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MINERALOGICAL AND GEOCHEMICAL FEATURES

OF MAGNESIA-FERRUGINOUS CARBONATES OF THE AVZYAN
ORE REGION OF THE SOUTHERN URAL IN CONNECTION
WITH METASOMATHOSIS REGULARITIES

M. T. Krupenin, S. V. Michurin, A. A. Sharipova, T. Ya. Gulyaeva, V. G. Petrishcheva

MuHeparOrnYeckne U reoOXMMmnYeckne 0CO6EHHOCTY MarHE3NAALHO-
JKEAE3UCTLIX KAPOOHATOB AB3SIHCKOrO pyAHOro paioHa lOskHoro Ypana

B CBsI3N C 3aKOHOMEPHOCTSIMU METACOMATO3a
M. T. KpynenuH, C. B. MuuypuH, A. A. lllapunosa, T. S1. Iyasesa, B. I. [Netpuesa

AeTaAbLHOMY MMHEPAAOrO-TEOXMMUYECKOMY UCCAEAOBAHMIO (TEPMOrPaBUMETPUHECKMIA, PEHTTEHOCTPYKTYPHDLIM, XuMnieckuii aHaans u ICP-MS) noaBeprHyTbl marHesm-
AALHO-)KEAE3UCTBIE METACOMATUTLI AB3SIHCKOTO PYAHOTO PAioHa, MPEACTABAEHHDIE JKEAE3MNCTLIMY MarHe3uTamm VIcMakaeBCckoro MeCTOPOXKAEHUs U BPeiiHepUTamyu Nposis-
AeHus borpsika. MeTacoMaTuUTbi MPUYPOYEHDI K MEPBUYHO M3BECTHSIKOBOM MUHDLAKCKOM MOACBUTE CYPAHCKOW CBUTDLI HUXKHETO prdbest. JXeaesncTbie MarHesnThl coaepskar
20 4 mac. % FeO, 6peiteputsi — A0 20,5 mac. % FeO, 4TO MOATBEPIKAEHO PACHETHLIM METOAOM MO AAHHLIM AMCPPAKTOMETPUM. YCTAHOBAEHDI 3HAYMMbBIE KOPPEASILIMM MEX-
Ay SAEMEHTaMM IPYIIILI KEAe3a M XAALKOUALHLIMM SAEMEHTAMM, OTPAKAIOWMMM MX MOBbLILEHHLIE KOHLEHTPALIMK B LIMPOKO MPEACTABAEHHOM B METacoMaTuTax nmpure.
Kpome Toro, oTMeyYeHa CMAbHAsI KOPPEASILIMSI TOPUsl C AETKUMM AQHTAHOMAAMM, OOYCAOBAEHHASI AKLIECCOPHOW BKPAMAEHHOCTBIO MOHALMTA. KoppeAsiumsi KapBoHATHBIX
METACOMATUTOB C MX MUKPOSAEMEHTHLIM COCTABOM OBO3HAYAETCS B CBSI3Y AOAOMMTA CO CTPOHLIVIEM, UTTPUEM M AAHTAHOMAAMM CPEAHEVI-TSKEAOM rpyrrbl (Sm—Lu). Boi-
SIBAGHO TPU TUMa PACTPEAEAEHUs] PEAKO3EMEALHLIX SAEMEHTOB: AOAOMUTOBLIM, MarHE3UTOBLIM U MPOMEKYTOUHDIN, XapPaKTEPU3YIOWMXCSl PA3HLIM COOTHOWEHUEM AETKUX,
CPEAHVX U TSKEABIX AAHTAHOMAOB B 3aBUCHMOCTM OT MOAOXKEHMSI B METACOMATNHYECKOM KOAOHKE. CAabbie MOAOKUTEALHDIE 3HAYEHMsI LIEPMEBOV M €BPOMNMEBO AHOMAAWA
B GOABLIVMHCTBE PACCMOTPEHHDBIX PYM METACOMATUTOB B OMPEAEAEHHOM CTEMEHM MOATBEPYKAAIOT PE3KO BOCCTAHOBUTEALHDIN XapakTep (hAIOMAOB. [eoXMMMYeCKme AdH-
HbIE€ COBMECTHO C aHAAM30OM €OAOTMHECKOTO CTPOEHMsI U Pa3BUTUSI PaioHA MO3BOASIIOT CBSI3LIBATL MArHE3MAALHO-)KEAE3UCTbIi METACOMATO3 B KAPOOHATHBLIX MOPOAAX
CYPaHCKOV CBUTDLI C MPOLIECCAMM PEMOBMAM3ALIMM 3AXOPOHEHHBIX B OTAOXKEHMSIX HVXKHETO PUCHEst S5BArOPUTOBLIX PACCOAOB. MIHTEHCMBHOE B3aMMOAETICTBME PACCOAOB C
OCAAOYHBIMM U BYAKAHOr€HHLIMY MOPOAAMM B TEKTOHUHECKM aKTUBHOM 30HE Maakckoro pudbtoreHHoro rpabeHa NpUBEAO K OBOTaLEHMIO MX PASAMYHBIMM AUTAHAAMM,

MOBLILIEHMIO OCHOBHOCTU 1 Boree AKTMBHOMY I'MAPOTEPMAALHOMY MEPEOTAOXKEHMIO B METACOMATUYECKMX MPOAYKTAX AQHTAHOMAOB CPEAHEN U TSHKEAON IPYMIILI.

KaroueBbie choBa: AOAOMUT; MarHesur; 6pel7|Heer; MeTacomMatundam; AAHTAHOWMADI; PACCOADI.

The authors conducted a detailed mineralogical-geochemical study
(thermogravimetric, X-ray diffraction, chemical analysis and ICP-MS) of the
Magnesium-ferruginous metasomatites of the Avzyan ore region, represented
by ferruginous magnesites of the Ismakaevo deposit and the brejnerites of the
Bogryashka manifestation. Metasomatites are confined to the primarily limestone
Minyak subsuite of the Suran Suite of the Lower Riphean. Iron magnesites contain
up to 4% by weight of FeO, braunerites — up to 20.5% by weight of FeO, which the
calculation method confirms according to diffractometry data. The authors estab-
lished significant correlations between elements of the iron group and chalcophile
elements, reflecting their increased concentrations in pyrite, widely represented
in metasomatites. In addition, the authors noted a strong correlation of thorium
with light lanthanides, which happens due to accessory impregnation of monazite.
Correlation of carbonate metasomatites with their trace element composition ap-
pears in the interrelation of dolomite with strontium, yttrium and lanthanides of
the middle-heavy group (Sm-Lu). The article shows three types of distribution of
rare-earth elements: dolomite, magnesite and mixed, characterized by a different
ratio of light, medium and heavy lanthanides, depending on the position in the
metasomatic column. Weak positive values of cerium and europium anomalies in
most of the examined groups of metasomatites to some extent confirm the highly
reducing nature of the fluids. Geochemical data together with the analysis of the
geological structure and development of the region make it possible to associate
magnesian-ferruginous metasomatism in the carbonate rocks of the Suran Suite
with the processes of remobilization of evaporite brines buried in the Lower Riph-
ean deposits. Intensive interaction of brines with sedimentary and volcanogenic
rocks in the tectonically active zone of the Mashak riftogenic graben resulted in their
enrichment with various ligands, increase in basicity and more active hydrothermal
redeposition in the metasomatic products of the lanthanides of the middle and
heavy groups.

Keywords: dolomite; magnesite; breinerite; metasomatism; lanthanides; brines.

ntroduction
Certain important to the industry minerals are carbonate
magnesian-ferruginous metasomatites. From magnesite with
complete roasting, one can obtain periclase, which is the main refrac-
tory material for modern metallurgy, while caustic (lightly roasted)
magnesite is the base for the production of special cements. Siderite is
a valuable iron ore, which has a minimum amount of bad impurities.
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Minerals of the magnesite-siderite series also are among the natural
metasomatic formations: ferrous magnesite (breinerite), as well as
ferruginous dolomite (ankerite), are a substrate for the formation of
iron ore deposits of residual weathering crust. The relevance of de-
termining the conditions for the formation of magnesian-ferruginous
carbonates fits into the widely discussed fundamental problem of the
formation of epigenetic carbonates, including dolomite, magnesite,
ankerite and siderite in limestone strata.

Magnesian-ferruginous metasomatites in the Southern Urals are
widely developed in Riphean deposits, the total thickness of which ex-
ceeds 15 km. Carbonate deposits are developed in the upper parts of
all three sedimentary series of Riphean and are confined to the struc-
ture of the Bashkir meganticlinorium (BMA) [1]. They mainly contain
shallow-water shelf limestones, less often horizons of early diagenetic
evaporite dolomites.

Among the carbonate metasomatites in the Riphean section, two
groups stand out: magnesian and magnesian-ferruginous. The first
group includes dolomites and magnesites. Dolomites under the for-
mation conditions are divided into early diagenetic (the result of do-
lomitization in the evaporite sedimentation basin), metasomatic cata-
genetic and hydrothermal in tectonic filling veins. Magnesites are rel-
atively early metasomatites, developing on diagenetic dolomites and
limestones, in the latter case magnesites locate into the “envelope” of
metasomatic dolomites. Magnesian-ferruginous carbonates, in com-
parison with magnesites, usually belong to later formations. Among
them, there are three types: ankerites, breinerites and siderites, each
of which has a predominantly metasomatic origin, but also there are
hydrothermal filling veins.

The authors detaily investigated the magnesian-ferruginous
metasomatites of the Avzyan ore region. Metasomatites are located
in the primarily limestone Minyak subsuite of the Suran Suite. The
Suran Suite of the Lower Riphean has a form of submeridional strip,

M3BECTUA YPATIbCKOI0 r0CYAAPCTBEHHOIO rOPHOIO YHUBEPCUTETA



M. T. Krupenin et al. / News of the Ural State Mining University 2 (2017) 3442

Figure 1. Geological scheme of the southern part of the Bashkir meganti-
clinorium (according to [5]) and the position of the Ismakaevo magnesite
deposit and the Bogryashka ore occurrence. 1-3 — sediments of the Lower
Riphean, suites: 1 — Bolsinzer, 2 — Suran, 3 — Yusha; 4—7 — deposits of the Middle
Riphean, suites: 4 — Mashak, 5 — Zigalga, 6 — Zigazino-Komarovo, 7 — Avzyan;
8-9 — deposits of the Upper Riphean, suites: 8 — Zilmerdak, 9 — Minyar; 10 —
Quaternary sediments; 11 — dikes of igneous rocks; 12 — the boundaries of the
suites; 13 — tectonic disturbances of different orders; 14 — Ismakaevo deposit
of magnesite and Bogryashka ore occurrence; 15 — rivers; 16 — settlements.

is located in the western part of the Yamantau anticlinorium of the
BMA, and spatially coincides with the valley of the river B. Avzyan
(Fig. 1). Limestones of the Minyak subsuite are intensely dolomitized;
in addition, metasomatic dolomites contain several ore objects. 20 km
to the north of the Verkhny Avzyan village there is a large Ismakayevo
deposit of sparry magnesites (in the area of the village with the same
name). 10 km to the south of Ismakaevo village, where the Bogryashka
stream flows into the river B. Avzyan, drilling revealed a potent zone
of breinerite metasomatites. 22 km to the north of Ismakaevo village,
in the same zone of the dolomites of the Minyak subsuite of the Suran
Suite, there is the Suran fluorite deposit and several points of fluorite
mineralization in the host dolomites.

Research Methods

The authors performed X-ray diffraction analysis on a XRD-
7000 diffractometer (Shimadzu) in the IGG UB RAS in filtered copper
radiation. The authors obtained diffractograms on powder samples
in the region of Bragg angles 4-65°, and then determined their
mineral composition. For all the samples of studied carbonate rocks,
the authors calculated the FeO content in magnesite and dolomite.
For magnesites, this study determined the value of the interplanar
distance d,,, the most intense and most sensitive to isomorphism of
Fe-Mg reflex (for its third order, d, ). Recording was carried out in
Bragg angles of 113-116° at a rate of 0.25°/min. Then, according to the
graph of the dependence of the value of d, , on the FeCO, content for
the magnesite-siderite series [2], the authors calculated the amount of
percent by mole of FeCO, in magnesites, and then recalculated it for
FeO. For dolomites, determination of the content of FeO was made via
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the 633 reflex (3.0.12) - the third order of the most intense and most
sensitive to the isomorphism Fe-Mg series 104. Recording was carried
out in Bragg angles of 105-107° at a rate of 0.25°/min. According to
the graph of the dependence of the interplanar distance d_,, on the
FeO content in the dolomite [3], one can be calculate the amount of
ferrous iron in the studied dolomites, which happens to be 0-1%.

Thermogravimetric analysis (TGA) determined the mineral
composition of samples of thermally non-inert minerals on the Di-
amond TG / DTA (Perkin Elmer) derivatograph at the IGG UB RAS.
The error in determining of the change in mass was +0.1%; the error
in determining of the temperature of the peaks was +0.3 °C. The au-
thors used reference curves from literature data [4] for the quantitative
calculations. The error in determining of the clay minerals was +5%,
others +1%.

X-ray fluorescence analysis was carried out for determination of
the chemical composition of the samples on a VRA-30 spectrometer
(Karl Zeiss, Germany) in the IG UC RAS (Ufa) using an X-ray tube
with a Cr-anode (30-40 kV;, 30 mA). Powdered samples weighing 5 g
with a binder (5 drops of PVS-8) were pressed at a pressure of 25-27
tons on a substrate of boric acid. The detection limit for the measure-
ment of Sio,, Ale3 was 0.1%; TiO,, Fe,0,, MnO, CaO, K,0, P,O,,
S nera — 0-01%; MgO 0.2%; Na,O - 0.5%; CI - 0.002%.

Analysts N. V. Cherednichenko and D. V. Kiseleva performed the
measurements of minor elements concentrations in carbonate rocks
using the ICP-MS method on ELAN-9000 (Perkin Elmer) in the IGG
UB RAS using the standard method for silicate rocks with indium as
a reference element.

Research results

Ismakayevo magnesite deposit. The Ismakayevo deposit has more
than 100 million tons of magnesite reserves [6]. The magnesite deposit
has a very complicate structure and practically is a series of lenticular
bodies separated by interlayers of phyllitic schists and dolomites. Its
total thickness reaches 400 m, its length is 1100 m, and its dip is about
800 m. The magnesite mineralization, as well as the dolerite sill in its
lower part, repeats all the plicative structures of the deposit, which
indicates the prefolded type of both formations.

Metasomatic contacts of magnesite bodies with host dolomites
represent a zone with a thickness of up to the first meters of crystals
impregnation with sizes up to 1-2 millimeters, in fine-grained dolo-
mites (grain size up to 0.2-0.5 mm). The research allowed to trace
dolomites along the carbonate horizon for up to 500 m in the north
direction, where, inconsistent with the bedding of rocks, appears a
zone of dolomite transition into fine-grained limestones with patch-
es of pelitomorphic limestones [7]. Lateral metasomatic zonation for
the Ismakaevo deposit from the rear to the frontal zone is as follows:
magnesite—dolomite with dissemination of magnesite—dolomite-do-
lomitized limestone-limestone. In the mineral composition of the
zones, diffractometry and microscopic study established a number
of characteristic minerals-impurities. In magnesite, it is dolomite
and quartz, chlorite, and sometimes an accessory admixture of albite,
muscovite, more rarely talc. In the dolomitized limestones, potassium
feldspar is always present together with quartz, muscovite, and some-
times with albite. With the development of metasomatism, muscovite
replaces potassium feldspar in the dolomite, and chlorite replaces
muscovite in magnesite.

Magnesite is of medium crystalline size, the size of granoblast
grains is 1-5 mm, magnesite crystals are rarely found up to 20 mm,
with a constant admixture of dolomite (2-5%), nests and dissemina-
tion of quartz (10-15%), small pyrite cubes, interstitial inclusions of
magnesia chlorite (1-5%), sericite, rarely microinclusions of talc.

The characteristic features of chemical composition of magne-
sites are an increased content of Ca0, SiO,, AL,O, and corresponds to
the increased contents of the aluminosilicate impurity in the host car-
bonate rocks. There is a high background of iron content in magnesite
at 2.8-4.5% of Fe,O, at MgO concentrations of 37-42.5%. Increased
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Figure 2. Chondrite-normalized (C1) distribution of REE in remote (blue), near-ore (red color) dolomites and magnesites (green) of two parts (a, b)

of the Ismakaevo deposit.

iron concentrations at 1.00-3.44% of Fe,O, are also characteristic for
metasomatic dolomites, both for near-ore deposits and at the front of
metasomatism, near the contact with limestones [7].

The distribution of microelements in magnesite according to
ICP-MS in comparison with dolomites has reduced concentrations of
almost all elements, primarily strontium, yttrium and rare earth ele-
ments (REE). The distribution of REE in the dolomites and magnesites
differs from other deposits in the South Ural province by the presence
of a positive anomaly of europium (Fig. 2, a, b). In addition, in the
wallrock dolomites there is a general increase in REE concentrations
relative to the host carbonate rocks and a change in the general pattern
of distribution with a roof-like increase of lanthanides of the middle
group (from Gd to Ho). The magnesites of Ismakayevo deposit have
a low Y/Ho ratio (24), in limestones it gradually increases to 35 [8],
which may indicate a significant migration range of hydrothermal
solutions during metasomatism [9].

According to the study of Sm-Nd systematic, the average value of
epsilon Nd (calculated for 1550 Ma) for the limestones and dolomites
of the Suran Suite is —6.5, which is close to the value of epsilon Nd -7.3
for the shales of the Satka Suite of the same stratigraphic level of the
Lower Riphean [10]. The values of epsilon Nd,, . in magnesites from
-11.3 to -9.0 indicate the crustal nature of the metasomatic fluid. The
errochronous Sm-Nd magnesite age value of 1250+130 Ma [11] has
a geological meaning, since in the given region the scientists earlier
dated fluorites of the Suran deposit in the dolomites of the Suran suite
with the age of 1230 Ma using Sm-Nd and Rb-Sr methods [12]. The
Cl-Br-Na data (ion chromatography) of fluid inclusions in magne-
sites and host dolomites of the Ismakaevo deposit show the evaporite
nature of the ore fluid. Microcryometry methods also confirm very
high salinity of the two-phase inclusions in magnesites (average value
23.6% by weight of NaCl equivalent). The homogenization tempera-
tures fit into the interval of 184-279°C with an average value of 224
°C[13].

Breinerite metasomatites of the Bogryashka ore occurrence. The
Bogryashka ore occurrence is located in the valley of the river of the
same name, 10 km to the north of the village V. Avzyan. It is a zone of
metasomatically transformed dolomites of the Minyak subsuite of the
Lower Riphean Suran Suite. Researchers opened the zone of metaso-
matites by wells in 1975-1982 near the old quarry for the mining of
gold-bearing placers. The thickness of the zone of carbonate metaso-
matites from drilling data is about 70 m; it has a traced depth of 313.5
m and a length of 400 m (Fig. 3). Ore metasomatites mainly consist
of ferruginous magnesites (breinerites), which contain gold-bearing

nest-vein sulfide mineralization. The gold content in metasomatites is
low, 0.2-0.8 g/t in average. Gold is due to sulfides and does not present
industrial interest.

Structurally, the ore occurrence is in a block of rocks, sandwiched
between two regional discontinuous structures — the Karatash and
Bolsheavazyan fractures, at the area of their closest rapprochement.
It is located in the core of the Bolsheavazyan anticline, entangled by
numerous small folds and disruptive disturbances of the northwest-
ern and northeastern directions. In the valley of the river Bogryashka,
through the central part of the ore occurrence, there is a discontinu-
ous disruption of the sublatitudinal direction. Shtock-like bodies of
carbonate metasomatites occur at the intersection of discontinuous
disruptions of the sublatitudinal and northwestern strike. In general,
the zone of carbonate iron-magnesian metasomatites has a NW-SE
stretch.

Magmatic formations within the area of ore occurrence are
represented by a series of dikes of the hornblende diabases and gab-
bro-diabases of the Lapishta complex, which belongs to the Middle
Riphean formations [14]. Dikes develop along discontinuous distur-
bances of the northeastern direction. The thickness of the dikes reach-
es 5m; their decline is steep east at an angle of 70-80°. Hornblende
diabases and gabbro-diabases undergone an intense metamorphose
and, in some places, a complete conversion to carbonate-sericite-chlo-
rite rocks. From the east, the volcano-terrigenous formations of the
Mashak riftogenic complex, formed at the beginning of the Middle
Riphean (the age of volcanics is about 1380 Ma), were thrusted over
the Lower Riphean deposits [15]. In addition, approximately 1.5-2
km to the south-south-east of the ore occurrence in the sediments of
the Mashak Suite according to the results of geophysical studies re-
searchers found a powerful body of diabases, attributed to the Mashak
formations.

The Mg-Fe metasomatites consist of rhombohedral granules, up
to 1.5 mm in size, on the background of fine-small-crystalline enclos-
ing dolomites of the Minyak subunit of the Suran suite, and in this
respect resemble the granoblastic medium-grained magnesites of the
Ismakaevo deposit. Metasomatites have a polymineral composition
with a variable content of Fe-magnesite (breinerites from 10 to 93%)
and dolomite (from 2 to 90%), as well as varying, sometimes signifi-
cant amounts of pyrite (up to 20%), quartz (up to 10%), muscovite (up
to 4%) and rarely chlorite. There was no definite dependence in the
distribution of breinerite and dolomite. Using the method of calculat-
ing the iron in breinerites (the X-ray method), the authors found that
the content of isomorphous iron varies within wide limits - from 5-6
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Figure. 3. Geological scheme and section of the Bogryashka ore occurrence (based on the materials of the Abzelilovskaya GPP) and the locations
of sampling points. 1-2 — sediments of the Lower Riphean, suites: 1 — Suran, 2 — Yusha; 3-5 — sediments of the Middle Riphean, suites: 3 — Mashak, 4 — Zigalga,
5 — Zigazino-Komarovo; 6 — Quaternary sediments; 7 — weathering crust; 8—-9 — deposits of the Minyak subsuite of the Suran suite: 8 — dolomites, 9 — interbedding
of sandstones, siltstones and low-carbon clay shales; 10 — zone of gold ore metasomatites; 11 — diabase and diabase porphyrites; 12 — gabbro-diabase dikes; 13 —
dikes of basic composition, isolated according to magnetic prospecting data; 14 — tectonic disturbances; 15 — latent tectonic disturbances; 16 — quarry for processing
alluvial gold; 17 — topographic heights; 18 — section line; 19 — Bogryashka ore occurrence; 20 — wells and their numbers; 21 — sampling points for geochemical study.

to 18-20.5% by weight of FeO (see Table 1). As a rule, the higher the
amount of the mineral phase of breinerite in the sample, the higher
the iron content in the breinerite itself. Determination of iron in the
dolomite phase by the X-ray method showed low values, at the level of
1-2% by weight of FeO.

In three samples of dolomite during the thermal analysis, anom-
alous patterns of dissociation appeared. In the majority of samples the
dolomite dissociates with the formation of two endothermic peaks
at temperatures of 770-800 °C and 830-870 °C, but dissociation in
samples A-12341, A-12346, A-12348 happened stepwise at 740-780,
800-900 and 975-1015 °C. In addition, in the sample A-12341 were
endothermic peaks at 124-206 °C with a weight loss of 3.8%. After
washing in boiling distilled water, these peaks, both low-temperature
and high-temperature, disappeared, and the dissociation pattern be-
came similar to dolomite. We assume that the anomalous pattern of
dissociation of dolomite is due to the presence of the thrones (natural
soda) and evaporite minerals (halite, mirabilite), analogous to the dis-
sociation curves of dolomites from the evaporite basins considered in
the monograph of Tsvetkov A. I. et al. [4]. At the same time, according

to the results of X-ray fluorescence analysis in the samples of dolomites
and magnesites low chlorine contents were at the level of 0,01-0,03%
by mass, while magnesites had the maximum noted values [15].
According to the chemical composition, a part of the carbon-
ate metasomatites match with breinerites, a variant of ferruginous
magnesite, a member of the isomorphous magnesite-siderite series,
in which the FeCO, content can reach 30 wt.%. In ore metasomatites
(Table 2, samples A-12341-A-13479, Brbog, Brbog*), the content of iron
and magnesium sharply increases in comparison with the host dolo-
mites. In the Br,, and Br,* samples, the FeO content is 6.91-12.24%
by weight, with a high MgO content (33.45-37.1% by weight) and
an insignificant CaO (0.28-2.0% by weight) (See Table 2), which is
typical for breinerites. Some of the samples of ore metasomatites are
chemically close to the magnesites of the Ismakaevo deposit — mag-
nesite is enriched with silica with a low content of alumina and rel-
atively high iron content (see Table 2, A-13479). At the same time,
the difference between the Bogryashka breinerites from Ismakayevo
magnesites, along with the high contents of isomorphic iron, is the
presence of increased concentrations of several generations of pyrite.
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Table 1. Mineral composition of carbonate iron-magnesian metasomatites of Bogryashka, mass %.

0,
Ne Ne sample Brnt Dol Cal Py Qz Chl Ms OB Summary Fﬁ%m/;
1 A-12341 76 2 - 1 5 - 1 Urao 13-16 97-100 9
1-1 Washed from 85 4 — 1 6 - 1 - 97 9
urao and halite
2 A-12342 75 23 - 2 Low - - - 100 20,5
3 A-12344 85 14 - 0,5 - - - 0.5 100 16,5
4 A-12345 69 29 - 2 - - - - 100 18,5
5 A-12345¢ 10 89 - 1 - - - - 100 -
6 A-12346 75 10 - Upto 15 - - - - 100 18,5
7 A-12346a 50 30 - Up to 20 - - - - 100 5-6
8 A-12347 25 45 - Up to 20 Low - - - 90 2
9 A-12348 35 25 - Up to 20 - - - - 80 13,5
10 A-12348n 11 80 - 8 - - - - 99 -
11 A-12349 68 32 - 1 - - - - 100 18,5
12 A-12350 80 2 - 1 13 - 3 - 99 5-6
13 A-12352 86 4 - - 4 4 - 98 8-9
14 A-13478 - 90 - - 10 - - 100 -
15 A-13479 93 2 Low - Low 3 Low - 4-5

Notes: Brnt — ferrous magnesite (breynerite); Dol — dolomite; Cal — calcite; Py — pyrite; Qz — quartz; Chl — chlorite; Ms — muscovite; OM — an organic matter; FeO,%,

in Brnt — the iron content in the brenerite according to X-ray diffraction analysis.

The most widespread pyrite is the one considerably enriched with
the S isotope. The average value of §S is 16.1%o (n = 25) with a
dispersion of values from 7.9 to 27.4 %o [16]. It is important to note
that such variations in the values of §**S completely correspond to the
isotope composition of sulfur from pyrite, occurring as impregnation
in the sedimentary rocks of the Suran Suite [17]. From the position of
isotope geochemistry, the source of sulfur in the formation of such a
pyrite strongly enriched with heavy S isotope is most likely the sul-
phates of evaporites.

Data from the study of the magnesian-ferruginous metasoma-
tites of the Bogryashka ore occurrence using the ICP-MS method for
50 elements showed no anomaly contents, except for individual high
concentrations of arsenic (sample A-12344, 1508 g/t), antimony (sam-
ple A-123464a, 15,8 g/t) and lead (samples A-12346a and A-12348, up
to 22 g/t). Consideration of the correlation matrix of the contents of
all microelements made it possible to establish significant correlations
between the elements of the iron group (Fe, Co, Ni) and chalcophile
elements (Cu, Zn, Pb, Bi, T, Cd, Ag, Sb, Ba) reflecting their increased
concentrations in widely represented in metasomatites pyrite. In ad-
dition, the authors established an important correlation (0.83-0.86) of
thorium with light lanthanides (La, Ce, Pr, Nd). Detailed mineralog-
ical study of some samples by the microprobe method showed that
they contain an accessory impregnation of monazite. The content of
thorium in the examined samples according to ICP-MS data reaches
2.8 g/t (sample A-12347). A stable correlation of yttrium (0.91-0.99)
and strontium (0.58-0.78) with heavy lanthanides (Sm-Lu) is also sig-

nificant. Of the not quite normal relationships, a very high correlation
(0.94) between Th and Cr is worth noting.

One can see a more definite picture for finding correlation of the
mineral composition of carbonate metasomatite samples with their
trace element composition (Table 3). Here, the connection of dolomite
with strontium and yttrium is clear, as well as with the lanthanides of
the middle-heavy group (Sm-Lu). In ferruginous magnesites, there
is no fixed sufficiently stable correlation between any elements; even
manganese has a correlation coefficient of 0.43, despite its known af-
finity for iron. At the same time, there is a stable connection of pyrite
with chalcophile elements and sulfosalts. Quartz and muscovite have
clear connections with rare lithophilic elements and at the same time,
the authors note a weak correlation (0.26-0.38) of these minerals with
light lanthanides (La, Ce, Pr).

The distribution of REE in the carbonate metasomatites of ore
shows a rather complex picture (Fig. 4). Here the authors distinguish
the following types of trends: (1) the distribution is similar for mag-
nesites of the Ismakaevo deposit (sample A-13479, see Fig. 4, a), (2)
the distribution is similar for Ca-containing minerals (in particular,
dolomites, sample A-13478, see Fig. 4, a); (3) a distribution is similar
for the wallrock dolomites of the Ismakaevo deposit with a “roof-like”
distribution in the region of medium-composition lanthanides (see
Fig. 4, b). The pure magnesites, to which the sample A-13479 belongs,
have a relative decrease in the concentrations of lanthanum and ceri-
um and an increase in the concentrations of heavy lanthanides.

Figure 4. Chondrite-normalized (C1) distribution of REE in the carbonate metasomatites of Bogryashka (sample numbers correspond to those in Table
1). a — for Ca-containing minerals and magnesites, for comparison, table shows pure dolomite A-13478 and pure magnesite A-13479; b — distribution similar for the

dolomites of the Ismakaevo deposit.
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Table 2. Chemical composition of the carbonate rocks of the ore formation of Bogryashka.
Ne Ne sample SiO, TiO, ALO, Fe,O, FeO CaO MgO
1 Dl,,, 8,91 0,06 1,42 0,34 1,49 27,84 18,38
2 Dlyq 2,67 - 0,14 0,50 4,71 26,18 20,34
3 A-12341 4,82 0,07 0,49 11,58 - 2,73 33,27
4 A-12342 0,84 0,02 <0,1 15,08 - 12,80 24,04
5 A-12344 0,54 0,01 <01 14,68 - 10,07 28,82
6 A-12345 0,71 0,01 <01 12,26 - 15,63 26,29
7 A-12346a 0,87 0,02 <01 28,41 - 9,49 15,27
8 A-12348 5,88 <0,01 1,00 15,00 - 12,36 10,15
9 A-12349 0,59 0,01 0,10 12,55 - 15,23 25,73
10 A-12350 10,95 0,08 0,82 9,95 - 1,28 34,17
1 A-12350* 135 0,06 1,20 4,34 2,94 08 34,86
12 A-12352 5,21 0,05 0,80 13,02 - 2,73 31,84
13 A-12352* 5,00 0,02 0,70 7,21 3,93 1,14 35,98
14 A-13478 4,44 0,03 0,74 1,99 - 33,37 18,48
15 A-13479 1,61 0,05 0,41 6,46 - 1,70 41,34
16 By, 7,48 0,03 0,82 0,73 6,91 0,28 37,10
17 Brypg: 6,16 - 0,65 0,71 12,24 2,0 33,45
Ne Ne sample MnO P.O KO Na,O S Lost Summary

- - 278 2 2 gen of ignitions

1 Dl,,, 0,06 0,05 0,08 0,10 - 41,21 100,66
2 Dl 0,19 - - - - 45,06 99,79
3 A-12341 0,34 0,03 0,27 0,13 2,77 43,23 99,74
4 A-12342 0,50 0,04 <0,01 0,14 1,47 44,45 99,37
5 A-12344 0,42 0,03 <0,01 0,12 0,52 44,46 99,70
6 A-12345 0,38 0,05 <0,01 0,11 1,31 42,40 99,16
7 A-12346a 0,07 0,05 <0,01 0,13 21,14 23,65 99,10
8 A-12348 <0,01 <0,01 0,10 0,12 - 31,16 75,77
9 A-12349 0,43 0,04 <0,01 0,12 0,29 43,95 99,05
10 A-12350 0,30 0,05 0,41 <01 0,52 41,15 99,66
11 A-12350* 0,16 0,03 0,41 0,24 - 41,20 99,74
12 A-12352 0,42 0,03 0,30 <01 0,16 44,67 99,23
13 A-12352* 0,22 0,03 0,31 <0,1 - 44,97 99,51
14 A-13478 0,09 0,10 0,17 0,11 0,27 39,85 99,64
15 A-13479 0,22 0,03 0,14 0,12 0,29 47,63 100,02
16 Bl - - 0,20 0,07 0,04 45,37 99,03
17 Bryog: 0,25 - - - - 44,54 100,00

Note: DI_, is the average of 12 samples of dolomites of the minyanak subordination of the Suran suite according to [18]. DI, and Br, - data of silicate analysis on the

materials of the Abzelilovskaya GPP, Brbog —well No. 7601, depth 23,0 m. Samples m662 - m675, A-12341-A-13479 — results of X-ray fluorescence analysis, author's
materials. Samples m671a, m671b and A-12348 — data of silicate analysis, author's materials. Samples A-12350* and A-12352* — results of silicate analysis based on
materials of A. A. Alekseev. Arr. Br, * — the average of the results of the silicate analysis of 4 samples, according to A. G. Potekhin. Dash — no data.

Discussion and conclusions

The presented materials show that in the southern part of the
BMA in the meridionally elongated zone represented by carbonate
rocks of the Minyak subsuite of the Suran Suite, one can find mag-
nesian-ferruginous metasomatites of the Bogryashka ore occurrence
that resemble the ferruginous magnesites of the Ismakaevo deposit
located northward in the same subsuite. However, the metasomatites
of Bogryashka differ by a variable polymineral composition, varying
in amounts of ferrous magnesite, ferruginous dolomite, pyrite, quartz
and, to a lesser extent, muscovite and chlorite. The distribution of
lanthanides allows us to see certain similarities with the metasomatic
carbonate rocks of the Ismakaevo deposit. The first type of REE distri-
bution in the relatively monomineral magnesite of the ore occurrence
(sample A-13479, see Fig. 3) is very similar to the typical magnesites
of the Ismakaevo deposit (see Fig. 2). Unfortunately, in the last (3)
type of distribution there are both essentially dolomite and essentially
magnesite, as well as mixed, bimineral probes, therefore it is impossi-
ble associate the formation of the breinerite metasomatites with the
exact type of process. Probably, here we see an intermediate picture of
the distribution of lanthanides during the development of the metaso-
matic process.

The authors should note that even in the Ismakaevo deposit,
the REE fractionation process is not as clear as, for example, in the

Satka deposit, where in coarse-crystalline magnesites one can observe
the "inverted" trend of a gradual increase in the concentration of
lanthanides normalized to chondrite from La to Lu [8]. The authors
explain it by the fact that during the metasomatic crystallization of
magnesite, the crystal lattice of the carbonate undergoes complete re-
structuralisation and the isomorphically inbound lanthanides adapt
to the new conditions of existence. The effective ionic radius of Ca** is
1.1 angstroms and is close to the radius of lanthanum, while the ionic
radius of Mg is about 0.95 angstroms, which is close to heavy lantha-
nides and, above all, to lutetium [19]. Thus, in metasomatic recrystalli-
zation ideally one should manage the mineralogical control of the REE
distribution depending on the carbonate matrix: Ca-containing min-
erals have a trend of distribution of the type La > Lu, while minerals
with cations of lesser ionic radius (magnesite, siderite, rhodochrosite)
have a trend of distribution La < Lu.

A separate question is the explanation of the “roof-like” form of
the REE distribution with the enrichment of the lanthanides of the
middle group, noted for the wallrock dolomites (which in fact are also
bimineral formations — dolomites with an admixture of magnesite
crystals [7]). A partial explanation of this effect can be that in metaso-
matites having (3) type of distribution, relative removal of light lantha-
nides (La-Nd), associated with mineralogical control, occurred, since
in the metasomatic formation of magnesite, light REEs are easier to
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Table 3. Correlation coefficients of the microelements concentration with the mineral composition of carbonate metasomatites.
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Ne Mgz Dol Py Q Ms Ne Mgz Dol Py Q Ms

Li 0,22 -0,29 -0,47 0,76 0,71 La -0,18 0,01 0,12 0,38 0,38
Be 0,39 -0,42 -0,50 0,83 0,80 Ce -0,17 0,01 0,08 0,35 0,38
Sc 0,05 -0,23 -0,04 0,28 0,20 Pr -0,19 0,04 0,07 0,26 0,32
Ti 0,20 -0,34 -0,30 0,77 0,58 Nd -0,28 0,15 0,04 0,14 0,22
\ 0,07 -0,24 -0,21 0,59 0,53 Sm -0,55 0,59 0,03 -0,42 -0,35
Cr -0,16 -0,00 0,34 -0,08 -0,08 Eu -0,53 0,60 0,02 -0,46 -0,40
Mn 0,43 -0,27 -0,21 -0,39 -0,18 Gd -0,56 0,62 0,08 -0,49 -0,43
Fe 0,17 -0,31 0,72 -0,45 -0,29 Tb —-0,52 0,60 0,03 -0,49 -0,45
Co -0,14 -0,13 0,82 -0,29 -0,28 Dy -0,49 0,57 0,01 -0,50 -0,46
Ni -0,10 -0,16 0,90 -0,35 -0,30 Ho -0,46 0,54 -0,00 -0,51 -0,47
Cu -0,19 -0,03 0,88 -0,29 -0,28 Er -0,43 0,52 -0,03 -0,50 -0,45
zZn 0,20 -0,32 0,48 -0,26 -0,10 Tm -0,37 0,46 -0,06 -0,51 -0,45
Ga 0,39 -0,55 -0,22 0,58 0,74 Yb -0,33 0,45 -0,10 -0,49 -0,43
Ge 0,36 -0,56 0,15 0,57 0,66 Lu -0,27 0,38 -0,11 -0,50 -0,45
As 0,24 -0,17 -0,04 -0,21 -0,19 Hf 0,14 -0,34 -0,21 0,66 0,57
Se -0,48 0,39 0,41 -0,46 -0,46 Ta 0,27 -0,33 -0,27 0,19 0,11
Rb 0,32 -0,43 -0,36 0,79 0,84 W -0,25 -0,06 0,51 -0,15 -0,13
Sr -0,41 0,46 0,22 -0,51 -0,54 Tl -0,31 -0,01 0,68 -0,24 -0,23
Y -0,46 0,55 -0,00 -0,51 -0,46 Pb -0,19 -0,06 0,80 -0,26 -0,24
zr 0,18 -0,39 -0,16 0,69 0,60 Bi -0,19 -0,06 0,81 -0,24 -0,21
Nb 0,29 -0,40 -0,31 0,56 0,45 Th -0,21 -0,01 0,30 0,06 0,01
Mo -0,28 -0,01 0,53 -0,22 -0,20 u -0,31 0,07 0,06 0,45 0,07
Ag —-0,06 -0,11 0,82 -0,31 -0,28 Sb -0,17 -0,05 0,90 -0,28 -0,26
Cd -0,33 0,17 0,48 -0,35 -0,31 Cs 0,28 -0,43 0,11 0,46 0,76
Sn 0,27 0,13 0,36 -0,15 -0,17 Ba -0,16 -0,10 0,66 -0,17 -0,14

Note: Mgz — magnesite, Dol —
more than 0.3.

remove than heavy ones. However, one can observe some enrichment
with lanthanides of the middle group, strongest in the wallrock dolo-
mites of the Ismakaevo deposit, but also occurring among the metaso-
matites of Bogryashka.

Comparison of some features of the distribution of REE in the
metasomatites of the Ismakaevo deposit and the ore occurrence of
Bogryashka (Table 4) shows that in magnesites and dolomites of both
objects, the REE amounts are similar (10-14 g/t). However, the wall-
rock dolomites of the Ismakaevo deposit that contain an admixture
of magnesite, in which the sum of REE increases (on average to 73
g /t), differ sharply. The Y/Ho ratio in both objects is low, relative to
the sedimentary carbonate rocks and magnesites of the Satka deposits
(about 50 [8]), and indicates a significant distance of fluid migration
in the Avzyan ore region. The value of the normalized ratio of light
to heavy REE also behaves uniformly in both objects, decreasing in
magnesite relative to the enclosing dolomites. In the wallrock dolo-
mites of Ismakaevo and, especially, in the metasomatites of the (3)
distribution type in Bogryashka, it has the minimal values, indicating
the maximum fractionation of lanthanides in metasomatic recrystal-
lization, associated with the relative removal of light lanthanides. In
principle, the ratio Ce / La > 1, noted in almost all the groups of ex-
amined metasomatites also indicates this. Weak positive values of the
cerium anomaly in almost all the examined groups and metasomatite
samples can confirm the sharply reducing nature of the fluids. This is
probably also evidenced by a small positive europium anomaly, as well
as widespread development of pyrite in metasomatites. Authors also
note that in the sedimentary carbonate rocks of Riphean, as in most

dolomite, Py — pyrite, Q — quartz, Ms — muscovite; the values in bold and italic are the ones with the correlation coefficients that are

other sedimentary rocks, one can observe a noticeable negative anoma-
ly of europium. As a rule, metasomatic formations inherit it too, except
for special cases associated with the high-temperature nature of the flu-
ids (for example, in contact zones with dikes of basic composition [8])
or with a dramatically reducing conditions of metasomatism, in which
europium passes from trivalent to divalent state, sharply increases the
ionic radius and comparatively easily accumulates in the dolomite [20].

The fractionation of REE can also manifest depending on the
properties of the fluid. If enrichment with various ligands (comple-
xing agents such as H,0O, E Cl) occurs and the basicity of fluids rises
sharply, hydrothermal redeposition more actively affects the lantha-
nides of the middle and heavy group [21]. Such conditions often arise
in long-term functioning hydrothermal systems that have experienced
intensive interaction with host rocks and have the evolved composi-
tion at which the initially ionic solutions with high acidity were con-
verted into fluids with more basic properties. Such fluids often occur
during remobilization and lead to an increase in the role of heavy lan-
thanides in the composition of metasomatic products [20]. The data of
the Sr-Nd systematics of Ismakayevo magnesites confirms the crustal
composition of the fluids responsible for metasomatic rock transfor-
mations (the values of epsilon Nd(lm in magnesites are from -11.3
to -9.0, which is even lower than the values of epsilon Nd . in the
enclosing limestones of the Minyak subsuite -6.4), which implies a
prolonged and intensive interaction of fluids with rocks of the Riph-
ean section [11].

One can observe a similar pattern in the Suran fluorite depos-
it located in the north of the same structural and formation zone as

Table 4. Geochemical modules of REE distribution in carbonate metasomatites.

Ismakayevo deposit

Bogryashka manifestation

Module

Cal Dol-host Dol-Ore Mgz A-13478 Dol A-13479 Mgz Dol + Mgz (2) Dol + Mgz (3)
n 3 11 6 19 1 1 4 10
>REE 41,22 14,05 72,59 10,15 9,05 10,06 14,21 13,63
Y/Ho 35 30 26 24 31,78 34,31 24,72 26,99
(LLn/HLN)N, 6,9 7,08 2,35 2,89 6,25 4,40 5,69 0,67
CelCe* 1,06 1,01 1,28 1,03 1,03 1,16 1,04 0,89
Ce. /La,, 0,74 0,76 1,86 1,01 0,74 1,24 0,80 1,05
Eu/Eu* 0,84 0,82 1 1,17 0,84 1,03 0,89 0,95
Note: Cal — camstone (limestone); Dol-host — hosting dolomite; Dol-Ore — near-ore dolomite; Mgz — magnesite; (2) and (3) are the types of REE distribution in car-

bonate metasomatites in accordance with the text. N is the number of samples. (LLn/HLn)N =

(LalLa,, + 2Pr/Pr_, + Nd/Nd_ )/(Er/Er_, + Tm/Tm_, + Yb/ Yb_ + Lu/Lu_,)
normalization to chondrite C1; Ce/Ce* = 2*(Ce/Ce_,)/(La/La , + Nd/Nd_,); Ce/Ce* = 2*(Ce/Cec1)/(La/La + Nd/Nd ,); EUWEU™ = 2*(Eu/Euc1)/(Sm/Sm + Gd/Gd

Cl)
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Figure 5. Chondrite-normalized (C1) distribution of REE in the fluorites of the Suran deposit. a — porcelain and violet fluorites of the first generation; b — optical
redeposited metasomatic fluorites of the last generation (remobilization) (according to [12, 22]).

the considered metasomatic objects. Fluorites in this deposit are of
several types (Fig. 5), with the first-time violet fluorites and selaites
having entirely typical labels for the distribution of REE for Ca-con-
taining minerals (La > Lu), metasomatically superimposed with green
granitoid-type fluorites with increased concentrations of REE and
subhorizontal distribution. The last by the age relationships are optical
fluorites, in which the REE distribution is mirror-deployed in relation
to the first types, what is precisely the result of remobilization [22].
For all types of fluorites, the authors obtained an errorchron with an
age of 1219 + 120 Ma. That is, we observe extended in a certain time
evolutionary process of the hydrothermal system that developed in
the same area, 20 km to the north of Ismakaevo village in the same
Suran Suite west of the Mashak graben, in the same formation zone.
As already mentioned, the age of the Ismakaevo magnesite deposit,
according to Sm-Nd systematic data, is 1250+130 Ma. It is indicative
that in optical fluorites, the rise in REE values begins with samarium
“roof-like distribution,” the maximum of which falls on gadolinium
in complete analogy with the distribution (3) for the breinerites of
Bogryashka.

In addition, we can note the similarity of the isotope composition
of sulfur pyrite and chalcopyrite, found in the form of impregnation in
the Suran fluorites and pyrites of the predominant generation in mag-
nesian-ferruginous metasomatites on the ore occurrence of Bogryash-
ka. According to our data, sulfides from fluorites, as well as pyrite from
the breynerites, are considerably enriched with the **S isotope. Their
values of §**S form an interval of approximately 26 to 34%o, which in-
dicates an evaporitic source of sulfur in the formation of sulfides [23].

Therefore, the authors revealed a certain similarity of the mineral
composition of the carbonate metasomatites of the Ismakaevo mag-
nesite deposit and the ore ore occurrence of Bogryashka, as well as
similar features of distribution of REE in them and in the Suran fluo-
rite deposit. We can assume that all three objects located in the same
stratigraphic subdivision and within the same structural-formational
zone in the western side of the Mashak graben are associated with
a single process of fluid generation. The fluid, judging from the data
of studying Cl-Br systematics and microcryometry of fluid inclusions
[12, 13], and the isotopic data of sulfur, were the buried evaporite
solutions that experienced intensive interaction with sedimentary and
volcanic rocks in the tectonically active zone of the Mashak riftogenic
graben. The effect of the fluid on the host rocks led to active metaso-
matism in the carbonate rocks of the Suran Suite.

The authors are grateful to N. V. Cherednichenko and D. V. Kisele-
va (IGG UB RAS) for conducting ICP-MS analyzes.
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