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Abstract—The petrography, petrochemistry, geochemistry, and Nd isotopy of sedimentary and volcano-
genic-sedimentary rocks, as well as U‒Pb dating of detrital zircons from sandstones and tuff sandstones of
four stratigraphic units of the Zharma-Saur island arc zone, were carried out. The data obtained, geological
structure, and analysis of discriminant diagrams indicate that the formation of sandstones of the Give-
tian‒Frasnian unit was the result of erosion and destruction of Early Paleozoic igneous complexes of the
Chingiz-Tarbagatai zone of the Kazakhstan Paleocontinent. Tuff sandstones of the Koyanda Formation of
the Tournaisian Stage and the Tersairyk Formation of the Visean Stage, distributed within the Vorontsov-
Saur subzone, are a product of rock destruction and volcanic activity of the Zharma-Saur volcanic arc. The
Early Paleozoic formations of the Chingiz-Tarbagatai zone and the Early Carboniferous volcanogenic com-
plexes of the Zharma-Saur volcanic arc were simultaneously the provinces for the sedimentary rocks of the
Kokon’ Formation of the Visean Stage, which occupies most of the Zharma-Sarsazan subzone. Our data
show that the Zharma-Saur arc was emplaced at the northeastern margin of the Kazakhstan Paleocontinent
at the end of the Late Devonian‒in the Early Carboniferous.

Keywords: island arc, volcanism, provenance area, Zharma-Saur zone, Late Paleozoic, Eastern Kazakhstan
DOI: 10.1134/S0016852124700274

INTRODUCTION

The Zharma-Saur island arc zone (hereafter,
Zharma-Saur zone) of Eastern Kazakhstan is located
in the western part of the Central Asian orogenic belt
(CAOB). This zone is the conjunction area of the
Early Paleozoic complexes of the Boshchekul-Chingiz
folded area, which forms the northeastern part of the
Kazakhstan Paleocontinent and the Late Paleozoic
complexes of the Ob’-Zaisan (Irtysh-Zaisan) folded
area (Fig. 1). The eastern part of the Zharma-Saur zone
is composed of Late Paleozoic volcanogenic-sedimen-
tary complexes of island arc origin; the western part
represents a Carboniferous sedimentary trough that
formed on the Early Paleozoic basement [7].

At present, several different geodynamic models for
the development of the Zharma-Saur zone and the
northeastern margin of the Kazakhstan Paleoconti-
nent during the Devonian-Carboniferous period have

been proposed [7, 11, 34, 35, 41, 58, 60, 64, 65]. The
models differ both in the direction of the subduction
of the oceanic plate—to the southwest towards the
Boshchekul-Chingiz folded area complexes or to the
northeast towards the Siberian continent; in the rela-
tive position of the Zharma-Saur arc relative to the
Kazakhstan Paleocontinent – the volcanic arc func-
tioned at a distance or on the edge of the Kazakhstan
Paleocontinent. The models are considered in more
detail in the geological essay.

The present study aims to conduct a comprehen-
sive analysis of data obtained from sedimentary and
volcanogenic-sedimentary sequences of the Zharma-
Saur zone of Eastern Kazakhstan, including deter-
mining the composition of provenances, to refine the
interval of island arc magmatism, and to determine the
age of rocks in the provinces northeastern margin of
the Kazakhstan Paleocontinent in the Devonian–
Carboniferous period.
321



322 PENKINA et al.

Fig. 1. Geological scheme of Ob’–Zaisan folded area (modified after [7, 24]). Inset shows geographical position of study area
(polygon). Large faults: A, Arkalyk; S, Sirektas; B, Boko-Baiguzin; T, Terekta; K, Kalba-Narym; I, Irtysh. (1–2) Lower–Middle
Paleozoic volcanogenic-sedimentary deposits in zones: (1) Char (O3‒D2–3), (2) Chingiz-Tarbagatai (O‒S); (3) Lower–Middle
Devonian medium acid volcanic rocks (D1–2); (4–5) Middle–Upper Paleozoic volcanogenic-sedimentary rocks in following
zones: (4) Zharma-Saur (D2–3‒С1t-v), (5) Rudny Altai (D2‒С1t); (6) Devonian‒Carboniferous sedimentary deposits of
Kalba-Narym zone; (7–8) Lower Carboniferous volcanogenic-sedimentary rocks of Zharma-Saur island arc zone: (7) Kokon’
and Sirektas Fm. (С1t-v), (8) Koyanda and Tersairyk Fm. (С1); (9) sedimentary deposits (С1); (10) molasse (C2); (11) mélange
in Irtysh shear zone; (12) serpentinite mélange in Char zone; (13) Cenozoic deposits; (14) large faults; (15) structural boundaries
of zones and subzones.
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GEOLOGY
The formation of the CAOB is associated with the

evolution and closure of the Paleo-Asian Ocean
during the collision of the Siberian, Tarim, and North
China cratons, numerous microcontinents and com-
plexes of the different geodynamic nature [1, 10, 12,
16, 22, 30, 33, 40, 49, 63].

The formation of the northeastern part of the
Kazakhstan Paleocontinent, also designated as the
Boshchekul-Chingiz folded area, formed as a result of
mutual accretion of a several of Cambrian-Ordovician
island arcs of the Paleo-Asian ocean during the Silu-
rian period. [6–9, 29, 41]. In the Late Paleozoic, the
eastern margin of the Kazakhstan Paleocontinent (in
modern coordinates) developed in the active conti-
nental margin, which led to the formation of the
Devonian and Balkhash-Yili volcano-plutonic belts
[18, 19, 28]. The evolution of the northeastern margin
of the Kazakhstan Paleocontinent in the Devonian
and Carboniferous periods, known as the Chingiz-
Tarbagatai segment of the Boshchekul-Chingiz folded
area (hereafter, Chingiz-Tarbagatai zone), is closely
related to the development of the associated Zharma-
Saur volcanic arc.

Currently, different geodynamic models of the for-
mation and evolution of the structures of the Zharma-
Saur island arc system have been developed, differing in
the direction of the subduction plate and the parallel
position of the volcanic arc relative to the Early Paleo-
zoic complexes of the Kazakhstan Paleocontinent.

Based on the results of geological and geochemical
studies of the rocks in the Zharma-Saur and Chingiz-
Tarbagatai zones, located on the territory of China, in
northwestern Junggar region, several geodynamic
models have been proposed [34, 35, 60, 65]. These
models suggest that the Zharma-Saur arc island zone
is an intra-oceanic island arc terrane that formed in
the Late Paleozoic, at a significant distance from the
Chingiz-Tarbagatai zone. Subduction of oceanic lith-
osphere occurred in two directions (in modern coordi-
nates): northward (beneath the Zharma-Saur island
arc) and southward (beneath the Chingiz-Tarbagatai
arc complexes).
GEOTECTONICS  Vol. 58  No. 3  2024



EVOLUTION OF THE NORTHEASTERN MARGIN 323
According to other geodynamic models, the
emplacement of the Zharma-Saur island arc occurred
in the Late Devonian to Early Carboniferous period
due to the subduction of the lithosphere of the Ob’-Zai-
san oceanic basin beneath the northeastern margin of
the Paleo-Kazakhstan continent, i.e., in a southward
direction in modern coordinates [7, 11, 41, 58, 64].

In the works [11, 41], the Zharma-Saur island arc
zone is considered an independent structure that drifted
in the Paleo-Asian Ocean and was accreted to the Chin-
giz-Tarbagatai zone in the Carboniferous [38]. This
suggests that the Zharma-Sarsazan subzone is a back-
arc basin, formed as a result of subduction beneath the
northeastern margin of the Kazakhstan Paleoconti-
nent. The emplacement of the Zharma-Saur island
arc zone occurred in close proximity to the composi-
tional complexes or on the complexes of the Early
Paleozoic island arcs of the Chingiz-Tarbagatai zone.

Another model is discussed in the works [7, 58, 64],
which propose the development of the western part of
the Zharma-Saur island arc zone (Zharma-Sarsazan
subzone) is thought to represent the Carboniferous sed-
imentary basin that was emplaced on the Early Paleo-
zoic basement of the Chingiz-Tarbagatai zone.

STRUCTURE OF THE ZHARMA-SAUR 
ISLAND ARC ZONE

The first information about the geology of this
region was presented in the works of V.P. Nekhoro-
shev, D.S. Korzhinsky, V.N. Lodochnikov back in the
early 1930s of the last century [13]. Since 1955, the
first geological survey work began in this area, the
results of which are presented in the work [20]. Subse-
quently, the main scientific interest of geologists
studying the Zharma-Saur zone was associated with
intrusive complexes, the so-called Zharma-Saur
batholith, as well as with the accompanying deposits of
rare earth metals [2, 13, 23, 48]. At the same time,
detailed studies of volcanic and volcanogenic-sedi-
mentary units of this zone, with the exception of geo-
logical survey work [17], were not carried out and ideas
about their composition and age have practically not
developed since the middle of the 20th century. How-
ever, all adjacent regions are characterized by a high level
of study, taking into account precision analytical studies:
the Early Paleozoic complexes of the Boshchekul-Chin-
giz folded area [7–9], formations of the eastern part of
the Ob’-Zaisan folded area [3, 24, 56, 57], as well as part
of the Zharma-Saur zone, localized in the territory of
China [34, 35, 58, 60, 65].

The Zharma-Saur is a NW trending zone of volca-
nic and volcanogenic-sedimentary strata extending for
>450 km (within eastern Kazakhstan and northwest-
ern China) [13, 14, 17, 26, 32, 34, 63]. The Zharma-
Saur zone is considered a paleo island arc system that
formed within the Ob’-Zaisan branch of the Pale-Asian
Ocean during Late Paleozoic [1, 7, 11, 21, 41, 56, 57]
GEOTECTONICS  Vol. 58  No. 3  2024
(Fig. 1). According to the geological structure and
material composition of rocks, the Zharma-Saur zone
can be divided into two subzones (Fig. 2): Zharma-Sar-
sazan in the west and Vorontsov-Saur in the east.

Zharma-Sarsazan Subzone

According to [4, 5, 7, 14, 17], the basement of the
section in the Zharma-Sarsazan subzone is composed
of basic-intermediate volcanics and tuffs of the Namas
Fm. of the Lower Ordovician, as well as volcanics,
sandstones and shales of the Donenzhal Fm. of Silu-
rian age, unconformably overlying the Namas Fm.
Structurally, above them, with unconformity, lie
acidic volcanics of the Mashan Fm. of the Lower and
Middle Devonian, and above them, with unconfor-
mity, lie basic volcanics of the Middle Devonian and
red-colored terrigenous rocks of the Middle and
Upper Devonian Givet-Frasnian Stages. The Lower
Carboniferous sequence of the Lower Visean age are
represented mainly by terrigenous rocks, unconform-
ably overlying rocks of the Ordovician, Devonian and
Silurian ages. Volcanic rocks and tuffs lie with angular
unconformity on the Lower Visean rocks, and to a lesser
extent, terrigenous rocks of the Sirektas Fm. of the
Upper Visean – Lower Serpukhovian Stages [5, 14].
The Zharma-Sarsazan subzone is mainly composed of
a thick (up to 2000 m) Lower Visean terrigenous
sequence – the Kokon’ Fm. This formation can be
traced over a distance of more than 140 km as a NW
trending. The Kokon’ Fm. includes (Fig. 3) gravel-
stone, inequigranular polymictic sandstones, silty
sandstones, clayey, siliceous-clayey, carbonaceous-
clayey siltstones, calcareous sandstones with lime-
stone lenses [4, 5]. The sequence of the formation is
generally uniform and represents a multiple alterna-
tion of inequigranular rock units with the development
of coarse-grained varieties in the lower part of the for-
mation, which is replaced by finer deposits up the
sequence. In the middle part of the formation there is
a horizon of carbonate deposits, among which bra-
chiopod was found, allowing us to assign the age of the
formation to the Lower Visean Stage (C1v) [5, 14, 17].
The selection of lithological samples and a sample of
silty sandstones (see Fig. 3) for geochronological study
was carried out from the upper part of the formation.
The sedimentation environment may be associated
with slope facies (turbidites) based on the develop-
ment of a large volume of sandstones, silty sandstones
and siltstones with obvious gradational layering, as
well as with shallow-water – marine settings due to the
small distribution of carbonate rocks.

Vorontsov-Saur Subzone

The Upper Paleozoic formations of the Vorontsov-
Saur subzone (Fig. 1) overlie the rocks of the Zharma-
Sarsazan subzone from the northeast.
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Fig. 2. Geological scheme of Zharma-Saur island arc zone (after [5]). Onset (rectangle) shows position of zone. (1‒8) For-
mations and units: (1) Donenzhal Fm. (S1-2dn), (2) Mashan Fm. (D1–2mš), (3) Givetian‒Frasnian unit (D2gv‒D3f),
(4) Koyanda Fm. (C1kn), (5) Tersairyk Fm. (C1trs), (6) Kokon’ Fm. (C1kk), (7) Sirektas Fm. (C1sr), (8) Sarkul Fm. (C2sk);
(9) Cenozoic deposits; (10–11) intrusive complexes: (10) gabbroids, (11) granitoids; (12) samples for geochronological study;
(13) lithological samples; (14) faults: (a) confirmed, (b) inferred.
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Its structure includes volcanogenic-sedimentary
(mainly) and sedimentary Devonian–Carboniferous
stratified units.

The Givetian–Frasnian unit crops out in the
southeast of the subzone, where it composes the main
part (1200 m thick). The sequence includes inequi-
granular polymictic sandstones, gravelstone, as well as
horizons of siltstones and conglomerates (Fig. 3). The
basal part of the sedimentary sequence is composed of
conglomerates, gravelstone, and coarse-grained sand-
stones with conglomerate lenses. Siltstones interbed-
ded with the sandstones and gravelstone, are widely
distributed in the upper part of the sequence. The age
of the Givetian‒Frasnian unit was estimated based on
the finds of fossil f lora, as well as brachiopod and
bivalve fossil remains in the upper part of the section
[4, 5, 14]. Samples were taken from the middle and
upper parts of the Givetian–Frasnian unit; a sand-
stone sample (see Fig. 3) for geochronological study
was taken from the roof of the unit.

The Middle–Upper Devonian formations overlie
the Lower Carboniferous (Tournaisian) Koyanda Fm.
sharply unconformably. The latter is widespread in the
central part of the Vorontsov-Saur subzone to the
southwest from the Sarkul Fault (Figs. 1, 2). The fol-
lowing rocks can be found in the Koyanda Fm.:
basalts, basaltic andesites, andesites, tuffs and tuff
sandstones, as well as horizons of cherts, clayey–sili-
ceous and siliceous siltstones (Fig. 3). The formation
includes the olistostrome facies, which is represented
by boulders of siliceous and clayey-siliceous siltstones,
as well as andesites, basalts, and tuffs scattered in the
tuffaceous–terrigenous matrix. Tournaisian age of the
Koyanda Fm. is conventionally accepted based on its
GEOTECTONICS  Vol. 58  No. 3  2024
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Fig. 3. Schematic lithological columns of up to the Middle Carboniferous of the studied stratigraphic units within the Zharma-
Saur island arc zone (modified after [4, 5]). (1) Basalts; (2) basaltic andesites; (3) andesites, trachyandesites; (4) dacites; (5) basic
tuffs; (6) medium acid tuffs; (7) lava breccias; (8) tuff breccias; (9) tuff sandstones; (10) conglomerates; (11) gravelstones;
(12) sandstones; (13) silty sandstones; (14) siltstones; (15) limestones; (16) calcareous sandstones; (17) cherts; (18) fossils;
(19) samples for isotope dating of detrital zircons; (20) contacts: (a) tectonic, (b) unconformable.
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overlap by the Middle–Late Devonian sequences and
the few determinations of the brachiopod fauna [5, 14,
17]. Thickness of the formation is 1700 m. During field
work, lithological samples were collected from both
the upper and lower parts of the formation, and a sam-
GEOTECTONICS  Vol. 58  No. 3  2024
ple of tuff sandstones (Fig. 3) for geochronological
study was taken from the upper part of the section.

Lower Visean Tersairyk Fm. is located northeast
from the Sarkul Fault, which is marked by deposits of
the Sarkul Fm. (С2) (Figs. 1, 2).
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In the western part of the polygon, the Tersairyk Fm.
unconformably overlies the volcanogenic-sedimen-
tary Koyanda Fm. Outside the study area, the Ter-
sairyk Fm. is overlain with angular unconformity by
carbonate and terrigenous rocks of Upper Visean age.
Frequent facies transitions of volcanics into volcano-
genic-sedimentary and then into terrigenous rocks are
distinguished in the structure of the formation. The
Tersairyk Fm. is composed of medium and acidic vol-
canics, their lava breccias and tuffs, tuff sandstones,
clayey and clayey-siliceous siltstones, and less com-
mon are basaltic andesites in the upper part of the sec-
tion (Fig. 3). The age of the Tersairyk Fm. is consid-
ered Upper Tournaisian–Lower Visean based on the
presence of brachiopod and crinoid fossils in tuff
sandstone interbeds [4, 5, 14, 17]. Lithological sam-
ples were collected from all levels of the formation; a
sample of tuff sandstones (Fig. 3) for geochronologi-
cal study was confined to its upper part.

The intrusive magmatism within the Zharma-Saur
zone, represented by the rocks of the Saur complex
(330–315 Ma) and the Zharma-Saur batholith (305–
275 Ma), is associated with the closure of the Ob’-Zai-
san oceanic basin and post-orogenic magmatism.

The massifs composed of gabbro-diorite-granodi-
orites of the Saur complexes are widespread in the
Zharma-Sarsazan and Vorontsov-Saur subzones.
The zone of the Early Permian granitoids, a part of
the Zharma-Saur batholith, extends for >400 km in
the northwestern direction along the Zharma fault
and is localized in the Zharma-Sarsazan subzone
[13, 21, 46].

MATERIALS AND METHODS

U–Pb dating of detrital zircons was performed
using a 193 nm Analyte Excite Excimer Laser Ablation
System (Teledyne Cetac Technologies, Omaha,
Nebraska, USA) equipped with an ICAP Qc mass
spectrometer (Thermo Fisher Scientific, Bremen,
Germany) in the Center for Geothermochronology at
the Kazan Federal University (Kazan, Russia).

We performed all measurements by masses 202Hg,
204(Pb + Hg), 206Pb, 207Pb, 208Pb, 232Th, 235U, 238U. The
laser beam diameter was 35 μm, pulse repetition rate
was 5 Hz and laser energy density was 3.0 J/cm2. Two
standards (external and internal) were measured to
analyze the sample.

We used international zircon reference samples:
— 91500 as a control sample (1065 Ma, [62]);
— Plešovice as an external standard (337 Ma, [59]).
The external standard was used to correct for ele-

mental fractionation during laser ablation, mass dis-
crimination, and drift of mass spectrometer settings
over time. A control sample was measured to verify the
correctness of the measurements.
NIST SRM 612 standard synthetic glass was addi-
tionally measured at the beginning, middle, and end of
the measurement session to take mass spectrometer
sensitivity into account. Mass spectrometric data pro-
cessing, correction accounting, selection of the opti-
mal signal area, as well as calculation of isotopic ratios
(207Pb/206Pb, 206Pb/238U, 207Pb/235U, 208Pb/232Th) and
corresponding ages were performed using the Iolite
3.65 software embedded in IgorPro 7 [54].

U–Pb isotope ratios were normalized to the corre-
sponding isotopic ratios of standard zircon samples
91500 [62] and Plešovice [59]. The errors of single
analyses (ratios, ages) and the calculated concordant
ages are given at the 2σ level. Calculation of weighted
average ages from isotopic ratios and construction of
concordance diagrams were performed in Microsoft
Excel using the Isoplot 4.15 software package [50].

The 206Pb/238U zircon ages younger than 1000 Ma,
with discordance D (%) ranging from –10 to +10%,
were used to construct the relative probability histo-
gram.

Measurements with discordance of ≤10% or >10%
were excluded from the sample. The formula used to
calculate discordance is as follows:

Estimation of the Maximum Depositional Age
(MDA) was carried out by calculating the weighted
average age of the population of the youngest zircons,
overlapping within 2σ [38].

The petrographic study involved quantitative
counting of grains (mineral composition counting) in
the rocks, carried out by direct measurement of rock
fragments arranged along a straight line in the field of
a microscope. Medium-grained sandstones with
0.20–0.50 mm grains were selected for counting.
Measurements were taken using a scale bar in the eye-
piece of the microscope (0.04 mm for Axio Scope A1,
Carl Zeiss AG, Oberkochen, Germany).

For each sample (n = 21), 250–300 grains were
counted, which were determined as:

— mono- and polycrystalline quartz (Qm and Qp,
respectively);

— plagioclase (Pl);
— potassium feldspar (Kfs);
— fragments of volcanic (Lv) and sedimentary (Ls)

rocks;
— matrix (M).
The data obtained were then converted into quan-

titative percentages. Based on these data, classification
and discriminant triangle diagrams were constructed.

Determination of the contents of the main rock-
forming elements was performed by X-ray f luores-
cence analysis (XRF) in the Center for Collective Use
for Multielemental and Isotope Studies at the Institute
of Geochemistry and Geophysics of the Siberian

= × −207 235 206 238100 (Age( Pb U) Age( Pb U) 1).D
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Table 1. Characteristics of geochronological samples of sandstones and tuff sandstones of Zharma-Saur island arc zone
and U‒Pb ages obtained

N—number of grains with concordant ages within limits of ±10%; MDA—maximum deposition age.

Sample Unit/Fm. Rock Coordinates N Age, Ma MDA, Ma

Zh19-37 Givetian‒Frasnian Sandstone 48°08′05.40″ N 
81°54′22.70″ E

78 498, 451, 423, 401 392 ± 4

K22-34 Koyanda Tuff sandstone 48°34′57.68″ N
81°28′59.01″ E

64 348 345 ± 2

K22-100 Tersairyk Tuff sandstone 48°28′46.17″ N
82°17′23.65″ E

38 355 353 ± 2

K22-17 Kokon’ Silty sandstone 48°37′53.96″ N 
81°02′19.34″ E

92 518, 429, 352 352 ± 2
Branch of the Russian Academy of Sciences (Novosi-
birsk, Russia) following the technique [15]. The mea-
surements were performed on an ARL-9900XP X-ray
fluorescence spectrometer (Thermo Fisher Scientific,
Bremen, Germany). When constructing classification
and discriminant diagrams, the concentrations of
rock-forming oxides were converted to dry residue
(LOI was excluded).

The inductively coupled plasma mass spectrometry
(ICP-MS) was applied to measure contents of rare
earth (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu) and trace (Rb, Sr, Cs, Ba, Nb, Zr, Y, Hf,
Ta, Th, U) elements using a Finnigan Element II sin-
gle-collector mass spectrometer (Thermo Fisher Sci-
entific, Bremen, Germany) at the CCU MIS IGM SB
RAS (Novosibirsk, Russia; analyst I.V. Nikolaeva).
The powders were processed according to the Jenner
Protocol [47]. The BHVO-1, BCR-1, and JB-3 inter-
national standards [53] were used to evaluate the accu-
racy/inaccuracy of measurements. Analytical errors
were 2–7% for REE and HFSE.

Determinations of Nd concentrations and isotopic
composition were carried out at the CCU “Geoanaly-
tik” (IGG Ural RAS, Ekaterinburg, Russia).

The procedure for chemical preparation of the
samples involved the decomposition of the samples
with a mixture of mineral acids at 120°C, followed by
the addition of an isotopic spike of 149Sm–150Nd,
chromatographic REE separation, and stepwise sepa-
ration of Sm and Nd.

Isotopic ratios were measured by TIMS on a Triton
Plus spectrometer (Thermo Fisher Scientific, Bre-
men, Germany) in static mode.

The measurement validation was performed using
the isotopic standard JNdi-1 (GSJ). During opera-
tion, the 143Nd/144Nd ratio in the standard was
0.512111 ± 9 (2 SD, n = 7).
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RESULTS
U‒Pb Dating of Detrital Zircons

U–Pb dating of detrital zircon grains has been car-
ried out for sedimentary and volcanogenic-sedimentary
rocks from the Zharma-Saur island arc zone (Fig. 2;
Table 1; Supplement 1 (Table P1).

Samples were collected from:
— Givetian‒Frasnian unit (Zh19-37, sandstone);
— Koyanda Fm. (K22-34, tuff sandstone);
— Tersairyk Fm. (K22-100, tuff sandstone);
— Kokon’ Fm. (K22-17, silty sandstone).
In the analyzed samples, zircons are small to

medium in size (40 to 180 microns), transparent, col-
orless, occasionally with a yellowish tint. The grains
are non-rounded and have predominantly prismatic,
less often isometric shape.

Zircons are characterized by fine oscillatory zoning
and a Th/U ratio between 0.21 and 2.15, confirming
their magmatic origin (Figs. 4a, 4b, Supplement 1
(Table P1)).

Givetian–Frasnian Unit. A total of 96 zircon grains
were analyzed from the Zh 19–37 sandstone sample of
the Givetian–Frasnian unit, 18 of which were excluded
due to discordance of the obtained. The age interval for
78 grains varies from 378 ± 12 to 521 ± 15 Ma. Four age
groups are distinguished on the histogram (Fig. 5a):
(1) Devonian 415–378 Ma (n = 26) with a peak at
401 Ma; (2) Silurian 440–419 Ma (n = 22) with the
main peak at 432 Ma; (3) Ordovician 476–446 Ma
(n = 25) with a peak at 451 Ma; (4) Late Cambrian 492 –
502 Ma (n = 3) with a peak at 498 Ma. Single grains
not included in age groups have ages of 518 ± 12 and
521 ± 15 Ma. The weighted average age of the youngest
zircons corresponds to 392 ± 4 Ma (n = 17) (Fig. 5e),
and the age of the youngest peak is 401 Ma.

Koyanda Fm. From sample K22-34 of the tuffa-
ceous sandstone of the Koyanda Fm., 90 zircon grains
were analyzed. Of these, 26 grains were not considered
due to their discordant values.
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Fig. 4. (a) CL images of detrital zircons; (b) Th/U–Age plot. (1) Givetian‒Frasnian unit (sample Zh19-37); (2‒4) formations:
(2) Koyanda (sample K22-34), (3) Tersairyk (sample K22-100), (4) Kokon’ (sample K22-17)
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The histogram for 64 grains establishes an age
range from 384 ± 20 to 330 ± 13 Ma. The relative prob-
ability curve records the unimodal distribution of the
age group 372–330 Ma (n = 63) with a peak at 348 Ma
corresponding to the Tournaisian age (Fig. 5b). The age
of a single grain coincides with the oldest zircon and
corresponds to 384 ± 20 Ma. The age of the peak and
the average age of the youngest zircon grains (Fig. 5f)
are 348 and 345 ± 2 Ma (n = 57), respectively.

Tersairyk Fm. From the tuff sandstone sample K22-
100, 72 zircon grains were analyzed. However, 34 of
these grains were excluded from the consideration due
to their discordant values. The age interval for 38 zir-
con grains varies from 392 ± 7 to 339 ± 22 Ma. The
GEOTECTONICS  Vol. 58  No. 3  2024
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Fig. 5. Histograms and a relative probability curve for 206Pb/238U ages of detrital zircons with discordance of less than 10%, and
weighted average age of youngest zircon population. (a)‒(d) Histograms with a relative probability curve: (a) Zh19-37 (sand-
stones of Givetian‒Frasnian unit); (b) K22-34 (tuff sandstone of Koyanda Fm.); (c) K22-100 (tuff sandstones of Tersairyk Fm.);
(d) K22-17 (silty sandstone of Kokon’ Fm.). (d)‒(z) Diagrams with weighted average age: (d) Zh 19-37 (sandstone of Givetian–
Frasnian unit), (e) K22-34 (tuff sandstone of Koyanda Fm.), (f) K22-100 (tuff sandstone of Tersairyk Fm.), (z) K22-17 (silty
sandstone of Kokon’ Fm.).
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Fig. 6. Images of rock thin sections (crossed nicols), showing mineral composition and textural features of rocks. Notation: Qtz,
quartz; Pl, plagioclase; Lv, fragments of volcanic rocks; Ls, fragments of sedimentary rocks; Amp, amphibole; Cpx, clinopyroxene.
(a)‒(b) Sandstones of Givetian‒Frasnian unit; (c)‒(d) tuff sandstones of Koyanda Fm.; (e)‒(f) tuff sandstones of Tersairyk Fm.;
(g)‒(i) sandstones and silty sandstones of Kokon’ Fm.
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distribution of the age group 364–339 (n = 37) Ma has
a unimodal character on the histogram with a peak at
355 Ma (Fig. 5c). The age of a single grain is the oldest
zircon, corresponding to 392 ± 7 Ma. The age of the
peak and the average age for the youngest zircon grains
(Fig. 5c) coincide within the error limits and are 355
and 353 ± 2 Ma (n = 37), respectively, which allows us
to determine the maximum age of deposition as Tour-
naisian (Fig. 5g).

Kokon’ Fm. We have also analyzed 100 zircon
grains from silty sandstone (sample K22-17) of the
Kokon’ Fm. Of these, 8 grains were excluded because
of the discordance of the age values obtained.

The ages of 92 zircon grains on the histogram vary
from 327 ± 6 to 523 ± 10 Ma. The relative probability
curve fixes three age groups (Fig. 5d): (1) Early Car-
boniferous–Late Devonian 340–377 Ma (n = 54)
with a single peak at 352 Ma; (2) Early Devonian–
Silurian–Ordovician 396–455 Ma (n = 34) with a
peak at 429 Ma; (3) Cambrian 511–523 Ma (n = 3)
with a peak at 518 Ma. The age of a single grain is the
youngest zircon, corresponding to 327 ± 6 Ma. The
average age of the youngest zircon grains and the age
of the youngest peak are 352 and 352 ± 2 Ma (n = 37),
respectively, and their coincidence allows us to deter-
mine the maximum age of deposition as Tournaisian
(Fig. 5h).

PETROGRAPHY

In the Givetian–Frasnian unit, we studied gray-
green fine- to medium-grained sandstones with psam-
mitic texture and massive structure (Figs. 6a, 6b).

The clastic framework of the rocks is represented by:
subrounded to non-rounded grains of plagioclase (34–
44%) and volcanic rocks (19–32%); fragments of sili-
ceous sedimentary rocks (5–14%) are less common.

The total content of monocrystalline and polycrys-
talline quartz ranges from 18 to 28%. The degree of
sorting of clastic materials is predominantly medium.
The matrix type in the sandstones is contact, and its
content averages 4% of the rock volume. Accessory
minerals are zircon, apatite, and rutile. To classify the
rocks, we used Folk’s [43, 44] and Shutov’s [25] trian-
gular diagrams, on which the data points, converted
into percentages of rock components, were plotted
(see Suppl. 1 (Table P2)).
GEOTECTONICS  Vol. 58  No. 3  2024
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Fig. 7. Classification diagrams for sandstones. (a)‒(b) after [43, 44]; (c) after [25]. Designations: Qt—sum of polycrystalline and
monocrystalline quartz; F, total feldspars; R, total volcanic and sedimentary rock fragments. Rock fragments: MRF, metamor-
phic, VRF, volcanic; SRF, sedimentary. Arabic numerals: (1‒4) sandstones: (1) monomictic quartz, (2) silicoclastite–quartz,
(3) feldspar–quartz, (4) mesomictic quartz; (5) arkoses; (6) greywacke arkoses; (7) field of nonterrigenous rocks; (8) feldspar
greywackes; (9‒12) greywackes: (9) greywackes, (10) quartz, (11) feldspar-quartz, (12) quartz-feldspar. (1) Sandstones of
Givetian‒Frasnian unit (D2gv‒D3f); (2‒4) sandstones of formations: (2) Koyanda (C1kn) (tuff), (3) Tersairyk (C1trs) (tuff),
(4) Kokon’ (C1kk).
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The sandstones correspond to lithic arkoses,
according to the classification of [43] (Fig. 7a), and
quartz-feldspar graywackes, according to [25] (Fig. 7c).

The Givetian–Frasnian sandstones are character-
ized by a higher proportion of fragments of sedimen-
tary rock compared to the sandstones from other stud-
ied formations (Fig. 7b).

The fine- to medium-grained tuff sandstones,
rarely coarse-grained, with a psammitic texture and a
massive structure, are considered in the Koyanda Fm.
(Figs. 6c and 6d).

The clastic framework of the rocks (Fig. 6c) is repre-
sented by plagioclase grains (33–47%) and fragments of
volcanic (44–62%) and sedimentary (up to 9%) rocks,
plagioclase grains (33–47%), and fragments of volca-
nic (44–62%) and sedimentary (up to 9%) rocks.
Fragments of brown amphibole and clinopyroxene
crystals are rare (Fig. 6c).

The total quartz content in the tuff sandstones is
very low, sometimes reaching only 5%. The degree of
sorting of the clastic material is also low. According to
the degree of roundness, the rock fragments are
unrounded. There are also clastic grains with melted
boundaries and jagged edges, indicating that the intro-
duced volcanic component.

The matrix averages 3% of the total rock volume and
is composed of mica-chlorite material. This matrix is of
hydrochemical origin. Apatite occurs among the acces-
GEOTECTONICS  Vol. 58  No. 3  2024
sory minerals; the rock fragments are predominantly
volcanic in composition (Fig. 7b).

In petrographic composition, the tuff sandstone
corresponds to feldspathic litharenite according to
classification [43], as shown in Fig. 7a. According to
the classification of [25], it corresponds to feldspathic
graywacke (Fig. 7c).

Tuff sandstones of the Tersairyk Fm. are fine- to
coarse-grained, light to dark green (Figs. 6e, 6f).

The rocks have a psammitic texture and a massive,
less frequently banded structure. They are composed
of: plagioclase (40–50%) and fragments of volcanic
rocks (39–48%); less commonly, there are fragments
of amphibole, clinopyroxene (0–8%), and monocrys-
talline quartz (0–7%) crystals.

The degree of sorting is low to medium; the clasts
are subangular. The proportion of the mica–chlorite
matrix in the sample is 3–4%, on average.

According to classification [43], sandstones belong
to feldspathic litharenites in terms of the composition
of the main clastic components. According to the clas-
sification [25], they are classified as feldspathic gray-
wackes (Figs. 7a, 7c).

On the composition diagram of the rock clasts,
samples from the Tersairyk Fm. show the highest pro-
portion of the volcanic material compared to rocks
from other stratigraphic units (see Fig. 7b).
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The sandstones of the Kokon’ Fm. are mostly fine-
to medium-grained, while silty sandstones are also
present (Figs. 6g–6i).

The rocks are gray-green in color and have psam-
mitic, less frequently aleuritic-psammitic texture and
massive structure. The clastic framework of the rocks
is represented by volcanic rocks (34–54%), pla-
gioclases (33–46%), and less commonly sedimentary
rock fragments (3–17%).

Some fragments of volcanic rocks have porphyritic,
microlithic, and interstitial texture (Fig. 6g). The
sandstones of the Kokon’ Fm. have a low proportion
of quartz, ranging from 2 to 9%.

The matrix averages 5% of the entire rock and is
composed of a mixture of chlorite, epidote, xenom-
orphic plagioclase, and quartz. Based on the classifi-
cation [43], these sandstones are classified as felds-
pathic litharenites (Fig. 7a), while according to the
classification [25], they belong to feldspathic gray-
wackes (Fig. 7c).

Rock clasts in sandstones are predominantly pre-
sented by volcanics (Fig. 7b).

The silty sandstone has a different mineral com-
position. It is intensively cataclased with the forma-
tion of a muscovite–biotite fine-grained aggregate
between the grains of the rock framework. Quartz,
plagioclase, and potassium feldspar, as well as small
amounts of volcanic and sedimentary rocks were
found among the clasts.

The degree of sorting of clastic material in the sed-
imentary rocks of the Kokon’ Fm. is low; more rarely,
medium. The degree of roundness of clasts ranges
from unrounded to subangular. Accessory minerals
are represented by zircon, apatite, and titanite.

The types of secondary alteration observed in all
studied rocks are saussuritization and sericitization, and
less frequently, pelitization of feldspar clastic grains. In
addition, the volcanic rock clasts, unstable to weather-
ing, are altered. This results in the subsequent formation
of chlorite, epidote, ore minerals, and iron oxides.

PETRO-GEOCHEMICAL COMPOSITION
OF SANDSTONES AND TUFF SANDSTONES

The contents of major rock-forming oxides were
measured in 29 samples from the studied sections, and
trace elements were measured in 24 samples. Data for
ten samples were taken from [57] (Supplement 1:
Tables P3, P4).

The SiO2 content in sandstones is as follows (aver-
age–av.):

— 58.5‒69.9 wt % (av. 63.4 wt %) Givetian‒Fras-
nian unit;

— 52.2‒64.4 wt % (av. 56.6 wt %) Koyanda Fm.;
— 51.7‒57.3 wt % (av. 54.2 wt %) Tersairyk Fm.
The SiO2 content in sandstones of the Give-

tian‒Frasnian unit is higher than in rocks of the Koy-
anda and Tersairyk Formations.
Sandstones of the Kokon’ Fm. have a SiO2 content
that varies between 57.2 and 64.9 wt %, occupying an
intermediate position among the considered rocks
(av. 60.1 wt %).

The average (av.) contents of Fe2O3tot and TiO2 in
sandstones:

— Fe2O3tot ‒ av. 9.3 wt %, TiO2 ‒ av. 1.0 wt %
(Givetian‒Frasnian unit);

— Fe2O3tot–av. 7.3 wt %, TiO2–av. 0.8 wt % (Koya-
nda Fm.);

— Fe2O3tot–av. 7.9 wt %, TiO2–av. 0.9 wt % (Ter-
sairyk Fm.);

— Fe2O3tot–av. 6.1 wt %, TiO2–av. 0.8 wt %
(Kokon’ Fm.).

The average Fe2O3tot content in sandstones of the
Givetian‒Frasnian unit is higher than in sandstones of
the Koyanda, Tersairyk, and Kokon formations.

A high MgO content is noted in tuff sandstones of
the Tersairyk Fm.—from 2.9 to 5.5 wt % (av. 3.8 wt %),
as well as in samples of the Koyanda Fm.—from 1.4 to
3.3 wt % (av. 2.4 wt %), which may be associated with
the presence of a large volume of mafic volcanic
material.

In the log(SiO2/Al2O3)–log(Na2O/K2O) diagram
[55], plotted based on rock-forming oxide ratios,
almost all data points of sandstones are distributed in
the graywacke field (Fig. 8a). Low SiO2/Al2O3 ratios
indicate a low degree of rock maturity, suggesting that
the sandstone is depleted in quartz and is dominated
by aluminosilicates or clay mineral components.
Higher Na2O/K2O ratios indicate the predominance
of sodium feldspars over potassium feldspars and
potassium mica. In the classification diagram used to
separate graywacke and arkose, all the data points are
located in the graywacke field. The only exception is a
single point of silty sandstone from the Kokon’ Fm.,
which falls within the arkose field, as confirmed by
petrographic analysis [55] (Fig. 8b).

We applied the lithochemical classification of
sandstones to obtain reliable information about the
composition of the source rocks in the provenance
area and degree of their weathering, the petrogenic or
lithogenic nature of the sediments, as well as to obtain
more accurate paleoreconstructions of tectonic condi-
tions and sedimentation environments [27].

Values of hydrolyzate modulus (HM) [27],

(2)

range from 0.29 to 0.55. These values allow us to clas-
sify the sandstones under study as sialites.

Some rocks of the Koyanda Fm. and tuff sand-
stones of the Tersairyk Fm. have MgO levels greater
than 3 wt %. This allows us to classify them as pseu-
dosialites, which contain pyroclastic or volcanic

= + +
+ +

2 3 2 2 3

2

HM (Al O TiO Fe O
FeO MnO) SiO
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Fig. 8. Classification diagrams for sandstones (after [55]). (a) log(Na2O/K2O)–log(SiO2/Al2O3) diagram for sedimentary rocks;
(b) diagram of separation of arkose and greywacke sandstones. (1) Sandstones of Givetian‒Frasnian unit (D2gv‒D3f); (2) tuff
sandstones of Koyanda Fm. (C1kn); (3) tuff sandstones of Tersairyk Fm. (C1trs); (4) sandstones of Kokon’ Fm. (C1kk).
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material [27]. In addition, we have calculated ferrugi-
nous (FM), titanium (TM), and normalized alkalinity
(NAM) petrochemical modules. Based on the
obtained correlation values (n = 29, with a critical
value of the Pearson correlation coefficient of rc = 0.37
at a 5% significance level) of the TM-FM (r = 0.83)
and NAM-HM (r = –0.70), sandstones from the
Kokon’ and Koyanda formations, as well as the Give-
tian–Frasnian sequence, can be classified as rock-
forming sedimentary rocks [27] (Fig. 9a). This allows
us to classify them as pseudosialites, which contain
pyroclastic or volcanic material [27]. In addition, we
have calculated ferruginous (FM), titanium (TM),
and normalized alkalinity (NAM) petrochemical
modules. Based on the obtained correlation values
(n = 29, with a critical value of the Pearson correlation
coefficient of rc = 0.37 at a 5% significance level) of
the TM-FM (r = 0.83) and NAM-HM (r = –0.70),
sandstones from the Kokon’ and Koyanda formations,
as well as the Givetian–Frasnian sequence, can be
classified as rock-forming sedimentary rocks (Fig. 9a).

Based on the above characteristics, one can suggest
that the chemical composition of the sandstones
under consideration is similar to that of original igne-
ous rocks.

The following petrochemical indices were used to
determine the degree of chemical alteration of rocks in
the provenance area:

— CIA, Chemical Index of Alteration [52];

— ICV, Index of Compositional Variability [36].
GEOTECTONICS  Vol. 58  No. 3  2024
The CIA, which is calculated from the molecular
amounts of petrogenic oxides using the formula: 

(3)

is used as an indicator of the ratio of Al2O 3 and chemi-
cally active oxides in the sample, reflecting the maturity
(transformation into clay minerals) of the sediment.

The CIA value of 70 is used to differentiate between
sediments formed under strong (CIA > 70) and weak
(CIA < 70) weathering conditions. In the rocks studied,
the CIA ranges from 41.04 to 69.05 (the zone of weak
weathering), indicating a low degree of chemical weath-
ering of the source rocks from the province (Fig. 9b).

Note that sandstones from the Givetian–Frasnian
unit are characterized by higher CIA values (57.57–
69.05) compared to sandstones from the Koyanda, Ter-
sairyk, and Kokon formations. This may indicate the
presence of more altered rocks in the provenance area.

The ICV is calculated using molecular quantities in
accordance with the following formula:

(4)

This index is used to determine the maturity of rocks
in the provenance area.

An value of ICV > 1 indicates immature source
sediments with high contents of nonclay silicate min-
erals such as plagioclase, potassium feldspar, amphi-
bole, pyroxene, and rock fragments. In contrast, more
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Fig. 9. (a) TM–FM and NAM–GM diagrams, after [27]; (b) diagram illustrating ratio between ICV (index of composition vari-
ability) according to [36] and CIA (chemical index of alteration) according to [52]. Notation: moduli: FM, femic; TM, titanium;
HM, hydrolysate; and NAM, normalized alkalinity; r is correlation coefficient and rc is critical value of Pearson’s correlation
coefficient. PAAS values are given after [61]. (1) Sandstones of Givetian‒Frasnian unit (D2gv-D3f); (2‒3) sandstones of forma-
tions: (2) Koyanda (C1kn) (tuff), (3) Tersairyk (C1trs) (tuff), (4) Kokon’ (C1kk).
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Fig. 10. Chondrite-normalized REE distribution curves: (a)‒(d) for rocks of Zharma-Saur island arc zone. Chondrite composi-
tion is given after [31]; PAAS, after [61].

500

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

R
oc

k/
ch

on
dr

ite

PAAS

(a)

Givetian‒Frasnian unit
500

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

R
oc

k/
ch

on
dr

ite

PAAS

(b)

Koyanda Fm.

500

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

R
oc

k/
ch

on
dr

ite

PAAS

(c)

Tersairyk Fm.
500

100

10

1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

R
oc

k/
ch

on
dr

ite

PAAS

(d)

Kokon’ Fm.
mature clayey rocks, composed mainly of clay miner-
als, have an ICV less than 1.

In the studied sandstones, the ICV values range
from 1.15 to 2.51, indicating the supply of immature
component into the sedimentation area (see Fig. 9b).

The data suggest erosion of immature material,
which corresponds to the composition of eroded
rocks, as well as the rapid burial of sediments in close
proximity to the province.

The REE distribution pattern in sedimentary and
volcanogenic-sedimentary rocks makes it possible to
determine the type of source rocks in the provenance
area [37, 61]. The REE distribution spectra are differ-
entiated to varying degrees (Fig. 10): from moderate
enrichment in LREE relative to HREE for sandstones
of the Givetian–Frasnian unit (La/Yb)n = 5.95–7.32,
Koyanda Fm. (La/Yb)n = 2.01–7.44 and Kokon’
(La/Yb)n = 4.76–9.33 formations, to a f lat distribu-
tion pattern for tuff sandstones of the Tersairyk Fm.
(La/Yb)n = 1.20–3.84.

To compare the REE composition of the sand-
stones and tuff sandstones under study, we used data
on the REE content in the Post-Archean Australian
Shale (PAAS), as reported in [61].

The presence of Eu anomaly (Eu/Eu* = 0.57–
0.85) and increased content ∑REE = 122–203 ppp is
characteristic of sandstones of the Givetian–Frasnian
unit and PAAS.
GEOTECTONICS  Vol. 58  No. 3  2024
The lower REE contents relative to PAAS and the
absence or positive europium anomaly are character-
istic of the formations (Fig. 10):

— Koyanda Fm (∑REE = 58‒171 ppm, Eu/Eu* =
0.79‒1.02);

— Tersairyk Fm (∑REE = 36‒54 ppm, Eu/Eu* =
0.92‒1.12);

— Kokon Fm (∑REE = 56‒131 ppm, Eu/Eu* =
0.86‒1.24).

Nd Isotopy

The Nd isotope geochemistry of the sandstones
from the Givetian–Frasnian unit and the Kokon’ Fm.,
as well as tuff sandstone from the Koyanda Fm. has
been studied (Table 2, Fig. 11).

The εNd(t) value was recalculated using the
weighted average age of the youngest detrital zircon
population (see Table 1).

Only positive values of εNd(t) were obtained for all
studied sandstones and tuff sandstones:

— from +4.48—for sandstone of the Give-
tian‒Frasnian unit;

— from +6.25—for tuff sandstone of the Koya-
nda Fm., +4.84 for sandstone of the Kokon’ Fm.
(occupies an intermediate position).
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Fig. 11. εNd(t)–age diagram plotted for sandstones of Givetian‒Frasnian unit, Koyanda and Kokon’formations. (1) Sandstone
of Givetian‒Frasnian unit (D2gv‒D3f); (2) tuff sandstone of Koyanda Fm. (C1kn); (3) basalt of Koyanda Fm.; tuff sandstone of
Tersairyk Fm. (C1trs); (4) sandstone of Kokon’ Fm. (C1kk); (5) Paleozoic granitoids of Chingiz-Tarbagatai zone (after [9]);
(6) Early Paleozoic volcanic and volcanic-terrigenous deposits of Chingiz-Tarbagatai zone (after [9]).

12

8

4

0

–4

–8

–12
2000 400 600 800 1000

ε N
d(

t)
DM

CHUR

Age, Ma

1 2 3 5 64
Sandstones of the Zharma-Saur island arc zone are
correlated in terms of the isotopic composition with
Paleozoic granitoids, as well as volcanic and volcano-
genic-sedimentary rocks of the Chingiz-Tarbagatai zone.

Reconstruction of Paleotectonic Settings
Discriminant diagrams based on petrographic,

petrochemical, and geochemical data were used to
reconstruct the paleotectonic settings of the formation
of the rocks under consideration. Based on the quan-
titative petrographic analysis of the sandstone sam-
ples, a Q–F–R diagram was created to determine the
geodynamic conditions of rock formation in the prov-
enance area [39] (Fig. 12a; Supplement 1: Table P2).
Table 2. Summary table of results of Nd isotope analysis of san

εNd(t) values correspond to isotopic composition at a time of 392 M
Zh19-7); composition of homogenous chondrite reservoir (CHUR
determine εNd(t).

Sample Rock Sm, ppm Nd, ppm 147Sm/144N

Zh19-37 Sandstone 6.27 30.72 0.1234
Zh19-67 Tuff sandstone 8.71 40.74 0.1292
Zh19-7 Sandstone 3.35 15.06 0.1346
The sandstones of the Givetian–Frasnian unit
show the relatively highly reworked composition of the
province, which falls within the area of the dissected
(or deeply eroded) and transitional arc (Fig. 12a).

Tuff sandstones of the Koyanda and Tersairyk for-
mations contain a large volume of weakly erosion-
resistant components with a minimum quartz content.
Their data points fall into the areas of weakly eroded
arc and transition-type arc (Fig. 12a).

The data points of sandstones of the Kokon’ Fm.
also lie in the transition area and, to a greater extent, in
the field of immature arcs (Fig. 12a).

The 15*Al2O3‒300*TiO2‒Zr diagram [45] allows
us to trace the reworking process and the degree of
GEOTECTONICS  Vol. 58  No. 3  2024

dstones and tuff sandstones from Zharma-Sun island arc zone

a (sample Zh19-37), 345 Ma (sample Zh19-67), 352 Ma (sample
): 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638 was used to

d ±2σ 143Nd/144Nd ±2σ εNd(t) tNd (DM), Ma

0.0004 0.512685 0.000005 +4.48 788
0.0004 0.512808 0.000015 +6.25 620
0.0004 0.512748 0.000009 +4.84 778
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Fig. 12. (a) Qt–F–R diagram for reconstruction of paleotectonic settings (after [39]); (b) 15Al2O3‒300TiO2‒Zr diagram for
determining degree of maturity of clastic material (diagram fields, according to [45]); (c) La/Th–Hf discriminant diagram
(after [42]). Notation: CAS, field of calc-alkaline complexes; SPG, stronglyperaluminous granite field; PAAS (after [61]);
Qt, total polycrystalline and monocrystalline quartz; F, total feldspars; R, total volcanic and sedimentary rock fragments.
(1) Sandstones of Givetian‒Frasnian unit (D2gv‒D3f); (2‒3) tuff sandstones of formations: (2) Koyanda (C1kn), (3) Ter-
sairyk (C1trs); (4) sandstones of Kokon’ Fm. (C1kk).
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sorting of clastic material, given that the relative pro-
portions of components are transferred from the prov-
enance area with the bulk of sediments (Fig. 12b).

All samples examined show slight variations in the
TiO2/Zr ratio, indicating that there was no long-term
rewashing or redeposition of sediments. The sand-
GEOTECTONICS  Vol. 58  No. 3  2024
stones from the Givetian–Frasnian unit differ from
other rocks in that they have a higher Zr content. This
is likely due to a more acidic magmatic source [49].

In the discriminant diagram (see Fig. 12c), con-
structed based on the La/Th to Hf ratio [42], data
points of the Givetian–Frasnian sandstones are con-
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Fig. 13. Summary graph with histogram and relative age probability curve of 206Pb/238U ages of detrital zircons from sandstones
and tuff sandstones of Zharma-Saur island arc zone. The graph shows the supposed sources of zircons.

60

50

40

30

20

10

0
350300 400 450 500 550

N
um

be
r o

f g
ra

in
s

R
el

at
iv

e 
pr

ob
ab

ili
ty

Z
h

a
rm

a
-S

a
u

r 
a

rc

Summary diagram
N =272

Magmatic complexes
of  Chingiz-Tarbagatai zone

352

401

432

451

500 518

Age, Ma
fined to the field of rocks formed due to erosion of fel-
sic magmatic rocks, tuff sandstones of the Koyanda
and Tersairyk formations are concentrated in the area
of data points of andesitic magmatic arcs (Fig. 12c).

The sandstones of the Kokon’ Fm. are character-
ized by a large scatter of data points, from basaltic to
andesitic magmatic source. A mixed source is assumed
for the silty sandstone sample.

DISCUSSION
Most sandstones are graywackes in their petro-

chemical composition. This means that they are char-
acterized by the presence of the sodium component
(except for the silty sandstone of the Kokon’ Fm. with
K2O > 5 wt %), as well as a low SiO2/Al2O3 ratio, which
determines the degree of rock maturity (see Fig. 8).

The values of petrochemical moduli and their cor-
relation with each other suggest that sandstones and
tuff sandstones are similar in chemical composition to
the original igneous rocks. This allows us to determine
the presence of volcanic material in the provenance
area (see Fig. 9a).

The ICV calculation results suggest the presence of
rocks that have not undergone intense weathering
during transportation to the sedimentary area (Fig. 9b).
Sandstones from the Givetian–Frasnian sequence are
characterized by a higher CIA compared to other
sandstones, indicating more altered rocks of the feed-
ing province.

The REE composition of the rocks of the Givetian-
Frasnian sequence is similar to that of the PAAS, indi-
cating the relative maturity of the rocks of this
sequence (see Fig. 10).

The sandstones of the Koyanda, Tersairyk, and
Kokon’ formations are located below the PAAS level
and differ in their spectral distribution patterns, which
may indicate a less intense reworking of clastic materi-
als and a closer chemical composition to igneous rocks
from the province.

The study of the Nd isotopy has shown that the
rocks have a primitive composition with positive εNd(t)
values ranging from +4.48 to +6.25. This suggests the
presence of juvenile igneous rocks in the province,
without any ancient crustal material (Fig. 11). These
isotopic characteristics are similar to those of the Paleo-
zoic granitoids, as well as volcanic and volcanosedi-
mentary rocks in the Chingiz-Tarbagatai region.

The accumulation of the Givetian_Frasnian sand-
stones occurred due to the erosion of a relatively acidic
and reworked source, as indicated by the higher quartz
content in the clasts, the SiO2 and Zr contents, as well
as the distribution of rock data points on the discrimi-
nant diagrams of paleotectonic environments (Fig. 12;
GEOTECTONICS  Vol. 58  No. 3  2024
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Fig. 14. Schematic geodynamic profiles for Late Devonian–Carboniferous stage of evolution of Chingiz-Tarbagatai zone (in
modern coordinates). (a) Frasnian Age of Late Devonian; (b) Tournaisian-Visean of Early Carboniferous); (c) Serpukhovian Age
of Early Carboniferous–Middle Carboniferous. The Middle Carboniferous molasse is composed of the Tauba (C2tb) and
Bukon’ (C2bk) formations [14, 17]. Inferred direction of sediment drift is shown by dotted arrows.
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Supplement 1: Table P2, Table P3). The results of the
U–Pb dating of detrital zircons suggest that the Cam-
brian, Ordovician-Silurian, and Early Devonian mag-
matic complexes, which are common within the con-
jugate Chingiz-Tarbagatai zone, were the sources of
clastic material for the formation of these sandstones
(Figs. 5a, 13, 14a).

The tuff sandstones of the Koyanda and Tersairyk
formations are characterized by lower CIA values and
lower quartz content in the clasts, as well as higher
εNd(t) values (Table 2; Figs. 9b, 11).

The U–Pb dating of the tuff sandstones of the
Koyanda and Tersairyk formations has allowed us to
confirm their Early Carboniferous age, which was pre-
viously considered conditional or insufficiently sup-
ported. At the same time, the unimodal distribution
of dates in the interval from the Famennian to the
Tournaisian indicates that the rocks formed as a
result of the destruction of a predominantly Late
Paleozoic provenance area: the Zharma-Saur island
arc (Figs. 13, 14b). Such isotope-geochemical evi-
dence suggests a change in the provenance of the rocks
in the Famennian time. In the paleotectonic recon-
struction diagrams, the sandstones of the Kokon’ Fm.
are located between sandstones of the Givetian‒Fras-
nian unit and tuff sandstones of the Koyanda and Ter-
sairyk formations (Figs. 12a, 12b). The Kokon’ Fm.
was accumulated as a result of simultaneous destruc-
tion of the rock complexes of Early Paleozoic com-
plexes of the Chingiz-Tarbagatai zone and the Early
Carboniferous Zharma-Saur arc. This is confirmed by
both U–Pb dates and Nd-isotope data (Figs. 5d, 11,
13, 14b). The formation of the trough that was filled
with deposits from the Kokon’ Fm. occurred simulta-
neously with volcanic activity within the Zharma-Saur
volcanic arc region. This trough was located in the
back part of the island-arc system and was most likely
formed due to back-arc extension as the oceanic lith-
osphere subsided beneath the Zharma-Saur volcanic
arc towards the Kazakhstan Paleocontinent.

According to the results of U–Pb dating of detrital
zircons, the formation of the Middle–Late Devonian
sandstones (Givetian–Frasnian) of the Zharma-Saur
island arc zone occurred due to the destruction of
Early Paleozoic provenance areas. The age peaks coin-
cide with the stages of volcanic activity and granite for-
mation within the Chingiz-Tarbagatai zone [9] (Fig. 13).
This suggests that the emplacement of the Zharma-
Saur island arc zone occurred in close proximity to the
Chingiz-Tarbagatai zone (Fig. 14a). However, this
raises doubts about the existence of a significant ocean
basin that separated the Zharma-Saur island arc from
the Early Paleozoic island-arc complexes in the Chin-
giz-Tarbagatai region until the Early Carboniferous
period [34, 35, 56, 60, 65]. Also, the summary graph
of detrital zircon ages records the beginning of mag-
matism of the Zharma-Saur volcanic arc from the
Famennian time (see Fig. 13).
Consequently, we suggest that the foundation of
the Zharma-Saur volcanic arc occurred in the Famen-
nian age within the northeastern margin of the
Kazakhstan Paleocontinent, which is recorded by the
change in the source of clastic material for sedimen-
tary and volcanogenic-sedimentary rocks.

CONCLUSIONS

The petrographic study and petro-geochemical
analysis of sandstones and tuff sandstones have
allowed us to determine the composition and type of
the provenance areas. U–Pb isotope dating has
enabled us to pinpoint the interval of island-arc volca-
nism, the age of rocks in the provinces, and establish
the maximum depositional age.

(1) The formation of the Givetian‒Frasnian unit in
the Zharma-Saur volcanic arc zone occurred as a
result of erosion of Early Paleozoic rocks of the Chin-
giz-Tarbagatai zone.

(2) Magmatism within the Zharma-Saur volcanic
arc zone began during the Famennian–Visean and
became more intensive in the Tournaisian.

(3) The studied rocks of the Koyanda and Tersairyk
formations were formed as a result of the erosion of
rocks from the Zharma-Saur island arc region. The
provinces for the sedimentary rocks of the Kokon’ Fm.
could be simultaneously the both the Early Paleozoic
formations of the Chingiz-Tarbagatai area and the
Early Carboniferous igneous complexes of the
Zharma-Saur volcanic arc area.

(4) The formation of the Zharma–Saur volcanic
arc zone occurred at the northeastern margin of the
Kazakhstan Paleocontinent during the Late Devo-
nian–Early Carboniferous.
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