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ABSTRACT. The oceanic stage in the history of the South Urals completed in the Ordovician - Early Silurian. The Ordovician
through Devonian events in the region included the formation of an island arc in the East Ural zone from the Middle Ordovician
to Silurian; westward motion of the subduction zone in the Late Silurian - Early Devonian and the origin of a trench along the
Main Ural Fault and the Uraltau Uplift; volcanic eruptions and intrusions in the Magnitogorsk island arc system in the Devonian.
The Middle-Late Paleozoic geodynamic evolution of uralides and altaides consisted in successive alternation of subduction and
collisional settings at the continent-ocean transition. The greatest portion of volcanism in the major Magnitogorsk zone was
associated with subduction and correlated in age and patterns of massive sulfide mineralization (VMS) with Early - Middle
Devonian ore-forming events in Rudny Altai. Within-plate volcanism at the onset of volcanic cycles records the Early (D, e,) and
Middle (D,ef,) Devonian slab break off. The volcanic cycles produced, respectively, the Buribay and Upper Tanalyk complexes
with VMS mineralization in the Late Emsian; the Karamalytash complex and its age equivalents in the Late Eifelian - Early
Givetian, as well as the lower Ulutau Formation in the Givetian. Slab break off in the Late Devonian - Early Carboniferous
obstructed the Magnitogorsk island arc and supported asthenospheric diapirism. A new subduction zone dipping westward
and the Aleksandrovka island arc formed in the Late Devonian - Early Carboniferous. The Early Carboniferous collision and
another event of obstructed subduction led to a transform margin setting corresponding to postcollisional relative sliding of
plates that produced another slab tear. Postcollisional magmatism appears as alkaline gabbro-granitic intrusives with related
rich Ti-magnetite mineralization (C,). Transform faulting persisted in the Middle Carboniferous through Permian, when the
continent of Eurasia completed its consolidation. The respective metallogenic events included formation of Cu-Ni picritic
dolerites (C, ,), as well as large-scale gold and Mo-W deposits in granites (P, ,).

KEYWORDS: plate tectonics; plume tectonics; subduction; transform boundary; collision settings; island arc; magmatism;
metallogeny; mineral deposit; Urals; Altai

FUNDING: The study was supported by grants 12-05-31470, 14-05- 00747, 14-05-00712, and 14-05-20269-g from the
Russian Foundation for Basic Research and grant 15-17-10010 from the Russian Science Foundation. It was carried out as
part of several projects: ONZ-9.3, 27P of the Geoscience Department of the Russian Academy of Sciences; joint projects of the
Siberian, Ural, and Far East Branches of the Russian Academy of Sciences and the Ufa Federal Research Centre (project
12-S-5-1022, IP 77 Magmatism, Metamorphism, and Mineral Potential of Altaides and Uralides and project 79 Magmatism
and Metallogeny at Transform Plate Boundaries: Causes of Diversity and Evolution in Space and Time); Programs for Per-
formance Progress of Tomsk and Bashkirian Universities. The work was performed within the program of the state task of the
IG UFRC RAS (project 0246-2019-0078) and the state task of the IGG UB RAS (project AAAA-A18-118052590029-6).

RESEARCH ARTICLE Received: August 11, 2020
Revised: February 10, 2021
Correspondence: Alexander M. Kosarev, amkosarev@mail.ru Accepted: February 12, 2021

FOR CITATION: Kosarev A.M,, Vladimirov A.G., Khanchuk A.L, Salikhov D.N., Kholodnov V.B., Osipova T.A., Kallistov G.A., Seravkin L.B,,
Rakhimov I.R,, Shafigullina G.T., 2021. Devonian-Carboniferous magmatism and metallogeny in the South Ural accretionary-collisional
system. Geodynamics & Tectonophysics 12 (2), 365-391. doi:10.5800/GT-2021-12-2-0529

https://www.gt-crust.ru 1


https://doi.org/10.5800/GT-2021-12-2-0529
https://www.gt-crust.ru
mailto:amkosarev%40mail.ru?subject=
mailto:amkosarev%40mail.ru?subject=
https://orcid.org/0000-0003-4653-8466
https://orcid.org/0000-0001-7884-2601
https://orcid.org/0000-0001-6425-8519
https://orcid.org/0000-0003-0020-6634
https://orcid.org/0000-0003-1044-7423

Kosarev A.M. et al.: Devonian-Carboniferous magmatism... Geodynamics & Tectonophysics 2021 Volume 12 Issue 2

JIEBOH-KAMEHHOYTOJIbHbII1 MATMATH3M U OPYAEHEHHUE I0KHO-YPAJ/ILCKOH
AKKPELIMOHHO-KOJ/IJIN3UOHHOM CUCTEMbI

AM. Kocapeg?, A.T. Braagumupos?:, A.HU. Xanuyk*, .H. Canuxos?, B.B. Xos10aH0B%, T.A. Ocunosa®,
A. Kaytucros®, 1, WU.P. Paxumos’, I'T. llla¢purynimnaa’

'UHcTuTyT reosorun YOUILL PAH, 450077, Yoa, ya1. Kapsaa Mapkca, 16/2, Peciy6sinka bamikopTtoctas, Poccus

2WHcTUTYT reosioruu U MuHepasoruu uMm. B.C. Co6osieBa CO PAH, 630090, HoBocu6upck, np-t Akaziemrka KonTiora,
3, Poccusa

3Tomckul rocyapcTBeHHbIN yHUBepcuTeT, 634050 Tomck, np-T JlenuHa, 36, Poccus

* lanbHEBOCTOYHbIN reosiorndeckuil uHctutyT JIBO PAH, 690022, BraguBocTtok, np-T 100-seTus BiaguBocToka,
159, Poccusa

SUHCTUTYT reosioruu U reoxumuu uM. A.H. 3aBapuiikoro YpO PAH, 620016, EkaTepuH6ypr, y.1. AKazieMrka BoHcoBckoro,
15, Poccusa

AHHOTALIUA. 3aBeplieHre oKkeaHUYeCKOM cTaZuy Ha 0xHOM Ypasie Mpou3011JI0 B OP/LOBUK — paHHECHUJIypUIHCKOe
BpeMsl. B cpesnHeM oproBuke B BocTouHo-Ypasibckol 30He Hadasla opMUPOBATBCS CpeJHeOP0BUKCKO-CUIYpUHCKas
OCTpOBHas Ayra. B no3HeM cusype — paHHeM JileBOHe IPOU30llles] IePeCKOK 30HbI CyOAYKIIMM Ha 3anaZ, QopMUpOBaHUe
IJ1y6OKOBOAHOI0 XKes106a B 30He ['J1TaBHOI0 YpaibCKOTo pasJjioMa — Y paslTaycKoro aHTUKJINHOPUS U Haya10Cb 06pa3oBaHue
BYJIKQHO-UHTPY3UBHBIX GpopManuii MarHUTOropcKo# ocTpoBoAyHo#M cucteMbl (D -D,). B cpeanenosiHenaneo3onckom
reoJMUHaMHA4YeCKOH 3BOJIIOLMHN YpasIu/ U ajJTau/, NPoU30IIJI0 Nocae/joBaTeJlbHOe YepeZ0BaHUe CYyOAYKIIMOHHBIX U
TpaHCPOPMHO-KOJJIM3UOHHBIX 00CTAHOBOK B 30He Nepexo/ia KOHTUHEHT — okeaH. Ha l0>kHOM Ypasie ¢ cy6AyKIIMOHHOHN
06CTaHOBKOM CBsA3aH TJIaBHbIA 06'beM ByJIKaHUYECKUX acColraluid MarHuToropckoi merasonsl. B pannem (D,e,) u
cpenneM (D,ef,) neBoHe MPOM30IIIN Pa3PhIBbI C/136a, UKCUPYIOIHEC POSABIEHUAMU BHYTPUIIMTHOTO BYJIKaHU3Ma,
NIPUYPOUYEHHOI0 K Haya/IbHbIM 3TallaM PaHHEeeBOHCKOI'0 M03/JHE3IMCCKOro U No3He3ldes1bCKO-PaHHeKUBETCKOT0 KOJI-
YyelaHOHOCHBIX ByJIKAHUYECKUX LUKJIO0B. B N0o3/iHeM ZileBoHe - paHHEM Kap6oHe npou3olia 6JJ0KUpoBKa MaruuTo-
rOPCKON OCTPOBHOM AYTHU C pa3pbIiBOM cJ136a, U, KaK cle[CTBUE, — TJIaBHbIM 3Tan acTeHocdepHOro Auanupusma. Ha
py6exxe No3/jHero JieBOHa — paHHero kap6oHa cdopMupoBasach HOBasi 30Ha CyOAYKI MU 3allaiHOTO MaJleHUs U BO3-
HUKJIa AJleKCaHAPOBCKas peAyLUpoBaHHasl OCTPOBHAs Ayra. PaHHeKaMeHHOYTo/IbHasA KOJIJIU3Us U IOBTOpPHas 6JI0KU-
pOBKa Cy6/JyKLIHOHHOM 30HBI IpUBeEJIU K TpaHCHOPMHOM 06CTaHOBKe, OTBeYaBlIel NOCTKOIIM3MOHHOMY CKOJIBXKEHUIO
auTochepHbIX MJIUT, U BHOBb — K NOSIBJIEHUI0 acTeHocdepHOro okHa («slab-tear»). B aToit o6cTaHoBKe 6bL1U chOp-
MUPOBaHbl ra66PO-rpaHUTHbIE UHTPY3UBbI NOBBIIIEHHOH 111€JIOYHOCTH U CBsI3aHHbIe ¢ HUMHU Ti-Mgt MecTopoXx/jeHus
muposoro knacca (C,). TpancpopmHas reouHaMuyecKast 06CTaHOBKa 0CTaBaJlach Belylled Ha NPOTAKEHUH CPeJIHEro
Kap6OHa - IepMHU, Kor/la IpoU3o0ljia OKOHYaTe AbHas KOHcoMuAans EBpasuiickoro KOHTUHEHTa.

KJ/IIOYEBBIE CJIOBA: mjieldT-TeKTOHUKA, [IJIIOM-TEKTOHUKA, CyOAYKLMs, TpaHCPOpMHasl TpaHUIa, KOJJIM3UOHHAs
06CTaHOBKA, OCTPOBHAs [Iyra, MarMaTU3M, MeTaJ/lJIOTeHus], pyJHble MeCTOpPOX/AeHHUs, Ypas, AnTait

®UHAHCUPOBAHHUE: Pa6oTa noajep:xaHa rpaitamu 12-05-31470, 14-05-00747, 14-05-00712, 14-05-20269-r PODU
u rpaHToM 15-17-10010 PH®. BeinosiHsi1ach B paMKaxX HecKoJibKUX npoekToB: OH3-9.3, 2711 l'eosioro-reodusuyecko-
ro otzaena PAH; coBMecTHbIX poekToB CHGUpPCKOTo, Ypasibckoro u JlaibHeBocTouHOTO oTAeaeHUu PAH u Ydumckoro
denepanbHOTro UCCI0BATEAbCKOTO LleHTpa (poekT 12-C-5-1022, U1 77 «MarmaTusm, MeTaMopdr3M U MUHEPaAJIbHbIN
MOTeHLUal AITau/ioB ¥ Ypaau» U npoekTa 79 «MarmMaTU3M U MeTaJlJIOTeHUsI HAa TPaHUIaX TPaHCHOPMUPYEMBbIX MJIUT:
MPUYMHBI Pa3HOO6pPA3Ms U 3BOJIIOLIMM B IPOCTPAHCTBE U BpeMeHM»); [IporpaMMel ycneBaeMocTu ToMckoro v bamkup-
CKOr'o yHUBepcUTeTOB. PaGoTa BbIIIOJIHEHA B paMKax pOTrpaMMbl rocyapcTBeHHoro 3aganusa UI' YOI PAH (npoekTt
0246-2019-0078) u rocysapcTBeHHoro 3ajanus UI' YpO PAH (nmpoekt AAAA-A18-118052590029-6).

1. INTRODUCTION and epithermal mineralization. Meanwhile, most models

The Ural-Mongolia-Tien Shan orogenic belt is of special
interest for geoscientists being the largest transcontinen-
tal structure of Central Asia which comprises uralides and
altaides produced by the major Uralian and Altai orogenies
[Berzin et al., 1994; Sengor et al., 1993; Puchkov, 2003,
2010]. Most of controversy in the history of uralides and
altaides concerns plume tectonics [Dobretsov et al., 2010]
and its denied or overestimated role as the main cause of
magmatism and related abundant magmatic, hydrothermal,

overlook the contribution of mantle diapirism which is the
post-subduction response of the asthenosphere to plate col-
lisions and/or sliding past one another [Davies, von Blan-
ckenburg, 1995; Khain et al., 1996; Tychkov, Vladimirov,
1997]. Reliable seismic tomographic evidence of astheno-
spheric slab tears is available for Cenozoic orogens (Pacific
coasts of both Americas and eastern Eurasia, etc.), where
mantle magmatism has particular chemical and isotopic
signatures [Martynov, Khanchuk, 2013; Vladimirov et al,,
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2020]. The provinces of pre-Cenozoic magmatism, such as
the Ural-Mongolia-Tien Shan orogen, likewise accommo-
date unusual igneous rocks that formed in poorly under-
stood tectonic settings not yet interpreted in terms of plate
tectonics or plume activity. This study aims at bridging this
gap by suggesting evolution scenarios for the South Ural ac-
cretionary-collisional system and identifying geodynamic
factors responsible for the extremely rich volcanic massive
sulfide (VMS) and associated Fe, Cu-Pb-Zn, Au, Ti-Mgt, and
Cu-Ni mineralization.

2. TECTONICS AND METALLOGENY OF SOUTH URALS

The South Ural province covers an area of 500x500 km
between the East European craton in the west and the Turgay
trough in the east. Previous studies have revealed the Kraka-
Sakmar, Magnitogorsk, East-Ural, and Aleksandrovka-De-
nisovka paleovolcanic belts [Seravkin et al., 1992; Sopko,
1969; Perfil’iev, 1979; Peive et al., 1977; Romanov, 1985;
Puchkov, Ivanov, 1985; Puchkov, 1993, 2010]. The prob-
lems of the relationship between metallogeny and the deep
structure of the Southern Urals are discussed in numerous
published works [Golovanova, 2005; Anan’eva et al., 1996;
Kondiajn, 2011; Seravkin et al.,, 2001; Rilkov et al., 2013;
Puchkov, 2010; Seravkin, 2010; Kontar’, Libarova, 1997;
Zoloev et al., 2001; Berlyand, 2007]. A great achievement
of deep geology in the Urals was the identification of vol-
canic belts with oceanic, island-arc and continental types
of deep sections, as well as the elucidation of lateral varia-
tions in the thickness of the “granite” and “basalt” layers
and the layer of the crust-mantle mixture [Berlyand, 1982,
2007; Seravkin, Tsvetkova, 1982], which correlate with
the types and volumes of mineralization. The special place
occupies research V.V. Maslennikov [Maslennikov, 1999],
which result in a detailed study of the lithology and miner-
alogy of volcanogenic-sedimentary rocks and processes of
low-temperature metamorphism of massive sulfide in the
volcanic structures, to draw conclusions about the proximi-
ty of processes of forming a modern and ancient massive
sulfide deposits.

The tectonic map of the South Urals (Fig. 1) shows
additionally the Valerianovka and Borovskoe subzones of
the Kostanay basin and the Ubagan uplift within the Cen-
tral Turgay belt in order to provide more details on the
eastern margin of the Ural orogen [Teterev, 1971; Abdul-
lin, 1984].

The major Magnitogorsk zone comprises several smaller
structures: Main Ural Fault or Voznesenka-Sakmar, West
Magnitogorsk, Central Magnitogorsk, and East Magnito-
gorsk zones (Fig. 2). In the Main Ural Fault zone chromite
deposits, and in the Magnitogorsk zone VMS deposits of the
world-class, as well as numerous gold deposits and unique
iron deposits are located [Seravkin, 2010; Fershtater, 2013].
Reliable correlations (Fig. 3) and geodynamic reconstruc-
tions are possible due to biostratigraphic constraints from
conodonts for the western and eastern margins of the Mag-
nitogorsk zone [Prokin et al., 1985, 1988; Maslov etal., 1993;
Stratigraphic Schemes..., 1993; Seravkin, 1997, 2010; Se-
ravkin et al., 1992; Puchkov, 2000, 2010; Kosarev et al., 2014;

Salikhov et al, 2014; Gas’kov, 2015], together with petro-
graphic and geochemical studies of volcanites.

The Main Ural Fault zone in the western flank of the
Magnitogorsk zone, 5 to 17 km wide and about 400 km
long, consists of serpentinite mélange (see Fig. 2) with kilo-
meters-long fragments of Ordovician-Early Silurian oceanic
felsic and mafic rocks, Silurian-Devonian island arc volcanics
and volcanic-sedimentary complexes, Carboniferous lime-
stones and Carboniferous-Permian intrusives in the serpen-
tinite matrix, which coexist with serpentinite clasts in olis-
tostrome layers. In general, these complexes represent an
accretionary wedge terrane. In the west, the Voznesenka-
Sakmar zone borders the Central Ural zone (Uraltau) along
a fault dipping southeast at 30-60°. The Central Ural zone
has an antiformal structure and is composed of Proterozoic,
late Precambrian (Vendian) and Paleozoic rocks, with their
ages constrained by isotopic and fauna data [Puchkov, 1996,
2010]. It comprises a complex of high-pressure eclogites
and blueschists typical of subduction settings. The East
Magnitogorsk zone of faults and serpentinite mélange in
the eastern margin of the Magnitogorsk zone separates the
latter from the East Ural uplift (see Fig. 1).

Oceanic volcanism. Late Precambrian (Vendian) and
Paleozoic oceanic and island arc volcanics are known from
the Maksyut eclogite-blueschist complex in the Central Ural
zone and from the Sysert-Ilmen uplift in the South Urals
where metabasalts and plagiogneisses have U-Pb ages of
543446 and 590420 Ma [Krasnobaev et al.,, 1998a, 1998b;
Puchkov, 2000, 2010]. Another island arc complex of Lush-
nikovo occurs in the southern extension of the Central Ural
zone, in the Kazakhstan part of the South Urals (Ebet zone),
with a U-Pb zircon age constraint of 590 Ma obtained for
felsic volcanics [Samygin et al., 2007]. The Vendian Ebet
island arc presumably postdated a Late Proterozoic - Early
Vendian oceanic stage, which agrees with known regional
geology [Puchkov, 2010].

Oceanic rifting and volcanism in South Urals culminated
in Ordovician - Early Silurian time. Oceanic complexes of
similar ages (0,-S,) were found throughout the South Urals,
including in the Sakmar, East Ural, and Trans-Ural zones
[Perfil’ev, 1979; Puchkov, Ivanov, 1985; Puchkov, 1993]. Ba-
salts in all complexes have enriched compositions similar
to E-MORB [Seravkin et al., 1992], while N-MORB composi-
tions are known from the Polakovsky complex in the Voz-
nesenka-Sakmar zone [Semenov, 2000; Spadea et al.,, 2002].
All South Ural oceanic basalts show OIB-like signatures [Si-
monov et al., 2004].

3.ISLAND ARC VOLCANISM

The history of the South Urals included Ordovician -
Silurian and Devonian events of island arc volcanism (see
Fig. 1) that produced the East Ural paleovolcanic belt (see
Fig. 1) distinguished through reconstructions [Seravkin et
al,, 1992]. According to the materials of the “Urseis-95” seis-
mic profile, the eastern fall of the subduction zone is as-
sumed [Ermolaeva, 2001].

Ordovician - Silurian arc volcanics of the East Ural belt
are present in the northern Emanzhelinsk district as the
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Fig. 1. Simplified geology and tectonic settings of the South Urals (a). Compiled by A.M. Kosarev after [Teterev, 1971; Abdullin, 1984;
Seravkin et al., 1992; Ryazantsev et al., 2005]. (b) - a block diagram in which multidirectional arrows indicate the direction of shear
discontinuities.

1-8 - volcanic and intrusive rocks of various tectonic settings: 1 - Ordovician-Silurian tholeiitic and moderate alkaline basalts of con-
tinental rifts and oceanic islands (0-S, ), 2 - Silurian-Devonian arc basalts, basaltic andesites, and basalt-andesite-dacite-rhyolite
associations; back-arc spreading basalts (S,-D,?), 3 - Devonian arc basalts, trachybasalts, shoshonites, and basalt-rhyolite, basalt-
andesite-dacite-rhyolite, basalts, basaltic andesites, and trachybasalt-shoshonite-latite-rhyolite associations; back-arc and arc spread-
ing basalts and basalt-rhyolite associations (all D,e-D,fm), 4 - Early Carboniferous trachybasalt-trachyandesite-dacite-rhyolite asso-
ciations (C t, ,, C,t,-v,), volcaniclastics, and carbonate sediments (C,t,-C,); 5-8 - intrusive rocks: 5 - Middle-Late Devonian serpentinized
peridotites, 6 - gabbro-diorite-plagiogranite complexes, 7 - Carboniferous diorite-granodiorite intrusive complexes (C, ), 8 - Late
Paleozoic (Permian) granitoids (Pz,, P); 9 - continental blocks; 10 - zones of eclogite-blueschist metamorphism; 11-15 - predominant
types of volcanic and volcanic-sedimentary rocks of various settings: €-0, continental rifting trachybasalts (11), 0,-S, oceanic basalts
(12), 0,-S, , arc basalts, basaltic andesites, andesites, and rhyodacites; S,-D,? back-arc spreading basalts (13), D,-D, alkaline and
subalkaline arc basalts, basaltic andesites, andesites, and rhyodacites in the Magnitogorsk zone and its surroundings (14), volcanic-
sedimentary, clastic-tephroid, clastic, and carbonate sedimentary rocks of different ages (15); 16 - same, with buried ancient volcanic
complexes; 17 - within-plate magmatism; 18-20 - predominant types of intrusives in individual bodies and complexes: gabbro (18),
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diorites and quartz diorites (19) and granitoids (20); 21-22 - boundaries of zones and dip directions of tectonic sheets, with later
thrusts and oblique reverse faults, observed in geological and seismic data (21) and inferred (22); 23-24 - observed (23) and in-
ferred (24) thrusts and oblique reverse faults; 25-27 - geological boundaries: observed boundaries of zones and subzones (25), ob-
served boundaries of facies and complexes within zones (26), inferred boundaries (27); 28 - numbers of zones, subzones, and blocks:
1 - East European craton, Bashkirian Uplift; 2 - Kraka-Mednogorsk zone, Zilair Basin; 3 - Central Ural zone, Uraltau Uplift; 4 -
Magnitogorsk Basin, including Voznesenka-Sakmar zone of serpentinite mélange or Main Ural fault (4A), West Magnitogorsk zone (4B),
Central Magnitogorsk zone (4C), East Magnitogorsk zone (4D); 5 - East Ural zone, including East Ural uplift (Ural granitic axis) and
a fragment of East Ural trough (Yemanzhelinsk-Varna zone) in the northeastern part (5A), Aramil-Sukhtelinsky basin (5B), East Ural
trough, Chelyabinsk graben, and Marinovka continental block (R-Pz,?) (Marinovka complex and Dzhetygara subzone) in the south
(5C), Buruktal-Yelenovka block, a fragment of a Devonian mature arc (5D); 6 — Troitsk-Kengussay zone of the Trans-Ural uplift, with
predominant sedimentary rocks R,?-0,, including Troitsk block with rift-related volcanism (0,) (6A), Central and Southern subzones
composed of continental metasedimentary rocks (R,?-0,) with diorite (C,) and granitic (Pz,) intrusions (6B); 7 - Aleksandrovka-
Denisovka zone (0-C,), including Aleksandrovka subzone with high-Al calc-alkaline and subalkaline basalt-andesite associations (C,)
(7A), Denisovka subzone with oceanic basalts (0,-S,?), transitional arc-collisional basalt-andesite-rhyodacite associations (C,), and
clastic-tephroid deposits (D,ef-C,) (7B); 8, 9 - Kostanay trough: Valerianovka volcanoplutonic belt (8), including Valerianovka subzone
(basin) with calc-alkaline and subalkaline volcanism (D,?-C,) and skarn magnetite deposits of the Sokolovo-Sarbay belt (8A) and
Borovskoe subzone (uplift) composed mainly of sediments (C,), with minor amounts of volcanics (8B); Ubagan uplift composed of
Lower Paleozoic to Triassic schists (Pz,), volcanics and sediments (D,-C,), and ultramafics (D,-C,) (9).

Puc. 1. l'eosnoro-ctpykTypHas cxema HxHoro Ypasna (a). CocraBnena A.M. KocapeBriM Ha ocHoBe [Teterev, 1971; Abdullin, 1984;
Seravkin et al., 1992; Ryazantsev et al., 2005]. (b) - cTpyKTypHas cxeMa, Ha KOTOPOH pa3HOHANpaBJIEHHbIE CTPEJKH YKa3bIBAIOT
HalnpaBJieHHe CBUTOBbIX Pa3pbIBHbIX HApYILIEeHHH.

1-8 - ByJIKaHOTeHHble U MarMaTHieckre GopMaluy pa3JIMYHbIX TeoJUHAMHUYeCKUX 06CTaHOBOK: 1 — 6a3anbToBas TOJeUTOBasA U
yMepeHHolle104Has GopMalMM CTaiMM KOHTHHEHTAJIbHOTO PUPTOreHe3a U OKeaHUUeCKoM cTaJuy, 2 — 6a3aibT-aH/le31ba3albToBas
1 6a3abT-aH/e3UT-JalMT-PUOJIUTOBAsA OCTPOBOAYKHbIe popManuu (0-S, ), 6asanbToBasd GpopManus 30H 33[yroBOro CpeinHra
(S,-D,?), 3 - 6asanbToBas, 6a3aNbT-PUOJUTOBAs], 6a3aNbT-aH/E3UT-AAUT-PUONUTOBAS, 6a3albT-aH/e3UuTo6a3aNbTOBas, Tpaxuba-
3a/1bTOBas, Tpaxu6a3a/lbT-IIOIOHUT-/TaTUT-PUOTUTOBAS U IIOMIOHHUTOBAst OCTPOBOAYXHbIe GopManuu AesoHckoro (D, e-D,fm) Bos-
pacTa ¥ 0JJHOBO3pacTHbIe 6a3a/JbTOBbIE U 6a3a/IbT-PUOJIUTOBbIE GOPMALMHU 30H 33/[yrOBOT0 U BHYTPUAYTOBOTO CIIPEINHTA, 4 — BYJI-
KaHOTeHHble TpaxubasanbT-TpaxuaHJe3uT-JaluT-puoauToBble popmanuu (C,t, ,, C,t,-v,), ByJKaHO-TeppUreHHas U KapboHaTHasd
ocapovHas popmanus (C,t,~C,); 5-8 - MHTpPy3MBHbIE MarMaT4ecKre GOpMaLK U KOMIUIEKCHL: 5 — yIbTPa6a3UThbl CEPIIEHTUHU3U-
poBaHHbIe, 6 — rab6po-AMOPUT-NIJIArHOTPAHUTHBIE KOMIIJIEKCh] Cpe/HEeN03/AHeleBOHCKOT0 BO3pacTa, 7 — AUOPUT-IPaHOAHOPUTOBbIE
MHTpPY3UBHbIE KOMILJIEKChI KAMEHHOYT0JIbHOTO Bo3pacTa (C, ,), 8 - rpaHUTON/IbI TO3/{HENAIe030HCKOT0, TepMCKOro Bo3pacta (Pz,, P),
9 - 6JI0KM C KOHTHHEHTAJbHON KOPOH, 10 - CTPyKTYpHBIE 30HBI C 3KJIOTUT-TJIayKOopaHOBLIM MeTaMopdusMom; 11-15 - npeobiaaro-
IMHA TUIT ByJIKAHUYECKUX U BYJIKAHOT€HHO-0CaJOYHBIX NOPO/J, B cOCTaBe GpopMaLuy U GOpMaIIMOHHBIX PSAJIOB PA3/IMYHBIX Fe0JUHAMU-
4eCcKMX 06CcTaHOBOK: 11 — Tpaxu6asaibThl CTaJJUM KOHTHHEHTabHOTro pudpTorenesa (€-0,), 12 - 6a3a/bThl OKEAaHUYECKON CTaju1
(0,-S,), 13 - 6asanbThl, aHA€31U6a3a/IbThl, aHAE3UTI, PUOAALUTHI OCTPOBOAYKHOU cTaguu (0,-S, ), 6a3anbThl 30H 3alyrOBOTO CIpe-
aunra (S,-D,?), 14 - 6a3a/1bThl, aH/[€3M6a3a/IbThI, aH/[E3UThI, PUOAIIUTHI OCTPOBOAYKHbIE HOPMATLHOM ¥ yMEPEHHOU 1IeJI09HOCTH
MarauToropcKkoi MerasoHbl U NpuJerauux y4actkos (D, -D,), 15 - By/JIkaHOT€HHO-0Ca/l0YHbIe, TEPPUT€HHO-TePOU/IHbBIE, TEPPH-
reHHble, KApOOHATHBIE 0Ca/l0YHbIE TOPO/bl B OPMALMAX PA3HOr0 BO3pacTa; 16 — TO XKe, C HePeKPbITbIMU JPEBHUMH BYJIKAHHYECKHMHU
KOMIIJIEKCaMH; 17 — 30HbI IPOsIBJIEHUs] BHYTPUIIMTHOTO ByJIKAHM3Ma U MarmMaTuama; 18-20 - npeo6Jiajatoliye TUIIbl HHTPY3UBHBIX
NOPO/J, B OT/I€JIbHBIX MHTPY3HUAX U HHTPY3UBHBIX KOMIUIeKcax: 18 - rab6pousbl, 19 — AMOPUTHI M KBapLieBble AUOPUTHI, 20 - TPAaHUTOU-
Jbl; 21-22 - rpaHULbl CTPYKTYPHBIX 30H C HallpaBJleHWeM MaJleHUs IJIaCTHH, OCJI0XKHEHHbIe HAa/JBUTOBBIMU U CIBUTOHA/IBUTOBbIMU
pPa3pbIBHBIMU HAapylIeHUsAMU: 21 - yCTaHOBJIEHHbIE 110 [€0JIOTUYECKUM U CeiCMUYeCKUM MaTeprasaMm, 22 - ipeArnoJiaraemble; 23-24 -
Ha/IBUTOBbIe U CBUTOHA/BUTOBbIe pa3pblBHbIE HAPYIIEHUs, OCJI0XKHSIOLIMEe BHYTPEHHIOI CTPYKTYPY 30H: 23 - yCTaHOBJIEHHBIE,
24 - npepnoJsiaraemble; 25-27 - reoJIoTHYECKHEe IPAHULBL: 25 - MeX/y CTPYKTYPHBIMU 30HAMH M N0J30HAMH, yCTAaHOBJIEHHBIE, 26 —
BHYTPH CTPYKTYPHBIX 30H, MeX /1y daliaJbHbIMU THIIAMU ITOPO/] M KOMIIJIEKCAMH, YCTAaHOBJIEHHBIE, 27 — TO XKe, IpeJirolaraeMble; 28 -
HOMepa CTPYKTYPHO-POpPMaIlMOHHBIX 30H, I0J[30H, 6J10K0B: 1 — BocToyHo-EBponeiickas miardopma, Bamkupckuil aHTUKJIMHOPUH;
2 - KpakuHcko-MeHoropckas 30Ha, 3uJlaupckuil CMHKIMHOPUHY; 3 - LleHTpanbHO-Ypasbckas 30Ha, YpaaTayCKUid aHTUKJIUNHOPUY;
4 — MarHUTOrOpCKUM MeracHHKJIMHOPUM: 4A - Bo3HeceHcko-IIpucakMapckasi 30Ha CEpIIeHTUHUTOBOI0 MeJlaHa (3oHa ['YP), 4B -
3anagHo-MaruuTtoropckas 30Ha, 4C - LleHTpanbHO-Maruutoropckas 30Ha, 4D - BocTouno-MaruuTtoropckas 30Ha; 5 - BoctouHo-
Ypanbckas 30Ha: 5A - BocToyHo-Ypasbckoe MoJHATHe (TPaHUTHAs 0Cb Ypasia), B CEBepO-BOCTOYHOM YacTH 30HbI — pparmMeHT Bo-
CTOYHO-Ypanbckoro nporu6a (EmMamxennncko-BapHeHckas 30Ha), 5B - ApaMmusibcko-CyxTeMHCKUE CHHKIMHOPYH, 5C - BocTouyHo-
Ypanbckuii nporu6, 3oHa Yesnss6uHCKOro rpa6eHa, Ha ore MapMHOBCKUH 6JI0K C KOHTHMHEeHTaNbHO# Kopo# (R-Pz,?) (MapuHoBCcKuit
KOMIIJIEKC U JlKeThIrapuHCKas noA3oHa), 5D - BypbikTanbcko-EneHOBCKUM 610K — parMeHT JIeBOHCKOU OCTPOBHOM JIyTH HAa KOHTH-
HEeHTaJbHOM OCHOBaHUH; 6 - Tpounko-KeHnryccarickast 30Ha 3aypasibCKOTO TOJHATHUSA € IPeobaflaHueM 0CaflodHbIxX mopos R,?-0,:
6A - TpounKui 6J10K ¢ mposiBJIeHUeM ByJikaHusma (0,) CTaiuu KOHTUHEHTaIbHOr0 pudToreHesa, 6B - llenTpanbHas u l0xHas
0/[30HbI, CJIOXKEHHbIE META0CAJOYHBIMU OTJIOKEHUAMHU R,?-0, KOHTUHEHTAJIBHOTO TUINA C UHTPY3UAMHU AUOPUTOB C, ¥ FPAaHUTOU/IOB
Pz.; 7 - Anexcanaposcko-/lenncosckas 3oHa (0-C,): 7A - AnekcanipoBcKasi O/[30Ha C TPOsIBJIeHHEeM 6a3a/bT-aH/e3UTOBON U3BECT-
KOBO-1IleJIOYHOM 1 Cy6IIeI09H0N BhICOKOIJIMHO3eMHUCTol cepuu (C,), 7B - /leHrcoBcKas M0/j30Ha € NPOsABJIeHHEeM OKeaHHUYeCKOro
6a3anbToBOTO ByJaKaHu3Ma (0,-5,7) ¥ mepexoJHOro 0CTPOBOAYHHO-KOJIN3UOHHOTO 6a3a/bT-aH/e3UT-PUOJALUTOBOTO BYJIKAaHU3-
ma (C,) u TeppurenHo-Tedppouanbix omiokenui (D,ef-C,); 8-9 - Kycranatickuii nporu6: 8 — BajiepbsiHOBCKUH BYJIKAHOTLJIy TOHUYE-
ckui mosic: 8A - BasepbsAHOBCKas M0/i30Ha (CHHK/JIMHOPHUH) C ByJIKAHU3MOM M3BECTKOBO-1II€JI0YHOM U cybutesouHow cepuu (D,?7-C)),
CO CKApPHOBO-MarHeTUTOBLIMHU MecTopoxgeHusAMU CokosoBo-Cap6aiickoro nosca, 8B - BopoBckast noA3oHa (aHTUKIMHOPHI) € BYJI-
KaHuTaMu C, He60J1bIIOro 06'beMa U peo6IaJalo MK 0CaZloYHBIMH TOJIIAMU; 9 — Y60raHCKoe IOHATHE, CJIOKEHHOE OTJI0MKEHHs-
MH OT HMYKHETO MaJ1e03051 /10 TPHAca, IPUCYTCTBYIOT KpUCTa/IMIecKkne cnanubl (Pz ), ByJkaHOreHHbIE U 0caflodHble TopoAbl D ~C,,
ynbTpabasutet D,-C,.
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South Irendyk subzone

Dzhusa subzone

s 15 0 20 40km
| I T— |

Fig. 2. Igneous complexes and related VMS mineralization in the Magnitogorsk zone, complemented after [Seravkin, 2007] with
additions by A.M. Kosarev.

Igneous complexes: 1 - basalts (0-S,); 2 - contrasting (a) and continuous (b) basalt-rhyolite (D,e,) complexes; 3 - basaltic andesites
(D, ef)): basalt-basaltic andesite (a) and mixed basalt-andesite-rhyolite (b) complexes; 4 - basalts (D,e); 5 - basalt-rhyolite (D,ef,):
basaltic (a), contrasting (b), and continuous (c) complexes; 6 - basaltic andesites (D,) (a), K-Na basalts and basaltic andesites (D,) (b);
7 - Yusinsk (D,) (a) and (D,ef,) Dzhusa (b) basalt-andesite-rhyolite complexes. Massive sulfide deposits (VMS) with related base metal
mineralization of different compositions: 8 - copper (Dombarovsky type) (a), zinc (Filizchay type) (b); 9 - zinc-copper Cu>Zn (a),
copper-zinc, Cu<Zn (b) and copper-zinc with complex ores (c) (Ural type); 10 - gold-complex ore (a), gold-barite-complex ore (b) and
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gold (c) (Baymak type); 11 - cobalt-copper-zinc (Ivanovo type); 12 - boundaries of Magnitogorsk zone and first order zones (names in
text); 13 - boundaries and numbers of VMS fields (names in text); 14 - transverse blocks; 15 - W-E faults.

Numerals on the map are names of deposits: 1 - Ivanovo, 2 - Dergamysh, 3 - Ishkinino, 4 - Tubinsk group, 5 - Kul-Yurt-Tau, 6 -
Uvaryazh, 7 - Bakr-Tau, 8 - Gornaya Baykara, 9 - Maysky, 10 - Tash-Tau, 11 - Tanalyk-Baymak, 12 - Semyonovka, 13 - Yulalinsky, 14
- Tuba-Kain, 15 - Balta-Tau, 16 - Yubileinoye, 17 - Buribay 18 - Makan group, 19 - Podolsk, 20 - Mambet, 21 - Gay, 22 - Bakr-Uzyak,
23 - Southern Bakr-Uzyak, 24 - Sibay, 25 - Uchaly, 26 - Ozerny, 27 - Uzelga, 28 - Molodyozhnoe, 29 - Tash Yar, 30 - Aleksandrinskiy,
31 - Issirguzhi, 32 - West Aschebutak, 33 - Dzhusa, 34 - Barsuchy Log, 35 - Letneye, 36 - Osenneye, 37 - Vesenneye, 38 - Amur, 39 -
Sabanov, 40 - Babarykin, 41 - East Podolsk.

Letters A-D in circles stand for names of transverse blocks (a, b): Uchaly (A), Magnitogorsk-Verkhneuralsk (B), Baymak-Katsbakh (C),
Orsk-Dzhusa (D). Numerals 1-7 on the top map stand for names of W-E faults (b): Buyda (1), Beloretsk (2), Agapovka (3), Yulalinsky
(4), Podolsk (5), Novocherkassk (6), and Orsk (7).

Puc. 2. CTpyKTypHO-MeTa/lJIoTeHuYecKasl cxeMa pasMeleHUs KoJ4eZlaHHbIX MECTOPOXK/JeHUH B ByJIKAHUYECKUX KOMILJIEKCaxX
MarnuTtoropckoit Merasonsl [Seravkin, 2007] ¢ ro6aBiaenusimu A.M. Kocapesa.

®opmanuu: 1 - 6asanbToBas (0-S,); 2 - 6asanbT-puonuToBas (D e,): KOHTpacTHbIA (a) ¥ HenpepbiBHBIH (b) KoMMIeKchr; 3 — aHje-
suTo6asanbToBas (D ef,): 6asanbT-anfe3n6as3aabTOBbIN (a) U TMOPU/HBIA 6a3aabT-aH/[€3UT-PUOIUTOBBIN (b) KOMIIEKChI; 4 —
6asanbtoBas (D,e); 5 - 6asanbT-pronuToBas (D,ef,): 6a3anbToBbIN (a) U KOHTpACTHBIH (b), HEMpepbIBHBIN (C) KOMIIEKCH; 6 — aH-
nesutobasanpToBas (D,) (a), 6asanbT-angesuT-6asanbrosas K-Na (D,) (b); 7 - 6asanbT-anaesut-puonuTosas I0cunckuii (D,) (a),
Toxe Jxycunckuii (D, ef)) (b). Kosyesannbie MecTopoxaenus: 8 -~ MeJHOKOT9eJaHHble (oM6apoBCKUi THM) (a), LMHKOBbIE (Pu-
nusvarckuit tunm) (b), 9 - nuHKOBO-MeiHOKOYefaHHbIe, Cu>Zn (a), MeJHO-IMHKOBOKOMYeAaHHbIe, Cu<Zn (b) 1 MegHO-IIUHKOBO-
KOJIYeJJaHHbIE C OJMMeTaJIM4ecKod MUHepanusanuen (c) (ypaabckuil Tun); 10 — 30/10TO-KoJI4eJaHHO-TIOJIMMeTa/lInyecKue (a),
30J10TO-6apuT-nionnMeTaindeckue (b) u 30/10To-KoT9ejaHHble (c) (6aliMakckuit Tum); 11 - K06aIbT-MeAHO-IIHHKOBO-KOT4e/laHHbIe
(nBaHOBCKHMY THI); 12 - rpaHULbI MarHUTOTOPCKOH 30HBI U CTPYKTYPHO-GOPMAIMOHHBIX 30H 1-r0 nopsiika (Ha3BaHUs B TekcTe); 13 -
rPaHULbI U HOMePa KOJI4elaHOHOCHBIX 30H (Ha3BaHUsA B TeKCTe); 14 — nonepeyHble 6J10KH; 15 - IIMPOTHbIE JUCTOKALHH.

HasBaHus KoJ14eJaHHbIX MecTOpoXKeHul: 1 - BaHOBCKOE, 2 - Jleprameluickoe, 3 - MikuHUHCKOE, 4 - Ty6uHCcKas rpynna, 5 - KyJib-
IOpT-Tay, 6 - YBaps:x, 7 - bakp-Tay, 8 - 'opHas baiikapa, 9 - Maiickoe, 10 - Taw-Ttay, 11 - Tananbik-Balimakckoe, 12 — CeMEHOBCKOE,
13 - FOnanunckoe, 14 - Ty6a-KauH, 15 - Banrta-tay, 16 - l06uneiinoe, 17 - Bypubatickoe, 18 - MakaHckas rpymnna, 19 - [lofonbckoe,
20 - Mamb6eToBcKoe, 21 - l'atickoe, 22 - Bakp- V31K, 23 - 0xkub1it Bakp-Y3ak, 24 - Cubaiickoe, 25 - YuanuHckoe, 26 - O3epHoe, 27 -
Y3enbrunckoe, 28 - Mosiogexnoe, 29 - Tam-{Ip, 30 - AnekcangpuHckoe, 31 - UccupryxuHckoe, 32 - 3anaHo-AmebyTakckoe, 33 —
JoxycuHckoe, 34 - Bapcyuwnii Jlor, 35 - JleTHee, 36 - Ocennee, 37 - BecenHee, 38 - AMypckoe, 39 - CabaHoBckoe, 40 — BaGapbIKHHCKOE,
41 - BoctouHo-Ilogosbckoe.

BykBbl A-D B Kpy»KKax 06003Ha4alOT Ha3BaHU MONepeYHbIX 6/10K0B (a, b): A - YyanuHckui, B - MaruuToropcko-BepxHeypaibckui,
C - baiimakcko-Kan6axckuh, D - Opcko-/DxycuHckuil. udpsol 1-7 Ha BepxHel KapTe 0603HAYaI0T HAa3BaHHUs IUPOTHBIX JUCI0KALUN
(b): 1 - By#iauHckas, 2 - Benopenkas, 3 - AranoBckas, 4 - l0ranuHckas, 5 - [Togosbekas, 6 - HoBouepkacckas, 7 — Opckasi.

Middle Ordovician Tomino basalts of Na, low-Ti, and low-  Perevozchikov, 2011]. Judging by major-element, trace-ele-

Cr tholeiite compositions [Kuzmin, 1985; Seravkin et al.,
1992], associated with subalkaline basalts and with age con-
straints from conodonts in overlying limestones [Snachev,
Mavrinskaya, 1995]. The Silurian Kosobrodsk and Katenin
(S,.,) complexes are composed of a continuous basalt-an-
desite-dacite-rhyolite calc-alkaline series [Seravkin et al,,
1992]. Diorites with a U-Pb age of 429 Ma in the southern
flank of the Chelyabinsk granitic pluton (northern part of
the paleovolcanic belt) host the North Tomino porphyry
(Mo)-Au-Cu and Berezniki porphyry Au-Cu deposits (Fig. 3)
[Grabezhev, 2009].

Early Devonian arc volcanism produced the Chanchar
and Mostostroy volcanic complexes (D, e,) found in the Sak-
mar zone at the junction of the Voznesenka-Sakmar serpen-
tinite mélange and West Magnitogorsk zones near Orsk city,
as well as the Ivanovo (D,?), Buribay, and Upper Tanalyk
(D,e,) complexes with VMS mineralization (West Magnito-
gorsk zone) and the Kiembay complex (East Magnitogorsk
zone). Early Devonian igneous rocks include peridotitic
protrusions occurring as olistostrome layers or lenses of
edaphogenic breccias. Such protrusions bear chromite min-
eralization [Pavlov et al., 1968; Perevozchikov, 2011] in
the Main Ural Fault and in Mugodzhar Hills on its south-
ern extension at the junction of the Bashkirian uplift with
the Kraka-Sakmar and Uraltau zones, which makes up one
of world largest chromite provinces [Pavlov et al., 1968;

ment, and geodynamic signatures, chromites formed during
selective melting of high-Ca boninites in a suprasubduction
mantle wedge with participation of slab-derived aqueous
fluids [Melcher et al., 1999; Perevozchikov, 2011].

The lower strata of the Voznesenka-Sakmar sections in-
clude sheets of serpentinite mélange with silicic-basaltic
olistoliths, oceanic basalts (02; 51)' silicic rocks (S—Dl), is-
land arc gabbro, including hornblende gabbro and gabbro-
diorites [Fershtater, 2013; Kosarev et al., 2014], shosho-
nites, and latites (D,?). New to the zone Main Ural Fault is
the allocation in its structure of the belt of volcanic rocks
D,e, analogues Baymak-Buribay suites and edaphogenic
serpentinite-gabbro-silicic clastic complex is traced from
Ishkinino-Repino to Voznesenska-Sharipovo.

The ages of peridotites can be extrapolated from avail-
able Sm-Nd and Rb-Sr ages of the Kempirsay gabbro, wehr-
lite, and clinopyroxenite [Edwards, Wasserburg, 1985; Mel-
cheretal, 1999; Puchkov, 2010] which range from 427 Ma
to 379 Ma (Late Silurian - Upper Devonian).

Magnitogorsk island arc system. Magmatic activity
between the Lochkovian (Early Devonian) and Famennian
(Late Devonian), from 418 to 359 Ma, produced several in-
trusive and volcanic complexes (see Fig. 1, 2; Fig. 3) with
suprasubduction major- and trace-element signatures. The
ages of volcanic complexes were constrained by conodonts
(less often by other faunas) and by stratigraphic correlations
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Fig. 3. Stratigraphic correlations of VMS complexes in the Magnitogorsk zone, South Urals. Compiled by A.M. Kosarev.

1-8 - volcanics: alkaline (a) and subalkaline (shoshonitic) (b) basalts (1), aphyric and plagiophyric (a) and pyroxene-porphyritic (b) basaltic andesites (2), shoshonites and latites (3), boninities and
variolites (4), plagiophyric (a) and quartz-bearing (b) andesites (5), plagiophyric, quartz-plagioclase fine to medium porphyritic dacites and rhyodacites (6), magnophyric (a) and megaphyric (b)
quartz-plagioclase rhyodacites (7), highly alkaline trachydacites and rhyodacites (8); 9 - serpentinized peridotites; 10 - intrusive rocks: gabbro-diorites and diorites (a), granites and granodiorites (b); 11 -
pillow lavas; 12 - blocks (a) and coarse clastic (b) agglomerate tuffs; 13 - fine clastic (a) and hyaloclastic (b) agglomerate tuffs; 14 - tuffs; 15 - tephroids; 16 - clastic sediments; 17 - siltstones; 18 - cherts
and jaspers; 19 - massive (a) and detrital (b) limestones; 20 - serpentinite mélange with fragments of various compositions; 21 - Tulkubay Fm. green schists; 22 - VMS ore bodies; 23 - faults.

Puc. 3. Cxema conocTaB/IeHUs] U KOpPeJISIMU pa3pe30B Ko4eJaHOHOCHBIX BYJIKAHUYECKHUX KOMIIJIEKCOB MarHUTOTOpCKOM Mera3oHbl Ha l0xkHoM Ypase. CocraBieHa A.M. KocapeBbiM.

1-8 - apPy3uBHbIe TOpoAbl: 1 — 6a3anbThI: (a) - HOPMaAJIBHOH 1es04HOCTH, (b) — yMepeHHO-11[eI04HON (LIOMIOHUTOBON) cepuH, 2 — aHJie3n6a3aabThl: (a) — adpupoBble U 1aruopupossle, (b) -
MUPOKCEH-NTOPOUPOBBIE, 3 — LIOMIOHUTHI-IATUTHI, 4 — GOHUHUTBI BAPUOJIUTOBLIE, 5 — aH/e3UThI: (@) marnodupossle, (b) - kBaplcofepxKalre, 6 — JALUTHI U pUOAALUTHI IJ1IarnopHpOBLIE, KBaPIl-
IJIarMOKJ/Ia30Bble MeJIKOCpeJHenopdHpoOBEIe, 7 — PUOJALMTHI KBapll-IJIarMoK/1a30Bble: (a) - KpynHonopoupossle, (b) - MeradrpoBble, 8 - TpaxUJaLUThl, PUOJALUTHI IOBBILIEHHOHN Ka/JlneBOCTH; 9 -
CeprneHTUHU3UPOBAHHbIE YIbTPaba3uThl; 10 - UHTPY3UBHbIE TOPOJBL: (a) - rab6po-AUOPUTHI U JUOPUTHI, (b) - rpaHUTEL, TpaHOAUOPUTHL; 11 — 3¢ dy3UBHBIE TOPO/BI C TOAYIIEYHON OT/€JIbHOCTHIO;
12 - arnoMepartoBble Tydrl: (a) - r/bI60BbIe, (b) - KpynHoo610MO4HbIe; 13 - (a) — arsioMepaToBble TyPbl MeJIKO0610MOYHbIE, (b) - ruanokaacTuTsl; 14 — Tydbl; 15 - Tedpoupl; 16 - TeppuUreHHbIe
nopoAel; 17 - KpeMHUCTBIE alleBPOJIUTHI; 18 — KpeMHHU, AIMOUADBL; 19 — u3BecTHAKU: (@) - MaccuBHbIe, (b) — 06/10Mo4HBIe; 20 - CEpIEeHTUHUTOBBIN MeJIaHXK ¢ pparMeHTaMH pa3/IMdHOro COCTABA;
21 - caHLbI 3eJIeHOC/IaHIeBod danuu MeTaMopdUsMa TIJIbKY6alcKol Toy; 22 - pyAHbIe Tesla KoJ4eJaHHbIX MeCTOPOXK/AEeHUH; 23 - pa3pbIBHbIE HAPYLIEHHS.
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[Seravkin et al.,, 1992; Stratigraphic Schemes..., 1993; Maslov
etal., 1993; Puchkov, 2000, 2010; Kosarev et al., 2005; Mas-
lov, Artyushkova, 2010].

The major event of Devonian volcanism consisted of
four cycles: Early Devonian (D,lh-D,e,); Late Emsian - Early
Eifelian (D,e,-D,ef,); Late Eifelian - Early Frasnian (D ef -
D.f ); and Late Devonian (D,f-D,fm). The volcanics of the
second (D,e,~D,ef ) and third (D ef,-D.f,) cycles bear VMS
ores. The first, second, and fourth cycles ended by eruptions
of alkali shoshonites. Total alkalis and K contents show an
increasing trend up the section in each cycle and through-
out the major cycle from the Early to Late Devonian and
from the frontal magmatic arc in the west to the back-arc
region in the east (in present coordinates).

The Early Devonian arc (D,Ih-D e ) joins an Early De-
vonian intrusive complex [Fershtater, Krasnobaev, 2007;
Fershtater, 2013, 2015] and includes the Mostostroi vol-
canic complex of subalkaline shoshonites, latites, and tra-
chytes with a minor amount of picritic and alkali basalts
[Tishchenko, 1971]. The D, e, age of the complex was con-
strained by conodonts of the excavatus zone [Maslov, Ar-
tyushkova, 2010]. In addition to subalkaline volcanics, the
Main Ural Fault zone accommodates numerous hornblende
gabbro-diorite-plagiogranite and diorite-granodiorite in-
trusions with porphyry Au-Cu mineralization (Voznesenka
and Salavat deposits). The rocks have U-Pb [Grabezhev,
Ronkin, 2011; Fershtater, 2013, 2015; Grabezhev, 2014]
and Sm-Nd [Kosarev et al., 2014] ages from 418 to 399 Ma
(Lochkovian - Emsian). Similar ages were obtained for many
intrusions with island arc trace-element signatures [Fer-
shtater etal., 2010; Fershtater, 2013, 2015] and the author’s
data on Voznesenka and Karagaykul [Kosarev et al.,, 2014]
which represent Early Devonian (D,lh-e,) magmatism.

The East Magnitogorsk zone includes the Early Devoni-
an Dzhailgan back-arc complex of high-Ti subalkaline teph-
rite-trachybasalt rocks [Seravkin et al., 1992]. Dzhailgan
complex arose in the rift, which lay on the edge of the East-
Ural zone (microcontinent?).

The Ivanovo, Buribay, and Upper Tanalyk complexes in
the West Magnitogorsk zone represent an fore-arc.

The Early Devonian (?) Ivanovo volcanoplutonic complex
is located in the Voznesenka-Sakmar zone and is composed
of subalkaline tholeiite-boninite and arc tholeiite rock. Most
of the Ivanovo basalts have high contents of Mg and Na but
are low in Tiand K [Zaykov et al., 2001, 2009; Kosarev et al.,
2005; Jonas, 2004; Nimis et al., 2010]. The arc tholeiites
have low Mg contents [Zaykov et al.,, 2009] and host VMS or
detrital pyrite mineralization: abundant pyrite, pyrrhotite,
and chalcopyrite, as well as smaller amounts of cobaltite,
arsenopyrite, or less often magnetite and chromite [Mele-
kestseva, 2007]. VMS-Co-Cu deposits occur in serpentinite
mélange (Ivanovo, Dergamysh, and Ishkinino deposits) and
on the arc side of the trench (serpentinite-sedimentary brec-
cias at the base of the complex, D,?).

The Late Emsian (D, e,br) Buribay volcanic complex be-
longs to the Tubinsk-Gay volcanic belt dated from conodonts
of the serotinus-patulus zone [Maslov, Artyushkova, 2010].
The >1000 m thick complex comprises tholeiite-boninite

and calc-alkaline rocks (Fig. 4) [Spadea et al., 2002; Kosarev
et al., 2005] and high-Ca boninites [Crawford et al., 1989].
The Buribay Ural-type VMS-Cu-Zn deposits (Cu>Zn) are of
medium (Buribay) or large (Yubileinoye) sizes. The com-
plex evolved from mafic to felsic compositions. Eruptions
of subalkaline Na basalts with island arc signatures (lower
dolerite-basalt unit) [Kosarev et al., 2005] were followed
by pillow lavas proximal to oceanic flood basalts in Ti and
Zr contents and in the Th/Yb and Nb/Yb ratios [Kosarev et
al,, 2005, 2015]. These features may represent a slab break
off and slab-tear setting early during the complex history.
It is also important that the plateau-basalts precede the
formation of the VMS-bearing column of pillow-basalts-
boninites. The question is whether plateau-basalts are in-
volved in the petrogenesis of the basalt-boninite strata and
in the formation of massive sulfide mineralization.

The Upper Tanalyk volcanic complex (D, e,) of calc-alka-
line high-Mg basalts, andesites, dacites, and rhyolites [Ko-
sarev et al,, 2005] lies over the Buribay complex and cor-
responds to the second cycle volcanism at the final stage
of the Late Emsian arc in the West Magnitogorsk zone. The
volcanics host Kuroko-type VMS-Au-complex ore deposits
in the Baymak ore district, as well as Makan-Oktyabr’skoe
and Gay ore fields [Prokin et al.,, 1988; Seravkin, 2010] (see
Fig. 2, 3).

At the Late Emsian stage, large-scale eruptions of oce-
anic tholeiites with moderate Ti contents (Kiembay com-
plex, D,e,) occurred in the Dombarovsky back-arc basin
in the East Magnitogorsk zone, which inherited the Early
Emsian back-arc basin [Seravkin et al.,, 1992]. The tholei-
ites combine mid-ocean ridge [Seravkin et al., 1992] and
island arc trace-element signatures. The Kiembay basalts
host Dombarovsky-type VMS-Cu deposits of medium sizes
[Prokin et al., 1988].

Middle Devonian arc volcanism (mature arc). The
Middle Devonian volcanism produced the Irendyk volcanic
belt which is traceable in the N-S direction from Karabash
town to the Gay ore field (more than 400 km length, with
7-20 km wide outcrops) and includes the North Irendyk
and South Irendyk complexes (D ef, ).

The North Irendyk volcanic complex (D,ef) of tholeiitic
island arc and calc-alkaline rocks builds large stratified
cones with thephroids (see Fig. 2, 3). The volcanics bear
geochemical signatures of a suprasubduction setting and
fractional crystallization [Kosarev et al., 2014]. Ankaramite,
trachybasalt, and trachyandesite rocks in the upper strata
are transitional to subalkaline compositions [Kosarev et
al., 2005; Pushkarev et al., 2013]. The complex lacks VMS
mineralization.

The South Irendyk complex of D, ef basalts, basaltic an-
desites, andesites, dacites, and rhyolites occupies the south-
ern Irendyk zone (Buribay and Baymak ore districts). It is
sandwiched between the Upper Tanalyk complex below and
the Yarlykap jasper bed (D,ef,) and the Ulutau Fm. above
(see Fig. 2, 3). The lavas in the lower four units have a com-
position intermediate between island arc tholeiite and calc-
alkaline series (Fig. 4). The mineralogy of the Podolsk Cu>Zn
VMS field consists of pyrite, melnikovite, chalcopyrite, and
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sphalerite, with lesser amounts of bornite, tennantite, and Sukrak trachydacite complex (D,e,) makes up the up-
galena [Sopko et al.,, 1983; Prokin et al., 1988]. per strata of Podolsk caldera volcano and is composed of

Middle Devonian arc volcanism (back-arc) produced  pyroclastic, effusive, subvolcanic, and tephroid dacites and
the Sukrak (West Magnitogorsk zone) and Dzhusa volcanic ~ rhyodacites, often altered to redstone facies, with high K-Na

complexes. or Na contents. The Sukrak complex is transitional from
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Fig. 4. Major and trace element signatures of Early-Middle Devonian volcanics of the Magnitogorsk island-arc system.

1 - fore-arc and mature arc, including Buribay, D,br; 2 - Upper Tanalyk, D,vtn; 3 - North Irendyk; 4 - South Irendyk, D,ef, volcanic
complexes, West Magnitogorsk zone. Rock compositions are after [Kosarev et al., 2005 and new materials of the author to the Baymak ore
district]. (a-f) - discrimination diagrams: (a) - TAS [Le Maitre, 1989], (b) - Fe0*/MgO-Ti0, [Miyashiro, 1974], (c) - Al,0,-Fe0*+Ti0,-
MgO [Jensen, 1976], (d) - Zr/Ti0,-Si0, [Winchester, Floyd, 1977], (e) - chondrite-normalized REE spectra of basalts (normalized by
the composition of chondrite [Boynton, 1984]), (f) - PM-normalized multi-element patterns of basalts (PM - Primitive Mantle) [Taylor,
McLennan, 1985].

Puc. 4. TeoxuMHUUYeCKHe XapaKTEPUCTUKHU PaHHe- U CPeIHeIeBOHCKUX BYJIKAHUTOB MarHUTOropcKoi OCTPOBO/YXKHOM CUCTEMBI.

1 - dpoHTaIbHAA U pa3BUTasA OCTPOBHbBIE JyTH, B TOM YUCJ/Ie ByJIKaHMIECKUe KOMILJIEKChI BK/IIoYas 6ypubakickui, D br; 2 - Bepxuui
Tanasneik, D, vtn; 3 - CeBepubiit Upenapik; 4 - 10xHb1d Upenapik, D ef, (3M3). [pu nocTpoeHnu rpaguKOB UCMOJIb30BaHbl JaHHbIE
[Kosarev etal., 2005, u HOBble MaTepuaJibl aBTOpa 1o baliMakckoMy pyAaHOMY paiioHy]. JUCKpUMHUHALMOHHBbIE JUarpaMMel: (a) — TAS-
Auarpamma, nosist mo [Le Maitre, 1989], (b) - auarpamma FeO*/MgO-TiO, [Miyashiro, 1974], (¢) - nuarpamma Al,0,-FeO*+Ti0,-Mg0O
[Jensen, 1976], (d) - auarpamma Zr/Ti0,-Si0, [Winchester, Floyd, 1974], (e) - cnekTpsl pacnpezenenus P33 B 6azanbTax (HOpMH-
pOBaHO MO coCTaBy XOHApHUTaA [Boynton, 1984]), (f) - My/JIbTH3/IeMEeHTHBIE JUarpaMMbl /1S 6a3aJbTOB (HOPMHUPOBAHO IO COCTABY
NpUMUTUBHOU MaHTUHM [Taylor, McLennan, 1985]).
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calc-alkaline to shoshonite series that formed at the final
stage of the Early Eifelian arc volcanism [Kosarev et al,, 2005].
The complex hosts the East Podolsk deposit with high con-
centrations of Ba, Zn and Pb which makes it similar to barite-
complex ore deposits of Rudny Altai.

The Dzhusa complex in the western flank of the Kara-
butak uplift in the East Magnitogorsk zone formed in the
Early Eifelian, judging by constraints from conodonts, syn-
chronously with the Irendyk Fm. of the West Magnitogorsk
zone [Maslov, Artyushkova, 2010]. The complex is composed
of alkaline and subalkaline [Tal'nov, 2003] basalts, andes-
ites, dacites, and rhyolites; the rock compositions are ge-
nerally of low-Ti island arc type which evolved from more
mafic to more felsic types. Alkaline rocks are either sodic
(4-7 % Na,O and 0.3-2.5 % K,0) or potassium-sodic (3~
7.7 % Na,0 and 2.6-6.0 % K,0) varieties with shoshonitic
major-element signatures typical of remnant arcs [Boga-
tikov, Tsvetkov, 1988]. The Early Eifelian volcanics of the
complex host the Dzhusa, Barsuchy Log, and East Podolsk
deposits of pyrite, chalcopyrite, sphalerite, galena, barite,
and tennantite. The Dzhusa complex and its age equiva-
lents in the East Magnitogorsk zone presumably build the
detached remnant part at the back of the Early-Eifelian arc
[Kosarev et al,, 2014]. Later the spreading zone became oc-
cupied by the Late Eifelian Karamalytash basalt-rhyodacite
complex and its age equivalents.

Late Eifelian volcanism produced the Karamalytash
complex (D ef km) and its age equivalents in the Karamaly-
tash spreading zone extending for more than 700 km from
the northern limits of the Magnitogorsk zone (Karabash
town) as far as Orsk city and on into the Mugodzhar Hills,
with up to 50-70 km wide outcrops. The spreading zone ac-
commodates basalt-rhyolite and basalt volcanic complexes
(see Fig. 2, 3). The basalt-rhyolite complex with VMS (Zn>Cu)
mineralization is composed of low-Ti alkaline basalts and
dacite-rhyolite volcanics. The basaltic complex (Yuldashevo
and Savelievo-Kalinovo) consists of subalkaline basalts and
tholeiites with moderate or high Ti contents of within-plate
type derived from asthenospheric diapirs (Fig. 5). The rocks
of the Bolshoy Kumak complex vary in SiO, from 44 wt. % to
57 wt. % and form a series from tephrites to benmoreites.
Dacites and rhyodacites (Fig. 5) are alkaline or subalkaline
varieties [Tal'nov, 2003]. The Karamalytash Fm. hosts the
Uchaly deposit in the second (km,) member of basoquartz
rhyolite-dacite and the Sibay deposit in felsic rocks of the
fourth (km,) member (Uchaly and Sibay ore districts, respec-
tively). The ore mineralogy of the Sibay field consists mainly
of pyrite, chalcopyrite, and sphalerite, with lesser amounts
of pyrrhotite, melnikovite, and magnetite, and rare galena,
arsenopyrite, tennantite, bornite, and hematite [Prokin et
al, 1988]. The fourth member of the Karamalytash Fm. (km,)
and the lower Ulutau Fm. (D,zvul) bear ore bodies of the
Upper Ural ore district (see Fig. 2), which thus lie strati-
graphically higher than the Uchaly ores. The Uzelga ores
comprise pyrite, chalcopyrite, sphalerite, tennantite, pyr-
rhotite, melnikovite, and markasite as main phases, with
lesser amounts of arsenopyrite, magnetite, and galena [Pro-
kin et al.,, 1988]. The Aleksandrinskiy VMS deposit occurs

in the complex of the same name, which is an age equiva-
lent of the Karamalytash Fm. (D,ef,). The Zn-Cu ore bodies
have high Pb contents as in the Baymak-type deposits. The
Aleksandrinskiy basalts have island arc tholeiite, calc-alka-
line, or subalkaline compositions (Fig. 5).

The presence of voluminous oceanic basalts in the Kara-
malytash complex and its age equivalents provides evidence
for oceanic crust production at the Karamalytash spread-
ing axis. This interpretation is consistent with the predomi-
nant Zn-Cu (Zn>Cu) VMS mineralization with low concen-
trations of Pb. The geochemical signatures of Early-Middle
Devonian basalts make basis for the geodynamic and metal-
logenic division of the Magnitogorsk zone (Fig. 6).

Givetian arc volcanism produced the Givetian - Early
Frasnian (D,zv-D,f,) Ulutau complex of calc-alkaline porphyr-
itic basalts, andesites, and rhyolites with supra-subduction
geochemical signatures, which are genetically related to the
Karamalytash complex of a previous magmatic event. Ac-
cording to [Yazeva, Bochkarev, 1998; Surin, 1997] and the
authors’ data, most of the volcanics of the Ulutau complex
belong to the porphyritic type (calcareous-alkaline series).

Late Devonian - Early Carboniferous magmatism. Fras-
nian-Famennian volcanism records the final phase of the
Magnitogorsk island arc system (D, ,) when subduction gave
way to a transform margin setting in the Late Devonian. The
volcanics of that phase have mosaic distribution patterns
and occur mainly in the western flank of the Magnitogorsk
zone (Bogodak complex) [Maslov, Artyushkova, 2010].

The Frasnian event produced the Novo-Voronino com-
plex (D,f) in the eastern flank of the Magnitogorsk zone,
with alkali contents higher than in the underlying Ulutau
complex [Kosarev et al., 2006]. The alkalinity increase ap-
pears in the Sheludivogorsk, Zingeyka, and Novoivanovo ab-
sarokite-shoshonite-latite complexes (D,f~fm). The Sheludi-
vogorsk and Novoivanovo shoshonite complexes in the East
Magnitogorsk zone (see Fig. 2, 5), as well as the Berezniki
complex (D,-C,) of the Kachkar-Adamovka zone in the East
Ural uplift, belong to a province of subalkaline volcanism
that formed at the final phase of a mature island arc [Se-
ravkin et al.,, 1992; Salikhov, Mitrofanov, 1994; Yazeva, Boch-
karev, 1998; Tevelev, Kosheleva, 2002; Kosarev et al., 2006].
Famennian subalkaline basalts of the Ashchisuy Fm. (D,-C,)
are exposed on the northern side of the Middle Toguzak
River in the eastern part of the East Ural paleovolcanic belt
[Tevelev, Kosheleva, 2002]. They contain moderate amounts
of TiO, (0.69-1.44 wt. %) and high concentrations of MgO
(10.1-12.02 wt. %) and K,0 (1.34-2.2 wt. %), as well as Rb
(21-32 ppm), Ba (1158-1400 ppm), Sr (350-394 ppm),
Th (4.0-4.6 ppm), Nb (25-31 ppm), Zr (150-154 ppm),
La (40 ppm), and Yb (2.0-2.2 ppm), with a La/Yb ratio of
18.8-20. Their compositions are close to the within-plate
type in Nb, Zr, and Y enrichment greater than the shosho-
nitic basalts from the South Urals (D) and show neither Nb
and Zr minimums nor a Sr maximum in the rock/N-MORB
spider diagram. Later studies of this complex [Tevelev et
al., 2006] revealed also basalts and trachybasalts with re-
latively low Nb contents (2.27-5.31 ppm) similar to the
Berezniki rocks. Note that the Nb minimum is present in
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all Sheludivogorsk absarokites and shoshonites in the East To sum up, the Devonian igneous rocks include shoshon-
Magnitogorsk zone (2-3 ppm Nb) [Kosarev etal., 2006; Te-  ite arc volcanics (D,f~fm) in the East Magnitogorsk zone [Ko-
velev, Kosheleva, 2002] but is absent or poorly pronounced  sarev etal, 2006]; within-plate subalkaline basalts (D,fm) of

in the Berezniki volcanics in the East Ural belt (D,-C,) con-  local occurrence in the East Ural uplift (Middle Toguzak River)
taining from 5.94 to 11 ppm Nb [Tevelev, Kosheleva, 2002; [Tevelev, Kosheleva, 2002; Tevelev et al., 2006]; shoshon-
Tevelev et al., 2006]. ite basalts with relatively high Nb contents in the Berezniki
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Fig. 5. Major and trace element signatures signatures of Middle-Late Devonian volcanics of the Magnitogorsk island-arc system.

1 - arc-spreading Karamyltash volcanic complex, Sibay and Uchaly ore districts, D ef, (West Magnitogorsk zone); 2 - same for Alexan-
drinskiy ore district, back-arc region; 3 - Yuldashevo barren zone; 4 - Savelievo-Kalinovo barren zone; 5 - Bolshoy Kumak barren com-
plex, basal hawaiites in the D, ef, section; 6 - Sheludivogorsk shoshonitic trachybasalts and trachyandesites, D,fr-fm (East Magnitogorsk
zone). Rock compositions are after [Tal'nov, 2003; Yazeva, Bochkarev, 1998; Kosarev et al., 2006]. Legend same as in Fig. 4.

Puc. 5. TeoXxMMHUYECKHE XapaKTEPUCTHUKH CpejHEe-T103/JHEeBOHCKUX BYJIKAHUTOB MarHUTOrOPCKOH OCTPOBOAYKHOM CHCTEMBI.

1 - BHYTPU/yTOBbIN CIPEJMHT, KAPaMbLITALICKUN ByJIKaHUYECKUN KoMIIeKC CUbaliCKOro U YYaJMHCKOTO PYAHBIX paiioHoB, D ef,
(3M3); 2 - To ke ANeKCaHAPUHCKOTO PYAHOI0 palioHa ThIJIOBOM 30HbL; 3 — 6e3pyAHoi I01ameBckol 30HbL; 4 - 6e3pyAHol CaBesib-
eBCKO-KalIMHOBCKOM 30HbBI; 5 — 6€3py/IHbIN 60.IbIIEKyMaKCKUN KOMIUIEKC FraBaliMTOBOM cepun ocHoBaHus D, ef, paspesa; 6 - Tpaxuba-
3a/IbThl, TPaXUaH/e316a3albThl LIOIIOHUTOBOM CEPUH LIETYAUBOrOpcKoro Kommiekca (D, fr-fm?) (BM3). [Ipu noctpoennu rpadpukos
rcrosib30BaHbl AaHHble [Tal'nov, 2003; Yazeva, Bochkarev, 1998; Kosarev et al., 2006]. YciioBHbIe 0603HAaY€HUS CM. pUC. 4.
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complex (Kachkar-Adamovka zone of the East Ural uplift).
The subalkaline volcanics make up a series changing in
the W-E direction from arc shoshonite-absarokite in the
Sheludivogorsk complex (D,f), to the Berezniki Nb-enriched
shoshonites (D,-C,), and on to the Ashchisuy within-plate ba-
salts (D,fm) and varieties transitional to absarokites (D,-C,)
[Tevelev, Kosheleva, 2002]. The complexes of within-plate
rift-related basalts and those transitional to the suprasub-
duction type apparently formed in a setting of a transform
boundary and suprasubduction asthenospheric diapirism
[Martynov, Khanchuk, 2013]. Both volcanic and intrusive
rocks have relatively high enrichment in iron and alkalis (es-
pecially KZO), LREE, Rb, Sr, Hf, Th, and Zr; the La/Yb ratios
vary from 7.7 to 11.3 in absarokites and shoshonites and
reach 20.5 in banakites. The geochemical signatures suggest

increasing metasomatic LILE enrichment of the depleted
mantle wedge [Tatsumi et al., 1986; Pearce et al., 1984]. Most
likely, slab break off and asthenospheric diapirism were
responsible for mantle enrichment in LILE and H,O from
slab-derived fluids [Martynov, Khanchuk, 2013; Chemenda
et al,, 1997; Puchkov, 2000; Kosarev et al., 2014].

The Ashchisui volcanic (D,-C,) and Mikheevka intrusive
(diorite-granodiorite-granite-porphyry) complexes host
the Mikheevka porphyry (Mo)-Au-Cu deposit. The upper
Ashchisui Fm. in the area is composed of silicites, arkose and
quartz sandstones, siltstones, tuffaceous sandstones, xeno-
clastics, and tuff conglomerates [Tevelev et al., 2006], while
the lower strata include andesites, basaltic andesites, and
less often felsic volcanics. Mafic and intermediate rocks are
mainly alkaline, while some intermediate varieties (latites

Fig. 6. Reconstructed Late Emsian - Eiffelian geodynamic settings
of the Magnitogorsk zone.

1 - boundaries of Magnitogorsk zone; 2 - limits of arc spreading;
3 - suprasubduction back-arc fragments; 4 - back-arc and oceanic
rifting (D,e,-e,); 5 - spreading basin (D,ef); 6 - contours of ther-
mal field minimum (a fragment); 7 - reconstructed Eifelian slab
edge projection. Roman numerals stand for names of zones and
complexes: | - Voznesenka-Sakmar zone (MUF); Il - magmatic
arc fragment in West Magnitogorsk zone: Ila - Buribay volcanic
complex (D,e,’), [Ib - Upper Tanalyk complex (D,e,"), Baimak ore
district, Ilc - Upper Tanalyk complex (D, e,”), Makan-Gay subzone,
Tubinskiy-Gay paleovolcanic belt, IId-e - North Irendyk and South
Irendyk complexes (D,ef,); IIl - Karamalytash arc complex and its
age equivalents: Illa - suprasubduction zone, IIIb-IlIc - suprasub-
duction back-arc basin, Aleksandrinskiy and Aschebutak-Central
Orsk areas, IIId - Karamalytash arc complex outside subduction
zone; IV - Dzhusa (IVa) and Lower Zingeyka (IVb) fragments of
split (remnant) arc (D,ef|) in East Magnitogorsk zone; V - back-
arc spreading zone (D,?). Arabic numerals stand for names of VMS
deposits: 1 - Aleksandrinskiy, 2 - Gay, 3 - Dzhusa, 4 - Barsuchiy
Log, 5 - Aschebutak, 6 - Yusa, 7 - Issirguzhi.

Puc. 6. PeKOHCTPYKLUS re0AUHAMHUYECKUX 06CTaHOBOK MarHu-
TOTOPCKOW Mera30Hbl, Cpe3 — M03AHUH 3Mc-3ldeb.

1 - rpaHuLbl MarHUTOTOPCKON Mera3oHsl; 2 — TPaHUIbl 30HBI
BHYTPH/LyTOBOTO CIPeANHTa; 3 — pparMeHThI Ha/ICYyOAyKIHOH-
HOU 30HbI THIJIOBOJY>KHOU MO3UIUK; 4 — 30HA 3a[yTOBOTO Cy6-
KOHTHUHEHTa/JbHOTO U OKeaHu4yeckoro pudrorenesa (D e -e,);
5 - 30Ha BHYTpPHU/IyroBOro cripeAuHrosoro 6accerina (D, ef); 6 -
¢dparMeHT KOHTypa MUHHUMYMa TEIJIOBOTO 10JIsT; 7 — NPOEKLUs
PEKOHCTPYUPOBAHHOTO Kpasi Cy6[yKLIMOHHOM IJIUTHI B 3Hidesb-
ckoe BpeMs. Lludposbie 0603HaveHus: | - BosHeceHcko-IIpucak-
Mapckas 30Ha (I'YP), Il - dparmeHT PpoHTaNIBHON U Pa3BUTOU
OCTPOBHOM Jiyru B 3ana/iHo-Maruutoropckoi 3oHe: lla - no-
1a/ib PacpoCcTpaHeHUs1 6yprUOaCKOro By IKAHUYECKOI'0 KOM-
nnekca (D,e,"); IIb - To e, BepxHeTaHaJIBIKCKOTO KOMILJIEKCa
(D,e,") Batimakckoro pyaHoro paiona; Illc - To e BepxHeTaHa-
JIbIKCKOTO0 KoMiiekca (D e,") Makancko-T'akickoii moasons! Ty-
6uHCcKo-Talickoro najeoByKaHu4yeckoro nosica; Ild, Ile - cese-
PO-MPEH/ILIKCKOT0 U F0XKHO-UPeH/IbIKCKOro KoMiiekcos (D, ef,);
[II - o6s1acTh pacpocTpaHeHUsA KapaMaJbITalICKOTO BHYTPH-

JlyrOBOT'0 KOMILJIEKCA U ero Bo3pacTHbIX aHasoros: [1la - Haf 30HOM cy6aykuuwy, 111b, Illc - Hazx 30HON Cy6AYKIMU, ThIIOBOAYKHAS
o6cTaHOBKA, AjlekcaHJpUHCKasl U Ame6yTakcko-CpeHeopckas miaomaay, [1ld - o61acTe pacnpocTpaHeHUs1 KapaMaJslbITalICKOTO
BHYTPHUAYTOBOI'0 KOMIIJIEKCA BHe BJIUAHUS 30HbI Cy6yKIMU (cy60KeaHUYecKast o6cTaHoBKa); IV - dparMeHTHI oTlleNIeHHON
(ocTaro4noi) octposHoii Ayru (D,ef,) B BM3: [Va - mxycunckui, [Vb - HmkHe3uHrelckuld; V - 30Ha 3aayrosoro (D,7?) cnipeaunra.
KosrueanHble MecTopoxaeHus: 1 - AnekcaHJijpuHckoe, 2 - Talickoe, 3 - /xxycuHckoe, 4 - Bapcyyuii Jlor, 5 - Ame6yTakckoe, 6 —

O0cuHCckoe, 7 - UccupryKuHckoe.
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and trachyandesites) are subalkaline. The Mikheevka quar-
ry exposes numerous NEN fault contacts between igneous
and sedimentary rocks with low-angle to horizontal or less
often high-angle striation on slickensides, which records
oblique reverse slip motions in the ore-bearing rocks.

Deep boreholes stripped pillow basalts (D,?) with layers
of carbonaceous and siliceous rocks, clastic carbonaceous
chert, and volcanic-sedimentary lithologies (S, ,) below the
Ashchisui Fm. in the sides of the Mikheevka basin. U-Pb zir-
con ages of 356 Ma and 362 Ma are available, respectively,
for altered granitoids in the Mikheevka and Tarutino fields,
which span the D,fm-C t, interval from the Upper Famen-
nian to the lower Tournaisian [Grabezhev, 2009]. Note that
the 380-360 Ma interval corresponds to the time of the
first large-scale pulse of granitic magmatism [Fershtater,
2013, 2015].

Thus, the East Magnitogorosk and East Ural zones un-
derwent suprasubduction subalkaline magmatism of a de-
clining island arc and transition to a within-plate setting in
the Upper Devonian - Lower Carboniferous. Volcanic erup-
tions and intrusions record a combination of subduction
and transform settings, similar to that in Cenozoic orogens
of Pacific Asia.

Geodynamic factors and VMS mineral potential of
Devonian complexes. The volcanics of two VMS-bearing
cycles (D,e,-D_ef and D ef-D.f ) progressively decrease in
volume of boninites and tholeiites at increasing calc-alka-
line and shoshonite varieties. These trends may record slab
sinking (see Fig. 4, 5), increasing magma generation depths,
and decreasing amounts of slab-derived fluids from the front
to the back of the arc system. The amount of slab-derived
fluids controls the melting process and the melt fraction in
the mantle wedge. Felsic volcanics that erupted at final evo-
lution stages of VMS-bearing complexes were probably de-
rived from lower basaltic crust molten upon interaction with
the top of an asthenospheric diapir [Fershtater, 2013].

The volcanic complexes in the Magnitogorsk island arc
system differ in their VMS potential (Fig. 6). The grades are
the highest in (a) bimodal suprasubduction tholeiite-boni-
nite-rhyodacite and transitional to calc-alkaline mature arc
series, as well as in (b) bimodal tholeiite-rhyodacite supra-
subduction arc series of the spreading basin occupied by the
Karamalytash complex (see Fig. 5; Fig. 6). Small and medi-
um VMS occurrences exist in suprasubduction complexes of
calc-alkaline (Baymak), subalkaline (Dzhusa, Barsuchy Log),
and transitional tholeiitic to calc-alkaline (Aleksandrinskiy)
compositions, as well as in basaltic (Osenneye and Letneye
deposits) and contrasting (Akzhar occurrence) complexes
ofthe back-arcbasin (D, e,). Low grades are observed in tran-
sitional and oceanic subalkaline and tholeiite complexes.
The systematic change of intrusive and volcanic belts which
bear Co-Cu—~Cu-Zn—Zn-Cu—Zn-Cu-Au-Ba-Pb massive
sulfide deposits within the Magnitogorsk island arc system
is apparently related to Paleozoic subduction and rifting
events in the region [Kosarev et al., 2010].

Aleksandrovka island arc system (D,?-C,). Volcanic
complexes and tonalite-granodiorite intrusions (Fig. 7)
identified reliably in the Trans-Ural and East Ural zones

(Chelyabinsk granitoid intrusive complex) fall within a time
span of 360 to 345 Ma [Seravkin et al., 1992; Fershtater,
2013]. The Early Carboniferous was the time of another key
tectonic event in the history of the South Ural orogen, which
ended with collisional volcanism in the Magnitogorsk-Bog-
danovskiy graben (C,t,-v,) followed by synorogenic col-
lapse with the ensuing diverse mafic and granitic magma-
tism over the whole territory (C, ,-P) [Fershtater, 2013]. The
sub-plate evolution stage was almost amagmatic, except for
the Kisiney granite-porphyry complex [Tevelev et al., 2009].
Numerous dispersed fragments of ultramafic rocks and
serpentinite mélange provide direct evidence of a tectonic
event associated with the decline of the Magnitogorsk island
arc system and the origin of another arc of Aleksandrovka
over a slab dipping in the opposite direction. Note that this
model is consistent with seismics images across the South
Urals which confirm the existence of bi-vergent orogens
[Puchkov, Svetlakova, 1993; Puchkov, 2000, 2010]. The pos-
sibility of a structural-geodynamic model of the Southern
Urals with a subduction zone of eastern vergence in the
Trans-Ural zone was previously suggested by K.S. Ivanov,
V.N. Puchkov, A.M. Kosarev and G.A. Mizens. In this respect,
itis reasonable to discuss the Early Carboniferous magma-
tism successively for the island arc and collisional stages
that completed the regional volcanic activity.

The Trans-Ural zone includes several Early Carboni-
ferous N-S arc belts (see Fig. 1), with volcanic and intru-
sive complexes of the Troitsk-Kengussay, Aleksandrovka,
Oktyabr’skoe-Denisovka, Valerianovka, and Borovska zones.
The Oktyabr’skoe-Denisovka zone is separated by the Li-
vanov fault from the Valerianovka zone and by the Tobol
strike-slip fault marked by numerous peridotitic and ser-
pentinite bodies from the Aleksandrovka zone [Seravkin et
al,, 1992]. The Valerianovka zone is an area of especially in-
tense Early Carboniferous andesitic volcanic-plutonic mag-
matism [Dymkin, 1966; Poltavets etal., 1988; Seravkin, 2010]
which hosts the principal iron belt of Turgay traceable for
over 800 km [Seravkin et al.,, 1992]. The metallogeny con-
sists mainly of skarn Ti-magnetite deposits controlled by
large circular volcanoplutonic structures: paleo-calderas
and volcanic cones that are composed of calc-alkaline ba-
saltic andesites and comagmatic gabbro-diorite-granodio-
rite intrusions (C,) [Fershtater, 2013].

The Aleksandrovka zone encompasses abundant basal-
tic andesites and andesites (C,) of the Aleksandrovka com-
plex and coeval tonalite-granodiorite intrusions. A refer-
ence section of this type was sampled by one of us (A.M.K.)
along the Kartaly-Ayat River. As shown by diagrams in Fig. 7,
the basalts of the complex have high contents of Al (up to
19.6 wt. % Al,0,), relatively high K,O (up to 1.7 wt. %), and
low or moderate concentrations of Ti, Cr, Ni, Co, Zr, and
LREE; all volcanics show high concentrations of Sr (2500-
850 ppm). The Aleksandrovka volcanics plot within the
calc-alkaline and subalkaline fields common to mature arc
compositions (Fig. 7). The extremely large skarn magnetite
deposits of the Valerianovka zone and the Aleksandrovka
occurrences are typical of andesitic volcanoplutonic belts.
Judging by the distribution of volcanics and comagmatic
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intrusives (C,), the Aleksandrovka arc covers the Magnito-
gorsk zone in the west and the Trans-Ural zone in the east.
The northern Tyumen-Kostanay basin accommodates the
Tyumen and Kurgan Trans-Ural intrusive series compara-
ble with Frasnian rocks from the Valerianovka zone (D,f)
[Poltavets, 2009], which record the onset of magmatism in
the island arc system in the Upper Devonian (D,f).

Thus, the Valerianovka, Aleksandrovka, and East Ural
zones can be interpreted, respectively, as a frontal, transi-
tional, and back-arc structures in terms of the Early Car-
boniferous suprasubduction magmatism. In this case, po-
tassic subalkaline basalts of the post-island arc stage may
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represent the subsequent events of asthenospheric diapi-
rism and rifting (Magnitogorsk zone, East Ural volcano-plu-
tonic belt).

Transform-collisional volcanism in South Urals (C,).
The region underwent transform-collisional volcanism in
the Early Carboniferous, during the decline of the Aleksand-
rovka island arc system and the change from subduction to
a transform margin setting, with the ensuing break off of
a fixed slab. Volcanism was associated with compression
of island arc complexes that were involved in transform
strike-slip motions at the continent-ocean transition. The
earliest event of orogenic volcanism began in the Early
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Fig. 7. Major and trace element signatures signatures of Early Carboniferous volcanics of the Aleksandrovka island-arc system (Trans-
Ural area). New data rock compositions of the Aleksandrovka volcanic complex (C,) were used. Legend same as in Fig. 4.

Puc. 7. TeoxuMHyecKre XapaKTepUCTUKY paHHEKAaMEHHOYT0JIbHBIX BYJIKAHUTOB AJIeKCaH/JPOBCKOH OCTPOBOAYKHOH cucTeMbl (3a-
ypasbe). [Ipu nocTpoeHny rpadpuKoB UCI0/Ib30BaHbl HOBbIE [JaHHBIE 110 a/IeKCaH/JPOBCKOMY ByJIKaHM41eCKOMy KoMIuiekcy, C,. YcioB-

Hble 0603Ha4YeHUs CM. pUC. 4.
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Fig. 8. Map of granitic magmatism in Magnitogorsk and East Ural zones with enlarged area of paleo-volcanism in Magnitogorsk-
Bogdanovskiy Graben, South Urals (inset, panel A). Compiled by D.N. Salikhov, l.R. Rakhimov and T.A. Osipova after [Sobolev, 1971].
(a) - inset map of paleo-volcanism in Magnitogorsk-Bogdanovskiy graben. 1 - granitoids; 2 - extension faults; 3-5 - volcanic edifices:
3 - felsic volcanics, 4 - trachydacites, 5 - basaltic rocks; 6 - Devonian island-arc complexes, 7 - carbonate sediments; 8 - volcaniclastic
deposits; 9 - iron mineral deposits and occurrences. Numerals stand for names of deposits and occurrences: 1 - Ivanovo, 2 - Malyi
Kuybas, 3 - Bashik, 4 - Dimitrovsky, 5 - Beryozovskiy, 6 - Podotval'noye, 7 - Magnitogorsk, 8 - Mikubay-Martynovsky, 9 - Gryaznushka,
10 - Polevoye, 11 - Malokaragan, 12 - Bogdanovskoye. Roman numerals stand for names of extension faults I - Gusikha, II - Zharumbay,
III - Central, IV - Ural, V - Western, VI - Kirsa.

(b) - map of granitic intrusions in Magnitogorsk and East Ural zones. 1-3 - volcanic-sedimentary complexes: Early-Middle Paleozoic
undivided (1), mainly Devonian (2), mainly Carboniferous (3); 4 - ophiolites 5 - Magnitogorsk-Bogdanovskiy graben boundary; 6-12 -
granitoids: granites (6), adamellite granites (7), gabbro-granite (8), tonalite-granodiorite (9), monzodiorite (10), gneiss (11); 12 -
granitoids of uncertain types. Numerals stand for names of intrusions: 1 - Voronino, 2 - Uysko-bor, 3 - Akhunovo-Karagay, 4 - Petro-
pavlovka, 5 - Zamatokhino-Kasselsky and Nizhegorodka, 6 — Verkhneural’sk and Krasninsky, 7 - Magnitogorsk group of intrusions,
8 - Rassypnyansky, 9 - Karabulak-Razbornensky, 10 - Chekinskiy, 11 - Bogdanovskoe, 12 - Katsbakh, 13 - Argazinskiy, 14 - Chelyabinsk;
15 - Klyuchevsk; 16 - Varlamovo, 17 - Koelga-Kaban and Plast, 21 - Uyskoye-Vandyshevo, 18 - Borisovo, 19 - Ui and Vandyshevo, 20 -
Sanarka; 21 - Stepnoe, 22 - Chernoborskiy and Streletskiy, 23 - Chyornaya, 24 - Chesma, 25 - Dzhabyk, 26 - Varshavka, Stepninskoye,
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27 - Neplyuevka, Tolstinskiy, 28 - Suunduk, 29 - Tolstinskiy. Roman numerals stand for names of major tectonic units: I - East European
craton, II - Magnitogorsk zone, III - East Ural zone, IV - Trans-Ural zone.

Puc. 8. Cxema pacnpocTpaHeHUs FPaHUTOUHBIX MacCUBOB MarHMTOropckoi 1 BocToyHo-Ypaibckoil MerasoH c najieoByJIKaHU4eCKOU
Bpe3koi Marnutoropcko-borjanoBckoro rpa6eHa, I0xHbii Ypas. CoctaBieHa /.H. CanuxoBbiM, U.P. PaxumoBbiM u T.A.OcumnoBoit
Ha OCHOBe MaTepuasioB [Sobolev, 1971].

(a) - naneoBynkanuveckas kapra Marautoropcko-borganoBckoro rpa6eHa. 1 - UHTPY3UBbBI TPAaHUTOUAHBIE; 2 — TAJIE0PA3/IBUTH;
3-5 - BynKaHUTBI: 3 - KUCJIbIE, 4 - TPaxXULALUTOBBIE, 5 — 6a3a1bTOUAHBIE; 6 — OCTPOBOLY>KHbIE KOMILJIEKCHI JIeBOHA; 7 — KApOOHATHBIE
OTJIOXKEHHUS; 8 — BYJIKAHOTEPPUT'eHHbIE OTJIOXKEHUS; 9 - )KeJle30pyAHble MeCTOPOXK/AeHNd npoaByeHus: 1 - BaHoBckoe, 2 - Masblit
Ky#ibac, 3 - Bamuk, 4 - luMmutpoBckoe, 5 - Bepésky, 6 - [logoTBanbHoe, 7 - MaruuToropckoe, 8 - Muky6ait-MapTbelHOBCKOE, 9 —
['psasnymunnckoe, 10 - [ToneBoe, 11 - ManokaparaHckoe, 12 - BorgaHoBckoe. PumckuMu niudpamu o603HadeHsb! pa3aBury: | - 'ycu-
xuHcKuy, I - XKapym6banckui, 11l - LlerTpanbubii, IV - Ypansckuh, V - 3anagneiii, VI - Kupcuackuit.

(b) - cxema pacrpocTpaHeHHs TPAHUTOUAHBIX MAaCCUBOB MarHUTOropckoi U BocToyHo-Ypanbckoi MerasoH. 1-3 — ByJIKAHOT€HHO-
0CaloyHble KOMIJIEKCHI: 1 — paHHe- U CpeJiHeNnasie030MCKHe HepacyJeHeHHble, 2 — IeBOHCKUe, 3 - KAMeHHOYTOJIbHbIE; 4 — opuo-
JINTOBBIE KOMIIJIEKCBI; 5 — rpaHULbl MarHuToropcko-borganoBckoro rpa6eHa; 6—12 - TpaHUTOUABI Pa3HBIX GOPMAIMOHHBIX THIIOB:
6 — TPAaHUTHBIH, 7 — TPAHUT-JIEUKOTPAHUTHBIH, 8 — Ta66PO-TPAaHUTHBIN, 9 — TOHATUT-TPAHOJUOPUTOBBIN, 10 - MOHI[OZAUOPHUT-TPa-
HUTHBIH, 11 — THEWCOTPAHUTHBIN, 12 — HESICHOW PpopMaIlMOHHON NMpUHA/JIeKHOCTH. HoMepa MaccuBOB Ha KapTe: 1 - BopoHUHCKUH,
2 - Yiickob6opcku, 3 - AxyHoBo-Kaparaiickui, 4 - [lerponaBiioBckui, 5 - 3amaToxuHcko-Kaccenbckuit u Hmxeropoackui, 6 - Bepx-
HeypasIbCKUH, 7 - MarHuroropckas rpynmna UHTpy3ui, 8 — Pacceinusanckul, 9 - Kapabysnak-Pas6opuenckuii, 10 - Yexunckui, 11 -
BorpanoBckui, 12 - Kanbaxckuit 13 - Aprazunckui, 14 - Yensi6unckui, 15 - KimroueBckui, 16 — BapsiamoBckul, 17 - Koenrcko-Kab6as-
ckuil u [lnactoBckui, 18 - BopucoBckui, 19 - Yiickuii u BanbimeBckui, 20 - CaHapckui, 21 - CTenHUHCKUH, 22 - YepHOGOPCKUH U
Crpesnenkuii, 23 - YepHopeuyeHcku#, 24 - YecmeHckui, 25 - xka6bIKckuH, 26 — BapuaBckui, 27 - HermtoeBcku, 28 - CyyHAYKCKUH,
29 - TosctuHckui. CTpyKTypHble Mera3oHsl: | - BoctouHo-EBponelickas miatdopma, II - Marautoropckas, III - Boctouno-Ypanb-

ckad, IV - 3aypanbckas.

Visean and acted in the Magnitogorsk-Bogdanovskiy gra-
ben [Salikhov et al., 2014] in the East Magnitogorsk zone
(insetin Fig. 8). The activity propagated from the northern
termination of the graben and was especially intense in the
central and southern parts. Fissure eruptions in pull-apart
basins produced volcanic cones or small edifices with mul-
tiple spatially close independent calderas. The Early Carbon-
iferous volcanics belong to two chemically different com-
plexes of Beryozovskiy (C,t,-v,) and Grekhovskiy (C,t,-v,).
The Beryozovskiy complex consists mainly of subalkaline
and less abundant alkaline low- or moderately-Ti basalts,
basaltic andesites, and rhyodacites with partially preserved
suprasubduction signatures (Fig. 9). The trace-element pat-
terns show weak negative anomalies of Nb and Ti (0.7-
1.9 wt. % TiO, in basalts), a still weaker Zr low, and posi-
tive anomalies in U, Th, K, Pb, or sometimes Sr and Eu. The
relatively low concentrations of Sr most likely indicate a
particular non-arc type of volcanism in a setting different
from that in the Devonian [Volynets et al., 1990]. The Be-
ryozovskiy differentiated subalkaline volcanics are located
mainly in the eastern side of a pull-apart basin in the East
Magnitogorsk zone. The Grekhovskiy complex is dominated
by within-plate subalkaline high-Ti basalts (Fig. 9) which
may result from asthenospheric diapirism in the presence
of a slab-tear [Kosarev et al,, 2006]. They occur mostly in
pull-apart basins, in the walls of collisional strike-slip faults
in the East Magnitogorsk and East Ural zones.

The synchronous magmatic activity in the West Magni-
togorsk zone produced conformal gabbro intrusions on the
sides of large shallow synclinal folds. The rocks have the
same subalkaline mafic chemistry as those in the neigh-
bor Magnitogorsk-Bogdanovskiy graben. The Magnitogorsk
gabbro-granite intrusions postdated the Early Visean vol-
canism and marked the onset of another tectonomagma-
tic event in the region. They are remarkable by combining

within-plate and supra-subduction signatures [Fershtater,
2013] and by a depthward change in the shares of granites
and gabbro: the former decrease while the latter increase.
The gabbro host high-Ti magnetite mineralization (Maly
Kuybas deposit in the Kuybas intrusion). The available 340-
330 Ma dates correspond to a Late Visean age of the activ-
ity [Ronkin et al., 2006].

A later magmatic event in the West Magnitogorsk zone
produced a differentiated series of small picrodolerite in-
trusions with high-Ca tholeiite and calc-alkaline mafic com-
positions (Khudolaz complex) along a diagonal fault belt.
The event spanned an interval of 328+0.5 to 324+0.8 Ma
[Salikhov et al., 2012] within the Serpukhovian.

Thus, the magmatism in the West and East Magnitogorsk
zones evolved from mafic to felsic compositions. This trend,
as well as synchronicity with strike-slip faulting proven for
some picrodolerite intrusions, is typical of mantle magma-
tism at transform boundaries associated with slab break off
and asthenospheric diapirism [Martynov, Khanchuk, 2013].
The Visean-latest Permian transform motions in the South
Ural accretionary-collisional system eventually led to accre-
tion to the East European craton and complete consolida-
tion. Magmatism within that period from 330 to 260 Ma
produced multiple gabbro-granite and granite intrusives
of mantle-crust origin which have been comprehensively
characterized in a number of previous publications [Tevelev,
Kosheleva, 2002; Tevelev et al., 2006; Fershtater, 2013].

4. DISCUSSION
The reported data on the igneous complexes and related
metallogeny of the region allow us to update the existing
evolution models of the South Ural accretionary-collisional
system. Unlike those models postulating predominant su-
prasubduction, collisional, and postcollisional magmatism
[Tevelev, Kosheleva, 2002; Puchkov, 2003, 2010; Tevelev
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Fig. 9. Major and trace element signatures signatures of Early Carboniferous collisional basalts of the Magnitogorsk zone.
1 - Beryozovskiy differentiated basalt-andesite-dacite-rhyolite volcanic complex (C t,~t,b); 2 - Grekhovskiy differentiated basalt-
andesite-dacite-rhyolite volcanic complex (C,t,-v,g). Legend same as in Fig. 4.

Puc. 9. 'eoxumuueckue XapaKTepHUCTUKHU 6a3ajbTOB PpaHHEKaMeHHOYT0JIbHOT0O BO3PAaCTa, OTBEYaIIUX KOJITM3UOHHOU reogMiHaMu-

yeckoi o6cTaHoBKe (MarHUTOropcKasi MerasoHa).

1 - 6epe3oBckuii AuddepeHMPOBAHHbIN 6a3a/MbT-aHAE3UT-AALUT-PUOJUTOBbIA ByKaHUYeckud kommiaekc (C,t-t,b); 2 - rpe-
XOBCKUH AuddepeHMpOBaHHbIA 6a3anbT-aHAe3UT-JalluT-PUOTUTOBbIN By IKaHUYeCKul Komriekc (C,t,-v,g). YcrnoBHble 0603Ha-

YeHHUH CM. puc. 4.

et al,, 2006; Fershtater et al., 2007; Fershtater, 2013], we
additionally distinguish a setting of transform boundaries
[Vladimirov et., 2020]. The transform boundary conditions
left record in many similar structures of Asia: Early Creta-
ceous and Eocene geodynamic complexes in eastern Asia;
Jurassic - Early Cretaceous complexes in the regions of Ko-
lyma Loop, Mongolia-Okhotsk belt, and Transbaikalia; and
Devonian to Permian complexes in the Altai region [Khan-
chuk et al,, 1997, 2019; Martynov et al., 2002; Simanenko
et al,, 2006; Vladimirov et al., 2020; Martynov, Khanchuk,
2013; Kruk, 2015]. Rocks of this type have been exhaustively

documented in California [Rogers et al., 1995]. The Califor-
nian slab-tear magmatism caused by ridge subduction has
produced diverse complexes with mixed within-plate, su-
prasubduction, and mid-ocean ridge signatures that repre-
sent, respectively, the contributions of an asthenospheric
diapir, a mantle wedge, and a slab to magma generation.
In the same way, the Middle-Late Devonian-Carboni-
ferous Magnitogorsk and East Ural volcanoplutonic belts in-
clude flexure-like fold and fault structures and their rhomb-
shaped fragments (Khudolaz, Mariinsk, Kumak, and Buruk-
tal) that formed under a shear stress. These structures are
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described by K.P. Plyusnin [Plyusnin, 1971] and S.E. Zna-
mensky [Znamensky, 2009], with Late Devonian (D, ,) and
Early Carboniferous intrusions in their fragments, are promi-
nent in the tectonic-paleovolcanic map of the South Urals
(see Fig. 1) [Seravkin et al,, 1992] and in the tectonic map of
the Khudolaz area compiled by S. Znamenskiy [Znamensky,
2009]. The presence of VMS and porphyry Cu mineraliza-
tion is consistent with features of cyclic volcanism and in-
trusive magmatism.

VMS deposits in the Magnitogorsk zone reside in the up-
per strata of the Buribay (D, e,"), Upper Tanalyk (D, e,?), Kiem-
bay (D,e,"), South Irendyk (D, ef,"), Sukrak (D, ef ), Dzhusa
(D,ef,"), and Karamalytash (D, ef,) volcanic complexes.

The suprasubduction volcanics prevailing in the Mag-
nitogorsk zone coexist with non-arc basalts which are com-
positionally similar to within-plate oceanic flood basalts
and hawaiites, with high to moderate Ti enrichment (1.4-
4.86 wt. % Ti0,). However, the linkage to subduction attests
to their origin from mantle diapirs in an arc system rather to
than a plume (within-plate hotspot) origin. Diapirism can
produce back-arc and arc spreading basins and is in some
cases associated with slab tears. Basalts of this kind are, for
instance, those with moderate Ti contents from the lower
strata of the Buribay tholeiite-boninite arc complex (D,e,)
and from the Bolshoy Kumak complex lying over than Dzhusa
(D,ef)), at the base of D ef, stratigraphic equivalents of the
Karamalytash Fm. in the East Magnitogorsk zone. All these
spreading zones most likely were genetically related to
transform motions which, however, did not disturb much
the steady subduction regime [Kosarev et al., 2014].

Porphyry Cu deposits occur in diorites that emplaced
during the final phase of volcanoplutonic magmatism. The
mineralization history comprised six events distinguished

from data of isotope geochronology and metallogeny. They
were, namely, three events of porphyry Au-Cu mineraliza-
tion: 429 Ma (S,) North Tomino and Berezniki deposits in
the East Ural volcanoplutonic belt, 412 Ma Voznesenka de-
positand 418 Ma (D,eh-Pr) Karagaykul deposit in the Main
Ural Fault, and 380 Ma Salavat deposit in the West Magnito-
gorsk zone; one event of porphyry Cu-Mo mineralization:
360 Ma Upper Ural deposit in the East Magnitogorsk zone;
and two events of porphyry (Mo)-Au-Cu mineralization in
the East Ural volcanoplutonic belt: 356 Ma Mikheevka and
362 Ma (D,fm~-C,) Tarutino deposits and 325 Ma (C,sp) Ben-
kala deposit in the Valerianovka zone [Grabezhev, 2009;
Kosarev et al.,, 2014].

Sm-Nd isotope systematics. The available Sm and Nd iso-
tope data for the South Ural region (Fig. 10) show T, ,(DM-2)
model ages of granitoids from 0.7 to 1.0 Ga in the Mag-
nitogorsk zone and >1 Ga in the East Ural Uplift. The gran-
itoids of the Magnitogorsk zone mostly fit into the isotope
evolution of E-MORB and OIB basalts which indicates their
origin mainly from juvenile crust. The granitic magma in
the East Ural Uplift, on the contrary, bears signatures of old
crustal material of uncertain origin that requires further in-
vestigation. Thus, the contribution of recycled crust to the
source of granitic magma is the smallest in the Magnito-
gorsk zone and the greatest in the East Ural Uplift. The pres-
ence of Precambrian in the Suunduk-Chelyabinsk zone of
the East Ural Uplift was assumed [Puchkov et al., 1986] by
the development of granite-migmatite complexes and mas-
sifs of the granite formation, as well as by the early (0-S,)
manifestation of island-arc volcanism.

The Middle-Late Paleozoic geodynamic evolution sce-
nario of the South Ural accretionary-collisional system was
presumably as sketched in Fig. 11.

12

0 200 400

1000

600 800

Age, million years

Oo1 &2

w43 =4

Fig. 10. Sm-Nd isotope systematics of granitoids and basement rocks in the South Ural accretionary-collisional system.

1, 2 - granitoids of South Urals: Magnitogorsk (1) and East Ural (2) zones [Osipova et al,, 2008; Bea et al., 2005]; 3, 4 - oceanic ba-
salts of South Urals: N-MORB (3), E-MORB and OIB (4) [Spadea et al., 2002]. The trends of depleted mantle (DM) and chondrite uni-
form reservoir (CHUR) are according to [Goldstein, Jacobsen, 1988] (*¥*Nd/***Nd - 0.513151, '*’Sm/***Nd - 0.2136) and [Jacobsen,
Wasserburg, 1984] (**Nd/***Nd - 0.512638, *’Sm/**Nd - 0.1967), respectively.

Puc. 10. CooTHOLIEHUE U30TONHBIX XapaKTepUcTUK Nd B rpaHuTOMjax U opoax ¢yHAaMeHTa H0KHO-YpaibCKON aKKpPELIMOHHO-
KOJIJIM3UOHHOM CUCTEMBI.

1-2 - rpanuToubl K0xkHoro Ypasna: 1 - MarHuToropckasi Merasona, 2 -BoctoyHo-Ypanbckas 30Ha [Osipova et al,, 2008; Bea et al,,
2005]; 3-4 - okeaHuveckue 6asanbThl H0xkHOro Ypana: 3 - N-MORB, 4 - E-MORB u OIB [Spadea et al., 2002]. J/IuHUs 3BOIIOLUHU Je-
mieTupoBaHHou MmaHTuu (DM) npoBezieHa no ganHbiM [Goldstein, Jacobsen, 1988] (Nd/***Nd=0.513151, *’Sm/***Nd=0.2136), iu-
HUS 3BOJIIOLUU €JUHOT0 XOHApUTOBOro pe3epByapa (CHUR) - mo gauuwiM [Jacobsen, Wasserburg, 1984] (**Nd/***Nd=0.512638,
7Sm/**Nd=0.1967).
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Fig. 11. Model of geodynamic and metallogenic events in the Devonian to Permian history of the South Ural accretionary-collisional
system. Compiled by A.M. Kosarev, A.G. Vladimirov and A.Il. Khanchuk.

Abbreviations stand for: SA - subalkaline, CA - calc-alkaline, Sh - shoshonitic, T - tholeiitic, MUF - Main Ural Fault; WMZ - West
Magnitogorsk Zone; EMZ - East Magnitogorsk Zone; EUZ - East Ural Zone; TUZ - Trans-Ural Zone.

Puc. 11. 'eoAnHaMU4eCcKUH clleHapUil U MeTaJlJIoreHHYecKas crenuanusanus I0xkHo-YpanbCcKol aKKpeLlMOHHO-KOJIJIM3UOHHON
cucteMbl. CoctaBisieHa A.M. KocapeBsiM, A.I'. BragumupoBbiM 1 A.U. XaHuyyKoM.

CokpaiueHnus. Cepuu: SA - cy61esnoyHasi, CA - U3BECTKOBO-1e/IouHas1, Sh - momonuToBas, T - ToslenToBas. CTpyKTypHO-popManu-
oHHble 30HbI: MUF - I'taBHbBIN Ypanbckuii pasnom, WMZ - 3anagHo-Maruutoropckas 30Ha, EMZ - BoctoyHo-Maruutoropckasi 30Ha,

EUZ - BoctouHo-Ypasbckas 30Ha, TUZ - 3aypasibckasi 30Ha.

5. CONCLUSIONS

The results of the study lead to several main inferences.

1. The Middle-Late Paleozoic history of the South Ural re-
gion encompassed alternating subduction and transform-
collisional events at the continent-ocean transition. The
largest volumes of magma in the Magnitogorsk zone erupted
in the Early and Middle Devonian in a subduction setting
and partly resulted from slab-tear asthenospheric diapirism
(D,e, and D,ef,). The presence of within-plate basalts in VMS
complexes suggests their participation in the process of ore
formation and petrogenesis as a catalyst. In the Late Devo-
nian, the Magnitogorsk arc became blocked, and the sub-
duction setting changed to that of transform boundaries
with slab break off and asthenospheric diapirism.

2. The latest Devonian - earliest Carboniferous activity
led to the formation of a new subduction zone dipping west-
ward and the Aleksandrovka island arc. Another event of

collision and obstructed subduction in the Early Carbo-
niferous again created a transform setting with post-col-
lisional sliding plate motions and slab tear magmatism.
The magmatism produced alkaline gabbro-granite intru-
sives which host skarn magnetite and Ti-magnetite de-
posits (C,). The transform setting remained predominant
from the Early Carboniferous through Permian when Eurasia
had completed its consolidation. Mineralization of that time
span occurs as large gold deposits in Cu-Ni picrodolerites
(C,) and Mo-W ores in granites (P, ).
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