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Abstract
The relevance of the work is associated with the poor degree of knowledge of the influence of solid-phase crustal
transformations of ultramafic rocks on the processes of localization of chromium mineralization.
The purpose of the work is to study amphibole microinclusions in ore-forming chrome-spinels of medium-chromium
composition and compare them with those from high-chromium chrome-spinels.
Research methods. The chemical composition of minerals was determined using a CAMECA SX 100 electron probe
microanalyzer (IGG Ural Branch of RAS, Ekaterinburg).
Results. The chemical composition of amphiboles from medium-chromium chromium ores of the Yengaiskoye-1
occurrence of the Rai-Iz massif has been studied. Amphiboles form inclusions in chrome spinel grains and long pris-
matic euhedral grains in the silicate part of the ore. It has been established that amphibole from inclusions in chrome
spinel corresponds in composition to chrome pargasite with a Cr,O, content of 3.39-3.68 wt. %. In the silicate part of
chromitite, that is, in cement, amphibole is represented by tremolite with Cr,O, - 0.80-0.90 wt. %. Comparison with
the compositions of amphiboles from high-chromium chromitites of the Tsentralnoye deposit showed that tremolites
and pargasites of both objects are in equilibrium in the content of Al,O, and Na,O, which indicates the isochemical
nature of their formation.
Conclusions. The studied tremolites from chromitite cement and chromium pargasites from inclusions in the
ore-forming chrome spinel are equilibrium in chemical composition and are of metamorphic origin (both in medi-
um-chromium and high-chromium ores). Their capture occurred at the stage of crystallization or recrystallization
of the ore-forming mineral. In medium-chromium chrome spinels, inclusions of silicates with a higher content of
Cr,0, and Na O than in high-chromium spinels are observed. This may indicate the role of amphibole as a chromium

concentrator during ore formation.

Keywords: amphiboles, chromitites, Yengaiskoye ore occurrence, Rai-Iz massif, Polar Urals.

Introduction

The study of silicate inclusions in chrome spinel grains
from ultramafic rocks and chromitites is the topic of many
modern studies [1-5]. Such inclusions usually contain both
minerals typical of host ultramafic rocks: olivine, ortho- and
clinopyroxene, amphibole, chlorite, and micas — phlogopite,
aspidolite.

In our works, the chemical composition of minerals
from inclusions in grains of ore-forming chromium spinel
and the silicate part of high-chromium chromium ores of
the Tsentralnoye deposit of the Rai-Iz massif was studied
[6, 7]. It was found that the composition of amphibole from
the silicate part and inclusions in grains of ore-forming spi-
nels varies noticeably within one sample, corresponding to
edenite and tremolite according to the modern classifica-
tion of calcium amphiboles. In individual grains of the min-
eral, an increased content of Cr,O, was determined - 0.12-
1.80 wt. % [6]. Amphibole microinclusions in the ore-form-
ing chrome spinels of the Tsentralnoye deposit are very rare,
and the inclusions are mainly represented by chlorite, oliv-
ine and serpentine.

Research methods

Chemical analysis of minerals was performed ona CAME-
CA SX 100 electron probe microanalyzer at the Institute of Ge-
ology and Geochemistry, Ural Branch of the Russian Academy
of Sciences, analysts D. A. Zamyatin, A. V. Mikheeva.

Research results and discussion

In this work, the composition of amphibole microinclu-
sions from medium-chromium chromium ores of the Yengais-
koye-1 occurrence was studied. The ores have a disseminat-
ed-banded texture, a poorly-sparsely disseminated structure
[8, 9]. The silicate part is represented by an aggregate of olivine
grains 0.8-1.2 mm in size, among which there are individual
long-prismatic euhedral amphibole crystals up to 2.5 mm in
elongation. The long axes of the crystals are oriented according
to the banding of the ore.

Microinclusions in chrome spinel grains are represent-
ed by chrome pargasite according to classifications [10, 11].
The mineral was found in the form of grains of irregular, an-
gular shape, 20-30 microns in size (Fig. 1). Its chemical com-
position (Table 1, an. 1-5) is characterized by an extremely
high chromium content for pargasite, 3.41-3.68 wt. %. This
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Figure 1. Spinel grains (Sp/) with amphibole inclusions (Amf) in an olivine-serpentine matrix. BSE image, CAMECA SX-100
PucyHok 1. 3epHa wnuHenu (Spl) ¢ BknwoyYeHussmMu amcubona (Amf) B onvBUH-cepneHTUHOBOM MaTtpukce. BSE-usobpaxkeHue,
CAMECA SX-100

Table 1. Chemical composition of amphibole from medium-chromium chrome ore of the Yengaiskoye ore occurrence, wt. %
Ta6nuua 1. XuMmnyeckuit coctaB amcpubona 3 cpegHeXpoMmUCTon XpoMOBOM pyAbl pyaonposiBneHus EHranckoe, mac. %

Oxides and Analyses
elements 1K 2y 3k 4 50 6 7 8
SiO, 43,02 42,38 43,79 43,81 43,56 58,15 57,10 57,28
TiO, 0,67 0,60 0,68 0,51 0,51 0,07 0,07 0,02
ALO, 11,70 11,29 11,11 11,20 11,16 0,36 0,43 0,33
Cr,0, 3,58 3,39 3,41 3,54 3,68 0,20 0,71 0,12
FeO 1,93 1,91 2,56 2,13 2,42 0,86 0,90 0,80
MgO 18,92 20,57 18,76 18,74 19,09 23,90 23,38 23,77
MnO 0,05 - 0,03 0,05 0,05 - 0,03 -
Cao 12,58 11,28 11,97 11,96 12,91 13,03 12,45 12,05
Na,O 3,52 3,07 3,33 3,13 3,49 0,31 0,64 0,54
K,O 0,22 0,22 0,26 0,26 0,26 0,02 0,03 0,03
F 0,29 - 0,16 0,06 - - 0,09 -
Cl 0,01 0,01 0,01 0,02 0,01 0,01 0,03 -
Total 96,49 94,72 96,07 95,41 97,14 96,91 95,86 94,92
Formula coefficients (calculation for 23 oxygen atoms)
Si 6,23 6,20 6,35 6,37 6,27 7,97 7,93 7,99
Ti 0,07 0,07 0,07 0,06 0,06 0,01 0,01 -
Al 2,00 1,95 1,90 1,92 1,89 0,06 0,07 0,05
Al 1,29 1,34 1,19 1,17 1,26 0,03 0,07 0,01
AV 0,71 0,61 0,71 0,75 0,63 0,02 - 0,05
Cr 0,41 0,39 0,39 0,41 0,42 0,02 0,08 0,01
Fe 0,23 0,23 0,31 0,26 0,29 0,10 0,10 0,09
Mg 4,08 4,49 4,05 4,06 4,09 4,88 4,84 4,94
Mn 0,01 - - 0,01 0,01 - - -
Ca 1,95 1,77 1,86 1,86 1,99 1,91 1,85 1,80
Na 0,99 0,87 0,94 0,88 0,97 0,08 0,17 0,15
K 0,04 0,04 0,05 0,05 0,05 - 0,01 0,01

corresponds to 0.39-0.42 formula units of Cr in terms of 23 of Cr,0, and AL O, increases by 0.2 and 0.4 wt.%, respectively,
oxygen atoms with the upper limit for the inclusion of cations  and the content of Na,O increases by 0.5 wt. %.

of the element in the mineral structure of 0.43+0.06 f. u. [12]. In the silicate part of the studied chromitite, i. e. in the
From the center to the edge of the mineral grains, the amount  cement, individual prismatic tremolite grains are observed, up
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Figure 2. Dependences of the contents of Cr,0, on AL,O, and Na,O on Al,O, in amphiboles from chromitites and plagioclasites of the
Rai-lz massif: 7 — chromium pargasite from an inclusion in the ore-forming spinel of chromitite of the Yengaiskoe-1 ore occurrence; 2 — tremolite
from the silicate part of chromitite of the Yengaiskoe-1 ore occurrence; 3, 4 — amphiboles from chromitites of the Tsentralnoye deposit: 3 — silicate
part, 4 — inclusions in chrome spinel. Composition fields of amphiboles from ultramafic rocks hosting mineralization: / — high-chromium type; // —
aluminous type (according to [13])

PucyHok 2. 3aBucumoctu copepxanui Cr,0, ot Al,O, n Na,O ot AL,O, B amdmbonax u3 XpOMUTUTOB U NN1armoknasuTos maccuea Paii-
W3: 1 — XpOMOBBIV NapracuT U3 BKIMIOYEHVS B pPyA00Opa3ytoLLe LNMHEN XpoMuTuTa pyaonposeneHns EHravickoe-1; 2 — TpemMonuT U3 cunukar-
HOW YacTn XxpoMuTuTa pyaonposienenns Exrarickoe-1; 3, 4 — amdpnbonbl 13 XpOMUTUTOB MECTOpPOXAeHUs LieHTpanbHoe: 3 — cunukatHas 4yacTb,
4 — BKIMIOYEHNS B XpoMLunvHenuae. Mons coctaBoB amdumbonos 13 ynstpamadmToB, BMELLAOWNX OpyAeHeHne: | — BbICOKOXPOMMUCTOrO TUNa;

Il = rmmHo3emumcToro Tina (no [13])

to 0.5-0.7 mm in diameter. The mineral contains 0.5-1 wt. %
Cr,0,, ALO,, Na,O, and is also depleted in TiO, to 0.07 wt. %
(Table 1, an. 6-8).

The compositions of the studied amphiboles from in-
clusions in chromitite are distinguished by the highest con-
tent of ALO,, Cr,0, and Na,O among those common in the
ophiolite massifs of the Polar Urals (Fig. 2, a, b). The diagram
(Fig. 2, b) shows the compositional fields of amphiboles from ul-
tramafic rocks of the Rai-1z and Voykar-Syninsky massifs, which
host mineralization of high-chromium (I) and aluminous (II)
chemical types [13]. The compositions of amphiboles from the
silicate part of chromitites fall into field I, and from inclusions
in chrome spinel grains they are located between fields I and II.
In Fig. 2, b, the compositions of amphiboles form a single linear
sequence, which is associated with the peculiarity of the incor-
poration of Na* into the tremolite structure, which is accompa-
nied by the replacement of Si** by Al** [14].

According to olivine-spinel thermometry data given in
[3], the central parts of the largest grains of chrome spinel
from chromitite containing inclusions of chrome pargasite of
the Yengaiskoe-1 ore occurrence were formed at a temperature
of 670-690 °C and an oxygen fugacity of 1.1-1. 4 log. units
above the FMQ buffer.

Chromium pargasites, similar in composition to those
studied in our work, are known in chromitites of the Cuba,
Oman, and Luobus massifs [4, 6, 15]. Their origin has been
interpreted in various ways: (1) as the result of crystallization
from a volatile-rich melt; (2) during the formation of chromi-
tites as a result of the interaction of harzburgite and magma
rich in incompatible elements; (3) during metasomatic pro-
cesses in the upper mantle [4, 6, 15]. The low temperature of
olivine-spinel equilibrium established in our work calls into
question the possibility of amphibole formation in the mag-
matic process.

Conclusions

The equilibrium change in the content of Na,O and
ALO, in the studied amphiboles indicates the constancy
and unity of the conditions for their formation. Tremolite is
typical of metamorphic parageneses. It follows that the cap-
ture of inclusions could occur at the stage of crystallization
or recrystallization of the ore-forming mineral under meta-
morphic conditions. In medium-chromium chrome spinels,
inclusions of silicates with a higher content of Cr,O, and
Na,O than in high-chromium spinels are observed. This may
indicate the role of amphibole as a chromium concentrator
during ore formation.

The research was carried out at the expense of the Russian Science Foundation Grant no. 22-17-00027, https://rscf.ru/proj-

ect/22-17-00027/
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AMPUOOADLI U3 XPOMMUTMTOB PYAONPOSsIBA€HMsI EHrarickoe-1 maccmsa
Paini-N3 (TToasipHbIM Ypan)

MaBen Bopucosuy LUUPAEB' %
|[Hapexpa BnagumuposHa BAXPYLUEBA! 2

" MiHcTUTyT reonorumn 1 reoxummnm um. akag. A. H. 3asapuukoro YpO PAH, EkatepuHbypr, Poccus
2YpanbCKuii rocyAapCTBEHHbIN FOPHbIN YHUBEPCUTET, EkaTepuHBypr, Poccusi

AHHOTaUwMs
AxmyanvHocmo pabomuvi CBsi3aHa CO C/1ab0il CTENeHbI0 U3YYEeHHOCTY BIMAHMS TBepo(]asHbIX KOPOBBIX IIpeobpa-
30BaHUII YIbTPaMadUTOB Ha IPOLECChI IOKAIN3ALNI XPOMOBOTO OPYyIeHEHMA.
Llenv pabomvt — uccnefoBaHue MUKPOBKIIIOUeHNIT aM(puboIa B Pyf000pa3yoNIX XPOMIIIMHEINIAX CPefHeXPO-
MIICTOTO COCTaBa ¥ UX CPAaBHEHMeE C TAKOBBIMU 113 BBICOKOXPOMMUCTBIX XPOMILIIIHETN/IOB.
Memoovt uccmedoéanus. XVMIYECKUII COCTAaB MIHEPA/IOB OIpefie/ieH P MOMOIY 37IeKTPOHHO-30HI0BOTO MM-
kpoana/maaTopa CAMECA SX 100 (VIIT YpO PAH, r. Exatepun6ypr).
Pesynomameut. ViccnenoBaH XuMMYeCKMii cocTaB aMpuO0IOB 13 CPEHEXPOMIUCTBIX XPOMOBBIX PYJ IPOABICHMSA
Enrarickoe-1 maccuBa Paii-113. AM¢pu60sb1 06pasyioT BKIIOUYEHNS B 3epPHAX XPOMIITIHEIN/A Y IIMHHOTIPU3MATH -
JecKye UANOMOpP(QHBIe 3epHa B CHIMKATHON 9acT! PyAbl. YCTAHOB/IEHO, YTO aM(pnOO0/ 13 BKITIOUEHNUIT B XPOMIIIIN-
HeJIE COOTBETCTBYET 10 COCTABY XPOMOBOMY Tapracuty ¢ coiep>kanmem Cr, O, - 3,39-3,68 mac. %. B cunnkarnoi
YacTV XPOMUTHUTA, T. €. B IleMeHTe, aM(uO0/I IpeficTaBlIeH TPEMOIUTOM C CrZO3 - 0,80-0,90 mac. %. ComocraBie-
HIe C cocTaBaMy aM(u60IOB 113 BBICOKOXPOMICTBIX XPOMUTUTOB MeCTOpOX/jeHusA LleHTpanbHOe MOKa3ano, 4To
TPEMOIUTHI U TTAPTacUThl 060MX 00BEKTOB paBHOBECHHI Mo cofiepykanuio AL O, n Na O, 4To cBujieTenbcTByeT 06
U30XMMM3Me UX 00pasoBaHuUs.
Bwvi600w1. VccnenoBaHHbIEe TPEMOTUTHI 13 LIeMEHTa XPOMUTHUTA U XPOMOBbIE IIAPracUThI M3 BK/IIOYEHNIT B pygoo6pa-
3ylolleM XpOMIIIHEMI/ie PABHOBECHBI 10 XVMMUYECKOMY COCTaBy ¥ MMEIOT MeTaMopduieckoe IPOUCXOXKIeHUe
(KaK B CpETHEXPOMICTBIX, TaK I B BBLICOKOXPOMMUCTBIX PyAax). VX 3aXBaT MPOMCXOAMI Ha 3Talle KPUCTA/UIM3ALNN
WIN TIepeKpUCTa/UIN3alMM Py[oo6pasyolero MiuHepana. B cpeqHeXpoMUCTBIX XPOMILIHEINAAX HAOMIOfAI0TCA
BK/TIOYEHNs CUJIMKATOB C 6osee BbicOKMM cofiepkanmeM Cr,O, u Na O, 4eM B BBICOKOXPOMMCTBIX. DTO MOXKET yKa-
3bIBaTh Ha porib aM(pubo/Ia KaK KOHIIEHTPAaTOpa XpoMa IIpK PyE0006pa3oBaHNA.

Knioueevte cnosa: amdpn6ombl, xpomutntsl, EHraickoe pygonpossienne, maccus Paii-V3, ITonapHsiin Yparr.

Hccnedosarus nposedervl 3a cuem epanma Poccutickoeo HayuHozo ponda Ne 22-17-00027, https://rscf.ru/ project/22-17-00027/
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