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A B S T R A C T   

Reconstruction of proportions between juvenile and recycled crust remains challengeable because a big part of 
juvenile source magmatic rocks formed at intra-oceanic arcs, can be destroyed by surface and tectonic erosion 
leaving, at best, greywacke sandstones. Such sandstones are typically hosted by accretionary complexes, which 
study, therefore, is of crucial importance. In this paper we review available geological and micropaleontological 
data and present first U–Pb detrital zircon ages, geochemical data and isotope (Sm–Nd, Lu–Hf) data from 
sandstones of the late Cambrian-early Ordovician Zasur'ya accretionary complex (AС) of NW Altai. No island-arc 
units have ever been reported there. The Zasur'ya AC includes ocean plate stratigraphy (OPS) magmatic and 
sedimentary rocks of three formations, Listvenny (l. Cambrian), Talitsa (Tremadocian) and Marcheta (Floian), 
which age was constrained by microfossils. The OPS assemblage includes basalt, pelagic chert and hemipelagic 
siliceous mudstone and siltstone, and sandstone. We analyzed zircons in five samples. The distributions of U–Pb 
ages of detrital zircons from five samples of sandstones are all unimodal with main peaks at ca. 488 Ma (List-
venny Fm.), 491 Ma (Talitsa Fm.) and 485 Ma (Marcheta Fm.). The Precambrian ages are very few. The 
maximum deposition ages inferred from the youngest populations of zircon ages are ca. 464 Ma. Composi-
tionally, the sandstones are greywackes or feldspar litharenites. The Listvenny and Talitsa sandstones are higher 
silicic (SiO2av. = 68.5 wt%) compared to Marcheta samples (SiO2av. = 60.5 wt%). The major and trace element 
features of all sandstones are similar to supra-subduction intermediate-felsic (Listvenny, Talitsa) and mafic- 
intermediate (Marcheta) magmatic rocks. All samples yielded positive values of zircon εHf(t) (+4.3 to +20.1) 
and bulk-rock εNd(t) (+0.6 to +4.8) indicating juvenile magmatic rocks in the provenance. However, the List-
venny and Talitsa samples show lower εNd(t) (1.3 and 0.8, respectively) than those of the Marcheta Fm. (4.7). 
Probably the Zasur'ya sandstones were deposited in a back-arc basin (Listvenny, Talitsa), and fore-arc basin 
(Marcheta). All Zasur'ya greywacke sandstones were derived by destruction of a single late Cambrian - Early 
Ordovician intra-oceanic arc. The Zasur'ya intra-oceanic arc was identified in NW Altai for the first time and it 
represents a new site of juvenile crustal growth in the CAOB.   

1. Introduction 

Greywacke sandstones of supra-subduction and accretionary com-
plexes represent an invaluable source of information about their 
parental magmatic protoliths, that were emplaced either at intra- 
oceanic, or at continental arcs that once existed at Pacific-type active 
convergent margins of paleo-oceans. Intra-oceanic arcs produce major 

volume of juvenile crust compared to continental arcs (Defant and 
Drummond, 1990; Kelemen et al., 1995; Stern, 2010; Gazel et al., 2015). 
Identification of those arcs is of key importance for reconstructing the 
proportions of juvenile and recycled crust in intra-continental orogenic 
belts that formed as a result of the evolution and closure of paleo-oceans. 
However, direct study of those arcs may appear challengeable due to 
their surface or tectonic erosion (e.g., Clift and Vannucchi, 2004; Scholl 
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and von Huene, 2007; Stern and Scholl, 2010). A solution may come 
from study of greywacke sandstones formed by direct destruction of 
magmatic arcs. Recently, more and more geochronological, geochemical 
and isotope data have been obtained from such sandstones hosted by 
modern and old supra-subduction and accretionary complexes (e.g., 
Jiang et al., 2011; Long et al., 2012; Konopelko et al., 2021a; Hu et al., 
2022; Perfilova et al., 2022; Safonova et al., 2021, 2022). These data 
gave us a clue to the reconstruction of new juvenile intra-oceanic arcs. 
U–Pb ages of detrital zircons from sandstones provide constraints on 
the age of magmatic rocks in the source areas. In addition, U–Pb detrital 
zircon data help to define maximal depositional ages, which can 
contribute to better understanding of regional stratigraphy, because 
such sandstones seldom carry well-preserved microfossils. Petrographic, 
geochemical and isotopic characteristics of greywacke sandstones would 
allow us to infer the composition and petrogenesis of parental magmatic 
rocks and, finally, to reconstruct the type of parental arc, intra-oceanic 

or continental. Such reconstructions are important to develop reliable 
tectonic models and further related models for orogeny-related ore 
mineralization. 

In fossil Pacific-type orogenic belts greywacke sandstones typically 
occur as parts of accretionary and supra-subduction complexes. The 
Central Asian Orogenic Belt (CAOB), the word largest accretionary 
orogen, that formed by the suturing of the Paleo-Asian Ocean (e.g., 
Zonenshain et al., 1990; Sengör et al., 1993; Dobretsov et al., 2003; 
Safonova, 2009) consists of numerous island-arc and continental arc 
terranes including supra-subduction and accretionary complexes, 
microcontinents, fore-arc and back-arc turbidite basins, intra-plate 
volcanic and plutonic belts (Berzin et al., 1994; Didenko et al., 1994; 
Buslov et al., 2001, 2002; Windley et al., 2007; Xiao et al., 2004, 2010; 
Safonova et al., 2017). Although the CAOB has been studied by many 
research teams worldwide, the proportions of juvenile and recycled 
crust in the Central Asian Orogenic belt, remain debatable (Kröner et al., 

Fig. 1. Simplified geological scheme of the western Central Asian Orogenic Belt (CAOB, adapted from Buslov and Safonova, 2010). Insert: tectonic outline of the 
CAOB. Abbreviations: AM, Altai-Mongolian; B, Barguzin; CTSZ, Charysh-Terekta suture-shear zone; GA, Gorny Altai; NCC, North China continent; SC, Siberian 
continent; TC, Tarim continent; TM, Tuva-Mongolian. 
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2014, 2017; Safonova, 2017). The precise evaluation of such pro-
portions is necessary for developing new and upgrading former regional 
to global models of geodynamic evolution and mineral exploration. 
Recently, several new intra-oceanic arcs have been identified in the 
western CAOB (Safonova et al., 2017, 2018, 2020; Degtyarev et al., 
2021a), including those reconstructed from greywacke sandstones 
(Safonova et al., 2021, 2022; Safonova and Perfilova, 2023). However, 
other results still show a big portion of recycled crust in the CAOB., 
Evidence for that comes from U–Pb detrital zircon ages, which spectra/ 
histograms show both Paleozoic peaks with positive to negative εHf(t) in 
zircon and Precambrian zircons, plus isotopic studies of igneous rocks, 
whole-rock Nd and Hf-in-zircon, showing either only negative or both 
negative to positive values of εNd(t) and εHf(t) (e.g., Degtyarev et al., 
2017; Biske et al., 2019; Ganbat et al., 2021; Konopelko et al., 2021a, 
2021b; Alexeiev et al., 2023; Wang et al., 2023). Such isotope data 
indicate participation of recycled crust material in magma generation. 

In this paper we present first geochronological, geochemical and Hf 
and Nd isotope data from sandstones of the Zasur'ya accretionary 
complex or terrane of the Charysh-Terekta suture-shear zone in the 
northwestern Altai, a region in the western CAOB (Fig. 1). In addition, 
we review available geological and biostratigraphical (radiolarians and 
conodonts) data from that geological structure (Supplementary Tables 
S1, S2) (Iwata et al., 1997; Sennikov et al., 2003, 2011; Krutikova et al., 
in press). The new age data partly disagree with the available micro-
paleontological data thus requiring revision of the stratigraphic subdi-
vision of the Zasur'ya AC. Our new geochemical and isotope data reveal 
that the Zasur'ya sandstones formed by destruction of late Cambrian to 
Early Ordovician mafic to felsic magmatic rocks of supra-subduction 
origin with juvenile source characteristics. We document at least one, 
possibly two intra-oceanic arcs, which fully disappeared from the sur-
face as magmatic bodies. Such an intra-oceanic arc has never been 
recognized in the study area before and definitely shifts the juvenile- 
recycled crust balance in the CAOB to the juvenile side. 

2. Tectonic framework of northwestern Altai 

North-western Altai is a part of the Altai orogenic belt or orogen 
extended over the territories of four countries: China, Kazakhstan, 
Mongolia and Russia (e.g., Cunningham et al., 1996; Li and Poliyangsiji, 
2001; Buslov et al., 2001; Windley et al., 2002; Safonova, 2014). the 
Altai orogen is located in the western CAOB and is linked to the late 
Neoproterozoic-early Paleozoic evolution of the Paleo-Asian Ocean, 
PAO (Dobretsov et al., 2003; Buslov et al., 2001; Safonova, 2014). In 
general, the early Paleozoic structures of the western CAOB are domi-
nated by island arc terranes once formed at active margins of the PAO 
(Selety-Urumbai, Boshchekul-Chingiz, Tekturmas, Itmurundy, Song-
kul), and microcontinents, Kokchetav, Aktau-Mointy, North Tienshan, 
Junggar and Altai-Mongolian (e.g., Buslov et al., 2001; Li and 
Poliyangsiji, 2001; Windley et al., 2007; Degtyarev, 2011; Jiang et al., 
2011; Safonova, 2014, 2017; Liu et al., 2016; Alexeiev et al., 2020, 2023; 
Konopelko et al., 2021a, 2021b). In the territory of Russia, the Altai 
orogen is considered as the western part of the Altai-Sayan folded area 
(ASFA), which, in general, represents an accretionary-collisional belt 
formed at the junction zone of the Siberian and Kazakhstan continents, 
which approached each other during the middle-late Paleozoic evolu-
tion and closure of the PAO (e.g., Zonenshain et al., 1990; Berzin et al., 
1994; Dobretsov et al., 2003; Safonova et al., 2017). 

The ASFA has a complicated, mosaic-type structure consisting of 
microcontinents built upon Precambrian basements, Neoproterozoic- 
early Paleozoic island-arc and active continental margin terranes, 
accretionary complexes and their hosted fragments of oceanic crust or, 
in other words, units of ocean plate stratigraphy (e.g., Li et al., 2007; 
Buslov et al., 2002; Safonova, 2009; Glorie et al., 2011) (Fig. 1). The 
structure of the ASFA records two important collisional stages: the late 
Devonian-early Carboniferous collision of the Altai-Mongolian terrane 
with the Siberian continent and the late Carboniferous-Permian collision 

of the Kazakhstan and Siberian continents (Buslov et al., 2001). 
The Altai orogen formed at the south-western active margin of the 

Siberian continent and represents an early stage of the formation of 
CAOB continental crust. The tectonic structure of Altai is also a collage 
of terranes formed in different tectonic settings and at different stages of 
the evolution of the PAO. The Altai orogen consists of late Neo-
proterozoic to early Paleozoic supra-subduction complexes including 
accreted oceanic crust (accretionary complexes), continental arc and 
intra-oceanic arc, and fore-arc terranes (e.g., Buslov et al., 2001, 2002; 
Safonova et al., 2008, 2011a, 2011b; Kruk et al., 2018; Safonova, 2014). 
The terranes are separated from each other by late Paleozoic thrust 
faults and strike-slip faults (Buslov et al., 2004). The Altai orogen is a key 
area to understand the establishment of late Neoproterozoic-early 
Paleozoic juvenile versus continental crust of the CAOB, in particular, 
the proportions of juvenile and recycled crust (e.g., Kovalenko et al., 
2004; Xiao et al., 2004; Windley et al., 2007; Safonova, 2017). 

A major tectonic structure of northwestern Altai is a reactivated 
suture-shear zone named Charysh-Terekta (Buslov et al., 2001) or 
Charysh-Terekta-Ulagan (Glorie et al., 2011). The 130–150 km long 
Charysh-Terekta suture-shear zone (CTSZ) is bordered by the Altai- 
Mongolian and Gorny Altai terranes, both parts of the ASFA, in the 
east and south, respectively, and by the Rudny Altai terrane, a part of the 
Ob’-Zaisan folded area, in the west (Figs. 1, 2). The CTSZ is separated 
from the Gorny Altai terrane by the Baschelak fault and from the Rudny 
Altai terrane by the North-Eastern fault (Fig. 2). The CTSZ formed by the 
late Devonian collision of the Altai-Mongolian microcontinent and Si-
berian continent (Fig. 1) (Buslov et al., 2001). 

Five structural-formational units have been recognized in the CTSZ 
(from west to east): Inya, Kur'ya-Akimov, Charysh, Zasur'ya, and Mar-
alikha (Fig. 3). The units are separated by zones of intensive shearing 
and greenschist metamorphism. Each unit is dominated by a specific set 
of lithologies formed in different tectonic settings. The Inya Unit consist 
of middle-late Cambrian-polymictic terrigenous sedimentary rocks 
(sandstones) of the Suetka Formation, possibly derived from an island 
arc, and fore-arc Ordovician-Silurian carbonate rocks and terri-
genous‑carbonate rocks (Buslov et al., 2000). The Kur'ya-Akimov Unit is 
dominated by early-middle Devonian volcano-sedimentary rocks prob-
ably formed at an active margin similar to that described in the adjacent 
Gorny Altai terrane (Buslov et al., 2002; Safonova, 2014). The Charysh 
Unit consists of Middle-Late Ordovician tuffs, sandstones, siliceous 
mudstones and siltstone, that form, in places, turbidite-like rhythmically 
bedded packages. These volcanogenic-sedimentary rocks possibly 
deposited in a forearc trough. 

The Zasur'ya Unit is dominated by late Cambrian-Early Ordovician 
sedimentary and igneous rocks of oceanic origin (e.g., Iwata et al., 1997; 
Buslov et al., 2000; Sennikov et al., 2003). The sedimentary rocks are 
dominantly chert, siliceous mudstone and siltstone, and sandstone. The 
igneous rocks are basalts possessing geochemical affinities of oceanic 
island basalts (OIB) and mid-oceanic ridge basalts (MORB) (Buslov et al., 
2001; Safonova et al., 2011a). The Zasur'ya Unit has sheared and 
deformed boundaries with the surrounding Charysh and Maralikha units 
(Fig. 3). The Maralikha Unit (also referred to as Talitsa Unit in Buslov 
et al., 2000) takes the easternmost position in respect to the other units 
and occupies the largest area (Fig. 3). It consists of dark-grey phyllites, 
siliceous mudstones and siltstones and sandstones. The sandstones and 
siliceous sedimentary rocks also form turbiditic associations. The 
sandstones consist of poorly rounded clasts of volcanic rocks, chert, 
siliceous mudstone, quartz and feldspar submerged into sericite- 
chlorite-siliceous matrix (Buslov et al., 2000). In this paper, we will 
focus on the Zasur'ya Unit (Isozaki et al., 1990; Safonova et al., 2011a; 
Safonova and Santosh, 2014), with a special emphasis to the first data 
obtained from siliciclastic/terrigenous rocks (sandstones) associated 
with OPS igneous and sedimentary rocks (Supplementary Fig. S1, Table 
S1). 
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Fig. 2. Tectonic scheme of the Altai-Sayan Folded Area (ASFA) (modified from Buslov et al., 2001). F, fault; OPS, Ocean Plate Stratigraphy; Zs, Zasur'ya AC.  

Fig. 3. Geology and structure of the northwestern Charysh− Terekta suture-shear zone; modified from Buslov et al., 2001. Numbers in circles are for structural units: 
1, Inya; 2, Kur'ya-Akimov; 3, Charysh; 4, Zasur'ya; 5, Talitsa. 
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3. Zasur'ya accretionary complex: lithology and stratigraphy 

3.1. The nature of the Zasur'ya Series 

The nature of the Zasur'ya Unit has been remaining a matter of de-
bates since the late 1990-ties. The first group of scientists (e.g., Buslov 
et al., 1999, 2000, 2001; Glorie et al., 2011; Buslov, 2011) considered 
the Zasur'ya Unit as an exotic terrane squeezed between two terranes, 
Rudny Altai and Gorny Altai, and located at the north-western tip of the 
extended Charysh-Terekta-Ulagan-Sayan suture. The second group of 
scientists referred the sedimentary and igneous rocks of this unit to as 
Zasur'ya Formation or Suite (Iwata et al., 1997) and then, later, Zasur'ya 
Series (Sennikov et al., 2003). Later, I. Safonova with co-authors 
(Safonova et al., 2004, 2011a; Safonova and Santosh, 2014) recog-
nized a succession of ocean plate stratigraphy there (OPS; Isozaki et al., 
1990): basalt (MORB) – pelagic sediments (radiolarian, ribbon chert), 
hemipelagic sediments (siliceous shale, mudstone, siltstones), trench 
sediments (turbidites) and oceanic island facies (OIB, epiclastic slope 
facies). More evidence for the accretionary nature of the Zasur'ya Unit 
comes from careful mappings of OPS sediments at key outcrops of NW 
Altai showing their almost vertical bedding and repeated packages of 
chert-shale-sandstone resembling the thrust-duplex structures (Kruti-
kova et al., in press). Such structures are typical of all accretionary 
complexes, both younger complexes of the western Pacific (e.g., Isozaki 
et al., 1990; Ueda, 2005; Wakita, 2012; Safonova et al., 2016) and older 
ones of Central Asia and worldwide (e.g., Komiya et al., 1999; Mar-
uyama et al., 2010; Kusky et al., 2013; Burg, 2018; Safonova et al., 
2020). 

The Zasur'ya OPS succession from basalt to pelagic cherts, siliceous 
hemipelagites and sandstones and the high-angle to vertical bedding of 
the sediments confirm the accretionary nature of the Zasur'ya Series. 
Consequently, as the Zasur'ya Unit hosts accreted OPS rocks and consists 
of tectonic sheets of deep-sea oceanic sediments and volcanic rocks 
erupted over the oceanic floor or at oceanic islands, in this paper we 
refer it to as accretionary complex (AC). 

In a wide sense, the Zasur'ya AC hosts fragments of the late 
Cambrian-Early Ordovician crust of the Paleo-Asian Ocean (Safonova 
et al., 2011a). The sedimentary formations of the Zasur'ya AC occur in 
tectonic contacts with surrounding Cambrian (?) and Late Ordovician- 
Silurian terrigenous and terrigenous‑carbonate rocks of the Charysh 
and Maralikha units (section 2, Fig. 3). The Cambrian age of the rock 
formations surrounding the Zasur'ya AC remains questioned, as no 
microfauna have been found there so far. The previous researchers 
considered those formations as Cambrian judging by geological and 
structural relationships (Buslov et al., 2000; Sennikov et al., 2003, 
2018). As a result, the age boundaries of the formations and the source of 
the sandstones remain not well identified. 

3.2. Stratigraphy and lithology 

The Zasur'ya AC include mostly sedimentary rocks of the Zasur'ya 
Series, that, according to Sennikov and co-authors (Sennikov et al., 
2003, 2011) consists of three formations (bottom to top): Listvenny, 
Talitsa and Marcheta (Fig. 4). All three formations are dominated by 
sedimentary rocks with a subordinate amount of volcanic and sub-
volcanic rocks (Buslov et al., 1999, 2000; Sennikov et al., 2003; Safo-
nova et al., 2011a). In general, the sedimentary rocks are dominated by 
pelagic chert, hemipelagic siliceous shale, mudstone and siltstones, and 
sandstones. The pelagic and hemipelagic sediments carry late Cambrian 
– Early Ordovician radiolarians and conodonts (supplementary Tables 
S1, S2) (Iwata et al., 1997; Sennikov et al., 2011). 

The lower Listvenny Fm., which rocks are outcropped in the northern 
and central parts of the Zasur'ya Unit (Fig. 3), consists of basalts, pelagic 
cherts, hemipelagic siliceous shales and mudstones, and coarser-grained 
terrigenous rocks, siltstone and sandstone (Fig. 4). The small outcrops of 
basaltic flows (Fig. 5A) and pillow-lavas are (seldom outcropped) in 

contact with red, grey-brown, violet and grey ribbon cherts (Fig. 5B). 
The cherts are typically overlapped by red-brown and grey mudstones 
and siltstones intercalated with greenish-grey and grey sandstones 
(Figs. 4, 5C). The cherts and siliceous shales associated with basalts 
show signatures of down-slope slumping as semi-sphere textures (10–20 
cm), syn-sedimentary epiclastic Z-folding (Fig. 5D), and brecciation. 
Such structures and textures and the geochemical affinities of the un-
derlaying basalts suggest their deposition on slopes of an oceanic rise 
(island, seamount) (Safonova et al., 2011a; Sennikov et al., 2011). The 
red cherts of the Listvenny Fm. contain late Cambrian radiolarians and 
conodonts, Aksay and Batyrbai ages according to the Russian Strati-
graphic Code (Sennikov et al., 2003, 2018; Stratigraphic Code of Russia, 
2006). 

The middle Talitsa Fm. crops out in the central and south-eastern 
part of the Zasur'ya Unit (Fig. 3). It consists of alternated packages of 
grey, greenish and motley shales, mudstones, siltstones and sandstones 
(Fig. 4, 5E). The subordinate basalts are also compositionally similar to 
OIB (Iwata et al., 1997; Buslov et al., 2001; Safonova et al., 2011a). In 
addition, there are also volcanic rocks associated with sandstones, which 
composition is close to supra-subduction basalt Supplementary Table 
S2, but only one sample has been identified and studied so far (sample 
TLC-21-05). The lower stratigraphic boundary of the formation has not 
been well-defined and is arbitrary considered as lower Tremadocian. 
The siliceous mudstones of the upper part of the Talitsa Fm. carry late 
Tremadocian-Floian radiolarians and conodonts (Sennikov et al., 2015). 

The sedimentary rocks of the Marcheta Fm. are exposed in the south- 
eastern part of the Zasur'ya Unit (Fig. 3). The dominating lithologies are 
pelagic chert, hemipelagic siliceous sedimentary rocks and sandstones 
plus tuffs and tuffaceous sandstones (Fig. 4). No igneous rocks in direct 
contact with paleontologically dated sediments have been found so far. 
The red and red-brown cherts have massive and ribbon textures 
(Fig. 5F). The cherts, together with greenish-grey, grey and tobacco-grey 
siltstones (Fig. 5G) and grey to dark-grey poorly sorted sandstones 
(Fig. 5H), form repeated packages resembling turbidites (Fig. 5I). The 
bedding of all packages is almost vertical. The siltstones often look 
strongly sheared (Fig. 5G). Red cherts contain Tremadocian-Floian 
conodonts, radiolarians and siliceous sponge spicules (Sennikov et al., 
2011, 2015; Obut, 2023). 

The sandstones of all three formations, the foci of this paper, occur as 
packages with deep-sea sediments (chert, siliceous shale, etc.) having 
high-angle to almost vertical bedding. The contacts between the pack-
ages are typically covered by vegetation and represent shallow dry 
valleys (Krutikova et al., in press). We sampled sandstones of the List-
venny, Talitsa and Marcheta formations at the Molchanikha, Talitsa and 
Marcheta localities, respectively (Supplementary Table S1; Fig. 3; Fig. 
S1). 

3.3. Description of sampling localities 

The Molchanikha Locality is situated in the northern part of the 
Zasur'ya AC and includes outcrops of sedimentary rocks of the Listvenny 
Fm., red to brown ribbon chert, locally quartzitised, grey to brown-grey 
siliceous mudstones and dark to light grey sandstones. The cherts and 
mudstones are present in almost equal amounts, the sandstones are less 
voluminous. The cherts host microfossils, late Cambrian (Batyrbai ac-
cording to the Russian Stratigraphic Code) radiolarians and conodonts 
(Sennikov et al., 2011). The sandstones occur in the upper parts of the 
repeated packages together with chert and siliceous mudstones (Fig. 4) 
and visually resemble greywackes as their clasts are poorly sorted and 
poorly rounded. The SWW-striking sedimentary packages dip at high 
angles. In places, the siliceous mudstones and sandstones rhythmically 
alternate. The thickness of sandstone beds varies from 2 to 20 m. 

The Talitsa Locality is more to the south-east (Fig. 3). The dark-grey 
or green sandstones (Fig. 5E) are associated with siliceous mudstones, 
siltstones and chert of the Talitsa Fm. (Fig. 4) and with volcanic rocks of 
unclear origin. The cherts are subordinate in volume (less 2%). The 
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Fig. 4. Generalized lithology-stratigraphic columns of the Listvenny, Talitsa and Marcheta formations (compiled based on the data from Sennikov et al., 2011).  
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siliceous mudstones and siltstones have tiled and massive textures. In 
the upper part of the section, the sedimentary rocks show clear signa-
tures of contact metamorphism to form cordierite hornfels as a result of 
intrusion of late Carboniferous granitoids (Fig. 3) (Vladimirov et al., 
2008). The siliceous mudstones of this locality carry Tremadocian 
conodonts and radiolarians (Sennikov et al., 2011). The boundaries 
between different lithologies are covered by vegetation. 

The Marcheta Locality is also situated in the southeastern part of the 
Zasur'ya AC, about 30 km northeast of the Talitsa Locality. The SE- 
striking vertical to subvertical sedimentary strata are dominated by 
cherts, siliceous claystone, thin-bedded mudstone, siltstone and grey 
and greenish-grey poorly sorted fine to coarse-grained sandstones of the 
Marcheta Fm. (Fig. 5). The fine-grained (Fig. 5F-I) and coarse-grained 
(Fig. 5H) sandstones have bedded and massive textures, respectively. 
The fine-grained varieties are often intercalated with mudstones or 
siltstones. The chert and siliceous claystone have ribbon textures. Con-
odonts and radiolarians from the siliceous mudstones are of Trem-
adocian and Floian ages (Sennikov et al., 2011). All these lithologies 
form repeated packages separated by faults. We documented direct 
contacts between chert and siliceous claystone or mudstone and be-
tween sandstones and siltstones (Fig. 5I). 

For geochronological, geochemical and isotope studies we sampled 
sandstones at as large as possible exposures with minimal amounts of 
cracks filled by quartz and carbonates and showing lower degrees of 

secondary alteration. The best samples were selected for petrography 
and bulk-rock studies: U–Pb zircon dating, X-ray fluorescence for major 
elements, ICP MS for rare elements and bulk-rock Sm–Nd isotopes and 
Lu–Hf in zircon. For details on methods and analytical procedures see 
Suppl. Electr. materials. 

4. U–Pb geochronology of detrital zircons 

U-Pb ages were determined in zircons from 5 samples of sandstones 
of the Listvenny Fm., (Molchanikha Locality; sample SSS-4/1), Talitsa 
Fm. (Talitsa Locality; samples TLC-21-15,16,18) and Marcheta Fm. 
(Marcheta Locality; sample MR-20-02.2) (Supplementary Table S1; 
Fig. 6). The isometric to prismatic zircon grains are dominantly trans-
parent, some slightly yellowish. The angular shape of the grains suggests 
their short-distant transportation and fast burial (Supplementary Fig. 
S2). In CL photos, most zircons reveal magmatic-type (oscillatory) 
zoning (Supplementary Fig. S2); the size of grains is between 50 and 180 
μm. Th/U values span 0.16 to 1.9, also confirming their magmatic 
genesis (Hanchar and Hoskin, 2003) (Supplementary Figs. S2, S3). 
Totally, we analyzed 540 detrital zircons from Zasur'ya sandstones 
(Supplementary Table S3). In the 207Pb/235U - 206Pb/238U concordia 
diagram, most points also plot very close to the concordia or a bit to the 
right of it (Fig. 6). 

One hundred forty zircons were analyzed in sample SSS-4/1 

Fig. 5. Field photos: A, small outcrop of OIB-type basalt; B, basalt in contact with chert; C, contact between pelagic chert and hemipelagic mudstone; D, slope 
sediments with Z-folds; E, sandstones (TLC-21-15); F, ribbon chert; G, contact between sandstone and siliceous mudstone; H, sandstones with block structure (MR-20- 
02/2); I, turbidites. Formations: A-D, Listvenny Fm.; E, Talitsa Fm.; F–I – Marcheta Fm. 
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(Molchanikha Locality, Listvenny Fm.), of which 131 showed concor-
dant 207Pb/235U and 206Pb/238U ratios within ±5% (Supplementary 
Table S3). In the 207Pb/235U - 206Pb/238U concordia diagram, the points 
plot in the interval from 650 to 450 Ma (Fig. 6A). The histogram and 
probability curve distribution of U–Pb ages is unimodal showing a main 
peak at 520–460 Ma (N = 111), plus a much smaller peak at 650–610 Ma 
(N = 7) and two groups of Precambrian ages clustered at 2360–1855 Ma 
(N = 7) and 875–760 Ma (N = 6) (Fig. 6B). The total amount of the 
Precambrian ages is about 13%. The weighted average of the main peak 
is 487.4 ± 3.1 Ma (late Cambrian). The youngest grains range in age 
from 468 to 465 Ma (N = 6). The weighted average of the youngest 
cluster is 465.7 ± 5.1 Ma, i.e., Late Ordovician (Fig. 7A). 

In the three samples of sandstones from Talitsa Locality (Talitsa Fm.), 
we analyzed 293 grains, of which 290 yielded concordant U–Pb ages 
(Supplementary Table S3). In the 207Pb/235U - 206Pb/238U concordia 
diagram, most points span the interval from 550 to 450 Ma (Fig. 6C). 
The distribution of the U–Pb ages is also unimodal showing a main 
cluster at ca. 560–460 Ma (N = 251) with a weighted average of 491.2 
± 2.1 Ma (late Cambrian) (Fig. 6D). The oldest zircons are ca. 2881 and 
2069 Ma, about 10% of the whole population of U–Pb ages. The age of 
the youngest zircons spans 465 to 463 Ma (N = 6). The weighted average 
of the youngest cluster is 464.0 ± 6.9 Ma, i.e., also Late Ordovician 
(Fig. 7B). 

In sample MR-20-02/2 (Marcheta) we analyzed 107 grains with 98 
ratios concordant at ±5% (Table S2). In the 207Pb/235U - 206Pb/238U 
concordia diagram, most points span the interval from 550 to 450 Ma 
(Fig. 6E). The distribution of the U–Pb ages is also unimodal showing a 
main cluster at 520–460 Ma (N = 93) (Fig. 6F). The oldest zircons are of 
ca. 534 and 548 Ma, i.e., almost nil Precambrian ages. The weighted 
average of the main peak is 485.4 ± 3.9 Ma (exactly the border between 
the late Cambrian and Early Ordovician). The youngest grains range in 
age from 466 to 464 Ma (N = 6). The weighted average of the youngest 
cluster is 464.7 ± 5.3 Ma (Fig. 7C). 

5. Petrography 

We chose 27 sandstones sampled at the Molchanikha, Talitsa and 
Marcheta localities of the Zasur'ya AC (Fig. 3) for detailed petrographic 
descriptions (Fig. 8). The sandstones of all localities are grey, dark-grey 
to greenish grey, low sorted, have psammitic structure and massive 
texture and lack cement. They consist of unrounded to semi-rounded 
clasts of mafic to felsic volcanic rocks, siliceous sedimentary rocks, 
quartz, plagioclase and K-feldspar submerged into a thin-grained dark 
matrix. The Molchanikha fine- to medium-grained, grey and dark-grey 
sandstones (Listvenny Fm.) consist of 0.1–0.6 mm sized lithic frag-
ments and mineral grains: volcanic rocks (20–36%), siliceous mudstone 
and chert (16–28%), quartz (5–25%), plagioclase (10–19%) and K- 
feldspar (6–10%) (Fig. 8A, B). The magmatic rocks of lithic fragments 
have hyalopilitic and microlithic microstructures. The accessory min-
erals are zircon, titanite and mica. Several samples show secondary 
alteration accompanied by iron oxides and epidote. 

The sandstones from Talitsa location (Talitsa Fm.) are medium- 
grained, dark-grey and greenish grey. The 0.1–0.7 mm clasts are 
lithics, magmatic rocks (24%), siliceous mudstone and chert (16%), and 
minerals, quartz (37%), plagioclase (17%) and K-feldspar (4%) 
(Fig. 8C). The hyalopilitic, intersertal and vitroporphic microstructures 
are well seen in the clasts of mafic to andesitic magmatic rocks. There 
are also rare clasts of felsic rocks (granitoides). The accessory minerals 
are zircon and titanite. Several samples show secondary alteration 
accompanied by iron oxides and epidote. In addition, we found the only 
outcrop of a volcanic rock, which appeared aphyric basalt (Fig. 8D). 

The sandstones of the Marcheta Fm. are mostly medium- to coarse- 
grained, greenish grey. The clasts are volcanic rocks with abundant 
plagioclase laths (24–49%), sedimentary rocks (chert, siliceous 
mudstone; 14–24%), plagioclase (14–21%), K-feldspar (1–15%), mono- 
(7–17%) and polycrystalline (4–7%) quartz (Fig. 8E, F). The accessory 

minerals are zircon, titanite, and mica. The secondary alteration resulted 
in saussuritization of plagioclase and chloritization and epidotization of 
mafic mineral and volcanic glass plus iron oxides. Compared to the 
Molchanikha and Talitsa sandstones, the Marcheta samples contain less 
quartz (Qt up to 22% compared with 34 and 36%, respectively) and 
more fragments of volcanic rocks, which also have hyalopilitic, vitro-
porphic and microlithic microstructures. 

For a first-step classification and further tectonic discrimination, we 
counted at least 300 clasts of lithic and mineral fragments in 10 thin 
sections (Galehouse, 1971; Supplementary Table S4). According to the 
classification of Shutov (1967), the sandstones of the Listvenny and 
Talitsa formations are feldspar-quartz greywackes, whereas those of the 
Marcheta Fm. are mostly quartz-feldspar greywackes (Fig. 9A). Folk's 
classification (Folk et al., 1970), distinguishes the sandstones of all three 
formations as feldspatic litharenite (Fig. 9B). 

6. Bulk-rock geochemistry 

We characterized the chemical composition of the sandstones based 
on the concentrations of major oxides (27 analyses) and trace elements 
(20 analyses) (Supplementary Table S5). Compared to other localities, 
the Listvenny sandstones have higher SiO2 (64.8–70.3 wt%), but lower 
TiO2 (0.7–1.1 wt%), Al2O3 (11.5–14.8 wt%), Fe2O3 (5.2–7.0 wt%), MgO 
(1.8–3.0 wt%). The Marcheta sandstones show the lowest contents of 
SiO2 (54.4–65.4 wt%) and notably higher TiO2 (0.7–1.4 wt%), Al2O3 
(14.1–18.9 wt%), Fe2O3 (6.7–9.6 wt%), and MgO (2.8–4.0 wt%). The 
chemistry of the Talitsa samples overlaps both, the Listvenny and Mar-
cheta samples. Compared to the sandstones, the only Talitsa basalt 
shows the lower content of SiO2 (48.3 wt%), similar contents of TiO2 and 
Al2O3 (1.2 and 14.4, respectively), higher Fe2O3 and MgO (12.2 and =
7.9, respectively) giving #Mg = 56.7, and higher CaO = 12.0 wt%. 

The Pettijohn's classification diagram shows that the Listvenny and 
Talitsa samples plot in the field of greywackes. The Marcheta samples 
split into two groups: one is for litharenite, the second is for greywacke 
(Fig. 10A). To evaluate maturity and alteration, we used the index of 
compositional variability (ICV; Cox and Lowe, 1995) and the chemical 
index of alteration (CIA; Nesbitt and Young, 1982), which both are 
useful geochemical parameters for studying provenance and paleo- 
weathering of terrigenous rocks (Fig. 10B). Typically, low-weathered 
sediments are characterized by CIA < 70. The values of ICV higher 
than 1 indicate a low content of clay minerals, i.e., a low degree of 
maturity. The values of ICV in the Zasur'ya sandstones ranges from 2.0 to 
2.7 indicating that the sediments are immature. The immature character 
of terrigenous rocks is typical, first of all, of greywackes. The values of 
CIA vary from 47.2 to 68.3, i.e., the sediments are relatively fresh. 

In the SiO2 versus major oxides binary plots, the compositional 
points form clear negative trends for TiO2, Al2O3, MgO and Fe2O3 with 
increasing SiO2 (Fig. 11). Such trends are typical of supra-subduction 
mafic to andesitic volcanic series (Tatsumi, 2005). The Talitsa basalt 
plots on the trend in the SiO2 vs. Fe2O3 plot (Fig. 11C). In terms of trace 
elements, it shows Zr/Nb = 11, (La/Sm)n = 3.6, (Gd/Yb)n = 1.8, (La/ 
Yb)n = 8.8, (Nb/Th)pm = 0.2 and (Nb/La)pm = 0.2. These features are 
typical of supra-subduction basalts hosted by other Pacific-type orogenic 
belts of the western CAOB and western Pacific (Safonova et al., 2011a,b, 
2016, 2017, 2018, 2020). 

The diagrams of the concentrations of rare-earth elements (REE) 
normalized to chondrite (Fig. 12A-C) and the multi-component dia-
grams of the concentrations of trace elements normalized to the primi-
tive mantle (Fig. 12D-F) look similar to all three groups, but those for 
Marcheta sandstones show lower concentrations of all elements than the 
others. All multi-component diagrams show clear troughs at Nb–Ta 
(Nb/Lapm = 0.2–0.6, Nb/Thpm = 0.1–0.3) and negative Ti anomalies 
that is typical of most supra-subduction magmatic series. The REE dia-
grams show enrichments at the light REE (LREE), but non-differentiated 
heavy REE (HREE). The Listvenny sandstones are more enriched in the 
LREE (ΣLREEav. = 118), then those of the Talitsa and Marcheta localities 
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Fig. 6. U–Pb isotope data from zircons from Zasur'ya greywacke sandstones: concordia diagrams, histograms and probability curves.  
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(ΣLREEav. = 104 and 80, respectively). The Marcheta sandstones show a 
lower average content of Th (3.3 ppm) and higher Sr (533) compared to 
those of the Listvenny (Thav. = 5.4 and Srav. = 181) and Talitsa (Thav. =

4.9 and Srav. = 220) formations (Supplementary Table S5). Thus, 
petrographically and geochemically the sandstones under study are 
greywackes, first cycle immature and low-weathered sediments. The 
Marcheta sandstones are more mafic that those of the Listvenny and 
Talitsa localities. The Talitsa basalt displays the REE and multi- 
component patterns very similar to those of the greywackes. The over-
all composition of the samples in respect to both, major and trace ele-
ments, resemble those of basaltic to dacitic volcanic rocks of supra- 
subduction origin. 

7. Sm–Nd and Lu–Hf isotope systematics 

Bulk-rock Sm–Nd isotopic compositions of clastic rocks have been 
successfully applied by many researchers to reconstruct the modal age 
and juvenile or recycled character of magmatic rocks in the provenance. 
Here, we present first data on Sm–Nd isotope systematics from Zasur'ya 
greywacke sandstones (Supplementary Table S6). We chose nine most 
fresh samples of sandstones, three from each formation. Sm147/Nd144 

and Nd143/Nd144 ratios were measured in “Geoanalyst” Center of the 
Institute of Geology and Geochemistry UrB RAS, Yekaterinburg, Russia 
(for methods see Supplementary electronic materials). Both, biostrati-
graphic and U–Pb detrital zircon ages, were used to calculate initial 
isotope ratios (see sections 3 and 4). The calculated parameters are 
shown in the age versus εNd(t) plot (Fig. 13A). 

The Listvenny samples of the Molchanikha Locality (SSS-4/1, MOL- 
20-01, MOL-20-02) show the measured ratios of 143Nd/144Nd and the 
values of 147Sm/144Nd in the 0.512447–0.512456 and 0.1162–0.1168 
ranges, respectively (Supplementary Table S6). The yielded only posi-
tive εNd(t) values (1.29–1.42) with Nd model ages (TDM2) of 962 to 953 
Ma. The Talitsa samples (TLC-21-16, 17, 18) have bit different Sm–Nd 
isotopes characteristics with the measured ratios of 143Nd/144Nd and the 
values of 147Sm/144Nd are in the ranges of 0.512449–0.512477 and 
0.1256–0.1345, respectively. The Talitsa samples yielded less positive 
εNd(t) values of 0.63–0.86 with TDM2 model ages of 1109–1051 Ma. The 
youngest Marcheta samples possess most juvenile isotope characteris-
tics: the values of 143Nd/144Nd and 147Sm/144Nd span 
0.512593–0.512683 and 0.1246–0.1331, respectively, and the εNd(t) 
values are 3.60–4.83 giving the Nd model ages (TDM2) of 816 to 740 Ma 
(Fig. 13A). Thus, the Listvenny and Talitsa sandstones show more 
enriched compositions and older model ages that the Marcheta samples. 
The Talitsa basalt yielded the measured ratios of 143Nd/144Nd and 
147Sm/144Nd of 0.513220 and 0.2301, respectively, giving the value of 
εNd(t) = 9.29, TDM2 = 640. 

Lu-Hf-in-zircon isotopes were analyzed in zircons from sandstones of 
all three formations (Supplementary Table S7; Fig. 13B). All analyzed 
zircons yielded strongly positive εHf(t) values. Fifteen zircons from 
sample SSS-4/1 (Listvenny Fm., Molchanikha Locality) yielded εHf(t) 

values of +6.5 to +18.6 (13.3 in average). The εHf(t) values of 39 zir-
cons from the three samples of the Talitsa Fm. (TLC-21-15, 16, 18) are 
more variable ranging from 3.8 to 21.6, although the mean value of 13.5 
is close to that for the Listvenny Fm. The interval of the values of εHf(t) 
recorded in 17 zircons from Marcheta is the narrowest: from 7.5 to 19.2 
(11.1 in average). 

8. Age of arc magmatism and maximum deposition ages 

The first U–Pb ages of detrital zircons from greywacke sandstones of 
the Zasur'ya AC of NW Altai are extremely important on the following 
reasons. First, the Zasur'ya terrane or zone represents a junction between 
the Gorny Altai and Rudny Altai terranes on the east and west, respec-
tively (Fig. 2), that formed at active margins of the Siberian Continent at, 
respectively, the late Neoproterozoic-early Cambrian and middle 
Paleozoic stages of the evolution of the PAO (Buslov et al., 2000, 2001). 
In terms of tectonics, the Zasur'ya terrane was considered an “exotic” 
terrane (Buslov et al., 1999) or tectonic unit (Buslov et al., 2000) or a 
part of the Charysh-Terekta suture-shear zone (Glorie et al., 2011). In 
terms of “classic” stratigraphy, the Zasur'ya terrane was considered as a 
formation or suite (Iwata et al., 1997) or, later, a stratigraphic series, i. 
e., a group of several formations (Sennikov et al., 2003, 2011). In terms 
of ocean plate stratigraphy, the Zasur'ya terrane represents an accre-
tionary complex (Safonova et al., 2011a; Safonova, 2014; Krutikova 
et al., in press). Second, the coeval accretionary complexes and island- 
arc terranes are located far to the west and east suggesting weak, if 
any, connection between those (e.g., Degtyarev, 2011; Konopelko et al., 
2021a, 2021b; Degtyarev et al., 2021a; Safonova et al., 2020, 2022). 
Third, the available microfossil data provide no more or less precise age 
constrains on neither the lower, nor the upper boundaries of the three 
formations of the Zasur'ya Series (Sennikov et al., 2003). Thus, the na-
ture of the Zasur'ya Unit has remained disputable, mostly because of the 
lack of up-to-date geochronological data. 

We obtained U–Pb ages of detrital zircons from sandstones of all 
three formations of the Zasur'ya AC: Listvenny (one sample), Talitsa 
(three samples) and Marcheta (Fig. 6; Supplementary Fig. S4). The most 
wonderful feature of all age histograms is their unimodal character 
suggesting the derivation of sandstones from an intra-oceanic arc, i.e., 
an arc separated from a continental margin, a potential source of Pre-
cambrian zircons, by a back-arc basin. Continental fore-arcs, as a rule, 
are characterized by polymodal distributions of U–Pb zircon ages 
because their basements are typically built upon older rocks (Isozaki 
et al., 2010; Dumitru et al., 2013; Hessler and Fildani, 2015; Kirsch et al., 
2016; Jackson et al., 2019). A most probable candidate for the conti-
nental block sourcing Precambrian zircons is the Altai-Mongolian 
terrane, which igneous formations are considered to be formed on a 
continental arc (Sun et al., 2008) and its clastic formations also carry 
Precambrian zircons (Jiang et al., 2011; Long et al., 2012). But ac-
cording to another model, the Altai-Mongolian terrane represents a 
microcontinent (Buslov et al., 2001; Li and Poliyangsiji, 2001; Yang 

Fig. 7. Weighted averages of youngest clusters of the U–Pb zircon ages determined according to the method of (Coutts et al., 2019).  
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et al., 2011). As we analyzed only magmatic zircons (Supplementary 
Figs. S2, S3), the obtained U–Pb ages indicate that mostly late 
Cambrian - Early Ordovician igneous rocks were present in the prove-
nance. The sandstones contain many lithic fragments of volcanic rocks 
(Fig. 8); therefore, the provenance was highly likely a volcanic arc that 

we will hereinafter refer to as “Zasur'ya arc”. The weighed averaged ages 
of the main peaks are 488, 491 and 485 Ma, respectively (Fig. 6), and 
they probably correspond to the peaks of volcanism of the Zasur'ya arc. 
In general, the Zasur'ya arc was active from ca. 520 to 470 Ma, i.e., about 
50 Ma. Such age constrains accord well with present-day intra-oceanic 

Fig. 8. Microphotographs of thin sections of sandstones and basalt: A-B – Listvenny Fm. (Molchanikha Locality); C–D – Talitsa Fm. (Talitsa Locality); E-F – Marcheta 
Fm. (Marcheta Locality). Qm – monocrystallie quartz, Qp – polycrystalline quartz, Pl – plagioclase, Kfs – potassium feldspar, lithic fragments of volcanic (Lv) and 
sedimentary (Ls) rocks. 
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arcs in the western Pacific, e.g., Izu-Bonin-Mariana, Tonga, etc. (e.g., Lee 
et al., 1995; Falloon et al., 2008; Straub et al., 2015). 

However, the age spectra of Listvenny and Talitsa sandstones show 
also Precambrian ages (Fig. 6; Supplementary Table S4). The portion of 
Precambrian ages decreases from 13% in the Listvenny sandstones to 
10% in the Talitsa sandstones and, finally, to 0% in the Marcheta sam-
ples. On the other hand, the maximum deposition ages (MDA) of the 
three formations are similar: 466, 464 and 465 Ma (Fig. 7). Thus, ac-
cording to the ages of the main peaks, the sandstones of all formations 
were derived from volcanic rocks of the single Zasur'ya arc. The variable 
amounts of Precambrian zircons suggest that clastic material for the 
Listvenny and Talitsa sandstones was supplied from both continental 
margin or continental arc (Altai-Mongolian terrane?) and intra-oceanic 
arc, whereas only intra-oceanic arc material was supplied to the prov-
enance of the Marcheta sandstones. 

Interestingly, the age intervals of the main peaks of zircon ages 
(Fig. 6) and the maximum depositional ages (Fig. 7) are similar to each 
other (Fig. 14), but the microfossil ages of the three formations are 
different (Fig. 4): late Cambrian (Listvenny Fm.), Tremadocian (Talitsa 
Fm.) and Tremadocian-Floian (Marcheta Fm.). By this, we conclude that 
the microfossil age hardly can provide robust age constraints on the 

upper or lower limits of sedimentation in oceanic to fore-arc and back- 
arc basins, which sediments later get juxtaposed in accretionary com-
plexes. Microfossil ages indicate the age of ocean plate from deep ocean 
(pelagic sediments) to shelf (hemipelagic sediments), i.e., deep-marine 
sedimentation, whereas the MDA inferred from zircons indicates the 
upper age of an accretionary complex. The microfossil ages of the deep- 
sea sediments of the Zasur'ya AC are different from the MDAs inferred 
from detrital zircons of sandstones (Figs. 4, 7). Therefore, the sandstones 
cannot be considered as parts of the Listvenny, Talitsa and Marcheta 
formations. 

As the sandstones of the three formations have very close MDAs, they 
should be rather considered a separate formation having tectonic con-
tacts with the sediments of the Zasur'ya AC. In principle, Japanese ge-
ologists working at late Paleozoic to Quaternary accretionary complexes 
of the Japanese Islands avoid distinguishing stratigraphic suites or for-
mations at all (e.g., Kojima et al., 2000; Wakita, 2012), but consider 
them as units having tectonic contacts with older basements or younger 
superimposed formations. Basically, a combination of both microfossil 
and detrital zircon ages would serve a correct way for reconstructing the 
story of an accretionary complex from the birth of oceanic plate at mid- 
oceanic ridge (microfossil age) to the cessation of accretion and 

Fig. 9. Q-F-L classification diagrams for Zasut'ya sandstones: A, Shutov, 1967; B, Folk et al., 1970. Q – sum of quartz grains (Qt = Qm + Qp), F – sum of feldspar 
(F=Kfs + Pl), L – sum of lithic fragments (L = Ls + Lv), Qtz – quartz, Fs – feldspar. 

Fig. 10. А - classification diagram for sandstones of the Zasur'ya AC according to (Pettijohn et al., 1972); B – CIA vs. ICV diagram, CIA - chemical index of alteration 
(Nesbitt and Young, 1982), ICV – index of compositional variability (Cox and Lowe, 1995). 
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subduction (detrital zircon age). 

9. Magmatic protoliths of sandstones and basins of 
sedimentation 

All Zasur'ya sandstones are greywackes (Figs. 8–10), i.e., they were 
formed through destruction of magmatic arcs. As the lithic clasts are 
dominated by volcanic rocks, those arcs were probably volcanic (Figs. 8, 
9). The Marcheta sandstones contain less clasts of total quartz (Qtav =

17 vol%) and more clasts of volcanic rocks (Lvav = 57.2 vol%) than those 

of the Liztvenny Fm. (Qtav = 27.7, Lvav = 45.4 vol%) and Talitsa Fm. (Qt 
= 36.9, Lv = 41.5 vol%) (Supplementary Table S4; Figs. 8, 9). More 
evidence for an arc-related origin of the sandstones under study comes 
from the relevant values of CIA and ICV indexes (Fig. 10), that are 
indicative of low degrees of weathering and fast burial on a short dis-
tance from a source. In terms of major oxides, the Listvenny and Talitsa 
samples are more felsic (SiO2av. = 67.1 and 63.1 wt%, respectively) than 
the Marcheta sandstones (SiO2av = 58.5 wt%) (Supplementary Table S5; 
Fig. 11). The level of total REE of the Marcheta samples is lower than 
those of the Listvenny and Talitsa samples (Fig. 12). However, we can 

Fig. 11. Binary diagrams SiO2 versus major oxides for sandstones and arc basalt of the Zasur'ya AC.  

Fig. 12. Spectra of rare-earth elements (REE) normalized to chondrite (A-C) and spidergrams of trace elements normalized to primitive mantle (D–F) for sandstones 
and arc basalt of the Zasur'ya AC. The compositions of chondrite and primitive mantle as in (Sun and McDonough, 1989) and that of PAAS is as in (Taylor and 
McLennan, 1985). 
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recognize two groups of the Marcheta sandstones: Group 1 (hereinafter 
Marcheta-1) is less felsic (SiO2 = 55.1–58.6 wt%) and Group 2 (here-
inafter Marcheta-2) is more felsic (SiO2 = 64.6–65.4 wt%), i.e., similar 
to the Listvenny and Talitsa samples. The Zr/Sc versus Th/Sc diagram 
(McLennan et al., 1993) shows that in terms of trace elements the 
sources of Marcheta sandstones could be also, like in terms of petrog-
raphy and major oxides, compositionally between basalt and andesite, 
whereas the sources of the Listvenny and Talitsa sandstones were 
probably more felsic, i.e., between andesites and dacites (Fig. 15A). 
Although the Nd isotope data (Fig. 13A) indicate that the Listvenny, 
Talitsa and Marcheta-2 samples contain more material of recycled 
continental crust (e.g., continental arc) than the Marcheta-1 sandstones 
containing more magmatic rocks derived from juvenile mantle sources 
(e.g., intra-oceanic arc), the Hf isotope data show that all protoliths were 
juvenile (Fig. 13B). The trace-element geochemical features of the only 
analyzed supra-subduction basalt sampled in the Talitsa Locality (TLC- 
21-05, Supplementary Table S5) are almost identical to those of the most 
mafic sandstones (Figs. 11C, 12). More evidence for that comes from the 
composition of the basalt plotted on the trend in the SiO2 vs. Fe2O3 bi-
nary diagram for the sandstones (Fig. 11C). The geochemical features 
and Nd systematics of the Talitsa basalt leave no doubts that its was 

generated from a juvenile mantle source. The Talitsa basalt co-occurs 
with the Talitsa greywacke and therefore was a most probable 
magmatic protolith of those. 

The geodynamic settings of sedimentation of the Zasur'ya sandstones 
were reconstructed using the discrimination diagrams based on petro-
graphic counting (Supplementary Table S4) (Dickinson et al., 1983) and 
geochemical data (Bhatia and Crook, 1986). According to the petro-
graphic composition, the Marcheta-1 sandstones were derived from an 
undissected (immature) arc (Fig. 15B), but the Marcheta-2 (more felsic) 
samples and those of the Listvenny and Talitsa formations were formed 
by erosion of a transitional and/or dissected (mature) arc. The Th-La-Sc 
and La/Sc vs Ti/Zr discrimination diagrams indicate that the Marcheta-1 
samples were formed by erosion of an intra-oceanic arc, whereas the 
other sandstones by destruction of continental magmatic arc (Fig. 15C, 
D). These data accord well with the more mafic composition of the 
Marcheta-1 sandstones and more felsic compositions of the Marcheta-2, 
Listvenny and Talitsa samples (Supplementary Table S4: Fig. 15B). 
Conclusively, the petrographic and geochemical characteristics suggest 
that the provenances of the Listvenny, Talitsa and Marcheta-2 sand-
stones were dominated by andesitic to felsic volcanic rocks erupted on a 
dissected or mature arc. Mafic to andesitic volcanic rocks probably 

Fig. 13. Isotope data the age plots: bulk-rock Nd (A) and Hf-in-zircon (B) systematics for sandstones and arc basalt of the Zasur'ya AC. The values of εNd(t) and εHf(t) 
were calculated based on the U–Pb ages of detrital zircons (section 4; supplementary Table S3; Fig. 6). 

Fig. 14. Summarized probability curves of the U–Pb ages of detrital zircons from sandstones of the Listvenny (upper), Talitsa (medium) and Marcheta (lower) 
formations of the Zasur'ya AC illustrating the disappearance of Precambrian zircons in the younger Marcheta Fm. in the course of arc evolution and probably 
extension of the related back-arc basin. 
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dominated in the provenance of the Marcheta sandstones and were 
emplaced on an undissected or immature arc. 

On one hand, the Listvenny and Talitsa sandstones carry more Pre-
cambrian detrital zircons (Fig. 6), have more felsic bulk rock composi-
tion (Figs. 11, 15A) and are characterized by lower εNd(t) values 
(Fig. 13A) compared to the Marcheta sandstones (Fig. 14). On the other 
hand, all samples have very close ages of the main peaks of U–Pb ages 
(491, 488 and 485 Ma; Fig. 6) and the MDAs (ca. 464 Ma; Fig. 7) and 
only positive εHf(t) values (Fig. 13B). The sandstones of the Listvenny, 
Talista and Marcheta fms. have slightly but not drastically different 
petrographic, chemical and isotope compositions. Therefore, we can 
propose the following scenario for the derivation and deposition of 
Zasur'ya sandstones (Fig. 16). All the sandstones formed by destruction 
of the Zasur'ya late Cambrian - Early Ordovician juvenile intra-oceanic 
arc (see also section 8 above). However, different types of materials 
were supplied and consequently dominated in their provenances or 

participated in the process of deposition. Note that clastic material 
derived from an intra-oceanic arc can be deposited both in coeval back- 
arc and fore-arc basins. All Zasur'ya sandstones were derived from the 
same protolith as they have same age and Hf-in-zircon isotope charac-
teristics but accumulated in different basins. More felsic and clay ma-
terial can be transported to a back-arc basin from an adjacent 
continental margin, although the intra-oceanic arc remained a main 
source of clastic material. So, different materials in the provenance 
could be derived from both sides of the back-arc basin. 

The Listvenny and Talitsa sandstones were deposited in an emerging 
and expanding back-arc basin, at its different stages, respectively, closer 
and farer from the continental margin, which more felsic material and 
older zircons could be transported from. The typically felsic material 
supplied by the continental margin could be responsible for the more 
felsic bulk compositions of the Listvenny and Talitsa sandstones, 
although their major component still came from the Zasur'ya intra- 

Fig. 15. Discrimination diagrams for tectonic settings in the probable provenance of sandstones of the Zasur'ya AC: A, Zr/Sc vs. Th/Sc plot (based on McLennan 
et al., 1993); B, the Dickinson's ternary plot (Dickinson et al., 1983), Qm – monocrystalline quartz, Qt –total quartz, F – feldspar, L – total lithic fragments; C, La/Sc vs. 
Th/Zr; D, La-Th-Sc (both after Bhatia and Crook, 1986). 
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oceanic arc. 
The Listvenny sandstones deposited on an earlier stage of back-arc 

rifting in an emerging back-arc basin, when more felsic /recycled ma-
terial and consequently Precambrian zircons could come from the 
adjacent Altai-Mongolian continental block/margin (Fig. 16 A). The 
Talitsa and Marcheta-2 sandstones accumulated at an intermediate 
stage, in a larger basin, and less felsic /recycled material and conse-
quently less Precambrian zircons were supplied from the adjacent con-
tinental block/margin (Fig. 16 B). The sandstones of the Marcheta Fm. 
could be accumulated either in the same back-arc basin but much closer 
to the arc, or in a coeval fore-arc basin, which was not reachable to 
recycled/felsic material (Fig. 16 C). 

Thus, the clastic material of the Listvenny and Talitsa fms. was 
derived from felsic to andesitic magmatic rocks of both continental 
margin and intra-oceanic arc. The Marcheta Fm. includes clastic mate-
rial derived mostly from the Zasur'ya intra-oceanic arc of mafic to felsic 
composition. In general, the Zasur'ya arc was located at a late Cambrian- 

Early Ordovician active margin of, possibly, the Altai-Mongolian 
terrane, in the western part of the Paleo-Asian Ocean (Berzin et al., 
1994; Buslov et al., 2001; Dobretsov et al., 2003). 

10. Other late Cambrian-Early Ordovician arcs of the western 
CAOB 

Not many late Cambrian - Early Ordovician intra-oceanic arcs have 
been identified in the western CAOB (Safonova et al., 2017 and refer-
ences therein). All five early Paleozoic intra-oceanic subduction systems 
that once existed in the western PAO, are in Kazakhstan (Degtyarev, 
2011; Safonova et al., 2020, 2022; Degtyarev et al., 2017, 2021a, 2021b; 
Gurova et al., 2022; Perfilova et al., 2022; Safonova and Perfilova, 
2023): Selety-Urumbai (northern Kazakhstan), Itmurundy and Tektur-
mas (Central Kazakhstan), Boschekul-Chingiz and Baydaulet-Aqbastau 
(eastern Kazakhstan). The Boschekul-Chingiz or Chingiz-Tarbagatai 
arc is located in central Kazakhstan and represents the eastern wing of 

Fig. 16. A cartoon illustrating the evolution of the Zasur'ya arc and related back-arc and fore-arc sedimentation.  
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the Kazakh Orocline (Degtyarev, 2011; Shen et al., 2015). The middle- 
late Cambrian and Ordovician intra-oceanic arcs have been diagnosed 
in the Itmurundy and Tekturmas accretionary complexes of central 
Kazakhstan as well (Safonova et al., 2020, 2022; Khassen et al., 2020; 
Degtyarev et al., 2021a, 2021b). There are also Ordovician arcs in 
southern Kazakhstan (Alexeiev et al., 2023) and West Junggar (e.g., Xu 
et al., 2013; Ren et al., 2014; Liu et al., 2016; Zheng et al., 2019). More 
specifically, there are still understudied subduction-accretionary com-
plexes of the middle Cambrian-Ordovician age: Erqis accretionary 
complex in NE Junggar (Xiao et al., 2004, 2009), Kujibai ophiolitic belt 
in NW Junggar (Zhang et al., 2018) and Hebukesaier ophiolite in SW 
Junggar (Yang et al., 2019). 

More to the south there is a Songkul intra-oceanic arc terrane of late 
Cambrian-Early Ordovician age in southern and northern Kyrgyz Tien 
Shan (Alexeiev et al., 2019, 2020; Konopelko et al., 2021b). However, 
all those arc terranes have not direct relationships with the Zasur'ya AC 
as located thousands of kilometers away and are separated by micro-
continents and younger terrains by several suture zones (Windley et al., 
2007; Xiao et al., 2010), or they are a bit older (southern Kazakhstan) or 
younger (central Kazakhstan). Each arc system in the western CAOB is 
bounded by late Paleozoic extended regional faults, some of those are 
strike-slip faults (Fig. 1) (Buslov et al., 2004). The arc systems in other 
regions of the Altai Sayan folded area are all older (Dobretsov et al., 
2003). No one of those arcs could serve a source area for Zasur'ya 
sandstones because those are first cycle sediments carrying clasts 
angular in shape and having immature compositions suggesting that 
their source(s) was/were located not far from to the basins of sedi-
mentation (section 6). In addition, the Zasur'ya terrane is considered as 
exotic (Buslov et al., 1999, 2000) as bounded by two shear zones (sec-
tion 3.1). Therefore, none of those arcs can be considered as potential 
sources of Zasur'ya sandstones. We argue that there was one more intra- 
oceanic arc, Zasur'ya, a real source of the sandstones under study, that 
was possibly located at an active margin of the Altai-Mongolian terrane 
and later destroyed by surface and/or subduction erosion. The only 
outcrop of a supra-subduction volcanic rock, the basalt TLC-21-05, 
represents a tiny piece of that arc survived. Thus, the Zasur'ya arc can 
be considered a newly recognized intra-oceanic arc, a new contribution 
to the juvenile crust of the CAOB. The Zasur'ya arc probably was 
tectonically eroded and therefore disappeared as a magmatic formation 
from the geological record. However, its traces have been preserved in 
related arc-derived greywacke sandstones, which are hosted by the 
Zasur'ya accretionary complex of northwestern Altai. 

11. Conclusions 

The first geochronological, petrographic and isotope-geochemical 
data obtained from the sandstones of the Zasur'ya accretionary com-
plex in northwestern Altai (Listvenny, Talitsa and Marcheta formations) 
as combined with the available geological and microfossil data allowed 
us to conclude about the following. The sandstones under study are 
associated with oceanic basalts and deep-sea sediments, pelagic (ribbon 
chert) and hemipelagic (siliceous mudstone, siltstone, shale). The dis-
tribution patterns of the U–Pb ages of detrital zircons are all unimodal 
suggesting their derivation from a late Cambrian - Early Ordovician 
intra-oceanic arc. The MDA of the sandstones of all three formations is 
ca. 464 Ma and it disagrees with the ages constrained by microfossils. 
Therefore, the stratigraphic subdivisions of the study area require 
revision. 

Petrographically and geochemically, all the sandstones are grey-
wackes, but the bulk-rock compositions of the Listvenny and Talitsa 
samples are more felsic than those of the Marcheta sandstones. The Nd 
isotope data indicate that the Listvenny and Talitsa samples contain 
more material of recycled continental crust than the Marcheta sand-
stones that were derived from magmatic rocks with juvenile isotope 
characteristics. The Hf isotope data show that the magmatic protoliths of 
the sandstones of all three formations of the Zasur'ya AC were derived 

from juvenile mantle sources and emplaced at an intra-oceanic arc. 
In terms of provenance, the clastic materials of the Listvenny and 

Talitsa sandstones were supplied from both a continental margin and 
intra-oceanic arc, whereas the provenance of Marcheta sandstones was 
dominated by only intra-oceanic arc igneous rocks. 

The geological position in the Zasur'ya AC, the greywacke nature of 
the sandstones, the unimodal distributions of U–Pb detrital zircon ages, 
and the positive εHf(t) (+4.3 to +20.1), and εNd(t) (+0.6 to +4.8) 
inevitably prove that the sandstones of all three formations were derived 
from volcanic rocks of a single intra-oceanic arc that was active from ca. 
520 to 470 Ma, i.e., about 50 Ma. That arc possibly existed at an active 
margin of the Altai-Mongolian terrane and definitely contributed to the 
early Paleozoic juvenile crustal growth of the western CAOB. Later, the 
Zasur'ya arc was probably fully destroyed by surface and/or subduction 
erosion. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.earscirev.2023.104648. 
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Windley, B.F., Kröner, A., Guo, J., Qu, G., Li, Y., Zhang, C., 2002. Neoproterozoic to 
Palaeozoic geology of the Altai orogen, NW China: new zircon age data and tectonic 
evolution. J. Geol. 110, 719–739. 
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