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The geodynamic environment of the 407–392Ma Altai-Sayan Rift System is characterized using previously pub-
lished and new original data on whole rock, trace and Sr-Nd isotopic compositions, along with U-Pb zircon ages.
Fivemagmatic associations are present: basalt (basalts and basaltic trachyandesites), continuous (basalts, andes-
ites, dacite-rhyolites), alkaline (basalts, nephelinite, tephrite, phonotephrite, phonolite, teralite, ijolite-urthite,
foyaite, nepheline and alkaline syenite), bimodal (trachybasalts, trachyrhyolites-pantellerites and peralkaline
granites) and ultramafic-mafic (picrites and picrodolerites). Mafic rocks of basalt, continuous, alkaline, and bi-
modal associations exhibit awide variation of TiO2 (from 1.05 to 4.05wt%) and are compositionally intermediate
between intraplate basalts of OIB type and basalts of active continental margins IAB type. The TiO2 content in
thesemafic rocks correlates directly with the content of large ion lithophile elements (LILE), rare-earth elements
(REE), high field strength elements (HSFE), and particularly with Nb and Ta. The basaltic samples have positive
εNd(395) values (+3.4 to +7.7) and a large range of εSr(395) values (−13.6 to +12.6). εSr(395) decreases
with increasing TiO2 abundance. Pantellerites and alkaline granites have ore-level concentrations of Nb, Ta, Zr,
Hf, REE; and they have similar Sr and Nd isotope parameters to those of the high-Ti basalts. This indicates their
origin via fractionation of mantle magmas. Rhyolite samples are depleted in rare incompatible elements, but
have low positive εNd(395) values (+1.5 to +1.8), and εSr(395) values (+16.6 to +20.6), and they composi-
tionally resemble the rocks produced from anatectic magmas of crustal origin.
Whole-rock elemental and isotopic data suggest that the mafic rocks were likely derived from lithospheric man-
tle that was metasomatized during the prior Caledonian accretion/subduction event. In combination with the
field relationship and regional geology, our study suggests that the rock associations from the Devonian Altai-
Sayan Rift System were derived by the activity of mantle plumes.

© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Continental rifting is commonly accompanied by magmatism
resulting in the formation of basalt, bimodal basalt-trachyrhyolite and
basalt-pantellerite associations. However, some continental rift zones
also produce continuous basalt-andesite-rhyolite and andesite-
rhyolite associations typifying zones of convergence. Their joint
occurence makes it problematic to reconstruct geodynamic settings
and plumbing systems fitting the emplacement of such geochemically
Russian Academy of Sciences,
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different magmatic associations in a rift setting. An important example
of such diverse magmatic combinations is evidenced in the Middle Pa-
leozoic rift structures of the Altai-Sayan fold belt.

The Altai-Sayan fold belt originated through the accretion of
Late Neoproterozoic-Cambrian rocks to the southwestern margin
of the Siberian continent. These rocks formed within the Paleo-
Asiatic Ocean as oceanic ridges and islands, island arcs and mar-
ginal basins (Zonenshain et al., 1991; Dobretsov et al., 2003;
Yarmolyuk et al., 2006; Windley et al., 2007). These accretionary
processes affected vast regions, and triggered formation of the
Early Paleozoic (Caledonian) Altai-Sayan fold belt of the Siberian
Platform (Liu et al., 2017; Wang et al., 2016; Zhao et al., 2018). Ac-
cretion started in the Late Cambrian–Early Ordovician and
V. All rights reserved.
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completed with folding, metamorphism and orogenesis (Kröner
et al., 2014, 2017; Wang et al., 2010; Xiao et al., 2010; Safonova
and Santosh, 2014). This was followed by erosional exposure of
granitoid batholiths (Vladimirov et al., 1999; Izokh et al., 2008;
Rudnev, 2013; Rudnev et al., 2009, 2013; Jahn et al., 2000;
Yarmolyuk et al., 2008, 2011b, 2014, 2016; Kruk et al., 2011;
Kruk, 2015). The post-orogenic history included episodic Late Or-
dovician anorogenic magmatic activity in the northern Altai-Sayan
region (Perfilova et al., 1999, 2004).

A new significant stage of commenced in the end of the Early Devo-
nian (Berzin and Kungurtsev, 1996) with rifting processes beginning at
407Ma (border between the Pragian and Emsian (Gradstein et al., 2012,
2020) in the eastern within-continent zone lying 300–600 km to the
east (in present coordinates) of the paleocontinent boundary.

This is where the triple junction system (Burke and Dewey, 1973) of
large linear troughs emerged, including the Deljuno-Yustyd and Tuva
troughs which are connected at an angle of 100° (Figs. 1 and 2). On
their margins, numerous secondary troughs and grabens originated,
e.g. Minusinsk, Kansk, Agulsk, Kuznetsk Alatau and northwestern
Mongolian (Yarmolyuk and Kovalenko, 1991, 2003; Yarmolyuk et al.,
2000; Vorontsov et al., 1997; Gordienko, 2006; Grinev, 2007; Kuzmin
et al., 2010). We have distinguished this system of grabens and troughs
as the Altai-Sayan Rift System (ASRS).

The next stage of activity commenced in the Early Devonian after
395 Ma. At that time, the near-oceanic margin of the Altai-Sayan
fold belt became involved in convergence processes, which resulted
in an active continental margin (Polyakov et al., 1972; Kruk et al.,
2008; Zonenshain et al., 1991; Jahn et al., 2000; Windley et al.,
2007; Xiao et al., 2010; Kuibida et al., 2020; Sengör et al., 1993;
Vladimirov et al., 2003; Rotarash et al., 1982; Scherba et al., 1998;
Pirajno, 2010; Cai et al., 2011). This was due to the subduction of
the Chara oceanic plate underneath the Caledonian framing of the Si-
berian continent and emergence of the marginal volcano-plutonic belt.
During the early stage of the Emsian-Eifelian a contrasting rhyolite-
Fig. 1. Tectonic elements of Central Asia and position of Altai-Sayan Rift Sy
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basalt association occurred, and at the later stage of Givetian-
Frasnian epoch the rhyolite-basalt-rhyolite volcanism of pendulum
nature took place. As regards the total volume, felsic rocks predomi-
nate over basic volcanics in the ratio of 75:25%. U-Pb SHRIMP-II ages
of syngenetic granitoids revealed the first and second stages to be
~395–384 Ma (Kuibida et al., 2015) and ~ 378–372 Ma (Murzin
et al., 2001), respectively.

It is noteworthy, that the Devonian margin of the Altai-Sayan fold
belt was heterogeneous in trend, and some of its segments rejuvenated
at different times. Different segments possibly belonged to different ter-
ranes that merged in the Early Devonian, which is indicated by their
joint Early Devonian metamorphism and orogenesis (Broussolle et al.,
2018). In the southern part of Chinese Altai, magmatic events are
dated as 410–400 Ma in the Cambrian-Ordovician accertionary wedge
(Broussolle et al., 2018). However, the geological structures of the
Altai-Sayan fold belt existed as one unit by the Early-Middle Devonian
within the period 395–376 Ma. At that time, subduction-related
magmatismwas proceeding along the margin of the Siberian continent
in the Gorny Altai (Kruk et al., 2008; Xiao et al., 2010; Kuibida et al.,
2020) and in the Chinese Altai (Cui et al., 2020).

Magmatismof ASRS has been explored previously. For the past three
decades valuable data has been gained from the Minusinsk, Kuznetsk-
Alatau and Northern Mongolian segments, as well as the Deljuno-
Yustyd and Tuva troughs. Herein, we summarize some important infer-
ences made through these earlier studies.

(1) Within ASRS, the magmatism displays heterogeneous features
(Fig. 2). The basalt association was mostly widespread; it pro-
duced sequences of moderately alkaline basalts and basaltic
trachyandesites. In addition, abundant bimodal associations in
the ASRS include trachybasalts, trachyrhyolites-pantellerites
and peralkaline granites (Kovalenko et al., 1989, 2004a;
Vorontsov et al., 1997; Vorontsov and Sandimirov, 2010), as
well as alkaline associations (Uvarov and Uvarova, 2008, 2009;
stem within the Central Asian Orogenic Belt. Base map from Li (2008).



Fig. 2. Structural-tectonic map of the south-western part of theMiddle Paleozoic Siberian paleocontinent (modified from Yarmolyuk et al. (2013) showing location of Devonianmagmatic
associations: data sources from Luchitsky (1960), Tikunov (1995), Gavrilova and Luvsandanzan (1983), Yashina (1982), Yarmolyuk and Kovalenko (1991), Yarmolyuk and Vorontsov
(1993), Kovalenko et al. (2004a), Vrublevsky et al. (2016), Krupchatnikov et al. (2018), Izokh et al. (2011) . Location of Figs. 4 and 7 shown.
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Grinev, 2007; Vrublevsky et al., 2016). The ultramafic-mafic as-
sociation including picrite and picrodolerite developed locally
(Izokh et al., 2011).

Alongwith these associations, which typify an intraplate setting and
zones of continental rifting (Condie, 1985; Ayalew and Gibson, 2009;
Dobretsov, 2011; Ernst, 2014), some additional associations were also
emplaced: continuous basalt-andesite-dacite-rhyolite associations
(Yarmolyuk and Kovalenko, 1991; Vorontsov et al., 2015, 2018) and
those of felsic rocks (Krupchatnikov et al., 2018) of a type common for
active continental margins (Miyashiro, 1974; Tatsumi and Eggins,
1995; Kelemen et al., 2003; Dobretsov, 2010).

(2) The volcanism of the ASRS is localized mainly in rift troughs and
grabens rather than in the form of widespread flood basalts. Pri-
mary outlines of volcanic fields were affected by the post-
Devonian tectonic events occurring widely over this territory
(Luchitsky, 1960; Devyatkin, 1974; Nagibina, 1974; Yarmolyuk
and Vorontsov, 1993). The magmatism of this region has many
similarities to Large Igneous Provinces (LIPs) and has been
termed the Altai-Sayan LIP (Kuzmin et al., 2010; Kravchinsky,
2012; Ernst et al., 2020), on the basis of the presence of triple
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junction rifting indicative of a plume and the huge area about
300,000 km2 occupied bymagmatic rocks with an estimated vol-
ume about 120,000 km3, of which at least 20,000 km3 occur in
the Minusinsk trough (Luchitsky, 1960).

(3) Geochronological Rb-Sr, K-Ar, Ar-Ar and U-Pb data available for
the ASRS (Rublev and Makhlaev, 1997; Rublev et al., 1999;
Malkovets et al., 2003; Lavrenchuk et al., 2004; Fedoseev et al.,
2003; Fedoseev, 2008; Vrublevsky et al., 2016; Krupchatnikov
et al., 2018; Vorontsov et al., 2013a; Izokh et al., 2011; Babin
et al., 2004; Kovalenko et al., 2004a; Zubkov et al., 1986) indicate
a range of magmatic activity from 430 to 360 Ma (Fig. 3). How-
ever, the validity of some Rb-Sr and Ar-Ar determinations
seems doubtful, because some these isotope systems were dis-
turbed. A narrower interval (407–392 Ma – Early-Middle Devo-
nian) for the magmatic activity is confirmed based on U-Pb
dating and the statistical peak on the age histograms.

As was reported above, soon after the ASRS was accreted, in the
western Altai-Sayan fold belt an active continental margin (ACM)
started forming along the margin of the continent with the Paleo-
Asian Ocean. While an independent origin of these two events (ASRS



Fig. 3. Pattern of K-Ar, Ar-Ar, Rb-Sr and U-Pb dates of rocks of magmatic associations of
Altai-Sayan Rift System: data sources from Rublev and Makhlaev (1997), Rublev et al.
(1999), Malkovets et al. (2003), Lavrenchuk et al. (2004), Fedoseev et al. (2003),
Fedoseev (2008), Vrublevsky et al. (2016), Krupchatnikov et al. (2018), Vorontsov et al.
(2013a), Izokh et al. (2011), Babin et al. (2004), Kovalenko et al. (2004a), Zubkov et al.
(1986).
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and ACM) is possible, thematch in timing suggests a genetic link. In this
study, we have investigated the emplacement of these different associ-
ations within the ASRS context, and provided new geochemical and Sr-
Nd isotope data to characterize rocks of these associations. Based on
these new data, integrated with the preexisting data, we propose a
model to explain howmagmatic associations with diverse geochemical
signatures, originated in the ASRS.

2. Emplacement of magmatic associations within ASRS

2.1. Basalt association

The basalt association includes moderately alkaline basalts and ba-
saltic trachyandesites, swarms ofmafic sills and dykes. The basalts dom-
inate among the other products of magmatism and make up a
significant part of thick (up to 2500m) sedimentary volcanic sequences
in all segments of ASRS (gray areas in Fig. 2). Thus, in the Minusinsk
trough, the largest rift in the system, igneous rocks of these sequences
are spread over an area about 100,000 km2 (Luchitsky, 1960); they
are referred to the Byskarsky series of Early-Middle Devonian time
(Belyakov et al., 1955; Theodorovich and Polonskaya, 1958; Ohapkin,
1961; Luchitsky, 1960; Ananiev, 1959; Krasnov and Ratanov, 1974;
Zakharova and Ananiev, 1990; Schneider and Zubkus, 1962; Sennikov
et al., 1995; Kosorukov and Parnachev, 1994; Parnachev et al., 1996;
Parnachev, 2006; Fedoseev, 2008; Khomichev et al., 2001). Volcanics
crop out in the Minusinsk trough framing and in the anticlinal folds,
i.e. outcrops within the trough. In its different segments the
407–392 Ma age (mentioned above) of the volcanics is consistent
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with the propteridophyte flora samples found in sedimentary layers.
The volcanics are discordantly overlain by faunally-dated Middle-Late
Devonian (post-Zhivetian), Carboniferous-Permian and Jurassic sedi-
ments. The rocks of the Byskarsk series and its analogs discordantly
overlie the Vendian-Cambrian, and Cambrian-Ordovician sequences
and occur in the northwestern side of the Kansk trough in the Chernaya
Sopka association (Lavrenchuk et al., 2004), in the Tuva (Vorontsov and
Sandimirov, 2010; Kuznetsov, 1966; Sugorakova et al., 2009) and
Agulsk troughs (Nozhkin and Smagin, 1979; Rublev et al., 1994), in
the near-fault depressions of the Agardaksk belt of northwestern
Mongolia (Vorontsov, 1993; Yarmolyuk and Vorontsov, 1993) and in
the Kuznetsk Alatau stuctures (Markov, 1987; Grinev, 2007).

2.2. Continuous association

Rocks of the continuous series, basalt-andesite-trachyte-
trachydacite-rhyolite associations, locally occur on the eastern side of
the Minusinsk trough in the Batenevsk area (Vorontsov et al., 2015),
in the Sisimsk volcanic field and in the Agulsk trough (Nozhkin and
Smagin, 1979; Rublev et al., 1994) producing sizable lava fields up to
some tens of thousands km2 (dirty green areas in Fig. 2). The volcano-
plutonic areas of theDeljuno-Yustyd trough are linked to the same asso-
ciation, whichmight be exemplified by the Aksaisk complex in the area
southeast of the Gorny Altai (Аk in Fig. 2). The Aksaisk complex com-
prises andesites, dacites, rhyolites and leucogranites dated as
402–405Ma (Krupchatnikov et al., 2018). In thewest, similarmagmatic
associations compose part of the marginal belt of ACM; they started
forming at about 395 Ma (Rudnev et al., 2001). They are widespread
within the Gorny Altai (Shokalsky et al., 2000) and show geochemical
signatures typical for igneous rocks of supra-subduction settings
(Tikunov, 1995).

2.3. Alkaline association

The ASRS encompasses at least two provinces of Early-Middle Devo-
nian alkaline magmatism (yellow areas in Fig. 2).

One of them is situated in northeast Kuznetsk Alatau, on the north-
western side of theMinusinsk trough. Volcanics of this province contain
basalts, nephelinites, tephrites, phonotephrites and phonolites, and
make up the Goryachegorsk Plateau and adjacent areas (Markov,
1987; Uvarov and Uvarova, 2008; Vorontsov et al., 2013b; Grinev
et al., 2019). These units extend over 4800 km2, with a volume of volca-
nic products is estimated as 12,000 km3. Intrusive rocks are also present
and consist of small (about 2 km2) bodies of alkalinemafic rocks present
in varying proportions consisting of moderately alkaline and alkaline
gabbro, teralite, ijolite-urthite, foyaite, nepheline and alkaline syenite
(Grinev, 1990; Makarenko and Kortusov, 1991; Vrublevsky et al.,
2016). The U-Pb age of these rocks varies within 410–385Ma. These in-
trusions occur in the western Early Caledonian frame of the Minusinsk
trough and their emplacement is controlled by the system of
Kuznetsk-Alatau deep-seated faults.

The other alkaline province lies in the eastern ASRS, e.g. within the
Precambrian Tuva-Mongol microcontinent and consists of intrusions
(~ 1–10 km2) located in the highlands of the East Tuva, Sangilen and
western Khubsugul Lake areas and composed of alkaline gabbro,
teralite, ijolite-urtite and foyaite (Yashina, 1982). The intrusive com-
plexes are aligned along deep faults, e.g. South Minusinsk, East Sayan,
Central Sangilen and Beltesingol (Northern Mongolia).

2.4. Bimodal association

Rocks of bimodal association (red area in Fig. 2) occur in northwest-
ern Mongolia on the eastern slopes of the Mongolian Altai (Vorontsov,
1993; Yarmolyuk and Vorontsov, 1993). This is where volcanics jointly
with sedimentary complexes occur in grabens controlled by large faults
of the Early Caledonian Lake Zone. Grabens make up linear belts, e.g.
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Khan-Khukhey and western Tsagan-Shibetinsky, extending for about
420 km. The Early Devonian age of volcanics is indicated by the fauna
and flora in sedimentary rocks (Gavrilova and Luvsandanzan, 1983;
Yarmolyuk and Kovalenko, 1991). The intrusive analogs of volcanics
are the peralkaline-granite massifs discovered within Mongolian Altai
and southern margin of the Tuva trough. Of thesemassifs, the Khaldzan
Buregte group is themost comprehensively studied. Located close to the
Kharaus-Nur lake they are hosted by the NW-striking large fault sepa-
rating the Early Caledonian Lake Zone from Late Caledonides of
Mongolian Altai. The U-Pb zircon age of the intrusion rocks is
395–392 Ma (Kovalenko et al., 1989, 2004a).

2.5. Ultramafic-mafic association

Ultramafic-mafic magmatism being the indicator of high melting
temperatures took place in northwestern Mongolia, north of the Ureg-
Nur Lake, on the eastern slopes of Tsagan-Shibetu Range (Izokh et al.,
2011). Thismagmatism is concentratedwithin about 50 kmof the triple
junction of the Deljuno-Yustyd and Tuva troughs (purple area in Fig. 2).
The ultramafic-mafic association includes picrites and picrodolerites of
minor intrusions cutting the Lower Devonian volcanic sediments. Ar-
Ar andU-Pb ages of the rocks span the interval 406–391Ma. The volume
of these mafic-ultramafic rocks is minor in comparison with the other
types of rocks and associations.

3. Geological characteristics

The different magmatic groups of the ASRS are best displayed in the
following regions:

(a) Basalt association in the Kopjevsk and Novosjelovsk areas.
(b) Continuous volcanic association in the Batenevsk area.
Fig. 4. Simplified geological scheme of the Early-Middle Paleozoic magmatic rock distribution
Depressions of the Minusinsk trough: SМ = South-Minusinsk, S = Syda-Yerbinsk, С = Cheba
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(c) Alkaline volcanic association on Goryachegorsk plateau.
(d) Bimodal volcano-plutonic association in the Lake Zonegrabens in

northwestern Mongolia.

3.1. Basalt association of the Kopjevsk and Novosjelovsk area

The Kopjevsk and Novosjelovsk areas host fragments of the Devo-
nian volcanic plateau of the Minusinsk trough.

The Kopjevsk area sits in the center of Minusinsk trough in upstream
portions of the Chulym River (Fig. 4 and 5a) covering an area of
1,000 km2. It looks like an isometric anticline structure, with its domal
part and flanks composed of Devonian sediments and volcanics of the
Byskarskseries thatareabout1,500mthick. The seriesoverlieswithangu-
larunconformity theCambrian-Ordovicianbasement thathostsalteredef-
fusive rocks and sedimentary-metamorphic formations (Kosorukov and
Parnachev, 1994). The magmatic rocks of the Byskarsk series are dated
by the 40Ar\\39Armethod as 392Ma (Malkovets et al., 2003) and encom-
passflowsofmoderately alkalinebasalts andbasaltic trachyandesites, and
inplaces dolerite sills. Theproportion of sedimentary tomagmatic rocks is
75:25%; up the section, the sedimentary proportion increases.

Havinga similar structure, theNovosjelovsk area lies 30kmeast of the
Kopjevskarea(Fig.4and5b).Thesequence isover800mthickandlargely
consists of a series of flows of pyroxene and plagioclase porphyry basalts
alternatingwith aphyric basalts and basaltic trachyandesites and scarce
lenses of basalt tuff breccias and red siltstones.

3.2. Continuous volcanic association of Batenevsk area

The Batenevsk area separates two large depressions of the
Minusinsk trough: Chebakov-Balakhtinsk and Syda-Erba (Figs. 4 and
6). Volcanics of the continuous association are present on the eastern
in the Minusinsk trough (modified from Luchitsky, 1960) and location of Figs. 5a, b and 6.
kov-Balakhtinsk, N = Nazarovsk. The numbers in rectangles indicate the age (Ma).



Fig. 5. Geological maps and representative photos of Devonian basalt flows in the Minusinsk trough: (a) Kopjevsk area; (b) Novosjelovsk area.
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side with an area of over 600 km2. The volcanic sequence of 700 m
thickness overlies with angular unconformity the Cambrian-
Ordovician basement. In turn sediments of the Zhivetian stage
(Luchitsky, 1960) overlap the Batenevsk units. Schneider and Zubkus
Fig. 6. Geological map and representative photos of Devonian rocks of the continuou
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(1962) referred to this volcanic sequence as the stratum type for the
Early Devonian Byskarsk series of the Minusinsk depression.

The volcanic sequence consists of three rock series. Flows of aphyric,
glassy and fine-grained basalts and basaltic trachyandesites comprise
s association on the eastern side of the Batenevsk area in the Minusinsk trough.



Fig. 7. (a) Simplified structural-geological map of the Early Caledonian Lake Zone of northwestern Mongolia (modified from Vorontsov, 1993), illustrating the location of belts of grabens
with the Devonian bimodal volcanic association and Khaldzan Buregte group of peralkaline massifs. Main grabens: SU = Shargatyn-Ula, BK = Bomiin-Khara, TK = Tsagan-Khairkhan,
IG = Ichetuin-Gol, BE = Bayan-Erdenet. (b) Satellite spectrum-zonal photo of the Tsagan-Khairkhan graben and adjacent territory. (c) Geological map of the Tsagan-Khairkhan graben
with terrigenous sediments and a bimodal volcanic association (reproduced from Yarmolyuk and Vorontsov, 1993).
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the lower series. The lavas are interbedded with tuffs, tuff-breccias and
tuff lavas, sandstones and siltstones which bear plant remains, con-
glomerates and rarely limestones. Some lava flows with thicknesses
varying from5 to 15m resemble cuestas. Themiddle series offlows rep-
resent a greater range in composition: moderately alkaline basalts,
trachyandesites, trachydacites and trachytes. This lava series also in-
cludes thin (from 0.5 to 2m) interbeds and lenses of red sandstone, silt-
stone and limestone. The upper series of rock is outcroping in the center
of the volcanic field and consists of flows and lenticular bodies of rhyo-
lite and trachyte, in places separated by basalt flows.

In the Batenevsk area, themafic rocks amount to 50% of the total vol-
ume, with trachyandesites at ~35%, trachytes and trachydacites at ~10%,
and trachyrhyodacites and rhyolites at ~5%. 40Ar\\39Ar dating of the
Batenevsk volcanics gives an age range of 408–391 Ma (Vorontsov
et al., 2015). Dolerite sills occur at different stratigraphic levels.
3.3. Alkaline volcanic association of Goryachegorsk plateau

The Goryachegorsk volcanic plateau sits at the junction of northeast-
ern Kuznetsk Alatau with the western margin of the Minusinsk trough
(Fig. 4). The plateau hosts Bazyrsk, Bereshsk and Ashpansk sequences
(Markov, 1987; Uvarov and Uvarova, 2008) and discordantly overlies
the Late Neo-Proterozoic – Early Paleozoic folded complexes. Alkaline
volcanics compose part of the Bereshsk sequence, jointly with the
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intrusions of differentiated alkaline gabbroids (Grinev, 1990;
Vrublevsky et al., 2016).

The plateau includes a few distinct volcano-tectonic units. For in-
stance, the Batanajul-Semjonovsk structure is a paleovolcano with ex-
ternal diameter about 40 km and cone-like outcrop about 2 km high.
Moderately alkaline basalts and trachybasalts of the Bazyrsk sequence
1.0–1.5 km thick infill the paleo-volcano basement. The middle of the
complicated Bereshsk sequence contains trachybasalts, basaltic
trachyandesites, trachyandesites, trachytes and trachyrhyodacites, as
well as alkaline rocks, e.g. nephelinite, tephrite, phonotephrite,
tephriphonolite and phonolite. The outcrops produce a semi-ring like
structure 24 km across; the thickness of volcanic rocks varies from
300 m t o 2.5 km. The elongate intrusive bodies of mafic foidolite and
nepheline syenite pierce some volcanics of the Bereshsk sequence. The
upper part of the Ashpansk sequence includes basalts, trachybasalts
and trachytes with a minor amount of basanite. The composition of
these rocks are similar to those of the Bazyrsk sequence. At the top,
red terrigenous sediments of the Zhivetian stage occur.

3.4. Bimodal volcano-plutonic association of the Lake Zone grabens in
northwestern Mongolia

In the Ichetuin-Gol (IG, Fig. 7a) and Bomiin-Khara (BK, Fig. 7a) areas
of northwesternMongolia sedimentary rocks are dominant, but igneous
rocks are present at all stratigraphic level; cross-sections show flows of



Table 1
Major (wt%) and trace elements (ppm) in the rocks of the Devonian magmatic associations of ASRS.

Sample Basalt association, Kopjevsk area

КОP1/1 KOP1/4 KOP1/5 KOP1/6 KOP1/8 KOP1/9 KOP1/10

SiO2 47.58 48.25 47.84 46.93 47.47 46.35 49.50
TiO2 1.05 1.27 1.51 1.77 1.09 1.38 1.24
Al2O3 15.79 16.07 16.37 16.95 16.54 16.17 17.62
Fe2O3t 10.07 9.98 11.09 11.25 9.30 10.04 9.37
MnO 0.16 0.20 0.18 0.41 0.24 0.12 0.17
MgO 9.26 6.46 6.62 5.79 7.09 7.19 5.20
CaO 9.63 8.39 8.41 8.19 9.83 8.95 8.91
Na2O 3.49 3.95 4.33 3.51 2.96 3.42 3.73
K2O 0.99 1.54 0.86 1.40 1.26 1.09 1.58
P2O5 0.38 0.54 0.62 0.75 0.48 0.48 0.52
LOI 1.73 3.57 2.36 3.21 3.54 4.96 2.15
Sum 100.29 100.40 100.37 100.34 100.27 100.33 100.28
Na2O + K2O 4.48 5.49 5.19 4.91 4.22 4.51 5.31
agp.c.
Rb 18 25 5 13 12 7 14
Ba 483 685 1580 1452 4594 1793 3147
Sr 903 1079 1024 974 1139 866 1245
Zr 173 276 284 287 188 187 221
Nb 10.7 15.5 17.8 15.8 12.3 11.0 14.8
Hf 3.56 5.31 5.32 5.32 3.65 3.68 4.22
Ta 0.60 0.90 0.96 0.89 0.67 0.63 0.82
Y 24 29 30 32 22 24 25
Th 3.54 6.72 3.07 2.15 2.98 1.92 3.26
U 2.13 2.65 1.68 1.10 1.71 0.89 1.89
Pb 6.6 8.5 7.4 7.7 6.3 4.3 9.3
La 29 52 42 40 32 27 38
Ce 64 116 91 92 71 63 83
Pr 7.4 13.7 10.5 10.8 8.1 7.5 9.5
Nd 33 60 44 47 35 33 40
Sm 6.4 11.2 8.7 9.4 6.7 6.8 7.6
Eu 1.90 3.04 2.48 2.66 1.95 1.99 2.19
Gd 6.15 9.54 8.11 8.82 6.16 6.55 6.97
Tb 0.84 1.19 1.11 1.19 0.83 0.91 0.93
Dy 5.09 6.67 6.54 7.20 4.88 5.42 5.46
Ho 1.04 1.26 1.29 1.40 0.95 1.06 1.06
Er 3.16 3.70 3.66 3.95 2.68 3.06 3.02
Tm 0.42 0.48 0.51 0.56 0.38 0.42 0.42
Yb 2.72 3.15 3.34 3.69 2.57 2.73 2.73
Lu 0.42 0.48 0.52 0.55 0.39 0.41 0.43

Sample Basalt association, Kopjevsk area Continuous association, Batenevsk area

KOP1/11 KOP1/12 NVS1/5 BAT1/6 BAT4/11 BAT4/13 BAT1/28

SiO2 47.50 51.55 51.21 48.67 53.30 49.51 47.84
TiO2 1.18 1.58 1.55 1.27 1.42 1.44 1.17
Al2O3 18.15 17.29 17.47 16.35 17.26 19.41 17.36
Fe2O3t 10.13 11.56 8.44 11.34 8.32 9.57 10.86
MnO 0.15 0.13 0.42 0.15 0.16 0.18 0.13
MgO 6.17 2.80 3.69 3.66 3.01 3.45 5.45
CaO 8.22 5.65 4.80 9.92 7.46 6.74 9.16
Na2O 3.42 4.52 6.04 3.41 3.56 3.75 3.44
K2O 1.35 2.25 2.27 0.93 2.05 2.60 0.80
P2O5 0.44 0.73 0.84 0.27 0.66 0.43 0.33
LOI 3.23 2.03 3.21 3.99 2.74 2.86 3.52
Sum 100.14 100.33 100.21 100.11 100.16 100.21 100.32
Na2O + K2O 4.77 6.77 8.31 4.34 5.61 6.35 4.24
agp.c.
Rb 13 21 25 12 51 70 8
Ba 1571 1858 1415 984 926 751 1994
Sr 1245 1057 1231 874 675 1128 878
Zr 137 291 382 118 259 153 137
Nb 8.2 20.6 26.1 6.3 15.4 9.4 6.2
Hf 2.84 5.69 6.96 2.90 6.25 3.99 2.97
Ta 0.45 1.22 1.47 0.51 0.87 0.56 0.41
Y 20 29 37 19 37 30 19
Th 2.14 4.91 5.65 2.00 9.44 4.58 3.79
U 1.20 1.64 2.71 0.88 2.98 1.60 1.43
Pb 7.7 10.7 7.3 5.3 12.4 8.8 6.3
La 27 46 55 16 52 36 30
Ce 60 100 121 36 114 78 62
Pr 7.2 11.6 13.7 4.8 13.3 9.6 7.5
Nd 32 49 58 23 55 41 34
Sm 6.0 9.0 10.7 5.0 10.4 8.1 7.0
Eu 1.85 2.42 3.00 1.54 2.90 2.57 1.73
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Table 1 (continued)

Sample Basalt association, Kopjevsk area Continuous association, Batenevsk area

KOP1/11 KOP1/12 NVS1/5 BAT1/6 BAT4/11 BAT4/13 BAT1/28

Gd 5.69 8.26 10.01 4.92 9.71 7.81 6.56
Tb 0.75 1.10 1.36 0.70 1.52 1.25 0.80
Dy 4.47 6.48 8.06 4.35 7.54 6.01 4.93
Ho 0.86 1.29 1.57 0.88 1.51 1.18 0.93
Er 2.52 3.83 4.81 2.43 4.21 3.29 2.59
Tm 0.35 0.54 0.63 0.34 0.62 0.47 0.36
Yb 2.30 3.60 4.24 2.17 4.14 3.17 2.28
Lu 0.36 0.56 0.64 0.34 0.60 0.47 0.36

Sample Continuous association, Batenevsk area

BAT3/13 BAT3/25 BAT3/5 BAT3/23 BAT4/3 BAT4/4 BAT4/14

SiO2 51.49 47.72 49.86 48.66 50.24 50.99 52.34
TiO2 1.50 1.14 2.15 1.56 1.92 1.84 1.73
Al2O3 16.41 18.78 15.57 17.45 15.34 15.92 15.64
Fe2O3t 10.44 10.09 11.83 11.63 11.47 11.42 10.93
MnO 0.15 0.16 0.21 0.19 0.18 0.19 0.25
MgO 3.87 4.94 4.09 4.59 3.49 2.84 3.27
CaO 7.39 10.75 6.61 9.31 9.40 7.21 5.29
Na2O 3.81 3.31 5.25 3.41 3.36 3.75 3.38
K2O 2.47 0.92 1.76 1.01 0.88 2.11 3.51
P2O5 0.48 0.26 0.93 0.45 0.60 1.17 0.86
LOI 2.06 2.06 1.90 1.90 3.28 2.53 2.71
Sum 100.33 100.28 100.35 100.32 100.33 100.20 100.19
Na2O + K2O 6.28 4.23 7.01 4.42 4.24 5.86 6.89
agp.c.
Rb 54 17 35 17 14 52 71
Ba 955 316 748 380 457 699 1229
Sr 961 814 828 727 627 954 911
Zr 228 97 191 145 145 170 274
Nb 14.9 7.0 14.0 7.3 7.9 9.7 15.4
Hf 5.49 2.59 4.66 3.60 3.72 4.36 6.78
Ta 0.85 0.42 0.78 0.36 0.45 0.56 0.91
Y 33 21 43 32 33 41 50
Th 3.99 1.89 3.94 2.22 3.16 4.84 7.34
U 1.63 0.87 1.73 0.84 1.02 1.75 2.53
Pb 9.2 4.2 7.7 4.8 6.3 8.5 9.9
La 32 18 43 26 27 40 55
Ce 73 41 100 63 66 95 124
Pr 8.9 5.3 12.6 7.9 8.7 12.1 15.0
Nd 37 23 55 34 38 55 66
Sm 7.7 4.8 10.8 7.1 8.0 11.2 12.8
Eu 2.01 1.59 3.35 2.19 2.52 3.48 3.72
Gd 7.38 4.82 10.78 7.05 7.86 10.98 12.87
Tb 1.10 0.79 1.67 1.13 1.25 1.67 1.99
Dy 6.30 4.29 8.56 6.20 6.72 8.84 9.88
Ho 1.31 0.88 1.71 1.26 1.33 1.71 1.99
Er 3.57 2.43 4.69 3.58 3.60 4.65 5.52
Tm 0.52 0.36 0.67 0.52 0.51 0.67 0.81
Yb 3.37 2.42 4.42 3.46 3.41 4.33 5.45
Lu 0.52 0.36 0.63 0.50 0.47 0.62 0.78

Sample Continuous association, Batenevsk area

BSK1/11 BAT1/8 BAT5/9 BSK1/6 BAT1/25 BAT3/24 BAT3/26

SiO2 49.60 64.59 57.61 57.50 64.51 72.38 71.54
TiO2 2.10 0.58 1.30 1.29 0.94 0.43 0.57
Al2O3 14.85 14.56 15.86 16.21 15.73 13.93 14.09
Fe2O3t 12.89 5.78 7.70 7.52 5.61 2.36 2.66
MnO 0.24 0.11 0.22 0.21 0.14 0.02 0.03
MgO 4.47 0.43 2.06 2.16 0.57 0.26 0.44
CaO 5.73 1.10 4.22 3.70 1.13 1.15 1.41
Na2O 5.63 4.96 4.70 5.25 6.35 4.70 5.35
K2O 1.12 3.73 2.95 2.50 3.04 4.09 3.06
P2O5 0.92 0.11 0.49 0.59 0.21 0.05 0.11
LOI 2.46 3.88 2.79 3.06 1.78 0.48 0.70
Sum 100.29 100.07 100.10 100.17 100.17 100.06 100.14
Na2O + K2O 6.75 8.69 7.65 7.75 9.39 8.79 8.41
agp.c. 0.79 0.76 0.85 0.77
Rb 15 83 73 61 57 91 65
Ba 751 2025 884 619 837 1014 874
Sr 1338 534 663 460 341 225 320
Zr 123 638 363 198 392 398 276
Nb 6.1 34.5 22.2 12.1 21.6 21.6 19.3

(continued on next page)
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Table 1 (continued)

Sample Continuous association, Batenevsk area

BSK1/11 BAT1/8 BAT5/9 BSK1/6 BAT1/25 BAT3/24 BAT3/26

Hf 3.33 13.70 8.76 5.21 9.39 9.68 7.85
Ta 0.36 2.57 1.37 0.87 1.27 1.38 1.54
Y 38 56 45 34 47 46 30
Th 2.52 14.48 8.93 7.19 9.80 14.34 11.18
U 0.82 3.71 3.94 2.73 2.75 3.86 4.79
Pb 6.2 12.6 16.1 6.1 14.1 10.5 5.8
La 33 66 57 36 55 38 30
Ce 79 148 117 86 120 88 76
Pr 10.8 17.3 14.3 10.8 15.5 10.8 9.4
Nd 51 69 58 46 60 43 39
Sm 10.9 13.1 10.3 9.3 11.8 9.1 7.7
Eu 3.78 2.69 2.34 2.77 3.16 1.99 1.89
Gd 10.90 11.78 8.47 8.98 10.93 9.24 7.90
Tb 1.61 1.80 1.24 1.39 1.77 1.51 1.05
Dy 7.97 11.54 9.27 7.00 9.65 8.72 6.15
Ho 1.50 2.40 1.86 1.32 2.10 1.80 1.18
Er 4.09 7.25 5.48 3.75 5.51 5.32 3.33
Tm 0.57 1.09 0.81 0.56 0.87 0.84 0.49
Yb 3.73 7.34 5.27 3.74 5.55 5.68 3.28
Lu 0.52 1.20 0.80 0.55 0.92 0.86 0.51

Sample Continuous association, Batenevsk area

BAT 4/2 BAT5/1 BAT1/3 BAT1/18 BAT1/32 BAT3/9 BAT4/5

SiO2 68.52 60.21 60.08 67.20 69.65 54.57 69.39
TiO2 0.41 1.32 1.29 0.63 0.57 1.19 0.50
Al2O3 15.22 15.27 14.42 14.31 14.44 17.81 14.67
Fe2O3t 3.09 7.25 6.18 3.91 3.82 8.97 3.68
MnO 0.17 0.15 0.13 0.09 0.13 0.14 0.06
MgO 0.50 1.83 1.32 0.41 0.23 2.28 0.31
CaO 1.53 3.09 2.91 0.64 0.68 6.59 1.16
Na2O 5.06 4.40 4.51 5.18 5.05 4.21 5.65
K2O 4.05 3.53 3.21 4.87 4.80 2.05 3.80
P2O5 0.08 0.54 0.44 0.11 0.11 0.41 0.07
LOI 1.32 2.20 5.63 2.54 0.60 1.77 0.68
Sum 100.20 100.00 100.30 100.16 100.21 100.28 100.12
Na2O + K2O 9.11 7.93 7.72 10.05 9.85 6.26 9.45
agp.c. 0.80 0.95 0.93 0.84
Rb 89 100 102 73 98 39 92
Ba 1478 844 657 2036 521 1369 575
Sr 375 646 579 216 178 873 282
Zr 353 376 330 446 480 162 486
Nb 20.5 21.0 20.3 22.6 24.2 9.1 27.8
Hf 9.50 9.52 8.17 10.00 11.35 4.42 13.30
Ta 1.38 1.41 1.31 1.79 1.54 0.61 1.89
Y 44 45 43 44 55 32 61
Th 10.12 13.82 10.78 11.21 13.49 5.32 13.95
U 2.78 5.46 3.16 3.44 3.48 2.05 3.94
Pb 9.8 15.8 13.6 27.0 19.1 9.7 16.8
La 53 56 52 53 69 33 48
Ce 114 123 116 106 146 74 99
Pr 13.4 15.2 14.0 13.5 18.6 9.3 11.3
Nd 54 60 58 57 69 39 46
Sm 9.6 11.6 11.2 11.9 12.7 7.9 8.9
Eu 2.30 2.45 2.55 2.77 2.31 2.59 1.81
Gd 9.74 9.81 10.25 10.51 11.35 7.62 9.77
Tb 1.38 1.62 1.46 1.61 1.91 1.18 1.58
Dy 8.21 9.59 8.26 9.87 10.92 6.24 10.30
Ho 1.62 1.88 1.63 2.02 2.45 1.26 2.28
Er 4.94 5.29 4.47 5.90 6.43 3.52 7.08
Tm 0.74 0.78 0.64 0.88 1.05 0.52 1.04
Yb 5.04 4.96 3.99 5.89 6.81 3.42 7.20
Lu 0.80 0.78 0.62 0.92 1.13 0.50 1.14

Sample Continuous association, Batenevsk area Alkaline association, Goryachegorsk plateau

BAT4/10 BAT5/8 BAT1/12 BSK1/5 BRS1/3 BRS2/6 URP1/6

SiO2 54.95 62.60 74.07 76.63 58.25 45.09 48.03
TiO2 1.40 0.83 0.31 0.21 0.38 0.49 0.37
Al2O3 16.90 16.39 11.23 11.59 18.65 22.79 23.05
Fe2O3t 8.52 5.13 2.78 2.15 4.94 8.52 6.27
MnO 0.14 0.12 0.03 0.03 0.15 0.20 0.15
MgO 2.46 1.75 0.29 0.29 0.81 1.20 0.67
CaO 7.08 3.07 0.53 1.00 1.79 5.14 6.67
Na2O 3.60 4.37 4.69 3.75 6.43 8.11 7.08
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Table 1 (continued)

Sample Continuous association, Batenevsk area Alkaline association, Goryachegorsk plateau

BAT4/10 BAT5/8 BAT1/12 BSK1/5 BRS1/3 BRS2/6 URP1/6

K2O 2.23 3.26 2.34 3.28 5.41 1.96 3.36
P2O5 0.65 0.28 0.10 0.07 0.09 0.25 0.22
LOI 2.00 2.05 3.55 0.91 3.08 6.29 4.05
Sum 100.12 100.04 100.06 100.09 100.11 100.52 100.48
Na2O + K2O 5.83 7.63 7.03 7.03 11.84 10.07 10.44
agp.c. 0.80 0.82
Rb 63 104 38 58 147 25 69
Ba 646 820 1479 1232 316 2530 1246
Sr 672 763 229 149 299 2744 5185
Zr 263 269 179 161 656 315 227
Nb 14.8 16.1 9.8 12.6 70.8 43.0 36.9
Hf 6.29 6.33 4.27 4.23 13.30 3.47 2.36
Ta 0.89 1.19 1.32 1.15 3.67 2.43 1.73
Y 39 29 12 10 44 32 24
Th 9.84 12.78 12.22 9.59 26.97 6.60 11.06
U 3.09 3.53 5.19 2.56 10.37 6.24 3.55
Pb 11.3 18.0 13.8 5.3 36.0 12.5 17.9
La 53 44 26 12 75 48 40
Ce 117 91 51 25 126 96 70
Pr 13.6 10.8 5.3 3.2 13.2 10.0 6.6
Nd 56 41 20 12 43 38 22
Sm 10.7 7.4 3.4 2.2 6.7 6.5 3.7
Eu 2.84 1.66 0.74 0.49 0.77 2.12 1.53
Gd 10.15 6.20 2.75 2.03 5.85 6.23 4.85
Tb 1.58 0.84 0.40 0.35 0.95 0.92 0.53
Dy 7.85 6.21 2.53 1.93 6.14 6.00 3.66
Ho 1.56 1.17 0.50 0.43 1.62 1.31 0.76
Er 4.25 3.42 1.44 0.79 4.89 4.39 2.46
Tm 0.63 0.48 0.22 0.19 0.87 0.62 0.37
Yb 4.18 3.12 1.50 1.34 5.42 4.30 2.56
Lu 0.61 0.47 0.25 0.23 0.81 0.63 0.38

Sample Alkaline association, Goryachegorsk plateau Bimodal association, Mongolia

URP2/5 URP2/6 URP2/8 URP2/9 URP2/10 URP2/47 KNK2/9

SiO2 53.93 52.51 46.04 50.02 49.31 62.44 49.47
TiO2 0.75 0.91 1.91 1.47 1.46 0.55 2.17
Al2O3 20.89 20.80 17.16 17.73 18.06 15.81 17.66
Fe2O3t 7.59 9.21 13.94 11.68 12.56 7.34 8.92
MnO 0.16 0.22 0.27 0.21 0.25 0.13 0.08
MgO 1.56 1.27 2.43 1.55 1.58 0.28 3.60
CaO 4.22 4.74 6.55 5.08 5.06 0.96 3.60
Na2O 6.76 6.43 6.69 7.26 7.65 6.44 4.76
K2O 3.18 2.26 2.22 1.97 2.59 4.87 3.36
P2O5 0.34 0.60 1.33 0.75 0.90 0.07 0.90
LOI 1.08 0.96 0.98 2.15 0.47 0.90 4.63
Sum 100.61 100.09 99.68 100.07 100.06 99.87 99.65
Na2O + K2O 9.93 8.69 8.91 9.22 10.24 11.31 8.12
agp.c.
Rb 63 41 38 26 44 131 49
Ba 790 818 778 850 750 179 924
Sr 612 749 804 616 545 46 638
Zr 504 554 463 622 538 955 267
Nb 39.4 41.5 30.1 38.9 34.8 49.7 46.5
Hf 8.96 9.46 7.77 10.20 9.02 20.82 5.06
Ta 2.57 2.47 1.84 2.42 2.23 3.07 2.81
Y 35 49 57 53 64 93 22
Th 9.52 8.77 6.34 9.08 7.56 15.32 3.02
U 29.42 5.40 5.70 7.57 6.34 9.15 1.61
Pb 50.7 23.3 11.4 8.8 7.0 33.5 47.3
La 42 50 52 52 56 76 40
Ce 84 108 119 112 126 157 84
Pr 9.5 12.8 15.0 13.5 15.3 18.9 10.4
Nd 35 48 61 53 62 74 43
Sm 6.5 9.8 12.2 10.7 12.8 16.1 8.6
Eu 2.10 2.89 3.68 2.97 3.61 2.09 3.13
Gd 6.37 8.98 11.61 10.46 12.29 15.67 8.13
Tb 1.15 1.58 1.95 1.75 2.10 2.78 1.22
Dy 7.01 9.75 11.37 10.53 12.51 18.05 5.37
Ho 1.57 2.06 2.34 2.28 2.58 3.80 0.94
Er 5.04 6.41 6.87 7.04 7.94 12.34 2.66
Tm 0.79 0.99 1.03 1.05 1.17 1.86 0.32
Yb 5.42 6.65 6.60 7.25 7.80 12.59 1.94
Lu 0.79 1.04 0.96 1.11 1.17 1.98 0.27
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Sample Bimodal association, Mongolia

KNK 1/2 KNK 5/30 KNK 10/3 KNK 11/2 KBU 3/12 BMH 05/31 BMH 05/32 BMH 05/32а

SiO2 45.61 47.11 43.91 47.21 49.46 69.80 70.19 67.53
TiO2 2.50 3.59 4.05 2.64 2.59 0.23 0.24 0.34
Al2O3 16.92 15.33 15.80 17.15 17.14 12.47 12.27 13.86
Fe2O3t 11.95 12.01 13.60 11.81 9.68 5.24 5.17 5.39
MnO 0.16 0.20 0.24 0.17 0.30 0.10 0.10 0.13
MgO 5.36 4.57 4.91 3.37 3.99 0.12 0.07 0.19
CaO 8.57 5.79 8.82 7.70 6.49 0.40 0.32 0.64
Na2O 2.83 3.78 3.42 3.78 4.42 6.77 6.16 6.46
K2O 1.16 1.61 0.85 2.00 1.44 4.17 4.08 4.64
P2O5 0.43 0.72 0.74 0.75 0.79 0.02 0.02 0.04
LOI 3.06 3.82 2.15 2.06 2.62 0.59 0.52 0.59
Sum 99.13 99.99 99.58 99.51 99.68 99.31 98.62 99.22
Na2O + K2O 3.99 5.39 4.27 5.78 5.86 10.94 10.24 11.10
agp.c. 1.25 1.19 1.13
Rb 11 19 11 28 25 159 152 131
Ba 238 394 290 709 539 22 27 16
Sr 659 537 784 840 785 10 8 9
Zr 210 290 225 246 398 1610 1810 1550
Nb 23.6 35.2 32.7 52.3 52.0 198.0 244.0 213.0
Hf 4.28 5.55 4.63 5.16 7.53 41.10 45.20 39.70
Ta 1.74 2.23 2.22 2.97 3.44 16.90 19.70 16.70
Y 21 31 26 29 32 117 147 127
Th 1.77 2.50 1.95 3.87 4.86 27.20 33.60 28.90
U 0.54 0.76 0.64 1.11 1.41 7.99 9.02 7.22
Pb 3.9 6.2 3.6 7.5 7.8 23.0 35.1 28.2
La 22 34 30 43 46 143 186 158
Ce 46 75 65 84 94 284 372 312
Pr 6.1 9.7 8.4 10.2 11.6 33.6 41.7 36.9
Nd 26 42 35 42 46 121 155 135
Sm 5.7 9.2 7.7 8.6 9.1 25.0 32.7 28.5
Eu 2.04 2.94 2.73 2.92 3.30 0.69 0.85 0.87
Gd 6.04 8.89 8.01 8.50 10.08 22.90 29.10 25.70
Tb 0.93 1.40 1.24 1.33 1.57 3.52 4.54 4.09
Dy 4.59 6.57 5.93 6.25 7.02 21.80 27.30 25.30
Ho 0.84 1.22 1.08 1.16 1.35 4.14 5.36 4.79
Er 2.34 3.46 2.96 3.32 4.03 12.60 16.90 13.70
Tm 0.29 0.43 0.36 0.41 0.51 1.88 2.54 2.13
Yb 1.86 2.74 2.22 2.60 3.39 13.20 16.20 13.30
Lu 0.26 0.38 0.30 0.36 0.49 1.74 2.20 1.77

Note: (1) Fe2O3t represents total iron; (2) agp.c. = agpaitic coefficient (molecular ratio of (Na2O + K2O)/Al2O3) from Le Maitre et al. (1997).

A. Vorontsov, V. Yarmolyuk, S. Dril et al. Gondwana Research 89 (2021) 193–219
aphyric olivine basalts, trachyrhyolites, pantellerites, and also sills,
dykes and stocks of teshenites and alkaline micro granites. A thick
(about 50 m) sill of fine-grained alkaline nepheline syenite
(mariupolite) is present in the middle of the Bomiin-Khara cross-
section. The Tsagan-Khairkhan volcanic field (TK, Fig. 7a,b,c) contains
rocks of the bimodal association, which combines trachybasalts of the
lower section and trachytes, alkaline trachydacites and pantellerites in
its upper part. The Bayan-Erdenet area (BE, Fig. 7a) hosts only basalts,
in which aphyric fine-grained varieties prevail over porphyritic ones.
In Shargatyn-Ula (SU, Fig. 7a) contains volcanics which consist of alter-
nating units of a bimodal trachybasalt-pantellerite association. Infre-
quent sills of trachydolerite occupy the lower parts of the section.

The Khaldzan Buregte group of massifs (Fig. 7a) consists of moder-
ately alkaline dolerite, alkaline basite, syenite, nordmarkite, peralkaline
granite, pantellerite, ekerite and rare-metal peralkaline granite.
4. Analytical methods

4.1. Whole-rock compositions

Major and rare elements were analyzed at the Center for Collective
Use (CCU) “Isotope-Geochemical Research”, Institute of Geochemistry,
Siberian Branch of the Russian Academy of Sciences, Irkutsk. Major ele-
ments were analyzed by XRF with a CPM-25 multichannel spectrome-
ter, as described by Afonin et al. (1984). Measurements of rare
elements were performed by the ICP-MS method on a ELEMENT-2
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Finnigan MAT high-resolution mass spectrometer. To address possible
matrix effects and to consider instability in the spectra (XRF) the ana-
lysts used the internal standard Rh. To calibrate the calculations of ele-
mental contents in ICPMS measurements, multi-element certified
solutions CLMS-1,−2,−4, SPEX (the USA) were applied. Rock samples
of mafic and intermediate composition were prepared by open acid de-
composition, and samples of felsic volcanics were prepared by fusion
with Li-metaborate.
4.2. Isotopes

The samples were chemically prepared for isotope analyses in clean
rooms at the CCU “Isotope-Geochemical Research”, Institute of Geo-
chemistry, Siberian Branch of the Russian Academy of Sciences, Irkutsk.
Pure fractions of Sr were recovered from geological samples by the 2-
stage scheme with ion-exchangeable resins BioRad AG 50 W*8,
200–400 mesh and BioRad AG 50*12, 200–400 mesh. To determine the
isotope composition of strontium and Rb/Sr concentrations the analysts
applied the method of isotope dilution and mixed tracer 85Rb + 84Sr.

Pure Nd fractions were recovered with ion-exchangeable resins
BioRad AG-50Wx12 200–400 mesh to get the sum of rare earths, and
LN-Eicrome to obtain pure Nd and Sm fractions. To determine the iso-
tope composition of neodymium and Nd/Sm concentrations the analysts
applied the method of isotope dilution andmixed tracer 149Sm+ 150Nd.

The isotopic composition of Sr and Nd were measured in the static
mode by the Finnigan 7-collector mass spectrometer MAT-262 in the



Fig. 8. Total alkalis vs. silica (TAS) diagram (Le Bas et al., 1986) showing the heterogeneous composition of Devonian magmatic rocks and associations of the Altai-Sayan Rift System.
Magmatic associations: basaltic (reproduced from Zubkov et al. (1986), Lavrenchuk et al. (2004), Fedoseev (2008), Vorontsov et al. (2011)); continuous (reproduced from Babin et al.
(2004), Vorontsov et al. (2015, 2018), Krupchatnikov et al. (2018)); alkaline (reproduced from Yashina (1982), Markov (1987), Grinev (2007), Uvarov and Uvarova (2008, 2009),
Vrublevsky et al. (2016)); bimodal (reproduced from Yarmolyuk and Kovalenko (1991), Yarmolyuk and Vorontsov (1993), Vorontsov (1993), Kovalenko et al. (1989, 2004a, 2004b),
Kruk et al. (2008)); ultramafic-mafic (reproduced from Izokh et al. (2011)).
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CCU for “Geodynamics and Geochronology” at the Institute of the
Earth's Crust, Siberian Branch of the Russian Academy of Sciences, Ir-
kutsk. For measuring the isotopic Sr composition, the single-band con-
figuration of the ion source was employed. The sample, weighing
50 ng, was placed on the Ta or Re cathode, on which the Ta
pentoxide-based activator was preliminarily deposited. The ion current
88Sr was usually equal to 2–3 * 10 (−11) A. Themeasured isotope ratios
were normalized by the value of 88Sr/86Sr = 8.37521. The presence of
Rb interference in 87Srwas correctedwith 87Rb/85Rb=0.386. The accu-
racy of measured isotopic composition was estimated with measure-
ments on standard samples NBS-987 and BCR-2 (the USA), with the
amounts of 87Sr/86Sr = 0.710254 ± 7 (2σ, n = 45) and 87Sr/86Sr =
0.705011 ± 14 (2σ, n = 7), respectively. The Nd isotope composition
was measured from the 2-band ion source based on Re cathodes. The
amount of the applied sample averaged 100–200 ng. The ion current
of 146Nd was usually equal to 0.5–1.0 * 10 (−11) A. The presence of
Sm interference in the Nd spectrum was controlled by the ratio
147Sm/144Nd, lower 0.00005. The presence of 144Sm in 144Nd was
corrected with respect to 144Sm/147Sm = 0.20504. The measured
143Nd/144Nd isotopic ratios were normalized to the ratio
146Nd/144Nd=0.7219. The accuracy of the isotopic datawere estimated
from the results of measuring standard samples BCR-2 and JNdi-1 (the
USA), which have values of 143Nd/144Nd = 0.512629 ± 8 (2σ, n =
18) and 143Nd/144Nd = 0.512107 ± 4 (2σ, n = 35), respectively. The
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values of εNd and εSr were calculated relative to the model chondrite
reservoir CHUR with the parameters 143Nd/144Nd = 0.512638;
147Sm/144Nd = 0.1967; 87Rb/86Sr = 0.7045; 87Sr/86Sr = 0.0816
(Faure, 1986).

5. Results

Fifty-eight volcanic rock samples were analyzed for major and trace
element abundances; the results are listed in Table 1. These include ba-
salt - 10, continuous sequence- 30, alkaline - 9, and bimodal - 9. These
data were augmented by literature data for intrusive rocks of the bi-
modal (Kovalenko et al., 2004b), alkaline (Vrublevsky et al., 2016) and
ultramafic-mafic associations (Izokh et al., 2011). Fig. 8 provides the
TAS classification (Total Alkalis vs. Silica).

5.1. TAS classification and petrography

5.1.1. Basalt association
The basalt association of the Kopjevsk and Novosjelovsk areas pre-

dominantly contains basalts, trachybasalts and basaltic trachyandesites.
They typically contain Na2O+K2O ~ 4.2–6.8wt%with SiO2 ~ 46.4–51.6-
wt%. In places, there are intermediate basaltic trachyandesite-

phonotephrites with Na2O + K2O = 8.3 wt%, and SiO2 = 51.2 wt%. All
the basalts are split into two groups by TiO2 content: low-Ti
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Table 2
Rb-Sr isotope composition for representative rocks of the ASRS Devonian magmatic associations.

Sample Association type Rock type 87Rb/86Sr 87Sr/86Sr Err (2σ) εSr(0) εSr(395)

KOP 1/1 Basalt Low-ti basalt 0.057616 0.704969 14 6.7 8.6
KOP 1/4 Basalt Low-ti basalt 0.066969 0.705080 16 8.2 9.4
KOP 1/5 Basalt Low-ti basalt 0.014113 0.704509 9 0.1 5.5
KOP 1/6 Basalt Mid-ti basalt 0.038578 0.704619 10 1.7 5.1
KOP 1/8 Basalt Low-ti basalt 0.030452 0.704942 11 6.3 10.4
KOP 1/9 Basalt Low-ti basalt 0.023363 0.704742 10 3.4 8.1
KOP 1/10 Basalt Low-ti basalt 0.032502 0.704708 15 3.0 6.9
KOP 1/11 Basalt Low-ti basalt 0.030181 0.704659 20 2.3 6.4
KOP 1/12 Basalt Mid-ti basalt 0.057425 0.705062 15 8.0 9.9
NVS 1/5 Basalt Low-ti basalt 0.058700 0.705255 11 10.7 12.6
BAT 1/6 Continuous Low-ti basalt 0.038301 0.704752 15 3.6 7.0
BAT 4/11 Continuous Low-ti basalt 0.219970 0.705772 13 18.1 7.0
BAT 4/13 Continuous Low-ti basalt 0.178877 0.705607 15 15.7 8.0
BAT 3/5 Continuous Mid-ti basalt 0.120621 0.705120 16 8.8 5.7
BAT 3/23 Continuous Mid-ti basalt 0.068942 0.704850 15 5.0 6.0
BAT 1/8 Continuous Trachyte 0.449255 0.707350 13 40.5 11.1
BAT 4/2 Continuous Trachydacites 0.685985 0.708440 12 55.9 7.7
BAT 5/1 Continuous Trachyandesite 0.447429 0.707200 12 38.3 9.1
BAT 1/12 Continuous Rhyolite 0.479628 0.707910 12 48.4 16.6
BSK 1/5 Continuous Rhyolite 1.125118 0.711820 11 103.9 20.6
KHK 2/9 Bimodal High-Ti basalt 0.221989 0.705373 16 12.4 1.2
KHK 1/2 Bimodal High-Ti basalt 0.048246 0.703355 18 −16.3 −13.6
KHK 5/30 Bimodal High-Ti basalt 0.102267 0.704067 10 −6.1 −7.8
KHK 10/3 Bimodal High-Ti basalt 0.040185 0.703555 20 −13.4 −10.1
KHK 11/2 Bimodal High-Ti basalt 0.096346 0.704000 13 −7.1 −8.3
KBU 3/12 Bimodal High-Ti basalt 0.092787 0.704478 22 −0.3 −1.2

Table 3
Sm\\Nd isotope composition for representative rocks of the ASRS Devonian magmatic associations.

Sample Association type Rock type 147Sm/144Nd 143Nd/144Nd Err (2σ) εNd(0) εNd(395)

KOP 1/1 Basalt Low-Ti basalt 0.116734 0.512672 11 0.7 4.7
KOP 1/4 Basalt Low-Ti basalt 0.112356 0.512739 7 2.0 6.2
KOP 1/5 Basalt Low-Ti basalt 0.119014 0.512651 10 0.3 4.2
KOP 1/6 Basalt Mid-Ti basalt 0.120382 0.512712 7 1.4 5.3
KOP 1/8 Basalt Low-Ti basalt 0.115223 0.512672 4 0.7 4.8
KOP 1/9 Basalt Low-Ti basalt 0.124030 0.512646 7 0.2 3.8
KOP 1/10 Basalt Low-Ti basalt 0.114363 0.512623 7 −0.3 3.9
KOP 1/11 Basalt Low-Ti basalt 0.112858 0.512670 18 0.6 4.7
KOP 1/12 Basalt Mid-Ti basalt 0.110555 0.512640 7 0.0 4.4
NVS 1/5 Basalt Low-Ti basalt 0.111042 0.512634 9 −0.1 4.2
BAT 1/6 Continuous Low-Ti basalt 0.133017 0.512662 6 0.5 3.7
BAT 4/11 Continuous Low-Ti basalt 0.113764 0.512597 7 −0.8 3.4
BAT 4/13 Continuous Low-Ti basalt 0.117009 0.512635 5 −0.1 4.0
BAT 3/5 Continuous Mid-Ti basalt 0.117713 0.512663 4 0.5 4.5
BAT 3/23 Continuous Mid-Ti basalt 0.123507 0.512691 7 1.0 4.7
BAT 1/8 Continuous Trachyte 0.114467 0.512606 12 −0.6 3.5
BAT 4/2 Continuous Trachydacites 0.109523 0.512598 10 −0.8 3.6
BAT 5/1 Continuous Trachyandesite 0.117082 0.512608 7 −0.6 3.4
BAT 1/12 Continuous Rhyolite 0.101176 0.512485 9 −3.0 1.8
BSK 1/5 Continuous Rhyolite 0.114480 0.512503 6 −2.6 1.5
KHK 2/9 Bimodal High-Ti basalt 0.119950 0.512832 8 3.8 7.7
KHK 1/2 Bimodal High-Ti basalt 0.133784 0.512809 5 3.3 6.5
KHK 5/30 Bimodal High-Ti basalt 0.131874 0.512784 11 2.8 6.1
KHK 10/3 Bimodal High-Ti basalt 0.132352 0.512802 10 3.2 6.4
KHK 11/2 Bimodal High-Ti basalt 0.124153 0.512770 5 2.6 6.2
KBU 3/12 Bimodal High-Ti basalt 0.119853 0.512778 4 2.7 6.6
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(TiO2 ~ 1.05–1.55 wt%) and mid-Ti (TiO2 ~ 1.58–1.77 wt%). TiO2 varies
irrespective of the total alkalinity (Na2O + K2O) and SiO2.

The basalts have phenocrysts of olivine, augite and labradorite. The
groundmass has hyalopilitic or vitrophyre structure; it is composed of
devitrified glass bearing visible fine grains of clinopyroxene,
Fig. 9. Spider diagrams of Devonian magmatic rocks of the Altai-Sayan Rift System. Rocks asso
OIB = basalts of the oceanic islands (Sun and McDonough, 1989), IAB = island arc basal
(Al'mukhamedov et al., 2004), MTB Siberian Traps LIP = mid-Ti (TiO2 ≈ 2.45 wt%) basalts (A
(Wooden et al., 1993), LC = lower of the continental crust (Rudnick and Gao, 2003), UC =
intrusion (Vrublevsky et al., 2016), Mongolian peralkaline granites (Kovalenko et al., 2004b), M
in the geochemical parameters of low-Ti, mid-Ti and high-Ti basalts indicating a combination o
ponent (IAB type) for sources of primary melts; SiO2-rich rhyolites are depleted in incompati
pantellerite are enriched in incompatible elements suggesting fractionation of high-Ti basalt m
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plagioclase, magnetite and apatite needles. Regarding the texture
and mineral composition, trachybasalts and intermediate basaltic
trachyandesite-phonotephrites are similar to the basalts. However, ol-
ivine is not present as phenocrysts. In addition, along with labradorite
there appears andesine, sheets of pale biotite and prismatic crystals of
ciations: (a) Basalt. (b-d) Continuous. (f-g) Alkaline. (h-i) Bimodal. (j) Ultramafic – mafic.
ts (Kelemen et al., 2003), LTB Siberian Traps LIP = low-Ti (TiO2 ≈ 1.01 wt%) basalts
l'mukhamedov et al., 2004), HTB Siberian Trap LIP = high-Ti (TiO2 ≈ 3.59 wt%) basalts
upper of the continental crust (Rudnick and Gao, 2003). Data for Belogorsk alkaline

ongolian picrites and picrobasalts (Izokh et al., 2011). Diagrams emphasize the differences
f plumemantle component (OIB type) and subduction-modified lithospheric mantle com-
ble elements suggesting anatectic melting of continental crust; and peralkaline granites-
elts.



Fig. 10. Isotope classification of the Devonian magmatic rocks of the Altai-Sayan Rift
System. Data for Belogorsk alkaline intrusion (Vrublevsky et al., 2016), Mongolian
peralkaline granites (Kovalenko et al., 2004b). (a) εNd(395) vs. εSr(395) diagram. DM –
depleted mantle component, EM II – enriched 87Sr/86Sr mantle components (Zindler
and Hart, 1986). Mantle correlation line is recalculated to 395 Ma. Rock compositions
are shifted from themantle correlation line towards the radiogenic Sr-rich substrates sug-
gesting the assimilationwith themantlemelts of a crust component. (b) εNd(395) vs. SiO2

(wt%) diagram. (c) εSr(395) vs. SiO2 (wt%) diagram. Note increase in εSr(395) values and
decrease in εNd(395) values for SiO2-rich rhyolites supporting geochemical data for the
addition of a contaminant to the products of low-Ti basalt magma differentiation.
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common hornblende. All rocks have undergone post-magmatic alter-
ation, to a varying extent. Chlorite-group minerals replace augite, ser-
pentine develops after olivine, and talc, chlorite and secondary
magnetite are also present.

5.1.2. Continuous association
The volcanic association of the Batenevsk outcrop consists of these

rock groups: (1) basaltic: basalt, dolerite, trachybasalt and basaltic
trachyandesites, (2) trachyandesite, (3) trachyte and trachydacite, and
(4) trachyrhyodacite and rhyolite. On the ТАS diagram, their composi-
tions lie in the field of moderately alkaline rocks.
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Rocks of mafic composition predominate. Values of
Na2O + K2O ~ 3.4–4.6 wt% at SiO2 ~ 47.7–53.3 wt% are characteristic
for the basalts and dolerites. There are also trachybasalts and basaltic
trachyandesites which have a higher content of Na2O + K2O (5–7 wt
%) and similar SiO2 (49.6–53.5 wt%). The mafic rocks are split into two
groups by TiO2 content: low-Ti (TiO2 ~ 1.27–1.44 wt%) and mid-Ti
(TiO2 ~ 1.56–2.15 wt%).

Low-Ti basalts are present throughout the sequnce, while mid-Ti
basalts occur only at the bottom (basalt-basaltic trachyandesites)
and middle (basalt-trachyandesite-trachyte-trachydacite) portions of
the sequence. Rocks of both subgroups share similar petrographic
features.

Trachyandesites exhibit a porphyry-like texture, and typically have a
trachytoid, in places glassy, texture. Phenocrysts include augite and
zoned plagioclase (andesine in the core and oligoclase in the periphery),
and sometimes K\\Na feldsparwith perthite structure. The groundmass
consists of devitrified volcanic glass bearing very fine crystals of plagio-
clase, clinopyroxene and other chloritized darkminerals like amphibole,
biotite and oreminerals. Compositions cover the range SiO2 ~ 55–61wt
%, Na2O + K2O ~ 6.7–9.0 wt%.

Trachytes and trachydacites contain large (reaching 10mm) pheno-
crysts of alkaline feldspar with a perthitic structure, micro phenocrysts
of augite (in places hypersthene and diopside), and rarely quartz and
plagioclase. Two types of zonation are observed in the plagioclase phe-
nocrysts. One type consists of direct progressive zonation fromandesine
to oligoclase from core to rim. The other type of zoning is rhythmicwith
compositions varying back and forth between andesine and albite. In
some volcanic varieties, the phenocrysts of alkaline feldspar show
rounded shapes and diffuse edges, thus indicating reactionary relation-
ships of crystals with melt. The groundmass consists of grains of irregu-
larly shaped alkaline feldspars, altered dark minerals, microlites of acid
plagioclase (An10-12) and ore minerals, and in which minute interstices
involve quartz and brownish devitrified glass reaching 5%. In trachytes,
the amount of quartz is insignificant, while in trachydacites this mineral
is common. The texture of the rocks is serial - porphyry-like, their dom-
inant texture is hypidiomorphic granular, and in places the texture is
trachytoid and glassy. SiO2 abundance in rocks of this group varies
within 62.5–64.5 wt%, Na2O + K2O ~ 7–10 wt%.

Primarily composed of quartz and alkaline feldspar the phenocrysts
compose about 20% of the trachyrhyolites and rhyolites. At some sites,
scarceoligoclasegrainsarepresent. Theserocks typically showaporphy-
ritic structure andfluidal texture. Theyhave felsitic, rarelymicro spheru-
lite structures and contain spots with micrographic intergrowths of
quartz and alkaline feldspar in a glassy matrix. Some pyroclastic forma-
tions like tuff lava, welded tuffs and ignimbrite include glassy flattened
fragments with specific notched edges (fiamme), rare chips of quartz
and feldspar, aswell as small ash particles of horn-like shape, irregularly
distributed in glassy matrix. Fe oxides often replace dark minerals. The
composition of rocks varieswithin the following ranges: SiO2 ~ 67–76.6-
wt% andNa2O+K2O ~ 7–10wt%. Trachydacite and rhyolite occur as in-
frequent flows in themiddle part of the section, but are dominant at the
top of the section. In the trachyte, trachydacites, trachyrhyolite and rhy-
olite units the agpaitic coefficient is 0.95 (molecular ratio of
Na2O+K2O)/Al2O3; LeMaitre et al., 1997, Maitre (ed. et al., 2002)
5.1.3. Alkaline association
The alkaline association includes volcanic nephelinite, tephrite,

phonotephrite, tephriphonolite, phonolite, alkaline trachyte and a
wide spectrum of their alkaline intrusive analogs such as ijolite, urtite,
teralite, foyaite and nepheline syenite. On the TAS-diagram the compo-
sitions of volcanics at the Goryachegorsk plateau and intrusive plagio-
clase ijolite and foyaite units of the Belogorsk pluton have
compositions with variations of Na2O + K2O from ~8.7–12.8 wt% and
SiO2 from ~41.2–62.4 wt% (Vrublevsky et al., 2016). A key feature of
these rocks is that all rock-forming oxides vary widely in composition.
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Thus, in mafic rocks with SiO2 ~ 41.2–54.0 wt% the TiO2 content ranges
between 0.37 and 1.91 wt%.

The principal petrographic characteristic of these rocks is the pres-
ence of nepheline, aegirine, kersutite, barkevekite, alkaline hornblende
along with albite, alkaline feldspar and accessory minerals. In some va-
rieties, e.g. phenocrysts of nepheline range in size from 0.5 cm to 2 cm
and comprise ~50% of the rock volume.
5.1.4. Bimodal association
In northwestern Mongolia, the bimodal association includes the fol-

lowing rocks: (1) basalts, trachybasalts and teshenites, and
(2) trachyrhyolites, alkaline trachyrhyodacites, pantellerites and
peralkaline granites, with rare-earth mineralization as well. Group 1
rocks are larger in volume than those of Group 2.

The rocks of mafic composition (in this bimodal association) have
higher Na2O + K2O (3.8–8.0 wt%) and much lower values of SiO2

(43.9–49.5 wt%) than in rocks of the continuous association
(Section 5.1.2). The basalts in the bimodal association also typically
show a high abundance of TiO2 (2.17–4.05 wt%), and have aphyric
fine-grained and glassy textures. The main rock forming minerals are
plagioclase, olivine and Ti-augite. In addition, there is apatite, platy bio-
tite, regularly distributed ore and accessory minerals, and green-
brownish volcanic glass filling interstices. Themost alkaline varieties in-
clude xenomorphous nepheline or analcime, as well as fine crystals of
kersutite and barkevekite. The same set of minerals is common for
teshenites which have a hypidiomorphic-granular structure.

Trachyrhyolite and pantellerite rocks display a serial-porphyry tex-
ture. Phenocrysts consist of aggregates of crystals of tabular perthitic
Fig. 11. (a-d) TiO2, P2O5, MgO, CaO (wt%) vs. SiO2 (wt%) content for Devonian magmatic associ
that variations of TiO2, P2O5, MgO, and CaO are controlled by fractionation of Ti-magnetite, ap
pantellerites, mid-Ti basalts – rhyolites and trachyandesite – rhyolites. Low-Ti mafic melts ch
the trend of low-Ti basalts – trachyandesites.
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K\\Na feldspar. The groundmass is composed of oriented microliths of
K\\Na feldspar; in between there are amorphous crystals of quartz,
fine grains of ore and accessoryminerals, andmicroliths of arfvedsonite
with distinct pleochroism from dark blue to greenish to light yellow-
greenish. In these rocks, SiO2 varies within 68–74 wt%, and
Na2O+ K2O ~ 10.2–11.1 wt%. The agpaitic coefficient in trachyrhyolites
varies from 0.92 to 1.00, and in pantellerites it is 1.00–1.25.

Rare-metal peralkaline granites of the Khaldzan-Buregtei massif
have hypidiomorphic-granular or porphyry-like structure. In porphy-
ritic varieties, phenocrysts comprise K\\Na feldspar, quartz and
arfvedsonite. The groundmass contains aggregates of arfvedsonite,
aegerine, albite, quartz, fluorite, apatite and sphene. In these granites
the “snow ball” structures represent albite overgrowth zones on grains
of K\\Na feldspar, and rarely on grains of quartz or arfvedsonite and
reflecting simultaneous or close to simultaneous crystallization. Rare-
metal – rare-earth mineralization is associated with zircon, elpidite
Na2ZrSi6O15•3(H2O), quartz-gittinsite pseudomorphs after elpidite,
pyrochlore, rare-earth carbonate and polilithionite KLi2AlSi4O10F2. SiO2

ranges within 70–72wt%, Na2O+ K2O ~ 8.2–9.1 wt%. The agpaitic coef-
ficient is 1.2 (Kovalenko et al., 1989).
5.2. Incompatible-element geochemical systematics

5.2.1. Basalt association
Mafic rocks of this association are similar to island arc basalts (IAB)

based on their low contents of Nb and Ta relative to La (Ta/La)
n ~ 0.33), and low Zr, Hf and Ti (Fig. 9a). This characteristic is evidence
for melts derived from water-saturated mantle sources (Briqueu et al.,
ations of ASRS illustrating evolutionary trends of mineral crystallization. These plots show
atite, Mg-containing silicates and Ca-containing silicates in the trends of high-Ti basalts –
anged their composition owing to fractionation of olivine and Ca-containing silicates in



Fig. 12. (a-g) Nb, Ta, La, Yb, Rb, Th, U (ppm) vs. SiO2 (wt%) diagrams for rocks of the Devonian magmatic associations of the Altai-Sayan Rift System. The chemical trends show direct
correlation of these elements with SiO2 in the series of high-Ti basalts – pantellerites, mid-low-Ti basalts – trachytes (65 wt%) indicating mineral fractionation of mantle melts; inverse
correlation of these elements with SiO2 in trachyte – rhyolite (77 wt%) series and illustrating the appearance in the magmatic system of anatectic crustal melts.
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Fig. 13. (a-d) Th/La vs. Nb/La, Th/La vs. Zr/Nb, Th/La vs. Ta/Yb and Th/La vs. Th/Nb diagrams for rocks of the the Devonian continuous and bimodal associations of the Altai-Sayan Rift
System. The data produce diverse trends indicating varying composition of sources and different mechanisms of their formation. The compositions of rocks of the continuous
association define a long trend (green line) due to fractionation of basaltic magma resulting in the formation of trachyte melts. Low-alkaline high-Si rhyolites of continuous association
deviate towards the anatectic granite-pegmatite (Litvinovsky et al., 2005), pointing to close compositions of their sources. The compositions of rocks of bimodal association define a
short trend (red line), possibly due to fractionation of basalt melts.
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1984; Hawkesworth et al., 1991, 1993; Ryerson and Watson, 1987;
Pearce and Peate, 1995). However, in contrast to IAB, these rocks have
higher abundances of all incompatible elements, and in this sense,
they approach OIB, particularly in their REE distribution pattern. Their
intermediate character between IAB and OIB makes it possible to com-
pare these basalts with low-Ti basalts in the trap (LIP) provinces having
similar geochemical features (Al'mukhamedov et al., 2004).

5.2.2. Continuous association
In this association, basaltic flows are compositionally similar to rocks

of the basalt association (Section 5.2.1). They are also rich in rare
lithophile elements; however, they possess a more distinct positive
anomaly of Ba (Fig. 9b,c). In this case, we should underline the differ-
ence of geochemical parameters between low-Ti and mid-Ti basalts.
The former are depleted in nearly all incompatible elements, except
for Ba and Sr. At the same time, they are similar in the pattern of REE
211
differentiation (La/Yb)n ~ 6 for low-Ti basalts, (La/Yb)n ~ 7 for mid-Ti
basalts.

In comparison to the basalts, the other units of the continuous series,
basaltic trachyandesites, trachyandesites and trachytes (Fig. 9d) and
trachydacites-trachyrhyolites (Fig. 9e), show an increase in Rb, Th, U,
Nb, Ta, Zr, Hf, a negative Nb\\Ta anomaly, and negative anomalies of
Sr, P and Ti.

Rhyolites of continuous association (SiO2 > 74 wt%) are depleted in
incompatible elements. In this respect, they are close to the average
composition of the upper continental crust (Fig. 9e) from which they
differ by having much lower contents of P, Ti and HREE. In comparison
with them the trachyrhyodacites (SiO2 ~ 65–74 wt%) are enriched in
nearly the entire spectrum of incompatible elements. As regards geo-
chemical features, they are similar to trachytes, and only distinguished
by lower P and Ti. Their compositions are not fractionated in the HREE
nor in the MREE areas.



Fig. 14. Tectonic discriminant diagram Th/Yb vs. Ta/Yb (Pearce, 1982) illustrating that: 1)
the basalt, continuous and alkaline associations belong to compositional field of the active
continental magin-related series; 2) the ultramafic-mafic association predominantly
belongs to compositional field of the mantle depleted (mid-oceanic ridge basalts type);
and 3) the bimodal association belongs to the compositional field of the within-plate
series. MORB = Mid-Oceanic Ridge Basalts, WPB= Within-Plate Basalts.
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5.2.3. Alkaline association
The rocks with SiO2 ~ 41–54 wt%, volcanic nephelinites, tephrites,

phonotephrites and tephrophonolites, show some differences with ba-
salts of the other ASRS associations. Considering Nb, Ta, LREE and
MREE contents, they belong to the OIB type (Fig. 9f). The Nb\\Ta mini-
mum (negative anomaly) is small and unimpressive. At the same time,
these rocks have anomalously high contents of Rb, Ba, Th, U, Sr and
HREE exceeding those in OIB. They are however impoverished in Ti
and are close in TiO2 to basalts of low-Ti group of ASRS. As compared
to mafic alkaline volcanics, the plagioclase ijolites of the Belogorsk plu-
ton (Vrublevsky et al., 2016) are poor in incompatible elements, except
for Rb, Sr, P and U.

In volcanic phonolites and alkaline trachytes (SiO2 ~ 54–63wt%) the
concentrations of incompatible elements increase (Fig. 9g) in compari-
son with the rocks with SiO2 ~ 41–54 wt%. The HSFE and REE abun-
dances considerably exceed those in the rocks of the upper
continental crust. Low Ba, Sr, P and Ti typify alkaline volcanics. Foyaites
of the Belogorsk pluton are similar in composition to phonolites and al-
kaline trachytes, but are distinguished by higher Ba, and lower Ti, Zr, Hf,
MREE and HREE.

5.2.4. Bimodal association
In northwesternMongolia, high-Ti basalts of bimodal association are

rich in LREE ((La/Yb)n ~ 11) andHSFE, and haveweakpositive anomalies
in Nb and Ta ((Nb/La)n ~ 1.05, (Ta/La)n ~ 1.16), and are similar in com-
position to OIB (Fig. 9h). In pantellerites and peralkaline granites
(SiO2 ~ 68–70 wt%), the contents of rare lithophile elements, except
for Ba, Sr, P and Ti are noticeably in excess of those in crustal rocks
(Fig. 9i). In these rocks, in contrast to continuous association, there is a
distinct negative Eu anomaly ((Eu/Eu*)n ~ 0.15), which indicates a
marked input of fractionation to their formation.

5.3. Sr and Nd isotopes

Twenty-six samples of volcanic rocks have been analyzed for isotope
composition of Sr, Nd, and results are listed in Tables 2 and 3. These
samples are distributed among the associations as follows: basalt - 10,
continuous - 10, bimodal - 6. These are augmented by literature data
for rocks of the alkaline association (Vrublevsky et al., 2016) and gran-
ites of the bimodal association (Kovalenko et al., 2004b).

Sr and Nd isotopic data confirm the differences for each association
revealed from geochemical data. Thus, all rocks of the basalt and contin-
uous associations (Fig. 10a-c) are rich in radiogenic Sr (εSr (395) > 5.1)
and depleted in radiogenic Nd (εNd(395) < 6.2) in comparison with
rocks of the bimodal association. In the continuous association the
mid-Ti basalts are more depleted in Sr composition (εSr
(395) ~ 5.7–6.0) against low-Ti basalts (εSr (395) ~ 7.0–8.0). High-Ti ba-
salts are distinguished by much lower radiogenic Sr (εSr
(395) ~ (−13.6)–1.2) but retain the tendency to be enrichedwith radio-
genic Nd (εNd (395) ~ 6.1–7.7).

6. Discussion

6.1. Magmatic sources and diverse Ti-types of LIP-basalts

Geological and mineralogical signatures of magmatic rocks in ASRS
(Altay-Sayan LIP; Kuzmin et al., 2010; Kravchinsky, 2012; Ernst et al.,
2020) are broadly similar to other complexes of LIP in accordance
with the criteria proposed by Bryan and Ernst (2008) and Ernst
(2014). The magmatic rocks in the ASRS (also Altay-Sayan LIP) consist
of voluminous mafic magmatism including picrites centred on a triple
junction rift system but also distributed over a broader region. Geo-
chemical features of basic rocks in the ASRS typify basalts of LIPs,
which include varieties with both high-Ti and low-Ti abundances
(Ernst, 2014). Such basalts occur in many provinces, e.g. Siberian
Traps LIP (Al'mukhamedov et al., 2004; Wooden et al., 1993; Ivanov
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et al., 2013), Karoo LIP of South Africa (Neumann et al., 2011; Jourdan
et al., 2007) and Emeishan LIP in southern China and Vietnam (Xu
et al., 2004). Some LIP basalts may be close to OIB composition at high
contents of TiO2, (Nb/La)pm and (Ta/La)pm. Such basalts are comparable
with magmas of mantle plumes (Campbell, 2001; Ernst et al., 2005;
Condie, 2001; Kieffer et al., 2004; Saunders et al., 1992; Xia, 2014; Xia
and Li, 2019). Other LIP basalts have low abundances of TiO2 (Wilson,
1989), Nb and Ta (Thompson et al., 1984). They are related either
with the products of melting of lithosphere or hydrated mantle, or
with contamination of mantle melts with crustal components (Wood,
1980; Saunders et al., 1992; Kieffer et al., 2004; Xia et al., 2008).

This range in the composition ofmafic rocks also occurs in the volca-
nic associations of the ASRS. There are also intermediate and felsic rocks
present and their formation is linked with contamination of primary
melts with the upper crust material and via melt fractionation.
6.2. Magma evolution

Low-Ti (TiO2 ~ 1.27–1.56 wt%) and mid-Ti (TiO2 ~ 1.73–2.15 wt%)
basalts of ASRS (Fig. 9a–f) are analogous to the basalt groups of the Sibe-
rian Traps LIP with TiO2 ~ 1.01–2.45 wt% (Al'mukhamedov et al., 2004).
In this connection, the ASRSmight display some characteristics of mafic
melt evolution,which gave rise to formation of both the continuous and
alkaline associations. They (Fig. 11a–d) share a common pattern for
compositional evolution in low-Ti basalts.

The mid-Ti basalts evidently evolved during a time of fractionation
of Ti-magnetite, apatite, olivine and Ca-containing silicates, that agrees
with the data on their petrographic composition and with variations
of petrogenic elements (increase of SiO2 from 49.6 to 54 wt%, decrease
of TiO2 from 2.15 to 1.56 wt%, and reduction of P2O5, MgO, and СаO).
Low-Ti basalts of basalt and continuous associations modified their
composition due to fractionation only of olivine and Ca-containing sili-
cate that caused a sharp drop of MgO and CaO contents. In the continu-
ous association, the change of compositions from trachyandesite (about
55.5 wt% SiO2) to trachyte (64.5 wt% SiO2) was apparently due to frac-
tionation of Ti-magnetite, apatite, Mg-containing silicates, Ca-
containing silicates and accumulation of feldspar in residual melts fol-
lowing Bowen's (Bowen, 1928) trend of mineral crystallization. In the



Fig. 15. (a-b)Tectonic discriminant diagrams Nb vs. Y and Rb vs. Y + Nb (ppm) (Pearce
et al., 1984) for felsic rocks of the Devonian continuous and bimodal associations of the
Altai-Sayan Rift System. These diagrams show that the trachydacites-trachyrhyolites and
pantellerites are most related to within-plate series, and that the high-Si low-alkaline
rhyolites belong to compositional field of the arc-related, collisional-related series.
COLG = collisional granites, WPG = within-plate granites, ORG = ocean ridge granites,
VAG = volcanic arc granites.
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line of compositions from trachytes to rhyolites, there appear rockswith
anomalously low contents of TiO2, P2O5, MgO, and СаO. Therefore, we
infer, that felsic volcanics of the continuous association have their own
pattern of development, which distinguishes them from the products
of progressive differentiation of basalt magmas.

On the plots in Fig. 12a–g, the basalt-trachyte trend of the continu-
ous association exhibits a direct correlation between the contents of in-
compatible elements (Zr, Nb, Ta, La, Yb, Rb, Th, U) and increase in SiO2

values; it is changed in trachytes at SiO2 values of about 63–65 wt%.
Trachydacites and rhyolites demonstrate different geochemical be-

havior, showing inverse ratios between REE and SiO2 contents. The
REE growth starts from rhyolites compositionally similar to the
anatectic crustal granites exemplified by granite-pegmatites of the
Oshurkovskii massif of the western Trans-Baikal region (Litvinovsky
et al., 2005). It is notable that themarginal zone between the two differ-
ent trends (SiO2 ~ 65 wt%) displays the broadest scatter of contents of
both petrogenic and incompatible elements..

Importantly, the behavior of pairs of incompatible elements re-
flects crustal contamination during formation of felsic rocks of the
continuous association (Fig. 13). On this plot, there are linear trends
between trachydacites and anatectic granite-pegmatites of the
Oshurkovskii massif. On the plots Th/La vs. Nb/La, Th/La vs. Zr/Nb,
Th/La vs. Ta/Yb and Th/La vs. Th/Nb, the trends bend at the boundary
between trachytes and rhyolites. Fractionation along the basalt-
trachyte trend contributed to a moderate enrichment of rocks with
Th, Nb and Ta. The appearance of low-alkaline high-Si rhyolites was
accompanied by the deviation of compositions towards anatectic
granite-pegmatites (Litvinovsky et al., 2005), pointing to close compo-
sitions of their sources. The plots also illustrate the compositional var-
iations of rocks of the bimodal magmatic association. Basalts to
pantellerites demonstrate a different trend, indicating that crust con-
tamination never affected rocks of this association.

The compositional data for the basalt association of theKopjevsk and
Novosjelovsk areas (Figs. 11a–d and 12a–g) links to beginning of the
modified composition trend for low-Ti basalts of the continuous associ-
ation. This indicates both associations being linked to the same mag-
matic source.

Compared to the continuous association, the rocks of the bimodal
magmatic association display a break in composition between high-Ti
(TiO2 ~ 2.17–4.05 wt%) basalts and associated pantellerites and
peralkaline granites. The high-Ti basalt compositions of bimodal mag-
matic association evolved through differentiation of mid-Ti basalts of
continuous association. Primitive compositions represent mostly low-
Si (SiO2 = 43.9 wt%) and high-Ti (TiO2 = 4.05 wt%) varieties. With in-
creasing SiO2 the TiO2, P2O5, MgO, and CaO abundances noticeably de-
crease, suggesting fractionation of Ti-magnetite, apatite, Mg-
containing silicates and Ca-containing silicate (Fig. 11a–d). Felsic
rocks, e.g. trachyrhyolites and pantellerites, are separated from mafic
rocks by a gap at intermediate composition, but geochemical and iso-
tope data demonstrate a genetic relationship between mafic and felsic
rocks. High-Ti basalts of this association are enriched in Zr, Nb, Ta and
La of mid-Ti and low-Ti basalts of the Batenevsk area. High-Ti basalts
(Fig. 9h) share affinity with the basalts of the Siberian Trap LIP (high-
Ti basalts (TiO2 = 3.59 wt%; Wooden et al., 1993). Their compositions
begin the trend (solid line) of an increase in incompatible element
abundance (Fig. 12a–g) along the entire range of SiO2 featuring mag-
matic differentiation and the appearance of residual pantellerite-
peralkaline granite melts with anomalously high contents of rare
lithophile elements.

Complicated relationships are typical for rocks of the alkaline associ-
ation. They have low contents ofMgO pointing to a high degree of initial
fractionation frommantlemelts. Considering their petrogenic evolution
they resemble the rocks of basaltic and continuous associations
(Fig. 11a–d). At the same time, volcanic rocks (SiO2 ~ 45–54 wt%)
have anomalously high U, Sr, HREE (Fig. 9f), and they show growth of
incompatible elements with increasing SiO2 (Fig. 12a–g). High values
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of Rb, Th and U contents are analogous to those in pantellerites-
peralkaline granites.

In northwestern Mongolia, the compositions of picrites and
picrodolerites lie at the beginning of the trend for low-Ti mafic rocks
(Fig. 11a,c). These rocks are poor in TiO2, P2O5, and incompatible ele-
ments. Picrites with high MgO display a weak positive anomaly of Sr,
slight depletion in U and Th, and the lowest concentrations of REE
(Fig. 9j). Izokh et al. (2011) inferred that the composition of these
rocks indicated their cumulative nature.

On the geochemical diagram Th/Yb vs. Ta/Yb (Fig. 14; Pearce, 1982),
the compositions of both low-Ti and mid-Ti basalts have negative Ta
anomalies similar to that exhibited by active continental margin
magmatism and that effect is plausibly due to contamination of melts
with lithospheric material. The bimodal associations with high-Ti ba-
salts exhibit the features of amantle plumewithout contamination pro-
cesses involved.
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Similar geochemical patterns apply to the felsic rocks. Thus, on the
Nb vs. Y and Rb vs. Y + Nb tectonic discrimination diagrams (Fig. 15;
Pearce et al., 1984), the trachydacites-trachyrhyolites (SiO2 from 69 to
72 wt%) of the continuous association are transitional between arc-,
collision-related and within-plate settings. However, low-alkaline
high-Si rhyolites (SiO2 from 74 to 77 wt%) have volcanic-arc and colli-
sional affinities. Pantellerites (SiO2 from 68 to 71 wt%) of the bimodal
association plot in the within-plate fields.

These lines of evidence indicate that the composition of mantle
sources of rocks of basaltic, continuous, alkaline and bimodal associa-
tions were heterogeneous. Its products were basalts with low, middle
and high TiO2 abundances and varying concentrations of incompatible
elements. Their evolution resulted in formation of basalts with diverse
TiO2 contents and variable abundances of incompatible elements.

In all the associations, isotope (Sr, Nd) compositions of mafic rocks
(Fig. 10a) shifted from the line of mantle correlation towards the crustal
substrates rich in radiogenic strontium. Such a deviation apparently re-
flects assimilation by mantle melts of a component with high Sr, in-
creased value 87Sr/86Sr and low REE abundances. These criteria could
fit carbonate rocks, which subducted into themantle in the Early Paleo-
zoic. Their input into the mantle source areas could result in melts
enriched in radiogenic strontium. The largest deviation of isotope com-
positions of magmatic sources from the trend of mantle correlation is
observed inmid-Ti and low-Ti basalts of the basaltic, continuous and al-
kaline associations. This pattern ismarked by the appearance of subduc-
tion geochemical signatures, e.g. reduced Nb and Ta contents (negative
anomalies). High-Ti basalts of the bimodal association that deviate the
least from the line of mantle correlation, thus suggesting less volumi-
nous contamination of high-Ti melts.

In the continuous association, trachytes and rhyodacites are similar
in isotope parameters to the low-Ti basalts. In rhyolites with low abun-
dances of rare lithophile elements, εSr(395) increases to 20.6 (Fig. 10b)
alongwith a slight decrease in εNd(395) from1.8 to 1.5 (Fig. 10c); these
trends are consistent with the interpretation of the role of crustal com-
ponents being added to the basalt magma.

In contrast, the peralkaline granitoids of the Khaldzan-Buregtei mas-
sif, which is also part of the bimodal association, show quite different
characteristics. The isotope composition of neodymium expressed
through εNd(395) varies from 4.4 to 8.7 which indicates moderately
depleted to profoundly depleted mantle (Kovalenko et al., 2004b). By
their isotope parameters, they correspond to the composition of high-
Ti basalts, and a commonmantle source. In particular, this demonstrates
the leading role of fractionation differentiaton of parental mafic
magmas to produce alkaline-granitoid melts.

6.3. Plume-lithosphere interactions

Considering the geological setting in that part of the Siberian
paleocontinent, which was remote from any convergent boundaries,
the ASRS appears to have an intraplate nature. As discussed above, the
presence of a triple rift junction of sizable graben-like troughs and addi-
tional widespread grabens and troughs surrounding this junction, as
well as the voluminous basaltic magmatism (with the charactreristics
of a LIP), indicate that amantle plume controlledmagmatic and tectonic
characteristics of this region.

6.3.1. Comparison with the late Cenozoic magmatic province of East Asia
The conflicting evidence for the geodynamic setting of the ASRS can

potentially be understud through a comparison with the Late Cenozoic
magmatic province of East Asia (Yarmolyuk et al., 1996, 2011a, 2015).
The latter includes island arc systems on the border with the Pacific
Ocean, rift structures along the continent margin and separate volcanic
areas scattered over a huge area from the Japan arc and into northeast
China reaching the Altai ranges. The Late Cenozoic magmatic province
started in the Late Cenozoic about 30 Ma ago (Yarmolyuk et al.,
2011a) and preceded the tectono-magmatic activity which commenced
214
on the continentalmargin about 20Ma ago that accompanied the open-
ing of the Sea of Japan.

This broad region include volcanics with both continental margin
and within-continent (within-plate) geochemical signatures
(Martynov, 1999; Hanyu et al., 2006; Lee et al., 2011; Yoshida et al.,
2014; Hoang and Uto, 2003). Formation of this province can be
interpreted in twoways. According to some themagmatism in themar-
ginal part of the continent ismainly linkedwith subduction-related pro-
cesses (Wang et al., 2011; Sakuyama et al., 2013; Chen et al., 2015), in
particular, with the interaction of asthenosphere and lithosphere man-
tle (Hoang and Uto, 2003) or back-arc mantle upwelling (Chen et al.,
2017). However, there are also magmas with a within plate singature
and showing geochemical and isotopes signatures similar to OIB-type
basalts (Yarmolyuk et al., 2011a, 2015).

Basic rocks of the Late Mesozoic - Cenozoic within-plate volcanic
areas of Central Asia demontstrate such characteristics. In the Early Cre-
taceous, they produced basalts showing pronounced Ta-Nb minimum
(negative anomalies) irrespective of the level of enrichment with in-
compatible elements. In the end of the Early Cretaceous, this feature
gradually decreased, and in the very end of Early- beginning of Late Cre-
taceous the basic rocks acquired the Ta-Nb maxima (positive anomaly)
and full similarity to the OIB-type basalts. Such variability of composi-
tions of basic rocks was caused by the impact of mantle plumes on the
metasomatised mantle (Yarmolyuk et al., 1998, 2015, 2019). While
magmatism developed in those areas, the metasomatized component
was digested by the ascending mantle and but later ascending melts
were not affected by metasomatized mantle.

The age differences, as well as remoteness of some within-plate
areas from the subduction zone (up to over 3,000 km away from the
subduction zone), allows formulation of the following interpretation,
that the Late Cenozoic volcanic province in the east of Asia was formed
in the area of interaction of the mantle hot field (mantle plume?) and
convergent boundary. This point is verified by low-velocity seismic
anomalies recorded at least in the uppermost part of the lower mantle
in the basement of some of the volcanic areas (Hangai, South Baikal
and Hainan) (Chen et al., 2015; Mordvinova et al., 2015). This model
is relevant to the interpreting the ASRS magmatism. However, there is
a difference. In the case of the Late Cenozoic magmatism of East Asia,
subduction was coeval with the “hot mantle field”, the plume-related
magmatism. But, in the case of theAltay-Sayan event the Early Paleozoic
subduction event that caused mantle metasomatism was much earlier
than the plume-related magmatism of the ASRS.

6.3.2. Model of combined effects of plume and subduction
The evident similarity in the general structure of magmatic province

of East Asia and Devonian volcanic province of the Altai-Sayan area sug-
gests a similar scenatio of formation for the latter. We assume, that the
rift part of the province (ASRS) originated above a large mantle plume,
and so magmatism acquired some features similar to LIPs. As discussed
above, the magmatic associations of the ASRS largely include the prod-
ucts of mafic magmatism, which are similar to LIP basalts (Cox et al.,
1967; Marsh et al., 2001; Jourdan et al., 2007; Bryan and Ernst, 2008)
and similarly vary in the contents of TiO2 and incompatible elements.
In addition, like in the LIPs, their varieties are distributed over a large
area indicating heterogeneity of mantle sources involved in the forma-
tion of the ASRS.

It is now interpreted, that the low-Ti type of the LIP basalt magmas
indicates contamination with subcontinental lithosphere or continental
crust (Carlson, 1991; Peate, 1997; Ewart et al., 1998, 2004a, 2004b), and
high degree of partial melting of the upper mantle or melting at low
depths (Arndt et al., 1993; Xu et al., 2004). In contrast to that, the
high-Ti mafic series of LIPs normally shows geochemical and isotope af-
finity to the OIB intraplate basalts, and these magmas are explained by
melting of uncontaminated asthenosphere mantle or a plume compo-
nent (Arndt et al., 1993; Zhao et al., 1994; Ewart et al., 1998, 2004a,
2004b). At the same time, basalts of continental LIPs are quite diverse
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(Puffer, 2001); in places, they have a negative Nb\\Ta anomaly, which
might indicatemelt interactionwithmetasomatized lithospheremantle
that had been earlier modified by subduction processes.

The continuousmagmatic association displays geochemical features
similar to low-Ti basalts of LIP provinces, and like the Parana-Etendeka
and many other LIPs, they occur along with felsic magmatism resulting
from crustal anatexis (Peate et al., 1992; Hawkesworth et al., 2000;
Bryan et al., 2010; Ernst, 2014). Mafic rocks of the bimodal association
can be compared with high-Ti basalts of LIPs with an assumed plume
source of OIB type (Ernst, 2014).

The geochemical features of ASRSmagmatism indicate interaction of
magmatic sources of plumeand supra-subduction origin. TheASRS is lo-
cated in a fold belt, which emerged in the end of Cambrian-beginning of
Ordovician by accretion of island arc complexes to themargin of the Si-
berian continent. Accretion proceeded along with subduction phenom-
ena marked within the Altai-Sayan fold belt by numerous Early
Paleozoic granitoid complexes (Rudnev et al., 2013). These facts reflect
that accretion was followed by metasomatic processing of lithosphere
mantle with water-fluid involved (Scambelluri and Philippot, 2001). In-
volvement of this mantle affected the composition of melting products
(Humphreys and Niu, 2009; Till et al., 2011). With this evidence in
mind, formation of magmatic associations of the Altay-Sayan Rift Sys-
tem/LIP is interpreted as follows.

In the period when magmatic associations started to form in ASRS,
mantle plume magmas interacted with regional lithospheric mantle,
which was metasomatically modified and enriched with water during
the earlier Early Paleozoic (Caledonian) accretion and subduction
events. Melting of such lithosphere mantle produced magmas similar
in composition to those derived in subduction systems. This interpreta-
tion applies to the basalt magmas with low-Ti content and these melt
products combined with the mantle plume magma providing two
types of melts distinguished by their evolution pattern, e.g. moderately
alkaline and alkaline. The moderately alkalinemagmas arrived onto the
surface, and in addition to that, the magmas of this type also remained
in crustal chambers. This is where melts differentiated to trachyte
compositions with insignificant contamination from host crustal ma-
terial. Concurrently, partial melting of host rocks occurred in other
magma chambers resulting in formation of anatectic crust melts
under the thermal and magmatic impact of basaltic and differentiated
magmas. This process resulted in low-alkaline rhyolite magmas with
low abundances of incompatible elements, and which are poorer in
radiogenic Nd, but richer in radiogenic Sr than basaltic melts. The
end products of their evolution are similar to the composition of
crustal melts.

After exhaustion of initial basaltic magmas in peripheral chambers
the anatectic melts reached the surface as large extrusive sequences
that marked the termination of the continuous volcanic association. Al-
kaline magmas forming the continuous nephelinite-tephrite-
phonotephrite-phonolite association minimally interacted with crustal
rocks.

The high-Ti magmas which were responsible for generation of bi-
modal magmatic association with peralkaline rare-metal granites, re-
quired maximal input from a mantle plume. The geochemical
similarity of these basalts to OIB provide support for this interpretation.
The felsic derivatives of such melts are rich in rare-lithophile elements,
and they are similar to high-Ti basalt magmas with respect to the iso-
tope parameters of Sr and Nd. This evidence suggests their formation
in short-lived intermediate-depth crustal chambers via fractionation
without a significant input of continental crustal material.

7. Conclusions

Newly acquired geological and isotope-geochemical data coupled
with the results of preceding observations on the Devonan magmatism
of the Altai-Sayan Rift System (also known as the Altai-Sayan LIP) indi-
cate the following:
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(1) Five magmatic associations are recognized: basalt, continuous,
bimodal, alkaline and mafic-ultramafic. Mafic rocks exhibit a
wide variation of TiO2 (from 1.05 to 4.05 wt%) and are composi-
tionally intermediate between intraplate basalts of OIB type and
basalts of active continental margins of IAB type.

(2) The ASRS originated through a single magmatic pulse within the
time interval 407–392Ma in the southwestern framing of the Si-
berian Platform in a region thatwas composed of juvenile crustal
complexes of Early Paleozoic age.

(3) The ASRS was derived independently of the convergence/sub-
duction processes affecting the paleocontinent margin during
the Middle Devonian.

(4) The composition of someASRSmagmatismwas controlled by the
lithosphere mantle being metasomatized during the prior Cale-
donian accretion and subduction events.

(5) The ASRS structure involves variousmagmatic associations, with
the diversity of compositions defined by the varying extent and
character of crust-mantle interaction. The composition and
their diversity are interpreted as primarily controlled by amantle
plumewith subduction-like magmatic associations derived from
interaction with pre-Devonian metasomatized lithosphere. In
addition, some more differentiated magmas originated through
partialmelting of lowermafic crust and some experienced differ-
entiation and assimilation inmid-crustal chambers. This range of
compositional variations are similar to those in many other LIPs.
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