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A B S T R A C T

We present new LA ICP-MS U-Pb-Hf detrital zircon data from Neoproterozoic sedimentary basins located along
the south-western margin of the Siberian Craton. In the Yenisey Ridge (the Taseeva basin), siliciclastic sedi-
mentary units contain abundant 2.7–2.5 Ga, 2.0–1.75 Ga and 0.95–0.57 Ga detrital zircon populations, whereas
for the Prisayan Uplift slightly different detrital zircon ages of 3.0–2.5 Ga, 2.2–1.8 Ga and 0.95–0.65Ma are
common. Mid Neoproterozoic sandstones were deposited in a rift setting or along a rifted cratonic margin facing
a back-arc basin, whereas the immature to submature upper Ediacaran to Lower Cambrian fluvial successions
were probably deposited in the foredeep setting, at the expense of proximal Neoproterozoic igneous suites and
the underlying metasedimentary basement. A range of εHf values from −10 to +14 indicates intense mixing
between juvenile and evolved magma components in a continental arc setting at ca. 950–570Ma. Geological
evidence, persistent input of detrital zircon material derived from ancient crustal units of western Siberian
cratonic margin and evolution of Hf isotopic compositions suggest that the Neoproterozoic arc system of the
Yenisey Ridge and, partly, Sayan orogens developed along the active margin of Siberia. In the Neoproterozoic,
the arc system probably extended along the periphery of Rodinia into the Taimyr orogen of northern Siberia and
Valhalla orogen of north-eastern Laurentia.

1. Introduction

Global Neoproterozoic geodynamics and continental drift is the
significant question of modern geoscience (e.g., Cawood et al., 2016;
Johansson, 2014; Li et al., 2013; Merdith et al., 2017). Information
about the Neoproterozoic interactions between cratonic landmasses can
be gained from Neoproterozoic orogenic belts of poorly studied cratonic
margins, such as those of the Siberian Craton (SC).

The Neoproterozoic crust is widespread along the western fringe of
the SC, where the orogenic belt of the Yenisey Ridge (Fig. 1) in-
corporates granitoids and arc-related volcanic rocks, covering an age
range of at least 860–550Ma (e.g., Vernikovsky et al., 2003, 2009 and
ref. therein; see Fig. 2a). Younging towards the west, the orogenic belt
makes up the Isakovka-Predivinsk (IPT) and the Central Angara terrane

(CAT), thrusted onto the Mesoproterozoic sedimentary succession of
the SC, namely the East Angara terrane (EAT, Vernikovsky et al., 2003).

Neoproterozoic igneous and metamorphic suites of similar age
occur also in the north-western East Sayan (Bezzubtsev and Perfilova,
2008; Nozhkin et al., 2007, 2015b; Turkina et al., 2004, 2007), which
forms an apparent extension of the Yenisey Ridge orogen (Fig. 1). The
Meso- to Neoproterozoic terranes and fragments of the early Pre-
cambrian basement such as the Biryusa and the Angara-Kan terranes
collectively form the north-western East Sayan. The south-eastern East
Sayan is separated from the north-western East Sayan by a megathrust
and appears to represent a separate crustal ribbon, which together with
Neoproterozoic crust of the Tuva-Mongolia and the Dzavhan block
forms an oroclinal structure that extends into the Tian-Shan orogen as
part of the Central Asian Orogenic Belt (Buslov et al., 2013; Dobretsov
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and Buslov, 2007; Kuzmichev and Larionov, 2011). To the west of
north-western East Sayan the Neoproterozoic rocks lapse beneath the
Paleozoic subduction-accretion complexes of Kuznets and Gorny Altai
(Figs. 1 and 2b).

The Proterozoic evolution of the western SC margin is ambiguous
because the cratonic affinity of the Neoproterozoic crust presently lo-
cated near western SC is uncertain (Kuzmichev and Sklyarov, 2016;
Vernikovsky et al., 2009, 2016) and the presence of an ophiolitic suture
between the EAT and CAT (discussed in Nozhkin, 2009; Vernikovsky
et al., 2009) is questionable. On one hand, it is known that Neopro-
terozoic crustal ribbons of peri-Gondwanan origin accreted to Siberia in
the Paleozoic times (Abrajevitch et al., 2008; Buslov et al., 2001; Kröner
et al., 2014; Levashova et al., 2011; Rojas-Agramonte et al., 2011). On
the other hand, the widespread angular late Neoproterozoic un-
conformity that extends from CAT into the Siberian platform provides
evidence for a major orogenic event along the western margin of Siberia
at the end of Neoproterozoic, consistent with the idea of active Neo-
proterozoic SC margin (Buslov et al., 2013; Metelkin et al., 2012).

Vernikovsky et al. (2003, 2009) suggest that a set of two collisional
events resulted in formation of the Yenisey orogen near the western SC
margin, so that the collision of the CAT and the SC at ∼850Ma fol-
lowed by collision of the IPT with CAT ∼650Ma can be collectively
seen as accretionary orogenesis. Furthermore, Kuzmichev and Sklyarov
(2016) emphasize the significance of extensional tectonics in between
the two contractional events. However, recently Vernikovsky et al.
(2016) argued for an exotic origin of the CAT, which requires a much
more complex geodynamic model. By contrast, Likhanov et al. (2014)
and Nozhkin et al. (2011) see the development of the Yenisey Ridge
orogen as a result of a craton-wide collisional event at ∼1.0–0.95 Ga,
followed by intracratonic rifting, Atlantic style rifting, or rifting asso-
ciated with arc accretion. As the relationship between the Neoproter-
ozoic arc-related suites and the basement of the SC has not been es-
tablished, the concepts compete against each other to establish
geological evolution of the Yenisey Ridge, East Sayan orogenic belts
and the western SC margin in general. In an attempt to resolve the
existing controversies and provide a comprehensive model for the for-
mation of the Neoproterozoic crust along the western SC cratonic
margin, we investigate the age and magma sources of the erosional
products derived from the orogenic belts into the late Neoproterozoic
sedimentary basins of western SC.

2. Overview of the analytical procedures

A full description of the analytical procedures used in this study is
presented in Supplementary file 1. U-Pb-Hf detrital zircon analyses
were guided by CL and transmitted light imaging. LA-ICP-MS U-Pb
analyses (Supplementary file 2) were carried out at the University of
Newcastle, Australia using a NWR UP-213 Nd:YAG laser ablation
system, coupled with an Agilent 7700 ICP-MS. For constructing age
probability distribution plots and further interpretation the analyses
with discordance greater than 10% and those that plot off the concordia
were manually filtered, and to avoid usage of Hf in zircon isotopic data,
which age has been reset, 177Hf/176Hf ratio has been plotted against the
U-Pb age (Figs. 5, 7, 9–11). Also, the analyses with internal errors
greater than 3% and propagated errors greater than 5% have been
excluded as they most likely reflect heterogeneous isotope ratios of
zircons. In Supplementary file 2, the data are presented with propa-
gated errors (2σ), i.e., the errors that also incorporate correction for
instrumental drift. 206Pb/238U ages are used when grains are younger
than 1000Ma. Otherwise, 207Pb/206Pb ages are used as the best esti-
mate of the age of zircon crystallization ages. For the analysed samples
we commonly present estimate of maximum depositional age (MDA)
based on mean age of the youngest cluster (n≥ 3) of grain ages that
overlap in age at 2σ, further referred to as mean age of the youngest
cluster, as suggested by Dickinson and Gehrels (2009). However, pos-
sible implications of young single grain ages are also discussed.

Hf in zircon analyses were carried out in the advanced Analytical
Centre at James Cook University, Townsville (Australia) using a GeoLas
193-nm ArF laser and a Thermo Scientific Neptune multicollector
ICPMS. In the Supplementary file 2, Hf in zircon data are linked to each
U-Pb single grain analysis. .

3. Yenisey Ridge

3.1. Geological setting of the studied sedimentary units

The orogenic belt of the Yenisey Ridge is subdivided into four main
structural domains (Fig. 2a), namely the East Angara Terrane (EAT), the
Central Angara Terrane (CAT), the Isakovka-Predivinsk Terrane (IPT)
and the Angara-Kan Terrane (AKT) (Vernikovsky et al., 2003). The EAT
represents a fragment of Mesoproterozoic Siberian continental slope,
the CAT and IPT represent Neoproterozoic magmatic arcs and the AKT
preserves Paleoproterozoic crust of the Siberian cratonic basement
(Nozhkin, 2009; Vernikovsky et al., 2009). The studied samples of the
Yenisey Ridge were collected from the Irkineeva Uplift, which forms a
part of the EAT.

The Irkineeva Uplift represents a ∼70 km×25 km anticlinal fold,
bounded by a set of north-northeasterly oriented late Paleozoic faults
(Fig. 3). The core of the anticline comprises the Proterozoic sedimen-
tary succession that broadly can be subdivided into two main sedi-
mentary cycles (Melnikov et al., 2005; Semikhatov and Serebryakov,
1983; Shenfil’, 1991). The lower sedimentary cycle is represented by
the siliciclastic Sukhopit and the carbonate-dominated Tungusik groups
(∼1650 (?)–900Ma, Shenfil’, 1991; Volobuev et al., 1976). Its thick-
ness varies from only ∼3 km in the study area to ∼6–8 km in the CAT
and the IPT. In the study area the Tungusik Group is unconformably
overlain by the ∼200m thick Krasnogor Formation of feldspar-bearing
chlorite-sericite schist (∼850Ma, Galimova et al., 2012). A range of
seismic and geological profiles across the Yenisey Ridge (Filippov,
2017; Grazhdankin et al., 2015; Khabarov and Varaksina, 2011;
Kheraskova et al., 2009; Melnikov et al., 2005) highlight an un-
conformity surface, which extends across the Yenisey Ridge eastwards
into the Siberian platform. The upper sedimentary cycle is represented
by the 3 km thick fluvial succession of the Taseeva Group. It is tradi-
tionally subdivided into three conformable siliciclastic formations in-
cluding the Aleshino, the Chistyakova and the Moshakova (Figs. 3 and
4). The top of the Moshakovka Formation is truncated by an erosional

Fig. 1. Location of Neoproterozoic crust relative to the Siberian Craton (SC). Archean and
Paleoproterozoic of the SC after Rosen et al. (1994).
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surface, upon which rest the red beds of the Redkoles Formation
(∼150m thick in the Irkineeva Uplift), sometimes included into the
Taseeva Group (Sovetov et al., 2007; Vernikovsky et al., 2009). Several
lines of paleontological (Kochnev and Karlova, 2010; Liu et al., 2013)
suggest that the Redkoles units have been deposited during the Ne-
makit-Daldynian (542–534Ma), whereas the lower units appear to be
slightly older (∼555–549Ma; Liu et al., 2013).

3.2. Description of sampled rock units

The thickness of the lowermost Aleshino Formation in the study
area is about ∼340m (Kirichenko et al., 2012; Zuev and Perfilova,
2012). Sovetov and Blagovidov (2004), Sovetov et al. (2007) identified
a number of fluvial system components within the formation, such as
meandering channels, deltaic fans, lateral accretion bars, overbank
deposits and crevasses. Microscopically, the sandstone members consist

of cherry-red quartzose to arkosic sandstone (content of quartz
is> 90%), interbedded with siltstone and minor conglomerate and
shale. In the upper part of the formation quartz arenite is abundant
(Kirichenko et al., 2012). It is exemplified by the sample 3-EB-1 of
medium grained sublithic quartz arenite. The framework (100%) is well
sorted, consists of subrounded monocrystalline quartz grains (∼90%),
indicating long transportation or intense recycling of the sediment, and
rounded fragments of chlorite schist (∼10%), indicating relative
proximity of some minor sources of clastic material to the depositional
area.

Another sampled unit was the Moshakova Formation. It forms the
upper part of the Taseeva succession and in the study area it is only
∼100m thick. Sedimentary textures show that the Moshakova
Formation rocks are fluvial, mixed with interchannel sandstone and
siltstone (Sovetov et al., 2007). The formation is dominated by var-
iegated shale, dolostone, and arkosic sandstone with feldspar content

Fig. 2. (a) Geology of the Yenisey Ridge simplified after Nozhkin (2009), Vernikovsky et al. (2009), (2016); (b) Tectonic subdivision of the Altai-Sayan orogenic belt after Postnikov and
Terleev (2004); (c) Geology of the Prisayan Uplift, north-western East Sayan, modified after Turkina et al. (2007) using recent geochronological data from Bezzubtsev et al. (2008a),
Galimova et al. (2012) and references therein. EAT=East Angara Terrane; CAT=Central Angara Terrane; IPT= Isakovka-Predivinsk Terrane; AKT=Angara-Kan Terrane; MPF=Main
Prisayan Fault.
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up to 30% (Kirichenko et al., 2012). Sample 8-EB-1 is represented by
medium grained arkose. The framework (100% of the area) consists of
moderately to poorly sorted subangular quartz grains (∼75%), of
which the majority is monocrystalline, although some grains exhibit
interlocking textures. ∼25% of the framework is represented by feld-
spar, including altered calcic plagioclase and microcline, suggesting
derivation of the sedimentary rock from a local provenance. Trace
clinopyroxene and zircon are present.

The overlying Redkoles units belong to the Redkoles-Ostrovnaya
Formation of fluvial red sandstone and siltstone, topped by dolostone
(Fig. 4). The sandstones are represented by lithic arenites, rich in me-
tasedimentary rock fragments, as well as sub-arkosic varieties with
average feldspar content of ∼10–15% (Kirichenko et al., 2012; Zuev
and Perfilova, 2012). Typical of the Redkoles units, the studied sample
1-EB-1 is classified as sub-lithic sandstone in which subangular, poorly
sorted rock and grain fragments indicate that the provenance area was

located in the vicinity of the deposition area. The framework (100%) is
dominated by monocrystalline quartz grains (70%). The remaining
constituents are siltstone (∼20%), feldspar including both K-feldspar
and plagioclase (∼5–10%), rare hornblende and opaque minerals
(< 5%).

3.3. Results of U-Pb and Lu-Hf analysis

The samples 3-EB-1, 8-EB-1 collected from the Taseeva Group and
1-EB-1 from the Redkoles units were imaged and analysed for U-Pb-Hf
isotopes (Figs. 5 and 6). The sample 3-EB-1 had 104 grains analysed
(Supplementary file 2), of which 103 met the 10% discordance criteria
(103/104); the sample 8-EB-1 (Moshakova Formation) and the sample
1-EB-1 (Redkoles Formation) yielded 75/93 and 125/150 suitable for
further interpretation results, respectively. The majority of filtered
analysis plot on the concordia, excluding a few data points that plot

Fig. 3. Geological map of the Irkineeva Uplift showing relationship between the studied units and the sampling locations, simplified after Kovrigina et al. (1974), Zuev and Perfilova
(2012).

Fig. 4. Simplified stratigraphy of the Neoproterozoic rocks from the Irkineeva Uplift and underlying metasedimentary units compiled from (Berezii et al., 1973; Kirichenko et al., 2012)
and the position of sampled rock units. kr=Krasnogor Formation, dz=Dashkino Formation; al=Aleshino Formation; cs=Chistyakova Formation; ms=Moshakova Formation;
red=Redkoles units; os=Ostrovnaya Formation.
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near concordia. The latter are characterised by 207Pb/206Pb ages of
1800–1700Ma. The samples reveal both morphologically and chron-
ologically different detrital zircon populations.

Zircons from the sample 3-EB-1 are predominantly rounded (Fig. 5).
Most of them have Archean to Paleoproterozoic ages (Fig. 5). In the
sample, the 1950–1800Ma zircon population that defines major peak at
ca. 1845Ma is strongly predominant (63%). Some recovered zircons
(22%) have Archean ages, covering the 3000–2400Ma interval of the
age spectrum (Fig. 5). The remaining zircons yield late Neoproterozoic,
late and early mid-Paleoproterozoic ages. The MDA of the formation
based on the mean age of the youngest cluster is 1804 ± 20Ma
(n=3), which is more than 1 Ga older than the age of sedimentation.
Only a few grains of Mesoproterozoic and Ediacaran age

(609 ± 12Ma) are present in this sample.
However, the Neoproterozoic grains are widespread (30% in 1-EB-1

to 75% in 8-EB-1) in the Moshakova Formation and the Redkoles units,
and form two clusters near 760–710Ma and 650–610Ma (Figs. 5 and
6). The Redkoles units also bears the 970–820Ma zircon population,
which was not identified in the other samples. In both samples, the
Neoproterozoic grains are euhedral and often preserve facets (Figs. 5
and 6), suggesting they underwent little transport from the source
Neoproterozoic rocks to the basin of sedimentation. The remainder of
the total zircon population is represented by late Paleoproterozoic
grains, which ages define a probability density peak at ca. 1741Ma (in
sample 8-EB-1), or at ca 1850Ma (in sample 1-EB-1) similar to that
identified in sample 3-EB-1. Sample 1-EB-1 also bears significant

Fig. 5. Age spectra, concordia plots, εHf (T) versus age and 177Hf/176Hf ratio versus age of detrital zircon populations for the Taseeva Group, supported by CL images of selected grains.
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amount of grains, which ages fall in ranges of 2150–2000Ma and
3000–2400Ma. The MDAs of the Moshakova and Redkoles formations
based on the mean age of the youngest cluster (n= 3) correspond to
586 ± 20Ma and 589 ± 33Ma, resembling previously assumed ages
of deposition.

The ca. 2100–1950Ma zircons in both samples 8-EB-1 (Fig. 5) and
1-EB-1 (Fig. 6) are characterised by εHf (T) values of −5 to +10,
corresponding to Hf model ages that range between 3000Ma and
2150Ma. The abundant in the samples 3-EB-1 and 1-EB-1 ca. 1850Ma
zircon population shows a greater variety of εHf (T) values from +5 to
−15 with a density maximum localized between −10 and 0. εHf (T) of
younger Paleoproterozoic grains (1800–1700Ma) is different in sam-
ples 8-EB-1 and 1-EB-1. In the sample 8-EB-1 four analysed zircon
grains are juvenile, with εHf (T) in range of +10 to +15. The majority
of εHf (T) at 1800Ma data points from sample 1-EB-1 fall in range
between−7 and +1. Thus, rather than building the vertical array in Hf
vs age space, the 1800–1750Ma zircons form two distinct clusters.

4. Biryusa-Prisayan Uplift

4.1. Geological setting of the studied sedimentary units

Another studied sedimentary succession forms ∼4–6 km thick pre-
dominantly fluvial sedimentary fill of the Prisayan Uplift (sometimes
also referred to as the Pri-Sayan, the Pre-Sayan or the Sayan foredeep),
located in the south-western margin of the Siberian Craton. It re-
presents a several hundred km long north-westerly trending asymme-
trical megascale fault-bend fold (Fig. 2). Locally, the Prisayan basinal
fill unconformably rests above the Archean and Paleoproterozoic
basement rocks of the Biryusa Uplift, but dominantly they have faulted
contacts (Fig. 7). The Biryusa Uplift comprises the Paleoproterozoic
Neroi and Subluk metasedimentary and metavolcanosedimentary units,
intruded by the Sayan granitic intrusions during two main phases, ca.
1870 and ca. 1734Ma, and minor Archean units (e.g., Donskaya et al.,
2014; Turkina et al., 2006). The suite forms a part of a larger granitoid
belt that outlines western Siberian margin as part of the Angara Fold
Belt (Rosen et al., 1994). In the northeast, the structure of Prisayan

Uplift flattens beneath the Paleozoic platform cover. In the south
(outside the study area), the Prisayan basinal succession overlies the
Mesoproterozoic Urik-Iya graben fill (Galimova et al., 2012). The
Neoproterozoic arc-related suites occur beyond the south-western ex-
tents of the Biryusa block and the Urik-Iya graben.

The Neoproterozoic to Lower Cambrian succession of the Prisayan
Uplift described here comprise three members, i.e. the Karagas Group,
the Oselok Group, and the Moty Group (Fig. 8). Both the Karagas and
the Oselok Groups are ∼3 km sedimentary successions, and both are
subdivided into three Formations, corresponding to distinct fluvial cy-
cles (Sovetov et al., 2007). The Karagas Group consists of three for-
mations, including the Shangulezh, the Tagul and the Ipsit formations.
The Ar-Ar dating results of high Mg-tholeiitic sills that form a part of
the Irkutsk large igneous province (Ernst et al., 2016) allow to constrain
sedimentation age of the Karagas Group between 740 and 612Ma for
upper part of the Karagas Group (Gladkochub et al., 2006), consistent
with δ13C evidence for pre-Ediacaran (ca. 650Ma) time sedimentation
(Sovetov and Komlev, 2005). However, an alternative U-Pb baddeleyite
age of 1641 ± 8Ma reported by Metelkin et al. (2011) for the Nersa
Complex may indicate a much older age of the Karagas Group sedi-
mentary rocks, although the study does not provide details on field
relationship of the rock and dating results. This result requires that the
lower part of the Karagas Group is coeval with the Mesoproterozoic
deposits of the Urik-Iya graben, but such an estimate contradicts the
geological relationship. The Oselok Group unconformably overlies the
Karagas Group. Similarly, it consists of three formations including the
Marnya (400–660m), the Uda (200–550m), and the Aisa (1500m)
(Sovetov et al., 2007). The Moty Formation of fluvial red cross-bedded
sandstone unconformably overlies the Oselok Group, as evidenced by
embedding of a ∼3m thick conglomerate layer into its bottom. Several
lines of evidence indicate that the deposition of the Oselok Group and
the Moty Group occurred during the late Ediacaran (Letnikova et al.,
2013) and the Early Cambrian (Kochnev and Karlova, 2010), respec-
tively. Upward the stratigraphic succession a major shift in lithology
occurs, marking transition from fluvial to shallow-marine platform
deposition.

Fig. 6. Age spectra, concordia plots, εHf (T) versus age and 177Hf/176Hf ratio versus age of detrital zircon populations for the Redkoles Formation, supported by CL images of selected
grains.
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4.2. Description of sampled rock units

The Shangulezh Formation, also referred to as the lower Karagas, is
dominated by alluvial facies deposits including conglomerates, gravel-
ites and coarse grained red sandstone, replaced with dolostone in the
upper part of the Formation (Shenfil’, 1991). Facies transition of allu-
vial siliciclastics to dolomites in the upper part of the Formation sug-
gests that a sea transgression occurred in an evolving rift basin during
the deposition of the Shangulezh Formation (Sovetov et al., 2007). The
Shangulezh sandstones are represented by high-alkali quartz arenites
and arkoses (e.g., Motova et al., 2013). The studied sample PSPC-12 is a
coarse grained subarkosic litharenite, which framework is poorly sorted
and consists of both rock and grain fragments. Among them mono-
crystalline angular detrital quartz (40%), quartzite fragments (30%),
plagioclase and microcline (10%), squished siltstone fragments (20%)
have been observed. Both the Tagul and the Ipsit Formations comprise
siliciclastic deposits including shale, siltstone, wavy- and cross-bedded
sandstone, and stromatolitic and microphytolitic dolomite formed in
shelf environments (e.g., Sovetov et al., 2007; Melnikov et al., 2005;
Metelkin et al., 2010). The samples PSPC-2 and PSPC-3 are subarkosic
lithic wackes. Their frameworks (up to 80% of total thin section area)
are poorly sorted, consist of monocrystalline angular detrital quartz

(40–60%), feldspar including plagioclase and microcline (10%), rock
fragments represented by quartzite (10–30%) and squashy siltstone
(20%). The cement constitutes up to 20% of total thin section area and
has calcareous composition. Sedimentary structures of the upper Kar-
agas sandstones were accumulated in the shallow marine environments
near storm wave-base and in the lagoonal settings (Metelkin et al.,
2010).

The Oselok Group is separated from the Karagas Group by an un-
conformity and conglomerate horizon (Galimova et al., 2012; Letnikova
et al., 2013; Sovetov et al., 2007; Sukhanova, 1957; Shenfil’, 1991). The
lower Marnya Formation incorporates glaciofluvial, fluvial and shallow
marine facies, whereas deposition of the upper Uda and the Aisa For-
mations was linked to deltaic environments (Sovetov et al., 2007;
Sovetov and Komlev, 2005). Grey-coloured sandstones of the Oselok
Group exhibit trough and planar cross-bedding with the latter in-
dicating an eastward direction of paleocurrent, and abundant ripple
marks (Fig. 8c).

The Oselok Group is dominated by quartz-rich arkoses, lithic are-
nites, pelitic rocks (Letnikova et al., 2013; Motova et al., 2016). The
studied samples PSPC-8 and PSPC-25 belong to the Uda and the Aisa
Formations, respectively (Galimova and Pashkova, 2012), and are re-
presented by lithic arenites. They preserve subangular, poorly sorted,

Fig. 7. Geological map of the study area in the Biryusa-Prisayan Uplift, simplified after Galimova et al. (2012), Komarevsky and Zhukov (1964), Sukhanova (1957).
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both grain and rock fragments, of which ∼40% are represented by
monocrystalline and polycrystalline quartz, and another ∼40% are
deformed fragments of siltstone and phyllite. These microscopic ob-
servations suggest formation of rocks via recycling of igneous, meta-
morphic and sedimentary provenance. The abundance of chlorite,
muscovite, serpentine, as well prismatic amphibole (∼5%) is consistent
with geochemical and field evidence for mixing between mafic and
mature clastic components of the rocks (Letnikova et al., 2013; Motova
et al., 2016). Apatite, zircon and green tourmaline are specific acces-
sory constituents of the Oselok sandstones (5%).

The Moty Formation consists of fluvial red crossed beds, whose
thickness does not exceed 150m. Similar to coeval sandstones of the
Redkoles Formation in the Yenisey Ridge, the studied sandstones PSPC-

16 and PSPC-26 are represented by a medium-grained lithic arenite.
The rocks consist of a poorly sorted framework (∼95%) dominated by
subangular grain and sedimentary rock fragments, and the limonite-
rich cement, which makes up to 5% of the rock. The main components
of the framework include monocrystalline quartz (∼50%), poly-
crystalline quartz (∼10%), detrital magnetite (∼10%), feldspars
(< 5%) and siltstone fragments (∼30%). Rare garnet, zircon and sec-
ondary muscovite occur as accessory phases.

4.3. Results of U-Pb and Lu-Hf analysis

Three samples PSPC-12, PSPC-2 and PSPC-3 characterise sedimen-
tary rocks of the Karagas Group. The sample PSPC-12 had 110 grains

Fig. 8. Schematic stratigraphy of the Neoproterozoic and Cambrian rocks from the Prisayan Uplift and underlying metasedimentary units (a), simplified after Rasskazchikov (1958),
Sukhanova (1957), Kalinovsky and Smolyanets (1965), Komarevsky and Zhukov (1964); (b) shows microphotograph of the immature sandstone PSPC-25 from the Oselok Group, parallel
light; (c) fluvial sandstone of the Oselok Group with cross bedding and ripple marks and overall measured cross bedding orientation (inset) indicating general northeastern direction of
paleocurrent (combined for both the Oselok and the Moty Group); and (d) shows fragment of its ∼3m thick basal conglometarte layer; (e) shows red fluvial sandstone and embedded
pebbles of the Moty Formation. Symbols on (a): sb= Sublukskaya Formation; sn= Shangulezh Formation; tg= Tagul Formation; ip= Ipsit Formation; mr=Marnya Formation;
ud=Uda Formation; as=Aisa Formation; mt=Moty Formation; vl=Verkholenka Formation. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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analysed (Supplementary file 2), of which 99 met the 10% discordance
criteria (99/100); 75/100 and 95/100 age determinations from the
samples PSPC-2 and PSPC-3 were suitable for further interpretation,
respectively. The majority of filtered analysis plot on the concordia,
excluding few data points that plot near concordia (Fig. 9). Detrital
zircons recovered from the three samples yield conformal age spectra
(Fig. 9). Each of the spectra incorporates three main age clusters of
∼1970–1820Ma, ∼2120–2100Ma, 3300–2500Ma. Prominent peaks
occur at 1900–1800Ma and 2070Ma. The MDAs (based on the mean
age of the youngest cluster) of the samples PSPC-12, PSPC-2 and PSPC-3
are 1846 ± 27Ma (n= 3, MSWD=0.71), 1858 ± 28Ma (n=3,

MSWD=0.014) and 1852 ± 29Ma (n=3, MSWD=0.014). How-
ever, the presence of Neoproterozoic grains including 678 ± 11Ma,
831 ± 30Ma, 880 ± 32Ma and 927 ± 33Ma in the samples PSPC-2
and PSPC-3 from the upper part of the Karagas Group, allows to suggest
its Neoproterozoic MDA. The entire zircon population exhibits rounded
to subrounded morphology, typical of Archean and Paleoproterozoic
grains, respectively.

In the samples PSPC-12 and PSPC-2, the majority of ca.
1970–1820Ma age range are characterised by εHf (T) values in range
between −5 to +5. Similarly, Archean grains yield εHf (T) values
hovering near CHUR proxy (Fig. 9).

Fig. 9. Age spectra, concordia plots, εHf (T) versus age and 177Hf/176Hf ratio versus age of detrital zircon populations for the Karagas Group, supported by CL images of selected grains.
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Samples PSPC-8 and PSPC-25 represent sandstones of the Oselok
Group. The sample PSPC-8 yielded 40 single grain analysis
(Supplementary file 2), of which 38 met the 10% discordance criteria
(38/40); 87/90 suitable results were obtained from the sample PSPC-
25. The samples yield Archean (∼30%), Paleoproterozoic (∼40%) and
Neoproterozoic (∼30%) zircon populations (Fig. 10), consistent with
results of Letnikova et al. (2013). The Paleoproterozoic age group of
zircons incorporates the major 1900–1820Ma population with a pro-
minent probability density peak at 1860Ma, and the minor
2100–1900Ma zircon population. The Archean age group of zircons
incorporates (1) the Neoarchean subgroup yielding probability density
peak at 2540Ma and (2) the Paleoarchean subgroup of zircons with
ages in range of 3250–3350Ma. Both the Archean and Paleoproterozoic
grains are commonly subrounded. The Neoproterozoic zircon grains are
commonly euhedral, suggesting their derivation from a proximal
source. They are represented by two zircon populations, including the
920–760Ma that defines major peak at 805Ma, and the 720–600Ma
population with a peak at 647Ma. The MDA estimates based on the age
of the youngest cluster are 634 ± 29Ma (n= 3, MSWD=0.0.013) for
the sample PSPC-8 and 647 ± 18Ma for the sample PSPC-25 (n=3;

MSWD=0.61), consistent with the pre-existing constraints (Section
4.1).

In the Oselok Group sandstones, the Neoproterozoic (920–760Ma)
zircons have εHf (T) values (Fig. 10) falling in ranges between 0 and
−10 at ca. 920–850Ma, and between −5 and +5 at ca. 850–780Ma.
The 1900–1820Ma zircon population is characterised by εHf (T) values
that form a tight cluster at 0 to −5. The Archean grains have εHf (T)
values hovering around and below the CHUR proxy.

Samples PSPC-26 and PSPC-16 represent sandstones from lower
part of the Moty Formation. The sample PSPC-26 had 70 grains ana-
lysed (Supplementary file 2), of which 64 met the 10% discordance
criteria (64/70); 71/90 suitable results were obtained out of the sample
PSPC-16. Broadly, zircons from the two samples yield similar detrital
age spectra (Fig. 11), with predominant Paleoproterozoic (62–71%) and
Archean (15–25%) populations and subordinate Neoproterozoic
(8–13%) zircon population. In both samples, Archean and Paleopro-
terozoic grains tend to be subrounded, although a few have been no-
ticed to preserve facets whereas among the Neoproterozoic grains
prismatic shapes prevail, although subrounded grains occur as well
(Fig. 11). The Archean part of the age spectra is featured by a nearly

Fig. 10. Age spectra, concordia plots, εHf (T) versus age and 177Hf/176Hf ratio versus age of detrital zircon populations for the Oselok Group, supported by CL images of selected grains.
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continuous 3000–2500Ma signature, with no prominent peaks. Paleo-
proterozoic zircon ages fall within the 2100–1800Ma interval, defining
two probability peaks at 1890Ma and at 2040Ma, separated by prob-
ability density low at 1900Ma. Also, a few Paleoproterozoic grains with
ages of ca. 2200Ma, ca. 2300Ma, ca. 2460Ma have been identified.
The Neoproterozoic zircon population is only significant in sample
PSPC-16, where 15% of the total grain ages fall in range between 960
and 860Ma, with maximum probability density at 900Ma. For the
sample PSPC-16 the MDA based on the youngest zircon cluster is
886 ± 6 (n=3, MSWD=0.38) and for the sample PSPC-26 is
1842 ± 18 (n=3, MSWD=0.17). These MDAs are significantly older
than Cambrian age of sedimentation inferred from other geological
records (Section 4.1).

The 1000–850Ma zircon population is characterised by εHf (T)
values falling in a range between −7 to +5 and forms a strong vertical
array on the εHf (T) vs. age plot (Fig. 11e). The 1950–1800Ma Paleo-
proterozoic zircon population with a peak near 1870Ma is char-
acterised by εHf (T) values in range of +5 to −7. The majority of εHf
(T) values measured for the older Paleoproterozoic and Neoarchean
zircons cluster between +4 and −5 so that the age vs εHf (T) data
points plot near CHUR proxy.

5. The Neoproterozoic sedimentary rock associations of the
Yenisey Ridge and the Prisayan Uplift

Evolution of sedimentary basins in the Yenisey Ridge and the
Prisayan areas was largely controlled by tectonic events that occurred
along the western margin of the SC. In both the south Yenisey Ridge and
the Prisayan regions, the Meso- to Neoproterozoic siliciclastic deposits
form two main sedimentary cycles that are separated from each other
by late Ediacaran angular unconformity (Fig. 12).

5.1. Pre-accretionary rock associations

In the Yenisey Ridge, the pre-unconformity units are represented by
the Mesoproterozoic Sukhopit Group (Fig. 12a). Its sandstone and shale,
overlain by shelf-type carbonate rock associations of the Neoproter-
ozoic Tungusik Group, may be correlated (Priyatkina et al., 2016, and
ref. therein) to the Kamenskaya Group of the Turukhansk Uplift
(Petrov, 2006). Similar to the Karagas Group, metasedimentary units of
the Sukhopit Group overlie the basement units of the Paleoproterozoic
Angara Fold Belt (Fig. 1) and bears its erosional products (Priyatkina
et al., 2016).

In the Prisayan area, deposits of first sedimentary cycle are re-
presented by the Karagas Group. The minimum age of syndepositional

Fig. 11. Age spectra, concordia plots, εHf (T) versus age and 177Hf/176Hf ratio versus age of detrital zircons from the Moty Formation, supported by CL images of selected grains.
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Nersa sills and other records such as stromatolites, microphytollites,
isotope geochemistry suggest that the deposition of the Karagas Group
could have occurred near∼740Ma (Gladkochub et al., 2006; Stanevich
et al., 2007), consistent with presence of Neoproterozoic grains in
samples PSPC-2 and PSPC-3 (Fig. 9). The presence of a zircon grain as
young as 687 ± 11Ma in the sample PSPC-2 reinforces the possibility
of Ediacaran age for the upper parts of Karagas (Gladkochub et al.,
2006; Sovetov and Komlev, 2005). However, an older age for the lower
part of Karagass succession is possible.

Detrital zircon age analysis indicate that the Karagas Group formed
at the expense of 2100–1800Ma and 3400–2500Ma suites (Fig. 12b),
which are widespread in the Sharyzhalgai and Biryusa uplifts (e.g.,
Donskaya et al., 2014; Poller et al., 2004; Turkina et al., 2006, 2013; see
Fig. 12c for probability age distribution plot and Fig. 1 for location).
Significant thickness of up to ∼4 km of dominantly siliciclastic lithol-
ogies, and large gap between cluster-based MDAs and the sedimenta-
tion age favours a divergent setting of the Karagas Group, which could
allow for contribution of clastic material from Archean and Paleopro-
terozoic crust of south-western SC. One option is that such setting was
the Siberian passive margin (Metelkin et al., 2010; Pisarevsky and
Natapov, 2003; Sklyarov et al., 2002). However, relatively immature
lithologies (Sections 4.2 and 4.3) and chemical composition of em-
bedded sills (Gladkochub et al., 2006) also permit deposition of the
Karagas Group in a rift setting or along a rifted margin proximal to an
extending back-arc basin.

5.2. Post-accretionary rock associations

In the study areas, the surface of major angular unconformity is
directly overlain by fluvial successions of Taseeva, Oselok, Redkoles,
Moty (Fig. 12a). Their late Ediacaran to earliest Cambrian age has been
previously constrained by fossil records and is consistent with cluster-
based MDAs (Sections 3.1,3.3 and 4.3), broadly consistent with de-
position in a convergent plate margin setting.

The studied post-unconformity sedimentary units of the Yenisey
Ridge formed at the expense of ca. 2700–2500Ma, 2000–1750Ma and
950–650Ma metasedimentary and igneous detrital fragments (Sections
3.2, Figs. 5, 6, 9, 10 and 12d, f), consistent with erosion of pre-un-
conformity rock associations of the CAT, IPT and AKT such as the Su-
khopit Group (e.g., Priyatkina et al., 2016), granites of Teya-Yeruda,
Ayakhta-Chirimba, Tis, Garevka, Glushikha, Ostyatski, Vorogovka, Ta-
tarka-Ayakhta, Predivinsk (Likhanov et al., 2011, 2012, 2013, 2014;
Likhanov and Reverdatto, 2014a; Kozlov et al., 2012; Kuzmichev and
Sklyarov, 2016; Nozhkin et al., 1999, 2008, 2011, 2013, 2015a,b;
Vernikovskaya et al., 2002, 2003, 2007; Vernikovsky et al., 2003, 2007,
see Supplementary file 3) into the hypothetical Taseeva foredeep basin.
Immature character of the samples (Fig. 4b, c), results of detrital zircon
analysis, paleocurrent analysis of Sovetov and Blagovidov (2004) in-
dicating main eastward transport direction for the sediments, are all
consistent with this interpretation. Broadly similar to the post-un-
conformity sedimentary rocks of the Taseeva basin, the studied post-
unconformity sedimentary units of the Prisayan Uplift formed at the
expense of ca. 3000–2500Ma, 2200–800Ma and 950–650Ma suites
(Figs. 5, 6, 9, 10 and 12e, g). Contribution of clastic material derived
from Neoproterozoic igneous suites was significant, in agreement with
lithogeochemical and detrital zircon study of Letnikova et al. (2013),
Motova et al. (2016) and also consistent with ages of rock associations,
which are widespread in the north-western East Sayan, such as the
granitoids of the Arzibei, Kan, Shumikha-Kirel, and Kuvai calc-alkaline
volcanic rock associations of the Derba terrane (e.g., Bezzubtsev et al.,
2008b; Nozhkin et al., 2001; Turkina et al., 2004, see Supplementary
file 3). Nonetheless, Neoproterozoic terranes were not the only prove-
nance for these rocks. Lithic arenites, wackes and arkoses of the Oselok
and the Moty Group groups contain ca. 3.3–2.5 Ga and ca. 2.2–1.8 Ga
detrital material characteristic of the underlying pre-unconformity
successions such as the Karagas Group (compare Fig. 12c, e, g). One

option is that both pre- and post-unconformity sediments received their
detritus from proximal Archean and Paleoproterozoic crustal units of
the SC. Alternatively, in our preferred interpretation, the post-un-
conformity units could have formed through cannibalisation of the
underlying metasedimentary basement and therefore both have similar
detrital signatures. Same as in the Yenisei Ridge area, lithic clasts from
the pre-unconformity units of the Prisayan Uplift constitute up to 40%
of the framework in sandstones of the post-unconformity Oselok and
Moty groups.

The Oselok Group could have accumulated along the Siberian pas-
sive margin as previously suggested by Letnikova et al. (2013) and
Pisarevsky and Natapov (2003), who point out an increase in thickness
from the northeast to southwest. In this case, the abundant Neopro-
terozoic detritus could have been supplied from the Neoproterozoic
suites of the Yenisey Ridge, broadly coeval to those of the north-western
Sayan. However, Archean and Paleoproterozoic detrital signatures in
the Yenisey Ridge area and the Prisayan Uplift are not identical, sug-
gesting that these sedimentary basins were isolated from each other.
Also, neither the presence of bimodal volcanic rock association as
fragments within rock framework, nor the evidence for immature rock
character such as the presence of feldspars, heterogeneous rock frag-
ments, and their variable rounding (Letnikova et al., 2013; Motova
et al., 2016, this study) are consistent with a passive margin setting.
Furthermore, sedimentary textures such as cross-bedding (Fig. 4c, e)
indicate a shallow depositional environment. Although our dataset for
the Oselok and Moty groups is too small to draw solid conclusions, the
preliminary results of paleocurrent analysis indicate general north-
eastward paleocurrent direction. Thus for both Oselok and Moty groups
foreland setting allowing for erosion of proximal sedimentary, mag-
matic and metamorphic suits appears to be more probable. A rift setting
(e.g., Sovetov et al., 2007), proximal to orogenic suites could be also
permissive, although there is no evidence for any contemporaneous rift-
related magmatism in this sedimentary basin.

6. Hf isotopic evolution of the western SC margin

In this paper we aim to identify cratonic affinity of the
Neoproterozoic crust presently located along the western SC margin by
comparing detrital zircon populations established on the western
margin of the SC below and above the main Ediacaran unconformity
surface, and by also discussing the geological evidence and Hf in zircon
data.

6.1. Hf isotopic evolution of the western SC margin

The early Precambrian crust of western SC, viz. the Angara belt,
comprises 2.0–1.75 Ga and possibly older 2.1 Ga magmatic and meta-
morphic suites, as well as 3.4–2.5 Ga tonalite-trondjemite rock asso-
ciations, granulites and plagiogranites (Supplementary file 3). Their εHf
(T) values including those recalculated from εNd (T) using the equation
1.36εNd+2.95 of Vervoort and Blichert-Toft (1999) are presented in
Fig. 13a and in Supplementary file 3. In εHf (T) vs age space, the
compositions of Archean zircons plot parallel to CHUR, with the ma-
jority of εHf (T) clustering between −5 and +7. Igneous rocks with
ages in the range 2000–1900Ma are characterised by dominantly po-
sitive εHf (T) in range between −1 to +6, whereas igneous rocks with
ages in range 1800–1700Ma have negative εHf (T) of 0 to −7. εHf (T)
values of the major 1900–1850Ma zircon population range from −12
to +3, forming an extended vertical array, suggesting that the host
magma was derived from partial melting of multiple sources. In con-
trast to many other cratons, the Precambrian basement of the SC lacks
Mesoproterozoic orogenic belts (Rosen et al., 1994; Glebovitsky et al.,
2008; Rosen and Turkina, 2007). This phenomenon was also identified
by Gladkochub et al. (2010a) with particular reference to the southern
SC.
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6.2. Sources of Neoproterozoic magmatic systems

The studied syn- and post-orogenic Neoproterozoic to Lower
Cambrian rocks from western SC margin were derived from proximal
sources, as evidenced from the occasional presence of igneous rock
fragments and immature textures of rock samples (Sections 3.2 and
4.2). The zircons are characterised by Th/U ratios of> 0.07
(Supplementary File 2), suggesting igneous origin (e.g., Hoskin and
Schaltegger, 2003). The majority of zircon grains also exhibit igneous
textures. Thus, the samples can be used to characterise main magmatic
belts of the Yenisey Ridge and the north-western East Sayan Mountains.

The Neoproterozoic part of the integral detrital zircon age spectra
(Fig. 13b) contains 1000–750Ma and 750–550Ma intervals separated

by a density low at ∼750Ma, further referred to as early and late
Neoproterozoic peaks. The former can be further subdivided into the
950–830Ma and 830–750Ma age groups, separated by a low.

Provided that the sources of clastic material were local, the early
Neoproterozoic zircon populations can only be linked with the S- and I-
type granites of the Yenisey Ridge and the north-western Prisayan. The
830–750Ma age cluster is associated with granitoids often referred to
as transitional between the S- and A-types (Kozlov et al., 2012) such as
the Garevka massif (Likhanov and Reverdatto, 2015; Vernikovskaya
et al., 2006; Vernikovsky et al., 2003), typical A-type granites ex-
emplified by the Chirimba, Ayakhta, Strelkovsky, Glushikha granites
(Vernikovskaya et al., 2003, 2002, 2007; Vernikovsky et al., 2007), A-
type granites and bimodal volcanic suites of the Vorogovka trough

Fig. 13. Hf isotope compositions vs. U–Pb age plot
for detrital zircons recovered from Neoproterozoic
to Lower Cambrian sedimentary rocks of western
Siberian cratonic margin, compared with an iso-
topic signature of the Angara belt (a). Inset (b) is
enlarged plot of Neoproterozoic data points.
Original and published source data are presented
in Supplementary file 2. The isotope evolution of
mafic crust is based on 176Lu/177Hf= 0.022
(Blichert-Toft and Albarède, 2008), the evolution
of upper felsic continental crust based on
176Lu/177Hf= 0.008 (Rudnick and Gao, 2003),
mafic crust are shown for reference, assuming si-
licate Earth differentiation at ∼4.5 Ga (Bennett
et al., 2007). The dashed line is fractional crystal-
lization (Spencer et al., 2015).
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(Nozhkin et al., 2011, 2013, 2008), metamorphic rocks of the Angara-
Kan massif (Nozhkin et al., 2016) and possibly the Kuvai Group of
north-western Prisayan (Bezzubtsev et al., 2008b).

The isotopic information about sources of the Neoproterozoic
magmatic suites that occur along the present western SC margin was
previously limited to a Nd array with ∼εNd (T) values that range be-
tween −10 and +8 (Turkina et al., 2007) as well as individual data
points equivalent to εHf (T) values that range between −7.5 to +12.5
(see Supplementary file 3). Implication of these datasets for under-
standing the crustal growth in the western SC is important, but their
interpretation in terms of magmatic and tectonic history of the area is
complicated by (1) usage of sedimentary rocks to obtain meaningful Nd
model ages, (2) phenomena of magma mixing (Goldstein, 1987) and (3)
uncertainty of primary isotopic ratios in the protolith rocks. Issues (2)
and (3) are also critical in interpretation of Hf in zircon isotopic data
(Payne et al., 2016) including those presented here.

Nonetheless, Hf in zircon data presented in sections 3.3 and 4.3
provide new information on the tectonic setting of these magmatic
systems. Broadly, the Neoproterozoic Hf array (Fig. 13) is consistent
with those of typical accretionary orogens (Collins et al., 2011). The
950–850Ma zircon population forms a subvertical mixing array in εHf
(T) space (Fig. 13a), typical of zircon populations associated with
continental arcs (Griffin et al., 2002; Linnemann et al., 2014; Smits
et al., 2014; Yang et al., 2007). A more detailed analysis (Fig. 13b)
indicates that three main clusters of εHf (T) values define three main
source contributors to the early Neoproterozoic magmatic rocks of the
Yenisey Ridge and north-western East Sayan (A, B and C). (A) re-
presents an isotopically evolved component, (B) a component equiva-
lent to CHUR and (C) a juvenile component equivalent to mantle, ju-
venile crust or a reservoir of New Crust (Dhuime et al., 2011). Similar to
(B), εHf (T) values of the 850–750Ma zircon population vary between
−2 and +5 (component D). The majority of 750–550Ma zircons are
characterised by positive εHf (T), defining two juvenile magma source
components (E and F). Three clusters of∼εHf (T) versus age data points
(B–D on Fig. 13b) yield steep regression lines comparable with those of
North Atlantic Orogen (Spencer et al., 2015) and sometimes interpreted
as the rate of reworking (Spencer, 2016). The axis of cluster E ap-
proximates the evolution of mafic crust with high Lu/Hf ratios
(Fig. 13b). Clusters A and F form isolated clouds and do not produce
apparent trends.

6.3. Cratonic affinity of the Yenisey Ridge and the north-western East
Sayan magmatic systems

Several lines of evidence suggest that the ancient crustal sources,
reworked during the ca. 950–850Ma and 750–600Ma continental arc
magmatism, were in early Precambrian basement of the Siberian
margin.

First of all, the pre-Neoproterozoic intervals in detrital zircon age
spectra of the pre- and post-orogenic sedimentary rocks of western SC
are similar (Fig. 12b–g), suggesting that there was no addition of an
exotic, non-Siberian crustal material to the orogen. Furthermore, em-
placement of extensive 870–820Ma magmatic belt into the Siberian
plate is supported by zircon lead loss/development of low-T mineral
assemblages in the pre-unconformity metamorphic rocks and sedi-
mentary successions of the Turukhansk, AKT, and the Sharizhalgai
uplift (Gorokhov et al., 1995; Nozhkin et al., 2013; Semikhatov and
Serebryakov, 1983; see Figs. 1 and 2 for location). Moreover, zircon
inheritance in the Glushikha granites and Kuvai volcanic association
(Bezzubtsev et al., 2008b; Nozhkin et al., 2013), and widespread me-
tamorphism within the CAT, AKT and the Biryusa Uplift (e.g., Nozhkin
et al., 2007, 2015b, 2016; Turkina et al., 2007, Fig. 2) during ca.
750–600Ma suggest that the early Neoproterozoic magmatic belt
served as the basement to younger magmatic suites of the IPT, Kuvai
terrane and possibly Arzibei and Derba block (Fig. 2).

Another important link between the Siberian margin and its

Neoproterozoic fringe is occurrence of several common fragments
(Fig. 2). In the Yenisey Ridge, the Sukhopit and the Tungusik groups
occur within the EAT, CAT, and IPT (e.g., Kachevsky and Zuev, 2009;
Varganov et al., 2010), providing a framework for restoration of a
Mesoproterozoic continental slope of western SC margin across the
Yenisey Ridge (Khabarov and Varaksina, 2011; Postel’nikov, 1980).
Furthermore, the granites equivalent to the ∼2600–2500Ma Kitoi
terrane (Gladkochub et al., 2005) occur as fragments within the CAT
(Kuzmichev and Sklyarov, 2016), suggesting a genetic link between the
basements of the western SC and the CAT. However, pure coincidence is
possible: the known occurrences of the 2600–2500Ma crustal com-
plexes are significant in the north-western SC (Priyatkina et al., 2016),
North China (Geng et al., 2012) and Rae Craton (Bethune, 2015). Si-
milarly, Proterozoic coexistence of sedimentary basins in the north-
western Sayan and the Prisayan Uplift can be suggested. Both strati-
graphic sections (Fig. 12) are characterised by paucity of Mesoproter-
ozoic sedimentary rocks, and correlation between the upper Ediacaran
– Lower Cambrian Moty, Angul’, Usol, Sol’ba formations (e.g.,
Bezzubtsev et al., 2008a; Galimova and Pashkova, 2012; Postnikov and
Terleev, 2004) of the north-western East Sayan and the Prisayan Uplift
favours juxtaposition between the two terranes in the late Precambrian.

Siberian affinity of the above mentioned terranes suggests that a
subduction zone existed near the western margin of the SC during the
Neoproterozoic, such as shown by Metelkin et al. (2012) and
Kuzmichev and Sklyarov (2016) for some intervals of the Neoproter-
ozoic, and conflicts with paleomagnetic evidence of Vernikovsky et al.
(2016), which suggests that the Neoproterozoic crust of the Yenisei
Ridge was exotic to Siberia. If the Neoproterozoic terranes which are
now located in the close proximity the Taseeva basin of the Yenisey
Ridge and the Prisayan Uplift were exotic, an exotic in respect to the SC
detrital signatures in post-accretionary sedimentary rocks would have
been observed. The presence of both the Siberian (this study) and exotic
to Siberia Neoproterozoic crustal fragments (e.g., Rojas-Agramonte
et al., 2011) near the south-western margin of the SC reinforces the
significance of major Paleozoic tectonic boundary between the north-
western and the south-eastern Sayan (Fig. 2b).

7. Neoproterozoic accretionary events along the south-western
margin of the SC

In the following, we discuss main evolutionary stages of the western
Siberian margin (Fig.14) drawn from integration of U–Pb–Hf detrital
zircon and geological records.

7.1. Phase 0 (pre-Neoproterozoic history)

The crystalline basement of the Yenisey Ridge is formed by early
Precambrian granulite-gneiss and schist–gneiss complexes injected by
collisional and anorogenic granitoids with an age of 1.84 and 1.75 Ga,
respectively (Nozhkin, 2009). The later history of the margin involved
deposition of the Sukhopit Group, which age has been roughly con-
strained between ∼1650Ma and ∼1050Ma (Nozhkin, 2009 and ref.
therein), extension and emplacement of bimodal volcanic suites and A-
type magmas (Gladkochub et al., 2002; Popov et al., 2010).The Su-
khopit succession has been interpreted as passive margin fragment
(Pisarevsky and Natapov, 2003; Nozhkin, 2009) but other extensional
settings are also permissive (e.g., Priyatkina et al., 2016). Thus, a
deeper understanding the Mesoproterozoic evolution of the western SC
margin requires further investigations.

7.2. Phase 1 (950–840Ma)

Continental arc setting near the western SC is reflected by a vertical
Hf array, consistent with mobilization of Mesoproterozoic crust of
passive margin if the Lu/Hf= 0.015 (Fig. 12a). According to our pre-
sent understanding, the zircon populations of 950–850Ma and
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900–850Ma (Fig. 12b) can be related to extended fractionation of two
magmatic systems, represented by the S-I type Teya-Yeruda granite
gneiss domes and granitoids of the Garevka Massif that have features
transitional between the S- and A-type granites. In the north-western
East Sayan the analogue of the Central Angara magmatic arc is possibly
represented by the Arzibei (Turkina et al., 2004) and the Kuvai
(Bezzubtsev et al., 2008b) terranes. Simultaneously, the older

sedimentary basement of the CAT undergoes andalusite-sillimanite,
kyanite-sillimanite metamorphism, high-P amphibolite metamorphism
and migmatization associated with growth of zircon, monazite, xeno-
time (Likhanov and Reverdatto, 2014a,b; Kuzmichev and Sklyarov,
2016). Moreover, in the EAT, the deposition of the ca. 900–850Ma
siliciclastic Krasnogor Formation may have been associated with ero-
sion of this arc. Subsequent uplift and unroofing of the Siberian margin

Fig. 14. A tectonic model drawn using Collins (2002) and Priyatkina et al.
(2017) shows the development of the Neoproterozoic accretionary orogen along
the western margin of the Siberian Craton through five main phases: estab-
lishing mafic underplated crust of a passive margin (late Mesoproterozoic); es-
tablishing continental arc allowing for generation of zircon-bearing magmas at
the expense of juvenile and evolved material (950–850Ma); progressive arc
extension during (800–750Ma), followed by trench retreat, ribbon rift-off and
back-arc basin opening (750–700Ma); arc accretion and back arc closure results
in generation of juvenile zircon bearing magmas (700–600Ma); a new phase of
roll-back and arc accretion followed (600–500Ma).
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at ca. 850–800Ma is reflected by closure of K-Ar isotopic systems
within the EAT, CAT and the Turukhansk Uplift and the extensive de-
positional hiatus (Fig. 12). Active continental margin setting of the CAT
is consistent with geodynamic models of Vernikovsky et al. (2009) and
Kuzmichev and Sklyarov (2016).

7.3. Phase 2 (840–750Ma)

Progressive extension of the continental arc produces a shift towards
more positive εHf (T) values, consistent with emplacement of relatively
juvenile A-type magmas and bimodal volcanic suites of Garevka,
Glushikha, Vorogovka, Khareuzhikha, Chirimba, Ayakhta and
Lendakha (Vernikovskaya et al., 2003, 2006; Vernikovskaya et al.,
2007).

7.4. Phase 3 (750–700Ma)

Progressive trench retreat results in opening of a back-arc basin
along the western SC margin, broadly reflected in development of rift
basins within the EAT, CAT and the Prisayan Uplift, accompanied by
emplacement of mafic dike swarms, bimodal volcanism (e.g.,
Gladkochub et al., 2010b; Nozhkin et al., 2013; Sklyarov et al., 2002)
and medium-T medium-P metamorphism in the Angara-Kan terrane
(Nozhkin et al., 2016b). An ongoing zircon production during this
period suggests a setting similar to modern Japan or New Zealand
outboard the margin. Its fragments maybe represented by the calc-

alkaline rock association of the Kuvai terrane which Rb-Ar and Sm-Nd
age estimates vary between 770 and 720Ma (Bezzubtsev et al., 2008a)
and the Sarkhoi volcanics (Kuzmichev and Larionov, 2011).

Previously, this evolutionary interval has been considered as rifting
stage associated with a break-up of Siberia from Rodinia (Likhanov
et al., 2014; Vernikovsky et al., 2009; Nozhkin et al., 2008).

7.5. Phase 5 (700–630Ma)

Further growth of the continental arc near the western margin of the
SC is reflected by the juvenile 700–630Ma zircon population, with
slope of ∼Lu/Hf=0.22 suggests its 800–700Ma ensimatic basement
(Fig. 12b). Fragments of this age are commonly referred to as the Isa-
kovka-Predivinsk (IPT) terrane (Kuzmichev et al., 2008; Vernikovsky
et al., 1999, 2001, 2003). Arc accretion occurred at ∼630Ma as evi-
denced by widespread metamorphism in the Angara belt (Nozhkin
et al., 2007). Following arc extension was associated with subalkaline
and alkaline magmatism (Nozhkin et al., 2001, 2003; Romanova et al.,
2012; Vernikovskaya et al., 2013; Vernikovsky et al., 2008), formation
of the major unconformity and post-accretionary sedimentary succes-
sions (Section 5.2).

7.6. Phase 6 (post-600Ma)

The majority of researchers (Buslov et al., 2002; Glorie et al., 2011;
Safonova, 2014; Ota et al., 2007; Chen et al., 2015) consider that a later

Fig. 15. Various models showing possible Laurentia-Siberia-Baltica connections within the Rodinia supercontinent and during Rodinia break-up (see also supplementary file in Ernst et al.
(2016), Khudoley et al. (2015) or Priyatkina et al. (2017) for a more detailed review): a after Sears (2012); B after Evans (2009) followed by Likhanov et al. (2014); C after Cawood et al.
(2016), Ernst et al. (2016), Li et al. (2013), Metelkin et al. (2012), Pisarevsky et al. (2008), Priyatkina et al. (2017), Rainbird et al. (1998); and this study; A′ after Metelkin et al. (2012), B′
after Likhanov and Reverdatto (2015), C′ after Cawood et al. (2016), Ernst et al. (2016), Li et al. (2013), Metelkin et al. (2012), Pisarevsky et al. (2008), Priyatkina et al. (2017), Rainbird
et al. (1998) and this study.

N. Priyatkina et al. Precambrian Research 305 (2018) 197–217

213



560–515Ma magmatic arc of Kuznetsk and Gorny Altai formed on the
margin of the SC and was accreted by 500Ma. The zircon population
recovered from the arc’s erosional products are characterised by εHf (T)
of 0 to +15 (Fig. 13a). Two main evidences favour formation of this arc
near the SC: (1) Cambrian and Ordovician arc-related rocks have
Neoproterozoic basement (Rudnev et al., 2006, 2013), and cut across
the Neoproterozoic basement of the north-western East Sayan (Turkina
et al., 2007). This basement was a part of the western SC margin at least
since the end of the Neoproterozoic (Section 6.3 and references
therein), (2) Formation of the early Paleozoic subduction-accretion
complex on the western SC margin is evidenced from similarities of
detrital zircon populations from synorogenic sedimentary deposits of
Gorny Altai (Glorie et al., 2011; Chen et al., 2015) and the Siberian
platform (Glorie et al., 2014). Broadly, in the Neoproterozoic to Early
Paleozoic, Hf in zircon arrays of the western SC margin show evolu-
tionary trends towards more positive epsilon Hf values (Fig. 13a), si-
milar to the trends shown for typical accretionary orogens by Collins
et al. (2011).

8. Implications for the Neoproterozoic supercontinental
reconstructions

8.1. Implications for Rodinia reconstructions

In respect to position of the western SC margin, Rodinia models can
be broadly subdivided into three main groups (Fig. 15), including (A)
the models that consider juxtaposition between the northern SC and
western Laurentia along a transform fault (Sears, 2012), (B) the models
that consider an internal to Rodinia position of northern and western SC
margins (Evans, 2009; Likhanov et al., 2014), (C) the models that
consider external to Rodinia position of northern and western SC
margins (Cawood et al., 2016; Ernst et al., 2016; Li et al., 2013;
Metelkin et al., 2012; Pisarevsky et al., 2008; Rainbird et al., 1998).
Group A models are not supported by geological evidence (Priyatkina
et al., 2017 and ref. therein) because they do not allow for the inferred
subduction zone near the northern margin of the SC at ∼950Ma. For
similar reason, Group B models requiring an intracratonic position for
the western SC margin in the early Neoproterozoic are not supported by
this study. Also, there is no reliable geological or geochronological
evidence to support the existence of a sensu stricto Mesoproterozoic or
Grenville orogen (Likhanov et al., 2014, 2012) which could potentially
suture western Siberia and North China (Group B models): the only
known Mesoproterozoic granitoids in the area are the Nemtikha and
Cherniya Zima felsic components of bimodal suites dated at ∼1380Ma
and ∼1530Ma, respectively (Gladkochub et al., 2002; Popov et al.,
2010). Similarly, the existence of a Mesoproterozoic orogenic belt along
the western SC cannot be postulated simply based on ID TIMS zircon
ages of ca. 1100–1000Ma derived from the Teya granite-gneiss domes,
because these domes bear several zircon populations that range be-
tween 1100Ma and 850Ma, and the origin of the older grains is un-
certain (Nozhkin et al., 1999). Nonetheless, Mesoproterozoic pre-un-
conformity succession was subjected to medium-T low-P
metamorphism, which geodynamic nature requires further investiga-
tion (see Section 7).

Consistent with configurations suggested in the Group C models
(Fig. 15), the margins of western Siberia, northern Siberia and north-
eastern Laurentia share many similarities in their geological evolution
at ca. 1000–750Ma. In the northern and western SC, the fragments of
Siberian Mesoproterozoic passive margin or a rift basin are represented
by the ca. 1650–1380Ma Oktyabr’–Zhdanov Group and the ca.
1650–1000Ma Sukhopit Group, which comprises up to 5 km thick
succession of carbonate and mature siliciclastic rock units, supplied
from the northern SC and western SC, respectively (e.g., Priyatkina
et al., 2016, 2017). In the north-eastern part of Laurentia their corre-
latives are best exemplified by the Krummedal succession of East
Greenland (Cawood et al., 2010, and ref. therein). The 1700–970Ma

magmatic gap, characteristic of the overall Proterozoic detrital zircon
signatures of the northern and western SC margins (Fig. 12, see also
Fig. 11 in Priyatkina et al., 2017), indicates that these margins were a
divergent plate boundary throughout the Mesoproterozoic, until their
transformation from passive into active occurred at 980–970Ma, coeval
with initiation of Valhalla orogen.

8.2. Implications for Rodinia break-up

Several models (Fig. 15) consider the late Neoproterozoic relation-
ship between Laurentia, Siberia and Baltica, or its absence. Group A′
models (e.g., Ernst et al., 2016; Metelkin et al., 2010, 2012) imply that
Siberia was connected to northern Laurentia via a rift basin, which
fragments are currently represented by the Karagas Group. Despite
being consistent with the developing accretionary orogen of the Yenisey
Ridge, this model does not allow for developing the oceanic and con-
tinental arcs in the north-western East Sayan, which are likely to have
the peri-Siberian origin (Section 6.3). Group B′ models consider the
opening of an Atlantic-style rift basin near the western margin of Si-
beria at ca.∼720Ma, based on the emplacement of rift-related volcanic
rocks and dike swarms (e.g., Likhanov and Reverdatto, 2015). How-
ever, this scenario does not allow for continuous zircon production
during 950–600Ma (Section 7). Finally, in our preferred interpretation
(Group C′ model), it is followed that by ca. 720Ma SC evolved as an
independent landmass (e.g., Pavlov et al., 2015; Pisarevsky et al., 2013)
and was surrounded by subduction zones at least from the present
western and northern sides (Priyatkina et al., 2017, and this study). In
this interpretation, extensional environments responsible for rift-related
magmatism along the south-western SC margin at ∼800–700Ma are
seen as the result of coexisting rifting (between southern Siberia and
northern Laurentia), and extension caused by the retreat of a con-
tinental ribbon and formation of back arc basins near the south-western
SC.

9. Conclusions

(1) The Neoproterozoic to Lower Cambrian sandstones in the Yenisey
Ridge (the Taseeva basin) contain abundant 2.7–2.5 Ga,
2.0–1.75 Ga and 0.95–0.57 Ga erosional products, and in the
sandstones of the Prisayan Uplift slightly different detrital zircon
ages of 3.0–2.5 Ga, 2.2–1.8 Ga and 0.95–0.65Ma are common.

(2) The sandstones collected below the major Ediacaran unconformity
surface received detritus from proximal Archean and
Paleoproterozoic crustal units of the western SC margin, whereas
the post-unconformity upper Ediacaran to Lower Cambrian sand-
stones formed by cannibalization of the underlying sedimentary
rocks and at the expense of proximal Neoproterozoic arc-related
igneous suites, located in the western fringe of the SC.

(3) Hf isotopic and geological evidence favours the existence of a long-
term Neoproterozoic subduction zone near the western SC margin,
a part of a larger peri-Rodinian subduction system.
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