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sedimentary sequences to constrain their provenance, as well as the tectono-magmatic events and crustal
growth in this region. Nearly all the detrital zircons are characterized by euhedral to subhedral morphology,
high Th/U ratios (ca. 0.1-1.6) and typical oscillatory zoning, indicating a magmatic origin. The three samples
Gorny Altai terrane from the Gorny Altai Group (middle Cambrian to early Ordovician) yield detrital zircon populations that are com-
Kuznetsk-Altai island arc posed predominantly of 530-464 Ma grains, followed by a subordinate group of 641-549 Ma old. The Silurian
Detrital zircons and Devonian samples exhibit similar major zircon populations (555-456 Ma and 525-463 Ma, respectively),
Crustal evolution but a significant amount of additional 2431-772 Ma zircons occur in the early Devonian sample. Our results sug-
gest that detritus from the nearby Kuznetsk-Altai intra-oceanic island arc served as a unitary source for the
Cambrian-Silurian sedimentary sequences, but older detritus from other sources added to the early Devonian
sequence. The low abundance of ca. 640-540 Ma detrital zircons may testify that this island arc was under a prim-
itive stage in this period, when mafic volcanic rocks probably dominated. In contrast, the dominant population of
ca. 530-470 Ma zircons may indicate an increased amount of granitic rocks in the source area, suggesting that the
Kuznetsk-Altai island arc possibly evolved into a mature one in the Cambrian to early Ordovician. The ca. 530-
470 Ma detrital zircons are almost exclusively featured by positive eyg(t) values and have two-stage Hf model
ages of ca. 1.40-0.45 Ga, indicating that the precursor magmas were sourced predominantly from heterogeneous
juvenile materials. We conclude that the late Neoproterozoic to early Paleozoic magmatism in the Kuznetsk-Altai
arc made a significant contribution to the crustal growth in the CAOB.
The absence of middle Ordovician to early Devonian detrital zircons possibly implies that the area changed to a
passive margin in the middle Ordovician. Of special significance are the 2431-772 Ma zircons in the early
Devonian sample, which are quite comparable to the Precambrian detrital zircons from the Altai-Mongolian
terrane (AM) but distinct from those from the Siberian continent. This indicates that the AM is a plausible source
for the 2431-772 Ma zircons. Our data therefore imply that the GA possibly amalgamated with the AM before the
early Devonian rather than in the late Devonian to early Carboniferous as previously suggested.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction (e.g. Jahn, 2004; Sengor et al., 1993; Wilhem et al., 2012; Windley
et al,, 2007; Xiao et al., 2010). It covers a huge area bounded by the
The Central Asian Orogenic Belt (CAOB), or named as the Altaids, Urals in the west, the Pacific Ocean in the east, the Siberian continent

is one of the largest Phanerozoic accretionary collages in the world in the north and the Tarim and North China continents in the south
(Fig. 1a inset). This orogenic belt underwent a prolonged accretionary
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Pokfulam Road, Hong Kong, Ocean (PAO) in the latest Mesoproterozoic (Dobretsov et al., 1995;
E-mail address: minsun@hku.hk (M. Sun). Khain et al., 2002, 2003) and was terminated with the formation of
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Fig. 1. (a) Simplified geological map showing the tectonic framework of northwestern Central Asian Orogenic Belt (CAOB, modified after Buslov and Safonova (2010)). (a) Inset shows the
location of the CAOB. (b) The major structure units composing the Gorny Altai terrane (GA, modified after Ota et al., 2007). Abbreviations: TC, Tarim continent; NCC, North China continent;
TM, Tuvo-Mongolian terrane; WS, West Sayan; B, Barguzin; CTUS, Charysh-Terekta-Ulagan-Sayan; Pt, Proterozoic; Pz, Paleozoic; Cam, Cambrian; O, Ordovician; D, Devonian.

the Southern Tianshan and Solonker suture zones in the late Paleozoic
to early Mesozoic (Charvet et al., 2007; Wang et al., 2007; Xiao et al.,
2003, 20093, 2010). An archipelago model is now favored by most re-
searchers, suggesting that various island arcs, ophiolites, accretionary
prisms, oceanic plateaus and possibly some micro-continents were
docked laterally due to the progressive multiple subduction-accretion
processes (Badarch et al., 2002; Berzin and Kungurtsev, 1996; Berzin
et al.,, 1994; Buslov et al., 2001, 2002, 2013; Dobretsov and Buslov,
2004; Dobretsov et al., 2013; Simonov et al., 1994; Wilhem et al.,
2012; Windley et al., 2007; Xiao et al., 2004, 2009a,b, 2010;
Zonenshain et al., 1990). Voluminous juvenile magmatic rocks were
generated during the formation of the CAOB, making it the most impor-
tant site of Phanerozoic crustal growth on the Earth (Buslov, 2011;
Dobretsov and Buslov, 2007; Dobretsov et al., 2013; Jahn et al., 2000;
Sun et al., 2008; Wu et al., 2000; Yuan et al., 2007). However, controver-
sies exist on the nature of some important terranes, the mechanism of
crustal growth and the proportion of the juvenile component (Buslov,
2011; Cai et al., 2011; Dobretsov et al., 2013; Jahn, 2004; Jahn et al.,
2000, 2001a,b; Kovalenko et al., 2004; Kroner et al., 2014).

The Gorny Altai terrane (GA, Fig. 1a), situated in the northwest of the
CAOB, is generally considered to be part of a subduction-accretion com-
plex built upon the Kuznetsk-Altai intra-oceanic island arc southwest
off the Siberian continent (present coordinate; Buslov, 2011; Buslov
et al., 2013; Dobretsov and Buslov, 2007; Dobretsov et al., 2013; Glorie
et al., 2011). This island arc was thought to be initiated in the late
Neoproterozoic, generating boninitic rocks and ophiolitic mélange in
the east of the GA (Buslov et al., 2001, 2002; Ota et al., 2002, 2007;
Simonov et al.,, 1994). No reliable geochronological data have been ob-
tained for the early magmatism of this island arc besides an imprecise
clinopyroxene Ar-Ar age of 647 + 80 Ma for one clinopyroxenite from
the ophiolitic mélange (Ponomarchuk et al., 1993). Hornblendes from
retrograded eclogites in the Chagan Uzun, southeast of the GA, yielded
Ar-Ar ages of ca. 630-560 Ma (Buslov et al., 2002 ), which possibly attest
that the initial subduction occurred prior to the latest Neoproterozoic. It
was suggested that this island arc matured in the middle-late Cambrian
and collided with the Siberian continent in the late Cambrian to early
Ordovician (Buslov et al. (2002); Glorie et al. (2011); Kruk et al.

(2011) and references therein). However, most of the arc assemblages
were strongly deformed and occur as separate pieces due to strike-slip
faulting in the late Paleozoic (Buslov et al., 2001, 2003, 2004, 2013).
Only a few early Paleozoic plutons are exposed in the east of the GA
and they were dated with zircon U-Pb ages of ca. 540-480 Ma
(e.g., Glorie et al., 2011; Kruk et al.,, 2007, 2011). Although much more
early Paleozoic granitoid plutons crop out in the northern part of the
Kuznetsk-Altai island arc (e.g., the Kuznetsk-Alatau and Gornaya Shoria
regions), their origin and petrogenesis have not been well constrained
due to the scarcity of geochemical and geochronological data (Rudnev
et al,, 2008, 2013). Therefore, further investigations are required to un-
derstand the tectono-magmatic history of the Kuznetsk-Altai island arc.

Previous studies have shown that detrital zircons possibly provide a
valid representation of the magmatic record of their source region
(e.g., Wu et al.,, 2010; Cawood et al., 2012). In this study, (meta-)sedi-
mentary rocks from the Cambrian to early Devonian sedimentary se-
quences from the GA (Figs. 1b and 2) were collected for detrital zircon
U-Pb and Hf isotopic analyses. The aim is to reveal the geodynamic evo-
lution of the Kuznetsk-Altai island arc and its role in the formation of
the northwestern CAOB.

2. Geological setting

The GA is a triangle-shaped tectonic unit that is separated from the
West Sayan terrane (WS) in the east and the Altai-Mongolian terrane
(AM) in the south by the Charysh-Terekta-Ulagan-Sayan (CTUS)
suture zone (Fig. 1; Buslov et al.,, 2002, 2003, 2004, 2013). The northern
extension of the GA is covered by the Cenozoic sediments of the Biya—
Barnaul depression.

The oldest rock units in the GA are the tholeiitic-boninitic volcanic
rocks, as well as the associated accretionary complexes, high-pressure
(HP) metamorphic rocks and ophiolitic mélange in the east of this
terrane (Buslov et al., 2002, 2003, 2004, 2013; Ota et al., 2007). They
were assigned to the late Neoproterozoic to early Cambrian based on
stratigraphic and structural investigation (Buslov et al., 2001, 2002,
2013; Ota et al.,, 2007) and were thought to form during the initial
stage of the Kuznetsk-Altai intra-oceanic island arc (Buslov et al.,
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Fig. 2. (a) Geological units in the north of the GA (modified after Buslov et al. (2013)). (b) Simplified stratigraphic column in the north of the GA (based on geological maps of Buslov and
Safonova (2010) and Buslov et al. (2013)). Abbreviations: Pt, Proterozoic; Pz, Paleozoic; Cam, Cambrian; O, Ordovician; S, Silurian; D, Devonian; P, Permian; C, Carboniferous; T, Triassic; PS,

Paleo-seamount.

2001, 2002; Ota et al., 2002, 2007). The accretionary complexes consist
mainly of oceanic crustal relicts with OIB- or MORB-like geochemical
features and clastic rocks eroded from island arc magmatic rocks,
ophiolitic mélange and HP metamorphic complexes (Buslov and
Watanabe, 1996; Buslov et al., 2013; Dobretsov and Buslov, 2004; Ota
et al.,, 2002, 2007; Safonova, 2008; Safonova et al., 2004, 2011). The
limestone covers of paleo-seamounts (OIB-type oceanic crust) in the
Kurai and Katun accretionary wedges yielded Pb-Pb ages of 598-
577 Ma (Uchio et al., 2001, 2004), which are broadly consistent with
the finding of early Cambrian algae and sponge spicules in the northern
GA (Terleev, 1991). The eclogites in Chagan-Uzun (southeast of the GA)
were formed by the subduction of oceanic crust and yielded hornblende
Ar-Ar ages of ca. 630-560 Ma (Buslov et al., 2002). The Kuznetsk-Altai
island arc was suggested to be mature with generation of calc-alkaline
magmatism in the middle-late Cambrian (Glorie et al., 2011; Kruk
et al.,, 2011; Simonov et al., 1994). A large turbidite basin was possibly
formed in this period and the sedimentary sequences were assigned
to the Gorny Altai Group (Kruk et al., 2010). Its lower part consists of
the Kudaty and Katun Formations that are predominantly composed
of green-gray medium- to fine-grained sandstones and meta-
siltstones (Kruk et al., 2010). The upper part consists of the Kadrinka,
Sailyugem and Suetka Formations and is made up of poorly sorted
coarse-grained immature sediments with greywacke compositions
(Kruk et al., 2010). In the northwest of the GA, the upper limit of the
Gorny Altai Group is unconformably overlain by the Voskresenka
Formation, which was assigned to the lower Ordovician (Petrunina
et al.,, 1984). It was suggested that the Kuznetsk-Altai island arc collided
with the Siberian continent in the late Cambrian to early Ordovician,
resulting in the formation of mollasse covering the Cambrian

sedimentary sequence (Fig. 2; Buslov et al., 2013), associated with in-
trusion of granitoids and folding (Buslov et al. (2002) and references
therein).

The GA was suggested to represent a passive margin in the Ordovi-
cian to early Devonian when thick terrigeneous-carbonate sediments
were accumulated (Figs. 1b and 2; Buslov et al., 2013; Kruk et al.,
2011). The Ordovician sedimentary sequences (4.5-6.0 km thick) are
mainly composed of conglomerate, sandstone, siltstone and limestone.
The Silurian sequences (1.5-2.0 km thick) conformably overlie the
Ordovician ones and are dominated by carbonates with subordinate
terrigeneous sediments (Buslov et al., 2013; Yolkin et al., 1994).

In the Devonian, extensive granitoids, rhyolite-dacite lava and tuffs
were generated and plutons intruded into the late Neoproterozoic to
early Paleozoic sedimentary sequences (Fig. 2; Buslov, 2011; Buslov
etal., 2013; Glorie et al,, 2011; Kruk et al., 2011). This magmatic activity
probably attests to the change of the geodynamic setting into an active
continental margin (e.g., Glorie et al., 2011; Kruk et al., 2011). It was
suggested that the AM collided with the marginal units of the Siberian
continent (i.e., the GA) in the late Devonian to early Carboniferous,
forming the CTUS suture zone (e.g., Buslov, 2011; Buslov et al., 2013).

3. Sample description

Five samples from the Cambrian to early Devonian sedimentary
sequences (Figs. 1b and 2) in the GA were collected for zircon U-Pb
and Hf-isotope analyses.

Samples G-1 (N 50°08'14.6”, E 88°20’11.4"; Fig. 3a) and G-2 (N
51°59'18.5", E 84°33’52.4") were collected from the middle-late
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Fig. 3. The field occurrence (a) and petrography (b-f) of the representative (meta-)sedimentary rocks in the GA. (a) The early to middle Cambrian sandstone in the southeast of the GA (G-
1); (b) G-1, coarse-grained sandstone, consisting of plagioclase, hornblend and quartz; (c) G-2, medium-grained plagioclase sandstone that is mainly composed of quartz and plagioclase,
with minor lithic clastics; (d) G-3, greenschist-facies meta-siltstone, with a mineral assemblage of quartz + chlorite; (e) G-4, medium-grained sandstone that is dominated by quartz and
plagioclase, with minor chlorite that was probably altered from pre-existed mafic minerals; (f) G-5, medium-grained sandstone that is mainly composed of quartz, plagioclase and lithic
clastics. The symbols “(—)” and “(+)” in the up right angles of each diagram represent plane-polarized light and perpendicular polarized light, respectively.

Cambrian and late Cambrian to early Ordovician fore-arc sedimentary
sequences of the Gorny Altai Group in the southeast and northwest of
the GA (Figs. 1b and 2), respectively. Sample G-1 is a coarse-grained
sandstone, mainly composed of plagioclase (~60%), hornblende
(~35%) and fine-grained matrix minerals (~5%) (Fig. 3b). All the min-
erals have subhedral to euhedral crystal shapes, indicating proximal
sediment sources. Sample G-2 is a medium-grained sandstone, mainly
composed of plagioclase (~70%), quartz (20%), lithic fragments (8%)
and minor opaque minerals (~2%) (Fig. 3c¢). The minerals are also
subhedral to euhedral.

Sample G-3 (N 51°48'38.5”, E 84°08’30.8") was collected from the
late Cambrian to early Ordovician fore-arc sedimentary sequences of
the Gorny Altai Group in the northwest of the GA (Fig. 2). It is a
greenschist-facies meta-siltstone and is composed of quartz (~50%),
chlorite (~45%) and minor opaque minerals (~5%). These minerals
align along a preferred orientation and show clear foliation (Fig. 3d).

Sample G-4 (N 51°42/32.8", E 54°25'27.8") is a medium-grained
sandstone from the Silurian sedimentary sequence in the northwest of
the GA (Fig. 2). It consists of quartz (~70%), plagioclase (~20%), lithic
fragments (~5%) and minor chlorite (~5%, altered from primary mafic
minerals) (Fig. 3e).

Sample G-5 (N 51°50’32.3”, E 84°02’13.9”) is a medium-grained
sandstone from the early Devonian sedimentary sequence in the north-
west of the GA (Fig. 2) and has a similar mineral composition with the
above-mentioned Silurian sample (Fig. 3f).

4. Analytical methods
4.1. Zircon separation and cathodoluminescence (CL) imaging

Rock samples were processed firstly by crushing, sieving, washing,
and then by electromagnetic and standard heavy liquid separation.
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About 100-200 zircon grains from each sample were handpicked from
the heavy mineral concentrate under a binocular microscope. Being
mounted in epoxy blocks, these zircon grains were polished down to
about half of their thickness. CL imaging of the representative zircon
grains was carried out in the Department of Earth Sciences, the Univer-
sity of Hong Kong in order to determine position for U-Pb and Hf-
isotope analyses.

4.2. In-situ zircon U-Pb and Hf-isotope analysis

In-situ zircon U-Pb dating was carried out by employing a Nu Instru-
ments MC-ICPMS equipped with a Resonetics Resolution M-50-HR
Excimer Laser Ablation System in the Department of Earth Sciences,
the University of Hong Kong. Detailed operating conditions and instru-
ment parameters were described by Xia et al. (2011). Analyses were
performed with a beam of ca. 30 um, 6-Hz repetition rate, which yielded
a signal intensity of 0.03 V at 233U for the standard zircon 91500. Typical
ablation time was 40 s for each measurement, resulting in pits of 30—
40 pm in depth. Masses 232, 208-204 were simultaneously measured
in static-collection mode. Standard zircons 91500 and GJ were used as
external standards and were analyzed twice before and after every 10
analyses. Integration of background and analytic signals, time-drift cor-
rection, and quantitative calibration for U-Pb dating were performed by
software ICPMSDataCal (Liu et al., 2010). U-Th-Pb isotopic ratios re-
ported by Wiedenbeck et al. (1995) were used for the zircon standard
91500. Concordia diagrams and probability density plots were made
using Isoplot/Ex_ver3 (Ludwig, 2003). The U-Pb dating results are pre-
sented in Appendix Table S1.

Zircon Hf-isotope analyses were carried out by employing the same
MC-ICPMS in the Department of Earth Sciences, the University of Hong
Kong. Analyses were performed with a beam diameter of ca. 55 um, 6 Hz
repetition rate, which yielded a signal intensity of 0.04 V at '7°Hf for the
standard zircon 91500. Typical ablation time was 40 s for each measure-
ment, resulting in pits of 30-40 um in depth. Masses 172-179 were
simultaneously measured in static-collection mode. Standard zircons
91500 and GJ were used as external standards and were analyzed
twice before and after every 10 analyses. Data were normalized to
179Hf/177Hf = 0.7325, using exponential correction for mass bias.
Interference of '7°Lu on 7®Hf was corrected by measuring the intensity
of the interference-free '7°Lu isotope and using the recommended
176 y/175Lu ratio of 0.02655 (Machado, 2001). The '7°Lu decay constant
0f 1.865 x 10~ ! year ! (Scherer et al., 2001) was used to calculate ini-
tial 17®Hf/!”7Hf ratios. The chondritic values of 7®Hf/!77Hf (0.282772)
and '7SLu/'77Hf (0.0332) reported by Blichert-Toft and Albaréde
(1997) were adopted for the calculation of ey¢(t) values. The two-
stage Hf model ages (Tpwy) were calculated using the Hf isotopic com-
positions of the depleted mantle ('76Lu/'”’Hf = 0.0384, '7°Hf/!""Hf =
0.283250) and average continental crust (!’SLu/!’’Hf = 0.015,
frume = —0.55) reported by Griffin et al. (2000, 2002). The Hf isotope
results are presented in Appendix Table S2.

5. Results
5.1. Zircon U-Pb and Hf isotopic compositions

5.1.1. Sample G-1

Zircons from this sample are subhedral to euhedral, with typical
oscillatory zoning (Fig. 4a). Their grain sizes vary from about 100 to
300 pm in length, with length/width ratios mostly of ca. 1.0 to 1.5. The
one hundred and six analyzed zircon grains yielded Th/U ratios between
0.15 and 1.07 (Appendix Table S1), suggesting a magmatic origin (Corfu
et al., 2003; Hanchar and Miller, 1993). All the analyzed zircons give
concordant or nearly concordant ages (Fig. 5a). Among them, ninety-
nine grains have 2°6Pb/238U ages clustering at 526-487 Ma, with a
prominent peak at ca. 503 Ma (Fig. 6a). The other seven grains give
206pp,238j ages varying from 641 to 549 Ma. Eighty-one zircons out of

the one hundred and six were analyzed for Hf isotopic compositions,
and they yield positive eyg(t) values (4 3.8 to +16.1) and young Tpwm»
ages (1.32-0.45 Ga) (Fig. 7a; Appendix Table S2).

5.1.2. Sample G-2

Most of the zircons from this sample are subhedral to euhedral with
short prismatic shape. They have length/width ratios around 1.0 to 2.0
(Fig. 4b). All the thirty-nine analyzed zircons are characterized by
concentric oscillatory zoning and Th/U ratios of 0.17-1.00, implying a
magmatic origin (Corfu et al., 2003). Three zircon grains (G-2-1, G-2-
40 and G-2-42) yield concordance less than 95% (Fig. 5b; Appendix
Table S1). Among the other thirty-six zircons, zircon grain G-2-16
gives a 2°5Pb/238U age of 575 + 6 Ma and the rest thirty-five grains
yield 2%5Pb/238U ages of 529-464 Ma (Fig. 6b). All these zircons have
positive gy¢(t) values varying from + 3.4 to 4+ 15.5 and two-stage Hf
model ages (Tpm2) ranging from 1.27 to 0.50 Ga (Fig. 7b; Appendix
Table S2).

5.1.3. Sample G-3

Zircons from this sample are transparent and pale brown with
euhedral to subhedral short prismatic shapes. The grain sizes vary
from 150 to 300 um in length, with length/width ratios of ca. 1.0-2.5.
CL images show that almost all the analyzed zircons exhibit oscillatory
zoning (Fig. 4c). The one hundred and twenty-three analyzed zircon
grains mostly yield concordance more than 95%. Zircon grains G-3-
110, G-3-120 and G-3-122 yield concordant ages of 613 + 6 Ma,
1947 4 7 Ma and 820 + 13 Ma, respectively (Fig. 5¢). Two zircon grains
G-3-83 and G-3-112 give younger concordant 2°°Pb/?38U ages of ca.
339-328 Ma. They are characterized by uniform CL internal structure
without zoning, possibly suggesting thermal disturbance in the late Pa-
leozoic (Buslov et al., 2013). The other zircons give ages clustering at ca.
530-468 Ma (Fig. 6¢). Among the one hundred and nine zircons that
were analyzed with Hf isotopes, the three older zircons G-3-110, G-3-
120 and G-3-112 yield negative gyg(t) values of —11.7, —1.4 and
— 3.4, with corresponding two-stage Hf model ages (Tppm2) of 2286 +
68 Ma, 2645 + 60 Ma and 1920 + 63 Ma, respectively. Zircons of the
major ca. 530-453 Ma population possess positive ey¢(t) values of
1.7-13.9 and correspondingly Tpy, of 1.28-0.60 Ga, except for the
zircon G-3-87 (ca. 503 Ma) with negative ey¢(t) values of —5.9 and
Tpmz of 1838 4+ 63 Ma (Fig. 7c; Appendix Table S2).

5.1.4. Sample G-4

Nearly all zircons from this sample are short and prismatic in shape
and characterized by relatively wide oscillatory zoning in CL images
(Fig. 4d). The Th/U ratios of these zircons are 0.12 to 0.80, indicating a
magmatic origin (Corfu et al., 2003; Hanchar and Miller, 1993).
Ninety-seven zircon grains were analyzed. Except for zircon grains
G-4-40, G-4-88 and G-4-99, others all yield concordance more than
95% (Fig. 5d) and give 2°°Pb/238U ages mainly concentrating at 555-
456 Ma (Fig. 6d). Sixty representative zircon grains were analyzed
for Hf isotopic compositions. They are characterized by positive
ene(t) values from + 6.6 to +17.5 (Fig. 7d; Appendix Table S2). Except
for zircon G-6-51 with the two-stage Hf model age (Tpy) of 0.34 Ga,
others yield model ages of 1.03-0.51 Ga.

5.1.5. Sample G-5

Zircons from this sample are short prismatic or sub-rounded in
shape, with length/width ratios varying from ca. 1.0 to 1.5 (Fig. 4e).
They are mostly characterized by well oscillatory zoning and Th/U ratios
from 0.09 to 2.29, implying a magmatic origin (Corfu et al., 2003;
Hanchar and Miller, 1993). Among the eighty analyzed zircon grains,
zircons G-5-12, G-5-24, G-5-39 and G-5-60 give concordant or nearly
concordant 2°’Pb/2°°Pb ages of 2431-1879 Ma (Fig. 5e). Zircon grains
G-5-7, G-5-17, G-5-20, G-5-50, G-5-57 and G-5-64 yield concordant
ages varying from 904 Ma to 772 Ma (Fig. 5e). Other zircons give
concordant 2°Pb/?33U ages mainly clustering between 525 Ma and
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463 Ma except for the grains G-5-23, G-5-49 and G-5-65 with ages of
632-592 Ma (Fig. 6e). Similar to other four samples, the early Paleozoic
zircons (525-463 Ma) from sample G-5 are dominated by positive
eye(t) values from +1.0 to +14.9 and correspondingly give Tpya
model ages of 1.40-0.52 Ga; only zircons G-5-31, G-5-38 and G-5-47
yield negative ey¢(t) values (—3.3 to —9.3) and Tpy;» model ages of
2.06-1.66 Ga (Fig. 7e; Appendix Table S2). In contrast, those Precambrian
zircons show extremely varied initial Hf isotopic compositions, with
enr(t) values and Tpy, model ages varying from —26.1 to +11.7 and
3.74 10 0.82 Ga, respectively.

6. Discussion
6.1. The timing of deposition

The ages of the youngest detrital zircons have been successfully
used to constrain the maximum depositional age of sedimentary
rocks (e.g. Dickinson and Gehrels, 2009; Jones et al., 2009; Long et al.,
2007). A recent study shows that the youngest peak age of probability
density plot (YPP) or a mean age of the youngest-grain cluster (n > 2)

overlapping in age at 1 sigma (YC10(2+)) can provide a reliable esti-
mation of the youngest-age measures (Dickinson and Gehrels, 2009).
In this study, we adopt the YC10(2 +) to constrain the timing of depo-
sition, as used by some other researchers (e.g., Jones et al.,, 2009).

The eighty youngest concordant or nearly concordant detrital
zircons (ca. 512-487 Ma) from sample G-1 yield an average age of
502 4 1 Ma (MSWD = 1.00 (20)), constraining a maximum deposition
age in the middle Cambrian. Similarly, the twelve and thirty-eight youn-
gest concordant or nearly concordant detrital zircons from samples G-2
and G-3 (ca. 477-464 Ma and 481-468 Ma, respectively) show weight-
ed mean ages of 472 4+ 3 Ma (MSWD = 0.95 (20)) and 476 + 1 Ma
(MSWD = 1.00 (20)), respectively, suggesting that they were deposit-
ed in no earlier than early Ordovician. Our results suggest that the Gorny
Altai group (represented by samples G-1, G-2 and G-3) received sedi-
ments at least till ca. 472 Ma. Sample G-4 was collected from a Silurian
sequence that was constrained by graptolite fossils in the shale from the
lower part of the same section (Yolkin et al., 1994). The forty-seven
youngest concordant or nearly concordant detrital zircons (ca. 476-
456 Ma) have an average age of 467 + 1 Ma (MSWD = 1.03 (20)).
This implies that the host sedimentary sequence probably deposited

Please cite this article as: Chen, M, et al., Neoproterozoic-middle Paleozoic tectono-magmatic evolution of the Gorny Altai terrane, northwest of
the Central Asian Orogenic B..., Lithos (2015), http://dx.doi.org/10.1016/j.lithos.2015.03.020




M. Chen et al. / Lithos xxx (2015) xXX-xXx 7

0.105
ol (3) 61 (b) G-2
660,
0.095¢
2
0.10¢ . ﬂ
580,
0.085F
0.09+
54
0.08l 5 0.075¢
46
0.07 = x x L 0.065!
0.5 0.6 0.7 0.8 0.9 1.0 0.
014} (C) G-3
820413 Ma
0.12}
2
©
3
—~—
L 0.10f
o
©
H 194747 Ma
0.08t
0.06f
328%3 Ma
339+3 Ma
0.04 s L L s L & 2 > = < =
0.3 0.5 0.7 0.9 1.1 13 1. 0.45 0.55 0.65 0.75 0.85
0.6
(e) G-5 8171 (f) G-5
2600 i
05¢ 243157 Ma,, 2
0.15¢
2200
041 187917 Ma
013
1800 _~"1965:8M3 772812 Ma
0.3 .
197.3%9 Ma 0.11}
1400,
0.09r
0.07}
0.0 P e T 905 " M N " " "
0 2 4 6 8 10 12 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7

207PbI235U

Fig. 5. U-Pb concordia diagrams for detrital zircons from the (meta-)sedimentary rocks in the GA.

in no earlier than the middle Ordovician, which is compatible with the
previously assigned age of Silurian. The nine youngest concordant or
nearly concordant detrital zircons from the early Devonian sample G-5
(ca. 475-463 Ma) overlapping in age at 1 sigma have an average age
of 469 + 3 Ma (MSWD = 1.02 (20)). This age constrains the maximum
deposition time in the middle Ordovician and thus is also compatible
with the assigned age of early Devonian (Fig. 2; Buslov et al., 2013 and
reference therein).

6.2. Provenance

Detrital zircons are common in sedimentary rocks and have
been widely applied in tracing the provenance of sedimentary systems
(e.g. Barth et al., 2013; Cawood et al., 2012; Wu et al., 2010).

The three samples of the Gorny Altai Group (i.e., G-1, G-2 and G-3)
show detrital zircons mainly of 530-464 Ma old, with minor 641-
549 Ma old (Fig. 6a-c). These zircons retain euhedral to subhedral

morphology, oscillatory concentric zoning (Fig. 4) and high Th/U ratios
(Appendix Table S1), implying a magmatic origin with short-distance
transport (Corfu et al,, 2003; Hanchar and Miller, 1993). This conclusion
can be further supported by the preservation of euhedral to subhedral
mafic minerals (i.e. hornblende) in sample G-1 (Fig. 3b) and the obser-
vation of poorly sorted plagioclase and quartz with angular shapes in
sample G-2 (Fig. 3c). The Kuznetsk-Altai intra-oceanic island arc
(Fig. 1) is located in the east of the sampling sites. This arc is dominated
by the assumed late Neoproterozoic to early Cambrian tholeiitic-
boninitic volcanic rocks and Cambrian calc-alkaline magmatic rocks
(Fig. 1b; Buslov et al. (2002); Ota et al. (2007) and references therein).
A few granitoid-gabbro-tonalite plutons in the east of the GA (the
southern part of the Kuznetsk-Altai island arc; Kruk et al., 2007, 2011;
Glorie et al.,, 2011) as well as the Kuznetsk-Alatau and Gornaya regions
(the northern part of the Kuznetsk-Altai island arc; Rudnev et al., 2008,
2013) have been recently dated with zircon U-Pb ages of ca. 540-
480 Ma (De Grave et al., 2009; Glorie et al., 2011; Kruk et al., 2007;
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Rudnev et al., 2013), which are broadly coeval with the dominant detri-
tal zircon populations in our samples. The uniform detrital zircon pat-
terns without early Precambrian grains suggest that the Kuznetsk-
Altai island arc magmatic rocks probably served as dominant sediment
sources. Sample G-1 has youngest zircons slightly older than those of
the other two samples, consistent with its stratigraphic position in the
lower part of the Gorny Altai Group (Fig. 2).

The Silurian and early Devonian sedimentary sequences in the Anui-
Chuya basin, represented by samples G-4 and G-5, respectively, were
considered as passive marginal deposits of the Siberian continent
(Buslov and Safonova, 2010; Buslov et al.,, 2013). Studies have revealed
that detrital zircons from passive margin sedimentary sequences of an
ancient continent usually contain a significant proportion of ancient

grains as a result of sediments sourced from this continent (Cawood
et al., 2012). However, detrital zircons from the Silurian sample G-4
show a single population with ages mainly of 555-456 Ma (Fig. 6d)
and thus were possibly derived from sources similar to those of the
Gorny Altai Group. This may imply that the GA was not directly connect-
ed with an old continent in the Silurian. In contrast, 2431-772 Ma zir-
cons make up a significant proportion (ca. 12%) in the early Devonian
sample G-5 in addition to the major zircon population of 525-463 Ma
(ca. 84%) and a minor one of 632-592 Ma (ca. 4%) (Fig. 6e). These
2431-772 Ma zircons exhibit subhedral to rounded shapes with blurry
oscillatory concentric zoning (Fig. 4e), which possibly imply far-
distance transport. We consider that some detritus from ancient conti-
nents began to be involved in the formation of the early Devonian sed-
imentary sequences besides the 632-463 Ma magmatic rocks.

6.3. Implication on the Kuznetsk-Altai arc magmatism

As discussed above, the five investigated samples have detrital zir-
cons predominantly from the nearby Kuznetsk-Altai island arc except
the early Devonian one with a significant input of 2431-772 Ma detrital
zircons from additional ancient continents. We propose that two differ-
ent magmatic stages were possibly responsible for the formation of this
island arc based on the contrasting zircon abundances (Fig. 8a).

6.3.1. Primitive stage at ca. 640-540 Ma

In the latest Mesoproterozoic to Neoproterozoic, the southern and
western margins of the Siberian continent (present coordinate) were
surrounded by the PAO after the breakup of the Rodinia supercontinent
(Dobretsov et al.,, 1995; Khain et al., 2002, 2003). Voluminous magmatic
rocks were generated in association with the long-lasting subduction-
accretion processes due to the closure of the PAO (e.g. Cai et al., 2010;
Glorie et al.,, 2011; Kroner et al., 2014; Sun et al., 2008; Yuan et al.,
2007). It was proposed that the primitive Kuznetsk-Altai island arc off
the Siberian continent was initiated in the late Neoproterozoic to early
Cambrian due to the transition from a transform fault zone to an incip-
ient subduction zone, which is manifested by the tholeiitic-boninitic
volcanic rocks in the GA (Buslov, 2011; Buslov et al., 2002, 2013; Ota
et al., 2007). The eclogites that are associated with the ophiolitic
mélange in the southeast of the GA yielded hornblende Ar-Ar ages of
ca.630-560 Ma (Buslov et al.,, 2002), indicating that the subduction pos-
sibly occurred prior to the latest Neoproterozoic. However, the timing of
magmatism during this period has not been well understood due to the
lack of precise geochronological data (Fig. 8b). The five samples of this
study contain ca. 640-540 Ma detrital zircons, although in minor
amount (ca. 5%; Fig. 8a), may testify that the precursor magmas of
these zircons were generated in the primitive subduction stage of the
Kuznetsk-Altai island arc. We explain that the scarcity of ca. 640-
540 Ma detrital zircons is possibly because basalts and basaltic andesites
were the major products during this period (e.g., Buslov et al., 2004; Ota
et al., 2007) and zircons are difficult to crystallize in these kinds of
magmas (Cawood et al., 2012 and references therein).

6.3.2. Evolved stage at ca. 530-470 Ma

The seventy-eight youngest concordant or nearly concordant
detrital zircons (except for zircons G-3-83 and G-3-112 with ages of
339-328 Ma) from the five samples show an average age of 469 +
1 Ma (MSWD = 0.95 (20)). This implies that the subduction-related
magmatism possibly continued at least till ca. 470 Ma, rather than ca.
490-480 Ma that was inferred from the limited magmatic exposures
(Fig. 8b; Buslov et al., 2002; De Grave et al., 2009; Glorie et al., 2011;
Kruk et al., 2007, 2011; Rudnev et al., 2008, 2013). Compared with the
low abundance of ca. 640-540 Ma detrital zircons, all the five samples
show high fertility of ca. 530-470 Ma old populations (ca. 95%). This
may imply that an increased volume of magmas with relatively high
SiO, contents (e.g., granitoid and their volcanic equivalents) was gener-
ated in their source areas. Experimental studies show that granitoid
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magmas and more felsic ones can be rarely produced solely by fractional
crystallization of mantle-derived mafic melts, but are mostly generated
by partial melting of crustal materials at middle and/or lower crustal
depth (e.g., Cai et al. (2014) and references therein). The ca. 530-
470 Ma detrital zircons are almost exclusively characterized by positive
eye(t) values varying from + 1.0 to + 18.9, with Tpy, ages mainly of
1.40-0.45 Ga (Figs. 7 and 9; Appendix Table S2). Therefore, our results
may indicate that substantial partial melting of the pre-existing juvenile
mafic crustal materials occurred in ca. 530-470 Ma. Recent studies
show that the Cambrian to early Ordovician granitoids from the Kuz-
netsk-Altai island arc are mainly metaluminous to weakly
peraluminous (A/CNK < 1.1, molar ratio, Al,03/(Ca0 + Na,0 + K;0))
in composition, with subordinate strongly peraluminous (A/CNK > 1.1)
ones (Fig. 10a; Kruk et al., 2011; Rudnev et al., 2008). Comparison
with partial melting experiments shows that these two kinds of granit-
oids were predominantly originated from meta-basaltic igneous rocks
and meta-sediments, respectively (Fig. 10b; Altherr et al. (2000) and
references therein). The increased production of granitoids, which has
been regarded as a distinctive feature of mature island arcs from

juvenile/primitive one (Baker, 1968), suggests that the Kuznetsk-Altai
island arc probably evolved toward a mature one at ca. 530-470 Ma.
To conclude, the detrital zircons in this study provide a complete re-
cord of the tectono-magmatic evolution of the Kuznetsk-Altai island arc
from ca. 640 to 470 Ma, indicating that considerable continental growth
took place at least till in ca. 470 Ma. With combination of previously
published data, we tentatively propose a scenario for the evolution of
the Kuznetsk-Altai island arc as follows (stages A-C in Fig. 11). At ca.
640 Ma (stage A), the nascent Kuznetsk-Altai island arc was initiated,
when the arc crust was possibly thin and dominated by basaltic
magma flux from the depleted mantle (e.g., tholeiitic-boninitic volcanic
rocks; Buslov et al., 2002; Ota et al., 2007). This island arc progressively
became thickened due to the increased input of mantle-derived mafic
magmas and growth of accretionary prism by ongoing subduction.
When it came to ca. 530-470 Ma (stage B), partial melting of the deeply
buried accretionary assemblages and oceanic crust generated relatively
large amount of granitoids (e.g. Glorie et al., 2011; Kruk et al., 2011;
Rudnev et al., 2008, 2013). Middle-late Ordovician zircons are missing
in the Silurian sample (G-4, Fig. 6d). Similarly, middle Ordovician to
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early Devonian zircons are not found in the early Devonian sample (G-5,
Fig. 6e). This possibly implies that the GA changed into a passive regime
(but probably not directly connected with any old continent) in the
middle Ordovician (stage C).

6.4. Sources of the 2431-772 Ma detrital zircons and their tectonic
implication

The three samples from the Gorny Altai Group and one from the
Silurian sedimentary sequence show predominant zircon populations
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with Cambrian to early Ordovician ages, without Archean to middle
Neoproterozoic zircons (except for one of 1947 Ma and one of 820 Ma
old, respectively). However, significant amount of 2431-772 Ma zircons
appear in the early Devonian sample (G-5; Figs. 6e and 12a), and yield
variable but mostly negative Hf isotopic compositions with Tpym
model ages up to 3.74 Ga. This indicates that a tectonic unit with old
crustal material approached the GA near the early Devonian.

To the northeast of the GA is the Siberian continent, which is one of
the oldest continental blocks on the Earth (Fig. 1a). The Paleozoic sedi-
ments and modern river sands from this continent are highlighted by ca.
35% 3.2-2.4 Ga and ca. 50% 2.1-1.8 Ga zircon populations (Fig. 12b;
Gladkochub et al., 2013; Safonova et al., 2010; Wang et al., 2011),
which are quite distinct from our data from the early Devonian sample
(Fig. 12a). These two major zircon populations are explained to record
the formation of continental nuclei in the Archean to early
Paleoproterozoic and the amalgamation of these ancient nuclei in the
middle-late Paleoproterozoic (e.g., Gladkochub et al., 2013; Rosen
et al., 1994; Safonova et al., 2010; Wang et al., 2011). Early-middle
Neoproterozoic magmatic rocks are only distributed in its southeastern
and southern margins as a result of the early subduction-accretion pro-
cesses during the formation of the CAOB (e.g., Vernikovsky et al., 2003;
Zonenshain et al., 1990). This is witnessed in the sedimentary record,
where the early-middle Neoproterozoic detrital zircons only take up
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ca. 15% in the compiled > 640 Ma grains (Fig. 12b). However, the 2431~
772 Ma detrital zircons from our early Devonian sample G-5
are highlighted by more than 60% Neoproterozoic detrital grains,
which are followed by a subordinate amount of the middle-late
Paleoproterozoic ones (Fig. 12a). The pattern is quite different from
that of the Siberian continent (Fig. 12d). Therefore, the Siberian conti-
nent seems unlikely to be a major source for the ancient sediments in
the early Devonian sedimentary sequences.

We note that the Precambrian detrital zircons from the early Paleo-
zoic meta-sedimentary rocks in the AM to the south of the GA mostly
have Neoproterozoic ages and minor grains of them formed in the
Archean to Paleoproterozoic (Fig. 12c; Chen et al., in press; Jiang et al.,
2010, 2011, 2012; Long et al., 2007, 2010; Sun et al., 2008; Wang et al.,
2014). Since no Precambrian basement is exposed on the AM, re-
searchers suggested that these old detrital zircons were possibly
derived from the Tuva-Mongolian terrane (e.g. Jiang et al., 2011; Long
et al., 2010), where Precambrian rocks (e.g., ortho-gneisses) have
been well documented (Badarch et al., 2002; Demoux et al., 2009;
Jiang et al,, 2011 and references therein). The >640 Ma detrital zircons
from the AM include ca. 60% Neoproterozoic grains, ca. 30% middle-late
Paleoproterozoic and ca. 10% Archean ones. This pattern is thus quite
similar to that of the 2431-772 Ma grains from our early Devonian
sample G-5 (Fig. 12d). We propose that the detritus from the AM are
plausibly an additional source to the early Devonian sedimentary se-
quence. Previous studies suggested that the GA and AM were possibly
amalgamated in the late Devonian to early Carboniferous, i.e., after the
deposition of our early Devonian sample (Buslov, 2011; Buslov et al.,

2004, 2013). The upper limit of amalgamation time was constrained
by the amphibole K-Ar age of the gabbro-diabase dykes (ca. 373 Ma)
that penetrated the metamorphosed rocks in the suture (Buslov
(2011) and references therein). However, the K-Ar age may record
the timing of cooling related to the uplift along the shear zone. Our
data may imply that the GA and AM amalgamated already in the early
Devonian (stage D in Fig. 11).

7. Conclusions

(1) Detrital zircons from the Gorny Altai Group and the Silurian
sedimentary sequence all show the most prominent zircon
population with Cambrian to early Ordovician ages, with a sub-
ordinate one with late Neoproterozoic ages. Detritus from the
Kuznetsk-Altai island arc system probably served a unitary
source in the formation of these sedimentary rocks.

The Kuznetsk-Altai island arc possibly underwent a prolonged
tectono-magmatic history from ca. 640 Ma to ca. 470 Ma. Nearly
all the ca. 530-470 Ma detrital zircons yield positive g t) values
with Tpp ages of ca. 1.40-0.45 Ga, implying that the precursor
magmas were dominated by heterogeneous juvenile crustal
materials. The low abundance of ca. 640-540 Ma detrital zircons
implies that the Kuznetsk-Altai island arc was possibly a primi-
tive one dominated by mafic volcanic rocks in this period,
while the abrupt increase of the ca. 530-460 Ma ones possibly
indicates that this arc evolved toward a mature one with sub-
stantial intermediate-felsic magmas (e.g., granitoids) in the

(2)
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Fig. 12. Comparison between the 2431-772 Ma detrital zircons from the early Devonian sample G-5 and the Precambrian detrital zircon records (>640 Ma) from the Altai-Mongolian
terrane and Siberian continent. The U-Pb age data for detrital zircons from the Altai-Mongolian terrane are from Long et al. (2007, 2010), Sun et al. (2008), Jiang et al. (2010, 2011,
2012), Yang et al. (2011), Chen et al. (in press) and Wang et al. (2014), while those from the Siberian continent are from Safonova et al. (2010), Wang et al. (2011) and Gladkochub

etal. (2013).

Cambrian to early Ordovician.

(3) The AM is a plausible source for the 2431-772 Ma detrital zircons
in the early Devonian sample. This implies that the GA possibly
amalgamated with the AM prior to the early Devonian rather
than in the late Devonian to early Carboniferous as previously
suggested.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.03.020.
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