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Abstract—The paper presents newly acquired isotope-geochemical and U—Pb isotope zircon dating
(SHRIMP) results on four posttectonic granitoid massifs in the southeastern part of the Karelian Granite—
Greenstone Province (GGP) in the Fennoscandian Shield. The massifs are located near the Hautavaara
Structure, in the southeastern part of the Mesoarchean (3.05—2.85 Ga) Vedlozero—Segozero Greenstone
Belt, which is confined to the western margin of the Vodlozero crustal block with a Paleoarchean (TyyDM >
3.2 Ga) prehistory. All four massifs (Hautavaara, Chalka, Shuya, and Nyalmozero) were shown to have sim-
ilar structural—tectonic settings, were emplaced nearly simultaneously (at 2745—2740 Ma), and display vari-
ations in the rock compositions that were predetermined by differences in the composition of the magma
sources and the conditions of their derivation. The Hautavaara Massif in the central part of the structure and
the Chalka Massif on its western margin are made up of moderately alkaline high-Mg granitoids (sanukit-
oids), whose initial diorite melts were derived by melting the lithospheric mantle metasomatized in an active-
margin setting at 3.00—2.90 Ga. The Shuya granodiorites and Nyalmozero leucogranites, which are confined
to the eastern flank of the structure, yield highly fractionated HREE patterns (Dy,/Yb, = 3.5 to 5.14), nega-
tive engT = —0.9 to —2.8, and were produced by melting a Mesoarchean crustal source at various depths. This
source was similar to the 3.05- to 2.90-Ga felsic volcanics in the Hautavaara Structure. The Shuya granodi-
orites contain elevated Cr and Ni concentrations, suggesting that the melts were generated in the crust with
the involvement of mafic magma, which was likely coeval with the primitive sanukitoids. The melting of the
continental lithosphere at mantle and crustal levels in the Karelian GGP in the latest Neoarchean are thought
to have occurred in an extensional environment during collapse of the collisional orogen, in accordance with
the model (Laurent et al., 2014).
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INTRODUCTION

Granite—greenstone provinces (GGP) are the best
preserved remnants of the Archean crust and, hence,
may provide valuable information on crust-forming
processes during various episodes of the Earth’s evolu-
tion. Similarities in the structures and composition of
rocks in GGP of different age at various cratons is pre-
determined by that these belts persistently contain two
major tectono-stratigraphic complexes: tonalite—
greenstone and granitoid ones. The older tonalite—
greenstone complex is made up of volcano-sedimen-
tary sequences of greenstone belts and surrounding
tonalite—trondhjemite—granodiorite (TTG) plutons.
The younger granitoid complex consists of composi-
tionally variable granitic rocks, which occur at rela-
tively extensive areas within GGP and were emplaced

after one or multiple episodes of deformations and
metamorphism of the rocks of the tonalite—green-
stone complex (Condie, 1981). Although such com-
plexes have long been studied at many cratons, many
aspects of their origin and the tectonic setting in which
they were formed remain a matter of heated discus-
sions and are still intensely explored. One of such
complexes is the Karelian GGP, whose rocks crop out
in the southeastern Fennoscandian Shield and are
studied for more than one century.

The researchers focus primarily on the origin and
tectonics of the rocks of the tonalite—greenstone com-
plex. Greenstone belts have long been thought to be
systems of ensialic rifts initiated by a deep-sitting
plume, whereas TTG granitic rocks in the surrounding
structures were viewed as a remobilized basement
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(Rybakov et al., 1981, 1993). In the past decades,
TTG—greenstone belts are discussed as accretionary
orogens in which complexes of oceanic plateaus,
island arcs, and active margin were tectonically com-
bined (Puchtel et al., 1997, 1999; Kozhevnikov, 2000;
Bibikova et al., 2003; Svetov, 2005).

Keen interest in the complex of Archean granitic
rocks in the Karelian GGP was whetted by that sanu-
kitoids (mildly alkaline magnesian granitic rocks) were
found in it (Chekulaev, 1999). These granitoids are
widespread in the Karelian GGP, compositionally
vary from monzodiorite to monzogranite, and make
up single- or polyphase massifs of different size.
Regional studies have shown that, although sanukitoid
massifs in the eastern Karelian GGP and its western
part are similar in composition, the former are older:
2745—2735 and 2720—2700 Ma, respectively (Heilimo
et al., 2011 and references therein). Detailed studies of
a number of polyphase intrusions made it possible to
reproduce the generation parameters of the parental
sanukitoid melts and their subsequent differentiation
during ascent to upper crustal levels (Samsonov et al.,
2004; Lobach-Zhuchenko et al., 2005, 2008). The
results of these studies generally lead to a consistent
and unambiguous model for the generation of sanukit-
oids in the Karelian GGP via the melting of metaso-
matized lithospheric mantle and the subsequent dif-
ferentiation and contamination of the melts during
their ascent to upper crustal levels (Halla, 2005; Kova-
lenko et al., 2005; Larionova et al., 2007; Lobach-
Zhuchenko et al., 2008). Therewith a disputable issue
is the tectonic environments in which the melts were
derived, which are hypothesized to have been either an
island arc, active continental margin, a postsubduc-
tional environment, or a plume (Martin et al., 2009;
Samsonov et al., 2004; Chekulaev et al., 2018).

Granites and granodiorites of normal alkalinity not
related to sanukitoids were studied in the western
Karelian GGP by many researchers, and the results of
these studies are summarized in (Rannii ..., 2005;
Holtta et al., 2012; Chekulaev et al., 2020). The data
indicate that the granitoids were produced within a
brief age interval of 2720—2680 and show broadly vari-
able geochemical and isotopic parameters, which were

predetermined by the variations in the P—T—Cy,

melting parameters of the compositionally and isoto-
pically—geochemically heterogeneous crust of the
Karelian GGP. It was hypothesized (Chekulaev et al.,
2020) that the extensive melting of the crust and the
massive generation of the granitic magmas in the latest
Archean were induced by a deep-sitting plume. It is
worth mentioning that, although the age ranges in
which sanukitoids and granites were formed in the
western Karelian GGP overlap, aspects of the genetic
and/or tectonic relations between these rocks are not
discussed.

To evaluate the age and genetic relationships
between constituents of the granitoid complex of the
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Karelian GGP, we have conducted geological—petro-
graphic and isotopic—geochemical studies of rocks,
and carried out their U—Pb zircon dating (SHRIMP-II)
from four post-tectonic massifs that are made up of
rocks of different composition (monzodiorite and
monzogranite of the sanukitoid series, tonalite, gran-
odiorite, and leucogranite) and occur within a rela-
tively small area in the Hautavaara Structure in the
Vedlozero—Segozero Greenstone Belt.

GEOLOGY OF THE HAUTAVAARA
STRUCTURE

The Hautavaara Structure is constrained to the
boundary between the Vodlozero and Central Kare-
lian domains of the Baltic Shield and is the southern tip
of the Vedlozero—Segozero Greenstone Belt (Fig. 1a).
The Vodlozero Domain is a fragment of the ancient
continental crust, and its granitoids are rocks of a TTG
complex (3.24 and 3.15—3.13 Ga), trondhjemites
(2.9 Ga), sanukitoids (2.74—2.73 Ga), and granites
(2.70-2.68 Ga) (Rannii ..., 2005; Arestova et al.,
2015). The Central Karelian Domain consists of
younger complexes, including TTG ones (2.78—2.77
Ga), sanukitoids (2.75—2.71 Ga), trondhjemites, and
granites (2.72—2.70 Ga) (Rannii ..., 2005).

The Hautavaara Structure includes an earlier
basalt—andesite—dacite—rhyolite series. The volcanics
were dated using zircon from the dacites at 2995 + 20 Ma
(Svetov, 2005 and references therein) and 2945 = 19 Ma
(Ovchinnikova et al., 1994) and using zircon from
dacite fragments in the agglomerates at 2944 £ 7.9 Ma
(Matrenichev et al., 1990). The island-arc complex is
overlain by an allochthonous komatiite—basalt associ-
ation, whose Sm—Nd isochron age is 3.18—2.92 Ga
(Svetov et al., 2006; Svetov and Huhma, 1999). The
age of the later andesite—dacite series is 3.0—2.98 Ga
(Svetov et al., 2006), and the cutting dacite and rhyo-
lite dikes were dated at approximately 2.85 Ga
(Ovchinnikova et al., 1994). The geological sequence
of the Hautavaara Structure is topped by basalts and
volcano-sedimentary rocks, which crop out in the
northeastern part of the structure (Svetov, 2005).

The intrusive rocks of the Hautavaara Structure
compose mafic—ultramafic and granitic complexes
(Fig. 1b). The ultramafic rocks (serpentinized peri-
dotites, olivinites, and pyroxenites) occur at a number
of levels, intrude the Mesoarchean volcanic rocks, and
are, in turn, cut by gabbroic rocks. The melanocratic
gabbro and conformable tabular intrusions, which are
noted for elevated magnetization, are grouped into the
Vietukkalampi ferrogabbro complex (Slyusarev et al.,
2007), whose gabbro-pegmatite has a U—Pb zircon
age of 2914 = 9 (Nosovaet al., 2013). The eastern flank
of the structure hosts bodies of the Kainooja gabbro
complex, which cut across volcanic rocks of acid—
intermediate composition (>2.85 Ga).
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Fig. 1. (a) Schematic location map of the Hautavaara Greenstone Structure (according to Lobach-Zhuchenko et al., 2005; Hei-
limo et al., 2013) and (b) its schematic geological map (based on materials of the Karelian Geological Expedition, Production
Report by V.V. Sivaev and A.F. Goroshko, 1988; 1: 200000 Geologicheskaya karta SSSR, List P-36-XV). (a) (1) Hautavaara Struc-
ture; (2) Koikara Structure. (b) Rapakivi of the Ulyalega Massif (1.5 Ga); (2) mildly alkaline leucogranite of the Nyalmozero
Massif; (3) granitoids of the Hautavaara Complex (2.74 Ma); (4) Shuya granodiorite massif; (5) unclassified granites and granite-
gneisses; (6) ultramafic rocks of the Hyursul Complex; (7) ferrogabbro of the Vietukkalampi Complex (2.9 Ga); (8) Meseoar-
chean volcanic and volcano-sedimentary rocks (3.0—2.85 Ga). Massifs: (/) Hautavaara, (2) Chalka; (3) Shuya; (4) Nyalmozero.

Granitic magmatism of the Hautavaara Structure
produced TTG gneisses and granitic rocks, some of
which are recognized as the Shuya Complex, sanukit-
oids (Hautavaara Complex), potassic granites (Nyal-
mozero Complex), and a complex of small intrusions
(Virtaoja Complex).

The Shuya Complex has been regarded as a prod-
uct of TTG magmatism and was correlated with anal-
ogous granitoid complexes produced in the Karelian
GGP at 2.86—2.85 Ga (Kuleshevich et al., 2009), and
the pluton in the eastern flank of the Hautavaara
Structure was referred to as the Shuya Massif.

The Hautavaara Complex, which comprises the
Hautavaara and Chalka massifs and a number of

smaller bodies, cuts the folded and metamorphosed
greenstone sequence and ferrogabbro bodies. Based
on their geochemical characteristics, the rocks of this
complex were classed with the sanukitoid series
(Lobach-Zhuchenko et al., 2000, 2005). The U—Pb
zircon age (NORDSIM and classic method) of the
intrusions is ~2.74 Ga (Bibikova et al., 2005; Ovchin-
nikova et al., 1994).

The potassic granites of the Nyalmozero Massif in
the northeastern part of the Hautavaara Structure are
thought to be analogues of the mildly alkaline granites
of the final magmatic phase (2.70—2.68 Ga) of the
greenstone belts.
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The Virtaoja Complex of small intrusions com-
prises vein bodies of tourmaline—muscovite leu-
cogranites with microcline—plagioclase pegmatites.

The granites of the Ulyalega Massif (~1.54—1.5 Ga)
cut across greenstone sequence in the southern part of
the structure.

METHODS

Analysis for major oxides was conducted by con-
ventional silicate analysis at the Analytical Center of
the Karelian Research Center, Russian Academy of
Sciences, in Petrozavodsk. The analyses were accurate
to 1-5 relative % at concentrations >0.5 wt % and no
worse than 12 relative % at concentrations <0.5 wt %.

Concentrations of trace elements were analyzed by
ICP-MS on an X-Series 2 (Thermo Fisher Scientific)
quadrupole mass spectrometer at the Center for Col-
lective Use of the Karelian Research Center, Russian
Academy of Sciences, by conventional methods (Sve-
tov et al., 2015). The samples were decomposed with
acids in an open system. The accuracy of the analyses
was controlled by replicate analyses of the BHVO-2,
SGD-1A, and SGD-2A certified standard reference
samples.

Local U—Pb dating of zircons was conducted by
SIMS (SHRIMP-II) at the Center for Isotope Studies
of the Karpinsky Russian Geological Research Insti-
tute of Geology (VSEGEI) in St. Petersburg by con-
ventional methods (Williams, 1998; Larionov et al.,
2004). Epoxy pellets with grains of the zircon and the
TEMORA (Black et al., 2003) and 91500 (Wienden-
beck et al., 1995) standards were polished to expose
the grains to roughly half of their thicknesses and were
sputter coated with ~10 A layer of 99.999% Au. The
inner structures of the zircon grains were examined
using optical and electron microscopy. The cathodo-
luminescence (CL) and back-scattered -electron
(BSE) images were acquired on a CamScan MX2500
scanning electron microscope. The secondary current
was measured using a high-frequency secondary-elec-
tron multiplier in a mass-scanning mode. The inten-
sity of the primary beam of negatively charged molec-
ular oxygen ions was ~3 nA, and the craters were
~25 um in diameter. The raw data were processed with
the SQUID v. 1.13 and ISOPLOT/Ex 3.41b softwares
(Ludwig, 2001, 2003). The U—Pb ratios were normal-
ized to the value of 0.0668 for the TEMORA zircon
standard, which corresponds to a zircon age of 416.75 Ma
(Black et al., 2003). The U concentration standard was
the 91500 zircon standard with an U concentration of
81.2 ppm (Wiedenbeck et al., 1995). The analytical
errors of individual analyses (isotope ratios and age)
are reported on an 16 level, and the errors of the con-
cordant ages are reported on a 26 level.

The isotope composition of Sm and Nd was ana-
lyzed on a Triton T1 multicollector mass spectrometer
at the Laboratory of Isotope Geology, Institute of Pre-
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cambrian Geology and Geochronology, Russian
Academy of Sciences, in St. Petersburg, according to
the technique described in (Kotov et al., 1995). Con-
centrations of Sm and Nd were analyzed accurate to
+0.5% (206), the ''Sm/'**Nd and '*Nd/'*4Nd isotope
ratios were measured accurate to £0.5% and +0.005%
(20), and the weighted mean '*Nd/'*4Nd ratio of the
La Jolla standard was 0.511894 + 8. The &y4(T) values
were calculated using modern values for the chondrite
uniform reservoir (CHUR) “Nd/'"*Nd = 0.512638
and '"YSm/'"“Nd = 0.1967 (Jacobsen and Wasserburg,
1984) and the depleted mantle (DM) *Nd/'*Nd =
0.513151 and “Sm/"“*Nd = 0.2136(Goldstein and
Jacobsen, 1988).

GEOLOGY AND PETROGRAPHY
OF THE MASSIFS

The Hautavaara Massif was studied most thor-
oughly. It is situated in the central part of the Hau-
tavaara Structure, cuts across folded and metamor-
phosed greenstone sequences, and is meridionally
elongate and extends for up to 6 km in this direction.
The intrusion has a complicated inner structure and
consists of two intrusive phases (Dmitrieva et al.,
2016). Phase 1 comprises monzogabbrodiorite and
monzodiorite, and its rocks are subordinate in the
southern and western inner contact zones of the intru-
sion (Figs. 2, 3a, 3b). The massifis dominated by rocks
of phase 2: granosyenite, and monzogranite (Figs. 3c,
3d), which host fragments of phase-1 rocks.

The U—Pb zircon age of the Hautavaara Massif is
2743 + 8 Ma for the monzodiorite, 2742 + 23 Ga for
the monzogranite (Bibikova et al., 2005), and 2735 £
2 Ga for the granosyenite (Stepanova et al., 2014).

The rocks of the Hautavaara intrusion are usually
massive. The monzogabbrodiorites are equigranular
or porphyritic, with microcline phenocrysts, contain
plagioclase (50—55%), K-feldspar (4—5%), horn-
blende (25—-30%), biotite (10—15%), quartz (~3%),
titanite (2%), apatite (0.5—1%), ilmenite, and acces-
sory zircon and monazite. The monzodiorites are usu-
ally porphyritic rocks owing to feldspar phenocrysts.
The rocks contain plagioclase (50—60%), K-feldspar
(15—20%), hornblende (10—15%), biotite (15—20%),
quartz (~3%), titanite (1-2%), and accessory zircon
and monazite.

The quartz monzodiorites are medium-grained
massive rocks made up of plagioclase (30—35%),
K-feldspar (40—45%), biotite (~8%), quartz (5—
10%), and accessory titanite (1—2%), apatite (0.5%),
zircon, and more rare allanite. The leucocratic grano-
syenites and pinkish red monzogranites are medium-
to coarse-grained porphyritic massive or patchy rocks.
The granosyenites consist of plagioclase (30—35%),
K-feldspar (35—45%), quartz (20%), biotite (5—10%),
and accessory titanite (1—2%), apatite, zircon, and
monazite. The monzogranites contain more K-feld-
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Fig. 2. Schematic geological map of the Hautavaara Massif (based on materials of the Karelian Geological Expedition, Produc-
tion Report by V.V. Sivaev and A.F. Goroshko, 1988) (1) Tuff and tuff—sedimentary rocks; (2) basalt; (3) andesites—dacite series
and related volcano-sedimentary rocks (>2.85 Ga); (4) komatiite—basalt series and related volcano-sedimentary rocks (3.05—2.90 Ga);
(5) ultramafic rocks; (6) BADR-series (3.05—2.95 Ga); (7—9) Hautavaara Massif ((7) monzogranite, (8) granosyenite, (9) monzo-
gabbrodiorite and monzodiorite); (10) gabbro of the Kainooja Complex; (11) ferrogabbro of the Vietukkalampi Complex;
(12) granitoids of the Shuya Complex; (13) sampling sites; (14) sites of rocks dated by U—Pb methods: (1) (Bibikova et al., 2005),

(2) (Stepanova et al., 2014).

spar (40—55%) and quartz (20—25%) but less pla-
gioclase (20—30%), their mafic mineral is biotite (5—
10%), and the accessory minerals are titanite (up to
3%), apatite (up to 0.5%), zircon, and monazite.

The Chalka Massif bounds the greenstone
sequence of the Hautavaara Structure in the northwest
and cuts the granitoids of structures surrounding it in
the west (Fig. 4). The massif is meridionally elongate
and, according to geophysical and geological-survey
data, is large (approximately 20 km along its major
axis). The massif consists of diorites and quartz dio-
rites. The rocks are replaced by epidote in the marginal
portion of the massif and are cut by numerous aplite
and pegmatite veins. The northern part of the Chalka

Massif is overlain by a mantle of glacial drift. The U—
Pb zircon age of the massif is 2745 = 5 Ma (Ovchin-
nikova et al., 1994).

The Chalka Massif is dominated by mesocratic
coarse-grained or porphyritic (with feldspar phe-
nocrysts) biotite—hornblende quartz diorites (Figs. 3e—
3g). The rocks consist of plagioclase (60—75%, oligo-
clase or more rare andesine), K-feldspar (0—5%),
quartz (5—12%), hornblende (5—15%), biotite (7—
12%), apatite (up to 1%), titanite, and REE-bearing
titanite (up to 1-2% REE), zircon, and secondary
epidote, Ce-epidote, (3—5% REE), chlorite (1%),
carbonates (including those of the bastnaesite—para-
site series), and barite. The alterations of the quartz
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Fig. 3. Rock varieties of granitoid massifs of the Hautavaara Structure. (a—d) Hautavaara Massif ((a) monzogabbrodiorite, sam-
ple 3/1, (b) monzodiorite, sample 330, (c) granosyenite, sample 350, (d) monzogranite, sample 363), (e—g) Chalka Massif
((e) epidotized quartz diorite, sample 660, (f) quartz diorite, sample 662, (g) porphyritic quartz diorite, sample 665), (h) Shuya
Massif (granodiorite, sample 526), (i) Nyalmozero Massif (monzoleucogranite, sample 678).

diorites involve the extensive replacement of their pla-
gioclase by epidote, which makes the rock greenish,
and biotite replacement by chlorite.

The Shuya Complex comprises (according to geo-
logical survey data of the Karelian Geological Expedi-
tion) four magmatic phases: (1) diorite; (2) plagiog-
ranite, tonalite, and granodiorite; (3) granite and
microcline leucogranite; and (4) veins of microcline
pegmatite, which marked the final episode of the mag-
matism. The granitoids of the Shuya Complex were
found in the surroundings of the Hautavaara Structure
(Fig. 5). They bound the greenstone sequences in the
west and east and are broken by a number of faults of
near-meridional and northwestern trend. In the zones
of contacts between the granitoids and volcanic rocks
and around fault zones, the rocks are affected by cata-
clasis, mylonitization, and albitization. The Shuya
Complex covers a large area but is poorly exposed on
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the surface, because of which we managed to study
only its granodiorite phase in the eastern and southern
parts of the structure.

The granodiorites are massive pale reddish coarse-
grained rocks and are noted for containing blue quartz
(Fig. 3h). They consist of K-feldspar (6—20%), pla-
gioclase (50—60%), quartz (15—20%), biotite (5—6%),
and secondary (2—5%), epidote (4—5%), carbonate,
and chlorite. The accessory minerals are apatite,
titanite (1%), and zircon. The plagioclase is replaced
by epidote and sericite, and the biotite is replaced by
chlorite. When intensely epidotized and sericitized,
the rocks become greenish. Their sheared and cata-
clased varieties are richer in quartz and biotite. The ore
minerals are rutile, pyrite, and galena. The rocks are
cut by pyrite-bearing quartz—epidote veinlets.

The Nyalmozero Massif cuts the volcanic and vol-
cano-sedimentary sequences in the northeastern part
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Fig. 4. Schematic geological map of the Chalka and Nyalmozero massifs (modified after 7 : 200000 Geologicheskaya karta SSSR,
List P-36-XV). (1) Volcanic and volcano-sedimentary rocks; (2) metagabbro; (3) unclassified Archean granitoids; (4) diorites of
the Chalka Massif; (5) monzoleucogranites of the Nyalmozero Massif; (6) Quaternary rocks; (7) sampling sites; (8) sampling sites

for U—Pb dating and sample numbers.

of the Hautavaara greenstone structure. The massif
extends nearly meridionally for up to 15 km and is
made up of pale pink mildly alkaline leucogranites.
Intrusive bodies of similar composition are also found
north and east of this massif and may be fragments of
a single pluton that is partly overlain by Quaternary
rocks (Fig. 4).

The monzogranites are massive fine-grained,
sometimes slightly sheared rocks and consist of K-feld-
spar (25—30%), plagioclase (25—30%, oligoclase or
more rare albite), quartz (35—40%), biotite (3—5%),
and muscovite (2—3%). The dominant accessory min-
eral is monazite, and the rocks also contain accessory
apatite and zircon. The secondary minerals are epi-
dote (1—3%), sericite, and chlorite. The rocks contain
minor amounts of rutile, ilmenite, and galena.

CHEMICAL COMPOSITION OF THE ROCKS

‘We have most thoroughly studied and sampled the
Hautavaara Massif (Dmitrieva et al., 2016). The com-
position of its rocks broadly varies, with SiO, concen-
tration increasing from 51.98 wt % in the monzogab-
brodiorites to 70.5 wt % in the monzogranites and the
total of alkalis simultaneously increasing from 6.21 to
9.57 wt % (Table 1, Fig. 6). The rocks belong to the
moderately alkaline series, with K,O dominating over
Na,O (Na,0/K,0 < 1) and possess elevated Mg# =
0.60—0.45, which decreases with increasing SiO, and

Al,O; concentrations. The phase-2 granosyenites and
monzogranites are poorer in FeO*, MgO, CaO, TiO,,
and P,0; than the monzogabbrodiorite and monzodi-
orite. In Harker diagrams (Fig. 6), the correlations
between major-element concentrations and SiO, are
almost rectilinear (Fig. 6).

The phase-1 monzogabbrodiorite and monzodio-
rites bear elevated concentrations of P,Os (0.56—0.61 wt
%), TiO, (0.65—1.03 wt %), and V (128—201 ppm),
and these rocks are richer in Cr (163—223 ppm), Ni (49—
70 ppm), and Cu (18—118 ppm) than the phase-2 gra-
nosyenites and monzogranites (Cr 20—68, Ni 10—37
and Cu 6—29 ppm) (Figs. 6, 7). The rocks of phase 1
are enriched in Zr with an increase in the SiO, con-
centration, whereas Zr concentration in the phase-2
rocks, conversely, decreases with increasing SiO, con-
centration (Fig. 7). The Ba and Sr concentrations
decrease from the mafic to acid rocks, whereas the Rb
concentration increases. The maximum Ba concen-
tration in the monzogabbrodiorites and monzodio-
rites is 2054 ppm, and those in the granosyenites and
monzogranites are 1081 ppm.

The rocks of the Hautavaara Massif typically have
fractionated REE patterns, (La/Yb), = 14—21, and the
total REE concentrations decrease from 346 to 128 ppm
with increasing silicity (Fig. 8).

The Chalka Massif was sampled in its southern
part, and was traversed from its eastern inner contact
zone in the Korbozero Lake area westward to Kangoz-

PETROLOGY Vol 29

No.2 2021



NEOARCHEAN GRANITOIDS OF THE HAUTAVAARA STRUCTURE, KARELIA 155

Fig. 5. Schematic geological map of the Shuya Complex
(based on materials of the Karelian Geological Expedi-
tion, Production Report by V.V. Sivaev and A.F. Goros-
hko, 1988). (1) Rapakivi of the Ulyalega Massif; (2) mas-
sifs of the Hautavaara Complex; (3—5) Shuya Complex;
((3) granite, (4) plagiogranite, tonalite, and granodiorite,
(5) diorite); (6) ultramafic rocks of the Hyursul Complex;
(7) volcanic and volcano-sedimentary rocks; (8) faults; (9)
sampling sites; (10) sampling sites for U—Pb dating.

ero Lake (approximately 5 km) and northward for 3 km.
The biotite—hornblende quartz diorites composing
this massif are fairly homogeneous in composition and
define a compact field in petrochemical diagrams
(Fig. 6). The rocks contain 59.28—60.96 wt % SiO,,
belong to the normal-alkalinity series (total of alkalis is
6.02—6.47 wt %) of sodic alkalinity (Na,O/K,O > 1).
The rocks have elevated Mg# = 0.56—0.58. The TiO,,
Al,O5, and SiO, concentrations of the quartz diorites
are intermediate between those in the rocks of the
mafic and acid phases of the Hautavaara Massif. The
former rocks are richer in CaO and FeO* and poorer
in K,O than the latter ones.

The quartz diorites bear high Cr concentrations
(172—188 ppm), are enriched in Ba (634—1459 ppm)
and Sr (740—889 ppm), and are contrastingly different
from the phase-1 monzodiorites of the Hautavaara
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Massif in containing high concentrations of Ni (90—
99 ppm) and V (111-212 ppm) (Fig. 7).

The REE patterns of the rocks of the Chalka Massif
are fractionated: (La/Yb), = 11—-30. The total REE
concentrations are 160—210 ppm. The rocks of the
marginal zone are richer in HREE than the quartz
diorites in the core of the massif. The PM-normalized
multielemental patterns of the quartz diorites resemble
those of the rocks of the Hautavaara Massif (Fig. 8).

The granitoids of the Shuya Complex, which were
sampled in the eastern and southern parts of the struc-
ture, show insignificant variations in their SiO, con-
centrations (67.52—68.96 wt %) at a total concentra-
tion of alkalis of 6.81—8.34 wt % and belong to a sodic
series (Na,O/K,O > 1). The shearing of the rocks was
associated with their enrichment in biotite and seric-
ite, and hence, in an increase in the concentrations of
alkalis and a shift of the rock compositions into the
granosyenite field (Fig. 6). According to their petro-
chemistry (TiO,, Al,O;, FeO*, MgO, and P,0;), the
rocks of the Shuya Massif correlate with phase 2 of the
Hautavaara Massif but differ from the latter in being
richer in CaO and poorer in K,O.

The granodiorites have relatively low Mg# = 0.52—
0.43 and bear high concentrations of Cr (53—71 ppm),
Ni (24—45 ppm), Ba (460—1270 ppm), and Sr (520—
750 ppm) and differ from the phase-2 rocks of the
Hautavaara Massif in possessing lower Y, Rb, Zr, and
Nb concentrations and higher Sr ones (Fig. 7). The
REE patterns of these rocks are strongly fractionated,
(La/Yb), = 22—30, but the total REE concentrations
are relatively low: 103—151 ppm. The normalized mul-
tielemental patterns of the granitoids are similar to
those of the rocks of the Hautavaara and Chalka Mas-
sifs (Fig. 8)

The monzoleucogranites of the Nyalmozero Mas-
sif were sampled in its southwestern part and in the
area of Nyalmozero Lake. These are highly silicic
rocks (SiO, = 73.14—73.47 wt %) with elevated con-
centrations of alkalis (8.36—9.05 wt %) and belong to
the sodic series (Na,O/K,O > 1). The monzoleu-
cogranitoids differ from the granitoids of the afore-
mentioned three massifs in containing lower TiO,,
MgO, and P,Os concentrations (Fig. 6) and having
Mg# < 0.50.

The monzoleucogranites are poor in Cr (20—33 ppm),
Ni (17—24 ppm), Ti, and V; bear moderately low con-
centrations of Ba (1330—1653 ppm) and Sr (362—
514 ppm); and differ from the granitoids of the Hau-
tavaara, Chalka, and Shuya massifs in containing low
V, Zr, Nb, and Y concentrations (Fig. 7).

The rocks have strongly fractionated REE patterns,
(La/Yb), = 36—85, possess low REE concentrations
(45—99 ppm), and are depleted in HREE (Fig. 8).
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Table 1. Chemical composition of granitoids in the Hautavaara Structure

1 ‘ 2 ‘ 3 4 | 5 6 \ 7 ] 8
Compo- Hautavaara Massif
nent 3/1 | 3/2 | 318 330 | 331 8 | 370 | 2
MGD MD QMD
Sio, 51.98 53.52 54.45 58.50 57.16 61.74 65.80 65.40
TiO, 1.03 0.88 0.73 0.67 0.65 0.62 0.50 0.55
Al,O, 15.83 15.92 15.29 15.20 14.87 17.66 15.13 14.80
Fe,0; 2.91 3.10 3.22 2.27 2.69 2.15 1.35 0.99
FeO 5.46 4.45 4.23 3.59 3.30 2.01 2.15 172
MnO 0.144 0.135 0.132 0.111 0.098 0.059 0.058 0.055
MgO 6.74 5.46 5.56 4.70 4.21 2.13 2.38 2.08
CaO 6.82 6.96 6.82 491 4.39 1.98 2.04 320
Na,O 2.88 3.49 3.70 3.71 3.50 4.09 3.80 391
K,O 3.33 3.22 3.03 4.02 4.94 6.06 5.61 6.16
P,0s 0.61 0.56 0.58 0.42 0.44 0.27 0.10 024
LOI 1.72 1.6 1.56 1.63 3.10 1.02 0.94 0.80
Total 99.53 99.51 99.50 99.88 99.64 99.99 99.98 99.96
Mg# 0.60 0.58 0.58 0.60 0.57 0.49 0.56 0.58
alk 6.21 6.71 6.73 7.73 8.44 10.15 9.41 10.07
Na,0/K,O|  0.86 1.08 1.22 0.92 0.71 0.67 0.68 0.63
Cr 179.9 162.7 166.32 | 222.5 181.4 53.92 66.3 61.53
Ni 60.64 51.27 56.93 70.1 49.28 22.22 28.5 30.62
\Y 200.9 178.7 175.88 130.3 127.9 78.64 53.52 104.3
Cu 18.06 35.35 57.07 118.4 61.2 17.67 14.03 14.97
Rb 196.0 120.3 98.3 101.7 226.8 248.26 179.0 290.6
Sr 1032.0 1124.0 1207.62 585.7 692.8 438.02 341.1 3285
Y 22.61 21.26 19.76 19.25 19.72 23.10 18.16 1227
Pb 17.63 15.23 24.61 17.64 66.49 14.86 11.22 1L13
Th 4.58 5.49 7.01 12.39 13.65 45.38 49.33 2747
U 1.47 1.86 2.06 2.01 3.67 4.41 3.59 3.06
Zr 90.31 122.6 69.37 168.4 167.6 457.98 401.7 3532
Hf 2.19 2.82 2.10 4.13 4.24 11.36 9.34 833
Nb 7.95 8.52 5.62 9.75 11.06 24.12 13.35 17.34
Ta 0.38 0.37 0.64 0.58 0.75 2.29 0.93 117
Ba 1782.0 2054.0 1751.39 | 1920.0 1782.0 1224.59 951.1 1003.0
La 41.05 44.93 47.42 45.43 45.19 74.38 47.29 23.03
Ce 97.58 103.5 104.20 92.09 95.75 157.1 104.5 60.27
Pr 12.68 12.56 13.38 10.93 10.86 17.14 10.72 483
Nd 55.21 52.72 57.36 41.9 40.26 62.96 41.39 22.59
Sm 12.42 11.43 11.52 7.90 7.57 10.8 8.35 480
Eu 3.72 3.58 2.82 2.50 2.34 1.90 1.77 1.09
Gd 10.48 10.19 5.32 7.17 6.86 8.8 5.32 3.60
Tb 1.21 L12 1.02 0.84 0.82 1.00 0.61 046
Dy 4.66 4.29 4.28 3.40 3.47 4.59 2.61 281
Ho 0.84 0.80 0.78 0.69 0.70 0.84 0.63 0.53
Er 2.39 227 2.04 2.09 2.18 2.38 1.99 159
Tm 0.3 0.29 0.25 0.28 0.31 0.34 0.27 0.23
Yb 2.07 2.03 1.81 2.10 2.18 3.60 2.0 170
Lu 0.23 0.23 0.23 0.25 0.26 0.36 0.28 0.25
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9 10 1 12 13 ‘ 14 ’ 15 16
Compo- Hautavaara Massif
nent 5/1 7 327 | 327/1 | 350/1 ‘ 350/2 ‘ 350/4 350/9
QMD GS
Sio, 64.93 66.90 69.24 67.02 67.94 68.32 70.60 67.70
TiO, 0.68 0.48 0.44 0.46 0.39 0.39 0.43 043
Al O; 15.80 15.15 13.86 14.47 14.68 14.42 14.40 14.90
Fe,0; L12 1.18 1.48 1.57 0.73 1.1 1.35 105
FeO 2.44 1.94 1.58 2.15 1.68 2.01 0.93 1.86
MnO 0.052 0.054 0.042 0.053 0.051 0.056 0.028 0.052
MgO 2.07 1.92 1.73 2.00 1.65 1.76 1.50 1.86
CaO 2.61 1.83 1.53 1.90 1.60 1.31 0.73 20
Na,O 4.27 3.78 3.26 3.58 4.15 4.93 3.62 365
K,O 4.93 5.55 5.73 5.38 5.42 4.08 4.84 555
P,05 0.25 0.22 0.2 0.23 1.32 0.09 0.08 0.06
LOI 0.64 0.76 0.79 0.8 0.07 1.22 1.33 0.78
Total 99.92 99.93 100.0 99.62 99.96 99.82 99.96 99.97
Mg# 0.51 0.54 0.52 0.50 0.56 0.51 0.56 0.54
alk 9.2 9.33 8.99 8.96 9.57 9.01 8.46 92
Na,0/K,O|  0.87 0.68 0.57 0.67 0.77 1.21 0.75 0.66
Cr 74.95 43.36 37.80 44.28 50.96 — 41.11 67.97
Ni 31.34 19.10 18.85 22.06 22.98 — 9.64 32.56
\Y 138.50 63.80 57.92 66.12 43.72 — 46.88 46.59
Cu 16.84 16.26 12.27 10.30 17.96 — 29.28 18.56
Rb 357.5 217.18 257.22 281.78 226.10 — 203.5 240.5
Sr 598.1 282.82 207.18 420.42 276.0 — 170.7 3839
Y 9.75 16.46 21.0 20.39 19.94 - 15.32 21.68
Pb 28.42 30.13 21.52 27.29 21.81 — 52.53 2325
Th 16.04 30.57 28.48 32.48 47.23 — 54.12 5447
U 5.21 6.96 16.42 11.04 7.52 — 7.24 9.2
Zr 413.0 363.14 328.09 | 393.98 319.20 — 375.5 316.0
Hf 9.07 8.90 8.09 9.72 8.60 - 9.61 821
Nb 12.73 15.87 17.60 18.12 16.14 — 17.62 1571
Ta 0.43 1.38 2.70 1.94 1.15 — 1.26 121
Ba 945.6 1067.19 909.99 915.79 | 763.0 — 1014.0 805.4
La 33.71 53.26 71.46 55.98 43.87 — 10.17 4841
Ce 60.23 111.68 139.28 121.76 87.20 — 23.9 106.40
Pr 6.86 12.27 16.13 13.80 9.56 — 2.89 1147
Nd 30.19 44.88 60.00 51.66 36.77 — 11.85 4368
Sm 5.66 7.78 10.05 9.35 7.89 — 3.45 9.62
Eu 1.65 1.55 .61 1.64 1.52 — 0.87 172
Gd 3.80 6.47 8.23 7.80 5.68 — 2.84 59
Tb 0.45 0.69 0.90 0.86 0.67 — 0.40 0.71
Dy 2.28 3.22 3.89 4.10 2.99 - 2.25 31
Ho 0.41 0.56 0.77 0.74 0.73 — 0.57 0.77
Er 1.14 1.62 2.13 2.05 2.13 — 1.76 230
Tm 0.16 0.22 0.30 0.28 0.30 — 0.27 0.33
Yb 113 2.53 2.79 2.95 2.11 - 1.89 226
Lu 0.18 0.25 0.28 0.29 0.28 — 0.24 0.29
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17 \ 18 19 20 21 22 23 24
Compo- Hautavaara Massif
nent 1 | 6 319 322 320 ‘ 320/3 336 352
GS MG
Sio, 67.74 68.16 70.38 69.46 70.22 70.50 69.32 69.62
TiO, 0.47 0.43 0.32 0.34 0.34 0.30 0.35 0.35
AL, O, 14.93 14.61 14.20 14.14 14.19 14.21 13.98 14.44
Fe,0; 0.99 1.42 0.86 1.46 1.15 0.49 1.19 092
FeO 1.72 1.72 1.29 1.29 1.22 1.44 1.58 1.79
MnO 0.053 0.045 0.037 0.038 0.035 0.032 0.038 0.043
MgO 1.33 1.55 1.19 1.24 1.03 1.04 1.26 0.71
CaO 1.91 1.76 1.54 1.76 1.32 1.47 1.61 160
Na,O 3.62 3.81 3.78 3.94 3.87 4.21 3.76 390
K,O 5.76 5.43 5.30 5.13 5.50 5.31 5.50 520
P,0; 0.24 0.2 0.20 0.19 0.22 0.16 0.17 0.07
LOI 0.75 0.72 0.66 0.88 0.59 0.70 0.64 0.83
Total 99.55 100.0 99.89 100.0 99.82 99.98 99.55 99.65
Mg# 0.47 0.48 0.51 0.46 0.45 0.50 0.46 0.33
alk 9.38 9.24 9.08 9.07 9.37 9.52 9.26 91
Na,0/K,O|  0.63 0.7 0.71 0.77 0.70 0.79 0.68 0.75
Cr 51.39 - 20.46 25.92 19.60 — 34.53 47.38
Ni 23.91 — 13.51 14.79 13.95 — 15.11 237
\Y 96.73 - 42.24 40.50 45.73 — 45.73 30.34
Cu 8.37 — 22.78 16.80 5.59 — 10.51 17.47
Rb 371.6 - 239.38 221.38 250.10 — 281.38 2124
Sr 376.1 - 430.42 | 424.02 410.82 - 320.18 446.4
Y 16.25 - 14.66 14.10 15.14 — 16.94 13.73
Pb 32.67 — 38.67 17.83 24.74 — 30.40 4471
Th 30.18 - 37.45 34.31 34.48 — 36.84 43.02
U 7.20 — 11.61 6.30 6.38 — 7.69 8.55
Zr 342.7 — 250.02 224.62 250.41 - 271.37 2246
Hf 9.11 - 7.03 6.14 6.85 — 7.06 5.86
Nb 16.67 - 13.68 13.27 13.45 — 16.45 11.99
Ta 1.26 — 1.69 1.52 1.61 — 1.77 095
Ba 768.5 - 1013.39 | 1009.79 | 1080.79 — 863.19 919.3
La 52.46 — 49.66 47.26 49.70 — 44.22 39.07
Ce 86.87 - 103.92 95.56 98.88 - 95.36 73.36
Pr 11.43 — 11.74 10.77 11.59 — 11.32 791
Nd 49.47 - 42.76 40.05 42.40 — 41.48 29.32
Sm 8.30 — 7.17 6.80 7.13 — 7.19 6.24
Eu 1.40 - 1.39 1.36 1.38 — 1.24 135
Gd 5.23 — 5.94 5.60 5.88 — 6.06 3381
Tb 0.64 - 0.62 0.60 0.63 - 0.67 045
Dy 3.60 — 2.51 2.41 2.55 — 3.16 197
Ho 0.65 - 0.53 0.50 0.52 - 0.57 048
Er 1.92 - 1.49 1.46 1.48 — 1.66 147
Tm 0.28 - 0.22 0.20 0.21 - 0.23 021
Yb 1.94 - 2.21 2.00 2.14 — 2.35 14
Lu 0.29 - 0.22 0.21 0.21 — 0.24 0.19
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25 \ 26 27 ] 28 | 29 \ 30 ] 31 ] 32 33
Compo- Hautavaara Massif Chalka Massif
nent 363/2 | 363/3 361 | 660a | 660 | 661 \ 662 | 663 665
MG QD
Sio, 70.32 69.70 59.28 59.9 60.2 60.28 60.94 60.58 60.96
TiO, 0.39 0.38 0.59 0.57 0.6 0.6 0.57 0.58 0.61
AL, O, 13.70 13.90 16.89 16.11 15.95 15.94 15.6 15.69 15.06
Fe,0; 0.70 0.84 2.26 2.25 2.15 2.25 2.33 2.27 1.95
FeO 1.43 1.86 3.52 3.52 3.52 3.52 3.45 3.36 4.16
MnO 0.039 0.049 0.107 0.083 0.085 0.105 0.08 0.086 0.093
MgO 1.66 1.62 3.42 4.16 4.16 4.09 4.0 421 431
CaO 1.60 1.60 5.06 5.12 5.42 5.21 4.77 4.74 4.34
Na,O 3.88 3.94 3.61 4.26 4.16 4.47 4.16 4.06 3.89
K,O 5.43 5.10 2.86 1.99 1.86 1.77 2.27 2.39 2.38
P,05 0.11 0.12 0.28 0.31 0.31 0.32 0.29 0.31 0.32
LOI 0.64 0.76 1.41 1.03 0.89 0.82 0.8 0.96 1.27
Total 99.92 99.99 99.51 99.50 99.51 99.57 99.50 99.51 99.52
Mg# 0.59 0.53 0.56 0.57 0.57 0.57 0.56 0.58 0.56
alk 9.31 9.04 6.47 6.25 6.02 6.24 6.43 6.45 6.27
Na,0/K,0|  0.71 0.77 1.3 2.14 2.24 2.53 1.83 1.70 1.63
Cr 46.28 65.59 116.1 207.1 202.5 171.4 179.8 179.2 144.7
Ni 25.11 36.62 60.47 98.25 97.46 97.38 92.87 94.3 87.82
\Y% 27.82 32.67 1115 221.6 207.3 211.2 203.9 193.3 195.3
Cu 11.03 13.01 11.57 23.53 25.8 15.29 31.8 23.19 92.82
Rb 151.1 165.0 110.3 64.26 60.7 122.0 76.37 124.6 85.09
Sr 342.4 387.1 679.2 988.2 982.2 861.3 901.2 863.3 822.5
Y 14.55 15.86 17.48 12.99 12.85 19.96 13.11 13.28 12.42
Pb 18.77 10.99 22.02 20.47 19.45 27.07 22.09 20.52 11.58
Th 43.75 43.55 10.15 2.26 2.47 3.35 4.59 5.42 2.68
U 6.16 2.20 1.95 0.42 0.44 3.36 1.31 1.25 1.28
Zr 203.4 229.6 130.9 111.7 153.0 185.1 160.7 172.3 238.3
Hf 5.46 6.21 3.26 2.31 3.06 3.96 3.50 3.63 4.56
Nb 10.93 11.89 5.55 4.33 4.39 9.78 5.06 5.35 5.28
Ta 0.97 1.03 0.52 0.51 0.54 1.16 0.61 0.65 0.64
Ba 884.1 836.7 977.2 582.4 534.3 338.7 558.5 579.0 743.0
La 30.87 41.53 46.32 30.19 44.67 29.83 44.74 43.70 29.32
Ce 66.37 73.63 85.77 83.67 99.64 79.78 100.90 101.30 77.29
Pr 8.00 9.66 10.26 9.70 11.98 9.54 11.81 11.86 8.98
Nd 31.21 37.55 38.67 40.14 45.59 38.78 44.73 45.69 37.23
Sm 6.59 7.55 6.14 6.79 6.96 6.84 7.06 7.13 6.35
Eu 1.44 1.54 1.62 1.76 1.79 1.68 1.78 1.88 1.72
Gd 4.09 4.50 4.61 4.92 4.94 5.28 5.02 5.15 4.63
Tb 0.49 0.54 0.69 0.57 0.59 0.68 0.62 0.60 0.55
Dy 2.16 2.40 3.20 2.71 2.66 3.31 2.69 2.80 2.63
Ho 0.52 0.59 0.60 0.50 0.48 0.61 0.47 0.49 0.49
Er 1.58 1.71 1.72 1.28 1.27 1.76 1.27 1.29 1.24
Tm 0.21 0.24 0.25 0.17 0.16 0.27 0.16 0.17 0.16
Yb 1.53 1.65 1.62 1.06 1.07 1.94 1.10 113 1.09
Lu 0.20 0.21 0.26 0.15 0.15 0.29 0.16 0.16 0.16
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34 \ 35 ] 36 ] 37 | 38 39 ] 40 ] 41 | 42
Compo- Shuya Massif Nyalmozero Massif
nent 524 | 526 ‘ 650 | 651 | 2% 353 ‘ 676 | 677 | 678
GD MLG
Sio, 68.16 68.20 67.52 67.62 68.96 73.14 73.4 73.44 73.47
TiO, 0.30 0.34 0.37 0.41 0.36 0.13 0.10 0.09 0.10
AL, O, 15.31 15.08 15.20 15.09 14.99 13.63 14.60 14.60 14.60
Fe,0; 1.33 1.39 1.61 2.02 3.21 0.13 0.36 0.39 0.40
FeO 1.44 1.51 1.51 1.51 - 1.0 115 0.57 0.93
MnO 0.061 0.054 0.050 0.047 0.06 0.026 0.016 0.012 0.013
MgO 1.41 1.42 1.74 2.05 1.22 0.78 0.35 0.41 0.30
CaO 2.01 2.58 2.39 2.82 2.36 1.31 1.37 1.30 1.16
Na,O 4.43 4.27 4.24 5.64 4.36 4.14 4.47 4.52 4.37
K,O 3.88 3.60 4.10 1.17 2.99 4.91 3.89 4.16 4.16
P,0s 0.17 0.20 0.24 0.25 0.13 0.06 0.05 0.05 0.03
LOI 1.28 1.01 0.88 118 0.82 0.32 0.08 0.29 0.30
Total 100.0 99.98 100.0 99.98 99.46 99.97 99.99 99.95 100.0
Mg# 0.49 0.48 0.51 0.52 0.43 0.55 0.29 0.44 0.29
alk 8.31 7.87 8.34 6.81 7.35 9.05 8.36 8.68 8.53
Na,0/K,0 1.14 1.19 1.03 4.82 1.46 0.84 115 1.09 1.05
Cr 52.68 61.12 57.90 71.0 - 33.63 19.58 22.68 26.32
Ni 24.24 35.45 37.38 45.31 - 19.25 16.58 23.09 24.15
\Y 40.74 50.08 36.97 40.89 - <DL <DL <DL <DL
Cu 10.67 3.61 17.80 23.50 - 5.61 11.77 7.54 11.30
Rb 110.60 94.60 89.41 31.51 - 85.68 103.50 101.60 103.20
Sr 520.30 749.80 607.30 620.80 - 369.20 362.00 396.70 514.10
Y 8.84 10.17 7.59 9.62 - 2.87 2.88 1.79 1.14
Pb 12.62 15.55 14.29 11.12 - 22.92 26.02 27.66 21.14
Th 9.97 10.29 9.48 16.89 — 11.46 9.94 11.74 8.25
U 1.47 1.84 5.37 221 — 0.75 0.97 0.72 0.58
Zr 111.30 150.60 115.70 129.30 - 85.39 75.75 70.17 70.78
Hf 3.19 4.10 2.89 2.97 - 2.54 2.26 1.94 1.99
Nb 6.46 6.54 5.10 5.24 — 2.17 1.58 1.39 1.36
Ta 0.65 0.60 0.45 0.44 — 0.16 0.06 0.07 0.05
Ba 1257.0 1274.0 1252.0 457.3 - 1518.0 1330.0 1385.0 1653.0
La 26.91 33.67 21.40 27.02 - 15.20 27.51 9.63 16.06
Ce 45.93 61.27 46.34 76.01 - 29.17 45.60 21.77 31.04
Pr 7.18 9.13 5.06 6.28 — 2.97 4.27 1.84 2.68
Nd 25.16 31.90 19.2 22.79 - 10.69 15.63 7.94 9.87
Sm 4.55 5.50 3.64 4.13 — 2.08 2.50 1.70 1.69
Eu 1.21 1.42 112 1.16 — 0.78 0.68 0.65 0.68
Gd 2.89 3.61 2.80 3.24 — 1.33 1.43 0.91 0.72
Tb 0.42 0.41 0.38 0.42 — 0.14 0.19 0.11 0.08
Dy 1.81 1.96 1.66 2.00 — 0.52 0.70 0.39 0.28
Ho 0.34 0.36 0.26 0.31 — 0.11 0.10 0.06 0.04
Er 0.87 0.95 0.78 0.92 — 0.30 0.25 0.18 0.13
Tm 0.11 0.13 0.12 0.14 — 0.04 0.03 0.02 0.02
Yb 0.76 0.84 0.71 0.82 — 0.23 0.23 0.19 0.17
Lu 0.13 0.13 0.12 0.11 - 0.04 0.04 0.03 0.02

(6—10) According to (Dmitrieva et al., 2016). Rock symbols: GD—granodiorite, GS—granosyenite, D—diorite, QD—quartz diorite,
QMD—quartz monzodiorite, LG—leucogranite, MG—monzogranite, MGD—monzogabbrodiorite, MD—monzodiorite, MLG—mon-
zoleucogranite. Oxides are in wt %, elements are in ppm, <DL means concentrations below the detection limits, dashes mean not ana-
lyzed, Mg# = Mg/(Fe2+ + Fe’t + Mg). *Data provided by the Karelian Geological Expedition.
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Structure. (1) Phase 1, (2) phase 2.

U—Pb ISOTOPE ZIRCON GEOCHRONOLOGY

The U—Pb age values of rocks of the various mag-
matic phases of the Hautavaara Massif were published
in (Bibikova et al., 2005; Stepanova et al., 2014) (see
above).

Pale brown prismatic zircon crystals and their frag-
ments with variable crystal faceting and thin oscilla-
tory zoning (Fig. 9a) were separated from the quartz
diorite of the Chalka Massif (sample 660). The zircon
grains are 200—300 wm long, and their 3>Th/?*¥U ratio
varies from 0.56 to 0.79 and corresponds to that of
magmatic zircon.

The 20°Pb/28U—2Pb/?¥U diagrams (Fig. 10)
show that the zircons yield a concordant age of 2739.1 +
6.9 Ma (MSWD = 0.57, n = 10), which corresponds to
the crystallization age of the quartz diorites of the
Chalka Massif. This age value is consistent with that
determined previously by the classic method: 2745 + 5 Ma
(Ovchinnikova et al., 1994).

The dominant zircons in the granitoids of the
Shuya Massif are pale brown short- and long-pris-
matic euhedral grains (sample 650a) with variably pre-
served oscillatory zoning (Fig. 9b). The crystals are
200—400 um long. The CL images of some of the zir-
cons show paler euhedral cores with clearly seen mag-
matic sectorial zoning (grains 1—3 and 10). Some of

PETROLOGY Vol. 29
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the crystals display relict oscillatory zoning and a
homogeneous inner structure.

Fifteen spot analyses for isotope concentrations of
ten zircon crystals (in their cores and margins) were
used to calculate the isotope ratios (Table 2). The
22Th/?8U = 0.50—0.83. The oldest age value of 2863 +
31 was determined in grain 7 and correlates with the
emplacement age of the subvolcanic rhyolite porphyry
dikes: 2862 + 45 Ma (Ovchinnikova et al., 1994). This
zircon grain seems to be xenogenic and was thus
rejected from further considerations. The age values
are slightly scattered in the Ahrens—Wetherill diagram
(Fig. 10). Six of the data points make up a compact
cluster (—1 < D < 1) corresponding to an age of 2745 +
10 Ma, concordance MSWD = 0.047, concordance
probability = 0.83. Three spot analyses (the core and
margin of grain 4 and the core of grain 6) are discor-
dant and plot below the concordia (19 < D < 42). The
deviations from the concordia are explained by the
losses of radiogenic Pb. Five spots (the core of grain 2
and the outer zones of grains 1, 3, 5, and 10) are sub-
concordant (4 < D < 6). All of the calculated age values
plot on a linear trend (discordia), which implies that
the zircons are syngenetic. The upper intercept of the
concordia and discordia corresponds to an age of
2745.7 £ 7.6 Ma (MSWD = 0.83), and the lower inter-
cept involves a large error.
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Fig. 9. Optical micrographs and CL images of the zircons. Massifs: (a) Chalka , sample 660; (b) Shuya , sample 650-a; (c) Nyal-

mozero , samples 676—678.

Data on zircons from granitoids of the Shuya Mas-
sif indicate that most of the zircon cores are not xeno-
genic (do not yield old age values and show well-pre-
served euhedral morphologies). The possible mecha-
nism of their origin was crystallization from magma,
which triggered the partial melting of the preexisting
crystals and their overgrowing with newly formed
outer zones under lower pressures. The analyzed cores
and margins yield consistent age values. The core of
grain 6 differs from the other crystals, is ellipsoidal,
and may be of inherited nature. Nevertheless, the age
value calculated for spot 6.1 plots on a discordia,
which suggests that the U—Pb systems has been com-
pletely reequilibrated.

Zircons from the monzoleucogranites of the Nyal-
mozero Massif are transparent and semitransparent
prismatic crystals of various size and their fragments
(samples 676—678, Fig. 9¢c). The grains are 155—290
wm long. The CL images of the zircons show their
coarse zoning. Their 2?Th/?%U = 0.21—0.75. Isotope
concentrations were measured at eleven spots at these
grains. Spot 3.2 (margin of a grain) was rejected
because of'its very high U concentration (3*?Th/?%U =

0.01) and elevated content of radiogenic Pb; the calcu-
lated concordant age is younger and plots away from
the intercept of the discordia and concordia.

In the concordia diagram, the age values are
slightly scattered (Fig. 10). Four of the spots have
highly discordant isotope ratios (10 < D < 22), three
are subconcordant (2 < D < 3), and three others lie on
the concordia. The regression line for all of the calcu-
lated values has an upper intercept with the concordia
corresponding to an age of 2740.9 + 9.4 Ma (MSWD =
0.84). The data points plotting on the concordia (three
ellipses) were used to calculate an age value of 2737 +
13 Ma (MSWD = 0.048, concordance = 0.83). The
weighted mean age value calculated based on the
207Pb /296Pb ratio is 2739.3 £ 8.3 Ma (Fig. 11).

Sm—Nd ISOTOPE DATA

The rocks of the Hautavaara Massif have €y 4(2.74) =
+0.1 to +1.1 (Lobach-Zhuchenko et al., 2000; Kova-
lenko et al., 2005; and Yu.S. Egorova’s data, personal
communication). The ey value close to zero implies
that the melt source might have been produced by
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Fig. 10. Ahrens—Wetherill concordia diagrams showing the ellipses of errors, for the zircon ages of granitoid massifs in the Hau-
tavaara Structure. The ellipses and concordant age values are presented with 26 errors.
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Fig. 11. Weighted mean 207Pb/206Pb zircon age of the
Nyalmozero Massif.

mixing depleted mantle and crustal materials. Some
samples of the phase-2 monzodiorites have a more

radiogenic Nd isotope composition: £y4 up to +1.1.
The model age of the rocks Tyy(DM) ~ 3 Ga.

The quartz diorites of the Chalka Massif have
€ng(2.74) = +0.4 (Table 3). A value of ey4(2.74) = —1.3
has been obtained for this massif in (Kovalenko et al.,
2005).

The granodiorites of the Shuya Massif have nega-
tive €yq4(2.74) = —2.8, which corresponds to a crustal
source. The model age Ty (DM) calculated according
to the model (Goldstein and Jacobsen, 1988) is 3.2 Ga.

The monzoleucogranites of the Nyalmozero Massif
also have negative £y4(2.74) = —1.0 nad Ty(DM) = 3.1.

DISCUSSION

The data presented above enable discussion of the
age and genetic relationships of Neoarchean granit-
oids in the Hautavaara Structure and the source and
tectonic environments in which their parental melts
were derived.
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U—Pb Zircon Geochronology and Age
Correlations between the Granitoids of Massifs
in the Hautavaara Structure

The U—Pb zircon ages of the compositionally dif-
ferent granitoids append the results of earlier studies of
the Hautavaara Structure.

The Hautavaara sanukitoid massif in the central
part of the Hautavaara Structure is a most exhaustively
studied reference intrusion, whose monzodiorites and
granosyenites of different intrusive phases (which were
sampled in different parts of the massif) were dated by
ID-TIMS (Stepanova et al., 2014) and SIMS
(Bibikova et al., 2005) methods. The dates lie within
the range of 2735—2743 Ma and are the reliably justi-
fied age of emplacement of this polyphase sanukitoid
massif.

The Chalka Massif of diorites of the sanukitoid
series in the northwestern surroundings of the Hau-
tavaara Structure has an U—Pb zircon age (SHRIMP-II)
0of 2739 + 7 Ma and an U—Pb zircon age of 2745 = 5 Ma
(classic technique) (Ovchinnikova et al., 1994). This
age coincides with the age of diorites of the Hau-
tavaara sanukitoid massif.

The Shuya tonalite—granodiorite massif in the
southeastern surroundings of the Hautavaara Struc-
ture was previously viewed as a probable member of
the much older tonalite—trondhjemite—granodiorite
series of granitoids dated at approximately 2.85 Ga
(Kuleshevich et al., 2009). The U—Pb zircon age of a
granodiorite sample from this massifs reliably deter-
mines its age as 2745 Ma, which makes this massif
coeval with the Hautavaara and Chalka sanukitoid
massifs. One older zircon grain identified in the zircon
population has a 27Pb/?°Pb age of 2863 Ma and was
likely entrapped by the granitoid magma from the vol-
canic rocks or TTG granitoids of the Hautavaara
Structure.

The Nyalmozero Massif in the northeastern sur-
roundings of the Hautavaara Structure is thought to
represent the younger leucogranites, which were dated
elsewhere in the Karelian Craton at 2.70—2.68 Ga
(Holtta et al., 2012; Chekulaev et al., 2020). Our data
indicate that most zircon grains from the leucogranite
of this massif have an age of 2741 Ma, which likely cor-

Table 3. Sm—Nd isotope data on granitoids of the Hautavaara Structure

Sample Tz, Ma | Sm,ppm | Nd,ppm ["Sm/"*Nd|'"*Nd/'"*Nd + ena(T) Tna(DM)
Chalka Massif (quartz diorite, diorite)
660 | 2739 \ 6.93 ] 43.79 0.0957 0.510834 ] 2 | 0.4 \ 2.97
Shuya Massif (granodiorite)
650a | 2745 \ 4.39 \ 24.28 | 0.1094 \ 0.510913 \ 3 | —2.8 \ 3.25
Nyalmozero Massif (monzoleucogranite)
676 | 2737 \ 1.35 | 8.61 | 0.0945 \ 0.510744 | 4 | —-1.0 \ 3.06

T4, is the U—Pb zircon age, Tyy(DM) is the model age relative to the depleted mantle (Goldstein and Jacobsen, 1988).
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responds to the age of the rock and overlaps with the
ages of the other granitoid massifs in the Hautavaara
Structure. One analytical spot in the marginal portion
of a younger grain with a 2’Pb/?°°Pb age of 2702 Ma
has very high concentrations of U and radiogenic Pb
and seems to reflect the disturbance of the U—Pb sys-
tem of the zircon.

Our geochronologic study thus shows that the
Hautavaara Structure was simultaneously intruded by
sanukitoid massifs and small tonalite—granodiorite
and leucogranite intrusions at 2.74 Ga. The age range of
2735—2745 Ma of this granitic magmatism in the
southern part of the Vedlozero—Segozero Greenstone
Belt is consistent with that rocks produced by younger
granitoid magmatism are found in the western part of
the Karelian Craton, where sanukitoids and composi-
tionally diverse granites were dated at 2.72—2.68 Ma
(Holtta et al., 2012; Chekulaev et al., 2020) and are
younger than the granite magmatism in the eastern
part of the Karelian Craton in the surroundings of the
Vodlozero Domain.

Genetic Relationships between Granitoids
in the Hautavaara Structure

The data we obtained on the undiscernibly similar
ages of all granitoid massifs studied in the Hautavaara
Structure and the newly acquired petrographic, geo-
chemical, and isotope data provide grounds for dis-
cussing possible genetic relationships between the
parental magmas of these rocks.

The origin of the granitoids of different composi-
tion and their genetic relationships are most actively
discussed with reference to polyphase sanukitoid mas-
sifs, such as the Hautavaara Massif, which contains
diorites and monzogranites.

Currently all researchers are prone to believe that
the mafic rocks of sanukitoid series are generated by
the melting of a mantle source that was metasomatized
by acid melts (Rapp et al., 1999, 2010; Martin et al.,
2009; Samsonov et al., 2004; Larionova et al., 2007)
or H,0 and/or CO, fluid (Lobach-Zhuchenko et al.,
2008; Mikkola et al., 2011). For the Hautavaara and
Chalka massifs, this mechanism realistically explains
geochemical features of the diorites, which are both
rich in Cr and Ni (which implies a mantle source of
the magmas) and bear Ba, Sr, HFSE, and LREE con-
centrations that are unusually high for mantle melts.

The derivation of acid rocks of the sanukitoid
series, including those at the Karelian Craton, is often
thought to be related to the crystallization differentia-
tion of more mafic magmas (Stern and Hanson, 1991;
Samsonov et al., 2004; Lobach-Zhuchenko et al.,
2005, 2008) or is sometimes explained by the mixing of
mantle mafic magmas and crustal granitic melts (Lau-
rent et al., 2014 and references therein). The quartz
diorites and monzogranites of the Hautavaara Massif
have geochemical features of sanukitoid series, such as
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elevated concentrations of Ba, Sr, and HFSE, and can
thus be viewed as differentiation products of more
mafic sanukitoid magmas. This is consistent with the
radiogenic Nd isotope composition of the monzo-

granites and syenites [(en4(T) = 0.08—0.61; Kovalenko
et al., 2005], which is comparable to the Nd isotope

composition of mafic rocks [(eny(T) = 0.08—0.74;
Kovalenko et al., 2005 and this publication] and does
not imply that any appreciable amounts of older
crustal material were added.

The monzogranites of the Hautavaara Massif pos-
sess geochemical features that make them different
from most sanukitoids in the Karelian and other cra-
tons. For example, the transition between the mafic
and acid phases in many two-phase sanukitoid massifs
is associated with a decrease in the HREE concentra-
tions at unchanging concentrations of Al,O;, which is
explained by the fractionation of hornblende at a sub-
ordinate role of plagioclase in the cumulus association
and suggests that the sanukitoid melts possessed ele-
vated H,O concentrations (Stern et al., 1989; Sam-
sonov et al., 2004). Conversely, the monzogranites of
the Hautavaara Massif have HREE concentrations
similar to those in the diorites but are poorer in Al,O4
(Figs. 6, 8; Table 1). This implies that the cumulus
association contained plagioclase and did not contain
hornblende and may indicate that the sanukitoid melts
may have contained relatively low H,O concentrations
(Stern et al., 1989).

The granodiorites and tonalites of the Shuya Mas-
sif show many compositional features analogous to
those of the sanukitoids of the Hautavaara Massif
(which bear similar SiO, concentrations) but differ
from them in having lower concentrations of HFSE

and REE and lower £4(T) = —2.8, which indicates
that that melt sources were different. The low-radio-
genic Nd isotopic composition and the presence of
ancient inherited zircon indicate that the granodio-
rites of the Shuya Massif were derived by the melting
of an ancient crustal source: Tyy(DM) = 3.25 Ga
(Table 3). The aforementioned blue color of quartz in
the granodiorites of the Shuya Complex may be
explained by that the quartz contains minute rutile
inclusions because the magmatic quartz was originally
rich in TiO, (Savko et al., 2019). This, in turn, may
imply that the granodiorite melt has a high tempera-
ture (Wark and Watson, 2006), which could be caused
in the crust by coeval mafic sanukitoid melts. A prob-
able contribution of mafic sanukitoid melts to the
petrogenesis of the granodiorites of the Shuya Massif
also follows from that the rocks contain elevated Ni
and Cr concentrations (Table 1, Fig. 7).

The leucogranites of the Nyalmozero Massif
exhibit contrastingly different geochemical and isoto-
pic features and obviously belong to another genetic
group of granitoids. The negative £,,(T) = —0.9 indi-
cates a crustal source of the melt, which had a long-
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lasting prehistory: Tyy(DM) = 3.06 Ga (Table 3). The
very low HREE concentrations and the strongly frac-
tionated patterns of these elements mean that the leu-
cogranitic melts were formed in equilibrium with a
garnet-bearing residue, which suggests that the melt
was derived at depths greater than 15—20 km (Gao et
al., 2016). Granites with similar characteristics are also
known to occur in the Vedlozero—Segozero Belt in
close association with the sanukitoids of the Bergaul
Massif (Larionova et al., 2007).

The territory of the Hautavaara Structure was thus
simultaneously, at approximately 2.74 Ma, intruded
by acid melts derived from different lithospheric
sources, including the metasomatized mantle and dif-
ferent crustal levels.

Sources and Tectonic Environment of the Derivation
of the Granitoid Melts of the Hautavaara Structure

Petrogenetic models with the derivation of the
parental melts of sanukitoids by means of melting
mantle sources imply that the environments in which
these melts are derived were close to island-arc envi-
ronments, whose magmatism is related to supra-
subductional metasomatic recycling and melting of
the mantle wedge (Stevenson et al., 1999). This is
clearly illustrated in the Sr/Y-—Y and La/Yb—Yb dia-
grams: the composition points of the sanukitoids plot
within the field of arc calc-alkaline volcanic rocks
(Fig. 12).

The mineral composition and some petrochemical
features of granitoids in the Hautavaara Structure are
the closest to those of I-type granites (Fig. 13). Their
A/CNK = 0.7—1.1. Sanukitoids of unusual composi-
tion sometimes show characteristics of different geo-
chemical types of granitoids. The high HFSE (Zr, Y,
and Nb) concentrations in granitoids of the Hau-
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tavaara Structure (Fig. 7) are a feature typical of A-type
granites, but these rocks are rich in LILE (Ba and Sr),
which is atypical of A-type granites. In the Pearce dis-
criminant diagrams, the composition points of granit-
oids from the Hautavaara Structure plot mostly within
the field of island-arc granites (Fig. 13).

The different tectonic setting of the sanukitoids
and their different age from those of all Neoarchean
GGP, including the Karelian GGP, provide grounds
to believe that these rocks were formed in a post-sub-
duction environment and that their mantle source was
formed in relation to episodes of suprasubductional
metasomatism, when TTG granitoids were produced
(Samsonov et al., 2004; Kovalenko et al., 2005; Lari-
onova et al., 2007; Lobach-Zhuchenko et al., 2008;
Holtta et al., 2012). The evolution of the Hautavaara
Structure and characteristics of granitoids in its sur-
roundings are consistent with this tectonic model.

According to available data, the Vedlozero—Segoz-
ero Greenstone Belt was produced at 3.04—2.85 Ga in
the course of accretion and subduction processes on a
margin of the Vodlozero Domain of the continental
crust. Data on structures in the belt indicate that its
evolutionary history involved two major episodes
(Svetov and Svetova, 2011; Svetov et al., 2006). The
first of them occurred at 3.05—2.90 Ga and produced
the basalt—andesite—dacite—rhyolite and komatiite—
basalt volcanic associations, which may have been
formed in the environment of an oceanic island arc
and later accreted at the margin of the Vodlozero
Domain. The ensimatic environment in which the
rock associations of the first episode were formed,
with a minor addition of ancient crustal material, is
illustrated by the ex4(T)—T diagram, in which all compo-
sition points of the magmatic rocks of this episode define
an individual field outside the evolutionary trend of the
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Nd isotope composition of Paleoarchean TTG gneisses
of the adjacent Vodlozero Domain (Fig. 14).

The second episode, at 2.90—2.85 Ga, has pro-
duced volcanics of the dacite—rhyolite association,
which were formed in a continental-margin environ-
ment on a crust of heterogeneous age, which included
the Paleoarchean TTG gneisses of the Vodlozero
Domain and Mesoarchean arc complexes of the first
episode. This tectonic environment was responsible for
the derivation of volcanic rocks with very broad varia-
tions in the Nd initial isotope composition, up to
sources with an Eoarchean crustal prehistory (Fig. 14).

The variations in the isotopic—geochemical char-
acteristics of the 2.74-Ga granitoids seem to reflect the
isotopic—geochemical heterogeneity of the litho-
sphere, which was formed by earlier Mesoarchean
events of different age. The composition points of
sanukitoids in the Hautavaara and Chalka massifs, as
well as sanukitoids in other structures of the Vedloz-
ero—Segozero Greenstone Belt, show a juvenile Nd
isotope composition and were likely produced by the
melting of a mantle source that had been metasoma-
tized during the second evolutionary episode of the

greenstone belt (Fig. 14). By contrast, the granodio-
rites of the Shuya Complex, leucogranites of the Nyal-
mozero Massif, and their analogues in the Bergaul
Structure may have been formed by the melting of
3.05- to 2.90-Ga crust with isotope characteristics of
the first, older association (Fig. 14).

The geodynamic reasons for the generation of
granite magmas at 2.74 Ga are widely discussed in the
literature. The separation of the granitoids with an age
of 2.74 Ga from older magmatic episodes at 3.05—2.85 Ga
in the Vedlozero—Segozero Belt rules out models
involving slab breakoff and the opening of a slab win-
dow (Beakhouse and Davis, 2005). A more realistic
model seems to be the collapse of the collisional oro-
gen (Kusky, 1993; Laurent et al., 2014), with the melt-
ing of the metasomatized mantle beneath the whole
Karelian Craton, including the Vedlozero—Segozero
Belt, which was triggered by the ascent of a mantle dia-
pir in response to the thinning of the lithosphere that
had been overthickened by processes of gravitational
and thermal relaxation.
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CONCLUSIONS

1. The post-tectonic granitoids of different compo-
sition, including sanukitoids, granodiorites, and leu-
cogranites in the Hautavaara Structure, were
emplaced within a narrow age range, likely within a
single episode of magmatic activity.

2. The difference in the complex of the granitoids
were formed due to a number of reasons, including the
melting of compositionally diverse mantle (for the
sanukitoids) and crustal (for the granitoids) sources,
crystallization differentiation of the sanukitoid melts,
and mixing of the sanukitoid and granite magmas.

3. The simultaneous melting of lithosphere at dif-
ferent depth levels was triggered by the ascent of an
asthenospheric diapir, which was, in turn, associated
with the collapse of the collisional orogen at about 2.7 Ga,
during the final episode of the tectonic evolution of
the Karelian GGP, with crust-forming processes in it
occurring in the environment of a convergent plate
boundary.
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