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Abstract—Detrital zircons of Ordovician terrigenous sequences are studied in various Southern Uralian tec-
tonic units. The age of detrital zircons of the West Uralian and Transuralian megazones, Taganai—Beloretsk
Zone, and Kraka allochthons spans from the Late Archean to the end of the Vendian— beginning of the Cam-
brian; Early Precambrian and Early—Middle Riphean zircons are the most abundant. Vendian—Cambrian
detrital zircons are strongly dominant in the Uraltau Zone, Sakmara allochthons, and East Uralian Mega-
zone; the zircons of other ages are absent or extremely rare. The Vendian—Cambrian detrital zircons of all
Southern Urals zones probably derive from volcanic and granitic rocks of the marginal continental belt, which
are part of the Uraltau Zone, Sakmara allochthons, and East Uralian Megazone. The Lu—Hf isotopic char-
acteristics of Vendian—Cambrian detrital zircons indicate that their parental rocks formed on a heteroge-
neous basement that includes blocks of juvenile and ancient continental crust. According to a model of the
pre-Ordovician tectonic evolution of the Southern Urals, at the end of the Late Riphean, the passive margin
of the East European Platform collided with a block on a heterogeneous basement. The formation of the
block terminated with the Grenville Orogeny. After collision, a volcano-plutonic belt originated in the Ven-
dian—Cambrian at the actively evolved margin of the East European Platform.
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INTRODUCTION

New isotopic-geochemical and geochronological
data on various igneous, sedimentary, and metamor-
phic complexes of the Southern Urals have signifi-
cantly expanded the concepts on the evolution of this
region. At the same time, many questions of its geo-
logical structure and geodynamics are still a matter of
debate, first of all, its pre-Ordovician evolution. The
pre-Ordovician complexes are the most abundant and
best studied in the west of the Southern Urals (Fig. 1),
where they did not undergo any significant Paleozoic
reworking, the reference Riphean and Vendian sec-
tions have been described in detail, their age has been
substantiated, the composition of sedimentary and
igneous complexes has been identified, and the forma-
tion conditions have been established [34]. The Riph-
ean and Vendian complexes of the western tectonic

units of the Southern Urals formed at the margin of
the East European Platform (EEP) on the Early Pre-
cambrian basement [40]. In the central and eastern
tectonic units of the Urals, the pre-Ordovician com-
plexes were subjected to intense Middle—Late Paleo-
zoic reworking related to overthrusting island arc and
ophiolite complexes, granitic magmatism, and zonal
metamorphism. These processes significantly compli-
cate, and often make impossible, the study of the
structure and composition, as well as the identifica-
tion of the age and formation conditions, of pre-Ordo-
vician complexes in these tectonic units. The different
levels to which the complexes of the western and east-
ern tectonic units have been studied lead to contradic-
tory models of its geodynamic evolution. Based on the
Precambrian age of zircons from a set of metamorphic
complexes from the eastern tectonic units, they are
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considered fragments from the crystal basement of the
eastern margin of the EEP [22, 25, 26]. Another inter-
pretation is that Precambrian gneiss complexes of the
eastern zones of the Southern Urals are the basement
of a microcontinent that accreted to the EEP in the
Paleozoic [39].

Along with pre-Ordovician successions, nearly all
Southern Ural tectonic units host terrigenous or ter-
rigenous-volcanic sequences of Early to Middle—Late
Ordovician age (Fig. 2). In the western tectonic units
of the Southern Urals, these successions unconform-
ably overlie Riphean and Vendian complexes. In the
central and eastern tectonic units, Ordovician terrige-
nous successions occur above rocks considered Pre-
cambrian and Cambrian, which locally exhibit strati-
graphic relationship. The Ordovician rock units
underwent much less Middle—Late Paleozoic alter-
ation than the underlying complexes, allowing more
confident determination of their age, composition,
and formation conditions, which are mostly believed
to be related to rifting processes in the continental
margin [39].

The aim of this paper is to interpret the pre-Ordo-
vician evolution of the Southern Urals by studying the
age and Lu—HTf isotopic composition of detrital zir-
cons from Ordovician sandstones sampled in all
Southern Ural tectonic units. Analysis of the results is
based on available data on the structure, composition,
and age of pre-Ordovician complexes of various struc-
tural zones. This comprehensive approach allowed us
to interpret some pre-Ordovician structures, the com-
plexes of which remain only locally or have not yet
been identified, and to propose a model for the geody-
namic evolution of the Southern Urals in the Late
Riphean—Cambrian.

STRUCTURES OF THE SOUTHERN URALS
AND SAMPLING
OF ORDOVICIAN COMPLEXES

Several longitudinal megazones are distinguished
in the Paleozoic structure of the Southern Urals: West

Uralian, Central Uralian, Tagil—Magnitogorsk, East
Uralian, and Transuralian (Fig. 1). All megazones
(except for the Tagil—Magnitogorsk) exhibit features
of pre-Cambrian continental crust, which was the
basement for the Lower Paleozoic terrigenous and
volcano-sedimentary successions. In the structure of
these tectonic units, the Precambrian and overlying
Lower Paleozoic complexes, as a rule, make up the
cores of antiforms, whereas synform structures are
formed by allochthons with continent-to-ocean tran-
sition complexes including ophiolites.

West Uralian Megazone

The West Uralian Megazone includes part of the
Bashkirian Meganticlinorium located to the west ward
ofthe Zyuratkul Fault. The megazone hosts Early Pre-
cambrian and Late Precambrian—Paleozoic rock units
divided by a structural unconformity.

The Early Precambrian rock units include the
Taratash metamorphic rock unit, which is an base-
ment outcrop of the Volga—Uralian part of the EEP. It
hosts crystalline schists and plutonic rocks, which
underwent granulitic metamorphism and further
diaphtoresis. The age of the rock protoliths and their
metamorphic transformations varies from 3.5 to
1.8 Ga [40, 52, 73].

The Late Precambrian—Paleozoic rock units include
a deformed part of the cover of the EEP and consist
mostly of sedimentary rocks.

The lower part of the cover comprises a stratotypical
Riphean Super Group up to 10 km thick with dominant
terrigenous and carbonate rocks and mafic and felsic
volcanic rocks at the Lower and Middle Riphean levels
[21, 34, 36, 40, 44, 54]. The Riphean rocks are intruded
by rapakivi granites dated at ~1370 Ma [40, 45]; the
Taratash rock unit hosts mafic—ultramafic intrusions
726 = 13 Ma in age [17]. The Riphean rocks exhibit
metagenesis and greenschist metamorphism with a
K—Ar age of 649—513 Ma [2, 34].

Fig. 1. Scheme of structural zoning and occurrence of Paleozoic and pre-Paleozoic complexes of Southern Urals (without Meso-
zoic—Cenozoic cover). Lithotectonic zones: I, Cisuralian marginal trough; II, West Uralian Megazone; 111, Central Uralian
Megazone (Illa, Taganai—Beloretsk Zone; IlIb, Uraltau Zone); IV, Magnitogorsk Megazone; V, East Uralian Megazone;
VI, Transuralian Megazone; VII, Denisovskaya Zone; VIII, Valer’yanovskaya Zone; IX, Borovskaya Zone. Individual structures
and areas of study: 1, Taratash Anticlinorium; 2, Zyuratkul Fault; 3, Main Uralian Fault; 4, Kraka allochthons; 5, Blyava Syn-
form; 6, Sakmara allochthon; 7, Ebety Antiform; 8, Sanarka River; 9, Suunduk pluton; 10, settlement of Kvarkeno; 11, Taldy
Anticlinorium of Mugodzhary. Arbitrary notes: (/) various facial Devonian—Early Permian rocks; (2) Lower—Middle Paleozoic
sedimentary and volcanic complexes (in east, within halo of amphibolite and greenschist metamorphism); (3) Late Ordovician
(in west) and Early Ordovician (in east) basalt—rhyolite complex associated with ophiolites; (4) Precambrian and Paleozoic rocks
unspecified in structure of gneiss—migmatite complexes and halos of amphibolite and greenschist metamorphism; (5) weakly
metamorphosed Precambrian complexes and conformably overlapping unspecified Paleozoic terrigenous-carbonate sequences;
(6) Precambrian metamorphic complexes and unconformably overlapping Ordovician—Devonian unspecified terrigenous—car-
bonate sequences; (7) Precambrian (?) and Paleozoic unspecified terrigenous sequences with greenschist facies metamorphism;
(&) Vendian basalt—andesite—dacite—rhyolite sequences; (9) Middle Ordovician—Middle Devonian terrigenous sequences;
(10) ophiolites and serpentinite mélange; (//) Middle—Late Paleozoic granitic rocks; (/2) Maksyutovo eclogite—glaucophane—
schist complex; (/3) tectonic contacts; (/4) boundaries of lithotectonic zones; (15) lithotectonic zones; (/6) individual structures;
(17) sampling points of Ordovician sandstones: 1, K12-025; 2, K12-006; 3, R14-336; 4, R09-085 and K07-007; 5, R14-396;

6, R14-228; 7, R14-310; 8, R14-355-1; 9, R14-360.
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Fig. 2. Correlation of Ordovician sequences of Southern Urals and position of sampling sites for zircons. Areas of stratigraphic
sections are indicated. I, West Uralian Megazone; II-VI, Central Uralian Megazone and marginal allochthons: 11, Taganai—
Beloretsk Zone; 111, Kraka allochthons; IV—VI, Sakmara allochthon and adjacent Uraltau Zone: IV, Tyrmyntau Ridge, village
of Kidryasovo; V, Bashkalgan Creek; VI, Kuagach River, Torangul Creek; VII-IX, East Uralian Megazone: VII, settlement of
Rymnikskii; VIII, settlement of Kvarkeno, Novy Orenburg quarry; IX, Mt. Mayachnaya; X—XI, Transuralian Megazone: X, Kar-
taly-Ayat River; XI, Srednii Toguzak River. Arbitrary notes: (/) sandstones; (2) silty sandstones, siltstones; (3) limestones;
(4) tuffaceous sandstones and siltstones; (5) siliceous tuffites; (6) carbonaceous schists, cherts; (7) rhyolites, dacites and their
tuffs; (&) andesites, trachyandesites and their tuffs; (9) basalts, trachybasalts, trachyandesites, and their tuffs; (/0) picrites;
(11) conglomerates, tuffaceous conglomerates; (/2) sampling points of Ordovician sandstones (numbers correspond to Fig. 1).

The Asha Group of clastic and clay rocks up to
1.5 km thick occurs upsection, with an unconformity
and deep erosion [33, 40]. Its age is traditionally
accepted as Vendian [40] despite the available Rb—Sr
age of glauconite (638 £ 10 Ma) from the lower hori-
zons of the group [11] and the U—Pb age of zircons
(548 = 3 Ma) from tuffs of its upper part [71]. Thus,
the age of the Asha Group spans the Latest Riphean—
Vendian. In addition, there are data on the possible
movement of its upper boundary to the Lower Cam-
brian horizons [29, 69].

In the south of the megazone, rocks of the Asha
Group are overlain by quartz sandstones and dolo-
mites of the Upper Ordovician Nabiulla Formation
20—30 m thick with a parallel unconformity and con-
glomerates in the basement. The Formation is overlined
by Silurian—Lower Devonian carbonate rocks (Fig. 2)
[8]. For U—Pb geochronological studies of detrital zir-
cons, we took sample K-12-025 from sandstones of the
lower part of the formation on the right bank of the lat-
itudinal stream of the Belaya River, west of the village of
Maksyutovo (53°0029.3” N, 56°56°36.4” E).

Central Uralian Megazone and System of Allochthons

The Central Uralian Megazone includes most of
the Bashkirian Meganticlinorium located to the east of
the Zyuratkul Fault, which has been identified as the
Taganai—Beloretsk tectonic unit, and the Uraltau tec-
tonic unit. This megazone also hosts the Sakmara and
Kraka allochthons, which napped from the east (in
present-day coordinates) and consist of various facial
Vendian and Paleozoic complexes of the continent-
to-ocean transition zone.

Taganai—Beloretsk Tectonic Unit

Early Precambrian rocks of the Aleksandsrovskii
complex are considered the oldest in this zone [46].
The higher structural position is occupied by dislo-
cated carbonaceous quartz graphite-bearing musco-
vite—chlorite—quartz schists and marbles, which are
comparable with Riphean complexes of the West Ura-
lian Megazone. The Upper Riphean rocks are over-
lain, with an erosion unconformity, by terrigenous
rocks similar to the lower formations of the Vendian
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Asha Group [33]. The Precambrian rocks are cut
through by various intrusive rocks 1350—510 Ma in age
[40, 58, 60, 64]. In the eastern part of tectonic unit,
Precambrian rocks underwent high-pressure (with the
formation of eclogites) metamorphism (Beloretsk
complex) with an age of 515—615 Ma [2, 40, 58, 64].

Middle—Upper Ordovician terrigenous carbonate
sequences of variable (20—30 to 700 m) thickness occur
on Precambrian complexes with erosion and angular
unconformity. The thickest section is described in the
Yuryuzan Syncline with the Bakty Formation com-
posed of quartz sandstones, conglomerates, gravelites,
and calcareous sandstones [8, 62]. Sample K-12-006
consisting of quartz sandstones was taken for geochro-
nological studies of detrital zircons from the lower part
of the Bakty Formation in the southeastern limb of the
Yuryuzan Syncline, on the right bank of the Tyulyuk
River (53°36°21.2” N, 58°46’57.3” E).

Uraltau Tectonic Unit, Sakmara and Kraka Allochthons

Abundant mica—chlorite—plagioclase—quartz schists,
quartzites, quartzite sandstones, and dolomites occur
in the north of the Uraltau tectonic unit and are con-
sidered stratigraphic analogs of the sequences of Riph-
ean complexes of the Bashkirian Meganticlinorium
[4]. The igneous rocks include metavolcanic mafic
and felsic rocks (Arsha Group of the end of the Upper
Riphean, 730—705 Ma), Late Riphean gabbro—granite
(730—705 Ma) and pyroxenite—gabbro (680 + 3 Ma)
complexes [20, 23, 24, 40].

The southern part of the Uraltau tectonic unit is
mostly comprised of the Suvanyak and Maksyutovo
schist and quartzite schist complexes of Paleozoic age
(and probably Precambrian for some protoliths). The
Maksyutovo complex underwent multistage tectono-
metamorphic evolution including Devonian high-
pressure metamorphism [5, 6, 12, 31, 40].

The Vendian complexes are widely abundant in the
southernmost part of the Uraltau tectonic unit and in
the core of the Ebety Antiform (Fig. 1). They include
volcanic and volcano-sedimentary mafic and inter-
mediate—felsic rocks of the Lushnikovka (Kayaly)
Formation (591 = 4 Ma), up to 2.8 km thick, and
mylonited granites (590—543 Ma), which are uncon-
formably overlain by the Lower Ordovician terrige-
nous successions. The composition of Vendian rock
units indicates their formation at the active continen-
tal margin [1, 47, 50, 51].

Cambrian rocks occur only within the Sakmara
allochthon (western limb of the Blyava Synform) (Fig. 1).
The Cambrian succession is dominated by effusive mafic
rocks, which are divided by lenses of quartz arkose and
volcanomictic sandstones and limestones (Mednogorsk
Formation). The age of the Formation has been con-
strained by findings of Early Cambrian archaeocyathids
and Late Cambrian conodonts [15, 41]. The composi-
tional features of the volcanic rocks of the Formation
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indicate its origination at the continental margin in rifting
and probably suprasubduction settings.

The Ordovician rocks of the Uraltau tectonic unit
and the system of allochthons include terrigenous and
volcano-sedimentary sequences. The Karamoly For-
mation, with an apparent thickness of no less than
1000 m (Fig. 1), occurs in the west of the Uraltau tec-
tonic unit at the boundary with the Sakmara alloch-
thon in the structure of the Maksyutovo complex and
conditionally is considered to be the Lower Ordovi-
cian. It is composed of metamorphosed and intensely
dislocated quartz arkose and quartzite-like siltstones
and sandstones. Sample R14-396 of these sandstones
was taken west of the village of Bashkalgan for geochro-
nological studies of detrital zircons (51°35'11.8” N,
57°47°04.2” E).

The Lower Ordovician Kidryasovo Formation, up
to 1000 m thick is composed of quartz, arkose, and
rare graywacke sandstones and limestones. The for-
mation occurs unconformably on the Vendian and
Cambrian complexes [18, 48] and is overlain and
facially replaced by Ordovician volcanic and volcano-
sedimentary sequences [3, 18, 48].

In the Kraka allochthons, the lower nappe consists
of Ordovician, Silurian, and Devonian terrigenous
and siliceous rocks with arkose sandstones and silt-
stones of the ~900-m-thick Middle—Upper Ordovi-
cian Sukholyad Formation in the basement of the sec-
tion [62].

The material for geochronological studies of detri-
tal zircons include samples of arkose sandstones of the
Kidryasovo Formation on the Tyrmantau Ridge
(southeast of the Kidryasovo village) (R09-085;
51°16°57.8” N, 57°33’58.5” E, and KO07-007;
51°16’44.7” N, 57°33’07.4” E) and polymictic sand-
stones of the Sukholyad Formation in the Kraka
allochthon (R14-336; 53°36"27.8” N, 57°56’11.2” E).

FEast Uralian and Transuralian Megazones

The presence of Precambrian and Lower Paleozoic
complexes in the eastern tectonic units of the South-
ern Urals is a matter of debate. These tectonic units
were subjected to intense Middle—Late Paleozoic
granitic magmatism and host abundant gneiss—migma-
tite and amphibolite—gneiss—schist complexes, the for-
mation of which is mostly related to Paleozoic meta-
morphism [13, 56, 66]. At the same time, the possible
presence of Precambrian rocks within migmatized
paragneisses is evident from Early Cambrian, Vendian,
and older (up to Archean) detrital zircons [30, 38, 70].
The Precambrian complexes are known in the south of
the East Uralian Megazone (Taldy Anticlinorium of
Mugodzhary): granites and granite gneisses 720, 950,
1020, and 1110 Ma in age [10]; the age of zircon monof-
ractions from gneissic sequences is 509—689 Ma [19].

The Cambrian complexes of the Transuralian tec-
tonic unit are known in the basin of the Ui and
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Sanarka rivers (Fig. 1), where they include sand-
stones, phyllites, and lenses of limestones (Sanarka
succession) with Early Cambrian archaeochyates [32].
The underlying stratigraphical succession is made up
of carbonaceous—siliceous schists, phyllites, and
small-grained sandstones with interlayers of lime-
stones and Lower Cambrian oncolites, algae, and pro-
toconodonts [38]. The Sanarka succession and under-
lying rocks are unconformably overlain by Ordovician
terrigenous rocks.

The presence of Cambrian and Lower Ordovician
complexes has recently been proved in the central part
of the East Uralian Megazone: close to the eastern
contact of the Middle—Late Paleozoic Suunduk
granitic pluton (Fig. 1). The host rocks include
granitic gneisses with garnet-bearing paragneisses,
crystalline schists, and quartzites, which are combined
into the Kusakan Formation, earlier ascribed to the
Riphean [16, 38]. The tuff—terrigenous rocks corre-
sponding to high-Al andesites and dacites are probably
protoliths of paragneisses with a U—Pb (SHRIMP II)
age of 529 £ 6 Ma. Granite gneisses with a U—Pb
(SHRIMP II) age of 478 = 5 Ma belong to calc-alka-
line series and are close to volcanic arc granites in
composition [49]. The Sm—Nd monomineral iso-
chrones of gneisses of 463 £ 40 and 460 = 7 Ma char-
acterize the age of metamorphism [7]. The Cambrian
section of this area terminated with the Chulaksai For-
mation of micaceous—carbonaceous—siliceous and
quartzite schists and quartz—chlorite and micaceous
graphite phyllites with interlayers of quartzites and mar-
bles, which conformably overlie the Kusakan Forma-
tion. The Lower Ordovician terrigenous rocks of the
Rymnik Formation unconformably occur upward and
host a basal horizon of conglomerate-breccias [32].

The base of the Ordovician stratigraphical succes-
sion of the East Uralian Megazone includes gray-
wacke, rare quartz—feldspar sandstones, gravelites,
and schists of the Rymnik Formation 500—2000 m
thick, the age of which is conditionally accepted as
Early Ordovician [53]. Further, the succession is
upbuilt by quartz—feldspar and polymictic sand-
stones and siltstones of the Middle Ordovician May-
achnaya Formation 300—400 m thick [3]. Its terrige-
nous rocks gradually give way to light gray coarsely
layered cherts with Middle Ordovician conodonts [14]
and Early Silurian conodonts and graptolites [49].
These rocks can be ascribed to the Novy Orenburg
Formation described in the quarry near the settlement
of Kvarkeno, the section of which contains Middle
Ordovician [14] and Upper Ordovician [49] cono-
donts. For geochronological studies, samples with
detrital zircons were taken from sandstones of the
Rymnik Formation south of the settlement of
Rymnikskii (R14-310; 52°29’50.9” N, 60°10’02.3” E)
and sandstones of the Mayachnaya Formation at the
top of Mt. Mayachnaya (R14-228; 52°31’14.4” N,
60°15"36.5” E).

RYAZANTSEV et al.

In the Transuralian Megazone, the lower parts of
the Ordovician section include porphyritic rocks of
the Gorodishchenskaya Formation exposed along the
Kartaly-Ayat River. Their U—Pb (SHRIMP II) age is
463—498 Ma; the older zircons (873 £ 11 and 1266 +
16 Ma) are probably xenogenic. The formation is over-
lain by polymictic sandstones and siltstones of the
Lower—Middle Ordovician Toguzak-Ayat Formation
>1000 m thick, the stratigrphical succession of which
is overlain by massive limestones with Middle Ordovi-
cian algae [ 14]. Rocks of the Formation also host prob-
ably Ordovician acrytarchs and scolecodonts [59]. For
geochronological studies, samples with detrital zir-
cons were taken from sandstones of the Toguzak-Ayat
Formation on the left bank of the Kartaly-Ayat River
(R14-355-1 and R14-360; 53°10’12.1” N, 61°14'34.7” E)
and the Srednii Toguzak River (R14-360; 53°27°56.7” N,
61°07°11.2” E).

U—-Th—Pb AND Lu—Hf ANALYSES
OF DETRITAL ZIRCONS

The LA ICP MS U-Th—Pb age and Lu—Hf isoto-
pic-geochemical characteristics of detrital zircons
were measured on a LAM-Multi-Collector ICP mass
spectrometer (HP 4500 Series 300) and a CAMEBAX
SX50 electron microscope at the GEMOC Center of
Macquarie University (Sydney, Australia). The meth-
ods and constants of analysis of primary data for geo-
chronological and isotopic-geochemical study of zir-
cons are provided in [67].

Analysis of geochronological data revealed three sig-
nificantly distinct age groups of detrital zircons from
(1) the West Uralian Megazone, Taganai-Beloretsk
tectonic unit, and Kraka allochthon; (2) the Uraltau
tectonic unit, Sakmara allochthon, and East Uralian
Megazone; and (3) the Transuralian Megazone.

Samples of Group 1

These samples are dominated by Early Proterozoic
and Riphean zircons (Fig. 3). The Early Proterozoic
zircons, 2.1—1.7 Ga in age with bright peaks in den-
sity probability curve of 1808, 2060, 1993, 1969, and
2087 Ma, are characterized by a wide range of eHf{(t)
values and model ages of 2—3 Ga. The Riphean popula-
tion contains grains with ages of 1.7—1.4 (peaks of 1404,
1505, 1584, 1637—1650, and 1585 Ma) and 1.3—0.9
(peaks of 1267, 1201, 976, 1072, 1232, and 1358 Ma) Ga.
These zircons exhibit a wide range of e Hf(t) values and
model ages of 1.5—2.5 Ga. All samples contain few
Late Archean—beginning of the Early Proterozoic
(2.4—3.09 Ga) zircons with maxima of 2450, 2718,
2724, and 2841 and various ¢Hf(t) values and a model
age of 3.4 Ga. A striking feature of this group is a zir-
con population from the end of the Late Riphean—the
Earliest Cambrian (536—850 Ma) with clear maxima
of 536, 561-565, 570, 573, 603, 624, 656—658, 722, and
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Fig. 3. Histograms and probability density plots of age distribution of detrital zircons for 500—700 Ma (right) (a) and eHf—age
plots (b) for detrital zircons of Ordovician sandstones of West Uralian Megazone (sample K12-025), Taganai—Beloretsk Zone

(sample K12-006), and Kraka allochthons (sample R14-336).

822 Ma. These zircons have widely variable (from —6.9
to +10) eHf{(t) values and model ages of 0.75—1.9 Ga.

Samples of Group 2

These samples are strongly dominated by a zircon
population with ages of 480—670 Ma with the most
bright peaks of 520, 521, 529, 530, 555, 545, 547, 609,
and 653 Ma (Fig. 4). Dominant zircons with positive
eHf(t) values (from 0 to +13.2) are accompanied by
subordinate zircons with negative eHf(t) values (from
0 to —4.3). The ages of rare grains from the Uraltau
tectonic unit and Sakmara allochthon are 1.45—1.5,
2.78 and 2.45 and 1.05, 1.4—1.5, and 2.06 Ga, respec-
tively. Grains with ages of 1.05 and 1.45—1.5 Ga have
positive eHf(t) values and model ages of 1.5 and 1.8—
2.0 Ga, respectively.
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Samples of Group 3

These samples demonstrate the most evident zir-
con population 550—730 Ma in age with maxima of
567, 590, 620, 629, 656, and 707 Ma. Zircons of this
age are characterized by a wide range of eHf(t) values
(from +11 to —18.6), model ages of 0.8—2.97 Ga, and
strongly dominant zircons with negative eHf(t) val-
ues. The samples of this group also contain numer-
ous older zircons. Abundant Middle—Late Riphean
(815—1164 Ma) zircons with bright peaks of 852, 912,
1013 are characterized by a wide range (from +12.5 to
—12) of eHf{(t) values and model ages of 0.8—2.5 Ga.
Sample R14-355 contains only zircons ~900 Ma in age
with positive (4.5—11) eHf(t) values and model ages of
1.0—1.5 Ga. The Early Precambrian zircons include
Early Proterozoic and Late Archean populations. The
Early Proterozoic (1818—2251 Ma; maxima of 2013,
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2030, 2150 Ma) and Late Archean (2543—2819 Ma;
maxima of 2615, 2618, 2809 Ma) zircons exhibit
mostly negative e Hf(t) values and model ages of 2.4—
3.4 and 3.0—3.8 Ga, respectively. Single grains of the
Middle Riphean zircons (1370 and 1440 Ma), which
are typical only of sample R14-360, have mostly posi-
tive eHf(t) values and model ages of 1.75 and 2.0 Ga.

POSSIBLE SOURCES OF DETRITAL ZIRCONS

The detrital zircons of Ordovician successions of
various Southern Uralian tectonic units contain
numerous grains from underlying Riphean and Ven-
dian sedimentary and igneous rocks.

In group 1, the age pattern of detrital zircons is sim-
ilar to those of Vendian and Riphean sequences of the
West Uralian Megazone (Fig. 6) [27, 28, 35, 69]. In the
Riphean, clastic material for sedimentary sequences of
various parts of the Bashkirian Meganticlinorium was
mostly supplied by Early Precambrian complexes of
the EEP basement (detrital zircons with ages older
than 1.65 Ga in Riphean sandstones) [35, 40]. Similar
detrital zircons are found in Vendian [28] and Ordovi-
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cian (group 1) sandstones. The formation of these zir-
cons reflect different stages of evolution of the Volga—
Uralian part of the EEP basement, which are recorded
the Taratash and Aleksandrovskii complexes of the
Southern Urals [40, 46, 55, 73].

In the Ordovician sandstones of the Transuralian
Megazone (group 3), Early Precambrian zircons also
form a significant Late Archean and Early Proterozoic
population. The presence of Early Precambrian com-
plexes within the Transuralian and East Uralian mega-
zones is poorly substantiated. Zircons of this age occur
in paragneisses with an unidentified protolith age and
are probably detrital [22, 25, 30, 38, 70]. At the same
time, the age ranges and isotopic characteristics of
Early Precambrian zircons of the Transuralian Mega-
zone are close to zircons of the same age in group 1.
Thus, it can be suggested that the complexes of the EEP
basement could have been the sources of some Early
Precambrian zircons of the Transuralian Megazone.

In contrast to Riphean sandstones, Ordovician
(group 1) and Vendian [28, 35] sandstones contain zir-
cons 1400—1700 Ma in age, which could have been
derived from the Early—Middle Riphean volcanic and
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: - - : — 1 ean—Ordovician sandstones. I, correlation of Precambrian
B % . ' igneous and metamorphic complexes of the Southern
;, PN : : : 3% ] Urals. A, East Uralian Megazone; B, Uraltau tectonic unit
T3 : : : - and Sakmara allochthons; C, Taganai—Beloretsk tectonic

unit; D, West Uralian Megazone. 1, Period of magmatism;
2, period of metamorphism. II—VI, histograms and prob-
ability density plots of U—Pb isotopic ages of detrital zir-
cons from Precambrian and Ordovician sandstones of the
West Uralian Megazone: 11, Lower Riphean Ai Formation
after [35]; I1I, Middle Riphean Zigalga Formation after
[27]; 1V, Lemeza Subformation of the Upper Riphean
Zilmerdak Formation after [43]; V, Upper Vendian Kuk-
karauk Formation after [28, 69]; VI, Middle—Upper
Ordovician Nabiulla Formation.

plutonic intraplate complexes abundant in the Bash-
kirian Meganticlinorium [21, 36, 44, 45, 54, 58, 64]. Zir-
cons of this age with widely variable eHf(t) values are
probably evidence of mixed juvenile intraplate and
ancient crustal material at their source. However, Lu—Hf
isotopic characteristics of zircons in possible parental
Riphean igneous rocks are currently lacking.

The Ordovician sandstones of group 1, as well as ter-
rigenous rocks of the upper strata of the Asha Group
[28, 35, 69], contain an abundant population of zircons
800—1300 Ma in age with mostly positive eHf{(t) values.
A similar zircon population (800—1160 Ma) with
broadly variable ¢ Hf(t) values is present in one sample
of Ordovician sandstones of the Transuralian Mega-
zone.

Number of analyses

The sources of zircons of this age is unknown
within the Bashkirian Meganticlinorium and adjacent
part of the EEP, since no igneous and metamorphic
complexes of this period have been identified. Proba-
bly, these are granitic and metamorphic rocks of the
Taldy Anticlinorium of Mugodzhary (East Uralian
Megazone) with corresponding ages [10, 19]; how-
ever, these data require verification. The complexes
from the end of the Middle—beginning of the Late
Riphean, which could have been the sources of zircons
950—1700 Ma in age, are abundant in the Svecofen-
nian belt of the northwestern EEP, which exhibit
active accretion and collision processes during the
Gothian and Grenville orogenies [63, 74]. The zircons
with similar age and e¢Hf(t) values have also been
found in Upper Riphean quartzites and Lower Ordo-
vician sandstones of the Kokchetav block of northern
Kazakhstan [9, 68]. These data indicate that strongly
reworked fragments of the Sveconorwegian belt occur
in eastern tectonic units of the Urals and the Kokche-
tav block. At the same time, the Late Precambrian
complexes of central and northern Australia, which
could have been located close to the future Uralian
0 1000 2000 3000 Ma margin of the EEP, are probably the sources of zircons
of this age [28, 69].

The samples of Ordovician sandstones of all
groups contain a relatively small zircon population

GEOTECTONICS  Vol. 53 No.4 2019
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600—750 Ma in age with broadly variable e Hf{(t) values
(similar zircons have been found in sandstones of the
Upper Vendian Kukkarauk Formation) [28, 35, 69].
These zircons could have originated from various
igneous and metamorphic rocks within the Uraltau
and Taganai—Beloretsk tectonic units: Barangulovo
gabbro—granite—leucogranite, Kiryabinka pyrox-
enite—gabbro, and Yurmaty granite complexes, dikes
of diorites and trondhjemites and volcanic rocks of the
Arsha Group, as well as metamorphic rocks of
Beloretsk high-pressure complex [2, 20, 23, 24, 40, 58].
Igneous rocks of this age have a mostly intraplate ori-
gin [42]. Broadly variable ¢ Hf(t) values of detrital zir-
cons are probably related to mixed juvenile intraplate
and ancient crustal material at their source, although
no Hf isotopic composition of zircons from possible
parental rocks is known.

The presence of a zircon population 520—600 Ma
in age (absolutely dominant in group 2) is a striking
feature of Ordovician sandstones of all Uralian tec-
tonic units. In group 2, zircons are characterized by
positive ¢Hf(t) values, in contrast to group 3 with
mostly negative ¢Hf(t) values. These zircons could
have derived from Vendian and Cambrian marginal
continental igneous complexes, which are abundant in
the Uraltau tectonic unit, Sakmara allochthon, and
East Uralian Megazone, and are overlain by Ordovi-
cian successions with erosional unconformity. The
broadly variable Hf isotopic composition of zircons
could be related to the heterogeneous basement of the
Vendian—Cambrian volcanic belt, which could have
included blocks of juvenile and ancient crust. The evi-
dence of a relatively young substrate, which partly gen-
erated the metamorphic complexes of the eastern tec-
tonic units of the Urals and then Paleozoic granitic
Vol.53 No.4
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rocks, were revealed earlier based on isotope data [13,
37, 39, 56, 57, 61, 66]. Single zircons with an age of
476 Ma in sandstones of the Kidryasovo Formation of
the Sakmara allochthon could be related to Early
Ordovician volcanism in this tectonic unit.

MODEL OF PRE-ORDOVICIAN
GEODYNAMIC EVOLUTION OF THE REGION

The results of our studies suggest a scenario of pre-
Ordovician geodynamic evolution of the Southern
Urals (Fig. 7). The most important element of the
model is related to the Vendian—Cambrian marginal
continental volcanic-plutonic belt, the complexes of
which were parental for the youngest zircon popula-
tion from Ordovician sandstones of all tectonic units.
Another model element, which is identified mostly on
the basis of detrital zircons, is a block with Precam-
brian complexes which formed mostly during orogenic
events which simaltaneous to the Gothian and Gren-
ville orogenesis within Sveconorwegian area.

In the Riphean (including the late period), the
EEP contained a passive Uralian margin with a peric-
ratonic rift trough [34]. It was filled with thick carbon-
ate and terrigenous sequences, the clastic material of
which was delivered from Volga— Uralian complexes of
the EEP basement. This trough exhibited episodic
intraplate intrusive and effusive magmatism [40, 42].

At the end of the Late Riphean, the passive margin
ofthe EEP began to collide with a block that consisted
mostly of Middle and Late Riphean complexes. It has
been suggested that, prior to collision, this block had
an active margin. Collision is evident from the large
hiatus and unconformity in the basement of the Asha
Group. The accreted block provided detrital zircons
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800—1300 Ma in age and may have also hosted older
complexes that also contributed zircons. The forma-
tion of the Middle—Late Riphean complexes of this
block was probably related to accretionary—collisional
processes, and this block could be a fragment of the
Grenville orogenic belt: it could have detached as a
result of breakup of the supercontinent of Rodinia in
the second half of the Late Riphean [63].

After collision, at the Latest Riphean— the Earliest
Cambrian, the Uralian margin of the EEP became
active, leading to the formation of the marginal conti-
nental volcano-plutonic belt. The earliest (660 &+ 35 Ma)
suprasubduction magmatism products could have
included gabbro—diorite—trondhjemite dikes in the
eastern part of Bashkirian Meganticlinorium [58] and
the belt’s main stage of magmatic activity corresponds
to the Middle Vendian—beginning of the Cambrian
(590—-530 Ma) [47, 50, 51]. The eruption of rift-related
volcanic rocks in the Cambrian strata of the Sakmara
allochthons, which are coeval with calc-alkaline mag-
matism of the East Uralian Megazone, could be related
to the unstable regime of the subduction zone or exten-
sional processes in its rear part. Igneous rocks, the for-
mation of which is related to the evolution of various
parts of Vendian—Cambrian marginal continental belt,
were the main sources of the youngest population of
detrital zircons in Ordovician sandstones of all Uralian
tectonic units.

In the Vendian, the back-arc part of the volcanic
belt was the formation and exposure area of rocks of
the Beloretsk high-pressure metamorphic rock unit in
upper crustal level. This complex includes lower and
intermediate crustal rocks, which were exhumed fol-
lowing the scenario of Cordilleran-type metamorphic
rock complexes. The geodynamic setting of high-pres-
sure metamorphism, however, is still unclear [2, 40,
64, 65]. The Vendian sequences of the West Uralian
Megazone in the upper part of the section with clastic
rocks of the Beloretsk rock unit formed as a result of
syntectonic filling of rift depressions or as molasse in
the back-arc part of the active margin [40].

The Vendian—Cambrian evolution of the marginal
continental volcanic-plutonic belt of the Southern
Urals is correlated with the evolution of the Cado-
mian belt [72], part of which consisted of the dis-
cussed margin.

The data on the age of detrital zircons and their Hf
isotopic composition suggest that terrigenous Ordovi-
cian and underlying older complexes of all megazones
belong to one continental margin at the beginning of
the Ordovician.

CONCLUSIONS

Analysis of new data on detrital zircons from Ordo-
vician terrigenous rocks of various Southern Ural tec-
tonic units shows that the age range and features of the
Hf isotopic composition of detrital zircons are mostly
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caused by various underlying pre-Ordovician com-
plexes, responsible for the crustal heterogeneity of this
region.

In the West Uralian Megazone, Taganai—Beloretsk
tectonic unit, Kraka allochthons, and Transuralian
Megazone, the age of detrital zircons ranges broadly
from the Late Archean to the end of Vendian— begin-
ning of the Cambrian with widely variable ¢ Hf(t) val-
ues. Early Precambrian and Early—Middle Riphean
zircons are the most abundant. Vendian—Cambrian
zircons with positive eHf(t) values are strongly domi-
nant in the Uraltau Zone, Sakmara allochthons, and
East Uralian Megazone; zircons of other ages are either
completely absent or extremely rare.

Possible sources of most Early Precambrian, Early,
Middle and Late Riphean detrital zircons are igneous
and metamorphic complexes of the Volga—Uralian
part of the EEP basement and Bashkirian Meganticli-
norium. However, no complexes are known in these
regions that could have been the sources of zircons
800—1300 Ma in age. It is suggested that they could
have originated from rock units that formed as a result of
accretionary—collisional processes during the Gothian
and Grenville orogenies, counterparts of which have
been found in the Sveconorwegian belt of the north-
western EEP. Fragments of a block composed of these
complexes could have included the Taldy Anticlino-
rium of Mugodzhary and part of the Transuralian
Zone. We suggest that the volcanic and granitic rocks
of the marginal continental belt, which are found in
the Uraltau Zone, Sakmara allochthons, and East
Uralian Megazone, are the source of Vendian—Cam-
brian zircons from Ordovician sandstones of all Ura-
lian zones.

These data became the basis for a model of the pre-
Ordovician evolution of the Uralian margin of the
EEP. It is suggested that, at the end of the Late Riph-
ean, the passive continental margin of the EEP collided
with a block on a heterogeneous basement, the forma-
tion of which terminated during the Grenville Orogeny.
After collision, the passive regime was replaced by an
active one, leading to the formation of the marginal
continental volcano-plutonic belt. Its rear part under-
went Late Vendian metamorphism and exhumation of
its products, similarly to the complexes of Cordilleran-
type metamorphic cores, whereas adjacent depres-
sions were filled with molasse.
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