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Abstract 9 

 10 

The first finds of iron nitrides and carbonitride as inclusions in lower-mantle diamond from Rio Soriso, 11 

Brazil are herein reported. These grains were identified and studied with the use of transmission electron 12 

microscopy (TEM), electron diffraction analysis (EDX) and electron energy-loss spectra (EELS). Among 13 

nitrides, trigonal Fe3N and orthorhombic Fe2N are present. Carbonitride is trigonal Fe9(N0.8C0.2)4. These 14 

mineral phases associate with iron carbide, Fe7C3, silicon carbide, SiC, Cr-Mn-Fe and Mn-Fe oxides; the 15 

latter may be termed Mn-rich xieite. Our identified finds demonstrate a wide field of natural compositions 16 

from pure carbide to pure nitride, with multiple stoichiometries from M5(C,N)3 to M23(C,N)6 and M/(C,N) 17 

from 1.65 to 3.98. We conclude that the studied iron nitrides and carbonitrides were formed in the 18 

lowermost, lower mantle as the result of the infiltration of liquid metal, containing light elements, from 19 

the outer core into the D" layer, with the formation of the association: native Fe0 + iron nitrides, carbides 20 

and transitional compounds + silicon carbide. They indicated that major reservoirs of nitrogen should be 21 

expected in the core and in the lowermost mantle, providing some solution to the problem of nitrogen 22 

balance in the Earth.  23 
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Introduction 27 

 28 

Earlier, we reported upon finds of a series of iron carbides with admixtures of up to 7.3-9.1 at.% N 29 

(N/(N+C) = 0.19-0.27), included in lower-mantle diamonds, in association with native iron and graphite. 30 

It was established that the iron carbides formed within the Earth’s core at a pressure interval of 50-130 31 

GPa; these grains having crystallised from an iron-carbon melt, rich in nitrogen (Kaminsky and Wirth 32 

2011). Subsequently, nitrocarbides and carbonitrides, Fe2(N,C), Fe3(N,C), Fe7(N,C)3 and Fe9(N,C)4, with 33 

12.8-18.42 at.% N and N/(N+C) = 0.37-0.60 were identified in a lower-mantle microxenolith (Kaminsky 34 

et al. 2015).  In our recent studies, we have identified as inclusions in diamond other carbonitrides and 35 

pure nitrides, which we report herein. 36 

Nitrogen, the seventh most abundant element in the Solar System, remains one of the most 37 

enigmatic in studies of Earth’s geochemistry. There is a so-called ‘missing nitrogen’ problem in the 38 

Earth’s inner parts because, according to existing estimates, nitrogen is at one order of magnitude less 39 

than other volatile elements, with the value of bulk Earth/carbonaceous chondrite ratio equal to 0.11 % 40 

(Marty 2012). The calculated atomic ratio for N/Si in the bulk Earth is several orders of magnitude lower 41 

than that for the remaining terrestrial planets/or bodies within the asteroid forming zone (Bergin et al. 42 

2015). As a result, nitrogen is considered as a trace element in the major silicate reservoirs (Busigny and 43 

Bebout 2013), even as “a useless element in mantle geochemistry” (Cartigny and Marty 2013) owing to 44 

extensive nitrogen outgassing during the Earth’s early history (Goldblatt et al. 2009; Bergin et al. 2015; 45 

Hirschmann 2016) or in response to a giant impact(s) (Tucker and Mukhopadhyay 2014). On the other 46 

hand, Li et al. (2013) concluded that the mantle may still contain an amount of nitrogen one to two orders 47 

of magnitude larger than the present atmospheric reservoir. Nitrogen is suggested to have siderophile 48 

behavior in the core’s metal alloy and extremely high solubility, with partitioning of nitrogen KMetal/Silicate
 49 

around 10,000 (Miyazaki et al. 2004). Such high value implies a nitrogen mass, in the core, hundreds of 50 



times greater than that in the atmosphere; an estimate for the total proportion of nitrogen in the core by 51 

Miyazaki et al. (2004) is ~ 1 × 1024 g. This suggestion is supported by high concentrations of nitrogen in 52 

iron meteorites (Sugiura 1998) and provides a basis to consider the Earth’s core as a major reservoir to 53 

nitrogen (Marty 2012; Roskosz et al. 2013), containing perhaps 97 % of its total planetary inventory 54 

(McDonough 2014). The most recent calculations conclude that the fraction of nitrogen within the Earth’s 55 

core may be between 10 % and 90 %, depending upon the oxygen fugacity values in force during metal-56 

silicate equilibration, and whether the core is a significant, but not dominant reservoir of terrestrial 57 

nitrogen (Dalou et al. 2016). The exact quantities of nitrogen in the core and the mantle remain unclear. 58 

Here we report the first finds of iron nitrides, Fe2N and Fe3N, and carbonitride, Fe9(N,C)4, as 59 

inclusions in lower-mantle diamond from Rio Soriso, Brazil. We suggest that iron nitrides and 60 

carbonitrides are mineral phases, characteristic to the core/mantle boundary. These phases associate with 61 

iron carbide, Fe7C3, and silicon carbide, SiC. We conclude that: (1) the presence of these minerals at the 62 

core/mantle boundary is the result of the infiltration of liquid metal, containing light elements, from the 63 

outer core into the D" layer, with the formation of the association: native Fe0 + iron nitrides, carbides and 64 

transitional compounds + silicon carbide; and (2) major reservoirs for Earth’s nitrogen should be expected 65 

in the core and in the lowermost mantle. 66 

 67 

Sample and Methods 68 

 69 

The crystal of diamond #8-103 selected for the present study is from the Juina area in Mato Grosso State, 70 

Brazil. The crystal is a dodecahedroid typical of the stones from this area. It is the same sample, in which 71 

earlier nyerereite, nahcolite and calcite were identified in association with periclase, wüstite and other 72 

minerals (Kaminsky et al. 2009a, 2015; Wirth et al. 2009). Its dimensions are 5.2 × 4.9 × 3.8 mm.  73 

Optical microscopy reveals numerous inclusions of differing size and colour within this stone. The 74 

nitrogen concentration of diamond #8/103, detected with Fourier Transform Infrared Spectroscopy 75 

(FTIR), is 44 ppm and consists only of B centres; i.e., this is a Type-IaB diamond (Kaminsky et al. 76 



2009b). Such low concentration and high nitrogen-aggregation ratios are characteristic of ‘deep’ diamond 77 

(Hutchison et al. 1999, Kaminsky et al. 2009b). Another interesting feature of this stone, like for most of 78 

the ‘deep’ diamond crystals of the Juina area, is a high concentration of the hydrogen impurity centres 79 

identified at 3,107 and 1,405 cm–1 in the IR spectrum (Wirth et al. 2009). Commonly, this centre is either 80 

absent or weakly expressed. In contrast to the majority of diamond deposits worldwide, almost all of the 81 

diamond crystals from the Juina pipes (80–89%) have noticeable (up to 4.2 cm–1) levels of the hydrogen 82 

C–H centre (Kaminsky et al. 2009b). The diamond shows high dislocation density with curved 83 

dislocation lines, homogeneously distributed throughout the crystal. 84 

Diamond #8-103 was crushed in order to gain access to the inclusions inside the stone. Individual 85 

fragments of the diamond were selected for focused ion beam (FIB) sample preparation. Only those 86 

inclusions in the diamond situated close to the surface of fragments were selected to be suitable for FIB 87 

sample preparation and subsequent transmission electron microscopy (TEM), combined with electron 88 

diffraction analysis (EDX) and electron energy-loss spectral analysis (EELS). These analyses were 89 

performed in Helmholtz Centre Potsdam, GFZ German Research Center for Geosciences.  90 

Electron-transparent foils were milled by FIB techniques, applying a single-beam device (FEI FIB 91 

200 TEM) operated at GFZ Potsdam, Germany (Ga-ion beam, 30 keV acceleration voltage). The foil 92 

thicknesses varied from 100 to 150 nm. Four different foils have been cut with FIB methods from the 93 

diamond (##2327, 2934, 4588 and 4592). Details about the FIB sample preparation from diamond can be 94 

found elsewhere (Wirth 2004, 2009). 95 

TEM was performed employing a TECNAI F20 X-Twin transmission electron microscope operated 96 

at 200 keV with a Schottky field emitter as electron source. The TEM was equipped with a Gatan imaging 97 

filter (GIF Tridiem™), a Fishione high-angle annular dark-field detector (HAADF) and an EDAX X-Ray 98 

analyser with ultrathin detector window. TEM bright-field and dark-field images, as well as high-99 

resolution lattice fringe images were routinely acquired as energy-filtered images applying a 20 eV 100 

window to the zero-loss peak. 101 



Electron diffraction analyses (EDX) were always performed in the scanning transmission mode 102 

(STEM), scanning the electron beam within a preselected area. Acquisition times were on the order of 103 

120 seconds to achieve reasonable counting statistics. The concentrations of elements were quantified 104 

with the use of the TIA software package, using the kAB factors provided by the software. There are no 105 

reliable kAB factors available in the database for nitrogen and carbon. Therefore, quantitative analysis of N 106 

and C in iron carbides and nitrocarbides was not possible. An additional problem with quantification of 107 

carbides and nitrides from EDX spectra is the fact the fluorescence yield for N and C is very low and the 108 

few X-ray photons emitted from these elements are strongly absorbed by the matrix. Consequently, the N 109 

and the C intensities in the EDX spectra are very low. 110 

Electron energy-loss spectra (EELS) were recorded in diffraction mode using a camera length of 111 

700 mm according to a collection angle ß (half angle) 2 mrad. Acquisition time was 10 seconds. Data 112 

evaluation occurred using the Gatan Digital Micrograph software package. For quantification of the 113 

spectra the Hartree-Slater model was applied. 114 

Phase identification was based upon electron diffraction analysis. Diffraction data were collected as 115 

electron diffraction patterns recorded on image plates or were calculated from high-resolution lattice 116 

fringe images applying the fast Fourier Transform algorithm (FFT). The observed d-spacings and the 117 

angles between adjacent planes were compared with calculated d-spacings and angles between adjacent 118 

lattice planes. The indexing of the diffraction pattern was accepted to be correct only if the angles 119 

between adjacent planes match the calculated angles within a deviation of < 1°.  120 

 121 

Results 122 

 123 

Iron nitrides 124 

 125 

Two types of iron nitride grains were distinguished among inclusions (Table 1; Fig. 1). The first type 126 

comprise tabular or equidimensional single-phase grains, 1-2.5 m in size (Fig. 1a). Some of such 127 



inclusions are intergrown with smaller (300-400 nm) grains of oxides. The second type is represented by 128 

8-10 m elongated inclusions, consisting of an aggregate of nitride and/or replacing it polycrystalline 129 

graphite (Fig. 1b). Nitride forms irregular, 0.5-1.5- m grains along the periphery of the aggregate and 130 

smaller (0.1-0.3 m), irregularly-shaped, relics within the graphite matrix, demonstrating a typical 131 

structure of resorption of the initial nitride grain by graphite. In dark- and bright-field images the relic 132 

iron nitride grains show the same crystallographic orientation, confirming that they belong to a former, 133 

single large crystal.  In one of the foils (#2327) both types of iron nitride grains are present. 134 

The identification of inclusions was based on electron diffraction data (Supplementary Table 1). 135 

Type 1 inclusions were identified as Fe3N, with a trigonal P312 structure (Niewa et al. 2009; type 2 136 

(resorbed) inclusions were identified as Fe2N, with an orthorhombic Pbcn structure (Rechenbach and 137 

Jacobs 1996). Diffraction patterns of the third inclusion (foil #2327; Supplementary Fig. 1) show indices, 138 

which may be based on both trigonal, Fe3N and orthorhombic, Fe2N structures. While both crystal 139 

systems allow for a consistent indexing of the pattern, a comparison of the measured d-spacings with 140 

those calculated for the two possible nitride phases favours the orthorhombic phase; Fe2N, better matches 141 

the calculated data (Table 1). The diffuse and strongly smeared-out diffraction spots in the electron 142 

diffraction pattern (Supplementary Fig. 1) suggest a mosaic structure of the grain with numerous 143 

subgrains that are slightly misoriented with respect to each other. The individual subgrains may belong to 144 

a single phase or to two different iron nitride phases. 145 

EDX spectra from the nitride inclusions demonstrate the presence of Fe, N, Cr, Ni, Mn and Si (Fig. 146 

2). The cation compositions of the nitrides, calculated from the obtained EDX spectra, are dominated by 147 

iron (90.8-97.13 at.%), with admixtures of Cr (0.68-1.8 at.%), Ni (0.35-0.93 at.%) and Mn (0-1.22 at.%). 148 

Of particular interest is the presence of 5.1-7.6 at.% of Si in Fe2N (Supplementary Table 2). 149 

 150 

Iron carbonitride 151 

 152 



In addition to pure nitrides, in one of the inclusions (#4588) a carbonitride, Fe9(N0.8C0.2)4, grain, 6 × 7 μm 153 

in size was identified (Fig. 3). It has straight, sharp interfaces with the host diamond, except for the area 154 

in the upper part of the image, where the inclusion is corroded, - possibly by a fluid in a pore, which 155 

opened during the course of the focussed ion beam (FIB) sample preparation. The identification of this 156 

phase as Fe9(N0.8C0.2)4 was available from the electron diffraction data (Leineweber et al. 2001) 157 

(Supplementary Table 3). The EDX and EEL spectra of carbonitride indicate the presence of three major 158 

elements Fe, N and C and an admixture of Si, like in some of the iron nitrides (Supplementary Fig. 2). 159 

 160 

Iron carbide 161 

 162 

Two straight lamellae of 100-500 nm thickness cut the hosting iron carbonitride grain (Figs. 3 and 4a). 163 

Judging from the EDX and EEL spectra (Fig. 4b,c,d), they do not contain nitrogen; only iron and carbon 164 

are present, with the ratio Fe/C = 2.46, close to the ideal ratio for Fe7C3 (2.33). This composition is 165 

confirmed by the electron diffraction data (Bouchard 1967), according to which the lamellae are of an 166 

orthorhombic iron carbide, Fe7C3 (Supplementary Table 4). 167 

 168 

Silicon carbide 169 

 170 

The iron carbide lamellae are heterogeneous in both structure and composition. The main body of the 171 

lamellae (grey in Figs 3 and 4a) comprise only Fe and C. High-resolution images, however, demonstrate 172 

that within the iron carbide some brighter areas occur, which form plate-like, cubic and irregular areas, 173 

50-200 nm in size, and occupying ~5-10 % of the entire lamellae volume (Figs 3 and 4a). EDX spectra 174 

measured from these areas demonstrate that they are composed of Si and C (Fig. 4d). Because of the 175 

nanometre-size of these crystallites, many of which are less than the foil thickness, a Fe Kα peak occurs in 176 

their EDX spectra. Fe is contributed from the host Fe-carbide. The Si-C areas have specific d-spacings in 177 

electron diffraction patterns (0.2332 nm; 0.2172 nm; 0.1731 nm and 0.149 nm; Supplementary Table 4), 178 



which cannot be attributed to Fe7C3, but match the hexagonal 6H polytype of silicon carbide according to 179 

Capitani et al. (2007). A drift-corrected elemental map, using the SiKα and CKα X-ray intensities, 180 

demonstrates strong enrichment in Si and C of a cubic inclusion in the lamellae (Fig. 5) and confirms its 181 

identification as SiC. 182 

 183 

Oxides 184 

 185 

Both iron nitride and carbonitride are intergrown with smaller (200-800 nm) oxide grains. One of the 186 

grains intergrown with carbonitride, Fe9(N0.8C0.2)4 (Fig. 3), according to electron-diffraction data, has a 187 

cubic spinel-like structure. There are several micro-pores between this grain and the carbonitride, which 188 

were most likely filled with a fluid. Several analogous grains are observed intergrown with iron nitride, 189 

Fe3N (Fig. 1a). Chemical compositions of these oxides, calculated from the EDX spectra and represented 190 

in Table 2, are variable. Two of them (from foil #4588 and grain ‘d’ from foil #4592) are Cr-Mn-Fe 191 

oxides with minor admixtures of V (1.27-3.38 at.%) and Si (1.35-1.85 at.%). Two others (grains ‘b’ and 192 

‘c’ from foil #4592) are Mn-Fe oxides; grain ‘c’ contains as well 23.07 at.% Cr. Grain ‘b’, according to 193 

the electron diffraction data, has a cubic structure (possibly, retrograde). Grains ‘c’ and ‘d’ are 194 

orthorhombic, most likely with a CF structure, known for xieite, FeCr2O4, in meteorites (Chen et al. 2003 195 

2008) and Mg-xieite, MgCr2O4, from a lower-mantle xenolith, where it associates with carbonitrides 196 

(Kaminsky et al. 2015). These grains have the potential to be Mn-rich xieite and demonstrate a wide 197 

compositional range of post-spinel oxides within the lower mantle. 198 

 199 

Discussion 200 

 201 

Iron carbides, nitrides and intermediate compounds in the natural environment 202 

 203 



The most widely known iron carbide is cohenite, Fe3C, which was discovered in the early nineteenth 204 

century. It was first recognized in the diamond-bearing, iron meteorite, Magura (Slovakia) in the 1840s 205 

and was named after Professor E.M. Cohen (Weinschenk 1889). Since its discovery, cohenite has been 206 

identified in many other iron meteorites (Buchwald 1975). In addition to meteorites, cohenite was found 207 

as an inclusion in monocrystalline diamond from the 23rd Party Congress kimberlite, Yakutia (Bulanova 208 

and Zayakina 1991). Subsequently, cohenite has also been identified in a polymineralic diamond 209 

aggregate (boart) from pipe Venetia, in the Republic of South Africa, where cohenite in association with 210 

native iron and troilite was included in garnet (Jacob et al. 2004). More recently, cohenite has been 211 

reported upon in diamond from the Jagersfontein pipe, South Africa, where it associates with other Fe-Cr 212 

(Cr up to 15 wt. %) and Fe-Ni (Ni up to 9.3 wt. %) carbides (Jones et al. 2008). In addition to its presence 213 

in inclusions within kimberlitic diamond, cohenite was met in association with diamond in ophiolitic 214 

chromitite from Luobasha, Tibet, along with another iron carbide, yarlongite (Fe,Cr,Ni)9C4 (Shi et al. 215 

2009). Besides diamond parageneses in kimberlite and ophiolite, cohenite + native iron + graphite 216 

associations are known from basaltic rocks found at Bühl, near Kassel, in Germany (Irmer 1920) and on 217 

Disko Island, Greenland (Goodrich and Bird 1985; Ulff-Møller 1985). Cohenite was further reported on 218 

in lunar rocks collected in almost all of the Apollo missions (Goldstein et al. 1976) and in lunar soil 219 

recovered during various lunar missions (Barsukov and Tarasov 1982). As well as these occurrences in 220 

the natural environment, cohenite as ‘cementite’ is well-known from and has been studied in metallurgy 221 

since the 1890s. 222 

In addition to cohenite and yarlongite, another iron carbide haxonite (Fe,Ni,Co)23C6 was identified in 223 

the Toluca (Mexico) and Canyon Diablo (USA) iron meteorites by Scott (1971), as well as in several 224 

other iron meteorites (Buchwald 1975). It occurs as a minor accessory in meteorites that also contain 225 

cohenite. Both cohenite and haxonite, in meteorites, are frequently found to have decomposed to ferrite 226 

and graphite, reflecting thermodynamic instability for these minerals under atmospheric pressure and 227 

temperature conditions (Buchwald 1975). 228 



In 1854 the iron carbide, ‘chalypite’ was identified by Forchhammer (1861), as a leading 229 

constituent of the Niakornak, Greenland, iron ‘meteorite’; it was thereafter named by Shepard (1867). 230 

Shepard (1867), in his classification of meteorites, distinguished a special group of iron meteorites as 231 

‘chalypitic’, or ‘steel-like’ (from the Greek word steel); the principal mineral constituent of 232 

these meteorites was termed ‘chalypite’. In fact, there is no such ‘Niakornak meteorite’. The name 233 

Niakornak does not exist in any meteorite database. The reason for this is that “iron”, identified during the 234 

mid-19th century investigations of rock from near the Niakornak location on the Island of Disko in 235 

western Greenland (also known as ‘Ovifak irons’), was initially considered as an iron meteorite 236 

(Nordenskiöld 1871), and only later was this recognised as terrestrial native iron (Steenstrup 1875). Prof. 237 

V. Buchwald considers the Niakornak iron as “a stray member, a loose boulder of the Ovifak occurrence” 238 

(V. Buchwald, personal communication, March 1 2012); he has characterized it in his paper on the use of 239 

iron by the Eskimos in Greenland (Buchwald 1992). Most likely, the ‘Niakornak meteorite’ specimen, 240 

studied by Forchhammer (1861), was a part of the 9.7-kg block, received in 1847 by H. Rink from 241 

Eskimos at that locality, and originally from the Ovifak locality on the southern coast of Disko Island 242 

(Nordensköld, 1870; Buchwald 1975). The exact chemical formula of the first finds of chalypite is 243 

unclear. In the first analyses from the Niakornak iron, carbon content was documented at between 7.23-244 

11.06 wt. %, “which would indicate the formula of Fe2C for this species” (Shepard, 1867). [In all later 245 

references (Weinschenk, 1889; Strunz 1978) this mineral has a quoted formula of Fe2C, although Shepard 246 

himself, considering uncertainty in the carbon determination, indicated chalypite as Fe*C*. Indeed, in 247 

those first analyses, the F/C ratio varies from 1.74 to 2.75, which may include yarlongite and Fe7C3.] 248 

Chalypite has not subsequently been identified in any meteorite following its initial discovery (probably 249 

because all iron carbides found in meteorites have been considered a priori to be cohenite; many of them 250 

were not analyzed). This absence provided grounds for Buchwald (1975) to consider the mineral as 251 

misinterpreted cohenite; later he offered to delete this mineral from his list (Buchwald 1977). This 252 

suggestion, in our opinion, was premature because in both our previous works (Kaminsky and Wirth 253 



2011; Kaminsky et al. 2015) and the current study, such a compound has been identified with Fe/C ratios 254 

at 1.95-2.14 and compositions from Fe2C to Fe2N. 255 

In our study of iron carbides from Juina diamonds in Brazil we successfully identified all earlier 256 

known iron carbides with the exception of yarlongite, as well as possible Fe5C3 with Fe/C = 1.65-1.77 and 257 

Fe10C3 with Fe/C = 3.33-3.59 (Kaminsky and Wirth 2011). We also suggested that some of the ‘chalypite’ 258 

grains may in fact belong to the Fe7C3 stoichiometry. In this work, we demonstrate the presence of 259 

orthorhombic Fe7C3 as an inclusion in Juina diamond. Most of these iron carbides do not indicate a 260 

significant admixture of nitrogen. However, among Fe5C3 and Fe7C3 grains, nitrocarbide varieties with 261 

N/(C+N) ratio of 0.19-0.24 and 0.27, respectively, were identified. Subsequently nitrocarbides and 262 

carbonitrides, Fe2(N,C) and Fe5(N,C)2 with 12.8-18.42 at.% N and N/(N+C) = 0.37-0.60 were identified 263 

in a lower-mantle microxenolith (Kaminsky et al. 2015). 264 

A summary of carbide-nitride compounds found in the natural environment to date is presented in 265 

Table 3 and Fig. 6. These demonstrate a wide field of compositions from pure carbide to pure nitride. 266 

Such series of Fe, Co, Ni, Cr and Mn carbides are well studied in technical applications. They belong to 267 

so-called intermediate transition-metal carbides, which share features with both the interstitial and the 268 

salt-like carbides. Like the interstitial carbides, iron carbides are metal-like compounds that have no ion 269 

connection in their crystal lattice; in their structures, carbon atoms occupy interstices between closely 270 

packed metal atoms. Different positions of metal atoms in a crystal lattice lead to multiple 271 

stoichiometries, such as M23C6, M10C3, M3C, M5C2, M7C3, M9C4, M2C, M5C3, M3C2, M4C3, MC, MC2 272 

with variable (but fixed for each stoichiometry) M/C ratios (Kosolapova 1971; Cottrell 1995). We suggest 273 

that the number of N-containing high-pressure natural compounds, particularly from meteorites and 274 

inclusions in diamond would be greater if all samples were analyzed for nitrogen. 275 

 276 

Depth of origin of Fe7C3 and the observed  iron nitrides 277 

 278 



Iron carbides are stable over a wide range of P-T conditions. In metallurgy, various iron carbides occur at 279 

ambient conditions. However, detailed studies of Fe-C system under high pressure conditions revealed 280 

correlations between pressure of crystallization and the composition of iron carbides. Of particular 281 

interest is the Fe7C3 compound, which was not identified in the natural environment until recently. High-282 

pressure experiments on the Fe-C system have shown that at pressures above 135 GPa, Fe7C3 forms an 283 

eutectic relation with Fe (Lord et al. 2009). At 130-135 GPa pressure conditions, Fe7C3 is the first iron 284 

carbide to crystallize in association with diamond; native iron and diamond associate with Fe7C3 in the 285 

subsolidus (Fig. 7). This implies that Fe7C3 might be stabilized under core and D" layer conditions (Lord 286 

et al. 2009; Nakajima et al. 2009). Only at lower pressure conditions, may cohenite and other iron 287 

carbides join this association. 288 

In our studied diamond sample from the Juina area (foil #4588), Fe7C3 is the only iron carbide 289 

phase. Fe7C3 associates with nitrides in diamond, and we consider this as evidence of very high-pressure 290 

conditions during the formation of this assemblage, most likely at ~130 GPa, i.e. within or near the D" 291 

layer, maybe even at the core-mantle boundary, enriched in metals. The C-N-Fe system may be, in this 292 

case, the diamond-forming medium, in which nitrogen partitions into metals, forming nitrides. At such 293 

conditions nitrides, in particular Fe3N act as catalysts for diamond formation (Bordzov et al. 2002).  294 

Earlier we found, in the same diamond sample, mineral inclusions of the carbonatitic association: 295 

nyerereite, nahcolite, calcite, and others (Kaminsky et al. 2009a, 2015; Wirth 2009). Considering the 296 

origin of the primary carbonatitic association, we concluded that it was formed as a result of low-297 

fractional partial melting of lower-mantle material at the core-mantle boundary (Kaminsky et al. 2016). 298 

Hence the origin of the both carbonatitic and nitride-carbonitride associations belong to the same 299 

lowermost mantle zone; and their coexistence in one sample seems logic.  300 

The presence of Fe7C3 in the deep Earth explains seismological data in this region. Until recently, 301 

the enigmatic region of low shear wave velocity in the inner core (Dziewonski and Anderson 1981) 302 

remained unexplained with consideration to the pure iron composition of this part of the Earth’s interior. 303 

Partial melting of the outer layer of the inner core, resulting from heat flux variations at the core-mantle 304 



boundary, was suggested as a cause for this effect (Gubbins et al. 2011). Another explanation can be 305 

offered with respect to the presence of Fe7C3 in the inner core. The calculated density for Fe7C3 provides a 306 

good explanation for the inferred density of the Earth’s inner core, obtained from seismological 307 

observations (Nakajima et al. 2011; Chen et al. 2012). A further density change may also be explained by 308 

the iron high spin → low spin transition, which produces remarkable shear softening in the low-spin 309 

Fe7C3 and may reproduce the obtained Vs value for the inner core (Chen et al. 2014). In addition, partial 310 

melting of the outer layer in the inner core was unable to explain the high Poisson’s ratio of the inner 311 

core, which is practically uniform throughout the entire inner core. The presence of Fe7C3, which has a 312 

Poisson’s ratio similar to that of the Earth’s inner core, however, can explain it well. Thus, the presence of 313 

Fe7C3 provides an explanation for all anomalous elastic properties of the Earth’s core (Prescher et al. 314 

2015). 315 

In addition to pure Fe7C3, one of the earlier recognised and studied grains, with a fully 316 

stoichiometric Fe7C3 ratio, that of Fe/(C+N) = 2.32, has a significant admixture of nitrogen, N = 8.13 317 

at.%, i.e. N/(C+N) = 0.27(Kaminsky and Wirth 2011). The existence of nitrogen-containing Fe7(C,N)3 318 

compounds may help to solve another perceived problem, because the presence of iron nitrides in the Dʺ 319 

layer is closely related to their suggested presence in the core (Adler and Williams 2005). Two iron 320 

nitrides, cubic -Fe4N (known from iron meteorites as roaldite) and the hexagonal -Fe7N3 are known to 321 

be stable at high pressures. The experimental study of the Fe-N system demonstrates that Fe7N3 with its 322 

hexagonal close-packed structure is more stable than cubic close-packed roaldite, Fe4N, at conditions 323 

thought to operate in the inner core (Adler and Williams 2005). In this case, the calculated inner core 324 

density corresponds to the mixture of Fe7N3 + 8Fe. The elastic parameters of -Fe7N3 are 325 

indistinguishable from those of -Fe, hence Fe7N3 fits the PREM not worse than Fe7C3. 326 

The presence of Fe7N3 in the inner core solves another enigma that is anisotropy in this layer. It is 327 

well established that the inner core exhibits significant anisotropy, with P-wave velocities along the polar 328 

axis ~3 % faster than for the equatorial plane (Oreshin and Vinnik 2004 and references therein). Several 329 



hypotheses were offered to explain this, but none of them seems satisfactory (Vocadlo 2009) with the 330 

exception of the anisotropic features of Fe7N3. The anisotropy of -Fe7N3 is greater than of pure -Fe: a 331 

axis of -Fe7N3 is more compressible than the c axis, with the difference at approximately 6.4 % (Adler 332 

and Williams 2005), while pure -Fe has only a 3.5 % difference between a axis and c axis (Stixrude and 333 

Cohen 1995). This allows for the consideration of Fe7N3 as a better material to satisfy the observed 334 

anisotropy in the inner core (Morelli et al. 1986). 335 

These features make - Fe7N3 the most likely component of the core and explain the presence of 336 

nitrides in the Dʺ layer as a result of any core-mantle interaction. The Fe3N structure permits a broad 337 

range of stoichiometries because of the large number of unoccupied sites, from near Fe2N to near Fe4N 338 

(Jack 1952). Thus various iron nitrides may be present in the deep Earth, in addition to those identified in 339 

this work, Fe2N and Fe3N. 340 

 341 

Nitrogen in the deep Earth 342 

 343 

Nitrogen, along with other elements lighter than Fe and Ni, such as C, O, Si, H and S comprise together 344 

approximately 5-10 % of the core’s mass (Stixrude et al. 1997; McDonough 2014). Suggested 345 

concentrations of nitrogen in the core vary greatly from 3-90 ppm (Jacobs et al. 1995; Zhang and Yin 346 

2012; McDonough 2014) to 5,000 ppm (Sugiura 1998; Adler and Williams 2005). 347 

Reported in this work, nitrides and carbonitrides are not the only nitrogen-containing compounds in 348 

the deep Earth. Numerous inclusions of nitrogen have been identified in lower-mantle diamond 349 

(Kaminsky et al. 2013; Kagi et al. 2016; Rudloff-Grund et al. 2016). Diamond itself contains nitrogen; 350 

over 90% of mantle-derived diamonds contain as much as 3500 ppm of nitrogen as the primary impurity 351 

(Cartigny, 2005). These observations imply that nitrogen may after all not be “a useless element in mantle 352 

geochemistry” (Cartigny and Marty 2013) but quite the reverse; nitrogen may play a great role in both the 353 

core and the mantle, and the existing estimates for nitrogen concentration in this area need 354 



reconsideration. It may occur that the ‘missing nitrogen’ resides in the deep Earth, and the value of bulk 355 

Earth/carbonaceous chondrite ratio equal to 0.11 % (Marty 2012) is not a valid estimate. More likely, an 356 

estimate for the nitrogen concentration in the core falls close to the one determined in taenite from iron 357 

meteorites (i.e., 100-10,000 ppm; Sugiura 1998) and, in the mantle, close to the one established in work 358 

on chondrites (e.g., 345-3180 ppm; Kerridge 1985; McDonough and Sun 1995; Palme and O’Neil 2004). 359 

Accepting a conventional concentration of nitrogen in the core at 5,000 ppm (Adler and Williams 360 

2005) and the partition coefficient between metal core and mantle material at 40 (McDonough 2014), and 361 

considering the total core mass as 1.972 x 1027 g and mantle mass as 4.043 x 1027 g (Yoder 1995), the 362 

total mass of nitrogen in the core could be 9,660 x 1021 g and in the bulk mantle 505 x 1021 g, comprising 363 

accordingly 94.97 % and 4.97 % of the total nitrogen in the Earth. In this case, the total nitrogen 364 

concentration in bulk Earth is 17.03 ppm, which fully corresponds (with an error of ± 2 %) to the 365 

concentration of nitrogen as determined in chondrite meteorites. These calculations may be considered as 366 

only the first approximation because the exact concentrations of nitrogen and partition values depend on 367 

pressure, the oxygen fugacity (fO2), the form of dissolution of nitrogen in metal and silicate melts, and 368 

other factors (Bouhifd et al. 2010; Kadik et al. 2011 2013; Roskosz et al. 2013; Dalou et al. 2016; Li et al. 369 

2016). However, the presented data witness that the core and deep mantle are the plausible major 370 

reservoirs of nitrogen in the Earth, and that the concentration of nitrogen in the Earth is similar to that of 371 

other planets and asteroids. 372 

 373 

Implications 374 

 375 

Iron nitrides and carbonitrides, along with iron carbides and native iron form inclusions in lower-mantle 376 

diamonds. These phases associate with iron carbide, Fe7C3, and silicon carbide, SiC. We suggest their 377 

origin lies in the lowermost mantle as the result of the infiltration of liquid metal, containing light 378 

elements, from the outer core into the D" layer, with the formation of the phase association: native Fe0 + 379 

iron nitrides, carbides and transitional compounds + silicon carbide. 380 



We further suggest that the described and previous finds of nitrides, carbonitrides and nitrocarbides, 381 

along with existence of nitrogen inclusions in diamond, indicate the important role of nitrogen in the deep 382 

Earth and are a key for the identification of ‘missing nitrogen’ in the Earth’s core. The concentration of 383 

nitrogen in the core is ~0.5 wt.%. The total nitrogen balance in the core is ~1  1024 g, which is several 384 

magnitudes higher than the total nitrogen budget in other parts of the Earth (Miyazaki et al. 2004). At the 385 

core/mantle boundary and in the inner core, nitrogen forms trivalent N3- groups during crystallization in 386 

nitrocarbides and carbonitrides as a result of core/mantle interaction. -Fe3N is the most likely nitride 387 

phase in the core, where the iron atoms are arranged in a distorted hexagonal closest packed structure, 388 

similar to -Fe (Jacobs et al. 1995). 389 

Light elements (C, N, Si), forming with iron a series of native Fe0, iron nitrides-carbonitrides-390 

nitrocarbides-carbides and silicon carbide, infiltrate into the Dʺ layer within Fe-enriched liquid metal 391 

migrating from the outer core. Such a process may be the result of the deformation-induced mechanical 392 

instabilities at the core-mantle boundary, caused by the accumulation of strain deformations in high stress 393 

zones, associated with down-welling material (Petford et al. 2007). This process has its support in 394 

experiments with chondrites, in which metallic layers were observed infiltrating silicate chondritic 395 

material (Rushmer et al. 2000). 396 

This scenario helps to solve the problem of ‘missing nitrogen’ in the Earth’s nitrogen balance; it 397 

demonstrates the presence of the majority of the Earth’s nitrogen in the core and the lowermost mantle. 398 
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Tables 607 

Table 1. List of samples  608 



Foil # Major inclusions Mineral phases 

2327 Three grains of iron 

nitride 

Fe3N trigonal  or  

Fe2N orthorhombic   

2934 Single nitride-

graphite grain 
Fe2N orthorhombic 

4592 Nitride + graphite  Fe3N trigonal 

Oxides (b) (Fe-Mn) cubic 

(c) (Mn-Fe-Cr) orthorhombic 

(d) (Cr-Mn-Fe) orthorhombic 

4588 Multiphase: 

carbonitride + 

carbide + spinel 

Fe9(N0.8C0.2)4 trigonal (host) 

Fe7C3  orthorhombic (two lamellae) 

SiC within lamellae 

Cr-Mn-Fe spinel (cubic) 

 609 

Table 2. Cation compositions of oxide grains, intergrown with nitride and carbonitride (in at.%) 610 

Element 
Foil #4588 

Cubic 

Foil #4592 

Oxide “b” 

Cubic 

Oxide “c” 

Orthorhombic 

Oxide “d” 

Orthorhombic 

Cr 60.80 - 23.07 56.17 

Mn 29.01 61.00 46.05 25.29 

Fe 7.57 37.56 28.09 13.31 

V 1.27 - 1.31 3.38 

Si 1.35 1.44 1.48 1.85 

Total 100.00 100.00 100.00 100.00 

 611 

Table 3. Summary on natural iron carbides and nitrides  612 

Theoretic 

stoichiometries 

At. ratio 

M/(C,N) 

Natural compounds 

Carbides (N/(C+N) < 0.1) 
Nitrocarbides (N/(C+N) = 

0.1-0.5) and carbonitrides 

Nitrides (N/(C+N) 

> 0.9) 



(N/(C+N) = 0.5-0.9) 

M5(C,N)3 1.67 Fe5C3  

(Fe/C = 1.65-1.77) 

Incl. ##9, 10 in diamond [9] 

Fe/(C+N) = 1.65-1.69 

N = 0.19-0.24 

Incl. ##12, 13 in diamond [9] 

 

M2(C,N) 2.0 Fe2C – “chalypite“ 

(1) Niakornak iron [1]; 

(2) Incl. ##1, 2, 5, 7 in 

diamond (Fe/C = 1.95-2.14) 

[9]  

Fe/(C+N) = 1.5-2 

N/(C+N) = 0.37-0.60 

Incl. in diamond [10] 

Fe2N 

orthorhombic [11] 

M9(C,N)4 2.25 (Fe,Cr,Ni)9C4 – yarlongite 

Chromitite [8] 

Fe9(N0.8C0.2)4 trigonal 

N/(C+N) = 0.2 [11] 

 

M7(C,N)3 2.33 Fe7C3 orthorhombic [11]  Fe/(C+N) = 2.32 

N/(C+N) = 0.27 

Incl. #14 in diamond [9] 

 

M5(C,N)2 2.5  Fe5(C,N)2  

(Fe/(C+N) = 2.52)  

N/(C+N) = 0.54 

Incl. in diamond  [10] 

 

M3(C,N) 3.0 (Fe,Ni,Co)3C – cohenite 

(1) Iron meteorites [3];  

(2) Lunar soil [4, 5];  

(3) Incl. in diamond [3, 7, 9];  

(4) Chromitites [8];  

(5) Basaltic rocks   

 Fe3N trigonal [11] 

M10(C,N)3 3.33 Fe10C3  (Fe/C = 3.33-3.59) 

Incl. ##3, 8, 11 in diamond [9] 

  

M23(C,N)6 3.83 (Fe,Ni,Co)23C6 – haxonite 

(1) Iron meteorites [2, 3]; 

(2) Incl. #6 in diamond (Fe/C 

= 3.98) [9] 

  

 613 



Captions to figures 614 

 615 

Fig. 1. TEM dark-field images of iron nitrides included in diamond #8-103. a – First type. Tabular grain 616 

of iron nitride, Fe3N, intergrown with oxides. Foil #4592. b – Second type. Iron nitride, Fe2N, resorbed 617 

with graphite, which occupies now the major part of the inclusion. Relics of Fe2N have the same 618 

crystallographic orientations, confirming that they belong to a former, single large crystal. Foil #2934. 619 

 620 

Fig. 2. EDX spectra of iron nitrides. a – Fe2N, foil #2934. b – Fe3N, foil #4592. c – Fe2N or Fe3N, foil 621 

#2327. The admixture of Si is visible in nitrides from foils ## 2934 and 4592, while it is absent in nitride 622 

from foil #2327. Here, and in other EDX spectra, Ga intensity is due to implanted Ga ions during FIB 623 

milling; Cu intensity represents copper from the copper grid the foil resides upon. 624 

 625 

Fig. 3. HAADF image of iron carbonitride, Fe9(N0.8C0.2)4, with lamellae iron carbide, Fe7C3, hosted as an 626 

inclusion in diamond. In the lower left part of the image an idiomorphic crystal with spinel-type structure 627 

is observed intergrown with carbonitride. The volume below this grain is filled with redeposited Ga and 628 

sputtered material; originally it was likely filled with trapped fluid and/or vapour. The outlined square 629 

area corresponds to regions for Si and C elemental maps (Fig. 5). Circles show areas for which EDX 630 

spectral analyses were determined. Foil #4588.  631 

 632 

Fig. 4. Iron carbide lamellae in foil #4588. a - HAADF image of two iron carbide lamellae within the iron 633 

carbonitride grain included within diamond. The areas over which EDX analyses were determined are 634 

shown in red squares (1 - a brighter contrasted volume within the lamella; 2 – the grey matrix of the 635 

lamella). The bright lines in the hosting carbonitride are dislocation lines. b - EEL spectrum of the matrix 636 

of the thick lamella. The calculated ratio of Fe/C from this spectrum is 2.46, which is close to the ideal 637 

value of 2.33 for Fe7C3. c -d - EDX spectra of iron carbide, Fe7C3 (c – from matrix without admixture of 638 

Si; d – from bright area #1 with a noticeable admixture of Si).  639 



 640 

Fig. 5. Drift-corrected elemental map of the Fe7C3 lamellae within carbonitride hosting a cubic grain of 641 

SiC. Foil #4588. 642 

 643 

Fig. 6. Compositional ternary plot of natural iron carbides and nitrides from different localities (in at.%). 644 

See references in note to Table 3. 645 

 646 

Supplementary information 647 

 648 

Supplementary Table 1. Structural characteristics of iron nitride grains 649 

 650 

Supplementary Table 2. Cation compositions of iron nitrides (in at.%). 651 

 652 

Supplementary Table 3. Structural characteristics of iron carbonitride inclusion 653 

 654 

Supplementary Table 4. Structural characteristics of iron carbide  655 

 656 

Supplementary Fig. 1. Electron diffraction pattern from the iron nitride grain in the central part of foil 657 

#2327. The diffuse and smeared out diffraction spots suggest a mosaic structure to the grain with a slight 658 

misorientation of the individual crystal blocks. 659 

 660 

Supplementary Fig. 2. EDX (a) and EEL (b) spectra of iron carbonitride, Fe9(N0.8C0.2)4. In addition to 661 

major Fe, N and C peaks, a smaller peak of Si at ~1.8 keV is present in the EDX spectrum. Foil #4588. 662 

 663 



















 
Table 1. List of samples  

 
Foil # Major inclusions Mineral phases 

2327 Three grains of iron 
nitride 

Fe3N trigonal  or  
Fe2N orthorhombic   

2934 Single nitride-
graphite grain Fe2N orthorhombic 

4592 Nitride + graphite  Fe3N trigonal 
Oxides (b) (Fe-Mn) cubic 

(c) (Mn-Fe-Cr) orthorhombic 
(d) (Cr-Mn-Fe) orthorhombic 

4588 Multiphase: 
carbonitride + 
carbide + spinel 

Fe9(N0.8C0.2)4 trigonal (host) 
Fe7C3  orthorhombic (two lamellae) 
SiC within lamellae 
Cr-Mn-Fe spinel (cubic) 

 
 



 
 

Table 2. Cation compositions of oxide grains, intergrown with nitride and carbonitride (in at.%) 
 

Element Foil #4588 
Cubic 

Foil #4592 
Oxide “b” 

Cubic 
Oxide “c” 

Orthorhombic
Oxide “d” 

Orthorhombic 
Cr 60.80 - 23.07 56.17 
Mn 29.01 61.00 46.05 25.29 
Fe 7.57 37.56 28.09 13.31 
V 1.27 - 1.31 3.38 
Si 1.35 1.44 1.48 1.85 
Total 100.00 100.00 100.00 100.00 

 
 



 
 

Table 3. Summary on natural iron carbides and nitrides 
 

Theoretic 
stoichiometries 

At. ratio 
M/(C,N) 

Natural compounds 

Carbides (N/(C+N) < 0.1) 
Nitrocarbides (N/(C+N) = 
0.1-0.5) and carbonitrides 

(N/(C+N) = 0.5-0.9) 

Nitrides (N/(C+N) 
> 0.9) 

M5(C,N)3 1.67 Fe5C3  
(Fe/C = 1.65-1.77) 

Incl. ##9, 10 in diamond [9] 

Fe/(C+N) = 1.65-1.69 
N = 0.19-0.24 

Incl. ##12, 13 in diamond [9] 

 

M2(C,N) 2.0 Fe2C – “chalypite“ 
(1) Niakornak iron [1]; 
(2) Incl. ##1, 2, 5, 7 in 
diamond (Fe/C = 1.95-2.14) 
[9]  

Fe/(C+N) = 1.5-2 
N/(C+N) = 0.37-0.60 
Incl. in diamond [10] 

Fe2N 
orthorhombic [11] 

M9(C,N)4 2.25 (Fe,Cr,Ni)9C4 – yarlongite 
Chromitite [8] 

Fe9(N0.8C0.2)4 trigonal 
N/(C+N) = 0.2 [11] 

 

M7(C,N)3 2.33 Fe7C3 orthorhombic [11]  Fe/(C+N) = 2.32 
N/(C+N) = 0.27 

Incl. #14 in diamond [9] 

 

M5(C,N)2 2.5  Fe5(C,N)2  
(Fe/(C+N) = 2.52)  
N/(C+N) = 0.54 

Incl. in diamond  [10] 

 

M3(C,N) 3.0 (Fe,Ni,Co)3C – cohenite 
(1) Iron meteorites [3];  
(2) Lunar soil [4, 5];  
(3) Incl. in diamond [3, 7, 9];  
(4) Chromitites [8];  
(5) Basaltic rocks   

 Fe3N trigonal [11] 

M10(C,N)3 3.33 Fe10C3  (Fe/C = 3.33-3.59) 
Incl. ##3, 8, 11 in diamond [9] 

  

M23(C,N)6 3.83 (Fe,Ni,Co)23C6 – haxonite 
(1) Iron meteorites [2, 3]; 
(2) Incl. #6 in diamond (Fe/C 
= 3.98) [9] 

  

 
References:  [1] - Shepard, 1867; [2] - Scott 1971;  [3] Buchwald 1975;  [4] - Goldstein et al. 1976;  [5] Barsukov and 
Tarasov 1982; [6] – Bulanova and Zayakina 1991; [7] – Jacob et al. 2004; [8] - Shi et al 2009; [9] - Kaminsky & Wirth 
2011; [10] - Kaminsky et al. 2015;  [11] – this work. 
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