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The Central Asian Orogenic Belt (CAOB) is well-known for its massive generation of juvenile crust in the
Phanerozoic. In eastern CAOB, voluminous peralkaline and alkaline (alkali-feldspar) granitoids and
genetically related bimodal volcanics were emplaced in three stages from Early Permian to late Mesozoic:
295-270 Ma, 230-190 Ma and 150-120 Ma. They occur as huge granitoid belts in extensional tectonic
settings and form a complex network of about 12 million km? in area. Among them the 2500 km-long
Mongolian-Transbaikalian Belt (MTB) is the most spectacular and it comprises more than 350 granite—
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Peralkaline granite syenite plutons and stocks, with numerous co-genetic volcanic fields. The three stages of granitoids have
Syenite similar chemical compositions but show temporal variation in Nd isotopic composition. Initial eNd(T) values

range from —1 to —5 for the Early Permian, O to +4 for the early Mesozoic, and —2 to —3.5 for the late
Mesozoic granitoids. The negative eNd(T) values observed in the MTB are not typical of the CAOB granitoids,
which are generally characterized by positive values. However, several pieces of evidence suggest that the
MTB peralkaline and alkali feldspar granitoids were produced from enriched mantle-derived sources. The
evidence includes: (1) Felsic and mafic rocks formed in the same stage have similar initial Nd-Sr isotopic
ratios and Sm-Nd model ages (Tpm). (2) The granitoid belts extend over thousands of kilometers and
intersect distinct crustal provinces, but no correlation is found in chemical compositions between the
granitoids and country rocks. (3) The abundant syenites are considered to be cogenetic or, in some cases,
parental to the granites. Experimental and isotope data argue for the derivation of syenites from an enriched
mantle source, thus the granites (and comendites) are regarded as mantle-derived. (4) A study of melt
inclusions in quartz phenocrysts of comendite indicates a high liquidus temperature of 1000-1100 °C for the
magma generation. This suggests that the silicic magma was generated in an unusually high temperature
condition which is likely produced by basaltic magma that underplated the lower crust. The generation of
voluminous peralkaline and alkaline (alkali-feldspar) granitoids and genetically related bimodal volcanic
rocks represents an important addition of juvenile crustal mass to the Earth's continental crust during a time
span of about 150 Ma from Late Paleozoic to Late Mesozoic.

Sr-Nd isotopes

Petrogenesis

CAOB (Central Asian Orogenic Belt)
Mongolia and Transbaikalia
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1. Introduction

Since “A-type granite” was first recognized about 30 years ago
(Loiselle and Wones, 1979; Collins et al., 1982), a spectrum of alkali-
rich granitic rocks has been included in this type, and their
compositions range from syenogranite through peralkaline granite,
syenite, rapakivi granite, charnockite, and finally to fluorine-rich topaz
granite (e.g., Collins et al., 1982; Whalen et al., 1987; Eby, 1992; Patifio
Douce, 1997; Wu et al., 2002; Bonin, 2007). Such a wide range of
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composition leads to constant debate about the origin of A-type
granites (e.g., Whalen et al., 1987; Bonin, 2004; Whalen, 2005; Bonin,
2007). Clearly, a unified model for the generation of A-type granitoids
is unrealistic.

In this paper, we study the origin of peralkaline and alkaline
(particularly, alkali-feldspar) granites and their extrusive equivalents
from Transbaikalia of eastern Siberia (Russia). The term ‘peralkaline
granitoids’ is used for granite and syenite with agpaitic index NK/A>1,
containing Na-rich amphibole and pyroxene. The ‘alkali-feldspar
granitoids’ include granite and syenite with NK/A ranging from 0.9
to 1, and alumina saturation index A/CNK=140.15; they consist
mainly of perthitic alkali feldspar, quartz, Fe-rich biotite, Ca-Na
amphibole (the latter mostly in syenite). In the paper we use abbre-
viations PA and AFS for peralkaline and alkali-feldspar granitoids,
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Fig. 1. Distribution of the Late Paleozoic and Mesozoic granitoid belts in the Central Asian Orogenic Belt. The map area corresponds to the rectangle of the inset map. The numbers of plutons
correspond to that in Table 5; ages (Ma, in red) beside numbers are also taken from this table. Granite belts: 1 = Mongolian-Transbaikalian, 2 = Great Xing'an, 3 = Zhangguangcai, 4 = Jiamusi,
5= Gobi-Altai, 6 = Main Mongolian Lineament, 7 = Eastern Kazakhstan, 8 = Gobi-Tien Shan. Data sources: Leontiev et al,, 1981; Yarmolyuk, 1983; Zanvilevich et al., 1985; Geological map of
Mongolia (1: 1,500,000),1989. The map of magmatic rocks of Transbaikalia, Eastern Sayan and the adjacent areas in Mongolia (1: 1,500,000) was produced using the following literature data: Han
et al. (1997), Wang S. et al. (1995), Hong D.W. et al. (1994, 1996), Yarmolyuk et al. (2001, 2002, 2005), Wu et al. (2002), Jahn (2004), Kovalenko et al. (2004), and Yanshin (1980).
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Fig. 2. Distribution of the Late Paleozoic and Mesozoic PA and AFS granitoids in the Mongolian-Transbaikalian Belt. The numbers by the pluton names designate the U-Pb (zircon)
and Rb-Sr (WR, underlined) isotopic ages (in Ma). In the western part of the belt, Rb-Sr ages of trachyrhyolite and pantellerite from the bimodal volcanic suites in three localities are
shown (after Yarmolyuk et al., 2005; see Table 1). In the inset, the main bimodal volcanic fields are also shown (the smaller fields are shown off scale).
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respectively. The integral term for both groups is ‘highly alkaline
granitoids’.

Highly alkaline granitoids occur throughout the world, and they
are especially widespread in the Central Asian Orogenic Belt (CAOB;
Fig. 1). The CAOB, also termed “the Altaid Tectonic Collage”, is an
immense accretionary orogen (Sengoér et al, 1993; Sengér and
Natal'in, 1996; Jahn et al., 2000; Kovalenko et al., 2004; Windley
et al., 2007). It extends from the Urals eastwards to the Pacific coast,
and southwards from the Siberian and Baltica cratons to the Sino-
Korean and Tarim cratons (Fig. 1, inset). The crustal evolution of the
CAOB began at c. 1.0 Ga (Khain et al., 2002; Kovalenko et al., 2004;
Windley et al., 2007) and continued to c. 250 Ma, when the Palaeo-
Asian ocean was closed along the Solonker suture (Xiao et al., 2003;
Chen and Jahn, 2004, Chen et al,, 2009; Wu et al,, 2007a). Igneous
activity in Central Asia spanned the entire Phanerozoic and continued
into the Mesozoic. It resulted in emplacement of abundant juvenile
granitoids and volcanic rocks (Kovalenko et al., 1994; Jahn et al., 2000;
Kovalenko et al., 2004; Jahn, 2004; Zhang et al., 2008). The
voluminous juvenile crust distinguishes the CAOB from other classic
Phanerozoic orogenic belts, such as Caledonides and Hercynides in
Europe (e.g., Jahn et al., 2000; Jahn, 2004; Wu et al., 2000).

The purpose of this study is to discuss the origin of PA and AFS
granitoids using a variety of petrological, geochemical and isotopic
data. We focus on the largest Mongolian-Transbaikalian granitoid
belt, which is characterized by the occurrence of abundant post-
orogenic and within-plate PA and AFS granitoids (belt #1 in Figs. 1
and 2). We conclude that the highly alkaline silicic magmas were
emplaced in three stages from late Paleozoic to late Mesozoic. They

were derived from enriched mantle sources with limited role of
recycled crustal component, and hence they have contributed
substantially to the growth of the Asian continent.

2. Geological setting and field occurrence of the granitoids

The great majority of PA and AFS granitoids was produced in the
CAOB during Late Paleozoic and Mesozoic (Kovalenko et al., 2004;
Yarmolyuk et al., 2001, 2002, 2005). We present in Fig. 1 the
distribution of Late Paleozoic and Mesozoic granitoids and coeval
volcanic suites within the CAOB. The granitoid plutons and volcanic
fields form an extensive network of curvilinear belts. The network is
superimposed on a complex collage of Paleozoic (“Caledonian” and
“Hercynian”) terranes and Precambrian micro-continent (Sengor
et al,, 1993; Windley et al., 2007). Among the granitic belts, the
Mongolian-Transbaikalian Belt (MTB) is the largest and most
representative in terms of the lithological assemblage.

The MTB, earlier recognized as the Mongolian-Transbaikalian Rift
Province by Zanvilevich et al. (1985), extends from northern Mongolia,
Transbaikalia (Russia) and further to the Aldan shield. The MTB runs along
the southern border of the Siberian Craton, and crosscuts Precambrian
micro-continental blocks (Khangai, Dzhida, Barguzin) along the Dzhida
suture in its western part (Kovalenko et al.,, 2004). The MTB covers a
distance of >2500 km, and varies in width from 150 to 250 km (Fig. 1).
The northeastern boundary of the belt is currently unknown.

The central part of the MTB is situated in Transbaikalia, and has been
mapped at a scale of 1:50,000 since 1950's. The mapping has delineated
numerous plutons made up of PA and AFS granitoids (Fig. 2). In northern
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Fig. 3. Simplified geological map of the area between the Selenga, Uda and Tugnui Rivers in Transbaikalia, Russia. The map illustrates the close association of the Late Permian and
Late Triassic AFS-PA granitoids (Bryansky and Kharitonovo complexes) and the Early Permian Ust-Khilok pluton made up of shoshonitic series.
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Mongolia such rock types occur widely but are less voluminous. At
present, more than 350 plutons are known in the MTB (Zanvilevich et al.,
1985,1995; Wickham et al., 1995). They range in size from 10-15 km? to
200 km?, with a few large plutons up to 1600 km? (Litvinovsky et al.,
2002a). The total area occupied by the exposed plutons is more than
9000 km? in Transbaikalia only (Litvinovsky et al., 1999).

Generally, the plutonic rocks of the MTB are closely associated in
space and time with bimodal volcanic series (K-rich basalt, rhyolite,
comendite, and subordinate trachyte) and bimodal dyke swarms. The
main volcanic fields are shown in the inset of Fig. 2, and their
distribution is equally widespread as the plutonic rocks. All these
rocks are confined to a system of SW-NE grabens, forming the
Mongolian-Transbaikalian Rift Zone (Zanvilevich et al., 1985; Yarmo-
lyuk et al., 2001). In places, the volcanic sequence exceeds a thickness
of 2000 m. Peralkaline and alkali-feldspar granitoids were emplaced
into volcanic roofs, suggesting shallow depths of crystallization.
Commonly, the sizes of associated intrusive bodies and volcanic fields
are in inverse proportion. It could be understood that large plutons
probably result from a greater extent of erosion of volcanic cover in
the volcanic-plutonic structures. It is likely that the volume of related
volcanic rocks was comparable with that of granites and syenites.

The order of emplacement generally starts from AFS syenite, fol-
lowed by granite to peralkaline syenite (nordmarkite), and finally PA
granite. The intrusions of syenite and granite magmas occurred in
several successive phases; and the proportion of quartz in syenites
increased from 3-6 vol.% in the earlier to 10-15vol.% in the latest
phases. The structure of plutonic bodies depends on their size. As a
rule, large plutons are made up of PA and AFS granitoids in variable
proportion (e.g. Fig. 3, Bryansky and Kharitonovo Complexes),
whereas smaller plutons, with areas <100 km?, comprise one or two
rock types. Coeval mafic rocks are rare in the granitoid suites under
consideration, but they occur as microgranular mafic enclaves and as
members of composite dikes in the AFS syenites and PA granite of the
Khorinsk and Kharitonovo Complexes (Zanvilevich et al., 1995). In

addition, trachybasalt is abundant in the bimodal volcanic series
(Yarmolyuk et al., 2001; Litvinovsky et al., 2001, 2002a).

Apart from the predominant Early Permian and Late Triassic
syenite—granite suites, some Late Mesozoic highly alkaline silicic rocks
also occur. The emplacement of silicic rocks was connected with the
formation of the intra-continental Transbaikalian Rift Province (Fig. 4;
Yarmolyuk et al., 1998). During the Late Jurassic to Early Cretaceous
(170-110 Ma), massive eruption of alkali basalt, tephrite, phonolite,
and latite occurred in an extensive system of grabens. This was
accompanied by subordinate trachyte and trachyrhyolite eruptions,
and emplacement of dykes and subvolcanic comendite, pantellerite,
and alkali-feldspar rhyolite. The Early Cretaceous AFS syenite and
quartz syenite are the only coeval silica-saturated plutonic rocks. In
fact, their emplacement represents the final stage of formation of the
plutonic complex consisting mainly of alkaline monzodiorite and
monzonite (Litvinovsky et al., 2002b).

The Late Mesozoic grabens were formed in parallel with the
development of metamorphic core complexes which are abundant in
southern Transbaikalia and Mongolia (Sklyarov et al., 1994; Donskaya
et al, 2008). In some metamorphic core complexes, gneissic PA
granite plutons occur, but their volume can only be determined by
detailed mapping. In the Zagan metamorphic core complexes, half a
dozen small (2-5 km?) PA granite stocks or buttes were mapped. The
strike and dip of the gneissosity in granite are conformable with that
of the surrounding metamorphic rocks, even though the intrusive
contact is conspicuous (Zanvilevich et al., 1985). This is best
exemplified by the Mangirtui pluton (Fig. 4; Number 2).

The available U-Pb and Rb-Sr age data for PA and AFS granitoids
and coeval volcanic suites of the MTB are summarized in Table 1. We
note that the Rb-Sr dates generally agree with the U-Pb ages, but the
latter show a better precision. The age data reveal three main stages of
emplacement of the highly alkaline granitoids: Early Permian (285-
270 Ma), Late Triassic (230-210 Ma), and Late Jurassic-Early Cretaceous
(~150 Ma and 130-120 Ma). The intrusions of PA and AFS granitoids are
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Fig. 4. Schematic map of the Western Transbaikalian Rift Province (after Yarmolyuk et al., 1998, and Donskaya et al., 2008). Numbers in circles: 1, locality of sampled comendite dikes
(Tables 2 and 3) in the Malo-Khamardaban volcanic-tectonic structure; 2, the Mangirtui pluton within the Zagan metamorphic core complex; 3, the Oshurkovo pluton. The inset
shows the distribution of Late Jurassic-Early Cretaceous (170-110 Ma) volcanic fields (after Yarmolyuk et al., 1998). The area within the box designates the Transbaikalian province.
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Table 1
Summary of the Rb-Sr and U-Pb geochronological data for highly alkaline igneous
suites from the central part of the Mongolian-Transbaikalian Belt.

Rock type Rb-Sr U-Pb
Age, Ma (®7sr/®5Sr)o  Sample Rock Age, Ma
no.
Bryansky Complex’
PA granite 28046 0.7053 + B627 PA 277+
(n=20) 0.0008 syenite 13
AFS syenite and granites 280414 0.7050 + B626- AFS 278 +
(n=6) 0.0010 1 syenite 1.6
Comendite, trachyandesite, 284 +4 0.7062 +
volcanic rocks (n=5) 0.0002
Khorinsk Complex® '°
PA syenite and granite 270+ 15 M340 PAgranite 278+
(n=5) 0.9
M350 PAgranite 273+
0.4
AFS syenite and granites 268+ 12 M347  AFS 279+
(n=5) syenite 1.9
Trachyte (bimodal 288 +5 0.7059 +
dyke swarm) (n=38) 0.0002
Kharitonovo Complex* °
PA syenite and granite 22141 0.7064 + A92 PA 229+
(n=18) 0.0004 syenite 0.6
871 AFS 230+
syenite 0.7
Malo-Kunalei pluton'®
PA quartz syenite A516 PA IOE=
granitic 0.6
pegmatite
Yermakovka pluton®
PA granite 224413 0.70658 +
(n=10) 0.0001
Tsagan-Hurtei volcanic suite®
Comendite, trachybasalt, 21245 0.7046 +
trachyte (n=13) 0.0006
Karenga pluton®
PA granite 209+5
Mangirtui pluton!
PA gneissic granite B611 PA granite 151.6+
0.7
Oshurkovo alkali monzonite-syenite Complex”
Monzonite-syenite 12248 0.7054+1
pegmatite (n=5)
Ust-Khilok pluton®™®
Monzonite, syenite 280418 0.7060 + B361-  syenite 2795+
(n=9) 0.0002 20 14
B343 syenite 2803 +
14

NE Mongolia °; Bimodal volcanic suite

Trachyrhyolite 27043
Trachyrhyolite 26443
Pantellerite 24945

References: ! Litvinovsky et al., 2002a; 2 Posokhov et al., 2005; 3 Litvinovsky et al.,
1995a,b; 4 Lykhin et al., 2001; ° Litvinovsky et al., 2001; © Stupak, 1999; 7 Litvinovsky
et al.,, 2002b; 8 Litvinovsky et al., 1999; ° Yarmolyuk et al., 2005; '© Reichow et al., 2003;
" Donskaya et al., 2008.

Abbreviations: PA, peralkaline; AFS, alkali-feldspar.

contemporaneous. The age of shoshonitic gabbro-monzonite-syenite
suite (Fig. 2) is similar to that of the Early Permian PA and AFS granite-
syenite suite (280 + 1.4 Ma), which is represented by the Ust-Khilok
pluton of about 700 km? in area (Litvinovsky et al., 1995b).

3. Analytical methods
3.1. Whole-rock chemical analysis

Major elements were analyzed using a combination of the wet
chemical method, atomic absorption spectrometry and titration. Some
trace elements (Rb, Sr, Ba, Y, Zr and Nb) were determined by XRF at the
Geological Institute, Siberian Division of the Russian Academy of
Sciences, Ulan-Ude. Rare earth and other trace elements (Hf, Ta, Th, U,
Ga, V, Cu, Pb, Zn, Sc and Cs) were analyzed by the ICP-MS method at
the Department of Geological Sciences, National Taiwan University
(NTU), Taipei, and at the Institute of Mineralogy and Geochemistry of
Rare Elements, Moscow. The analytical uncertainties are about 2% for
major elements, 5-10% for most trace elements, and 1-5% for all REE
except Lu (about 10%). The analytical procedures at NTU are briefly
described below.

Concentrations of trace elements were determined by ICP-MS
using an Agilent 7500 s spectrometer. Rock powders were first fused
to make glass beads for XRF major element determination. Used glass
beads were then powdered and dissolved in HF/HNOs (1:1) mixture
in capped Savilex beakers for >2h at ca. 100 °C, followed by
evaporation to dryness, refluxing in 7N HNOs; for >12h at ca.
100 °C. and finally, diluting the sample solution by 2% HNOs;. An
internal standard solution of 5 ppb Rh and Bi was added and the
spiked solution was diluted with 2% HNOs; to a sample/solution
weight ratio of 1:2000. An internal standard was used for monitoring
the signal shift during ICP-MS measurements. The analytical precision
for trace elements was <5% (2-sigma). For more details, see Yang et al.
(2005).

3.2. Sr and Nd isotope analyses

Sr and Nd isotopic compositions were determined at the Institute
of Earth Sciences (IES), Academia Sinica, Taipei. Powdered samples
were dissolved in Savilex bombs, following a series of standard
procedures until samples were completely dissolved. Isolation of Sr
and Nd was achieved using a 2-column technique, Sr fractions were
occasionally further purified using a third column. The first column
was packed with 2.5 ml cation exchange resin (Bio-Rad AG50W-X8,
100-200mesh) and was used to collect Sr and REE fractions. The
second column used for Sr purification was packed with 1 ml cation
exchange resin, identical to the above. The second column used for Nd
isolation was packed with 1 ml Ln-B25-A (Eichron) resin, which was
covered on top by a thin layer of anion exchange resin (Bio-Rad AG1-
X8, 200-400 mesh).

Mass analyses were performed using a 7-collector Finnigan MAT-262
mass spectrometer in dynamic mode. **Nd/'#*Nd ratios were normal-
ized against the value of *6Nd/'**Nd = 0.7219, whereas &’Sr/%5Sr ratios
were normalized to 36Sr/88Sr=0.1194. During the course of analysis,
measurements on NBS-987 Sr standard yielded 87Sr/86Sr = 0.710320 &
0.000036 (n=50) using the static mode, and =0.710237 & 0.000020
(n=8) using the dynamic mode. All 8’Sr/3Sr ratios reported herein
have been duly adjusted to NBS-987 =0.710250. Our measurements on
La Jolla Nd standard yielded 0.511864 + 0.000006 (n=4), and on JMC
Nd standard, 0.511821 4+ 0.000016 (n = 6). No further adjustment on Nd
isotopic ratios was made.

3.3. Melt inclusion analyses

The detailed analytical procedures were described in Kuzmin et al.
(1999) and Litvinovsky et al. (2001); only a brief description is given
below. Melt inclusions were analyzed using a heating stage with a
silicon-carbide heating element. The precision of temperature
measurement is better than + 10 °C for the interval of 700-1000 °C.
The homogenization temperatures (Tyom) Were measured in groups of
small inclusions (<5 pm), whereas the chemical composition was
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Table 2
Chemical composition of representative plutonic and volcanic highly alkaline rocks from the Mongolian-Transbaikalian Belt.
Sample no. B370 B626 B425 K117-4 B627 B388 A447-4 B382-2 B167-3 B386 M347 3070 M340 M350
Rock AFS syenite AFS PA syenite PA gran Comendite Basalt Andesite AFS syen AFS gran PA gran

Early Permian stage

Bryansky Complex Khorinsk Complex
Si0, (%) 62.70 64.6 73.4 63.6 65 72.6 718 72.5 493 619 65.8 7218 74 68.8
TiO, 0.65 0.69 0.14 0.88 0.62 0.3 0.51 0.42 1.34 0.6 0.51 0.3 0.25 0.31
Al,03 18.30 17.35 13.6 16 16.8 12 10.9 1 15.8 16.5 173 13.99 13 16.2
Fe,05 0.87 1.06 0.7 1.36 1.64 2.4 5.09 5.74 4.78 1.84 0.93 0.81 111 115
FeO 1.90 1.6 1.05 2.29 1.01 1.59 3.72 3.86 1.27 0.75 0.52 0.66
MnO 0.09 0.13 0.05 0.17 0.12 0.11 0.2 0.21 0.12 0.09 0.12 0.05 0.1 0.11
MgO 0.30 0.37 0.1 0.6 0.28 0.23 0.13 0.23 8.32 172 0.17 0.14 0.06 0.06
Ca0 0.98 0.51 0.12 0.3 0.75 0.15 0.02 0.25 6.7 2.8 0.38 0.56 0.03 0.06
Na,O 6.34 5.96 4.7 6.66 6.33 4.76 4.77 441 3.7 4.59 531 4.61 4.66 6.53
K,0 6.83 6.55 5.2 6.58 6.63 4.74 4.57 45 2.29 414 6.76 5.38 4.95 5.46
P,05 0.08 0.09 0.03 0.12 0.04 0.01 0.02 0.01 0.39 0.18 0.1 0.07 0.02 0.06
LOI 1.01 0.97 11 1.75 0.81 0.97 1.71 0.83 3.81 18 0.69 0.5 1.06 0.47
Total 100.05 99.88 100.2 100.31 100.03 99.86 99.72 100.10 100.27 100.2 99.34 99.34 99.76 99.87
Trace elements (in ppm)
Rb 97 96 170 82 130 190 260 270 43 100 120 210 220 147
Sr 190 64 47 14 34 5 38 13 810 660 28 46 4 5
Ba 880 160 250 100 80 47 10 24 620 1500 180 195 53 24
Nb 16 12 20 24 38 35 120 84 14 15 25 44 31 26
Ta 1.20 13 0.71 2.6 74 5.2 0.5 0.97 112 3.16 1.54 1.6
Th 5 10 23 4 1 67 51 4 15 16.82 45.18 21.72 13.1
u 24 38 2.5 3.46 739 2.77 2.56
Zr 340 120 190 250 930 470 2200 1550 220 310 970 500 330 465
Hf 10.0 6.2 42 18 53 36 4 83 20.0 125 8.9 1.9
Y 32 30 19 35 64 80 170 130 30 27 42 43 39 49
Ga 15 17 24 21 21 24 22 23.6 221 27
La 65 32 50 75 150 90 36 50 74 57 50 46
Ce 140 61 110 160 340 270 74 92 2454 141.2 95.78 100.5
Pr 17.5 12.8 9.0 11.0
Nd 69 15 42 60 110 67 34 35 63 43 30 39
Sm 11.0 19 7.8 10.0 19.0 14.0 6.5 6.6 105 79 5.1 74
Eu 1.80 0.21 11 1.01 1.6 11 1.6 12 0.76 0.45 0.32 0.33
Gd 7.8 6.0 42 6.2
Tb 130 0.26 0.84 2 43 31 0.71 0.8 127 1.04 0.71 1
Dy 6.8 6.2 43 6.8
Ho 1.36 132 0.94 143
Er 412 4.30 3.03 443
Tm 0.64 0.75 0.50 0.70
Yb 2.80 2 23 8.1 16 12 2 2.5 438 543 3.58 4.72
Lu 0.41 0.32 034 11 25 2 0.29 0.4 0.72 0.83 0.58 0.70
Eu/Eu* 0.52 0.34 0.46 0.28 0.23 0.21 0.81 0.58 0.26 0.20 0.21 0.15
NK/A 0.97 0.97 0.98 113 1.05 1.08 1.17 110 0.54 0.73 0.93 0.96 1.00 1.03
A/CNK 0.98 1.00 1.01 0.87 0.92 0.92 0.85 0.89 1.08 113 1.06 1.01 1.00 0.97
A/NK 1.03 1.03 1.02 0.89 0.96 0.93 0.85 0.91 1.84 137 1.08 1.04 1.00 0.97

Eu*=(Smn*Gdn)1/2 or (Smn*2/3+Tbn*1/3); NK/A=(Na,0+ K20)/Al,03, mol%.Eu*=(Smn*Gdn)1/2 or (Smn*2/3+Tbn*1/3); NK/A=(Na,0+ K,0)/Al,03, mol%.

Abbreviations: AFS = alkali feldspar; PA = peralkaline.

determined in larger inclusions (~30um), both heated (homoge-
nized) and unheated. The unheated melt inclusions provide better
data for the volatile content, particularly H,O, in magma, because
heating of inclusions >10 um in diameter to magmatic temperatures
usually caused partial loss of fluids (e.g., Student and Bodnar, 1999;
Reyf, 2004 and references therein). Homogenized melt inclusions
(artificial glass) were analyzed using a Camebax ion probe at the
UIGGM laboratory in Novosibirsk, Russia. The concentration of H,0, in
the form of hydrogen, was determined on an IMS-4f microanalyser at
the Institute of Microelectronics, Yaroslavl, Russia.

4. Analytical results and interpretation
4.1. Chemical compositions of the MTB granitoids

Major and trace element compositions were determined for about
200 samples collected from 12 igneous complexes and plutons (Fig. 2).

The full set of analytical data is given in Supplementary data (Tables S1
to S4). In Table 2 chemical compositions of 46 representative samples

are reported. Most of these samples were also subjected to Sm-Nd and
Rb-Sr isotope analyses.

Two successive suites of PA and AFS granitoids occurred in two
stages: Early Permian and Late Triassic (stages 1 and 2). The mean
compositions of the main rock types in the two suites are very similar.
The granitoids are highly enriched in alkalis, up to 13 wt.% in syenite
and 11wt.% in granite (Tables 2 and S1-S4; Fig. 5A). The syenites of
both PA and AFS suites are silica-oversaturated. The proportion of
normative quartz ranges from 3 to 8%; however, in quartz syenite of
later intrusive phase the quartz content attains 12-15%. The syenites
and granites of both stages have low Sr (<70 ppm), but are enriched in
Zr, Nb, Y and REE (Figs. 5 and 7). Fig. 5 indicates the A-type affinity of
the granitoids.

The PA and AFS granitoids of the two stages are best distinguished
by the agpaitic index NK/A (Table 2). Although both PA and AFS rocks
are mildly metaluminous to mildly peraluminous, their NK/A values
range from 0.90 to 0.99 in AFS rocks and from 1.01 to 1.10 (very rarely
up to 1.17) in PA rocks. Such a distinction in the agpaitic index is
mainly caused by higher Na,O/Al,03 ratio in PA granitoids. Fig. 6
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M-487 M511 B341 B361-20 B111 B-342 B517-3 B440 B444 1/7a B446-1 A13 716 722 725
Basalt Rhyolite Syenite Monzonite Gabbro Comendite Trachybasalt PA granite
Early Mesozoic stage
Ust-Khilok pluton Tsagan-Khurtei structure Atha pluton
51.7 75.2 61.20 62 574 489 48.7 745 72 46.93 45.82 74.4 74.16 73.02 72.32
1.47 0.21 117 0.68 1.09 141 1.52 0.29 0.34 2.69 2.7 0.25 0.23 0.42 0.42
174 12.8 17.40 18.3 19.19 174 17.8 10.7 10.95 16.19 16.5 11.38 11.08 12.11 12.47
437 1.83 2.55 179 2.68 6.06 319 4.08 6.7 12.48 13 11 0.88 2.2 1.77
52 0.57 2.44 1.02 2.92 438 6.7 3.08 2.56 1.37 1.68
0.16 0.02 0.11 0.09 0.12 0.18 0.14 0.06 0.15 0.17 0.15 0.1 0.1 0.13 0.12
3.81 0.2 1.07 0.5 1.65 434 53 0.23 0.2 6.37 6.45 0.14 0.13 0.23 0.3
8.34 0.2 2.00 145 3.36 8.94 7.9 0.4 0.2 8.12 8.02 0.2 0.21 0.26 0.31
4.6 425 5.34 5.7 4.45 3.81 3.76 3.22 5.03 4.02 423 4.29 4.74 498 512
1.86 423 5.67 7.68 5.47 2.01 2.01 5.95 417 11 0.29 444 453 4.68 4.94
0.36 0.04 0.26 0.14 0.42 0.51 0.82 0.04 0.05 1.02 1.05 0.02 0.02 0.02 0.03
1.08 0.36 0.37 0.61 0.66 1.88 23 0.64 0.59 0.9 2.05 0.54 0.76 0.57 0.5
100.35 99.91 99.58 99.96 99.41 99.82 100.14 100.11 100.38 99.99 100.26 99.94 99.4 99.99 99.98
Trace elements (in ppm)
98 200 105 120 62 62 29 207 135 10 11 162 133 133 133
692 16 380 260 1225 1260 1500 21 18 1188 1136 6 3 13 7
484 100 1300 800 4140 800 1100 62 110 596 490 56 46 44 53
10 42 27 9 7 6 1 42 55 11 10 54 40 37 32
0.65 334 0.55 0.31 0.46 3.29 3.56 238 21
4.08 4512 481 25 2 21 17 2.1 14.99 15 14 17
1.05 9.9 2.29 190 3.78
249 520 620 680 56 120 190 1024 1450 228 210 990 910 820 725
53 212 9.5 2.7 4 14 50 5.6 234 20.6 20.7 16.7
32.09 54 37 16 21 36 29 52 110 30 22 70 63 52 46
20.2 34 18.4 27 27 25 26
42 90 80 38 41 50 35 91 40 47 19 75 68 81
66.54 189 150 69.38 82 120 77 180 94 100 82 155 168 154
77 20.1 7.9 114 12.1 44 17.0 17.5 18.2
32 72 54 30 36 57 36 72 54.6 56 15 58 65 65
6.4 14.2 9.8 52 57 8.7 73 12.0 104 111 35 10.5 12.5 113
1.65 0.72 18 1.5 3 2 2 1.5 3.36 344 0.32 0.42 1.52 142
59 12.3 43 83 9.2 44 9.5 10.7 10.1
0.94 217 13 0.69 0.68 13 0.93 1.8 1.26 144 1.22 1.64 1.93 175
53 12.7 33 6.4 7.7 9.8 10.8 111 9.2
1.07 2.66 0.65 1.27 1.54 2.36 2.5 2.29 2.02
3 8.13 1.77 3.08 3.86 7.64 7.94 724 5.8
0.43 1.28 0.28 0.48 0.63 131 1.34 112 0.91
2.74 8.56 3.40 177 11 2.7 2 6.1 2.85 3.89 9.14 8.2 7.49 5.65
0.41 131 0.50 0.29 0.17 0.38 0.34 0.95 0.41 0.54 144 14 116 0.91
0.82 017 0.57 0.97 1.67 0.7 0.86 0.38 11 1.04 0.25 0.13 04 0.41
0.55 0.90 0.86 0.97 0.69 0.49 0.47 1.10 117 0.48 0.44 1.04 115 1.09 110
1.01 1.09 1.04 0.96 118 1.05 115 0.88 0.84 1.07 113 0.94 0.86 0.90 0.89
1.82 11 117 1.03 145 2.06 213 0.91 0.86 2.07 2.27 0.96 0.87 0.91 0.91

shows that PA granites and syenites are richer in Na,O than AFS rock
types with the same alumina content, both in the Early Permian and
Late Triassic suites; higher Na content could provide its excess with
respect to alkali feldspars and hence favors crystallization of Na-rich
mafic minerals.

In brief, we emphasize that despite a large time span (40-50 Ma)
between the two main highly alkaline syenite-granite intrusive
stages, the chemical compositions of silicic magmas do not show
significant difference (Fig. 7). Moreover, the order of emplacement for
the AFS and PA granitoids remains the same.

The late Mesozoic PA plutonic and volcanic rocks, as represented
by the gneissic granite from the Mangirtui pluton and the comendites
from the Malo-Khamardaban volcanic structure (see Fig. 4), are
chemically similar to their older equivalents. The compositions of the
samples from the Mangirtui pluton fall within the field of earlier
peralkaline granites (Figs. 5-8). The Early Cretaceous comendite has a
spidergram similar to that of the peralkaline granite (Fig. 8B), but
some distinctions with the older comendites can be observed. The
Cretaceous Oshurkovo alkali-feldspar syenite is characterized by the

anomalously high contents of Ba (3000-7000 ppm) and Sr (2500-
4500 ppm); as well as the enrichment in P,05 (0.12-0.23 wt.%). Such
chemical characteristics are probably inherited from the nature of its
parental magma (alkali monzonitic gabbro) and further enhanced by
fractional crystallization (Litvinovsky et al., 2002b).

4.2. Sm/Nd and Rb/Sr isotope data

The Sm/Nd and Rb/Sr isotope data are presented in Table 3 and are
further illustrated in Fig. 9. It was noted recently (Jahn, 2004 and
references therein) that PA and AFS granites of Central Asia commonly
show highly fractionated REE patterns, sometimes with the lantha-
nide tetrad effect. This leads to enhanced Sm/Nd ratios and negative
model ages (e.g., Jahn et al.,, 2001, 2004; Wu et al., 2002, 2004).
Concerning the initial Sr isotope ratios, the uncertainty in I(Sr)
calculation for individual samples increases with increasing 8’Rb/6Sr
ratios. When 87Rb/26Sr ratios are > 10, the induced errors in calculated
I(Sr) become too large to yield significant I(Sr) values for petrogenetic
interpretation (Wu et al., 2002; Jahn, 2004). In the following
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Table 2 (continued)

Sample no. 727 728 A516a KH14 866 870 3008 37-1 68-1 65-1 14 B611 A102  B590 A127 M77
Rock PA syenite PA syenite AFS syenite Monzodiorite ~ Monzonite  AFS syenite PA granite Comendite
Late Mesozoic stage

Kharitonovo Complex Oshurkovo pluton Mangirtui pluton Malo-Khamardaban
Si0, (%) 66.56 6494 66.1 63.3 66.06 6242 7115 44 53.00 62.0 66.24 712 73.8 71 723 73
TiO, 0.89 091 0.56 1.27 0.73 088 0.34 3.24 1.97 0.58 0.48 038 04 0.44 013 012
Al,03 15.04 1618 163 1623 1573 1859 14.56 13.1 16.85 19.0 16.1 12.8 1194 136 1352 13.25
Fe,03 2.07 2.01 0.2 2.61 5.98 3.01 1.88 1.69 134 195 2 144 171
FeO 141 11 2.88 1.68 429 293 264 421 4.45 132 1.29 1.81 155 0.97 125 118
MnO 0.17 0.14 0.1 0.15 0.1 012  0.08 0.09 0.09 0.02 0.03 017 0.2 0.17 015 014
MgO 0.62 0.75 0.36 0.72 0.44 0.77 014 71 338 0.50 0.63 022 024 0.2 0.09 012
Ca0 0.59 0.56 0.14 143 0.45 121 03 12.2 5.55 0.44 0.62 056 048 0.26 043 112
Na,O 6.49 6.71 6.5 5.46 5.9 535 4.62 332 4.57 6.00 534 503 415 5.6 533 55
K,0 5.45 5.72 5.5 6.09 5.65 6.2 5.33 2.39 3.94 6.83 6.19 491 47 5.06 452 4
P,0s 0.1 0.11 0.09 0.28 0.06 019 0.06 2.79 141 013 0.23 0.04 0.03 0.04 0.03 0.08
LOI 0.46 0.28 1.02 1.08 0.3 056 1 1.26 1.39 0.81 1.34 11 0.35 0.9 058 0.36
Total 99.85 9941 9975 100.3 99.71 9922 100.22 99.68 99.61 99.51 10018 9956 99.79  100.24 99.77  100.58
Trace elements (in ppm)
Rb 76 51 86 120 177 377 11 28 55 120 125 120 100 336 370
Sr 31 6 54 65 10 36 5100 5200 3100 2444 19 26 65 34.2 21
Ba 225 27 250 540 65 120 3200 4900 3900 3081 41 70 240 59.4 430
Nb 26 16 27 25 18.3 46 5 130 1.00 17 11 14 28 1074 120
Ta 1.77 0.72 0.98 134 8 0.46 6.3 3.77
Th 11 219 19 1 3624 22
U 0.83 4 831 549
Zr 990 290 890 520 228 503 130 370 290 590 750 1020 468 470
Hf 17.6 5.7 6.8 12.0 17.9 11.8
Y 61 31 38 50 37 56 24 13 4 9 28 20 63 251 33
Ga 31 30 27 29 26 33 29
La 53 43 96 48 30 62 85 62 47 56 49 71
Ce 119 91 210 101 55 132 240 150 93 120 86 157
Pr 14.1 12.8 13.9 8.8 19.1
Nd 56 53 90 49 23 50 160 92 39 51 24 68
Sm 10.9 9.6 15 8.4 6.8 83 21 12 42 8.8 3.8 124
Eu 1.98 1.56 35 13 21 0.51 6 3.9 2.2 0.73 0.3 0.73
Gd 10.1 8.2 74 8.1 52 8.1 3.7 104
Tb 18 12 2.2 15 0.74 0.23 118 057 173
Dy 10.7 6.4 5.0 6.6 3.6 6.9 34 10.1
Ho 228 1.26 123 072  2.01
Er 6.5 3.48 3.74 224  5.65
Tm 1.02 0.49 0.33 0.57 0.28 0.59 037 0.81
Yb 6.64 317 49 211 32 1.62 0.72 0.39 0.28 37 264 5.09
Lu 1.01 0.49 0.73 03 0.5 0.23 0.05 0.05 0.03 0.65 039 072
Eu/Eu* 0.58 0.54 0.71 0.5 0.24 0.99 114 1.86 0.27 025 0.2
NK/A 1.10 1.06 1.02 0.96 1.01 0.83 0.92 0.61 0.90 0.91 0.96 1.06 1.00 1.08 1.01  1.01
A/CNK 0.88 0.91 0.97 0.96 0.97 112 1.07 0.68 1.00 1.08 1.00 0.91 0.97 0.91 096 0.92
A/NK 091 0.94 0.98 1.04 0.99 1.20 1.09 1.63 143 1.10 1.04 0.94 1.00 0.93 099 0.99

petrogenetic discussion, we will restrict our use of I(Sr) values
obtained only from low 87Rb/2Sr samples, and, in some cases, from
isochrons of plutons which yielded Rb/Sr ages comparable with the
U-PDb zircon ages (Table 1).

As a whole, the granitoids and mafic plutonic rocks equally show a
similar variation in eNd(T) value from stage 1 to stage 3. Negative eNd
(T) values from — 1 to — 5 are characteristic of the Early Permian mafic
and felsic rocks (Fig. 9A and C). The Early Mesozoic rocks (Stage 2)
have higher ¢Nd(T) values, from —15 to +4, with dominantly
positive values. Negative eNd(T) values were observed only in the
oldest rocks from this stage (e.g. the Kharitonovo complex). The late
Mesozoic rocks (Stage 3), like the Early Permian granitoids (Stage 1),
have negative eNd(T) values of —2 to —3.5.

Nd model ages (Tpy) were calculated with a two-stage model for
felsic rocks (Keto and Jacobsen, 1987; DePaolo et al.,, 1991) and a
single-stage model for mafic rocks. The data in Table 3 show the
variation of model ages roughly mirroring that of the eNd(T) values
for different stages: 1000-1400 Ma for stage 1; 700-1100 Ma for stage
2, and 900-1200 Ma for stage 3.

There is little difference in eNd(T) and Tpy between the felsic
and mafic rocks, between the PA and AFS granitoids, as well as
between the syenite and granite formed in the same stage (Fig. 9A
and B). Note that the similar eNd(T) values are characteristic of
the different lithological associations of mafic and felsic rocks
(Table 3): volcanic trachybasalt and comendite (the Tsagan-Khurtei
volcanic suite; Early Mesozoic stage); peralkaline syenite and cross-
cutting trachyandesite dykes (the Bryansky Complex; Early Permian
stage); and K-rich gabbro and syenite (the Ust-Khilok pluton; Early
Permian).

The I(Sr) values in felsic and basic rocks from 5 plutons overlap
significantly (Table 3). Though the I(Sr) values calculated for
individual granitoid samples show a fairly wide range, data obtained
from the Rb/Sr isochrons for a number of plutons (Bryansky, Khorinsk,
Kharitonovo in Table 1) proved to be rather similar, varying from
0.7053 to 0.7064. The values are close to those of mafic rocks (Table 3)
and almost completely overlap with the range given for Late Paleozoic
and Mesozoic basalts from the bimodal volcanic suites of Transbai-
kalia, 0.7043-0.7061 (Yarmolyuk et al., 1998, 2001, 2002).
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Fig. 5. Geochemical plots of the Early Permian (Stage 1) and Late Triassic (Stage 2) syenite-granite suites and peralkaline granite from the Mangirtui pluton (Late Jurassic, stage 3):
A and B, 1000*Ga/Al vs (Na,0 + K,0) and 1000*Ga/Al vs Zr plots of Whalen et al.(1987); Abbreviations: M, S & I represent mantle, S-type and I-type granites, respectively.

4.3. Results of melt inclusion study

Melt inclusions trapped by growing magmatic minerals can
provide considerable information on the composition, temperature
and volatile content of magmas (Roedder, 1979; Reyf, 1997; Thomas
and Klemm, 1997; Webster and Rebbert, 2001). We performed a melt
inclusion study for the PA syenite, granite and comendite of the
Bryansky Complex (ca. 280 Ma; Litvinovsky et al., 2002a) and for the
comendite, trachyte, trachybasalt from the Tsagan-Khurtei volcanic
suite (ca. 210 Ma). Most of the inclusion-bearing phenocrysts are quartz.
However, in the porphyritic nordmarkite from a contact chilled zone,
melt inclusions in clinopyroxene were studied, whereas in basic rocks,
meltinclusions in olivine and clinopyroxene phenocrysts were analyzed.

The results are presented in Table 4. The data indicate that the
temperature of nordmarkite magma (930 °C) at the depth of the
Bryansky Complex emplacement is significantly higher than that of PA
granite magma (760-790 °C). Unusually high homogenization tempera-
tures (Thom), up to 1100 °C, are also found for comendites of the Early
Permian and Late Mesozoic eruption stages, whereas a broad range of
Thom (750-1100 °C) was measured for quartz phenocrysts. The Tyom in
three comendite samples (B440, B444, B456) seems to show an inverse
correlation with the H,O content (Table 4). The H,O content increases
from 0.4 to 2.85wt.%, whereas the Tj,,,, decreases from 1100 °C to 750-
780 °C. Regarding the halogens, all peralkaline silicic magmas contain
enhanced Cl concentrations (0.2-0.3wt.%), but show uneven distribu-
tion of F, from <0.3 wt.% (below the limit of detection) to ~1.6 wt.%. High F
concentration is observed for PA granite with low T, and for comendite
with moderate Tyom (Sample A447-5).

5. Discussion
5.1. Tectonic setting and emplacement periods of the granitoids

The fact that the three stages of PA and AFS granitoid magmatism
occurred within the Mongolian-Transbaikalian Belt during a period of
120My is rather unusual. In other belts shown in Fig. 1 only one or two
stages are recognized. Also uncommon is the emplacement of similar
magmatic sequences separated by a time interval of ~50 Ma, in the
Early Permian and Late Triassic. To account for these facts, we discuss
below the main late Paleozoic magmatic and tectonic events in the
eastern half of the CAOB, with special reference to the MTB and
adjacent terranes.

By the end of the Carboniferous, the CAOB was a vast accreted
continental margin of the “Siberian continent” (= Siberian craton +
accreted CAOB; Mossakovsky et al., 1994; Kovalenko et al., 2004;
Buslov et al., 2004; Windley et al., 2007). The continental margin
formed in two stages, the Early Paleozoic (“Caledonian”) and the Late
Paleozoic (“Hercynian”), as a result of northward subduction of the
oceanic lithosphere (Kovalenko et al., 2004; Windley et al., 2007). The
Solonker suture of Inner Mongolia represents the southern termina-
tion of the CAOB (Fig. 1; Sengor et al., 1993; Xiao et al., 2003, 2004). In
the Late Carboniferous and Early Permian an oceanic basin (Paleo-
Asian ocean) still existed to the south of the active continental margin
(present day coordinates). In the northeastern part of the CAOB the
Mongol-Okhotian oceanic basin extended from the northeastern
Mongolia to the Okhotian Sea (Fig. 1).

The generation of the PA and AFS granitoids is closely linked with
the continental rifting of the CAOB. The Late Paleozoic-Early Mesozoic
“Central Asia Rift System”, a term proposed by Kovalenko et al. (2004),
stretches over 5000 km from southeastern Kazakhstan to the Russian
Far East, and the granite belts mark the sites of the large rifts (Fig. 1).

Figs. 1 and 2 show that three stages of highly alkaline granitoid
emplacement can be recognized in the central and eastern parts of the
CAOB: Late Paleozoic (~320-260 Ma), Early Mesozoic (230-190 Ma)

Peralkaline

Na,0 (%)

o Stage |
3 Stage2
s Stage 3
Alkali feldspar
O Stage |
[ Stage2

10 12 14 16 18
ALO;3 (%)

Fig. 6. Al,05 vs Na,O plot showing that the chemical compositions of the same rock
types from different stages overlap almost completely. Peralkaline granite of the
Mangirtui pluton (stage 3, Late Jurassic) also falls in the peralkaline granite field.
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Fig. 7. Ato C, SiO, vs Rb, Sr, Zr plots for peralkaline syenite and granite of Early Permian (stage 1) and Late Triassic (stage 2) and for granite from the Mangirtui pluton (Late Jurassic,
stage 3). D, REE patterns for Early Permian (Stage 1) and Late Triassic (Stage 2) peralkaline granites and for Late Jurassic (Stage 3) peralkaline granite (the Mangirtui pluton).

and Late Jurassic to Early Cretaceous (160-120 Ma). These stages are
essentially similar to that recognized in the MTB alone, though the
intervals of magmatic activity are slightly longer. Note that in the
western part of the CAOB (central and eastern Kazakhstan) PA and AFS
granitoids are also abundant and they have been studied in some
detail (Leontyev et al., 1981; Yermolov et al., 1988; Heinhorst et al.,
2000), but reliable isotopic age data are very scarce. Based on the field
relations, the available paleontological data and K-Ar dates, two
stages of magmatism, Early Permian and Permian-Triassic, have been
recognized in the region (Leontyev et al., 1981).

5.1.1. The Late Paleozoic magmatism (Stage 1)

The emplacement of Late Paleozoic highly alkaline granitoids and
bimodal volcanic rocks began at 314-318 Ma. So far, these rocks are
known only in two places in the Noyon and Tost Ranges of southern
Mongolia (Table 5; belt 8 in Fig. 1). Most Late Paleozoic PA and AFS
granites and syenites in eastern CAOB were emplaced during the
period of 300-280 Ma (Figs. 1 and 2; Tables 1 and 5). In the Great
Xing'an Mountains and Gobi-Tien Shan belts almost all dated plutons
are late Carboniferous to Early Permian, from 295 to 270 Ma (Fig.1). To
the north of the Gobi-Tien Shan belt, in central Mongolia and eastern
Junggar (Fig. 1, belts 5, 6 and 7), PA granite plutons of 295-275 Ma are
also present (Table 5; Fig. 1). Further to the north in the MTB (Fig. 1, belt
1) the two largest igneous complexes, Bryansky (Fig. 3) and Khorinsk
(Fig. 2), formed between 285 and 270 Ma (Fig. 2; Table 1). Thus, the
Late Carboniferous-Early Permian stage of highly alkaline granitoid
magmatism was manifested simultaneously in all granite belts of the
CAOB. However, the tectonic setting during the granite emplacement
was not the same in all belts.

The Mongolian-Transbaikalian belt formed within a continental
plate more than 1000 km to the north from the border of the Paleo-Asian
ocean, but only few hundred kilometers from the Mongol-Okhotian
oceanic basin. The period of massive granitoid emplacement started
with several pulses of high-K calc-alkaline granite and quartz monzonite

making up one of the largest granitoid complexes in the CAOB, the
Angara-Vitim batholith (150,000 km? in area), during 330 Ma to
285 Ma. This stage was followed (with partial overlap in time) by
voluminous intrusion of two-feldspar monzogranite, syenogranite and
quartz syenite during 305-285 Ma (Litvinovsky et al., 1999; Tsygankov
et al, 2007). Finally, the emplacement of Early Permian PA and AFS
granitoids completed the 60My-long period of post-collisional mag-
matic activity in Transbaikalia (Yarmolyuk et al.,, 2005; Tsygankov et al.,
2007 and references therein).

The Gobi-Altai belt (Fig. 1, belt No. 5) was formed in within-plate
setting during the Permian (275-260 Ma; possibly to 250 Ma). The
tectonic setting of the Great Xing'an granite belt (Fig. 1, belt No. 2) is
debatable. According to Wu et al. (2002 and references therein), the
emplacement of highly alkaline granites followed the collision of the
Siberian Plate and the Xing'an Block. On the other hand, the tectonic
reconstructions by Khanchuk and Mikhailov (1989), Zonenshine and
Kuzmin (1993), and Parfenov et al. (2003 ) showed that in the Permian the
Xing'an Block was part of the Burean massif located far to the south, on the
opposite side of the Mongol-Okhotian ocean. If this is the case, we may
suggest that the Early Permian peralkaline granite belts were produced
and evolved simultaneously on the both sides of the paleo-ocean.

5.1.2. The Early Mesozoic magmatism (Stage 2)

The Early Mesozoic highly alkaline granitoids are also abundant
throughout the CAOB. Reliable age data, ranging from 230 to 190 Ma,
have been obtained for some terranes in Transbaikalia, eastern
Mongolia and northeastern China (Tables 1 and 5; Figs. 1 and 2).

The central and northeastern parts of the MTB are considered by
Yarmolyuk et al. (2002) as a northern portion of the Early Mesozoic
Mongol-Transbaikalian igneous province (Fig. 1). The core of the
province is occupied by the Khentei-Daurian batholith, which is made
up mostly of high-K calc-alkaline granite, whereas the border zones
are rifts that controlled the location of PA and AFS granitoids. The calc-
alkaline and alkaline granites were emplaced during the same time
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Fig. 8. Primitive-mantle-normalized spidergrams for the plutonic and volcanic felsic rocks. A, Early Permian (stage 1, open field) and Late Triassic (stage 2, gray and dotted fields) PA
and AFS syenites and granites. For clarity, only the maximum and minimum abundances are shown for each rock type (Tables 2 and S1-S4, Supplementary data). These plots
demonstrate a great similarity of the same rock types of different ages. B, comendites of the three stages and the compositional field of peralkaline granites (gray field). Normalizing

values are from Sun and McDonough (1989).

span of 227-207 Ma. Consequently, the Late Triassic AFS and PA
granitoids of the MTB were actually part of the large igneous province
as defined by Yarmolyuk et al. (2002).

The emplacement of the PA and AFS granites in the Zhangguangcai
belt (NE China) occurred in a within-plate setting, soon after the
collision of the Songliao-Jiamusi block with the North China craton
during the Jurassic (Wu et al., 2002, 2007b).

5.1.3. The Late Mesozoic magmatism (Stage 3)

Extensive within-plate igneous activity was manifested in several
provinces of the CAOB during 170-120 Ma (Yarmolyuk et al., 1998;
Kovalenko et al., 2004). Peralkaline and alkali feldspar granites were
emplaced in central CAOB (western Transbaikalia, southern Hangai
and eastern Mongolia) as well as in NE China (Jahn et al., 2001; Wu
et al,, 2002, 2003a,b, 2004; see Fig. 4, Inset). The volcanic domains
overlap significantly with the Late Paleozoic and Early Mesozoic
granite belts described above. Together they form the “Central East
Asia intraplate province”. This province is characterized by the
occurrence of trachybasalt, trachyandesite, phonolite, trachyte, and
subordinate trachyrhyolite and ongonite. These rocks are mainly
confined to large tectonic depressions (Fig. 4). Along with Jurassic and
Cretaceous depressions, a number of metamorphic core complexes
also evolved within the Central East Asia intraplate province (Windley
et al., 2007; Donskaya et al., 2008). A number of small Late Jurassic

(~150 Ma) peralkaline granite plutons were spaced with the meta-
morphic core complexes. The next stage of peralkaline silicic
magmatism occurred in the Early Cretaceous (120-130 Ma), which
was represented in Transbaikalia by a small amount of comendite and
pantellerite (Fig. 4). In NE China, four Early Cretaceous PA and AFS
granite plutons have been found (Fig. 1; Table 5). These granites are
related to rifting that followed the subduction of the Paleo-Pacific
Plate in Cretaceous (Wu et al., 2002, 2005).

5.2. Mantle-derived component in the PA and AFS granitoids of the MTB

5.2.1. Isotopic arguments

A-type granitoids are known to have multiple origins, but in many
cases, mantle-derived material, rather than the continental crust
material, seems to have played the dominant role in their petrogen-
esis (e.g. Wickham et al., 1995; Liégeois et al., 1998; Wu et al., 2002;
Bonin, 2004, 2007; Jahn, 2004). In the present study, the granitoids
from stages 1 and 3 have slightly negative ¢eNd(T)) values, —1to —5
and —2 to —3.5, respectively, whereas slightly positive values (—1
to +4; with the great majority from 0 to +4) prevail in stage 2 rocks
(Fig. 9). Note that the coeval, mantle-derived gabbros and basalts
from the bimodal volcanic suites associated with the highly alkaline
granitoids also show similar negative ¢Nd(T) values, from —0.5
to —4.5, and similar model ages (Fig. 9; Table 3). In fact, Yarmolyuk
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Table 3

Sr-Nd isotope data of Late Paleozoic and Mesozoic PA and AFS granitoids and related volcanic rocks from the Mongolian-Transbaikalian Belt.

2

Sample no.  Rock Locality Age Rb Sr 87Rb/%%sr  87Sr/%6sr 2 om  (®7Sr/%%Sr)r  Sm Nd 47sm/14Nd  3Nd/"Nd  2o0pn &N f(Sm/ &N T " T
(pluton name)  (Ma) (0) Nd) (T) (Ma) (Ma)
Early Permian stage
B 626 AFS syenite Bryansk 280 105 55.8 548 0.726765 7 0.70494 16.37 97.70  0.1013 0.512293 4 —6.7 —049 —33 1161 1349
B 626-1 AFS syenite Bryansk 280 112 58.0 5.62 0.727423 8 0.70502 9.61 6243  0.0931 0.512301 5 —6.6 —053 —29 1072 1325
B425 AFS granite Bryansk 280 187 47.0 11.6 0.749261 7 0.70323 2.09 1473 0.0858 0.512320 4 —62 —056 —22 989 1284
B627 PA syenite Bryansk 280 142 45.5 9.03 0.739562 8 0.70359 18.74 113.46  0.0999 0.512317 4 —63 —049 -—28 1115 1308
B388 PA granite Bryansk 280 204 71 86.0 1.037942 10 0.69543 10.92 5644 0.1170 0.512364 4 —53 —041 —25 1237 1256
A447-4 comendite Bryansk 285 265 39.0 19.8 0.785460 8 0.70517 21.81 116.14  0.1135 0.512356 4 —55 —042 25 1207 1265
B382-2 comendite Bryansk 285 275 141 57.8 0.938820 10 0.70443 15.35 76.07  0.1220 0.512342 4 —58 —038 —31 1341 1299
B167-3 trachybasalt Bryansk 285 536 1241 0.125 0.705945 8 0.70544 7.60 3912 0.1174 0.512436 4 -39 —-040 -—11 1130 1142
B385 trachyandesite Bryansk 285 112 620 0.524 0.708063 7 0.70594 5.93 3436  0.1043 0.512295 5 —6.7 —047 —33 1191 1350
B386 trachyandesite Bryansk 285 125 639 0.565 0.707993 6 0.70570 5.77 33.04 0.1056 0.512290 5 —68 —046 —35 1211 1359
M-347 AFS syenite Khorinsk 280 130 30.7 12.3 0.751267 10 0.70226 10.18 62.51 0.0985 0.512295 4 —6.7 —050 —32 1130 1342
3070 AFS granite Khorinsk 280 215 37.0 16.9 0.768745 7 0.70152 7.98 4469 0.1080 0.512311 5 —64 —045 —32 1209 1329
M-340 PA granite Khorinsk 280 233 5.4 130.9 1175625 19 0.65401 5.06 30.63 0.1000 0.512352 5 —56 —049 21 1069 1253
479 PA granite Khorinsk 280 219 7.5 87.1 1.018060 8 0.67089 6.07 3598 0.1020 0.512253 4 —75 —048 —41 1223 1414
M-350 PA granite Khorinsk 280 147 7.0 62.6 0.943791 12 0.69441 7.20 3891 0.1119 0.512379 4 —5.1 —043 —20 1154 1226
M-487 trachybasalt Khorinsk 285 96.8 630 0.444 0.706933 7 0.70513 6.14 31.02 0.1197 0.512480 6 —31 —-039 —03 1086 1075
M-342 trachyandesite Khorinsk 285 430 641 0.194 0.705841 7 0.70505 5.78 29.22  0.1196 0.512488 7 —29 —-039 -—-01 1072 1062
M-492 AFS rhyolite Khorinsk 285 260 10.3 74.9 0.978381 15 0.67465 6.74 31.91 0.1276 0.512327 6 —6.1 —035 —36 1455 1330
M-511 AFS rhyolite Khorinsk 285 208 204 29.8 0.831608 12 0.71057 8.95 4596 0.1177 0.512357 4 —55 —040 —26 1257 1269
M-501 syenite, country rock  Khorinsk 280 50.2 393 0.370 0.706927 6 0.70545 543 3499 0.0938 0.512311 6 —64 —052 —2.7 1066 1310
530 AFS syenite Ubur-Tashir* 280 82 618 0.384 0.708926 11 0.70740 4.00 21.00 0.1152 0.512415 6 —44 —041 —14 1136 1172
536 AFS granite Ubur-Tashir* 280 425 12 108.3 1.285644 43 0.85434 12.00 59.00 0.1230 0.512279 5 —70 —037 —44 1461 1401
B341 syenite Ust'-Khilok 280 122 400 0.883 0.709423 13 0.70591 11.00 68.00 0.0978 0.512246 7 —76 —050 —41 1188 1419
B361-20 syenite Ust'-Khilok 280 529 148 1.03 0.711615 g 0.70749 3.30 1749 01141 0.512238 6 —78 —042 —49 1393 1454
B111 monzonite Ust'-Khilok 280 489 1095 0.129 0.706773 10 0.70626 6.50 3631  0.1082 0.512263 7 —73 —045 —42 1280 1406
B342 alk. gabbro Ust'-Khilok 280 76 1500 0.147 0.706967 12 0.70638 11.00 57.00 0.1167 0.512263 5 —-73 —041 —45 1391 1418
B517-3 alk. gabbro Ust'-Khilok 280 342 1489 0.066 0.706025 10 0.70576 719 3833 01134 0.512275 6 —-71 —042 —41 1328 1394
B144 syenite Nadeino 270 51.3 221 0.672 0.709797 10 0.70722 6.62 3595 0.1113 0.512297 7 —6.7 —043 —3.7 1269 1356
Early Mesozoic stage
B440 comendite Tsagan-Khurtei 210 217 19.4 32.6 0.789440 8 0.69204 1143 61.28  0.1128 0.512670 4 06 —043 29 725 761
B444 comendite Tsagan-Khurtei 210 135 18.2 21.6 0.763315 8 0.69879 18.74  100.50  0.1127 0.512676 4 0.7 —043 3.0 716 752
1/8a comendite Tsagan-Khurtei 210 162 12.2 38.8 0.820440 23 0.70444 12.10 66.70  0.1097 0.512625 7 —03 —044 21 770 829
1/6a trachybasalt Tsagan-Khurtei 210 12.7 988 0.037 0.704550 15 0.70444 6.09 30.09 0.1224 0.512632 7 —0.1 —0.38 19 865 835
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1/7a trachybasalt
B446-1 trachybasalt
A13 PA granite
A13-1 PA granite
L716 PA granite
L722 PA granite
L725 PA granite
L726 PA syenite
L727 PA syenite
L728 PA syenite
A65 PA granite
A66 PA granite
ERM-400 PA granite
ERM-411 PA granite
B69-1 Afs syenite
B69-2 Afs syenite
A519 PA syenite
A516a PA syenite
KH14 Afs syenite
870 AFS syenite
3008 AFS granite
866 PA syenite

Late Mesozoic stage

34-1 monzonite
37-1 monzodiorite
65-1 AFS syenite
14 AFS syenite
A102 PA granite
B590 PA granite

Tsagan-Khurtei
Tsagan-Khurtei
Atha

Atha

Atha

Atha

Atha

Atha

Atha

Atha

Kuka*

Kuka*
Yermakovka
Yermakovka
Ara—Bilutay*
Ara-Bilutay*
Malo-Kunaley
Malo-Kunaley
Kharitonovo
Kharitonovo
Kharitonovo
Kharitonovo

Oshurkovo
Oshurkovo
Oshurkovo
Oshurkovo
Mangirtui
Mangirtui

210
210
210
210
210
210
210
210
210
210
210
210
226
226
230
230
220
220
230
230
230
230

130
130
130
130
150
150

10
16.9
174
174
160
150
150
70
83
60
110
148

186
153
433

130
65

272
175

9.6
133
524
119
76.2
56.4

1188
1136
7

19

6

17

9

24
30

8

14
14

225
237
221
54
85
89
30
14

6310
4741
3065
2539
9.4
25.6

0.024
0.043
73.8
26.7
78.6
25.7
48.9
8.46
8.02
21.8
228
309

2.39
1.87
5.66
4.61
443
211
26.5
36.6

0.0044
0.0081
0.0495
0.135
235
6.38

0.705060
0.704340
0.972651
0.795791
0.901733
0.780302
0.841547
0.729413
0.729600
0.759577
0.785788
0.803614

0.710171

0.709431
0.724745
0.718594
0.719194
0.714243
0.795004
0.831658

0.705120
0.705135
0.705470
0.705667
0.762697
0.728695

U1 o

—

13

0.70499
0.70421
0.75231
0.71598
0.66695
0.70352
0.69565
0.70416
0.70564
0.69444
0.71738
0.71141

0.70234
0.70332
0.70703
0.70416
0.70470
0.70733
0.70846
0.71191

0.70511

0.70512
0.70538
0.70542
0.71250
0.71508

7.22
8.08
3.80
17.00
11.00
12.00
11.00
10.00
12.00
11.00
6.00
6.00

10.00
5.00
533
7.00

12.00

14.00
4.80

29.00

14.46

25.11
6.12
714
5.45
6.92

37.40
41.09
17.00
82.00
65.00
70.00
64.00
58.00
65.00
65.00
30.00
32.00

67.00
33.00
28.23
42.00
67.00
77.00
31.00
155.00

93.20
153.10
48.10
55.90
33.40
38.50

0.1167

0.1189

0.1351

0.1253
0.1023
0.1036
0.1039
0.1042
0.1116

0.1023
0.1209
0.1134
0.1450
0.0616
0.0902
0.0916
0.1141

0.1008
0.1083
0.1099
0.0936
0.1131

0.0938
0.0992
0.0769
0.0772
0.0986
0.1087

0.512646
0.512694
0.512657
0.512664
0.512622
0.512619
0.512616
0.512620
0.512652
0.512634
0.512556
0.512585
0.512506
0.512381
0.512515
0.512514
0.512689
0.512718
0.512468
0.512513
0.512336
0.512496

0.512451
0.512437
0.512387
0.512358
0.512427
0.512438

—_
LU ANV DNDO RN NNOO AN

[e2BEN NSNS, [T, T, |

0.2
1.1
0.4
0.5
—-03
—-04
—-04
—04
03
—0.1
—16
—1.0
—26
=50
—24
—24
1.0
1.6
—-33
—24
=50
—28

—36
-39
—49
=55
—41
=5

—041
—0.40
—0.31
—0.36
—048
—0.47
—0.47
—047
—043
—0.48
—0.39
—0.42
—0.26
—0.69
—0.54
—0.53
—0.42
—0.49
—0.45
—0.44
—0.52
—0.42

—0.52
—0.50
—0.61
—0.61
—0.50
—0.45

=29
—03

—2.0
=23

—35
=22
=27

792
734
957
839
723
736
742
739
744
707
976
859
1427
771
784
794
706
584
986
936
1033
991

889
949
851
885
958
1033

805
731
813
788
824
831
836
830
789
805
955
898
1110
1112
979
982
733
668
1078
1009
1270
1040

1087
1114
1165
1211
1131
1127

Pluton names with star (*) are given by assumed ages; Sample numbers with superscript “a”, such as, 1/8a are after Yarmolyuk et al. (1999).
Model age calculation: (1) Tpm — 1 (one-stage Sm-Nd model age) is calculated assuming a linear Nd isotopic growth of the depleted mantle reservoir from eéNd(T) =0 at 4.56 Ga to + 10 at the present time.
Tom—1=1/AIn{1+[(**3Nd/"**Nd)s — 0.51315]/ [(*#’Sm/#*Nd)s — 0.2137])}, where s = sample, A = decay constant of '#’Sm (0.00654 Ga™!).

(2) Tom — 2 (two-stage model age) is obtained assuming that the protolith of the granitic magmas has a Sm/Nd ratio (or fs,/Nd value) of the average continental crust (Keto and Jacobsen, 1987): Tppm — 2 =Tpm1 — (Tom1 — t) (fcc —f5) / (fec — fomy,
and fom/na=[(*7Sm/'*Nd)s / ("*"Sm/"*Nd )cyur] — 1 where fec, f5, and fpy are fsmna Values of the average continental crust, the sample and the depleted mantle, respectively. In our calculation, fcc = —0.4 and fpy =0.08592 are used, and

t=intrusive age of granite.
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Fig. 9. A, eNd(T) vs intrusive age (Ma) diagram for the granitoids and mafic rocks from
the MTB. Data for basalts are from Yarmolyuk et al. (1998; 2002). B, eNd(T) vs SiO, plot
for the same rocks as in A.

et al. (1998, 2002) have earlier reported that Late Paleozoic to Late
Mesozoic K-rich basalts of the MTB are characterized by near-zero to
slightly negative ¢Nd(T) values (Fig. 9A). We interpret such an
isotopic signature to be characteristic of the contemporaneous
enriched mantle beneath the MTB.

As for the Sr isotopic compositions, a significant overlap in I(Sr)
values is observed in granitoids, gabbros and basalts (Tables 1 and 3).
Most samples, regardless of mafic or felsic compositions, have a
limited I(Sr) range from 0.7053 to 0.7064. If only the data of rocks
with 87Rb/86Sr<10 are used, the range is also identical, from 0.7050 to
0.7060. The only possible exception is peralkaline gneissic granite
from the Mangirtui pluton that was emplaced during formation of a
metamorphic core complex in Late Jurassic. The calculated I(Sr) value
for this rock type is 0.7151 (Table 3), which suggests involvement of a
Precambrian crustal component.

Thus, radiogenic isotope data suggest that at each stage of
magmatic activity highly alkaline silicic magmas were derived either
from a mantle source or from mantle-derived mafic rocks in the lower
crust. An enriched mantle source was likely responsible for the
formation of the Early Permian and Late Mesozoic rocks, whereas a
mildly depleted source was envisaged for the Early Mesozoic
granitoids. The evidence of mantle-derived sources was corroborated
by a study of oxygen isotopes in titanite and quartz from PA and AFS
granitoids from Transbaikalia (Wickham et al., 1995; Litvinovsky et al.,
1999). A detailed description of the analytical techniques is given in
Wickham et al. (1996). These workers showed that §'80 values in Ttn,
Qtz and WR samples from AFS quartz syenite and PA granite of the

Kharitonovo pluton (see Fig. 2) were mantle-like: 2.8-3.8%. (Ttn),
7.6-8.1%. (Qtz), and 6.2-7.6%. (WR). At the same time, in granites
making up the Late Carboniferous Angara-Vitim batholith the 6'30
values are characterized by dominantly crustal source: 7.2-7.6%. (Ttn),
11.1-13.4%. (Qtz), and 10.7-12.2%. (WR).

5.2.2. Geological evidence

In a recent review Bonin (2007) drew attention to important non-
isotopic evidence for the mantle origin of A-type granites. In
particular, he pointed out that large volumes of PA granite and syenite
formed in regions with oceanic crust (i.e. Kerguelen Archipelago) and
stressed that no peralkaline granite liquids had been produced
experimentally from crustal materials, and no leucosomes of A-type
composition had been detected in magmatic terranes. The data
presented in this paper reinforce the non-isotopic arguments for the
“mantle origin” of the AFS and PA granitoids of the MTB.

It is shown in Fig. 1 that the PA and AFS granitoids, along with the
associated bimodal volcanic suites, form a network of very large belts
controlled by the Central-Asian Rift System. Although the belts are
superimposed on different terranes or crustal blocks (e.g., Precam-
brian microcontinental blocks; the early Paleozoic “Caledonian” and
the late Paleozoic “Hercynian” terranes), there is no correlation
between the nature and age of the terrane and the composition of the
granitoids. Moreover, the granitoids emplaced in the three stages
(285-270 Ma, 230-210 Ma and 150-120 Ma) have broadly similar
compositions (Figs. 5-8). This concerns not only the granites, which
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Table 4
Homogenization temperature (Thom, °C) and fluid contents in melt inclusions in
phenocrysts of quartz and mafic minerals from the plutonic and volcanic rocks.

Sample Rock Moy € Fluid component

number E al H,0
Bryansky Complex (280 Ma)

B527-6 Nordmarkite (Cpx) 930-940 - 2.2 n.d.
B389 Peralkaline granite 760-790 1.6 2.6 n.d.
B388 Peralkaline granite 700-720 14 2.5 n.d.
M250-7 Comendite 1100 - 0.14 n.d.
B603-4 Comendite 1090 - 0.65 n.d.
B600-1 Comendite 1090 0.66 0.19 n.d.
A447-7 Comendite 980-1020 - 0.26 n.d.
A447-5 Comendite 920-930 n.d. n.d. n.d.
B382-2 Comendite 850-880 n.d. n.d. n.d.
A452-1 Comendite 860-880 n.d. n.d. n.d.
Tsagan-Khurtei volcanic field (212 Ma)

440° Comendite 1030-1100 0.85 0.29 04

450 Comendite 1050-1100 n.d. n.d. n.d.
444* Comendite 885-920 0.6 0.25 2.35
443 Comendite 870 n.d. n.d. n.d.
456 Granite porph 750-780 - 0.12 2.85
448 Essexite (Cpx) 1130-1160 n.d. n.d. n.d.
446-1 Trachybasalt (Ol) 1280-1320 n.d. n.d. n.d.

Cpx, clinopyroxene; Ol, olivine; the rest are quartz crystals.
-, below the detection limit; the detection limit for F<0.3 wt.%, for Cl = 0.05—0.07 wt.%,
for H,0<0.02 wt.%.
n.d., not determined.
Major and selected trace element compositions of the studied melt inclusions are in
Litvinovsky et al.(2002a) and Kuzmin et al. (1999).

¢ Samples in which fluids were determined in the unheated melt inclusions.

can be regarded as highly evolved products, but also Qtz-bearing
syenites which have compositions far away from the granite eutectics.
Such particular chemical characteristics of the granitoids and the
control of their distribution by large continental rift zones suggest the
dominant role of the “mantle component” in the generation of these
silicic magmas.

It was shown that quartz-bearing to quartz syenites are abundant
both in the PA and AFS granitoid suites of the MTB (Fig. 3; Litvinovsky
et al,, 1999, 2002a). The common presence of syenites is noted in
highly alkaline granitoid suites throughout the CAOB (Leontyev et al.,
1981; Yarmolyuk et al., 2002, 2005) and in many A-type granite
localities of the world (e.g. Whalen et al., 1987; Bonin, 2007). Although
it is possible to generate syenitic magma by partial melting of a
metasomatized mantle (Sutcliffe et al., 1990; Lynch et al., 1993), the
more plausible mechanism is by partial melting or fractional crystal-
lization of an alkali rich basalt (Thorpe and Tindle, 1992; Brown and
Becker, 1986). Synthetic models assuming mixing of mantle-derived
basic and crustal silicic magmas followed by differentiation of hybrid
monzonitic melts (Barker et al., 1975; Wickham et al., 1995; Sheppard,
1995; Zhao et al., 1995) require a considerable proportion of the basalt
end-member, up to 75wt.% (Litvinovsky et al., 1999). Formation of
syenite by partial melting of the ancient continental crust rocks at
high pressures (>15-20 kbar), as it was suggested by Huang and
Wyllie (1975, 1981), was not corroborated by melting experiments at
15 to 25 kbar (Litvinovsky et al., 2000). The latter work demonstrated
that partial melting of charnockitic gneiss under these conditions
leads to formation of granitic rather than syenitic melts even at fairly
low degree of melting (<30%). This is caused by crystallization of low-
silica garnet+ clinopyroxene mineral assemblage in restite, so that
partial melt is always enriched in SiO,.

In the MTB, the generation of syenite from an enriched mantle-
derived source is supported by the similar eNd(T) and I(Sr) values in
the coeval syenites and basaltic rocks. It was stressed earlier that
syenites in the AFS and PA suites are always Qtz-bearing and
proportion of quartz increases from 3-8% in earlier intrusive phases
to 12-15% in late syenite phases. This is also reflected by the increase
Si0, from 62-64wt.% to 66-68wt.% (see Tables 2S and 4S in

Supplementary Data). For the Bryansky Complex (Figs. 2 and 3), we
have shown that the syenite and granite compositions form a quasi-
continuous liquid line of decent (Litvinovsky et al., 2002a). A mass-
balance calculation revealed that the PA granite could be produced by
fractional crystallization of a peralkaline quartz syenite melt with
separation of alkali feldspar and subordinate amounts of amphibole
and Fe-Ti oxide. This conclusion is consistent with the indistinguish-
able U-Pb zircon ages (Table 1), Sr-Nd isotopic characteristics
(Table 3; Fig. 9) and 8'®0 values for the syenites and granites from
the same suite (Wickham et al., 1996). All these data suggest that
highly alkaline syenites and granites from the MTB can be considered
as cogenetic, and in some specific cases syenite magmas could be
parental to granite.

The fact that PA and AFS granites frequently make up single plutons
(e.g. Fig. 3) favors the idea of consanguinity of the two rock types. Their
close genetic link has also been noticed in other regions of the CAOB
(Leontyev et al.,, 1981; Wu et al., 2002) and in orogenic belts in Europe
(Bowden, 1974; Bonin, 2007), although in some localities, i.e. in southern
Australia (Kemp et al., 2005), these rock types are not related.

5.2.3. Evidence from the melt inclusion study

The melt inclusion study shows that the liquidus temperature (T)
for the PA syenite exceeds 930-940 °C, and for the PA granite, 760-
790 °C (Table 4). On the other hand, melt inclusions in quartz phe-
nocrysts from the comendites are homogenized in a broad tem-
perature interval, from 750 °C to 1100 °C. The difference in liquidus
temperature between the granite and syenite can be accounted for by
the higher F content (up to 1.6 wt.%) and possibly water in the granite
magma. The very high liquidus temperature determined for the
comendite requires a more detailed discussion to be presented below.

Although A-type granite magmas could be produced in a wide range
of depths (Collins et al., 1982; Clemens et al., 1986; Patifio Douce, 1997,
Bonin, 2007), the huge volumes and mantle-like isotope characteristics
of the highly alkaline granitoids from the MTB, as well as the enhanced
liquidus temperature of silicic magmas suggest that these magmas were
generated at great depths. The enhanced pressure at the level of magma
generation caused displacement of the eutectic composition to the Ab-
Or side of the Ab-Qtz-Or ternary diagram and defined crystallization of
quartz as a liquidus phase in granitic melts (Tuttle and Bowen, 1958;
Johannes and Holtz, 1996). However, it is unlikely that the early quartz
crystals could persist in plutonic rocks during emplacement and slow
equilibrium crystallization. Therefore, the T, data for plutonic rocks
obtained from the melt inclusion study characterize the temperature
regime at the level of pluton emplacement, but not the temperature of
magma generation in the source region.

In contrast, the early crystals of extrusive rocks may be preserved
owing to the rapid ascent and solidification of magma. As the extrusive
magma ascends, its crystallization continues; therefore quartz pheno-
crysts formed at different depths and temperatures may be present in
the same sample. This is why only those melt inclusions in phenocryst
cores that have the highest temperature of homogenization can be
considered to evaluate the magma generation temperature.

The highest Ty,om determined in the quartz phenocryst cores from the
comendite samples suggest that the temperature of the generation of
the peralkaline silicic magma was about 1100 °C (Table 4). Similar
temperatures, up to 1030 °C, were obtained in the melt inclusions
trapped in quartz phenocysts from the porhyritic aegirine granite of the
subvolcanic Orot intrusive body in central Transbaikalia (Reyf, 2008). In
fact, the data of such a high temperature for A-type silicic magmas are
not unique. In quartz phenocrysts from pantellerite from the Pantelleria
Island the Tyom values were reported to reach 1135 °C (Kovalenko et al.,
1994). Comparable temperatures in the range of 950-1050 °C were
obtained for A-type charnockite intrusions (Bonin, 2007).

Experimental studies indicate that if the liquidus temperature of
haplogranitic magma amounts to 1000-1100 °C, and the magma
contains about 1-3wt.% H,0, it would require a pressure of 10-15 kbar
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Table 5
Summary of the age and Nd isotope data for the Late Paleozoic and Mesozoic PA and AFS granites from the CAOB.
Pluton, locality Rock Age (Ma) eNd(T) Tom 2 Reference
Rb-Sr U-Pb min max (Ma)
Zhangguangcai Belt (3)
1 Qingshui PA granite 196+4 =2l —03 1002-1139 Wau et al., 2002
2 Milim AFS granite 197 £2 Wau et al., 2002
3 Maojiatun PA granite 21342 —14 +0.3 969—1103 Wau et al., 2002
4 Dawangzhezii PA granite 229412 +3.1 752 Wau et al., 2002
5 Tiangiaogang AFS granite 19042 F23 781 Wau et al,, 2002
6 Baishilazi PA granite 12343 +2.0 752 Wau et al., 2002
Great Xing'an Belt (2)
7 Shaugmachang AFS granite 106 42 +0.1 +0.2 887-899 Wau et al., 2002
8 Daheishan PA granite 292+4 +4.2 +5.3 625-660 Wau et al., 2002
9 Guguhe AFS granite 26445 +2.0 872 Wau et al., 2002
10 Songmushan AFS granite 26043 +21 858 Wau et al., 2002
11 Sizhanlinchang AFS granite 282+4 Wau et al., 2002
12 Xiaoshantun AFS granite 28542 +2.6 835 Wau et al., 2002
13 Nianzishan AFS granite 125 +2.6 F29 683-727 Li & Yu, 1993
AFS granite 125 +0.9 +4.3 569-728 Wei et al., 2001
14 Baerzhe PA granite 12245 +1.9 +2.5 711-759 Wang & Zhao, 1997
Gobi-Tien Shan Belt (8)
15 Zhanawula 277+3 +2.6 +6.2 490-744 Hong et al., 1994; 2004
16 Zuhendeleng 28442 +12 +6.5 520-1000 Hong et al., 1994; 2004
17 Baiynula 286+3 +3.6 +5.7 520-701 Hong et al., 1994; 2004
18 Xilinhot AFS granite 27642 Shi et al., 2004
19 Khan-Bogd PA granite 28743 290+1 Yarmolyuk et al., 2008
20 Ridge Tost, dyke PA granite 318+1 +6.5 Yarmolyuk et al.,, 2008
Bimodal volcanic
suite, Ridges Noyon Basalt 31445 +4.4 +6.7 Yarmolyuk et al., 2008
and Tost Comendite +5.5 +74 Yarmolyuk et al., 2008
21 Karamay, W. Junggar PA granite 280 +5.0 +5.8 Hong et al.,, 2004
Gobi-Altai (5) and Main Mongolian Lineament (6) Belts
22 Dashibalbar association Comendite 195.9+3.9 +1.1 +15 870-910 Yarmolyuk et al., 2002
Basalt —11 —16 Yarmolyuk et al., 2002
PA granite 188.7 £2.8° Yarmolyuk et al., 2002
23 Bayan-Ulan PA granite 221 Yarmolyuk et al., 2002
24 Mandakh PA granite 292+1 Yarmolyuk et al., 2008
25 Tszarta-Khuduk PA syenite 206 Yarmolyuk et al., 2002
Basalt +0.8 +1.7
Comendite +0.1 —1.0 990-1030
26 Bayan-Tsagan range PA granite 275+5 Yarmolyuk et al., 2005
27 Boom AFS granite 29445 Yarmolyuk et al., 2008
Junggar-Eastern Kazakhstan Belt (7)
28 Kamste AFS granite 294+4 +5.2 +71 480-620 Chen & Jahn, 2004
Sawudegeer PA granite 303426 +5.6 +6.5 501-702 Han et al., 1997
Saertielieke PA granite 290427 +5.1 +5.6 692-1003 Han et al., 1997
Jierdekala PA granite 304 +32 +6.1 +6.7 523-557 Han et al., 1997
South-Tasigake PA granite 308+ 14 +5.1 +5.5 570-878 Han et al., 1997

Numbers of belts and plutons as in Fig. 1.
3 =39Ar/*Ar data in amphibole.

for its generation (Stern et al,, 1975; Huang and Wyllie, 1975; Johannes
and Holtz, 1996; Holtz et al., 2001). When the fluid phase contains also
CO,, the pressure would be even higher (Keppler, 1989). Temperatures of
about 1000-1100 °C are probably the highest yet recorded in the
continental crust (Kilpatrick and Ellis, 1992; Rudnick, 1992; Downes,
1993; Del Lama et al., 2000). They exceed significantly the commonly
known granulite facies temperatures in the lower crust, with the
exception of UHT granulites. Consequently, the high-temperature A-type
granite magmas could be produced either in the lower continental crust
or in the uppermost subcontinental lithospheric mantle.

5.3. Character of the mantle source in the MTB and other belts of the CAOB
Fig. 10 shows the Nd-Sr isotopic compositions of the highly

alkaline granitoids and coeval mafic rocks from the MTB. The four
mantle components of Zindler and Hart (1986) are also shown for

reference. Note that precise initial Sr isotopic compositions for high-
alkaline rocks due to the generally high Rb/Sr ratios in these rocks are
difficult to obtain (see Section 4.2). However, the range and temporal
variation of Nd isotopic compositions from stage 1 to 2 to 3 are
probably real (Fig. 10A and B). Fig. 10A shows that the mafic rocks
(solid symbols) could not be derived from the depleted asthenosphere
(DM), nor from a HIMU reservoir alone. The quasi-linear array of mafic
rock data seems to suggest that the mantle source regions of the MTB
are mixtures of DM and two enriched components (EM-I and EM-II),
but with a more important role of EM-I.

The possible sources of silicic magmas are constrained by the
following conditions: (1) the isotope compositions of the highly
alkaline granitoids and contemporaneous mafic rocks are similar
(Table 3; Figs. 9 & 10); (2) lack of evidence for a significant con-
tribution of crust-derived metamorphic component to the generation
of the AFS and PA magmas; (3) the related volcanic suites are bimodal,
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commonly trachydolerite-rhyolite (comendite); and (4) the plutonic
suites are also bimodal, but the proportion of mafic rocks is very small.

It follows from the above constraints that the alkali-rich basic magma
could be considered as parental to the highly alkaline silicic magmas.
However, the bimodal character of the igneous suites (i.e., absence or
rare occurrence of rocks of intermediate composition) suggests that
partial melting, rather than fractional crystallization, of gabbroic magma
could lead to the generation of silicic melts. The production of highly
alkaline granite magma by partial melting of alkali rich basalt was
demonstrated in the melting experiments of Sisson et al. (2005). One of
the three studied basalt samples (AD19-93) is fairly similar to the mafic
rocks under consideration, and in particular, in SiO, (50.74%), TiO,
(1.25%), MgO (4.52%), Na,0 (3.76%), and K,0 (2.32%) (cf. with data in
Table 2). Partial melting of this sample at 700 MPa to an extent of ~20%
produced a granite melt with 3.2 to 3.5wt.% Na,0 and 4.7 to 5.94wt.%
K50. Thus, the experimental results show that partial melting of alkali
rich basalt/gabbro in the middle crust could produce significant amount
of A-type granite magma that can be easily separated and emplaced at
shallow levels. The melting experiments also showed that when the
extent of melting is increased from 22 to 29%, the SiO, content in the
melt decreases from 68 to 62 wt.%. Though the proportion of alkalis does
not increase (Sisson et al., 2005, Tables 2 and 3), the residual mineral
assemblage is enriched in amphibole (20-25%) and biotite (10-15%).
Consequently, we may assume that partial melting at a greater depth,
where residual mafic minerals are mostly pyroxene and garnet, would
result in enriching alkalis in the melt, so that compositions of partial
melts would vary from granite to quartz bearing syenite with variable
alkali contents, depending upon the degree of melting. The temperature
data of 1000-1100 °C for the silicic melts suggest that the partial melting
occurred at temperature exceeding T of basalt; therefore, the assump-
tion of 20-30% melting of K-rich mafic rocks in the lower crust looks
realistic. Thus, the most plausible ‘mantle’ source of the AFS and PA
granitoids is alkali-rich basalt that underplated the lower crust, Soon
after the solification of the basaltic liquid (in the granulite facies P-T
condition), it was subjected to partial melting by successive intrusion
and underplating of similar magmas.

The Nd-isotopic character of source regions within the CAOB could be
correlated with the tectonic setting Fig. 10B shows all the available data for
the magmatic belts of the CAOB. In the Late Paleozoic, the highly alkaline
granitoids from the Great Xing'an (field #2 in Fig. 10B), Eastern Kazakhstan
(#7) and Gobi-Tien Shan (#8) belts were formed in the continental
margin still at the subduction stage, so the eNd(T) values in granitoids
were characterized by more depleted mantle values from +2 to +6.
However, negative values prevail in the Early Permian felsic and mafic
rocks from the MTB, which were emplaced in intra-continental settings.

In the Early Mesozoic the Nd isotope characteristics of highly alkaline
granites from the MTB and the Main Mongolian Lineament (#5) and the
Zhangguangcai belt (#3) are quite similar (Fig. 10B). The similarity might
be accounted for by the fact that the emplacement of these rocks in all
three belts took place soon after the accretion of terranes to the Siberian
craton. The tectonic setting was post-accretion intra-continental for all
the three belts.

In the Early Cretaceous, peralkaline granites from the Zhangguangcai
(#3) and Great Xing'an (#2) belts were produced from a more depleted
mantle source during the westward subduction of the Paleo-Pacific
plate, hence showing positive eNd(T) values in highly alkaline granites.
In the MTB the Late Mesozoic granitoids were emplaced in a typical
intra-continental setting. Consequently, involvement of the EM-I
component from the thinned lithosphere mantle produced the slightly
negative eNd(T) values of the felsic and mafic rocks.

6. Conclusions
The CAOB is one of the world's most celebrated examples of the

widespread distribution of Phanerozoic granitoids. The Late Paleozoic and
Mesozoic PA and AFS granitoids and related bimodal volcanic suites form a

network of gigantic belts occupying an area of about 6000 by 2000 km.
This network is controlled structurally by the Central Asian Rift System.
The present study of the PA and AFS granitoids from the Mongolian-
Transbaikalian belt (MTB) leads to the following conclusions:

1. A compilation of age data revealed three stages of granitoid
emplacement in the MTB: 285-270 Ma, 230-210 Ma and 150-
120 Ma. The plutons of different stages are spatially associated. The
same stages of highly alkaline granitoid magmatism are also
recognized in other parts of the CAOB, particularly in NE China,
Mongolia and Eastern Kazakhstan.

2. The PA and AFS granitoids of different stages have very similar
chemical compositions, but their Nd isotope characteristics can be
distinguished. The granitoids of stages 1 and 3 have slightly
negative eNd(T) values (—1 to —5), whereas those of stage 2 have
near-zero to slightly positive values (0 to +4).

3. Several lines of evidence suggest that the MTB granitoids were
produced from enriched mantle-derived sources. They include: (1)
Felsic and mafic rocks formed in the same stage have similar eNd(T)
and I(Sr) values and similar model ages (Tpy). (2) the Nd isotopic
compositions of the granitoids of each stage vary within a narrow
range and do not correlate with the nature and age of the surrounding
crustal blocks. (3) The abundant syenites are considered to be
cogenetic or, in some cases, parental to the granites. Since experi-
mental and isotope data suggest the derivation of syenite from an
enriched mantle source, the related granites (and comendites) can
also be regarded as mantle-derived.

4. In the MTB the most probable process for the generation of the
highly alkaline granite—quartz syenite magmas is by partial melting
(20-30%) of K-rich mafic rocks, which were derived from the
lithospheric mantle and underplated the lower crust.

5. An important implication is that the MTB granitoids are mostly
juvenile, even if they are not characterized by positive to highly
positive eNd(T) values. This is distinct from the cases in other parts
of CAOB (Jahn, 2004) and the Arabian Nubian Shield (Stern, 2002).

6. Although the highly alkaline granite magmas were generated through-
out the CAOB during three stages, the tectonic settings at each stage
were distinct in different parts of the CAOB, from a rift at an active
continental margin to arift in the interior of an amalgamated continent.
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