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Abstract: The rocks from different stages of the geodynamic evolution have been preserved in the Urals. In its geologic
history, the least studied is the transition period between continental rifting and the beginning of oceanic spreading.
This article presents the geochemical data on the Sr-, Nd-isotopes, zircon U-Pb (SHRIMP) ages for the Meso-
Neoproterozoic igneous rocks and associated ores from the Bashkir meganticlinorium (BMA) on the Urals western
slope. A Large Igneous Province (LIP) formed there as a result of mantle plume activity during the Middle Riphean
(1380-1350 Ma). Later on (1200-1100 Ma), short-term rifting took place, as evidenced by the Nazyam graben, which
was followed by the complete break-up of the continental crust. For magmatic rocks in the age range of 1750-1200
Ma, the evolition of chemical composition OIB-type — E-MORB —N-MORB is observed. The eNd ) values for the igne-
ous rocks and the associated BMA ores vary from negative (-6) to positive ones (+5), and thus give evidence of the
lithosphere mantle depletion with time. These facts and the Sr-isotope ratios for the magmatic rocks from the subse-
quent evolution stages confirm that the oceanic basin to the east of the East European platform started to open at the
end of the Middle Riphean. For the Vendian-Cambrian, some traces of orogenes (Timanian stage) are observed. The
development of the Uralian Paleozoic ocean started in the Ordovican and continued up to the Late Carboniferous-
Permian.

)
o
€
®
c
>

©
o
)
o
o
o
®

o

Key words: geochemistry; Sr- and Nd-isotopes; dike swarms; Riphean; intra-plate rifting; Urals

RESEARCH ARTICLE Received: February 8,2018
Revised: May 10, 2018
Handling Editor: E.V. Sklyarov Accepted: May 23,2018

For citation: Kholodnov V.V.,, Shardakova G.Yu., Fershtater G.B., Shagalov E.S., 2018. The Riphean magmatism preceding the opening of Urali-
an paleoocean: geochemistry, isotopes, age, and geodynamic implications. Geodynamics & Tectonophysics 9 (2), 365-389. doi:10.5800/GT-
2018-9-2-0351.




V.V. Kholodnov et al.: The Riphean magmatism preceding the opening of Uralian paleoocean...

PUDENCKUN MATMATH3M, NPEJALIECTBYIOLIIMHA PACKPBITHIO
YPAJIBCKOTO ITAJIEOOKEAHA: TEOXUMUSA, U30TOIIHA,
BO3PACT, TEOJJMHAMUYECKME CJIEJACTBUA

B. B. XonoaHogl, I. 10. llapaakoBal 2, T. b. ®epmraTtep?, E. C. Hlaranos! 2

1 HHcmumym 2eos102uu u 2eoxumuu um. akaod. A.H. 3asapuykozo YpO PAH, Examepun6ype, Poccus
2 Ypasawckuil 2ocydapcmeeHHblil 20pHblil yHusepcumem, EkamepuHn6ype, Poccus

AHHOTanus: Ypas - o/jJHa U3 HEMHOTHX CTPYKTYP, B KOTOPOH COXPaHUJIKUCh TOPO/IbI BCEX CTaAUM reoAUHAMUYECKON
3BoJioLMU. HaMeHee M3y4eHHLIM B €ro reoJIOTHYECKON HUCTOPHUM SIBJISIETCS NMEepPUO/], MEePEXOAHbIH OT KOHTHUHEH-
TaJIbHOTO pUPTUHTA K OKEAHUYECKOMY CIIPEeIUHTY. B cTaThe npeicTaB/eHbl HOBbIE JJaHHbIE 10 TEOXUMUU, U30TOIHH
Sr u Nd, U-Pb (SHRIMP) Bo3pacTy jMpKOHOB MarMaTU4YeCKUX IOPOJ, U CBSI3aHHBIX C HUMU py/J, ballkupckoro meraH-
TUKJIWHOPHs (3amagHblil ckioH H0kHOro Ypasna), UMerIUXx Me30HeOoNpoTepO30HCKUi Bo3pacT. B cpenHeM pudee
(1380-1350 muiH JieT) 37ech 6buTa copMUpOBaHA KpylHas u3Bep:keHHas npoBuHIuUsA (LIP) kak Bo3MOXHBIN pe-
3yJIbTAT aKTUBHOCTU MaHTHHHOTO 1uoMa. 3aTteM (okosio 1100 MJIH JieT) UMeJ1 MeCTO MOJIHBIHA pa3pbiB KOHTHHEH-
TaJbHON KOPBI, ¥ KpaTKOe BpeMsl CyllecTBoBaja pudToBas cTpyktypa (Hassmckuii rpaben). [l MarMaTU4yecKux
nopoj, ¢ BospactoM 1750-1100 msH JeT UKCUpyeTcsl reoxMMHuYeckas 3BoJjitonust coctaBoB: OIB -E-MORB—
N-MORB. IIpu atom eNd nM3MeHsieTCs OT OTPHULATENbHBIX (-6) 0 MOJIOXKUTEJNbHBIX 3HaYeHUH (+5), yka3piBasg Ha
ob6esHeHHe UTOCHEPHOH MAaHTHUM CO BpeMeHeM. DTH GaKThl, HApsILy C MOBeJeHHEM H30TONOB ST JJis MOPOJ BCEX
MOCJIe[YIOLUIMX CTaANH 3BOMIOLUY Ypasla, YKa3blBalOT Ha TO, YTO OKEAHWYeCKOoe MPOCTPAHCTBO K BOCTOKY OT BocTou-
Ho-EBporneiickoil miaTdopMbl OTKPLLIOCH B KOHIE cpefHero pudes. B BeHle — KeMOPUU NPUCYTCTBYIOT NPU3HAKU
oporeHHbIX co6bITHH (TuMaHCcKkui 3Tam). C OpAOBHUKA HAYyaJoCh Pa3BUTHE YPaTbCKOTO MaJe030MCKOr0 OKeaHa, Cy-

IleCTBOBABIIETO 10 BEPXHETro Kap6oHa — paHHEH NepMu.

Kiio4yeBble ci10Ba: reoxumus; usotonus Sr v Nd; jaiikoBele pou; pudeil; BHYTPUIIMTHBIA pUGTUHT; Ypas

1. INTRODUCTION

The Uralian Mobile Belt is one of a few geologic
structures on the Earth where the rocks from the dif-
ferent stages of the geodynamic evolution have been
preserved. The Urals is composed of the rocks repre-
senting all the geodynamic settings, from continental
rifting (the edge of the East European Platform, EEP)
and opening of the oceanic basin in the Late Meso-
Proterozoic (the area to the east of EEP) to the Carboni-
ferous-Permian collision.

The time of the oceanic basin opening at the EEP
edge and the factors initiating that process have been
discussed in many papers. The literature overview
shows that intraplate rifting, subduction, accretion and
collision occurred at the EEP eastern margin in the
Precambrian [Maslov et al, 1997; Kuznetsov et al,, 2007;
Nosova et al, 2009; Samygin et al,, 2010; Puchkov, 2013;
Ivanov et al, 2014], and different parts of that extended
zone did not develop quite synchronously.

The main structure comprising various magmatic
formations under study is the Bashkir Meganticlinori-
um (BMA) (Figures 1, 2, and 3). It is located at the bor-
derline between the Urals and EEP. In our study, we
analyzed the composition, age, isotope characteristics

and geodynamic settings of the BMA Pre-Cambrian ig-
neous rocks, and tried to determine the nature of
magmatism in the early evolutionary stages of the
structure, the time of origin and duration of the
paleoocean.

For describing the age of the Uralian formations, we
use the terms “the Riphean” and “the Vendian”. The
Lower and Middle Riphean correspond to Meso-
Proterozoic; the Late and Uppermost Riphean (760-
600 Ma) [Puchkov, 2010; Krasnobaev et al, 2012] refer
to the Early and Middle Neoproterozoic; and the Ven-
dian corresponds to the Late Neoproterozoic.

2. BRIEF GEOLOGICAL DESCRIPTION OF THE BASHKIR
MEGANTICLINORIUM

The Bashkir Meganticlinorium (BMA) is located on
the western slope of the Urals. It is a part of the Central
Uralian megazone (Fig. 1). In the west, it borders the
West Uralian megazone and the Preuralian Foredeep at
the EEP eastern edge. In the east and southeast, it ad-
joins (from the north to the south) the Ufaley block, the
Magnitogorsk megazone, and the Uraltau anticline
structure [Puchkov, 2010]. The western and eastern
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Fig. 1. Tectonic scheme of the Urals, after [Puchkov, 2010].

1 - East European and West Siberian platforms; 2 — Preuralian
foredeep; 3 - West Uralian zone; 4 - Central Uralian zone; 5 -
Tagil (northern part) - Magnitogorsk (southern part) zone; 6 -
East Uralian zone; 7 - Transuralian zone; 8 - Main Uralian Fault;
9 - anticline structures: [ - Lyapin, II - Isherim, III - Kvarkush-
Kamennogorsk, IV - Ufaley, V - Bashkir, VI - Uraltau; 10 (blue
digits, 1 to 12) - objects described in the text: 1 - Berdyaush plu-
ton, 2 - Akhmerovo massif, 3 - Sibirka deposit, 4-7 - main mem-
bers of the Kusa-Kopan group (4 - Ryabinovka and 6 - Gubenka
granite massifs, 5 - Kopan and 7 - Kusa gabbro massifs), 8 - am-
phibolites (metabasalts) of the Nazyan sequence, 9 - dolerite di-
kes in the Alexandrovsk-Akhtensk block, 10 - Barangul gabbro-
granite and 11 - Mazara granite massifs, 12 - dolerile sill intru-
ded quartzite sandstones of the Isherim Formation (see in text).
More massifs are shown in Figs. 2 and 3.

Puc. 1. TekToHn4eckas cxeMa Ypasa, no [Puchkov, 2010].

1 - BoctouHo-EBponeiickas u 3anaaHo-Cubupckas miaaTpopMsbl;
2 - llpenypanbckui KpaeBod mporu6; 3 - 3amagHo-YpasbcKas
30Ha; 4 - llenTpanbHo-Ypanbckas 30Ha; 5 - Taruso(ceBepHasi
4yacTbh) - MarHuToropckas (ro>kHasi 4yacTb) 30Ha; 6 — BocTouHo-
Ypanbckasa 30Ha; 7 - 3aypajibckas 30Ha; 8 — [1aBHBIA Ypasb-
CKUM passioM; 9 - anTuk/MHOpUu: | - Jlanuuckui, Il - Hiwepum-
ckui, I1I - KBapkymicko-Kamennoropcku#, IV - Yaneiickuii, V -
Bamkupckui, VI - Ypantaycckuii; 10 - 06beKThI, yHOMHUHAEMbIe
B TecTe (cuHue udpsrl oT 1 10 12): 1 - Bepasyuickuii miyToH, 2
- AxMepoBcKMH MaccuB, 3 - MecTopokaeHue Cubupka, 4-7 -
yiaeHbl KycuHcko-Konackoit rpynnbel uHTpy3ui (4 - Psa6uHOB-
cKkui U 6 - 'y6eHCcKUM rpaHUTHBIE MaccuBhl, 5 - KonaHckuit U 7
- KycuHckuit rab6poBble MaccuBhbl), 8 - am¢ouboauThl (MeTaba-
3aJIbThl) HA3sIMCKOW TOJILIM, 9 — [0JIEPUTOBbIE JAUKU B AJek-
caHJpoBCKO-AxTeHCKOM 6Ji0Ke, 10 - BapaHrysioBckuil ra66po-
rpaHuTHBIM U 11 - MasapuHCKUN I'paHUTHBIA MaccuBbl, 12 -
JIOJIEPUTOBBIN CUJLJ (MPOPBIBAET KBAPLUTOBUHbIE MECUaHUKU
HIIEPUMCKOM CBUTHI (CM. TeKcT). OcTa/ibHble MacCUBBI OKa3a-
Hbl Ha puc. 2 1 3.
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Fig. 2. Schematic geological map of the Bashkir Meganticlinorium (BMA), modified after [Sobolev, 1977; Ernst et al., 2006].

1-6 - Precambrian sedimentary sequences: 1 - Vendian, 2 - Uppermost Riphean, 3 - Late Riphean, 4-5 - Middle Riphean formations: 4 -
sedimentary sequences (united) and, separately, 5 - Mashak Formation; 6 - Early Riphean formations; 7 - Taratash metamorphic com-
plex; 8 - granitoids (I - Yurma complex, I - Kialim massif, III - Ryabinovka and Gubenka massifs, IV - Semibratka complex, V - Berdyaush
pluton, VI - Akhmerovo massif); 9 - diabase, gabbro; 10 - Paleozoic sediments; 11 - geological boundaries; 12 - faults; 13 (asterisks) - off-
scale objects: green - Sibirka deposit; yellow - Nazyam metabasalts; light blue - borehole no. 2; violet - dike near the Akhtensk metamor-
phic block. ZK - Zyuratkul-Karatash fault.

Puc. 2. CxemaTu4eckas reoJiornueckast Kapta ballkupckoro MeraHTUKJIUHODPUS, 1o [Sobolev, 1977; Ernst et al,, 2006] c po-
IOJIHEHUSMHU.

1-6 - noxkeMbOpuiickue ocasoyHble popmanuu: 1 — BeH/[|, 2 - TepMUHAIbHBIN pudeli, 3 - BepxHUil pudeit, 4-5 - cBUTHI cpeHero pudes:
4 - ocagounble popmanuu (06G'beAUHEHHbIE) U OT/EJNbHO, 5 — MallaKCcKasi CBUTA; 6 — CBUTHI HIKHEro pudes; 7 - TapaTallckui MeTta-
MopdUuecKUil KoMILIEKC; 8 - rpaHuToub! (I - opMuHCKUE KoMiiekc, [I - KuanuMckuii maccus, 111 - Pss6unoBckuit u 'y6enckuit maccu-
Bhbl, [V - cemubpaTckuit komiiekc, V - Bepasyuickuit minytoH, VI - AxmMepoBckuil MaccuB); 9 - fosiepuThl, ra66po; 10 - naneo3oickue
ocajiouHble popManuy; 11 - reosoruuyeckue rpaHulpl; 12 — pasnomsl; 13 (3Be3/j0UKM) — BHeMacIITaOHble 06'bEKThI: 3eJIeHbI — MecTo-
poxaeHue CUOUPKA; XKeJATbIA — Ha3siMCKUe aMbUO0IUTHI (MeTaba3albThl); TOJy60H — CKB. 2; GHUOJIETOBBIN — AAWKU B KOHTYypaxX AXTeH-
ckoro MetamMopduueckoro 6s0ka. ZK - 3ropaTKyibcko-KapaTtauickuii pasiom.
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Fig. 3. Geological scheme (1:200000) of the area of the Kusa-Kopan intrusion and its frame [Garan et al, 1964].

1-7 - Riphean formations: 1 - Zilmerdak and Katav, 2 - Zigalga, 3 - Nazyam, 4 - Mashak and Kuvash (analogues), 5 - Bakal, 6 - Satka, 7 -
Ai. Intrusive massifs: 8 - Berdyaush pluton: a - nepheline syenites, b - syenites, ¢ - rapakivi granite (with small gabbro bodies); 9 - mas-
sifs of the Kusa-Kopan complex: gabbro: I - Kusa, III - Medvedevka, IV - Kopan, V - Matkal, 10 - granites: VI - Ryabinovka, VII - Gubenka;
11 - deposits: VIII - Sibirka, IX - Akhtensk (metamorphic rocks with dikes, see text); 12 - picrites and dolerites dikes; 13 - faults.

Puc. 3. l'eostoruveckas cxema (1:200000) paitona KycuHcko-KonmaHckoi HHTpPY3UU U ee o6pamMiieHud [Garan et al, 1964].

1-7 - pudelickue dopmanuu (cBUTHI): 1 — 3UIbMepJaKcKasi U KaTaBCKasl, 2 — 3UTaJIbTUHCKasA, 3 — HassAMcKasl TOJILA, 4 — MalllaKkCKas U
KyBalICKas (aHasoru), 5 - 6akajabcKas, 6 - CaTKUHCKas, 7 — aiickasi. UHTpy3uBHbIe MacCUBBI: 8 — BepAsylICKU My TOH: a - HedesnHo-
Bble CHEHUTBI, b — CHEHUTBI, C — TPAHUTHI paNakUBU (C MeJKUMU TeJlaMU rab6pousioB); 9 - MaccuBbl Kycuncko-Konanckoro kominiekca:
rabopougnsle: Il - Kycunckui, 11l - MeaBeneBckuii, [V - Konanckui, V - MaTkanbckull; 10 - rpanuTHble: VI - Pa6uHoBckui, VII - T'y-
6eHckuii; 11 - MmectopoxaeHus: VIII - Cubupka, IX - AxTeHckoe (MeTaMopdUUeCKUe NOPOAbI U AAWKHU, CM. TEKCT); 12 - failku 0JIepUTOB
U IUKPUTOB; 13 - pa3ioMbl.
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zones of BMA differ in the stage of metamorphic altera-
tion of rocks. The Zuratkul-Karatash (ZK) fault is the
borderline between these zones.

The BMA sedimentary units form three structural
levels: the Archaean-Lower Proterozoic, Riphean, and
Vendian-Paleozoic, separated by stratigraphic and an-
gular unconformities. The most ancient (orthomagma-
tic?) rocks are observed in the Taratash and Alexan-
drovka metamorphic complexes, considered to be the
fragments of the EEP crystalline basement (2915-
1800 Ma) [Puchkov et al, 2013]. The zircon ages of
metabasalts in the above-mentioned complexes are
2608+25 and 2054+8.5 Ma [Ronkin et al, 2007; Puch-
kov et al, 2013; Tevelev et al, 2014a, 2017]. The ages of
detritic zircons (inherited from Taratash rocks) from
sandstones of the Zigalga formation (R:) range from
2100 to 1800 Ma and may suggest the time of an an-
cient collision [Kuznetsov et al., 2017].

The 15-17 km thick Riphean deposits lie with an
angular unconformity on the Lower Precambrian rocks.
Sedimentary series (groups) are as follows: (1) Bur-
zyanian, Lower Riphean (Ai, Satka, and Bakal For-
mations (Fm.); (2) Yurmatian, Middle Riphean
(Mashak, Zigalga, Zigazino-Komara, Avzyan Fm.); (3)
Karatavian, Late Riphean (Zilmerdak, Katav, Inser,
Minyar, Uk Fm.); (4) Arshinian, Uppermost Riphean
[Krasnobaev et al, 2012]. These groups represent
the transgressive cycles of sedimentation, separated
from each other by stratigraphic gaps. The basal parts
of the cycles are coarse-grained; volcanics are present
at the base of the Burzyanian and Yurmatian (see be-
low); the upper parts of the cycles are composed of
clay-carbonate rocks [Stratotype of the Riphean..., 1983;
Parnachev, 1981; Maslov et al, 1997; Maslov, 2004;
Puchkov, 2010].

The Vendian deposits lie on the Riphean ones with
an unconformity. The Vendian deposits are represen-
ted by the Asha group (terrigenous rocks), subdivided
into seven formations. The interval of their generation
is 618-547.6 Ma [Grazhdankin et al, 2011; Levashova et
al, 2013].

The Paleozoic deposits are developed in the sin-
clines (Yuryuzan, and Tyrlyan) in the eastern BMA. On
the BMA western slope, the Paleozoic deposits overlie
the Vendian sequences with a parallel unconformity.
The Ordovician sandstones and the Silurian shales lie
unconformably on the deformed Middle-Late Riphean
rocks.

According to the data on the regional stratigraphy,
lithology and tectonics, the EEP eastern margin deve-
loped as a passive margin during the Riphean - Early
Vendian, with several episodes of rifting and subse-
quent formation of well-known supra-rift depressions.
The types of sedimentary basins varied with time. The
intracratonic basin developed in the Lower and Middle
Riphean and was transformed in the Late Riphean into
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a pericratonic basin, from the western slope of the
Urals through the Timan ridge to the Kola Peninsula
[Maslov et al, 1997]. In the Late Vendian, there was a
deep foreland basin filled with molassa [Puchkov, 2013]
from the beginning of the Timan activity in the east.
According to the recent datings of detritic zircons
[Kuznetsov et al., 2014], the detritic material began to
transport from the Pre-Uralian-Timan orogen to the
Mezen’ sedimentary basin only in the Early Cambrian.
It means the start of the Timan orogenic process. Be-
fore that event, the Timan edge of the Baltica continent
developed as a passive margin.

In the Early Paleozoic, there was a shelf basin in the
east of EEP. The positions of the sedimentary sequen-
ces (from the Ordovician to Devonian) in the geological
section suggest at the basin’s extension in the western
direction [Puchkov, 2010; etc.].

The BMA magmatic formations are concentrated in
its eastern part. The Riphean stage includes the Early
Riphean subalkaline basalts of the Ai Fm. (western
BMA, 1752+18 Ma) [Krasnobaev et al, 2013; Tevelev et
al, 2014], and the Middle Riphean subalkaline rhyolite-
basalts of the Mashak Fm (east of BMA, 1380-1350 Ma)
[Parnachev, 1981; Puchkov et al, 2013]. The swarms of
basic dikes in different parts of BMA, the Berdyaush
and Akhmerovo massifs, the gabbro-granitoid intru-
sions of the Kusa group, and the Sibirka trachybasalts
are comagmatic with basalts of the Mashak Fm. All the-
se objects are considered below. During the Uppermost
Riphean (728-700 Ma), the metabasalts of the Arsha
group (Igonino suite), Barangulovo and Mazara gab-
bro-granite massifs were formed [Kuznetsov, 2009;
Krasnobaev et al, 2015]. The petrogeochemical features
of the Riphean magmatic rocks show their generation
in the continental rifting setting at the eastern margin
of EEP.

The age of zircons from the ash layer (molassa,
Late Vendian) is 548.2+7.6 Ma [Grazhdankin et al,
2011]).The age of granite gneisses from the Jurma com-
plex in the east of BMA is 540-510 Ma [Shardakova,
2016]. In petrogeochemistry, volcanic rocks corre-
spond to riftogenic series, granitoids to A-type of gran-
ites, which have characteristics of both riftogenic and
suprasubduction series. In the eastern BMA, there are
two small granite massifs of the Paleozoic age - Semi-
bratka and Kialim (314-300 Ma) [Shardakova, 2016].
Their datings and petrogeochemistry are close to
typical early orogenic series located to the east of the
Main Uralian Fault zone and associated with the deve-
lopment of collision in the Urals.

Thus, the BMA geologic structure reflects the fea-
tures of various geodynamic settings. The Pre-Uralian
structural level (Late Precambrian, according to
[Puchkov, 2013]) reflects the evolution of the continen-
tal margin with the episodes of rifting, and the Uralian
structural level (Paleozoic) demonstrates subsequent



processes, from the further opening of the ocean to its
closure and the generation of the collision orogen.

Below we describe the types of magmatic asso-
ciations which characterize the geodynamic settings
of the early stages of the Riphean-Vendian ocean ope-
ning.

3. RESEARCH METHODS

The analyses for major and trace elements were
performed at Center Geoanalitik and the Laboratory of
Physical and Chemical Methods of Research at the In-
stitute of Geology and Geochemistry, Uralian Branch of
RAS (Ekaterinburg).

The concentrations of major elements were deter-
mined by X-ray spectroscopy XRF (VRA-30) (analysts
N.P. Berseneva and G.S. Neupokoeva). The Fe;03 and
Na;O contents and loss-on-ignition values were deter-
mined by the wet chemistry technique. Total iron is
presented as FeO.

The analytical measurements of rare and rare-earth
elements were conducted using an ElmerELAN 9000
ICP-MS spectrometer (analyst D.V. Kiseleva). The
analytical errors were 2 % for concentrations over
100 ppm and 5 % for concentrations below 10 ppm.
The Sm and Nd concentrations and isotope composi-
tions were analyzed by isotopic dilution mass spec-
trometry. The analytical errors of determination of
147Sm /144Nd and 143Nd/!144Nd ratios were 0.2 % (*20)
and 0.003 % (*20), respectively. The certified interna-
tional standards (La Jolla and BCR-2) were used to
evaluate the quality of the data obtained. The Sm-Nd
isotope data were processed using the Isoplot/Ex ver.
2.49 software to reveal the Sm-Nd isotopic evolution
[Ludwig, 2001].

Single zircon grains were analyzed at the Center of
Isotopic Researches, A.P. Karpinsky Russian Geological
Research Institute (VSEGEI, St-Petersburg) by analysts
D.V. Matukov and E.V. Lepekhina. The U-Pb analysis of
zircon grains was performed on a SHRIMP-II ion mi-
croprobe following the standard procedure [Williams,
1998].

4. RESULTS. CHEMICAL COMPOSITION AND GEOCHRONOLOGY
OF THE RIPHEAN IGNEOUS COMPLEXES OF BMA

The data on the geology, chemical compositions and
ages of most of the Precambrian igneous complexes of
the BMA are shown in Figures 4 and 5, and Tables 1, 2,
and 3. First, we briefly describe the well-known objects
(Berdyaush and Akhmerovo massifs, basalts of the Ai
Fm.) to show a full picture of magmatic events. Then
the results of our investigation of the rocks of the Kusa-
Kopan group of intrusions, the Sibirka deposit, the
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Nazyam sequence, and the sill-and-dike swarms are
presented in detail.

Early Riphean stage. Basalts of the Ai formation
are the most ancient igneous rocks of this stage in the
study area; 1752+18 Ma [Krasnobaev et al, 2013].
Their chemical composition indicate [Parnachev, 1981;
Ernst et al, 2006; etc] relatively high alkalinity
of rocks, which are characterized by K>0 3-6 %, TiO»
2-3 %, P20s5 up to 0.70 % contents, as well as a sharp
prevalence of light rare-earth elements (LREE) over
heavy rare-earth elements (HREE) (see Table 1). Ac-
cording to the contents and ratios of trace elements,
the trachybasalts of the Ai Fm. are close to ocean island
basalts (OIB-type).

Middle Riphean stage. The Berdyaush granite
massif. The Berdyaush massif is located near the epon-
ymous railway station, to the east of the Kusa-Kopan
cluster of intrusions. From the east, the massif is
bounded by a fault zone; in the west, it intruded the
Lower Riphean metasediments of the Satka Fm. The
core of the Berdyaush massif is represented by sye-
nodiorites and syenites containing gabbro xenoliths, as
well as by the bodies of nepheline syenite; a peripheral
zone of the massif is composed of granosyenites and
rapakivi granites. The latter are related to A-granites
formed during extension. The Berdyaush pluton is
composed of typical intraplate rift-related series of the
BMA. It is described in detail by many authors [Popov
et al, 2002; Krasnobaev et al, 2011; Puchkov, 2013;
Shardakova, 2016; Ronkin et al., 2016; etc.].

The gabbroids of the Berdyaush massif are very
specific. According to the contents of HFSE (Nb, Ta, Y,
Hf, and Zr), La/Yb, Nb/Zr, and Y/Zr ratios (Figs 5,
and 6), they are similar to subalkaline dikes cutting
the Lower Proterozoic rocks of the Alexandrovsk-
Akhtensk metamorphic complex (see below). Appa-
rently, such rocks are related to a more enriched man-
tle source.

The following ages were obtained for different
rocks of the Berdyaush pluton: 1388 Ma (gabbroids),
1372 Ma (quartz syenite porphyry), 1388-1354 Ma
(rapakivi granites), and 1373-1368 Ma (nepheline sye-
nite) [Krasnobaev et al, 2011; Ronkin et al, 2006; etc.].
These datings lie in the age range of formation of the
Kusa-Kopan gabbro-granite complex and determine
the lower age boundary of the Middle Riphean in BMA.
The eNd value for rapakivi granites ranges from -5.0 to
-7.3 and indicates a significant role of the crustal com-
ponent in a melt source [Larin, 2011]. As for gabbro,
the presence of depleted mantle material (Is,=0.7032)
in the substrate is suggested [Gorozhanin, 1998].

The Akhmerovo granite massif is located in the
eastern edge of BMA among the Lower Riphean
metasedimentary rocks and confined to the core of the
Beloretsk structure. The Akhmerovo granites have high
contents of FeO and TiO, the total REE >300 ppm,
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Fig. 4. Harker diagrams for gabbroids and dike rocks from BMA.

1-3 - gabbro from: 1 - Kusa-Kopan intrusion, 2 - borehole no. 2 (in the deep eastern part of the Kusa gabbro massif), 3 - Berdyaush plu-
ton; 4-7 - dolerite dikes in: 4 - granites of the Gubenka massif, 5 - gabbro of the Kusa-Kopan intrusion, 6 - carbonate rocks of the Satka

and Bakal Fms; 7 - metamorphic rocks of the Akhtensk block.

Puc. 4. Juarpammsbl Xapkepa A5 rab6pouI0B U JaUKOBBIX mopoa BMA.

1-3 - ra66po u3s: 1 - Kycuncko-Komnanckoit HHTpy3uy, 2 - cKB. 2 (B 3anmagHoi yactu Kycunckoro maccuBa ra66po), 3 - Bepasymckoro
IUIYTOHA; 4-7 — fAalKU I0JIEPUTOB, CeKylre: 4 — rpaHUTHI ['yGeHCKOro MaccuBa, 5 - ra66po KycuHcko-KonmaHckoi HHTpy3uy, 6 — Kap6o-
HaTHbIE MOPO/bI CATKMHCKON 1 6aKalbCKOH CBUT; 7 — MeTaMopdHyecKHe MopoAbl AXTEHCKOro 6J10Ka.

La/Yb 5-11, and Eu/Eu* <1. These features and the
distribution of other trace elements (Sr, Nb, and Zr) are
similar to those of rhyolites of the Mashak Fm. and
granites of the Berdyaush pluton, indicating a within-
plate setting. The geology details and the chemical
composition are described in [Puchkov, 2012; Sharda-
kova, 2016; etc.].

The SHRIMP-2 zircon age of granites of the Akh-
merovo granite massif is 1381 + 23 Ma [Krasnobaev et
al, 2008]. The U-Pb (CA-ID-TIMS) zircon age of
metabasalts and rhyolites of the Mashak Fm. is nearly
the same, 1380-1385 Ma.
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The Kusa-Kopan group of gabbro-granite intru-
sions. This group of intrusions occurs as a 2-5 km wide
NE-striking zone that is traced for a distance of about
80 km in the BMA northeastern part to the west and
then to the south-west from the town of Zlatoust in the
Southern Urals.

The Middle Riphean gabbro-granite intrusions in
BMA are confined to a few faults (see Figs. 2, 3). The
largest and easternmost Zyuratkul-Karatash (ZK) fault
comprises layered gabbroids (from south to north:
the Matkal, Kopan, Medvedevka and Kusa massifs)
and overlapping (from the east) the Ryabinovka and
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Fig. 5. Diagram of trace-element ratios for the rocks from BMA.

1-7 - see the legend in Fig. 3. OC and CC - compositions of the oceanic and continental types of crust, respectively.

Puc. 5. /luarpaMMbl COOTHOLIEHUH peJIKHX 3JIeMEHTOB B mopojax BMA.

1-7 - o6o3HaueHUs cM. B noAnucH K puc. 3. OC u CC - TOYKU CpeJHUX COCTAaBOB OKEAHUYECKONW U KOHTHHEHTAJIbHOU KOPBI, COOTBET-
CTBEHHO.
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Table 1.Contents of major (wt %) and trace (ppm) elements in the representative samples of basalts from BMA

Ta6anunma 1. CoaepxkaHMs NeTPOreHHbIX (Mac. %) ¥ paccessHHbIX 3JIEMEHTOB (ppm) B IpeACTaBUTE/IbHBIX

oGpasnax 6a3ajabToB BMA

No. 1 2 3 4 5 6 7 8 9
Sample 05-05 05-07 18-01 19-03 24 (C3K-51) 2 3 Ks-399 ChG-1
Si02 47.60 49.70 49.10 48.60 50.10 57.20 52.60 52.10 46.30
TiO2 2.60 2.60 1.90 1.40 1.40 2.00 0.60 1.30 1.10
Alz03 14.90 13.40 12.20 13.10 13.50 7.70 13.70 11.80 14.90
Fe203" 14.70 14.80 15.60 14.40 13.40 9.00 3.80 15.80 12.90
MnO 0.10 0.20 0.20 0.20 0.20 0.40 0.20 0.20 0.30
MgO 4.80 4.10 5.60 7.00 6.00 3.10 0.60 5.60 9.20
Ca0 6.30 6.20 8.90 8.10 8.50 8.10 10.10 8.40 11.90
Naz0 3.30 2.50 2.70 3.60 3.00 7.30 11.90 2.50 2.00
K20 0.90 2.60 0.30 0.00 0.00 0.80 0.00 0.10 0.30
P20s 0.70 0.80 0.20 0.20 0.10 2.80 1.10 0.10 0.20
LOI 3.10 3.00 2.10 2.40 3.20 1.80 5.70 1.40 1.00
Total 98.90 99.70 98.90 99.00 99.30 100.10 100.20 99.50 100.10
Rb 14.00 46.00 9.00 2.00 1.00 46.20 2.00 1.90 4.70
Sr 597.00 682.00 157.00 165.00 184.00 3414.00 350.40 95.30 55.60
Ba 959.00 1550.00 64.00 61.00 9.00 70.60 60.10 17.60 83.10
\' 231.00 228.00 411.00 355.00 327.00 102.00 5.20 283.90 190.50
Cr 58.00 51.00 67.00 137.00 95.00 164.40 127.30 218.50 124.10
Co 41.00 42.00 54.00 61.00 38.00 11.60 7.70 50.40 70.10
Ni 62.00 39.00 66.00 84.00 56.00 58.20 6.90 97.70 132.60
Cu 27.00 38.00 130.00 228.00 165.00 51.10 16.30 23.40 366.50
Zn 134.00 145.00 134.00 161.00 106.00 760.80 797.50 88.70 240.10
Ga 23.00 24.00 22.00 22.00 18.00 60.30 33.80 15.80 16.00
Y 30.00 30.00 33.00 28.00 25.00 41.60 60.70 27.20 10.50
Nb 16.00 17.00 16.00 10.00 9.00 344.70 753.30 5.80 0.50
Ta 0.90 0.90 0.60 0.50 0.50 23.50 31.10 0.30 0.10
Zr 182.00 205.00 137.00 108.00 92.00 136.90 562.00 28.10 4.70
Hf 4.70 5.20 4.00 3.10 2.80 3.10 14.40 0.80 0.20

U 0.50 0.70 0.40 0.30 0.30 4.80 20.80 0.20 0.10
Th 2.50 3.40 1.80 1.30 1.40 903.70 44.40 0.80 0.20
La 36.70 48.50 14.30 14.30 11.90 551.60 92.80 6.20 3.20
Ce 82.00 105.00 33.00 32.00 26.80 992.50 228.70 15.30 8.90
Pr 10.00 12.10 4.30 4.00 3.30 93.50 34.60 2.20 1.20
Nd 42.00 51.70 19.20 17.70 14.80 273.60 119.40 10.60 5.50
Sm 8.40 9.90 5.00 4.10 3.80 48.10 25.30 3.00 1.50
Eu 2.90 3.30 1.70 1.40 1.40 12.10 6.70 1.00 0.80
Gd 7.70 8.40 5.90 4.70 4.30 35.10 19.60 3.70 1.90
Tb 1.20 12.00 1.00 0.80 0.80 3.30 2.90 0.60 0.30
Dy 5.90 6.40 6.20 5.10 4.70 13.00 16.40 4.30 2.20
Ho 1.10 1.20 1.20 1.00 0.90 1.80 2.80 0.90 0.50
Er 3.10 3.50 3.70 3.10 2.80 3.90 6.70 2.70 1.40
Tm 0.40 0.50 0.60 0.50 0.40 0.50 0.80 0.40 0.20
Yb 2.80 2.90 3.60 3.00 2.70 3.60 4.10 2.60 1.40
Lu 0.40 0.40 0.50 0.40 0.40 0.50 0.50 0.40 0.20

N o t e. 1-7 - basalts: 1-2 - Ai Fm, 3-5 - Mashak Fm, 6-7 - Sibirka deposit; 8-9 - Nazyam amphybolites (metabasalts). * - Total Fe as Fe20s.

[IpuMedanue. 1-7 - 6a3anbThl: 1-2 - alickas cBUTA, 3-5 — Mallakckasi CBUTa, 6-7 — MecTopoxkaeHne CuOUpKa; 8-9 — Ha3sIMCKHe aM-

¢dubosuThl (MeTaba3aabThl). * — Bce KeJie30 npuBeieHo B popMe Fez03.

Gubenka granite massifs with distinct tectonic contacts,
constituting the Kusa-Kopan gabbro-granite group.
The results of chemical analysis for the Kusa-Kopan
group are given in Table 2. Gabbroids are characterized
by a smaller SiO; content in contrast to all other Middle
Riphean mafic rocks. This is reflected in slightly higher
MgO and CaO contents, low contents of K0, Rb, as well
as most of highly charged elements, such as Nb, Ta, Zr,
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Hf, Y (Figs. 4, 5). A specific group of rocks is represen-
ted by ilmenite-bearing gabbro-norites penetrated by
borehole no. 2 located to the east of the Kusa deposit.
This type of gabbro-norite is characterized by high con-
tents of Nb and Ta, while, according to the concentra-
tions of other incompatible elements, it is close to other
gabbroids of the Kusa-Kopan group. A high V content
in all the gabbro is due to accumulation of V-rich
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Table 2.Contentof major (wt %) and trace (ppm) elements in the representative samples of gabbro and granites

from BMA

Ta6anunma 2.CoaepkaHMs NeTPOreHHbIX (Mac. %) M paccessHHbIX 3JIEMEHTOB (ppm) B IpPeACTaBUTE/IbHBIX

oGpasnax ra66po u rpaiuToB BMA

No. 1 2 3 4 5 6 7 8 9
Sample 556 332 192 423 324 326 199 1 4
Si02 40.70 44.70 47.71 71.38 72.44 73.06 74.28 71.01 72.34
TiO2 4.21 5.20 2.90 0.48 0.37 0.36 0.33 0.40 0.40
Alz03 9.95 12.93 12.93 13.58 12.40 13.34 11.66 12.54 12.29
Fe203 13.74 5.54 10.51 4.32 3.87 2.51 3.68 n.d. n.d.
FeO 11.00 9.37 7.28 1.20 0.62 0.24 0.71 4.32* 4.26*
MnO 0.20 0.18 0.36 0.13 0.08 0.07 0.06 0.07 0.05
MgO 6.04 5.65 1.70 1.23 0.55 0.34 0.85 0.83 0.56
Ca0 10.13 11.26 6.90 0.21 1.36 0.87 0.40 0.25 0.16
Naz0 1.50 2.35 3.69 2.50 243 2.45 2.77 4.20 4.20
K20 0.25 0.42 1.20 3.03 4.06 591 4.50 5.12 5.06
P20s 0.13 0.24 0.72 0.07 0.03 0.02 0.03 0.04 0.06
LOI 2.30 1.81 3.50 1.20 1.47 1.09 0.41 0.00 0.90
Total 100.16 99.65 99.39 99.33 99.67 100.26 99.69 98.80 99.39
Rb 4.98 8.00 26.80 76.21 72.38 70.39 44.79 125.44 88.74
Sr 352.23 390.85 638.04 43.02 22.24 17.23 29.46 67.58 52.26
Ba 204.78 239.80 1235.2 1205.3 1093.8 2387.8 2751.7 973.08 986.06
\' 1106.98 308.51 60.64 6.76 2.62 32.00 2.17 10.23 12.54
Cr 438.48 11.02 6.44 159 2.90 235 1.98 664.01 431.57
Co 76.68 38.66 16.50 2.24 0.58 n.d. 0.8 4.28 2.96
Ni 123.00 8.66 4.69 8.32 1.99 n.d. 2.19 23.74 16.62
Cu 142.24 2490 19.48 22.24 3.19 n.d. 4.60 19.96 34.61
Zn 158.96 82.16 212.81 92.76 44.77 n.d. 23.96 64.61 53.36
Ga 22.36 14.56 24.86 19.77 21.42 n.d. 22.10 20.77 21.13
Y 16.11 12.70 3391 51.44 83.62 50.11 75.37 30.65 33.61
Nb 5.36 1.15 14.55 73.03 87.68 89.81 63.34 48.69 50.61
Ta 0.35 0.03 0.36 4.48 6.56 3.82 4.76 0.97 1.05
Zr 32.40 43.83 114.06 596.01 337.76 901.60 631.71 250.25 207.02
Hf 1.21 1.08 2.61 14.98 10.02 13.53 15.46 8.41 7.17
Th 0.28 0.34 1.37 12.25 9.91 8.19 9.61 14.64 16.60
U 0.53 0.08 0.30 2.05 191 1.81 1.94 2.19 2.54
La 7.92 7.04 24.76 63.93 75.62 41.07 140.51 20.99 60.32
Ce 17.65 16.65 56.60 175.41 167.44 53.19 155.82 79.33 137.32
Pr 2.51 213 7.72 16.43 16.27 10.98 24.22 4.90 19.45
Nd 11.30 11.57 35.80 61.80 83.21 48.87 115.99 18.50 69.53
Sm 2.96 291 8.18 10.39 16.17 9.35 19.86 3.68 11.39
Eu 1.18 1.03 4.81 1.71 3.29 2.47 3.94 0.61 1.67
Gd 3.08 2.79 7.32 791 11.87 8.77 15.70 3.79 10.15
Tb 0.52 0.44 1.07 1.28 2.42 1.31 2.47 0.67 1.26
Dy 3.14 2.31 5.89 7.97 14.82 7.94 15.38 4.92 7.69
Ho 0.63 0.56 1.16 1.78 3.60 1.86 3.26 1.12 1.46
Er 1.65 1.31 3.04 5.85 8.17 5.77 6.99 3.52 3.99
Tm 0.22 0.15 0.38 0.99 1.18 0.86 1.19 0.56 0.59
Yb 1.36 1.19 2.48 6.93 8.92 5.40 8.44 4.00 4.01
Lu 0.19 0.16 0.38 1.04 1.04 0.90 1.00 0.64 0.59

N o t e. 1-4 - Kopan massif: 1 - gabbro-norite, 2-3 - hornblende gabbro; 4-7 - granites of the Ryabinovka massif; 8-9 - granites of the
Akhmerovo massif. n.d. - not determined.

[Ipumeduadue. 1-4 - KonaHckuit maccuB: 1 - ra66po, 2-3 - ampubos10Boe ra66po; 4-7 - rpaHuThl Psa6uHOBCKOro MaccuBa; 8-9 -

TFPaHUTDbI AXMepOBCKOI‘O MaccuBa. n.d. - He onpenesidaaocChb.

magnetite and titanomagnetite ores. According to
[Fershtater et al., 2001, 2005; etc.], this is an evidence of

a high oxygen fugacity during their formation.

The granites of the Ryabinovka and Gubenka mas-
sifs have high content of Fe, Ti, total REE, and deep

negative Eu-anomaly. The geochemistry of these grani-
tes is consistent with a continental rift setting.

The gabbro-granite massifs of the Kusa-Kopan
group were formed at different depth levels. In the
north, the emplacement of Kusa and Gubenka massifs
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Table 3.Contents of major (wt %) and trace (ppm) elements in the representative samples of rocks from the mafic

sill-and-dike complex of BMA

Ta6anuna 3.CoaepkaHMs NeTPOreHHbIX (Mac. %) ¥ paccesiHHbIX (PPM) 3/1eMEHTOB B NpeCTaBUTEJILHBIX 06pa3nax
6a3MTOB CHJIVIOBO-JaifKOBOTro KoMIjiekca BMA

No. 1 2 3 4 5 6 7 8 9

523 531 540 181 B3 155 314 171 319
Si02 48.68 45.10 48.20 47.53 43.58 47.71 46.68 51.19 46.66
TiO2 3.03 2.47 1.57 3.25 1.71 2.18 2.02 2.51 1.21
Alz03 11.11 14.58 10.93 10.11 8.83 10.84 10.82 10.83 12.47
Fe203 7.73 4.27 4.7 3.05 6.96 10.74 10.84 3.27 8.85
FeO 8.70 9.60 11.10 15.26 9.10 6.94 7.85 12.48 9.37
MnO 0.21 0.09 0.17 0.22 0.21 0.26 0.31 0.21 0.16
MgO 5.92 6.13 5.94 4.44 13.07 4.49 5.52 3.88 5.94
CaO 7.21 5.20 8.79 9.76 9.92 9.54 7.58 8.62 10.17
Naz0 2.70 2.40 2.5 2.55 1.85 3.39 1.20 3.69 2.27
K20 2.57 2.84 2.34 0.89 0.60 1.59 4.67 0.27 0.23
P20s 0.36 0.48 0.20 0.42 0.28 0.26 0.25 0.31 0.09
LOI 2.06 7.50 2.55 1.98 3.54 1.76 1.96 1.64 1.7
Total 100.28 100.66 98.97 99.46 99.66 99.70 99.71 98.9 99.13
Li 15.01 31.13 37.76 n.d. 73.52 n.d. n.d. n.d. n.d.
Rb 71.03 54.05 58.06 22.38 23.43 42.51 172.93 2.31 0.94
Cs 1.92 1.98 2.81 0.96 0.75 0.50 2.35 0.04 0.01
Sr 344.5 87.90 225.70 2211 241.00 281.70 132.90 167.00 241.60
Ba 515.9 1616.6 259.20 209.7 213.30 494.80 983.90 67.00 127.30
Sc 2211 22.36 45.79 37.72 33.76 n.d. n.d. n.d. n.d.
\' 341.00 199.80 406.10 460.00 286.00 361.00 379.00 482.00 240.00
Cr 614.30 58.90 166.30 107.50 1411.70 430.00 230.00 405.00 312.00
Ni 171.80 22.80 81.60 74.10 414.60 n.d. n.d. n.d. n.d.
Cu 29.70 67.80 166.30 182.30 74.20 n.d. n.d. n.d. n.d.
Zn 191.6 120.20 138.90 152.00 220.40 n.d. n.d. n.d. n.d.
Y 30.22 29.64 29.29 52.58 23.73 40.21 46.43 47.52 14.16
Nb 20.00 43.59 8.70 21.00 15.92 13.00 14.28 17.09 3.30
Ta 1.41 2.76 0.63 0.64 1.09 12.67 0.72 0.93 0.25
Zr 15.90 209.70 86.40 31.00 112.90 129.00 262.00 464.20 115.60
Hf 0.75 5.20 2.42 1.05 2.97 2.99 3.92 6.26 1.99
Pb 8.90 0.94 6.88 3.02 27.22 8.09 33.13 341 3.14
U 0.74 1.12 0.27 0.68 0.36 1.66 2.07 1.70 1.00
Th 4.44 4.69 1.11 2.75 1.61 9.02 4.87 9.84 3.70
La 43.17 51.63 13.03 23.51 23.38 13.00 20.10 16.78 3.02
Ce 89.59 104.29 29.12 58.50 40.54 34.72 100.87 38.35 18.83
Pr 11.84 12.65 4.08 7.67 6.42 5.01 6.79 521 1.31
Nd 48.14 48.97 17.52 33.75 27.11 25.9 34.17 26.43 7.50
Sm 9.48 8.61 4.40 8.55 5.48 6.28 8.01 5.80 212
Eu 2.66 2.53 1.44 2.22 1.72 1.87 2.33 1.66 0.62
Gd 791 7.27 4.53 9.14 5.13 7.34 9.50 7.67 2.68
Tb 1.15 1.11 0.78 1.44 0.74 1.15 1.34 1.26 0.43
Dy 6.24 5.77 5.01 8.35 4.20 6.34 7.37 7.21 2.57
Ho 1.14 1.13 1.10 1.82 0.83 1.31 1.55 1.60 0.54
Er 2.77 2.92 2.97 4.77 2.05 3.77 4.50 4.68 1.57
Tm 0.38 0.44 0.45 0.63 0.29 0.54 0.66 0.69 0.23
Yb 2.33 2.77 2.68 3.97 1.72 3.17 3.88 4.27 1.38
Lu 0.31 0.44 0.37 0.53 0.27 n.d. n.d. n.d. n.d.

N o t e. Dykes from: 1-2 - Akhtensk complex; 3-4 - Satka Fm; 5 - Berdyaush massif; 6-7 - Gubenka massif; 8 - Medvedevka massif; 9 -

Kopan massif. n.d. - not determined.

[Ipuw™medyaHHu e Jailku B nopojiax: 1-2 - axTEHCKOT0 KOMILJIEKCA; 3—-4 CaTKUHCKOU CBUTHI; 5 — Bepasiylickoro maccuBa; 6-7 - I'y6en-
CKoro MaccuBa; 8 - MejBe/ieBcKkoro MaccuBa; 9 — Konanckoro maccuBa. n.d. — He onpe/ieisijioch.

occurred under conditions of abyssal depth facies at the
pressures of 6-8 kbar and more. In the south, the total
and fluid pressure during formation of less deep gabbro
and granitoid intrusions (Kopan and Ryabinovka mas-
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sifs) was reduced to 1-3 kbar. A total difference in the
formation depth between gabbro-granite intrusions in
the north and south of the Kuvash graben and the ZK
fault is up to ~20 km [Fershtater et al.,, 2001, 2005].



The Kusa-Kopan group of intrusions has been re-
cently studied in great detail using the isotope method
[Kholodnov et al, 2006, 2010; Kholodnov, Shagalov, 2012;
etc.]. The isotopic age data obtained with U-Pb, Sm-Nd,
and Rb-Sr methods indicate that the ages of ore-bearing
gabbroids of the Kusa-Kopan group and the Gubenka
and Ryabinovka granite massifs overlying them in the
east, lie in the same range of 1385-1395 Ma. The Sm-Nd
age of gabbro-norites of the Kusa deposit is 1388463
Ma; that of vein-like massive magnetite-ilmenite ores of
this deposit is 1392+130 Ma. Similar Sm-Nd zircon ages
were obtained for gabbro-norites of the southern Kopan
massif and granitoids of their comagmatic Ryabinovka
massif (1385125 Ma); anorthosite from rhythmically
layered unit of ore-bearing rocks of the Medvedevka de-
posit yielded an age of 1379+8 Ma. The Rb-Sr isotopic
age data obtained for granitoids of the Ryabinovka and
Gubenka massifs are as follows: the Ryabinovka massif
(1394 Ma, 87Sr/86Sri=0.705485+0.000034); the Gubenka
massif (1388.5 Ma, 87Sr/86Sr;=0.70570+0.00012). Thus,
owing to the variety of isotope methods used, we were
able to reliably establish that gabbroids, granitoids, and
the ores of the Kusa-Kopan complex formed in a similar
age range, namely, at the beginning of the Middle Ri-
phean. A few granite porphyry dikes intruded the
Medvedevka deposit a bit later: 1353+16 Ma [Kholod-
nov, Shagalov, 2012].

Sill-and-dike complex. The study of the isotope sys-
tematics of sill-and-dike swarms, widely developed in
BMA, is problematic due to a lack of age data. Current-
ly, there are only a few reliable isotope age datings. The
U-Pb baddeleyite age of dolerites of the Main Dike of
the Bakal ore field age is 1385.3+1.4 Ma [Ernst et al,
2006]. Picrobasalts and picrites of the sill-like bodies of
the Taratash block and picrobasalts from the exocon-
tact zone of the Kusa intrusive massif have similar age
datings [Nosova et al, 2012]. In terms of geochronolo-
gy, these subvolcanic bodies were formed synchro-
nously with other Middle Riphean intrusive and vol-
canic formations of BMA.

In addition, there are younger dolerite dikes in dif-
ferent parts of BMA. For example, a swarm of sublati-
tudinal dikes crossing stratified gabbroid intrusions of
the Kusa-Kopan ore-bearing complex, elongated along
the ZK fault. Dikes in the southern shallow massifs
(Kopan and Matkal) have chilled contact zones. They
are usually not metamorphosed and represented by
fine-grained equigranular, porphyritic rocks with
ophitic texture. In the deep northern Kusa intrusion,
late dikes have no chilled zones; they often occur in en-
docontact zones and foliated and tectonically deformed
gabbro. This gives evidence that those dikes intruded
after one of the phases of tectonic deformation. Among
the granite-gneisses of the Gubenka massif, sheets of
orthoamphibolites, concordant with the surrounding
rocks, are present. All of these bodies are boudinaged
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to varying extents. Dikes in the Berdyaush massif are
represented by amphiboledolerite. They cut intrusive
rocks and enclosing deformed dolomites of the Satka
Fm. and have chilled contacts with them.

The mafic rocks of the sill-dike swarms have simi-
larities and differences in composition. A common fea-
ture of all these groups of mafic rocks is higher con-
tents of Fe, V and Ti (Table 3), which are considerably
higher than their average contents in traps and basalts
of continental rifts. According to the content of potassi-
um and incoherent trace elements (Figs. 4, 5), they are
very different and subdivided into three groups.

(I) Dike rocks, intersecting the Lower Proterozoic
rocks of the Aleksandrovsk-Akhtensk metamorphic
block are characterized by the highest contents of K,0
(up to 3 wt %), lithophilic and the highly charged trace
elements (Rb, Ba, P, Ti, Nb, Ta, La, Ce, Hf, and Zr), and
Cr, as well as high La/Yb (15-20) and low (300) K/Rb
ratios.

(I Hornblende, olivine gabbro-dolerite and dole-
rites dikes, sills of two-pyroxene gabbro in carbonate
rocks of the Satka and Bakal formations are character-
ized by lower contents of K0 (1-2.5 wt %), Rb, Ba, P,
Nb and other incoherent rare elements, a lower La/Yb
ratio (5-10) against the background of increasing K/Rb
ratio (Fig. 5).

(ITII) The latest sublatitudinal dolerite dikes cross-
cutting the intrusive rocks of the Kusa-Kopan intrusion
are characterized by a low alkalinity, low contents of
K20 (0.20-0.30 wt %), and Rb, Cs, Ba, P, Nb, La, and Ce
(see Table 3), the lowest La/Yb ratio (2-4) at high
K/Rb ratio (1000-2000). On spidergrams (Fig. 6) the
latest dikes have sharp minimums of K, Rb, Sr, and
Zr, and positive anomalies of Sc, V, Li, and Ba. On
the chondrite-normalized REE distribution diagram
(Fig. 6), the points of dikes of this group form a unified
field with metavolcanics of the Nazyam sequence. In
contrast to the other Middle Riphean rocks, they are
characterized by the high HREE contents against the
background of low LREE contents.

There are the following isotope datings. The age
of dolerite sill at the outskirts of the Kusa town is
136019 Ma (Ar-Ar method) [Puchkov, 2012]. Accor-
ding to [Nosova et al, 2012], the low-Ti mafic rocks
(picrites and dolerites) formed in BMA somewhat later
(1320 Ma) than the high-Ti mafic rocks (1385 Ma). In
addition, there is the only Sm-Nd isochron age dating
(1291+67 Ma) obtained for picrites of the Ishlya com-
plex (i.e. the central part of the BMA) [Sazonova et al,
2011].

Thus, the above isotopic age data suggest that the
gabbro-granitoid intrusions and several crosscutting
dikes formed almost synchronously with the bimodal
basalt-rhyolite volcanism at the Mashak complex. The
magnesite deposits formed in the Lower Riphean de-
posits of the Satka Fm. (1380+14 Ma, U-Pb method)
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[Ovchinnikova et al, 2014]. All these igneous and meta-
somatic rocks recorded episodes of rifting during the
Mashak event in their composition and textural-struc-
tural features [Maslov et al, 1997].

Trachybasalts and andesitic basalts of the Sibirka
deposit. The Sibirka rare metal deposit is located on
the left bank of the Satka River, near the Sibirka village
(Chelyabinsk Region). Despite the deposit containing
the mineable contents of Nb, Ta, Zr, Th, and Mo, it is
assigned to a noncommercial type due to poor ore
washability. It is confined to a small circular volcanic
structure in a feathering fault associated with the
ZK fault. The ore-bearing rocks are feldspathic, feld-
spathoid-feldspathic, and carbonatite metasomatic
rocks developed after basaltic trachyandesites. Some-
times, the latter look like eruptive breccia and contain
xenoliths of felsic rocks which are similar in mineral
and chemical composition to granites of the Ryabinov-
ka massif, located north-east, also in the fault zone.
The central part of the volcanic structure is occupied
by more siliceous rocks, namely biotite-microcline sy-
enites (often albitized, hematitized, and silicified)
which are attributed to the end members of magmatic
series.
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Fig. 6. MORB- and chondrite-normalized [Sun, 1982] REE-
patterns for the Mesoproterozoic rocks from BMA.

The numbers on the diagrams correspond to those in Fig. 4.
Nazyam metabasalts and the youngest dikes crosscutting the
gabbro of the Kusa-Kopan group are shown as a separate field in
the lower figure.

Puc. 6. HopmuposanHoe o BCOX u xouaputy [Sun, 1982]
pacnpejiesieHle peJIKUX 3JeEMEHTOB B Me30IpOTepo30ii-
ckux nopogax bMA.

Homepa cM. Ha puc. 4. OTAe/NbHBIM [10JIEM B HH)XKHEH YacTH pH-
CyHKa IOKa3aHbl Ha3sMCKHe MeTabasaJbThl U CaMble MOJIOJbIe
Jlaiiky, cekyine ra6po Kycuncko-KonaHckoi UHTpPY3UU.

Alkaline metasomatic rocks contain biotite, aegerine,
alkaline amphibole, and hematite; there is a metasoma-
tic zoning in the distribution of minerals. The fine-
grained rare-metal mineralization (columbite, pyro-
chlore, Nb-aeschynite, molybdenite, thorite, etc.) is asso-
ciated with the metasomatic rocks resulting from hydro-
thermal-metasomatic alteration of volcanic rocks which
intruded the sedimentary rocks of the Bakal and Satka
Formations. The data on the composition, structure, and
mineralogy of ores are given in [Zoloev et al., 2004].

The Sibirka trachybasalts and basalts are ascribed
to a specific petrogeochemical type of the BMA rocks.
They are characterized by the highest contents of alka-
lis (K and Na), Ti, P and some trace elements (Nb, Ta, U,
Th, TR, Zr) (see Table 1). The cause of these petro-
chemical features is probably geochemical specifics of
the parental magma, complex mechanism of generation
and subsequent metasomatic processes.

We have obtained new isotope-geochronological da-
ta characterizing the early development period of the
Sibirka deposit. The concordant age of one of the zircon
associations extracted from the amphibole-biotite
granite xenolith in trachybasaltic eruptive breccia is
1354+7 Ma [Shagalov et al, 2014] that corresponds to
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Table 4.Sm-Ndisotopic compositions of the rocks sampled from the Sibirka deposit and the adjacent

intrusive complexes

Ta6.uima 4. U3oTonuslii coctaB Sm u Nd B mopojax MecTopoxkgeHus CHGUPKa U CONYTCTBYIOLINX HHTPY3UBHBIX

KOMIIJIEKCOB
No. Sm, ppm Nd, ppm 147Sm /144Nd *+20, % 143Nd/144Nd *+20, % eNd (T)* T-DM
Sib-1 163.18 1455.33 0.06779 0.010 0.511630 0.000852 2.8 1437
Sib-2 47.77 372.96 0.07743 0.025 0.511824 0.001454 49 1316
Sib-3 25.70 125.66 0.12366 0.007 0.512196 0.000903 4.1 1366
Sib-4 11.59 66.71 0.10501 0.009 0.511956 0.001162 2.7 1475
Sib-5 18.43 109.35 0.10192 0.010 0.511994 0.001444 4.0 1377
Sib-6 52.99 269.09 0.11905 0.008 0.512147 0.001161 4.0 1379
Sib-7 40.02 187.14 0.12930 0.006 0.512178 0.001053 2.8 1502
Sib-8 76.31 415.02 0.11116 0.010 0.512011 0.000896 2.7 1483
Sib-9 5.87 32.03 0.11081 0.017 0.512036 0.004614 3.2 1437
Sib-10/2 16.86 91.80 0.11101 0.006 0.511796 0.001205 -1.5 1821
Sib-10/3 12.52 64.38 0.11754 0.005 0.512147 0.000700 1.1 1634
Sib-10/6 8.89 46.25 0.11624 0.011 0.511985 0.002126 -1.6 1857
Sib-10/8 13.93 73.78 0.11418 0.007 0.511838 0.000810 2.8 1479
Sib-11/1 10.63 49.16 0.13067 0.007 0.512042 0.001142 1.6 1624

N o t e. * - eNd (T) in the rocks of the Sibirka deposit was recalculated: 1360 Ma. T-DM - model age according to [De Paolo, 1981].

[IpuMedanue. *- eauunHa eNd (T) B mopojax MecTopoxjeHuss Cu6HUpKa paccyMTaHa Ha Bo3pacT 1360 muH JsieT. T-DM - Mogesnb-

HbIH Bo3pact 1o [De Paolo, 1981].

the terminal stage of the Middle Riphean granitoid
magmatism (dike cutting the Medvedevka gabbro mas-
sif) within the ZK fault.

The Sm-Nd-isotope systematics (Table 4) is charac-
terized by a number of erochronous dependencies. One
of them is characteristic of trachybasaltic volcanics
and some types of ore-bearing metasomatic rocks with
a general age 1337+150 Ma, *3Nd/!*4Nd=0.51111+
+#0.00011, MSWD=39. Trachyandesites have the high-
est eNd values (+4...+4.9) indicating their source within
the depleted mantle.The highest eNd value of syenite is
slightly lower (+1.6...+2.8). The model Nd ages of the
magmatic sources are in the range of 1316-1857 Ma.

In general, the beginning of formation of the Sibirka
polychronous deposit (1337 Ma) is in agreement (with-
in an error) with the Rb-Sr dating (132353 Ma) from
[Nosova et al., 2009] for trachybasalts of this structure.

Amphibolites (metabasalts) of the Nazyam se-
quence. These volcanic rocks are the youngest ones
cropping out in the northern Kuvash volcanic area. Un-
til now, this sequence has not been included into any
formation due to its unclear stratigraphic position.
Amphybolites form a zone in the eastern part of this
area separated by a tectonic fault zone from the rocks
of the apical part of the Gubenka granite massif, 3 km
to the NNE of the Zlatoust city. The Nazyam sequence
was named after the submeridional Nazyam (Nazma)
Ridge extending in the north of the town of Zlatoust
(more than 10 km in length), where metavolcanics of
this type were first described.

The thickness of metavolcanics in some areas of the
sequence is 0.5-1.0 km. To the east, metavolcanics are

tectonically overthrusted by the Middle Riphean quar-
tzites and schists of the Taganay Fm.

Amphibolites have a granolepidoblastic texture with
the parallel orientation of elongated minerals and are
made of almost entirely saussuritized plagioclase, al-
tered amphibole, and epidote, as well as accessory
minerals (apatite, leucoxene, and magnetite). The re-
licts of the structure and the mineral association sug-
gest that the primary rocks corresponded to basalts.
The Nazyam metabasalts, the youngest rocks of this
stage, are characterized by the lowest K content (0.10-
0.20 % K:0) and associated trace elements (Rb, Cs, Ba,
Sr, P, Nb, La, Ce, etc.) and low La/Yb ratio (2-3).

The K-Ar age of K-poor amphibole varying in the
range of 1155-1254 Ma (Table 5) was obtained for the
samples of the Nazyam metavolcanics. The dating of
1254 Ma may show the late age limit of the Nazyam
metavolcanogenic sequence formation, as well as the
age of epidote-amphibolite facies metamorphism. The
age of the primary volcanogenic substrate can be more
ancient, probably in the range of about 1250-1300 Ma.
Acording to our Sm-Nd isotopic data (eNd +3.7...+5.5)
(Table 6), the mantle component part in the source was
significant.

5. DISCUSSION. INTERPRETATION OF GEOCHEMICAL AND
ISOTOPE DATA, AND GEODYNAMIC SETTINGS
The compositions of Middle Riphean igneous rocks

and dike swarms in BMA, as well as the most typical
intra-continental rift systems worldwide are charac-
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Table 5.K-Arages of hornblende (amphibole) from metabasalts of the Nazyam mountains*

Ta6auma 5 K-Ar Bo3pact am¢pu6osia u3 MertaéasanibToB HazaMckux rop*

Sample K, % 40Ar, ng/g Age, Ma
KS 399/1(2005) 0.18 20.2 115580
19.8 1178
KS 399/2(2007) 0.17 21.6 1216+38
1254

N o t e. * - The sample was collected from the Chernaya Mountain, 8.5 km to the west of the Zlatoust city, on the watershed near the Zlato-
ust-Magnitka road. The analysis was conducted at Centre Geoanalitik, IGG UB RAS (analysts A.l. Stepanov, and B.A. Kaleganov).

[IpuMeyaHue *- o6pa3nsl oTo6panbl Ha . YepHas Ckasa, 8.5 kM 3amazHee r. 3/71aTOyCT, HAa BoJopa3jesie 613 JOPOrd 371aTOyCT—
MarnuTtka. AHanu3el BeinosiHeHbl B LIKIT «'eoananutuk» UI'T YpO PAH (ananutuku A.U. CrenanoB u b.A. KaseraHog).

teristic of the chemical composition evolution of rocks:
from early more alkaline and subalkaline ones to es-
sentially depleted in K and non-coherent lithophylic
rare elements ( see Tables 1 and 3). Separate sites of
alkaline rocks still persist in the study area (Sibirka,
Berdyaush).

In the plots of Nb/Yb versus Th/Yb (Fig. 7), the
above-described rock associations form a major field,
which is elongated along the mantle trend. Some of
them are more alkaline rocks (the Sibirka trachy-
basalts, the Berdyaush mafic rocks, and dikes in the
Aleksandrovsk-Akhtensk block) that are similar to the
enriched rocks such as OIB-type.The other rocks (bas-
alts of the Mashak Fm., gabbro-norites of the Kusa-
Kopan complex, late dikes in gabbro intrusions, dikes
in rocks of the Satka Fm.) are attributed to E-MORB.The
Nazyam amphibolites occupy the field between E-
MORB and N-MORB. All the spectra of above-described
BMA rocks in the Th/Yb-Nb/Yb coordinates closely
match the rocks of the East African Rift and the Red Sea
Rift (see Fig. 7) [Rogers, 1993; Volker et al.,, 1997; Barrat
etal, 1998; etc.].

Having analyzed the published data and our isotopic
and geochemical data on the Middle Riphean igneous
rocks of BMA, we suggest that magmatic (mantle and
crustal) sources varying in the composition could have
been involved in the rift magmatism.

The area of the lowest eNd values is marked by the
positions of the points (Fig. 8, a) of granite-rapakivi
from the Berdyaush massif and dikes in the Aleksan-
drovsk-Akhtensk block (from -5.0 to -7.3). For com-
parison, the figure shows the field of sedimentary car-
bonate of the Satka Fm. (1550 Ma) containing typical
riftogenic Satka magnesite deposits (1400 Ma)
[Krupenin et al,, 2016].

The lower right-hand part of the diagram (see Fig. 8,
a) shows the position of the rocks of the Taratash com-
plex (Archean) [Popov et al, 2002], which could be a
part of the Kuvash-Mashak structure basement.

The massive magnetite-ilmenite ores of the Kusa
deposit and the gabbro-norites of the Kopan massif
from that structure are characterized by the lowest
negative eNd values (-1.1 and -2.4, respectively). We
note that the latter ones, together with the granites of
the Ryabinovka and Gubenka massifs, have a higher
initial ratio of 87Sr/86Sr (0.7050-0.7060). Probably, the
mantle source for the rocks of the Kusa-Kopan group
was metasomatically enriched by the crustal compo-
nent. The volcanic members of the Middle Riphean
sequence (basalts of the Mashak Fm.) also belong to
the derivatives of poorly enriched mantle source
(eNd +0.6...+0.8). The €Nd values in the syenitoids of
the Sibirka deposit (about +2), the gabbro xenoliths in
the granites of the Berdyaush massif (eNd +4...+4.9)

Table 6.Sm-and Nd- isotope concentrations of metabasalts of the Nazyam mountains*

Tao6anuuma 6. U3oTonHbIi cocTaB Sm 1 Nd B MeTa6a3zasibTax HazaMmckux rop*

No. Sm, ppm Nd, ppm 147Sm /144Nd +20, % 143Nd/144Nd +20, % eNd, T T-DM
chg-1 2.56 9.09 0.17022 0.012 0.512702 0.00212 +5.5 1570
chg-2 2.16 7.51 0.17374 0.008 0.512635 0.001731 +3.7 1963

N o t e. * - Specimens was collected from the Chernaya Mountain. The analysis was conducted at Centre Geoanalitik, IGG UB RAS. Analyst

N.G. Soloshenko.

[IpuMeyaHue *-o006pasybl oTobpanbl Ha I. YepHas Ckasa. AHasu3e! BeinoJiHeHb! B LIKII «['eoananutuk» UI'T YpO PAH (aHanuTuk

H.I'. CostomeHko).
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Fig. 7. Plots of Nb/Yb versus Th/Yb [Pearce, 2008] for
magmatic rocks of BMA.

1 - mantle sequence and average composition points of the man-
tle (N-MORB, E-MORB, 0OIB) and crustal (UCC and LCC, Late and
lower continental types of crust, correspondingly) sources; RSR -
Red Sea Rift [Rogers, 1993; Volker et al., 1997]; EAR - East African
Rift [Deniel et al, 1994; Duffield et al, 1997; Barrat et al, 1998;
Lowenstern et al, 2006; Daoud et al, 2010; Teklay et al, 2010;
Field et al,, 2012; Rooney et al, 2013]; 2 - sill-and-dike swarms; 3
—amphibolites (metabasallts) of the Nazyam mountains. Letters
in circles mean the average compositions of basalts of Ai (A) and
Mashak (M) formations, trachybasalts of the Sibirka deposit (S).
The green and orange fields are gabbro-norites of the Kusa-
Kopan intrusion (KKI) and gabbro of the Berdyaush massif
(Berd), respectively.

Puc. 7. OtHowenust Nb/Yb - Th/Yb [Pearce, 2008] B mar-
MaTu4ecKux nopojax bMA.

1 - MaHTHHHas NOC/IE0BATENBHOCTb U TOYKH CPEJIHUX COCTABOB
MaHTUHHBbIX (N-MORB, E-MORB, OIB) u kopossix (UCC u LCC,
BEPXHsISl Y HW)KHSAS KOHTHHEHTAJIbHAasi KOpa, COOTBETCTBEHHO)
uctoyHukoB; RSR - Kpacnomopckuit pudTt [Rogers, 1993; Volker
et al, 1997]; EAR - BocTouHo-AdpukaHckuil pudt [Deniel et al,
1994; Duffield et al, 1997; Barrat et al, 1998; Lowenstern et al,
2006; Daoud et al, 2010; Teklay et al, 2010; Field et al, 2012;
Rooney et al, 2013]; 2 - cunnoBo-jaiikoBele pou; 3 - ambuboIU-
Tbl (MeTaba3aJbThl) HA3IMCKUX rop. ByKBbI B Kpy»KKax — Cpej-
HUE COCTaBbl 6a3ajbTOB alckoid (A) u Mawmakckoil (M) cBur,
Tpaxub6a3ajbTOB MecTopokaeHUs Cubupka (S). 3eseHbIM H
OpaHXeBbIM MOJIAMH [OKa3aHa MNO3ULUA rab6po-HopuTos Ky-
cuHcko-Konaucko# nuTpy3uu (KKI) and u ra66po Bepasymicko-
ro maccuBa (Berd), cooTBeTCTBEHHO.

indicate the participation of a depleted mantle compo-
nent in the source. Maximal eNd values (+3.7...+5.5) are
revealed for the Nazyam metabasalts. Probably, the
extension of the continental crust was the most intense
in the northern area of the Kuvash-Mashak rift struc-
ture. The small Nazyam rift was formed, its bottom de-
scended to a considerable depth, and almost complete
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break-up of the crust took place (Fig. 8, b). The mature
pre-Riphean continental crust was transformed into a
“suboceanic” type during the Lower and Middle Riphe-
an. This process was illustrated in [Karsten et al, 1997]
based on the analysis of the geochemistry of volcanic
rocks of the Mashak Fm. These facts allow us to draw
an analogy with the geodynamic conditions immediate-
ly preceding and accompanying the opening of rift
structures and the beginning of spreading, for example,
of the Afar branch of the East African Rift system. For
comparison, Fig. 7 shows the points of the average
composition of igneous rocks of the Red Sea Rift and
the Gulf of Aden. In our case, there is no full section of
the oceanic crust (or its fragments), as in the structures
noted above. The existence of the Nazyam rift-graben
was not very long. Apparently, the structure closed in
the range of 1250-1150 Ma, possibly during one of the
early stages of the Grenville activity; the nature of the
latter in the Urals was discussed in [Krupenin, 2004;
Maslov et al, 2014]. Starting from about 1200 Ma, from
the east of EEP, the primary “rift-spreading” structures
opened, and, subsequently, a large Riphean-Vendian
oceanic basin was formed.

The synchronous involvement of different magmatic
sources in the Middle Riphean riftogenic magmatism in
BMA, the enriched mantle, the significantly depleted
mantle (or with the crustal substance) seem to give evi-
dence of penetration of a mantle plume into the lower
part of the continental lithosphere, accompanied by
partial melting and contaminationof the crustal sub-
strate. The enrichment of mafic rocks with Fe and Tij,
HFSE, the presence in their composition of picrites (as
well as dolerites) in sill-dike complexes, is an addition-
al indicator that the Riphean riftogenic mafic rocks of
BMA are related to the mantle plume.

Our data support the idea of R. Ernst [Ernst, 2014]
and V. Puchkov [Puchkov, 2013] about the joint activity
of plume- and plate-tectonic processes on the edge of
the Columbia supercontinent. The rocks of the Middle
Riphean sill-and-dike swarms and theintrusive and
volcanic complexes of BMA formed a typical LIP due to
the plume influence. It is known [Barrat et al, 1998;
Puchkov, 2013; Ernst, 2014; Puchkov, 2016; etc.] that
some igneous rocks in South America, Africa and China
have a similar genesis and datings. So the members of
this LIP are globally widespread. The plume initiated
the beginning of intraplate rifting and, subsequently,
the break-up of the continental crust (Nazyam rift, see
Fig. 8, b).

For comparison, the eNd values for different in
composition and genesis gabbro-ultramafic complexes
of the eastern paleoceanic sector of the Urals, mainly
from the Main Uralian Fault zone, are shown in the left
corner of Fig. 8 (according to the literature). Then, the
volcanics and granitoids of the western paleocontinen-
tal slope of the Northern, Middle and Southern Urals
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form a separate group in the Late Riphean-Vendian age
cluster. Neoproterozoic magmatism manifested itself
along the Uralian and Timanian margins of EEP. The
Vendian datings are available for trachyriolites, grani-
toids and syenitoids [Petrov et al, 2005, Shardakova,
2016], basalts and trachybasalts (mainly high-titanium
varieties), and alkaline picrites are widespread there.
For example, in the Kvarkush-Kamennogorsk anticline,
the Cadomian (Timanian) stage of tectogenesis is evi-
denced by the rocks of Dvoretsk, Kusy’a and Blagodat-
sky complexes. Their geochemical parameters also al-
low us to assume the plume genesis [Karpukhina et al,
2001; Petrov et al, 2005; Nosova et al,, 2012; etc.].

The range of 1250-700 Ma was a prolonged and re-
latively amagmatic period in the development of the
western continental margins of the Rifean-Vendian
oceanic basin (see Fig. 8). There is a single dating in
this time interval. This is the age of the metadolerite
from the sill (1079+41 Ma [Petrov et al., 2014] intruded
by quartzite sandstones of the Isherim Fm. (Late
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Riphean). This metadolerite is considered to be derived
from substantially depleted mantle (eNd +6.57).

Magmatic rocks of this age are unknown on the
eastern slope of the Urals either. Probably, this gap cor-
responds to the stage of the most active opening of the
Riphean-Vendian oceanic basin. Apparently, magma-
tism was mainly concentrated in the structures of the
Middle Oceanic Ridge, and its traces hardly remained
due to subsequent subduction of the oceanic crust.

The weak magmatic period in the EEP margin was
completed by the Vendian-Cambrian magmatism of the
Kvarkush-Kamennogorsk anticline (671-570 Ma [Pe-
trov et al, 2005]). In BMA, there are intrusions of gra-
nites of the Barangulovo and Mazara massifs, and the
Arsha basalts dated 725-705 Ma [Kuznetsov, 2009;
Krasnobaev et al,, 2015].

The isotope-geochemical (eNd-T) and metallogenic
evolution of intrusive magmatism in the Uralian Mobile
Belt in the age range of 1400-250 Ma is schematically
shown in Fig. 9. This scheme was compiled using the

Intrusive and volcanic
complexes of BMAo 8

DM

Fe, V, Ti,(Pt?)
Nb, Ta, Zr, -
Mo, REE

Sediments, magnesites

-10+ Be, Ta, Mo and siderites of BMA
_12:
,14:

240 200 340 390 440 4%90T N?jo 500 640 690 740 7901240

1440

Fig. 9. The evolution of eNd isotope ratios during magmatic and ore-forming processes in the Middle and Southern Urals in
the age interval of 1440-240 Ma.

I (right-hand side of this figure) - massifs, Ti-Fe-V and rare-earth metal deposits of BMA; II - lherzolite complexes of the Southern Urals
(Nurali, Mindyak) and mafic rocks of the Kvarkush anticline; III - massifs and Fe-V-Ti-Pt deposits of the Uralian Platinum Belt; IV - ophi-
olitic massifs (Cr, Pt); V - island-arc associations (Cu, Zn, Au, Pb); VI - continental-margin massifs and deposits (Cu-Mo, Au-W, Fe-Ti-V),
VII - late orogenic massifs and ore-bearing complexes (Mo-W, Be-Ta-Li, etc.). DM - depleted mantle evolution trend. Green diamonds
show the positions of the Nyazam metabasalts.

Puc. 9. ameHeHue 3HaueHUH eNd B X0/le 3BOJIIOIIMK MarMaTU4YeCKUX U pyZ006pasywiux npoieccoB (CpeaHui u FOxHBIN
Ypau) B untepBasie 1440-240 MJH JIeT.

I (mpaBast yacTh pucyHka) - maccuBbl, Ti-Fe-V u pegkoMeTasnbHble MecTopoxaeHuss BMA; Il - neprosiuToBbele KoMiieKcbl KkHOTO
Ypana (Hypanu, MuHzsik) u 6asutbl KBapkyuickoro anTuk/auHopus; Il - maccuBbl u Fe-V-Ti-Pt MecTopoxzaeHust YpasibCKOro mjiaTUHO-
HocHOro nosica; IV - opuonnroseie Mmaccussl (c Cr, Pt opynenenuem); V - octpoBoay:xHble acconuanuu (Cu, Zn, Au, Pb); VI - okpannHo-
KOHTHUHEHTaJIbHble MaccuBbl U MecTopoxzaeHus (Cu-Mo, Au-W, Fe-Ti-V); VII - no3gHeoporeHHble 1 OpOTeHHbIE MAaCCUBBI U PYLOHOC-
Hble KoMIieKcbl (Mo-W, Be-Ta-Li u ap.). DM - TpeHz AenieTHpoOBaHHOH MaHTHUH. 3eJIeHBIMH pOMOaMHU MOKa3aHa MO3UIUS Ha3IMCKUX
MeTaba3aIbTOB.
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geochronological and isotopic data from more than 30
publications by Russian and foreign scientists, inclu-
ding [Karpukhina et al, 2001; Popov et al, 2002; Ronkin
et al, 2003; Petrov et al, 2005; Nosova et al, 2009;
Puchkov, 2013; Petrov et al,, 2005; etc.].

At the Riphean stage of the geodynamic evolution of
the western slope of the Urals, several successive sta-
ges of rifting destruction took place at the eastern mar-
gin of EEP.The lithospheric mantle derivatives were
depleted (Fig. 9, right-hand side; field I). As a result,
there is a gradual increase of the eNd values
(-2...+7), and a decrease in the primary 87Sr/86Sr ratio
from 0.7060 to 0.7030-0.7025. As seen from Fig. 9
(left-hand side), the depletion of lithospheric mantle
derivatives continued until the Early Paleozoic (Fields
[I-1V, the grey arrow).

Paleozoic intrusive magmatism of the Urals in the
range of 440-250 Ma is mainly attributed to sub-
duction and collision. This period is characterized by a
different evolution pattern of isotope-geochemical pa-
rameters. The eNd-values decrease from +8 to -14, and
increase in the 87Sr/86Sr primary ratio from 0.7025 to
0.710 and above. This evolution is characterized by
discontinuous changes of island arc magmatism (440-
360 Ma; field V), mantle-crustal magmatism of mar-
ginal-continental type (360-290 Ma; field VI), and the
late collisional crustal and mantle-crustal granite
magmatism (290-250 Ma; field VII).

The subsequent motion of the lithospheric plates
and transformation of the continental margins resulted
in a change of the isotopic-geochemical parameters of
the igneous rocks and related ores [Khanchuk et al,
2016]. These settings in the Southern Urals caused
formation of such specific magmatic complexes as, for
example, the Early Carboniferous Magnitogorsk gab-
bro-granite and the Early Permian Stepninsk monzodi-
orite-granite series. Their associated skarn-magnitite
ores of the Magnitogorsk and Kachar deposits have
higher eNd values (+5...+6, field VI). This trend is
shown by the Fe arrow in Fig. 9.

Regular changes in the isotopic and geochemical pa-
rameters during the closure of the Uralian paleocean
and the formation of the continental crust of the Urali-
an orogen were accompanied by synchronous changes
in the composition of endogenous mineralization as fol-
lows: Cu-pyrite, Au-Cu-porphyry and Cu-Mo porphyry
mineralization (island-arc stage) - skarn magnetite
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and Au-sulfide-quartz (with scheelite) mineralization
(continental-margin and transform-collision stages >
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etc.) resulted from the late collisional mantle-crustal
and crustal granite magmatism.

The general trend of the isotopic-geochemical evo-
lution of magmatism at different time intervals can in-
dicate the inheritance of the processes of oceanic gene-
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6. CONCLUSIONS
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