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Abstract—The petrochemical features of granites of the Vodorazdelny pluton (Subpolar Urals, Lyapin Anticli-
norium) indicate that these suprasubduction rocks are similar to I-granites. The ratios of key elements (Rb, Ba,
Th, Sr, Y, and Nb) suggest that mafic rocks of a melting slab and fluid related to their dehydration could
have been involved in the generation of granites. The U—Pb age of the main population of igneous zircons
of 593 * 4 Ma corresponds to the Vendian (Ediacaran) and coincides with the age of granites of the nearby Van-
gyr pluton (598 + 5 Ma), as well as the age of cores of zircons from granites of the Kozhim pluton in the north.
The ey(t) values (from —2 to 0) of igneous zircons with the age corresponding to the age of granites of the
Vodorazdelny pluton indicate a heterogeneous melt source. The petrogeochemical and isotopic-geochronolog-
ical parameters of granites (as well as zircons) are inconsistent with the attribution of the Vodorazdelny pluton
(and analogous Vangyr and Kozhim plutons) to the Cambrian Salner—Mankhambo complex and indicate the
recognition of a possible Vendian (?) complex with the age of ~598 Ma during the geological survey. The pres-
ence of Middle Riphean—Vendian—Cambrian stages of granite formation in the Lyapin Anticlinorium and
related metamorphism and a complex composition of ancient metamorphic sequences in the basement of this
structure are responsible for the varying isotopic parameters characterizing the heterogencous melt source, on

one hand, and a convergent series of geochemical features, on the other hand.
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INTRODUCTION

The petrogeochemical features and isotopic-geo-
chronological parameters of granitoids, which are an
important constituent of the upper part of the crust,
could correct the ideas on deep geodynamics of mag-
matic processes. The analysis of published and geologi-
cal survey literature shows that there are poorly studied
objects in the world, the classification of which cannot
be supported by sufficient data (Soboleva, 2001; Pystin
and Pystina, 2011; Puchkov, 2018; Kholodnov et al.,
2022). These “white spots” are especially abundant in
areas with complex structures, e.g., accretionary zones,
which contain blocks of various compositions and ori-
gins. The examples of the accretionary structures
include blocks which are located to the west of the Main
Uralian Fault Zone, Bolshaya Zemlya (Bolsheze-
mel’skaya) in the Subpolar Urals, and a series of the
southernmost blocks (Fig. 1b). These blocks host abun-
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dant Cambrian—Paleozoic sedimentary rocks and their
basement includes volcano-sedimentary and metamor-
phic rocks with intrusions of ultramafic rocks (rare),
gabbroids, and granitoids.

The pre-Ordovician complexes, which are part of
the structure of the present-day Uralian Orogen and
its western frame, are termed proto- or pre-Uralides
(Puchkov, 2000; Kuznetsov et al., 2007). They are
exposed in the Central Uralian Uplift and form a lon-
gitudinal band no less than 2000 km long. The Lyapin
Anticlinorium in the north spans the Subpolar and
North Uralian segments of the Central Uralian Uplift.
The anticlinorium includes the Mankhambo (south)
and Kozhim (north) blocks, which are divided by large
transverse faults and, according to the opinion of some
researchers (Volchek, 2004; Kholodnov et al., 2022),
could have evolved asynchronously. The igneous rocks
of this structure are characterized in detail in numerous
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Fig. 1. Position of studied objects in structures of the Urals and its frame. (a) Position of the Uralian fold belt on a map of Russia,
(b) tectonic scheme of the Urals and its frame with the location of the studied objects, modified after (Puchkov, 2000; Kuznetsov
et al., 2007). Fault zones: PIC, Pechora—Ilych—Chiksha Zone; MUF, Main Uralian Fault. Structures and megazones: I, East
European Platform; II, II1, Timan Megablock: Timan (II) and Izhem (I1I) zones; IV, V, Pechora Megablock: Pechora (IV) and
Bolshaya Zemlya (V) zones; VI, VII, East Uralian Megazone: unspecified Tagil and Magnitogorsk zones (VI); East Uralian Uplift
Zone (VII); VIII, West Siberian Platform. Blocks with ancient basement with Riphean—Vendian—Cambrian igneous rocks (from
north to south): LA, Lyapin Anticlinorium; IA, Isherim Anticlinorium; KKA, Kvarkush—Kamennaya Gora (Kammenogorskii)
Anticlinorium; UB, Ufalei Block; BMA, Bashkirian Meganticlinorium; UT, Uraltau Uplift Zone; LS, Lushnikovo structure. Rect-
angle, area of Lyapin Anticlinorium, Kozhim (north) and Mankhambo (south) blocks. (c) Geological scheme of the Lyapin Anti-
clinorium after (Puchkov, 2000; Kuznetsov et al., 2007; Dushin et al., 2017). (1) Mesozoic—Cenozoic complexes of the cover of the
West Siberian Plate; (2) Permian—Triassic complexes of the cover of the East European Platform and Timanides; (3—8) Late Pre-
cambrian—Paleozoic complexes (pre-Uralides and Uralides) of the West Uralian Megazone: (3) Ordovician—Late Paleozoic
complexes (Uralides); (4—8) Late Precambrian—Cambrian complexes (pre-Uralides): (4) volcano-sedimentary complexes
(Mount Sablya Formation and its analogs); (5) metamorphosed volcano-sedimentary complexes; (6) gneiss—amphibole and
gneiss—migmatite complexes; (7, 8) granitoids of I (7) and A (8) types; (9) Paleozoic volcano-sedimentary and ophiolitic com-
plexes of the East Uralian Megazone; (10) gabbroids. Numbers in circles, granitic plutons. Kozhim Block: 1, Lemva; 2, Yarota
and Bad’yus; 3, Tynagot; 4, Khatalamba—Lapchinsky; 5, Kozhim; 6, Lapchavozh; 7, Maldy; 8, Naroda; 9, Vodorazdelny;
10, Vangyr; 11, Parnuk, Mankhobeyu, Gorodkovskii; 12, Neroika—Patok; 13, Salner; 14, Nyarta; 15, Maly Patok; 16, Tynagot,
Keftalyk; 17, Khartess; 18, Kulemshor, Mankhambo block; 19, II’ya-Iz; 20, Mankhambo; 21, Sotchem’el (gabbro); 22, Torre-
pore-1Iz; 23, Ydzhidlyaga; 24, Sys’in (not to scale). Black rectangle: position of the studied granitoids. (d) Geological map of the
Vodorazdelny (I) and Vangyr (1I) plutons, simplified after (Dushin et al., 2017). (1) Middle Riphean Puiva Formation: phyllitic
micaceous-quartz schist with thin lenses of dolomite and quartzite; (2) Upper Riphean Khobeya Formation: quartzite, quartzitic
sandstone, banded silty shale; dolomite lenses in the lower part; (3) Upper Riphean Moroya Formation: phyllitic micaceous-
quartz carbonaceous schist with dolomite and marble lenses and microfossils in the lower part; (4) basaltoids of the Moroya Com-
plex (in structure of the formation); (5) Middle Vendian—Cambrian Laptopai Formation: carbonaceous schist with interlayers of
tillitic conglomerates, a horizon of olistostromes, polymictic conglomerates, and gravelites; (6) Lower Vendian Ar’yanshor
Sequence: silty shale, siltstone, sandstone; variegated shale and lenses of dolomites in the upper part; (7) unspecified Lower
Ordovician Obeya Formation with red quartz conglomerate, quartzitic sandstone, silty-clayey shale; (8) Quaternary sediments;

(9) granite and leucogranite of the Vodorazdelny (I) and Vangyr (I1) plutons; (10) faults: (a) proven; (b) inferred.

papers (Fishman and Goldin, 1963; Chervyakovskiy
et al., 1992; Makhlaev, 1996; Udoratina et al., 2006,
2021; Kuznetsov et al., 2007; Pystin and Pystina,
2008; Dushin et al., 2009, 2021, 2017; Andreicheva,
2010; Soboleva, 2011, 2004). They showed the pres-
ence of A-, I-, and S-type granitoids, which locally
intruded almost synchronously. The granitoids exhibit
convergent features and a geodynamic regime of their
intrusion within a range from 650 to 480 Ma and
therefore their attribution to different complexes upon
geological mapping (i.e., the correlation of granitoids
of various plutons) is a matter of debate.

There are distinct models of the pre-Ordovician
geodynamic evolution of the structure of the Subpolar
Urals and related granitoids: riftogenic, accretionary—
collision, and oceanic reviewed in details by
(Kuznetsov et al., 2007; Kuznetsov, 2009; Udoratina
et al., 2021). Other authors provided an original view-
point on transform (mostly divergent) movements in
the southern part of the Lyapin Anticlinorium
(Mankhambo Block), which were initiated by several
plume pulses, and showed a different role of oceanic
and continental components in the substrate (Kho-
lodnov et al., 2022). The Paleozoic granites of the
“Uralian” evolution stage are omitted in our work;
they are a subject of another study.

The object of our study includes the granites of the
Vodorazdelny pluton (Kozhim Block of the Lyapin
Anticlinorium) (Fig. 1), which were poorly studied
and dated. A topical practical problem is the determi-
nation of their age, relations to country rocks, and
attribution to other complexes upon geological map-
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ping. The granites of the Vodorazdelny and nearby
Vangyr plutons were previously included in the struc-
ture of the Paleozoic Kozhim Complex (Fishman and
Goldin, 1963; Andreichev, 2010). A young age of the
Vangyr granites is not supported by modern methods,
and this name was deleted from geological maps (Iva-
nov et al., 2013a, 2013b; Dushin et al., 2017). On the
basis of the U—Pb age of zircon (485 Ma, Udoratina
et al., 2020), the Kozhim, Vangyr, and Vodorazdelny
plutons are ascribed to the Vendian—Lower Cambrian
Salner—Mankhambo (phase 1I) complex in the latest
editions of the 1 : 200000 State Geological Map (Iva-
nov et al., 2013b). The data provided in our paper,
however, contradict this viewpoint.

The aim of our study is the refinement of the cor-
relation scheme and ideas on the geodynamic setting
of granitic intrusion of the Lyapin Anticlinorium in
the Vendian—the beginning of the Cambrian on the
basis of the petrochemical data of rocks of the Vodo-
razdelny pluton, the peculiarities of chemical compo-
sition of their zircons, the zircon populations, their
age, and the parameters of their Lu—Hf system. The
results are new and original and contribute to the ideas
on the classification and geodynamic setting of
granitic intrusions of the Lyapin Anticlinorium of this
period and can be used in geological mapping.

BRIEF GEOLOGICAL
AND PETROGRAPHIC CHARACTERISTICS

The Vodorazdelny pluton is located at the interfluve
of the Vangyr River and Nadezhd River (the right
tributary of the Bolshoi Patok River) on the western

No.3 2023
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slope of the Subpolar Urals within the Kozhim Block
(Figs. 1c, 1d). This pluton in plan has a pearlike morpho-
logy with a length of ~4 km and a maximum width of
2.5km. The area of the surface outcrops is ~7 km>.
According to the estimates of Rudich (1967), the ero-
sion level is 400—500 m. According to geophysical data,
the pluton is a stock dipping to the east (60°—70°) and
intruding a NE wing of the Bezymyannaya Syncline.
The Vangyr pluton described in detail by Kuznetsov
and Udoratina (2007) is located 2 km to the northeast
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of the Vodorazdelny pluton (Fig. 2), but these authors
did not discuss their relations.

The Vodorazdelny pluton has a concentric-zonal
structure: the quartz porphyries are replaced by por-
phyry granites and further by small-, medium- and
coarse-grained poprhyritic granites from the periph-
ery to the center. The rocks of this pluton in the west
are surrounded by rocks of the Khobeiz (Upper Rip-
hean) and Tel’pos (Lower Ordovician) formations
(old unpublished materials) or rocks of the Khobeyu,
Vol. 31
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Fig. 2. TAS diagram for rocks of the Vodorazdelny pluton and its possible analogs after (Sharpenok et al., 2013). Granites from
plutons: (1) Vangyr; (2) Kozhim; (3, 4) Mankhambo: (3) phase I; (4) phase 1I; (5) Vodorazdelny; (6) rhyolites of the Mount

Sablya complex.

Moroin (Upper Riphean), and Mount Sablya (Sable-
gorsky) (Upper Riphean—Vendian) formation in the
present-day edition of maps (Dushin et al., 2017).
Blastomylonites and tectonic breccias of rocks of the
frame in the granitoid “matrix” occur at the contact
zone. The halos of hornfels and skarns are registered in
the north, south, and east of the pluton.

The eastern part of the pluton is overlapped by
boulder rocks with abundant coarse-grained porphy-
ritic granites. In comparison with the southern part,
no quartz porphyries and small-grained granites are
found in the northern part of the pluton. The southern
part has a lower thickness in comparison with the oth-
ers, which is related to the occurrence of latitudinal
faults and tectonic displacement. The granitoids of the
pluton are cut by thin dikes of aplites.

The main volume of the Vodorazdelny pluton
(main phase) includes the hypabyssal biotite granites.
These are light grayish pinkish medium- to coarse-
grained porphyritic rocks with K-feldspar phenocrysts
~1 cm in size. They are composed of microcline-per-
thite, plagioclase, quartz, biotite, and locally horn-
blende. The accessory minerals are allanite, titanite,
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and zircon; the secondary minerals are muscovite,
chlorite, albite, and sericite. The rocks at the contacts
of the pluton are characterized by a small-grained
structure, the replacement of biotite with muscovite,
the formation of magnetite, tourmaline, and rare gar-
net, and an increasing amount of quartz. The peri-
pheral part of the pluton contains the light grayish
pinkish small-grained porphyritic leucogranites, which
transit to porphyry granites and together form zones up
to 30—300 m thick. The leucogranites have a variable
composition: quartz + albite + biotite, locally, with rel-
ics of more calcic plagioclase, which is replaced by
albite along the rims. The relatively coarse-grained leu-
cogranites contain microcline-perthite. Chervyakovs-
kiy et al. (1992) indicated that the final stage of alter-
ation is related to the formation of K-feldspar.

The quartz porphyries and porphyry granites are the
shallowest rock types, which differ only in the degree of
crystallization of the matrix. The phenocrysts include
quartz and rare albite—oligoclase. The rock matrix is
composed of microlites of quartz, plagioclase, and
sericite, and accessory minerals include titanite, zircon,
and magnetite.

No.3 2023
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MATERIALS AND METHODS

All analytical procedures were conducted at the
Center for Collective Use “Geoanalitik” of the Insti-
tute of Geology and Geochemistry, Ural Branch,
Russian Academy of Sciences (IGG UB RAS, Yekat-
erinburg, Russia). The contents of major oxides were
measured on SRM-18 and EDX-900 HS spectrome-
ters. The Fe,O; and Na,O contents were analyzed using
X-ray fluorescence; the FeO and Na,O contents and
losses on ignition (LOI) were determined using classical
chemical methods. The contents of trace elements were
analyzed with the use of argon on an ELAN-9000
(PerkinElmer) quadrupole inductively coupled plasma
mass spectrometer (ICP-MS). The analytical error is
0.1-1.0 rel. % (for different contents of elements).

The zircon grains were sampled from porphyritic
biotite microcline granite of the main phase (Sample
B-10, Tables 1, 2). The zircons were extracted from
concentrates using heavy liquids, manually selected
under a binocular microscope, emplaced into epoxy
resin, and polished up to 1/2 thickness of the grains.
Before the analyses, the polished sections were
cleaned with ethanol and HNO; (3%).

The content of trace elements in zircons was ana-
lyzed on a NexION 300S ICP-MS (PerkinElmer)
equipped with a NWR laser ablation system. The ana-
Iytical method is described in (Chervyakovskaya et al.,
2022). The analytical conditions included a crater
diameter of 25 um, a frequency of pulse repetition of
10 Hz, and an energy density of 10.5—11.5 J/cm?. The
results were processed in the GLITTER V4.4 program
using an internal SiO, standard and NIST SRM 610
and NIST SRM 612 standard glasses as external pri-
mary and secondary standards, respectively. The anal-
yses were conducted in terms of 10—12 measurements.
The measurement error for NIST 610 and NIST 612
for the measured elements was 3—20% (16) and 3—
25% (10), respectively.

The Lu—HTf isotopic system was studied on a Nep-
tune Plus multicollector mass spectrometer (Thermo
Fisher Scientific) equipped with a NWR 213 laser
ablation system. The analytical method is described in
(Chervyakovskaya et al., 2021). The analytical condi-
tions included a crater diameter of 25 um, a frequency
of pulse repetition of 10 Hz, and an energy density of
11.5—12.5 J/cm?. Zircon GJ-1 was used as a primary
standard; zircons 91500, Plesovice, and Mud Tank were
secondary standards; the procedure used a range of five
measurements. The average weighted "*Hf/"’Hf ratio
for the GJ-1 and Mud Tank standards was 0.282042 +
0.000017 (N = 8; =20) and 0.282496 £ 0.000020 (N =4;
120), respectively. The values of a single measure-
ment of the "®Hf/"7"Hf isotopic ratio for the 91500 and
Plesovice standards were 0.282465 £ 0.000030 (£20)
and 0.282300 = 0.000053 (£20) within this session.
The measurement error (20) of the 7*Hf/7’Hf isoto-
pic ratio for the zircon standards was 0.011—0.020%.
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The U—Pb age of zircons was analyzed on the Nex-
ION 300S ICP MS (PerkinElmer) equipped with a
NWR 213 (ESI) laser ablation system. The analytical
procedure and age calculation algorithm are described
in (Zaitseva et al., 2016). The analytical conditions
included a crater diameter of 25 um, a frequency of
pulse repetition of 10 Hz, and an energy density of 10—
11 J/cm?. The results were processed in the GLITTER
V4.4 program. The primary standard zircon GJ-1
(secondary standards were zircons 91500 and Pleso-
vice) was measured after ten unknowns. The U—Pb
age of the GJ-1, 91500, and Plesovice zircons was
600.5 =+ 1.9 Ma (N = 24; MSWD = 0.17; 1c), 1065 =
11 Ma (N = 4; MSWD = 0.001; 15), and 338 + Ma
(N=6; MSWD = 0.014; 10), respectively, within this
analytical session. The analytical error of the
206pp /238U and 27Pb/?U isotopic ratios for the
standards was 1.3—2.6% and 2.7—5.3% (10), respec-
tively. The analysts were M.V. Chervyakovskaya and
V.S. Chervyakovskiy.

PETROCHEMICAL FEATURES
OF GRANITOIDS OF THE VODORAZDELNY
PLUTON AS A KEY TO GEODYNAMIC
INTERPRETATIONS

The chemical composition of granitoid samples of
the Vodorazdelny pluton (Table 1) and their position
on the TAS diagram (Sharpenok et al., 2013) show that
the rocks correspond to moderately alkali granites and
leucogranites (Fig. 2). They are calc-alkaline, subal-
kaline, and peraluminous. Most granites are high-K and
some compositions correspond to medium-K types.
The sum of alkalis of most samples is 7.6—8.7 wt %. The
Na,O/K,0 ratio of ~1 is shifted toward Na,O in some
altered samples. The rocks of the pluton are character-
ized by lower CaO, TiO,, Al,05, FeO*, and P,05 con-
tents at an increasing SiO, content, which is indicative
of the differentiation of melt.

The K,0 and MgO contents are most variable,
indicating weak postmagmatic alterations (K-feldspa-
thization, albitization, chloritization) of some sam-
ples. The increasing role of accessory minerals in a
balance of trace elements is responsible for the higher
Nb, Ta, U, Hf, Y, and REE contents of rocks at
increasing SiO, contents. The analysis of Ab—Q—Or
cotectic shows that the rocks of the pluton formed at a
pressure of 0.5—3.0 kbar.

The Rb content of most samples is 200—280 ppm,
decreasing to 113 ppm in albitized Na,O-rich varieties.
The Sr content is 30—58 ppm, increasing to 150 ppm
in varieties with the most calcic plagioclase. On the
basis of the highest contents of these elements, the
rocks of the Vodorazdelny pluton can be ascribed to an
adamellite—granite type after Fershtater (1987).

The compositions of granites of the pluton in a
QPMN field on the Rb—Sr diagram (Fershtater, 1987)
correspond to those of the derivatives of continental
Vol. 31
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Table 1. Content of major oxides (Wt %) and trace elements (ppm) in granitoids of the Vodorazdelny pluton

Compo- Sample numbers

nents B-3 B-8 B-7 | B-20 | B-26 | B-23 | B-22 | B-28 | B-9 | B-27 | B-2 | B-10 | B-21 | B-11
SiO, 65.21 | 70.16 | 70.6 | 72.29 | 72.51 | 73.33 | 73.44 | 73.5 | 73.51 | 73.92 | 74.02 | 74.46 | 75.07 | 76
TiO, 0.38 ] 0.32| 0.33]| 016 0.16 | 0.11 0.14 | 0.09| 0.11 0.15| o0.11 0.15| 0.11 | 0.09
AL O5 11.17 | 1499 | 14.85 | 14.35 | 13.76 | 13.96 | 13.2 | 14.11 | 13.63 | 13.08 | 13.32 | 12.86 | 13.12 | 13.23
Fe, 04 1.80 | 1.86| 1.06| 1.12 1.07 | 1.28 | 1.2 1.73 1.43 1.11 1.09| 1.32| 147 | 0.70
FeO 0.74 | 0.91 1.63| 1.09| 1.09| 0.73] 091 | 0.36| 0.64| 1.09| 0.91 1.1I8 | 0.54 | 0.43
MnO 0.04| 0.05| 0.06| 0.06| 0.06| 0.05| 0.04| 0.02| 0.03| 0.04| 0.05| 0.04| 0.03| 0.04
MgO 713 | 0.83| 086 | 145| 1.27| 028| 0.39| 037 | 0.39| 034| 046| 0.35| 044 | 0.06
CaO 593 | 154 1.6 1.18 1.21 | 0.68| 0.58 | 0.59 | 0.7 0.64| 0.74| 0.73 | 0.88 | 0.69
Na,O 232 419 | 439| 419 | 419 | 431 | 394| 419 | 4.06| 397 | 419 | 3.45| 562 | 3.66
K,0O 3.69 | 447 | 414 | 213 | 2.06| 426| 4.63| 4.19| 443 | 428 | 3.48 | 4.41 1.24 | 4.10
P,0O;5 0.08 0.12| 0.12| 0.09| 0.09| 0.07| 0.0.8/ 0.08| 0.07| 0.08| 0.07| 0.08| 0.07 | 0.01
LOI .38 0.74| 1.39| 191 1.91 | 0.6 0.61 | 082| 0.67| 0.56| 0.63| 0.55| 1.02| 0.67
Li 10.0 n.a. n.a. | 16.0 n.a. | 13.0 n.a. n.a. | 14.0 n.a. | 15.0 13.0 | 32.0 | 40.0
Be 0.9 4.0 3.5 5.1 4.5 2.8 3.8 7.7 3.6 7.3 3.3 3.1 4.6 3.0
Sc 7.0 5.0 5.0 7.0 8.0 4.4 7.0 6.0 7.0 8.0 6.0 6.0 7.5 5.0
A% 40.0 | 22.0 9.0 6.5 9.0 6.5 7.0 0.0 8.0 | 15.0 7.5 7.5 6.5 3.1
Cr 40.0 n.a. n.a. 0.8 n.a. 9.0 n.a. n.a. 0.9 n.a. 1.1 1.0 0.9 0.9
Co 6.0 5.0 4.0 1.5 5.0 1.1 2.0 3.0 2.5 3.0 5.0 2.0 2.0 0.9
Ni 20.0 | 10.0 | 19.0 8.5 9.0 5.5 8.0 3.0 6.5 8.0 | 19.5 | 10.6 5.9 1.6
Cu 13.4 n.a. n.a. 9.0 n.a. 6.0 n.a. n.a. 4.1 n.a. 4.1 5.0 11.9 34
Zn 60.0 n.a. n.a. | 14.0 n.a. | 30.0 n.a. n.a. | 30.0 n.a. | 30.0 | 30.0 | 30.0 | 30.0
Ga 14.0 n.a. n.a. | 22.0 n.a. | 19.0 n.a. n.a. | 21.0 n.a. | 21.0 21.0 | 22.0 |22.0
As 5.3 n.a. n.a. 7.5 n.a. 5.8 n.a. n.a. 6.0 n.a. 4.4 6.4 4.6 7.7
Se 0.6 n.a. n.a. 0.9 n.a. 0.4 n.a. n.a. 0.6 n.a. 0.7 0.7 1.1 1.1
Rb 90.0 |217.0 [225.0 |118.0 |115.0 |221.0 [288.0 |[160.0 |216.0 |228.0 |[113.5 (186.0 {200.5 |240.0
Sr 270.0 |152.0 (136.0 | 47.0 | 31.0 | 40.0 | 57.0 | 13.0 | 55.0 |46.0 | 55.0 | 58.0 | 45.5 | 40.0
Y 17.0 | 32.0 [ 29.0 | 58.5 | 20.0 |250 |72.0 |[28.0 |275 | 21.0 |250 |28.0 |56.0 |50.0
Zr 95.0 (139.0 |151.0 | 96.0 [129.0 | 91.5 | 73.0 | 99.0 [131.5 |260.0 |120.0 |[115.0 | 77.0 | 70.0
Nb 8.0 1.0 | 18.0 | 16.5 | 12.0 | 14.0 9.0 |50.0 | 13.5 | 10.0 1.5 | 13.5 | 22.0 |29.0
Mo 0.3 n.a. n.a. 0.1 n.a. 0.1 n.a. n.a. 0.3 n.a. 0.2 0.1 1.2 0.2
Cs 1.1 n.a. n.a. 5.2 n.a. 2.7 n.a. n.a. 3.1 n.a. 4.9 2.4 6.0 7.7
Ba 800.0 n.a. n.a. | 60.0 n.a. (170.0 n.a. n.a. [120.0 n.a. (130.0 (130.0 |140.0 | 80.0
La 22.0 n.a. n.a. | 15.0 n.a. | 12.0 n.a. n.a. | 28.0 n.a. | 27.0 15.0 16.0 10.0
Ce 44.0 n.a. n.a. | 37.0 n.a. | 32.0 n.a. n.a. | 70.0 n.a. | 60.0 [ 50.0 |39.0 |29.0
Pr 5.4 n.a. n.a. 4.0 n.a. 3.7 n.a. n.a. 7.0 n.a. 7.0 4.0 5.0 3.1
Nd 20.0 n.a. n.a. | 17.0 n.a. | 13.0 n.a. n.a. | 26.0 n.a. | 24.0 | 16.0 | 18.0 12.0
Sm 4.1 n.a. n.a. 5.0 n.a. 3.1 n.a. n.a. 6.0 n.a. 5.0 4.1 6.0 4.4
Eu 1.1 n.a. n.a. 0.2 n.a. 0.2 n.a. n.a. 0.4 n.a. 0.4 0.4 0.3 0.3
Gd 4.0 n.a. n.a. 7.0 n.a. 3.1 n.a. n.a. 5.0 n.a. 5.0 4.0 7.0 6.0
Tb 0.6 n.a. n.a. 1.2 n.a. 0.5 n.a. n.a. 0.8 n.a. 0.8 0.7 1.3 1.3
Dy 3.3 n.a. n.a. 8.0 n.a. 2.9 n.a. n.a. 4.6 n.a. 5.0 5.0 9.0 9.0
Ho 0.7 n.a. n.a. 1.7 n.a. 0.6 n.a. n.a. 0.9 n.a. 0.9 1.0 1.8 2.0
Er 2.0 n.a. n.a. 5.0 n.a. 1.6 n.a. n.a. 2.7 n.a. 2.8 2.9 5.0 6.0
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Table 1. (Contd.)
Compo- Sample numbers

nents B-3 B-8 B-7 | B-20 | B-26 | B-23 | B-22 | B-28 | B-9 | B-27 | B-2 | B-10 | B-21 | B-11
Tm 0.3 n.a. n.a. 0.8 n.a. 0.3 n.a. n.a. 0.4 n.a. 0.4 0.5 0.8 0.9
Yb 1.9 n.a. n.a. 5.0 n.a. 1.7 n.a. n.a. 2.8 n.a. 2.8 3.1 5.0 6.0
Lu 0.3 n.a. n.a. 0.8 n.a. 0.2 n.a. n.a. 0.4 n.a. 0.4 0.5 0.8 0.8
Hf 2.9 n.a. n.a. 4.0 n.a. 3.0 n.a. n.a. 4.0 n.a. 3.0 4.0 4.0 3.0
Ta 0.6 n.a. n.a. 2.7 n.a. 2.3 n.a. n.a. 1.7 n.a. 1.4 1.8 2.8 1.6
W 0.7 n.a. n.a. 0.4 n.a. 0.6 n.a. n.a. 0.3 n.a. 0.3 0.3 0.6 0.5
Pb 3.0 n.a. n.a. 2.5 n.a. | 15.0 n.a. n.a. | 14.0 n.a. | 16.0 14.0 10.0 24.0
Th 6.0 n.a. n.a. | 19.8 n.a. 7.0 n.a. n.a. | 25.8 n.a. | 24.0 | 20.7 23.1 21.8
U 1.5 n.a. n.a. 4.0 n.a. 1.7 n.a. n.a. 34 n.a. 4.0 3.6 4.2 5.0

n.a., not analyzed.

and island-arc tholeiitic magmas. On a series of dia-
grams (Fig. 3), the composition matches that of the
I-type (rather than A-type) granites.

In addition to the compositions of granites of the
Vodorazdelny pluton, we plotted the compositions of
the nearby Vangyr and Kozhim intrusions of the Sal-
ner—Mankhambo complex on the Pearce diagram,
which characterizes the geodynamic settings (Fig. 4).
The compositions of granites of the Vodorazdelny plu-
ton lie at the boundaries of the VAG—WPG—Syn-
COLG fields.

The total REE content of granites of the Vodo-
razdelny pluton are 90—140 ppm; the chondrite-nor-
malized REE patterns are weakly differentiated (the
La/Yb ratio is 2—10) and contain a strong negative Eu

anomaly (Fig. 5a). Note that the absence of Eu ano-
maly is one of the typical features of early orogenic
Carboniferous granites of the Uralian Orogen located
eastward of the Main Uralian Fault Zone (Fershtater,
2013). The earlier (Ordovician—Silurian) supra-
subduction rocks exhibit a negative Eu anomaly
(Petrov et al., 2017). This anomaly is observed almost
in all Late Riphean—Vendian—Cambrian granitoids of
the Subpolar Urals irrespective of their geodynamic
setting (Udoratina et al., 2021). The N-MORB-nor-
malized compositions of the studied granites exhibit
negative Nb, Ti, and Zr anomalies typical of supra-
subduction rocks (Fig. 5b). On the other hand, they
are similar to an average composition of the upper
continental crust. This dual behavior can indicate a
heterogeneous substrate.

K,O + Na,0)/CaO Zr (b)
(K, a,0)/Ca (a) 10000
| &
100 1300°C _
(? ' A® E ; 1000 A-granites
r Bo .Eo 03
— 94" 5 o © 4
L +5
FG o B0 A6
£t o8 - 100
10+ O
C +ﬂ-|- )
I
+
O 10
0GT 0 ultrabasites
] I | |0| [ | 1 1 1 1
50 100 1000 5000 0 1 2 3

Zr+Nb+Ce+Y

M = (K + Na + 2Ca)/(Si x Al)

Fig. 3. Whalen diagram (Whalen et al., 1979) (a) for various types of granites and correlation between Zr content of rocks and
crystallization temperature (b) after (Hanchar and Watson, 2003; Kostitsyn et al., 2015). FG, fractionated granite; OGT, non-

fractionated I-, S-, and M-type granites. For legend, see Fig. 2.
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Table 2. Content of trace elements (ppm) and indicator ratios of zircons of the Vodorazdelny pluton

fl‘éﬁ'zirt/ 88 90 90 2 91 95 96 97 100 113 114 115
Sc 351 351 368 297 370 337 262 406 390 474 48
Ti 1.9 | 349 | 447 12.5 s | 797 139 | 406 147 | 700 | 345
Y 1338 | 1947 | 1882 | 1201 | 1527 | 7999 | 1443 | 2841 | 4105 | 1530 | 1086
Nb 1.79 1.97 1.10 126 | 52 431 | 159 387 | 222 | 7172 | 544
Hf 12557 |12284  [13062 [11330  |11216 | 9919  |14084  |13180  [I15165  |16049  |13852
Ta 0.27 143 145 | 077 | 035 132 | 592 | 083 136 | 236 | n/d
Pb 31.2 376 | 389 | 2901 | 500 | 82 | 147 644 | 749 | 535 | 639
Th 46 85 92 53 75 186 95 137 156 859 | 569
U 79.7 915 | 101 684 | 989 | 16l 202 150 169 128 139
La 0.088| 194 | 0010| 0165 0010 271 332 | 0130 0220 0010 24
Ce 3.13 945 | 575 413 520 | 588 17.4 7.71 882 | 649 | 563
Pr 0137 | 0980 0.114| 0290]| 0310] 755 148 | 0410 0170 0.160| 0.460
Nd 0.440|  6.90 184 | 093 | 085 | 369 7.10 134 | 547 | 208 | 604
Sm 294 | 956 | 735 | 206 189 | 169 736 | 891 | 182 230 | 893
Eu 0.870| 0.650| 104 | 0260 0480| 295 0320 0670| 3.09 | 0290| 114
Gd 2901 | 388 | 392 37.8 187 | 625 4.7 | 626 | 978 | 262 | 360
Tb 9.04 | 110 13.2 594 | 758 | 157 10.1 181 | 305 9.41 8.94
Dy 116 170 191 104 142 | 1275 154 244 386 114 94
Ho 485 | 590 | 732 | 408 | 534 | 330 535 | 827 | 150 483 | 505
Er 197 298 294 195 267 955 241 426 584 28 180
Tm 443 | 567 | 660 | 456 473 | 198 478 | 794 | 14 483 | 454
Yb 387 508 563 384 473 | 1355 412 650 964 440 477
Lu 734 | 910 | 925 761 | 889 | 236 759 | 1314 | 2056 | 805 | 745
Age - - - - 543 - | 159 - - 552 -
REEt ol | 1262 | 1347 896 | 1106 | 6633 | 1071 1714 | 2567 | 1006 990
Zr/Hf 530 | 587 57.6 51.9 675 | 66.3 5.7 | 599 | 582 | 549 | 651
Th/U 0580 | 0920 0920 0.770| 0750| 1160| 0470 0910 0920 0.670| 0.410
U/Yb 0206 0180 0.179| 0.78| 0209 0.119| 0490 0231| 0.175| 0291| 0.290
Yb/Sm | 132 532 | 766 | 187 250 802 | 559 | 730 | 530 | 191 534
Eu/Eu* | 0290| 0.100| 0.90| 0090 0250| 0280 0.060| 0090 0220| 0110| 0.190
Ce/Ce* 6.86 165 | 410 462 | 227 0.990| 188 | 804 | 110 39.1 1.31
(Sm/La),| 53.1 783 | 1167 198 | 300 0.990| 3.52 | 109 131 365 5.9
STRATIGRAPHY AND GEOLOGICAL CORRELATION Vol. 31 No. 3 2023
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Table 2. (Contd.)

illénniirt/ 116 17 | 120 | 121 | 134 | 135 | 136 | 138 | 139 | 143 | 145 | 146
Sc 444 [458  |470 440  [534  [431  [390 [435 |399 447 414 |376

Ti 20 | nd | nd | 150 |[344 | nd. | nd | 1268 | 1677 | nd. |984 | 657
Y 1981 [3068 [1482  [1494  [4554 2633 1210|1854  [1924 |1703  [2384  [3875
Nb 181 | 546 | 298 | 458 | 148 | 3.8 | 335 | 0760 | 174 | 377 | 190 | 2.64
Hf 15286 (15934 [11833 [13370 [9955  [14666 |13385 |12556 [12619 (12633 |12361 |14493
Ta 135 | 167 | 0.360| 0.84 | 0760 | 2.87 | 138 | 0.390| 0.430| 115 | 0.930| 14l
Pb 450 | 752 | 3L5 | 4001 |404 |733 [555 |333 343 |380 |443 |105

Th 97.0 | 163 5.1 |s563 |19 |157  |762 | 717 |68.0 |656 |78.0 |134

U 122|176 |694 |720 995 |191 121 69.4 |87.0 |903 |[107 |[272

La 2.97 | 0.960 | 0.010 | 0.010 | 0.580 | 5.58 | 0.010 | 0.010 | 0.010 | 0.085| 0.500 | 0.010
Ce 134 | 123 | 246 | 327 | 432 |254 | 877 | 223 | 464 | 381 | 628 | 851
Pr 115 | 0.530| 0.320| 0.330| 0450 | 2.47 | 0.390| 0.116 | 0.128 | 0.066| 0.520 | 0.150
Nd 9.80 | 4.04 | 3.08 | 271 | 102 [167 | 0830 339 | 249 | 172 | 730 | 195
Sm 918 | 806 | 195 | 301 [299 | 126 | 323 | 751 | 782 | 285 | 685 | 5.4l
Eu L18 | 0.910 | 0.500 |n/d 721 | 150 | 0240 | 149 | 0.590 | 0.480| 0.790| 0.550
Gd 3.9 | 6L1 | 286 [242 |144 | 63.6 |254 |4374 |4416 |28.60 |40.17 | 47.57
Tb 9.86 | 248 | 107 | 1.6 [362 [235 | 666 | 1310 | 1296 | 9.83 | 1536 | 19.75
Dy 160|261 |130 [146  |534 265 |10 |162 [163 |157 |231 |33l
Ho 64.6 [113.5 | 511|464 |181.4 [1024 [445 |678 |636 |593 |797 |125

Er 312|455 227|221 |627  |417  |193 |258 [274 [251  |351 599
Tm 643 992 |480 |59 [127 |806 [393 |[590 |553 532 |731 |104
Yb 566|845 433 (388  |1028 |691  [355  |461  |491 (444  |683 956

Lu 116|165  |902 |864 |[184 |13 67.3 967 |917 |933 |16 |19
Age 852|525  [560 — le1s  [ss1 |s23  |s573 |608 - — |s30
REEt [1362 [2050 [1027 |985  [2914 (1838 |855 [1176  [1212  [1106 |1613  [2394
Zr/Hf [ 552|563 694 |57.7 |835 |514 |568 |646 |658 |627 |621 |53.3
Th/U 0.790 | 0.930 | 0.740 | 0.780 | 1190 | 0.820| 0.630 | 103 | 0.780 | 0.730 | 0.730 | 0.490
U/Yb 0.216 | 0.208 | 0.160 | 0.85| 0.097 | 0.277 | 0.341 | 0.151 | 0.177 | 0.203 | 0.157 | 0.285
Yb/Sm | 6.6 |105 [222  [129 34 | 548 | 110 614 |628 |156 |99.8 |177
Eu/Eu* | 0210 | 0.130 | 0.200 |n/d 0.340 | 0.160 | 0.080 | 0.250 | 0.100 | 0.160 | 0.150 | 0.100
Ce/Ce* | 175 | 423 | 106 | 140 | 204 | 165 [343 |158 |32 |122 | 30 |529
(Sm/La),| 4.9 13.3 | 310 478 82.0 3.59 | 513 1193|1242 53.3 21.8  [859

Age in the first column means the 238yy_206py, age of zircons (Ma); n.d., not determined; dash, not analyzed.
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of granitoids of the Lyapin Anticlinorium. Sample numbers correspond to those in Table 2. The average composition of the upper

continental crust is shown after (Rudnik and Gao, 2003).

A complex of parameters thus indicates the supra-
subduction setting of the formation of granites of the
Vodorazdelny pluton. To refine this conclusion, we
determined their age and isotopic parameters on the
basis of the analysis of the chemical composition
(identification of a genetic nature), age, and study of
the Lu—Hf system of zircons from granite of the main
phase of the pluton.

MORPHOLOGY, CHEMICAL COMPOSITION,
AND GENETIC FEATURES OF ZIRCONS

The photomicrographs of zircon grains are shown in
Fig. 6. They are semitransparent or muddy, pinkish or
brownish pinkish; most zircons are detrital forms unfa-

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 31

vorable for the identification of their morphological
types. Pystina and Pystin (2017) recently described the
typical morphological features of zircons and recog-
nized various crystal types in granitoids of the Subpo-
lar Urals of various ages: Nikolaishor (Early Protero-
zoic), Kozhim (Middle—Upper Riphean), and
Mankhambo (Early Cambrian) complexes. We tried
to relate the features of our grains to characteristics
published in this work.

The most intact zircon grains of the Vodorazdelny
pluton are conditionally divided into two types on the
basis of their optical and CL images. Type 1 includes
semitransparent pale euhedral crystals with an elonga-
tion coefficient of 4—5, the edges (100), (110), and (113),

No.3 2023
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and weakly corroded outer surface with mostly trans-
verse fractures. In the CL regime, these grains have
concentric growth zonation (intercalation of fine light
and dark bands of various widths); they locally contain
inclusions and unaltered irregular cores. In some
cases, the zonal grains are rimmed by light regeneration
rims or contain ancient cores. This is a so-called tor-
pedo-like type after Pystina and Pystin (2017). Type 2
grains are more muddy, brownish of irregular form,
wider in sections (the elongation coefficient is no
more 1.5) with a network of variously oriented locally
gradual fractures, strongly corroded surface with
caverns, and possible edges (110), (111), and (321).
The relation between the relative areas of the prism
and pyramid indicates a predominance of a prismatic
belt. In CL images, these grains often have a dark core
domain, locally, chopped; the intermediate zones are
irregularly spotty (light—dark), locally, with sectorial-
ity. Some areas exhibit fine zonation. The rims are
mostly corroded and some grains are overgrown with
new lighter material. This is the “zircon” type of
grains. Some large fragments can be ascribed to the
“zirtolite” type. A similar assemblage of morphologi-
cal types shown in (Pystina and Pystin, 2017) is typical
of shallow granites of the Kozhim pluton. Unfortu-
nately, the variations in U and Th contents were not
analyzed in various zones of single crystals. The pri-
mary shape and structure of many zircons from gran-
ites of the Vodorazdelny pluton are disturbed by mul-
tiple tectono-thermal processes.

The contents of trace elements in zircons from the
Vodorazdelny granites are shown in Table 2. Owing to
the beam size of 25 um, some analyses with high Ti,
Th, and Ca contents are excluded, because they indi-
cate the presence of mineral inclusions. In total, about
25 analyses of zircons were conducted.

It is traditionally considered that U and Th beha-
vior in zircons may be informative of their genesis. The
U and Th contents of our zircons are relatively low:
60—270 ppm U and 46—190 ppm Th. Some points
yield almost a linear direct U—Th correlation, indicat-
ing a common origin of the population of grains; some
measurements strong deviate from a general correla-
tion. The Th/U ratios for all grains are 0.41—1.20
(0.7—0.9 for most grains).

The Zr/Hf ratio of our granites is 50—67, locally
reaching 80. The Ti content of most zircon grains is
<15 ppm (locally, 70—98 ppm). This indicates the dif-
ferent degree of alteration, structural disordering,
and/or zircon genesis (magmatic or hydrothermal).
The higher Ti contents of zircons can be affected not
only by microinclusions. Harrison and Schmitt (2007)
showed that Ti in zircons can be absorbed by micro-
pores or fractures, especially in areas with intense
structural disordering and hydration. The Ti activity is
accepted by us as 1 owing to uncertain paragenetic
relations of zircon to Ti minerals. Thus, the tempera-
tures are the minimum possible. The calculated tem-

STRATIGRAPHY AND GEOLOGICAL CORRELATION
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50 um

| |

Fig. 6. Optical photomicrographs (a) of typical zircons
from granites of the Vodorazdelny pluton and CL images
(b) of zircons grains analyzed for U—Pb age. Circles indi-
cate the analytical points of U—Pb age (gray), Lu and Hf
isotopes (white), and trace element composition (black).
Sample numbers correspond to those in Tables 3 and 4.

peratures after (Ferry and Watson, 2007) for the grains
with significant but lower Ti contents are 707—790°C,
which is consistent with the calculations for rocks
(Fig. 3b).

The contents of other HFSEs of our zircons are vari-
able (ppm): 1086—7999 Y, 0.76—15 Nb, 0.27—6 Ta, and
12600—14500 Hf (Table 2). The REEs in rocks and
igneous minerals are considered to be unaffected by
superimposed processes. The total REE content of
zircons is 850—6600 ppm and the total light REE
(LREE) content is 7—1472 ppm. The values of index
ratios (Fig. 7) also vary significantly.
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Fig. 7. Chondrite-normalized (McDonough and Sun, 1995) REE patterns of zircons from granites of the Vodorazdelny pluton.
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Fig. 8. Hoskin (2005) diagrams of zircon genesis.

According to the published data, the Th/U ratio of
most igneous zircons is 0.3—0.7; the lower values
(0.3—0.1) indicate the growth from a fluid phase
(Rubatto, 2002; Hoskin and Schaltegger, 2003; Fu
et al., 2009; Zhong et al., 2018). The low Th/U ratio
often indicates the degree of structural disordering and
the peculiarities of the composition of zircons and
their host rocks rather than the genesis. The zircons of
various origins (early, late, postmagmatic, metamor-
phic) exhibit a wide range of U and Th contents (Pel-
leter et al., 2007; Balashov and Skublov, 2011; Wang
et al., 2013). The Th/U value of our zircons is >0.4;
however, the morphology and structure of many
grains indicate a strong change in the structure and
evidently the composition. Nonetheless, many grains
preserve primary geochemical characteristics.

For conclusions on the nature of zircons, we used
the diagrams of Hoskin (2005) and Fu et al. (2009)
(Fig. 8). The analysis of a current database of pub-
lished and original data show that the field of igneous

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 31

compositions (I) could be elongated downward. A sig-
nificant part of the compositions of our zircons lies in
this field and is further extended through the interme-
diate compositions to the field of “hydrothermal” (H)
type and partly belongs to the latter. As a rule, the zir-
cons from the same rock with increasing structural
disordering, degree of alterations, or evolution of the
composition of postmagmatic fluid phase exhibit a
decreasing Ce/Ce* value, an increasing (Sm/La),
value, and a higher LREE content (the most con-
trasting being La) (Balashov and Skublov, 2011; Trail
et al., 2012; Loucks et al., 2018). In our case, the La
content and Ce/Ce* value also have a reverse cor-
relation; some points with the highest La content
(very high degree of disordering) make the correla-
tion nonlinear.

In general, the zircon grains 91, 95, 100, 114, 120,
121, 136, 138, 139, and 146 are igneous on the basis of
several parameters (Figs. 7, 8). Note that similar
parameters do not mean their synchronous age. By
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Fig. 9. U—Pb diagram with concordia (all grains) (a) and areas (b—d) corresponding to different age clusters in zircons from gra-

nites of the Vodorazdelny pluton.

outer and inner structure, the zircons also belong to
different groups. The other zircons form trends with a
significantly higher “light” branch of a pattern and
smoothed Ce/Ce* value (this is evident from the
Hoskin’s diagrams; thus, the trends of zircons from
the H field are shown as a field).

According to the diagram and criteria elaborated by
Belousova et al. (2002), the compositions of zircons
from granites of the Vodorazdelny pluton fall to the
overlapping fields of derivative melts of granitic and
syenitic composition.

U—Pb AGE OF ZIRCONS
OF THE VODORAZDELNY PLUTON

The U—Pb age was determined for 119 zircon
grains from granites of the Vodorazdelny pluton. The
histogram of these ages is shown in Fig. 10. Many age
values do not correspond to concordia (at a given

STRATIGRAPHY AND GEOLOGICAL CORRELATION

MSWD on an agreement line) (Fig. 9). Many igneous
grains show a high discordance, and thus they are
excluded from consideration. The ancient (variously
altered) cores have the ages of 2189, 1660, 1471, 1354,
1176—927, 852, and 780 Ma.

We also excluded the grains with high U and Th
contents; 30 grains were selected with the discordance
of <4% and consistent U and Th contents, which pro-
vide a direct correlation similar to linear. In our opin-
ion (based on the geological evolution of magmatism
of the Lyapin Anticlinorium), three age clusters can be
distinguished among the measured ages (Table 3):
(1) 502 £ 7 Ma, MSWD of 0.015, probability of 0.90;
(2) 548 £ 5 Ma, MSWD of 0.018, probability of 0.89;
(3) 593 £ 4 Ma, MSWD = 0.0027, probability of 0.96.

The ancient zircon grains (852, 927, and 1599 Ma)
have distinct REE patterns (Fig. 9). The highest alter-
ation is shown by grain 96; thus, its age is probably
2023
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Fig. 10. Histogram of age distribution of zircons from
granites of the Vodorazdelny pluton (all analyzed grains).

young. Grain 114 has a clear magmatic trend and grain
115 shows weak alteration.

Lu—Hf SYSTEM IN ZIRCONS OF GRANITES
OF THE VODORAZDELNY PLUTON

The values of the primary ratios (7°Hf/7"Hf) and
ey for selected grains are calculated for the age by the
measured 297/20°Pb ratio (Table 4, Fig. 11). The aver-
age "SHf/7Hf and ey, values were calculated for the

238J—206Pp age from Tables 2 and 3. As seen from the
previous section, our zircons belong to at least three
age clusters, which probably differ in origin and/or the
degree of alteration. On the basis of the outer and

epe(T)
25~
20+
15

10

inner structure and ages, the zircons are conditionally
subdivided into three groups by isotopic parameters.
Group I includes the zircons of 2198, 1599, and
1354 Ma, as well as 632 and 612 Ma (because they are
older than the main age population and most likely are
a result of transformation of older varieties). These
grains have a positive ey(t) value of 0.8—13 (21?7?).
Group II includes the igneous zircons of 608—573 Ma
with a corresponding REE behavior (the composition
was selectively analyzed); they are characterized by
eug(t) values close to 0 (from —1.1 to 1.4) excluding
grain 77 with a high discordance. It has a spotty texture
and a hourglass structure and is probably an alteration
product of older zircon. Group III includes other
grains with ages of 565—493 Ma mostly with negative
ey(t) values from —1 to —8, excluding grains 145 and
82 with weakly positive ey(t) values.

The zircons from different groups are shown by dif-
ferent symbols in Fig. 11. Their greater part lies below
a DM line, approaching CHUR, and slightly below
the latter. In our opinion, we can discuss a decrease in
eur(t) values as the age of zircons becomes younger.

DISCUSSION

Age Relations of Granitic Plutons of the Kozhim Block
and Evolution of Geodynamic Settings

As was shown above, the Kozhim, Vangyr, and
Vodorazdelny plutons in latest editions of the 1 :
200000 State Geological Map (Ivanov et al., 2013b)
are ascribed to the Vendian—Early Cambrian Salner—
Mankhambo (phase II) Complex. Udoratina et al.
(2020) mention that, in this interpretation, the age of
the Kozhim granites “corresponds to riftogenic geo-
dynamic settings (520—480 Ma), which were favorable

sk By
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Fig. 11. Age—eyy4(t) diagram for zircons of some plutons of the Subpolar Urals. Zircons from granites: (1—3) Vodorazdelny plu-
ton: (1) ancient cores; (2) main population, the age of which characterizes the age of rocks; (3) young rims; (4—6) after published
data on the (4) Kozhim and (5) Vangyr plutons and (6) Salner—Mankhambo Complex (Kuznetsov and Udoratina, 2007; Dushin

et al., 2017; Udoratina et al., 2020, 2021).
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Table 4. Results of analysis of Lu—Hf isotopic system and model age of zircons from granites of the Vodorazdelny pluton

No. I\F;’a 76yb,/TTHF [76Lu/TTHE| TSHE/TTHE +26 enrlt) T(I\D/[l:[)’ T(]I)v[l\:)c’ T6Hf/17THS,
130 2189 0.02781 0.00085 0.282025 0.000093 | 21.4 1717 1418 0.281989
97 1599 0.04273 0.00101 0.282171 0.000051 13.3 1522 1474 0.282140
16 1354 0.03217 0.00076 0.281982 0.000050 0.8 1798 2080 0.281962
28 632 0.05977 0.00129 0.282455 0.000059 2.3 1129 1444 0.282440
75 612 0.03984 0.00094 0.282474 0.000078 2.6 1097 1403 0.282463
139 608 0.04106 0.00099 0.282352 0.000074 | —2.1 1276 1699 0.282341
79 597 0.04384 0.00100 0.282389 0.000072 | —1.1 1232 1634 0.282377
77 595 0.06072 0.00127 0.282541 0.000087 4.8 996 1251 0.282527
24 590 0.05887 0.00152 0.282391 0.000069 |—0.6 1211 1602 0.282374
72 590 0.09273 0.00213 0.282405 0.000087 |—0.04 1200 1586 0.282382
33 579 0.08599 0.00242 0.282432 0.000080 |—0.04 1196 1586 0.282405
138 573 0.05208 0.00123 0.282480 0.000060 1.4 1112 1453 0.282467
121 565 0.05204 0.00125 0.282319 0.000093 |—4.7 1349 1844 0.282305
145 563 0.09223 0.00199 0.282459 0.000087 0.6 1151 1522 0.282438
82 550 0.06448 0.00143 0.282486 0.000087 1.0 1112 1467 0.282471
12 543 0.08311 0.00180 0.282346 0.000065 |—-3.4 1289 1762 0.282328
133 530 0.04132 0.00105 0.282433 0.000098 | —1.0 1169 1574 0.282423
38 514 0.04271 0.00096 0.282254 0.000079 |—-8.2 1437 2022 0.282244
2 507 0.06262 0.00129 0.282297 0.000083 | —6.2 1360 1901 0.282285
13 493 0.07442 0.00160 0.282438 0.000087 |—2.4 1202 1650 0.282423

Grain numbers correspond to those in Tables 2 and 3. T, 206Pb/238U age of zircon. 176Hf/ 177Hf, primary isotope ratio recalculated to
U—Pb age; ey(t), deviation of measured 17(’Hf/me ratio from that in CHUR (chondrite reservoir) expressed in ten thousandths.
T(DM) and T(DM)C, the model Hf ages of the source calculated taking into account melting of magma from depleted mantle and fol-
lowing the two-stage model based on melting of magma from continental crust.

for melting of A-type granites after suprasubduction—
accretionary, collision, syncollision, and postcollision
processes (640—520 Ma), which produced S-, 1, and
A-type granites.”

On the other hand, Pystin and Pystina (2011) pro-
vide the U—Pb age of 598 £ Ma and interpret it as the
age of the Kozhim pluton. Unfortunately, it is unclear
whether different authors sampled the same areas of
the pluton: the U, Pb, and Th contents of both sam-
ples strongly differ and the published data show that
the Kozhim pluton can host bodies of different com-
position and age.

The ey(t) values of zircons of the Kozhim pluton
(complex) strongly vary from —2 to —3.4, indicating a
heterogeneous substrate. Some authors ascribe the
Kozhim granites to A-type, which makes them similar
to granitoids of phase 1II of the Salner—Mankhambo
complex. There are, however, certain differences: the
eys(t) value of rocks of the Salner—Mankhambo
Complex is higher (4—10), and a significant part of
the Kozhim compositions evidently corresponds to
I-type granites (Fig. 3).

The U—Pb age of granites of the Vangyr pluton is
598 = 5 Ma (Kuznetsov and Udoratina, 2007); these

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 31

rocks correspond to I-type granites and are close to
suprasubduction rocks by petrochemical parameters.
They have positive eyt) values (2—6) suggesting the
presence of mantle material in the substrate. Some
compositional features and the presence of older cores
in zircons (1224 Ma) indicate a certain role of a sedi-
mentary component in the substrate. In the opinion of
O.V. Udoratina, the granites of the Vangyr pluton
formed in an active continental margin or an ensialic
island arc (Kuznetsov and Udoratina, 2007).

The mostly heterogeneous parameters among
these plutons are typical of granites of phase II of the
Salner—Mankhambo Complex, which exhibit conver-
gent geochemical characteristics (boundaries of fields,
variable substrate). Kholodnov et al. (2022) showed
that they formed at the high degree of plume-litho-
spheric interaction. One of the most important indica-
tors of the latter is related to a low Y/Nb ratio (1.2 and
lower) (Fig. 12). According to (Udoratina et al., 2021),
the granites of this complex intruded at a postcollision
extension stage prior to the opening of the Protoura-
lian Ocean; there is also a viewpoint on the existence
of a transform divergent margin at ~520 Ma in the
Mankhambo Block (the south of the Lyapin Anticli-
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Fig. 12. Summarized Y—Nb diagram for the main geodynamic types of Uralian granitoids. Summarized fields are given after
(Kholodnov et al., 2021). (1) Middle to Late Riphean intraplate riftogenic plume-dependent series (western slope of the Urals,
margin of the East European Platform); (2) Vendian—Cambrian plume-dependent series of the “Timan” stage: Isherim, Lyapin,
and other anticlinoriums; (3) Late Ordovician—Middle Devonian island-arc series; (4) Late Devonian—Late Carboniferous
suprasubduction marginal-continental gabbro—tonalite—granodiorite—granite series, Central Urals (Upper Iset, Shartash,
Kamenushka plutons, etc.); (5) Early—Middle collision crustal—anatectic granitic series (Dzhabyk, Murzinska, Adui plutons,
etc.); (6) N-MORB; (7) E-MORB; (8) OIB after (Sun and McDonough, 1989); (9, 10) granitoids from the (9) Vangyr and
(10) Kozhim plutons; (11, 12) phases I and II of the Salner—Mankhambo Complex; (13) Vodorazdelny pluton; (14) rhyolites of
the Mount Sablya Complex (Kuznetsov and Udoratina, 2007; Dushin et al., 2017; Udoratina et al., 2020). Gray field combines
the main plume-dependent Urals granitoid series of various ages (Kholodnov et al., 2021).

norium), which is consistent with the first viewpoint
by the movement types. This stage was probably
started from felsic (sub)volcanic rocks in the structure
of the Mount Sablya Formation, the geochemical
parameters of which partly correspond to A-type gran-
ites. Their formation could have been related to the
first plume influence (the Y/Nb ratio of ~1; position
close to OIB) with the remaining contribution of sub-
duction and crustal contamination (Kholodnov et al.,
2022).

What is the position of granites of the Vodo-
razdelny pluton in this range of rocks? For compari-
son, we plotted the compositions of rocks of the
Vodorazdelny, Kozhim, and Vangyr plutons and two
phases of the Salner—Mankhambo Complex, as well
as subvolcanic rhyolites (which determined the age of
the Mount Sablya Formation of 494—-583 Ma;
Kuznetsov and Udoratina, 2007; Dushin et al., 2017;
Udoratina et al., 2020), which are discussed below.

Among three age clusters recognized for granites
of the Vodorazdelny pluton (502 + 7, 548 + 5, and
593 £ 5 Ma), in our opinion, the age of the rock is
593 + 5 Ma on the basis of the peculiarities of the

STRATIGRAPHY AND GEOLOGICAL CORRELATION

chemical composition, the degree of preservation, and
the inner structure of zircon grains. It almost coin-
cides with the age of granites of the Vangyr pluton,
which is located within the same segment of the
Lyapin Anticlinorium (Ivanov et al., 2013a) and
ascribed to the Salner—Mankhambo Complex.

In SiO, contents, the granites of the Vodorazdelny
pluton are most similar to rocks of phase I of this com-
plex. In the Vangyr and Kozhim plutons, the rocks
with higher SiO, content are dominant; however, this
can also indicate a different degree of erosion or an
insufficient set of analyses. Within a range of SiO,
contents of 70—77 wt %, the granites of these (includ-
ing the Vodorazdelny) plutons and rocks of phase I of
the Salner—Mankhambo Complex have similar Rb,
Sr, Hf, Ta, and Th contents. The granites of the Van-
gyr and Vodorazdelny plutons are the most similar
according to the content of key elements (Y and Nb)
and their ratio: the Y/Nb ratio of most samples is 2—5,
which is close to the position of an E-MORB source
and is typical of suprasubduction rocks, as was shown
by Kholodnov et al. (2022). Note that the Vodora-
zdelny pluton contain samples with higher Y and Nb
Vol. 31
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contents and the Y/Nb ratio of one sample of <1. All
these facts can indicate a heterogeneous substrate or
contamination events.

The rocks of phase II of the Salner—Mankhambo
Complex significantly differ from the aforementioned
granites with respect to the contents of all key elements
and their Y/Nb ratio is close to that of OIBs corre-
sponding to plume-dependent rocks. By the Y/Nb
ratio, the rocks of the Kozhim pluton occupy an inter-
mediate position (the Y/Nb ratio of 1—2), which can
indicate a mixed source type (OIB + E-MORB).
According to Puchkov (2000) and Kholodnov et al.
(2022), an increasing role of the OIB component in
the source can indicate the influence of a plume factor
(material + energy?) in generation of granitoids.

It is considered (Faure, 1989; Martynov, 2010) that
suprasubduction magmas could mainly be sourced
from rocks of a mantle wedge, a “subduction compo-
nent” (fluids) that originated upon dehydration of slab
material, and melts that formed upon melting of basic
rocks and sediments of the subducted oceanic plate.
The composition of the mantle component, which is
not modified by subducted fluid, can be characterized
by ratios of some elements inert in the fluid phase:
Nb/Yb, Ta/Yb, etc. The Y/Nb values of rocks of the
Vodorazdelny pluton are 4—8, which is significantly
higher than in MORBs (Nb/Yb = 0.76; McDonough
and Sun, 1995), indicating possible melting of initially
richer mantle substrate rather than depleted mantle.
The high Th/Yb values (3—9) indirectly point to the
contribution of a subduction component to the forma-
tion of granites of the Vodorazdelny pluton. Because
granites are crustal rocks, their pattern of trace ele-
ments can be affected by other factors. For example,
the enrichment of granites in Th (relative to the oce-
anic basalts) can be triggered by the presence of sedi-
mentary sequences or older granitoids (gneisses) in the
crustal melting source. The indirect impact of mantle
processes on the composition of crustal granites can
occur through partial melting of mantle mafic rocks or
mixing of mantle magmas and fluids with crustal mate-
rial in secondary melting sources. By the (La/Yb),—Yb
ratio (Martin, 1993), most compositions of granites of
the Vodorazdelny pluton correspond to “classical
island-arc rocks,” which can also indirectly indicate the
mafic component of the substrate.

Figure 13 also shows some other correlations allow-
ing us to refine the role of subduction and plume fac-
tors. In addition to the compositions of granites from
the Subpolar Urals, this figure shows the fields of
typical suprasubduction Paleozoic granites of the Ura-
lian Orogen, as well as the plume-dependent granit-
oids from its various sectors (our database). Here we
can also see similar compositions of granites of the
Vodorazdelny and Vangyr plutons and their similarity
to suprasubduction rocks, whereas the granites of both
phases of the Salner—Mankhambo Complex lie in the
fields of plume-dependent rocks and the Kozhim
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granites occupy an intermediate position. The Ba con-
tent of granites of the Vodorazdelny pluton is relatively
low, which is related either to the postmagmatic alter-
ations or Ba removal upon alteration of oceanic basalts
involved as a substrate component (Yan et al., 2019).
Because of this, the granites of the Vodorazdelny plu-
ton have a lower Ba/La ratio (8, on average), the high
value of which is an important characteristic of supra-
subduction rocks (>30; Fershtater, 2013). Note that
heterogeneity and similarity of some compositions to
plume-dependent granites can be traced on all dia-
grams for the compositions of granites of the Vodo-
razdelny pluton. On the other hand, they are close to
the composition of the upper continental crust (Fig. 5b)
and collision rocks (Fig. 4) in the ratios of some ele-
ments, which indicates a important amount of sialic
material in their genesis.

In our opinion, the complex of geochronological,
petrogeochemical, and isotopic data do not allow us to
ascribe the granitoids of the Vodorazdelny and Vangyr
plutons to phase II of the Salner—Mankhambo Com-
plex. The granites of the Vodorazdleny pluton are sim-
ilar by some parameters to rocks of phase I of this
complex and significantly differ from it according to
other features. The age of these plutons is older, the
substrate is heterogeneous, the petrochemistry is
clearly “suprasubduction,” and the compositions
show no impact of a plume factor (see the ratios of
components in Figs. 12 and 13). It is likely that these
are still not collision or postcollision rocks; they were
generated at the final stages of evolution of a continen-
tal margin (possibly, upon transition from subduction
to intraplate setting; Aplonov, 2001) and represent an
individual episode of granite formation at the Subpo-
lar Urals.

It is correct to relate the granites of the Kozhim
pluton, at least those of them whose compositions are
closer to those of granites of the Vangyr and Vodora-
zdelny plutons rather than to those of rocks of phase 11
of the Salner—Mankhambo Complex on many petro-
chemical diagrams, to the first two rocks. Assuming
the age of 598 Ma, we thus support Pystin and Pystina
(2011) that a granitoid complex with this age, which
should be ascribed to the end of the Neoproterozoic
(Ediacaran, 635—541 Ma; Cohen et al., 2013) or the
Vendian according to Uralian subdivisions (Semikha-
tov et al., 2015), should be recognized upon geological
mapping. Whether this complex should be named
“Kozhim” is debatable, because the granitoid bodies
within the Kozhim pluton could be heterogeneous.

In opinion of some authors, the question of rela-
tion of granites of the Vodorazdelny pluton to rocks of
the Mount Sablya Formation, as well as the composi-
tion, occurrence halo, and the age of the latter,
remains open. An intrusive contact of the Vodo-
razdelny pluton (west) with rocks of this formation is
shown on the map according to a survey of 1982
(Dashkevich and Gesse, 1982). In the latest edition of
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Fig. 13. Correlations of trace elements characterizing the contribution of various sources and processes to petrogenesis of felsic
rocks of the Vodorazdelny pluton and its possible analogs. Diagram in Fig. 13a is taken from (Kepezhinskas et al., 1997); diagrams
in Figs. 13b and 13c are original combinations of indicator elements also reflecting the contribution of various sources to petro-
genesis of granites (Kholodnov et al., 2022). Using our database, we plotted the compositions of granitoids of the Uralian Orogen:
typical representatives of suprasubduction (Upper Iset, Shabry, Sukhovyaz, Krasninskii, and many other plutons, 148 samples,
dark gray field) and plume-dependent formations (Stepnoi, Uvildy, Kozlinaya Gora (Kozlinogorskii), and other plutons, 50 sam-

ples, light gray field). For legend, see Fig. 2.

the State Geological Map (Ivanov et al., 2013a), the
western contact of the pluton is cut by a fault and the
Mount Sablya Formation is not shown at the contact
with the Vodorazdelny pluton (although the text men-
tions this contact); the granites of this pluton in the
north have contact with the Ar’yanshor Sequence
containing Vendian microfossils. “In the southwest-
ern angle of the area of the sheet (Q-40-XXX, author’s
remark), the rocks of the Ar’yanshor Sequence con-
formably overlap the felsic volcanic rocks of the
Mount Sablya Formation; in other cases, ‘the varie-
gated rocks’ occur with erosion on shales of the
Moroya or quartzites of the Khobeya formations...”
(Ivanov et al., 2013a). It is mentioned that the contacts
of the Vodorazdelny pluton with country rocks are
“sinuous, uneven, sharp.” The ages of rocks of the
Mount Sablya Formation are as follows. The zircons
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from metarhyolites and metabasalts of a volcanic halo
of the Mount Sablya Formation and the upper reaches
of the Pechora River exhibit two age groups: 583 + 4
and 495 = 5 Ma. The lower and upper intercepts of
discordia with concordia yielded 478 + 150 and 591 +
150 Ma (SHRIMP-2), respectively (II’yasova et al.,
2017). The authors of this paper thus consider that
rhyolites are Vendian, whereas the younger zircon
grains formed later owing to a tectono-thermal event.
The compositions of metabasalts do not correspond to
the agreement line indicating disturbed isotope ratios.
“The discordia line yielded the age of 547 + 27 Ma
(n =12, MSWD = 0.75), which can correspond to the
age of crystallization of basalts” (II’yasova et al., 2017).
There are the earlier ages of zircons from the rocks
ascribed to the Mount Sablya Formation: 642 Ma
from felsic effusive rocks of the Maly Patok region
Vol. 31
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(Chervyakovskiy et al., 1992) and 586 * 12 Ma from vol-
canic rocks of the Maldy-Nyrd Range (Volchek, 2004);
the TIMS age of zircons from rhyolites of this range is
519 + 17 Ma (Soboleva, 2004). The LA-ICP-MS age of
metarhyolites of Mt. Neilentump is 586.3 £ 4.3 Ma
(I’yasova et al., 2017).

A wide age range allows the authors of the map of
sheet Q-40-XXX to suggest that the Mount Sablya
Formation contains Vendian and Late Cambrian vol-
canic rocks or that all values of ~494 Ma reflect the
age of metamorphism. In their opinion, the question
on the age of metavolcanic rocks ascribed to the
Mount Sablya Formation requires further study.

The ages of ~494 Ma occur in zones of zircons
from various objects: metabasalts of a southern halo of
the Mount Sablya Formation and granitoids of the
Salner—Mankhambo Complex (Dushin et al., 2017).
Similar (within the error) age clusters are detected in
zircons of the Kozhim and Vodorazdelny plutons. We
thus agree with a conclusion on the stage of metamor-
phism of rocks of the Mount Sablya Formation (and
our studied plutons) in the indicated range. Let us
recall that the altered zircons of the Vodorazdelny plu-
ton also contain the population of 548 &+ 5 Ma, the age
of which is almost identical to a “hypothetical” age of
crystallization of basalts of the Mount Sablya Forma-
tion (see above). It is thus likely that this also reflects
the age of a metamorphic event superimposed on
older rocks.

The petrochemical peculiarities of subvolcanic
rocks of the Mount Sablya Formation, nonetheless,
allow us to compare them (by source and geodynamic
regime) with granites of the Vodorazdelny and Vangyr
plutons, as well as to accept that the Mount Sablya vol-
canic rocks are intruded by these granites. In our opin-
ion, the rocks of the Mount Sablya Formation are
poorly studied and could combine the rocks of various
ages and even genesis. This is evident from their het-
erogeneous composition (Kholodnov et al., 2022)
similar to that of granites combined into phases I and
II of the Salner—Mankhambo Complex, in which the
plume and crustal components probably interacted
synchronously at various levels and proportions. Sim-
ilar parameters (in particular, the Y/Nb ratio) indicate
the presence of the OIB component in the protolith of
the Mount Sablya rhyolites, which is typical of plume-
dependent igneous rocks, e.g., granites of the Salner—
Mankhambo Complex. The latter is significantly
younger (~520 Ma) than the granites of the Vodo-
razdelny and Vangyr plutons, which are characterized
by “suprasubduction” geochemical parameters, as was
shown above. The last two conclusions are consistent,
because the Timan orogenesis in this sector followed
subduction. The real ages of the Mount Sablya For-
mation, in our opinion, could therefore be younger
than the age of granites of the Vodorazdelny pluton
(598 Ma) and lie within a range of 583—568 Ma (Early
Vendian), whereas the composition of rocks combined
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into this formation requires more detailed consider-
ation. The U—Pb age of zircons from subvolcanic tra-
chyrhyolites of the overlying (unconformably?) Lap-
topai Formation is 554 &+ 4 and 556 + 11 Ma (Dushin
et al., 2017).

If we accept the viewpoint of Kuznetsov (2009) and
Kuznetsov et al. (2017) that the beginning of the Cam-
brian was characterized by collision of the Baltic (part
of the basement of the present-day East European
Platform) and Arctida continents, then the supra-
subduction granitoids of the conditional “Kozhim
complex” (Vodorazdelny, Vangyr, and Kozhim plu-
tons, in particular) referred to as proto-Uralides “are
the compositional results of subduction beneath the
Bolshaya Zemlya active margin of Arctida, whereas ...
the I-type rocks with the age of 560—515 Ma mark the
stage of collision of the Timan passive margin of Baltic
and the Bolshaya Zemlya active margin of Arctida”
(Kuznetsov et al., 2007). Further intrusion of A- and
S-type granitoids (including Mount Sablya rhyolites)
was related to collision and postcollision divergent pro-
cesses and probably plume activity. Our data are in
agreement with this viewpoint, excluding (in case of the
Vodorazdelny pluton) the influence of the plume factor.

Composition of Substrate for Melting of Granitoids
of the Kozhim Block

Let us consider indirect data allowing some
assumptions on the substrate for melting of granites of
this block. The compositions of rocks of the Vodo-
razdelny (as well as Vangyr) pluton form a field shifted
from the area of metapelites to the field of metagrey-
wackes (Fig. 14¢); some compositions lie close to an
influence zone of a metamafic substrate. By Rb, Ba,
and Sr relationship (Fig. 14d), the compositions of the
studied rocks occur in a basaltoid field. The index cor-
relations of zircons (Figs. 14a, 14b) also indicate the
significantly oceanic type of substrate for granites of
the Vodorazdelny pluton. Poor data on the content of
trace elements in selected grains of zircon of the
Kozhim pluton show that their compositions lie in the
field of continental zircons. As was shown above, how-
ever, this pluton (or part of its granites) can be younger
and could have been generated upon change of the
geodynamic regime and thus from another source.

The interpretation of the substrate for many granit-
oids of the Subpolar Urals, in particular, for those
abundant within the Lyapin Anticlinorium (Udoratina
et al., 2021; Kholodnov et al., 2022) is ambiguous.
Kholodnov et al. (2021, 2022) applied the Y—NDb dia-
gram to identify the differences between granites of
various geodynamic settings and to preliminarily esti-
mate the composition of the substrate, including for
felsic rocks. The heterogeneous substrate of the Vodo-
razdelny pluton is emphasized by a series of facts. On
one hand, most compositions of granites of the pluton
correspond to oceanic rocks on diagrams which link the
chemical composition of zircons with the composition
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vester, 1998; Altherr et al., 2000); (c, d) by composition of zircons (Grines et al., 2007). For legend, see Fig. 2.

of substrate, indicating the influence of a mafic constit-
uent in the substrate. The low Y/Nb value of granites of
the studied pluton is close to that of E-MORBs, but the
levels of contents of these elements vary strongly. The
Na,0/K,0 ratio is >0.5, which indicates a magmatic
character of the protolith according to Chapell and
White (1992). On the other hand, the zircons of the
Vodorazdelny pluton contain many ancient cores with
the U—Pb age of 2190—780 Ma, which means the
involvement of the continental basement material in
their formation. It is important to note that detrital
igneous zircons with these ages (2060—900 Ma) are
abundant in the Upper Riphean and Lower Paleozoic
sandstones of the Polar Urals and South and Central
Urals, which formed owing to long erosion of the
northeastern margin of the East European Craton
(Kuznetsov et al., 2010; Andreicheyv et al., 2013; Kra-
sotkina et al., 2020). The granites of the Vodorazdelny
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pluton are peraluminous, which also indirectly indi-
cates the presence of metasedimentary material in the
substrate.

The Lu—Hfisotopic data of zircons should serve as
the most reliable indicators of the composition of the
substrate, because this system is unaffected by super-
imposed processes. The behavior of Lu and Hf iso-
topes in zircons of granites of the Vodorazdelny pluton
allows the following conclusions. The cores with high
positive g,44(t) values and the Paleo- and Mesoprotero-
zoic age of 2189 and 1599 Ma indicate the involvement
of juvenile material (Table 4). The compositions of
these zircons are located significantly above the DM
line, which is relatively rare, and the high ey{(t) values
for rocks of this age can be an analytical artifact. A list
of possible analytical errors of this method using a
similar class of equipment is described by (Lokhov
et al., 2009) and was taken into account in our case;
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thus, they should not occur. We provide these results
in Table 4 and are planning to conduct an additional
study of zircons of similar exterior and morphological
type and to confirm or reject these data.

An exotic explanation of extreme Hf behavior is
given by Lokhov et al. (2009) for calciphires of the
Okhotsk pluton (gg(t) = 87). It is suggested that the
protomaterial of the Earth (Enrich Hadean Impact
Differentiates) underwent thermal differentiation and
influence of fluids with a high Lu—HTf ratio and was
further assimilated by most ancient volcanic rocks,
was partly buried by them, became part of the litho-
spheric mantle, and was not involved in deep convec-
tion and, therefore, could not have been preserved
(Lokhov et al., 2009).

The ey{t) value of the Mesoproterozoic zircon
(1354 Ma) from granites of the Vodorazdelny pluton is
very low (0.8), indicating a more crustal source close
to CHUR for this grain. These could have been the
rocks of the basement of the continental block, which
was further involved in the structure of the East Euro-
pean Platform. This value coincides with the age of the
Mashak riftogenic event, which was accompanied by
the formation of a significant amount of igneous rocks
of various depths (basalts and rhyolites of the Mashak,
Kuvashi, and Shatak formations, gabbroids and granites
of the Kusa-Kopan intrusion, etc.) at ~1389—1350 Ma
in the South Urals (in the present-day coordinates).
Xenogenic cores with such dates were established in
Paleozoic granites of the Bashkirian Meganticlino-
rium (Shardakova, 2016).

The Neoproterozoic zircon rims (632 and 612 Ma),
in our opinion, are the alteration products and were
probably formed from fluid (or evolved melt) with
“mantle” characteristics; thus, their ey{t) values are
weakly positive (around +2). It is known that the Hf
isotopic composition of metamorphic zircons either is
inherited from igneous zircons or can be more radio-
genic owing to the exchange with coexisting mineral
phases or the melt (Gerdes and Zeh, 2009; Chenet al.,
2010). There is a cluster of zircons with ages of 619 +
9.1 Ma within the Kozhim pluton (485 Ma), which is
considered “inherited from the previous stage” (Udo-
ratina et al., 2020).

The variations in Hf isotopic composition between
the individual grains of igneous zircon marking the age
of granites of the Vodorazdelny pluton reflect the con-
tribution of crustal material to magma formation. All
of them, excluding grain 77 (see above), are character-
ized by €y(t) values around zero (—2 to 0 to +1) close
to the CHUR line.

Judging from isotopic characteristics, the zircon
grains (zones) with younger age than that correspond-
ing to the age of the rock (Table 3) underwent various
tectono-thermal impacts. Some of the grains
(565—530 Ma) inherit the characteristics of igneous
zircons weakly varying by the degree of crustal affin-
ity; the younger grains (514—593 Ma) accumulated

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 31

SHARDAKOVA et al.

radiogenic Hf, providing higher negative ey{(t) values
(—6, —8). These two zircon types were probably gener-
ated upon individual episodes of tectono-thermal activ-
ity, in our opinion, coinciding with activity pulses of a
mantle plume (“Mankhambo plume”; Puchkov, 2018),
which ascended from the lower horizons and could have
served as the energy source initiating crustal melting
and/or separation of the fluid phase, which affects the
Lu—Hfisotopy of zircons. The link between the forma-
tion of granites of the Lyapin Anticlinorium and the
ages of 540—480 Ma is substantiated in a number of
works (Puchkov, 2018; Kholodnov et al., 2022). In any
case, nobody questions the presence of several pulses of
granite formation in this structure, which occurred after
598 Ma not in an active convergent margin setting.

The substrate involved in the generation of granites
of the Vodorazdelny pluton was thus mixed with a
material of variously depleted mantle and ancient
crust. The two-stage model ages of igneous zircons
vary in a range of 1699—1251 Ma (Fig. 12b); the same
range also contains part of the ages of ancient grains
with different ey{(t) values (see above). The model
ages for the most ancient zircons with “mafic” sub-
strate even calculated following a one-stage model
(Ty(DM) for points 130 and 97) could not correctly be
estimated. Our values are much lower than the age of
zircons, which indicates a disturbed isotopic system (?).
At the same time, the model age for zircons of the
Vodorazdelny pluton, which has the age of the
“Mashak” event (1354 Ma, point 16, Table 3) and the
eur(t) value of 0.8, yields the “real” ancient Ty{(DM?¢)
value of 2080 Ma, supporting that the material with
this age occurred during the process of recycling.

The analysis of petrogeochemical, geochronologi-
cal, and isotopic data on igneous rocks of the entire
Lyapin Anticlinorium shows that the isotopic charac-
teristics of rocks of the complexes formed in the period
of 650—480 Ma are strongly variable (Udoratina et al.,
2021). This can be traced by example of the Vangyr,
Kozhim, and Mankhambo plutons (in the structure of
the Salner—Mankhambo Complex) used for the com-
parison with the Vodorazdelny pluton. In spite of var-
iously interpreted ages of crystallization of rocks,
almost all granites (as well as in the Vodorazdelny plu-
ton) have Late Riphean—Vendian zircons. In all
objects (except for the Vodorazdelny pluton), the rela-
tively young values (485, 598, and 522 Ma for the
Kozhim, Vangyr, and Mankhambo plutons, respec-
tively) are considered the age of the rocks, whereas the
older ages are inherited from the previous stage (i.e.,
the zircons of the substrate were preserved or were
trapped from country rocks). The ancient zircons
(1224 Ma) are registered in the Vangyr pluton and the
Hf model ages Ty(DM?®) for its granites are 1.76—
1.32 Ma. We should also remember the U—Pb age of
zircon of 1390 Ma (Dushin et al., 2012), which was
accepted as the age of rocks of phase I of the pluton,
because the Nd model age of granites (1.42 Ga) almost
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coincided with it. According to new data (Udoratina
etal., 2021), the Ty(DM°®) values of rocks of the
Kozhim pluton and phase II of the Mankhambo plu-
ton are 1.41—1.07 Ga and are 2.05—1.31 Ga for leu-
cogranites of phase Il of the Mankhambo pluton. In
addition to a currently approved age of 522 Ma, the
Cambrian (510, 501, and 489 Ma) and even Paleozoic
(253.3 Ma) concordant values for zircon clusters are
also provided for granites of the Mankhambo pluton
(Dushin et al., 2017). All this is probably influenced by
later tectono-thermal activity.

It is important to recall that clear “suprasubduc-
tion” geochemical parameters among the Vangyr,
Kozhim, and Mankhambo plutons are typical only of
the Vangyr pluton; the other two younger plutons were
ascribed to the next stage of evolution of the Tima-
nides (Udoratina et al., 2021). Nonetheless, the posi-
tive eyg(t) values of zircons from all these granitoids, as
well as in the Vodorazdelny pluton, indicate the pres-
ence of a mafic component in the substrate for melting
of granitoids. Its nature can be diverse. In the case with
the Vangyr and Vodorazdelny plutons, there is partly
ancient juvenile mafic material (if we take into
account the high ey(t) values for ancient zircons) +
the involvement of mafic rocks (and sediments) of slab
and fluid separated upon dehydration of slab rocks +
the crustal component. For the Kozhim pluton and
phase I of the Mankhambo pluton, we can suggest an
indirect involvement of the material of a previously
detached slab which was deeply submerged into the
mantle. It could have melted, producing the basaltic,
picritic, or andesitic magmas, the uplift of which to the
crustal area was responsible for the formation of gran-
ite-producing magmatic sources. Additional sources
could have included material (and energy) of mantle
plume and fluid separated from slab.

On the basis of our new data, which supplement the
available isotopic-geochemical information on granites
of the Subpolar Urals, it can be concluded that the
granitoids of similar age but of different geodynamic
evolution stages of this sector inherit the composition of
the substrate in spite of similar and distinct geochemical
features. This results in a variable amount of mafic
component in the source. This again contradicts a
recent viewpoint on a pure crustal anatectic nature. For
example, the study of Sr isotopic composition of Cam-
brian granites of the Subpolar Urals (Dovzhikova,
2007) showed very high values of primary (¥Sr/%Sr),
ratios of 0.71—0.75. It was also considered that the sig-
nificant volumes of A-granites could not have melted
without more mafic rocks down the section. Many
petrogenetic models suggest the origin of A-granites
only from sialic material, but there is no experimental
proof of melting products close in composition to
A-granites from the crustal material (Bonin, 2007).

The episodes of granitic magmatism of the Lyapin
Anticlinorium repeated in a range of the Middle Rip-
hean—Vendian—Early Cambrian during the origina-
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tion of the Subpolar Uralian segment of the crust.
They were accompanied by the processes of multistage
high-temperature metamorphism (Pystin and Pys-
tina, 2008), which were also present during later
Timan orogenic events, and resulted, in addition to
common geological features, in the formation of seve-
ral generations of zircons (or their zones) in granitoids
of this age. The ages of relict zircons (2100, 1599, and
1354 Ma for the Vodorazdelny pluton) indicate the
role of ancient material in their substrate.

New data on various isotopic systems for granites of
various parts of the current structure of the Uralian
mobile belt and its northeastern frame (Udoratina
et al., 2021; Kholodnov et al., 2022) indicate the lesser
amount of granites with pure sialic substrate, as was
considered before.

CONCLUSIONS

(1) By petrogeochemical characteristics, the gra-
nites of the Vodorazdelny pluton (as well as the nearby
Vangyr pluton) are similar to suprasubduction rocks.
The ratios of key elements show the presence of mafic
material of a melting slab, as well as high-Al sialic
material, in the composition of the substrate of melt-
ing source.

(2) On the basis of the U—Pb age of the main pop-
ulation of zircons from granites, we substantiated the
Vendian (Ediacaran) age of the Vodorazdelny pluton
of 593 + 4.3 Ma. This age within the error coincides
with the age of granites of the nearby Vangyr pluton
(598 = 5 Ma), as well as the ages of cores of zircons
that are present in a series of Cambrian plutons of the
Lyapin Anticlinorium (Kozhim and Keftalyk, etc.).

(3) The ancient Paleo- and Neoproterozoic cores
are found in zircons of the Vodorazdelny pluton. One
of them (1599 Ma) has high €,{(t) values, which can
indicate the involvement of melted or trapped grains
from ancient mafic material (?); in other, younger,
grains (1354 Ma), the important role is played by the
crustal (eg«(t) = 0.8) component (the material of the
basement of ancient platform).

(4) The ey(t) values of zircons, the ages of which
are accepted by us as the age of granites of the Vodo-
razdleny pluton, vary around zero, indicating the het-
erogeneous source (mantle and crustal material) of
melts. The €4(t) values of granites of the Vangyr pluton
similar in composition are significantly higher (2—6).
The marginal zones of zircons from granites of the
Vodorazdleny pluton formed during later tectono-
thermal processes, the age of which coincides with
episodes of Early Cambrian granite formation in the
Lyapin Anticlinorium, partly inherit the isotopic
parameters of granites, and further, as they become
younger, their signatures are shifted toward the more
crustal source (eg{t) > —8).

(5) The age and petrogeochemical peculiarities of
granites (as well as their zircons) do not support the
Vol. 31
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referral of the Vodorazdelny pluton, as well as its ana-
logs (Vangyr pluton and some rocks of the Kozhim
pluton), to the Salner—Mankhambo Complex and
again indicate the possibility of the presence of a sub-
division with the age of ~598 Ma as was suggested by
Pystin and Pystina (2011).

(6) The composition and the age of rocks com-

bined into the Mount Sablya Formation require fur-
ther detailed studies.

(7) The presence of several stages of granite forma-
tion (Middle Riphean—Vendian—Cambrian) and
accompanying metamorphism and the complex struc-
ture of metamorphic rocks in the basement of the
Lyapin Anticlinorium lead to variable isotopic param-
eters characterizing the heterogeneous melt source, on
one hand, and convergent geochemical features, on
the other hand.
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