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Abstract: The history of the Central Asian Orogenic Belt (CAOB) was marked by several major events of magmatism
which produced large volumes of volcanic and intrusive (mafic-ultramafic and granitic) rocks within a relatively short
time span (30-40 Ma) over a vast area. The magmatic activity postdated the orogenic stages of accretionary-
collisional belts in Central Asia and likely resulted from the impact of mantle plumes that formed Large Igneous Pro-
vinces (LIPs). The formation of the Tarim-South Mongolia LIP at 300-270 Ma is the best known among the major
Permian events of basaltic and granitic magmatism. Early Permian igneous rocks (volcanic, subvolcanic and intrusive
suites that vary from ultramafic to felsic compositions) of the same age range (300 to 270 Ma) have been recently
found also in Eastern Kazakhstan, within the late Paleozoic Altai collisional system. The compositions and ages of the
rocks suggest that the Eastern Kazakhstan magmatism was the northward expansion of the Tarim LIP. The spread of
the Tarim LIP was apparently facilitated by lithospheric extension after the Siberia-Kazakhstan collision. The exten-
sion led to rheological weakening of the lithosphere whereby deep mantle melts could penetrate to shallower depths.
The early Permian history of Eastern Kazakhstan was controlled by the interplay of plate tectonic and plume proces-
ses: plate-tectonic accretion and collision formed the structural framework, and the Tarim mantle plume was a heat
source maintaining voluminous magma generation.
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PAHHENEPMCKMI1 (300-270 MJIH JIET) MATMATH3M
BOCTOYHOT0 KA3AXCTAHA KAK PE3YJIbTAT COYETAHHUSA
MJIENAT- U IJIIOM-TEKTOHUYECKHX ®AKTOPOB

C. B. Xpombix1 2, II. . Kotsiepl.2, A. 3. U30x12, H. H. Kpyk!

L UHcmumym 2eos02uu u muHepasaoauu um. B.C. Co6onesa CO PAH, Hogocubupck, Poccus
Z HosocubupcKull HayuoHa/abHbulll uccaedosamenbckull 20cydapcmeeHHbll yHugepcumem,
Hoesocubupck, Poccus

AnHoTanusa: B nctopuu passuTusa kpynHeduiero LlenTpanbHo-A3uaTckoro ckjaagdartoro nosica (LJACII) BbIABIEHBI
HECKOJIBKO NepHOoJi0B KPYIHOMACIITAOHONW 3HJOTeHHONW aKTUBHOCTH, XapaKTEePU3YIOIHXCS MPOSIBJIEHUSIMU 3HAYU-
TeJbHBIX 06'beMOB BYJIKAHUYECKUX U UHTPY3UBHBIX (KaK 6a3UTOBBIX, TaK U I'PAaHUTOM/HBIX) MOPOJA HA OBLIMPHBIX
TEPPUTOPHUSX B CPABHUTEJIBHO KOPOTKHUE BpeMeHHbIe HHTepBaJibl (30-40 MJIH JieT). ITH BCOBIIIKKA MarMaTU4eCKOH
aKTUBHOCTH OOBIYHO NMPOUCXOJAT IOC/e 3aBepllieHUs] aKKpPeLlMOHHO-KOJJIM3UOHHBIX MPOLeCCOB B CKJIaA4YaThIX CHU-
CTeMax U pacCMaTpPUBAIOTCA KaK pe3y/bTaT BO3/AeHCTBUS MaHTUHHBIX IUIIOMOB Ha JUTOCepy — KpylnHble U3Bep-
»KeHHble NPOBUHIMHU. OfHUM U3 IPKUX NpUMepoB saBaseTcsd TapuM-I0>KHOMOHTro/IbCKas KpyNHas U3BepXKeHHas Mpo-
BUHIUA (300-270 MJIH JIeT Ha3aA), XapaKTepU3yHolasics MIMPOKUM pa3BUTHEM 6a3UTOBOTO M IPaHUTOUJJHOTO Mar-
MaTu3Ma B 3anagHoi yactu LJACIL MccienoBanus nociefHUX JieT oKa3asay, yTo B Bocrounom KasaxcraHe, B npeje-
Jlax ANTalCKON KOJIJIM3MOHHOW CHCTeMbl MepLUHHU/, IIUPOKO PaclpoCcTpaHeHbl Kak 6a3uTOBble, TAK U TPAHUTOUJ-
Hble KOMILJIEKChI paHHenepMckoro Bo3pacta (300-270 muH JieT). B npuBejeHHOM KpaTKOM 0630pe MOKa3aHo, YTO
0COGEHHOCTH COCTaBa U yCJI0BUS GOPMUPOBAHUSA ITUX MarMaTUYeCKUX acCOLMALMH O3BOJISIOT pacCMaTPUBATh UX
Kak pe3yJIbTaT CeBepo-3anaZHOro pacnpocTpaHeHUs BAUAHUSA TapuMCKOHN KpyNHOHN U3Bep:KeHHOW MpoBUHLUMU. Pac-
NPOCTPAaHEHHE ITOTO TEPMUYECKOI0 BO3MYILIEHUs B IUTOCdepe, N0-BUAUMOMY, CTaJI0 BO3MOXKHBIM 6/1aroAaps MocT-
OpOTeHUYEeCKOMY PaCTSKEHHIO Nocse Ko/uin3uu Cubupckoro M KasaxcTaHCKOro KOHTHUHEHTOB. Peosiorudeckoe oc-
JlabieHre JUTOCHEPHI O3BOJIMJIO IJyGUHHBIM pacilJlaBaM NPOHUKATb B JUTOCHEPHYIO MAaHTHIO, 06pa3oBaB KpyIl-
Hble oyaru 6a3uTOBBIX MarM. TakuM 06pa3oM, COBPeMEHHBIH reoJIOrMYeCKUH 06JIMK U MeTalJIoreHu4ecKasl CreLu-
¢uka Tepputopun BoctouHoro KasaxcraHa siBisieTc pe3y/sbTaTOM IUIEMT-TEKTOHMYECKHX IPOLLECCOB MOCTOpOTe-
HUYECKOIro pacTs»KeHHs Ha ¢poHe MOBBILIEHHOI'0 TEPMHYECKOTo IpaJjieHTa B MAaHTHHM, BbI3BaHHOI'O aKTHBHOCTbIO

TapuMCKOro MaHTHMHOTIO MJIIOMA.

Kinrouesble ci1oBa: lleHTpaibHO-A3MAaTCKUAN CK/IaA4aTbid N0SC; TOCTOPOTeHHbIA MarMaTru3M; TapuMCKUH IJIIOM;

MaHTI/IPIHO-KOpOBOG BSaHMOAeﬁCTBHe

1. INTRODUCTION

The Central Asian Orogenic Belt (CAOB) is the lar-
gest accretionary structure in the Earth’s history, also
known as Altaids [Sengor et al, 1993], formed by clo-
sure of the Paleoasian Ocean. The Altaid tectonic col-
lage includes numerous terranes of different origin
amalgamated by multiple accretionary and collisional
events in tectonic settings changing from compression
to extension and shear [Sengdr et al, 1993; Dobretsov,
2003; Windley et al, 2007; Levashova et al, 2009; Xiao
et al, 2010; Xiao, Santosh, 2014]. Its history included
several major events of magmatism which produced
significant volumes of volcanic and intrusive (mafic-
ultramafic and granitic) rocks in a relatively short time
span (30-40 Ma) over a large area. The magmatic acti-
vity postdated the orogenic stages in the evolution of
accretionary-collision systems. From the viewpoints of
plate tectonics, the post-orogenic magmatism is caused
by post-orogenic lithospheric extension as a result of

its delamination [Xiao et al, 2008; Xiao, Santosh, 2014;
Konopelko et al,, 2018] or results from active transten-
sional strike-slip tectonics accompanied by upwelling
of the asthenosphere [Seltmann et al, 2011; Wang et al,
2014] or breaking of subducted oceanic plate (slab
break-off) [Konopelko et al, 2017]. The alternative
viewpoint for large-scale magmatism in accretionary-
collision systems is the impact of mantle plumes. The
plume activity leading to the formation of Large Igne-
ous Provinces (LIPs) [Ernst et al, 2005; Bryan, Ernst,
2008; Ernst, 2014] can account for a number of Paleo-
zoic magmatic events in CAOB: (1) early Paleozoic, with
a late Cambrian - early Ordovician LIP in the Altai,
Sayan and Western Mongolia regions [Izokh et al,
2010; Dobretsov, 2011; Vladimirov et al, 2013]; (2)
middle Paleozoic, with a Devonian LIP in the Minusa
basin and the Vilyui rift in East Siberia [Vorontsov et al,
2013; Kiselev et al, 2014]; and (3) late Paleozoic, with
Permian LIPs in Central Asia. Large-scale mafic and
granitoid magmatism in Permian time produced the



Tarim-South Mongolia LIP at 300-270 Ma [Zhang et al,
2010; Wei et al, 2014; Xu et al, 2014; Yu et al, 2017];
the Barguzin LIP at 330-280 Ma [Kuzmin, Yarmolyuk,
2014; Yarmolyuk et al, 2014]; and the Khangai LIP at
270-245 Ma [Yarmolyuk et al,, 2014] (Fig. 1).

The Tarim - South Mongolia Province is the largest
area of diverse late Paleozoic magmatism in Central
Asia, with voluminous continental flood basalts and
other volcanic rocks found within the Tarim continen-
tal block [Yu et al, 2011; Li et al, 2014, 2017]. As con-
firmed by recent studies, the Tarim LIP spreads over
the regions of South Mongolia [Kozlovsky et al, 2015],
Chinese Altai [Zhang et al, 2014], North-Western Xin-
jilang [Pirajno et al, 2011; Gao et al, 2014], and Tien
Shan [Seltmann et al., 2011], as well as into Eastern Ka-
zakhstan.

2. LATE PALEOZOIC ALTAI ACCRETIONARY-COLLISIONAL
SYSTEM

Eastern Kazakhstan is part of the Altai collisional
system in the western Central Asian Orogenic Belt. The
system formed in late Paleozoic as a result of an
oblique collision of Siberia with the Kazakhstan com-
posite terrane [Vladimirov et al, 2003, 2008; Xiao et al,
2010]. In Devonian through early Carboniferous time,
the paleocontinents of Siberia and Kazakhstan were
separated by the Ob’-Zaisan oceanic basin (a fragment
of the western Paleoasian Ocean) with subduction in-
volving continental blocks (Rudny-Altai and Zharma-
Saur terranes) on its margins. Remnant oceanic crust
and subduction-related sedimentary and volcanic rocks
can be found as numerous fault blocks within the Cen-
tral part of Altai collisional system [Safonova et al,
2012, 2018]. Collisional crust thickening and orogeny
show up in the presence of late Carboniferous conti-
nental molasse with basal conglomerates in several
intermontane basins (Fig. 2). The post-orogenic (latest
Carboniferous - earliest Permian) tectonic activity oc-
curred mainly as strike-slip motions [Buslov, 2011].

The igneous rocks of Eastern Kazakhstan, including
various ultramafic to felsic volcanic, subvolcanic and
intrusive suites, were studied in detail in the 1970s
[Shcherba et al, 1976, 1998; Ermolov et al, 1977, 1983;
Lopatnikov et al, 1982]. Variations in their forms and
compositions allow suggesting their origin at different
evolution stages, from the early Carboniferous to the
Triassic. The studies of magmatism in Eastern Kazakh-
stan remained suspended in the 1990s - 2000s, until
we resumed the work in 2005 at a more advanced le-
vel. Since then, a wealth of data has been obtained on
the compositions and ages of igneous rocks in the re-
gion, which bracket the magmatic activity between 300
and 270 Ma, or within the early Permian (Fig. 2). The
results from some units have been reported in recent
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publications [Khromykh et al, 2011, 2013, 2014, 2016,
2017a, 2017b, 2018]. In this paper, we present a brief
overview of the obtained data with implications for
post-collisional processes in the region.

3. VOLCANIC BASINS AND STRUCTURES (297-290 MA)

There are several volcanic basins filled with subal-
kaline basalts, basaltic andesites and andesites in the
central part of the studied region (Fig. 2) and some ba-
sins filled with dacites and rhyolites in the southeast-
ern areas. Some basins contain also small subvolcanic
bodies of andesite and dacite porphyries.

Mafic volcanic rocks contain relatively high alkalis
(Naz0+K;0 from 3.2 to 9.2 wt. %), potassium (K>O up
to 4.9 wt. %), alumina (Al;03 from 14 to 23 wt. %),
phosphorus (P20s5 up to 1 wt. %) and titanium (TiO2 up
to 1.5 wt. %), as well as Ba, Zr and LREE (Fig. 3, a-d).
Trachydacites from the Daubai and Tyureshoke basins
have LA-ICP-MS U-Pb zircon ages of 297+1 Ma and
29044 Ma, respectively (Fig 3, e-f). Felsic volcanics in
some basins coexist with subvolcanic garnet dacites
and clinopyroxene andesites derived from magmas
that were generated in the lower crust at ~10 kbar and
1000 to 1200 °C by partial melting of the crustal sub-
strate under the effect of hot mantle melts [Khromykh
etal, 2011].

4. SUBALKALINE GABBRO AND PICRITES (293-280 MA)

There are about fifty small intrusions that consist of
gabbro, or gabbro and picrites (Fig. 4) and belong to
the (1) Argimbai plagiosyenite-gabbro (older) and (2)
Maksut gabbro-picrite (younger) complexes. The Ar-
gimbai gabbro was dated at 293+2 Ma by the SHRIMP-
II U-Pb method on zircons. The Maksut gabbro and
picrites have an Ar-Ar age of 280+3 Ma on biotite
(3 samples from 3 different intrusions) and amphibole
(1 sample from the Maksut intrusion) [Khromykh et al.,
2013].

Both the Argimbai gabbroic rocks and the Maksut
picrites have high contents of alkalis (5.2 to 7.8 wt. %
and 2 to 5 wt. % Na;0+K;0 in the two complexes, re-
spectively), relatively high potassium (up to 2.8 wt. %
and 1.3 wt. % KO, respectively) and phosphorus (to
0.8 wt. % and 0.3 wt. % P;0s, respectively). The Ar-
gimbai gabbro typically contain up to 1000 ppm LREE
and Ba, 980 ppm Sr, 350 ppm Zr, and 25 ppm Rb. The
concentrations of trace and rare-earth elements in the
Maksut picrodolerite and picrite are lower than in the
Argimbai gabbro but higher than in ultramafic rocks
(up to 280 ppm Ba, 830 ppm Sr, 110 ppm Zr, and
8 ppm Rb) (Fig. 5). Mineralization in the two complexes
[Mekhonoshin et al, 2017] consists of Ti (Argimbai
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I Puc. 5. CoctaBbl rab6po aprumM6aicKoro KOMILJIeKca, rabopo U MUKPUTOB MaKCyTCKOT'O KOMILJIEKCA.

gabbro) and Cu-Ni sulfides and precious metals
(Maksut picrites). The intrusions similar in composi-
tion, age and mineralization are manifested in the
south-eastern extension of these complexes, in Chinese
Altai (Kalatongke) and East Tianshan (Huangshan-Jing
and others) [Polyakov et al, 2008; Pirajno et al.,, 2011].

5. COMPLEX GABBRO-GRANITE INTRUSIONS (290-280 MA)

Some gabbro-granite intrusions (Preobrazhenka,
Tastau and Delbegetei) that occur among metasedimen-
tary and metavolcanic rocks in the central part of Eas-
tern Kazakhstan have a complex structure. They are as
large as 100 to 300 km? and isometric in plan view. The
best documented Preobrazhenka intrusion (Fig. 6) com-
prises both mafic and granitic lithologies: (i) dolerite

(Ol+0Px+CPx+P1+Bt), biotite gabbro (Pl+CPx+Bt+Amp),
and monzodiorite (Pl+Amp+Bt+CPx) and (ii) Qtz
monzonite (Pl+Kfs+OPx+Amp+Bt+Qtz), granosyenite
(PI+Kfs+Qtz+Amp+Bt), granite (Qtz+Pl+Kfs+Bt+Amp)
and leucogranite (Qtz+Pl+Kfs+Bt+Grt) lithologies, re-
spectively. The rocks of the two groups formed separa-
tely by differentiation of mafic and granitic parent mag-
mas, which intruded synchronously, as evidenced by the
presence of mingling structures (Fig. 6, b-d) [Khromykh
et al, 2017a, 2018]. The Preobrazhenka intrusion was
dated at 290+2 Ma (LA-ICP-MS zircon U-Pb, Qtz mon-
zonite) and 290+1 Ma (LA-ICP-MS zircon U-Pb, granite)
(Fig. 6, e-f). The Tastau granodiorites and granosyenites
have LA-ICP-MS zircon U-Pb ages of 289+2 and
280%1 Ma, respectively [Khromykh et al, 2018].

The Preobrazhenka mafic and granitic rocks have
independent composition trends in binary diagrams



Geodynamics & Tectonophysics 2019 Volume 10 Issue 1 Pages 79-99

host rocks

0

N 48°50’

>

x
x X
x

{ Qtz monzonites of 1st ph.

x
<
x

3
o
=
N
[e]
=]
o
=3
=
@
»
o
=X
N
=
5
o
=2

monzogabbro of 2nd ph.

0.054
(e) E Qtz monzonite (f) A granite
0.049 +
=) >
00507 & P 0.047} &
'P- ’- ," N i\} u:n'
P RN ?
7 qu~
A NI
ar il A\."‘t")/%“n 0.045}
0.046 1 KA 1 o Kby 045
itz
QUKL m%
. .i\\“ =7/
\‘ 0.043}
0.042¢ Concordia Age =290.7+1.8 Ma Concordia Age = 290.4+1.3 Ma
(2s, decay-const. errs included) (2s, decay-const. errs included)
MSWD (of concordance) = 1.4 260 MSWD (of concordance) = 0.31
1 I 1 I 1 I 1 I 1 I 0-041 L L L 1 1 1 1
0.15 0.25 0.35 0.45 0.55 0.16 020 024 028 032 036 040 044
207PbI235U 207Pb/235U

Fig. 6. (a) - simplified geology of the Preobrazhenka gabbro-granite intrusion [Khromykh et al, 2017a, 2018]. Blue circles
mark mingling relations between granosyenite (phase 3) and monzodiorite (phase 4). (b-d) - photographs illustrating rela-
tionships between igneous rocks: monzodiorite (dark gray) and porphyritic granosyenite (light gray) nodules in granite of
phase 3 (b); contact of monzodiorite and porphyritic granosyenite in an outcrop photo (c¢) and in the photo of a sample (d);
U-Pb ages of Qtz monzonite of phase 1 (e) and granite of phase 3 (f).

Puc. 6. (a) - cxema reosiorndeckoro crpoeHus [Ipeo6pakeHckoro rab6po-rpaHuTHOTO MaccuBa [Khromykh et al, 2017a,
2018]. Tony6bIMU Kpy»KaMH OTMe4Y€eHbl MeCTa MPOsIBJIeHUs] MUHIJIMHT-B3aUMOOTHOLIEHUH MeX/Ay TPaHOCHUeHUTaMHu 3-U
¢dasbl U MOHIOAMOPUTAMH 4-1 da3sbl. (b-d) - doTorpaduu, UTIOCTPUPYIOLME B3aUMOOTHOIIEHUs] MarMaTH4eCKHUX MOPOJ;:
HOJYJIU MOHLIOZJMOPUTOB (TEMHO-Cepble) U NMOPGUPOBUIHBIX 'PAHOCUEHUTOB (CBET/IO-CEphIE) B rpaHUTax 3-U ¢assl (b);
KOHTaKT MOHIIOAMOPUTOB U NOPPUPOBUHBIX TPAHOCUEHUTOB B 06HaKeHUH (¢) U Ha cpe3e ob6pasna (d); U-Pb auarpamMmel
C KOHKOpJ el JJIs1 IUPKOHOB U3 KBApLeBbIX MOHIIOHUTOB 1-ii ¢pa3sbl (e) u u3 rpaHuToB 3-1 ¢assl (f).
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Fig. 7. Composition of the mafic (dolerite and gabbro), felsic (Qtz monzonite, granosyenite and granite) and hybrid

(monzodiorite) rocks from the Preobrazhenka intrusion.

Puc. 7. CoctaB 6a3uTOBbIX (Z0JIepUTHI U rab6po), KUCabIX (KB MOHLOHUTBI, TPAHOCUEHUTB] U I'PAaHUTbI) U FMOPUHBIX

(MoHoOAMOpPUTHI) OpoA U3 [Ipeo6parkeHCKOTO MacCHBa.

(Fig. 7) and show distinct dissimilarity in the contents
of Al,03, MgO, CaO and Rb, Ba, Zr, La, and Eu. Mafic
subalkaline rocks have high alkali contents, with K0
up to 2 wt. % in gabbro and 2.5 wt. % in diorite, LREE
higher than HREE, and relatively high Ba, K, Ti, Zr, and
Sr. Granitic rocks are likewise rather rich in alkalis
(3 to 6 wt. % K;0); the contents of Al,03, FeO, TiO,
MgO, Ca0, Ba, Sr, and Eu decrease progressively from
monzonite to granite and leucogranite.

The detailed petrological studies of the Preobra-
zhenka rocks showed that mafic lithologies were de-
rived from trachybasaltic magma by fractionation and
contamination with crustal anatectic melts, while the

granitic lithologies result from melting of the lower or
middle crust under a thermal impact of hot mafic
magma. The origin of the intrusion was explained
[Khromykh et al,, 2018] in the context of interaction be-
tween mafic magma and granitic anatectic melts at dif-
ferent depths. This interaction led to reciprocal con-
tamination of the mafic and felsic magmas and for-
mation of Qtz-bearing monzogabbro and Qtz monzo-
nite at the lower-crust level, but mingling structures
formed at the middle-crust level where chemical mix-
ing was minor; in the upper crust, mafic magmas did
not interact with granitic material and formed a few
dikes only.



276&2‘

27143 Bt
267+3,

282+3 Bt
2803 B]
28414

Y

49°20'N

U-Pb ages

@ granodiorites and granites, Suite 1

[ granites and leucogranites, Suite 2

clastic sediments (D,-C,)

pre-batholith gabbro intrusions (C,)

RO,
v

early-batholith dikes of granodiorites
and plagiogranites (P,)

Al o8

ﬁ\

“lE?S:Q"’ ""°¥§§§V
293+2

286+2 Bt '

Geodynamics & Tectonophysics 2019 Volume 10 Issue 1 Pages 79-99

2|5 5|0 km

83°E

28943 Bt
285+3 Bt
297+1

N2 28123 B
77853 B0

288+
286+3 AS
2861
292:2NV4 LT,
29312

308+1

48°40'N 282£2 B

27843

granodiorites and granites,
Suite 1 (296-285 Ma)
- 21 granites and leucogranites,
Suite 2 (283-276 Ma)

post-batholith dike belts (279-267 Ma):
felsic (1) and mafic (2) rocks

\Q faults

Cenozoic sediments

Fig. 8. Simplified geology of the Kalba-Narym batholith, and the results of U-Pb (black squares) and Ar-Ar (white squares)
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Puc. 8. YnpouieHnas cxema crpoeHus Kanb6a-HapeiMckoro 6aTosiuta U pe3y/ibTaThl U30TONMHOrO JAAaTUPOBAHUS, BBIINOJI-
HeHHoro U-Pb (4epHble nMpsiMOyroJibHUKU) U Ar-Ar (6esible IPSIMOYTOJbHUKU) MeToZaMu [Kotler et al, 2015; Khromykh et
al, 2016]. Ha Bpe3ke - pacnpefeneHue U-Pb Bo3pacToB A/151 06pa3ioB rpaHUTOB U3 1-i U 2-1 acconiuanui.

6. LARGE GRANITOID BATHOLITHS (295-275 MA)

Remelting of the clastic metasedimentary and meta-
morphic rocks led to the formation of two large grani-
toid batholiths in Eastern Kazakhstan: Zharma in the
west, and Kalba-Narym in the east (see Fig. 2). The Kal-
ba-Narym batholith extends from NW to SE within the
Kalba-Narym turbidite terrane. According to a classical
interpretation [Lopatnikov et al, 1982; Shcherba et al,
1998], it would be of collisional origin and would form
during an orogenic stage, while the respective plutonic
event would last 50-60 myr from the C3-P; boundary to
the P,-T; boundary. However, new petrological and geo-
chronological data [Kotler et al, 2015; Khromykh et al,
2016] show (Fig. 8) a shorter duration (20-25 myr, i.e.

from 300-295 to 280-275 Ma, P1) and post-orogenic
origin of the plutonism. The Kalba-Narym batholith con-
sists of (1) an S-type granodiorite-granite suite making
up most of the batholith volume, which emplaced in two
phases at 296-288 Ma and 286-285 Ma, and (2) an
A-type leucogranite-granite suite occurring as several
large independent intrusions (283-276 Ma).

Suite 1 granodiorites and granites vary in SiO; from
64 to 75 wt. %, and all elements except K,O decrease
with increasing silica contents (Fig. 9), which is com-
mon to S-type granites. The leucogranite-granite suite
(2) shows a narrower SiO; range of 73-76 wt. % and
enrichment in Fe, REE, and HFSE (Ta, Nb, Zr, Hf) with
silica increase (Fig. 9), as well as elevated contents of F
and Li, which is closer to A-type granite compositions.
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Puc. 9. CocTaB nopoJ; rpaHoJUOPUT-TPAaHUTHON (KpacHble KPY>KKH, cepble CTPEJIKH) U FpaHUT-JeHKOrpaHUTHOH (3eiie-
Hble KBaJIpaTHUKH, 6eJible CTpeJIKM) acconuanui Kan6a-HapeiMckoro 6aTosinTa Ha 6MHApHBIX JUarpaMMax.

Suite 2 granites and leucogranites form large inde-
pendent intrusions, and there is a small gap between
suite 1 and suite 2. We suggest the origin of Suite 2 in a
separate melting pulse. The sources and conditions of
granitic magma generation for the two suites were in-
ferred from their mineralogy and chemistry, with re-
ference to the compositions of the sedimentary and
metamorphic rocks in the region, as well as to the ex-
perimental data on melting of crust protoliths. The
rocks of suite 1 (similar to S-type granites) formed by
partial melting of mixed metapelitic and metabasaltic
substrates. The leucogranites and granites of suite 2
(similar to A-type granites) originated by melting of
metapelitic crust, with participation of juvenile fluids
enriched in HSFE and REE which interacted with the
metamorphic material during melting.

7. RARE-METAL GRANITE DIKES AND PEGMATITES
(290-285 Ma)

Granitic pegmatites in the Kalba-Narym zone bear
extensive rare-metal mineralization (Ta, Nb, Li, Be, Sn,
W etc.). They occur as veins in granitic rocks of phase 1
of the granodiorite-granite suite. Their relative chro-
nology is confirmed by 4°Ar/3%Ar isotopic dating: the
ages obtained for 12 mica samples from pegmatites
range from 292 to 285 Ma [Kotler et al, 2014]. Rare-
metal pegmatites are similar to ongonite and rare-
metal granite-porphyry that form two dike swarms
near Ust-Kamenogorsk city (Fig. 10). The larger
Chechek dike swarm comprises about 15 dikes, 2 to
5 m thick and hundreds of meters long [Sokolova
et al, 2016]. The age of the dikes was determined as
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pegmatite deposits [Kotler et al., 2014].

Puc. 10. (a) - cxema pacnpocTpaHeHUs peIKOMeTa/UIbHOU MUHepaiu3anuu B Kan6a-HapeiMckoit 30He, o [Sokolova et al,
2016]; (b) - Ar-Ar Bo3pacTHOH CIEKTp JJis MyCKOBHUTAa U3 OHrOHHMTa M3 YedeKckoro gaiikoBoro mosica [Khromykh et al,
2014]; (c) - pesyJsibTaThl onpejesieHUs Bo3pacta Ar-Ar MeToZOM JJiss MyCKOBUTA U JIEMH/0JUTA U3 peJKOMETAJIbHbIX

NerMaTUTOBBIX MecTopoXxAeHul [Kotler et al, 2014].

286%3 Ma by Ar-Ar dating of liquidus muscovite phe-
nocrysts from a thick ongonite dike [Khromykh et al,
2014]. The dike rocks have high concentrations of LILE
and F, like Li-F granites, and split into three composi-
tion groups with relatively high, high, and ultra-high
contents of rare metals: (1) up to 1000 ppm Li+Rb+Cs,
0.45 wt. % F, and 40-100 ppm XREE; (2) up to 2500
ppm Li+Rb+Cs, 1.4 wt. % F, 0.35 wt. % P,0s, and 3-15
ppm ZREE; and (3) up to 4000 ppm Li+Rb+Cs and 110-
180 ppm XREE (Fig. 11). The concentrations of "typical
granitic’ rare metals (Sn, Nb, Ta) in dikes are much
higher than in granites (15-100 times more Sn, 1.5-2
times more Nb, and 2-12 times more Ta).

The mineralogy and chemistry of the dike rocks
[Sokolova et al, 2016] suggests their origin from grani-
tic melts that were enriched in rare metals. This makes
them closer to rare-metal granite pegmatites of
the Kalba-Narym batholith. We assume that magmas
rich in rare metals formed in the granite chambers
of the Kalba-Narym batholith. However, their local
occurrence indicates that their generation involved

inputs of F, P,0s, rare metals, as well as other specific
components with juvenile fluids, besides intra-chamber
differentiation. This formation mechanism of the rare
metal magmas is similar to that for suite 2 granites and
leucogranites in the Kalba-Narym batholith.

8. MAFIC DIKE SWARMS (280-270 MA)

The juvenile fluids that contributed to the formation
of rare metal granitic magmas may come from a sub-
crustal mafic reservoir (magmatic underplating). Mafic
magmatism in the Kalba-Narym zone occurs as dike
swarms of the Myrolyubovka complex that intrude all
granitic rocks (see Figs. 2 and 8), about 10 dike
swarms, with 3-4 to 15-20 dikes in each unit. All dikes
strike in the NE direction and are up to 4-5 meter thick
and 2-3 km long. The dikes of the complex are mostly
mafic though some have other compositions. The rocks
are subalkaline and belong to high-K calc-alkaline se-
ries, have low contents of magnesium (Mg# ~39 %),
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and high TiO; (~1.6 wt. %), K20 (~1.7 wt. %), P20s
(~0.6 wt. %) and REE (sum ~195 ppm, Fig. 12, a-d). In
addition, they contain greater concentrations of rare
metals, fluorine and boron than the Kalba-Narym gra-
nitic rocks: 3-7 ppm Li, 0.9-3.5 ppm Cs, 16-38 ppm
Rb, 0.4-0.8 ppm Sn, 0.1-0.5 ppm Be, 2-16 ppm Nb,
0.7-1.1 ppm Ta, 120-140 ppm F, and 1-3 ppm B.
Therefore, the dike mafic rocks are derived from the
mantle magmas that were the source of metals for the
rare-metal granitic magmas. The available age con-
straints are LA-ICP-MS zircon U-Pb dates of 279+3 Ma
for dolerite of the Manat dike and 267+1 Ma for spes-
sartite of the Monastery dike (Fig. 12, e—f).

9. CORRELATION OF MAGMATIC EVENTS AND MECHANISMS
OF PLUME-LITHOSPHERE INTERACTION

Thus, voluminous mantle and crustal magmatism af-
fected the whole Eastern Kazakhstan in the interval of
300-270 Ma (Fig. 13, a). The rocks of mantle origin are
enriched in alkalis, phosphorus, titanium and incom-
patible elements notably different from the older accre-
tionary mafic-ultramafic complexes with subduction
signatures [Safonova et al, 2012, 2018]. The appea-
rance of enriched mantle magmas at the post-orogenic
stage usually indicates their deeper sources. There are
also assumptions that the appearance of enriched
mantle magmas may be caused by remelting of meta-
somatised mantle wedges [Konopelko et al, 2017].
Anyway, melting of the mantle indicates an increasing
thermal gradient. The high thermal gradients most like-
ly resulted from the activity of the Tarim mantle plume

which produced the early Permian Tarim LIP [Ernst,
2014; Gao et al, 2014; Wei et al, 2014; Xu et al, 2014;
Yarmolyuk et al, 2014; Yu et al, 2017]. Based on the
reported data, we infer that the Tarim LIP extends to
the north, into the region of Eastern Kazakhstan
(Fig. 13, b). The far-reaching influence of the Tarim LIP
may have been facilitated by post-orogenic lithospheric
extension [Buslov, 2011] after the Siberia-Kazakhstan
collision. The extension led to rheological weakening of
the lithosphere, whereby deep mantle melts could in-
trude into the sublithospheric mantle. The style of the
mantle-crust interaction varied over the region de-
pending on the permeability of the lithospheric blocks
[Khromykh et al, 2017b]. In the central part of the re-
gion (see Fig. 2), where the fragments of accretionary
and paleooceanic complexes still exist, mafic magmas
could easily penetrate into the lower crust through the
quite thin lithosphere. This may lead to intensive inter-
actions of the mafic magmas with the crustal substrates
and anatectic melts, forming the gabbro-monzonite-
granite intrusions with a wide spectrum of rocks and
mingling and mixing processes, and the appearance of
syn-plutonic Mafic Microgranular Enclaves (MME)
and combined mafic-felsic dikes [Wiebe, 1973; Furman,
Spera, 1985; Litvinovsky et al, 1995; Barbarin, 2005;
Renna et al, 2006, Burmakina, Tsygankov, 2013;
Burmakina et al, 2018] In the northeastern part of
the territory, clastic sediments (sandstones and silt-
stones) deposited in the Devonian-Early Carboniferous
within the Kalba-Narym terrane were deformed and
metamorphosed in the course of collisional processes,
and then were molten anatectically at high tempera-
ture gradients across the mantle chambers. Mafic
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Fig. 12. Mafic rocks of the Mirolyubovka dike belts on the TAS (a) and Zr-Zr/Y (b) diagrams, and their REE (c) and trace-
element (d) compositions; U-Pb ages of dolerite from the Manat dike (e) and spessartite from the Monastery dike (f).

Puc. 12. CoctaBbl 6a3UTOBBIX MOPOJ MHUPOJIOGOBCKOTO KOMILJIEKCA Ha KJAacCUPUKAUMOHHBIX auarpammax TAS (a) u

Zr-Zr/Y (b); cuekTpsl pacnpenenenus P33 (c) u My/ibTU3/IeMeHTHbIe cIeKTPHI (d) AJis 6a3uToBbIX nopoj; U-Pb guarpam-
MbI C KOHKOp/JiMeH s [UPKOHOB U3 JA0JIEPUTOB AaliKU MaHart (€) ¥ U3 crieccapTUTOB JaliKu B MOHAcTBIpCKOM MaccuBe (f).
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Fig. 13. (a) - age histograms of the post-orogenic magmatic complexes from the Eastern Kazakhstan; (b) - the proposed
boundaries of the Tarim Large Igneous Province taking into account the new data on magmatism of Eastern Kazakhstan.

Puc. 13. (a) - rucrorpamMma BO3pacTOB, IOJy4YeHHBIX /IJIs1 TOCTOPOTEHHBIX MarMaTH4eCKHUX KoMILIeKcoB BoctouHoro Ka-
3axctaHa; (b) - mpeznosaraeMble TPaHUIbI pacnpocTpaHeHus TapuMCKOM KPYNHOW W3BEPKEHHOW MPOBHUHIUU C YYETOM

HOBBLIX JaHHbIXA [10 MAarMaTHUu3My BocTouHoro Ka3zaxcraHa.

magmas could not penetrate through thick viscous
migmatite-granite lenses (‘density filter’) [Huppert,
Sparks, 1988]. This mechanism includes interaction of
the juvenile mantle fluids with the crust or with granitic
magma in the chambers, as well as the inputs of some

elements responsible for rare-metal mineralization in
granites [Abramov, 2004; Annikova et al, 2006; Zagorsky
et al, 2014; Sokolova et al, 2016]. Thus, we revealed two
main types of mantle-crust interaction: (1) direct inter-
action of mantle magmas with crustal material and ana-



tectic melts that produced large gabbro-granite intru-
sions, volcanic structures, and numerous small gabbro-
picrite intrusions in central part of studied region; and
(2) the effects of mantle heat and fluids on the crust.
The intrusion of the mafic magmas into the middle and
upper crust became possible only after large-scale gra-
nitoid magmatism had completed and the lithosphere
had cooled down and deformed. This led to the for-
mation of the Mirolyubovka dike swarms.

Thus, the early Permian history of Eastern Kazakh-
stan was controlled by the interplay of the plate tecto-
nic and plume processes: plate-tectonic accretion and
collision formed the structural framework, and the
Tarim mantle plume provided a heat source to main-
tain voluminous magmatism.

11. REFERENCES

Geodynamics & Tectonophysics 2019 Volume 10 Issue 1 Pages 79-99

10. ACKNOWLEDGEMENTS

We wish to thank Richard Ernst, Nikolai Dobretsov
and Boris D'yachkov for fruitful discussions and valua-
ble advice. Thanks are extended to Erzhan Sapargaliev
for his assistance in the field and to Inna Safonova and
Tatiana Perepelova for their help in manuscript pre-
paration. This study was conducted according to the
state assignment of IGM SB RAS. It was also supported
by the Ministry of Science and Higher Education of
the Russian Federation (Projects no. 5.1688.2017/4.6
and 14.Y26.31.0018) and the Russian Foundation
for Basic Research (Projects no. 16-35-00209, and
17-05-00825).

Abramov S.S., 2004. Formation of fluorin-rich magmas by fluid filtration through silicic magmas: petrological and geo-

chemical evidence of metamagmatism. Petrology 12 (1), 17-36.

Annikova LYu., Vladimirov A.G., Vystavnoi S.A., Zhuravlev D.Z, Kruk N.N. Lepekhina E.N. Matukov D.I, Moroz E.N.,
Palesskii V.S.,, Ponomarchuk V.A., Rudnev S.N., Sergeev S.A., 2006. U-Pb and 39Ar/40Ar dating and Sm-Nd and Pb-Pb
isotopic study of the Kalguty molybdenum-tungsten ore-magmatic system, southern Altai. Petrology 14 (1),

81-97. https://doi.org/10.1134/50869591106010073.

Barbarin B., 2005. Mafic magmatic enclaves and mafic rocks associated with some granitoids of the central Sierra
Nevada batholith, California: nature, origin, and relations with the hosts. Lithos 80 (1-4), 155-177. https://

doi.org/10.1016/j.1ithos.2004.05.010.

Bryan S.E., Ernst R.E., 2008. Revised definition of large igneous provinces (LIPs). Earth-Science Reviews 86 (1-4),

175-202. https://doi.org/10.1016/j.earscirev.2007.08.008.

Burmakina G.N., Tsygankov A.A., 2013. Mafic microgranular enclaves in Late Paleozoic granitoids in the Burgasy quartz
syenite massif, western Transbaikalia: Composition and petrogenesis. Petrology 21 (3), 280-303. https://doi.org/

10.1134/S086959111303003X.

Burmakina G.N., Tsygankov A.A., Khubanov V.B., 2018. Petrogenesis of composite dikes in granitoids of western Trans-
baikalia. Russian Geology and Geophysics 59 (1), 19-40. https://doi.org/10.1016/j.rgg.2018.01.002.

Buslov M.M., 2011. Tectonics and geodynamics of the Central Asian Fold belt: The role of Late Paleozoic large-
amplitude strike-slip faults. Russian Geology and Geophysics 52 (1), 52-71. https://doi.org/10.1016/j.rgg.2010.

12.005.

Dobretsov N.L., 2003. Evolution of structures of the Urals, Kazakhstan, Tien Shan, and Altai-Sayan region within the
Ural-Mongolian fold belt (Paleoasian ocean). Geologiya i Geofizika (Russian Geology and Geophysics) 44 (1-2), 5-27.

Dobretsov N.L., 2011. Early Paleozoic tectonics and geodynamics of Central Asia: Role of mantle plumes. Russian
Geology and Geophysics 52 (12), 1539-1552. https://doi.org/10.1016/j.rgg.2011.11.003.

Ermolov P.V.,, Izokh E.P., Ponomareva A.P., Tyan V.D., 1977. Gabbro-Granitic Rocks in the Western Zaisan Orogenic Sys-
tem. Nauka, Novosibirsk, 246 p. (in Russian) [Epmoaose I1.B.,, H3ox 3.11., llonomapéea A.Il, Tan B.Jl. Ta66po-rpa-
HUTHbBIE CepUU 3anaHOH JacTH 3alcaHCKOH ckiIaAyaTod cucteMbl. HoBocnbupck: Hayka, 1977. 246 c.].

Ermolov P.V, Vladimirov A.G., Izokh A.E., Polyansky N.V., Kuzebny V.S.,, Revyakin P.S., Bortsov V.D., 1983. Orogenic
Magmatism of Ophiolitic Belts (on the Example of East Kazakhstan). Nauka, Novosibirsk, 206 p. (in Russian)
[Epmosos I1.B., Baadumupos A.I', H3ox A.3., lloasinckuil H.B., Kyse6Hulii B.C,, PesskuH I1.C.,, bopyos B./]. OporeHHbIA
MarMaTusM opHUOJNTOBBIX 0sicOB (Ha npuMepe BocToyHoro Kasaxcrana). HoBocubupck: Hayka, 1983. 191 c.].

Ernst R.E., 2014. Large Igneous Provinces. Cambridge University Press, Cambridge, 653 p. https://doi.org/10.1017/

CB09781139025300.

Ernst R.E.,, Buchan K.L, Campbell L.H., 2005. Frontiers in large igneous province research. Lithos 79 (3-4), 271-297.

https://doi.org/10.1016/jlithos.2004.09.004.

Furman T, Spera F.J., 1985. Co-Mingling of acid and basic magma with implications for the origin of mafic I-type xeno-
liths: field and petrochemical relations of an unusual dike complex at Eagle Lake, Sequoia National Park, California,
U.S.A. Journal of Volcanology and Geothermal Research 24 (1-2), 151-178. https://doi.org/10.1016/0377-0273

(85)90031-9.


https://doi.org/10.1134/S0869591106010073
https://doi.org/10.1016/j.lithos.2004.05.010
https://doi.org/10.1016/j.lithos.2004.05.010
https://doi.org/10.1016/j.earscirev.2007.08.008
https://doi.org/10.1134/S086959111303003X
https://doi.org/10.1134/S086959111303003X
https://doi.org/10.1016/j.rgg.2018.01.002
https://doi.org/10.1016/j.rgg.2010.12.005
https://doi.org/10.1016/j.rgg.2010.12.005
https://doi.org/10.1016/j.rgg.2011.11.003
https://doi.org/10.1017/CBO9781139025300
https://doi.org/10.1017/CBO9781139025300
https://doi.org/10.1016/j.lithos.2004.09.004
https://doi.org/10.1016/0377-0273(85)90031-9
https://doi.org/10.1016/0377-0273(85)90031-9

S.V. Khromykh et al.: A review of Early Permian (300-270 Ma) magmatism in Eastern Kazakhstan...

Gao R, Xiao L., Pirajno F,, Wang G.-C,, He X.-X,, Yang G., Yan Sh.-W., 2014. Carboniferous-Permian extensive magmatism
in the West Junggar, Xinjiang, northwestern China: its geochemistry, geochronology, and petrogenesis. Lithos 204,
125-143. https://doi.org/10.1016/j.lithos.2014.05.028.

Huppert H.E.,, Sparks S.J., 1988. The generation of granitic magmas by intrusion of basalt into continental crust.
Journal of Petrology 29 (3), 599-624. https://doi.org/10.1093 /petrology/29.3.599.

Izokh A.E., Vishnevskii A.V., Polyakov G.V., Kalugin V.M., Oyunchimeg T., Shelepaev RA., Egorova V.V., 2010. The Ureg
Nuur Pt-bearing volcanoplutonic picrite-basalt association in the Mongolian Altay as evidence for a Cambrian-
Ordovician Large Igneous Province. Russian Geology and Geophysics 51 (5), 521-533. https://doi.org/10.1016/
j.rgg.2010.04.003.

Khromykh S.V., Burmakina G.N., Tsygankov A.A., Kotler P.D., Vladimirov A.G., 2017a. Interactions between gabbroid
and granitoid magmas during formation of the Preobrazhensky intrusion, Eastern Kazakhstan. Geodynamics &
Tectonophysics 8 (2), 311-330. https://doi.org/10.5800/GT-2017-8-2-0243.

Khromykh S.V.,, Kotler P.D., Sokolova E.N., 2017b. Mantle-crust interaction at the late stage of evolution of Hercynian
Altai collision system, western part of CAOB. Geodynamics & Tectonophysics 8 (3), 489-493. https://doi.org/
10.5800/GT-2017-8-3-0270.

Khromykh S.V., Kuibida M.L., Kruk N.N., 2011. Petrogenesis of high-temperature siliceous melts in volcanic structures
of the Altai collisional system of Hercynides (Eastern Kazakhstan). Russian Geology and Geophysics 52 (4),
411-420. https://doi.org/10.1016/j.rgg.2011.03.004.

Khromykh S.V., Sokolova E.N., Smirnov S.Z, Travin A.V., Annikova LY., 2014. Geochemistry and age of rare-metal dyke
belts in Eastern Kazakhstan. Doklady Earth Sciences 459 (2), 1587-1591. https://doi.org/10.1134/S1028334
X14120174.

Khromykh S.V., Tsygankov A.A., Burmakina G.N., Kotler P.D., Sokolova E.N., 2018. Mantle-crust interaction in petrogene-
sis of gabbro-granite association in Preobrazhenka intrusion, Eastern Kazakhstan. Petrology 26 (4), 368-388.
https://doi.org/10.1134/50869591118040045.

Khromykh S.V., Tsygankov A.A., Kotler P.D., Navozov 0.V,, Kruk N.N., Vladimirov A.G., Travin A.V,, Yudin D.S., Burmakina G.N.,
Khubanov V.B, Buyantuev M.D., Antsiferova T.N., Karavaeva G.S., 2016. Late Paleozoic granitoid magmatism of
Eastern Kazakhstan and Western Transbaikalia: Plume model test. Russian Geology and Geophysics 57 (5),
773-789. https://doi.org/10.1016/j.rgg.2015.09.018.

Khromykh S.V., Vladimirov A.G., Izokh A.E., Travin A.V., Prokop'ev LR, Azimbaev E., Lobanov S.S., 2013. Petrology and
geochemistry of gabbro and picrites from the Altai collisional system of Hercynides: Evidence for the activity of
the Tarim plume. Russian Geology and Geophysics 54 (10), 1288-1304. https://doi.org/10.1016/j.rgg.2013.09.011.

Kiselev A.L, Yarmolyuk V.V, Ivanov A.V., Egorov K.N., 2014. Middle Paleozoic basaltic and kimberlitic magmatism in the
northwestern shoulder of the Vilyui Rift, Siberia: Relations in space and time. Russian Geology and Geophysics
55 (2), 144-152. https://doi.org/10.1016/j.rgg.2014.01.003.

Konopelko D., Seltmann R, Mamadjano Y., Romer R.L., Rojas-Agramonte Y., Jeffries T., Fidaev D., Niyozov A., 2017. A geo-
traverse across two paleo-subduction zones in Tien Shan, Tajikistan. Gondwana Research 47, 110-130. https://
doi.org/10.1016/j.gr.2016.09.010.

Konopelko D., Wilde S.A., Seltmann R., Romer R.L., Biske Yu.S., 2018. Early Permian intrusions of the Alai range: Under-
standing tectonic settings of Hercynian post-collisional magmatism in the South Tien Shan, Kyrgyzstan. Lithos
302-303, 405-420. https://doi.org/10.1016/].lithos.2018.01.024.

Kotler P.D., Khromykh S.V., Smirnov S.Z., D'yachkov B.A.,, Travin A.V,, Vladimirov A.G., Yudin D.S., Kruk N.N., 2014. Ar-Ar
isotopic dating of rare-metal pegmatites of the Kalba-Narym granite batholith (Eastern Kazakhstan). In: Granites
and Earth's evolution: granites and continental crust. Proceedings of the 2nd International Geological Conference.
IGM SB RAS, Novosibirsk, p. 104-105.

Kotler P.D., Khromykh S.V.,, Vladimirov A.G., Navozov 0.V, Travin A.V.,, Karavaeva G.S., Kruk N.N., Murzintsev N.G., 2015.
New data on the age and geodynamic interpretation of the Kalba-Narym granitic batholith, Eastern Kazakhstan.
Doklady Earth Sciences 462 (2), 565-569. https://doi.org/10.1134/S1028334X15060136.

Kozlovsky A.M., Yarmolyuk V.V,, Salnikova E.B., Travin A.V., Kotov A.B., Plotkina Ju.V., Kudryashova E.A., Savatenkov V.M.,
2015. Late Paleozoic anorogenic magmatism of the Gobi Altai (SW Mongolia): Tectonic position, geochronology
and correlation with igneous activity of the Central Asian Orogenic Belt. Journal of Asian Earth Sciences 113,
524-541. https://doi.org/10.1016/j.jseaes.2015.01.013.

Kuzmin M.IL, Yarmolyuk V.V., 2014. Mantle plumes of Central Asia (Northeast Asia) and their role in forming endoge-
nous deposits. Russian Geology and Geophysics 55 (2), 120-143. https://doi.org/10.1016/j.rgg.2014.01.002.

Levashova N.M., Van der Voo R, Abrajevitch A.V.,, Bazhenov M.L., 2009. Paleomagnetism of mid-Paleozoic subduction-
related volcanics from the Chingiz Range in NE Kazakhstan: the evolving paleogeography of the amalgamating
Eurasian composite continent. Geological Society of America Bulletin 121 (3-4), 555-573. https://doi.org/
10.1130/B26354.1.

Li Y.Q, Li Z.L, Yu X, Langmuir Ch.H., Santosh M., Yang Sh.F., Chen H.L., Tang Zh.L., Song B., Zou S.Y., 2014. Origin of the
Early Permian zircons in Keping basalts and magma evolution of the Tarim Large Igneous Province (northwestern
China). Lithos 204, 47-58. https://doi.org/10.1016/j.lithos.2014.05.021.


https://doi.org/10.1016/j.lithos.2014.05.028
https://doi.org/10.1093/petrology/29.3.599
https://doi.org/10.1016/j.rgg.2010.04.003
https://doi.org/10.1016/j.rgg.2010.04.003
https://doi.org/10.5800/GT-2017-8-2-0243
https://doi.org/10.5800/GT-2017-8-3-0270
https://doi.org/10.5800/GT-2017-8-3-0270
https://doi.org/10.1016/j.rgg.2011.03.004
https://doi.org/10.1134/S1028334X14120174
https://doi.org/10.1134/S1028334X14120174
https://doi.org/10.1134/S0869591118040045
https://doi.org/10.1016/j.rgg.2015.09.018
https://doi.org/10.1016/j.rgg.2013.09.011
https://doi.org/10.1016/j.rgg.2014.01.003
https://doi.org/10.1016/j.gr.2016.09.010
https://doi.org/10.1016/j.gr.2016.09.010
https://doi.org/10.1016/j.lithos.2018.01.024
https://doi.org/10.1134/S1028334X15060136
https://doi.org/10.1016/j.jseaes.2015.01.013
https://doi.org/10.1016/j.rgg.2014.01.002
https://doi.org/10.1130/B26354.1
https://doi.org/10.1130/B26354.1
https://doi.org/10.1016/j.lithos.2014.05.021

Geodynamics & Tectonophysics 2019 Volume 10 Issue 1 Pages 79-99

Litvinovsky B.A., Zanvilevich A.N., Kalmanovich M.A., 1995. The repeated mixing and mingling of coeval syenite
and basalt magmas and its role in petrogenesis: a case study in the Ust’ Khilok pluton, Transbaikalia (Russia).
Petrology 3 (2), 125-137.

Lopatnikov V.V, Izokh E.P., Ermolov P.V., Ponomareva A.P,, Stepanov A.S., 1982. Magmatism and Metallogeny of the
Kalba-Narym Zone, Eastern Kazakhstan. Nauka, Moscow, 248 p. (in Russian) [/lonamHukoe B.B., H3ox 3.1,
Epmoasos I1.B, llonomapeega A.Il, CmenaHos A.C. MarmaTusM U pyzoHocHocTh Kan6a-HapeimMckoii 3oHb1 BocTouHO-
ro Kasaxcrana. M.: Hayka, 1982. 248 c.].

Mekhonoshin A.S., Kolotilina T.B., Vladimirov A.G., Sokol'nikova Yu.V., Doroshkov A.A., 2017. First data on the concentra-
tions and distribution of noble metals in Ni-Cu sulfide ores of the South Maksut deposit (Eastern Kazakhstan).
Geodynamics & Tectonophysics 8 (3), 515-519. https://doi.org/10.5800/GT-2017-8-3-0278.

Pirajno F.,, Seltmann R, Yang Y., 2011. A review of mineral systems and associated tectonic settings of northern
Xinjiang, NW China. Geosciences Frontiers 2 (2), 157-185. https://doi.org/10.1016/j.gsf.2011.03.006.

Polyakov G.V.,, Izokh A.E., Borisenko A.S., 2008. Permian ultramafic-mafic magmatism and accompanying Cu-Ni minera-
lization in the Gobi-Tien Shan belt as a result of the Tarim plume activity. Russian Geology and Geophysics 49 (7),
455-467. https://doi.org/10.1016/j.rgg.2008.06.001.

Renna M.R., Tribuzio R, Tiepolo M., 2006. Interaction between basic and acid magmas during the latest stages of the
post-collisional Variscan evolution: Clues from the gabbro-granite association of Ota (Corsica-Sardinia batholith).
Lithos 90 (1-2),92-110. https://doi.org/10.1016/j.lithos.2006.02.003.

Safonova I, Komiya T., Romer R.L., Simonov V., Seltmann R., Rudnev S., Yamamoto S., Sun M., 2018. Supra-subduction
igneous formations of the Char ophiolite belt, East Kazakhstan. Gondwana Research 59, 159-179 https://doi.org/
10.1016/j.gr.2018.04.001.

Safonova LY., Simonov V.A.,, Kurganskaya E.V., Obut O.T., Romer R.L., Seltmann R., 2012. Late Paleozoic oceanic basalts
hosted by the Char suture-shear zone, Eastern Kazakhstan: Geological position, geochemistry, petrogenesis and
tectonic setting. Journal of Asian Earth Sciences 49, 20-39. https://doi.org/10.1016/j.jseaes.2011.11.015.

Seltmann R., Konopelko D., Biske G., Divaev F., Sergeev S., 2011. Hercynian post-collisional magmatism in the context of
Paleozoic magmatic evolution of the Tien Shan orogenic belt. Journal of Asian Earth Sciences 42 (5), 821-838.
https://doi.org/10.1016/j.jseaes.2010.08.016.

Sengor A.M.C., Natal'in B.A., Burtman U.S., 1993. Evolution of the Altaid tectonic collage and Paleozoic crustal growth in
Eurasia. Nature 364 (6435), 299-304. https://doi.org/10.1038/364299a0.

Shcherba G.N., D'yachkov B.A., Nakhtigal G.P., 1976. The Zharma-Saur Metallogenic Belt. Nauka, Alma-Ata, 199 p. (in
Russian) [U]ep6a I'.H.,, [lbsiukoe Bb.A., Haxmueaas I'.11. YKapma-Caypckuii reoTekToHoreH. Anma-Ata: Hayka, 1976.
198 c.].

Shcherba G.N., D'yachkov B.A., Stuchevsky N.I, Nakhtigal G.P., Antonenko A.N., Lubetsky V.N., 1998. Great Altai (Geology
and Metallogeny). Book 1. Geological Structure. Gylym, Almaty, 304 p. (in Russian) [I]ep6a I'H., Jesukos B.A,
Cmyuesckuil H.1., Haxmuzany I'.I1, AHmoHeHko A.H., /llo6eykuti B.H. Bosbwo# Antai (reosiorusi U METQJLJIOTEHUS ).
KH. 1. Teonorudeckoe crpoenue. Anmatsl: ['blibiM, 1998. 304 c.].

Sokolova E.N., Smirnov S.Z,, Khromykh S.V., 2016. Conditions of crystallization, composition, and sources of rare-metal
magmas forming ongonites in the Kalba-Narym zone, Eastern Kazakhstan. Petrology 24 (2), 153-177. https://
doi.org/10.1134/S0869591116020065.

Vladimirov A.G.,, Izokh A.E., Polyakov G.V., Babin G.A., Mekhonoshin A.S, Kruk N.N. Khlestov V.V, Khromykh S.V.,
Travin AV, Yudin D.S., Shelepaev R.A., Karmysheva LV, Mikheev E.IL, 2013. Gabbro-granite intrusive series and
their indicator importance for geodynamic reconstructions. Petrology 21 (2), 158-180. https://doi.org/10.1134/
S0869591113020070.

Vladimirov A.G.,, Kruk N.N., Khromykh S.V., Polyansky O.P., Chervov V.V., Vladimirov V.G, Travin A.V., Babin G.A., Kuibida M.L.,
Khomyakov V.D., 2008. Permian magmatism and lithospheric deformation in the Altai caused by crustal and
mantle thermal processes. Russian Geology and Geophysics 49 (7), 468-479. https://doi.org/10.1016/j.rgg.
2008.06.006.

Vladimirov A.G., Kruk N.N.,, Rudnev S.N., Khromykh S.V., 2003. Geodynamics and granitoid magmatism of collision oro-
gens. Geologiya i Geofizika (Russian Geology and Geophysics) 44 (12), 1321-1338.

Vorontsov A.A., Fedoseev G.S., Andryushchenko S.V., 2013. Devonian volcanism in the Minusa basin in the Altai-Sayan
area: geological, geochemical, and Sr-Nd isotopic characteristics of rocks. Russian Geology and Geophysics 54 (9),
1001-1025. https://doi.org/10.1016/j.rgg.2013.07.016.

Wang B., Cluzel D., Jahn B-M., Shu L., Chen Y., Zhai Y., Branquet Y., Barbanson L., Sizaret S., 2014. Late Paleozoic pre- and
syn-kinematic plutons of the Kangguer-Huangshan Shear zone: Inference on the tectonic evolution of the eastern
Chinese north Tianshan. American Journal of Science 314 (1), 43-79. https://doi.org/10.2475/01.2014.02.

Wei X, Xu Y.-G., Feng Y.-X,, Zhao J.-X., 2014. Plume-lithosphere interaction in the generation of the Tarim Large Igneous
Province, NW China: geochronological and geochemical constraints. American Journal of Science 314 (1), 314-356.
https://doi.org/10.2475/01.2014.09.

Wiebe R.A., 1973. Relations between coexisting basaltic and granitic magmas in a composite dike. American Journal of
Sciences 273 (2), 130-151. https://doi.org/10.2475/ajs.273.2.130.


https://doi.org/10.5800/GT-2017-8-3-0278
https://doi.org/10.1016/j.gsf.2011.03.006
https://doi.org/10.1016/j.rgg.2008.06.001
https://doi.org/10.1016/j.lithos.2006.02.003
https://doi.org/10.1016/j.gr.2018.04.001
https://doi.org/10.1016/j.gr.2018.04.001
https://doi.org/10.1016/j.jseaes.2011.11.015
https://doi.org/10.1016/j.jseaes.2010.08.016
https://doi.org/10.1038/364299a0
https://doi.org/10.1134/S0869591116020065
https://doi.org/10.1134/S0869591116020065
https://doi.org/10.1134/S0869591113020070
https://doi.org/10.1134/S0869591113020070
https://doi.org/10.1016/j.rgg.2008.06.006
https://doi.org/10.1016/j.rgg.2008.06.006
https://doi.org/10.1016/j.rgg.2013.07.016
https://doi.org/10.2475/01.2014.02
https://doi.org/10.2475/01.2014.09
https://doi.org/10.2475/ajs.273.2.130

S.V. Khromykh et al.: A review of Early Permian (300-270 Ma) magmatism in Eastern Kazakhstan...

Windley B.F, Alexeiev D., Xiao W., Kroner A., Badarch G., 2007. Tectonic models for accretion of the Central Asian
Orogenic Belt. Journal of the Geological Society 164 (1), 31-47. https://doi.org/10.1144/0016-76492006-022.

Xiao W.J, Han C.M., Yuan C,, Sun M., Lin S.F,, Chen H.L., Li Z.L., Li ].L., Sun S., 2008. Middle Cambrian to Permian subduc-
tion-related accretionary orogenesis of North Xinjiang, NW China: implications for the tectonic evolution of
Central Asia. Journal of Asian Earth Sciences 32 (2-4), 102-117. https://doi.org/10.1016/j.jseaes.2007.10.008.

Xiao W], Huang B., Han Ch., Sun Sh., Li ., 2010. A review of the western part of the Altaids: A key to understanding the
architecture of accretionary orogens. Gondwana Research 18 (2-3), 253-273. https://doi.org/10.1016/j.gr.2010.

01.007.

Xiao W., Santosh M., 2014. The western Central Asian Orogenic Belt: a window to accretionary orogenesis and conti-
nental growth. Gondwana Research 25, 1429-1444. https://doi.org/10.1016/j.gr.2014.01.008.

Xu Y-G.,, Wei X, Luo Z-Y., Liu H-Q., Cao ., 2014. The Early Permian Tarim Large Igneous Province: Main characteristics
and a plume incubation model. Lithos 204, 20-35. https://doi.org/10.1016/j.lithos.2014.02.015.

Yarmolyuk V.V., Kuzmin M.I, Ernst R.E., 2014. Intraplate geodynamics and magmatism in the evolution of the Central
Asian Orogenic Belt. Journal of Asian Earth Sciences 93, 158-179. https://doi.org/10.1016/j.jseaes.2014.07.004.

Yu X, Yang S.F,, Chen H.L., Chen Z.Q., Li Z.L., Batt G.E., Li Y.Q., 2011. Permian flood basalts from the Tarim Basin, North-
west China: SHRIMP zircon U-Pb dating and geochemical characteristics. Gondwana Research 20 (2-3), 485-497.

https://doi.org/10.1016/j.gr.2010.11.009.

Yu X, Yang S.F, Chen H.L., Li Z.L., Li Y.Q., 2017. Petrogenetic model of the Permian Tarim Large Igneous Province.
Science China Earth Sciences 60 (10), 1805-1816. https://doi.org/10.1007/s11430-016-9098-7.

Zagorsky V.Ye, Vladimirov A.G, Makagon V.M. Kuznetsova L.G., Smirnov S.Z, D’yachkov B.A., Annikova LYu.,
Shokalsky S.P.,, Uvarov A.N., 2014. Large fields of spodumene pegmatites in the settings of rifting and postcollisional
shear-pull-apart dislocations of continental lithosphere. Russian Geology and Geophysics 55 (2), 237-251.

https://doi.org/10.1016/j.rgg.2014.01.008.

Zhang Ch.L., Li ZX, Li XH., Xu Y.G.,, Zhou G., Ye H.M., 2010. A Permian large igneous province in Tarim and Central Asian
orogenic belt, NW China: Results of a ca. 275 Ma mantle plume? Geological Society of America Bulletin 122 (11-12),

2020-2040. https://doi.org/10.1130/B30007.1.

Zhang Ch.L., Zou H.B., Yao Ch.Y,, Dong Y.G., 2014. Origin of Permian gabbroic intrusions in the southern margin of the
Altai Orogenic belt: A possible link to the Permian Tarim mantle plume? Lithos 204, 112-124. https://doi.org/

10.1016/j.lithos.2014.05.019.

INFORMATION ABOUT AUTHORS | CBEJEHHWA Ob ABTOPAX

Sergei V. Khromykh
Candidate of Geology and Mineralogy, Senior Researcher

V.S. Sobolev Institute of Geology and Mineralogy, Siberian Branch of RAS
3 Academician Koptyug ave, Novosibirsk 630090, Russia

Novosibirsk State University
2 Pirogov street, Novosibirsk 630090, Russia

e-mail: serkhrom@mail.ru
https://orcid.org/0000-0001-5951-0660

Pavel D. Kotler
Candidate of Geology and Mineralogy, Junior Researcher

V.S. Sobolev Institute of Geology and Mineralogy, Siberian Branch of RAS
3 Academician Koptyug ave, Novosibirsk 630090, Russia

Novosibirsk State University
2 Pirogov street, Novosibirsk 630090, Russia

e-mail: pkotler@yandex.ru
https://orcid.org/0000-0002-9654-6889

Cepreii BraaumMupoBud XpomMbIx
KaH/,. reoJ.-MUH. HayK, C.H.C.

WHCTUTYT reosioruu U MuHepasoruu uM. B.C. Co6osieBa CO PAH
630090, HoBocu6upck, npocn. Akasemuka Komriora, 3, Poccus

HoBocu6GupcKuii HallMOHAJIBHBIN HCCIEe0BATENbCKUI FOCYAapCTBEHHBIN
YHUBEPCUTET
630090, HoBocu6upck, yJ1. [luporosa, 2, Poccus

IlaBes /iImutpueBud Kotiep
KaH/,. reoJ/1.-MHUH. HayK, M.H.C.

WHCTUTYT reosioruu u MuHepasoruu uM. B.C. Co6osieBa CO PAH
630090, HoBocu6bupck, npocn. Akagemuka KonTiora, 3, Poccus

HoBocuGupcKkri HaMOHAJIBHBIN HCCIe0BATEeNbCKUH FOCYAapCTBEHHBIN
YHHUBEPCHUTET
630090, HoBocu6upck, yJ1. [luporosa, 2, Poccus


https://doi.org/10.1144/0016-76492006-022
https://doi.org/10.1016/j.jseaes.2007.10.008
https://doi.org/10.1016/j.gr.2010.01.007
https://doi.org/10.1016/j.gr.2010.01.007
https://doi.org/10.1016/j.gr.2014.01.008
https://doi.org/10.1016/j.lithos.2014.02.015
https://doi.org/10.1016/j.jseaes.2014.07.004
https://doi.org/10.1016/j.gr.2010.11.009
https://doi.org/10.1007/s11430-016-9098-7
https://doi.org/10.1016/j.rgg.2014.01.008
https://doi.org/10.1130/B30007.1
https://doi.org/10.1016/j.lithos.2014.05.019
https://doi.org/10.1016/j.lithos.2014.05.019
mailto:serkhrom@mail.ru
https://orcid.org/0000-0001-5951-0660
mailto:pkotler@yandex.ru
https://orcid.org/0000-0002-9654-6889

Andrey E. Izokh
Doctor of Geology and Mineralogy, Professor, Head of Laboratory

V.S. Sobolev Institute of Geology and Mineralogy, Siberian Branch of RAS
3 Academician Koptyug ave, Novosibirsk 630090, Russia

Novosibirsk State University
2 Pirogov street, Novosibirsk 630090, Russia

e-mail: izokh@igm.nsc.ru

Nikolai N. Kruk
Doctor of Geology and Mineralogy, Director of the Institute

V.S. Sobolev Institute of Geology and Mineralogy, Siberian Branch of RAS
3 Academician Koptyug ave, Novosibirsk 630090, Russia

e-mail: kruk@igm.nsc.ru

Geodynamics & Tectonophysics 2019 Volume 10 Issue 1 Pages 79-99

Angpein dMuabeBuy U3ox
JIOKT. Te0JI.-MHUH. HayK, Tpodeccop, 3aBeAy0LInii 1abopaTopueit

UHCTUTYT reosioruu U MuHepajoruu uM. B.C. Co6osieBa CO PAH
630090, HoBocu6upck, npocn. Akagemuka Komntiora, 3, Poccus

HoBocuGupcKui HallMOHAIBHBIN HCCIe0BATENbCKUI FOCYAapCTBEHHBIN
YHUBEPCUTET
630090, HoBocu6upck, yJ1. [luporosa, 2, Poccus

Hukounait HukonaeBnuy Kpyk
JIOKT. T€0JI.-MHUH. HayK, JUPEKTOP UHCTUTYTA

HHcTUTYT reosioruu v MuHepasioruu uM. B.C. Co6osieBa CO PAH
630090, HoBocubupck, npocn. Akagemuka Kontiora, 3, Poccus


mailto:izokh@igm.nsc.ru
mailto:kruk@igm.nsc.ru

