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Abstract

To better understand the continental crustal evolution in the Central Asian Orogenic Belt along the southwestern Siberian margin, a sys-
tematic study has been conducted on the late Paleozoic to early Triassic granitoids in the Rudny Altai. LA-ICP-MS zircon dating shows that
granitoid magmatism in the study area can be divided into three episodes, i.e., middle to late Devonian, middle to late Carboniferous and early
Triassic. Granitoids of the first two episodes have high SiO, (>70.0 wt.%), low MgO (<1.0 wt.%) and Ni (<3.1 ppm) contents, reflecting a
crustal origin. Further, these samples exhibit variable Rb/Sr, CaO/Na,O and Al,03/TiO, ratios and variable enqy(t) (1.7—5.5) values, which, along
with their metaluminous to weakly peraluminous compositions, imply a mixed crustal source involving clay-poor sediments and meta-basaltic
components. In contrast, magmatism of the third episode possesses relatively low SiO, (63.2 wt.%) and high MgO (1.6 wt.%) but similar Ni
(3.9 ppm) and engy(t) (2.7). Its low Rb/Ba, Rb/Sr and Al,O3/TiO; ratios and metaluminous feature indicate a derivation from pre-existing basaltic
crust. By integrating regional data, it is suggested that the Rudny Altai was generated by Devonian to late Carboniferous northeastward sub-
duction of the Ob-Zaisan oceanic lithosphere. In detail, a retreating episode of subduction may occur in the Devonian, followed by a middle to
late Carboniferous (330—318 Ma) normal subduction. In the late Carboniferous to early Permian (308—290 Ma), granitoids vanished in the
Rudny Altai but widely intruded farther south into the Irtysh—Zaisan belt, probably in response to its collision with the Kazakhstan collage,
pointing to that the Rudny Altai entered a syn-/post-collisional stage. Granitoids in the Permo-Triassic boundary (253—251 Ma) display features
of intraplate granites, recording a period of intraplate epeirogeny.

Copyright © 2020, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction continental crust, granitoids could provide crucial insights into

the formation and evolution of the continental crust (Rapp and

The origin and secular evolution of the continental crust is a
continuing matter of debate, although it is commonly accepted
that most continental crust was produced in subduction zones
(Chiaradia et al., 2014). As the main component of the
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Watson, 1995; Barbarin, 1999; Annen et al., 2006), since
specific source components and petrogenetic processes will
produce distinctive types of granitoids. Generally speaking,
partial melting of meta-sedimentary and meta-igneous rocks in
the continental crust will create typical S-type and I-type
granitoids, respectively (Chappell and White, 1992), while
extreme fractionation of mantle magmas can generate A-type
granitoids (Collins et al., 2020). Distinctive from S-, I- and A-
type granitoids, another group of granitoids with high Ba

2451-912X/Copyright © 2020, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zyy518@hku.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sesci.2020.05.001&domain=pdf
www.sciencedirect.com/science/journal/2451912X
https://doi.org/10.1016/j.sesci.2020.05.001
https://doi.org/10.1016/j.sesci.2020.05.001
www.elsevier.com/locate/SESCI
https://doi.org/10.1016/j.sesci.2020.05.001
http://creativecommons.org/licenses/by-nc-nd/4.0/

116 Y. Zhang et al. / Solid Earth Sciences 5 (2020) 115—129

(>500 ppm) and Sr (>300 ppm) contents was recognized by
Tarney and Jones (1994) in the Scottish Caledonides. Granit-
oids of this type have been initially attributed to partial
melting of subducted oceanic plateaus (Tarney and Jones,
1994) and subsequently attributed to partial melting of
enriched lithospheric mantle (Eklund et al., 1998; Fowler
et al., 2008) or mafic lower crust (Ye et al., 2008; Choi
et al., 2009). In addition to the diversity of source materials,
petrogenetic processes including magma segregation, transport
and emplacement are also critical factors controlling the
generation of granitoids in the continental crust (Petford et al.,
2000; Brown, 2013). Accordingly, investigating the magma
sources and magmatic processes of granitoids are pivotal to
understanding the production and evolution of the continental
crust.

The Central Asian Orogenic Belt (CAOB) is one of the
largest accretionary orogenic belts on the Earth (Sengor et al.,
1993; Windley et al., 2007; Xiao et al., 2015). Situated be-
tween the Siberian Craton to the north and the North
China—Tarim cartons to the south, the CAOB was formed by
long-lived amalgamation of juvenile terranes including island
arc, accretionary wedge, ophiolite and oceanic plateau and a
few continental fragments (Khain et al., 2003; Kroner et al.,
2007; Wilhem et al., 2012). Granitoids with high positive
whole-rock eNd(t) and zircon eHf(t) values are widespread in
the CAOB, which represents an important site of crustal
growth (Jahn et al., 2000; Xiao et al., 2008, 2015; Zhang et al.,
2018). The Altai Mountain occupies the central-southern part
of the CAOB, and extends ca. 2500 km from Russia, through
Kazakhstan and NW China to S

W Mongolia (Windley et al., 2002; Safonova, 2014). This
mountain belt is featured by abundant granitic intrusions
(Yuan et al., 2007; Sun et al., 2008; Wang et al., 2009; Buslov
etal., 2013; Tong et al., 2014; Cai et al., 2015), which allow us
to characterize the evolution of regional continental crust. One
of the least understood parts of the Altai Mountain is the
Rudny Altai, where the magmatic sources, petrogenetic pro-
cesses and geodynamic background of granitoids are poorly
constrained, although some outstanding geochronological and
geochemical studies have been conducted (Kuibida et al.,
2013, 2020; Kuybida et al., 2015; Kruk et al., 2014). This
study presents new geochronological, whole-rock geochemical
and Sr—Nd isotopic results for the late Paleozoic to early
Triassic granitoids from the Russian segment of the Rudny
Altai, aiming to (1) investigate their origin and magmatic
processes, and (2) constrain the associated geodynamic pro-
cesses and evolutionary mechanisms of the regional conti-
nental crust.

2. Geological background and sample descriptions
2.1. Geological background

The NW—SE trending Rudny Altai extends from Russia to
NE Kazakhstan. It is separated from the Neoproterozoic

Gorny Altai island arc and the early Paleozoic
Altai—Mongolian terrane to the northeast by the

North—Eastern regional Fault and from the Irtysh—Zaisan
Complex (also termed the Kalba—Narym terrane) to the
southwest by the Irtysh Fault (Fig. la; Buslov et al., 2004;
Safonova, 2014; Li et al., 2018). The Irtysh—Zaisan Com-
plex is bounded with the Paleozoic Zharma—Saur and
Chingis—Tarbagatai island arcs by the Char Shear Zone
(Fig. la; Kruk et al., 2014; Kuibida et al., 2019). On a larger
scale, the Char Shear Zone is merged into the Irtysh Fault in
NW China, which bounds the Chinese Altai (part of the
Altai—Mongolian terrane) with the Zharma—Saur arc in the
West Junggar.

The Rudny Altai was developed along the southwestern
margin of the Siberian accretionary system (i.e., the Gorny
Altai island arc and Altai—Mongolian terrane) in response to
late Paleozoic subduction of the Ob-Zaisan Ocean. The Rudny
Altai has been considered as an arc-related extensional basin
(i.e., back-arc basin) given the development of Devonian
bimodal volcanics (Kuibida et al., 2020) and VMS-type
Cu—Zn deposits (Buslov et al., 2004; Dyachkov et al., 2009;
Lobanov et al., 2014; Safonova, 2014). Therefore, an “exten-
sional accretionary orogen” comparable to that in the Lachlan
Fold Belt in SE Australia has operated on the Rudny Altai
(Collins, 2002). The Irtysh—Zaisan Complex, located farther
south, is composed of ophiolitic fragments, volcanic rocks,
clastic rocks and chert and has been thought to form in an
accretionary wedge and to be overprinted by its collision with
the Zharma—Saur island arc following the closure of the Ob-
Zaisan Ocean (Sengor et al., 1993; Xiao et al., 2015; Li et al.,
2017; Chen et al., 2019a,b). The oldest sedimentary strata in
the Rudny Altai constitute the Silurian to early Devonian
Korbalikha series, which consist mainly of interbedded
sericite-chlorite schists, polymict metasandstones, phyllites
and phyllitized shales (Kruk et al., 2014). The Korbalikha
series are unconformably overlain by early to middle Devo-
nian volcano-sedimentary sequences, which are further un-
conformably overlain by late Devonian shallow-marine clastic
sediments and early Carboniferous carbonate-terrigenous
strata. It is notable that the overlying section of the Carbon-
iferous strata contain exclusively continental terrigenous
sediments.

Granitoid rocks are widely emplaced in the Russian
segment of the Rudny Altai (Fig. 1b), and can be roughly
represented by eight independent igneous complexes based on
geological observations and recent geochronological data:
Aleisky (D,), Pavlovsky (D,), Zmeinogorsky (D3), Ust’-
Belovsky (Dj3), Ust’yansky (Ds), Gilevsky (C,), Volchikhinsky
(C,) and Sinyushensky (P;—T;) (Kruk et al., 2014). Litho-
logically, the granitoids of the Aleisky and Pavlovsky com-
plexes are plagiogranite and biotite leucogranite, respectively,
both of which belong to the granite—leucogranite association.
The Zmeinogorsky complex, comprised of four phases (from
early to late: (1) diorite, (2) amphibole-biotite plagiogranite,
(3) biotite plagiogranite and (4) biotite plagioleucogranite),
accounts for a major proportion of late Devonian intrusions in
the Rudny Altai. The plagiogranites of this complex show low
positive enqg(t) values (+1.1 to +1.8). The Ust’-Belovsky
complex is made up of quartz diorite and granodiorite, while
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Fig. 1. (a) Simplified tectonic framework of the Altai accretionary-collision system (after Kuibida et al., 2020). Tectonic blocks: GA—Gorny Altai; RA—Rudny
Altai; KN—Kalba Narym; WK—West Kalba; ZS-CT—Zharma Saur and Chingis Tarbagatai; AM—Altai Mongolian; SM—South Mongolian. (b) Sketch map of
magmatic complexes in the Rudny Altai (modified after Kruk et al., 2014). 1: south-western margin of the Altai-Sayan folded area (Gorny Altai); 2: folded
basement of the Rudny Altai; 3: subduction-related volcanic belt of the Rudny Altai; 4: Korgon-Holzun volcanic belt in the joint place of the Gorny and Rudny
Altai; 5: deep-sea trench sediments; 6: continental deposits; 7: granitoids of the Leninogorsky, Sinyushensky and Kalbinsky complexes; 8: granitoids and volcanics
of the Serzhikhinsky complex; 9: granitoids of the Gilevsky and Volchikhinsky complexes; 10: granitoids in the Irtysh shear zone; 11—14: granitoids of the Gorny
and Rudny Altai (11 = Zmeinogorsky complex, 12 = Ust’yansky complex, 13 = Ust’-Belovsky complex; 14 = Aleisky complex); 15: faults; 16: samples.
Numerals in circles mark massifs of @ = Leninogorsky, @ = Aleysky, ® = Pavlovsky, ® = Zmeinogorsky, ® = Pervomaysky, ® = Ust’yansky,

@ = Verkhneborovlyansky, = Pervokamenksky and ® = Sawushinsky.

the Ust’yansky complex is composed of granite. Granitoids of
the Gilevsky complex were subjected to deformation and
turned into mylonitic gneiss, which show relatively high enq(t)
value (47.4; Kuibida et al., 2013). Rocks of the Volchikhinsky
complex are mainly granodiorite and granite, which constitute
a chain of linearly distributed bodies. The late Permian to
early Triassic Sinyushensky complex includes three phases,
namely from early to late the monzodiorite, the biotite
granodiorite and the biotite granite.

2.2. Sample descriptions

Six granitic intrusions from the Russian segment of the
Rudny Altai were sampled for petrological, geochronological
and geochemical investigations in this study, and sample lo-
cations are shown on Fig. 1b. Samples EX-10 (Pervomaysky
massif) and EX-9 (Ekaterinian massif) were collected from the
Zmeinogorsky complex. The former is a coarse-grained
monzogranite, which consists of anhedral quartz (~35
vol.%), subhedral to euhedral plagioclase (~30 vol.%),

subhedral to anhedral orthoclase (~30 vol.%) and minor
alkaline dark minerals (Fig. 2a), while the latter is a syenog-
ranite, composed of anhedral quartz (~40 vol.%) and ortho-
clase (~35 vol.%), altered plagioclase (~25 vol.%) and minor
aegirine (Fig. 2b).

Samples 8-13-68 (Verkhneborovlyansky massif) and 8-13-
67 (Pervokamensky massif) were collected from the Volchi-
khinsky complex. The former is a medium-to coarse-grained
biotite syenogranite, which contains anhedral quartz (~35
vol.%) and orthoclase (~45 vol.%) and subhedral plagioclase
(~15 vol.%) with subordinate biotite (~5 vol.%) (Fig. 2c),
while the latter is a coarse-grained monzogranite, made up of
anhedral quartz (~25 vol.%), subhedral to euhedral plagioclase
(~40 vol.%) and anhedral orthoclase (~35 vol.%) with minor
biotite (Fig. 2d).

Sample 113 from the Aleisky complex is a coarse-grained
syenogranite. It is composed of anhedral quartz (~40 vol.%),
subhedral to euhedral plagioclase (~35 vol.%) and anhedral
orthoclase (~20 vol.%) with minor biotite (Fig. 2e). Sample 8-
13-53 from the Sawushinsky massif of the Sinyushensky
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Fig. 2. Representative photomicrographs for the Devonian to Triassic granitoids from the Rudny Altai. (a) Sample EX-10 and (b) sample EX-9 from the
Zmeinogorsky complex; (c) Sample 8-13-68 and (d) sample 8-13-67 from the Volchikhinsky complex; (e) Sample 113 from the Aleisky complex; (f) sample 8-13-
53 from the Sinyushensky complex. Abbreviations: Pl, plagioclase; Kfs, K-feldspar; Qtz, quartz; Bt, biotite.

complex is a coarse-grained syenogranite, comprised of
anhedral quartz (~20 vol.%), subhedral plagioclase (~35
vol.%) and anhedral orthoclase (~40 vol.%) with minor biotite
(Fig. 2f).

3. Analytical methods

Zircon U—Pb dating and whole-rock Sr—Nd istotopic an-
alyses were performed at the Wuhan Samplesolution Analyt-
ical Technology Co. Ltd. (Wuhan, China). The whole-rock
major and trace element compositions were measured at the
State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences
(SKLIG GIG CAS).

3.1. Zircon U—Pb dating

Zircons were separated from the sampled granitoids using
conventional heavy liquid and magnetic separation techniques

and then were handpicked under a binocular microscope.
Representative zircons were mounted in epoxy resin discs and
polished to about half of their thickness. Zircon U—Pb dating
was conducted by Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) using a GeolasPro laser
ablation system coupled with a COMPexPro 102 ArF excimer
laser (A = 193 nm and maximum energy of 200 mJ). Helium
was applied as a carrier gas, and argon was used as the make-
up gas and mixed with the carrier gas via a T-connector before
entering the ICP. Detailed operating conditions and analytical
procedures are the same as described by Zong et al. (2017).
Zircon 91500 and glass NIST610 were used as external cali-
bration standards for zircon U—Pb isotopic and trace element
analyses, respectively. Off-line selection and integration of
back-ground and analysis signals, and time-drift correction
and quantitative calibration for trace element analyses were
calculated using the program ICPMSDataCal 7.2. Concordia
diagrams and weighted mean calculations were made using
the Isoplot 3.0 software (Ludwig, 2003).
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3.2. Whole-rock geochemistry

Whole-rock major element oxides were determined using
an X-ray fluorescence spectrometer (Rigaku 100e) on fused
glass disks following the analytical procedures described by Li
et al. (2006), and the analytical uncertainties were mostly
between 1% and 5%. Trace elements, including rare earth
elements (REE), high field strength elements (HFSE) and
large ion lithophile elements (LILE), were measured by a
Perkin-Elmer Sciex ELAN 6000 ICP—MS instrument, with
analytical precision better than 5%. Rock powders (~40 mg)
were digested in a mixture of HNO; and HF, within steel-
bomb coated Teflon breakers for 48 h in order to achieve
complete dissolution of refractory minerals. USGS rock
standards (W-2a, BHVO-2 and AGV-1) and Chinese national
rock standards (GSD-9, GSD-10, GSD-12, GSR-1, GSR-2 and
SARM-4) were chosen for calibrating elemental contents of
the analyzed samples.

3.3. Whole-rock Sr—Nd isotopes

Analyses of whole-rock Sr—Nd isotopes were performed on
a Micromass Isoprobe multi-collecter mass spectrometer (MC-
ICP-MS) following the procedures described by Gao et al.
(2004). Sr and REEs were separated by ion-exchange col-
umns packed with AG50W resins, and then Nd fractions were
further separated with ion-exchange columns packed with LN
resins. Measured ®’Sr/%°Sr and '**Nd/'**Nd were normalized
to *°Sr/*¥Sr = 0.1194 and **Nd/'**Nd = 0.7219, respectively.
The *’Sr/*Sr ratio of the NBS987 standard and '**Nd/'**Nd
ratio of the Shin Etsu JNdi—1 standard measured during this
study were 0.710235 + 11 (2o) and 0.512112 + 9 (20),
respectively. These values are identical to the reported results
(0.710244 + 14 (o) for NBS987 Sr standard and
0.512115 + 7 (2o) for JNdi-1 Nd standard) (Tanaka et al.,
2000; Elburg et al., 2005).

4. Analytical results
4.1. Geochronology

LA-ICP-MS zircon U—Pb isotopic results for the studied
granitoids are presented in Table S1. Zircons from sample 113
of the Aleisky complex are transparent and subhedral to
euhedral with crystal lengths of 50—200 um and aspect ratios
of 1:1 to 1:3. The majority of these zircons are characterized
by well-developed oscillatory zoning, which, together with
their high Th/U ratios (0.29—0.82), suggests an igneous origin.
The analyses of seventeen zircon grains from this sample give
200pp/238 ages between 376 Ma and 394 Ma, yielding a
weighted mean age of 385 + 3 Ma (Fig. 3a), which is inter-
preted to record the crystallization age.

Samples EX-9 (Ekaterinian massif) and EX-10 (Pervo-
maysky massif) from the Zmeinogorsky complex were chosen
for zircon U—Pb dating. Zircons from the former sample are
subhedral to euhedral and transparent with sizes of
50—150 um in length and length/width ratios of 1:1 to 3:1.

Eighteen representative zircon grains with clear oscillatory
zoning were analyzed and seventeen grains give concordant
U—Pb ages with high Th/U ratios (0.26—0.48). Their
206pp/2381J ages range from 367 Ma to 382 Ma, which form a
coherent cluster and yield a weighted mean age of 375 + 2 Ma
(Fig. 3b). Zircons from the latter sample are mostly stubby and
have lengths of 50—100 pm with aspect ratios of 1:1 to 2:1.
Eighteen ablation points from this sample yield Th/U ratios
within 0.31—0.50 and concordant °°Pb/***U ages from
380 Ma to 387 Ma, which give a weighted mean age of
383 + 2 Ma (Fig. 3c).

Samples 8-13-67 (Pervokamensky massif) and 8-13-68
(Verkhneborovlyansky massif) from the Volchikhinsky com-
plex were processed for U—Pb isotopic analyses. Zircons from
the former sample are transparent and mostly euhedral, and
have lengths from 80 to 200 pum with aspect ratios of 1:1 to
5:1. All of the zircon grains exhibit clear oscillatory zoning,
indicating a magmatic origin. Eighteen analyses yield high Th/
U ratios between 0.33 and 0.67 and concordant 2°°Pb/>**U
ages between 313 Ma and 323 Ma, which form a population
and give a weighted mean 2°°Pb/**®U age of 320 + 2 Ma (Fig.
3d). Zircons from the latter sample are prismatic and trans-
parent with well-developed oscillatory zoning, suggesting a
magmatic origin. The size of the zircons ranges from 50 to
150 pm in length, with aspect ratios of 1:1 to 3:1. The
analyzed eighteen zircon grains give concordant U—Pb ages
with high Th/U ratios (0.14—0.50). Among them, thirteen
zircon points form a population with 2°°Pb/>**U ages ranging
from 325 Ma to 337 Ma, which yield a weighted mean age of
330 + 3 Ma (Fig. 3e). The remaining five zircons give rela-
tively old ages (348—371 Ma), which probably represent ages
of inherited zircons.

Zircons from sample 8-13-53 (Sawushinsky massif of the
Sinyushensky complex) are stubby to prismatic and trans-
parent, and have lengths from 100 to 300 pm with length/
width ratios of 1:1 to 3:1. These zircons exhibit clear oscil-
latory zoning, consistent with an igneous origin. Seventeen of
eighteen analyzed zircons give concordant U—Pb ages with
Th/U ratios within 0.47—0.63. Their 2°°Pb/>**U ages range
from 244 Ma to 255 Ma, yielding a weighted mean age of
251 + 2 Ma (Fig. 3f). This age is slightly older than the Ar—Ar
age (244 + 1 Ma) obtained on biotite from the same pluton
(Kruk et al., 2014 and references therein), suggesting that the
zircon age of this study is the best estimation for emplacement
age of the Sawushinsky massif.

Collectively, the studied granitic intrusions were emplaced
within three stages, the first in the middle to late Devonian
(385—375 Ma), the second in the Carboniferous
(330—320 Ma) and the third in the early Triassic (ca. 251 Ma).

4.2. Major and trace elements

Bulk-rock major and trace element compositions of the
analyzed granitoids are presented in Table S2, which overlap
with previously reported data from the Rundy Altai (e.g.,
Kuibida et al., 2013, 2020; Kuybida et al., 2015; Kruk et al.,
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complex.

2014). The loss on ignition of all the studied granitoids is less
than 0.70 wt.%, indicating that these samples are fresh.

4.2.1. Devonian granitoids

The Devonian granitoids have high SiO, (73.1—77.1 wt.%),
low MgO (0.13—0.89 wt.%) and Fe,O} (1.20—1.74 wt.%)
contents (Fig. 4a), with Na,O/K,O ratios between 1.63 and
7.51. Their variable K5O (0.51—2.94 wt.%) contents indicate a
spread from low-K tholeiitic to medium-K calc-alkaline
compositions (Fig. 4b). In addition, the studied Devonian
granitoids show metaluminous characteristics with A/CNK
(molar Al,O3/[K,0 + Na,O + CaO]) values from 0.89 to 1.04

(Fig. 4c). Such A/CNK values are consistent with those of
previously investigated Devonian granitoids (Kruk et al.,
2014).

Samples of the Devonian granitoids have variable concen-
trations of Sr (55.5—360 ppm), Rb (5.01—77.2 ppm) and Ba
(151—-511 ppm), and possess low Rb/Ba (0.03—0.15) and
variable Rb/Sr (0.01—1.39) ratios. These rocks are featured by
light REE (LREE) enrichment ([La/Sm]y = 1.92—2.68; [La/
Yb]n = 2.10—3.02) and negligible heavy REE (HREE) frac-
tionation ([Gd/Yb]y = 0.82—1.07) with variable Eu anomalies
(0Eu 0.34—1.03) (Fig. 5a). On the primitive
mantle—normalized trace element diagrams, the Devonian
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granitoids show relative enrichment in LILEs (e.g., Ba) and
depletion in HFSEs (e.g., Nb and Ta) (Fig. 5b).

4.2.2. Carboniferous granitoids

The Carboniferous granitoids possess SiO, between 70.5
and 73.5 wt% (Fig. 4a), with relatively high TiO,
(0.23—0.41 wt.%) and Al,O3 (14.4—14.9 wt.%) contents.
They are relatively Na-rich, as suggested by high Na,O
(4.22—4.51 wt.%) contents and high Na,O/K,0 (1.71-2.71)
ratios. Samples of the Carboniferous granitoids have K,O
contents of 1.55—2.64 wt.% and thus are classified as medium-
K calc-alkaline series in the Si0,—K,O diagram (Fig. 4b), and
exhibit metaluminous to weakly peraluminous characteristics
(0.99 < A/CNK < 1.10) (Fig. 4c).

The Carboniferous granitoid samples are characterized by
low Zr (59.2—66.2 ppm) and Nb (2.88—4.72 ppm) contents,
low Nb/Ta (8.96—10.0), Rb/Ba (0.12—0.23) and Rb/Sr
(0.18—0.27) ratios. Furthermore, they display moderate LREE
enrichment ([La/Sm]y = 2.08—3.53; [La/Yb]y = 2.60—8.97),
with slight HREE fractionation ([Gd/Yb]y = 0.99—1.57) and
weak Eu anomalies (8Eu = 0.79—0.87) (Fig. 5c¢). In the
primitive mantle-normalized multi-element diagrams, the
Carboniferous rocks show enrichment in LILEs (e.g., Rb and
U) relative to HFSEs (e.g., Nb) (Fig. 5d).

4.2.3. Triassic granitoids

The Triassic granitoid sample is granodioritic in composition
(Fig. 4a). Compared to the Devonian and Carboniferous gran-
itoids, it has lower SiO, (63.2 wt.%), but higher TiO,
(1.20 wt. %), Fe20§ (7.03 wt.%) and CaO (4.05 wt.%) contents.
The granodiorite sample is relatively Na-rich, as indicated by
high Na,O (3.80 wt.%) content and high Na,O/K,O0 (1.29) ratio,
and plots into the field of high-K calc-alkaline series on the
Si0,—K,O0 plot (Fig. 4b). Moreover, this sample exhibits met-
aluminous composition with A/CNK value of 0.87 (Fig. 4c¢).

The Triassic granodioritic sample has high Zr (261 ppm),
Nb (36.4 ppm) Y (112 ppm), Ba (1149 ppm), Sr (390 ppm)
and total REE (549 ppm) contents. In addition, this sample is
characterized by relatively low Rb/Ba (0.06) and Rb/Sr (0.19)
but high 10,000*Ga/Al (3.0) ratios. Similar to the Devonian
and Carboniferous granitoids, this sample shows moderate
LREE enrichment ([La/Sm]y = 2.28; [La/Yb]y = 5.65) and
slight HREE fractionation ([Gd/Yb]y = 1.67), with moderate
Eu anomaly (8Eu = 0.60) (Fig. 5e). In primitive mantle
normalized trace element spider-diagram, it displays depletion
of HFSEs such as negative Nb and Ta anomalies, but enrich-
ment of LILEs such as positive Ba and U anomalies (Fig. 5f).

4.3. Sr—Nd isotopic compositions

The Sr—Nd isotopic compositions of the studied Devonian
to Triassic granitoids are presented in Table S3 and Fig. 6. The
Devonian granitoids have relatively lower enq(t) values
(1.7-2.3) and older two-stage Nd model ages
(Tomz = 0.95—1.0 Ga) than those of the Carboniferous
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granitoids (eng(t) = 4.5-5.5; Tpme = 0.64—0.73 Ga) and
Triassic granodiorite (eng(t) = 2.7; Tpyz = 0.82 Ga). As shown
in the Sr—Nd isotopic diagram (Fig. 6a), the initial *’St/*°Sr
ratios of the Carboniferous (¥’Sr/*°Sr; = 0.7040—0.7044) and
Triassic (*’St/*®Sr; = 0.7052) granitoids fall well within the
range of Devonian samples ®7Sr/%%sr; 0.7030—0.7063).
Moreover, their eng(t) values are generally similar to those of
previously published data for the granitoids in the Rudny Altai
(Fig. 6b; Kuibida et al., 2013, 2020; Kruk et al., 2014).

5. Discussion

5.1. Geochronological and geochemical frameworks of
the Rudny Altai granitoids

Our new isotopic dating results (n = 6), together with
published zircon data of granitoids and their eruptive

equivalents in the Rudny Altai (n = 20), are compiled in a
histogram (Fig. 7). It shows a prolonged granitic magmatism
in this region (395—251 Ma). Three magmatic episodes,
encompassing the middle to late Devonian (395—371 Ma), the
middle to late Carboniferous (330—318 Ma) and the late
Permian to early Triassic (253—251 Ma), and two apparent
gaps of 371—330 Ma and 318—253 Ma are recognized. Our
zircon ages of this study correspond to the three episodes.
The striking features for granitoids of the Devonian episode
are that most rocks have high silica contents (SiO, > 75 wt.%)
(Fig. 4a) and show strongly peraluminous features (A/
CNK > 1.1) (Fig. 4c). In contrast, most rocks of the
Carboniferous and Permian to Triassic episodes have SiO, <
75 wt.% (Fig. 4a) and exhibit metaluminous to weakly per-
aluminous characteristics (Fig. 4c). As shown on the
Si0,—K,0 diagram (Fig. 4b), the Devonian rocks show a wide
range from low-K tholeiitic to medium-K and high-K calc-
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alkaline series, whereas the Carboniferous and Permian to
Triassic rocks mainly belong to medium-K and high-K calc-
alkaline series, respectively. The above compositional differ-
ences may suggest that they were originated from different
sources and formed in different tectonic settings.

5.2. Petrogenesis of the Devonian to Triassic granitoids

Granitoids are generally classified as I-, S- and A-type
granites with distinctive mineral assemblage, geochemical
composition and petrological process (Whalen et al., 1987;
Chappell and White, 1992). I-type granites often contain
typical minerals such as amphibole and show metaluminous to
weakly peraluminous compostions with relatively low ASI
values; whereas S-type granites usually contain typical
aluminous minerals such as garnet, cordierite and muscovite
and exhibit strongly peraluminous compostions with high ASI
values. As for A-type granites, they commonly involve Fe-rich
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Fig. 7. Histogram of zircon U—Pb ages for granitoids in the Rudny Altai and
Kalba terrane. The Rudny Altai data from literature are from Kruk et al.
(2014), Kuibida et al. (2013, 2020) and Kuybida et al. (2015). The age data
in the Kalba terrane are from Kuibida et al. (2009, 2019) and Khromykh et al.
(2018).

mafic silicates and are characterized by alkaline and peralka-
line compositions with high Zr, Nb, Ce and Y and low Sr and
Ba contents and high Ga/Al and Fe/Mg ratios (Bonin, 2007).
Both the Devonian and Carboniferous rocks of this study are
featured by low ratios of Ga/Al and FeO'/MgO and low
contents of Zr + Nb + Ce + Y (Fig. 8a and b), clearly pre-
cluding affinities to A-type granites. Instead, the Devonian (A/
CNK = 0.89 to 1.04) and Carboniferous (A/CNK = 0.99 to
1.10) granitoids of this study display metaluminous to weakly
peraluminous features, reflecting geochemical affinities to I-
and S-type granites and indictaing that both meta-igneous and
meta-sedimentary materials were involved in their sources. In
contrast, the Triassic sample has relatively high Ga/Al and
FeO'/MgO  ratios and  high  concentrations  of
Zr + Nb 4 Ce + Y (Fig. 8a and b), resembling those of A-
type granitic rocks. However, distinctively different from
typical A-type granites, the Triassic sample has low SiO,
(63.2 wt.%) and high Ba (1149 ppm) and Sr (390 ppm) con-
tents, which make them akin to high Ba—Sr granitoids (Tarney
and Jones, 1994; Fowler et al., 2001). For this reason, we
tentatively consider that the Triassic granodiorite shares a
common petrological process with high Ba—Sr granitoids.
The Devonian (810, = 73.1-77.1 wt.%,
MgO = 0.13—0.89 wt.%, Cr < 5.0 ppm and Ni < 3.0 ppm) and
Carboniferous (Si0, = 70.5—=73.5 wt.%,
MgO = 0.54—0.92 wt.%, Cr < 15.6 ppm and Ni < 3.1 ppm)
granitoids of this study possess high Si and low Mg, Cr and Ni
contents (Table S2), suggesting a crustal rather than mantle
source. Melts of meta-igneous rocks are featured by high CaO
but low Al,O3 and Rb contents as well as high CaO/Na,O but
low Al,O3/TiO,, Rb/Ba and Rb/Sr ratios, while melts of meta-
sedimentary suites have the opposite compositions (Sylvester,
1998; Jung and Pfander, 2007). For the Devonian and
Carboniferous granitoids, they exhibit variable Rb/Sr, CaO/
Na,O and Al,O3/TiO, ratios (Fig. 8c and 8&d), thus
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demonstrating a mixed source involving clay-poor sediments
and meta-basaltic components, consistent with their metal-
uminous to weakly peraluminous characteristics. To identify
their possible sources, it is necessary to compare the isotopic
compositions of the studied granitoids with those of crustal
rocks in the surrounding regions. As shown on the eNd(t)—
Age diagram (Fig. 6b), both the Devonian and Carboniferous
granitoids fall between the metaturbidites and arc-related ba-
salts from the Gorny Altai (Kruk et al., 2010; Kruk, 2015),
suggesting that these two components are potential candidates
for their sources. Both two components could be transported in
the Altai Mountain and deposited prior to Devonian and
Carboniferous granitic magmatism. Moreover, the Devonian
granites have relatively lower eng(t) values (1.7—2.3) and
older two-stage Nd model ages (0.95—1.0 Ga) than those of
Carboniferous  granites (ena(t) = 4555 and
Tpmz = 0.64—0.73 Ga), which indicate that the magma
sources of the Devonian granites involved more recycled
sediments. This inference agrees with the fact that some
samples from the Devonian granites have the highest Al,O3/
TiO, and Rb/Sr ratios among the Devonian and Carboniferous
granites (Fig. 8c and 8d).

As mentioned above, the Triassic granodiorite resembles
high Ba—Sr granitoids (Fig. 9a), which is further confirmed by
its high K/Rb (339) and low Rb/Ba (0.06) ratios (Tarney and
Jones, 1994). Several processes have been proposed to ac-
count for the silicic rocks with high Ba and Sr concentrations,
such as mixing of mantle-derived basaltic with crust-derived

felsic melts (Zhang et al., 2015) and partial melting of (1)
subducted oceanic plateau (Tarney and Jones, 1994), (2)
enriched lithospheric mantle metasomatized by subduction-
related sedimentary fluids and/or melts (Eklund et al., 1998;
Fowler et al., 2001, 2008; Yuan et al., 2010) and (3) mafic
lower crust (Ye et al., 2008; Choi et al., 2009). The lack of
mafic microgranular enclaves in the Triassic granodiorite im-
plies that magma mixing between mantle- and crust-derived
melts is not a plausible mechanism. Additionally, because
the Ob-Zaisan Ocean was already closed in the early Triassic
(Kruk et al., 2014; Chen et al., 2019a,b; Kuibida et al., 2019),
formation of the high Ba—Sr granodiorite by partial melting of
subducted oceanic plateaus seems unlikely. Numerous exam-
ples show that high Ba—Sr granitoids formed by differentia-
tion are related to abundant coeval mantle-derived basaltic
magmas and are characterized by high Mg#, high St/Y and La/
Yb ratios, high Cr and Ni contents and strongly fractionated
REE patterns (Eklund et al., 1998; Fowler and Rollinson,
2012; Yuan et al., 2010). However, in the late Permian to
early Triassic, there was no coeval or volumetrically abundant
basaltic rocks associated with this pluton. Besides, the Triassic
sample of this study has relatively low Mg# (33.9), low Sr/Y
(3.5) and La/Yb (5.7) ratios, low Cr (4.0 ppm) and Ni
(3.9 ppm) contents and exhibits weak REE fractionation
(Fig. 5e), which contrast to those originated from enriched
lithospheric mantle by differentiation. When combining with
previously published data for this pluton (Kruk et al., 2014),
data show negative correlations of Fe,O%, Zr and La with SiO,
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(not shown), further arguing against the fractional crystalli-
zation process. Instead, we consider partial melting of pre-
existing mafic components as a likely mechanism to
generate the Triassic pluton. The derivation from melting of a
basaltic component is supported by its low Rb/Ba (0.06), Rb/
Sr (0.19) and Al,03/TiO, (12.2) ratios (Fig. 8c and 8d) and
metaluminous feature (A/CNK = 0.87). Actually, the inter-
mediate SiO, (63.2 wt.%) and relatively high Na,O
(3.80 wt.%) and K,O (2.94 wt.%) contents and K,O/Na,O
(0.77) ratio of the Triassic sample are similar to experimental
products of partial melting of middle to high K basaltic rocks
(Sisson et al., 2005). Likewise, Roberts and Clemens (1993)
experimentally demonstrated that high-K calc-alkaline gran-
itoids can be created by partial melting of high-K calc-alkaline
mafic rocks originated from enriched subcontinental litho-
spheric mantle. Middle to high K basaltic to dioritic rocks
have been reported in the late Devonian Ust’-Belovsky com-
plex and late Carboniferous Gilevsky and Volchikhinsky
complexes (Fig. 4b), which could be the source rocks of the
Triassic granodiorite.

5.3. Implications for geodynamics and evolution of
continental crust

Recent studies have revealed that the Devonian to
Carboniferous evolution of the Rudny Altai was linked to the
northeastward subduction of the Ob-Zaisan oceanic litho-
sphere beneath the Siberian accretionary margin (i.e., Gorny
Altai island arc and Altai—Mongolian terrane; Buslov et al.,

2004; Kruk et al., 2014; Safonova, 2014). However, details
of the subduction process and closure time of the Ob-Zaisan
Ocean are not well constrained, despite that some scholars
consider it closed in the middle Carboniferous (Kuibida et al.,
2019). Comparison of granitoid ages in the Gorny Altai and
Rudny Altai shows that the early Devonian granitoids
(420—400 Ma) are confined to the Gorny Altai, while granit-
oids younger than 400 Ma occur in both units (Chen et al.,
2016, 2019a; Kuibida et al., 2020). Such a migration of
magmatic front may imply an episode of retreat of the sub-
ducting Ob-Zaisan oceanic plate in the Devonian (Li et al.,
2019), which is supported by the development of Devonian
bimodal volcanics and A-type rhyolites with high Ga/Al ratios
and high Zr + Nb + Ce + Y contents (Fig. 8a and 8b; Kuibida
et al.,, 2020) and VMS-type Cu—Zn deposits in the Rudny
Altai and Altai—Mongolian terranes (Buslov et al., 2004;
Dyachkov et al., 2009; Lobanov et al., 2014; Safonova,
2014; Yang et al., 2014). Therefore, it is inferred that the
Devonian granitoids were probably formed in a retreating
episode of subduction.

As for the middle to late Carboniferous (330—318 Ma)
granitoids in the Rudny Altai, a collision-related environment
has been previously invoked (Kuibida et al., 2013; Kruk et al.,
2014). However, these rocks exhibit typical characteristics of
arc granites such as low Nb, Y, Rb and Yb + Ta contents
(Fig. 9b and 9c; Pearce et al., 1984), which imply a
subduction-related rather than a collision-related setting.
Indeed, multiple lines of evidence manifest that the Ob-Zaisan
Ocean was not closed prior to late Carboniferous. For instance,
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detrital zircon data show that the late Carboniferous clastic
rocks from the Zharma—Saur arc on the southwest side of the
Ob-Zaisan Ocean do not contain detrital zircons sourced from
the other side (i.e., the Altai—Mongolian terrane and Gorny
Altai island arc), suggesting that the Ob-Zaisan Ocean was
still open during the deposition of these rocks (Li et al., 2017).
The youngest age peak (ca. 323 Ma) of detrital zircons from
these sequences provides a maximum time constraint for the
closure of the Ob-Zaisan Ocean. Besides, the occurrence of
late Carboniferous (ca. 313 Ma) subduction-related igneous
rocks in the southern Altai—Mongolian terrane supports the
closure of the Ob-Zaisan Ocean at some time after ~313 Ma
(Cai et al., 2012). Hence, we propose that the middle to late
Carboniferous (330—318 Ma) granitoids were produced in a
subduction-related setting.

Since 318 Ma, late Carboniferous to early Permian mag-
matism vanished in the Rudny Altai, but widely intruded
farther south into the Irtysh—Zaisan Complex (i.e.,
Kalba—Narym terrane) (Fig. 7), which represents a collisional
front between the Siberian accretionary margin and Zhar-
ma—Saur/Chingis—Tarbagatai arcs (Kazakhstan collage sys-
tem; Fig. 1a) (Xiao et al., 2015; Li et al., 2017; Safonova et al.,
2018; Kuibida et al, 2019). Granitoids of this stage
(308—290 Ma) in the Kalba terrane exhibit high Dy/Yb ratios
(Fig. 9d) and probably reflect crustal thickening (Mamani
et al., 2010), which can be attributed to the collisional event
as the result of the closure of the Ob-Zaisan Ocean. In addi-
tion, coeval underplating of basaltic magmas was considered
to create a thermal anomaly and promote partial melting of the
overlying crustal rocks to form the granitoids of this stage
(Khromykh et al., 2018).

In the late Permian to early Triassic (253—251 Ma),
granitic magmatism in the Rudny Altai resumed, but was
small in volume (Kruk et al., 2014; Gavryushkina et al., 2019).

Granitoids of this period are characterized by decreasing Dy/
Yb ratios (Fig. 9d) and increasing Y, Nb and Yb + Ta contents
(Fig. 9b and 9c), reflecting a close tie with an intraplate setting
(Pearce et al., 1984). The generation of these granitoids could
be triggered by the transpressional structures which were
active at ~283—253 Ma as constrained by the *°Ar/*°Ar
plateau ages along the Irtysh shear zone (Buslov et al., 2004;
Briggs et al., 2007; Zhang et al., 2012; Li et al., 2017).

Based on the above discussion, an updated evolution model
for the Rudny Altai can be illustrated. In the middle to late
Devonian (395—371 Ma), a retreating episode of subduction
of the Ob-Zaisan Ocean under the western margin of the Si-
berian accretionary system (i.e., Gorny Altai island arc and
Altai—Mongolian terrane) contributed to the development of
the Rudny Altai (Fig. 10a). The subduction of the Ob-Zaisan
oceanic plate likely lasted until the middle to late Carbonif-
erous (330—318 Ma) (Fig. 10b). Subsequently, following the
closure of the Ob-Zaisan Ocean, the Rudny Altai evolved into
a syn-/post-collisional stage accompanied by the intrusion of
late Carboniferous to early Permian (308—290 Ma) granitic
magmatism in the Kalba terrane (Fig. 10c). At the Permo-
Triassic boundary (253—251 Ma), the Altai Mountain under-
went intraplate epeirogeny that was recorded by the coevally
small amounts of granitoids (Fig. 10d).

6. Conclusions

Three episodes of granitoids have been recognized in the
Rudny Altai, i.e., middle to late Devonian (395—371 Ma),
middle to late Carboniferous (330—318 Ma) and Permian to
Triassic (253—251 Ma). Granitic magmatism of the first two
episodes was generated by partial melting of a mixed source of
clay-poor sediments and basaltic components in variable
proportions, while that of the third episode was derived from
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partial melting of middle to high K mafic crustal rocks. In
addition, one episode of late Carboniferous to early Permian
(308—290 Ma) granitic magmatism took place in the adjacent
Kalba terrane (Kuibida et al., 2019). Combining with regional
available data, we propose that the Devonian to late Carbon-
iferous (395—318 Ma) and late Carboniferous to early
Permian (308—290 Ma) magmatism respectively records the
subduction and closure of the Ob-Zaisan Ocean, while the late
Permian to early Triassic (253—251 Ma) granitoids are prod-
ucts of intraplate epeirogeny in the Altai Mountain.
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