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Abstract

Murashkoite, FeP, is a new mineral found in pyrometamorphic rocks of the Hatrurim Formation, South Levant. It is a typical
accessory phase in the marbles and paralavas in the southern Negev Desert, Isracl and on the Transjordan Plateau, Jordan.
Murashkoite occurs as grains and aggregates up to 2 mm closely associated with barringerite, (Fe,Ni),P, and zuktamrurite, FeP,.
The rock-forming minerals include pyroxenes of the diopside-hedenbergite series, anorthite with subordinate gehlenite, tridymite,
cristobalite, pyrrhotite, fluorapatite, chromite, magnetite, hematite, merrillite and late hydrothermal carbonates, silicates and sulfates.
Macroscopically, murashkoite is yellowish-grey in colour and has a metallic lustre. In reflected light, the mineral is white with a
beige tint and it is non-pleochroic. The anisotropy is distinct, from yellow-grey to greyish-blue. Selected reflectance values [R.—
Runins % (A, nm)] are: 42.7-40.8 (400), 42.0-40.6 (500), 44.5-43.4 (600), 48.0-47.7 (700). It is brittle. VHN,, =468 kg mm °. The
holotype material has the chemical composition (electron microprobe): Fe 63.82; Ni 0.88; P 35.56; total 100.26 wt.%. The empirical
formula calculated on the basis of 2 apfit is (Fey 99Nig 01)1.00P1.00 corresponding to FeP. Murashkoite is orthorhombic, space group
Pnma, unit cell parameters refined from the single-crystal data are: a 5.099(2), b 3.251(2), ¢ 5.695(2) A, V 94.41(8) A%, Z=4,D, =
6.108(5) g cm >. The crystal structure was solved and refined to R; = 0.0305 on the basis of 131 unique reflections with /> 20([).
The strongest lines of the powder X-ray diffraction pattern [(d, A) (I, %) (hkD)]: 2.831(75)(002,011); 2.548(22)(200);
2.477(46)(102,111); 1.975(47)(112); 1.895(100)(202,211); 1.779(19)(103); 1.632(45)(013,301,020). The mineral is named in hon-
our of Dr. Mikhail Nikolaevich Murashko (born 1952), for his contributions to the mineralogy of the Hatrurim Formation.
Murashkoite is a natural counterpart of synthetic FeP, the compound widely used in heterogeneous catalysis and electrocatalysis.
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Britvin et al. 1999). Barringerite, (Fe,Ni),P (Buseck 1969),
and its high-pressure counterpart allabogdanite (Fe,Ni),P
(Britvin et al. 2002; Dera et al. 2008) represent another
cosmochemically significant phosphide group. Several
phosphides sporadically occur as accessory constituents
in stony meteorites. These include florenskyite, FeTiP,
and andreyivanovite, FeCrP, from the Kaidun polymictic
breccia (Ivanov et al. 2000; Zolensky et al. 2008), melliniite,
(Ni,Fe)4P, from acapulcoite NWA1054 (Pratesi et al. 2006)
and monipite, MoNiP, from the famous Allende CV3 chon-
drite (Ma et al. 2014). It should be noted that all known
meteoritic phosphides are metal-dominant compounds,
i.e. those having a M/P (metal-to-phosphorus) ratio ex-
ceeding unity. Recently, we have described a suite of
unusual terrestrial phosphides occurring in the geologi-
cally juvenile pyrometamorphic rocks of the Hatrurim

Fig. 1 a The Dead Sea area, South Levant, with the numbered locations
of murashkoite-bearing outcrops: (1) Halamish wadi, southern part of the
Hatrurim Basin, Negev Desert, Israel; (2) Phosphorite quarry at the Daba-
Siwaqa locality on the Transjordan Plateau, Jordan. b Dr. Mikhail
Murashko at the type locality of murashkoite: the Halamish wadi,
southern part of the Hatrurim Basin, Negev Desert, Israel. The
topographic background for Fig. 1a was adapted from the image freely
distributed under the Creative Commons Attribution License (CC BY)
(https://www.1lickr.com/photos/148318224 @N03/34460561521)
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Formation (the Mottled Zone), South Levant (the Dead
Sea area in Israel and Jordan) (Britvin et al. 2015, 2017, 2018).
The remarkable feature of these Earth phosphides is a wide
variability of the M/P ratios making them substantially distinct
from meteoritic minerals. Besides schreibersite, Fe;P,
barringerite, Fe,P, and zuktamrurite, FeP,, a new accessory
iron phosphide was identified in the rocks of the Mottled
Zone having the composition corresponding to FeP. This min-
eral is named murashkoite, in honour of Dr. Mikhail

Fig. 2 Typical examples of studied phosphide-bearing rocks. a Slice of
hydrothermally altered pyrometamorphic marble (field 1) cross-cut by
veinlets of altered clinopyroxene-plagioclase paralava (fields 2, 3).
Daba-Siwaqa complex, Transjordan Plateau, Jordan. b Conglomerate of
severely altered marbles cemented by late hydrothermal minerals. Daba-
Siwaga complex, Transjordan Plateau, Jordan. Field numbers (a) and (b)
correspond to the rock compositions presented in Table 2. ¢ Ovoidal
intergrowths of murashkoite and baringerite (white) in weathered fine-
grained diopside (Di) rock. Halamish wadi, southern part of the Hatrurim
Basin, Negev Desert, Isracl. SEM BSE image
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Nikolaevich Murashko (born 1952), a Russian mineralogist,
for his contributions to the studies of the Hatrurim Formation.
The holotype specimen of murashkoite (IMA 2012-071) is
deposited in the collections of the Mineralogical Museum of
the Mining Institute (Technical University), St. Petersburg,
Russia, catalogue number MGS 2211/1.

Analytical methods

The chemical composition was studied on carbon-coated
polished sections by means of an Hitachi S-3400 N scanning
electron microscope equipped with an Oxford Instruments
AzTec Energy X-Max 20 energy dispersive (EDX) and
INCA WAVE 500 wavelength-dispersive (WDX) spectrome-
ters, using the following standards: albite (NaK«x, AlK«,
SiKw), pyrite (SKe), NaCl (ClKx), KCI (KK ), wollastonite
(CaKw), AsP (PKx), Cr metal (CrK«), Fe metal (FeKx), Co
metal (CoKx) and Ni metal (NiKx). EDX spectra were ob-
tained under the following conditions: 20 kV accelerating

voltage, 1 nA beam current, matrix correction by extended
Pouchou and Pichoir (XPP) method (Pouchou and Pichoir
1991) which is more accurate than the conventional ZAF cor-
rection and implemented in the Oxford Instruments software.
Reflectance was measured in air against a Si standard using a
MSF-21 spectrophotometer, a monochromator slit of 0.4 mm,
100 pm measured area. X-ray diffraction patterns of rock
samples (Table 2) were recorded on a Rigaku Miniflex II
diffractometer (Bragg-Brentano geometry), CuK« radiation
and 3 ° min ' scan speed. Subsequent quantitative full-
profile Rietveld analyses were carried out using Bruker
TOPAS v. 4.2 software (Bruker 2009). X-ray single-crystal
and powder diffraction data for murashkoite were collected
using a STOE IPDS II diffractometer equipped with a
MAR345 flat imaging plate detector, MoK « radiation (graph-
ite monochromator). The powder pattern was recorded by the
Gandolfi method at a crystal-to-detector distance of 200 mm.
Calculated intensities and d-spacings were obtained by means
of CCDC Mercury software (Macrae et al. 2006) using the
unit-cell parameters of murashkoite refined from powder data.

Table 1 Chemical composition of pyroxene and plagioclase in the studied phosphide-bearing rocks

Halamish wadi, Hatrurim Basin, Israel

Daba-Siwaqa Complex, Jordan

Diopside * Diopside © Hedenbergite ¢ Anorthite ©
Wt.% ° Std. dev. Wt.% ° Wt.% ° Wt.% ° Std. dev.
Na,O 0.71 0.13
K,0 0.47 0.11
CaO 25.69 0.64 24.81 22.99 18.39 0.67
MgO 17.74 0.40 17.65 4.15
FeO 0.04 0.00-0.62 142 22.20
AlLO3 1.76 0.53 0.97 1.30 32.28 0.55
Fe,0; 1.50 0.07 ¢
TiO, 0.74 0.58
SiO, 53.94 1.05 55.31 49.40 46.85 0.90
Total 99.91 100.16 100.04 100.20
Formula amounts
0=6 0=6 0=6 0=38
Na 0.04
K 0.02
Ca 0.99 0.96 0.98 0.97
D) 0.99 0.96 0.98 1.03
Mg 0.96 0.95 0.25
Fe** 0.04 0.74
Ti** 0.02
% 0.98 0.99 0.99
Al 0.07 0.04 0.06 1.79
Fe™* 0.05
Si 1.95 1.99 1.97 2.12
% 2.02 2.04 2.03 3.96

* Average of 20 analyses. ® Middle dot means below detection limit. © Max. Mg content found. ¢ Max. Fe content. ® Average of 5 analyses. 'Range,
min-max. ¢Iron is assumed to be ferric based on crystal-chemical considerations
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Geological setting and occurrence

Murashkoite was first found in 2011 in the rocks of the
Halamish wadi located in the southern part of the Hatrurim
Basin, Negev Desert, Israel (31 © 09" 47” N, 35° 17" 57" E,
Fig. 1). Three years later, the same mineral was identified in
the small phosphorite quarry at the Daba-Siwaga complex on
the Transjordan Plateau, Jordan (31 © 21’ 52” N, 36 ° 10" 55"
E, Fig. 1). Both localities have outcrops of metamorphic
rocks belonging to the Hatrurim Formation, also known
as the “Mottled Zone” (Gross 1977; Burg et al. 1992,
Geller et al. 2012). The Hatrurim Formation is the world’s
largest sedimentary horizon affected by pyromethamorphic
(combustion) alteration. Pyrometamorphism is a process of
natural high-temperature calcination and even remelting of
the rocks at near atmospheric pressure (Sokol et al. 2005;
Grapes 2006). Pyrometamorphic processes are commonly
triggered by the local superficial high-temperature
events such as volcanic eruptions and subsurface intru-
sions (Shaw 2009), coal and natural gas combustion
(Cosca et al. 1989), and hence are usually confined to
relatively local areas. The Hatrurim Formation is a rare excep-
tion as its pyrometamorphic rock series is traced over an area
exceeding 600 km?. It is juvenile on the geological timescale
having a “’Ar/*°Ar age between 4.0 and 2.3 Ma (Gur et al.

1995). Outcrops of the Mottled Zone have been reported on
both sides of the Dead Sea (Levantine) Transform Fault (Burg
etal. 1992). The exact source of heat required for attaining and
maintenance of such a high temperature is not completely
established; the two competing hypotheses suggest either (1)
combustion of bituminous shales (Burg et al. 1992) or (2)
firing of methane originating from mud volcanoes (Sokol
et al. 2007; Khesin et al. 2010; Novikov et al. 2013). The
sediments affected by pyrometamorphism are preferentially
Maastrichtian chalks and marls. Metamorphosed phosphorite
beds in underlying Campanian layers (Shemesh et al. 1983)
may be a possible source of the phosphorus required for the
formation of natural phosphides. In extreme cases, extensive
melting of the calcined sediments resulted in the formation of
the so-called paralavas — pseudo-eruptive rocks often resem-
bling common subvolcanic rock types (Vapnik et al. 2007;
Seryotkin et al. 2012). Based on the study of melt inclusions
in the paralava minerals, temperatures of formation were
estimated as 1150-1200 °C (Sharygin et al. 2006) and
even higher at 1280-1350 °C (Sokol et al. 2010).
Pyrometamorphic assemblages of the Mottled Zone con-
tain a series of exotic natural refractory oxides: grossite,
CaAl;O; (Weber and Bischoff 1994); natural ferrites
such as barioferrite, BaFe**1,0;o (Murashko et al. 2010) and
harmunite, CaFe,O4 (Galuskina et al. 2014); perovskite-type

Table 2 Mineral composition of

the rock samples depicted on Fig. 2 Mineral General formula Mineral content (wt.%)

Fields on Fig. 2a Fields on Fig. 2b

1 2 3 1 2 3 4 5
Calcite CaCO3 30 67 18 79 31 43 36 11
Aragonite CaCOs3 53 : : : : : 11 61
Plagioclase (Ca,Na)AI[(Si,Al);Og] 42
Clinopyroxene Ca(Mg,Fe,Al)[(S1,A1),O¢] 11 28
Melilite Cay(ALMg)[(S1,Al),O] 11
Tridymite SiO, 7
Cristobalite SiO, 3
Fluorapatite Cas(POy)sF 2 8 45 19
Hematite Fe,05 3
Gibbsite Al(OH); 24
Gypsum CaS0O,42H,0 2 57 8 9
Ettringite CagAly(SO4);(OH) - 26H,0 15
Phillipsite (K5,Na,,Ca)[(Si,Al)g04]-6H,0 6
Thomsonite NaCa,[Al5Sis0,0]-6H,O 8 22
Katoite CazAL[(Si04);.(OH)y,] 11
Tobermorite-11 A CasSigO,4(OH),-4H,0 11
Tobermorite-14 A CasSic0,6(OH),-8H,O 8
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Middle dot means not found (below ca. 2 wt.%). The mineral contents were determined via Rietveld refinement of

the powder X-ray diffraction data. Accuracy of mineral content determination is ~10 relative %
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shulamitite-sharygite series, Ca;TiFeAlOg - Ca3TiFe,Og
(Sharygin et al. 2013; Juroszek et al. 2018), and vapnikite,
Ca3UOg4 (Galuskin et al. 2014). Complex silico-phosphates,
silico-sulfates and silico-vanadates are characteristic ac-
cessory phases in the marbles and paralavas of the
Mottled Zone (Sokol et al. 2015; Gfeller et al. 2015;
Galuskin et al. 2016, 2017 and the references therein).
Subsequently, these calcined and remelted rocks of the
Hatrurim Formation were subjected to extensive retro-
grade alteration such as hydrothermal reworking and
supergene weathering (Kolodny et al. 2014; Vapnik et al.
2018). In many cases, the marbles and paralavas of the
Mottled Zone are completely substituted by a suite of hydrous
silicates, carbonates and sulfates.

Mineral assemblages of the host rocks at the two
phosphide-bearing localities are substantially different.
Rocks outcropping in the quarry at the Daba-Siwaqa
complex are represented by centimeter-sized veins of
medium-grained paralavas cross-cutting heterogeneous
calcined marble conglomerates (Fig. 2a, b). The paralavas
are primarily of clinopyroxene-anorthite (gabbro-dolerite)

Table 3 Reflectance

values R (%) of A, nm Rinax Ruin

murashkoite
400 4.7 40.8
420 419 40.0
440 415 39.8
460 41.6 39.9
480 41.7 40.1
500 42.0 40.6
520 422 41.0
540 4.7 41.5
560 433 42.1
580 439 42.7
600 445 434
620 452 443
640 459 452
660 46.6 46.0
680 472 46.9
700 48.0 47.7

Holotype specimen, see the first entry
in Table 4

Fig. 3 Murashkoite and its associations. a Fractured murashkite grain
(light-grey) in a matrix of hydrous silicates and carbonates. b
Murashkoite grain intergrown with barringerite. ¢ Dendritic aggregates of
murashkoite in the matrix of hydrous silicates. The central area between
dendrites is occupied by barringerite. d Tiny crust of murashkoite dendrites

grown inwards the pocket filled with the secondary hydrous Fe-Ni silicate.
Halamish wadi, southern part of the Hatrurim Basin, Negev Desert, Israel.
SEM BSE images. Abbreviations: Mr., murashkoite; Br, barringerite, Di,
diopside; Hem, hematite; Ap, fluorapatite; Cal, calcite; Sil, hydrous Fe-Ni
silicate; Si2, hydrous Mg-Ca silicate
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Fig. 4 Reflectance curves of murashkoite

composition (Table 1), bearing a suite of subordinate constit-
uents such as gehlenite, tridymite, cristobalite, accessory mag-
netite, troilite, pyrrhotite, hematite, merrillite and fluorapatite.
Clinopyroxene is rather heterogeneous and varies from
diopside to hedenbergite (Table 1) even within one sin-
gle crystal. Plagioclase has an almost uniform composi-
tion approaching the anorthite end-member. This primary as-
sociation is partially substituted by a low-temperature

hydrothermal assemblage consisting of calcite, aragonite,
hydrous calcium silicates, zeolites, and gypsum
(Table 2). The marble fragments (Fig. 2a, b) are complete-
ly replaced by this late association.

The phosphide-bearing rocks at the Halamish wadi
(the type locality) (Fig. 2c) consist of fine-grained ag-
gregates of clinopyroxene. In contrast to the pyroxene
from the Daba-Siwaqga locality, the latter is rather ho-
mogeneous in composition and corresponds to nearly
pure diopside, with an insignificant but stable content
of titanium (Table 1). Plagioclase was not identified
among the seventeen thin sections studied. Accessory
minerals include hematite, magnetite, pyrrhotite,
merrillite and fluorapatite. Rock samples from the
Halamish wadi are severely weathered. The supergene
mineral assemblage consists of hydrous X-ray amor-
phous silicates and hydroxides of Ca, Mg, Fe, Ni, Ca-
carbonates and sulfates. These minerals form intimate
intergrowths in interstices between diopside grains
(Fig. 3).

Appearance and physical properties

Murashkoite usually occurs as isometric grains and aggregates
disseminated in the host rock matrix (Fig. 3a). The grain size

Table 4  Representative chemical compositions of murashkoite and associated barringerite

Fe Ni P Total Fe Ni P Fe/(Fe + Ni) Locality *
Wt.% ° Formula amounts
Murashkoite
63.82 0.88 35.56 100.26 0.99 0.01 1.00 0.99 1 (holotype)
64.34 35.91 100.25 1.00 1.00 1.00 1 (Fig. 3b)
63.44 36.24 99.68 0.99 1.01 1.00 1 (Fig. 3¢)
63.16 36.26 99.42 0.98 1.01 1.00 1 (Fig. 5)
63.32 0.68 36.49 100.49 0.98 0.01 1.01 0.99 2
63.68 1.00 35.49 100.17 0.99 0.01 1.00 0.99 1 (Fig. 3a)
63.43 1.08 34.98 99.49 0.99 0.02 0.99 0.98 1 (Fig. 3d)
60.02 3.63 36.18 99.83 0.93 0.05 1.01 0.95 2
60.05 3.71 36.35 100.11 0.93 0.05 1.02 0.94 1
57.26 6.82 35.43 99.51 0.90 0.10 1.00 0.90 1
55.42 8.32 35.90 99.64 0.87 0.12 1.01 0.88 2
54.00 10.38 35.37 99.75 0.85 0.15 1.00 0.85 1
51.63 13.25 34.84 99.72 0.81 0.20 0.99 0.80 1
Barringerite
68.63 9.32 22.09 100.04 1.75 0.23 1.02 0.89 1 (Fig. 3b)
70.66 6.96 21.99 99.61 1.81 0.17 1.02 091 1 (Fig. 5)
73.57 3.96 22.11 99.64 1.88 0.10 1.02 0.95 1 (Fig. 3d)

#Localities: 1, Halamish wadi, southern part of the Hatrurim Basin, Negev Desert, Israel; 2, Daba-Siwaga Complex, Transjordan Plateau, Jordan.
Figure numbers that correspond to the analytical data are given in parentheses. ® Middle dot means below detection limit. © Atoms per formula unit.

Recalculated on 2 apfu for murashkoite and 3 apfus for barringerite
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Fig. 5 Murashkoite grain (Mr) containing droplets of pyrrhotite (Po)
intergrown with barringerite (Br). Elemental maps in FeKa, NiKc,
PKo and SKo superimposed onto grayscale BSE image. Black outer
area is hydrous calcium silicates. Halamish wadi, southern part of the
Hatrurim Basin, Negev Desert, Israel

may reach 2 mm but typically varies between 10 and 200 pm.
The mineral is brittle and the grains are commonly affected by
fracturing. Sometimes, the fractures are filled with unidenti-
fied secondary hydrous iron phosphates. Murashkoite is

Table 5 Crystal parameters, data collection and structure refinement
details for holotype crystal of murashkoite
Crystal data
Formula FeP
Crystal size (mm) 0.05x0.06 x0.12
Crystal system Orthorhombic
Space group Pnma
a(A) 5.099(2)
b @A) 3.251(12)
c(A) 5.695(2)
V(A3 94.41(8)
VA 4
Dy (g cm ™) 6.108(5)
Data collection and refinement
Radiation MoKa (A=0.71073 A)
Temperature (K) 273
26 range (°) 7.2-56.00
Total reflections collected 1403
Unique reflections 134
Unique observed />20(/) 131
Rine. 0.1397
Ry 0.0442
h, k, I range —6—6,-4—4,-7—7
R, [F>40(F)] 0.0305
R; (all data) 0.0317
WR, 0.0654
S= GoF 1.214

commonly associated and intergrown with barringerite,
(Fe,Ni),P (Fig. 3b). Besides single grains, the mineral fre-
quently forms unusual fine dendritic aggregates composed
of submicrometer-sized lamella (Fig. 3b, ¢). The relationships
between murashkoite and barringerite indicate that
murashkoite is likely a late mineral relative to barringerite.
Macroscopically, murashkoite possesses a yellowish-grey col-
our with a metallic lustre. In reflected light, the mineral is
white with a beige tint and it is non-pleochroic. The
bireflectance is weak, AR(589 nm)=0.34%. It is distinctly
anisotropic with rotation tints from yellow-grey to greyish-
blue. The reflectance values are given in Table 3; the respec-
tive reflectance graph is shown on Fig. 4. VHN microhardness
(20 g load, average of 7 indentations) is 468 kg mm 2 which
corresponds to ~5 on Mohs scale.

Table 6 Powder X-ray diffraction data for murashkoite

Lovs dops (B) Leate dearc (A) hikl
5 3.805 5 3.800 101
13 2.850 002
75 2.831 50 2.824 011
22 2.548 19 2.549 200
13 2.487 102
46 2477 29 2.470 111
1 2327 201
5 2.006 210
47 1.975 32 1.975 112
35 1.900 202
100 1.895 100 1.892 211
19 1.779 21 1.780 103
2 1.640 212
28 1.640 013
45 1.632 11 1.628 301
25 1.626 020
4 1.524 2 1.523 203
4 1.454 2 1.456 311
4 1.413 4 1.412 022
1 1.379 213
7 1.370 2 1.372 104
4 1.371 220
6 1.361 2 1.361 122
6 1.276 5 1.275 400
4 1.267 303
12 1.264 10 1.264 114
1 1.244 204
11 1.235 15 1.235 222
6 1.199 8 1.200 123
3 1.163 402
9 1.163 9 1.162 411
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Table 7 Fractional atomic

coordinates and displacement Site * xla b e Uiso Un Ua Uss Uts

parameters (A?) in the crystal

structure of murashkoite Fe(de) 000152) 1/4  020072) 001243) 0.0076(4) 00147(5) 0.0149(5)  0.0000(3)
Pc)  0.19263) 14 057753) 001314 001156) 0.01218) 0.0158(7)  0.0000(7)

# Site multiplicities and Wyckoff symbols are given in parentheses. U3 =0 and U, = 0 by default

Chemical composition

The relative abundance of accessory murashkoite allowed re-
liable statistical data on its chemical composition to be deter-
mined. Representative electron microprobe (EDX mode) anal-
yses of the mineral are given in Table 4. From more than 100
analytical points, the data for Table 4 were stepwise selected
based on Fe/(Fe + Ni) atomic ratio with the step size of 0.05.
Chemical composition of the holotype specimen (Table 4)
corresponds to almost pure FeP. Our results indicate the
existence of a discontinuous FeP—NiP solid solution con-
taining up to 0.20 Ni atoms per formula unit (~13 wt.%
Ni). The grains of murashkoite are chemically homoge-
neous and do not show zoning or variations in the Fe/Ni
ratio (Fig. 5). Murashkoite is always depleted in Ni rela-
tive to associated barringerite, as can be seen from the
analyses in Table 4. The remarkable chemical feature of
murashkoite is that the mineral does not contain detectable
cobalt. The Co content in the studied grains is always
below the detection limit of the energy-dispersive spec-
trometer (0.1 wt.%) (Table 4). Selected analyses for Co
by means of a wavelength-dispersive spectrometer showed
that the Co content in murashkoite is below 0.05 wt.%.

Crystal structure and related minerals

Crystal parameters, general data collection and structure re-
finement details for the holotype crystal of murashkoite are
summarized in Table 5. Data integration and processing rou-
tines were performed by means of a STOE X-Area v. 1.42
program package (Stoe and Cie 2006). The crystal structure
was solved by direct methods and refined to R; = 0.0305 using
a SHELX-2014 program suite (Scheldrick 2015) and Olex2
v.1.2.8 graphical user interface (Dolomanov et al. 2009).
Further details of data processing and refinement are given
in the Supplementary Information (Crystallographic
Information File (CIF)). Powder X-ray diffraction data for
murashkoite were obtained from the same single crystal used
for single-crystal X-ray data collection (Table 6). The
indexing and least-squares refinement of the powder pattern
resulted in the following unit-cell parameters: a 5.098(5), b
3.251(1), ¢ 5.699(3) A, V=94.5(2) A3, Z=4, which are in
good agreement with single-crystal data. Murashkoite crystal-
lizes in the MnP (B31) structure type (Schonberg 1954),
which is an orthorhombically distorted homeotype of the hex-
agonal aristotype structure of nickeline, NiAs (B8 type)
(Makovicky 2006). In general, among phosphides of
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transitional metals M with the [Ar]3d"4s> electronic configu-
rations (n=2-8; M=Ti, V, Cr, Mn, Fe, Co, Ni), the TiP
(n=2) and VP (n=3) adopt ideal NiAs (B8) structure
type, whereas CrP, MnP, FeP, and CoP (n=4-7) crys-
tallize in the distorted B31 structure type (space group
Pnma). In contrast, the ambient-pressure polymorph of
NiP with the valence-shell configuration 3d%4s* (or
3d%4s") crystallizes in the Pbca space group and is also
a distorted derivative of the B8, structure type (Larsson
1965; Dera et al. 2011). Tremel et al. (1986) analyzed
the electronic structure of transitional metal phosphides
MP with M=Ti-Ni and demonstrated that structure de-
formation associated with the transition from the NiAs
to MnP structure type is driven by a second-order Jahn-
Teller-like distortion, stabilized by the formation of M-
M bonds, whereas the MnP — NiP transition is associ-
ated with the formation of bonds between pairs of metal
and phosphorus atoms (Tables 7 and 8).

By analogy with the crystal structure of NiAs, the crystal
structure of murashkoite is based upon layers of Fe and P
atoms alternating along the a axis (which, in this re-
spect, is analogous to the ¢ axis in NiAs) (Fig. 6a).
The layer of Fe atoms is a distorted planar 3° net
consisting of chains of Fe-Fe atoms with Fe-Fe dis-
tances of 2.805 A extended along the b axis (Fig. 6b).
The layer of P atoms is a non-planar 3° net with no P-P
contacts shorter than 3 A (Fig. 6¢). In general, the co-
ordination of Fe can be described as a distorted [FePg]
octahedron complemented by four additional Fe-Fe bonds of
2.611 and 2.805 A (Fig. 7a). The P site is in distorted trigonal
prismatic coordination by six Fe atoms complemented by two
P-P contacts of 2.698 A (Fig. 7b). The pronounced Fe-Fe
interactions in murashkoite (Table 8) are noticeably shorter

Fig. 7 The building units of the a)
murashkoite structure: a distorted

[FePg] octahedron and b distorted
trigonal prism [PFeq]

Table 8 Selected

interatomic distances in Site 1 Site 2 Distance (A)

the crystal structure of

murashkoite Fe P 1 x2.2341(19)
Fe p 2%2.2842(14)
Fe p 1x2357(2)
Fe P 2%2.3594(14)
Fe Fe 2 %2.6107(10)
Fe Fe 2 %2.8046(17)

than the corresponding Fe-Fe bonds in the crystal structure
of troilite, FeS (2.93-2.99 A), which crystallizes in the undis-
torted NiAs structure type (Makovicky 2006). Tremel et al.
(1986) pointed out that the metal-metal and P-P bonds in
MnP and NiP are critical for the stabilization of these
structure types.

The upper limit for the isomorphous substitution of
Fe for Ni in the studied murashkoite samples corre-
sponds to ~20 mol% of NiP (Table 4). The lack of
further enrichment in nickel may be explained by geo-
chemical arguments, i.e. the deficit of Ni in the whole
mineral system. On the other hand, the maximum Ni
content in murashkoite may be limited by crystal chem-
ical and electronic features. There are four NiP poly-
morphs known and none of them crystallizes in the
B31 structure type (Dera et al. 2011, 2013), which ex-
plains the existence of a miscibility gap in the FeP-NiP
solid solutions. Murashkoite is the phosphide analogue
of westerveldite, FeAs (Oen et al. 1972), and belongs to
the modderite mineral group, which now includes five
distinct mineral species (Table 9). Among them,
murashkoite is the only phosphide found in Nature.
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Table 9 Comparative cell metrics

of murashkoite and related Mineral Formula aA) b(A) c(A) Reference

arsenide minerals
Murashkoite FeP 5.099 3.251 5.695 This work
Westerveldite FeAs 533 345 5.97 Oen et al. 1972
Modderite CoAs 5.2857 3.4883 5.8675 Lyman and Prewitt 1984 *
Ruthenarsenite RuAs 5.628 3.239 6.184 Harris 1974
Cherepanovite RhAs 5.70 3.59 6.00 Rudashevsky et al. 1985

All minerals crystallize in the orthorhombic system, space group Pnma, Z=4

“Data for synthetic analogue

Discussion

The conditions required for the formation of murashkoite in
nature include high temperature, a reducing environment and
sources of phosphorus and iron. It has been shown that a
mixture of synthetic FeP (murashkoite) and Fe,P
(barringerite) can be obtained in one step via direct reduction
of whitlockite-type phosphate CagFe’*(PO,); at 550 °C in an
H, atmosphere (Lazoryak et al. 2003). Minerals of the
merrillite—ferromerrillite series CagNa(Mg,Fe)(POy);
(Britvin et al. 2016) which are related to the whitlockite group,
were identified among the phosphates associated with
murashkoite. These minerals might be the precursors for the
formation of phosphides in the studied mineral associations.
At the same time, any natural association of fluorapatite with
iron oxides could also serve as a source of P and Fe. The
reducing agent could be methane (Burns et al. 2007),
dihydrogen gas or burning carbonaceous (bituminous) matter
(Prins and Bussell 2012). The high nickel contents in the
paralavas of the Hatrurim Formation and the surrounding
rocks were reported and their origin was thoroughly discussed
(Fleurance et al. 2013). Therefore, the conditions appropriate
for the direct geosynthesis of phosphides coincide well with
the geochemical situation expected during combustion meta-
morphism of the Mottled Zone. However, the oxidative envi-
ronment of the contemporary Earth’s crust fulfils these re-
quirements very rarely. The P-T conditions favourable for
the formation of phosphides are typical for coal combustion
processes: the technogenic analogue of murashkoite has been
described from the burning coal piles in the Chelyabinsk re-
gion, Urals, Russia (Nishanbaev et al. 2002). Otherwise, the
reported occurrences of terrestrial phosphides are confined to
a few very local points (Pedersen 1981; Borodaev et al. 1982;
Yang et al. 2005; Pasek and Block 2009; Plyashkevich et al.
2016). However, it is likely that highly reducing conditions of
the early Earth (Horita and Berndt 1999; Fiebig et al. 2007)
could promote the formation of terrestrial phosphides, which,
in due course, could serve as a source of low-valent phospho-
rus required for prebiotic phosphorylation processes (Britvin
et al. 2015). Recent studies aimed at simulation of oxidative
phosphorylation are focused on the phosphides related to the

@ Springer

shreibersite—nickelphosphide (Fe;P—Ni;P) series (Bryant et al.
2013; Pirim et al. 2014; La Cruz et al. 2016; Pasek et al. 2007;
Pasek 2017). It is known, however, that synthetic FeP, a
counterpart of murashkoite, is a rather reactive phos-
phide substantially overcoming FesP in the processes
of heterogeneous catalysis, photo- and electrocatalysis
(Jiang et al. 2014; Callejas et al. 2014). Considering
the Mottled Zone localities as models of the Archean Earth’s
phosphide geosynthesis, one could expect that phosphorus-
rich phosphides like murashkoite could also play a role in
the source of prebiotic phosphorus as well.
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