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Abstract

We present geological, structural, and geochemical data on synmetamorphic granitoids from the Tutai and South Ol’khon plutons of the
Ol'’khon terrane (Central Asian Fold Belt) with an estimation of the U-Pb zircon age of the Tutai granites. The structural and petrological
data suggest the synfolding and synmetamorphic origin of the granitoids. The U-Pb zircon age of the Tutai granites (488.6 = 8.0 Ma) almost
coincides with the previously estimated age of quartz syenites from the South Ol’khon pluton (495 + 6 Ma). The plutons occupy the same
position in the regional structure. The granitoids underwent final deformations and metamorphism at 464 = 11 Ma. The Tutai pluton consists
of moderately potassic granites, whereas the South Ol’khon pluton is made up of quartz syenites and granites. The geochemical characteristics
of the granites from both plutons (low Y and Yb contents, fractionated REE patterns) indicate their formation under conditions of garnet
crystallization in deep crustal restite. The higher Y and Yb contents of the South Ol’khon quartz syenites as compared with those of the
granites suggest the lack of equilibrium between the quartz syenite magmas and garnet parageneses during their formation or evolution. The
Tutai and South Ol’khon granites were derived from quartz-feldspar crustal rocks, whereas the South OI’khon quartz syenites might have
originated from a mixed (crust-mantle) source. It is presumed that the granitoids formed within accretion-thickened crust. Early accretion,
which has been first identified in the region, affected not only the Pribrezhnaya zone (the zone of the Tutai and South Ol’khon plutons) but
also the entire Anga—Satyurty megazone of the Ol’khon terrane. The accretion ended with the convergence and oblique collision of the Ol’khon
terrane and Siberian continent, when strike-slip tectonics became ubiquitous.
© 2013, V.S. Sobolev IGM, Siberian Branch of the RAS. Published by Elsevier B.V. All rights reserved.
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Introduction morphic belt (Derba, Kitoikin, Slyudyanka, and Barguzin
terranes), was formed predominantly in the Early Paleozoic
by the accretion and collision of different parts of Neoprotero-
zoic—Early Paleozoic island arcs and backarc basins as well
accompanied by pulsed igneous activity. Particular difficulties as fragments of Pre.cambrla.n mlcrocon.tme?ts with respect to
arise in the case of a narrow time interval including metamor- one another and their accretion to the Siberian craton (Dobret-
phic and igneous events and overlapping estimated ages of SOV and Buslov, 2007; Donskaya et al., 2000; Gladkochub et
rocks in different segments of strongly dislocated terranes.  al., 2008b; Metelkin et al., 2012; Nozhkin et al., 2005; Rytsk

It is a complicated, multistage problem to decipher the
scenarios of the geodynamic evolution of metamorphic terra-
nes whose rocks have undergone repeated deformations

One of such structures is the OI’khon metamorphic terrane, et al., 2009; Salnikova et al., 1998). The belt extends for
localized in the northern Central Asian Fold Belt. The Ol’khon >1000 km along the southern cratonic boundary (Fig. 1a).
terrane, like similar structures of the Baikal collisional meta- All the reliably dated (U-Pb zircon method) metamorphic

and igneous events within the Ol’khon terrane took place from

510 to 460 Ma (Bibikova et al., 1990; Fedorovsky et al., 2005,

* Corresponding author. 2010; Gladkochub et al., 2008b; Sklyarov et al., 2009;
E-mail address: tanlen@crust.irk.ru (T.V. Donskaya) Vladimirov et al., 2008; Volkova et al., 2010). The metamor-
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Fig. 1. Location of metamorphic terranes in the southern framing of the Siberian craton (Baikal collisional metamorphic belt) (Donskaya et al., 2000; Nozhkin et al.,
2005; Rytsk et al., 2009) (a) and location of the main structures of the Ol’khon region with the position of the Pribrezhnaya zone (). a: 1, Siberian craton; 2, Central
Asian Fold Belt; 3, metamorphic terranes of the Baikal collisional belt; 4, main faults; b: 7, Siberian craton; 2—8, Ol’khon terrane: 2, Anga—Satyurty megazone;
3-6, some zones within the Anga—Satyurty megazone: 3, Pribrezhnaya zone; 4, Chernorud zone; 5, Zunduk zone; 6, Main shear zone; 7, Krestovaya megazone;
8, Orso zone; 9, strike-slip sutures (a) and boundaries of the Pribrezhnaya zone (b).

phic events and episodes of igneous activity often yield close
estimated ages.

We consider the results of geochronological and geochemi-
cal studies of the synmetamorphic granitoids making up
plutons in the eastern OlI’khon metamorphic terrane. These
data, combined with geological and tectonic data on the study
area and the entire region, provide a better understanding of
the structure of the Ol'’khon terrane and a scenario of its
geodynamic evolution.

Geologic and tectonic summary of the Ol’khon terrane

The Ol’khon metamorphic terrane, consisting of the conti-
nental part and Ol’khon Island, is located along the western
shore of Lake Baikal (Fig. 1b). This terrane is sometimes
assigned to a larger tectonic unit, which spans the southern
and eastern shores of Lake Baikal (Makrygina et al., 2007;
Volkova and Sklyarov, 2007). The Ol’khon terrane consists
of sedimentary, volcanic, and plutonic rocks, most of which
are affected by regional metamorphism, varying from the
low-grade amphibolitic facies to the granulitic facies (Fe-

dorovsky et al., 2005; Rosen and Fedorovskii, 2001). The
terrane rocks make up several complexes, which formed in
Neoproterozoic—Early Paleozoic island-arc-system, backarc-
system, and, probably, microcontinental settings and were
tectonically compressed in a collisional collage (Fedorovsky
et al., 2005; Gladkochub et al., 2008a, 2010; Makrygina et al.,
2007; Mazukabzov et al., 2010; Zorin et al., 2009).

The Ol’khon terrane is separated from the Siberian craton
by a collisional suture (Fig. 1b) (Fedorovskii et al., 1995;
Fedorovsky et al., 2005; Sukhorukov et al., 2005). The terrane
now consists of groups of NE-striking tectonic sheets sepa-
rated by blastomylonite sutures. The internal structure of the
sheets has a great variety of forms, produced by synmetamor-
phic deformations. Detailed mapping and structural analysis
showed that the general tectonic style of the region is
associated with strike-slip tectonics, preceded by older syn-
metamorphic deformations of the sheet and domal types
(Fedorovskii et al., 1995; Fedorovsky et al., 2010).

The Ol’khon terrane comprises several principal regional
units (megazones, regional zones), which differ in the compo-
sitions of metamorphic and igneous rocks, internal structure,
geodynamic settings, and other features (Anga—Satyurty and
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Krestovaya megazones, Orso zone) (Fig. 1b). The Anga-
Satyurty megazone occupies about half the study region. Its
internal structure is a collage of numerous long, narrow
displacement sheets, which consist of gneiss-migmatite rocks
(garnet-biotite gneisses and migmatites, granite-gneisses) or
“variegated” metamorphic rocks (amphibolites, quartzites,
marbles and marble mélanges, calciphyres, mafic gneisses,
metagabbro, and metaultramafic rocks), with absent felsic
gneisses and migmatites. Both types of sheets are rich in
synmetamorphic granite bodies. The Main shear zone of the
region occupies a special place in the Anga—Satyurty mega-
zone. This narrow zone, traced for ~120 km, contains
numerous small ultramafic bodies (actually, it is an ophiolite
suture). It truncates all the other components of the Anga—
Satyurty megazone at oblique angles and divides the constitu-
ent sheets into two large groups. A considerable extent of the
Anga—Satyurty megazone adjoins the collisional suture of the
terrane—continent system. Granulite-facies rocks are localized
within the Chernorud zone (component of the Anga—Satyurty
megazone). These rocks extend as a narrow strip toward the
northwestern shore of the Maloe More Strait through islets to
Cape Khoboi on the northern tip of Ol’khon Island, behind
which they are concealed by the Baikal waters. Along the
northeastern (Zunduk zone) and southwestern (Krestovaya
megazone) flanks of the collisional suture, no granulites are
observed but amphibolite-facies rocks are present.

The Krestovaya megazone occupies the southwestern
Ol’khon terrane. This megazone consists of “variegated”
metamorphic rocks (epidote-amphibolite—amphibolite facies)
and contains large gabbro plutons (Birkhin, Krestovaya,
Bugul’deika, and others), which make up more than half its
area, and the well-known Tazheran syenite pluton. Structur-
ally, the Krestovaya megazone is composed of several dis-
placement sheets. Numerous large folded sigmoids therein
reflect the dramatic rheologic inhomogeneity of the sheared
medium.

The Orso zone occupies a special position in the terrane
structure. This small (1 X 25 km) displacement sheet, bounded
in the northwest by an ophiolite suture, is made up of
garnet-biotite microgneisses and amphibolites. As the colli-
sional suture is approached, the Orso zone, located between
the Anga—Satyurty and Krestovaya megazones, wedges out,
and the last two megazones are separated by the Main shear
zone.

A review of geochronological data on the rocks of different
zones of the OI’khon terrane is given in (Fedorovsky et al.,
2005, 2010; Vladimirov et al., 2011). Let us single out the
key age estimates. Granulite-facies metamorphism in the
Chernorud zone of the Anga—Satyurty megazone is dated at
507 £ 8 to 485 £ 5 Ma (Bibikova et al., 1990; Gladkochub et
al., 2008a,b). Age estimates within the same range were
obtained for gabbro from the Birkhin pluton of the Krestovaya
megazone (499 Ma, data of A.B. Kotov (Fedorovsky et al.,
2010)) and for the quartz syenites of the Anga—Satyurty
megazone from southern Ol’khon Island (495 + 6 Ma (Gladko-
chub et al., 2008b)). Igneous and metamorphic rocks with an
age of 458-475 Ma are widespread within the Anga—Satyurty

and Krestovaya megazones (Fedorovsky et al., 2010; Sklyarov
et al., 2009; Vladimirov et al., 2008).

Geologic structure of the eastern OI’khon terrane

The eastern Ol’khon terrane spans the areas adjoining the
Ol’khonskie Vorota Strait (which separates the Ol’khon area
and Ol’khon Island) from the direction of Lake Baikal.
Detailed mapping of this area shows a very complicated,
strained structure of a collisional collage (Fig. 2). Numerous
displacement sheets make up seven zones. Three of them
(Central, Tutai, and Holboo Nuur) are composed of gneiss-
migmatite rocks (garnet-biotite gneisses, migmatites and gran-
ite-gneisses, amphibole gneisses, amphibolites, and synmeta-
morphic granites). The Main shear zone (ophiolite suture),
Nutgei zone, and Orgoita—Zmeinaya Creek zone are located
between these units. The Nutgei and Orgoita—Zmeinaya Creek
zones consist of “variegated” metamorphic rocks (amphibo-
lites, quartzites, marbles, calciphyres, and marble mélanges)
as well as synmetamorphic granites, gabbro, and ultramafic
rocks. The contact between the Tutai and Orgoita—Zmeinaya
Creek zones has an unusual appearance: Alternating fragments
of both zones extend for several kilometers in a wide strip
resembling a megamélange belt (Fig. 2). The seventh, Pri-
brezhnaya, zone is located farther northeast, between the Tutai
zone and the tectonic-mélange belt. Its matrix is a complicated
interlacing of many short and long displacement sheets, which
consist of both gneiss-migmatite and “variegated” rocks.
Apparently, it is the continuation of the above-mentioned
megamélange belt. Another interesting feature of the Pribrezh-
naya zone is the presence of the tectonized granitoid plutons
considered in this paper only within its boundaries.

Small isoclinal folds with rounded curves (Fp) are the
oldest structural elements observed in the Ol’khon area of the
Pribrezhnaya zone. They resemble intrafolial rootless folds
with increasing deformation (Turner and Weiss, 1963). Intra-
folial folds are observed only in amphibole gneisses. The thin
metamorphic banding in these rocks is due to metamorphic
differentiation, manifested in leucocratic bands enriched in
plagioclase with minor biotite and amphibole-dominated
mesocratic rocks. This banding might correspond to vestiges
of lamination, which was enhanced by metamorphism. The
garnet-biotite gneisses in the Pribrezhnaya zone are charac-
terized by nonuniform migmatization with alternating very
thick and very thin banding. These rocks show schistosity,
which is brought out by the biotite orientation. The schistosity
is paralleled by migmatite veinlets, which form migmatite
banding. These structural elements reflect the second defor-
mation stage and the formation of mesoscale folds with gently
sloping axial surfaces (F3). First-generation folds combine
with second-stage migmatite banding and schistosity to form
third-generation folds (F3). This event results in macro- to
mesoscale folding. Gneiss outcrops show compressed to open
folding with an amplitude of up to 1.5 m. The limbs of these
folds are often complicated by duplex structures, which are
reconstructed from S-shaped foliation and banding. The next
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Fig. 2. Tectonic sketch map of the northeastern Ol’khon area (Fedorovskii et al., 2011) and part of Ol’khon Island. 7, Nutgei zone (amphibolites, quartzites, marbles, marble mélanges, and, sometimes,
ultramafic rocks); 2-5, Orgoita—Zmeinaya Creek zone: 2, Tankhan (a) and Zagalmai (b) sheets (quartzites, amphibolites, marbles, metagabbro, and, rarely, ultramafic rocks); 3, Budokhta sheet (amphibolites,
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deformation stage (F4) is marked by the formation of steeply
dipping hinge folds of different scales, which are well
reconstructed in garnet-biotite gneisses near granite intrusions.
Vertically dipping pegmatite veins of northwestern strike (up
to 5 m thick) intrude all the rock complexes of the Pribrezh-
naya zone, including the granitoid plutons.

Geological, structural, and petrographical descriptions
of the study localities

The tectonized granites of the Tutai pluton in the Ol’khon
area of the Pribrezhnaya zone were selected as the main
subject of study (Fig. 2). The quartz syenites and granites of
the South OI’khon pluton, which occupy a similar geologic
position in the Ol’khon area of the Pribrezhnaya zone, were
studied in detail before (Gladkochub et al., 2008b). Their brief
description and chemical compositions are also given in this
paper for comparison with the Tutai granites.

The Tutai pluton occupies a small area (~2.5 kmz)
between Tutai Bay in the Ol’khonskie Vorota Strait and the
Zmeinaya Creek, which faces Lake Baikal (Fig. 2). The pluton
is elongated for 2.5 km to the northeast and reaches a width
of 1 km.

It was presumed before (Kuklei, 1988) that this intrusion,
which makes up the Shara Nuur granite-gneiss swell, formed
during gneiss granitization, i.e., in situ. However, our obser-
vations contradict this hypothesis. The relationships between
the Tutai granites and host garnet-biotite gneisses of the
Pribrezhnaya zone were observed in the hard rocks of the
Baikal-facing slope. Distinct cutting contacts are observed
here, but the contacting rocks show no exo- or endocontact
alterations, suggesting the isothermal state of the granites and
host rocks during the intrusion. The contact character and
host-rock xenoliths in the pluton suggest that the granites make
up an allochthonous intrusion. It is seen from the outcrops that
the migmatized gneisses were intruded by the apophyses
extending from the granitoid pluton and then involved in
mesoscale folding (F3) and foliation. Such relationships are
well-defined in the littoral outcrops near the mouth of the
Zmeinaya Creek. We presume that the Tutai granites intruded
during the second deformation stage (F3), because the granite
apophyses are concordant to the migmatite banding and
foliation.

The central part of the Tutai pluton is dominated by
medium- to coarse-grained massive granites, and its edges are
partly gneissose. The main minerals in the granites are quartz,
plagioclase, and K-feldspar. The minor minerals are biotite
and, sometimes, hornblende. The accessory minerals are
titanite, apatite, zircon, and the ore mineral. The rocks show
partial shearing, which leads to plagioclase sericitization and
the development of secondary muscovite.

The South OI’khon granite—quartz syenite pluton, which
is 1.0-1.5 km wide, extends to the northeast for ~30 km along
the rocky shore of OlI’khon Island (Fig. 2). The structural
position of the granites and quartz syenites in this pluton is
similar to that of the Tutai granites. The rocks of the pluton

intrude garnet-biotite gneisses, affected by early deformations,
and are involved in later deformations.

The pluton consists of medium-grained quartz syenites and
granites, which are often gneissose. The main minerals in the
quartz syenites are K-feldspar, plagioclase, quartz, and horn-
blende. The minor mineral is biotite, and the accessory
minerals are apatite, titanite, and zircon. The secondary
mineral is epidote. The granites consist of quartz, plagioclase,
K-feldspar, hornblende, and biotite. The accessory minerals in
the granites are titanite, zircon, apatite, ore mineral; also,
secondary muscovite is observed.

The U-Pb zircon age of quartz syenite from the South
Ol’khon pluton is 495 + 6 Ma (Gladkochub et al., 2008b). The
end(T) value for quartz syenite is estimated at —0.3, and the
8751/30r ratio, at 0.7043 (Gladkochub et al., 2008b).

Methods

Analytical methods for studying the South Ol’khon quartz
syenites and granites are given in (Gladkochub et al., 2008b).
The major- petrogenic oxides, trace-, and rare-earth element
contents of the Tutai granites were determined, and their age
was estimated by the U-Pb zircon method. Sampling sites for
the geochronological studies are shown in Fig. 2.

The major-element contents were determined by sili-
cate analysis at the Institute of the Earth’s Crust (analysts
G.V. Bondareva and M.M. Samoilenko). The trace and rare-
earth elements were determined by ICP-MS at the Center of
Collective Use of the Irkutsk Scientific Center on a VG
PlasmaQuad PQ 2 mass spectrometer (VG Elemental, Eng-
land) (analyst S.V. Panteeva) using the technique of Garbe-
Schonberg (1993). The spectrometer was calibrated against the
international standards G-2, GSP-2, and JG-2. Chemical
digestion of the samples for ICP-MS was conducted by
alloying with lithium metaborate using the technique of
Panteeva et al. (2003) to achieve complete dissolution of all
the minerals. The ICP-MS determination error for the trace
and rare-earth elements is no more than 5%.

Some zircon grains from the Tutai granite (sample 1015)
were dated by the U-Pb method on a SHRIMP II microprobe
at the Korean Basic Science Institute. Cathodoluminescence
images of zircon were obtained under a JEOL 6610LV SEM
in the cathodoluminescence mode. The U-Pb ratios were
measured on a SHRIMP 1II by the technique described in
(Williams, 1998). The intensity of the primary beam of
negative molecular oxygen ions was 3—4 nA, and the spot
diameter was 20 um. The measured 206pp/2381 ratios were
calibrated against the isotope ratio ascribed to 1099 Ma zircon
FC1 (Paces and Miller, 1993). The U and Th contents were
calculated with respect to zircon SL13 (238 ppm U). The
results were processed in the SQUID 2.50 software (Ludwig,
2008), and concordia diagrams were plotted in the Isoplot 3.71
software (Ludwig, 2009). The mean weighted ages were
calculated using the 206ppyx/2381y ratio, corrected for 207py,
with excluded unsuitable values in the statistical t-test.
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Petrogeochemical characteristics of the granitoids

In the Tutai granites, SiOp = 68.9-71.3 wt.% and (NayO +
K>0) = 8.02-8.65 wt.% at NaO > KoO (NayO/K,0 =
1.05-1.85). The studied rocks plot as granite on the diagram
(Nay0 + K»0)-Si0; (Middlemost, 1985) (Fig. 3). Except one
sample, all the analyzed rocks are moderately potassic (K20 =
2.94-3.40 wt.%). The content of K»O reaches 4.14 wt.% in
one sample (Table 1). The granites are characterized by high
Al;O3 contents (from 15.8 to 16.8 wt.%).

On the diagram of B.R. Frost et al. (2001), the studied
granites plot near the boundary between magnesian and
ferroan rocks (FeO*/(FeO* + MgO) = 0.77-0.84) (Fig. 4a).
In the classification by these authors, the Tutai granites are
alkali-calcic (Fig. 4b) and weakly peraluminous (ASI =
0.99-1.14).

The Tutai granites show REE fractionation ((La/Yb),
11-35) and, mostly, a slight, if any, negative Eu anomaly
(Eu/Eu* = 0.76-1.07) (Fig. 5a). A well-defined negative Eu
anomaly is observed only for sample 11138 (Eu/Eu* = 0.56).
The spidergrams show negative Th-U, Nb-Ta, P, and Ti
anomalies and positive Ba and Sr anomalies (Fig. 5b). The
Tutai granites are marked by low contents of Y (5-11 ppm)
and Yb (0.51-0.81 ppm) and high contents of Sr (829-
1529 ppm) and Ba (956-1391 ppm) (Table 1).

The South Ol’khon and Tutai granites are almost compo-
sitionally identical (Table 1, Fig. 3). They are characterized
by high AlO3 contents (16.00-16.15 wt.%), moderate K,O

contents (2.92-3.09 wt.%), and NayO/K,0 = 1.76-1.98. They
plot within the same areas on the classification diagrams (Frost
et al., 2001) as the Tutai granites (Fig. 4). The REE patterns
and spidergrams are similar for the South Ol’khon and Tutai
granites (Fig. 5).

In the South OI’khon quartz syenites, SiO; = 61.5-
62.9 wt% and (NapO + Kp0) = 8.84-9.56 wt% at
NayO/K70 = 0.91-1.76. They plot as quartz syenite and quartz
monzonite on the diagram (NayO + K>0)-SiO, (Middlemost,
1985) (Fig. 3). The ASI in the analyzed rocks is 0.89-0.93,
suggesting that these rocks are metaluminous. On the diagrams
of Frost et al. (2001), the quartz syenites plot near the
boundaries between ferroan and magnesian as well as alkaline
and alkali-calcic rocks (Fig. 4).

The quartz syenites are characterized by REE fractionation
((La/Yb),, = 5-22) and both positive and negative Eu anoma-
lies (Eu/Eu* = 0.70-1.20) (Fig. 5a).

The quartz syenites have high contents of Sr (1542-
1919 ppm) and Ba (1925-2981 ppm), somewhat higher than
those in the Tutai and South Ol’khon granites. They have
considerably higher contents of Y (25-38 ppm), Yb (2.09—
3.54 ppm), and Nb (18.4-26.7 ppm) than the granites (Ta-
ble 1). Despite increased alkali contents, the South OI’khon
quartz syenites are close to /- rather than A-type granites in
the contents of trace and rare-earth elements. They do not plot
as A-type granite (not shown) on the diagram FeO*/MgO—(Ce
+ Zr + Nb + Y) (Whalen et al., 1987).
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Table 1. Chemical composition of granitoids from the Tutai and South Ol’khon plutons

Component Tutai pluton South OI’khon pluton1

1015 11135 11136 11137 11138 11139 11140 11141 11142 05140 05141 03239 03240 05145

Granites Granites Quartz syenites
Si0y, wt.% 68.87 7025 7134 7115 69.66 7045 6942 6971 6947 6996 6925 6178 6154 62.87
TiO; 033 025 019 019 018 025 018 028 028 019 020 047 045 042
ALO; 1581 1605 1585 1585 1650 1630 1680 1620 1635 1600 16.15 1800 1850 17.50
Fe)03 094 081 083 053 044 059 093 073 .00 - - - - -
FeO 1.85 1.43 1.11 1.48 1.46 136 1.17 152 117 - - - - -
Fe,03* - - - - - - - - - 219 215 375 408  3.85
MnO 004 003 004 003 002 003 005 003 003 004 004 009 009 0.0
MgO 082 049 040 036 041 053 048 045 051 049 051 106 094 1.22
CaO 244 153 1.41 1.35 162 150  2.02 1.63 1.67 193 225 377 392 393
NayO 517 545 496 483 434 504 525 533 543 544 578 456 499 564
K0 299 294 306 340 414 315 327 332 321 309 292 500 439 320
P05 013 009 008 006 010 009 010 010 017 007 007 023 022 022
H,0™ 012 009 007 008 008 005 006 009 011 - - - - -
LOI 048 046 032 032 059 036 031 028 024 081 045 103 081 090
CO;, n.d. 007 007 007 007 019 <006 <006 021 - - - - -
Total 99.99 9994 9973 9970  99.61  99.89  100.04 99.67 99.85 10021 99.77 9974  99.93  99.85
Rb, ppm 381 372 450 544 8.1 439 416 364 347 349 322 685 549 417
Sr 1529 1353 1283 1084 829 1115 1450 1374 1294 1498 1552 1919 1821 1542
Y 9.2 109 65 5.7 8.6 5.1 104 5.6 6.3 136 209 251 382 334
Zr 147 145 186 120 118 112 131 131 125 122 142 162 114 150
Nb 129 57 3.1 55 5.6 4.0 4.0 4.4 5.1 10.3 112 263 267 18.4
Ba 1391 1189 1264 1144 956 1191 1238 1337 1252 1952 1665 2981 2896 1925
La 2432 2620 1604 975 3504 1360 2298 1664 17.55 3624 29.66 7045 2533 2820
Ce 5266 4798 30.12 19.84 6733 2570 4173 3289 3334 6220 5338 14557 69.82  74.05
Pr 623 546 340 227 1751 271 476 341 347 864 860 1860 1251  10.55
Nd 2442 1953 1108 826 2587 885 1785 1123 1205 30.17 3537 6454 5024  40.75
Sm 421 380 212 1.86 432 1.89 338 235 266 332 472 938 945 1735
Eu 092 08 060 054 066 050 079 063 065 079 092 308 312 149
Gd 308 276 1.51 128 301 132 244 166 179 270 360 668 820 579
Tb 038 035 019 017 038 019 035 022 023 032 054 107 135  0.89
Dy 1.82 185 098 099 1.79 .04 191 110 130 176 282 446 711 467
Ho 031 036 020 021 034 019 035 020 025 030 056 092 136 0.87
Er 087 097 052 060 08 051 089 053 064 116 181 253 464 290
Tm 013 013 008 010 011 008 013 008 009 018 028 043 037 053
Yb 081 079 047 061 066 052 077 051 056 053 1.07 217 354 209
Lu 014 012 008 011 011 009 013 009 009 014 024 036 041 038
Hf 319 340 421 309 311 310 294 297 294 265 314 368 233 313
Ta 053 019 009 027 016 017 020 015 021 049 077 L6l 242 127
Th 472 362 219 286 650 314 438 307 412 444 421 1412 641 549
U 115 051 052 050 048 055 055 030 065 1.13 120 454 418 1.71
Nay0/K,0 173 1.85 162 142 105 1.60 1.6l 1.61 1.69 176 198 091 1.14 176
FeO*/(FeO* + MgO) 077 082 08 084 08 078 08 08 08 08 079 076 080 074
ASI 0.99 1.08 114 113 114 114 1.07 1.07 1.07 .02 097 092 093 089
(La/Yb), 200 221 226 107 354 173 199 220 209 457 185 217 48 9.0
Euw/Eu* 079 076 102 107 056 098 084 097 092 08  0.69 120  1.09 070
Fe**/(Fe** + Fe*h) 031 034 040 024 021 028 042 030 043 - - - - -
T, °C 764 775 804 766 764 759 764 764 760 754 760 751 724 742

Note. FeO* = FeO + 0.8998 - Fe,O5; Euw/Eu* = Eu,/N(Sm,, - Gd,); ASI(mol) = Al,05/(CaO — 1.67 - P,O5 + Na,O + K,0); n, chondrite-normalized values
(Nakamura, 1974); T, temperatures of early melt crystallization (zircon saturation temperatures) (Watson and Harrison, 1983). Dash, Not defined.
! The compositions of the South Ol’khon granites and quartz syenites are after (Gladkochub et al., 2008b).
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U-Pb geochronological data

Sample 1015 was used in the dating of the Tutai granite
(Fig. 2). Idiomorphic transparent and semitransparent light
yellow and yellow crystals of accessory zircon were extracted
from this sample. The grains are 200-300 pum in size, and the
elongation index is 1:3. They show a distinct zoning on
cathodoluminescence images (Fig. 6). The cores are charac-
terized by a distinct magmatic zoning and 22Th/238U ratios
of 0.12 to 0.62. The zircon rims show decreased luminescence
and no zoning, with 23271H/2384 ratios of 0.09-0.18. Note also
the presence of highly luminescent fine rims in some zircon
grains at the core-rim boundaries and on the crystal edges
(Fig. 6). Eleven zircon grains were analyzed on a SHRIMP II,
and the results are shown in Table 2 and Fig. 7. The mean
weighted U-Pb age of the cores is 488.6 = 8.0 Ma (MSWD =
3.9), and the mean weighted 206py, 238y age of the rims is
464 £ 11 Ma (MSWD = 11.7). The age 488.6 £+ 8.0 Ma, which
is consistent with the morphology of the zircon grain cores
(hence its magmatic origin), might be the most precise
estimate of the crystallization age of zircon and, correspond-
ingly, the age of the Tutai granites. The morphology of the
zircon grain rims suggests its metamorphic origin, and the age
464+ 11 Ma can be regarded as that of the metamorphic
alterations of the Tutai granites.

Discussion
Formation conditions and sources of granitic melts

The presence of amphibole and titanite in the Tutai and
South Ol’khon granites gives grounds for assigning them to
the I-type in the “alphabetical” classification of granitoids
(Chappell and White, 1974, 1992; Whalen et al., 1987). The
assignment of these granites to the I-type is confirmed by
moderate K,O contents and high Fe>*/(Fe>* + Fe>*) ratios
(0.21-0.43 (Table 1) (Chappell and White, 1992). On the other
hand, the weakly peraluminous composition (ASI = 0.97-1.14)

and moderate CaO contents (Table 1) make them similar to
S-type granites (Chappell and White, 1974, 1992). These
mineral and geochemical characteristics permit assigning the
Tutai and South OI’khon granites to the transitional /-S-type
(Liew et al., 1989) or Ib-type granites (Rosen and Fedorovskii,
2001). Most of the compositional points for the granites plot
within the transitional /-S area on the ASI-SiO; diagram
(Liew et al., 1989) (Fig. 8a). It is presumed that granitoids of
such composition can be generated by the melting of mixed
volcanosedimentary or metagraywacke sources and, probably,
by the melting of lower-crust orthogneiss sources (Liew et al.,
1989; Rosen and Fedorovskii, 2001). The composition of the
source of the Tutai and South OI’khon granites was estimated
using the diagram Al,O3/(MgO + FeO*)-CaO/(MgO + FeO¥*)
(Altherr et al., 2000), whose fields are delineated with regard
to experimental data on the dehydration melting of rocks of
different compositions. All the compositional points for the
granites plot within the field of granitoids produced by the
partial melting of metagraywacke protoliths (Fig. 8b).

The temperatures of the early crystallization of parental
melts (more exactly, zircon saturation temperatures) were cal-
culated using the thermometer of E.B. Watson and T.M. Har-
rison (1983). The calculation showed that the Tutai and South
Ol’khon granites are characterized by moderate formation
temperatures of 754-804 °C (Table 1). These values corre-
spond to so-called low-temperature granites of the I-type,
whose hypothetical sources are quartz-feldspar crustal rocks
(e.g., tonalitic gneisses) (Chappell et al., 1998). Chappell et
al. (1998) pointed out that low-temperature granites of the
I-type are similar to S-type granites, because the formation of
both types of granites is accompanied by the melting of
quartz-feldspar crust.

The most widespread rocks within the Anga—Satyurty
megazone (Ol’khon terrane), which also contains the Pribrezh-
naya zone with the Tutai and South Ol’khon granites, include
the garnet-biotite gneisses in the amphibolitic facies and the
garnet-orthopyroxene-biotite gneisses in the granulitic facies,
which are geochemically similar to mature island-arc gray-
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wackes (Gladkochub et al., 2010; Makrygina et al., 2007).
These metagraywackes have increased AlpO3 contents (>15
wt.%), low K>O contents (1.1-2.3 wt.%), and high Ba contents
(>500 ppm) ((Gladkochub et al., 2010; Makrygina et al., 2007)
and the authors’ unpublished data). In theory, the metagray-
wackes from the Anga—Satyurty megazone can be regarded as

possible sources of the Tutai and South OI’khon granites.
However, since the host rocks of the granites are an alternation
of sheets of different compositions, a different source (includ-
ing a primary-magmatic one) is possible for these rocks.
Anyway, quartz-feldspar crust is the possible protolith of the
granites.
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Table 2. U-Pb data on zircon from the Tutai granite (sample 1015)

Crystal,  Position 2OﬁPbc, U Th 2327/238y Isotopic ratios Age, Ma D, %
spot % ppm 238(;206pL 40 207py26pps 4o 06py 2387 207py 206py

€)) Y] Y] )]
1.1 Core 0.25 985 590 0.62 12.6 0.6 0.0556 1.2 491+ 3 437127 -13
2.1 Core 0.11 1180 201 0.18 12.9 0.6 0.0559 0.9 481+3 450 £21 -7
3.1 Rim 0.08 771 74 0.10 13.3 0.7 0.0548 1.1 46713 405+ 26 -16
4.1 Rim 0.07 731 86 0.12 13.5 0.8 0.0573 1.3 460+ 3 503 +£29 +9
5.1 Core 0.12 955 111 0.12 12.7 11.1 0.0554 1.1 490 £52 429 +£23 -15
6.1 Core 0.10 719 324 0.47 12.4 0.7 0.0566 1.1 498 £4 474 £ 25 =5
7.1 Rim 0.10 490 56 0.12 13.2 0.7 0.0560 14 472£3 453 £31 -4
7.2 Core 0.16 448 174 0.40 12.7 0.7 0.0580 1.8 488+3 530+ 39 +8
8.1 Rim 0.16 895 79 0.09 13.1 0.6 0.0555 1.2 47513 433 £27 -10
9.1 Rim 0.08 805 142 0.18 13.6 0.7 0.0564 1.4 4573 468 £ 31 +2
10.1 Rim 0.09 584 76 0.13 13.9 0.7 0.0565 1.3 4493 470 £ 29 +5
11.1 Core 0.42 808 444 0.57 13.5 34 0.0561 1.6 460 £ 15 458 £ 35 0

Note. The error is within a 1o interval. Pb, and Pb*, Common and radiogenic Pb, respectively. D, Discordance.

(1) corrected for common Pb using 2%*Pb.

The low Y and Yb contents of the Tutai and South Ol’khon
granites (Table 1) suggest the presence of garnet among the
restite phases (Patifio Douce and Beard, 1996; Turkina, 2000).
The slight or absent Eu anomaly on the REE patterns for
almost all the granites (except sample 11138) (Fig. 5a), along
with the high Sr contents of the samples (>1000 ppm),
suggests the absence of plagioclase among the restite phases.
According to (Patifio Douce and Beard, 1996), the melting of
metagraywacke and orthogneiss (tonalitic) protoliths under
garnet crystallization follows a similar scenario: Incongruent
melting, accompanied by plagioclase disintegration and albite
release, increases the NayO content of the melt and, corre-
spondingly, the NayO/K;O ratios. High NayO contents and

NayO/K70 > 1 are the distinguishing features of the Tutai and
South OI’khon granites (Table 1). This permits such a scenario
of granite formation regardless of the protolith (metagray-
wacke or orthogneiss). Deep crustal melting is important for
the generation of felsic magmas in the case of garnet
crystallization in restite and, correspondingly, at moderate or
high pressures. This presupposes crustal thickening before the
start of melting (Patifio Douce and Beard, 1996).

Unlike the Tutai and South Ol’khon granites, the South
Ol’khon quartz syenites have decreased SiO» contents (61.5—
62.9 wt.%), suggesting their generation not only from meta-
graywacke or orthogneiss protoliths. The quartz syenites are
metaluminous rocks with ASI < 1 (Table 1). On the diagram

7.1 rim
7.2 core

5.1
core

10.1
rim

Fig. 6. Cathodoluminescence images of zircon crystals from the Tutai granite, sample 1015.
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AlO3/(MgO + FeO*)-Ca0O/(MgO + FeO¥*), they plot as rocks
produced by the melting of metamafic/metatonalitic sources
(Fig. 8b). The high Y and YD contents of the quartz syenites
(Table 1) indicate a disequilibrium with garnetiferous par-
ageneses during the formation and evolution of the quartz
syenite magmas. The calculated zircon saturation temperatures
(Watson and Harrison, 1983) for the quartz syenites are quite
low (724-751 °C), even lower than those in the granites
(Table 1). Apparently, these values are underestimated, be-
cause the quartz syenites have low Zr contents (114-162 ppm),
suggesting that the Zr content of the melt was not enough for
zircon saturation. Besides that, the quartz syenites show high
cation ratios (M1 =1.90-1.95), which also complicate the use
of the thermometer (Watson and Harrison, 1983) to estimate
the crystallization temperatures of the quartz syenites, because
this geothermometer is reliable for rocks with M values from
0.9 to 1.7. However, the magnesian composition of some
analyzed varieties of quartz syenites (Fig. 4a) and the
moderate contents of elements such as Zr, Nb, and Y permit
a comparison between the studied rocks and I-type (not
A-type) granites, suggesting their moderate melting tempera-
tures.

! M= (Na+ K+2 - Ca)/(Al - Si), where Na, K, Ca, Al, and Si are the contents

of elements in rock (Watson and Harrison, 1983).

The Nd isotope composition of the quartz syenites
(ena(T) = —0.3 (Gladkochub et al., 2008b)) is less radiogenic
than that of the mantle rocks in the Anga—Satyurty megazone
(both metamorphic and the youngest, unaltered rocks) with
end(T) =+2.4 to +3.7 ((Gladkochub et al., 2008b) and the
authors’ unpublished data) but significantly more radiogenic
than in the metaterrigenous rocks of this zone (eng(7) = —3.2
to —25.8 (Gladkochub et al., 2008b; Vladimirov et al., 2008)).
Thus, the South OI’khon quartz syenites are, most likely, of
crust-mantle origin. The geochemical features of the quartz
syenites are very high Ba and Sr contents (Table 1), which
might reflect the trace-element characteristics of the mantle
protolith (Tarney and Jones, 1994; Turkina, 2005). On the
other hand, the well-defined Nb-Ta, P, and Ti anomalies on
the spidergrams (Fig. 5b) suggest the presence of crust in the
quartz syenite source. The combined isotopic and geochemical
data suggest the formation of the South OI’khon quartz
syenites as a result of crust-mantle interaction. The absence
of any signs of equilibrium between the quartz syenite magmas
and garnetiferous restite and/or cumulus associations suggests
that crustal and mantle magmas mixed in the middle crust
above the depth at which the Tutai and South Ol’khon granites
were generated (lower crust, garnet stability field in restite).

Since the almost simultaneous formation and evolution of
the melts of the Tutai and South Ol’khon granites and quartz
syenites took place at different PT-parameters and different
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crustal depths, a necessary condition for their generation is the
existence of thickened crust. The additional heat source, which
caused melting under ongoing folding in the region, might
have been the underplating of basaltic melts to the base of
thickened crust. The underplating was only a heat source for
the granites, whereas for the quartz syenites, these basaltic
melts can be regarded as a possible supplier of mantle matter
to the area of magma generation.

Scenario of the geodynamic evolution of the eastern
Ol’khon terrane

Before try to decipher the scenario of the geodynamic
evolution of the eastern Anga—Satyurty megazone (Ol’khon
terrane) and the entire megazone, let us summarize the main
conclusions from the study of the Tutai and South OIl’khon
granitoids.

(1) The intrusion of the granitoids during the second
deformation stage and the formation of F; folds permit
regarding the studied granitoid plutons not only as synfolding
but also as synmetamorphic. It is also evident that the
granitoids and host rocks were later affected by synmetamor-
phic deformations D3 and D4. We emphasize that no signs of
discreteness (breaks, stops) were observed in the deformation
process or metamorphism;

(2) The Tutai granites were dated by the U-Pb zircon
method at 488.6 8.0 Ma. The coincidence within error
between the previous age estimate for the South OIl’khon
quartz syenites (495 + 6 Ma (Gladkochub et al., 2008b)) and
the age of the Tutai granites suggests that the rocks of these
plutons are of close ages, almost coeval. On the other hand,
structural data suggest that the given geochronological deter-
minations also correspond to the age of early metamorphism
and deformations. Later metamorphism and deformations took
place at 464+ 11 Ma (estimated age of the rims of zircon
grains from the Tutai granites), and the entire history of the

granites and quartz syenites, as well as that of deformations
and metamorphism, is limited to this time interval;

(3) The geochemical characteristics of the Tutai and South
Ol’khon granites indicate that their formation took place in
the lower crust (area of garnet stability in restite) and the
quartz syenites might have formed in the middle crust, because
the quartz syenite magmas bear no signs of equilibrium with
garnetiferous restite and/or cumulus parageneses. A quartz-
feldspar crustal protolith (metagraywacke or orthogneiss) is
determined for the Tutai and South Ol’khon granites, whereas
a mixed (crust-mantle) source is presumed for the South
Ol’khon quartz syenites. A necessary condition for the forma-
tion of the Tutai and South OlI’khon rocks was protolith
melting within thickened crust.

Original data on the Tutai and South Ol’khon granitoids,
combined with published data on the geology, tectonics, and
age of the rocks within the Ol’khon terrane (Bibikova et al.,
1990; Fedorovsky et al., 2005, 2010; Gladkochub et al., 2008b;
and others), suggest a scenario of the geodynamic evolution
of the eastern Anga—Satyurty megazone (Ol’khon terrane) and
probably the entire Anga—Satyurty megazone.

The intrusion of the granitoids during the second deforma-
tion stage in the region and their formation within thickened
crust suggest that the moment of the granitoid formation was
preceded by tectonic events, which created conditions favor-
able to the granitoid formation. We presume that the crustal
thickening was due to the accretion of some tectonic units
which consist of rocks of different compositions (fragments
of different parts of a backarc (marginal) basin (Gladkochub
et al., 2008b; Makrygina et al., 2007; Zorin et al., 2009)) in
the present-day eastern Ol’khon terrane. This stage is reflected
in the presence of F1 and F; folds in the Pribrezhnaya zone
rocks. On the other hand, regional structural observations
suggest that these early accretion events were much more
widespread, affecting the entire Anga—Satyurty megazone,
which includes the Pribrezhnaya zone. Early sheet-type folds
with gentle hinges occur widely in the area, and their
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formation was always followed by total synmetamorphic
shearing, which created the collisional collage of the present-
day area. Examples include the sheet fold stacks preserved
among the shear structures of the Nutgei zone, numerous relict
areas of such structures in the southwestern Chernorud zone,
direct evidence for early sheet deformations within the Main
shear zone, etc. All this suggests that an important accretion
stage should be distinguished in the region. It occurs widely,
up to the oblique collision of all the fragments of the accreted
tectonosphere and the Siberian craton.

Apparently, the accretionary structure formed above the
subduction zone. The identification and direction of this zone
remain disputable (Gladkochub et al., 2008b; Zorin et al.,
2009), and we do not discuss this problem in the paper.
Models for the formation of accretionary orogens above the
subduction zone assume that the formation of the orogen
created conditions for crustal thickening and more intense
shortening, which favored the tectonic clustering of rock
complexes, shearing, and thrusting (Collins, 2002; Zorin et al.,
2009). During the same period, the underplating of basaltic
melts to the crustal base caused granulite-facies metamorphism
and initiated granitoid melting (Collins, 2002). Extending the
above-mentioned regularities in the evolution of accretionary
orogens to the Anga—Satyurty megazone, we presume that the
granulites, now observed in the Chernorud zone of the Ol’khon
area and in northern OI’khon Island, might have been formed
at the base of such an accreted structure. The time of early
accretion in this case corresponds to the age of the granulites
and equals 507-498 Ma (Gladkochub et al., 2008b). The
basaltic magmas which intruded the crustal base might have
served not only as the initiators of granulite-facies metamor-
phism but also as a necessary heat source for the melting of
the Tutai and South Ol’khon granitoids. As was pointed out
above, the Tutai and South OI’khon granites were produced
by the melting of the quartz-feldspar protolith in the lower
crust, whereas the South OI’khon quartz syenites formed
owing to crust-mantle interaction in the middle crust. The
granitoid intrusion itself took place during tectonic events in
the region, more specifically, during the second deformation
stage (with the formation of F» folds), which suggests ongoing
compression. Also, the 485-494 Ma synmetamorphic hy-
persthene granites (Bibikova et al., 1990; Khromykh, 2006),
observed among the Chernorud zone granulites and structur-
ally related to the early sheet folds, might be the indicators of
these events.

The compression in the Pribrezhnaya zone and the entire
region did not end at that stage, because the granitoids and
the host rocks were later affected by deformations D3 and Dj.
The time of these events can be estimated from the age of the
metamorphic rims in the Tutai granites, which equals
464 = 11 Ma. For the entire Ol’khon terrane, this event might
reflect convergence with the Siberian craton, the end of
accretion, and giant oblique collision of all the components of
the system. During the collision and attendant strike-slip
tectonics, the initial system was destroyed and its components
were dismembered and mixed owing to sliding along the
cratonic edge. These events reflect the available age estimates

for different manifestations of magmatism at 458-470 Ma.
The strike-slip tectonics also determined the start of the
synorogenic collapse of the collisional structure. This compli-
cated collisional collage with extant elements of accretionary
geodynamics is observed in the present-day Ol’khon region.
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