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ABSTRACT. This work presents the summarization of U-Pb (SIMS, TIMS) zircon dates and petrogeochemical signa-
tures of granitoids of the north of the Urals (Polar, Subpolar, and Northern Urals) obtained over the last decade. Granite
melts were formed from melting of different substrates, highly heterogeneous in composition and age, at all geodynamic
stages distinguished in the studied area. Preuralides include island arc-accretionary (735-720 Ma, 670 Ma), collisional
(650-520 Ma), and rift-related (520-480 Ma) granitoids. Uralides includes primitive island-arc granitoids (460-429 Ma),
mature island-arc granitoids (412-368 Ma), early collisional (360-316 Ma) and late collisional (277-249 Ma) granitoids.
As a result, the general trend of variations of oxygen (6'°0,_, %o), neodymium (sNdmwr), and hafnium (stmZm) isotope
compositions identified in time. Mantle isotope compositions (§'°0, (+5.6), zszmWr (+1.7), stmZrn (+8.7..+10.6)), com-
mon for island arc granitoids (Preuralides) are changed by crustal-mantle ones (6'°0, (+7.2..+8.5), .sNdmWr (-4.8..+1.8),
£Hf(c)2m (+2.1 to +13)), typical of collisional granites. According to this, the crustal matter played a significant role during
the formation of the latter. The crustal-mantle isotope compositions are changed by the mantle ones, characteristic of
rift-related (6'°0,  (+4.7..+7), eNd,, (+0.7..+5.6), eHf , (-2.04..+12.5)) and island-arc (Uralides; 5680, (+4.2..+5.7),
zszmWr (+4.1..+7.4), st(

twr Zrn

2 (+12..+15.2)) granitoids.
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TPAHUTOUHBIA MATMATH3M CEBEPA YPAJIA: U-Pb BO3PACT, 3BOJIIOLIMA, UICTOYHUKH

0.B. Yaoparuna'?, K.B. Kynmukosa', A.C. lllyiickwuii', A.A. Co6osieBa’,
B.JI. Augpenues’, U.U. l'onyGea', B.A. Kanuranoa'

'UuctutyT reosiorun ®UILL Komu HI YpO PAH, 167982, CoikThiBKap, yi1. [lepBomatickas, 54, Poccus
2TomcKku# rocyiapcTBeHHbIN yHUBepcuTeT, 634050, Tomck, np-T JleHuHa, 36, Poccus

AHHOTAIMUAL. [TpoBeneHo 0600611eHNE NOJYYeHHBIX B ocaeHee AecsaTuaeTre U-Pb nupkoHoBbix Bo3pacToB (SIMS,
TIMS) ¥ neTporeoxMM1U4YeCKUX XapaKTepPHUCTUK TPAaHUTON/I0B ceBepa Ypasa ([loaspuseil, [IpunonsapHbiit u CeBepHBIN
Ypaun). 'paHuTHBIe pacniaBbl OPMUPOBAINCH HA BCEX Bbl/leJIEHHBIX /11 3TOTO peruoHa reoJMHaMU4eCKUX CTaZUsX U3
KpaliHe HeOJHOPO/JHBIX I10 COCTaBY U BO3PaCTy Cy6CcTpaTOB. JJoypain/ibl: OCTPOBOYXKHbIE IPUMUTHBHON OCTPOBHOM AyTH
(735-720 muH J1eT), akkperoHHble (670 MJIH JieT), Kosiu3uoHHble (650-520 MuiH JsieT), pudTorenHblie (520-480 MiH
JIeT). Ypasnu/bl: OCTPOBOAYKHbIe IPUMUTUBHON OCTpOBHOMU AyTH (460-429 MJIH JIeT), OCTPOBOAYKHbIE 3PEJION OCTPOB-
HoYl ayru (412-368 MJIH JieT), KOJLJIM3UOHHbIe paHHUE (360-316 MJIH JieT), KOJJIM3UOHHbIe T03Hue (277-249 MH
JieT). BoisiBieHa o611as TeH/jeHI[MA U3MeHeHUs BO BpeMeHH U30TOMHbBIX COCTaBOB KUcaopoaa (8'°0, , %o), Heoquma
(sNdmwr) v rapHus (stmZm). ManTuiinble 3Hayenus (6'°0, (+5.6), zszmWr (+1.7), SHf[t)Zrn (+8.7..+10.6)), TUNMYHbIE AJI
OCTPOBOJYXHBIX (0ypanu/ibl) FPaHUTOB, MEHAIOTCA Ha KOPOBO-MaHTUHHbIE(6'°0, (+7.2..+8.5), z»:NdmWr (-4.8..+1.8),
eHf ), (+2.1..+13)), xapaKkTepHble [/l KOJUIN3MOHHBIX TPAHUTOB, B KOTOPBIX IPOC/IEXUBAETCSA GOJIbLIIEe BIUAHMIE KO-
pOBOTO BelllecTBa NpU GOPMUPOBAHUM PACIJIAaBOB, U Jlajiee MEHSIOTCSA Ha 3HaYeHUs C MAaHTUWHBIMU XapaKTepUCTHKa-
MH, KOTOpbI€ NIPUCYLIH pudTOrenHsim §'°0, (+4.7..+7), sNdmWr (+0.7..+5.6), stmZm (-2.04...4+12.5) ¥ oCTPOBOYKHBIM
(ypanuapr) 6'°0, (+4.2..+5.7), eNd,,, (+4.1..+7.4), eHf ,  (+12..+15.2) rpaHuTOMAAM.

KJ/IFDYEBBIE C/IOBA: 130TONHO-re0OXUMUYECKNE XapaKTEPUCTUKU I'PAaHUTOU/0B; U30TOMHbIN COCTAaB HEOAUMA
II0POJ; U30TOMHBIN COCTAaB KUCJI0POJa LIUPKOHOB; U30TONHBIN cocTaB radpHus LMpKoHOB; U-Pb Bo3pacT; ceBep Ypaia;

[Tonspublii; [IpunonspHelil; CeBepHbIN Ypas

®UHAHCHUPOBAHHME: VicciieoBaHus ObLIM HaYaThl B paMKax mpoekToB 09-C-5-1017, 12-C-5-1024 (0.B. Y ropaTuHa),
15-18-5-40 (B.JI. AuapeuueB), 15-18-5-57, 18-5-5-46 (K.B. KysnnkoBa), Tak:ke UCIIOJIb30BaHbI JJaHHbIE, IOJYYeHHbIE B
paMkax CorvialieHust 0 HAy4YHOM coTpyAaHu4YecTBe oT 12.12.2008 1. 1 15.01.2012 1. ¢ [lemapTaMeHTOM reoJIOTUU U 3KOJIOTU-
yeckux Hayk lllkosibl Hayk o 3emse CTaHdopackoro yHuBepcuteTa (CLIA, 3. Musiep). B HacTosiiiee BpeMsi OHU IPOA0JI-
’KaIOTCA B paMKax rocyZjapcTBeHHoro 3aganus Uucturtyra reosoruu um. H.IL. FOmkuna Komu HII YpO PAH I'P AAAA-A17-
117121270035-0 u yactTuyHo noagepxkuBatorcs [IpaButenbcTBoM Poccutickoit ®enepannu (npoekt 14.Y26.31.0012,

P. 3pHCT).

1. INTRODUCTION

The north of the Urals is geographically divided, from
north to south, into the Polar, Subpolar, and Northern Urals
and is bounded by Mt. Konstantinov Kamien from the north
and Mts. Kosvinsky Kamien and Konzhakovsky Kamien from
the south (Fig. 1, a, b).

Granitoids of the north of the Urals have always been the
subject of an increased focus, which is reflected in the ex-
tensive list of literature [Okhotnikov et al., 1985; Makhlaev,
1996; Goldin et al.,, 1999; Makhlaev et al., 2005; Kuznetsov et
al.,, 2005a, 2005b, 2007; Andreichev, 1999, 2010; Puchkov,
2010; Melgunov et al., 2010; Soboleva, Udoratina, 2010].
Even recently, their age and formation conditions are the sub-
ject of discussion. Due to geological surveying and thematic
studies performed in the north of the Urals over the past
decade, quite many works present geochronological and iso-
tope-geochemical data on granitoid massifs have been pub-
lished by authors of the present paper and other researchers.
The present report summarizes all these materials.

As evidenced from the previous summaries, differences
between granitoids from the Central Uralian and East Uralian
megazones in the north of the Urals have long been known.

The differences between granites of the Subpolar Urals
in terms of chemical and mineral composition were inter-
preted to connect with variations in the conditions during
their emplacement. Some researchers [Goldin et al., 1981;
Shteinberg, Vigorova, 1976] subdivided granites to “dry”
and “hydrous” varieties. The dry granites, confined to the
western part of the granite distribution area, show that they
were crystallized under the hypabyssal conditions. The “hy-
drous” ones, distributed eastward, are attributed to deeper
sources.

The systematics of granitoids of the north of the Urals
based on studying their protoliths was proposed by L.V. Makh-
laev [Makhlaev, 1996]. Using Chappell’s compositional-ge-
netic classification [Chappell, White, 1974], Makhlaev sub-
divided granitoids in I- and A-types, considering the reason
for their difference in the compositional heterogeneity of
the granite-producing substratum. The protoliths of differ-
entiated calc-alkaline I-type granitoids were apo-mafic meta-
morphicrocks. The A-type leucogranites of the normal and
higher alkalinity were formed due to the melting of the
granulite and granite-gneissic substratum. This conclusion
is in accordance with a geological-geophysical model of
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Fig. 1. Locality of the study area on the geological-tectonic map of the Urals [Puchkov, 2010; Estrada et al., 2012 (with amendments)] (a).

1 -Timan; 2 - Pre-Urals Foreland basin; 3 - West Uralian megazone; 4 - Central Uralian megazone; 5 - Magnitogorsk - Tagil megazone;
6 - East Uralian megazone; 7 - Transuralian megazone; 8 - Permian, Mesozoic, Cenozoic; 9 - Kazakhstan Craton. E-O - Enganepe and
Ochenyrd uplifts, KH - Kharbey block, SH - Schuchinsky subzone, V-R - Voykar - Rai-Iz subzone, LY - Lyapin anticlinorium, ISH -
Isherim block, MUF - Main Uralian Fault. The study area is shown by a rectangle. Northern Urals (58.45-64° N), Subpolar Urals (64-
65.4° N), Polar Urals (65.4-68.30° N).

The fragment of the 1:2500000 geological map of the north of the Urals [Petrov, 2016] (b). 1 - Lower Proterozoic; 2 - upper Lower
Proterozoic; 3 - upper Lower Proterozoic (high-grade metamorphic); 4 - Middle Riphean; 5 - Middle-Upper Riphean; 6 - Upper Riphean;
7 - Upper Riphean - Lower Vendian; 8 - Vendian; 9 - granites, plagiogranites, quartz diorites; 10 - Upper Cambrian - Lower Ordovician;
11 - Ordovician; 12 - Lower Ordovician; 13 - peridotites and dunites; 14 - Lower Silurian; 15 - Upper Silurian; 16 - diorites, granodio-
rites, quartz diorites; 17 - Middle - Upper Devonian; 18 - Upper Triassic - Lower Jurassic; 19 - Lower - Middle Jurassic; 20 - Middle
Jurassic; 21 - tectonic mélange; 22 - MUF; 23 - geological boundaries. Color designations: eNd , - blue, §'°0, - green, stmZm - pink,
in case of a number of values, the age (Ma) is given. Granite massifs (complexes) of the north of the Urals (1-81) - the name of a massif
(section West Borzovsky ... Severorudnichny complex) (c).

Puc. 1. [lonoxkeHue pailoHa uccael0BaHUM Ha reosioro-TeKTOHUYecKor KapTe Ypasa (nmo [Puchkov, 2010; Estrada et al., 2012, ¢
n3MeHeHUsMHU|) (a).

1 - Tuman; 2 - [lpenypanbckuii KpaeBoi mporu6; 3 - 3anagHo-Ypasbckas Mera3ona; 4 — lleHTpasbHO-Ypasibckas MerasoHa; 5 - Ta-
runo-MarHuToropckast MerasoHa; 6 — BocrouHo-Ypasbckas MerasoHa; 7 - 3aypasibckas MerasoHa; 8 — NepMcKHe, Me30301CKHe, KahHO-
30HcKue oTiokeHUs; 9 - KazaxctaHckuit kpaToH; E-O - nogHaTusa Enranens u Ouyenbipf, KH - Xap6eiickuii 610k, SH - llyubuHckas
30H3, V-R - Bolikapo-Paiinsckas 30Ha, LY - JIanuHckuil aHTUKIMHOPUH, ISH - UepumMckuii 610k, MUF - riiaBHBIN ypasibCKUM pa3ioM
(HagBur), BBIJIE/IEHHAS 30HA — paiioH ucciaegoBaHui. CeBepHbIi Ypau (58.45-64° N), [Ipunossapuseiil Ypan (64-65.4° N), [lonsapHbii
Ypaun (65.4-68.30° N).

@®parMeHT reosioruyeckoit kapTol ceBepa Ypasa 1:2500000 [Petrov, 2016] (b). 1 - HUKHUM IPOTEPO30H; 2 — BEPXHSA YaCTb HUXKHETO
MPOTepo30s; 3 — BEpXHss YaCTb HUXKHETO MPOTepo30s1 (BbICOKOMeTaMOpPPHU30BaHHbIe); 4 — cpeiHUN pudel; 5 - cpeAHUN — BEpXHUN
pudeit; 6 - BepxHuil pudelt; 7 - BepxHUM pudeit - HIKHUHM BeH/T; 8 — BeH/; 9 — TPaHUTHI, JIarMOIPAHUThI, KBaplieBble JUOPUTHI;
10 - BepxXHU KEMOPUH — HUXKHUH OpJIOBUK; 11 — 0piOBUK; 12 — HXKHUN OP/IOBUK; 13 — NEPUAOTHUTHI U [lYHUTHI; 14 — HYIDKHUM CUITYD;
15 - BepxHUH cuyp; 16 — IUOPUTHI, TPAHOAHUOPHUTHI, KBapLieBble AUOPUTHI; 17 — cpelHUIN — BepXHUH JieBOH; 18 — BepxHUU Tpuac -
HWKHSAS 10pa; 19 - HUXKHSASA - cpefiHss opa; 20 - cpefHss opa; 21 — MeJlaHK TeKTOHUYecKui; 22 — I'YP; 23 - reosiorudeckue rpaHu-
bl [[BeTom nokasanel 3Hadenus eNd - cunuit, 8'%0, - 3eseHbli, eHf .~ po3oBbIH, NPU HaIMYMK HECKOJILKMX JJaHHBIX CIpaBa

(twr (t)Zrn
BbIHEeCeH Bo3pacT (MJIH JjieT). [paHUTHBIe MaccUBbI (KOMILJIEKCHI) ceBepa Ypasa (1-81) - HazBaHue MaccuBa (y4. 3an. Bop30BCKUH ...

CceBepOopyAHUYHBIN KoMILIeKC) (¢).

the deep structure of the Central Uralian megazone [Ber-
land, 1982]. In terms of density features, the crystalline
basement of the latter is close to metamafic rocks in the
western zone and granite-gneisses in the eastern one. Mas-
sifs, composed of I-type granites, are confined to the west
zone; the A-type granites dominate in the east zone.

The typification of granitoids and the combination of
petrogeochemical signatures with U-Pb ages brought re-
searchers [Makhlaev, 1996; Soboleva et al., 2005a, 2015;
Andreichev, 2010; Soboleva, Udoratina, 2010] to under-
standing the evolution of granitoid magmatism in the north
of the Urals and accepting the fact that granitoids of different
types could often form simultaneously. The recent isotope-
geochemical signatures (0, , Sm-Nd_, Lu-Hf, ) provide
insight into the understanding of the primary protoliths of
granite melts and their characteristics, as well as the evo-
lution of source rocks and melts in the studied region.

We have taken only U-Pb (SIMS, and TIMS) age of zircons
from granitoid massifs into account. Also, our new 51802m %o,
£Hf[t]Zm, and z»:Ndmwr data are used. For our work, we have
used our and published U-Pb (SIMS, TIMS) isotope ages
(210) of zircons from 81 massifs of the north of the Urals,
obtained mainly over the past decade using the techniques
described in the primary publications. To construct dif-
ferent diagrams, we have used our own and published data
on the chemical composition of dated rocks and contents
of rare, rare-earth, and trace elements.

The petrogeochemical, geochronological, and isotope-
geochemical data on granitoids from the southernmost parts
of the Southern Urals, Kanin-Timan Range, and the basement
of the Pechora syneclise were not taken into consideration.

This work aims at confirming reference boundaries pre-
viously established for the Preuralides and Uralides, ana-
lyzing the change of granite melt sources based on petro-
geochemical and isotope-geochemical signatures of gran-
itoids. The problems to be considered in the given work are
as follows: (1) analysis of the available U-Pb dates of single
zircon grains obtained over the past decade, (2) analysis
of petrogeochemical features of dated granitoids, (3) ana-
lysis of the change of the granite melt sources based on
newly obtained isotope-geochemical characteristics (O, ,
Hf, ,Nd , ), and (4) geodynamic interpretation using
U-Pb, petrogeochemical, and isotope-geochemical data on
granitoids.

2. GEOLOGICAL POSITION OF GRANITES
IN THE NORTH OF THE URALS
The Uralian collisional orogen in the entire Urals and the
north of the Urals, in particular, is composed of the com-
plexes of the East European Craton (Laurussia), island arcs,
and fragments of ophiolite complexes [Biske, 2019; Puch-
kov, 2010]. The Urals is geographically divided from south
to north into the Southern, Middle, Northern, Subpolar, and
Polar Urals. Structural megazones of the Urals (from west
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to east) (Fig. 1, a) are Pre-Urals Foreland basin, West Ura-
lian, Central Uralian, Tagil-Magnitogorsk, East Uralian, and
Transuralian megazones. The East Uralian and Transura-
lian megazones are overlain in the north by deposits of the
Siberian Platform. The term East Uralian megazone is often
used to refer to complexes (analogs) of the Tagil-Magnito-
gorsk megazone.

There are no granitoids in the north of the Urals, marking
the development of the proper Uralian collisional orogen.
The Uralian Orogen (“Uralides”) is a young fold belt mark-
ing collisional events at the eastern margin of the former
Laurussia continent during the Late Carbonaceous and
Permian. At this, granitoids, marking the development of
the earlier Timan (pre-Uralian) collision, are exposed in
the north of the Urals, the Central Uralian megazone, the
crystalline basement complexes of the Pechora Plate and
Timan. The time of this collision is estimated at 550 Ma
[Kuznetsov et al., 2007]. Along with granitoids, the more
ancient granite island arc complexes occur in the complexes
of the Preuralides.

Preuralides (Timanides) and Uralides, two main struc-
tural stages, indicating two separate cycles of tectonic de-
velopment, are distinguished in the geological structure
of the Urals. They were first distinguished in the Southern
Urals [Kheraskov, 1948] and extended later to the entire
Urals [Kheraskov, Perfiliev, 1963]. Since that time, almost
all researchers call them Preuralides (after N.P. Kheraskov)
and Uralides. The pre-Ordovician formations are attributed
to the lower structural stage; the Uralides, the Hercynian
fold system of the Urals, refer to the upper stage. The term
Baikalides is often used to designate the Preuralides. In re-
cent years, the terms Protouralides and Timanides have
appeared in publications, but they are all synonymous with
the priority term Preuralides. Due to this, we have preferred
to use the latter.

In the north of the Urals, granite massifs are concen-
trated in the Central Uralian and East Uralian (Tagil-Magni-
togorsk) megazones. The Central Uralian megazone (Central
Uralian Uplift, the axial zone of the Urals), located westward
of the Main Uralian Fault (MUF), is composed of structural
and compositional complexes of the Preuralides. The East
Uralian megazone (Tagil-Magnitogorsk), located eastward
of the MUF, are composed of complexes of the Uralides.

The complete section (from north to east) was described
in the Polar Urals, where granitoids crop out in the Central
Uralian (Enganepe, Ochenyrd, and Sob uplifts; Suppl. 1;
Fig.1,b, ¢, (1-23) and East Uralian (Suppl. 1; Fig. 1, c (24-36))
megazones. Most of the granitoid bodies in the Polar Urals
are confined to the Central Uralian megazone (Suppl. 1;
Fig. 1, b, c (37-64)). In the Northern Urals, granitoids occur
in the Central Uralian (Suppl. 1; Fig. 1, b (65-79)) and the
East Uralian (Suppl. 1; Fig. 1, b, ¢ (80-81)) megazones.

The detailed description of granitoids (geological-struc-
tural position of granitoid massifs, petrographic, petrochem-
ical, geochemical, isotope-geochemical, geochronological
characteristics, and the geodynamic interpretations) is given
in our publications and publications of other researchers
(Suppl. 1; Fig. 1, c; references).

The series of the studied granite massifs include (1) small
granitoid bodies (described by different researchers as
granite-gneisses), developed among high-grade metamor-
phosed complexes of the Kharbey block of the Polar Urals
(Suppl. 1; Fig. 1, b, ¢ (7, 17, 22-23) and the Nyarta block of
the Subpolar Urals (Suppl. 1; Fig. 1, b, c (44-49)); (2) "rare-
metal" granite massifs, which experienced superimposed
metasomatic processes: massifs of the Taikeu group of the
Polar Urals (Suppl. 1; Fig. 1, b, c (10-14)), Torgovaya-Kulem-
shor massif of the Subpolar Urals (Suppl. 1; Fig. 1, b, c (58,
63)) and partially granitoids of the Mankhambo massif
of the Northern Urals (Suppl. 1; Fig. 1, b, c (66)); and (3)
structurally complex massifs; for example, Gerdiz (Suppl. 1;
Fig. 1, b, c (6)), Ingilor of the Polar Urals (Suppl. 1; Fig. 1,
b, c (8)) and the Naroda of the Subpolar Urals (Suppl. 1;
Fig.1,b, c (42)), llyaiz and Mankhambo in the Northern Urals
(Suppl. 1; Fig. 1, b, ¢ (65-66)). Granitoids of the northern
and southern parts of the latter massifs are different in the
type of the substratum, involved in melting and ages as
often as not. Moreover, granitoids form a constituent part
of gabbro-granite associations, and they are also observed
among ophiolites of the Voykar and Shchuchiya zones of
the Polar Urals.

3. PETROGEOCHEMICAL AND
ISOTOPE-GEOCHRONOLOGICAL SIGNATURES
3.1. Preuralides

Island arc (735-720 Ma)-accretion (670 Ma) magma-
tism (island arc formations of the Enganepe uplift within the
Central Uralian megazone), granite blocks in the melange
zone and Yuznny massif (Suppl. 1; Suppl. 2; Fig. 1, b, c (20-
21)). The primitive island arc formations are represented
by the most felsic melts of quartz diorites and tonalites,
later granodiorites, tonalites, and plagiogranites, calc-alca-
line (Fig. 2, a, b). These rocks belong to the normal petro-
chemical series in terms of the chemical composition, some-
times with somewhat higher alkalinity (sodium). The sub-
stratum is heterogeneous (Fig. 2, c), there is a displacement
in the compositional points of the preuralides (island arc,
collisional, riftogenic) and uralides (primitive island arc is-
land arc) fields in the peraluminous field, which indicates
a significant share of crustal (recycled) material in the for-
mation of granitoids.

These rocks belong to the I-type granites and even to the
M-type granites in some parameters [Pystin et al., 2011].
The composition points occupy fields of island-arc grani-
toids in the discriminant geodynamic diagrams (Fig. 2, g, h).
The REE distribution patterns show a wide spread of LREE
values, similar HREE values, and the minimum Eu anomaly
(Fig. 3, I-a). As usual, spidergrams show the predominance of
large-ion-lithophile elements over high-filed-strength ele-
ments (Fig. 3, [I-a), distinct maximums of K, M-HREE, Y, and
minimums of Ti, Sr, bidirectional Nb, Ta, and Pb anomalies.
These features are associated with different island arc com-
plexes in the Kharbey block and Enganepe uplift.

Collisional (650-520 Ma) magmatism marks the devel-
opment of the Timan Orogen (Timanides-Preuralides) and
its break-up. Most of the granitoid massifs of this stage are
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Fig. 2. Petro-geochemical discriminant diagrams of granitoids.

0’Connor diagram (a) [0’Connor, 1965], Si0,-K,0 diagram (b) [Peccerilo, Taylor, 1976]; field: I - tholeiite series, II - calc-alkaline series,
III - high-K calc-alkaline Series, IV - shoshonite series. Picolli diagram (c) [Maniar, Piccoli, 1989], Zr-10*Ga/Al diagram (d) [Whalen et al.,
1987], diagram Fe,0,*x5-(Na,0+K,0)-(Ca0+Mg0)x5 (g/mol) (e) [Grebennikov, 2014], Nb-Y-Ce diagram (ppm) for A-type granites (f)
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[Eby, 1992], Harris geodynamic diagram (g) [Harris et al., 1986]; field: COLG - Collision Granites, post-COLG-post-Collision Granites
WPG - Within Plate Granites, Pearce geodynamic diagram [Pearce et al., 1984]; field: COLG - Collision Granites, WPG - Within Plate
Granites, VAG - Volcanic Arc Granites, ORG - Ocean Ridge Granites (h).

Complexes of Preuralides: 1 - island-arc, accretionary (735-720, 670 Ma), 2 - collisional (650-520 Ma), 3 - rift-related (520-480 Ma);
Complexes of Uralides: 4 - primitive island arc 460-430 Ma, 5 - mature island arc 412-368 Ma, 6 - early collisional (360-316 Ma).

Puc. 2. [leTpo-reoxuMuyecKre JuarpaMmsl AJi TPAaHUTOUAOB.

Jlurpamma O'Konnepa (a) [0’Connor, 1965], auarpamma SiO, - K,0 (b) [Peccerilo, Taylor, 1976]; mosis: [ - TonenToBas cepus, Il - us-
BECTKOBO-1IeJIouHas cepus, lII - BbIcOKOKa/IMeBasi U3BECTKOBO-IIe/I0UHas1 cepus, IV - momonuTas cepus. Jluarpamma [Mukosnu (c)
[Maniar, Piccoli, 1989], anarpamma Zr-10*Ga/Al (d) [Whalen et al,, 1987], suarpamma Fe,0,*x5-(Na,0+K,0)-(Ca0+Mg0)=5 (MoJ1. koJ1.)
(e) [Grebennikov, 2014], suarpamMmma Nb-Y-Ce (r/T) g5 rpanuToB A-tuna (f) [Eby, 1992], reoninHaMuyeckas fuarpamma Xappuca (g)
[Harris etal., 1986]; noss: COLG - ko1u3uoHHble TpaHUThl, post-COLG - nocTkosin3uoHHble rpaHuThl, WPG — BHYTPUILJIUTHBIE Tpa-
HUTBI, TeofMHaMU4YecKas guarpamma [lupca [Pearce et al., 1984]; mosnsi: COLG - kossin3uoHHble rpaHuThl, WPG - BHYTPUIIUTHBIE
rpaHuThl, VAG - rpaHuThI BysiKaHW4YecKUx AyT, ORG - rpaHUThI OKeaHNYeCcKUX Xpe6ToB (h).

Kommuiekcsrl: (foypanusbl) 1 - oCTPpOBOAYKHBIE, aKKpeluoHHble (735-720, 670 MJH s1eT), 2 — KoJlIM3uOoHHbIe (650-520 MuH s1eT), 3 -
pudTorenHble (520-480 muH seT); (ypaaubl) 4 - oCTPOBOAYKHBIE (IPUMUTHBHAsI OCTpoBHas Ayra 460-430 MJiH J1eT), 5 — OCTPOBO-

Jy’KHbIe (3peJsiast ocTpoBHas Ayra 412-368 MJH JieT), 6 — KOJIJIM3HOHHbIe paHHUe (360-316 MJH JieT).

exposed within the Central Uralian megazone. Different-
sized granite bodies, exposed among high-grade metamor-
phic rocks of the Kharbey and Nyarta blocks and their frames
throughout the north of the Urals, are also included (Suppl. 1;
Suppl. 2; see Fig. 1, b, c (1-19, 22-23,37-79)).

The previous analysis by A.A. Soboleva [Soboleva et al.,
2005a; Soboleva, Udoratina, 2010] has shown that I-, A-,
S-type granitoids with varying petrogeochemical charac-
teristics were emplaced simultaneously in this time.

Analysis of new U-Pb zircon ages of granitoids (Suppl. 1;
see Fig. 1) obtained in recent years confirms this (Fig. 4, a,
b, ¢). The maximum number of dates were obtained for gran-
itoids emplaced during the period of 650-520 Ma; they are
characterized by different petrogeochemical signatures.

M-type granites. Subpolar Urals: Panechaiz complex,
Perevalny massif and a small body on the eastern slope of
Mount Severnoe Lezvie (Suppl. 1; Suppl. 2; see Fig. 1, b, c
(43,43-1).

[-type granites. Polar Urals: West BorzovsKky site, Poetar-
sky, Gerdiz (573, 529 Ma), Evyugan complex, Kharbey com-
plex (664,571,561,557 Ma), Sandibey and Malyi Sandibey
massifs (Suppl. 1; Suppl. 2; see Fig. 1, b, ¢ (1, 5-6,9, 17-19);
Subpolar Urals: Lapchavozh, Naroda (548, 544 Ma), Svo-
bodnensky, Malaya Tynagota, Vangyr (Suppl. 1; Suppl. 2;
see Fig. 1,b, ¢ (37, 42,49-52); Northern Urals: Torreporeiz,
Yadzhydlyagsky, Verkhnyaya Man'ya, small bodies of the
Isherim block, Moiva, Posmak, Vels, and Vagran (Suppl. 1;
Suppl. 2; see Fig. 1, b, c (67-68, 70, 72, 76-79)).

A-type granites. Polar Urals: Neudachny, Ust-Mramor-
ny (536 Ma), Longotyugan (605 Ma), Taikeu (564 Ma),
Syadatayakha (544 Ma), Kharbey (592 Ma), Malyi Sandibey
(Suppl. 1; Suppl. 2; see Fig. 1, b, c (10-12, 14-16, 19); Sub-
polar Urals: Kozhim, Pioner-gora, Torgovaya, Keftalyk, Khar-
tess, Kulemshor (544-540 Ma) (Suppl. 1; Suppl. 2; see Fig. 1,
b, c (40(A,), 54, 58-60, 63(A,));

S-type granites. Subporar Urals: Nyarta complex, Ni-
kolayshor, Ambarshor, Khalmeryu, Lavkashor, Mansaraiz
(Suppl. 1; Suppl. 2; see Fig. 1, b, c (44-48, 53).

The petrographic and petrochemical series of these rocks
are wide, varying from quartz diorites to leucogranites (see
Fig. 2, a). It is difficult to summarize the characteristics of

a large number of heterogenous massifs. In general, the
field of composition points of this age stage shows a wide
variation in contents of Sio, and alkalis; rocks belong to
normal and alkaline petrochemical series (see Fig. 2, b).
The material of different origin was involved in the melting
substrate (see Fig. 2, c); composition points lie in the fields
of I-, A-, S-granites (see Fig. 2, d, e). Composition points of
A-type granites lie near the line between Al- and A2-type
granitoids (see Fig. 2, f). In the discriminant geodynamic
diagrams, one can see a general swarm of composition
points at the intersection of the boundaries of island arc,
collision, and intraplate fields (see Fig. 2, g, h).

I-type granites. The chondrite-normalized REE distri-
bution patterns (see Fig. 3, [-b) are characterized by a wide
field with equal shoulders (the same contents of LREE and
HREE) with bidirectional Eu minimum. Spidergrams show
a general predominance of large-ion-lithophile elements
over high-filed-strength elements (see Fig. 3, [I-b). These
granites are characterized by minimum Ti, P, Eu, and Zr
values, maximum K, Pb, Tb, Cs, and M-HREE values, and bi-
directional Sr, Nb, Cs, and Ce anomalies.

A-type granites. The A-type granites in the chondrite-
normalized REE distribution patterns are characterized by
wide LREE and HREE variations with a distinct bidirec-
tional Eu anomaly (see Fig. 3, I-b). As seen in spidergrams,
a predominance of of large-ion-lithophile elements over
high-filed-strength elements (see Fig. 3, II-b). These gran-
ites are characterized by minimum Nb, Sr, P, and Ti values,
maximum Pb, Ta, U, and MREE values, and bidirectional
behavior of K, Zr, and Cs.

S-type granites. The chondrite-normalized REE distribu-
tion patterns are characterized by similar LREE and HREE
values with a distinct deep Eu minimum (see Fig. 3, I-b). The
multispectra demonstrate the predominance of large-ion-
lithophile elements over high-filed-strength elements (see
Fig. 3,1I-b). The S-type granites are characterized by Eu, Ti, Ta,
and P minimal values, insignificant maximums in K, MREE,
and Y, and bidirectional behavior of Cs and LREE.

Scarce U-Pb dates of detrital zircon cores provide new
information on the granite-producing substratum: S-type
granites (Lavkashor (1756 Ma)), I-type granites (Gerdiz
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Fig. 3. The chondrite-normalized REE distribution patterns (I), spidergrams (II).

Complexes of Preuralides: 1 - island-arc, accretionary (735-720, 670 Ma), collisional (650-520 Ma): 2 - I-type, 3 - A-type, 4 - S-type),
rift-related (520-480 Ma): 5 - I-type, 6 - A-type. Complexes of Uralides: 7 - primitive island arc (460-430 Ma), 8 - mature island-arc
(412-368 Ma), 9 - pre-collision (360-316 Ma).

Puc 3. Juarpamma pacnpegenenusi P33 (I), cnaiigep-auarpamma (11).

Kommiekcol: (Zoypanufbl) 1 — ocTpOBOAYKHbBIE, aKKpeLlMoHHbIe (735-720, 670 MH s1eT); Koau3uoHHble (650-520 MuH seT): 2 -
I-tun, 3 - A-tumn, 1 - S-tun), pudTtoreHusle (520-480 muH seT): 5 - [-Tun, 6 - A-tun; (ypaau/bl) 7 — OCTPOBOAYKHbIe (IPUMUTUBHAS
ocTpoBHas ayra 460-430 MJH J1eT), 8 - oCTPOBOAYKHbIe (3pesiast ocTpoBHas gyra 412-368 MJuH JjieT), 9 - KOJIM3WOHHbIE pPAaHHUE
(360-316 muiH J1eT).
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Fig. 4. The U-Pb age distribution histogram for zircons from granitoids of the north of the Urals (Polar Urals (a), Subpolar Urals (b),
Northern Urals (c)), according to [Soboleva et al.,, 2005a; Soboleva, Udoratina, 2010] with data amendments (Suppl. 1; Fig. 1, c).

The averaging step is 25 Ma. The duration of formation of different types of granitoids and the relationship with geodynamic regimes
(d). Legend: 1 - Polar Urals (Central Uralian megazone); 2 - Polar Urals (East Uralian megazone); 3 - Subpolar Urals (Central Uralian
megazone); 4 - Northern Urals (Central Uralian megazone); 5 - Northern Urals (East Uralian megazone). Numbers in circles correspond
to the numbers in Suppl. 1; Fig. 1, c. Hatching (types of granites): points (M), vertical (I), oblique (A), and horizontal (S). Uralides: I - late
collisional, II - early collisional, III - mature island arc, IV - primitive island arc; Preuralides: V - rift-related, VI - collision, VII - island
arc.

Puc 4. l'ucrtorpamma U-Pb Bo3pacToB LMPKOHOB U3 TPaHUTOUA0B ceBepa Ypaua ([lonspubiii Ypan (a), [lpunoaspusiit Ypan (b),
CeBepHblii Ypas (c)) no [Soboleva et al., 2005a; Soboleva, Udoratina, 2010] ¢ gononnenusmu gauHbix (I[Ipui. 1; puc. 1, c).

Illar ocpeHeHUs 25 MJIH JIeT. IIMTe/IbHOCTb GOPMUPOBAHUSA TPAHUTOUA0B PAa3/IMUYHbBIX TUIIOB U COOTHOIIEHME C re0JMHaMUYeCKUMHU
pexxumamu popmupoBanus (d). YcinoBHble 0603HavyeHus: 1 - [loasspubiit Ypas (LeHTpanbHo-Ypaibckast MerazoHa); 2 - [losisipHbli
Ypan (Boctouno-Ypanbckas Mera3oHa); 3 - [Ipunonsipaeii Ypan (LenTpanbHo-Ypanbckas MerasoHa); 4 — CeBepHblit Ypan (LleH-
TpaJibHO-YpaJibckasi Mera3zoHa); 5 - CeBepHbiil Ypasu (BocToyHo-Ypanbckas Merasona). udpsl B Kpy»KKax COOTBETCTBYIOT Ljudpam
B [Ipu. 1 u Ha puc. 1, b, c. lllTpuxoBKa (Tumnbl rpaHuToB): Touku (M), BepTukanbHas (1), kocas (A), ropusoHTanbHas (S). Ypanuzer:
I - no3HeKoIU3UOHHBIE, 1] - paHHeKo/TM3UOHHBIE, [1] - ocTpOBOAYKHBIE 3pesiol OCTPOBHOM Ayry, [V — ocTpoBOAYKHbIE TPUMU-
THUBHOM OCTPOBHOU fyry; Aoypanubl: V - pudToreHHsle, VI - koin3uoHHble, VII - 0CTpOBOYKHbIE.
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(1788 Ma), small bodies of the Kharbey block (1896 Ma),
Sandibey (1217 Ma), and Vagran (1034, 1192, 1221 Ma)),
and A-type granites (Mankhambo (1390)). Granite melt was
derived from the protolith, which could include products of
destruction and redeposition of rocks of the ancient crys-
talline basement and later Riphean formations.

Rift-related (520-480 Ma) magmatism. Granitoid mas-
sifs belonging to this stage are exposed in the Central Ura-
lian megazone. A-type granitoids prevail. However, I-type
granite massifs, formed at the pre-rifting and rifting stages
continued to emplace.

[-type granites. Polar Urals: Kyzygey complex, Left Shchu-
chye, Kharbey complex (Suppl. 1; Suppl. 2; see Fig. 1, b, c
(2,4-6,9, 17); Subpolar Urals: Naroda (Suppl. 1; Suppl. 2;
see Fig. 1, b, c (42); Northern Urals: Ilyaiz, Sedlovataya Parma,
small bodies of the Isherim block (Suppl. 1; Suppl. 2; see
Fig. 1,b, c (65, 71-72);

A-type granites. Polar Urals: Ochety, Gerdiz (496), small
body in the Marunkeu, Ingilor, Ust-Mramorny, Longotyugan,
Longot, Taikeu, Syadatayakha, Kharbey (Suppl. 1; Suppl. 2;
see Fig. 1, b, c (3, 6-8, 11-16); Subpolar Urals: Naroda, Ty-
nagota, Kulemshor (Suppl. 1; Suppl. 2; see Fig. 1, b, c (42, 51,
63); Northern Urals: Mankhambo (Suppl. 1; Suppl. 2; see
Fig. 1, b, c (66).

In terms of petrography and petrochemistry, these gran-
ites vary from plagiogranites to leucogranites (see Fig. 2, a).
Composition points of rocks of this age stage vary in nar-
rower limits; these rocks belong to rocks of normal and
alkaline petrochemical series (see Fig. 2, b). The melting
substratum involves both crustal and mantle material (see
Fig. 2, c), composition points occupy fields of I- and A-type
granites (see Fig. 2, d, e). Composition points of A-type
granites occupy a wide area, shifting towards the field of
more mantle Al-type granites - granites with minimal par-
ticipation of crustal material in melting (see Fig. 2, f). A
swamp of composition points is shifted towards the field
of intraplate formations in the discriminant geodynamic
diagrams (see Fig. 2, g, h).

[-type granites. The chondrite-normalized REE distribu-
tion patterns (see Fig. 3, [-c) show little REE composition
variations with a distinct Eu minimum. Spidergrams show
the predominance of large-ion-lithophile elements over
high-filed-strength elements (see Fig. 3, II-c). These gran-
ites are characterized by small minimums of Ti, B, Eu, Sr, Nb,
La, slight maximums of K, Pb, U, M-HREE, and bidirectional
Cs anomalies.

A-type granites. The chondrite-normalized REE distri-
bution patterns (see Fig. 3, I-c) show a very wide field of
LREE and HREE variations, sometimes with predominance
of HREE (typical of metasomatically altered rock varieties of
the Taikeu site, Polar Urals), with a strongly pronounced deep
Eu minimum. spidergrams show a general predominance
of large-ion-lithophile elements over high-filed-strength
elements (see Fig. 3, II-c), but with the widest variations
in contents of elements. These granites are characterized
by minimums of La, P, Eu, Ti, maximums of Th, U, Ta, Pb,
HREE, bidirectional behavior of Cs, and an absence of varia-
tions in Kand Sr.

As seen in Fig. 4, the maximum of formation of rocks
with these petrogeochemical characteristics is estimated
at 500 Ma.

3.2. Uralides

Primitive island arc granites (460-430 Ma) of the East
Uralian megazone. As seen in Fig. 4, the I-type granitoids
were emplaced in this period.

[-type granitoids. Polar Urals: Yanganape, Nganotsky I,
Yalyape, Rechnoy Paleovolcano, Lagortayu complex, Pogurey
(Suppl. 1; Suppl. 2; see Fig. 1, b, c (24-28, 33); Northern
Urals: Petropavlovsk complex, Severorudnichny complex
(Suppl. 1; Suppl. 2; see Fig. 1, b, c (80-81).

As arule, these granitoids are in a narrow range of pe-
trographic compositions: from quartz diorites to tonalites
and rarely granites (see Fig. 2, a). Petrochemically, these
rocks belong to normal, low-K, Na series (see Fig. 2, b). As
arule, these rocks are derived from a mantle source (see
Fig. 2, c). The composition points occupy the I-type granite
field (see Fig. 2, d, e). Composition points of these granitoids
lie in the field of island arc formations on discriminant geo-
dynamic diagrams (see Fig. 2, g, h).

The chondrite-normalized REE distribution patterns
(see Fig. 3, 1-d) demonstrate low REE contents and narrow
variations of REE contents with bidirectional Eu minimum.
The spidergrams show a slight enrichment in large-ion-
lithophile elements relative to high-filed-strength elements
(see Fig. 3, [1-d). These rocks are characterized by minimum
Ti, P, Eu, Sr; and Nb values, insignificant K maximums, and
bidirectional Cs, Rb, Ta, K, Pb, and Zr anomalies.

Mature island arc granitoids (412-368 Ma) of the East
Uralian megazone. I-type granitoids: Yurmenek, Canyonny,
Sob, and Yanaslor massifs (Suppl. 1; Suppl. 2; see Fig. 1, b, c
(29-30, 32, 34-35).

In terms of mineral composition, rocks are represented
by quartz diorites, granodiorites, and granites (see Fig. 2, a).
Petrochemically, these rocks belong to normal, low-K, Na se-
ries; normal K formations are less common (see Fig. 2, b). The
sedimentary (crustal) material (see Fig. 2, c) makes the mini-
mal contribution to the granite melt; composition points
of granites lie in the field of I-type granites (see Fig. 2, d, e).
In the geodynamic diagrams, composition points of rocks
lie in the field of island arc granitoids (see Fig. 2, g, h).

Rocks are characterized by low REE content. The chon-
drite-normalized REE distribution pattern (see Fig. 3, I-d)
shows a non-differentiated type of spectrum close to the
basalt one with a practical absence or an indistinct Eu mini-
mum. Multispectra show a predominance of large-ion-litho-
phile elements over high-filed-strength elements and are
characterized by pronounced minimums of Nb, P, Ti, the
same distinct maximums of K, Pb, and lower contents of Zr
and Gd (see Fig. 3, 1I-d).

The onset of the collision in the north of the Urals is
dated to the Carboniferous, while its termination - to the
Late Permian [Puchkov, 2010]. Granitoid massifs emplaced
in this period are still unknown, but some dates of zircons
from granitoids marked these stages. Based on the latter,
we have distinguished two stages:
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Early collisional stage (360-316 Ma). In the Polar Urals,
this stage is recorded in rims of zircons from the Yanganape
and Canyonny massifs of the East Uralian megazone of the
Shchuchiya synform and those from granite bodies of the
Kharbey block of the Central Uralian megazone and gran-
ites of the Ust-Mramorny site.

In the Northern Urals and Central Uralian megazone,
the rare-metal phase of granites of the Mankhambo massif
include zircons with early collisional ages (336 Ma). Petro-
chemically, they are high-K granites (see Fig. 2, a, b), belong-
ing to the A-type (see Fig. 2, d, f). Composition points of
these granites lie in the field of collisional granites on the
discrimination geodynamic diagrams (see Fig. 2, g, h). They
are characterized by weakly differentiated REE distribution
patterns with a distinct Eu minimum (see Fig. 3, I-a). The
primitive mantle-normalized distribution spectra show the
predominance of large-ion-lithophile elements, such as Cs,
Rb, Ba, and U over high-filed-strength elements, such as Zr
and Y (see Fig. 3, [I-a).

Late collisional stage (277-249 Ma). The age values of
this interval were obtained for some zircons from granites
of the Khatalambo-Lapchinsky and Kulemshor massifs of
the Central Uralian megazone (Subpolar Urals) and some
zircons from granodiorites of the East Uralian megazone
(Northern Trans-Urals, Polar Urals). Thus, petrogeochem-
ical signatures of the studied series of granitoids (dated
samples) mark different geodynamic regimes of formation
in the north of the Urals (Fig. 4, d).

The presence of granitoid massifs of two collisional
stages in the north of the Urals is confirmed by dates of
detrital zircons from the Paleozoic formations of the West
Uralian megazone of the Polar Urals. Thus, the zircon as-
semblage of the early collisional stage was recognized in
the Upper Carboniferous Kechpel Formation, while that of
the late collisional stage - in the Lower Permian Gusikhin-
skaya Formation [Kuznetsov et al.,2013].

4. ISOTOPE-GEOCHEMICAL SIGNATURES
We have obtained O, Hf, and Nd isotope compositions
for the nearly third part of all massifs, which also have the
U-Pb ages (Suppl. 1; Fig. 5, a, b, c).

4.1. Oxygen isotope composition.

Based on the genetic classification, granitoids, close in
composition to I-, S-, A-types and, to a lesser extent, M-type,
are distinguished among complexes of the Preuralides. Ac-
cording to the classification [Chappell, White, 1974; Whalen
etal, 1987], the I-type granitoids are typical of the Uralide
complexes.

Polar Urals. Preuralides. The 6'°0, value (%o) for is-
land arc I-type granitoids (a block in the Manyukuyakha
serpentinite melange, Enganepe uplift) is +5.58 (Suppl. 1;
Fig. 5,a). The 8'°0,  value for collisional A-type granites is
+5.71 (Longotyugan (605 Ma)), while in rift-related gran-
ites, it varies from +4.7 to +7. The lowest §'°0,  value (+4.7)
(close to mantle ones) is characteristic of zircons from gran-
itoids of the Ingilor massif. Other massifs are character-
ized by crustal-mantle 6'°0, values: alkaline massifs of

the Syadatayakha massif (+6.1), granites of the Marunkeu
block (+6.22), granitoids of the Gerdiz massif (+6.9). The
metasomatically altered granites of the Taukeu site have
moderate §'°0, values varying from +5.7 to +6.3.

Polar Urals. Uralides. Based on studying the O isotope
composition in zircons from the Devonian island arc gran-
itoids of the East Uralian megazone (Polar Urals), the fol-
lowing §'®0 values were obtained: quartz diorites of the
Sobsky massif (+5.7 %o), granites of the Yanaslor massif
(+4.2 %o). Such 880 values are common in rocks, derived
from a non-contaminated mantle source.

Subpolar and Northern Urals. Preuralides. Regardless of
the granite composition, §'®0 value in zircons varies from
+7.10 to +8.51 %o (low values are rarely noted), indicating
the crystallization of zircons from crustal melt and a pos-
sible presence of subducted sediments and seawater in the
substrate [Valley et al., 1998]. The lowest values (+7.10 %o)
in this group of granitoids are characteristic of zircons from
quartz diorites of the Perevalny massif (625+8 Ma), which
are intermediate in composition between I- and M-type
granites (Suppl. 1; see Fig. 1, b, c, 43-1).

The I-type granitoids are characterized by wide varia-
tions in mineral composition from quartz diorites to leuco-
granites. The §'®0 in zircons varies from +7.16 to +8.51 %o
(Suppl. 1). The A-type granites (Khatalamba-Lapchinsky
massif) are also characterized by high 6§80 values (+7.47 %o)
in zircons. The §'®0 value in gneissic granites of the Nyarta
complex, referred to as S-granites, is +7.31 %o (up to +7.47 %o
in the S-type leucogranites of the Yaptoyakha massif [So-
boleva et al,, 2015]).

Granitoids of the final post-orogenic evolution stage of
the Preuralides and practically synchronously emplaced
granitoids of the pre-rifting and early rifting stages of the
Uralides are combined into the group of younger granitoids
since there are no clear criteria to discriminate them. Gran-
ites and leucogranites, belonging to the I- and mainly A-type
varieties, dominate in this group. The granitoids of this
group are characterized by lower §'80 values in zircons, up
to very low ones. Thus, §'®0 in zircons from I-type granitoids
varies from +6.22 to +7.33 %o, reaching the maximum in
leucogranites of the Ilyaiz massif. Zircons from A-type gran-
ites are characterized by even lower §'80 values from +3.27
to +6.86 %o. Abnormally low §'0 values were measured in
zircons from granites of the Mankhambo massif (+4.7 %o),
Kulemshor massif (+3.27 %o), and the Lemvinsky massif
(out of consideration here) (+3.47-+3.79 %o) [Soboleva et
al,, 2015]. These values are significantly lower than typical
mantle values (+5.3+0.6 %o [Valley et al., 1998].

4.2. Nd isotope composition

Nd isotope composition was obtained for whole-rock
compositions of 11 massifs. All these massifs are charac-
terized by different negative and positive values (Suppl. 1;
Fig. 5, b).

The Polar Urals. Preuralides. Island arc granitoids (a
plagiogranite vein crossing a quartz diorite block in the
Manyukyuyakha serpentinite mélange, 670 Ma) yielded a
crustal-mantle eNd value of +1.7 [Khain et al., 2003].
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The A-type granites of the Taikeu massif (564 Ma, sample
LH, Suppl. 1; see Fig. 1, b, c (14)), marking the collisional
stage, yielded the only eNd value (+1.8), which is referred
to crustal-mantle ones [Valley et al., 1998].

Subpolar Urals. The Hf isotope composition was obtained
for the A-type collisional granitoids (Torgovaya, Keftalyk,
and Khartes massifs, Suppl. 1; see Fig. 1, b, c (58-60). The eHf
values are crustal: 0.3, -2.7, -4.8, respectively [Udoratina
et al, 2012a, 2014a]. Composition points (-2.7 and -4.8)
of granitoids of these massifs lie in the field A2 of more
crustal rocks (A1-A, diagram; see Fig. 2, f), while the values
of -0.3 lie at the boundary between A1 and A, fields.

The obtained results indicate an essential contribu-
tion of the crustal material at the generation of primary
granite melts.

Polar Urals. Granitoids of the rift-related stage. The eNd
values were obtained for A-type granites of the Ochety and
Syadatayakha massifs (+5.6 and +2.6; mantle values), the
northern part of the Gerdiz and Ingilor massifs (+0.7 and
+0.6, crustal-mantle values). It is also confirmed by the
position of composition points of granites of the Gerdiz and
Ingilorsky massifs in field A2 of the A1-A2 discriminant
diagram, where the contribution of a mantle component is
insignificant. The points of granites of the Syadatayakha
massif lie in the field A1 with a significant admixture of a
mantle component (see Fig. 2, f). The position of the com-
position point of the Ochety massif with a mantle eNd value
in the A2 field needs to be understood.

Primitive island arc granitoids are illustrated by a single
mantle eNd value (+7.4) obtained for the Pogurey massif
[Estrada et al., 2012] and mature island arc eNd values ob-
tained for the Sob massif (+6.1, +4.1) [Udoratina et al., 2003]
and small bodies of granitoids of the Lagortayu complex
(+5.4) [Estrada etal., 2012].

4.3. Hf isotope composition

The relative stability of the Hf isotope system in zircons
makes Hf isotopes an important tool for studying the age
of a granite melt source and isotope evolution of different
rocks. Negative values indicate the participation of the
recycled crystal material in the granite melts. In contrast,
the positive values indicate the mantle component’s role
[Amelin et al., 1999; Fujimaki, 1986; Griffin et al., 2002].
We have first studied the Hf isotope composition of zircons
from granitoids and have calculated the model ages of mas-
sifs of the Polar, Subpolar, and Northern Urals (Suppl. 1;
Fig. 5, c).

Polar Urals, Central Uralian megazone, island arc stage.
Zircons from plagiogranites (719 Ma, island arc geochemi-
cal signatures (I-type)) from the serpentinite mélange zone
of the Enganepe Ridge have positive (mantle) eHf . values,
varying in a narrow range of +8.7..+10.6. The model age of
the granite-producing protolith is 1.2-1.1 Ga.

[-type granites of the collisional stage of the southern
part of the Gerdiz massif (573 Ma) are characterized by
wide variations in crustal-mantle Hf isotope composition
(stm, from -5.84 to +7.52). This is due to the presence of
different-aged zircons in the dated zircon association. The

model age T, of a protolith is 1.72-0.9 Ga. The Longotyu-
gan, Taikeu, and Neudachny massifs (605-560 Ma), which
have collisional geochemical signatures and belong to the
A-type granites, are characterized by mantle eHf  values
(+6-+13) and similar model ages (T,,,: 1.4-0.76 Ga).

Granitoids of the rifting stage (Ingilor, Gerdiz (the north-
ern part), Marunkeu Range, Kharbey massifs; 507-480 Ma)
have positive (mantle) stm values, varying in a wide range
(+2-+12.5); model ages T, are in a range of 1.2-0.9 Ga.

Most of the zircons from granitoids of the ore zone of
massifs of the central part of the Central Uralian megazone
(Longotyugan, Taikeu, Ust-Mramorny) have different mod-
el ages and high eHf  positive values varying from +4.1 to
+15.1 (Suppl. 1). All this indicates the influence of a man-
tle source.

Polar Urals, East Uralian megazone. The age data were
obtained only for island arc mature granitoids (granitoids
of the Sobsky massif and oligoclasite bodies in ophiolites
of the Rai-I1z massif). The eHf , values in granitoids of the
Sob massif (+11.9...+14.7) indicate the mantle (isotope im-
mature) source of the protolith. The calculated model age
of the protolith corresponds practically to the age of the
origin of granitoids (0.72-0.47 Ga). The close stm values
(+13.5...+15.2) were obtained for diorites of the Kongor
complex (Dioritovy massif), T, - 0.50-0.38 Ga [Sobolev
etal, 2017].

The stm values for oligoclasites of similar age (382+2
Ma), developed in the Rai-Iz ophiolites, vary widely from
-11.2 to +11.4. We suggest that these values are determined
by the effect of a subduction fluid on the mantle wedge pe-
ridotites during the formation of oligoclasite veins [Meng
etal, 2018].

Subpolar and Northern Urals. Central Uralian mega-
zone, collisional stage. Zircons of granites of the Vangyr
massif (I-type) and Nyarta complex (S-type) were studied.
The eHf() values in granites of the Vangyr massif varying
in a range from +1.97 to +6.82 indicate an admixture of
the mantle component in the protolith; the model age is
1.76-1.32 Ga. The crustal-mantle stm values are typical
of granitic gneisses of the Nyarta complex (Suppl. 1; see
Fig. 1, b, c (45)), which is also, apparently, associated with
the different ages of zircons. For the age of 619 Ma, inter-
preted as the inherited one, the eHf |, values are in a range
of -2.09...+1.76, which indicates the presence of recycled
crustal material during the formation of this-age zircons.
The model age is 1.48-1.29 Ga. The Hf isotope composition
of zircons with an age of 518 Ma, considered as the genera-
tion time of granitoid magmas, varies in the range +3.58...
+5.16; the model age is 1.11-1.03 Ga.

Central Uralian megazone, rift-related stage. The A-type
granitoids of the Kozhim massif (Suppl. 1; see Fig. 1, b, c
(40)) are also characterized by crustal-mantle eHf  values.
Zircons are of different ages (485 and 619 Ma). The stm
values in zircons with an inherited age of 619 Ma vary from
+0.87 to +1.41; a granitoid source is crustal-mantle (hybrid,
mixed). The model age of the protolith is 1.33-1.31 Ga. Based
on studying younger zircons, we consider this age as the
time of emplacements of Kozhim massif’s granitoids. The
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eHf . values of these zircons are from +2.50 to +3.42 (man-
tle); the model age is 1.15-1.07 Ga.

Northern Urals, Central Uralian megazone, rifting stage.
The granitoids of the Mankhambo (522-507 Ma) and Ilyaiz
(519-491 Ma) massifs have crustal-mantle characteristics.
The stm values of the I-type granitoids of the Ilyaiz mas-
sif ranging from -2.04 to +6.74 (T,,,,, 2.05-1.26 Ga) re-
flect a significant admixture of recycled crustal material in
the protolith. The A-type granites of the Mankhambo mas-
sif are characterized by a high content of a mantle com-
ponent during their formation: stm, -1.95..+10.08 (T
2.05-1.16 Ga).

Early collisional granitoids. The rare-metal granites of the
Mankhambo massif are of Early Carboniferous age (336 Ma).
The Hf isotope composition of zircons indicates a mantle
origin: stm, +0.38...4+6.8, the model T,,,ageis 1.10-0.8 Ga
(Suppl. 1; Fig. 5).

DM2’

5. DISCUSSION AND CONCLUSIONS

The granitoid magmatism in the north of the Uralian
collisional orogen is represented by products of two large
geodynamic stages - Timanides-Preuralides and Uralides.
The every stage is characterized by the emplacement of
granitoid melts of different petrogeochemical types, which
often occur in the same massifs.

Granitoids of the Central Uralian megazone mark the
Preuralide (Timanide) evolution of the active margin and
Baltica-Arctida collision [Kuznetsov et al., 2007]. The Pre-
uralides are characterized by the change of the island arc
magmatism (735-720 Ma; generation of [-type (M-type)
granitoids) to the accretionary magmatism (670 Ma, [-type
granitoids), and, then, to the collisional (620-520 Ma; simul-
taneous generation of A-, I -, S-type granitoid melts) and the
rift-related magmatism (520-480 Ma; mainly, the genera-
tion of A-type granites).

The emplacement of granitoids in the Eastern Ural mega-
zone (Shchuchiya and Voykar-Rai-iz zones) was already
associated with the evolution of the Uralian Orogen: the
development and closure of the Uralian paleoocean [Biske,
2019; Puchkov, 2010]. Primitive island arc I-type granitoids
of the Uralides (460-430 Ma) are followed by mature is-
land arc granitoids (412-368 Ma) and finally by early (360-
316 Ma) and late (277-249 Ma) collisional granitoids.

The distinguished age intervals are confirmed by geody-
namic paleoreconstructions of other magmatic complexes
of the Urals [Khain et al., 2003; Remizov, 2004; Puchkov,
2010; Sobolev et al,, 2018].

The U-Pb zircon age distribution histograms constructed
separately for granitoids of the Polar, Subpolar, and North-
ern Urals (see Fig. 4) show an insignificant shift of the peak
of collisional processes, namely, the peak of development
of the Protouralide (Timanide) Orogen and its subsequent
break-up.

According to the geochronological data available, this
peak in the Polar Urals is estimated to be at 525 Ma. In the
Subpolar Urals, there were two peaks of 625-600 Ma and
550-525 Ma, while in the Northern Urals the peak was at
550-500 Ma. When compiling an integrated U-Pb zircon

age distribution histogram for the granitoids of the north of
the Urals, the only peak of 550-525 Ma is distinguished.

Thus, the development of the Protouralides-Timanides
was a relatively long-term process, lasting from 620 to
520 Ma with a peak at 550 Ma. Granitoids of all types (M, S,
I, A) lying in this age interval were recognized in the north
of the Urals. After the turn of 520 Ma, only I- and A-type
granites, marking the rift-related stage and the onset of a
new tectonic cycle (properly, Uralian), are recognized. The
latter is terminated with the formation of the Urals. Com-
position points of non-collisional I- and A-type granites are
confined to the fields of intraplate formations and indicate
their origin from a mantle source. The I-type granites, for-
med already in the Uralian time, are characterized by typi-
cal island arc characteristics.

The isotope analysis performed has shown that O and
Hf isotope contents in zircons and the whole-rock Nd con-
tent show the variability in the maturity of the protolith
of granitoids from the Northern Urals to Polar Urals. The
signatures of the most mature recycled material are re-
corded in the granitoids of the Preuralides of the Northern
and Subpolar Urals: §'°0, from +7.10 to +8.51 %o, eNd=-4.8
to -0.3, stm=—3.35 to -1.95 (Suppl. 1). The granitoids of
the Preuralides of the Polar Urals are characterized by the
presence of mantle-derived components and a more mod-
erate contribution of the crustal material to the primary
melts: 6§80, from +4.7 to +6.22 %o, eENd=+0.6...+5.6, stm+
+2.15...+15.1 (Suppl. 1). In general, the model age (T,,,,)
of the protolith of granitoids of the Preuralides of the Sub-
polar (1.76-1.03 Ga) and Northern (2.09-1.11 Ga) Urals
is older compared to that of granitoids of the Polar Urals
(1.48-0.64 Ga).

Isotope signatures of granitoids of the Uralides record
a significant contribution of the mantle component during
the petrogenesis: 6180, +4.19...+5.69 %o, eNd=+4.1...+7.4,
st(T):+8...+15.7 (Suppl. 1). The model age (T ,,,,) of the pro-
tolith for granitoid complexes of the Uralides of the Polar
Urals is 1.01-0.37 Ga.

Thus, almost all the obtained data (6180m, stmZm, aNdmwr)
show a significant contribution of the mantle component
to the formation of granitoids of various types in the north
of the Urals.
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