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The relevance of the work is due to insufficient knowledge of the redox state of chromitites of the Voikar-Syninsky massif.

The aim of the work is to establish how did redox conditions change during the formation of Al-rich chemical type chromitites within
the Yambotyvissky area.

Research methodology: study of the composition of ore-forming chrome-spinels and olivines from chromitites of the Yambotyvissky
area; evaluation of the temperature of olivine-spinel equilibrium and oxygen fugacity in chromitite samples; study of variation in the
composition of minerals and T — fO, parameters within the whole area and within individual ore bodies.

Results of the work. The composition features of ore-forming chrome-spinels and redox state of the chromitites of the Voikar-Syninsky
massif of the Yambotyvissky area are studied. It was shown that ore-forming spinels of ore bodies occurring in dunites have lower
Cr-number compared to chrome spinels of ores localised in harzburgites. It was found that Fe/(Fe+Mg) of olivines and spinels, which
compose the chromitite of the area, were directly proportional. It indicates the rock — ore equilibrium existence in the system. The
change in the chemical composition of ore-forming chrome spinels, the temperature of olivine-spinel equilibrium and oxygen fugac-
ity within individual ore bodies were studied. The oxygen fugacity increases from the inner parts of chromitite bodies towards their
endocontacts. It was shown that in Al-rich chromitites an increase in oxygen fugacity is followed by an enrichment of chrome spinel
quantity in the ore. Chromitites occurring both in the dunite bodies and harzburgites, have been formed under close redox conditions.
The data obtained were compared with the results of mineral composition and redox state of the chrome ores of the Ray-Is massif
from previous studies.

Keywords: redox state, chromitites, ultramafites, Voikar-Syninsky massif, metamorphism, ore formation.

ntroduction
The geological and petrological studies of the Voikar-Syninsky massif significantly contributed to the development of
ideas on the conditions of formation and evolution of ophiolite complexes. Despite the remoteness and inaccessibility of
the object, compared with the Ray-1z massif located to the north, the quantity of scientific research is very high. Issues concern-
ing the geological structure of the massif, the metamorphism of mafic and ultramafic rocks, their petrostructural features and
chromite content are highlighted in A. A. Savelyev, G. N. Savelyeva, N. L. Dobretsov, Yu. E. Moldavantsev, V. N. Puchkov, S. A.
Shcherbakov A. B. Makeev, E. P. Tsaritsyn, I. S. Chashchukhin, A. A. Efimov and many others.

The oxythermobarometry study of the Voikar-Syninsky massif chromitites was performed [1-4]. I. S. Chashchukhin and
co-authors [1] have studied several samples of chromium ores from different parts of the massif. For the sample of aluminous
chromitite (the Cr,O, content in the ore-forming spinel is less than 40 wt.%), the lowest values of fO, (0.8 logarithmic units above
FMQ buffer) were obtained, and the highest values (1.8-2.7 logarithmic units above FMQ buffer) were for high-chromium chro-
mitites. This data is presented in the table of results, and the relationship between the chemical type of spinel and oxygen fugacity
is not discussed. The results of I. S. Chashchukhin are used in the article [2].

In our works [3, 4], it was found that the Al-rich chromitites of the northern part of the Voikar-Syninsky massif are less oxi-
dised (-0.5 ... + 1.5 logarithmic units regarding the FMQ buffer) than chromium ones (+ 1.8 ... + 3, 5 logarithmic units in relation
to FMQ buffer) [3]. In the ore body section of high-chromium chromitites of the Arkashorsky ore occurrence, fO, (FMQ) varies
within + 1.8 ... + 2.8 logarithmic units. A decrease in fO, is observed where the body comes into contact with the host rocks and
inside the deformation zone dividing it into two blocks [4].

The purpose of this work is to establish how did redox conditions change during the formation of Al-rich chromitites within
the Yambotyvissky area.

Geological structure of the Yambotyvissky area

The ultramafic Voykaro-Syninsky, Ray-Iz and Syum-Keu massifs constitute most of the main watershed range of the Polar
Urals. Ophiolites are integrated into the system of allochtons, overriding westward to the Paleozoic sequences of the Central Ural
uplift [5, 6]. According to modern concepts [6, 7] they are large fragments of the oceanic-type crust and lithosphere formed in the
back-arc and inter-arc marginal basins, including in the sub-subduction conditions in the Early and Middle Paleozoic.

Ultramafites of the Voikar-Syninsky massif are represented by rocks of the reticular and banded dunite-harzburgite complex,
which are fringed with gabbroids both from the north and from the south. There can be traced metamorphic zoning in rocks:
from west to east, the high-temperature apoharzburgite mineral parageneses are replaced by low-temperature ones [8].

The Yambotyvissky area is located at the Yambotyvis stream watershed and the Left Payera River (Fig. 1). In the southeast the
tectonic contact of ultramafites and gabbroids takes place; therefore, in ultramafites of the southern part of the area, rocks of the
vein dunite-wehrlite-clinopyroxenite (Kershorsky) complex occured.
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Figure 1. The geological structure of the Yambotyvissky area. 1-4 — rocks of the dunite-harzburgite complex: 1 — dunites. 2—4 — the content
of the dunite component in harzburgite: 2 — more than 30%, 3 — 10-30%, 4 — less than 10%; 5 — ore occurrences studied in this work and their
numbers; 6 — other ore occurrences.

PucyHok 1. leonornyeckoe crpoeHre AAMG6oTbIBUCCKOM nnowanu. 1—-4 — nopoabl AyHUT-rapubyprutoBoro komnnekca: 1 — ayHuTbl; 2—4 —
cofepkaHue OyHUTOBOWM cocTasnsitowen B rapudyprutax: 2 — 6onee 30 %, 3 — 10-30 %, 4 — meHee 10 %; 5 — pyoonposiBneHus, u3y4yeHHole B
HacTosLel paboTe, 1 UX Homepa; 6 — Npo4ne PyaonpPOsIBIEHUS.

The amount of dunite component in the dunite-harzburgite complex rocks of the Yambotyvissky area varies from 10-70%,
with a background content of 15-20%. Dunites appeared both in the form of veins in harzburgites, whch thickness varies from
the first centimetres to tens of centimetres, and as a dunite bodies with a width of up to 100-150 m. The form of dunite bodies
is predominantly lenticular, less often close to isometric. Dunite bodies and areas with a high dunite content have a northeast
extintion (Fig. 1).

Apoharzburgite metamorphic associations are formed under the influence of equilibrium and non-equilibrium metamor-
phism [8]. Non-equilibrium metamorphism (amphibolisation) is manifested in the development of talc-amphibole aggregate
pseudomorphose on enstatite. Equilibrium metamorphic rocks are represented by amphibole-olivine, amphibole-olivine-antigo-
rite and olivine-antigorite (voikarite) rocks.

The apoharzburgite metamorphic rocks of the northern part of the area are represented by voikarites; to the south they are
replaced by amphibole-olivine-antigorite rocks and after amphibole-olivine rocks; further to the south, amphibolised and ser-
pentinisated harzburgites dominate.

In the present work, the chromitites of the largest chromite occurrences No. 24, 25, 28, 118, 346, Morkovkinskoye (Fig. 1)
were studied. They differ both in structural and textural features and in the petrographic composition of the ore-bearing rock
section.

Chromitites of the occurrences 24 and 25 occur in the body of dunites. In ore manifestation 24, impregnated-banded chromitites
of a poorly-rarely impregnated structure prevail and occurrence 25 has medium-densely disseminated with thick schlieren.

The mineralization of ore occurrences 28, 118, 346 and Morkovkinskoye is localised in apoharzburgites. The ore bodies
are surrounded by a dunite envelope, which thickness varies from 10-15 cm to 1-2 metres. The chromitites of chromite oc-
currence 28 are medium-grained, varying from medium to densely disseminated. At the occurrence 118 densely disseminated
chromitites of massive structure are developed. For chromitites of the occurrence 346, schlieren texture is typical - among the
fine-grained medium-disseminated matrix there are isolated lenticular and irregular shapes composed of densely disseminated
medium-grained chromitite. Nodular chromitites are typical of the Morkovkinsky ore occurrence. The nodules have the shape of
distorted octahedra with rounded edges and an average diameter of approximately 1.5 cm.

The chemical composition of ore-forming chrome spinel

The chemical composition of minerals is determined using microprobe analysis (Cameca SX-100 installation, the analysts
are N. N. Kononkova, V. I. Vernadsky (Institute of Geochemistry and Analytical Chemistry of RAS, Moscow). The ore-forming
chromic spinels of the Yambotyvissky area chromitites are of the Al-rich magnesia chemical type (Fig. 2) and contain 37-44 wt.%
Cr,0, with an AL O, content of 24-30 wt.%. Spinels from chromite ores of ccurrences 24 and 25 have the lowest chromium con-
tent and the highest one from occurrence 28. The compositions of the chrome spinels of the Morkovkinskoye ore manifestations
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Figure 2. Compositions of ore forming chrome spinels from Yam-
botyvissky area. Ore occurrences: 1-24, 2-25, 3-28, 4-118, 5-346,
6 — Morkovkinskoye.

PucyHok 2. [ilnarpamma coCTaBOB pPyAo06pa3ylomnx XpoMOBbIX
wnuHenen AM6oTbIBUCCKON nnowaau. Pynonpossnenus. 1 — 24, 2
—25,3-28,4-118, 5 — 346, 6 — MOpKOBKMHCKOE.

Figure 3. Cr/(Cr+Al) vs Fe?*/(Fe?*+Mg) diagram of the ore-forming
chromic spinels of the Yambotyvissky area. The legend keys are
shown in Figure 2.

PucyHok 3. [Juarpamma >erne3mctocTb—XpPOMUCTOCTb pyaoobpa-
3YHOLLUX XPOMOBBbIX LLNUHenen iM6oTbIBMCCKOM NoLLaaun. YCroBHble
0603Ha4YeHNsA CM. Ha PUCYHKe 2.
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Figure 4. Ferruginosity of olivine — ferruginosity of spinel diagram. 1 — chromitites of the Yambotyvissky area, 2 — chromitites and wall-rock
ultramafites fromTsentralnoye deposit, 3 — chromitites and wall-rock ultramafites from Engayskoye ore within the Ray-lz massif.

PucyHok 4. inarpamma ene3ucTocTb ONMBUHA—KENE3UCTOCTb LWNUHENU. 1 — XpOMUTUTbLI FAMBOTBIBUCCKON NMOWaan, 2 — XPOMUTUTBI U
yneTpamaduTtbl MecTopoxaeHus LieHTpaneHoe, 3 — xpomututsl 1 ynbTpamadutbl EHrarickoro pygonposienenms maccvsa Paii-U3.

118, 118a and 346 are close to each other. In terms of the ratio of Cr and Al cations they occupy an intermediate position between
the spinels of the ore occurrences 24, 25 and 28.

Iron oxidation state (Fe # = Fe** / (Fe’*+ Fe?") in spinel for all the studied ore occurrences is in the range of 15-27%. Spinels
of 118 occurrence contain the least amount of trivalent iron; they also have the lowest ferruginosity (f = Fe** / (Fe**+ Mg)). It
is noteworthy (Fig. 3) that there is no correlation between the contents of divalent and trivalent cations, which is typical of the
ore-forming chrome spinels of the Ray-Iz massif [9].

There is a direct proportionality of Fe**/(Fe**+Mg) between of olivine and spinel (Fig. 4). The ratio of olivine Fa/ferruginosity
of spinel for Yambotyvissky area chromitites is two times higher than for the Tsentralnoye deposit of the Ray-Iz massif and one
and a half times higher than those of Engayskoe occurence [9]. For the Ray-Iz massif trends in the composition of olivine and
spinel for each of the objects are common to chromitites and the equilibrium meta-ultramafites enclosing them (Fig. 4). This in-
dicates the metamorphic genesis of the chromitites. The studied chromitites of the Yambotyvissky area occur in non-equilibrium
metamorphites (amphibolised harzburgites), however, the compositions of olivine and chrome spinels fall on a single trend line.
This confirms that the change in the trend line slope reflects the change in the parameters of ore formation and metamorphism,
but not the different Cr content of spinel [10, 11].
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Figure 5. Chemical composition of the ore-forming spinel, the temperature of the olivine-spinel equilibrium and the oxygen fugacity
within the chromitite bodies 28 and 118 in the Yambotyvissky area. 1-3 is chromitite structure in terms of the content of ore-forming spinel:
1 — solid; 2 — densely disseminated; 3 — medium disseminated; 4 — dunites.

PucyHok 5. U3ameHeHUe XMMHUYeCcKoro coctaBa pyaoo6pasytoLien WNuHenu, TeMnepaTypbl ONIMBUH-LUNUHENEBOro paBHoBeCUA U yru-
TUBHOCTU KUCNopoAa BHYTpU Ten XxpomuTtutoB 28 n 118 AMG6oTbiBUcCcKOM nnowanu. 1-3 — CTpykTypa XpOMUTUTOB MO COAEPKaHUI0 pyaoo-
OpasyioLueit WwnuHenu: 1 — cnnoLuHble, 2 — rycToBKpanmneHHble; 3 — cpeaHeBKpaneHHble; 4 — OyHUTbI.
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Figure 6. Chemical composition of the ore-forming spinel, the temperature of the olivine-spinel equilibrium and the oxygen fugacity
within the chromitite body 346 of the Yambotyvissky area. The legend keys are shown in Figure 5.

PucyHok 6. M3ameHeHMe XMMMUYECKOro cocTaBa pyAooOpa3sytloliei LWNuHenu, TemnepaTypbl ONMBUH-LUINMUHENEBOro paBHOBECUA WU
chyruTMBHOCTM Kucnopoga BHyTpu Tena XxpomututoB 346 AAimMG6oTbIBMCCKOM Nnowanun. YcrnoBHble 0603Ha4YeHUA CM. Ha pUCyHkKe 5.
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Figure 7. T-fO, diagrams for chromitites of the Yambotyvissky area. a — for chromitites of ore occurrences studied (for symbols, see figure 2).
b — different impregnations: 1 — poorly and rarely disseminated; 2 — from moderately disseminated to massive.

PucyHok 7. inarpammbl T-fO, Ans XxpoMuTMTOB SAMGOTLIBUCCKON NNowWaau. a — Ans XpOMUTATOB U3YYEeHHbIX PYAONPOSABIEHUA (YCIIOBHbIE
0603HayYeHns1 CM. Ha pUCYHKe 2); 6 — pa3nuyHon BKpanneHHocTu: 1 — yboro- u peaKoBKpanneHHble; 2 — OT CpeAHeBKPanfeHHbIX 40 CMMOLLHbIX.

Within the range of ore occurrences 28, 118 and 346, there was an increase in the content of Cr,O, to one of the contacts
(Fig. 5, 6) by 1 wt.% (occurence 346) and about 3 wt.% (occurrences 118 and 28). All these were accompanied by a decrease in
the content of ALO, and Fe#. According to the content of divalent cations the most pronounced zonality is observed at the ore
occurrence 28 where ferruginosity of spinel to its contacts increases. On the contrary, in the chromitite bodies of ore occurrences
118 and 346 the most ferruginous spinels are localizes in the inner parts of the ore deposits.

Ferruginosity (Fa = Fe / (Fe + Mg)) of olivine within the studied chromitite bodies varies slightly (within 0.7%) and increases
to one of the contacts simultaneously with the amount of Cr,0, in the spinel. The content of the fayalite molecule within one
sample varies by 0.5%, that may be due to the existence of the chemical zonality of the mineral.

Oxythermobarometry of chromitites of the Yambotyvissky area

The oxygen fugacity and temperature of the olivine-spinel equilibrium were calculated using a Ballhaus-Berry-Green geo-
thermometer and oxybarometer [12, 13] (Ballhaus et al., 1990, 1991). The calculated temperatures vary in the range of 600-795 °C
within separate ore deposits.

In general, the lowest fO, values in the Yambotyvissky area are estimated (Fig. 7, a) in chromitites of 346 and 24 occurences
(0.6-1.5 units above the FMQ buffer). The highest oxygen fugacity is determined in chromitites of 28, 118 and 118a occurrences
(FMQ + 1.5. + 1.9 units). Poorly and rarely disseminated chromitites are more reduced than the moderately disseminated, densely
disseminated and massive ones (Fig. 7, b). This illustrates the increase in chrome spinel amount in chromitite with an increase in
fO, in the ore body of 346 occurrence (Fig. 6).

Chromitites of the internal parts of the ore bodies are less oxidised compared with the end-contact parts (Fig. 5, 6). From the
centre of the ore body to the host rocks fO, increases by 0.2-0.6 units. The temperature of the olivine-spinel equilibrium, deter-
mined near the contacts of the ore bodies, is higher than in the internal parts.

In the ore body 346, an increase in amount of chrome spinel impregnation from the centre to the northern end contact is
observed. The structure of chromitite varies from rarely disseminated and moderately disseminated to densely disseminated. At
the same time, the value of fO, rises from 0.8-1.4 logarithmic units above FMQ buffer.

Conclusion

The Yambotyvissky area chromitites are localised both in the rocks of the dunite-harzburgite complex and in the dunite bodies.
Chromitites occurring in large dunite bodies (occurrences 24 and 25) are distinguished by lower Cr content in spinel. They are
characterised by a somewhat lower Fe# in spinel. The difference in Fe# spinel from chromitites of the dunite-harzburgite com-
plex and dunite bodies is insignificant and corresponds to the difference in oxygen fugacity of 0.1-0.2 logarithmic units. This
value is within the error of the method (0.4 logarithmic units [13]) and the change in fO, within the area does not depend on the
petrographic composition of the host rocks. There is another regularity: with the oxygen fugacity rising, the spinel amount in
chromitite increases. This is clearly manifested in chromitite body 346. Another example is the studied chromitite occurrences of
24 and 25, which occur in the same dunite body and consist of chrome spinels of a similar composition. They differ in structure:
rarely disseminated in occurrence 24 and densely disseminated to massive in occurrence 25. The oxygen fugacity determined for
chromitites of occurrence 25 is statistically higher than for the occurrence of chromium ore 24. The highest values of fO, are noted
for occurrence 118, composed with massive and densely disseminated to massive chromitites. These facts indicate the existence
of a relationship between the amount of the ore-forming mineral in chromitite with the change in oxygen fugacity during ore
formation. We found a similar pattern in the high-chromium chromitites of the Ray-Iz massif [3, 9]. In this massif the greatest
oxygen fugacity is found in densely disseminated chromitites of the Tsentralnoye, Zapadnoye and other deposits, and the smallest
one in disseminated-banded and rarely disseminated chrome ores of the Engayskoye, Yugo-Zapadnoye-2 and Yugo-Zapadnoye-3
ore occurrences.
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Oxygen fugacity in all the investigated ore occurrences in the Yambotyvissky area increases to ore bodies contacts (by 0.2-0.6
logarithmic units). In this case, the rising in fO, occurs independently of the change in the ore-forming mineral content in the ore
and is apparently associated with retrograde metamorphism (similar with the formation of chrome spinel grain rims, for example
(14, 15]).

The direct proportionality between ferruginosity of the coexisting olivines and chromite spinels of the studied Yambotyvissky
area ore occurrences indicates the existence of equilibrium in the rock/ore system.
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OKMCAUTEALHO-BOCCTAHOBUTEALHOE COCTOSIHME XPOMUTUTOB SIMOOTLIBUCCKOM
naowaam Bonkapo-CoiHbMHCKOro maccmsa (IoAsipHbI Ypaa)

MNaBen Bopucosuy LUUPAEB' 2",
Hapgexpa BnagummnposHa BAXPYLUEBA'" 2™

"MIHCTUTYT reonorum n reoxumun umM. akag. A. H. 3asapuukoro YpO PAH, Poccusi, EkatepuHbypr
2YpanbCKkuii rocyaapCcTBEHHbIN FOPHLIA YHUBEpcUTeT, Poccus, ExkatepuHbypr

AKTYaALHOCTB Pa60TBI OOYCAOBAEHA CAABOM M3YHEHHOCTBIO OKUCAUTEALHO-BOCCTAHOBUTEALHOTO COCTOSIHMST XPOMMUTUTOB BoiKkapo-CLIHLMHCKOTO MaccyvBa.
LleAb pa6oTLI COCTOMT B TOM, YTOObI YCTAHOBUTL 3aKOHOMEPHOCTM M3MEHEHMSI OKMCAUTEALHO-BOCCTAHOBUTEALHLIX YCAOBMI B MpoLiecce oOpasoBaHusi
XPOMMUTUTOB FAMHO3EMUCTOrO XMMMYECKOTO TUMA, PA3BUTLIX B MPEAEAAX SIMOOTLIBUCCKOM MAOLIAAM.

MeToAoAOrMs MCCAGAOBAHMA: V3yHEHWE COCTABOB PYAOOOPA3YIOWMX XPOMOBLIX LWIMUHEAEA VM OAVBUMHOB M3 XPOMMUTUTOB SIMOOTLIBUCCKOW MAOLIAAM;
OLIEHKA TEMMEPATYPLl OAMBMH-LIMYHEAEBOTO PABHOBECHS] M (DYTMTUBHOCTM KMCAOPOAA B OOpAasLiax XPOMMWTUTOB; M3y4Y€HME M3MEHEHMsI COCTAaBOB
MuHeparos 1 T-fO, napameTpoB B MPeAeAaX MAOWAAK B LEAOM U BHYTPM OTAALHLIX PYAHLIX TEA.

PesyAbTatpl pa6oTel. VI3ydeHbl OCOGEHHOCTM COCTABA PYAOOOPA3YIOWMX XPOMOBLIX WIMHEAEH M OKMCAVMTEALHO-BOCCTAHOBUTEALHOE COCTOSIHME
XPOMUTUTOB SIMOOTLIBUCCKOM MAoLaan Boiikapo-ChiHLMHCKOrO Maccusa. INokasaHo, 4to pyaoobpasyiowme WMHEAU PYAOTPOSIBAEHMI, 3aAeraiowmx B
AYHUWTaX, MEHEE XPOMMCTLI MO CPABHEHMIO C XPOMOBLIMM WIMMHEASIMM PYA, AOKAAM30BAHHDIX B rapLIByprutax. YCTaHOBAEHO, YTO YKEAE3UCTOCTV OAVIBUHOB U
WNVHEAEN, CAAralolmMX XPOMMUTUTLI MAOILAAM, MPSIMO MPOMOPLMOHAALHDI, YTO YKa3blBa€T Ha CyLIeCTBOBaHME PABHOBECUS B CUCTEME NMOPOoAa/pyAa. MayyeHo
M3MEHEHME XMMMYECKOTO COCTABA PYAOODBPA3YIOIIMX XPOMOBbIX WIMMHEAEH, TEMMEPATYPLI OAVBUH-LIMMHEAEBOTO PABHOBECHS! M (DYTUTUBHOCTM KUCAOPOAA
B MPEAEAAX OTAEALHLIX PYAHDLIX TEA. PYrUTUBHOCTL KUCAOPOAA BO3PACTAET OT BHYTPEHHMUX YacTel TeA XPOMMUTUTOB MO HAMPABAEHUIO K X SHAOKOHTaKTaMm.
[NokasaHo, YTO B FAMHO3E€MMUCTLIX XPOMUTMTAX MOBLILIEHNE (DYTUTUBHOCTU KMCAOPOAA KOPPEAMPYET C YBEAVYEHMEM [YCTOTLI BKPAMAEHHOCTM XPOMOBOA
WIMYHEAU B PyA€. XPOMMUTUTLI, 3AAETAIOLIME B TEAAX AYHUTOB U B rapLbyprurax, 06pasoBaavch nMpu GAMBKMX OKMCAUTEALHO-BOCCTAHOBUTEALHLIX YCAOBUSIX.
[poBeA€HO CpaBHEHME MOAYHYEHHLIX AAHHLIX C Pe3yALTaTamyl MCCAEAOBAHMsI COCTaBa MMHEPAAOB M OKMCAUTEALHO-BOCCTAHOBUTEALHOTO COCTOSIHMS
XPOMOBLIX PyA Maccupa Pain-Us.

KatoyeBble cAOBA: PEAOKC-COCTOSIHUE, XPOMUTUTDI, YALTPaMaduTbl, Bokapo-ChlHLUHCKMIE MAccuB, MeTaMopusm, pyAoobpasoBaHme

Hccnedosanust nposedenvr npu wacmuunoti nodoepucxe PODI, npoexm Ne 18-05-70016 (II. b. Ilupsies) u KomnnexcHoti
npozpammot YpO PAH, npoexm Ne 18-5-5-32 (H. B. Baxpyuiesa).
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