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The Itmurundy Zone of Central Kazakhstan is a key structure in the core of the Kazakh Orocline represent-
ing a typical Pacific-type orogenic belt hosting accretionary complex, ophiolite massifs and serpentinite
mélange. The main controversies in the existing tectonic models of the Itmurundy Zone are about the
timing of subduction and accretion, the direction and kinematics of subduction and the number of ocea-
nic plates. A new model for the early Paleozoic tectonic story of the Itmurundy Zone is postulated in this
paper, based on new detailed geological and U–Pb detrital zircon age data, combined with previously
documented geological, U–Pb age, microfossil, geochemical and isotope data from igneous rocks, deep-
sea sediments and greywacke sandstones. The present study employs the Ocean Plate Stratigraphy
(OPS) model to explain the tectonic processes involved in the evolution of the Itmurundy Zone and to pre-
sent a holistic story of Ordovician oceanic plate(s), which accretion formed an accretionary complex. The
detailed mapping allows distinguishing three types of OPS assemblages: (1) Chert-dominated, (2) OIB-
hosting, and (3) MORB-hosting. The U–Pb ages of detrital zircons from sandstones of OIB and Chert types
show unimodal distributions with similar main peaks of magmatism at 460–455 Ma in the provenance,
and their maximum depositional ages (MDA) span 455–433 Ma. Two samples from OPS Type 3 show the
peaks of magmatism both at ca. 460 Ma and the MDA of 452 Ma and 459 Ma, respectively. The MDA of
sandstones and microfossils data from chert show the younging of strata to the south and SE in Types 1
and 2 and to NEE for Type 3 (in present coordinates) suggesting double-sided subduction to the NNW and
SEE and, accordingly, the co-existence of pieces of two oceanic plates in Ordovician time. The U–Pb zircon
data from both igneous and clastic rocks indicate a period of subduction erosion in early Ordovician time.
As a whole, the accreted OPS units of the Itmurundy Zone record the timing of subduction and accretion
from the early Ordovician to the early Silurian, i.e., 60 Ma at shortest.
� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Reconstruction of paleo-oceans through study of accretionary
complexes is a powerful approach providing evidence for the size,
ages and direction of subduction (subduction polarity) of ancient
oceanic plates and thus giving robust information about this or
that stage of the Wilson cycle. Subsequent arriving of different seg-
ments of an oceanic plate, from the oldest to the youngest, to the
subduction zone and their subsequent accretion allows us to
reconstruct a story of an ancient oceanic plate from its birth at
mid-oceanic ridge to its demise in the subduction zone using the
model of ocean plate stratigraphy or OPS (Fig. 1A). The OPS is a reg-
ular succession of igneous and sedimentary rocks of the oceanic
lithosphere, which were, respectively, erupted and deposited on
the sea floor as the underlying oceanic basement traveled from
mid-oceanic ridge to subduction zone (e.g., Isozaki et al., 1990;
Matsuda and Isozaki, 1991; Wakita and Metcalfe, 2005;
Safonova, 2009; Maruyama et al., 2010; Kusky et al., 2013;
Safonova et al., 2016). The stable succession of OPS rocks from
g).
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Fig. 1. A model of ocean plate stratigraphy, OPS. (A) A typical succession of deposition and eruption of OPS sedimentary and magmatic units, respectively, and their
incorporation into accretionary complex (adapted from Isozaki et al., 1990; Safonova et al., 2020). (B) OPS packages or ‘‘horses” arriving to the subduction zone and accreted at
different time to form duplexes; the cartoon also shows the faulted surface of the subducting slab forming a system of grabens and horsts (adapted from Safonova and
Maruyama, 2014).
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ocean floor basalt to pelagic chert, hemipelagic siliceous sediments
(siliceous mudstone, siltstone, shale) and, finally, trench turbidite
allows us to define subduction polarities of ancient oceanic plates
even in such complicated structures as accretionary prism (Fig. 1B).

Oceanic sediments, while approaching an accretionary prism,
can be thrust under older layers to form duplex structures consist-
ing of OPS packages (horses) of different ages. In such horses the
2

oldest OPS packages typically occur on the top and the youngest
occur at the bottom part of the section (Fig. 1B) thus making the
‘‘traditional” identification of stratigraphic tops and bottoms
impossible. Keeping in mind the stable succession of OPS litholo-
gies (Fig. 1A) we can reconstruct subduction polarity and under-
stand accretion mechanisms. For achieving this, we need to
employ detailed in-field geological mapping with careful identifi-
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cation of contacts between different lithologies and further estima-
tion of the age of at least 2–3 OPS packages. During the last
30 years, a great progress has been achieved in the determination
of the age of oceanic sediments using microfossils, typically radio-
larians and conodonts (e.g., Kemkin and Khanchuk, 1994; Zyabrev
and Matsuoka, 1999; Hori and Wakita, 2004; Wakita and Metcalfe,
2005; Tolmacheva et al., 2009). Although this method works well
in Mesozoic and younger accretionary prisms and complexes of
the western Pacific, it appears much less efficient in old orogenic
belts formed in place of paleo-oceans because of the high degree
of deformation, that destroys microfossils, induced by accretion,
ocean suturing and further collision of continents. In that case,
U–Pb dating of detrital zircons from clastic rocks, mainly from
sandstones, can help. The study of U–Pb dating of detrital zircons
from greywacke sandstones hosted by accretionary complexes
has been becoming a more popular instrument for such recon-
structions (e.g., Long et al., 2012; Jiang et al., 2017; Knittel et al.,
2020; Lu et al., 2020; Safonova and Perfilova, 2023).

The Phanerozoic geological history of Asia is closely linked with
the evolution of the Paleo-Asian Ocean (PAO), which suturing and
closure formed the Central Asian Orogenic Belt (CAOB), the world
largest accretionary intracontinental orogen extended from Kaza-
khstan and Uzbekistan in the west to eastern Russia and China
(Fig. 2) (e.g., Zonenshain et al., 1990; Sengör et al., 1993; Buslov
et al., 2001; Kovalenko et al., 2004; Windley et al., 2007;
Yarmolyuk et al., 2012; Kröner et al., 2014; Safonova, 2017). The
Fig. 2. (A) Sketch map of the southwestern part of the CAOB showing the distribution of
Wang et al., 2008, 2012; Alexeiev et al., 2011; Choulet et al., 2011). Microcontinents: AJ =
SKNT = Stepnyak–Kyrgyz North Tian Shan, SY = South Yili. (B) Tectonic scheme of the nor
2023). Regional faults: CK – Central Kazakhstan; CH – Chingiz; JG – Junggar.
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PAO opened in the late Neoproterozoic as a result of the breakup
of the Rodinia supercontinent and was evolving, according to dif-
ferent evaluations, until the early Carboniferous or even the Trias-
sic (e.g., Dobretsov et al., 1995; Li, 2006; Xiao et al., 2010, 2017;
Eizenhöfer et al., 2014; Safonova et al., 2017). During the whole
Paleozoic, numerous fragments of the oceanic crust and island
arc were accreting to the Pacific-type convergent margins of the
PAO.

In this paper, we present results of a seven-year multi-
disciplinary research program in the Itmurundy Zone of Central
Kazakhstan in the western CAOB (Fig. 2). Our research included
detailed geological mapping at seven sites (Fig. 3), U–Pb zircon dat-
ing of igneous and clastic rocks, micropaleontological study of
deep-sea oceanic sediments, geochemical and whole-rock Nd and
Hf-in-zircon isotope studies of igneous rocks and greywacke sand-
stones (Safonova et al., 2019, 2020, 2022; Perfilova et al., 2022).
Based on our original data, both published and new, plus literature
data we attempted to reconstruct OPS successions, subduction
polarity and mechanisms of accretion at early Paleozoic Pacific-
type convergent margins of the western Paleo-Asian Ocean.
2. Regional tectonic overview

The Itmurundy Zone of Central Kazakhstan is a part of the Pale-
ozoides of Kazakhstan (e.g., Heinhorst et al., 2000; Yakubchuk,
main continental blocks and accretionary belts (modified from Windley et al., 2007;
Aktau-Junngar, AM = Aktau-Mointy, CCT = Chinese Central Tianshan, CY = Chu-Yili,
th-western CAOB (modified from Degtyarev, 1999; Degtyarev et al., 2020; Perfilova,



Fig. 3. The geological structure of the Itmurundy Zone modified from (Koshkin and Galitsky, 1960; Patalakha and Belyi, 1981). The stratigraphic subdivision is given as
‘‘initial” formation (see section 3.2). The light-grey dashed arrows show the proposed direction of subduction. U–Pb detrital zircon ages: MP – main peak(s), MDA – maximum
depositional age. I-VII, sites of detailed mapping and sampling shown in Figs. 12, 14, 15. The numbers in circles are for the mafic–ultramafic massifs: 1, Kentarlau; 2, Arkharsu;
3, East Arkharsu.
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2004; Degtyarev and Ryazantsev, 2007; Degtyarev, 2011, 2012;
Korobkin, 2011), that is structurally posed in the core of the Kazakh
Orocline (Levashova et al., 2003, 2012; Bazhenov et al., 2012; Li
et al., 2018a), a key tectonic structure of the western CAOB
(Fig. 2). The main tectonic structures of the Kazakh Paleozoides
formed during the late Neoproterozoic-Paleozoic evolution of the
PAO, middle Paleozoic coring and amalgamation of the young
Kazakhstan continent and collisions of the Kazakhstan-Siberian
and Siberian-East European continents (Zonenshain et al., 1990;
Sengör et al., 1993; Berzin and Dobretsov, 1994; Didenko et al.,
1994; Puchkov, 2000; Filippova et al., 2001; Windley et al., 2007;
Xiao et al., 2009; Degtyarev, 2011). The Kazakh Paleozoides are
bounded by the Ural-South Tienshan foldbelt from west and
south-west and by the Junggar-Balkhash folded area from the
south and south-east (Fig. 2). The Junggar-Balkhash folded area
is, in turn, bounded by the Devonian volcanic belt and includes
Silurian-early Devonian thick flysch and volcanogenic-clastic for-
mations, which overlap Cambrian-Ordovician supra-subduction
formations and middle Ordovician-early Silurian oceanic plate for-
mations exposed within the relatively narrow and extended Tek-
turmas, North-Balkhash and Agadyr foldbelts (e.g., Degtyarev,
1999; Degtyarev and Ryazantsev, 2007). The North-Balkhash fold-
belt includes the Itmurundy Zone (Figs. 2 and 3) consisting of Cam-
brian to Silurian ophiolites, accreted OPS units and clastic
formations (Patalakha and Belyi, 1981; Safonova et al., 2019). The
4

formation of the Itmurundy Zone is linked to the early Paleozoic
Pacific-type orogeny (e.g., Dewey and Bird, 1970; Maruyama
et al., 2011; Maruyama and Safonova, 2019) at convergent margins
of the PAO. The early Paleozoic subduction of one or more oceanic
plates of the PAO possibly under the active margins of the Kokche-
tav, North Tienshan, Aktau-Mointy and Junggar microcontinents
(e.g., Levashova et al., 2010; Yarmolyuk et al., 2013; Degtyarev
et al., 2017; Safonova, 2017), formed several intra-oceanic and con-
tinental magmatic arcs and related accretionary prisms. The mag-
matic arcs were separated from the coeval accretionary prisms by
fore-arc units and older accretionary prisms, but later, during the
late Paleozoic suturing of the PAO and subsequent approaches
and collisions of the Junggar Block and the young Kazakhstan Con-
tinent or Kazakhstan Collage System with the Siberian Continent
(e.g., Buslov et al., 2001; Degtyarev and Ryazantsev, 2007;
Windley et al., 2007; Buslov, 2011; Xiao and Santosh, 2014; Xiao
et al., 2015), they became juxtaposed in Pacific-type orogenic belts.

The tectonic structure of Central Kazakhstan is dominated by
island-arc and continental-arc terranes and accretionary com-
plexes, all parts of the Kazakh Orocline (Fig. 2). The extended and
well-exposed Boshchekul-Chingiz and Baidaulet-Akbastau island-
arc terranes are of Mariana-type and Japan-type, respectively
(e.g., Xiao et al., 2010; Degtyarev, 2011; Safonova et al., 2017).
The Boshchekul-Chingiz arc consists of mafic to intermediate vol-
canic rocks and felsic granitoids of middle Cambrian and middle-
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late Ordovician ages (Degtyarev, 2012). The Baidaulet-Akbastau arc
is composed mainly of basaltic to andesibasaltic lavas of early-
middle Ordovician age and granitoids of late Ordovician age. The
basement of the arc is heterogeneous consisting of both mafic
and sialic domains (Degtyarev, 2012). In addition, middle-late
Cambrian and early-middle Ordovician igneous rocks occur as frag-
ments/blocks in serpentinite mélanges of the Itmurundy and Tek-
turmas zones (Degtyarev et al., 2020, 2021a,b; Khassen et al., 2020;
Safonova et al., 2020, 2022; Gurova et al., 2022). The huge Devo-
nian volcanic belt was formed at an Andean-type active continen-
tal margin and initially it was relatively straight. Its Silurian-early
Devonian volcaniclastic formations were deposited in the fore-arc
trough basin (Degtyarev, 2012). The bending of the Devonian belt
started in late Devonian time was continuing until the late Paleo-
zoic to form what we call now ‘‘Kazakh Orocline”. Evidence for this
comes from both structural and paleomagnetic data (Grishin et al.,
1997; Levashova et al., 2003; Abrajevitch et al., 2008; Li et al.,
2018a).

Another significant element of the Kazakh Orocline is the
Balkhash-Yili volcano-plutonic belt of late Devonian to early Per-
mian age also formed at an active continental margin. Like the
Devonian Belt, it has a horseshoe shape (Fig. 2). Both the Devonian
and Balkhash-Yili belts are dominated by continental volcanic and
volcanogenic-sedimentary complexes. The volcanogenic-
sedimentary packages are brachiform folded with bedding at
30�–40�. Those complexes unconformably seat on early Paleozoic
and Precambrian formations of the Aktau-Junggar microcontinent,
which is composed of pre-Neoproterozoic high-grade metamor-
phosed volcanic and sedimentary rocks, Meso-Neoproterozoic car-
bonate and clastic sedimentary rocks and Neoproterozoic mafic to
felsic intrusions (Fig. 2A) (e.g., Degtyarev, 2011; Wang et al., 2014a,
b; Degtyarev et al., 2017). The Boshchekul-Chingiz arc terrane
forms the northern limb of the Kazakh Orocline, while the Tektur-
mas and Itmurundy zones compose the northern and southern
cores of the orocline, respectively, and are dominated by accre-
tionary complexes hosting OPS assemblages of Ordovician age
and serpentinite mélanges (Fig. 2B) (Safonova et al., 2019, 2020,
2022; Degtyarev et al., 2020; Khassen et al., 2020; Gurova et al.,
2022).
3. Geology of the Itmurundy Zone

3.1. Main structures and lithologies

The NW–SE striking Itmurundy Zone is 5 to 15 km wide and
about 250 km long (Fig. 3). It includes ophiolites, mafic lavas,
deep-sea siliceous sediments, clastic sedimentary rocks and ser-
pentinite mélange with blocks of igneous and metamorphic rocks
(Patalakha and Belyi, 1981; Ermolov et al., 1990; Zhylkaidarov,
1998; Degtyarev, 1999; Stepanets, 2016; Safonova et al., 2019,
2020, 2022; Degtyarev et al., 2020, 2021a). The mafic lavas,
deep-sea siliceous sediments, siliciclastic sedimentary rocks occur
as tectonic sheets thrust under or over each other during the accre-
tion and form an accretionary complex that is spatially juxtaposed
with the ophiolite massifs, both broken by numerous faults of dif-
ferent scales and ages (Safonova et al., 2019). There are four sys-
tems of regional faults striking from east to west (az. 270�–290�),
from WWN to east (az. 300�–310�), from north to south (az.
350�–10�) and from NE to SW (az. 60�–70�), and two large anticline
faults (in the western part of the zone), which NW-striking axes are
nearly parallel to the main regional faults (Fig. 3).

From a historical retrospective, the sedimentary rocks of the
Itmurundy Zone initially were referred to as jaspers, quartzites,
sandstones, conglomerates and shales and considered as struc-
turally complicated and deformed Ordovician-Silurian deposits of
5

unclear stratigraphic position and mutual relationships (Rusakov,
1933). Later, in the 1960–1970-ties the formations of the Itmu-
rundy Zone were considered as parts of a Caledonian mega-
synclinorium (Bespalov, 1956; Koshkin and Galitsky, 1960;
Trifonov, 1967; Esenov et al., 1972). In the 1980-ties, they sepa-
rately identified a Cambrian olistostrome or a chaotic complex
(mixtite) and an ophiolite association of mafic and ultramafic
igneous rocks (Patalakha and Belyi, 1981; Koshkin et al., 1987).
Since the 1990-ties, the Itmurundy Zone has been regarded as
hosting an incomplete ophiolite association of unclear age (Cam-
brian?) and an accretionary complex of early Ordovician-early Sil-
urian ages overlapped by a Silurian flysch (Degtyarev, 1999). The
co-occurrence of island-arc igneous rocks, blueschists, eclogites
and oceanic sedimentary and volcanic rocks allowed our group to
consider the Itmurundy Zone a Pacific-type orogenic belt
(Safonova, 2017) and proposed to discuss its formations in terms
of Ocean Plate Stratigraphy (Safonova et al., 2019, 2020). Accord-
ingly, we consider that the Itmurundy Zone consists of the accreted
Ordovician to early Silurian oceanic floor basalts and oceanic sed-
iments, which represent an accretionary complex (AC),
Cambrian-early Ordovician ophiolite massifs, serpentinite
mélanges, and early Silurian (Llandovery) clastic deposits (Fig. 3).

The Ordovician igneous and sedimentary rocks of the Itmu-
rundy AC are ocean floor (MORB) and oceanic rise (OIB) basalts
(Safonova et al., 2020; Degtyarev et al., 2021a), pelagic ribbon
chert, hemipelagic siliceous sediments (mudstone, siltstone),
trench turbidites and greywacke sandstones, i.e., formed in oceanic
settings (Fig. 3). All these lithologies fit the OPS model (Fig. 1). The
Itmurundy serpentinite mélange incorporates blocks of ophiolites:
ultramafics (harzburgite, dunite, wherlite), gabbro, sheeted-dikes,
and plagiogranites (Figs. 3 and 4). In addition, the mélange carries
fragments of OPS rocks, both igneous and sedimentary, jadeitite,
eclogite and glaucophane schists (Antonyuk, 1974; Patalakha and
Belyi, 1981; Avdeev, 1986; Ermolov et al., 1990; Ermolov, 2008;
Safonova et al., 2019, 2020; Degtyarev et al., 2021a). The ultramafic
rocks are typically strongly altered to form lizardite, antigorite and
chrysotile serpentinites.

3.2. Stratigraphy and micropaleontology

All the available stratigraphic subdivisions of the Itmurundy
Zone have been distinguished based on micropaleontological data.
The micropaleontological studies of Itmurundy deep-water silic-
eous sediments started as early as in the 1980-ties and are still
continuing (Novikova et al., 1983; Koshkin et al., 1987;
Zhylkaidarov, 1998; Nikitin, 2002; Safonova et al., 2019;
Degtyarev et al., 2020). Most of the microfossil age constraints
from the Itmurundy Zone are based on conodonts in reddish cherts
and siliceous mudstones/tuffites. Initially only three formations
were recognized in the study area (Figs. 3 and 4): Itmurundy
(O2), Kazyk (O2-3) and Tyuretai (O3-S1) (Bespalov, 1956; Koshkin
and Galitsky, 1960; Trifonov, 1967; Esenov et al., 1972; Patalakha
and Belyi, 1981). Later they additionally distinguished four more
formations: Ushbulak (O2), Uzuntobek (O2-3), Obaly (O3) and Ash-
chiozek (S1) (Koshkin et al., 1987; Zhylkaidarov, 1998; Nikitin,
2002; Degtyarev et al., 2020, 2021a).

The Itmurundy Fm. (O2) is cropping out in the central part of the
Itmurundy Zone (Fig. 3) and is dominated by OIB-type basalts,
often pillowed, plus small outcrops of OIB-type andesibasalt and
supra-subduction andesite having no clear contacts with surround-
ing rocks (Safonova et al., 2019, 2020; Perfilova et al., 2022). The
basalts co-occur with ribbon chert, siliceous mudstones, siltstones
and fine-grained sandstones. There are also beds of conglomerate,
breccia and gravelstone (Figs. 4 and 5). The middle Ordovician age
of the Itmurundy Fm. (Darriwilian) was constrained by conodonts
(Paroistodus horridus and Pygodus serra) in the ribbon chert and



Fig. 4. Stratigraphic subdivisions of the Itmurundy Zone from a historical retrospective.
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tuffaceous siltstone overlying the basalts (Novikova et al., 1983;
Degtyarev et al., 2020). In general, the lithological composition of
the Itmurundy Fm. is variable changing both vertically and later-
ally; the sedimentary packages often wedge out, boundinated
and duplexed (see also Supplementary Data Figs. S1 and S2 for
photos).
6

The Kazyk Fm. (O2-3) is dominated by red and brown ribbon
cherts, brown and grey-lily, chocolate siliceous mudstones and
brown and grey-yellow siltstones (Figs. 5 and 6). The Kazyk sedi-
mentary rocks are exposed in the western and central parts of
the Itmurundy Zone (Fig. 3). The middle-late Ordovician age of
the Kazyk Fm. (late Darriwilian to early Katian) is defined also by



Fig. 5. Updated stratigraphic columns of the key formations of the Itmurundy Zone; the data on microfauna and U–Pb detrital zircon ages are from (Novikova et al., 1983;
Koshkin et al., 1987; Zhylkaidarov, 1998; Nikitin, 2002; Safonova et al., 2019, 2022; Degtyarev et al., 2020; Perfilova et al., 2022).
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conodonts (Pygodus anserinus and Periodon grandis) hosted by red
ribbon chert (Figs. 5 and 6) (Novikova et al., 1983; Safonova
et al., 2019; Degtyarev et al., 2020). Note that the conodont taxa
that were fixed in the Kazyk Fm. are typical of deep-water facies
and are widely distributed worldwide (Sweet and Bergstrom,
1984; Zhen and Percival, 2003; Tolmacheva et al., 2021). The rate
of sedimentation of the Kazyk cherts is estimated as slow as
10 m per 1 Myr (Tolmacheva et al., 2004, 2021; Degtyarev et al.,
2020).
7

The Tyuretai Fm. (O3-S1) is cropped out mainly in the eastern
part of the Itmurundy Zone (Fig. 3). The Tyuretai deposits occur
at the flanks of a large anticline structure. The Tyuretai Fm. is dom-
inated by clastic sedimentary rocks (sandstone, gravelstone) and
includes MORB-type basalts, siliceous mudstone and siltstone
and breccia (Bespalov, 1956; Trifonov, 1967; Esenov et al., 1972;
Patalakha and Belyi, 1981). The basalts are also often pillowed,
amygdaloidal and brecciated; the porphyric varieties are less abun-
dant and, in places, carry sparse beds of ribbon chert and lenses of



Fig. 6. Microfossils age constraints on the Kazyk Fm. (modified and expanded from Safonova et al., 2019). (A) Columnar section showing microfossil-based age ranges. (B)
SEM photographs of conodonts from cherts of the Kazyk Fm.: 1, 2, 5 – Periodon cf. grandis (Ethington), 1, 5 – M elements, 2 – P element; 3, 4, 6, 7, 11 – Periodon sp., S
elements; 8, 10 – Drepanoistodus sp., S elements; 9, 14 – Protopanderodus sp., S elements; 12 – Scabardella sp., S element; 13, 15, 16 – Panderodus sp. See also Table 1.
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tuff (Degtyarev, 1999; Degtyarev et al., 2020; Safonova et al., 2020;
Zholtaev et al., 2021). No direct contacts between the basalts,
cherts and sandstones have been found due to poor exposure.
The lenses/blocks of chert and MORB-type basalt are submerged
into a siltstone-sandstone matrix of early Silurian age, which can
be attributed to the Ashchiozek Fm. (Fig. 4; Degtyarev et al.,
2021a). The middle-late Ordovician age of the Tyuretai Fm.
(Darriwilian-Katian) was constrained by conodonts in cherts
(Pygodus anserinus and Periodon grandis) (Novikova et al., 1983;
Degtyarev et al., 2020). The early Silurian age of the clastic matrix
was constrained by graptolites in siltstones (Demirastrites triangu-
latus, Glyptograptus tamariscus vasians, G. nicolaevi) (Table 1; Fig. 5)
(Zhylkaidarov, 1998).

The Ushbulak Fm. (O2) is dominated by volcanic rocks (basalt,
andesite, rhyolite, tuffs of variable compositions) of supra-
subduction origin (Degtyarev et al., 2021a). In addition, it includes
sandstones and subordinate siliceous claystones and mudstones.
Evidence for its middle Ordovician age comes from conodonts
(Periodon aculeatus and Drepanoistodus) in the red claystones that
occur in lenses in dacite (Degtyarev et al., 2020).

The Uzuntobek Fm. (O2-3) is compositionally and chronologi-
cally similar to the Ushbulak Fm. It consists of pillow-lavas, silic-
eous tuffites and siltstones intercalated with red siliceous
mudstones and cherts with lenses of sandstones and gravelstones.
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The tuffites contain middle-late Ordovician conodonts (Pygodus
anserinus of the lower Periodon grandis biozone) (Degtyarev et al.,
2020).

The Obaly Fm. (O3) is dominated by siliciclastic sedimentary
rocks: siliceous tuffites and siltstones, polymictic sandstones, grav-
elstones and conglomerates (Figs. 4 and 5). The siliceous tuffites
and siltstones carry Sandbian-Hirnantian conodonts Periodon gran-
dis, Scabbardella altipes, and Drepanodus sp. (Nikitin, 2002;
Degtyarev et al., 2020). The coarse-grained clastic rocks carry frag-
ments of red chert and chocolate siliceous siltstone similar to those
of the Kazyk Fm.

The Ashchiozek Fm. (S1) includes terrigenous/siliciclastic rocks
and an olistostrome, both composing tectonic sheets that are
thrust over the middle-late oceanic Ordovician formations
(Degtyarev et al., 2020). The olistostrome consists of a clastic
matrix (poorly sorted sandstones and siliceous siltstones) and olis-
toliths of basalt and chert. The basalts resemble those of the Tyure-
tai Fm. The cherts are visually similar to those of the Kazyk Fm. and
contain upper Ordovician conodonts Pygodus serra, Panderodus gra-
cilis, Spinodus spinatus, and Periodon grandis (Degtyarev et al.,
2020). The siliceous siltstones carry Llandoverian graptolites, e.g.,
Gliptograptus tamariscus, Coronograptus gregarious, Monoclimacis
crenularia and others (Koshkin et al., 1987) (for more details on
the microfossils see Table 1).



Table 1
Microfossil data on conodonts from cherts of the Itmurundy accretionary complex.

№ Sites Locality Formation Conodonts Age Reference

1 I Mt. Karajal Itmurundy Pygodus anserinus Lamot et Lindstrom;
Periodon cf. grandis (Ethington)
Pygodus anserinus - Periodon grandis
conodont zones

late Darriwilian–early Katian Zhylkaidarov, 1998

2 II Arkharsu Itmurundy Periodon aculeatus Hadding, Drepanodus cf.
arcuatus Pander

middle Darriwilian–early
Sandbian

Novikova et al.,
1983

3 IV Arkharsu Itmurundy Periodon aculeatus Hadding; Pygodus serra
(Hadding); Drepanodus sp.Periodon aculeatus –
Pygodus serra conodont zones

middle–late Darriwilian Degtyarev et al.,
2020

4 IV Arkharsu Uzuntobek
(Itmurundy)

Pygodus anserinus Lamot et Lindstrom;
Periodon grandis (Ethington); Drepanodus sp.
Pygodus anserinus - Periodon grandis
conodont zones

late Darriwilian–early Katian Degtyarev et al.,
2020

5 V Mt. 422 Kazyk Periodon aff. aculeatus Hadding; Periodon cf. P.
grandis (Ethington); Panderodus sp.;
Drepanodus sp. Protopanderodus sp., Pygodus sp.

late Darriwilian– early Katian Safonova et al.,
2019:
new data

6 n.a. Mt. Susyzkara Kazyk Periodon aff. aculeatus Hadding; Pygodus cf.
anserinus Lamot et Lindstrom

late Darriwilian–early
Sandbian

Novikova et al.,
1983

7 n.a. North of Ashchiozek Vil. Tyuretai Pygodus serra (Hadding); Pygodus cf. anserinus
Lamot et Lindstrom; Periodon aculeatus
Hadding

late Darriwilian–early
Sandbian

Novikova et al.,
1983

8 n.a. 8 km SW of Mt. Obaly Itmurundy Periodon aculeatus Hadding middle Darriwilian–early
Sandbian

Zhylkaidarov, 1998

9 n.a. 8 km SW of Mt. Obaly Kazyk Pygodus anserinus Lamot et Lindstrom
Pygodus anserinus conodont zone

late Darriwilian Zhylkaidarov, 1998

10 n.a. Western Itmurundy
Zone

Itmurundy Pragmodus cf. flexuosus Moskalenko;
Cordylodus ramosus Hadding; Periodon
aculeatus Hadding; Paroistodus originalis
(Sergeeva); Protopanderodus rectus Lindstrom

Dapingian–Darriwilian Nikitin, 2002

11 n.a. Western Itmurundy
Zone

Kazyk Pygodus serra (Hadding); Pygodus anserinus
Lamot et Lindstrom

late Darriwilian–
early Katian

Nikitin, 2002

12 n.a. North Balkhash Tyuretai Pygodus serra (Hadding) late Darriwilian Nikitin, 2002
13 n.a. 3.5–4 km east of Mt.

Obaly
Kazyk Pygodus anserinus Lamot et Lindstrom;

Periodon grandis (Ethington); Scabbardella
altipes (Henningsmoen); Spinodus spinatus
(Hadding); Drepanodus sp.; Protopanderodus sp.
Pygodus anserinus - Periodon grandis
conodont zones

late Darriwilian– early Katian Degtyarev et al.,
2020

14 n.a. Mt. Tyuterai;
1 km south of Mt. Obaly

Tyuretai Periodon grandis (Ethington); Protopanderodus
sp.; Scabbardella altipes (Henningsmoen); Per.
cf. Per. aculeatus Hadding
Pygodus anserinus - Periodon grandis
conodont zones

late Darriwilian–early Katian Degtyarev et al.,
2020

For details on the localities and ages see also Figs. 3, 4, 6-8.
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All those ‘‘additional” formations, Ushbulak, Uzuntobek, Obaly
and Ashchiozek (Fig. 4), are locally exposed and overlap by age
and composition with the ‘‘initial” formations. As most of the geo-
logical boundaries between the formations are tectonic (Safonova
et al., 2019, 2020), we think that the Ushbulak, Uzuntobek, Obaly
and Ashchiozek formations can be partly or completely attributed
to the better constrained Itmurundy or Kazyk or Tyuretai forma-
tions (Figs. 4 and 5). Such a situation with mapping is typical of
many structurally complicated accretionary complexes hosted by
fossil Pacific-type orogenic belts, like the CAOB (e.g., Dobretsov
et al., 2004; Zhang et al., 2018; Dagva-Ochir et al., 2020; Khassen
et al., 2020; Safonova et al., 2020; Savinskiy et al., 2021). The
researchers of numerous younger accretionary complexes of the
Western Pacific typically avoid using ‘‘traditional” stratigraphic
subdivisions, but consider lithologically and chronologically differ-
ent tectonic sheets as units (e.g., Khanchuk, 1993; Nakae, 2000;
Wakita and Metcalfe, 2005; Kojima et al., 2008; Kusky et al.,
2013; Wakita, 2013; Kemkin et al., 2016; Safonova et al., 2016).
However, we are not ready yet to separate the study area into
units, as each potential unit must be well constrained chronologi-
cally, either by microfossils or by U–Pb zircon ages, that remains
challengeable. In this paper we consider the ‘‘initial” formations
only: Itmurundy, Kazyk and Tyuretai.
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3.3. U–Pb zircon age constraints

The first U–Pb zircon data from igneous rocks of the Itmurundy
Zone have been obtained only three years ago: a supra-subduction
hornblende diorite found as a block in the Kentaralau serpentinite
mélange (Figs. 3 and 4) yielded a U–Pb age of 503 ± 4 Ma, i.e., mid-
dle Cambrian (Safonova et al., 2020). A bit later, there were
reported several early Cambrian to Early Ordovician ages con-
strained also from supra-subduction granitoids: 531 ± 6 Ma and
532 ± 2 Ma from amphibole and biotite plagiogranites (Tesiktas
Massif), 520 ± 2 Ma from plagiogranite (East Arkharsu Massif),
498 ± 8 Ma and 476 ± 6 Ma from amphibole plagiogranites present
as blocks in serpentinite mélange (Kentaralau) (Degtyarev et al.,
2021a; Supplementary Data Table S1). In recent papers (Perfilova
et al., 2022; Safonova et al., 2022), we presented first U–Pb ages
of detrital zircons from greywacke sandstones sampled in the
central and eastern parts of the Itmurundy Zone (Fig. 3). In
addition, in this paper we present first data from its western part
(Figs. 7 and 8).

The sandstones from the central part (sites III-V in Fig. 3, near
Karajal Mt.) are characterized by unimodal distributions of U–Pb
detrital zircon ages with main peaks at 469 Ma, 461 Ma, 459 Ma,
456 Ma, 455 Ma, and 445 Ma, i.e., Middle-Late Ordovician



Fig. 7. U–Pb detrital zircon age data on the central part of the Itmurundy Zone (modified from Safonova et al., 2022).

I. Safonova, I. Savinskiy, A. Perfilova et al. Geoscience Frontiers 15 (2024) 101814

10



Fig. 8. U–Pb detrital zircon age data. A–D, from the eastern part of the Itmurundy Zone (Sites VI, VII, modified from Safonova et al., 2022); E–H, from the western part of the
Itmurundy Zone (new data; Site I).
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(Fig. 7A–F). The weighted averages of the youngest populations are,
respectively, 453 ± 3 Ma (Middle Ordovician), 452 ± 3 Ma (Middle
Ordovician), 443 ± 7 Ma (Ordovician-Silurian boundary),
442 ± 4 Ma (Ordovician-Silurian boundary), 452 ± 3 Ma (Late
Ordovician), and 433 ± 6 Ma (Llandovery-Wenlock boundary)
(Fig. 7A–F) (Safonova et al., 2022). The sandstones from the eastern
part (sites VI and VII in Fig. 3) display a different style of the distri-
butions of U–Pb detrital zircon ages: they are polymodal with
minor to notable amount of Precambrian zircons (Fig. 8A, C). The
U–Pb age spectra showmajor peaks at 461 Ma and 462 Ma (middle
Ordovician) and minor peaks at 992 Ma and 2470 Ma. The
weighted averages of the youngest zircons are, respectively,
452 ± 2 Ma (late Ordovician) and 459 ± 3 Ma (middle-late Ordovi-
cian boundary) (Fig. 8B, D) (Safonova et al., 2022).

Here we report new zircon data from the western part of the
Itmurundy Zone, the area of the Kazyk Fm. (Site I in Fig. 3). The zir-
cons were separated from two samples of fine- and medium-
grained sandstones. Sample KZH-6 yielded 36 U–Pb ages, of which
30 showed concordant values of 206Pb/238U and 207Pb/235U ratios
with a concordance higher than 95% (Supplementary Data
Table S1). The distribution of the U–Pb ages is unimodal with a
main peak at 470 Ma, i.e. at the early-middle Ordovician boundary,
plus there are several Neoproterozoic ages (Fig. 8E). The weighted
average of the youngest zircons is 455 ± 6 Ma (late Ordovician)
(Fig. 8F). Sample KZH-7 yielded 64 U–Pb ages, of which 62 are con-
cordant in respect to 206Pb/238U and 207Pb/235U ratios at a concor-
dance higher than 95%. The distribution of the U–Pb ages is
bimodal with two main peaks at 468 Ma and 456 Ma (late Ordovi-
cian) (Fig. 8G). The age population also includes several Silurian
(N = 5), Neoproterozoic (N = 16) and sporadic single Archean
(N = 6) zircons. The weighted average of the youngest zircons is
445 ± 3 Ma, i.e., the Ordovician-Silurian boundary (Fig. 8H).
4. OPS lithologies of the Itmurundy Zone

The micropaleontological data (conodonts, graptolites) and U–
Pb zircon ages clearly indicate that the age of the OPS units of
the Itmurundy Zone range from the middle Ordovician (late Dapin-
gian) to the early Silurian (Llandovery). The ages of the supra-
subduction granitoids are older showing two groups: early Cam-
brian and late Cambrian. Note that all those rocks occur as blocks
in the serpentinite mélange, i.e. probably represent pieces of for-
mer magmatic arcs that were destroyed by subduction erosion
(Safonova and Perfilova, 2023). Therefore, we do not consider them
as parts of OPS. Following the OPS succession (Isozaki et al., 1990;
Wakita and Metcalfe, 2005), we below review the main petro-
graphic, geochemical and isotope, if available, data from three
main groups of lithologies: oceanic floor basalts, pelagic and hemi-
pelagic deep-water sediments and trench facies.
4.1. OPS oceanic basalts

The lower part of the OPS succession includes oceanic floor
basalts formed at mid-oceanic ridges (MORB), oceanic islands
(OIB) and oceanic plateaus (OPB). All those rocks have specific
lithological, petrographic and chemical characteristics (e.g.,
Mullen, 1983; Meschede, 1986; Sun and McDonough, 1989; Kerr
et al., 2000; Regelous et al., 2003; Pearce, 2008). The volcanic rocks
often, but not always, occur in direct contact with OPS sedimentary
rocks (Fig. 9A, B). They are represented mainly by tholeiitic basalt
and andesibasalt and alkaline basalt (Fig. 9C, D), that have Mg#
spanning 26–62, SiO2 = 44.1–54.5 wt.%, TiO2 = 1.4–4.3 wt.%;
CaO = 3.2–11.1 wt.% and Al2O3 = 13.3–17.3 wt.% (Safonova et al.,
2020; Supplementary Data Table S2). According to the content of
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TiO2 we separated the basalts into two groups: high-Ti (TiO2 > 2-
wt.%) and mid-Ti (TiO2 = 1.4–1.7 wt.%).

The high-Ti basalts are associated with volcaniclastic rocks
showing signatures of slumping down and deep-sea sediments
(shale, chert) (Fig. 9A, B). They are dominated by alkaline varieties
(Fig. 9C) with relatively low Zr/Nb (Zr/Nbav. = 9.8) and high light
rare-earth elements (LREE) (LaNav. = 122) (Supplementary Data
Table S2). The subalkaline varieties are mostly tholeiitic basalts
(Fig. 9D). Their spectra of rare-earth elements (REE) show enriched
light components (LREE, La/YbN = 1.1–3.6), and differentiated
heavy REE ((Gd/Yb)N = 1.3–3.2) (Fig. 9E). The differentiated HREE
and the results of geochemical modelling in the Nb vs Nb/Yb sys-
tem suggest derivation of parental melts by low-degree melting
of garnet-bearing mantle sources (Safonova et al., 2020). The prim-
itive mantle normalized multi-element spectra indicate that the
high-Ti basalts are enriched in high-field strength elements (HFSE)
and accordingly show peaks at Nb relative Th and La (Nb/
Lapm = 0.9–1.3; Nb/Thpm = 0.7–1.7) (Fig. 9F). The high-Ti basalts
are characterized by positive to negative values of eNd(t) from + 4.9
to � 8.7 (Fig. 9H) that is indicative of their derivation from variably
enriched mantle sources. In the MnO-TiO2-P2O5 discrimination
diagram (Mullen, 1983), they plot into the fields of oceanic island
alkaline and tholeiitic basalts (Fig. 9G). All these geological and
geochemical features suggest that the high-Ti basalts of the Itmu-
rundy Zone erupted in an intra-plate oceanic setting, i.e., at oceanic
islands and/or seamounts like those of the Emperor-Hawaii Chain
of seamounts and volcanoes (e.g., Chen et al., 1991; Regelous
et al., 2003).

The mid-Ti rocks occur in contacts with deep-sea cherts. They
are mostly tholeiitic basalts (Fig. 9C, D) with higher Zr/Nb (Zr/
Nbav. = 25) compared to the high-Ti varieties. They are less
enriched in the LREEs (LaNav. = 23) and HFSE giving La/YbN = 0.8–
1.0, Gd/YbN = 1.1–1.3, Nb/Lapm = 1.0 (Supplementary Data
Table S3). They yielded LREE neutral/flat REE spectra similar to
those of MORB (Fig. 9E). The multi-element spectra show Nb
enriched relative Th, but not La (Nb/Lapm = 0.5–0.9; Nb/Thpm = 1.4–
1.6) and, in general, are similar to that of an average MORB
(Fig. 9F). The mid-Ti volcanics are characterized by only positive
values of eNd(t) ranging from + 4.7 to + 7.7 (Fig. 9H). In the MnO-
TiO2-P2O5 discrimination diagram (Mullen, 1983), most of the
mid-Ti basalts plot in the field of MORB (Fig. 9G). Accordingly,
we consider those mid-Ti volcanics as formed at mid-oceanic
ridge(s). The different degrees of differentiation of the HREEs in
the high-Ti and mid-Ti varieties indicate derivation of parental
melts from garnet-bearing (garnet lherzolite) and garnet-free (spi-
nel lherzolite) mantle sources, respectively (Safonova et al., 2020).

4.2. OPS pelagic and hemipelagic sediments

Both, the OIB-type and MORB-type volcanics are, as mentioned
before, covered or occur in contact with OPS deep-sea oceanic sed-
iments: pelagic (chert) and hemipelagic (siliceous mudstone, silt-
stone, shale). The deepest OPS sediments can be variable in
color: from light to dark brown, dark and light red, amber, dark
to light grey, violet, chocolate, etc. Their most distinguishable
and outstanding feature is ribbon texture and presence of micro-
fossils, radiolarians and conodonts. Such cherts are typical of all
modern to older accretionary prisms and complexes (e.g.,
Yamamoto, 1987; Sano, 1988; Hori, 1992; Ando et al., 2001;
Maruyama et al., 2010; Wakita, 2012; Kusky et al., 2013;
Safonova et al., 2016). The sedimentation rate of pelagic cherts
formed at greater depths of modern oceans is very low, 1–3 mm
per 1000 years (Huneke and Henrich, 2011). Pelagic cherts typi-
cally cover oceanic floor MORB-type basalts, but also may be asso-
ciated with OIBs at the deepest foothill parts of oceanic islands and
seamounts (Sano and Kanmera, 1988).



Fig. 9. Field photos and main geochemical features of oceanic floor basalts of the Itmurundy Zone. (A) Pillow basalt; (B) a contact between siliceous mudstone (violet) and
basalt (green); (C) SiO2 – Nb/Y classification diagram (Winchester and Floyd, 1977), the pink and grey fields are from (Degtyarev et al., 2020); (D) SiO2 – FeO*/MgO plot
(Miyashiro, 1974); (E, F) chondrite-normalized rare-earth element patterns (E) and primitive mantle-normalized multi-component trace element diagrams (F); (G) MnO*10 –
TiO2 – P2O5*10 discrimination diagram (Mullen, 1983); (H) eNd(t) versus age diagram. The normalizing values for chondrite and the data for OIB and MORB are taken from Sun
and McDonough (1989). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Field photos of pelagic and hemipelagic oceanic sediments of the Itmurundy Fm. (A–D) and Kazyk Fm. (E–H). (A) Ribbon chert; (B) a contact between chocolate
siliceous mudstone and basalt; (C) green and chocolate siliceous mudstones; (D) bedded black shale; (E, F) pelagic cherts; (G) a fold in chert; (H) siliceous mudstone with
ribbon texture. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In the Itmurundy Zone, the cherts have been found at outcrops
of all formations, but are more abundant in the Kazyk Fm. (Figs. 5
and 6). The cherts of the Itmurundy Fm. are massive to ribbon tex-
tured (Fig. 10A), grey, brown to dark brown (chocolate) and in
places occur in contact with basalt (Fig. 10B). The siliceous shales
are violet, greenish and black, also may lie directly upon basalts
of OIB-type (Fig. 10C, D). The cherts of the Kazyk Fm. are domi-
nantly ribbon and red, amber and brown–red in colors (Fig. 10E-
G). The Kazyk chocolate mudstones may also have ribbon textures
(Fig. 10H). Siltstones and shales are less abundant compared to the
Itmurundy Fm. (Safonova et al., 2019).

4.3. OPS trench facies

Coarser-grained clastic rocks, gravelstones and greywacke
sandstonesoccur in all formations of the Itmurundy Zone, in places,
as parts of turbidite associations (Fig. 11A, B). The grey and green-
ish grey fine-to coarse-grained sandstones are poorly sorted and
have massive textures. The angular to poorly rounded clasts are-
mafic to andesitic volcanic rocks, sedimentary rocks, plagioclase,
and, to a lesser degree, K-feldspar and quartz. The volcanic rocks
in clasts (0.1–1.0 mm) possess hyalopylitic, intercertal, microlithic
and poikiloophitic structures. The sedimentary rocks in 0.1–
0.8 mm clasts are chert and siliceous mudstone. The grains of pla-
gioclase and quartz are 0.1–0.8 and 0.1–0.3 mm in size, respec-
tively. The typical accessory minerals are zircon, tourmaline,
epidote and Fe-oxides. There is no cement in the sandstones, but
the matrix only, which composition is close to that of the clasts.
The sandstones from sites VI and VII carry more grains of quartz
(0.2–2.0 mm) and felsic rocks (granite, dacite). The classification
of Shutov (Shutov, 1967), which is based on the counting of clasts
of this or that type, shows that the sandstones from sites I-V are
greywackes, feldspar and quartz-feldspar greywackes, while those
from sites VI-VII are greywacke arkoses (Supplementary Data
Fig. S3).

In general, the Itmurundy sandstones are enriched in MgO and
Fe2O3, but show less Al2O3 relative the Post-Archean Australian
Shale, PAAS (Supplementary Data Table S3). The concentrations
of SiO2 in the sandstones from sites I–V span 55.2 wt.% to
72.6 wt.%, while those from sites VI and VII are more felsic
(SiO2 = 52.6–74.6 wt.%). However, the ratio of SiO2/Al2O3 for all
sandstones is below 8.5 indicating fast burial of the sediments,
i.e., close to the provenance (Pettijohn et al., 1972). The sandstones
from sites I–V are more ferruginous (Fe2O3av. = 6.7 wt.%) relative
those from sites VI–VII (Fe2O3av. = 5.9 wt.%) suggesting more mafic
igneous rocks in the provenance of the former (Taylor and
McLennan, 1985). According to the classification of F. Pettijohn
(Pettijohn et al., 1972), the Itmurundy sandstones are greywackes
and litharenites (Fig. 11C). The geochemical indexes CIA and ICV,
CIA = [Al2O3/(Al2O3 + CaO + Na2O + K2O)] � 100 (Nesbitt and
Young, 1982), ICV = (CaO + K2O + Na2O + Fe2O3 + MgO + MnO +
TiO2)/Al2O3 (Cox and Lowe, 1995), indicate that the sandstones
are immature and derived from low-weathered rocks once present
in the provenance (Fig. 11D). The values of CIA for the sandstones
from sites I–V are lower than those for the sandstones from sites
VI–VII indicating a lower degree of weathering in the provenance.
More evidence for a more mafic source of the sandstones from sites
I–V comes from the higher concentrations of Sr and their positive
correlation with Fe (Feng and Kerrich, 1990). The concentrations
of REE are all lower than in the PAAS, and the multi-element spec-
tra show troughs at Nb-Ta (Supplementary Data Table S3; Safonova
et al., 2022), similar to those typical of supra-subduction igneous
rocks (Pearce, 1982; Briqueu et al., 1984). The tectonic diagrams
show that the sandstones from sites I–V formed by destruction
of an intra-oceanic (Fig. 11E) or undissected (Fig. 11F) arc, while
those from sites VI and VII were derived from a continental arc
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or a recycled orogen (Bhatia, 1983; Dickinson et al., 1983;
Safonova et al., 2022).
5. Detailed description of OPS sites

In this section we present first results of the detailed mapping
of igneous and sedimentary rocks of the three ‘‘initial” formations
(section 3.2), Itmurundy, Kazyk and Tyuretai, that we made in
2017–2019 at seven sites of the Itmurundy Zone, in its western,
central and eastern parts (Fig. 3). These sites including typical
OPS lithologies: ocean floor basalt – pelagic chert – hemipelagic
siliceous sediments – trench clastics (Fig. 1). The western part
includes Site I and Site II in the vicinity to Karajal Mt. and 457
Mt., respectively. Sites III, IV and V are located in the central part,
near Ushtogan Mt., East Arkharsy Massif and 422 Mt., respectively.
In the eastern part, we studied sites VI «OD-1» and VII «OD-2» (see
also Supplementary Data Figs. S1-S2 For location and photos).

5.1. Western Itmurundy Zone

Site I (Karazhal or Karajal; Fig. 3): thick beds of red and brown
cherts are intercalated with yellowish and light-brown siliceous
mudstones and siltstones and overlapped by sandstones (Fig. 12).
Pillowed and sheared basalts (OIB-type; Supplementary Data
Table S2) occur at the base of the mudstones, often as lenses. The
visual thicknesses of the cherts are significantly larger than those
of the siliceous sediments and sandstones. The age interval
inferred from conodonts spans late Darriwilian to early Katian
(Table 1) (Zhylkaidarov, 1998). The summarized lithological col-
umn is around 200 m thick (Fig. 13a), but we must account that
the packages are probably duplexes as they are parts of the accre-
tionary complex and most boundaries between the chert-
mudstone packages are tectonic or concealed (Fig. 12A). The
MDA of sample KZH-7 (445 Ma) is younger than that of KZH-6
(455 Ma) suggesting the direction of subduction to the northwest
(Figs. 3, 8F, H, 12B).

Site II (Mt. 457) is located southeast of Site I (Fig. 3). There are
two rocks associations: basalt-chert in the east and chert-siltstone-
breccia in the west (Fig. 14A). The thick basaltic unit includes
numerous lenses of deformed reddish and greenish chert and mot-
ley siliceous mudstones (Supplementary Data Fig. S2A, B). The sed-
imentary unit of the Kazyk Fm. consists of chert, variably colored
siliceous siltstone and volcanogenic-sedimentary breccia. The geo-
logical map shows that the basaltic and sedimentary units can be
attributed to the Itmurundy and Kazyk fms., respectively (Fig. 3).
But in terms of OPS, we can also consider these two units as parts
of an oceanic seamount with the sediments formed at its slopes
(siliceous siltstone, breccia) and the foothill (siliceous mudstone,
chert) (e.g., Safonova, 2009; Safonova and Santosh, 2014). The
age interval inferred from conodonts in chert spans middle Darri-
wilian to early Sandbian (Table 1) (Novikova et al., 1983).

5.2. Central Itmurundy Zone

Sites III (Ushtogan) and IV (East Arkharsu) (Fig. 3) are domi-
nated by basalt and volcanogenic breccia and gravelstone of the
Itmurundy Fm. (Fig. 13b, 14B, C). Sedimentary rocks, mostly silici-
clastic and cherty, are present as well but their thicknesses are
variable. The basalts often occur as pillow-lavas and flows. The pil-
lows are from 50 cm to 1 m in diameter, in places, they are strongly
sheared and carry variably oriented slickenlines (Supplementary
Data Fig. S2C, H). Sporadically outcropped siliceous sediments,
tuffs and turbidites occur as lenses and boudins. The siliceous sed-
iments are strongly deformed to form overturned folds and ‘‘horse”
structures or duplexes (thrusts) and recrystallized to form mullion



Fig. 11. Field photos and main geochemical features of greywacke sandstones of the Itmurundy Zone. (A) Turbidite of the Itmurundy Fm. (Site IV); (B) sandstones of the
Tyuretai Fm. (Site VI); (C) classification diagram (Pettijohn et al., 1972); (D) CIA-ICV diagram (Nesbitt and Young, 1982; Cox and Lowe, 1995) (see section 4.3); (E)
geochemistry-based discrimination diagram of (Bhatia, 1983); (F) petrography-based discrimination diagram of Dickinson et al. (1983). The value for PAAS is after Taylor and
McLennan (1985).
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Fig. 12. Site I, Kazyk Fm. (A) A general photo of parallel-bedded chert-mudstone packages; (B) detailed geological scheme; (C) lithological columns (for location see B).
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structures (Supplementary Data Fig. S2D). The turbidites are com-
posed of medium-grained sandstones interbedded with siliceous
mudstones (Fig. 11A). The breccias consist of angular fragments
of chert, siliceous mudstones and siltstones, sandstones, and
basalts in silty-sandy matrix (Supplementary Data Fig. S2F–G).
The summarized lithological column made for Site IV is around
250 m thick (Fig. 13b). The age interval inferred from conodonts
in cherts is late Darriwilian – early Katian (Nikitin, 2002;
Degtyarev et al., 2020), but another chert sampled in Site IV yielded
a larger interval of middle to late Darriwilian (Table 1) (Degtyarev
et al., 2020). The MDA of the sandstones from Site IV is younging
17
from 452 Ma to 433 Ma to the southeast suggesting the subduction
to the northwest (Fig. 7A, B, 14C). More evidence for that direction
of subduction comes from the microfossil age constraints from in
Site III, that also get younger from NW to SE, from Darriwilian to
Sandbian (Fig. 3).

Site V (Mt. 422). There are outcrops of various OPS sedimentary
lithologies, basaltic and siliciclastic, and ultramafic rocks
(Figs. 13c–e and 14D). The flows of basalt, probably Itmurundy
Fm., carry lenses of chert (Supplementary Data Fig. S2H). The
siliceous-clastic unit consists of intercalated chert, siliceous mud-
stone, siltstone, polymictic sandstone and gravelstone and proba-



Fig. 13. Lithological columnar sections: a, for Site I, b–e, for Sites IV-V (Fig. 3) showing thicknesses, main lithologies and places of sampling of chert and siliceous mudstone
for microfossils and sandstones for zircons. For details on microfossils see Table 1 and for those on zircon ages see Supplementary Data Table S1 and Figs. 7 and 8.
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bly belongs to the Kazyk Fm. (Fig. 13c–e). The Kazyk sediments
may appeared thrust over the Itmurundy Fm. (Fig. 14D). The cherts
form overturned folds with steeply dipping flanks and westward
striking hinges, flexural or monocline, and scalloped folds (Supple-
mentary Data Fig. S2I). The hemipelagic sediments are represented
by thick green and dark-red siliceous mudstones and siltstones
hosting interbeds of sandstones and cherts and lenses of basalt.
In addition, there are outcrops of boudinated dunite and serpen-
tinite with veinlets of chlorite and asbestos. The visual thickness
of the OPS packages can reach 600 m, but, again, most contacts
are tectonic and therefore the duplexing could be a case. The age
interval inferred from conodonts in cherts is also late Darriwilian
– early Katian (Safonova et al., 2019). The MDA of the sandstones
from Site V is also younging from 453 Ma to 443 Ma, i.e. to the
southeast (Fig. 7C, E, F, 14D).
5.3. Eastern Itmurundy Zone

Sites VI (OD-1) and VII (OD-2) are located in the eastern part of
the Itmurundy Zone and compose large anticline structures, which
axial planes are striking from NW to SE (Fig. 3). The outcrops are
rare (Fig. 15) (Safonova et al., 2022) making their detailed map-
ping, in particular, in terms of columnar sectioning, impossible.
The cores of the folds consist of basalt and thick sandstone (sam-
18
ples It-29–17 and It-29–18 in Fig. 15, Site VI) and their flanks are
composed of chert, siliceous mudstone, siltstone and grey sand-
stone with large lenses of volcanic rocks. There are also zones of
breccias, which fragments are basalt, chert, siliceous mudstone
and siltstone. The cherts are strongly fractured and recrystallized.
The microfossil ages constrains are the period from the late Darri-
wilian to the early Katian (Table 1) (Nikitin, 2002; Degtyarev et al.,
2020). The zircon-based MDA of the sandstones sampled in Site IV
(452 Ma) is older than that of Site VII (459 Ma) (Figs. 3, 8B, D, 15)
(Safonova et al., 2022) suggesting that the subduction was in a
direction different from that inferred from Sites I–V.
6. Types of OPS and modes of accretion

While approaching the subduction zone, the rocks of the ocea-
nic plate or OPS get deformed and then accreted to the hanging
wall (Fig. 1A). The OPS units get detached from the subducting
plate along a surface of decollement (Fig. 1B) (e.g., Isozaki et al.,
1990; Kimura and Mukai, 1991; Kuramoto et al., 2000; Kusky
et al., 2013; Wakita, 2015; Safonova et al., 2016). Sandstones and
hemipelagic facies get detached first, then go pelagic sediments
and, finally, volcanic rocks of oceanic rises (OIB), oceanic floor
(MORB) and deeper ophiolites (gabbro, ultramafics). The incorpo-
ration of rocks of different origins (sediments, volcanics, etc.) into



Fig. 14. Detailed geological schemes for sites II–V (for location see Fig. 3). Profiles B–D (dashed) match the respective columnar sections in Fig. 13. The grey arrows indicate a
proposed subduction polarity based on microfossils age constraints (B) and U–Pb detrital zircon ages (C, D).
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accretionary prism along a convergent plate boundary forms OPS
horses thrust over and under each other (e.g., Wakita, 2012,
2015; Kusky et al., 2013; Wakabayashi, 2015; Ackerman et al.,
2019). So, any accretionary prism consists of regularly repeated
OPS horses (Fig. 1), however in old Pacific-type orogenic belts the
accreted OPS units often look chaotic and accordingly often called
not a prism, but a complex. Separate horses, chert-shale or chert-
19
shale-sandstone or basalt-chert-shale packages, are thrust under
each other to form duplexed structures. The tectonic/thrust bound-
aries between the horses are often blurred as the accreted sedi-
ments are still water-saturated and, therefore, elastic. In such
cases, it is hard, if not impossible, to understand, where is a strati-
graphic top/bottom and, therefore, the traditional way of strati-
graphic subdivision based on Steno’s law is not applicable. Each



Fig. 15. Detailed geological schemes for sites VI-VII (for location see Fig. 3).

Fig. 16. Generalized lithological columnar sections showing three types of OPS of the Itm
Karajal, II. Mt. 457; III, Ushtogan; IV, East Arkharsu; V, Mt. 422; VI, OD-1; VII, OD-2. The
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horse may appear both at the top or bottom. However, the succes-
sion from basalt to chert, then hemipelagic sediment and, finally,
sandstone, remains persistent within each horse.

The results of our detailed mapping show that the basalt-chert,
chert-mudstone-siltstone and siltstone-sandstone packages of the
Itmurundy Zone are not chaotic, but regularly interbedded and
have similar vergence (Figs. 3 and 14). The contacts between sep-
arate packages are often concealed, suggesting their tectonic char-
acter. The lithological columnar sections (Figs. 12–14) are similar
to those observed in younger accretionary prisms of the western
Pacific (Wakita and Metcalfe, 2005; Wakita, 2012). This confirmed
the accretionary nature of the whole zone. The highlighted rock
assemblages match the three ‘‘initial” formations, Itmurundy
(basalt-dominated), Kazyk (chert-dominated) and Tyuretai (clas-
tic) (Figs. 12 and 13) (Patalakha and Belyi, 1981). Our mapped
Itmurundy lithologies and their in-field relationships fit the OPS
succession and typical accretionary prism structures: (1) mafic vol-
canics, basalt and andesibasalt, typically occur at the base of the
sections or packages; (2) the packages of siliceous sedimentary
rocks and basalts are separated by faults; (3) the bedding of chert,
siliceous hemipelagic sediments and sandstones is very steep to
vertical; (4) numerous horse-structures or duplex structures with
clear bottom thrusts; (5) abundant gravelstones and breccias often
associated with lithologies typical of oceanic seamounts, OIB, slope
facies (Figs. 12–14; Supplementary Data files).

In seven sites (Fig. 3) we distinguished three typical OPS succes-
sions: (1) pelagic ribbon cherts – hemipelagic siliciclastics – sand-
stones; (2) ultramafic rocks – basalts – cherts – hemipelagic
siliciclastics – sandstones; (3) basalt-hemipelagic siliciclastics –
sandstones (Fig. 16). Type 1 is special for thick beds of chert, while
Types 2 and 3 are special for the presence of OIB-type and MORB-
type basalts, respectively. Accordingly, we name these OPS succes-
sions: Chert-dominated (Type 1), OIB-hosting (Type 2), and MORB-
hosting (Type 3).
urundy AC and different styles of their accretion. I-VII, sites (for location see Fig. 3); I,
age constraints are based on microfossils data (see Table 1 and references therein).
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Type 1 OPS, Chert-dominated (Fig. 16), is typical of the Kazyk
Fm. and has been distinguished at Site I (Mt. Karajal), Site II (Mt.
457) and Site V (Mt. 422, southern part) (Figs. 3, 12, 13a, 14A).
The dominating lithologies are pelagic ribbon cherts (150–200 m
thick) with much thinner interbeds of hemipelagic siliceous mud-
stones and siltstones (Fig. 10E–H, 12A). Sandstones are less abun-
dant. The strata form repeated horses, but no signs of tectonic
mixing. The alternation of pelagic and hemipelagic sediments indi-
cates an oceanic plate approaching the trench. In this area, the sed-
iments are still not consolidated and may form duplexes. The
basement of Type 1 OPS could be MORB-type basalts, but not found
yet. Those sediments were probably peeled directly off the oceanic
floor, with minor pieces of seamount top basalts, or off a graben
formed by slab bending faults (Fig. 1B, 17).

Type 2 OPS, OIB-hosting (Fig. 16), is typical of the Itmurundy
Fm. and has been distinguished at Site III (Mt. Ushtogan), Site IV
(East Arkharsu) and Site V (Mt. 422, northern part) (Figs. 3, 13c-
e, 14B-D). Type 2 OPS is characterized by abundant basalts with
lenses of ribbon chert and various thin-bedded siliceous mud-
stones with subordinate tuffs, turbidites and breccia (Fig. 10A–D,
11A). The small outcrops are several meters long. A special feature
is a mélange of OPS rocks. That OPS mélange consists of abundant
fragments of OIBs as well as siliciclastic rocks, from mudstone to
sandstone. The sedimentary rocks are typically strongly deformed,
brecciated. Those deformations can be caused by the slumping
down of seamount sediments and by the repeated mixing of earlier
and later accreted rocks like that fixed at the Akiyoshi, Mino and
Shimanto accretionary complexes of Japan (Sano and Kanmera,
1988; Wakita, 2012, 2015). Large blocks of OPS sedimentary rocks
Fig. 17. Different mechanisms of accretion, arrival times and subduction
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keep the initial bedding and, in places, the full succession from
chert to siliceous mudstone and siltstone. The arrival of a sea-
mount to the trench can disturb the formerly accreted coherent
OPS sediments and provoke turbidite currents to form chaotic
structures (accretionary mélange) and turbidites, which again
were involved into accretion. Evidence for that in Type 2 OPS
comes from the presence of large blocks of OIB in the mélange
(Fig. 16). The matrix consists of fine clastic material derived from
previously accreted OPS and an adjacent arc. The U–Pb age spectra
(unimodal) and the compositions (mafic to andesitic, positive eNd(-
t) and eHf(t)) of greywacke sandstones suggest their derivation
from an intra-oceanic arc (Safonova et al., 2022). The coherent
cherty units, seamounts, and mélange get juxtaposed with the
arc during accretion and ocean suturing (Fig. 17).

Type 3 OPS, clastic-MORB-hosting (Fig. 16), is typical of the
Tyuretai Fm. and has been distinguished at Site VI (OD-1) and Site
VII (OD-2) (Figs. 3, 15 and 16). Type 3 OPS is dominated by sand-
stones and siliceous shales (Fig. 11B) and therefore represents
the upper units of OPS (Fig. 1). The lenses of MORB-type basalts
(Safonova et al., 2020) and siliceous sedimentary rocks occur at
the flanks of two large folds or overturned duplexes (Figs. 3 and
18) and are often submerged into a silty matrix (Fig. 15). The U–
Pb age spectra (polymodal, Precambrian zircons) and the composi-
tions (more felsic, negative eNd(t) and eHf(t)) of Type 3 greywacke
sandstones are different from those of Types 1 and 2 suggesting
their derivation rather from a continental arc, than from an intra-
oceanic arc (Safonova et al., 2022). As mostly hemipelagic and
trench sediments are involved into the accretion, we may suggest
that the accretion of Type 3 OPS followed a way similar to that of
polarities for OPS types 1–3. IOA, intra-oceanic arc; a.s., age spectra.



Fig. 18. The time constraints for the oceanic plate stratigraphy, periods of accretion and supra-subduction magmatism inferred from the Itmurundy Zone in comparison with
the adjacent and almost coeval Tekturmas Zone to the north (central Kazakhstan) and Tangbale AC (NW China) to the south-east. Data sources: Choulet et al., 2012; Xu et al.,
2013; Zhu et al., 2015; Degtyarev et al., 2017, 2020, 2021a,b; Zhang et al., 2018; Safonova et al., 2019, 2020, 2022; Zheng et al., 2019; Liao et al., 2021; Perfilova et al., 2022.
Age data: MF, microfossils; Zr, zircon; Neoprot., Neoproterozoic.
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Type 1 OPS. However, the mélange is present as well, that is not
typical of Type 1 (Fig. 16). The Type 3 OPS sediments, pelagic,
hemipelagic and trench, have been found in many accretionary
complexes, for example, in the Ulaanbaatar AC of northern Mongo-
lia (Savinskiy et al., 2021) also indicating the detachment of upper
OPS units only. The presence of MORB-type basalts is not typical of
accretionary complexes, as they typically get fully subducted (e.g.,
Safonova and Santosh, 2014; Safonova et al., 2015). The presence of
MORB-type basalts as lenses in the sedimentary matrix (Fig. 15,
Site VI) can be related to the mud diapirism in the lower part of
a deep-sea trench caused by the pressure increasing inside the
accretionary prism, like that near the Izu-Bonin-Mariana arc sys-
tem (Westbrook and Smith, 1983; Johnson and Fryer, 1990;
Fujioka et al., 1995; Fryer, 2012). As a result, the accretionary prism
hosting Type 3 OPS incorporated the upper clastic units of OPS, i.e.,
sandstones and siliceous siltstones, on one hand, and MORB-type
basalts of the lowermost OPS (Fig. 17).
7. OPS and the timing of accretion

The OPS siliceous-clastic sedimentary rocks are of special
importance to local mapping and regional tectonics as they provide
relative timing and absolute time constraints on the periods of sub-
duction and accretion (e.g., Isozaki et al., 1990; Wakita, 2015). The
relative timing means earlier or later arrival of OPS to the subduc-
tion zone and subsequent accretion (Fig. 17). The time constraints
are the microfossils ages of pelagic and hemipelagic sediments and
the U–Pb ages of detrital zircons from trench sandstones. The
microfossils data allow reconstructing (1) an initial stratigraphic
succession, i.e. OPS (Figs. 12 and 13) (Matsuda and Isozaki, 1991;
Hori, 1992; Wakita, 2012), (2) the minimal parameters of an ocea-
nic plate by the lower to upper ages of oceanic sediments, both
pelagic and hemipelagic, and (3) their arrival to the trench by the
upper ages of hemipelagic sediments (Table 1; Figs. 5, 6 and 13).
The U–Pb ages of detrital zircons fix the beginning of accretion
(the lower detrital zircon ages within the main peak) and its cessa-
tion, i.e., MDA (Figs. 7 and 8).

The tectonic history of the Itmurundy AC spans a period of
about 100 Ma (Fig. 18) and its formation is linked to the subduction
of oceanic plates under intra-oceanic arc(s) and/or continental arc
(s) (Degtyarev, 1999; Safonova et al., 2020, 2022; Degtyarev et al.,
2021a). The lower age boundary of the oceanic plate, which OPS
units are present at Itmurundy sites I-V, is early Darriwilian
(Fig. 6) or even Dapingian (Table 1; Nikitin, 2002), i.e., at about
467 Ma. The minimal 200 m thickness of the siliceous sediment
(Fig. 14) suggests great depths and an oceanic plate comparable
in size with the Indian Ocean. The low rates of sedimentation of
the Itmurundy cherts (sections 3.2, 4.2) indicate a setting similar
to that of the accumulation of Mesozoic to Cenozoic deep-sea
cherts.
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The Ordovician accretion in the western PAO formed three
types of OPS in the Itmurundy AC (Fig. 16). The periods of accretion
of about 40–45 Myr, 50–55 Myr and 2–8 Myr and the arrival times
at ca. 490 Ma, 475 Ma and 460 Ma have been estimated for these
three types, respectively (Figs. 7, 8, 17 and 18). The OPS Type 1
sandstones (western zone, Site I) were probably derived through
destruction of a long-lived Ordovician arc, 480–450 Ma, and their
active sedimentation started at 455 Ma (Fig. 8E–H). The OPS Type
2 hosted sandstones (central zone, Sites III-V) derived from a Late
Ordovician arc (460–450 Ma) and their accumulation started in the
late Ordovician and continued until the early Silurian (Fig. 7). The
Type 2 sandstones could be accumulated in a basin different from
Type 1 sandstones as they carry no Precambrian zircons (Figs. 7,
8E–H). The OPS Type 3 sandstones are different from those of
Types 1 and 2 both lithologically and chemically (Fig. 11) and could
be formed by destruction of late Ordovician igneous rocks of differ-
ent origin (continental arc), composition and mantle sources
(Safonova et al., 2022). Note, the sandstones of all types carry neg-
ligible to nil amounts of late Cambrian zircons, but there are Cam-
brian supra-subduction plagiogranites and diorites present as
blocks in serpentinite mélange (Fig. 3) (Safonova et al., 2020;
Degtyarev et al., 2021a). However, there is a lot of Precambrian zir-
cons in the Type 3 sandstones suggesting older rocks in the prove-
nance. Thus, based on U–Pb ages, geochemical, whole-rock Nd and
Hf-in-zircon data, and the absence of continental material in sand-
stones of sites I–V (Fig. 11) (Safonova et al., 2022), two tectonic set-
tings have been reconstructed in the Itmurundy Zone: oceanic
plate – intra-oceanic arc – back-arc basin – continent, OPS Types
1 and 2, and oceanic plate – continental arc/continent, OPS Type
3 (Fig. 17). Conclusively, the three types of OPS are characterized
by different times of their arrival (490 Ma, 475 Ma and 460 Ma)
to the subduction zone and different periods of accretion (40–45
Myr, 50–55 Myr and 2–8 Myr). In general, the accretion started
in middle Ordovician time and continued until the Wenlock
(early-mid Silurian) (Fig. 18).
8. Subduction polarity

A robust reconstruction of subduction polarity or direction of
subduction is possible only through a careful study of accretionary
complex to understand which part of OPS arrived early and which
later (Fig. 1B). The available time constraints from microfossils and
zircons (MDA) clearly show that the directions of younging sedi-
mentation ages in the western and central sites (I–V) are different
from those in the eastern sites (VI–VII) (Fig. 3). In the western and
central parts, the MDA of sandstones in Sites I, IV and V and the
microfossils ages of cherts sampled at Site III (Fig. 3) are all
younger in the southern packages than those in the packages
located to the north or north-west. The ages are, respectively,
445 Ma and 455 Ma for Site I, (Fig. 12), Sandbian and Darriwilian



Fig. 19. Duplexes in accretionary complexes, overturned and unfolded. (A) A scheme of the Itmurundy Zone (eastern) (location see in Fig. 2) with overturned/folded duplex
structures OD-1 and OD-2 (a probable ‘‘initial” position, before the overturn, of OD-1 and OD-2 OPS units is shown in the right upper corner); (B) geological sketch map
showing several bended sheets (horses) of chert and siliceous mudstone, that compose an overturned duplex, Inuyama area, Mino terrane, Japan (modified fromMatsuda and
Isozaki, 1991; Hori, 1992); (C) a reconstruction of the initial Inuyama duplex showing several OPS ‘‘horses” successively thrust under each other (S. Maruyama’s
interpretation).
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for Site III, 433 Ma, 442 Ma and 452 Ma for Site IV, and 443 Ma and
453 Ma for Site V (Fig. 13). All these facts suggest that the direction
of subduction was to the NNW and NW in modern coordinates and
in respect to the present-day distribution of geological features
(Fig. 17; section 5). Vice versa, in the eastern part of the Itmurundy
Zone, the MDA of the sandstone from the northern fold (Fig. 3), is
younger than that of the sandstone from the southern fold in Site
VII (Fig. 15) suggesting another direction of subduction also in
the present-day coordinates (Fig. 17).

In Sites VI and VII, the duplex structures are present as well but
could be overturned during later collisional processes (Fig. 19A).
Such overturned duplexes are similar to that reconstructed in
details in the OPS type locality in Japan, the Mino terrain
(Fig. 19B) (Matsuda and Isozaki, 1991; Hori, 1992; Safonova
et al., 2016, 2020). These two folds in Sites VI and VII represent
overturned duplexes (Figs. 3 and 19A), similar to those of the
famous Inuyama area (OPS type locality) of the Mino terrain in
Japan (Fig. 19B). If we ‘‘unfold” them to an of initial position, we
will get a direction to approximately south-east (Fig. 19A). Such
23
an approach was previously used at to show several horses thrust
under each other and forming a duplex structure (Fig. 19B, C). In
addition, so far, we have diagnosed MORB-type basalts only in Site
VI. We propose that initially the Type 1 and Type 2 OPS units (Sites
I–V) and Type 3 OPS units (Sites VI–VII) were separated from each
other by a mid-oceanic ridge (Figs. 17 and 20). According to the
paleomagnetic data from the Arkharsu Massif (Fig. 3), a nearly
2000 km long submeridional mid-oceanic ridge extended from
the equator to 20�N (Didenko et al., 1994; Kurenkov et al., 2002).
Thus, we argue about the presence of pieces of two oceanic plates
in the Itmurundy Zone, which were subducting in different
directions.
9. A new tectonic model

The Kazakh Paleozoides include many supra-
subduction complexes or zones (Fig. 2B), both intra-oceanic and
continental, suggesting a continuous subduction from the Cam-



Fig. 20. A new tectonic model for the establishment of the Itmurundy Zone suggesting two oceanic plates, that were once co-existing near the Aktau-Junggar microcontinent
and subducting in different directions under different types of convergent margins: Aleutian-type (A; middle-late Cambrian) and Cordilleran-type (B; Ordovician).
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brian to the Devonian (e.g., Windley et al., 2007; Degtyarev, 2012;
Safonova et al., 2017). Among the early Paleozoic arcs, the largest is
the middle-late Cambrian Boshchekul-Chingiz intra-oceanic arc,
that is extended from central Kazakhstan to NW China
(Degtyarev, 2011; Shen et al., 2015). There are also early Paleozoic
island-arc complexes in West Junggar, NW China (e.g., Xu et al.,
2013; Zheng et al., 2019; Liao et al., 2021), and south Kazakhstan
to northern Tianshan, Kyrgyzstan (Alexeiev et al., 2011;
Degtyarev, 2011). Fragments of late Cambrian and Early Ordovician
intra-oceanic arcs were also found in the Itmurundy and Tektur-
mas zones of central Kazakhstan and in the Tangbale accretionary
complexes of West Junggar (Figs. 3 and 19), but present only as
small incoherent bodies or blocks in serpentinite/ophiolitic
mélange (e.g., Zhang et al., 2018; Khassen et al., 2020; Safonova
et al., 2020; Degtyarev et al., 2021a, b; Liao et al., 2021).

More records of the occurrence of intra-oceanic arcs in the
western PAO come from the clastic rocks, sandstones, often present
as turbidites, in the Itmurundy (Sites I–V), Tekturmas and Tangbale
ACs (Choulet et al., 2012; Perfilova et al., 2022; Safonova et al.,
2022; Safonova and Perfilova, 2023). The sandstones/turbidites
could be deposited in the trench, fore-arc, intra-arc and back-arc
basins. The U–Pb detrital zircon age patterns, that were obtained
from sandstones of these three accretionary complexes, are all uni-
modal and show main peaks at the Ordovician. This confirms the
existence of a long-lived and extended intra-oceanic arc system
in the western PAO (Fig. 20), which erosion supplied mafic to ande-
sitic isotopically juvenile material to the trench/forearc basin. The
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U–Pb zircon data from Sites VI-VII indicate a coeval continental arc
(Fig. 8A–D), which destruction provided more felsic and isotopi-
cally recycled material (sections 4.3 and 8). The U–Pb zircon age
constraints fit those obtained from microfossils in pelagic cherts
(Fig. 18, Table 1; Supplementary Data Table S1). The Itmurundy
AC records the accretion at the intra-oceanic convergent margin
(Fig. 17) during about 50 Myr (section 8), whereas at the continen-
tal margin it was much shorter (less 8 Ma), suggesting that the first
oceanic plate was larger than the second (Fig. 20).

So, the Types 1 and 2 OPS successions were formed on an ocea-
nic plate subducting under one or more intra-oceanic arcs (Izu-
Bonin-Mariana or Aleutian types). The Type 3 OPS rocks were
deposited on an oceanic plate moving in another direction proba-
bly under a continental arc or active continental margins (Cordil-
leran or Andean types) (Fig. 20). Such a tectonic setting
resembles that in the modern Pacific. The most appropriate actual-
istic analogue of such tectonic settings are the Aleutian arc, which
formed over the Pacific Plate subducting to the north and is char-
acterized by active processes of subduction erosion (Jicha and
Key, 2018), and the proto-Juan-de-Fuca Plate subducting under
the Northern Cordilleran active margin at 20 Ma (e.g., Madsen
et al., 2006). Both plates, Pacific and Juan-de-Fuca, are subducting
beneath the North American continent; the directions of their sub-
duction are to the north-northeast and east, respectively. In the
tectonic framework of early Paleozoic continental blocks and
island arc of the western PAO, we can suggest that the proposed
oceanic plates were subducting under the active margins of the
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Aktau-Junggar ribbon microcontinent (Fig. 20) (e.g., Windley et al.,
2007; Alexeiev et al., 2011; Wilhem et al., 2012) or under the
Aktau-Mointy microcontinent located to the north or the Aktau-
Junggar microcontinent located to the south-east of the Itmurundy
Zone (Fig. 2) (e.g., Levashova et al., 2010; Kanygina et al., 2020).

The proposed model suggests ridge subduction (Fig. 20).
Although it is hard to get evidence of ridge subduction while
studying fossil Pacific-type orogenic belts, we used the criteria
for that from the modern Circum-Pacific. The Itmurundy Zone car-
ries typical signatures of ridge subduction (Wang et al., 2020),
which are the great variety of igneous rocks, first of all, high-Mg
andesites, boninites, adakites (Safonova et al., 2020; Degtyarev
et al., 2021a), enhanced subduction erosion (Safonova et al.,
2022; Safonova and Perfilova, 2023; see section 10 below), and
the abundant Ordovician–early Devonian gold and copper mineral-
ization (Kurchavov et al., 2002; Seltmann et al., 2009; Goldfarb
et al., 2014; Shen et al., 2018). In general, the ridge subduction
could result in the splitting of a larger Ordovician oceanic plate into
two smaller plates (microplates) like was proposed for the Farallon
Plate, which, due to the subduction of the Pacific-Farallon Ridge,
became smaller and finally split into the Juan de Fuca and South
Farallon plates (Li et al., 2018b, 2022, 2023). However, more
detailed research is needed to provide a robust evidence for the
ridge subduction and related magmatism, subduction erosion
and mineralization in the North-Balkhash foldbelt.
10. The problem of subduction erosion

The most challengeable issue of the reconstruction of both
intra-oceanic and continental arcs is a probable disappearance of
those arcs, in particular, their igneous formations, from the geolog-
ical record due to surface and subduction erosion (e.g., Clift and
Vanucchi, 2004; Stern and Scholl, 2010; Stern, 2011; Vanucchi
et al., 2016; Safonova, 2017; Safonova and Khanchuk, 2021;
Safonova and Perfilova, 2023). The relief of oceanic floor is an
important factor of subduction erosion. Horst-graben topography
of the subducting oceanic plate, an orthogonal subduction of
intra-oceanic arcs and ridges and accretion of oceanic rises (sea-
mounts) - all enhance the subduction erosion of magmatic arcs
and re-accretion of previously accreted OPS units (von Huene
and Ranero, 2003; Martínez-Loriente et al., 2019). Evidence for
the subduction erosion comes from the proximity of coeval accre-
tionary and supra-subduction complexes, presence of supra-
subduction igneous rocks as blocks in exhumed serpentinite
mélange, trench jumping landward and related, magmatic lulls
and the disappearance of U–Pb zircon age peaks in younger clastic
rocks.

In the Itmurundy and Tekturmas zones of Central Kazakhstan
(Safonova et al., 2020, 2022; Gurova et al., 2022) and in the
Tangbale-Mayile-Barleik arc belt in West Junggar (e.g., Xu et al.,
2013; Zhu et al., 2015; Zheng et al., 2019), the accreted OPS units
are located very close to the coeval supra-subduction complexes.
This suggests that a part of the crust between them was eroded
(Scholl and von Huene, 2007; Safonova et al., 2015). In all these
regions, the middle-late Cambrian igneous rocks of supra-
subduction origin have been diagnosed only as blocks in serpen-
tinite mélange. There are few Cambrian ages among the detrital
zircons from greywacke sandstones of these belts (Choulet et al.,
2012; Safonova et al., 2022; Safonova and Perfilova, 2023). In addi-
tion, the Cambrian age peak in an older Tekturmas sandstone dis-
appeared in a younger sandstone (Perfilova et al., 2022). All these
facts allow us to propose that the Cambrian magmatic arc was tec-
tonically eroded and its fragments (plagiogranite and diorite) were
detached from the hanging wall of the subduction zone and cap-
tured by the serpentinite formed in the subduction channel and
25
later exhumed (Fig. 20) (Safonova and Perfilova, 2023). Therefore,
the processes of subduction erosion in the western PAO were sim-
ilar to those in the modern Circum-Pacific, for example, over the
Guatemala-Costa Rica-Chile (eastern Pacific), Tonga (SW Pacific)
and Nankai-Japan (western Pacific) subduction zones (von Huene
and Ranero, 2003; Bangs et al., 2006; Contreras-Reyes et al., 2011).
11. Conclusions

The Itmurundy Zone of Central Kazakhstan is a typical Pacific-
type orogenic belt hosting accretionary complex, ophiolite massifs
and serpentinite mélange. The available geological, U–Pb age,
microfossil, geochemical and isotope data from igneous rocks,
deep-sea sediments and greywacke sandstones and the new geo-
logical and geochronological data prove the existence of two
intra-oceanic arcs and two oceanic plates in the western Paleo-
Asian Ocean in early Paleozoic time, middle-late Cambrian and
Ordovician. We used the Ocean Plate Stratigraphy (OPS) model to
trace the evolution of the Itmurundy Zone and to present a holistic
story of Ordovician oceanic plates, which accretion formed the
Itmurundy accretionary complex. The results of our detailed map-
ping in seven sites in the western (I, II), central (III–V) and eastern
(VI, VII) parts of the Itmurundy Zone allowed us to distinguish
three types of OPS assemblages: (1) Chert-dominated, (2) OIB-
hosting, and (3) MORB-hosting. The accretion of OPS Types 1 and
3 formed typical accretionary prisms, but accretion of OPS Type 2
formed a more chaotic complex or accretionary mélange. The grey-
wacke sandstones from the western and central parts of the Itmu-
rundy Zone appeared different from those of the eastern part in
composition and the character of U–Pb age spectra. The sandstones
of OPS Types 1 and 2 show chemical compositions close to basalt to
andesite, positive values of whole-rock eNd(t) and eHf(t)-in-zircon
and unimodal distributions of U–Pb zircon ages with main peaks
of magmatism at 460–455 Ma, and MDA of 455 Ma to 433 Ma.
The sandstones of OPS Type 3 show chemical compositions close
to andesite to dacite, negative values of whole-rock eNd(t), negative
to positive values of eHf(t)-in-zircon and polymodal distributions of
U–Pb zircon ages with the magmatism peaked at ca. 460 Ma and
MDA of 459 Ma to 452 Ma. In general, the U–Pb ages of detrital zir-
cons from greywacke sandstones traces the magmatism in the
provenance from the Early to the Late Ordovician. The arrival times
for the oceanic plate(s) were, respectively, 490 Ma, 475 Ma and
465 Ma. The MDA of sandstones and the microfossils data from
chert show the younging of strata to the south and SE in Types 1
and 2 and to NEE for Type 3 (in present coordinates) suggesting
double-sided subduction to the NNW and SEE and, accordingly,
the co-existence of two oceanic plates in Ordovician time. Those
two oceanic plates were subducting under different types of
Pacific-type convergent margins, intra-oceanic arc and continental
arc. A probable actualistic example is the Aleutian arc with the
Pacific Plate subducting to the north and the Juan-de-Fuca Plate
back to 20 Ma subducting to the west and WWS under the Cordil-
leran active margin. The U–Pb zircon data from both igneous and
clastic rocks revealed traces of a middle-late Cambrian intra-
oceanic arc, which was tectonically eroded during the Early
Ordovician subduction. The Cambrian arc was tectonically eroded
probably by the relief of the oceanic floor and its oblique position
in respect to the subduction zone. As a whole, the Itmurundy AC
records the timing of subduction and accretion from the late Cam-
brian to the early Silurian, i.e., 60 Myr at shortest.
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