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Abstract: An electron microprobe study has been carried out on platinum-group minerals, accessory
phases, and chromite in several chromite deposits of the Alapaevsk ophiolite (Central Urals, Russia)
namely the Bakanov Kluch, Kurmanovskoe, Lesnoe, 3-d Podyony Rudnik, Bol’shaya Kruglyshka, and
Krest deposits. These deposits occur in partially to totally serpentinized peridotites. The microprobe
data shows that the chromite composition varies from Cr-rich to Al-rich. Tiny platinum-group
minerals (PGM), 1–10 µm in size, have been found in the chromitites. The most abundant PGM
is laurite, accompanied by minor cuproiridsite and alloys in the system Os–Ir–Ru. A small grain
(about 20 µm) was found in the interstitial serpentine of the Bakanov Kluch chromitite, and its
calculated stoichiometry corresponds to (Ni,Fe)5P. Olivine, occurring in the silicate matrix or included
in fresh chromite, has a mantle-compatible composition in terms of major and minor elements. Several
inclusions of amphibole, Na-rich phlogopite, and clinopyroxene have been identified. The bimodal
Cr–Al composition of chromite probably corresponds to a vertical distribution in the ophiolite
sequence, implying formation of Cr-rich chromitites in the deep mantle, and Al-rich chromitites close
to the Moho-transition zone, in a supra-subduction setting. The presence of abundant hydrous silicate
inclusions, such as amphibole and phlogopite, suggests that the Alapaevsk chromitites crystallized as
a result of the interaction between a melt enriched in fluids and peridotites. Laurite and cuproiridsite
are considered to be magmatic in origin, i.e., entrapped as solid phases during the crystallization of
chromite at high temperatures. The sulfur fugacity was relatively high to allow the precipitation of
Ir-bearing sulfides, but below the Os–OsS2 buffer. The alloys in the system Os–Ir–Ru are classified as
secondary PGM, i.e., formed at low temperature during the serpentinization process. The (Ni,Fe)5P
phase is the first occurrence of a Ni-phosphide in terrestrial samples. Its composition indicates that
it may be a new mineral. However, the small size has, so far, prevented a crystallographic study to
support this conclusion.

Keywords: chromitite; platinum group minerals; silicate inclusions; Ni-phosphide; ophiolite;
Alapaevsk; Urals; Russia

1. Introduction

The Uralian orogenic belt, which extends 2500 km from the Polar Urals to the Aral Lake, is
considered the boundary between Europe and Asia. The belt formed because of the collision between
the East European continental platform to the west and the Asian plate to the east. The process of
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collision started in the Paleozoic and ended in the early Jurassic. This tectonic event brought to the
surface many mafic–ultramafic complexes (Figure 1) occurring in both the east and west slopes of the
Ural Mountains [1].
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massif; 3—Rezhevskoy massif; 4—Bazhenovsky massif; 5—Kluchevskoy massif. Rectangle shows 
the northern end of the Eastern ophiolite belt where the Alapaevsk massif is located. 

The mafic–ultramafic complexes can be grouped into three main types: (1) 
harzburgite–dunite–volcanic associations considered to be sections through the upper mantle–crust 
transition of Palaeozoic ophiolites; (2) concentrically zoned dunite–clinopyroxenite–gabbro 
intrusions derived from deep magmatic activity in island arc (Ural–Alaskan type) complexes and (3) 
lherzolite–harzburgite blocks representing weakly depleted mantle derived rocks that formed the 
floor during overthrusting of huge allochthonous or huge ophiolite massifs that were true oceanic 
crust [2–6]. 

Since the beginning of the last century, the Urals have become known for their importance in 
the exploration and recovery of chromium. Chromite deposits containing more than 100 Mt of ore 

Figure 1. The distribution of mafic–ultramafic complexes in the Urals (excluding Circumpolar and
Polar sectors of the Urals) (simplified after [2]). I—dunite-clinopyroxenite-gabbro massifs of the Ural
Platinum Belt; II—ophiolite complexes. Eastern ophiolite belt: 1—Alapaevsk massif; 2—Ostaninsky
massif; 3—Rezhevskoy massif; 4—Bazhenovsky massif; 5—Kluchevskoy massif. Rectangle shows the
northern end of the Eastern ophiolite belt where the Alapaevsk massif is located.

The mafic–ultramafic complexes can be grouped into three main types: (1) harzburgite–dunite–
volcanic associations considered to be sections through the upper mantle–crust transition of Palaeozoic
ophiolites; (2) concentrically zoned dunite–clinopyroxenite–gabbro intrusions derived from deep
magmatic activity in island arc (Ural–Alaskan type) complexes and (3) lherzolite–harzburgite blocks
representing weakly depleted mantle derived rocks that formed the floor during overthrusting of huge
allochthonous or huge ophiolite massifs that were true oceanic crust [2–6].
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Since the beginning of the last century, the Urals have become known for their importance
in the exploration and recovery of chromium. Chromite deposits containing more than 100 Mt of
ore reserve have been discovered in the Kempirsai massif of Kazakhstan and in the complexes of
Voykar Sininsky and Ray-Iz located in the Polar Urals, Russia ([6] and references therein). The giant
chromite ore bodies of the Urals occur exclusively in the peridotite of subduction-related ophiolites [7].
However, chromitites varying in size from potential ore deposits down to sub-economic concentrations
of chromite also occur, associated with various types of Uralian ophiolites ([6] and references therein).
Ophiolitic chromitites in general, as well as those occurring in the Urals, show a wide compositional
range from Al-rich to Cr-rich chromite. This compositional variation is a function of many factors such
as the composition of the parental magmas, the nature of their mantle sources, the vertical distribution
from the deeper part of the upper mantle to the mantle–crust transition zone, and different geodynamic
settings. It is known that the ophiolitic chromitites may contain sub-economic concentrations of
platinum-group elements (PGE), with particular enrichment of IPGE (Os + Ir + Ru) over the PPGE
(Rh + Pt + Pd). The mineralogical expression of the PGE content is platinum-group minerals (PGM)
that form tiny phases, generally less than 10 µm in size and unevenly disseminated in the chromitite.
In this contribution we present the results of a new, detailed study of chromite composition and the
first data on accessory minerals such as silicates, PGM, and a rare NiFeP compound found in certain
chromite deposits that occur in the Alapaevsk ophiolite, located in the Central Urals. We use this
data to model the tectonic setting and genesis of the chromitites and their host ophiolite and to better
understand the mechanisms of the precipitation of PGM and other rare accessory phases.

2. Geological Background of the Alapaevsk Ophiolite

The northern segment of the Eastern Uralian ophiolite belt extends along the 61th meridian for
about 200 km and comprises the following ophiolite massifs, listed from north to south: Alapaevsk,
Ostaninsky, Rezhevskoy, Bazhenovsky, Kluchevskoy (Figure 1), as well as other smaller bodies.
The Alapaevsk [8] and Kluchevskoy [9] massifs contain economic and sub-economic chromite deposits.
The Bazhenovsky massif hosts one of the largest asbestos deposits in the world, containing about
6 billion tons of chrysotile asbestos, and from the Rezhevskoy massif a few economic nickel deposits in
the weathering crust have been mined [10,11]. The Alapaevsk ophiolite massif is one of the largest in
the Eastern belt, and is located about 150 km northeast from Ekaterinburg and approximately 15 km
west of the city of Alapaevsk (Figure 1). The massif consists of a plate-like body 55 km long and
6–13 km wide, covering an area of about 500 km2. The Alapaevsk complex is tectonically in contact
with an island arc sequence composed of metavolcanics and sediments of Devonian-Carboniferous
age (Figure 2). The sequence overlaps the Alapaevsk ophiolite as a tectonic nappe in the central and
southern parts. The eastern and western tectonic contacts with the country rocks dip to the center of the
massif. Talc-carbonate metasomatic rocks have been recognized along the contacts [10]. The Alapaevsk
ophiolite consists mainly of peridotites and gabbro. Geophysical data have shown that the thickness
of peridotites varies from 0.5 up to 2 km. Harzburgite and small amounts of lherzolite, dunite and
chromitite (Figure 2) have been described in the Alapaevsk complex.

The degree of serpentinization of the Alapaevsk ophiolite varies widely, but in general it is very
high and peridotites are often completely transformed to serpentinite. Wehrlite and pyroxenite are rare
and they are mostly found in the gabbro intrusion, cutting the peridotite in the northern apex of the
massif (Figure 2). Sometimes they form small veins in peridotite. On the basis of the concordant U-Pb
age of zircons found in the chromitites, the age of the Alapaevsk ophiolite massif is 588 ± 16 Ma [12].
The gabbro has a similar Sm–Nd age of 579 ± 42 Ma [12]. An Upper Paleozoic collisional granite massif
(Figure 2) intrudes the Proterozoic metamorphic rocks westward of the Alapaevsk massif. Close to
the contact with the ultramafic rocks, the granite intrusion forms metasomatic phlogopite rocks that
contain beryl and emerald [10,13]. Smaller Upper Paleozoic granite intrusions cut the peridotite along
its western contact (Figure 2). Several amphibole-asbestos deposits occur in the central and eastern
part of the Alapaevsk massif. They have been intensively mined in the past [10,11].
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deposits have been studied: Bakanov Kluch (samples PE1870 and PE1871) and Kurmanovskoe 
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Figure 2. Simplified geological map of the Alapaevsk ophiolite massif showing the location of the
chromite deposits, redrawn after [10].

3. Previous Work and Description of the Chromite Deposits

From the end of the 19th century until 1929 about 80 small Al-rich chromite deposits were
discovered and mined in the Alapaevsk massif. This activity yielded more than 70 thousand tons
of ore. In the second half of the 20th century several new chromite deposits, comprising Cr-rich ore,
were discovered and exploited [8]. Some of these deposits contain more than 1 million tons of ore.
More recently, the composition of chromite from the Alapaevsk chromite deposits was described
and the presence of two types of chromite ore, Cr-rich and Al-rich, demonstrated [14–17]. A recent
study [17] has demonstrated that the peridotite massif can be divided into Western and Eastern blocks
(Figure 2). The Western block mostly consists of highly depleted dunite–harzburgite and contains
Cr-rich chromite deposits. The Eastern block is composed of more homogeneous harzburgite that hosts
Al-rich chromite deposits. In this contribution the following chromite deposits have been studied:
Bakanov Kluch (samples PE1870 and PE1871) and Kurmanovskoe (samples PE1852, PE1855-1 and
PE1856) from the Eastern block, and Lesnoe (sample PE1863), 3-d Podyony Rudnik (sample PE1869),
Bol’shaya Kruglyshka (sample PE1862), and Krest (samples PE1859, PE1860, and PE1861) collected in
the Western block (Figure 2). The samples were collected in the open pits (Figure 3) and they represent
schlieren, banded, massive, and disseminated chromitite (Figure 4). Only the deposits of Bakanov
Kluch and Lesnoe are currently mined and the deposit of Krest is under exploration. The other deposits
are exhausted. The Bakanov Kluch chromite deposit comprises six ore bodies approaching 300 m
in length and extending 300 m in depth, with a thickness varying from 1 to 4 m. Chromitite shows
a disseminated texture and the estimated resource is about 15 thousand tons. The mineralized area
in the Kurmanovskoe chromite deposit is >1 km long and 50–250 m wide. It consists of four large
ore bodies and several smaller ones. The biggest ore body is about 800 m long and 250 m deep, with
a thickness of 1–10 m. Disseminated chromitites are very common, accompanied by rare massive
chromitites. Resources vary between 20 and 250 thousand tons. In the Lesnoe chromite deposit, four
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ore bodies have been identified. They are 25–73 m long, 70 m deep, and 0.3–4 m thick. Disseminated
and massive chromitite occur in the deposit and the resource is estimated to be about 75 thousand
tons. The 3-d Podyony Rudnik chromite deposit consists of nine blocks that contain several ore bodies
of disseminated and massive chromitites. The ore zone is about 600 m long and 40 m wide. Some
ore bodies approach 100 m in length and 120 m in depth, with a thickness of 3–12 m. The Bol’shaya
Kruglyshka chromite deposit consists of one ore body, about 130 m long, and 50 m deep, with a
thickness of 0.3–2.5 m. The body consists of massive and disseminated chromitite, that is, totally
dismembered by faulting. Resources are about 7 thousand tons. The Krest deposit forms a small body
of massive and disseminated chromite with a cruciform shape. It has a length of several meters and
thickness of 0.5 m, dipping sub-vertically. The source of this deposit is not known.
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Figure 3. Overview of the chromite deposits of the Alapaevsk massif, Central Urals. Kurmanovskoe
chromite deposit: (A) general view of open pit and (B) the location of the studied sample; Krest
chromite deposit: (C) the exploration trench and (D) vertical ore body of massif chromite in dunite;
(E) open pit of the Bol’shaya Kruglyshka chromite deposit; (F) open pit of the 3-d Podyony Rudnik
chromite deposit; (G) open pit of the Lesnoe chromite deposit. Arrows indicate sample locations.
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Figure 4. Different textural types of the chromite ores from the Alapaevsk massif, Central Urals.
Chromite ore of the Kurmanovskoe deposit (number IV on map) (A–C). (A) Banded (sample PE1852)
and massive (samples PE1855-1 and PE1856); (B) ores disseminated ore; (C) small schlieren of massive
chromitite; (D) schlieren type of chromitite from the Bakanov Kluch chromite deposit (sample PE1870)
(Ion map).

4. Analytical Techniques

Chromite, silicates, PGM, and other accessory minerals were analyzed by electron microprobe
using a Superprobe Jeol JXA 8200 (JEOL, Tokyo, Japan) at the Eugen F. Stumpfl Laboratory at the
University of Leoben, Austria, using both ED and WD systems. Back scattered electron (BSE) images
were obtained using the same instrument. During the analyses of chromite and silicates, the electron
microprobe was operated in the WDS mode, with an accelerating voltage of 15 kV of and beam current
of 10 nA. The analysis of Na, Mg, K, Al, Si, Ca, Ti, V, Cr, Zn, Mn, Fe, and Ni were obtained using the Kα

lines, and were calibrated on natural chromite, rhodonite, ilmenite, albite, pentlandite, wollastonite,
kaersutite, sphalerite, and metallic vanadium. The following diffracting crystals were used: TAP
for Na, Mg, and Al; PETJ for K, Si, and Ca; and LIFH for Ti, V, Cr, Zn, Mn, Fe, and Ni. The peak
and backgrounds counting times were 20 and 10 s, respectively, for the major elements. They were
increased to 40 and 20 for trace elements, such Ca, Ni, and Mn in olivine. The detection limits were
automatically calculated by the microprobe software and they are listed in the following as ppm: Na
(150), Mg (100), K (80), Al (150), Si (250), Ca (50), Ti (250), V (150), Cr (200), Zn (200), Mn (100), and
Ni (150). The amount of Fe3+ in chromite was calculated assuming the ideal spinel stoichiometry.
About 500 analyses of chromite were performed on 11 samples and a selection of them is listed in
Table A1 (see Appendix A). Representative analyses of silicates are presented in Tables A2 and A3
(see Appendix A). PGM and other accessory minerals were located by scanning polished sections
under a reflected light microscope at 250–800 magnification. The accessory minerals with a size less
than 5 µm were only qualitatively analyzed by EDS. The larger accessory minerals were quantitatively
analyzed in the WDS mode, at 20 kV accelerating voltage and 10 nA beam current, and beam diameter
of about 1 micron. The peak and background counting times were 15 and 5 s, respectively. The Kα

lines were used for S, As, Fe, Ni, and P; Lα for Ir, Ru, Rh, Pd, and Pt, and Mα for Os. The reference
materials were pure metals for the six PGE (Ru, Rh, Pd, Os, Ir, and Pt), synthetic NiS, natural pyrite,
and niccolite for Ni, Fe, S, and As; and apatite for P. The following diffracting crystals were selected:
PETJ for S and P; PETH for Ru, Os, and Rh; LIFH for Fe, Ni, Ir, and Pt; and TAP for As. Automatic
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corrections were performed for interferences involving Ru–Rh and Rh–Pd. Analyses of accessory
minerals are listed in Tables A4 and A5 (see Appendix A). Platinum was never detected and it was
removed from Table A4 (see Appendix A).

5. The Alapaevsk Chromitites

5.1. Texture and Mineral Chemistry of the Chromite

Under the microscope, most of the samples consist of massive chromitite, containing a modal
proportion less than 10% of interstitial silicate (Figure 5A–D).
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Kurmanovskoe, and PE1870 from Bakanov Kluch the interstitial silicates are more abundant, 
reaching about 30% by volume (Figure 5E,F). The massive chromitite shows, in some cases, a 
brecciated texture (Figure 5A,B ) and it is cut by cracks filled with interstitial silicates (Figure 5C,D) 
and pull-apart fractures (Figure 5E,F). Chromite is generally fresh, showing the typical  
ferrian–chromite alteration along grain boundaries and cracks (Figure 5C–E). Silicates in the matrix 
are mostly altered to chlorite, talc, and serpentine. Interstitial olivine has been found only in the 
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Figure 5. Back-scattered electron images of polished sections from the Alapaevsk chromitites (light grey
= chromite, dark grey = altered silicates). (A) Massive and partially brecciated chromite from Bol’shaya
Kruglyshka; (B) massive chromite from Krest; (C) massive chromite from 3-d Podyony Rudnik showing
ferrian chromite alteration (lighter gray) developed along cracks and fissures; (D) massive chromite
with ferrian chromite alteration (lighter gray) from Bakanov Kluch; (E) massive chromite with about
40% of altered silicates from Kurmanovskoe; (F) massive chromite with about 40% of altered silicates
showing pull-apart texture from Bakanov Kluch.

In the samples PE1852 from Kurmanovskoe deposit, PE1859 from Krest, PE1855-1 Kurmanovskoe,
and PE1870 from Bakanov Kluch the interstitial silicates are more abundant, reaching about 30% by
volume (Figure 5E,F). The massive chromitite shows, in some cases, a brecciated texture (Figure 5A,B )
and it is cut by cracks filled with interstitial silicates (Figure 5C,D) and pull-apart fractures (Figure 5E,F).
Chromite is generally fresh, showing the typical ferrian–chromite alteration along grain boundaries
and cracks (Figure 5C–E). Silicates in the matrix are mostly altered to chlorite, talc, and serpentine.
Interstitial olivine has been found only in the sample PE1855-1 collected in the Kurmanovskoe deposit.
Selected analyses obtained on unaltered cores of chromite grains are listed in Table A1 and plotted in
the binary diagrams of Figure 6A–C.
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Figure 6. Composition of unaltered chromite from the Alapaevsk chromitite. (A) Variation of
the chromium number, Cr# = Cr/(Cr + Al), and bivalent iron number, Fe2+# = Fe2+/(Fe2+ + Mg);
(B) negative correlation of Al2O3 versus Cr2O3; (C) variation of Cr2O3 and TiO2. P = field of podiform
chromitites; S = field of stratiform chromitites; UM = field of the Uralian chromitites hosted in the
ophiolitic mantle; USM = field of the Uralian chromitites hosted in the supra-Moho cumulates [6,18–20].
Red square = literature data from [21].

The Alapaevsk chromitites plot in the podiform field on the Cr# versus Fe2+# binary diagram
(Figure 6A) and the compositions form an almost continuous trend from Cr-rich (Cr# up to 0.83),
to intermediate and Al-rich (minimum Cr# = 0.48). The variation range in Fe2+# is 0.24–0.38 in the
chromitites from the Western block and 0.39–0.56 in those from the Eastern block (Figure 6A). A good
negative correlation is observed between Cr2O3 and Al2O3 (Figure 6B), consistent with the Al–Cr
substitution predominant in podiform chromitites compared to the stratiform type [18–20]. According
to the same diagram, the chromitites from Bakanov Kluch and Kurmanovskoe, located in the Western
block, are Cr-rich, having a Cr2O3 content higher than 50 wt % and Al2O3 below 15 wt %. Al-rich
chromitites with Cr2O3 content lower than 50 wt % and Al2O3 higher than 15 wt % have been found in
the 3-d Podyony Rudnik, Krest, Lesnoe deposits (Eastern block) and Kurmanovskoe deposit (Western
block). The chromitite from Bol’shaya Kruglyshka of the Western block displays an intermediate
composition with Cr2O3 content about 50 wt % and Al2O3 higher than 15 wt %. These data are in
agreement with those previously reported by [21] from Alapaevsk chromitites.

The Kurmanovskoe deposit (Eastern block) is the only one in which both Cr-rich and Al-rich
chromitites have been found (Figure 6B). The diagrams of Figure 6 show that most of the Cr-rich
chromites analyzed in the Alapaevsk chromitites plot in the field of those hosted in the mantle sequence
of selected Uralian ophiolites [6 and reference therein]. The composition of the Al-rich chromites
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displays similarity with the chromitites found in the cumulate sequence [6 and references therein].
TiO2 is generally lower than 0.3 wt % in most of the samples, as is typical for podiform chromitites
(Figure 6C). However, several samples contain up to 0.42 wt % of TiO2 (Figure 6C).

5.2. Accessory Minerals and Silicate Inclusions

Several PGM have been found in the samples collected in the Kurmanovskoe and Krest deposits.
On the basis of their chemical composition, laurite, cuproiridsite, and alloys of Os–Ru–Ir and Ir–Os–Ru
have been identified. They occur as small grains (less than 10 µm in size) in the following textural
positions: (1) included in fresh chromite crystals (Figure 7A–C); (2) in the contact between chromite
and the silicate matrix (Figure 7D); or (3) associated with altered minerals, such as ferrian–chromite
(Figure 8A), awaruite, Fe-oxides, and chlorite (Figure 8C,D).
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Laurite is the most abundant PGM and it forms polygonal grains, most of them included in 
fresh chromite (Figure 7A–C). Only one laurite grain was found in the contact between chromite and 
a crack filled with chlorite (Figure 7D). Laurite occurs as single phase (Figure 7D) or associate with 
cuproiridsite (Figure 7A,B) and with a Cu-sulfide (Figure 7C). The composition of laurite has been 
plotted in the Ru–Os–Ir triangle (Figure 9) and compared with those reported from relevant Uralian 
podiform chromitites. The laurite from Alapaevsky displays a limited compositional range of Ru–Os 

Figure 7. Back-scattered electron (BSE) images of magmatic PGM associated with the chromitites of
Kurmanovskoe, from Alapaevsk ophiolite. (A,B) Crystals composed of laurite and cuproiridsite
included in fresh chromite; (C) laurite associated with a Cu-sulfide, included in fresh chromite;
(D) single phase laurite in crack. Abbreviations: Chr = chromite; Lrt = laurite; Cpr = cuproiridsite,
Sil = silicates; CuS = Cu-sulfide.
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Figure 8. Back-scattered electron (BSE) images of secondary PGM associated with the chromitites from
Alapaevsky. (A) Irregular alloy of Ir, Ru, Os, Ni-sulfide and Cu-sulfide in contact with ferrian chromite,
from the chromitite of Kurmanovskoe; (B) complex grain composed pentlandite, awaruite, Fe-oxide or
hydroxide in contact with ferrian-chromite and chlorite (Krest); (C) enlargement of (B) showing an alloy
composed of Os and Ru. Abbreviations: Ir–Ru–Os = iridium alloy; Aw = awaruite; Pn = pentlandite;
Fe–O = Fe-oxide or hydroxide; Chl = chlorite; Os–Ru = osmium alloy; other abbreviations = see Figure 7.

Laurite is the most abundant PGM and it forms polygonal grains, most of them included in fresh
chromite (Figure 7A–C). Only one laurite grain was found in the contact between chromite and a
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crack filled with chlorite (Figure 7D). Laurite occurs as single phase (Figure 7D) or associate with
cuproiridsite (Figure 7A,B) and with a Cu-sulfide (Figure 7C). The composition of laurite has been
plotted in the Ru–Os–Ir triangle (Figure 9) and compared with those reported from relevant Uralian
podiform chromitites. The laurite from Alapaevsky displays a limited compositional range of Ru–Os
substitution with a minimal amount of Ir (Figure 9) compared with laurite in the chromitites from the
Kluchevskoy [9], Kempirsai [22], Ray–Iz [23] and Voikar–Sininsky [24] ophiolites. Cuproiridsite was
too small to be quantitatively analyzed. It is exclusively associated with laurite as an inclusion in fresh
chromite crystals (Figure 7A,B). Laurite and cuproiridsite have been found in the Cr-rich chromitites
of Kurmanovskoe. One irregular grain composed of Ni-sulfide, Cu-sulfide and an Ir–Ru–Os alloys
was found in the ferrian–chromite of the Kurmanovskoe chromitite (Figure 8A). Due to its small size,
it was qualitatively analyzed by EDS. An Os–Ru alloy was qualitatively analyzed in the chromitite
of Krest. It occurs as a small bleb, about 2 µm in size, in a complex grains composed of pentlandite,
awaruite, Fe-oxides, and chlorite (Figure 8D).
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Figure 9. Plots (at.%) of the compositions of laurite from chromitites of Alapaevsk (present study)
compared with those analyzed in selected ophiolitic chromitites of the Urals (data from [9,20–22]).

A small grain (about 20 µm) yellow in color under a reflected-light microscope, was found
in the interstitial serpentine of the Bakanov Kluch chromitite (Figure 10). According to the
quantitative electron microprobe analyses (Table A5), it contains Ni as the most abundant element
(88.05–89.89 wt %), P (9.41–10.19 wt %) and minor amounts of Fe (1.13–1.3 wt %). The ideal calculated
stoichiometry, based on the average of 10 analyses, is (Ni,Fe)5P (Figure 11, Table A5) (see Appendix A).
Its composition has been plotted in the binary diagram presented in Figure 11 and compared with the
only five Ni-phosphides accepted by the International Mineralogical Association (IMA) as mineral
species, namely nickel phosphide [25,26]), melliniite [27]), halamishite, negevite, and transjordanite [28].
The diagram shows that the analyzed (Ni,Fe)5P in the Alapaevsk chromitite contains the highest value
of Ni and it shows the highest Ni/P ratio.
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compositional range with 95.75% to 96.16% forsterite in the interstitial olivine, and 96.83% to 97.06% 
forsterite in the olivine included in chromite (Table A2). The Ni, Mn and Ca contents are similar in 
interstitial olivine and olivine included in chromite (Figure 13). The NiO wt % content varies between 
0.3 and 0.45 (Table A2). The highest value of MnO (0.15 wt %) was encountered in one interstitial 
olivine (Figure 13B), whereas all the other olivine contains 0.01 to 0.09 wt % MnO (Table A2). In most 
of the olivine, Ca is below 900 ppm and its minimum value of 400 ppm was found in the interstitial 
olivine (Table A2). The Cr2O3 content is higher in the included olivine (0.47–0.75 wt %) than in the 
interstitial olivine (0.06 –0.19 wt %) (Table A2). 

Figure 11. Binary diagram of P versus Ni + (Fe), apfu (atoms per formula unit), showing the
composition of the Ni-phosphide found in the Bakanov Kluch chromitite (black square), compared
with those of the minerals with Ni > Fe described in the system Ni–Fe–P (open squares). Literature
data from [25–28].

Although most of the silicate in the Alapaevsk chromitite has been totally altered to serpentine,
talc, and chlorite, a few grains of fresh olivine have been found in the Cr-rich chromitites from
Kurmanovskoe (Western block). Olivine occurs as irregular grains located among the chromite crystals,
or forming polygonal crystals (up to about 100 µm) included in the fresh chromite (Figure 12A,B).
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Figure 12. Back-scattered electron (BSE) images of silicates included in the Alapaevsk chromitites.
Polygonal olivine in the chromitite from Kurmanovskoe (A,B); grains of clinopyroxene in the chromitite
from Bakanov Kluch (C); inclusion composed of amphibole and chlorite found in the chromitite form
3-d Podyony Rudnik (D). Abbreviations: Ol = olivine; Cpx = clinopyroxene; Amph = amphibole; other
abbreviations = see Figures 7 and 8.

Amphibole, clinopyroxene, Na-rich phlogopite, and chlorite have been also found as small
inclusions in fresh chromite crystals (Figure 12C,D). Olivine is characterized by a narrow compositional
range with 95.75% to 96.16% forsterite in the interstitial olivine, and 96.83% to 97.06% forsterite in
the olivine included in chromite (Table A2). The Ni, Mn and Ca contents are similar in interstitial
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olivine and olivine included in chromite (Figure 13). The NiO wt % content varies between 0.3 and
0.45 (Table A2). The highest value of MnO (0.15 wt %) was encountered in one interstitial olivine
(Figure 13B), whereas all the other olivine contains 0.01 to 0.09 wt % MnO (Table A2). In most of the
olivine, Ca is below 900 ppm and its minimum value of 400 ppm was found in the interstitial olivine
(Table A2). The Cr2O3 content is higher in the included olivine (0.47–0.75 wt %) than in the interstitial
olivine (0.06 –0.19 wt %) (Table A2).Minerals 2016, 6, 108  12 of 22 
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Amphibole included in fresh chromite has been analyzed in the Al-rich chromitites from Krest and
3-d Podyony Rudnik and in Cr-rich chromitite from Bakanov Kluch (Figure 14A). With the exception of
one amphibole grain found in the Bakanov Kluch deposit that plots in the field of tschermakite, all the
analyzed amphiboles can be classified as magnesiohornblende (Figure 14A). The analyzed amphiboles
contain Al2O3 from 9.19 wt % to 10.01 wt % and CaO from 11.46 wt % to 12.34 wt %. They show
appreciable amounts of Cr2O3 (up to 3.29 wt %) and Na2O (up to 3.73 wt %). The content of TiO2 is
variable, ranging from 0.41 wt % to 2.04 wt %. The amounts of MnO, NiO, and K2O are always below
1 wt % (Table A3).
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Inclusions of clinopyroxene occur in the chromite of the chromitites from Kurmanovskoe and
Bakanov Kluch (Figure 14B). These have a similar composition within the diopside field (Figure 14B).
They contain Cr2O3 (up to 1.91 wt %) and very low amounts of MnO, NiO, TiO2, Na2O, and K2O
(Table A3). Small inclusions of phlogopite have been identified by qualitative analysis.
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6. Discussion and Conclusions

6.1. Chromite Composition and Silicate Inclusion: Their Application to Define the Tectonic Setting of the Host
Chromitite and Its Genesis

Chromite is widely accepted to be an important petrogenetic indicator and it can be used to define
the geodynamic setting in which chromitites and their host rocks formed [29–39]. According to the
morphology of the ore body and the chromite composition, chromitites belong to two main groups:
(1) stratiform chromitites that form layers of massive chromite associated with mafic–ultramafic
cumulates in the lower part of continental layered intrusions and supra-Moho cumulate sequences of
ophiolites and (2) podiform chromitites that consist of lenses, pods, and schlieren, mainly occurring
in the mantle section of ophiolites, orogenic lherzolites, and in the dunitic portion of Ural–Alaskan
complexes [6,29–36]. In the ophiolites of the Urals, both the mantle-hosted podiform chromitites
as well as the supra-Moho stratiform chromitites have been described ([6] and references therein).
According to [6] (and references therein), chromitites hosted in the Uralian ophiolites are characterized
by distinctive chromite compositions. In particular, most of the podiform chromitites hosted by
ophiolitic mantle rocks and a few examples of supra-Moho layered chromitites are Cr-rich and Ti-poor
(TiO2 less than 0.3 wt %) [6]. In contrast, the majority of the supra-Moho chromitites are Al-rich and
characterized by a variable content of TiO2 (0.15 wt % to 0.8 wt %). Confirming the previous work
by [8,14–17,21], the composition of the Alapevsky chromite indicates the coexistence of the Al-rich and
Cr-rich chromitites, a common feature of many ophiolitic belts worldwide [22,36–50].

The bi-modal distribution of Al-rich and Cr-rich chromitite in the Urals ophiolites has been
interpreted using two models. The first implies a change in the geodynamic setting, with the
Al-rich chromitite generated in the mid-ocean ridge, whereas the Cr-rich chromitite forms in a
supra-subduction zone (SSZ) setting. The second model suggested that the bimodal distribution
was due to a vertical zoning in the ophiolite sequence, with the Cr-rich chromitite located in the deep
mantle section and the Al-rich chromitite occurring higher in the succession, close to or above the
Moho transition [6,22].

To better understand the origin of Al-rich chromitites and Cr-rich chromitites in the Alapaevsk
ophiolite, the TiO2 content of chromite has been plotted versus Al2O3 (Figure 15). In Figure 15A,
one group of analyses falls in the Al2O3 poor field of spinels from the SSZ peridotite and a second
group of samples clusters in the overlapping field between SSZ and MORB chromites. A few samples
are slightly enriched in TiO2. The diagram of Figure 15B shows that the low-Ti, Cr-rich chromitites
from Bakanov Kluch and Kurmanovskoe fall in the field of Island Arc Basalts (IAB). The Al-rich
chromitites display compositional similarity with those reported from chromitites in supra-Moho
cumulate sequences of the Urals (data from [6]). According to the TiO2–Al2O3 relationships, we can
deduce that the Alapaevsk chromitites formed in an SSZ, in agreement with [15,17], implying formation
of Cr-rich chromitites in the deep mantle, and the Al-rich close to the Moho transition. The high-Cr
chromitites are assumed to have formed by reaction of boninitic melts with residual harzburgite.
The nature of the melt parental to Al-rich chromitites is uncertain. They may have formed from a
single batch of boninitic melt evolving during its ascent to the shallow upper mantle. Alternatively,
the Al-rich chromitites might have resulted from mixing between boninite and MORB-type melts.
The composition of olivine can be used, with caution, to distinguish olivine formed deep in the mantle
from olivine crystallized in the crust by mafic and ultramafic magmas [51,52]. Olivine is a common
accessory mineral in most chromitites, including those of Alapaevsk, although it rarely survives the
serpentinization. As a consequence, few grains of fresh olivine generally occur in the silicate matrix
of the chromitites. Some occur as inclusions in unaltered chromites, reflecting their magmatic origin.
In the Alapaevsk chromitite both types of olivine, i.e., interstitial and included, have been recognized
in the Kurmanovskoe deposits. The composition of olivine in chromitite is strongly influenced by the
element partitioning with chromitite. Several analyses reported from the Urals have shown that olivine
displays a wide range of forsterite molar % with Ni, Mn, and Ca contents according to the type of host
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chromitite [6]. In particular, most of the olivine associated with ophiolitic mantle chromitites displays
high (94–98 mol %) forsterite and NiO between 0.35 and 1.15 wt %. MnO wt % and Ca (ppm) are
very low. All of the analyzed olivine grains, interstitial and included, from Kurmanovskoe chromite
deposit are characterized by values of forsterite, NiO, MnO, and Ca (Figure 13) very similar to those
reported from the ophiolitic mantle-hosted chromitites from the Urals [6]. This observation suggests
that the olivine from Kurmanovskoe and its host chromitites were generated in the mantle section of
the Alapaevsk ophiolite as previously reported by [15,17].Minerals 2016, 6, 108  14 of 22 

 

 

Figure 15. TiO2–Al2O3 relationships in chromitites of Alapaevsk. (A) Composition of the chromitites, 
compared to the field of spinels from the supra-subduction zone (SSZ) and mid-ocean ridge (MOR) 
mantle peridotites (compositional fields from [34]); (B) the fields for IAB (island arc basalt), OIB 
(oceanic island basalt), MORB (mid-ocean ridge basalt), LIP (large igneous province) basalt, and 
supra-Moho (SUPRA-MOHO) chromitite from the Urals are from [6,36]. The horizontal dashed line 
at TiO2 = 0.30 wt % separates the high-Ti IAB (high-K calc-alkaline suite) from the low-Ti IAB 
(boninitic, tholeiitic). 

One of the most accepted mechanisms of chromite crystallization to form large volumes of 
chromitites in ophiolitic mantle rocks invokes chromitite formation by melt–rock interaction. 
According to this model, chromitites represent the filling of magmatic conduits [53] and formed by 
reaction between ascending mantle melts and country-rock residual peridotite [54–58]. The same 
mechanism can be applied to the formation of the Alapaevsk chromitites. Several authors, using 
both mineralogical observations and experimental work, have demonstrated that melts that generate 
chromitites are generally enriched in water and fluids [54–62]. The suite of solid inclusions reported 
from the Alapaevesk chromitites, such as amphibole and phlogopite enriched in NaO, indicates the 
presence of a melt with a relatively high water activity and carrier of some incompatible elements. 
Therefore, we can conclude that the Alapaevesk chromitites formed because of the interaction 
between melts enriched in fluids, water, and incompatible elements and mantle peridotite, a 
common feature during the formation of ophiolitic chromitites [54–62]. 

6.2. Origin and Evolution of the PGM from High to Low Temperature 

The PGM found in the Alapaevsk chromitites consist of IPGE-rich phases, the common mineral 
assemblage of the chromitites hosted in the mantle sequence of ophiolite complexes. On the basis of 
their mode of occurrence, (included in fresh chromite crystal or associated with altered minerals), 
the PGM described in the Alapaevsk chromitites can be classified as: (1) primary PGM that formed 
in the high-temperature magmatic stages during the precipitation of the host chromite and (2) 

Figure 15. TiO2–Al2O3 relationships in chromitites of Alapaevsk. (A) Composition of the chromitites,
compared to the field of spinels from the supra-subduction zone (SSZ) and mid-ocean ridge (MOR)
mantle peridotites (compositional fields from [34]); (B) the fields for IAB (island arc basalt), OIB
(oceanic island basalt), MORB (mid-ocean ridge basalt), LIP (large igneous province) basalt, and
supra-Moho (SUPRA-MOHO) chromitite from the Urals are from [6,36]. The horizontal dashed
line at TiO2 = 0.30 wt % separates the high-Ti IAB (high-K calc-alkaline suite) from the low-Ti IAB
(boninitic, tholeiitic).

One of the most accepted mechanisms of chromite crystallization to form large volumes of
chromitites in ophiolitic mantle rocks invokes chromitite formation by melt–rock interaction. According
to this model, chromitites represent the filling of magmatic conduits [53] and formed by reaction
between ascending mantle melts and country-rock residual peridotite [54–58]. The same mechanism
can be applied to the formation of the Alapaevsk chromitites. Several authors, using both mineralogical
observations and experimental work, have demonstrated that melts that generate chromitites are
generally enriched in water and fluids [54–62]. The suite of solid inclusions reported from the
Alapaevesk chromitites, such as amphibole and phlogopite enriched in NaO, indicates the presence
of a melt with a relatively high water activity and carrier of some incompatible elements. Therefore,
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we can conclude that the Alapaevesk chromitites formed because of the interaction between melts
enriched in fluids, water, and incompatible elements and mantle peridotite, a common feature during
the formation of ophiolitic chromitites [54–62].

6.2. Origin and Evolution of the PGM from High to Low Temperature

The PGM found in the Alapaevsk chromitites consist of IPGE-rich phases, the common mineral
assemblage of the chromitites hosted in the mantle sequence of ophiolite complexes. On the basis of
their mode of occurrence, (included in fresh chromite crystal or associated with altered minerals), the
PGM described in the Alapaevsk chromitites can be classified as: (1) primary PGM that formed in the
high-temperature magmatic stages during the precipitation of the host chromite and (2) secondary PGM
that originated during low-temperature processes. The primary PGM in the Alapaevsk chromitites
consists of laurite and cuproiridsite (Figure 7A–C), while alloys in the Ir–Os–Ru system (Figure 8A–C)
are considered to be secondary. The magmatic PGM have been found only in the Cr-rich chromitites
from Kurmanovskoe deposits. The secondary PGM occur in both the Cr-rich and Al-rich chromitites
of Kurmanovskoe and Krest deposits. The origin of the primary PGM inclusions in the Alapaevsk
chromitites can be explained by a crystallization process controlled by relative stability of IPGE
alloys and sulfides as function of sulfur fugacity and temperature (Figure 16). The sulfur fugacity is
expected to increase with decreasing temperature in magmatic systems. As a consequence, at high
temperatures and low sulfur fugacity alloys of IPGE are the first PGM to precipitate, followed by
laurite and finally by erlichmanite and Ir-bearing sulfides (Figure 16). The primary laurite of Alapaevsk
shows a narrow variation of Os and Ru (Figure 9), well below the Os–OsS2 buffer, as typical of laurite
precipitated at high temperature and relatively low sulfur fugacity. Nevertheless, the absence of
magmatic Os–Ir–(Ru) alloys, the presence of cuproiridsite (Figure 7A,B), and the laurite–Cu sulfide
association (Figure 7C) suggest that the sulfur fugacity was relatively high during the precipitation of
the PGM in the magmatic stage of the chromitites from Alapaevsk, although lower than those reported
in the Uralian chromitites from Kluchevskoy [9], Kempirsai [22], Ray–Iz [23] and Voikar–Sininsky [24],
in which abundant erlichmanite has been analyzed, thus confirming a precipitation of the PGM under
higher sulfur fugacity (Figures 9 and 16). The secondary PGM assemblage consists of very tiny grains
(less than 4 µm) of Ir–Ru–Os and Os–Ru alloys (Figure 8). The Ir–Ru–Os alloy occurs in an irregular
grain that consists of a Ni-sulfide and a Cu-sulfide (Figure 8A). The Os–Ru alloy occurs in a complex
of grains composed of pentlandite, awaruite, Fe-oxides, and chlorite (Figure 8C,D). Very likely, the
secondary IPGE alloys formed at low temperature, during the serpentinization process that affected
the Alapaevsk ophiolite.
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6.3. Natural Minerals in the Ni–Fe–P System

Natural phases in the Ni–Fe–P system are rare, consisting of only five minerals with Fe > Ni,
namely allabogdanite (Fe,Ni)2P, barringerite (Fe,Ni)2P, murashkoite FeP, schreibersite (Fe,Ni)3P, and
zuktamrurite FeP2, [28,63–65]; and five minerals with Ni > Fe, such as halamishite Ni5P4, melliniite
(Ni,Fe)4P, negevite NiP2, nickelphosphide (Ni,Fe)3P, and transjordanite Ni2P [25–28]. All these minerals
have been found in meteorites, with the exception of schreibersite, which was also reported in reduced
differentiated lenses in basalts and in hydrothermal replacement in petrified wood (http://mindat.
org). Pratesi et al. [27], based on the investigation of the crystal structure of selected minerals in
the Ni–Fe–P system, argued that some of these compounds, characterized by high symmetry and
atomic coordination, may crystallize in a high-pressure environment, such as the core of the Earth.
The (Ni,Fe)5P from the Alapaevsk chromitite represents the first terrestrial occurrence of a Ni phosphide.
Its chemical composition reveals that it contains the most Ni among the minerals known in the Ni–Fe–P
system (Figure 11) and it represents a new mineral species.
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Appendix A

Table A1. Representative electron microprobe analyses (wt %) of chromite from chromitites of Alapaevsk.

Sample Cr2O3 Al2O3 Fe2O3 MgO FeO TiO2 V2O3 NiO ZnO MnO SiO2 Total

Eastern Block

Bakanov Kluch

PE1870an1 59.35 10.08 4.01 12.81 14.21 0.19 0.00 0.00 0.00 0.25 0.00 100.89
PE1870an2 58.57 9.73 5.11 12.83 14.03 0.13 0.00 0.00 0.00 0.29 0.05 100.75
PE1870an3 59.16 9.74 4.18 12.69 14.41 0.16 0.02 0.00 0.00 0.18 0.09 100.63
PE1870an4 58.13 9.60 4.46 12.95 13.43 0.19 0.02 0.00 0.05 0.16 0.05 99.05
PE1870an5 57.56 9.61 5.49 13.15 13.13 0.10 0.00 0.01 0.00 0.20 0.07 99.31
PE1870an6 58.50 9.46 5.25 13.78 12.21 0.14 0.00 0.00 0.00 0.18 0.01 99.53
PE1870an7 57.26 9.79 5.66 13.37 12.93 0.22 0.00 0.04 0.00 0.20 0.04 99.51
PE1870an8 58.52 9.36 4.95 12.75 13.80 0.13 0.00 0.06 0.00 0.24 0.05 99.87
PE1870an9 57.75 9.52 6.00 13.58 12.49 0.12 0.00 0.03 0.03 0.19 0.01 99.72
PE1870an10 56.93 9.60 5.64 12.68 13.63 0.12 0.03 0.01 0.05 0.25 0.04 98.99
PE1871an1 54.93 9.39 8.09 10.95 16.75 0.17 0.07 0.02 0.00 0.26 0.00 100.65
PE1871an2 54.39 9.47 7.47 10.76 16.82 0.23 0.06 0.04 0.00 0.20 0.03 99.46
PE1871an3 54.63 9.62 7.98 10.95 16.89 0.23 0.06 0.07 0.04 0.15 0.03 100.65
PE1871an4 54.54 9.07 8.03 9.90 18.32 0.27 0.08 0.03 0.00 0.30 0.00 100.55
PE1871an5 54.61 9.33 7.86 9.44 19.34 0.27 0.05 0.03 0.00 0.23 0.00 101.16
PE1871an6 54.49 9.05 8.30 9.55 19.12 0.28 0.04 0.06 0.10 0.24 0.06 101.28
PE1871an7 54.14 9.52 8.06 10.62 16.98 0.16 0.04 0.05 0.10 0.24 0.02 99.93
PE1871an8 56.16 8.76 7.80 10.46 17.56 0.17 0.03 0.00 0.08 0.27 0.01 101.31
PE1871an9 54.61 9.49 8.21 10.48 17.95 0.36 0.06 0.08 0.00 0.25 0.04 101.52
PE1871an10 53.49 9.24 8.73 10.52 16.96 0.18 0.03 0.00 0.07 0.28 0.00 99.52

http://mindat.org
http://mindat.org
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Table A1. Cont.

Sample Cr2O3 Al2O3 Fe2O3 MgO FeO TiO2 V2O3 NiO ZnO MnO SiO2 Total

Kurmanovskoe

PE1852an1 56.01 11.16 5.34 12.24 15.02 0.17 0.04 0.06 0.11 0.20 0.06 100.41
PE1852an2 56.18 11.50 4.94 12.22 15.13 0.15 0.03 0.05 0.06 0.18 0.02 100.46
PE1852an3 56.26 11.27 5.39 12.49 14.62 0.07 0.03 0.08 0.04 0.22 0.05 100.52
PE1852an4 55.28 10.44 6.62 11.50 15.91 0.16 0.06 0.08 0.01 0.32 0.02 100.40
PE1852an5 56.82 11.32 4.61 12.25 15.34 0.19 0.06 0.04 0.05 0.22 0.09 100.98
PE1852an6 55.93 11.25 5.60 12.24 14.98 0.17 0.03 0.06 0.11 0.23 0.00 100.60
PE1852an8 56.59 11.05 4.83 11.98 15.46 0.14 0.08 0.08 0.11 0.15 0.06 100.54
PE1852an9 56.47 11.27 5.14 12.51 14.58 0.13 0.08 0.06 0.10 0.20 0.01 100.54
PE1852an10 56.55 11.41 5.19 12.59 14.60 0.13 0.01 0.05 0.04 0.23 0.02 100.82
PE1855-1an1 57.79 11.41 4.75 14.37 11.93 0.14 0.00 0.11 0.00 0.21 0.05 100.76
PE1855-1an2 56.19 11.76 5.54 14.63 11.35 0.15 0.03 0.13 0.00 0.17 0.05 100.00
PE1855-1an3 57.16 11.79 5.15 14.61 11.60 0.12 0.00 0.05 0.01 0.23 0.03 100.75
PE1855-1an4 56.81 11.48 5.39 14.37 11.61 0.16 0.02 0.06 0.16 0.22 0.00 100.28
PE1855-1an5 56.73 11.56 5.24 14.70 11.03 0.22 0.00 0.16 0.15 0.18 0.00 99.97
PE1855-1an6 56.57 11.63 5.42 14.60 11.42 0.16 0.04 0.01 0.07 0.18 0.01 100.09
PE1855-1an7 56.09 11.56 5.92 14.90 10.99 0.23 0.01 0.06 0.00 0.18 0.02 99.96
PE1855-1an8 57.86 11.51 4.59 14.48 11.95 0.20 0.03 0.02 0.02 0.18 0.03 100.86
PE1855-1an9 56.91 11.48 4.74 14.61 11.42 0.23 0.07 0.05 0.00 0.06 0.00 99.56

PE1855-1an10 56.19 11.69 5.48 14.80 10.90 0.21 0.05 0.08 0.13 0.19 0.00 99.71
PE1856an1 42.90 22.16 7.08 15.51 11.85 0.33 0.09 0.05 0.11 0.19 0.06 100.33
PE1856an2 43.28 22.33 6.63 15.68 11.62 0.30 0.05 0.07 0.00 0.18 0.03 100.17
PE1856an3 44.15 22.45 6.29 15.55 12.29 0.37 0.06 0.01 0.00 0.18 0.00 101.34
PE1856an4 44.43 22.22 6.09 15.47 12.31 0.31 0.06 0.04 0.02 0.12 0.03 101.09
PE1856an5 43.63 22.63 6.34 15.58 12.11 0.35 0.07 0.05 0.07 0.14 0.02 100.99
PE1856an6 43.20 22.78 6.81 15.76 11.90 0.37 0.13 0.10 0.00 0.23 0.02 101.30
PE1856an7 42.91 22.32 7.09 15.54 11.77 0.26 0.11 0.06 0.07 0.15 0.01 100.30
PE1856an8 44.96 21.39 6.42 15.10 12.51 0.28 0.02 0.09 0.03 0.17 0.00 100.97
PE1856an9 45.47 20.91 6.42 15.21 12.47 0.35 0.07 0.07 0.02 0.16 0.02 101.15
PE1856an10 45.41 20.87 6.35 14.87 12.74 0.32 0.05 0.08 0.11 0.24 0.01 101.05

Western Block

Lesnoe

PE1863an1 42.87 23.60 5.96 16.64 10.08 0.24 0.05 0.09 0.04 0.15 0.00 99.72
PE1863an2 42.94 24.09 5.36 16.23 10.86 0.22 0.03 0.13 0.00 0.17 0.00 100.04
PE1863an3 43.81 23.99 5.81 16.89 10.28 0.20 0.06 0.07 0.00 0.22 0.03 101.36
PE1863an4 43.18 23.88 5.87 16.51 10.49 0.23 0.04 0.08 0.15 0.21 0.02 100.66
PE1863an5 43.98 24.35 2.58 14.70 13.17 0.26 0.07 0.08 0.00 0.19 0.01 99.39
PE1863an6 43.54 24.07 4.73 16.19 11.12 0.26 0.05 0.02 0.07 0.10 0.00 100.14
PE1863an7 42.92 23.97 5.85 16.74 10.29 0.22 0.11 0.16 0.00 0.13 0.06 100.45
PE1863an8 43.39 23.92 5.00 16.19 10.97 0.28 0.03 0.12 0.05 0.21 0.04 100.18
PE1863an9 42.69 23.81 6.15 16.70 10.43 0.31 0.06 0.02 0.00 0.27 0.07 100.52
PE1863an10 44.23 24.10 3.60 15.54 12.15 0.26 0.07 0.08 0.00 0.15 0.03 100.20

3-d Podyony Rudnik

PE1869an1 42.27 23.01 7.44 15.80 11.79 0.37 0.08 0.10 0.00 0.17 0.00 101.02
PE1869an2 41.54 23.13 7.34 15.61 11.74 0.36 0.02 0.06 0.13 0.16 0.00 100.10
PE1869an3 41.33 23.76 7.39 15.84 11.83 0.40 0.09 0.15 0.00 0.21 0.03 101.03
PE1869an4 41.05 23.22 7.38 15.64 11.70 0.40 0.05 0.09 0.00 0.16 0.01 99.69
PE1869an5 41.86 23.84 6.81 15.59 12.40 0.41 0.03 0.16 0.00 0.10 0.02 101.20
PE1869an6 41.67 23.57 7.07 15.55 12.15 0.38 0.07 0.08 0.11 0.15 0.00 100.80
PE1869an7 42.55 23.46 6.94 15.67 12.13 0.32 0.07 0.01 0.16 0.15 0.00 101.44
PE1869an8 42.34 23.34 6.79 15.60 12.33 0.31 0.12 0.01 0.00 0.20 0.10 101.14
PE1869an9 42.14 23.27 7.77 15.94 11.54 0.25 0.09 0.09 0.00 0.25 0.00 101.32
PE1869an10 41.43 23.08 7.61 15.63 11.73 0.40 0.06 0.04 0.22 0.17 0.00 100.38

Bol’shaya Kruglyshka

PE1862an1 50.10 17.87 4.56 15.14 11.77 0.33 0.08 0.03 0.00 0.17 0.00 100.04
PE1862an2 49.64 18.14 5.12 15.47 11.03 0.22 0.02 0.07 0.08 0.18 0.00 99.98
PE1862an3 50.09 18.31 4.86 15.48 11.34 0.18 0.14 0.02 0.00 0.19 0.00 100.60
PE1862an4 50.96 18.39 4.42 15.50 11.61 0.21 0.04 0.04 0.00 0.16 0.00 101.33
PE1862an5 50.53 18.47 4.36 15.48 11.53 0.26 0.10 0.06 0.03 0.17 0.00 100.99
PE1862an6 50.51 18.56 4.17 15.44 11.74 0.30 0.03 0.05 0.00 0.19 0.05 101.03
PE1862an7 50.78 18.23 4.79 15.73 11.29 0.33 0.01 0.05 0.04 0.18 0.00 101.42
PE1862an8 49.59 18.11 4.28 15.26 11.22 0.29 0.00 0.07 0.00 0.21 0.02 99.05
PE1862an9 50.19 18.19 4.13 15.21 11.69 0.30 0.08 0.07 0.00 0.21 0.04 100.11
PE1862an10 49.75 17.78 5.18 15.41 11.02 0.29 0.02 0.12 0.06 0.22 0.00 99.84
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Table A1. Cont.

Sample Cr2O3 Al2O3 Fe2O3 MgO FeO TiO2 V2O3 NiO ZnO MnO SiO2 Total

Krest

PE1859an1 41.08 24.76 6.32 14.79 13.49 0.22 0.10 0.08 0.00 0.23 0.00 101.07
PE1859an2 39.91 25.05 7.02 15.13 12.87 0.16 0.07 0.00 0.00 0.22 0.03 100.47
PE1859an3 40.75 24.34 6.89 15.16 12.52 0.18 0.00 0.07 0.00 0.22 0.00 100.12
PE1859an4 41.40 24.01 6.44 14.44 13.99 0.20 0.02 0.05 0.00 0.15 0.08 100.78
PE1859an5 40.97 24.42 6.49 14.86 13.14 0.24 0.04 0.10 0.10 0.18 0.03 100.54
PE1859an6 41.49 24.52 6.24 14.63 13.76 0.19 0.07 0.04 0.05 0.16 0.01 101.15
PE1859an7 39.13 18.69 8.22 12.47 18.20 0.13 0.03 0.00 0.01 0.48 2.23 99.59
PE1859an8 40.16 24.50 7.02 15.24 12.29 0.17 0.09 0.03 0.06 0.20 0.00 99.76
PE1859an9 40.56 24.60 7.29 15.41 12.26 0.15 0.07 0.09 0.07 0.21 0.00 100.71
PE1859an10 41.14 24.11 6.61 14.96 12.70 0.14 0.09 0.09 0.18 0.15 0.02 100.20
PE1860an1 44.20 22.10 6.16 15.84 11.15 0.26 0.08 0.09 0.06 0.23 0.00 100.15
PE1860an2 44.74 21.91 5.78 15.62 11.57 0.28 0.04 0.13 0.00 0.19 0.01 100.27
PE1860an3 44.19 21.75 6.20 15.56 11.40 0.20 0.07 0.07 0.01 0.18 0.00 99.62
PE1860an4 44.39 21.07 5.83 15.20 11.89 0.40 0.02 0.10 0.00 0.18 0.03 99.11
PE1860an5 45.43 21.78 5.17 15.16 12.51 0.32 0.10 0.10 0.00 0.13 0.00 100.71
PE1860an6 45.34 21.32 5.28 15.08 12.51 0.42 0.05 0.04 0.00 0.19 0.00 100.22
PE1860an7 45.69 20.70 5.88 15.15 12.02 0.33 0.10 0.12 0.06 0.25 0.00 100.31
PE1860an8 45.14 20.99 5.57 15.21 11.99 0.36 0.10 0.12 0.01 0.20 0.04 99.73
PE1860an9 45.19 20.95 5.38 15.15 11.97 0.34 0.08 0.05 0.00 0.15 0.00 99.27
PE1860an10 44.12 21.81 5.60 15.38 11.88 0.38 0.06 0.09 0.00 0.19 0.05 99.56
PE1861an1 43.30 22.44 6.51 15.41 11.99 0.25 0.07 0.07 0.00 0.16 0.00 100.20
PE1861an2 44.06 22.25 6.36 15.62 11.87 0.36 0.06 0.08 0.14 0.19 0.03 101.02
PE1861an3 43.47 22.36 6.70 15.65 11.70 0.28 0.05 0.04 0.01 0.20 0.00 100.43
PE1861an4 43.65 22.28 5.81 15.19 12.20 0.26 0.10 0.08 0.00 0.18 0.04 99.78
PE1861an5 43.16 23.01 5.70 15.48 12.07 0.28 0.10 0.01 0.11 0.19 0.10 100.21
PE1861an6 43.85 23.08 6.09 15.70 11.91 0.18 0.10 0.08 0.06 0.12 0.03 101.19
PE1861an7 43.39 22.60 6.86 15.51 11.96 0.20 0.07 0.09 0.00 0.21 0.00 100.87
PE1861an8 44.03 22.10 6.73 15.60 11.85 0.26 0.05 0.12 0.00 0.17 0.01 100.92
PE1861an9 43.68 22.22 6.96 15.58 11.83 0.25 0.08 0.12 0.06 0.23 0.04 101.04
PE1861an10 44.58 22.28 5.89 15.31 12.54 0.32 0.06 0.07 0.00 0.17 0.02 101.25

Table A2. Representative electron microprobe analyses (wt %) of olivine from chromitites of Alapaevsk.

Sample SiO2 MgO FeO Cr2O3 MnO NiO Total Fo (%) Ca ppm

Included in Chromite

PE1855-1an1 42.92 53.97 3.10 0.47 0.01 0.34 100.81 96.88 600
PE1855-1an2 42.42 54.04 3.02 0.54 0.05 0.37 100.44 96.96 600
PE1855-1an3 42.22 54.18 3.01 0.58 0.05 0.45 100.49 96.98 650
PE1855-1an4 41.70 53.28 3.03 0.72 0.09 0.41 99.22 96.91 800
PE1855-1an5 42.60 54.06 2.92 0.75 0.05 0.34 100.72 97.06 650
PE1855-1an6 42.42 53.87 3.15 0.75 0.07 0.41 100.67 96.83 850
PE1855-1an7 42.94 54.20 3.13 0.73 0.05 0.38 101.43 96.86 600
PE1855-1an8 42.90 53.98 3.20 0.71 0.02 0.32 101.12 96.79 700

Interstitial

PE1855-1an1 42.50 53.62 3.93 0.19 0.07 0.30 100.60 96.05 850
PE1855-1an2 42.50 53.34 3.80 0.16 0.03 0.36 100.18 96.16 650
PE1855-1an3 42.76 53.70 3.88 0.18 0.06 0.39 100.97 96.10 650
PE1855-1an4 42.46 52.37 3.96 0.09 0.01 0.31 99.20 95.93 500
PE1855-1an5 40.64 51.78 3.78 0.10 0.04 0.33 96.66 96.06 600
PE1855-1an6 41.89 53.10 3.95 0.07 0.07 0.29 99.37 95.99 600
PE1855-1an7 42.29 53.29 4.08 0.06 0.15 0.42 100.28 95.88 400
PE1855-1an8 42.62 52.96 4.19 0.09 0.05 0.30 100.20 95.75 550
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Table A3. Representative electron microprobe analyses (wt %) of clinopyroxene and amphibole
included in chromite from chromitites of Alapaevsk.

Sample SiO2 Al2O3 Cr2O3 MgO CaO FeO MnO NiO TiO2 Na2O K2O Total

Clinopyroxene

PE1852-6 53.84 0.69 1.68 17.76 23.77 1.66 0.09 0.06 0.05 0.14 0.00 99.73
PE1852-4 54.10 0.62 1.77 17.29 24.07 1.53 0.04 0.00 0.03 0.17 0.01 99.62
PE1852-5 54.20 0.48 1.36 17.53 23.19 1.58 0.10 0.03 0.03 0.24 0.00 98.72
PE1870-1 54.48 0.46 1.69 17.64 23.70 1.08 0.09 0.01 0.07 0.29 0.01 99.52
PE1871-6 54.90 0.64 1.57 17.40 23.65 1.93 0.11 0.04 0.12 0.31 0.00 100.68
PE1870-3 55.15 0.62 1.91 17.74 23.68 1.16 0.02 0.05 0.09 0.40 0.00 100.80
PE1870-2 55.35 0.57 1.86 17.56 23.40 1.23 0.05 0.04 0.10 0.32 0.00 100.47

Amphibole

PE1871-1 44.40 9.81 3.25 19.65 12.34 2.78 0.09 0.05 0.41 3.33 0.66 96.76
PE1871-2 44.93 9.19 3.29 20.01 11.93 2.84 0.03 0.00 0.46 3.54 0.16 96.37
PE1871-3 45.41 9.67 3.11 19.73 11.99 2.71 0.08 0.04 0.39 3.60 0.16 96.88
PE1871-4 45.48 9.47 3.11 19.73 12.05 2.90 0.06 0.02 0.35 3.25 0.13 96.54

PE1869-12 45.84 10.01 2.30 19.31 11.47 3.03 0.13 0.05 2.04 2.70 0.02 96.88
PE1871-5 45.87 9.48 3.26 19.91 12.12 2.73 0.04 0.04 0.45 3.55 0.17 97.63
PE1869-9 46.15 9.74 2.41 18.77 11.46 2.97 0.10 0.04 1.84 3.73 0.07 97.28
PE1860-1 46.16 9.35 2.70 19.70 12.13 2.40 0.05 0.07 1.98 2.18 0.09 96.80
PE1869-3 46.55 9.86 2.41 19.33 11.61 2.96 0.04 0.08 1.80 2.39 0.01 97.04
PE1869-5 46.79 9.60 2.34 19.48 11.89 2.77 0.08 0.09 2.02 2.57 0.04 97.68

Table A4. Representative electron microprobe analyses (wt % and at.%) of laurite from chromitites
of Alapaevsk.

Sample S As Os Ir Ru Rh Pd Fe Cu Total

wt %

PE1855-1an1 34.44 1.15 22.13 0.60 36.83 1.78 1.67 0.15 1.40 100.15
PE1855-1an2 34.06 1.22 22.17 0.87 36.89 1.73 1.73 0.18 0.77 99.62
PE1855-1an3 34.42 1.22 22.76 0.40 37.37 1.69 1.77 0.24 0.66 100.54
PE1855-1an4 34.31 1.11 22.73 0.60 37.38 1.81 1.75 0.16 0.74 100.59
PE1855-1an5 34.78 1.29 18.26 1.84 38.65 2.10 1.85 0.15 0.26 99.19
PE1855-1an6 35.24 1.32 18.88 0.47 38.74 2.00 1.95 0.11 0.17 98.88
PE1855-1an7 33.42 1.03 21.03 0.76 38.40 2.01 2.04 0.14 0.03 98.87
PE1855-1an8 33.88 1.16 20.83 0.49 38.32 1.98 1.90 0.19 0.12 98.86

at.%

PE1855-1an1 65.86 0.94 7.13 0.19 22.34 1.06 0.96 0.17 1.35
PE1855-1an2 65.85 1.01 7.23 0.28 22.63 1.04 1.01 0.20 0.75
PE1855-1an3 65.90 1.00 7.34 0.13 22.70 1.01 1.02 0.26 0.64
PE1855-1an4 65.82 0.91 7.35 0.19 22.75 1.08 1.01 0.18 0.72
PE1855-1an5 66.36 1.05 5.87 0.59 23.39 1.25 1.07 0.16 0.25
PE1855-1an6 66.85 1.07 6.04 0.15 23.32 1.18 1.11 0.12 0.16
PE1855-1an7 65.46 0.87 6.94 0.25 23.86 1.23 1.21 0.15 0.03
PE1855-1an8 65.81 0.97 6.82 0.16 23.61 1.20 1.11 0.21 0.12

Table A5. Representative electron microprobe analyses (wt %, at.%, and apfu) of the NiFeP compound
from chromitites of Alapaevsk.

Sample P Ni Fe Total

wt %

PE1870-1 10.16 88.05 1.30 99.51
PE1870-2 10.15 89.12 1.26 100.53
PE1870-3 10.17 89.29 1.19 100.64
PE1870-4 10.15 88.14 1.19 99.48
PE1870-5 9.41 89.89 1.18 100.47
PE1870-6 10.13 88.33 1.23 99.69
PE1870-7 10.09 88.17 1.24 99.49
PE1870-8 10.18 89.45 1.18 100.81
PE1870-9 10.11 88.57 1.18 99.86
PE1870-10 10.19 89.17 1.13 100.49
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Table A5. Cont.

Sample P Ni Fe Total

at.%

PE1870-1 17.72 81.02 1.26
PE1870-2 17.54 81.25 1.21
PE1870-3 17.55 81.31 1.14
PE1870-4 17.71 81.14 1.15
PE1870-5 16.37 82.50 1.13
PE1870-6 17.64 81.17 1.19
PE1870-7 17.61 81.20 1.20
PE1870-8 17.54 81.33 1.13
PE1870-9 17.59 81.28 1.14
PE1870-10 17.61 81.30 1.08

apfu

PE1870-1 1.06 4.86 0.08
PE1870-2 1.05 4.88 0.07
PE1870-3 1.05 4.88 0.07
PE1870-4 1.06 4.87 0.07
PE1870-5 0.98 4.95 0.07
PE1870-6 1.06 4.87 0.07
PE1870-7 1.06 4.87 0.07
PE1870-8 1.05 4.88 0.07
PE1870-9 1.06 4.88 0.07
PE1870-10 1.06 4.88 0.07
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