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Abstract—The first of two communications is devoted to the study of lithogeochemical features of the pilot
collection of Upper Precambrian sandstone and siltstone samples taken from four boreholes: Bogushevskaya
1, Bykhovskaya, Lepel 1, and Kormyanskaya (Belarus). This article analyzes the general features of their bulk
chemical composition and shows the possibilities and limitations for further reconstructions. It has been
established that Riphean and Vendian rocks included in the pilot collection, visually identified as sandstones,
are actually quartz, feldspar–quartz, and arkosic varieties with different cement types. In terms of geochem-
ical characteristics, the Vendian “siltstones” correspond to the coarse- and fine-grained siltstones and, to a
greater extent, mudstones with a predominance of illite, as well as various admixtures of berthierine, kaolin-
ite, and smectite. Based on the comparison of enrichment factor (EF) of the trace element, these rocks are
marked by several dissimilarities related to both variations in the source rock composition and sedimentary
environment. Data points of the samples on the Zr/Sc–Th/Sc diagram indicate that all of the studied Riph-
ean and Vendian rocks are dominated by the first sedimentation cycle material, suggesting that the lithogeo-
chemical characteristics of the pilot collection rocks quite correctly reflect similar features of the source rock
complexes. Therefore, they can be used to reconstruct the paleogeodynamic and paleoclimatic factors that
controlled the accumulation of Riphean and Vendian sedimentary sequences in Belarus.
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INTRODUCTION
The Upper Precambrian sedimentary sequences,

widespread in the Republic of Belarus in the western
East European Platform (EEP), belong to both Riph-
ean and Vendian (Geologiya …, 2001; Kuzmenkova
et al., 2018, 2019a, 2019b; Laptsevich et al., 2023;
Makhnach, 1966; Makhnach et al., 1975 and others;
Stratigraficheskie …, 2010; Streltsova et al., 2023). As
in the stratotype section in the Southern Urals, the
Riphean section in Belarus is divided into three
(Lower, Middle, and Upper Riphean) erathems. Its
rocks overlie the EEP crystalline basement with a
major stratigraphic hiatus. They are also overlain
unconformably by the glacial cover of the Vilchitsy
Group, but by the volcanogenic and volcanosedimen-
tary rocks of the Vendian Volyn Formation if the gla-
cial cover is absent.

Here, the Bobruisk Group belongs to the Lower
Riphean; the Sherovichi Group, presumably, to the
Middle Riphean; and the Belarus Group, to the Mid-

dle–Upper Riphean (Stratigraficheskie …, 2010).
These stratons, as and the Vendian deposits were
accumulated in a number of large, successively replac-
ing each other, paleostructures (Geologiya …, 2001;
Kuzmenkova et al., 2018, 2019a, 2019b; Makhnach
et al., 1976; Streltsova et al., 2023): Volyn–Orsha
paleotrough/paleoaulacogen (Sherovichi, Belarus,
and Vilchitsy groups), large magmatic Volyn–Brest
province, Kobrin–Mogilev (Volyn Group), and
Kobrin–Polotsk paleotroughs (Valdai Group).

When evaluating the presented material and con-
clusions thereafter, we should bear in mind that the
geochemical studies of sedimentary (Upper Precam-
brian included) rocks in Belarus have a long history
(Bordon, 1977 and others; Kuzmenkova et al., 2018
and references therein; Makhnach et al., 1982 et al.,
Yudovich, 2007). Without dwelling on it in detail, let
us only note the following point: according to (Bor-
don, 1977), the Lower Vendian sandy–silty, clayey,
and tillite-type rocks of the Glusk Formation have a
357



358 MASLOV et al.
low (below-Clarke) background content of trace ele-
ments. Their distribution is irregular, indicating the
predominance of physical weathering in the prove-
nance. The Gluskian runoff areas were composed of
acid and, possibly, intermediate rocks. The sandy–
silty rocks of the Upper Vendian Kotlin Formation
have a higher (above-Clarke) content of Ti, Ga, Y, and
Ba. The distribution of trace elements corresponds to
the transitional subtype in the classification by N.M.
Strakhov. Hence, not only physical, but also chemical
weathering took place in the provenance.

The present and next communication complement
to some extent and expand the conclusions made ear-
lier by Belarusian colleagues. These works are devoted
to the studies of lithogeochemical characteristics of
the pilot collection of sandstone and fine-grained
clastic rock (fine-grained clayey siltstone and clay-
stone) samples taken from the Upper Precambrian
rock sections (Belarus, Vilchitsy, Volyn, and Valdai
groups) in Belarus. They scrutinized and significantly
expanded the conclusions on the composition and
evolution of rocks in the fine-grained aluminosilici-
clastic sources reported in (Maslov et al., 2024) when
analyzing the database for terrigenous rocks (mud-
stones) of the Volyn, Redkino, and Kotlin regional
stages, as well as for Lower Cambrian rocks of the
Belarus and Volyn stages in (Jewuła et al., 2022).
Additionally, these works address the paleogeody-
namic, paleoclimatic, and paleogeographic condi-
tions of the formation of several Riphean and Vendian
sedimentary sequences.

LITHOSTRATIGRAPHY AND COMPOSITION 
OF RIPHEAN AND VENDIAN
SEDIMENTARY SEQUENCES

This section describes mainly lithostratigraphic
units of the Belarus, Vilchitsy, Volyn, and Valdai
groups represented in Belarus, where sandstones and
siltstones were sampled (Fig. 1). The Belarus Group
unites the Rogachev, Rudnya, Pinsk (stratigraphic
analog of the latter unit), and Orsha formations. The
age of all above-listed lithostratigraphic units is con-
sidered as Middle Riphean (Kuzmenkova et al., 2019a,
2019b; Stratigraficheskie …, 2010; Streltsova et al.,
2023). According to a recent publication on the age of
clastic zircon, the Orsha and Pinsk formations were
accumulated 1.32–1.00 Ga ago (Paszkowski et al.,
2019). The Lapichi Formation, which terminates the
section, belongs to the Upper Riphean estimated at
~710 Ma (Środoń et al., 2022).

The Rogachev Formation (40 m thick), composed
of the fine-, medium-, and varigrained arkosic sand-
stones, lies on rocks of the crystalline basement and, in
some places, on sandstones of the Middle? Riphean
Bortniks Formation (Sherovichi Group) (Geologiya …,
2001; Kuzmenkova et al., 2019a; Stratigraficheskie …,
2010; Streltsova et al., 2023). The Rudnya Formation
(300 m) is represented mainly by the oligomictic and
LITHOLOGY 
almost pure quartz-rich (in the upper part) red-col-
ored sandstones, with rare interlayers and frequent
“rolls” of siltstones and clays. In the lower part of the
formation (over 10–25 m from the base), one can see
variable (in grain size) alternations of feldspar–quartz
sandstones (including the coarse-grained variety with
gravel and pebble) and the basal conglomerate or clay
breccia at the base (Geologiya …, 2001). The Pinsk
Formation (up to 460 m thick) unites the red-colored
oligomictic and mesomictic silty sandstones and
sandy siltstones. This formation also includes thin
(from 0.n to 5–10 m) members of alternating lami-
nated siltstones, claystones, and sandstones. Interlay-
ers of the clayey varieties show desiccation cracks. The
Orsha Formation (up to 620 m) is almost completely
composed of the red-colored fine- and medium-
grained oligomictic and quartz-rich sandstones. At the
formation bottom (over 7–10 m from the base), a
gravel–pebble conglomerate layer lies on the Rudnya
Formation (Geologiya …, 2001). Along the periphery
of the eponymous depression, the Orsha Formation
overlies the weathering crust developed after the crys-
talline basement. The Lapichi Formation (up to 82 m)
unconformably overlies the red-colored sandstones
and mudstones of the Pinsk (more rarely, Orsha) For-
mation and is overlain with erosion by the Vilchitsy
Group. The Orsha Formation unites the stromatolitic
and catagraphic dolomites (with the sandy–silty and
ferruginous–clayey admixture), sandstones (with the
clay–dolomite cement), clayey and sandy siltstones,
polymictic conglomerates, as well as conglobreccias
and dolomitic breccias (Geologiya …, 2001; Środoń
et al., 2022; Streltsova et al., 2023). Sandstones of the
Bortniks and Rudnya formations in the Volyn–Orsha
trough were accumulated no later than 1 Ga ago, as is
evident from the U–Th–Pb age of detrital zircon
(Zaitseva et al., 2023). Thus, the age of the Sherovichi
and Belarus groups, previously considered as Middle
Riphean, is now defined as Late Riphean.

New information about the petrography and geo-
chemistry of the Riphean and Vendian lithostrati-
graphic units in Belarus was obtained by studying sam-
ples of the Rudnya, Orsha, and Glusk formations
recovered in 2017 by the parametric borehole Byk-
hovskaya at the Orsha depression/Zhlobin saddle
junction (Kuzmenkova et al., 2018). In borehole Byk-
hovskaya, the Rudnya Formation is dominated by the
polymictic sandstones with poorly sorted/rounded
fragments of quartz, feldspar, quartzite, and granite
with hydromica, smectite, hematite, and less common
kaolinite. The oligomictic sandstones appear in the
upper part. At the same time, the hydrolyzate module
(HM) is 0.32–0.13 in polymictic sandstones of the
Rudnya Formation and 0.06 in the oligomictic variety
(Kuzmenkova et al., 2018). The Vendian Orsha For-
mation is represented by almost monomineral quartz
sandstones with HM = 0.07. The Glusk Formation in
borehole Bykhovskaya is represented by moraine
deposits of red tillites of predominantly sand dimen-
AND MINERAL RESOURCES  Vol. 59  No. 4  2024
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Fig. 1. Schematic location of the studied boreholes (a) and summary Upper Precambrian stratigraphic column in Belarus (b).
Modified after (Stratigraficheskie …, 2010). The geographic base is adopted from https://yandex.ru/maps/
?ll=166.992700%2C21.912809&z=2. (1–3) relationship between stratons: (1) conformable, (2) unconformable, (3) proven strati-
graphic hiatuses; (4) sampled section intervals; (5) boreholes: (1) Bykhovskaya, (2) Kormyanskaya, (3) Lepel 1, (4) Bogu-
shevskaya 1. The age boundary of large stratigraphic subdivisions (in Ma) given according to (Stratigraficheskie …, 2010).
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sion with quartzite pebbles and boulders (HM = 0.11),
f luvioglacial deposits with the oligomictic quartz-rich
sands and sandstones of variable sorting degree (HM
= 0.04–0.19), and lacustrine-glacial deposits of red-
brown banded kaolinite–hydromica clays (HM =
0.58). The mineral–chemical composition of sand-
stones and tillites of the Glusk Formation is similar to
that in the underlying sandstones of the Rudnya and
Orsha formations, indicating a significant degree of
Riphean rock assimilation by the Vendian glacier
(Kuzmenkova et al., 2018).

The Vendian Vilchitsy Group is divided into the
Blonsk and Glusk formations. The Blonsk Formation
(thickness 245 m) is mainly represented by the fine-
grained feldspar- and quartz-rich sandstones with
subordinate fragments of granitoids, sandstones, and
sandy-dolomitic rocks. Layers of claystones and boul-
der-pebble conglomerates are also found in the sec-
tions (Geologiya …, 2001). The Glusk Formation (483 m)
is composed of tillites, oligomictic sandstones, silt-
stones, and silty–clayey rocks. The latter rocks are
sometimes characterized by the varved bedding with
megaclasts (pebbles, gravel, and sand–gravel accumu-
lations).

The Volyn Group includes the Gorbasi, Rataich-
itsy, Kletsk, Lukoml, Girsk, Vidibor, and Liozno for-
mations. The Gorbashi Formation (30 m) is com-
posed of the coarse- and varigrained arkosic sand-
stones with siltstones interlayers. The Rataichitsy
Formation (340 m) is composed of basalts, dolerite
basalts, their lava breccias and tuffs, andesidacites,
dacites, and trachyrhyodacites (Geologiya …, 2001;
Makhnach et al., 1976; and others). The Kletsk For-
mation (177 m) is represented by tuffs (psammitic,
silty, and clayey-silty), tuffites, tuffaceous sandstones,
and tuffaceous siltstones. The Lukoml Formation (80 m)
unites the tuffogenic and tuffogenic-sedimentary
rocks (tuffites, tuffogenic and/or volcanomictic-
arkosic sandstones and siltstones), as well as gravelites.
The Rataichitsy, Kletsk, and Lukoml formations are
considered as different-facies stratigraphic analogs
(Stratigraficheskie …, 2010). The Girsk Formation
(110 m) is composed of the red-colored, coarse- and
varigrained arkosic and volcanomictic sandstones,
gravelites, gravel-pebble conglomerates, and sandy
and clayey siltstones. The Vidibor Formation (up to
70 m) unites the volcanomictic and polymictic sand-
stones, clayey siltstones, and clays (Geologiya …, 2001;
Makhnach et al., 1976). The Liozno Formation
(50 m) is represented by the heterogeneous volca-
nomictic and arkosic (mainly coarse-grained) sand-
stones with siltstone interlayers. The rocks contain
glauconite. The Liozno, Girsk, and Vidibor forma-
tions are considered stratigraphic analogs (Stratigra-
ficheskie …, 2010).

The Valdai Group unites the Nizov, Selyavy,
Tshernitsa, and Kotlin formations. The first three for-
mations belong to the Vendian Redkino regional
LITHOLOGY 
stage; the Kotlin Formation, to the eponymous
regional stage. The Nizov Formation (47 m) is mainly
represented by the coarse- and medium-grained vol-
canomictic sandstones and siltstones (Geologiya …,
2001; Laptsevich et al., 2023; Stratigraficheskie …,
2010). The Selyavy Formation (57 m) is composed of
the micaceous siltstones and silty mudstones, with
interlayers of the fine-grained micaceous arkosic
sandstones in the lower part (Golubkova et al., 2022).
The Tshernitsa Formation (64 m) is represented
mainly by clays and micaceous siltstones, with silt-
stones and heterogeneous arkosic sandstones in the
lower part. Pyrite is quite typical for rocks of this
stratigraphic level (Golubkova et al., 2022). The
Kotlin Formation (up to 220 m) includes various com-
binations of the heterogeneous arkosic (quartz and
feldspar–quartz in the upper part) sandstones, mud-
stones and silty varieties, micaceous siltstones, sider-
ites, and mudstones with glauconite.

According to the data in (Jewuła et al., 2022), the
fine-grained clastic rocks of the Volyn level in western
Belarus (boreholes Kormyanskaya and Bykhovskaya)
and Volhynia are characterized by an average quartz
content of ~14.0 ± 8.0 wt %, increasing upsection in
Kotlin mudstones to ~30.0 wt % (hereinafter, results
of the determination of the quantitative mineral com-
position of claystones using the XRD analysis of bulk
samples are given). The content of potassium feldspar
(Kfs) is approximately constant (wt %): 11.0 ± 7.0
(Volyn stratigraphic level), 17.0 ± 7.0 (Redkino level),
and 14.0 ± 9.0 (Kotlin level). The average plagioclase
content decreases from ~6.0 (Volyn level) to 0.2 wt %
(Kotlin level). The average content of 1Md illite in the
fine-grained clastic rocks is as follows (wt %): 15.0 ±
9.0 (Volyn stratigraphic level), 19.0 ± 10.0 (Redkino
level), and 13.0 ± 9.0 (Kotlin). The average content of
different varieties of smectite is maximum (20.0 ±
18.0 wt %) in claystones of the Volyn level and 6.0 ±
7.0 wt % in the rocks of the Kotlin regional stage with
the same grain size composition. The content of
kaolinite does not change significantly upward the
section. The average content is as follows: 10.0 wt % in
rocks of the Volyn level, about 18.0 wt % in the Redkino
regional stage, and ~15.0 wt % in the Kotlin regional
stage. It should be emphasized that the kaolinite, illite,
and smectites can be absent or dominant in different
samples: up to 35.0–40.0 wt % (illite and kaolinite)
and less often 65.0 wt % (smectites). The average chlo-
rite content can vary from 1.0 ± 2.0 (Kotlin level) to
3.0 ± 3.7 wt % (Volyn level). Its maximum content in
the sample does not exceed 10.0 wt %. The fine-
grained rocks under consideration are also marked by
the presence of authigenic berthierine (Redkino and
Kotlin regional stages), which is associated with the
transformation of kaolinite. The average berthierine
content varies from 3.0 ± 4.0 to 4.0 ± 6 wt % and can
reach 25.0 wt % in some samples. The total content of
clay components in the fine-grained clastic rocks of
AND MINERAL RESOURCES  Vol. 59  No. 4  2024



LITHOGEOCHEMISTRY OF UPPER PRECAMBRIAN TERRIGENOUS ROCKS 361
this region varies from 37.0 (Kotlin level) to 44.0 wt %
(Redkino level).

In eastern Belarus (boreholes Lepel 1 and Bogu-
shevskaya 1), the situation is somewhat different. The
content of 1Md illite in the fine-grained clastic rocks
and the Volyn–Kotlin interval averages 12.0–13.0 wt %.
The content of various smectites varies from slightly
more than 13.0 wt % (Volyn level) to 9.0 wt % (Red-
kino), and 11.0 wt % (Kotlin). Taking into account the
probable errors, these values are statistically compara-
ble. On the contrary, the average kaolinite content in
claystones of the Volyn level is only 10.0 ± 7.0 wt %.
The content is as high as 18.0 ± 5.0 wt % in rocks of the
Redkino regional stage and 17.0 ± 7.0 wt % in the
Kotlin rocks (Jewuła et al., 2022). The highest average
content of clay components is typical for the fine-
grained clastic rocks of the Redkino and Kotlin levels:
46.0 ± 15.0 and 45.0 ± 16.0 wt %, respectively. In rocks
of the Volyn Group, their content is slightly lower:
39.0 ± 16.0 wt %. At the same time, the distribution of
illite, kaolinite, chlorite, and smectite in different
samples is similar to that in claystones of western
Belarus and Volhynia. In the Vendian claystones of
this region, berthierine occurs at all of the studied
stratigraphic levels: its average content is slightly
higher than in similar rocks from the western part of
Belarus and Volhynia (5.0–6.4 ± 5.0–7.0 wt %). The
maximum contents are also slightly higher (up to
28.0 wt % in mudstones of the Kotlin level). In addi-
tion to these minerals, goethite, hematite, pyrite, sul-
fates, siderite, apatite, and carbonate minerals are
found in the fine-grained clastic rocks of the Volyn
and Valdai groups in Belarus and Volhynia.

DEPOSITIONAL SETTING OF THE RIPHEAN 
AND VENDIAN SEDIMENTARY SEQUENCES

According to (Kuzmenkova et al., 2018, 2019a,
2019b, and references therein), the Rogachev and
Rudnya formations are represented, by shallow epi-
continental sediments of a freshened (to a variable
extent) basin. The Orsha Formation reflects the depo-
sitional stage in a shallow closed (intracontinental)
basin with low salinity. The data in (Golubkova et al.,
2022; Jewuła et al., 2022; Paleogeografiya …, 1980)
suggest that the Vendian rocks were deposited here
mainly in alluvial fans, channel and floodplain zones,
as well as coastal (lagoonal included) and shallow-sea
environments (Kuzmenkova et al., 2018; Laptsevich
et al., 2023). In most cases, deposits of these environ-
ments can inherit the “provenance signal”—the distri-
bution of several low soluble trace elements (Th, La,
Sc, Co, Cr, V, and others), as well as their relationships
in the provenance (Geochemistry …, 2003; Interpretat-
siya …, 2001; McLennan, 1989; McLennan et al.,
1990, 1993; Taylor and McLennan, 1985; and others).
This feature is most characteristic of the fine-grained
clastic rocks containing a significant proportion of the
clay component.
LITHOLOGY AND MINERAL RESOURCES  Vol. 59  N
FACTUAL MATERIAL
To study the lithogeochemistry of sandstones and

siltstones from the Riphean (Rogachev, Rudnya, and
Orsha formations) and Vendian (Glusk, Lukoml,
Liozno, Nizov, Selyavy, Tshernitsa, and Kotlin forma-
tions) sectons, we used a collection of 54 samples
taken from boreholes Bogushevskaya 1, Bykhovskaya,
Lepel 1, and Kormyanskaya during the joint work of
the Institute of Precambrian Geology and Geochro-
nology (St. Petersburg) and the National Production
Center for Geology (Minsk). Borehole Bogushevskaya
1 is located in the southern Vitebsk region (30–40 km
south of Vitebsk near the eponymous settlement.
Borehole Bykhovskaya was drilled at the
Gomel/Mogilev border about 100 km north of Gomel.
Borehole Lepel 1 is located in the western Vitebsk
region (90–100 km west of Vitebsk). Borehole
Kormyanskaya is located in the northern Gomel
region (70–80 km north of Gomel near the Korma
Settlement). A detailed lithological and paleontologi-
cal description of the Vendian rocks is presented in
(Golubkova et al., 2021; Kuzmenkova et al., 2018;
Laptsevich et al., 2023; Streltsova et al., 2023). The
sample collection covers all stratigraphic levels and
main lithotypes in the Riphean and Vendian rocks
recovered by these boreholes. Taking into account sev-
eral individual lithostratigraphic units (formations),
the total number of samples in our collection is not yet
statistically representative. Nevertheless, we believe
that the following conclusions based on the results of
the pilot project are quite correct.

The content of the major oxides in sandstones and
siltstones was determined by the X-ray f luorescence
method using an ARL 9800 (VSEGEI, St. Petersburg)
X-ray spectrometer. The lower detection limit was as
follows (wt %): 0.02 (SiO2), 0.01 (TiO2), 0.05 (Al2O3),

0.01 (  = FeO + Fe2O3), 0.01 (MnO), 0.1
(MgO), 0.01 (СаО), 0.1 (Na2O), and 0.01 (К2О).

The content of trace elements was determined
using a quadrupole mass spectrometer equipped with
ICP Agilent 7700x (VSEGEI, St. Petersburg). The
lower limits for the determination of element concen-
trations were as follows (μg/g): 3 (Ba), 2.5 (V), 2 (Rb),
1 (Cr, Ni, Sr, Pb, and Zn), 0.5 (Co, Zr, Nb), 0.2 (Sc),
0.1 (Ga, Y, Cs, Th, U), 0.01 (La, Ce, Pr, Nd, Gd, Dy,
Er, Yb, Hf), and 0.005 (Sm, Eu, Tb, Ho, Tm, Lu).
Their distribution relative to various reference geo-
chemical objects is discussed below.

The bulk chemical composition of the studied
sandstone and siltstone samples is presented in Tables 1
and 2. Hereinafter, the content of all major oxides is
given in wt %.

Under the program of pilot studies, we studied the
chemical composition of sandstones and siltstones
both to elucidate the lithotype visually identified
during the sampling and to obtain additional informa-
tion about the mechanisms and processes of their for-

2 3
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Table 1. Content of the major oxides (wt %) and values of the lithochemical modules for the representative samples
of Upper Precambrian sandstones (SN) and siltstones (SL) in Belarus

C
om

po
ne

nt
s

Borehole

Kormyanskaya Bykhovskaya Bogushevskaya 1

Formation

Rogachev Rudnya Orsha Glusk Lukoml

Rocks

SN SN SN SL SN SL SN SL SL SN SL SN SL SN SL SL

Prefix

Km- Bh- Bo- Bh- Bo-

Sample no.

648 662 350 716 735 758 893 1489 1547 706 383 460 611 691 760 772

SiO2 96.90 98.50 92.60 79.50 81.10 84.00 98.30 93.90 87.80 82.40 60.90 88.70 63.30 96.80 55.30 56.70

TiO2 0.01 0.01 0.28 0.04 0.09 0.01 0.01 0.19 0.38 0.11 0.96 0.26 0.86 0.01 1.59 1.71

Al2O3 1.13 0.33 2.50 10.70 11.00 8.35 0.13 2.50 4.00 9.98 14.50 5.09 13.70 1.16 15.20 16.70

0.38 0.26 0.83 0.76 0.59 0.33 0.29 0.98 2.39 0.73 8.90 0.79 9.29 0.20 11.50 10.00

MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.98 0.01 0.05 0.01 0.10 0.03

MgO 0.10 0.10 0.10 0.10 0.43 0.10 0.10 0.10 0.35 0.10 2.15 0.39 1.74 0.10 3.46 2.54

CaO 0.19 0.17 0.16 0.12 0.14 0.15 0.18 0.11 0.28 0.10 0.47 0.26 0.40 0.13 1.25 0.64

Na2O 0.09 0.09 0.09 0.08 0.10 0.10 0.10 0.09 0.09 0.09 0.26 0.09 0.20 0.10 1.03 1.00

K2O 0.64 0.42 2.30 5.39 4.07 5.31 0.01 0.06 2.45 4.29 5.71 2.59 5.82 0.82 4.33 5.06

P2O5 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.15 <0.05 0.14 <0.05 0.32 0.11

LOI 0.35 0.36 0.70 2.72 2.33 1.67 0.38 1.47 1.39 2.65 4.75 1.78 3.96 0.59 5.42 5.26

Total 99.70 100.00 99.40 99.20 99.80 99.80 99.30 99.20 99.10 100.00 99.80 100.00 99.50 99.70 99.50 99.80

Na2O + 
K2O 0.73 0.51 2.39 5.47 4.17 5.41 0.11 0.15 2.54 4.38 5.97 2.68 6.02 0.92 5.36 6.06

HM 0.016 0.006 0.039 0.14 0.14 0.10 0.004 0.04 0.08 0.131 0.42 0.07 0.38 0.014 0.51 0.50

FM 0.005 0.004 0.01 0.011 0.013 0.005 0.004 0.012 0.031 0.010 0.20 0.013 0.18 0.003 0.27 0.22

TM 0.008 0.028 0.112 0.004 0.008 0.001 0.067 0.076 0.095 0.011 0.066 0.051 0.063 0.008 0.11 0.10

IM 0.34 0.80 0.30 0.07 0.05 0.04 2.16 0.37 0.55 0.07 0.64 0.15 0.64 0.18 0.69 0.54

NAM 0.65 1.54 0.96 0.51 0.38 0.65 0.81 0.06 0.64 0.44 0.41 0.53 0.44 0.79 0.35 0.36

AM 0.14 0.21 0.04 0.02 0.02 0.02 9.50 1.41 0.04 0.02 0.05 0.03 0.03 0.12 0.24 0.20

2 3*Fe O
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Borehole

Lepel 1 Bogushevskaya 1 Lepel 1 Bogushevskaya 1 Lepel 1

Formation

Liozno Nizov Selyavy Tshernitsa Kotlin

Rocks

SL SL SL SN SL SL SL SN SL SL SN SL SL SL SL SN

Prefix

Lp- Bo- Lp- Bo- Lp-

Sample no.

528 540 721 681 685 658 660 477 600 608 622 515 521 530.5 329 378

SiO2 61.10 52.20 49.20 76.70 60.90 58.60 57.00 82.40 61.20 56.20 65.10 58.40 61.00 68.50 56.00 81.70

TiO2 1.85 1.30 1.60 0.37 0.90 1.45 1.48 0.29 0.96 1.29 0.06 1.24 1.01 1.03 1.06 0.21

Al2O3 16.70 18.90 22.30 4.88 8.14 18.20 19.50 9.06 15.90 18.60 7.06 19.10 15.60 15.20 23.60 4.15

7.88 10.30 10.50 1.86 2.80 6.84 7.78 0.62 6.89 7.27 3.05 6.36 6.07 3.59 5.96 1.01

MnO 0.05 0.06 0.06 0.38 0.69 0.03 0.03 0.01 0.31 0.21 0.50 0.18 0.22 0.03 0.02 0.03

MgO 1.47 4.41 2.04 2.00 3.82 1.72 1.84 0.13 1.48 2.34 2.98 1.47 1.23 0.92 1.64 0.12

CaO 0.64 0.66 0.40 4.51 7.23 0.46 0.34 0.27 0.82 1.30 6.86 0.30 2.17 0.28 0.21 6.22

Na2O 1.23 1.19 0.73 0.22 0.39 1.05 0.95 0.53 0.50 0.48 0.22 0.75 0.33 0.63 0.09 0.09

K2O 4.43 4.34 4.14 2.02 2.82 4.14 4.26 4.84 4.71 4.42 3.39 3.98 4.22 3.92 3.51 2.21

P2O5 <0.05 0.13 0.13 <0.05 <0.05 <0.05 0.06 <0.05 0.06 0.82 <0.05 <0.05 <0.05 0.07 0.08 0.08

LOI 4.70 6.61 8.57 6.71 12.00 7.27 6.62 1.83 6.75 7.02 10.50 7.56 8.08 5.02 8.28 3.91

Total 100.00 100.00 99.70 99.70 99.70 99.80 99.90 100.00 99.50 100.00 99.70 99.40 99.90 99.30 100.00 99.60

Na2O + 
K2O 5.66 5.53 4.87 2.24 3.21 5.19 5.21 5.37 5.21 4.90 3.61 4.73 4.55 4.55 3.60 2.30

HM 0.43 0.59 0.70 0.10 0.21 0.45 0.51 0.121 0.39 0.49 0.164 0.46 0.38 0.28 0.29 0.066

FM 0.15 0.28 0.26 0.06 0.12 0.15 0.17 0.009 0.14 0.18 0.10 0.14 0.12 0.066 0.066 0.014

TM 0.111 0.069 0.072 0.076 0.111 0.080 0.076 0.032 0.060 0.069 0.009 0.065 0.065 0.070 0.068 0.051

IM 0.43 0.51 0.44 0.43 0.39 0.35 0.37 0.07 0.43 0.38 0.50 0.32 0.38 0.23 0.22 0.24

NAM 0.34 0.29 0.22 0.46 0.39 0.29 0.27 0.59 0.33 0.26 0.51 0.25 0.29 0.30 0.30 0.56

AM 0.28 0.27 0.18 0.11 0.14 0.25 0.22 0.11 0.11 0.11 0.06 0.19 0.08 0.26 0.16 0.04

2 3*Fe O

Table 1. (Contd.)
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Table 2. Content of trace elements (μg/g) in the representative samples of Upper Precambrian sandstones (SN) and silt-
stones (SL) in Belarus

C
om

po
ne

nt
s

Borehole

Kormyanskaya Bykhovskaya Bogushevskaya 1

Formation

Rogachev Rudnya Orsha Glusk Lukoml

Rocks

SN SN SN SL SN SL SN SL SL SN SL SN SL SN SL SL

Prefix

Km- Bh- Bo- Bh- Bo-

Sample no.

648 662 350 716 735 758 893 1489 1547 706 383 460 611 691 760 772

Sc 1.34 1.08 3.49 1.66 2.09 1.38 1.24 4.48 7.21 2.55 11.70 3.61 10.70 1.34 18.80 20.20

V <2.50 2.81 17.80 3.21 5.36 <2.50 5.01 3.33 10.10 11.20 49.50 18.20 46.10 <2.50 172.00 197.00

Cr 6.91 10.70 12.50 8.61 7.55 5.66 4.87 8.04 11.00 6.99 46.10 13.60 41.20 6.51 53.50 60.10

Co 333.00 312.00 258.00 66.00 177.00 122.00 218.00 103.00 145.00 122.00 27.60 280.00 32.10 305.00 41.00 26.20

Ni 4.72 6.78 5.52 2.88 2.96 2.87 3.01 4.52 12.50 4.15 32.40 11.40 26.40 4.76 35.80 29.40

Zn 1.47 <1.00 16.20 <1.00 <1.00 <1.00 <1.00 <1.00 24.40 2.71 110.00 30.30 79.80 <1.00 76.70 76.40

Ga 1.16 1.03 3.77 8.31 6.52 6.39 0.77 2.95 6.57 7.78 20.70 6.73 18.00 1.85 20.10 20.50

Rb 14.60 9.79 49.10 113.00 79.40 113.00 <2.00 2.17 71.30 102.00 164.00 71.20 151.00 17.70 117.00 144.00

Sr 12.60 16.70 75.80 67.40 53.50 63.80 12.90 27.20 75.10 64.70 107.00 46.30 138.00 39.90 84.70 88.30

Y 4.24 3.45 11.80 4.79 5.86 3.56 3.94 14.00 34.50 7.81 27.80 10.30 26.20 4.20 35.00 32.80

Zr 28.40 21.40 219.00 37.00 59.20 29.20 32.20 253.00 287.00 98.20 230.00 107.00 268.00 19.90 187.00 159.00

Nb 0.57 <0.50 5.20 2.08 3.13 1.19 0.54 3.89 6.46 3.91 36.00 7.02 37.30 0.69 20.60 19.20

Cs 0.28 0.26 0.58 1.03 0.79 0.97 <1.00 <1.00 2.20 1.04 5.94 1.46 5.43 0.24 3.20 3.68

Ba 93.40 58.00 930.00 909.00 629.00 930.00 28.20 16.80 322.00 788.00 519.00 389.00 576.00 279.00 458.00 459.00

La 6.36 9.13 18.10 10.50 9.87 7.10 5.00 11.20 15.60 12.60 47.70 16.00 69.10 9.04 51.40 47.80

Ce 8.13 8.71 34.60 18.20 25.10 15.40 8.49 22.30 32.90 23.80 111.00 33.40 128.00 16.20 103.00 98.20

Pr 1.33 1.85 4.08 2.62 2.36 1.51 1.32 2.92 3.81 3.10 10.70 3.95 13.40 2.23 12.70 11.80

Nd 4.87 6.40 15.00 9.67 8.68 5.58 5.14 11.30 14.70 11.80 36.00 14.10 39.70 8.28 49.60 44.90

Sm 0.90 1.04 2.63 1.52 1.62 0.90 0.94 2.42 3.47 2.01 6.30 2.61 5.57 1.38 9.65 8.50

Eu 0.19 0.17 0.56 0.49 0.47 0.39 0.18 0.50 0.92 0.58 1.33 0.54 1.12 0.31 2.03 1.96

Gd 0.73 0.72 2.22 1.06 1.28 0.77 0.79 2.34 4.37 1.58 6.19 2.13 5.53 1.08 8.51 7.51

Tb 0.12 0.11 0.32 0.15 0.19 0.11 0.12 0.38 0.83 0.23 0.94 0.31 0.83 0.15 1.22 1.11

Dy 0.75 0.58 1.91 0.81 1.04 0.63 0.66 2.25 5.50 1.35 5.17 1.77 4.74 0.77 6.95 6.51

Ho 0.15 0.12 0.39 0.17 0.21 0.12 0.13 0.45 1.18 0.28 1.02 0.37 0.95 0.15 1.33 1.25

Er 0.45 0.36 1.17 0.50 0.62 0.37 0.36 1.34 3.50 0.81 2.87 1.04 2.75 0.42 3.70 3.64

Tm 0.07 0.06 0.19 0.08 0.09 0.06 0.05 0.20 0.54 0.12 0.44 0.16 0.41 0.06 0.50 0.53

Yb 0.45 0.38 1.21 0.51 0.63 0.38 0.37 1.37 3.62 0.84 2.84 1.06 2.86 0.41 3.28 3.45

Lu 0.07 0.06 0.20 0.08 0.10 0.06 0.06 0.21 0.56 0.12 0.42 0.16 0.43 0.06 0.49 0.50

Hf 0.89 0.69 6.26 1.16 1.89 0.94 0.94 7.37 8.01 2.93 6.73 3.12 7.56 0.65 5.69 4.76

Pb 1.30 1.19 5.48 3.16 2.19 2.75 1.90 2.23 3.89 3.22 12.90 3.09 10.20 1.41 7.55 5.80

Th 0.99 0.92 6.04 1.79 2.15 1.32 0.76 3.12 7.45 2.84 13.90 3.60 12.60 1.17 10.00 8.72

U 0.30 1.24 0.84 0.42 0.55 0.29 0.31 1.11 2.78 0.65 2.47 4.53 2.26 0.36 1.56 2.10
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C
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Borehole

Lepel 1 Bogushevskaya 1 Lepel 1 Bogushevskaya 1 Lepel 1

Components

Liozno Nizov Selyavy Tshernitsa Kotlin

Rocks

SL SL SL SN SL SL SL SN SL SL SN SL SL SL SL SN

Prefix

Lp- Bo- Lp- Bo- Lp-

Sample no.

528 540 721 681 685 658 660 477 600 608 622 515 521 530.5 329 378

Sc 18.70 18.40 19.20 4.92 15.60 14.30 14.50 3.11 10.80 17.60 3.72 14.40 10.40 11.20 14.60 2.40

V 72.00 82.00 182.00 11.20 29.70 93.40 102.00 13.90 69.60 101.00 12.60 85.50 52.80 66.20 102.00 13.20

Cr 41.50 84.80 87.40 14.50 28.30 60.20 65.30 18.10 46.30 64.70 9.31 65.30 42.60 47.30 72.30 14.60

Co 29.60 55.10 23.50 66.70 46.50 25.80 23.20 179.00 38.50 37.60 50.90 51.50 29.40 28.30 30.40 72.30

Ni 23.10 59.20 35.30 6.95 8.02 23.40 24.70 3.15 21.70 26.70 3.49 34.50 17.40 25.60 41.50 4.65

Zn 52.30 116.00 86.50 3.16 7.52 148.00 62.70 1.22 40.00 76.20 <1.0 213.00 65.60 72.50 86.80 1.74

Ga 20.00 24.80 27.80 5.00 10.10 21.40 24.50 6.17 18.70 26.20 6.24 21.40 17.00 18.40 25.00 5.03

Rb 124.00 142.00 150.00 45.10 65.20 138.00 144.00 106.00 144.00 201.00 92.00 156.00 155.00 121.00 175.00 52.70

Sr 164.00 130.00 138.00 117.00 77.30 144.00 155.00 109.00 104.00 309.00 153.00 85.40 105.00 304.00 239.00 739.00

Y 39.70 52.10 37.60 22.20 38.20 28.90 24.70 8.04 29.20 69.80 15.80 34.40 32.00 30.30 28.10 6.57

Zr 615.00 355.00 207.00 221.00 756.00 290.00 243.00 145.00 287.00 321.00 61.50 213.00 274.00 319.00 113.00 60.90

Nb 24.80 18.10 25.20 5.51 13.30 21.40 22.40 4.51 15.10 21.60 1.56 21.50 17.40 16.30 17.70 3.25

Cs 2.35 3.25 4.83 0.24 0.47 3.04 3.43 0.59 2.40 4.29 0.46 4.22 2.85 3.09 4.38 0.35

Ba 767.0 602.0 572.0 1850.0 654.0 839.0 831.0 1000.0 869.0 896.0 992.0 626.0 1020.0 672.0 615.0 408.0

La 67.50 77.80 89.00 25.40 56.80 65.50 69.20 22.10 53.70 93.20 20.20 54.80 47.60 71.00 63.30 12.30

Ce 142.00 154.00 175.00 57.40 120.00 128.00 138.00 46.70 109.00 197.00 42.20 107.00 95.50 159.00 124.00 23.30

Pr 15.60 19.50 20.90 7.23 14.70 15.00 16.40 4.77 12.80 23.90 4.86 12.80 11.00 18.50 12.90 2.98

Nd 56.90 75.50 76.50 29.60 57.60 54.50 59.60 16.60 47.90 91.80 20.50 47.00 41.00 67.40 44.50 11.10

Sm 10.20 14.40 13.30 6.06 11.50 8.77 9.61 2.68 8.52 16.80 4.55 8.43 7.46 10.10 7.19 2.13

Eu 1.78 2.37 2.44 1.54 1.80 1.68 1.92 0.99 1.76 3.96 1.54 1.61 1.48 1.72 1.50 0.62

Gd 8.73 12.00 10.70 5.43 9.59 7.25 7.37 2.07 7.22 16.70 3.88 7.10 6.31 6.51 6.50 1.73

Tb 1.28 1.68 1.54 0.82 1.33 1.04 1.00 0.28 1.02 2.45 0.56 1.08 0.96 0.87 0.98 0.25

Dy 7.68 9.24 8.22 4.49 6.92 5.82 5.32 1.61 5.48 13.20 3.12 6.06 5.59 5.05 5.69 1.35

Ho 1.56 1.81 1.55 0.78 1.26 1.11 1.01 0.31 1.05 2.40 0.58 1.22 1.09 1.07 1.12 0.25

Er 4.50 4.95 4.33 1.92 3.50 3.18 2.91 0.92 2.97 5.96 1.46 3.62 3.28 3.34 3.06 0.68

Tm 0.67 0.68 0.62 0.24 0.50 0.47 0.42 0.14 0.41 0.73 0.19 0.53 0.49 0.53 0.43 0.10

Yb 4.53 4.23 4.05 1.48 3.45 3.13 2.75 0.95 2.74 4.16 1.07 3.51 3.01 3.68 2.68 0.67

Lu 0.69 0.65 0.60 0.23 0.56 0.45 0.42 0.16 0.41 0.62 0.15 0.52 0.46 0.56 0.41 0.10

Hf 17.80 10.20 6.50 6.24 22.30 8.76 7.44 4.13 8.50 8.90 1.82 6.66 8.27 9.69 3.65 1.89

Pb 8.06 6.96 10.30 4.55 6.51 8.55 8.29 9.44 8.37 5.95 5.93 7.57 5.91 4.45 5.34 1.76

Th 28.60 24.50 21.80 7.93 26.00 18.00 17.10 4.34 19.40 20.60 2.41 14.90 15.90 12.40 10.60 3.65

U 2.88 2.35 2.35 0.89 3.19 1.76 1.62 0.61 2.32 2.99 0.22 4.36 2.52 2.98 2.97 0.60

Table 2. (Contd.)
LITHOLOGY AND MINERAL RESOURCES  Vol. 59  No. 4  2024



366 MASLOV et al.
mation (provenance and paleoclimate included). For
this purpose, we used the chemical classification of
rocks proposed by Y.E. Yudovich and M.P. Ketris
(2000), as well as several other diagrams that contrib-
ute to solve these problems. The chemical certification
of rocks was carried out using various ratios (modules)
based the content of major oxides (in wt%): hydroly-

zate module, HM = (Al2O3 + TiO2 +  +

MnO)/SiO2, femic module, FM = (  + MnO +
MgO)/SiO2, titanium module, TM = TiO2/Al2O3,

iron module, IM = (  + MnO)/(Al2O3 + TiO2),
normalized alkalinity (NM + KM) module, NAM =
(Na2O + K2O)/Al2O3, and alkalinity module, AM =
Na2O/K2O.

CHEMICAL CLASSIFICATION OF ROCKS 
AND SOME PECULIARITIES IN THE 
DISTRIBUTION OF MAJOR OXIDES

Sandstones

The first peculiarity in the chemical classification
of sandstones is their rather distinct discrimination
into three clusters in the main, according to (Yudovich
and Ketris, 2000), (Na2O + K2O)–HM and (Na2O +

K2O)/Al2O3–(Al2O3 + TiO2 +  + MnO)/SiO2
diagrams (Figs. 2a, 2b). Cluster 1 includes Late Riph-
ean sandy rocks of the Rogachev (sample Km-648,
662) and Orsha (Bo-893, 1518) formations along with
the Lower Vendian Glusk Formation (Bh-634, 691)
with the highest SiO2 (96.8–98.5%) and the least
alkali contents (Na2O + K2O < 0.92%). They belong
to hypersilites with HM < 0.016 and NAM = 0.10–
1.54 (average 0.79). Samples of this cluster are charac-
terized by the minimum (in the sample set) content of
TiO2 (usually <0.01%), except sample Bo-1518

(~0.04%), as well as lower concentrations of 
(0.2–0.4%). Nevertheless, these rocks are generally
characterized by higher values of FM and lower values
of TM, relative to rocks in cluster 2 (Fig. 2c). Together
with high TM values and low TiO2 content, such low
HM values are most typical for the quartz-rich variet-
ies of sandstones (Yudovich and Ketris, 2000). This
statement is also consistent with the distribution of
data points of sandy rocks in cluster 1 in
log(SiO2/Al2O3)–log(Na2O/K2O) (Pettijohn et al.,

1976) and log(SiO2/Al2O3)–log( /K2O) (Her-
ron, 1988) diagrams: in both diagrams, they fall into
the field of quartz arenites (Figs. 3a, 3b).

Cluster 2 includes the hyper- and supersilites of the
Rudnya Formation (samples Km-350, Km-438, Km-
518), the Glusk Formation, as well as single samples of
the Nizov (Bo-681) and Kotlin formations (Lp-378)
characterized by HM = 0.036–0.098 and NAM =
0.46–1.01. The SiO2 content in these rocks is 88.7–

2 3
*Fe O

2 3
*Fe O

2 3
*Fe O

2 3
*Fe O

2 3
*Fe O

2 3
*Fe O
LITHOLOGY 
93.6% and rarely less (76.7–81.7%). The latter value is
probably related to the development of carbonate
cement and the corrosion of quartz grains in the Nizov
and Kotlin formations (CaO 4.5–6.2%, LOI 3.9–
6.7%), since the total alkali content in these samples is
almost the same as in other sandstones of this cluster.
It should be emphasized that, in general, the total
alkali content in sandstones of cluster 2 are notably
higher (1.9–3.4%) than in rocks of cluster 1. Rocks of
cluster 2 are enriched in Ti and depleted in IM, relative
to sandstones of cluster 1 (Table 1, Fig. 2c). Based on
HM values and the distribution of data points in clus-
ter 2 of log(SiO2/Al2O3)–log(Na2O/K2O) and
log(SiO2/Al2O3)–log( /K2O) diagrams (Figs. 3a,
3b), these rocks belong to both quartz-rich and oligo-
mictic (most likely, feldspar–quartz) varieties of sand-
stones.

Cluster 3 includes samples taken from the Rudnya
(Bh-735), Orsha (Bh-706), Selyavy (Lp-477), and
Tshernitsa (Bo-622) formations. They are distin-
guished by the minimum (among the studied sand-
stones) content of SiO2 (65.1–81.1…82.4%) and the
higher (Na2O + K2O) values (Fig. 2b, Table 1). Sand-
stones of cluster 3 are marked by the minimum TM
and IM values (Fig. 2c), while NAM and HM values
are maximum (Fig. 2b). In accordance with the
lithochemical classification (Yudovich and Ketris,
2000), sandstones of this cluster are normosilites. They
can include the arkosic, feldspar–quartz sandstones,
and felsic graywackes. In our case, judging from the
position of data points in the log(SiO2/Al2O3)–

log(Na2O/K2O) and log(SiO2/Al2O3)–log( /K2O)
diagrams, they are probably arkoses (Figs. 3a, 3b).
Sample Bo-622 in this cluster likely contains dolomite
and/or calcite in the cement (MgO ~3.0%, CaO
~6.9%, LOI 10.5%).

Thus, sandy rocks in the pilot collection are quite
consistent (in chemical composition) with sand-
stones, and the distribution of major oxides in them
and the geochemical certification (based on modules)
allow us to classify them as quartz-rich and oligomic-
tic (probably, feldspar–quartz) varieties, as well as
arkoses. Some samples containing the carbonate
cement should be used with caution in further litho-
geochemical studies.

Comparison of the lithochemical parameters of
Riphean and Vendian sandstones in the available
material with the average UCC composition (Rudnick
and Gao, 2003) did not identify any definite patterns
of their temporal composition evolution (Fig. 4). It is
obvious that the established geochemical differences
or similarities of sandstones are related to their affilia-
tion to one of the three lithotypes. At the same time,
we can note the similarity of the bulk chemical com-
position of some sandstone samples from the Riphean
Rudnya and Orsha formations with individual sand-

2 3
*Fe O

2 3
*Fe O
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Fig. 2. Position of data points of sandstones from different formations in module diagrams (Na2O + K2O)–(Al2O3 + TiO2 +

 + MnO)/SiO2 (a) and (Na2O + K2O)/Al2O3–(Al2O3 + TiO2 +  + MnO)/SiO2 (b), and TiO2/Al2O3–(  +
MnO)/(Al2O3 + TiO2) (c). (1–10) Formations: (1) Rogachev, (2) Rudnya, (3) Orsha, (4) Glusk, (5) Lukoml, (6) Liozno,
(7) Nizov, (8) Selyavy, (9) Tshernitsa, (10) Kotlin; (11) all studied sandstones; (12) all studied siltstones and claystones. Legend
with red contours shows the carbonatized rock varieties.
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Fig. 3. Position of data points of sandstones (a, b), siltstones and mudstones from various formations (c), as well as their sample
sets (d) on classification diagrams log(SiO2/Al2O3)–log(Na2O/K2O) (Pettijohn et al., 1976) (a) and log(SiO2/Al2O3)–
log( /K2O) (Herron, 1988) (b–d). Legend as in Fig. 2.
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stone samples from the Lower Vendian Glusk forma-
tion, as well as Nizov and Tshernitsa sandstones.

All the listed lithotypes (or petrotypes) of sand-
stones, identified by interpreting their chemical com-
positional features, do not contradict the data based
on the general lithological characteristics of forma-
tions and the material presented above in section
“Lithostratigraphy and Composition …”, which indi-
cates correctness of the performed geochemical stud-
ies and provides perspectives for their further applica-
tion.

Siltstones
The geochemical attestation of siltstones provides

very interesting assumptions concerning their affilia-
tion to a certain lithotype. The scanty siltstone sam-
ples from the Orsha and Rudnya formations, available
LITHOLOGY 
in our pilot collection, represent siltstones or close (in
terms of the clastic material dimension) fine-grained
(probably, significantly quartz-rich) sandstones. In
the (Na2O + K2O)–(Al2O3 + TiO2 +  +
MnO)/SiO2 and (Na2O + K2O)/Al2O3–(Al2O3 +

TiO2 +  + MnO)/SiO2 diagrams, their data
points fall into the fields of quartz, feldspar–quartz,
and arkosic sandstones (Figs. 5a, 5b). At the same
time, they differ from the Vendian siltstones by
increased content of SiO2 (79.5…87.8%, maximum
93.9%, sample Bo-1489); decreased content of TiO2
(0.01–0.19%), Al2O3 (4.0–10.7%, 2.5% in sample Bo-

1489), and  (0.76–2.4%); and comparable con-
tent of total alkalis (2.5–5.5%, 0.15% in sample Bo-
1489). Therefore, these samples can be attested as
normo-, super-, and hypersilites (HM = 0.04–0.14),
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Fig. 4. The UCC-normalized distribution of major oxides in the Riphean and Vendian sandstones.
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including the alkaline varieties. Siltstones of the Orsha
and Rudnya formations have TM and IM values, sim-
ilar to those in the feldspar–quartz sandstones of clus-
ter 2 (Fig. 5c).

The Riphean siltstones are characterized by a sig-
nificant prevalence of K2O over Na2O and, accord-
ingly, low AM values (0.02–0.04). However, as in the
case of SiO2, Al2O3, and alkali metal concentrations,
sample Bo-1489 differs slightly from the remaining
siltstones (AM = 1.4). Such values are typical more for
sandstones, whereas mudstones have a stable AM
value not exceeding 1 ± 0.1, according to (Yudovich
and Ketris, 2000). Hence, sample Bo-1489 represents
not siltstone but fine-grained sandstone. Moreover, the
data point of sample Bo-1489 falls into the field of Fe-

sandstones in the log(SiO2/Al2O3)–log( /K2O)2 3
*Fe O
LITHOLOGY AND MINERAL RESOURCES  Vol. 59  N
diagram; data points of the remaining Riphean silt-
stones, into the field of subarkoses (Fig. 2c).

In the (Na2O + K2O)/Al2O3–(  + MnO +
MgO)/SiO2 diagram (Yudovich and Ketris, 2000),
data points of Upper Riphean siltstones and sample
Bo-1489 occur in field I (sandstone) or do not fall into
any field (Fig. 5d), because they are marked by high
low FM (0.01–0.03) but high NAM values. This can
be caused by the presence of not only Kfs, but also
illite cement and/or appreciable muscovite. For exam-
ple, in the K2O/Al2O3–Ga/Rb diagram (Roy and
Roser, 2013), they fall into the field typical for mud-
stones dominated by illite (Fig. 5e), but slightly away
from the Vendian siltstones. In the K2O–Al2O3 dia-
gram (Van de Kamp, 2016), their data points deviate
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Fig. 5. Position of data points of mudstones and siltstones on diagrams (Na2O + K2O)–(Al2O3 + TiO2 +  + MnO)/SiO2

(a), (Na2O + K2O)/Al2O3–(Al2O3 + TiO2 +  + MnO)/SiO2 (b), TiO2/Al2O3–(  + MnO)/(Al2O3 + TiO2) (c),

(Na2O + K2O)/Al2O3–(  + MnO + MgO)/SiO2 (Yudovich and Ketris, 2000) (d), K2O/Al2O3–Ga/Rb (Roy and Roser,
2013) (e), and K2O–Al2O3 (Van de Kamp, 2016) (f). Legend as in Fig. 2. Insets in (Figs. 2d–2f) show clusters of Vendian silt-
stones and mudstones (see the text). (d) Fields of claystones: (I) kaolinite; (II) dominated by smectite (kaolinite and illite are sub-
ordinate); (III) dominated by chlorite (Fe-illite can occur as admixture); (IV) dominated by illite; (V) standard three-component
(“chlorite + smectite + illite”) system; (VI) dominated by illite with some finely ground Kfs. Green line in the inset indicates the
trend of rock enrichment with smectite, chlorite, iron hydroxides, and berthierine; red line, the trend of rock enrichment with
smectite, mixed-layer minerals, and kaolinite.
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from the Kfs line toward the illite–muscovite line
(Fig. 5f).

Application of the main module diagrams for Ven-
dian siltstones allows us to identify four additional
clusters. However, unlike the sandstone clusters, they
are not expressed in the diagrams with IM and TM
(Fig. 5c). According to these characteristics, Vendian
siltstones are highly similar or more ferruginous, rela-
tive to the coeval oligomictic and arkosic sandstones.
This feature is generally very typical for claystones(!)
but not siltstones.

Rocks of cluster 4 (number of samples, n = 4) are
attested as miosilites (Kotlin Formation) and pseudo-
miosilites, e.g., Nizov siltstone with the carbonate
cement, sample Bo-685, HM 0.21–0.29, NAM 0.25–
0.39, (Na2O + K2O) 3.2–4.6%, and the SiO2 content
varies form 60.9% in the carbonatized siltstone to
68.5–69.6% in other varieties. According to
(Yudovich and Ketris, 2000), the miosilite subtype of
clastolites is usually represented by the transitional
sandstone/mudstone varieties (in other words, silt-
stones) and sometimes fine-grained clayey varieties
that are characterized by the association with clay-
stones (Sistematika …, 1998). As in the case of Riph-
ean siltstones, data points of the Kotlin clayey silt-
stones do not fall into any of the classification fields in

the (Na2O + K2O)/Al2O3–(  + MnO +
MgO)/SiO2 diagram (Fig. 5d), although they occur
near fields V and II that accommodate the data points
of other samples from this formation. The Selyavy sit-
stone falls into field VI, probably, because of low SiO2
(due to the carbonatization) and SiO2/Al2O3 values ,
as well as high K2O content due to the significant
amount of Kfs (Fig. 5f). In the log(SiO2/Al2O3)–

log( /K2O) diagram, siltstones of this cluster fall
into the field of wackes (probably, due to a significant
silt admixture?), while the carbonatized Nizov silt-
stone falls into the field of arkoses (Fig. 3c).

The examination of clusters 5–7, as well as Liozno
sample Lp-540 (borehole Lepel 1), located between
cluster 5 and subcluster 6b, (Figs. 5a, 5b), unravels
several specific features. Based on the HM value, they
can be attested as normosiallites, less commonly,
supersiallites in the case of cluster 5 (HM 0.38–0.53,
SiO2 55.3–63.3%, Al2O3 13.7–19.5%), or hypohydro-
lyzates as in the case of clusters 6 and 7 (HM 0.55–
0.84, SiO2 42.0–56.0%, Al2O3 16.3–23.9%), but clus-
ter 5 differs from other two clusters by increased AM
(4.9–7.2% versus 3.2–4.9%). Rocks in clusters 5–7
are characterized by K2O > Na2O (K2Oaver 4.2 ± 0.8%,
Na2Oaver 0.7 ± 0.4%) and, correspondingly, low AM
values (0.03–0.36, average 0.17 ± 0.09). According to
(Yudovich and Ketris, 2000), all these features are
more typical for claystones rather than siltstones. This
statement is also supported by the position of data
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points of the “siltstones” in the log(SiO2/Al2O3)–

log( /K2O) diagram, where they fall into the
field of shales and Fe-shales (Figc. 3c, 3d). It is note-
worthy that in the later works devoted to the geochem-
istry of phosphorus, e.g., (Yudovich et al., 2020),
attestation of samples to “claystones” is based on the
following criteria: SiO2 ≤ 65–67%, Al2O3 ≥ 15%, and
AM < 0.5. Almost all samples of the pilot collection,
attested as claystones during the visual description and
sampling of drill cores, also satisfy these criteria.

After the geochemical attestation of the fine-
grained clayey siltstones and mudstones, we can make
the following conclusions concerning the mineralogy
of the clayey composition of rocks. Cluster 5 includes:
(1) alkaline varieties with the clay minerals dominated
by illite (n = 8) and the regular significant presence of
Kfs, because their data points are concentrated in field

VI in the (Na2O + K2O)/Al2O3–(  + MnO +
MgO)/SiO2 diagram (Fig. 5d) and the corresponding
field in the K2O/Al2O3–Ga/Rb diagram (Fig. 5e);
they are deviated from the illite–muscovite line
toward Kfs in the K2O–Al2O3 diagram (Fig. 5f); (2)
rocks of the mixed composition (n = 6) lack obvious
signs of the prevalence of any clay minerals (illite,
smectite, or chlorite) (field V in the (Na2O +

K2O)/Al2O3–(  + MnO + MgO)/SiO2) dia-
gram, which probably includes kaolinite, as suggested
by the increase of Al2O3 (relative to significantly illite-
rich varieties), decrease of K2O/Al2O3 (Fig. 5e), and
deviation toward the Al2O3 axis (Fig. 5f).

The significantly illite-rich varieties are repre-
sented by all Lukoml samples and some samples from
the Glusk (Bh-383, Bh-611, Bh-701), Liozno (Lp-528),
Nizov (Lp-498), and Tshernitsa (Bo-500) formations,
where varieties with the mixed composition are repre-
sented by samples from the Selyavy (Bo-658, Bo-660),
Tshernitsa (Bo-608, Bo-614), and Kotlin (Bo-515,
Bo-521) formations. It is noteworthy that many sam-
ples from the Lukoml Formation are marked by an
increased MgO content (up to 2.3–3.5%). According
to (Yudovich and Ketris, 2000), this feature can be
related to the presence of Fe–Mg chlorite, sepiolite,
palygorskite, magnesite, dolomite, amphiboles,
pyroxenes, and vermiculite. The chemical composi-
tion of rocks and information presented in (Jewuła et al.,
2022) suggest that chlorite and vermiculite (products
of the weathering and transformation of the main clas-
tic material) are the most probable agents among the
above-mentioned versions. In addition, field VI in the
(Na2O + K2O)/Al2O3–(  + MnO + MgO)/SiO2
diagram, which accommodates some data points of
cluster 5, includes products of the Precambrian arid
weathering crusts (Yudovich and Ketris, 2000).
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Cluster 6 is divided into subclusters. Subcluster 6а
includes two Kotlin samples (Lp-321 and Lp-329). As
clay rocks of cluster 7, these samples are characterized
by the minimum (among the Vendian pelitolites)
NAM values (<0.2, Fig. 5b) and FM value comparable
to that in some samples with the mixed clayey compo-
sition (Fig. 5d). At the same time, these samples fall
into field II in the (Na2O + K2O)/Al2O3–(  +
MnO + MgO)/SiO2 diagram and along the Al2O3 axis
in the K2O–Al2O3 diagram (Fig. 5f). They also corre-
spond to the field of kaolinite-dominated varieties in
the K2O/Al2O3–Ga/Rb diagram (Fig. 5e). All features
mentioned above suggest that subcluster 6a is domi-
nated by smectites and kaolinite.

The rock composition in subcluster 6b (n = 6) dif-
fers from the counterpart in cluster 5 by higher FM
and lower NAM values. Their data points fall into
fields III and IV in the (Na2O + K2O)/Al2O3–(  +
MnO + MgO)/SiO2 diagram, suggesting the preva-
lence of chlorite and the presence of illite. This sub-
cluster includes almost all Liozno samples (including
the carbonatized varieties with CaO 4.8–10.8%, MgO
up to 4.1%, and LOI about 10–11%. This subcluster
also includes claystones from the Glusk (Bh-672),
Nizov (Bh-675), Tshernitsa (Lp-410, Lp-419), and
Selyavy (Bo-661) formations. However, if we take into
consideration the data presented in (Jewuła et al.,
2022), according to which the chlorite content is low
in the Volyn and Redkino mudstones, the increased
FM value should be attributed to the presence of not
only chlorite, but also berthierine (kaolinite–serpen-
tine), hematite, and goethite. The latter fact can also
be suggested by the sufficiently high (for the sample set
under consideration) LOI values reaching 15.5–17%
in samples Bo-672 (Glusk Formation) and Bo-675

(Nizov Formations), relative to increased  con-
centrations (11.6–12.7%).

The remaining two Kotlin siltstone samples (Lp-
321, Lp-329) combined in cluster 7 are characterized
by the highest HM values (0.55 and 0.59) and the low-
est AM, FM, and KM values (Fig. 5) among the Ven-
dian fine-grained rocks. However, as in the case of
subcluster 6b, we assume that samples Lp-321 and Lp-
329 contain berthierine, and increased FM indicates
its predominance among clay minerals.

If the major oxides are UCC-normalized, the
Riphean siltstones differ significantly from the Ven-
dian fine-grained rocks. The Riphean rocks are char-
acterized by lower contents of Al (0.2…0.7 UCC), Ti
(<0.6 UCC), and total Fe (<0.4 UCC) (0.01n UCC in
siltstones of the Rudnya Formation) (Figs. 6a, 6b).
The distribution of major oxides in the Vendian rocks
is highly similar—SiO2 and Al2O3 concentrations are
close to those in the UCC (1…1.5) or slightly lower
except for the Nizov sample Bo-685 (0.6 UCC). The
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contents of other components are as follows: TiO2
~1.5…2.7 UCC, MgO 0.6…1.8 UCC, К2О 1…2 UCC,
and Na2O < 0.5 (more often <0.2 UCC). The 
variation is more distinct: from 0.6 UCC in the Nizov
sample Bo-685 to 3.1…3.3 UCC (commonly 1.2…3.1
UCC) in the probably berthierine-rich Kotlin sam-
ples. Most significant are variations of MnO (from
0.14…2.2 to 2.9…9.8, maximums in the carbonatized
varieties), СаО (0.05…3.1, maximums in the same
samples), and Р2О5 (up 1…3.2…18.5 (!!) UCC with
maximum in the Nizov sample Bo-6850.

It should be emphasized that the СаО content in
Vendian siltstones and mudstones correlate with Р2О5

(correlation coefficient,  = 0.76). How-
ever, the correlation becomes geochemically insignifi-
cant (  = 0.21) if we exclude samples Bo-
732, Bo-711, Bo-608, and Lp-360, which are marked
by anomalous P2O5 concentrations (>0.48%)—
according to (Yudovich et al., 2020), the Clarke Р2О5
value for pelites is 0.140 ± 0.005%—as well as the
Nizov sample Bo-685. The latter sample is also char-
acterized by high concentrations of СаO, MnO, and
MgO. Probably, a notable portion of P in rocks with
the above-Clarke P2O5 concentrations is included in
the accessory apatite, whereas the varieties with near-
and below-Clarke concentrations can show the cor-
relation of P with Fe (r0.05 = 0.41) and Mg (r0.05 =
0.62). Such correlations indicate presence of P in the
absorbed form in smectites, chlorite, or iron hydrox-
ides (Yudovich et al., 2020).

Thus, almost all Riphean siltstones in our pilot col-
lection along with some samples taken from the Kotlin
and Nizov formations represent real siltstones,
whereas the remaining Vendian “siltstones” should be
attested as claystones. In the case of Riphean samples,
we believe that the rocks visually defined as siltstones
are coarse-grained siltstones or fine-grained sand-
stones enriched with quartz or feldspar–quartz, since
they are similar in many ways to counterparts in terms
of geochemistry. In our opinion, all facts mentioned
above makes it possible to consider the Middle Riph-
ean siltstones and sandstones together in further
research.

With regard to Vendian siltstones, we can assume
that they are fine-grained clay varieties, judging by
their geochemical features that are closer to those of
other Vendian fine-grained rocks identified by us as
mudstones based on various criteria. It is known that
the clay fraction is the main concentrator of several
trace elements (Geochemistry …, 2003; Taylor and
McLennan, 1985; and others), and claystones are
considered the most correct proxies of provenance
composition over vast paleocatchment areas (Cullers,
1988; Cullers et al., 1987, 1988; Interpretatsiya …,
2001; Taylor and McLennan, 1985; and others).
Therefore, we are somehow “free” in further recon-
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Fig. 6. The UCC-normalized distribution of major oxides in the Riphean and Vendian mudstones and siltstones.
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Fig. 7. The UCC-normalized distribution of trace elements (except REE) in the Riphean siltstones (dashed lines) and the Riph-
ean and Vendian sandstones (solid lines). (a) Assumed quartz-rich, (b) feldspar–quartz, and (c) arkosic varieties.
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structions of the paleoclimate and provenance; i.e., we
can accomplish the reconstructions without any con-
ditionality, as in the case of siltstones.

It should be emphasized that the sample set of fine-
grained rocks includes some samples with a significant
proportion of CaO (and sometimes MgO and LOI). In
addition, some samples in our collection contain a
notable amount of P2O5, probably, associated with
accessory minerals. These samples should be used
with caution in future studies or excluded from consid-
eration. In general, the variable content of clay frac-
tion, as well as the presence of carbonate and phos-
phate admixtures, encourage us to use a geochemical
technique, such as enrichment factor, EF = (X/Al)sample/
(X/Al)reference object, where X is the concentration of ele-
ment (Van der Weijden, 2002), for which EF is calcu-
lated), during the examination of the distribution of
trace elements in Vendian mudstones and siltstones.
As reference object for the mudstones and fine-
grained clayey siltstones, we shall use PAAS (Taylor
and McLennan, 1985) with correction for REE, Sc,
and Y according to (Pourmand et al., 2012) and for Nb
according to (Barth et al., 2016).
LITHOLOGY 
DISTRIBUTION OF TRACE ELEMENTS

Riphean Siltstones and Riphean–Vendian sandstones

All hyper-, super-, and normosilites represented by
the Upper Riphean–Vendian sandstones and Middle
Riphean siltstones, assigned to clusters 1, 2, and 3
(quartz-rich, oligomictic, and arkosic varieties,
respectively) in the lithochemical certification
demonstrate a similar distribution pattern of trace ele-
ments (Fig. 7), regardless of the assumed lithotype
(sandstone/siltstone) or cement (carbonatized/non-
carbonatized) type. This fact once again confirms the
assumption that they should be considered together.

Sandstones and siltstones are characterized by the
enrichment in Co (2.4…19.3 UCC), but depletion
(commonly <0.1 UCC) in other siderophile elements
(V, Cr, Ni), sulfophile elements (Pb, in rare cases Cu
and Zn), and some lithophile elements (Cs, Sr, Sn,
Ga, and Sc). At the same time, several peculiarities in
the element distribution that can be explained by
changes in the mineralogical composition: (1) varia-
tion in the content of Rb, Nb, and Ba from <0.1 UCC
in the assumed quartz sandstones to 1.0 UCC and
slightly more in arkoses, which is attributed to increase
AND MINERAL RESOURCES  Vol. 59  No. 4  2024
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Fig. 8. Values of EF for trace elements in Vendian mudstones and siltstones (sample set). The “moderate–significant enrich-
ment” gradation is adopted from (Tribovillard et al., 2006).
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in the proportion of alkaline feldspars in them; (2)
variation in the concentration of Zr, Hf, Th, and Y
that does not depend on the age and assumed petro-
type, and, probably, reflects the variable amount of
accessory minerals in rocks. We believe that the
enrichment with Cu, Zn, and Sn in some samples is
related to the presence of pyrite (probably, even pyrite
cement), and the enrichment with U is related to
redox conditions in the “bottom water–sediment”
system.

Vendian Mudstones and Fine-Grained Clayey Siltstones

When considering the enrichment factors (EF) of
Vendian fine-grained clastic rocks (Fig. 8), we should
first note the common features and the presence of
some “anomalies” in the sample set. The anomalies
mainly correspond to anomalous and extreme values,
whereas the distribution of trace elements is not always
symmetrical. Therefore, we will often use hereafter the
term “median value,” which is more appropriate for
such distributions. All samples are characterized by
the depletion in Cr (EF = 0.34…0.78), Ni
(0.32…1.08), Pb (0.21…0.88), and Cs (0.12…0.94), as
well as insignificant enrichment in Ga (<1.5). In gen-
eral, the EF values of the listed elements for all Ven-
dian rocks are comparable.

Samples Bo-732 and Bo-711 (Liozno Formation)
mentioned in the previous section, as well as Bo-608
(Tshernitsa Formation) with high Р2О5 concentrations
are enriched to a variable extent relative to PAAS, but
very significantly relative to other claystone samples
(Fig. 8) with MREE and HREE. According to the
classification in (Tostevin et al., 2016), rare earth ele-
LITHOLOGY AND MINERAL RESOURCES  Vol. 59  N
ments are divided into three groups: LREE (La, Ce,
Pr, Nd); MREE (Sm, Eu, Gd, Tb, Dy); and HREE
(Ho, Er, Tm, Yb, Lu) + Y. At the same time, sample
Bo-711, characterized by the maximum P2O5 content
(~2.8%), is also enriched with LREE, Sc, and
U. However, sample Lp-360 (Kotlin Formation, P2O5
0.52%), which lacks the above features, represents an
exception moderately enriched with Cu (EFCu = 3.4)
and Sn (EFSn = 2.5), probably, due to the presence of
impurities, e.g., sulfides (pyrite, chalcopyrite, or less
common minerals). The Nizov sample Bo-685, char-
acterized by high concentrations of CaO, MnO, and
MgO, is distinguished by EF = 2.5…5 for Co, Ba, Th,
U, Nb, and REE, and EF > 8 (!) for Zr and Hf. The
sample set, from which all the listed samples are
excluded (Fig. 9, Table 3), are discussed below.

Also noteworthy are samples of the fine-grained
clastic rocks Bo-614 (Tshernitsa Formation) and Lp-
528 (Liozno Formation), which are 2.2–4 times
enriched (compared to PAAS) with Zr, Hf, and Th, as
well as samples Bh-611 and Bh-383 (Glusk Forma-
tion) containing a notable amount of Nb and samples
Bo-675 (Nizov Formation) and Bo-515 (Kotlin For-
mation) enriched with Zn (Fig. 8). The presence of Zr,
Hf, and Th is most probably related to accessory min-
erals, since these elements have positive significant
correlation with Ti (Table 3). The content of Nb (and,
very expectedly, Rb) shows direct correlation with the
concentration of K (Kfs and illite).

The fine-grained clastic rocks of the Glusk Forma-
tion are characterized by the lowest median (<0.5)
EFV values (Fig. 9). They are also marked by a distinct
(though insignificant) enrichment with Rb and mod-
o. 4  2024
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Fig. 9. Values of EF for trace elements in the Vendian mudstones and siltstones (sample set without samples enriched with СаО
and Р2О5, see the text). (1) Glusk Formation (n = 3); (2) Lukom and Liozno formations (n = 8); (3) Redkino stratigraphic level
(n = 9); (4) Kotlin Formation (n = 8).
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while the value is close to 1 for other formations).
Rocks of the Volyn Group are slightly enriched in V
and Sc (EF up to 1.5). They are also distinguished by
high (usually, not only median) EF values for MREE
and HREE (not so distinct for Yb and Lu) and Y (Fig. 9c)
than other fine-grained Vendian rocks in our pilot col-
lection. Moreover, in relation to Ga, Sc, LREE, and
MREE, one can see a trend of median values in the
Volyn Group rocks decreasing upward the section,
whereas this trend is disrupted for HREE and Y by an
increase of median values in the Kotlin samples. The
LREEs were likely transported to claystones mainly by
the Ti-containing minerals, whereas the MREE, Y,
and HREE were transported not only by phosphates,
but also by some Fe- and Mg-containing clay miner-
als, as may be evidenced by the presence of geochem-
ically significant correlations (Table 3).

Rocks of the Redkino regional stage are character-
ized, firstly, by the lowest EF values for Co, Ni, Cu,
Cs, and Sn among the fine-grained Vendian clastic
rocks (except for some samples) and, secondly, by the
highest median EF values. The Kotlin clayey siltstones
LITHOLOGY 
and mudstones distinguished by a wide range of EF
values (from differently depleted to slightly and mod-
erately enriched) for Co, Zn, Sr, Ba, Zr, Hf, Sn, U,
and REE.

Nature of the Vendian and Riphean Rocks

The nature of the lithogenic/petrogenic material
composing the sandstones and fine-grained clastic
rock samples in our collection can be deciphered by
several methods. Firstly, as shown in (Yudovich and
Ketris, 2000), if the correlation is positive between TM
and IM for a particular sample set, but negative
between NAM and HM, then this sample set is repre-
sented by the petrogenic rocks that underwent only
one sedimentation cycle (weathering → transport →
burial) and vice versa. Indeed, both for Riphean silt-
stones and sandstones (n = 13, rTM–IM = 0.38, rNAM–HM
is –0.31), as well as Vendian mudstones and clay silt-
stones (n = 34, rTM–IM = 0.13, rNAM–HM –0.60), posi-
tive and negative correlations are observed between
these modules. However, in our opinion, they satisfy
the criterion of Y.E. Yudovich and M.P. Ketris only
formally, since only one of the listed correlations
AND MINERAL RESOURCES  Vol. 59  No. 4  2024
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Fig. 10. Distribution of data points of Riphean (a) and Vendian (b) sandstones, siltstones, and mudstones on the Zr/Sc–Th/Sc
diagram (McLennan et al., 1993). Legend as in Fig. 2.
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(rNAM–HM –0.60) is statistically significant for the Ven-
dian fine-grained formations.

Secondly, according to (McLennan et al., 1993),
the ratio of Zr, Sc, and Th in the fine-grained clastic
rocks also allows us to judge the nature of the material
therein. The criteria presented in the above work sug-
gest that the composition of all samples is dominated
by the material of the first sedimentation cycle (Fig. 10),
which does not contradict the data for mudstones of
the Volyn and Valdai groups in the western EEP (Jew-
uła et al., 2022). The exception is provided by several
samples of the Middle Riphean (Rudnya and Orsha)
sandstones and siltstones—their data points on the
Zr/Sc–Th/Sc diagram clearly deviate from the varia-
tion trend of the provenance rock composition, which
can be interpreted in favor of the presence of litho-
genic components therein.

CONCLUSIONS
Analysis of the position of data points of clastic

rock samples in our pilot collection in various dia-
grams, their geochemical attestation according to the
method in (Yudovich and Ketris, 2000), and examina-
tion of the distribution pattern of trace elements, allow
us to draw the following conclusions.

Rocks, visually defined as sandstones during the
description of drill core and sampling, actually repre-
sent the petrogenic quartz-rich and feldspar–quartz
varieties and arkoses with different content of the
lithogenic admixture and various (including carbon-
ate) types of cement. The presence of lithogenic
admixture is especially typical for the Rudnya and
Orsha rocks. At the same time, Upper Riphean
(coarse-grained?) siltstones of the Rudnya and
Rogachev formations are very similar in geochemistry
LITHOLOGY 
to the coeval sandstones. Therefore, we can analyze
them together in further research. We did not find any
significant regularity in the composition of different-
age sandstones. The recorded regularities are mainly
associated, apparently, with variations in the content
of Kfs, accessory minerals, and sulfides in them.

The Vendian rocks, visually identified as siltstones
during the description of drill core and sampling, con-
tain a significant amount of clay and represent the
compositionally heterogeneous (fine-grained?) clayey
siltstones and mudstones dominated by illite, illite-
berthierine, berthierine, kaolinite, and smectite. Pre-
cisely the presence of berthierine and iron hydroxides
(and not only chlorite) was responsible for the increase
of FM in several samples. Some samples of the Ven-
dian fine-grained clastic rocks show a notable amount
of sulfides, carbonate component, and/or accessory
apatite (e.g., samples with above-Clarke (>0.48%)
content of P2O5, which is the carrier of U and REE.

The petrogenic nature of material in the majority
of clastic rock samples in the studied pilot collection
suggests the following point: conclusions regarding
the main factors for the formation of primary sedi-
ments, based on diverse techniques and approaches in
the practice of lithogeochemical studies, are suffi-
ciently correct.

The revealed lithogeochemical features of Middle
Riphean–Vendian sandstones, siltstones, and mud-
stones govern both possibilities and some limitations
for their application in further geochemical studies.
For example, the presence of carbonate cement and
berthierine constricts the possibility of using such
samples with diagrams based on the major oxides. The
presence of accessory apatite constricts the applica-
tion of indicator ratios including certain lanthanides in
the formulas. At the same time, the significant
AND MINERAL RESOURCES  Vol. 59  No. 4  2024
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amount of clay components in “siltstones” and their
petrogenic nature dismisses several restrictions. Tak-
ing into account the geochemical peculiarities of rock
formations revealed by the comparison of samples
with the UCC and PAAS, indicators using V, Cr, Ni,
Rb, Zr, Hf, Th, Sc, and some REE will be most suit-
able for the provenance reconstructions, since they
demonstrate the minimum/moderate dispersion in
the sample set. In other words, variation in their con-
centrations is related primarily to the provenance
composition but not to peculiarities of the deposi-
tional environment.
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