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• Our experiments and models show that Fe–Fe bonds in alloy melt are shorter with 13 

increasing pressure and longer with increasing N and C. 14 

• Nitrogen or carbon contamination may result in an overestimation of Fe–Fe distances in 15 

experiments. 16 

• Nitrogen and carbon increase the volume of liquid Fe alloy, contributing to density 17 

deficits in planetary cores.  18 
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Abstract  19 

Nitrogen has been proposed to be stored within planetary cores, yet its effects on the structure and 20 

density of molten Fe-alloys have not been explored experimentally. Using energy-dispersive X-ray 21 

diffraction we determine the structure of Fe–N(–C) liquids at terrestrial planet core conditions (1–7 22 

GPa and 1700–1900°C) within a Paris-Edinburgh press. Variation of N up to 7 wt.% and C up to 1.5 23 

wt.% results in near-linear changes in Fe–Fe atom distances and structure factor with increasing light 24 

element content. We do not observe a significant pressure-driven structural transition in Fe–N(–C) 25 

liquids. We model the expansion of the Fe–Fe bonds using a modified Birch-Murnaghan equation of 26 

state. With this model, we demonstrate that N or C contamination could lead to an overestimation 27 

of the Fe–Fe distances of pure Fe.  We observe that the incorporation of 1 wt.% N or C into Fe results 28 

in a change in Fe–Fe distances that is twice as significant as the effect of 1 GPa. By approximating 29 

the change in volume, we infer that N and C incorporated in liquid iron could contribute to the 30 

density deficit observed in the cores of terrestrial bodies. 31 

Plain Language Summary 32 

The iron-rich cores of planets and moons such as the Earth, Moon, Mercury, and Ganymede are 33 

partially to fully molten. Observations of molten cores, core densities, and magnetic fields indicate 34 

that light elements are alloyed with iron. The abundance and distribution of these light elements 35 

throughout the solar system is debated. In our experiments, we measure how varying amounts of 36 

nitrogen and carbon affect the structure of liquid iron. We modeled how the length and arrangement 37 

of chemical bonds changed for different pressures and compositions. Additionally, we developed a 38 

new model for the physical properties of pure liquid iron. This model can be used to help determine 39 

the abundance of light elements in the cores of rocky planets and moons.  40 

1 Introduction  41 

Geophysical observations of the Earth’s core as well as the cores of small terrestrial bodies (e.g. the 42 

Moon, Mercury, and Ganymede) indicate they are composed of a molten Fe-alloy enriched in light 43 

elements (e.g. Birch, 1952; Margot et al., 2007; Schubert et al., 1996; Weber et al., 2011). Since 44 

Birch, 1952, the relatively low density of Earth’s liquid outer core compared to that of pure Fe has 45 

been recognized to indicate the presence of up to 10 weight percent light elements that may include 46 
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S, C, Si, O, H, and N (Minobe et al., 2015; Poirier, 1994). Identities and amounts of light elements 47 

incorporated in Earth’s core reflect accretion and differentiation processes and may impact elastic 48 

properties of the solid inner core (e.g. Chen et al. 2014; Minobe et al. 2015), the driving force for 49 

the magnetic dynamo (e.g. Landeau et al. 2022), and melting point and thermal state at the inner 50 

core boundary (e.g. Zhang et al. 2016). Likewise, for smaller planetary bodies which are constrained 51 

by relatively few observations, light elements are key to lowering the melting point of the core alloy 52 

and fueling the convection of molten cores. Evidence for partially or fully molten cores in terrestrial 53 

bodies includes current or ancient magnetic fields of the Moon (Laneuville et al., 2014), Mercury 54 

(Stevenson et al., 1983), and Ganymede (Kivelson et al., 1996), analysis of Apollo program seismic 55 

observations indicating discontinuous seismic wave velocity in the lunar core (Weber et al., 2011), 56 

Earth-based remote sensing and observations from Mariner 10 spacecraft of the large longitude 57 

librations of the Mercurian core (Margot et al., 2007), and Galileo spacecraft measurements of 58 

gravity of Ganymede (Schubert et al., 1996). Sulfur and carbon are predicted to be found within 59 

cores of small planets and moons (e.g. Harder & Schubert, 2001; Li et al., 2017; Steenstra et al., 60 

2017), and they may have opposite and competitive behaviors during core formation (Tsuno et al., 61 

2018). Nitrogen has been proposed to be stored together with carbon within planetary cores: Fe–N 62 

alloys are mutually soluble with Fe–C alloys as solids (Minobe et al., 2015) and as liquids (Jang et al., 63 

2014; Speelmanns et al., 2018). Fe–N alloys have been observed in diamond inclusions proposed to 64 

originate from Earth’s core-mantle boundary (Kaminsky & Wirth, 2017), and N could be sequestered 65 

into cores at reducing conditions (e.g. ΔIW -0.4 to 2.2) (Dalou et al., 2017; Grewal et al., 2021), could 66 

contribute to explaining observations of a superchondritic C/N ratio in the bulk silicate Earth (e.g. 67 

Gu et al., 2024; Huang et al., 2024; Marty, 2012). Matching the observed density of planetary cores 68 

remains a key constraint on composition, and geophysical properties of alloys at core conditions can 69 

provide a constraint on elemental abundance within planetary cores (e.g . Badro et al., 2014; Bajgain 70 

et al., 2021; Umemoto & Hirose, 2020) 71 

Interpreting light element content of planetary cores is based on the behavior of pure metallic 72 

iron at extreme conditions, but previous studies have produced conflicting results about the 73 

structure, density, and compressibility of liquid Fe (e.g. Kono et al., 2015; Sanloup et al., 2000). A 74 

sharp pressure-induced transition in pure liquid Fe to a denser, more compressible, more highly 75 
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coordinated structure has been proposed based on X-ray diffraction observations (Kono et al., 2015; 76 

Sanloup et al., 2000) but is not universally observed. This change is observed at pressures near the 77 

bcc–fcc-liquid Fe triple point at 5 GPa (Sanloup et al., 2000) or at 6 GPa (Kono et al., 2015) and is 78 

inferred to represent a transition from bcc–like to fcc–like liquid structure. First-principles molecular 79 

dynamics and analysis of experimental results suggest this transition may instead correspond to a 80 

change in the connectivity of bonding coordination polyhedra from corner-sharing to more edge- 81 

and face-sharing (Lai et al., 2017). The structural transition may also correspond to a discontinuity 82 

in the slope of trends in the chemical partitioning of elements between liquid iron and silicate melt 83 

(Sanloup et al., 2011). However, in other experiments, no significant change is observed in the 84 

structure factor or pair distribution function near the bcc–fcc transition in the solid and up to 67 GPa 85 

(Shen et al., 2004). Experimental observations of pure iron reaching more extreme pressures may 86 

ignore bcc–like structural behavior in the limited pressure range near 1 bar and note that structural 87 

transitions between close-packed fcc–like and hcp–like liquid do not significantly affect density, 88 

representing the high pressure-temperature density of liquid iron with a single equation of state 89 

(Kuwayama et al., 2020). These studies also find that experimental and analytical details, such as 90 

pressure gradients and the angular range of diffraction data, may contribute to uncertainty and 91 

inconsistency between measurements of the density and compressibility of liquid iron.  92 

Previous experimental and theoretical studies have documented composition-dependent 93 

structure changes in iron alloys, including the promotion or inhibition of pressure-induced structure 94 

changes. Molecular dynamics simulations find that elements in binary alloys with liquid iron fall into 95 

at least two categories of behavior based on substitution mechanisms: atoms with “Fe–like” atomic 96 

radii, Si and Ni, directly replace Fe in the liquid, while atoms with small atomic radii, e.g H, C, O, S, 97 

and N, are stored in quasi-interstitial sites (Posner & Steinle-Neumann, 2019). The sites are referred 98 

to as quasi-interstitial rather than interstitial as liquids do not have a crystalline structure. Alloys with 99 

light elements stored in quasi-interstitial sites (e.g. Fe–S, and Fe–C) have been observed to be highly 100 

compressible relative to liquid Fe (Sanloup et al., 2002; Terasaki et al., 2010),  while alloys with direct 101 

substitution (e.g. Fe–Si) observed a negligible impact on compressibility (Sanloup et al., 2002, 2004). 102 

Further, experiments on alloys with small light elements observe different impacts on the liquid 103 

structure. Fe–Fe atomic distances in magnetic Fe–O alloys are longer (Morard et al., 2022), but when 104 
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modeled for a non-magnetic alloy the Fe–Fe atomic distances are comparable to pure Fe (Morard et 105 

al., 2022; Posner et al., 2017). Decreased Fe–Fe distances are observed for high concentrations > 30 106 

atomic % of S in Fe–S, and Fe–C–S alloys (Zhao et al., 2023). However, the presence of a few atomic 107 

% S increases Fe–Fe distances in Fe–S alloys. Fe–S alloys have not been observed to undergo a 108 

pressure-induced structural change analogous to that in pure Fe, but both Fe–S and Fe–C–S alloys 109 

undergo a change in structure with composition (Kono et al., 2015; Morard et al., 2007; Sanloup et 110 

al., 2002; Shibazaki & Kono, 2018; Urakawa et al., 1998). Previous studies demonstrate that above 111 

~30 atomic % S the Fe liquid structure is significantly perturbed by the quasi-interstitial inclusion of 112 

S atoms, resulting in a modified structure and a sharp decrease in Fe–Fe bond lengths (Zhao et al., 113 

2023). In contrast, adding C increases nearest neighbor Fe–Fe distances, and Fe–C and Fe–Ni–C 114 

alloys were observed to undergo a pressure-induced structural change at ~5 GPa (Lai et al., 2017; 115 

Shibazaki et al., 2015). Although N is commonly stored with C, no previous experimental studies 116 

have investigated the impact of N on the density and liquid structure of molten Fe–alloys at relevant 117 

pressures and temperatures to terrestrial bodies. Laboratory experiments are needed to constrain 118 

N storage in terrestrial cores and interpret how the physical properties of Fe–N alloys impact 119 

observable geophysical features.  120 

In this study, we systematically investigate the structure of liquid Fe–N and Fe–N(–C) alloys at 121 

pressure-temperature conditions relevant to the interior of the Moon, Ganymede, and the core-122 

mantle boundary of Mercury. 123 

2 Methods 124 

Liquid structure experiments were prepared with six initial compositions ranging from pure Fe to 7.7 125 

wt.% N (Table 1). The starting materials are ε-Fe7N3, γ′-Fe4N, and Fe metal powders; nitride powders 126 

are from Kojundo Chemical Lab. Co. Ltd. The bulk composition of ε-Fe7N3 and γ′-Fe4N used in this 127 

study are ~7.7 wt.% and ~5.3 wt.% N, respectively (Pease et al., 2024). The N ratio is lower than 128 

stoichiometry for γ′-Fe4N due to the presence of up to 11 at.% metallic iron (Pease et al., 2024). 129 

Starting materials were mixed mechanically to obtain compositions with bulk N content 130 

intermediate between Fe7N3 and pure Fe.  131 
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Experiments were conducted within a Paris-Edinburgh press. Tungsten carbide anvils applied 132 

high pressures to a standard Paris-Edinburgh cell assembly (as in Kono et al. 2014). To prevent N 133 

contamination, between the BN capsule commonly used in previous experiments on Fe and Fe alloys 134 

(Kono et al., 2015; Shibazaki et al., 2015; Shibazaki & Kono, 2018), we used a MgO capsule (Figure 135 

1). Pressure was determined based on the equation of state of MgO (Kono et al., 2010). High 136 

temperatures were generated by a resistive graphite heater and calibrated based on previous 137 

observations of the relationship between applied heater power and temperature (Kono et al. 2014).  138 

 139 

Figure 1: Experimental setup for synchrotron X-ray measurements of the structure of Fe–N(–C) 140 

liquids at high pressures and temperatures in the Paris-Edinburgh press.  141 

X-ray radiography and energy dispersive X-ray diffraction (EDXD) were carried out at 16-BM-142 

B, Advanced Photon Source, Argonne National Laboratory. Multi-angle EDXD measurements were 143 

collected if a single homogeneous liquid phase was observed based on the visual inspection of x-ray 144 

radiography images collected using a Prosilica GC1380H CCD camera (supplementary Figures s1 and 145 

s2). At low pressures and moderate temperatures, N may exsolve from Fe melt (Liu et al., 2019), so 146 

x-ray radiography was repeated after each EDXD measurement to confirm that the liquid was a 147 

homogenous single phase at ~1700–1900°C. High-pressure multiangle EDXD of Fe alloy liquid was 148 

collected using a Ge solid-state detector at 2-theta angles (4, 5, 7, 9, 12, 16, 22, and 28) 149 

(Figure 2). EDXD of the MgO capsule was obtained at a 2-theta angle of 15 degrees. The total 150 

exposure time/pressure step was ~3 hours. Data were analyzed using the aEDXD software package 151 

developed at 16-BM-B. The reduced pair distribution function, G(r), was calculated from the Fourier 152 
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transform of the structure factor S(Q) with the maximum moment transfer Q up to 15. The multi-153 

angle EDXD data were obtained for each liquid at ~1 GPa steps from minimum pressures of ~1–3 154 

GPa to maximum pressures of ~5–7 GPa (Table 1). Temperatures were constant over all experiments 155 

except Run #2–17, for which temperature was increased from 1700 to 1825°C after the second data 156 

point was collected. 157 

 158 

Figure 2: Example of the structure factor [S(Q)] of Fe–N liquid obtained by processing multi-angle 159 

energy-dispersive X-ray diffraction data obtained at diffraction angles 4°–28° with aEDXD software. 160 

This data was collected for sample 2–16 with 1.4 wt.%N at 3 GPa and ~1700 °C.  161 

Compositions of recovered samples were analyzed using a Cameca SX-100 electron microprobe 162 

analyzer (EPMA) as described by Liu et al. (2019). To accurately detect light elements, N and C, we 163 

used Si3N4, Fe, and Fe3C standards and coated samples and standards in Al. The detection limit is 164 

estimated to be ~500 ppm for both N and C. EPMA results indicate that the quenched melt 165 

composition is different from the bulk composition of the alloy as loaded: several samples exhibit a 166 

loss of multiple wt.% N during the experiment, and contamination with C up to 1.5 wt.% (Table 1). 167 

Loss of N from the sample is related to heating the sample at conditions where N solubility is low, 168 

allowing a separate N–rich fluid to advect and diffuse out through the capsule. As reported by Liu et 169 
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al. (2019), Fe–rich liquid may coexist with N–rich bubbles above the liquidus, and the solubility of N 170 

in Fe–rich liquid increases with pressure. X-radiography images for experiments reported in this work 171 

also indicate samples in experiments 1–16, 2–17, 3–16, and 12–17 separate into Fe–rich and N–rich 172 

fluid phases on first heating. The lower the pressure during the first heating, the greater the loss in 173 

N observed in the recovered sample (summary can be found in supplementary Figures s1 and s3). 174 

By proceeding to higher temperatures and pressures (and perhaps also by losing N from the system), 175 

each of these experiments reached conditions where x-radiography images indicate a single liquid 176 

phase. After this point, EDXD measurements were carried out. None of the samples exhibited a 177 

second episode of N exsolution. We do not expect that additional N was lost as the sample was 178 

compressed to its maximum pressure and then rapidly quenched, and previous studies have 179 

reported that more N can be dissolved in Fe and Fe–C melts as the pressure is increased (Liu et al., 180 

2019; Speelmanns et al., 2018). Carbon may have entered the sample through a reaction with the 181 

graphite heater, as suggested by Liu et al., (2019). We observed C contamination within all 182 

experiments except run #2–16. We assume C was present in the sample upon first heating and 183 

remained constant throughout the experiment, however, because C ranged from 0.66–1.5% in most 184 

runs, given the constant possible C exchange we assume a ~1 wt.% uncertainty in the light element 185 

composition of the liquid. The final composition (reported in Table 1) is inferred to represent the 186 

composition of the liquid during EDXD measurements. The total N+C concentration in recovered Fe 187 

alloy samples ranges from ~1–8 wt.%.  188 
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 189 

3 Results 190 

EDXD data were used to calculate structure factor S(Q) and reduced pair distribution function G(r) 191 

for each composition and pressure. Given the low x-ray scattering factor of light elements N and C, 192 

the x-ray diffraction signal for Fe–N(–C) alloys is almost exclusively sensitive to the Fe atoms (e.g. 193 

Shibazaki et al. 2015). Figure 3 shows a characteristic plot of S(Q) and G(r) at each pressure step for 194 

experiment run # 2–16 where the composition was 1.4 wt.% N and 0 wt.% C. No new peaks or peak 195 

splitting were observed as the pressure increased (Figure 3). 196 

Systematic differences in S(Q) and G(r) can be observed with increasing light element content at 197 

similar maximum pressures ~5 GPa (Figure 4). The first peak in G(r), r1, represents the average Fe–198 

Fe bond length. The second peak in G(r), r2, represents multiple overlapping peaks corresponding to 199 

average distances to the next shell of Fe atoms in the liquid. An r2 multiplet observed at high 200 

pressures and temperatures in previous studies (Sanloup et al., 2000; Shibazaki et al., 2015) has 201 

been interpreted to represent local bcc–like (high r) or fcc–like (low r) structures. More recently, this 202 

second peak has been identified by first-principles molecular dynamics calculations to be sensitive 203 

to the type of network formed by coordination polyhedra in iron–light element liquids, with corner-204 

sharing between polyhedra corresponding to a peak at higher r2 relative to edge- or face-sharing (Lai 205 

et al., 2017). The second peak in S(Q) appears as a doublet for compositions close to pure iron, with 206 

Run # Starting 
N (wt.%) 

Starting 
C (wt.%) 

Composition of Quenched Sample (wt.%) 

   Fe N C Total 

7–17** 0 0 100.0 (4) BDL 1.2 (4) 100.9 (3) 

2–17** 3 0 98.5 (9) 0.2 (4) 1.5 (6) 100.3 (7) 

2–16* 1.5 0 97.7 (4) 1.4 (3) BDL 99.1 (5) 

3–16 5.3 0 96.3 (8) 3.2 (7) 0.66 (8) 100.1 (3) 

1–16 7.7 0 96.3 (7) 2.8 (5) 0.66 (8) 99.8 (5) 

12–17 7.7 0 92.8 (3) 6.9 (2) 0.77 (8) 100.5 (3) 

Table 1: Summary of experimental run conditions. Initial compositions are determined from 
weight ratios and compositions of powder samples. Compositions of the recovered samples 
were determined by the electron microprobe analyzer (EPMA) and inferred to be the 
composition of each sample during liquid structure measurement by EDXD. BDL- stands for 
below detection limit. *Indicates the stability and composition of this experiment was previously 
documented in Liu et al., 2019. **Indicates the data was reprocessed from Liu et al., 2019. 
Please note run # 7–17 is referred to as 6–17 in Liu et al., 2019. 
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a strong first peak and a weaker shoulder at higher Q. For the composition with the highest wt.% N, 207 

the doublet instead appears as a single peak at higher Q. The r2 peak appears to be composed of 208 

two peaks at ~4.5 and 4.9 Å respectively, where their relative intensities are the greatest at 5–7 GPa 209 

depending on composition. At low wt.% N, the dominant peak is at ~4.5 Å; at high wt.% N, the 210 

dominant peak is at ~4.9 Å; and for run 2–17 with 1.7 wt.% N + C the intensities of the two peaks 211 

are ~equal. These observations could indicate that increasing incorporation of N promotes local bcc–212 

like structure at high pressures or a higher proportion of corner-shared polyhedral groups of atoms 213 

in N–rich alloys.  214 

 215 

 216 

Figure 3: (a) structure factor S(Q) and (b) reduced pair distribution function G(r) for all pressures 217 

from experiment run 2–16 (1.4 wt.% N). S(Q) and G(r) are displayed with a vertical offset of 0.5. G(r) 218 

plots for other compositions can be viewed in Figure S4 of the supplementary material.  219 

 220 
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 221 

Figure 4: (a) structure factor S(Q) and (b) reduced pair distribution function G(r) for all compositions 222 

around 5 GPa. Each run is denoted by its run # and vertically stacked for comparison. The light 223 

element abundance can be found in Table 1 or by referencing the color bar. S(Q) and G(r) are 224 

displayed with a vertical offset of 0.5. Run 12–17 is offset by an additional 0.5.  225 

To quantify trends in these spectra, Q1, r1, and r2 were fit using an exponential Gaussian and 226 

a constant background. We were unable to consistently resolve a doublet fit to the r2 multiplet (as 227 

in (Lai et al., 2017)). For each of our experiments, we observed that the r1, peaks are centered at 228 

~2.50–2.60 Å. For all compositions, we observe an increase in the first peak along S(Q), Q1, and a 229 

decrease in r1 and r2 with increasing pressure (Table 2 and Figure 5). In addition, we observe a 230 

decrease in Q1 and an increase in r1 and r2 with increasing light element content (Figure 5). These 231 

observations are consistent with the compression of the Fe–Fe atomic distances under pressure and 232 

expansion with the incorporation of N and C.  233 
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 234 

Run # N–rich 
fluid  

Exsolved? 

Pressure  
(GPa) 

Temperature 
(°C) 

Q1 
(Å-1) 

r1 
(Å) 

r2 
(Å) 

7–17 No 1.2 (3) 
2.2 (3) 
3.7 (3) 
5.3 (3) 
7.0 (3) 

1835 (50) 
1828 (50) 
1826 (50) 
1833 (50) 
1831 (50) 

2.98 (1) 
3.00 (1) 
3.01 (1) 
3.03 (1) 
3.04 (1) 

2.533 (5) 
2.528 (6) 
2.519 (7) 
2.516 (4) 
2.502 (5) 

4.6642 (9) 
4.633 (1) 
4.592 (6) 
4.57 (1) 

4.546 (6) 

2–17 Yes 3.0 (3) 
3.3 (3) 
4.6 (3) 
5.3 (3) 
6.1 (3) 
7.3 (3) 

1700 (50) 
1703 (50) 
1826 (50) 
1825 (50) 
1827 (50) 
1829 (50) 

2.99 (2) 
2.99 (1) 
2.99 (2) 
3.00 (1) 
3.00 (2) 
3.02 (2) 

2.540 (6) 
2.536 (4) 
2.545 (4) 
2.537 (5) 
2.536 (5) 
2.527 (5) 

4.640 (2) 
4.6568 (8) 
4.658 (1) 

4.6499 (1) 
4.641 (4) 
4.626 (5) 

2–16 No 0.9 (3) 
2.1 (3) 
3.0 (3) 
4.2 (3) 
4.7 (3) 
6.1 (3) 

1726 (50) 
1731 (50) 
1734 (50) 
1738 (50) 
1731 (50) 
1727 (50) 

2.97 (1) 
2.97 (2) 
2.98 (1) 
2.99 (2) 
3.01 (1) 
3.02 (1) 

2.548 (5) 
2.546 (5) 
2.538 (4) 
2.526 (8) 
2.522 (8) 
2.522 (9) 

4.693 (2) 
4.6735 (5) 
4.655 (1) 
4.643 (1) 

4.6205 (1) 
4.612 (1) 

3–16 Yes 1.2 (3) 
2.0 (3) 
2.9 (3) 
3.8 (3) 
4.8 (3) 
5.9 (3) 
6.5 (3) 

1722 (50) 
1737 (50) 
1729 (50) 
1736 (50) 
1733 (50) 
1729 (50) 
1733 (50) 

2.93 (1) 
2.94 (2) 
2.95 (1) 
2.96 (2) 
2.97 (2) 
2.98 (2) 
2.98 (2) 

2.570 (7) 
2.557 (5) 
2.556 (4) 
2.546 (6) 
2.545 (5) 
2.541 (6) 
2.538 (5) 

4.769 (2) 
4.743 (2) 

4.7311 (4) 
4.726 (2) 
4.692 (2) 
4.673 (1) 
4.666 (1) 

1–16 Yes 1.8 (3) 
2.5 (3) 
2.7 (3) 
4.5 (3) 
5.6 (3) 

1729 (50) 
1729 (50) 
1729 (50) 
1740 (50) 
1732 (50) 

2.94 (2) 
2.96 (2) 
2.95 (2) 
2.98 (2) 
2.98 (2) 

2.555 (4) 
2.554 (7) 
2.552 (5) 
2.543 (6) 
2.541 (5) 

4.7509 (1) 
4.738 (1) 
4.725 (2) 
4.688 (2) 
4.675 (1) 

12–17 Yes 3.2 (3) 
4.2 (3) 
5.0 (3) 

1719 (50) 
1728 (50) 
1730 (50) 

2.89 (2) 
2.90 (2) 
2.90 (1) 

2.592 (2) 
2.585 (4) 
2.590 (2) 

4.8599 (7) 
4.8537 (1) 
4.852 (6) 

Table 2: Summary of experimental run conditions and fit values for Q1, r1, and r2 based on 
an exponential modified Gaussian.  The uncertainty for r1 and r2 is the standard deviation 
between a  qmax  of 15 and 13; reported values are fit to a  qmax  of 15. In Figure 5, the 
error bars assigned to r2 are approximated to 0.01 to account for uncertainty pertaining to 
broadening. Choice of qmax has a more significant impact on r1 than on r2. The uncertainty 
for Q1 is the standard deviation between S(Q) and the filtered S(Q); the reported values 
are S(Q).  
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 235 

 236 
 237 

Figure 5: Structure of Fe–N(–C) liquids at 1700–1900°C as a function of pressure and incorporation 238 

of N and C (summed as total light element content). (a) first structure factor peak (Q1), (b) the first 239 

reduced pair distribution function peak (r1), (c) the second reduced pair distribution function peak 240 

(r2), and (d) the area under r1, which depends on the average coordination of the liquid. Each run is 241 

indicated by a different symbol, and the light element content measured after recovery to ambient 242 

conditions is shown in colors indexed in the color bar (and in Table 1). Black lines represent pure Fe. 243 
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Fits to a modified second-order Birch Murnaghan equation of state are used to model the effect of 244 

0–8 wt.% light elements and pressure on the position of r1, and r2 (Equation 1), while a linear model 245 

is shown for Q1 as a function of pressure and light element content (Equation 2).  246 

Within the uncertainty and resolution of our data, we do not observe evidence for a 247 

pressure-induced structural change in any Fe–N(–C) liquid compositions. A structural change in 248 

molten pure Fe or Fe–alloy may be indicated by a discontinuous change (Lai et al., 2017; Sanloup et 249 

al., 2000) or a change in the slope of r1, r2 multiplet, and Q1 with pressure (Lai et al., 2017; Shibazaki 250 

et al., 2015), as well as a corresponding change in the areas and shapes of peaks in G(r) due to 251 

changing bonding coordination (Cristiglio et al., 2009; Lai et al., 2017). Taken together, our Fe–Fe 252 

distances for Fe–N(–C) liquids can be described by a single modified Birch-Murnaghan (BM) equation 253 

of state for linear compressibility (Birch, 1952) with incompressibility constant with composition and 254 

a linear relationship between Fe–Fe distance, r, and total N + C light element content in wt.%, x: 255 

 Equation 1: 256 

𝑃(𝑟, 𝑥) =
3

2
∗ 𝑘0 ∗ [(

𝑟0 + 𝑥 ∗ Δ𝑟0
𝑟

)
7

− (
𝑟0 + 𝑥 ∗ Δ𝑟0

𝑟
)
5

]257 

∗ [1 −
3

4
∗ (4 − 𝑘0

𝑝) ∗ ((
𝑟0 + 𝑥 ∗ Δ𝑟0

𝑟
)
2

− 1)] 258 

 259 

In this model, pressure (P(r,x)) varies as a function of r and x with fit parameters r0, k0, k0
p, 260 

representing the linear compressibility for Fe–Fe atomic distances in pure Fe liquid (note that k0 may 261 

not equal the bulk modulus of the material), and Δa0 representing the effect of light element 262 

incorporation to expand Fe–Fe distances. In Figure 5 b and c, curves represent modeled linear 263 

compressibility at constant composition for pure metal up to 8 wt.% (N+C) (parameters reported in 264 

Table 3). We do not observe a fittable inflection point or systematic offset between experimental r1 265 

and r2 at high pressure vs. low pressure which would indicate a discontinuous change in liquid 266 

structure. In addition, we find that Q1 can be modeled with a linear response to both pressure and 267 

light element content, with three empirical fitting parameters a, b, and c from 1 to 8 wt.% (N+C) 268 

(Table 3): 269 

Equation 2: 270 
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𝑄(𝑃, 𝑥) = 𝑎 + 𝑏𝑃 + 𝑐𝑥 271 

 272 

We also observe no systematic misfits relative to this linear model for structure factor that would 273 

indicate a transition (Figure 5 a).  274 

Finally, we calculated the area under r1 as a proxy for the coordination number of the melt (e.g. 275 

Cristiglio et al. 2009). The area of the r1 peak is constant with pressure for all runs (Figure 5d), 276 

although systematically lower for runs 2–17 and 12–17. If there is a pressure-induced structural 277 

transition, we do not observe it having a statistically significant impact on the position of Q1, r1, and 278 

r2, for the Fe–N(–C) system relative to these models. The run with the highest concentration of N, 279 

12–17 with ~8% light elements, is one of the low outlier runs in the area of r1, which combined with 280 

the higher r2 peak may indicate lower coordination and more bcc–like or corner-shared structure at 281 

high pressure relative to compositions close to pure Fe. Q1, r1, and r2 can be modeled as varying 282 

smoothly with pressure and linearly with N + C content.  283 

 284 

Modified BM 
Fit parameters  

𝑟0 𝑘0 𝑘0
𝑝

 Δ𝑎0 

r1 2.530 155(18) 4 0.0111 (7) 

r2 4.665 61 (4) 4 0.037 (2) 

     

Linear Fit 
Parameters  

a b c  

Q1 2.977 (3) 0.0090 (7) -0.0179  

 
Table 3: Global fit parameters used in this study. r0, K0

p, and c were fixed, and all other variables 
were fit to the data. Modified BM fit parameters correspond to equation 1 and linear fit 
parameters correspond to equation 2.  

  285 
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4 Discussion 286 

The Fe–Fe distances observed in this study for the experiment prepared by loading pure metallic Fe 287 

are systematically lower than previous studies (Figure 6).  Unlike our study, previous studies of liquid 288 

structure of Fe (Kono et al., 2015; Sanloup et al., 2000; Shibazaki & Kono, 2018), Fe–C (Shibazaki et 289 

al., 2015; Shibazaki & Kono, 2018), and Fe–Ni–C (Lai et al., 2017) alloys report their composition as 290 

the composition that was loaded, do not report ex-situ composition analysis, and use a BN sample 291 

chamber. We expect that compositions as loaded do not accurately represent compositions of melt 292 

during experiments: we found that our experiment prepared as pure Fe contains 1.5 wt.% C upon 293 

recovery due to contamination by the graphite heater, and 2/3 recovered samples were measured 294 

with at least 1 wt.% difference in N, C, or both relative to the starting material. Moreover, we expect 295 

that BN capsules provide a source of N that will be soluble in Fe and Fe alloy melts at high pressures 296 

(e.g. Liu et al., 2019; Speelmanns et al., 2018). Nitrogen and/or carbon contamination may explain 297 

the higher r1 observed in (Kono et al., 2015; Sanloup et al., 2000; Shibazaki & Kono, 2018) relative 298 

to the sample in this work with the lowest N and C content. Variability in light element contamination 299 

of Fe liquid during experiments through reaction with the enclosure may explain the wide range of 300 

reported r1, ~6x the 1-σ error bar of the measurement. Kono et al., 2015 also note that the Re–W 301 

ball included in their study for viscosity measurements may have dissolved in their Fe melt, changing 302 

the composition. However, differences in analytical procedure, particularly the choice of qmax, may 303 

also result in systematic differences in the structure factor and pair distribution function. We find 304 

that running analysis with a lower qmax of 13, reducing the quality of the fit, systematically increases 305 

the positions of peaks in the pair distribution function G(r). Our P–r–x model based on systematic 306 

composition variation and an N-free capsule provides an improved constraint on the physical 307 

properties of pure Fe liquid, which is the foundation for constraints on the light element content of 308 

small rocky bodies. 309 
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 310 

Figure 6: Pressure dependence of the first reduced pair distribution function peak (r1) between 311 

the global fit proposed in this study at (1700 – 1900 °C) and previous studies on Fe. Black lines and 312 

symbols represent pure Fe (as loaded). The temperature of previous studies ranges from ~1200–2000 313 

°C. Unlike this study, previous studies report the composition as loaded rather than as measured ex-314 

situ after the experiment. 315 

The expansion of atom-atom distances in Fe alloy liquid with the incorporation of N and C 316 

(Figure 5) appears similar to previous studies (Shibazaki & Kono, 2018). However, the comparison 317 

between our observations of the effects of N incorporation on Fe alloy liquid structure and previous 318 

studies of Fe–C or Fe–Ni–C systems (Figure 7) is complicated by differences in temperature, potential 319 

contamination, and differences in analytical methods. Qualitatively, our observations and previous 320 

studies of Fe–C and Fe–C–Ni systems observe that Q1 decreases while r1 and r2 increase with 321 

increasing N or C content. 322 

Our observations of the Fe–N(–C) system can be contrasted with qualitatively different 323 

behavior of Fe–S (Shibazaki & Kono, 2018) and Fe–S–C systems (Zhao et al., 2023). In S–bearing 324 
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systems, Fe–Fe distances are approximately unchanged with the incorporation of up to at least ~12 325 

wt% S, above which concentration they decrease with increasing S (Figure 9). Reduction in r1 for S-326 

bearing Fe–alloys occurs at higher concentrations of light elements than compositions investigated 327 

in this study. For some previous studies, the magnitude of r1 for C-bearing alloy liquid is similar to 328 

our model for the same wt.% N as reported wt.% C (Figure 7).  Nitrogen and carbon incorporation 329 

result in a similar range in Q1 and r2 when compared to previous studies, but the absolute value of 330 

enriched light element abundances differs from previous studies (Lai et al., 2017; Shibazaki et al., 331 

2015; Shibazaki & Kono, 2018). The difference in r2 for the same amount of light elements by weight, 332 

~8 wt.%, is lower for C than for N (Figure 8). The iso–nitrogen curves in Figures 5–7 were obtained 333 

by fitting data limited to a temperature range of ~1700–1900 °C, while the temperature range 334 

reported in previous studies spans ~1200–2000 °C. The thermal expansivity of the liquid is not 335 

constrained well enough to correct for temperature differences, but we can expect that increasing 336 

temperature would result in higher r1.  337 

 338 
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 339 

Figure 7: Pressure dependence of the first reduced pair distribution function peak (r1) between the 340 

global fit proposed in this study at (1700 – 1900 °C) and previous studies. Black lines and symbols 341 

represent pure Fe (as loaded). Unlike this study, previous studies report their composition as loaded 342 

rather than as measured ex-situ after the experiment.  343 

 344 

While the results of Lai et al. 2017 for the Fe–Ni–C system indicate that pressure affects the 345 

connectivity of bonding coordination in the melt, our results demonstrate a substantial effect of 346 

composition on these structures. Lai et al. (2017) described this change by fitting the r2 multiplet as 347 

two peaks, r2s at a smaller distance and r2m at a longer distance, which correspond to mostly face-348 

shared coordination polyhedra and corner- and edge-shared polyhedra, respectively (Figure 8). Our 349 

study and other previous studies fit the multiplet as a single peak (e.g (Shibazaki et al., 2015; 350 

Shibazaki & Kono, 2018), but note that the asymmetry of the peak can change with pressure (e.g 351 

(Lai et al., 2017)) and composition. When plotted relative to r1 (Figure 8), we observe a sharp 352 

increase in the average value of r2 with increasing light element content, corresponding to a relative 353 

increase in corner-shared polyhedral units. The most N-rich composition (run 12–17) exhibits a 354 

similar average r2 as what was reported for r2m for Fe–Ni–C alloys (Lai et al., 2017). For C-free, N-355 

bearing samples (e.g. 2–16), r2 is higher than in N-free, C-bearing samples (e.g. 7–17). The r2 position 356 

for the dominantly N-bearing alloy with ~8 wt.% N and C total is also substantially higher than the 357 

alloy within similar total light element content dominated by C (Figure 8b) (Shibazaki & Kono, 2018). 358 

The N-rich alloys may have a greater ratio of corner-shared polyhedral units relative to the C-rich 359 

alloys. Alternatively, this may be interpreted as a bcc-like structure in the N-rich alloy (Sanloup et al. 360 

2000).  361 
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 362 

Figure 8: Peak positions of r2 with respect to r1 (a) and pressure (b). Solid symbols are from this 363 

study, and open symbols are from previous studies (Kono et al., 2015; Lai et al., 2017; Sanloup et al., 364 

2000; Shibazaki et al., 2015; Shibazaki & Kono, 2018). Color corresponds to the light element content 365 

(wt.%). (a) This study (fit with an exponential modified Gaussian) and previous studies (except Lai et 366 

al., 2017) fit and report one peak for r2. Lai et al., (2017) fit two Gaussians to r2 termed r2s and r2m. 367 

The black solid lines correspond to the predicted ideal r2 for face, edge, and corner-shared motif 368 

connections based on molecular dynamics calculations published in Lai et al., (2017). The grey 369 

dashed line highlights the trend observed in this study for the Fe–N(–C) system. (b) Pressure 370 

dependence of the second reduced pair distribution function peak (r2) between the global fit 371 

proposed in this study at 1700–1900 °C and previous studies. Unlike this study, previous studies 372 

report their composition as loaded rather than as measured ex-situ after the experiment.  373 
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In contrast to this study, previous studies of Fe and Fe–C systems have interpreted liquid 374 

structure observations to show a pressure-induced transition at ~5 GPa (Lai et al., 2017; Sanloup et 375 

al., 2000; Shibazaki et al., 2015). A change in chemical partitioning of elements into liquid iron alloy 376 

(Sanloup et al., 2011) has been suggested to be linked to the liquid structure transition. Sanloup et 377 

al. (2000) documented the pressure and temperature impact on the liquid Fe structure up to 5 GPa, 378 

and interpreted a decrease in r1 and change in the shape of the r2 peak from singlet to doublet as a 379 

change from bcc structure to bcc + fcc. Lai et al., (2017) and Shibazaki et al., (2015) observed a 380 

change in the slope of Q1, r1, and r2 along with increased broadening in r2 at higher pressures. Based 381 

on their complementary molecular dynamics calculations, Lai et al., (2017), interpret their 382 

observations to show a relative change in corner, edge, and face-sharing in polyhedral units of 383 

atoms. Both Lai et al., (2017) and Shibazaki et al., (2015) observe consistent results for the behavior 384 

of r and Q. In contrast, we don’t see a correlated change in r and Q in Fe–N(–C) liquid with pressure. 385 

A flat slope in Fe–Fe distances with pressure (as observed by Lai et al., 2017; Sanloup et al., 2000; 386 

Shibazaki et al., 2015) relative to the compressibility of r1 in Kono et al., 2015 and this study followed 387 

by an increase in compressibility could also be explained by increasing N and C incorporation from 388 

the reaction with a BN capsule and graphite heater. Given that the presence of C in the melt lowers 389 

the solubility of N (Liu et al., 2019), we predict N-contamination could be the greatest in studies of 390 

carbon-free compositions. Our data do not confirm a pressure-induced liquid structure transition, 391 

although we acknowledge limited resolution in pressure that may hinder the identification of a 392 

transition.  393 

 394 
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  395 

Figure 9: Relationship between light element content at the nearest Fe–Fe bond (r1). This study is 396 

represented by grey circles with the lower and upper bound of r1 corresponding to observations at 397 

the maximum and minimum pressure, respectively.  For previous studies, pressure ranges from 3–5 398 

GPa (Shibazaki & Kono, 2018), 2–7 GPa (Shibazaki et al., 2015), and 1–5 GPa (Zhao et al., 2023).  399 

The abundance of N and C in planetary cores inferred from remote sensing observations is 400 

constrained by the equation of state of the liquid alloy. Previous studies have demonstrated S and C 401 

increase the compressibility of liquid Fe (Sanloup et al., 2002; Terasaki et al., 2010), while Si has a 402 

negligible impact on Fe’s compressibility (Sanloup et al., 2002, 2004). This is interpreted to be due 403 

to the quasi-interstitial incorporation of S and C vs. substitution mechanism for incorporation of Si 404 

(e.g. (Posner & Steinle-Neumann, 2019)). In this study, we fit pressure, composition, and r1 or  r2 405 

using a modified BM equation of state. Within this model, we do not change our value for 406 

incompressibility (K0) as a function of composition, and observe a good fit to the data for light 407 

element abundance up to 7 wt.%. For run 12-17 with > 7 wt.% N and C we observe a less significant 408 

change in r1 and r2 with increasing pressure indicating the alloy could be more incompressible with 409 

increasing N and C content. This observation contradicts previous studies investigating the Fe–C 410 

system (e.g. Sanloup et al., 2002; Terasaki et al., 2010), and may be the result of data density in this 411 

study or N and C impacting  Fe melts differently. Further, we observe that r1 is more incompressible 412 

than r2. In contrast, Morard et al. (2017) observed that the first coordination sphere in Fe–C liquid 413 
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was more compressible than the outer coordination spheres. This difference in  Fe–Fe 414 

compressibility for nearest and outer coordination spheres reflects differences in the incorporation 415 

of N relative to C in the alloy. 416 

The density of a molten Fe–N(–C ) alloy is dependent on the abundance of light elements present 417 

and the average atomic spacing in the liquid. The density of liquids can be obtained from the analysis 418 

of diffraction data at low atomic spacings below the r1 peak, provided that observations cover a wide 419 

enough range of Q to converge(e.g. Morard et al., 2014). At low r values, we observe noise in G(r), 420 

similar to previous measurements using the same method by Lai et al., (2017) but in contrast to 421 

observations of Fe–C liquid based on monochromatic angle-dispersive synchrotron X-ray diffraction 422 

(Morard et al., 2017). This noise may reflect a narrower range of Qmax constrained by the 423 

experimental setup that prevents the extraction of density from the data. Morard et al., (2017) 424 

determined the density of Fe with 1.8–3.7 wt.% C at 6 GPa and 1727°C to be 7,200 kg/m3 (Morard 425 

et al., 2017), and found that this density is sufficient to match the ~10% density deficit of Earth’s 426 

outer core relative to pure Fe. The uncertainty in density in these previous measurements is 427 

significant: density may be underestimated for metallic liquids by up to 30% using x-ray diffraction 428 

analysis with a hard sphere model (Ikuta et al., 2016). Although we do not apply this model to 429 

measure density directly in this study, we can estimate a range of densities consistent with our 430 

observed volumetric expansion and possible mechanisms for the incorporation of light elements. If 431 

we assume volume per formula unit is directly related to the Fe–Fe atomic distance cubed, observed 432 

expansion in Fe–Fe distance due to N and C would correspond to a volume change of 8–10 % when 433 

8 wt.% light elements are present (supplementary Figure S5). If N and C are stored quasi-interstitially 434 

(e.g. Posner & Steinle-Neumann, 2019), then the effective mass of the Fe-alloy would be greater 435 

than the mass of pure Fe by ~8%. This suggests a bound on the density decrease for purely quasi-436 

interstitial N and C of ~0–2%. Either the effect of N and C on density decrease relative to pure Fe is 437 

lower than previously reported, allowing for a higher concentration of N and C in planetary cores 438 

than expected, or some N and C incorporation by substitution would be consistent with our 439 

observations.  440 

The composition of Earth’s outer core is constrained using a combination of experimental 441 

analogs, geophysical observations, and cosmochemical and geochemical calculations (e.g. Hirose et 442 
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al., 2021; Trønnes et al., 2019). The light element components in Earth’s outer core have been 443 

estimated to include <1 wt.% of N and C combined; with up to 0.2 to 0.5 wt.% C (Fischer et al., 2020; 444 

Gu et al., 2024; Hirose et al., 2021) and up to 0.03 to 2 wt.% N (Bajgain et al., 2019; Gu et al., 2024). 445 

Like Earth, other terrestrial bodies (e.g. the Moon, Mercury, and Ganymede) are predicted to have 446 

partially or fully molten cores (e.g. Kivelson et al., 1996; Laneuville et al., 2014; Margot et al., 2007; 447 

Schubert et al., 1996; Stevenson et al., 1983; Weber et al., 2011). The distribution of light elements 448 

in the cores of these smaller bodies is expected to differ from Earth due to differences in 449 

compositions of material accreted at different distances from the sun and the pressure-450 

temperature-oxygen fugacity conditions during differentiation (e.g. Grewal et al., 2019; Rubie et al., 451 

2015). Bodies close to the sun are predicted to be enriched in Si: Mercury’s core has been proposed 452 

to contain ~15 wt.% Si (Trønnes et al., 2019). The cores of bodies further from the sun are predicted 453 

to be relatively enriched in S:  < 6wt.% sulfur in the lunar core (Weber et al., 2011) and ~10-20 wt.% 454 

in the Martian core (Brennan et al., 2020; Gendre et al., 2022). The solubility of C in Fe-alloys 455 

decreases with increasing S content (Tsuno et al., 2018), indicating that the abundance of C may be 456 

linked to concentration of S. The concentration of C in the Martian core may range from ~10ppm – 457 

3.5 wt.% C (Tsuno et al., 2018), while the core of the Moon may range from 0.6–4.8 wt.% C (Steenstra 458 

et al., 2017). These estimates demonstrate the significant uncertainty and range in expected 459 

terrestrial planet and moon core compositions. Relatively few studies have estimated the abundance 460 

of N and C in terrestrial bodies; our model provides systematic constraints on effects of < 8wt.% N 461 

and C on volume of Fe alloy that support future studies of planetary core compositions. 462 

5 Conclusions 463 

The abundance of N and C in planetary cores is linked to the pressure-temperature-composition 464 

range during core formation. When N is incorporated into a molten Fe-alloy, it decreases the density 465 

and increases the distance between the nearest Fe–Fe atoms. The effects of N and C on the length 466 

of the nearest Fe–Fe atoms and the structure factor are similar, making them difficult to distinguish. 467 

However, N may have a stronger effect on the connectivity of polyhedral coordination units in the 468 

melt compared to C. Our results provide an equation of state for the liquid structure as a function 469 

of pressure and light element content. Given the similar behavior between N and C, we suggest that 470 
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N is hosted in the liquid structure by the same mechanism, quasi-interstitial incorporation, that is 471 

proposed for C. 472 

The pressure effect on Fe–Fe atom distances and structure factor for all Fe–N(–C) alloys in this 473 

study is smooth within uncertainty up to 7 GPa, in contrast with previous studies of Fe, Fe–C, and 474 

Fe–S systems that observed a structural transition (Kono et al., 2015; Sanloup et al., 2000; Shibazaki 475 

et al., 2015; Zhao et al., 2023) with increasing pressure or light element content. A difference of 476 

approximately 2 wt.% N and/or C have the same effect as the observed change in the nearest Fe–Fe 477 

distance proposed for a liquid structure transition between 3–5 GPa. The abundance of light 478 

elements has a relatively stronger impact on the Fe–Fe bond distance and density compared to the 479 

structure transition inferred in previous studies. Further, our new data indicates that previous 480 

studies could have overestimated Fe–Fe distances. We find that N and C systematically impact the 481 

melt structure of Fe-alloys. There is no discontinuous change in Fe–Fe bonds or volume, so we 482 

propose that a pressure-composition equation of state can be used to predict the liquid structure. 483 

This systematic change in volume with pressure and temperature can be used to understand the 484 

density deficit in planetary cores. 485 
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