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a b s t r a c t

We present results of combined in situ U–Pb dating of detrital zircons and zircon Hf and whole-rock Nd

isotopic compositions for high-grade clastic metasedimentary rocks of the Slyudyansky Complex in east-

ern Siberia. This complex is located southwest of Lake Baikal and is part of an early Paleozoic metamor-

phic terrane in the eastern part of the Central Asian Orogenic Belt (CAOB). Our new zircon ages and Hf

isotopic data as well as whole-rock Nd isotopic compositions provide important constraints on the time

of deposition and provenance of early Paleozoic high-grade metasedimentary rocks as well as models of

crustal growth in Central Asia. Ages of 0.49–0.90 Ga for detrital zircons from early Paleozoic high-grade

clastic sediments indicate that deposition occurred in the late Neoproterozoic and early Paleozoic,

between ca. 0.62–0.69 and 0.49–0.54 Ga. Hf isotopic data of 0.82–0.69 Ga zircons suggest Archean and

Paleoproterozoic (ca. 2.7–2.8 and 2.2–2.3 Ga; Hfc = 2.5–3.9 Ga) sources that were affected by juvenile

0.69–0.82 Ga Neoproterozoic magmatism. An additional protolith was also identified. Its zircons yielded

ages of 2.6–2.7 Ga, and showed high positive eHf(t) values of +4.1 to +8.0, and Hf model ages

tHf(DM) = tHfc = 2.6–2.8 Ga, which is nearly identical to the crystallization ages. These isotopic characteris-

tics suggest that the protolith was quite juvenile. The whole-rock Nd isotopic data indicate that at least

part of the Slyudyansky Complex metasediments was derived from ‘‘non-Siberian’’ provenances. The

crustal development in the eastern CAOB was characterized by reworking of the early Precambrian con-

tinental crust in the early Neoproterozoic and the late Neoproterozoic–early Paleozoic juvenile crust

formation.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The Central Asian Orogenic Belt (CAOB) (Jahn et al., 2000) also

known as Central Asian fold belt (Zonenshain et al., 1990) or Altaid

tectonic collage (Sengör et al., 1993) is located between the Sibe-

rian craton in the north and the Sino-Korean (North China) and

Tarim cratons in the south and encompasses an immense area

from the Urals, through Kazakhstan, NW China, Mongolia, southern

Siberia, NE China to the Okhotsk Sea in the Russian Far East (Fig. 1).

The geological structure of the CAOB (Fig. 2) is defined by a combi-

nation of microcontinents, Paleozoic high-grade metamorphic

complexes and mobile belts of different age from the Neoprotero-

zoic to the Mesozoic (Mossakovsky et al., 1993; Sengör et al., 1993;

Dergunov et al., 2001; Kovalenko et al., 2004). These mobile belts

comprised by oceanic, island arc, back-arc/fore-arc, active conti-

nental margin and other complexes intruded by voluminous

granitods.

The microcontinents of the CAOB are composed of high-grade

metamorphic complexes and a late Neoproterozoic to Cambrian

sedimentary cover. In the past, they have often been considered as

early Precambrian basement of Neoproterozoic and Phanerozoic

mobilebelts (Early Precambrian. . ., 1993; Tectonicmap. . ., 1979;At-

las of geological maps. . ., 2007; Il’in, 1971, 1982). However, geolog-

ical and geochronological investigations have since demonstrated

that early Precambrian high-grade rocks are rare within the CAOB

and do not make up more than 1–2% of total area. Most high-grade

complexes have experienced amphibolite- to granulite-faciesmeta-

morphism in Neoproterozoic or Paleozoic times (e.g., Kotov et al.,

1997; Kozakov et al., 1999, 2001, 2004, 2007a,b, 2008; Salnikova
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et al., 1998, 2001; Donskaya et al., 2000; Yarmolyuk et al., 2005a,b;

Gladkochubet al., 2010; Rytsk et al., 2009;Demoux et al., 2009a,b,c).

On this basis the Neoproterozoic to Paleozoic high-grade complexes

were separated from true Precambrian microcontinents as meta-

morphic terranes (belts) of uncertain tectonic affinity (Badarch

et al., 2002; Parfenov et al., 2004)

There has beenmuch controversy concerning the origin and evo-

lution of the CAOB microcontinents and high-grade metamorphic

belts. Some authors suggested that at least some microcontinents

were rifted off Gondwana (Mossakovsky et al., 1993; Didenko

et al., 1994; Kheraskova et al., 2003, 2010; Dobretsov and Buslov,

2007), whereas others assumed that they were separated from the

Siberian craton (Berzin et al., 1994; Kuzmichev, 2004; Turkina

et al., 2007). Another viewpoint suggested that the basement of,

for instance, the Tuva–Mongolian microcontinent is composed of

metamorphosed Neoproterozoic volcanic arc and sedimentary

assemblages (Kozakov et al., 2005) thatmayhave formed in the Pan-

talassa Ocean around the margins and on the shelf of the Rodinia

supercontinent (Yarmolyuk and Kovalenko, 2001; Yarmolyuk

et al., 2005b, 2006). The latest Neoproterozoic and early Paleozoic

high-grademetamorphic eventswere thought to be related to accre-

tion and collision processes during the formation of the early

Paleozoic superterrane of Central Asia (Kozakov et al., 2005, 2008;

Kovalenko et al., 2004; Yarmolyuk et al., 2006). Because the

provenance of sedimentary rocks may provide paleogeographic

constraints, the questions of depositional age and provenance of

metasedimentary rocks in the high-grade terranes are critical for

understanding crustal growth and evolution of the CAOB.

Zircon dating helps to determine the age of sedimentary source

material and therefore constrains the older limit of sediment depo-

sition and possible provenance. Due to the relative resistance of Hf

isotopes in zircon to alteration (Patchett et al., 1981; Fujimaki,

1986) and the close correspondence of magmatic zircon Hf isotopic

composition to whole-rock Nd isotopic composition at the time of

zircon growth, the combination of zircon ages and Hf isotopes be-

comes a powerful tool to study the formation age and protolith

nature of metasedimentary rocks (e.g., Patchett et al., 1981; Ver-

voort and Patchett, 1996; Blichert-Toft and Albarède ,1997;

Scherer et al., 1997, 2000; Amelin et al., 1999). We present first re-

sults of a combined in situ analysis of detrital zircon ages as well as

zircon Hf and whole-rock Nd isotopic compositions for high-grade

metasedimentary rocks of the Slyudyansky Complex of the south-

eastern Siberia.

2. Geological setting and previous geochronological studies

The Slyudyansky Complex is situated southwest of Lake Baikal,

in the eastern part of the CAOB, and is separated by the Main Sayan

Fault from the Sharyzhalgay Complex of the Siberian craton

Fig. 1. Scketch map showing position and tectonic units of the part of the Central Asian Orogenic Belt and the southern Siberian craton. Modified from Nokleberg et al. (2004).
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Fig. 2. Simplified geological map of the eastern part of the Central Asian Orogenic Belt. Modified from the terrane map of Parfenov et al. (2004). Units discussed in the text:

TM – Tuva–Mongolian, DZ – Dzabkhan, SG – microcontinents; BM – Baikal-Muya, Dzh – Dhida, HD – Hamar-Davaa belts; BR – Barguzin superterrane; 1 – Western Sangilen, 2

– Gargan blocks of the Tuva–Mongolian microcontinent; 3 – Dunzhugur, 4 – Shishkhid, Oka and Sarkhoy belts; 5 – Songino, 6 – Baidrag, 7 – Tarbagatai blocks of the Dzabkhan

microcontinent; 9 – approximate location of the Baga Bogd block; 10 – Totoshan-Ulanul block of the South Gobi microcontinent. The approximate location of Fig. 3 is

indicated.

Fig. 3. Simplified geological map of the Slyudyansky high-grade complex. Compiled from Vasil’ev et al. (1981).
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(Fig. 2). The complex is composed of granulite-facies supracrustal

rocks of the Slyudyanskaya and Khangarulskaya ‘‘series’’ and was

traditionally regarded as Eo- or Paleoarchean in age (Tectonic

map. . ., 1979; Il’in, 1982; Mossakovsky et al., 1993). Together with

high-grade metamorphic rocks of the Western Sangilen and Kha-

mar-Daban Range, it was also considered as an elevated part of

the Tuva–Mongolian microcontinent unconformably overlain by

a late Neoproterozoic (Vendian) to Cambrian carbonate cover se-

quence (Il’in, 1982). Subsequently, the Slyudyansky Complex, to-

gether with the Hamardaban Complex, was classified as the

Hamar-Davaa metamorphic terrane of uncertain tectonic affinity

(Belichenko et al., 1994; Badarch et al., 2002; Parfenov et al.,

2004). The Hamar-Davaa terrane extends northeast from Lake

Khubsugul (northern Mongolia) in the south through the Kha-

mar-Daban Range and farther along Lake Baikal (Fig. 2). It consists

of metamorphic rocks of the Slyudyanskaya, Khangarulskaya and

Khamardabanskaya ‘‘series’’ of unknown ages, assumed to be from

the Archean to the Paleozoic (Vasil’ev and Reznitskiy, 1993; Beli-

chenko and Boos, 1988). Because of rocks of the Hamar-Davaa ter-

rane are highly deformed and metamorphosed, their subdivision

on ‘‘series’’ is only tectono-stratigraphic. Recent zircon dating (Bar-

ash et al., 2006) showed that high-temperature metamorphism in

the Hamardaban Complex occurred at 495 ± 2 Ma, whereas granu-

lite-facies metamorphism and emplacement of syntectonic grani-

toids into the Slyudyansky Complex was dated at 488–478 Ma

(Salnikova et al., 1998). These data suggest that granulite-facies

metamorphism in the Slyudyansky Complex postdated the high-

temperature metamorphism in the Hamardaban Complex. How-

ever, it is uncertain whether or not metamorphic zonality in the

Hamardaban Complex and granulite-facies metamorphism in the

Slyudyansky Complex mark different tectonic events or reflect a

long-lasting, single event.

Detailed structural and metamorphic work on the Slyudyansky

Complex (Fig. 3) was undertaken by several workers such as Sha-

feev (1970), Vasil’ev et al. (1981), and Vasil’ev and Reznitskiy

(1993). The complex consists of marble, calc-silicate rocks, horn-

blende–pyroxene schist and various paragneisses (grt-bt-sill,

grt-bt, bt-grt-hy-crd, grt-bt-sil-crd, grt-sil-cord-bt, bt-grt-crd,

bt-grt-hy and bt-2px gneisses) of the Slyudanskaya ‘‘series’’ and

of calcareous diopside schist, gneiss, metapelite and marble of

the Khangarulskaya ‘‘series’’ (Vasil’ev and Reznitskiy, 1993). The

Slyudanskaya ‘‘series’’ is subdivided into two sub-units, namely

the lower Kultukskaya and upper Pereval’naya ‘‘suites’’. The

Kultukskaya ‘‘suite’’ contains a roughly equal amount of carbonate

and aluminosilicate rocks, whereas carbonate rocks dominate in

the Pereval’naya ‘‘suite’’. All rocks of the Slyudyansky Complex

have undergone granulite-facies metamorphism and were sub-

jected to four phases of ductile deformation with large-scale fold-

ing and granitoid intrusion (Vasil’ev et al., 1981; Kotov et al., 1997).

Conventional TIMS single-grain zircon dating of a syn-meta-

morphic hypersthene-bearing trondhjemite and two-pyroxene

trondhjemites yielded ages of 489 ± 1 and 488.0 ± 0.5 Ma, whereas

metamorphic zircons from a syn-metamorphic two-pyroxene tron-

dhjemite (enderbite) yielded a concordant age of 478 ± 2 Ma

(Salnikova et al., 1998). This age was interpreted as the time of

the peak granulite-facies metamorphism in the Slyudyansky Com-

plex. A post-metamorphic amphibole-two-pyroxene-quartz sye-

nite has a concordant zircon age of 471 ± 2 Ma (Kotov et al.,

1997; Salnikova et al., 1998) and a porphyritic plagioclase–micro-

cline granite has a zircon age of 467 ± 3 Ma (Stepanov et al., 2009).

K–Ar ages of amphibole and diopside from rocks of the Slyu-

danskaya and Khangarulskaya ‘‘series’’ vary from 203 to 1481 Ma

(Shafeev, 1970; Volobuev et al., 1980), and a whole-rock Pb–Pb iso-

chron age for marbles of the Pereval’naya suite is 1980 ± 60 Ma

(Volobuev et al., 1980). 207Pb/206Pb ages for multigrain zircon

fractions from the granulite-facies rocks show a large range from

400–600, 870–950, 1200–1300, 1500–1650, 1900–2100, to

2400 Ma (Vasil’ev and Reznitskiy, 1993). U–Pb dating of multigrain

fractions of detrital and metamorphic zircons from clastic metase-

dimentary rocks yielded data with poor alignment along a discor-

dia that intercepts Concordia at 556 ± 20 and 2630 ± 25 Ma

(Reznitskii et al., 1991). All these data reveal a complicated geolog-

ical evolution of the Slyudyansky Complex but failed in constrain-

ing the deposition ages of the supracrustal rocks.

SHRIMP zircon ages were recently obtained for detrital zircons

from a quartzite layer intercalated with marbles of the Pere-

val’naya suite (Rudenko et al., 2007; Stepanov et al., 2009). The
207Pb/206Pb ages vary from 3000 to 3260 Ma, and only two meta-

morphic rims yielded ages of 1254 and 2409 Ma. Thus, the new

data indicate an Archean crustal source and provide a lower limit

for deposition of the quartzite. However, these data need to be con-

firmed by further dating of detrital zircons from other clastic sed-

imentary lithologies in the Slyudyansky Complex.

3. Analytical techniques

Major element abundances were analyzed using XRF methods

in the Institute of the Earth’s Crust, Siberian Branch, Russian Acad-

emy of Sciences (RAS), Irkutsk. The detailed analytical procedure

are described in Afonin et al. (1992).

Trace elements and REE concentrations were determined by a

VG Elemental PlasmaQuad PQ2+ ‘‘Turbo’’ inductively coupled plas-

ma mass spectrometer (ICP-MS) after lithium metaborate fusion.

Analytical procedures were described in detail by Panteeva et al.

(2003). Standard reference materials were BHVO-2 (basalt),

RGM-1 (ryolite), W-2 (diabase), JG-2 and G-2 (granites). The preci-

sions for determined element results are better than 10%’’.

Zircon microphotographs were made in the Institute of Precam-

brian Geology and Geochronology (IPGG), Russian Academy of Sci-

ences (IPGG RAS), St. Petersburg, using a Scanning Electron

Microscope ABT-55 (accelerating voltage 15 kV). Cathodolumines-

cence (CL) images of zircons were taken using a panchromatic CL

imaging system (Gatan Mini-CL) attached to a scanning electron

microscope JOEL JSM-6360LV at the Institute of Earth Sciences,

Academia Sinica, Taipei, for examining the internal structures of

zircon grains and selecting optimum spot locations for in situ U–

Pb dating and Hf isotopic analysis. The Hf analyticat spot was place

on top of the spot previously analyzed for U–Pb assuming that the

zircon does not have latheral and vertical zoning within several

tens of microns.

Sm–Nd isotopic analyses were performed at the IPGG. About

100 mg of whole rock powder was dissolved in a mixture of HF,

HNO3 and HClO4. A
149Sm–150Nd spike solution was added to all

samples before dissolution. REE were separated on BioRad

AGW50-X8 200–400 mesh resin using conventional cation-ex-

change techniques. Sm and Nd were separated by extraction chro-

matography with a LN-Spec (100–150 mesh) resin. The total blank

in the laboratory was 0.1–0.2 ng for Sm and 0.1–0.5 ng for Nd. Iso-

topic compositions of Sm and Nd were determined on a Finnigan

MAT-261 and a TRITON TI multicollector mass-spectrometer, both

in static mode. The precision (2r) of Sm and Nd contents and
147Sm/144Nd ratios was ca. 0.5% and ca. 0.005% for143Nd/144Nd ra-

tios. 143Nd/144Nd ratios were adjusted relative to the value of

0.511860 for the La Jolla standard. During the period of analysis

the weighted average of 9 La Jolla Nd standard runs yielded

0.511852 ± 8 (2r) for 143Nd/144Nd, normalized against
146Nd/144Nd = 0.7219.

The eNd(t) values were calculated using the present-day values

for a chondritic uniform reservoir (CHUR) 143Nd/144Nd = 0.512638

and 147Sm/144Nd = 0.1967 (Jacobsen and Wasserburg, 1984).

Whole-rock Nd tDM mean crustal residence ages were calculated
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using the model of Goldstein and Jacobsen (1988) according to

which the Nd isotopic composition of the depleted mantle evolved

linearly since 4.56 Ga ago and has a present-day value eNd(0) of +10

(143Nd/144Nd = 0.513151 and 147Sm/144Nd = 0.2137). Two-stage Nd

model ages tDM2 (Keto and Jacobsen, 1987) were calculated using a

mean crustal ratio 147Sm/144Nd of 0.12 (Taylor and McLennan,

1985).

Zircon U–Pb isotopic data were obtained using the LA-ICP-MS

technique at the Department of Geosciences, National Taiwan

University, Taipei. An Agilent 7500s quadrupole ICP-MS and a

NewWave UP213 laser ablation systemwere used, and the detailed

analytical procedures can be found in Chiu et al. (2009). Laser

ablation was performed with helium carrier gas that substantially

reduces deposition of ablated material onto the sample surface and

greatly improves transport efficiency, thus increasing the signal

intensity as compared to ‘‘conventional’’ ablation using argon as

the carrier gas (Eggins et al., 1998; Günther and Heinrich, 1999;

Jackson et al., 2004). During the experiments, about 1 min was

spent for measuring the gas blank, and the results indicate a

sensitivity of less than 1000 counts per second (cps) for all mea-

sured isotopes. Calibration was performed using the GJ-1 zircon

standard, with a well established precise 207Pb/206Pb age and an

intercept age, using isotope dilution thermal ionization mass spec-

trometry (ID-TIMS), of 608.5 ± 0.4 Ma (2r) and 608.5 ± 1.5 Ma (2r),

respectively (Jackson et al., 2004). The Harvard reference zircon

91500 and Australian Mud Tank carbonatite zircon (MT) were used

Table 1

Major and trace element composition of the gneisses from the Slyudyansky Complex.

No 1 2 3 4 5 6 7 8 9 10

Sample no BS-137 BS-142 BS-198 BS-372 Kh-253 BS-56 PS-9b (PS-10) PS-81 PS-365 (PS-386) PS-387

SiO2 60.76 63.78 57.10 60.24 62.62 61.94 62.36 60.37 58.59 60.64

TiO2 0.84 0.66 0.89 0.96 0.86 0.86 0.73 0.89 0.95 0.69

Al2O3 17.39 16.42 14.90 18.31 14.87 17.84 14.15 16.50 16.37 16.15

Fe2O3 3.31 2.06 2.38 2.71 3.43 1.95 1.31 1.12 1.74 1.36

FeO 4.16 5.53 9.90 5.12 5.31 8.05 8.09 8.26 7.96 4.71

MnO 0.10 0.16 0.41 0.23 0.12 0.18 0.08 0.18 0.20 0.06

MgO 2.26 2.26 6.32 3.02 4.09 3.46 7.67 3.47 3.55 2.20

CaO 3.14 4.19 1.44 1.12 2.53 0.18 1.54 5.13 6.58 4.66

Na2O 3.38 1.79 1.48 2.13 2.08 1.35 0.54 2.64 2.26 3.62

K2O 2.08 1.13 2.56 3.70 2.50 1.08 1.70 0.98 0.31 3.46

P2O5 0.06 0.10 0.05 0.06 0.11 0.01 0.13 0.22 0.23 0.47

LOI 2.87 1.61 2.18 1.65 1.30 1.80 1.99 0.18 1.38 1.61

Total 100.35 99.69 99.61 99.25 99.82 98.70 100.29 99.94 100.12 99.63

D(F) 0.7 �2.3 �7.7 �2.2 �3.9 �6.8 �10.9 �1.8 �1.7 3.1

CIA 62.0 67.3 69.6 68.2 63.8 83.4 77.4 62.1 62.0 53.7

CIW 67.4 70.9 79.9 80.2 72.2 88.2 86.1 64.7 62.8 61.3

Sc 13.8 16.8 24 11.3 2.6 14.6 24 19 8.6

V 165 219 139 95 140 112 233 171 85

Cr 44 25 187 33 98 114 445 124 27

Co 29 21 44 18.2 25 40 51 28 18.2

Ni 45 20 288 41 65 217 389 57 27

Cu 52 14.5 42 51 3.0 55 29 30 44

Zn 121 85 221 72 83 141 121 123 73

Ga 23 21 22 13.4 15.4 17.1 24 23 21

Rb 83 57 74 45 10.6 48 70 2.7 71

Sr 251 328 121 122 120 50 55 622 448

Y 17.7 18.5 39 17.4 16.5 26 26 28 10.2

Zr 53 101 69 29 50 45 117 106 34

Nb 14.1 11.1 18.3 9.5 11.0 11.7 10.1 11.7 5.3

Ba 204 485 1338 275 480 990 590 132 2002

La 37 25 48 25 13.8 27 31 26 39

Ce 77 50 98 54 31 60 67 55 75

Pr 8.9 6.1 11.0 6.2 3.9 6.6 7.4 7.1 9.0

Nd 32 21 38 23 15.8 25 27 28 35

Sm 5.8 4.1 6.6 4.6 3.3 4.5 5.0 5.3 5.2

Eu 1.21 1.02 1.28 1.01 0.88 1.04 0.97 1.60 2.4

Gd 5.7 4.2 6.3 4.3 3.6 4.3 4.7 5.7 5.1

Tb 0.63 0.57 0.85 0.53 0.54 0.70 0.60 0.76 0.49

Dy 3.3 3.0 5.9 2.8 3.2 4.3 3.8 4.5 2.1

Ho 0.58 0.69 1.39 0.62 0.66 0.84 0.83 0.90 0.36

Er 1.77 1.67 3.6 1.75 1.89 2.2 2.5 2.5 0.70

Tm 0.29 0.30 0.63 0.34 0.34 0.40 0.42 0.42 0.12

Yb 1.89 1.68 3.8 2.0 1.71 2.6 2.7 2.7 0.69

Lu 0.29 0.27 0.67 0.31 0.28 0.40 0.41 0.41 0.12

Hf 1.45 2.5 1.59 0.70 1.26 1.12 2.9 2.3 0.76

Ta 0.48 0.64 0.49 0.41 0.57 0.45 0.46 0.60 0.13

Pb 14.5 9.5 6.8 12.5 7.3 14.9 8.8 7.9 9.3

Th 10.9 6.9 16.0 6.5 3.6 8.2 9.4 8.0 0.28

U 0.96 0.99 0.78 0.75 1.00 0.69 1.87 1.52 0.06

(La/Yb)N 13.3 10.0 8.4 8.2 5.5 7.0 7.7 6.6 38.1

(La/Sm)N 4.0 3.9 4.6 3.4 2.6 3.9 3.9 3.1 4.7

(Gd/Yb)N 2.4 2.0 1.3 1.7 1.7 1.3 1.4 1.7 5.9

Eu/Eu⁄ 0.63 0.74 0.60 0.68 0.77 0.71 0.60 0.88 1.40

Notes. Samples 1–5 – gneisses of the Khangarulskaya ‘‘series’’ formation, 6–11 – gneisses of the Slyudyanskaya ‘‘series’’. Sample PS-365 is analog of the sample PS-386 used

for U–Pb and Hf isotope zircon investigations. D(F) – index D. Shaw (1986). CIA – index of chemical weathering. Paragenesis: BS-137 – grt-bt-sill; BS-142 – grt-bt; BS-198 –

bt-grt-hy-crd; BS-372 – grt-bt-sil-crd; Kh-253 – bt-grt; BS-56 – bt-grt-crd; PS-9b (PS-10) – bt-grt-hy-crd; PS-81 – grt-hy-bt; PS-365 (PS-386) – bt-grt-hy; PS-387 – bt-2px.
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as secondary standards for data quality control. All U–Th–Pb isoto-

pic ratios were calculated using the GLITTER 4.0 (GEMOC) soft-

ware, and common lead was corrected using the common lead

correction function proposed by Anderson (2002). Weighted mean

U–Pb ages and concordia plots were calculated using Isoplot v. 3.0

(Ludwig, 2003). Our 207Pb/235U, 206Pb/238U and 207Pb/206Pb ages of

zircon 91500 are 1061.8 ± 2.1 Ma (2r), 1062.1 ± 1.7 Ma (2r) and

1066.7 ± 2.1 Ma (2r), respectively, which are in excellent agree-

ment with the consensus values reported by Wiedenbeck et al.

(1995) using ID-TIMS methods. Our 207Pb/235U, 206Pb/238U and
207Pb/206Pb ages of zircon MT are 736.8 ± 5.2 Ma (2r),

734.0 ± 2.4 Ma (2r) and 739.2 ± 8.1 Ma (2r), respectively, and also

match the U–Pb concordia intercept age of 732 ± 5 Ma recom-

mended by Black and Gulson (1978). For the ‘‘best zircon age’’ in

Table 3, we follow Black and Jagodzinski (2003) and quote the
206Pb/238U age for zircons younger than 1000 Ma and the
207Pb/206Pb age for older zircons.

In situ Hf isotope analyses were carried out using a New Wave

UP 213 laser-ablation microprobe, attached to a Nu Plasma multi-

collector ICP-MS, at the Institute of Earth Sciences, Academia Sini-

ca, in Taipei. Instrumental conditions and data acquisition proce-

dures follow that reported by Griffin et al. (2000). Masses 172,

175, 176, 177, 178, 179 and 180 were simultaneously analyzed,

and all analyses were carried out in static-collection mode. Data

were normalized to 179Hf/177Hf = 0.7325, using an exponential cor-

rection for mass bias. Initial setup of the instrument was done

using a 50 ppb solution of AMES Hf metal, which typically yielded

a total Hf beam of 10–14 � 10�11 A. Isobaric interference of 176Lu

and 176Yb on 176Hf was corrected by measuring the intensities of

the interference-free 175Lu and 172Yb isotopes and using appropri-

ate 176Lu/175Lu and 176Yb/172Yb to calculate 176Lu/177Hf and
176Yb/177Hf. As the analytical method is similar to that reported

by Griffin et al. (2000), the recommended 176Lu/175Lu and
176Yb/172Yb ratios of 0.02669 (De Biévre and Taylor, 1993) and

0.5865 were used for data reduction. The reproducibility of our

Hf isotopic analysis is demonstrated by 28 Hf analyses on the

50 ppb solution of the AMES Hf metal since March 2007, covering

the period of laser-ablation analyses reported here. Our mean va-

lue for 176Hf/177Hf is 0.282152 ± 18 (2r), which is identical to the

recommended value of 0.282151 ± 13 by Münker et al. (2001).

The typical 2r uncertainty on a single analysis of 176Hf/177Hf is

6–8 � 10�6.

The New Wave UP 213 laser system delivers a beam of 213 nm

UV light from a frequency-quintupled (5th harmonic) Nd: YAG la-

ser. Most analyses were carried out with a beam diameter of

55 lm, 5 Hz repetition rate, and energies of �0.4 mJ/pulse. This re-

sulted in total Hf signals of 1–2.5 � 10�11 A, depending on precise

conditions and the Hf contents. Typical ablation times were 80–

120 s. The He carrier gas transported the ablated sample from

the laser-ablation cell via a mixing chamber where it was mixed

with Ar prior to entering the ICP-MS torch. Flux rate for He was

about 1 l/min and 0.7 l/min for Ar. The laser-ablation analyses

were carried out using the time-resolved analysis software, in

which the signal for each mass and each ratio is displayed as a

function of time during the analysis. This allows the more stable

portions of the ablation to be selected for analysis, before the data

are processed to give the final results. The background noise was

collected for 30 s before ablation began. Typical within-run preci-

sion (2r) on the analysis of 176Hf/177Hf is ±0.000030, equivalent

to an uncertainty of �1 epsilon unit.

To evaluate the accuracy and precision of the laser-ablation re-

sults, we repeatedly analyzed two zircon standards, Mud Tank and

91500. Both have been described by Woodhead and Hergt (2005),

Griffin et al. (2006), and Wiedenbeck et al. (1995). Our long-term

result of the Mud Tank zircon gave 176Hf/177Hf = 0.282518 ± 48

(2r; n = 65), which is consistent with the value of 0.282522 ± 42

(2r; n = 2335) reported by Griffin et al. (2006) and the values given

by Woodhead and Hergt (2005) for solution (0.282507 ± 6; n = 5)

and LAM-MC-ICP-MS analyses (0.282504 ± 44; n = 158). Our mean

result for 91500 is 0.282319 ± 94 (2r; n = 28), which is also similar

to the literature values but shows a large spread of the data. Griffin

et al. (2006) pointed out the isotopic heterogeneity of 91500, so it

may not be a suitable standard for evaluation of the precision and

accuracy of in situ analysis. In any case, our Mud Tank results dem-

onstrate the reliability of the zircon Hf isotope analyses.

To calculate eHf(t) values, we adopted the chondritic ratios of
176Hf/177Hf (0.282772) and 176Lu/177Hf (0.0332) given by Blic-

hert-Toft and Albarède (1997). These values were reported relative

to 176Hf/177Hf = 0.282163 for the JMC475 standard. The 176Hf/177Hf

value of 0.282152 ± 18 was obtained for our AMES Hf metal, which

is isotopically indistinguishable from the JMC475 standard. To cal-

culate eHf(t) values and depleted mantle Hf model ages tHf(DM) we

used the weighted average or Concordia ages for concordant zir-

cons and 207Pb/206Pb apparent ages for discordant zircons and ap-

plied the 176Lu–176Hf decay constants proposed by Scherer et al.

(2001) and the CHUR and DM parameters of Blichert-Toft and

Albarède (1997) and Griffin et al. (2000, 2004). The zircon Hf ‘‘crus-

tal’’ model age tHfc is based on a depleted-mantle source and the

assumption that the protolith of the zircon’s host magma had the

isotopic composition of average continental crust, namely a
176Lu/177Hf ratio of 0.0093 (Amelin et al., 1999). If a higher crustal
176Lu/177Hf ratio of 0.015 is used (Griffin et al., 2002), unrealisti-

cally high tHfc values up to 4.3 Ga are calculated, and we therefore

consider the value of 0.0093 to most closely reflect crustal compo-

sitions in our study region.

4. Results

4.1. Geochemical and Nd isotopic data

Paragneiss samples of the Slyudyansky Complex are character-

ized by intermediate SiO2 (57–64 wt.%), low alkalinity (Na2O + -

K2O = 2.24–5.83 wt.%) and variable Na2O/K2O ratios of 0.32–7.29

(Table 1). They mostly have a negative index D, Shaw (Shaw,

1970) D(x) from 0.7 to �10.9, and index of chemical alteration

CIA = 62–83, and correspond to graywacke of intermediate compo-

sition. The biotite-two-pyroxene gneisses display higher alkalinity

(Na2O + K2O = 7.08–7.45 wt.%), positive D(x) values of 2.9–3.1, low-

er CIA = 53–54, and approach magmatic rocks such as quartz dio-

rite in chemical composition.

The Slyudyansky Complex metagraywackes show negative Nb–

Ta, P, Zr–Hf and Ti anomalies in primitive-mantle-normalized trace

element variation diagrams (Fig. 4). The biotite-two pyroxene

gneisses have low contents of Rb, Th, U and HREE, highly fraction-

ated REE distributions (LaN/YbN = 38) with with HREE depletion

(Yb = 0.69 ppm) and positive Eu anomaly (Eu/Eu� = 1.40). Other

gneisses are characterized by moderately fractionated REE patterns

LREE enrichment (LaN/YbN = 5.5–13.0), flat to slightly fractionated

HREE distribution (GdN/YbN = 1.3–2.4), and pronounced negative

Eu anomalies (Eu/Eu� = 0.60–0.77).

Gneisses of the Slyudyansky Complex have depleted mantle Nd

model ages tNd(DM) of 1.7–2.2 and 2.8–3.0 Ga, whereas crustal Nd

model ages tNdc are 1.9–2.2 and 3.3 Ga (Table 2). The Mesoarchean

Nd model ages are only characteristic of the biotite-two-pyroxene

gneisses and suggest derivation of their protholiths from local

sources different from sources of other Slyudyansky

metagraywackes.

The geochemical features indicate derivation of the Slyudyan-

sky metagraywackes from evolved crustal sources. However, these

metagraywackes have high concentrations of Ba, Cr and Ni

(Table 1), thus also suggesting an input from mafic–ultramafic
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sources (Petrova et al., 2002; Makrygina et al., 2007). This assump-

tion is supported by Cr–V mineralization in Slyudyansky Complex

marbles and quartzites (Reznitskii et al., 1988) and back arc basin

geochemical signatures of Slyudyansky metabasalts (Makrygina

et al., 2007). The Khangarulskaya ‘‘series’’ of the Slyudyansky Com-

plex contain large volume of metatuffite of andesitic composition

(Reznitskii et al., 2004). According to available geochemical data

(Petrova et al., 2002, 2005; Makrygina et al., 2007) the sedimentary

rocks of the Slyudyansky Complex were formed by erosion of

granitic (granulite–gneissic) and mafic–ultramafic rocks in

fore-arc (Khangarulskaya ‘‘series’’) and an ensialic bark-arc

(Slyudyanskaya ‘‘series’’) basin setting.

4.2. Zircon ages

Zircons were separated from a biotite–garnet–hyperstene pla-

giogneiss (sample PS-386, an analog of sample PS-365 in Tables 1

and 2) and a biotite-two-pyroxene gneiss (sample PS-387) of the

lower Kultukskaya suite. A total of 67 spots on 48 grains were ana-

lysed, and the analytical data are presented in Table 3. SEM photo-

micrographs of the dated zircons are presented in Fig. 5, and

cathodoluminescence (CL) images of concordant and selected typ-

ical discordant zircons are shown in Fig. 6.

Detrital zircons in the analyzed samples are heterogeneous, and

several typical ‘‘magmatic’’ and ‘‘metamorphic’’ subtypes can be

distinguished according to their morphology, CL images and

U–Pb isotopic data. The type considered to be of metamorphic ori-

gin makes up about 10% of the bulk population and consists of

transparent or semitransparent subhedral, short-prismatic to iso-

metric (sample No PS-386) or irregular-shaped (sample No PS-

387), brown to pink grains with a length/width ratio of 1.2–2.0

(Fig. 5a–d). These zircons have very dark or dark-gray luminescene

and are cloudy and diffuse under CL (Fig. 6a–f). Some grains of this

type from sample PS-387 exhibit relicts of oscillatory zoning and

contain dark cores, presumably inherited (Fig. 6g–j). Morphological

features and the internal structure of these zircons suggest a high-

grade metamorphic origin. Zircons from the biotite–garnet–

hyperstene (Fig. 5a–c) and biotite-two-pyroxene gneisses

(Fig. 6e–j) are concordant and have weighted mean 206Pb/238U ages

of 488 ± 10 Ma (MSWD = 0.19, probability = 0.90; n = 4) and

486 ± 8 Ma (MSWD = 0.28, probability = 0.93; n = 6) respectively

(Figs. 7a and b). Only one grain of sample PS-387 (No. 37 in Table 3)

yielded a younger 206Pb/238U age of 458 ± 10 Ma. If all data are

pooled, this type of zircon provides weighted mean 206Pb/238U ages

of 487 ± 6 Ma (MSWD = 0.23, probability = 0.99; n = 10) and

458 ± 10 Ma (Fig. 7c). Two inherited cores with relict oscillatory

(magmatic) zoning are strongly discordant and have minimum
207Pb/206Pb ages of 2299 ± 28 and 2126 ± 30 Ma (Nos. 51 and 64

in Table 3).

An optically distinctive type of zircon makes up about 40% of

the population in biotite–garnet–hyperstene plagiogneiss sample

PS-386 but is rare in sample PS-387 of the biotite-two-pyroxene

gneiss. It consists of transparent or semitransparent, subhedral to

euhedral, prismatic or bipyramidal (Fig. 5e–f) pale-pink, magmati-

cally zoned crystals containing inherited and partially recrystal-

lized cores with cloudy, diffuse CL images of medium intensity.

Narrow and brightly luminescent (low-U) rims were detected on

these grains (Figs. 6k–r). Seven spots representing the zoned inte-

rior yielded three clusters of concordand ages (Fig. 7d), namely

691 ± 20 Ma (n = 2, MSWD = 0.19, probability = 0.66), 774 ± 24

(n = 2, MSWD = 0.0017, probability = 0.97), and 825 ± 20 (n = 3,

MSWD = 0.088, probability = 0.92). It is evident from the morpho-

logical features and internal structures of these zircons that they

are of likely magmatic origin, and the ages therefore reflect the

times of zircon crystallization from melts.

The dominant zircon type in biotite-two-pyroxene–plagioclase

gneiss sample PS-387 consists of semitransparent or transparent,

subhedral, pale-pink prismatic or oval grains with a length/width

Fig. 4. (a) Primitive-mantle-normalized trace-element variation diagram, (b)

chondrite-normalized REE distribution patterns in metasedimentary rocks of the

Slyudyansky Complex.

Table 2

Sm–Nd isotopic compositions of the gneisses from the Slyudyansky Complex.

Sample Sm, ppm Nd, ppm 147Sm/144Nd 143Nd/144Nd, ±2rm eNd(0) eNd(t) tNd(DM), Ma tNdc, Ma

BS-137 5.73 31.3 0.1110 0.511977 ± 8 �12.9 �7.6 1737 1857

BS-142 3.82 19.80 0.1171 0.511897 ± 10 �14.5 �9.5 1973 2018

BS-198 6.98 39.6 0.1067 0.511843 ± 9 �15.5 �9.9 1858 2051

BS-372 6.07 31.0 0.1189 0.511954 ± 8 �13.3 �8.5 1919 1935

Kh-253 4.30 21.4 0.1222 0.511922 ± 11 �14.0 �9.3 2041 2004

BS-56 5.85 32.6 0.1091 0.511791 ± 10 �16.5 �11.1 1974 2147

PS-9b 4.16 22.1 0.1141 0.511775 ± 8 �16.8 �11.7 2098 2199

PS-365 5.26 25.4 0.1255 0.511894 ± 10 �14.5 �10.1 2164 2066

PS-387 5.24 32.9 0.0965 0.511005 ± 10 �31.9 �25.6 2775 3343

PS-387A 5.46 31.0 0.1065 0.511041 ± 5 �31.2 �25.6 2980 3336

Notes. eNd(t) and tNdc values calculated on the age of the granulite facies metamorphism ca. 488 Ma.
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Table 3

Analytical data of U–Pb dating of zircons from metasedimentary of the Slyudyansky Complex.

No Analysis Corrected ratios Rho Corrected ages, Ma Th/U Comments

207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 208Pb/232Th 1r

Biotite–garnet–hyperstene plagiogneiss PS-386

1 PS-386-01-1 0.0910 0.0028 2.2145 0.1150 0.1765 0.0045 0.49 1447 54 1186 36 1048 24 1025 24 0.53 Core NP

2 PS-386-01-2 0.0671 0.0007 1.2714 0.0290 0.1375 0.0030 0.90 840 20 833 13 830 17 885 21 0.14

3 PS-386-02 0.0566 0.0005 0.6087 0.0131 0.0780 0.0017 0.90 478 23 483 8 484 10 530 13 0.012

4 PS-386-03 0.0567 0.0005 0.6132 0.0132 0.0785 0.0017 0.90 478 22 486 8 487 10 548 12 0.027

5 PS-386-04 0.1189 0.0029 3.7895 0.1667 0.2312 0.0058 0.57 1939 43 1591 35 1341 30 1298 31 0.49 Core NP

6 PS-386-05-1 0.1722 0.0027 9.2871 0.3280 0.3911 0.0098 0.71 2580 26 2367 32 2128 45 2076 48 0.66 Core NP

7 PS-386-05-2 0.0671 0.0007 1.2540 0.0281 0.1356 0.0029 0.90 840 20 825 13 820 17 861 18 0.55

8 PS-386-06-1 0.0924 0.0012 1.7860 0.0569 0.1402 0.0034 0.77 1476 23 1040 21 846 19 818 20 0.22

9 PS-386-06-2 0.1402 0.0028 6.0897 0.2490 0.3150 0.0080 0.62 2230 35 1989 36 1765 39 1721 40 0.79 Core NP

10 PS-386-07-1 0.1587 0.0031 6.5425 0.2476 0.2990 0.0070 0.62 2442 32 2052 33 1687 35 1619 35 0.75 Core NP

11 PS-386-07-2 0.0682 0.0008 1.2804 0.0347 0.1363 0.0030 0.81 873 26 837 15 824 17 874 20 0.62

12 PS-386-07-3 0.0666 0.0008 1.0396 0.0280 0.1132 0.0025 0.82 825 26 724 14 691 14 778 18 0.57

13 PS-386-08 0.1200 0.0016 3.2891 0.0972 0.1987 0.0044 0.74 1957 23 1478 23 1169 23 1120 23 0.39 Core NP

14 PS-386-09 0.0578 0.0006 0.6249 0.0150 0.0784 0.0017 0.90 523 22 493 9 487 10 1137 28 0.056

15 PS-386-10-1 0.1334 0.0025 5.5706 0.2095 0.3029 0.0072 0.63 2143 32 1912 32 1706 35 1666 37 0.61 Edge

16 PS-386-10-2 0.1457 0.0027 8.3370 0.3191 0.4150 0.0099 0.62 2296 30 2268 35 2238 45 2231 48 0.88 Centre

17 PS-386-11 0.3053 0.0039 22.9639 0.7577 0.5456 0.0142 0.79 3497 19 3225 32 2807 59 2703 65 0.93

18 PS-386-12 0.1702 0.0033 10.9980 0.4556 0.4688 0.0126 0.65 2559 29 2523 39 2478 55 2467 60 0.95

19 PS-386-13-1 0.1376 0.0021 3.3619 0.1065 0.1772 0.0039 0.69 2197 26 1496 25 1052 21 988 21 0.48 Core NP

20 PS-386-13-2 0.0639 0.0006 1.0037 0.0223 0.1139 0.0025 0.90 739 22 706 11 695 14 759 16 0.42

21 PS-386-14 0.3179 0.0031 31.7848 0.6886 0.7251 0.0159 0.90 3560 13 3544 21 3515 59 3702 74 0.98

22 PS-386-15-1 0.2154 0.0022 11.8884 0.2726 0.4003 0.0093 0.90 2947 17 2596 21 2171 43 2157 47 0.16 Edge

23 PS-386-15-2 0.3017 0.0031 26.1011 0.5997 0.6276 0.0145 0.90 3479 17 3350 22 3140 58 3225 68 0.40 Core

24 PS-386-16-1 0.1426 0.0014 6.2419 0.1505 0.3176 0.0075 0.90 2259 18 2010 21 1778 37 1732 40 0.076 Core NP

25 PS-386-16-2 0.0634 0.0007 0.9808 0.0245 0.1122 0.0026 0.90 722 23 694 13 686 15 769 20 0.13

26 PS-386-17 0.2208 0.0023 17.2125 0.3983 0.5656 0.0132 0.90 2986 17 2947 22 2890 54 2956 62 0.75

27 PS-386-18-1 0.1224 0.0057 5.3969 0.3900 0.3198 0.0097 0.42 1991 85 1884 62 1789 47 1769 46 1.28 Edge

28 PS-386-18-2 0.2797 0.0029 21.7827 0.4989 0.5649 0.0131 0.90 3361 17 3174 22 2887 54 2939 62 0.41 Core

29 PS-386-19-1 0.1442 0.0013 5.5596 0.1316 0.2797 0.0064 0.90 2278 17 1910 20 1590 32 1532 34 0.080 Core NP

30 PS-386-19-2 0.0653 0.0007 1.1487 0.0277 0.1275 0.0030 0.90 785 23 777 13 774 17 793 19 0.15

31 PS-386-20 0.0569 0.0006 0.6252 0.0144 0.0798 0.0018 0.90 486 24 493 9 495 11 506 13 0.025

32 PS-386-21-1 0.1658 0.0032 8.8076 0.3892 0.3852 0.0111 0.65 2516 35 2318 40 2101 52 2054 55 0.81 Core NP

33 PS-386-21-2 0.1756 0.0018 9.8902 0.2247 0.4086 0.0094 0.90 2612 18 2425 21 2208 43 2281 48 0.56 Core NP

34 PS-386-21-3 0.0660 0.0007 1.1599 0.0286 0.1274 0.0030 0.90 807 22 782 13 773 17 820 20 0.22

35 PS-386-22-1 0.1642 0.0017 7.7128 0.1752 0.3406 0.0078 0.90 2500 17 2198 20 1890 38 1900 41 0.31 Core NP

36 PS-386-22-2 0.0676 0.0007 1.2145 0.0306 0.1303 0.0030 0.90 857 22 807 14 790 17 834 23 0.12

Biotite-two-pyroxene gneiss PS-387

37 PS-387-01 0.0566 0.0006 0.5742 0.0127 0.0736 0.0017 0.90 477 23 461 8 458 10 474 10 0.18

38 PS-387-02 0.1515 0.0015 6.3289 0.1422 0.3030 0.0069 0.90 2363 18 2022 20 1706 34 1737 36 0.92

39 PS-387-03 0.1528 0.0027 6.8445 0.2526 0.3248 0.0079 0.66 2378 27 2092 33 1813 39 1759 40 0.78

40 PS-387-04-1 0.0564 0.0006 0.6058 0.0134 0.0780 0.0018 0.90 466 23 481 8 484 10 614 13 0.086

41 PS-387-04-2 0.0575 0.0006 0.6124 0.0136 0.0773 0.0017 0.90 509 21 485 9 480 10 571 13 0.089

42 PS-387-05-1 0.1718 0.0017 9.5477 0.2092 0.4032 0.0090 0.90 2575 17 2392 20 2184 42 2270 47 0.70 Edge

43 PS-387-05-2 0.1791 0.0018 11.4178 0.2514 0.4625 0.0104 0.90 2644 17 2558 21 2451 46 2522 52 0.80 Centre

44 PS-387-06 0.1168 0.0012 2.8306 0.0715 0.1757 0.0041 0.90 1908 19 1364 19 1044 22 996 23 0.11

45 PS-387-07-1 0.1674 0.0017 8.3936 0.1857 0.3637 0.0082 0.90 2532 16 2274 20 2000 39 2057 43 0.68 Centre

46 PS-387-07-2 0.1468 0.0035 5.6350 0.2535 0.2784 0.0071 0.57 2309 41 1921 39 1583 36 1522 35 0.85 Edge

47 PS-387-08 0.0846 0.0012 1.3642 0.0455 0.1170 0.0028 0.72 1306 28 874 20 713 16 691 16 0.21

48 PS-387-09 0.1524 0.0022 7.5394 0.2494 0.3587 0.0087 0.74 2373 25 2178 30 1976 41 1934 44 0.53

49 PS-387-10 0.1599 0.0028 7.0339 0.2918 0.3190 0.0091 0.69 2455 30 2116 37 1785 45 1721 46 0.73

50 PS-387-11 0.1447 0.0035 6.4959 0.2881 0.3256 0.0082 0.57 2284 47 2045 39 1817 40 1771 41 0.95

51 PS-387-12-1 0.1459 0.0023 5.7380 0.1921 0.2852 0.0067 0.71 2299 28 1937 29 1618 34 1559 35 0.50 Core Pz

(continued on next page)
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ratio of 2–3 (Fig. 5g–j). This type also makes up about 50% of the

bulk population in garnet–biotite–pyroxene gneiss sample PS-

386. CL images show that many grains have a core with very differ-

ent and discordant CL features. Overprinted magmatic zoning is

found as well as bright or gray luminescent, unzoned metamorphic

overgrowth (Fig. 6s–x). Th/U ratios in grains with oscillatory zon-

ing vary from 0.12 to 0.95. Two crystals (Nos. 16 and 18 in Table 3)

and one core (No. 26 in Table 3) from garnet–biotite–pyroxene pla-

giogneiss PS-386 are characterized by magmatic zoning (Fig. 6s–u).

These yielded slightly discordant (3–4.0% of discordance) ages of

2262 ± 68 Ma (MSWD = 0.73, probability = 0.39), 2520 ± 77 Ma

(MSWD = 1.13, probability = 0.29) and 2973 ± 29 Ma (MSWD = 2.6,

probability = 0.11) (Fig. 7e). One rounded core with clear magmatic

zoning (Fig. 6y) has a concordia age of 3555 ± 27 Ma

(MSWD = 0.48, probability = 0.49) These ages are in agreement

with 207Pb/206Pb ages of 3361 ± 17 to 3479 ± 17 Ma (Table 3,

Fig. 7e) obtained for dark, inherited cores with relicts of magmatic

zoning.

Other zircons and cores are discordant (from 11.6% to 56.4% of

discordance) and provided a wide range of minimum 207Pb/206Pb

ages from 1939 ± 43 to 2612 ± 18 Ma (Table 3). Cores of

825 ± 20 Ma old zircons are aligned along a discordia with an

upper Concordia intercept at 2774 ± 100 Ma and lower intercept

at 920 ± 84 Ma (MSWD = 1.2, probability = 0.27). In contrast, cores

of 774 ± 24 Ma zircons are aligned along a discordia with inter-

cepts at 2754 ± 81 and 954 ± 140 Ma (MSWD = 0.74, probabil-

ity = 0.48) (Fig. 7f). All cores plotted together define a discordia

with intercepts at 2747 ± 52 and 912 ± 82 Ma (MSWD = 0.68, prob-

ability = 0.60). The core of a 691 ± 20 Ma zircon has a Paleoprotero-

zoic age of 2197 ± 26 that is close to ages of 2278 ± 17 and

2259 ± 18 Ma in zircon cores with low Th/U of 0.076–0.080 (Ta-

ble 3). Another group of cores and zircons with Th/U of 0.57–

0.77 define a discordia with intercepts at 2313 ± 72 and

608 ± 56 Ma (MSWD = 1.02, probability = 0.40) (Fig. 7g). All these

ages cannot be related to distinct geological event but reflect zir-

con growth at ca. 2.3 and 2.8–2.7 Ga.

The discordant zircons as well as the inherited cores of sample

PS-387 define a poor discordia (MSWD = 3.4) with intercepts at

2613 ± 39 and 639 ± 54 Ma (Fig. 7h). No Meso- or Paleoarchean zir-

cons ages were found in this sample, and the oldest 207Pb/206Pb age

is 2644 ± 17 Ma (Table 3). This may suggest that the main mag-

matic and probably metamorphic events in the source area(s) oc-

curred in the Neoarchean at ca. 2.6–2.7 Ga.

Note that the magmatic zircons and cores with minimum
207Pb/206Pb ages of ca. 1.5 and 1.9 Ga are strongly discordant, and

the data points are mainly distributed in the lower part of the Con-

cordia diagram (Fig. 7). Only one zircon (No. 27, Table 3) with

‘‘granulitic’’ internal structure but high Th/U = 1.3 shows an older

minimum 207Pb/206Pb age of 1991 ± 85 Ma (11.6% of discordance).

These data suggest that the Meso- and Paleoproterozoic ‘‘ages’’ of

ca. 1.5 and 1.9 Ga do not correspond to real magmatic or metamor-

phic events but either reflect Pb loss at unspecified times, perhaps

in the Neoproterozoic or early Paleozoic, and/or are mixtures of

Neoproterozoic and Neoarchean to Paleoproterozoic (ca. 2.7–

2.3 Ga) zircon components.

4.3. Zircon Hf isotopic ratios

Thirty-six spots on 29 dated zircon grains were analyzed for

their Lu/Hf isotopic composition, and the results are listed in

Table 4. The eHf(t) data are plotted in Fig. 8.

Early Paleozoic (487 ± 6 Ma) zircons from biotite–garnet–

hyperstene plagiogneiss PS-386 have negative eHf(t) values of

�11.1 to �12.3 and Hf model ages tHf(DM) of 1.5–1.6 Ga

(tHfc = 1.8–1.9 Ga), whereas zircons of the same age from biotite-

two-pyroxene plagiogneiss PS-387 yielded significantly lowerT
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values eHf(t) values of �39.8 to �46.3 and older Hf model ages of

2.6–2.9 Ga (tHfc = 3.3–3.6 Ga). The 458 ± 10 Ma old zircons are

characterized by eHf(t) values of �30.1 to �31.8 and tHf(DM) of

2.2–2.3 Ga (tHfc = 2.8 Ga).

Neoproterozoic zircons also have negative eHf(t) values ranging

from �9.1 to �10.4 for sample PS-386 (tHf(DM) = 1.7 Ga,

tHfc = 2.0 Ga) and from �16.3 to �21.3 for sample PS-386

(tHf(DM) = 2.0–2.2 Ga, tHfc = 2.4–2.6 Ga). Meso- and Paleoarchean

Fig. 5. SEM photomicrographs of dated zircons.

Fig. 6. Cathodoluminescence (CL) images of dated zircons. Circles indicate the positions of LA-ICPMS analytical spots (spot size = 30 lm). The Hf isotopic analyses were

performed on the same spots with a slightly wider laser beam (50 lm).
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concordant zircons (Nos. 16 and 19 in Table 4) have negative eHf(t)

of �5.4 to �5.8, corresponding to HfDM model ages of 3.9–3.4 Ga

(tHfc = 3.5–4.0 Ga).

Paleoproterozoic and Archean zircons and inherited cores from

sample PS-386, irrespective of internal structure and morphology,

exhibit a continuous range of eHf(t) values from �32.8 to �0.6 and

HfDM model ages of 2.3–3.9 Ga (tHfc = 2.4–4.0 Ga). Recalculated to

apparent discordia ages (see above) they give eHf(t) from �28.7

to +4.0. One inherited core (No. 4 in Table 4) exhibits a mantle-like

value of eHf(t) = +7.6.

Zircons and cores with Paleoproterozoic to Neoarchean
206Pb/207Pb ages of sample PS-387 have negative eHf(t) values of

�6.1 to +5.4 and Neoarchean HfDM model ages of 2.6–2.8 Ga

(tHfc = 2.7–2.9 Ga) (Table 4). Recalculated to discordia age ca.

2.6 Ga (see above) these zircons yield high positive eHf(t) values

of +4.1 to +8.0 that may suggest crystallization from mantle-de-

rived or crust–mantle mixed melts (eHf for the upper mantle at

2.6 Ga is +7.8).

5. Discussion

5.1. Approximate age of deposition and provenance of the Slyudyansky

metasediments

The youngest zircon ages obtained are 458 ± 10 from sample PS-

387 and487 ± 6 Ma from samples PS-386 and PS-387. Zirconswith a

mean age of 488 ± 10 Ma from sample PS-386 are subhedral, short-

prismatic to isometric with uniform dark-gray luminescence, low

Th/U (0.012–0.056) and 176Lu/177Hf (0.000036–0.000043) ratios.

Such features are typical of metamorphic zircon (Chen et al., 2010)

and suggest crystallization during granulite-facies metamorphism.

These zircons are characterized by eHf(t) values of �11.1 to �12.3

(weighted average is �11.8 ± 1.6) and Mesoproterozoic Hf model

ages tHf(DM) of 1.5–1.6 Ga that are younger than whole-rock model

Nd ages of 2.1–2.2 Ga. However, the crustal model ages tHfc of 1.8–

1.9 Ga are closer or identical to the whole-rock Nd model ages.

Zircons with mean ages of 486 ± 8 Ma and 458 ± 10 Ma from

sample PS-387 have variable Th/U ratios of 0.034–0.77 and higher

ratios of 176Lu/177Hf = 0.000256–0.000817 as compared to those

from sample PS-386 (Tables 2 and 3). In come cases, as shown in

the CL images of Figs. 5g–j, oscillatory zoning is partially preserved.

These zircons may be considered to have formed by dissolution–

recrystallization with protolith inheritance (Chen et al., 2010).

The 486 ± 8 Ma and 458 ± 10 Ma old zircons have different Hf iso-

topic characteristics with mean eHf(t) values of �42.2 ± 4.5 and

�30.6 ± 1.3, and HfDM model ages of 2.6–2.9 Ga and 2.2–2.3 Ga

respectively. These model ages are younger than whole-rock Nd

model ages of 2.8–3.0 Ga (tNdc = 3.3 Ga). The crustal zircon model

ages tHfc correspond to 3.5–3.6 Ga for the 486 Ma zircons and 2.8

for the 458 Ma zircons. Therefore, the Hf model ages of the meta-

morphic zircons, even with relicts of magmatic zoning and high

Th/U ratios, may be used to identify of crust-forming events and

provenance, but with great caution. However, we will not use these

zircon Hf model ages in following discussion.

Themean zircon age of 487 ± 6 Ma is in good agreementwith sin-

gle zircon ages for two syn-metamorphic trondhjemites at 488 ± 1

and 488.0 ± 0.5 Ma and a concordant zircon age of 478 ± 2 Ma for

an enderbite (Kotov et al., 1997; Salnikova et al., 1998). The age of

ca. 480 Ma was considered to correspond to the peak of the granu-

lite-facies metamorphism in the Slyudyansky Complex (Kotov

et al., 1997). On the other hand, the age of 458 ± 10 is in good agree-

mentwith the age of a post-metamorphic amphibole-two-pyroxene

quartz syenite (471 ± 2 Ma; Kotov et al., 1997; Salnikova et al., 1998)

and the age of a porphyry plagioclase–microcline granite

(467 ± 3 Ma; Stepanov et al., 2009). In summury, the early Paleozoic

ages for detrital zircons frommetagraywacke samples of the Slyud-

yansky Complex obtained in this study correspond to the time of

Cambro-Ordovician amphibolite- and granulite-facies metamor-

phism. We emphasize that they do not reflect the ages and isotopic

characteristcs of the sedimentary source(s).

Another group of concordant and near-concordant ages ob-

tained for detrital zircons from biotite–garnet–hyperstene plagio-

gneiss sample PS-386 are 691 ± 20 Ma, 774 ± 24 Ma and

825 ± 20 Ma. These zircons are of magmatic origin as shown by

oscillatory zoning and Th/U of 0.12–0.62. Thus, the depositional

age of metagraywacke in the Slyudyansky Complex is not older

than 670–710 Ma. The younger age limit is constrained by the ages

of 487 ± 6 Ma for metamorphic zircons and 488.0 ± 0.5 Ma for syn-

metamorphic trondhjemites (Salnikova et al., 1998). Consequently,

Fig. 6 (continued)
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deposition of clastic sediments in the Slyudyansky Complex took

place in the Neoproterozoic or Cambrian.

The Neoproterozoic zircons exhibit a wide range of negative

eHf(t) values from �21.3 to �7.5 and Paleoproterozoic HfDM model

Fig. 7. Concordia diagram showing zircon ages for biotite–garnet–hyperstene-plagioclase gneiss sample PS-386 and biotite-two-pyroxene–plagioclase gneiss sample PS-387

of the Slyudyansky Complex.
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ages of 1.7–2.2 Ga. Zircon Hf ‘‘crustal’’ model ages tHfc vary fairly in

the range of 2.0–2.6 Ga. Thus, the Neoproterozoic zircons crystal-

lized from melts derived from Neoarchean to Paleoproterozoic

sources. At the same time these zircons contain inherited cores

that probably crystallized at ca. 2.7–2.8 and ca. 2.2–2.3 Ga from

crustal melts with Hfc model ages of 3.4–3.9 and 2.5 Ga. Such

characteristics may be explained by interaction of juvenile Neopro-

terozoic melts with Archean and Paleoproterozoic crust. Note that

another group of inherited cores in the Neoproterozoic zircons

have low Th/U ratios from 0.080 to 0.076 and minimum
207Pb/206Pb ages of 2278–2259 Ma. These are likely remnants of

metamorphic zircons that crystallized during granulite-facies

metamorphism. Thus, the source(s) of clastic metasediments in

the Slyudyansky Complex is/are ca. 3.9–2.5 Ga Archean to Palaeo-

proterozoic continental crust mixed with 0.82–0.69 Ga juvenile

Neoproterozoic material.

The presence of Paleoproterozoic rocks in the provenance

area(s) of the Slyudyansky metasediments is also indicated by

near-concordant zircons with ages of 1991 ± 85 and

2296 ± 30 Ma as well as zircons with thin zircon metamorphic rims

and ages of 1957–2230 Ma. These zircons are characterized by neg-

ative eHf(t) values of �16.7 to �28.7 and Archean Hfc model ages of

3.6–3.9 Ga.

Other detrital zircons and cores from biotite–garnet–hypersten-

e plagiogneiss sample No PS-386 show a wide range of Archean

ages (2520 ± 77, 2973 ± 29 and 3555 ± 27 Ma) reflecting the

source(s) of the original sediment. Hf isotopic analysis of these zir-

cons suggests a long-lived crustal source and tHfc = 3.0–4.0 Ga.

In contrast, the discordant zircons from biotite-two-pyroxene

plagiogneiss sample PS-387 have positive eHf(t) values of +5.4 to

+3.0, crustal model ages tHfc of 2.7–2.8 Ga, and 207Pb/206Pb ages

of 2644–2378 Ma. eHf(t) values, when recalculated to a discordia

age of 2.6 Ga, vary from +4.1 to +8.0, and are close to the value

Table 4

Hf isotopic data for zircons from metasedimentary rocks of the Slyudyansky Complex.

No No U–Pb Analysis Age, Ma 176Yb/177Hf 1r 176Lu/177Hf 1r 176Hf/177Hf 1r eHf(t) tHfDM, Ma tHfc, Ma Commemts

Biotite–garnet–hyperstene plagiogneiss PS-386

1 1 PS-386-01-1 1447 0.002454 0.000016 0.000027 0.000001 0.281065 0.000037 �28.4 3.0 3.4 Core NP

2 3 PS-386-02 487 0.003750 0.000034 0.000043 0.000001 0.282128 0.000015 �12.1 1.5 1.9

3 4 PS-386-03 487 0.003287 0.000050 0.000036 0.000000 0.282157 0.000016 �11.1 1.5 1.8

4 5 PS-386-04 1939 0.021030 0.000880 0.000334 0.000010 0.281546 0.000018 �0.6 2.3 2.5 Core NP

5 6 PS-386-05-1 2580 0.090337 0.002000 0.001283 0.000025 0.280970 0.000016 �8.1 3.2 3.4 Core NP

6 7 PS-386-05-2 825 0.054370 0.000540 0.000848 0.000003 0.281810 0.000022 �16.3 2.0 2.4

7 8 PS-386-06-1 1476 0.050064 0.000370 0.000721 0.000005 0.280970 0.000018 �31.8 3.2 3.6

8 9 PS-386-06-2 2230 0.044707 0.000740 0.000592 0.000006 0.280972 0.000017 �14.8 3.1 3.4 Core NP

9 10 PS-386-07-1 2442 0.071468 0.002600 0.000987 0.000031 0.280808 0.000020 �16.5 3.4 3.7 Core NP

10 11 PS-386-07-2 825 0.040596 0.000560 0.000664 0.000011 0.281734 0.000017 �18.9 2.1 2.5

11 12 PS-386-07-3 825 0.037500 0.000360 0.000588 0.000004 0.281665 0.000023 �21.3 2.2 2.6

12 16 PS-386-10-2 2296 0.006012 0.000081 0.000078 0.000002 0.280854 0.000031 �16.7 3.3 3.6 Centre

13 17 PS-386-11 3497 0.011256 0.000230 0.000182 0.000003 0.280408 0.000016 �4.9 3.8 4.0

14 18 PS-386-12 2559 0.023961 0.000210 0.000333 0.000002 0.280845 0.000022 �11.4 3.3 3.5

15 19 PS-386-13-1 2197 0.036988 0.000420 0.000567 0.000007 0.280789 0.000025 �22.0 3.4 3.7 Core NP

16 21 PS-386-14 3560 0.060444 0.000250 0.000706 0.000001 0.280382 0.000021 �5.7 3.9 4.0

17 23 PS-386-15-2 3479 0.049594 0.000650 0.000719 0.000012 0.280520 0.000015 �2.7 3.8 3.8 Core

18 25 PS-386-16-2 691 0.078415 0.001400 0.001111 0.000030 0.282061 0.000022 �10.4 1.7 2.0

19 26 PS-386-17 2986 0.080232 0.002000 0.000774 0.000008 0.280773 0.000022 �5.1 3.4 3.5

20 27 PS-386-18-1 1991 0.031551 0.000260 0.000332 0.000002 0.280720 0.000027 �28.7 3.5 3.9 Edge

21 28 PS-386-18-2 3361 0.063482 0.000210 0.000744 0.000006 0.280575 0.000026 �3.5 3.7 3.8 Core

22 31 PS-386-20 487 0.004706 0.000071 0.000043 0.000000 0.282123 0.000019 �12.3 1.6 1.9

23 34 PS-386-21-3 774 0.069533 0.001500 0.000950 0.000021 0.282046 0.000026 �9.1 1.7 2.0

24 35 PS-386-22-1 2500 0.013040 0.001600 0.000177 0.000025 0.281132 0.000029 �2.3 2.9 3.0 Core NP

25 36 PS-386-22-2 774 0.089333 0.002000 0.001239 0.000038 0.282029 0.000016 �9.9 1.7 2.0

Biotite-two-pyroxene gneiss PS-387

26 37 PS-387-01 458 0.064018 0.001500 0.000817 0.000015 0.281645 0.000023 �30.1 2.2 2.8

27 39 PS-387-03 2378 0.091975 0.000690 0.001123 0.000009 0.281402 0.000027 3.0 2.6 2.7

28 43 PS-387-05-2 2644 0.070521 0.001600 0.001171 0.000082 0.281267 0.000039 4.1 2.8 2.8 Centre

29 45 PS-387-07-1 2532 0.041629 0.000540 0.000542 0.000005 0.281272 0.000040 2.8 2.7 2.8 Centre

30 52 PS-387-12-2 487 0.024193 0.000130 0.000255 0.000003 0.281163 0.000039 �46.3 2.9 3.6 Rim

31 56 PS-387-16 458 0.054490 0.001900 0.000637 0.000023 0.281595 0.000034 �31.8 2.3 2.8

32 57 PS-387-17 487 0.023485 0.000073 0.000353 0.000001 0.281348 0.000035 �39.8 2.6 3.3

33 61 PS-387-21 2514 0.080032 0.003400 0.001037 0.000025 0.281379 0.000034 5.4 2.6 2.7

34 64 PS-387-24-1 2126 0.038635 0.000690 0.000683 0.000025 0.281286 0.000040 �6.1 2.7 2.9 Core Pz

35 65 PS-387-24-2 487 0.025675 0.000120 0.000446 0.000003 0.281319 0.000022 �40.9 2.7 3.3 Rim

36 66 PS-387-25 487 0.015740 0.000019 0.000256 0.000002 0.281199 0.000039 �45.0 2.8 3.5

Notes. No U–Pb – serial number of analysed sample in the Table 3. Age – weighted average 206Pb/238U and 207Pb/206Pb ages for concordant zircons and individual 207Pb/206Pb

ages for the discordant zircons. eHf(t) values calculated on the 207Pb/206Pb ages of discordant zircons. Core NP – cores of the Neoproterozoic zircons.

Fig. 8. eHf vs. age diagram for zircons from metasedimentary rocks of the

Slyudyansky Complex. PS-386(2) and PS-387(2) are isotopic compositions recalcu-

lated on an assumed zircon Concordia intercept age (see text for explanation).
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for the depleted mantle at that time (Fig. 8). These data point to a

short-lived ca. 2.6 Ga juvenile source for the Slyudyansky metase-

diments. However, the Nd whole-rock model ages of 2.8–3.0 Ga

also suggest the presence of older crust in the source area(s).

Nd model ages for other samples of the Slyudyansky metasedi-

ments (tNd(DM) = 1.7–2.2 Ga, tNdc = 1.9–2.2 Ga) are in good agree-

ment with zircon Hf model ages for the Neoproterozoic zircons

(tHf(DM) = 1–7–2.2 Ga, tHfc = 2.0–2.6 Ga). The whole-rock Nd isoto-

pic data suggest that Neoproterozoic rocks were the main source

for the Slyudyansky metasediments, whereas Paleoproterozoic

and Archean rocks only played a subordinate role. Rocks with Nd

model ages younger 2 Ga are rare in the Siberian craton (Jahn

et al., 1988; Kovach et al., 1999, 2000; Kotov, 2003; Rosen and

Turkina, 2007) and are assumed, at least partially, to reflect a

non-Siberian provenance.

The detrital zircon record and the above discussion indicate that

the metasediments in the Slyudyansky Complex were deposited in

the time range Neoproterozoic to Cambrian, between ca. 0.69 and

0.49 Ga. Their heterogeneous source(s) consisted of both long-lived

Archean (ca. 3.6–2.5 Ga) and Paleoproterozoic (ca. 2.3–2.0 Ga)

(eHf(t) = �13.2 to �28.7, tHfc = 2.5–4.0 Ga) as well as juvenile

(eHf(t) = +4.1 to +8.9, tHfc = 2.7–2.8 Ga) crust mixed with juvenile

material during 0.82–0.69 Ga magmatism.

Ages for detrital zircons of 0.90–0.70, 1.52, 1.94 and 2.56 Ga

were obtained from high-grade metasedimentary rocks of the Mo-

ren and Erzin Complexes in the Western Sangilen terrane of the

Tuva–Mongolian microcontinent (Fig. 2) (Kozakov et al., 2005),

and these metasediments were intruded by granitoids at

536 ± 6 Ma (Kozakov et al., 1999; Salnikova et al., 2001). Neoprote-

rozoic detrital zircons were also found in metasediments of the

Khoboi (ca. 1.06–0.62 Ga) and Orso (ca. 0.86–0.75 Ga) granulite-fa-

cies complexes of the Olkhon metamorphic terrane farther north-

east (Gladkochub et al., 2010). Thus, we conclude that the clastic

sedimentary sequences occurring in early Paleozoic (Cambro-Or-

dovician) high-grade complexes in the eastern CAOB were proba-

bly deposited in late Neoproterozoic (Cryogenian–Ediacaran) time.

5.2. Implications for crustal growth in the CAOB

Many geodynamic models emphasize a significant role of Pre-

cambrian microcontinents and individual arc terranes in the for-

mation and evolution of the CAOB (e.g., Zonenshain et al., 1990;

Mossakovsky et al., 1993; Berzin et al., 1994; Badarch et al.,

2002; Parfenov et al., 2004; Kröner et al., 2007; Windley et al.,

2007; Rojas-Agramonte et al., 2011). These are in contrast to the

evolutionary model of a single, long-lived island arc (Sengör

et al., 1993). A particularly characteristic feature of the CAOB is

the wide distribution of granitoids with juvenile Nd isotopic com-

positions (Kovalenko et al., 1996, 2004; Jahn et al., 2000, 2004). The

ages and isotopic data obtained in this study provide important

constraints on the time of deposition and provenance of metasedi-

mentary rocks of early Paleozoic high-grade complexes in southern

Siberia and also constrain crustal growth models for the CAOB.

The Neoproterozoic ages of detrital zircons discussed above

coincide with the assumed time of rifting at ca. 825–740 Ma that

led to the break-up of the Rodinia supercontinent and opening of

the Paleo-Asian Ocean at ca. 750–630 Ma (Yarmolyuk et al.,

2005b, 2006; Li et al., 2008). Our ages are also compatible with der-

ivation of the sediments from blocks rifted off or forming around

Rodinia. Consequently, in order to evaluate possible source regions

for late Neoproterozoic to Cambrian clastic sediments that now oc-

cur in early Paleozoic high-grade complexes in southern Siberia, it

is necessary to discuss the Precambrian geochronology of the east-

ern CAOB and surrounding cratons (Siberia, Tarim, North China and

South China).

Paleomagnetic and geological reconstructions regarding the po-

sition of the Siberian craton within Rodinia are highly controversial

(Khudoley et al., 2001; Yarmolyuk and Kovalenko, 2001; Yar-

molyuk et al., 2005b, 2006; Li et al., 2008; Pisarevsky et al.,

2008; Metelkin et al., 2007; Levashova et al., 2010; Kheraskova

et al., 2010). One school of thought assumed that the southern

margin (in present-day coordinates) of the Siberian craton was fac-

ing the northern Laurentian–South China cratons at ca. 1100–

780 Ma with a common shelf or unknown blocks between them

(Khudoley et al., 2001; Pisarevsky et al., 2008; Yarmolyuk and Kov-

alenko, 2001; Yarmolyuk et al., 2005b; Li et al., 2008; Metelkin

et al., 2007). The other school suggested that Siberia and Laurentia

were connected via their northern margins (Vernikovsky et al.,

2003) or that Siberia and the North China–Tarim cratons were

not part of Rodinia but were surrounded by open oceans (Khain

et al., 2003; Kheraskova et al., 2010; Rojas-Agramonte et al.,

2011). Despite these differences, all authors assume derivation of

the CAOB microcontinents from some of surrounding cratons.

The sources of Archean and Paleoproterozoic zircons in the Neo-

proterozoic to early Paleozoic metasediments reported here are

difficult to specify because detrital ages of ca. 3.6, 2.8–2.7, 2.3–

2.2 and 2.0 Ga are common in many Precambrian cratons. Mag-

matic and metamorphic events at ca. 3.4–3.2, 2.8, 2.66 and 1.86–

1.85 Ga and detrital zircons with ages of ca. P2.7, 2.3 and 2.0–

1.95 Ga are widespread in the Sharyzhagai terrane (Fig. 1) of the

southwestern Siberian craton (Turkina et al., 2007, 2009, 2010;

Poller et al., 2005; Bibikova et al., 2006; Salnikova et al., 2007).

Crust-forming events at ca. 3.8–3.5, 3.3–3.2, 3.0–2.9 and 2.2–

2.0 Ga are typical for the Aldan Shield (Jahn et al., 1998; Kotov,

2003). Moreover, the intrusive events of 2.76–2.73, 2.52–2.40,

2.07 and 1.97–1.87, 1.70–1.74 Ga post-collisional and anorogenic

granitoids are also well recognized in the Aldan Shield (Kotov,

2003). Magmatic and metamorphic events at �2.85–2.83 and

2.65–2.60 Ga occurred in the Stanovoy fold belt (Glebovitsky

et al., 2009). Note, however, that ca. 2.9–2.7 and 2.6–2.5 Ga

crust-forming events are not characteristic of the Aldan Shield

(Nutman et al., 1992; Neymark et al., 1993; Kotov et al., 1995; Sal-

nikova et al., 1996; Jahn et al., 1998; Kotov, 2003) and the Siberian

craton as a whole (Kovach et al., 2000; Rosen and Turkina, 2007).

A zircon xenocryst at 3.6 Ga and magmatic events at ca. 2.8,

2.7–2.6, 2.55–2.35 and 2.0–1.8 Ga are characteristc of the Tarim

craton (Lu et al., 2008; Shu et al., in press). 2.67 Ga old trondhje-

mites are juvenile with tNdDM = 2.7 Ga (Lu and Yuan, 2003),

whereas much of the Tarim crust was formed in the period 2.1–

1.7 Ga (Hu et al., 2000). The basement of the Yangtze craton mainly

consists of Paleoproterozoic (2.0–1.8 Ga) magmatic and metamor-

phic rocks with only sporadic occurrences of Archean rocks with

ages of ca. 3.3–2.7 Ga and rare granitoid intrusions at ca. 2.5–

2.4 Ga (Chen and Jahn, 1998; Qiu et al., 2000; Zhang et al., 2006).

Archean (ca. 3.57–2.66 Ga) and Paleoproterozoic (ca. 2.38–

2.14 Ga and 1.95–1.73 Ga) detrital zircons were identified in the

1675 ± 8 Ma Dahongshan Group (Greentree and Li, 2008) and in

the ca. 1.0–0.96 Ga Kunyang Group (Greentree et al., 2006). Mag-

matic and metamorphic activity at ca. 2.9–2.7, 2.6–2.45, 2.36–2.0

and 1.95–1.75 Ga with a major crust-forming event at ca. 2.5 Ga

are typical of the North China craton (Zhai et al., 2005; Zhao

et al., 2005; Wu et al., 2005; Wan et al., 2010). Detrital zircon

age peaks at 2.8–2.6, 2.4–2.35 and 2.1–1.85 Ga were established

by Darby and Gehrels (2006) for Neoproterozoic to Ordovician sed-

iments from the Ordos Block in the western part of this craton.

On the other hand, events at ca. 2.83–2.73, 2.65 and 2.4–2.3 Ga

were identified in the Baidrag Block of the Dzabkhan microconti-

nent and the Gargan Block of the Tuva–Mongolian microcontinent

within the CAOB (Fig. 2) (Early Precambrian. . ., 1993; Kozakov

et al., 1997, 2007c; Kovach et al., 2004; Anisimova et al., 2009).

An intrusive age of 2219 ± 25 Ma was also determined for
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granite-gneisses in the Tarbagatai Block of the Dzabkhan micro-

continent (Kozakov et al., 2009a). All these events seem to be com-

parable to those identified in the Tarim, North China and South

China cratons. Thus, microcontinental blocks of the CAOB derived

from these cratons may be sources of ca. 2.8–2.6 Ga and 2.3–

2.2 Ga zircons in Neoproterozoic metasediments of the early Paleo-

zoic high-grade complexes.

Recent investigations show growing evidence for widespread

magmatism in the early Neoproterozoic ca. 1.0–0.72 Ma (early Bai-

kalian in the Russian literature) in different parts of the eastern

CAOB. This magmatism is represented by oceanic and island arc

complexes such as the Dunzhugur (�1020 Ma, Khain et al., 2002)

and Shishkhid (800 ± 3 Ma, Kuzmichev et al., 2005) ophiolites, the

Oka accretionary prism (P753 ± 16 Ma, Kuzmichev et al., 2007) in

the Tuva–Mongolian microcontinent, the Nyurundukan and Sha-

man metabasalts of the Baikal-Muya belt (ca. 1.0–0.9 Ga, Rytsk

et al., 2001; 939 ± 11 to 892 ± 16 Ma, Gordienko et al., 2009), and

the Songino ophiolite complex in northern Mongolia

(>0.81 < 1.2 Ga, Yarmolyuk et al., 2009). Neoproterozoic tectono-

thermal events are also documented in continental margin arcs

and reworked metamorphic basement (e.g., the Sarkhoy formation

of the Tuva–Mongolian microcontinent (778 ± 7 Ma, Kuzmichev

and Larionov, 2011), the Anamakit-Muya zone of the Baikal-Muya

Belt (825 ± 3 to 723 ± 4 Ma, Rytsk et al., 2007, 2009 and references

therein), the Songino block of the northen Mongolia (810–790 Ma,

Kozakov et al., 2009b), and the Baga Bogd block (983 ± 6 to

954 ± 8 Ma, Demoux et al., 2009a,b) and Totoshan-Ulanul block of

the South Gobi microcontinent (952 ± 8 Ma and 919 ± 16 Ma; Yar-

molyuk et al., 2005a,b; Wang et al., 2001). Bimodal volcanic rocks

of the Dzabkhan Formation (804 ± 8 to 773 ± 4 Ma; Levashova

et al., 2010) and alkaline granitoids (755 ± 3 Ma; Yarmolyuk et al.,

2008) of rift origin occur in the Dzabkan microcontinent. The age

patterns of detrital and xenocrystic zircons of Neoproterozoic and

Paleozoic arcs and microcontinental terranes in Mongolia show

the dominance of two age ranges at ca. 0.6–0.35 and 1.24–0.70 Ga,

with peaks at 815, 890 and 1018 Ma aswell asminor peaks between

ca. 1240 and 2570 Ma Rojas-Agramonte et al. (2011).

Neoproterozoic rift-related magmatism in the Siberian craton

(Fig. 1) occurred in the Olokit zone of the Baikal-Patom fold belt

(Fig. 1) (727 ± 18 to 711 ± 6 Ma subvolcanic K-rhyolites, Rytsk

et al., 2002; 707 ± 40 Ma gabbro-diabase, gabbro-norite sills and

dikes, 673 ± 22 dunite–troctolite–gabbro massifs, Amelin et al.,

1996), in the East Angara fold bet (780 ± 4 Ma and 753 ± 6 Ma bi-

modal Rybinskaya and Verkhnevorogovskaya formations; Nozhkin

et al., 2008, 2009) and along the southern and southwestern craton

margins (ca. 780–740 Ma mafic dike swarms of the Biryusa and

Sharyzhalgay uplifts (Gladkochub et al., 2006) as well as 654 ± 7

to 632 ± 2 Ma alkalic–ultrabasic complexes with carbonatites (Yar-

molyuk et al., 2005a).

Such Neoproterozoic ages are also typical for the Tarim craton

(see review by Rojas-Agramonte et al. (2011) and Long et al.

(2011)). Lu et al. (2008) and Shu et al. (in press) suggested that

the Tarimian orogeny (ca. 1.06–0.90 Ga) was related to the assem-

bly of Rodinia. Subsequent rifting and/or plume-related magma-

tism (granite, bimodal volcanism, mafic dike swarms) between

ca. 0.82 Ga and 0.70 Ga were possibly associated with break-up

of the supercontinent (Rojas-Agramonte et al., 2011). The Yangtze

and Cathasia blocks of southern China collided at ca. 1.14–0.90 Ga

(Greentree et al., 2006; Li et al., 2005). Neoproterozoic magmatism

in southern China defines four major peaks at ca. 825 Ma, 800 Ma,

780 Ma and 750 Ma (Li et al., 2005). This magmatism is thought by

some authors to be plume-induced and was coeval with continen-

tal rifting and the assumed break-up of Rodinia (Li et al., 2008). In

contrast, Grenville-age and early Neoproterozoic magmatic or

metamorphic events are not known from the North China craton

(Rojas-Agramonte et al., 2011).

From the above, a geodynamic model for deposition of Neo-

proterozoic to Cambrian sediments in the eastern CAOB can be

proposed. During the period 1300–900 Ma, the growth of oceanic

crust was compensated by subduction zones around the margins

of Rodinia. During the same period, ca. 1020–780 Ma ophiolites

and island arc complexes were formed. These magmatic rocks

are represented by the Dunzhugur (Khain et al., 2002), Nyurundu-

kan (Rytsk et al., 2001), Shishkhid (Kuzmichev et al., 2005),

Sarkhoy (Kuzmichev and Larionov, 2011) and Songino (Yarmolyuk

et al., 2009) complexes in Siberia and Mongolia and the Sibao arc

volcanic rocks along the northern margin of the Yangtze craton

(Ling et al., 2003). The ophiolites and island arcs were accreted

to the cratons and were metamorphosed at ca. 0.82–0.78 Ga

(Rytsk et al., 2007; Kozakov et al., 2009b). Maruyama et al.

(2007) and Li et al. (2008) inferred a superplume and continental

rifting between ca. 825–740 Ma in the South China craton. At this

time, the continental crust was reworked along the margins of

the cratons of Rodinia. After break-up of the supercontinent and

opening of the Paleo-Asian Ocean at ca. 750–630 Ma (Yarmolyuk

and Kovalenko, 2001; Yarmolyuk et al., 2005b, 2006; Li et al.,

2008), the composite basement blocks (juvenile and reworked

during formation of Neoproterozoic crust) were rifted off Rodinia.

These blocks drifted from the Tarim and South China cratons and

from northeastern Gondwana into the Paleo-Asian Ocean and

eventually collided with late Neoproterozoic (0.70–0.62 Ga) oce-

anic plateaux and volcanic arcs that formed in this ocean (Kovach

et al., 2005; Rytsk et al., 2007; Terent’eva et al., 2008). Paleomag-

netic (Kravchinsky et al., 2010) and geochronological (Rytsk et al.,

2007) data suggest that amalgamation of Eastern Sayan, Tuva, the

central part of the Mongolian terranes and possibly the Barguzin

superterrane, and formation of the Tuva–Mongolian microconti-

net and Barguzin superterranes occurred before the Ediacaran–

Early Cambrian. The Siberian craton was situated in an open

ocean, whereas the Tuva–Mongolian microcontinent and Barguzin

superterranes were in close proximity to the Siberian craton with

some space between them at ca. 560–520 Ma (Kravchinsky et al.,

2010). Sediments derived from these composite terranes and vol-

canic arcs were deposited in ensialic bark-arc or fore-arc settings.

These sediments have whole-rock Nd compositions intermediate

between Archean and Neoproterozoic crustal sources. The detrital

zircons have ages ranging from Archean–Paleoproterozoic to the

Neoproterozoic (0.90–0.62 Ga) and show crustal Hf signatures as

seen in metasediments of the Slyudyansky Complex.

Extensive processes of plate convergence and formation of

oceanic islands and island arcs occurred in the Paleo-Asian

Ocean at ca. 600–545 Ma (Pfänder et al., 2002; Gibsher et al.,

2001; Buslov et al., 2002; Kozakov et al., 2002; Kovalenko

et al., 2004; Gordienko et al., 2006; Safonova et al., 2008; Uts-

unomiya et al., 2009; Yarmolyuk et al., 2011; Kovach et al.,

2011). Finally, accretion of latest Neoproterozoic–early Cambrian

oceanic and island arc complexes together with composite

microcontinents and their deformation and metamorphism at

510–480 Ma (Kotov et al., 1997; Kozakov et al., 1999, 2001; Sal-

nikova et al., 1998, 2001; Donskaya et al., 2000; Gladkochub

et al., 2010; Rytsk et al., 2009) resulted in the formation of early

Paleozoic high-grade metamorphic complexes.

6. Conclusion

Our zircon ages, Hf isotopic data, and whole-rock Nd isotopic

compositions provide a strong constraints to the timing of depo-

sition and provenance of metasedimentary rocks from the early

Paleozoic high-grade Slyudyansky Complex in southwestern

Siberia. The data also constrain models of crustal growth in

the CAOB.
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1. Detrital zircon ages of 0.90–0.62 Ga for clastic metasediments

that occur in an early Paleozoic high-grade complex indicate

that deposition occurred in the Neoproterozoic to earliest

Paleozoic, between ca. 0.69–0.62 and 0.54–0.49 Ga.

2. Hf isotopic data of 0.82–0.69 Ga detrital zircons indicate that

the sources comprise Archean and Paleoproterozoic rocks

(tHfc = 2.5–3.9 Ga), that were mixed with juvenile 0.82–0.69 Ga

material durinmg Neoproterozoic magmatism.

3. An additional protolith yielded zircon ages of 2.6–2.7 Ga with

high positive eHf(t) values of +4.1 to +8.0, and Hf model ages

tHf(DM) = tHfc = 2.8–2.6 Ga, which is nearly identical to the zircon

crystallization ages. These isotopic characteristics suggest that

the protolith was juvenile.

4. The whole-rock Nd isotopic data imply that at least part of the

Slyudyansky metasediments was derived from a non-Siberian

provenance.

5. Crustal development in the eastern CAOB was characterized by

reworking of early Precambrian continental crust in the early

Neoproterozoic and mixing with late Neoproterozoic–early

Paleozoic juvenile material. The tectonic scenario and geody-

namic setting for the eastern CAOB in late Neoproterozoic–early

Paleozoic were similar to those in the present southwestern

Pacific (SW Pacific (Hall, 2009; Metcalfe, 2011).
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