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Abstract—The Neoarchean–Early Paleoproterozoic section of the Eastern Sarmatia Kursk Block contains
different formations: terrigenous-carbonate (Ignateevo Formation), terrigenous (Stoilo Formation), and
banded iron (Korobki Formation). The Kursk Block sequences have obvious similarities to the coeval terrig-
enous-carbonaceous-ferriferous formations of the Kaapvaal and Pilbara cratons. The Ignateevo Formation
dolomites are correlated with the Campbellrand–Malmani and Wittenoom–Carawine carbonate platforms.
Carbonate rocks of all three cratons are silicified and show no evidence of clastic contamination. They are
characterized by low Sr concentrations and are enriched in Fe and Mn. The REE distribution in carbonate
rocks is characteristic of Neoarchean marine sediments: f lat profiles on spider diagrams, positive La anom-
alies, absence of Ce anomaly, and increased Y/Ho ratios relative to the chondrite value. The values of δ13C
(0.3–0.9‰ PDB) and δ18O (–10.1 to –13.0‰ PDB) in the Ignateevo Formation dolomites fall within the
range of the Late Archean and Early Paleoproterozoic marine carbonate sediments. The 87Sr/86Sr ratio in the
Ignateevo Formation dolomites (0.7101–0.7195) is higher than that in the Neoarchean marine carbonates,
which implies either isolation of the paleobasin or disturbance of the Rb–Sr isotope systems during meta-
morphism. The Ignateevo Formation dolomites and calc-silicate rocks (intensively silicified dolomites) are
closest in their isotope-geochemical characteristics to shallow-water dolomites of the Campbellrand–Mal-
mani Platform (South Africa). Probably, the Ignateevo Formation dolomites and partly the formations com-
posing the Campbellrand–Malmani Platform formed in the most isolated part of the paleobasin, which facil-
itated to their complete dolomitization and partial silicification.
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INTRODUCTION

Archean sedimentary formations serve as the basis
for paleocontinental correlations of the early Earth.
The two largest Early Precambrian cratons, Pilbara
and Kaapvaal, contain thick strata of banded iron for-
mations (BIFs) formed at the the Archean–Protero-
zoic boundary ca. 2.5 Ga. An important feature of the
BIFs is that they occur on Neoarchean deposits of car-
bonate platforms. In the Kaapvaal craton, the Trans-
vaal iron-ore formations occur on the shallow-water
Campbellrand–Malmani carbonates (Klein and Beu-
kes, 1989; Beukes et al., 1990). In the Pilbara craton,
the shallow-water Wittenoom–Carawine dolomites
underlie BIFs of the Hamersley Group (Jahn and
Simonson, 1995). The mentioned carbonate platforms
formed in the time interval of 2.6–2.5 Ga (Sumner
and Beukes, 2006). The correlation of the Archean and
Paleoproterozoic sediments of the Pilbara and Kaapvaal
cratons gave grounds to the idea that they belonged to

the united Vaalbara supercontinent (Cheney, 1996;
Nelson et al., 1999; Beukes and Gutzmer, 2008).

The sequence of geological events established in
the deposits of the Kursk Block in the time interval of
2.8–2.2 Ga (Figs. 1a, 1b) allowed us to suggest that
Eastern Sarmatia belonged to the Vaalbara superconti-
nent (Savko et al., 2017). Carbonate deposits of the Ign-
ateevo Formation, underlying the Paleoproterozoic
BIF in the Kursk Block, are the key evidence in argu-
mentation for this conclusion (Fig. 1c). This deter-
mines the need for a detailed study of Early Precam-
brian carbonate rocks in the Kursk Block, in order to
justify the paleogeodynamic position of Eastern Sarma-
tia as an integral part of the Vaalbara supercontinent.

The purpose of this publication is to present the
structure of the Archean–Paleoproterozoic sedimen-
tary section of the Kursk Block, to obtain new data on
the mineral and isotope-geochemical composition of
the Ignateevo Formation dolomites, and, on the basis
of these data, to assess the sedimentation conditions of
343



344 SAVKO et al.
carbonate deposits at the Archean–Paleoproterozoic
boundary and to perform paleocontinental correla-
tions with the Campbellrand–Malmani carbonate
platform of the Kaapvaal craton and the Wittenoom–
Carawine carbonate platform of the Pilbara craton.

GEOLOGICAL OVERVIEW
The Archean basement of the Kursk Block is com-

posed of granite gneisses of the Oboyan complex and
tonalite-trondhjemite-granodiorites (TTGs) of the
Saltykovo complex of about 3 Ga in age (Savko et al.,
2018), among which there are fragments of greenstone
areas composed mainly of metabasites of the Mikhai-
lovka Series (Fig. 1c). High-temperature metamor-
phism ended the formation cycle of Sarmatia’s ancient
Mesoarchean basement ca. 2.8 Ga (Savko et al., 2018).
Paleoproterozoic terrigenous-chemogenic sedimen-
tary rocks of the Kursk Series, which includes the Ign-
ateevo, Stoilo, and Korobki Formations, occur on the
Mesoarchean basement. They have an aggregated
thickness of over 1.2 km and a broad spatial distribu-
tion; additionally, they were not eroded within the
continental riftogenic structures nucleated in the mid-
Paleoproterozoic ca. 2.2 Ga on the Archean basement
(Savko et al., 2017).

The largest riftogenic structures of the Kursk Block
are the Belgorod–Mikhailovka and Tim–Yastrebovka
ones (Fig. 1b). These objects demonstrate different
structures of their Paleoproterozoic sedimentary sec-
tions. Potassium rhyolites of 2610 Ma in age occur at
the base of the terrigenous-chemogenic sequence in
the Tim–Yastrebovka structure (Savko et al., 2019).
The rhyolite weathering crust is overlain by basal quartz
conglomerates of the Paleoproterozoic Stoilo Forma-
tion. These deposits are a geochronological reference
marking the hiatus and the initiation of the marine
basin, where Paleoproterozoic BIFs formed later
(Savko et al., 2015). Up the section, metaconglomerates
are replaced with quartz metasandstones and alumi-
nous shales of the Stoilo Formation, conformably
superimposed by rocks of the Korobki BIF (Fig. 1c).

In the Mikhailovka riftogenic structure, metacon-
glomerates of the Ignateevo Formation occur at the
bottom of the metasedimentary section; they rest ero-
sively on the Mesoarchean TTG and Archean metab-
asites of the Mikhailovka Series (Figs. 1c, 2). Meta-
conglomerates are replaced above with polymictic
gravelites and metasandstones. The Ignateevo Forma-
tion is topped by a dolomite stratum up to 160 m thick.
Arkosic metasandstones, intercalated with shales and
STRATIGRAPHY AND G
carbonate rocks of the Stoilo Formation, conformably
occur on dolomites. Up the section, metasandstones
change from arkosic to feldspar-quartz and quartz
ones. In marginal parts of the structure, intercalations
of quartz metagravelites and metaconglomerates are
found. The upper part of the Stoilo Formation in the
Mikhailovka structure is represented predominantly
by carbonaceous and aluminous shales. Above this,
conformably resting on the Stoilo Formation deposits,
rocks of the Korobki BIF occur.

In all structures of Eastern Sarmatia, a thick sedi-
mentary sequence of the Kursk Series, occurring on
the Archean basement, underwent folding and meta-
morphism ca. 2.07 Ga during the collision between
the Sarmatia and Volgo-Uralia megablocks (Savko
et al., 2018). The parameters of that metamorphism,
as inferred from mineral parageneses from overlying
metapelites of the Stoilo Formation and from rocks of
the Korobki BIF, are 370–520°C and 2–3 kbar (Savko
and Poskryakova, 2003a, 2003b). Tectonic stress
resulting from the collision was directed eastward (in
present-day coordinates), formed a series of thrusts,
and caused an intense folding in the eastern sides of the
Paleoproterozoic synforms (Savko et al., 2018). This
explains the “overturned occurrence” of metasedimen-
tary rocks, which is observed only in the eastern side of
the Mikhailovka structure (according to the cores
recovered from Boreholes 3748, 3759, and 3785),
where Archean rocks were thrusted over the Paleopro-
terozoic ones and underwent complex folding (over-
turned folds in Fig. 2). Paleoproterozoic sediments are
fragmented here, and small fragments fall within the
zone where the Mesoarchean granite-gneiss basement
developed (Fig. 1c).

Archean rocks underlying the Ignateevo Formation
were recovered in Boreholes 3573, 3748, 3759, and
3785 (Fig. 2). In Borehole 3573, polymictic conglom-
erates of the Ignateevo Formation are underlain by
metabasites of the Neoarchean Aleksandrovka For-
mation; down the section, Mesoarchean trondh-
jemites of the Saltykovo complex are recovered. In
some boreholes (3729, 3748, 3759, and 3785), an over-
turned occurrence of rocks is observed, as a result of
which the Ignateevo Formation deposits are overlain
by migmatized gneisses of the Oboyan complex and by
TTGs and are underlain by quartzite sandstones of the
Stoilo Formation (Borehole 3764; Fig. 2). In Borehole
3748, the weathering crust composed of biotite plagi-
ogneisses of the Oboyan complex was identified. In
the western side of the Mikhailovka structure, carbon-
ate deposits of the Ignateevo Formation occur in the
Fig. 1. (a) Scheme of the segments of the East European craton after (Gorbatschev and Bogdanova, 1993), (b) schematic struc-
tural map of Sarmatia for the Voronezh crystalline massif, and (c) schematic geologic map of the Mikhailovka structure. Legend:
(1) Oboyan complex (AR1ob); (2) Mikhailovka Series (AR2mh); (3) Ignateevo Formation (PR1ig); (4) Stoilo Formation (PR1st);
(5) Korobkovo Formation (PR1kr); (6) Rogovoe Formation (PR1rg); (7) Kurbakinskaya Formation (PR1kb); (8) Zolotukhino
complex (νPR1z); (9) Stoilo-Nikolaevka complex (γδPR1sn); (10) Atamanskii complex (γPR1at); (11) ages of igneous bodies and
metamorphic events, in Ma; (12) ferriferous quartzites; (13) shales; (14) dolomites; (15) metaconglomerates; (16) metasand-
stones; (17) metabasites; (18) metarhyolites; (19) granitoids. 
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normal position (Boreholes 3573, 3835, and 3838) on
the Archean basement and are overlain by a sequence
of metasandstones (sometimes gravel-bearing) inter-
bedding with shales and carbonate rocks of the Stoilo
Formation.

Carbonate rocks of the Ignateevo Formation do
not contain stromatolithic and microphytolithic fos-
sils and carry no clear structural features for determin-
ing deposition environments because of metamorphic
recrystallization ca. 2.07 Ga (Savko et al., 2018).

STRUCTURE 
OF THE IGNATEEVO FORMATION

The Ignateevo Formation up to 800 m thick has a
two-member structure. The lower terrigenous mem-
ber (110–680 m) consists of polymictic metaconglom-
erates, metagravelites, and metasandstones (Fig. 2).
The upper carbonate member (up to 160 m) is repre-
sented by dolomites and calc-silicate rocks (Fig. 2).

The lower terrigenous part of the formation has at
its bottom a metaconglomerate member of about 150 m
thick (Fig. 2, Boreholes 3565 and 3573). Polymictic
metaconglomerates are gray (or dark gray with a
greenish tincture) and sometimes show signs of weakly
expressed schistosity and blastopsephitic structure.
The pebble content is up to 40–50%, sometimes up to
60–80%. Cement is represented by metasandstones
consisting of quartz (20–60%), plagioclase (10–45%),
fine-scaled muscovite (5–30%), biotite (5–20%),
chlorite (0–25%), and carbonate (0–15%); micro-
cline is sometimes noted. Accessory minerals are
sphene, zircon, tourmaline, sulfides, and hema-
tite/magnetite. Large fragments are represented by
schistose metabasites, TTGs, quartzites, and micro-
cline granites.

Up the section, metaconglomerates gradually
change to metagravelites and metasandstones interca-
lated with conglomerates (Boreholes 3565, 3573, 3799,
and 3838). The rocks are gray with a greenish tint and
possess blastopsephitic and blastopsammitic textures
and an indistinctly schistose structure. Pebbles in meta-
conglomerates and fragments in metagravelites are rep-
resented with TTGs, metabasites, shales, and quartz-
ites. The thickness of the member is 190 m.

Metagravelites are gradually replaced with poly-
mictic medium- and coarse-grained gray sandstones
possessing blastopsammitic texture and indistinctly
banded structure (Boreholes 3565, 3567, and 3838).
They consist of quartz (40–50%), plagioclase (10–30%),
microcline (5–10%), and fine-scaled muscovite (20–
30%). The thickness of the metasandstone member is
about 240 m.

Carbonate rocks (up to 160 m thick) occur at the
top of the Ignateevo Formation section and rest con-
formably on metasandstones in undeformed sections.
They are represented mainly by dolomites intercalated
with rare thin beds of shales, metagravelites, and
STRATIGRAPHY AND GEOLOGICAL CORRELATION 
metasandstones (Boreholes 3567, 3763, 3764, and
3838). The intercalated shale beds range in thickness
from several millimeters to several meters and are
composed of quartz and sericite, sometimes with an
admixture of biotite and chlorite. In places, dolomites
are silicified and, as a result of metamorphism, are
altered to form calc-silicate rocks containing such
minerals as calcite, quartz, feldspars, biotite, amphi-
bole, and pyroxene.

ANALYTICAL PROCEDURES

The mineral composition of rocks was determined
using a Jeol-6380 LV electron microscope equipped
with an INCA Energy-250 energy-dispersive detector
at the Voronezh State University. The conditions of the
analysis were as follows: accelerating voltage, 20 kV;
probe current, 10–15 nA; time of spectrum collection,
70 s; electron beam diameter in the near-surface layer of
a specimen, usually 3–5 μm. ZAF correction when cal-
culating oxides contents and estimate of accuracy were
made using standard mathematical programs.

Rock-forming elements were determined using a
S8 Tiger X-ray f luorescence spectrometer (Bruker
AXS GmbH, Germany) at the Voronezh State Uni-
versity. Preparation of specimens for analysis was per-
formed by melting of 0.5 g of powdered sample and 2 g
of lithium tetraborate in a muffle furnace with subse-
quent casting of a glass-like disk. When calibrating the
spectrometer and for quality control of measurements,
we used state standards of chemical composition of rocks
(GSO 8871-2007, GSO 3333-85, and GSO 3191-85).
Analytical accuracy was 1–5% for elements with con-
centrations above 1–5% and up to 12% for elements
with concentrations below 0.5%.

Minor and trace elements were determined by induc-
tively coupled plasma mass spectrometry (ICP-MS) at
the Analytical Certification Test Center (Institute of
Microelectronics and High Purity Materials, Russian
Academy of Sciences, Chernogolovka, Moscow
oblast). Decomposition of rock specimens was imple-
mented by acidolysis at 220°C. The detection limits
for REEs, Hf, Ta, Th, and U were 0.02–0.03 μg/g; for
Nb, Be, and Co, 0.03–0.05 μg/g; for Li, Ni, Ga, and
Y, 0.1 μg/g; for Zr, 0.2 μg/g; for Rb, Sr, and Ba,
0.3 μg/g; for Cu, Zn, V, and Cr, 1–2 μg/g. Correct-
ness of analysis was controlled by measuring standard
specimens GSP-2, VM, SGD-1A, and ST-1. Errors in
determination of concentrations for the majority of
elements were from 3 to 5%.

The measurement of the isotopic composition of C
and O in dolomites was performed using continuous
flow isotope ratio mass spectrometry (CF-IRMS) in a
helium flow by a modified technique (McCrea, 1950)
on a DELTA V Advantage mass spectrometer equipped
with a GasBench II system of preparation and intro-
duction of specimens, at the Geonauka Center for
Collective Use (Institute of Geology of the Komi Sci-
 Vol. 28  No. 4  2020
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Table 1. Compositions (wt %) of carbonates from dolomites and calc-silicate rocks of the Ignateevo Formation

A dash means that the content of the element was below the detection limit. Here and in Tables 2–7, the number of sample represents
the borehole no./depth.

Sample no. 3759/504.5 3759/510 3759/511 3764/240.4 3764/241.5

Components Dol-1 Cal-2 Cal-2 Dol-1 Cal-3 Cal-2 Dol-3 Dol-7 Cal-9 Cal-2 Cal-6 Dol-7

SiO2 – – 0.36 – – – – – – – 0.33 –

FeO 2.26 – 0.41 2.91 – 0.52 2.78 2.40 – – – 3.49
MnO 0.61 0.36 – 0.73 0.72 0.54 0.53 0.27 0.72 0.71 0.76 0.48
MgO 17.93 – 0.90 18.94 1.03 0.95 18.16 22.38 0.88 1.87 0.59 17.72
CaO 27.95 50.74 50.36 28.74 49.58 49.54 28.01 24.95 48.39 46.52 45.68 27.66
Sum 48.75 51.10 52.03 51.32 51.33 51.55 49.48 50.00 49.99 49.10 47.36 49.35

Sample no. 3785/371.2 3785/390 3785/390

Components Cal-1 Cal-4 Cal-9 Cal-13 Cal-19 Cal-2 Cal-6 Dol-8 Cal-9 Cal-11 Cal-12 Dol-16

SiO2 – – – – 0.67 – 0.32 0.32 – – 0.34 –

FeO – – – – – 0.60 0.54 2.87 0.63 0.46 – 2.86
MnO 0.70 – – 0.38 – 1.12 0.96 1.28 1.31 1.53 1.09 1.38
MgO – – – 0.43 0.46 1.07 0.88 17.75 2.57 2.74 0.95 18.36
CaO 52.18 51.87 51.80 51.76 53.01 49.23 49.51 29.27 47.16 47.55 50.72 30.24
Sum 52.88 51.87 51.80 52.57 54.14 52.02 52.21 51.49 51.67 52.28 53.10 52.84
entific Center, Ural Branch of the Russian Academy
of Sciences, Syktyvkar). Dolomite powder was
decomposed in orthophosphoric acid for 72 h at 60°C.
The values of δ13C and δ18O are given in pro mille rel-
ative to the V-PDB standard (Table 7). In the calibra-
tion, we used the NBS-18, NBS-19, and Kh-2 inter-
national standards. The error in determinations of
δ13C and δ18O was ±0.2‰ (1σ).

Rb–Sr systemization of specimens was examined
by using selective dissolution (leaching) in 0.01 N
solution of hydrochloric acid (Kuznetsov et al., 2005).
Powdered specimens were first treated with this solu-
tion at room temperature. The extract and residue
were separated by centrifuging, and then the residue
enriched in primary carbonate material was treated
with 0.5 N hydrochloric acid for a day at 60°C. The
obtained solution was used for further study. The con-
centrations of Rb and Sr were determined by isotope
dissolution using a mixed 87Rb–84Sr indicator, and for
isotope analysis, we used a Finnigan MAT-261 multi-
collector mass spectrometer. The isotopic composi-
tion of Sr was measured on a Triton TI multicollector
mass spectrometer. The measured 87Sr/86Sr ratio in
strontium carbonate SRM 987 (NIST, United States)
yielded 0.71029 ± 0.00001 (n = 16). The rubidium
concentration in specimens did not exceed 0.03 μg/g
and was not further taken into account. The error in
measurements of the 87Sr/86Sr ratio in specimens was
less than 0.008% (1σ). The level of laboratory contam-
STRATIGRAPHY AND G
ination for Rb and Sr determined by blank experi-
ments did not exceed 2.0 and 1.9 ng, respectively.

PETROGRAPHY AND MINERALOGY
Carbonate deposits of the Ignateevo Formation are

represented by dolomite marbles and calc-silicate
rocks. The rocks are metamorphosed and do not con-
tain relics of layered sedimentary structures.

Dolomite Marbles
Dolomites are fine- and middle-grained, with

banded, indistinctly banded, and massive structures
and granoblastic texture. Dolomite crystals are hypid-
iomorphic, with polygonal outlines, up to 0.4–0.7 mm
in size, less often more than 1.0 mm. Dolomite con-
tains admixtures of iron (up to 3 wt % of FeO) and
manganese (up to 1.5 wt % of MnO). On the basis of
the results of microprobe analysis, dolomite marbles
contain up to 15% of calcite, which in turn contains
admixtures of magnesium (up to 1 wt % of MgO), iron
(up to 3 wt % of FeO), and manganese (up to 2.3 wt %
of MnO) (Table 1).

Dolomite marbles also contain an insignificant
admixture (up to 5%) of such silicate minerals as trem-
olite, talc, biotite, and quartz. Tremolite is represented
by prismatic colorless crystals (Samples 3759/504.5
and 3759/511) up to 5 mm in size and has a high mag-
nesium content (XMg = 0.89–0.94) (Fig. 3, Table 2).
Biotite is present in the form of fine (0.1–0.4 mm)
EOLOGICAL CORRELATION  Vol. 28  No. 4  2020
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Fig. 3. Classification chart for amphiboles from the Ignateevo Formation dolomites. 
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light brown laths; it is distinguished by a low titanium
content (<1 wt % of TiO2) and a high magnesium con-
tent (XMg = 0.83–0.88) (Table 3). Talc and chlorite are
secondary minerals replacing tremolite and biotite.

Calc-Silicate Rocks

In contrast to dolomites, calcite is the predominant
mineral in calc-silicate rocks; in addition, significant
amounts of feldspars, diopsides, tremolites, biotites,
muscovites, and quartz are reported.

Calcite is represented by hypidiomorphic polygo-
nal and tabular crystals with polysynthetic twins, up to
1 mm in size. The amounts of calcite in thin sections
vary considerably, from 50% to less than 10%. In terms
of composition, this is almost pure calcite with insig-
nificant admixtures of iron (0.4–0.6 wt % FeO), mag-
nesium (<3 wt % MgO), and manganese (<1 wt %
MnO) (Table 1).

Dolomite is rarely found, mainly in rocks with the
lowest amounts of quartz and silicate minerals (e.g.,
Sample 3764/240.4). Dolomite is represented not only
by pure mineral crystals in calcite matrix but also by
irregularly shaped inclusions in calcite. Dolomite always
contains insignificant amounts of iron (2–3 wt % FeO)
and manganese (up to 1.5 wt % MnO) (Table 1).

Diopside is found in the form of colorless tabular
crystals with well-marked cleavage, less often in the
form of rounded isometric grains usually showing no
cleavage, ranging from 0.1 to 1 mm in size. Diopside
crystals often intergrow, occupying considerable parts
of thin sections. In terms of composition, diopside is
close to the finite magnesian member of the isomor-
phic series, characterized by magnesium content of 88
to 100% (Table 4).

Amphibole is found in the form of elongated pris-
matic grains (0.3–1.2 mm) intergrown with carbonates
and diopside; its amounts in calc-silicate rocks are larger
STRATIGRAPHY AND GEOLOGICAL CORRELATION 
than in dolomites. In terms of composition, amphiboles
are low-alumina, excluding Sample 3764/233, where
Al2O3 content is 3.4 wt % (Table 2). On the basis of the
classification by Leak et al. (1997), amphiboles corre-
spond to tremolite composition: (Ca + Na)B ≥ 1.34,
NaB < 0.67, (Na + K)A < 0.50, Si > 7.50, 0.5 <
Mg/(Mg + Fe) ≤ 1.0 (Fig. 3).

Biotite in calc-silicate rocks is reddish brown and
sharply different in composition from biotite from dolo-
mites owing to higher contents of iron (XMg = 0.54–
0.81) and titanium (TiO2 = 1.6–3.1 wt %) (Table 3).

Feldspars are represented by plagioclase and
microcline. Plagioclase is present in the form of small
prismatic grains, sometimes with polysynthetic twins
0.2–0.5 mm in cross size. The composition of pla-
gioclases ranges considerably from almost pure albite
(XAn = 0.03) to andesine (XAn = 0.42; Table 5). K-feld-
spar is represented by skeletal microcline with a very
insignificant albite admixture.

Thus, main mineralogical difference between calc-
silicate rocks and dolomite marbles are in appearance
of feldspars and diopside and in a considerably larger
amount of tremolite. Calcite is abruptly predominant
over dolomite. Biotite is more ferruginous and tintan-
iferous. These differences are determined by the influ-
ence of metamorphism on mineral parageneses as a
result of reactions of quartz-containing dolomite
decarbonization leading to formation of tremolite and
calcite (8Qtz + 5Dol + H2O → 3Cal + Tr + 7CO2)
and, eventually, diopside (Tr + 2Qtz + 3Cal → Di +
3CO2 + H2O).

GEOCHEMISTRY
Dolomite Marbles

Dolomite marbles have a more consistent compo-
sition relative to calc-silicate rocks and do not show
clearly marked silicification (no more than 4 wt % of
 Vol. 28  No. 4  2020
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Table 2. Compositions of amphiboles from carbonate rocks of the Ignateevo Formation

Sample no. 3759/504.5 3759/507.5 3759/510 3759/511 3764/233 3764/240.4 3764/241.5

Components Am-3 Am-3 Am-1 Am-2 Am-1 Am-6 Am-8 Am-1 Am-5

SiO2 58.99 58.63 58.23 57.80 55.09 54.88 58.51 57.95 58.30

TiO2 – – – – – – – – –

Al2O3 – 0.63 – 0.49 2.81 3.40 0.60 0.48 0.48

Cr2O3 – – – – – – – – –

FeO 2.86 2.89 4.00 3.33 8.56 7.58 3.15 2.50 2.84

MnO – – 0.54 – – 0.54 – 0.39 –

MgO 22.91 22.87 22.49 22.20 18.75 18.41 22.54 22.98 23.15

CaO 13.50 13.49 13.03 13.99 13.11 12.78 13.54 13.44 12.96

Na2O – – – – – – – – –

K2O – – – – – 0.22 – – –

Sum 98.25 98.51 98.28 97.80 98.33 97.82 98.33 97.74 97.73

Si 8.03 7.95 7.92 7.98 7.66 7.66 7.97 7.92 7.92

AlIV – 0.05 – 0.02 0.34 0.34 0.03 0.08 0.08

Ti – – – – – – – – –

∑ 8.03 8.00 7.92 8.00 8.00 8.00 8.00 8.00 8.00

Al – 0.05 – 0.06 0.12 0.22 0.07 – –

Ti – – – – – – – – –

Cr3+ – – – – – – – – –

Fe3+ – 0.08 0.35 – 0.31 0.29 0.01 0.16 0.32

Mn3+ – – 0.06 – – 0.06 – 0.05 –

Mg 4.64 4.62 4.56 4.56 3.88 3.83 4.57 4.68 4.68

Fe2+ 0.32 0.25 0.03 0.38 0.68 0.59 0.35 0.11 –

∑ 4.96 5.00 5.00 5.00 4.99 4.99 5.00 5.00 5.00

Mg – – – – – – – – –

Fe2+ – – 0.07 0.17 – – – 0.02 –

Ca 1.97 1.96 1.90 2.07 1.95 1.91 1.98 1.97 1.88

Na – – – – – – – – –

∑ 1.97 1.96 1.97 2.24 1.95 1.91 1.98 1.99 1.88

Na – – – – – – – – –

K – – – – – – – – –

XMg 0.94 0.95 0.98 0.89 0.85 0.86 0.93 0.97 1.00
STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 28  No. 4  2020
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Sample no. 3785/371.2 3785/390 3785/391

Components Am-5 Am-10 Am-11 Am-12 Am-15 Am-18 Am-3 Am-5 Am-3

SiO2 58.33 58.34 58.12 59.10 58.71 59.04 56.52 55.64 56.19

TiO2 – – – – – – – – –

Al2O3 – – – – – – 2.21 3.10 2.00

Cr2O3 – – – – – – – – –

FeO 3.76 4.08 4.04 2.96 3.46 3.03 3.25 5.61 5.99

MnO 0.38 0.34 0.64 0.36 0.39 – 0.91 0.52 –

MgO 22.29 21.36 21.89 22.87 22.22 22.94 22.13 20.33 20.03

CaO 13.83 13.47 13.16 13.27 13.53 12.80 12.65 12.95 13.84

Na2O – 0.53 – – – – 0.37 – –

K2O – – – – – – – 0.29 –

Sum 98.59 98.13 97.85 98.56 98.32 97.80 98.04 98.45 98.06

Si 7.98 8.08 7.98 8.01 8.03 8.02 7.69 7.64 7.82

AlIV – – – – – – 0.31 0.36 0.18

Ti – – – – – – – – –

∑ 7.98 8.08 7.98 8.01 8.03 8.02 8.00 8.00 8.00

Al – – – – – – 0.04 0.14 0.15

Ti – – – – – – – – –

Cr3+ – – – – – – – – –

Fe3+ – – 0.16 0.13 – 0.24 – 0.37 –

Mn3+ 0.04 0.04 0.07 0.04 0.04 – 0.10 0.06 –

Mg 4.54 4.41 4.48 4.62 4.53 4.64 4.48 4.16 4.15

Fe2+ 0.42 0.55 0.29 0.20 0.42 0.10 0.37 0.27 0.70

∑ 5.00 5.00 5.00 4.99 4.99 4.98 4.99 5.00 5.00

Mg – – – – – – – – –

Fe2+ 0.03 0.22 0.01 – – – – 0.01 0.10

Ca 2.03 2.00 1.94 1.92 1.98 1.86 1.84 1.90 2.06

Na – – – – – 0.10 – –

∑ 2.06 2.22 1.95 1.92 1.98 1.86 1.94 1.90 2.16

Na – 0.14 – – – – – – –

K – – – – – – – 0.05 –

OH 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

XMg 0.91 0.85 0.94 0.96 0.91 0.98 0.92 0.94 0.84

Table 2. (Contd.)
STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 28  No. 4  2020
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Table 4. Compositions of diopsides from calc-silicate rocks of the Ignateevo Formation
Sample no. 3759/507.5 3785/371.2 3785/391

Components Di-1 Di-2 Di-4 Di-5 Di-6 Di-7 Di-14 Di-17 Di-2 Di-8

SiO2 55.32 55.15 54.98 53.96 55.46 48.37 55.62 54.56 54.88 55.09
TiO2 – – – – – – – – – –
Al2O3 – – – – – – – – – 0.41
Cr2O3 – – – – – – – – – –
FeO 2.07 3.75 0.70 2.55 0.75 3.53 1.84 1.37 3.63 3.77
MnO 0.53 0.77 – – – 0.66 0.40 0.37 0.54 –
MgO 18.63 15.44 18.62 17.02 18.09 17.90 17.21 17.89 16.40 15.97
CaO 25.27 25.74 25.67 26.09 25.12 28.89 25.38 25.39 25.36 24.54
Na2O – – – – – – – – – –
K2O – – – – – – – – – –
Sum 101.82 100.84 99.98 99.62 99.42 99.35 100.45 99.58 100.81 99.78
Si 1.97 2.01 1.98 1.97 2.02 1.77 2.02 1.99 2.00 2.03
Ti – – – – – – – – – –
Al – – – – – – – – – 0.02
Cr – – – – – – – – – –
Fe3+ 0.06 – 0.03 0.05 – 0.47 – 0.03 0.01 –
Fe2+ – 0.11 – 0.02 0.02 – 0.06 0.01 0.10 0.12
Mn 0.02 0.02 – – – 0.02 0.01 0.01 0.02 –
Mg 0.99 0.84 1.00 0.93 0.98 0.97 0.93 0.97 0.89 0.87
Ca 0.96 1.01 0.99 1.02 0.98 1.13 0.99 0.99 0.99 0.97
Na – – – – – – – – – –
K – – – – – – – – – –
XMg 0.98 0.86 1.00 0.97 0.98 0.98 0.93 0.97 0.88 0.88

Table 5. Compositions of feldspars from calc-silicate rocks of the Ignateevo Formation
Sample no. 3764/233 3785/323.8 3785/391 3785/460

Components Kfs-2 Pl-3 Kfs-5 Pl-7 Pl-8 Pl-1 Pl-2 Kfs-7 Pl-11 Pl-1 Kfs-1

SiO2 64.19 56.79 65.06 64.18 61.23 61.11 59.77 64.70 62.46 58.31 63.65
Al2O3 18.30 26.91 18.57 22.26 24.63 23.75 24.70 18.94 23.90 26.71 18.61
FeO – – – – – – – – – – –
CaO – 8.77 – 0.60 4.30 5.01 6.64 – 5.19 7.45 –
Na2O 0.55 6.39 0.56 10.46 8.29 9.32 7.48 0.78 8.97 7.07 0.76
K2O 15.85 0.62 15.82 1.72 1.72 – 0.26 15.35 0.17 0.61 15.15
Sum 98.89 99.48 100.02 99.22 100.17 99.19 98.85 100.54 100.70 100.15 98.17
Si 3.00 2.56 3.01 2.83 2.71 2.72 2.70 2.99 2.74 2.60 2.99
AlIV 1.01 1.43 1.01 1.16 1.28 1.24 1.31 1.03 1.24 1.40 1.03
Fe3+ – – – – – – – – – – –
∑ 4.01 3.99 4.02 3.99 3.99 3.96 4.01 4.02 3.98 4.00 4.02
Ca – 0.42 – 0.03 0.20 0.24 0.32 – 0.24 0.36 –
Na 0.05 0.56 0.05 0.89 0.71 0.80 0.65 0.07 0.76 0.61 0.07
K 0.94 0.04 0.93 0.10 0.10 – 0.01 0.91 0.01 0.03 0.91
∑ 0.99 1.02 0.98 1.02 1.01 1.04 0.98 0.98 1.01 1.00 0.98
Ort 0.95 0.04 0.95 0.09 0.10 – 0.02 0.93 0.01 0.03 0.93
Ab 0.05 0.55 0.05 0.88 0.70 0.77 0.66 0.07 0.75 0.61 0.07
An – 0.42 – 0.03 0.20 0.23 0.32 – 0.24 0.36 –
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Fig. 4. REE + Y distribution in the Ignateevo Formation dolomites normalized to the Post-Archean Australian Shale (PAAS;
Condie, 1993). Pseudolanthanide yttrium (Y) is inserted between Ho and Dy in accordance with its identical charge and analo-
gous radius (REE + Y model; Bau and Dulski, 1996). 
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SiO2; 2 wt % on average). The contents of Al2O3 do not
exceed 1 wt % (Table 6) and show no correlation with
SiO2. In addition, we established quite constant con-
centrations of CaO (29–31 wt %), MgO (21–22 wt %,
excluding one specimen with 17.8 wt %), and FeO (2–
3 wt %, excluding one specimen). Dolomite marbles
are characterized by low concentrations of the other
petrogenic oxides, such as Na2O, K2O, TiO2, and P2O5
(Table 6).

Dolomites have very low concentrations of such rare
elements (Table 6) as Rb (<2 μg/g), Cs (<0.2 μg/g), Sc
(<0.6 μg/g), Zr (<7 μg/g), Nb (<0.5 μg/g), and Th
(<0.5 μg/g). Additionally, low concentrations of Sr
(23–67 μg/g; mean value is 32 μg/g) and Ba (<7.4 μg/g)
are reported.

Dolomites are characterized by relatively low concen-
trations of rare-earth elements (ΣREE = 3.3–7.9 μg/g;
mean value is 4.5 μg/g), ΣLREE = 0.8–5.0 μg/g,
ΣHREE = 0.1–0.5 μg/g, and flat distribution with an
insignificant enrichment in LREE (PrSN/YbSN = 1.2–
2.7; mean value is 1.7) (Fig. 4). They contain no
marked Ce anomalies (Ce/Ce* = 0.8–0.9) and
demonstrate positive anomalies of Eu (Eu/Eu* =
0.95–1.65; mean value is 1.3) and La (La/La* = 1.1–
2.1; mean value is 1.6). The Y/Ho ratio in dolomites
(38 on average) is higher than the chondrite one (32)
and PAAS (27) (Condie, 1993).

The values of δ13C in the Ignateevo Formation
dolomites vary from +0.3 to +0.9‰ PDB, while those
of δ18O vary from –13 to –9.2‰ PDB (Table 7). The
87Sr/86Sr ratio in the Ignateevo Formation dolomites is
within the range of 0.71014–0.71951 (Table 7).
STRATIGRAPHY AND G
Calc-Silicate Rocks

Calc-silicate rocks are distinct in different degrees
of silicification and, hence, broad variations in com-
positions: 13–63 wt % SiO2, up to 6 wt % Al2O3, 11–
18 wt % MgO, and 16–33 wt % CaO (Table 6). They
demonstrate low contents of the other petrogenic
oxides, such as K2O, Na2O, TiO2, MnO, and Fe2O3tot.
There is no correlation between the SiO2 and Al2O3
concentrations. Obviously, calc-silicate rocks having
higher Al2O3 contents (>3 wt %) are enriched in detri-
tal material.

Calc-silicate rocks having low Al2O3 contents (with-
out enrichment in detrital material) show even lower
concentrations of lithophile elements in comparison
with dolomites (Table 6): Rb (<2 μg/g), Cs (<0.1 μg/g),
Sc (0.3 μg/g), Zr (8 μg/g), Nb (<0.5 μg/g), and Th
(<0.1 μg/g). In addition, they have very low contents of
Sr (13 μg/g) and Ba (<3 μg/g) (Table 6).

Calc-silicate rocks are characterized by low REE
concentrations (ΣREE = 1.8 μg/g, ΣLREE = 0.8 μg/g,
ΣHREE = 0.12 μg/g) and flat REE distribution with an
insignificant enrichment in HREE (PrSN/YbSN = 0.9)
(Fig. 4). They show no Ce anomaly (Ce/Ce* = 0.8),
but exhibit a positive Eu anomaly (Eu/Eu* = 1.4).
The Y/Ho ratio (32.7 on average) is close to the
chondrite one.

The values of δ13C and δ18O in calc-silicate rocks
are very low, reaching –5.3 and –15.6‰ PDB,
respectively (Table 7).
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Table 7. Isotope-geochemical composition of dolomites and calc-silicate rocks of the Ignateevo Formation

Sample no. Mn, μg/g Fe,
μg/g

Sr,
μg/g

δ13Cdol,
‰ PDB

δ18Odol,
‰ PDB

87Sr/86Sr

Dolomites, Ignateevo Formation, Kursk block
3759/513 5200 21200 21 0.9 –10.1 0.71014
3785/386 4600 22300 56 0.5 –11.3 0.71244
3785/387 4110 22700 38 0.6 –11.3 –
3767/504.5 4700 22500 30 0.3 –11.4 0.71236
3759/511 4600 26400 30 0.3 –11.6 0.71306
3767/403.4 3400 4800 21 0.8 –13.0 0.71951

Calc-silicate rocks, Ignateevo Formation, Kursk block
3759/510 2800 16600 15 –5.3 –15.6 –
SEDIMENTATION CONDITIONS 
OF THE IGNATEEVO FORMATION 

CARBONATE DEPOSITS

The geochemical characteristics of carbonate
deposits are important criteria for reconstructing sed-
imentation conditions. The distributions of many ele-
ments in carbonate rocks are controlled by the dis-
tance to the continent and also by the depths and tec-
tonic settings of sedimentation basins. When assessing
the degree of post-diagenetic and metamorphic alter-
ation of carbonate rocks and in order to use them for
the purposes of isotope chemostratigraphy, geochem-
ical criteria are applied, namely, the Mg/Ca, Fe/Sr,
and Mn/Sr ratios (Veizer et al., 1990, 1992; Kuznetsov
et al., 2003, 2018; Melezhik et al., 2006, 2014, 2015;
Gorokhov et al., 2016). This is due to the fact that
recrystallization of carbonate rocks usually leads to
enrichment in Mn and Fe, but depletion in Sr. The
Mn and Fe concentrations in dolomite marbles of the
Ignateevo Formation are very high (3400–5200 and
4800–26 400 μg/g, respectively), while Sr has low
concentration (21–56 μg/g). Precambrian dolomites
having these parameters imply epigenetic recrystalliza-
tion accompanied by disturbance of the initial Rb–Sr
isotope system; therefore, the broad variations of the
87Sr/86Sr ratio in dolomite marbles of the Ignateevo
Formation (0.71014–0.71951) do not reflect the true
Sr-isotope characteristic of the paleoocean.

Rocks of the Ignateevo Formation were subjected
to metamorphism ca. 2.07 Ga (Savko et al., 2018).
This event largely changed the initial isotope-geo-
chemical characteristic of rocks. However, some geo-
chemical signatures give us a clue to understanding of
sedimentation conditions for the carbonate deposits of
the studied formation. For example, analysis of REE
distribution, which remains unchanged after diagene-
sis and recrystallization of carbonates, is a useful tool
(Banner, 1995; Zhong and Mucci, 1995; Kamber and
Webb, 2001; Van Kranendonk et al., 2003; Bau and
Alexander, 2006; Allwood et al., 2010; Tang et al.,
2016; Franchi, 2018).
STRATIGRAPHY AND GEOLOGICAL CORRELATION 
Dolomitization of primary carbonates of the Igna-
teevo Formation sediments occurred at the stage of
early diagenesis, analogous to many Archean and
Paleoproterozoic sedimentary limestones in the
Kaapvaal (Beukes, 1987) and Pilbara cratons (Veizer
et al., 1990) and in Fennoscandia (Kuznetsov et al.,
2010). Despite the obvious difference in chemical
composition of the ocean waters in the Archean and
Paleoproterozoic (Knauth, 1979; Hesse, 1989), cal-
careous sediments with a high Sr content (over 500–
1500 μg/g) were predominant in the Precambrian
paleooceans (Veizer et al., 1990; Gorokhov et al.,
1998; Frauenstein et al., 2009; Kuznetsov et al., 2018,
2019). Ancient dolomites could have precipitated in
shallow lagoons from very saline waters, and the Sr
content in them could have reached 250–550 μg/g
(Tucker and Wright, 1990; Warren, 2000; Kuznetsov
et al., 2010). The Ignateevo Formation dolomites are
characterized by mean Sr contents of 32 μg/g, which
could have been caused either by very low Sr content
in seawater or by loss of Sr under diagenesis/metamor-
phism. We think that depletion in Sr occurred as a
result of dolomitization of carbonate sediments during
diagenesis, as was described in many publications
(Beukes, 1987; Bau and Alexander, 2006; Frauenstein
et al., 2009; Kuznetsov et al., 2010). These conditions
are characteristic of internal regions of platforms where
reduced inflow of sea waters led to the formation of Mg-
enriched solutions and complete dolomitization of car-
bonate deposits of the Ignateevo Formation.

Silicification, which is typical of dolomite sedi-
ments of the Ignateevo Formation, is a usual feature of
Early Precambrian carbonate deposits, because sea
waters at the end of the Neoarchean were oversatu-
rated with silica and undersaturated with carbonate
ions (Knauth, 1979; Hesse, 1989). Silicification
during early diagenesis was related to the interaction of
sea and meteoric waters in coastal sediments, espe-
cially under the conditions of higher porosity,
increased salinity, reduced pH, and growth of fCO2
(Knauth, 1979; Maliva and Siever, 1989). Replace-
 Vol. 28  No. 4  2020
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ment of carbonates with silica could also have been
caused by microbiological activity, through its influ-
ence on solubility of carbonates at the reduction in pH
and silica precipitation (Hesse, 1989). These condi-
tions took place in the carbonate platform of the
Kaapvaal craton during silicification of Malmani
dolomites at 2.6–2.5 Ga (Eroglu et al., 2017). Similar
favorable conditions probably developed in the Igna-
teevo dolomite paleobasin during formation of its
calc-silicate rocks. These conditions existed until
accumulation of terrigenous deposits of the Stoilo
Formation and ferruginous quartzites of the Korobki
Formation. (Figs. 1c, 2).

The REE distribution in the Ignateevo Formation
dolomites exhibits a significant similarity to that in
carbonate rocks typical of Archean oceans: absence of
Ce anomaly, positive La anomaly, and higher, com-
pared to chondrite, Y/Ho ratio (Bau and Dulski, 1996;
Kamber and Webb, 2001; Allwood et al., 2010).

The Ce anomaly is used for assessing the relative
behavior of Ce, taking into account adjacent LREE,
and is determined by the relation Ce = Ce/Ce*, where
the Ce* value is obtained by linear interpolation
between La and Nd values normalized to PAAS
(Zhang et al., 2017). Ce is the only rare earth element
that can be oxidized in natural environments; hence, it
is sensitive to changes in seawater redox potential
(Kamber and Webb, 2001). The absence of Ce anoma-
lies is considered as evidence for carbonate precipitation
from oxygen-less waters of Archean oceans (Kamber
and Webb, 2001; van Kranendonk et al., 2003).

The Eu anomaly is determined by the relation Eu =
Eu/Eu*, where the Eu* value is obtained by linear
interpolation between the Sm and Tb values normal-
ized to PAAS (Zhang et al., 2017). A positive Eu
anomaly observed in Archean marine sediments is a
direct indication that oceans did not contain oxygen
and were drained by bottom high-temperature hydro-
thermal solutions (in deep basins) that were REE
sources (Derry and Jacobsen, 1990; Bau and Dulski,
1999; Kamber and Webb, 2001). On the other hand,
dolomites of the Transvaal Supergroup show that pos-
itive Eu anomalies (1.28 on average) can be considered
as signs of epigenetic alteration of carbonate rocks due
to metasomatic effect of f luids (Franchi, 2018).

The Y/Ho ratio is used as an indicator of circula-
tion of hydrothermal solutions in a sedimentation
basin and as that of REE fractionation (Nozaki et al.,
1997; Bau and Dulski, 1999; Franchi et al., 2015,
2017). The study of Paleoproterozoic marine sedi-
ments showed that intense hydrothermal supply is
characterized by the chondrite Y/Ho ratio, whereas
the Y/Ho ratio in surface waters and associated marine
sediments is superchondrite, which is the same as in
modern seawater (Bau and Dulski, 1999; Franchi
et al., 2017, and references therein). Thus, given a
higher Y/Ho ratio (38 on average) reported in the Ign-
ateevo Formation dolomites, we think there was no
STRATIGRAPHY AND G
intense hydrothermal inflow. The observed positive
Eu anomaly reported in the Ignateevo Formation
dolomites is related to metamorphic recrystallization
under the conditions of epidote-amphibolite facies.

Very low concentrations of TiO2, Al2O3, Na2O,
K2O, Zr, Sc, and Th in the Ignateevo Formation dolo-
mites indicate the absence of significant input of sili-
coclastic material to the sedimentation paleobasin.
Interestingly, calc-silicate rocks (silicified dolomites)
at SiO2 concentrations of 57–63 wt % contain as little
as 0.07 wt % of Al2O3 and negligible amounts of litho-
phile elements, which also suggests reduced input of
silicoclastic material (Table 6).

Neoarchean sea waters were usually characterized
by the δ18O values of about –8‰ PDB (Veizer et al.,
1990, 1992). The δ18O values in the Ignateevo Forma-
tion dolomites (from –13.0 to –10.1‰ PDB) are
slightly less than this (Table 7, Fig. 5), probably indi-
cating the interaction with hydrothermal fluids during
the early diagenesis under dolomitization and silicifica-
tion. The observed decrease in δ18O values by 2‰ in the
Ignateevo Formation dolomites could have occurred
during the interaction of diagenetic dolomites with
meteoric and deep waters.

The values of δ13C in the Ignateevo Formation dolo-
mites vary within a narrow range from 0.3 to 0.9‰
PDB (Table 7, Fig. 5), falling within the domain of typ-
ical Neoarchean and Early Paleoproterozoic marine
carbonates (Veizer et al., 1990, 1992; Bekker, 2001;
Frauenstein et al., 2009; Kuznetsov et al., 2010).

Thus, at the end of the Archean, a sedimentary
basin was initiated in Eastern Sarmatia on the craton
that consolidated at 2.8 Ga (Savko et al., 2018), and
accumulation of terrigenous and chemogenic sedi-
ments began there. Accumulation of coarse deposits of
the Ignateevo Formation in the Mikhailovka synform
and their abrupt change through gravelites and sand-
stones to carbonates indicate a rapid transgression that
began in the western part of Eastern Sarmatia (Savko
et al., 2017). The Ignateevo Formation dolomites
formed under the shallow shelf conditions, with a
reduced water exchange and anoxia, without signifi-
cant terrigenous inflow.

CORRELATION OF THE IGNATEEVO 
FORMATION DOLOMITES AND CARBONATE 

DEPOSITS OF THE KAAPVAAL
AND PILBARA CRATONS

The geological histories of the Kaapvaal, Pilbara,
and Eastern Sarmatia cratons at the Archean–Paleop-
roterozoic boundary demonstrate many similarities;
in this respect, it was supposed that, in the period of
2.8–2.2 Ga, Eastern Sarmatia was a part of the Vaal-
bara supercraton (Savko et al., 2017). In order to sup-
port (or reject) this hypothesis, we attempted to cor-
relate carbonate deposits from these three cratons
EOLOGICAL CORRELATION  Vol. 28  No. 4  2020
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according to their positions in sections, geochemical
characteristics, and sedimentation conditions.

The best known Campbellrand–Malmani carbon-
ate series is located within the limits of the Kaapvaal
craton and occurs in the lower part of the Transvaal
Supergroup; it accumulated at ~2.58–2.52 Ga
(Sumner and Beukes, 2006). The Campbellrand–
Malmani Platform is composed of dolomite stromato-
lites having different degrees of silicification, formed
in shallow marine conditions. The Campbellrand series
dolomites are underlain by sandy-carbonate deposits of
the Schmidtsdrif Subgroup (Schröder et al., 2006) that
unconformably superimpose metabasites of the Ven-
tersdorp Supergroup (Fig. 6). Dolomites of the Mal-
mani Dolomite occur on quartzites of the Black Reef
Formation, which, in turn, unconformably occur on
metabasites of the Ventersdorp Supergroup (Fig. 6).
The Campbellrand–Malmani carbonate platform is
unconformably superimposed by siliceous shales of
the Klein Naute Formation and by thick ferriferous
quartzites of the Kuruman and Penge formations with
age of 2460 ± 5 Ma (Schröder et al., 2006). The
appearance of shales and ferriferous quartzites reflects
deepening of the basin in the Early Paleoproterozoic.

In addition, the Hamersley Basin (Pilbara craton)
also hosts the Wittenoom–Carawine carbonate plat-
form with age of 2.6–2.5 Ga (Jahn and Simonson,
1995; Nelson et al., 1999). The main lithologic differ-
ence between Wittenoom and Carawine dolomites is
that the latter contain stromatolites, whereas they have
not been found in the Wittenoom Dolomite (Simon-
son et al., 1993). The upper terrigenous part of the
Wittenoom Dolomite comprises the Bee Gorge Mem-
ber, above which the carboniferous shales of the
Mount McRae Shale occur (Fig. 5). The Wittenoom
Dolomite occur directly on metabasites of the Fortes-
cue Group (2765–2687 Ma; Arndt et al., 1991). The
Carawine Dolomite is underlain by the ferriferous
Marra Mamba Iron Formation with age of 2597 ± 5 Ma
(Simonson et al., 1993), occurring on metabasites of
the Fortescue Group.

The existing correlations between the Kaapvaal and
Pilbara cratons begin from 2.77 Ga and are based on
paleomagnetic data and similarities between volcano-
genic sections of the Fortescue and Ventersdorp
groups (de Kock et al., 2009). Correlation of the sec-
tions and lithostratigraphic and paleogeographic
reconstructions suggest that deposits in the lower part
of the Transvaal Supergroup (namely, dolomites of the
Campbellrand–Malmani Platform, Kuruman and
Penge BIFs) and those of the Hamersley Supergroup
(corresponding to the Wittenoom–Carawine carbon-
ate platform and Brockman Iron Formation) formed
in the united large partially closed oceanic basin in the
margin of the ancient Vaalbara supercontinent (Beu-
kes and Gutzmer, 2008).

The lower age limit of the Archean sedimentary
sequence in Eastern Sarmatia is determined by the age
STRATIGRAPHY AND GEOLOGICAL CORRELATION 
of rhyolites comprising the Lebedinskaya Formation in
the Tim-Yastrebovka structure, namely, 2610 ± 10 Ma
(Savko et al., 2019). In the Mikhailovka structure, rocks
of the Ignateevo Formation superimpose several com-
plexes: metabasites of the Mikhailovka series (2.8–
2.6 Ga in age), tonalite-trondhjemite gneisses of the
Saltykovo complex (about 3 Ga), and gneiss-migma-
tites of the Oboyan complex (>3.2 Ga) (Figs. 1c, 2).
The Neoarchean sedimentary sequence begins with
polymictic conglomerates that change to metagravelites
and metasandstones comformably superimposed by the
Ignateevo Formation dolomites (Figs. 1c, 2). The Igna-
teevo Formation dolomites are in turn conformably
overlain by terrigenous rocks of the Stoilo Formation
represented by quartzite-like metasandstones and
shales, sometimes carboniferous (Fig. 6). The Stoilo
Formation is conformably overlain by the thick
sequence of the Korobki BIF, whose structure coincides
with that of the Kuruman BIF (Kaapvaal craton) and
Brockman Iron Formation (Hamersley basin) up to the
fine details (Savko et al., 2017).

Thus, we see the clear similarity between the sedi-
mentary sections of the Kaapvaal, Pilbara, and East-
ern Sarmatia cratons in the period of 2.6–2.4 Ga. Sed-
imentary sequences unconformably rest on Neoar-
chean metabasites of the Ventersdorp, Fortescue, and
Mikhailovka series, respectively (Fig. 6). The sedi-
mentary sequences of these three cratons begin with
terrigenous deposits overlain by carbonate rocks
(Campbellrand–Malmani and Wittenoom–Carawine
platforms and Ignateevo Formation, respectively).
The only exception is the Marra Mamba Iron Forma-
tion that divides terrigenous deposits of the Jeerinah
Formation and Wittenoom carbonates in the Pilbara
craton. Up the section, carbonate platforms of all cra-
tons are superimposed by terrigenous siliceous and
carboniferous rocks (Klein Naute Formation in the
Kaapvaal craton, Bee Gorge Member and Mount
McRae Shale in the Pilbara craton, and Stoilo Forma-
tion in Eastern Sarmatia). Finally, the sections of all
cratons end with thick sequences of chemogenic ferrif-
erous quartzites (Kuruman and Penge BIFs in the
Kaapvaal craton, Brockman Iron Formation in the Pil-
bara craton, and Korobki BIF in Eastern Sarmatia).

Despite the tectonic proximity of the continental
blocks of Sarmatia and Fennoscandia in the modern
basement structure of the East European Platform,
Early Precambrian terrigenous-carbonate sequences
of the Kursk Block and the Ukrainian Shield differ
from the coeval terrigenous-volcanogenic-carbonate
sequence of the Baltic Shield. The Fennoscandian
sections demonstrate no presence of ferriferous
quartzites (Savko et al., 2017), while the age of car-
bonate sediments is younger than that of carbonate
sediments of Sarmatia (Ovchinnikova et al., 2007;
Kuznetsov et al., 2010, 2019).

Comparing further, we should note the similarity
between epigenetic and metamorphic history of rocks
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Fig. 5. Comparison between isotope-geochemical compositions of the Ignateevo Formation dolomites and Archean–Paleopro-
terozoic marine dolomites (Veizer et al., 1990; 1992; Kuznetsov et al., 2003, 2010, 2018). Blue domain corresponds to the zone
of the least altered marine dolomites. Arrows mark the direction of epigenetic recrystallization. Legend: (1) dolomites, Ignateevo
Formation, Kursk Block (present work); (2) Wittenoom Dolomite, Pilbara craton, Australia; (3) Carawine Dolomite, Pilbara
craton, Australia; (4) Malmani Dolomite, Transvaal craton, South Africa. 
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in Eastern Sarmatia and those in the Kaapvaal and
Pilbara cratons. Supracrustal sequences of Eastern
Sarmatia underwent metamorphism and intense fold-
ing at 2.07 Ga. Carbonates of the Campbellrand–
Malmani Platform also underwent thermal influence
during the intrusion of the Bushveld igneous complex
at 2.06 Ga. Despite this, dolomite structures are quite
STRATIGRAPHY AND G
well-preserved, so that lithologic facies (tidal, shelf,
lagoonal, and slope) can be distinguished, as well as
stromatolite units (Sumner and Beukes, 2006).

Carbonate rocks of all three cratons are character-
ized by silicification and dolomitization, contain small
amounts of silicoclastic material, and have low Sr con-
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Fig. 6. Correlation scheme for the Neoarchean and Early Paleoproterozoic units from the Vaalbara basins, after (Beukes and
Gutzmer, 2008; Nelson, 1999), and the Mikhailovka structure, Kursk Block of Sarmatia, after (Savko, 2017) with additions. Leg-
end: (1) metabasites, (2) shales, (3) ferriferous quartzites, (4) carbonate rocks, (5) metaconglomerates, (6) terrigenous rocks.
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centrations (Beukes, 1987; Veizer et al., 1990, 1992;
Eroglu et al., 2015, 2017). Mean Sr contents are as fol-
lows: 18 μg/g in the Wittenoom Dolomite, 24 μg/g in
the Carawine Dolomite, 27 μg/g in the Malmani
Dolomite, and 31 μg/g in the Ignateevo Formation
(Fig. 5). Dolomites of all three carbonate platforms
are enriched in iron and manganese.

Dolomites of the Campbellrand–Malmani Plat-
form, as well as carbonates of the Ignateevo Formation,
revealed the REE distribution characteristic of Neoar-
chean paleooceans: low total concentrations, flat pro-
files on spider diagrams, positive La anomalies, absence
of Ce anomaly, and Y/Ho ratios higher than the chon-
drite value (Bau and Dulski, 1996; Kamber and Webb,
2014; Eroglu et al., 2017; Franchi, 2018). Positive Eu
anomalies can be noted in some specimens.
STRATIGRAPHY AND GEOLOGICAL CORRELATION 
The values of δ13C in the Ignateevo Formation
dolomites and in the Wittenoom Dolomite fall within
the range of 0.3–0.9‰ PDB (Fig. 5). The values of
δ13C in the Carawine and Malmani dolomites have
close values, from –0.3 to 0.5‰ PDB and from –1.4
to 0.4‰ PDB, respectively. The 87Sr/86Sr ratio in the
Ignateevo Formation dolomites (0.7101–0.7195) is
close to that in the Malmani Dolomite (0.7093–
0.7251), but higher than that in limestones of the
Campbellrand Subgroup (0.7023–0.7050), in Witte-
noom Dolomite (0.7067–0.7143), and in Carawine
Dolomite (0.7037–0.7151) (Fig. 5). The minimum
87Sr/86Sr values of 0.7037 in the Carawine Dolomite
(Veizer et al., 1990) and 0.7023–0.7038 in limestones
of the Campbellrand Subgroup (Kamber and Webb,
2001) are characteristic of the Archean–Early Paleop-
 Vol. 28  No. 4  2020
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roterozoic oceans (Kuznetsov et al., 2018). These values
indicate the predominance of mantle Sr in oceans of
that time and the absence of mature continental crust.

Thus, given the similarities between the sections of
three cratons and close isotope-geochemical charac-
teristics of carbonate rocks, we can assume that the
respective sediments deposited in a united vast period-
ically shallowed oceanic basin. Most of the dolomites
of the Campbellrand–Malmani Platform are of early
diagenetic origin and formed as a result of dolomitiza-
tion of limestones (Beukes, 1987). The least altered
limestones were preserved in the margin of the Camp-
bellrand carbonate platform, where circulation of oce-
anic waters was the most intense (Kamber and Webb,
2001). In the inner zones, where the Malmani Dolo-
mite deposited, water circulation was less intense and
water exchange with an open oceanic basin was less
effective. This led to accumulation of Mg-rich solu-
tions and dolomitization of carbonate deposits of the
platform. It is this inner zone of the carbonate plat-
form where the most widespread silicification took
place. Rocks of the Malmani Dolomite were com-
pletely dolomitized and partially silicified (SiO2 con-
tent is up to 86.7 wt %; Eroglu et al., 2015). Thus, in
terms of geochemical characteristics, dolomites and
calc-silicate rocks (intensely silicified dolomites) of
the Ignateevo Formation are close to shallow marine
dolomites of the Campbellrand–Malmani Platform.
Probably, dolomites of the Ignateevo Formation and,
to some degree, those of the Campbellrand–Malmani
Platform formed in the most isolated part of the
paleobasin, and this favored their complete dolomiti-
zation. Dolomites of the Wittenoom–Carawine Plat-
form likely occurred at the periphery of the basin
where better ocean water circulation took place, as a
result of which partial dolomitization occurred and the
initial stromatolitic limestones, whose analogs are
absent in Eastern Sarmatia, were preserved.

CONCLUSIONS
The section of metasedimentary deposits of the

Kursk Block, Eastern Sarmatia, has the terrigenous-
carbonate deposits of the Ignateevo Formation at its
bottom and includes BIFs characteristic of the Neoar-
chean and Paleoproterozoic. The Ignateevo Formation
unconformably rests on Archean metabasites and on
tonalite-trondhjemite and migmatite-gneissic com-
plexes. The lower part of the Ignateevo Formation
(110–680 m thick) is composed of polymictic conglom-
erates, gravelites, and sandstones, while the upper part
is represented by dolomites up to 160 m thick. The Ign-
ateevo Formation dolomites are overlain by terrigenous
rocks of the Stoilo Formation, which in turn are super-
imposed by thick (more than 1 km) Korobki BIF.

The REE distribution in dolomites is characteristic
of sediments in Neoarchean oceans: low total REE
contents, f lat profiles on spider diagrams, positive La
anomalies, absence of Ce anomaly, and Y/Ho ratios
STRATIGRAPHY AND G
higher than the chondrite value. The values of δ13C
(from 0.3 to 0.9‰ PDB) and δ18O (from –10.1 to
‒13.0‰ PDB) fall within the narrow range character-
istic of typical marine Neoarchean and Early Protero-
zoic carbonates. High values of the 87Sr/86Sr ratio
(0.71014–0.71951) indicate recrystallization of dolo-
mites and disturbance of their initial Rb–Sr isotope
system, most likely as a result of metamorphism that
occurred at 2.07 Ga. Very low concentrations of TiO2,
Al2O3, Na2O, K2O, Zr, Sc, and Th in dolomites sug-
gest a minimal input of terrigenous material to the sed-
imentary paleobasin.

Dolomites of the Ignateevo Formation formed
under the conditions of a shallow shelf in the passive
continental margin, where reduced inflow of ocean
water took place, providing the formation of Mg-rich
solutions and early diagenetic dolomitization.

The similarity between sedimentary sequences of
the Kaapvaal, Pilbara, and Eastern Sarmatia cratons
for the period of 2.6–2.4 Ga, close isotope-geochem-
ical characteristics of dolomites in carbonate plat-
forms, and early diagenetic dolomitization and silicifi-
cation are additional arguments for the common his-
tory of these units as parts of the united Vaalbara
supercontinent.
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