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Abstract Iron nitrides and carbonitrides are the two primary hosts of deep nitrogen in the Earth’s interior;
hence, the storage and circulation of deep nitrogen can be largely controlled by the melting behavior of iron
nitrides and the Fe—N-C system. In this study, the melting temperatures of these minerals were determined
individually and jointly using the new diagnostics of electrical resistance jump up to 80 GPa in laser-heated
diamond-anvil cells. The solidus curves of these samples are extremely low at mantle pressures, and are
marginally affected by the iron spin transition, nitrogen concentration, and carbon incorporation, suggesting
that nitrogen-rich metallic liquids likely exist at depths of <1,500 km in the present-day mantle. Meanwhile, our
Raman spectra are indicative of N, degassing out of iron nitride liquids at <12 GPa. These results suggest that
low-pressure N, degassing in the proto-Earth coupled with nitrogen-rich liquids hidden in present-day lower
mantle play important roles in the redistribution of deep nitrogen through geologic time and space.

Plain Language Summary Compared to carbon, nitrogen is relatively depleted in the crust and
mantle, leading to dramatically higher C/N ratios in the bulk silicate Earth with respect to the carbonaceous
chondrites, that is, the so-called “missing nitrogen” mystery. Recent studies suggest carbon behaves more
siderophile than nitrogen under core conditions; accordingly, more carbon could have entered the core with
respect to nitrogen, which only can aggravate the “missing nitrogen” mystery by greatly decreasing the C/N
ratio in silicates. Meanwhile, atmospheric loss of primordial nitrogen is insufficient to account for the high
C/N ratio due to small difference in the solubility of carbon and nitrogen in magma oceans. Here we investigate
the high-pressure melting temperature of iron nitrides and carbides, and find iron nitrides would melt in the
present-day mantle at depths of less than 1,500 km. Additionally, we observed N, generation out of the Fe-N
liquids at relatively low pressures. The extremely low melting temperatures of the Fe—-N—C system as well as
low-pressure N, degassing of the Fe-N liquids may contribute to the redistribution of deep/primitive nitrogen
through time and space. Both processes can provide a better understanding of Earth’s ‘missing nitrogen’
mystery.

1. Introduction

Nitrogen is not only crucial for organisms, but also an important tracer for the formation and evolution of terres-
trial planets. CI chondrite meteorites were previously thought to represent the bulk composition of our planet;
considerable amounts of nitrogen up to 5,000 ppm might have been stored on Earth (Adler & Williams, 2005;
Sugiura, 1998). Recent studies suggest the bulk Earth accreted from 70% to 90% reduced enstatite chondrites
followed by 10%-30% oxidized CI carbonaceous chondrites, and both chondrites could deliver excess nitro-
gen to the Earth (Dauphas, 2017; Grewal et al., 2019). However, the abundance of nitrogen in the bulk silicate
Earth (BSE) is commonly assessed to be 0.84-33 ppm (Goldblatt et al., 2009; Jacobs et al., 1995; Marty, 2012;
Yoshioka et al., 2018; Zhang & Yin, 2012). Furthermore, as the seventh most abundant element in the Solar
System, nitrogen is relatively depleted in the BSE with respect to carbon and other volatiles (Bergin et al., 2015;
Marty, 2012; Speelmanns et al., 2019). A recent estimate of the C/N ratio for the BSE is 49.0 + 9.3 (Bergin
et al., 2015), which is much higher than the CI carbonaceous chondrites (17.0 + 3.0) (Alexander et al., 2013),
enstatite chondrites (13.7 + 12.1) (Grady & Wright, 2003), and the interstellar medium gas and dust (Parvathi
et al., 2012). Such a paradox has conventionally been called as the “missing nitrogen” mystery.

Nitrogen depletion in the BSE has been mainly ascribed to metallic core sequestration and atmospheric escape
(Bergin et al., 2015; Dalou et al., 2017; Hirschmann, 2016; Sakuraba et al., 2021). More recent metal-silicate
partitioning experiments, however, revealed that nitrogen is weakly lithophile to moderately siderophile at the
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pressure (P), temperature (7), and oxygen fugacity conditions relevant to core formation (Dalou et al., 2017; Dalou
et al., 2019; Li et al., 2016; Speelmanns et al., 2019). Given that carbon is much more siderophile than nitro-
gen, core formation would reduce the C/N ratio of the BSE, running counter to the current estimated values of
~49.0 (Dalou et al., 2017). On the other hand, depletion of volatiles would happen after the dissipation of nebu-
lar disk via photo-evaporation, hydrodynamic escape, and the dominant atmospheric escape caused by impacts
(Schlichting & Mukhopadhyay, 2018). In the equilibrium system between the terrestrial magma ocean and over-
lying atmosphere, the partition of volatiles is controlled by solubility constants (Hirschmann, 2016; Tucker &
Mukhopadhyay, 2014). Interestingly, atmospheric escape was recently found insufficient for the over-chondritic
C/N ratio as revealed by the solubility behavior of carbon and nitrogen at high P-T conditions (Hirschmann, 2016;
Jackson et al., 2020). Therefore, the “missing nitrogen” mystery still remains.

Iron nitrides are likely the main nitrogen-bearing species under reducing conditions in the deep Earth down to the
core-mantle boundary (CMB) while NH, and NH,* complexes are more abundant in shallow subduction zones
(Huang et al., 2021; Speelmanns et al., 2018; Yoshioka et al., 2018). Naturally occurring iron nitrides have been
frequently discovered, including orthorhombic Fe,N and trigonal Fe;N as inclusions in deep mantle diamonds
from Rio Soriso, Brazil, and cubic Fe,N (roaldite) in iron meteorites (Kaminsky & Wirth, 2017; Niellsen &
Burhwald, 1981). The chemical and physical properties of these iron nitrides have been investigated at high P-T'
conditions (Kusakabe et al., 2019; Litasov et al., 2017; Lv et al., 2020; Minobe et al., 2015; Zhuang et al., 2021).
Fe;N, shows an identical structure to Fe,C; which has been considered a potential candidate phase in the inner
core (Chen et al., 2014), and its thermal stability and melting have been investigated to 135 GPa and 3,100 K
(Kusakabe et al., 2019; Minobe et al., 2015). Other iron nitrides like hcp ¢-Fe,N, nonstoichiometric e-Fe;Nx
(0.75 < x < 1.5), and fcc y’-Fe,N have also been experimentally confirmed to be stable up to 40-70 GPa at room
temperature, but their thermal stability has not been well studied yet (Litasov et al., 2017). Additionally, the iron
spin transition, equation of state, and electrical conductivity of these nitrides have recently been studied (Huang
etal., 2021; Lv et al., 2020; Zhang & Yin, 2012; Zhuang et al., 2021).

The melting behavior of iron nitrides at high pressure largely dictates the mobility and distribution of nitro-
gen in the deep mantle, and may contribute to the high C/N ratio in the BSE. However, the melting behavior
of iron nitrides has not been thoroughly studied under mantle pressures. Among the known Fe-N intermedi-
ate compounds, only the melting curve of Fe,N; was experimentally determined to lower mantle conditions
(Kusakabe et al., 2019). The melting curves of other common iron nitrides including Fe,N and Fe;N are still
unknown at high pressure. A battery of factors may influence the melting temperature of iron nitrides, including
the iron spin transition, nitrogen concentration, and carbon incorporation. For instance, the phase transition from
the high-spin (HS) to low-spin (LS) electronic state greatly depresses the melting curve of lower-mantle ferrop-
ericlase (Fu et al., 2018). The increasing concentrations of alloying C, S, and O reduce the melting temperature
of iron-rich alloys (Morard et al., 2017). In brief, the high-pressure melting of iron nitrides is of the utmost
importance for better understanding nitrogen circulations in the deep Earth and the ‘missing nitrogen’ mystery.

In this study, the melting behavior of Fe,N, Fe;N, Fe,N;, and Fe,C was investigated systematically up to 80 GPa
using laser-heated diamond anvil cells (LHDACSs). The new melting diagnostics of highly sensitive electrical
resistance jump was adopted to determine the onset of melting at high pressure. Additionally, it is for the first
time in LHDACsS that N, degassing was observed out of nitrogen-rich metallic liquids under low P and high T.
These results establish an overall understanding of the high-P melting features of the Fe-N—C system, suggesting
that low-P N, degassing and ultralow melting temperatures may help decipher the high C/N ratio of the BSE.

2. Materials and Methods
2.1. Starting Materials

Polycrystalline Fe,N (99.9%) and Fe,N (99.9%) samples were commercially purchased from the Beijing An-Teck
company, while the Fe;N, sample was synthesized from the mixture of Fe and NaN, at 5 GPa and 2073 K at the
Center for High Pressure Science and Technology Advanced Research (HPSTAR). The Fe,C sample was also
prepared at HPSTAR using the same synthesis procedure as described in Liu et al. (2016). X-ray diffraction
(XRD) experiments were performed on these samples to confirm their structure (Zhuang et al., 2021). High-P
melting experiments were performed using LHDACS to determine the melting temperature of iron nitrides with

LV AND LIU

20f 11

85U8017 SUOWWIOD /1110 8|qed!jdde aup Aq peusenob 8 e YO ‘8sn JO SNl 10} Arelq18UlUO A8] 1M UO (SUORIPUOD-pUe-SWBYLI0O" A3 1M A eIq | U1 UO//SdNL) SUORIPUOD pue Swie | ay) 89S *[£202/20/80] Lo Ariqiaulluo A8|im ‘AiseAIUN 1seaLpnos Aq 8T2E£209rTZ02/620T 0T/I0p/wod A8 | im Arelqpuljuo'sqndnfe//sdny wouy papeojumoq ‘Z ‘2202 ‘95€669T2



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2021JB023718

heated spot

Figure 1. Experimental setup for high-pressure melting experiments. (a) A
circuit diagram for electrical resistance measurements. A constant current

of 10 mA is applied while the electric potential difference is recorded with
increasing laser power. The resistance of sample is calculated via the Ohm's
law. (b) A schematic diagram of the sample loading configuration for the Fe-N
system from both top and vertical views. Rhenium (Re) is the outer gasket

and a mixture of cubic boron nitride (¢cBN) and epoxy serves as the inner
gasket and the insulation layer. (c) A schematic diagram of the sample loading
configuration for the Fe-N-C system from both top and vertical views. The
laser beam is focused on the junction area of the Fe—N and Fe—C samples.
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Figure 2. The R/R ratio and laser power as a function of temperature

for Fe,N. The black line indicates the relation between laser power and
temperature while the red line shows the relation of temperature and electrical
resistance. R, is the resistance of the sample before heating and R is the
timely resistance of the sample upon heating. Once the melting temperature

is reached as shown in the shadow region, the resistance changes sharply.

The melting temperature corresponds to the average temperature of the
shadow region while standard deviation is considered the uncertainty of the
temperature (comparable to the width of the shadow region).

the sensitive melting diagnostic of electrical resistance jump. In addition,
High-P laser Raman spectroscopy measurements were conducted to track
samples and run products before and after laser heating.

2.2. High-Pressure Melting of Iron Nitrides Explored by Electrical
Resistance Jump

Melting experiments were performed on iron nitrides (Fe,N, Fe,;N, and
Fe,N,) in the LHDACs with a culet size of 200 pm. A hole of 4/5 culet size
was drilled into the center of the pre-indented Re gasket. A powder mixture
of cubic boron nitride (cBN) and epoxy was compacted into the hole, serving
as an inner gasket and electrical insulation. Iron nitride samples were first
packed into a 6—8 pm thick foil in thickness between a pair of diamond anvils
with a culet size of 500 pm. Next, the iron nitride sample was cut into an
80—100 pm long and 25-30 pm wide strip. Then, the iron nitride sample was
loaded into the LHDAC and further sandwiched between 2 and 10 pm-thick
platelets of dry Al,O, serving as both the pressure-transmitting medium and
thermal insulation layers. Two Pt/Au foils were in contact with each side of
the sample along the long direction of the sample, which served as electrodes
(Figure 1). The whole setup was heated at 423 K for 4-12 hr in a vacuum
drying oven to remove moisture before the LHDAC sample chamber was
sealed.

Furthermore, high-pressure melting experiments were performed on the
Fe-N-C system. We designed a new sample configuration for the Fe-N-C
system in the LHDACs unlike the Fe-N system (Figure 1c). First, each
Fe,N, or Fe,C sample was prepared into 3—4 pm thick, ~30 pm wide, and
50-80 pm long strips. Two strips of Fe,N, and Fe,C were then overlapped in
the sample chamber. A laser beam was focused on the junction area to heat
both Fe,N; and Fe,C concurrently. In particular, the Fe,N, and Fe,C strips
themselves were used as electrodes contacting the Pt/Au foils at the edge of
the diamond-anvils. In most of the high-pressure melting experiments, the
electrical resistance change was monitored to detect the incipient melting of
the Fe—-N—-C system, coupled with the conventional method of temperature
plateau as a function of laser power.

An ytterbium CW fiber laser with a wavelength of 1,070 nm was adopted
to heat the sample up on one side. The heating spot was about 30 pm in
the FWHM and the signals emitted from the center 10 X 10 pm of the
laser-heating spot were collected by using Acton SP-2156 spectrograph. The
temperature was calibrated at 2,993 K using an Oriel NIST traceable cali-
brated quartz tungsten halogen lamp. The temperature was determined by
fitting the spectrum between 600 and 800 nm to the Planck radiation func-
tion (Anzellini & Boccato, 2020). The temperature uncertainty mainly results
from the temperature fluctuation upon the incipient melting and the fits to
experimental data with the gray body radiation theory (approximately 5% of
the measured temperature values) (Mori et al., 2017) (Figure 2). The pressure
was measured with the Raman shift of the diamond culet tip directly on top
of the laser-heating spot after melting experiments, and the pressure uncer-
tainty was determined by multiple measurements on the laser heating spot.
The thermal pressure was estimated following Zhang et al. (2016). Since the
thermal EOS parameters of Fe,N and Fe,N were not available from previous
studies, the thermal pressure contribution for iron nitrides was set to 5% per
1,000 K following Minobe et al. (2015).
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The electrical resistance values of the iron nitrides and Fe-N—C mixtures were measured following Ohm's law. A
constant current of 10 mA was supplied using a Keithley 2410 DC supplier, while the voltage across the sample
was measured with a Keithley 6221 nanovoltmeter. The electrical resistance was recorded during laser heating
with increasing laser power and the heating spot temperature was recorded simultaneously. The electrical resist-
ance at room temperature before laser heating was defined as R, and the relation between the temperature (T)
and high-temperature electrical resistance (R) can be obtained as the 7-R/R,. The melting temperature () was
determined at the onset of a sharp change in the 7-R/R,, slope, where an obvious jump would be observed in the
electrical resistance values.

2.3. High-Pressure Laser Raman Spectroscopic Measurements

The Fe,N samples were pre-pressed to 7-10 pm thick before being loaded into LHDACs with a culet size of
250-300 pm. Ar was loaded using the high-pressure gas loading system at HPSTAR, to serve as a pressure-trans-
mitting medium, while 5-10 pm diameter ruby spheres were adopted as pressure calibration. The pressure was
determined from the ruby fluorescence before and after each heating cycle. The sample was heated with addi-
tional laser power by ~5 W on both sample sides for ~3 s to surpass the melting temperature. High-pressure laser
Raman spectra of Fe;N were collected at room temperature using a Renishaw RM1000 Raman microscope at
HPSTAR. The green 532 nm wavelength laser was used to excite Raman signals with a power of 25 mW. The
spectral resolution was about +1 cm™! with a holographic diffraction grating of 1,800 lines/mm. Raman spectra
were collected at around 2,350 cm~! in a scan map of 5 X 5 pm before and after each run of laser heating. Such a
practice can greatly avoid the disturbance from both the fluorescence of the diamond anvil and N, in the air. The
scan time was typically 90 s for each Raman spectrum.

3. Results and Discussion
3.1. Reliability of the High-Pressure Melting Criterion

The electrical resistance jump, together with the relationship between laser power and temperature, was used as
the primary criterion to determine the onset of melting in this study (Figure 2). The resistance jump diagnos-
tics is sensitive since the sample resistance changes immediately in response to a tiny portion of melt by <1-2
vol% in the sample (Hou et al., 2021). Previous studies on iron melting illustrated the advantage of resistance
jump diagnostics, coupled with the high P-T techniques of diamond-anvil cell and resistive/laser heating (Basu
et al., 2020; Hou et al., 2021; Ohta et al., 2016; Sinmyo et al., 2019). An explanation for the resistance increase
during the onset of melting is that the loss of long-range order and positional disorder aggravates the scattering of
the conduction electrons in metallic iron (Basu et al., 2020; Hou et al., 2021). In addition, the deformation of the
partially molten sample and consequent changes in grain boundaries can further contribute to the resistance jump.
On the contrary, certain disadvantages are involved with traditional melting diagnostics that have been adopted
as the primary melting criteria of iron alloys under high pressures, such as melt flow, quench texture, temper-
ature plateau with increasing laser power, diffuse scattering in XRD patterns, X-ray absorption spectroscopy,
and synchrotron Mossbauer spectroscopy (Anzellini et al., 2013; Aquilanti et al., 2015; Boehler, 1993; Jackson
et al., 2013; Murphy et al., 2011; Nguyen & Holmes, 2004; Shen et al., 1998; Sinmyo et al., 2019; Williams
et al., 1991; Zhang et al., 2016). In general, these X-ray-based criteria need a certain fraction of liquid in the
detected area while melts tend to flow out during laser heating; accordingly, the melting temperature may be over-
estimated based on X-ray probes (Hou et al., 2021; Sinmyo et al., 2019). Other criteria including melt flow and
quench texture are inefficient or greatly dependent on personal judgment. Apart from melting criteria, the reli-
ability of melting determination is also affected by the sample geometry, heating methods, possible chemical
reactions, metrology, and the accuracy of pressure and temperature evaluation at high P-T conditions (Morard
et al., 2018).

Furthermore, apart from high sensitivity, the electrical resistance jump criterion shows high reliability. The
melting curve of Fe,N; measured in this work agrees well with the previous study by Kusakabe et al. (2019)
within uncertainty (Figure 3a). In the latter, the three methods including diffuse signal, temperature plateau with
increasing laser power, and XRD peak intensity reduction were adopted jointly as the melting criteria (Kusakabe
et al., 2019). The melting temperature values determined by the diffuse signal and temperature plateau with
increasing laser power agree well with each other, but a large discrepancy exists with the XRD peak intensity
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Figure 3. (a) Melting temperature of Fe;N, at high pressure. Melting temperatures (red squares) are obtained based on the
resistance jump criterion in this study. The melting curve of Fe;N, (the dashed curve) reported by Kusakabe et al. (2019)

was determined according to the diffuse signal, x-ray diffraction peak intensity reduction, and the discontinuity in laser
power versus temperature relation. (b) Melting temperature of Fe,C at high pressure. The resistance jump criterion is used

in this study (the solid and open squares). The solid squares represent the solidus temperature of Fe,C dehydrated in a
vacuum drying oven at 423 K for 4-12 hr while the open squares are the solidus temperature of Fe,C dehydrated in the air at
423 K for 3 hr. Dehydration in the air cannot remove all moisture, leading to the lower and divergent melting temperatures.
The dashed line is the eutectic melting temperature of Fe-Fe,C from Morard et al. (2017), and the solid line represents the
melting temperature of Fe;C from Liu et al. (2016). The intensity of the diffuse scattering was adopted as the primary melting
criterion in these two studies.

reduction criterion. The phase transition of e- to $-Fe,N, at 40 GPa and 1,000 K could cause discontinuity in
the high-pressure melting curve of Fe;N,. Therefore, the melting temperatures of Fe,N, below 40 GPa were not
discussed in this study with a focus on the high-pressure melting curve of p-Fe,N,. Moreover, high-pressure
melting experiments were performed on Fe,C with the resistance jump diag-
nostics. The solidus temperature of Fe,C measured in this study is lower by

3500

3000

2500

Temperature (K)

2000

1500

50-200 K than the previous work reported by Liu et al. (2016) (Figure 3b).
It should be noted that the solidus temperature of Fe,C from Liu et al. (2016)
may be slightly overestimated since the integrated intensity of diffuse scat-
Geotherm tering signals from the liquid was used as the primary melting diagnostics. A
certain amount of liquids at higher 7, rather the onset of melting with lower
T, is needed in these x-ray relevant criteria. In brief, the relatively consistent
melting temperature between our results and the previous studies validates

the reliability of the resistance jump criterion in this study.

3.2. High-Pressure Melting of Iron Nitrides

¢+ Fe,N
¢ Fe;N

20

60 80 100 120 140
Pressure (GPa)

Figure 4. The melting curves of iron nitrides at high pressure. Black, blue,
and red solid diamonds are the melting temperatures of: Fe;N, Fe,N, and
Fe,N,, respectively, in this study. Open diamond: Fe,;N (Litasov et al., 2017).
Red, blue, black, green, yellow, cyan, and purple lines are the melting curves
of Fe,;N, (Kusakabe et al., 2019), FeSi (Lord et al., 2010), Fe (Anzellini

et al., 2013; Hou et al., 2021), FeO (Fischer & Campbell, 2010), FeS
(Boehler, 1992), FeH, (1 < x < 2) (Hirose et al., 2019), and Fe,C (Liu, Lin,
et al., 2016), respectively. The shade area (light blue) is the present-day

geotherm (Katsura et al., 2010).

Melting temperatures were determined for iron nitrides (Fe,N, Fe,N, and
Fe,N;) up to 80 GPa (Figure 4). In general, the melting temperatures of iron
nitrides increase from 1,500 K, 20 GPa to 2,500 K, 80 GPa. The melting
temperatures of all the three iron nitrides are comparable within uncertainties
in temperature and linearly correlated with pressure. Therefore, all the melt-
ing temperature data could be fitted to the same Simon—Glatzel equation:
T = To[l + (P — Py)/a]"/¢ with P, = 40 GPa (fixed), Ty = 1,826 + 13 K,
a=062+13,and ¢ = 1.5 + 0.3 (Simon & Glatzel, 1929). The melting curve
of the iron nitrides in this study is comparable to that of Fe,N, reported by
Kusakabe et al. (2019).

Our high-pressure melting experiments reveled the uncorrelation between
nitrogen concentration and melting temperatures for iron nitrides. Similar
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2700 phenomena were also reported for the electrical and thermal conductivity of
iron nitrides, which are negligibly affected by nitrogen concentration under
— high pressures (Zhuang et al., 2021). This is related to similar atomic struc-
X 2500 tures of iron nitrides, where iron atoms are close-packed while octahedral
p sites are occupied by nitrogen atoms. However, the phase diagram of the
‘E 2300 Fe-N binary system has not been well investigated under high pressures
8 (Gohring et al., 2016). Therefore, it remains an open question whether other
€ Fe—N compounds with much lower or higher nitrogen concentrations have
-g 2100 comparable melting temperatures.
_'5 The eutectic melting temperature of the Fe—-N system is ~1,580 K with a
g 1900 nitrogen content of ~3-4 wt.% at ambient pressure (Du, 2007). However,
neither the eutectic composition nor eutectic melting temperature under high
1700 | | | | pressures has been investigated yet. Considering the similarity in geochem-

30 40 50 60 70 80
Pressure (GPa)

Figure 5. Melting temperature of Fe—C, Fe-N, and Fe—~C-N systems under
high pressure. Black circles and blue squares are the melting temperature

of Fe,C and Fe,N;, respectively. The red solid diamonds are the melting
temperature of the compounds of Fe,C and Fe,N,. The black and gray solid
curves represent the solidus of Fe,C at high pressure from Liu et al. (2016)
and Takahashi et al. (2020), respectively. The black and gray dashed curve
represent the eutectic melting of Fe-Fe,C from Liu et al. (2016a) and Morard
et al. (2017), respectively. Generally, the solidus data of Fe,C obtained in
this study is lower than those based on X-ray diagnostics, confirming the
sensitivity of the resistance jump melting criterion. The discrepancies in the
melting temperatures are marginal in the two studies of Fe-Fe,C eutectic
system. However, large discrepancies exist between the two studies on Fe,C,
which may result from the use of different melting diagnostics.

ical properties of carbon and nitrogen, it is beneficial to compare the
high-pressure melting behavior between the Fe—N and Fe—C systems (Huang
et al., 2021; Sagatov et al., 2019). Although it remains controversial for the
eutectic composition of 1.5 or 3.0 wt.% C in the Fe—C system, high P-T exper-
iments reached almost the same melting temperatures (Fei & Brosh, 2014;
Liu, Li, et al., 2016; Lord et al., 2009; Morard et al., 2017). In particular, the
melting curves of Fe,C and the Fe-C eutectic system are indistinguishable
within temperature uncertainties (Figure 5) (Liu, Li, et al., 2016; Liu, Lin,
et al., 2016). By analogy to Fe—C system, it could be inferred that the eutectic
melting temperature of Fe-N system may like those of iron nitrides under
high pressures.

3.3. Melting of the Fe-N-C System

Nitrogen is likely to exist in iron carbonitrides and nitrides in the deep mantle
(Kaminsky & Wirth, 2017; Marty, 2012; Sokol et al., 2017). It is thus neces-
sary to know how the melting behavior of the Fe-N system changes in the

presence of carbon. The melting temperatures of the Fe,C-Fe,N, mixture were measured between 40 and 70 GPa

(Figure 5). A weak reduction was observed in the Fe-N-C system with respect to the melting temperatures of

Fe,C and Fe N, under high pressures. Moreover, previous thermodynamic simulations predicated the addition

of 0.5 wt.% carbon would not noticeably reduce the melting temperature of the Fe-N system at ambient pres-

sure (Du, 2007). Later, high P-T experiments on the Fe-Fe,C-Fe,N system suggested that nitrogen solubility in
Fe,C is limited to 0.5 wt.% up to 7.8 GPa and 1,623 K, while considerable carbon could be dissolved in Fe,N
(Sokol et al., 2017). The subsolidus phase sequences with increasing nitrogen are y-Fe—y-Fe + Fe;N—Fe,N and

Fe,C—Fe,C + Fe;N—Fe;N for the Fe-N and Fe-N-C systems, respectively. However, the difference in the melt-

ing curves between the Fe—N and Fe—-N—C systems has not been studied yet. Some clues could be derived from

other Fe-X-Y ternary systems, such as Fe,, ;;Si, 5,C, 4, and Fe,,OgS, (the subscript values in the unit of wt.%)

(Huang et al., 2010; Miozzi et al., 2020). The melting curve of Fe,, ;,Si, 5,C, 4, is comparable to that of FeC, i,

but much lower than that of the Fe-Si eutectic composition. The melting curve of Fey O,S, is mostly comparable

to that of FeS, but much lower than that of FeO under mantle pressures. In other words, the melting temperature

of the Fe—X-Y ternary system is generally lower than that of both Fe—X and Fe—Y binary systems. In this study,

the melting temperatures of the Fe-N—C system are mildly lower than both the Fe—N and Fe—C systems.

3.4. N, Degassing out of Molten Iron Nitride at Low Pressure

Raman signature of N=N was observed in the quenched Fe,N samples at pressures less than 12 GPa (Figure 6). It
demonstrated the degassing of N, out of Fe;N liquid at low P and high T. N, was no longer detected at pressures
greater than 12 GPa, which can be ascribed to the increasing solubility of nitrogen in iron-rich liquids with increas-

ing pressure (Speelmanns et al., 2018). Based on the model of nitrogen solubility in metallic melts as a function
of pressure and temperature, the Fe;N melt (with 7.7 wt.% N) would not degas under pressures above 8.5 GPa
(Speelmanns et al., 2018). This discrepancy may be caused by different oxygen fugacity between LHDAC and
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Intensity (a.u.)

N=N

*

A 3 GPa

multi-anvil experiments. Alternatively, a small amount of carbon might have
diffused into the Fe-N melts from the diamond anvils during laser heating,
ANNASN N which might decrease the solubility of nitrogen in iron-rich metallic liquids.

Furthermore, the immiscible nitrogen-rich liquid was reported in the
Fe—C-N liquids (Liu et al., 2019). The solubility of nitrogen in metallic melts
is controlled by P, T, and alloying composition (Speelmanns et al., 2018).
In detail, the increasing pressure elevates the solubility of nitrogen in iron-

* 9 GPa

rich metallic liquids, while the effect of increasing temperature is slightly
negative. Silicon and carbon occupy the same interstices as nitrogen in iron-
6 GPa rich liquids; subsequently, Si and C perform as competitors and their pres-
ence would lower the solubility of nitrogen (Speelmanns et al., 2018; Stein
& Hucklenbroich, 2004). On the contrary, sulfur hardly affects the solubility
of nitrogen and the effect of coexisting oxygen is still controversial (Libourel
et al., 2003; Speelmanns et al., 2018). Interestingly, the presence of sulfur can
greatly minimize the solubility of carbon in iron-rich metallic liquids (Tsuno
& Dasgupta, 2015).

2320

2340

2360 2380

Raman shift (cm™) 4. Implications

Figure 6. Representative Raman spectra of N, degassing from Fe,N at high N-H species have long been considered the predominant reservoir of nitro-
P-T conditions. Spectra are obtained on quenched samples after heating gen in the mantle (Mysen, 2019; Sokol et al., 2020). However, the present
up to ~2,000 K. The asterisks indicate the peak of N=N. No more N, is Earth's mantle is under relatively reduced conditions with 0.1-1 wt.% Fe

degassed out from Fe;N melts at higher pressure due to the increasing nitrogen
solubility in iron-rich melt with increasing pressure.

alloys saturated below ~250 km that could react with N-H species to form
iron nitrides and carbonitrides (Frost et al., 2004; Rohrbach et al., 2011).
Given the moderately siderophile nature of nitrogen under mantle P-7 condi-
tions, a large portion of nitrogen may exist in the form of iron nitrides in the
BSE, as evidenced by the observation of iron nitrides and carbonitrides inclusions in deep diamonds (Kaminsky
& Wirth, 2017). In this study, the ultralow melting temperatures of the Fe-N-C system and low-pressure N,
degassing of iron nitride liquids can be integrated to shed light on the redistribution and cycling of deep nitrogen
and carbon through geologic time.

The presence of roaldite (Fe,N) in taenite implies that nitrogen is heterogeneously distributed and locally satu-
rated in some iron meteorites (Sugiura, 1998). However, the nitrogen concentration of the BSE is relatively lower
with respect to chondrites. Degassing of iron nitrides from differentiated impactors plays an important role in
nitrogen accretion on Earth. During impact events, the collision heat could be able to melt iron nitrides in mete-
orites, as well as form local or even global magma oceans. The metallic core of small impactors could be emul-
sified and iron nitrides or nitrogen-saturated iron alloys therein likely underwent N, degassing at shallow depths
(Nimmo & Kleine, 2015). The coexistence of carbon, silicon, and nickel in Fe-rich melts might further reduce the
nitrogen solubility and promote N, degassing upon impacts (Liu et al., 2019; Speelmanns et al., 2018). It is noted
that the metallic cores of large impactors may merge into the core of the proto-Earth rapidly without metal-silicate
chemical equilibrium, which could not decrease the N content in the primitive mantle.

Interestingly, the ultralow melting temperatures imply that iron nitrides are molten at depths of <1500 km in the
mantle according to the present-day geotherm (Katsura et al., 2010). This controls the distribution and cycling
of nitrogen in the BSE. Nitrogen should be largely hosted in the form of ammonium (NH,*) in the oxidized
crust and upper mantle, whereas iron nitrides and carbonitrides could become major hosts for deep nitrogen
in the mantle transition zone and the lower mantle due to the oxygen fugacity decreasing with depth (Frost &
McCammon, 2008). Considering the limited metal content in the mantle and its high dihedral angle, neither
percolation, diapirs nor melt-filled cracks would be active for the descending molten iron nitrides (Mao &
Mao, 2020; Rohrbach & Schmidt, 2011; Shi et al., 2013; von Bargen & Waff, 1986). Alternatively, subducting
slabs could provide a passage for isolated droplets of molten iron nitrides to sink to the lower mantle (Figure 7).
Notably, nitrogen is less likely to be efficiently transported back to the shallow mantle via mantle plumes because
iron nitrides would re-melt at depths of <1,500 km. The low-melting behavior of iron nitrides may lead to a
nitrogen-depleted upper mantle, together with a nitrogen-enriched lower mantle. This mechanism may be not
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Figure 7. Schematic diagram of the two-stage model. The left part shows the first stage when impact events take place.
Considerable N, is released from heated iron nitrides while carbon is hosted in diamond in the mantle. The right part shows
the second stage when mantle cycle takes place. Apart from the shallow circulation of nitrogen and carbon in the subduction
zones. Considerable carbon is transferred upwards to the upper mantle while nitrogen exists in Fe-N system which cannot be
easily transferred upwards due to the high density. The light drops and cubes indicate that nitrogen existing in liquid and solid
phases, respectively.

applicable to deep carbon cycling in the mantle due to the higher melting temperature of iron carbides (Liu, Li,
et al., 2016) and the enhanced mobility of carbon as a result of redox melting and freezing of mantle carbon (Fei
& Stagno, 2020; Rohrbach & Schmidt, 2011). The difference of melting temperatures between Fe-N and Fe-C
systems alters the cycling paths of deep nitrogen and carbon, resulting in heterogeneous distribution of carbon
and nitrogen throughout the mantle.

5. Conclusions

The novel resistance jump criterion was used to investigate the melting behavior of iron nitrides and the Fe—N-C
system under high pressures. The melting curves of Fe,N, Fe,N, and Fe,N, are comparable and almost linearly
correlated to pressure at 20-80 GPa. Nitrogen concentration seems to barely affect the high-pressure melting
curves of iron nitrides. The ultralow melting temperatures of iron nitrides indicate that subducting nitrogen could
be transported downwards and accumulate in the lower mantle. On the other hand, N, could be separated from
iron nitride melts at relatively lower pressures (<12 GPa for Fe;N liquid). The low melting temperature of iron
nitrides at 20-80 GPa, together with the N, degassing of Fe—N melts at lower pressures, could play important
roles in the accretion, distribution, and cycling of nitrogen on Earth through time and space.

Data Availability Statement

Datasets for the high-pressure experimental measurements are available at the link (https://zenodo.org/
record/5206109).
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