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ARTICLE INFO ABSTRACT

Keywords: The Dubravinsky alkaline-carbonatite complex (ACC) include two relatively large plutons: the arcuate shape
Carbonatite ) Dubravinka pluton and linear Chernyanka pluton intruding the Paleoarchean TTG of the Kursk block of Sarmatia
Paleoproterozoic and consisting of three main lithologies: alkaline pyroxenites, carbonatites (together with silicocarbonatites and
Kursk block phoscorites) and syenites (including alkaline granites). The carbonatites and silicocarbonatites are enriched in
Geochronology

trace and rare earth elements, which contents vary significantly.

The source for the alkaline pyroxenites and carbonatites could be enriched protoliths from the subcontinental
lithospheric mantle, produced by melting and release of fluids from the subducted oceanic slab at c. 2.1 Ga. The
primary igneous C and O isotope composition is preserved in the carbonatite: 5'3C (%o VPDB) = (—4.9) - (—6.4),
580 (%o VSMOW) = (+8.0) — (+9.8). The alkaline granites display well preserved isotope markers of a long-
lasting crustal prehistory indicating Paleoarchean source. The syenites have a lesser contribution of Paleo-
archean crustal material.

The alkaline pyroxenites and carbonatites are undoubtedly initially igneous rocks that have undergone c. 2.07
Ga-old high-temperature metamorphism. The Dubravinsky ACC is most likely 2.07-2.08 Ga-old, not much older
than the metamorphic event. The Dubravinsky ACC has been formed in a suprasubduction setting from both
mantle and crustal sources. It is the earliest known carbonatite complex in the World resulted from subduction-
collision processes, and the first sign of transition to deep subduction of the modern style.

Isotope systematics

1. Introduction

Alkaline-carbonatite complexes (ACC) are scarce in the Earth’s crust,
yet they attract a lot of attention. This is primarily due to their anom-
alous enrichment in REE, Nb, and other metals, critical for modern in-
dustry (Goodenough et al., 2021). Long-term studies have revealed that
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ACC were formed at different stages of the Earth’s geological evolution
from the Neoarchean to the present, mainly in two tectonic settings:
post-collision and intraplate (Goodenough et al., 2021; Pirajno 2015 and
references in them). These tectonic positions provide good preservation
of the ACC igneous rocks. In some cases, however, these complexes
underwent later tectonic reworking, strongly transforming primary
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igneous mineral assemblages of the ACC, thus complicating geochro-
nological and petrogenetic reconstructions. Such problems are met
primarily while studying Precambrian ACC, which were affected by
large-scale accretionary and collisional tectonics and associated meta-
morphism (Hurai et al., 2021; Millonig et al., 2012; Monteiro et al.,
2020; Tichomirowa et al., 2006). Consequently, the Early Precambrian
carbonatite scarcity is possibly disguised by their alteration. Problems of
geochronological, isotope-geochemical, and petrological studies of
metamorphosed ACC are discussed below, being exemplified by the
Dubravinsky alkaline-carbonatite complex in the Kursk block of
Sarmatia.

The Dubravinsky ACC’s alkaline rocks and carbonatites were first
discovered by drilling in the 1980 s. Recent U-Pb isotope analysis (TIMS)
of titanite from the carbonatites yielded 2080 + 13 Ma, which was
interpreted as the minimum age limit of their formation (Albekov et al.,
2017). Until now, there was no data on element and isotopic
geochemistry and U-Pb isotopic age of the rocks’ magmatic crystalli-
zation. The aim of this paper is to give a description of petrography,
elemental and isotope geochemistry, to determine the age of the
carbonatite-pyroxenite-syenite association of the Dubravinsky ACC and
tectonic setting in the context of the geodynamic evolution of the Kursk
Block of Sarmatia in the Paleoproterozoic.

2. Geological setting

The Kursk block of Sarmatia (Fig. 1) consists of the Paleoarchean
Kursk-Besedino granulite-gneiss domain and the Mesoarchean
Mikhailovsky granite-greenstone terrane, assembled by c. 2.8 Ga colli-
sion (Savko et al., 2021a). During 2.7-2.6 Ga, the block was affected by a
plume that produced intraplate felsic and mafic magma and, probably,
associated with rifting (Savko et al., 2019). In the 2.6-2.1 Ga interval the
Kursk block was a stable platform with some sedimentation during an
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endogenous lull.

In the period of 2.10-2.05 Ga, the Paleoproterozoic platform of the
Kursk block underwent intense endogenous reworking with magmatism,
rifting, folding, and metamorphism, associated with subduction and
collision processes in the Paleoproterozoic Volga-Don and Ingulo-Sevsk
orogens framing the Kursk block (Fig. 1). These events eventually
formed the structural framework of Eastern Sarmatia.

Alkaline rocks and carbonatites compose two relatively large the
Dubravinka pluton and Chernyanka pluton as well as separate small
bodies intruding Paleoarchean gneisses (TTG association) of the Kursk-
Besedino domain (Fig. 2 a). Though they are overlain by a 170-200 m
thick Phanerozoic sedimentary cover, they have been studied in suffi-
cient detail in boreholes for apatite ores. The Dubravinsky alkaline and
carbonatites massif is located between the Tim-Yastrebovka and Volo-
tovo Paleoproterozoic riftogenic structures. In plain view, the massif has
an arcuate shape (Fig. 2 b). With a very high probability, it is a large fold
that frames semicircular northwestern closure of the large Paleo-
proterozoic Volotovo synform, comprising c. 2.5-2.4 Ga-old meta-
morphosed siliciclastic-chemogenic sedimentary rocks and BIFs (Savko
et al.,, 2021b). Neighboring bodies of Neoarchean metabasite to the
north of the Dubravinsky massif have similar arched shape (Fig. 2 b).
The massif is about 10 km as long with width ranging from 200 to 700 m.
It plunges steeply (75-80°) to the south towards the center of the
structure.

Three main lithologies of the Dubravinka massif are alkaline py-
roxenite, carbonatites (together with silicocarbonatite and phoscorite)
and syenites (including alkaline granites). These varieties use to alter-
nate, although the alkaline pyroxenite often form small independent
bodies at the intrusion exocontact. The host Paleoarchean TTG and
migmatites have undergone fenitization and dominantly have aegirine-
richterite-albite-microcline compositon.

Westerly of the Dubravinka massif, three linear bodies of the
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Chernyanka intrusion consist of alkaline pyroxenites, carbonatites and
alkaline granites running in total for c¢. 7 km from south to north (azi-
muth 330-340°) at a width of 250-300 m (100-120 m in the southern
part), dipping steeply (80° to 90°) to the northeast. Only one borehole
1181 discovered carbonatites closely associating with alkaline pyroxe-
nites: apparently, they are much lesser in volume than in the Dubravinka
massif.

3. Geology and petrography of the Dubravinsky alkaline-
carbonatite complex

3.1. Carbonatites

The carbonatite compose steeply dipping linear and lenticular
bodies, sometimes complexly branching, tens of cm to 10 m (20 m in one
case) as thick. Being concentrated in the central part of the massif, they
cut the alkaline pyroxenites. No carbonatite are found outside of the
alkaline pyroxenite bodies. The thickest carbonatite body contains
phoscorites, usually no >2-3 m thick, maximum up to 10 m. There are
small injections of carbonatite into alkaline pyroxenites (Supplementary
Fig. 1). The carbonatite contain alkaline pyroxenite xenolithsupto 5 x 8
cm in size with biotite rims. The carbonatite, like alkaline pyroxenites,
sometimes have directive banded textures.

The carbonatites are greenish-gray to light gray, rarely yellowish-
white, fine- to medium-grained (occasionally coarse-grained), with
massive, taxite, banded, fluidal, and breccia textures (Supplementary
Fig. 1). Their structure is granoblastic, lepidogranoblastic, porphyro-
blastic with poikillite elements. The carbonatite mineral composition is
dominated by calcite (50-90 %). Dolomite (5-10 %), clinopyroxene
(83-15 %), richterite (0-10 %), biotite (5-20 %), microcline (0-5 %),
titanite (3-10 %), magnetite (2-5 %), and apatite (3-10 %) may also be
present (Supplementary Fig. 2). Apart of calcite and dolomite a rare
carbonate norsetite [BaMg(CO3)2] occurs. Accessory minerals are
ilmenite, barite, pyrrhotite, galena, molybdenite, monazite, bastnasite,
and zircon. Amount of silicate minerals varies from 10 to 20 to 40-45 %.
Clinopyroxene compositionally corresponds to magnesian (Xyg =
0.7-0.9) aegirine-augite with the akmite component of 14 to 50 %
(Supplementary Fig. 3). Amphibole is represented by members of the
richterite-arfvedsonite isomorphic series. Magnesian biotite (Xyg =
0.71-0.87) often has a deficit of Al;03 and is represented by tetraferri-
biotite. Microcline contains up to 3 wt% of BaO. Fluorine-apatite of oval
shape (with rounded terminations) typically bears REE at 1-3 wt% level.

With a decrease of carbonates and increase of pyroxene, amphibole,
biotite, and titanite, the carbonatites pass into silicocarbonatites usually
having a banded texture. The latter is emphasized by variable pro-
portions carbonate and silicate minerals. Therefore, definition of the
carbonatites and silicocarbonatites is often arbitrary.

The carbonatites comprise small bodies (up to 1-2 m thick) of
phoscorite — a biotite-magnetite-apatite-carbonate rock. They are
distinguished from typical phoscorite by absence of olivine. The contacts
of phoscorites with clinopyroxenites are sharp, and have 1-2 cm-wide
transition zone to the carbonatites. Unlike the carbonatite, apatite in
phoscorites has an euhedral shape. Titanite forms numerous small
crystals along the edges of large magnetite grains and biotite. Aegirine-
augite and richterite may also be present in minor amounts.

3.2. Alkaline pyroxenites

Alkaline pyroxenites occur in the central and marginal parts of the
semicircular Dubravinka intrusion and linear Chernyanka intrusion,
where they dominate, composing from 70 to 80 % of their volume. They
are often intruded by dikes of syenite, carbonatite, and silicocarbonatite
and contain dissemination, veinlets, and lenticular segregations of
calcite (Supplementary Fig. 1). Contacts with the carbonatite are un-
even, sinuous, or embayed.

The alkaline pyroxenites, when unaffected by hydrothermal and
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metasomatic alterations, are dark green, dark gray, medium and coarse
grained rocks with massive, taxitic, and gneissic texture. Their structure
is granoblastic and lepidogranoblastic — clearly metamorphogenic.
Alkaline pyroxenite consist of 80 % Na-bearing diopside (Xmg =
0.59-0.79) (Supplementary Fig. 3), richterite (up to 15 %), biotite (5-10
%) (Supplementary Fig. 2). Biotite is high-titanium (3-4 % TiO5) with a
noticeable deficiency of Al;O3. Sometimes garnet with admixture of
TiOg (2.2-3.4 wt%) is present. It forms clusters of grains of irregular
shape, ocassionally forms euhedral grains of dark brown color. The
garnet composition corresponds to andradite (And 85.1 %, Mor 8.1 %,
Sch 1.9 %, Gold 0.5 %, Gross 0.4 %, Pyr 0.2 %). The alkaline pyroxenite
always contains magnetite, titanite, and apatite, often zircon, ilmenite,
and sulfides.

Most of the alkaline pyroxenites are intensively hydrothermally and
metasomatically altered during intrusion of carbonatite and syenite.
Significant amounts of biotite and microcline appear in them, as well as
augens of carbonate, a “carbonate network”, and sometimes peculiar
“injections” of carbonatite (Supplementary Fig. 1). In addition, an
amphibolite facies metamorphism, apparently accompanied by the
renewal of hydrothermal activity, also contributed to changes of their
composition and mineralogy, producing widespread microcline alkaline
pyroxenite. The latter are coarse-grained rocks with an inequigranular
poikillite structure and a taxitic texture due to occurrence of small cli-
nopyroxene crystals clusters in combination with a large microcline
laths containing numerous inclusions of clinopyroxene, biotite, titanite,
and apatite (Supplementary Fig. 2). Pyroxene is represented by aegirine-
augite. In the alkaline pyroxenite’s contact zones with the carbonatite
and syenite, predominantly biotite rocks (glimmerites) appear, consist-
ing of biotite (80 %), microcline (5-10 %), carbonate (5-10 %), titanite,
apatite and clinopyroxene (5 %).

3.3. Alkaline syenites and granites

Alkaline syenites and granites form dikes 1 to 120 m as thick, cutting
the alkaline pyroxenite at angles of 60-80°, carbonatite and host Pale-
oarchean orthogneisses (TTG); they contain a large amount of xenoliths
of the alkaline pyroxenites and carbonatites. They are most widespread
at the southeastern flank of the Dubravinka intrusion, where they reach
a thickness of tens of meters. Smaller dikes and veins a few meters thick
occur everywhere.

The syenite is gray, pink-gray medium- to coarse-grained, with
massive and gneissic texture. Unlike the pyroxenites and carbonatites,
they retain their primary igneous (allotriomorphic-granular) structure.
The syenite is composed of microcline (50-60 %), aegirine or aegirine-
augite (10-15 %), biotite (3-5 %), quartz (0-5 %), albite (0-5 %).
Accessory minerals are titanite, apatite, zircon, garnet, magnetite, and
ilmenite. Reaction zones composed of alkaline amphibole and biotite
with apatite and sulfides are observed at the contact of syenites and
carbonatites. At contacts with the clinopyroxenite, there are discontin-
uous biotite-microcline zones and segregations with biotite rims.

The alkaline granite is scarcer than the syenite, forming steeply
dipping small dikes, intersecting the alkaline pyroxenite, carbonatite
and syenite. Thicker dikes (up to 100 m thick) occur in the syenite in the
footwall of the Dubravinka massif, as it has been shown by drilling. The
alkaline granite is medium-grained, sometimes porphyric with a granitic
structure. In addition to microcline, they contain quartz (15-20 %),
albite (up to 10 %), biotite, and sparsely aegirine-augite. Along the
contacts of the alkaline granite with carbonatites and alkaline pyroxe-
nites, hybrid rocks with a lepidogranoblastic texture, consisting of py-
roxene, less often richterite, biotite, titanite, and microcline occur. They
also form nest-like clusters.

Fenites appear in exo- and endocontacts of the alkaline pyroxenite:
these are represented by greenish-gray fine- to medium-grained rocks
with massive, spotty, and banded textures. They contain microcline
(20-35 %), aegirine (20-30 %), richterite (10-20 %), biotite (20-30 %),
albite (10-20 %), titanite up to 10 %, apatite up to 10 %, calcite up to 10
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%.
4. Geochemistry
4.1. Carbonatites

The carbonatite contains CaO ranging 28.9-53.8 wt%. Loss on
ignition, corresponding mainly to CO» content, varies 22.1-41.7 %
(Supplementary Table 1). Amounts of the other major oxides change
widely (SiO2 = 0.7-15.2 wt%; TiOg = 0.5-4.2 wt%; FeOyyt = 0.8-18.0 wt
%; MgO = 0.5-5.2 wt%; P05 = 0-4.0 wt%). Compared to the carbo-
natite, the CaO content in the silicocarbonatites decreases down to
15-25 wt%, while that of SiO5 grows up (28.1-37.4 wt%).

The carbonatites and silicocarbonatites are enriched in trace and rare
earth elements, whose contents vary very broadly: Sr = 671-3770 ppm,
Ba = 1126-3280 ppm, XREE = 474-5710 ppm with a sharp predomi-
nance of LREE (Lay/Yby from 30 to 198) without obvious Eu anomalies
(Eu/Eu* = 0.8-1.0). The HFSE contents are also highly changeable: Th
=4.6-171 ppm, Y = 30-139 ppm, Nb = 48-283 ppm, Ta = 0.7-9.6 ppm,
Zr = 155-369 ppm, Hf = 3.9-8.2 ppm, but are generally comparable to
an “average composition” of carbonatites (Chakhmouradian, 2006).
Distribution of trace elements normalized to primitive mantle shows
negative anomalies for Zr and Ti and positive anomalies for LREE (Fig. 3
a, b).

Due to the sparse occurrence of phoscorites, only four samples have
been analyzed. However, these data obviously demonstrate their
anomalous enrichment in phosphorus (P20s = 12.0-19.6 wt%) and iron
(FeO¢ = 19.1-25.3 wt%), as well as high field strength elements (Nb =
32-110 ppm, Y = 83-111 ppm, Zr = 431-1310 ppm, Th = 27-78 ppm,
Ta = 3.6-15.0 ppm) and rare earth elements () _REE = 1619-2133
ppm), with the same distribution pattern as in the carbonatite (Fig. 3 c).

Precambrian Research 395 (2023) 107153
4.2. Alkaline pyroxenites

Alkaline pyroxenites of the Dubravinka massif are distinguished by a
wide concentration range of almost all petrogenic oxides: SiOp
36.0-46.7 %, TiOy = 0.9-4.5 %, Al,O3 = 2.0-14.5 %, FesOsor
6.6-21.8 %, MgO = 2.7-11.7 %, CaO = 7.9-19.0 %, P205 = 0.02-1.71 %
(Supplementary Table 1). The alkaline pyroxenites are low magnesian
Xpg = 32-58. Due to a high content of alkalis (Na20 + K20 = 3.4-14.1
%) and sharp predominance of potassium over sodium, the alkaline
pyroxenite compositionally correspond to alkaline picrites and foidites
in the TAS diagram (Fig. 4 a), although they contain no normative
nepheline.

The alkaline pyroxenite show very variable contents of iron group
elements: low Cr (3-107 ppm, av. 21 ppm) and Ni (4-143 ppm, av. 64
ppm) and elevated V (55-682 ppm, av. 270 ppm) (Supplementary
Table 1). High concentrations of lithophile elements: Sc (6-101 ppm, av.
46 ppm), Rb (129-543 ppm, av. 325 ppm), Sr (142-545 ppm, av. 362
ppm) and especially Ba (330-8744 ppm, av. 1922 ppm) also demon-
strate significant variations. Of the HFSE, anomalously high contents of
Nb (6-138 ppm, av. 47), slightly elevated Zr (34-535 ppm, av. 227 ppm)
and Y (7-23 ppm, av. 13 ppm) were found. Concentrations of rare earth
elements are also elevated (XREE = 123-458 ppm, av. 242 ppm) with
intense fractionation and dominance of LREE (Lay/Yby = 27-83)
without obvious Eu anomalies (Eu/Eu* = 0.8-1.0) (Fig. 3 d). Spider
diagrams normalized to the primitive mantle display negative Zr, U and
Sr anomalies and positive ones for Rb and LREE (Fig. 3 d).

Alkaline pyroxenites of the Chernyanka massif are more carbonatized
and contain less biotite. They differ from the Dubravinka massif alkaline
pyroxenites by a weak variability of main petrogenic oxides, low con-
centration of TiOg (1-2 wt%), but most prominently, by high content
and predominance of NayO in the total alkali (Na0O = 3.0-4.2 wt%;
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NayO/K20 = 1.1-4.3) (Supplementary Table 1). They are also differing
in the distribution of trace elements. On average, there is less vanadium
(116-246 ppm, av. 186 ppm), but twice as much of Ni (63-197 ppm, av.
122 ppm) and Cr (37-110 ppm, av. 74 ppm) in the Chernyanka massif
alkaline pyroxenite. Of the lithophile elements, the content of Rb is three
times lower (76-99 ppm, av. 84 ppm), but very high Sr (665-1535 ppm,
av. 1009 ppm) at similar concentrations of Ba. They have anomalously
high concentrations of Nb, but are depleted in Zr. There are also higher
REE contents (423-695 ppm, av. 537 ppm) with almost the same dis-
tribution pattern.

4.3. Syenites and alkaline granites

Syenites with SiO, contents from 59.5 to 63.8 wt% have a very high
iron content (Xpe = 93-96, except for one analysis) and are enriched in
alkalis (Naz0 + K20 = 11.1-13.6 wt%) with a significant predominance
of potassium (K20/NayO = 2-4). They are characterized by high and
moderate concentrations of lithophile and rare earth elements (Rb =
95-233 ppm, av. 133; Sr = 281-389 ppm, av. 334; Ba = 1220-5380
ppm; XREE = 118-520 ppm, av. 289) with LREE predominance (Lay/
Yby = 23-71) without negative Eu anomalies (Fig. 3 e). The syenites
may be divided into two groups according to HFSE and REE content. The
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first group (well 5450) differs by higher (more than twice) contents of Zr
(364-460 ppm), Y (27 ppm), and REE (XREE = 364-520) from the
second one (drillhole 5449) (Supplementary Table 1).

Alkaline granites have variable contents of SiOy (67-73 wt%) and
high alkalis (K20 + NayO = 9.9-12.0 wt%) with a predominance of
potassium over sodium (K20/NagO = 2.3-6.6) and calcium enrichment
(CaO = 1.7-3.3 wt%). They have increased iron content (Xg. = 68-85),
but less than syenites. On the A/CNK diagram, the compositional points
fall within the field of alkaline granites (Fig. 4 b). The granites are
characterized by high contents of “mafic” elements (Cr and V), moderate
Sr (88-197 ppm), Rb (128-173 ppm) and Ba (751-1160 ppm). Moderate
concentrations of Nb (1.4-18.4 ppm), low concentrations of Y (3.6-6.4
ppm) and Zr (13-130 ppm) are recorded. Contents of rare earth ele-
ments are low (XREE less than 145 ppm), with the same distribution
pattern as in the syenites (Fig. 3 f).

5. U-Pb ISOTOPIC AGE

Carbonatite. U-Pb isotopic age was determined on zircon from the
silicocarbonatite (sample 1181/256) using SIMS SHRIMP-IL. In addition,
age of monazite from carbonatite was determined by ID TIMS (sample
891/403.2).
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Fig. 5. The results of geochronological analyses (a) U-Pb ID-TIMS analyses of monazite from the silicocarbonatite; (b) U-Pb ID-TIMS analyses of titanite from the
pyroxenite (sample 5328/461.5) and titanite from the syenite (sample 5449/720.5); (c) U-Pb SIMS analyses of zircons from the silicocarbonatite (sample 1181/256);

(d) U-Pb ID-TIMS analyses of andradite from the pyroxenite.
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Zircons in sample 1181/256 are euhedral and subhedral semi-
transparent and transparent prismatic crystals of gray color, sometimes
square in shape or with smoothed, almost rounded tips, 50-80 pm in
size. In CL images, most crystals show a zonal structure — lighter inho-
mogeneous centers with patches of very dark high-uranium regions
occupying up to 50 % area, and dark gray rims 10-15 pm as wide
(Supplementary Fig. 4).

Totally 17 analyses have been done in 10 grains in the central parts
and edges (Supplementary Fig. 4). The vast majority of results have a
high degree of discordance (Supplementary Table 2), and only one, at
1959 + 18 Ma, is concordant. The U-Pb isotope system in most of the
grains is disturbed, which suggests influence of superimposed events. In
the Ahrens-Wetherill diagram (Fig. 5 c) all the results approximate to a
single regression line. The regression through all the results gives an
upper intercept age of 2000 + 31 Ma (MSWD = 1.9). Despite of some
scatter the zircon is supposedly a single generation.

Lack of satisfactory result from U-Pb zircon dating prompted analysis
of monazite. Three monazite fractions were analyzed (2-6 grains, size
fraction > 100 pm, # 1-3, Supplementary Table 3) in the silicocarbo-
natite, sample 891/403.2. The data points of the analyzed fractions
define a regression line with an upper intercept at 1965 + 5 Ma (MSWD
= 1.6) (Fig. 5 a, Supplementary Table 3).

Alkaline pyroxenite. Ages of titanite (sample 5328/461.5) and
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andradite (sample 5436/262.1) were determined by the U-Pb ID TIMS
technique. Titanite forms large (>150 pm) fragments of semitransparent
crystals of a dark brown color. The most transparent and free of gas and/
or mineral inclusions crystals were selected for U-Pb isotope dating (#
4-6, Supplementary Table 3). Data points approximate by a discordia
line with the upper intercept at 2109 + 44 Ma (MSWD = 1.4 lower
intercept is at 1108 + 580 Ma). Averaged 2°Pb/2%Pb age of these
titanite yielded 2071 + 11 Ma (MSWD = 7.4) (Fig. 5 b).

Garnet in the alkaline pyroxenite (sample 5436,/390.7) forms dark
brown euhedral crystals c. 1 cm across. Some crystals intergrow with
titanite. Garnet contains silica-salt inclusions (Supplementary Fig. 5)
typical for minerals from alkaline and carbonatitic rocks (Panina and
Motorina,  2008). The garnet composition ranges from
Adry4Mrt;Schg 4Grsg1 to AdrgoMrt;gSchsGrss. Some goldmanite (max
1.38 %), kimzeyite (max 1.33 %) and pyrope (max 1.33 %) components
were also identified in this garnet.

Three garnet fractions were selected for U-Pb analysis. The results
are presented in Supplementary Table 3 (# 8-10) and in the Concordia
diagram (Fig. 5 d). The studied garnets have U content from 1.82 to 2.71
ppm, and low levels of common Pb (Pb./Pb; = 0.05-0.31). The data
points are located on the Concordia or slightly discordant (Fig. 5 d).
Garnet from fraction No. 3 yielded a reasonable age of 2066 + 5 Ma
(MSWD = 0.68). The weighted average of 207p}, /206p ratios for all
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Fig. 6. The results of U-Pb SIMS analyses: (a, b) zircons from the syenite (sample 5450/653); (c, d) zircons from the alkaline granite (sample 6203/184).
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studied fractions corresponds to an age of 2075 + 15 Ma (MSWD = 5.6).

Syenite. Zircon in sample 5450/653 is represented by euhedral and
subhedral elongated prismatic light brown crystals. Their length varies
150 to 500 pm, at 50-100 pm width. A fine rhythmic concentric oscil-
latory growth zoning in all zircon crystals is well pronounced in CL
images. Non-zonal domains (possible recrystallization) are sometimes
observed at their pyramidal terminations. Judging by the CL images, the
early zircon phase is locally corroded prior to overgrowth by late zircon.
There is one dark non-zoned short-prismatic grain (Supplementary
Fig. 6).

Totally 15 analyses have been done in the 10 grains in the central and
marginal parts using a SHRIMP-II ion microprobe (Supplementary
Table 2). In the Ahrens-Wetherill diagram (Fig. 6 a, b) all the results
approximate to a single regression line with the majority forming a
concordant cluster. The low deviation of points from the regression line
(MSWD = 0.89) assumes a minimal effect of the Precambrian processes
on the zircons. These results coincide with the Concordia age (N = 9,
MSWD = 0.13) of 2587 + 9 Ma (Fig. 6 a, b). The only short prismatic
grain has a subconcordant (D = 2) age of 2068 + 6 Ma (point 3.1,
Supplementary Table 2).

Titanite forms semitransparent light brown crystals. The most
transparent five crystal fragments were used for U-Pb analysis. Titanite
is slightly discordant (2 %) and yield 2°7Pb,/2°°Pb age at 2080 + 4 Ma; its
data point locates directly on a discordia line constrained for titanite
from the sample 5328/461.5 of alkaline pyroxenite (Fig. 5 b).

Alkaline granite. Zircons in sample 6203/184 are prismatic crystals
with orbicular tips and rounded isometric grains and their brown frag-
ments, transparent and semitransparent, 150-250 ym in size. In CL
images, all grains are dark in color, zoning if any, obscured and have
largely undergone metamictization due to the high content of U
(1320-4130 ppm), which is well manifested in BSE-images (Supple-
mentary Fig. 7).

Totally 15 analyses have been done in the 14 grains (Supplementary
Fig. 7, Supplementary Table 2). In the Ahrens-Wetherill diagram all the
results approximate to a single regression line. The regression through
all the results gives an upper intercept age of 2809 + 3 Ma (MSWD =
2.1, Fig. 6 ¢, d). The weighted average 2°7Pb/2%°Pb age of all results is
2809 + 2 Ma (N = 15, MSWD = 1.2) (Fig. 6 c, d).
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6. Isotope systematics
6.1. Sm-Nd isotopic data

In Sm-Nd isochronous coordinates, the alkali-carbonatite rocks
demonstrate wide and irregular variations (Supplementary Table 4,
Fig. 7). Only results from the alkaline granites (T c. 3.5 + 1.6 Ga, MSWD
= 5.5) and carbonatites (T c. 2.4 & 0.9 Ga, MSWD = 13) show corre-
lations close to linear (Fig. 8 a). However, large MSWD values and age
uncertainties do not allow us to consider the lines as isochrones with any
geological significance. The results from phoscorites, alkaline pyroxe-
nites, and syenites display even greater scatter, thus providing no
geochronological information. An inexplicably high value of eNd (2070
Ma) = +15.1 was obtained for a single sample of the silicocarbonatite.

6.2. Rb-Sr isotopic data

Analytical Rb-Sr results of the phoscorite and carbonatite sampled
from a single body in the drillhole 5402 are approximate to a line with
ageof T c. 1.9 + 0.3 Ga, MSWD = 44 (Fig. 8 b, c). The syenites produce a
greater scatter aligning to a regression corresponding to value of T c. 1.9
+ 1.4 Ga (MSWD = 57) (Fig. 9 b). The carbonatite demonstrate the
highest dispersion with no correlation (Fig. 8 c).

6.3. Lu-Hf isotopic data

The Hf isotope composition of the syenite zircons has been deter-
mined in the same points as the U-Pb age. Unlike the U-Pb isotope sys-
tem, which gives similar ages (2589 + 15 Ma) in all (but one) zircon
grains, the Lu-Hf isotope system exhibits wide Hf variations with ¢Hf
(2589) = (-4.2) - (-11.9) (Fig. 9, Supplementary Table 5). The model
ages THf(C) calculated by the two-stage model are mainly Paleoarchean
from 3359 to 3817 Ma. A single zircon grain with an age of 2068 Ma eHf
(2068) = (-12.7) yields a Paleoarchean model age THf(C) = 3501 Ma as
well.

Similarly to Sm-Nd isotopy, isotope analysis of zircon from the sili-
cocarbonatite, showed an unrealistically high radiogenic isotopic
composition eHf(2000) = +7.5 — +22.8 and model ages younger than
the age of their crystallization (Supplementary Table 5).
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Fig. 7. Age-eNd(T) diagram for the Dubravinsky ACC rocks.
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6.4. C-O isotopic data

The isotope composition of carbon and oxygen was determined from
bulk samples in the carbonatites and silicocarbonatites of the Dubra-
vinka and Chernyanka intrusions. The 513C (%o VPDB) values range
narrowly from (-4.9) to (-6.4) and do not differ in the carbonatites and
silicocarbonatites (Supplementary Table 6). Values of 5'%0 (%0 VSMOW)
also fall within a limited span (+8.0) — (+9.8) and being indistin-
guishable for the carbonatites and silicocarbonatites. Typically, isotope

11

data for carbon and oxygen in carbonatite are compared to igneous
carbonatite in the Primary Igneous Carbonatite (PIC) box. It is a rect-
angle in the 513C (%0 VPDB) — 5'20 (%0 VSMOW) diagram corresponding
to isotope composition of a mantle source. Its boundaries have several
versions (Deines 1989; Demény et al., 2004; Jones et al., 2013). We are
guided by the PIC field (Demény et al., 2004) with the coordinates 5'3C
(%0 VPDB) = (-4) - (-8) and §'%0 (%0 VSMOW) = +5.3 - +9.8. All values
of carbon and oxygen isotope composition of the carbonatite and sili-
cocarbonatite of the Dubravinsky complex fall within the region of
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primary igneous carbonatites (Fig. 10).
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7. Discussion
7.1. Regional correlations

The Dubravinsky alkaline-carbonatite complex is located within the
Kursk-Besedino domain, which, together with the Azov block, forms the
Paleoarchean core of eastern Sarmatia (Azov-Kursk domain) (Bogda-
nova et al., 2016; Savko et al., 2021a). In the Azov block of the Ukrai-
nian Shield, the linear shape Chernigiv carbonatite complex is known
(Glevasskiy and Kridvik, 1981): it resembles the Chernyanka intrusion.
It is distinguished by a wide variety of rocks, including sevites, befor-
sites, alvikites, nepheline syenites, alkaline pyroxenites, and ijolite-
melteigites. Zircon from the carbonatites yielded an age of 2074 + 6
Ma, accepted their crystallization age (Rukhlov, Bell, 2010). The ages of
apatite from the same sample are 2007 + 1 and 1988 + 2 Ma: this
interpreted as the result of superimposed metamorphism or meta-
somatism (Rukhlov and Bell, 2010). Recent, U-Pb LA-ICP-MS dating of
zircon from the nepheline syenites and carbonatites gave the same ages
of 2072 + 9 Ma (Shumlyanskyy et al., 2021). The carbonatites of the
Chernigivka massif, as well as those of the Dubravinka massif have
“mantle” values of stable (613C from —3.8 to —8.6%0 V-PDB and 5'80
from + 5.0 to + 17.5 % SMOW) and radiogenic values of eNd(2100) =
+0.9 — +2.2; and ®’Sr/%0Sr(2100) = 0.70190-0.70156) (Dubyna et al.,
2018; Zagnitko and Lugovaya, 1989).

The zircon age of 2.07-2.08 Ga of the Chernigiv carbonatite complex
coincides with the age of titanite and garnet from the Dubravinsky
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alkaline pyroxenites and carbonatites, while the c. 2.0 Ga apatite age
corresponds to the age of monazite and zircon from the carbonatites.
Thus, the carbonatite complexes have a close geological history in the
Paleoproterozoic.

Taking into account that the Dubravinsky and Chernigiv complexes
of alkaline rocks and carbonatites are located in the Paleoarchean Azov-
Kursk domain, have the same age and mantle isotope-geochemical
characteristics, they can be considered as a Paleoproterozoic alkaline-
carbonatite province.

7.2. Metamorphism of the Dubravinsky ACC

The arched shape of the intrusive bodies of the Dubravinka massif
suggests that they either have undergone metamorphism or injected a
weak zone in an already folded structure. The 2.07 Ga HT/LP meta-
morphism has affected all the Paleoproterozoic structures of the Eastern
Sarmatia. It was caused by collision of the Volga-Uralia segment and
Sarmatia. The thermal source of collisional metamorphism in the Kursk
block was heating during ductile folding (Savko et al., 2018). The
pressures and temperatures of the metamorphism increase eastwards
towards the boundary of the Kursk block with the Paleoproterozoic
Volga-Don orogen from the upper greenschist facies to granulite facies.

The Kursk block had a “cold” continental lithosphere. According to
their physical properties, the constituent rocks are very heterogeneous
and can be divided into two main types: (1) the Archean migmatite-
gneiss and granite and (2) the volcano-sedimentary rocks infilling
Paleoproterozoic structures.

During the collision of Volga-Uralia and Sarmatia under conditions
of unilateral stress directed from east to west (in present-day co-
ordinates), solid and brittle Archean gneisses and granitoids being
subjected to high-temperature conditions at 2.82 Ga did not underwent
any metamorphic changes (Savko et al., 2018). Because of the rocks’ low
competence, high pressure causes rocks to fracture and shear but not to
fold. In the Paleoproterozoic structures oriented parallel to the bound-
aries of the Volga-Don orogen, directed stress has caused ductile
deformation of plastic sediments turning them into shales. The de-
formations are maximal at the structures sides where the BIF rocks occur
plunging steeply.

Apparently before the collision, the Dubravinka massif was a steeply
dipping linear body oriented in the sublatitudinal direction (in present-
day coordinates) parallel (or obliquely) to the stress direction. As a result
of the collision, a steeply dipping arc-shaped body of the Dubravinka
alkaline-carbonatite massif was formed. Northerly the metabasite bodies
have the same arched shapes, and the Dubravinka massif repeats the
outlines of the northern closure of the Volotovo structure (Fig. 2 a).
Unlike it, the Chernyanka massif, elongated in the meridional direction
perpendicular to the direction of stress, did not change its orientation,
but was probably flattened with a decrease in the width.

The carbonatites and carbonatized pyroxenites of the Dubravinka
massif, located between the Tim-Yastrebovka and Volotovo Paleo-
proterozoic structures (Fig. 2 a), are too competent rocks to form a
folded structure. They are characterized by granoblastic, lepidograno-
blastic structures, sometimes gneissic and banded textures. In less
competent syenites and alkaline granites, like Archean granitoids, with
the exception of sparsely occurring directive textures, signs of super-
imposed metamorphism have not been found.

The P-T conditions of metamorphism of 630 °C and 4-5 kbar were
estimated during a detailed study of metapelites and BIF of the Paleo-
proterozoic Prioskolskaya structure (Savko and Kal'mutskaya 2002),
adjacent to the Chernyanka intrusion and 2 km west of the Dubravinka
massif (Fig. 2 a).

7.3. Relationships of primary magmatic, postmagmatic and metamorphic
characteristics

The alkaline pyroxenites and carbonatites are undoubtedly initially
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igneous rocks that have undergone high-temperature metamorphism.
This is evidenced by: (1) the Dubravinka massif has the shape of a fold;
(2) development of zones of biotite rocks (glimmerites) at the contact of
the pyroxenites, carbonatites, and syenites; (3) dissemination, veinlets,
lenticular segregations and injections of calcite in pyroxenites; (4)
biotite-rimmed pyroxenite xenoliths in the carbonatite; (5) granoblastic
and lepidogranoblastic structures and directive textures in the alkaline
pyroxenite and carbonatite; (6) growth of a clearly superimposed
microcline in the pyroxenite and carbonatite and absence of primary
igneous olivine typical of foscorite from carbonatite complexes; (7)
absence of chemical zoning in all minerals in the alkaline pyroxenite and
carbonatite; (8) wide concentration variations of petrogenic oxides,
trace and rare earth elements, due to very uneven distribution of
microcline, calcite and biotite, as well as accessory minerals (magnetite,
titanite, apatite, andradite) in them.

Presence of carbonate inclusions and injections in the alkaline py-
roxenite and intrusive relationships between the alkaline pyroxenite and
carbonatite indicate intrusion of new portions of carbonatite melt into
the solidifying intrusive chamber. The syenite show almost no post-
magmatic changes, with the exception of reaction zones at contacts with
the carbonatite composed of alkaline amphibole, biotite with apatite,
and sulfides. Discontinuous biotite-microcline zones and segregations
with biotite rims are developed at contacts with the alkaline pyroxenite.

7.4. Interpretation of geochronological data

All the rock types in the alkaline-carbonatite complex occur in close
spatial association, have alkalic compositions and have been formed by
interrelated processes in the lower crust and mantle. This suggests the
carbonatite intrusions and alkaline rocks age similarity. Based on
geological, isotopic and geochemical data all of the Dubravinsky ACC
rocks are thought to relate genetically to a single magmatic event.

U-Pb isotopic dating of zircon, titanite, monazite, and andradite
yielded several age estimates that require reasonable interpretation.

1. Alkaline granite zircon is the oldest: its age of 2809 + 3 Ma co-
incides with that of granulite metamorphism recorded in the Paleo-
archean TTG, metapelites, and metabasites (Savko et al., 2018). The
alkaline granites also have the lowest radiogenic Nd composition of all
rocks and Archean model ages (TygDM) (Fig. 7). These data, as well as
the grains morphology imply that the c. 2.8 Ga zircon was entrained
from the rocks of the Paleoarchean core of the Kursk block.

2. Zircon from the syenite has been dated to 2.59 Ga, and until new
isotope-geochemical and geochronological data were obtained, it was
erroneously interpreted as the age of intrusion of the Dubravinsky ACC.
The Sr and Nd isotopic composition, recalculated to 2.59 Ga, in almost
all samples fall out of range known for the Earth, suggesting more
depleted magma sources than DM (Sm-Nd) and UR (Rb-Sr) (Fig. 11).
This means that the value chosen for calculations is surfeits crystalli-
zation age of the alkaline syenite.

This suggests that zircon was inherited from a magma source with an
age of about 2.6 Ga. Such sources of a kind are related to the 2.61 Ga
intraplate magmatism of high-silica granitoids in the Kursk block (Savko
et al., 2019). This interpretation can be confirmed by: (1) the dated
alkaline syenite sample, in comparison with others, is sharply distin-
guished by the least radiogenic (crustal) neodymium isotope composi-
tion and, at the same time, by an anomalously high concentration of Zr;
(2) the zircon morphology, dominated of long prismatic crystals, is not
typical of alkaline rocks, where zircon has a short prismatic habit with
hyacinth faceting; (3) the only short prismatic grain has an age of 2068
+ 6 Ma.

3. The ages of titanite 2071 + 11 Ma and andradite 2075 + 12 Ma
from the alkaline pyroxenite, as well as of titanite from carbonatite 2080
+ 13 Ma (Albekov et al., 2017) and alkaline syenite 2080 + 4 Ma
coincide within the error with the age of HT/LP zonal metamorphism
during the collision of Sarmatia and Volga-Uralia (Savko et al., 2018).
Therefore, two interpretations of these ages are possible: (1) the age of
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Fig. 11. eNd(t) — ¥Sr/%°sr(T) diagram for the Dubravinsky ACC rocks, recalculated to 2589 and 2070 Ma.

the superimposed metamorphism and (2) the magmatic crystallization
age is slightly older than the metamorphic event. The closing tempera-
tures of the U-Pb titanite isotope system in the range of 650-700 °C
(Frost et al., 2000) are close to the peak temperatures of metamorphism
(c. 650 °C), precluding choosing one of interpretations. However, for
calcium garnet with a grain size of 100 pm the closing temperature is
750-800 °C (Yang et al., 2018). This suggests that the U-Pb age of
andradite from the alkaline pyroxenites of the Dubravinka massif cor-
responds to the age of their crystallization from the melt.

4. Zircon from the carbonatite has an age of 2000 + 31 Ma. Monazite
from carbonatite gave a younger age of 1965 + 5 Ma. Rejecting the
former due to a large uncertainty, latter is close to the age of zircon from
the carbonatite and coincides with the only concordant value of 1959 +
18 Ma. Apparently, these ages far postdate the peak of metamorphism at
2.07 Ga, thus rather correspond to a later activation during the collision
of Sarmatia and the Osnitsko-Mikashevichi belt, recorded by a meta-
morphic event dated at c. 2.03 Ga (Savko et al., 2018) in the north-
western part of the Kursk block. Alternatively Pb-loss coincidentally
could produce matching values.

Determination of the magmatic crystallization age of the carbonatite
zircon should be done with great caution, since zircon may not be a
primary magmatic mineral. It crystallizes from a carbonatite melt with a
SiO5 content of at least 20 wt% (Gervasoni et al., 2017; Rodionov et al.,
2012). In addition, the Dubravinsky carbonatites underwent high-
temperature metamorphism, which could lead to disturbance of
isotope systems or new zircon growth.

Thus, the Dubravinsky ACC is most likely 2.07 Ga-old not much older
than the metamorphic event. Here, we must take into account c. 2.07 Ga
age of the Chernigiv ACC of the Ukrainian Shield (Rukhlov and Bell,
2010; Shumlyanskyy et al., 2021), which is located together with the
Dubravinsky ACC within the Paleoarchean Azov-Kursk domain.

7.5. Isotope-geochemical data on the sources of melts

The wide variations of the Rb-Sr and Sm-Nd isotope results from
individual rock types of the Dubravinsky ACC in the diagrams (Fig. 8)
can be associated with heterogeneity of their igneous protoliths or
caused by superimposed metamorphism. Most of the isotope-
geochemical characteristics are probably features of igneous protoliths
of the alkaline-carbonatite rocks, whose parental melts were derived
from both crustal and mantle sources of different composition and age.
The alkaline granites display well preserved isotope markers of a crustal
source with a protracted Paleoarchean prehistory. The 2.8 Ga-old zircon
in these rocks and negative eNd(T) values are likely inherited from an
Archean crustal source (Fig. 7), matching well to a metamorphic zircon
present in all types of host rocks of the Kursk-Besedino domain (Savko
et al., 2021a). In the syenite, the Archean crustal component in the melt
source is evidenced by the results of the U-Pb and Lu-Hf isotope analyses
of zircon and Sm-Nd in the bulk sample of one of the analyzed samples.
Two other samples of the syenite have a lesser contribution of
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Paleoarchean crustal material in terms of isotopic and geochemical
characteristics.

Isotope-geochemical characteristics of the carbonatite, phoscorite,
and alkaline pyroxenite indicate that their parental melts formed from a
juvenile Paleoproterozoic mantle source. The carbonatite’s mantle
source is also clearly indicated by isotopic compositions of carbon and
oxygen, all of which are within the mantle melts area (Fig. 10).

Neodymium isotope composition assumes that the carbonatite are
more juvenile (eNd(2070) from (—0.8) to (+1.5) compared to the
phoscorite (eNd(2070) from (—2.4) to (—3.3) and alkaline pyroxenite
(eN(d2070) from (—1.4) to (—2.5) (Fig. 7; Supplementary Table 4). The
lesser radiogenic neodymium isotope composition in the alkaline py-
roxenite could be caused by impact of the syenite with crustal isotope
characteristics, which is evident from petrographic data. Yet, the same
explanation is inapplicable for the phoscorite, since they occur inside
carbonatite bodies and bear no traces of the syenite influence. Moreover,
it is extremely difficult to change the isotopic composition of neodym-
ium in them due to very high concentrations of this element. The
anomalously radiogenic isotopic composition of neodymium in the sil-
icocarbonatite sample also remains unexplained. One can only assume
that the unexplained variations of neodymium isotopic composition in
essentially carbonate rocks were related to metamorphic impact. In
general, by their Sr-Nd isotope-geochemical characteristics (Fig. 11), the
rocks of the Dubravinsky ACC are close to their Phanerozoic counter-
parts (Hong et al., 2021).

After intrusion, the alkaline rocks and carbonatite experienced high-
temperature metamorphism, which significantly increased hydrother-
mal activity, plasticity, and fluidity in carbonatites. Apparently, those
conditions could cause the rock’s partial melting and disturb isotope
systems via subsolidus reactions between the U, Nd, and Hf
concentrator-minerals (zircon, titanite, monazite) and a newly formed
melt, consequently not always reflecting the primary intrusive isotope
ratios. Partial or complete dissolution of these minerals and subsequent
reprecipitation is a reason for redistribution of radiogenic elements
between them and melt. Significant amounts of biotite and K-feldspar
were formed in the alkaline carbonatized pyroxenites. Apparently,
subsolidus processes and partial melting of the carbonatite during
metamorphism also resulted in high heterogeneity of trace and rare
earth elements contents. Disturbance of Rb-Sr, Sm-Nd (in rocks and
minerals) and U-Pb (in zircon) isotope systems was recorded in the Early
Precambrian carbonatite of Tishkeozero (1.98 Ga) and Siilinjarvi (2.61
Ga) as a result of the Svecofennian (1.9-1.7 Ga) metamorphism
(Tichomirowa et al., 2006). Noteworthy, remobilization of U-Pb zircon
isotopic system is observed in the carbonatites of the Grenville Province
(1170 Ma) as a result c. 1080 Ma-old deformation and metamorphism
(Moecher et al., 2011).

7.6. Petrogenetic and tectonic implications

The age of the Dubravinsky ACC of c. 2.07-2.08 Ga coincides within
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the error with the age of metamorphism caused by collision of the Volga-
Uralia and Sarmatia (Savko et al., 2018). In the period of 2.5-2.1 Ga,
pulses of magmatism are not known in the Kursk block. A new burst of
endogenous activity begins with basaltic 2099 + 8 Ma-old magmatism
related to asthenospheric melts upwelling in a destruction zone of a
subducted oceanic slab (slab window) (Fig. 12 a, b). The cause of the
slab detachment was an accretionary-collisional process of volcanic arc-
continent type at the Kursk block margin and the Volga-Don orogen at
about 2100 Ma (Tsybulyaev et al., 2021). After 2.1 Ga, there was a short
post-collision period of relaxation during c. 2.08-2.07 Ga, when the
rocks of the Dubravinsky ACC intruded (Fig. 12 c).

The source for the alkaline pyroxenites and carbonatites could be
enriched protoliths from the subcontinental lithospheric mantle, pro-
duced by melting and release of fluids from the subducted oceanic slab
at c. 2.1 Ga. Similar subduction-related enrichment of the subconti-
nental lithospheric mantle in the Paleoproterozoic was suggested for
other parts of the craton (Konopelko and Eklund, 2003). Since the Kursk
block was a passive continental margin prior to subduction, the
enrichment of the mantle source occurred rapidly, within 10-15 Ma.
After the continent-island arc collision and slab detachment, post-
collision extension and the alkaline carbonatite magmatism took place
in the interval of 2.07-2.08 Ga. The alkaline granites and some syenites
are derivatives of crustal melting resulted from interaction with rising
alkaline-ultramafic and carbonatite magmas. Thus, the intrusion of
2.08-2.07 Ga alkaline rocks and carbonatites is the result of magmatism
in a suprasubduction setting with mantle and crustal sources (Fig. 12 c).

Later, about 2.07 Ga, a much larger continent-continent collision of
Volga-Uralia and Sarmatia has involved, the Dubravinsky ACC rocks in a
compression setting leading to deformation and metamorphism under
conditions of high-temperature amphibolite facies (Fig. 12 d). After the
completion of the continent-continent collision and the transition from
compression to extension tectonics, they could again undergo thermal
reworking as a result of widespread post-collision magmatism with an
age of 2.07-2.05 Ga.

7.7. The Paleoproterozoic Dubravinsky carbonatite complex as the first
sign of transition to deep steep subduction of the modern style

Prior to 2 Ga the carbonatite magmatism was very sporadic, with less
than 10 of >600 carbonatite bodies known (Woolley and Kjarsgaard,
2008). The oldest well studied carbinatites are Tupertalik (3.0 Ga),
Siilinjarvi (2.6 Ga), Hogenakkal (2.40 Ga), Palaborwa (2.06 Ga), Mt
Weld (c. 2.06 Ga), Tiksheozero (1.99 Ga) (Bizzarro et al., 2002; Ticho-
mirowa et al., 2006; Pandit et al., 2016; Wu et al., 2011; Zhukova et al.,
2021; Sharkov et al., 2021) were formed in the intraplate setting under
the influence of mantle plumes (Rukhlov and Bell, 2010). The global
compilation shows that carbonatites begun to expand in the Late Pro-
terozoic and thrive in the Phanerozoic (Liu et al., 2023; Yaxley et al.,
2022).

The carbonatite formation prerequisite is the subcontinental lith-
oshperic mantle (SCLM) enrichment with carbon and other volatiles.
Carbon does not have to be entirely derived from the subducted crust,
but subduction contributes to it because primary mantle carbon alone
was insufficient to form carbonatites after c. 3 Ga (Dasgupta, 2013).
Subduction is possible even in the Archean at a mantle temperature (Tp)
170-200 °C higher than the modern one (Liu et al., 2023). However,
under such conditions, the slabs will be hotter by 87-100 °C (1/2 Tp)
than modern subduction zones, thus leaving nearly all crustal carbon of
the subducting slab at shallow (e.g. subarc) depths (Dasgupta, 2013). In
contrast, at the contemporary lower temperatures plates became more
rigid, turning an oblique Archean underthrust into deep steep subduc-
tion and introducing abundant volatiles (c. 75 % of carbon) to deeper
SCLM horizons (Plank and Manning, 2019). In addition, the mantle
cooling promotes deep subduction, and volatiles are more likely to
migrate and accumulate in the cold, thick, and refractory cratonic lith-
osphere (Sun and Dasgupta, 2019). Thus, both tectonics (i.e.,
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subduction) and the thermal state of the mantle (i.e., cooling) influenced
carbonatite magmatism over time. The increase of carbonatites does not
mean that they are directly related to the modern type subduction zone,
taking into account the different forms and time scales of carbon
transport in the mantle (Farsang et al., 2021; Sun and Dasgupta, 2019).
This is most likely the result of a rising influx of volatiles into the SCLM
as a result of ascending magma flows caused by increased subduction
rate and favorable physicochemical conditions in the SCLM. Subduction
is responsible for the general enrichment of the SCLM, which subse-
quently, sometimes after tens and hundreds of millions of years, pro-
duces carbonatite magmas under effect of a plume, postcollision, and
other geodynamic mechanisms. During the Archean and most of the
Paleoproterozoic, with hotter mantle and no deep subduction to deliver
volatiles, carbonatites were rare (Liu et al., 2023). But as the mantle
cooled down, and subduction conveyed more volatiles into the colder
mantle, carbonatites became more common, especially after c. 1 Ga.
Thus, it is the subduction plays a crucial role in carbonatite formation.
In this context, the well-documented Dubravinsky 2.07 Ga-old car-
bonatite complex is the earliest formed by modern style tectonics,
comprising subduction (2.17-2.10 Ga), arc-continent collision
(2.10-2.08 Ga) and post-collision extension (2.08-2.07 Ga). It is the first
sign of the deep steep subduction on the Earth in the Paleoproterozoic.
Over time, suprasubduction post-collision carbonatites have become
increasingly prominent alongside intraplate ones (Goodenough et al.,
2021) due to increasingly active modern-style subduction tectonics.

8. Conclusions

1. The Dubravinsky ACC rocks include three main lithologies alkaline
pyroxenites, carbonatites (together with silicocarbonatites and
phoscorites) and syenites (including alkaline granites).

2. The alkaline pyroxenites and carbonatites are undoubtedly initially
igneous rocks that have undergone 2.07 Ga-old high-grade meta-
morphism (>630 °C, 5 kbar).

3. The Dubravinsky ACC is most likely 2.07-2.08 Ga-old not much
older than the metamorphic event.

4. The source for the alkaline pyroxenites and carbonatites could be
enriched protoliths from the subcontinental lithospheric mantle,
produced by melting and release of fluids from the subducted
oceanic slab at c. 2.1 Ga. The primary igneous C and O isotope
composition is preserved in the carbonatite. The alkaline granites
display well preserved isotope markers of a long-lasting crustal
prehistory with Paleoarchean sources. The syenites have a lesser
contribution of Paleoarchean crustal material and are closer to a
group of “mantle rocks”.

5. The Dubravinsky and Chernigiv complexes of alkaline rocks and
carbonatites are located in the Paleoarchean Azov-Kursk domain,
have the same age and mantle isotope-geochemical characteristics,
therefore, they can be considered as a Paleoproterozoic alkaline-
carbonatite province of Sarmatia.

6. The Dubravinsky ACC intrusion of 2.07-2.08 Ga is the result of
magmatism in a suprasubduction setting with mantle and crustal
sources. It is the earliest known, formed as a result of subduction-
collision processes, and the first sign of transition to deep subduc-
tion in the modern style.
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