test of whether kinetic isotope fractionation driven by N
vapor loss across the capsule walls affected the equilibrium frac-
tionation of N isotopes between alloy and silicate melts in this
study. Overall, �38 to 89 % of N (average = �67 %) was retained
in the quenched alloy and silicate phases of this study. These frac-
tions of N retained in single-graphite-capsule experiments at 2–3
GPa are similar to or higher than those in the experimental prod-
ucts of previous studies. Grewal et al. (2019a) reported 12–
95 % N retention (average = �52 %) in single-graphite and
double-Pt-graphite capsule experiments at 1–7 GPa. Speelmanns
et al. (2019) reported �9 to 88 % N retention (average = �58 %)
in double Pt-graphite and Ir-graphite capsule experiments at
0.85–5.5 GPa. Jackson et al. (2021) reported 4–49 % N retention
in single graphite capsule experiments at 0.95–2.38 GPa. Grewal
et al. (2021b) reported 50–78 % N retention (average = �62 %) in
single MgO capsule experiments at 3 GPa. It must be noted that
the percentage of N retained in the quenched alloy and silicate
phases of the present study is substantially higher than the single
graphite capsule experiments of Dalou et al. (2019a) at 1.5 GPa
(14–42 %; average = �25 %). In comparison to all previous studies
for N-rich systems, Shi et al. (2022), using double Pt-graphite and
Pt-zirconia capsules as well as single graphite capsules, reported
extremely high percentage of N retained in their experimental
products under N-poor conditions. Surprisingly, most of their
experimental products contain more N (sometimes greater than
by a factor of two) than what was added into the starting materials.

Within the fO2 range of this study, the Dalloy=silicate
N values are con-

sistent with the previous data obtained from graphite capsules.

The Dalloy=silicate
N of the graphite-saturated alloys in this study are

an order of magnitude lower than the C-poor alloys of Grewal

et al. (2021b) due to an increase in calloy melt
N (activity coefficient

of N in the alloy melt with infinitely dilute solution as the standard
state) with increasing C content in the alloy melts. It can be clearly
seen that despite the vast range of experimental parameters
explored in this study and previous studies (P = 0.85 to 25.6 GPa,
T = 1400 to 3164 �C, logfO2 = IW–7.1 to IW–0.2, S content of alloy = 0
to 32.1 wt%, Si content of alloy = 0 to 24.6 wt%, NBO/T = 0.4 to 2.5

and C content of alloy = 0.1 wt% to graphite-saturated), Dalloy=silicate
N

is primarily controlled by fO2.

4.2. Isotopic fractionation of nitrogen between alloy and silicate melts

Neither the d15Nalloy and d15Nsilicate values nor theD15Nalloy–silicate

values varied substantially as a function of experimental duration in
the time series experiments (Figs. 4 and 5A). This observation sug-
gests that there was no net exchange of N isotopes between alloy
and silicate melts at timescales more than 1 h at 2–3 GPa and
1600–1700 �C. As all experiments in this study had a run time
greater than or equal to 1 h, d15Nalloy, d15Nsilicate, andD15Nalloy–silicate

values of this study reached their steady state. A lack of correlation
between D

15
Nalloy–silicate values and percentage of N retained in the

quenched alloy and silicate phases suggests that variable N deficit
in the experimental products did not affect the extent and direction
of N isotopic fractionation between alloy and silicate melts in the P-
T-fO2-X space explored in this study (Fig. 6). This observation is in
sharp contrast to that of Dalou et al. (2019a) where they observed
correlations between d15Nsilicate (or the resulting D15Nalloy–silicate)
values and the percentage of N retained. Also, the D15Nalloy–silicate

values are independent of the initial N contents of the starting mix-
tures (Fig. 5B). The combined evidence suggests that similar to the
elemental partitioning of N, its isotopic exchange between alloy
andsilicatemelts had likely approached its steady state for all exper-
imental products.
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The direction of fractionation of N isotopes between alloy and
silicate melts observed in this study, i.e., alloy melts having lower
d15N values relative to the silicate melts, is consistent with the
results of Dalou et al. (2019a) and Li et al. (2016) across the entire
fO2 space (IW–3.77 to IW–1.70) (Fig. 8A). This observation is in
contrast with the data of Shi et al. (2022) at logfO2 < IW–1.2, where
the alloy melts were reported to exhibit higher d15N values than
the silicate melts (Fig. 8B). The D15Nalloy–silicate values of this study
(–3.3 ‰ to –1.0 ‰) are markedly more subdued than the data of
Dalou et al. (2019a) (–243 ‰ to –25 ‰) but lie within the range
of Li et al. (2016) (–5.5 ‰ to –1.1 ‰) and Shi et al. (2022)
(–4.0 ‰ to +10.4 ‰). In agreement with Shi et al. (2022), the
D15Nalloy–silicate values of this study show a negative correlation
with logfO2, albeit with a limited range (Fig. 8B,C). This negative
correlation suggests that similar to elemental fractionation of N
between alloy and silicate melts, N isotope fractionation between
alloy and silicate melts is controlled by fO2 within the P-T-fO2-X
space explored in this study. It is important to note that in addition
to the range of variation, the negative correlation between
D15Nalloy–silicate and logfO2 observed in this study is in clear dis-
agreement with the positive correlation observed by Dalou et al.
(2019a).
4.3. Effect of N-vapor loss on nitrogen isotopic fractionation between
alloy and silicate melts

Similar to all previous studies that constrained elemental
(Roskosz et al., 2013; Dalou et al., 2017; Grewal et al., 2019b,
2019a; Speelmanns et al., 2019; ,2021b; Jackson et al., 2021) and
isotopic fractionation (Li et al., 2016; Dalou et al., 2019a; Shi
et al., 2022) of N, the experimental products of this study exhibited
a N deficit relative to the starting materials (Fig. 2). Despite vari-

able N deficit, Dalloy=silicate
N values of this study and all previous stud-

ies across different labs using different capsule materials and
designs follow common correlations with thermodynamic param-
eters like fO2 (Fig. 3). Is the isotopic fractionation of N between
alloy and silicate melts, analogous to its elemental partitioning,
unaffected by variable N loss? Li et al. (2016) did not report the
extent of N deficit in their experimental products; therefore, the
effect of N loss on D15Nalloy–silicate values cannot be ascertained
from their data. Shi et al. (2022) reported limited N deficit (even
a N excess in most of their experiments) in their experimental
products and did not observe any effect of this parameter on their
D15Nalloy–silicate values. Dalou et al. (2019a) reported an anoma-
lously high N deficit in their experimental products, and the
authors reported their d15Nsilicate values to be affected by N loss fol-
lowing Rayleigh distillation. The authors showed that N loss as N2

and NH3 followed Rayleigh distillation would have shifted their
D15Nalloy–silicate values by �70 ‰ and �40 ‰, respectively, which
still would not explain their D15Nalloy–silicate which were as high
as 243 ‰ in magnitude. The percentage of N retained in the exper-
imental products of this study (�38–89 %) was significantly higher
Fig. 8. D15Nalloy–silicate as a function of fO2. A) The D15Nalloy–silicate values of this
study are approximately similar in magnitude to the data of Li et al. (2016) and Shi
et al. (2022) but are much smaller than those of Dalou et al. (2019a). Also, D15Nalloy–

silicate values of this study and Shi et al. (2022) are negatively correlated with logfO2

whereas those of Dalou et al. (2019a) are positively correlated. B) D15Nalloy–silicate

values of this study, in agreement with the data of Li et al. (2016) and Dalou et al.
(2019a), are negative indicating enrichment of alloy melts in lighter isotopes of N
during alloy melt-silicate melt equilibration but are in disagreement with those of
Shi et al. (2022) where they report increasingly positive D15Nalloy–silicate values
below � IW–1.2. C) Solid line represents the best fit of D15Nalloy–silicate– fO2

correlation determined by the linear regression of the data of this study and Li et al.
(2016). Dashed lines represent the 95 % confidence interval envelope of the
regression.
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than Dalou et al. (2019a) (�14–42 %). More importantly, unlike in
Dalou et al. (2019a), the d15Nalloy and d15Nsilicate (and consequently,
D15Nalloy–silicate) values reported in this study do not show any cor-
relation with the percentage of N retained despite significant vari-
ations in the N deficit. What is the cause behind this disparity? The
answer to this question may lie in the details of the experimental
setup used for equilibration of N with alloy and silicate melts.

Thermal decomposition of N bearing compounds like iron
nitrides, Si3N4, etc. is the source of N in experimental studies sim-
ulating elemental and isotopic fractionation of N between alloy
and silicate melts (Li et al., 2016; Dalou et al., 2017, 2019a;
Grewal et al., 2019b, 2019a; Speelmanns et al., 2019; ,2021b;
Jackson et al., 2021; Shi et al., 2022). Complete decomposition of
the solids results in the formation of a N-bearing vapor phase that
equilibrates with alloy and silicate melts (Grewal et al., 2019a;
Speelmanns et al., 2019; Jackson et al., 2021). N abundances as well
as isotopic compositions of the alloy and silicate melts are there-
fore set during equilibration with this vapor phase. The vapor,
depending upon the porosity of capsule, can potentially diffuse
across the capsule walls either prior to or during equilibration with
alloy and silicate melts (Grewal et al., 2019a; Speelmanns et al.,
2019). All other parameters being similar, N contents in alloy and
silicate melts of this study did not vary with experimental duration
(Supplementary Fig. 2A, B). A lack of N loss via its diffusion across
the capsule walls is also recorded in their N isotopic compositions
of alloy and silicate melts: d15Nalloy and d15Nsilicate values did not
show any correlation with experimental duration (Fig. 4). Also,
despite their variations, d15Nalloy and d15Nsilicate values of this study
are systematically lower and higher than the N isotopic composi-
tions of the starting materials, respectively (Fig. 9). This observa-
tion suggests that diffusion of the vapor phase across the capsule
walls was negligible prior to or during its equilibration with alloy
and silicate melts.

Storage of N in the capsule pore spaces (which decrease in vol-
ume with increasing P) has been postulated as an explanation for
the N deficit in the experimental products of alloy and silicate melt
equilibration (Speelmanns et al., 2018, 2019; Grewal et al., 2019a).
This mechanism could explain the invariance of N contents in alloy
and silicate melts as well as d15Nalloy and d15Nsilicate values in the
time series experiments and the experiments with varying
amounts of N in the starting mixtures. Consequently, despite vari-
ability in N deficit of the experimental products, D15Nalloy–silicate

values of this study do not show evidence for Rayleigh distillation.
Storage of excess N in the capsule walls also attests to the impor-
tance of sintering of the capsules at 800–900 �C prior to heating to
the target T as it decreases the permeability of the capsules,
thereby minimizing the diffusive loss of N vapor across the capsule
walls (Grewal et al., 2019a; Jackson et al., 2021). In addition to a
lower P range, Dalou et al. (2019a) did not sinter their capsules
prior to heating to target T which could have resulted in a higher
fraction of N loss (via diffusion of N across the capsule walls during
the experimental duration) and the ensuing correlations between
d15Nsilicate values and fraction of N retained.

4.4. Effect of fO2 on D15Nalloy–silicate

Our data, in agreement with similar experimental data for other
moderately volatile and refractory elements like S, Cr, Cu, Si, Mo,
and Fe (e.g., Bourdon et al., 2018; Labidi et al., 2016; Shahar
et al., 2011), shows that there is limited equilibrium isotopic frac-
tionation between alloy and silicate melts at temperatures applica-
ble for core-mantle differentiation. Due to the lower mass of N and
the typically larger fractional mass difference between 14N and 15N
relative to the isotopes of heavier elements, the magnitude of N
isotope fractionation observed in this study is greater than that
observed for heavier elements such as S, Cr, Cu, Si, Mo, and Fe.
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Although there are no direct estimates on the extent of C isotopic
fractionation between alloy and silicate melts, it should be noted
that the magnitude of our measured D15Nalloy–silicate values is well
within the range of the extent of predicted C isotopic fractionation
between graphite and alloy melts (2.6 ‰ to 4.5 ‰; Satish-Kumar
et al., 2011).

Isotope fractionation is shown to scale with 1/T2 at tempera-
tures relevant for core-mantle differentiation in protoplanets and
planets provided there are no other changes in the bonding envi-
ronment of the element of interest in the metallic and silicate
phases (Bourdon et al., 2018). However, we did not observe a
resolvable correlation between D15Nalloy–silicate and T in our tem-
perature series experiments (Fig. 5C). Even though Li et al. (2016)
and Shi et al. (2022) did not systematically constrain the effect of
T (by holding all other parameters constant) on D15Nalloy–silicate,
they also did not did not observe any correlation between these
two parameters. This lack of correlation could either be related
to the relatively narrow T range explored in this study, and the
studies of Li et al. (2016) and Shi et al. (2022), or masking of the
T effect due to small variations in fO2 and fH2 in the temperature
series experiments, which likely resulted in changes of bonding
environment of N in the silicate melts (Armstrong et al., 2015;
Mosenfelder et al., 2019; Grewal et al., 2020). Targeted
experiments need to be conducted in the future to quantify the
effect of T on D15Nalloy–silicate values.

D15Nalloy–silicate values determined in this study show a clear
correlation with logfO2 – the principle parameter varied (Fig. 8C).
Previous studies have shown that partitioning of N between alloy
and silicate melts is primarily controlled by the change in the
bonding environment of N in the metallic and/or silicate phases
as function of fO2. Is the fO2 dependent isotopic fractionation of
N between alloy and silicate melts also controlled by a similar
mechanism? N solubility in alloy melts decreases in the presence
of other non-metals – namely S, Si, and C – due to increase in

calloy melt
N as a result of non-metal - non-metal non-ideal interactions

(Grewal et al., 2019a, 2021b). The starting materials of this study
were S-free; therefore, N dissolution in the alloy melts could be
affected by the co-presence of Si and C only. Within the fO2 space
explored in this study, there is limited incorporation of Si in the
alloy melts (except for one experiment containing 0.44 wt% Si, all
experimental alloys contain less than 0.1 wt% Si). The C contents
of the graphite-saturated alloys of this study are not correlated
with fO2. The presence of C, therefore, did not result in any inter-
experiment variation of N dissolution as a function of fO2. As a
result, a change in the bonding environment of N in the alloy melts
is unlikely to cause the variation of D15Nalloy–silicate values with fO2.

N solubility in the silicate melts is known to increase signifi-
cantly with decreasing fO2 within the fO2 space explored in this
study (Libourel et al., 2003; Boulliung et al., 2020; Bernadou
et al., 2021). A combination of N, C, and H contents along with
NACAOAH speciation (determined using Fourier Transform Infra-
red (FTIR) and Raman Spectroscopy) has been used previously to
constrain the contribution of different N species in silicate glasses
as function of fO2 and fH2 (Dalou et al., 2019b; Mosenfelder et al.,
2019; Grewal et al., 2020). N dissolves as molecular N2 in oxidized
silicate melts whereas at increasingly reduced conditions it starts
to chemically combine with the silicate melt structure in the form
of reduced species – anhydrous N3– and/or hydrous NAH
(Mosenfelder et al., 2019; Grewal et al., 2020). The dissolution of
N in the form of these reduced species is the primary cause of
the enhanced N solubility in reduced silicate melts. High P-T exper-
iments examining the partitioning of N between alloy and silicate
melts have shown that the reduced N species are the dominant
form of N dissolution in silicate melts at logfO2 <�IW–2 to IW–1
(Dalou et al., 2017; Grewal et al., 2019a, 2020). Under those



Fig. 9. Nitrogen isotopic composition of alloy and silicate phases relative to the N bearing starting materials. d15N values of the starting material is represented by the dashed
line. d15N values of the alloy and silicate phases are lower and higher relative to the starting materials indicating fractionation of N between the two phases. Analytical
uncertainty (1r) of the d15N values is ± 0.3 ‰.
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conditions, the relative proportion of different reduced N species
depends upon the competition between N content in the silicate
melt and the amount of H available to bond with those N atoms
(Mosenfelder et al., 2019; Grewal et al., 2020). Bulk H contents in
the silicate melts of this study, and other relevant previous studies,
are limited due to the nominally water-free character of the start-
ing mixtures. As a result, due to its limited availability, H cannot
keep pace to bond with increasing N in the silicate melts as fO2

decreases (Mosenfelder et al., 2019; Grewal et al., 2020). Therefore,
the relative contribution of N species to N dissolution in the silicate
melts evolves from molecular NH3 to Si-bonded NH�

2 , NH
2–, and

N3– species with decreasing fO2 (Mosenfelder et al., 2019; Grewal
et al., 2020). FTIR analyses – the only method that would yield N
speciation data in the fO2 range of this study – requires polishing
of silicate glasses to �100 lm thickness. This polishing would have
resulted in extensive loss of sample volume thereby compromising
the N isotopic analyses of the silicate glasses by EA-IRMS. We note
that the experimental design, conditions, and materials of this
study are almost identical to that of two previous studies from
the same lab (Grewal et al., 2019b, 2019a) where the partitioning
of N between alloy and silicate melts was constrained with 85 high
P-T experiments. Grewal et al. (2020) reported FTIR spectroscopic
analyses of the silicate glasses of 62 experiments of those two
studies and combined FTIR analyses with N and H contents to char-
acterize N species in silicate glasses as a function of fO2. In this
study we indirectly inferred the likely evolution of N speciation
in the silicate melts by using the results of Grewal et al. (2020).
Also, these results were compared with the spectroscopic analyses
of Mosenfelder et al. (2019) � the only other study which system-
atically determined speciation of N in reduced silicate glasses via
FTIR analyses.

Can the change of N speciation in the silicate melts with fO2

explain the correlation between D15Nalloy–silicate and fO2? To
answer this question, we compare the results of our first-
principles calculations with those of our experiments. The calcula-
tions show that equilibrium N isotopic fractionation of Fe-rich
intermetallic crystals relative to N molecules and silicate crystals
results in metals containing isotopically lighter N relative to the
silicates (Fig. 10A). This prediction is in agreement with the direc-
tion of equilibrium N isotopic fractionation between alloy and sil-
icate melts suggested by the present study, Li et al. (2016), and
Dalou et al. (2019a). The direction of equilibrium N isotopic
fractionation predicted by our first-principles calculations is, how-
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ever, in complete disagreement with the data of Shi et al. (2022)
where positive D15Nalloy–silicate values were reported at logfO2 <-
IW–1.2. The magnitude of predicted N isotopic fractionation (1–
3.5 ‰) is in quantitative agreement with the range of D15Nalloy–sil-

icate values of the present study (1–3.2 ‰) and Li et al. (2016) (1–
5.5 ‰), but distinctly smaller than that of Dalou et al. (2019a)
(25–243 ‰). In addition to the direction of equilibrium N isotopic
fractionation, the magnitude of N isotopic fractionation predicted
by our first-principles calculations does not agree with the results
of Shi et al. (2022), especially at logfO2 < IW–1.2, where they
reported increasingly larger D15Nalloy–silicate values (as high as
10.4 ‰) at more reducing conditions.

We want to point out that even though Fe-rich intermetallic
crystals (Fe3N, Fe4N, and Fe16N2) crystals are not perfect analogues
for the N-bearing alloy melts of this study, there is a consistency in
their 1000�lnb(15N/14N) values � all FexN crystals have approxi-
mately similar equilibrium N isotopic compositions (Fig. 7). There-
fore, it is not unreasonable to assume that alloy melts having
similar chemical compositions, i.e., Fe-rich metal with some dis-
solved N, will have similar isotopic properties. Similar arguments
could also be made for the N isotopic properties of the analogues
of relevant N species in the silicate melts.

The magnitude of difference in N isotopic fractionation factors
is predicted to be highest between Fe-rich intermetallic crystals
and N2 molecules followed by NH3, SiO3H3NH2, Si2O6H6NH, and
b-Si3N4 (Fig. 10A). Even though the effect of fO2 on D15Nalloy–silicate

cannot be directly constrained by first principle calculations,
1000�lnb(15N/14N) values of modelled N species can nevertheless
be combined with N speciation in experimental silicate melts to
predict the magnitude of N isotopic fractionation between alloy
and silicate phases as a function of fO2. As discussed earlier, N spe-
ciation in H-poor, magma ocean-like silicate melts evolves from
molecular N2 to NH3 to Si bonded NH�

2 , NH
2–, and N3– species with

decreasing fO2 (Mosenfelder et al., 2019; Grewal et al., 2020). Using
this speciation trend as a proxy of changing fO2, we plotted mod-
elled equilibrium N isotopic fractionation of Fe-rich intermetallic
crystals relative to N molecules and silicate crystals between
1600 and 1800 �C (Fig. 10B). The extent of N isotopic fractionation
relative to Fe-rich intermetallic crystals decreases uniformly from
molecular N2 (�–3.5 ‰) to b-Si3N4 (�–1‰). This trend is in
qualitative agreement with the experimental results of this study
where D15Nalloy–silicate values increase from –3.2 ‰ at
logfO2 �IW–2 to –1‰ at logfO2 �IW–3.2. This trend differs from



Fig. 10. Calculated equilibrium isotopic fractionation of N between the phases that represent N speciation in the metallic and silicate melts. A) Within the T range of the
experiments of this study, the calculated equilibrium fractionation of N between metals and silicates lies within the range of D15Nalloy–silicate values determined in this study.
B) The calculated fractionation of N between metals and various N species in the silicates qualitatively explains the negative correlation observed betweenD15Nalloy–silicate and
fO2 in Fig. 8C.
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that found by Dalou et al. (2019a) in which D15Nalloy–silicate values
decreased with fO2. Even though Shi et al. (2022) also report a neg-
ative correlation between D15Nalloy–silicate and logfO2, both the
direction and magnitude of their N isotopic fractionation is in dis-
agreement with our experimental results and first-principles cal-
culations. Importantly, our first-principles calculations based on
the relevant speciation of N in the alloy and silicate melts rule
out a change in the direction equilibrium N isotopic fractionation
between alloy and silicate melts at more reducing conditions as
predicted by Shi et al. (2022). This combined evidence suggests
that unlike the experimental data of this study, the D15Nalloy–silicate

values reported by Shi et al. (2022) do not capture the equilibrium
fractionation of N between alloy and silicate melts.

In conclusion, the agreement between experimentallymeasured
and calculated D15Nalloy–silicate values of this study suggests that,
despite their inherent limitations, the experiments described in
the present study did approach equilibrium fractionation of N iso-
topes between alloy and silicate melts. That is, the equilibration of
N vapor phase with alloy and silicate melts most likely occurred in
a closed system.More importantly, themagnitude ofN isotopic frac-
tionation at high temperatures relevant for core-mantle differentia-
tion, in contrast to Dalou et al. (2019a), is indeed small. It is not
possible for us to determine the cause behind the anomalously large
magnitude of D15Nalloy–silicate values measured by Dalou et al.
(2019a), but we hypothesize that it is related to the experimental
design and procedure (i.e., lower P, lack of sintering, etc.) which
could have resulted in continuous loss of N vapor across the capsule
walls. The discrepancy between the experimental data of this study
backed by first principle calculations and the experimental data of
Shi et al. (2022) calls into question the applicability of their D15Nal-

loy–silicate values in capturing equilibrium fractionation of N isotopes
during core-mantle differentiation. The cause behind the discrep-
ancy is elusive at this stage and requires future investigation.

4.5. Implications for the origin of nitrogen in protoplanets and planets

Nitrogen isotopic compositions of meteorite and terrestrial
samples are an essential tool for tracking the journey of life-
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essential volatiles from primordial organics to the first-formed
protoplanets and eventually to the present-day rocky planets
(Füri and Marty, 2015; Grewal, 2022). Due to their undifferentiated
character, chondrites are assumed to be the best representatives of
primordial materials in the protosolar disk and their N isotopic
compositions have been directly used to track the origin of N in
rocky planets, including Earth. However, this approach has a cou-
ple of crucial limitations. First, the parent bodies of chondrites
belonging to the inner (ECs and ordinary chondrites (OCs)) and
outer solar system reservoirs (carbonaceous chondrites (CCs))
accreted at timescales greater than � 2 Ma after calcium-
aluminum-rich inclusions (CAIs) (Sugiura and Fujiya, 2014).
Whereas the accretion ages of the parent bodies of iron meteorites
in both of these reservoirs suggest that protoplanets began to
accrete right at the beginning of the formation of the solar system,
i.e., within �1 Ma after CAIs (Kruijer et al., 2017; Spitzer et al.,
2021). Rocky planet formation models predict that the seeds of
the present-day rocky planets also began to grow during these
timescales (Weidenschilling, 2019; Morbidelli et al., 2022). There-
fore, the 15N/14N ratios of rather late-accreting chondrite parent
bodies may not fully capture the N isotopic compositions of the
first-formed protoplanets in the inner and outer regions of the pro-
tosolar disk. Second, paleomagnetic data for CV, CM, and Rumuruti
chondrites suggest that some, if not all, chondrites sample only the
surficial reservoirs of their parent bodies (e.g., Elkins-Tanton et al.,
2011; Weiss and Elkins-Tanton, 2013). Also, all chondrites record
effects of thermal metamorphism and aqueous alteration
(Brearley, 2006; Huss et al., 2006) and their 15N/14N ratios are
known to be greatly affected by these processes (Sephton et al.,
2003; Pearson et al., 2006; Grewal, 2022). For example, unequili-
brated OCs and CO and CV chondrites exhibit a decrease in d15N
values with an increasing degrees of thermal metamorphism
(Hashizume and Sugiura, 1995; Pearson et al., 2006). Whereas CI,
CM, and CR chondrites exhibit a decrease in d15N values with
increasing degrees of aqueous alteration (Pearson et al., 2006).
Consequently, their 15N/14N ratios might not be fully representa-
tive of the N isotopic compositions of their bulk bodies (Grewal,
2022).



Fig. 11. Comparison of the mean d15N of different groups of iron meteorites (white
circles) with the predicted d15N values of their parent bodies as a result of core-
mantle differentiation at logfO2 = IW–3 (black), IW–2 (dark grey), and IW–1 (light
grey). The predicted bulk d15N values are almost identical to the d15N of iron
meteorites irrespective of the fO2 of core-mantle differentiation. Note that this plot
does not have any parameter on the Y-axis. For each group of iron meteorites, the
circles are offset from each other to reflect the relatively small differences in the
mean d15N of iron meteorites and the calculated d15N values of their parent bodies
at three different fO2s (IW–3, IW–2, and IW–1). Blue and red symbols depict the
origins of iron meteorite groups from CC and NC reservoirs, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Iron meteorites provide an alternate pathway to track the N iso-
topic compositions of the earliest formed rocky bodies in the solar
system. Each group of iron meteorite exhibits a distinct average N
isotopic composition �with NC irons generally have lower 15N/14N
ratios relative to CC irons (Grewal et al., 2021c). Evidence till data
suggests that the 15N/14N ratios within a given group of magmatic
iron meteorites were not affected by any secondary processes like
volatile degassing and fractional crystallization that resulted in
mass dependent fractionation of N isotopes (Franchi et al., 1993;
Prombo and Clayton, 1993). As a result, their 15N/14N ratios likely
capture the mean N isotopic compositions of their parent cores
(Grewal et al., 2021c). Nitrogen inventory of the parent cores of
magmatic iron meteorites was set during core-mantle differentia-
tion (Grewal et al., 2021c, 2022); therefore their utility in con-
straining the N isotopic compositions of their bulk bodies is
determined by the extent of N isotopic fractionation during alloy
melt-silicate melt equilibration. Accounting for the conductive
and/or convective thermal evolution of the interiors of the parent
bodies of magmatic irons heated by 26Al decay, thermochemical
models suggest that these bodies underwent core formation
underneath solid, conductive shells (Lichtenberg et al., 2016;
Kaminski et al., 2020; Sturtz et al., 2022). Therefore, N fractionation
during core formation in the parent bodies of magmatic iron mete-
orites can be modelled using core-mantle equilibration models
without accounting for the atmosphere component (Grewal et al.,
2022). Elemental and isotopic fractionation of N between alloy
and silicate melts, in combination with the d15N values magmatic
iron meteorites, can be used to backtrack the N isotopic composi-
tions of their bulk bodies by the following set of equations:

d15Nbulk ¼ Mcore � ½N�core
½Mcore � ½N�core þMmantle � ½N�mantle�

� d15Ncore

þ Mmantle � ½N�mantle

½Mcore � ½N�core þMmantle � ½N�mantle�
� d15Nmantle ð3Þ

D15Nalloy�silicate ¼ d15Ncore � d15Nmantle ð4Þ

Dalloy=silicate
N ¼ ½N�core

½N�mantle
ð5Þ

r ¼ Mcore

Mmantle
ð6Þ

Due to the relatively small sizes of the parent bodies of iron
meteorites (a few hundreds of kms in diameter; Kaminski et al.
(2020)) and low temperatures of core formation (l325-1615 �C;
Kruijer et al. (2014)), D15Nalloy–silicate values estimated in our study
are directly applicable to core-mantle differentiation iron mete-
orite parent bodies. Limited data for a few iron groups of iron
meteorites suggests that core-mantle differentiation in their par-
ent bodies occurred between logfO2 �IW–3 and IW–1 (Campbell
and Humayun, 2005; Righter et al., 2016). To constrain the varia-
tion of D15Nalloy–silicate with fO2, we estimated a simple empirical
relationship based on the linear regression of the experimental
data of this study and Li et al. (2016) (Fig. 8C):

D15Nalloy�silicate ¼ �0:96ð	0:09Þ � log fO2 � 4:14ð	0:24Þ ð7Þ
Due to the low C contents of the parent cores of iron meteorites

(Hirschmann et al., 2021), we used the parameterized Dalloy=silicate
N

relationship of Grewal et al. (2021b) to estimate elemental parti-
tioning of N between alloy and silicate melts for C-poor systems.
We note, however, that any potential effects of C contents of alloy
melts on D15Nalloy–silicate is lacking at present and should be inves-
tigated in a future study. Core-to-mantle mass ratios (r) of the par-
ent bodies of iron meteorites estimated by Hilton et al. (2022) were
used. For other magmatic iron groups for which estimates of core-
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to-mantle mass ratios are lacking, we used the averaged core-to-
mantle mass ratio of the NC and CC reservoirs estimated by
Hilton et al. (2022). d15N values of different groups of iron mete-
orites estimated by Grewal et al. (2021c) were used for d15Ncore.
Due to the uncertainty in the exact fO2 of their core-mantle differ-
entiation, we estimated the d15Nbulk for each group of iron mete-
orites at three discrete logfO2s (IW–3, IW–2, and IW–1), i.e.,
based on the primary control of fO2 on elemental and isotopic frac-
tionation of N between alloy and silicate melts. We note that even
though our model calculations are directly applicable for the par-
ent bodies of magmatic iron meteorites, we have also calculated
the d15Nbulk of the two non-magmatic iron groups (IAB-MG,sL
and IIE) for comparison.

Our model calculations show that d15Nbulk for each group of iron
meteorites increases slightly with decreasing fO2 (Fig. 11). This

decrease is a result of a decrease in Dalloy=silicate
N by an order of mag-

nitude with decreasing logfO2 from IW to 1 to IW–3. Therefore, the
fraction of the bulk N inventory that is present in the core
decreases with decreasing logfO2 manifesting in a larger difference
in the N isotopic compositions of the bulk and core. However, even
at IW–3, d15Nbulk is not >0.5 ‰ higher than the d15Ncore for any
given group of iron meteorites. Therefore, a combination of high

Dalloy=silicate
N within the fO2 of the core-mantle differentiation of iron

meteorite parent bodies along with low D15Nalloy–silicate values
confirms that the d15N values of iron meteorites are broadly
representative of the N isotopic compositions of their bulk bodies.
More importantly, these calculations suggest that variation in the
N isotopic compositions of planetesimals in the protosolar disk
could be larger than that predicted by chondrites (Fig. 1). Even
though the d15N values ratios of CC chondrites and iron meteorites
cover the same range (up to 200‰), NC iron meteorites have much
lower d15N values (lower limit of –95 ‰) relative to ECs (lower
limit of –27 ‰). Therefore, NC iron meteorites capture a larger
variation in the N isotopic compositions of inner solar system plan-
etesimals relative to ECs. As Earth and other rocky planets in the
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inner solar system largely grew via the accretion of NC planetesi-
mals, using the d15N values of ECs as representative of NC
reservoir-derived planetesimals substantially underestimates the
contribution of 15N-rich materials to the present-day N budget of
rocky planets.

The results of this study have fundamental implications for the
origin of N in the Earth. Earth’s growth was likely fed by accretion
of differentiated protoplanets of variable oxidation state whose
cores could have undergone variable degrees of equilibration with
proto-Earth’s mantle (Rubie et al., 2011). Also, the collisional accre-
tion of these impactors would have led to the formation of surficial
MOs, leading to the degassing of N into the atmosphere, which
would result in the fractionation of N isotopes between vapor and
silicate melts (Dalou et al., 2022). However, the fate of these MO
degassed atmospheres during the collisional growth of Earth is
poorly constrained (Schlichting et al., 2015). Additionally, the con-
tribution of late accretion to the N budget of the Earth (i.e., fraction
of N in the BSE that did not participate in a core-mantle
differentiation event in Earth) is also uncertain (Hirschmann,
2016). These factors make it rather difficult to quantitatively track
the N isotopic composition of the BSE during its entire growth his-
tory. Despite these uncertainties, it has been shown that the N iso-
topic composition of the BSE shows a dichotomy with the
primitive mantle being distinctly 15N-poor (average d15N = �–5‰;
Cartigny and Marty (2013)) relative to the atmosphere (d15N = 0 ‰

). This difference in reservoir signatures has been used as an evi-
dence for a dual source of Earth’s N, with the interior and atmo-
sphere inheriting a majority of their N inventory from EC-like and
CC-like materials, respectively (Javoy, 1997; Marty, 2012; Piani
et al., 2020;Grewal et al., 2021c). Basedon their largemeasured frac-
tionation of N isotopes between alloy and silicate melts, Dalou et al.
(2019a) suggested that core-mantle differentiation alone during
Earth’s growth could increase the d15N values of its mantle to its
present-day value even if EC-likematerials alone supplied the entire
N inventory of Earth’s interior. However, the findings of this study
suggest otherwise: fractionationofN isotopes betweenalloy and sil-
icate melts during any given accretion event must be limited. As a
result, core-mantle differentiation should not have left large
imprints on the N isotopic composition of the BSE. Therefore, d15N
of the Earth’s primitivemantle primarily reflects theN isotopic com-
position of the Earth’s accreting materials rather than that of core-
mantle differentiation as suggested by Dalou et al. (2019a).

A limited fractionation of N isotopes during core-mantle differ-
entiation suggests that d15N values of Earth’s primitive mantle can-
not be solely explained by the accretion of EC-like materials. This
issue becomes even more compounded as d15N values of 15N-poor
NC ironmeteorite groups like IAB-MG, IC, IIAB, IIIAB, and IIIE, rather
than ECs, capture the variation of N isotopes in the inner solar sys-
tem planetesimals. An accretion of relatively 15N-rich materials is
therefore necessary to explain the N isotopic composition of Earth’s
primitivemantle. It is difficult to constrain the timing of accretion of
the 15N-richmaterials due to uncertainties involved in constraining
the volatile loss during Earth’s growth. However, the presence of
nitrogen during the entire accretion history of Earth, suggests that
life-essential volatiles were widely available during the growth of
rocky planets. Therefore, the volatile-poor nature of Earth and other
rocky planets is not determined by the lack of their availability but
instead by volatile loss, either during protoplanetary differentiation
or during planetary growth (Grewal et al., 2021b, 2022;Hirschmann
et al., 2021; Grewal, 2022).
5. Concluding remarks

We used multiple sets of high P-T experiments to constrain
equilibrium N isotopic fractionation at oxygen fugacities relevant
362
to core-mantle differentiation in rocky protoplanets and planets.
We show that the fractionation of N isotopes between alloy and sil-
icate melts is indeed small (D15Nalloy–silicate = –3.3 ‰ to –1.0 ‰ at
logfO2 = IW–3.77 to IW–1.70, respectively) rather than large. Ab
initio calculations accounting for the variation in the speciation
of N in silicate melts as a function of fO2 confirm both the magni-
tude and direction of N isotopic fractionation as predicted by our
high P-T experiments. The discrepancy between the experimental
data of this study backed by first principle calculations and the
experimental data of Dalou et al. (2019a) and Shi et al. (2022) sug-
gests that the D15Nalloy–silicate values of these two studies do not
capture equilibrium fractionation of N isotopes during core-
mantle differentiation.

Our data suggests that at the high temperatures relevant for
core-mantle differentiation in rocky protoplanets and planets, frac-
tionation of N between alloy and silicate melts should not leave any
significant imprints on theN isotopic compositions of their resulting
cores and mantles. As a result, d15N values of either cores or bulk
silicate reservoirs of differentiated rocky bodies are representative
of their bulk N isotopic compositions. For instance, d15N values of
iron meteorites and the BSE are representative of their bulk bodies
(provided no other processes substantially affected the N isotopic
signatures post core-mantle differentiation). We predict that iron
meteorites, in addition to chondrites, can be used to track the varia-
tion in theN isotopic compositionsof thefirst formed rockybodiesof
the solar system.Because d15Nvalues of someNC ironmeteorites are
much lower than that of ECs, we suggest that the variation in the N
isotopic compositions of inner solar-system planetesimals was lar-
ger than what is inferred from ECs alone. Earth’s growth primarily
via the accretion of similar planetesimals and a relatively high
d15N of present-day Earth’s primitive mantle (–5‰) compared to
NC iron meteorites necessitates a significant contribution of
15N-rich materials to the Earth’s interior.
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