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Abstract—The rocks of the Chupa paragneiss formation are intruded by bodies of gabbroids (gabbro-norites
and gabbro-anorthosites), and all of the rocks are metamorphosed. The estimated P— 7' metamorphic param-
eters are 7= 650—750°C and higher and P = 8—11 kbar. The U—Pb monazite and titanite dates indicate that
the early the Proterozoic metamorphism and migmatization of the Chupa aluminous gneisses and gabbro-
anorthosites occurred 1845 *+ 4 Ma (titanite age) and 1855 + 4 Ma (monazite age). Despite the 10-Ma age
difference in ages obtained from the two minerals, they could form during single event that affected the gab-
broids and their host gneisses, and the age difference between the titanite and monazite is a consequence of
the lower closure temperature of the U—Pb system of titanite compared to that of monazite. The P— 7T param-
eters of metamorphism and migmatization, corresponding to the conditions of the high-temperature amphi-
bolite and low-temperature high-pressure granulite facies, likely pertain to the formation of the Belomorian
complex as a foreland structure in the Paleoproterozoic.
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INTRODUCTION

The endogenic evolution of the Belomorian mobile
belt (BMB) is marked by two peaks of endogenous
activity: Archean and Paleoproterozoic (Rannii...,
2005). While the Archean evolution of BMB was asso-
ciated with the formation of volcano-sedimentary and
intrusive complexes, the Paleoproterozoic endogenic
activity resulted primarily in fold-and-thrust struc-
tures and some magmatic plutons and dikes. The
Paleoproterozoic activity is also reflected in the
intense metamorphism of the Archean and Protero-
zoic rocks. The high-grade metamorphism induced
migmatization of Archean supracrustal and intrusive
rocks and newly formed Paleoproterozoic gab-
bronorite and gabbro-anorthosite intrusions. The
generation of new material in the form of granitic leu-
cosomes and new mineral-forming processes related
to partial melting make these migmatized rocks
sources of important information on the P—T param-
eters of metamorphic processes with the simultaneous
dating of the anatexis. This publication reports data
obtained on two types of BMB rocks: high-alumina

Chupa gneiss and gabbro-anorthosite cutting this
gneiss. These rocks host one or two generations of
migmatite leucosomes, and hence, one of the princi-
pal tasks of our study was to understand whether the
metamorphic and migmatization processes of these
rocks were common or were separated in space and
time and, hence, were different episodes of endogenic
events. These problems were solved by the compara-
tive study of the P—7 metamorphic parameters of
these rocks and the high-grade metamorphic pro-
cesses were dated.

GEOLOGICAL OVERVIEW
OF THE STUDY AREA

The Belomorian mobile belt stretches as a stripe
100—150 km wide between the Archean Karelia and
Kola cratons (Rannii..., 2005). The belt is believed to
consist of several tectonic nappes, which dip north-
eastward at gentle angles and were formed in the
Archean and Paleoproterozoic (Miller and Mil’kev-
ich, 1995; Glebovitsky et al., 2017). A special place in
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Fig. 1. Schematic geological map of the study area (modified from Miller, 2006). (1) Paleoproterozoic roughs; (2) Svecofennian
(Lapland) orogen, Rukolatvi nappe; (3—7) Late Archean (Belomorian) allochthon: (3) Khetolambina nappe, tonalites with bod-
ies of mafic and ultramafic rocks, (4) Chupa nappe (sequence), aluminous gneisses, (5, 6) Kovdozero nappe (margin of the Kare-
lian craton in an allochthonous setting): (5) northern Karelian system of greenstone belts, metabasalts and tuffs of intermediate
composition, (6) infracrustal complex, mostly tonalites, (7) Orijarvi nappe, tonalites. Other symbols: (8) Paleoproterozoicgab-
bro—norite—tonalite complex; (9) faults. The rectangle shows the area of the detailed studies.

the belt is occupied by the Chupa nappe (Fig. 1),
which is also referred to as the Chupa unit (below we
adhere to the term unit as the most neutral and empha-
sizing no tectonic or stratigraphic meaning). The
Chupa unit is noted for widespread peraluminous
gneisses, which are atypical of neighboring geological
structures. BMB as a whole is dominated by granitoids
and migmatized tonalite gneisses of Archean age, with
quantitatively subordinate metaintrusive mafic—ultra-
mafic bodies and pegmatites of Paleoproterozoic age.
No Proterozoic supracrustal rocks are known in BMB
(Rannii..., 2005; Slabunov et al., 2016).
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In the current interpretation of its tectonic evolu-
tion, BMB is a belt of high-grade metamorphic rocks,
mostly Meso- and Neoarchean tonalite—trondh-
jemite—granodiorite gneisses with eclogite relics,
enveloping the Karelian granite—greenstone craton on
the one side and the late Paleoproterozoic core of the
Lapland—Kola orogen on the other, being the foreland
of the latter (Daly et al., 2006).

The kyanite-bearing gneisses were sampled for this
study in the vicinity of the village of Plotina and are
coarsely banded, lenticular—patchy, coarse- and



YURCHENKO et al.

Fig. 2. Rock outcrops. (a) Migmatized aluminous gneiss, (b) fragment of a gneiss outcrop, (c) outcrop of gabbro-anorthosite and
(d) its fragment, in which leucocratic migmatization veins are visible.

giant-grained rocks that host granitic leucosome
(Figs. 2a, 2b).

The metagabbro massif (provisionally classed with
the gabbro—anorthosite complex dated at 2.5 Ga,
which is widely spread in this area) cutting the gneisses
is a sublatitudinally linearly elongated body of small
visible thickness (~50 m). Isolated outcrops of such
metagabbro are found north of the massif, at a dis-
tance of 500—600 m from the contact with the Chupa
peraluminous gneisses. The massif is made up of gar-
net—amphibole crystalline schists and amphibolites.
The gneisses and rocks of the massif are unevenly
migmatized, with two clearly distinct types of the leu-
cosomes (Figs. 2a—2d)..

Leucosome material is particularly well discernible
in the metagabbroids because of the contrastingly dif-
ferent composition of the rocks (Figs. 2c, 2d). The
first, likely older leucosomes make up veinlets ranging
from a few millimeters to ~5 cm in thickness. In zones
of NW-trending ductile deformation, these leuco-
somes are crosscut by leucosomes of the second gen-
eration, which make up coarse-grained leucocratic

segregations up to 20—30 cm thick, which were sam-
pled for isotope dating.

The earlier, first leucosome generation is domi-
nated by quartz and feldspar and contains single garnet
grains. The second generation also locally contains
clinopyroxene, in addition to quartz, feldspar, and
garnet. This leucosome differs from that of the first
generation in that intense amphibolization developed
around it, with amphibole and garnet grains becoming
larger, and with the development of metamorphic
titanite.

METHODS

Rocks were analyzed by X-ray fluorescence (XRF)
on an ARL 9800 (Switzerland ) spectrometer at a lab-
oratory of Karpinskii All-Russia Research Institute of
Geology (VSEGE]I), in St. Petersburg. The powdered
material of the rock samples were mixed (in the pro-
portion 1 : 9) with Li metaborate and tetraborate (in
equal proportion) and fused in gold—platinum cruci-
bles to produce pellets for analysis. The detectable
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concentrations of major oxides were 0.01—0.05 wt %
depending on the component to be analyzed.

Mineral composition was analyzed on a JEOL
JSM-6510LA scanning electron microscope coupled
to a JEOL JED-2200 energy-dispersive spectrometer
at the Institute of Precambrian Geology and Geo-
chronology, Russian Academy of Sciences (IPGG
RAS) in St. Petersburg. The standard reference sam-
ples were simple compounds and pure metals. The
analysis was conducted at an accelerating voltage of
20 kV and beam current of 1 nA. The corrections for
matrix effects were calculated by the ZAF method,
using the JEOL proprietary software.

The U—Pb isotope system was analyzed at IGGD
RAS. The titanite and monazite concentrates were
separated using heavy liquids and subsequent hand-
picking under a binocular microscope. Monazite and
titanite were chemically decomposed in fluoroplastic
inserts placed into stainless-steel housings, in a ther-
mostate at 220°C for 1 day, using concentrated HCI
and HF, respectively. U and Pb were extracted from
monazite using the modified method (Krogh, 1973),
and from titanite using ion-exchange resin in HBr
from by the method (Manhes et al., 1978), with the
subsequent separation of U on UTEVA resin. A mixed
208pp_2351J spike was used for quantitative determina-
tion of Pb and U. The isotope composition of Pb and
U was analyzed on a TRITON TI multicollector in
single-filament mode on a Re cathode. The measure-
ments were conducted using a silicate emitter in mix-
ture with H3;PO,. The fractionation coefficients,
which had been determined for Pb from measure-
ments of the MBS standard SRM-982 and for U from
measurements of natural sample, and were, respec-
tively, 0.1 u 0.08% per a.m.u. The total procedural
blank did not exceed 25 pg for Pb and 0.5 pg for U. The
raw data were processed with the application of the
PbDAT (Ludwig, 1991) and ISOPLOT (Ludwig,
2012) software. All error values reported in the tables
correspond to 26.

The thermodynamic calculations of phase diagrams
were carried out by the Perple X (Connolly, 1990)
software, based on the method of minimizing the
Gibbs free energy in search for the most stable mineral
assemblage at a specified rock composition, tempera-
ture, and pressure. The calculations were done using
the thermodynamic databases (Green et al., 2016) for
mafic rocks and (White et al., 2014) for metapelites.
For the chemical system K,0—Na,O—CaO—FeO—
MgO—-AlL,05;—Si0,—H,0-TiO,, the following solid
solution models were used: Gt(W) for garnet, feldspar
for feldspars, melt(W) and melt(G) for melt of granitic
and tonalitic composition, respectively, Chl(W) for
chlorite, Sp(HP) for spinel, Opx(W) for orthopyrox-
ene, Mica(W) for muscovite, Ctd(W) for chloritoid,
St(W) for staurolite, Bi(W) for biotite, Crd(W) for
cordierite, Ilm(WPH) for ilmenite, Omph(GHP) for
clinopyroxene, cAmph(G) for amphibole, Ep(HP) for
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epidote, Ilm(DS6) for ilmenite in metabasites (Fuhr-
man and Lindsley, 1988; White et al., 2000; Holland
and Powell, 2011; Green et al., 2016).

Mineral thermobarometry. The pressure of min-
eral-forming processes were evaluated by the follow-
ing mineral associations: Gri—P/—Ky—Qz (Holdaway,
2001), and Amp—P!/ (Molina et al., 2015). The tem-
perature was evaluated by the mineral pairs Hb/—P!
(Holland and Blundy, 1994), Grt—Bt (Holdaway,
2000), Hb[—PI (Molina et al., 2015), Ti-in-Bt (Wu and
Chen, 2015), and Grt—Cpx (Ravna, 2000; Nakamura,
2009). temperature and pressure were evaluated
simultaneously in rocks containing garnet—amphibole
assemblages by the thermobarometer (Dale et al.,
2000), with the application of the equation of the gar-
net—hornblende thermometer, and the average pres-
sure was evaluated by three equations: (tremo-
lite—tschermakite, tremolite—pargasite, and tremo-
lite—glaucophane) barometers.

Thermobarometry with the application of these
methods was done (with only a few exceptions) for the
compositions of either nearby mineral grains or those
in physical contact with one another.

The results of electron microprobe analysis (EPMA)
were processed by the MINAL3 software (Dolivo-
Dobrovolsky, 2025) for calculating mineral formulas
and constructing diagrams. The cation proportions of
minerals were calculated by normalizing to 46 charges
for amphiboles, 22 charges for muscovite and biotite,
12 charges for clinopyroxene, 8 cations for garnet, 16
charges for plagioclase and potassic feldspar, three
cations for kyanite, and four cations for kaolinite. For
biotite and amphibole, the oxytitanium substitution
M*2 4+ 20H™ = Ti** + 2072 was taken into account.

MINERALOGY OF THE ROCKS

Below we present concise information on the com-
position of the following rock-forming minerals in the
migmatized rocks: garnet, plagioclase, biotite and
muscovite, amphibole, and clinopyroxene (Figs. 3a—

3g; see Supplementary' 1).

Garnet is a typical mineral of rocks of the Chupa
unit. The mineral is found as subhedral porphyroblasts
and as smaller anhedral grains that are elongated con-
formably to the schistosity of the rocks. Occasionally,
garnet grains are insignificantly replaced by chlorite in
association with muscovite in the aluminous gneisses
and by chlorite in association with potassic feldspar in
the leucosomes of the metagabbroids. Garnet in the
gneisses often hosts biotite, quartz, and plagioclase
inclusions and more rarely those of kyanite, rutile,
tourmaline, and sulfides. The composition of the gar-
net varies from dominantly pyrope—almandine in the

! Supplementary materials for the Russian and English versions of
the paper are available for the authorized user at https://eli-
brary.ru/ u http://link.springer.com/ and present:
Supplementary 1.xlsx—compositions of minerals.
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Fig. 4. (a, b) Microphotographs of the analyzed garnet grains and (c, d) profiles of their chemical zoning. The top figures feature
a large garnet porphyroblast from the gneiss, and the bottom ones show a small garnet grain in the leucocratic part of the rock

(likely leucosome).

aluminous gneisses to notably grossular-enriched
compositions in the Ca-rich metagabbroids. In con-
trast to the small garnet grains, the large porphyroblasts
show clearly discernible retrograde zoning in the alumi-
nous gneisses (Figs. 3¢, Fig. 4b), with the margins cor-
responding in composition to the smaller garnet grains
in the leucosomes. Retrograde zoning is less typical of
garnet in the metagabbroids. Note that the most ferrous
garnet compositions  (Alm_74Prp 4_»0Grse_sSpss_s)
were found in the leucosomes of the aluminous
gneisses and the later-migmatization melanosome in
the metagabbroids (A/msy_s¢GrSya_25Prp9_135P53_10)-

Biotite occurs exclusively in the aluminous
gneisses. More magnesian biotite (X, ~ 0.64—0.81) is
rarer and is found mostly as inclusions in garnet
and/or as later mineral replacing the garnet. The bio-
tite of inclusions in garnet contains 0.11—0.22 p.f.u Ti,
and later biotite grains are poorer in this element: no
more than 0.04—0.10 p.f.u. The Xy, of the biotite most
commonly lies within the range of 0.52—0.70. In the
classification diagram, all composition points of the
biotite fall within the composition field of phlogopite
(Fig. 3a).

The plagioclase varies in composition from practi-
cally pure albite to andesine (An,g), with plagioclase
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grains in the metagabbroids most widely varying in
composition, with the most sodic and most calcic
grains found. Albite composes younger cutting vein-
lets, whereas more calcic plagioclase typically occurs
as grains affected by secondary alterations. The alumi-
nous gneisses contain plagioclase with 20—30 mol %
An (Fig. 3e), whereas plagioclase in the metagabbroic
rocks contains 30—40 mol % An, (these analyses make
up 93% of our whole dataset of 226 analyses). Then
plagioclase contains only minor admixtures of ortho-
clase, no more than 3—4%. Plagioclase is found in the
rock matrix and as inclusions hosted in garnet, amphi-
bole, and occasionally in kyanite.

Muscovite was found only in the aluminous
gneisses. According to our observations, this is a later
mineral in the rocks, which replaced kyanite and/or
biotite. When the Ti-bearing biotite replaced by mus-
covite, the latter contains 0.0—1.2 wt % TiO,, which is
absent from the muscovite replacing kyanite. The sub-
stitution of K* for Na™ in the mica reaches 0.1 to 1 wt %,
and the compositions thus shift toward the phengite
field (Fig. 3b).

Potassic feldspar is rare and is more often found in
the metagabbroids (four samples) than gneisses (a sin-
gle sample). It forms in the metagabbroids small K-
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feldspathization domains replacing earlier plagioclase,
commonly at contacts between amphibole and pla-
gioclase. The mineral occurs in association with chlo-
rite or muscovite or with both (or else, as the only
phase) and replaces single garnet and/or plagioclase
grains. The potassic feldspar typically contains 0.0—
0.2 wt % BaO.

Kyanite is a widespread mineral of the aluminous
gneisses, whose content in these rocks varies from sin-
gle grains to 30 vol %. The mineral forms large (up to
1—1.5 cm) grains or is found as small crystals in the
rock matrix. Kyanite often occurs as garnet-hosted
inclusions. It is often replaced by kaolinite and musco-
vite and contains admixtures of Cr (Cr,0; 0.0—0.3 wt %)
and Fe (FeO 0.0—0.5 wt % in the matrix and 0.5—
1.7 wt % in garnet-hosted inclusions).

Amphibole was found exclusively in the metagab-
broids. Its Mg mole fraction (Xy,) is 0.52—0.74. The
mineral is found as aggregates of grains in the rock
matrix and more rarely in the leucosomes, in which it
most commonly replaces clinopyroxene. The amphi-
bole is pargasite (Xy;, 0.52—0.66, TiO, 0.45—1.26 wt %,
Na,0 0.83—2.07 wt % and Al,O; 11.0—12.3 wt %) in
the matrix and magnesiohornblende (Xy;, 0.61—-0.74,
contains TiO, 0.00—0.63 wt %, Na,0 0.60—1.58 wt %)
in the leucosomes (Fig. 3d). The hornblende is classi-
fied into two groups with different Al,O; concentra-
tions: 6.6—8.9 wt % and 10.5—12.4 wt %. Lower alu-
mina concentrations are typical of the amphibole
replacing clinopyroxene. The later amphibole is trem-
olite—actinolite, replaces clinopyroxene, together
with calcite, and contains small admixtures of TiO,
0.0—-0.3 wt %, Na,0 0.12—0.35 wt %, and Al,0; 2.8—
3.8 wt %.

Clinopyroxene is also typical of the metagabbroids
alone and is found mostly in the later leucosome. Its
Xy = 0.76—0.82, and it is diopside in composition
(Fig. 3e). The clinopyroxene is sometimes replaced by
later amphibole (Xy, ~ 0.77) and calcite. The mineral
typically contains admixtures of Al,05 1.2—4.0 wt %,
MnO 0.0—0.4 wt %, and Na,0 0.4—0.9 wt %.

Chlorite is occasionally found in the gneisses and
metagabbroids as a secondary mineral replacing bio-
tite and garnet.

Kaolinite often develops after kyanite, sometimes
up to 10—20% of its volume. The mineral is sometimes
found in association with later muscovite, chlorite,
and potassic feldspar.

The accessory minerals of the gneisses are zircon,
apatite, tourmaline, monazite, sulfides, and titanium-
bearing phases (ilmenite and rutile). These minerals
occur in the rock matrix and as inclusions in pla-
gioclase, quartz, garnet, etc. The accessory minerals of
the metagabbroids are zircon, titanite, ore minerals,
epidote, and apatite.

YURCHENKO et al.

P—-TPARAMETERS
OF THE MINERAL ASSEMBLAGES

P—T estimates based on the composition of coex-
isting minerals indicate that the aluminous gneisses
and gabbroids were metamorphosed to the high-tem-
perature amphibolite facies of moderately high pres-
sure (Fig. 5a, 5b; Tables 1, 2). With the exception of
one point (Fig. 5a), all the composition points plot in
the P—T diagram at peak temperature values of 650—
750°C and pressure of 7.5—9.5 kbar for the aluminous
gneisses and 8—10.5 kbar for the metagabbroids (Fig. 5b).

The composition of the rims of garnet and pla-
gioclase grains in the gneisses and metagabbroids yield
reveal lower of temperature and pressure that corre-
spond to retrograde stage of metamorphism (Figs. Sa,
5b; Table 1, 2). The retrograde metamorphic path of
the aluminous gneisses is recorded more obviously,
and the minimum P—T parameters reach 590—640°C
and 4.5—6 kbar (Fig. 5a). The lowest P—T values
(530—560°C, 4.5—6 kbar) are calculated from the
compositions of minerals found as inclusions in garnet
of the gneisses (Fig. 5a).

Figures 6a—6d illustrate selected relations between
minerals used in the thermobarometric evaluations.

The ranges of the compositions of minerals used in
mineral thermobarometry display a significant scatter
in the temperature and pressure, likely corresponding
to some stages of the metamorphic transformations,
when local chemical equilibria were reached between
mineral grains in contact with one another.

We calculated phase diagrams for the chemical
compositions of the aluminous gneiss (sample Plot1)
and metabasite (sample CHO03) using the Perple X
software (Fig. 7). In the different calculation models,
we used either H,O or CO,—H,O fluid, whose
H,0/CO, ratios were incrementally varied from 1 : 0
(pure H,0) t0 0.8 : 0.2.

The modeled mineral assemblages are generally
well consistent with the aforementioned P—T esti-
mates of the respective rocks. Some noteworthy dis-
crepancies occurred, however, between the modeled
and real mineral assemblages. For example, the com-
positions of mineral in P—T stability fields of some
mineral assemblages did not reasonably well coincided
with the real mineral compositions (EPMA data) in
the rocks. Fe—Mg minerals in the model simulations
are commonly more magnesian than the real minerals
(EPMA data) of the rocks.

The modeled solidus line (when the first melt is
generated in the course of anatexis) occurs at a tem-
perature of 690°C and higher, which depends more
strongly on the water content in the system than on the
rock composition.
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away, 2000), Grt—Cpx (Ravna, 2000; Nakamura, 2009), Grt—Hbl—PI (Dale et al., 2000).

U—Pb ISOTOPE AGE OF MINERALS

The studied samples of the aluminous gneisses
(samples Plot1, Plot2) and metamorphosed gabbroids
(sample CHO3) contain accessory monazite and
titanite, respectively, which were used for isotope geo-
chronological studies.

The monazite occurs as-rounded to slightly elon-
gate crystals up to a few tenths of a millimeter long
(Fig. 8a). The grains are mostly pale yellow, with
brownish shades in transmitted light and are either
semitransparent or fully transparent.

Titanite in the metagabbroid resembles the
monazite in grain morphology: its grains are commonly
also subhedral to anhedral, almost equant (Fig. 8b), with
the largest ones up to 0.1—0.2 mm across.

For isotope analysis, the most transparent
monazite and titanite crystals without visible inclu-
sions of any foreign phases were hand-picked under a
binocular microscope.

Two monazite samples from the high-alumina
gneisses (Plot1 and Plot2) yielded concordant age val-
ues of 1855 =4 Ma (MSWD = 1.4), and two monomi-
neralic titanite separates yielded a concordant age of
1845 £ 4 Ma (MSWD = 1.6) (Fig. 9, Table 3).

The resulting age difference between the monazite
and titanite ages (although insignificantly) exceeds the
analytical uncertainty of the age determination.

DISCUSSION

The P—T estimates of metamorphism for the stud-
ied Chupa gneisses and metagabbroids cutting them
show parameters of the high-temperature amphibolite
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and lower grades of the granulite facies of moderately
high temperatures of 650—750°C and pressure of 7.5—
9.5 kbar for the aluminous gneisses and 8—10.5 kbar
for the metagabbroids. Note that mineral composi-
tions in the metagabbroids yield pressure values that
are 1.5 kbar (on average) higher than the pressures of
the gneisses. Also, a distinctive feature of the alumi-
nous gneisses is that the retrograde metamorphic path
reaches 530—560°C at 4.5—6 kbar. Conceivably, these
differences between the calculated parameters reflect
the rheology of the rocks and their different degrees of
relaxation under post-peak conditions. However, it
cannot be ruled out that the difference in P—7 param-
eters between the gneisses and metagabbroids is a con-
sequence of using different mineral thermobarometers
that are not sufficiently calibrated with each other.
Despite the noted differences in the P— T estimates for
the two contrasting different rock types, their meta-
morphic parameters should still be regarded as similar,
with peak values corresponding to the high-tempera-
ture amphibolite facies transitional to the granulite
facies of metamorphism.

Titanite and monazite can be used for U—Pb dating
of a single process, as follows from the overlap between
the closure temperature ranges the U—Pb of the two
minerals (e.g., Spear and Parrish, 1996; Smith and
Giletti, 1997). The quoted (as well as other) publica-
tions mention the fairly high closure temperatures of
the U—Pb isotope system in naturally occurring
titanite, 650—800°C (e.g., Kohn, 2017 and references
therein), which are different from experimental data
(e.g., Cherniak, 1993). The U—Pb system of monazite
is characterized by sluggish Pb diffusion, which results
in high closure temperatures of about 900°C (Cher-



272

YURCHENKO et al.

Table 1. Summarized data on the P—T parameters evaluated by mineral thermometers and barometers for the gneisses

Grt—Bt, Ti-in-Bt, Grt—Pl—Ky—Qz,
Sample Mineral assemblage T, °C T,°C P, kbar
(Holdaway, 2000) (Wu and Chen, 2015) (Holdaway, 2001)
— ek _Q k%
620—625%*, 640_715%*, 7.7—8.2%*,
4289-3 Grt—Bt—Pl—Ky—Qz 695—710%, 626650 9.3-9.9%,
640—650 7.1-7.8
770—775%*, 530% 9.3—-9.7%%*,
CH241-4 Grt—Bt—Pl—Ky—Qz 790—860%*, 535_59’0 12.2—13.0%,
590—-610 5.3-6.3
695—710%, 8.4—9.9%,
4650-5a Grt—Bt—PI—-Ky—Qz 605630 605—685 6.1-71
610%**, 605%* 6.5%*,
4654—4a Grt—Bt—PI-Ky—Qz 655—685%*, 605—6é0 7.5—8.6%,
610—630 6.4-73
— K _ Kk
530—545%*, 575590+, 5.1—6.4%*,
5816-2 Grt—Bt—PI—-Ky—Qz 710—755%, 580645 8.4—10.8%,
600—635 6.1-7.6
560—565**, 595—600%**, 4.5—5.3%*,
CH234-1 | Gri—Bi—PI-Ky—0z 595-655 575-830 51-6.9
570—575%*, s 5.4—5.9%%,
Plot1 Grt—Bt—PI—Ky—Qz 685—690%*, 52%65(;52 5 ’ 8.3—8.4*,
600—615 5.8—6.7
700—725%, 9.0—10.0%,
CH246-4 Grt—Bt—Pl—-Ky—Qz 620—650 605—650 71-91
645—660*, 7.2—8.0%,
CH246-3 Grt—Bt—PI—-Ky—Qz 500—635 530—615 6.3—7 4
690—725%, 8.7—10.5%,
CH246-27 Grt—Bt—Pl—Ky—Qz 585650 550—615 5878
670—690%*, 8.1-8.6*,
CH246-26 Grt—Bt—Pl—Ky—Qz 600—625 480—530 6.4-7 1
730—745%, 8.4—9.1%,
CH246-25 Grt—Bt—Pl—Ky—Qz 585630 495—665 5.6-6.9
675—705%*, 8.4—9.0%,
CH246-22 Grt—Bt—PI-Ky—Qz 650—675 595—-630 79-83
560—565**, 595—600%*, 4.5-5.3%*,
CH243-1 | Gri—Bi—PI-Ky—0z 595655 575-630 5.1-6.8

See text, the section METHODS for descriptions of the thermobarometers. * The compositions of garnet cores were used (rims compo-
sitions were used in all other instances), ** compositions of biotite inclusions in garnet were used.

niak et al., 2004), and therefore the obtained age data
are interpreted as the time of mineral crystallization
during high-temperature metamorphism rather than
subsequent cooling. The results of U—Pb dating show
that age values yielded by orthorocks (in our case, gab-
bro-anorthosites) is as a first proxy consistent with the
age of the metamorphosed pararocks: the Chupa
high-alumina gneisses.

Titanite is a widespread mineral of metabasites
(Marks et al., 2008; Gros et al., 2020), which is a prin-

cipal titanium concentrator in low-grade metamor-
phic rocks and gives way to other titanium-bearing
phases (ilmenite) with increasing temperature and
changes in oxygen fugacity. This transition can occur
in the upper greenschist and lower grades of the
amphibolite facies of metamorphism. It is assumed
(Frost et al., 2000) that a pressure increase is favorable
for rutile crystallization instead of titanite. The release
of calcium during titanite decomposition regulates the
composition of plagioclase in paragenesis with ilmen-
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Table 2. Summarized data on the P—T parameters evaluated by mineral thermometers and barometers for the metagab-

broids
Hbl—PI, Gri—Cox Grt—Cpx, Grt—Hbl—PI, Hbl—PI,
Sample Mineral assemblage T,°C T, °g ’ T,°C T, °C, P, kbar
P & Holland and Ravn;l 2000 Nakamura, P, kbar Molina et al.,
Blundy, 1994 ’ 2009 Dale et al., 2000 2015
715—720%,
11.3—12.0%;
CH-04-04 | Grt—Amp—PI—Qz 655—-720 655-700, 8.2—12.4
10.4—12.1
720—725%,
CH242-1b | Gri—Amp—PI—0 625-665 - - 05-1L% 9697
mp < 695705, R
9.8—10.6
660%*,
CH242-3b | Grt—Amp—PI— Q. 640—680 - — 8.5-9.5% 7.7—11.0
il ri=Amp < 620—625, ST
9.1-9.4
665—670%,
10.3—10.8%*,
CH242-3a | Grt— Cpx—Amp—PI—Qz 617—667 585—615 615—650 585590 8.3—11.0
7.9-9.3
680—700,
CH242-2 | Grt—Cpx—Amp—PI—Qz 640—650 590-710 625—755 10.1—11.3 8.3-9.5
* The compositions of garnet cores were used (rims compositions were used in all other instances).
Table 3. Results of the U—Pb isotope study of the monazite and titanite
Concentration
Sample, ’ Isotope ratios Age, Ma
No. mg ppm Rho
Pb U |206pp,204ppya| 207y, 206ppb | 208pp, 206ppb| 207py, 2355 | 206py, 2381 206py, 2381 | 207py, 2351 |207py, 206,
Monazite, Mnz
1 0.01 4822 | 4968 14290 0.11313£7 | 22409+ 14 | 5211 £ 9 0.3341 £6 |0.94| 1858.0+3 | 1854.4+3 | 1850.3 £ 1
2 0.01 1645 1732 17590 0.11329 £ 12| 2.1725+ 14| 5.214 £ 16 0.3338 £10(0.94 | 1856.9+5 | 1855.0 £ 6 | 1852.9 £2
Titanite, Ttn
3 13 6.7 17.0 407 0.11301 £ 5 | 0.0928 2 5.157+7 0.3310+4 [0.94|1843.2+2 |1845.6+2 (18484t 1
4 10.5 7.1 18.4 457 0.11297 £ 5 0.0918 + 2 51517 0.3307+4 (094 | 1842+2 |1844.6+2 [1847.7 1

2 Isotope ratios corrected for the blank and fractionation; b isotope ratios corrected for the blank, fractionation, and common Pb; RAo is

the correlation coefficient for the errors of the 207Pb/ 235U and 2 Pb/

238

U ratios. The error values (26) correspond to the last significant

digits. The correction for common Pb was introduced based on the evolution model for the Pb isotope composition of the continental
crust (Stacey and Kramers, 1975). Age values were calculated using the U decay constants from (Steiger and Jager, 1977).

ite. In the high-pressure part, zoisite in association
with rutile can form in place of titanite, concentrating
Ca released from the titanite. Titanite is reportedly
prone to readily recrystallize in the presence of fluid,
and this can fundamentally restyle to U—PDb system of
this mineral and, hence, result in another (younger)
age of this mineral (Moser et al., 2023).

Titanite plays a key role in controlling trace-ele-
ment fractionation during the partial melting and
magma evolution in granitic systems (Kun et al.,
2024). Titanite is also of interest to petrologists and
2026
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geochemists because the trace-element composition
of this mineral reflects the temperature, pressure, and
the geochemistry of the host rocks. Recent studies of
the geochemistry and geochronology of titanite more
and more often mention (unlike experimental studies)
that the U—Pb isotopic system of the mineral can be
resistant to volume diffusion up to a temperature of
800°C and can thus date the crystallization of the min-
eral but not its cooling timing (Hartnady et al., 2019).

It is thus pertinent to question whether the differ-
ence between the titanite and monazite ages reflects
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Fig. 6. BSE images showing relations between minerals in the rocks and their P— 7 parameters estimated by mineral thermometers
and barometers. Rocks: (a, b) aluminous gneisses, (¢, d) metagabbroids. The P—T parameters of mineral formation were esti-
mated using the compositions of minerals indicated by arrows. Pressures were estimated by the following mineral associations:
Grt—Pl— Ky—Qz (Holdaway, 2001), Amp— Pl (Molina et al., 2015). Temperatures were estimated by the following mineral pairs:
Hbl—PI (Holland, Blundy, 1994), Grt— Bt (Holdaway, 2000). The thermobarometer (Dale et al., 2000) was used for the garnet—

amphibole—plagioclase assemblage.

the actual difference between these ages or is an arti-
fact (Fig. 9). If we assume that the U—Pb isotopic sys-
tems of both minerals closed at the same temperature,
which corresponded to crystallization time of the
compared minerals, then migmatization of the Chupa
gneisses should have been the earliest geological event.
Alternatively, if we assume that the U—Pb system of
the titanite closed at a lower temperature than that of
the monazite, then the titanite might have yielded a
younger age because of the slow enough cooling
during retrogression. Given the temperature differ-
ence AT between the closure temperature of the U—Pb
isotopic systems of the two minerals to be 50°C, the
cooling rate of the two rock types is evaluated at
5°C/Ma.

The determined U—Pb ages of the monazite and
titanite are generally close to the U—Pb age estimates
for titanite from various metamorphosed rocks of
BMB (Bibikova et al., 1999; Kudryashov et al., 1999;

Levchenkov et al., 2000; Skiold et al., 2001; Nesterova
et al., 2011). With regard to the aforesaid, and despite
the fact that the minerals are hosted in different rocks,
it is quite reasonable to conclude that the U—Pb isoto-
pic systems of the monazite and titanite record a single
process in the Paleoproterozoic. However, it still can-
not be ruled out that the isotopically dated minerals
are hosted in different generations of the leucosomes,
and the difference between their ages of ~10 Ma
reflects the duration of the migmatization process in
the gabbro-anorthosites and gneisses.

The titanite in question is hosted in metagabbroid,
which reportedly belongs to the gabbro—anorthosite
complex widespread in BMB. Although we do not
know the isotope age of the intrusion itself, its affilia-
tion with this complex is confirmed by geochemical
features: low concentrations of Ni (<100 ppm) and Cr
(<200 ppm), high concentration of Al,O;, and enrich-
ment in Sr and Eu, which results in a positive Eu
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Fig. 7. Phase diagrams calculated for (a) the aluminous gneiss and (b) metagabbroid. The fluid composition was assumed as
H,0 : CO, = 0.8 : 0.2. Red dashed lines additionally show model solidus lines at H,O : CO, proportions in the fluid of 1.0 : 0.0
and 0.7 : 0.3. Other colored lines show the variations in the plagioclase, biotite, garnet, and amphibole composition.

0.15 mm

0.20 mm

Fig. 8. Transmitted-light microphotographs (under a binocular microscope) of (a) monazite and (b) titanite grains from the rocks

dated by the U—Pb method.
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Fig. 9. Concordia diagram for monazite from the aluminous gneiss and titanite from the metagabbroid. For the monazite and
titanite, their isotope composition points are shown, with the analytical errors (smaller ellipses within two other ellipses, for which

the linear reproducibility of the analysis was assumed to be 0.5%).

anomaly in the normalized multielemental patterns of
the rocks. Considering that the age of analogues of this
complex in the region is estimated at 2.5 Ga (Ste-
panova et al., 2017), it seems to be highly probable that
the original magmatic age of-the intrusion should also
fall within this age range. In this case, the younger age
of the titanite (1.9 Ga) can be confidently interpreted
as a result of metamorphism, associated with the par-
tial melting of the rock, rather than as the crystalliza-
tion age of the protolithic magmatic rock.

Regretfully, isotopic dates on migmatite leuco-
somes in BMB are still sparse, as also are data on the
composition of these rocks. Currently available scarce
information on these rocks provides grounds to believe
that their composition is close to tonalite—gabbro-
diorite (Kozlovskii, 2004; Kozlovskii et al., 2020).

Sparse papers on the migmatites provide data on
their U—Pb zircon age, indicating that the migmatites
and leucogranites formed during two episodes: in the

Neoarchean at 2710 £ 15 and 2706 £ 14 Ma and in the
Paleoproterozoic at 1944 + 12 and 1882 = 9 Ma (Sla-
bunov et al., 2016). Leucosomes in the amphibolites
are thought to contain preserved mineral assemblages
produced at the peak of the high-pressure (HP) gran-
ulite-facies metamorphism. The rocks were retro-
gressed at parameters of the HT/HP amphibolite
facies.

Monazite is an accessory mineral whose stability is
controlled first of all by other accessory phases con-
taining REE and P, with the latter commonly related
to the origin of major metamorphic minerals of rocks
(Skrzypek et al., 2017). Because of this, zircon can, for
example, preserve a geochemical record on earlier
events, a feature not as typical of monazite. Monazite
can crystallize in magmatic and hydrothermal envi-
ronments, is chemically and mechanically resistant to
weathering, but its interaction with fluids may lead to
its dissolution and redeposition (Maphumulo et al.,
2026
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2025). The ability of monazite to grow at low tempera-
tures may result in a complicated distribution of age
values because of the presence of anhedral or detrital
grains and also because possible multiple episodes of
its metamorphic and/or hydrothermal growth. Studies
of monazite as a geochronometer mineral for Precam-
brian rocks (Yuan-Can et al., 2024; Ghosh et al.,
2023) can help to identify and distinguish between sev-
eral peaks of metamorphic processes. In view of these
considerations, the U—Pb monazite age of polycyclic
metamorphic rocks can broadly vary and lead to
ambiguous geological interpretations , as for example,
long-lasting slow cooling of the mineral or its discon-
tinuous growth during several episodes of processes at
a general temperature decrease (De Vries et al., 2024).

Monazite crystallizing in different geological envi-
ronments can be reportedly distinguished by, for
example, its Th concentration and Th/U ratio, which
may serve as a criterion for distinguishing between
low-temperature metamorphic and hydrothermal or
between magmatic and high-temperature metamor-
phic processes. Note that REE distribution in meta-
morphic and hydrothermal monazite is controlled not
only by the composition of the fluid phase but also by
the composition of the host rock and P—7 parameters.
If a rock contains garnet, REE are reportedly (Benetti
et al., 2021; Benetti et al., 2024) concentrated mostly
in this mineral, and hence, mineral enrichment of
depletion in REE depends on whether the rock con-
tained stable garnet in association with monazite. For
example, it has been demonstrated that concentration
of HREE and Y in monazite decrease with garnet
growth in the rock, and increasingly deeper Eu nega-
tive anomalies in monazite are explained by the
growth of feldspar (Dumond et al., 2015). The limits of
the monazite stability field in a rock also depend on Ca
and Al concentrations in the host rock, with the stabil-
ity limit of the mineral expanding toward lower tem-
peratures with decreasing Ca concentration in the
rock and toward higher temperatures with decreasing
Al concentration. The partial to complete replacement
of this mineral by apatite or allanite is interpreted as
evidence of retrograde alterations of the rock (Schulz,
2021).

The monazite we studied in the Chupa gneisses
does not display any obvious traces of its dissolution or
recrystallization. The homogeneity of the monazite
grains and their little varying morphologies led us to
believe that they have been produced by a single pro-
cess, likely metamorphism of the rocks and their
migmatization. Our monazite samples provide no evi-
dence on earlier monazite generations, for example,
those related to the Archean evolution of the gneisses.

Our U—Pb monazite and titanite ages are thus con-
sistent with the concept that Paleoproterozoic endog-
enic activity widely affected BMB, and this has also
been confirmed by numerous geochronological stud-
ies (Bibikova et al., 1999; Bibikova et al., 2001; Ran-

PETROLOGY Vol. 34

No.3 2026

277

nii..., 2005; Daly et al., 2006; Kozlovskii et al., 2020;
Dokukina et al., 2024). It is thought that the latest and
the last episode of collisional metamorphism and
migmatization in the Chupa—Loukhi are occurred
between 1840 and 1875 Ma, as follows from U—Pb
SIMS data on the zircon (Bibikova et al., 2004). With
regard to isotope dates highlighting the Proterozoic
activation, it was hypothesized (Daly et al., 2006) that
the collide of the Karelian and Kola cratons resulted in
BMB in regional compression and shear zones under
metamorphic parameters of the amphibolite facies
and was associated with migmatization of the rocks
(Bibikova et al., 2004). Our age value of ~1850 Ma (see
above) corresponds to the second stage of Paleopro-
terozoic metamorphism, which was likely interrelated
with the development of gently dipping thrusts and
ductile-flow zones identified in mafic rocks in BMB
(Kozlovskii et al., 2020). In this context, the scenario
of the tectonic evolution of the Chupa gneisses and
gabbro-anorthosites cutting them and the surrounding
Meso- and Neoarchean tonalite—trondhjemite—gran-
odiorite gneisses can be regarded as part of the general
development of the foreland structure of the late
Paleoproterozoic core of the Lapland—Kola orogen.

CONCLUSIONS

Metamorphism and migmatization of the alumi-
nous gneisses and gabbro-anorthosites in the Paleop-
roterozoic occurred at 1845—1855 Ma. The processes
could occur during a single event and affect both the
gabbroids and their host gneisses, and the age differ-
ence between the titanite and monazite should then
reflect the lower closure temperature of the U—Pb sys-
tem in titanite.

The Paleoproterozoic metamorphism reached
peak P—T parameters of the high-temperature amphi-
bolite facies, transitional to the high-pressure granu-
lite facies.

The endogenous activity at about 1.85 Ga is char-
acteristic of the axial part of the linear structure of the
Belomorian Mobile Belt.
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