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The Altai-Sayan Fold Belt epitomises how Phanerozoic island-arc continental crust contributed to the growth
of the Palaeo-Eurasian continent. Its formation is dominated by the closure of the Palaeo-Asian Ocean (PAO)
when island-arc systems and Gondwana-derived terranes accreted to the Siberian margin. Relics of the PAO
related tectonic units and associated granitoids occur along the ophiolitic Charysh-Terekta-Ulagan-Sayan
suture (CTUSs) between Gorny-Altai and Altai-Mongolia. Zircon LA-ICP-MS U/Pb dating of this igneous record
constrains the multi-stage geodynamic PAO evolution. Primitive Kuznetsk-Altai island-arc crust formed at the
Siberian margin during the Ediacaran-Early Cambrian (525-555 Ma). This island-arc matured during the
Middle-Late Cambrian (~510Ma) and was consumed by PAO subduction in the Late Cambrian-Early
Ordovician (480-490 Ma) forming the Siberian Early Caledonian accretion-collision belt. South of the CTUSs,
granitic magmatism occurred within Gondwana-derived Altai-Mongolia during the Middle-Late Ordovician
(450-470 Ma) Palaeo-Kazakhstan assembly and during a Silurian-Early Devonian (400-425 Ma) Andean-
type collision. Middle-Late Devonian (360-395 Ma) granitoids were emplaced as a result of the collision of
Altai-Mongolia with Siberia. During final Pangaea amalgamation, the suture was strike-slip reactivated
(associated magmatism ~295 Ma). The youngest (220-255 Ma) sampled granitoids originated in an intra-
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1. Introduction

The Central Asian Orogenic Belt (CAOB) also known as the Altaids
(Sengor et al., 1993) represents the world's largest accretionary orogen
and stretches from the Tarim Basin on its southern border to the rigid
Siberian craton in the north, from the Uralides in the west to the Pacific
margin in the east (Fig. 1a). Its basement records an amalgamation of
different tectonic units that formed and accreted in the geodynamic
environment of the Palaeo-Asian Ocean (PAO) during the Late
Precambrian-Palaeozoic (Buslov et al., 2001; Dobretsov et al., 2003;
Khain et al., 2003). During this process of crustal growth, a voluminous
amount of juvenile continental crust was added to the Siberian
continent (Jahn et al., 2000; Buslov et al.,, 2002; Kovalenko et al., 2004;
Kruk et al,, 2010). Generally, subduction-zone magmatism is thought to
be a major process in the formation of juvenile continental crust.
However, it has been suggested recently that during continental growth
a considerable amount of crustal material must have also been
tectonically eroded by the subduction process (Yamamoto et al.,

* Corresponding author. Fax: +32 9 264 4984.
E-mail address: Stijn.Glorie@Ugent.be (S. Glorie).

2009). Therefore, it is thought that crustal reworking has dominated
crustal growth processes over juvenile additions, at least since the end of
the Archean (Belousova et al, 2010). The detrital zircon record of
Siberia's largest rivers confirms that recycled crust contributed to the
CAOB continental growth (Safonova et al., 2010).

The Altai-Sayan Fold Belt (ASFB) or Altai-Sayan Folded Area
(Sennikov et al., 2004; Dobretsov and Buslov, 2007) forms the north-
western part of the CAOB and is situated between the Siberian craton
and the Kazakhstan microcontinent (Fig. 1a). It extends across the
political boundary zone of Russia, Kazakhstan, Kyrgyzstan, China and
Mongolia. In this fold belt, no major ‘mature’ crustal protoliths or
indicators for ancient crust have been found (Sun et al., 2008; Kruk et al.,
2010). The juvenile continental crust was formed during the Late
Precambrian-Early Palaeozoic evolution of island-arc systems in an
open ocean or bordering a marginal basin similar to the modern
analogue of South-West Japan at the Western Pacific active margin
(Isozaki et al., 2010). Therefore, the ASFB epitomises a key-example of a
subduction-related accretionary orogen, that is of quintessential
importance in the understanding of continental growth (Buslov and
Watanabe, 1996; Ota et al., 2007; Windley et al., 2007).

The intrusive record of the ASFB, i.e. the subduction-related
granitoids (tonalite-granodiorite) and gabbroids that formed during
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Fig. 1. (a) General location of the Altai-Sayan Fold Belt (ASFB) (contoured by dashed line) in the Central Asian Orogenic Belt (CAOB). (b) Simplified geological map of the ASFB,
showing its main terrane subdivision: AM, Altai-Mongolia; Ba, Barguzin; GA, Gorny Altai; KA, Kuznetsk-Alatau; Sa, Salair; TM, Tuva-Mongolia; WS, West-Sayan (after Dobretsov and

Buslov, 2007; De Grave et al., 2009).

the formation of the juvenile arc-continental crust on one hand and
the syn- and post-collisional granitoids that formed during and after
subduction-accretion of island-arcs to Siberia on the other, holds key
information on the timing of accretion events and is still poorly
studied. Especially absolute geochronological information is scarce
and the few age data are often ambiguous in this region, resulting in

E88°00

plume in open ocean

High-P/T metamorphic complex

conflicting interpretations when comparing different geological maps.
Therefore, we performed a U/Pb geochronological study to enhance
our understanding of when the island-arc continental crust was
formed and added to the Siberian continent, how the different
tectonic units of the ASFB are related and when they amalgamated in
the CAOB.
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Fig. 2. Illustration of the evolution of the Kuznetsk-Altai island-arc system (see text for explanation). AM = Altai-Mongolia; IA = primitive Kuznetsk-Altai island-arc; OP =
ophiolites; HP = High-Pressure/Temperature metamorphosed complex; AC = accretionary complex (after Ota et al., 2007).
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Fig. 3. 205Pb/2*8U versus 2°’Pb/**>U concordia plot for the PleSovice zircon reference
material (drawn with Isoplot; Ludwig, 2003). This secondary standard was measured
repeatedly (98 analyses) through all sequences. The obtained long-term mean
concordia age yields 338.3 4 1.5 Ma, which is within error identical with the reported
ID-TIMS age of 337.1 4+ 0.4 Ma (Sldma et al., 2008).

2. Tectonic history of the Altai-Sayan Fold Belt

Located in the western part of the ASFB, Gorny Altai (GA) forms a
triangle-shaped tectonic unit that is fault-bounded by a suture zone.
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This so-called Charysh-Terekta-Ulagan-Sayan suture-shear zone
(CTUSs) (Dobretsov and Buslov, 2007; Buslov, 2011) separates
Gorny Altai from its neighbouring orogenic units: West-Sayan to the
east and the supposedly Gondwana-derived Altai-Mongolia (AM)
terrane to the south (Fig. 1b). Following Dobretsov and Buslov (2007),
the CTUSs effectively subdivides the ASFB into two segments, which
both represent distinct island-arc systems that docked with the
Siberian continent during the progressive closure of the PAO. In
contrast to the southern segment, no Gondwana-derived microconti-
nents are found in the northern segment and therefore, the CTUSs
represents the boundary between the Siberian marginal units in the
north and the so-called Kazakhstan-Baikal composite continent in the
south (present day co-ordinates) (Dobretsov and Buslov, 2007;
Buslov, 2011).

The Gorny Altai terrane belongs to the northern segment. Its
tectonic structure can be interpreted in the geodynamic context of
accretion of the Kuznetsk-Altai island-arc system to Siberia (Fig. 1).
This intra-oceanic island-arc is thought to have formed in an
Ediacaran-Early Cambrian transient setting from a transform fault
zone into an incipient subduction zone, close to the Siberian margin
(Ota et al., 2007). During this first stage of PAO subduction, oceanic
plateau basalts and seamounts arrived at the Kuznetsk-Altai arc-
trench system (Buslov et al., 2002; Safonova et al., 2004, 2008, 2009).
While the major part of the plateaus was subducted under the island-
arc via tectonic erosion, its surficial parts accreted to form the Pacific-
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Fig. 4. Schematic geological map of the Charysh-Terekta-Ulagan-Sayan suture zone (CTUSs) and the neighbouring Gorny-Altai (GA) and Altai-Mongolia (AM) tectonic units, with
emphasis on the magmatic record (based on Avrov, 1978; Buslov et al., 2004). All plutons are colour-coded according to their zircon U/Pb ages. The ages of the magmatic bodies in the
east are uncertain and therefore, these are shown in white. Sample positions are located by dots, with a colour reference to their lithology. Zircon U/Pb concordia ages are given. Ages
with a numerical prefix were obtained in this study, and for the samples with an alphabetical prefix the corresponding data were found in literature (D-F, K-0, Vladimirov et al., 2001

and references therein; G-J, Dobretsov, 2005; A-C, De Grave et al., 2009).



Table 1

LA-ICP-MS U/Pb results for this study. For each parameter, the arithmetic mean was calculated. A more detailed table is provided in Appendix 3.

No. Name 207ppa b Pb® Th®  20pp  206ppc 125 207ph¢ 425 207phb¢ 425 rho?  20°Pb® 425 297Pb®  +£2s  conf N®  conc. Age"  Note' Group
(cps)  (ppm) (ppm) U 204pp - Y (%) U (%) *%Pb (%) 8y (Ma) U (Ma) (Ma)

1 Be-01 1166 333 14 0.45 1341 00393 79 02916 16 0.0538 14 0.51 248 19 260 38 105 14 250+6 Concordant VI

2 GA-01 762 186 11 016 1189 00604 7.7 04613 15 0.0554 13 0.52 378 28 385 49 102 19  378+6 Concordant I

3 KU-01 2654 923 57 029 6999 00607 54 04570 92 00573 73 062 380 20 382 30 101 12 37946 Concordant I

4 KU-05 2820 284 18 030 6203 00627 45 04901 79 00568 65 057 392 17 405 27 103 9 39248 Concordant I

5 KU-29 1281 257 16 028 3319 00602 46 04696 10 0.0566 92 047 377 17 391 35 104 12 37847 Concordant comp. 1 I
1855 326 24 060 5321 00667 43 05074 80 00552 67 054 416 17 416 27 100 3 417410  Concordant comp. 2

6 KU-08 672 110 7 039 1385 00612 43 04584 12 0.0543 11 038 383 16 383 39 100 22 382+4 Concordant I

7 KU-07 16734 621 178 027 6348 0.3051 59 49241 83 01224 54 069 1715 86 1799 72 105 7 1944+44  Upper-intcpt. VIl

8 KU-86 258 54 3 0.33 212 00587 89 04441 50 0.0548 49 0.23 368 31 369 155 100 10 375410  Concordant I

9 KU-26 543 129 8 0.33 691  0.0611 72 049838 21 0.0590 19 036 382 27 390 65 103 8 376+14  Concordant I

10 KU-35 401 216 13 0.32 873 0.0611 59 04740 20 0.0563 19 032 382 22 394 69 103 14  380+6 Concordant I

11 KU-34 1787 220 16 0.48 1206 0.0659 40 05120 86 00554 69 051 411 16 420 30 102 10 4107 Concordant 11

12 KU-16 1023 182 13 059 3058 00658 55 05033 14 0.0555 13 0.43 411 22 414 48 101 20  411+5 Concordant 1l

13 KU-10 1198 207 13 037 3948 00607 47 04617 12 0.0552 11 049 380 17 385 39 101 12 379+4 Concordant I

14 B-09-03 3116 484 32 029 4809 00660 7.6 04896 14 0.0592 12 053 412 30 404 48 98 16 41747 Concordant 1l

15 B-09-20 4972 1496 100 0.39 6001  0.0660 50 04434 7.9 00512 61 064 412 20 373 25 90 3 412422 205ph,238 mean age 1l

35971 1438 372 037 27096 02453 59 29876 83 00924 58 071 1413 74 1399 65 99 4 1398+£76  Upper-intcpt.

16  D-01-10 1276 119 11 0.37 1683 0.0810 82 06588 22 0.0591 20 0.46 502 39 514 92 102 8  505+13  Concordant comp. 1 \Y
1511 81 11 046 1880 0.1310 52 12821 96 00704 80 055 792 39 830 55 105 4 1030170  Upper-intcpt. comp. 2

17 D-01-07 1301 175 12 026 2801 00666 70 05335 16 0.0581 14 050 416 28 434 60 104 15 42046 Concordant comp. 1 11
6759 361 50 024 3388 01362 42 12881 65 00684 49 065 822 33 837 38 102 2 9584120  Upper-intcpt. comp. 2

18 B-09-49 1504 166 12 0.47 1257 0.0670 7.7 05044 23 0.0601 21 036 418 31 413 81 99 14 417410  Concordant 1l

19 B-09-43 2014 358 31 056 1248 00784 14 0.6249 27 0.0575 22 0.58 486 48 491 88 101 11 470+18  Concordant comp. 1 il
5114 127 40 0.42 1678 02911 19 38722 22 0.0964 11 082 1646 199 1604 141 98 2 1530469  Upper-intcpt. comp. 2

20 KU-39 7726 984 70 054 2773 00686 60 06798 98 00710 7.6 0.65 428 25 515 43 119 14 421+7 Lower-intcpt 1l

21 D-07-02 2036 298 20 025 5410 00654 48 04903 93 00543 78 053 409 19 405 32 99 22 40643 Concordant 11

22 B-09-60 1602 173 14 0.60 515  0.0731 28 05928 79 0058 74 035 455 12 473 30 104 3 453+7 Concordant comp. 1 il
3477 57 17 046 4539  0.2361 6.5 34494 11 0.1058 85 064 1359 77 1492 87 113 9 1762480  Upper-intcpt. comp. 2

23 G-07-02 2263 343 21 056 5400 00575 13 04575 16 0.0577 91 078 361 44 382 52 106 7  370+£19  Concordant I

24 G-07-04 1498 248 19 070 1155 00670 51 05264 98 0.0571 82 053 418 21 429 35 103 5  420+8 Concordant 11

25  G-07-07 767 182 12 050 1510 00613 65 04363 16 0.0516 14 0.43 384 25 367 50 96 14  379+6 Concordant comp. 1 I
1135 249 19 0.61 1762  0.0680 10 05338 19 0.0570 16 0.52 424 41 434 72 102 7 425412  Concordant comp. 2

26 KU-52 2385 348 25 022 3300 00737 60 05808 10 0.0571 80 060 459 27 465 38 101 11 46248 Concordant comp. 1
4440 544 48 025 2872 00896 7.3 07346 10 0.0595 65 070 553 39 559 44 101 4 548415  Concordant comp. 2 VI

27  KU-57 2970 519 34 035 14991 00616 68 04783 11 0.0564 82 065 385 25 397 36 103 13 384+9 Concordant I

28 B-09-79 1188 221 15 0.52 1402 00630 56 04843 12 0.0558 99 050 394 21 401 39 102 15 39745 Concordant 1l

30 F-09327 1597 182 17 035 6220 00859 72 07012 14 0.0592 12 0.56 531 37 539 62 101 12 528+10  Concordant VI

31 07-26 86 20 1 0.18 158 00465 81 03547 38 0.0554 37 022 293 23 308 106 105 10 295+6 Concordant comp. 1 Vi

431 61 3 0.18 2770 0.0564 10 0.4647 20 0.0599 18 050 354 36 387 68 110 5 355421 Concordant comp. 2
32 KU-51 6078 896 72 0.18 14545 00817 67 06580 80 00584 41 081 506 33 513 33 101 21 51247 Concordant \Y%
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No. Name 207ppa b Pb® Th®  206pp  206ppc 125 207ph¢ 425 207pb¢  +£2s  rhod  2%Pb®  +2s  297Ph®  +£2s  conf N®  conc. Age"  Note' Group
(cps)  (ppm) (ppm) U b Py (% U (%) *°Pb (%) 2y (Ma) U (Ma) (Ma)
33 KU-43 971 75 6 0.18 326 0.0775 35 0.5900 13 0.0552 12 0.31 481 16 471 48 98 2 481411 Concordant comp. 1
1084 75 6 0.18 1258 0.0829 43 0.6900 12 0.0604 11 0.43 514 22 533 52 104 8 510+ 11 Concordant comp. 2
487 32 3 0.19 363 0.0905 4.6 0.7358 17 0.0590 16 0.29 559 24 559 74 100 6 555410 Concordant comp. 3 VI
34 KU-67 1993 493 31 0.38 5800 0.0605 57 04641 8.8  0.0556 6.5 0.66 379 21 387 29 102 9 380410 Concordant I
35 07-28 2717 266 22 0.60 2941 0.0768 8.2 0.6206 13 0.0585 9.8 0.61 477 38 490 52 103 3 484 +13 Concordant comp. 1
7513 663 72 0.93 4355 0.0866 4.9 0.7115 7.8 0.0596 5.8 0.65 535 25 545 34 102 13 53448 Concordant comp. 2 VI
36 07-29 2169 230 20 0.15 3388 0.0877 5.2 0.7159 9.7 0.0592 8.1 0.55 542 27 548 42 101 18 54048 Concordant VI
37 KU-48 9955 818 102 0.34 1487 0.0662 35 0.4877 7.5 0.2680 6.6 0.47 413 14 403 25 98 2 415410 Concordant Il
38 B-09-90 99854 1380 434 0.05 23838 0.3224 47 5.0114 53 0.1128 2.5 0.88 1801 74 1821 46 101 2 1826+ 27 Concordant VI
39 KU-50b 1946 461 27 0.34 2711 0.0583 7.0 0.4505 11 0.0561 7.7 0.67 365 25 378 34 104 11 365+10 Concordant I
40 KU-84 3359 926 53 0.24 5117 0.0588 9.2 0.4436 11 0.0547 5.5 0.77 369 33 373 36 101 13 373+£8 Concordant 1
41 AL-240 1929 380 25 0.36 12782 0.0626 9.8 0.4920 14 0.0570 8.9 0.71 392 37 406 47 104 10 394+9 Concordant Il
42 D-01-15 2728 335 27 0.37 2437 0.0779 6.3 0.6158 11 0.0573 9.0 0.57 484 29 487 44 101 6 485410 Concordant comp. 1
4434 516 43 0.17 25565 0.0851 6.4 0.6710 8.2 0.0571 5.1 0.78 527 33 521 34 99 3 529418 Concordant comp. 2 VI
8230 405 68 0.35 3204 0.1632 56  1.6156 73 0.0717 45 075 974 52 975 47 100 5 987421 Concordant comp. 3
43 KU-59 1504 191 12 0.22 1771 0.0644 5.7 0.4881 9.9 0.0550 8.1 0.58 399 22 403 34 100 17 397+5 Concordant Il
44 KU-42 7336 1221 76 0.02 10808 0.0672 71 0.5254 9.9 0.0568 6.8 0.71 419 29 429 35 102 13 42247 Concordant comp. 1 11
2700 345 30 0.37 6827 0.0841 5.1 0.6840 8.1 0.0590 6.2 0.65 520 26 529 34 102 2 521418 Concordant comp. 2
45 KU-41 3573 1122 72 0.19 17058  0.0653 55 0.5264 9.6 0.0585 78 058 408 22 429 34 105 6 410413 Concordant Il
46 KU-71 2008 430 31 0.55 1352 0.0662 59 0.5155 9.9 0.0564 7.8 0.61 413 24 422 35 102 17 41345 Concordant 1
47 KU-68 2432 316 22 0.34 2904 0.0678 4.4 0.5071 7.5 0.0542 6.0 0.59 423 18 416 26 98 16 41944 Concordant Il
48 KU-83 3340 167 18 0.40 2736 0.0822 8.5 0.6685 16 0.0521 15 0.60 509 42 520 67 102 10 5114+12 Concordant comp. 1 \%
14535 83 36 0.41 17473 0.3424 79 5.5814 11 0.1040 7.9 0.73 1897 130 1907 95 100 3 1950485 Upper-intcpt. comp. 2
49 KU-82 790 64 4 0.23 1948 0.0589 9.7 04626 23 0.0567 20 0.46 369 35 385 75 104 5 363+14 Concordant
1343 66 6 0.33 1540 0.0854 9.5 0.7483 22 0.0637 20 0.48 528 48 567 104 108 11 529413 Concordant VI
50 KU-79 2192 305 13 0.45 1483 0.0355 8.8 0.2626 13 0.0498 11 0.68 225 19 237 28 105 16 225+5 Concordant VIII
51 KU-78b 1133 533 23 0.51 2113 0.0386 53 0.2902 12 0.0546 11 0.46 244 13 259 29 106 12 245+5 Concordant VIII
52 GA-21 265 25 2 0.36 179 0.0876 11 0.8905 45 0.0744 43 0.28 542 58 643 248 120 11 535416 Concordant comp. 1 VI
437 6 3 1.41 464 03705 13 5.2539 42 0.1019 40 0.33 2031 233 1842 453 90 2 1751+£450  Upper-intcpt. comp. 2
53 GA-18 1372 131 9 0.18 475 0.0656 12 0.4931 25 0.0544 21 0.52 410 47 406 84 929 2 387+30 Concordant comp. 1
4466 362 30 0.29 1824  0.0806 9.1 0.6212 13 0.0559 84 0.73 500 44 490 51 98 7 501415 Concordant comp. 2 v
54 GA-07 11211 1718 139 1.06 47221 0.0584 9.7 0.4395 11 0.0546 5.0 0.87 366 35 370 35 101 11 367+9 Concordant I
55 GA-20 2481 300 20 0.21 1497 0.0682 4.9 0.5213 8.2 0.0554 6.2 0.59 425 21 426 29 100 3 41348 Concordant comp. 1 1l
21088 260 94 0.38 11059 0.3372 4.0 5.2768 53 0.1135 33 0.74 1873 65 1865 46 100 9 1866+ 14 Concordant comp. 2
56 SH-18 6747 682 43 0.19 27965 0.0649 6.6 0.4885 10 0.0546 7.1 0.71 405 26 404 34 100 15 40246 Concordant 1l

2 Within-run, background-corrected mean 2°’Pb signal.

U and Pb content and Th/U ratio were calculated relative to the GJ-1 zircon standard.
Corrected for: background, within-run Pb/U fractionation (*°°Pb/228U), where needed common Pb (Stacey and Kramers, 1975) and subsequently normalised to GJ-1 (Instrumental drift corrected).
rho is the error correlation defined as err>°°Pb/2*8U/err?°”Pb/23>U.
U/Pb ages were calculated with Isoplot (Ludwig, 2003).

b

a n

e

f Degree of concordance = age?°°Pb/?*#U/age?*”Pb/2°°Pb x 100.
& Number of targets (some grains yielded 2 targets).

h

Concordant or Intercept age as calculated with Isoplot (Ludwig, 2003). Concordia plots are shown in Fig. 5.

I Some samples yielded several concordant components or a lower/upper intercept with the concordia curve.
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type Gorny-Altai accretionary complex. Remnants of these seamounts
and oceanic plateaus are found in the OP (ophiolitic) and HP (High-
Pressure/Temperature metamorphosed) complex bordering the is-
land-arc magmatic rocks (Fig. 2). During the Middle-Late Cambrian,
the Kuznetsk-Altai island-arc had evolved into a mature stage,
characterised by calc-alkaline volcanism. It accreted onto the Siberian
continent in the Late Cambrian-Early Ordovician (Buslov et al., 2002,
2004; Dobretsov and Buslov, 2007; Ota et al., 2007; Safonova et al.,
2008, 2009).

The current western section of the Kazakhstan-Baikal composite
continent (Dobretsov and Buslov, 2007) corresponds to the Kazakhstan
microcontinent or Palaeo-Kazakhstan, defined by Windley et al. (2007).
This tectonic unit is composed of Gondwana-derived terranes (includ-
ing AM), which were subducted-accreted to the Kazakhstan-Tuva-
Mongolian island-arc. This second island-arc system occupied a more
seaward position in the PAO with respect to Siberia and the Kuznetsk-
Altai island-arc, where at the end of the Ordovician, Palaeo-Kazakhstan
amalgamated (Fig. 1b). AM served as a microcontinental nucleus in the
Palaeo-Kazakhstan edifice, where Andean-type arcs were built along its
margins during the Early Palaeozoic (Windley et al., 2002; Wang et al.,
2006; Windley et al., 2007).

The collision of Palaeo-Kazakhstan with Siberia occurred in a
diachronic fashion, possibly already starting in the Ordovician in the
Baikal region (Fig. 1) (Dobretsov and Buslov, 2007; Buslov, 2011). Later,
during the Late Devonian-Early Carboniferous, AM (as part of Palaeo-
Kazakhstan) collided with the Siberian margin and the CTUSs was
formed. This collision event was accompanied by the intrusion of a
granitoid batholith into the Ediacaran-Early Palaeozoic accretionary
complexes of Gorny Altai. At this time, only remnant oceanic tracts of the
PAO remained, such as the Ob'-Zaysan Ocean, which finally closed in the
Late Carboniferous-Permian, resulting in the collisions of Siberia, Baltica
and Palaeo-Kazakhstan (Buslov et al., 2001; Dobretsov et al., 2004).
These Late Palaeozoic collisions induced extensive strike-slip and thrust-
movements, which created a typical mosaic-blocky structure that added
to the complexity of the ASFB (Buslov et al., 2004; Buslov, 2011).

During the above described stages of subduction-accretion and
collision of this variety of tectonic units to the Siberian margin, several
plutons were emplaced in the continental crust. Their crystallisation age
holds key information in understanding the several stages succeeding
continental growth (Vladimirov et al., 2001; Jahn, 2004; Kruk et al., 2010).

3. Analytical procedures

During several field-campaigns, a large number of igneous basement
samples along the CTUSs were collected. After crushing, sieving and
conventional density and magnetic separation, zircon crystals were
separated from a total of 56 basement samples from this sample-set. For
each sample, around 40 zircon grains were selected, mounted in epoxy
and polished for subsequent U/Pb dating. Prior to the U/Pb analysis, the
internal structure of the zircon grains was investigated and mapped
with back-scattered-electron (BSE) and cathodoluminescence (CL)
imaging, using a JEOL JSM-6400 SEM (Scanning Electron Microscope).
Using this technique, possible inherited cores and oscillatory magmatic
zonation in the zircons were identified and a robust target selection was
done. The U/Pb analyses were carried out with the LA-ICP-(SF)-MS
(Laser Ablation-Inductively Coupled Plasma-Sector Field-Mass Spec-
trometry) facility of the Department of Analytical Chemistry, Ghent
University, with analytical procedures following Glorie et al. (2010). A
New Wave Research UP193HE ArF-excimer-based laser ablation system
(Fremont, CA, USA) was equipped with a teardrop-shaped low-volume
(<2.5 cm?) ablation cell (Gerdes and Zeh, 2009; Glorie et al., 2010) and

coupled to the mass spectrometer. Helium was used as carrier gas,
whereby argon was introduced and admixed with the helium after the
ablation cell. Determination of U(-Th)/Pb ratios was carried out using a
Thermo Scientific Element XR Sector Field ICP-MS unit (Bremen,
Germany; e.g. Frei and Gerdes, 2009). Instrumental details are listed
in Appendix 1. A series of runs (50 unknowns, 13 primary, 5 secondary
standard measurements) is defined as a sequence. Within one sequence,
all runs are carried out using the same instrumental settings and data
reduction is accomplished relying on the same procedure. To control
this, we used an electronic trigger between the laser and the mass
spectrometer that allows us to measure during the exact same time
interval after laser warm-up. Data reduction was performed using the
PepiAGE-software (Dunkl et al, 2009). Laser-induced elemental
fractionation was corrected for by using the arithmetic mean ratio for
each run. Instrumental mass discrimination was corrected for by
normalisation to the reference zircon GJ-1, which was measured
repeatedly during each sequence (Jackson et al., 2004). Drift correction
was done by applying a best fit through the measured ratios for the GJ-1
standard. The function applied for this best fit regression-line (linear,
logarithmic, second-order, third-order) varies between each sequence,
depending on daily variations in instrumental conditions (Appendix 1).
Resulting concordia ages were calculated with the Isoplot software
(Ludwig, 2003). The PleSovice (Slama et al., 2008) zircon standard was
measured multiple times throughout each sequence and serves as an
accuracy check. Our long-term (98 analyses) mean concordia age
obtained for this secondary standard yields 338.3 4+ 1.5 Ma, which is in
good agreement with the reported ID-TIMS age of 337.1+0.4 Ma
(Slama et al., 2008) (Fig. 3).

4. Zircon U/Pb results: Identification of age-groups

Sample locations are plotted on a simplified geological map showing
the structural pattern of the study-area and the extension of the ophiolitic
complexes and granitoid plutons (Fig. 4). As shown, sampling occurred
mainly along the CTUSs, wedged in between GA and AM. Each intrusion is
colour-coded according to the zircon U/Pb age obtained in this study or
found in literature. Where no U/Pb data is available, the age of the
intrusions is considered uncertain and therefore, they are shown in white.
Samples with a numerical prefix on the map are dated in this study, for the
samples with an alphabetical prefix information was found in literature
(Vladimirov et al, 2001 and references therein; Dobretsov, 2005; De
Grave et al., 2009). A description of the sample localities and lithologies is
given in Appendix 2. Based on their lithology and geodynamic nature, the
samples can be grouped in six different types of igneous rocks. The first
and most common type of samples originate from granitoids that were
emplaced during syn- and post-collisional stages of the growth of the
Palaeo-Kazakhstan (in AM) and Siberian continents (in GA). Several of
these intrusives underwent regional metamorphism to form gneissic
terranes. These ortho-gneisses represent our second lithology type. They
are mainly found in the Uimon and Teletsk units, which are thrusted and
sheared allochtonous terranes along the southern and eastern margin of
GA (Fig. 4). A third lithology-type consists of gabbroids and subduction-
related tonalites-granodiorites that represent several formation stages of
arc-continental crust. Some of their extrusive equivalents (acidic to
intermediate tuffs) also yielded sufficient zircon to be used for U/Pb dating
and constitute the fourth type of igneous rocks. The fifth type of samples
comprises intrusives (granitoids and mafic dikes), which are considered
to be emplaced in an intra-plate setting. A single sample marks the sixth
rock-type, i.e. high-pressure (eclogitic) rocks in the Chagan-Uzun area
(see further).

Fig. 5. 2°°Pb/%38U versus 2°’Pb/2*>U concordia plots (drawn with Isoplot; Ludwig, 2003), arranged by their age from young to old, except for the Permian and Mesozoic post-collisional
samples, which are located at the end of the figure. All data-point error-ellipses were calculated at 20-level. Where concordant ages were obtained, the central bold ellipse represents the
concordia age with its uncertainty. Some samples yielded multiple concordant age-groups. For others, discordant ages arranged along a discordia-line (bold dashed line) define upper- and
lower-intercept ages with concordia. The numbers in italic refer to the sample positions in Fig. 4.
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Table 1 summarises all analytical results. Average values over all
analysed grains (excluding the outliers; <10%) are tabulated. A
detailed table, listing the results for every grain analysed (except for
the outliers) can be found in the data repository to this paper
(Appendix 3). concordia plots are presented in Fig. 5 and their
resulting U/Pb concordant or intercept ages are shown in Fig. 4. The
concordia plots are listed chronologically following their age from
young to old, except for the Late Palaeozoic (Permian) and Early
Mesozoic (Triassic) samples that were emplaced after the GA-AM
collision. The latter ages are listed at the end of the figure (Fig. 5). The
numbers in italic and between brackets next to the age refer to the
sample locations in Fig. 4.

The obtained ages range from the Late Palaeo-Proterozoic to the
Early Mesozoic. They can be subdivided in eight distinctive age-
groups (groups I[-VIII, Fig. 5). Some samples yield two or three
concordant components that correspond to different age-groups.
Their distinction was made based on the resulting concordia-plot,
aided by the difference in CL (Cathodoluminescence) characteristics
of the analysed zircon populations. Fig. 6 shows some examples of CL-
images for samples with two distinct zircon populations. The younger
populations of samples KU-29 and KU-83 show obvious oscillatory
magmatic zonation, which is clearly in contrast with the grains from
the older population. For other samples, such as KU-82 and 07-26, the
difference between both populations is more subtle.

Note that some zircon samples have very low U and Pb
concentrations, resulting in low 2°°Pb/2%4Pb ratios (Table 1). This
means that common-Pb becomes more important than can be
corrected for, especially for 2°°Pb/2%4Pb ratios below 300 (samples
KU-86 (08); 07-26 (31); GA-21 (52)). Corresponding with their low
Pb-concentration, the 2°Pb signal is also low, resulting in a larger
uncertainty on the 2°7Pb/?*>U age. In this case, the common-Pb
presence is obscured due to the larger uncertainty-ellipse and the
Isoplot programme can more easily calculate a concordant age while
in reality, the data-points might be shifted from concordia. In other
words, care should be taken when interpreting these ages for
aforementioned samples as they might be slightly younger than
they appear on the concordia plot.

[1] KU-29 (05)

KU-83 (48)

()

(2) 1950 + 85 Ma

(1511 £12Ma

(1)378£7 Ma

KU-82 (49) [ |

(2) 417 £ 10 Ma

07-26 (31)

(2)355+21 Ma

(1) 363 £ 14 Ma (2) 529 £ 13 Ma (1)295£6 Ma

Fig. 6. Different types of zircon crystals occurring within one sample, as revealed by CL
(Cathodoluminescence)-images. The younger populations of samples KU-29 and KU-83
show oscillatory magmatic zonation, which is clearly in contrast with the older
population. For other samples such as KU-82 and 07-26, the difference between both
populations is more subtle. Ablation targets are indicated in white.

In this paper, we follow the 2010 geological timescale by the
International Commission on Stratigraphy which is based on the
Gradstein et al. (2004) timescale.

4.1. Age-groups I, Il and IlI: Devonian-Ordovician

Age-group I is represented by 16 samples with concordant ages
ranging from ~395 to 360 Ma (Middle Devonian; Late Eifelian-Late
Devonian; Famennian). Within this group, two samples KU-29 (05) and
G-07-7 (25) yield a second concordant component of Late Silurian age
(~425-416 Ma; Late Wenlock-Pridoli). Although this component is
only represented by a few grains in each sample, it is consistent, and it
indicates that assimilation of Late Silurian zircons was involved in the
Devonian magma emplacement. These Late Silurian inherited ages
correspond to primary emplacement ages of age-group II. This group
covers 20 basement samples with concordant or lower-intercept ages of
Late Silurian-Early Devonian age (~425-400 Ma; Homerian-Emsian).
The first three samples shown in Fig. 5 yield concordant ages that are
somewhat younger (~397-394 Ma; Eifelian) and overlap with older
ages in group I. They can be regarded as a transitional group. Samples B-
09-20 (15), GA-20 (55) and D-01-07 (17) exhibit a Proterozoic age-
component, reflecting reworking of older zircons. Note that these older
zircons are only found north of the CTUSs (Fig. 4). The lower-intercept
age of Sample B-09-20 (15) (478426 Ma) is defined by three zircon
grains only, which show reverse concordia. Based on this age, the
sample should be assigned to age-group III (see Section 4.2). However,
the position of the three points close to concordia on the provided Terra-
Wasserburg plot might indicate that the grains are in fact younger.
Therefore, we prefer to use the mean 2°°Pb/238U age (412 + 22 Ma) for
these grains, corresponding to a group II crystallisation age. Given the
sample location at the boundary zone of age-group Il and III (Figs. 4; 7),
no geological evidence can be used to exclude one of these possibilities.
In sample KU-42 (44), two older (Early Cambrian) grains were found.

Group Il comprises two samples with a concordant Middle-Late
Ordovician age (~470-450 Ma; Dapingian-Katian). Both samples also
yield a Proterozoic upper-intercept age (Palaeo- to Meso-Proterozoic),
similar to some samples in group II as discussed above. In principle,
sample KU-52 (26) could also be included here, but because of its
older component, it will be discussed later.

4.2. Age-groups IV, V, VI: Cambrian-Ediacaran

The Late Ediacaran-Cambrian samples are subdivided in groups IV, V
and VI. Group IV is composed of two gneiss-samples with a main
concordant Middle Cambrian age-component (~505-500 Ma). Sample
GA-18 (53) contains two younger grains and sample D-01-10 (16) has
some older grains that might define a discordia-line up to the Meso-
Proterozoic. Samples KU-83 (48) and KU-51 (32) originate from felsic to
intermediate pyroclastics or shallow intrusions that define age-group V
(~510 Ma). Sample KU-83 exhibits Proterozoic components. Age-group
VI is characterised by eight Ediacaran-Early Cambrian (~555-525 Ma)
gabbroid and granitoid (tonalite-granodiorite) samples (D-01-15 (42)
is an orthogneiss from a granitoid protolith). Some samples contain
younger components which can be linked with age-group I: KU-82 (49),
age-group IIl: KU-52 (26), age-group V: KU-43 (33) and/or an Early
Ordovician age-group (~488-480 Ma; Tremadocian). This suggests (1)
(partial) resetting of the zircons during later events (especially during
the Tremadocian) and/or (2) incorporation of older grains in newly
formed magma. Samples D-01-15 and GA-21 yield a Proterozoic age-
component, similar to that found in some samples from the younger
age-groups.

4.3. Outlier age-group VII: Palaeo-Proterozoic

In contrast with all other GA samples, B-09-90 (38) and KU-07 (07)
entail a Palaeo-Proterozoic age-component. Therefore, they are
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classified as “outlier-group VII”. Only three zircons were found in the
eclogite sample B-09-90 (38) and these exhibit an inherited Palaeo-
Proterozoic signal. Sample KU-07 (07) originates from a mafic dike in the
Chiket-aman granitic massif, which is dated by granite-granodiorite
samples KU-08 (382 +4 Ma) and KU-86 (375 + 10 Ma) (Table 1; Figs. 4,
5).Its zircon U/Pb data defines a discordia-line with a Palaeo-Proterozoic
upper-intercept age and a meaningless lower-intercept age (597 +
410 Ma). Therefore, we used the age of the granitic host-rock as an
anchor to define the upper-intercept age with a better precision. The
thus obtained age of 1944 4-44 Ma can be interpreted as a maximum
age of this Palaeo-Proterozoic age-component, since the dike intrusion
age should clearly be younger than the granite host-rock crystallisation
age.

4.4. Age-group VIII: Early Mesozoic-Late Palaeozoic

Age-group VIII defines the youngest samples of this study. Be-01
(01) and KU-79 (50) (KU-78b (51) as mafic enclave) are intra-plate
granites with Late Permian-Triassic (225-220 Ma; Wuchapingian-
Carnian) concordant ages. Sample 07-26 (31) was taken from a
dioritic body which intruded along a sheared segment (Kurai-ridge,
see further) of the CTUSs. The concordia plot for this sample yields
two concordant age-components with the oldest component (Late
Devonian) as an inherited signal reflecting age-group 1. The youngest
grains exhibit an Early Permian crystallisation age (29546 Ma). We
suggest grouping this Early Permian sample together with the Early
Mesozoic samples and not as a separate intrusion phase. Given its low
206p204pp ratio, the age might be overestimated (as discussed
earlier) and therefore it might even tend closer to the Late Permian—
Early Triassic ages.

5. Interpretation and discussion

In order to evaluate the regional distribution of the zircon U/Pb
ages and to interpret them in a geodynamic context, a schematic map
showing isochronological domains based on the above described age-
groups is provided (Fig. 7).

5.1. Age-group I: Middle-Late Devonian GA-AM collision

The intrusions from age-group I (~395-360 Ma; Middle-Late
Devonian) are found solely in the GA region or occur as narrow lenses
within the CTUSs itself. These plutons were emplaced during the GA-
AM collision and the ensuing formation of the complex mosaic-like
structure of the CTUSs (Buslov et al., 2001, 2004; Dobretsov and
Buslov, 2007). In general, somewhat older (Eifelian) intrusives
(transitional age-group I and II) are found in the east along the
Kurai-ridge segment of the CTUSs (Figs. 4, 8). This observation
suggests that the Ob'-Zaysan oceanic branch of the PAO in between
GA and AM (as part of Palaeo-Kazakhstan) closed diachronously from
East to West (present-day co-ordinates). Hence, the Kazakhstan and
Siberian continents migrated along a reactivated shear zone super-
imposed on the original ophiolitic CTUSs. These strike-slip movements
reached peak-activity in the Late Devonian-Early Carboniferous and
caused a fragmentation of the marginal part of the Siberian continent
into several units (Uimon, Teletsk, Ulagan-Saratan, Erekta; Fig. 4)
(Buslov et al., 2004). In the northern part of GA, Late Devonian-Early
Carboniferous (360-350 Ma) ages were obtained (Vladimirov et al.,
2001 and references therein) which are in agreement with the
diachronous closure model of the Ob'-Zaisan part of the PAO, as is
suggested here.
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Fig. 7. Schematic map showing isochronological domains that refer to the discussed age-groups (see text). Outlier groups IV and VII are not shown.
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5.2. Age-groups Il and III: Ordovician-Early Devonian
Palaeo-Kazakhstan assembly

The intrusions in the Uimon and Teletsk unit belong to a single Late
Silurian-Early Devonian age-group (~425-400 Ma; group II) (Fig. 7).
In the Teletsk unit, few published U/Pb data support our findings
(Vladimirov et al., 2001 and references therein; De Grave et al., 2009).
The intrusions located in the southeast of the Uimon-zone yielded
Middle-Late Ordovician ages (~470-450 Ma; age-group III). One
sample in the east of the Teletsk-unit gives a similar age of 460 4+ 7 Ma
(Fig. 4) (De Grave et al., 2009). This age suggests that the Uimon and
Teletsk zones correspond to a single unit at the AM-margin, which
was disrupted during the Late Palaeozoic collisions of AM and Palaeo-
Kazakhstan with GA (Buslov et al., 2004). The Middle-Late Ordovician
ages obtained there correspond to ages of many intrusions in West-
Sayan and Tuva, located east of our study-area (Fig. 1) (e.g. 483-
413 Ma; Distanova, 2000 and references therein) and in the Chinese
Altai (southern margin of AM; 451-433 Ma; Briggs et al., 2007). They
were emplaced during the assembly of Palaeo-Kazakhstan and are
formed in the Kazakhstan-Tuva-Mongolia island-arc environment
(Dobretsov and Buslov, 2007; Kroner et al., 2007). In more detail, the
Late Silurian-Early Devonian age-group (II) can be linked with the
accretion of an island-arc to the southern margin of AM in the Chinese
Altai (present-day co-ordinates) (Windley et al., 2002; Wang et al.,
2006). According to Wang et al. (2006), an extensive volume of
granitoids was emplaced and deformed during this period (~415-
400 Ma) in both the island-arc system and the AM microcontinent.
The origin of this island-arc is debatable. In the model of Yuan et al.
(2007), the Late Silurian-Early Devonian magmatism is attributed to
the emplacement of mantle-derived magma in an extensional
continental margin setting as has occurred in the modern analogue
of Baja California for example. The two older gneiss-samples
(~505 Ma; age-group IV) correspond to data from Kuznetsk-Alatau

| E88°00

(Rudnev et al., 2008) and West-Sayan (Rudnev et al., 2004) and might
reflect older events in the Palaeo-Kazakhstan amalgamation.

5.3. Proterozoic ages: Reworked ancient crust in Palaeo-Kazakhstan

Both age-groups II and III show Proterozoic age-components
which support the model that the formation of juvenile mantle-
derived magma in AM involves limited assimilation of older crustal
material (Yuan et al.,, 2007). Upper-intercept ages for these samples
are in agreement with the model Sm/Nd ages of Kruk et al. (2010):
1.0-0.8 Ga in the CTUSs (island-arc protoliths) and 1.6-1.4 in the AM-
periphery (AM-margin protoliths, Figs. 4, 5). Some samples exhibit
older components between 2.0 and 1.8 Ga. Within the CAOB
framework, similar Late Palaeo-Proterozoic ages were found e.g. in
the Tuva-Mongolian and Southern Gobi microcontinents (Kozakov
et al., 1999; Demoux et al.,, 2009). These ages can be linked with
protoliths, formed during the Late Palaeo-Proterozoic world-wide
crust formation, related with the amalgamation of the supposed Pre-
Rodinian (Columbia) supercontinent (e.g. Kroner, 1991; Zhao et al.,
2002, 2006; Hou et al., 2008).

The Palaeo-Proterozoic age-components of outlier-group VII do
not reflect any direct Gondwana-affinity within GA before the GA-AM
collision. B-09-90 (38) was sampled in the Chagan-Uzun high-
pressure metamorphic complex, which formed in an intra-oceanic
arc-trench system (Fig. 8). The protoliths are thought to be oceanic
plateaus and seamounts that subducted under a primitive island-arc
(discussed in Section 5.4; Ota et al., 2007). Previous studies showed
that these protoliths contain a recycled crustal component (Safonova
et al.,, 2009; Utsunomiya et al., 2009) as indicated by our inherited
zircon U/Pb data. Sample KU-07 is a mafic dike in the Late-Devonian
Chiket-aman massif, which was hence emplaced after the collision of
GA and AM.
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Fig. 8. Geological map of the Kurai-Chagan-Uzun-Chuya region where sampling occurred more extensively (after Buslov et al., 1993; Ota et al., 2007). Zircon U/Pb ages are indicated.
We interpret the geological units of this area in the context of the formation and evolution of the Kuznetsk-Altai island-arc (see text and Fig. 2). Village 1 = Chagan-Uzun, 2 = Kurai.
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5.4. Age groups IV, V, VI: Ediacaran-Cambrian Gorny Altai assembly

Ediacaran-Early Ordovician ages (age-groups IV-V-VI) are found
in ophiolite rocks along the CTUSs. They are interpreted in the context
of the formation and evolution of the Kuznetsk-Altai island-arc at the
margin of the Siberian continent (Buslov et al., 2002; Ota et al., 2007).
The key-area to understand the evolution of this island-arc system is
the Kurai-Chagan-Uzun-Chuya region, where we hence sampled
most densely (Fig. 4). The geology of this area is presented in Figs. 2
and 8 (after Buslov et al., 1993; Ota et al., 2007). As shown, three
important terranes can be identified. The accretionary complex
consists of a basalt-dominated unit with OIB and MORB signatures
(Safonova et al., 2004, 2008). These seamount/oceanic plateau basalts
are capped by a limestone-dominated unit (palaeo-atoll) with a Pb/Pb
isochron age of 598 +25 Ma (Uchio et al., 2008). They represent
seamounts that were dragged into the PAO-Siberia subduction zone,
simultaneously with the formation of an incipient island-arc system,
close to the Siberian margin. Seamount relics are found in the OP
(ophiolitic) and HP (High-Pressure/Temperature metamorphic) com-
plex of the Kurai-Chagan-Uzun-Chuya area. The OP-complex consists
of serpentinized peridotite and gabbro-amphibolite, intruded by
gabbroid and pyroxenite dikes and overprinted by island-arc
volcanism. The HP-complex exhibits eclogite facies metamorphism,
which is dated by amphibole “°Ar/*°Ar at 636-627 Ma (Fig. 8) (Buslov
et al., 2002; Ota et al., 2007). Eclogite sample B-09-90 (38) originates
from this HP-terrane, and as discussed earlier, its few zircons yielded
only Palaeo-Proterozoic ages. This observation confirms that the
oceanic plateaus in GA contain a recycled crustal component
(Safonova et al., 2009; Utsunomiya et al., 2009).

In the north (present-day co-ordinates) of these units, juvenile
continental crust of the Kuznetsk-Altai island-arc was formed during
two stages. First a primitive island-arc was formed, which is
characterised by boninite-tholeiite volcanic series, similar to the
[zu-Bonin islands. This early stage of arc-development was later
overprinted by tholeiitic and calc-alkaline volcanics of a more evolved
island-arc (Buslov et al., 2001, 2002). The gabbroid and granitoid
samples of age-group VI (Ediacaran-Early Cambrian; ~555-525 Ma)
are located within the island-arc complex and are therefore associated
with primitive-arc formation, as outlined above. The Middle Cambrian
tuffs (~510 Ma; age-group V) can be linked to volcanism of the
evolved calc-alkaline magmatic arc. Similar conclusions were drawn
for the Kuznetsk-Alatau segment of the Kuznetsk-Altai island-arc. In
this latter region, the first stage of arc-development is expressed by
tholeiitic magmatism at ~530 Ma, followed by calc-alkaline and
subalkaline magmatism at ~500 Ma (Rudnev et al., 2008). The
Early-Ordovician (~488-480 Ma, Tremadocian) age-component,
exhibited by several samples, is contemporaneous with the formation
of blueschists in contact with ophiolites of the Uimon zone (~492-
485 Ma; phengite and glaucophane Ar/Ar; Volkova et al, 2005;
Volkova and Sklyarov, 2007). These blueschists are also found in
association with primitive island-arc ophiolites from the Kurai-ridge
(Fig. 8) and Ulagan (Fig. 4). They were probably exhumed after the
accretion of seamounts to the island-arc, which blocked the
subduction zone. This observation might indicate that the Kuznetsk-
Altai island-arc was consumed at that time. The gneiss-samples of
age-group IV probably record regional metamorphism associated
with this event.

Sample KU-82 (49) yields, besides its Early Cambrian primitive
island-arc age, a secondary Late Devonian (363 + 14 Ma) age-
component (Fig. 5). The zircons that exhibit this younger age define
a population of oscillatory zoned magmatic zircons with a lower CL-
intensity than the older zircons (Fig. 6). The occurrence of a Late
Devonian (367 4+ 10 Ma) gabbroid sample (GA-07) at the boundary of
the same unit might indicate that the secondary younger component
defines the crystallisation age of gabbro KU-82 (49). In this case, the
majority of the zircon grains in the gabbro are exotic zircons, that

presumably formed in an island-arc environment. The gabbro
emplacement can then be linked with Late Devonian strike-slip
movements, posterior to the GA-AM collision (Pirajno, 2010). More
data are necessary in order to evaluate this hypothesis.

5.5. Age group VIII: Post-collisional intrusions

After the final Late Carboniferous-Permian collision of Palaeo-
Kazakhstan with Siberia and Baltica, the CTUSs was reactivated as a
large-scale strike-slip fault zone (Buslov et al., 2001, 2004). According
to Pirajno (2010), suture-shear zones, which are weakened by strike-
slip movements are able to channel mantle material into the sub-
continental lithosphere. The occurrence of a Late Carboniferous-
Permian (29546 Ma) diorite along the Kurai-ridge segment of the
CTUSs (Fig. 8) might be explained in this geodynamic context, but as
discussed earlier, this age might be slightly overestimated. The Late
Permian-Triassic (255-220 Ma) granitoids of age-group VIII occur as
small bodies in the entire ASFB (Fig. 4). They formed in an intra-plate
context with an uncertain origin. Several authors attribute these intra-
plate granitoids to the Siberian mantle-plume activity (Dobretsov,
2005; Pirajno, 2010). Alternatively, a model of slab break-off can be
proposed for the origin of the Late Permian-Triassic granitoids. This
model has been described earlier for many post-collisional plutons in
orogenic belts around the world, suggesting that the granitoids are
derived from mantle wedges that had previously been metasomatised
by earlier subduction zones and magmatic arcs (e.g. Wu et al., 2002;
Pin et al., 2008; Yuan et al., 2010).

6. Comparison with the adjacent Chinese and Mongolian Altai

At the southern edges of the ASFB, Altai-Mongolia is bordered by
the Junggar block and the Chinese and Mongolian Altai Orogenic belts.
In both belts, extensive Palaeozoic granitoid magmatism took place as
the result of multiple subduction-accretion events (Badarch et al.,
2002; Windley et al., 2002; Wang et al., 2006; Briggs et al., 2007; Yuan
et al., 2007; Xiao et al., 2009; Long et al., 2010). The Chinese Altai is
commonly subdivided into six NW-SE striking tectonic units, parallel
to the bordering Erqis fault (also known as Ertix fault; Briggs et al.
(2007) or Irtysh fault; Buslov et al. (2004)) in the South (Windley
et al,, 2002; Xiao et al.,, 2004). The northern Chinese Altai (unit 1) is
mainly composed of Devonian volcanics, formed in an island-arc
setting. The central Chinese Altai (units 2 and 3) is considered as the
microcontinental part of Altai-Mongolia (with Precambrian base-
ment) on which an Ordovician Andean-type arc was built. The
southern Chinese Altai (units 4, 5, and 6) constitutes a Late Silurian-
Early Devonian and a Devonian-Carboniferous island-arc complex
(Windley et al., 2002; Xiao et al., 2004; Wang et al., 2009).

The major subduction-accretion processes in the Chinese Altai
occurred between the Late Cambrian to the Middle Devonian
(Windley et al., 2002; Xiao et al., 2004; Wang et al., 2006, 2009;
Xiao et al., 2009). Resulting granitoid magmatism started in the
Middle-Late Ordovician (~460 Ma) and reached a peak in the Late
Silurian-Early Devonian (~410 Ma) (Wang et al., 2006, 2009; Long
et al., 2010). Most granitoids in the northern and central Chinese Altai
yielded zircon U/Pb ages of 416-399 Ma (Wang et al., 2006; Yuan
et al., 2007; Wang et al., 2009 and references therein), which is in
excellent agreement with the granitoids of age-group I (~425-
400 Ma), presented in this study. The older (~465-450) granitoids in
this area (Briggs et al., 2007; Wang et al., 2009) are mainly found in
the southern Chinese Altai, which correspond well with the age-group
Ill granitoids in Altai-Mongolia from our data. The tectonic setting of
the Chinese Altai changed to post-orogenic in the Late Carboniferous-
Early Permian (~290-270 Ma) and intraplate in the Mesozoic (~255-
210 Ma) (Briggs et al., 2007; Wang et al., 2009). These ages are
mimicked as well in our results and correspond well with those for the
post-collisional and intraplate granitoids of age-group VIIL.
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Although a sufficient amount of age data was obtained for several
regions in Mongolia (e.g. Demoux et al., 2009; Jian et al., 2010; Rojas-
Agramonte et al., 2011), absolute age information for the Mongolian
Altai, adjacent to our study area is limited. The Mongolian Altai borders
the Tuva-Mongolia microcontinent to the east of our study area and is
predominantly composed of a thick metamorphosed Cambrian-
Ordovician succession of clastic and volcaniclastic rocks, which were
deposited in an arc-proximal setting. The succession is intruded by calc-
alkaline granitoid plutons, which were dated at 456-400 Ma by K-Ar
dating (Badarch et al., 2002 and references therein). Kroner et al. (2007)
report similar (~460-415 Ma) zircon U-Pb ages on felsic igneous rocks
with island-arc affinity from several regions in northern and central
Mongolia, close to the Tuva-Mongolian border.

7. Conclusions and summarising tectonic model

The zircon U/Pb data from the Charysh-Terekta-Ulagan-Sayan
suture (CTUSs) presented here are interpreted in terms of the multi-

stage tectonic evolution of the PAO (Fig. 9). In the Late Proterozoic-
Early Palaeozoic, the current western part of Siberia was bordered by
two major magmatic arcs, which were separated by the Ob'-Zaisan
branch of the PAO. The Kuznetsk-Altai island-arc was located close to
the Siberian margin, while the Kazakhstan-Tuva-Mongolian island-
arc was closer to Gondwana, where it collided with Gondwana-
derived microcontinents to form the Kazakhstan-Baikal composite
continent or Palaeo-Kazakhstan. These island-arc systems are the
main contributors to the formation of juvenile continental crust
within the ASFB. The main stages of magmatic activity in this context
can be summarised as follows:

1) In Gorny Altai (GA) gabbroid and granitoid (tonalite-granodiorite)
samples reveal that primitive arc crust of the future Kuznetsk-Altai
arc was formed close to the Siberian margin during the Ediacaran-
Early Cambrian (555-525 Ma). As recorded by zircons in felsic
tuffs, this Kuznetsk-Altai magmatic arc developed further during
the Middle-Late Cambrian (~510 Ma). In the Late Cambrian-Early
Ordovician (490-480 Ma), the island-arc was being consumed in
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Fig. 9. (Top panels) Schematic tectonic model for the Palaeozoic evolution of the CTUSs (based on Buslov et al., 1993; Windley et al., 2002; Buslov et al., 2004; Wang et al., 2006;
Briggs et al., 2007; Ota et al., 2007). (Bottom panel) Illustration and interpretation of the obtained age-groups in their specific geodynamic context. Dotted boundaries mark a
possibly prolonged duration of events I (Eifelian samples) and IV (Tremadocian age-components). The oldest ages (IV-V-VI) were obtained for intrusions of the Kuznetsk-Altai
island-arc, where age-group IV marks the start of the GA-Siberia collision. In the same period, Altai-Mongolia (Palaeo-Kazakhstan in a broader context) assembled in a more distal
environment from Siberia. Magmatic event Il can be interpreted as a result of an Andean-type collision with AM at the Palaeo-Kazakhstan margin. During the progressive PAO
consumption, GA and AM collided, which resulted in the intrusion of numerous plutons in GA. After the final PAO closure, GA experienced post-collisional and intra-plate
magmatism, resulting in the intrusives of age-group VIII Pre-Ediacaran events (age-group VII) are not shown on the figure.
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the subduction zone forming the Siberian Early Caledonian
accretion—collision belt.

During the Ordovician, the Palaeo-Kazakhstan microcontinent was
assembled. The Middle-Late Ordovician ages (470-450 Ma)
obtained at the margin of Gondwana-derived Altai-Mongolia
(AM) are associated with this episode of Palaeo-Kazakhstan
assembly. In the Uimon and Teletsk units, located at the AM-
margin, Silurian-Early Devonian ages (425-400 Ma) were
obtained from the igneous basement which can be related to an
Andean-type collision, possibly after a short extensional episode.
Occasional Palaeo-Proterozoic ages suggest that reworked ancient
crust contributed to the growth of Palaeo-Kazakhstan.

In the Middle-Late Devonian (395-360 Ma), voluminous grani-
toids were emplaced as a result of the collision of AM with GA. This
collision also led to large-scale Late Devonian-Early Carboniferous
strike-slip displacements along the CTUSs. Continuous closure of
the PAO and the Late Carboniferous-Permian collision of Baltica,
Siberia and Palaeo-Kazakhstan resulted in strike-slip reactivation
of the CTUSs and the emplacement of mantle-derived magma
(~295 Ma).

2

—

w
-

The youngest granitoids (255-220 Ma) sampled from this region
were formed after Pangaea assembly and record Permian-Triassic
intra-plate magmatism.

Supplementary materials related to this article can be found online
at doi:10.1016/j.gr.2011.03.003.
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