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Abstract—Wide variations of 87Sr/86Sr (0.70825‒0.70924) have been established at the Porozhinsk deposit in
manganese ores and carbonates ascribed to the Pod’’emsk Formation. These data, together with variations in
the carbon (δ13C = –14.6…2.0‰, PDB) and oxygen (δ18О = 19.4…28.3‰, SMOW) isotope composition
indicate different conditions of the formation of the studied rocks. The 87Sr/86Sr values in the studied dolo-
mites of the Porozhinsk deposit are much higher than those of carbonate rocks (dolomites, limestones) of the
Pod’’emsk Formation from the Chapa River section. The position of the 87Sr/86Sr values of dolomites from
the Porozhinsk deposit on the secular 87Sr/86Sr variation curve for Late Proterozoic ocean (Kuznetsov et al.,
2014) suggests that the carbonate rocks attributed to the Pod’’emsk Formation at the Porozhinsk deposit have
younger age than carbonates of the Pod’’emsk Formation from the Chapa River section. The Mn/Sr values
usually taken as a criterion for the degree of secondary alteration of carbonates (in interpreting 87Sr/86Sr vari-
ations and discussing the suitability of the material for chemostratigraphic constructions) are not suitable for
rocks formed in manganese ore sedimentation basins.

Keywords: manganese deposit, manganese ores, isotope geochemistry, strontium, dolomites, Neoprotero-
zoic, Yenisei Ridge
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INTRODUCTION
The Porozhinsk manganese deposit is located in

the southern Turukhansk area of the Krasnoyarsk
region, in the northwestern Yenisei Ridge, 650 km
north of Krasnoyarsk (Fig. 1). This deposit is one of
the Russia’s largest manganese deposits. Its total
reserves are 29.46 Mt (Gosudarstvennyi …, 2019). It is
restricted to the Vorogovka trough, which was initiated
in the Neoproterozoic (Mstislavsky and Potkonen,
1990; Sovetov and Le Heron, 2016; Vishnevskaya
et al., 2017).

The aureoles of manganese mineralization within
the Vorogovka trough were discovered in 1974. During
the prospecting for manganese (1976‒1982) and pre-
liminary exploration in 1982‒1984, several project
sectors were distinguished, including the Mokhovoi
and Porozhinsk sectors. As has been already men-
tioned (Kuleshov, 2018; Kuleshov et al., 2021), an
enormous amount of factual material has been accu-
mulated on the geology, mineralogy, and geochemis-
try of manganese ores of the deposit. At the same time,
some features of rocks of the Porozhinsk deposit,
which are important for the interpretation of timing

and conditions of its formation, have been insuffi-
ciently studied. In particular, the strontium isotope
study (87Sr/86Sr) of this deposit has not been carried
out yet.

This work reports new data on strontium isotope
composition of manganese carbonates from karst
depressions and host dolomites, which are ascribed at
the Porozhinsk and Mokhovoi sectors to the
Pod’’emsk Formation of the Upper Neoproterozoic
Chapa Group of the Vorogovka Trough. The 87Sr/86Sr
distribution in combination with carbon (δ13C) and
oxygen (δ18О) isotope data and abundance of some
chemical components (Rb, Sr, Mg/Cа, SiO2, Fe3O4,
and others) made it possible to decipher the genesis of
rocks and ores of the considered deposit and to
roughly estimate their age and age of the ore-bearing
carbonate sequence.

GENERAL GEOLOGY
The geological structure of the Porozhinsk deposit

in general was well studied. The detailed prospecting
and exploration of manganese ore lodes with calcula-
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Fig. 1. Schematic geological map of the Mokhovoi and Porozhinsk ore sectors (modified after (Gorshkov, 1994). (1) Rocks of
the weathering crust; (2) volcanosedimentary rocks of the Pod”emsk Formation; (3) carbonate rocks of the Sukhorechensk For-
mation; (4) schists of the Uderei Formation; (5) ultramafic rocks; (6–8) ore fields: (6) manganese oxide, (7) manganese carbon-
ates, (8) silicate and nickel ores in weathered ultramafics; (9) faults; (10) exploration profiles; (11) position of prospecting hole 2p.
Inset shows the location of the Porozhinsk manganese deposit (black box, out of scale). Numerals in the inset: (1) Tomsk district,
(2) Kemerovo district, (3) Khakassia Republic, (4) Irkutsk district.
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tion of reserves and substantiations of technical-eco-
nomic cut-off grade (Porozhinsk prospecting team,
SC PGO “Krasnoyarskgeologiya” (1978–1990);
MPC “Pluton” (1995‒1998) were carried out to pre-
pare this deposit for mining.

The results of prospecting works and studies at the
Porozhinsk deposit have been reported in unpublished
reports and several publications (Mkrtych’yan et al.,
1980; Golovko and Nasedkina, 1982; Golovko et al.,
1982; Ustalov, 1982; Mstislavsky and Potkonen, 1990;
Tsykin and Sviridov, 1993, 2012; Gorshkov, 1994;
Kuleshov, 2018; Kuleshov et al., 2021а, and others).
For this reason, the general characteristics of the
deposit as well as geological position of rocks and ores
developed here are briefly reviewed.

The Porozhinsk deposit is confined to the
Porozhinsk syncline, which complicates the structure
of the Mikheev depression in the Vorogovka trough.
The oldest rocks in the deposit area are referred to the
Lower Proterozoic and divided into three formations:
Porozhinsk (two-mica garnet plagiogneisses, garnet
amphibolites, calciphyres, and quartzites), Karpinsky
Ridge (gneisses, quartzites, quartz‒garnet‒two-mica
schists, marbles, and amphibolites), and Pechenga
(crystalline schists, quartzites, and marbles) forma-
tions (Tsykin and Sviridov, 2012). They are uncon-
formably overlain by rocks ascribed to the
Lower‒Middle Riphean Sukhopit Group made up of
crystalline schists of diverse composition, quartzites,
and marbles. All these rocks compose the structural
basement of the Vorogovka trough and easterly areas
of the Chapa‒Teya trough, northern Yenisei Ridge,
which are made up of Late Neoproterozoic com-
plexes.

Within the Vorogovka trough, the upper parts of
the Neoproterozoic section consist of the Vorogovka
Group and overlying carbonate sequence. The Voro-
govka Group is subdivided into the Severorechensk,
Mutninsk, and Sukhorechensk formations, made up
of variable proportions of terrigenous and carbonate
rocks (Kirichenko, 1965; Sovetov and Blagovidov,
1996; Khomentovsky, 2015; Vishnevskaya et al., 2017;
Kuznetsov et al., 2017). Their stratigraphic counter-
parts in the southwestern Chapa‒Teya trough are the
Chingasan Group subdivided into the Lopatin, Kar’er
(Vandadak), and Chivida formations consisting
mainly of terrigenous clastic and clayey rocks
(Semikhatov, 1962; Khomentovsky et al., 1972; Nozh-
kin et al., 2007; Khomentovsky, 2015, Shatsillo et al.,
2015; Kuznetsov et al., 2018; Priyatkina et al., 2016).
The Late Neoproterozoic rocks developed in the
northeastern parts of the Chapa‒Teya trough are
referred to the Chapa Group, which occupies the
higher stratigraphic position relative to the Chingasan
Group (Semikhatov, 1962, Khomentovsky, 2015, Pri-
yatkina et al., 2016). The Chapa Group is usually sub-
divided into the Suvorovsk Formation (consisting of
conglomerates that are locally developed and likely
LITHOLOGY AND MINERAL RESOURCES  Vol. 57  N
filling the erosion pockets), essentially carbonate
Pod’’emsk Formation, and overlying Nemchan For-
mation consisting of red-colored terrigenous rocks
(Sovetov, 1977; Sovetov and Blagovidov, 2004; Kho-
mentovsky, 2015). By analogy with the generally
accepted summary section of the Chapa‒Teya trough,
the upper units (mainly carbonates) of the Neopro-
terozoic sequence in the Vorogovka trough are also
distinguished as the Pod’’emsk Formation. As in the
Chapa–Teya trough, the Neoproterozoic rocks in the
Vorogovka trough are overlain by the Lower Cambrian
Lebyazhino Formation (Ustalov, 1982; Khomenot-
vsky, 2015; Priyatkina et al., 2016; Vishnevskaya et al.,
2017; Kuznetsov et al., 2017).

In the Vorogovka trough, including the Porozhinsk
deposit (central part of the Vorogovka trough), the
carbonate rocks ascribed to the Pod’’emsk Formation
are manganese-bearing. The carbonate sequence is
subdivided into the lower and upper subformations.
The lower subformation is well persistent in composi-
tion and thickness. It is mainly composed of dolomites
intercalated with mudstones and limestones near the
roof. Total thickness of the formation is 360–400 m.
The rocks ascribed to the Upper Pod’’emsk subforma-
tion at the Porozhinsk deposit have the elevated man-
ganese content and contain (up to the predominance)
tuffaceous and tuffaceous‒siliceous rocks (Ustalov,
1982; Tsykin and Sviridov, 1993, 2012). This sequence
is subdivided into six units (Mn-bearing volcano-
genic‒terrigenous, tuffaceous silicitic, silty‒tuffa-
ceous silty, carbonate‒tuffaceous‒terrigenous,
silty‒sandy units with lenses of stromatolitic lime-
stones, and calcareous‒sandy unit) with the variable
inner structure (Tsykin and Sviridov, 1993, 2012). The
main productive Mn-bearing unit is the first (lower)
unit, which includes the stratiform rhodochrosite
tuffaceous siltstones, psammitic tuffs, and tuffites
with the average manganese content 8–10%, some-
times higher (Golovko et al., 1982). The tuffs contain
numerous dolomite‒rhodochrosite and rhodochro-
site nodules and fragments of the same composition,
which occasionally reach up to 20–60 vol % of clastic
material and are grouped into stratiform ore layers.

Slightly elevated manganese content was also
found in the upper units of the subformation, which
contain limestone horizons; separate limestone inter-
calations bear admixture of organic matter in form of
bitumens and coaly‒graphitic enclaves. Thickness of
the sequence ascribed to the upper Pod’’emsk subfor-
mation varies from 800 to 2100 m over the deposit.

Rocks of the upper Pod’’emsk subformation are
conformably overlain by the sequence of alternating
inequigranular mudstones, siltstones, and sandstones,
which is usually (Khomentovsky, 2015) correlated
with the Nemchan Formation of the Chapa Group in
the Chapa‒Teya trough. This group is ascribed to the
Lower Vendian (Pokrovsky et al., 2012) or upper parts
o. 5  2022



434 KULESHOV et al.
of the Upper Vendian (Ediacaran) (Priyatkina et al.,
2016).

The Phanerozoic sequences in the deposit area are
represented by the Lower Paleozoic, Mesozoic‒Early
Cenozoic rocks, and loose Quaternary deposits. The
Lower Paleozoic includes the faunally characterized
Lower Cambrian, mainly carbonate rocks of the Leb-
yazhino Formation. In the Vorogovka trough (as in
the Chapa‒Teya trough), this formation rests on the
rocks of the upper part of the Nemchan Formation. In
some other parts of the Yenisei Ridge (for instance,
upper reaches of the Vorogovka River), it lies on the
older rocks. The Lebyazhino Formation is dominated
by the dolomites, with scarce siltstone, mudstone, and
gypsum units (Ustalov, 1982; Tsykin and Sviridov,
1993, 2012).

The Mesozoic‒Early Cenozoic rocks were formed
in a continental setting and compose mainly areal and
linear weathering crusts (Mkrtych’yan et al., 1980;
Golovko and Nasedkina, 1982; Golovko et al., 1982;
Ustalov, 1982; Mstislavsky and Potkonen, 1990; Tsy-
kin and Sviridov, 1993, 2012; Gorshkov, 1994). In
many cases, these rocks fill cavities in karst depres-
sions developed in the carbonate rocks ascribed to the
Pod’’emsk Formation. There are also occasionally
preserved Middle‒Upper Jurassic, Lower Creta-
ceous, and Paleogene carbonaceous‒terrigenous and
terrigenous rocks, as well as their weathering products
(Tsykin et al., 1987).

The Porozhinsk deposit combines seven condi-
tionally outlined sectors (Kozhevensky, Mokhovoi,
Porozhinsk, Tsentral’nyi, Khrebtovyi, Severnyi, and
Mikheev‒Mutninsk) (Gorshkov, 1994; Tsykin and
Sviridov, 2012). The largest manganese reserves were
found in the Mokhovoi and Porozhinsk sectors (Gor-
shkov, 1994).

Primary manganese and manganese-bearing rocks
at the Porozhinsk deposit are confined to the sequence
ascribed to the upper subformation of the Upper Ven-
dian Pod’’emsk Formation. These are carbonate rocks
(manganese-bearing dolomites and others) with ele-
vated manganese content (MnO 6% or higher). Sec-
ondary (supergene, superimposed) manganese ores
are related to the Mesozoic‒Early Cenozoic weather-
ing crusts and are composed mainly of oxide ores, with
subordinate (up to 3%) manganese carbonates.

The superimposed carbonate manganization is
expressed in pseudomorphous metasomatic replace-
ment of dolomite by rhodochrosite and manganocal-
cite, as well as formation of rhodochrosite veinlets and
pockets. These processes are caused by the infiltration
of Mn-rich groundwaters through fractured cavernous
dolomites and by metasomatism of the latter with the
formation of supergene rhodochrosite and mangano-
calcite (Tsykin et al., 1987; Golovko et al., 1982; Tsy-
kin, 1984, 1992; Gorshkov, 1994; Tsykin and Sviridov,
2012).
LITHOLOGY 
Manganese ores in karst depressions compose a
series of subparallel stratal and lenticular horizontal
and inclined orebodies, which are complicated by
local salients and saggings. These stratal and lenticular
orebodies frequently contain barren “inclusions”
(“windows”). The orebodies are conformable to units
of clayey rocks of Mesozoic‒Cenozoic areal and lin-
ear weathering crusts (Gorshkov, 1994; Tsykin and
Sviridov, 2012).

The manganese rocks and ores of the Porozhinsk
deposit were formed under different conditions for a
long geological time, from Vendian to Cretaceous–
Paleogene. According to the widespread point of view
(Ustalov, 1982; Gorshkov, 1994; Tsykin and Sviridov,
1993, 2012, and others), manganese was initially accu-
mulated as carbonates (manganese-bearing dolomite,
rhodochrosite, manganocalcite, and manganosider-
ite), which are typical of the Upper Vendian section
(upper Pod’’emsk subformation). In the Cretaceous–
Paleogene, karst deposits developed mainly after rocks
ascribed to the upper Pod’’emsk subformation, which
served as manganese source for ores of the deposit.
Manganese is mainly accumulated as oxides (psilome-
lane, pyrolusite, vernadite, rancieite, birnessite, and
others) and manganite at depths more than 200 m).
The formation of secondary (supergene) manganese
carbonates (rhodochrosite, manganocalcite, kutno-
horite) is also widespread and repeatedly noted in the
Mesozoic‒Cenozoic (Golovko et al., 1982; Tsykin,
1984, 1992; Tsykin et al., 1987).

It should be noted that the bottom of the karst
depressions is usually composed of dolomites ascribed
to the lower Pod’’emsk subformation (Fig. 2), which
are frequently characterized by the elevated manga-
nese content and likely could serve as a manganese
source for orebodies in the karst depressions
(Kuleshov et al., 2021а).

Thus, manganese carbonates and host rocks of the
Porozhinsk deposit were formed under principally dif-
ferent conditions at different stages of formation:
marine conditions in the Late Vendian and continen-
tal conditions (related to the formation of karst
depressions) in the Late Mesozoic and Early Ceno-
zoic. This could affect the isotope (strontium, carbon,
and oxygen) systems of rocks and ores of the deposits.

MATERIALS AND ANALYTICAL METHODS
Material

The studied 16 samples, taken from collections of
several geologists and geological organizations, com-
prises carbonate and oxide manganese ores and host
dolomites. The material was mainly sampled from the
core of prospecting and exploration holes drilled in the
Porozhinsk and Mokhovoi sectors, as well as from
technological samples. The position of the studied
samples is assigned to the prospecting holes (core:
profile, hole number, and sampling depth), prospect-
AND MINERAL RESOURCES  Vol. 57  No. 5  2022
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Fig. 2. Geological section along profile 112 of the Mokhovoi sector of the Porozhinsk deposit (Gorshkov, 1994). (1–3) ores:
(1) oxide, (2) oxide–carbonate, (3) carbonate; (4) rubbly–clayey rocks (weathering crust); (5) siltstones, tuffaceous siltstones,
tuffstones; (6) silicites and phthanites; (7) dolomites; (8) sandy limestones; (9) position of boreholes.
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ing pits and trenches (prospecting profiles, stakes). We
were unable to correlate stratigraphically the studied
dolomites, but could estimate their relative position
(within section) based on the depth of the studied
samples.

Analytical Methods

The carbonate constituent (calcite, rhodochrosite,
dolomite) for the Sr isotope analysis was extracted by
dissolution in 1 N HCl. Prior to measurements, the
samples were subsequently washed in 0.1 N HCl and
in Milli-Q ultrapure water. The strontium isotope
composition, rubidium and strontium contents were
determined by the isotope dilution using mixed 87Rb
and 84Sr spikes. The Sr and Rb isotope compositions
were analyzed on a MAT-260 mass-spectrometer in
the Laboratory of Isotope Geochemistry and Geo-
chronology of the Geological Institute of RAS. The
87Sr/86Sr ratio was determined with an accuracy of
±0.00008. Error in 87Rb/86Sr determination was no
more than 1.5% and was controlled by the measure-
ment of ISG standard using technique (Vinogradov
and Chernyshev, 1987).

Carbonate samples and KH-2, С-О-1, and NBS-
19 standards for mass-spectrometric measurements
were decomposed in orthophosphoric acid (Н3РО4) at
50°С. The carbon and oxygen isotope compositions
were analyzed using a Thermoelectron system includ-
ing Delta V Advаntage mass-spectrometer coupled
with a Gas-Bench-II unit. The δ13С values are given in
per mille (‰) relative to the V-PDB standard; δ18О
values, in per mille relative to the V-SMOW standard.
The reproducibilities of δ18О and δ13C determinations
are within ±0.2‰ and ±0.1‰, respectively.
LITHOLOGY AND MINERAL RESOURCES  Vol. 57  N
ANALYTICAL DATA AND DISCUSSION

The obtained chemical and isotope compositions
(87Sr/86Sr, δ18О, δ13C) of the studied rocks and ores are
presented in Tables 1 and 2. Noteworthy is the wide
range of Sr isotope ratio (87Sr/86Sr from 0.70822 to
0.70924), as well as carbon (δ13C: –14.6…2.0‰,
PDB) and oxygen (δ18О = 9.4…28.3‰, SMOW) iso-
tope compositions. This indicates different conditions
of formation (and, likely, transformation) and differ-
ent sources of the studied rocks.

Carbon and oxygen isotope composition. The
obtained carbon and oxygen isotope data are shown in
Fig. 3. It is seen that the isotope characteristics of the
studied rocks correspond to diverse genetic types of
carbonates. The highest (δ13C ≈ –1…2‰) δ13C and
δ18О values correspond to dolomites formed in marine
environment (fields A and B). As expected, the man-
ganese carbonates have the lightest carbon isotope
composition (δ13C = –14.6…–9.5‰). This indicates
that they were formed with the assistance of oxidized
organic carbon both in initial sediments of the early
diagenetic zone (field C) and under exogenic (karst
depressions) conditions (Fig. 3, field D). All δ13C and
δ18О data on carbonates of the Porozhinsk deposit are
reported in (Kuleshov, 2018; Kuleshov et al., 2021a).

The δ18О values in dolomites show wide variations
(22.3…28.5‰), whereas their carbon isotope compo-
sition, in general, remains sufficiently stable (δ13C ≈
‒1…2‰) and corresponds to those of marine carbon-
ates (Degens, 1967, 1971].

In particular, the highest δ18О (27.6…28.5‰) are
typical of dolomites taken from the deepest (depths
200 m and lower) horizons ascribed to the lower
Pod’’emsk subformation. In Fig. 3, data points corre-
sponding to these values occupy field A. At the same
time, the majority of dolomites are characterized by
the light oxygen isotope composition (δ18О 22…26‰)
o. 5  2022
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Table 2. Chemical composition of major components (wt %) in carbonate rocks of the deposits of the Yenisei Ridge

(<DL) below the detection limit.

Components
Sample no.

7319 7322 7323 7324 7325 7329 7330 7331 7332 7334 7336 7425 7428 7430 7432 7436

SiO2 13.0 0.86 3.0 0.22 0.25 0.17 0.17 0.09 18.7 1.57 0.76 3.47 1.88 46.11 4.75 1.09
TiO2 0.33 0.13 0.028 0.006 0.011 0.009 0.007 0.005 0.19 0.032 0.006 0.04 0.01 0.25 0.02 <DL
Al2O3 8.7 0.43 0.95 0.13 0.14 0.13 0.11 0.079 4.2 0.79 0.30 1.42 0.71 6.08 0.94 0.48

13.8 0.41 0.47 0.14 0.47 0.23 0.63 0.16 6.2 1.21 0.12 1.36 0.67 3.66 1.10 1.14

MnOtot 28.2 1.06 1.57 0.40 1.07 0.87 2.70 0.35 36.6 6.1 0.15 0.51 0.16 15.38 0.31 0.43
MgO 1.40 20.4 19.6 20.6 20.5 20.4 19.5 21.3 1.96 17.7 20.9 19.20 20.29 2.95 19.33 15.85
CaO 4.5 30.9 30.8 32.4 31.3 32.2 31.9 31.8 4.2 29.5 31.9 28.19 29.98 10.00 28.19 34.65
Na2O 0.12 0.042 0.954 0.051 0.045 0.046 0.048 0.038 0.040 0.046 0.038 0.09 0.08 0.60 0.07 0.05
K2O 0.8 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.54 <0.03 <0.03 0.31 0.18 0.81 0.17 0.13
P2O5 0.91 0.028 0.033 0.038 0.042 0.029 0.040 0.022 0.58 0.039 0.019 0.06 0.05 0.31 0.08 0.29
S 0.24 0.01 0.06 <0.01 <0.01 <0.01 <0.01 <0.01 0.84 0.01 0.01 0.024 0.012 <0.01 <0.01 <0.01
L.O.I. 27.47 45.33 44.52 45.66 45.5 45.71 44.78 45.84 24.66 42.93 45.39 45.28 45.94 13.50 44.97 45.83
Total 99.8 99.5 101.98 99.6 99.3 99.7 99.8 99.7 99.9 100.0 99.6 99.95 99.97 99.71 99.98 99.96

tot
2 3Fe O
and occupy the conditional field B. Close δ18О value
was also found in manganese carbonate (rhodochro-
site) from sequences ascribed to the lower Pod’’emsk
subformation (δ18О = 26.4‰, Table 1). This manga-
nese carbonate was likely formed in the early diage-
netic zone, when exchange between bottom and mud
waters still continued in sedimentation basin (Fig. 3,
field C) (Kuleshov et al., 2021a).

Thus, we may suggest that dolomites ascribed at
the Porozhinsk deposit (Mikheev Depression of the
Vorogovka trough) to the Pod’’emsk Formation were
formed under different isotope-geochemical condi-
tions likely caused by diverse paleofacies environ-
ments, formation temperatures, and oxygen isotope
composition of seawater, which could vary in over
area) and time.

It should be noted that wide variations of the oxy-
gen isotope composition in the Late Neoproterozoic
dolomites, in general, are typical of sequences in areas
adjacent to the Vorogovka trough and many Siberian
regions. For instance, the δ18О values are
23.1…25.6‰ in dolomites and 21.0…22.1‰ in lime-
stones of the Pod’’emsk Formation from the Chapa
River section (Pokrovsky et al., 2012). Wide isotope
variations (δ18О = 25.3…28.1‰) are also typical of
dolomites from the Ediacaran Taseev Formation of
the southern Yenisei Ridge (Kochnev et al., 2020).
Wide oxygen isotope variations were found in dolo-
mites of the transitional Vendian (Ediacaran) to Cam-
brian (Dikimda Formation) sequences on the western
slope of the Aldan shield (Olekma River). The δ18О
values in these rocks also widely vary from 24.9 to
28.3‰ (Pokrovsky et al., 2020).
LITHOLOGY AND MINERAL RESOURCES  Vol. 57  N
Wide variations of δ18О values in the Late Neopro-
terozoic dolomites were also found in other regions of
Siberia. In particular, the diverse lithological types
(clayey, calcareous, anhydritic, saliferous, and others)
of Vendian dolomites from central parts of the Sibe-
rian Platform are also characterized by the sufficiently
wide range of these values. For instance, these values
in the Uspun Formation are 24.4…25.4‰ (Western
Botuobinskaya-362-0 hole), 25.6…27.3‰ (Sokh-
solokhskaya-706 hole); those of the Byuk Formation
of the Tira unit are 27.6…29.6‰ (Aikhal’skaya-707 hole),
24.7…30.9‰ (Western Botuobinskaya-362-0 hole),
30.3…31.3 (Onkuchakhskaya-286-1 hole),
28.5…31.8‰ (Sokhsolokhskaya-706), 28.6…32.0‰
(Khanninskaya-322-0 hole), 29.1…30.2‰
(Sheinskaya-471 hole); and 25.7…28.7‰ in the
Kharystan Formation of the Nepa horizon (Khan-
ninskaya-322-0 hole). In the Parshin Formation of the
Nepa horizon, the δ18О values in dolomites are slightly
lower and account for 24.6…25.2‰ (Chaikinskaya-
279 hole) and 21.6…26.2‰ (Chaikinskaya-367 hole).
At the same time, these values in rocks of the Ynakh
Formation of the Nepa horizon have the higher values
of 29.0…30.8‰ (Sheinskaya-471 hole) (Kochnev et al.,
2018). As will be shown below, similarly wide oxygen
isotope variations are also typical of Ediacaran car-
bonates worldwide.

It should be noted that the interpretation of wide
variations of δ18О mentioned in the cited works did not
receive significant attention. However, these data bear
important information on formation (sedimentation)
conditions of carbonates, because reflect a change of
both temperature conditions and oxygen isotope com-
o. 5  2022
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Fig. 3. δ13С and δ18О in rocks and ores of the Porozhinsk
manganese deposit. (А) field of the present-day sedimen-
tary marine carbonates, (B) inferred field of Late Precam-
brian–Early Paleozoic sedimentary marine carbonates of
the Vorogovka trough, (C) inferred field of Late Precam-
brian‒Early Paleozoic diagenetic marine carbonates of
the Vorogovka trough; (D) field of carbonates from super-
gene zone. Arrow 1 shows the trend of δ18О under super-
gene secondary processes. (1–3) Porozhinsk sector:
(1) dolomites of the lower Pod’’emsk subformation,
(2) manganese carbonates (ore) of the karst depression,
(3) dolomites from the karst depression (Upper Pod’’emsk
(?) subformation), (4–6) Mokhovoi sector: (4) dolomites
from prospecting trenches (Upper Pod’’emsk (?) subfor-
mation), (5) dolomite from drill core (lower Pod’’emsk
subformation), (6) manganese carbonate.
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position of waters in sedimentation basin (for
instance, δ18О variations within 10‰ could indicate
temperature changes up to 40°‒50° or variations of
seawater δ18О, or combined effect of these factors
(Friedman, O’Neil, 1977)).

Sharp shifts of δ18О values are frequently observed
even within single section. For instance, sharp shifts
(by 3‒4‰) observed at the contact of limestones and
dolomites in the Vendian reference sequence of the
Urin Rise (northeastern Paton trough) (Pokrovsky
and Bujakaite, 2015, p. 165) are thought to be related
to the “… significant change of sedimentation condi-
tions and hiatus”.

Sufficiently sharp shifts of δ18О (up to 8‒10‰) on
transition from dolomites to limestones are also typi-
cal of different sequences of the transitional Ven-
dian‒Cambrian sequences in the Tsagaan Oloom and
Bayan Gol Formations of the Dzabkhan basin (West-
LITHOLOGY 
ern Mongolia): in sections along the Bayan-Gol
Creek, Khevte-Tsakhir-Nuru ridge, and Tsagaan-Gol
Creek (Kuleshov and Zhegallo, 1997). This was likely
caused by not only secondary alterations, but also by
primary reasons, in particular, by a change of sedi-
mentation conditions (temperature factor and desali-
nation of paleobasin).

Thus, according to our observations (rocks of the
Porozhinsk deposit) and data presented in the cited
works, Neoproterozoic dolomites were likely formed
in marine basins under different sedimentation condi-
tions, which resulted in the formation of both isotopi-
cally heavy (27…30‰) and isotopically light
(22‒24…27‰) rocks; the latter were likely precipi-
tated from seawaters with lighter oxygen composition
relative to modern ocean and at higher temperatures
(Kuleshov et al., 2021a).

At the same time, some dolomites with the lightest
oxygen isotope composition (δ18О 22‰ and lesser)
could experience secondary alterations by the isotopi-
cally light percolating f luids (probably, meteoric)
owing to the oxygen isotope exchange between water
and dolomites, which led to enrichment of the latter in
light 16О (Fig. 3, arrow 1). In this case, the percolating
solutions should not contain low-δ13C dissolved car-
bon dioxide.

The enrichment of percolating solutions in the iso-
topically light carbon dioxide СО2 formed by the oxi-
dation of organic carbon would result in the formation
of carbonates with the lowest δ13C and δ18О values
(Fig. 3, field D), as during the formation of manga-
nese carbonates in the karst depressions and second-
ary carbonatization (fine dissemination and cross-
cutting veinlets) (Kuleshov et al., 2021).

Strontium isotope composition. The obtained Sr iso-
tope data on the ore-bearing and barren carbonates of
the Porozhinsk deposit are presented in Table 1. If the
ore-bearing and barren carbonates of the studied
deposit were formed at different conditions, as follows
from the oxygen isotope data presented in Table 1 and
previous work (Kuleshov et al., 2021), the studied
rocks should significantly differ in the Sr isotope com-
position. Indeed, 87Sr/86Sr values in them show suffi-
ciently wide variations from 0.70825 to 0.70924.
Thereby, the lowest Sr values (0.70825‒0.70827) are
typical of dolomites taken from drill core at the deep-
est horizons of the lower Pod’’emsk subformation
(250‒300 m). The highest (0.70862‒0.70924) values
are observed in manganese carbonates from karst
depression, while 87Sr/86Sr ratio in shallow dolomites
(recovered by prospecting pits and holes in the karst
depression) occupies an intermediate position
(0.70839‒0.70864) (Table 1). The 87Sr/86Sr variations
in the studied rocks could be caused by both secular
variations of the Sr isotope composition in seawater
and secondary processes leading to contamination
AND MINERAL RESOURCES  Vol. 57  No. 5  2022
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(influx in the Sr isotope system of rock) by the radio-
genic 87Sr.

Before discussing the Sr isotope data, it is import-
ant to examine whether the obtained analytical data
are representative, i.e., to estimate the preservation of
initial Sr isotope composition in carbonates and the
degree of secondary alteration of the studied rocks.
The peculiarities of Sr isotope system in dolomites are,
first of all, caused by extremely low Sr contents
(25.7‒72.7 ppm, Table 1). The Rb content is also low
(0.061‒0.82 ppm), although some dolomites have suf-
ficiently high Rb concentrations (up to 1.74‒2.40 ppm,
Table 1). However, the absence of trend in the
87Rb/86Sr–87Sr/86Sr diagram (see below) argues in
support of contamination by the silicate component.
In this relation, we suggest that samples were enriched
in Rb at late stages. Therefore, the correction of Sr iso-
tope ratios for age is not introduced, but shown in the
table for illustration.

The degree of carbonate transformations is usually
estimated using the Mn/Sr ratio, which is <10 in the
least altered dolomites (Kaufman et al., 1996; Pod-
kovyrov et al., 1998; Semikhatov et al., 2004, 2009;
Khabarov and Izokh, 2014; Kuznetsov et al., 2014). In
the studied dolomites ascribed to the Pod’’emsk For-
mation at the Porozhinsk deposit, the Mn/Sr ratio
exceeds the indicated value by 3‒5 to 900 times (Table 1).
This testifies that the Mn/Sr ratio in carbonates from
the Mn-bearing sedimentation basins cannot be used
as the criterion of carbonate alteration. This is likely
caused by the fact that the Mn-bearing sedimentation
basins initially contained the elevated Mn concentra-
tions (owing to the continental runoff or Mn influx
with hydrothermal vents). Sediments in such basins,
including carbonates, have the high Mn contents,
which significantly exceed the Clarke value for this
element.

An insignificant degree of transformation of the
studied dolomites in the Porozhinsk deposit also fol-
lows from the oxygen isotope composition. The δ18О
values in the studied dolomites, in general, are high
and account for 22…28‰. Thereby, δ13C shows no
correlation with δ18О, which could also serve as evi-
dence for insignificant postsedimentary alterations,
according to the existing concepts (Kaufman and
Knoll, 1995; Podkovyrov et al., 1998; Semikhatov
et al., 2004; Pokrovsky et al., 2012, 2020; Kochnev
et al., 2018, 2020).

At the same time, the studied dolomites show
peculiar chemical features, which indicate specifics of
their formation. For instance, δ18О negatively cor-
relates with 87Sr/86Sr (Fig. 4а): carbonates with the
high Sr isotope ratio have the lighter oxygen isotope
composition (lowest δ18О). Thereby, the lowest
87Sr/86Sr and the highest δ18О values are typical of
dolomites taken from the deepest horizons of the car-
bonate sequence ascribed to the lower Pod’’emsk sub-
LITHOLOGY AND MINERAL RESOURCES  Vol. 57  N
formation, while manganese carbonates from karst
depression, in contrast, have the high 87Sr/86Sr ratio
and light oxygen isotope composition (lowest δ18О
values). Dolomites recovered by prospecting trenches
and holes in the karst depression occupy an interme-
diate position. They are characterized by the weakly
expressed “trend” (or “dependence”) of δ18О versus
87Sr/86Sr (Fig. 4a). In particular, dolomites with the
heaviest oxygen isotope composition are characterized
by the lowest Sr isotope composition, and vice versa.
Such dependences are usually interpreted as mixing
lines of two sources with opposite isotope and chemi-
cal characteristics or as “contamination” of primary
matter (dolomites ascribed to the lower Pod’’emsk
subformation at the Porozhinsk deposit) by the super-
imposed processes, in particular, the transformation
of initial dolomites by the surface meteoric (atmo-
spheric) waters, which have the light oxygen isotope
composition (low δ18О) and are enriched in the radio-
genic Sr (crustal contamination).

If an increase of 87Sr/86Sr was caused by postsedi-
mentary alterations under subsurface conditions, the
dolomites would show a lighter carbon isotope com-
position (decrease of δ13C) and simultaneous increase
of MnO, because meteoric waters in the considered
deposits should be significantly enriched not only in
manganese, but also in isotopically light carbon diox-
ide formed by the oxidation of organic carbon (as
observed in manganese carbonates of the karst depres-
sion). However, this is not the case. At significant δ18О
variations, the carbon isotope composition in dolo-
mites remains relatively stable (δ13C ≈ ‒1…2‰) and
corresponds, as mentioned above, to the marine sedi-
mentary carbonates (Degens, 1967, 1971). Thereby,
supergene manganese carbonates in karst depressions
have a very light carbon isotope composition (δ13C =
‒14.6…‒9.5‰, Fig. 3).

The available analytical data are insufficient to pro-
vide unambiguous interpretation of the relationship
between 87Sr/86Sr and MnO (Fig. 4b). It is possible
that some shallow dolomites (upper parts of the lower
Pod’’emsk subformation or the upper Pod’’emsk (?)
subformation) could be enriched in manganese and
radiogenic strontium owing to their reworking by sur-
face (supergene) waters. On the other hand, the
absence of correlation between 87Sr/86Sr and Mn in
Fig. 4b indirectly suggests that the modern Sr isotope
systems in dolomites of the deposit do not depend on
the Mn concentration, and hence, the Mn/Sr ratio
cannot been applied in this case.

At the same time, the isotope (δ13C of dissolved
carbonic acid and δ18О of water) and chemical
(including 87Sr/86Sr ratio) compositions of seawater
could be evolved by the end of Neoproterozoic, which
likely affected the composition of the studied dolo-
mites, as observed in our case.
o. 5  2022
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Fig. 4. Distribution of 87Sr/86Sr versus δ18О (a) and MnО content (b) in rocks and ores of the Porozhinsk manganese deposit.
(1–3) Porozhinsk sector: (1) dolomites of the lower Pod’’emsk subformation, (2) manganese carbonates (ore) from karst depres-
sion, (3) dolomites from the karst depression (upper Pod’’emsk (?) subformation; (4–6) Mokhovoi sector: (4) dolomites from
prospecting trenches (upper Pod’’emsk (?) subformation), (5) dolomite from drill cores (lower Pod’’emsk subformation),
(6) manganese carbonate (diagenetic).
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We may also suggest that variations of 87Sr/86Sr
ratio in carbonate rocks of the Porozhinsk deposit
could be related to a change of the continental runoff,
i.e., influx of disintegrated rocks from the adjacent
land, for instance, Lower Proterozoic metamorphic
rocks (two-mica garnet plagiogneisses, garnet amphi-
bolites, calciphyres, and quartzites of the Porozhinsk
Formation; gneisses, quartzites, quartz‒garnet‒two-
mica schists, marbles, and amphibolites of the
Karpinsky Ridge Formation, and crystalline schists,
calcites and marbles of the Pechenga Formation (Tsy-
kin and Sviridov, 2012)). Figure 5 demonstrates distri-
bution of the Sr isotope value versus lithochemical
coefficient (Al2O3 + TiO2) in dolomites. Data points
in this plot show no trends (composition points corre-
sponding to dolomites ascribed at the Porozhinsk
deposit to the lower Pod’’emsk subformation are plot-
ted in the left-hand part of the plot), which suggests an
insignificant influence of the disintegrated rocks on
the Sr isotope composition of dolomites.

As mentioned above, the insignificant transforma-
tion of primary carbonates may also be supported by
the distribution of data points in the 87Sr/86Sr–
87Rb/87Sr diagram in Fig. 6 (excluding two samples
with supposedly disturbed Rb‒Sr-system, Table 1).
The obtained data in general, show unsystematic dis-
tribution (data points corresponding to dolomites of
the inferred lower Pod’’emsk subformation occupy the
left-hand side of the plot with the lowest isotope
ratios), which indicates that the primary Sr isotope
system was not significantly disturbed and the
obtained isotope data are representative.
LITHOLOGY 
The degree of alteration of initial carbonates can
also be determined using variations of the Sr isotope
ratio versus Rb, Sr, Rb/Sr, Mg/Cа, Si, Fe and some
other components, as was made for carbonates of the
Doushantuo Formation in South China (Sawaki et al.,
2010). Figure 7 also shows these dependences for
dolomites of the Porozhinsk deposit. The absence of
clear correlation of 87Sr/86Sr with Rb (Fig. 7a) and Sr
(Fig. 7b), Mg/Cа ratio (Fig. 7c), and SiO2 (Fig. 7d)
and Fe3O4 (Fig. 7e), as well as the absence of negative
correlation with δ13C values (Fig. 7f) indicate an insig-
nificant degree of postsedimentary transformation of
the dolomites.

Hence, if the transformation of initial carbonates
was assisted by the surface water enriched in carbon
dioxide with the light carbon isotope composition and
caused an increase of 87Sr/86Sr ratio, the rocks would
demonstrate a decrease of δ13C values. However, Fig-
ure 7 shows an opposite tendency: an increase of δ13C
values with increasing 87Sr/86Sr ratio.

We believe that variations of Ce anomaly
(Ce/ ) versus 87Sr/86Sr ratio are important for
understanding the geochemical features of these car-
bonates (Fig. 8). As expected, the highest Sr isotope
values were found in the supergene manganese car-
bonates from karst depression, which is related to the
contamination by the crustal (radiogenic) Sr isotope.
Thereby, dolomites ascribed to the Pod’’emsk Forma-
tion are characterized by wide variations of the Sr iso-
tope ratio and Ce anomaly (relative to NASC). This
could be caused by principally different isotope-geo-

NASC
*Ce
AND MINERAL RESOURCES  Vol. 57  No. 5  2022



STRONTIUM ISOTOPE COMPOSITION OF ROCKS AND ORES 441

Fig. 5. Distribution of 87Sr/86Sr and lithochemical coeffi-
cient (Al2O3 + TiO2) in dolomites of the Porozhinsk
deposit. (1, 2) Porozhinsk sector: (1) dolomites of the
lower Pod’’emsk subformation, (2) dolomites from the
karst depression (upper Pod’’emsk (?) subformation);
(3, 4) Mokhovoi sector: (3) dolomites from prospecting
trenches (upper Pod’’emsk (?) subformation), (4) dolo-
mite from drill cores (lower Pod’’emsk subformation).
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Fig. 6. Variations of 87Sr/86Sr versus 87Rb/87Sr in the
dolomites of the Porozhinsk deposit. (1–3) Porozhinsk
sector: (1) dolomites of the lower Pod’’emsk subforma-
tion, (2) manganese carbonates (ore) from karst depres-
sion, (3) dolomites from karst depression (upper
Pod’’emsk (?) subformation; (4–6) Mokhovoi sector:
(4) dolomites from prospecting trenches (upper Pod’’emsk
(?) subformation), (5) dolomite from drill cores (lower
Pod’’emsk subformation), (6) manganese carbonate (dia-
genetic).
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chemical conditions of sedimentation in the Late
Neoproterozoic marine basin (basins).

Thus, dolomites from deep horizons of the “lower
Pod’’emsk” subformation of the Porozhinsk deposit
have the heavier oxygen isotope composition (δ18О =
27‒30‰) and lowest Ce*/CeNASC and 87Sr/86Sr (field A,
Figs. 4a, 8). In contrast, shallow dolomites (likely cor-
responding to the upper part of the “lower Pod’’emsk”
and “upper Pod’’emsk” (?) subformations) are char-
acterized by the lighter oxygen isotope composition
(δ18О = 22‒26‰) and higher Ce*/CeNASC and
87Sr/86Sr (field “B”, Figs. 4а, 8). Hence, the isotope-
geochemical conditions of their formation were differ-
ent. The shallow dolomites were precipitated from
seawater with a lighter oxygen isotope composition
(likely also at elevated temperatures) and higher Sr
isotope ratio; i.e., the isotope and chemical composi-
tions of sedimentation basin have changed signifi-
cantly.

A lack of negative Ce-anomalies in dolomites
ascribed to the lower Pod’’emsk subformation indicates
the absence or low concentration of free oxygen in sea-
water (basin or mud waters) during their precipitation.
However, it is also possible that dolomites of this sub-
formation were subjected to postsedimentary transfor-
mations, which caused the REE redistribution.
LITHOLOGY AND MINERAL RESOURCES  Vol. 57  N
At the same time, a positive Ce anomaly in dolo-
mites from the karst depression (“upper Pod’’emsk”
subformation?) suggests that these dolomites were
formed in anoxic conditions of shallow sedimentation
basin with poor seawater circulation. Oxidized Ce
could also be introduced into the paleobasin with the
riverine colloids (Kuleshov et al., 2021b).

Thus, the considered above analytical data led us to
conclusion that the observed tendencies in the distri-
bution of δ13С, δ18О, Ce*/CeNASC, 87Sr/86Sr and other
parameters components (Rb, Sr, Mg/Cа, SiO2,
Fe3O4) in carbonate rocks of the Porozhinsk deposit
could be caused mainly by the time-variable isotope
and chemical properties (characteristics) of sedimen-
tation environment (sea basin waters). The secondary
(superimposed) processes, if occurred, did not affect
significantly the 87Sr/86Sr-ratio in the studied dolo-
mites.

AGE AND POSSIBLE REASONS
OF THE STRONTIUM ISOTOPE VARIATION

IN DOLOMITES OF THE POD’’EMSK 
FORMATION OF THE POROZHINSK DEPOSIT

As mentioned above, the Porozhinsk deposit is
confined to the Porozhinsk syncline located within the
o. 5  2022
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Fig. 7. Distribution of Rb (a), Sr (b), Mg/Ca (c), SiO2 (d), Fe3O4 (e) and δ13С (f) versus 87Sr/86Sr in the dolomites of the
Porozhinsk deposit. (1–2) Porozhinsk sector: (1) dolomites of the lower Pod’’emsk subformation, (2) manganese carbonates
(ore) from karst depression, (3, 4) Mokhovoi sector: (3) dolomites from prospecting trenches (upper Pod’’emsk (?) subforma-
tion), (4) dolomite from drill cores (lower Pod’’emsk subformation, horizons 200 m from the day surface and below).
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Fig. 8. Variations of cerium anomalies (Ce*/CeNASC) ver-
sus 87Sr/86Sr ratio in the different types of carbonate mat-
ter. (1–3) Porozhinsk sector: (1) manganese carbonates
(ore) from karst depression, (2) dolomites from karst
depression, (3) dolomite from drill cores (lower Pod’’emsk
subformation, horizons 200 m and below the day surface);
(4, 5) Mokhovoi sector: (4) dolomites from prospecting
trenches, (5) dolomite from drill cores (lower Pod’’emsk
subformation, horizons 249 m from the day surface and
below). (А) field of initial ratios in seawater during forma-
tion of dolomites of the lower Pod’’emsk subformation,
(B) inferred field of initial ratios in seawater during forma-
tion of dolomites of the lower Pod’’emsk (likely also the
upper Pod’’emsk) subformations; (C) field of initial ratios
in carbonic acid‒water environment during formation of
manganese carbonates from supergene zone.
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Mikheev depression of the Vorogovka trough. There is
no consensus concerning the age of rocks in this
trough. The trough is filled with rocks of the Voro-
govka Group (Upper Riphean (Ustalov, 1982; Kho-
mentovsky, 2015) or Upper Vendian (Vishnevskaya
et al., 2017; Kuznetsov et al., 2017)), Chapa Group
including the Mn-bearing “Pod’’emsk” Formation
(Upper Riphean (Ustalov, 1982; Khomentovsky,
2015) or Upper Vendian (Priyatkina et al., 2016)), and
Lower Cambrian Lebyazhino Formation.

According to the U‒Pb-isotope dating of mag-
matic zircon from the volcanosedimentary matrix of
diamictites widespread in middle reaches of the Voro-
govka River, their age is 696 ± 4 Ma (Rud'ko et al.,
2020). Close age value (695 ± 20 Ma) was previously
obtained on rocks of supradiamictitie unit of the
Chivida Formation (Pokrovsky et al., 2012).

Diamictites from middle reaches of the Vorogovka
River are usually correlated with the Upper Riphean
Chivida Formation of the Chingasan Group in the
Chapa‒Teya trough (Nozhkin et al., 2007), which is
overlain by the Chapa Group, according to some
researchers (Khomentovsky, 2015). If this is the case,
counterparts of the Pod’’emsk Formation of the
Chapa Group in the Vorogovka trough of the Yenisei
Ridge should be younger than diamictites from middle
reaches of the Vorogovka River.

Unfortunately, the isotope dating of micas and zir-
con in pyroclastics from rocks ascribed to the upper
Pod’’emsk subformation at the Porozhinsk deposit has
not been carried out yet. For this reason, the age of
carbonate rocks of this stratigraphic unit can only be
estimated using the strontium isotope chemostratigra-
phy (SIS), i.e., by the comparison of 87Sr/86Sr ratio in
the studied dolomites of the Porozhinsk deposit with
those of coeval rocks from the adjacent portions of the
Siberian Platform and its surrounding, as well as from
distal sections in the Urals and China.

At present, the 87Sr/86Sr ratio measured in carbon-
ate rocks is widely applied in the intraregional, inter-
regional, and global correlations of these rock
sequences. The SIS method is an independent tool for
the subdivision and correlation of “salient” carbonate
sequences of different age, including the Upper Pro-
terozoic sequence (Khabarov et al., 2002; Semikhatov
et al., 2009; Kuznetsov et al., 2012, 2014; Vish-
nevskaya et al., 2017; Rud’ko et al., 2020, and others).
This method is based on the analysis of long-term Sr
isotope variations in paleooceans and paleoseas con-
nected with them.

It is generally accepted that the 87Sr/86Sr variations
in the geological history of the World Ocean were
caused by several global geodynamic factors, which
led to the rearrangement in the Earth’s crust and man-
tle, and as a result, to changes in the balance of two
main strontium fluxes: high 87Sr/86Sr continental f lux
and low 87Sr/86Sr mantle f luxes. The rapid mixing of
waters bearing these strontium fluxes causes a rapid
LITHOLOGY AND MINERAL RESOURCES  Vol. 57  N
(on a geological scale) global homogenization of the
Sr isotope composition not only over the entire vol-
ume of the World Ocean (also by depth), but also in
related marginal and inner seas (Kuznetsov et al.,
2012, 2014).

The strontium isotope heterogeneity in oceans is
determined by a long (a few million years) residence
time of this element compared to the very rapid mixing
(~a few thousand years). The high Sr content in oce-
anic waters compared to its content in river waters
emptying into seas and oceans also serves as buffer of
the strontium isotope ratio in the oceanic water
(Faure, 1986).

In the geological evolution of lithosphere, the pro-
portions of these strontium sources repeatedly
changed. During the “piling” of continental blocks
into composite continents and supercontinents, the
marginal continental and intracontinental orogenic
systems were formed. In the axial parts of these oro-
o. 5  2022
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gens, the isotopically mature crustal material was
exposed to erosion. This led to the accelerated influx
of radiogenic strontium into the World Ocean. In con-
trast, the intensification of rift processes and their sub-
sequent conversion into oceanic spreading resulted in
the breakup of supercontinents. In the spreading
zones, the juvenile isotopically immature mantle mat-
ter f lew to the surface and interacted with waters of the
World Ocean, thus providing the low 87Sr/86Sr influx.
Alternation of these epochs caused a change of the
strontium isotope composition (and 87Sr/86Sr values)
of seawaters with time.

Following these considerations, we may solve an
inverse problem: the available 87Sr/86Sr ratio in car-
bonate rock can be used to estimate its age by the com-
parison with available data on coeval rocks.

In our case, we may use both 87Sr/86Sr data on
rocks from definite sections of similar age from differ-
ent regions of the world (Kaufman et al., 1996; Nar-
bonne, 1994; Brasier et al., 1996; Walter et al., 2000;
Pokrovsky et al., 2006, 2020; Sawaki et al., 2008, 2010;
Melezhik et al., 2009; Li et al., 2013; Kramchaninov
and Kuznetsov, 2014; Pokrovsky and Bujakaite, 2015,
2016; Lan et al., 2019; Kochnev et al., 2018, 2020) and
generalized chemostratigraphic curves constructed for
the end of Proterozoic, which demonstrate the global
87Sr/86Sr variations in carbonate rocks (Halverson
et al., 2010; The Geological …, 2012; Pokrovsky et al.,
2006, 2012; Kuznetsov et al., 2014; Pokrovsky and
Bujakaite, 2016; Xiao et al., 2016; Li et al., 2017). The
chemostratigraphic correlations of distal “barren”
(devoid of index fossil remains) sections will be more
reliable, with allowance for the δ13С variation curves.
Examples of these complex chemostratigraphic cor-
relations can be found in (The Geological …, 2012; Gao
et al., 2018; Kochnev et al., 2020].

Late Precambrian carbonate sequences (lime-
stones, dolomites) in many regions of the world show
wide variations of the carbon and oxygen isotope com-
position and the strontium isotope ratio (see overview
in (Li et al., 2013)).

The Late Neoproterozoic sequences show global
positive (545‒550 and 560‒565 Ma and others
(A Concise …, 2016; Geologic …, 2020)) and negative
(555 Ma, Shuram (or “Shuram‒Wonoka”) (A Concise …,
2016; Geologic …, 2020)) δ13С excursions. The carbon
and oxygen isotope compositions within these excur-
sions, as well as in the intervals between these global
excursions could be significantly shifted (by up to 5‰
and more) in the positive or negative direction. This is
for instance typical of carbonate rocks of the
Doushantuo Formation (SW China), which lie
directly on tillites of the Nantuo Formation (Gao et al.,
2018, Fig. 5). The carbonate rocks of the Doushantuo
Formation show several sharp positive and negative
shifts in δ13С (2‒3‰) and δ18О (up to 5‰) even
within a single carbonate sequence (e.g., sections of
the carbonate sequences of the Ediacaran Doushan-
LITHOLOGY 
tuo and Dendying formations, Wangji drill core (Gao
et al., 2018, Fig. 3)).

Variations (amplitudes of the shift) of δ13С values
can also be observed within globally expressed (well
correlated between widely spaced sections) excur-
sions. For instance, maximum shifts of these values
within a Shuram negative carbon isotope anomaly for
carbonates of the Doushantuo Formation, which were
formed in the Ediacaran in different facies zones of
sedimentation basin, could reach >10‰ (Li et al.,
2017, Fig. 3). The amplitudes of δ13С shifts of this
anomaly in the Vendian sequences of the southern
Siberian Platform show insignificant variations, but
almost always decrease to –10‰ and lower (Kochnev
et al., 2020).

Thus, in spite of the fact that the Neoproterozoic
sequences around the world show significant varia-
tions of δ13С, which could be related not only to the
global changes of carbon isotope composition of the
paleoatmosphere, but also to the paleofacies features
of carbonate sedimentation, anomalous excursions
occur almost ubiquitously. These excursions serve as
stratigraphic markers for the correlation of widely
spaced sections.

The studied rocks of the Porozhinsk deposit are
closest in age to carbonate rocks of the Pod’’emsk For-
mation from the Chapa River section (Pokrovsky et al.,
2012). Carbonate rocks of the Pod’’emsk Formation
have typical Lower Ediacaran 87Sr/86Sr values
(0.7076‒0.7078) and moderately low δ13C values
(‒1.9 ± 1.2‰; –3.0…–0.4 and –1.3…–0.6 in dolo-
mites and limestones, respectively). Based on the iso-
tope characteristics, carbonate rocks of the Pod’’emsk
Formation developed along the Chapa River signifi-
cantly differ from the studied dolomites of the
Porozhinsk deposit in the Vorogovka trough.

Pokrovsky et al. (2012) believe that the marker car-
bonate unit in the section of the upper subformation of
the Nemchan Formation along the Chapa River can
be correlated with the Shuram–Wonoka event. Based
on the isotope data (87Sr/86Sr = 0.7084, and δ13C
within –2.2…2.5‰), dolomites from the lower sub-
formation of the Lebyazhino Formation, which over-
lie the Nemchan Formation along the Chapa River,
can be correlated with the transitional Vendian‒Cam-
brian sequences (Nemakit‒Daldyn horizon/stage).

Hence, the carbon, oxygen, and strontium
(87Sr/86Sr) isotope data from (Pokrovsky et al., 2012)
indicate that dolomites of the Pod’’emsk Formation
from the Chapa River differ in age from dolomites of
the Porozhinsk deposit. We may suggest that the dolo-
mites, which are correlated with the Pod’’emsk For-
mation at the Porozhinsk deposit and have the higher
87Sr/86Sr and higher (in general) δ13C values (Fig. 9,
Table 1), are much younger than the negative Shu-
ram‒Wonoka excursion. In 585‒555 Ma carbonates
from the type locality of this isotopic carbon excur-
AND MINERAL RESOURCES  Vol. 57  No. 5  2022
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Fig. 9. Estimated age of dolomites of the Pod’’emsk Formation of the Porozhinsk deposit based on the isotope-geochemical data
(modified after (Kochnev et al., 2019). Gray field shows the average δ13С values after (Saltznman and Thomas, 2012). Dashed
line shows the average 87Sr/86Sr values after (Kuznetsov et al., 2014). (1) shallow dolomites (prospecting trenches, holes, position
of symbols is conditionally shown), (2) deep-seated dolomites (200–300 м) from drill cores. Abbreviations: (ISS) International
Stratigraphic Scale, (GRSS) General Russian Stratigraphic Scale, (Cm) Cambrian.
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sion, the δ13С value decreases to ‒10‰ and lower.
Thereby, carbonates from this level have the 87Sr/86Sr
ratio varying within 0.7080‒0.7090 (Xiao et al., 2016).

To roughly date the studied dolomites of the
Porozhinsk deposit, we attempted to solve the inverse
problem: to estimate their age by comparison of the
obtained 87Sr/86Sr and δ13C values with available data
on the Vendian (Ediacaran) rocks. The most complete
and representative (at present) 87Sr/86Sr variation
curves for Neoproterozoic is the Sr-chemostrati-
graphic curve presented in (Kuznetsov et al., 2014).
We used this curve in combination with the δ13C vari-
ation curve for the end of Neoproterozoic (Kochnev
et al., 2019).

Figure 9 shows the position of the obtained isotope
(87Sr/86Sr, δ13C) data on dolomites of the Porozhinsk
dolomites. It is seen that the isotope characteristics of
the studied dolomites are restricted to the “ascending”
branch of the second positive 87Sr/86Sr peak corre-
sponding to the end of Ediacaran (Late Vendian) in
the generalized Sr-chemostratigraphic curve (Kuznetsov
et al., 2014). This means that the studied dolomites of
the Porozhinsk deposit are younger than dolomites of
the Pod’’emsk Formation from the Chapa River sec-
tion (Pokrovsky et al., 2012).

It should also be noted that the lowest values are
usually taken as the initial 87Sr/86Sr (as, for example,
for Neoproterozoic sequences in China, Morocco,
LITHOLOGY AND MINERAL RESOURCES  Vol. 57  N
Mongolia, and Siberia (Li et al., 2013)). Therefore, the
lowest 87Sr/86Sr values obtained for the deepest dolo-
mites in the Porozhinsk deposit (0.70822‒0.70827)
are representative and correspond to the strontium
isotope ratio in seawater at the end of Neoproterozoic.

At the same time the higher 87Sr/86Sr ratios also
could be representative, as they could be related not
only with the secondary transformation of initial
rocks, but also with the increase of this ratio (as other
chemical and isotope characteristics) in the paleohy-
drosphere during the geological evolution of the crust
and hydrosphere.

This assumption is confirmed by the carbon and
oxygen isotope data. As was shown above and in
(Kuleshov et al., 2021), the studied dolomites of the
Porozhinsk deposit were formed in marine sedimenta-
tion basins, which differed in the oxygen isotope com-
position of seawater and/or in temperature. The dolo-
mites also differ in Ce*/CeNASC anomalies. Therefore,
we may suggest that the higher 87Sr/86Sr ratio in shal-
low dolomites of the Porozhinsk deposit
(0.70840‒0.70864) also could be close to the initial
values and reflect the strontium isotope ratios in sea-
water by the end of Ediacaran.

Thus, the manganese ore formation at the Yenisei
Ridge could be younger than previously inferred by
some researchers (Mstislavsky and Potkonen, 1990)
and can be related to the Late Vendian manganese ore
o. 5  2022
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sedimentation basins (Golovko et al., 1982; Tsykin
et al., 1987; Tsykin and Sviridov, 2012).

CONCLUSIONS
Based on the obtained strontium isotope data and

their distribution in carbonate rocks and ores of the
Porozhinsk deposit, the following conclusions can be
drawn:

(1) Carbonate rocks and ores of the Porozhinsk
deposit show a wide scatter of 87Sr/86Sr within
0.70825‒0.70924. These data in combination with
carbon (δ13C = –14.6…2.0‰, PDB) and oxygen
(δ18О = 19.4…28.3‰, SMOW) isotope variations
indicate different formation conditions and sources of
the studied rocks.

(2) The 87Sr/86Sr values in dolomites of the
Porozhinsk deposit are much higher than those in the
carbonate rocks (dolomites, limestones) of the
Pod’’emsk Formation from the Chapa River section
(Chapa‒Teya trough). This indicates different ages of
dolomites from these areas.

(3) Position of 87Sr/86Sr composition points of
dolomites from the Porozhinsk deposit on the
87Sr/86Sr secular variation curve for the Late Protero-
zoic oceans (Kuznetsov et al., 2014) suggests that the
dolomite sequence of the Porozhinsk deposit is
younger than the carbonates of the Pod’’emsk Forma-
tion from the Chapa River section (Chapa‒Teya
trough).

(4) The Mn/Sr ratio usually applied as the geo-
chemical criterion of secondary alteration of carbon-
ates (for interpretation of the 87Sr/86Sr ratio and selec-
tion of the least altered material for chemostrati-
graphic considerations) is not suitable for rocks
formed in the Mn-bearing sedimentation basin of the
Porozhinsk deposit (Yenisei Ridge).
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