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Abstract

The petrogenesis and evolution of metamorphic rocks of the volcano-plutonic units of the Kaskama block of the
Inari Terrane in northwestern Russia were studied. A petrographic and mineral study and modeling of igneous and
metamorphic mineral formation were performed. PT-conditions of rocks, along with previously known data, in-
cluding geochronological ones, do not allow us to correlate the studied units with rocks of the Belomorian com-
plex, as previously thought. Modeling of igneous and metamorphic mineral shows good convergence with the
fields of stability of mineral parageneses and quantitive ratio of minerals with those observed in the real samples.
The early mineral parageneses of the magmatic stage corresponds to the crystallization of rock-forming and acces-
sory minerals from the komatiite melt, and mineral parageneses of progressive and regressive metamorphism stages
are superimposed on them. Relic igneous minerals (olivine, clinopyroxene, orthopyroxene, magnetite-spinel) in
metaperidotites make it possible to estimate their liquidus temperatures in the range of 1,480-950 °C. The progres-
sive stage of metamorphism is characterized by the development of mineral parageneses: garnet + amphibole +
plagioclase + quartz + biotite, amphibole + plagioclase + quartz. The late low-temperature regressive stage of
metamorphism is characterized by the development of epidote-, zoisite-, actinolite-containing associations and a
number of other low-temperature minerals. Peak parameters of progressive metamorphism are estimated as
T = 600-700 °C, P = 5-9 kbar and for the regressive stage as 7' = 400-500 °C, P = 3-5 kbar. The identified thermo-
dynamic conditions for the Kaskama block should be considered when determining whether the studied volcano-
plutonic and metasedimentary units belong to the Paleoproterozoic terranes of the Kola-Norwegian Region of the
Fennoscandian Shield.
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Introduction

The geological and tectonic structure of the Fennoscandian Shield in general and the Kola-
Norwegian Region in particular is interpreted on the concepts of the block structure of the
Earth’s crust, based on fundamental differences in the tectonic development of upper crustal
structures, the periodization of their endogenous evolution and the geophysical features of
the deep lithosphere structure [1]. In recent decades, these concepts have been transformed into
a “terrane” geodynamic paradigm. Terrane analysis has brought genetic meaning to the descrip-
tive principles of tectonic zoning and ranking of Precambrian complexes (e.g., accretionary,
dispersion, and composite terranes), which largely depends on the conceptual preferences of the
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authors (plate or plume tectonic). These ideas have evolved significantly due to the emergence
of new isotopic data on the age of the upper crustal geological complexes and their deep pro-
toliths.

For the Kola-Norwegian Region of the Fennoscandian Shield (Central Kola Terrane) (Fig.1, a)
there are several views of geodynamic models of the lithosphere development in the Early Precam-
brian [2-4], which have a number of fundamental differences, mainly in the interpretation of the
geodynamic nature of certain terranes. One of the key regions for the reconstruction of the orogenic
development of the continental lithosphere of the Kola-Norwegian Region in the Early Precambrian
is the Inari Terrane [5]. The largest and least studied part of the terrane is located between the
Paleoproterozoic structures of the Pasvik-Polmak-Pechenga intracraton paleorift and the Lapland
Granulite Belt and extends in the southeasterly direction over more than 300 km from the Caledo-
nides to the territory of Northern Norway and Finland.

On the territory of Russia, the Inari Terrane, which spatially corresponds to the previously
identified Kaskama block (block-anticlinorium) [2, 6], borders on the Lotta-Salnotundra block of the
Lapland Granulite Belt in the southwest, and in the northeast its boundary runs along the volcanogenic-
sedimentary complexes of the South Pechenga zone. The Inari Terrane spatially coincides in many
respects with the Pechenga-Allarechka ore region [7], which determines the relevance of its study in
the metallogenic aspect.

There are only general ideas about the structure of the Inari Terrane as a tectonic mixture (tec-
tonic packages) of the Archean and Proterozoic complexes [3, 4, 8], and within the framework of
theoretical geodynamic constructions this area is considered as part of the Inari-Tersk juvenile arc,
which arose as a result of a two-stage collision with the subsequent formation of a secondary oro-
cline [4, 8]. Such a diversity of geodynamic ideas is largely determined by the limited amount of mod-
ern petrological-geochemical and isotopic data [9-11].

In different years, in the northwest of the Kola Peninsula, within the limits corresponding to the
modern concepts of the tectonic boundaries of the Inari Terrane, in large synclinal structures researchers
identified the essentially volcanogenic Kaskama Formation of uncertain Neoarchean-Paleoproterozoic
age. Nowadays, due to the obtained U-Pb isotope age (1,923-1,926 Ma) of acidic and middle metavol-
canic rocks, the Kaskama Formation was assigned to the Kalevian suprahorizon of the Karelian com-
plex [5, 6], which fundamentally changes the ideas about the geological structure and metallogenic zo-
nation of the Pechenga-Allarechka ore region and the geodynamic nature of the Inari Terrane.

The goal of the work is to determine the conditions of petrogenesis of mantle magmatism and
thermobaric evolution of the regional metamorphism of the volcano-plutonic complex of the Kaskam
structure based on solving the problems of detailed petrography, analyzing the features of the chemi-
cal composition of minerals and determining the PT-parameters of metamorphic changes. The study
is directed at obtaining new knowledge about the correlation of endogenous processes and comparing
the geological structure and tectonic evolution of the adjacent blocks of the Kola-Norwegian Region,
which is the most important tool for terrane analysis of the Fennoscandian Shield.

Methods

The study of the structure of minerals and analysis of their compositions were performed on a
scanning electron microscope JSM-6510LA with EDS JEOL JED-2200 (IGGD RAS, analyst
O.L.Galankina) at an accelerating voltage of 20 kV, current of 1 nA, with ZAF-method of correc-
tion of matrix effects. The detection limit of elements is 0.1 %. Photographs of minerals were ob-
tained in the modes of compositional contrast (BSE) and secondary electron imaging (SEI).

Mineral geothermometers. We used for OI-Cpx thermometry equation [12], based on Fe-Mg
exchange between augite and olivine; for Cpx-OI-Spl thermometry — the equation developed for
spinel peridotites [13]; for OI-Spl thermometry — the equilibrium equation by [14]; for the paragenesis
of two pyroxenes geothermometers [15, 16]; for the paragenesis of amphibole with plagioclase — the
geothermometer by T.Holland and R.Blandy [17]; for the paragenesis of garnet and amphibole —
several thermometric tools, calibrations of which are given in [18-21]; for the paragenesis of garnet
and biotite — a thermometer [22].
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Mineral geobarometers — monomineral amphibole [23], garnet-amphibole-plagioclase [24-26],
garnet-biotite-plagioclase for quartz-bearing rocks [27].

Calculation of stability fields of mineral paragenesis was performed using the Perple_X v.6.9.1 [28]
with updates up to 2022. In calculations we used the thermodynamic database hp62ver [29] for
minerals and solid solutions of clinoamphibole cAmph(G), orthoamphibole oAmph(DP), clinopy-
roxene Omph(GHP), olivine O(HP), talc T, biotite Bio(TCC), feldspars, chlorite Chl(W), garnet
Gt(W), spinel Sp(WPC), orthopyroxene Opx(W), white mica Mica(CHA), chloritoid Ctd(W), stauro-
lite St(W), ilmenite IIm(WPH) in the MNnTINCKFMASH-CO; system (MnO-TiO2-Na,O-Ca0O-K,O-
FeO-MgO-Al>03-SiO,-H20), as well as the model of silicate melt(G) [30, 31].

The order of crystallization of minerals was determined in a rock of peridotite composition to-
gether with an estimate of liquidus temperatures for olivine, pyroxenes, plagioclase and magnetite
were determined together with the estimations according to the equations of mineral-melt system
based on COMAGMAT 3.73 software package [32].

Representative chemical analyses of the main rock varieties of the Kaskama Formation (Table 1)
and about 400 microprobe analyses of minerals were used to model mineral formation and estimate
PT-parameters. Abbreviations of mineral names are given according to [33], and calculation of
mineral formulas according to [34].

The geological structure of the region and composition of rocks

In the northwestern part of the Kola Peninsula, the most preserved and accessible fragment of
the Kaskama Formation supracrustal complex are two associated synclinal structures over 25 km
long in the Kuroaivi, Korablekk, Kaskama, ;

Shuort tundra, 40 km southwest of the Pechenga
structure (Fig.1, a).

The lower part of the section of the volcano-
sedimentary complex of the Kaskama Formation
(over 3,000 m) is represented mainly by various
amphibolites and Grt-Bt-Amp schists, which
corresponds to tholeiitic and aluminous
metabasalts (Table 1). A characteristic feature of
the crossection is the presence of metaultramafic
bodies, amphibolites, and actinolite-chlorite
schists, 15-20 m thick and more than 300 m
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long, the chemical composition of which Ty G
corresponds to komatiites and komatiite basalts 7 %% N ;—“—"]12
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as metamorphosed volcanic flows, sills and - [ﬁi\ 12
hypabyssal intrusions, and the largest massifs are i K =
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probably pre-folded intrusions of peridotites. The
overlying middle stratum of garnet-biotite-
amphibole gneisses and plagioschists with am-
phibolite interlayers composes two synclinal

structures (Fig.1, b). In the upper part of the mid-
dle strata there are several units of fine-grained
plagioschists, leucocratic biotite-feldspar gneisses
and amphibolites with a thickness of 20-30 m,
which are considered as metamorphosed ana-
logues of felsic and intermediate volcanics and
their tuffs (Table 1).

Fig.1. A geological scheme of the Kaskama
structure [35] with corrections

1 - tonalite gneisses; 2-4 — supracrustal complex of the Kaskama
Formation (2 — upper, 3 — middle and 4 — lower strata);

5 — plagiomicrocline granites; 6 — metagabbro; 7 — metaultramafic dikes;
8 — faults; 9 — structural elements (a — layering, b — gneissic banding);
10 — Central Kola Terrane; 11 — Murmansk Terrane;

12 — Lapland Granulite Belt; 13 — North Pechenga zone;

14 — South Pechenga zone; 15 — Inari Terrane; 16 — tonalite and
plagiogranite intrusions; 17 — Vendian deposits
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Table 1
Content of petrogenic oxides in the main types of rocks of the Kaskama Formation, wt.%
Samples
Pegggzzic 1 2 3 4 5 6 7 8 9
104 20-3d 106 18-5b 101-1 17-3a 8-12 8-6 17-4a
SiO2 42.00 42.60 39.60 40.00 47.15 46.20 52.75 78.95 71.00
TiO2 0.13 0.10 0.09 0.07 0.53 0.44 0.48 0.19 0.20
Al20s 8.30 10.45 13.75 13.50 19.60 20.00 16.55 9.90 12.80
Fe20s 5.52 3.79 3.97 2.83 1.85 3.35 2.41 1.22 0.90
FeO 8.54 8.41 8.67 9.32 9.96 9.32 7.63 3.10 4.92
MnO 0.20 0.18 0.19 0.15 0.23 0.18 0.20 0.10 0.10
MgO 21.95 20.00 20.00 20.00 6.50 5.48 491 0.32 1.51
CaOo 7.69 10.21 12.24 7.52 11.20 12.08 9.88 2.74 5.05
Na20 0.27 0.32 0.37 0.44 141 1.18 251 2.67 2.72
K20 0.07 0.28 0.04 0.18 0.14 0.09 0.53 0.45 0.15
P20s 0.07 0.03 0.03 0.03 0.05 0.03 0.19 0.06 0.10
LOlI 5.84 3.92 3.30 6.30 1.62 1.99 1.66 0.34 0.93
Total 100.58 100.29 100.25 100.34 100.24 100.34 99.70 100.04 100.38
CaO/Al203 0.9 1.0 0.9 0.8 - - - - -
Al2Os/TiO: 64 86 153 193 51 - - - -
CIA - - - - - - 51 49 48
al’ 0.23 0.32 0.42 0.42 1.1 1.1 - - -
Notes.

al' = Al203/(MgO + Fe203+ FeO) — alumina content index, wt.%.

CIA =100 x [Al203/(Al202 + CaO + Na20 + K20)] — chemical index of alteration, mol.%.

1-4 — metaperidotites; 5, 6 — garnet-amphibole schist and garnet-epidote-containing amphibolite (aluminous metabasalts);
7 — epidote-containing amphibolite (metaandesite); 8, 9 — amphibole-plagioclase schist and migmatized garnet-amphibole-
plagioclase schist (acid metavolcanics).

The core parts of the synclines (Fig.1) are composed of the upper strata of the Kaskama For-
mation, represented mainly by fine- to medium-grained slate and massive amphibolites with inter-
layers of actinolite-chlorite schist similar in composition to komatiite basalts and tholeiitic and alu-
minous metabasalts of the lower strata of the section.

Petrographic and mineralogical description of rocks and features of chemical
composition of minerals

Metamorphosed peridotite (samp. 104, 20-3d, 106, 18-5b). Petrography. Amount of the
minerals in the rocks, vol.%: olivine 20-40; orthopyroxene up to 5; hornblende up to 10; clinopy-
roxene 20-40; plagioclase 20-30; green spinel up to 5. In massive rocks from sills and hypabyssal
intrusions an early (magmatic) paragenesis consisting of olivine (later serpentinized), clinopyroxene,
orthopyroxene, plagioclase, and spinel is rather clearly diagnosed. Metamorphic minerals include
amphibole, epidote, chlorite, spinel, and magnetite. Olivine forms colorless isometric grains up to
1-1.5 cm in size and has a reticulate structure due to multiple cracks (Fig.2, a, b), filled with ser-
pentine, which contains new formed magnetite. Light-green tremolite develops along the edge of
olivine grains, and worm-like spinel outgrowths (Fig.2, b), oriented perpendicular to the rim de-
velop at the contact with plagioclase. Clinopyroxene occurs both in inclusions in olivine and as
xenomorphic grains in the matrix. It is often replaced by amphibole along grain margins and
along cleavage cracks. Orthopyroxene is developed in the form of single small xenomorphic
grains, as a rule, at the contact with olivine in the form of a thin border between olivine and amphi-
bole. Green spinel is located both in the matrix as large individual grains and in symplektitic concre-
tions with amphibole. Plagioclase often has polysynthetic twinning and is preserved and recognized
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Fig.2. Microphotographs of thin sections in transmitted light (a, c-f) and BSE (b) of the Kaskama Formation rocks:
a — metamorphosed peridotite (samp. 104), serpentinized Ol, Cpx replacing Hbl, Ep replacing PI,
Spl+Hbl symplectites after PI; b — metamorphosed peridotite (samp. 104), Spl+Hbl symplectites, zonal Amp border at the
contact of Ol with PI; ¢ — epidote-bearing amphibolite (samp. 8-12), epidote grains contain quartz inclusions,
plagioclase is altered; d — garnet-amphibole schist (samp. 101-1), Grt with formed facets contains Qz and Amp inclusions,
enveloped by prismatic light-green Amp; e, f — migmatized garnet-amphibole-plagioclase schist (samp. 17-4a),

Grt in PI-Amp matrix, replaced by Chl-Bt-Ms aggregate, contains Qz and PI inclusions
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within the amphibole-spinel symplectite. Clusters of epidote-zoisite units are observed in plagioclase.
In some places large grains of hornblende (up to 2 mm) saturated with ilmenite inclusions are observed.
Local replacement of amphibole by actinolite-tremolite assemblage together with needles of chlorite is
also noted.

Mineral composition. Olivine as forsterite with Xmg = Mg/(Mg + Fe) = 0.72-0.75 in large
grains, in small grains has Xwmg = 0.66 without Cr.O3 impurity, in single analyses NiO content up to
0.28 wt.%, and also there is a constant addition of MnO — 0.19-0.74 wt.%. Clinopyroxene is repre-
sented by diopside with Xmg = 0.86-0.94, small addition of Cr,Oz up to 0.41 wt.%, TiO2 up to
0.31 wt.% and MnO up to 0.22 wt.% in separate grains, AloOz content — 0.54-2.8 wt.%. The highest
aluminum content is detected in clinopyroxene, which forms inclusions in olivine. Orthopyroxene
corresponds to enstatite with Xug = 0.74-0.79, and contains addition of MnO (0.33-0.72 wt.%) and
Al;03(0.51-1.65 wt.%). Plagioclase mostly is anorthitic in composition (An = 94-100 %).

Spinel corresponds to Hcazs4SplassaMgo-, contains a small admixture of zinc (ZnO = 0.11-0.49 wt.%),
manganese (MnO = 0.26-0.9 wt.%). No obvious differences in the composition of large spinel
grains and its sprouting in the form of symplectites were revealed.

Amphibole is mainly represented by magnesio-hornblende (Fig.3, a) with Xwmg = 0.79-0.89.
In symplectite with spinel, amphibole is more rich AlOzs: it corresponds to chermakite with
Al;O3 = 14.2-17.5 wt.%, and in the rim — to hornblende with Al,O3 = 5.5-13.4 wt.%. The symplec-
tite also contains larger portions of hornblende, with composition corresponding to those in
the rims. The hornblende, developing upon clinopyroxene, contains a highly addition of
TiO2=0.1-0.75 wt.%.

Aluminous metabasalt (epidote-bearing amphibolite, samp. 8-12). Petrography. Amount of
minerals, vol.%: epidote up to 10; plagioclase up to 20; amphibole up to 55; quartz up to 15; chlorite up to
5; accessory apatite, titanite, and magnetite. The rock texture is mainly poikiloblastic, granonemato-
blastic, and the structure is massive. In the epidote-amphibole matrix there is no noticeable preferential
orientation of minerals (Fig.2, c). Epidote up to 0.5 mm, contains rounded inclusions of quartz, allanite.
Plagioclase is altered, grain size up to 0.3 mm, replaced by zoisite. Amphibole is light-green,

5

This is an open access article under the CC BY 4.0 license



[E%HeE  Journal of Mining Institute. 2025. P. 1-14
= i © Aleksandr B. Vrevsky, Anastasiya V. Yurchenko, Shauket K. Baltybaev, 2025

1.0
§ Edenite Pargasite Sadanagaite
+ ) o1
8 ® |2
< 03
¥ ® fo o o4
+ | B =~ A5
s 0.5 A & n, 6
* ML ) e, 7
2‘_', % % o) LIRS .
£ " m g BT ¥ _
< Tremolite O Magnesio- B @ Chermakite
< [ hornblende
00 pmm Bm |
0.0 0.5 1.0 15 2.0
C*sum: S(Al + Fe* + Mn® + Cr + V + Sc + 2Ti + 2Zr) - VO - “Li
b
80 Samp. 8-6 80 Samp. 17-4a
I e A Y
IS S
IS 1S
- 40 = 40
= £
= 20 Z 20
0 0
4 3 2 1 5 6 7 1 2 3 4 5 12 23 14 24 25
Spot numbers Spot numbers
Alm Py Grs Sps

Fig.3. Features of mineral composition of rocks of the Kaskama Formation:
a — chemical composition of amphibole by [36], the coordinates of the axes correspond to the sum
of the cation contents in the mineral, in felsic metavolcanite (1 — samp. 8-6; 2 — samp. 17-4a), aluminous
metabasalt (3 — samp. 101-1; 4 — samp. 17-3a), metaandesite (5 — samp. 8-12), metaperidotite
(6 — samp. 104; 7 — from the same sample, but amphibole as part of symplektitic intergrowths);
b — chemical profiles across of garnet grain from amphibole-plagioclase schist (samp. 8-6)
and migmatized garnet-amphibole-plagioclase schist (samp. 17-4a)

browner along the cleavage cracks, replaced by chlorite. Quartz is rounded grains up to 0.1 mm in
close association with epidote, it is also found in small amount in inclusions in amphibole. In
lightened areas of the rock, epidote with quartz inclusions has grain size up to 0.5 mm, plagioclase
is more altered, and quartz grains become larger — up to 0.4 mm.

Mineral composition. Plagioclase in amphibolite is andesine (An = 44-53 %), but in case of re-
placement by epidote it is close to pure albite (An = 2-16 %). Amphibole is represented by pargasite
and magnesio-hornblende (Fig.3, a), in association with chlorite early amphibole is replaced by ac-
tinolite. In the more leucocratic part of the rock, the magnesio-hornblende is a little more ferrous
with Xwmg = 0.53-0.65, contains more TiO> (0.37-0.85 wt.%), Na.O (0.76-1.55 wt.%) u Al203
(7.92-14.0 wt.%), less CI (0.11-0.28 wt.%) than magnesio-hornblende with Xmg = 0.61-0.70 in
amphibolite, contains TiO> (0.40-0.81 wt.%), Na:O (0.6-1.6 wt.%), Al>03 (7.4-11.4 wt.%),
Cl (0.15-0.19 wt.%). The later actinolite has a Xmg = 0.71-0.72 and contains TiO; (0-0.61 wt.%),
Na20 (0-0.23 wt.%), Al203 (0.75-5.41 wt.%), CI (0-0.08 wt.%).

Aluminous metabasalt (garnet-epidote-bearing amphibolite, samp. 17-3a). Petrography.
Mineral composition, vol.%: amphibole up to 65; plagioclase up to 15; epidote up to 10; quartz 10;
single grains of garnet; secondary minerals — chlorite, accessory ilmenite. It is a coarse-grained
heterogeneous rock in which the amphibole-plagioclase matrix contains porphyroblasts of amphi-
bole up to 4 mm in size and single garnet grains up to 2 cm in size (Fig.2, d). Amphibole grains
with abundant inclusions of ilmenite needles and rounded quartz grains up to 0.1 mm in size, as
well as smaller amphibole grains without inclusions, occur. Garnet porphyroblasts sometimes con-
tain inclusions of large (up to 1 mm) grains of epidote-zoisite and ilmenite, as well as quartz, plagio-
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clase, and amphibole in the core; the rims do not contain inclusions. Leucocratic parts of the rock
are represented by quartz-epidote-plagioclase aggregates. Plagioclase grains up to 1 mm in size with
polysynthetic twins are placed between amphibole grains. Epidote and zoisite develop on plagio-
clase. Chlorite develops in separate grains on amphibole.

Mineral composition. Garnet is grossular-almandine Pyg.14AlMes.72Sps2.5Grsis.19. There is a
tendency for the grossular and pyrope to increase towards the rim with a decrease in almandine.
Amphibole next to garnet is represented by magnesio-hornblende with Xmg = 0.55-0.56, contains
TiO2 (0.68-0.77 wt.%), Na:O (0.68-0.82 wt.%), AlOz (7.16-7.50 wt.%), cummingtonite with
Xwmg = 0.44 at the contact with garnet and at the rim of hornblende; in the garnet-free matrix amphibole
is represented by ferri-chermakite with ¢ Xmg = 0.39-0.44 and contains TiO2 (0.14-0.35 wt.%), Na.O
(1.17-1.62 wt.%), AlO3 (17.3-20.1 wt.%). Plagioclase is heterogeneous, characterized by more felsic
inclusions (An = 52-68 %, labrador) in more basic grains (An = 87-92 %, bytownite-anorthite), at the
contact with garnet plagioclase has the composition of labrador (An = 54-64 %). Chlorite in the form of
large grains ~3 mm mm at the contact with amphibole has Xmg = 0.57-0.58.

Aluminous metabasalt (garnet-amphibole shale, samp. 101-1). Petrography. Amount of
minerals, vol.%: garnet up to 15; amphibole 50; plagioclase up to 25; quartz up to 10. In the plagio-
clase-amphibole matrix of the rock there are porphyroblasts of garnet with well-formed grain up to
1.5 cm in size. These porphyroblasts contain many inclusions of quartz, plagioclase, and amphibole
in the core of the grains, the rims of the grains are without inclusions. Plagioclase, with grain size
up to 0.5 mm, together with amphibole up to 0.6 mm, is arranged parallel to layering, thus sur-
rounding the garnet porphyroblasts (see Fig.2, d).

Mineral composition. Garnet is pyrope-almandine Py22-26AlMsg.63Sps3-4Grsii-16 with minor
zoning, showing a decrease of pyrope with an increase of the grossular and almandine toward the
grain rim. In the matrix, plagioclase is a composition of bytownite (An = 78-82 %), to the contact
with garnet and amphibole some grains have a slight zoning — the content of anorthitic component
decreases up to An = 48-58 %. In the garnet inclusions, the plagioclase composition is more basic
(An = 86-87 %) than in the matrix. Amphibole is a composition of magnesio-hornblende (Fig.3, a),
at the contact with garnet it is closer to chermakite with Xug = 0.57-0.66, contains TiO2 = 0.41-0.83 wt.%,
Na20 = 1.04-1.67 wt.%, Al,03 = 14.2-15.11 wt.%.

Metarhyolite (amphibole-plagioclase schist, samp. 8-6). Petrography. Amount of minerals,
vol.%: amphibole up to 20; plagioclase up to 30; quartz up to 50; single grains of biotite, chlorite, and
garnet, accessory ilmenite, apatite, zircon. The rock consists of green, light-green amphibole with
grain size up to 2 mm, elongated parallel to layering. Inclusions of accessory minerals and quartz
occur in the amphibole. The texture is heterogeneous: in the more leucocratic part there is an en-
largement of amphibole grains up to 3 mm, while their number becomes noticeably smaller. In the
most leucocratic parts of the rock there are only single grains of amphibole between quartz grains.
Amphibole is partially chloritized. Biotite occurs in the form of thin grains. Closer to the garnet,
biotite becomes noticeably more abundant, where it is intergrown with amphibole, and in some
places, it develops on altered plagioclase. Plagioclase often with twins, grain size up to 3 mm, with
their size increasing in the leucocratic part up to 5 mm, it is subjected to replacement by carbonate-
mica aggregate (not more than 10 vol.%). In the leucocratic part, plagioclase grains, as well as
quartz ones, are elongated along the direction of layering and often with corroded rims. Sometimes
plagioclase contains quartz and amphibole inclusions. Single garnet grains occur in both
melanocratic and leucocratic parts. The size of garnet in the melanocratic part of the rock is larger
(up to 2 mm) than in the leucocratic (up to 1 mm). In the leucocratic part, garnet is replaced by
chlorite in association with ore (ilmenite) and later plagioclase (albite).

Mineral composition. The composition of amphibole in the leucocratic part is more ferrous with
Xmg = 0.25-0.32, in addition to ferro-pargasite there is also hastingsite (see Fig.3, a). The content
of TiO2 = 0.59-1.14 wt.%, Al>03 = 13.5-14.7 wt.%, Na20 = 1.42-1.89 wt.%, CI = 0.33-0.48 wt.%.
In the melanocratic part of the rock amphibole is represented by ferro-pargasite with
Xmg = 0.29-0.32, contains TiO, = 0.46-1.16 wt.%, Al.Os = 13.7-15.1 wt.%, Na,O = 1.3-1.86 wt.%,
Cl = 0.25-0.40 wt.%. Biotite of the investigated sample belongs to ferrous varieties (Xmg = 0.35) with

7

This is an open access article under the CC BY 4.0 license



[E%HeE  Journal of Mining Institute. 2025. P. 1-14
= i © Aleksandr B. Vrevsky, Anastasiya V. Yurchenko, Shauket K. Baltybaev, 2025

predominance siderophyllite and contains TiO> (3.3-3.4 wt.%). The composition of plagioclase
within the sample is homogeneous (An = 26-29 %) and corresponds to oligoclase, except for its
rims around garnet, where its composition is more felsic (An = 8-10 %). Grossular-almandine
garnet Pys.7Alme1-66Sps7-oGrsis2s in the leucocratic part and Py7.sAlMe2-65Spss-aGrsig-23 in the
melanocratic part, are in association with amphibole. These garnets are equally characterized by a
decrease in almandine and spessartine and an increase in grossular from core to rim (Fig.3, b).

Metarhyodacite (migmatized garnet-amphibole-plagioclase schist, samp. 17-4a). Petrography.
Amount of minerals, vol.%: garnet up to 5; amphibole up to 20; plagioclase up to 30; quartz up to 45;
single grains of biotite, muscovite and chlorite, accessory ilmenite. The rock is heterogeneous and
represents migmatized garnet-bearing amphibolite. Garnet porphyroblasts up to 1 cm in size at the
contact with the leucocratic part (see Fig.2, e, f) with abundant quartz and plagioclase inclusions. The
sample under consideration differs from the previous sample by larger grain sizes, absence of
preferred orientation of minerals, greater development of chlorite both in association with amphibole
and developing on garnet. Together with chlorite there are biotite and muscovite, which in some
places develop on plagioclase. Accessory minerals are represented by ilmenite with inclusions of
rutile, which in turn develops titanite.

Mineral composition. Garnet is grossular-pyrope-almandine Pyi1.18AlMes.71Spss-9Grsg.1s. It is
characterized by an increase almandine and spessartine and a decrease pyrope and grossular from
core to rim (Fig.3, b). The most ferrous composition has garnet replaced by chlorite,
Py11-13Alm70.71Sps7-9Grsio. Plagioclase has oligoclase (An = 28-31 %), the greatest changes are
observed in plagioclase in the leucocratic part of the rock, where plagioclase becomes slightly more
anorthitic (An = 33 %). Amphibole in the rock is represented by magnesio-hornblende and chermakite
(Fig.3, @) with Xmg = 0.42-0.46, contains TiO2 (0.20-0.44 wt.%), Na.O (1.54-1.66 wt.%), Al2Os3
(16.6-17.55 wt.%). Chlorite is more ferrous at the contact with garnet, possibly developing over amphi-
bole, Xmg= 0.43-0.47. Chlorite developing on small garnet grains and plagioclase has Xwg= 0.31-0.39.

Magmatic stage of crystallization

To determine the PT-conditions of crystallization of magmatic minerals the compositions of meta-
morphosed peridotites were used — samples 104, 106, 18-5b, 20-3d (Tables 1, 2), in which the structural
and textural features and minerals of the magmatic stage of rock formation were well preserved.

Table 2
Liquidus temperatures of mineral crystallization
of the rocks of peridotite composition of the Kaskama Formation, °C

Sample Ol-melt Opx-melt Aug-melt Mt-melt Pl-melt

106 1,478 - 1,285 1,187 1,074
20-3d 1,457 - 1,307 1,184 1,036
18-5b 1,486 1,168 1,284 1,189 1,073

104 1,493 1,172 1,312 1,199 955

Notes. Liquidus temperatures are calculated using the mineral-melt equations from the
COMAGMAT 3.73 [32].

The identified primary mineral paragenesis consisting of olivine, two pyroxenes, plagioclase
with some amount of magnetite-spinel is well reproduced by model of equilibrium crystallization in
COMAGMAT program (Fig.4). In this case, in addition to the coincidence of the composition of
minerals during their formation from the melt, the volume ratios established by petrographic data
are also reproduced. In addition to reproducing the order of mineral crystallization and their
amount, the results of modeling showed a good correspondence between the calculated composi-
tions of minerals (olivine, pyroxenes, and plagioclase) and those actually observed in the rocks. In
particular, magnesium number in olivine decreases from ~ 0.94 to 0.70, and plagioclase changes
from almost pure anorthite to bytownite, demonstrating a decrease in the number of plagioclases
with decreasing of crystallization temperature (Fig.4, ).
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Fig.4. Sequence of equilibrium magmatic crystallization of minerals from melt according to the COMAGMAT program
for samples of metamorphosed peridotite: a — samp. 104; b — samp. 18-5b; ¢ — samp. 106; d — samp. 20-3d.
The compositions of olivine and plagioclase are consistent with the real compositions of minerals according to microprobe analysis data

Additionally, the temperatures and crystallization sequence of minerals obtained using the
equilibrium equations in the mineral-melt system were calculated (Table 2). The temperature
calculation equations of the COMAGMAT software package showed that the liquidus temperatures
for olivine and pyroxenes are in the range of ~1,500-1,200 °C. For plagioclase, the equilibrium
temperature in the plagioclase-melt system is determined as 955 °C, but the first crystallization of the
mineral begins at T = 1,202 °C.

PT-conditions of metamorphism

To assess the thermodynamic stability regimes of mineral parageneses with changing P and T
for the studied main types of rocks (see Table 1), the method of constructing pseudo-sections was used.
In addition to assessing the stability of mineral parageneses with changing pressure and temperature
regimes, variations in the CO, and HO ratio in the assumed dioxide-water fluid were
evaluated. The calculations showed that the most relevant (corresponding to the observed) results
are obtained using pure aqueous fluid without CO2 admixture. Using the Perple_X [28], phase dia-
grams were constructed for rocks corresponding to the composition of the initial protolith (Fig.5).
The diagrams reproduce well the association of metamorphic minerals observed in thin sections.

The widespread metamorphic mineral paragenesis in the rocks, consisting of garnet, amphi-
bole, plagioclase, and secondary clinopyroxene, is modeled in the area of average values of pressure
and temperature — 7' ~700 °C; P ~5-7 kbar. The range of P and T corresponds to the superposition
of isopleths of these minerals, close to the real compositions of minerals according to microprobe
analysis data.

The migmatization observed in some rocks (for example, in garnet-amphibole-plagioclase
schist, samp. 17-4a) allows us to narrow down considerably the possible PT-field of metamorphic
mineral formation. Thus, considering the appearance of anatectic melt in the studied rock, the
PT-filed of metamorphic is estimated as T = 710-760 °C and P = 6-8 kbar (Fig.5, b).

The results of classical mineral thermobarometry do not contradict the estimates of P and T
mineral formation obtained by the pseudo-section method. For rocks that have preserved magmatic
and metamorphic mineral paragenesis (e.g., sample 104), pressures and temperatures corresponding
to the magmatic stage of mineral crystallization and the subsequent medium-temperature and
medium-baric regime of metamorphic transformations are revealed (Table 3). The use of mineral
thermometers and barometers based on the chemical compositions of coexisting minerals to certain
values of pressure and temperature allowed us to determine the high-temperature stage of mineral
formation (olivine-spinel-pyroxene, pyroxene thermometers), correlated with the stage of magmatic
crystallization of minerals and melt.
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Fig.5. PT-diagrams of phase equilibria calculated by the method of Gibbs energy minimization

in the Perple_X software: a — garnet-epidote-bearing amphibolite (samp. 17-3a);

b — migmatized garnet-amphibole-plagioclase schist (samp. 17-4a). The areas corresponding
to the observed garnet-bearing mineral parageneses in the studied rocks are highlighted in gray.
The shading shows the PT-range of formation of the observed metamorphic mineral parageneses

of the considered schist in the conditions of partial melting of the rock

The predominant majority of mineral geothermometers using the compositions of amphi-
boles, biotites, plagioclases, and garnets indicate a metamorphic temperature of rocks in the range

of ~580-700 °C at a pressure of 5-9 kbar (Fig.6).
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Table 3
PT-parameters of the rocks of the Kaskama Formation
CpxOl CpxOl GrtHbl | GrtHbl | GrtHbl | GrtHbl HbIPI GrtBt | GrtHbIPI | GrtHbIPI Hbl GrtBtPI
Sample L96 MG15 GP84 Po1 P85 ROO HBY4 HO0O DHPOO | KS89 M16 | WZR04
Temperature, °C Pressure, kbar
104 |940-1,120(1,120-1,230 - - - - - - - -
101-1 - - 585-665 | 620-720 | 580-640 | 465-655 | 640-820 - 4.4-99 | 3.4-6.8
8-12 - - - - - - 590-730 - - -
17-3a - - - - - - 647-800 - - -
8-6 - - 660 670 615 580 620 |660-720| 6.9-8.0 | 6.9-7.8 9.7-9.8
17-4a - - 585-645 | 590-675 | 580-620 | 650-670 | 575-700 | 690-700| 5.9-9.4 | 8.3-8.6 | 8.3-8.4

Notes. Geothermometers: L96 [12], MG15 [13], GP84 [18], P91 [20], P85 [19], ROO [21], HB94 [17], HOO [22]; geobarome-
ters: DHPOO [25], KS89 [24], M16 [23], WZR04 [27].
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Fig.6. PT-diagrams with the results of calculation of metamorphism parameters of the studied schists:
a —samp. 17-4a (migmatized garnet-amphibole-plagioclase schist); b — samp. 8-6 (amphibole-plagioclase schist).
Calculation lines for mineral thermometers and barometers correspond to: GP84 [18], P85 [19], KS89 [24], KS90 [25],
P91 [20], HB94 [17], HOO [22], DHPOO [26], ROO [21], WZR04 [27], M16 [23]

The thermobarometry results are consistent with the observed mineral parageneses in rocks of
the Kaskam structure of both the magmatic and metamorphic stages. It should be noted that in recent
years the success of using thermobarometric tools to assess the conditions of formation of mineral
parageneses in both magmatic [37-40] and metamorphic has been repeatedly demonstrated [41-46].

It was possible to trace the evolution of thermodynamic regimes of petrogenesis in different tec-
tonic settings, for example, subduction zones [47-49] or under extreme temperature conditions [44].

Many works are devoted to the reconstruction of PT-parameters of metamorphism based on the
use of geochemical features of minerals [50-52] or on numerical model reconstructions of mineral
formation [53-55]. This approach has shown promise for rocks of different compositions and con-

trasting geodynamic settings of the occurrence [56-58].

Conclusion
Modeling with Gibbs energy minimization of magmatic and metamorphic mineral formation in

the rocks of the Kaskama Formation showed good convergence the stability of mineral paragenesis
and quantitative ratio of minerals with those observed in real samples. Estimates of PT-parameters
of metamorphic mineral formation using a set of modern mineral thermometers and barometers,

11

This is an open access article under the CC BY 4.0 license



[E%HeE  Journal of Mining Institute. 2025. P. 1-14
= i © Aleksandr B. Vrevsky, Anastasiya V. Yurchenko, Shauket K. Baltybaev, 2025

which consider compositions of a larger number of coexisting minerals, satisfactorily reveals the sta-
bility fields of mineral paragenesis. It allows us to distinguish two stages of mineral formation. The
first magmatic stage corresponds to crystallization of olivine, clinopyroxene, orthopyroxene, magnetite-
spinel from komatiite melt in the temperature range of 1,480-950 °C. The second stage of mineral
formation corresponds to progressive metamorphism and its low-temperature regressive path. The
progressive path of metamorphic changes is recorded in all groups of rocks of the Kaskama Formation
and is characterized by extensive development of mineral paragenesis: garnet + amphibole + plagioclase +
quartz + biotite, amphibole + plagioclase + quartz. The late part (low-temperature regressive) of the path
of metamorphism is characterized by the development of epidote-, zoisite-, and actinolite-bearing para-
genesis, as well as serpentine, chlorite, and other low-temperature minerals by minerals forming the
early paragenesis. The peak parameters of a regional metamorphism (7'= 600-700 °C, P = 5-9 kbar) and
its regressive part (7' = 400-500 °C, P = 3-5 kbar) for rocks of the Kaskama block are different from the
peak parameters obtained for the South Pechenga zone (7" = 590-750 °C, P = 9.5-10.6 kbar [59] and
T = 630-690 °C, P ~5 kbar). These results indicate that there are no signatures of early high-pressure
metamorphism (reaching the eclogite facies), as suggested in the previous studies [35].

The results of the conducted studies should be taken into account when determining the be-
longing of the Kaskama block to one or another Paleoproterozoic terrane of the Kola-Norwegian
Region of the Fennoscandian Shield.

The authors thank O.L.Galankina (Institute of Precambrian Geology and Geochronology RAS)
for assistance in analytical studies of minerals.
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