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Abstract—The Early Proterozoic gabbros of the Velimyaki intrusion of the Northern Ladoga region contain
titanomagnetite ore, which has been mined as early as the end of the 19th century. Titanomagnetite horizons
are enriched in phosphorus in form of apatite reaching 10 vol %. Isotopic Pb-Pb dating indicates that apatite
was likely redeposited during superimposed metamorphism that was significantly separated in time from the
magmatic stage of gabbros and clinopyroxene–titanomagnetite ores. Mineralogical, petrological, and iso-
tope-geochemical criteria for the superimposed nature of the mineral formation with apatite recrystallization
are the relationship of this mineral with the formation of other metamorphic minerals (hornblende, biotite,
sodic plagioclase), the isotopic age of apatite (1790 ± 5 Ma), and the lower temperature (620–710°C) of its
formation compared to the crystallization temperatures (900–1260°C) of magmatic minerals. The Pb-Pb age
of apatite coincides with the age of metamorphic minerals from other rocks of Late Svecofennian region, as
well as with the Rb–Sr ages of biotite and amphibole from host supracrustal rocks. Based on the data
obtained, it was concluded that recrystallization of apatite and resetting of the U–Pb system occurred during
the Late Svecofennian regional metamorphism.
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INTRODUCTION

The accumulation of diverse ore and non-ore min-
eral resources in the Raahe–Ladoga tectonic zone was
facilitated by the favorable tectonic setting in the junc-
tion zone of two largest Fennoscandian blocks:
Archean Karelian craton and Paleoproterozoic Sve-
cofennian belt (Fig. 1, inset).

The Velimyaki titanomagnetite deposit discov-
ered by Holmberg in 1885 within the eponymous
Velimyaki clinopyroxenite–diorite–monzodiorite
massif (Ladoga…, 2020) contains titanomagnetite ore
bodies in the amphibolized pyroxenite (Gromova,
1951f; Mineral–Raw Base …, 2005), which are mainly
confined to the contact of rocks of the first and second
phases. Five large lenticular bodies of ore-bearing
metapyroxenites were established (Gromova, 1951f).
The reserves of titanomagnetite ores are estimated at
approximately 130 Mt (Mineral-Raw Base …, 2005),
while the predicted vanadium resources are ~100 thou-
sands tons. About 388 thousands tons have been mined
by the beginning of 20th century when the deposit
exploitation had ceased (Ladoga …, 2020).

In addition to the titanomagnetite ores, the
Velimyaki massif contains noble-metal mineralization
(Ivashchenko and Lavrov, 1997; Alekseev et al., 2005;
Ivashchenko and Golubev, 2011; Alekseev and Kule-
shevich, 2017), which together with sulfide dissemina-
tion either associates with titanomagnetite ores or
occurs in the vicinity of them.

The majority of the deposits and occurrences in the
considered region are related to the intrusive rocks,
which were studied by many researchers (Saranchina,
1948; Geological…, 1970; Lobach-Zhuchenko et al.,
1974; Khazov et al., 1993; Bogachev et al., 1999; Bal-
tybaev et al., 2000; Alekseev et al., 2005; Ladoga…,
2020, and others). It was noted by most researchers
that gabbros of the Velimyaki massif are characterized
by the elevated alkalinity, whereas other gabbros of the
region define calc-alkaline trends. The elevated alka-
linity of the Velimyaki massif is expressed in the
appearance of potassium feldspar, the nature of which
is controversial. One researchers consider this mineral
as magmatic (Saranchina, 1948, 1972), while others
(Alekseev et al., 2005) believe that its formation was
related to metasomatic processes imposed onto the
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gabbros. An argument in support of postmagmatic
alterations of the Velimyaki massif could be the results
of U-Pb SIMS zircon isotope dating, which revealed
the older age of the gabbros (1894 ± 6 Ma) and
younger age of the clinopyroxenites (1874 ± 24 Ma)
(Ladoga…, 2020). Although these age values agree
within error, it is noteworthy that clinopyroxenites
(the first phase) gave the younger age compared to the
gabbro (second phase). The discordance of age values
is likely caused by significant postmagmatic alter-
ations of cliopyroxenites, which, as well be shown
below, are expressed also in the appearance of newly
formed minerals. These facts in combination with
inferred (without evidences) magmatic origin of apa-
tite in the ore association of the clinopyroxenites high-
light the need to specify the formation time of apatite

in the ores of the Velimyaki massif based on the iso-
tope-geochronological and petrological study.

The characteristic feature of ores of the Velimyaki
massif with titanomagnetite mineralization is the co-
precipitation of apatite and ore minerals. Apatite,
unlike other ore minerals, has high U/Pb ratio and is
suitable for U–Pb and Pb–Pb isotope dating of ore
crystallization or recrystallization. For this reason, we
attempted to study the isotope-geochemical charac-
teristics of apatite and the compositions of associated
minerals for estimating the apatite age and thermody-
namic parameters of mineral formation. Solution of
these questions is of great importance not only for
understanding the evolution of rock and ore-forming
processes, but also has a decisive practical significance,
in particular, in prospecting and exploration works. In

Fig. 1. Tectonic position and schematic geological map of the Velimyaki massif in the Northern Ladoga region. (1–4) rocks of
the Velimyaki massif: (1) gabbro (zone of trachytoid gabbro); (2) gabbros and diorites with pyroxenite bodies (gabbro–pyroxenite
alternation zone); (3) ore-bearing clinopyroxenite bodies; (4) gabbrodiorites (gabbrodiorite zone); (5) host schists of the Ladoga
Group; (6) faults: proved and inferred; (7) dip and strike of foliation; (8) sampling localities and numbers. Inset shows the main
geological blocks in the southeastern part of the Fennoscandian shield: Early Proterozoic Svecofennian belt, Archean Karelian
craton, and Raahe–Ladoga suture between them. Box shows the studied area, where the Velimyaki Massif is located. Simplified
schematic map is given after (Alekseev, 2005).
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the framework of this work, the main objects were clin-
opyroxenites of the first phase (and apatite in them),
because they host the majority of ilmenite–magnetite
ores together with rich apatite mineralization.

METHODS
X-ray fluorescence analysis of the rocks was carried

out at the Laboratory of the Karpinsky Institute
(St. Petersburg) on an X-ray ARL 9800 spectrometer
(Switzerland). Samples were obtained by mixing with
a f lux (50% lithium metaborate and 50% lithium
tetraborate) in proportion 1 : 9, pressed in tablets, and
then fused in gold–platinum crucibles. The oxide
concentrations were analyzed from 0.01–0.05 wt %
depending on the measured component.

The mineral composition was analyzed on a JEOL
JSM-6510LA scanning electron microscope equipped
with a JEOL JED-2200 energy-dispersive spectrome-
ter at the Institute of Precambrian Geology and Geo-
chronology (St. Petersburg) using complex com-
pounds and pure metals as standards at an accelerating
voltage of 20 kV and beam current of 1 nA. Correction
for matrix effects was calculated using the JEOL ZAF
routine program.

The images of polished thin sections were made
using digital photo cameras (10–40X) coupled to a
Polam and Olympus optical microscopes and con-
nected with a computer.

The crystallization temperature of minerals was
estimated using chemical compositions of minerals
and rocks.

The crystallization temperature in the “mineral–
melt” system was estimated using equations that
describe the linear dependence of equilibrium con-
stants of formation of end members, the components
of solid solutions, on the reverse temperature. The
equation systems for “olivine–melt”, “plagioclase–
melt”, “magnetite–melt”, “ilmenite–melt”, and “aug-
ite–melt” pairs were taken from a COMAGMAT soft-
ware package (Ariskin and Barmina, 2000, 2004),
which allows one to calculate the compositions of
solid phases that are in equilibrium with the melt.

Mineral thermometry was applied for the calcula-
tion of formation temperature of minerals of meta-
morphic stage.

We used the hornblende–plagioclase thermometer
by (Holland and Blundy, 1994) based on the equilib-
rium of calcium amphibole with plagioclase (edenite +
albite = richterite + anorthite). The equation of this
exchange reaction is suitable for a wide range of amphi-
bole and plagioclase compositions in the quartz-free
rocks within the Р and Т intervals of 1–15 kbar and
400–1100°C, respectively.

The crystallization temperature of biotite was esti-
mated using the (Henry et al., 2005; Wu and Chen,
2015) calibration of Ti-in-biotite thermometer, assum-
ing the chemical equilibrium between postmagmatic

minerals containing biotite–ilmenite association. In
spite of the fact that Ti-in-Bt thermometer was devel-
oped for metapelites, we suggest that the geochemical
parameters of mineral formation in the studied meta-
basic rocks at the metamorphic stage were closer to
those of felsic rock, which follows from the appear-
ance, in particular, K-feldspar and quartz. Based on
the calibration conditions (480–800°C, 3–6 kbar;
xMg(Bt) = 0.275–1.0, Ti = 0.04–0.6 apfu), the ther-
mometer (Henry et al., 2005) is suitable for the con-
sidered rocks. Thermometer (Wu and Chen, 2015) is
applicable for the even wider range of temperature and
pressure.

The low-temperature transformations of ore miner-
als were estimated using magnetite–ilmenite thermom-
eter (Lepage, 2003) based on the equation describing
the magnetite–ilmenite chemical equilibrium.

The pressure of mineral formation at the metamor-
phic stage was estimated from Al–Si redistribution in
the tetrahedral site of amphiboles and plagioclases
using hornblende–plagioclase barometer (Molina
et al., 2015), which was calibrated for magmatic and
metamorphic rocks in the Т and Р range of 650–1050°C
and 1–15 kbar, respectively.

The U–Pb isotope analysis of minerals was con-
ducted at the Institute of the Precambrian Geology
and Geochronology of RAS. To study the U–Pb sys-
tem of apatites, 5–10 mg aliquots were dissolved in
1N HCl at room temperature for a day. One apatite
sample (B-22-552) was subjected to stepwise dissolu-
tion. This aliquot was preliminarily washed for 20 min
at room temperature in 0.1N HCl, then was succes-
sively dissolved in 1N HCl for 10 minutes (L1),
20 minutes (L2), 30 minutes (L3), 40 minutes (L4),
and 1 hour (L5). The lead isotope composition was
analyzed only in fractions L2, L3, L4, because L1 was
likely contaminated by lead of phases related to the
later superimposed events, while fraction L5 was con-
taminated by lead of mineral inclusions in apatite
(likely, noncogenetic).

In addition, to determine the isotopic composition
of initial lead of apatite, we analyzed plagioclase from
plagioclase-bearing rocks. Plagioclase concentrate
was extracted in heavy liquids and then hand-picked
under the binoculars. Thus obtained plagioclase frac-
tion was ground to powder and sequentially leached in
0.5N HF for 0.5 hour at room temperature and in
concentrated (16N) HNO3 for 4 hours at tempera-
ture of 70°С. After that, the sample was kept in acid
for 12 hours at room temperature, and then, after solu-
tion removal, was treated with concentrated (12N)
HCl following the same procedure. Plagioclase was
leached to remove the possible radiogenic Pb, which
could be accumulated from U-bearing mineral inclu-
sions and iron oxides (on which U could be absorbed).
After leaching, the residue was decomposed in a con-
centrated HF and HNO3 mixture.
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Solutions obtained by the mineral decomposition
were divided into two aliquots to determine (1) U and
Pb contents; (2) Pb isotopic composition. The U and
Pb concentrations were determined by isotope dilu-
tion using a mixed spike 235U + 208Pb. Lead was
extracted on a Bio-Rаd® anion-exchange resin in the
bromide form following technique (Manhes et al.,
1978), while uranium was extracted on a UTEVA SPEC
extraction resin in the nitric form. The Pb isotopic com-
position and Pb and U contents were measured on a
Triton TI multicollector mass spectrometer. The Pb and
U laboratory blanks were no more than 0.05 and
0.005 ng, respectively. The measured Pb isotopic ratios
were corrected for mass fractionation determined as
0.13% per amu by replicate analysis of SRM-982 stan-
dard. Processing of initial isotope data and the calcula-
tion of isochron parameters were carried out using an
ISOPLOT software (Ludwig, 2003). All errors given in
tables and used in calculations correspond to 2σ.

The Rb-Sr isotopic analysis of minerals and rocks
was conducted at the Institute of Precambrian Geol-
ogy and Geochronology of the Russian Academy of
Sciences. For analysis, the ground monofractions of
biotite and amphibole were decomposed in an HF :
HNO3 : HClO4 mixture for 24 hours. The mineral
monofractions, except for biotite, were preliminarily
treated in 2.2N HCl for 60 minutes to remove the sur-
face pollution and supergene alterations. Prior to the
decomposition, the samples were mixed with 85Rb–84Sr
spike. After evaporation, the samples were treated with
an HCl–HNO3 mixture for 24 hours. Rb and Sr were
extracted on a BioRad® ion exchange resin following
technique (Savatenkov et al., 2004). The isotope com-
position was measured on a Triton TI multicollector
solid-source mass spectrometer. The Rb and Sr con-
centrations and 87Rb/86Sr ratios were determined by
isotope dilution. The reproducibility of the determina-
tion of Rb, Sr concentrations as well as 87Rb/86Sr and
87Sr/86Sr ratios was calculated by the replicate analy-
ses of BCR-1 standard (6 measurements): [Sr] =
338 (± 0.5%) ppm, [Rb] = 47.5 (±0.6%) ppm,
87Rb/86Sr = 0.406 (±0.6%), 87Sr/86Sr = 0.705036
(±0.003%). The total blank is 0.05 ng for Rb and
0.2 ng for Sr. The measurements were controlled by
the analysis of JNdi-1 and SRM-987 standards. The
Sr isotopic composition was normalized to 88Sr/86Sr =
8.37521 and adjusted to the certified standard
SRM987 87Sr/86Sr = 0.710240. Model ages were cal-
culated in IsoplotR software (Vermeesch, 2018).

BRIEF CHARACTERISTICS 
OF THE GEOLOGICAL STRUCTURE 

OF THE MASSIF 
AND ORE MINERALIZATION IN IT

The Velimyaki massif is an intrusive body differen-
tiated from peridotites and pyroxenites to gabbros and
diorite–monzodiorites and has an oval shape 3.5 × 2 km
(Fig. 1).

The massif has a heterogeneous structure. It con-
tains numerous small bodies of amphibolized pyrox-
enites, its central, northern, and northeastern parts
are occupied by metamorphosed gabbrodiorites
(Saranchina, 1948), while diorites are developed along
the western and eastern inner contacts (Alekseev, 2017).

It is suggested that the Velimyaki differentiated
massif was formed in several intrusive phases. Accord-
ing to G.M. Saranchina, the rocks were formed in the
following sequence: (1) peridotites and pyroxenites,
(2) gabbrodiorites, monzonites, and (3) vein rocks of
the syenitic series (Saranchina, 1948).

The rocks of the Velimyaki massif were locally cat-
aclased and mylonitized. Along the comparatively
small tectonic zones, the rocks were displaced, which
disturbed the primary internal structure of the pluton
(Saranchina, 1948).

The Velimyaki massif cuts across the schists of the
Proterozoic Ladoga Group, as well as underlying
amphibolites of the Sortavala group and older Archean
granite gneisses. Staurolite–biotite and quartz–biotite
schists are developed in the northern and eastern con-
tact, while the southern contact (including the Lake
Ladoga coast) is surrounded by schists, amphibolites,
and granite gneisses. Surrounding rocks, as significant
part of the massif, bear signs of epidote—amphibolite
and amphibolite metamorphic facies. According to
isotope dating of rocks and minerals, the regional
polychronous metamorphism occurred within 1.87–
1.79 Ga (Baltybaev et al., 2005, 2009: Ladoga…, 2020).

The isotopic U–Pb (SIMS) age of the Velimyaki
intrusion was determined on zircons from leucogabbro,
the concordant age of which is 1894 ± 6 Ma (Alekseev
et al., 2005; Alekseev and Kuleshevich, 2017).

Ore mineralization in the Velimyaki massif is con-
fined to the pyroxenite bodies. Two types of mineral-
ization are distinguished: (1) titanomagnetite mineral-
ization with the elevated concentrations of vanadium
and elevated apatite content; (2) noble-metal sulfide
mineralization.

The titanomagnetite mineralization is represented
by the disseminated and schlieren ore segregations, the
volume of which in high-grade ores reaches 10–40%.
Sporadic massive ores contain up to 90% titanomag-
netite. These ores are dominated by titanomagnetite,
while ilmenite is the second in abundance. The ilmen-
ite and titanomagnetite have the elevated content of
V2O5 (up to 2 wt %). The apatite content is 3–10 vol %.

The noble metal mineralization is confined to the
sulfide dissemination and/or veinlets consisting of
pyrite–chalcopyrite or chalcopyrite–pyrite–pyrrho-
tite association. The insignificant amount of native Au
is confined to the disseminated–vein sulfide ores.
There is also pyrite mineralization, which is later than
pyrite–chalcopyrite one.

Rich sulfide mineralization is usually confined to
the zones of fracturing and hydrothermal–metaso-
matic reworking. The thickness of the sulfide veins
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accounts for from 15–20 cm to 40 cm in swells, while
a length of 1.5–2 m (Ladoga…, 2020). In the ore
zones, the mineral formation occurred in several
stages: the biotite–amphibole association is over-
printed by quartz–feldspathic and carbonate paragen-
eses with tourmaline, biotite, epidote, chlorite, and
microcline. Accessory minerals in the ores are repre-
sented by sphalerite, pentlandite, galena, molyb-
denite, cobaltite, arsenopyrite, and more rare hessite,
tellurobismuthite, stuetzite, and tetradymite.

The noble-metal mineralization in the Velimyaki
massif is ascribed to the low-sulfide Pt–Pd type with
total Pt, Pd, Au content up to 0.7 ppm (Ladoga …, 2020).

PETROGRAPHY AND MINERALOGY
The petrographic features (Fig. 2) and qualitative

composition of minerals from rocks of the first and
second phases are mainly determined by the degree of

postmagmatic alterations of the rocks and indicate a
heterogeneous manifestation of regional metamor-
phism and fluid–thermal influence along the local
tectonic zones.

Petrographic Characteristics of Rocks of the First 
and Second Phases of the Velimyaki Massif

The rocks of the first phase are mainly pyroxenites.
Their petrographic features are characterized below, with
subdivision of rocks based on the metamorphic grade.

Unmetamorphosed pyroxenites (samples B-22-537-
and, B-22-537-2) consist of clinopyroxene (50–
70 vol %), brownish, supposedly magmatic hornblende
(7–40 vol %), and ore minerals represented by magne-
tite and ilmenite (7–20 vol %). Subordinate minerals
are represented by mafic mica (phlogopite) and chlo-
rite. Microtexture of the rocks is hypidiomorphic.

Fig. 2. Photos of polished thin sections of main rock types of the Velimyaki massif. (a–f): variably metamorphosed pyroxenites
of the first phase: unaltered (sample B-22-537-1 (a, b), weakly altered, sample B-22-550 (c, d), highly altered – sample B-22-
552 (e, f); (g, h): diorites of the second phase – sample B-22-541. Images are made under parallel (a, c, e, g,) and crossed (b,
d, f, h) nicols. Hereinafter, mineral abbreviations are given according to (Whitney and Evans, 2010).
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The clinopyroxene forms colorless hypidiomorphic
round or elongate grains. The hornblende is repre-
sented by xenomorphic grains filling interstices
between clinopyroxene crystals, but also occurs as
small xenomorphic inclusions in clinopyroxene. The
rock also contains fine ore dissemination likely repre-
sented by ilmenite. Magnetite forms round grains
without visible crystallographic outlines, which are
confined to the aggregates of clinopyroxene crystals.
Ilmenite forms drop-like segregations in magnetite
crystals or exsolution lammelae (Fig. 3).

Weakly and highly metamorphosed pyroxenites and
monzogabbros that preserved magmatic texture (sam-
ples B-22-550, B-22-552, and B-22-552-1). The
rocks are composed of clinopyroxene up to 40 vol % in
weakly altered varieties (B-22-550) to its complete
absence in the highly altered rocks (B-22-552), mag-

netite and ilmenite (0–25 vol %), K-feldspar and pla-
gioclase (in total from a few percents in pyroxenites
(B-22-550) to 50 vol % in the monzogabbro (B-22-
552-1)), and apatite (up to 3 vol %). Secondary minerals
are represented by actinolite (up to 70 vol % in the highly
altered varieties, for instance in B-22-552), hornblende
(around 20 vol %), and biotite (1–20 vol %). The rocks
have blastohypidiomorphic microtexture.

The manifestations of clinopyroxene, magnetite,
and ilmenite are similar to those of the unaltered
pyroxenites. The grains of ore minerals could be sur-
rounded by titanite rim (Fig. 3). The K-feldspar forms
xenomorphic grains, fills interstices between clinopy-
roxene grains. The microcline lattice and perthites are
also observed. Significant amounts of plagioclase are
observed only in monzogabbro (B-22-552-1) and
form euhedral crystals. Myrmekites are observed at

Fig. 3. BSE images of recrystallized minerals from the monzogabbro of the Velimyaki massif (sample B-22-552-1). (a, b) reaction
relations of K-feldspar and plagioclase; (c, d) hornblende (sometimes with biotite and epidote) rims around actinolite pseudomorphs
after clinopyroxene; (e, f) magnetite grains with exsolution lamella made up of ilmenite; the grain is surrounded by titanite.
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the contact with K-feldspar (Fig. 3). Amphiboles in
the altered pyroxenites are represented by brown horn-
blende, green hornblende, and actinolite. The brown
hornblende is likely magmatic, similar to that described
in the unaltered pyroxenites. It forms small grains
within clinopyroxene crystals. The green hornblende
and actinolite are developed after clinopyroxene.

In the weakly altered pyroxenite (B-22-550), the
green hornblende replaces clinopyroxene along grain
boundaries. The highly altered rocks (B-22-552,
B-22-552-1) contain pseudomorphs after clinopyrox-
ene grains (Figs. 3, 4), where pseudomorph centers are
made up of actinolite aggregates, while rims, of the
green hornblende. The pseudomorphs could retain
clinopyroxene relicts (sample B-22-552-1), but com-
plete recrystallization is also observed (B-22-552).
Biotite forms xenomorphic grains that are spatially
confined to the magnetite grains. Apatite forms single
hypidiomorphic crystals, more rarely, accumulations
of grains. Its crystals have elongate-prismatic shape;
polished thin sections are dominated by cross-sections
perpendicular to the elongation axis. Apatite mainly

occurs in the interstices between clinopyroxene grains,
where it associates with hornblende.

Highly metamorphosed pyroxenites that lost mag-
matic texture (sample B-22-551). They are made up of
biotite (40 vol %), amphibole (40 vol %), carbonate
(10 vol %), magnetite and ilmenite (5 vol %), and apa-
tite (1 vol %). The rocks have a nematolepidoblastic
microtexture with cataclastic elements. The biotite
occurs as large pale yellow to brown crystals. The crys-
tals are deformed, bent, and locally recrystallized into
a fine f laky aggregate. The amphiboles compose
aggregates of hypidiomorphic or xenomorphic crystals
of hornblende and actinolite. The carbonate forms
lenticular segregations within biotite, as well as sepa-
rate grains of irregular shape. The morphologies of
magnetite and ilmenite are similar to those described
above; sometimes, titanite rims are developed around
ore minerals. Apatite was found as accumulation of
single euhedral crystals.

The rocks of the second phase are diorites and mon-
zodiorites (samples B-22-541 and B-22-544). They
are composed of plagioclase (50–80 vol %), amphi-

Fig. 4. Photos of polished thin section of monzodiorite in the parallel (a) and crossed (b) nicols, which show a successive replace-
ment of magmatic clinopyroxene by actinolite (± quartz) aggregate and development of hornblende after actinolite. Apatite grain
frequently occurs in association with hornblende and secondary biotite.
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bole–-hornblende and actinolite (10–20 vol %), bio-
tite (10–20 vol %), apatite (5 vol %), and ore mineral
(1 vol %). Clinopyroxene relicts are also observed. The
rocks have blastogabbroophitic microtexture. Pla-
gioclase forms large hypidiomorphic lath-like crystals.
The crystals are deformed into bent twins and frac-
tured. The grain margins are granulated. In the least
altered rocks (B-22-544), amphiboles form pseudo-
morphs after clinopyroxene, which are similar to those
described in pyroxenites. Thereby, some pseudo-
morphs retain actinolite cores and hornblende rims,
while in some cases, actinolite is replaced by an aggre-
gate of hornblende and quartz. In such pseudomorphs,
hornblende could associate with biotite. In the more
altered rocks (B-22-541), pseudomorphs are not pre-
served and give way to the intergrowths of hypidiomor-
phic or xenomorphic crystals of hornblende and biotite,
while a hornblende–quartz aggregate is sometimes pre-
served in the central parts. Biotite occurs in the inter-
growths with hornblende or forms separate large
xenomorphic crystals. Apatite is observed as separate
hypidiomorphic crystals, which are usually confined to
the hornblende–biotite intergrowths.

Thus, the petrographic features of the studied rocks
indicate the presence of mineral associations that are
ascribed to the different stages of mineral formation:
magmatic and postmagmatic–metamorphic ones.

The metamorphic transformations of the rocks are
characterized by the simultaneous growth of pla-
gioclase, amphibole, and biotite. Actinolite frequently
replaces early clinopyroxene in its rims or forms com-
plete pseudomorphs. In the last case, some amount of
quartz is formed together with the actinolite. A note-
worthy and important feature of this superimposed
actinolite is its subsequent replacement by dark green
hornblende. The newly formed mineral assemblage
represented by hornblende (hastingsite and Fe-rich
ferrihornblende) and plagioclase is observed practi-
cally in all polished thin sections of altered clinopyrox-
enites or gabbros (Figs. 2, 4). Locally, the content of
this assemblage reaches 30 vol %. The above described
hornblende associates with secondary brown biotite.
Its content in the rock reaches 5–8 vol %. Biotite
grains as intergrowths with hornblende are developed
after clinopyroxene or actinolite.

Host rocks. At the modern erosion surface, the
gabbros of the Velimyaki massif have direct intrusive
contacts with the Early Proterozoic amphibolites of
the Sortavala Group and biotite–garnet, biotite, two-
mica gneisses, as well as diverse andalusite-, silli-
manite-, and staurolite-bearing schists of the Ladoga
Group (Ladoga …, 2020).

The studied amphibolites consist mainly of horn-
blende (70–90 vol %), plagioclase (10–20 vol %), and
sometimes contain quartz, biotite, and accessory
amounts of magnetite, ilmenite, and titanite. Second-
ary minerals are represented by chlorite, higher-Fe
biotite, and actinolite. The rock has a nematograno-

blastic, coarse-grained texture and massive, locally
schistose structure.

Two-mica gneisses consist of biotite (20–25 vol %),
muscovite (5–10 vol %), plagioclase (30–35 vol %),
quartz (20–30 vol %), and opaque minerals (1–2 vol %).
The texture is medium-grained lepidogranoblastic,
and structure is gneissose, banded. The garnet–biotite
gneiss studied by Rb-Sr method consists of biotite
(20–25 vol %), garnet (up to 20 vol %), plagioclase (up
to 30 vol %), quartz (20–25 vol %), and opaque miner-
als (1–2 vol %). The rock has medium-grained lepido-
granoblastic texture and gneissose, banded structure.

The Mineralogy of Rocks of the First and Second Phases 
of the Velimyaki Massif

Selected chemical compositions of minerals of the
Velimyaki massif are given in the Supplementary
EMS1_tabl_minerals.

Clinopyroxenes in the rocks of the first phase are rep-
resented by diopside and augite (XMg = 0.69–0.87). In
the second phase, clinopyroxene is rarely preserved as
relicts in the hornblende–actinolite pseudomorphs. It
is represented by augite of slightly higher Fe composi-
tion (XMg = 0.60–0.66) than clinopyroxene from the
rocks of the first phase.

Brownish amphiboles are supposedly magmatic,
occur in some pyroxenites of the first phase (sam-
ples B-22-537-2 and B-22-550), and are represented
by magnesiohastingsite and Ti-bearing magnesiohast-
ingsite. In the rocks of the first phase, green horn-
blendes form rims around pseudomorphs after clinopy-
roxene and are mainly represented by potassic hasting-
site, hastingsite, and Fe-rich ferrihornblende. The
central parts of the pseudomorphs are made up of actin-
olite and, to lesser extent, of magnesio-ferrihornblende.

In the rocks of the second phase, the hornblendes
form both rims in the hornblende–actinolite pseudo-
morphs and separate intergrowths (Figs. 3, 5). They
are represented by the Fe-rich ferrihornblende, potas-
sic hastingsite, and Fe-rich ferritschermackite. The
central parts of the pseudomorphs are composed, as
the rocks of the first phase, of actinolite and magne-
sio-ferrihornblende.

Amphiboles that compose rims around pseudo-
morphs are much higher Fe (on average, XMg = 0.38)
than amphiboles from the central parts (on average,
XMg = 0.59). For comparison, XMg(av.) of brown
hornblende is 0.70.

Amphiboles of the massif are characterized by the
potassium admixture, the highest content of which is
observed in the Fe-rich amphiboles that compose
pseudomorph rims (K2O content in them is 1.5 wt %).
These amphiboles also have a ubiquitous admixture of
chlorine (on average, 0.28 wt %).

The compositional features of the amphiboles from
rocks of two phases of the Velimyaki massif are shown
in Fig. 5.
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Biotite in both phases have similar compositions
and are represented by phlogopite– annite (XMg =
0.34–0.61). The aluminum content in tetrahedral site
varies from 1.1 to 1.3 a.p.f.u. The mineral usually contains
titanium admixture amounting 1.4–2.7 wt % and also
insignificant admixture of chlorine (up to 0.29 wt %).

Plagioclase in the rocks of the first phase is pres-
ent in the most silicic derivatives (monzogabbro,
sample B-22-552-1). It is represented by andesine–
oligoclase An40–13. In the rocks of the second phase,
plagioclase is one of the rock-forming minerals. In the
monzodiorite (sample B-22-544), it forms large
zoned crystals, which consist of labradorite (An55)
core gradually changing into oligoclase An19 rim. In
the diorite (sample B-22-541), plagioclase is com-
posed of labradorite–andesine (An56–44) core and
thin rims represented by andesine–oligoclase An35–20.
The cores likely have a magmatic nature, while rims
are metamorphic in origin. In such case, the essen-
tially sodium compositions of plagioclase could indi-
cate their late metamorphic nature.

Magnetite in the studied rocks occurs both in inter-
growths with ilmenite and as separate crystals. It is
characterized by a ubiquitous admixture of V2O5
(1.27–2.74, averaging 0.52 wt %). In addition, the
mineral contains insignificant admixture of SiO2 (0–
0.64 wt %), TiO2 (0–0.60 wt %), and Al3O3 (0–
0.91 wt %). Sometimes, it contains trace chromium
(0.24–0.53 wt %).

Ilmenite was found in all studied rocks and fre-
quently associates with magnetite. It practically always

contains admixtures of MnO (2.06–3.76 wt %) and
MgO (0.13–0.75 wt %). Other admixtures are not typ-
ical, except for the scarce insignificant admixture of
Cr2O3 (0.19 wt %).

Apatite forms euhedral grains 0.01–0.2 mm in size
in amphibole, biotite, and, more rarely, in plagioclase
and clinopyroxene. It is represented by the f luorapa-
tite–hydroxyl-apatite series (Fig. 6) and could contain
insignificant admixture of chlorine (up to 0.36 wt %).

RESULTS OF ISOTOPE ANALYSIS 
OF APATITE AND THERMOBAROMETRY

OF THE ROCKS
Pb–Pb age of apatite

Apatites extracted from clinopyroxenite samples
(Fig. 7, Table 1) yields an age range from 1737 to
1801 Ma with a maximum error of ±7 Ma.

Presented age values were calculated from two-
point isochrons, which can be interpreted only as
approximate age of apatite. In addition, the content of
plagioclase in the clinopyroxenites is too low to extract
this mineral in amounts sufficient for Pb isotope anal-
ysis. For this reason, data on the initial Pb isotope
composition of pyroxenites are estimated indirectly
from the initial lead isotopic composition of pla-
gioclase from monzogabbro. Thus, it is more reliable
to plot Pb–Pb isochron using composition points of
fractions of stepwise dissolution of apatite from clino-
pyroxenite and, supposedly cogenetic plagioclase
extracted from more felsic varieties (sampled from the

Fig. 5. Amphiboles from rocks of the first and second phases of the Velimyaki massif. (1) compositions of supposedly magmatic
amphiboles of the rocks of the first phase, (2) compositions of metamorphic amphiboles in transformed rocks of the first phase,
(3) compositions of metamorphic amphiboles in transformed rocks of the second phase. Diagram and calculations of amphibole
composition are after (Locock, 2014).
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same exposure). Thus, to construct the 206Pb/204Pb–
207Pb/204Pb diagram, we used lead isotopic composi-
tions of intermediate leachates obtained by stepwise
dissolution of apatite monofraction (Fig. 8a). The first

and last leachates (L1 and L5) were not used for the
measurements as probably containing the alien lead
from surface admixtures (L1) or microinclusions in
apatite (L5). Using such methodical approach, Pb-Pb
isotopic age of apatite from pyroxenite was determined
as 1790 ± 5 Ma (MSWD = 0.14), which is consistent
with preliminary age estimates of apatite from other
pyroxenite samples on two-point isochrons presented
above (Fig. 7).

For sample B-22-522-1, which in composition
corresponds to the monzogabbro, two-point Pb–Pb
isochron was constructed using Pb isotopic composi-
tions of apatite and plagioclase extracted from this
sample (Fig. 8b, Table 2). The isochron defined by Pb
isotopic compositions of prismatic well-shaped apa-
tites and supposedly magmatic plagioclase define an
age of 1842 ± 10 Ma.

Age estimates obtained at stepwise dissolution of apa-
tite correspond to Rb-Sr model age of micas and amphi-
boles from rocks that host metagabbroids (Table 2).

Thermobarometry of the Rocks
The mineral composition of the studied rocks pro-

vides insight into the temperature regime of their for-
mation at the magmatic and metamorphic stages.

Fig. 7. Two-point Pb–Pb isochrons for apatites from the first phase of the Velimyaki massif. (а) unmetamorphosed clinopyroxene
(sample B-22-537-2), (b) weakly metamorphosed pyroxenite (sample B-22-550), (c) highly metamorphosed pyroxenite (sam-
ple B-22-551), (d) pyroxenite (B-22-552). Isotope composition of plagioclase from the most felsic derivatives of the first phase
was used. In all diagrams, one isotope composition of plagioclase from most felsic derivatives of the first phase was used (sam-
ple B-22-551-1).
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To estimate the crystallization temperature of mag-
matic minerals, we used the chemical compositions of
weakly altered pyroxenites (samples B-22-537-2 and
B-22-550) that retained the intrusive textural and
structural features and minerals of magmatic stage.
Using COMAGMAT software, the liquidus tempera-
tures were calculated for primary minerals of pyrox-
enites: 1264–1239°С for pyroxenes and 1220–1182°С
for magnetites (Table 3). Ilmenite from these pyrox-
enites yielded slightly lower temperature of 954–920°С
(Table 3).

The metamorphic stage of the Velimyaki massif is
marked by the newly formed minerals, including

hornblende, plagioclase, and biotite. Crystallization
and recrystallization temperatures determined from
the compositions of hornblende–plagioclase pairs
using corresponding thermometer (Holland, Blundy,
1994), with some exception, fall within a range of
600–700°С (Table 4).

The lower temperature transformations identified
due to the appearance of ilmenite and titanite are dif-
ficult to estimate quantitatively because of the absence
of reliable mineral thermobarometers and probable
disequilibrium state of these minerals at low tempera-
tures. However, they likely occurred at temperature
decrease up to 400–300°С based on the estimates from

Table 1. U–Pb isotope analysis of apatite and plagioclase from rocks of the Velimyaki massif

Pb and U contents are given in ppm for apatite sample, and in ng in weighing bottle for stepwise leaching fractions. In the intervals
between dissolution steps, the residue was not weighed in order to avoid the loss of apatite or its pollution. Lines 5–7 demonstrate
the results of isotopic analysis of different (L2–L4) apatite fractions obtained by stepwise leaching. Lead isotopic data on pla-
gioclase B-22-552-1 include measured values, as well as values corrected for fractionation, for total blank (without parentheses),
and for uranium decay for an age of 1790 Ma (in parentheses).

Ordinal 
no.

Sample number, 
fraction, mineral Pb, ppm U, ppm 238U/204Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

1 B-22-537-2, Ap 4.73 6.15 165.3 68.505 20.854 56.898

2 B-22-550, Ap 11.4 14.1 164.6 68.640 20.923 63.808

3 B-22-551, Ap 9.51 13.2 234.6 93.238 23.651 78.096

4 B-22-552. Ap 10.9 11.4 128.1 59.310 20.043 60.994

5 B-22-552
20′ 1N HCL

78 ng 94 ng 167.3 71.151 21.308 67.590

6 B-22-552
30′ 1N HCL

79 ng 96 ng 169.8 71.604 21.360 67.296

7 Б-22-552
40′ 1N HCL

63 ng 75 mg 161.8 69.149 21.086 66.146

8 B-22-552-1, Ap 8.86 8.13 97.7 48.608 18.948 54.526

9 B-22-552-1, Pl 11.2 0.013 0.0679 15.446 15.214 35.056
(15.424) (15.212)

Table 2. Results of Rb–Sr isotope studies of amphiboles and biotite from the metamorphosed sedimentary sequences
of the Ladoga and Sortavala groups intruded by the gabbros of the Velimyaki massif

(WR) whole rock. Measurement error is given in the last digit. Model age was calculated from the whole-rock–mineral pair (for sample
В3025 – plagioclase–mineral).

Rock name, number Fraction Rb Sr 87Rb/86Sr 87Sr/86Sr ±2s Model age, Ma

Two-mica gneiss, B3025 Pl 0.85 616 0.0040 0.717761 19 1717 ± 17
Bt 288 3.50 548.7 14.036376 22

Two-mica gneiss, B3024 WR 59.5 75.5 2.292 0.769219 10 1764 ± 17
Bt 321.69 3.25 949.14 24.3898 24

amphibolite, Б05-181 WR 26.1 136.5 0.5538 0.720126 4 1747 ± 11
Amp 18.77 17.08 2.96 0.780566 5

Amphibolite, Б05-183 WR 10.06 215.1 0.1357 0.708741 3 1729 ± 21
Amp 9.52 25.43 1.082 0.732275 4
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magnetite–ilmenite thermometer (Lepage, 2003). This
temperature regime corresponds to the green schist
facies metamorphism.

Based on the estimates from Ti-in-Bt thermome-
ters (Henry et al., 2005; Wu and Chen, 2015), the
(re)crystallization of biotite in equilibrium with ilmen-
ite occurred at Т around 490–620°С (using composi-
tions of biotite from sample B-22-552-1). However,
since this thermometer was not calibrated for basic
composition, these temperatures are taken only as
approximate. In general, it is suggested that the release
of titanium from biotite and its reprecipitation as
titanite with simultaneous formation of higher Fe bio-
tite occurred within a temperature range from 700–
600°С to 400–300°С.

The pressure of the magmatic stage of mineral for-
mation was not determined by direct calculation with
the use of magmatic minerals. It likely was close to the
pressure in host rocks at the moment of magma cham-
ber formation, which, judging from the barometry of
metamorphic rocks, accounted for around 4–5 kbar
(Baltybaev et al., 2000).

Pressure estimates using hornblende–plagioclase
barometer (Molina et al., 2015) yield 4–7 kbar for the
metamorphic stage of gabbro recrystallization (Table 4)
at accepted equilibrium temperature for these two
minerals within 600–700°С.

DISCUSSION

The observed recrystallization of postmagmatic
minerals of gabbros of the studied massif is reflected in
the textural-structural features of rocks, a change of
mineral assemblages and chemical compositions of
minerals. The revealed transformations are related to
the regional metamorphic processes, which, judging
from obtained data, caused the recrystallization of ore
minerals and apatite. The overall postmagmatic alter-
ations first of all caused the development of secondary
minerals after pyroxenites and gabbros in form of
amphibolization and biotitization of clinopyroxene.

The first stage of amphibolization is expressed in
the development of actinolite after clinopyroxene as
rims or full pseudomorphs. Simultaneously, titanite
forms rims around titanomagnetite grains or separate
grains within biotite aggregates. Changes of biotite that
are accompanied by the formation of titanite are char-
acterized by an increase of its Fe mole fraction and
decrease of Ti content.

Subsequent replacement of actinolite by horn-
blende in association with moderate-Ca plagioclase
was caused by a change of mineral formation condi-
tions. Judging from РТ-estimates, this was related to
the temperature increase up to the amphibolite facies.
The fact that regional metamorphism also corre-
sponds to this facies points to the isofacies conditions
of the hornblende–plagioclase paragenesis in the

Fig. 8. Pb–Pb isochron for clinopyroxenite and monzo-
gabbro from the Velimyaki massif, which were collected
from one exposure. (a) Pb–Pb four-point isochron for
apatite subjected to stepwise leaching (sample B-22-552,
pyroxenite). Diagrams were plotted using the unradiogenic
lead isotope composition of rock and the lead isotope com-
positions of apatite in leachates L2–L4, (b) Pb–Pb two-
point isochron for apatite and plagioclase (sample B-22-
552-1, monzogabbro).
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Table 3. Thermometry using equilibrium equations in the sys-
tems “melt–pyroxene”, “melt–magnetite” from a COMAG-
MAT software (Ariskin and Barmina, 2004)

Sample numbers are listed in table without prefix “B-22”.

Mineral P, kbar Sample Т, °С Sample Т, °С

Aug 4-5 537-2 1264 550 1239

Mt 4-5 537-2 1182 550 1220

Ilm 4-5 537-2 920 550 954
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metagabbrods of the Velimyaki massif and mineral
parageneses of surrounding metamorphic rocks.

The lowest temperature changes of metagabbros
involve the formation of carbonate in the interstices
and epidotization of clinopyroxene, amphiboles, and,
partly, biotite.

Thus, the above mentioned change of mineral asso-
ciations in the metagabbros of the studied massif indi-
cates a long-term postmagmatic stage under РТ-condi-
tions of amphibolite metamorphic facies and subse-
quent lower temperature facies. The fact that apatite
grains in the metamorphosed pyroxenites, monzogab-
bro, and monzodiorites are confined to the newly
formed hornblende, plagioclase, and biotite indicate its
relation with postmagmatic stage. This is also consistent
with obtained Pb–Pb apatite age (1.84–1.79 Ga),
which points to a significant time gap between mag-
matic and metamorphic stages of rock formation.
However, the question arises whether the younger age
of apatite record the time of U–Pb system closure in it
at rock cooling or the recrystallization/new formation
of this mineral?

Judging from numerous literature data (Kärk-
käinen and Appelqvis, 1999; Cochrane et al., 2014;
Kirkland et al., 2018; O’Sullivan et al., 2020; Chew
and Spikings, 2021, and others), both variants are pos-
sible in natural objects depending on the definite con-
ditions of mineral formation, such as tectonic and
temperature regime of petro- and ore genesis, cooling
rate, and other factors.

The papers (Cochrane et al., 2014; Chew and Spik-
ings, 2021) test the key point of thermochronology on
the thermally activated volume diffusion of isotopes
from crystals. An alternative mechanism to the volume
diffusion could be the transport of isotopes with the
predominant effect of f luid percolation in grains along
fractures, lattice defects, and others. A revealed posi-
tive correlation between grain size and its U–Pb age in
combination with consistent temperature–time
curves obtained by ID-TIMS and LA-MC-ICP-MS
methods made it possible to suggest that Pb from apa-
tites was lost owing to the thermally activated diffu-
sion. By the similar manner, Paul et al. (2019) com-
pared the application of bulk (ID-TIMS) and local
(LA-MC-ICP-MS) dating methods for the recovery

Table 4. Mineral thermobarometry of the metamorphic stage of gabbroids of the Velimyaki massif

Temperatures were calculated after thermometer (Holland and Blundy, 1994), while pressure, after barometer (Molina et al., 2015).
Sample numbers are listed in table without prefix “B-22”.

Phase Sample Hbl,
No. Morphology Pl, No.

T, °C Р, kbar

1 kbarр 5 kbar 600°C 700°C

1 552-1

14 Grain 10 707 732 – –
46 Rim 45 629 661 – –
47 Grain 45 617 647 – –
66 Grain 68 645 675 5 7
67 Rim 68 657 690 – –
74 Grain 81 655 692 – –
80 Grain 78 707 740 5 7

103 Rim 102 665 694 – –
108 Grain 109 715 744 4 7
110 Grain 111 626 663 – –
134 Grain 135 608 647 – –
136 Grain 137 615 644 – –
138 Grain 139 677 704 4 7

2

541

50 Grain 52 735 772 – –
76 Grain 78 734 769 – –
95 Grain 96 642 699 – –

120 Grain 122 620 682 – –

544

39 Rim 41 684 707 – –
63 Rim 65 725 755 – –
67 Rim 73 730 750 – –

103 Rim 104 676 710 – –
113 Rim 114 728 748 – –
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of the thermal history of rocks from apatite that par-
tially lost Pb.

However, the U–Pb age of apatite not always
reflects the stage of cooling and closure of isotope sys-
tem in the rock. For instance, using the rocks of the
Akia terrane (Greenland) as an example, Kirkland
et al. (2018) demonstrated that rims in the apatite
grains were formed owing to the recrystallization, dis-
solution, and repeated growth of this mineral at tem-
perature below the temperature of possible Pb diffusion
in apatite (375–600°C). This indicates that apatite will
not necessarily be characterized by the diffusion losses
of Pb. To determine the cooling history, it is required to
substantiate the applicability of mechanism of ther-
mally activated volume diffusion. It was noted in the
paper that the chemical and age zoning in apatite grains
cannot coincide due to the different diffusion rates of
trace elements, in particular, U and Pb.

Conclusion concerning the late crystallization of
apatite was also made at studying the Kiglapait intru-
sion (Canada), which hosts massive Ti-bearing mag-
netite horizons. It was established that its titanomag-
netite horizons were accumulated already after 93–
94% crystallization of the intrusion and apatite has
begun to crystallize only by that time (Morse, 1980).
By the similar manner, it was suggested that apatite in
the Skaergaard intrusion (Greenland) has begun to
precipitate after 97% crystallization of the intrusion
and the remained magma contained 1.75% P2O5 con-
tent (Raierson and Hess, 1980). Magmatic genesis is
suggested for the apatite–magnetite ores of the North-
ern Gurvunur deposit in Western Transbaikalia (Ripp
et al., 2017), the homogenous oxygen isotope compo-
sition of which throughout the entire section of ore
lode is explained by the relation with a mantle source,
while the temperature of oxygen isotope equilibrium
of 620–800°C for the apatite–magnetite pair is inter-
preted as supporting the magmatic origin of the ores.

The studied gabbroids of the Velimyaki massif were
subjected to the intense Paleoproterozoic metamor-
phism, which spanned the rocks in the junction zone
of the Svecofennian belt and the southern margin of
the Karelian craton. The oldest metamorphic monazites
have an U–Pb ID-TIMS age of 1878–1874 Ma (Balty-
baev et al., 2009, 2024). However, there are also the
younger metamorphic monazites, whose U–Pb
ID-TIMS ages point to the repeated thermal events at
1794–1786 Ma (Baltybaev et al., 2009, 2024). Corre-
spondingly, the monazites of two age groups are cor-
related with Early and Late Svecofennian metamor-
phic events in the region at ∼1.88 and ∼1.80 Ga. The
age of the older monazite coincides with the U–Pb
SIMS age of zircon (1876 ± 12 Ma) from migmatite
leucosomes in the vicinity of gabbroid massifs, but
these zircons have metamorphic rims with an age of
1805 ± 18 Ma (Baltybaev et al., 2009). The age of these
rims within error coincides with the age of most meta-
morphic monazites of this region (1.80–1.79 Ga),

with Rb–Sr model ages of amphibole and biotite
(Table 2), and corresponds to the timing of Late Sve-
cofennian tectonothermal activity on the southern
margin of the Karelian Craton.

Note that the Late Svecofennian metamorphism
identified from Sm–Nd isotope data on amphiboles,
titanite, and plagioclase revealed the beginning of the
Late Scecofennian metamorphic stage in the region
within 1.84–1.83 Ga (Baltybaev et al., 2024). Such age
values are close to the older age estimates on apatites
obtained in this work.

Thus, the Velimyaki massif is located in the region,
where tectonothermal activation occurred in two
stages: ~1.88 and ~1.80 Ga. The regional character of
near-cratonic endogenous activation also follows from
isotope dates of titanite in the junction zone of the
Karelian Craton and rocks of the Belomorian mobile
belt, which also revealed the f luid-thermal reworking
of rocks at 1.80–1.75 Ga (Bibikova et al., 1999, 2004).

A large time gap of apatite age from the age of mag-
matic zircon from the Velimyaki massif and the coin-
cidence of the former with active metamorphic events
in the region rather points to the complete metamor-
phic recrystallization of the apatite. One of the geo-
chemical criteria of postmagmatic formation of apatite
could be the absence of any differences in the contents
of volatile components in apatite from rocks of the first
and second phases (Fig. 6), although the study of apa-
tite compositions, for instance in (Romanchev, 1990;
Savko et al., 2007; Barkov et al., 2021) reveals their
variability during evolution of fractionating melt.

The apatite recrystallization is supported by the
presence of inclusions of REE-bearing minerals
(monazite, xenotime, and allanite), formation of
which could be related to the REE release into the own
phase during metasomatism or metamorphism (Har-
lov, 2015). The presence of allanite inclusions in apa-
tite grains or on the contacts of apatite grains with
other minerals in the rocks of the Velimyaki massif
could additionally indicate that apatite mineralization
is newly formed (Fig. 9).

The attention should be focused on the relationship
of titanomagnetite ores with enrichment of rocks in
phosphorus. For instance, layered mafic intrusions
(Morse, 1980, 1990; Lee, 1996), including some Sve-
cofennian differentiated intrusive bodies (for instance,
see Makinen, 1987; Makkonen, 1996, and others), are
formed through fractional crystallization with simul-
taneous magma enrichment in phosphorus and iron.
The simultaneous enrichment in titanium and phos-
phorus was noted in rocks of the Kuhajarvi intrusion
in Eastern Finland (Kärkkäinen and Appelqvis, 1999).
The simultaneous enrichment in apatite, ilmenite,
and magnetite could be exemplified by zones in the
upper gabbroic sequence of the Bushveld Complex
(Reynolds, 1985a, 1985b; von Gruenewaldt, 1993).

The enrichment in titanium and phosphorus in
rocks of the Kuhajariv intrusion is thought to be related
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to the mixing of tholeiitic and granite magmas at the
late stage of Svecofennian orogeny or, likely, after it. It
is suggested that magma mixing led to the increase of
F, P, and Ti contents in the tholeiitic magma (Kärk-
käinen and Appelqvis, 1999). This is consistent with
experimental studies of Watson (Watson, 1976), who
demonstrated that phosphorus and titanium in the
bimodal felsic—basic system are mainly partitioned
into basic magma. This is also confirmed by the fact
that the titanium solubility in the tholeiitic magma
increases with the growth of phosphorus content (e.g.,
Ryerson and Hess, 1980). Fluorine in the basic
magma of the Kuhajarvi intrusion is considered to be
of crustal origin, because this element strongly
enriches host schists (Wedepohl, 1970).

The considered apatite-bearing ores of the
Velimyaki massif also show evidence for the crustal

contamination. K-feldspars from this intrusion (Bal-
tybaev et al., 2017) have high μ = 10.4–10.8 corre-
sponding to the upper crustal characteristics. It was
also revealed that the latest sulfide- and gold-bearing
hydrothermal-metasomatic veins in the gabbroids
were formed during Caledonian tectogenesis within
400–460 Ma (Baltybaev et al., 2017, 2020). Crustal
contamination of mantle magmas could be responsi-
ble for the elevated potassium contents in the
Velimyaki magma, which determined the unusual
subalkaline trend of the gabbroids. Additional isotope-
geochemical studies are required to solve some ques-
tions including the following: (а) whether postmag-
matic apatites in the gabbroids were formed in several
stages; (b) whether magma source was isotopically and
geochemically homogenous and whether the Pb isoto-
pic compositions of low-uranium minerals retained
the isotopic characteristics of initial lead.

Fig. 9. BSE images of apatite grains in association with allanite from rocks of the Velimyaki massif (samples B-22-552-1, B-22-541).
(a) exsolution (?) of REE apatite at recrystallization of apatite, (b) allanite in contact with apatite grains in a hornblende matrix
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CONCLUSIONS
Ore apatite-bearing mineralization in the gab-

broids of the Velimyaki massif was formed through
several stages. Magmatic stage was responsible for the
formation of early rock-forming mineral assemblages
and accumulation of apatite-bearing titanomagnetite
ores through the crystallization from a magmatic melt.

The titanomagnetite ores and associated apatite
experienced recrystallization at the postmagatic and
especially metamorphic stages, which significantly
affected the U–Pb system of apatite, leading to reset-
ting of this isotope system. Isotopic Pb–Pb ages of
apatite indicate a large time gap between the re-equil-
ibration of U–Pb system and the stage of magmatic
crystallization of primary rock-forming minerals in
the ore clinopyroxenites and gabbro. This time coin-
cides with the Late Svecofennian (with peak at 1.81–
1.79 Ga) multiple stage of regional metamorphism,
which spanned also the rocks of the Velimyaki massif.

РТ-parameters of the Late Svecofennian meta-
morphic reworking of gabbroids of the studied massif
correspond to the amphibolite metamorphic facies
with further decrease to the greenschist facies. The lat-
est f luid-thermal events also spanned the rocks of the
Velimyaki massif in the Phanerozoic and were
expressed in the formation of hydrothermal-metaso-
matic veins along local thin tectonic zones.
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