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Seven main Large Igneous Provinces (LIPs) are represented within the southern Siberia: 
- Paleoproterozoic (~ 1.87 – 1.84 Ga) LIP (granitoids and felsic/mafic volcanics);
- Late Paleoproterozoic (~1.75 – 1.67 Ga) LIP (mafic dykes);
- Neoproterozoic (0.80 – 0.74 Ga) LIP (mafic dykes/intrusions);
- Late Paleozoic (~0.32 – 0.27 Ga) LIP (mafic dykes, granitoids);
- Early Mesozoic (~0.25 – 0.24 Ga) LIP (traps/mafic dykes);
- Late Mesozoic (~0.12 Ga) LIP (felsic/mafic dykes & intrusions);
- Cenozoic LIP (basalts).

Each LIP reflects huge igneous activity initiated and controlled by deep-level (including 
mantle) processes. The majority of above mentioned LIPs will be observed in frame of the field 
excursion (Fig. 0.1).

intRoduction

At the beginning of Guidebook we present a brief overview of general geology, tectonics and 
geodynamic interpretation of main unites of the southern Siberia to provide participants with 
some knowledge regarding the geological frame enclosing LIPs listed above. 

Fig. 0.1. Geographical map of the Southern Siberia and scheme of field excursion.
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The southern Siberia is a territory located between 
Lake Baikal on the north-east and Russian - Mongolian 
border on the south-west. As an administrative unit, 
this area belongs to Irkutsk region, Buriatia and Tuva 
Republics (all of Russian Federation). In terms of 
geology, the region consists of two main geological 
structures of Northern Eurasia – the southwestern margin 
of the Siberian craton and the northern (Transbaikalian) 
part of the Central Asian Orogenic belt (Fig. 1.1). These 
two major structures (ancient craton and folded belt) have 
a completely different origin and scenario of geological 
development. In the area studied (southern Siberia) these 
units share common history since early Paleozoic when 
the Siberian craton began its transformation into the 
Siberian continent by accretion to its southern margin 
numerous terranes of the Paleoasian ocean. The majority 
of Paleozoic and younger LIPs could be traced from 
the craton to folded belt. However, older LIPs selected 
to observation in frame of the excursion belong to the 
Siberian craton only. The description of the craton’s and 
folded belt’s geology is given separately (Chapters 1.1 
and 1.2). Thereafter the information concerning LIPs of 
the area investigated will be presented according their 
age (Chapters 2 –7).

1.1. The geology of southwestern margin 
of the Siberian craton

The Siberian craton is one of the largest cratonic 
structures of Asia. The Siberian craton was assembled 
between 2.1 and 1.8 Ga by collisions of four 
Archean (Tungus, Anabar, Aldan, Stanovoy) and one 
Paleoproterozoic (Olenek) superterranes (Rosen et al., 
2005; Gladkochub et al., 2006; Pisarevsky et al., 2008).

Most of the craton is covered by upper Neoproterozoic 
- lower Paleozoic sediments. Metamorphic and magmatic 
crystalline basement complexes are exposed in the 
Aldan and Anabar shields and at the southern margin of 
the craton in several metamorphic massifs (Fig. 1.1a), 
e.g., Sharyzhalgai massif (SH in Fig. 1.1b). The Siberian 

craton is bounded on its southwestern side by the Main 
Sayan and Primorsk faults (Fig. 1.1b).

The southwestern margin of the Siberian craton 
is structurally and compositionally complex and 
its tectonic evolution is still a matter of debate. 
Phanerozoic platformal sediments cover almost the 
whole area, with Precambrian rock exposures limited 
to relatively narrow strip (30–250 km wide) along the 
craton boundary (Fig. 1.1b). This strip is composed of 
Archean-Paleoproterozoic metamorphic complexes, the 
Paleoproterozoic Akitkan volcanic belt, and fragments of 
Meso- and Neoproterozoic passive margin successions 
(Sklyarov et al., 2000).

These Archean and Paleoproterozoic metamorphic 
complexes are characterized by granulite- and 
amphibolite-facies metamorphism and complex, 
commonly multi-phase deformation. The largest of these 
massifs and the subject of the observation in frame of 
the field excursion LIP_Asia_2011, the Sharyzhalgai 
metamorphic massif is composed of granite-gneiss 
and granulite-facies metamorphic terranes intruded 
by Paleoproterozoic granites (e.g., Sklyarov et al., 
2001). The massif underwent two stages of high-grade 
metamorphism (Aftalion et al., 1991; Sklyarov et al., 
1998). Early high-P granulite-facies metamorphism 
(T = 700-900°C  P = 9-14 kbar) has been interpreted 
to reflect the main Paleoproterozoic collisional event 
that led to amalgamation of Late Archean and early 
Paleoproterozoic terranes (Aftalion et al., 1991), whereas 
the later low-P metamorphism (T = 700-850°C, P = 4-6 
kbar) has been linked to the collapse of Paleoproterozoic 
orogen. Localised younger reworking and retrogression 
at of low-temperature (greenschist and low amphibolite 
facies) occurred in narrow shear zones. 

The of oldest zircon cores discovered in the 
Sharizhalgai granulite corresponds to ~3.4 Ga (Poller 
et al., 2004). The basement rocks of this salient have 
undergone three stages of tectonic/metamorphic 
reworking: late Archean (ca. 2.6 Ga), Paleoproterozoic 
(ca. 1.9 Ga) and early Paleozoic (ca. 0.5 Ga). The oldest 
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one was related to uniting of small-scale microplates into 
terranes and superterranes. Second (Paleoproterozoic) 
stage reflects the Siberian craton assembly by accretion/
collision of superterranes in huge common structure. 
The early Paleozoic reworking of the southern margin’s 
complexes could be explained in terms of the beginning 
of the Paleoasian ocean closure and building of the 
Central-Asian orogenic belt. 

The Paleoproterozoic Akitkan orogenic belt (Fig. 
1.1b) stretches from the northern shore of Lake Baikal 
across the Siberian craton for a distance of about 2000 
km (Condie and Rosen, 1994). The belt is composed of 
volcanic rocks, mainly felsic in composition with minor 
mafic components (Bukharov, 1987; Neimark et al., 1998), 
associated with red-colored lacustrine and shallow-water 
marine sediments, including conglomerate, gritstone, 
sandstone, siltstone and tuffaceous rocks. The granitoids 
of the Primorsk Complex (Fig. 1.1b), including rapakivi 
varieties, are regarded as the intrusive equivalents of the 
volcanic rocks. The U-Pb (zircon) age of the volcanic 
rocks and co-genetic granites are between 1880 and 
1860 Ma (Neimark et al., 1998).

Fragments of Meso- to Neoproterozoic passive 
continental margin of the southern Siberian craton (Fig. 
1.1b) are structurally complex and are mostly composed 
of thick sedimentary and volcanic series, locally 
including small Paleoproterozoic metamorphic massifs. 
Grade of metamorphism in the volcanic and sedimentary 
complexes generally does not exceed greenschist facies.

1.2. The geology of Transbaikalian segment 
of central Asian orogenic Belt

The Central Asian Orogenic Belt (CAOB) or Altaids 
(Sengor et al., 1993; Sengör, Natal’in, 1996a, b; 2004) is 
located among the Siberian craton in the north and the 
North China and Tarim cratons in the south (Zonenshain 
et al., 1990; Kovalenko et al., 2004; Windley et al., 
2007). It is one of the largest accretionary complexes 
on Earth. The youngest segment of the CAOB is the 
Mongol-Okhotsk orogen, which had formed as a result 
of the closure of the Mongol-Okhotsk ocean.

Terrane structure of the western Transbaikalia 
(focus area) consists of Vendian–Early Paleozoic islands 
arcs (Dzhida, Eravna, Anga–Talanchan), fragments of 
Vendian–Early Paleozoic marginal basins (Khamar-
Daban, Ikat, Ol’khon), relicts of Late Riphean island arc  
(Baikal–Muya) and rest of Late Riphean marginal basin 
(Olokit subzone) (Fig. 1.2). In general all these units 
belong to two main zones: Baikal-Muya (northern) and 
Ikat-Barguzin (southern). 

The Baikal–Muya zone is a fragment of the Late 
Riphean orogenic belt (Parfenov et al., 2003), resulted 
from the accretion and collision processes in the Late 
Riphean–Early Vendian (1.0–0.59 Ga). The zone is 
formed mainly by terranes of Late Riphean age, which 
are fragments of island-arc systems (island arcs, back-
arc and inter-arc basins) (Parfenov et al., 1996, 2003; 

Zorin et al., 1997, 2009). Early Vendian plagiogranites 
and ultrabasites intrude the terrane deposits (Rytsk et 
al., 2007). The southern part of the arch shaped Baikal–
Muya structure is composed of Late Riphean carbonate-
terrigenous deposits (Salop, 1967). This fragment of 
the Baikal–Muya zone is recognized as the Barguzin 
turbidite terrane (Parfenov et al., 1996). The terranes 
in this zone show a thrust-fold-shift structure and zonal 
metamorphism from amphibolite to green-schist facies. 
The structure-lithologic complexes of the Baikal–Muya 
zone are overlain with an angular discordance by Late 
Vendian and Early Cambrian weakly altered deposits. 
The Early Cambrian stratigraphic sections are similar 
in structure and fauna remains to the coeval deposits of 
the Siberian Platform. But their sediment accumulation 
proceeded not in the platform regime but on the shelf of 
passive continental margin.

The Ikat–Barguzin (Barguzin–Vitim) zone is 
located to southwest of the Baikal–Muya zone and is 
composed of Late Vendian–Early Paleozoic volcano-
sedimentary strata. The performed reconstructions 
(Gordienko, 2006; Makrygina et al., 2007; Parfenov et 
al., 2003; Zorin et al., 2009) showed that the Caledonian 
structure of western Transbaikalia includes terranes 
whose fragments are similar to island arcs and back-arc 
basins. 

The Eravna island arc in terms of volcanic rock’s 
composition corresponds to ensialic type. Its basement is 
formed by metamorphic and igneous complexes whose 
fragments are present as tectonic lenses among the Early 
Paleozoic deposits. The island-arc complex includes 
volcanoclastic rocks (psephyte-psammitic turbidites) 
associated with andesites, dacites, rhyolites, and 
basalts. Some volcano-terrigenous sequences contain 
archaeocyathean limestones. 

The Ikat back-arc basin borders the Eravna 
island arc from the northwest. In the basin of the 
Turka and Ikat Rivers, fragments of its stratified strata 
are weakly metamorphosed carbonate-terrigenous 
deposits with minor volcanogenic rocks. According to 
the fauna remains, the deposits are of Cambrian age. 
A more diverse lithologic composition of volcano-
sedimentary deposits is observed in the Selenga area. 
They form shale-carbonate, carbonate-siliceousshale, 
and carbonate-volcano-shale lithofacies complexes 
(Belichenko et al., 2006). The metamorphosed volcanic 
rocks are similar in geochemical composition to MORB 
(Makrygina et al., 2007), which formed probably under 
dispersed-spreading conditions within back-arc basin. 
According to Nd isotope studies (Kovalenko et al., 2005) 
an age of this basin was proposed as Rophean (Meso- to 
Neoproterozoic). 

The Ol’khon terrane (as well as Khamar-Daban 
terrane) is formed by diverse metamorphic rocks, 
including metasedimentary (gneisses, schists, quartzites, 
calciphyres, marbles) and metaigneous (amphibolites, 
ultrabasites). According to geochemical features the 
metasedimentary rocks are similar to the island-arc and 
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Fig. 1.1. Tectonic framework of the southern part of the Siberian craton.
1 – Phanerozoic sedimentary cover of the Siberian craton; 2 – Archean-Early Proterozoic complexes; 3 – fragments 
of Meso- to Neoproterozoic passive continental margin; 4 – Central Asian Orogenic belt; 5a – modern boundary 
of the Siberian craton based on the geological and geophysical data; 5b – faults; 6 – Sharyzhalgai massif; 7 – 
Akitkan volcanic belt.
A – Akitkan belt; B – Birusa metamorphic massif; SH – Sharizhalgai metamorphic massif 
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back-arc basin deposits (Gladkochub et al., 2008a, c; 
Makrygina et al., 2007). The composition of amphibolites 
corresponding to N-MORB and their association with 
metaultrabasites permit us to regard these rocks as relicts 
of oceanic crust of marginal seas. The terrane is formed 
by a system of tectonic plates with a combined fold-
thrust and thrust internal structure. Detailed mapping 
and structural analysis showed that the thrusting was 
preceded by synmetamorphic deformations of thrust and 
dome types (Fedorovsky et al., 1995). The metamorphism 
of the plate rocks is of epidote-amphibolite and granulite 
facies. The age of granulite metamorphism is estimated 
at ~500 Ma (Gladkochub et al., 2008 a,c), and the age of 
later (superposed) amphibolite metamorphism, at 460–
470 Ma (Fedorovsky et al., 2005). Fragments of granulite 
metamorphism are mapped as a narrow lenticular band 
in the structures joining the Siberian Platform, and 
amphibolites metamorphism covers a large part of the 
terrane.

The Anga–Talanchan island-arc terrane is localized 
between the Ikat and Ol’khon terranes. A significant 
part of the terrane is under the Baikal water area. In its 
near-Baikal zone, there are large massifs of subalkalic 
gabbroids (Birkhin, Krestovskii) with an age of ~530 Ma 
(Fedorovsky et al., 2005). They are mainly in tectonic 
contacts with the enclosing rocks. At the same time, 
the structure of the latter rocks is determined by their 
steeply dipping planes. The massif rocks have undergone 
epidote-amphibolite facies of metamorphism. Dykes of 
subalkalic metagabbros are localized along the bands 
of the enclosing rocks. By geochemical parameters, the 
gabbroids and metavolcanics fall into the fields of rocks 
formed in mature island arc (Makrygina et al., 2007).

The stage of transformation of the Riphean–Early 
Paleozoic Transbaikalian island-arc systems into 
collision-accretionary orogen was most comprehensively 
studied in the Ol’khon terrane. Early accretion-
collision events in the terrane (507 ± 8 and 498 ± 7 Ma 
(Gladkochub et al., 2008b); 485 ± 5 Ma (Bibikova et 
al., 1990)) are determined from the manifestations of 
granulite metamorphism. The age of synmetamorphic 
granites varies from 500 to 465 Ma (Fedorovsky et 
al., 2005), most of them having an age of 485 to 470 
Ma, which corresponds to the time of occurrence of 
amphibolite metamorphism. The synmetamorphic 
granite emplacement was accompanied by dome and 
thrust tectogenesis, which was then changed by shift 
deformations. Shift-thrust tectonic sutures could be traces 
from Ol’khon region via to Barguzin Ridge, where they 
mark the collision front between the Ikat–Barguzin and 
Baikal–Vitim folded zones. The Caledonian events here 
are reflected not only in the thrust-folded allochthones 
of the Early Paleozoic strata of the Ikat terrane but also 
in the Late Riphean  deposits of the Barguzin turbidite 
terrane, where they are marked as the formation of 
granitoids at 426–441 Ma (Rytsk et al., 1998). In the Ikat 
terrane, synmetamorphic granitoids formed at 468 ± 8 
Ma (Grudinin et al., 2001; Rytsk et al., 2007). 

Note that the Caledonian tectogenesis accompanied 
by zonal metamorphism with synmetamorphic granite 
formation also took place in the Late Riphean strata 
remote from the front of accretion-collision events. An 
example is the Mama crystalline band of the Baikal–
Patom folded zone. In the modern regional structure 
it is separated from the main field of Lower Paleozoic 
Transbaikalian deformations by the Baikal–Vitim zone 
of Late Riphean folding. Here, U-Pb zircon dating 
of synfolded and synmetamorphic granites from the 
southwestern part of the band yielded an age of 421 ± 15 
Ma (Zorin et al., 2009), i.e., much younger, than the age 
of similar deposits in the Ol’khon region. Comparison 
of the time of fold-fault dislocations in the orogen with 
the time of linear folding in the sedimentary cover of the 
Siberian Platform margin shows that the Early Paleozoic 
accretion-collision event lasted for a long time (~75 Ma). 
At different sites of the collision system it proceeded at 
different time.

The western Transbaikalia is the region where 
granites occupied more than 80% of the whole area. 
Among various type and age (from Proterozoic to 
Cretaceous inclusively) granitoids of this region, the Late 
Paleozoic granitoids makes up the greatest part (more 
than 150 thousands km2). The Late Paleozoic granitoids 
is divided into five igneous suites: (1) the Barguzin suite 
of high-K calc-alkaline granite (330–310 Ma); (2 and 
3) the coeval Chivyrkui suite of low-silica calc-alkaline 
granitoids and the Zaza suite of high-K calcalkaline 
to alkaline granite and quartz (305–285 Ma); and (4 
and 5) the partially overlapped in time Lower-Selenga 
monzonite–syenite suite (285–278 Ma) and the Early-
Kunalei suite of alkali-feldspar and peralkaline quartz 
syenite and granite (281–275 Ma) (Tsygankov et al., 
2010a; Litvinovsky et al., 2011).

The Barguzin suite of high-K calc-alkaline granite 
prevails over other suites and represents of a large 
batholith, the Angara–Vitim batholith (AVB). At present, 
reliable data demonstrate the Late Paleozoic age of 
batholith. Moreover, numerous types of granites that 
were distinguished as different suites of various ages 
were formed at the same time (i.e. in the interval 340-270 
Ma) (Yarmolyuk et al., 1997a; Litvinovsky et al., 1999a, 
2002, 2011; Tsygankov et al., 2007, 2010a). The details 
of granitoids distribution are represented on Fig. 1.3.

The geochronological data allow us to distinguish 
Mesozoic epoch of granite formation in Western 
Transbaikalia as well (see details in Chapter 6). 

Final stage of igneous (volcano) activity within the 
area studied is represented by eruption of Cenozoic (up 
to Quaternary) basalts related to development of Baikal 
rift system. These basalts are very poorly distributed 
at the southern part of the Siberian craton (Belaya and 
Urik Rivers) and wide-spread at western Transbaikalia. 
Detailed description of Cenozoic basalts and their 
interpretation in terms of rift origin and evolution will be 
done in Chapter 7. 
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The formation of the Siberian craton by the accretion 
and collision of the Archean terranes and Early Proterozoic 
island arcs at ~1.9–2.0 Ga was finalized by large-scale 
post-collision magmatism (Rosen, 2003; Larin et al., 2003; 
Gladkochub et al., 2006; Donskaya et al., 2002). Numerous 
granitoid massifs and the North Baikal volcanoplutonic 
belt were formed at 1.84–1.88 Ga. This magmatic activity 
was related to the post-collision extension which followed 
the Siberian assembly and its incorporation into the 
Paleoproterozoic supercontinent (Didenko et al., 2009; 
Donskaya et al., 2011). Larin et al. (2003) combined 
all magmatic rocks of 1.84–1.88 Ga into a giant South 
Siberian post-collisional igneous belt (Fig. 2.1). This 
belt includes the Tarak granitoids of the Yenisei Range, 
the Shumikha and Sayan granitoids of the Sharyzhalgay 
salient, the Primorsk granitoids of the western Baikal 
region, the Irel granitoids and the Akitkan Group of the 
of the North-Baikal volcanoplutonic belt in the northern 
Baikal region, and the Kodar granitoids of the Aldan shield 
(Donskaya et al., 2002, 2003, 2005; Levitskii et al.  2002; 
Neymark et al., 1991; Larin et al., 2000, 2006; Nozhkin et 
al., 2003; Turkina et al., 2003, 2006). 

2.1. Paleoproterozoic post-collision granitoids

Geological setting and petrographic characteristics 
of the Shumikha, Primorsk and Irel granitoids
The Shumikha granitoids occurs within the 

Sharyzhalgay salient and intrudes the Precambrian rocks 
of the Sharyzhalgay and Onot Groups, Kitoy and Arban 
complexes (Fig. 2.2). The granitoids form a series of 
massifs, some of which are up to 50 km2 in area. The major 
rocks are biotite–amphibole granodiorite, granosyenite, 
and granite, medium- to coarse-grained or porphyritic. 
There are also small vein bodies of fine-grained granites 
and granosyenite porphyries. U-Pb zircon age of the 
Shumikha granites is 1861 ± 1 Ma (Donskaya et al., 2002).

The Primorsk granitoids occurs in the western Baikal 
region (Fig. 2.2). The granitoids intrude the Precambrian 
rocks of the Sharyzhalgay and Sarma Groups and are 
overlain by the Neoproterozoic sediments of the Baikal 
Group. The first portions of the Primorsk granitoids 
are represented by porphyritic and ovoidal biotite and 
biotite–amphibole granites. The late portions of the 

Primorsk granitoids include fine- to medium-grained 
biotite granites, pegmatites, and aplites. The ovoidal 
texture of the Primorsk granitoids allows to consider 
them as rapakivi granites (Eskin et al., 1971; Manuilova 
and Sryvtsev, 1974) or as rapakivi-like rocks (Bryntsev 
et al., 1984), because they do not associate with gabbro-
anorthosites. U–Pb zircon age of the Primorsk rapakivi-
like granites is 1859 ± 16 Ma (Donskaya et al., 2003).

The Irel granitoids belong to the Paleoproterozoic 
North Baikal volcano-plutonic belt (Fig. 2.2), which 
extends north–northeast from the northwestern end of 
Lake Baikal over a distance of 550 km and is 5 − 60 km 
wide (Bukharov, 1987). The rocks of the North-Baikal 
volcano-plutonic belt demonstrate mainly tectonic 
contacts with the Precambrian rocks. In the west, the rocks 
of the North Baikal belt are overlain by the Neoproterozoic 
sediments of the Baikal Group. The Irel granitoids occur 
as subvolcanic and hypabyssal intrusions (Bukharov, 
1987) and are comagmatic with the volcanic rocks of 
the Akitkan Group of the North Baikal volcano-plutonic 
belt. Three phases were recognized in the Irel complex 
(Lobanov, 1964). The rocks of the first phase are quartz 
monzonite, diorite, granodiorite, and granite. The second 
phase is made up of porphyritic granosyenite, granite, and 
granosyenite porphyry. The third phase is represented by 
granosyenite and alaskite. The U-Pb zircon age of the Irel 
granitoids are 1866 ± 6 Ma (Neymark et al., 1991) and 
1864 ± 11 Ma (Poller et al., 2005).

Geochemistry of the granitoids
The Shumikha and Primorsk granitoids are chemically 

granodiorites and granites, and the Irel granitoids are granites 
and quartz monzonites (Fig. 2.3). The SiO2 contents varies 
from 66 to 74 wt.% in the Primorsk granitoids, from 64 to 
75 wt.% in the Shumikha granitoids, and from 62 to 71wt. 
% in the Irel granitoids. According to the classification of 
Frost et al. (2001), all rocks studied are ferroan (FeOtot/
(FeOtot + MgO) = 0.83–0.92). The Shumikha and Primorsk 
granitoids are mainly calc-alkalic and alkali-calcic rocks, 
and the Irel granites are alkali-calcic and alkalic (Fig. 2.4). 
All granitoids are metaluminous or slightly peraluminous. 
Their ASI value ranges from 0.82 to 1.09 in the Shumikha 
granitoids, from 0.89 to 1.17 in the Primorsk granitoids, 
and from 0.79 to 1.08 in the Irel granitoids. 

chaPteR  ii

Paleoproterozoic post-collision granitoids and 
volcanics of the southern siberian craton

donskaya t.v., gladkochub d.P., mazukabzov a.m.

Institute of the Earth’s Crust of the Siberian Branch of the Russian Academy of Sciences
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All granitoids studied plot within A-type granites 
field on diagram of Whalen et al. (1987). However, the 
granitoids from particular complexes show differences in 
the concentrations of major, trace, and rare earth elements. 
For instance, the three granitoid complexes form three 
distinct groups in the Pearce (1996) diagram (Fig. 2.5). 
The Irel granitoids show the highest contents of Nb and 
Y and plot mainly within the field of intraplate granites, 
whereas the Shumikha and Primorsk granitoids occur 
within the field of post-collisional granites. Chondrite-
normalized REE patterns of the Primorsk porphyritic 
and ovoidal granitoids display either no or small positive 
europium anomalies (Eu/Eu* = 0.92–1.62), whereas 
the Shumikha and Irel granitoids have distinct negative 
europium anomalies (Figs. 2.6a–2.6c). The Primorsk fine-
grained granites usually have lower concentrations of Ba, 
Sr, and Zr relative to the porphyritic and ovoidal granites 
and a negative europium anomaly (Eu/Eu* = 0.33–0.43). 

Chondrite-normalized diagrams (Figs. 2.6d–2.6f) 
reveal some differences in incompatible elements, in 
particular, Ba (small positive anomaly for the Primorsk 
porphyritic and ovoidal granitoids and negative anomalies 
for the Irel and Shumikha granitoids). In addition, there 
are negative U anomalies for the Primorsk porphyritic 
and ovoidal granitoids, positive anomalies (together with 

Th) for the Irel granitoids, and no or negative anomalies 
for the Shumikha granitoids. In the remaining portion of 
spider diagrams, the granitoids of the three complexes 
show variable negative anomalies in Nb, Sr, P, and Ti.
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Fig. 2.3. Diagram (Na2O + K2O)–SiO2 for the Shumikha, 
Primorsk, and Irel granitoids.
Open triangles are the Shumikha granitoids; filled 
squares are the Primorsk ovoidal and porphyritic 
granites; unfilled squares are the Primorsk fine-grained 
granites; and filled circles are the Irel granitoids. 
Fields on the diagram are shown after Middlemost 
(1985): 1 – alkali syenite; 2 – alkali quartz syenite; 3 – 
alkali granite; 4 – syenite, 5 – quartz syenite; 6 – granite; 
7 – monzonite; 8 – quartz monzonite; 9 – monzodiorite; 
10 – quartz monzodiorite; 11 – granodiorite; 12 – 
gabbro; 13 – quartz diorite; 14 – tonalite.

Fig. 2.4. FeO*/(FeO* + MgO) – SiO2 and (Na2O + K2O – CaO) – SiO2 (Frost et al., 2001) diagrams for the 
Shumikha, Primorsk, and Irel granitoids. Symbols are the same as in Fig. 2.3.
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The Shumikha and Primorsk granites demonstrate 
negative initial εNd values. The εNd (1.86 Ga) values 
are –7.4 for the Shumikha granites and –6.0 for the 
Primorsk granite. According to Neymark et al. (1998), 
the initial εNd values of the Irel granitoids range from 
–1.3 to –1.6.

Conditions of granitic melts crystallization
The zircon saturation temperatures (Watson and 

Harrison, 1983) were calculated for the Shumikha, 
Primorsk and Irel granitoids. The calculations yielded 
the maximum temperatures of 861–926°C for the Irel 
granites. The Primorsk and Shumikha granitoids gave 
840–873°C and 804–834°C, respectively.

A qualitative estimate of oxygen fugacity for the 
granitoids was made on the basis of the compositions 

of Fe–Ti oxides and amphiboles from the rocks. The 
occurrence of ilmenite as the only Fe–Ti oxide in the 
Primorsk granitoids complex suggests low fO2 values 
(Ishihara, 1977). The conditions of crystallization of 
these rocks were probably close to or lower than the QFM 
buffer (Anderson, 1996). The presence of magnetite and 
ilmenite in the Shumikha and Irel granitoids suggests 
higher fO2 values, above the QFM buffer (Anderson, 
1996). Amphiboles from the Primorsk granitoids 
show high Fe/(Fe + Mg) values of 0.81–0.89, which 
are only possible during crystallization under low fO2 
conditions (Fig. 2.7) (Anderson and Smith, 1995). 
The amphiboles of the Shumikha and Irel granitoids 
usually have lower Fe/(Fe + Mg) values of 0.70–0.81, 
which is indicative of intermediate fO2 values (Fig. 
2.7) (Anderson and Smith, 1995).
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Possible sources of granitoids
The main characteristics of the Shumikha, Primorsk 

and Irel granitoids are summarized in Table 2.1. The 
analysis of isotopic, geochemical, and mineralogical data 
on granitoids of these complexes demonstrated that these 
granitoids could not be derived from a single source. 
The significant difference between the Nd isotopic 
characteristics of the Shumikha and Primorsk granitoids 
and the Irel granitoids allows us propose at least two 
distinct sources responsible for their origin. For instance, 
the Irel granitoids of the North Baikal volcano-plutonic 
belt show εNd values from –1.3 to –1.6 (Neymark et al., 
1998), whereas the Primorsk and Shumikha granitoids 
show much lower εNd values between –6.0 and –7.4. The 

Shumikha and Primorsk least differentiated granitoids 
have very different concentrations of major and trace 
elements (Figs. 2.6d, 2.6e) and REE patterns (Figs. 2.6a, 
2.6b). These distinctions are certainly related to chemical 
differences between their sources and, to a much smaller 
degree, different P–T conditions of their crystallization. 

Some features of the Primorsk granitoids (high 
FeOtot/(FeOtot + MgO) values, iron-rich compositions of 
amphiboles and biotites, and oxygen fugacity below the 
QFM buffer) allow us to classify them as the least oxidized 
granitoids. The low εNd values obtained for these granites 
suggest a crustal source for these rocks. According to 
King et al. (2001), we believe that the primary melts of 
the Primorsk granitoids were formed by melting of Late 
Archean crustal rocks of quartz–feldspar composition, 
which were characterized by low oxygen fugacity. The 
high Ba and Sr concentrations in the Primorsk least 
differentiated granitoids and the positive Eu anomaly in 
the REE spectra suggest that the source rocks were initially 
unfractionated and enriched in these elements.

The Shumikha and Irel granitoids show moderate fO2 
values and negative εNd values (Table 2.1). Their source 
was probably also represented by crustal rocks.

The geologic setting of the Shumikha granitoids, 
which intruded the Precambrian rocks of the Sharyzhalgay 
salient, allows us to speculate on the possible source 
of these rocks. This source could be represented by 
Archean rocks of tonalitic composition (tonalites and 
plagiogneisses), which are widespread in the Onot 
greenstone belt (Nozhkin et al., 2001). On the other 
hand, the age of plagiogranite gneisses from the Onot 
belt was estimated as 3.25 Ga (Bibikova et al., 1982), 
whereas the Nd model age of the Shumikha granites is 

Fig. 2.7. Fe/(Fe + Mg)–Al(IV) diagram (Anderson 
and Smith, 1995) for amphiboles from the Shumikha 
(unfilled triangles), Primorsk (filled squares), and Irel 
(filled circles) granitoids. 

Characteristic Primorsk granitoids Shumikha granitoids Irel granitoids
Age, Ma 1859 ± 16 

(Donskaya et al., 2003)
1861 ± 1 
(Donskaya et al., 2002)

1866 ± 6 
(Neymark et al., 1991)

Sm–Nd model age, Ga 2.73 2.78, 2.87 2.41 
(Neymark et al., 1998)

∑Nd -6.0 -7.4 -1.3, -1.6 
(Neymark et al., 1998)

Geochemical classification
of granitoids 

(Frost et al., 2001)

ferroan, calc-alkalic, alkali-
calcic, metaluminous–
peraluminous

ferroan, calc-alkalic, alkali-
calcic, metaluminous–
peraluminous

ferroan, alkali-calcic, alkalic,
metaluminous–
peraluminous

FeOtot/(FeOtot+MgO)

0.90-0.92
(porphyritic and ovoidal)
0.84-0.89
(fine-grained)

0.83-0.92 0.86-0.89

Eu/Eu*

0.92-1.62
(porphyritic and ovoidal)
0.33-0.43
(fine-grained)

0.36-0.59 0.42-0.53

Fe/(Fe + Mg) of amphibole 0.81-0.89 0.70-0.78 0.70-0.81
Fe/(Fe + Mg) of biotite 0.79-0.81 0.67-0.72 0.80-0.83

Fe–Ti oxides ilmenite ilmenite, magnetite ilmenite, titanomagnetite
T, °C  (Watson, Harrison, 1983) 840-873 804-834 861-926

Oxygen fugacity, f O2 low intermediate intermediate

Table 2.1. Main characteristics of the Primorsk, Shumikha, and Irel granitoids
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2.78–2.87 Ga. Although the Shumikha granitoids could 
be derived from Archean rocks of tonalitic compositions, 
it is most probable that the formation of the Shumikha 
granitoids requires the input of juvenile material to the 
initial tonalitic source.

A characteristic feature of the Irel granitoids is 
the relatively low silica content (62–65%) in the least 
differentiated varieties, which allows us to suppose that 
the source of these rocks was less silicic than granodiorite 
and tonalite. However, the source of these rocks was 
probably not basic in composition, because basic rocks 
were never found in the Irel complex and among the 
comagmatic volcanics of the Akitkan Group (Bukharov, 
1987). We suppose therefore a source of intermediate 
composition for the Irel granitoids. Some specific 
features of the Irel granitoids, such as high alkali and 
TiO2 contents, suggest high contents of these elements 
in the source. We suggest that the Irel granitoids were 
derived from crustal rocks of monzodioritic composition. 

Conclusions
The Paleoproterozoic post-collisional Shumikha, 

Primorsk, and Irel granitoids in the southern Siberian 
craton are characterized by similar geologic settings 
and show a geochemical characteristics corresponding 
to A-type granites. Despite these similarities, they are 
distinctly different in a number of geochemical and 
mineralogical characteristics. Specific features of the 
Primorsk granitoids are their high bulk Fe/(Fe + Mg) 
ratio (0.90–0.92), high Fe/(Fe + Mg) of amphiboles 
(0.81–0.89) and biotites (0.79–0.81), occurrence of 
ilmenite as the only Fe–Ti oxide, high Ba and Sr 
contents, and positive europium anomalies in the REE 
spectra of the least evolved varieties. The Shumikha 
granitoids contain amphiboles and biotites with 
moderately high Fe/(Fe + Mg) values (0.70–0.78 and 
0.67–0.72, respectively) and coexisting ilmenite and 
magnetite. The Irel granitoids are distinguished by the 
highest (compared with the other granitoid complexes) 
concentrations of Zr, Nb, Y, and REE and the occurrence 
of ilmenite and titanomagnetite.

Isotopic, mineralogical, and geochemical data 
demonstrate that the Shumikha, Primorsk, and Irel 
granitoids were derived from compositionally different 
sources. The Late Archean gneisses characterized by low 
oxygen fugacity are supposed to be the source of Primorsk 
granitoids. The Shumikha granitoids could be related to 
Archean rocks of tonalitic composition. A crustal source 
chemically similar to monzodiorite was suggested for the 
Irel granitoids.

2.2. Paleoproterozoic post-collision volcanics of 
the notrh-Baikal volcano-plutonic belt

General geological setting
Paleoproterozoic post-collision volcanic rocks in 

the southern Siberian craton occur in the Notrh-Baikal 
volcano-plutonic belt. The North Baikal volcano-
plutonic belt is located in the southern margin of the 

Siberian craton and extends north–northeast from the 
northwestern end of Lake Baikal over a distance of 550 
km and is 5 − 60 km wide (Bukharov, 1987). The rocks 
of the North Baikal volcano-plutonic belt overlay the 
Early Proterozoic metamorphic rocks (Sarma Group, 
Chuya Group, and their analogues) and Mesoarchean 
granitoids (Donskaya et al., 2009) and are overlain by 
the Neoproterozoic sedimentary rocks of the Baikal 
Group (Figs. 2.1, 2.8). Larin et al. (2003) showed that 
the belt was formed in a post-collisional extension setting 
during the final stages of the accretionary–collisional 
processes, which led to the formation of the Siberian 
craton. U–Pb zircon dating of several samples of volcanic 
rocks and granites of the North Baikal belt showed their 
Paleoproterozoic age (1.80–1.87 Ga) (Larin et al., 2003; 
Neymark et al., 1998; Sobachenko et al., 2005; Poller et 
al., 2005; Donskaya et al., 2008).

The North Baikal volcano-plutonic belt consists 
of the terrigenous–volcanogenic rocks of the Akitkan 
Group and the Irel granitoids, which are comagmatic to 
the felsic rocks of the Akitkan Group (Salop, 1964; Mats 
et al., 1968). The volcanic rocks of the Akitkan Group 
are dominated by felsic rocks; volcanic rocks of rhyolite 
to dacite composition account for ~75% (Neymark et 
al., 1998). Salop (1964) was the first to distinguish the 
Akitkan Group. According to this scheme, the Malaya 
Kosa and Chaya formations consist mainly of terrigenous 
rocks, while the Khibelen Formation is made up of 
volcanic rocks. Since the early 1970s, most geologists 
began to distinguish volcanogenic, volcanoplutonic, and 
volcanogenic–terrigenous complexes within the North 
Baikal belt (reviews in Bukharov, 1987; Sryvtsev, 1986; 
Sryvtsev and Buldygerov, 1982), in which volcanogenic 
rocks were regarded not as part of a stratified sequence 
but as different volcanic complexes. Based on newly 
obtained petrological and U–Pb zircon dates of rocks from 
the North Baikal belt, Neymark and co-authors (1998) 
and Larin and coauthors (Larin et al., 2003) developed a 
generalized stratigraphic scheme (from bottom upward: 
Malaya Kosa, Domugda, Chaya formations).

Geological and petrographic characteristics of the 
Khibelen volcanics of the North-Baikal volcano-
plutonic belt
The felsic volcanic rocks from five areas in the 

southern part of the North Baikal volcanoplutonic belt were 
investigated in detail (Fig. 2.8). According to stratigraphic 
schemes, volcanogenic rocks from four studied areas 
(Zavorotny, Srednii Kedrovy, Svetly, and Khibelen) belong 
to the Khibelen Formation of the Akitkan Group (Salop, 
1964; Mats et al., 1968; Neymark et al., 1998) or to the 
Khibelen Complex (Sryvtsev, 1986 and reference herein, 
Bukharov, 1987). The volcanic rocks of the Kunerma area 
belong either to the Domugda Formation of the Akitkan 
Group (Mats et al., 1968) or to the Domugda Complex 
(Sryvtsev, 1986, and references herein; Bukharov, 1987; 
Neymark et al., 1998), while in other publication, these 
rocks are considered to be part of the Khibelen Formation 
(Salop, 1964; Sobachenko et al., 2005). 
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According to concepts of Bukharov (1987), felsic 
volcanic rocks occur in the southern part of the North 
Baikal volcano-plutonic belt as flows, sheets, extrusion, 
and sills of volcanic edifices (Bukharov, 1987). In all 
the areas, the sequences contain, in addition to volcanic 
rocks, terrigenous–volcanogenic and terrigenous rocks: 
tuffites, tuffaceous siltstones, tuffstones, sandstones, 
and siltstones. In the Zavorotny area, they form beds and 
interlayers among volcanic rocks, while in the Svetly and 
Khibelen areas, they were found in the lower parts of the 
sequence immediately beneath the volcanic rocks. The 
Zavorotny area contains, in addition to the felsic volcanic 
rocks, andesites. 

U–Pb zircon age of 1866 ± 6 Ma was obtained 
for volcanic rocks and granites from the Kunerma 
areas (Neymark et al., 1991). The U-Pb zircon age of 
trachydacite from the Kunerma area is 1870.7 ± 4.2 
Ma (Donskaya et al., 2008). The age of 1864 ± 11 Ma 
was obtained for granites from the Srednii Kedrovy area 
(Poller et al., 2005). The U-Pb zircon age of dacite from 
the Khibelen area is 1877.8 ± 3.8 Ma (Donskaya et al., 
2008). The age of 1849 ± 11 Ma was obtained for rhyolite 
from Zavorotny area (Donskaya et al., 2008). The rhyolite 
from the Svetly area have U–Pb zircon age of 1875 ± 14 
Ma (Donskaya et al., 2008).

The felsic volcanic rocks in all the areas are 
porphyritic rhyolites and dacites. Porphyroclasts 
comprise variable proportions of plagioclase, K-feldspar, 
and quartz. All phenocrysts were variably subjected to the 
secondary alterations. Plagioclase is replaced by sericite, 
albite, and, occasionally, saussurite; quartz shows wavy 
extinction; K-feldspar is pelitized and albitized. The 
groundmass is built up of quartz and feldspar, which form 
felsitic, microfelsitic, poikilitic textures. Some rhyolite 
samples from the Zavorotny area have a spherulitic 
texture. The spherulites typically consist of fine albite 
and quartz fibers with an admixture of K-feldspar; in 
the more complex spherulites, the central part consists 
of chlorite which grades outward into K-feldspar, quartz, 
and plagioclase. Chlorite in spherulites and its aggregates 
in the homogeneous quartz–feldspar groundmass 
probably developed in some samples after glass. Some 
of the studied samples contain relics of mafic minerals, 
which are replaced by chlorite, often with an admixture 
of ore minerals, titanite, and epidote.

The common accessory minerals in all of the rocks 
are zircon and apatite. Accessory titanite occurs in felsic 
rocks from all areas, except for those from the Khibelen 
area. The volcanic rocks of the Zavorotny and Khibelen 
areas contain xenomorphic allanite in association with 
secondary epidote. Single allanite crystals were also 
found in the felsic rocks of the Svetly and Kunerma areas. 
The felsic rocks of the Khibelen area consist of accessory 
rutile and titanomagnetite. The rocks from the Kunerma, 
Svetly, and Zavorotny areas contain xenomorphic 
titanomagnetite. Crystals of pure magnetite were found in 
felsic volcanic rocks from the Kunerma and Svetly areas. 
Monazite was identified in apatite crystal from rhyolite 
of the Svetly area.

Geochemistry of the Khibelen felsic volcanics
The felsic volcanic rocks from the Zavorotny, 

Srednii Kedrovy and Svetly areas correspond to rhyolites, 
those from the Khibelen area are close to dacites, while 
Kunerma area contains trachydacites and rhyolites (Fig. 
2.9). The highest alkali contents were determined in the 
rhyolites from the Svetly area and in the trachydacites and 
rhyolites from the Kunerma area (Na2O + K2O = 8.7–9.1 
wt. %), while the dacites from the Khibelen area have the 
lowest alkali contents (Na2O + K2O = 6.5–7.1 wt. %).All 
volcanic rocks, except for rhyolites from the Khibelen 
area, are metaaluminous or weakly peraluminous rocks 
(ASI = 0.75–1.14) with a high FeOtot/(FeOtot + MgO) = 
0.76–0.96 (Fig. 2.10). The dacites from the Khibelen area, 
they have a strongly peraluminous composition (ASI = 
1.2–1.5) and low FeOtot/(FeOtot + MgO) = 0.65–0.80.

Volcanic rocks from various areas show some 
differences in major and trace-element composition. 
The volcanic rocks from various areas with similar SiO2 
contents have different major and trace element contents, 
which may indicate different sources of these rocks. The 
lowest Ba contents were found in volcanic rocks from 
the Svetly (925–986 ppm) and Kunerma (995–1152 ppm) 
areas. The felsic volcanic rocks of the Zavorotny, Khibelen, 
and Srednii Kedrovy areas have higher Ba contents: 1577–
2398, 1180–2149, and 1456–1813 ppm, respectively. 
Conversely, the highest Zr, Nb, and Y contents were found 
in the rhyolites of the Svetly area (Zr = 636–655 ppm, Nb 
= 55–64, Y = 76–108 ppm) and trachydacites and rhyolites 
of the Kunerma area (Zr = 651–766 ppm, Nb = 54–64 ppm, 
Y = 85–92 ppm). Rhyolites from the Srednii Kedrovy area 
have the lowest contents of Zr (220–288 ppm), Nb (9–12 
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Fig. 2.9. Diagram (Na2O + K2O)–SiO2 for felsic 
volcanic rocks from the southern part of the North 
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ppm), total REE (201–261 ppm), and Th (13.0–18.2) and 
the highest Sr contents (164.0–188.1 ppm). The dacites 
from the Khibelen area show the highest contents of Th 
(47.0–50.8 ppm), La (148.3–177.8 ppm), Ce (278.7–
326.5 ppm) and the lowest contents of Y (9.1–12.9 ppm) 
and Yb (0.35–0.88 ppm).

Except for dacites from the Khibelen area, the 
analyzed rocks show moderately fractionated chondrite-
normalized REE patterns (Fig. 2.11a). The lowest Lan/
Ybn = 7–11 and Eu/Eu* = 0.3–0.5 are typical of the rocks 
from the Svetly and Kunerma areas, while felsic volcanic 
rocks from the Srednii Kedrovy area have elevated ratios of 
these elements: (Lan/Ybn = 14–15 and Eu/Eu* = 0.7–0.8). 
Primitive mantle-normalized diagrams of all rocks have 
negative Nb–Ta, Sr, P, and Ti anomalies (Fig. 2.11b), with 
a significant difference in the depth of the Nb–Ta anomaly. 

Felsic volcanic rocks from the Svetly and Kunerma 
areas are identical to one another and plot within 
A-type granites field on diagram of Whalen et al. 
(1987). The volcanic rocks from the Zavorotny area are 
compositionally different from the volcanic rocks of the 
Svetly and Kunerma areas, but also plot within A-type 
granites field on Whalen’s diagram (Fig. 2.12). The 
rhyolites of the Srednii Kedrovy area have the lowest 

Zr, Nb, and REE contents, which makes them similar to 
I-type rather than A-type granites, though they are plotted 
within A-type granites field on diagram of Whalen et 
al. (1987) (Fig. 2.12). The dacites from the Khibelen 
area have extremely low Y and Yb contents, strongly 
fractionated Lan/Ybn = 135–284, and are peraluminous. 
Such affinities are typical for to modern adakites and 
Archean TTG associations (Martin, 1999; Turkina, 2000).

All felsic volcanic rocks demonstrate negative initial 
εNd values. Nd model ages vary from 2.43 to 2.91 Ga. 
However, the rocks from different areas show some 
difference in isotopic composition (Fig. 2.13). The highest 
εNd values were found in the volcanic rocks and granitoids 
of the Kunerma area (εNd from –1.7 to –2.8). Rhyolites 
from the Svetly area have an insignificantly less radiogenic 
Nd composition (εNd = –3.7). Similar εNd values were 
obtained for rhyolite from the Zavorotny area and dacites of 
the Khibelen area: –6.3 and from –5.2 to –5.9, respectively. 
The rhyolites and granites from the Srednii Kedrovy area 
have the lowest εNd values from –8.0 to –9.2.

Crystallization conditions of felsic volcanic melts
The zircon saturation temperatures (Watson and 

Harrison, 1983) were calculated for felsic volcanic rocks. 
The calculations showed that the highest temperatures 
were recorded in the felsic volcanic rocks from the 
Khibelen, Svetly, and Kunerma areas: 908–951, 904–917, 

Fig. 2.10. a – FeO*/(FeO* + MgO)–SiO2 diagram 
(Frost et al., 2001), and b – Al2O3/(Na2O + K2O)–Al2O3/
(CaO + Na2O + K2O) diagram (Maniar and Piccoli, 
1989). Symbols are the same as in Fig. 2.9.
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Fig. 2.11. a – Chondrite-normalized (Sun and 
McDonough, 1989) REE patterns, and b – primitive 
mantle-normalized (Sun and McDonough, 1989) 
multielement spectra for the average compositions of 
felsic volcanic rocks from the southern part of the North 
Baikal volcano-plutonic belt.
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and 900–914°C, respectively. The lowest temperatures of 
800–833°C were obtained for rhyolites from the Srednii 
Kedrovy area. The volcanic rocks from the Zavorotny 
area define temperatures from 808 to 906°C.

The extremely low Y and Yb contents in the dacites 
of the Khibelen area imply the generation of their melts 
under pressures of ~12–15 kbar in equilibrium with a 
garnet-bearing residue.

Possible sources of the felsic volcanic rocks
The negative εNd values of all felsic volcanic rocks 

could indicate a long crustal history of their sources. 
However, the volcanic rocks differ in the depth of their 
Nb–Ta minimum, εNd, and TNd(DM) (Figs. 2.11b, 
2.13). Two scenarios can be proposed to explain the 
isotopic variations of these volcanic rocks: (1) they 
could be formed from different crustal sources; and (2) 
the volcanic rocks were formed from a common crustal 
source with various input of juvenile mantle material. All 
analyzed volcanic rocks correspond to A-type granites, 
though the volcanic rocks from the Srednii Kedrovy and 
Khibelen areas also exhibit geochemical features of I-type 
granites. According to experimental data (Creaser et al., 
1991; Skjerlie and Johnston, 1993; Singh and Johannes, 
1993), A- and I-type felsic rocks can be derived by the 
melting of tonalites or granodiorites. Gneissic tonalites 
and plagiogranites with age of 2.88 Ga, which is located 
in area studied, can be regarded as the crustal source of 
the felsic volcanic rocks (Donskaya et al., 2009). No other 
potential crustal sources for felsic volcanic rocks were 
found in the North Baikal belt. Therefore, we assume that 
the felsic volcanic rocks were formed from a common 
crustal source with a different input of mantle material. 

The Mesoarchean granitoids of the basement of the 
North Baikal belt, which are considered as the possible 
crustal source for felsic volcanic rocks, have a less 
radiogenic composition (εNd (1850 Ma) = –13.3…–16.6) 

with comparison to the volcanic rocks studied. Thus, 
the contribution of juvenile mantle material is required 
to form the felsic volcanic rocks. The contribution of 
mantle and crustal material to the sources of the felsic 
volcanic rocks can be estimated using the model of 
two-component mixing (Jahn et al., 2000). The average 
composition of Mesoarchean granitoids calculated for an 
age of 1.85 Ga (εNd = –15.0, Nd = 30 ppm) was taken 
as the crustal component. The isotopic characteristics 
of CHUR (εNd = 0) and Nd content of 38.5 in ocean-
island basalts (Sun and McDonough, 1989) were taken 
as the mantle component. The calculations showed that ~ 
33–40% of the mantle component is required to form the 
felsic rocks of the Srednii Kedrovy area and as much as 
~70% and ~77–86% to produce rhyolites from the Svetly 
and Kunerma areas, respectively. The contribution of 
mantle material to volcanic rocks of the Zavorotny and 
Khibelen areas at given parameters is estimated at ~52 
and ~55–59%, respectively.
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Fig. 2.12. FeO*/MgO – (Zr + Nb + Ce + Y) diagram 
(Whalen et al., 1987) for felsic volcanic rocks from the 
southern part of the North Baikal volcano-plutonic belt.
FG—fractionated M-, I-, and S-type granites; OGT— 
unfractionated M-, I-, and S-types, A-type are granites 
of Atype. Symbols are the same as in Fig. 2.9.

Fig. 2.13. Diagram εNd–T for the felsic volcanic 
rocks from the southern part of the North Baikal 
volcanoplutonic belt and Mesoarchean granitoids from 
the belt basement. Symbols are the same as in Fig. 2.9. 
Solid symbols show the Mesoarchean granitoids.
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Large-scale rifting events in the southern Siberian 
craton were widely realized in Neoproterozoic time. The 
onset of extension was associated with the deposition 
of the Medvezhy volcano-sedimentary Formation. The 
major-element compositions of basaltic rocks in the 
Medvezhy section and their association with coarse 
terrigenous clastics indicate their origin in a continental 
rifting environment (Sokolov, 1992; Rytsk et al., 2002; 
Rytsk and Shalaev, 1998). 

Neoproterozoic extension in the southern Siberian 
craton margin is recorded in numerous dyke swarms 
which before end of 20th century remained poorly 
documented (geological surveys of the 1960–1970s 
and the analysis of Riphean mafics in southern Siberia 
by Domyshev (1976)). For last 10 years numerous new 
geochemical and geochronological data for dolerite and 
gabbro dolerite sills and dykes in the Birusa terrane, 
Sharyzhalgai uplift, western and northern Baikal region 
were obtained and reported in Russian and international 
journals.

3.1. Subvolcanic complexes in Birusa terrane

Geological setting, petrographic 
characteristics and age
Gabbro dolerites and dolerites within the Birusa 

block (site 3 in Fig. 3.1) occur in numerous sills among 
the Late Riphean sediments of the Karagas Group and 
scarce dykes that intrude the Karagas Group and the 
pre-Riphean basement (Fig. 3.2). The sills and dykes 
were commonly interpreted as a single (common) 
Nersa complex though no transitions of dykes into sills 
or intrusions of subvolcanic bodies one into another. 
The Neoproterozoic age of gabbro dolerites assigned 
to the Nersa complex was until recently constrained by 
a single K-Ar date (Domyshev, 1976) and geological 
evidence of the presence of sills in the lower section of 
the Upper Riphean Karagas Group and their absence in 
the overlying Oselok Group.

Our studies showed an appreciable age difference 
of gabbro dolerite samples from a sill and a dyke 
interpreted as part of the Nersa complex: the 741.2 ± 1.9 
Ma Ar-Ar plagioclase age for a sill sample (Fig. 3.3a) 
and 612 ± 6 Ma for that from the dyke (Gladkochub 
et al., 2006). Furthermore, the gabbro dolerites from 

dykes and sills differ notably in their trace-element 
compositions (Gladkochub, 2004; Gladkochub et al., 
2006). Therefore, it appears reasonable to keep the 
name Nersa complex for Neoproterozoic sills found in 
the Karagas section (Gladkochub, 2004; Gladkochub et 
al., 2006), which we discuss below, and to interpret the 
younger dykes as an independent complex.

Sills range in thickness from 20 to 200 m and 
large sills show well-pronounced differentiation with 
crystalline dolerites and gabbro dolerites in the center 
and microdolerite and cryptocrystalline aphanite basites 
on the periphery. Plagioclase and clinopyroxene, or 

chaPteR  iii

neoproterozoic mafic dykes of the southern 
siberian craton

gladkochub d.P., donskaya t.v., mazukabzov a.m., sklyarov e.v.
Institute of the Earth’s Crust of the Siberian Branch of the Russian Academy of Sciences
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occasionally olivine replaced by serpentine and ore 
minerals, are main rock-forming minerals in gabbro 
dolerites, their subsidiary and secondary minerals 
include chlorite, actinolite, biotite, and epidote; 
titanomagnetite is the ore phase.

Geochemistry and petrogenesis 
of gabbro dolerites and dolerites
Gabbro dolerites and dolerites from the Birusa sills 

correspond to subalkaline basalts and basaltic andesites 
and high-Mg tholeiites in the Jensen diagram (Jensen, 
1976), with moderate contents of TiO2 (0.9–1.5 wt.%, 
P2O5 (0.07–0.16 wt.%), low and moderate Fe2O3tot 
(10.2–14.2 wt.%), and high MgO reaching 11.1 wt.% in 
the least differentiated varieties. Some gabbro dolerite 
samples can be interpreted as derived directly from 
the magma source (Mg# > 64). The gabbro-dolerite 
and dolerite samples exhibit prominent dependence of 
their trace-element compositions on the differentiation 
degree. The highest Ni and Cr contents found in the 
most primitive undifferentiated samples with Mg# 
about 65, and HFSE (Ti, Y, Zr) and REE are the highest 
in the most differentiated basites.

Primitive mantle-normalized diagrams (Sun and 
McDonough, 1989) of gabbro dolerites and dolerites 
show prominent minimums in U, Nb, and Ti (Fig. 3.4a), 
relative LREE enrichment (La/Yb)n = 4.76–6.61) and 
a weak Eu negative anomaly (Eu/Eu* = 0.73–0.97). 
In the Pearce and Norry (1979) and Wood (1980) 
diagrams, they plot in the field of within-plate basalts 
and destructive plate-margin basalts and differentiates.

The rocks have high Th/Ce (0.08–0.12), Th/Ta 
(2.8–6.6), and La/Nb (1.7–2.2) ratios, high Th, and 
negative anomalies for Nb and Ti (Fig. 3.4a). These 
features are typical rather of continental crust (Rudnick 
and Fountain, 1995; Taylor and McLennan, 1985) than 
of MORB or OIB (Sun and McDonough, 1989). The 
fact that these compositions are found in all gabbro 
dolerites and dolerites, including the most primitive 
basites with Mg# > 64, suggests enrichment in crustal 
components prior to intrusion and crystallization of 
melts. The absence of notable variations in Th/Ce (0.08–
0.12) and La/Nb (1.7–2.2), which are independent 
of fractional crystallization but vary as a function of 
crustal contamination during melt intrusion, likewise 
evidences that the mafic melts were contaminated with 
crustal components before and not during their intrusion 
into the upper crust (Bingen and Demaiffe, 1999).

3.2. Dyke swarms in Sharyzhalgai uplift

Geological setting, petrographic characteristics 
and age
Neoproterozoic dyke swarms within the Sharyzhalgai 

uplift occur among Early Precambrian metamorphic or 
igneous rocks (site 4 in Fig. 3.1). The dykes strike mainly 
in the NW direction (330–340°) and occasionally reach 
tens of kilometers in length, their thicknesses varying 
from tens of centimeters to a few hundreds of meters (Fig. 

Fig. 3.4. Spidergram for Neoproterozoic gabbro 
dolerites and dolerites from southern Siberian craton. 
a — Birusa terrane; b — Sharyzhalgai uplift; c — 
western Baikal region; d — northern Baikal region; 
Normalized after (Sun and McDonough, 1989).
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3.5). Dykes most often are composed of fully crystalline 
medium- and fine-grained gabbro dolerite with different 
relative percentages of rock-forming minerals which are 
mainly clinopyroxene and plagioclase. Less abundant 
are olivine, pigeonite, orthopyroxene, and hornblende. 
Titanomagnetite is a typical accessory mineral. Magnesian 
basites contain chromite as small inclusions in olivine 
(Sklyarov et al., 2000).

The Ar-Ar plagioclase age of the dykes is 758 ± 4 Ma 
(Fig. 3.3b; Gladkochub et al., 2000) and the Sm-Nd age 
(plagioclase — clinopyroxene — whole rock) is 743 ± 47 
Ma (for details of Sm-Nd dating see (Sklyarov et al., 2003).

Geochemistry and petrogenesis of gabbro dolerites 
and dolerites
The Sharyzhalgai gabbro dolerites correspond to 

normal-alkaline and mildly alkaline basalts, with SiO2 
from 47 to 50 wt.%, TiO2 within 1.4 wt.% and Mg# = 50–
70. The (La/Yb)n ratio is between 1.3 and 2.9 in normal-
alkalinity gabbro dolerites and is slightly higher (1.4–5.6) 
in mildly alkaline basites.

The composition variations of gabbro dolerites were 
inferred to be caused by the combination of partial melting 
in the initial magma source and the ensuing fractional 
crystallization. According to numerical modeling, 
primitive undifferentiated gabbro dolerite can form by 
12–25% melting of peridotite (Gladkochub et al., 2001). 
The modeling results predict fractional crystallization as 
the most probable formation mechanism of differentiated 
mildly alkaline gabbro dolerite out of more primitive 
parent melts of normal alkalinity. 

High La/Nb (1.5) and La/Ta (>30, an average of 
41) ratios in both types of gabbro dolerites indicate that 
the source melts of subvolcanics were generated within 
slightly enriched lithospheric mantle. Primitive mantle-
normalized diagrams (Sun and McDonough, 1989) show 
negative anomalies for Nb, Ti and P (Fig. 3.4b), which may 
evidence either crustal contamination of mafic melts or 
a fluid-enriched lithospheric source (Fitton et al., 1988; 
Thompson and Morrison, 1988). The latter alternative is 
supported by low Th/Ce (0.02–0.07) and Th/Ta (0.6–4.6) 
ratios close to those in basalts derived from typical mantle 
sources (Condie, 1997; Sun and McDonough, 1989).

Emplacement of dykes, possibly in stage of 
continental extension, was associated with the formation 
of uplift, and the studied dyke swarms mark its center. 
The evidence for possible existence of this uplift comes 
from the absence of Neoproterozoic sediments from the 
Sharyzhalgai block and their presence in the neighbor 
Sayan-Yenisei (including Birusa) and cis-Baikal basins 
(Fig. 3.5) (Gladkochub et al., 2001). 

3.3. Dyke swarms in western Baikal region

Geological setting, petrographic characteristics 
and age
The dyke field in the western Baikal region is located in 

the center of the western coast of Lake Baikal (Zunduk - B. 
Kocheriki area) (site 5 in Fig. 3.1). It comprises several dyke 

swarms of over a hundred thin (within a few meters) dykes 
(Fig. 3.6) intruding the Early Proterozoic Sarma Group 
metamorphic rocks and the 1859 Ma Primorsky granitoids 
(Donskaya et al., 2003). The dykes strike mostly to the 
northeast with dip at different angles, from 35–40° to 80°. 

The Neoproterozoic age of gabbro dolerites was 
until recently constrained by few K-Ar dates (705–925 
Ma (Domyshev, 1976)) and geological data, specifically, 
the lack of evidence that dykes intrude the Late Riphean 
sediments of the Baikal Group. Taking into account the 
reported data and the presence of 787 ± 21 Ma gabbro 
diabases similar in compositions and environments in 
the neighbor territory of the northern Baikal region (see 
below), the origin of dykes in the western Baikal region 
can be reasonably timed in a span of 700–800 Ma.

Geochemistry and petrogenesis of gabbro dolerites 
and dolerites
Gabbro dolerites and dolerites correspond to mildly 

alkaline basalts and basaltic andesites. Their Cr, Ni, Ti, Y, 
and HREE abundances correlate with differentiation, i.e., 
the trace-element contents of gabbro dolerites was subject 
to the effect of crystallization differentiation. The rocks 
plot in the field of N- and P-MORB and destructive plate-
margin basalts in the Meschede (1986) and Wood (1980) 
diagrams. Primitive mantle-normalized diagrams (Sun 
and McDonough, 1989) (Fig. 3.4c) show broad variations 
in Ba, Rb, Sr. All samples have negative Th, Nb, and P 
anomalies. Although the spectra differ slightly in the Th-U 
and Zr-Hf regions, the Th/U and Zr/Hf ratios are more 
or less uniform in all basites (Th/U = 4.3–6.8, Zr/Hf = 
29–39), which indicates the Th/U and Zr/Hf similarity in 
the source and the same differentiated series for all gabbro 
dolerites and dolerites. The (La/Yb)n ratios from 2.3–4.2 
in least fractionated gabbro-dolerite and dolerite samples 
and from 5.9 to 8.5 in more fractionated samples. The Th/
Ce and Nb/La ratios vary quite broadly, with Th/Ce from 
0.03 to 0.11 and Nb/La from 0.2 to 0.8, which may indicate 
contamination of the original melt with crustal material 
during emplacement. Strong alteration of the analyzed 
rocks does not allow solid qualitative grounds for their 
source type, but the La/Nb ratios from 1.5 to 4.6 in the 
least differentiated and contaminated varieties (Th < 1.6) 
indicate a lithospheric source (Fitton et al., 1988).

3.4. Dyke swarms in northern Baikal region

Geological setting, petrographic characteristics 
and age
Numerous (some rather thick) Neoproterozoic dykes 

occur near capes Khibelen, South and Middle Kedrovy, 
and in Zavorotnaya bay (site 6 in Fig. 3.1; Fig. 3.7). These 
dykes are composed of gabbro diabase and intrude the 
Early Proterozoic Irel’ granitoids and the Akitkan volcano-
sedimentary rocks of the North-Baikal volcano-plutonic 
belt. The dykes strike mostly in the NE direction and have a 
well-recognized differentiated structure. The rock-forming 
minerals in dolerites are plagioclase and amphibole. 
Amphibole exists as uralitic hornblende, pseudomorph 
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Fig. 3.1. Generalized geology of southern Siberian 
craton.
1 — Central Asian fold belt; 2 — sedimentary cover 
of Siberian Platform; 3, 4 — unmetamorphosed 
(3) and high-grade (4) fill of Riphean pericratonic 
basins; 5–7 — rocks of marginal basement 
uplifts of Siberian craton: 5 — Early Proterozoic 
postcollisional granitoids, 6 — Early Proterozoic 
North Baikal volcanoplutonic belt, 7 — Archean-
Early Proterozoic rocks; 8 — observed (a) and 
inferred (b) large faults; 9 — sampling sites (see 
text for explanation of numbers). Inset shows 
location of study region in Eurasia.

Fig. 3.2. Generalized geology of middle reaches 
of Birusa River. 
1—Paleoproterozoic granitoids; 2-3— 
Neoproterozoic sediments of Karagas Group: 
2 – Shangulesh and Tagul Formations, 3 – Uda 
Formation; 4 — Neoproterozoic sills and dykes; 
5 —main faults.
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Fig. 3.5. Generalized tectonics of southern margin of Siberian craton and Neoproterozoic dyke swarms within its 
limits (Gladkochub et al., 2001). 
1 — Quaternary deposits; 2 — platform sedimentary cover; 3, 4 — Early Proterozoic (3) and mostly Archean-
Early Proterozoic (4) basement complexes; 5 — Sayan-Baikal folded area; 6 — main faults; 7 — limits of Upper 
Riphean sediments in Sayan-Yenisei (SY) and cis-Baikal (CB) basins; 8 — Main Sayan Fault; 9 — Neoproterozoic 
dyke swarms. Circled letters stand for names of tectonic units, abbreviated as U — Urik-Iya graben; B — Bulun 
block; M — Malaya Belaya block; I — Irkut block.

Fig. 3.6. Generalized geology of Kocheriki site. 
1 — Quaternary deposits; 2 — terrigenous 
sediments of Sarma Group (PR1); 3 — 
Primorsky granitoids (PR1); 4 — dolerite and 
gabbro dolerite dykes; 5 — observed (a) and 
inferred (b) faults; 6 — bedding.
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Fig. 3.7. Geological sketch map of Zavorotny cape (northern Baikal region), modified after (Donskaya et al., 
2008; Gladkochub et al., 2007).
1 – Quaternary sediments; 2-5 Paleoproterozoic North Baikal volcanoplutonic belt: 2 – felsic volcanic rocks 
of the Khibelen Formation (Akitkan Group), 3 – tuffs, tuffaceous siltstones, and tuffaceous sandstones of the 
Khibelen Formation (Akitkan Group), 4 – Irel’ complex granitoids, 5 – composite and doleritic dykes; 6 – 
Neoproterozoic doleritic dykes; 7 – doleritic dykes of obscure age; 8 – faults: a - high-angle, b - low-angle; 
9 – bedding elements: a - flow banding, b - stratification;
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Fig. 3.8. Neoproterozoic dyke swarms and sediments of continental passive margin in southern Siberian craton. 
1 — Siberian craton (Phanerozoic sediments removed; boundary according to geological and geophysical data); 
2 — Sayan-Baikal folded area; 3 — Neoproterozoic dyke swarms; 4 — Neoproterozoic sediments of passive 
continental margin in Sayan-Yenisei (SY), cis-Baikal (CB), and Lena (L) basins; 5 — Neoproterozoic Sayan-Baikal 
dyke belt. Craton structures: A — North-Baikal volcano-plutonic belt; B — Birusa terrane; UT — Urik-Tumanshet 
zone; Sh — Sharyzhalgai uplift. 
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after pyroxene, and is locally replaced by biotite associated 
with quartz and iron hydroxide.

Ar-Ar dating on plagioclase carried out at UIGGM 
(Novosibirsk) gave the age 787 ± 21 Ma (Fig. 3.3c).

Geochemistry and petrogenesis of gabbro dolerites 
and dolerites
Most dolerite samples are mildly alkaline basalts and 

some are basaltic andesites and andesites. Total alkalis are 
(Na2O + K2O) = 3.46–5.56 wt.% in the former and reach 
6.5 wt.% in andesites. TiO2 is from 1.35 to 2.18 wt.% in 
basaltoids and 1.03–1.60 wt.% in andesites. Dolerites differ 
in high P2O5 = 0.27–0.52 wt.% and Ba reaching 1690 ppm, 
which together with Zr, Y, and Nb abundances corresponds 
to within-plate basalts in the classification of Meschede 
(1986). All analyzed dolerites are highly differentiated 
basites (Mg# = 32–52). Primitive mantle-normalized 
diagrams (Sun and McDonough, 1989) demonstrate clear 
discrimination between basaltic and andesitic samples 
(Fig. 3.4d). The former have prominent Th-U, Nb, Sr, Zr-
Hf, and Ti dips and Th-U, Zr-Hf in the latter show positive 
anomalies and their negative anomalies of Sr and Ti are 
more prominent. The Nb negative anomaly is well defined 
in both dolerite and andesite samples.

Chondrite-normalized REE patterns follow a general 
negative trend, with (La/Yb)n = 6.64–9.36 in dolerites and 
slightly higher LREE enrichment of (La/Yb)n = 10.03–
12.37) in andesitic varieties. Eu negative anomaly (Eu/
Eu* = 0.93–1.08) is absent from basaltic spectra and is 
prominent in andesites (Eu/Eu* = 0.73–0.78). Similar Nb/
Ta and La/Nb ratios in basaltic and andesitic samples (Nb/
Ta = 6–14, La/Nb = 3.34–6.84) may indicate their origin 
from a single source. Very high La/Nb (3.34–6.84) and La/
Ta (23–71) ratios evidence either crustal contamination 
of the primary melts prior to dyke intrusion or a fluid-
enriched lithospheric source (Fitton et al., 1988; Thompson 
and Morrison, 1988). The multi-element spectra of basaltic 
and andesitic rocks (Fig. 3.4d) and their tracer Nb/Ta and 
La/Nb ratios suggest an origin from a single source by 
simultaneous assimilation and fractional crystallization 
(AFC). Specifically, TiO2, Fe2O3tot, CaO, Ni, Cr, and 
Sr decreasing from basalts to andesites and increase in 
Eu, Sr and Ti anomalies in the REE and multi-element 
patterns indicate fractionation of pyroxene, plagioclase, 
and titanomagnetite. On the other hand, Th/Ce ratios, 
independent of fractionation of main minerals, are greater 
in andesites than in basalts (0.10–0.13 against 0.04–0.08) 
and suggest assimilation of high Th/Ce crustal material 
in the source. Crustal contamination during the evolution 
from basalts to andesites is also supported by Th/Ta growth 
from 2.0 to 14.1 (Condie, 1997).

Ages and chemical composition of Neoproterozoic 
dolerites and gabbro dolerites of the southern 
Siberian craton
Synthesis of the reported data on the ages and 

chemical compositions of Neoproterozoic mafic dyke 
complexes in the southern Siberian craton allows the 
following conclusions:

1. Dykes and sills within the Birusa, Sharyzhalgai, 
and western and northern Baikal fields formed sub-
synchronously within a time span of 740–780 Ma and 
could be considered as brunches of a single (common) 
Neoproterozoic Sayan-Baikal dyke belt (Fig. 3.8).

2. The analyzed gabbro dolerites and dolerites are 
chemically rather similar, some difference being due to 
differentiation within separate dykes and lithospheric 
sources and to contamination of mafic magmas by crustal 
material.

3. All analyzed gabbro dolerites and dolerites show 
trace-element patterns typical for within-plate basalts 
formed under extensional (rifting) setting.

4. Gabbro dolerites in all dyke swarms were derived 
from lithospheric mantle, and thus cannot be directly 
associated with the effect of a plume (or a superplume) 
on the craton lithosphere which may be responsible (Li 
et al., 1999b) for the breakup of Rodinia. The absence 
of signature of mantle magmatism in southern Siberia 
at 800–700 Ma can be accounted for by the fact that the 
hypothetical superplume was located quite far from Siberia 
and the Siberian margin was affected by only one arm 
of the three-arm rift system associated with the Rodinia 
dispersal (Gladkochub et al., 2006).

The dyke swarms of the Sayan-Baikal belt are coeval 
to the subvolcanics of the Uchur-Maya region in southern 
Siberia (Pavlov et al., 2002; Pavlov and Galle, 1999; 
Rainbird et al., 1998) and to ~763 Ma diabase dykes and 
sills in the Aldan shield (Yarmolyuk and Kovalenko, 2001). 
Younger igneous rocks in the Siberian craton include Late 
Riphean ultramafic alkaline rocks of the Belaya Zima (642 
Ma), Zhidoi (632 Ma), and Ingili (647 Ma) intrusions. This 
is likely the latest possible time when Laurentia rifted off 
Siberia (Yarmolyuk et al., 2004).

Dyke swarms similar to those in the Sayan-Baikal 
belt are of broad occurrence in Laurentia (Franklin dyke 
complex) (Windley, 1998), Australia (Gaidner and Amata), 
Baltic shield, South China (Li et al., 1999a), etc. The origin 
of all these dyke swarms is attributed to the dispersal of 
Rodinia and the Paleopacific opening. Furthermore, the 
dyke complexes are interpreted as radiating off northern 
Laurentia, the center of a hypothetical enormous dyke 
swarm (Ernst et al., 1996; Ernst and Buchan, 1997; 
Fahring, 1987). The Sayan-Baikal dyke belt may have 
been an arm in this giant radiating dyke swarm, judging 
by possible geographic proximity of southern Siberia 
and northern Laurentia indicated by new paleomagnetic 
evidence (Gladkochub et al., 2006; Metelkin et al., 2005).

The Neoproterozoic rifting events are also recorded 
in sedimentary complexes in the Sayan-Baikal folded 
area (Khomentovsky, 2002). Slightly earlier (earliest 
Neoproterozoic) passive continental margin environments, 
which implicitly evidence of large oceanic basins, 
appeared in the Uchur-Maya region. Southern Siberia 
at that time was the scene of mafic volcanism combined 
with continuous terrigenous carbonate deposition typical 
of shelf environments on passive continental margins 
(Khudoley et al., 2001).
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Late Paleozoic magmatic activity of Transbaikalia 
lasted almost continuously from ~330 Ma to ~275 Ma 
(Budnikov et al., 1995; Litvinovsky et al., 1995a, 1999, 
2011; Yarmolyuk et al., 1997a, 1997b; Jahn et al., 2009; 
Reichow et al., 2010; Tsygankov et al., 2007, 2010a) 
and included five igneous suites occupying a total area 
of ~200,000 km2. This magmatism was interpreted 
as a within-plate magmatism defined by a mantle 
plume in the active continental margin (Kovalenko et 
al., 2004). An alternative view suggests that the Late 
Paleozoic magmatism in Transbaikalia occurred in the 
post-collision setting caused by the Hercynian orogeny 
stage (Tsygankov et al., 2007, 2010a; Mazukabzov et 
al., 2010; Gordienko et al., 2010).

Geological setting and petrographic 
characteristics of igneous suites
Figs. 4.1 and 4.2 show that the Late Paleozoic 

plutonic event occurred almost continuously for 55–60 
m.y. Three main stages of magmatic activity can be 
recognized within this period.

1) The Carboniferous stage (330–310 Ma) 
comprises the emplacement of very large volumes of 
calc-alkaline granites of the Barguzin suite to form the 
Angara–Vitim batholith (AVB), occupying a total area 
of about 150,000 km2. The AVB is located in the central 
and northern parts of the region and is confined to the 
Barguzin megablock. Geophysical modeling, based 
upon interpretation of gravitational anomalies and 
seismic sounding, suggests that the numerous plutons 
that make up the AVB take the form of a large plate-
like granitoid body of about 200,000 km2 in area. The 
thickness of the batholith ranges from several km to 30 
km with a mean thickness of 10–15 km (geophysical 
data of A.M. Alackshin in Litvinovsky et al., 1993). 

The dominant rock type is granite, mostly 
coarse-grained, in places porphyritic with microcline 
phenocrysts. Granites are massive, but linear texture 
and even gneissosity are not uncommon. The main 
rock-forming minerals are: microcline (Or86–90 Ab10–13) 
making up 40–50% of the rock volume, oligoclase 
An18–22 (18–40%), quartz (25–35%) and variable 
amount, from 2 to 10%, of iron-rich biotite, with rare 

hornblende. U–Pb ages from central Transbaikalia 
show that the AVB formed within the time span of 330–
310 Ma (Fig. 4.2) (Tsygankov et al., 2010a). 

2) The Late Carboniferous stage (305–285 Ma). 
During this stage two intrusive suites were emplaced 
concurrently, the Chivyrkui suite of mainly low-silica 
granitoids and the Zaza suite of leucocratic granite with 
subordinate quartz syenite. Granitoids of both suites 
are abundant in the eastern part of a large linear granite 
belt extending for a distance of 3000 km throughout 
southern Siberia and northern Mongolia (Leontyev et 
al., 1981; Wickham et al., 1995). 

The dominant rock type of the Chivyrkui suite 
is quartz monzonite. The occurrence of synplutonic 
gabbro, synplutonic mafic dykes, microgranular mafic 
enclaves (MME) and composite microgabbro-aplitic 
dykes is characteristic of the suite (Litvinovsky et al., 
1993; Tsygankov et al., 2007). Quartz monzonite is 
commonly porphyritic with microcline phenocrysts. The 
rock consists of plagioclase An25–29 (40 to 50%), latticed 
microcline Or80–92 Ab8–16 (25–30%), moderate-magnesium 
hornblende and biotite (6–13%), quartz (8–15%) and 2 to 
3 vol.% of titanite, apatite, magnetite, zircon.

The granitoids of the Zaza suite form plutons or 
batholiths of variable dimensions (up to 3000 km2). 
Granite is the dominant rock type in the suite. Gabbroic 
rocks with evidence for intrusion into incompletely 
crystallized quartz syenite (Litvinovsky et al., 1995b) are 
found so far only in the Shaluta pluton (Fig. 4.3) (for more 
details, see the stop 5 «Shaluta unit»). The quartz syenites 
and granites are massive pink-colored rocks, the granites 
containing up to 30–35% modal quartz, the syenites only 
10–15%. Perthitic microcline (Or80–90 Ab10–20) forms more 
than half of the rock volume both in granites and in quartz 
syenites, with plagioclase (An10–17 in granites and An19–21 in 
quartz syenites) making up as much as 15–20% modally. 
In granite, the mafic mineral is biotite; quartz syenite 
contains small quantities of hornblende in addition to 
biotite.

3) The Early Permian stage (285–275 Ma). Final 
stage of the Late Paleozoic magmatic cycle represents 
the large Mongolian–Transbaikalian Rift belt (MTB) that 
extends from northern Mongolia to Transbaikalia (Russia) 
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(Fig. 4.1, Inset) along a distance of ~ 2500 km, and varies 
in width from 150 to 250 km (Zanvilevich et al., 1985, 
1995; Jahn et al., 2009). The MTB contains the Lower-
Selenga monzonite–syenite suite (285–278 Ma), the 
Early-Kunalei highly alkaline suite (281–275 Ma) and the 
Late-Kunalei highly alkaline suite (230-210 Ma). These 
suites are closely associated in space (Figs. 4.1, 4.3).

The most abundant rock type of the Lower-Selenga 
suite is coarse- and medium-grained syenite that 
consists of up to 85–90% perthitic alkali feldspar (Or84-

92 Ab16-21 An0-4) and 5 to 40% oligoclase An10–12, 5–8% 
biotite, hornblende, and 2.5 – 4% quartz. Monzonite 
is a heterogeneous rock that consists of irregularly 
alternating patches of variable (10 to 20%) amounts 
of mafic minerals (hornblende, biotite and salite). The 
main part of the rock volume is made up of 48–55% 
plagioclase (An12–22), 25–40% alkali feldspar (Or80–95 
Ab20–22) and 1.5–2 % quartz. One more characteristic 
feature of the monzonite is the abundance of 
melanocratic microgranularmafic enclaves (MME). In 
both monzonite and syenite, typical synplutonic dykes 
are made up of K-rich gabbro. 

In the Early-Kunalei suite the granitoid plutons of 
alkaline (alkalifeldspar or AFS) and peralkaline (PA) 
granites and syenites range in size from 10–15 km2 to 
200 km2, with a few large plutons of up to 1600 km2 
(e.g., the Bryansky complex in Fig. 4.3). 

The PA granitoids is granite and quartz syenite with 
agpaitic index NK/A>1, containing Na-rich amphibole 
and pyroxene. The AFS granitoids include granite and 
quartz syenite with NK/A ranging from 0.9 to 1. They 
consist mainly of perthitic alkali feldspar, quartz, Fe-rich 
biotite and Ca–Na amphibole (the latter mostly in syenite). 

Generally, the highly alkaline plutonic rocks are 
closely associated in space and time with bimodal dyke 
swarms and rare fields of bimodal volcanic series (Fig. 
4.3) (Litvinovsky et al., 2002; Shadaev et al., 2005; 
Posokhov et al., 2005; Tsygankov et al., 2010a, b). 
The dyke swarms stretch from SW to NE in interfluves 
of Selenga, Tugnui, Uda, Ona rivers of central part 
of West Transbaikalia. Total established extent of the 
dyke swarms is for about 200 km, the width is about 40 
km. These are composed of subparallel and subvertical 
dykes with NE stretch (60-70°), their thickness is from 
1-2 up to 15-20 m thick. Within limits of swarms the 
dykes occupy 10-20% of the total amount of rocks, but 
there are areas where their quantity grows up to 70-
80%, and country rocks are observed as narrow strips 
between dykes. These dyke swarms includes mafic 
dykes (trachybasalts, trachydolerites, megaplagiophiric 
leucobasalts), alkali felsic dykes (trachytes, 
trachyrhyolites and comendites) and composite dykes 
with evidence for mix of contrasting magmas (for more 
details, see the stop 6 “Buluta quarry”). 

Mafic dykes (trachybasalts, trachydolerites, 
megaplagiophiric leucobasalts) are characterized 
by variations in the amount of phenocrysts, thus 
varying from aphyric to porphyric (with up to 50% 
of Pl phenocrysts in megaplagiophiric leucobasalts). 

The phenocrysts are few millimeters to 1–1.5 cm 
in size. These are mainly plagioclase (An40-65) and 
clinopyroxene. Graundmass is made up of feldspar (60-
80%) – andesine (An32-49) and less K-feldspar, up to 15% 
augite-salite (En34-44 Fs12-23 Wo39-47), titanomagnetite (up 
to 10%) and apatite (1%), rare biotite.

Felsic dykes are porphyritic rocks. The phenocrysts 
of trachytes are mainly K-feldspare (Ab34-51, Or47-64, 
An0,5-1,9), biotite, acid andesine (An30), titanomagnetite. 
Graundmass consists of K-feldspar (90-95%), biotite 
and quartz. Trachyrhyolites are made almost totally 
up of K-feldspar and quartz, rare biotite and opaque 
mineral. Comendite rocks have Na-rich amphibole.

Geochemistry of the igneous suites
The Barguzin suite (the Angara–Vitim batholith) 

(330–310 Ma). The most voluminous granites of this 
suite are typically high-K calc-alkaline with K2O ranging 
from 4 to 6 wt.%, agpaitic index ≤0.85 and A/CNK that 
varies between 0.97 and 1.08 (Fig. 4.4). Granites of 
the Barguzin suite partially overlap the younger Zaza 
granites on the major element classification diagrams, 
but they contain less K2O (Fig. 4.4) and are richer in Sr, 

Fig. 4.4. Compositions of Late Paleozoic granitoids 
from Transbaikalia in classification diagrams SiO2 vs. 
K2O (after Rickwood, 1989) and SiO2 vs. [(Na +K)/ Al] 
(after Liegeois and Black, 1987). 
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Fig. 4.5. Continental-crust-normalized spidergrams 
for Late Paleozoic and Early Mesozoic granitoids from 
Transbaikalia. 
A – calc-alkaline granite of the Barguzin suite (Angara-
Vitim batholith); B – high-K calc-alkaline quartz 
monzonite, granodiorite, quartz syenite, gabbro of the 
Chivyrkui suite; C – transitional from high-K calc-
alkaline to alkaline granite and quartz syenite of the 
Zaza suite; D – Early Permian shoshonitic monzonite 
– syenite – quartz syenite Low-Selenga suite; E – 
alkali feldspar and peralkaline granites, syenites of the 
Early-Kunalei suite, Early Permian. 
Here and in Fig. 4.6, separate samples are displayed 
by line patterns in plots; gray fields demonstrate 
compositional range of rocks. The bulk crust 
composition after Rudnick and Gao (2003).

Ba, Pb, and P (Fig. 4.5). REE patterns of the Barguzin 
granites show LREE enrichment [(La/Yb)N ratio ranges 
from 18 to 40] and distinct negative Eu anomalies in 
most samples except two porphyritic granites (Fig. 4.6 
A). Almost horizontal patterns for HREE and Eu/Eu* 
values ≤0.45 suggest a minor role for garnet and an 
abundance of plagioclase in the residual source.

Granites from the Barguzin igneous suite have 
the lowest εNd(T) values ranging from −5.7 to −7.7. 
The (87Sr/86Sr)T values are > 0.7070. Also these rocks 
have the highest δ18O (WR) values, from 10 to 12‰, 
which may be considered as magmatic supported by 
corresponding δ18O values in titanite (7.2–7.6‰) and 
quartz (11–14‰). It is worth noting that the δ18O (WR) 
value for gneiss sampled from a large metamorphic 
roof pendant is 12.2‰, which is similar to that for the 
granite.

Chivyrkui and Zaza suites (305–285 Ma). Igneous 
rocks of these two coeval suites are fairly distinct in 
chemical traits, which is consistent with distinctions 
in their petrographical characteristics and mineral 
composition. The low-silica Chivyrkui suite granitoids 
are high-K calc-alkaline (Fig. 4.4). Granites and quartz 
syenites forming the Zaza suite fall in the same field of 
the SiO2 vs. K2O diagram, although some of the quartz 
syenite samples are confined to the shoshonitic series 
field (Fig. 4.4). Granitoids of the Zaza suite have agpaitic 
index ranging from 0.73 to 0.95 and plot in two fields, 
calcalkaline and alkaline; therefore they are regarded as 
transitional from high-K calc-alkaline to alkaline (Fig. 
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Fig. 4.6. Chondrite-normalized REE patterns in 
Late Paleozoic and Early Mesozoic granitoids from 
Transbaikalia. 
Symbols and sample numbers as in Fig. 4.5. 
Normalization after Sun and McDonough (1989).

4.4). Bulk crust-normalized multi-element spidergrams 
(Fig. 4.5 B, C) show that elevated alkalis content in the 
Zaza granitoids is accompanied by enhanced Rb, Th 
and Nb, whereas Sr, Ba, Pb, Eu concentration is lower 
compared to granitoids of the Chivyrkui suite. The REE 
patterns of both suites show similar LREE enrichment, 
with (La/Yb)N=9–34 for the Chivyrkui and 14–34 for 
the Zaza suites. Despite almost total overlap of REE 
patterns, two differences are clearly seen (Fig. 4.6 B, 
C): (1) pronounced negative Eu anomalies in granitoids 
of the Zaza suite (Eu/Eu*=0.35–0.57) and insignificant 
Eu anomalies in the Chivyrkui suite (Eu/Eu* close to 
unity); (2) the HREE segments are almost horizontal in 
the Zaza suite but in coeval granitoids of the Chivyrkui 
suite the average (Gd/Yb)N is ~3.

The εNd(T) values for granitoids from the Chivyrkui 
and Zaza suites overlap, though in the former they vary 
widely, from −4.6 to −13.1, i.e. to ancient continental 
crust values, whereas in the Zaza suite variation is 
minimal, from −5.5 to −5.7, and they are intermediate 
between the granitoids from the Barguzin and Lower-
Selenga suites. The (87Sr/86Sr)T values range from 0.706 
to 0.707. The δ18O values for the whole rock (7 – 9‰) 
samples, quartz (8.3 – 10.2‰) and titanite (4 – 6‰) are 
2–3‰ lower than those in the Barguzin suite and 2–3‰ 
higher than in the Lower-Selenga suite. 

Lower-Selenga and Early-Kunalei suites (285–275 
Ma). The granitoids of both suites are characterized by 
high K and total alkalinity (Fig. 4.4). The compositions 
of the Lower-Selenga monzonites and syenites plot in the 

field of the shoshonitic series (Fig. 4.4). Despite their 
enhanced alkalis content (12–13 wt.% Na2O+K2O), 
these rocks are alumina rich and, owing to this, the 
agpaitic index for almost all samples is <0.85. This 
fact indicates that the rocks are calc-alkaline rather 
than alkaline. The syenites of the Lower-Selenga suite 
are enriched in Sr and Ba (about 500–1500 ppm) and 
Zr (300–600 ppm). The REE patterns are fairly similar 
to those of the granitoids from the Chivyrkui suite (Fig. 
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4.6 B and D); they have (La/Yb)N ratios from 10 to 27 
and display small or no negative Eu anomalies.

The granitoids of the Early-Kunalei suite are 
typical alkaline and peralkaline rocks (Fig. 4.4). Their 
geochemical features are characteristic of A-type 
granite: very low Sr and Ba and high Rb, Nb and Zr. 
This is clearly exhibited in troughs and peaks in the 
bulk crust-normalized multi-element spidergrams (Fig. 
4.5 E). The spidergrams of quartz syenites and granites 
are similar, but the variability in granites is more 
pronounced. The REE patterns show distinct negative 
Eu anomalies that are larger in granitic rocks: the Eu/
Eu* values vary in quartz syenite from 0.42 to 0.56 and 
in granite this value decreases to 0.14–0.36. (La/Yb)N 
ratios range from 9 to 24. HREE segments in granite 
are almost horizontal, whereas in quartz syenites they 
are gently dipping (Fig. 4.6 E).

In felsic rocks the εNd(T) values range from−3.7 
to −4.9 for Lower-Selenga suite and from −2.0 to −4.1 
for Early-Kunalei suite. The (87Sr/86Sr)T values vary 
from 0.7055 to more 0.707 and from 0.7030 to 0.7060, 
respectively. The δ18O values are mantle-like, 6–7‰ 
in whole-rock samples and 3.4 to 4.99‰ in titanite. 
Slightly higher δ18O(WR) in selected samples, from 
7.17 to 7.5‰, suggests minor admixture of an ancient 
continental crust component in some of the syenites 
from the Lower-Selenga suite. 

The rocks of the Early Permian dyke swarms 
represent a typical bimodal series consisting of two 
standing apart groups with the contents of SiO2 46-
53 wt.% and 59-73 wt.%, respectively. Geochemical 
composition of the felsic dykes corresponds to 
associated AFS and PA granitoids (A-type). These 
εNd(T) values range from -1.5 to -4 and (87Sr/86Sr)T 
values are for about 0,706.

Mafic rocks from all suites are rather similar and 
can be referred to as high-K calc-alkaline to shoshonitic 
(Fig. 4.4); the latter are characterized by potassium 
enrichment: K2O>Na2O–2 (Le Maitre, 1989). All mafic 
rocks are highly-aluminous (16.5–19.5 wt.% Al2O3), 
rich in K2O (2.1–2.7 wt.%), Zr (120–190 ppm) and 
moderately depleted in MgO and CaO (4–5 and 6–8 
wt.%, respectively). The REE patterns of the mafic 
rocks from the four suites are quite uniform. They 
are LREE-enriched, with (La/Yb)N=8–23, and the Eu 
anomaly is generally weak to absent (Fig. 4.7 A, C, E, 
F). Overall, all the mafic rocks under consideration are 
distinguished from OIB by clear Th, U, Nb, Ti troughs, 
and K, Ba, Pb peaks (Fig. 4.7 B, D, F, H) indicating that 
these rocks are similar to continental basalts commonly 
found in interiors of cratons. All Late Paleozoic mafic 
rocks have negative εNd(T) values ranging from −5 to 
−1 and mildly enhanced I(Sr) ratios 0.7050–0.7060. As 
a whole, mafic rocks formed at different stages of the 

Late Paleozoic cycle, unlike granitoids of this cycle, do 
not reveal anysystematic trend of compositional change 
with time.

Possible magmatic sources
Mafic rocks. As mentioned above mafic rocks of all 

igneous suites have similar in geochemical composite. 
These are characterized by enrichment in light REE, 
high content of LILE (K, Ba, Sr, Pb) and deficiency of 
HFSE (Th, U, Ta, Nb, Ti), negative εNd(T) values and a 
little higher I(Sr) ratios. We interpret such a geochemical 
and isotopic signature in mafic rocks to be characteristic 
of the mantle beneath the West Transbaikalia region in 
the Carboniferous – Permian (Tsygankov et al., 2010a; 
Litvinovsky et al., 2011). It is likely that lithospheric 
mantle was enriched in the ancient acid crust material 
subducted during accretion and collision of the two 
continental blocks.

The Barguzin suite (the Angara–Vitim batholith) 
(330–310 Ma). The Sr–Nd–O isotope data (see earlier 
discussion) attest that granite magmas were mostly 
crust-derived (Tsygankov et al., 2007). Based on the 
average chemical composition of the batholith and the 
average compositions of the potential sources rocks 
such as Precambrian gneiss and crystalline schist in 
Transbaikalia and other well-studied regions in the 
world, mass-balance calculations were performed 
(Litvinovsky et al., 1993).

Chivyrkui and Zaza suites. Isotope ratios suggest 
that granite from the Zaza suite and low silica granitoids 
of the coeval Chivyrkui suite were crystallized from a 
hybrid magma formed by mixing of crustal- and mantle-
derived melts. The significant role of magma mixing in 
the Chivyrkui granitoids is also indicated by abundant 
microgranular mafic enclaves and synplutonic mafic 
dykes. The overlap of REE patterns for mafic rocks 
and coeval granitoids both in the Chivyrkui and Zaza 
suites argues against fractional crystallization of mafic 
magmas as the dominant process in magma evolution 
(Litvinovsky et al., 2011).

Lower-Selenga and Early-Kunalei suites. 
Radiogenic and oxygen isotope ratios indicate that 
mantle-derived components were dominant in the 
generation of magmas of the Early-Kunalei, and 
Lower-Selenga suites of Transbaikalia. The foregoing 
observations suggest that an alkali-rich mafic source 
could be considered as parental to the highly alkaline 
silicic magmas. Disposition of REE patterns of K-rich 
gabbro and granitoids in the Early-Kunalei suite 
also advocate genetic links between the mafic and 
felsic rocks. Of the two possible processes, fractional 
crystallization of the basalt magma and partial melting 
of gabbro/basalt, the former is less probable since 
fractionation processes cannot account for the absence 

Fig. 4.7. A–H – chondrite normalized REE patterns and primitive mantle-normalized spidergrams for mafic rocks 
from Late Paleozoic igneous suites. 
In C, D, and G, H compositions of coeval mafic rocks (Chivyrkui and Lower-Selenga, respectively) are shown as 
gray fields. Chondrite and primitive mantle values are from Sun and McDonough (1989).
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5.1. Late Paleozoic mafic dyke swarm of the 
southern Siberian craton 
(South Baikal dyke swarm)

Geological setting, petrographic 
characteristics and age
Numerous mafic dykes occur in coastal exposures 

along the southern tip of Lake Baikal (Circum-Baikal 
Railway) (Figs. 5.1, 5.2) where they intrude Archean 
and Paleoproterozoic metamorphic and igneous 
(gneiss, migmatite, granitoid) rocks of the craton 
basement (Poller et al., 2005). The dykes strike in 
the W–E direction (260°–280°), dip at 75–90°, and 
vary in thickness from tens of centimeters to a few 
meters. The dolerite dykes have porphyric textures. 
Alkaline porphyrite bears olivine, plagioclase, and 
orthopyroxene phenocrysts, as well as clinopyroxene, 
biotite, and titanomagnetite. In thick (more than 1 m) 
dykes, the dolerites are coarse grained in central parts 
and fine grained along their chilled.

Porphyry sample 6077 selected for SHRIMP-
II U-PB zircon dating (at Curtin University, Western 
Australia) contained zircons of two groups: the 
inherited grains and the magmatic zircons that record 
the time of crystallization (Pisarevsky et al., 2006). 
The inherited zircons have concordant Archean (2449 
± 4, 2460 ± 10, and 2487 ± 4 Ma) and Paleoproterozoic 

(1861 ± 11, 1863 ± 12, and 1865 ± 7 Ma) ages that 
represent, respectively, the ages of host metamorphic 
framework and post-collisional granitoids widespread 
in the area (Donskaya et al., 2003; Poller et al., 2005). 
A cluster of young zircons with a 206Pb/238U age of 275 
± 4 Ma may corresponds to crystallization during the 
dyke intrusion. This interpretation is consistent with 
paleomagnetic data: the dykes carry stable primary 
magnetization (baked contact test) typical of the 
Early Permian Kiama reversed-polarity superchron 
(Pisarevsky et al., 2006).

Geochemistry and petrogenesis of dolerite dykes
The dolerite dykes typically contain 43.9–46.5 

wt.% SiO2, rather high alkalis (Na2O + K2O = up to 6.0 
wt.%), 1.6–3.9 wt.% TiO2, and 0.3–0.7 wt.% P2O5, and 
fall in the fields of alkaline and subalkaline basalts in the 
Zr/TiO2 — Nb/Y diagram (Winchester and Floyd, 1977) 
(Fig. 5.3). The rocks are either almost undifferentiated 
or moderately to strongly differentiated, with Mg# from 
37 to 75. The Mg# value is in distinct anti-correlation 
with TiO2, P2O5, and La but does not correlate with SiO2, 
Nb, Th, and Sr. Dolerites show relatively high REE (La 
= 14.3–32.5 ppm) and fractionated spectra with (La/Yb)
n = 5–8. Primitive mantle-normalized diagrams (Sun 
and McDonough, 1989) exhibit prominent depletion in 
Th-U and Nb-Ta and enrichment in Sr but no anomalies 

Late Paleozoic and early mesozoic mafic 
magmatism in the southern siberian craton

gladkochub d.P., donskaya t.v., ivanov a.v., mazukabzov a.m.

Institute of the Earth’s Crust of the Siberian Branch of the Russian Academy of Sciences
Irkutsk, Russia
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or rare occurrence of rocks of intermediate composition 
in the highly alkaline, characteristically bimodal 
igneous suites. Thus, the most plausible ‘mantle-like’ 
source of the alkali-feldspar and peralkaline granitoids 
is alkali-rich basalt that repeatedly underplated the 
lower crust.

Conclusions
The unique abundance of K-rich calc-alkaline 

granitoids, presence shohonitic and highly alkaline 
granitoids and the subordinate amount of mafic rocks are 
not characteristic of within-plate magmatism caused by 
mantle plume. Geochemical and isotopic composition of 
rocks of the Late Paleozoic series, the finding of highly 
deformed Devonian-Carboniferous sea basin deposits 

(terrigenous and carbonate rocks, with subordinate 
volcaniclastic material) (inset, Fig. 4.1), and the regional 
metamorphism suggest that Hercynian orogenesis 
occurred in Transbaikalia (Tsygankov et al., 2007, 2010a; 
Mazukabzov et al., 2010; Gordienko et al., 2010). 

The overall increase in alkalinity of the granitoids 
with time reflects the progress from post-collisional 
to within-plate settings. However, a ~20 m.y. long 
transitional period during which both calc-alkaline 
and alkaline granitoids were emplaced indicates the 
coexistence of thickened (batholiths) and thinned 
(rift) crustal tracts. Sr–Nd–O isotope and elemental 
geochemical data suggest that the relative contribution 
of mantle-derived components to the generation of 
silicic magmas progressively increased with time.
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in Ti (Fig. 5.4). All dolerites differ in high TiO2 (1.6–3.9 
wt.%), P2O5 (0.3–0.7 wt.%), and Sr (563–842 ppm), 
relatively high La (14.3–32.5 ppm) and Th (0.9–1.9 
ppm, and variable Nb (8.4 to 19.3 ppm).

When compared with E-MORB, OIB, and IAB 
compositions, the analyzed dolerite samples show 
both IAB and OIB affinity in their trace-element 
and multielement patterns (Fig. 5.4): OIB signature 
appears in relatively high TiO2 and P2O5 and in the 
lack of anomalies while affinity with enriched IAB is 
prompted by moderate Nb and Nb-Ta lower than the 
neighbor K and La in the multielement spectra of most 
dolerites (with NbPM/LaPM between 0.38 and 0.71). 
Some differentiated dolerites have higher Nb than in 
other rocks (La concentrations being similar) but have 

no Nb anomaly in multielement spectra. On the other 
hand, Th contents in the analyzed dolerites are not 
very high, more proximal to primitive IAB (Fig. 5.4), 
and Th-U show a minimum in multielement diagrams. 
IAB affinity is also consistent with high Sr and Ba 
concentrations and Sr and Ba peaks in multielement 
spectra. Thus, the dolerites cannot be unambiguously 
assigned to any type of basalt according to their trace-
element chemistry, possibly because their primary 
melt formed as a mixture of several mantle sources. 
Relatively high NbPM/ThPM ratios of 0.91–1.68 and low 
ThPM/LaPM = 0.34–0.52, as well as high TiO2 and the 
lack of the Ti anomaly in multielement diagrams allow 
to suggest that original melts have undergone minor 
crustal contamination (see (Turkina and Nozhkin, 
2008) for explanation).

In the Ce/Nb—Th/Nb diagram (Saunders et al., 
1988) characterizing the magma source (Fig. 5.5), 
most samples plot within relatively high Ce/Nb (3.7–
6.4) and moderate Th/Nb field, which is evidence of a 
subduction component supported by Ba and Sr peaks in 
the multielement patterns. High TiO2 and P2O5 contents 
correspond to an OIB-type source while Th contents 
are typical of depleted MORB mantle. Therefore, the 
magma included at least three mantle components 
related to subduction, enriched, and N-MORB depleted 
sources.

Tectonic implications
The Late Paleozoic–Early Mesozoic evolution of 

the southern Siberian craton was largely controlled by 
subduction of the Mongolia–Okhotsk oceanic crust 
beneath Siberia and the associated tectonic processes 
(Zorin, 1999). The northeastern segment of the Central 
Asian orogen next to the craton border evolved then 
in an active margin setting. Extension that may act 

Fig. 5.3. Phanerozoic mafic rocks from southern 
Siberian craton in Nb/Y—Zr/TiO2 diagram (Winchester 
and Floyd, 1977).

Fig. 5.4. Multielement patterns of Late Paleozoic mafic 
rocks from southern Siberian craton (south Baikal 
dyke swarm), normalized to primitive mantle (Sun and 
McDonough, 1989). 
1 – dolerite of South Baikal dyke swarm; 2 – OIB after 
(Sun and McDonough, 1989); 3 –  Kamchatka basalt: 
primitive (a) and enriched (b), both after (Ivanov et al., 
2004); 4 – E-MORB after (Sun and McDonough, 1989).

Fig. 5.5. Phanerozoic mafic rocks from southern 
Siberian craton in Ce/Nb—Th/Nb diagram (Saunders 
et al., 1988). 
DMM is depleted MORB mantle, RSC is recycled slab 
component, SDC is subduction component. Lines show 
paths of components mixing. Compositions of upper 
continental crust, average crustal abundances, and 
OIB are after (Dampare et al., 2008). Symbols same as 
in Fig. 5.3.
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upon the back of active continental margins in certain 
periods of their evolution (Collins, 2002; Yarmolyuk 
and Kovalenko, 1991) apparently was not restricted 
to the orogenic area but penetrated also into the craton 
margin where it caused diffuse rifting favorable for 
dyke emplacement.

The large extent of Late Paleozoic extension-
related magmatism at the back of the active continental 
margin is evident in the presence of dyke swarms 
in the southern craton part as well as in the adjacent 
Transbaikalian segment of the Central Asian orogen 
which are found over a distance of more than 500 km 
northwestward off the Mongolia–Okhotsk suture (e.g., 
Shadaev et al. (2005) reported Permian dykes from the 
Central Asian belt along the southern craton border). 
The broad compositional range of the analyzed Late 
Paleozoic basaltic rocks may be due to heterogeneous 
basement structure in the craton’s south, along with 
crustal contamination and input of slab material into 
the magma sources.

5.2. Early Mesozoic traps in the southern 
Siberian craton (Angara–Taseeva basin)

Geological setting, petrographic characteristics 
and age
Dolerite sills in the Angara–Taseeva basin 

(Fig. 5.1) have been known since the first reports of 
Czekanowsky dating back to the second half of the 19th 
century (Masaitis, 1962), which gave rise to studies 
in the Siberian Trap Province. There are six large sills 
(Tulun, Padun, Tolstyi Mys, Chuna–Biryusa, Zayar, 
and Usolie) in the area (Feoktistov, 1978), from few 
tens to few hundred meters in thickness. The Zayar and 
Usolie sills exist among Early Cambrian salt-bearing 
sediments. The Tulun sill intrudes Late Cambrian 
sediments, the Padun and Tolstyi Mys ones occur in 
Ordovician sediments, and the Chuna–Biryusa sill 
follows the boundary between Ordovician and Silurian 
sedimentary rocks. The sills coexist with apophyses 
and thin dykes that crosscut the overlying sedimentary 
strata. For details of local geology see (Ivanov, 2007; 
Ivanov et al., 2005, 2008, 2009). 

The petrography of dolerite from the Angara–
Taseeva sills was reported in detail in (Feoktistov, 
1978; Vladimirov, 1962). The rocks are troctolitic and 
granophyiric dolerites, and olivine-free pegmatite-
diabase (listed according to decrease in Mg# and 
increase in SiO2 and alkalis). The minerals are 
plagioclase, olivine, and pyroxene as main phase, with 
lower percentages of quartz, K-Na feldspar, amphibole, 
biotite, zircon, and baddeleyite.

Late Paleozoic mafic rocks of the southern Siberian 
craton were dated by the incremental-heating 40Ar/39Ar 
age method at Vrije Univesiteit in Brussell (Ivanov et 
al., 2005), at Institute of Geology and Geophysics of 
the China Academy of Sciences in Beijing (Ivanov et 
al., 2009), and by the SHRIMP U-Pb zircon method at 
the Center for Mass Spectrometry of Curtin University, 

Western Australia. We obtained reliable 40Ar/39Ar ages 
for samples of the Usolie (243.9 ± 1.4 Ma), Tulun 
(240.1 ± 2.5 Ma), and Padun (241.6 ± 2.6 Ma) sills, 
and SHRIMP U-Pb ages for samples of the Tolstyi 
Mys sill (249.6 ± 1.5 Ma). The uncertainty includes 
measurement and calibration errors. Calibration of 
40Ar/39Ar data against the age 98.79 Ma for the GA1550 
standard (Renne et al., 1998) gave ages systematically 
~0.9 % younger than the U-Pb dates (Ivanov, 2006; 
Ivanov et al., 2005).

The 40Ar/39Ar and U-Pb data record several 
intrusion events from the Late Permian to the Middle 
Triassic. That time span is consistent with the total 
duration of flood basalt volcanism in the province 
inferred from 40Ar/39Ar ages (Ivanov, 2007; Ivanov et 
al., 2005; Reichow et al., 2008).

Geochemistry and petrogenesis of the Usolie and 
Tolstyi Mys sills
The analyzed samples of the Usoliev and Tolstyi 

Mys sills contain 46.75–50.90 wt.% SiO2 and 14.05–
16.30 wt.% Al2O3, and fall into the field of andesite/
basalt (Fig. 5.3) in the Zr/TiO2—Nb/Y diagram of 
Winchester and Floyd (1977). The TiO2 contents are 
from 0.71 to 1.90 wt.% and P2O5 is from 0.14 to 0.28 
wt.%, increasing with decrease in Mg#. In addition 
to those elements, the most strongly differentiated 
samples show the highest concentrations of Y, Zr, Nb, 
Ba, Sr, Th, U, and REE, which is strong evidence for 
the important role of differentiation. 

The primitive mantle-normalized (Sun and 
McDonough, 1989) multielement spectra of all samples 
(Fig. 5.6) show prominent Nb-Ta and Ti depletion, 
which may be due either to crustal contamination of 
parent magma or to a subduction component in the 
mantle reservoir. However, the too low Nb and Ta 
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Fig. 5.6. Multielement patterns of Early Mesozoic mafic 
rocks from southern Siberian craton, normalized to 
primitive mantle (Sun and McDonough, 1989). 
1 – traps of Usolie sill; 2 – traps of Tolsty Mys sill; 3 – OIB 
after (Sun and McDonough, 1989); 4 – Kamchatka basalt: 
primitive (a) and enriched (b), both after (Ivanov et al., 
2004); 5 – E-MORB after (Sun and McDonough, 1989).
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Fig. 5.1. Location map of main tectonic units in 
southern Siberia, modified after (Dobretsov and 
Buslov, 2007). 
1 – Siberian craton; 2 – microcontinents, with their 
names abbreviated as Ar for Arzybei, Br for Barguzin, 
TM for Tuva–Mongolia, KM for Khamardaban; 3 – 
structures of Paleoasian ocean; 4 – metamorphic 
terranes of Baikal collisional belt; 5 – Siberian craton 
boundary; 6-8 – sampled fields: Early Paleozoic 
mafic complexes of Birusa (BR), Goloustnaya (GL), 
and Urik (UR) (6), Early Paleozoic mafic complexes 
of Buguldeika (b) and South Baikal (sb) (7), Early 
Mesozoic traps at sites of Tolsty Mys (T) and Usolie 
(U) sills (8). For details of geology see (Gladkochub 
et al., 2001, 2006, 2008a, 2010; Ivanov et al., 2005, 
2009; Pisarevsky et al., 2006). Inset shows study area 
in framework of Northern Eurasia.

Fig. 5.2. A – sketch of the main unites of southern Siberia craton and adjacent areas of Tran-Baikalia, B – 
geological scheme of the southern flank of the Siberian craton, and C – locations of dykes (Pisarevsky et al., 2006).
Areas of the Siberian margins are from Zorin (1999); positions of 300–285 Ma dyke belts are from Shadaev et 
al. (2005); North Mongolian magmatic zone—from Yarmolyuk et al. (2001); Alentuy stands for the locality of the 
palaeomagnetic study of Kravchinsky et al. (2002).
1 – Late Paleozoic (~275 Ma): South Baikal dyke swarm; 
2, 3 – Early Mesozoic traps: Usolie sill (2), Tolsty Mys sill (3).
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Fig. 6.3. Photos of polished slabs of the Oshurkovo massif aplitic granites with dark basic globules. 
a - drop-shaped globules; b - globules with fingering and flower-like shape; c - prolate-shape globules. 
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contents (Fig. 5.6) disprove any major contamination 
effect. On the other hand, the Nb-Ta dips along with Sr 
and Ba peaks in the multielement spectra of the least 
differentiated samples attest to a subduction component. 
The weakly differentiated rocks of the Usolie sill have 
their Nb-Ta contents comparable with primitive IAB of 
Kamchatka.

The trend in the Ce/Nb—Th/Nb diagram (Saunders 
et al., 1988) continues toward the field of subduction-
related volcanics (Fig. 5.5), while the least differentiated 
varieties of the Usolie sill almost reach this field (Ce/Nb 
= 4.4–4.5; Th/Nb ~0.3).

Tectonic implications
Interpreting the tectonic setting of Early Mesozoic 

magmatism in the Angara–Taseeva basin faces some 
difficulty. On one hand, intrusions with the inferred 
compositions and ages in the area may belong to 
Siberian traps presumably derived from a lower mantle 
plume (Dobretsov et al., 2006; Sobolev et al., 2009 
a, b). On the other hand, some trace-element features 
in the analyzed samples indicate a subduction-related 
component in the magma, which may be associated 
with the subduction of the Mongolia–Okhotsk ocean 
beneath the Siberian continent (Ivanov, 2007; Ivanov et 
al., 2008; Zorin, 1999).

Interestingly, subduction signature is present in 
both Late Paleozoic and Early Mesozoic mafic rocks, 
and there is distinct correlation between the rock ages, 
the contribution of the subduction component (Fig. 
5.5), and the distance of the rocks from the Mongolia–
Okhotsk suture (Fig. 5.7). For instance, relatively old 
(275 Ma) enriched rocks (Fig. 5.7) are very proximal 
to the craton border (the south Baikal dyke swarm 
and mafic intrusions at the Buguldeika site) while 
the younger (~ 240 Ma) and least enriched dolerites 
exist as sills in the Angara–Taseeva basin rather far 
from the orogen. This distribution may record the slab 
motion northwestward off the subduction zone beneath 
the craton and the related progressive loss of the 
subduction component. The apparently contradicting 
two models invoked to explain the origin of Early 
Mesozoic continental flood basalts in the southern 
Siberian craton may be reconciled by assuming that 
the plume propagated off its center (Maimecha–Kotui 
province, according to (Sobolev et al., 2009b)) toward 
the southern craton margin. There the plume material 
may have interacted with lithospheric mantle enriched 
in elements from the Mongolia–Okhotsk slab (Fig. 5.7). 
That interaction may have produced the Early Mesozoic 
Angara–Taseeva mafic rocks with subductional trace-
element signature.

Late Mesozoic granite magmatizm in Western 
Transbaikalia is mark by porphyritic and morion 
granites with (often) molybdenum and tungsten 
mineralization. These granites are mostly studied in 
this area. Using of precision geochronological methods 
allows us to include in the Mesozoic group some other 
granite massifs. 

At present three models of Late Mesozoic granite 
formation could be presented: (1) intraplate tectonic 
magmatic activization (the most widespread type), (2) 
igneous activity at stage of metamorphic core complexes 
exhumation (Sklyarov et al., 1997) (banded granite, 
migmatite and granitic pegmatite) and, (3) anatexis of 
host rock due to emplacement of basic massifs (granite 
and granite pegmatite). An example of the last is area of 
Oshurkovo gabbro-syenite massif.

The ore-bearing granites of Gudzhir complex 
(about tens massifs) occur in Dzhida, Kurba-Eravna and 
Sredne-Vitim ore areas. Some of them were dated by 
K-Ar method, and included in this complex on base of 
their molybdenum mineralization. The Late Mesozoic 
ages of Pervomay, Bulukta and Orekitkan massifs were 
confirmed by U-Pb, Rb-Sr и Os-Re methods.

The massifs are situated in fault zones, which traced 
by ultrabasic rocks, dyke swarms and linear geophysical 
fields (Baturina et al., 1984). Small massifs and dykes of 
this sort of granites and porphyritic granites occur along 
these zones. These rocks have been formed in hypabyssal 
and near-surface conditions, and have hyeracid subalkaline 
composition. They are leucocratic, morion, porphyritic 
granites and quartz aplites, and rare granosyenites, syenites 
and porphyritic syenites. These rocks are characterized 
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by: (1) absence of early differentiate phase of basic and 
intermediate rocks; and (2) insignificant hybridism and 
contamination. Petrochemical and geochemical features 
of these rocks are studied in details (e.g. Kosals, 1976, 
Sheremet et al., 1981). The massifs of these granitoids 
usually accompanied by molybdenum, tungsten and 
beryllium mineralization and demonstrate high contents 
of F, Li, Rb, S.

These granitoids are peraluminous and usually 
peralkaline, where K is predominant over Na. These 
rocks have similar Pb, Nb and Ta contents. Mo, W, 
Th and U amounts are higher compared to worldwide 
average granite (Blat and Tracy, 1997). Kosals (1976) 
studied a behavior of volatiles, alkali and trace elements 

during a formation process of Dzhida ore area. He 
considered that high concentration of volatiles was 
a result in decrease of crystallization temperature, 
lamination of magmatic source and removal of some 
element with volatiles. During emplacement of Bulukta, 
Pervomay and Bom-Gorkhon granitoids amount of Rb, 
Sn, B increased and F, Mo decreased from early to late 
crystallization stages.

Late Mesozoic gneissic granite and granite 
pegmatite, which were formed during metamorphic 
processes, occur in the Zagan complex. Sklyarov 
et al. (1997) have established Late Mesozoic age of 
metamorphism related to formation of metamorphic 
complexes. Pegmatites and gneiss of the Kyakhta 

Fig. 6.1. Distribution of Late Mesozoic granites and syenites within the periphery of the Oshurkovo massif. 
1 – Quaternary sediments; 2 – microcline granites, biotite-bearing gneissoid granite; 3 – syenites; 4 – migmatites, 
gneisses; 5 - gneissoid plagiogranites; 6 – gabbro; 7 – fine-grained leucocratic granites. 
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Fig. 6.2. Crosscutting dykes of aplite granites and granite pegmatites within the Oshurkovo massif. 
1 – medium-grained gabbros, 2 – fine-grained gabbros, 3 – granite dykes, 4 – granite pegmatites, 5 - faults.

sillimanite deposit (Zagan complex) demonstrate Rb-
Sr ages of 131 ± 2 Ma and 127 ± 4 Ma respectively 
(Izbrodin et al., 2010).

The third type of Late Mesozoic granites has been 
formed as a result of crust anatexis by the heating 
source provided by basic magmas. The Oshurkovo 
gabbro-syenite massif is an example of this model. The 
massif occupies over 14 km2 and located among biotite 
schist and gneiss, granites (PZ3) (Fig. 6.1). Numerous 
articles on petrology, mineralogy and geochemistry of 
the rocks were published already (e.g. Kuznetsov, 1980; 

Smirnov, 1971; Andreev et al., 1972, Litvinovsky et al., 
1998). The massif was formed as a result of several 
magma emplacements: from pyroxene and amphibole-
pyroxene gabbro (diopside, hastingsite, andesine № 
32-46) throughout monzogabbro to gabbro-syenite 
(hastingsite, biotite, oligoclase № 18-26, potash and 
sodium feldspar), lamprophyre dykes (spessartite, 
vogesite, kersantite) and biotite and amphibole-biotite 
syenites (biotite, microcline, albite). The rocks of 
this massif contain higher Sr, Ti and Ba. Calculation 
of pressure by high aluminum amphiboles shows 
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6.2-7.2 kBar for plutonic rocks and 5.3-5.8 kBar for 
lamprophyres. 

The Rb-Sr daiting of the massif rocks shows 
following data: monzogabbro is 125.4 Ma, related 
carbonatites is 126.5 Ma (Ripp et al., 2011) and biotite 
syenites is 122.8 Ma. All rocks with the exception of 
syenites are enriched by apatite (up to 8-10 vol. %). 
This affinity could be interesting in terms of exploration 
and industrial using this massif. The acid rocks 
(granites, syenites, quartz-bearing syenites and granite 
pegmatites) occur in periphery of the massif (see Fig. 
6.1). Leucocratic granites and syenites demonstrate 
U-Pb zircon age (SHRIMP II) 127 and 132.8 Ma 
(unpublished data). Alkali-feldspar and quartz-bearing 
syenites located on the periphery (see Fig. 6.1) have 
rather similar age (128.6 Ma). Mafic dykes that close to 
monzogabbros in their petrochemical and geochemical 
features cut granites and syenites. 

Aplitic granites and granite pegmatites have been 
formed in the second stage. They intruded the massif 
and also cut country rocks (Fig. 6.2). However aplitic 
granite has been generated earlier than pegmatite. The 
age of pegmatite (Shadaev et al., 2001) vary from 113 to 
120 Ma. Aplitic granites have massive and sometimes 
banded texture and composed by K-feldspar, albite and 
biotite; magnetite, zircon and titanite are accessory 
minerals. There are drop-shaped basic globules in 

some dykes (Fig. 6.3 a). Assemblages of globules 
show fingering and flower-like shape (Fig. 6.3 b). 
Sometimes granites have banded texture due to oriented 
biotite grains. In this case the globules have prolate 
shape (Fig. 6.3 c). The globules according to mineral 
composition similar to gabbro, consist of hastingsite, 
oligoclase and low amount of K-feldspar. Apatite, 
phlogopite, magnetite and titanite are also present. 
The presents of such globules suggests mingling of 
two melts. It is possible that tectonic processes led to 
opening of different magmatic chambers. The similar 
ages of basic and granite rocks suggest anatectical 
mechanism of aplite granite formation. Mingling of 
granites and basic rocks indicates the relationship 
between pertrochemically different rocks. According to 
geochronological data the time of this system existence 
could be calculated as no less than 10 Ma. Thus we 
suggest that two types of anatechtical granites were 
formed during emplacement of the Oshurkovo massif. 

Isotopic data show that basic and granitic rocks 
are not comagmatic. The initial Sr isotope ratios are 
0.70512–0.7054 and 0.7061 respectively. The εNd(T) 
values in basic rocks vary from 2.0 to 3.5, and in 
granites and granite pegmatites range from –5.4 to –7.2. 
δ18O SMOW composition of basic rocks ranges from 4 
to 7 ‰ (Ripp et al., 2010). Oxygen isotope composition 
in granites is higher and heterogeneous (7–9 ‰). 

Asian context of volcanism
Cenozoic volcanic activity across the enormous 

continental area of mainland Asia has occurred at a 
number of relatively small volcanic fields. These are 
mainly scattered between Asia’s eastern coast at the 
Sea of Japan and the Baikal-Mongolian region at a 
region approximately 1500 by 2500 km (Fig. 7.1). 
This volcanism is not easy to explain in context of 
lower mantle plume model (e.g. Courtillot et al., 2003) 
because of the relatively small volume of erupted 
magma (Ivanov et al., 2011) and MORB-like helium 
isotopes (Barry et al., 2007). However, alternative 
model also face problems. For example, the model of 
craton-induced convection (King and Anderson, 1998) 
is not suitable because there is no tendency for volcanic 
fields to localize at cratonic boundaries (Fig. 7.1). 
Crustal tectonics probably helped to localize volcanic 

fields; some of them are definitely controlled by major 
faults and rift zones, but others situate far from rifts 
and/or major faults (Fig. 7.1). Recently it has been 
suggested that the volcanism is related to stagnation 
of the Pacific slab in the mantle transition zone (at 
depths between 410 and 650 km) (Zorin et al., 2006), 
though the mechanism of such a relation is under debate 
(Zhao et al., 2004; Zorin et al., 2006). Two possible 
models discussed in literature are shown in Fig. 7.2. 
According to the model suggested by Zhao et al. (2004) 
and Othani and Zhao (2009) stagnant slab is degassed 
in transition zone, this creates dense silicate melt at 
the bottom of upper mantle, further degassing of this 
melt creates mantle upwelling and localized melting 
underneath lithosphere. Zorin et al. (2006) modified 
model of megalith originally suggested by Ringwood 
(1991); fertile peridotite does not localized in form of a 

Late cenozoic volcanism of the baikal rift
ivanov a.v., demonterova e.i.
Institute of the Earth’s Crust of the Siberian Branch of the Russian Academy of Sciences
Irkutsk, Russia
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Fig. 7.1. Distribution of intraplate volcanoes in Central and Eastern Asia. 
Thick dashed curve shows surface projection of the Pacific slab stagnant in mantle transition zone after Zhao 
(2004) and Zorin et al. (2006). Cratons are outlined by grey boundaries. 

Fig. 7.2. Two models for Asian volcanism with stagnant slab in the mantle transition zone after Zorin et al. (2006) 
(top) and Zhao et al. (2004); Ohtani and Zhao (2009) (bottom).
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Fig. 7.5. TAS classification diagram for volcanics of the 
Tunka rift basin (data are after Rasskazov, 1993).

Fig. 7.3. Baikal rift system and surrounding regions.
Rift system partially occupies a weakness zone between ancient Siberian craton and Pre-Cambrian Tuva-Mongolia 
massif with Paleozoic accreted terranes. It is limited on south by Bolnai Fault. Boundary of newly formed stable 
Amurian plate is shown by bold dotted line, whose anticlockwise rotation is thought for opening of the Baikal 
basins (Zonenshain and Savostin, 1981). NS-trending part of the Amurian plate boundary is diffusive and may be 
somewhere between shown dotted line and either eastern or western 
boundary of the Tuva-Mongolia massif. Regions to the south 
from the Bolnai Fault are situated under compression regime. 
Number in circles are stops of the geological excursions. 

Fig. 7.4. Sr-Nd-isotope variations in Late Cenozoic basalts 
of the Baikal rift and adjacent non-rifted regions of Mongolia 
(Rasskazov et al., 2002; Yarmolyuk et al., 2003; Barry et 
al., 2003; Johnson et al., 2005; Perepelov et al., 2010; 
Savatenkov et al., 2010) in comparison to mantle and lower 
crustal xenoliths (Ionov et al., 1992, 1994, 1995; Barry et 
al., 2003). 
Mantle components DMM, FOZO, EM1 and EM2 (Armienti 
and Gasperini, 2007; Stracke et al., 2005). Regional 
components A, B and C (Barry et al., 2007). 
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megalith at the region, where slab is interacting with the 
650 km discontinuity, but transported by stagnant slab 
beneath continent, where it forms rising diapirs upon 
heating. 

Regional context of volcanism 
In regional context Late Cenozoic volcanism can be 

subdivided into volcanism of the Baikal rift and those 
of non-rifted regions of Mongolia (Fig. 7.3), though 
in terms of trace elements and Sr-Nd-Pb isotopes the 
volcanics of both regions are similar (Barry et al., 
2007). Fig. 7.4 shows that in Sr-Nd- isotopic space Late 
Cenozoic volcanics form a triangle between regional 
components referred to as A, B and C (Barry et al., 
2007). These components do not correspond to so-called 
global end-members DMM, FOZO, EM1 and EM2, nor 
fit to compositions of the mantle and crustal xenoliths 
sampled from the same volcanic fields. Components A 
and B likely represent regional sub-continental mantle, 
whereas component C could be of crustal origin.

Variations of major elements along the Baikal rift 
show that volcanics of basaltic composition (when only 
rocks with SiO2 < 52. wt.% are considered) became more 
silica saturated from Udokan volcanic field towards 
south-western Baikal rift. This has been interpreted 
as shallower depth of mantle melting at south-western 
Baikal rift compared to those at the north-eastern 
Baikal rift (Ivanov and Demonterova, 2010). Average 
calculated depths of melt generation zone are shown in 
Table 1. 

Volcanism in the Tunka Depression
Volcanic rocks in the Tunka depression represent an 

example of spatial coincidence between volcanism and 

rifting. Volcanic rocks are known both within the rift 
basin and at the rift shoulders (Fig. 7.3). Few volcanic 
episodes in the Tunka depression and its vicinity can 
be identified. The oldest reported ages are between 30 
and 24 Ma (Rasskazov, 1993). They have been obtained 
by K-Ar method on basalts located at uplifted block of 
basement within eastern part of the Tunka depression. It 
is known, however, that at least some of the Oligocene 
ages reported by Rasskazov (1993) are erroneous 
(Ivanov and Demonterova, 2009). Thus these ages have 
to be verified. Early Miocene 40Ar/39Ar ages of about 
18 Ma have been obtained for lava outcropped at the 
Khamar-Daban range at junction of the Tunka and 
Baikal rift basins (Rasskazov et al., 2003). Probably 
the most voluminous eruptions took place at the Middle 
Miocene between 16 and 8 Ma (Rasskazov et al., 
2000). The latest episode of volcanism has happened 
in Pliocene and Quaternary. Numerous monogenic 
cinder cones and related lava flows can be seen within 
the central part of the Tunka depression. Their age was 
estimated to be between 2.4 and 0.8 Ma via K-Ar dating 
(Rasskazov et al., 2000). 

Variations of lava compositions of the Tunka 
depression are limited mainly to the fields of hawaiites 
(sodic trachybasalts) and basalts (olivine tholeiites) on 
TAS classification diagram (Fig. 7.5). Few samples can 
be classified as basanites. Such chemical variations are 
typical for volcanic rocks of the southwestern Baikal 
rift. However, much wider variations are known for 
the Vitim and Udokan volcanic fields, where silica 
undersaturated basanites and melanephelinites are 
abundant. Beyond basaltic rocks, Udokan is known 
for significant amount of benmoreites and trachytes 
(Rasskazov, 1993). 

Volc. field Udokan Vitim Tunka Dzhida Oka Hovsgol Tuva

SiO2 45.59±2.16 46.54±2.43 47.05±1.23 47.41±1.43 48.80±1.48 48.40±1.95 48.61±1.11

TiO2 2.52±0.39 2.48±0.40 2.28±0.25 2.43±0.30 2.39±0.35 2.35±0.33 2.39±0.24

Al2O3 14.45±1.52 13.90±1.04 15.00±0.77 14.80±0.68 15.05±0.66 15.38±0.70 15.49±0.82

Fe2O3 3.99±1.45 2.01±0.19 3.17±1.29 2.71±0.94 3.34±2.71 3.19±1.30 2.10±1.28

FeO 7.96±1.63 10.24±0.96 8.90±1.53 8.93±1.26 8.56±1.59 7.77±1.39 8.79±1.09

MnO 0.16±0.02 0.17±0.03 0.16±0.03 0.16±0.01 0.15±0.02 0.14±0.02 0.15±0.02

MgO 8.82±1.88 8.47±2.07 8.05±1.13 7.52±1.04 7.43±1.26 7.21±1.32 7.03±1.00

CaO 9.31±1.08 8.75±0.77 8.42±0.66 8.45±0.85 8.00±0.66 7.70±0.60 8.19±0.49

Na2O 3.62±0.64 3.36±0.81 3.35±0.55 3.71±0.73 3.52±0.44 3.69±0.34 3.76±0.38

K2O 1.85±0.55 1.55±0.65 1.58±0.35 1.83±0.54 1.79±0.46 1.81±0.46 1.81±0.35

P2O5 0.63±0.25 0.52±0.18 0.59±0.16 0.67±0.22 0.59±0.17 0.65±0.17 0.57±0.13

LOI 0.87±0.79 1.80±1.66 1.61±1.22 1.54±1.11 1.45±1.09 1.82±0.97 1.36±1.04

Depth, km 117±25 107±31 102±16 95±18 79±18 78±24 78±15

Distance from 
the pole, km

70 550 1210 1220 1320 1360 1410

Table 7.1. Mean major element compositions of basalts (SiO2 < 52 wt.%) from different volcanic fields of the 
Baikal rift and estimated depth of magma generation in mantle (after Ivanov and Demonterova, 2010). Distance 
from the pole of rotation of the Amurian plate is shown (see Fig. 7.3).
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The field excursion will be guided by Dr. Sci. Dmitry Gladkochub (gladkochub@mail.ru), 
Dr.Sc. Andrey Tsygankov (tsygan@gin.bsc.buryatia.ru) and PhD Tatiana Donskaya (Tatiana_
Donskaya@mail.ru) and their colleagues from the Institute of Earth’s crust and Geological 
Institute (both of the Siberian Branch of the Russian Academy of Sciences).

The field trip will allow participants to investigate following igneous complexes:

1) Paleoproterozoic Province of post-collisional granitoids related to assembly of the Siberian 
craton and its incorporation in to Nuna (Columbia) supercontinent; 

2) Neoproterozoic mafic dyke swarms produced in stage of Rodinia breakup and Siberia 
detaching from this supercontinent; 

3) Late Paleozoic mafic and felsic LIPs related the Central-Asian Orogenic Belt development 
(with or without mantle-plume influence);

4) Late Paleozoic mafic dyke swarms reflecting subduction of the Mongolia–Okhotsk oceanic 
crust beneath the margin of the Siberian continent;

5) Late Mesozoic extenstion-related mafic and felsic LIPs of developed stage of the Central-
Asian Orogenic Belt evolution; 

6) Cenozoic basalts (volcano) of Baikal rift zone.

descRiPtion of the fieLd eXcuRsion stoPs

title of the excursion: Large igneous Provinces of 
southern siberian craton and adjacent areas 
of the central-asian orogenic belt
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Day 1, August 24, 2011 

Morning: Irkutsk – Listvyanka by bus (Departure time: 8:00, 
Arrival: around 9:30), distance ~70 km  

Afternoon:
Observation of Paleoproterozoic granitoids, Neoproterozoic and Late 
Paleozoic mafic dykes in southern coast of Lake Baikal (with boat along 
Old Siberian Railway)

Evening:
Return to Irkutsk by bus (Departure time: 18:00, Arrival: around 19:30) 
Accommodation in Hotel(s) (used during session), 
Dinner (20:00–21:00) 

Day 2, August 25, 2011 

Morning: Irkutsk – Tunka by bus (Departure time: 8:00, 
Arrival: around 12:00), distance ~170 km

Afternoon:

Observation of Cenozoic basalts (volcano) related to Baikal Rift 
development 
Lunch in Arshan village (14:30–15:30) 
Traveling from Arshan to Lake Baikal coast, distance ~ 250 km

Evening: Accommodation in Kultushnaya Tourist Camp (around 19:30)
Dinner (20:00–21:00) 

Day 3, August 26, 2011 

Morning: Kultushnaya – Ulan-Ude by bus (Departure time: 8:00, 
Arrival: around 10:30), distance ~150 km 

Afternoon:

Accommodation in Ulan-Ude (11:00)
Cultural event (History and culture of Buriatia) – 11:00–13:00 
Lunch (13:00–14:00) 
Ulan-Ude – Shaluta village by bus - Field trip (via Largest Buddha Centre 
of Russia) on Late Paleozoic combined dykes and granitoids (Shaluta unit) 
(14:00–18:00), distance ~70 km;

Evening: Returning to Ulan-Ude by bus (18:00–19:00) 
Dinner (19:30–20:30) 

Day 4, August 27, 2011 

Morning: Ulan-Ude –Buluta quarry by bus (Departure time: 8:00, 
Arrival: around 10:30), distance ~ 70 km 

Afternoon:
Observation of Late Paleozoic dyke swarms (LIPs subduction or mantle-
plume related?) (10:30–15:30)
Return to Ulan-Ude (15:30–17:30) 

Evening: Banquet (18:30–19:30)
Day 5, August 28, 2011 

Morning:

Ulan-Ude – Sotnikovo village by bus 
(Departure time: 8:00, Arrival: around 8:30), distance ~20 km
Observation of Mesozoic extension-related rock complexes (8:30–11:00) 
along the road Ulan-Ude – Irkutsk 

Afternoon: Sotnikovo – Irkutsk by bus (11:00–19:30), distance about 450 km 
Lunch at 14:00–15:00 in Café near the road) 

Evening: Accommodation in Irkutsk (around 19:30–20:00), 
Dinner (20:30–21:30)

eXcuRsion scheduLe
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The boat excursion will start in Listvyanka (village 
which is situated in a distance about 70 km from Irkutsk) 
to observe signatures of few LIPs of the Siberian craton 
whose outcrops are well-exposed in Lake Baikal 
coastline, mainly along Circum-Baikal Railway (Fig. 
St0.1).

Stop 1. Paleoproterozoic post-collisional granite
Small coastal outcrop of the Paleorpoterozoic 

granites of Sayan complex is located about 7 km 
to the north of Listvyanka village (N 51˚51,930′, E 
104˚57,872′) (Fig. St0.1). The Sayan granitoids as 
well as the Shumikha, Primorsk and Irel granitoids 
(see Chapter 2 of this Guidebook) could be united 
in Paleoproterozoic felsic LIP. Moreover all listed 
above complexes belong to the South Siberian post-
collisional belt (Larin et al., 2003). This belt marking 
southern margin of the Siberian craton can be traced in 
the distance ~ 2000 km. U-Pb zircon age of the Sayan 
granitoids (obtained for different massifs) are 1855 ± 5 
Ma and 1844 ± 15 Ma (Didenko et al., 2005) as well as 
1858 ± 20 Ma (Levitskii et al., 2002).

In the outcrop we can observe slightly foliated 
granite composed of plagioclase, K-feldspar and quartz, 
with subordinate biotite, hornblende and accessory 
titanite, zircon, apatite, ore mineral.

In terms of global tectonic these granitoids fix 
the final stage of the Siberian craton assembly and 
its possible incorporation in to the Paleoproterozoic 
supercontinent (Nuna or Columbia).

Stop 2. neoproterozoic dyke swarm
The stop is located near Circum-Baikal Railway 

(N 51˚51,551′, E 104˚43,094′) (close by tourist camp 
“Retro”). At coastal outcrop we will examine the fragment 
of Neoroterozoic dyke swarm (Fig. St0.1). Within this 
outcrop are represented about ten dykes which intrude 
Early Precambrian metamorphic and igneous rocks of 
the basement of the Siberian craton. These dykes in their 
chemical composition are rather similar to hundreds of 
other Neoproterozoic mafic dykes of the Sharyzhalgai 
uplift (see Chapter 3 of this Guidebook).

The dykes strike mainly in the W–E direction (260-
280°) and dip about 80°. Thicknesses of these dykes 
vary from one to fifteen meters (Fig. St2.1). Dykes are 
composed of medium- and fine-grained gabbro dolerite. 

Rock-forming minerals of dykes are clinopyroxene and 
plagioclase. Less abundant are olivine, orthopyroxene, 
and hornblende. Titanomagnetite is a typical accessory 
mineral. Some gabbro-dolerites have undergone low-
temperature alteration.

The Ar-Ar plagioclase age of 758 ± 4 Ma 
(Gladkochub et al., 2000) and the Sm-Nd age (plagioclase 
– clinopyroxene – whole rock) of 743 ± 47 Ma (Sklyarov 
et al., 2003) were determined from dykes in the Kitoy 
area of the Sharyzhalgai uplift of the craton.

The gabbro dolerites correspond to normal-alkaline 
basalts, with SiO2 from 45 to 54 wt.%, TiO2 from 0.6 to 
1.0 wt.%, K2O from 0.06 to 0.54 wt.%, and P2O5 from 
0.06 to 0.17 wt.%. Gabbro dolerites from the dykes are 
close in composition to high-Mg tholeiites in the Jensen 
diagram (Jensen, 1976). The (La/Yb)n ratios are between 
1.4 and 4.1 in these gabbro dolerites (Fig. St2.2).

In the regional and global tectonic scale the 
Neoproterozoic mafic dyke swarms of the southern 
Siberian craton could be considered as indicators of the 
Rodinia breakup. At this stage numerous dykes and sills 
were intruded along the eastern (about 1000 Ma) and 
southern (~780-740 Ma) parts of the Siberian craton. 
The latter may be united in the Sayan-Baikal dyke 
belt, which is traced up to 1000 km within southern 
margin of the Siberian craton. The 780 – 740 Ma 
mafic magmatism of the southern Siberian carton may 
correlate to the Franklinian magmatic event in north 
Laurentia and some coeval events in Australia and 
South China. 

Stop 3. Late Paleozoic dyke swarm
This stop as a previous one is located nearby Circum-

Baikal Railway (N 51˚45,854′, E 104˚07,209′). Here 
we will examine the fragment of Late Paleozoic dyke 
swarm. There are five dykes which are intrude Archean 
and Paleoproterozoic metamorphic and igneous (gneiss, 
migmatite, granitoid) rocks of the Sharyzhalgai uplift. 
The dykes strike in the W–E direction (260°–280°), dip 
at 75–90°. The thickness of the dykes varies from half 
of meter to two meters. The detailed description of these 
dykes is given in Chapter 5 of the Guidebook.

Two dykes which ate located near the Kolokolnii 
Cape (a distance ~ 1 km) composed of fine-grained 
dolerites. Next dyke we will observe behind tunnel 

day 1, August 24, 2011 

Paleoproterozoic granitoids, neoproterozoic and 
Late Paleozoic mafic dykes in southern coast of 
Lake baikal
Guides: d.P. gladkochub, t.v. donskaya
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 Cenozoic sediments

 Paleozoic sedimentary 
 cover of the craton 

 Paleoproterozoic granite
Metamorphic basement of the 
craton (gneiss, migmatite, 
amphibolite)
 Central Asian orogenic belt

 Main faults  Dolerite dykes (Neoproterozoic & Late Paleozoic)
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Fig. St0.1. Geological scheme of the southern flank of the Siberian craton and Stop locations. 

Fig. St2.1. Photo of Neoproterozoic dyke intruding 
the Siberian craton basement.

Fig. St3.1. Photo of Late Paleozoic dyke intruding 
the Siberian craton basement
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Fig. St4. Typical Quaternary cinder cone in the Tunka rift basin (top) and its inner structure (bottom).
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(~500 m from previously dykes). This dyke contains 
coarse grained dolerites (porphyry) in central parts 
and fine grained dolerites in its chilled margin (Fig. 
St3.1). Alkaline porphyrite composed of altered olivine, 
plagioclase, and orthopyroxene phenocrysts, as well as 
clinopyroxene, biotite, and titanomagnetite.

U-Pb zircon age of 275 ± 4 Ma was determined 
for coarse grained dolerite (porphyry) (Pisarevsky et 
al., 2006). The dolerite dykes contain 43.9 – 46.5 wt.% 
SiO2, rather high alkalis (Na2O + K2O = to 6.0 wt.%), 
1.6–3.9 wt.% TiO2, and 0.3–0.7 wt.% P2O5, and fall in 
the fields of alkaline and subalkaline basalts in the Zr/

TiO2 — Nb/Y diagram (Winchester and Floyd, 1977) 
(Fig. 5.3 of this Guidebook). Dolerites show relatively 
high REE (La = 14.3–32.5 ppm) and fractionated 
spectra with (La/Yb)n = 5.6 – 8.2 (Fig. St3.2).

The studied dykes are the first reported evidence 
of Permian magmatic activity in the cratonic part 
of southern Siberia. They are probably related to the 
prominent 300–260 Ma magmatic event recognized in 
Transbaikalia. We use these dykes to confirm tectonic 
models considering Transbaikalia as an Andean-type 
active margin of the Siberian continent in Permian 
times (Pisarevsky et al., 2006).
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Fig. St2.2. Chondrite-normalized rare earth element 
patterns for Neoproterozoic dykes.

Fig. St3.2. Chondrite-normalized rare earth element 
patterns for Late Paleozoic dykes.

Stop 4. Quaternary volcano
The target of observation is Quaternary volcano, 

which is located in the Tunka depressions (Fig. St4). 
Inside structure of typical monogenic scoria cone can 
be viewed at this stop. The cone was excavated to 
take material for road construction. Thanks to that, the 
central part with basaltic porous plug, overlying scoria 
and a cap of soft volcanoclastic material can be seen 
(Fig. St4). This particular volcano has not yet been 
dated, but some of the similar volcanoes located nearby 
are 2.5-0.9 Ma old according to K-Ar dating.

In the Tunka depressions similar cones are 
numerous. Their K-Ar ages vary between 2.5 and 0.9 
Ma (Rasskazov et al., 2000). In some cases it can be 
seen that cones are located atop of lava fields and thus 

were formed at the end of an eruptive cycle, after the 
lava eruptions which form the base on which they are 
built. In most instances, however, cones are partially 
buried by Quaternary sediments, like in the example of 
the scoria cone of the stop 4. Height of unburied cones 
is about 100-m-height, a typical height of Quaternary 
volcanic cones in the Baikal rift and surrounding 
regions (e.g. Ivanov et al., 2011), whereas height of 
buried cones varies from that value to few meters as 
a function of distance from Elovsky uplifted block of 
basement rocks towards the central part of the Tunka 
rift depression (Shchetnikov, 2001). This is due to 
differential movements of the basement of the Tunka 
rift depression during the Quaternary. Elovsky block 
uplifted, whereas basement of the depression subsided.

day 2, August 25, 2011 

cenozoic basalts (volcano) related 
to baikal Rift development

Guides: a.v. ivanov, e.i. demonterova
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day 3, August 26, 2011 

Late Paleozoic combined dykes and granitoids 
(shaluta unit, Zaza suite)
Guide: a.a. tsygankov

Numerous massifs of the Late Paleozoic Zaza suite 
of leucocratic granite with subordinate quartz syenite 
are confined to the central, southern and south-western 
part of the Angara-Vitim batholith (AVB). Geological 
relations indicate that granitoids of Zaza suite intrude of 
granites AVB. However, time intervals of their formation 
are in fact overlapped by U-Pb geochronological data 
(Tsygankov et al., 2007, 2010 and bibliography). Mafic 
microgranular enclaves (MME) that occur both in 
quartz syenites and leucocratic granite are specific of 
the Zaza complex granitoids. Such enclaves are usually 
considered as feature of contrasting magma mixture, 
however, MME systematic study has not been carried 
out in the present case. In addition, the combined 
basite-aplite dykes and bodies of synplutonic basites 
that directly testify to coexistence and mixture of acid 
and basic magmas are present in some massifs. The 
Shaluty pluton that is located at the left bank of Selenga 
River, 25 km south of Ulan-Ude city belongs to such 
massifs (Fig. 4.3 of Chapter 4).

Stop 5. Shaluta unit
The Shaluty massif (Litvinovsky et al., 1995b) 

represents a part of larger pluton that is dismembered into 
a number of isolated, various size bodies by the younger 
granitoids. The area of the Shaluty massif is near 120 
km2. It consists of quartz syenites and leucocratic granites 
that correspond to two successive phases of introduction. 
Quartz syenites significantly prevail over leucocratic 
granites s and are intruded by the combined quartz 
syenite-basic and aplite (leucocratic granites)-basite 
dykes and gabbroids. The latter form several separate 
bodies that are possibly protrusions of single massif.

The combined dykes are exposed both in rock 
outcrops of the Selenga River left bort and 200 m railway 
hollow near Old Shaluty village (Fig. St5.1). Two 
various age groups of dykes are differed characterized 
by different composition of the cementing salic material: 
quartz syenite-basic dykes (SBD) and aplite (leucocratic 
granites)-basic ones (ABD). The dykes of Group I 
localize within quartz syenites and mark contacts of 
these rocks with the intruding gabbroids. The younger 
combined dykes (Group II) crosscut quartz syenites, 
gabbroids and syenite-basic dykes, and granites of 
phase II (north termination of Shaluty settlement). The 
combined dykes are usually represented by series of 
intrusions in observable length from first tens to 300 m 
and thickness from 15-20 cm to 4 m.

The internal structure of both type dykes is similar. 
The included basic enclaves (Fig. St5.2) are irregularly 
distributed, locally, the combined dykes are transformed 
in pure quartz syenite or aplite ones that are almost free 
of basic material. Basic inclusions vary in size from 1-2 
cm to 2 m in cross section. Lens-like, fusiform, irregular, 
extended inclusions that are oriented due to strike of 
dikes are rather often in some SBD. The cementing salic 
material is heterogeneous. Schlieren-like isolations 
and areas enriched in mafic minerals and plagioclase 
are constantly noted in it. The combined dykes are 
characterized by all specific features of contrasting 
magma mixture products.

Basic inclusions (globules) have pillow-like, oval, 
rounded, lens-like form; festoony edges; quenched 
and porphyry varieties in marginal parts of large 
inclusions (more than 50-60 cm); areas with features of 
heterogeneous mixture viscous flow.

Within the Shaluty pluton, some gabbroid bodies 
that intrude quartz syenites of Phase I likely appear to 
be protrusions of the single massif. Signs of quenching 
are clearly observed at contact with quartz syenites 
in gabbroids. At the same time, signs of remelting, 
contamination and mixture are ubiquitously observed in 
quartz syenites that contain relict crystals of crystalline 
aggregates of coarse-grained origin (of host quartz 
syenite). The width of zone varies from 1-2 cm to 2 
m, contours are distinct, and however, the contact with 
coarse-grained quartz syenites is often gradational. 
Gabbros near contact with the zone of remelting 
represent an aggregate of pillow-like fragments divided 
by granitoid injections. The magmatic mixture that 
formed at contact with the basic intrusion, injected both 
the host quartz syenites and gabbroids themselves.

Quartz syenites and leucocratic granites that 
compose the Shaluty pluton are macroscopically similar 
to each other. The quartz syenites are richer in femic 
minerals and composed by perthite K-feldspar (60-
65%), acid plagioclase (12-15%), quartz (8-15%), 
biotite and edenite, with their amounts being nearly the 
same (3-4%). In granites, the part of quartz increases up 
to 35%, and that of plagioclase decreases up to 10-12%. 
Amphibole is not specific of granites.

Gabbroids of basite body inner zones are 
represented by middle-grained varieties with prism-
granular, locally ophitic structure. These rocks contain 
acid andesine, edenite and biotite with admixture of 
interstitional K-feldspar and quartz. Minerals of gabbro 
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paragenesis itself are represented by corroded cores of 
zonal plagioclase (labradorite-bytownite), crystals of 
pyroxene and hornblende, almost completely replaced 
by edenite and biotite.

Irregular-grained and porphyry-like structure is 
more clearly observed in gabbros when approaching 
the contact with host quartz syenites. Plagioclase 
progressively enriches in albite component, parts of 
biotite, late salite, K-feldspar and quartz increase.

Basic rocks of inclusions in combined dykes are 
identical by fine-grained and porphyry-like gabbros of 
quenching and marginal zones in gabbroid bodies.

Quartz syenites of combined dykes and remelting 
zones do not differ by structural and textural peculiarities 
and mineral composition. They are heterogeneous rocks 
with great variations in ratios of rock forming minerals, 
microstructure and colour. Leucocratic varieties are 
most homogenous that are composed by prismatic 
K-feldspar, oligoclase, interstitional quartz and small 
amounts of biotite and edenite.

Quartz syenites and granites belong to the typical 
subalkaline varieties, where even in granites, alkali 
contents exceed 8 mass %. In quartz syenites, content 
of petrogenic oxides is weakly correlated to silica. This 
dependence is more clearly observed in granites. Total 
direction of change in pluton rock composition in time 
indicates that granite magma could form during fractional 
crystallization of quartz-syenite melt. It is confirmed by 
character of rare element distribution (Fig. St5.3).

Quartz syenites of melting zones are differed by 
higher basicity that is caused by their contamination 
with basite material. However, “the purest” varieties 
slightly differ from rocks of subsrate, i.e. host quartz 
syenites.

Unaltered varieties practically lack among rocks 
of main composition that determines wide variations 
in their chemical composition. On the whole, with the 
increasing extent of gabbroids hybridization, contents of 
elements in them regularly approach those of the quartz 
syenites.

Stop 5.1.
(a) One of the latest plutonic bodies of gabbroids in 

coarse-grained quartz syenites; 
(b) accumulation of composite leucocratic granite-

basite dikes that cut both gabbroids and quartz syenites, 
and apophyses of middle-grained granites (granites of 
second phase); 

(c) intrusive contact of quartz syenites and granites.

Stop 5.2. contact zone of gabbroid body
(a) quenching zone along marginal part of gabbro 

body and neighboring zone of remelting in host coarse-
grained quartz syenites with evidence of magmatic 
mixture; 

(b) composite dike in quartz syenites near contact 
zone; basite enclaves are oriented along strike of dikes, 
locally, with signs of plastic deformations.

Stop 5.3. Railway hollow
The gabbroids cutting quartz syenites with signs of 

melting. Composite leucocratic granite (aplite)-basite 
dike more than 5 meters thick with pillow-like basite 
enclaves up to 2 m in size that cuts midddle-grained 
gabbros.

Fig. St5.3. Rare earth element distribution in rocks of 
Shaluta pluton.
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The bimodal dyke swarms extend between both 
the large Early Permian A-type granitoid Bryansky and 
Khorinsk plutons (Fig. St6.1). We consider the Buluta 
quarry as an appropriate site for to study bimodal dykes.

Stop 6. The Buluta quarry
The Buluta quarry is a deposit of clean limestone 

and is situated in Chelutai river basin, 70 km NE of 
Ulan-Ude city. According to geological exploration, 
terrigene-carbonate series (PR3 – PZ?) is a monoclinal 
layer with line of dip to south, its thickness is ~1 km 
thick. Subvertikal dykes intrud the terrigene-carbonate 
series and are distributed over all area of the quarry. 
Several tens of dyke bodies occupy along the quarry wall 
of more 200 m long (Fig. St6.2). Dyke swarm of Buluta 
quarry includes different mafic, felsic dykes, “dyke in 
dyke” complex and composite dykes. Rb-Sr isochrones 
constructed for bulk felsic samples, hosted biotite and 
K-feldspar yielded age 289 ± 6 Ma, (87Sr/86Sr)T = 0.70581 
± 0.00023, MSWD = 0.28. This age is commensurate 
(within the analytical error) with ages of associated in 
space the highly alkaline granitoids of Bryansky pluton 
(283 – 279 Ma, U-Pb) and the volcanic comendites 
(284 ± 4, Rb-Sr) (Litvinovsky et al., 2002).

According (Weibe and Ulrich, 1997; and see 
bibliography in Katzir et al., 2007), two different types of 
composite dykes are distinguished: (1) those with felsic 
margins and mafic interior (the latter are in the form of 
pillows and enclaves) (Fig. St6.3); (2) those with felsic 
interior and mafic margins; a main distinctive feature of 

this dyke is gradational contacts between felsic interior 
and mafic marginal zones (Fig. St6.4).

The type 2 composite dyke is subvertical, and its 
thickness ranges from 10 to 15 m including trachydolerite 
margins of 0.6-1 m wide. The felsic interior consists of 
rhyolite-porphyry which contains unevenly distributed 
fine-grained, oval, rounded and irregular MME. Contact 
between the felsic interior and mafic margins is gradational, 
with symmetrical transitional zones of about 30-70 cm.

Figs. St6.5 and St6.6 show variation of rock 
compositions from mafic margins to felsic interior: 
trachydolerite (trachybasalt) → trachybasalt-andesite→ 
trachyandesite → dacite → rhyodacite → rhyolite-
porphyry. Symmetric structure and gradational contacts 
between felsic interior and mafic margins is evidence 
that the injection of silicic melt occurred when part of 
the basic magma had not yet solidified. Both major and 
selected trace elements demonstrate symmetrical and 
regular change from rhyolite-porphyry trough hybrid rocks 
to trachydolerite. Two different groups of clinopyroxene 
phenocrists in transitional zones are distinguished (Fig. 
St6.7): first, those with high Al and Ti content and low Si, 
Mn; second, those with low Al, Ti and high Si, Mn. We 
suppose that the group 1 clinopyroxene phenocrists were 
derived from trachybasalt magma and other clinopyroxene 
group – from hybrid magma. Thus, structural, petrographic 
and chemical data indicate that the main process 
responsible for the formation of the hybrid rocks in the 
composite dykes was magma mixing. 

day 4, August 27, 2011 

Late Paleozoic dyke swarms (buluta quarry)
Guides: v.b. khubanov, t.t. vrublevskaya
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Shaluta
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Dikes, from left to right
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Fig. St5.2. Combined basite-syenite and basite-
leucogranite dikes with pillow-, lens-like, festoony 
basite globules.

Fig. St5.1. A part of Shaluta pluton with gabbroid 
bodies and composite dikes (Litvinovsky et al., 
1995b).
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Fig. St6.1. Sketch maps of distribution of Early Permian bimodal dyke swarms.
1 – Kz sediments; 2 – J-K sedimentary and volcfnic rocks; 3 – T1 A-type granitoids; 4 – P1 syenogranites; 5 – 
P1 A-type granitoids; 6 – P1 bimodal volcanites; 7 – P1 bimodal dyke swarms; 8 – C3-P1 granitoids of Zaza and 
Low-Selenga sutes; 9 – PZ3 granitoids of Barguzine and Chivyrkui suites; 10 – PR3 metamarfic rocks and PZ? 
sandstone, limestone. Insert in the top left corner shows Late Palaeozoic plutonic suites in Transbaikalia. Bottom 
right insert inset is scheme of dyke distribution in Buluta cuarry. 

Fig. St6.2. Photo, Buluta quarry. Several tens of dyke bodies occupy along the quarry wall.



59

Fig. St6.3. Type 1 composite dyke.
(A) – sketch mutual relation of the composite 
dykes with mafic dykes: 1 - type 1 composite dyke, 
felsic matrix and mafic globules (MME, mafic 
microgranular enclaves); 2, 3 – mafic dykes; 4 – 
country limestone.
(B) – Photo, pillow-like, festoon mafic globules.

Fig. St6.4. Type 2 composite dyke with gradational contacts between felsic interior and mafic margins. 
Thickness of rhyolite-porphyry interior ranges from 10 to 15 m, trachydolerite margins of 0.6–1 m wide, transitional 
zones is of about 30–70 cm.
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Fig. St.6.7. Composition 
of clinopyroxenes from 
trachydolerite margin and 
transition zone (diagrams of 
Si, Al, Mn, Ti versus distance). 
TD - trachydolerite 
(trachybasalt); TBA – hybrid 
trachybasalt-andesite.

Fig. St6.5. Compositional profiles across the type 2 composite dyke (plots of selected major and trace elements 
versus distance). Zones within the dyke: TD - trachydolerite (trachybasalt); TBA – hybrid trachybasalt-andesite; 
TA – hybrid trachyandesite; D – hybrid dacite; RD – hybrid rhyodacite; RP – rhyolite-porphyry.
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Stop 7. oshurkovo pluton 
The Oshurkovo pluton (over 14 km2) is situated 

in 15 km from Ulan-Ude (Fig. 6.1 of Chapter 6). It is 
sharply discordant with the host gneisses and gneissoid 
granites. High phosphorus contains allow to consider 
this pluton as rather large apatite bearing deposit. 
Pluton has been dated as Late Mesozoic (125.4 ± 2.0 
Ma). The other Late Mesozoic mafic complexes located 
in the area studied are represented by volcanic rocks 
and dikes.

The pluton is composed mostly by alkaline gabbros 
with minor syenites (~15%). Shonkinites, schlieren 
and veins of gabbro-pegmatites are locally distributed, 
however mafic dykes including lamprophyres are more 
widespread. Some carbonatite veins occur in the pluton 
area. Sometimes calcite with apatite, phlogopite and 
alkali feldspar composes central parts of schlierens. 
All rocks from the pluton are cut by veins of granite 
pegmatite and fine-grained granites.

In TAS diagram mafic rocks of this massif plot 
into alkali basalts field. The rocks enriched in femic 
component plot into alkali picrite and picrobasalts, 
and leucocratic into phonotephrite. All of them are 
characterized by high K, supplied by biotite, K-feldspar 
and K-Na feldspar.

In the plutonic mafic rocks SiO2 content varies from 
42 to 50 wt.%, and Na2O+K2O ~5-8 wt.%. All mafic 

rocks are enriched in P (from 2 to 6 wt.% P2O5), Ti (2,5-
3,2  wt.% TiO2), Ba (0,4-0,8 wt.% BaO), Sr (0,5-0,9 
wt.% SrO).  Normative nepheline is also presented in 
limited amount (~7%). Baddeleyite is discovered in 
these rocks mark the early crystallization stage. Zircon 
in rocks studied was formed later and associated with 
feldspars. The rocks consist of varying amounts of 
amphibole, biotite, clinopyroxene, apatite, plagioclase, 
K- and K-Na feldspar. Titanite, ilmenite, and Ti-rich 
magnetite are always presented. The mafic minerals are 
dominated by amphibole and biotite (up to 40-45%). 
Amphibole is Al-rich (10-12 wt.% Al2O3) hastingsite. 
Pyroxene amount is up to 5–7%. It is diopside, with 
up to 10–15% aegirine end-member. Mica (phlogopite–
annite series) has elevated Ti (up to 4–5 wt.% TiO2) 
and Mg contents (up to 16 wt.% MgO). Mineral and 
chemical compositions of мafic dykes are similar to 
alkali gabbros. They are microgabbro, spessartite, 
kersatite, vogesite. The dykes intrude the pluton and 
alkali-feldspar syenites and gabbro-syenites as well.

Several portions of syenite magmas are represented 
within the Oshurkovo pluton. They could be subdivided 
in biotite-amphibole, biotite, pyroxene and alkali-
feldspar types. Leucocratic gabbros enriched in feldspars 
are similar to syenites. Biotite- and amphibole-bearing 
syenite’s compositions correspond to trachyandesite, 
alkali trachite and fonolite. 

day 5, August 28, 2011 

mesozoic extension-related rock associations
Guide: g.s. Ripp
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