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Chemical zoning of chrome-spinel nodules and oxythermobarometry
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Relevance of the work. Chromitites of nodular texture are found in all chromite-bearing alpine type ultramafite massifs of the world. The question
of the geological and thermodynamic conditions of their formation still remains debated. The geology, mineralogy and petrogenesis of the nodular
chromitites of the ophiolitic massifs of the Polar Urals, the results of studies of which are presented in this work, are slightly highlighted in Russian
and foreign literature.

Purpose of the work. To study the chemical zoning of chrome-spinel nodules from the chromitite of the Engayskoe-3 occurrence of the Rai-lz massif
(Polar Urals), to establish the patterns of changes in the content of chemical elements in the core and rims of the nodules, to determine the T-fO,
parameters for the formation of the studied chromitites.

Results. The nodules of chromitites of the Engayskoe-3 occurrence consist of the core composed of interspersed chromite, which is surrounded by a
solid rim of chromite. The change in the ratio of trivalent cations in the spinels of a nodule rim (from its inner part towards the edge and core) occurs
mainly by replacing AlI*> « Fe', as indicated by the inverse proportionality of the number of these cations in the unit cell of the mineral. Similarly,
the composition of spinel grains changes forming an impregnation in the space between the nodules. For chrome spinels from the nodule core, the
change in the composition of the mineral grain from the center to the edge is due to the isomorphic replacement of Al** <> Cr**. The central parts
of the spinel grains from the nodule core have the oxygen fugacity values to 0.7 logarithmic units above the FMQ buffer, on average, about FMQ
+2 logarithmic units. The edge parts of the grains are much more oxidized: oxygen fugacity (determined for them) is FMQ + 3.1...+ 3.3 logarithmic
units. The inner part of the nodule rim is recomposed (fOZ(FMQ) = +1.2...+1.7 logarithmic units) compared to the marginal (fO2 (FMQ) = +3.3...+3.6
logarithmic units above FMQ buffer). The temperature of olivine-spinel equilibrium is at the level of 550-600 °C.

Conclusion. It was assumed that the core of the studied nodules are fragments of earlier disseminated chromitites. The formation of nodules rims is
associated with a stage of metamorphism, in which the paragenesis of chlorite, amphibole, and talc was formed in the silicate part of chromitites; and
olivine retained its plasticity.

Keywords: nodular chromitites, chemical zoning, the Polar Urals, ophiolites, oxythermobarometry.

ntroduction
Nodular chromitites structure are common in chromite-bearing ophiolite massifs around the world. Despite the fact
that chromitites of this type have been studied for more than a century and having a variety of their models [1-38, etc.],
their genesis remains debated. One of the first models was proposed by A. P. Karpinsky [1], a well-known Russian geologist, who
considered nodular chromitites as pebbles formed during the mechanical movement of ore material at high temperature and in a
short period of time. In the 1950s-1960s, most scientists (including a major researcher of chromitites of the Kempirsaysky massif
N. V. Pavlov [2]) adhered to the point of view, according to which nodules are formed as a result of the segregation of ore-silicate
melt. Nowadays, several possible ways for the formation of nodular chromitites are being considered.

The first of them was proposed by K. Ballhaus [4]. From the point of view of the author, the formation of nodular chromitites
occurs by mixing of melts with different SiO, content and, as a result, viscosity. More basic and less viscous melt forms droplets in
a more acidic and more viscous melt. Chrome spinel crystallizes within these droplets. The mineral grains are filled with drops,
which leads to the formation of a nodule.

According to the second concept [6], nodular chromitites are formed under the influence of the fluid phase. Fluid bubbles
in the basaltic melt collect chromite microcrystals and lift them to the upper part of the magmatic column. Here, the crystals
accumulate in segregation, the density of which is higher than the density of the basalt melt; then they descend to the bottom of
the magma chamber forming an ellipsoidal shape in the melt.

The latest study [7] is based on the results of X-ray tomography of the nodular chromitites of the Oman massif and the deter-
mination of the orientation of the chrome-spinel grains using the EBSD attachment. The authors found that the nodules studied
by them are formed by solid chromitite rims growing on skeletal spinel crystals or segregation of mineral grains. The rounded
shape of the nodule is a consequence of their partial dissolution. Formation of chromite rims occurs in a Cr-saturated melt.

The members of the Institute of Geology of Ufa Scientific Center of the Russian Academy of Sciences (Ufa) are engaged in the
study of nodular chromitites. So, D. E. Saveliev studied one of the deposits of the Kraka massif, within which both nodular and
solid chromitites are found [3]. The author concluded that nodular chromitites have a tectonic origin and are formed during a
shear flow due to massive ones. Inside the body of massive chromitites, nodular ores trace weakened zones and are associated with
the most rheologically weak dunites. The rounded shape of the nodule is formed due to the high total pressure and temperature
at which breccia would form under surface conditions.

The nodular chromitites of the Engayskoe-3 occurrence, which are the subject of discussion of this work, were previously
studied using electron microscopy by V. Yu. Alimov and L. A. Sherstobitova [9]. According to the results of the study, it was
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Figure 1. Exposure of nodular chromitites. Ore body no. 11, Engayskoe-3 occurrence, left bank of the Enga-Yu river.
PucyHok 1. KopeHHol Bbixoa HOAynsipHbIX XpoMUTUTOB. PyaHoe Teno Ne 11, pyaonposiBneHue EHranckoe-3, neBbiv 6eper p. EHra-10.

Figure 2. The development of talc Tlc, chromic clinochlore Chl, serpentine Srp and tremolite Amf in pressure shadows at the nodule
border of chrome-spinel Spl with serpentinized olivine OI. Thin section photo in cross-polarized light.

PucyHok 2. PazButue Ttanbka Tlc, xpoMoBoro knuHoxmnopa Chl, cepneHTuHa Srp u Tpemonuta Amf B TeHAX AaBfE€HUA Ha rpaHuue
HOAynNsi XpOMOBOW WNUHeNu Spl ¢ cepneHTUHU3UPOBaHHbIM onuBuHOM Ol. ®oTo Wwnuda c aHanusaTtopom.

established that the marginal part of the nodule is composed of a colloform aggregate of chromite. As it approaches its center,
nucleation of the octahedron [111] faces, represented by triangular sub-individuals, is observed on the surfaces of the colloform
formations. The morphology of the colloform aggregate changes, microspheroidization is observed. Aggregation of small (0.5-1
pm in diameter) globules into larger ones (3-5 pm) and the presence of a surficial facet is typical of microglobules. With a further
approach to the center of the nodule, subindividual fusion occurs, the degree of crystallinity of chrome-spinel increases.

The purpose of this work is to study the chemical zoning of the chrome-spinel nodule from chromitites of the ore body no.
11 of the Engayskoe-3 occurrence.

Chemical compositions of ore-forming chrome-spinels and olivines were determined using electron probe microanalysis
(microanalyzer CAMECA SX 100, Ural Branch of the Russian Academy of Sciences, analyst is A. V. Mikheeva).

The mineral composition of chromitites

Within the ore body No 11 represented by chromitites of a disseminated-banded texture, podiform separation of nodular
chromitites with a visible thickness of 55 cm is exposed (Fig. 1). The lens is oriented submeridionally, in accordance with the
banding of slightly disseminated chromitites, and has a subvertical dip.

The body of nodular chromitites lies in the dunite body, in which jets, packs, disseminated-banded, slightly impregnated ores
occur fixing fracture zones.

In the cross-section, the nodules have an oval shape with a length to width ratio 3:2, at least 2:1. Nodule sizes range from 6
to 20 mm along the long axis averaging 14-16 mm. Most large nodules have a zonal structure and consist of two zones. The in-
ner zone (core) is represented by a medium or rare impregnation of chrome-spinel crystals, whose dimensions are 0.3-1.0 mm,
located among the grains of olivine and chlorite. In the general case, the core configuration corresponds to the nodule form [10].
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The outer zone is represented by a single crystal rim of a 3-4 mm chrome-spinel. As you can see in the photograph of the thin
section, the rim is not developed along the entire periphery of the studied nodule - it is absent in its upper part (Fig. 3, profile b-b’).
The single-crystal structure of the outer zone is traced due to the identical orientation of the individual cracks. Cracks in the rims
of the nodule are often filled with serpentinized olivine. In addition to them, there are stepped cracks, which cut the entire nodule
(not going beyond its limits) and are made by a parallel-columnar chlorite aggregate.

The nodules are immersed in a silicate matrix, which is represented by serpentinized olivine with separate long-prismatic amphi-
bole grains. At the outer boundary of the nodule, in the pressure shadows, a parallel-columnar aggregate of chrome clinochlore,
tremolite and talc is developed (Fig. 2). In the space between the nodules, lenses, and chains of chromium, spinel crystals of
0.1-1.0 mm in size are distinguished.

Chemical zoning of nodules. Oxythermobarometry of nodular chromitites

Variation in the composition of chrome-spinel within a nodule were studied in two mutually perpendicular directions -
along the long and short axes (Fig. 3). The compositions of chrome-spinel in the core and rim of the nodule are different. The content of
Cr,0, in the rim gradually decreases to the edge of the nodule and to the contact of the rim with the core; it varies within 61-62 wt. %. The
contents of MgO and Al O, change in a similar way. Along the short axis of the nodule (Fig. 3, profile a-a ), Cr,O, content and Fe**/
(Fe’*+Fe?) (herein after, Fe#) in the spinel edge is higher than along the long axis (Fig. 3, b-b’ profile). Such zoning cannot be
explained by the kinetic redistribution of components inside the spinel grains under the action of stress similar to [11, 12] since
chromium enrichment would occur in a different way than in the studied nodule: Cr - along the compression axis (short), and
Al - along the axis of stretching (long). It is possible that chromium enrichment along the long axis occurs due to the removal of
aluminum from the mineral, which was redistributed to chlorite forming a parallel-columnar aggregate (together with talc and
tremolite) in pressure shadows along the axis of stretching of the nodule (Fig. 2).

The composition of spinel in the nodule core is noticeably variable. From the center to the edge of the grains of the mineral
the content of Cr O, increases from 61-62 wt. % to 6266 wt. % (it averages about 64 wt. %), at the same time, the content of AL O,
decreases from 6-8 wt. % to 2-5 wt. %. Fe# in the edges of the spinel grains is 3-5% lower than in the central parts.

The chrome-spinels that compose the core of the investigated nodule have a higher Cr-content compared to the ore spinels of
the Tsentralnoye deposit (Fig. 4). The spinels that make up the nodule rim, on the contrary, have a similar compositions. The spi-
nel grains forming an impregnation in the space between the nodules are close in composition to the marginal parts of their rim.

The change in the ratio of trivalent cations in the spinels of the nodule rim (from its inner part towards the edge and core)
occurs mainly by replacing AI’* <> Fe**, as indicated by the inverse proportionality of the amounts of these cations in the unit
cell of the mineral (Fig. 5, a). Grains of spinel forming an impregnation in the space between nodules (one of the studied grains
is in direct contact with tremolite grain) have a similarly chemical zoning (one of the studied grains is in direct contact with the
tremolite grain). This type of isomorphism may be due to late processes, which spinel has undergone during serpentinization [13].

For chrome-spinels from the nodule core, the change in the composition of the mineral grain from the center to the edge is
due to the isomorphic replacement of Al>* < Cr** (Fig. 5, b). This type of isomorphism in ore-forming spinels is associated with
the development of chlorite during the secondary transformation of mineral [14].

Olivines from the inner part of the nodule have the lowest Fa-content within the studied sample of chromitite (Fa = 2...3%).
Fa outside the nodule increases slightly with distance from it, reaching values of up to 3.5%.

Using the geothermometer and oxybarometer [15], the temperature of the olivine-spinel equilibrium and oxygen fugacity
were calculated. The central parts of the spinel and olivine grains from the nodule core fix the lowest oxygen fugacity values to
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Figure 3. Changes in the chemical composition of chrome-spinel 1 — kanma Hoayns; 2 — a4po HoAyns; 3 — BKpPaniieHHOCTb XPOMOBOW
within the nodule from the chromitite of the Engayskoe-3 occurrence.  LUNWHENX B NPOCTPaHCTBE Mexy Hooynsmu; a, 6 — nons cocrtaBos
PucyHoK 3. UaMeHeHne XMMUYeCKOro CocTaBa XpOMOBOWA WNUHeNn  Pyaoobpasytoux XpoMoBbIx WwnuHenen no [10]: a — mectopoxaeHne
B Npepgernax HoAyns U3 XxpoMuTUTa pyaonposiBrneHus EHraickoe-3.  LleHTpanbHoe, 6 — pygonposieneHue Exranckoe-1.
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Figure 5. The ratio of trivalent cations in octahedra of chrome-spinel, which composes the nodule from chromitites of the Engayskoe-3
occurrence. Legend keys - see figure 4.

PucyHok 5. CooTHOLLIEeHMe TpexBaneHTHbIX KaTUOHOB B OKTad4pax XpOMOBOW LUNMUHENW, cnaratoLen Hogynb U3 XPOMUTUTOB PyAONPOSIBIEHUs
EHraiickoe-3. YcnoBHble 0603Ha4YeHusi — CM. puc. 4.

0.7 logarithmic units above the FMQ buffer, on average, about FMQ +2 logarithmic units. The edge parts of the grains are much
more oxidized: oxygen fugacity, defined for them, is 3.1-3.3 logarithmic units above FMQ buffer. The central parts of the nodule
rim and olivine grains in contact with the nodule are also more reduced (fO, = FMQ + 1.2...+ 1.7 logarithmic units) as compared
to the marginal (fO, 3.3-3.6 logarithmic units above FMQ buffer). The temperature of olivine-spinel equilibrium is at the level of
550-600 °C.

Conclusion

As described above, chrome-spinels from the core and rims of the chromitites nodule of the ore body 11 of the Engayskoe-3
occurrence have different compositional trends, as well as different microstructure. This indicates the different conditions of their
formation. The parameters determined in our work correspond to the stage of the crustal (metamorphic) transformations of ul-
tramafites. The core of nodules often have an angular shape; then the rim will have the same shape. The boundary of the core and
rim is sharp, without a gradual change in the density of the chrome-spinel impregnation. The thickness of the rim is stable and
does not depend on the size of the core. These observations together with the obtained data suggest that the core of the studied
nodules (like the nodules from the chromitites of the Oman massif studied in [7]) are fragments (chips) of earlier embedded
chromitites. The symmetric zoning of the rim indicates that its composition has not undergone changes due to the superimposed
processes, but it is basic one. Its variation from internal parts to external occurred against the backdrop of changes in the fugacity
of oxygen and chemical properties of the ore-forming system. The formation of nodules rims is associated with a stage of meta-
morphism, in which the paragenesis of chlorite, tremolite, and talc was formed in the silicate part of chromitites; and olivine re-
tained its plasticity. In addition, the results obtained in this work show that large-scale redeposition of the ore substance is possible
(when the metamorphism of ultramafites) without a significant change in the chemical composition of the ore-forming spinel.
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XMmyeckast 30HaAALHOCTbL HOAYAE€M XPOMOBOM LIMMHEAU
N OKCUTEPMOOAPOMETPUST HOAYASIPHLIX XPOMMUTUTOB PYAOTPOSIBAEHMSI
EHranckoe-3 maccuea Pan-U3 (ToAsipHbIi Ypaa)

MNaBen Bopucosuy LUIUPAEB' 2",
Hapexpaa BnagumuposHna BAXPYLUEBA' 2~

"MHCTUTYT reonorum n reoxumum um. akag. A. H. 3asapuukoro YpO PAH, Poccusi, EkatepuHbypr
2YpanbCKuii rocyaapCTBEHHbIN FOpHBIA YyHUBepcuTeT, Poccus, EkatepnHbypr

AKTYaABHOCTB Pa60TbI. XpOMUTUTLI HOAYASIPHOM TEKCTYPbI BCTPEYAIOTCS HA BCEX XPOMMUTOHOCHDIX AALIMUHOTUITHBIX YALTPAMAIUTOBLIX MACCHMBAX MUPA.
BOMNpoc 0 reoAOrM4eckMx U TEPMOAMHAMMYECKMX YCAOBMSIX MX OBPA30BaHMsl HA MPOTSPKEHMM CTOAETHS 3AaHMMAET MCCAEAOBATEAEN U MO-TIPEKHEMY OCTa-
€TCs1 OTKPLITLIM. [€0AOTUSI, MMHEPAAOTUS U METPOreHE3NC HOAYASIPHLIX XPOMUTUTOB STAAOHHLIX OCOMOAUTOBLIX MACCUBOB [ToAsIpHOTO Ypaaa, pesyAbtarbl
MICCAEAOBAHMI KOTOPLIX MPEACTABAEHDI B HACTOSILEN paboTe, cAabO OCBELIEHDLI B OTEYECTBEHHON U 3apyOesKHON AUTEpaTypeE.

LleAb pa6oTel. VI3yunTh XMMMYECKYIO 30HAALHOCTL HOAYAEH XPOMOBOM IWIMMHEAM U3 XPOMMUTUTOB PYAOMNPOsiBA€HMs EHrarckoe-3 maccua Paii-U3 (Mo-
ASIPHBIA YPaA), YCTAHOBUTDL 3aKOHOMEPHOCTM U3MEHEHMSsI COAEPIKAHMS XMMMHECKMX SAEMEHTOB B SIAPAX M KaiMax HOAyAel, onpeaeanth T-fO, napamerpul
06PA30BaHNSI UCCAEAOBAHHBIX XPOMUTUTOB.

PesyAbTraTbl. HOAYAM XPOMUTUTOB PYAOTPOsiBA€HMsT EHraickoe-3 coCTosiT U3 siapa, CAO’KEHHOTO BKPAMNAE€HHBLIM XPOMUTOM, KOTOPOE OKPY>KEHO Kaimon
CIMAOWHOrO. Mi3MeHeHne COOTHOIEHMSI TPEXBAAEHTHDLIX KATMOHOB B LIMUHEASIX KaMbl HOAYAS! (OT ee BHYTPEHHEN YacTu MO HArMpPAaBAEHMIO K KPato U SIAPY)
MPOVCXOAUT TAQBHBLIM 0Opazom nytem 3amelneHnsi AP+« Fe**, Ha 4To yKkasbiBaeT obparHasi MPONOPLMOHAALHOCTL KOAMYECTBA STUX KATMOHOB B SAEMEH-
TAPHOIA sIYEiKe MUHEPAAA. AHAAOTMHYHO U3MEHSIIOTCS COCTABLI 3€PEH LWIMMHEAM, 0OPa3syiolme BKPANAEHHOCTb B MPOCTPAHCTBE MEXKAY HOAYASIMU. AAst XPO-
MOBBLIX WIMMHEAEN U3 SIAPA HOAYASl M3MEHEHME COCTaBA 3€PHA MMHEPAAA OT LIEHTPA K KParo 0BYCAOBAEHO M30MOPOHLIM 3amelieHrem AP+« Cr3*. LleHT-
PAALHBIE YACTU 3€PEH LIMMHEAEN U3 SIAPA HOAYASI (PUKCUPYIOT 3Ha4Y€HUsl (PYrUTUBHOCTU KMCAOPOAA A0 0,7 Aor. ea. Boie Bychepa FMQ, B cpeaHem oKkoAO
FMQ +2 Aor. ea. KpaeBble yactv 3epeH 3HaYMTEALHO HOAEE OKMCAEHDI: (DYTUTMBHOCTL KUCAOPOAQ, OTIPEAEAEHHAs AAST HMX, cocTaBasieTr FMQ +3,1...+3,3
AOT. €A. BHYTPEHHSsIs 4acTb KaiMbl HOAYAS SIBASIETCSI GOAEE BOCCTAHOBAEHHOW (fOZ (FMQ) = +1,2 ... +1,7 AOT. €A.) MO CpaBHEHMIO C KPaeBOM (fO2 (FMQ) =
+3,3 ... +3,6 Aor. eA. Boiwe Bydepa FMQ). Temneparypa OAVMBMH-LINMMHEAEBOTO PABHOBECUSI HAXOAUTCST HA ypoBHe 550-600 °C.

BbiBoA. CAEAQHO MPEANOAOXKEHUE, YTO SIAPA M3YYEHHDLIX HOAYAEM SIBASIIOTCSI (pparmeHTamy GOAee paHHMX BKPAMAEHHLIX XpomututoB. OBpasoBaHue
KaiM HOAYAEM COMPSKEHO C 3TAaroM MeTaMopu3mMa, Ha KOTOPOM B CUAMKATHOM YacT¥ XPOMMUTUTOB (DOPMUPOBAACS MAPAreHe3nc XAOpHTa, ampnboaa
M TaAbKA, @ OAVIBUH COXPAHSIA MAACTUYHOCTD.

KAtoyeBble CAOBA: HOAYASIPHLIE XPOMUTUTDLI, XMMUYECKAs 30HAALHOCTL, TTOASIPHDIN Ypaa, OOMOAUTDLI, OKCUTEPMOBAPOMETPYSI.

Hccnedosanus nposedenvt npu uacmuunoii nodoepicxe PODI (Ne 18-05-70016, I1. b. Iupsies) u KomnnexcHoii npozpammot
YpO PAH (Ne 18-5-5-32, H. B. Baxpyuiesa).
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