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INTRODUCTION

By analogy with crystalline basement rocks of
ancient platforms, some structural–lithologic com-
plexes of Phanerozoic foldbelts, e.g., crystalline rocks
of amphibolite and especially granulite metamorphic
facies, are attributed to the Lower Precambrian. In the
Siberian platform southern fringe, the highly metamor-
phosed supracrustal rocks are widespread in Cale-
donian foldbelts and in the Dzabkhan and Tuva–Mon-
golian massifs or microcontinents (Fig. 1). Tectonic
interpretation of the latter is controversial. Originally,
the Tuva-Mongolian massif was regarded as a structure
with the Early Precambrian basement within the south-
ern Paleozoic fringe of Siberian platform (

 

Tectonic
Map…

 

, 1979; Il’in, 1982; Fedorovskii 

 

et al.

 

, 1995).
Crystalline complexes of the Sangilen Upland, northern
Mongolia, southeastern West Sayan Mountains, and
western Khamar–Daban Ridge were attributed to this
structure. Il’in (1982) connected formation of the Tuva-

Mongolian massif with evolution of the Late Riphean–
Cambrian continental margin of Siberian craton. He
distinguished three structural complexes of that margin:
the pre-Upper Riphean crystalline basement, Upper
Riphean rift complex, and Vendian–Cambrian cover of
carbonate shelf deposits. Almost all the highly meta-
morphosed rocks southward of the Siberian platform
were attributed to the massif (Il’in, 1982). Later on,
Belichenko and Boos (1988) suggested that metamor-
phic complexes of the Khamar-Daban Ridge, rocks of
the granulite facies included, originated during evolu-
tion of the Caledonian mobile belt fringing the Bok-
son–Khubsugul–Dzabkhan microcontinent as it was
called. The microcontinent included the Gargan block,
Sangilen massif, and crystalline complexes of central
and northern Mongolia (

 

Early Precambrian…

 

, 1993).
Gneiss–migmatitic polymetamorphic complexes of the
Gargan block, western Tuva–Mongolian massif, and
Baidarik block were attributed to presumably the pre-
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Abstract

 

—A complex problem of dating supracrustal rocks is unavoidable by analysis of tectonic position of
polymetamorphic amphibolite and granulite complexes. Geochronological dates are necessary to constrain ages
of source rocks and accumulation periods of clastic sediments, while isotopic-geochemical parameters open a
possibility to estimate model ages of the crust in provenances. Using the ion microprobe SHRIMP

 

TM

 

(Hiroshima, Japan), clastic zircons from metasediments of the Erzin and Moren complexes of the Tuva–Mon-
golian massif in accretionary collage of Central Asia are dated and the Nd model age of respective rocks are
estimated. The U–Th–Pb isotopic data suggest that clastic zircons from supracrustal complexes of the Tuva–
Mongolian massif were derived from the Late Riphean rocks 0.70 to 0.90 Ga old. The upper age limit is deter-
mined by synmetamorphic granitoid intrusions 536 

 

±

 

 6 Ma old, and stratigraphic range of the complexes pre-
sumably corresponds to the terminal Upper Riphean–Vendian. The Early Riphean (1.4–1.5 Ga) and pre-Riph-
ean (1.9 and 2.56 Ga) dates that are established in particular cases characterize most likely the ages of rock com-
plexes in provenances of classic sediments. To the first approximation, the accumulation period of protoliths for
gneiss–migmatitic complexes of the Tuva-Mongolian massif is correlative with the incipient breakup of Rod-
inia (~730 Ma ago) and opening of Vendian oceans. Accumulation of respective sediments in settings of a pas-
sive continental margin was connected with erosion of volcano–plutonic rock associations formed before the
Rodinia breakup and at the commencement of this event. It is possible to assume that margins of Rodinia expe-
rienced rifting with breakout of their fragments 1.0–0.73 Ga ago, whereas formation of volcanic arcs and
islands was in progress within the ocean surrounding that supercontinent. In the terminal Late Riphean and Ven-
dian, rocks originated at that time and products of their destruction formed the basement beneath terrigenous
and carbonate sediments of microcontinents, the Tuva–Mongolian massif included.
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Riphean basement of the microcontinent (Fig. 1). Rock
of the Archean age are not established elsewhere except
for the Dzabkhan massif (Kozakov 

 

et al.

 

, 1997a) and
Gargan block (our unpublished data).

Recent geological, geochronological, and isotopic-
geochemical investigations (Kozakov 

 

et al.

 

, 1999,
2001) showed that the Tuva-Mongolian massif is a het-
erogeneous structure but not the indivisible microconti-
nent with the pre-Riphean basement. During the Early
Caledonian tectogenesis, it successively amalgamated
rock complexes of different age and origin: fragments
of microcontinents with pre-Riphean basement (Gar-
gan block) and fragments of shelf, island arcs, and oce-
anic crust of Late Riphean to Vendian ages (Yarmolyuk

 

et al.

 

, 1999; Kozakov 

 

et al.

 

, 2001). As was shown there-
with, polymetamorphic Erzin and Moren complexes
formerly attributed to the basement of microcontinent
(Mitrofanov 

 

et al.

 

, 1981; Kozakov, 1986) originated
during the development of the Early Caledonian meta-
morphic zoning (Kozakov 

 

et al.

 

, 1999; Kotov 

 

et al.

 

,
1997). Nevertheless, the problem of geochronology
and tectonic position of the highly metamorphosed
supracrustal rocks of the Tuva-Mongolian massif
remained unsolved. Until recently, the basement rocks
of the Tuva-Mongolian massif were interpreted to be of

Early Precambrian age and the massif itself was
regarded as a fragment of an ancient craton. Some
researchers assumed that the massif was split off the
eastern Gondwana in the terminal Late Proterozoic and
then was docked to accretionary collage fringing the
Siberian craton in the course of tectonic evolution of
the Paleo-Asian ocean (Mossakovskii 

 

et al.

 

, 1993;
Didenko 

 

et al.

 

, 1994). In opinion of other geologists,
the Gargan block, Tuva-Mongolian massif, and
Dzabkhan microcontinent (Fig. 1) represent an integral
continental mass split of Siberian craton in the Riphean
time (Berzin 

 

et al.

 

, 1994). In some tectonic schemes,
the Tuva-Mongolian massif and Gargan block are
attributed to different systems of microcontinents
(Mossakovskii 

 

et al.

 

, 1993; Didenko 

 

et al.

 

, 1994). The
alternative viewpoint is based on Middle and Early
Riphean Sm–Nd model ages of the Paleozoic granitoids
of the Tuva-Mongolian massif (Kozakov 

 

et al.

 

, 1997b)
and presumes that the massif basement is composed of
the Early–Middle Riphean island-arc complexes (Kov-
alenko 

 

et al.

 

, 1999; Yarmolyuk 

 

et al.

 

, 1999).

According to biostratigraphic and geochemical
data, there are two age horizons in the carbonate cover
of the Bokson–Khubsugul–Dzabkhan microcontinent
(Belichenko 

 

et al.

 

, 1999; Letnikova, 2002). Shallow-
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Fig. 1.

 

 Tectonic scheme of Central Asia (after 

 

Tectonic Map…

 

, 1978, and Mossakovskii 

 

et al.

 

, 1993, with modifications): (1) ancient
platforms; (2) Neoproterozoic to Early Paleozoic and (3) Middle Paleozoic structures of accretionary type; (4) Late Paleozoic,
(5) Early and (6) Late Mesozoic structures of collision type; (7) Phanerozoic volcanic belts; (8–10) continental blocks with pre-
Riphean (8), Riphean (9) and problematic (10) ages of basement; (11) metamorphic complexes of Early Caledonian accretionary
collage; (12) main tectonic boundaries; (13) position of West Sangilen area (Fig. 2) in the inset map.
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sea dolostones of the older level (Irkut Formation) dis-
cordantly overlie crystalline basement of the Gargan
block along its periphery. The Sumsunur granitoids that
intruded these dolostones yield zircons with U–Pb ages
of 785 

 

±

 

 11 Ma, and this date constrains the upper age
limit of their host sediments (Kuzmichev 

 

et al.

 

, 2000).
Shallow-sea carbonates of the younger, much more
widespread level correspond to the stage of carbonate
platform development above the Tuva-Mongolian mas-
sif (Il’in, 1982; Belichenko 

 

et al.

 

, 1988; Kuzmichev,
1994, 2001; Kuzmichev 

 

et al.

 

, 2001). Basal interval of
these rocks is estimated to be ranging in age from the
Late Riphean to Early Cambrian. In southeastern areas
of the East Sayan Mountains, for instance in the Bok-
son–Sarkhoi depression, basal siliciclastic beds of the
Bokson Group yield the Late Vendian microfossils
(Veis and Vorob’eva, 1993), and lower carbonate strata
of the group host the Vendian (Yudomian) stromatolites
(Semikhatov and Serebryakov, 1967). The younger car-
bonate level is distinguished at the north and south parts
of the Tuva-Mongolian massif. In northern areas of the
Tuva-Mongolian massif, the Vendian–Cambrian car-
bonate succession discordantly rests on different Upper
Riphean strata (Kuzmichev, 1994). In southern areas of
the massif (West Sangilen Upland), carbonate and
siliciclastic–carbonate deposits of the second level
were attributed to the Balyktygkhem, Chartiss, and
Naryn formations (Il’in, 1958). There was suspected
stratigraphic unconformity between the Chartiss and
Naryn formations, and Vendian age of the latter was
inferred based on microphytoliths occurring in the car-
bonate strata (Aleksandrov, 1991; Gonikberg, 1997)
and black shale member of the formation (Mal’tsev and
Mezhelovskii, 1967). According to above data, the
Balyktygkhem and Chartiss formations were attributed
to the Lower Proterozoic (Mitrofanov 

 

et al.

 

, 1981).
When conformable relations between the Naryn and
Chartiss formations were substantiated later on, the
succession of Balyktygkhem, Chartiss, and Naryn for-
mations was termed the Sangilen Group (Gibsher and
Terleev, 1989; Gibsher 

 

et al.

 

, 1987) or Naryn Complex
(Kozakov 

 

et al.

 

, 1999, 2001). In addition to carbonate
successions, the Naryn Complex includes quartzites
and schists of the Chinchilig Formation, which are
products of the regional metamorphism in the Erzin–
Chinchilig interfluve (Kozakov 

 

et al.

 

, 1999). The low-
grade metamorphism that affected the Moren Complex
by the end of the Vendian (536 

 

±

 

 6 Ma ago) is untypical
of the Naryn Complex. Accordingly, it was assumed
that rocks of both complexes were set apart until the ter-
minal Vendian and became conjugate in response to the
Middle or Late Cambrian tectonic events (Kozakov

 

et al.

 

, 2001).

In this work, we report the results of SHRIMP

 

TM

 

detrital zircon dating and Nd isotopic systematics for
metasedimentary rocks of the Erzin and Moren com-
plexes of the southwestern Tuva–Mongolian massif.
Along with geological, geochronological, and isotopic-
geochemical data on magmatic rocks of the massif

(Kozakov 

 

et al.

 

, 2003), the results obtained offer a pos-
sibility to assess ages of rocks from both complexes and
to determine provenances and source rocks of clastic
material. Finally, geological development of the Tuva-
Mongolian massif is reconsidered in terms of general
geodynamic model of the Early Caledonian accretion
in central Asia.

METAMORPHIC COMPLEXES 
OF THE TUVA-MONGOLIAN MASSIF

Metamorphic complexes under discussion are well
represented in western structures of the Tuva-Mongo-
lian massif, i.e., in the Western Sangilen and in the
northern flank of the Han-Huhei Range (Kozakov,
1986). They are of different composition, origin, and
metamorphic history. The Erzin and Moren complexes
of gneissic and migmatitic rocks are of polymetamor-
phic origin, while the Naryn Complex includes carbon-
ate, siliciclastic–carbonate, and siliciclastic succes-
sions once metamorphosed under conditions of green-
schist to amphibolite facies (Fig. 2). In contrast to
polymetamorphic gneissic and migmatitic rocks for-
merly attributed to the basement of Tuva–Mongolian
massif, metasedimentary rocks of the Naryn Complex
were included into the upper structural unit (Il’in, 1982;
Mitrofanov 

 

et al.

 

, 1981; Gibsher 

 

et al.

 

, 1989; Gonik-
berg, 1997; Belichenko 

 

et al.

 

, 1999). Age relations
between the above metamorphic complexes cannot be
inferred from geological observations, because struc-
tural plan in western areas of the massif is determined
by a system of tectonic slices different in age and thick-
ness, which are composed of rocks of the Erzin, Moren,
and Naryn complexes. Rock associations of individual
tectonic slices can be regarded only as fragments of
former successions.

We present below only brief information on meta-
morphic complexes, because tectonic settings of their
formation have been reconstructed based on petro-
chemical data and properly discussed in a series of pub-
lications (Mitrofanov 

 

et al.

 

, 1981; Kozakov, 1986;

 

Early Precambrian…

 

, 1993). Original composition of
metamorphosed sedimentary, volcanogenic-sedimen-
tary, and volcanic rocks is established with the help of
classification diagrams plotted by Neelov (1980). With
respect to formation settings of metamorphic rocks in
the Western Sangilen, our conclusions are consistent
with results of Gonikberg (1997) who determined pro-
toliths of metasedimentary rocks using the diagram of
Rozen (1993).

 

The Moren Complex

 

 includes two rock associa-
tions of volcanic and sedimentary rocks, which were
twice metamorphosed under conditions of low- and
high-pressure amphibolite facies. One association is
mostly represented by biotite, garnet–biotite (

 

±

 

dis-
thene), and two-mica gneisses, while the other one con-
sists of similar gneisses associated with marbles,
quartzites, and subordinate amphibolites. In many
cases, amphibolites correspond to deformed and meta-
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morphosed basic dikes, which intruded rocks of the
complex between two stages of metamorphism (Koza-
kov, 1986; Kozakov 

 

et al.

 

, 1999). Despite the conform-
able relations with enclosing gneisses, these orthoam-
phibolites prevailing in the complex are excluded from
consideration of the original sedimentary succession.
Sediments ranging in composition from ferruginous
oligomictic and quartz sandstones to graywackes are
reconstructed as protoliths of gneisses from the first
association. Gneisses of the second association corre-
spond to metamorphosed oligomictic to polymictic
sandstones, siliciliths, and volcanics of the rhyolite–
dacite series. In general, it is possible to assume that
protoliths of metamorphic rocks of the Moren Complex
were deposited in rift structures of passive continental
margins (Kozakov, 1986; 

 

Early Precambrian…, 

 

1993;
Gonikberg, 1997).

 

The Erzin Complex

 

 is represented by biotite and
garnet–biotite gneisses of amphibolite facies, which are
intensively migmatized and retain relicts of granulites.
The latter correspond in composition to hypersthene,
hypersthene–garnet–biotite, two-pyroxene, spinel–gar-
net–biotite, and sillimanite–cordierite gneisses. Their
protoliths were various sedimentary rocks: quartzites,
arkosic sandstones, hydromica pelites with moderate
alumina content, and calcareous shales. A high matu-
rity of sediments, metamorphic equivalents of which
prevail in the Erzin Complex, suggests stable tectonic
environments of sedimentation, which are characteris-

tic of sedimentary basins in passive continental mar-
gins.

 

The Naryn Complex

 

 includes rocks of the green-
schist to amphibolite facies. These are metamorphosed
carbonate, siliciclastic–carbonate, and siliciclastic
deposits of the Balyktygkhem, Chartiss, Naryn, and
Nizhnii Naryn formations. Terrigenous metasediments
of the Chinchilig Formation, i.e., biotite or two-mica
quartzose schists and garnet–biotite gneisses of the
Erzin–Chinchilig drainage-divide area (Fig. 2), which
originated after arkosic to greywacke sandstones and
K–Na pelites, are also attributed to the Naryn Complex.
Gonikberg (1997) who studied geochemistry of car-
bonate succession in the Western Sangilen showed that
it corresponds in composition to marl–limestone for-
mations of epicontinental seas and passive margins. As
is suggested, the succession was deposited either in
deep distal settings of a broad shelf, or in carbonate
platforms split off the shelf (Gonikberg, 1997).

ANALYTICAL PROCEDURE

X-ray fluorescence spectroscopy and ICP-MS
method were used to analyze respectively the major
elements and REE with a relative error of 5 to 10%.
Geochronology of detrital zircons was studied using
the ion microprobe SHRIMP

 

TM

 

 II (Hiroshima, Japan)
and technique described earlier (Compston 

 

et al.

 

, 1984;
Roddick and van Breemen, 1994; Claoué-Long 

 

et al.

 

,
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Fig. 2. 

 

Geological scheme of Western Sangilen: (1) Devonian deposits; (2) ophiolites of the Early Caledonian Agardag–Erzin zone;
(3) Moren and (4) Erzin polymetamorphic complexes; (5) terrigenous and (6) carbonate–terrigenous metasediments of Naryn Com-
plex; (7) ultramafic rocks; (8) faults; (9) thrust faults; (10) sampling sites by ordinal numbers as in Tables 1 and 4.
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1995). Measured isotopic ratios are normalized to
parameters of the zircon standard SL13 from the Uni-
versity of Australia (572 Ma, 

 

206

 

Pb/

 

238

 

U = 0.0928). The
uncertainty values are given at 2

 

σ

 

 level. Correction for
common lead corresponds to the published model val-
ues (Cumming and Richards, 1975). Standard decay
constants of U (Steiger and Jager, 1976) are used in age
calculations.

The Nd isotopic analyses are performed in accord
with method described by Kotov 

 

et al.

 

 (1995). Total
blank during the period of measurements was 0.03–
0.2 ng for Sm and 0.1–0.5 ng for Nd. Measured

 

143

 

Nd/

 

144

 

Nd ratios are normalized to 

 

146

 

Nd/

 

144

 

Nd =
0.7219 and corrected for 

 

143

 

Nd/

 

144

 

Nd = 0.511860 char-
acterizing the La Jolla standard. The measurement
accuracy is 

 

±

 

5% (2

 

σ

 

) for Sm and Nd concentrations,
±0.5% for 147Sm/144Nd ratio, and ±0.005% for
143Nd/144Nd ratio. The weighted mean for 13 measure-
ments of 143Nd/144Nd ratio in the La Jolla standard is
0.511839 ± 7 (2σ). Parameters εNd(0) and model ages
TNd(DM) are calculated using values 143Nd/144Nd =
0.512638, 147Sm/144Nd = 0.1967 in CHUR (Jacobsen
and Wasserburg, 1984) and 143Nd/144Nd = 0.513151,
147Sm/144Nd = 0.2136 in DM (Goldstein and Jacobsen,
1988). Because of possible fractionation of Sm and Nd
during erosion, sedimentation, and metamorphism, we
calculated model ages TNd(DM) and TNd(DM-2st) for
one- and two-stage models (Keto and Jacobsen, 1987).

GEOCHEMICAL CONSTRAINTS

Considered below are data on chemical composition
and trace element distribution in representative rock
samples from the Moren and Erzin complexes (Tables 1,
2; Fig. 3), which have been subjected to U–Th–Pb geo-

chronological and Nd isotopic analysis, and on
metasediments of the Naryn Complex. Sampling sites
are shown in Fig. 2.

Moren Complex. Prevailing among protoliths of
the Moren Complex are K–Na polymictic to sub-
graywacke magnesian (2.2–3.06 MgO) and ferruginous
(5.26–6.28% Fe-oxides in sum) sandstones (Table 1).
Garnet–disthene–biotite gneisses of the complex
(polymictic metasandstone, Sample 5613, Table 2) are
somewhat enriched in Rb, Sr, and Ba relative to the typ-
ical tonalite (Taylor and McLennan, 1985). Simulta-
neously, they show higher ratios (La/Yb)N = 10.6 and
La/Sc = 3.2 (Table 2, Fig. 3), but lower ratios Eu/Eu* =
0.57 and Th/Sc = 0.70. These parameters imply that
gneisses originated after sediments, clastic material of
which was derived from crustal granitoids and meta-
morphic rocks with La/Sc = 0.7–27 and Th/Sc = 0.64–
18, on the one hand, and from basic to intermediate vol-
canics with La/Sc = 0.4–1.1 and Th/Sc = 0.05–0.4, on
the other (Cullers, 2000). Judging from REE spectrum
and distinct Eu-anomaly (Sample 5613, Table 2), con-
tribution of crustal material was more significant than
that of andesite–basaltic volcanics. Based on petro-
chemical classification of Neelov (1980), we suspect
source rocks of similar composition for protoliths of
biotite gneisses in the Moren Complex, which corre-
sponded to polymictic (Sample 5741) and sub-
graywacke sandstones (Sample 5558-1, Table 1).

Erzin Complex. Petrochemical and geochemical
data on representative gneiss samples from the Erzin
Complex also suggest different source rocks of clastic
material in their protolith. Spinel–sillimanite–cordier-
ite gneisses (Sample 5619, Table 1) are comparable in
chemical composition with kaolin–hydromica shales.
The negative Eu-anomaly (Eu/Eu* = 0.62) characteriz-

Table 1.  Chemical composition of type metamorphic rocks from the Tuva–Mongolian massif (wt %)

No. Sample 
no. SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 H2O Sum

Moren Complex

1 5613 68.00 1.11 14.88 5.26* 0.07 3.06 1.91 2.00 2.93 0.08 0.00 99.48

2 5741 69.40 0.83 12.90 2.20 3.40 0.37 2.20 2.60 2.20 2.50 0.11 0.98 99.60

3 5558-1 65.89 0.72 15.54 6.28* 0.09 3.02 1.91 2.36 3.52 0.16 0.00 99.99

Erzin Complex

4 5616 56.00 1.50 22.00 1.60 8.40 0.36 5.40 0.26 0.48 1.40 0.05 2.40 99.80

5 5617 71.50 0.79 14.40 1.40 2.10 0.44 1.50 4.20 2.10 0.85 0.05 0.62 99.80

6 5525 62.10 1.00 17.80 2.20 4.30 0.09 1.90 0.98 2.10 4.30 0.12 2.70 99.60

7 5546 57.29 0.30 14.09 4.7* 0.30 4.06 16.14 0.23 0.40 0.34 1.90 99.75

Naryn Complex

8 5740 79.20 0.26 10.70 2.00 1.00 0.01 1.10 0.30 1.20 2.60 0.07 1.50 99.80

9 5553 65.41 0.26 15.5 4.84* 0.05 3.01 2.39 3.84 3.36 0.25 0.29 99.82

Note: (5613) disthene–garnet–biotite gneiss; (5741) garnet–biotite gneiss; (5558-1) biotite gneiss; (5616) spinel–sillimanite–cordierite
gneiss; (5617) two-pyroxene gneiss; (5525) sillimanite–cordierite gneiss; (5546) hypersthene gneiss; (5740) two-mica schists from
succession of terrigenous metasediments; (5553) biotite gneiss from interlayer in marbles of the Naryn Complex (*total iron as Fe2O3).
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ing REE spectrum in these rocks and high Zr concen-
tration used to be considered as indicators of sedimen-
tary material recycling (McLennan et al., 1993).
According to elevated FeO (8.4%) and MgO (5.4%,
Table 1) contents associated with low ratios (La/Yb)N =
2.6, La/Sc = 0.66, and Th/Sc = 0.28 (Table 2), which are

characteristic of provenances with prevailing mafic
rocks, protoliths of above gneisses consisted mostly of
clasts derived from basic magmatic rocks. At the same
time, sillimanite–cordierite gneisses of the Erzin Com-
plex (Sample 5525) correspond in chemical composi-
tion to hydromica shales of the platform weathering
profiles connected with provenances, which are com-
posed of silicic magmatic rocks. In classification of
Neelov (1980), indications of this are the elevated K2O
but low MgO and CaO contents. Thus, provenances of
metasediments from the Erzin Complex were of diverse
lithology and characterized by recycling of formerly
accumulated sediments.

Normal and calcareous subarkosic sandstones were
the respective protoliths for two-pyroxene (Sample
5617) and hypersthene (Sample 5546) gneisses of the
Erzin Complex. The REE spectrum and indicative
ratios (La/Yb)N = 11.9, La/Sc = 2.1, and Th/Sc = 0.61
in subarkosic sandstones are comparable with proper
characteristics of rocks in ensialic volcanic arcs (Taylor
and McLennan, 1995). In general, metasediments of
the Erzin Complex were deposited in back-arc basins,
where clastic sedimentation was dominated by erosion
products of andesite–dacitic volcanics and complicated
by subsequent redeposition of sediments in shallow
shelf settings of marginal seas (McLennan et al., 1993).

Naryn Complex. Two-mica quartzose schists
(Sample 5740) from metasedimentary succession of the
Naryn Complex are similar in composition to subarko-
sic sandstones. Typical of the schists are low REE con-
centrations, absence of Eu-anomaly (Eu/Eu* = 1.02,
Table 2), high ratio (La/Yb)N = 9.9, and values
La/Sc =2.5 and Th/Sc = 0.8. Geochemical parameters
point to contribution of provenances composed of
silicic and mafic rocks (Cullers, 2000) that is most char-
acteristic of Phanerozoic sediments accumulated under
influence of erosion of basalt–andesite–dacite volcanic
series of ensialic island arcs or active continental mar-
gins (Taylor and McLennan, 1985). Biotite gneiss from
an interlayer in carbonate succession of the Naryn
Complex (Sample 5553) corresponds in composition to
Mg–Na greywacke sandstone and implies that prove-
nance of clastic material was composed predominantly
of intermediate to basic rocks. Terrigenous metasedi-
ments of the complex characterize a fan of immature
sediments in a past island-arc basin, where influence of
continental provenances was less significant than dur-
ing accumulation period of the Erzin and Moren com-
plexes.

GEOCHRONOLOGICAL RESULTS

The results of U–Th–Pb geochronological investi-
gation of zircons from terrigenous metasediments of
the Moren and Erzin complexes are presented in Table 3
and interpreted in respective diagrams (Figs. 4 and 5).
Sampling sites are shown in Fig. 2.

Table 2.  Concentration of trace elements in type metamor-
phic rocks from the Tuva–Mongolian massif (ppm)

Sample
no. 5613 5616 5616a 5617 5740

Ba 1056 547 528 638 632
Sr 182 96 94 494 84
Rb 90 52 50 53 39
Th 9.1 9.9 9.3 8.2 3.7
Sc 13.0 35.7 35.0 13.4 4.6
La 42.1 24.1 23.0 27.9 11.5
Ce 87.0 50.7 47.7 55.5 24.5
Pr 10.9 5.9 5.67 6.29 2.94
Nd 39.7 20.3 10.6 39.7 20.9
Sm 7.9 3.77 3.48 4.21 1.84
Eu 1.49 0.83 0.79 1.23 0.59
Gd 7.77 4.16 3.92 3.8 1.64
Tb 1.09 0.71 0.66 0.50 0.22
Dy 5.45 5.33 5.39 3.04 1.34
Ho 1.00 1.32 1.33 0.60 0.24
Er 2.73 4.66 4.66 1.79 0.72
Tm 0.44 0.81 0.84 0.27 0.11
Yb 2.68 5.9 6.03 1.58 0.78
Lu 0.38 0.98 0.94 0.24 0.12
Eu/Eu* 0.57 0.61 0.62 0.94 1.02
(La/Yb)N 10.6 2.8 2.6 11.9 9.9
La/Sc 3.24 0.68 0.66 2.08 2.5
Th/Sc 0.70 0.28 0.27 0.61 0.80
Note: Rock types as in Table 1; 5516 and 5516a duplicate analyses

of one sample.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100

101

102

103

5616
5740
5617
5613

Fig. 3. Chondrite-normalized REE concentrations in
metasediments of Tuva–Mongolian massif.
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Garnet–disthene–biotite gneiss (polymictic sand-
stone), Moren Complex (Sample 5613). Accessory
detrital zircon from the sample is represented by subid-
iomorphic transparent and semitransparent pinkish
crystals of prismatic to short prismatic habit. Fine mag-
matic zoning is “truncated” in outer rims by unzoned
domains with a bright luminescence (Figs. 4a and 4b),
which were likely formed during recrystallization in the
course of superimposed high-T metamorphism. In

addition, some crystals have cores (Fig. 5b). Zircon
grains range in size from 30 to 100 µm.

We analyzed 19 zircon grains. As one can see from
Table 4 and Fig. 5a, ages estimated for the grains stud-
ied are mostly concordant (concordance degree 98 to
103%). The estimated age values range from 0.70 to
0.82 Ga. The average 206Pb/238U age calculated from
16 analytical results for central and marginal areas of

50 µm(‡)
50 µm 50 µm 20 µm

50 µm 20 µm
50 µm20 µm

50 µm 40 µm 50 µm 50 µm

40 µm

(e)

(b)

(f)

(c)

(g)

(d)

(h)

(i)

(m)

(j) (k) (l)

Fig. 4. Habits and internal structures of zircon crystals as seen via cathodoluminescence detector of scanning electron microscope
CamScan (accelerating voltage 15 KV): (a, b, c) zircons from garnet–disthene–biotite gneiss, Moren Complex, Sample 5613; (d–
h) zircons from spinel–cordierite–sillimanite gneiss, Erzin Complex, Sample 5616; (i–m) two-pyroxene gneiss, Erzin Complex,
Sample 5617.
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crystals is 767 ± 15 Ma (MSWD = 6.6). An older
207Pb/206Pb age of 1519 ± 24 Ma is obtained for a single
prismatic crystal lacking core (no. 18.1 in Table 3).

Spinel–sillimanite–cordierite gneiss (shale), Erzin
Complex (Sample 5616). Zircon crystals from Sample
5616 are transparent to semitransparent, colorless, sub-
idiomorphic, prismatic to short prismatic and rounded
in shape, showing a high birefringence. Characteristic
of crystals are zoned, partially recrystallized cores (as
is seen under cathodoluminescence: zoned areas are
partially or completely replaced by homogeneous
domains, while rims are usually unzoned (Figs. 4d to
4f). Crystals are not greater than 60 µm in size.

We analyzed isotopic composition of nine zircon
crystals (Table 3, Fig. 5b). The oldest 207Pb/206Pb age of
2557 ± 34 Ma is obtained for the core of one crystal
(no. 3.1 in Table 3), whereas the 206Pb/238U age of rim
in other crystal (no. 4.1 in Table 3) is 474 ± 22 Ma. The
last value is consistent with the date estimated for gran-
ulite metamorphism that affected the Erzin Complex
(SHRIMP date of 494 ± 11 Ma, Sal’nikova et al.,
2001). The 206Pb/238U age assessments for other seven
grains of zircon are within the interval of 661–846 Ma.
We failed to figure out the precise age of this zircon
generation because of limited number of measurement
results.

Two-pyroxene gneiss (subarkosic sandstone), Erzin
Complex (Sample 5617). Detrital zircon from Sample
5617 is represented by transparent to semitransparent,
subidiomorphic, pale-yellow crystals prismatic to short
prismatic and isometric in shape. Under cathodolumines-
cence, crystals show magmatic zoning and thin unzoned
envelopes discordant relative to zoning (Figs. 4g and 4h).
Crystals range in size from 30 to 150 µm.

Data points for majority of 30 analyzed crystals
(Fig. 5c) plot close to concordia, and respective concor-
dant ages (concordance degree 98–103%) are within
the interval of 0.76–0.90 Ga. The average 206Pb/238U
age calculated based on 29 age values for central and
marginal zones of crystals is 809 ± 17 Ma (MSWD =
8.2). The core distinguished in one crystal yielded the
much older 207Pb/206Pb age of 1935 ± 21 Ma (no. 21.1
in Table 3).

In conclusion, we would like to stress that many
detrital zircons from metasediments of the Moren and
Erzin complexes have a magmatic origin, and mag-
matic source rocks were therefore widespread in prov-
enances of clastic material. Metamorphic overgrowthes
and partial recrystallization in some zircon crystals
from the Erzin Complex are products of the granulite-
facies metamorphism that took place, as is established
earlier (Sal’nikova et al., 2001) 494 ± 11 Ma ago accord-
ing to results obtained using the ion microprobe
SHRIMPTM or between 497 ± 4 and 521 ± 12 Ma
according to the U–Pb zircon dating of syn- and post-
metamorphic granitoid intrusions.

0.6 1.0 1.4 1.8 2.2 2.6
0.09

0.11

0.13

0.15

0.17

0.19

0.21

0.23

17.1

6.1

18.1

1200

1000

800

600
1.1-4.1, 7.1-16.1, 19.1, 19.2, 20.1

206Pb/238U

(a)

5616

950

850

750

650

450

0.5 0.7 0.9 1.1 1.3 1.5 1.7
0.07

0.09

0.11

0.13

0.15

0.17

207Pb/235U

7.1

4.1

5.1

8.1

2.1

1.1

9.1

0.25

0.35

0.45

4.1

3.1

2400

2000

1600

1200
800

400

207Pb/235U

206Pb/238U

5616

1.1, 2.1, 5.1, 6.1, 7.1, 8.1, 9.1

5617 1800

1400

1000

600
10.1

21.1

0.10

0.12

0.14

0.16

0.18

0.9 1.1 1.3 1.5 1.7 1.9

206Pb/238U 5617 1050

950

850

650
1.1-9.1, 11.1-20.1, 22.1-31.1

0.5 1.5 2.5 3.5 4.5 5.5
0.08

0.12

0.16

0.20

0.24

0.28

0.32

0.36

(b)

(c)

5.1

5613

6.1

Fig. 5. Isotopic diagrams with results of U–Pb zircon dating
obtained using ion microprobe SHRIMPTM II: (a) sample
5613; (b) Sample 5616; (c) Sample 5617. 
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Nd ISOTOPIC SYSTEMATICS

Data of Sm–Nd isotopic analysis of metamorphic
rocks from the Moren, Erzin, and Naryn complexes are
presented in Table 4.

For garnet–disthene–biotite gneiss (polymictic
sandstone) of the Moren Complex (Sample 5613), we
calculated the Early Riphean values of TNd(DM) =
1.6 Ga, TNd(DM-2st) = 1.4 Ga, and parameter εNd(0.5) =
−2.5. The older Early Proterozoic values TNd(DM) =
1.8–1.9 Ga, TNd(DM-2st) = 2.1–2.2 Ga, and εNd(0.5) =
–11.5 and –10.4 are estimated for biotite gneisses of
this complex (polymictic and subgraywacke sand-
stones).

Spinel–sillimanite–cordierite and two-pyroxene
gneisses of the Erzin Complex (shales and sandstones)
are characterized by Early Proterozoic TNd(DM) =
1.6 Ga, TNd(DM-2st) = 1.4 Ga, and by εNd(0.5) ranging
from –4.6 to –7.6.

The Nd model age of two-mica quartzose schist
(subacrosic sandstone) from terrigenous succession of
the Naryn Complex is 1.8 Ga εNd(0.5) = –7.6, whereas
TNd(DM) = 1.2 Ga, TNd(DM-2st) = 1.4 Ga, and
εNd(0.5) = –2.0 are calculated for biotite gneiss from
carbonate succession of the complex.

DISCUSSION

Concordant and subconcordant age values obtained
for clastic zircons from metasedimentary rocks of the
Moren and Erzin complexes are mostly within two geo-
chronological intervals of 0.70–0.82 and 0.76–0.90 Ga
respectively. In other words, the rock successions under
consideration are not older than 0.70–0.76 Ga. Their
upper age limit is evident from the U–Pb age of 536 ±
6 Ma obtained for crosscutting granitoids (Kozakov

et al., 1999; Sal’nikova et al., 2001) that corresponds
approximately to the Vendian–Cambrian boundary
(Semikhatov, 2000). Thus, it is possible to suggest that
terrigenous protoliths of the Moren and Erzin com-
plexes accumulated during the terminal Late Riphean–
Vendian.

The associated problem of possible basement and
provenances can be solved based on Nd isotopic data.
Discussing the problem, we should bear in mind that
Nd model ages, being dependent on mixing processes,
not always correspond to the crust formation time. To
prove the crust-forming stages of respective ages we
should have rocks with εNd(T) values close to those in
depleted mantle (DePaolo, 1981; Patchett, 1992).

The Nd model ages estimated for metasedimentary
rocks of the Moren, Erzin, and Naryn complexes are
much greater (1.6–2.1 Ga) than the age of sedimenta-
tion. They are close to Nd model ages of granitoids
present in the Early Baikalian volcano-plutonic associ-
ations (0.75–0.9 Ga old) fringing the Siberian platform.
For instance, Vernikovskaya et al. (2002) reported the
Nd model ages of 1.5 to 1.6 and 1.8 to 2.0 Ga granitoids
of the Mamontovo–Shrenkovo terrane in the central
Taimyr, which are 880–940 Ma old (U–Pb zircon dat-
ing). According to petrochemical data, the granitoid
magmatism in the Taimyr fold system was connected
with magma generation from mantle and crust–mantle
sources (Vernikovskii et al., 1999). The Nd model ages
of 1.9–2.1 Ga calculated for crustal post-collision gran-
itoids of the Yenisei Range, which are 720–760 Ma old
according to U–Pb ages of zircon and monazite, also
characterize the mixing events but not the crust-form-
ing processes of that time (Vernikovskii et al., 2002).
The Early–Middle Riphean values of Nd model ages char-
acterize granitoids of microcontinents in Central Asia
(“Precambrian isotopic province” after Kovalenko et al.,

Table 4.  Sm-Nd isotopic data on supracrustal rocks of the Tuva–Mongolian massif

No. Sample 
no. Age, Ma Sm,

ppm
Nd,
ppm

147Sm/144Nd
143Nd/144Nd

(±2σ) εNd(0) εNd(T) TNd(DM) TNd(DM–2st)**

Moren Complex

1 5613* 500 7.56 35.1 0.1305 0.512291 ± 9 –6.8 –2.5 1574 1454

2 5741 500 4.36 25.6 0.1032 0.511742 ± 5 –17.5 –11.5 1939 2196

3 5558-1 500 6.36 37.8 0.1017 0.511794 ± 10 –16.5 –10.4 1844 2104

Erzin Complex

4 5616* 500 3.69 19.36 0.1157 0.511984 ± 11 –12.8 –7.6 1812 1872

5 5617* 500 3.78 19.94 0.1151 0.511981 ± 10 –12.8 –7.6 1806 1874

6 5525 500 6.99 37.0 0.1143 0.512133 ± 8 –9.9 –4.6 1560 1624

7 5546 500 5.50 26.6 0.1248 0.512114 ± 8 –10.2 –5.6 1775 1710

Naryn Complex

8 5740 500 1.73 8.94 0.1174 0.511987 ± 11 –12.7 –7.6 1839 1876

9 5553 500 4.59 29.5 0.0940 0.512199 ± 9 –8.6 –2.0 1212 1410

Note: Rock types as in Table 1; samples subjected to U–Pb zircon dating are marked by asterisk; TNd(DM)2st is model age of regional
metamorphism.
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1996, 1999), where they also depict mixing processes
(Kozakov et al., 2003, 2004). Indications of Early–
Middle Riphean crust-forming processes have not been
detected as well in the Central Asian foldbelt (Kov-
alenko et al., 1996, 1999; Yarmolyuk et al., 1999).

The Early–Middle Riphean Nd model ages are sim-
ilarly untypical of crystalline rocks from the basement
of Siberian platform (Kovach et al., 2000). For the
Early Proterozoic post-collision granitoids of the
Sharyzhalgai block in the Sayan marginal ledge that is
directly connected with structures of Central Asian
foldbelt, the Nd model ages are calculated within the
interval of 3.0–2.8 Ga, and the Nd model ages of 3.3–
2.9 Ga are determined for gneissic rocks of the
Sharyzhalgay Complex enclosing the above granitoids.
The Early Proterozoic granitoids of the Biryusa block
and Angara–Kan ledge are characterized by 2.4–2.7 Ga
Nd model ages and their country gneisses of the
Kuzeev complex (Angara–Kan ledge) have Nd model
age of 2.6–2.7 Ga (Kirnozova et al., 2003). The oldest
value of Nd model ages (3.48 Ga) is established in the
Onot greenstone belt for tonalite–trondhjemite associa-
tion with zircons that are 3287 ± 8 Ma old (Bibikova
et al., 2002). The interval of Nd model ages calculated
for Archean rocks of the Dzabkhan microcontinent is
3.0–3.3 Ga (Kozakov et al., 1997). It is clear therefore
that crystalline rocks of ancient cratons or their frag-
ments were not the only source for the studied rocks
from the Late Riphean volcano-plutonic associations.

Thus, the Nd isotopic systematics, geochemical
indicators, and data on origin and ages of zircons from
metasediments of the Moren and Erzin complexes sug-
gest that the calculated Nd model ages (1.5–2.0 Ga) are
indicative of the clastic material origin from different
source rocks and do not correspond to real stages of
crust formation. Let us consider the problem of possi-
ble source rocks.

As one can judge from geochronological, geochem-
ical and isotopic data, there were basic, intermediate,
and silicic rocks of Late Riphean ensialic island arcs in
provenances of metasediments of the Moren and Erzin
complexes. Fragments of these structures are distin-
guished now as fringing the Siberian platform from the
north, west, and south (Kuzmichev et al., 2000a; Rytsk
et al., 2001; Vernikovskii et al., 1999, 2001; Vernik-
ovskaya et al., 2002a, 2002b; Khain et al., 2002). At
first sight, volcanic arcs of that age could be formed
along periphery of Siberian craton (Kuzmichev et al.,
2001; Dobretsov et al., 2003; Kuzmichev, 2004). How-
ever, any signs of Late Riphean and Caledonian accre-
tion or collision processes are unknown in marginal
ledges of the platform basement along the distance of
about 2500 km. In contrast, they are well manifested in
fringing foldbelts directly at the contact with basement
ledges as metamorphic events, folding of the platform
cover, and magmatic activity of that age (Kozakov et al.,
2002; Yarmolyuk et al., 2003). Within the Siberian plat-
form, sediments of the time span 1000–850 Ma are rep-

resented mainly by shallow-shelf siliciclastic–carbon-
ate deposits of epicontinental basins and aulacogens,
being of reduced thickness or absent in many areas
(Semikhatov and Serebryakov, 1983; Rainbird et al.,
1998; Semikhatov et al., 2002). Their chemical compo-
sition suggests erosion of pre-Riphean basement rocks
of the platform and insignificant contribution of the
Late Riphean juvenile substance from a “non-Siberian
source” that was outside the craton (Podkovyrov et al.,
2001). As is assumed, structures of the Central Asian
foldbelt were separated from Siberian craton by an oce-
anic basin (Zonenshain et al., 1990). It is difficult so far
to figure out the time, when the Caledonian superter-
rane and Siberian craton became amalgamated into a
single continent, although this tectonic event likely cul-
minated before the Devonian (Zonenshain et al., 1990),
because since that time a common style of tectonic
deformations is recoded in the platform and foldbelt. It
is believed that two megastructures became conjoint
along a large shear zone resembling transform fault
(Rozen and Fedorovskii, 2001; Yarmolyuk et al., 2003).
It is also remarkable that the Siberian, North and South
China blocks were presumably spaced closely within
the Rodinia during the Late Riphean 800–780 Ma ago
(Zhai et al., 2003). Granitoids about 800 Ma old are
known in the Yangtze block (Kröner et al., 1993; Xue
et al., 1996). Fragmented ophiolites as old as 0.88–
0.75 Ga are situated along the northern margin of the
North China platform (Mossakovskii et al., 1993).
Granitoids 916 ± 16 Ma old are established in the meta-
morphic complex of the South Gobi microcontinent
(Wang et al., 2001). All together, these rock associa-
tions could represent the source of clastic material
for metasediments of the Tuva–Mongolian massif,
although it is impossible so far to determine the original
tectonic position of above structural–lithologic com-
plexes.

Older continental rocks (or products of their
destruction) presumably also existed in provenances, as
it follows from the Early Riphean (1.52 Ga) and pre-
Riphean (1.94 and 2.56 Ga) ages determined for detrital
zircons. These dates characterize most likely the prov-
enances of Late Riphean structural–lithologic com-
plexes, which turned into source of protoliths for the
Late Riphean–Vendian metasediments of the Tuva-
Mongolian massif. Influx of “ancient” material into
sedimentary basins was likely controlled by erosion of
Early Precambrian crystalline rocks in cratons and
microcontinents with the pre-Riphean basement, e.g.,
in the Dzabkhan microcontinent (Fig. 1).

The known models of geodynamic evolution of the
Central Asian foldbelt are controversial. Some
researchers suggested that structures of the belt origi-
nated in the course of a long (over 800 m.y.) tectonic
development of Paleo-Asian ocean since the terminal
Middle or initial Late Riphean till the Carboniferous
(Mossakovskii et al., 1993; Didenko et al., 1994). It
was also suggested that folded accretionary structures,
microcontinents of the Gondwanan group included,
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drifted across a considerable distance from eastern
Gondwana toward Siberian continent. The Dzabkhan,
Tuva–Mongolian, and South Gobi microcontinents
were among them. In opinion of other geologists
(Berzin et al., 1994; Belichenko and Boos, 1988), the
Tuva–Mongolian massif and Dzabkhan microcontinent
belonged to the Laurasian group and represented dur-
ing the Riphean one continental mass, a part of Siberian
craton. The model by Sengör et al. (1994) speculates on
accretion of island-arc structures to a hypothetical vol-
canic arc during the formation of Central Asian fold-
belt. Crystalline rock masses of a high metamorphic
grade (those of the Tuva–Mongolian massif included),
which occur northward of the Tarim and North China
platforms, were attributed to the Late Precambrian
basement of Eurosiberia and thus regarded as rafts of
Siberian platform. In some other models, tectonic evo-
lution of Paleo-Asian ocean was connected with the
Rodinia breakup in the terminal Late Riphean
(~730 Ma ago) under influence of the South Pacific
superplume (Maruyama, 1994; Yarmolyuk and Kov-
alenko, 2001), and microcontinents were regarded as
fragments of Rodinia shelf (Kovalenko et al., 1999). As
was suggested, the main phase of breakup and maxi-
mum opening of the Paleo-Asian ocean were in the ter-
minal Late Riphean (Yarmolyuk and Kovalenko, 2002;
Kovalenko et al., 2003). The models argued for a juve-
nile origin of continental crust in Central Asia and for
the crust formation due to accretion of Vendian–Cam-
brian island arcs, marginal basins, and fragments of
Rodinia shelf with embedded oceanic islands.
Dobretsov et al. (2003) considered the accretion and
collision of above structures as progressing directly
around Siberian craton in response to Rodinia breakup
about 950 Ma ago in the initial Late Riphean. The
Tuva–Mongolian massif was regarded therewith as a
fragment of Siberian craton (Dobretsov, 2003).

Discussing geological history of Tuva–Mongolian
massif in connection with general geodynamic con-
straints of the Early Caledonian accretion in Central
Asia, we should bear in mind the following.

1. Petrochemical and geochemical data show that
metasediments of the Moren, Erzin, and Naryn com-
plexes accumulated in settings of a passive continental
margin.

2. Provenances of clastic material hosted therewith
the Late Riphean basic, intermediate, and silicic rocks.

3. Source rocks for metasediments of the massif
belonged to the Early Baikalian volcano-plutonic asso-
ciations.

4. In the accretionary collage of Central Asia,
Archean basement is established in the Dzabkhan
microcontinent and Gargan block, and only these struc-
tures can be regarded as fragments of ancient craton
(Kozakov et al., 1997a).

5. Geochemical data and Nd isotopic systematics for
crustal granitoid intrusions of the Tuva–Mongolian
massif imply that granitoid magmas originated in tec-

tonic domains lacking pre-Riphean rocks and com-
posed of the Late Riphean crust of transitional type
(Yarmolyuk et al., 1999; Kozakov et al., 2003).

6. Geodynamic setting of that crust formation (a
system of island arcs, back-arc basins, and passive mar-
gins) resembled situation that exited in southwestern
Pacific during the Mesozoic and Cenozoic. It should be
stressed therewith that total area of basins, where the
crust of transitional type developed during c.a.
200 m.y., was comparable with area of ancient cratons
(Zonenshain and Kuzmin, 1993).

To create a model of the Tuva-Mongolian massif
formation in accretionary collage of Central Asia, it is
necessary to presume first the Siberian craton position
in supercontinent Rodinia and breakup time of the latter
concurrent to opening of Paleo-Asian ocean. As pre-
mises can be different, alternative solutions of the prob-
lem are unavoidable. Nevertheless, we tried, using new
data, to create a model as far self-consistent as possible,
because the Tuva–Mongolian massif cannot be
regarded at present as a fragment of Gondwana or Lau-
rasia.

In our model, we presume that Siberia conjoint with
Laurentia and Yangtze block was a part of superconti-
nent Rodinia (Hoffman, 1991; Rogers, 1996; Condie,
2001; Roger and Santosh, 2003; Zhai et al., 2003). As
is better evidenced, the southern (present-day coordi-
nates) margin of Siberia was in contact with arctic mar-
gin of Laurentia (Rainbird et al., 1998; Gallete et al.,
2000; Yarmolyuk and Kovalenko, 2001; Condie, 2002).
It is likely as well that this situation retained till the end
of the Early Proterozoic, when Siberian craton became
a part of supercontinent Columbia (Rogers and San-
tosh, 2002). Rifting events that caused breakup of
supercontinent Columbia took place 1.4 Ga ago
(Condie, 2002), but Siberia and Laurentia existed in
agglomerated state till the breakup of Rodinia
(Didenko et al., 2003). Admitting influence of the
South Pacific superplume on lithosphere of Rodinia
(Maruyama, 1994) and analyzing history of intraplate
magmatism in Central Asia (Yarmolyuk and Kov-
alenko, 2001, 2003), we may assume that trans-lithos-
pheric fracture responsible for separation of Siberia
from Laurentia appeared in the terminal Late Riphean
and developed from 720 to 650 Ma. In such a case, the
initial stage of metasediments accumulation in the
Tuva-Mongolian block is correlative to first approxima-
tion with the breakup of Rodinia. Volcano-plutonic
associations, which were formed before or at the incip-
ient stage of Rodinia breakup, represented likely the
main source of clastic material. In other words, these
volcano-plutonic associations originated and devel-
oped 1000–650 Ma ago in the Panthalassa that sur-
rounded Rodinia, but not inside the craton between
Siberia and Laurentia at the opening stage of Paleo-
Asian ocean (Yarmolyuk and Kovalenko, 2003; Koza-
kov et al., 2004). This conclusion does not exclude
development of rifting events in and between continen-
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tal blocks of Rodinia during the Late Riphean. In par-
ticular, the U–Pb zircon dating of anorogenic com-
plexes showed that rifting events in the Yangtze block
developed in two periods 830–795 and 780–745 Ma
ago (Li et al., 2003). Separation of East and West Gond-
wanan blocks and Laurentia was connected with the
later period (about 750 Ma ago).

Based on data obtained in this and earlier works, the
following scenario of the Tuva–Mongolian massif
development can be suggested. About 1.0–0.73 Ga ago,
rifting in marginal areas led to separation of fragments
(microcontinents with pre-Riphean basement) from
Rodinia, while volcanic arc, islands, back-arc and inter-
arc basins formed in oceanic areas around the super-
continent (Yarmolyuk and Kovalenko, 2003). Events of
accretion and collision are inferable from the Late
Riphean manifestations of collision magmatism in
fringing structures around Siberian platform, which
took place 0.94–0.88 (Vernikovskaya et al., 2002a,
2002b) or 0.8 Ga ago (Kuzmichev et al., 2000) and
were in progress until the opening of Paleo-Asian
ocean 0.76–0.72 Ga ago (Vernikovskii, 2002a). Rocks
formed during this period, products of their destruction,
and Early Precambrian complexes of cratons and
microcontinents formed provenances and basement for
metasediments of the Tuva–Mongolian massif at the
end of the Late Riphean–Vendian time (Kozakov et al.,
2003). If in the early Late Riphean (prior to Rodinia
breakup) the East Gondwanan blocks were situated
close to junction zone of Siberia and Laurentia (Hoff-
man, 1991; Dalziel, 1997; Condie, 2002; Li et al.,
2003; Zhai et al., 2003), we may assume that the fring-
ing volcano-plutonic association (in parts or com-
pletely) and cratonic fragments (Dzabkhan microconti-
nent and possibly Gargan block) drifted together with
blocks of East Gondwana, the North to South China
and Tarim blocks inclusive, during the Rodinia breakup
and subsequent formation of Pangea (Mossakovskii
et al., 1993; Didenko et al., 1994, 1999; Kheraskova
et al., 2003). As a result, the East Gondwanan blocks
and transition zone that included extinct island arcs of
the Late Riphean and cratonic fragments (Baidarik
block) turned out to be opposite the Siberian craton.
About 600 Ma ago, tectonic units split off that zone
began to drift toward Siberia. In the course of several
drift stages, they formed the Early Caledonian composite
continent (superterrane) of Central Asia (Kozakov et al.,
2001), which incorporated remnants of Late Riphean
volcanic arcs with carbonate platforms, microcontinents
with pre-Riphean basement, Vendian ensimatic island
arcs, oceanic islands and plateaus (Kozakov et al., 2003;
Yarmolyuk and Kovalenko, 2003). Erosion in prove-
nances predominantly composed of the Late Riphean
volcano-plutonic associations resulted in deposition of
terrigenous sediments subsequently transformed into
metamorphic rocks of the Moren, Erzin, and Naryn
complexes. In the terminal Vendian (530–540 Ma ago),
amalgamation of tectonic fragments was accompanied
by low-grade metamorphism that affected the Moren

Complex for instance (Kozakov et al., 2001). The Early
Caledonian accretionary collage was formed as a whole
in the Late Cambrian after closure of short-lived Ven-
dian oceanic basins (Didenko et al., 1994; Ruzhentsev
and Burashnikov, 1995). By the commencement of
Ordovician, deep-seated rocks of Central Asian accre-
tion zone were involved into a high-grade metamor-
phism (Kozakov, 2002).

Admitting opening of Paleo-Asian ocean in the ini-
tial Late Riphean about 1000–970 Ma ago (Khain et al.,
2002; Fedotova and Khain, 2002; Dobretsov, 2003;
Dobretsov et al., 2003), we should expect that develop-
ment areas of Early Baikalian volcanic arcs were con-
siderably spaced from Siberian craton. As was already
mentioned, the Late Riphean events of accretion and
collision, the earliest of which took place 940–880 Ma
ago (Vernikovskaya et al., 2002), left no records in mar-
ginal blocks and sedimentary cover of Siberian plat-
form. Considering this, we should conclude that vol-
cano-plutonic associations of the Late Riphean lower
half or parts of them were formed most likely in Pan-
thalassa. In the Paleo-Asian ocean properly, develop-
ment of volcanic arcs and islands commenced probably
in the terminal Late Riphean (Yarmolyuk and Kov-
alenko, 2003; Kheraskova et al., 2003).

CONCLUSION

Geochronological results obtained in this work
show that metasediments of the Moren and Erzin com-
plexes of the Tuva-Mongolian massif were deposited in
the terminal Late Riphean–Vendian in response to ero-
sion in provenances predominantly composed of the
Late Riphean rocks. The Nd isotopic systematics for
granitoids and metamorphic rocks of the massif and for
the Early Baikalian collision-accretionary complexes
around Siberian platform suggest development of the
Late Riphean crust-forming processes. Intensity of the
latter is problematic, because respective rock com-
plexes of that age are fragmentary preserved in fold
structures of Central Asia. The Nd model ages calcu-
lated for granitoids of Caledonides and Hercynides
mostly correspond to the Late Riphean (Kovalenko
et al., 1996). Accordingly, we may assume that devel-
opment of volcanic arcs, islands, back-arc and inter-arc
basins during the Late Riphean antedated the Rodinia
breakup and lasted until opening of the Paleo-Asian
ocean. The corresponding influx of juvenile material
during 300–350 m.y. formed crust of the transitional
type. That crust and products of its disintegration are
now incorporated into basement of microcontinents
and could be amalgamated with the Vendian–Early
Paleozoic juvenile crust under Caledonides and Her-
cynides (Kozakov et al., 2004). Data on secular varia-
tions in rates of juvenile crust generation (Condie,
2001) show a distinct minimum in the Middle Riphean
(ca 1.35–0.95 Ga ago), the rate increase in the Late
Riphean (ca 0.95–0.7 Ga ago), and a statistic maximum
beginning since the Vendian.
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The established secular variations of 87Sr/86Sr ratio
in seawater imply that it was persistently low in the
Grenvillian and post-Grenvillian oceans (Semikhatov
et al., 2002). Being as low as 0.70519–0.70566 during
the early Late Riphean (1030–810 Ma), that ratio fluc-
tuated from 0.70538 to 0.70686 775–690 Ma ago,
became lower 660–640 Ma ago (0.70538–0.70580) and
then increased up to 0.70840–0.70860 in the Vendian
and Early Cambrian seawater (Kuznetsov et al., 2003).
The 87Sr/86Sr ratio decrease in seawater is dependent on
a series of factors, the principal of which were likely the
erosion of pre-Grenvillian mantle material in Grenvil-
lides and/or a considerable influx of juvenile mantle
components in the Late Riphean oceans. The low level
of 87Sr/86Sr ratio in the Late Riphean seawater implies
prevalence of mantle Sr influx over the continental one
during the period of c.a. 200 m.y. (Kuznetsov et al.,
2003). It is possible therefore to connect the vast trans-
gression of the initial Late Riphean (1030–810 Ma)
with a high activity of mid-ocean ridges, and the com-
bined influence of both factors lowered the 87Sr/86Sr
ratio in seawater of that time (Semikhatov et al., 2002;
Kuznetsov et al., 2003). The elevated spreading activity
should be compensated by development of subduction
zones. Nevertheless, admitting the commencement of
Rodinia breakup in the terminal Late Riphean (Kov-
alenko et al., 1999; Yarmolyuk and Kovalenko, 2001),
we think that the Late Riphean volcanic arcs did not
originate in the Paleo-Asian ocean (Fedotova and
Khain, 2002). In our opinion, crust-forming processes
and related origin of the Early Caledonian accretionary
collage in Central Asia were connected first with the
tectonic evolution of Panthalassa (initial half of the
Late Riphean) and afterward with the development of
Paleo-Asian ocean.
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