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ABSTRACT

Nitrogen is important in planetary evolution because it is essential to life and the most abundant element in
Earth’s atmosphere. Here, we investigate how core formation affects the distribution of N within accreting
terrestrial planets. We conducted laser-heated diamond anvil cell experiments (LH-DAC) over a wide range
of high pressure-temperature-compositional (PTX) conditions (38-103 GPa, 2728-5609 K, -1.95 to -1.03
AIW, 0.5-3.7 NBO/T) to study nitrogen partitioning in metal-silicate systems. Combining our data with
existing low and high PT results, we developed a nitrogen partitioning model applicable from early
accretion to extreme PT stages associated with giant impacts. We test the robustness of our model by
accurately predicting nitrogen partitioning in a multi-anvil experiment conducted independently at 15 GPa,
2573 K with oxygen fugacity of -2.5 AIW. Our model shows that increasing pressure, oxygen fugacity, and
N concentration in the alloy make nitrogen more siderophile, while increasing temperature, oxygen and
silicon contents in the alloy, and the SiO, content of the silicate melt make nitrogen less siderophile.
Application of our model to core formation conditions under oxidized and reduced scenarios suggest that
nitrogen can be siderophile or lithophile under low PT conditions but exhibits a neutral partitioning at high
PT conditions (> 100 GPa, 5000 K) over a wide range of bulk planet compositions. Using our model, along
with partitioning models for S and C, we examine how core formation scenarios can fractionate C/N and
S/N ratios in the BSE. Our model suggests that backreaction of volatile rich cores from reduced, smaller
impactors (sub-Mars-sized) within deep magma oceans can impart a wide range of C/N and S/N ratios on
the magma ocean. We find that the amount of silicate entrainment has a strong control on elemental
fractionations imparted to the magma oceans. Elevated C/N and S/N ratios are associated with larger
degrees of silicate entrainment, and vice versa. Thus, Earth’s apparent depletion of N may relate to its
volatiles being reprocessed within deep magma oceans, possibly during the end stages of accretion.
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1. Introduction

Nitrogen, being the most abundant element in the atmosphere, plays a pivotal role in Earth's
life-forming processes and is paramount in sustaining habitability on the planet. Understanding the
distribution and abundance of nitrogen within the planet involves delving into its accretionary
history, where planetary-scale processes like core formation and atmospheric evolution have
influenced the planet's chemistry. As a volatile siderophile element (VSE), the geochemical
behavior of nitrogen strongly impacts its distribution during these accretionary stages.

Earth accumulated its mass through numerous impacts that generated global or partial
magma ocean (MO) environments. These MO environments facilitate reactions that set the
abundance and distribution of different elements, including nitrogen within the planet (Elkins-
Tanton, 2012; Tonks and Melosh, 1993; Wetherill, 1985). Magma ocean production in early
accretionary stages may have been facilitated by radiogenic heating, but later stages of magma
ocean production were likely driven by impacts from differentiated planetary bodies. Towards the
terminal stages of its accretion, production of global and deep magma oceans were driven by giant
impacts, with pressures exceeding 100 GPa and temperatures over 6000 K (Canup and Asphaug,
2001; Tonks and Melosh, 1993), and redistribute elements within global planetary reservoirs.

Magma oceans are instrumental in creating compositional differentiation across the
different accretionary stages, from planetesimals to protoplanets (Davies, 1985; Halliday et al.,
2001; Lee et al., 1976; Tonks and Melosh, 1993; Urey, 1955). During impacts that produce MO
environments in protoplanets, the disrupted cores of the differentiated impactors smear through
the MO before eventually merging with the proto-core (e.g. Dahl and Stevenson, 2010). Fluid
dynamic studies show that the disrupted core emulsifies to different degrees and descends through
the magma ocean while entraining different amounts of silicate mass from the magma ocean (e.g.
Deguen et al., 2014). This allows for continuous backreaction of the disrupted core with the
entrained silicate mass of the larger body which can redistribute elements between the MO and the
reacting metal based on their relative siderophilities. Additionally, the MO interacts with the
evolving atmosphere, which terrestrial planets like Earth could acquire during their accretion. This
MO-atmosphere interaction allows for the redistribution of elements between these two reservoirs
based on their volatile natures, influenced by processes like magma ocean degassing and
atmospheric loss, hydrodynamic outflow, non-thermal loss due to a weak or non-existent
magnetosphere, and giant impact driven loss (Genda and Abe, 2003; Lammer et al., 2008; Moynier
et al., 2012; Schlichting et al., 2015; Sekiya et al., 1980; Tucker and Mukhopadhyay, 2014).
Consequently, the VSE behavior of nitrogen makes its abundance and distribution within a
terrestrial planet susceptible to both core-MO and MO-atmosphere interactions.

Observations on the distribution of nitrogen compared to other VSEs (H, C, S) indicates
that N is highly depleted relative to H, C, and S, in the bulk silicate Earth (BSE) reservoir when
normalized to CI chondrites (Halliday, 2013; Marty, 2012). This depletion could result from core
formation, volatile loss associated with atmospheric evolution or early solar system processes (e.g.,
Bergin et al., 2015). The exact nature of the source, the mechanisms involved and the timing of
VSE delivery to the planet remain debated topics (e.g. Albarede, 2009; Braukmiiller et al., 2019;
Hirschmann, 2016; Holzheid et al., 2000; Marty, 2012; Wang and Becker, 2013). Regardless of
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these uncertainties, the partitioning of N in MO-core interactions and the associated backreactions
is key to understanding how N gets distributed in both the smaller differentiated impactors that
likely delivered volatiles as well as in large terrestrial planets like Earth, which experienced core
formation up to extreme PT conditions associated with the later giant impact stages.

In this context, there has been significant work towards understanding how nitrogen
behaves in metal (core) - silicate (magma ocean) systems that offer insight on the siderophility of
nitrogen, particularly at lower PT conditions, typically below 20 GPa (Dalou et al., 2019, 2017;
Grewal et al., 2022, 2021, 2019a, 2019b; Jackson et al., 2021; Li et al., 2023, 2016; Roskosz et al.,
2013; Shi et al., 2022; Speelmanns et al., 2019). Beyond this pressure range, data are sparse and
are primarily derived from two studies using laser heated diamond anvil cells (LH-DAC) to
investigate metal-silicate reactions (Huang et al., 2024; Jackson et al., 2021). While these LH-
DAC data provide insights into the behavior of nitrogen under high PT conditions, they struggle
to independently constrain the effects of pressure-temperature-compositional (PTX) parameters.
The inherent covariance of PTX parameters in LH-DAC experiments complicates the
interpretation of nitrogen partitioning between metal and silicate. To address this, more
independent datasets from LH-DAC experiments covering non-overlapping PTX domains are
necessary. Such datasets can help confirm the consistency of PTX parameter effects or isolate the
impact of each parameter, thereby improving the accuracy of nitrogen behavior predictions under
high and extreme core formation conditions.

Without the ability to confidently predict the siderophility of nitrogen over the full range
of pressures, temperatures, and compositions that prevailed during core formation, we cannot
know how Earth’s accretionary period set the abundance of nitrogen in the mantle which was
eventually available to support habitability. Towards this end, we ran high PT multi-anvil (MA)
and laser heated diamond anvil cell (LH-DAC) experiments to better constrain nitrogen’s
partitioning during the extreme conditions of core formation. We ran experiments between 15 GPa
and 103 GPa with temperatures up to 5600 K and oxygen fugacity ranging between -2.5 to -1 AIW
to determine the effects of pressure, temperature, oxidation state, and composition on nitrogen’s
partitioning. We conclude by applying our data to predict VSE fractionations in deep magma
oceans.

2. Methods

We designed a series of laser heated diamond anvil cell (LH-DAC) experiments to test the
effect of pressure, temperature, silicate and alloy melt composition, and oxygen fugacity of the
system on nitrogen partitioning between metal-silicate (DN™) (Table 1). Additionally, we ran a
multi-anvil (MA) experiment at 15 GPa to test the efficacy of our nitrogen partitioning model
based on previously reported high pressure LH-DAC experiments (>20 GPa), low pressure piston
cylinder, MA experiments (<20 GPa) and our new experiments. The different experimental setups
and their compositional designs are discussed below.

2.1 Starting compositions

We utilize a variety of starting compositions to explore the effect of composition (X) on
the partitioning of nitrogen. Our nominal silicate composition is adapted from the primitive
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MORB chemistry from Hirschmann et al. (1998) (62a, Appendix A). We modify their
composition to a relatively high Mg# (0.83 compared to 0.77) and no alkali elements. We make
these modifications to enable exploration of compositional effects around a relatively
undifferentiated mantle composition (e.g. Green and Ringwood, 1963). The mixture (SAMCF in
Fig 2.1) was prepared by mixing oxides of SiO2, Al2O3, FeO, and MgO. FeO was prepared from
Fe203 by reducing it in a gas mixing furnace at 1773 K under QFM oxygen fugacity (fO:) for 45
minutes. An alumina crucible was used for doing this reduction. CaO was added after
decarbonating CaCOs at ~1073K for 2-3 hours. The mixture was homogenized using mortar and
pestle, and ball-milled in an alumina crucible for 30 minutes. Ball-milling led to additional
alumina getting added to our starting composition. This contamination was up to 5 wt% as
measured using EDS in an alumina free starting composition that was ball-milled for 30 minutes.
We accounted for this contamination when making our starting mixture, although the
contamination does lead to variations in the alumina content of our experimental melts
(discussed later).

Post ball-milling, 25-30 mg of the mixture was then melted in a gas mixing furnace at
1600 K on a rhenium wire loop and at fO: equivalent of QFM for 30 minutes. The fO: ensured a
dominant divalent Fe in the melt to facilitate later equilibration with Fe alloy (O’Neill, 1987). The
melt (glass) bead was then embedded in epoxy and evaluated for homogeneity. We used a Hitachi
S-3400 SEM and energy dispersive spectroscopic (EDS) analysis to evaluate and validate the
homogeneity of synthesized silicate glass and the absence of quench crystals. Additionally, we
created silicate compositions for our f02 series of experiments (Table 1) by modifying the nominal
silicate composition with variable FeO contents (1 and 4 wt%). Finally, we used iron nitride (Fea-
4N) for our metallic-alloy composition, and source of N (7.47 wt% nitrogen), in all our
experiments.

2.2 Laser heated diamond anvil cell experiments

After preparing our starting compositions, we assembled the diamond anvil cells (DAC) at
Tulane University. Figure 1a shows a schematic cross section of the symmetric DAC assembly
with a loaded sample (silicate-alloy). We used diamond culet diameters between 400-200 um to
compress our samples over the span of our targeted high pressures. The seats holding the diamonds
were made of tungsten carbide on both the piston and cylinder sides. The gasket was prepared by
pre-indenting a rhenium (Re) foil to ~25-30 um. The desired thickness was created by tracking
ruby fluorescence during compression (Mao et al., 2008; Shen et al., 2020). We then created the
sample chamber by using a micro-laser cutter to drill a cylinder into the pre-indented Re foil such
that it aligns centrally with the axes of the diamonds. The fractional diameter of the sample
chamber was between 0.33-0.66 of the culet diameters, with the choice depending on the
experimental pressure.

The starting materials were then prepared to be loaded into the sample chamber.
Preparations involved making discs of starting materials (silicate glass, metallic alloy, MgO
powder, silicate+metallic alloy mix) which were then stacked into the sample chamber depending
on the stack design (Fig 2). To make the silicate discs, we embedded our silicate glass into epoxy
and polished it to a thickness of ~10-15 um. This thin layer of silicate glass was then laser cut to
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match the diameter of our sample chamber. For the metallic alloy discs, we compressed Fe2-4N
powder using a diamond anvil to ~7-10 pm thickness, and laser cut alloy discs to match the sample
chamber diameter. Additionally, MgO discs and discs of the silicate+metallic alloy mix were
prepared for our MgO-saturated experiments and are described below. The laser cut discs were
then loaded into the sample chambers guided by different designs as explained below.

2.3 Layer designs for experiments

The layer designs in our sample chambers were adapted from our previous LH-DAC
studies (Jackson et al., 2021, 2018). We planned two different designs for our experiments, a
nominal design (silicate glass-metallic alloy-silicate glass) that was used for the pressure series
and a MgO-(silicate+ metallic alloy mix)-MgO design (MgO-saturated experiments) that was run
to test the effect of melt composition on DN™* (Figure 1b, ¢). The nominal layer design for our
DAC experiments has an iron nitride disc sandwiched between silicate glass discs (Figure 1b). The
glass discs provided thermal and chemical insulation of the metal from the diamonds. Besides
running our pressure series using this design, we also ran a few experiments with different glass
compositions (variable FeO composition) to explore variations in oxygen fugacity of the system
(see Table 1 and results). For the MgO-(silicate+alloy)-MgO designs (Figure 1c), we mixed the
silicate and the metallic alloy powders in a 2:1 ratio (wt%) and made discs of 10-15 um thickness.
A disc of this mixture is sandwiched between discs of MgO that were prepared by compression to
10-15 um thickness and were laser cut as well. Often the laser cut MgO discs were not coherent,
and their shapes needed modification using a tungsten needle to fit the sample diameter.

To explore the effect of nitrogen concentration on the partitioning of nitrogen, we modified
the alloy by mixing different proportions of Fe>4N and Fe powders. However, such mixtures
suffered from a lack of uniform grain size distribution when mixed using the alumina ball-mill and
had larger Fe grains that resulted in inefficient heating and failure during experimentation. This
prevented us from systematically evaluating the effect of nitrogen concentration on its partitioning
in our experiments.

The assembled DACs were heated in a vacuum oven at 393 K for 12-24 hours to remove
moisture absorbed by hygroscopic components in the sample chamber. The DACs were then sealed
off from moisture by compressing them to ~2-5 GPa.

2.4 Laser heating

The assembled and sealed off DACs were laser heated at GSECARS (13-ID-D beamline,
Advanced Photon Source, Argonne National Lab) to react N-bearing metal and silicate under PT
conditions highlighted in Table 1. Specific target pressures were reached and monitored using
diamond edge Raman measurements (Akahama and Kawamura, 2006; Dobrosavljevic et al.,
2023). We recorded the average pressure of the sample chamber and the associated standard
deviation after each heating cycle using diamond edge. During each heating cycle, we used the
XRD measurements of mineral phases (e.g., Fe, MgO) with known equations of state to estimate
pressure (Fig S-2) (Ono et al., 2010; Sha and Cohen, 2010; Wu et al., 2008). Integration of XRD
images and visualization was done using the software DIOPTAS (Prescher and Prakapenka, 2015).
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We used a focused ~15-20 pm IR laser beam to heat our samples, coupled from both
upstream and downstream sides of the DAC. We first annealed each experiment at ~1500-1800 K
to lower any existing pressure gradients within the sample chamber and to identify regions that
coupled well with the laser. Selected regions were then heated in a new heating cycle. To heat, we
manually controlled the power ramp on the upstream (US) and the downstream (DS) side steadily
up to ~2000 K while maintaining minimal temperature difference between the two sides.
Temperatures were measured from wavelength of the incandescent radiation from heating the
sample which was generally between 660-780 nm. Temperature measurements were processed
using T-rax (software by C. Prescher; github.com/CPrescher/T-Rax) that allowed for selection of
more accurate wavelength windows that best described a grey body fit of the incandescent intensity
(Table S-1). Around 2000 K, we rapidly increased power input until melting was achieved. Melting
was confirmed by in-situ XRD measurements, which collect diffraction peaks of phases while
heating the sample. Melting was also visually confirmed by a sudden increase in the incandescence
of the samples. Some experiments displayed flickering incandescence at higher powers. Many
hotspots that displayed flickering later had uncontrolled temperature drops and associated heating
failures. Such experiments were not included in our dataset. After confirmation of melting, we
acquired repeat measurements of the temperature to confirm temperature stability during the
molten state of the heating-spot along with their corresponding XRD measurements. Finally, the
sample was quenched by cutting off laser power. The high conductivity of diamond was
instrumental for rapid heat loss and quenching. Each heating cycle typically lasted several minutes,
with the heating-spots maintained at peak or near-peak temperatures for at least 10 seconds (Figure
2).

Experimental temperature estimates provided in Table 1 are the average temperatures of
the final melting temperature measurements (before quenching) collected on the upstream and the
downstream sides. Note that each temperature measurement collected on either the upstream or
the downstream are averages from a series of rapid measurements of the sample incandescence at
the time of collection. The uncertainties of the temperature readings in Table 1 are the combined
standard deviations of the final series of measurements taken on the upstream and the downstream.
The recorded melting temperatures were used to account for thermal pressure (APm = 2.7 MPa/K,
from Siebert et al., 2012) which is added to the recorded diamond edge pressure post heating to
get the final pressures reported in Table 1.

2.5 DAC sample preparation for microprobe analysis

The DAC samples were then steadily decompressed at Tulane and preparations
commenced for their chemical analysis. We first laser cut the Re around sample chambers to
separate them from the remaining gasket, creating a disc nearly the diameter of the diamond culet.
Marks for orientation were made on the Re portion of the discs and the discs were mounted on a
TEM grid using a tungsten needle.

The heated spots (ref. as hot-spot) on these mounted samples were then cut open to expose
a cross section that revealed the synthesized phases. This second step was done at LSU by using a
focused ion beam (FIB) with a Ga source (Quanta 3D Dual Beam FEG FIB-SEM) and a plasma
focused ion beam (PFIB) with a Xe source (Helios G5 CXe Plasma FIB). Both the instruments
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accelerate focused ions to mill the sample and explore the exposed cross sections. The PFIB was
effective in making larger, coarser cuts at a 60 nA, 30 KeV ion beam current. This allowed for
faster removal of the un-melted sample region. The Ga-FIB was then used to make smaller but
finer cuts at 1-15 nA and 30 KeV ion beam current. The finer cuts allowed for a more careful
survey of the phases being exposed when approaching a hot-spot. Exposure of a hot-spot (Figure
3) was confirmed with secondary electron images.

2.6 Multi-anvil experiment

In addition to the DAC experiments, we ran a multi-anvil (MA) experiment at 15 GPa and
2773 K to corroborate our results obtained from LH-DAC experiments. We followed the sample
assembly technique outlined in Righter et al. (2020) and ran the experiment in the 880 ton multi-
anvil press at JSC using a 10/5 octahedra assembly. For our starting composition, we used the same
2:1 ratio of silicate+metallic alloy mix that was used for our MgO-saturated LH-DAC experiments.
Additionally, we added a 1 wt% Si to the metallic alloy (Fe2-4N) to facilitate metal saturation. We
loaded this starting composition into a single crystal MgO capsule. The sample was then heated
following previously established power-temperature curves for the specific press and the sample
assembly that we utilized (Fig S-1). Temperature was monitored using a type C W/Rh
thermocouple up to a reading of 2373 K at which the thermocouple signal was lost. Heating of our
sample beyond 2373 K to 2773 K was estimated using the resistivity of the heater, output power,
and previous temperature calibration experiments on the same instrument. The experiment was
held at 2773 K for ~5 minutes and quenched by shutting off power to the sample heating assembly.
The quenched sample was later embedded in epoxy and polished using diamond pastes of
increasing grit (up to 5000 grit or ~2 um) for microprobe analysis.

2.7 Electron Microprobe Analysis

The exposed phases were analyzed for their silicate and alloy compositions at JSC using a
JEOL 8530F Electron Probe Micro Analyzer. All samples were coated with Ir or Pt to facilitate the
analysis of C. Prior to coating, each DAC sample was finely polished using a Ga-FIB (Quanta 3D)
at low current. This polishing step was taken to remove any contaminants that had potentially
accumulated on the surface since their initial milling and to further polish the sample surface.
Polishing was completed with a 1 nA, 30 KeV ion beam. Once samples were polished and coated,
they were loaded into the vacuum chamber of the electron microprobe to limit accumulation of C,
O, or H on the sample surfaces prior to their analysis.

Primary standards used for calibration were anorthite (for Al, Ca), San Carlos olivine (for
Si, Mg), fayalite (for Fe, Si), stainless steel (for Fe, Ni), Si3N4 (for N), FesC (for C), and magnetite
(for O). Peak intensities for elements of interest were quantified and were corrected for background
X-ray intensity. Background was obtained through linear fitting of background intensity around
the peaks of elements. Backgrounds and peak positions for light elements (N, C, O) used to
quantify their concentrations are shown in Fig S-3. Count times for nitrogen was 90s at peak
position and 60s for background, while that for other elements were 30s and 15s, respectively. We
also analyzed the secondary standards, including volcanic glass (VG2), fayalite, San Carlos
olivine, hyalophane, diopside, and magnetite. All secondary standards except hyalophane are
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Smithsonian microbeam standards. Nitrogen was measured on Hyalophane at 0.11+- 0.02 wt%
compared to a value of 0.12 wt% reported by Beran et al. (1992). We also analyzed stainless steel
to measure the analytical precision and accuracy for alloy forming elements (C, N, Si). The blank
concentration of nitrogen was <0.01 wt% measured on nominally nitrogen free secondary
standards magnetite, fayalite, diopside and San Carlos olivine. We then analyzed our samples for
Si02, Al2O3, FeO, MgO, CaO, N, and C in the silicate phases and Si, Al, Fe, Mg, Ca, N, C, and O
in the metallic phases. Most analysis used a 10 KeV accelerating voltage and a beam current of 10
nA with a beam diameter of 1 um for the analysis of both silicate and metal phases. We also used
variable beam current (3nA and 5 nA) to confirm that nitrogen was not mobilized with variable
beam densities.

3. Results

3.1 Experimental phases stabilized

We ran experiments as a pressure series and a compositional series (Table 1) to understand
the effects of PTX on the partitioning of nitrogen between metal-silicate. Although we start with
fixed bulk initial silicate and metal compositions within the respective designs (Figure 2b and c),
we get a wide variation in the silicate and the metal compositions across our samples post
experimentation (Table 1, Figure 3.3). This is likely caused from the small variations introduced
to the silicate compositions from alumina contamination during ball milling, the variable PT
conditions of our experiment, and the local compositional domain sampled by the laser beam (~15-
20 wm).

The experiments with both designs (Figure 2 b and ¢) had a silicate phase (magma ocean
equivalent) and a metallic phase (core) at the center of each hot-spot (Figure 3), but the different
designed yielded different textures, mineral phase assemblages surrounding the quenched silicate,
and major element chemistries. The MgO-saturated experiments often had a layer of ferropericlase
and/or bridgmanite encapsulating the silicate and metal phases (Figure 3a). These experiments had
depolymerized silicate melts with NBO/T values between 2.7 — 3.7 and were often associated with
relatively coarse quench textures in both the metallic and the silicate phases (Figure 3 a,b).
Analysis of nitrogen concentrations in these silicate melts varied between 0.6-0.8 wt%, while the
associated metallic domains had higher nitrogen concentrations between 4.7-10 wt%. In
comparison, the nominal DAC designs had their metal and silicate phases mantled by a CaSiOs-
rich layer, likely davemaoite at the PT conditions of our experiments (Figure 3b, Table 1). These
experiments had more polymerized silicate melts with NBO/T ranging between 0.5- 1.1. In
addition, a stark difference between the two designs was also reflected in the O and the Si contents
of the metallic domain, where the MgO saturated experiments had more O (up to 7 wt%), but the
nominal designs had more Si content (up to 9.5 wt%). This gave us a wide range of light element
concentrations (O, Si) in our metallic domains over a relatively narrow PT space that enables us
to more directly explore the effects of these elements on nitrogen siderophility. Carbon was present
in our experiments, likely introduced as a contaminant, with up to 5.79 wt% in the metal, after
removing blank concentrations of ~0.02 wt% measured on stainless steel.
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The multi-anvil experiment (Figure 4) was MgO-saturated and displayed prominent
quench textures with metallic blobs (<1 um to 100s of um in diameter) amidst the silicate mass.
The relative coarse quench texture likely reflects the slower quench and relatively depolymerized
composition of this experiment with an NBO/T value of 2.67. The silicate had elongated crystals
of MgO and(Mg,Ca) SiOs as seen in previously run MgO-saturated MA experiments (e.g., Righter
et al., 2020). Although we analyzed silicate domains that had relatively fine crystals, the major
element concentrations (in wt%) of FeO, CaO and Al203 had higher standard deviations (>0.5
wt%) than that found in secondary standards (<0.4 wt%). The MgO and the SiO2 contents (wt%)
across the silicate phase had the most variation with standard deviations 3.5 wt% and 1.8 wt%,
respectively which was likely due to sampling of different proportions of quench crystals. Nitrogen
and carbon had a similar standard deviation (0.17 wt% and 0.26 wt%, respectively) across the
silicate domain as found in the secondary standards (up to 0.14 wt% and 0.20 wt%, respectively).
The average nitrogen concentration across the silicate domain was 0.31 wt%. For the metallic
analysis, we measured blobs that were between 5-100 um in diameter (Figure 4). The metal
analysis showed more consistent concentrations of elements across the blobs with a maximum
standard deviation of 0.42 wt% for the Fe concentration. The concentrations of Si, Al, Mg, and Ca
were <0.1 wt%, while the average nitrogen concentration in the metal 10.23 wt% with a standard
deviation of 0.41 wt%. The measured oxygen concentration was below the blank concentration of
0.43 wt% measured on stainless steel.

3.2 PTX space explored by our new high-pressure data

We conducted successful experiments that investigated nitrogen partitioning between metal
and silicate under previously unexplored PTX conditions (Figure. 5). It is important to note that
PTX variables co-vary in our experiments, and any observed trends in Figure 5 are likely
influenced by these interdependencies. Our new high-pressure data spans a range of 15-103 GPa,
similar to a recent study by Huang et al. (2024). However, our experiments achieved metal-silicate
equilibrium over a broader temperature range and higher temperature (2573-6466 K, Figure 5a).

Oxygen fugacity in our experiments showed variations of 1.5 log units with respect to the
IW oxygen buffer (calculation described below, Figure. 5b). This range is likely influenced by the
experimental temperature and the varying abundance of oxidized and reduced compounds in the
laser-heated region, some of which may be contaminants (e.g., H20, organic carbon, FeO, Fe). Our
experiments produced a diverse range of silicate melts (Figure 5c), enabling us to investigate the
effect of silicate melt chemistry on nitrogen partitioning.

The metallic domains synthesized under these high PT conditions allowed for greater
incorporation of light elements (Si, O) into the alloy than previously explored (Figures 6a, b; 5d,
e). Additionally, our metallic chemistry also captured higher than previously explored nitrogen
concentrations (Fig 5f) likely due to nitrogen added as Fe24N in our starting composition.

3.3 Determination of oxygen fugacity

Oxygen fugacity of our LH DAC experiments span between AIW-1.034+0.02 and ATW-
2.51£0.06 and was estimated using the equation below, where AIW represents fO. calculated as
log unit deviation from IW oxygen buffer.
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The mole fractions of FeO and Fe are determined from analysis. We assume a y-FeO of
1.25, similar to what was reported by O’Neill and Eggins, (2002) for a MORB system. This
assumption is used for our own data and the literature data when computing AIW and
parameterizing for DN™® values below. The y-Fe of our metallic alloy was evaluated using the Ma,
(2001) formalism. This approach enables the application of interaction coefficients for alloying
elements (Si, C, S, O) in predicting the non-ideality of Fe in Fe alloy. We use the interaction
parameters (g) for Si-Si, C-C, S-S, O-O, Si-C, Si-O, Si-S, C-O,C-S and O-S interactions from
Badro et al. (2018). The equation below shows how y-Fe is calculated for a N component metallic
solution with Fe as the solvent and N-1 solutes (Si, C, S, O).

N-2 N-1

In(1—X; In(1 - X;
lnyFe_ZE(X +ln(1—X))—zz fxx( (X- l)+ (X. J))
i=1 j=i+1 l J
N-1 N-1
+Z ,XX< 1n(1—Xj)_ 1 )
i=1 j=1 XJ (1_Xi)
=0
N-2 N-1

+
=2 N =
m\
2%
S
/

H
—_

><;

p_x
[y

><
[

[S=Y
~——

i=1 j=1+1
-1 N-1 1 1 X
Jy2y2 i
— & X Xj ( + + 5 — 1)
= o 1-X; 1- X] 2(1 _Xi)
(=0

3.4 Equilibrium check

We evaluate equilibrium in our experiments by A) comparing the distributions of Si, O,
and Mg in our experiments with literature predictions, B) evaluating the spatial variation of major
and minor element compositions across metal and silicate domains, and C) evaluating the
characteristic diffusion length scales of elements in our experiments.

A) We explore the distribution of Si, O, and Mg in our metal-silicate experiments which
have been well characterized up to high PT conditions (Badro et al., 2018; Fischer et al., 2015).
Strong temperature dependency has been observed in the exchange coefficients of Si and the
equilibrium constant associated with the dissociation of MgO (Badro et al., 2018; Fischer et al.,
2015), while O has been suggested to exhibit both pressure and temperature dependencies on its
metal-silicate partitioning (Fischer et al., 2015). Comparing the distribution of these elements in
our experiments with predictions from the literature allowed for the evaluation of the accuracy of
our chemical analysis and temperature determinations.
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KD-Si (exchange coefficient for Si and Fe between metal and silicate) was determined
given the following reaction: SiOz2 (silicate)+ 2Fe (metal) = 2FeO (silicate)+ Si (metal). Without
any compositional recalculations (Figure 6a inset), our data have a similar temperature dependency
compared to the Fischer et al. (2015) model prediction but generally scatter below the model slope.
We recalculate raw (no recalculation) KD-Si values considering Si-O and Si-C interactions using
¢ parameters from Fischer et al. (2015) and Steelmaking Sourcebook (1988), respectively. The
recalculated KD-Si values have small deviations from the raw values (Figure 6a main). Note that
our comparison in Figure 6a does not account for the effect of Si-N interactions, and this effect is
discussed below. The general scatter below the model prediction is consistent with Si repelling N
in Fe alloy.

Values of KD-O were computed based on the dissociation reaction: FeO (silicate) = Fe
(metal) + O (metal). Compositionally recalculated values are plotted in Figure 6b (main), while
raw KD-O values are plotted in the inset, (Figure 6b inset). Our KD-O values are correlated with
temperature, with higher temperature being associated with higher KD-O values, but our data do
tend to plot below the isobars associated with our experimental pressures for both recalculated and
raw data. Compositional recalculation of KD-O values account for O-Si, O-C, and O-O
interactions using the € parameters from Fischer et al. (2015) and Badro et al. (2015). As with Si,
our comparison of KD-O values does not account for the effect of O-N interactions. The general
scatter below the model prediction is consistent with O repelling N in Fe alloy, as discussed below.

We also compared the KD-Mg in our experiments with model predictions from Badro et
al. (2018). We determined KD-Mg based on the MgO dissociation reaction, where MgO (silicate)
= Mg (metal) + O (metal). Values of KD-Mg were recalculated for Mg-O, Mg-Si and Mg-C
interactions using & parameters from the same work. There is good agreement of our recalculated
KD-Mg values with the model slope (Figure 6¢). One exception is N49-2 for which both the
calculated exchange coefficients of Si and the equilibrium constant for the dissociation of MgO
suggest colder temperatures than what we determined, scattering beyond the reminder of the data.
This sample was therefore rejected from the dataset used for parameterizing DN™* values. Taken
together, our evaluations of Si, O, and Mg distributions in our experiments suggest that major
element exchange between the metallic and silicate domains was efficient at our estimated
temperatures and closely approach equilibrium conditions.

B) Another line of evidence for a close approach to equilibrium comes from the evaluation
of compositional variation across the metal and the silicate domains in our experiments (Figure 7)
using WDS and EDS (Figure 3). Under equilibrium conditions, there should be uniform
compositions of the different phases in the assembly at a fixed PTX. Using WDS, we see variability
between individual analysis of any given phase beyond the analytical precision of the microprobe
(Figure 7). This is likely due to sampling of quenched crystals by the electron beam within
respective silcate and metallic domains. Quench crystals tend to form in both our experimental
designs, with more depolymerized designs having coarser quench crystals. However, the average
concentration of an element measured from multiple analysis across any given phase likely
approaches the true chemistry of the phase. This is reflected in the equilibrium distribution of Si,
Mg, and O between the metallic and the silicate domains as discussed above (Figure 6). However,
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there is not any systematic variation of composition across the overall domains that would indicate
disequilibrium conditions.

C) We calcuate the characteristic diffusion length scales for major elements in our metallic
and silicate domains as a final evalution for the approach to equilibrium in our experiments. Each
experiment starts with unreacted materials that must exchange chemistry at high PT conditions to
approach equilbrium over the heating duration. We calcuate the diffusion lengthscale using L =
2VDt, where D is the diffusion coefficient of an element and ¢ is time. The large majority of our
experiments were conducted above 4000 K and below 100 GPa, and within this PT window the
diffusion coefficients of Mg, Si, and O are all found to be near 10° m?/s or faster (Karki et al.,
2010). Heating durations for our experiments varied but were always greater than 10s (Figure 2).
The implied minimium difffusion length scale is 63 um in silicate. Similarly, diffusion coefficients
for liquid Fe alloy are estimated to be 10”7 m?/s or larger for the PT conditions of our experiments
(Huang and Badro, 2018). The implied minimum diffusion lengthscale for major elements in our
alloy is 200 um. In comparison the dimensions of our silicate and melt phases (~5-20 um) are
always smaller than our calcuated diffusion lengthscales, and this suggests that heating durations
of our experiments were sufficently long enough for metal and silicate domains to exchange
elements and approach equilbrium.

4. Discussion

4.1 Theoretical basis for parameterization of Dy™*

m/s

As established above, our dataset has expanded the PTX coverage of existing data for Dn
values, and this permits the parameterization of these data to describe how DN™® values vary in
response to changes in intensive thermodynamic properties. Towards this end, we first assume that
nitrogen in the silicate exists as N> as suggested by Libourel et al. (2003) for systems more
reducing than IW and partitions as neutral N into the metal following the reaction below:

(N3 + %02 = N™ + %02— (Reaction 1)

The equilibrium constant for this reaction can be written as:

3
= m
2 —

3
m 02— 2
— (VN)(a )3 DA_; ,

K, = O X (@0™)

= . or
Vy3-Xy3-)(F02)%  (Yy3-)(f02)*

InKy =Inyy* —Inyys- +1n DE — Zln (fo,) + zln(aOZ‘) (eq 1)

where X'and X s-are mole fractions of nitrogen in the metal and silicate respectively and ygtand

m
¥ y3-are the corresponding activity coefficients. D, is the partition coefficient of nitrogen between
m
- . " X . .
metal and silicate and is expressed as Dy = XSIZ . {0, is the oxygen fugacity of the system. We
~ 3

assume the activity of oxygen anion (a0?7) in the silicate melt to be a constant.
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By definition, equilibrium constant can be written as:

AH®  AS° PAV")
RT R RT

— Ky = exp ( (eq2)

Here, Kyis the equilibrium constant of reaction 1, AH®, AS°, and AV? are the standard enthalpy
change, entropy change and volume change of the reaction, R is the gas constant in J/mole/K, and
T is temperature in K.

From Eq 1 and Eq 2 and with an assumption that AH?, AS°, and AV °are constant across changes

m

inPand T, Dy can be re-cast as:

= 1 P 3
InDy =ar+bs+c+2In(f0;) —Inyy +Inyys- (eq 3)

YN can be computed using the Ma (2001) approach for a ‘N’ component system with Fe as the
solvent and ‘n-1’ solutes:

T -1 j ’
Inyft = Inyf + Inyy —%78% In(1 - Xy) — X5 eIJVij (eq 4)
(J#N)
Where ¥ represents the activity coefficient of nitrogen in the metal at infinite dilution, €Y is the

nitrogen self-interaction parameter and 81{, is the interaction parameter for the elements j = C, S,
Ni, O or Si influencing nitrogen activity in the metal. T,y = 1873 K, the reference temperature at

which most steelmaking € values are reported. ij'takes the form:

m! _ Tref n-1 _jy ln(l—Xj) 1 _yn-1 _jy2y 1 1 Xi _
XT == [ J=1 &% (1 + X; (1-X;) J=1 g XX 1-X; + 1-X; + 2(1-X;)? 1
=0 (=1
(eq5)
where X; ; are mole fractions of the different elements in the alloy.

We assume yps- follows a symmetric regular solution model (e.g. Ghiorso and Carmichael, 1980):

wy(X;)?
RT

Inyys- = (eq 6)

for a binary N7 - i solution where i is a silicate melt component and X;represents the mole fraction
of this component other than N**, w}, is the regular solution parameter for this interaction, R is the
gas constant in J/mole/K, and T is temperature in K.

4.2 Model formulation:

Eq 3 gives us the functional forms of PTX parameters that can explain the partitioning of
nitrogen between metal and silicate. We then compiled a global dataset (Dalou et al., 2019, 2017;
Grewal et al., 2022, 2021, 2019a, 2019c; Huang et al., 2024; Jackson et al., 2021; Li et al., 2023,
2016; Roskosz et al., 2013; Shi et al., 2022; Speelmanns et al., 2019) to parameterize DN™® over a
wider span of PTX conditions than what our study alone enables. For the Roskosz et al. (2013)
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dataset we assume zero carbon concentrations for the LH-DAC data and assume the deviation of
the totals from 100% as carbon concentrations for the MA experiments. Additionally, we do not
include 7 data points from Grewal et al. (2019a) (discussed in Fig S-4) and one experiment
PC N _EXP3 from Jackson et al. (2021) with high Si (~13 wt%) in the metal at 0.95 GPa and 1973
K.

Since the alloy effects for N-C, N-S and N-Ni interactions have been systematically studied
in earlier works (e.g., Grewal et al., 2019a, 2019b; Jackson et al., 2021; Roskosz et al., 2013; Shi
et al., 2022), we recalculate the measured D™ values of our global data for these interactions. It
is also necessary to recalculate for these effects considering the absence of these elements in some
experimental studies that we include in our global database and their overall subtle effect on the

global dataset. To recalculate, we subtract the term sl{,X jm'from the measured Dx™* (log) using Eq
5 for C, S, and Ni and the interaction parameters from Jackson et al. (2021).

The C-, S-, Ni- recalculated Dy values were then fit against the other relevant parameters
based on Eq 3 using a least squares approach. We evaluate the parameters based on their
significance (p-value). The threshold for p-values was set at 0.05, and we did not consider
parameters with >0.05 p-values. We started a model with 1/T, P/T and f 0, as our initial set of
parameters based on the thermodynamic rationale presented in Eq 3. Oxygen fugacity, expressed
as AIW, had the lowest p-value (<0.0001) and gave an R? of 0.62 alone. 1/T followed as the
subsequent significant term with a p-value <0.0001and increased the R? to 0.73. Bringing in the
P/T term, however, had a high p-value (>0.05) and was not considered initially for the model.

We then explored the significance of different compositional parameters and their effect on
the model fit. For the alloy chemistry effects, we explored the parameters In(1 —

T e
Xy) TTef(annotated as XJV ), X3V, xm ,{,,”g',XZ-'é',andXﬂ' to identify the alloy solute

components that affect Dg. The X;' values (j =N, O, Si, Mg, Ca, Al) were calculated using Eq 5.
The terms X' and X' had the highest significance with p-values <0.0001 followed XJ*'with a
p-value of 0.01. X A’f,’g', X" and X' had p-values >0.05 and were not included in the model. The
overall model had an R? of 0.78 at this step.

We evaluated the significance of our oxide parameters (i=SiO2, A12O3, MgO and CaO) in

wpy(X)?

their functional form . We did not fit for FeO given its direct correlation with the AIW term,

already included in the model. Amongst our oxide parameters, we found that SiO2 and MgO have
higher significance (p-values <0.0001) than CaO and Al2O3. The SiO2 and the MgO contents are
anticorrelated in the experiments and can therefore be used interchangeably to capture the effect
of silicate composition on N. However, choosing either SiO2 or MgO as the first significant silicate
parameter had implications on the next choice of silicate parameters and on the slope of the already
identified significant parameters. Choosing MgO as the first silicate parameter, CaO and Al.O3
followed suit as the next silicate parameters. Each of these terms (MgO, CaO, Al203) had positive
coefficients, which suggested that their enrichment in the melt makes nitrogen more siderophile.
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With this choice of silicate parameters, SiO2 became less significant with a p-value of 0.0206. The
model R? value was 0.87 with this choice.

Choosing SiO: as the first silicate parameter, on the other hand, yielded a negative
coefficient and suggested that nitrogen becomes less siderophile with SiO2 enrichment in the
silicate melt. The R? of the model when choosing SiO: as the significant silicate parameter was
0.84. Choosing SiO2 as the silicate parameter decreased the slope of AIW from 0.54 to 0.39. This
deviation further away from the % slope is expected for a N>- dominated speciation in the silicate
melt. Given the choice of MgO or SiOz2 to describe melt compositional effects, we selected SiOx.
Our decision here is driven by evidence for Si-N*" interactions in silicate melts (Huang et al., 2022)
that should act to stabilize nitrogen in the silicate and decrease its siderophility (consistent with
the negative coefficient we retrieve from our fitting).

Finally, the P/T term became significant with a p-value of 0.0059 after considering the
compositional terms discussed above, while the overall model R? improved by 0.004. The
significance of this term was independent of our choice for the silicate melt parameter.

With the 7 PTX parameters identified from the procedure described above our final model
takes the form in Eq 7 with an R? of 0.84.

log D = 5559;‘(;‘)*50-6) 33'3&;2('2”(”“) + 0.39(+0.02)AIW — 5.46(+£1.29)XT +
s 2
8.72(+£2.66) XI' + 9.05(+1.04)X™ — 54023(+5055) (%) —0.11(+0.22) (eq7)

Note that Eq 7 is derived for systems without C, Ni, and S. To include these compositional effects
in predictions we suggest adding interaction terms analogous to those given for oxygen or silicon,
although this complicates propagation of uncertainties.

4.3 Model parameters and their implications:

Our model from Eq 7 allows us to understand the behavior of nitrogen during core
formation with the most diverse PTX coverage to date (Figure 3). Based on our model fits, we
infer that pressure has a positive effect on the siderophility of nitrogen, while temperature has a
negative influence on its siderophility (Figure 8a). Our temperature sensitivity is similar to
previous determinations (Grewal et al., 2019a; Huang et al., 2024; Jackson et al., 2021; Shi et al.,
2022; Speelmanns et al., 2019). Although there is uniform agreement that higher temperatures
make N less siderophile, there is more disagreement regarding the role of pressure in modulating
nitrogen partitioning. The models presented by Dalou et al. (2017) and Speelmanns et al. (2019)
suggest negligible pressure effect between 1.2-3 GPa and 0.85-5.5 GPa, respectively, whereas
models by Grewal et al. (2019a, 2019b) (1-6 GPa) and Shi et al. (2022) (1-8 GPa) report a positive
effect of pressure on nitrogen’s siderophility. Higher pressure behavior of nitrogen beyond 8 GPa
was explored by Huang et al. (2024), Jackson et al. (2021) and Roskosz et al. (2013) but these
studies had different conclusions on the effect of pressure. While Roskosz et al. (2013) did not
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observe any conclusive effect of pressure on DN™* in their experiments conducted up to ~15 GPa,

Jackson et al. (2021) ran experiments between 0.95 -25.6 GPa and their model suggested that
pressure increases the siderophility of nitrogen. Although, Huang et al. (2024) did not require any
pressure effect in their model that included higher PT data up to 104 GPa. Our conclusion regarding
the positive effect of pressure on nitrogen partitioning is enabled by the expanded PTX provided
by our dataset.

We find that oxygen fugacity of the system has a positive effect on nitrogen siderophility,
meaning more oxidized conditions favor nitrogen siderophility (Figure 8b). This relationship
qualitatively consistent with Reaction 1 and is consistent with other nitrogen metal-silicate
partitioning studies (Dalou et al., 2019; Grewal et al., 2019a; Huang et al., 2024; Jackson et al.,
2021; Liet al., 2016; Shi et al., 2022; Speelmanns et al., 2019). The coefticient we find for AIW,
however, is 0.39 (£0.02), much lower than the 0.75 slope predicted by Eq 3 for Reaction 1. A
large deviation from the 0.75 slope may suggest the involvement of a N2 species as a solute
component in the silicate phase or the stabilization of N by Fe* dissolved in the melt. There is
evidence from molecular dynamical work that N does complex with Fe*? and Si** under PT
conditions relevant to this study (Huang et al., 2022). Oxidizing and N-rich conditions promote
N2 stability over N* and could require a different reaction to constrain nitrogen’s partitioning, as
below.

Ngilicate —  \ymetal (Reaction 2)

If N2 dominates the budget of N in melt then N partitioning would become insensitive to
oxygen fugacity (Dasgupta et al., 2022; Libourel et al., 2003; Mysen et al., 2014), lowering the
coefficient AIW. Thus, there should be a PTX boundary where the Eq 7 is no longer valid.
Experiments conducted under low PT conditions (up to 10 GPa and 1773 K) identify the redox
boundary between N> and N2 dominated melt solubility near IW (Libourel et al., 2003), but it
has not been defined for the PTX conditions associated with laser heated DAC studies (this
study; Huang et al., 2024). Further systematic investigation of high PTX experiments are needed
to find such a redox boundary and to evaluate the accuracy of our model in the N2 dominated
conditions.

Our model also suggests that the Si, O and N contents of the alloy influence the
siderophility of nitrogen. We find that Si has a negative effect on nitrogen siderophility (Figure
9a), as suggested by Grewal et al. (2019a), Shi et al. (2022), and Huang et al. (2024a). Although,
the magnitude of this interaction determined by Grewal et al. (2019a) is different from that
determined by Shi et al. (2022) and Huang et al. (2024a) likely due to differences in the assumed
structural form of the parameter in their models. These studies report interaction parameters that
do not scale with temperature, which when applied to the extreme temperatures associated with
core formation may underestimate the partitioning of nitrogen into the core (overpredict strength
of interaction).

Furthermore, the interaction parameter based on our model fit for N-Si interaction (g5’
was 9.06 (£1.05), determined for a reference temperature of 1873 K. Our N-Si interaction
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coefficient is fit with data that span a wide range of temperatures, and this provides confidence in
using the 1/T scaling assumed here for describing non-ideal solution terms. Application of the
extvalue in our model to any desired temperature considers temperature scaling of this interaction
term as shown in Equations 4 and 5. Considering this £§ value to compositionally recalculate the
KD-Si values from Figure 6a, the recalculated KD-Si values shift close to the slope predicted by
Fischer et al. (2015) as shown in Figure 10a.

Oxygen has a similar effect on nitrogen as Si, where the incorporation of oxygen into the
alloy makes nitrogen less siderophile (Figure 9b). Our finding is qualitatively consistent with the
model from Huang et al. (2024) who also report a negative effect of oxygen on nitrogen
siderophility. Although, the coefficient reported in their model does not scale with temperature.
The interaction parameter for N-O interaction in the metallic alloy (£9) based on our model fit was
8.72 (£2.68), determined for a reference temperature of 1873 K. Application of this term in our
model considers temperature scaling like £5'does above. We used this £ value to compositionally
recalculate for N-O interaction in Figure 4b. The KD-O data recalculated for N-O interaction shifts
up towards the model predictions from Fischer et al. (2015), despite observable differences from
the trend predicted by Fischer et al. (2015) (Figure 10b).

In contrast to the effect of Si and O, the negative self-interaction coefficient, &Y, of 5.35
(£1.56) suggests more siderophile behavior with increasing the concentration of nitrogen in metal
(Figure 9c). Experimental systems tend to have high nitrogen concentrations (Figure 5f), and thus
the N-N interaction parameter suggests current data are biased to high DN™* values when applying
to natural systems with low nitrogen concentrations.

Lastly, our model predicts that the SiO2 content of the silicate makes nitrogen less
siderophile (Figure 9d). The effect of silicate melt has been quantified as NBO/T in previous
studies (Grewal et al., 2019a; Huang et al., 2024; Shi et al., 2022), which proxies for the structure
of the silicate melt. Although, the melt structure varies with pressure and temperature, as well as
composition (e.g. Huang et al., 2022). Nonetheless, there are discrepancies on the effect of NBO/T
on nitrogen siderophility. Speelmanns et al. (2019) do not observe any significant effect of the
NBO/T within the range of their silicate melt composition (0.1-1.3). Grewal et al. (2019a) model
the effect of NBO/T within a range of 0.4-2.5 and report a positive effect on nitrogen siderophility.
Shi et al. (2022) observe a similar effect within an NBO/T range of 0.02-3.1, suggestive of a greater
siderophile behavior with a more depolymerized melt. This positive correlation is also
corroborated by Huang et al. (2024) who explored relatively depolymerized melts with NBO/T
ranging between 2.4-3.2. Our experimental designs allow us to explore the effect of silicate melt
composition over a wide range of melt polymerization (Figure 11) with the nominal designs having
a range of NBO/T between 0.5- 1.1 and the MgO saturated designs between 2.7-3.7. We see a
similar correlation with NBO/T in our experiments as Grewal et al. (2019a), Shi et al. (2022) and
Huang et al. (2024), where the MgO-saturated experiments tend to witness a greater siderophile
behavior of nitrogen than the nominal designs (Figure 11). Though NBO/T correlates with silicate
melt composition as a broader term, it does not reflect the chemical interaction that nitrogen has
within the melt. Our model captures this chemical interaction with SiOz in the melt and suggests
that N-Si interaction in the silicate melt makes nitrogen less siderophile (Figure 9d). Although, as
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discussed above, different silicate melt models yield similar quality of fits to the data, and we favor
using SiO2 given the evidence for Si-N interactions in reduced melts (Huang et al., 2022) and the
relatively simple functional form. Lower SiO2 melts are associated with more siderophile behavior
for N, and this is qualitatively consistent with Si-N interactions helping to stabilize N in melt.
Additionally, the functional form considers scaling of the symmetric regular solution parameter
w3°? with temperature (Eq 6), unlike NBO/T.

4.4 Model Validation

We used our model from Eq 7 to predict nitrogen partitioning in our multi-anvil
experiment. The multi-anvil experiment was run at 15 GPa and 2773 K, a PT location that has
relatively sparce data in the global compilation (Figure 8a) and utilizes a method that is distinct
from the large majority of experiments used to determine our parameterization. Predicting nitrogen
partitioning in this experiment, external to our global compilation, allowed us to evaluate the
consistency of our model beyond where there is dense PTX coverage. Our model prediction falls
within 95% confidence interval of the observed partition coefficient of the MA experiment (Figure
12). The success of our model to predict DN™* values in PTX regions with relatively poor data
coverage and with distinct methodology provides confidence in applying Eq 7 to natural systems.
Adding the MA experiment to the global compilation does not affect parameters values or identify
additional significant parameters.

4.5 DN variations across PTX conditions

With Eq 7 established, we can now better predict the behavior of nitrogen in an accreting
proto-Earth. Core formation likely proceeded from early episodes dominated by low PT conditions
to later episodes where more extreme PT conditions prevailed (e.g. Canup and Asphaug, 2001;
Tonks and Melosh, 1993). We apply our DN™* model to core formation scenarios assuming a
mantle liquidus from Fiquet et al. (2010) to constrain potential PT conditions of metal-silicate
reaction (Fig 13a). We apply the formalism in Rubie et al. (2011) to predict the major element
chemistry of metal and silicate reacting over the range of PT conditions considered here and apply
their “reduced” and an “oxidized” bulk planet compositions.

Predicted D™ values for a “reduced” protoplanet are less than one (lithophile) across the
PT conditions we explore in Figure 13a. Low PT conditions produce a more pronounced lithophile
behavior of nitrogen, while DN™® values shift marginally higher as PT conditions increase. The
overall lithophile behavior of N throughout the PT range in Figure 13a for a reduced protoplanet
reflects that the net effect of the rise in Si and O with increase in temperature (forcing DN™* down)
remain roughly balanced by the rise in the oxygen fugacity (AIW) of the system and pressure
(forcing DN™® up) in a reduced protoplanet system.

Predicted DN™* values for an “oxidized” protoplanet decrease by approximately an order
of magnitude across the PTX range of conditions associated with these scenarios (Figure 13a).
Oxidizing conditions promote higher DN values under low PT conditions, but as PT conditions
increase, the effects of temperature, Si and O content work to drive down DN™* values, more than
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offsetting the effects of pressure and oxygen fugacity. We predict little difference in DN™* values

above 100 GPa between oxidized and reduced protoplanets.

Upon applying the nitrogen partitioning model from Huang et al. (2024) to the PTX space
explored in Figure 13a we observe similar trends of the predicted DN™* values across both the
“oxidized” and the “reduced” systems (Figure 13b, c), where the siderophility of nitrogen
decreases with increasing PT conditions. In both scenarios, their predicted Dn™® values have
smaller differences from our model predictions at low PT but at high PT conditions their
predictions suggest an order of magnitude lower siderophility of nitrogen than what our models
predict. Note that we assume zero C and S and an NBO/T value of 2.6 to predict DN™ using the
Huang et al. (2024) model.

4.6 Elemental fractionations of VSEs by core formation

We now apply Eq 7 towards understanding how N and other VSEs are redistributed during
terrestrial planet accretion. The concentration of VSEs in BSE shows a general depletion of
nitrogen with respect to hydrogen, sulfur and carbon when normalized to CI chondrite (Halliday,
2013; Hirschmann, 2016; Marty, 2012; Wasson et al., 1997). CI chondrites and the Sun are similar
in composition and CI chondrites may therefore provide an estimate for the VSE ratios of the bulk
solar system (Anders and Grevesse, 1989; Lodders, 2003; Palme et al., 2014). It is clear that many
processes can fractionate VSEs as witnessed by the variable VSE ratios of chondrites and varying
magmatic solubilities of VSE (e.g., Bergin et al., 2015; Hellmann et al., 2020; Vollstaedt et al.,
2020). We focus here on the ability of core formation to induce VSE fractionations on the silicate
portions of larger terrestrial bodies such as Earth.

To explore how core formation can induce VSE fractionations we first compare our
predicted DN™ values with the partition coefficients of other VSEs (C and S) with increasing PT
conditions for core-formation in an “oxidized” and a “reduced” system (Figure 13 b, c). We take
the exchange coefficient model of carbon from Blanchard et al. (2022) for both possible +2 and
+4 valence states of carbon. We also use the Eq 1 from Fischer et al. (2020) to predict Dc™* which
includes the effects of AIW, light elements in the alloy (O and S) and NBO/T on carbon partitioning
in addition to PT terms. We assume sulfur-free calculations of Dc™* when using this equation and
assume an NBO/T value of 2.6. The partitioning of sulfur (Ds™*) was calculated using Eq S-8 from
Jackson et al. (2021) assuming a carbon free system and the activity coefficient of Fe as one. We
focus on C/N and S/N ratios because carbon and sulfur are relatively well studied under higher PT
conditions compared to H (Blanchard et al., 2022; Dalou et al., 2017; Fischer et al., 2020; Grewal
etal., 2019c; Jackson et al., 2021; Tagawa et al., 2021). The predicted C and S partition coefficients
are plotted in Figure 13 b and c¢. C and S remain siderophile across the PTX space of core
formation, although they exhibit a lowering of this siderophile tendency with increasing PT
conditions. Nitrogen, in comparison, has a lower preference for the metallic alloy across the PTX
span regardless of the oxidation state of the system.

We now apply the VSE partition coefficients to a two-stage core formation model. Our
model is intended to model how metal-silicate reactions associated with differentiated bodies
impacting into a nearly fully grown Earth can fractionate VSE ratios. N-body simulations suggest
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that this type of interaction was relatively common during the giant impact stage of planetary
growth (e.g., Agnor et al., 1999; Canup and Asphaug, 2001; Wetherill, 1985). In the first stage we
react metal and silicate of the impactor at 10 GPa and 2500 K for “reduced” and “oxidized”
protoplanets to simulate core formation within a smaller protoplanet bodies. We calculate the
composition of metal and silicate using the batch equation as follows:

D™ [i] puik

Dim/s + (1 - Dim/s)'fsilicate

[i]metal =

[i]bulk
Dim/s + (1 - Dim/s)'fsilicate

[i]silicate =

Here, [i] is the N, C or S, Dim /Sis the partition coefficient of the element and f§;;;cq¢e1s the
mass fraction of the silicate phase that is in equilibrium with the reacting metal. We assume bulk
I wt% S, 1 wt% C and 100 ppm N (although only N partitioning depends on N concentration)
and that the core is 1/3 of the overall protoplanet mass. Note that our model is focused on how
VSE are fractionated, rather than predicting absolute concentrations, so the bulk concentrations of
C and S are essentially placeholders.

In the second stage we then take the core from the first stage calculation and let it backreact
with a deep magma ocean (100 GPa, 5000 K), also exploring “reduced” and “oxidized” protoplanet
scenarios to set the VSE partition coefficients for these more extreme conditions. The goal is this
step is to calculate the chemical consequences of smaller differentiated body accreting to a nearly
Earth-sized differentiated body. We assume the magma ocean of the nearly Earth-sized body is
devoid of VSEs before reacting with the core from the first step.

Figure 14a plots predicted C/N and S/N ratios of the magma ocean against the metal/silicate
ratio associated with core backreaction (i.e., the second stage) for the “reduced” protoplanet
scenario. VSE ratios are normalized to their bulk ratios associated with the first stage calculation.
We take the metal/silicate ratio associated with backreaction as a free parameter because it depends
on the fluid dynamics of the dense metal falling through the magma ocean, which are still a topic
of study (Dahl and Stevenson, 2010; Deguen et al., 2014; Maas et al., 2021; Qaddah et al., 2019).
At high metal/silicate ratios in Figure 14a, the predicted C/N and S/N ratios in the silicate phase
are relatively low, reflecting that nitrogen is a relatively lithophile VSE near 100 GPa. As
metal/silicate ratios decrease (potentially reflecting more silicate entrainment in downwelling
metal-rich plumes or less emulsification of the impactor core), the C/N and S/N ratios rise and
approach the composition of the impactor core from the first stage calculation (Figure 14a).

Figure 14b plots the predicted C/N and S/N ratios against the metal/silicate ratio associated
with core backreaction within a deep magma ocean (second stage) for the “oxidized” protoplanet
scenario. In this case, the impactor core from the first step calculation itself has a lower degree of
VSE fractionation since nitrogen remains siderophile, although less than C and S, under low PT
conditions associated with the first stage. Under deep magma ocean environments in the second
step, C/N and S/N ratios in the silicate phase remain less than 1 across almost any assumed
metal/silicate ratio, which is a manifestation of the oxidized impactor core having a lower C/N and
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S/N ratio from the first stage. As the metal/silicate ratio approaches extreme metal dilution, the
C/N and S/N ratios in the silicate phase also approach the impactor core chemistry from the first
stage calculation.

Figure 15 illustrates core formation scenarios during the second stage calculation with
variable metal/silicate ratios and variable VSE fractionations. Figure 15a shows a scenario of high
metal/silicate ratio under which VSE fractionations would produce low C/N and S/N ratios. In
contrast, if the metal entrains a larger amount of the magma ocean that it reacts with (Figure 15b),
the magma ocean would acquire elevated C/N and S/N ratios due to the metal-silicate interaction.

Taken together, we find that backreaction of cores produced at lower PT conditions within
deep magma oceans can induce a wide variety of VSE fractionations (Figure 15). Our modeling
highlights the importance of redox conditions that prevailed within smaller differentiated bodies
and the metal/silicate ratio associated with the backreaction of impactor cores within deeper
(higher PT) magma oceans in modulating VSE ratios. Reduced bodies have a greater potential to
produce cores with elevated C/N and S/N ratios compared to oxidized bodies given the partitioning
of VSEs under lower PT conditions (Figure 13). The backreaction of cores from impactors within
deeper magma oceans offers a second opportunity to fractionate VSEs. Backreaction with a high
associated metal/silicate ratio imparts low C/N and S/N ratios given the relative lithophile nature
of N compared to other VSEs under more extreme PT conditions (Figure 13), while backreaction
with a low associated metal/silicate ratio imparts higher C/N and S/N ratios that approach the
initial ratios of the impactor cores. Bulk silicate Earth has elevated C/N and S/N ratios, and given
our modeling, this may point to the importance of reduced protoplanets and larger amounts of
silicate entrainment during later stages of core formation for setting the volatile budget of Earth.

5. Conclusion

Our study expands the PTX space where the partitioning behavior of nitrogen is
constrained, particularly for extreme PT conditions and depolymerized melts. We conducted laser-
heated diamond anvil cell experiments and a multi-anvil experiment, spanning pressures from 15
to 103 GPa and temperatures from 2573 to 5609 K, examining silicate melts with a broad range of
polymerization (NBO/T: 0.5-3.7). In addition to generating new PTX data, we compiled existing
experimental data to parameterize nitrogen partitioning between metal and silicate across a wide
range of PTX conditions.

Our model indicates that pressure, oxygen fugacity, and bulk nitrogen concentration of the
system make nitrogen more siderophile, while temperature, oxygen and silicon content of the
metallic alloy, and the SiO2 content of the silicate melt makes nitrogen less siderophile.

We apply our model to explore VSE fractionations (C/N and S/N) within smaller
differentiated bodies as well as in larger proto-planets due to core formation. Using a two staged
core formation model, we find that cores of smaller (moon-Mars sized) “reduced” bodies are
effective candidates to impart elevated C/N and S/N ratios to the magma ocean of proto-Earth,
during its later stages of core formation. Finally, the amount of magma ocean that the impactor
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core effectively interacts with during its breakdown and descent can further elevate or lower the
elemental ratios.
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m/s

Experiment Sample Design P (GPa) P ((iPa) T (K) T S_K) AIW | AIW £ Iog(;;l
N28-3 MORB:FeN:MORB | 38 7 2728 | 68 | -191 | 003 | 1.026
N32-2 MORB:-FeN:MORB | 40 1 3395 | 79 | -149 | 010 | 0504
N49-1 MORB:FeN:MORB | 63 2 4774 | 61 | 157 | 011 | 0400
N65-3 MORB:FeN:MORB | 83 2 5171 | 60 | -1.73 | 006 | 0262
N39-1 MORB:FeN:-MORB | 52 3 4316 | 42 | 187 | ool | 0404
N39-2 MORB:FeN:MORB | 53 3 4845 | 73 | -1.36 | 008 | 0400
*NFOIZ'ZFe' MORB:FeN:MORB | 69 4 5038 | 22 | -142 | 003 | 0332
*NFOEZ'ZFe' MORB:FeN:MORB | 65 4 3434 | 187 | -1.95 | 003 0.402
*NFOIZ""Fe' MORB:FeN:MORB | 67 2 5120 | 163 | -168 | 015 | 0310
**NMO50-3 Mgo:zs_;\'/'l;ge”FEN 68 1 5275 | 61 | -124 | 006 | 0608
**NMO30-2 Mgo;zs_;\'/'l;ge”':e'\' 43 1 4066 | 420 | -1.03 | 0.02 1.002
N75-1 MORB:FeN:MORB | 86 2 5365 | 205 | -142 | 004 | 0277
N85-3 MORB:FeN:MORB | 103 2 5609 | 202 | -115 | 007 | 0234
NFOEZ'lFe' MORB:FeN:MORB | 60 2 4937 | 460 | -163 | 010 | 0223
NFOEZ'lFe' MORB:FeN:MORB | 60 2 4868 | 93 | -154 | 002 | 0305
**NMO50-1 Mgozz?;\'/'l;aée”FeN 67 1 4717 | 140 | -105 | 002 | 0788
N-MA-15-1 | 2MORB+1FeN 15 05 | 2773 | 20 | 251 | 006 | 1.193

Table 1: Experimental conditions. The MORB:Fe,N:MORB sample design represents our nominal
compositional design used for the pressure series and the MgO:2Silicate+1FexN:MgO design represents
our MgO saturated compositional design. The N-MA-15-1 experiment is the multi-anvil experiment.

Reported pressure was measured using diamond edge Raman spectroscopy and represents the average pressure
in the sample chamber after heating and includes thermal pressure. Pressure uncertainties are the standard
deviation of pressure measurements across the sample chamber. The temperature measurements are average
values of multiple spectra collected in succession with reported uncertainties as their standard deviation. AIW
was calculated using methods in section 3.3. Error on AIW was computed by propagating analytical uncertainties
for FeO and Fe. Dy™ is the partition coefficient of nitrogen calculated from analytical measurements in mole
fraction. (*) Experiments designed with variable FeO content in starting composition to explore the effect of
oxygen fugacity. (**) MgO-saturated DAC experiments.
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Figure 1 a) Schematic of an assembled diamond anvil cell. Red arrows: IR laser beam direction. Layered
stacking of starting compositions for b) Nominal design, ¢) MgO saturated design. SAMCF depicts the
components SiO, Al1:03, MgO, CaO, and FeO in the glass/silicate starting composition.
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Figure 2: Time-Temperature paths of experiments a) N49-1 and b) NMOS50-3. The upstream and
downstream temperatures were monitored throughout the run duration of the experiment. Error bars are
standard deviations on the number of T-measurements acquired at each time increment (x-axis) from the

beginning of laser heating the sample marked at 0 s.
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Figure 3: SE images showing cross-sections of heated spots. a) NMO50-3: [MgO-(Fe,.4sN+glass)-MgO]
designed experiment run at 69 GPa, 5794 K showing MgSiO; crystallization (deep blue) around metal
(red/brown)-silicate phases (light blue). b) Compositional image for NMO50-3 ¢) N49-1:|glass-Fe,.4N-glass]
or nominal designed experiment run at 63 GPa, 5013 K showing CaSiOs crystallization (yellow) around the
metal-silicate phases. d) Compositional image for (c). ) N85-3: [glass-Fe;sN-glass] run at 103 GPa, 5609 K.
f) Compositional image for (e). Dashed blue circles are WDS measurement spots in silicate phase. Dashed
yellow circles are WDS measurement spots in metallic phase. Analytical values tabulated in Table S-2 and S-3
show average values of multiple measurements on the metallic or the silicate phase as shown in these figures,
along with their standard deviations, for each heated spot.
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Figure 4: a) BSE image of multi-anvil experiment run at 15 GPa and 2773 K. b) zoomed in EDS map
of a region within the experiment showing distribution of metallic alloy (red), silicate melt and clusters
of elongated MgO, (Mg,Ca)SiO; crystals, and ferropericlase groundmass (blue).
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Figure 5 PTX distribution of experimental data for nitrogen partitioning between metal and silicate. a)
pressure-temperature distribution, b) oxygen fugacity vs temperature distribution, ¢) MgO content of silicate
melt (melt chemistry distribution), d) O content in the metal, ) Si content in the metal. f) N content in the
metal. Error bars for our data are analytical uncertainties calculated as 1-sigma around mean.
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Fig 6: Exchange coefficients of Si, O, Mg vs
1/T. a) Figure shows comparison of KD-Si
values from this study (filled circles), model
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data corrected for compositional effects. Inset
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model equation presented in Fischer+, (2015).
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Figure 7: Microprobe (WDS) measurements across silicate a) NMO50-3, b) N49-1, ¢) volcanic glass (VG-
2) and metallic domains d) NMOS50-3, e) N49-1, f) stainless steel (SS). NMOS50-3 represents the MgO
saturated experiments and N49-1 represents analysis of a nominal experimental design. Analysis numbers
represent individual spots within the domains in Fig 3. Volcanic glass and stainless steel are secondary

standards used.
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Figure 8: a) Effect of pressure and temperature on Dy™*. Partition coefficients are recalculated for
compositional effects using our model. The isobars are our model predictions of DN™* considering the
effects of pressure and temperature. Data on y-axis are recalculated to zero compositional effects and
to IW. b) Effect of oxygen fugacity on Dy™". Partition coefficients on y-axis are recalculated for the
effect of P, T, and compositional effects other than oxygen fugacity using our model. Data points are
color coded for the P or T they were acquired at. Error bars represent absolute uncertainties calculated
from analytical uncertainties and recalculation assuming a normal distribution.
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Figure 9: Effect of alloy and silicate chemistry on D™, a) Si content and b) O content in the
metallic alloy make nitrogen less siderophile. ¢) N enrichment in the alloy makes nitrogen more
siderophile. d) SiO, enrichment in the silicate makes nitrogen less siderophile. X-axis represents alloy
parameters of N, O and Si calculated using the Ma, (2001) approach considering the N-N, N-O and Si-
N interactions. Data on y-axis are recalculated to no PTX effects and to IW except for the parameter on
the respective x-axis in their functional form. Data points are color coded for the P or T they were
acquired at. Error bars represent absolute uncertainties calculated from analytical uncertainties and
compositional recalculation assuming a normal distribution.
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Figure 13 a) Application of nitrogen partitioning model to core formation for an oxidized system and a

reduced system. Partition coefficients of N, C, H, and S across core formation PT conditions for b)
oxidized protoplanet scenarios c) reduced protoplanet scenarios.
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Figure 14 a) “Reduced” impact scenario, b) “Oxidized” impact scenario. C/N and S/N ratios in
magma ocean (MO) environments when the smaller impactor core (equilibrated at 10 GPa, 2500
K) disintegrates and interacts with the MO under extreme PT conditions (100 GPa, 5000 K). X-
axis shows the extent to which the impactor core gets diluted within the MO. Y-axis shows the S/N and
the C/N ratio set in the magma ocean due to the metal-silicate interactions normalized to the bulk initial
elemental ratios of the first step (see main text). Ratios above solid dashed line are elevated in C/N and
S/N. Symbols at zero x-axis value are impactor core elemental ratios calculated from first step (see main
text).
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Figure 15 Schematic illustrating second stage of core formation model: The impactor core (gray drops)
backreacts with the portion of the magma ocean it entrains (red domains within the MO). We model how
VSEs are redistributed between metal and silicate, following their partitioning and the metal/silicate ratio of
the reacting mass of impactor core and magma ocean. a) shows a lower and b) shows a higher fraction of
silicate mass entrained by the downwelling core of an impactor. A greater extent of metal dilution as
in b) can produce elevated C/N and S/N ratios.
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Appendix A. Supplementary materials

Supplementary Tables

Table S-1: Temperature estimates for upstream (US) and downstream (DS) sides of DACs for each
data point. T-rax files can be used to reproduce temperature estimates using the pixel ranges and

wavelengths used to select ROI on light spectra captured on CCD.
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Silicate analysis of our experimental data used for the formulation of Eq 7

Table S-2
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* Analysis and uncertainties are in wt%.

Metal analysis of our experimental data used for the formulation of Eq 7

Table S-3
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* Analysis and uncertainties are in wt%.
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Supplementary Figures
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Fig S-1: Multi anvil power temperature curve. The solid curve corresponds to heating of our MA
experiment. Beyond 2273 K thermocouples do not report true temperature due to contamination.
Temperatures beyond 2273 K were inferred from previously run power-temperature curves (thick

dashed lines)
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Fig S-2: Comparison of pressures measured using diamond edge Raman spectroscopy with
pressures measured on the heated spots using synchrotron XRD measurements of MgO peaks.
XRD based pressures estimates could be determined for MgO saturated experiments for which MgO
peaks post experiments could be measured, and pressures evaluated using existing equation of states
for MgO. The nominal designs did not have a pure phase for which EOS has been defined to evaluate its
pressure and are not reported in this comparison. The dashed line represents a 1:1 correlation of
pressures for both methods. Y-error bars are standard deviations on pressure based on Raman
measurements acquired from 5 points across the sample chamber post heating.
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Fig S-3: Wave scans of a) nitrogen in silicate and b) nitrogen c) carbon d) oxygen in metallic alloys showing
peak positions (L-value) for N, C, and O which were used to measure their concentrations. These wave scans
were determined on our DAC samples. Black solid line in the plots above denotes the peak position (x-axis) for
each element.
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Fig S-4: a) Comparison of predicted vs observed Dy™*, b) Model residual vs Si content of metal
We do not include 7 data points from Grewal et al., 2019a highlighted above. These data show
systematic offset of D values from our model predictions that correlate with higher Si content in the
metal. This systematic offset is not found in other Si bearing high PT and low PT experiments used in
our compilation.
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