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Abstract—In the Bug granulite-gneiss domain of the Ukrainian shield, a composite tectono-magmatic brec-
cia including enderbites and various mafic rocks was studied in the gneiss-enderbite complex. Based on the
assessment of the thermodynamic conditions of rock and mineral formation and the analysis of the U–Pb
and Lu–Hf isotope systems of zircon, the endogenous history of the gneiss–enderbite complex is deciphered.
The predominant rocks are enderbites with numerous enclaves of two-pyroxene and pyroxene–amphibole
crystalline schists that were deformed under granulite facies metamorphism. The oldest zircons have a con-
cordant U-Pb age of 3.6–3.7 Ga, which is close to the age of the protolith of the Bug enderbites. The zircons
are characterized by a heterogeneous structure, negative εHf(t) values from –1 to –38, and a variation in
176Hf/177Hf(0) isotope ratios from 0.28035 to 0.28095, which is consistent with their different ages and origins.
Based on the age, geochemistry, and isotope composition of zircon from composite breccia rocks, following
geological events from Archean to Proterozoic are distinguished: (1) 3.67–3.60 Ga stage of magmatic crys-
tallization of early mineral associations; (2) 3.0‒2.8 Ga stage of granulite metamorphism and partial melting
(2.9 Ga) of the enderbites with the preservation of melt mineral phases in zircons, but with a strong distur-
bance of its U-Pb isotope system; (3) 2.0–1.9 Ga stage of Proterozoic granulite metamorphism with the reor-
ganization of cation and isotope systems of rock-forming and accessory minerals. The obtained data are con-
sistent with the model of polychronous evolution of the continental crust of the Ukrainian Shield in the
Paleo- and Mesoarchean with its strong reworking in the Paleoproterozoic.
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INTRODUCTION
Granulite–gneiss and granite–greenstone domains

are the main Archean tectonic structures and their
study is of great importance for reconstructing the early
Earth’s history. However, due to the repeated tec-
tonometamorphic reworking, the granulite–gneiss
domains are much poorer preserved than the granite–
greenstone domains. As was demonstrated by the exam-
ple of the granite–gneiss domains of Antarctica, North-
ern Labrador, and other regions (Hartlaub et al., 2006),
the oldest rocks of these structures are orthogneisses
with ages of 3.7–3.9 Ga (Saglek complex, Labrador,
Schiotte et al., 1989) and 3.84–3.97 Ga (Napier com-
plex, Antarctica, Harley and Black, 1997). At the same
time, the orthogneisses of the granite–greenstone
domains, for instance, Acasta gneisses in the Slave cra-
ton have an older age of 4.03 Ga (Stern and Bleeker,

1998), in spite of the fact that the rocks were subjected
to the multiple superimposed magmatic and meta-
morphic transformations up to the Proterozoic 1800–
1700 Ma (Reimink et al., 2016).

Similar and frequently ambiguous ages of Precam-
brian rocks complicate the correlation of geological
events even within a single geological province. For
instance, this is the case for the Bug granulite–gneiss
domain (BGGD) of the Ukrainian shield. The domain
consists of volcanosedimentary and magmatic com-
plexes formed within over 2 Ga (Bibikova et al., 2013;
Claesson et al., 2015; Lobach-Zhuchenko et al., 2013,
2017). U-Pb age of the oldest zircon cores from the
BGGD ortogneisses is 3.75–3.80 Ga (Bibikova et al.,
2013; Lobach-Zhuchenko et al., 2013; Lobach-
Zhuchenko et al., 2013, 2017; 2022; 2023; Claesson
et al., 2019), while the oldest dated metavolcanic rocks
have an U-Pb age of 3628 ± 38 Ma (Lobach-
Zhuchenko et al., 2017). These rocks were overprinted† Deceased.
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by later processes of 2.75–2.85 and 2.0–1.8 Ga (Bibi-
kova et al., 2013; Claesson et al., 2015; Lobach-Zhu-
chenko et al., 2017).

The aforementioned endogenous events were
revealed in spatially separated geological objects,
which significantly complicated their correlation. In
this relation, it was necessary to find the key objects in
BGGD, which could preserve the most complete
record of endogenous events with distinct structural
and compositional relations of rocks within exposures.
The study of such rocks offers an opportunity to obtain
a highly reliable scale of tectonometamorphic and
magmatic events in the region and to avoid errors
related to the possible inaccurate correlations of epi-
sodes of endogenous activity based on the spatially
separated geological objects.

In recent years, we have studied the gneiss-enderbite
complex including a large tectonized lens (below termed
as tectonometamorphic breccia) within BGGD. The
results of these studies are discussed in this work. The
sequential evolution of the gneiss-enderbite complex
can be deciphered by studying the rocks and minerals,
the assessment of thermodynamic conditions of for-
mation, and analysis of U–Pb and Lu–Hf zircon sys-
tems of enderbites and diverse mafic rocks that form a
composite tectonomagmatic breccia. To this aim, the
methods of analysis of isotope zircon systems and esti-
mation of РТ-conditions of rock formation were
applied to reconstruct the time scale of the Precam-
brian geological events in the studied region.

ANALYTICAL
The content of major elements in the rocks was

determined by conventional chemical technique at the
Analytical Laboratory of the Geological Institute of
the Federal Science Center of RAS (Apatity), while
trace elements were determined at the Laboratory of
the Analytical Center of the Karelian Research Cen-
tre (Petrozavodsk); the technique and accuracy of
measurements were considered in the work (Svetov
et al., 2015).

The mineral composition was studied using a
JEOL JSM-6510LA scanning electron microscope
equipped with a JEOL JED-2200 EDS at the Institute
of Precambrian Geology and Geochronology of the
Russian Academy of Sciences (IPGG RAS, St. Peters-
burg); the measurement technique was reported in
(Lobach-Zhuchenko et al., 2022).

U–Th–Pb isotope studies and U and Pb isotope
analysis were performed on a SHRIMP-II secondary
ion microprobe at the Center of Isotopic Research of
the Karpinsky Institute (St. Petersburg). Data points
for isotope analysis were preliminarily selected using
CL (cathodoluminescence) and BSE (back-scattered
electrons) zircon images. Analytical data were pro-
cessed according to (Williams, 1998) using softwares
Squid-1.13а (Ludwig, 2005) and Isoplot-3.75 (Lud-

wig, 2012). The method of determination of concen-
trations of trace elements and isotope analysis of zir-
cons are given in more detail in (Lobach-Zhuchenko
et al., 2017).

The Lu and Hf isotope composition of zircon was
determined by LA-ICP-MS using a DUV-193 (New
Wave Research) laser ablation system with 193 nm Ar-
F eximer COMPex-102 (Lambda Physik) laser cou-
pled to a Thermo Finnigan Neptune multichannel
mass-spectrometer at the Center of Isotopic Research
of the Karpinsky Institute, St. Petersburg. All ratios
were corrected for mass discrimination by normalizing
to the 178Hf/177Hf ratio. The isobaric interferences of
176Yb and 176Lu on 176Hf value were corrected by mea-
suring the interference-free 172Yb and 175Lu. The
applied technique was described in works (Griffin
et al., 2000; 2012). The laser beam diameter during
zircon analysis was ∼50–70 μm. The measurements
were controlled using standard set of GJ-1, MudTank,
and Temora in the diagram. Typical measurement
errors were no more than 0.015% for 176Hf/177Hf and
around 0.5% for 176Lu/177Hf, the measurement error of
εHf(t) is ±1.5. The εHf(t) values and initial
(176Hf/177Hf)i ratios were calculated using the follow-
ing CHUR(0) parameters: 176Hf/177Hf = 0.282785,
176Lu/177Hf = 0.0336 (Bouvier et al., 2008) and decay
constants 176Lu = 1.865 × 10–11 yr–1 (Scherer et al.,
2001); two-stage Lu–Hf isotope model age was calcu-
lated using DM model according to (Griffin et al., 2000).

The pressure of mineral formation was estimated
using mineral compositions and geobarometers
Opx–Cpx1 (Putirka, 2008), Amp–Pl (Molina et al.,
2015), Amp (Hammarstrom et al., 1986; Hollister et al.,
1987; Johnson, Rutherford, 1989; Schmidt, 1992).

Crystallization temperature of zircon and biotite
was calculated using Ti content according to (Watson
et al., 2006; Ferry and Watson, 2007) and (Henry et al.,
2005), respectively.

The crystallization temperature of Opx in associa-
tion with Cpx was estimated using two-pyroxene
(Wood and Banno, 1973; Wells, 1977; Taylor, 1998;
Putirka, 2008; Witt-Eickschen and O`Neil, 2005) or sin-
gle-pyroxene thermometers (Mercier, 1980; Simakov,
2008). The Amp–Pl equilibrium temperature was calcu-
lated using thermometer (Holland and Blundy, 1994).

GEOLOGICAL POSITION AND STRUCTURE 
OF THE COMPOSITE BRECCIA

The Bug granulite–gneiss domain is located in the
south of the Dniester–Bug province, where the oldest
rocks were recovered in the Odessky, Kazachii Yar,
and Gaivaronsky quarries (Figs. 1a, 1b). This domain
was distinguished based on the lowered rock density in
the gravity anomaly map and a weak anomaly related

1 Abbreviation was given after (Whitney and Evans, 2010).
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to the development of moderate- to low-Mg rocks in
the total magnetic field map (Kislyuk et al., 2011).

The studied breccia (exposure UR82) is located in
in the northeastern wall of the Odessky quarry
(48°13′57.3″ N, 29°59′21.5″ E) (Fig. 1c). It is made up
mainly of gneiss-enderbites with numerous enclaves
of pyroxene and pyroxene–amphibole crystalline
schists, garnet, garnet–magnetite quartzites, and
other metamafic rocks.

The aforementioned rocks experienced three stages
of deformations: (1) NW-trending deformation Dn + 1,
(2) sublatitudinal shears Dn + 2, 3) local zones of NE-
trending deformations Dn + 3, which were accompanied
by the emplacement of metabasaltic and trachybasaltic
dikes. All the deformations occurred under the granulite
facies conditions with a slight pressure decrease to the
stage Dn + 3 (Lobach-Zhuchenko et al., 2017).

The composite breccia is confined to the Dn + 2 shear
deformation zone, near the tectonic contact between
gneiss enderbites and crystalline schists (Fig. 1c). The
contact plane of these rocks at a small angle cuts across
shearing and banding of the crystalline schists. The
latter retain signs of repeated deformations: relict of
limbs of NW-trending compressed folds dipping at
75–85° to NE as well as relicts of open folds with hor-
izontal orientation of axial planes in the northern

part. To the south, the strike of the plane structures
of the crystalline schists changes into latitudinal one:
NW 275° at NE dip at 75–80°. The latest deformations
(NW → 2°∠83°) are characterized by a low-angle lin-
eation (L → 3 ∠10–158) and are accompanied by the
growth of amphibole and garnet.

Enderbites that are in direct contact with crystal-
line schists are exposed in sublatitudinal direction for
10–11 m, and represent a tectonic breccia in a sublat-
itudinal shear zone. The visible width of the gneiss
enderbite exposures is 1.2 m. The orientation of
gneissosity and banding of enderbites is NW 283° →
NE ∠79°, L → NW 307° ∠69°. Low-angle lineation
similar to the late lineation in the crystalline schists is
locally observed.

Mafic enclaves are represented by numerous small
and one larger fragment (Fig. 1d) of fine-grained crys-
talline schists and small round enclaves of metaortho-
pyroxenites. The thickness of the breccia zone
decreases southward with transition to enderbites with
preserved early gneissosity.

Breccia cement consists of compositionally and
structurally heterogeneous enderbites (Fig. 1d). The
latter are locally migmatized with the appearance of
leucosomes consisting of quartz–plagioclase material
and several mafic minerals.

Fig. 1. Location of the Odessky quarry in the topographic scheme (a) and in the scheme of the Ukrainian shield (b), geological
scheme and outlines of the quarry with indication of main types of the studied rocks (c) and their relations within outcrops (d).
Inset (b) shows: a scheme of tectonic structure of the Ukrainian shield with indication of the studied area (shown by asterisks):
provinces: (IP) Ingul, (VP) Volhyn Province, (AP) Azov Province, (RTP) Ros-Tikich Province, (MDP) Middle Dnieper Prov-
ince; suture zones: (GZ) Golovanensk, (KZ) Krivoy Rog, (OPZ) Orekhovo-Pavlograd; (OMB) Osnitsk‒Mikashevichi Belt.
Symbols (c): (1) crystalline schists (metavolcanic rocks), quartzites, garnet, garnet‒pyroxene, and garnet‒magnetite quartz-
ites; (2) gneiss enderbites; (3) dikes: (a) metagabro, (b) trachybasalts; (4) mafic inclusions: (а) metaorthopyroxenites,
(b) metaperidotites, (c) crystalline schists (mafic rocks); (5) foliation and banding in zones of sublatitudinal shearing
((a) inclined, (b) vertical); (6) early NW-trending shearing and banding ((a) inclined, (b) vertical); (7) contour of the quarry;
(8) sample localities and numbers. Circled numbers in Fig. (d): (1) gneiss enderbites: (а) leucocratic, (b) mesocratic,
(c) domain of leucosome development; (2) lens of crystalline schists; (3, 4) mafic inclusions: (3) fine-grained crystalline
schists, (4) metaorthopyroxenites.
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CHARACTERISTICS OF ROCKS
AND COMPOSITIONS 

OF ROCK-FORMING MINERALS
The results of chemical analysis of rocks and min-

erals are listed in Table EMS1 in Supplementary.
The matrix of the tectonomagmatic breccia is

made up of leucocratic or mesocratic enderbites hav-
ing heterogeneous mineral composition and structure
(Fig. 1d), and locally containing leucosome.

Leucocratic enderbite (sample UR82/1a) has mas-
sive granoblastic texture, consists of plagioclase, K-feld-
spar, quartz, biotite, two pyroxenes, magnetite, as well
as accessory apatite and zircon. Chemically, it corre-
sponds to tonalite, and in terms of REE content and
fractionation (La/Yb)n = 33 resembles Archean tonalite
(Moyen and Martin, 2012), but differs in the higher
mafic index and #mg, and five times higher concen-
trations of siderophile elements (Ni + Cr). In the dia-
gram SiO2 vs FeO/(FeO + MgO) (Frost et al., 2001),
it is ascribed to the magnesian granitoids and close to
the mantle derivatives (Hui et al., 2011). The rocks
show the absence of Eu anomaly, f lat HREE pattern,
at higher LREE (Fig. 2, Table 1).

Mesocratic enderbite (sample UR 82/1) is
restricted to the highly sheared part of the exposure,
and has a banded structure caused by the alternation
of melanocratic and leucocratic minerals. The rock
contains early mineral assemblage: plagioclase, ortho-
pyroxene, and clinopyroxene. The later assemblage
consists of deformed ortho- and clinopyroxene, acces-
sory ilmenite, plagioclase, quartz, pargasite, and bio-
tite. Plagioclase–orthopyroxene symplectite inter-
growths (Fig. 3b) in association with newly formed
magnetite are observed at the contact of plagioclase and
clinopyroxene grains. Separate grains of late orthopy-
roxene are also formed beyond the symplectite zone.

In terms of chemical composition, it corresponds
to quartz diorite (Table 1) and corresponds to magne-

sian granitoids. Compared to the average tonalite (Hui
et al., 2011; Moyen and Martin, 2012), this rock has
two times higher contents of mafic (Fe, Mg, Mn) ele-
ment and four times higher contents of siderophile
elements (Ni + Cr), and have the much lower
(La/Yb)n = 7.5) degree of REE fractionation. It is
characterized by the absence of Eu anomaly and flat
HREE pattern (Fig. 2).

Compositions of minerals in the leuco- and meso-
cratic enderbite have insignificant differences.

Orthopyroxene of the early assemblage is represented
by low-Al (Alt = 0.06) bronzite En52--53Fs46-47W1, #mg =
0.53–0.54, and in the discriminant diagram (Rietmei-
jer, 1983) falls in the field of metamorphic orthopy-
roxenes. Late orthopyroxene is more magnesian
(En55Fs44W1), and forms both individual grains and
lamellae in clinopyroxene.

Clinopyroxene En37–38Fs16–20W47–41, #mg = 0.65–
0.70 in the diagram AlVI/AlIV (Fig. 4а) is located in the
field of the medium- and low-pressure granulite
facies. It also occurs in the symplectites.

Compositionally similar orthopyroxene–pla-
gioclase symplectites were described for the Snowbird
tectonic zone in the northwestern Canadian shield
(Baldwin et al., 2004), where their formation is thought
to be related to the exsolution of the Grt + Cpx + Pl
assemblage during decompression.

Plagioclase is mainly of intermediate composition
(see Supplementary Table EMS1).

According to the classification by Parin et al.,
(2004), ilmenite is ascribed to Fe-rich variety and is
partially replaced by titanite and rutile (Fig. 3а).

Amphibole is represented by pargasite (#mg =
0.57–0.60) and Mg-hastingsite (#mg = 0.58–0.65)
(Supplementary, Table EMS1, Leake et al., 1978).

Fig. 2. Chondrite-normalized (Sun and McDonough, 1989) REE distribution in the rocks of tectonomagmatic breccia. (1) leu-
cocratic enderbite UR82/1а; (2) mesocratic enderbite UR82/1; (3) leucosome UR82/15; (4) metapyroxenite UR82; (5) metapy-
roxenite UR82/3; (6) amphibole‒pyroxene schist UR89/16.
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Table 1. Element composition of rocks of the composite tectonomagmatic breccia

C10-U4—enderbite, Kazachii Yar quarry (Bibikova et al., 2013). (n.d.) not determined.

Element 
composition

Sample no.

UR 82/1a UR 82/1 UR 82/15 UR 82 UR 82/3 UR 89/16 C10-U4

SiO2 65.29 60.97 64.5 54.89 55.33 50.61 69.41
TiO2 0.59 0.52 0.39 0.09 0.25 0.63 0.49
Al2O3 13.82 15.13 14.4 2.54 5.24 7.71 13.78
FeOt 7.38 6.94 5.27 15.72 15.11 13.39 3.43
MnO 0.11 0.10 0.08 0.30 0.24 0.26 0.05
MgO 3.99 3.43 4.06 20.85 15.48 13.82 2.09
CaO 4.56 6.95 5.78 3.29 5.15 10.39 3.74
Na2O 2.77 3.44 3.45 0.12 0.81 1.43 3.38
K2O 0.60 0.64 0.79 0.10 0.52 0.45 2.10
P2O5 0.10 0.16 0.08 <0.01 0.04 0.06 0.14
L.O.I. <0.1 0.97 0.47 1.15 1.34 0.20 0.47
Sc 14.6 20.6 13.5 9.59 17.5 36.5 5.35
Rb <2 <2 3.18 2.28 6.13 3.98 39
Sr 371 452 349 11.1 96.3 93.7 337
Y 6.95 13.7 10.5 9.79 17.3 23 6.78
Zr 80.1 115 120 23.0 51.8 18 16
Hf 2.00 – 2.95 0.66 1.51 1.40 3.23
Pb 2.89 2.87 4.35 1.09 1.50 2.20 n.d.
Ba 560 320 504 64 277 105 887
Nb 5.0 2.7 2.0 <0.5 1.49 3.8 2.7
Ta 0.28 0.13 <0.1 <0.1 0.10 0.26 n.d.
Co 26.5 28.5 24.2 77.3 61.0 65.0 10.0
Ni 63.0 89.6 91.8 575 198 355 27
Cr 112 217 347 464 1320 891 58
Zn 80.4 64.6 68.3 162 158 129 23
Cu 28.00 29.2 18.5 6.90 9 27.8 n.d.
V 90.3 131 92.7 23.8 70 248 45
Ga – 16.1 16.3 5.64 – 11.2 n.d.
Th 0.23 0.13 <0.1 0.29 0.15 0.49 1.28
U <0.1 <0.1 0.14 <0.1 <0.1 0.04 n.d.
La 36.6 13.5 17.1 2.25 8.13 14.9 16.0
Ce 54.9 26.1 30.1 7.46 18.5 35.3 26.0
Pr 5.31 3.17 3.43 1.29 2.81 5.38 2.65
Nd 17.3 12.9 12.0 5.97 12.3 21.6 9.3
Sm 2.32 2.71 2.06 1.40 3.28 5.46 1.63
Eu 0.96 0.94 0.85 0.14 0.43 0.98 0.88
Gd 2.25 2.67 2.12 1.65 3.05 5.63 1.67
Tb 0.30 0.46 0.34 0.28 0.51 0.89 0.24
Dy 1.32 2.45 1.85 1.75 2.85 5.28 1.29
Ho 0.24 0.49 0.35 0.39 0.64 1.06 0.26
Er 0.78 1.44 1.04 1.09 1.88 2.98 0.79
Tm 0.12 0.18 0.14 0.15 0.25 0.41 0.11
Yb 0.80 1.30 1.04 1.09 1.78 2.64 0.78
Lu 0.12 0.18 0.14 0.19 0.26 0.37 0.11
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Biotite has varying #mg = 0.51–0.66, high Cr2O3
and Cl, low Na2O contents, and high K/(K + Na)
ratio (Supplementary, Table EMS1).

Leucosome in the enderbite (sample UR 82/15) is
represented mainly by plagioclase veins 0.5–1.0 cm
thick (Fig. 1d). It corresponds to tonalite (Table 1),
but differs from the average tonalite–trondhjemite
gneiss (Moyen and Martin, 2012) in the f latter REE
pattern. Major minerals are andesine and Qz, with
small amounts (up to 4 vol %) of Kfs.

The earliest minerals in the leucosome were pre-
served as inclusions in the Paleoarchean zircons (grain 7;

Fig. 7b, Supplementary, Table EMS1), which are rep-
resented by Pl (Ab59An40Or1), Kfs (Or89Ab11An0), and
Cpx. Clinopyroxene inclusion contains 0.18–0.62 wt %
Cr2O3, 0.36–0.49 wt %Na2O, #mg = 0.71.

Orthopyroxene (Fig. 4а) in the diagram (Rietmei-
jer, 1983) lies in the fields of metamorphic Opx or fall
in the transition zone between magmatic to metamor-
phic Opx.

Clinopyroxene #mg = 0.76–0.74, En38Fs13Wo48
contains zircon (Fig. 3d). In the diagram AlVI/AlIV

(Fig. 4a), its data points fall in the granulite field.

Fig. 3. Back-scattered electron image of mineral relations. (a, b) mesocratic enderbite UR82/1: (а) early assemblage: Oрх, Pl;
(b) fragment with Oрх‒Pl symplectites; (c, d) leucosome in the enderbite UR82/15: (c) large Oрх grains with numerous cracks
filled with Qz and Pl; later minerals, Ilm and Bt, (d) large elongated ilmenite crystals in the Qz‒Pl groundmass. Ilmenite contains
zircon inclusions; (e, f) coarse-grained metaorthopyroxenite, UR82: (e) sequence of minerals Орх‒Срх‒Pl‒Phl‒Prg, replaced
by actinolite, (f) Pl, younger than Oрх; contains small grains of altered Oрх. Phl is developed after Pl; (g, h) medium-grained
metaorthopyroxenite UR82/3: (g) contact between Pl and Oрх. Composition of Pl varies from An44 in the core to An38 in the
rims; Qz grains are developed at the contact. Platelets of Phl, pargasite, and Mg-Hbl were formed later than Oрх and Pl;
(h) Oрх‒Срх‒Pl assemblage. Small Qz grains are developed at the contact between Орх and Срх. Chains of small Cr-Mgt grains
occur in Срх.

(а) (b) (c) (d)

(e) (f) (g) (h)

200 �m 20 �m 50 �m 200 �m

100 �m 100 �m100 �m 50 �m 100 �m

Fig. 4. Position of clinopyroxene from breccia rocks in the diagram AlVI – AlIV. (a) enderbites, (b) metaorthopyroxenites and
amphibole‒pyroxene schists.
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Feldspars are represented by plagioclase, which cor-
responds to andesine and K-feldspar Or94–93Ab6–7.

Amphibole is represented by magnesiohastingsite
and replaces clinopyroxene.

Biotite is frequently secondary (Fig. 3c) with #mg =
0.60–0.59, but occurs only as inclusions in zircon,
where it has the higher Fe composition #mg = 0.50.

Coarse-grained metaorthopyroxenite (sample UR82,
Fig. 1d) occurs as round enclave 25 × 30 cm in size.
Based on the MgO content, it belongs to ultramafic
rocks, but has the elevated SiO2 content, and is charac-
terized by the high HREE, Th, and Ni/Cr >1 (Table 1).

The majority (∼90–95%) of the metaorthopyrox-
enite are made up of coarsely crystalline orthopyrox-
ene (Oрх1), with less common smaller Oрх2, as well as
Cpx, Pl, Phl, Amp, and Qz. Composition of Oрх1 cor-
responds to bronzite Ens67–69Fs30–32W0–1 and plots in
the field of metamorphic orthopyroxenes in the dia-
gram (FeO + MgO)–Al2O3 (Rietmeijer, 1983). Opx2
is formed (Fig. 3e) owing to recrystallization of Opx1
with a gradual increase of Mg number up to 0.73.

In the diagram AlVI–AlIV, the clinopyroxene falls in
the field of the low-grade granulite facies (Fig. 4b). Its
recrystallization leads to the formation of higher Mg
Cpx with higher CaO and lower Na2O contents.

Plagioclase contains inclusion of Opx (Fig. 3f), Кfs
with Pl. The inclusion likely represents crystallized melt,
the average composition of which corresponds to a mix-
ture of Pl (~95%) and Kfs (~5%); Kfs is absent in matrix.

Amphibole is represented by pargasite (Fig. 3e),
Mg-hornblende, and actinolite.

Phlogopite (Fig. 3e) is locally developed after
orthopyroxene containing inclusions of clinopyroxene
and amphibole.

Medium-grained metaorthopyroxenite (sample
UR82/3) occurs as enclaves 8–10 × 5 cm in size
(Fig. 1d), is characterized by the fine to medium-
grained massive granoblastic texture. As compared to
the metaorthopyroxenite (sample UR82), metaortho-
pyroxenite UR82/3 distinctly differs in the elevated
contents of Al2O3, CaO, Na2O, REE, Y, Zr, Rb, Ba,
and Nb (Table 1). As compared to the orthopyrox-
enites of the Stolzburg layered intrusion (Anhaeusser,
2001) and Monchegorsk pluton (Chashchin et al.,
2020), as well as orthopyroxenite enclaves in the Bug
complex (Lobach-Zhuchenko et al., 2018), the
metaorthopyroxenites UR82 and UR82/3 have lower
Mg# owing to the lower MgO content and mainly ele-
vated FeO content.

The early mineral assemblage includes Орх (#mg =
0.65), Cpx, Pl (An35–44); and later assemblage includes
Phl, Amp, and Cr-Mgt (Figs. 3g, 3h); the chains of small
quartz grains are arranged along pyroxene boundaries.
Accessory minerals are Ap, Cr-Mgt, and Zrn.

Orthopyroxene in the diagram FeO + MgO vs Al2O3
(Rietmeijer, 1983) is confined to the transitional

zone between magmatic and metamorphic orthopy-
roxenes, and according to the diagram involving cal-
cium (Rietmeijer, 1983) belongs to the metamorphic
orthopyroxene.

Clinopyroxene is represented by diopside with
#mg = 0.82–0.86. An increase of mg# is accompanied
by the decrease of Al and Cr contents and increase of
Ca and Si contents.

Plagioclase was formed later than Opx, An40–44 in
the central part of large grains decreases to An32–38 in
the rims.

K-feldspar is present only as inclusions in zircon; its
composition varies from Ab17An11Ort72 to Ab6Ort94.

Later minerals are amphibole and phlogopite
(Fig. 3g).

Amphiboles are represented by pargasite (#mg =
0.76–0.78), Mg-hastingsite, and Mg-hornblende with
#mg = 0.78–0.84; as well as by anthophyllite–cum-
mingtonite. The amphibole contains small (1–5 mm)
inclusions of magnetite with 2 to 4 wt % Cr2O3.

Phlogopite contains around 5 wt % TiO2, #mg =
0.71–0.75, and differs from biotites of other breccia
rocks in the high (>1 wt %) Cr2O3 content.

Accessory apatite is represented by F-apatite
formed after phlogopite, with Cl/F = 0.26. Apatites of
such composition are not typical of mafic rocks
(Bocharnikova et al., 2019), where Cl content is an
order of magnitude higher.

Amphibole–pyroxene schist (sample UR89/16) is
located in the eastern part of the breccia. It is structur-
ally and compositionally similar to schists located to
the north of the breccia (Fig. 1c). It has a fine-grained
texture and finely foliated structure with scare quartz–
plagioclase veinlets.

Chemically, it corresponds to magnesian basalt
that is identical to the adjacent magnesian metabasalts
that are intercalated with metakomatiites, tholeiitic
basalts, and sediments (Baltybaev et al., 2014). In
terms of Th/Ta–La/Yb relations, it is close to subma-
rine f lood basalts and basalts of the greenstone belts
such as those of the Warawoona block of the Pilbara
craton and the Abitibi greenstone belt of the Canadian
shield that were derived from a depleted source
(Condie, 1994).

Major minerals are amphibole, orthopyroxene,
clinopyroxene, plagioclase; accessory minerals (up to
1–2 vol %) are biotite, ilmenite, magnetite, and single
grains of dolomite.

Orthopyroxene and clinopyroxene form early min-
eral assemblage surrounded by Pl. They were subse-
quently followed by crystallization of Ilm, Pl (andes-
ine–oligoclase), Amp, and Phl. Cpx is exsolved into
thin Ilm and Opx lamellae.

Ilmenite in composition is close to those of the Kusa
layered gabbro massif (Bocharnikova et al., 2019).
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Amphibole is represented by pargasite, #mg = 0.61–
0.64, as well as scarce grains of magnesian hornblende
with #mg = 0.77–0.78 and TiO2 = 0.42–1.08 wt %.

Mica is represented by biotite (#mg = 0.63–0.66),
which replaces amphibole and contains TiO2 = 3.9–
6.1 wt %.

MORPHOLOGY, INNER STRUCTURE, 
GEOCHEMISTRY, AND U–Pb AND Lu–Hf 

ISOTOPE SYSTEMS OF ZIRCONS
The local geochemical and U-Pb isotope studies of

zircon were carried out for samples of leucocartic
(UR82/1a) and mesocratic (UR82/1) enderbites, leu-
cosomes in enderbites (UR82/15), as well as
metaorthopyroxenites (UR82, UR82/3), and crystal-
line schists (UR89/16/4) of the composite breccia.
Zircon from some samples (UR82/1, UR82/15,
UR82, and UR89/16) was analyzed for the Lu–Hf
isotope composition.

The results of U–Pb and Lu–Hf isotope studies
are given in Table 2 and EMS2 in Supplementary
materials; the content of trace and rare-earth elements
in zircon are given in Table 3. CL images of zircon and
obtained U-Pb isotope data are shown in the concor-
dia diagram (Figs. 5, 8).

Leucocratic enderbite UR82/1a. Zircon popula-
tion is dominated by elongated grains (200 × 600 μm)
(Fig. 5a), with CL-dark cores in some grains
(domains 2.1, 3.1, 4.1, 5.1); and some grains have
equant shape (1.1, 7.1). It is seen that the grains are
overgrown by CL-light rim cutting across relict zoning
(Fig. 5a).

Isotope U-Pb composition was measured in
15 domains of 11 zircon grains (Table 2). Eight of them
gave the 207Pb/206Pb age of 3.5–3.62 Ga. The oldest
age of 3622 ± 14 Ma was obtained on the upper inter-
cept (at zero lower intercept) for the relicts of the CL
lighter domains (domains 6.1re and 6.2re) (Fig. 5a).
Close concordant age of 3582 ± 5 Ma was obtained for
zoned intermediate zones of zircon (domains 3.2, 6.1)
and was calculated for CL-dark cores (2.1, 3.1) at
3573 ± 9 Ma (Fig. 5a).

Concordant 207Pb/206Pb ages of 2947 ± 4 and
3064 ± 6 Ma were obtained for domains 2.2 and 8.1.
Domains 2.2 and 8.1 compared to the domains 6.1 and
3.2 have the lower Th contents (<60 ppm) at close U
contents, which resulted in the low (0.11–0.08) Th/U
ratio. Domain 2.2 has the lower Р, Y, and REE con-
centrations (Table 3) and smoothed Ce- and Eu-
anomalies in the REE distribution patterns compared
to the domains with an age of ~3.6–3.5 Ga (2.1, 3.1,
5.1, 6.1, 3.2) (Fig. 6а).

All zircon grains are overgrown by CL-white rims,
which overprint dissolution (or melting) traces of the
external facets of zircon. Two rims (5.2 and 6.2) gave
subconcordant age values, but with higher error: 2090 ±
120 and 2338 ± 89 Ma. The characteristic feature of

the rims is the very low contents of U (20–30 ppm)
and Th (15–20 ppm) (Table 2).

The REE distribution patterns in zircons from
sample 82/1а have a positive Се* anomaly and insig-
nificant negative Eu* anomaly (Fig. 6a). The highest
concentrations of trace elements and REE are typical
of domains with an age of around 3.6–3.5 Ga, espe-
cially of high-U (1200–3550 ppm) and high-Th (420–
1780 ppm) cores (Table 2, Fig. 6a). Equant zircons
(1.1, 7.1) with 207Pb/206Pb age <2.8 Ga have the lower
contents of REE, especially LREE, as well as Тi and Ca.
In general, the REE contents decrease with decreasing
207Pb/206Pb ages.

Dark cores 2.1 and 5.1 (207Pb/206Pb age over 3.5 Ga,
Table 2) having reverse discordance are characterized
by the high U and Th contents, which exceed the aver-
age values for magmatic and metamorphic zircons
(Yakymchuk et al., 2018).

Mesocratic enderbite (UR82/1) contains grains of
round and elongated-oval shape, some of which have
variably altered CL-dark cores; grains 2, 3, 6 retain
relicts of early zoning. The later phase is represented
by CL-light rim cutting across relicts of zoning (grains
3, 6, 7, 10, 11) (Fig. 5b).

Isotope U-Pb age was measured and calculated for
20 domains in 13 zircon grains (Table 2). In the con-
cordia diagram, most part of the points plot between
values of ~3100 and ~2000 Ma (Fig. 5b). The oldest
age of 3104 ± 9 Ma was determined by the upper inter-
cept in zoned zircon grains (domains 1.1, 6.1, and 11.1)
(Fig. 5b). The cores are characterized by the moderate
contents of U (128‒432 ppm) and Th (50‒214 ppm)
at Th/U ratios of 0.34‒0.62 (Table 2), which are typi-
cal of magmatic zircons (Yakymchuk et al., 2018). Zir-
con 6.1 contains large zoned Opx inclusion with #mg
0.58 in the core and 0.55 in the rim (Fig. 7a). Close
207Pb/206Pb ages of 3.0 and 3.1 Ga were obtained for
high-U (~2000 ppm, Th/U = 0.05) cores 10.1 and 12.1
(Table 2, Fig. 5b). However, the latter differ in the
lower content of LREE and a more expressed negative Eu
anomaly (Fig. 6b). The cores of grain 14 (14.1 and 14.2)
gave the lower 207Pb/206Pb ages <2.8 Ga and have the
extremely high U concentrations (4000–5000 ppm,
Th/U = 0.04–0.1) and HREE enrichment (Fig. 6b).

Cores 4.1, 5.1, 7.1, 8.1, 13.1 and domains 1.2, 6.2,
and 6.3 with the moderate U content gave discordant
age values <2.85 Ga (Table 2), most part of which plot
near a 2.95 – 2.0 Ga regression line, while data
point 13.1 is close in composition to zircon 7.1 from
sample UR82/1а and lies on a 3.6–2.0 Ga regression
line (Fig. 5b). The entrapment of core material during
the measurement is inferred for the narrow zones 1.2
and 6.2. Domains 1.2, 4.1, 5.1, 11.1 show the lowered
Th contents (19‒51 ppm).

Zoned cores 2.1 and 3.1 have the low contents of
U (30‒58 ppm) and Th (35‒65 ppm) at high Th/U
ratio (1.13‒1.15). CL-white rims (6.4, 7.2, and 14.3)
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have similar composition, but differ in the lower con-
tents of U (4‒15 ppm) and Th (5‒12 ppm). Age esti-
mates obtained for rims have the greater error. Zircon
with the low contents of U and Th (core 3.1, zones 1.2,
6.2, and rims 6.4, 7.2, and 14.3) shows the lowered
content of REE, especially HREE (Table 3, Fig. 6b).

High-U zircon cores with the oldest concordant
ages of 3011 ± 14 (10.1) and 3103 ± 52 (12.1) Ma have
the lowest 176Hf/177Hf(0) = 0.28055 and 0.28058,
εHf(t) = –11.6 and –8.2 and t(Hf)DM = 3.69 and
3.65 Ga, respectively (EMS2). Zircon 11.1 with the
moderate U content and age of 3104 ± 9 Ma have

Fig. 5. Cathodoluminescence images of zircon and concordia diagrams. (а) from leucocratic enderbite UR82/1а, (b) mesocratic
enderbite UR82/1, (c) leucosome UR82/15. Point numbers in the U–Pb dagrams correspond to point numbers in the cathodo-
luminescence zircon images, with indication of 207Pb/206Pb age near point number. Age is given in Ma. Subsidiary regression
lines are shown: 3.6–2.0, 3.6–2.95, and 2.95–2.0 Ga.
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Fig. 6. Chondrite-normalized (Sun and McDonough, 1989) REE distribution pattern in zircon. (a) from leucocratic enderbite
UR82/1а, (b) mesocratic enderbite UR82/1, (c) leucosome UR82/15.
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176Hf/177Hf(0) = 0.28065 and εHf(3.1) = –5.3 (EMS2).
Close measured isotope ratios of 176Hf/177Hf(0) = 0.28063
were determined in the zircon cores (7.1, 8.1), which
have discordant 207Pb/206Pb ages.

Zircon cores 5.1, 14.1, and 14.2 have the higher
measured 176Hf/177Hf(0) = 0.28082–0.28095, which is
correlated to the elevated HREE contents.

Zircon from enderbite leucosome UR82/15 is
mainly represented by prismatic grains from 200 to
900 μm in size (Fig. 5c), which are similar to those of
the leucoenderbite UR82/1а. Dark brown cores are
surrounded by pink or yellowish rims. Colored zircons
also form independent crystals with sectorial zoning.

Dark cores with gray and light rims are seen in CL
images. The cores contain numerous inclusions of Kfs,
Pl, Ap, Qz, more rarely Bt, Hbl, Сpх, Mgt and their
intergrowths; which is a distinctive feature of leuco-
some zircon.

U–Pb dating was carried out for 14 domains from
9 zircon grains (Fig. 5c, Table 2). The oldest grains
(domains 8.1 and 9.1) have the highest U content
(1189–3456 ppm) and low Th/U ratio (0.03–0.04).
Together with the core of similar composition and
structure (7.1), they are arranged along the 3.6–2.0 Ga
regression line (Fig. 5c). The central portions of these
grains are saturated in Kfs, Pl, and Ap inclusions and
their intergrowths (Figs. 5c, 7b). Grain 7 has a com-
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posite structure, representing two intergrown prismatic
grains rimmed by microinclusion-free CL-lighter rim
(Fig. 7b). The grain rim 8.2 yields a concordant age of
~3 Ga (Table 2).

High-U zircon domains (1.1, 3.1, 9.2) and CL-gray
rim of different thickness (spots 1.2, 2.1, 3.2, 4.1, and
7.2) have discordant age values. In Fig. 5c, they plot on
a 2.95–2.0 Ga regression line.

Many zircon grains have thin CL-white continu-
ous or discontinuous rims, which replace gray rims
(Fig. 5c). White rim (zircon 6.1) has very low U
(27 ppm) and Th (16 ppm) contents; it defines a sub-
concordant age with a great error: 1769 ± 150 Ma. It
should be noted that the age of the low-U young rim
in all considered samples was determined with a great

error, which is related to the extremely low content of
radioactive elements.

High-U domains 1.1, 7.1, 3.1, 8.2, and 9.2 differ in
the low Th/U ratio (0.03–0.08) and high Nb, Hf, Y,
Ti, and P concentrations (Tables 2, 3). Domain 7.1
due to the mineral inclusions has the lower U, Th,
REE, and Y contents and elevated LREE contents, as
well as smoothed Eu and Ce anomalies (Table 3,
Fig. 6c). Zircon 5.1 with Pb207/Pb206 age of 3143 ±
18 Ma plots on the concordia diagram near zircons from
samples UR82/1 (1.1, 6.1, 12.1) and UR82/1а (2.2) with
an age of ∼3.1–3.0 Ga and likely, is ascribed to the
same group, has high Y content, low (7.6) Се*, which
records low fO2. Zircon rims have the low U and Th
concentrations (usually <100 ppm) at elevated Th/U
ratio (up to 1.9) (Table 2), contents of REE, especially

Fig. 7. Microphotos (BSE) of inclusions and alteration zones in the zircon grains from breccia rocks UR82. (a) Opx zoned inclu-
sion in zircon from mesocratic enderbite UR82/1, (b) zircon from leucosome UR82/15 with numerous inclusions of Kfs, Pl, Ap,
Qz, Bt, Hbl, Сpх, Mgt and their intergrowths, (c, d) replacement of fractured zones by newly formed zircon in the zircon grains
from orthopyroxenite UR82, (e) Opx inclusion in anthophyllite rim in zircon from orthopyroxenite UR82/3, (f, g) mineral inclu-
sions in zircons from amphibole‒pyroxene schist UR89/16.
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HREE, as well as well-expressed Ce and Eu anomalies
in the REE distribution patterns (Fig. 6c).

Most part of analyzed zircon grains is characterized
by the low measured 176Hf/177Hf(0) = 0.28046–0.28062
and calculated values of t(Hf)DM = 3.8–3.6 Ga, while
single domains have the elevated ratios of 0.28070–
0.28090 (Supplementary, Table EMS2). The lowest
176Hf/177Hf(0) = 0.28046–0.28051 were determined in
the old high-U zircon cores (points 8.1 and 9.1) and
undated cores of zircons 4 (core) and 6 (core), with
calculated t(Hf)DM = 3.82–3.76 Ga.

The hafnium isotope age of rims of old grains and
light low-U rims with Pb207/Pb206 age <3.1 Ga (points
2.1, 3.2, 4.1, 6.1, 7.2, 8.1.1, 8.2, 9.2) differs in the insig-
nificant increase of 176Hf/177Hf(0) = 0.28055–0.28062.

Some zircon grains (1.1, 2, 3.1, 7.1, 5.1, 10.2, 13, 14)
gave elevated 176Hf/177Hf(0) = 0.28062–0.28090, which
correlate with high 176Lu/177Hf > 0.0007 and
176Yb/177Hf > 0.015, as well as total HREE. Many of
these grains are saturated in Kfs, Pl, Bt, and Ap inclu-
sions.

Metaorthopyroxenite UR82. Zircon is represented
by brown and pink grains of diverse shape and struc-
ture. Compared to zircon from enderbites, its grains
are more diverse in size and shape, with the predomi-
nance of large grains (Fig. 8a). In CL images, we
observe oval grains with relicts of oscillatory zoning
(zircons 1, 3, 8); and elongated larger grains (>1000 μm)
with relicts of faces, oscillatory, and sectorial (5, 6)
zoning; as well as dark fragments with gray and white
rims (7, 9, 10), and dark cores with thick gray rim (2, 4)
(Fig. 8а). Many grains contain inclusions. In some
grains, the most fractured zones are replaced by the
newly formed zircon (Figs. 7c, 7d).

U–Pb isotope age was measured and calculated for
14 domains from 10 zircon grains. In the U–Pb con-
cordia diagram (Fig. 8a), the oldest Pb207/Pb206 ages of
∼3.5 Ga were obtained for high-U (U ∼ 1000 ppm)
grain 7 (domains 7.1, 7.3) and grain 6.1 (Table 2).
Grain 9, similar to grain 7, lies on a ∼3.5–2.0 Ga regres-
sion line.

Other analyzed zircon domains have discordant age
values, most part of which, regardless of the composi-
tion and structure (including CL-light rims with low
REE, U, and Th contents), on Fig. 8a plot near a 2.95–
2.0 Ga regression line. The characteristic feature of all
zircon types from metaorthopyroxenite UR82 is a
homogenous REE distribution, which is similar to that
of mesocratic enderbite UR82/1 (Fig. 9a).

Zircon 8 contains orthopyroxene inclusion
(Fig. 7c) with #mg 0.72, corresponding to orthopy-
roxene of late generation. In the rim, this zircon grain
is replaced by lamellae of newly formed zircon with
trace Fe, Al, Mn, Ca, and Na. The same domains fre-
quently contain inclusions of Kfs, Pl, Opx, and Amp.

In CL, grain 2 has a thick light heterogeneous rim
and a darker spotted core. Domains 2.1, 2.2, and 2.3
have close Pb207/Pb206 age around 2 Ga (Table 2). The
darker domain of the core (point 2.2) have the higher
contents of U and Th (356 and 149 ppm) and HREE
(Table 3, Fig. 9a); core 4.1 has a close composition.
CL-light rims 2.3 and 7.2 show 2–4 times decrease of
REE, U, Th, Hf, Y, P, and Li. The rim 2.3 and altered
core 3.1 contain small round heterogeneous inclu-
sions, which in composition correspond to Mg-biotite
(#mg = 0.67–0.70) with elevated Ti content (TiO2 =
4–5 wt %). The same Ti–Bt forms intergrowth with
quartz in the alteration zone in grain 10.

Measured 176Hf/177Hf(0) ratios in zircon from
metaorthopyroxenite UR82 plot in a range of 0.28033–
0.28069. The lowest 176Hf/177Hf(0) = 0.28033–0.28035
(of all studied zircons from breccia rocks) and oldest
model age values t(Hf)DM = 3.95 Ga were obtained for
zoned grain 6.1 and high-U grain 9.1. In Fig. 10c, they
lie below the line 176Lu/177Hf = 0 for protolith with
t(Hf)DM = 3.8 Ga.

The high-U core of close age (point 7.1, concor-
dant age of 3487 ± 4 Ma) differs in the elevated
176Hf/177Hf(0) = 0.28060. The same ratio of
176Hf/177Hf(0) = 0.28059 was obtained for core of
grain 5.1. The elevated HREE and P contents and
176Lu/177Hf and 176Yb/177Hf isotope ratios in the
grain 7.1 (Supplementary, Table EMS2) suggest the
entrainment of Lu-rich zones or microinclusions in
the measurement region.

Zircons with Pb207/Pb206 age <3 Ga (grains 1.1,
3.1, 8.1) have the low 176Hf/177Hf(0) = 0.28052–
0.28055 and t(Hf)DM = 3.7–3.6 Ga. In Fig. 10c, they
plot near the line 176Lu/177Hf = 0 for protolith with
t(Hf)DM = 3.8 Ga.

The high-U zircon 10.1 of the same age group has the
elevated 176Hf/177Hf(0) = 0.28069. The 176Hf/177Hf(0) =
0.28064 close to that of 10.1 was determined also in the
core of zircon 2.1, which gave the youngest Pb207/Pb206

age values (⁓2 Ga).
Orthopyroxenite UR82/3. Zircon population is

represented by oval or irregularly shaped grains, 200–
400 μm in size (Fig. 8b). In CL, the grains show a
composite inner structure, partly, with growth zoning
(grain 2). Some oval grains (grain 4) retain relict of a
zoned core rimmed by a young generation of CL-
opaque zircon.

Isotope U-Pb age was measured and calculated for
10 domains from 9 grains (Table 2). All obtained age
estimates have the great discordance from –6 to +19.
The oldest age was obtained for a dark zoned core 8
with a Pb207/Pb206 age of 3670 ± 5 Ma. It is enriched in
REE (Table 3), the distribution pattern of which is
similar to zircon spectra with an age of ∼ 3.6 Ga from
leucocratic enderbite UR82/1а.
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Most part of the grains (1.1, 2.1, 4.1, 5.1, 7.1, 9.1)
have an oval shape and stripped zoning typical of
mafic rocks. They are surrounded by a heterogeneous
zircon (Fig. 8b). Zircon of this group is sharply
enriched in Th (250–1080 ppm) relative to U, and has
Th/U = 3.4–5.9, Y (1443–1609 ppm), medium and
heavy REE (725–785 ppm), P (282–418 ppm), and a
distinct REE pattern (Fig. 9b). Point 1.1 gave the max-

imum 207Pb/206Pb age of 3159 ± 19 Ma, which defines
the minimum age for this zircon type. The highest Th
content (1080 ppm) was found in zircon 5.1, which
contains inclusions of Ap, Pl, Opx (#mg = 0.6), Cpx
(#mg = 0.79), and Ti-Bt (#mg = 0.63), as well as a Kfs–
Qz intergrowth. Orthopyroxene inclusion (#mg = 0.66)
surrounded by thin anthophyllite rim is shown in
(Fig. 7e).

Fig. 8. Cathodoluminescence images of zircon and concordia diagrams. (a) for metaorthopyroxenite UR82, (b) metaorthopyrox-
enite UR82/3, (c) amphibole‒pyroxene schists UR89/16. Point numbers in the U–Pb diagrams correspond to the point num-
bers in the cathodoluminescence images of zircon, where 207Pb/206Pb age is shown near the data point. Age is indicated in Ma.
Subsidiary regression lines are shown: 3.6–2.0, 3.6–2.95, and 2.95–2.0 Ga.
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CL-opaque fragments (3.1 and 6.1) of high-U
grains (U 518–1111 ppm) are characterized by the high
contents of HREE (1400–1500 ppm), Y (2036–
2130 ppm), P (589–826 ppm), and Li (14.6–25 ppm),
and differ in the most differentiated REE distribution
pattern ((Lu/La)n = 30) (Table 3). In composition and
morphology, they are similar to the high-U zircon
grains from orthopyroxenite and fall on the concordia
diagram near point 10.1 (UR82) on a 2.95–2.0 Ga
regression line (Fig. 8b).

Amphibole-pyroxene schist (UR89/16). Zircon is
represented by anhedral and oval, opaque, CL-gray

and light gray grains (Fig. 8c). Some zircon fragments
have a well-expressed zoning, and some grains consist
of CL-dark cores with lighter rims (Fig. 8c). The grain
size is 150–300 μm, СL-dark cores are slightly larger.
Eight zircon grains (12 points) have been dated (Table 2).
Most of obtained age estimates are discordant. The
older zircon group (domains 2.1, 4.1, 6.1, 8.1, 9.1) with
Pb207/Pb206 ages of 2.9–3.5 Ga has a homogenous
chemical composition, moderate U (177–294 ppm),
Th (75–114 ppm), Th/U (0.3–0.64), and REE
(Tables 2, 3; Fig. 9c) typical of magmatic zircons
(Yakymchuk et al., 2018). In the U-Pb diagram, ana-

Fig. 9. Chondrite-normalized (Sun and McDonough, 1989) REE distribution pattern in zircon. (a) from metaorthopyroxenite
UR82, (b) metaorthopyroxenite UR82/3, (c) amphibole‒pyroxene schist UR89/16.
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Fig. 10. Comparison of U and Th contents in zircon (on the left) and U–Pb isotope composition of zircon in the concordia dia-
gram (on the right) for gneiss enderbite (a) and mafic inclusions (b) in the tectonomagmatic breccia of outcrop UR82; (c) dia-
gram εHf(t) – Pb207/Pb206 age for the studied domains of zircon from rocks of tectonomagmatic breccia UR82 (1–5) compared
to the composition of the oldest zircon grains of the Ukrainian shield (6–9). (1–4): zircon cores or central parts of the core-free
zircon or central parts of core-free grains: (1) mesocratic enderbite UR82/1, (2) leucosome UR82/15, (3) metapyroxenite UR82,
(4) amphibole‒pyroxene schist UR89/16; (5) rims; bright symbols are zircon domains with discordance ≤5%, translucent with
>5%. (6, 7) Odessky quarry, Dniester‒Bug province: (6) zircon from mafic granulite UR132 after (Lobach-Zhuchenko et al.,
2013); (7) zircon from gneiss enderbite 06-BG-38 after (Bibikova et al., 2013); (8) zircon from quartzite of the Sorokinsky green-
stone belt, Azov Province after (Claesson et al., 2015); (9) field of zircons with the oldest 207Pb/206Pb ages from gneiss ender-
bite 06-BG-38 (Odessky quarry) and 87-78 (Gaivaronsky quarry) (Shumlyanskyy et al., 2021). Localities of sample UR132
and 06-BG-38 are shown in Fig. 1c. The horizontal axis shows a relative histogram of Pb207/Pb206 ages with discordance <10%
for zircons from the rocks of the Odessky quarry, with peaks of tectonomagmatic activity in the studied region.
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lytical data points plot beneath a 3.6–2.95 Ga regres-
sion line (Fig. 8c). Approximation of domains 2.1, 4.1,
6.1, 8.1, 9.1 by discordia yields an upper intercept age
of 3628 ± 58 Ma (MSWD = 1.3) at lower intercept at
around 2.3 Ga. The age value of 3628 ± 58 Ma within
an error range corresponds to the previously obtained
age of 3659 ± 19 Ma for one of zircon generations from
granulite UR132 of the studied quarry (Lobach-
Zhuchenko et al., 2017).

Zircon domains 1.1, 3.1, 5.1, 7.1, and 7.2 of different
composition and structure (Tables 2, 3; Fig. 8c) lie
near a 2.95–2.0 Ga regression line. The calculated
discordia has an upper intercept age of 2845 ± 65 Ma
at lower intercept of 1600 ± 160 Ma (MSWD = 0.64)
(Fig. 8c). Zircons 1.1 and 5.1 at 3 times difference in U
and Th contents have similar high Th/U = 1.2, REE
contents and distribution patterns (Fig. 9c). Grain 3.1
is characterized by the extremely low Th/U = 0.13 and
steep REE pattern: a sharp LREE depletion relative to
HREE (Fig. 9c).

Zircon rims (2.2, 6.2, and 7.2) have the lowered
contents of U (62–114 ppm), Th (25–72 ppm), and
heavy REE (Tables 2, 3, Fig. 9c). Rims 2.2 and 6.2
have a Pb207/Pb206 age around 2.9–3.1 Ga, which was
recorded practically in all breccia rocks, although
point 2.2 has a strong reverse discordance (–13).

The measured 176Hf/177Hf(0) ratio varies from 0.28047
to 0.28079. Zircons with Pb207/Pb206 age > 2.9 Ga
(points 2.1, 4.1, 6.1, 8.1) are characterized by similar iso-
tope composition and ratios of 176Hf/177Hf(0) = 0.28047–
0.28050. The same isotope ratios were obtained for
undated zircon cores (points 13.2 and 16.1) and zircon
rims (point 6.2). Values calculated for these seven
points are as follows: εHf(3.63) = –0.5…+2 and
t(Hf)DM = 3.83–3.73 Ga (Fig. 10c). Some grains with
a Pb207/Pb206 age around 3 Ga (points 2.2, 9.1) and
undated zircon cores 12, 14, 15 have higher ratios of
176Hf/177Hf(0) = 0.28056–0.28063. Grains with
Pb207/Pb206 age < 2.85 Ga (points 1.1, 3.1, 5.1, 7.1,
and 7.2) differ in the elevated isotope ratios:
176Hf/177Hf(0) = 0.28067–0.28079 and in Fig. 10c plot
above line 176Lu/177Hf = 0 for protolith with t(Hf)DM =
3.8 Ga. The same isotope ratios 176Hf/177Hf(0) =
0.28069–0.28077 were obtained for undated rims of
old zircon (points 13.1 and 16.2) and zircon (point 11)
similar in morphology to zircon 1.1. Some parts of the
grains (domains 3.1, 13.1, and 15) with elevated
176Lu/177Hf and 176Yb/177Hf ratios likely entrained
microinclusions during measurement.

The zircons contain mineral inclusions Opx (#mg =
0.55–0.52), Bt (#mg = 0.62–0.65; TiO2 = 4.8 wt.%),
Qz (Fig. 7е), as well as separate inclusions and inter-
growths of Pl (An47–An39), Kfs, Bt (#mg = 0.57, TiO2 =
6.15 wt %) (Fig. 7g). Opx and Bt inclusions are located
between old zircon core (13.2, 176Hf/177Hf(0) = 0.28047)
and rim (13.1, 176Hf/177Hf(0) = 0.28069) (Fig. 7f).

РТ-PARAMETERS OF THE FORMATION
OF ROCK-FORMING MINERALS

The crystallization sequence of minerals was estab-
lished from their relations observed in optical and
scanning electron microscopes. Based on the mineral
assemblage of the rock, we applied thermobarometric
tools mentioned in section ANALYTICAL and in
notes to table with results of РТ-estimates (Table 4).

In the mesocratic enderbite (sample UR 82/1), the
compositions of ortho- and clinopyroxenes define
maximum temperatures within ~950–1030°С. How-
ever, in most cases, the compositions of these minerals
reveal a temperature range of ~750–830°С based on
different thermometers (Table 4). The pressure of
mineral formation is estimated from amphibole, two-
pyroxene, and hornblende–plagioclase barometers at
6–11 kbar (Table 4). Higher pressure values (around
11 kbar) were obtained on amphiboles formed after
ilmenite. These amphiboles differ in the higher Mg#,
the absence of Cr, and the high content of trivalent
iron, which reflects the recrystallization under
increasing fO2.

Conditions of clinopyroxene formation in the
mesoenderbite based on AlIV–AlVI relations corre-
spond to the moderate- and low-pressure granulite
facies (Fig. 4а). Clinopyroxene and orthopyroxene
symplectites were formed at increasing temperature
(Baba et al., 2018). An increase of temperature during
formation of symplectites follows from an increase of
Mg content in the clino- and orthopyroxene and anor-
thite molecule in plagioclase (Wells, 1977; Molina et al.,
2015). A change of clinopyroxene composition
expressed in an increase of Mg# with simultaneous
increase of Fe3+ in mineral structure (from 0.01 to 0.07)
reflects the transformation of the early assemblage
with increasing fO2 (Jan and Howie, 1981; Anderson
and Smith, 1995).

Segregations of leucocratic minerals in the meso-
enderbite rather represent the products of partial melt-
ing: plagioclase (Ab58An41Or1) with myrmekites of Kfs
(Ab4Or96) and quartz. Partial melting in leucocratic
interlayers likely occurred simultaneously with sym-
plectite crystallization. Inclusions of quartz and pla-
gioclase (An41) in zircon (z.4) that crystallized at 737°С
likely belong to this type. Crystallization temperature
of biotite in the mesocratic enderbite in compliance
with the Ti and Mg# relations is around 700°С.

Based on the compositions of ortho- and clinopy-
roxene in leucosome (sample UR 82/15), the maximum
equilibrium temperatures reached ∼900–1080°С
(Table 4). The mineral formation pressure based on
the amphibole and two-pyroxene barometers is esti-
mated at 5–11 kbar (Table 4). Maximum pressures
based on the amphibole composition are estimated at
11 kbar. Late low-temperature hydrothermal processes
are expressed in the replacement of clinopyroxene
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inclusions in zircon by anthophyllite and grunerite at
pressure of 4–5 kbar.

Crystallization temperature of phlogopite changes,
with single exclusion, from 725°С to 675°С.

In the metaorthopyroxenite (sample UR82/3),
recrystallization of orthopyroxene into a new Opx,
assuming its somultaneous crystallization with late
clinopyroxene, occurred at ~850°С according to
equations (Witt-Eickschen and O`Neil, 2005). Most
compositions of Opx and Cpx define temperatures of
730–830°С (Table 4).

Orthopyroxene inclusions in zircons differ in com-
position from matrix orthopyroxene. The latter
together with clinopyroxene reveal crystallization
temperature of ∼730–830°С (Table 4), whereas Opx
and Cpx inclusions in zircon give temperature of 930–
950°С. This should indicate that matrix orthopy-
roxenes likely crystallized at post-peak conditions.

Phlogopite in the metaorthopyroxenite with
decreasing Ti content in structure reflects a tempera-
ture decrease from ∼700°С to 600–550°С.

According to AlIV/AlVI ratios (Fig. 4b), clinopy-
roxenes from metaorthopyroxenite UR82/3 corre-
spond to diverse moderate and low pressures (Table 4).
Sometimes, the observed predominance of trivalent
iron in Cpx and unusually high (0.91) mg# likely
reflect the later hydrothermal processes.

Hornblende from metaorthopyroxenites crystal-
lized at a pressure of 4–7 kbar (Table 4). The latest
actinolite–tremolite amphibole with #mg = 0.88–0.93
replaces pargasite and hornblende and was formed a
pressure < 4 kbar.

In the amphibole–pyroxene schist (UR86/16),
most clinopyroxenes in the diagram AlVI/AlIV

(Figs. 4a, 4b) are plotted in the eclogite field. How-
ever, the low Na2O concentrations and the absence of
jadeite molecule do not allow us to ascribe clinopyrox-
ene to the eclogite type. These pyroxenes likely expe-
rienced fluid-assisted reworking.

Based on the compositions of ortho- and clinopy-
roxene, the maximum temperatures of their joint crys-
tallization are estimated at ∼625–910°С, while the sin-
gle-pyroxene orthopyroxene thermometer yields tem-
perature up to 1024°С (Table 4).

The crystallization temperature of biotite, which is
developed after amphibole, is ∼650–725°С, which
approximately corresponds to the lowest temperatures
recorded by two-pyroxene thermometers (Table 4).

Pressure estimated from two-pyroxene barometer
(Putirka, 2008) falls within a wide range, reaching up
to 12 kbar (Table 4). Magnesian hornblende replacing
pargasite has crystallized at lower (3–4 kbar) pressure.
However, the pressure estimate could be affected by
fO2, an increase of which leads to the decrease of cal-
culated pressure (Anderson and Smith, 1995). Parg-
asites from sample UR89/16 are characterized by the
low Fet/(Fet + Mg) values and in combination with

low Alt correspond to the high fO2. Given these data,
pargasite of the considered schist was likely recrystal-
lized at pressure below 7 kbar.

DISCUSSION OF ISOTOPE DATA
ON ZIRCONS AND RESULTS 

OF РТ-ESTIMATES OF MINERAL 
FORMATION

Enderbites. The formation of the oldest U-Pb age
value of 3622 ± 14 Ma (Fig. 5a) obtained for zircon
from leucocratic enderbite UR82/1a could be related
to the magmatic stage of rock evolution. Zircon with
close ages of 3.6–3.75 Ga was established previously
(Bibikova et al., 2013; Claesson et al., 2015, 2016;
Shumlyanskyy et al., 2015; 2021) in the enderbites and
metasedimentary rocks (quartzites and gneisses) of
the Odessky, Zaval’evsky, Gaivarnosky, and Kazachii
Yar quarries of the Dniester–Bug Province (Fig. 1a).
This indicates that the enderbites from outcrop UR82
are ascribed to the earliest stage of crustal growth in
this province.

Subsequent transformations of leucocratic ender-
bite UR82/1a recorded by the concordant zircon ages
of 2947 ± 4, 3064 ± 6 Ma and 2090 ± 120, 2338 ±
89 Ma emphasize a complex evolution of the rocks.
The position of some U-Pb data points of different zir-
con domains on the 3.6–2.95 and 3.6–2.0 Ga regres-
sion lines (Fig. 5a) reflects the different loss of radio-
genic Pb by Eoarchean zircon during Mesoarchean and
Paleoproterozoic metamorphic events, respectively.

Leucocratic enderbite UR82/1a represents the
least altered fragment of primary magmatic (?) felsic
rocks that preserve memory of their Paleoarchean age.
The subsequent transformations of this rock are more
clearly expressed in the mesocratic enderbite UR82/1
and leucosome UR82/15. U–Pb isotope system of zir-
con from these samples almost does not preserve
memory of the Paleoarchean age and records meta-
morphic stages around 3.0, 2.8, and 2 Ga (Table 2,
Figs. 5, 10). Most part of the U–Pb data points of dif-
ferent zircon domains of these samples lie below the con-
cordia near the 2.95–2.0 Ga regression line (Fig. 10a)
and reflect the different loss of radiogenic Pb by
Mesoarchean zircon during Paleoproterozoic meta-
morphism. Thereby, the position of some zircon cores
on the regression lines of 3.6–2.95 and 3.6–2.0 Ga
(Fig. 10a) indicates the presence of primary Paleoar-
chean zircons in these samples. This conclusion is
confirmed by the hafnium isotope composition of
high-U zircon cores from leucosome UR82/15: they
have the lowest isotope ratios of 176Hf/177Hf(0) =
0.28046–0.28051, with calculated values of t(Hf)DM =
3.82–3.76 Ga. In Fig. 10c, their data points lie near
the line 176Lu/177Hf = 0 for protolith with t(Hf)DM =
3.8 Ga, which reflects the loss of radiogenic lead in
metamorphic process. Close hafnium isotope compo-
sition was determined for the oldest zircons from
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enderbites of the Odessky and Gaivoronsky quarries
(Fig. 10c).

The high-U zircon cores with concordant ages of
3–3.1 Ga for mesocratic enderbite UR82/1 differ in
the elevated 176Hf/177Hf(0) = 0.28055–0.28065. The
same hafnium isotope composition is typical for mar-
ginal parts of old grains and light low-U rims with
Pb207/Pb206 age < 3.1 Ga for both mesocratic enderbite
UR82/1 and leucosome UR82/15. In Fig. 10c, data
points of these zircon domains lie between lines
176Lu/177Hf = 0 and 176Lu/177Hf = 0.015 for protolith
with t(Hf)DM = 3.8 Ga. Such position of data points
may indicate a partial isotope exchange between zir-
con and metamorphic f luid or recrystallization of zir-
con (especially rims) from metamorphic f luid.

Compared to zircon from leucoenderbite UR82/1а,
zircon from mesocratic enderbite UR82/1 and leu-
cosme UR82/15 in general is characterized by the low
concentrations of REE (especially LREE), U, and Th;
the lowest concentrations are observed in thin Paleop-
roterozoic rims (Fig. 10a). Such effect could be
explained by the transformation of zircon during
interaction with metamorphic f luid: zircon released
Zr, Si, and trace components in f luid. Further f luid
saturation in zirconium led to the crystallization of
shells and new zircon domains in the dislocation zone.
Newly formed zircon will be depleted in all incompat-
ible components.

Most of mineral and melt inclusions only in high-
U metamict cores of zircons from leucosome
UR82/15 (Fig. 7b) indicate that these inclusions are
related to the formation of anatectic melt of the leuco-
some under the granulite facies metamorphism. The
latest transformations of the rocks were determined by
the influence of Н2О-bearing f luid and led to the crys-
tallization of amphibole and phlogopite. The altered
zones of these zircon cores are characterized by the
elevated REE (especially LREE) contents (Fig. 6c,
grain 7.1). Thereby, the preserved fragments of the
cores have low 176Hf/177Hf(0) = 0.28046–0.28051,
while their U–Pb data points (7.1, 8.1, 9.1) lie near the
3.6–2.0 Ga regression line (Fig. 5a), which indicates
the Eoarchean age of primary zircon and its metamor-
phic transformation in the Paleoproterozoic.

The complex and multistage nature of rock forma-
tion suggests that the РТ-parameters revealed for
enderbites from mineral composition rather ref lect the
thermodynamic conditions of superimposed Protero-
zoic granulite metamorphism.

Mafic inclusions. Metaorthopyroxenites. Zircon
from mafic inclusions also recorded a multistage evo-
lution, where Paleoproterozoic (around 2 Ga) and
Mesoarchean (around 2.8–3.0 Ga) stages are clearly
distinguished (Fig. 10b). Thereby, some grains pre-
serve memory of older processes. Some grains can be
interpreted as entrapped from enderbites, for instance,
core (8.1, sample UR82/3) with an Pb207/Pb206 age of

3670 ± 5 Ma. It has the elevated U content typical of
zircon from felsic rocks, and high crystallization tem-
perature of 803°C (Table 3, Fig. 10b). The REE distri-
bution pattern is similar to spectra of zircon with an age
of ∼3.6 Ga from gneiss enderbite UR82/1а (Fig. 9b).
The composition of mineral inclusions in this zircon
indicates its xenogenic origin supposedly from granit-
oid source. Discordant CL-opaque high-U zircon
grains (3.1, 6.1, sample UR82/3) with high HREE
contents have close crystallization temperature of
800–813°C (Table 3), and, likely, the same nature.
They are similar to the high-U zircon grains from
orthopyroxenite UR82 in composition and morphol-
ogy and plot on the concordia diagram near point 10.1
(UR82) on a 2.95–2.0 Ga regression line (Fig. 8a).

Grains (6.1, 9.1, sample UR 8.2) with the lowest
176Hf/177Hf(0) = 0.28033–0.28035 among all studied
zircons from the breccia rocks can be also ascribed to
xenogenic. In Fig. 10c, they plot below the line
176Lu/177Hf = 0 for protolith with t(Hf)DM = 3.8 Ga;
similar composition was determined for single zircons
from mafic granulite UR132 and quartzites from the
Sorokinsky greenstone belt of the Azov province
(Fig. 10c). This indicates that the zircon was entrapped
by orthopyroxenites from the older rocks than ender-
bites cementing breccia from outcrop UR82.

Other features of zircons from orthopyroxenites
UR82 and UR82/3 are mainly different.

Most part of zircon grains from orthopyroxenite
UR82/3 have morphology and zoning typical of mafic
rocks and their primary crystallization was likely
related to the magmatic stage of orthopyroxenite for-
mation. However, these zircons show highly discor-
dant U–Pb age values, extremely high Th/U ratio of
3.4–5.9 (Fig. 10b), and the low formation temperature
of 690–750°C, calculated from Ti content (Table 3),
which indicates a significant transformation of pri-
mary zircon. Estimated 207Pb/206Pb age and position
of data points in the concordia diagram (Fig. 8b) sug-
gest initially Meso–Paleoarchean age of orthopyrox-
enites with subsequent transformation in the Paleop-
roterozoic.

In metaorthopyroxenite UR82/3, pyroxene inclu-
sions in zircons differ in composition from matrix
pyroxenes. This is reflected in the temperature of their
simultaneous crystallization: ~700–830°С in matrix
and 930–950°С for pyroxene inclusions in zircon
(Table 4). This fact indicates that the matrix pyroxenes
could be recrystallized at the late metamorphic stage.
A decrease of Al2O3 content (from 1.45 to 0.76 wt %) in
orthopyroxene and anorthite content (from 44% to 38%)
in plagioclase could be related to the influence of
hydrous f luid (Morishita et al., 2003). Mesoarchean
events are noted in all zircon grains from metaortho-
pyroxenite UR82, regardless of their structure and
composition (Table 3, Fig. 8a).

All zircons from both studied samples obviously
experienced significant transformations. Many zircon
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grains from metaorthopyroxenite UR82 are character-
ized by newly formed “lamellar” zones (Figs. 7c, 7d)
enriched in FeO, Al2O3, MnO, CaO, and Na2O, which
is likely related to the low-temperature hydrothermal
processes, as was shown in (Rayner et al., 2005). Such
transformations, which sometimes spanned the entire
central part of the grain, are also observed in other zir-
con grains from this sample (Fig. 7d). These domains
frequently contain large inclusions: intergrowths of
Kfs, Pl (An38–40), Opx, and Amp in variable propor-
tions. The absence of such forms of zircon alteration in
other samples likely indicates that metaorthopyrox-
enite UR82 is confined to the local zone that was more
permeable for metamorphic f luid and/or melt than
other studied enclaves.

CL-zoned rims with low U, Th, and REE contents
(Table 3, Fig. 10b) are typical of zircon from all stud-
ied samples of mafic enclaves; the contents of HREE,
U, Th, Hf, Y, P, and Li in them show 2–4 times
decrease compared to other zircon domains. As simi-
lar rims of enderbite zircon, they likely reflect the joint
metamorphic transformation of the entire rock com-
plex of tectonometamorphic breccia UR82 during
Paleoproterozoic granulite metamorphism.

In general, a temperature change recorded from the
compositions of orthopyroxenite minerals reflects a
multistage mineral formation with a transition from
the granulite facies to the low temperature amphibo-
lite facies. It is noteworthy that the granulite facies also
includes the higher temperature (930–950°С) and
lower temperature (∼800°С) stages (Table 4).

The oldest zircon group from the amphibole—
pyroxene schist UR89/16 with Pb207/Pb206 ages of 2.9–
3.5 Ga and geochemical characteristics typical of
magmatic zircons (Yakymchuk et al., 2018), indicate
the timing of magmatic crystallization around 3.6 Ga.
These zircons are characterized by the low
176Hf/177Hf(0) = 0.28047–0.28050 and old values of
t(Hf)DM = 3.83–3.73 Ga, and their data points lie near
the line of 176Lu/177Hf = 0 for protolith with t(Hf)DM =
3.8 Ga (Fig. 10c). Close hafnium isotope age was
obtained for zircon generation in mafic granulite
UR132 from the studied quarry (Fig. 1c) with an age
of 3659 ± 19 Ma (Lobach-Zhuchenko et al., 2017)
(Fig. 10c). A scatter of analytical points along 3.6–
2.95 Ga regression line (obtained on zircon from brec-
cia matrix enderbite) could be related to the loss of
radiogenic lead during Mesoarchean metamorphism,
while the downward shift of data points could be
related to the later loss of radiogenic Pb (Fig. 8c). The
low temperature of zircon formation of 720–817°C
calculated from Ti content (Table 3) likely corre-
sponds to the Mesoarchean metamorphic stage, which
is dated by core 9.1 and rim 6.2 at Pb207/Pb206 age of
2.92–2.94 Ga. Rim (7.2) with younger Pb207/Pb206 age
around 2.8 Ga is characterized by the lowest REE, Y,
Hf, Р contents and crystallization temperature of
700°С compared to those of other domains. Mineral

inclusions (Opx, Bt) are located between ancient zir-
con core (Fig. 7f) and rim, which was formed through
the metamorphic recrystallization of zircon with
entrapment of these minerals.

Grains with an Pb207/Pb206 age < 2.85 Ga differ in
the elevated 176Hf/177Hf(0) = 0.28067–0.28079 and in
Fig. 10c plot between lines 176Lu/177Hf = 0 and
176Lu/177Hf = 0.015 for protolith with t(Hf)DM =
3.8 Ga. Such position of data points can indicate a
partial isotope exchange between zircon and meta-
morphic f luid or crystallization of zircon (shell) from
fluid likely during Mesoarchean metamorphism. The
Paleoproterozoic metamorphism led to the loss of
radiogenic lead and a scatter of data points along an
2.9–2.0 Ga regression line (Figs. 8c, 10b).

In the amphibole–pyroxene schist, the РТ-ranges
of mineral formation coincide with the results for
metaenderbites and metaorthopyroxenites (Table 4).
This rock records the crystallization temperatures up
to 1000–1020°С, which could be overestimated given
their derivation from monomineral thermometers.

In the Dniester–Bug province, the oldest ages were
obtained by U–Pb dating of terrigenous quartzites
(around 3.8 Ga, Claesson et al., 2015). The Hf isotope
geochemical characteristics of 3.75 Ga crust in the
Azov and Podolsk provinces and 3.1 Ga crust in the
Azov province characterize the Archean episodes in
the polychronous evolution of new crust, as is con-
sidered in the work (Pietranik et al., 2008; Dhuime
et al., 2012).

It is suggested (Shumlyanskyy et al., 2015; 2021)
that the mafic and ultramafic rocks of the BGGD
were formed through the high-degree melting of shal-
low garnet-free mantle containing Ti-bearing miner-
als and/or amphibole. It is believed that the enderbites
were formed from a mixed eclogite source at depths
and pressures corresponding to this source.

Presented data are consistent with a model of mul-
tistage evolution and polychronous growth of Archean
crust, starting from the Paleo–Mesoarchean bound-
ary. Based on the age and geochemical features of zir-
con (Claesson et al., 2015; Lobach-Zhuchenko et al.,
2017; Claesson et al., 2019; Shumlyanskyy et al.,
2021), the gneiss-enderbite complex, in addition to
magmatic stages, records repeated structural-mag-
matic transformations, including an episode of the for-
mation of tectonic breccia under the Archean granulite
facies metamorphism. Including this stage, the gneiss
enderbite complex represents diverse Archean episodes
of the crustal growth from ∼3.8 to 2.8–2.7 Ga. Archean
rocks were subjected to the intense Paleoproterozoic
transformations, which is typical of not only BGGD,
but also of the entire Ukrainian and other shields
around the world. In the studied rocks, Proterozoic
processes caused partial and sometimes, complete
reorganization of isotope and cation systems of miner-
als. It should be noted in this relation that zircon is a
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scarce mineral that preserved geochemical and isotope
features sheding light on the rock evolution.

CONCLUSIONS
Obtained age and geochemical data on zircon

together with РТ-estimates of mineral formation
reveal polychronous events from Archean to Protero-
zoic. Zircon contains inclusions of mineral phases, the
compositions of which provide insight into thermody-
namic conditions of the earlier mineral formation
events, whereas the compositions of matrix minerals
in different degree loss the primary geochemical fea-
tures. However, some РТ-estimates should be consid-
ered with caution, because mineral thermobarometric
tools give no a direct indication to the attainment or
preservation of chemical equilibrium between mineral
phases. The U–Pb age estimates of different zircon
domains and correlation of these ages with a change of
Lu/Hf isotope ratios in this mineral are frequently
ambiguous. But such situation is rather typical of rocks
with long-term evolution spanning approximately 2 Ga.

In spite of the aforementioned difficulties, obtained
results allowed us to distinguish the following stages of
rock and mineral transformations:

(1) At 3.67–3.60 Ga, the earliest mineral assem-
blages were supposedly formed in enderbites, orthopy-
roxenites, and diverse orthoschists formed after mafic
protolith at the magmatic stage.

(2) Mineral formation of the 3.0‒2.8 Ga magmatic
and metamorphic stage was responsible for the trans-
formation of rocks with 3.67‒3.60-Ga protozircon. At
this stage, ∼2.9 Ga, the products of partial melting of
enderbites in form of such mineral phases as quartz,
K-feldspar, and sodic plagioclase were entrained by
Archean zircon.

(3) The U–Pb and Lu–Hf isotope systems of zir-
con and cationic systems of rock-forming minerals
have been disturbed 2.0–1.9 Ga during Paleoprotero-
zoic granulite metamorphism.

(4) Compositional evolution of rocks and minerals
from tectonomagmatic breccia reflects episodes of
polychronous growth of the Archean crust of the
Ukrainian shield, starting from the Paleo- and
Mesoarchean, with its structural and compositional
rearrangement in the Paleoproterozoic.
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