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Abstract 

Nickelphosphide, a Ni-dominant member of the join Ni3P–Fe3P, is the second most abundant 

phosphide in nature, after its Fe-counterpart, schreibersite Fe3P. Surprisingly, the Fe-Ni 

distribution in the crystal structure of natural nickelphosphide has never been studied. In this 

paper, we present the results of X-ray single-crystal study of 13 nickelphosphide samples 

from different meteorite groups: irons, pallasites (both the main group and the Eagle Station), 

mesosiderites, and the recently established achondrite grouplet, tissemouminites. The Ni 

content varies from 1.52 apfu (atoms per formula unit), or 50.6 mol.% Ni3P, in the mineral 

from the tissemouminite Northwest Africa 1054 (NWA 1054), to 1.87 apfu ≡ 62.3 mol.% 

Ni3P in phosphide from the Hainholz mesosiderite. The Fe/Ni distribution over the M1, M2, 

and M3 sites of the crystal structure exhibits a sharp Fe-Ni ordering, with Ni always 

predominating at the M3 and M2, leaving the M1 site Fe-dominant even in the Ni-richest 

varieties. This ordering implies that the ideal end-member formula of meteoritic 

nickelphosphide is Ni2FeP, rather than the currently adopted Ni3P. Consequently, the 

minerals of the considered series can be represented by three different species, with the end 

members Fe3P, Ni2FeP and Ni3P. 

Keywords: schreibersite, nickelphosphide, Fe3P, Ni3P, phosphide, meteorite, pallasite, 

mesosiderite, Ni-rich ataxite, crystal structure 
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Introduction 

The triangle Fe–Ni–P, a chemical backbone of metal-rich planetary interiors, is in the focus 

of cosmochemical and mineralogical research since the implementation of electron 

microprobe (EMPA) into geosciences (Goldstein and Ogilvie 1963, 1965; Wood 1964; Reed 

1965). Elucidating the origin and thermal history of metal-rich celestial bodies is based on the 

studies of this system (Goldstein and Short, 1967; Clarke and Goldstein, 1978; Rasmussen et 

al., 1984; Narayan and Goldstein, 1985; Herpfer et al., 1994). The subjects are, almost 

exclusively, iron and stony-iron meteorites, whose assemblages serve as natural snapshots of 

relationships between Fe-Ni metal and phosphides (Romig and Goldstein, 1980, 1981; Reuter 

et al., 1988; Yang et al., 1996; Goldstein et al., 2009). EMPA was for a long time a sole tool 

for the study of the join Ni3P–Fe3P, until Doenitz (1970) has demonstrated that three 

independent metal sites in the crystal structure of schreibersite have different affinities 

towards Fe and Ni; this was a beginning of the implication of X-ray diffraction methods to 

this system. Since the X-ray based refinement of Fe/Ni ordering is associated with obstacles 

due to the proximity of their atomic scattering factors, subsequent studies in this field were 

focused on resonant X-ray diffraction at synchrotron facilities (Moretzki et al., 2003, 2005). 

However, the recent progress in the X-ray instrumentation allows precise refinement of Fe/Ni 

site population by means of conventional in-house diffractometers (Britvin et al., 2021ab; 

Vereshchagin et al., 2026). In this respect it is surprising that Fe-Ni ordering in the crystal 

structure of natural nickelphosphide, a Ni-dominant member of the join has never been 

studied by X-ray diffraction methods. Earlier structural studies of this mineral were carried 

out on synthetic analogues (Rundqvist et al., 1962; Skála and Drabek, 1999, 2000, 2003; 

Chornkrathok et al., 2020), whereas the refinements of natural terrestrial nickelphosphide did 

not involve the refinement of Fe/Ni site populations (Galuskin et al., 2025). Meanwhile, it 

was shown that the Fe/Ni population behavior in natural schreibersite substantially deviates 
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from that of its synthetic analogue (Britvin et al., 2021a). In this paper we report the first 

results of an X-ray structural study of natural meteoritic nickelphosphide, which may lead to 

a possible new look at its chemical formula. 

Natural solid solutions Fe3P–Ni3P, or schreibersite–nickelphosphide 

Schreibersite, (Fe,Ni)3P, is the first phosphide discovered in nature (Berzelius, 1832). Its Ni-

dominant counterpart, nickelphosphide, (Ni,Fe)3P, was recognized as distinct mineral 

relatively recently (Britvin et al., 1999). These phosphides constitute a continuous series of 

solid solutions Fe3P–Ni3P within the metal-rich section of the system Fe–Ni–P (Skála and 

Drabek, 1999, 2000, 2003; Britvin et al., 2021a). Despite the obvious chemical distinction 

between Fe- and Ni-dominant members, they are often labeled by the common name 

"schreibersite" (e.g., Skála and Drábek, 1999, 2000; Skála and Cisařová, 2005; Chornkrathok 

et al., 2020), which in such cases should be treated as a series name, similar to, e.g., olivine or 

plagioclase series. The relationships within the system Fe–Ni–P are quite complex, including 

more than a dozen of different phosphides (Doan and Goldstein 1970; Drabek, 2006; 

Schmetterer et al., 2009; Britvin et al., 2020c), the majority of which have been discovered in 

nature for the last two decades (Buseck, 1969; Britvin et al., 2002, 2019ab, 2021abc; 2022; 

Pratesi et al., 2006).  However, it is the join Fe3P–Ni3P that represents a backbone of 

cosmochemistry of reduced phosphorus, being an integral part of the metal-phosphide system 

(Goldstein and Ogilvie 1963, 1965; Reed 1965; Buchwald, 1966, 1975, 1977; Chornkrathok 

et al., 2020). Shreibersite is a common accessory phase of lunar regolith (Pasek, 2015). It is 

suggested that schreibersite was the very primary phosphorus-bearing phase crystallized 

during the condensation of protoplanetary nebula (Pasek, 2019). 

Pure or nearly pure schreibersite, Fe3P, of various geneses, has been reported from 

several terrestrial localities. The mineral of magmatic origin is known in basalts of Disko 

Island, Greenland (Pauly, 1969; Pedersen, 1981; Vereshchagin et al., 2024a). It is confined to 
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native iron assemblages formed by partial reduction of lithophile iron on contact with coal-

bearing sediments. Schreibersite is a characteristic, though uncommon mineral in coal 

deposits, where it is a semi-anthropogenic product in reduced assemblages of burnt coal 

dumps, e.g., in Commentry and Cranzac, France (Palache et al., 1944); Urals, Russia 

(Nishanbaev et al., 2002); and Silesia, Poland (Ciesielczuk et al., 2015). One of the most 

enigmatic finds of schreibersite was its pseudomorph after wood collected by the Pisces-class 

submersible in the Read Sea rift zone, on the seafloor at a depth of 1400 m (Borodaev et al., 

1982). Findings of terrestrial schreibersite in fulgurites, the products of lightning-induced 

fusion of sedimentary rocks, suggest that fulgurites could be a possible source of reactive 

prebiotic phosphorus on early Earth (e.g., Pasek and Lauretta, 2005; Pasek et al., 2007; 

Pasek, 2008, 2017; Pasek and Block, 2009; Pasek et al., 2013, 2017; Plyashkevich et al., 

2016). Another scenario for the formation of terrestrial schreibersite is realized in 

pyrometamorphic complexes of Middle East and Mongolia, where phosphide assemblages 

were formed during combustion metamorphism of carboniferous sediments (Britvin et al., 

2015; 2017b; 2021a; Savina et al., 2020; Murashko et al., 2022; Galuskin et al. 2024, 2025; 

Vereshchagin et al., 2024b). Schreibersite of likely meteoritic origin was identified in 

Agoudal impact site, Morocco (Schmieder et al., 2015). 

Meteoritic shreibersite always contains substantial percentage of Ni substituting for Fe 

(Britvin et al., 2021a). Nickelphosphide, until the recent findings in the Middle East and 

Greenland (Galuskin et al. 2024, 2025; Vereshchagin et al., 2024a), was known only in 

meteorites (Britvin et al., 1999), where the most nickeliferous mineral from the Oktibbeha 

County ataxite contains 76 mole % of Ni3P (Reed, 1972). Both schreibersite and 

nickelphosphide are ubiquitous in almost all iron meteorites (Goldstein and Ogilvie 1963, 

1965; Reed 1965; Buchwald, 1966, 1975, 1977; Britvin et al., 1999, 2021a); schreibersite 

may constitute more than 20 vol.% of the metal phase (Kotomaa et al., 2025). Schreibersite 
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from iron meteorites has been thoroughly studied (see the references cited above). In striking 

contrast, the stony-irons are, in fact, virtually unexplored in this regard. The published papers 

dedicated to stony-irons point the accent on silicate, phosphate, chromite, or rarely, Fe-Ni 

metal chemistry, almost completely ignoring the chemistry of phosphides (e.g., Powell, 1969, 

1971; Buseck, 1977; Buseck and Holdsworth, 1977; Scott, 1977; Mittlefehldt et al., 1979; 

Rubin and Mittlefehldt, 1992; Patzer et al., 2004; Lucas et al., 2019; García et al., 2022; 

Mittlefehldt, 2024). There are two rare phosphide minerals discovered in pallasites - 

barringerite, Fe2P, and nazarovite, Ni12P5 (Buseck, 1969; Britvin et al., 2022a), and one more 

in the meteorite of the tissemouminite group - melliniite, (Ni,Fe)4P (Pratesi et al., 2006). 

Surprisingly, there are no even approaches to classify the compositional data on the minerals 

of schreibersite-nickelphosphide series in stony-irons. The scarce records are limited to brief 

mentions of "phosphide" or "schreibersite" with, at most, approximate estimations of Ni 

content (Kulpecz and Hewins, 1978; Agosto et al., 1980). The present study, being focused 

on nickelphosphide, partially completes this gap. 

Samples and analytical methods 

Meteorite samples 

The inventory used in this research included 13 samples from 3 mesosiderites, 2 

tissemouminites, 2 main-group pallasites, the Eagle Station pallasite, and 3 iron meteorites 

(Table 1). The selection of meteorites was based on two criteria: the availability of the 

samples for study, both in general and for destructive analytical methods (i.e., X-ray 

structural analysis), and the mandatory presence of nickelphosphide, (Ni,Fe)3P with Ni>Fe. 

Mesosiderites are comprised by Budulan and Mincy, both representatives of the B4 subgroup, 

and Hainholz, a member of the A4 subgroup. The details of their petrology, mineralogy and 

geochemistry can be found in previous works (e.g., Powell 1969, 1971; Mittlefehldt et al., 

1979; Nehru et al., 1980; Hewins, 1984; Mittlefehldt, 1990; Rubin and Mittlefehldt, 1992; 
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Albrecht et al., 2000; Quitté et al. 2005; Lorenz et al., 2010; Haba et al., 2019; García et al., 

2022; Iannini Lelarge et al., 2022; Sugiura et al., 2022; Kouvatsis et al., 2023). Northwest 

Africa 725 (NWA 725) and NWA 1054, originally classified as acapulcoites or winonaites 

(Patzer et al., 2004; Pratesi  et al., 2006; Greenwood et al. 2012; Hidaka et al., 2019; Lucas et 

al., 2019; Zeng et al., 2019), were recently proposed to reconsider into a separate transient 

group – tissemouminites (Stephant et al., 2022). Pallasites are comprised by Brahin and 

Finmarken, both the members of pallasite main group (for their petrology and geochemistry 

see, e.g., Yang et al., 2010; Boesenberg et al., 2012; McKibbin et al., 2013, 2019; 

Mittlefehldt, 2024), and the Eagle Station, a prototype member of the eponymous group 

(Scott, 1977; Teplyakova et al., 2022; Mittlefehldt, 2024). Three Ni-rich iron meteorites were 

included because they contain compositionally equilibrated nickelphosphide, (Ni,Fe)3P, 

different from  Fe-Ni zoned “rhabdite” (Reed, 1965; Buchwald, 1975, 1977; Clarke and 

Goldstein, 1978) common to most of iron meteorites. Butler (iron ungrouped) and 

Dorofeevka (IIF) are plessitic octahedrites containing ~15 wt.% Ni (Goldstein, 1966; 

Buchwald, 1975; Kracher et al., 1980; Hilton et al., 2020). Butler is a type meteorite for 

nickelphosphide (Britvin et al., 1999). The meteorite is known for extreme enrichment in Ge 

(2000 μg/g, or 0.2 wt.% in bulk metal); it is a structural and compositional analogue of NWA 

859, or the Taza iron (Wasson, 2011). Barbianello (iron ungrouped), containing 27 wt.% Ni, 

belongs to a small group of nickel-rich ataxites enriched in phosphides and carbides (Fioretti 

and Zipfel, 2004; Britvin et al., 2019; Vereshchagin et al., 2026). 

Electron microprobe analysis (EMPA) 

The samples, comprised by the pieces up to 1 cm in the maximum dimension, were 

embedded into epoxy pellets, which were ground and polished by conventional methods. The 

study included microscopic investigation of polished sections in reflected light, followed by 

EMPA of selected areas. The latter was carried out on carbon-coated sections in the 
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Geomodel Resource Center of Saint-Petersburg State University, by means of an INCA 

WAVE 500 WDX spectrometer (20 kV, 15 nA) attached to a Hitachi S-3400N scanning 

electron microscope, using Kα-lines and pure Ni, Fe, Co metals and InP as analytical 

standards. 

Single-crystal X-ray diffraction (SCXRD) and powder X-ray diffraction (PXRD) 

X-ray studies were carried out on the EMPA-analyzed single-crystal grains manually 

extracted from the analyzed polished sections with a tungsten carbide needle. Owing to the 

brittleness of nickelphosphide, mechanical extraction does not lead to its structural 

destruction. For SCXRD data collection, three diffractometer models were available:  Bruker 

APEX II (CCD detector), Bruker Kappa APEX DUO (CCD detector) and Rigaku-Oxford 

Diffraction XtaLAB Synergy-S (HPC detector), all being equipped with sealed X-ray tubes 

(MoKα-radiation). For each crystal intended for the study, the choice of suitable instrument 

was made based on the crystal size/collection time criteria. The ground requirements were the 

same as in the recent study of schreibersite (Britvin et al., 2021a): full Ewald sphere up to at 

least 2θ = 64°, frame width 1°, average I > 30σ(I). After completion of SCXRD data 

collection and proof of their quality using preliminary crystal structure refinements, the 

broken-off fragments of studied crystals were powdered for the obtaining of PXRD data. The 

latter were collected by means of a Rigaku RAXIS Rapid II diffractometer equipped with a 

semi-cylindrical imaging plate (r = 128.4 mm), rotating anode (CoKα-radiation, 40 kV, 15 

mA) and mirror microfocus monochromator. Exposure time for each sample was set between 

30 and 60 min, depending on the sample size. In case of very small (less than 15 μm) crystal 

fragments of nickelphosphide from Barbianello and Dorofeevka, the PXRD data were 

obtained on single crystals with implementation of a Gandolfi method. The 2D PXRD images 

were transformed into the XY profiles with osc2xrd program (Britvin et al., 2017), and the 

resultant profiles were used for precise unit-cell parameter determination by a full-profile 
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Rietveld refinement (Bruker TOPAS v.5.0 software). Fe/Ni input occupancy factors were 

taken from single-crystal structure refinements and were not refined. The final single-crystal 

structure refinements, using the refined PXRD unit-cell parameters, were carried out by 

means of SHELX-2018 set of programs (Sheldrick, 2015) incorporated into the Olex2 v. 1.5 

graphical user shell (Dolomanov et al., 2009). The Fe/Ni occupancy factors were refined for 

each metal site. In case when site occupancy factor for either Fe or Ni was equal to unity 

within the 2σ tolerance, the site was assumed to be fully occupied by the corresponding 

element.  The summary of data collection and structure refinement details is presented in 

Table 2; the full details can be retrieved from Crystallografic Informatiom Files (CIF) 

included into the Supplementary material. 

Results 

Occurrence of nickelphosphide 

Iron meteorites and pallasites 

The common appearance of nickelphosphide in studied irons and pallasites is presented in 

Figure 1. The occurrence and assemblages follow the trends known for the same meteorites 

and their structural analogues (e.g., Buchwald, 1966, 1975, 1977; Buseck 1977; Buseck and 

Holdsworth, 1977). In plessitic octahedrites Butler and Dorofeevka, the mineral occurs as 

isolated, round to angular single-crystal grains from 10 to 200 μm in size confined to α-

(Fe,Ni) (kamacite) fields and veinlets within plessite - a microgranular variety of 

Widmanstätten structure (Fig. 1a). In Barbianello, a nickel-rich ataxite, the euhedral to long-

prismatic crystals of nickelphosphide grow on the walls of the kamacite-filled micro-pockets 

within the taenite matrix (Fig. 1b, see also Vereshchagin et al., 2026). In the Brahin, Eagle 

Station and Finmarken pallasites, the mineral occurs as crystalline encrustations and rims 

several hundred micrometers in largest dimension, tracking the kamacite-plessite interfaces; 

its aggregates can reach several hundred micrometers in largest dimension (Fig. 1c). 
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Mesosiderites and tissemouminites 

The appearance and assemblages of nickelphosphide in these meteorites is shown in Fig. 2. In 

mesosiderites (Budulan, Mincy and Hainholz), the mineral forms very sharp, well developed 

isometric crystals confined to submillimeter- to millimeter-sized kamacite fields (Fig. 2ab). 

The crystals, always sitting on the rock-forming clinopyroxene crystals, are ingrown into the 

kamacite-filled pockets. This type of occurrence is the same as it was described in the Emery 

mesosiderite (Kulpecz and Hewins, 1978). 

In tissemouminites NWA 725 and NWA 1054, nickelphosphide associations are more 

diverse than in mesosiderites. In addition to common kamacite assemblages, one can observe 

nickelphosphide crystals penetrating tetrataenite–rimmed plessite fields (Fig. 2c). Troilite is 

quite common in these assemblages, alongside with rare native copper patches (Fig. 2d). The 

relationships with rock-forming silicates could not be traced, because both examined 

tissemoumintes have underwent severe terrestrial weathering, and direct contacts of 

nickelphosphide with silicates were not encountered. It is noteworthy that NWA 1054 is 

known as a type occurrence for another phosphide, melliniite (Ni,Fe)4P (Pratesi et al., 2006). 

In this regard, it should be noted that out of the more than 200 phosphide grains studied in 

several sections of this meteorite, melliniite was not observed. 

Chemical composition 

The composition of studied nickelphosphide grains is summarized in Table 1. The Ni 

contents vary between 44.1 and 53.7 wt. % that corresponds to 1.52 - 1.87 Ni atoms per M3P 

formula unit (Table 3). All inspected grains are chemically homogeneous, with no signs of 

Fe/Ni zoning, a feature of rhabdite (the late acicular variety of schreibersite-nickelphosphide 

typical of coarse- to medium-structured octahedrites) (Cohen, 1894; Goldstein and Ogilvie, 

1963; Reed, 1965; Clarke and Goldstein, 1978). 
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Fe-Ni ordering in the crystal structure of nickelphosphide 

Nickelphosphide crystallizes in tetragonal system, in a non-centrosymmetric space group   4 

(# 82). The crystal structure of its Fe-dominant counterpart, schreibersite, was studied in 

detail by many authors (e.g., Britvin et al., 2021a and references cited therein). It contains 

one phosphorus site coordinated by 9 both metal and P atoms, and three metal sites, which 

are denoted as M1 (CN = 15), M2 (CN = 14) and M3 (CN = 13) according to Doenitz (1970). 

The structure of synthetic analogues of Fe-bearing nickelphosphide was studied by Skála and 

Drabek (1999, 2000, 2003). However, the data on natural mineral were never reported before. 

The refined Ni occupancies for the M1, M2 and M3 sites of the crystal structure of meteoritic 

nickelphosphide are given in Table 3. The most interesting observation that becomes obvious 

from this table is that Ni almost completely avoids the incorporation into the M1 site 

throughout the compositional range, from the relatively Ni-poor boundary mineral of NWA 

1054 to the most Ni-rich member from Hainholz. This tendency was known in schreibersite 

(Doenitz, 1970 and the referring works). However, in nickelphosphide, where Ni overrides Fe 

in the total atomic percentage, it leads to the emergence of site-ordered phosphide phase 

whose general structural formula can be represented as 
M1

Fe
M2

(Ni,Fe)
M3

NiP or ideally 

Ni2FeP. 

Discussion and conclusion 

The existence of an ordered meteoritic phosphide with the ideal composition Ni2FeP raises 

the question of the chemical formula of nickelphosphide, the second most abundant 

phosphide in meteoritic matter. This mineral was first described from the Butler meteorite as 

the Ni-dominant member of the supposed continuous series of solid solutions Ni3P–Fe3P 

(Britvin et al., 1999). The structural study of natural nickelphosphide, in particular revelation 

of the Fe-Ni ordering, was impossible at that time, therefore its ideal formula was assumed to 

be Ni3P (Britvin et al., 1999). Subsequently, a series of structural studies were carried out 
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using single-crystal X-ray diffraction and the Rietveld method (Skála and Drabek, 1999, 

2000, 2003), but precise determinations of Fe/Ni ordering were not reported. In our study, 

there is clear evidence that meteoritic nickelphosphide has the ideal formula Ni2FeP rather 

than Ni3P. It is important to note that this formula is also valid for the mineral from the Butler 

meteorite (Table 3), the type occurrence of original nickelphosphide (Britvin et al., 1999). 

The next substantial consequence of our study is that the existence of meteoritic phosphide 

with an ideal formula approaching Ni3P seems unlikely. Provided that the specific affinity of 

Ni towards M3 and M2 sites is a universal feature of the schreibersite-nickelphosphide 

structure, the predominance of Ni at the Ni-poor M1 site could only be achieved in a mineral 

containing more than 2.50 Ni per formula unit, or 83 mol.% Ni3P. This threshold has never 

been reached in meteoritic nickelphosphide, and the geochemical or structural reasons of 

such behavior require further investigations. However, some Ni-richest varieties of terrestrial 

nickelphosphide from the Hatrurim Formation, Jordan (Galuskin et al., 2024, 2025) might 

satisfy the requirements of all-site Ni predomination, approaching the Ni3P end-member. 

Consequently, the minerals of the considered series can be comprised by different species, 

the end members of wich are Fe3P, Ni2FeP and Ni3P. 

Supplementary material. The supplementary material for this article can be found at 

https://doi.org/10.1180/mgm*** 
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Table 1. Chemical composition of nickelphosphide (wt.%) included into this study, arranged 

by Ni content (ascending) 

 

Meteorite 
a
 Classification Ni Fe Co P Total 

NWA 1054[2] (a) 
b
 Tissemouminite 

c
 44.09 40.51 0.23 15.25 100.08 

Barbianello (b) Iron UNGR (ataxite) 46.15 38.52 0.33 15.53 100.53 

NWA 1054[1] (a) 
b
 Tissemouminite 

c
 46.47 38.52 0.18 15.06 100.23 

Brahin (d) Pallasite PMG 47.45 37.23 0.18 15.52 100.38 

Eagle Station (b) Pallasite PES 47.95 36.54 0.26 15.24 99.99 

Dorofeevka (b) Iron IIF (Opl) 48.81 36.46 0.27 15.13 100.67 

Butler (b) Iron UNGR (Opl) 49.26 36.06 0.24 15.04 100.60 

Budulan (d) Mesosiderite B4 49.90 34.67 0.17 15.05 99.79 

Mincy (d) Mesosiderite B4 50.69 34.40 0.13 15.26 100.48 

NWA 725 (c) Tissemouminite 
c
 50.31 33.57 0.27 15.31 99.46 

NWA 1054[3] (a) 
b
 Tissemouminite 

c
 50.69 34.11 0.14 15.03 99.97 

Finmarken (d) Pallasite PMG 51.28 33.40 0.15 14.96 99.79 

Hainholz (b) Mesosiderite A4 53.71 30.85 0.15 15.01 99.72 
 

a
 Meteorite sample sources are given in parentheses: (a) Matteo Chinellato, 

www.mcomemeteorite.it; (b) Renato Pagano, private donation; (c) Bruno Fectay and Carine 

Bidaut, www.meteorite.fr.; (d) Sergey Britvin. 
b
 In NWA 1054, three different 

nickelphosphide crystals were studied, indicated by the additional numbers in brackets. 
c
 

Tissemouminites – a recently established meteorite group (Stephant et al., 2022). 
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Table 2. X-ray data collection and structure refinement summary for nickelphosphide 

crystals. 

Crystal Number of reflections avg(I) Rint R1 wR2 GoF Δρ (e Å
-3

) 

 meas. indep. I>2σ(I) [σ(I)]     min max 

NWA 1054/2 6374 624 623 83 0.028 0.007 0.018 1.12 –0.31 0.26 

Barbianello 1997 709 693 40 0.021 0.014 0.028 1.00 –0.47 0.52 

NWA 1054/1 1921 624 621 39 0.036 0.012 0.029 1.03 –0.50 0.55 

Brahin 4069 624 622 57 0.033 0.009 0.021 1.11 –0.34 0.33 

Eagle Station 3783 624 621 38 0.045 0.011 0.027 0.93 –0.38 0.54 

Dorofeevka 5142 688 687 82 0.022 0.007 0.015 1.07 –0.22 0.22 

Butler 4487 562 558 51 0.037 0.011 0.024 1.10 –0.37 0.37 

Budulan 5450 621 621 50 0.044 0.013 0.032 1.16 –0.59 0.53 

Mincy 3617 686 685 59 0.025 0.009 0.021 1.13 –0.37 0.43 

NWA 725 3194 624 622 72 0.018 0.008 0.017 1.07 –0.25 0.30 

NWA 1054/3 3853 583 577 57 0.028 0.010 0.020 1.10 –0.43 0.37 

Finmarken 6922 687 687 108 0.025 0.007 0.015 1.15 –0.38 0.33 

Hainholz 3353 606 603 47 0.036 0.014 0.030 1.12 –0.49 0.79 
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Table 3. Refined site occupancy factors for Ni and unit-cell parameters of nickelphosphide. 

Crystal Total Ni (apfu) 
a
 Ni, site occupancy factors Unit-cell parameters 

d
 

 EMPA 
b
 Struct 

c
 M1 M2 M3 a (Å) c (Å) V (Å

3
) 

NWA 1054/2 1.52 1.48 0 0.58(2) 0.90(2) 9.0183 4.4646 363.10 

Barbianello 1.59 1.76 0.30(4) 0.62(4) 0.84(4) 9.0185 4.4487 361.83 

NWA 1054/1 1.61 1.63 0 0.63(2) 1 9.0180 4.4625 362.91 

Brahin 1.63 1.57 0 0.66(2) 0.91(2) 9.0144 4.4650 362.82 

Eagle Station 1.66 1.67 0.11(3) 0.65(4) 0.91(3) 9.0188 4.4607 362.83 

Dorofeevka 1.68 1.62 0.27(2) 0.55(2) 0.80(2) 9.0243 4.4501 362.41 

Butler 1.70 1.74 0.27(4) 0.61(2) 0.86(3) 9.0238 4.4521 362.53 

Budulan 1.74 1.72 0 0.72(3) 1 9.0100 4.4603 362.09 

Mincy 1.75 1.94 0.18(2) 0.76(2) 1 9.0130 4.4585 362.18 

NWA 725 1.75 1.89 0.11(2) 0.78(2) 1 9.0111 4.4615 362.27 

NWA 1054/3 1.76 1.87 0.11(2) 0.76(2) 1 9.0095 4.4682 362.69 

Finmarken 1.79 1.94 0.18(1) 0.76(2) 1 9.0152 4.4575 362.28 

Hainholz 1.87 1.89 0.08(3) 0.81(4) 1 9.0082 4.4653 362.35 

 

a
 Ni atoms per M3P formula unit. 

b
 Electron microprobe data, estimated standard deviation 

0.03 Ni apfu. 
c
 Sums of the site occupancy factors determined by the crystal structure 

refinements. 
d
Estimated standard deviations (Rietveld refinement): 5×10

-4
 Å for the a-

parameter, 3×10
-4

 Å for the c-parameter, 5×10
-2

 Å
3
 for the unit-cell volume. 
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Figure 1. Nickelphosphide in studied iron meteorites and pallasites.  (a) Butler; (b) 

Barbianello; (c) Brahin. Photomicrographs in reflected light. Abbreviations: Nic – 

nickelphosphide; Kam – α-(Fe,Ni) (kamacite); Tn – γ-(Fe,Ni) (taenite); Pls – plessite (micro-

Widmanstätten intergrowths of α- and γ-(Fe,Ni); Fe-Ni-O – secondary Fe-Ni oxides and 

hydroxides. Abbreviations according to Warr (2021). 
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Figure 2. Nickelphosphide in mesosiderites (a,b) and tissemouminites (c,d).  (a) Budulan; (b) 

Mincy; (c) Northwest Africa 725; (d) Northwest Africa 1054. Photomicrographs in reflected 

light. Abbreviations: Nic – nickelphosphide; Kam – α-(Fe,Ni) (kamacite); Ttn – tetrataenite 

(an ordered 50/50 FeNi); Pls – plessite (micro-Widmanstätten intergrowths of α- and γ-

(Fe,Ni); Tro – troilite; Pl – plagioclase; Cpx – clinopyroxene; FeOx – secondary Fe oxides; 

Cu – native copper. Abbreviations according to Warr (2021). 
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