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The Itmurundy zone/belt is located in the northern Balkhash area of central Kazakhstan. Geologically it
belongs to the Kazakh orocline located in the western Central Asian Orogenic Belt (CAOB), north of the
Tarim craton and west of the Junggar block. The Itmurundy belt, which surprisingly has remained un-
studied in terms of up-to-date geochronological, geochemical and isotope methods compared to other
regions of the CAOB, was revisited and reinvestigated. The belt possesses a very complicated geological
structure and hosts rocks of mantle, orogenic and post-orogenic associations. This paper focuses on the
orogenic association and presents original geological data, first UePb age and first up-to-date
geochemical and Nd isotope data from igneous rocks. The orogenic association of the Itmurundy belt
includes volcanic and sedimentary rocks of three formations, Itmurundy (O1-2), Kazyk (O2-3) and Tyuretai
(O3eS1), and represents an accretionary complex. The most lithologically diverse Itmurundy Fm. (O1-2)
consists of oceanic basalt, pelagic chert, hemipelagic siliceous mudstone and siltstone, and greywacke
sandstones. Both sedimentary and igneous rocks were strongly deformed by syn- and post-accretion
processes, which, in places, formed duplex structures. The igneous rocks are basalt/dolerite/gabbro,
andesibasalt, trachybasalt and diorite. The diorite yielded a UePb age of ca. 500 Ma. The subalkaline
volcanic and subvolcanic rocks belong to the tholeiitic series. Based on major oxides three groups of rocks
can be distinguished: high-Ti, mid-Ti and low-Ti. The rocks of these three groups are variably enriched in
LREE (LaN¼ 122, 23 and 2 in average, respectively) showing LREE enriched (high-Ti), LREE depleted (mid-
Ti) and flat (low-Ti) REE patterns. The high-Ti group shows enrichment in Nb, Th, and Zr compared to the
mid-Ti and low-Ti groups. The low-Ti group is special for the Nb troughs in primitive mantle normalized
multi-element diagrams, which are typical of supra-subduction settings. The values of εNd are mostly
positive for the mid-Ti and low-Ti groups, but negative for the high-Ti group. The geochemical features of
the igneous rocks suggest their formation in oceanic (oceanic floor and oceanic island/seamount) and
supra-subduction (intra-oceanic arc) settings. In general, the structural position, lithology and defor-
mation styles of Itmurundy sedimentary and igneous rocks and the geochemical features of the igneous
rocks all accord well with the models of Ocean Plate Stratigraphy (OPS) and Pacific-type orogeny. Thus,
the Itmurundy belt at northern Balkhash represents an Ordovician-Silurian Pacific-type orogenic belt
formed at a convergent active margin of the Paleo-Asian Ocean.
© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Itmurundy zone is an important, but greatly understudied
constituent of the Central Asian Orogenic Belt (CAOB) or Altaides,
ty, Sobolev Institute of Geol-
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the world largest Phanerozoic accretionary orogen (e.g.,
Zonenshain et al., 1990; Seng€or et al., 1993; Mossakovsky et al.,
1993; Jahn, 2004; Windley et al., 2007; Kr€oner et al., 2007, 2014;
Safonova, 2017) (Fig. 1). It is located in the western CAOB, at the
northern shore of Lake Balkhash (also referred to as Balqash) of
central Kazakhstan, south of the Predchingiz Devonian volcanic arc
terrane. In the early 1980-ties the Itmurundy belt was called a
spillite-jasper complex hosting ophiolites of unclear ages, Neo-
proterozoic (Riphean to Sinian in old literature), Cambrian or
vier B.V. All rights reserved.
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Fig. 1. Simplified tectonic scheme of the western Central Asian Orogenic Belt and location of the Itmurundy belt shown as red star (modified after Windley et al., 2007). (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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Ordovician (Patalakha and Belyi, 1981). Since the late 1990-ies and
2000-s this belt has been classified as an accretionary prism or
complex (Zhylkaidarov, 1998; Stepanets, 2016), which formation
was related to the evolution of the Paleo-Asian Ocean (PAO) and its
further suturing and formation of the CAOB (Dobretsov et al., 1995,
2003; Buslov et al., 2001; Safonova and Santosh, 2014). The
Itmurundy belt occurs as a complex of intricately folded thrust
sheets and tectonic blocks partly transformed into a polymictic
and/or serpentinitic melange (Ermolov et al., 1990) composed of
rock units of different tectonic origins (Fig. 2). It is dominated by
several kilometers long and wide bodies of ultramafic rocks, gab-
bro, basalt and andesibasalt, chert, siliceous mudstone, siltstone
and shale, and sandstones (Fig. 2). The Itmurundy belt is known for
hosting a large deposit of jadeite (Patalakha and Belyi, 1981;
Kovalenko et al., 1994).

Earlier studies considered the Itmurundy oceanic units (basalts
and sediments) as formed in a back-arc basin/marginal sea
(Ermolov et al., 1990; Stepanets, 2016). However, the abundant
igneous and sedimentary rocks of obviously oceanic origin and the
very limited micropaleontological data from Ordovician siliceous
sediments, chert andmudstone (Novikova et al., 1983; Nikitin et al.,
1991, 1992; Zhylkaidarov, 1998; Nikitin, 2002), suggest a time in-
terval and environments of sedimentation corresponding to a
larger and deeper oceanic realm. In addition, the limited
geochemical data from mafic volcanic rocks (Stepanets, 2016) and
their association with oceanic sediments (ribbon chert) (Patalakha
and Belyi, 1981) suggest that the volcanic rocks erupted in an
oceanic setting. Finally, after a more than 30 years gap, the
geological features of the Itmurundy belt and the problems related
to its study were re-evaluated and re-focused in a recent paper by
(Safonova et al., 2019).

Several localities of intra-oceanic arcs and oceanic crust of
Ordovician age sensu stricto have been reported in the western
CAOB: in Altai, Kazakhstan and western Junggar (Safonova et al.,
2017 and references therein). The Russian Altai hosts fragments
of oceanic crust of late-Cambrian to early Ordovician age (e.g., Iwata
et al., 1997; Sennikov et al., 2003; Safonova et al., 2011). The
Ordovician Selety-Urumbai, Bozshakol-Chingiz, Baydaulet-
Aqbastau intra-oceanic arc terranes occur in northern and eastern
Kazakhstan (Shen et al., 2007; Degtyarev, 2011, 2012). Several lo-
calities of Ordovician ophiolites have been reported in western
Junggar (e.g., Wang et al., 2003; Liu et al., 2016; Zhang et al., 2018).
The origin of the Itmurundy ophiolites, in particular, their age and
petrogenesis, have remained enigmatic as no detailed geochrono-
logical or geochemical studies have been ever accomplished in
northern Balkhash region. According to our own geological data
(Safonova et al., 2019) and previous publications (Zhylkaidarov,
1998; Stepanets, 2016), in this paper we refer the Itmurundy
zone to as “Itmurundy belt” including an accretionary complex and
an ophiolite belt. We review and integrate the available data from
the Itmurundy belt, though limited, and revisit this geological en-
tity in terms of its geological structure, rock assemblages, age,
deformation features and modern concepts on the origin of
ophiolites and accretionary complexes. We present first UePb
zircon ages and up-to-date geochemical and isotope data from
Itmurundy igneous rocks. We will show that the Itmurundy belt



Fig. 2. Geological map of the Itmurundy belt in northern Balkhash, central Kazakhstan, and index map of the Itmurundy region in Kazakhstan e modified from the 1/200,000 scale
Geological map of the USSR, Sheet L-43-XI (Koshkin and Galitsky, 1960).
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records a story of a much wider/deeper ocean, than considered
before (Stepanets, 2016), and give first constrains on the lifetime of
the ocean based on the field observations and careful mapping of
outcrops. Finally, we will propose reconstructions of the accre-
tionary complex in terms of the model of Ocean Plate Stratigraphy
(OPS; e.g., Isozaki et al., 1990; Maruyama et al., 2010; Kusky et al.,
2013) and its tectonic history in the context of the whole history
of the western CAOB. In this paper we present first up-to-date
analytical data, UePb zircon ages, major and trace elements, and
whole-rock Nd isotopes, from igneous rocks: gabbro, basalt,
andesibasalt, and dolerite (analytical details are provided in Sup-
plementary Electronic Materials). The rocks were sampled at
Horse-1 and Horse-2 sites in the central part of the Itmurundy AC
(Figs. 2, 3 and 6, 1S).

2. Geology of the Itmurundy region

The Itmurundy or Itmurundy-Kazyk zone, including ophiolite
belt and/or accretionary complex, is a part of the Junggar-Balkhash
foldbelt, which extends to the western Junggar region in NW
China (Fig. 1) (e.g., Patalakha and Belyi, 1981; Ermolov et al., 1990;
Kurenkov et al., 2002; Windley et al., 2007). In the 1/200,000
geological map (Koshkin and Galitsky, 1960) we can recognize three
main units or assemblages of rocks: mantle, orogenic and post-
orogenic, which are separated from each other by regional to local
faults (Figs. 2 and 3; Table 1). The mantle assemblage consists of
probably pre-Ordovician peridotites, dominantly dunite and wher-
lite, plus gabbro, i.e. it represents lower parts of an ophiolitic pack-
age. The orogenic assemblage includes mafic volcanic rocks (mostly
basalt, dolerite), ribbon chert, hemipelagic siliceous thin-grained
sediments (mudstone, siltstone, shale), gray and greenish-gray
sandstones and flyschoid greywacke sandstones. The Ordovician to
early Silurian ages of the siliceous sediments were constrained by
microfossil data (Novikova et al., 1983; Nikitin et al., 1991, 1992;
Zhylkaidarov,1998; Nikitin, 2002; Safonova et al., 2019).We use term
“orogenic” because these rocks obviously formed in oceanic envi-
ronments and were piled up together during Pacific-type orogeny
and related accretion. They remained on the surface only due to the
orogeny, otherwise they would subduct to the deep mantle
(Maruyama et al., 2011; Safonova, 2017). Second, a part of sedi-
mentary rocks is directly related to orogeny (arc-derived sandstones,
trench facies, etc.), therefore they “have a right” to be considered as
part of orogenic units. Third, we cannot separate those sedimentary
rocks in accretionary complexese they occur together, often inter-
calated, therefore, they all, both terrigenous/clastic and oceanic, both
volcanic (basalts having mantle origin) and sedimentary, belong to a
single unit formed as a result of Pacific-type orogeny.

The “post-orogenic” assemblage including the rocks formed
after the Pacific-type orogeny at the active margins of the PAO and
its suturing, consists of mid-Silurian to Carboniferous continental
margin to continental sediments (sandstones, carbonates, con-
glomerates) and felsic volcanic rocks. Hereinafter we will refer the
mantle assemblage to as Itmurundy ophiolite complex and the
orogenic assemblage to as Itmurundy accretionary complex (Fig. 2).

The Itmurundy ophiolite belt consists of folded thrust sheets,
which are, in places, deformed and broken to form polymictic
m�elange (Ermolov et al., 1990). It includes three ultramafic-mafic
massifs: Kentaralau in the west (dominated by harzburgite and
serpentinite), Itmurundy in the centre (dominated by dunite), and
Arkharsu in the east (dominated by serpentinite m�elange, wehrlite,



Fig. 3. A, Geological map of the Itmurundy accretionary complex, central Kazakhstan (modified from Patalakha and Belyi, 1981). B, duplex structures consisting of OPS packages
(horses) of the Itmurundy, Kazyk and Tyuretai formations. Numbers in circles are for the Kentaralau (1), Itmurundy (2) and Arkharsu (3) ultramafic-mafic massifs.

Table 1
Description of the igneous rocks sampled in the Itmurundy accretionary complex.

sample no. Rock type Mode of occurrence site namea Coordinates

1 IT-05-17 dolerite small outcrop H2 N 46�48036.700; E 76�20040.200

2 IT-13-17 aphyric basalt lava flow H2 N 46�48049.800; E 76�20045.100

3 IT-16-17 microgabbro core of lava flow H2 N 46�49004.600; E 76�20053.200

4 IT-22-17 aphyric basalt lava flow H2 N 46�48059.000; E 76�20049.800

5 IT-35-17 dolerite lava flow OD1 N 46�43009.0500; E 76�44047.100

6 IT-36-17 porphyric basalt pillow-lava OD1 N 46�43006.300; E 76�44034.400

7 IT-43-17 amygdaloidal basalt pillow-lava H2 N 46�49039.600; E 76�21023.300

8 IT-44-17 basalt pillow-lava H2 N 46�49036.900; E 76�21024.400

9 IT-60-17 aphyric basalt pillow-lava H2 N 46�48019.100; E 76�21038.500

10 IT-61-17 porphyric basalt pillow-lava H2 N 46�48017.700; E 76�21032.300

11 IT-62-17 porphyric basalt pillow-lava H2 N 46�48018.300; E 76�21038.200

12 IT-63-17 aphyric basalt pillow-lava H2 N 46�48014.500; E 76�21039.300

13 IT-64-17 aphyric basalt pillow-lava H2 N 46�48013.200; E 76�21040.200

14 IT-73-17 microgabbro small outcrop H2 N 46�49053.100; E 76�18029.000

15 IT-75-17 microgabbro small outcrop NW H2 N 46�52047.500; E 76�16040.200

16 IT-76-17 porphyric basalt pillow lava NW H2 N 46�52041.400; E 76�16055.200

17 IT-77-17 aphyric basalt lava flow NW H2 N 46�52046.800; E 76�17008.700

18 IT-78-17 aphyric basalt lava flow NW H2 N 46�52048.600; E 76�17021.400

19 IT-79-17 aphyric basalt lava flow NW H2 N 46�52021.400; E 76�17008.700

20 IT-80-17 gabbro-dolerite small outcrop NW H2 N 46�52050.000; E 76�17037.600

21 ИХ-14 microgabbro core of lava flow H2 N 46�48019.200; E 76�22021.200

22 H2-14 gabbro outcrop H2 N 46�50059.900; E 76�17039.500

23 H2-15-1 microgabbro outcrop H2 N 46�50059.500; E 76�17053.900

24 H2-16-1 clastic lava outcrop H2 N 46�50056.000; E 76�18009.800

25 N17008 aphyric basalt lava flow H2 N 46�48031.800; E 76�21025.800

26 17081902 aphyric basalt lava flow H2 N 46�49050.800; E 76�18027.800

27 JD6-1 diorite small outcrop western N 46�57002.200; E 76�03004.500

Sites: H1 e Horse-1, H2 e Horse-2, NW - northwestern.
a See Figs. 1 and 2 for details.
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pyroxenite and gabbro) (Fig. 3). There are plagiogranite and
sodium-metasomatic rocks formed after the ultramafic rocks at the
periphery of the ophiolite complex, whereas jadeite and jadeitite-
albitite occur in the central part (Patalakha and Belyi, 1981;
Kovalenko et al., 1994).

A zone of polymictic m�elange is located in the northern part of
the Itmurundy belt (Figs. 2 and 3). The polymictic m�elange consists
of sheared dunite-harzburgite serpentinite hosting blocks of lher-
zolite, pyroxenite, jadeite, gabbro, gabbro-amphibolite, dolerite,
altered basalt (greenstone), albitite, plagiosyenite, plagiogranite,
amphibolite, garnet-epidote-muscovite, actinolite and glauco-
phane schists, apoeclogite garnet amphibolite (Antonyuk, 1974;
Avdeev, 1986). Wherlite and lherzolite often form ultramafic
bodies. The ultramafic rocks are typically strongly serpentinized.
The serpentinitic rocks are dominated by chrysotile-lizardite-
harzburgite serpentinite with relicts of olivine and orthopyroxene
and lizardite-antigorite and antophyllite-antigorite serpentinites,
with subordinate dunitic serpentinites. The harzburgite serpen-
tinite is often cut by veins of pyroxenite. The high-pressure rocks
from the outcrops of the m�elange located north of Mountain
Itmurundy yielded ages from 468 to 458Ma, unfortunately, no
analytical details were provided in (Ermolov, 2008). Of special in-
terest are apoeclogitic garnet amphibolite and glaucophane schists
(Ermolov P.V., pers. comm.). The garnet amphibolite contains
omphacite, garnet and rutile and the glaucophane schist formed
after basalt (Ermolov et al., 1990). The rocks are submerged into
serpentinite matrix showing, in places, boudinage and schistosity.
The granitic rocks are plagiogranites spatially associated with ul-
tramafic rocks (Patalakha and Belyi, 1981).

Outcrops of another type of serpentinite m�elange, monomictic,
occur in the central and southern parts of the belt (Fig. 3A). The
m�elange consists of serpentinite with relatively well preserved
blocks of ultramafic rocks (Kovalenko et al., 1994). The northern
polymictic serpentinite m�elange is separated from the central
monomictic serpentinite m�elange by an accretionary complex
consisting of tectonic sheets of basalts associated with chert, sili-
ceous shale, siltstone and mudstone, and sandstone.

Accretionary complexes typically consist of igneous and sedi-
mentary rocks scrapped off the subducting oceanic plate: basalt,
chert, mudstone, siltstone and shale, sandstone. Those units
compose what we know as Ocean Plate Stratigraphy or OPS (e.g.,
Isozaki et al., 1990; Maruyama et al., 2010; Kusky et al., 2013;
Safonova and Santosh, 2014; Safonova et al., 2016). The Itmurundy
accretionary complex also includes volcanic and subvolcanic rocks
of basaltic and andesibasaltic composition, pelagic sediments
(ribbon chert), hemipelagic sediments (siliceous mudstone, silt-
stone and shale) and trench sediments (turbidite, sandstone,
conglomerate) (Figs. 3 and 4, 5A-C).

The accreted tectonic sheets are overlain by a neoautochtonous
olistostrome emplaced over a Famenian basal horizon consisting of
conglomerate with pebbles of chert (Ermolov et al., 1990). The
olistostrome is then overlain by gravelstone and greenish-gray and
lily sandstone and mudstone. Up the section there is another un-
conformity, a thrust, separating the lower units from probably early
Carboniferous gray and motley polymictic sediments: conglomer-
ates, gravelstone, sandstone and mudstone. Unlike the Famenian
olistostrome, the upper basal horizon contains pebbles of basalt,
granitoids and chert as well as olistoliths of basalt and ribbon chert
(Ermolov et al., 1990). The northern margin of the Itmurundy belt is
unconformably overlain by late to early Carboniferous sedimentary
units (Fig. 2).

3. Stratigraphy of the Itmurundy belt

The stratigraphy of the Devonian volcanogenic-cherty forma-
tions of the south-western Predchingiz terrane, which is located
north to the Itmurundy zone (Fig. 1) is generally well understood
(Degtyarev, 2011), but the lithologically similar strata of the
northern Balkhash Region, first of all, the Itmurundy belt, are still a
subject of debates in respect to both, their age and tectonic affinity.
The Itmurundy belt has a very complicated structure (Fig. 3A),
which makes its stratigraphic subdivision problematic. According
to the geological map (Koshkin and Galitsky, 1960, Fig. 2) the rocks
of the accretionary complex belong to three main formations
(bottom to top): Itmurundy, Kazyk and Tyuretai (Figs. 2 and 4;
Table 1). Due to the deficiency of well-preserved fossils and strong
deformations those formations are shown as late Neoproterozoic to
Cambrian in the 1950e1960 geological maps (e.g., Koshkin and
Galitsky, 1960). Later findings of microfauna (conodonts, grapto-
lites) showed their younger age, Ordovician to early Silurian
(Novikova et al., 1983; Nikitin et al., 1991,1992; Ermolov et al., 1990;
Zhylkaidarov, 1998; Nikitin, 2002).

The Itmurundy Fm. consists of basalt (at the base of most sec-
tions), gray and brown ribbon cherts, chocolate, red, brown and
greenish gray siliceous mudstones, siltstones and shales plus rare
outcrops of sandstone (Figs. 4, 5A-C; Safonova et al., 2019). The
lower part of the Itmurundy Fm. is dominated by basalt and over-
lying chert, while the middle part consists of basalt, chert and
siliceous mudstone. The upper part of the formation contains
coarser grained sediments, such as siliceous mudstone, siltstone
and sandstone plus gravelstone and breccia plus subordinate basalt
and chert. The first evidence for the Ordovician (not late Neo-
proterozoic) age of the Itmurundy Fm. came from the chert hosted
Ordovician conodonts found by Novikova et al. (1983). Later, early
Ordovician (Tremadocian to Floian) conodonts Paroistodus proteus
Lindstrom and late Ordovician (lower Sandbian) conodonts Periodon
aculeatus Hadding, Pygodus cf. serra (Hadding), Pygodus cf. anserinus
Lamont & Lindstr€om were recovered from chert and semi-
transparent silicilite exposed at the base and top of the Karazhal
ridge, respectively (Ermolov et al., 1990). The silicilite probably
represents recrystallized chert or siliceous mudstone. Thus, we
accept the age of the Itmurundy Fm. as lower-middle Ordovician.

The rocks of the Itmurundy Fm. are separated from those of the
Kazyk Fm. by faults (Figs. 2 and 3A). The Kazyk Fm. is dominated by
red and brown ribbon chert, siliceousmudstone, siltstone and shale
with subordinate basalt (Figs. 4 and 5B). Chert yielded Ordovician
conodonts: Pygodus serra (Hadding, 1913) and P. cf. anserinus
Lamont& Lindstrom,1957 (Novikova et al., 1983) and Pygodus serra
and P. anserinus - late Llanvirn (Kurkovskaya, 1985; Zhylkaidarov,
1998). Thus, the previous data on conodonts suggest that the
Itmurundy and Kazyk Fms. are of close ages - middleeupper
Ordovician - roughly corresponding to the Llandeilian Pygodus
anserinus Zone. Our original age data from conodonts extracted
from a chert of the Kazyk Fm. show the age range from the late
Middle Ordovician (O2-3) to the early Late Ordovician (O1-3)
(Safonova et al., 2019). Thus, we accept the age of the Kazyk Fm. as
middle-upper Ordovician.

The rocks of the Tyuretai Fm. are also separated from those of
the Kazyk Fm. by faults (Figs. 2 and 3A). The formation is dominated
by coarser grained clastic sediments - siliceous mudstone, siliceous
siltstone and sandstone with subordinate basalt and chert (Fig. 4).
The Tyuretai cherts contain upper Ordovician conodonts within the
Pygodus anserinus Zone (Zhylkaidarov, 1998; Novikova et al., 1983;
Kurkovskaya, 1985). The Tyuretai siliceous siltstones yielded early
Silurian graptolites Demirastrites triangulatus, Glyptograptus
tamariscus vasians, G. nicolaevi, and other species typical of the
Llandovery (Koshkin et al., 1987).

The main lithologies of these three formations match the OPS
model or succession (basalt e chert e siliceous mudstone/siltstone
- sandstone) (Isozaki et al., 1990; Maruyama et al., 2010; Safonova
et al., 2016, 2019). Thus, the Itmurundy Fm. is dominated by
basalt and chert (lower OPS - pelagic), the Kazyk Fm. - by chert and



Fig. 4. Lithological columns of the Itmurundy (early-middle Ordovician), Kazyk (middle-late Ordovician) and Tyuretai (late Ordovician-early Silurian) formations of the Itmurundy
accretionary complex, central Kazakhstan (modified from Patalakha and Belyi, 1981).
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siliceous mudstone, siltstone and shale (middle OPS e pelagic plus
hemipelagic), and the Tyuretai Fm. - by siliceous hemipelagic
sediments and trench sandstones (upper OPS - turbidites,
conglomerates).

4. Structure and deformation patterns

The tectonic framework of the Itmurundy belt includes three
groups of faults striking ca. from (1) WWN to EES (az. 300e310�),
(2) north to south (az. 350-10�) and (3) from NE to SW (az. 60e70�)
(Figs. 2 and 3A). The first group includes large regional faults
separating the post-orogenic association from the mantle and
orogenic associations (Fig. 2). The second group includes medium-
scale faults separating the mantle and orogenic associations
(Fig. 3A). The third group includes small faults separating packages
consisting of OPS sediments of the orogenic association (Fig. 6).
These fault systems form the blocky structure of the Itmurundy belt
(Figs. 2 and 3A). Fault groups 2 and 3 reflect accretion related
thrusting. They form duplex units separated by top and bottom
thrusts duplicated through time (Fig. 3B). Each of them is sub-
divided into several horses by linking thrusts. The horses consist of
OPS rocks (basalt, chert, siliceous mudstone/siltstone), which
stratigraphy face top to the south or south-east (Fig. 3B). The faults
of Group 1 probably developed in a regime of compression: the
geological map show they were active during the formation
(extrusion/exhumation?) of ultramafic bodies andwere coeval with
shearing and boudinage. They can be classified as post-orogenic
faults, which are dominated by high-angle strike-slip faults and
defined by cutting relationships possibly related to the collisional
episodes following oceanic suturing and subsequent orogeny.
Accordingly, the accretionary complex can be divided into eight
segments (I to VIII) separated by Group 3 faults. Each segment is cut
by linking thrusts to form several horse structures (Figs. 3 and 6).

The three groups of faults separate three blocks, western, central
and eastern, all consisting of OPS units (Fig. 3A). The western block
(segments I to III) includes a major part of the mantle association,
e.g., the Itmurundy and Kentaralau ultramafic massifs, Itmurundy
Fm. mafic volcanic and subvolcanic rocks with subordinate oceanic
sediments, Kazyk Fm. chert and siliceous mudstone, and Tyuretai
Fm. hemipelagic rocks and sandstone. The chert units occur over
the volcanic rocks.

The central segment (V) represents a horse-structure (Figs. 3A
and 6) and includes Itmurundy Fm. rocks. The horse is bounded
by faults from north and south which can be interpreted as top and
bottom thrusts. The thrusts and thrusting related deformations can
be easily identified by strongly sheared basalt, chert and siliceous
mudstone as well as by the presence of large chert boudins within
basalts and, vice versa, by the fragments of basalt submerged into



Fig. 5. Photos of outcrops and rocks of the Itmurundy accretionary complex, central Kazakhstan. A, pillowed basalt; B, pelagic ribbon chert; C, siliceous mudstone; D, duplex
structures in chert; E, volcanic breccia; F, sheared boudines of chert in basalt; G, sheared basalt and tuff; H, direct cold contact between aphyric basalt and siliceous mudstone.
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cherty matrix (Fig. 5F). The central part of the horse is dominated
by volcanic rocks: pillowed-basalt with pillows ranging from 15 cm
to 1m in diameter (Fig. 5A) and flows of aphyric and porphyric
mafic to andesitic volcanics. During the 2017 field mission we
documented a direct cold contact between aphyric basalt and sili-
ceous mudstone (Fig. 5H). Chert (Fig. 5B) and siliceous mudstone
(Fig. 5C) crop out at the summits of small hills. The chert and
siliceous mudstone often occur in direct contact with underlying
basalt showing the signs of duplexing (Fig. 5D) by thrusting and
folding (closer to the top) and shearing (closer to the bottom)
(Fig. 5H). The cherts are red, greenish, white and black. The ribbons
are 2e20 cm thick and are intercalated with clay/mudstone. The
sedimentary rocks of the horse carry signatures of thrusting: the
lenses of red siliceous mudstones are displaced along the variably



Fig. 6. Geological scheme of a duplex structure in the central Itmurundy accretionary complex, central Kazakhstan e location see in Fig. 3.
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colored cherts and along the unconformities inside the cherts
(Fig. 5B). In the northern part there are steeply dipping sheared
breccia (Fig. 5E), tuff (Fig. 5G) and sandstone. The combination of
duplexes (Fig. 5D), mullion structures, isoclinal and asymmetrical
folds, vertically dipping sedimentary beds and NW striking beds
suggest a compressive regime induced by accretionary tectonics.

The easternmost segment of the Itmurundy belt is a so-called
overturned duplex (OD) named after a similar structure featured
in the Inuyama area of the Mino accretionary complex, Japan e the
OPS world type locality (Matsuda and Isozaki, 1991; Hori, 1992;
Safonova et al., 2016) (Fig. 7). Structurally, the OD represents a
relatively large isoclinal fold, which NE striking axial plane is par-
allel to the major faults. The core of the fold consists of Itmurundy
Fm. basalts, whereas the flanks are siliceous mudstones and silt-
stones and gray sandstones of the Kazyk and Tuyretai Fms. The fold
is locally broken by normal and reverse faults. Similarly to the
central segment those features of folding and faulting could be
formed by collisional processes during oceanic closure.

5. Main types and petrography of igneous rocks

The older maps and papers show a layered ultramafic complex
in thewestern part of the Itmurundy belt consisting of wherlite and
lherzolite (Fig. 8A). The ultramafic rocks are typically strongly ser-
pentinized. The serpentinized varieties are dominated by loopy
chrysotile-lizardite harzburgite serpentinite with relicts of olivine
and orthopyroxene, and lizardite, antigorite and antophyllite-
antigorite serpentinites plus subordinate dunitic serpentinites. In
places, the harzburgite serpentinite is cut by pyroxenite veins. Of
special interest are apoeclogitic garnet amphibolite and glauco-
phane schists. Petr Ermolov and co-authors mention garnet am-
phibolites with omphacite, garnet and rutile and glaucophane
schists formed after basalt although no information about precise
location of those rocks have been reported so far (Ermolov et al.,
1990).

Another typical rock type is m�elange (see section 2) consisting
of basalt and basaltic andesite (70%), chert (25%) and trachyande-
site, trachyte, alkalite rhyolite and plagiogranite (5%) (Stepanets,
2016). Basaltic rocks occur as pillow lavas of porphyric and aphy-
ric subalkaline basalt, andesibasalt, and alkaline basalt. The por-
phyric inclusions are plagioclase and diopside. The basalts from the
“deep-marine” olistostrome exposed near Karazhal Mt. also
represent pillow lavas. Unlike the Itmurundy m�elange basalt, the
Karazhal porphyric and aphyric basalts are, in average, more vit-
reous, and have igneous contacts with chert (Ermolov et al., 1990).

Fig. 8 shows major petrographic varieties from the samples
collected during the 2017 and 2018 field missions of our team:
basalt, andesibasalt, gabbro, dolerite and diorite (Figs. 3 and 6).
Basalt and andesibasalt possess aphyric and porphyric (up to
aphanitic) microstructures and massive and amygdaloidal textures



Fig. 7. Geological scheme of the eastern Itmurundy accretionary complex, central Kazakhstan (location see in Fig. 2) with overturned/folded duplex structures OD1 and OD2. An
interpretation of unfolded OD1 is shown in the right upper corner.
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(Fig. 8C, E). The dolerites and gabbro-dolerite have intercertal,
doleritic, microlithic, and poikilophitic microstructures and
massive textures. The porphyric varieties typically consist of fine-
grained matrix with small to medium-sized (0.1e3mm) pheno-
crysts of olivine, clinopyroxene and plagioclase or their glomer-
oporphyric intergrowths (Fig. 8B, G). The volume percentage of
phenocrysts is variable: from 5% to 20%. Olivine phenocrysts
(0.1e1mm) are commonly subhedral (Fig. 8D) and free of compo-
sitional zoning. Clinopyroxene phenocrysts are euhedral to sub-
hedral (0.5e1mm) (Fig. 8B, H). Plagioclase commonly occurs as a
phenocryst phase (1e3mm), some samples containing also
plagioclase laths (microlites) in their microcrystalline groundmass
(Fig. 8G) and in aphyric varieties (Fig. 8C). Plagioclase phenocrysts
and microlites are often albitized/saussuritized. Opaque minerals
form euhedral and subhedral microcrysts that range from 0.1 to
0.4mm (Fig. 8B). The groundmass of porphyric varieties consists of
volcanic glass, plagioclase, pyroxene and actinolite microliths and
opaque minerals. Upon macroscopic and microscopic in-
vestigations, the samples show medium to strong alteration of
olivine and pyroxene phenocrysts along rims and cracks and of the
groundmass resulting in significant chloritization and epidotiza-
tion. Secondary prehnite is also common. The microlithic minerals
and volcanic glass are altered to epidote, zoisite, chrolite, leucoxene
and carbonate. The amygdules are filled by calcite and chlorite
(Fig. 8E). The fully crystallized varieties possess doleritic or gabbroic
microstructures (Fig. 8H and I). The opaque minerals are often
replaced by iron hydroxides.
6. Results

6.1. First UePb zircon ages

Several zircon grains were separated from hornblende diorite
sampled in the western part of the Itmurundy belt, at the Itmur-
undy serpentinite melange (Figs. 2, 3 and 8I). The zircons have
variable shape and size. There are relatively isometric grains from
20 to 50 mm in diameter and elongated grains up to 400 mm long.
The color ranges from colorless to light yellow or brownish. Most
grains are transparent or translucent, but all are strongly fractured
which made the dating challengeable. Consequently only two
grains yielded concordant (99%) ages of 522± 7 and 487 ± 5Ma as
seen in the concordia plot (Fig. 9). Two more grains showed ages of
536± 5 and 499± 4Ma at lower concordances of 89 and 90%,
respectively. Accordingly, we consider the late Cambrian-early
Ordovician age as the most probable age of the formation of the
Itmurundy hornblende diorite (analytical details are provided in
Supplementary Electronic Materials).

6.2. Major oxides and trace elements

In this paper we present first full major and trace element data
from several localities of igneous suites of the Itmurundy belt
(Table 2; analytical details are provided in Supplementary Elec-
tronic Materials). The location of the sampling points is available in
Table 1 and in Supplementary Fig. 1S made in Google Earth. The



Fig. 8. Photos of thin sections of Itmurundy igneous rocks, central Kazakhstan. Description of samples see in Table 1.
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geochemical data are illustrated in Figs. 10e13. The lavas and
crystallized rocks from all localities are dominated by subalkaline
varieties with several alkaline basalts, trachyandesites and pho-
notephrites: almost all samples plot in the basalt and basaltic
andesite fields on the total alkalis (K2O þ Na2O) vs. silica (SiO2)
classification diagram (Fig. 10A). As most of the volcanic rocks are
Fig. 9. UePb concordia plot of zircon grains from diorite in the western Itmurundy
belt, central Kazakhstan.
associated with deep-marine sediments (see Section 2, Figs. 5 and
6) and therefore erupted in sub-marine conditions, they probably
experienced strong sea-floor hydrothermal alteration. Accordingly,
the concentrations of mobile elements, e.g., Rb, K, Na, Sr, Ba, Fe, and
Pb, may have changed (e.g., Humphris and Thompston, 1978;
Thompson, 1991; Valsami-Jones and Ragnarsdottir, 1997; Safonova
et al., 2012). However, the SiO2 vs. Nb/Y systematics based on
relatively immobile elements also indicates alkaline basalt, sub-
alkaline basalt and trachyandesite (Fig. 10B). All analyses presented
in this paper have L.O.I. below 5% (Table 2). In evaluating which
elements are suitable for geochemical interpretation in terms of
their post-magmatic mobility we used the criteria discussed in our
previous papers on oceanic basalts (e.g., Safonova et al., 2012, 2015).

The basaltic rocks possess low to highMg# (cation proportion of
Mg/(Mg þ Fe2þ)) ranging from 26 to 73, and MgO (1.8e9.4wt.%)
over a range of SiO2 content from 44.1 to 55.1 wt.% (Table 2). The
analyzed samples have low to high Ti, but most samples are within
1.5e3.4wt.% TiO2 and are characterized by variable Ca
(4.9e16.9wt.% CaO) and high Al (12.6e17.4wt.% Al2O3) contents. In
the FeO*/MgO e TiO2 diagram (Fig. 10C), the Itmurundy samples
split in three groups, high-Ti and medium-Ti tholeiites and low-Ti
island-arc varieties (Miyashiro, 1973). In the FeO*/MgO e FeO* di-
agramwe can recognize two major groups: higher Fe tholeiitic and
lower Fe calc-alkaline (Fig. 10D). The diorite sample plots into the
island-arc and calc-alkaline fields of the two diagrams, respectively.
Most samples plot along a common trend in the MgO vs. major
oxides diagrams (Fig. 11AeE), except for the samples plotted
separately in the Miyashiro diagrams (Fig. 10C and D). The Al2O3/
TiO2 ratios in most samples are below 8 (Table 2), except for the
low-Ti samples as seen in the MgO vs. major oxides and Miyashiro
plots (Fig. 10CeD, 11A-E). Consequently, we can divide the samples



Table 2
Whole rock major oxides (wt.%) and trace elements (ppm) for Itmurundy igneous rocks, northern Balkhash.

1 2 3 4 5 6 7 8 9 10 11 12 13

site H1 H1 H1 H1 H1 H1 H2 H2 H2 H2 H2 H2 H2

rock dolerite basalt basalt basalt basalt basalt dolerite dolerite basalt gabbro basalt basalt basalt

sample IT-35-17 IT-36-17 IT-76-17 IT-77-17 IT-78-17 IT-79-17 IT-80-17 IT-05-17 IT-13-17 IT-16-17 IT-22-17 IT-43-17 IT-44-17

SiO2 49.47 48.04 48.16 45.55 47.65 47.75 46.65 47.23 49.70 44.16 46.22 51.19 49.48
TiO2 1.62 1.39 1.83 1.43 1.90 2.36 1.58 2.08 2.74 4.29 3.26 2.20 2.04
Al2O3 14.50 14.99 16.71 14.86 14.38 13.32 16.06 14.20 15.51 13.44 15.12 14.26 14.06
Fe2O3 11.49 10.08 14.89 12.57 12.43 14.10 11.19 12.00 12.12 16.65 14.46 11.36 10.12
MgO 7.20 8.34 4.00 9.38 6.94 6.97 7.71 6.74 3.07 5.58 3.09 6.97 5.41
CaO 10.66 7.87 6.12 8.82 11.03 9.32 9.21 9.94 5.38 7.49 5.52 6.33 10.11
MnO 0.20 0.16 0.14 0.18 0.19 0.22 0.17 0.25 0.15 0.17 0.10 0.15 0.15
Na2O 2.52 3.15 4.61 2.63 3.08 2.82 2.78 2.38 4.88 2.69 2.72 3.61 4.49
K2O 0.08 1.40 0.64 0.37 0.13 0.71 1.37 1.80 0.83 2.04 5.10 1.20 0.33
P2O5 0.15 0.12 0.22 0.12 0.17 0.22 0.13 0.22 1.16 0.41 0.83 0.27 0.25
LOI 2.51 4.62 2.47 3.25 2.71 2.77 2.85 2.96 4.74 2.47 3.68 2.83 4.00
Total 100.5 100.3 99.9 99.2 100.7 100.7 99.8 100.0 100.5 99.6 100.3 100.47 100.5
#Mg 61.3 57.4 64.1 62.8 63.4 67.9 58.2 62.8 61.0 71.2 65.7 61.4 59.0

Rb 0.6 27.4 10.7 5.5 1.7 12.6 19.0 20.2 6.1 19.2 57.7 14.4 2.9
Sr 327 245 254 277 308 262 262 483 224 432 184 121 162
Ba 40 210 104 45 21 74 111 772 689 562 773 182 44
Cs 0.1 0.7 0.4 0.3 0.3 0.2 0.2 0.1 0.2 0.5 0.5 0.2 <0.1
Y 30 38 40 37 38 64 28 30 49 26 45 37 35
Zr 108 97 118 102 113 184 97 143 545 196 420 151 148
Nb 4.4 2.1 5.6 4.6 6.0 9.4 4.4 12.3 73.3 42.1 62.3 10.4 11.4
La 5.8 3.8 7.2 4.9 6.6 9.7 4.6 12.4 60.1 35.1 54.4 10.0 8.5
Ce 15.8 11.1 18.4 13.7 16.9 26.7 12.4 29.1 125.3 69.0 109.1 25.0 21.9
Pr 2.6 2.0 2.8 2.3 2.8 4.4 2.0 4.2 17.2 8.5 14.5 3.7 3.5
Nd 13.1 10.9 13.7 12.6 13.7 22.1 9.7 19.1 69.7 33.5 58.3 18.3 16.3
Sm 3.7 3.8 4.7 3.9 4.3 7.1 3.4 4.8 14.2 6.9 12.2 5.2 4.9
Eu 1.4 1.2 1.7 1.5 1.7 2.3 1.2 1.7 4.8 2.2 3.2 1.8 1.6
Gd 4.7 5.2 5.7 5.4 5.7 9.4 4.3 5.5 13.6 6.7 11.4 6.1 5.5
Tb 0.9 0.9 1.0 0.9 1.0 1.6 0.8 0.9 1.9 0.9 1.7 1.0 1.0
Dy 5.5 6.5 6.7 6.1 6.8 10.6 4.8 5.6 10.4 5.4 8.9 6.8 6.6
Ho 1.1 1.3 1.5 1.3 1.4 2.2 1.0 1.2 1.9 1.0 1.7 1.3 1.3
Er 3.2 3.8 4.2 3.8 4.1 6.6 2.8 3.1 4.5 2.7 4.2 3.9 3.6
Tm 0.5 0.6 0.6 0.6 0.6 0.9 0.4 0.5 0.6 0.4 0.6 0.6 0.5
Yb 3.0 3.7 3.8 3.7 3.8 5.8 2.8 2.7 3.4 2.3 3.3 3.4 3.4
Lu 0.4 0.5 0.6 0.5 0.5 0.8 0.4 0.4 0.4 0.3 0.4 0.5 0.5
Hf 2.8 2.7 3.3 2.8 3.2 5.0 2.6 3.6 11.7 4.9 9.9 3.9 3.8
Ta 0.3 0.2 0.3 0.3 0.4 0.6 0.3 0.8 4.7 2.7 4.0 0.7 0.7
Th 0.3 0.2 0.4 0.4 0.5 0.8 0.4 1.1 10.5 3.7 9.3 0.8 0.9
U 0.2 0.2 0.2 0.2 0.2 0.3 0.1 0.6 1.9 1.0 1.8 0.4 0.8

14 15 16 17 18 19 20 21 22 23 24 25 26 27

site H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 OD1 OD1 NW

rock basalt basalt basalt basalt basalt gabbro gabbro basalt gabbro basalt gabbro gabbro lava diorite

sample IT-60-17 IT-61-17 IT-62-17 IT-63-17 IT-64-17 IT-75-17 H2-15/1 N17008 IT-73-17 17081902 ИХ-14 H2-14 H2-16/1 JD6-1

SiO2 53.52 53.64 49.27 52.26 54.19 48.88 49.59 54.52 51.93 49.29 52.30 48.12 48.20 55.11
TiO2 2.90 2.25 2.92 2.87 2.55 2.66 2.45 2.57 0.95 1.57 0.17 0.40 0.25 0.58
Al2O3 14.26 14.21 14.76 14.12 15.16 15.80 17.37 13.48 14.51 12.61 14.86 15.41 17.54 14.46
Fe2O3 11.40 10.03 12.60 12.08 10.01 13.61 10.08 11.30 12.57 13.87 9.43 7.43 5.72 6.35
MgO 3.67 4.19 3.85 4.02 4.33 5.44 1.83 4.27 4.99 6.84 7.15 8.40 8.10 6.86
CaO 6.80 7.40 8.40 7.11 3.94 3.39 5.02 4.90 8.42 8.87 10.62 16.90 16.23 7.95
MnO 0.13 0.14 0.17 0.12 0.13 0.20 0.38 0.12 0.21 0.23 0.16 0.16 0.12 0.15
Na2O 3.12 4.25 2.63 2.99 4.77 2.47 2.17 3.60 3.05 3.22 3.47 1.45 1.50 3.97
K2O 1.47 0.77 2.61 2.13 0.89 2.51 6.85 0.86 2.62 1.19 0.11 0.10 0.38 2.08
P2O5 0.67 0.38 0.76 0.76 0.52 0.40 0.88 0.68 0.22 0.13 0.03 0.02 0.01 0.20
LOI 2.28 2.93 1.99 2.14 3.16 4.05 3.75 3.62 0.82 1.72 1.82 1.84 1.89 1.54
Total 100.4 100.3 100.1 100.8 99.8 99.54 100.5 100.0 100.4 99.7 100.2 100.3 100.0 99.4
#Mg 61.5 58.5 63.1 63.1 56.9 63.3 53.7 62.6 63.4 68.8 55.9 49.1 39.5 46.8

Rb 24.8 10.4 59.7 37.2 11.9 36.7 95.0 12.6 22.3 10.9 0.8 0.6 2.4 16.6
Sr 275 309 337 295 131 194 121 217 556 626 122 266 364 779
Ba 407 194 617 479 119 258 428 161 417 457 28 20 22 517
Cs 0.1 0.1 0.3 0.2 0.2 1.0 0.4 0.1 0.1 0.2 0.1 0.1 0.1 0.1
Y 38 25 41 39 37 39 38 35 22 39 6 9 7 14
Zr 336 185 397 417 363 266 275 389 55 98 20 7 5 71
Nb 31.6 20.2 33.9 31.9 46.9 30.7 60.6 30.1 1.9 2.5 1.1 0.4 0.2 13.0
La 34.9 20.6 38.0 34.7 40.1 29.6 53.9 31.6 8.9 8.4 1.6 0.6 0.4 16.7
Ce 69.1 40.9 76.1 70.9 80.9 63.7 101.8 65.2 20.4 16.9 3.0 1.6 0.9 32.3
Pr 9.2 5.6 10.1 9.4 10.8 8.2 11.8 8.7 3.1 2.4 0.4 0.3 0.2 4.2

(continued on next page)
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Table 2 (continued )

14 15 16 17 18 19 20 21 22 23 24 25 26 27

Nd 40.5 24.4 43.7 39.5 41.9 32.6 43.7 37.6 14.3 11.4 1.5 1.8 1.1 16.6
Sm 9.6 5.6 10.4 10.9 9.1 7.9 9.4 9.3 3.4 3.8 0.4 0.8 0.6 3.6
Eu 3.1 2.0 3.3 3.1 2.7 2.4 3.3 2.9 1.1 1.5 0.2 0.4 0.3 1.0
Gd 9.5 5.8 10.6 9.9 8.8 7.8 8.7 9.4 3.8 5.0 0.5 1.2 0.8 3.2
Tb 1.4 0.8 1.5 1.4 1.3 1.2 1.3 1.4 0.6 0.9 0.1 0.2 0.2 0.4
Dy 7.8 5.0 8.3 7.9 7.6 7.2 7.3 7.0 3.8 6.4 0.7 1.6 1.0 2.4
Ho 1.3 0.9 1.5 1.4 1.3 1.4 1.4 1.3 0.8 1.5 0.2 0.3 0.2 0.5
Er 3.6 2.3 4.0 3.6 3.4 4.0 4.0 3.5 2.2 4.2 0.6 1.0 0.7 1.4
Tm 0.5 0.3 0.5 0.5 0.5 0.6 0.6 0.5 0.3 0.6 0.1 0.1 0.1 0.2
Yb 2.8 1.8 3.2 2.9 3.0 3.6 3.7 2.7 2.0 4.1 0.7 0.9 0.7 1.2
Lu 0.4 0.3 0.4 0.4 0.5 0.5 0.5 0.4 0.3 0.6 0.1 0.1 0.1 0.2
Hf 8.0 4.5 9.5 9.5 8.6 6.3 6.2 9.0 1.6 2.8 0.6 0.3 0.2 2.1
Ta 2.2 1.4 2.3 2.0 3.2 2.0 3.8 2.0 0.1 0.2 0.1 0.05 0.05 0.6
Th 4.3 2.7 4.9 4.5 7.3 3.4 6.4 4.5 1.2 0.4 0.3 0.1 0.1 4.9
U 0.8 0.4 0.9 0.8 1.3 1.0 1.6 1.3 0.5 0.5 0.2 0.1 0.0 1.9

Abbreviations as in Table 1.
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under study into three groups: high-Ti (TiO2> 1.9wt.%; 14 sam-
ples), medium-Ti (TiO2¼1.4e1.7wt.%; 7 samples) and low-Ti
(TiO2< 1.0wt.%; 5 samples) (Table 2). In the MgO vs. trace
element plots (Fig. 11F-L), the high-Ti samples show the most
distinct negative trends for all elements. The low-Ti samples are
characterized by lower concentrations of most incompatible ele-
ments, e.g., La, Sm, Zr, Nb and Th, than the samples from other sites,
and by two levels of Zr/Nb ratios at 7 and 34 (Fig. 11F, H, I, J, K;
Fig. 10. Classification diagrams for igneous rocks of the Itmurundy belt, central Kazakhsta
(Jensen, 1976); tholeiitic series: ТА - andesite, TD - dacite, TR - rhyolite; calc-alkaline series
FeO*/MgO (C); TiO2 - FeO*/MgO (D). Discriminant fields for abyssal tholeiite (AT), tholeiite
Table 2). The high-Ti samples have lower Zr/Nb ratios (20 in
average) than the medium-Ti samples (24).

The chondrite-normalized rare-earth element (REE) patterns of
the high-Ti samples (Fig. 12A) are typically slightly to strongly
LREE-enriched (La/Ybn¼ 1.1e3.6) and are characterized by differ-
entiated HREE (Gd/Ybn¼ 1.3e3.2) and low Zr/Nb ratios (4e14),
resembling those of Hawaiian OIB. The REE patterns of the
medium-Ti samples (Fig. 12B) are weakly LREE depleted to flat (La/
n. A, SiO2 � total alkali (Le Maitre et al., 2002); B, Al2O3eFeO*þTiO2eMgO diagram
: B e basalt, A - andesite, D - dacite, R e rhyolite. C, D, Miyashiro bivariant plots FeO* -
(T) and calc-alkaline volcanic rocks (CA) are after (Miyashiro, 1973).



Fig. 11. MgO vs. major oxides (AeE) and trace elements (FeL) of volcanic and subvolcanic rocks of the of the Itmurundy belt, central Kazakhstan. Symbols as in Fig. 10.
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Ybn¼ 0.8e1.0) and show no notable HREE differentiation (Gd/
Ybn¼ 1.1e1.3). The low-Ti samples possess total REE similar to
those of the medium-Ti samples and lower and they show variable
REE patterns (Fig. 12C and D). In general, the REE patterns of the
low-Tigroup are flat to LREE-depleted or slightly LREE enriched (La/
Ybn¼ 0.4e1.4; Gd/Ybn¼ 0.6e1.7). One subgroup shows flat to
slightly differentiated REE patterns (Fig. 12C). Another subgroup
(boninite-type) have LREE depleted to LREE enriched patterns with
not differentiated HREE (Fig. 12D). The low-Ti diorite sample
(Fig. 12E) is LREE enriched and show differentiated HREE (La/
Ybn¼ 2.9; Gd/Ybn¼ 2.0). Most samples show zero to weak Eu
anomalies (Fig. 12AeE).

The primitive mantle normalized multi-component spectra for
the most of the high-Ti samples are characterized by positive Nb
anomalies relative to La and, to a lesser degree, Th (Nb/Lapm¼ 1.2;
Nb/Thpm¼ 1.0 in average; Table 2; Fig. 12F), which are typical of
many accreted OIB-type basalts (e.g., Polat et al., 1999; Ichiyama
et al., 2008; Safonova and Santosh, 2014; Safonova et al., 2015).
The medium-Ti samples display no notable Nb enrichment relative
to La, but strong enrichment in respect to Th (Nb/Lapm¼ 1.0, Nb/
Thpm¼ 1.5 in average; Table 2; Fig. 12G), that is more typical of
MORB. The multi-element spectra for the low-Ti samples
(Fig. 12HeJ) possess clear Nb depletion relative to Th and La (Nb/
Lapm¼ 0.45; Nb/Thpm¼ 0.4 in average; Table 2). The presence of Nb
troughs is a typical feature of rocks formed in supra-subduction
settings. Several basalts from site Horse-2 and the gabbro-diorite
JD6-1 (Table 2) are characterized by Zr peaks in the multi-
element spectra. The content of Th in the high-Ti samples ranges
from 1 to 10 (4.6 in average), which is close to typical OIB (4 ppm;
Sun and McDonough, 1989) and higher than in the middle-Ti



Fig. 12. Chondrite-normalized rare-earth element patterns (AeE) and primitive mantle-normalized multi-component trace element patterns (spidergrams; F-J) for of volcanic and
subvolcanic rocks of the of the Itmurundy belt, central Kazakhstan. Normalization values are from Sun and McDonough (1989).
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Fig. 13. Epsilon Nd(t) versus age plot for volcanic and subvolcanic rocks of the
Itmurundy belt, central Kazakhstan. Symbols as in Fig. 10.
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samples (0.2e0.8). A part of samples of all groups display negative
Ti anomalies in the multi-element spectra (Fig. 12FeJ). Thus, based
on the concentrations of major and trace elements we conclude
that the high-Ti samples are enriched in LREE and Nb that is typical
of OIB-type or plume-type basalts (e.g., Sun and McDonough, 1989;
Hofmann, 1997; Regelous et al., 2003; Safonova and Santosh, 2014;
Safonova et al., 2012, 2015, Table 2; Fig. 11F-L, 12A, F). The medium-
Ti samples are geochemically similar to MORB (Fig. 12B, G). The
low-Ti samples possess geochemical features more characteristic of
volcanic and subvolcanic rocks formed in supra-subduction set-
tings. A part of the low-Ti samples represent basaltic boninites, i.e.
they are enriched inMgO (7.2e8.4wt.%), depleted in all REE and are
characterized by the lowest Nb negative anomalies, suggesting
their intra-oceanic arc origin.
6.3. Whole rock Nd isotopes

We present first Nd isotope data from igneous rocks of the
Itmurundy belt in central Kazakhstan (analytical details are pro-
vided in Supplementary Electronic Materials). The initial isotopic
ratios were calculated to late Cambrian-Ordovician ages based on
biostratigraphic data (Zhylkaidarov, 1998; Nikitin, 2002; Safonova
et al., 2019) or UePb zircon ages (section 6.1). The low-Ti diorite
was calculated to 490Ma (section 6.1). The medium-Ti samples
(geochemically close to MORB) were calculated to 470Ma, which is
the average age of associated Ordovician chert (section 3). The
high-Ti samples (close to OIB) were calculated to 450Ma as oceanic
islands may be coeval or younger than associated MORBs. We
interpret the compositional range of Nd isotope data in terms of
different sources characterized by different isotope signatures and
possible fractionation between the parent and daughter isotopes
during later low-grade metamorphism, which may have affected in
particular those samples with abundant secondary minerals
(Romer et al., 2005). The samples have both positive and negative
εNd(t) values (Table 3). The medium- and low-Ti samples have
higher 143Nd/144Nd (0.5128e0.5134), whereas the high-Ti samples
have lower 143Nd/144Nd (0.5121e0.5123) (Table 3). The εNd(t)
values suggest that the igneous rocks were derived from two major
kinds of sources: the growth lines for a part of samples are almost
horizontal as typical of mantle rocks and there are both positive
and negative εNd(t) groups (Fig. 13). The positive εNd(t) group in-
cludes the medium-Ti samples (εNd(t) ranging from 4.7 to 7.7) and
low-Ti samples (εNd(t) ranging from 4.9 to 9.2), i.e. the rocks, which
likely formed at mid-oceanic ridges and at intra-oceanic island arcs.
The negative εNd(t) group includes the high-Ti samples (εNd(t)
ranging from �4.3 to �8.8) probably reflecting an enriched mantle
source. In addition, taken into consideration that the high-Ti sam-
ples show high degree secondary alteration, we may suggest that
the shift of εNd(t) to the negative values could be caused by the
fractionation between the parent and daughter Nd isotopes during
sea-floor hydrothermal metamorphism and accretion-collision
related greenschist metamorphism.

7. Discussion

7.1. Petrogenesis and mantle sources of the Itmurundy igneous
rocks

The wide variations of MgO within the high-Ti and medium-Ti
groups of samples (Fig. 11) and the presence of phenocrysts in
some but not other samples (Fig. 8) suggest fractional crystalliza-
tion. The absence of notable Eu anomalies inmost samples excludes
significant plagioclase fractionation (Fig. 12AeE). Fractionation of
TieFe oxides can be proposed for some of the samples because the
medium-Ti samples and a part of high-Ti and low-Ti samples show
negative Nb and Ti anomalies in the multi-element spectra
(Fig. 12GeJ). The generally negative trends in theMgO vs. TiO2 plots
and the absence of depletion in Nb are typical of the high-Ti sam-
ples (Figs. 11A and 12F) indicate that fractionation of oxideminerals
in most OIB-type lavas played no major role. The stable Al2O3/TiO2
ratios in the mid-Ti and high-Ti samples may reflect a similar
mantle source composition, but the variable Gd/Ybn ratios suggest
variable degrees of partial melting of such a source (Table 2;
Fig. 14A). The medium-Ti samples have higher Zr/Nb ratios
(Table 2), lower concentrations of TiO2 and Nb (Fig. 11A, J) and
slightly higher Al2O3/TiO2 ratios at nearly equal Gd/YbN ratios
compared to a part of the high-Ti samples (Fig. 14A). As distinct
from the high-Ti and mid-Ti samples, the negative anomalies of Ti
and Nb in the multi-element spectra of the low-Ti samples
(Fig. 12HeI), titanomagnetite in thin sections (Fig. 9, section 5) and
variable Al2O3/TiO2 ratios (Fig. 14A) suggest fractionation of TieFe
oxides during crystallization of their parent melts. The high-Ti
samples show better defined trends in most plots (compared to
other samples) suggesting fractionation of pyroxene and plagio-
clase (Fig. 11).

In terms of mantle sources, all high-Ti samples possess REE
spectra with significantly differentiated HREE (Table 2; Fig. 12A, F).
In the Gd/YbN vs. Al2O3/TiO2 diagram, the high-Ti varieties with
negative εNd (section 7.3, Table 3) plot in the field of Hawaii OIB
(Fig.14A) suggesting their derivation from enrichedmantle sources,
i.e. different from the one that produced the medium- and low-Ti
rocks. In the Sm/Ybn vs. Nb/Lan diagram (Fig. 14B), they define a
group with similar Nb/Lan ratios suggesting variable degree of
melting of, as inferred from isotope data, an enriched mantle
source, which is typical of OIB-lavas hosted by accretionary com-
plexes of Asia (Safonova and Santosh, 2014; Safonova et al., 2011,
2012, 2015). The medium-Ti samples encompass the compositional
range of MORB, which, coupled with positive εNd (Table 3), sug-
gests a different mantle source. The low-Ti samples possess highly
positive εNd (Table 3, Fig. 13) and plot close to back-arc basin and
intra-oceanic arc basalts in the REE and trace element plots (Figs. 12
and 14) suggesting their formation in an intra-oceanic arc. More
evidence for such a origin comes from other coeval intra-oceanic
arc terranes, which have been also recognized in central
Kazakhstan, for example, the Late Cambrian-Early Ordovician
Bozshakol-Chingiz arc (gray field in Fig. 1) (Degtyarev, 2011; 2012;



Table 3
Whole-rock Nd isotope data from Itmurundy igneous rocks.

sample Rock type Group age, Ma Sm Nd Sm147/Nd144 Nd143/Nd144 Err εNd (0) εNd(T)

1 IT-61-17 porphyric basalt high-Ti 470 6.05 23.67 0.1546 0.512134 10 �9.8 �7.3
2 IT-62-17 porphyric basalt high-Ti 470 10.34 41.85 0.1494 0.512163 14 �9.3 �6.4
3 IT-63-17 aphyric basalt high-Ti 470 10.60 43.27 0.1480 0.512178 7 �9.0 �6.1
4 IT-64-17 aphyric basalt high-Ti 470 9.21 43.11 0.1291 0.512211 10 �8.3 �4.3
5 IT-22-17 aphyric basalt high-Ti 470 13.26 59.15 0.1355 0.512316 6 �6.3 �2.6
6 IT-35-17 dolerite mid-Ti 450 3.94 12.62 0.1886 0.512921 8 5.5 6.0
7 IT-76-17 porphyric basalt mid-Ti 480 5.14 15.53 0.1998 0.513022 8 7.5 7.3
8 IT-79-17 aphyric basalt mid-Ti 480 5.42 16.76 0.1955 0.513026 7 7.6 7.7
9 IT-80-17 gabbro-dolerite mid-Ti 480 4.15 12.37 0.2026 0.513027 18 7.6 7.2
10 IT-73-17 microgabbro low-Ti 480 3.69 13.63 0.1636 0.512773 5 2.6 4.7
11 17081902 aphyric basalt low-Ti 470 3.75 10.93 0.2072 0.513069 8 8.4 7.8
12 H2-14 gabbro low-Ti 470 0.51 1.53 0.2000 0.513040 10 7.8 7.7
13 H2-16/1 microgabbro low-Ti 470 0.45 0.97 0.2768 0.513355 14 14.0 9.2
14 ИХ-14 microgabbro low-Ti 470 0.34 1.24 0.1651 0.512789 19 2.9 4.9
15 JD-6/1 diorite low-Ti 500 3.36 17.36 0.1309 0.512630 7 �0.2 4.0

For sample details see Table 1.
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Safonova et al., 2017). The Bozshakol volcanic (tholeiitic and calc-
alkaline series) and plutonic (tonalite) rocks show high whole-
rock εNd(t) values (þ5.4 to þ17.0; Shen et al., 2007). Two intra-
oceanic arcs of Middle Devonian and early Carboniferous age
have been identified in eastern Kazakhstan, which basaltic to
andesitic volcanic also yielded positive whole-rock εNd(t) values
(þ2.9 to þ8.8; Safonova et al., 2018).

The diorite is compositionally close to the rocks of probably
supra-subduction origin (Figs. 10C and 11F, L). On the other hand, in
many diagrams plot also close to mid-ocean ridge varieties
(Figs. 10D and 11A-K). The REE curve of diorite JD6-1 is close to OIB
(Fig. 12E), but the multi-element curve shows Nb depletion relative
Th and La (Fig. 12J).
7.2. Tectonic implications for the Itmurundy igneous rocks

The geochemical and isotope composition of the Itmurundy
volcanic, subvolcanic and plutonic rocks suggest their formation in
different tectonic settings. The high-Ti rocks suggest their eruption
at oceanic islands of the Paleo-Asian Ocean similar to those of the
Emperor-Hawaii chain of seamounts and volcanoes probably
related to the Pacific hot spot or mantle plume (e.g., Regelous et al.,
2003; Safonova et al., 2011, 2015; 2016; Safonova and Santosh,
2014; Yang et al., 2015). The medium-Ti samples probably formed
in a mid-oceanic ridge tectonic setting and represent typical
Fig. 14. Gd/Ybn vs. Al2O3/TiO2 (A) and Sm/YbN vs. Nb/Lapm (B) binary diagrams illustrati
Kazakhstan. IAB e island-arc basalt; MORB e mid-oceanic ridge basalt; OIB e ocean island
tholeiites (A-IAT) and Mariana arc basalts (M-IAB) are from the GEOROC database (www.geo
Symbols as in Fig. 10.
oceanic floor basalts present at the base of OPS. The low-Ti volcanic
and subvolcanic rocks formed in a supra-subduction setting. The
diorite, which yielded the age of ca. 500 Ma, occurs as a fragment in
serpentinite m�elange (section 2) and possesses gabbro-like
petrography with many grains of normal hornblende instead of
clinopyroxene (Fig. 8I). The ca. 500 Ma ages of the diorite are the
first data from this area corresponding to the age of supra-
subduction magmatism. These features, the composition and the
500Ma age of the diorite, which is older than the age of the
Itmurundy OPS (Ordovician-early Silurian; section 2, 3), allow us to
suggest that sample was a part of the ophiolite section, probably
supra-subduction ophiolite, which formation (later Cambrian)
started a bit earlier than the OPS sedimentation began (early
Ordovician).

In the geological map (Koshkin and Galitsky, 1960, Fig. 2) the
volcanic rocks are all shown within the Itmurundy Fm. However,
our data clearly indicate that they formed in different tectonic
settings, oceanic (mid-oceanic ridge and oceanic island) and supra-
subduction. Thus, we propose that the stratigraphic subdivisions in
this region must be re-considered.
7.3. Itmurundy OPS lithologies

The lithology and composition of the rocks of the Itmurundy
orogenic assemblage fit pretty well the model of Ocean Plate
ng mantle sources of volcanic and subvolcanic rocks of the Itmurundy belt, central
basalt. The average compositions (stars) of back-arc basin basalts (BABB), Aleutian arc
roc. mpch-mainz. gwdg.de/georoc). OIB and MORB e from (Sun and McDonough, 1989).

http://www.georoc
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Stratigraphy - OPS (e.g., Isozaki et al., 1990; Maruyama et al., 2010;
Safonova et al., 2016). OPS represents a regular and lithologically
persistent succession of igneous (mostly basalts) and sedimentary
rocks of (Fig. 15), which, respectively, erupted or deposited on the
oceanic floor while the oceanic lithosphere was travelling from
mid-oceanic ridge towards subduction zone. The OPS succession
consists of (from bottom to top) ocean floor basalts, pelagic chert,
hemipelagic siliceous mudstone, siltstone and shale, trench turbi-
dite and conglomerate. When approaching the trench, the rocks of
the subducting oceanic plate are scrapped off the surface and get
attached or accreted to island arcs (Japan, Philippines, Indonesia) or
active continental margins (Chile, Alaska). In addition, to ocean
floor and trench facies, the model of OPS includes volcanic rocks
and sediments formed at intra-oceanic rises, such as oceanic
islands (Hawaii Chain), seamounts (Emperor Chain) and plateaus
(Ontong-Java). The seamount OPS consists of main basaltic body
capped by carbonates (island/seamount top), clastic rocks (slope
facies) and oceanic sediments (foothill facies). The main volcanic
body consists of oceanic island basalts (OIB-type) and oceanic
plateau basalts (OPB-type) (Neal et al., 1997; Regelous et al., 2003).
The top shallow-water carbonates are typically massive/micritic/
reefal limestone, which form around an oceanic island (atoll) or on
its top, when the island submerges under water after the cessation
of volcanism. The slope facies are dominated by carbonate-
volcanogenic epiclastic rocks showing syn-sedimentation folding
(Z-folds) or slump bedding, brecciation and uneven thickness of
sedimentary beds and volcanic flows. The seamount/island foothill
facies include oceanic hemipelagic sediments (siliceous mudstone
and siltstone often carbonaceous, clastic limestone, etc.) and
pelagic sediments (chert). Oceanic island and seamounts represent
Fig. 15. A cartoon of Ocean Plate Stratigraphy (OPS) and formation of an accretionary compl
(modified from Maruyama et al., 2010).
topographic highs on the oceanic floor and therefore the seamount
OPS is usually better accreted and preserved on the surface than the
“standard” OPS (MORB-chert-mudstone), which units are sub-
ducted together with the oceanic lithosphere (Safonova and
Santosh, 2014).

The rocks of the Itmurundy accretionary complex include most
types of OPS rocks: MORB-type and OIB-type basalts (section 7)
overlapped by pelagic chert and hemipelagic sediments (sections 2,
3) (Fig. 15). The Itmurundy sediments are often deformed and
asymmetrically folded as a result of accretion and later oceanic
suturing resulting in almost vertical dipping. During accretion, the
detached packages consisting of pelagic and hemipelagic sedi-
ments, in places, underlain by basalt, could be vertically piled over
each other to form “duplex” structures, which are observed inmany
places of the Itmurundy accretionary complex (section 4; Figs. 3
and 6).

There are no carbonate cap facies in the Itmurundy belt though,
which could be expected in association with OIB-type basalts
(Safonova and Santosh, 2014; Safonova et al., 2015). This suggests
that either the Itmurundy seamounts did not reach the carbonate
compensation depths, or that their travel from the point, where the
volcanism stopped, to the subduction zone was rather long and the
carbonates were dissolved. A similar situation was recorded in the
Zasur’ya accretionary complex of the Russian Altai, which hosts late
Cambrian-early Ordovician OPS also dominated by thick pelagic
sediments but no carbonates (Safonova et al., 2011).

The greywacke-like sandstones are not thick in Itmurundy; the
thickness of sandstones exposed at several outcrops is several
meters in the central part of the belt, but increases to 10e15m in its
south-eastern part (Figs. 2 and 7). The small thickness of the
ex illustrated by photos from the Itmurundy accretionary complex, central Kazakhstan
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sandstones suggests either their tectonic erosion and subduction,
or a small/thin volcanic arc, fromwhich they were derived (Fig. 16).
More details on the composition and age of the Itmurundy sand-
stones will come in the next paper on the Itmurundy belt.
7.4. Pacific-type nature of the Itmurundy belt

Based on the previous and our new data we conclude that the
Itmurundy zone represents a Pacific-type orogenic belt. It has been
widely accepted that a Pacific-type orogenic belt consists of three
major parts: (1) intra-oceanic arc, i.e. island arc separated from
continent by back-arc basin; (2) blueschist belt formed after MORB,
OIB and OPB; (3) accreted OPS units (e.g., Dewey and Bird, 1970;
Matsuda and Uyeda, 1971; Maruyama et al., 1996; Maruyama et al.,
1997; Yarmolyuk et al., 2013; Safonova and Maruyama, 2014;
Safonova, 2017; Safonova et al., 2017). Evidence for this comes from
the following observations and published and original data.

(1) The idea of an intra-oceanic arc was first proposed in
(Kurenkov et al., 2002) based of lithological and paleomag-
netic data. Our new data show that the orogenic association
of the Itmurundy zone includes igneous rocks with supra-
subduction geochemical characteristics (section 6.2) and
greywacke sandstones (section 2, Safonova et al., 2019; more
to come in the second paper on Itmurundy). Moreover, a part
of the volcanic rocks possess compositions close to the
boninite series (Table 2; section 6.2, Fig. 11A, E, H, K, 12D, I)
and strongly positive epsilon Nd values from þ7.7 to þ9.2
(Table 3; section 6.3). These data allow us to suggest that an
Ordovician intra-oceanic arc once existed at an active margin
of the Paleo-Asian Ocean.

(2) Several early publications mentioned blueschists formed
after oceanic basalts, amphibolites with omphacite, garnet
and rutile, i.e. formed after eclogites, and other high-pressure
metamorphic rocks of early-middle Ordovician age
(Antonyuk, 1974; Avdeev, 1986; Ermolov et al., 1990;
Ermolov, 2008). Those metamorphic rocks were protoliths of
famous Itmurundy jadeites as the Itmurundy zone hosts a
large jadeite deposi (Ermolov et al., 1990; Kovalenko et al.,
1994).

(3) Themajor features of the Itmurundy orogenic association are
accreted OPS units. The Itmurundy zone includes all types of
OPS: MORB to OIB oceanic basalts (section 6.2) often as
pillow-lavas (sections 3, 5; Figs. 5A and 15) overlapped by
pelagic and hemipelagic siliceous sediments of the Itmur-
undy Fm. (chert, siliceous mudstone; section 4), thick
Fig. 16. A scheme of the formation of the Itmurundy Pacific-type orogenic belt including
variably colored ribbon cherts, siliceous mudstones, silt-
stones and shales of the Kazyk Fm. and siliceous fine-grained
clastic and sandstones of the Tyuretai Fm (sections 2, 3, 7.1;
Figs. 4 and 15). Although the geological survey subdivided
these rocks into three separate formations (Itmurundy,
Kazyk, and Tyuretai; Koshkin and Galitsky, 1960; Patalakha
and Belyi, 1981), de-facto all of them represent different
segments of an OPS section (basalt-pelagic chert, pelagic-
hemipelagic sediments, hemipelagic-trench-forearc sedi-
ments, respectively), i.e. poorly preserved fragments of one
oceanic plate, which once existed in an Ordovician-early
Silurian ocean (Fig. 16).
7.5. Tectonic history of the Itmurundy zone

As follows from the previous section, the Itmurundy zone rep-
resents a Pacific-type orogenic belt, similar to those of the western
Pacific (Japan, Indonesia, etc.), hosting fragments of intra-oceanic
arc(s), high-pressure metamorphic rocks (eclogite? blueschist)
and OPS rocks. The identification of OPS units is of crucial impor-
tance, because accretionary prisms possess very complicated
structures (Wakita, 2012) making their investigation and strati-
graphic reconstruction hardly problematic. The complicated
structure of an accretionary prism forms during accretion, when
the “MORB-chert-shale” sequences detached from the subducting
oceanic plate can be vertically piled over each other or thrust under
each other to form “duplex” structures, in which the older units
may appear on the top (Maruyama et al., 2010; Wakita, 2012;
Safonova et al., 2019, Figs. 3B, 7 and 15). The OPS model coupled
with careful geochronological dating of each package would allow
recognizing those inconsistencies and reconstructing the accreted
units and the sense of subduction correctly. Therefore, the careful
study of relationships between various OPS rocks is a reliable
method for the understanding of the present structure and the past
history of accretionary complexes and their hosting P-type orogenic
belts.

Accreted OPS units often form duplex structures consisting of
lithologically uniform horses (basalt-chert-siliceous mudstone or
chert-siliceous mudstone, etc.). The Itmurundy duplex structures
form by the thrusting of horses under each other along a lower
detachment surface (bottom thrust), so that younger horses appear
under older (Fig. 3B). The bottom thrusts can be identified by the
OPS lowest basaltic package of the Itmurundy Fm. The duplex
deformation features of the central part of the Itmurundy zone
(segment V) strongly indicate the SE to NW sense of subduction (in
ophiolites, OPS incorporated into the accretionary complex and an intra-oceanic arc.
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present coordinates), which is also consistent with the stratigraphic
top facing to the SE (Fig. 3). The later post-orogenic deformations
characterize the northeastward compression, which resulted in the
anticline folding of the eastern duplex (Fig. 7) and in the activation
of the duplex thrusts separating segments I-III, IV-VIII and VIII. The
ultramafic serpentinized rocks possibly extruded at that compres-
sional stage. Moreover, the active processes of accretion along an
intra-oceanic arc (section 7.4; Fig. 3) was paired with active supra-
subduction magmatism forming a typical Pacific-type orogenic belt
during Cambrian-Ordovician time (Fig. 16).

In terms of determining the sense of subduction we must take
into account that the Itmurundy zone is located in the core of the
Kazakh orocline (Fig. 1) and therefore in Ordovician time the arc
was not bended but extended along an active margin of a terrane or
microcontinent probably split off East Gondwana (Mossakovsky
et al., 1993; Buslov et al., 2001; Windley et al., 2007).

According to the geological maps of (Patalakha and Belyi, 1981)
and our field observations (Figs. 2, 3 and 5B), the thickness of the
red and brown ribbon cherts seems to be of an order of 200m.
Assuming a rate of sedimentation in deep-sea conditions at
1e3mm per one thousand years (Isozaki et al., 1990; Hori, 1992;
Safonova et al., 2016), the lifetime of chert deposition could be ca.
150 Ma or even longer. This suggests that the Itmurundy oceanic
realm was not a relatively small back-arc or marginal basin
(Stepanets, 2016) but rather a big ocean (Fig. 16).

Based on the previous and new data we may propose the
following scenario for the formation of the Itmurundy zone at
northern Bakhash. The Itmurundy belt probably developed in two
major stages: Caledonian (early Paleozoic) and Hercynian (late
Paleozoic). During the Caledonian stage, the ophiolites were
formed and emplaced by thrusting or wedge extrusion (Maruyama
et al., 2011). The Hercynian folding and blocky deformation formed
serpentinite and induced schistosity and boudinage. The faunal
assemblages, which were recovered from the pelagic oceanic sed-
iments (section 3), are coeval with the Early-Middle Ordovician
conodonts from the shelf deposits of southern Kazakhstan
(Zhylkaidarov, 1998). However, the shallow-water assemblages of
hemipelagic sediments are taxonomically more diverse and the
warm-water forms constitute approximately half of the amount of
specimen. This corroborates the idea that the Ordovician active
margins around the Paleo-Asian Ocean, which later merged to form
the Kazakhstan continent, were closer to the equator than to the
Baltic region (Scotese and McKerrow, 1991; Windley et al., 2007).
The latest Cambrian to early Silurian intra-oceanic arc(s) finally
collided with continental margins and/or a composite continent
located to the north to contribute to the formation of much larger
ca. 2000 km long Kazakhstan megablock of triangular shape by
mid-Silurian time (e.g., Windley et al., 2007; Degtyarev, 2012;
Safonova et al., 2017). The more than 100m thick pelagic sediments
indicate the existence of a wide ocean in the early Paleozoic, which
size can be compared with that of the modern Pacific Ocean, rather
than a back-arc basin (Fig. 16).

8. Conclusions

The Itmurundy zone of northern Balkhash consists of three rock
associations: mantle (ultramafic-mafic rocks, serpentinite
m�elange), orogenic (accretionary and supra-subduction com-
plexes) and post-orogenic (continental deposits). Diorite from
serpentinite m�elange yielded a UePb age of ca. 500 Ma. The
orogenic association includes the rocks of three formations:
Itmurundy (O1-2), Kazyk (O2-3) and Tyuretai (O3eS1). The geological
relationships and lithologies of these three formations fit themodel
of Ocean Plate Stratigraphy: basalt e pelagic chert e hemipelagic
siliceous mudstone and siltstone e trench/forearc sandstone. Both
the igneous and sedimentary rocks are strongly folded, sheared and
greenschist metamorphosed and often occur as duplex structures
consisting of basalt-chert and/or chert-siliceous mudstone horses.

Themafic igneous rocks (aphyric and porphyric basalts, dolerite,
microgabbro) aremost typical of the Itmurundy Fm. There are three
main types of rocks: high-Ti, medium-Ti and low-Ti possessing
different major and trace element and Nd isotope characteristics.
The high-Ti rocks are associated with volcanogenic-sedimentary
breccias and hemipelagic sediments, they possess geochemical af-
finities of OIB and probably erupted in an intra-plate oceanic
setting, i.e. on oceanic islands related to mantle plume activity. The
medium-Ti samples are compositionally similar to MORB; they
occur in contact with pelagic chert and therefore formed in a mid-
oceanic ridge tectonic setting. The low-Ti volcanic and subvolcanic
rocks show geochemical features close to those of island arc tho-
leiites and boninites and probably formed in a supra-subduction
setting, at an intra-oceanic arc.

The Itmurundy belt represents a typical Pacific-type belt as it
includes accreted OPS units, metamorphic rocks (blueschist, eclo-
gite), and intra-oceanic arc units. The more than 100m thickness of
pelagic ribbon chert suggests that the Paleo-Asian Ocean in
Ordovicianeearly Silurian time was comparable in size with the
modern Pacific Ocean.
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