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Abstract—Studies of volcanic rocks in orogenic troughs of Eastern Kazakhstan were carried out. The troughs
were formed at late-orogenic stages of evolution of Hercynian Altai collision system. Volcanic rocks are rep-
resented by basalts, andesites, dacites and rhyolites. Based on geochemical and isotopic data, the basalts and
andesites derived from mafic magmas that formed as a result of partial melting of garnet peridotites in the
upper mantle under the orogen. U–Pb zircon data prove two volcanic stages: more-scaled Middle Carbon-
iferous (~311 Ma) and less-scaled Early Permian (297–290 Ma). Basalts and andesites in lower parts of the
orogenic troughs and independent dacite-rhyolite structures were formed at the Middle Carboniferous stage.
Parental mafic magmas were formed as a result of partial melting of mantle substrates in local transtensional
zones along large shear faults. The formation of dacites and rhyolites could have been caused by partial melt-
ing of crustal substrates under effect of mafic magmas. Transtensional movements in the lithosphere of oro-
genic belts may indicate the beginning of collapse of orogens. A smaller volume of basalts and andesites
formed at the Early Permian stage. Geochemical data prove the independent episode of partial melting in
upper mantle. Synchronous basalts and andesites also appeared at wide territory in Tian Shan, Central
Kazakhstan, and Central and Southern Mongolia. Early Permian volcanism indicates general extension of
the lithosphere at the postorogenic stages. Large-scaled Early Permian mafic and granitoid magmatism in
Central Asia has been interpreted in recent years as the Tarim Large Igneous Province caused by Tarim man-
tle plume activity. Thus, the extension of the lithosphere and associated volcanism in the Early Permian can
be an indicator of the onset of the plume–lithosphere interaction process.
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INTRODUCTION
Volcanic deposits are an important indicator of

endogenic activity, while the shapes, scales, duration
of manifestation, and compositional features of volca-
nic rocks depend on geodynamic settings. To under-
stand the evolution of fold belts, orogenic volcanism is
of great importance: it reflects the different stages of
accretion–collision processes.

One of the largest intracontinental accretion–colli-
sion belts is the Central Asian Orogenic belt (CAOB),
which formed during the Phanerozoic during closing of
the Paleoasian Ocean. The evolution of structures of
the CAOB ended in the Late Paleozoic with the forma-
tion of several Hercynian fold systems ectending along
the southern margin of the continent of Siberia [4, 7,
14, 38]. Examples of such systems are the Ob–Zaisan–
Gobi and Junggar–Balkhash, where orogenic processes
occurred during the Carboniferous–Permian. Here, in
the Hercynian structural-material complexes, orogenic
volcanic rocks are often widespread, frequently with a

continental nature [8, 10, 11, 13]. It was shown that oro-
genic volcanics are associated with continental molasse
deposits and together fill intermontane troughs and
basins in the orogenic structure. Geological analysis of
the location and internal structure of volcanic rock–
molasse units in Eurasian fold structures [13] made it
possible to distinguish two main types:

(1) inherited basins and troughs that formed at the
early orogenic stage (closure of oceanic spaces), char-
acterized by the most complete sections from shallow
marine to continental molasse with a variety of volca-
nic rocks;

(2) overprinted basins and troughs that formed at
the late orogenic stage (large-scale mountain build-
ing), characterized by the continental nature of both
terrigenous sediments and volcanic rocks.

The territory of Eastern Kazakhstan is located on
the northwestern f lank of the Ob–Zaisan–Gobi fold
system. The geological structure was formed in the
interval from the Late Devonian to the Early Permian,
510
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during the accretion–collision interaction of the Sibe-
rian continent, the Kazakhstan continent, and the
Ob–Zaysan paleoceanic basin. The closure of the
paleoceanic basin occurred at the end of the Early–
beginning of the Middle Carboniferous (the boundary
of the Serpukhov and Bashkir stages, ~320 Ma), and
an orogenic structure formed, for which the name
Hercynian Altai collision system was proposed [2]. As
a result of accretion–collision events in modern Eastern
Kazakhstan, structural-material complexes of different
geodynamic nature were combined (Fig. 1). Volcanic
units are widely manifested [6, 7], represented by the
following main types:

(1) Paleoceanic volcanics of Middle Paleozoic (Silu-
rian-Devonian) age, represented by basalts and andes-
itic basalts of different geochemical types (N-MORB,
E-MORB, OIB). They are associated with deep-sea
siliceous sediments and have been fragmentarily pre-
served in tectonic blocks in melange of the Charsk ophi-
olite belt [3, 33].

(2) Paleoarc volcanics of Late Paleozoic age (from
the Late Givetian to the Early Visean), represented by
andesites, andesitic basalts, and basalts with the geo-
chemical characteristics of subduction volcanics. They
were preserved in the Charsk zone in the form of tec-
tonic nappes, and in the Zharma–Saur zone, which in
the Devonian–beginning of the Carboniferous was
the active margin of the Kazakhstan continent. The
geological position and compositional features indi-
cate that these volcanics were an integral part of island
arcs that formed inside the ocean basin or on its
Kazakhstan margin [7, 34].

(3) Orogenic volcanic units filling a few trenches and
troughs in the central part of the territory (see Fig. 1).
These volcanics are associated with Middle and Late
Carboniferous continental terrigenous molasse depos-
its. The geological and structural position and the geo-
dynamic nature of these volcanic rocks were rather well
characterized earlier [6, 13]. At the same time, the
emergence in recent decades of new precision geo-
chemical, isotopic, and geochronological methods has
made it possible to study the composition and age of
volcanic rocks at a new level.

This article presents the results of petrogeochemical,
isotopic, and geochronological studies of predomi-
nantly orogenic basalt–andesite volcanic rocks. The
aim of the article is to determine the position of volcanic
troughs in the evolution of the Hercynian Altai colli-
sional system and to develop a geodynamic model that
explains the manifestations of continental volcanism.

GEOLOGICAL HISTORY
The geodynamic regime for the convergence of the

Siberian and Kazakhstan continents and closing the
Ob–Zaysan basin is characterized collision–shear,
caused by the relative rotation of the Siberian and
Kazakhstan continental blocks [2]. A similar character
GEOTECTONICS  Vol. 54  No. 4  2020
of interaction has been described for many accretion–
collision systems of Central Asia [1]; a specific feature
is the occurrence of extensive regional shear faults of at
early orogenic stages. The Altai collision system hosts
several master faults: the Zharma, Boko-Baiguzy,
Charsk, West Kalba, Irtysh, etc. (see Fig. 1), which
separate relatively large structural blocks. At all oro-
genic stages, these faults were one of the main struc-
tural elements controlling tectonic deformations and
magmatism [6, 7].

The location of the volcanic troughs of Eastern
Kazakhstan was also determined by the position of the
master faults. Shear movement that continued
throughout the orogeny determined the occurrence of
zones of compression and extension, which could have
led to the formation of intermontane basins. The
intersection of large Boko-Baiguzy, Charsk, and sev-
eral smaller faults in the central part of Eastern
Kazakhstan apparently resulted in a large orogenic
basin filled with molasse deposits (see Fig. 1). These
deposits are combined in the Bukon Formation (C2b)
of the Middle Carboniferous, represented by polymic-
tic sandstones, gravelstones, conglomerates, sedimen-
tary breccias, and clayey and carbonaceous-clayey
siltstones. The thickness of the formation is estimated
at 1500–2000 m [6]. The Bukon Formation overlies a
structural unconformity on Early Carboniferous sed-
iments; conglomerate interbeds occur at the base of
the formation: based on the set of rocks, it corre-
sponds to shallow-sea molasse with transition to con-
tinental molasse.

On sediments of the Bukon Formation, several
superimposed troughs formed: the Saryzhal-Daubai
trough, and the Tyureshoky, Vorontsovka, and
Maityube troughs, which are filled a volcanic rock–
molasse assemblage of Middle–Late Carboniferous
age [6]. The largest of these structures is the Saryzhal–
Daubai trough (Fig. 2). Volcanic and sedimentary
stratified strata of the Saryzhal-Daubai trough were
previously identified in the Daubai and Maityube for-
mations of the Middle–Late Carboniferous [6]. The
section of the deposits begins with lava and tuff–lava
sequences, with a thickness of up to 400 m, which, with
unconformably overlies sandstones of the Bukon For-
mation. Volcanic rocks of this sequence form the large
Daubai area. The main differences of the rocks are
represented by andesitic basaltic lavas and andesite
lavas and tuffs; intercalations of basaltic lavas are
encountered. Upsection lies a variegated terrigenous
sequence up to 1000 m thick, represented by polymic-
tic sandstones and gravelstones interlayered with con-
glomerates. This sequence is overlain by a volcanic
sequence up to 700 m thick, consisting of (predomi-
nantly) andesitic and dacitic lavas and tuffs. The most
complete section of this sequence was revealed in the
Saryzhal area; in the modern erosion zone, the rocks
make up the Saryzhal Ridge (see Fig. 2). The section of
the Saryzhal-Daubai trough ends with a sequence of
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Fig. 2. Sketch map of geological structure of Saryzhal–Daubai trough, after [13]. (1) Hosting terrigenous lower Carboniferous
deposits; (2–5) volcanic–molasse units: (2) lower volcanic sequence, predominantly andesitic basalts and andesites, (3) variegated
terrigenous sequence, (4) upper volcanic sequence (predominantly andesites), (5) gray terrigenous sequence; (6) extrusive andes-
ites of Tolagai dome; (7) intrusive gabbros of Argimbai complex (P1); (8) faults; (9) Quaternary deposits; (10) sampling points for
U–Pb geochronological studies. 
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gray sandstones up to 800 m thick, which is wide-
spread in the axial part of the trough.

East of the Daubai area (see Fig. 2), among the
sandstone deposits of the Bukon Formation are two
extrusive domes, well expressed in relief as two moun-
tains that dominate the Shigilek River valley: the
Tolagai (985 m) and Small Tolagai (837 m). The spatial
proximity and identical appearance of the rocks sug-
gests the existence of a single extrusive dome, which we
called the Tolagai.

West of the Saryzhal-Daubai trough are the
Vorontsovka and Tyureshoky troughs. The latter is
interesting in that it is the upper part of the section of
the volcanic rock–molasse assemblage: it lies on the
gray sandstones that complete the section of the Sary-
zhal-Daubai trough. Earlier geological studies [6]
divide the volcanic sequence of the Tyureshoky trough
into three members (Fig. 3). The lower member uncon-
formably overlies gray-terrigenous deposits (C2-3), has a

thickness of 100–350 m, and is represented by basaltic
and andesibasaltic lavas, alternating with thin layers of
volcanic breccias, tuff breccias, and tuffs. The middle
member, 70–200 m thick, consists of homogeneous
large-lath plagioclase and pyroxene–plagioclase por-
phyrites of basaltic composition. The upper member,
with a thickness of 200–210 m, is represented by
interbedded aphanitic or poorly porphyritic andes-
ites, alternating in the upper part of the section with
GEOTECTONICS  Vol. 54  No. 4  2020
amygdaloid lavas. The upper part of the section of the
trough is exposed on the summit of Mt. Tureshoky
and is represented by a thin (up to 50 m) member of
felsic tuffs intercalated with rhyolites. Silica units
also make up several subvolcanic bodies of various
shape, consisting of rhyolites and rhyolite–porphyry,
among which the largest is the Mt. Lobakyzyl massif
(see Fig. 2).

Within the Kalba-Narym zone of Eastern Kazakh-
stan, there are two large volcanic troughs on its south-
eastern f lank: the Aktobe and Kalguty (see Fig. 1). The
Kalguty trough consists of dacite–porphyry and rhy-
odacite–porphyry, the total thickness of the deposits
is about 3000 m, and extrusive bodies of granodio-
rite–porphyry and granite–porphyry have also been
noted [12]. The rocks of the Kalguty trough are cross-
cut by Early Permian granites of the Kalba batholith.
The Aktobe trough is located among sand-shale
deposits; dacites predominate in its composition
(forming the lower part of the section with a thickness
of 150–200 m) and rhyolites (forming a large part of the
section with a thickness of more than 1500 m); bodies of
extrusive dacitic–porphyry and rhodacite–porphyry
have been noted. Previous studies of petrography, min-
eralogy, and the material composition of dacites and
dacite–porphyries of the Aktobe trough [15] made it
possible to establish that dacitic magmas formed in the
lower crust under the temperature influence of mafic
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Fig. 3. Geological structure of Tyureshoky trough, after [6], modified. Sampling point of rhyolite–porphyry for U–Pb geochro-
nological studies is shown. (1) Lower Carboniferous deposits; (2) variegated sequence (C2–3): conglomerates with interlayers of
fine-lath basalts, variegated polymictic sandstones and gravelstones, tuffs and tuffites; (3) lower member of sparsely porphyritic
and aphanitic basalts, sometimes amygdaloid; (4) middle member of coarse-grained basalts; (5) upper member of aphanitic and
microporphyric andesibasalts with amygdaloid lavas in the upper part; (6) tuffaceous breccias and felsic tuffs intercalated with
rhyolites; (7) subvolcanic rhyolite porphyry; (8) faults. 
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magmas. Since the collection of samples for the Aktobe
and Kalguty troughs is small, we did not undertake a
detailed study and do not describe the material compo-
sition of rocks. Nonetheless, from the obtained dacite–
porphyry samples, we managed to separate a monofrac-
tion of zircons and conduct geochronological studies,
which we present below.

RESEARCH METHODS

Analytical studies were mainly carried out on
equipment of the Center for the Collective Use of
Multielement and Isotope Research, Sobolev Institute
of Geology and Mineralogy, Siberian Branch of the
Russian Academy of Sciences (hereinafter, IGM SB
RAS; Novosibirsk, Russia). The contents of rock-
forming components were determined by X-ray f luo-
rescence (XRF) analysis on an ARL-9900 XL spec-
trometer (manufactured by Thermo Element, Waltham,
MA, USA; analyst N.G. Karmanova). The concentra-
tions of rare earth and rare elements were determined by
ICP-MS on a Finnigan Element mass spectrometer
(manufactured by Thermo Fisher Scientific, Bremen,
Germany; analyst I.V. Nikolaeva). Rb–Sr isotope stud-
ies were carried out on whole rock samples at the collec-
tive use center of IGM SB RAS (analyst V.Yu. Kiseleva)
on an MI-1201-AT solid-phase multicollector mass
spectrometer (manufactured by OJSC SELMI, Sumy,
Ukraine) using two-band ion sources. The correctness

of the 87Sr/86Sr determination was controlled by paral-
lel measurement in each series of samples of the stan-
dard rock ISG-1 with a strontium isotopic ratio of
0.71732 ± 10 (2σ) and Rb content of 145 ppm and Sr
227 ppm. The primary strontium isotope ratios were

calculated using λ (87Rb) = 1.42 × 10–11 years–1.

Sm–Nd isotope studies were performed on whole
rocks at the Geological Institute, Kola Science Center
of the Russian Academy of Sciences (GI KSC RAS;
Apatity, Russia) on a Finnigan-MAT 262 seven-chan-
nel solid-phase mass spectrometer (manufactured by
Thermo Fisher Scientific, Bremen, Germany; analyst
T.B. Bayanova). Isotope ratios were measured out in
static mode using two-band ion sources. During the

research, the 143Nd/144Nd ratio in the La Jolla stan-
dard was 0.511851 ± 17 (2σ). The error in the isotope
analysis of neodymium in the samples did not exceed

0.003% (2σ). The error in determining the 147Sm/144Nd
GEOTECTONICS  Vol. 54  No. 4  2020
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ratio was estimated from the reproducibility of the
results of analyzing the standard BCR rock, 0.3% (2σ).
The isotope composition of neodymium was normal-

ized during measurements based on an 146Nd/144Nd

ratio of 0.7219, which was then brought to 143Nd/144Nd =
0.511860 in the La Jolla standard.

Geochronological studies by the U–Pb method were
carried out at IGM SB RAS (analyst D.V. Semenova)
on a Thermo Scientific Element XR ICP high-resolu-
tion spectrometer (manufactured by Thermo Fisher
Scientific, Bremen, Germany) connected to a UP 213
laser ablation system (manufactured by New Wave
Research, Fremont, CA, USA) according to the tech-
nique described in [17]. The Mass spectrometer mea-
surement parameters were optimized to maximize

the strength of the 208Pb signal for a minimum
248Tho+/232Th+ ratio (less than 2%) using the NIST
SRM612 standard. All measurements were performed

for the masses of 202Hg 204(Pb + Hg), 206Pb 207Pb 208Pb
232Th 235U 238U. Shooting was done in the E-scan
mode. Signals were detected in the counting mode for

all isotopes except 238U and 232Th (triple mode). The
diameter of the laser beam was 25–30 μm, the pulse
repetition rate was 5 Hz, and the laser energy density

was ~3 J/cm2. Mass spectrometric measurements were
processed using the Glitter program [24]. The U–Pb
isotope ratios were normalized to the corresponding
isotopic ratios of standard TEMORA-2 [19] and
Plesovice [35] zircons. Errors of single analyses (relation-
ships, ages) are given at a level of 1σ; errors of the calcu-
lated concordia ages, at a level of 2σ. Concordia diagrams
were constructed using the Isoplot program [29].

COMPOSITION OF VOLCANIC ROCKS

We conducted studies of the composition of volca-
nic rocks of the Daubai and Saryzhal areas, the
Tolagai dome, and the Tyureshoky trough (Table 1).
In the Daubai area, plagioclase–porphyry andesiba-
salts and andesites predominate; plagioclase–porphyry
and clinopyroxene–porphyry basalts are less common.
The rocks of the Tolagai dome are represented by
amphibole–porphyry andesites and dacites. Amphi-
bole–porphyry and plagioclase–porphyry andesites
and plagioclase–porphyry dacites are widespread in the
Saryzhal trough. Aphyric and plagioclase–porphyry
basalts and andesibasalts, aphyric andesites, and rhyo-
lites are found in the Tyureshoky trough.

In the ratio of silica and alkalis, the volcanic rocks
of the Daubai area correspond to the normal alkalinity
series, the rocks of the Saryzhal area and Tolagai dome
occupy an intermediate position between series of
normal and subalkaline rocks (Fig. 4a). The rocks of
the Tyureshoky trough are most enriched in alkalis
and correspond to the series subalkaline basalts–sub-
alkaline andesites–subalkaline dacites. In the ratio of
alkalis, iron, and magnesium, all rocks correspond to
the calc-alkaline series (see Fig. 4b). MgO variations
GEOTECTONICS  Vol. 54  No. 4  2020
are characteristic of rocks of all areas, emphasizing
differentiation from basaltic to andesitic magmas.
Rocks of the Saryzhal area and Tyureshoky trough are
characterized by relatively high alkali contents; rocks of
the Tyureshoky trough are also distinguished by high
TiO2, FeO*, and P2O5 contents (see Figs. 4c–4d). Both

varieties of rhyolites of the Tyureshoky trough (cover
and extrusive) have a similar composition and are
characterized by high silicic acid and high alkali con-
tents. In two of the rhyolite samples, the low potas-
sium contents (see Table 1, analyses 38, 40) are due to
sodium metasomatism in postmagmatic rock alter-
ation; in more recent varieties, the amount of K2O var-

ies from 3.4 to 4.9 wt %.

In the REE spectra of all rocks, light lanthanides
prevail over heavy and there is no Eu minimum. In the
rocks of different troughs, the content of rare earth
elements is not the same (Fig. 5) The smallest amount
of REE (from 52 to 169 ppm, average of 11 analysis
98 ppm) is contained in rocks of the Daubai area. Rel-
atively increased concentrations of REE in the rocks of
the Tolagai dome (from 105 to 127 ppm, average of
7 analyses 116 ppm). Among the rocks of the Saryzhal
area, two levels of REE enrichment were revealed (two
analyses from 62–82 ppm; three analyses from 120–
161 ppm). The largest amount REE is contained in
basalts and andesites of the Tyureshoky trough (from
168 to 399 ppm; average of 13 analyses 270 ppm).

In the multielement spectra of volcanic rocks, min-
ima are observed in the Ta and Nb contents (see Fig. 5).
The rocks of the Daubai and Saryzhal area and the
Tolagai dome are characterized by maxima in Sr and
Zr. The rocks of the Saryzhal and Tyureshoky troughs
have a maximum in the Ba concentration. The rocks of
the Tyureshoky trough are characterized by higher con-
centrations of all rare elements; therefore, maxima in Sr
and Zr are not distinguished in their spectra. The rhyo-
lites of the Tyureshoky trough (see Figs. 5c, 5f) have
asymmetric REE distribution spectra, with a negative
slope from La to Eu, and flat spectra for heavy lantha-
nides; the Eu minimum is weakly expressed. In the
multielement spectra of rhyolites, maxima in Ba and K
and minima in Sr, Eu, and Ti are distinguished.

AGE OF VOLCANIC ROCKS

According to the geological relations and faunistic
determinations, the age of basalt–andesite volcanic
rocks in orogenic troughs was previously estimated as
Middle–Late Carboniferous, and the age of dacite–
rhyodacite–rhyolite troughs was estimated as Late
Carboniferous–Early Permian [6, 12]. To refine the
age, we conducted geochronological studies using
the U–Pb isotope method for single zircon grains.
The sampling locations are shown in Figs. 2 and 3. In
the Daubai area, a representative monofraction of zir-
cons was separated from an andesite sample (X-1451).
The zircon grains are elongate, with a prismatic habit,
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Table 1. Representative analyses of volcanic rocks

Sample no. Х-922 X-1464 X-1453 X-1458 Х-918 X-1460 X-1451 X-1456 X-1465 X-1466

component 1 2 3 4 5 6 7 8 9 10

SiO2 49.34 52.23 53.28 58.18 58.94 59.29 59.50 60.01 61.63 64.18

TiO2 1.43 0.78 0.63 0.73 0.78 0.73 0.83 0.91 0.60 0.58

Al2O3 18.65 17.26 17.61 17.71 17.89 17.67 15.76 17.27 17.04 16.24

FeO* 9.16 6.84 5.31 6.05 5.04 5.50 5.98 5.10 5.35 4.92

MnO 0.16 0.09 0.12 0.09 0.07 0.08 0.08 0.06 0.06 0.07

MgO 5.30 4.99 2.37 2.74 2.83 2.67 1.81 2.62 1.10 1.05

CaO 7.17 8.73 6.37 5.75 6.96 6.41 3.50 2.08 3.53 2.35

Na2O 3.22 2.41 4.55 3.47 3.17 3.16 3.98 3.88 6.29 5.72

K2O 2.45 1.19 1.44 0.49 0.50 0.31 2.02 2.24 1.48 1.85

P2O5 0.31 0.16 0.26 0.18 0.19 0.19 0.25 0.26 0.28 0.29

LOI 2.10 3.71 7.44 3.07 3.23 3.18 5.06 4.31 1.49 1.38

Total 100.31 99.31 100.10 99.30 100.16 99.92 99.61 99.48 99.59 99.31

Rb 30 23 32 6.4 9.1 4.3 29 34 17.5 27

Cs 0.25 0.52 0.52 0.15 0.22 0.15 0.22 0.45 0.22 0.26

Sr 780 922 601 954 819 938 704 186 675 533

Ba 728 404 420 717 514 397 655 464 551 483

Y 21 128 11.3 10.0 9.9 10.5 16.2 16.8 15.7 14.8

Zr 134 93 129 81 83 85 219 161 250 244

Nb 9.5 4.0 10.7 4.0 4.2 4.3 13.3 9.6 13.4 128

La 18.9 11.2 15.9 9.5 10.5 10.4 40 24 41 35

Ce 39 24 30 19.6 22 22 75 46 73 63

Pr 5.2 3.0 4.0 2.6 2.8 2.8 8.2 5.4 7.6 6.9

Nd 20 12.3 15.5 11.0 11.0 11.9 29 22 27 24

Sm 4.2 2.6 2.9 2.3 2.3 2.5 4.8 3.9 3.9 3.6

Eu 1.25 0.85 0.88 0.71 0.68 0.65 1.42 1.06 1.06 1.06

Gd 4.3 2.7 2.5 2.1 2.6 2.3 3.9 3.6 3.4 3.1

Tb 0.67 0.39 0.36 0.30 0.37 0.33 0.49 0.52 0.44 0.41

Dy 3.7 2.1 1.92 1.75 1.69 1.77 2.9 2.8 35.4 35.4

Ho 0.79 0.45 0.39 0.36 0.36 0.36 0.54 0.60 0.53 0.49

Er 2.1 1.24 1.12 1.01 0.96 1.03 1.50 1.65 1.54 1.48

Tm 0.32 0.17 0.17 0.14 0.15 0.14 0.22 0.25 0.21 0.22

Yb 1.93 1.05 1.02 0.81 0.81 0.90 1.40 1.60 1.43 1.54

Lu 0.32 0.15 0.16 0.12 0.14 0.14 0.21 0.24 0.21 0.22

Hf 3.4 2.3 2.9 1.88 2.4 2.1 4.2 3.5 4.8 4.7

Ta 0.62 0.26 0.63 0.23 0.33 0.26 0.83 0.60 0.89 0.86

Th 3.1 1.91 2.7 1.72 1.94 1.84 6.6 4.0 6.1 6.1

U 0.89 0.84 1.28 0.79 0.78 0.90 1.62 1.36 1.89 1.54
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Sample no. X-1454 X-1399 X-1396 X-1400 X-1473 X-1469 X-1470 X-1371 X-1372 Х-916

component 11 12 13 14 15 16 17 18 19 20

SiO2 65.84 60.33 60.59 61.30 63.84 64.62 64.87 61.18 62.24 62.87

TiO2 0.50 0.45 0.46 0.43 0.30 0.31 0.30 0.52 0.55 0.67

Al2O3 16.33 15.15 15.28 16.16 17.37 17.28 16.94 15.88 15.79 16.81

FeO* 1.94 4.17 4.30 4.12 3.07 2.77 3.09 3.67 3.76 4.36

MnO 0.04 0.07 0.08 0.08 0.06 0.07 0.05 0.07 0.07 0.05

MgO 1.52 4.12 3.96 3.79 0.42 1.01 0.88 2.63 2.97 2.03

CaO 3.30 5.42 5.48 4.55 2.09 3.04 4.35 4.44 3.84 3.07

Na2O 6.46 4.34 4.40 5.03 7.45 5.69 4.42 5.22 4.60 5.18

K2O 0.84 2.46 2.30 2.45 2.30 2.57 2.33 1.75 2.10 3.44

P2O5 0.15 0.22 0.23 0.21 0.16 0.16 0.17 0.16 0.16 0.28

LOI 2.16 2.27 2.39 1.28 1.82 1.52 1.60 3.17 2.62 0.70

Total 99.42 99.62 100.08 99.97 99.33 99.46 99.44 99.27 99.23 99.93

Rb 6.1 32 29 33 30 35 35 22 30 62

Cs 0.26 0.31 0.31 0.39 0.19 0.19 0.22 0.35 0.39 0.70

Sr 708 1289 1012 1325 809 1164 768 1,025 774 849

Ba 560 457 387 431 460 486 423 707 547 1203

Y 10.5 95 9.6 9.3 8.6 8.9 8.8 12.9 10.2 12.5

Zr 132 130 129 137 175 179 181 118 112 175

Nb 9.1 35.4 35.4 35.4 3.5 3.3 3.3 3.9 4.9 11.9

La 21 20 20 19.6 24 25 25 16.1 12.9 27

Ce 35 44 43 44 53 55 55 32 24 53

Pr 3.6 5.6 5.7 5.7 6.7 6.9 6.8 4.1 3.0 6.2

Nd 128 24 24 24 26 28 27 17.0 11.8 21

Sm 2.2 4.4 4.1 3.9 3.8 4.5 4.2 3.3 35.4 3.0

Eu 0.70 1.15 1.17 1.09 1.16 1.12 1.14 0.93 0.65 0.82

Gd 2.2 3.0 3.1 3.1 2.8 3.0 3.1 2.6 2.1 3.3

Tb 0.30 0.42 0.39 0.42 0.33 0.36 0.30 0.39 0.34 0.40

Dy 1.69 1.76 1.85 1.91 1.55 1.63 1.58 2.3 1.88 2.2

Ho 0.33 0.33 0.33 0.33 0.27 0.30 0.30 0.45 0.35 0.44

Er 0.99 0.86 0.90 0.92 0.74 0.81 0.80 1.25 1.05 1.23

Tm 0.15 0.12 0.12 0.14 0.11 0.11 0.11 0.19 0.15 0.18

Yb 1.02 0.77 0.72 0.86 0.70 0.70 0.70 1.16 0.99 0.98

Lu 0.15 0.11 0.11 0.12 0.099 0.10 0.11 0.18 0.14 0.16

Hf 3.3 3.4 3.4 3.7 4.2 4.3 4.3 3.0 2.8 4.3

Ta 0.72 0.15 0.15 0.15 0.20 0.17 0.17 0.30 0.36 0.99

Th 5.4 2.7 2.7 3.0 4.0 3.8 3.9 3.0 2.6 7.6

U 2.2 1.19 1.22 1.25 1.68 1.60 1.60 1.25 1.26 2.3

Table 1.   (Contd.)
GEOTECTONICS  Vol. 54  No. 4  2020



518 KHROMYKH et al.
Sample no. Х-915 Х-1322 X-1366 X-814 X-1367 X-810 X-1362 X-816 X-802 AG-12

component 21 22 23 24 25 26 27 28 29 30

SiO2 66.94 66.69 49.64 50.86 51.80 52.82 54.07 54.45 56.67 56.79

TiO2 0.36 0.34 1.33 1.585 1.19 1.341 1.28 0.967 0.979 0.96

Al2O3 16.88 16.38 15.40 15.25 15.79 15.64 16.47 17.7 15.75 16.98

FeO* 2.79 3.00 7.61 7.86 7.10 8.37 7.54 6.03 6.76 5.88

MnO 0.09 0.10 0.12 0.143 0.10 0.134 0.15 0.151 0.101 0.13

MgO 0.80 0.77 5.06 2.6 4.18 3.8 3.07 1.14 2.65 2.06

CaO 2.35 2.18 7.13 5.19 7.19 6.87 6.25 4.69 5.95 4.02

Na2O 5.33 5.33 3.88 6.42 3.64 4.44 4.00 7.22 4.7 5.31

K2O 3.18 3.13 1.67 2.01 1.23 1.63 1.40 1.56 1.87 2.58

P2O5 0.19 0.18 0.72 0.946 0.50 0.746 0.54 0.584 0.429 0.59

LOI 0.78 1.10 6.10 6.7 5.74 3.25 4.09 4.71 3.86 2.87

Total 100.01 99.69 99.76 100.59 99.52 100.09 99.93 100.12 100.58 99.15

Rb 57 55 15.8 24 20 25 13.6 15.1 32 20

Cs 0.94 0.93 0.19 0.39 0.85 0.17 0.23 1.56 0.16 0.31

Sr 569 636 1,453 1087 947 1,346 960 1714 716 1,569

Ba 905 816 1038 1261 631 1124 609 2,510 903 1952

Y 15.3 14.8 23 38 19.6 28 21 37 19.9 29

Zr 214 225 253 276 209 267 216 214 250 286

Nb 26 25 18.4 17.9 14.6 27 15.1 17.3 20 14.2

La 40 37.3 52 66 35 51 36 85 39 73

Ce 73 68 102 129 69 100 69 165 76 151

Pr 7.9 7.1 128 18.1 8.4 13.7 8.4 24 8.4 19.0

Nd 25 22.3 50 69 33 52 34 84 29 73

Sm 4.0 3.3 8.6 12.0 5.9 8.7 6.5 12.6 5.5 11.0

Eu 0.77 0.79 2.3 3.2 1.59 2.4 1.79 3.4 1.51 2.8

Gd 3.4 2.9 6.6 9.2 5.2 7.0 5.4 8.9 4.9 7.9

Tb 0.40 0.45 0.95 1.22 0.72 1.00 0.81 1.16 0.71 1.14

Dy 2.5 2.3 4.4 6.4 3.7 5.1 4.0 5.8 3.7 5.4

Ho 0.52 0.47 0.81 1.24 0.69 0.90 0.72 1.11 0.68 0.99

Er 1.61 1.46 2.2 3.5 1.94 2.5 1.94 3.1 1.98 2.9

Tm 0.24 0.23 0.30 0.52 0.29 0.35 0.29 0.49 0.29 0.42

Yb 1.59 1.5 1.73 3.3 1.61 2.3 1.73 3.2 1.90 2.7

Lu 0.24 0.22 0.27 0.47 0.24 0.33 0.27 0.48 0.26 0.38

Hf 5.1 5.2 4.9 6.3 4.2 6.5 4.5 6.4 5.5 5.7

Ta 2.1 1.88 0.98 1.80 0.87 1.90 0.84 1.24 0.99 0.81

Th 11.3 95 2.5 2.8 35.4 2.9 2.2 3.5 3.7 3.1

U 3.9 3.50 0.84 0.85 0.84 1.02 0.84 0.50 1.18 1.14

Table 1.   (Contd.)
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Content of rock-forming components is given in wt %; content of rare elements in ppm. Daubai area: 1–3, basalts; 4, 5, andesitic
basalts; 6–10, andesites; 11, dacite. Tolagai dome: 12–17, andesites. Saryzhal area: 18–20, andesites; 21, 22, dacites. Tyureshokya
trough: 23–27, basalts; 28–31, andesitic basalts; 32–35, andesites; 36–38; stratified rhyolites; 39, 40, extrusive rhyolite-porphyry.

Sample no. X-1361 X-813 X-815 X-804 X-809 X-807 AG-11 X-806 X-1370 X-1368

component 31 32 33 34 35 36 37 38 39 40

SiO2 57.60 58 58.95 60.97 64.41 74.66 74.86 78.93 74.87 80.70

TiO2 0.99 1.301 1.357 1.165 0.7 0.192 0.20 0.092 0.14 0.14

Al2O3 17.42 15.24 15.75 14.28 14.75 12.66 12.94 11.43 12.89 10.56

FeO* 5.96 6.39 7.00 7.04 4.20 1.57 1.45 1.91 1.22 0.91

MnO 0.16 0.124 0.107 0.052 0.106 0.041 0.03 0.034 0.05 0.01

MgO 1.98 2.81 1.78 1.52 1.26 0.52 0.29 0.35 0.18 0.10

CaO 4.35 4.87 3.62 3.08 3.35 0.44 0.57 0.27 0.29 0.18

Na2O 5.71 5.5 5.13 6.87 6.72 2.65 4.65 5.61 4.08 5.62

K2O 2.63 1.17 1.72 2.39 1.24 4.92 3.36 0.36 4.50 0.27

P2O5 0.63 0.56 0.697 0.58 0.253 0.047 0.06 0.03 0.03 0.03

LOI 1.60 2.76 2.21 1.98 2.79 2.24 0.73 0.4 0.73 0.52

Total 99.99 99.5 99.22 100.81 100.35 100.28 99.43 99.6 99.23 99.17

Rb 23 13.4 19.8 28 15.3 81 44 9.6 80 3.9

Cs 0.27 0.29 0.24 0.073 0.48 2.3 0.66 0.37 0.62 0.27

Sr 1645 555 422 662 330 212 190 135 44 77

Ba 2,009 558 1192 1007 755 1655 790 148 658 141

Y 31 27 34 22 31 21 18.7 15.1 18.4 12.1

Zr 292 201 315 286 374 103 98 75 72 90

Nb 14.9 20 23 24 23 22 19.5 23 20 16.6

La 79 45 59 38 82 24 25 15.3 18.2 24

Ce 161 93 122 79 154 49 51 31 37 44

Pr 19.9 13.1 16.6 9.9 19.5 6.0 5.5 4.0 4.4 4.8

Nd 77 50 60 37 62 19.9 19.9 12.9 15.3 15.6

Sm 12.2 8.7 10.8 6.4 8.3 3.8 3.5 2.9 3.3 2.3

Eu 3.0 2.1 2.7 1.70 1.66 0.65 0.49 0.40 0.38 0.31

Gd 8.7 6.2 7.9 5.5 6.1 3.0 3.2 2.3 2.8 1.78

Tb 1.19 0.83 1.14 0.74 0.81 0.44 0.51 0.39 0.48 0.29

Dy 5.8 4.7 5.9 3.9 4.5 3.0 2.9 2.3 2.8 1.70

Ho 1.04 0.86 1.09 0.71 0.78 0.61 0.57 0.44 0.57 0.39

Er 3.0 35.4 3.2 1.84 2.3 1.89 1.74 1.44 1.64 1.14

Tm 0.45 0.35 0.50 0.27 0.40 0.33 0.27 0.24 0.27 0.20

Yb 2.9 2.3 3.2 1.76 2.6 2.6 1.80 1.67 1.73 1.37

Lu 0.42 0.33 0.47 0.24 0.38 0.38 0.27 0.23 0.24 0.21

Hf 6.3 5.0 7.3 5.7 8.4 3.3 3.2 2.9 2.6 2.8

Ta 0.84 1.89 1.75 5.0 1.93 3.5 1.62 5.1 1.64 1.34

Th 3.4 2.4 3.3 2.8 5.1 7.0 7.7 5.8 7.4 6.8

U 1.04 0.59 0.58 0.76 1.15 1.36 1.23 1.20 0.69 4.3

Table 1.   (Contd.)
GEOTECTONICS  Vol. 54  No. 4  2020
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Fig. 4. Compositions of volcanic rocks in petrochemical diagrams: (a) SiO2–Total of alkalis, after [30]; (b) AFM, after [25];
(c) MgO–TiO2; (d) MgO–FeO*; (e) MgO–P2O5. (1) Daubai area; (2) Tolagai dome; (3) Saryzhal area; (4) Tyureshoky trough:
basalts and andesites; (5) Tyureshoky trough: rhyolites; (6) Tyureshoky trough: extrusive rhyolite-porphyry; (7) Late Devonian–
Early Carboniferous basalts and andesites of Charsk zone, after [33, 34]. 
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and concentric zoning is noticeable in cathodolumines-
cent images. When interpreting the measured U–Pb
isotope ratios from 33 experimental points, the age
value was found to be 311 ± 2 Ma (Fig. 6a).

An andesite sample (X-1396) was sampled from
Mt. Tolagai, from which a small number of zircon
grains were separated. For the analysis, we selected
several grains with a short prismatic–bipyramidal
habit and a concentrically zoned internal structure.
When interpreting the measured U–Pb isotope ratios
from sixe experimental points, the age value was found
to be 311 ± 5 Ma (see Fig. 6b). An margin of error (±)
in the age determination is obviously caused by the
small number of experimental points. Taking into
account the spatial proximity of the Tolagai dome and
the Daubai area, as well as their identical geochemical
characteristics, it is possible to estimate the formation
age of the Tolagai dome and synchronous age of the
Daubai area at ~311 Ma.

In the Saryzhal area, a dacite–porphyry sample
(X-1322) was sampled, from which a representative
monofraction of zircons was separated. The grains have
an elongate-prismatic habit and a concentrically zoned
internal structure. When interpreting the measured
U‒Pb isotope ratios from 40 experimental points, the
age value was found to be 297 ± 1 Ma (see Fig. 6c).

In the Tyureshoky trough, the following samples
from the upper part of the section: andesites and strat-
ified rhyolites of Mt. Tyureshoky, as well as from a
large rhyolite–porphyry body from Mt. Lobakyzyl. All
GEOTECTONICS  Vol. 54  No. 4  2020
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Fig. 5. Geochemical characteristics of volcanic rocks on distribution spectra of rare-earth elements normalized to chondrite (a),
(b), (c), after [20], and rare elements normalized to primitive mantle (d), (e), (f), after [36]. (1) Daubai area; (2) Tolagai dome;
(3) Saryzhal area; (4) Tyureshoky trough: basalts and andesites; (5) Tyureshoky trough: rhyolites; (6) Tyureshoky trough: extru-
sive rhyolite-porphyry; (7) Late Devonian–Early Carboniferous basalts and andesites of Charsk zone, after [33, 34]. 
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samples were unproductive; a small monofraction of
zircons (about 10 grains) was separated from a subvol-
canic rhyolite–porphyry body (X-1370). The grains
are slightly elongate, with a bipyramidal habit and a
concentrically zoned internal structure. When inter-
preting the measured U–Pb isotope ratios from seven
experimental points, an age value of 290 ± 4 Ma was
established (see Fig. 6d).

It was not possible to directly determine the age of
basalt–andesite volcanism of the Tyureshoky trough;
however, its age can be estimated at 297–290 Ma:

(1) rocks of the Tyureshoky trough unconformably
overlie a gray terrigenous sequence, which overlaps the
andesite-dacitic sequence of the Saryzhal trough with
an established age of 297 ± 1 Ma;

(2) basalts and andesites of the Tyureshoky trough
are broken by subvolcanic rhyolite–porphyry with an
age of 290 ± 4 Ma.

It was also noted that the basalts and andesites of the
Tyureshoky trough are close in composition to the sub-
alkaline gabbro of the Argimbai complex (see Fig. 1) in
the same area and may be comagmates of a single sub-
GEOTECTONICS  Vol. 54  No. 4  2020
alkaline basaltic magma [6]. The age of the gabbro of
the Argimbai complex was determined by U–Pb dating
(SHRIMP-II) of zircons: 293 ± 2 Ma [16]. Based on
this, it is possible to estimate the age of basalt–andesite
volcanism of the Tyureshoka trough at ~293 Ma.

For geochronological studies, a sample of medium-
to coarse-grained dacite–porphyry (X-1162) was
selected for geochronological study from the Kalguty
trough, from which a representative monofraction of
zircons was separated. The grains have an elongate-
prismatic habit and a concentrically zoned internal
structure. When interpreting the measured U–Pb iso-
tope ratios from 13 experimental points, the age value
was found to be 311 ± 3 Ma (see Fig. 6e).

In the Aktobe trough, a sample of fine-grained
dacite–porphyry (X-1476) was selected for geochro-
nological studies, from which a representative monof-
raction of zircons was separated. The grains are large,
have a prismatic–bipyramidal habit, are concentri-
cally zoned, and possess a sectorial internal structure.
When interpreting the measured U–Pb isotope ratios
from 37 experimental points, an age value of 311 ± 2 Ma
was established (see Fig. 6f).
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Table 2. Isotopic composition of Nd and Sr in rocks of volcanic troughs

1, Daubai area, andesitic basalt. 2, 3, Saryzhal area: 2, andesite; 3, dacite. 4, 5, Tyureshoky trough: 4, basalt; 5, andesite.

No. Sample Age, Ma Sm, ppm Nd, ppm 147Sm/144Nd 143Nd/144Nd ε Nd(T)

1 X-918 311 2.46 12.00 0.123921 0.512903 ± 7 + 8.07
2 X-916 297 3.49 20.79 0.101434 0.512814 ± 12 + 7.05
2 X-915 297 3.88 26.09 0.089897 0.512799 ± 11 + 7.20
4 X-814 293 11.99 71.02 0.102023 0.512729 ± 17 + 5.32
5 X-802 293 6.01 33.95 0.106981 0.512730 ± 12 + 5.15

No. Sample Age, Ma Rb, ppm Sr, ppm 87Rb/86Sr 87Sr/86Sr
87Sr/86Sr(T)

1 X-918 311 9.53 873 0.03158 0.70394 ± 11 0.70380
2 X-916 297 61.5 903 0.19696 0.70464 ± 11 0.70381
2 X-915 297 45.2 575 0.22748 0.70489 ± 8 0.70393
4 X-814 293 21.1 1093 0.05592 0.70415 ± 3 0.70392
5 X-802 293 33.0 794 0.12009 0.70456 ± 4 0.70406

Fig. 7. Isotope composition of volcanic rocks on

εNd (T)–87Sr/86Sr (T) diagram. Arabic numerals, age of
rocks. (1) Daubai area: andesibasalt; (2) Saryzhal area:
andesite, dacite; (3) Tyureshoky trough: basalt, andesite;
(4) Late Devonian–Early Carboniferous basalts and

andesites of Charsk zone, after [33, 34]. 

1

3

5

7

9

0.703 0.704 0.705
87Sr/86Sr (T)

UR

εNd(T)

311 Ma
350 Ma

350 Ma

330 Ma

297 Ma

293 Ma

1 2 3 4
DISCUSSION

Geochronological data confirm previous age esti-
mates and the fact that the volcanic rock–molasse
units of the troughs were formed at the late orogenic
stage of the Altai collision system. Moreover, the oro-
genic volcanism of Eastern Kazakhstan had a predom-
inantly basalt–andesite composition, which raises the
question of the composition of mantle sources and
their melting mechanisms during orogenic processes.

The composition of basalt–andesite rocks of oro-
genic volcanic troughs was compared with that of pre-
vious Devonian and Early Carboniferous volcanic
rocks of the Charsk zone (data from [33, 34]). The
orogenic volcanic rocks as a whole have elevated
alkali, phosphorus, and light lanthanide contents. To
establish the nature of mantle sources, the Sm–Nd
and Rb–Sr isotope systems of rocks of the Daubai and
Saryzhal areas and Tyureshoky trough were studied

(Table 2). The calculated εNd(T) and 87Sr/86Sr (T) val-

ues for all studied rocks fit the main mantle sequence
and generally correspond to depleted mantle charac-
teristics (Fig. 7). Basalt of the Daubai area has the
most depleted composition; conversely, the basalts
and andesites of the Tyureshoky trough are enriched in
radiogenic Sr and depleted in radiogenic Nd. Hetero-
geneity in the isotope composition of mantle sources
was revealed for Devonian and Early Carboniferous
basalts and andesites of the Charsk zone (see Fig. 7).

The similar distribution spectra of REE and RE for
different rocks in the same areas (see Fig. 5) confirm
that the variety of compositions of mafic and interme-
diate rocks (from basalts to andesites and dacites) was
determined by fractionation of basaltic magmas.
Based on the level of enrichment in rare-earth and rare
elements, three initial basaltic magmas differing in
geochemical composition can be suggested:
GEOTECTONICS  Vol. 54  No. 4  2020
(1) basaltic magmas, the differentiation products of
which formed the Daubai area and the Tolagai dome;
these correspond to the normal-alkaline series, moder-
ately enriched in light REE, Sr, and Zr, and relatively
depleted in heavy REE, Ta, and Nb (see Figs. 5a, 5d);

(2) basaltic magmas, the differentiation products of
which formed the Saryzhal area; they are moderately
enriched in light REE, Sr, and Zr, highly enriched in
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Fig. 8. Compositions of basalts in diagnostic Zr–Ti (a, after [31]) and Nb–Nb/Th (b, after [40]) diagrams. (1) Daubai area;
(2) Tyureshoky trough; (3) Late Devonian–Early Carboniferous basalts of the Charsk zone, after [33, 34]. 
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for rocks with <53 wt % of SiO2for rocks with <53 wt % of SiO2
Ba, and relatively depleted in heavy REE, Ta, Nb, and
Ti (see Figs. 5b, 5e);

(3) basaltic magmas, which, together with daughter
magmas, formed the Tyureshoky trough; they corre-
spond to the subalkaline series, are highly enriched in
light REE, Ba, Sr, Zr, and not show no minima in the
Ta and Nb concentrations (see Figs. 5b, 5e).

The first two proposed compositions (magmas the
differentiation of which could have formed the Daubai
area, Tolagai dome, and Saryzhal area) are close to each
other, differing only in Ba concentrations, which may
have resulted from differentiation processes and not by
differences in the compositions of the primary magmas.
Their main geochemical characteristics are normal
alkalinity and moderate enrichment with light REE, Sr
and Zr, and depletion of Ta and Nb. The probable par-
ent magmas of the Tyureshoky trough had a different
composition: subalkaline basalts significantly enriched
in P2O5, light REE, Sr, and Zr (see Figs. 4, 5).

For additional characterization of the parent mag-
mas, their sources, and melting conditions, we used
data on basalts (rocks containing SiO2 < 53 wt %) of

the Daubai area and Tyureshoky trough. The available
geochemical data allowed the use of indicator ratios
for the following basalt elements: Zr, Ti, Nb, Th, Yb.
On diagnostic Zr–Ti, Nb–Nb/Th diagrams (Fig. 8),
the compositions of Devonian and Early Carbonifer-
ous volcanic rocks plot in the fields of island-arc
basalts. As a result of the analysis of the Daubai area
plot in the fields of island-arc basalts, and one analysis
occurs at the boundary between the fields of island-
arc and oceanic island basalts. Rocks of the Tyu-
reshoky trough, according to the concentrations of
indicator elements, correspond to oceanic island or
within-plate basalts.

To assess the composition of a possible mantle
source of these magmas, we compared the rock compo-
sitions with the results of geochemical modeling of the
melting of various mantle substrates in the Nb–Yb sys-
tem [40]. Plotting the compositions on the Nb–Nb/Yb
diagram (Fig. 9) showed that the parent basaltic mag-
mas of orogenic troughs could have melted from gar-
net-bearing (garnet content from 1 to 5%) peridotites
of the upper mantle. The differences between orogenic
volcanics from previous Devonian and Early Carbon-
iferous volcanics are obvious, the geochemical com-
position of which indicates their origin from depleted
island-arc harzburgite. It is also evident from the dia-
gram that different concentrations of Nb and Nb/Yb
ratios in the compositions of basalts of the Daubai area
and Tyureshoky trough resulted from different degrees
of melting of garnet-bearing peridotites: for basalts of
the Daubai trough, it could have been from 5 to 15%,
and for basalts of the Tyureshoky trough, from 2 to 4%
(see Fig. 9). These assumptions can be confirmed by
the geochemical characteristics: basalts of the Tyu-
reshoky trough are more enriched in incompatible ele-
ments, which are more likely to pass into the melt
phase during partial melting.

Differences in the geochemical characteristics of
orogenic volcanics from previous island-arc volca-
nics indicate that the basaltic magmas originated
from partial melting of another, more enriched, and
probably deeper mantle source located under the
orogenic structure.
GEOTECTONICS  Vol. 54  No. 4  2020
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Fig. 9. Compositions of basalts in comparison with results of numerical modeling of partial melting in Nb–Nb/Yb system, after [40].
Calculated relationships are given for melting of garnet peridotite with garnet contents of 1, 5, and 10% (GtP1, GtP5, GtP10), spinel
lherzolite (SpLz), moderately depleted harzburgite (Hz), and depleted island-arc harzburgite (ArcHz). Degree of melting (numer-
als): (1) Daubai area; (2) Tyureshoky trough; (3) Late Devonian–Early Carboniferous basalts of Charsk zone, after [33, 34]. 
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Evolutionary Stages in the Region
The geochronological data indicate two stages of

terrestrial volcanism, each of which reflects two inde-
pendent stages of melting of mantle sources and man-
tle–crust interaction.

Middle Carboniferous Stage
At that time (~311 Ma), the initial Daubai basalt–

andesite area was formed in the Saryzhal–Daubai
trough, the Tolagai dome was formed, and the dac-
ite–rhyodacite–rhyolite assemblages of the Kalguty
and Aktobe troughs were expressed in the Kalba–
Narym zone.

Considering the data on the similar composition and
geological position, analogous volcanic rocks of conti-
nental troughs and troughs in the Zharma–Saur zone
(Sirektas, Kokon) and Rudno–Altai zone (Serzhikha)
can be attributed to the same stage [6, 7, 12]. In addi-
tion, a significant number of similar Middle and Late
Carboniferous orogenic troughs with continental
GEOTECTONICS  Vol. 54  No. 4  2020
molasse and terrestrial volcanism are located in Central
Kazakhstan, in the Hercynian structures of the Jung-
gar–Balkhash fold system, and in the Caledonian struc-
tures surrounding it [10, 13].

Extensive manifestations of this type of volcanism
are underscored by large-scale orogenic processes that
took place in the Middle–Late Carboniferous in the
western part of the CAOB, when continental blocks
came together and the Paleoasian Ocean basin con-
tracted [13, 14, 38]. As already noted, accretion–colli-
sion processes occurred with an active shear compo-
nent: numerous terranes and tectonic blocks did not
collide, but slipped along large shear sutures [1]. The
decisive influence of large faults on the emplacement
and extent of surface volcanism was noted for Late
Paleozoic structures of Central [10] and Eastern
Kazakhstan [6]. Recently, geological, geochemical,
and geochronological data have been obtained on per-
idotite–gabbro massifs in the Irtysh shear zone of
Eastern Kazakhstan [27]. These massifs also have a
Middle Carboniferous age (317–313 Ma), and their
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melting and formation were controlled by shear move-
ments in the Irtysh zone.

The occurrence of melting zones in the upper man-
tle under collision orogens due to large shear move-
ments can be explained with geodynamic models of
synshear delamination or transtension in the lower
lithosphere. Similar models have been proposed to
explain postorogenic granitoid magmatism in the
western Tian Shan [28], gabbroid magmatism in the
eastern Tian Shan [21], and gabbroid and granitoid
magmatism in Chinese Altai and Xinjiang [37]. The
main role in these models is allocated to tensile move-
ments combined with large-amplitude shear offsets.
For shear movements in an orogenic structure, due to
the heterogeneity of the boundaries between different
blocks, it is possible for areas to alternatively experi-
ence compression and tension. Metamorphic rocks
can form in compression areas, and conditions can be
created in extension areas for the ascension of under-
lying asthenospheric material, which can cause melt-
ing of the lithospheric mantle.

Subsequently, large faults can act as conductors for
mafic melts. The penetration of mafic magmas into
the crust is controlled by its structure and the relation
of compression–extension conditions in specific
areas. Thus, mafic magmas of the Daubai area under
prevailing tensile conditions were able to reach the
Earth’s surface. Mafic magmas within the Kalba–
Narym zone apparently stopped at the level of the
lower crust and caused partial melting processes in
metamorphosed substrates. The occurrence of dacitic
magmas in this case may indicate hybrid processes
between mafic magmas and anatectic melts.

Thus, the Middle Carboniferous stage of the evolu-
tion of the Altai collision system is characterized by
shear movements along deep faults, which led to the
occurrence of local extension structures, local mafic
magmatism, and accompanying felsic magmatism.
Such mantle–crust volcanism, which manifests itself
in the late orogenic stage, can be an indicator of the
onset of the collapse of an orogen.

Early Permian Stage

At this time, the upper volcanic sequence of the
Saryzhal–Daubai trough was formed (Saryzhal area,
~297 Ma), followed by the Tyureshoky basalt–andes-
ite trough (~293 Ma). The overall scale of manifesta-
tion of Early Permian volcanism in Eastern Kazakh-
stan is significantly smaller than Middle Carbonifer-
ous volcanism. The significant time interval from
Middle Carboniferous volcanism (about 15 Ma), as
well as other geochemical characteristics of the Early
Permian basalts, make it possible to distinguish a new
episode of mantle substrate melting. The basalts of the
Tyureshoky trough are more enriched in incompatible
elements; their parent magmas presumably formed at
lower degrees of melting and, possibly, deeper levels of
the mantle. The parent magmas for the rocks of the
Saryzhal area could have formed with high degrees of
melting of the same mantle substrates. The antidromic
sequence of outpouring of Early Permian volcanic
rocks (andesites and dacites of the Saryzhal-Daubai
trough replaced by basalts of the Tyureshoky trough)
may indicate the existence of deep chambers at the
base of the crust, where differentiation of basic mag-
mas took place.

Synchronous Early Permian volcanic rocks of con-
tinental nature are widespread in orogenic depressions
and grabens superimposed on different geological
structures within Central and Southern Kazakhstan,
the Tien Shan, Central and Southern Mongolia [8, 9,
11, 13]. Early Permian volcanic assemblages have a
bimodal distribution of compositions and an increased
alkalinity, which has made it possible to suggest their
rift-related nature, caused by dominant extension pro-
cesses at the postorogenic stages of fold systems. This
makes it possible to interpret Early Permian volcanism
as a result of extension during new episode of activa-
tion of deep faults.

The beginning of the Early Permian (297–290 Ma)
in Eastern Kazakhstan was marked by the occurrence
of a large number of intrusive magmatic complexes:
subalkaline gabbro of the Argimbai complex which
were comagmatic to the basalts of the Tyureshoky
trough (293 ± 2 Ma, [16]) and granitoids of early phases
of the Kalba and Zharma batholiths (296–290 Ma),
and gabbro–monzonite–granitoid multiphase intru-
sions (292–290 Ma) [26]. The copious data obtained
in recent years indicates large-scale Early Permian
granitoid and mafic magmatism manifested in a vast
territory in Central Asia: Central and Southern
Kazakhstan, Kyrgyzstan, Uzbekistan, and the Xinjiang
region of China and Southern Mongolia [18, 22, 23, 32].
Comparison of the data on Early Permian volcanism
and adjacent magmatism made it possible to identify a
large Central Asian rift system that arose in the fold
systems of the southern frame of the Siberian conti-
nent, stretching from the Tian Shan to Mongolia and
Transbaikalia [18].

The activity of the Early Permian Tarim mantle
plume, which 300–275 Ma formed the eponymous
large igneous province [5, 18, 39], has been acknowl-
edged as the primary reason for the occurrence of a
giant rift system and large-scale mafic and silicic vol-
canism and intrusive magmatism.

Mantle plume–lithosphere interaction, according
to existing models [5, 39], implies an increase in the
temperature gradient over a vast area in the sublitho-
spheric mantle, as well as general uplifting and associ-
ated deformation of the lithosphere. Based on these
models, reactivation of tectonic movements in the
zones of deep faults and associated volcanism may be
an indicator of the onset of plume–lithosphere inter-
action processes.
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CONCLUSIONS

The conducted studies allow us to draw the follow-
ing conclusions:

(1) In the territory of Eastern Kazakhstan, orogenic
continental volcanic rocks formed at the late stages of
evolution of the Hercynian Altai collision system.

(2) Middle Carboniferous volcanism of Eastern
Kazakhstan is represented by basalt–andesite and dac-
ite–rhyolite assemblages that formed ~311 Ma. Partial
melting of the upper mantle occurred in the extension
zones in the zones of large shear faults. Manifestation of
transtensional movements may be an indicator of the
onset of collapse of an orogenic structure.

(3) The Early Permian volcanism of Eastern
Kazakhstan was manifested on a smaller scale and is
represented by subalkaline basalt–andesite assem-
blages that formed 297–290 Ma as a result of a new
episode of partial melting of upper mantle substrates.
These processes took place at the postorogenic stage in
an intracontinental setting and may reflect reactiva-
tion of movement along large shear faults in a new
geodynamic regime: interaction between the Tarim
mantle plume and the lithosphere.
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