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Abstract. This is a synthesis of recent geochemical evidence from Cambrian granitic, gabbro-monzonitic, and few small
gabbro-foidolitic intrusions in the Early Paleozoic Kuznetsk Alatau orogen (western Central Asian Orogenic Belt, Siberia). Their
origin is attributed to late- and post-orogenic regional magmatism which produced different rock types sharing basic similarity in
isotope systematics and trace-element compositions. The eyy(t) values of ~2 to 8.7 in main igneous lithologies record the extent
of interaction between depleted and enriched mantle. Concurrent increase of initial 7Sr/%Sr (0.7039-0.7058) ratios and 8"%0
values (6.5-13 %o) in rocks and minerals, as well as ”’Pb enrichment (*"’Pb/***Pb(t) = 15.5-15.7), indicate crustal contamination
of mantle melts. Trace-element patterns in the rocks correspond to a mixed IAB + OIB source. The alkaline and subalkaline
rocks of the Kuznetsk Alatau area share trace element and isotopic similarity and apparently emplaced almost synchronously late
during a regional-scale tectonic event. The synthesized data show that Cambrian magmatism in the area involved mixed mantle
and continental crust melt components and acted in a complex tectonic setting of the former active margin of the Paleo-Asian
Ocean impacted by a mantle plume.
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FEOXHMHYECKOE CXOACTBO KEMBPUHCKOI'O HIEJOYHOI'O U CYBIIEJIOYHOI'O
MAT'MATU3MA (KY3HELIKUU AJIATAY, CUBUPB): CUHTE3 HOBBIX JTAHHBIX

. L1
Bacnamii Bacuibesnu Bpyo6aesckuii
! Hayuonanvmwiii uccnedosamenvciuii Tomckuti 2ocydapcmeennviti yuugepcumem, Tomck, Poccus, vasvr@yandex.ru

Annoramus. OG00IIEHBI TOCTEAHIE TEOXUMHUIECKHE JaHHBIC 0 KeMOPHIICKAM TPaHUTOUIHBIM, Ta00pO-MOHIIOHHTOBBIM H
rab0po-poiIoNUTOBBIM HWHTpY3WBaM KanemoHua KysHenmkoro Asatay B 3amagHoil dacté  LleHTpanbHO-A3HATCKOTO
oporenmdeckoro mosica (Cubups). X IpOMCXOXKAEHHE CBA3aHO C Pa3BUTHEM IIO3[HE- M MOCTOPOTEHHOTO PErHOHATBHOTO
MarMaTu3Ma, B pe3yiIbTaTe KOTOPOro OOpa3oBallNCh PAa3IHYHBIC M3BEPXKEHHBIC MOPOABI, CXOAHBIEC IO MHUKPOIIEMEHTHOMY H
M30TOITHOMY COCTaBy. 3Ha4eHHS &yny(t) ~ 2—8,7 B TIIaBHBIX HHTPY3HBHBIX Pa3HOBHIHOCTSX OTPAXAIOT CTENEHb B3aNMOJCHCTBIS
MEXTy JeTUICTHPOBAHHOM M 00OraleHHoi MaHTHeH. OHOBPEMEHHOE YBEIHUEHHE TePBHYHBIX OTHOMmeHmH * St/*°Sr (0,7039—
0,7058) u 3mauenmii 30 (6,5-13 %o) B mopomax W MmHepanax, a Takke oboramenne - Pb (*’Pb/*Pb(t) = 15,5-15,7)
YKa3bIBalOT HA KOPOBYIO KOHTaMHMHALIMIO0 MAHTUHHBIX paciuiaBoB. COOTHOLIEHUs PEIKHX PACCESHHBIX JIEMEHTOB B ILIyTOHAX
CoOTBeTCTBYIOT cMmemaHHOoMY IAB + OIB ncrounmky. Illemounsie n cyOmenodnsie mopoasl Kysmenmkoro Anmartay o0mamaror
CXOZICTBOM II0 MHKPOSJIEMEHTaM W H30TOIAaM M, MO-BHAUMOMY, C(HOPMHPOBAIHCH IIOYTH CHHXPOHHO BO BPeMs IIO3JHETO
pernoHanbpHOro TekToreHe3a. CHHTE3 MaHHBIX MOKA3bIBAaeT, YTO KEMOPMICKHN MarMaTH3M IIPOMUCXOMMI IIPH CMEIICHHH B
pacimiaBe KOMIOHEHTOB MAHTHM M KOHTHHEHTAIBHOM KOPBI B CIIOXKHOH TeOJHMHAMHYECKOH OOCTaHOBKE BO3JIEHCTBUS
cybnuTochepHOro ImIroMa Ha paHee cOpMIPOBaHHYIO aKTHBHYIO OKpanHy [laneoa3snaTckoro okeaHa.
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Introduction

Multiple events of alkaline and subalkaline intraplate
magmatism in the geological history of the Central
Asian Orogenic Belt (CAOB) have been attributed to the
action of mantle plumes [Ernst, 2014; Yarmolyuk,
Kuzmin, Ernst, 2014]. Most of Paleozoic intrusions are
located in the western flank of the orogenic belt, in the
regions of Kuznetsk Alatau, Minusa, Altai-Sayan, Lake
Baikal, southeastern Tuva, western Transbaikalia, and
northern Mongolia [Yashina, 1982; Nikiforov, Yarmol-
yuk, 2007; Sklyarov et al., 2009; Yarmolyuk, 2010;
Doroshkevich et al., 2012, 2018; Vrublevskii et al.,
2012, 2014, 2016a, 2016b, 2018a, 2019, 2020 a, 2020b;
Vrublevskii, 2015; Izbrodin et al., 2017; Vrublevskii,
Kruk, 2018; Salnikova et al., 2018; Vorontsov et al.,
2021; Vrublevskii, Gertner, 2021].

The Early Paleozoic (Caledonian) Kuznetsk Alatau
orogen is an island arc terrane within CAOB that formed
along the Paleo-Asian active margin. The collisional and
accretionary processes were associated with closure of
the Paleo-Asian Ocean which, together with the Pro-
topacific ocean, opened as a result of the plume-induced
break-up of the Neoproterozoic Rodinia supercontinent
about 900-800 Ma ago [Sengdr, Natal'in, Burtman,
1993; Khain, 2003; Dobretsov, Buslov, Vernikovsky,
2003; Windley et al., 2007; Li et al., 2008; Kheraskova
et al., 2010; Wilhelm, Windley, 2015; Wan et al., 2018].

The regional-scale event of late- and post-orogenic
magmatism, which spanned an interval from ~510 to
490 Ma, produced granitic, gabbro-monzonitic, and
mafic alkaline rocks with the respective U-Pb, Sm-Nd,
and Rb-Sr ages. It is important to identify the mantle
sources of parent melts that produced the diverse subal-
kaline and alkaline plutonic rocks of the Kuznetsk
Alatau terrane [Vrublevskii et al., 2014, 2015, 2016a,
2016b, 2018a].

The aim of this paper is to bring together previously
published [ Vrublevskii et al., 2016a, 2018a; Vrublevskii,
Gertner, 2021] but dispersed geochemical results for
specific intrusions within the Kuznetsk Alatau terrane,
which are nearly coeval but compositionally different.
The synthesized trace-element and isotopic data from
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the Cambrian igneous rocks of the area reveal several
components in parent magmas that represent an active
margin setting and an effect of a mantle plume. The ge-
ochemical and geochronological proximity of different
igneous lithologies suggests similarity of their magma
sources and almost synchronous emplacement in the
conditions of a possible plume impact on the lithospher-
ic complexes of a former island arc. The model of re-
gional-scale Cambrian magmatism is new for the Kuz-
netsk Alatau area. The chronology and evolution trends
of the Cambrian magmatism have implications for ex-
change and/or recycling of material at convergent plate
boundaries.

Geological background

The Kuznetsk Alatau accretionary-collisional terrane
borders the Minusa and Kuznetsk rift basins in the west
and east, respectively (Fig. 1), and has a complex tecton-
ic framework. It comprises abundant Early Paleozoic
oceanic and island arc complexes with fragments of the
Precambrian basement and small superimposed Devoni-
an graben-like basins [Kungurtsev et al., 2001], as well
as deformed Neoproterozoic-Cambrian volcanics and
clastic-carbonate sediments, Middle Paleozoic subconti-
nental volcano-sedimentary deposits, Late Precambrian
ophiolites, and Cambrian plutons. Less abundant Devo-
nian and Permian intrusions appear most often as small
mafic alkaline stocks and dikes [Vrublevskii, Gertner,
2021]. The general tectonic style of the Kuznetsk Alatau
terrane, like the whole Central Asian Orogenic Belt,
records the history of its collisions with other terranes
during the Paleo-Asian Ocean closure [Dobretsov,
Buslov, Vernikovsky, 2003; Yarmolyuk et al., 2003].

The Cambrian plutons of different compositions dis-
cussed in this paper are located in the northern (Mariinsk
segment) and eastern (Batenev segment) slopes of the
Kuznetsk Alatau Range, where they intrude metamor-
phosed volcanic and carbonate sediments (Fig. 1 b, 2).

Mafic alkaline magmatism occurs as the Upper Petro-
pavlovka and University small (~0.8-3 km’) gabbro-
foidolite intrusions cut by foyaite and few calcite carbon-
atite dikes and veins in the Mariinsk segment.
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Fig. 1. (a) Location map of the Kuznetsk Alatau area in the Central Asian Orogenic Belt, simplified after
[Sengor, Natal'in, Burtman et al., 1993; Jahn, Wu, Chen, 2000]; (b) tectonic framework of the Kuznetsk Alatau
terrane and clusters of Cambrian magmatism, after [Vrublevskii et al., 2016a; Vrublevskii et al., 2018a;
Vrublevskii, Gertner, 2021]

Puc. 1. (a) Cxema pazmemenns Ky3nenkoro Anaray B IleHTpaJbHO-A3HAaTCKOM 0POreHMYECKOM Mosce,
no [Sengor, Natal'in, Burtman et al., 1993; Jahn, Wu, Chen, 2000]; (b) TekToHHYecKasi cxema TeppeiiHa
Ky3nenkoro Anaray u nposiBjieHHil kemOpuiickoro marmaTusma, o [Vrublevskii et al., 2016a; Vrublevskii et al.,
2018a; Vrublevskii, Gertner, 2021]

The foidolite and carbonatite rocks have Sm-Nd
isochron ages of ~510-500 Ma [Vrublevskii, 2015;
Mustafaev et al., 2020]. Gabbro-monzonite plutons of
similar ages (~490-505 Ma, U-Pb) cluster among Early
Paleozoic granitoids of the Batenev segment. The
structural and compositional frameworks of large (~40
to 200 km®) plutons correspond to a two-phase history
[Dovgal’, Shirokikh, 1980; Vrublevskii et al., 2018a].
The Cambrian (~490-510 Ma, U-Pb) plutons reaching
sizes of 60-70 to 500 km” consist mainly of granodio-
rite-tonalite and later granites [Vrublevskii et al,
2016a]. Coeval granitoids in the Mariinsk segment
form up to 300-500 km” batholiths composed of dio-
rite-tonalite, plagiogranite, and granite, as well as
quartz syenite and granosyenite [Rudnev, 2013].

Compositions of main igneous lithologies

Various aspects of chemistry and isotope systematics
of the Kuznetsk Alatau igneous rocks were detailed in
numerous earlier publications [Rudnev, 2013;
Vrublevskii, 2015; Vrublevskii et al., 2016a, 2018a;
Mustafaev et al.,, 2020; Vrublevskii, Gertner, 2021].

Main features of different rock types are summarized as
selected analyses in Tables 1 and 2 and illustrated by
trace-element and Nd and Sr isotope patterns in Figures
3 and 4.

Major- and trace-element chemistry.

The Kuznetsk Alatau gabbro-foidolite intrusions typ-
ically have low silica (~44-53 wt. % SiO,), high calci-
um (to ~10-15 wt. % CaO), and elevated aluminum (to
1822 wt. % ALOs;) and alkali (to 9-12 wt. %
(Na,O + K,0), Na,O/K,0 = 2-7) contents. Compared to
gabbro, the later foyaite and foidolite have lower MgO#
(0.5-0.1) and compatible elements (529—4 ppm Cr, 112—
3 ppm Ni, 200-8 ppm V, 48-2 ppm Co), but higher
LILE and HFSE reaching ~10 to 90 ppm Rb, ~2000 ppm
Ba, 540 to 1180 ppm Sr, 0.4 to 7 ppm Th, 0.3 to 5.4 ppm
U, 46 to 240 ppm REE, ~100 to 280 ppm Zr, and ~10 to
50 ppm Nb). The patterns of REE (La/Yby = 6-11;
Eu/Eu* =~ 1) and other trace elements in these intrusions
look like those of average ocean island basalts (OIB) but
bear additional island-arc basalt (IAB) signatures. The
IAB contribution appears in multi-element spectra with
distinct Nb-Ta and Zr-Hf depletion.
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The gabbro-monzonitic intrusions of the area
contain moderate amounts of alkalis (~3-10 wt. %
Na,O + K,0) and show large ranges of silica (~43 to
65 wt. % SiO,) and alumina (~15-20 wt. % Al,O3),
while Fe# is about 0.5. Some of the rocks have
relatively high K,O contents of ~5-6 wt. % (K,O/Na,O
from 0.2-0.7 to 0.5-1.5), along with quite low TiO,
(~2.2 to 0.5 wt. %). The concentrations of compatible
elements decrease markedly in the series from gabbro
to monzodiorite and monzonite: 436 to 12 ppm Cr, 182
to 9 ppm Ni, 574 to 32 ppm V, and 56 to 5 ppm Co,

[ | Middle Devonian-Early Garboniferous carbonate and clastic sediments
E Volcanic rocks and clastics of Early Devonian grabens

- Ordovician-Early Devonian volcanosedimentary deposits

|:| Early and Middle Cambrian volcanic rocks and carbonate deposits
|:| MNeoproterozoic and Cambrian schists, volcanic and carbonate deposits
- MNeoproterozoic ophiolites

[:l Early Devonian granites

[ ] Early Paleozoic gabbro-syenite intrusions
Cambrian-Ordovician granitoids
- Cambrian gabbro-monzonite

whereas LILE and HFSE become times higher: ~3 to
134 ppm Rb, ~100 to 2900 ppm Ba, ~0.2 to 31 ppm
Th, ~0.4 to 37 ppm Nb, and ~60 to 336 ppm REE
(EwEu* = 0.7-1.3); Sr reaches ~1400 to 2500 ppm.
The REE (La/Yby = 7-30) and other trace-element
patterns in gabbro are similar to the average IAB
composition, with typical minimums in Nb-Ta and Zr-
Hf. The LILE and HFSE concentrations in more
strongly fractionated (La/Yby = 14-34) monzonites
approach or even exceed the OIB average but the
general shapes of the spectra remain as in [AB.

/ Faults

Fig. 2. (a) Location map of gabbro-foidolite plutons (not to scale) and (b) granitoids in the Mariinsk segment, after
[Rudnev, 2013; VrublevskKii et al., 2014; Vrublevskii, Gertner, 2021]
Gabbro-foidolite intrusions: UP = Upper Petropavlovka, Un = University; (b) Geological framework of gabbro-monzonitic and granitic
intrusions in the Batenev segment, after [Dovgal’, Shirokikh, 1980; Vrublevskii et al., 2016a, 2018a]. Gabbro-monzonite intrusions:
Kg = Kogtakh, Bl = Balakhcha, Ksh = Kashpar, Ks = Kiskach, Cht = Chas-Taiga, Pt = Pistag, Kt = Karatag

@ Ccambrian gabbro-foidolite @ Devonian gabbro-foidolite

Puc. 2. (a) Jlokanuzanus radopo-¢ oii0iMTOBBIX ILTYyTOHOB (BHe MaciTada) u (b) rpaHuTON10B
B MapuunckoMm cerMeHnTe, o [Vrublevskii et al., 2014; Vrublevskii, Gertner, 2021; Rudnev, 2013]
I'a66po-doiinonurossre uaTpy3uBsl: UP = Bepxnenerponasnosckuif, Un = Yrusepcurerckuif; (b) I'eomornueckas kapra rab6po-
MOHIIOHHTOBBIX U TPAHUTHBIX MHTPY3UBOB B bareHeBckoMm cermente, mo [Dovgal’, Shirokikh, 1980; Vrublevskii et al., 2016a, 2018a].
I'a66po-monmonuToBbie nHTPY3uBbl: Kg = Korraxckwuii, Bl = Banaxunuckuii, Ksh = Kammapckwuii, Ks = Kuckauunckwuii, Cht = Yacraii-
ruackuit, Pt = [Mucrarckuii, Kt = Kapararckuit

30



Vrublevskii V.V. Geochemical similarity of Cambrian alkaline

Table 1
Selected analyses of the Kuznetsk Alatau Cambrian granitic, gabbro-monzonitic, and gabbro-foidolitic rocks

Tabnuma 1
Bri0opka aHAIH30B KeMOPHiiCKHX I'PAHUTON/I0B, ra00PO-MOHLIOHUTOB U raddpo-goiinontos Ky3Henkoro Anaray

Intrusion Gabbro-foidolite Gabbro-monzonite Granitoids
Rock type SG AG I SG MD M Tn Tn GD S GS Gr
SiO,, wt, % 44,98 46,46 44,38 44,77 53,47 58,90 64,04 65,72 67,85 63,14 68,60 70,76
TiO, 0,95 1,27 0,91 1,57 0,89 1,01 0,43 0,41 0,32 0,60 0,32 0,17
AlL,O; 15,11 14,71 18,57 14,31 18,89 17,59 16,28 15,09 15,26 17,26 16,65 15,54
Fe,0; 11,20 11,34 10,68 14,83 7,83 6,51 5,00 5,82 3,84 3,69 2,88 2,03
MnO - - 0,22 0,14 0,12 0,10 0,12 0,10 0,11 0,08 0,06 0,08
MgO 8,93 6,92 2,34 8,12 4,42 3,41 4,12 2,33 1,33 0,51 0,81 0,76
CaO 14,63 10,53 11,42 12,52 7,44 4,67 3,01 4,24 2,46 3,15 2,55 1,35
Na,O 2,96 4,23 7,22 2,25 4,55 4,06 4,53 1,65 5,07 7,42 4,19 5,55
K,O 0,95 2,43 2,44 0,96 1,96 2,58 1,94 1,64 2,25 3,38 3,20 3,35
P,05 0,09 0,50 0,69 0,21 0,53 0,33 0,07 0,09 0,05 0,22 0,05 0,06
LOI 1,13 1,26 1,18 0,41 0,13 0,30 0,43 1,82 0,71 0,24 0,12 0,17
Total 100,93 | 99,65 | 100,05 | 100,09 | 100,23 | 99,46 99,98 98,91 99,25 99,70 99,43 99,82
Cr, ppm 224 56 28 57 49 35 96 - 51 38 - 40
Ni 56 7 22 86 16 15 32 - 16 7 - 8
A% 155 12 81 274 159 125 - - - - - -
Co 49 12 21 56 26 17 15 - 10 4 - 5
Sc 24 0,9 5,8 53 19 12 11 - 6 1,6 - 2,4
Pb - - 5,4 - 13 11 7 - 9 11 - 14
Cs 0,8 1 0,5 0,6 0,7 1,6 0,9 - 0,4 0,2 - 0,8
Rb 24 42 34 13 69 83 51 44 62 94 64 85
Ba 303 726 1802 231 1105 1076 658 531 1024 1110 1030 785
Sr 538 893 869 720 1407 1336 648 401 809 979 442 745
Nb 9 42 12 4,6 19 21 11 2,4 19 16 14 22
Ta 0,6 2,5 0,7 0,24 1,1 1,5 0,8 0,4 1,4 1 1,3 1,7
Zr 124 279 144 71 157 368 23 23 47 76 209 42
Hf 2,7 4 2,6 1,9 2,6 4,7 0,8 1,2 1,6 2,2 6,5 1,4
Y 22 45 27 15 31 18 10 19 15 11 10 11
Th 2,7 7 3 1,7 6,7 8,9 2,7 2,2 7,5 42 4.9 5
U 1,9 5,5 2 0,53 1,5 1,8 1,2 0,8 1,3 0,8 2,6 1,8
La 21 49 32 13 52 49 22 11 47 31 31 35
Ce 45 101 63 29 115 125 43 23 84 60 52 63
Pr 5,2 9,1 7,3 4,4 13 14 5 2,2 8,3 6 6,2 6,4
Nd 21 44 28 20 45 55 19 10 30 20 20 24
Sm 4,6 8,5 5,3 3,9 7,4 9,8 3,3 2,2 4,7 3,1 2,9 3,7
Eu 1,3 2,6 1,8 1,2 2,4 2,3 1 0,72 1,2 0,75 1 0,87
Gd 4,4 8,1 4.8 3,6 6,6 9,1 32 2,3 4,5 2,4 2,2 3,4
Tb 0,7 1,3 0,7 0,51 0,8 1,2 0,45 0,4 0,63 0,37 0,36 0,5
Dy 43 8,2 42 2,9 3,8 6,4 2,1 2,6 3 1,7 2 2,3
Ho 0,9 1,8 0,9 0,57 0,77 1,3 0,4 0,6 0,57 0,35 0,4 0,43
Er 2,4 5,1 2,5 1,5 2,1 3,4 1,1 1,9 1,6 0,98 1,1 1,2
Tm 0,4 0,8 0,4 0,2 0,3 0,53 0,15 0,35 0,22 0,15 0,21 0,17
Yb 2,2 4.8 2,6 1,3 1,8 2,3 1 2,1 1,6 1 1,4 1,1
Lu 0,3 0,7 0,4 0,18 0,27 0,35 0,15 0,29 0,24 0,16 0,18 0,17
>REE 114 245 155 82 251 280 102 59 188 128 121 142
LREE/HREE 6,3 7 8,3 6,8 14,5 10,2 10,7 5 13,7 16,1 14,3 14,7

Note. SG = subalkaline gabbro, AG = alkaline gabbro, I = feldspar ijolite, MD = monzodiorite, M = monzonite, Tn = tonalite, GD =
granodiorite, S = quartz syenite, GS = granosyenite, Gr = subalkaline granite. (—) is not detected. Major and trace elements and REE in
rocks were analyzed by XRF and ICP-MS, respectively, under standard operating conditions. Data after [Rudnev, 2013; Vrublevskii,
2015; Vrublevskii et al., 2016a, 2018a; Mustafaev et al., 2020].

Ipumeuanusa. SG = cydomenognoe rabopo, AG = mienounoe rabopo, I = monepommaroBsiii uitonur, MD = MoHnoaunopur, M =
MoOHIOHHT, Tn = ToHamut, GD = rpanoanoput, S = kBapuesslii cuenut, GS = rpanocuenut, Gr = CyOIEeI09HOI TPaHUT. (—) He 0OHa-
pyxeno. [leTporeHnsie, pekue U peIKOo3eMeNbHBIC JIEMEHTHI B TIopoAax aHanmusupoBanuck Meronamu XRF u ICP-MS coorBeTcTBeH-
HO, B CTaHIapTHEIX ycnoBusx. Jlanueie mo [Rudnev, 2013; Vrublevskii, 2015; Vrublevskii et al., 2016a, 2018a; Mustafaev et al., 2020].
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Fig. 3. Chemical classification and compositions of the Kuznetsk Alatau Cambrian igneous rocks
a — R1-R2 diagram [De la Roche et al., 1980]; b—d — Primitive mantle-normalized [Sun, McDonough, 1989] multi-element spectra. All
diagrams include selected analyses (Table 1) and published data from [Rudnev, 2013; Vrublevskii, 2015; Vrublevskii et al., 2016a,
2018a; Mustafaev et al., 2020; Vrublevskii, Gertner, 2021]. Average ocean island basalt (OIB) and island-arc basalt (IAB) compositions
are after [Sun, McDonough, 1989; Kelemen, Hanghej, Greene, 2003], respectively

Puc. 3. Xumunyeckas KjaccupmKanusi ¥ cocTaB KeMOpHiicknx n3Bep:keHHbIX nopoa Ky3nenkoro Asnaray
a — muarpamma R;—R; [De la Roche et al., 1980]; b—d — MynbTHI/I€eMEHTHBIC CIIEKTPHI (HOPMaIU3anyst 10 COCTaBy MPUMHUTHUBHON MaH-
tuu [Sun, McDonough, 1989]). Ha nmuarpammax HaneceHsl Tabmuunble (Tabn. 1) m smreparypHble mansle mo [Rudnev, 2013;
Vrublevskii, 2015; Vrublevskii et al., 2016a, 2018a; Mustafaev et al., 2020; Vrublevskii, Gertner, 2021]. Cpemare cocTaBbl 6a3aabTOB
OKEaHCKHX ocTpoBoB (ocean island basalt = OIB) u octpoBHBIX ayr (island-arc basalt = IAB) mo [Sun, McDonough, 1989; Kelemen,

Hanghgj, Greene, 2003] coOTBETCTBEHHO

Most of the Kuznetsk Alatau granitoids are subalka-
line, alkaline or less often peralkaline varieties (~58—
76 wt. % SiO,; ~3—13 wt. % (NayO + K,0); K,0/Na,O
~0.2—-1.7) with a relatively low Al saturation index (ASI
<1.1; suprasubduction granitoids) and Fe# <0.8. The
REE concentrations are quite low (~50-230 ppm;
La/Yby ~ from 3-8 to 15-37) while the HFSE distribu-
tion corresponds to the average IAB composition with
Nb-Ta and Zr-Hf minimums. Some granitoids show
above-OIB enrichment in several trace elements that
reach ~140 ppm Rb, ~1110 ppm Ba, ~1100 ppm Sr,
~8 ppm U, and ~40 ppm Th.

Isotope systematics (Nd-Sr-Pb-0).

The gabbro-foidolite intrusions of the area show no-
table variations of initial Nd and Sr isotope ratios,
NA/MNA(L) = 0.512245-0.512438 (ena(t) ~5-8.7) and
S1/*Sr(t) = 0.7041-0.7058, as well as the ~7—13 %o
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SISOV_SMOW values and the 2’Pb  enrichment
CPb/APb(t) 15.53-15.71, 2Pb/**Pb(t) 17.92-20.65)
in rocks and minerals [Vrublevskii, Gertner, 2021].

The gabbro-monzonitic plutons have less radiogenic
Nd and Sr isotope compositions (‘*Nd/'**Nd(t) =
0.512174-0.512273; exa(t) ~3.5-5.4; *'Sr/*°Sr(t) =
0.7039-0.7052). Their Nd isotope heterogeneity is more
prominent than in the gabbro-foidolite rocks. On the
other hand, the *’Sr/*°Sr and §"Oy.gmow (6.5-8.8 %o)
values are concordantly high [Vrublevskii et al., 2018a].
The granitoids of the area share isotopic similarity with
the gabbro-monzonitic  rocks: NA/MNA) =
0.512098-0.512346; exa(t) ~2—4.8; ¥'Sr/*Sr(t) ~0.7047—
0.7052 [Rudnev, 2013; Vrublevskii et al., 2016a]. The
isotopic heterogeneity of the igneous rock associations
may record participation of different magma sources in
the parent melts.
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Table 2
Sr-Nd isotopic composition of the Kuznetsk Alatau Cambrian granitic, gabbro-monzonitic, and gabbro-foidolitic rocks

Tabnuma 2
Sr-Nd u30TonHbli cocTaB KeMOPHICKHX IPAHUTON/I0B, Fra00pO-MOHLIOHUTOB M ra6opo-goiinonntos Ky3nenxoro Anaray

Rock Rock- Sm, Nd, N/ N/ Rb, Sr, 871/ RSV
series type ppm ppm INd INd(Y) ena(t) ppm | ppm 86Sr 56Sr(t)
SG 342 15,3 0.512808 | 0,512365 725 19 583 0,70620 | 0,70553
“ 1,77 7,46 0,512907 | 0,512438 8,67 14 745 0,70520 | 0,70483
“ 2,74 9,43 0,512937 | 0,512362 7,19 8,6 709 0,70452 | 0,70414
Egiﬁggﬁ; AG 5,98 31,38 | 0,512766 | 0,512389 7,71 44 964 0,70649 | 0,70557
NS 9,45 50,77 | 0,512727 | 0,512432 6,03 | 207 539 0,71266 | 0,70495
I 5,18 27,5 0,512618 | 0,512245 4,90 19 1365 | 0,70566 | 0,70538
C 2,97 11,9 0,512740 | 0,512247 4,94 3 1000 | 0,70590 | 0,70584
SG 784 | 3690 | 0,512627 | 0512206 414 | 724 | 1626 | 0,70414 | 0,70405
« 4,91 26,67 | 0512538 | 0,512174 352 | 512 | 961 0,70576 | 0,70469
« 9,15 | 41,78 | 0,512661 0,512227 4,55 9,7 1164 | 0,70539 | 0,70522
Gabbro. MD 788 | 46,93 | 0,512511 0,512179 361 | 723 | 1278 | 070551 | 0,70437
omonir « 6,21 38,78 | 0512513 | 0,512196 395 | 451 | 1179 | 0,70561 | 0,70484
« 10,79 | 63,43 | 0512538 | 0,512201 4,04 | 52,5 | 2180 | 0,70450 | 0,70402
M 627 | 36,04 | 0,512586 | 0,512241 482 | 673 | 733 0,70704 | 0,70519
“ 313 | 21,02 | 0,512568 | 0,512273 545 | 62,8 | 1092 | 0,70587 | 0,70472
« 6,08 | 4036 | 0,512494 | 0,512196 395 | 41,3 | 3073 | 0,70413 | 0,70386
GD 4,09 24,5 0512563 | 0,512226 483 | 42,4 | 886 0,70576 | 0,70478
Granitic S 3,88 24,9 0,512543 | 0,512240 459 | 44,6 | 1118 | 0,70557 | 0,70478
Gr 3,65 22,9 0,512429 | 0,512121 226 | 732 | 804 0,70693 | 0,70514

Note. NS = nepheline syenite, C = carbonatite. Isotopic data after [Vrublevskii et al., 2016a, 2018a; Mustafaev et al., 2020;
Vrublevskii, Gertner, 2021]. The isotope analyses were carried out using the standard techniques and instruments.

ITpumeuanus. NS = nepenunosiii cuennt, C = kapoonatut. lanneie no [Vrublevskii et al., 2016a, 2018a; Mustafaev et al., 2020;
Vrublevskii, Gertner, 2021]. M30TonHbIe aHATN3BI TPOBOAMINCE C HCIOIB30BAaHUEM CTAHIAPTHBIX METOMUK X 000PY/IOBaHHSI.
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Fig. 4. enq(t) vs. ¥Sr/*Sr(t) plot for the Kuznetsk Alatau Cambrian igneous rocks
Average basalt compositions are after [Yarmolyuk, Kovalenko, 2003] for the Altai-Sayan fold area (NA = North Asian plume) and
[Lightfoot et al., 1993] for the Siberian Trap Province (S = Siberian plume). Mantle array, DMM (depleted MORB mantle), PREMA
(prevalent mantle), EM 1 (enriched mantle 1) and EM 2 (enriched mantle 2) mantle reservoirs are according to [Zindler, Hart, 1986;
Salters, Stracke, 2004]

Puc. 4. lnarpamma exq(t)-" Sr/**Sr(t) ans kem6puiicknx m3BepseHnbIx nopox Kysnenkoro Asnaray
NA (North Asian plume) = cpemumii cocraB 6a3ansToB Anrtae-CasHCKOH ckiaguaToi obmactu, no [Yarmolyuk, Kovalenko, 2003]
S (Siberian plume) = cpemuuii cocras 6a3ansToB CHOUpCKoi TpanmoBoi nmposuHuH, 10 [Lightfoot et al., 1993]. Manruifnast mocieno-
BaTtenbHOCTH (Mantle array), pesepByapst DMM (depleted MORB mantle), PREMA (prevalent mantle), EM 1 (enriched mantle 1) and
EM 2 (enriched mantle 2) manTun, mo [Zindler, Hart, 1986; Salters, Stracke, 2004]
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Discussion

Major-element chemistry of Cambrian intrusions and
its implications.

The discussed plutonic complexes differ markedly in
petrography and major-element chemistry. The low-
silica (~43-47 wt. % SiO;) rocks have mainly sodic al-
kalinity (~ 0.9-6.5 wt. % Na,O + K,0, Na,O/K,0 > 1),
which is common to rift-related mantle alkaline magma-
tism. The higher-SiO, (~58-76 wt. %) varieties, includ-
ing granitoids and most of monzonites, have higher total
alkalis (~10-13 wt. % Na,O+K,0) and variable
K,0/Na,O ratios from ~0.2 to 1.7. The K,O contents in
some monzonite samples are relatively high (~5-6 wt. %
and K,0O/Na,O up to ~1.5) and, along with low TiO, (~
0.3-2.2 wt. %), may represent continental-margin mate-
rial at the source. The Al,Os contents of ~12—-18 wt. %
and relatively low ASI values (<1.1) in most of the gran-
itoids correspond to /-type granite compositions incon-
sistent with purely collisional environments. Thus, the
observed whole-rock chemistry features provide implicit
evidence for a complex tectonic setting of magmatism.

Sources of Cambrian plutonic magmatism in the
Kuznetsk Alatau orogen

The Cambrian (~510-490 Ma) gabbro-foidolitic, gab-
bro-monzonitic, and granitic intrusions in the Kuznetsk
Alatau orogen emplaced synchronously with magmatic
events in the Western CAOB Early Paleozoic large igne-
ous province (LIP) [Izokh et al., 2008; Vrublevskii et al.,
2012; Yarmolyuk, Kuzmin, Ernst, 2014]. The Nd isotope
composition of rocks reveals a mantle contribution to the
parent magma generation. The large exq(t) range from 8.7
to 2 may result from mixing and homogenization of the
depleted (PREMA-like) and enriched (EM-like) litho-
spheric mantle components.

The gabbro-foidolite rocks are derived from the most
depleted mantle, while the share of the EM component is
greater in the gabbro-monzonitic and granitic rocks (Fig.
4). Isotopic heterogeneity of this kind in roughly coeval
igneous complexes is possible within even a small field of
magmatism [Bell, Tilton, 2001]. A similar ey¢(t) range of
~1 to 7 is common to Cambrian alkaline plutons else-
where in the LIP (Russian Altai, SE Tuva, Western
Transbaikalia), which have a proven mantle origin
[Doroshkevich et al., 2012; Vrublevskii et al., 2012,
2020a]. These Kuznetsk Alatau intrusions, as well as oth-
er occurrences of Early Paleozoic magmatism in the Al-
tai-Sayan region, may result from the activity of the North
Asian PREMA superplume [Yarmolyuk, Kovalenko,
2003; Kuzmin, Yarmolyuk, Kravchinsky, 2010].

On the other hand, the concurrently increasing
¥S1/*Sr(t) = 0.7039-0.7058 (Fig. 4) and 5" Osyow ~ to
6.5-13 %o values in the Kuznetsk Alatau igneous rocks
may result from crustal contamination of the parental
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melts. The interaction of the melts with continental crust is
further supported by enrichment in radiogenic lead, with the
initial *’Pb/”***Pb 15.71 and **Pb/***Pb 20.65 ratios typical
of those in orogenic areas [Vrublevskii, Gertner, 2021].
Note that many Paleozoic-Mesozoic volcano-plutonic com-
plexes in the Western CAOB share signatures of additional
upper crustal ¥’Sr and 'O inputs [Pokrovskii et al., 1998;
Nikiforov et al., 2002; Vrublevskii et al., 2003, 2005, 2012,
2015, 2016a, 2016b, 2018a, 2018b, 2019, 2020a, 2020b;
Doroshkevich et al., 2012, 2018; Baatar et al.,, 2013;
Krupchatnikov, Vrublevskii, Kruk, 2018; Vrublevskii,
Gertner, Chugaev, 2018; Vrublevskii, Gertner, 2021].

Post-accretion continental margin magmatism under
a plume impact.

Despite the enrichment in some LILEs and HFSEs
till the OIB level, the trace-element patterns of gabbro-
foidolitic, gabbro-monzonitic, and granitic rocks gener-
ally show IAB affinity (Fig. 3 b—d). Therefore, magma
generation involved mixed OIB-like (within-plate
plume) and IAB-like (subduction) components. This
mixing is consistent with the idea that the Kuznetsk
Alatau accretionary orogen evolved on the former active
margin of the Paleo-Asian Ocean [Kungurtsev et al.,
2001; Dobretsov, Buslov, Vernikovsky, 2003], which
was exposed to the impact of a plume.

Different contributions of the IAB and OIB components
to the melts show up in LILE and HFSE variations observed
in the analyzed samples, with Th, Ta, Nb, Yb, and Y ranges
corresponding to OIB/E-MORB-type sources of enriched
mantle (Fig. 5 a-b, ). At the same time, island arc material
includes continental crust components, which may be partly
responsible for the degree of Nb depletion and its correla-
tion with Zr, as well as for the U, Ba, Rb, and Sr enrichment
of the Kuznetsk Alatau igneous rocks (Fig. 3, 5 c—e). Alt-
hough the eNd(t) values are mostly in the ~3—6 range typi-
cal of rocks derived from moderately depleted mantle, the
Ce/Pb, Ce/Nb, and Th/ND ratios vary markedly (Fig. 4, 6),
possibly, because the mantle melts were more or less
strongly contaminated with island arc material.

Thus, the trace-element patterns of the Kuznetsk Alatau
gabbro-foidolitic, gabbro-monzonitic, and granitic rocks
record the source heterogeneity, as well as a complex
tectonic setting of their emplacement. The geochemical
similarity of the Cambrian intrusions in the Kuznetsk
Alatau orogen may be due to Early Paleozoic activity of
the PREMA/OIB-superplume [Yarmolyuk, Kovalenko,
2003], which impinged on the lithosphere beneath the
former active margin of the Paleo-Asian Ocean.

The eng(t) behavior records variations of depleted
and enriched material in the parent mantle domain and is
concordant with the general isotopic evolution trend of
magma sources from the Early Paleozoic (North Asian
plume) through earliest Mesozoic (Siberian plume) time
(Fig. 4).
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Fig. 5. Trace-element contents and their ratios in the Kuznetsk Alatau Cambrian igneous rocks
a — Th/Yb-Ta/Yb diagram [Gorton, Schandl, 2000]: OIA = oceanic island arc, ACM = active continental margin, WPVZ = within-plate
volcanic zone, E-MORB = enriched mid—ocean ridge basalt; WPB = within-plate basalt; b — ThN-NbN diagram [Saccani, 2015]: AB =
alkaline basalt, BABB = back-arc basin basalt; N-MORB-normalized [Sun, McDonough, 1989] Th and Nb; ¢ — Ba/Nb—La/Nb diagram
[Bi et al., 2015]; d — Rb—(Y + Nb) diagram [Pearce, Harris, Tindle, 1984]: syn-COLG = syncollisional granite, VAG = volcanic arc
granite; WPG = within plate granite; e — (Nb/Zr)N-Zr diagram [Thi¢blemont, 1999]: BSE-normalized [Hofmann, 1988] Nb/Zr; f—
Yb/Ta—Y/Nb diagram [Eby, 1990]. Diagrams in panels d and e include only granitic and monzonitic compositions

Puc. 5. CooTHOIIEHHSI MUKPO3JIEMEHTOB B KeMOpHiicKIX N3Bep:KeHHBIX nopoaax Ky3nenkoro Ajnaray

a — muarpamma Th/Yb-Ta/Yb [Gorton, Schandl, 2000]: OIA = okeanckas octpoBHas ayra (oceanic island arc), ACM = akTuBHast KOH-
THHEHTaNbHas OokpamHa (active continental margin), WPVZ = BHyTpuruuTHas BynkaHumdeckast 3oHa (within-plate volcanic zone),
E-MORB = oborarieHHbIi 6a3aibT cpeJHHO-OKeaHnIeckoro xpedra (enriched mid—ocean ridge basalt); WPB = BHyrpummtHsIi 6a-
3aneT (within-plate basalt); b — muarpamma Thy—Nby [Saccani, 2015]: AB = menounoit 6a3anst (alkaline basalt), BABB = 6a3ansT
3amgyroBoro Oacceiina (back-arc basin basalt); conepskanme Th u Nb mopmammzoBano mo N-MORB [Sun, McDonough, 1989]; ¢ —
nmuarpamma Ba/Nb—La/Nb [Bi et al., 2015]; d — nuarpamma Rb—(Y + Nb) [Pearce, Harris, Tindle, 1984]: syn-COLG = cHHKOUIN3HOH-
HBI TpaHuT (syncollisional granite), VAG = octpoBoxyxHsIii rpanut (volcanic arc granite); WPG = BHyTpuIuuTHBIH rpanut (within
plate granite); e — muarpamma (Nb/Zr)y—Zr [Thieblemont, 1999]: 3nauenus Nb/Zr mnopmanmnzosansl mo BSE (Bulk Silicate Earth) [Hof-
mann, 1988]; f — nuarpamma Yb/Ta—Y/Nb [Eby, 1990]. Ha nanensx «d» n «e» HaHECEHBI COCTABHI TOJIKO TPAaHUTOB ¥ MOHI[OHUTOB
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Compositions of primitive (PM) and depleted (DMM) mantle, E-MORB, OIB, PREMA, BSE (bulk silicate Earth), and UC (upper crust)
are after [Zindler, Hart, 1986; Sun, McDonough, 1989; Rudnick, Gao, 2003; Salters, Stracke, 2004]

Puc. 6. Tuarpammbl Ce/Nb—Th/Nb (a) u gxg(t)-Ce/Pb (b) s kem0OpuiicKkux n3BepKeHHBIX MOPO
Ky3nenkoro Anaray
Cocrassl npumuruBHOH (PM) u nemmerupoBannoii (DMM) mantim, E-MORB, OIB, PREMA, BSE u UC (upper crust = BepxHsIs KO-
pa), o [Zindler, Hart, 1986; Sun, McDonough, 1989; Rudnick, Gao, 2003; Salters, Stracke, 2004]

Meanwhile, some trace-element and isotopic dissimilar-
ity of the rocks may result from their emplacement among
compositionally and structurally heterogeneous accretion-
ary-collisional complexes. Signatures of such plume-
lithosphere interaction were reported from different areas
of the Paleo-Asian active margins [Dobretsov, 2011;
Vrublevskii et al., 2012, 2016a, 2018a; Gordienko, Metel-
kin, 2016; Gordienko, 2019; Vrublevskii, Gertner, 2021].

The subcontinental lithospheric mantle (SCLM) ap-
parently played a subordinate role in the process, as a
mantle wedge effect. Any significant involvement of
SCLM components was hardly possible, given the island
arc origin of the Kuznetsk Alatau terrane and the Nd
isotope composition of the analyzed rocks correspond-
ing to moderately depleted mantle.

Conclusion

Cambrian magmatism in the Kuznetsk Alatau oro-
gen produced granitic, gabbro-monzonitic, and gabbro-

foidolitic intrusions within the ~510 to 490 Ma time
span and terminated the collisional processes along the
Early Paleozoic Paleo-Asian active margin. The ob-
served Sm-Nd isotopic patterns in main igneous lithol-
ogies indicate parentage of the magma sources and in-
volvement of PREMA-type and EM-type mantle com-
ponents in the magma generation. The existence of the
prevalent mantle (PREMA) reservoir was possibly
maintained by the activity of the North Asian super-
plume, which induced the Early Paleozoic magmatism
of the Western CAOB.

The trace-element compositions of igneous rocks
record possible mixing of IAB- and OIB-like
components in the source magma, whereas relatively
high Sr, Pb and O isotope ratios record crustal
contamination of the melts. The revealed geochemical
similarity of the Kuznetsk Alatau Cambrian igneous
complexes is not fortuitous but may be due to their
emplacement in the former active margin exposed to the
impact of a mantle plume.
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