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Abstract

Migmatized gneisses of the Chupa paragneiss Formation in the Belomorian Mobile Belt (BMB) of the Fennoscandian
Shield have been studied, and the conditions of partial melting during high-grade metamorphism of the rocks were
determined. The melting temperatures and pressures, the amount and composition of the melt formed during the ana-
texis of gneisses in a closed system, were assessed through direct thermodynamic computer modeling of mineral for-
mation and the construction of pseudosections in pressure-temperature coordinates. The mineral formation calculations
are based on the principle of Gibbs energy minimization and were performed using the PERPLE_X software package.
The bulk compositions of the migmatized rocks from the Chupa Formation, previously classified and grouped based
on their major components, were used for the calculations. It is shown that water-saturated partial melting of composi-
tionally diverse gneisses produces granitic or granodiorite-tonalitic melts within a temperature range of 680-730 °C at
moderate to moderately high pressures. The study reveals that the key factor controlling the appearance of kyanite in
the investigated rocks is a high Al20s/CaO ratio (at least 5:1) in the protolith, combined with a total alkali content
(Naz20 + K20) exceeding CaO. According the Chemical Index of Alteration (CIA), the protoliths of the gneisses con-
tained detrital material of varying sedimentary maturity. The source rocks were likely weakly to moderately weathered.
U-Pb ID-TIMS dating of monazite from two samples of garnet-kyanite-biotite migmatite (whole-rock analysis) indi-
cates Paleoproterozoic migmatization of the Chupa gneisses at 1854 + 5 Ma. This phase of Paleoproterozoic endogenic
activity is widely recorded in the BMB and may be associated with the formation of the Lapland-Kola or Svecofennian
orogens, located to the northeast and southwest of the belt, respectively.
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Introduction

The reconstruction of the formation and evolution mechanisms of continental crust remains one
of the most pressing challenges in modern geology [1-3]. Granitoids play a key role in crustal for-
mation processes [4-6], which cover significant areas and contain strategically important gold, iron,
copper, rare metals, and rare earth elements, as well as other minerals [7-9]. Therefore, studying of
granitoids, the mechanisms of their formation, and their role in crust formation is essential for ex-
panding the country's strategic mineral resource base.

The formation of granitic material through the partial melting of metamorphic rocks plays an
important role in tectonics [10-12], as the emergence and subsequent migration of anatectic melt
significantly affects the rheology of the migmatized sequences by reducing their mechanical strength
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and increasing the volume of the metamorphic rocks. The volume, composition, and PT conditions
of the granitic melt formation directly depend on the composition of the source rocks, the fluid regime
of metamorphism, the closed or open nature of the system with respect to major components and
liquid phases, including the mobility of the newly formed melt itself.

The PT melting conditions, quantity, and composition of the melt formed by melting metasedi-
mentary rocks in closed or open systems can be determined through direct thermodynamic modeling
by constructing pseudosections in “pressure — temperature” coordinates. For such calculations, the
bulk compositions of the migmatized rocks are used. The success of this approach has been demon-
strated in recent years in a number of scientific studies [13-15].

In this study, we turned to the analysis of the conditions for the manifestation of partial melting
(anatexis) of rocks in the Chupa paragneiss Formation within the Belomorian Mobile Belt (BMB).
For this analysis, we used the most diverse possible compositions of the protoliths of the Chupa For-
mation, allowing us to reveal the specifics of their melting. In addition to the protolith composition,
we examined in detail the PTX regime at the onset of the melting process, the fluid regime, and the
dependence of anatectic melt compositions on external parameters. Furthermore, to determine the
timing of anatexis, U-Pb isotopic dating of monazite extracted from migmatized garnet-kyanite-bio-
tite gneisses of the Chupa Formation was performed. The use of the obtained data makes a significant
contribution to understanding the problem of crustal granitoid formation under conditions of elevated
lithostatic pressure, which is necessary for reliable tectonic-metamorphic and geodynamic recon-
structions.

Brief characteristics of the study area

The BMB is a complex nappe-fold structure, located in the northeastern part of the Fen-
noscandian Shield. It extends for 700 km along the White Sea as a belt 100-150 km wide, up to the
border with Finland, and is bounded to the southwest by the Karelian and to the northeast by the Kola
Archean cratons [16]. The BMB consists predominantly of Archean granitoids and migmatized
gneisses, with subordinate amounts of Paleoproterozoic meta-intrusive mafic-ultramafic bodies and
pegmatites. It represents a system of shallowly northeast-dipping Archean and Proterozoic tectonic
nappes [17], complicated by domes. Proterozoic supracrustal formations are absent [16, 18, 19].

In the axial part of the BMB lies the Chupa tectonic nappe (Fig.1), as it is sometimes referred to
in the literature, the Suite or Formation. As a Suite within the Belomorian Series, it was delineated
during the 1951-1954 geological survey at a scale of 1:50,000 in the territory of the Chupa mica-
bearing district. Other researchers, during subsequent geological mapping of the BMB, attributed
lithologically similar sequences outside this area to the Chupa Formation. In this work, the neutral
term “Formation” is used, as it does not define either the tectonic or stratigraphic nature of the geo-
logical unit under consideration, which in this case is not the subject of the study.

The Chupa Formation is considered by researchers as a tectonic nappe of metasedimentary rocks,
which overlies the Khetolambina and Keret nappes and, together with them, is underthrust beneath
the margin of the Karelian craton as a result of Late Archean subduction [16]. The Chupa tectonic
nappe can be traced as a continuous belt or in the form of separate structures across the entire
BMB [20]. According to the State Geological Map at a scale of 1:200,000 (Karelian Series, sheet
Q-36-XV, XVI) [21], instead of the former Keret, Khetolambina, and Chupa Formations, the Koto-
zero migmatite-plagiogranite and Khetolambina ortho-amphibolite subcomplexes, as well as the
Loukhi Formation, have been delineated. The Chupa Formation is assigned to the Loukhi Formation,
the lower boundary of which is established by the abrupt change in rock associations compared to the
underlying rocks of the Khetolambina and Kotozero subcomplexes of the Belomorian plutono-meta-
morphic complex. At the same time, the characteristic rocks of the Loukhi (Chupa) Formation,
distinguishing it from others, are kyanite-bearing garnet-biotite, two-mica, and biotite gneisses with
subordinate interlayers of amphibole-bearing schists and amphibolite bodies [16].
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Fig.1. A schematic geological map of the study area indicating the location of the studied sample collection sites
(compiled by Yu.V.Miller with modifications by the authors)

1 — Paleoproterozoic troughs; 2 — Svecofennian (Lapland) allochthon, Rikolatva nappe;

3-9 — Late Archean (Belomorian) allochthon: 3 — Khetolambina nappe — tonalites with included bands of mafic and ultramafic rocks,
4 — Chupa nappe — aluminous gneisses, injected by tonalities, 5, 6 — Kovdozero nappe (edge of the Karelian craton in allochthonous
position): 5 — North Karelian System of greenstone belts — metabasalts and tuffs of intermediate composition, 6 — predominantly
tonalitic infracrustal complex, 7 — Orijarvi nappe — tonalities, 8 — Paleoproterozoic gabbro-norite-lherzolite complex, 9 — faults.
Areas: 1 — Keleynogubsky; 2 — Pulonga-Chupa; 3 — Tupaya Guba — Seryak
Asterisks indicate the sample collection points (Plot1, Plot2) for isotopic dating

There are several hypotheses regarding the origin of the Chupa gneisses. Some researchers
suggest that they are deeply metamorphosed sediments [22]. Some scientists [18] consider them as
products of ultrametamorphic and metasomatic alterations of metavolcanics of intermediate, to a
lesser extent felsic and mafic compositions. In a later study [20], it is proposed that the metamorphic
rocks of the Chupa Formation formed from poorly differentiated graywackes, whose sources included
felsic (predominant), mafic, and apparently, in small amounts, ultramafic components, which most
likely were the products of erosion of volcanic complexes, including proto-ophiolites of mafic
zones within young ensimatic island arcs 2.8-2.9 Ga, closely associated with graywackes in the
sections.
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PT regimes and stages of metamorphism of the Belomorian Mobile Belt

The BMB underwent two major stages of metamorphism: Archean (2.9-2.7 Ga) and Paleoprote-
rozoic (2.0-1.7 Ga) [16, 19], under elevated pressures (8-14 kbar). These metamorphic episodes in
the Chupa Formation and adjacent amphibolites of the Central Belomorian greenstone belt are asso-
ciated with two distinct migmatite and leucogranite formation events. The Neoarchean melting epi-
sode (2710£15 and 2706+14 Ma, U-Pb zircon ages) is linked to the formation of the Neoarchean
Belomorian collisional orogen, while the Paleoproterozoic episode (1944+12 and 188249 Ma, U-Pb
zircon ages of leucosomes) corresponds to the development of the Paleoproterozoic Lapland-Kola
orogen [19].

There are numerous estimates of the thermodynamic regime of metamorphism of rocks in the
Belomorian region. The PT parameters of the earliest moderate-pressure granulite stage of metamor-
phism are: T =800 °C, P = 6-8 kbar [18]; T = 700-730 °C, P = 6-7 kbar [23]. The later stage of high-
pressure amphibolite-facies metamorphism, locally reaching granulite-facies conditions, has the fol-
lowing parameters: T = 750-850 °C, P = 8-9 kbar [24]; T = 730-750 °C, P = 7-8.5 kbar [23].

The timing of the granulite-facies metamorphism in the Tupaya Guba area is estimated by the
U-Pb method on zircon from garnet-biotite gneiss as 2.85 Ga, and on zircon from metagabbro as
2.7 Ga [23]. The high-pressure amphibolite-facies metamorphism, following the granulite one and
corresponding to the conditions of the kyanite-sillimanite facies series, occurred in the interval of
2.7-2.67 Ga: T = 660-700 °C, P = 12-14 kbar [18]; T = 600-700 °C, P = 8-9 kbar [24]. A Paleoprote-
rozoic stage of amphibolite-facies metamorphism is also distinguished, locally manifested along
shearing zones, having lower PT parameters compared to the previous Late Archean amphibolite
stage: T = 630-650 °C, P = 7.5 kbar [18]; T = 550-630 °C, P = 6-7 kbar in the area of the Chupa
muscovite deposits [24].

For kyanite-bearing gneisses of the Chupa Formation, PT conditions of formation are given for
leucosomes of Archean age (~2.68 Ga): P = 9-11 kbar, T = 700-780 °C. At the same time, it is noted
that non-migmatized garnet-biotite gneisses are characterized by higher metamorphic parameters:
P =8.5-12.5 kbar, T = 720-840 °C [19]. For the melanosome around an early Paleoproterozoic leu-
cosome in amphibolites (~1.94 Ga), the following conditions have been calculated: T = 625-700 °C,
P =9-11 kbar, while for the late (also Paleoproterozoic, ~1.88 Ga) leucosome crosscutting the early
one, peak values (T = 800-830 °C, P = 14-15 kbar) have been established, decreasing to T = 670-
700 °C, P = 10-12 kbar.

Zircon dating of kyanite gneisses and amphibolites [25] revealed that the zircon cores from
gneisses correspond to Neoarchean events with ages of 2700-2800 Ma, and from amphibolites — to
the time of magmatic crystallization (277512 Ma). At the same time, the inner rims of zircon from
amphibolites and gneisses are associated with Neoarchean metamorphic events with ages of 265048
and 2599+10 Ma, respectively, and the outer rims — with Paleoproterozoic metamorphism around
1890 Ma.

Methods and research data

The content of chemical elements in the rocks was analyzed by X-ray fluorescence spectrometry
(XRF, Central Laboratory of the Karpinsky Institute). The analyzed sample was mixed with a flux
(50 % lithium metaborate and 50 % lithium tetraborate) in a 1:9 ratio and then fused in gold-platinum
crucibles. The analysis was performed on pressed fused pellets weighing 4 g. The quantitative content
of each element is automatically calculated by comparing the element signals (mass spectra) of the
working sample and the calibration mixture. The lower detection limit for oxides was 0.01-0.03 wt.%.

U-Pb isotopic dating. Monazite from the crushed samples of migmatized garnet-kyanite-biotite
gneiss was extracted using heavy liquids. Then, the monazite grains were grouped under a binocular
microscope taking into account their morphology and size. Each analyzed batch contained from 8 to
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12 monazite grains. Chemical decomposition of monazite was carried out in a thermostat at a tem-
perature of 220 °C for 24 h using concentrated HCI acid with Teflon inserts inside a stainless-steel
jacket. Separation of U and Pb was performed using a modified T.E.Krogh technique. For quantitative
determination of Pb and U, a mixed 2°®Pb-2*°U tracer was applied. Isotopic analysis of Pb and U was
performed on a Triton TI multi-collector mass spectrometer (analyst N.G.Rizvanova, IPGG RAS) in
a single filament mode on Re filaments, pre-heated for 30 min at a temperature of 2000+50 °C. For
the measurements, a silica gel emitter mixed with H3PO4 was used. Mass fractionation factors, deter-
mined for Pb from measurements of the NBS standard SRM-982 and for U from measurements of a
natural sample, amounted to 0.1 and 0.08 % per atomic mass unit, respectively. Blank contamination
did not exceed 50 pg Pb and 10 pg U. Data processing was carried out using the PbDAT and
ISOPLOT programs (author K.Ludwig). When calculating the age, the uranium decay constants
from [26] were used. Corrections for common lead were introduced according to model values. All
errors are reported at the 2c level.

Computer modeling of phase equilibria was performed using the PERPLE_X v.7.19 pro-
gram [27] (updated up to 2024) with a database of thermodynamic data for minerals and solid solu-
tions of biotite, plagioclase, chlorite, garnet, spinel, orthopyroxene, white micas, chloritoid, stauro-
lite, cordierite, ilmenite in the MnTINCKFMASH (MnO-TiO,-Na,O-CaO-K,;0O-FeO-MgO-—
Al;03-Si0,-H,0-CO») hp62ver system [28]. The thermodynamic description of melt properties
was done according to the paper [29].

The material for determining the compositions of the protoliths of the supracrustal rocks of the
Chupa Formation included 100 samples; in addition to the authors' own data, data from the works of
O.1.Volodichev and O.S.Sibelev were used (all of them can be provided upon request). These data
were divided by cluster analysis and using various diagrams into five groups, which were then ana-
lyzed in detail using thermodynamic calculations of metamorphic mineral formation conditions. The
analysis of the chemical composition of 152 samples of rock-forming minerals was also used. U-Pb
dating of migmatites by monazite was performed for two samples of migmatized garnet-kyanite
gneiss (from the whole rock).

Petrochemical characteristics of the studied rocks

The available data on the chemical composition of the rocks of the Chupa Formation, based on
cluster analysis, were preliminarily divided into five groups (grl-1 — gr2-3) and considered on dia-
grams. On the N.P.Semenenko” classification diagram, most of the figurative composition points are
concentrated in the upper part of field Il, which corresponds to ferromagnesian aluminosilicate pro-
toliths (Fig.2, a). A smaller number of points are located in the fields of alkaline-earth aluminosilicate
(111 and aluminosilicate (1) protoliths. At the same time, within the field of aluminosilicate protoliths
(1), two rock groups are distinguished — one with an elevated aluminum content (gr2-1), and the other
(gr1-2, gr2-2) tends towards the compositions of ferromagnesian aluminosilicate protoliths (11).

On the classification diagram [30], which is used to determine sediment maturity, the compo-
sitions of the Chupa Formation gneisses fall into the field of immature sediments — greywackes
(Fig.2,b). Weak and moderate sediment maturity is also illustrated by the
Al;03 — (Ca0 + Naz0 + K20) — (FeO: + MgO) diagram (Fig.2, c), proposed in the work [31]. The
compositions of these samples form a compact field between vectors A and B, elongated towards the
apex of the triangle in the direction of increasing weathering intensity. This indicates uneven chemical
weathering of a wide spectrum of terrigenous material in the source area. A small part of the points
forms a trend in the direction of composition change of acid igneous rocks (A) that underwent chemical
weathering; at the same time, this could also be the result of a high degree of migmatization of the
gneisses [32].

* Efremova S.V., Stafeev K.G. Petrochemical Methods for the Study of Rocks. A Reference Guide. Moscow: Nedra,
1985, p. 511.
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Fig.2. Position of figurative points representing chemical compositions of Chupa Formation gneisses on classification diagrams:
a — A-C-FM; b — log(Na20/K20) — log(SiO2/Al203) [30]; ¢ — Al203 — (CaO + Na20 + K20) — (MgO + FeOt), mol. % [31]
(arrows indicate compositional trends during chemical weathering of acidic (A) and basic (B) igneous rocks); d — CIA-ICV [31, 33]

Field names according to N.P.Semenenko: | — aluminosilicate; Il — iron-rich-magnesian aluminosilicate;
111 — alkali-earth-aluminosilicate, orthoseries; IV — calcic-aluminosilicate; V — aluminous-magnesian-iron-rich-siliceous; VI — iron-rich-siliceous;
VII — magnesian ultramafic; V111 — alkali-earth-Al-poor, ultramafic orthoseries; 1X — alkali-earth-aluminous, mafic othoseries;
X — calc-carbonate; X1 — aluminous-calcic

The Index of Compositional Variability (ICV) varies in the range from 0.5 to 1.1 and reflects the
presence of clastic material of varying degrees of sedimentary maturity in the metasedimentary rocks
(Fig.2, d, Table 1). The figurative points on the CIA-ICV diagram [31, 32] tend towards the lower
part of the granite trend, while the points of aluminous gneisses have a higher ICV value and tend
towards the central granite line. The Chemical Index of Alteration (CIA) indicates that the rocks of
the Chupa Formation generally had weakly and moderately weathered source materials. The high-
alumina gneisses, containing a noticeable amount of kyanite, have CIA values from 60 to 78 and are
slightly more mature than the garnet-biotite gneisses, in which this index ranges from 50-60 (Fig.2, d).

The compositions of the studied rocks, based on the values of the hydrolyzate modulus
(HM) [34], belong to siallites and siferlites (the latter predominate), as well as silites (Fig.3, a).
In half of the samples, the MgO content exceeds or is close to 3 wt.%, which allows them to be
considered as pseudosiallites and pseudosilites. The negative correlation on the HM-NAM diagram
(Fig.3, a) and the positive correlation in the coordinates of TM-IM (Fig.3, b), along with AIKM > 1
and elevated values of IM and HM, indicate the primary erosion of igneous rocks with a noticeable
admixture of basic-composition pyroclastics (volcaniclastics) [34].
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Table 1
Petrochemical indices of Chupa Formation gneisses
Group of |\ 2alyses HM AM FM ™ AlkM NAM IM ASM
gneisses
grl-1 5 0.52-0.58 0.32-0.37 0.21-0.30 0.04-0.06 0.54-1.04 0.25-0.33 0.37-0.56 4559
(0.54) 0.37) 0.27) (0.04) (0.84) 0.27) (0.49 (5.5)
grl-2 17 0.27-0.36 0.27-0.36 0.13-0.25 0.03-0.06 0.60-2.69 0.17-0.40 0.24-0.49 3.8-7.0
0.47) (0.32) (0.20) (0.05) (2.00) (0.26) (0.40) (5.2
gr2-1 4 0.26-0.32 0.22-0.27 0.05-0.07 0.02-0.03 3.68-4.63 0.32-0.44 0.15-0.23 5.0-6.8
(0.29) (0.24) (0.06) (0.02) (3.92) (0.33) (0.16) (5.7)
gr2-2 46 0.28-0.35 0.18-0.27 0.09-0.19 0.03-0.05 0.87-3.42 0.20-0.41 0.26-0.57 3.0-6.3
0.32) (0.23) (0.12) (0.04) (1.76) 0.32) (0.36) 4.9
gr2-3 29 0.36-0.44 0.23-0.31 0.15-0.19 0.03-0.09 0.62-3.18 0.19-0.45 0.32-0.45 35-76
(0.39) (0.27) 0.17) (0.04) (1.39) (0.29) (0.39) (5.1)
Group of | analyses Petrochemical parameters after A.N.Neelov [35] CIA .y
gneisses a, at. qty b, at. qty n, at. qty k, at. gty
grl-1 5 0.38-0.44 0.25-0.35 0.12-0.18 0.38-0.55 61-67 0.63-0.87
(0.43) (0.30) (0.14) (0.44) (63) 0.79)
grl-2 17 0.32-0.42 0.19-0.32 0.10-0.19 0.20-0.55 55-78 0.48-0.88
(0.38) (0.24) (0.14) (0.40) (63) (0.68)
gr2-1 4 0.26-0.31 0.12-0.16 0.10-0.17 0.12-015 50-54 0.68-0.91
(0.28) 0.14) 0.17) 0.14) (50) (0.78)
gr2-2 46 0.22-0.32 0.14-0.25 0.10-0.19 0.15-0.40 51-69 0.63-1.05
(0.27) (0.19) (0.14) (0.27) (55) (0.78)
gr2-3 29 0.27-0.36 0.19-0.30 0.10-0.18 0.17-0.51 51-65 0.66-0.90
(0.31) (0.23) (0.14) (0.32) (58) 0.79

Notes. Petrochemical modules: hydrolyzate HM — [(Al203 + TiO2 + FeOt + MnQ)/SiOz]; aluminum-silica AM — [Al203/SiOz];
femic FM — [(FeOt + MnO + MgO)/SiOz]; titanium TM — [TiO2/Al203]; alkaline AIkM — [Na20/K20]; normalized alkalinity modulus
NAM — [(Na20 + K20)/Al203]; iron IM — [(FeOt + MnO)/(TiO2 + Al203)]; total alkalinity ASM — [Na20 + K20] [34]. Petrochemical
parameters: a — Al/Si, b — (Fe** + Fe®* + Mn + Ca + Mg)/1000, vector length n — K + Na, vector slope k — K/(K + Na) [35]. CIA -
[Al203/(Al203 + CaO + Na20 + K20)]-100 [31], ICV — [(Fe203 + K20 + Na20 + CaO + MgO + TiO2)/Al203] [32]. Median values of
compositions are given in parentheses.

On the FM-NAM diagram [34], designed for the separation of clayey deposits, most of the rocks
are localized in the field of essentially chloritic clay compositions with a subordinate role of
Fe-hydromicas. The more leucocratic gneisses fall into the uncertainty field. A part of the composi-
tions is located in the field of predominantly kaolinitic clays, while the high-alumina gneisses tend
towards the upper part of field (V) and enter the overlap fields — montmorillonite-kaolinite-illitic
clays (Fig.3, c).

To determine the nomenclatural classification of the rocks, the classification diagram of
A.N.Neelov [35], developed for metamorphosed sedimentary-volcanogenic formations, was used. On
the diagram (Fig.3, d), parameter a — the alumina modulus — reflects two mechanisms of material
differentiation: the intensity of chemical weathering and granulometric sorting; parameter b charac-
terizes the overall melanocratic index of the rocks; and the alkalinity of the rocks is expressed by
vectors n and k. The main cluster of points is concentrated in the field of siltstones and aleuropelites.
Fewer compositions fall into the field of sandstones and pelites. In accordance with this, it can be
concluded that the distribution of rock composition points is related to a greater extent to the granu-
lometric differentiation of the material. It should be noted that a part of the points (gr2-1) is charac-
terized by a gentler slope of vector k (0.12-0.15) compared to other rock groups (0.20-0.55) due to
the predominance of Na,O over K>O. At the same time, these compositions are shifted leftward along
the b axis relative to the majority of other compositions due to the lower content of FeO and MgO in
the rock. It is also characteristic that a part of the points (grl-1) is shifted rightward along the b axis
because of the higher content of FeO and MgO in the rock, while this rock group has the maximum
values of parameter k (0.38-0.55) due to the predominance of K>O over NaxO.
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Fig.3. Compositional plots of studied metasedimentary rocks from the Chupa Formation on modulus diagrams
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Clay composition fields: | — predominantly kaolinitic clays; 11 — montmorillonite-kaolinite-hydromica clays;
111 — essentially chloritic clays with subordinate Fe-hydromicas; IV — chlorite-hydromica clays; V — chlorite-montmorillonite clays;
VI — predominantly hydromica clays with significant feldspar admixture

Petrographic features of the Chupa gneisses

Based on petrographic composition, four varieties of gneisses are confidently distinguished: gar-
net-biotite; kyanite-garnet-biotite, with the kyanite content ranging from single grains to 20 vol.%;
leucocratic essentially quartz-plagioclase gneisses, in which mafic minerals (garnet, biotite, single
grains of kyanite) do not exceed 10 vol.%; and muscovite-bearing gneisses, in which muscovite is in
association or paragenesis with the described mafic minerals. All gneisses are characterized by both
fine-grained and coarse-grained porphyrolepidogranoblastic, lepidogranoblastic, and granoblastic
structures, as well as massive, more often banded textures (Fig.4). As a rule, porphyroblasts are
represented by garnet, much more rarely by kyanite. Garnet has a pyrope-almandine composition
(Almeo-73Py17-30Grse-9Spsi-4)* and contains inclusions of both matrix minerals — quartz, biotite,
kyanite — and accessory phases — apatite, monazite, zircon, rutile. Garnet grains exhibit retrograde
zoning — from the core to the rim of the grains, the content of the pyrope component decreases and
the proportion of the almandine component increases.

* Mineral abbreviations are given according to [36].
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Fig.4. Petrographic characteristics of rocks from the Chupa Formation: kyanite-garnet-biotite gneiss (a, b);
garnet-kyanite-biotite gneiss (c, d); coarse-grained kyanite-garnet-biotite gneiss (e, f),
kyanite partially replaced by staurolite; leucocratic garnet-biotite gneiss (g, h);
garnet-muscovite-biotite gneiss (i, j).
Photographs on the left were taken in plane-polarized light (PPL), on the right — in cross-polarized light (XPL)
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Biotite belongs to magnesian varieties (Mg# 0.58-0.67) with a predominance of the phlogopite
component in its composition and contains 2.6-4.0 wt.% TiO>. It is the second most common and
second largest in grain size, as a rule, tends to melanocratic layers, exhibits pleochroism in brown
colors, has practically no secondary alterations, and contains inclusions of zircon.

Plagioclase (An 23-30 %) often has polysynthetic twins and is located in leucocratic layers,
being locally subjected to secondary alterations. Quartz occurs together with plagioclase, its grain sizes
vary widely, and fine grains or rims adjacent to garnet and around kyanite grains are often observed.

Kyanite most often occurs in paragenesis with garnet and biotite; its association with the bounda-
ries of layers is observed, which, most likely, emphasizes the heterogeneity of the primary protolith
of the metasedimentary rock. During retrograde changes, this early metamorphic kyanite is replaced
by staurolite. Along with metamorphic kyanite, kyanite with reaction rims of muscovite and quartz
is found in migmatites. Kyanite porphyroblasts may contain inclusions of quartz, biotite, apatite,
and rutile.

Muscovite is the second most significant mica in the Chupa gneisses, occurs in association with
biotite, and develops along cracks in kyanite, more rarely being present in the rock matrix. The mus-
covite content varies strongly and sometimes reaches 30 vol.%. Potassium feldspar is practically ab-
sent in the studied rocks but has been found as inclusions in garnet and in some types of migmatite
leucosomes.

Migmatization in the studied gneisses is manifested unevenly — rocks are encountered across a
wide spectrum — from those unaffected by migmatization to highly migmatized ones, containing up
to 50-70 vol.% leucosomes. The thickness of the leucosomes varies from a few millimeters to a few
centimeters. They are represented mainly by plagioclase-quartz aggregates with single grains of bio-
tite, muscovite, and garnet; potassium feldspar varieties with muscovite are also occasionally found.

Determination of PT conditions of migmatization

The metamorphic mineral parageneses observed in the studied rocks are well reproduced during
computer modeling of mineral formation in the PERPLE_X program (Fig.5). The paragenesis con-
sisting of garnet, plagioclase, kyanite, biotite, and rutile occupies areas of high-temperature am-
phibolite and granulite facies of medium- to moderately high-pressure metamorphism on these dia-
grams. The best results for mineral formation during computer modeling were obtained using a
carbonic-aqueous fluid with a ratio CO2:H20 = 0.2:0.8. With a greater amount of carbonic acid in the
fluid, carbonate minerals (dolomite, ankerite, etc.) become widespread, which does not correspond to
natural observations.

The kyanite-free mineral paragenesis is also adequately reproduced by modeling if the protoliths
are characterized by an elevated calcium content (Fig.5, b). This can be demonstrated using binary
diagrams with varying amounts of a series of components (Fig.6). The diagrams show that kyanite-
bearing mineral parageneses, at the same PT parameters, can arise only in relatively high-alumina
protoliths but with a low calcium content. While the first condition is obvious — alumina is the main
component of kyanite — the increase in calcium content involves an increase in the amount of plagio-
clase in the metamorphic rock, which leads to the complete consumption of alumina during the for-
mation of this feldspar. An additional condition to the specified parameters is the excess of the sum
of alkalis (Na2.O + K20) over CaO in the protolith. However, in the considered examples, favorable
protolith compositions for kyanite formation were those in which the sum of FeO + MgO contents
usually did not exceed 10 wt.% (in rare cases, slightly higher).

The initial temperature of appearance of the granitic melt in rocks of different composition dif-
fers somewhat on average and indicates the possibility of anatectic leucosome formation in the tem-
perature range of 680-730 °C. The most important parameter, besides the protolith composition, af-
fecting the position of the granite liquidus line is the proportion (activity) of water in the metamorphic
fluid. For example, a decrease in the molar fraction of water from 1 to 0.6 in a carbonic-aqueous fluid
causes an increase in the initial melting temperature of the Chupa gneisses by 50-70 °C.
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U-Pb dating of monazite

Isotopic U-Pb analysis of monazite from two samples (Plotl and Plot2, see Fig.1) of migmatized
garnet-kyanite-plagioclase gneiss is presented in Table 2. The figurative points of monazite on the
Concordia diagram (Fig.7) are located with a slight deviation from the concordia curve of the two
isotopic subsystems of the U-Pb system, which indicates the absence of its disturbance after the crys-
tallization of the studied minerals.

Table 2
Results of U-Pb isotopic studies of monazite
. 200ppe | 207ppd | 208ppd | 207ph | 26ph | Th Age Ma Concordant
Sample | N grains 204py, 205p 205py 2 ey U Rho 206pp 207ppy 207pp age MSWD/ P

238U 235U ZOGPb

Plotl | 8grains | 4290 [0.11313| 2.2409 | 5.211 | 0.3341 | 6.2 | 0.94 | 1858.0 | 1854.4 | 1850.3 | 185345 | 2/0.16
Plot2 | 12 grains | 7590 |0.11329| 2.1725 | 5.214 | 0.3338 | 6.0 | 0.94 | 1856.9 | 1855.0 | 1852.9 | 185445 |0.48/0.48

The concordant age values were for sample Plotl 1853+5 Ma, MSWD = 2 with a concordance
probability of 0.16, and for sample Plot2 — 1854+5 Ma, MSWD = 0.48 with a probability of 0.49.
Given the practical identity of the calculated age values, as well as their overlap within analytical
error, the age of monazites from the two samples is taken as 1854+5 Ma.

Discussion

Metamorphic mineral parageneses in the studied rocks of the Chupa Formation have a suffi-
ciently wide stability field in temperature and pressure coordinates. Data from previous studies
(e.g. [19]) indicate that mineral parageneses corresponding to peak high-pressure granulite facies
conditions are preserved in leucosomes of amphibolites, and their retrograde transformations oc-
curred under medium- and high-temperature amphibolite facies conditions of high pressure. How-
ever, it remains unclear to which time of the endogenous evolution of the rocks these PT parameters
relate, since in the migmatites, these authors dated only Archean-age zircons, while younger (e.g.,
Paleoproterozoic) zircons were not detected in the samples. This is strange, since Paleoproterozoic
processes are very intensely manifested in the BMB [16, 23, 37], which is confirmed by numerous

0.337 0.336
1870 )
0.336 1 0.335 |
0.335 |
joo) 0.334 -
S 03341
&
S 0.333 -
0.333 1 Concordant Concordant
age = 1853+5 Ma age = 1854+5 Ma
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Fig.7. Concordia diagram for two monazite samples from garnet-kyanite-plagioclase gneiss of the Chupa Formation.
Age values are calculated at 26 confidence level
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geochronological studies [38-40]. In particular, in the rocks of the Voche-Lambina area in the north-
western part of the BMB, a leucosome with east-dipping transpressional lineations has an age of
1898+2 Ma and is associated with Paleoproterozoic collisional events [38]. Further south, in the
Chupa-Loukhi area, the last collisional metamorphism and migmatization took place between 1840
and 1875 Ma (according to U-Pb SIMS studies of zircon [41]). Taking these geochronological data
into account, a suggestion has been made [38] that within the BMB, the collision of the Archean Kola
and Karelian cratons led to the formation of a regional complex of shearing zones (plastic shear flow)
under amphibolite-facies metamorphic conditions, which was accompanied by migmatization of the
rocks [38, 41,42]. Metamorphism does not always lead to noticeable migration of chemical elements
in rocks, as follows from a number of works on structures adjacent to the Chupa Formation [43, 44].

Metamorphic conditions corresponding to moderate or elevated pressures of the amphibolite fa-
cies are very characteristic both for the BMB and for structures directly adjacent to the belt. In par-
ticular, PT parameters of moderate-pressure amphibolite facies metamorphism have been established
in intrusions of peridotites, as well as acidic and intermediate metavolcanics aged 1923-1926 Ma of
the Kaskama structure of the Inari terrane, located north of the Lapland Granulite Belt [45]. Paleo-
proterozoic progressive amphibolite facies metamorphism at T = 625-660 °C and P = 7-9 kbar is also
described in the rocks of the Korvatundra structure underlying the Lapland Granulite Belt [46].

The compositions of most protoliths of the Chupa gneisses turned out to be favorable for the
formation of kyanite. The key factor determining the appearance of kyanite in the studied rocks is the
elevated Al>03/CaO ratio in the protoliths, which must be at least 5:1 with a content of the sum of
alkalis (Na2O + K>0) exceeding the content of CaO. In such protoliths, kyanite forms both above and
below the water-saturated solidus temperature. This determines the widespread presence of this min-
eral both in migmatized varieties and in gneisses that do not contain leucosomes.

Judging by the ICV values in the range of 0.5-1.1, the protoliths contained clastic material of
varying sedimentary maturity. Weakly and moderately weathered rocks of granitic composition could
have served as the protoliths.

Zones of gentle foliation and shearing (plastic shear flow), associated with the formation of gen-
tly dipping (5-30°) subhorizontal or northwest-striking thrusts, are considered as an important bench-
mark of the Paleoproterozoic stage of evolution of the BMB [38, 39, 42]. S.Yu.Kolodiazhnyi also
believes that the widely developed, gently dipping thrust zones within the BMB formed as a result of
the emplacement of the Porya Guba granulite protrusion [47]. Based on the geological relationships
of Paleoproterozoic dikes and metagabbro masses with sheared rocks, as well as geochronological
data obtained from metamorphic rocks in zones of gentle shearing and foliation, it is suggested that
these zones formed around 1855 Ma [39].

According to U-Pb dating of titanite and rutile [37], during the period from approximately 1.94
to 1.82 Ga, the rocks of the BMB experienced slow cooling. The last metamorphic event 1900-1800
Ma, which led to the resetting of the U-Pb system in titanites and local zircon growth, was associated
with zones of migmatization and pegmatite formation, where the most intensive circulation of aque-
ous-alkaline fluids is assumed [37, 41].

The obtained data on the PT parameters of metamorphism and the timing of migmatization in
the Chupa Formation should be considered as one of the stages of Paleoproterozoic tectono-thermal
activity, reaching conditions of partial rock melting in intensity. The place of this event in the overall
sequence of tectonic events in the region, as well as the nature of the involvement of geological struc-
tures formed by that time, requires further study. Possibly, in the tectonic scenario explaining the
evolution of Paleoproterozoic endogenous events within the BMB, one should take into account pro-
cesses associated with the formation of the Svecofennian orogen and, accordingly, the Svecofennian
orogeny.
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Conclusion

The conducted studies of the mineral and petrographic composition, together with the determination
of the lithochemical parameters of the rocks of the Chupa Formation (BMB), U-Pb dating of metamor-
phic monazite, and petrogenetic modeling, allow us to draw the following conclusions:

* The PT metamorphic parameters and the U-Pb isotopic age of 185445 Ma for monazite from mig-
matized gneisses of the Chupa Formation correspond to one of the stages of Paleoproterozoic tectono-
thermal activity in the BMB. The nature of this activity in the context of the development and formation
of large structures of the Belomorian region in the Paleoproterozoic requires further study.

 The metamorphic mineral parageneses, consisting of garnet, plagioclase, kyanite, biotite, and rutile,
are well reproduced during computer modeling of mineral formation in the field of high-temperature am-
phibolite and granulite facies of medium- to moderately high-pressure metamorphism.

* The key factor determining the appearance of kyanite in the Chupa rocks is the elevated Al,O3/CaO
ratio, which must be at least 5:1 at a weight content of alkalis, the sum (Na.O + K>0) of which must
exceed CaO.

« Judging by the value of the ICV parameter, the protoliths contained clastic material of varying
sedimentary maturity. Such protoliths could have been weakly and moderately weathered granites.

The authors thank O.L.Galankina (IPGG RAS, Saint Petersburg) for assistance in the analytical
investigations of mineral compositions and N.G.Rizvanova (IPGG RAS, Saint Petersburg) for assis-
tance in the isotopic studies of monazite.
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