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Abstract—We performed geological, geochronological, geochemical, and isotope-geochemical studies of igneous rocks of the Ust’-
Ignok gabbrodiorite massif in the Urik—lya graben of the Siberian craton and summarized the obtained and published data on early Pro-
terozoic mafic igneous rocks in the South Siberian postcollisional magmatic belt. It has been established that the Ust’-Ignok massif is
composed of rocks of the continuous series from biotite gabbro via gabbrodiorites and diorites to quartz diorites. U-Pb zircon dating of
quartz diorites of the Ust’-Ignok massif yielded an age of 1836 = 10 Ma, i.e., the massif rocks might have originated at the final stage of
the formation of the South Siberian postcollisional magmatic belt. The rocks of the Ust’-Ignok massif are of normal and medium alkalinity.
All igneous rocks from gabbro to quartz diorites show distinct negative anomalies of Nb—Ta and Ti in their multielement patterns, and their
eng(7) values vary from +0.3 to —0.9. The geochemical indicator ratios in the gabbroids point to insignificant contamination of their source
with continental-crust material and to their formation through the melting of an enriched lithospheric-mantle source. Gabbrodiorites—quartz
diorites of the Ust’-Ignok massif resulted, most likely, from the fractional crystallization of gabbroids. Analysis of the geochemical and
isotope characteristics of mafic igneous rocks of the South Siberian postcollisional magmatic belt shows that most of them resulted from
the melting of the subcontinental lithospheric mantle with suprasubductional geochemical features. This mantle might have formed during
subduction processes preceding the formation of the Siberian craton.
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INTRODUCTION

The South Siberian postcollisional magmatic belt is one
of major structures of the Siberian craton and extends for
~2500 km along its southern margin (Fig. 1) (Larin et al.,
2003). The igneous rocks of this belt are dated at 1.88—
1.84 Ga and mark the final formation of the Siberian craton
as a single structure; their age also suggests that the belt was
part of the Columbia supercontinent (Larin et al., 2003;
Didenko et al., 2009). The belt rocks are predominantly
granitoids and associated felsic volcanics; igneous rocks of
mafic-intermediate composition are subordinate and occur
within the South Siberian belt (Fig. 1). In particular, occa-
sional dolerite dikes were found in the Biryusa, Sharyzhal-
gai, and Baikal basement salients and on the Aldan Shield
(Gladkochub et al., 2010, 2012, 2013; Shokhonova et al.,
2010; Popov et al., 2012; Ernst et al., 2016; Mekhonoshin et
al., 2016; Donskaya et al., 2019; Ivanov et al., 2019). Gab-
broids of the large Chinei massif (1.87 Ga) are localized in
the Chara—Olekma terrane (Gongalsky et al., 2008a,b, 2016;
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Popov et al., 2009). In the Baikal salient, basaltoids are pres-
ent among volcanics of the Akitkan Group of the North Bai-
kal volcanoplutonic belt (Neimark et al., 1998; Shokhonova
et al., 2010). The sources of most granitoids and felsic vol-
canics of the South Siberian postcollisional magmatic belt
contained mantle material (Donskaya et al., 2005, 2008;
Turkina et al., 2006; Turkina and Kapitonov, 2017); there-
fore, any information about mafic igneous rocks as potential
suppliers of this material is of great importance.

In this work we present results of petrographic, geochro-
nological, geochemical, and isotope studies of gabbroids—di-
orites of the unstudied Ust’-Ignok massif located in the Urik—
Iya graben of the southern Siberian craton. A special goal is
to summarize our and published data on the early Proterozoic
mafic igneous rocks of the South Siberian postcollisional
magmatic belt, to analyze the composition of their mantle
sources, and to describe the potential sources of mantle mate-
rial present in the zone of granitoid magma generation.

GEOLOGIC STRUCTURE OF THE STUDY AREA

The Urik—Iya graben, located between the Sharyzhalgai
and Biryusa basement salients, is one of major structures of
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Fig. 1. Schematic tectonic map of the Siberian craton and position of
the South Siberian postcollisional magmatic belt, modified after Rosen
(2003), Larin et al. (2003), and Gladkochub et al. (2006). /, major
provinces (superterranes); 2, early Proterozoic orogenic belts; 3, suture
zones; 4, basement salients; 5, early Proterozoic South Siberian post-
collisional magmatic belt; 6, outcrops of early Proterozoic mafic igne-
ous rocks. Encircled numerals: 1, dolerites and mafic volcanics of the
Mal’tsev Formation of the Sayan—Biryusa volcanoplutonic belt of the
Biryusa salient; 2, gabbroids of the Ust’-Ignok massif of the Urik—Iya
graben; 3, dike gabbrodolerites of the Sharyzhalgai salient in the Kitoi
River area; 4, gabbroids of the Malyi Zadoi massif of the Sharyzhalgai
salient; 5, dolerites and lamprophyres of small massifs of the Shary-
zhalgai salient in the Kitoi River area; 6, Akitkan Group basaltoids of
the North Baikal volcanoplutonic belt of the Baikal salient; 7, dike dol-
erites of the North Baikal volcanoplutonic belt of the Baikal salient;
8, gabbroids of the Chinei complex of the Aldan Shield; 9, dike doler-
ites and gabbrodolerites of the Kuranakh complex of the Aldan Shield;
10, dike dolerites and gabbrodolerites of the Kalar—Nimnyr complex of
the Aldan Shield.

the southern flank of the Siberian craton for studying early
Proterozoic postcollisional magmatism (Fig. 2). Formation
of its rocks began in an extension setting at ~1.91 Ga. This
extension was due to the collapse of the orogen resulted
from the collision of the Biryusa and Sharyzhalgai terranes
(Gladkochub et al., 2014; Donskaya et al., 2018). The colli-
sion led to the intrusion of igneous rocks of the South Sibe-
rian postcollisional magmatic belt, mostly granitoids (Glad-
kochub et al., 2014). Most of the postcollisional granitoids
are localized in the southwestern and southern parts of the
graben, where they intrude the sediments of the Lower
Bol’shaya Rechka Formation (an analogue of the Ingashi
Formation located in the northeastern part of the graben)
(Fig. 2). The U-Pb age of postcollisional granitoids in differ-
ent massifs of the Urik—Iya graben varies from 1875 + 8 to
1827 £ 6 Ma (Galimova et al., 2012), i.e., they are coeval
with igneous rocks of the entire South Siberian postcollision-
al magmatic belt.

The Ust’-Ignok massif is located in the central part of the
Urik—Iya graben, near the mouth of the Ignok River flowing
into the Oka River (Fig. 3). The massif is composed mostly
of igneous rocks of mafic—intermediate composition, which
intrude the volcanosedimentary deposits of the Lower
Daldarma Subformation composing the middle section of
the Urik—lya graben (Fig. 3). The massif is less than 20 km?
in area (Galimova et al., 2012).

GEOLOGY AND PETROGRAPHY
OF THE UST’-IGNOK MASSIF ROCKS

Comprehensive study of rocks of the Ust’-Ignok gabbro-
diorite massif was carried out on the left bank of the Oka
River, on both sides of the mouth of the Ignok River
(Fig. 3). The massif is composed of rocks of the continuous
series from biotite gabbro via gabbrodiorites and diorites to
quartz diorites. The rocks are intruded by aplite veins.
There is also a body of medium-grained gabbroids having
no direct contact with the other massif rocks. These gab-
broids might belong to the first phase of the Ust’-Ignok
massif, but with the same probability they might be both
xenoliths and younger cutting bodies, because their age is
unknown and their geochemical characteristics differ from
those of the other massif rocks (Donskaya et al., 2018). In
this paper we do not consider aplites and gabbroids with an
inexplicit geologic position.

A distinctive feature of all analyzed igneous rocks of the
Ust’-Ignok massif, from gabbro to quartz diorites, is the
presence of biotite (3—9%) as an accessory mineral.

In mineral composition gabbroids of the Ust’-Ignok mas-
sif correspond to biotite gabbro with partly saussuritized
plagioclase, clinopyroxene, and hornblende as major miner-
als. Orthopyroxene, biotite, ore mineral, quartz, and K-feld-
spar are accessory minerals. Orthopyroxene and clinopyrox-
ene are intimately intergrown and are overgrown with
hornblende, which is replaced by tremolite—actinolite aggre-
gate, chlorite, and epidote. Biotite in gabbro is partly re-
placed by chlorite and contains fine inclusions of rutile. Mi-
nor K-feldspar (2-3%) is also found in the rocks. Scarce
microgranophyric intergrowths of quartz and plagioclase are
observed at the K-feldspar—plagioclase boundary. Apatite is
one more accessory mineral in the gabbroids.

Plagioclase and hornblende are major minerals of gab-
bro-diorites, diorites, and quartz diorites of the Ust’-Ignok
massif; they are found in different contents. All rocks con-
tain biotite, quartz, K-feldspar, and ore mineral as accessory
minerals; gabbro, diorites, and quartz diorites with SiO,
<62 wt.% additionally contain clinopyroxene. We observed
a decrease in the contents of hornblende (from 40 to 10%)
and clinopyroxene (from 5% to 0) and an increase in the
contents of plagioclase (from 35 to 60%), quartz (from 2 to
10%), and K-feldspar (from 3 to 8%) in the series gabbro-
diorites—diorites—quartz diorites. The rocks underwent se-
condary alteration expressed as plagioclase saussuritization,
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Fig. 2. Geologic structure of the southern Siberian craton, modified after Gladkochub et al. (2014). /, Phanerozoic sedimentary cover; 2, deposits
of the Neoproterozoic margin of the craton; 3, early Proterozoic igneous rocks of the South Siberian postcollisional magmatic belt; 4, early Pro-
terozoic Urik—Iya graben (U); 5, early Precambrian basement salients (B, Biryusa; Sh, Sharyzhalgai); 6, Central Asian Orogenic Belt; 7, Major

Sayan Fault.

replacement of clinopyroxene by hornblende, and subse-
quent replacement of the hornblende by biotite and epidote.
There are also chlorite and epidote pseudomorphs devel-
oped after biotite. All rocks contain apatite and sphene as
accessory minerals; diorites and quartz diorites additionally
contain zircon.

METHODS

Fifteen samples of igneous rocks from the Ust’-Ignok
massif were analyzed for major, trace, and rare-earth ele-
ments. Three of them were dated by the Sm—Nd method,
and quartz diorite was dated by the U-Pb zircon method.
The site of sampling for a geochronological study is shown
in Fig. 3.

Analysis for major elements was carried out by the “wet
chemistry” method at the Center for Geodynamics and Geo-
chronology of the Institute of the Earth’s Crust (CGG IEC),
Irkutsk (analyst E.G. Koltunova). The contents of trace and
rare-earth elements were determined by ICP MS on an Agi-
lent 7500ce (Agilent Technologies Inc., USA) quadrupole
mass spectrometer at the Ultramicroanalysis Collective In-

strumental Center of the Limnological Institute, Irkutsk
(analyst S.V. Panteeva). The contents of elements in the
samples were calculated relative to the BHVO-2, BCR-2,
G-2, and GSP-2 international rock standards. Samples for
an ICP MS analysis were digested by fusion with lithium
metaborate according to the technique of Panteeva et al.
(2003) at the CGG IEC, which ensured complete dissolution
of all minerals. The error in ICP MS determination of trace
and rare-earth elements did not exceed 5%.

The Sm—Nd isotope studies were carried out at the IEC.
The Nd and Sm isotope ratios were measured on a Finnigan
MAT-262 multicollector mass spectrometer in the static
mode at the CGG IEC. The *Nd/"**Nd ratios were normal-
ized to '*Nd/'**Nd = 0.7219. The 2s error in MS determina-
tion was 0.5% for Sm and Nd contents and '’Sm/'*Nd and
0.005% for *Nd/'*Nd. The weighted mean value of
1“3Nd/"*Nd in the JNd-1 standard was 0.512081 + 0.000005
(20, n = 6) in the period of measurements. The &,,(7) values
and Ty 4(DM) model ages were calculated using the modern
values for the chondrite uniform reservoir (CHUR) (Jacob-
sen and Wasserburg, 1984) and depleted mantle (DM)
(Goldstein and Jacobsen, 1988).
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Fig. 3. Geologic structure of the central Urik—Iya graben (Ingashi—Ignok interfluve), modified after Gladkochub et al. (2014) and Donskaya et al.
(2018). 1, Quaternary alluvium; 2—6, Urik—lya graben sediments: 2, Ermosokha Formation, 3, Upper Daldarma Subformation, 4, Lower Daldarma
Subformation, 5, Ingashi Formation, 6, Bol’shaya Rechka Formation; 7, early Precambrian complexes of the Sharyzhalgai basement salient of the
Siberian craton; 8—/1, intrusive complexes: 8, Neoproterozoic dolerites; 9, lamproites; /0, Paleo-Mesoproterozoic granitoids of the Chernaya
Zima (Ignok) complex: a, massifs, b, large dike bodies; //, Paleoproterozoic gabbroids, diorites of the Ust’-Ignok massif; /2, Paleoproterozoic
metadolerites of the Angaul complex; /3, faults; /4, bedding; 15, site of sample 1665.

Zircons were extracted from quartz diorite sample 1665
following a standard heavy-liquid technique. The crystal
morphology was examined on a CamScan MX2500S scan-
ning electron microscope in secondary electron and cath-
odoluminescence modes at the Center for Isotope Research
of the Karpinsky Russian Geological Research Institute
(CIR VSEGEI), St. Petersburg. A U-Pb geochronological
study of zircons was carried out on a SHRIMP-II secondary-
ion microprobe at the CIR VSEGEI, following the technique
described by Williams (1998). The obtained data were pro-
cessed using the SQUID software (Ludwig, 2000). The
Pb-U ratios were normalized to 2°°Pb/?3¥U = 0.0668 in the
TEMORA zircon standard, which corresponds to an age of
416.8 Ma (Black et al., 2003). The U and Th contents in the
zircons were determined using zircon standard 91500 with a
known U content of 81.2 ppm (Wiedenbeck et al., 1995).
The ages were estimated with reference to the decay con-
stants for uranium (Steiger and Jager, 1977). The concordia
diagrams were plotted using the ISOPLOT/EX software
(Ludwig, 1999). The errors in individual analyses (isotope
ratios and ages) and in calculation of the concordant age are
at the 1o and 20 level, respectively.

RESULTS OF U-Th-Pb GEOCHRONOLOGICAL
STUDY

Quartz diorite sample 1665 from the Ust’-Ignok massif
was taken near the mouth of the Ignok River (at 53°17.336'N,
100°42.032'E) (Fig. 3). Accessory zircon extracted from the
sample occurs as transparent lilac euhedral crystals 100 to
250 pm in size or their fragments. The crystal elongation is
1:2-1:3. The grains show a banded and oscillatory primary
magmatic zoning in CL images (Fig. 4a). The results of
analysis of ten zircon grains are presented in Table 1 and in
Fig. 4b. These grains have high contents of U (1305—
4542 ppm) and Th (981-4034 ppm). The **Th/>*¥U ratio
varies from 0.64 to 0.98. In the U-Pb concordia plot
(Fig. 40), ten points of the isotope composition of zircon lie
on the concordia, and its concordant age is 1836.0 = 9.7 Ma
(MSWD = 0.20). The morphology of zircon is indicative of
its magmatic origin, and the date of 1836 = 10 Ma can be
interpreted as the age of zircon crystallization and, accord-
ingly, as the age of diorites of the Ust’-Ignok massif. The
obtained data lead to the conclusion that the massif rocks
originated at the final stage of the formation of the South
Siberian postcollisional magmatic belt.



TV. Donskaya et al. / Russian Geology and Geophysics 61 (2020) 951-963 955

Table 1. Results of U-Pb analysis of zircons from quartz diorite of the Ust’-Ignok massif (sample 1665)

Sample  2Pb, U Th  232Th/ 2%Pb*, Isotope ratios Rho Age, Ma D,
crystal, % ppm 80U ppm  238(J206pp* £, 207pp/206ph* 10, 207pRt23S(y 404, 206ph/28UT +0 206pp/2381) 207ph/206ph, Yo
crater ) ) ) ) ) O]

1665-1.1 0.08 1652 1166 0.73 468 3.034 1.8 0.11200 1.00 5.090 2.1 0.3296 1.8 0.871 1836+29 1832+18
1665-2.1 0.10 4542 4034 0.92 1280 3.040 1.7 0.11197 0.63 5.078 1.8 0.3289 1.7 0.939 1833 +27 1832 +11
1665-3.1 0.14 1716 1068 0.64 476 3.103 1.8 0.11190 1.00 4.970 2.1 03223 1.8 0.870 1801 £28 183018 2
1665-4.1 0.08 1305 981 0.78 377 2978 1.8 0.11160 1.10 5.170 2.1 0.3358 1.8 0.864 1866 +30 1825+19 -2
1665-5.1 0.13 1851 1246 0.70 531 2.999 1.8 0.11220 1.20 5.160 2.2 0.3335 1.8 0.831 1855+29 1836+22 -1
1665-6.1 0.10 2276 1553 0.71 639 3.062 1.8 0.11236 0.83 5.059 1.9 0.3265 1.8 0.905 1822428 1838+15 1
1665-7.1 0.14 3569 2326 0.67 984 3.121 1.8 0.11246 0.74 4.968 1.9 0.3204 1.8 0.921 1791 +27 1840+13 3
1665-8.1 0.18 1616 1024 0.65 458 3.036 1.8 0.11270 1.10 5.120 2.2 03294 1.8 0.851 1835+29 1844+21 O
1665-9.1 0.12 1571 984 0.65 446 3.029 1.8 0.11400 1.20 5.190 2.2 0.3302 1.8 0.837 1839429 1864 +21 1
1665-10.1 0.00 2091 1990 0.98 598 3.003 1.8 0.11292 0.79 5.180 1.9 0.3330 1.8 0914 1853+29 1847+14 0

Note. The errors are at the 16 level. The error in calibration of the standard was 0.57%. Pb, and Pb* are common and radiogenic lead, respectively. (1) —
with common lead correction based on measured 2**Pb. Rho is the correlation coefficient of the errors in determination of the 2°Pb/?**U and 27Pb/***U

ratios, D is the discordance.

GEOCHEMISTRY AND ISOTOPE
CHARACTERISTICS OF IGNEOUS ROCKS OF THE
UST’-IGNOK MASSIF AND THEIR PETROGENESIS

The Ust’-Ignok massif rocks contain 50-63 wt.% SiO,
and 4.0-6.7 wt.% (Na,0O + K,O) (Table 2). In the
(Na,O + K,0)-Si0, diagram (Sharpenok et al., 2013), the
composition points of the analyzed rocks are arranged along
the boundary between normal-alkali and medium-alkali
rocks (Fig. 5). The Mg# value of the rocks varies from 53 to
66. Gabbroids—diorites have medium and high contents of
TiO, (0.63—1.60 wt.%) and P,0, (0.26-0.68 wt.%), which
are in good correlation with the SiO, contents and Mg#, thus

0.36

1665_3.1.

1665_1.1.
1665 7.1.

2l 1665 4.1.

1665_5.1.

1665_9.1.

indicating that the rocks belong to the same differentiated
series (Fig. 6a, b). The maximum contents of TiO, and P,O4
are found in gabbroids.

All igneous rocks of the Ust’-Ignok massif, from gabbro
to quartz diorites, show parallel, strongly fractionated REE
((La/Yb), = 20-33) and fractionated HREE ((Gd/Yb), =
3.4-4.4) patterns (Fig. 7a) with a weak or no Eu anomaly
(EwEu* = 0.61-0.94) (Fig. 4a).

The multielement patterns of the rocks show clear nega-
tive Nb—Ta, P, and Ti anomalies. The patterns of gabbroids
differ from each other in the Th, U, and Sr region. The other
rocks, from gabbrodiorites to quartz diorites, demonstrate
parallel patterns (Fig. 7b).

206py, 238
o
W
w
1

Sample 1665

Teonc. = 1836.0 £ 9.7 Ma (20)
MSWD = 0.20
n=10

4.6 4.8 5.0 5.2 54 5.6

207Pb/235U

Fig. 4. CL images (a) and U-Pb concordia plot (b) for zircon crystals from quartz diorite of the Ust’-Ignok massif (sample 1665).
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Table 2. Chemical composition of igneous rocks of the Ust’-Ignok massif

Component 1649 1650 1651 1652 1653 1654 1655 1656 1661 1663 1664 1665 1666 1667 1668

SiO0,, wt.% 51.69  55.62  58.66 56.81 5831 57.58 53.13 5327 5452 6220 6295 60.58 5141 49.92  50.04

TiO, 1.60 0.95 0.82 0.91 0.88 0.84 1.09 1.06 0.94 0.64 0.63 0.73 0.99 1.29 1.21
AL O, 11.73  14.61 15.12 1456 1497 1484 1415 13.83 1390 15.05 1536  15.60 13.04 11.60  11.50
Fe,0O4 2.45 2.49 2.04 2.25 1.64 1.50 222 2.53 3.13 1.09 1.53 1.57 2.15 1.77 2.33
FeO 8.77 5.75 5.28 5.69 5.61 5.77 6.54 6.64 5.98 4.10 3.93 4.54 7.50 8.89 8.19
MnO 0.20 0.17 0.13 0.16 0.12 0.12 0.18 0.17 0.14 0.08 0.09 0.10 0.18 0.20 0.20
MgO 8.00 5.33 3.90 4.76 4.06 4.21 5.94 6.00 5.73 2.94 3.04 3.69 8.30 9.31 9.42
CaO 7.48 6.50 5.16 5.86 4.75 5.41 7.45 7.41 5.46 3.90 3.42 4.90 8.64 10.14  10.42
Na,O 1.85 2.82 3.01 2.70 2.90 3.17 3.15 3.46 3.16 4.00 3.94 3.83 2.15 2.08 2.12
K,O0 2.18 3.08 3.34 3.24 332 3.03 2.99 2.36 1.83 2.58 2.73 2.07 2.52 2.16 2.37
P,0O; 0.68 0.49 0.39 0.46 0.40 0.41 0.55 0.49 0.52 0.27 0.26 0.31 0.58 0.62 0.61
LOIL 3.00 1.98 1.84 2.20 2.47 2.23 2.10 2.04 3.13 2.05 1.92 1.81 2.06 1.86 1.20
H,O 0.07 0.04 0.06 0.09 0.00 0.06 0.06 0.08 0.06 0.06 0.04 0.00 0.08 0.09 0.08
CO, 0.64 0.10 0.00 0.00 0.44 0.54 0.31 0.25 1.31 0.59 0.19 0.00 0.00 0.09 0.21
Total 100.35 99.92  99.75 99.69 99.88 99.70 99.86 99.59  99.81 99.55 100.02 99.74  99.59 100.01  99.90
Rb, ppm 73 83 100 92 108 90 69 57 49 61 56 47 97 92 87

Sr 440 761 689 637 577 593 608 620 600 627 641 838 848 680 759
Y 38 25 22 26 20 23 27 27 24 17 17 19 26 30 30
Zr 125 191 238 205 189 219 231 223 179 215 213 229 132 139 73
Nb 12 10 9 11 10 10 12 10 10 9 10 9 8 8 8

Ba 865 1123 1027 962 1184 1084 997 815 833 760 747 868 1031 880 1130
La 111.51 69.80 6345 82.06 6420 7244 7724 73.19  81.11 66.06 64.68 5248  74.62 69.73 6591
Ce 203.44 156.02 136.19 176.47 132.20 161.30 168.61 15838 160.38 12220 121.92 11646 149.71 149.44 143.93
Pr 2353 1741 15.12  19.08 1433 1736 19.04 18.34 19.04 1343 1327 12.85 18.59 19.16  18.59
Nd 91.06 6528 56.59 6933 5241 5980 7049 68.78  71.07 4796 4744 4754  71.01 7557  75.68
Sm 18.53  12.69  11.05 1328 9.49 10.52 1356  13.33 1297  8.05 8.01 8.79 13.84 14.72  15.10
Eu 3.05 2.65 2.39 2.65 2.17 2.23 2.90 3.05 3.07 2.11 2.05 2.28 3.28 3.44 3.48
Gd 12.77  8.75 7.34 9.01 6.95 7.43 9.29 9.88 9.21 5.98 5.92 6.54 9.95 11.27  10.88
Tb 1.65 1.07 0.95 1.15 0.86 0.97 1.25 1.26 1.20 0.80 0.77 0.84 1.31 1.49 1.55
Dy 7.80 5.35 4.55 5.30 4.16 4.59 5.66 5.68 5.77 3.86 3.63 4.17 6.28 7.28 7.26
Ho 1.38 0.89 0.78 0.88 0.70 0.80 0.97 0.98 0.96 0.67 0.62 0.72 1.04 1.19 1.17
Er 3.37 2.14 1.85 2.28 1.72 1.99 2.33 2.38 2.28 1.70 1.53 1.72 245 2.71 2.69
Tm 0.45 0.29 0.26 0.31 0.24 0.31 0.32 0.34 0.32 0.23 0.21 0.24 0.34 0.37 0.36
Yb 2.58 1.93 1.58 1.92 1.43 1.87 1.92 1.98 1.88 1.41 1.26 1.42 2.05 2.18 2.15
Lu 0.40 0.27 0.25 0.29 0.23 0.32 0.28 0.29 0.25 0.21 0.18 0.21 0.31 0.32 0.33
Hf 3.41 5.03 5.76 5.33 4.73 5.80 5.35 5.46 4.29 5.04 4.94 5.44 3.26 3.36 222
Ta 0.68 0.59 0.48 0.70 0.68 0.79 0.63 0.62 0.56 0.45 0.58 0.53 0.25 0.17 0.38
Th 1446 1223 1322 2151 9.77 9.43 1293 15.79 14.83 1518 15.65 11.12  7.66 3.27 2.72
6] 2.23 2.30 1.75 2.49 2.33 2.37 3.23 3.62 2.73 2.62 2.88 1.76 1.77 0.81 0.69
Mg# 60 58 53 56 55 55 59 59 58 55 55 56 65 65 66

(La/Yb), 28.0 234 259 27.7 29.1 25.0 26.0 23.9 27.9 30.4 333 23.9 23.6 20.7 19.8
Eu/Eu* 0.61 0.77 0.82 0.75 0.82 0.78 0.80 0.82 0.87 0.94 0.92 0.93 0.86 0.82 0.84

(Gd/Yb), 42 3.8 39 4.0 4.1 3.4 4.1 42 4.1 3.6 4.0 39 4.1 4.4 4.3
Nb/Nb* 0.10 0.11 0.11 0.09 0.13 0.13 0.12 0.10 0.10 0.10 0.10 0.13 0.11 0.17 0.19
Ti/Ti* 0.24 0.21 0.22 0.20 0.25 0.22 0.23 0.22 0.20 0.22 0.21 0.23 0.20 0.23 0.22

(Th/La)py  1.05 1.42 1.68 2.12 1.23 1.05 1.35 1.74 1.48 1.86 1.96 1.71 0.83 0.38 0.33
(Nb/La)py, 0.11 0.13 0.14 0.13 0.14 0.14 0.14 0.13 0.12 0.13 0.14 0.17 0.10 0.11 0.11
La/Nb 9.0 7.3 6.9 7.5 6.7 7.1 6.7 7.5 8.3 7.4 6.7 5.6 9.8 9.0 8.8

La/Ta 163 118 132 117 94 91 123 118 145 145 111 100 296 422 171

Note. Mg# = Mg-100/(Mg + Fe*"), where Mg = Mg0/40.31, Fe?* = (Fe,0," x 0.8998 x 0.85)/71.85; EwEu* = Eu,/ ( [Sm, xGd, ) . Nb/Nb* = Nby,,/

(, [Thpy % LaPM) , TUTi* = Tipy/ ( [Smpp; x Gdpy ); n, chondrite-normalized (Wakita et al., 1970), PM, primitive-mantle-normalized (Sun and Mc-
Donough, 1989).
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The analyzed igneous rocks are characterized by &y,(7)
from +0.3 to —0.9 and by a early Proterozoic Nd model age
Two(DM) = 2.3-2.4 Ga (Fig. 8; Table 3).

As mentioned above, all igneous rocks of the Ust’-Ignok
massif demonstrate clear negative Nb—Ta and Ti anomalies
in the multielement patterns (Fig. 7b). In addition, their
composition points lie beyond the N-MORB-E-MORB-
OIB field in the Th/Yb-Nb/Yb diagram (Pearce, 2008) and
fall in the field of rocks of mantle origin either containing a

Table 3. Sm—Nd isotope data for igneous rocks of the Ust’-Ignok massif

subductional component or contaminated with crustal mate-
rial (Fig. 9a). The massif gabbro have high contents of K,O
(2.16-2.52 wt.%) and P,O5 (0.58-0.68 wt.%), close to those
in OIB, but medium contents of TiO, (0.99-1.60 wt.%), Nb
(812 ppm), and Th (2.7-14.5 ppm) and high contents of Sr
(440-848 ppm), Ba (865—-1130 ppm), and La (66—112 ppm),
typical of suprasubductional basalts. In addition, they are
characterized by (Th/La),,, = 0.33—1.05 (i.e., <1), which in-
dicates insignificant contamination of their source with con-

Sample Rock Age, Content, ppm YWISm/MNd  3Nd/'"Nd eng(T) Tro(DM) Tyo(DM-2st)
Ma Sm Nd +20 Ma

1651 Diorite 1836 7.18 32.50 0.1193 0.511716 = 10 0.3 2309 2313

1665 Quartz diorite 1836 5.31 23.60 0.1215 0.511685+ 10 -0.9 2415 2405

1668 Gabbro 1836 10.73 45.01 0.1286 0.511797 + 16 -0.4 2416 2363
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19
e = gabbroids reflect the composition of the melted mantle

0: @ source rather than the geodynamic setting of their formation.
o 1 [ The geochemical parameters of the massif gabbro and their
- high indicator ratios La/Nb = 8.8-9.8 and La/Ta = 163-422
© ‘2: FC (Table 2) suggest their formation through the melting of an
—3- Qe enriched lithospheric-mantle source with suprasubductional
] geochemical characteristics. The more felsic massif rocks,
4 ' ' ' ' from gabbrodiorites to quartz diorit tl Ited
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SiOp, Wt% from the fractional crystallization of gabbroids. The Ust’-

Fig. 8. g,,(7)-Si0, diagram for the Ust’-Ignok massif rocks. FC, frac-
tional crystallization, AFC, assimilation—fractional crystallization.

tinental-crust material (Fig. 9b). The massif rocks formed in
a postcollisional-extension setting after the end of all sub-
duction and collision events in the region (Gladkochub et
al., 2006). Therefore, the geochemical parameters of the

Ignok massif rocks are characterized by €,,4(7) values from
—0.9 to +0.3 showing no correlation with the SiO, contents
and thus confirming the formation of the more felsic rocks
as a result of fractional crystallization rather than the addi-
tion of crustal material to the mantle source (Fig. 8). The
good correlation between Mg# and CaO/ALO; (r = 0.95)
suggests clinopyroxene as one of major fractionating phas-
es, which is confirmed by petrographic studies.
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Fig. 9. Th/Yb—Nb/Yb (Pearce, 2008) (@) and (Th/La),,,—~(Nb/La);,, (Donskaya et al., 2014) (b) diagrams for the Ust’-Ignok massif rocks. IAB, is-
land arc basalts, N-MORB and E-MORB, normal (N) and enriched (E) mid-ocean ridge basalts, OIB, oceanic-island basalts, UCC, upper conti-
nental crust, MCC, middle continental crust, LCC, lower continental crust, SZ/CC, zone of rocks of mantle origin or rocks containing a subduc-
tional component or contaminated with crustal material.
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DISCUSSION

Mafic igneous rocks are found throughout the area of out-
cropping rocks of the South Siberian postcollisional mag-
matic belt: from the Biryusa basement salient in the west to
the Aldan Shield in the east (Fig. 1; Table 4). They are sub-
ordinate relative to granitoids and felsic volcanics. Mafic
rocks intruded over the entire period of formation of the
South Siberian magmatic belt, 1.88—1.84 Ga (Table 4). Note
that the age of some mafic rocks was determined by U—Pb
zircon and baddeleyite dating, and the age of others was
taken similar to the age of the associated felsic rocks (Ta-
ble 4). Mafic-magmatism intrusions and associations of
mafic and other igneous rocks are diverse within the belt:
(1) dolerite and gabbrodolerite dikes (Kuranakh and Kalar—
Nimnyr complexes of the Aldan Shield) (Okrugin et al.,
1995; Popov et al., 2012; Ernst et al., 2016); (2) lampro-
phyre dikes (Sharyzhalgai salient) (Ivanov et al., 2019);
(3) composite dolerite—granite/rhyolite dikes (Sharyzhalgai
salient, North Baikal volcanoplutonic belt of the Baikal sa-
lient) (Shokhonova et al., 2010; Gladkochub et al., 2013),
(4) dolerite dikes and associated volcanics of mafic and in-
termediate composition (Mal’tsev Formation, Sayan—Biryu-
sa volcanoplutonic belt, Biryusa salient) (Donskaya et al.,
2019); (5) basalts and basaltic andesites of volcanoterrige-
nous stratified formations (lower part of the Akitkan Group,
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North Baikal volcanoplutonic belt of the Baikal salient)
(Neimark et al., 1998; Shokhonova et al., 2010); (6) gab-
broid massifs in association with ultramafic rocks and anor-
thosites (Malyi Zadoi massif of the Sharyzhalgai salient,
massifs of the Chinei complex of the Aldan Shield) (Gon-
galsky et al., 2008a,b; Popov et al., 2009; Gongalsky, 2010;
Mekhonoshin et al., 2016); (7) gabbroid massifs in associa-
tion with diorites (Ust’-Ignok massif of the Urik—Iya gra-
ben) (this paper). Such a variety of mafic-magmatism intru-
sions and associations is apparently typical of a
postcollisional-extension setting, when different scenarios
of mafic magmatism are possible.

Mafic rocks (1.88—1.84 Ga) of the South Siberian post-
collisional magmatic belt show both similar and different
geochemical features. Most of them are normal- and medi-
um-alkali rocks (Fig. 10a). Gabbronorites of the Malyi Za-
doi massif of the Sharyzhalgai salient are the only low-alka-
li rocks. Almost all composition points of these mafic rocks
lie beyond the N-MORB-E-MORB-OIB field in the Th/
Yb-Nb/Yb diagram (Pearce, 2008) and fall in the field of
rocks of mantle origin or rocks containing a subductional
component or contaminated with crustal material (Fig. 105).
All the rocks show a variably expressed negative Nb anomaly
in the multielement patterns (Nb/Nb* < 1). Their (Th/La),,
value can be both <1 and >1, even within the same massif or
dike swarm (Fig. 10c). This fact rejects the crustal-material

Table 4. Characteristics of mafic igneous rocks of the South Siberian postcollisional magmatic belt

Siberian craton ~ Complex/formation/ General characteris- Characteristics of  Age, Ma Dated rock, method, Reference
terrane massif tics of igneous rocks mafic rocks material
Biryusa salient ~ Sayan—Biryusa volcano- ~ Volcanics of differ-  Dolerites, gabbro- 1872 + 10 Felsic volcanics, U-Pb (Donskaya et al.,
plutonic belt, Mal’tsev ent compositions, dolerites, basaltic 1874 + 10 (SHRIMP), zircon 2019)
Formation of the Elash subvolcanic rocks andesites
Group
Urik—Iya graben Ust’-Ignok massif Gabbroids, diorites ~ Gabbro, gabbro- 1836 + 10 Quartz diorite, U-Pb (This work)
diorites (SHRIMP), zircon
Composite dikes in the Gabbrodolerites, Gabbrodolerites 1864.3 +4.2 Gabbrodolerite, U-Pb (Gladkochub et
Kitoi River area granites (TIMS), zircon al., 2013)
Sharyzhaleai Malyi Zadoi massif Plagioperidotites, Gabbronorites 1863 £ 1 Gabbronorite, U-Pb (Mekhonoshin et
.ry & gabbronorites, anor- (TIMS), baddeleyite al., 2016; Ernst et
salient .
thosites al., 2016)
Small unnamed massifs in  Dolerites, lampro- Dolerites, lampro- 1864.7 + 1.8 Lamprophyre, U-Pb (Ivanov et al.,
the Kitoi River area phyres phyres (TIMS), zircon 2019)
Sayan—Biryusa volca- Basalts, basaltic Basalts, basaltic 1877.7+ 3.8 Dacite, U-Pb (TIMS), (Donskaya et al.,
noplutonic belt, lower andesites, dacites, andesites zircon 2008)
Akitkan Group rhyolites
Baikal salient Sayan-Biryusa volcano-  Dolerites, rhyolites ~ Dolerites 1844 + 11 Rhyolite, U-Pb (Shokhonova et
plutonic belt, composite (SHRIMP), zircon al., 2010)
dikes and dolerite dikes in
the Svetlyi Brook area
Chinei complex, massifs,  Pyroxenites, gab- Gabbronorites, 1867 +3 Gabbrodiorite, (Popov et al.,
and dikes bronorites, gabbro,  gabbro U-Pb (TIMS), zircon 2009)
anorthosites
Aldan Shield Kuranakh complex, dikes ~ Dolerites, gabbro- Dolerites, gab- 1867+ 9 Dolerite, U-Pb (TIMS),  (Popov et al.,
dolerites brodolerites zircon 2012)
Kalar-Nimnyr complex, Dolerites Dolerites 1869 £2 Dolerite, U-Pb (TIMS), (Ernst et al., 2016)

dikes

baddeleyite
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Fig. 10. (Na,O + K,0)-Si0O, (Sharpenok et al., 2008) (@), Th/Yb—Nb/Yb (Pearce, 2008) (b), Nb/Nb*—(Th/La),, (c), and Th/Ta—La/Yb (Condie,
1997) (d) diagrams for early Proterozoic mafic rocks of the South Siberian postcollisional magmatic belt. Chemical compositions are given in
Table 2 and in earlier publications (Gongalsky, 2008a; Shokhonova et al., 2010; Gladkochub et al., 2013; Mekhonoshin et al., 2016; Donskaya et
al., 2019; Ivanov et al., 2019; our and Mekhonoshin’s unpublished data). IAB, island arc basalts, N-MORB and E-MORB, normal (N) and en-
riched (E) mid-ocean ridge basalts, OIB, oceanic-island basalts, CC, continental crust, DM, depleted mantle, PM, primitive mantle, EN, enriched
component. /, composite-dike dolerites of the Sharyzhalgai salient (Gladkochub et al., 2013); 2, lower Akitkan Group basaltoids of the North
Baikal volcanoplutonic belt of the Baikal salient (Shokhonova et al., 2010); 3, composite-dike dolerites of the North Baikal volcanoplutonic belt
of the Baikal salient (Shokhonova et al., 2010); 4, Mal’tsev Formation dolerites and basaltoids of the Sayan—Biryusa volcanoplutonic belt of the
Biryusa salient (Donskaya et al., 2019); 5, gabbro and gabbrodiorites of the Ust’-Ignok massif of the Urik-Iya graben (this paper); 6, gabbroids of
the Chinei complex of the Aldan Shield (Gongalsky et al., 2008a, 2016; Gongalskiy, 2010); 7, gabbroids of the Malyi Zadoi massif of the Shary-
zhalgai salient (Mekhonoshin et al., 2016; Mekhonoshin’s unpublished data); &8, lamprophyre dikes of the Sharyzhalgai salient (Ivanov et al.,
2019).

contamination of mantle sources for all studied rocks, be-
cause continental-crust rocks always show (Th/La)y,, > 1
(Fig. 10c) and, thus, basaltic melts contaminated with crust-
al material are also characterized by (Th/La)p,, > 1. This is
their difference from noncontaminated rocks, including su-
prasubductional basalts with a varying (Th/La);,, value. In
the Th/Ta—La/Yb diagram (Condie, 1997), most of the com-
position points of the considered mafic rocks, except for
volcanics of the Mal’tsev Formation of the Sayan—Biryusa
volcanoplutonic belt, are arranged around the point of en-
riched component (EN) (Fig. 10d). In addition, all these
rocks have La/Nb > 2.5 and negative or near-zero &y,(7)

values (Fig. 11). The above geochemical features altogether
suggest that most of the mafic igneous rocks of the South
Siberian postcollisional magmatic belt resulted from the
melting of the subcontinental lithospheric mantle with su-
prasubductional geochemical characteristics, which, in turn,
might have formed during subduction processes preceding
the formation of the Siberian craton. Note that some mafic
rocks might have originated from multicomponent mantle
sources rather than from the simple melting of the litho-
spheric mantle. For example, the hard-melting lithospheric
mantle metasomatized by subductional fluids was assumed
to be a source for dike dolerites of the North Baikal volca-
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Fig. 11. gy(7) values of mafic igneous rocks of the South Siberian
postcollisional magmatic belt. The Nd isotope composition is given in
Table 3 and in the earlier publications (Gongalsky et al., 2008b; Shok-
honova et al., 2010; Donskaya et al., 2019; Ivanov et al., 2019; our
unpublished data).

noplutonic belt (Shokhonova et al., 2010), and highly meta-
somatized lithosphere mantle was considered to form lam-
prophyres of the Sharyzhalgai salient (Ivanov et., 2019).
Turkina and Kapitonov (2019) believe that the enriched sub-
continental lithospheric mantle was generated during the
Neoarchean subduction. At the same time, Shokhonova et
al. (2010) and Ivanov et al. (2019) concluded that this man-
tle formed in the course of early Proterozoic subductional
processes. Let us leave aside the time of the subduction
events contributing to the formation of the enriched subcon-
tinental lithosphere beneath the southern Siberian craton,
which was the source of material for mafic igneous rocks of
the South Siberian postcollisional magmatic belt. If we treat
these rocks as potential suppliers of mantle material for
granitoids and felsic volcanics of similar age, we should
bear in mind that most of them have suprasubductional char-
acteristics and negative gy,(7) values.

It is admitted that dolerites and andesitic basalts of the
Mal’tsev Formation of the Sayan—Biryusa volcanoplutonic
belt might have formed from a mantle source other than the
enriched subcontinental lithospheric mantle, namely, the
source that resulted from mixing of a depleted component of
the asthenospheric mantle and, probably, a plume compo-
nent, without a significant contribution of the lithospheric
mantle (Donskaya et al., 2019). The composition points of
the Mal’tsev Formation lie near the points of mantle rocks in
the discrimination diagrams (Fig. 10) and are characterized

by La/Nb = 1.4-1.7 (Donskaya et al., 2019). In addition, the
Mal’tsev Formation rocks are the only ones of all mafic
rocks of the South Siberian belt that show high positive
eng(7) values, +3.7 and +4.1 (Donskaya et al., 2019). Note,
however, that the fractional content of the Mal’tsev Forma-
tion rocks is very small within the South Siberian belt.
Therefore, they can hardly be treated as potential sources of
mantle material throughout the area of outcropping granit-
oids and felsic volcanics of the South Siberian postcollision-
al magmatic belt.

CONCLUSIONS

(1) The Ust’-Ignok gabbrodiorite massif of the Urik—Iya
graben of the Siberian craton is composed of igneous rocks
of the continuous series from biotite gabbro via gabbrodio-
rites and diorites to quartz diorites.

(2) The U-Pb zircon dating of quartz diorite of the Ust’-
Ignok massif yielded an age of 1836 + 10 Ma, i.e., the mas-
sif rocks might have originated at the final stage of the for-
mation of the South Siberian postcollisional magmatic belt
(which formed in the period 1.88—1.84 Ga).

(3) The rocks of the Ust’-Ignok massif are normal and
medium alkalinity. All igneous rocks from gabbro to quartz
diorites show highly fractionated REE patterns ((La/Yb), =
20-33) and clear negative anomalies of Nb-Ta and Ti in
their multielement patterns; their g,(7) values vary from
+0.3 to —0.9. The geochemical indicator ratios in the gab-
broids point to insignificant contamination of their source
with continental-crust material and to their formation
through the melting of an enriched lithospheric-mantle
source. Gabbrodiorites—quartz diorites of the Ust’-Ignok
massif resulted, most likely, from the fractional crystalliza-
tion of gabbroids.

(4) Mafic-magmatism intrusions and associations are di-
verse and widespread within the South Siberian postcollision-
al magmatic belt. These are dolerite and lamprophyre dikes,
composite dikes, massifs composed of rocks of ultramafic,
mafic, and intermediate compositions, and volcanics. Such
diversity is typical of a postcollisional-extension setting.

(5) Analysis of the geochemical and isotope characteris-
tics of mafic igneous rocks of the South Siberian postcolli-
sional magmatic belt has shown that most of them resulted
from the melting of an enriched lithospheric mantle source
with a subductional component. This source might have
formed during the subduction processes preceding the for-
mation of the Siberian craton. Thus, if the mafic rocks are
treated as potential sources of mantle material for nearly co-
eval granitoids and felsic volcanics, the latter will inevitably
have their specific suprasubductional characteristics.

The geological, geochemical, and isotope-geochemical
studies were supported by grant 18-17-00101 from the Rus-
sian Science Foundation, and the geochronological studies,
by grant 18-05-00764 from the Russian Foundation for Ba-
sic Research.
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