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Abstract
Nitrogen is the most abundant element in the Earth's atmosphere, yet its geochemical behavior and distribution among the 
various reservoirs (atmosphere, crust, mantle, and core) remain poorly understood. Although estimates of N and C fluxes 
in the mantle vary, there is a consensus regarding the disparity between input and output, leading to an increase in N and 
C contents in the mantle. The low solubility of N in mantle minerals raises questions about possible N or C storage in the 
mantle. Evidence suggests that Fe–N–C phases, such as Fe3C, Fe7C3, ε-Fe3N, metals, and non-stoichiometric carbonitrides, 
may be accessory phases at mantle pressure and temperature conditions, and thus potential hosts of C and N in the deep 
mantle. To investigate the phase relations and melting behavior in the (Fe,Ni)–N–C system, 19 experiments were conducted 
with varying starting compositions at 10 GPa and 1000–1400 °C. The results indicate that carbides, nitrides, carbonitrides, 
nitrocarbides, Fe(Ni)-metal, Fe-oxides, and diamond are stable at deep upper mantle pressure conditions. However, the 
compositions of naturally occurring nitrocarbides with high C and N contents, as found in diamond inclusions, could not be 
reproduced in the experiments. The significant incorporation of Ni in the experimental phases, which is also not observed 
in natural carbonitrides and nitrocarbides, suggests their formation in Ni-poor regimes. The solidus temperatures of the N- 
and C-rich systems are well below the adiabatic temperatures of the surrounding mantle. Therefore, it is hypothesized that 
cold regions in subduction zones, such as within or at the edge of a C- and N-rich subducted plate, are the likely formation 
environment for solid Fe–C–N phases.
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Introduction

Nitrogen (N) and carbon (C) are highly volatile elements that 
are commonly associated with the Earth's atmosphere and 
crust, and hence, have a profound impact on the habitability 
and evolution of the biosphere. Understanding the abun-
dance and cycling of these elements on Earth is, therefore, 
an important subject in modern geochemistry (Dasgupta and 
Hirschmann 2010; Halama et al. 2014; Halama and Bebout 
2021; Johnson and Goldblatt 2015; Marty 2012).

Nitrogen gas is relatively unreactive due to the strong 
N–N bonding, and hence most of the N partitions primarily 
into the atmosphere (White 2013). However, although the 
atmosphere consists of approximately 78% N2, the Earth's 
mantle is the primary N reservoir in terms of mass, the lat-
ter of which contains about 57% of the global N, followed 
by the atmosphere (27%) and the continental crust (14%) 
(Goldblatt et al. 2009; Ni and Keppler 2013; Palya et al. 
2011). Note that the uncertainties of N concentrations in the 
mantle vary significantly through different studies but the 
overall trend of the mantle to host the majority of global N 
is accepted. However, the N concentrations in these reser-
voirs have changed significantly over geological timescales 
due to the coupling of biological and geological N-cycles 
(Bebout et al. 2013). Ammonium (NH4+) can be incorpo-
rated in K-rich silicates, such as clay minerals, mica, or feld-
spars (Yang et al. 2022), where K+ is substituted by NH4

+ 
(Jackson et al. 2021b; White 2013), and this is an effective 
mechanism that transfers N from the biological into the geo-
logical cycle. The subsequent sedimentation and subduction 
of N-bearing silicates results in the development of N-rich 
fluids and further N subduction into the deep upper or even 
the lower mantle (Fukuyama et al. 2023). Although different 
N fluxes between reservoirs have been calculated in previ-
ous studies, there is general agreement that N flux into the 
Earth's mantle is significantly higher than the N flux out of 
the mantle (e.g., Halama et al. 2014; Sano et al. 2001).

Carbon also plays a key role in the habitability of Earth 
as it is the main constituent of living organisms, it affects 
the global climate, and also tectonics in the crust (Fischer 
et al. 2020). Similar to N, C cycling is also unbalanced in 
terms of flux into and flux out of the mantle (Dasgupta 
2013; Dasgupta and Hirschmann 2010; Halama and Bebout 
2021), and hence a C-rich reservoir has been proposed 
which is not influenced by oceanic volcanism (Dasgupta 
and Walker 2008). Most estimates of C concentration in the 
bulk silicate Earth (BSE) are in a range of 100–260 ppm 
(Hirschmann 2018; Marty et al. 2020; McDonough and 
Sun 1995), while estimations of average mantle C are in 
the same order of magnitude, i.e., 20–300 ppm; (Javoy and 
Pineau 1991; Marty and Tolstikhin 1998; Saal et al. 2002; 

Trull et al. 1993; Zhang and Zindler 1993) increasing with 
depth to 117–669 ppm (< 200 km; Aiuppa et al. 2021). Due 
to the low solubility of C in silicate mantle minerals, such 
as olivine, enstatite, diopside, pyrope, and spinel, (Keppler 
et al. 2003; Shcheka et al. 2006), C in the mantle is probably 
stored mainly in accessory mineral phases such as Ca- and 
Mg-carbonates in the upper mantle and as diamond in the 
more reduced deeper mantle (Bulanova and Zayakina 1991; 
Dasgupta and Hirschmann 2010; Rohrbach and Schmidt 
2011; Stagno et al. 2013) depending on the given P–T con-
ditions. Furthermore, C can be stable as Fe3C or Fe7C3 in 
ultra-reduced mantle domains (Dasgupta and Hirschmann 
2010; Frost and McCammon 2008; Lord et al. 2009; Rohr-
bach et al. 2014; Sokol et al. 2017b).

The imbalance between the flux into and flux out of 
the mantleof both C and N, and the low solubility of both 
elements in silicate mantle minerals (Keppler et al. 2003, 
2022; Li et al. 2016; Shcheka et al. 2006; Yokochi et al. 
2009; Yoshioka et al. 2018), leads consequently to a deep 
hidden reservoir of C- and N-bearing phases that may be 
progressively enlarged by subduction over geologic time. 
Natural evidence for possible N and C storage in the deep 
Earth are Fe–N–C phases that have been found as inclusions 
in sublithospheric diamonds (Kaminsky and Wirth 2011, 
2017). While all natural diamonds contain N as impuri-
ties and are classified based on their N contents into Type I 
(> 1‑2 ppm) and Type II (< 1–2 ppm) (Mikhail and Howell 
2016), which are a result of structural defects (Ashfold et al. 
2020), mineral inclusions in super-deep diamonds from Rio 
Soriso (Brazil) show that C and N can also be stored in the 
Earth's deep mantle as carbides, carbonitrides, and nitrides 
(Kaminsky and Wirth 2017). Diamonds from the Juina 
region in Brazil also contain inclusions of iron-carbides 
with 7.3–9.1 at% N coexisting with graphite, magnetite, and 
native iron (Kaminsky and Wirth 2011). Other diamonds 
from the same region have inclusions of microcrystalline, 
polymineralic aggregates with nitrocohenite Fe3(C,N), 
nitrochalypite Fe7(C,N)3, or Fe2(C,N), and nitroyarlon-
gite Fe9(C,N)4 (Kaminsky et al. 2015). Moreover, trigonal 
Fe3(N0,8C0,2)1,38, a synthetic carbonitride that has previously 
been synthesized in the laboratory (Leineweber et al. 2001), 
has also been found as a natural inclusion in diamond and 
this phase contains 17.5 at% N and has a N/(C + N) ratio of 
0.74 (Kaminsky et al. 2015). Therefore, there is profound 
evidence from natural samples that iron carbides, nitrocar-
bide/carbonitride, and metal melts may be stable phases at 
mantle conditions.

In this study, we investigate the stability field and a possi-
ble formation regime of Fe–N–C inclusions in diamonds, by 
conducting experiments at 10 GPa and temperatures between 
1000 and 1400 °C.
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Experimental and analytical methods

Starting materials

Starting materials were prepared by mixing high-purity 
Fe2–4N iron nitride with pure graphite, Ni-metal, and Fe-metal 
(Alfa Aesar GmbH, Germany). Fe-nitride starting powder was 
previously analyzed by X-ray powder diffraction and consists 
of pure Fe2N, Fe4N, and Fe2–3N. To characterize the exact N 
content of the Fe2–4N starting material powder, we conducted 
an experiment (PPMA5.2) with only Alfa Aesar Fe2–4N, as 
further calculations of starting materials required accurate 
knowledge of N content in the powder. Nitrogen content in 
the mixtures (Table 1) was controlled by recalculating starting 
compositions and adding metallic Fe to the Fe2–4N powder, 
while C was varied by adding pure graphite. All starting mate-
rials were stored in a desiccator to prevent oxidation of metal 
ingredients. Starting compositions were homogenized using 
an agate mortar with acetone for at least 20 min. Leftover 
acetone was evaporated by storing the mixture under a red 
light lamp for ~ 15 min. Although the starting materials were 
stored in a desiccator, a small fraction of iron reacted with 
oxygen and produced small amounts (~ 1–3%) of wüstite.

High‑pressure experiments

All experiments were performed in a 1000 t walker-type 
multi-anvil apparatus at the Institute of Mineralogy, 

University of Münster. We used a 14/8 assembly that con-
sists of Cr-doped MgO octahedra (14 mm edge length; 
Ceramic substrates), stepped LaCrO3 (Hamasho Corpora-
tion, Japan) furnaces, and pyrophyllite (Wonderstone Ltd, 
South Africa) gaskets. The assembly was calibrated using 
solid-state mineral phase transformations as described by 
Wijbrans et al. (2016). Polycrystalline crushable Al2O3 cap-
sules (TKF Technische Keramik Frömgen GmbH, Germany) 
were used for 1000 °C experiments, while high-temperature 
runs (1400 °C) were performed in MgO single crystal cap-
sules (Korth Kristalle GmbH, Germany). The starting mate-
rial powders were carefully pressed into the capsules. Most 
experiments were run with two capsules stacked on top of 
each other centered in the hot zone of the furnace.

The temperatures were measured using W–Re (type-C) 
thermocouples (WHS Sondermetalle GmbH & Co. KG) 
placed directly in contact with the top of the capsule. All 
experiments were heated to about 900 °C as quickly as possi-
ble, i.e., within a few seconds, by closing the current circuit 
at a previously adjusted operation power. Once the experi-
ment stabilized after a few minutes, it was heated more 
slowly at about 100°/min to the target temperature. During 
all experiments, temperature was controlled by a Eurotherm 
2404 (Schneider Electric GmbH, Germany) controller. Tem-
perature variations were generally less than ± 3 °C during 
all runs. Samples were quenched by turning off the power 
supply resulting in a temperature decrease to below 500 °C 
within 1 s.

Table 1   Experimental 
conditions and starting material 
compositions

Run Temp/°C Time/h Starting material composition/at%

C N Ni Fe

PPMA5.1/MA448 1400 48 – 22.2 – 77.8
PPMA5.2/MA448 1400 48 – 23.3 – 76.7
PPMA7.1/MA459 1000 48 10.3 20.9 – 68.8
PPMA7.2/MA459 1000 48 – 20.0 – 80.0
PPMA9.1/MA468 1000 48 – 16.5 – 83.5
PPMA9.2/MA468 1000 48 – 18.0 – 82.0
PPMA10/MA471 1400 3 – 18.0 – 82.0
PPMA12MA473 1400 3 8.2 5.2 – 86.6
PPMA13/MA474 1000 48 8.2 5.2 – 86.6
PPMA15.1/MA485 1000 25 9.7 11.7 – 78.7
PPMA15.2/MA485 1000 25 – 10.8 – 89.2
SIM1.1/MA481 1000 24 14.9 10.0 15.0 60.1
SIM1.2/MA481 1000 24 7.6 7.5 42.5 42.4
SIM2.1/MA487 1000 24 25.0 10.0 6.6 58.4
SIM2.2/MA487 1000 24 – 10.0 45.0 45.0
SUS1.1*/MA483 1000 24 13.5 – 13.9 72.7
SUS1.2*/MA483 1000 24 28.1 – 4.6 67.7
SUS2.1*/MA486 1000 24 12.5 10.5 – 76.0
SUS2.2*/MA486 1000 24 10.0 6.0 – 83.0
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Analytical methods

The entire octahedron was mounted in two-component 
epoxy resin to investigate possible leaks of the capsules or 
deformation of the whole setup. Mounts were polished for 
scanning electron microscopy (SEM) and electron probe 
microanalysis (EPMA) using 0.25  µm polycrystalline 
diamond spray and ethanol. Polished samples were pre-
cleaned in an ultrasonic bath with petroleum ether before 
cleaning them in a plasma cleaner using an Ar-plasma. 
Cleaned samples were coated with a 10 nm iridium layer 
and stored in a desiccator until analysis. Textural observa-
tions were done with a JEOL JSM 6510LA SEM (tungsten 
filament) using 20 kV acceleration voltage. For chemical 
analysis, a JEOL JXA 8530F Electron Microprobe was 
used (e.g. (Flemetakis et al. 2020). As reference materials, 
“Astimex” BN, nickel- and iron-metal, and “Plano” Fe3C 
were measured. Samples were measured at 15 kV accelera-
tion voltage and 15 nA beam current. For the N measure-
ments, the position of the peak and the background were 
calibrated by several measurements on a boron nitride 
(BN) standard. Quantitative analyses were performed 
using a defocused electron beam of 5–10 µm diameter.

To reduce carbon contamination in the sample chamber, 
a liquid-N cold trap was used instead of an N-containing 
air plasma, as the latter can form a Fe–N coating on the 
surface (Ertl et al. 1979), which would lead to errors in the 
N measurements. However, the build-up of carbon con-
tamination cannot be prevented. Thus, all analyses were 
corrected for C blank signal which has been determined 
by a linear fit of C Kα count rates on a set of pure Fe- and 
C-references steels vs published C-contents. All EPMA 
parameters, including standards and carbon standard blank 
runs, are given in Table 3 and 4 in the Supplementary 
Information. The matrix corrections were made accord-
ing to the φ(ρz) procedure outlined by (Armstrong 1991).

In addition, an electron-transparent lamella was pre-
pared at the grain boundary between two phases from 
sample PPMA15.1 using a Zeiss CrossBeam 340 Focused 
Ion Beam (FIB)–SEM system at the Münster Nanofabri-
cation Facility (MNF). Lamella extraction was performed 
using 30 kV Ga+ ions applying standard FIB protocols. 
The final lamella was thinned to electron transparency 
with progressively lower beam energies down to 2 kV 
to reduce amorphization layers. Transmission Electron 
Microscopy (TEM) investigations were performed on an 
image-corrected ThermoFisher Scientific TITAN Themis 
G3 60–300 at the University of Münster, operated with an 
acceleration voltage of 300 kV. The TEM is equipped with 
a high-brightness field emission gun (X-FEG), a Wien-
filter-type monochromator, a four-quadrant silicon-drift 
EDX detector (SuperX technology), a Fischione Model 
3000 high-angle annular darkfield (HAADF) detector for 

Z-contrast imaging, a fast CMOS camera (Ceta 4 k x 4 k), 
and a post-column Gatan Quantum 965 electron energy 
loss spectrometer. We analyzed the samples by conven-
tional brightfield (BF), high-resolution (HR) imaging, and 
selected area electron diffraction (SAED) to document the 
mineralogy, texture, and crystallography of studied sam-
ples. Chemical quantification was carried out by energy-
dispersive X-ray (EDX) and electron energy loss spectros-
copy (EELS) in scanning TEM (STEM) mode.

Results

Textural observations

The results of all experiments are listed in Table 2. All 
phases from successful experiments show intact capsules 
without leakage or diffusion of elements into the capsule 
material. All phases are not zoned and are chemically 
homogenous within the analytical uncertainties. Variations 
in backscatter electron (BSE) contrast are observed in several 
experiments, although the EPMA analyses show that these 
phases are chemically identical (sample PPMA#005; Fig. 1 
in Supplementary Information). This effect is interpreted as 
electron channel contrast that is known to depend on crystal 
orientation (Weidner and Biermann 2015). Smaller angles 
between the primary electron beam and the crystal lattice 
lead to smaller backscattered electron coefficients, since 
the primary electrons that penetrate deeper into the sample 
material are scattered further, and thus fewer electrons can 
leave the sample, resulting in an overall patchy texture (Wei-
dner and Biermann 2015). As all single-phase experiments 
at the Fe–N site of the pseudoternary diagram reveal the 
same composition before and after the experiment, we see no 
indication of N loss during the runs. Conversely, phase com-
positions shown in Fig. 5 appear rather N enriched relative to 
the respective starting composition, because minor amounts 
of FeO formed in all experiments (see Fig. 5). Since metal 
melts do not quench to homogeneous phases (e.g. Kurz and 
Fisher 1998), textural observations were used to determine 
whether the phases were molten or solid at high P and T. 
The molten experiment with high carbon content (PPMA12) 
unmixes upon cooling into a metal and a carbide phase, 
often with a finely lamellar ‘spinifex-like’ texture (Fig. 1c). 
Sub-solidus experiments, on the other hand, show either a 
single phase with a slightly patchy texture (Fig. 2 in Sup.) or, 
in the case of multiphase experiments, granular textures with 
well-developed 120° equilibrium grain boundaries (Fig. 1d). 
The solidus at 10 GPa pressure in the pure ε-FexN system 
is > 1400 °C, since no quench textures were observed in the 
1400 °C experiments. However, the Fe–N–C phases were 
fully molten at 1400 °C (at 10 GPa pressure) but showed no 
evidence of melting at 1000 °C.
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Structural observations

TEM investigations reveal additional information about 
structural and chemical properties and sub-µm textures of the 
respective phases. Figure 2a shows an overview of the FIB 
lamella with two different phases (Fe3C and “carbonitride”) 
using bright field (BF) imaging. The carbonitride consists of 
at least three grains in different orientations clearly visible 
by strong and variable diffraction contrast with abundant 
dislocations (Fig. 2b) which are common in high-pressure 
experiments (e.g. Rubie 1999). The dislocations are also 
visible by HR imaging, but all phases have in general well-
developed crystal lattices (Fig. 2c). Dislocations are a com-
mon phenomenon in HP experimental run products and also 
decorate grain boundaries between different carbonitride 
grains and to the carbide. Such dislocations have also been 
documented in carbonitride grains in diamond inclusions 
(Kaminsky and Wirth 2011). EELS as well as EDX analyses 
of chemical compositions were acquired from both Fe3C and 
the carbonitride. EELS measurements reveal Fe/C = 3 with 
very little N for cohenite also visible in extracted spectra 
(Fig. 2d), while EDX spectra show higher N contents with 
N/(N + C) ~ 0.19. The absolute N content of the carbide is ~ 1 
wt.% by EDX, which is the reason why we do not see a 
strong N–K edge in EEL spectra. For the carbonitride, EDX 
analyses give N/(N + C) ~ 0.74, which is within the range 
of the composition of synthetic carbonitride described in 
previous work of N/(N + C) ~ 0.8 (Leineweber et al 2001). 
We did not quantify Fe/(N,C) ratios, because, due to matrix 
effects, light elements, such as N and C, in relation to Fe, are 
strongly underrepresented in EDX measurements, because 
theoretical k-factors are not reliable in samples of unknown 
thickness and high-Z (i.e., mainly Fe) matrix. In general, our 
TEM analyses confirm results by EMPA (Tab. 2). However, 
N contents are apparently more variable on a sub-µm scale 
than observed by electron microprobe.

Subsequently, both phases were also analyzed by selected 
area electron diffraction (SAED) analyses. SAED patterns 
of the two phases can be indexed to clearly distinct zone 
axes of cohenite (Fe3C) (Fig. 2e) and a non-stoichiometric 
carbonitride (Fe3(N,C)1.395) known from synthesis experi-
ments (Leineweber et al. 2001) and as diamond inclusions 
(Kaminsky and Wirth 2011) (Fig. 2f). For the Fe3C phase, 
measured d values of 0.51 nm and 0.21 nm fit well to (100) 
and (031) planes, respectively, of the cohenite structure 
(Fig. 2e), while for the second phase, measured d values of 
0.44 nm and 0.23 nm correspond to (001) and (2–10) planes, 
respectively, of the carbonitride structure (Fig. 2f).

The ε‑Fe3N phase

The ε-FexN phase is often referred to as ε-Fe3N, indicating 
a stoichiometric phase with a constant Fe–N ratio, such as Ta

bl
e 

2  
(c

on
tin

ue
d)

Ex
pe

rim
en

t
T

Ti
m

e
n

W
t%

A
t%

(°
C

)
(h

)
C

N
N

i
Fe

To
ta

l
C

N
N

i
Fe

To
ta

l
N

/[C
 +

 N
]

Ph
as

e

SU
S2

.2
M

A
48

6
10
00

24
21

1.
27

 ±
 0.

11
4.

26
 ±

 0.
12

n.
a

92
.4

9 ±
 0.

1.
46

99
.2

5.
07

 ±
 0.

43
14

.6
1 ±

 0.
51

n.
a

79
.5

1 ±
 1.

89
10

0
0.

74
C

ar
bo

ni
tri

de

7
6.

56
 ±

 0.
22

0.
06

 ±
 0.

06
n.

a
93

.0
5 ±

 1.
72

10
0

24
.6

1 ±
 0.

68
0.

20
 ±

 0.
18

n.
a

75
.0

2 ±
 0.

79
10

0
0.

01
C

ar
bi

de

A
ll 

ex
pe

rim
en

ts
 w

er
e 

ru
n 

at
 a

 p
re

ss
ur

e 
of

 1
0 

G
Pa

, T
 te

m
pe

ra
tu

re
, t

 ti
m

e/
ho

ur
s, 

At
%

 at
om

 p
er

ce
nt

, W
t%

 w
ei

gh
t p

er
ce

nt
, n

 =
nu

m
be

r o
f a

na
ly

se
s w

ith
 E

PM
A

, n
.a

. n
ot

 a
na

ly
ze

d,
 n

.d
. n

ot
 d

et
ec

te
d



Contributions to Mineralogy and Petrology (2024) 179:3	

1 3

Page 7 of 14  3

Siderazot (Fe3N1.33) or Roaldit (Fe4N). In the ε-FexN struc-
ture, the Fe atoms are hexagonal close-packed and the N 
atoms occupy the octahedral sites of the Fe atomic frame-
work. However, the occupation of the octahedral sites per-
pendicular to the c axis is variable; in the case of ε-Fe3N, 
every third octahedral site is occupied by N, resulting in an 
increase in the volume of the unit cell (Jack 1952), creating 
more space for N atoms, which accounts for the large vari-
ability of N in the ε-FexN phase (see Fig. 3).

In agreement with structural studies (Ågren 1979; Frisk 
1987; Göhring et al. 2016; Jack 1952; Stein et al. 2013) of 
the ε-FexN phase, our experimental results reveal a large 
variability of N in the ε-Fe3N Phase (Tab. 2) indicating 

that ε-FexN is also non-stoichiometric at high-pressure and 
high-temperature conditions. Experiments with coexisting 
diamond and ε-Fe3N show that the carbon solubility in the 
ε-Fe3N phase at these conditions is 6.47 ± 0.4 at% (Tab. 2). 
In contrast, nitrogen solubility in Fe-carbides is rather low, 
and therefore, N does not act as a significant alloying ele-
ment. The solubility of nitrogen in Fe7C3 is 1.19 ± 0.37 at% 
(PPMA7.1) and < 1 at% in Fe3C (SUS2.1).

Experiments containing Fe-metal and ε-Fe3N in equilib-
rium were conducted either with or without Ni to investigate 
the influence of Ni on the respective phase stability fields. 
Increasing Ni content affected the Fe–N side of the ternary 
phase diagram by opening the two-phase field of Fe–Ni 

Fig. 1   SEM images of subsolidus (except c) run products showing 
all coexisting phases. All experimental results contain wustite grains 
indicating a redox state near the Fe–FeO buffer system. a Second-
ary electron image of Sample PPMA#007.1 with diamond, carboni-
tride (Fe9(N0,64C0,18)4) and Fe7C3. b  Backscattered electron (BSE) 
image of sample PPMA#007.1 (same area as a)  showing Fe7C3 
carbide grains alongside diamond surrounded by Fe-nitride. c Sam-
ple PPMA#012; quench texture in the Fe–C–N system as a result of 
melting at 1400  °C. An experiment with the same starting mixture 
at 1000  °C (PPMA#013) was not molten and shows one homog-

enous phase. d PPMA#013 bright phase shows Fe-metal (6 at%N, 
1.9 at%C) coexisting with darker Fe3C carbide. In contrast to experi-
ment PPMA#012 (1400 °C), this sample shows big and homogenous 
crystals with straight grain boundaries and ~ 120° dihedral angles e 
Coexisting nitride and Fe-metal in experiment PPMA#015.1. f Exper-
imental results of run PPMA15.2; carbide and nitride in equilibrium. 
g Coexisting Fe7C3 and Fe3C. The two phases in sample SUS2.1 dif-
fer only slightly in gray scales in BSE images. The smaller and darker 
crystals are Fe7C3, the larger crystals are Fe3C. h & i show Fe3C 
coexisting with ϵ-Fe3N or Fe–Ni metal
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Fig. 2   Results of TEM investigations. a Brightfield (BF) over-
view image of the FIB lamella. Coexisting phases in experiment 
PPMA15.1 consist of Fe3C (cohenite) and carbon-containing ε-Fe3N 
(“carbonitride”). b BF image of the boundary between the two phases 
showing abundant dislocations marked by arrows. c HR image of 
the carbonitride with (001) planes visible, disturbed by dislocations 

(darker areas). d EEL spectrum of the cohenite that could be quan-
tified to stoichiometric Fe3C (deconvolved with the zero-loss peak 
to remove plural scattering, background-subtracted, and smoothed). 
Abundance of nitrogen is very low, detection of oxygen is likely due 
to secondary oxidation of the lamella. e, f indexed electron diffraction 
patterns of Fe3C and ε -Fe3N

Fig. 3   Nitrogen content of ε-FexN nitride as a function of Fe-content 
(at%). Light blue dots represent nitrides (< 2 at% C) from 1400  °C 
experiments, while dark blue squares are nitrides from 1000 °C runs. 
The red symbol shows Fe-metal which coexists with Fe-nitride in 
PPMA15.2 indicating the minimum N content in ε-Fe N at a concur-
rent maximum solubility of N in Fe-metal. Experiments in the Fe–N 
system follow a trend showing variable amounts of N in the ε-Fe3N 
phase

Fig. 4   Fe–N side of the ternary phase diagram as shown in Fig.  5. 
Stability fields derived from Ni-free (light grey) and Ni-containing 
experiments (dark grey) indicate a change of shape and width of 
metal- and the ϵ-Fe3N stability fields with Ni
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metal and ε-Fe(Ni)3N (Fig. 4). Maximum N solubility in 
Fe-metal at 1000 °C and 10 GPa is ~ 8.4 ± 1 at% decreasing 
to ~ 3.6 ± 1 at% at high Ni-content (~ 27.4 at% Ni).

Therefore, increasing Ni results in smaller Fe-metal and 
ε-Fe3N stability fields with a larger two-phase field between 
ε-Fe3N and (Fe,Ni)-metal. In general, the effect that both 
increasing Ni and increasing C concentrations reduce the 
solubility of N in solid Fe metal is comparable to the behav-
ior of these elements in molten systems (Jackson et  al. 
2021a; Grewal et al. 2021).

Phase relations within the (Fe,Ni)–N–C ternary 
system

Based on the experimental results we constructed a ter-
nary phase diagram (Fe–N–C) showing the stability fields 
of different phases at 1000 °C and 10 GPa. Stability fields 
were defined by connecting coexisting phases of the same 
experiment with tie-lines (e.g. metal–Fe3C, metal–ε-Fe3N, 
Fe3N–Fe3C–Fe7C3, Fe7C3–ε-Fe3N–diamond).

On the Fe–C side of the diagram, Fe(Ni)-metal and 
Fe3C define a two-phase field with variable N contents in 
the metal and very low N concentrations in Fe3C. Towards 
higher C contents in the Fe–C system, Fe7C3 forms, resulting 
in a two-phase field between Fe3C and Fe7C3. With increas-
ing C concentration, Fe7C3 coexists with diamond. As N is 

added to the Fe–C binary, a three-phase field opens between 
Fe(Ni)-metal, Fe3C, and C bearing ε-Fe3N. The same applies 
to the Fe3C–Fe7C3 and also Fe7C3–diamond stability fields 
with coexisting ε-Fe3N as the stable N-rich phase.

With increasing N in the Fe–N binary, ε-Fe3N is in equi-
librium with Fe-metal defining a two-phase field, while 
higher N concentrations result in a single ε-Fe3N phase of 
varying stoichiometry (see Fig. 3), depending on N content 
of the bulk system. While most experiments define fixed 
edges of the ternary, experiments sharing an edge with the 
ε-Fe3N field, show variability of N and also C in ε-Fe3N. 
As displayed by the stability fields of carbides, N solubility 
in Fe7C3 (~ 1,47 at% or ~ 0,48 wt%) is higher than in Fe3C 
(< 1 at%). The extremely low solubility of N (i.e., below 
the EPMA detection limit) in cohenite (Fe3C) measured 
here agrees well with previous studies (Kruk et al. 2020, 
2021). Nitrogen-containing Fe-metal coexisting with Fe3C 
(both quenched melt) indicates a maximum C solubility of 
0.97 ± 0.35 at% in Ni-free experiment PPMA12 at 1400 °C 
[note that PPMA12 was molten and quench structures were 
measured as shown in Fig. 1c)], while it is 1.90 ± 0.95 at% 
in PPMA13 (1000 °C). In the N-free Fe–Ni system, the 
obtained maximum C in austenite (γ-Fe) is 3.99 ± 0.38 at%.

Because we did not conduct any N-free experiments, the 
stability field of Fe-metal was constructed by combining 
our data with results from Kruk et al. (2021), who reported 
2,1–3,1 at% C in Fe-metal coexisting with Fe3C carbide 
(1350 °C and 7,8 GPa), and Rohrbach et al. (2014) who 
measured C solubility in Fe(Ni)-metal of ~ 5 at% indicating 
higher C solubility in Ni-rich metals compared to Ni-free 
compositions.

The ternary diagram (Fig. 5) depicts the starting mate-
rial compositions (filled symbols) and resulting coexisting 
phases (unfilled symbols).

Discussion

C/N solubility and (Fe,Ni)–N–C melting 
temperatures

The melting behavior of Fe–N–C phases at mantle condi-
tions largely controls the mobility as well as the storage con-
ditions of crystalline Fe–C–N phases or melts in the mantle. 
Previous studies (Sokol et al. 2017a, b) show a large liquid 
field between Fe3C, Fe-metal, and ε-Fe3N at 7.8 GPa and 
1350 °C. Our experiments, were performed 10 GPa and 
1000 °C contain no evidence of melting and reveal insights 
into the sub-solidus phase assemblages in the Fe–N–C 
system.. We have noticed melting only in 1400 °C experi-
ments in the Fe–N–C system (Fig. 1c) while runs within 
the pure Fe–N systems contained exclusively solid phases. 
Fe–C melting temperatures at 10 GPa were determined 

Fig. 5   Ternary plot of the resulting Fe–C–N phases [at%] at 10 GPa 
and 1000 °C. Starting materials (filled) and related phases (unfilled) 
are the same color. Dark grey fields represent invariant assemblages, 
while white fields represent univariant assemblages. Tie lines in uni-
variant fields reflect the compositional variability of the metal and 
the ε-FexN phase. Grey squares represent single-phase experiments 
in the ε-FexN stability field. As a result of Fe oxidation, N contents 
of resulting phases (unfilled symbols) are slightly higher than in the 
starting composition (filled symbols)
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experimentally to be ~ 1210 °C, decreasing with increasing 
Ni content to ~ 1125 °C (Rohrbach et al. 2014). Melting in 
the (Fe,Ni)–N–C system, therefore, should begin slightly 
lower at around 1100 °C.

Although the size and location of stability fields in melt-
containing experiments are in good agreement with our 
sub-solidus experimental runs, the C solubility in ε-Fe3N 
is slightly higher (~ 9.6 at%) at 7.8 GPa and 1150 °C (Kruk 
et al. 2021) compared to our experimental results at 1000 °C 
and 10 GPa (6.7 ± 0.7 at% C (SUS2.1) and 6.41 ± 0.76 C 
(PPMA7.1)). At 1 atm, ε-Fe3N can incorporate high amounts 
of C, replacing N atoms without changing the crystal struc-
ture. This results in the formation of high-C ε-Fe3N (Jack 
1948) which is in good agreement with our findings in the 
Fe–N–C system at 10 GPa.

Nitrogen solubility in carbides is variable in Fe7C3 (up to 
1.47 ± 0.30 at% N), while Fe3C does not contain any meas-
urable N. Fe7C3 has also been proposed to be present in the 
mantle as an accessory phase (Dasgupta and Hirschmann 
2010; Rohrbach et al. 2014) and as a possible C-host in the 
Earth’s core (Liu et al. 2016a, 2016b).

(Fe,Ni)–N–C inclusions in diamonds: comparison 
with experimental results

Nitrogen-free carbides in natural diamonds (Kaminsky and 
Wirth 2011) contain highly variable amounts of C as they 
follow compositional trends towards higher and lower C 
concentrations in between the experimentally determined 

Fe–C stability fields (Fig. 6). Fe–C phases other than Fe3C 
and Fe7C3 are not stable in any of our experiments or other 
experimental studies (Hirayama et al. 1993; Lord et al. 2009; 
Rohrbach et al. 2014; Tsuzuki et al. 1984; Wood 1993). The 
N solubility in carbides, especially in Fe3C, as well as the C 
solubility in the ε-Fe3N phase, is very low at the P–T con-
ditions of this study. Consequently, as shown in Fig. 6, the 
nitrocarbides with N contents up to several at% N, cannot 
be reproduced by our experiments but are well within the 
ternary stability field diamond–Fe7C3– ε Fe3N. Similarly, 
several N-free non-stoichiometric Fe-carbides (Kaminsky 
and Wirth 2011) are also not stable at out experimental 
conditions but are located in-between the Fe3C, Fe7C3 and 
diamond fields at 10 GPa and 1000 °C (Fig. 6). However, 
carbonitrides (Fe9(N0.8C0.20)4), that have been found as dia-
mond inclusions, Kaminsky and Wirth (2017) were stable 
in our experiments. Even though the natural inclusions con-
tain slightly higher N concentrations than the experimen-
tally synthesized ones (Tab.2), they are located on the edge 
of the constructed ε-Fe3N stability field (Fig. 6) supporting 
our finding of non-stoichiometric ε-Fe3N. Stoichiometric 
nitrides Fe2N and Fe3N coexisting with (Fe9(N0.8C0.20)4) 
in natural diamonds, were also not reproduced in our 
experiments.

Our experimental results indicate phase relations and 
phase compositions which, in some cases, do not match the 
compositions of natural inclusions, and we surmise that this 
could be caused by the fact that the P–T-range covered by 
our experiments is limited to upper mantle conditions. New 
experiments at higher pressure at lower-mantle or even core-
mantle boundary conditions are needed to further constrain 
the source region of the diamond inclusion Fe(Ni)–N–C 
phases.

Ni in (Fe,Ni)–N–C phases

Oxygen fugacity (fO2) is a key factor controlling the stability 
of redox-sensitive mineral assemblages, including reduced 
phases, such as carbides (Dasgupta and Hirschmann 2010; 
Rohrbach et al. 2014). In the Earth’s mantle, fO2 is mainly 
controlled by the equilibrium between ferric and ferrous 
iron-bearing phases. As shown by experimental studies 
(Frost et al. 2004; Rohrbach et al. 2007), as well as by ther-
modynamic calculations related to natural samples (Wood-
land and Koch 2003; Yaxley et al. 2012), fO2 in the mantle 
is likely to decrease with increasing depth relative to mineral 
buffer systems (Wood et al. 1990; O'Neill et al. 1993a; Ball-
haus 1995; Frost and McCammon 2008). As a consequence, 
the deep upper mantle > 250 km is reduced enough to sta-
bilize native (Fe,Ni)-metal with coexistent garnet peridotite 
(O'Neill et al. 1993b; Ballhaus 1995; Rohrbach et al. 2007, 
2011). In our experiments, FeO coexists with (Fe,Ni) metal, 
nitrides, and carbides, confirming their stability near the 

Fig. 6   Schematic ternary diagram with natural diamond inclusions 
(grey diamonds) from (Kaminsky and Wirth 2011, 2017). Natural 
inclusions, such as high-N cohenite, and high-N Fe7C3 are located 
within the stability fields. Fe9(N0.8C0.20)4 is located at the edge of the 
ε-Fe3N stability field
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iron–wustite buffer (IW), and thus their stability in deeper 
regions of the Earth's mantle.

Our results show that all of our experimental Fe–N–C 
phases incorporate significant amounts of Ni; ε-Fe3N (up 
to 35.71 ± 0.60 at%), metal (54.06 ± 0.87 at%), and Fe3C 
(14.68 ± 0.75 at%). The metal phase, which is formed when 
fO2 in the mantle intersects with the Ni precipitation curve, 
is expected to be Ni-rich ~ Fe45Ni55; (Frost and McCammon 
2008; Rohrbach and Schmidt 2011). Thus, if Fe–N–C inclu-
sions in diamond were formed in similarly primitive mantle 
regions or formed directly from these metals, i.e., through 
reaction with C and N rich fluids, we would expect such 
carbides and nitrides to be Ni-rich. However, the Ni contents 
in naturally occurring Fe3C, Fe7C3, ε-Fe3N, and oxide inclu-
sions in diamonds from Rio Soriso region (Brazil) are gener-
ally very low, in a range of 0.35–0.93 at% (Kaminsky et al. 
2015; Kaminsky and Wirth 2011, 2017). As the Fe–Ni ratio 
of the metal increases with depth to ~ Fe90Ni10 in the lower 
mantle (Frost and McCammon 2008), it seems, therefore, 
unlikely that the aforementioned inclusions formed in fertile 
or primitive peridotitic mantle regions. We rather suggest 
that the Ni-poor carbide, nitride, and carbonitride inclusions 
in diamonds (Kaminsky and Wirth 2011, 2017) originate in 
regions that are less primitive and consequently Ni-poor. A 
likely source region may be the crustal part of a deeply sub-
ducted plate, as Ni concentrations in metabasalts are rather 
low (81–137 ppm; e.g., Klein (2003). A subduction-related 
origin of the inclusions seems intuitive, since subduction 
of N-rich sediments and carbonates (Halama and Bebout 
2021) enriches the source region of the diamonds (Smith 
and Kopylova 2014) in C and N. This would imply that the 

inclusions were trapped at rather low temperatures as the 
geothermal gradient within a subducted slab, especially on 
the top of the plate is suspected to be significantly lower 
than the normal mantle adiabat (Holt and Condit 2021; Pea-
cock 2003). The subduction-related origin of the inclusions, 
therefore, seems intuitive, since N and C are transported 
into the mantle through subduction of N-rich sediments and 
carbonates (Halama and Bebout 2021), and this will enrich 
the source region of the diamonds in C and N (Smith and 
Kopylova 2014), to concentrations needed to stabilize dia-
mond in the first place. Subduction zones could, therefore, 
be a possible formation regime of Fe–N–C phases with melt-
ing temperatures < 1400 °C and low Ni contents (see Fig. 7).

Considering the formation of (Fe,Ni)-nitrides and -car-
bides as a result of N and C subduction into the presum-
ably metal-rich lowermost upper mantle (Frost et al. 2004) 
with thermal equilibration and melting, the question arises 
whether these melts can remain in the upper mantle or if 
they will move through the silicate mantle rock. Although 
experimentally synthesized Fe(Ni)–N–C phases melt at 
normal mantle adiabatic temperatures, some nitrides, car-
bides, and carbonitrides may remain in the upper mantle and 
reside in isolated colder mantle domains close to their region 
of formation. If one considers the large density contrasts 
between silicate mantle minerals or melts and Fe(Ni)-metal 
melts, molten Fe(Ni)–N–C should percolate deeper into the 
mantle, but only if these melts have wetting properties that 
allow them to move along grain boundaries.

Consequently, N and C storage in solid and/or liquid 
Fe–Ni metal may be important in the Earth’s upper- and 
lower mantle. Yet, the vexing question remains whether 

Fig. 7   Schematically illustrated 
subduction zone. Nitrogen and 
C-rich sediments overlying low 
Ni metabasalts are subducted 
into the lowermost upper mantle 
(blue slab). Fe–N–C phases are 
formed at the slab–mantle inter-
face (brown area) below 250 km 
depths, or when fO2 is low 
enough to stabilize carbides. 
It is unclear what happens 
to the carbides and metallic 
Fe, as native Fe and diamond 
coexisting with may either melt 
and gravitationally sink into 
the lower mantle, they Fe–N–C 
phases may remain stable in 
cold isolated mantle domains or 
they may melt when heated to 
ambient mantle temperatures
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the Fe-carbide phases are stored, or, if they melt and per-
colate through a partially molten lower mantle. Therefore, 
further investigation of Fe–N–C melt mobility in perido-
titic rocks is critically needed to investigate the wherea-
bouts of possible N- and C-rich metal melts in the mantle. 
Furthermore, experimental data on N (and also C) parti-
tioning between Fe(Ni)–N–C solids or melts and transition 
zone and lower-mantle minerals are needed to constrain 
the deep geological N- and C-cycles accurately.

Conclusions

•	 Experimentally determined phase relations in the sys-
tem (Fe,Ni)–N–C provide insights into the stability 
of nitrides, carbides, and carbonitrides at lowermost 
upper-mantle conditions. The experimental results 
show that (N-rich) metal phases as well as Fe-nitrides 
and -carbides can be stable in the deep upper mantle 
and they can coexist with and diamond at sub-solidus 
conditions.

•	 When we compare the experimental results with natural 
diamond inclusions, our data indicates that the diamonds, 
that contain similar carbides and nitrides, were formed 
in subduction-related Ni-poor regions in the deep man-
tle. N-rich carbides, stoichiometric nitrides, and carbides 
with stoichiometries different to Fe3C and Fe7C3 were 
not part of the equilibrium subsolidus phase assemblage 
in our experiments and were consequently trapped by 
natural diamond at quite different P–T conditions.
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