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Abstract—Geological, geochronological, and geochemical isotope studies are carried out for metamorphosed volcanic rocks and doler-
ites of the Maltsevka sequence of the Elash Group in the Biryusa block of the Siberian craton. It is found that mafic igneous rocks (dolerites
and basaltic andesites) are close in composition to intraplate basalts. Flat or slightly fractionated REE patterns ((La/Yb), = 1.3-2.3) and
positive gy(7) values of +3.7 and +4.1 are observed. It is assumed that the depleted asthenospheric mantle and, possibly, plume mantle
were the sources of these rocks, while the lithospheric mantle had no significant effect. Meta-andesites of the Maltsevka sequence belong
to the tholeiitic series and have high La, Th, and U contents. Pronounced negative Nb and Ti anomalies are observed in the multielement
patterns of these rocks, along with negative g,(7) values of —4.6. It is assumed that meta-andesites were resulted from the late Archean
crustal melting with the participation of the mantle material. Metarhyolites prevalent in the Maltsevka sequence are divided into two groups
similar in REE composition to 4-type and /-type granites. A-type metarhyolites show high contents of Zr, Y, Nb, Th, and REE (except for
Eu) and positive gy4(7) values of +2.2 and might have resulted from the melting of the source with geochemical isotope parameters close to
those of mafic igneous rocks of the Maltsevka sequence. /-type metarhyolites have low contents of Y, Yb, Zr, and Nb but high contents of
Th and show negative g,4(7) values of —3.7. They might have resulted from the melting of lower crustal diorite—tonalite rocks with addition
of juvenile mantle material to the magma generation area. U-Pb zircon dating of metarhyolites of the Maltsevka sequence corresponding
to A- and I-type granites showed that they are close in age, 1872 + 10 and 1874 + 10 Ma, respectively, which agrees with the age estimated
carlier for granitoids of the Sayan complex of the Biryusa block. The similar ages and structural positions, along with the localization within
the same structure, made it possible to unite volcanic rocks of the Elash Group and granitoids of the Sayan complex of the Biryusa block
into a Paleoproterozoic volcanoplutonic association. The rocks of the association form the Sayan—Biryusa volcanoplutonic belt stretching
for about 300 km along the zone of junction of the Biryusa block of the Angara fold belt and the Archean Tunguska superterrane of the
Siberian craton. The belt is part of the large Paleoproterozoic South Siberian postcollisional magmatic belt formed at the final formation
stage of the Siberian craton, when it was possibly part of the Paleoproterozoic Columbia supercontinent.
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INTRODUCTION

Volcanoplutonic belts are crustal structures formed as a
result of a single stage of endogenic activity and composed
of volcanic and intrusive rocks of a similar age. Currently,
there are two Paleoproterozoic volcanoplutonic belts identi-
fied and well researched in the Siberian craton area. One of
them, the North Baikal belt, is a part of the South Siberian
postcollisional magmatic belt (Fig. 1). It was formed at the
postcollisional extension stage, which followed the estab-
lishment of the Siberian craton structure (Larin et al., 2003).
The rocks of the belt aged 1.87-1.85 Ga are represented by
volcanoterrigenous rocks of the Akitkan Group and granit-
oids attributed to the Irel complex (Neimark et al., 1991,
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1998; Larin et al., 2003; Donskaya et al., 2005, 2008). The
second one, i.e., the younger Bilyakchan—Ulkan belt, which
intersects the rocks at the east of the Aldan and Stanovoi
provinces (Fig. 1), was formed at the anorogenic stage of the
Siberian craton evolution. The rocks of the belt include vol-
canosedimentary deposits of the Bilyakchan and Ulkan
Groups, as well as magmatic rocks of the Ulkan—Dzhug-
dzhur association aged 1.74—-1.70 Ga (Nemark et al., 1992;
Larin et al., 1997, 2012; Didenko et al., 2010; Larin, 2011,
2014).

The third one, the Paleoproterozoic Sayan—Biryusa vol-
canoplutonic belt was identified in the Prisayan marginal
basement uplift in the south of the Siberian craton (the Biry-
usa block) as a result of thorough geological, geochrono-
logical, and geochemical isotope studies of volcanic rocks
of the Maltsevka sequence of the Elash Group and compari-
son of the data obtained with published research results on
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Paleoproterozoic granitoids of the Sayan complex. Similarly
to the North Bailkal belt, the Sayan—Biryusa volcanoplu-
tonic belt is a part of South Siberian postcollisional mag-
matic belt, and studying the formation details of its intrusive
and effusive rocks is a very topical problem, since volcano-
plutonic associations are formed rather rarely in postcolli-
sional geodynamic settings. The results of petrographic,
geochronological, geochemical, and isotope studies of vol-
canic rocks of the Maltsevka sequence of the Sayan—Biryusa
volcanoplutonic belt are presented in the paper, and possible
causes for different compositions of igneous rocks formed
within the same volcanoplutonic belt are considered.

GEOLOGICAL POSITION OF THE MALTSEVKA
SEQUENCE OF THE ELASH GROUP
OF THE BIRYUSA BLOCK

The Biryusa block is located in the southwest of the Sibe-
rian craton within the Prisayan marginal uplift. According to
the tectonic scheme produced by O.M. Rosen (2003), the
rocks of the block belong to the Angara fold belt (Fig. 1).
The Biryusa block is composed of late Archean rocks of the
Khailama and Monkress Groups overlapped by Paleopro-
terozoic rocks of the Elash and Neroi Groups (Fig. 2) (Beli-
chenko, 1988; Turkina et al., 2006; Dmitrieva and Nozhkin,
2012). In addition, granitoids of the Sayan complex aged
1.90-1.86 Ga are rather common in the Biryusa block
(Fig. 2) (Levitskii et al., 2002; Turkina et al., 2003, 2006;
Donskaya et al., 2014; Makagon et al., 2015). These granit-
oids intrude the Archean rocks of the Khailama and Monk-
ress Groups and Paleoproterozoic rocks of the Elash Group
and contact with late Paleoproterozoic rocks of the Neroi
Group along the tectonic zones (Belichenko, 1988; Dmit-
rieva and Nozhkin, 2012; Donskaya et al., 2014; Nozhkin et
al., 2015). Compositions of Paleoproterozoic granitoids of
the Sayan complex are rather diverse, as they include /-type
tonalites and diorites (Turkina, 2005; Turkina et al., 2006;
Makagon et al., 2015), two-mica S-type granites (Donskaya
et al., 2014) and biotite-amphibolic 4-type granites (Levits-
kii et al., 2002; Turkina et al., 2006; Makagon et al., 2015).

Until recently, the Elash Group has been one of the most
understudied stratigraphic units of the Biryusa block. The
rocks of the Elash Group fill the Elash graben overlaying the
Archean rocks and unite volcanoterrigenous rocks of the
Chasovenskaya and Maltsevka sequences (Fig. 3) (Galimo-
va et al., 2012). Chasovenskaya and Maltsevka sequences
are tectonically related, their relative stratigraphic positions
only being identified based on the indirect data (Galimova et
al., 2012). The rocks of the Elash Group are considered Pa-
leoproterozoic, since they overlay Archean rocks and are
intruded by granitoids of the Sayan complex. The lower
Chasovenskaya sequence is formed by metasandstones,
schists with various compositions, iron formation, and am-
phibolites over basaltoids (Galimova et al., 2012). The up-
per Maltsevka sequence is formed by metaterrigenous rocks,
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Fig. 1. Main tectonic elements of the Siberian craton and location of
the South Siberian postcollisional magmatic belt (modified from
(Rozen, 2003; Larin et al., 2003; Gladkochub et al., 2006)). /, main
provinces (superterranes); 2, Paleoproterozoic fold belts; 3, suture
zones; 4, basement uplifts; 5, outcrops of Paleoproterozoic rocks of the
South Siberian postcollisional magmatic belt; 6, outcrops of late Paleo-
proterozoic rocks of the Bilyakchan—Ulkan volcanoplutonic belt.
Numbers in circles read as follows: 1, Angara fold belt; 2, Akitkan fold
belt. Letters read as follows: BU, Bilyakchan—Ulkan volcanoplutonic
belt; Sa-Bir, Sayan—Biryusa volcanoplutonic belt; NB, North Baikal
volcanoplutonic belt.
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tuffs, and volcanic rocks with various compositions (Gali-
mova et al., 2012). Terrigenous rocks of the Maltsevka se-
quence include metasandstones, metasiltstones, and schists
with various compositions, while volcanic rocks include ba-
saltic andesites, andesites, dacites, and rhyolites with preva-
lence of felsic volcanic rocks. Volcanic rocks account for
the major part of sections (up to 90%) in some areas. In ad-
dition, subvolcanic facies rocks including metadolerites,
metagabbro-dolerites, granite-porphyry, rhyolites, and da-
cites are identified in the Maltsevka sequence (Galimova et
al., 2012).

GEOLOGICAL AND PETROGRAPHIC
CHARACTERISTICS OF THE MAIN
RESEARCH OBJECTS

Thorough studies rocks of the Maltsevka sequence of the
Elash Group were carried out in two sites, one in the Tagul
river basin (hereinafter Tagul site) and one in its tributary
Toporok River (hereinafter Toporok site). Here, volcanic
rocks are prevalent in the section, and intervals between them
are composed of metaterrigenous rocks and tuffs (Fig. 3).
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Fig. 2. Geological structure of the Biryusa block of the Prisayan basement uplift of the Siberian craton (modified from (Yanshin, 1983; Donskaya
et al., 2014)). 1, Central Asian fold belt; 2, Phanerozoic rocks of the Siberian Platform cover; 3, Devonian volcanosedimentary rocks of overlap-
ping troughs; 4, Paleozoic granitoids; 5, Vendian—late Riphean sedimentary rocks; 6, Paleoproterozoic granitoids of the Sayan complex; 7, Paleo-
proterozoic volcanoterrigenous rocks of the Elash Group; 8, Paleoproterozoic—late Archean rocks of the Biryusa block (undivided); 9, Paleopro-
terozoic rocks of the Urik—lya terrane; /0, Archean rocks of the Sharyzhalgai basement uplift; //, Main Sayan Fault.

Bedrock outcrops in the Tagul site (Fig. 3) primarily re-
veals gray-green metavolcanic rocks with small metamor-
phosed dolerite bodies.

Felsic metavolcanic rocks of the Tagul site are metamor-
phosed rocks with porphyric texture. Porphyry impregna-
tions are represented by relict phenocrysts of partially seriti-
cized plagioclase. The groundmass mostly consists of quartz
and feldspar, which in some areas display a relict felsite
texture, as well as sericite, chloritized biotite, and epidote.
Newly formed quartz porphyroblasts are observed in some
areas. In addition, quartz may form secondary veinlets
sometimes in combination with albite, chlorite, and epidote.
Accessory minerals are represented by zircon, sphene, or-
tite, and ore mineral.

Metamorphosed dolerites (mafic subvolcanic rocks) are
characterized by cataclastic and granoblastic textures, as

well as by relict porphyric, microdolerite, and intersertal
textures. Relict porphyric phenocrysts are represented by
plagioclase laths, while the groundmass is formed mostly by
fine-grained plagioclase aggregate, as well as larger horn-
blende aggregates, which possibly replace clinopyroxene,
and actinolite. Chlorite partially develops over hornblende.
Metamorphosed dolerites include ore mineral as a second-
ary mineral with its content reaching 5%.

Bedrock outcrops in the Toporok site (Fig. 3) reveal the
alteration of gray-green, gray, and light gray metavolcanic
rocks with various compositions with small metamorphosed
dolerite bodies. Intermediate-mafic and felsic volcanic rocks
are observed within isolated sites, i.e., alteration of interme-
diate-mafic and felsic volcanic rocks was not observed with-
in the same outcrop.
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Felsic metavolcanic rocks of the Toporok site are altered
to various degrees and display lepidogranoblastic, porphy-
roblastic, and cataclastic textures, which, however, include
preserved areas of relict porphyric and felsite textures. Por-
phyric phenocrysts are represented by relict sericitized pla-
gioclase. The felsic metavolcanic rock groundmass consists
mostly of a quartz-feldspar aggregate, sericite, and biotite
replaced mostly by chlorite. Individual varieties show a uni-
directional localization of scaly minerals, which determines
the schistose character of these rocks. In addition, porphy-
roblastic structures of newly formed quartz are observed in
metavolcanic rocks. Accessory minerals are represented by
zircon, tourmaline, and rutile.

Mafic metavolcanic rocks mostly consist of fine-grained
lepidogranoblastic quartz-feldspar groundmass with nonuni-
formly distributed chlorite and ore mineral. Occasionally,
the structures are similar to relict porphyric plagioclase bod-
ies. In addition, newly formed biotite porphyroblasts are ob-
served in the rocks.

Mafic metavolcanic (basaltic andesite) rocks are meta-
morphosed rocks with lepidoblastic texture with areas of
preserved relict pilotaxic and porphyric textures. Porphyry
phenocrysts are represented by saussuritized plagioclase
laths. The groundmass mostly consists of plagioclase, am-
phibole (actinolite), chlorite, biotite, and ore mineral.

Metamorphosed dolerites (mafic subvolcanic rocks) of
the Toporok site are similar to metadolerites of the Tagul
site, apart from areas with intense manifestations of plagio-
clase saussuritization.

METHODS

Nineteen samples of metamorphosed volcanic rocks and
three samples of metadolerites from the Maltsevka sequence
were analyzed for contents of major, trace, and rare-earth
elements. Sm—Nd isotope analysis was performed for five
samples. U-Th-Pb zircon dating was carried out for two
samples of felsic volcanic rocks. Sample points for geo-
chemical, isotope, and geochronological studies are shown
in Fig. 3.

Contents of major elements were determined via silicate
analysis at the Center Geodynamics and Geochronology of
the Institute of the Earth’s Crust SB RAS (analysts M.M. Sa-
moilenko and N.Yu. Tsareva). Contents of rare and rare-
earth elements were determined by ICP-MS method at the
Ultramicroanalysis common use center of the Limnological
Institute SB RAS using an Agilent 7500ce quadrupole mass
spectrometer (Agilent Technologies Inc., the USA) (analyst
S.V. Panteeva). Element concentrations in samples were
calculated with reference to G-2 and GSP-2 international
standards. Chemical decomposition of the samples for ICP-
MS analysis was performed at the Center for Geodynamics
and Geochronology of the Institute of the Earth’s Crust SB
RAS via lithium metaborate melting using the technique de-
scribed in (Panteeva et al., 2003), which made it possible to
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Fig. 3. Geological structure of the middle Tagul site. /, Paleoprotero-
zoic volcanoterrigenous rocks of the Maltsevka sequence of the Elash
Group; 2, Paleoproterozoic volcanoterrigenous rocks of the Chasoven-
skaya sequence of the Elash Group; 3, Paleoproterozoic granitoids of
the Sayan complex; 4, late Archean (?) rocks of the Biryusa block
(undivided); 5, main faults; 6, sample points (1, Tagul site, sample
Nos. 1526, 1527, 1528; 2-5, Toporok site: 2, samlpe Nos. 1512, 1513,
1514, 1515, 1516, 1517, 3, sample nos 1518, 1519, 1520, 1521, 1522,
1523, 4, sample Nos. 1524, 1540, 1541, 1542, 1543, 1544, 5, sample
No. 1525).
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achieve complete dissolution of all minerals. Errors in ICP-
MS measurements of trace and rare-earth element contents
did not exceed 5%.

Sm—Nd isotope analysis was carried out at the Institute of
the Earth’s Crust SB RAS. Volcanic rock samples in the
form of thinly grated powders were consecutively treated
with 2M HCI solution and ultrapure water (ELGA purifica-
tion system) before chemical sample preparation to remove
secondary mineral phases. The processed 100 mg samples
were dried, and a '"Sm—"""Nd tracer solution was added.
Chemical decomposition was performed in a HNO,~HF-
HCIO, concentrated acid mixture at the temperature of
about 140—-160 °C until their complete dissolution. The ag-
gregate of rare-earth elements was isolated in columns filled
with 2 ml BioRed AG 50Wx8 resin. Further Sm isotope
separation from Nd was performed in columns filled with
LnSpec resin using the technique described in (Pin and Zal-
duegui, 1997). Static modes of Nd and Sm isotope ratios
were obtained using the Finnigan MAT-262 multicollector
mass spectrometer at the Center for Geodynamics and
Geochronology of the Institute of the Earth’s Crust SB RAS.
ISNd/'"**Nd measurements were normalized by the
146N d/"Nd = 0.7219. Measurement accuracy for Sm and
Nd concentrations was 0.5%, 'YSm/'Nd isotope ratio
0.5%, and for “Nd/'“Nd 0.005% (2c). The average
weighted 'Nd/'*Nd value under the JNd-1 standard for the
measurement period of the data published was 0.512097 +
0.000013 (20, n = 8). Model isotopic ages Ty4(DM) and
eng(7) values were measured using the up-to-date values for
the chondrite uniform reservoir CHUR from (Jacobsen and
Wasserburg, 1984) and depleted mantle DM from (Gold-
stein and Jacobsen, 1988).
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Zircon was isolated from felsic metavolcanic rock sam-
ples (Nos. 1527 and 1540) via the standard technique with
the use of heavy liquids. Its morphological features were
studied using the CamScan MX2500S scanning electron mi-
croscope in secondary electron and cathodoluminescence
modes (Centre of Isotopic Research of the Russian Geologi-
cal Research Institute). U-Th—Pb zircon dating was perfor-
med using the SHRIMP-II secondary ion mass spectrometer
at the Centre of Isotopic Research of the Russian Geological
Research Institute. Manually selected zircon grains were im-
planted into the epoxy resin along with standard TEMORA
zircon grains, then the prepared sample was polished, and
gold sputtering was performed. U-Pb isotope ratios were
measured by SHRIMP-II using the technique described in
(Williams, 1998). The data obtained were processed using
the SQUID software suite (Ludwig, 2000). U-Pb isotope ra-
tios were normalized by 0.0665, which is the value attribut-
ed to the standard TEMORA zircon corresponding to the
zircon age of 416.75 Ma (Black et al., 2003). Concordance
plots were constructed using the ISOPLOT/EX software
suite (Ludwig, 1999). Individual analyses (of isotope ratios
and ages) were carried out with 1 sigma error, and concor-
dance age calculations are presented with 2 sigma error.

U-Th-Pb GEOCHRONOLOGY RESULTS

Metamorphosed felsic volcanic rock sample no. 1527
was collected in the Tagul site (55°21.042"N, 97°34.822" E).
The sample point is shown in Fig. 3. Accessory zircon in the
form of colorless and sometimes smoky transparent idio-
morphic crystals was isolated from the sample. Zircon grain
size varied from 150 to 250 um with crystal elongations of
1:2 and 1:3. Cathodoluminescent images of zircon display
magmatic zoning (Fig. 4a). Results for ten zircon grains are
presented in Table 1 and Fig. 4. Uranium and thorium con-
centrations in the grains analyzed are 152-488 ppm and
73-273 ppm, respectively. 2**Th/*33U isotope ratios vary
within the narrow range of 0.43 to 0.58. In U-Pb isotope
concordance plot (Fig. 4b), nine isotopic composition points
for the zircon analyzed are located in its concordance line,
while zircon concordance age is 1872 + 10 Ma (with mean
square weighted deviation (MSWD) of 0.043). Isotopic
composition point No. 10.1 was excluded from concordance
age calculations due to discordance of the values obtained
(Table 1). Given the morphological features of zircon, which
imply its magmatic origin, the age of 1872 = 10 Ma may be
interpreted as the estimate of zircon crystallization age and

Table 1. U-Pb zircon dating results for metarhyolites of the Maltsevka sequence of the Elash Group

Sample, . . o Isotopic ratios Age, Ma
crystal, y Pb., U, Th, 238Th/ Pb*, 238U/* zo7pb:/ 207pp*/ 206Pt:* / [T p——— ,,D’
crater 0 ppm  ppm U ppm  200phT 19 200" 04 2BU % PBUT 4% ) )

) (1) 1) 1)
Metarhyolites of the Tagul site (sample No. 1527)
1527 1.1 0.15 488 273 0.58 147.0 2.862 1.4 0.1143 0.72 5502 1.5 0.3492 14 0.886 1931+£23 1868+13 -3
1527 2.1 031 208 87 0.43 59.7 3.003 1.4 0.1157 1.50 5310 2.1 0.3328 1.4 0.685 1852+23 1891 +27
1527 3.1 021 274 123 046 79.1 2988 1.4 0.1141 095 5260 1.7 03345 1.4 0.828 1860+23 1865+ 17
1527 4.1 038 236 105 0.46 69.7 2914 1.5 0.1141 1.40 5400 2.0 03428 1.5 0.716 1900+24 1866+26 -2
1527 5.1 024 279 146 0.54 79.8 3.010 1.4 0.1150 1.00 5264 1.8 0.3320 1.4 0.809 1848+23 1880+ 19
1527 6.1 038 295 151  0.53 862 2952 14 0.1146 1.40 5350 2.0 0.3385 14 0.725 1879+23 1874+24
1527 7.1 063 152 73 0.50 439 2991 1.5 0.1136 1.80 5.230 2.3 0.3339 1.5 0.635 1857+24 1858+33
1527 8.1 038 254 116 047 75.3 2904 19 0.1151 1.10 5460 2.2 03440 1.9 0.861 190631 1882+20 -1
1527 9.1 0.09 330 178 0.56 944  3.001 14 0.1137 093 5222 1.7 03332 14 0.835 1854+23 1859+17 O
1527 10.1 020 297 154 0.54 927 2758 14 0.1150 1.10 5.740 1.8 0.3624 14 0.798 1993+25 1879+20 -6
Metarhyolites of the Toporok site (sample No. 1540)
1540 1.1 022 555 202 038 159.0 3.004 1.3 0.1146 0.79 5259 1.5 0.3328 1.3 0.859 1852+21 1874+14 1
1540 2.1 0.15 440 170 0.40 127.0 2982 1.3 0.1145 0.68 5293 1.5 0.3352 1.3 0.892 1863+22 1872+12
1540 3.1 1.29 250 106 0.44 70.2.0 3.097 14 0.1200 1.50 5330 2.0 03221 14 0.691 1800+22 1956+26
1540 4.1 029 748 497 0.69 220.0 2925 1.3 0.1139 0.67 5364 1.5 0.3417 1.3 0.895 1895+22 1862+12 -2
1540 5.1 1.04 271 117 045 79.7 2948 1.7 0.1146 1.50 5350 2.3 03385 1.7 0.737 1879+27 1873+28 0
1540 6.1 0.51 434 196 047 130.0 2.889 1.4 0.1138 091 5422 1.7 0.3457 1.4 0.832 1914+23 1860+17 -3
1540 7.1 0.55 441 353 0.83 126.0 3.020 1.4 0.1155 097 5269 1.7 0.3308 1.4 0.816 1842+22 1888+18 3
1540 8.1 0.57 404 361 0.92 116.0 3.020 1.4 0.1162 1.40 5300 2.0 0.3307 1.4 0.704 1842+22 1898+25 3
1540 9.1 0.58 633 253 041 187.0 2925 13 0.1152 0.86 5422 1.6 0.3415 1.3 0.841 1894+22 1882+15 -1
1540 10.1 025 492 277 0.8 143.0 2957 1.3 0.1167 1.20 5437 1.8 0.3380 1.3 0.741 1877+£22 190622 2

Note. 1o errors are used. Reference calibration error is 0.53%. Pb, and Pb* are normal and radiogenic lead respectively. (1), normal lead correction based

on 2Pb measurement is introduced. Rho is the correlation ratio of 2°°Pb/>**U and **’Pb/>**U isotope ratio calculation error, D is the discordance.
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Fig. 4. Cathodoluminescent images of zircon crystals («) and U-Pb dating concordance plot (b) for zircons from metamorphosed acid volcanic
rock of the Maltsevka sequence of the Elash Group (Tagul site, sample No. 1527). The dotted line indicates the isotopic composition point ex-

cluded from the concordant age calculation.

thus the age of felsic volcanic rocks of the Maltsevka se-
quence in the Tagul site.

The second metamorphosed acid volcanic rock sample
(no. 1540) was collected in the Toporok site (55°21,317" N,
97°34,783" E). Accessory zircon is isolated from this sample
in the form of honey-yellowish, transparent, oblong-pris-
matic, idiomorphic crystals. Zircon grain sizes varied from
120 to 300 pum, while crystal elongations varied between 1:2
and 1:4. Pronounced magmatic zoning is typical for the in-
ner structure of zircon crystals (Fig. 5a). The analysis results
for ten zircon grains are presented in Table 1 and Fig. 5b.
The grains analyzed display uranium and thorium contents
varying within ranges of 250-748 ppm and 106497 ppm

respectively, as well as 2*?Th/38U isotope ratio values of
0.38-0.92 (Table 1). In U-Pb isotopic concordance plot
(Fig. 5b), nine isotope composition points for the zircon
analyzed are located on the concordia line, while the concor-
dance age is 1874 + 10 Ma (with MSWD of 0.064). Isotope
composition point no. 3.1 corresponding to the zircon grain
with minimum U and Th concentrations and with maximum
206pp content was excluded from concordance age calculation
due to discordance of the values obtained. Given the morpho-
logical features of zircon, which imply its magmatic origin,
the age of 1874+ 10 Ma may be interpreted as the estimate of
zircon crystallization age and thus the age of felsic volcanic
rocks of the Maltsevka sequence in the Toporok site.
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Fig. 5. Cathodoluminescent images of zircon crystals («) and U-Pb dating concordance plot (b) for zircons from metamorphosed felsic volcanic
rock of the Maltsevka sequence of the Elash Group (Toporok site, sample No. 1540). The dashed line indicates the isotopic composition point

excluded from the concordant age calculation.

GEOCHEMICAL CHARACTERISTICS
OF IGNEOUS ROCKS
OF THE MALTSEVKA SEQUENCE

Igneous rocks of the Maltsevka sequence (volcanic rocks
and dolerites) are altered to various degrees as a result of
metamorphic transformations in conditions of the green-
schist and epidote-amphibolitic facies. In addition, small
veinlets consisting of newly formed minerals are observed
in these rocks. Thus, several plots, including the ones most
suitable for analyzing altered rocks, were used for reliable
classification of metamorphosed volcanic rocks and doler-

ites (Jensen, 1976; Winchester and Floyd, 1977). Composi-
tion points of metadolerites in the Toporok site on the clas-
sical TAS plot (Sharpenok et al., 2008) fall into the basaltic
andesite field, while metadolerites in the Tagul site fall into
the basalt field; imaging points for metavolcanic rocks with
various compositions in the Toporok site are mostly located
in andesite and rhyolite fields, the latter matching with both
normal-alkaline and low-alkaline series, whereas composi-
tion points of felsic volcanic rocks in the Tagul site fall into
the normal-alkaline rhyolite field (Fig. 6a). However, it
should be noted that metavolcanic rocks in the Toporok site
with SiO, content of 57.7 wt.% (Fig. 6a, Table 2) and quartz
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Table 2. Chemical compositions of basic and intermediate igneous rocks of the Maltsevka sequence of the Elash Group

Tagul site Toporok site

Components Metadolerite Metadolerites Basaltic meta-andesites Meta-andesites

1528 1514 1517 1525 1512 1513 1515 1516
SiO,, wt.% 49.25 52.71 52.75 57.73 62.75 61.57 63.42 59.11
TiO, 2.15 1.17 1.22 2.25 0.52 0.55 0.58 0.43
ALO, 16.77 14.98 14.04 11.21 16.76 17.21 16.64 15.81
Fe,0, 1.90 2.25 2.60 1.25 1.17 1.20 1.53 1.68
FeO 10.48 9.63 9.96 10.08 5.70 6.27 5.75 8.66
MnO 0.20 0.25 0.23 0.28 0.06 0.06 0.06 0.21
MgO 4.78 5.21 5.45 4.40 2.49 2.95 2.29 3.11
CaO 10.01 8.03 8.99 7.88 2.13 1.14 1.09 2.02
Na,O 2.93 3.47 2.55 1.69 4.14 5.69 5.40 2.27
K,0 0.31 0.62 0.31 1.31 2.59 0.80 2.17 3.58
P,0; 0.22 0.17 0.19 0.25 0.12 0.27 0.09 0.07
LOI 1.34 1.62 1.30 1.74 1.53 2.20 1.34 3.02
H,0~ 0.04 0.09 0.21 0.06 0.17 0.15 0.07 0.27
Co, <0.06 <0.06 0.08 <0.06 0.11 0.13 <0.06 0.07
Total 100.38 100.20 99.87 100.14 100.24 100.19 100.43 100.30
Rb, ppm 5 17 9 57 95 27 107 148
Sr 147 135 124 93 78 87 83 81
Y 36 23 31 48 28 32 25 24
Zr 105 97 115 159 114 114 112 108
Nb 5 6 7 6 14 14 13 12
Ba 52 124 73 211 575 300 1323 640
La 7.17 7.76 11.31 8.64 42.22 38.66 29.27 28.98
Ce 18.96 17.34 24.60 22.11 86.01 81.27 57.06 54.06
Pr 2.82 232 3.07 3.41 9.92 9.57 6.86 6.46
Nd 14.13 10.25 13.06 17.22 36.19 35.00 25.32 23.70
Sm 4.49 2.79 3.65 5.79 7.07 6.95 4.98 2.79
Eu 1.11 0.77 0.87 1.30 1.22 1.06 0.75 0.94
Gd 4.17 2.87 3.12 5.24 4.61 4.59 3.38 2.93
Tb 0.78 0.52 0.58 0.99 0.73 0.75 0.56 0.49
Dy 5.44 3.81 4.32 6.97 4.74 4.83 3.88 3.39
Ho 1.25 0.86 1.06 1.59 1.01 1.08 0.86 0.81
Er 3.68 243 3.18 4.51 291 3.06 2.55 2.47
Tm 0.57 0.38 0.49 0.68 0.44 0.46 0.39 0.38
Yb 3.40 2.37 3.18 4.14 2.65 2.88 2.33 2.38
Lu 0.59 0.42 0.52 0.72 0.46 0.48 0.39 0.40
Hf 3.00 2.54 3.16 4.60 3.60 3.39 3.42 3.15
Ta 0.35 0.38 0.45 0.52 1.24 1.26 1.16 1.04
Th 0.57 1.39 1.73 1.13 17.38 16.44 15.80 14.14
U 0.28 0.77 0.82 0.85 425 4.46 3.65 3.49
Mg# 45 48 48 45 44 46 40 39
(La/Yb), 1.36 2.12 2.30 1.35 10.33 8.67 8.11 7.87
(La/Sm), 0.91 1.59 1.78 0.86 3.43 3.19 3.37 5.96
Eu/Eu* 0.79 0.84 0.79 0.73 0.66 0.58 0.56 1.01
(Nb/La)py 0.64 0.70 0.56 0.68 0.32 0.35 0.43 0.39
Nb/Nb* 0.80 0.58 0.51 0.66 0.18 0.19 0.21 0.20
(Th/La)py, 0.65 1.45 1.24 1.06 333 3.44 4.36 3.94

Note. Mg# = Mg-100/(Mg + Fe*"), where Mg = Mg0/40.31, Fe*" = (Fe,0;* x 0.8998 x 0.85)/71.85; Ew/Eu* = Eun/(\/(Smn x Gd,)), Nb/Nb* = Nby,,/
(\/(ThPM x Lapy)).
n, Chondrite-normalized values (Wakita et al., 1970); PM, primitive mantle normalized values (Sun and McDonough, 1989).
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Components Tagul site Toporok site

1526 1527 1518 1519 1520 1521 1522 1523 1524 1540 1541 1542 1543 1544
Si0,, wt.% 76.81 7677 7296 7444 7496 7508 73.88  75.18 7727 7416 7383 7468 7556 7581
TiO, 0.18 0.14 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.07 0.06 0.06  0.06 0.06 0.06
AL O, 11.46 11.64 1454 1467 1386 1454 1451 1390  13.99 14.67 1454 1437 1472 14.09
Fe,O, 0.61 0.28 1.26 1.03 0.51 0.81 0.88 1.02 0.94 0.55 0.16  0.40 1.45 1.24
FeO 1.58 1.89 1.87 1.42 1.73 1.25 1.74 2.62 0.76 1.44 1.56 141 0.81 1.12
MnO 0.05 0.05 0.04 0.02 0.03 0.02 0.02 0.05 0.01 0.01 0.01  0.01 0.01 0.01
MgO 0.64 0.84 0.28 0.22 0.25 0.28 0.21 0.46 0.27 0.39 027  0.26 0.28 0.39
CaO 1.54 1.45 <0.02 <0.02 0.15 0.16 <0.02  0.08 0.09 0.32 029  0.19 0.11 0.20
Na,O 2.25 1.87 0.35 0.47 2.53 1.84 2.05 0.48 0.12 1.04 2,02 230 0.15 0.12
K,0 4.33 4.07 6.90 6.25 4.46 4.09 5.19 4.31 4.08 5.53 5.71 5.05 4.20 4.22
P,0O; <0.03 <0.03  0.04 0.07 0.04 0.04 0.04 0.03 0.06 0.04 0.04  0.04 0.22 0.27
LOI 0.58 0.64 1.51 1.52 1.08 1.36 0.99 1.79 1.87 1.46 1.09  1.07 1.90 1.79
H,0 0.02 <0.01  0.17 0.21 0.28 0.18 0.21 0.11 0.06 0.03 0.04  0.03 0.09 0.10
Co, <0.06 0.11 <0.06 <0.06 <0.06 <0.06 0.07 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.13
Total 100.06  99.75 9993  100.32 99.88  99.64 99.79  100.03 99.60  99.70 99.61 99.88  99.56  99.56
Rb, ppm 125 136 155 201 126 153 144 132 139 154 143 123 133 137
Sr 54 52 31 40 43 37 31 9 17 72 61 45 17 20
Y 85 101 6 5 6 6 5 5 5 6 6 6 4 5
Zr 265 239 81 82 79 80 77 72 74 77 74 69 74 77
Nb 28 24 10 11 11 10 10 10 10 10 10 9 10 10
Ba 653 662 1338 1469 876 655 740 435 305 851 1344 933 376 354
La 48.87 56.65  7.41 9.10 16.74 1890 13.71 1470  4.09 1273  17.01 1430  10.44 10.76
Ce 11023 116.13 1398  21.17 3833 3489 35.00 30.63 935 2690 36.08 28.88  23.64 2236
Pr 12.41 14.86  1.66 2.75 3.95 391 343 3.81 1.18 3.16 433 3.56 2.92 2.60
Nd 48.80 59.43  6.10 9.98 1443 1423 13.07 1407 447 11.65 16.18 1326 10.10  9.32
Sm 11.62 13.82 146 2.39 2.95 3.30 2.89 3.08 1.21 2.52 316 3.10 2.02 2.05
Eu 1.23 1.43 0.43 0.41 0.53 0.72 0.82 0.84 0.35 0.49 0.51 0.52 0.42 0.45
Gd 8.81 11.31 1.12 1.30 1.80 1.92 1.79 1.72 0.99 1.51 1.81 1.72 1.11 1.19
Tb 1.64 2.06 0.17 0.19 0.22 0.24 0.21 0.20 0.14 0.18 023 022 0.15 0.16
Dy 11.85 1452 1.12 1.03 1.17 1.27 1.04 0.96 0.84 0.98 1.15 1.11 0.75 0.90
Ho 2.99 3.37 0.24 0.20 0.20 0.23 0.19 0.17 0.17 0.19 020  0.19 0.14 0.18
Er 9.17 9.78 0.67 0.49 0.48 0.54 0.43 0.41 0.48 0.49 0.52 046 0.36 0.46
Tm 1.51 1.53 0.10 0.07 0.07 0.07 0.06 0.05 0.07 0.08 0.08  0.07 0.05 0.07
Yb 9.49 9.51 0.70 0.47 0.42 0.46 0.39 0.32 0.40 0.45 0.42 040 0.33 0.45
Lu 1.60 1.53 0.11 0.07 0.07 0.07 0.06 0.05 0.06 0.07 0.06  0.06 0.05 0.07
Hf 9.60 8.65 2.99 291 2.97 2.95 2.79 2.70 2.83 2.84 2775 245 2.71 2.57
Ta 2.32 1.96 0.99 1.16 1.13 1.12 1.41 1.07 1.09 1.04 .00 1.05 1.05 1.04
Th 20.12 18.83 12.28 13.82 13.37 13.12 1235 11.91 12.31 12.54 11.86 10.96 12.24 11.91
U 6.06 5.29 4.81 6.71 4.46 4.19 3.45 3.79 6.24 4.38 6.87 323 4.85 5.80
f 0.77 0.72 0.91 0.91 0.90 0.88 0.92 0.89 0.86 0.83 0.86  0.87 0.88 0.85
(La/YDb), 3.33 3.86 6.84 12.61 2560 26.72 22.64 2952  6.68 18.13 2634 2291  20.18 15.53
Eu/Eu* 0.38 0.35 1.03 0.72 0.71 0.89 1.11 1.13 0.99 0.77 0.66  0.70 0.86 0.89
T,°C 837 840 772 779 760 775 761 780 789 768 751 749 789 790

Note. /= FeO*/(FeO* + MgO), FeO* = FeO + 0.8998 x Fe,O;; Ew/Eu* = Eu,/ ,/(Sm,, xGd,,) ; n, chondrite-normalized values (Wakita et al., 1970); 7, °C,
zircon saturation temperature of the melt (Watson and Harrison, 1983).
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veinlets may have slightly increased silica content as a result
of secondary processes, while alkali contents in felsic volca-
nic rocks in the Toporok site not necessarily match the orig-
inal value (certain rocks display anomalously low Na,O
concentrations, while the K,0/Na,O ratio in volcanic rocks
varies from 2 to 35 (Table 3)). Composition points of met-
adolerites in the Tagul and Toporok sites, as well as metavol-
canic rocks with SiO, content of 57.7 wt.% in the Al,O5—
(FeO* + TiO,)-MgO plot (Jensen, 1976), which is better
suited for classification of altered rocks compared to TAS
plots, are concentrated in the high Fe tholeiitic basalt field;
intermediate metavolcanic rocks in the Toporok site fall into
the field of andesites and dacites of the tholeiitic series,
while felsic metavolcanic rocks in the Toporok site form a
continuous sequence from the rhyolite field of the tholeiitic
series to the rhyolite field of the calc-alkaline series, and
imaging points of felsic volcanic rocks in the Tagul series
are located at the interface between rhyolites of the tholeiitic
series and dacites of the calc-alkaline series (Fig. 6b). Com-
position points of metadolerites and metavolcanic rocks
with SiO, content of 57.7 wt.% in the Zr/TiO,—Nb/Y plot
(Winchester and Floyd, 1977), which is also suitable for the
analysis of altered rocks, fall into the andesite/basalt field,
intermediate metavolcanic rocks in the Toporok site are lo-
cated in the andesite field, and felsic volcanic rocks of the
Tagul site in the rhyolite field (Fig. 6¢). Imaging points of
felsic volcanic rocks in the Toporok site were not indicated
in the plot, since they display extremely low Y concentra-
tions (4—6 ppm), which makes the use of the plot impossi-
ble. Thus, four groups of rocks, which unite rocks with close
chemical compositions, may be defined based on the afore-
mentioned classifications as follows: metadolerites of Tagul
and Toporok sites and metavolcanic rocks with SiO, content
of 57.7 wt.% (mafic igneous rocks); intermediate metavol-
canic rocks in the Toporok site; felsic metavolcanic rocks in
the Toporok site and felsic metavolcanic rocks in the Tagul
site. A geochemical description of the Maltsevka sequence
will be given below for each of the four defined groups.

Mafic igneous rocks of the Maltsevka sequence corre-
spond to high Fe tholeiitic basalts and basaltic andesites of
the normal-alkaline series by their chemical composition
(Fig. 6a—c). The rocks are characterized by moderately high
contents of TiO, = 1.17-2.25 wt.% and P,0; = 0.17—
0.25 wt.%. Geochemical features of the studied mafic rocks
are low concentrations of Nb (57 ppm), moderate concen-
trations of La (7-11 ppm) and Th (0.6—1.7 ppm), as well as
increased contents of Y (24-48 ppm) and Yb (2.4-4.1 ppm).
The mafic rocks under study also display slightly fraction-
ated distribution of rare-earth elements ((La/Yb), = 1.3-2.3)
(Fig. 7a). Multielement plots normalized for primitive man-
tle (Sun and McDonough, 1989) show different spectra in
the domain of strongly incompatible elements and close or
parallel spectra in the domain of moderately or slightly in-
compatible elements, along with weakly expressed negative
Nb-Ta anomaly, pronounced negative Sr anomaly, and
weakly expressed positive Ti anomalies (Fig. 7b).

Intermediate metavolcanic rocks in the Toporok site in
terms of their chemical composition are the most similar to
normal-alkaline andesites of the tholeiitic series (Fig. 6a—c).
The rocks display moderately high Mg# values of 39—46
(Table 2). Intermediate metavolcanic rocks have lower TiO,
and Sr contents and higher Ba, Nb, LREE, Th, and U con-
tents compared to mafic rocks (Table 2). Concentrations of
elements, such as Y, Zr, and HREE are similar in intermedia-
te and mafic rocks (Table 2). Fractionated distribution of
rare-earth elements with (La/Yb), = 8-10 is common for
meta-andesites, while negative tilts of the spectra are obser-
ved in the domain of light rare-earth elements ((La/Sm), =
3-6) and flat spectra in the domains of medium and heavy
rare-earth elements ((Gd/Yb), = 1-1.5), along with weakly
expressed or absent negative europium anomaly (Eu/Eu* =
0.56-1.01) (Fig. 7¢). Multielement spectra for andesites re-
veal the mismatch in the domain of strongly incompatible
elements (Rb, Ba, and K), while the spectra are similar or
parallel in domains of other elements with negative (Nb-Ta,
Sr, and Ti) and positive anomalies (Th-U) (Fig. 7d).

Felsic metavolcanic rocks in the Toporok site correspond
to rhyolites of the normal-alkaline series in terms of their
geochemical features (Fig. 6a—c). The rocks belong to the
tholeiitic series and display high iron index (f'= 0.83-0.92)
(Table 3). Metarhyolites show high Al,O, contents of 13.9—
14.7 wt.%, low TiO, contents below 0.07 wt.%, as well as
varying Na,O concentrations of 0.12-2.53 and increased K,O
concentrations of 4.1-6.9 wt.% (Table 3). Contents of the lat-
ter two elements may be altered rather significantly as a result
of secondary rock alterations, and contents of large-ion litho-
phile elements may thus not match with the original values as
well. Specific features of felsic volcanic rocks in the Toporok
site include low contents of Y (4—6 ppm), Nb (9—11 ppm), Zr
(69-82 ppm), La (419 ppm), and increased Th concentra-
tions (11-14 ppm) (Table 3). The rocks show strongly frac-
tionated spectra of rare-earth elements ((La/Yb),= 7-30) with
absence of the europium anomaly (Eu/Eu* = 0.66-1.13)
(Fig. 7e). Negative Nb, Sr, and Ti anomalies and positive
Th-U anomalies are observed in multiclement spectra
(Fig. 7f). Despite high iron index, felsic metavolcanic rocks
in the Toporok site are similar to I-type granites in terms of
rare-earth element contents (Chappell and White, 1992).

Felsic metavolcanic rocks in the Tagul site are different
from felsic metavolcanic rocks in the Toporok site in terms
of their geochemical features, even though they are also
typified as rhyolites of the normal-alkaline series (Fig. 6a—
¢). Metarhyolites in the Tagul site have low iron index
(f = 0.72-0.77), moderately high contents of MgO = 0.64—
0.84 wt.% and CaO = 1.45-1.54 wt.% for rhyolites and low
concentrations of TiO, = 0.14-0.18 wt.%, AL,O; = 11.46—
11.64 wt.%, and P,05 < 0.03 wt.% (Table 3). High contents
of Zr (239-265 ppm), Y (85—100 ppm), Nb (24-28 ppm), La
(49-57 ppm), and Th (19-20 ppm) are typical for metavol-
canic rocks (Table 3). Metarhyolites in the Tagul site show
moderately fractionated spectra of rare-earth elements ((La/
YD), = 3—4) and pronounced negative europium anomaly
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(Ew/Eu* = 0.35-0.38) (Fig. 7g). Parallel spectra with nega-
tive Nb—Ta, Sr, P, and Ti anomalies are observed in multi-
element spectra for metavolcanic rocks (Fig. 7/). Metarhyo-
lites in the Tagul site may be typified as both /-type and
A-type granites based on contents of petrogenic elements
(Chappell and White, 1992; Whalen et al., 1987). At the
same time, concentrations of trace and rare-earth elements
in them imply that they are close to A-type granites (Whalen
et al., 1987).

Nd ISOTOPE GEOCHEMISTRY

The data on Nd isotope composition indicates that rocks
with both positive and negative g,,(7) values are present in
the Maltsevka sequence (Table 4). Metamorphosed dolerites
of Toporok and Tagul sites have close positive gy,(7) values
of +3.7 and +4.1, respectively (Table 4, Fig. 8). Positive
eng(7) value of +2.2 was also calculated for metarhyolites in
the Tagul site. Nd model isotopic age for this rock is 2.2 Ga.
At the same time, meta-andesite in the Toporok site displays
negative g,(7) value of —4.6 with late Archean Nd model
isotopic age (7(DM) = 2.6 Ga) (Table 4, Fig. 8). Negative
eng(T) value of 3.7 and T(DM) = 2.7 Ga were calculated
for metarhyolites in the Toporok site as well (Table 4,
Fig. 8).

DISCUSSION

Petrogenesis of magmatic rocks
of the Maltsevka sequence

Mafic igneous rocks of the Maltsevka sequence (metad-
olerites and metavolcanic rocks) are close to intraplate ba-
salts in terms of their compositions (Gladkochub et al.,
2001; Turkina, 2014). The rocks display reduced magne-
sium index (Mg# = 45-48), moderately high concentrations
of TiO, (1.17-2.25 wt.%) and P,O; (0.17-0.25 wt.%) (Ta-
ble 2), and rare-earth element concentrations 10 times as
high as those in chondrites (Fig. 7a). Trace element contents
and distribution plots of rare-earth and trace elements for
metadolerites and metabasaltoids are similar to the plots for
oceanic plateau basalts with flat spectra of rare-earth ele-

ments, while different from the plots for classical OIB-type
basalts (Fig. 7a, b). Despite the significant secondary altera-
tions, mafic rocks show rather good correlations between La
and Nb (» = 0.89), La and Th (» = 0.81) with lack of correla-
tion between these pairs and losses on ignition (LOI), which
makes it possible La, Nb, and Th for classification of rock
sources. The rocks analyzed display weakly expressed nega-
tive Nb anomaly in multiclement spectra (Nb/Nb* = 0.51—
0.80, (Nb/La)py, = 0.56-0.70), however, (Th/La),, and (La/
Sm), indicator ratio values both under and over 1 are com-
mon for them (Table 2). These ratios of elements in total
with positive g,,(7) values calculated for metamorphosed
dolerites in Toporok and Tagul sites may indicate that an
insignificant negative Nb anomaly in multielement spectra
may be the characteristic of their mantle sources, rather than
the result of crustal contamination (Kerrich et al., 1999;
Turkina and Nozhkin, 2008). Composition points of igneous
rocks of the Maltsevka Formation in Nb/Y-Zr/Y (Condie,
2005) and Ce/Nb—Th/Nb (Saunders et al., 1988) plots fall
into domains of oceanic plateau basalts (Fig. 9a, b). Since
the Paleoproterozoic rocks of the Elash Group, which in-
cludes the Maltsevka sequence, were formed within the Elash
graben overlaying late Archean rocks, the oceanic plateau is
not considered the geodynamic formation setting for dolerites
and basaltoids of the Maltsevka sequence. The case under
consideration makes it possible to discuss the composition of
the mantle subjected to melting under the continental Biryusa
block, which is close to oceanic plateau basalts in terms of
geochemical isotope parameters. The mixing of the depleted
asthenospheric mantle and plume mantle in the source area
with no significant effect of the lithospheric mantle appears to
be the most likely scenario.

Intermediate metavolcanic rocks as compared to mafic
rocks are characterized by increased contents of elements
prevailing in the continental crust, i.e., La, Th, and U. Geo-
chemical indicator ratios comparable to those in the conti-
nental crust (La/Sm, = 3.2-6.0, (Th/La),y, = 3.3-4.4, and
(Nb/La),,, = 0.32-0.43), along with multielement spectra
with pronounced negative Nb and Ti anomalies and negative
eng(T) values are typical for meta-andesites (Tables 2 and 4,
Fig. 7c, d). At the same time, meta-andesites have moder-
ately high Mg# values (39-46) slightly lower or matching

Table 4. Sm—Nd isotopic data results for igneous rocks of the Maltsevka sequence of the Elash Group

Content, ppm YISm/MNd  3Nd/"Nd ed(D)  Tyo(DM), T((DM-2st),
Sample No. Rock Age, Ma
Sm Nd +20 Ma Ma
Tagul site
1528 Metadolerite 1870 3.7 10.7 0.1854 0.512706 + 16 4.1 - 2028
1527 Metarhyolite 1870 7.5 31.0 0.1301 0.511930 + 14 22 2220 2182
Toporok site
1514 Metadolerite 1870 2.7 8.8 0.1636 0.512417£7 3.7 - 2061
1512 Meta-andesite 1870 5.7 28.7 0.1082 0.511312+ 10 —4.6 2645 2742
1520 Metarhyolite 1870 2.8 12.1 0.1269 0.511592 + 13 -3.7 2725 2662
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Fig. 8. gyy(7), SiO, plot for igneous rocks of the Maltsevka sequence
of the Elash Group. See Figs. 6, 7 for designations. FC, fractional crys-
tallization trend, AFC, simultaneous assimilation and fractional crys-
tallization.

those of mafic rocks of the Maltsevka sequence. The data
available make it possible to assume that andesites were for-
med as a result of crustal source melting with possible par-
ticipation of the mantle material. In theory, andesites could
also be derived from mafic magmas formed by the litho-
spheric mantle and characterized by negative g.,(7) values.
However, mafic metavolcanic rocks of the Maltsevka se-
quence turned out to have isotope composition and contents
of main petrogenic oxides and trace elements comparable to
those of similarly aged tonalites of the Podporog massif and
diorites of the Uda massif of the Biryusa uplift (Fig. 10a—c),
whose formation was associated with the melting of the late
Archean diorite-tonalite-gneiss crustal source with addition
of juvenile mantle material (Turkina et al., 2006). Thus, an-
desites of the Maltsevka sequence were most likely formed
as a result of melting of a mixed mantle-crustal source.
Felsic metavolcanic rocks in the Tagul site are character-
ized by rare-earth element compositions close to those of
A-type granites with high concentrations of Zr, Y, Nb, Th,
and REE (aside from Eu). At the same time, the rocks display
low FeO*/(FeO* + MgO) ratio values of 0.72—0.77, which in
total with low Al,O, concentrations (11.5-11.6 wt.%) makes
it possible to only compare metarhyolites in the Tagul site to
the oxidized A-type granites or even calc-alkaline granites
(Dall’ Agnol and Oliveira, 2007). Zircon saturation tempera-
tures of the melt were estimated using zircon thermometer
developed by E.B. Watson and T.M. Harrison (Watson and
Harrison, 1983) at ~840 °C (Table 3), i.e., they are moder-
ately high for melts with 4-type granite properties (Creaser
and White, 1991; Skjerlie and Johnston, 1993; King et al.,
1997). Thus, it may be assumed that initial rhyolitic melts in
the Tagul site were formed in oxidizing conditions under
increased H,O activity. Metarhyolites analyzed in the Tagul
site have positive g4(7) value of +2.2, which is only slight-
ly less radiogenic, than that of metadolerites of the Malt-
sevka sequence (Fig. 8). In addition, metarhyolites and maf-
ic igneous rocks show partially overlapping high Y/Nb
values (3.02—4.20 in metarhyolites and 4.2-7.9 in mafic ig-
neous rocks) acting as indicators for assessment of source
compositions of A-type acid igneous rocks (Eby, 1992).
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Fig. 9. Nb/Y-Zr/Y (Condie, 2005) () and Ce/Nb—Th/Nb (Saunders et
al., 1988) (b) plots for mafic igneous rocks of the Maltsevka sequence
of the Elash Group. See Fig. 6 for designations. Domains in the plot (b)
according to (Turkina and Nozhkin, 2008) are as follows: I, island-arc
basalts; II, Lau back-arc basin basalts; III, Ontong Java and Broken
Ridge oceanic plateau basalts. ARC, island-arc basalts; N-MORB, mi-
docean ridge basalts; OIB, oceanic island basalts; OPB, oceanic pla-
teau basalts; DM, depleted mantle; PM, primitive mantle; DEP, deep
depleted mantle; REC, recycled mantle; EN, enriched mantle; DMM,
depleted MORB mantle; RSC, oceanic crustal restite; SDC, subduction
mantle; CC, continental crust; UCC, upper continental crust.

Thus, A4-type rhyolite formation in the Tagul site was most
likely associated with the melting of the source close to ba-
sic igneous rocks of the Maltsevka sequence in terms of iso-
tope parameters. As of now, no rocks with isotope and
chemical compositions completely similar to those of rhyo-
lites of the Tagul site are observed among granitoids of the
Sayan complex (Fig. 10).

Despite the high iron index, felsic metavolcanic rocks in
the Toporok site show increased Al,O; concentrations of
13.9-14.7 wt.% with SiO, contents of 73—77 wt.%, low con-
tents of Y, Nb, Zr, and La, and fractionated spectra of rare-
earth elements ((La/Yb), = 7-30), which makes it possible
to compare them to /-type granites. Zircon saturation tem-
peratures of the melt for metarhyolites of the Toporok site
are 750-790 °C (Table 3), which corresponds to temperatu-
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Fig. 10. FeO*/(FeO* + MgO)-SiO, (Frost et al., 2001) (@), FeO*/MgO—(Zr + Nb + Y + Ce) (Whalen et al., 1987) (b), and Rb—(Y + Nb) (Pearce,
1996) (c) plots for igneous rocks of the Sayan—Biryusa volcanoplutonic belt. /-3, Maltsevka sequence: /, meta-andesites of the Toporok site, 2,
metarhyolites of the Toporok site, 3, metarhyolites of the Tagul site; 4-8, Sayan complex: 4, diorites of the Uda massif (Turkina et al., 2006), 5,
granites and leucogranites of the Uda massif (Turkina et al., 20006), 6, tonalites of the Podporog massif (Turkina et al., 2006), 7, two-mica S-type
granite domain of the Biryusa massif (Donskaya et al., 2014), &, biotite-amphibolic A-type granite domain of the Barbitai massif (Levitskii et al.,
2002). Domains in the plot (b): A, A-type granite domain; FG, fractionated M-, /-, and S-type granite domain; OGT, nonfractionated M-, /-, and
S-type granite domain. Domains in plot (c): VAG, volcanic arc granites; ORG, oceanic ridge granites; WPG, intraplate granites; syn-COLG,

syncollision granites; post-COLG, postcollision granites.

res at initial crystallization stages of high-temperature I-type
granites (Chappell et al., 1998). Metarhyolites analyzed in
the Toporok site have negative ey,(7) values of —3.7, which
makes it possible to consider continental crustal rocks as the
source of these metarhyolites. It is believed that crustal me-
taigneous rocks may be the source of /-type felsic rocks in
the syncollision setting (Turkina et al., 2006; and references
therein). A slightly less radiogenic composition of metar-
hyolites in the Toporok site compared to late Archean rocks
of the Khailama series of the Biryusa block (Turkina et al.,
2006), as well as high Th concentrations (11-14 ppm) in
metarhyolites indicate that lower crustal diorite-tonalitic
rocks may be considered as the most likely source of these
metarhyolites with possible addition of juvenile mantle ma-
terial to the magma generation site. Metarhyolites in the

Toporok site turned out to have similar composition to leu-
cogranites of the Uda massif of the Biryusa uplift (Fig. 10a—
¢), which are also assumed to have a mixed mantle-crustal
source (Turkina et al., 2000).

Thus, the data obtained make it possible to conclude that
Maltsevka sequence of the Elash Group unites volcanic
rocks of similar ages with various compositions. Originally
the magmatism could have been caused by movement of the
mantle material towards the crustal base followed by its in-
trusions in the form of doleritic and mafic volcanic dikes. In
addition, mantle melts acted as the heat source that caused
continental crustal melting in the Biryusa block, as well as
the source of mantle material in process of formation of
mixed mantle-crustal parental melts for intermediate and
felsic rocks in the Toporok site.
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Tectonic consequences

U-Pb isotopic age estimates for metarhyolites of the
Maltsevka sequence in the Tagul and Toporok sites turned
out to be almost identical (1872 + 10 and 1874 + 10 Ma,
respectively) and overlapping within the measurement error
with age estimates for granitoids of the Sayan complex of
the Biryusa block (1.90-1.86 Ga) (Levitskii et al., 2002;
Turkina et al., 2003, 2006; Donskaya et al., 2014; Makagon
et al., 2015). Thus, volcanic rocks of the Elash Group and
granitoids of the Sayan complex may be united into a single
volcanoplutonic association based on closeness of their ages
and geological positions. In addition, the aforementioned
similarity of isotope and chemical compositions between in-
termediate and felsic metavolcanic rocks in the Toporok site
of the Maltsevka sequence and granitoids of the Uda massif
of the Sayan complex (Fig. 10) is also an argument in favor
of identification of a single volcanoplutonic association.

It was repeatedly noted earlier (Turkina et al., 2006; Gali-
mova et al., 2012; Donskaya et al., 2014) that Paleoprote-
rozoic granitoids in the Biryusa block form a single exten-
sive magmatic belt. The results of geochronological and
geochemical isotope studies of igneous rocks of the Malt-
sevka sequence of the Elash Group presented in this paper
made it possible to extend this belt via combining granitoids
and volcanic rocks into a single volcanoplutonic association
and thereby identify a volcanoplutonic rather than granitoid
belt. The belt referred to as Sayan—Biryusa belt stretches
over about 300 km in the NW direction along the junction
zone between the Biryusa block of the Angara fold belt
and Archean Tunguska superterrane of the Siberian craton
(Figs. 1, 2). The specific feature of the belt is that it unites
granitoids and volcanic rocks of similar ages with hetero-
geneous geochemical isotope parameters. The presence of
I-type diorites, tonalites, and rhyolites (Turkina, 2005;
Turkina et al., 2006; the present paper), two-mica S-type
granites (Donskaya et al., 2014), A-type granites and rhyo-
lites (Levitskii et al., 2002; Turkina et al., 2006; the present
paper), and basic igneous rocks is observed in the Sayan—
Biryusa belt. It was shown earlier in (Donskaya et al., 2014)
that postcollisional granitoids of the Biryusa block were
formed at increased temperatures within the syncollisional
structure generated in process of integration of continental
blocks and terranes of different geodynamic origins into a
single structure, which ensured diversity of substrates sub-
jected to melting and thus led to the formation of granitoids
with various compositions. It was assumed in the cited paper
that high-temperature values calculated for the granitoids of
the Biryusa block are associated with movement of the man-
tle material towards the crustal basement. The results of iso-
tope studies of magmatic rocks of the Maltsevka sequence
of the Elash Group presented in this paper confirm the ear-
lier assumption. It is mafic metadolerites and metavolcanic
rocks of the Maltsevka sequence with positive gy,(7) values
that are derivatives of the mantle source at the basement of
the Biryusa block. If we apply the discussion of modeling

efforts from (Sylvester, 1998) to the Biryusa block, we may
conclude that a major volume of magmatic rocks of close
ages with various compositions in the Biryusa block could be
associated with lithospheric thinning as a result of delamina-
tion that followed the main collision events, which led to up-
lift of mantle magmas to the crustal basement with their fur-
ther intrusion into the continental crust, where they could
either act as heat sources or interact with the crustal material
to form granitoids and volcanic rocks.

The discovery of the Paleoproterozoic volcanoplutonic
belt in the Biryusa block made it possible to talk about two
Paleoproterozoic belts within the South Siberian postcolli-
sional magmatic belt in the south of the Siberian craton, spe-
cifically Sayan—Biryusa and North Baikal volcanoplutonic
belts (Fig. 1). Felsic igneous rocks of close ages with similar
geological positions, i.e., postfolding postmetamorphic
structures, prevail in both belts (Neimark et al., 1991, 1998;
Levitskii et al., 2002; Larin et al., 2003; Turkina et al., 2003,
2006; Donskaya et al., 2005, 2008, 2014). However, granit-
oids and felsic volcanic rocks of the Sayan—Biryusa and
North Baikal volcanoplutonic belts show significant differ-
ences in geochemical parameters. Acid igneous in the North
Baikal belt have chemical compositions of A-type granites
(Neimark et al., 1998; Donskaya et al., 2005, 2008). As for
the Sayan—Biryusa belt, it was mentioned earlier that all
geochemical types of volcanic rocks and granitoids are en-
countered there. The following model may be proposed to
explain this phenomenon. The South Siberian postcollision-
al magmatic belt observable in the south of the Siberian
craton over a distance of over 2500 km intersects all the
main tectonic structures in this part of the craton (Fig. 1) and
on the global scale represents a major linking structure that
fixed the establishment of the unified Siberian craton (Larin
et al., 2003; Gladkochub et al., 2006), as well as its inclu-
sion into the Paleoproterozoic supercontinent Columbia
(Didenko et al., 2009). The last collision events in the south
of the Siberian craton date back to 1.90-1.87 Ga in the An-
gara—Kan, Biryusa, and Sharyzhalgai blocks (Aftalion et al.,
1991; Poller at al., 2004, 2005; Turkina et al., 2006, 2012;
Sal’nikova et al., 2007; Levchenkov et al., 2012; Urmant-
seva et al., 2012; Nozhkin et al., 2016), 1.92—1.90 Ga in the
Aldan shield (Frost et al., 1998; Kotov, 2003; Kotov et al.,
2004; Larin et al., 2006), and 1.91-1.88 Ga in the Stanovoi
uplift (Larin et al., 2004; Glebovitsky et al., 2008, 2009).
These age estimates make it possible to consider the rocks
of the South Siberian magmatic belt as postcollision struc-
tures. Since Biryusa block was attached to the Siberian cra-
ton at about 1.9 Ga (Turkina et al., 20006), i.e., at the final
stage of the craton structure formation, the diversity of igne-
ous rock compositions that started forming immediately af-
ter collision events in the process of orogenic structure col-
lapse seems inartificial (Sylvester, 1998). The North Baikal
volcanoplutonic belt, which may be considered a postcolli-
sional structure on the global scale of formation of the uni-
fied structure of the Siberian craton, may also be viewed as
an anorogenic structure on the regional scale of the Akitkan
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fold belt, which it intersects, since the main collision events
within the Akitkan fold belt were finished 1.98-1.97 Ga
(Donskaya et al., 2016), i.e., approximately 100 Myr prior to
the formation of the rocks of the North Baikal belt. In other
words, one might consider that on the local scale the rocks
of the North Baikal belt are formed in intraplate settings that
favor the formation of the rocks close to A-type granites,
which is the case within this volcanoplutonic belt. Thus, the
rocks with diverse geochemical parameters, which possibly
reflect the specifics of collision events in certain parts of the
craton, are unified within the extensive South Siberian Pa-
leoproterozoic postcollisional magmatic belt.

CONCLUSIONS

U-PD zircon dating of metarhyolites of the Maltsevka se-
quence of the Elash Group of the Biryusa block showed
ages of 1872 + 10 and 1874 + 10 Ma, which match with the
age estimates obtained for granitoids of the Sayan complex
of the Biryusa block (Levitskii et al., 2002; Turkina et al.,
2003, 2006; Donskaya et al., 2014; Makagon et al., 2015).
Since volcanic rocks of the Elash Group and granitoids of
the Sayan complex of the Biryusa block are similar in terms
of age and geological position and are placed within the
same structure, they were united a single volcanoplutonic
association.

Metamorphosed igneous rocks of the Maltsevka sequence
of the Elash Group are represented by volcanic rocks, spe-
cifically basaltic andesites, andesites, dacites, and rhyolites,
with prevalence of felsic volcanic rocks, and subvolcanic
rocks, including dolerites. Based on chemical compositions,
the analyzed rocks were divided into four groups: (1) mafic
rocks (metadolerites and metavolcanic rocks) close to high
Fe tholeiitic basalts and normal-alkaline basaltic andesites
in terms of chemical composition; (2) meta-andesites of the
normal-alkaline tholeiitic series; (3) normal-alkaline metar-
hyolites with geochemical parameters of /-type granites; (4)
normal-alkaline metarhyolites with geochemical parameters
of A-type granites. Overall, the results of geochemical iso-
tope studies make it possible to conclude that the Maltsevka
sequence of the Elash Group unites volcanic rocks of similar
ages with various compositions.

Mafic igneous rocks of the Maltsevka sequence are close
to intraplate basalts in terms of chemical composition. The
assumption is that depleted asthenospheric mantle and pos-
sibly plume mantle were the sources of these rocks, while
lithospheric mantle had no significant effect. Geochemical
parameters of meta-andesites imply that they could have
been formed as a result of late Archean crustal source melt-
ing with participation of the mantle material. Metarhyolites
close to A-type granites in terms of trace element composi-
tion could have been formed as a result of melting of the
source with geochemical isotope parameters close to those of
basic igneous rocks of the Maltsevka sequence. Metarhyo-
lites close to I-type granites could have been formed as a re-
sult of melting of lower crustal diorite-tonalitic rocks with

possible addition of juvenile mantle material to the magma
generation site.

The results of geochronological and geochemical isotope
studies made it possible to unite the rocks of the Elash
Group and granitoids of the Sayan complex into the Sayan—
Biryusa Paleoproterozoic postcollisional volcanoplutonic
belt that stretches over a distance of about 300 km along the
junction zone between the Biryusa block of the Angara fold
belt and the Archean Tunguska superterrane of the Siberian
craton. The Sayan—Biryusa belt is a part of a major South
Siberian Paleoproterozoic postcollisional magmatic belt
generated at the final formation stage of the Siberian craton,
when it was possibly a part of Paleoproterozoic superconti-
nent Columbia.
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