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Abstract—Three different-age series of granitoid veins and dikes of the Baikal–Muya fold belt were studied.
Two of them, plagiogranites of the ophiolite complex and the first postophiolitic plagiogranites, are associ-
ated with the suprasubduction ophiolites of the eastern Baikal–Muya belt. The third series is represented by
hypabyssal tonalite–plagiogranite–leucogranite complex of the Kichera zone in the western Baikal–Muya
belt. The composition and isotope-geochemical characteristics (εNd(T) = –0.9; –1.3) of the plagiogranite
veins no more than 60 cm thick, and εNd(T) values (–1.8…+ 0.2) of host layered leucocratic gabbros in the
Sredne-Mamakan ophiolitic complex are consistent with the previously established suprasubduction nature
of the ophiolite association. Tonalites and plagiogranites of the dyke system of the post-ophiolitic magmatic
series intersect the dunite–pyroxenite–gabbro banded series of the Sredne-Mamakan ophiolites of the east-
ern Baikal–Muya fold zone. High Sr/Y ratios and low concentrations of Y and heavy REE indicate that these
granitoids are ascribed to the adakite series. LA-ICP-MS study of zircon from post-ophiolitic plagiogranites
yields the crystallization age of 629 ± 5 Ma. Sm–Nd isotope-geochemical characteristics of plagiogranitoids
(εNd(T) = +2.5; +4.0) in combination with geochemical data confirm their origin during partial melting of a
mafic protolith corresponding to the Neoproterozoic oceanic crust. The adakitic granitoids in the Kichera
zone of the western Baikal–Muya belt belong to the tonalite–leucogranite differentiated series of the
hypabyssal complex, which has no a direct spatial relationship with unambiguous ophiolite associations. The
chemical composition and Sm–Nd isotope-geochemical characteristics of these rocks (εNd(T) = +3.2…+7.1)
indicate the heterogeneity of the predominantly juvenile island-arc or oceanic Neoproterozoic crust, which
experienced partial melting at 595 ± 5 Ma.
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INTRODUCTION
Many ophiolite complexes comprise plagiogran-

ites, which are traditionally regarded as end product of
differentiation of mafic magmas (Coleman, 1979;
Savelieva et al., 2008). Granitoid derivatives frequently
intrude gabbroids or sometimes form small intrusive
stocks or separate dikes within dolerite sheeted dike
complex (Khain et al., 2008; Ryazantsev et al., 2015;
Furnes and Dilek, 2017). Using modern spreading
ridges and ophiolite complexes as examples, it was
proposed that acid magmas are formed by partial
melting of hydrothermally altered basalts and gab-
broids (Silantyev et al., 2014; Furnes and Dilek, 2017).

At the same time, it was established that some leu-
cocratic intrusions postdate ophiolite complexes.
These rocks could have adakitic affinity, i.e., are high-

Al sodic rocks with high Sr and low Y and HREE con-
tents. Their origin is thought to be related to the partial
melting of mafic protolith in equilibrium with garnet
(Drummond et al., 1996; Turkina, 2002; Luchitskaya,
2002; Condie, 2005; Martin et al., 2005; Efremov,
2010). Adakites are formed within a narrow range of
conditions and therefore are important geodynamic
marker, which indicates an age of partial melting of the
mafic oceanic lithosphere in deep suduction zones
(Defant and Drummond, 1990; Defant and Kepe-
zhinskas, 2001, and others) or lower crustal melting of
thick continental crust above subduction zone (Pet-
ford, Atherton, 1996), or beyond an active subduction
system (Xu et al., 2002, and others).

The determination of relations of plagiogranites
with rocks of ophiolite complex, their indicator geo-
12
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Fig. 1. Position of the studied objects in the geological structure of the region. (a) Tectonic scheme of the southern framing of the
Siberian Platform. Compiled after (Parfenov et al., 2003, 2010). (b) Geological scheme of the Northern Baikal region and Trans-
baikalia. Modified after (Konnikov et al., 1999; Fedotova et al., 2014). (1) Siberian platform; (2) Baikal–Patom Belt; (3) Baikal–
Muya Belt; (4) Yenisei–Transbaikalian Belt; (5) Mongol–Okhotsk Belt; (6) Tuva–Mongolian and Argun superterranes; (7) Sibe-
rian Platform: (a) cover, (b) basement consisting of the Akitkan volcanoplutonic belt; (8) Baikal–Patom Belt; (9) Kotera Zone
consisting of the volcanosedimentary complexes of the Kotera and Gorbylok formations; (10–13) Baikal–Muya Belt: (10) Muya
Block; (11) Synnyr rift structure, (12) Vendian–Lower Cambrian carbonate complexes, (13) undivided magmatic and metamor-
phic complexes of the Baikal–Muya Belt; (14) Paleozoic granitoids. Circled numerals show the studied areas: (1) Sredne-
Mamakan massif, (2) Slyudyanka–Rel interfluve; (3) coastal part of the northern termination of Lake Baikal, between the Cape
of Kurla (NE margin of Severobaikal’sk) and left bank of the Turkin River. 
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chemical and isotope parameters, age, source com-
position and genesis of plagiogranites, provides
insight into the geological evolution of convergent
plate margins.

These problems are solved by the example of the
Sredne-Mamakan ophiolite complex (Konnikov and
Tsygankov, 1992; Konnikov et al., 1994; Perelyaev,
2003; Tsygankov, 2005) located in the Karalon–
Mamakan zone of the eastern Baikal–Muya fold belt
(Figs. 1, 2). A typical ophiolite rock association is
recovered in tectonic sheets and nappes in the western
part of the Middle Vitim highland within the
Mamakan Block of the Karalon–Mamakan zone. “All
they are restricted to the Yakor’–Kaalu suture zone,
which is the analogue and western continuation of the
Yangudo–Param strike-slip–thrust “suture” “(Perel-
yaev, 2003, p. 7). The base of the section is made up of
ultramafic rocks and serpentinites of the Kaalu “mas-
sif”, which is restricted to the Kaalu–Sredniy
Mamakan watershed. Peridotites and gabbros of the
layered complex are recovered within the Sredne-
Mamakan “massif” occupying an area over 100 km2

in the Sredniy–Pravyi Mamakan interf luve (Fig. 2).
Following age estimates were obtained for the
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 1 
Sredne-Mamakan “massif” of the eponymous ophi-
olite complex:

(1) mineral isochron age (OPx, CPx, Pl) of 704 ±
71 Ma for leucocratic gabbronorites (Rytsk et al., 2001),

(2) isochron age of 774 ± 67 Ma on four rocks sam-
ples from a rhythm of layered series (clinopyroxenites,
gabbroids, including leucocratic gabbronorites with
minerals of the above isochron determination) (Rytsk
et al., 2001);

(3) SHRIMP zircon ages of 640 ± 4 and 650 ± 6 Ma
for two considered below plagiogranite dikes of the
Mamakan ophiolite association (Kröner et al., 2015).

The rocks of the Sredne-Mamakan “massif” are
ascribed to the 0.7–0.8-Ga stage of the formation of
layered plutons (Rytsk et al., 2007). At the same time,
the Sredne-Mamakan ophiolite association, which
includes the eponymous and Kaalu massifs (further,
massifs are referred to as traditionally distinguished
unis of fold belt with intrusive or tectonic contacts) is
interpreted as relict crust of marginal sea (Stanevich
and Perelyaev, 1997; Perelyaev, 2003) or as island-arc
ultramafic–mafic massif (Tsygankov, 2005).

The study object is plagiogranites, which have
cross-cutting relations with rocks of the dunite–
 2021
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Fig. 2. Geological scheme of the Sredne-Mamakan ophiolite massif. Compiled after (Perelyaev, 2003; Stanevich and Perelyaev,
1997). (1) Quaternary alluvial–proluvial sediments; (2) Paleozoic granitoids; (3) Vendian granites, granodiorites, and diorites of
the Lesnoy Complex; (4) Vendian–Cambrian carbonate-clastic rocks; (5) Riphean–Vendian coarse-clastic graywackes;
(6) Riphean–Vendian Yakor volcanosedimentary group; (7–12) Sredne-Mamakan ophiolite association: (7) gabbrodolerite,
dolerite (veins and dikes), basalts, cherts, (8) amphibole gabbro, (10) olivine gabbro and partially silicitized gabbro, (9) gab-
bronorite and gabbro, (10) olivine melanogabbro, gabbronorite, and gabbro, (11) wehrlite, dunite, olivine melanogabbro, troc-
tolite, (12) dunite–harzburgite complex, (13) tectonic (terrigenous, polymictic) mélange; (14) faults: (a) proved, (b) inferred;
(15) geological boundaries: (a) proved, (b) inferred; (16) granitoid veins (off-scale), localities and sample numbers; plagiogranites
sample 2768A (56°57.172′ N, 114°26.74′ E), sample 2774 in the Sredne-Mamakan ophiolite association (coordinates given earlier
in the article Kröner et al., 2015); tonalities sample 2792 (57°01.020′ N, 114°23.885′ E), plagiogranites sample 2793 from dikes in
the upper reaches of the Dremuchiy Brook, which cut across dunite–pyroxenite–gabbro of the banded complex of the Sredne-
Mamakan ophiolite association (57°01.056′ N, 114°23.875′ E; coordinates are given in the Pulkovo 1942 system). 
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pyroxenite–gabbro banded series of the Sredne-
Mamakan ophiolite complex. They are compared with
plagiogranites of the Sredne-Mamakan ophiolite
association, and granitoid dikes of the Kichera zone in
the western Baikal–Muya belt, which geochemically
correspond to adakites (Figs. 1, 3).

NEOPROTEROZOIC GRANITOID DIKES
IN THE BAIKAL–MUYA BELT

Several distribution zones of Neoproterozoic
island-arc metavolcanic rocks and ophiolite com-
plexes (Fig. 1) in association with gabbroids, granit-
oids, and sedimentary rocks of different age are distin-
GEOCH
guished in the Baikal–Muya fold belt (Klitin et al.,
1975; Dobretsov, 1983; Tsygankov, 1998). These zones
border with complexes of a Neoproterozoic paleobasin
formed on the Siberian margin (Fig. 1).

The metavolcanics and ophiolite association rocks
are most abundant in the Mamakan and Tallain blocks
of the Karalon–Mamakan zone in the east (Dobretsov
et al., 1992; Konnikov et al., 1994; Rytsk et al., 2001)
and in the Kichera zone in the west of the Baikal–
Muya fold belt (Konnikov et al., 1999, Tsygankov,
2005, and others). The metavolcanics in the Karalon–
Mamakan zone are represented by volcanosedimen-
tary rocks of the Karalon and Yakor’ sequences, while
EMISTRY INTERNATIONAL  Vol. 59  No. 1  2021
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Fig. 3. Geological structure of the western coast of Lake Baikal, between the Slyudyanka and Ludar bays: (a) a review scheme;
(b, c, d) schematic geological map of the Slyudyanka–Rel’ interfluve using data (V.P. Safronov, A.I. Trepalin, V.I. Smolkin et al.,
1969), and (Konnikov et al., 1999) modified after (Fedotova et al., 2014). (1) Quaternary undivided sediments (alluvial, proluvial,
deluvial, limnic, glacial, and aqueous–glacial): clay, loam, sandy loam, sand, pebble, debris, boulder, blocks; (2) undivided rocks
of the Olokit Zone: greenschists, amphibolites, limestone, gneiss; (3) Tectonites: mylonites, blastomylonites; (4–12) Neopro-
terozoic rocks of the Baikal–Muya Belt: (4) undivided, (5) two-pyroxene crystal schists, amphibolites, amphibolized gabbro;
(6) leucocratic crystal schists, enderbites, charnockites; (7) undivided gabbro and amphibole gabbro; (8) undivided gabbro, gab-
bronorite, olivine gabbro, troctolite, peridotite, pyroxenite; (9) amphibole gabbro; (10) gabbro, gabbronorite, olivine gabbro,
troctolite; (11) peridotite, pyroxenite; (12) veins and dikes off-scale: (a) complex of granodiorite–leucogranites, rarely garnet pla-
giogranites, (b) melanogabbro; (13) faults: (a) proved, (b) inferred; (14) geological boundaries: (a) proved, (b) inferred; (15) dip
and strike of (a) primary mineral lineation (magmatic), (b) metamorphic banding, (c) contacts of geological bodies, mineral foli-
ation; (16) sampling locality and number. 
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the northern part of the zone (Mamakan block) com-
prises ultramafic and mafic rocks and metavolcanics
of the Sredne-Mamakan ophiolite complex (Dob-
retsov et al., 1992; Konnikov et al., 1999; Stanevich
and Perelyaev, 1997; Perelyaev, 2003).
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 1 
The studied Late Neoproterozoic plagiogranite
bodies compose (1) small (up to 60 cm thick) vein
bodies in the gabbroids of the Sredne-Mamakan ophi-
olite association; (2) extended dikes up to 40 m thick
(traced for no less than 350 m), which cut across dun-
 2021



16 SOMSIKOVA et al.
ite–clinopyroxenite–gabbro banded complex of the
Sredne-Mamakan ophiolites in the eastern Baikal–
Muya belt, as well as 3) tonalite–plagiogranite dikes
and vein bodies of the hypabyssal complex of the
Kichera zone in the western Baikal–Muya belt. The
crystallization age of the granitoid dikes cutting across
the Sredne-Mamakan massif constrains the upper age
limit of the Sredne-Mamakan ophiolite complex.

During prospecting works, all granitoid massifs
developed within the Sredne-Mamakan massif were
distinguished as the Early Proterozoic gneiss granites
and granites of the Muya Complex (Tikhonov, 1957).
Later, these rocks were distinguished as the Early
Cambrian (556 ± 16 Ma) Lesnoy Complex (Sryvtsev
et al., 1992; Perelyaev, 2003). In the geological maps of
new generation, the studied granite bodies are ascribed
to the Mesozoic granite porphyry of the Aglan–Yan
Complex (Vladimirov and Korobeinikov, 2004).

Plagiogranites dated at 645 ± 10 Ma in the Sredne-
Mamakan ophiolite complex of the Karalon–Mamakan
zone of the eastern Baikal–Muya belt (Fig. 2) form
small veins cutting across leucocratic layered gabbro
and are exposed in the upper reaches of the right trib-
utary of the Sredniy Mamakan River (Kröner et al.,
2015). These plagiogranite veins are from 15 to 40 cm
(sample 2768А) (Table 1) and 60 cm (sample 2774)
thick (Table 1), and are spaced near 25 m apart.

The granitoid dikes (samples 2792 and 2793)
(Table 1) intruding the dunite–clinopyroxenite–gab-
bro banded series of the Sredne-Mamakan Complex
were studied in the Karalon–Mamakan zone of the
eastern Baikal–Muya Belt (Fig. 2). The thickness of
the dikes is 35–40 m. They have sharp contacts with
rocks of the dunite–pyroxenite–gabbro complex, ori-
enting almost orthogonally to magmatic banding. One
sample was dated by U–Pb zircon method (Table 2),
while granitoid dikes were studied by Sm–Nd method
(Table 3).

The hypabyssal tonalite–plagiogranite complex of
the Kichera zone in the western Baikal–Muya belt
(Fig. 3) was studied in its best exposed part in the Sly-
udyanka–Rel’ interfluve. This complex was described
in detail in (Fedotova et al., 2014). The granitoids
compose series of dikes and morphologically diverse
vein bodies, which cut across granulite-facies meta-
morphic rocks in the northwestern part of Boguchan
Bay, alternation of amphibolites and plagiogneisses in
the Turkin Brook area, as well as gabbroids of the
Kurlin massif, and troctolites and gabbro of the lay-
ered complex of Tonkiy Cape. For instance, granitoids
intruding the pyroxenite–troctolite–gabbro complex
of the Tonkiy Cape massif form small branching veins
1–50 cm thick and relatively extended bodies from
0.3–0.6 to 16–18 m long. The composition and Sm–
Nd isotope characteristics of the tonalite–plagiogran-
ite complex were studied in 11 samples of dikes and
small vein bodies (Tables 1, 3).
GEOCH
ANALYTICAL METHODS
Concentrations of major components were ana-

lyzed by XRF on a S4 Pioneer spectrometer at the
Laboratory of Chemical Analytical Studies of the
Geological Institute of the Russian Academy of Sci-
ences. Trace elements were analyzed with ICP-MS at
the Department of Research–Production Analytical
Studies, Institute of Mineralogy, Geochemistry, and
Crystal Chemistry of Rare Elements (IMGRE). Sam-
ples were prepared for analysis by fusion and micro-
wave decomposition.

Zircon for geochronological studies was extracted
from 5-kg plagiogranite sample using a conventional
combination of f lotation, electromagnetic separation,
and heavy liquids at the Laboratory of Chemical Ana-
lytical Studies of the Geological Institute of the Rus-
sian Academy of Sciences. The plagiogranite sample
yielded 200 zircon grains (0.01 g). Isotope-geochrono-
logical studies were carried out for size fraction from
70 to 120 μm. Zircon crystals were mounted in epoxy
and polished to expose grains. Cathodoluminescence
study was conducted on a JEOL JXA-8230 micro-
probe equipped with a Hamamatsu photonics
K.K. PMT R955P panchromatic cathodoluminescent
device at the Institute Science de la Terre (ISTerre),
Université Grenoble Alpes, Grenoble, France. Images
of zircon crystals were obtained at an accelerating volt-
age of 10 kV and electron current of 7 nA (nA = 10–9 A),
counting time of 10 ms. They allowed us to study the
internal structure of the grains, which provides insight
into zircon origin, and to find undisturbed domains
for analytical studies.

Local studies of U–Pb zircon system of tonalites
and analysis of Sm–Nd system of granitoids were car-
ried out at the Laboratory of Isotope Geochemistry and
Geochronology of the Vernadsky Institute of Geo-
chemistry and Analytical Chemistry of RAS. U–Pb
isotope geochronological study of zircon was carried
out by LA-ICP-MS on an Element-XR mass spec-
trometer with ionization in inductively coupled plasma
and UP-213 laser system using technique (Kostitsyn
and Anosova, 2013). Zircons GJ (Jackson et al., 2004)
and 91500 (Weidnbeck et al., 1995) were used as stan-
dards. Obtained data were processed using a Glitter
software (van Achterbergh et al., 2001). Plotting dia-
grams with concordia and age calculations using dis-
cordia model were carried out using Isoplot software
(Ludwig, 2012).

Sm–Nd isotope studies of granitoids were carried
out using a conventional technique. Analysis was per-
formed with a 0.03 g aliquot. Samples were digested in
hermetically closed vials in HF + HNO3 mixture in
proportions 5 : 1, respectively, on a shaker at IR heat-
ing with lamps for three days. After evaporation, a dry
residue was washed three times with 1 mL of concen-
trated HCl with subsequent evaporation. At the first
stage, Rb, Sr, and REE fraction were extracted on a
fluoroplastic columns with Dowex 50 × 8 ion
EMISTRY INTERNATIONAL  Vol. 59  No. 1  2021



LATE NEOPROTHEROZOIC GRANITOID MAGMATISM 17
exchange resin by stepwise elution using 2.2 M HCl
(for Rb) and 4.0 M HCl (for Sr and REE). Sm and Nd
were extracted from REE fraction using Ln-spec col-
umns and a stepwise elution with 0.15, 0.3, and 0.7 M
HCl. The concetrations of elements in sample were
determined by isotope dilution (Kostitsyn and Zhu-
ravlev, 1987).

Sm-Nd isotope studies were carried out on a mul-
ticollector solid phase TRITON mass spectrometer
using a double filament ion source. The measure-
ments were carried out in a static mode with simulta-
neous record of ion currents. The Nd and Sr isotope
compositions were corrected by normalization to
148Nd/144Nd and 152Sm/147Sm, respectively. The tech-
nique is reported in detail in (Revyako et al., 2012).
Repeated measurements of JNdi-1 standard (Tanaka
et al., 2000) yeilded 143Nd/144Nd = 0.512114 ± 6 (2σ;
N = 10). The Nd and Sm laboratory blanks are 0.01
and 0.005 ng, respectively. Accuracy of determination
of Sm/Nd isotope ratio was estimated at 0.1%.

COMPOSITION OF GRANITOIDS
Granitoid dikes (samples 2792 and 2793) intruding

the dunite–pyroxenite–gabbro banded complex of the
Sredne-Mamakan massif of the ophiolite association
are light gray medium-grained rocks, which in com-
position correspond to tonalites and leucoplagiogran-
ites consisting of quartz, altered plagioclase (25–
30%), and biotite (up to 10%). K-feldspar, epidote,
and clinopyroxene occur in subordinate amounts
(near 10%). Accessory minerals are apatite and zircon.
Tonalites and plagiogranites are low-potassium
(K2O < 1.1 wt %), high-alumina (Al2O3 from 14.9 to
18.3 wt %) rocks (Table 1, Fig. 4).

Multielement diagrams show a positive Sr anomaly
and negative Nb and Ti anomalies (Fig. 5a). Import-
ant geochemical features of the studied rocks are the
high Sr content (487–679 ppm), low contents of
HREE, Y (<3.4 ppm) and Yb (up to 0.4 ppm) at
LREE up to 11 ppm La, and, correspondingly, Sr/Y
ratio of (142–309). Such features are typical of granit-
oids with adakitic geochemical affinity (Defant and
Drummond, 1990; Martin, 2005). The REE pattern is
differentiated (La/Lu)N = (17.7–18.5), at YbN = 2.2–
2.5, with a positive Eu anomaly Eu/Eu* = 1.7–1.8
(Fig. 5b).

Plagiogranites forming veins in leucocratic grab-
boids of the Sredne-Mamakan ophiolite complex
(2768A and 2774) are light gray medium-grained rocks
corresponding to leucoplagiogranites (73 and 74 wt %
SiO2). They consist of plagioclase (55–60%) partially
replaced by sericite, quartz (30–35%), and actinolite
(up to 10%). Accessory minerals are apatite and zir-
con. The plagiogranites are ascribed to the low-potas-
sium high-alumina (Al2O3 = 14.8–14.9 wt %) rocks
(Table 1, Fig. 4). REE distribution pattern is strongly
fractionated, with LREE and MREE predominance
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 1 
over HREE at (La/Lu)N = (23.2–28.5), YbN = 2.5–
4.2, and negative Eu anomaly Eu/Eu* = 0.6–0.9
(Fig. 5b). Multielement diagrams show positive Th,
U, and Zr anomalies and negative Sr, Nb, and Ti
anomalies (Fig. 5a).

Composition of granitoid dikes in the Kichera zone
of the western Baikal–Muya Belt is exemplified by the
rocks of the hypabyssal complex of the Slyudyanka–
Rel’ interfluve and adjacent territory (Figs. 1, 3),
including veins cutting across amphibolite–plagiog-
neiss complex in the Turkin Brook valley. They are
compared with tonalities and plagiogranites (Kon-
nikov et al., 1999). Hypabyssal complex is dominated
by plagiogranites (65–71 wt % SiO2), with less com-
mon plagioleucogranites (71–72.5 wt % SiO2) and
leucogranites (74–75 wt % SiO2) (Table 1, Fig. 4).

The leucogranites (SB072R16, 2962, and SB098D)
and plagiogranites SB0712G have a well expressed por-
phyritic texture, with feldspar phenocrysts up to 2.5 cm
in size. Other samples have medium-grained texture
without visible phenocrysts. Mafic minerals are mainly
represented by pyroxene, with variable proportions of
phlogopite and biotite. There are also secondary epi-
dote and amphibole (about 10%). All samples contain
quartz–plagioclase intergrowths. Accessory minerals
are apatite and zircon.

In the Harker variation diagrams (Fig. 4), the gran-
itoids of the hypabyssal complex define common
trends with granitoids of the Kichera Zone (Konnikov
et al., 1999) in the western Baikal–Muya belt. Data
points of the plagiogranites of the Sredne-Mamakan
ophiolite complex and granitoid dikes cutting across
the massif also fall on these trends.

Tonalites (SB072R17), plagiogranites (SB0712G
and 2965), and leucoplagiogranites (SB0715A and
2810) have high contents of Al2O3 = 15.7–20.5,
Na2O = 3.9–6.3 (Table 1, Fig. 4). Based on Sr = 398–
582, Y = 4.3–4.4 ppm and Sr/Y = 91–136, the
tonalites (SB072R17) and plagiogranites (SB0712G
and 2965) of the dike complex correspond to the gran-
itoids with adakitic geochemical characteristics
(Drummond and Defant, 1990; Castillo, 2006) (Table 1,
Fig. 5а). These granitoids of the hypabyssal complex
of the Kichera Zone, western Baikal–Muya Belt, have
a differentiated REE pattern (Fig. 5b), with LREE and
MREE predominance over HREE at (La/Lu)N =
(13.0–14.0), YbN = 3.1–3.4, Eu/Eu* = 1.1–1.2.

Leucogranites and granites ascribed to the same
complex based on geological data (Fedotova et al.,
2014) (dike bodies (SB098D, SB0710A, SB071P4, and
SB072P16), as well as vein leucogranites (2963) and
gneissic leucogranites (2962) alternating with amphi-
bolites demonstrate slightly lower Al2O3 content
(13.5–16.7 wt %), relatively high Na2O (3.3–4.3 wt %),
and wider range of K2O/Na2O (0.2–1.4) compared to
tonalities, plagiogranites, and leucoplagiogranites
(samples SB072R17, SB0712G, 2965, SB0715A, and
 2021
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Table 2. Results of U–Pb isotope zircon study (LA-ICP-MS) of tonalite dike cutting across the Sredne-Mamakan ophio-
lite complex (sample 2792)

Point 
number

Concentrations
Th/U

Isotope ratios
Rho

Age
(Ma)

D, %
Th, ppm U, 

ppm
207Pb/206Pb ±1σ 207Pb/235U ±1σ 206Pb/238U ±1σ 206Pb/238U ±2σ

I-01 1013 2497 0.41 0.0609 0.0007 0.861 0.013 0.1026 0.0014 0.70 629.9 16.5 –0.1
I-02 349 1205 0.29 0.0616 0.0007 0.869 0.013 0.1024 0.0014 0.70 628.5 16.1 –1.0
I-04 1474 2472 0.60 0.0635 0.0008 0.926 0.014 0.1058 0.0014 0.70 648.2 16.7 –2.6
I-08 431 1950 0.22 0.0625 0.0007 0.872 0.012 0.1013 0.0013 0.71 621.9 15.8 –2.3
I-09 1448 2149 0.67 0.0624 0.0009 0.916 0.015 0.1065 0.0015 0.69 652.4 17.3 –1.2
I-10 1940 4842 0.40 0.0618 0.0008 0.924 0.015 0.1084 0.0015 0.69 663.8 17.5 –0.1
I-12 107 291 0.37 0.0645 0.0015 0.896 0.022 0.1008 0.0016 0.64 619.3 18.2 –4.7
I-14 175 483 0.36 0.0623 0.0007 0.862 0.012 0.1004 0.0013 0.70 617.0 15.0 –2.3
I-15 2763 3770 0.73 0.0635 0.0007 0.923 0.013 0.1055 0.0014 0.70 646.4 15.9 –2.6
I-17 521 1321 0.39 0.0616 0.0007 0.873 0.013 0.1029 0.0014 0.70 631.5 16.1 –0.9
I-18 191 194 0.98 0.0624 0.0008 0.892 0.013 0.1037 0.0014 0.69 636.4 15.8 –1.8
I-19-1 476 1894 0.25 0.0615 0.0009 0.888 0.016 0.1048 0.0015 0.69 642.4 17.6 –0.4
I-19-2 481 1980 0.24 0.0611 0.0009 0.884 0.015 0.1049 0.0015 0.69 643.4 17.2 0.1
I-20 485 340 1.42 0.0635 0.0008 0.885 0.014 0.1011 0.0014 0.69 620.8 15.8 –3.6
II-01 29 111 0.26 0.0604 0.0009 0.840 0.012 0.1009 0.0010 0.62 619.9 12.0 0.1
II-04 293 756 0.39 0.0614 0.0007 0.852 0.010 0.1007 0.0010 0.64 618.6 11.4 –1.2
II-05 190 417 0.46 0.0626 0.0008 0.853 0.010 0.0987 0.0010 0.64 607.2 11.3 –3.0
II-10 744 1895 0.39 0.0636 0.0008 0.857 0.010 0.0977 0.0010 0.65 600.8 11.6 –4.4
II-12 297 705 0.42 0.0614 0.0007 0.862 0.010 0.1018 0.0010 0.65 624.9 11.6 –1.0
II-14-1 254 517 0.49 0.0626 0.0007 0.842 0.009 0.0976 0.0010 0.65 600.7 11.2 –3.2
II-14-2 277 526 0.53 0.0614 0.0007 0.834 0.011 0.0986 0.0012 0.70 606.4 14.6 –1.6
II-15 109 327 0.33 0.0620 0.0008 0.846 0.010 0.0990 0.0010 0.64 608.5 11.3 –2.2
II-16 97 333 0.29 0.0609 0.0007 0.858 0.010 0.1022 0.0010 0.64 627.4 11.7 –0.3
II-17-1 307 625 0.49 0.0663 0.0008 0.922 0.013 0.1008 0.0013 0.69 619.2 14.8 –6.7
II-17-2 1117 1657 0.67 0.0633 0.0007 0.890 0.010 0.1018 0.0010 0.65 625.1 11.9 –3.3
II-18-1 297 303 0.98 0.0605 0.0009 0.915 0.013 0.1096 0.0011 0.63 670.5 13.2 1.6
II-18-2 396 312 1.27 0.0622 0.0007 0.859 0.012 0.1002 0.0013 0.70 615.7 14.8 –2.2
II-19 501 1327 0.38 0.0607 0.0007 0.857 0.009 0.1023 0.0010 0.65 628.2 11.7 0.0
II-20-1 438 1018 0.43 0.0610 0.0007 0.824 0.011 0.0979 0.0013 0.70 602.4 14.7 –1.2
II-20-2 589 1288 0.46 0.0608 0.0008 0.905 0.011 0.1079 0.0011 0.65 660.8 12.9 0.9
III-01 223 847 0.26 0.0628 0.0012 0.868 0.018 0.1002 0.0013 0.63 615.9 14.8 –2.9
III-03 377 454 0.83 0.0617 0.0011 0.886 0.016 0.1041 0.0012 0.63 638.6 14.2 –0.9
III-04 744 1900 0.39 0.0639 0.0008 0.971 0.014 0.1102 0.0013 0.66 674.0 15.0 –2.2
III-05 216 676 0.32 0.0607 0.0007 0.855 0.012 0.1022 0.0013 0.70 627.2 15.7 –0.1
III-08-1 101 231 0.44 0.0603 0.0008 0.861 0.013 0.1035 0.0013 0.68 635.1 15.5 0.7
III-08-2 457 1436 0.32 0.0632 0.0008 0.903 0.012 0.1036 0.0011 0.65 635.6 13.0 –2.7
III-09-1 308 875 0.35 0.0612 0.0007 0.848 0.012 0.1005 0.0013 0.70 617.4 15.4 –1.0
III-09-2 931 1912 0.49 0.0613 0.0008 0.903 0.012 0.1067 0.0012 0.67 653.5 14.4 0.0
III-11-1 645 698 0.92 0.0623 0.0008 0.889 0.013 0.1035 0.0014 0.69 635.1 16.3 –1.7
III-11-2 295 926 0.32 0.0624 0.0008 0.891 0.012 0.1036 0.0011 0.65 635.4 13.4 –1.7
III-12 77 212 0.36 0.0618 0.0009 0.871 0.013 0.1022 0.0012 0.64 627.4 13.5 –1.4
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Rho—is the correlation coefficient in error of 207Pb/235U and 206Pb/238U ratios; D is the degree of discordance.

III-14 78 391 0.20 0.0627 0.0008 0.911 0.014 0.1054 0.0014 0.69 646.2 16.3 –1.7

III-15 52 114 0.46 0.0637 0.0011 0.909 0.015 0.1034 0.0012 0.63 634.4 13.8 –3.4
III-16-1 40 48 0.82 0.0639 0.0014 0.905 0.020 0.1028 0.0012 0.61 631.1 14.2 –3.6
III-16-2 47 63 0.75 0.0612 0.0010 0.844 0.014 0.1001 0.0013 0.65 614.9 14.8 –1.0
III-18 146 445 0.33 0.0614 0.0008 0.846 0.013 0.0999 0.0013 0.69 614.2 15.5 –1.3
III-19-1 56 161 0.35 0.0623 0.0009 0.866 0.014 0.1008 0.0013 0.68 619.2 15.7 –2.2
III-19-2 252 382 0.66 0.0647 0.0008 0.915 0.012 0.1025 0.0011 0.65 629.2 12.8 –4.6
III-22 1642 3191 0.51 0.0616 0.0007 0.832 0.012 0.0981 0.0013 0.71 603.2 15.4 –1.9
III-23-1 229 420 0.55 0.0608 0.0008 0.858 0.014 0.1023 0.0014 0.69 627.9 16.3 –0.2
III-23-2 226 497 0.45 0.0638 0.0008 0.899 0.011 0.1021 0.0011 0.66 627.0 12.8 –3.7
III-27 232 1141 0.20 0.0613 0.0008 0.862 0.014 0.1020 0.0014 0.70 626.2 16.6 –0.8
III-29 104 306 0.34 0.0860 0.0010 1.233 0.017 0.1040 0.0013 0.70 638.0 15.2 –21.8
III-30-1 191 284 0.67 0.0614 0.0009 0.886 0.013 0.1045 0.0012 0.64 640.7 14.0 –0.5
III-30-2 196 285 0.69 0.0615 0.0008 0.879 0.014 0.1037 0.0014 0.69 636.3 16.5 –0.7
III-31 239 601 0.40 0.0610 0.0008 0.860 0.013 0.1024 0.0014 0.70 628.5 16.4 –0.3
III-32 235 366 0.64 0.0605 0.0008 0.905 0.014 0.1085 0.0014 0.69 664.1 16.6 1.5
III-37 244 985 0.25 0.0624 0.0009 0.936 0.013 0.1089 0.0012 0.64 666.5 14.0 –0.7
III-38 390 912 0.43 0.0619 0.0008 0.875 0.013 0.1025 0.0014 0.70 629.3 16.5 –1.4
III-46-1 322 274 1.18 0.0627 0.0009 0.868 0.012 0.1005 0.0011 0.64 617.2 12.6 –2.8
III-46-2 110 592 0.19 0.0608 0.0008 0.849 0.013 0.1013 0.0014 0.69 622.3 16.1 –0.3
III-47-1 226 276 0.82 0.0617 0.0008 0.854 0.013 0.1005 0.0013 0.70 617.2 15.8 –1.6
III-47-2 302 313 0.96 0.0631 0.0010 0.859 0.014 0.0986 0.0011 0.63 606.3 13.2 –3.7
III-48 322 319 1.01 0.0618 0.0008 0.886 0.012 0.1039 0.0011 0.64 637.2 12.9 –1.1
III-49 224 255 0.88 0.0603 0.0008 0.854 0.014 0.1027 0.0014 0.69 630.1 16.3 0.5

Point 
number

Concentrations
Th/U

Isotope ratios
Rho

Age
(Ma)

D, %
Th, ppm U, 

ppm
207Pb/206Pb ±1σ 207Pb/235U ±1σ 206Pb/238U ±1σ 206Pb/238U ±2σ

Table 2.  (Contd.)
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Table 3. Sm–Nd isotope data on the granitoids of the Kichera zone, western Baikal–Muya belt (1); plagiogranite dikes
intersecting the rocks of the dunite–pyroxenite–gabbroic layered series of the Sredne-Mamokan ophiolite complex of the
eastern Baikal–Muya Belt (2) and plagiogranites from the Sredne-Mamakan ophiolite complex (3)

Model parameters: chondrite uniform reservoir (CHUR) 143Nd/144Nd = 0.512638, 147Sm/144Nd = 0.1967; depleted mantle reservoir
(DM) 143Nd/144Nd = 0.513099, 147Sm/144Nd = 0.2119. T = 600 Ma.

Sample Group Sm Nd 147Sm/144Nd 143Nd/144Nd ± 2σ εNd(T) ± 2σ TNd(DM), 
Ga

2963 1 0.54 1.97 0.1654 0.512818 ± 25 +5.9 ± 0.3 0.92
2962 1.27 5.82 0.1319 0.512575 ± 04 +3.8 ± 0.1 1.00
SВ072R16 2.43 16.68 0.0879 0.512554 ± 19 +6.7 ± 0.5 0.67
SВ098D 1.42 8.51 0.1013 0.512428 ± 09 +3.2 ± 0.3 0.92
2965 1.45 6.92 0.127 0.512711 ± 20 +6.8 ± 0.5 0.70
SВ0712G 0.92 4.82 0.1153 0.512556 ± 13 +4.7 ± 0.3 0.86
SВ072R17 1.72 9.5 0.1093 0.512657 ± 17 +7.1 ± 0.4 0.66
2793 2 1.34 8.07 0.1004 0.512388 ± 04 +2.5 ± 0.1 0.97
2792 1.12 6.77 0.1004 0.512466 ± 06 +4 ± 0.1 0.87
2768А 3 1.48 10.8 0.0831 0.512145 ± 11 –0.9 ± 0.2 1.13
2774 1.47 8.52 0.1046 0.512209 ± 12 –1.3 ± 0.2 1.26
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Fig. 4. Harker diagrams for (1) granitoids from dikes and veins of the Kichera zone, western Baikal–Muya belt (this work),
(2) granitoids from dikes and veins of the Kichera zone, western Baikal–Muya belt (Konnikov et al., 1999); (3) plagiogranites
from the Sredne-Mamakan ophiolite complex of the eastern Baikal–Muya Belt; (4) tonalities and plagiogranite from dikes cut-
ting across the rocks of the Sredne-Mamakan massif of the eastern Baikal–Muya Belt. 
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Fig. 5. (а) Multielement diagrams for granitoids of the western Baikal–Muya Belt from (Fedotova et al., 2014); for plagiogranite
from the ophiolite complex of the eastern Baikal–Muya Belt (sample 2774) and for plagiogranite dikes cutting across the rocks
of the Sredne-Mamakan massif (samples 2972 and 2793). Composition of primitive mantle after (Taylor and McLennan, 1985).
(b) REE distribution pattern for cross-cutting granitoids in the western Baikal–Muya Belt; for plagiogranite from ophiolite com-
plex of the eastern Baikal–Muya Belt (sample 2774) and for plagiogranite dikes cutting across the rocks of the Sredne-Mamakan
massif (samples 2792 and 2793). Chondrite composition after (Sun&McDonough, 1989). 
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2810) (Table 1, Fig. 4). The rocks have lower Sr con-
tent, but sufficiently high Sr/Y ratio (39–53). The
REE distribution patterns of the leucogranites
SB072P16 and plagiogranites SB098D are less differ-
entiated, show LREE and MREE predominance over
HREE at (La/Lu)N = (3.0–7.8), YbN = 2.4–3.4,
Eu/Eu* = 1.3–1.5. The plagiogranites SB071P4 and
SB0710A have strongly differentiated pattern, LREE
and MREE predominance over HREE, at (La/Lu)N =
(17.7–39.4), YbN = 5.0–5.6, Eu/Eu* = 1.0–1.3
(Table 1, Fig. 5b).

Thus, based on geochemical features, some of the
studied granitoids from the western part and plagiog-
ranites from the eastern part of the Baikal–Muya Belt
are ascribed to adakites, the rocks with fractionated
REE pattern, low HREE and Y contents, and high Sr
contents (Fig. 5).
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 1 
In composition, they sharply differ from plagiog-
ranites forming veins up to 60 cm thick in the leuco-
cratic gabbroids of the Sredne-Mamakan ophiolite
complex. The presence of negative Eu and Sr anoma-
lies and elevated Th and Nb suggest that a source of
these rocks differed from those of two other associa-
tions (Fig. 5, Table 1). Specifics of the plagiogranite
veins from ophiolite complex could reflect the crystal-
lization differentiation of parental mafic magma.

RESULTS OF ISOTOPE STUDIES

Zircon from plagiogranites intersecting the dun-
ite–pyroxene–gabbro banded series of the Sredne-
Mamakan ophiolite complex (Fig. 2, sample 2792) is
represented by two morphological types: elongated-
prismatic (up to acicular) grains with smoothed facets
 2021



24 SOMSIKOVA et al.

Fig. 6. U–Pb data in the Terra–Wasserburg diagram for zircon from plagiogranite dikes (sample 2792) intersecting the rocks of
the Sredne-Mamakan massif. Inset shows the same plot in a magnified scale. Age was calculated from 64 points, and solid lines show
the error ellipses. Figure presents the cathodoluminescence image of typical magmatic zircon from plagiogranite sample 2792. Circle
in zircon crystal shows the laser beam diameter during local analysis. 
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and apexes (elongation ratio of 1 : 3–1 : 6) and short-
prismatic grains with smoothed pyramida facets and
partially preserved prisma facets. Crystals are mainly
fractured, transparent, and translucent, yellowish,
light brown. Cathodoluminescence images of the zir-
con show oscillatory (thin concentric) zoning, as well
as inclusions, fractures, metamict zones, and other
disturbances. The analyses were made for most trans-
parent and nonfractured grains devoid of inclusions.

U–Pb isotope data on 54 zircon grains from plagi-
ogranites were used to plot diagram with concordia.
Eleven crystals were analyzed in two zones, but the age
values and Th and U concentrations in the inner and
outer zones of zircon are overlapped within error
(Table 2). We may conclude that the studied grains do
not contain ancient cores. This is consistent with
results of cathodoluminescent study of zircon (Fig. 6).

The studies were carried out in 65 points, some of
which are discordant (Table 2). It is seen in the Terra–
Wasserburg diagram (Fig. 6) that data points plot near
concordia, but some of them deviate along discordia
GEOCH
intersecting with y-axis at 207Pb/206Pb = 0.84, which
corresponds to the composition of modern lead. It is
probable that many zircon grains contain admixture of
common lead (Kostitsyn and Anosova, 2013). One
composition point (III-29) was excluded from age cal-
culations due to strong discordance (D = –22%)
(Table 2). As a result, 64 points yielded the upper
intercept age of 629 ± 5 Ma. The morphology and thin
concentric zoning (Fig. 6), suggest a magmatic origin
of the zircon. Hence, the obtained age value is the
crystallization age of the plagiogranite dikes cutting
across the dunite–pyroxenite–gabbro banded series of
the Sredne-Mamakan ophiolite association.

In all studied granitoid varies, we analyzed Nd
and Sm isotope ratios, calculated εNd(T) for an age of
600 Ma, and model ages TNd(DM). Results of Sm–Nd
isotope studies are listed in Table 3.

Plagiogranites from the Sredne-Mamakan ophio-
lite complex (samples 2768А and 2774) have Sm =
1.47–1.48 and Nd = 9–11 ppm, 147Sm/144Nd isotope
EMISTRY INTERNATIONAL  Vol. 59  No. 1  2021
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ratios of 0.0831 and 0.1046, and 143Nd/144Nd isotope
ratios of 0.512145 and 0.512209, respectively (Table 3).
The values of model ages TNd(DM) account for 1.13
and 1.26 Ga, and εNd(T) values equal –0.9 and –1.3,
respectively.

Tonalite and plagiogranite (samples 2792 and
2793) dikes intersecting the rocks of the Sredne-
Mamakan Complex contain 1.1–1.3 ppm Sm, 7–
8 ppm Nd. 147Sm/144Nd isotope ratios are 0.1004, and
143Nd/144Nd = 0.512388 and 0.512466, respectively.
The values of model age TNd(DM) are 0.97 and
0.87 Ga, and εNd(T) are +2.5 and +4.0, respectively.

The study of Nd isotope composition revealed sig-
nificant difference between two plagiogranite types,
which occupy different positions relative to the
Sredne-Mamakan massif (Table 3). The granitoids of
the adakite group that were emplaced at 629 ± 5 Ma
along fracture system in the rocks of the banded series
have εNd(T) = +2.5 and +4, whereas the ophiolite type
rocks that crystallized at 645 ± 10 Ma have close neg-
ative εNd(T) = –0.9 and –1.3.

The Sm and Nd contents in the granitoid samples
of the dike complex and leucocratic gneissic granites
of the Kichera Zone of the western Baikal–Muya belt
are 0.5–2.4 and 2–17 ppm, respectively. The
147Sm/144Nd and 143Nd/144Nd isotope ratios vary from
0.0879 to 0.1654 and from 0.512428 to 0.512818,
respectively. The model ages of the dike granitoids
from the western part of the belt were determined
within 0.66–1.00 Ga. The granitoids have εNd(T) =
+3.2…+7.1.

The studied rocks of the hypabyssal complex of the
Kichera zone, western Baikal–Muya Belt, are subdi-
vided into different types: tonalites and plagiogranites
with adakitic geochemical affinity and non-adakitic
granites-leucogranites. The model ages TNd(DM) of
the tonalites (sample SB072P17) and plagiogranites
(samples SB0712G and 2965) of the adakite group are
0.66–0.86 Ga. Adakitic tonalites define an U–Pb laser
ablation age of 595 ± 5 Ma (Fedotova et al., 2014).
These data indicate that the granitoids were pro-
duced by partial melting of a protolith with a short
crustal residence time. The values of εNd(T) for these
samples are +4.7…+7.1. The model ages of granites
(sample SB098D) and leucogranites (samples SB072P16,
2962, and 2963) of non-adakitic group account for
0.67–1.00 Ga. The values of εNd(T) for these rocks are
+3.2…+6.7.

As mentioned above, plagiogranites forming veins
in the leucocratic gabbroids of the Sredne-Mamakan
ophiolite complex differ from the rocks of two other
associations in negative εNd(T) values. It is noteworthy
that these plagiogranites have the same Nd isotope
composition as host gabbroic rocks (Somsikova et al.,
2019). Assuming that both gabbroids and vein plagi-
ogranites were formed in a subduction setting, such
Nd parameters suggest the involvement of subducted
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 1 
sediments or other crustal material in a partial melt-
ing zone.

GEOCHEMISTRY AND ISOTOPE 
COMPOSITION OF THE LATE 

NEOPROTEROZOIC GRANITOIDS 
OF THE BAIKAL–MUYA BELT

Obtained data on the granitoids of the Karalon–
Mamakan zone in the eastern Baikal–Muya fold belt
showed that they have adakitic geochemical charac-
teristics: high-alumina sodic intermediate and felsic
rocks with Sr >400 ppm (Sr = 487–679 ppm), low
Y < 5 ppm (Y = 2.2–3.4 ppm) and heavy REE, in
particular, Y contents <1 ppm (Yb = 0.2–0.4 ppm)
(Table 1). Adakites are formed within a narrow range
of conditions and are important indicators of geody-
namic reconstructions, which mark episodes of partial
melting of mafic crust. Adakitic magmas that are
scarce for Late Precambrian and subsequent time and
typical of such melting episodes, in composition are
similar to magmas that produced tonalite–trondh-
jemite–granodiorite series of the Archean and Paleo-
proterozoic crust. Partial melting of mafic protolith,
which is frequently reconstructed for Early Precam-
brian, became a scarce event in the subsequent geo-
logical history (Defant and Drummond, 1990).

Positive values of εNd(T) is a peculiar feature of the
Late Neoproterozoic granitoids and felsic volcanics of
the Baikal–Muya fold belt. Rytsk et al. (2001, 2004,
2007) determined isotope-geochemical features of
sources of rhyolites and granitoids of the Karalon–
Mamakan zone: εNd(T) = +6.4…+8.2—for dacites
and rhyolites of the Yakor’ and Karalon sequences and
diorites of the Tallain Complex, εNd(0.6) =
+4.7…+5.4—for rhyolites and granite porphyry of the
Padrin Group, εNd(0.6) = +3.9—for granites of the
Lesnoy Complex. The rocks of the Padrin Group are
dated at 590 ± 5 Ma (Rytsk et al., 2004), and granites
of the Lesnoy Complex, at 556 ± 16 Ma (Sryvtsev
et al., 1992).

Sm–Nd isotope-geochemical characteristics of
the studied tonalite and plagiogranite dikes cutting
across the dunite–pyroxenite–gabbroic series of the
Sredne-Mamakan ophiolite complex from the east-
ern part of the belt (εNd(T) = +2.5; +4.0), in complex
with petrological-geochemical data indicate that the
rocks were formed by partial melting of a juvenile
Neoproterozoic crust.

The rocks of the dike system cutting across the
dunite–pyroxenite–gabbro banded series of the
Sredne-Mamakan ophiolite complex are not cor-
related with previously distinguished granitoid com-
plexes. Based on the geological relations and geo-
chemical features reflecting likely a change of paleo-
geodynamic setting, the granitod dikes with adakitic
geochemical affinity are ascribed to the earliest post-
ophiolite magmatic series. Dikes developed in the
 2021
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upper reaches of the Dremuchiy Brook (tonalite 2792
and plagiogranite 2793) (Fig. 2, Tables 1–3) could be
considered as typical magmatic bodies of independent
complex with specific geochemical composition and
age of 629 ± 5 Ma (Table 2, Fig. 6).

Relatively low εNd(T) = –0.9; –1.3 (Table 3) for
plagiogranites (as for gabbro of the considered ophio-
lite complex (εNd(T) = –1.8…+0.2) (Somsikova et al.,
2019)) are likely related to the suprasubduction condi-
tions of the formation of the Sredne-Mamakan ophi-
olite association (Perelyaev, 2003). Subrasubduction
ophiolites are referred to as relicts of oceanic litho-
sphere of basins formed during extension above sub-
duction zone. Such basins could be situated in back-
arc or fore-arc area or are formed by collapse of the
volcanic arc.

In other words, the oceanic crust was likely formed
during suprasubduction extension according to mech-
anism considered in (Sklyarov et al., 2016). These
conditions provide mixing of mantle and crustal mate-
rial owing to the contribution of subducted sediments
in mantle wedge in compliance with the widely known
model or the involvement of sialic material of volcanic
arc according to mechanism considered, in particular,
in (Taylor and Martinez, 2003). Ophiolite allochthons
could contain also separate island-arc nappes with
corresponding isotope characteristics (e.g., Pfänder
et al., 2002).

The hypabyssal complex of the Kichera zone in the
western Baikal–Muya Belt (Figs. 1, 3) also comprises
granitoids with geochemical adakitic characteristics
(Table 1, Fig. 5). These granitoids have younger age
(595 ± 5 Ma) than dike rocks intersecting the rocks of
the dunite–pyroxenite–gabbro banded series of the
Sredne-Mamakan ophiolite complex (629 ± 5 Ma)
and higher positive εNd(T) = +4.7…+7.1. Variations of
Nd isotope composition in the plagiogranites of the
Kichera zone are consistent with an inferred heteroge-
neity of source of the granitoid magmas, which corre-
sponds mainly to the juvenile Neoproterozoic crust.
A protolith heterogeneity is confirmed by a wide range
of 147Sm/144Nd values from 0.0879 to 0.1654 (Table 3),
as well as rock composition of the considered granitoid
series varying from tonalites to leucogranites and
mentioned above indicator contents of trace elements
and their variations (Table 1, Figs. 4, 5).

The age and Sm–Nd isotope data on the granitoids
of the Kichera zone of the western Baikal–Muya belt
(εNd(T) = +3.2…+7.1 (Table 3), crystallization age of
595 ± 5 Ma), and rhyolites and granite porphyry of the
Padrin Group (εNd(T) = +4.7…+5.4, crystallization
age of 590 ± 5 Ma (Rytsk et al., 2004)) give grounds
to suggest that the rocks have a common origin and
that the rhyolites of the Padrin Group of the
Karalon–Mamakan zone, eastern Baikal–Muya
Belt, could be volcanic analogues of the granitoids of
the hypabyssal complex of the Kichera zone, western
Baikal–Muya Belt.
GEOCH
SEQUENCE OF GRANITOID MAGMATISM
IN THE BAIKAL–MUYA BELT 

DURING THE LATE NEOPROTEROZOIC
The Baikal–Muya Belt comprises relicts of differ-

ent marginal-continental Neoproterozoic complexes,
which by the end of Neoproterozoic were accreted into
fold belt. The Neoproterozoic complexes are repre-
sented by metavolcanic rocks and amphibolites, spa-
tially related ultramafic and mafic rocks, high-grade
metamorphic rocks, plutonic associations of differen-
tiated gabbro-granite, gabbro, and granitic series, vol-
canogenic, and volcanosedimentary sequences. Of
great importance for deciphering the geological evolu-
tion of the Baikal–Muya fold belt are finds and dating
of eclogites (Gabov et al., 1984; Shatsky et al., 2012),
granulites (Makrygina et al., 1993, 1989; Amelin et al.,
2000; Fedotova et al., 2014; Kröner et al., 2015), deter-
mination of the nature of mafic–ultramafic complex
(ophiolites or intrusive associations) (Makrygina
et al., 1993; Izokh et al., 1998; Konnikov et al., 1999;
Tsygankov, 2005, and others), and study of detrital
material of molasses sequences (Salop, 1964; Stanev-
ich et al., 2007, etc.). Dike granitoids corresponding in
composition to adakites (Table 1) are one more
marker for the incipient magmatic reworking of the
mafic crust, which was likely related to the local break-
off of the subducted plate.

Relations between magmatic and metamorphic
complexes of the late Neoproterozoic stage and posi-
tion of adakites in the eastern (Fig. 7a) and western
(Fig. 7b) branches of the Baikal–Muya belt are sche-
matically shown in the figures.

The Muya high-grade block with Late Neopro-
terozoic eclogites is distinguished in the axial part of
the eastern Baikal–Muya Belt (Avchenko et al.,
Shatskii et al., 2014). In the northeast, it is bordered by
the Karalon–Mamakan zone, which consists of volca-
nogenic sequences, components of the ophiolite com-
plex, intrusive series, and sedimentary sequences
(Figs. 1, 2). This zone of the eastern Baikal–Muya belt
adjoins the Patom terrane of the Neoproterozoic Sibe-
rian margin (Fig. 1).

The Late Neoproterozoic intrusion of the Karalon–
Mamakan zone (Fig. 7a) in the eastern part of the
belt are contained in the island-arc volcanosedimen-
tary Karalon and Yakor’ sequences with an age of
664 ± 3 Ma (Rytsk et al., 2001). The granites and rhy-
olites of the Karalon sequence have high positive
εNd(T) from +7.1 to 8.2, which indicate the predomi-
nant contribution of depleted mantle in a source
(Rytsk et al., 2001). The age of the ophiolites of the
Sredne-Mamakan Complex of the Baikal-Muya Belt
is estimated at 645 ± 10 Ma based on zircon dating of
plagiogranites (Kröner et al., 2015), and at 774 ± 67–
704 ± 71 Ma based on Sm–Nd isochron dating of
rocks of the banded series (Rytsk et al., 2001). Two
studied granitoid samples of the ophiolite complex
have εNd(T) of –0.9 and –1.3, (TNd(DM) = 1.13 and
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Fig. 7. (a) Schematic emplacement model of the Late Neoproterozoic lithological complexes of the eastern Baikal–Muya volca-
noplutonic belt: (1) metavolcanic rocks of the Karalon Sequence, 664 ± 3 Ma, metarhyolites (Rytsk et al., 2001); (2) Padrin vol-
canoplutonic series, 590 ± 5 Ma, rhyolites (Rytsk et al., 2004); (3) sedimentary sequences of the Mamakan Group, molasses
(Yakra, Padrokan, Shumninskaya, and Delyun-Uran sequence), Late Neoproterozoic (Rytsk et al., 2001); (4–6) Sredne-
Mamakan ophiolite complex: (4) ultramafic rocks, (5) dunite–pyroxenite–gabbro (gabbronorite) banded complex, 774 ± 7 Ma,
rocks from a single rhythm, including leucocratic gabbronorites, 704 ± 71 Ma, leucocratic gabbronorites (both values from (Rytsk
et al., 2001), Figure shows the former), (6) leucocratic banded gabbro bearing single dolerite dikes (metadolerites) and plagiog-
ranites, 645 ± 10 Ma (Kröner et al., 2015); (7) postophiolite granitoids with adakitic affinity, 629 ± 5 Ma (this work); (8–9) Tallain
gabbro–diorite–plagiogranite complex: (8) 605 ± 6 Ma, diorites and plagiogranites, (9) 604 ± 7 Ma, gabbro and gabbrodiorites
(Rytsk et al., 2007, 2012); (10) diorites ad granites of the Padorin Complex, 598 ± 4 Ma, granites (Rytsk et al., 2007a); (11) granitoids
of the Lesnoy Complex, 556 ± 16 Ma, granites (Sryvtsev et al., 1992). (b) Schematic model of emplacement of lithological com-
plexes of the western Baikal–Muya volcanoplutonic belt: (1) mainly basaltic rocks of the Nyurundukan Sequence, >640 Ma, and
granulites/amphibolites after them, 618 ± 5 enderbites, 640 ± 5 two-pyroxene gneisses (Amelin et al., 2000; Kröener et al., 2015);
(2) sedimentary sequences, molasse (Stanevich et al., 2007); (3) ultramafic–mafic rocks; (4) gneissic plagiogranites in the devel-
opment area of the Nyurundukan Sequence, 658–550 Ma, Muya granites (Neimark et al., 1995); (5) Tonkiy Cape pyroxenite–
troctolite–gabbro complex, 585 ± 22 Ma, troctolites (Makrygina et al., 1993); (6) granitoids with geochemical characteristics of
adakites and plagiomigmatites of similar composition (Konnikov et al., 1999), 595 ± 5 Ma (Fedotova et al., 2014). 
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1.26 Ga), while gabbroids of this complex, which host
the studied plagiogranites, have εNd(T) = –1.8…+0.2
(Somsikova et al., 2019).

Geological relations of the rocks indicate that the
granitoids with adakitic geochemical characteristics
were intruded into the dunite–pyroxenite–gabbro
series via fracture systems after crystallization and
cooling and formation of ophiolite complex. U–Pb
zircon dating of tonalite dike from stepped complex of
bodies cutting across the dunite–pyroxenite–gabbro
banded series of the Sredne-Mamakan ophiolite com-
plex yielded an age of 629 ± 5 Ma (this work), which is
GEOCHEMISTRY INTERNATIONAL  Vol. 59  No. 1 
consistent with their geological setting. The values of
εNd(T) for two adakitic granitoid samples are +2.5 and
+4.0 (TNd(DM) account for 0.97 and 0.87 Ga).

A 650–630 Ma stage in the geological history of the
Baikal–Muya Belt is reconstructed as subduction set-
ting, which accompanied the formation of the Yakor’
island arc represented by the Yakor’ Sequence, the
analogue of the Karalon Sequence (Stanevich and
Perelyaev, 1997; Rytsk et al., 2001; Perelyaev, 2003),
and subsequent “continental subduction” with forma-
tion of eclogite-gneiss complex exposed in the North-
ern Muya Block (Shatskii et al., 2012, 2014). The Sm–
 2021
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Nd isochron (garnet, clinopyroxene, and whole-rock)
age is 631 ± 17 Ma (Shatsky et al., 2012), while zircon
age is 631 ± 9 Ma (Skuzovatov et al., 2019). Eclogites
of the Northern Muya block and host gneisses have
the following isotope characteristics (Shatsky et al.,
2014). The Nd isotope composition of eclogites shows
wide variations: εNd(T) displays both positive (from
+0.3 to +6.9) and negative values (from –0.5 to –16.8).
Host gneisses have much narrower variations of Nd
(εNd(T) from –3.5 to +3.6). Wide variations are also
typical of Sr isotope composition of eclogites
(0.705043–0.713098). The model age of host gneisses
lie within 1.13–1.89 Ma. The isotope data are inter-
preted by Shatsky et al. as indicating a continental col-
lision in the Baikal–Muya fold belt in the Neopro-
terozoic, while eclogite gneiss complex of the North-
ern Muya block marks the paleozone of continental
subduction (Shatsky et al., 2014).

Ages of the considered plagiogranites with adakitic
affinity (629 ± 5 Ma, this work) and eclogites of the
Northern Muya block (631 ± 17 Ma (Shatsky et al.,
2012), 631 ± 9 Ma (Skuzovatov et al., 2019) are over-
lapped within error.

In the Tallain block located in the central part of
the Karalon–Mamakan zone, the rocks of the
Karalon Sequence are intruded by large 604 ± 17 Ma
gabbro–diorite–tonalite intrusive complex (gabbro
(Rytsk et al., 2007)), 605 ± 6 Ma granodiorites (Rytsk
et al., 2012b)), 612 ± 62 Ma island-arc pyroxenite–gab-
bronorite plutons (Isokh et al., 1998), and 598 ± 4 Ma
granites of the Padorin Complex (Rytsk et al., 2007а).
Schematic relations between aforementioned mag-
matic complexes in the eastern Baikal–Muya Belt are
shown in Fig. 7a.

The volcanics of the Karalon Group and plagiog-
ranites of the Tallain Complex with erosion are over-
lain by volcanic rocks of the 590 ± 5 Ma Padrin Com-
plex (Rytsk et al., 2004). The rhyolites and granite
porphyry of the Padrin Complex are characterized by
εNd(T) = +4.7…+5.4 (TNd(DM) accounts for 1.0 Ga).
Felsic rocks of the sequence were formed at the begin-
ning of the orogenic stage and are continental volcanic
rocks (Rytsk et al., 2004). Granites of the Lesnoy
Complex (Fig. 7a) were emplaced at 556 ± 16 Ma.
They are characterized by εNd(T) = +3.9, (TNd(DM)
around 1 Ga) (Rytsk et al., 2001).

The Padrin volcano-plutonic complex is overlain
by Late Neoproterozoic volcaniclastic, carbonate–
terrigenous molasse sequence of the Mamakan Group
(Yakra, Padrokan, Shumninskaya, Delyun–Uran
Formation) (Salop, 1964; Stanevich et al., 2007).

Thus, the adakitic plagiogranites emplaced at
629 ± 5 Ma into the rocks of the Sredne-Mamakan
ophiolite complex mark the early stage of mafic proto-
lith melting in the Late Neoproterozoic history of the
fold belt. Of two generally accepted models of adakite
formation (melting of mafic crust in subduction zone
or at the base of thick continental crust), the origin of
GEOCH
the considered granitoids is more consistent with the
former model, which corresponds to the pre-colli-
sional stage of the evolution of the fold belt.

It was shown for the western Baikal–Muya belt
(Fig. 7b) that the plagiogranites of the sheeted and
subsheeted bodies with an age of 658–550 Ma (Nei-
mark et al., 1995) were deformed together with amphi-
bolites of the Nyurundukan Sequence. Sm–Nd iso-
chron dating of the amphibolites gave Meso-Neopro-
terozoic (1035 ± 92 Ma) age, but initial data were not
published and were not confirmed later (Rytsk et al.,
2007). The granulite metamorphism of mafic rocks
ascribed to the Nyurundukan sequence occurred no
earlier than 640 ± 5 Ma. The granulites of the North-
ern Baikal region with an age of 640 ± 5–617 ± 5 Ma
(Kröner et al., 2015, Amelin et al., 2000) were
exhumed into the upper lithosphere horizons by 595 ±
5 Ma. This conclusion was made on the basis of crys-
tallization age of magmatic zircon from vein and dike
granitoid bodies of adakitic affinity (Fedotova et al.,
2014). Granitoids of this hypabyssal complex have
cross-cutting relations with granulites, troctolites, and
gabbro of the Tonkiy Cape pyroxenite–troctolite–
gabbro complex (Fig. 7b). The Sm–Nd mineral iso-
chron age of the layered complex of this massif is
585 ± 22 Ma (Makrygina et al., 1993). The model age
TDM of troctolites of the Tonkiy Cape complex is 0.82–
1.29 Ga (εNd(T) = –0.5…+4.9) (Orlova et al., 2015).

Rytsk et al. (2007) noted that the similar formation
age of the eclogites from the eastern branch of the belt
and granulites from the western branch indicates a
simultaneous occurrence of high-grade metamor-
phism in the Baikal–Muya Belt.

Based on geochemical characteristics, the tonalite–
plagiogranite–granite series (εNd(T) = +3.2…+7.1) of
the hypabyssal complex of the Kichera Zone, eastern
Baikal–Muya Belt, occurred, was formed through
partial melting of the Neoproterozoic juvenile crust of
the island-arc or oceanic type. The Nd isotope com-
position shows that the crust that experienced partial
melting by 595 ± 5 Ma was isotopically and composi-
tionally heterogeneous. The range of εNd(T) likely
reflects a more heterogeneous composition of crustal
protolith compared to that during formation of the
adakitic granitoids in the eastern part of the belt.

The accumulation of molasses of the Kholod-
ninskaya Formation and its analogues in the eastern
part of the belt in the Late Neoproterozoic (Salop,
1964; Stanevich et al., 2007, and others) marks the
cessation of magmatic activity of the Neoproterozoic
stage in the evolution of the Baikal–Muya Belt.

CONCLUSIONS
New petrochemical, geochemical, isotope-geo-

chemical and geochronological zircon data were
obtained on the postophiolitic granitoid dike system
cutting across the dunite–pyroxenite-gabbroic series
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of the Sredne-Mamakan ophiolites of the eastern Bai-
kal–Muya Belt. Nd isotope geochemical data were
also obtained on the earlier granitoids ascribed to the
Sredne-Mamakan ophiolite association of the eastern
Baikal–Muya Belt and granitoids of the hypabyssal
complex of the Kichera Zone, western Baikal–Muya
Belt. Following conclusions were drawn:

(1) The composition and isotope-geochemical
characteristics (εNd(T) = –0.9; –1.3) of plagiogranites
from vein bodies no more than 60 cm thick located at
the level of leucocratic banded gabbro in the Sredne-
Mamakan ophiolite complex are consistent with pre-
viously established suprasubduction nature of the
ophiolite association.

(2) U–Pb zircon dating of postophiolitic tonalites
of the Sredne-Mamakan Complex of the eastern Bai-
kal–Muya folded belt yielded an age of 629 ± 5 Ma.

(3) Sm–Nd isotope-geochemical characteristics of
the postophiolitic granitoids from the eastern Baikal–
Muya fold belt (εNd(T) = +2.5; +4.0) in combination
with geochemical data confirm the origination of
granitoid magmas via partial melting of mafic proto-
lith, which corresponds to the Neoproterozoic oce-
anic crust.

(4) It was established that the postophiolitic
tonalites and plagiogranites of the eastern Baikal–
Muya fold belt belong to the adakitic series rocks with
high Sr/Y ratios and low Y and HREE contents. Pla-
giogranite magmas are considered as products of the
incipient melting of subducted juvenile Neoprotero-
zoic crust.

(5) In the Kichera zone of the western Baikal–
Muya fold belt, adakitic granitoids are ascribed to the
differentiated tonalite–leucogranite series of the
hypabyssal complex having no direct spatial relation
with unambiguous ophiolite associations. The Sm–Nd
isotope-geochemical characteristics of these rocks
(εNd(T) = +3.2…+7.1) likely indicate a heterogeneous
composition of the Neoproterozoic island-arc or oce-
anic juvenile crust that experienced partial melting at
595 ± 5 Ma.
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