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Abstract
The Miocene Tagay section in the north-western part of Olkhon Island, Lake Baikal, provides a unique window into past life in
northern Asia. To aid palaeoenvironmental reconstructions, we carried out whole-rock geochemical analyses of 17 sedimentary
layers of this section. The aim of this geochemical approach is to examine the element variations as a response to climate change
during formation of the Tagay section deposits with a focus on the hydrological regime of the catchment and in-lake processes.
Our results establish that temperature and climate conditions during the formation of sediments of section Tagay-1 were fairly
stable, no abrupt climatic changes occurred. The palaeoclimate was temperate, however, it had a cyclic nature: wet and semiarid
epochs of different intensity and duration alternated. The basal part of the sediment sequence is dominated by terrigeneous
material, mainly by surface runoff, so the sedimentation was fed by erosion products of the weathering crust. During sedimen-
tation of this lower part (layers 17–9), the palaeo-lake level and salinity stayed practically unchanged. The drawdown of the
palaeo-lake and increasing salinity started in the higher middle part (layer 8), and reached theminimumwater level andmaximum
salinity in layers 7–6. Sediments of the layers 8–6 accumulated in an arid climate. After deposition of layer 5, the water level
began to rise, and during formation of layer 3 it fell again. The highest sedimentation rate was in layers 12–5, these are also the
layers with the highest enrichment of biogenic elements (layers 12, 7–5) and where carbonate deposition took place. The
observed changes in element behaviour are related to hydrological changes in the catchment (precipitation), lake level status,
and evaporation, and are ultimately driven by climate.

Keywords Baikal . Sediment geochemistry . Authigenic
minerals . Rare elements . Diagenesis . Palaeoclimate

Introduction

TheMiocene Tagay section located in the northwestern part of
the Olkhon Island (Fig. 1) in Lake Baikal, Siberia, is a unique
window into the terrestrial fossil record of northern Asia. It
represents the northernmost locality for Miocene terrestrial
fossils on the entire Eurasian continent and the most important
of such sites in Siberia (Daxner-Höck et al. 2013). Palaeonto-
logical research indicates that the Tagay section provides ev-
idence for the exchange between European and Asian floral
and faunal elements adapted to humid climate, at a time when
central Asia was already as arid as it is today (Erbajeva and
Alexeeva 2013).

The geologic and palaeontological importance of the
Tagay locality has been known since the mid 50's of the last
century (Kitaynik 1958). The first detailed geologic descrip-
tion of the Tagay section and its fauna and flora was presented
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by Logachev et al. (1964). Geological, geomorphologic and
palaeontological investigations followed (Logachev 1974;
Mats et al. 1982; Mats et al. 2001; Vislobokova 1990, 1994,
2004; Kossler 2003; Pokatilov 2004; Daxner-Höck et al. 2013).
The palaeontological record culminated in a rich collection of
fossil fishes, amphibians, lizards, snakes, turtles, birds and
mammals, that were excavated in the course of field campaigns
of the Russian Academy of Sciences between 2012 and 2016
(Filippov et al. 2000; Danilov et al. 2012; Zelenkov and
Martynovich 2013; Syromyatnikova 2014, 2015, 2016;
Klementiev and Sizov 2015; Sizov and Klementiev 2015;
Tesakov and Lopatin 2015; Zelenkov 2015, 2016a,b;
Zelenkov et al. 2018; Sotnikova et al. 2019; Čerňanský et al.
2020; Volkova 2020). The recent palaeontological findings
show no visible evolution of the mammalian species occurring
within the Tagay-1 section, indicating that the sediments were
deposited within a short time of ~200 Kyr (Daxner-Höck et al.
2022, this issue).

In this paper we aim at a multidisciplinary approach to the
Tagay locality, specifically to the Neogene sediment sequence of
the Tagay Formation (Mats et al. 2011), that is exposed along
section Tagay-1 at Tagay Bay (coordinates 53° 9'34.74"N,
107°12'43.12"E). The relevant fieldwork was carried out in sum-
mer 2014 by a team of international specialists from Siberia,
Austria and Mongolia. We decided to locate our new cross-
section close to the Tagay section published by Logachev et al.

(1964), which allows reliable correlation of the stratigraphic se-
quence, comparison of lithologies of sediment layers and the
fossil content of both the published and the new Tagay-1 section.
Among other topics, the new multidisciplinary investigations
focus on the palaeomagnetic pattern along the section, secondly,
on the biostratigraphically relevant small mammal-record of the
fossil-bearing sediment layers, and finally, on age dating of the
mammal fauna by correlation of biostratigraphic and
magnetostratigraphic data and the Geologic Time Scale.

The reconstruction of palaeoenvironments and palaeoclimate
will be based on the palaeontological record and on sedimentary
and geochemical data. The aim of our geochemical approach is
to examine the element variations as a response to climate
change during formation of the Tagay section deposits with
focus on the hydrological regime of the catchment and in-lake
processes. Special attention is given to the investigation of ele-
ment distributions and their change over time and to reconstruc-
tion of trends in sediment input, lake level, carbonate precipita-
tion, redox and acid-alkaline conditions, bioproductivity, and
palaeoclimate based on geochemical proxies

Lithostratigraphy

The Tagay section is composed of variegated (green, black,
brown) clays that are strongly lithified at the base of the

Fig. 1 Digital relief map of the Baikal region and position of Tagay Bay on Olkhon Island (see also Fig. 2 a in Daxner-Höck et al. (2022), this issue).
Data from SRTM v.4 was used in the design of the diagram with a resolution of 90 m

922



Palaeobio Palaeoenv (2022) 102:921–941

section, with horizons of calcareous nodules, interlayers of
sands and silts with inclusions of gruss and rubbles1.
Sediment sorting is poor, the ratio of fine to coarse fractions
in the sediments varies widely, and the clays contain various
inclusions. Even the most homogeneous clays contain 2-8%
silt-sand admixture. These clays are, according to Logachev
et al. (1964), polymineralic mixtures of kaolinite-
hydromicaceous-montmorillonite with a predominance of
iron-magnesium montmorillonite over other clay minerals.
The mineral composition of the heavy fraction of sediments
is dominated by garnet, ilmenite, rutile, manganese hydrox-
ides, apatite, zircon, and epidote. The light fraction is domi-
nated by quartz and feldspars. An important feature of the
deposits is their high carbonate content. Carbonates are pre-
sented as individual horizons of limestone and marls, as well
as impurities and nodules in clays (Kitaynik 1958; Logachev
et al. 1964; Mats et al. 2010).

The package of Cenozoic sediments has a slight inclination
of 5-7° in a southwestern direction. In general, the bedding of
sediments is parallel, gently undulating, and lenticular. The
apparent thickness of the sediments of section is 12 m. The
bedrocks, which are submerged under the water level of Lake
Baikal, are represented by Palaeozoic metamorphic com-
plexes, mainly biotite gneisses and migmatites with deep
pockets of the weathering crust (Mats et al. 2001). We identi-
fied 17 separate layers in the Tagay section. Layers 3-10 con-
tain a large variety of animal remains, including fishes, rep-
tiles, birds, mammals and snails. Below is a layer-by-layer
description of the Tagay section (from top to bottom)
(Table 1, Fig. 2):

Materials and Methods

To identify the geochemical composition of the Tagay sedi-
ments, whole rock geochemical analyses were performed on
59 samples collected at a spacing of 0.2 m through the entire
profile. The quantifications and major element weathering and
pedogenic indices described below were used to perform
palaeoclimatic reconstructions through the Tagay section.

Determination of the rock-forming elements, oxides, and
trace elements (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr,
Nb, Mo, Ba, Pb, Th, U) was made using X-ray fluorescence
(XRF) at the Institute of Earth’s Crust, Irkutsk, with the
methods described by Pashkova et al. (2018). Loss on ignition
(LOI) measurements were done at 1000°С. Oxide content
analysis results were recalculated as a percentage of dry
weight after the samples were ignited, and then to the molar
mass for primary whole rock geochemistry parameter

evaluation (Nesbitt and Young 1982). Analysis of rare earth
elements (REE) and trace elements, including the ones from
the REE group in a subset of 18 samples, corresponding to the
main lithological units of the section (Fig. 2), was made using
the ICP-MS method (IGC SB RAS, Irkutsk) with relative
error of 5-10% as described in Panteeva et al. (2003).
Analytical results were statistically treated with the Statistica
10.0 software. Analysis of the range of major element
weathering and pedogenic indices through the section
(Table 2) was made for a general description of the deposits.

In order to determine the degree of weathering, we used the
Chemical Index of Alteration: CIA = (Al2O3/(Al2O3 + CaO* +
Na2O + K2O))*100 (Nesbitt and Young 1982), where CaO*
represents CaO in silicate-bearing minerals only; and the index
of compositional variability: ICV = (Fe2O3 + K2O + Na2O +
CaO + MgO +TiO2)/Al2O3 (Cox et al. 1995). The Tagay sedi-
ments contain variable amounts of carbonate minerals and this
is reflected by variable LOI results. The Chemical Index of
Alteration (CIA) (Nesbitt and Young 1982) basically measures
the amount of feldspar relative to clay minerals, and requires
calculation of non-carbonate Ca, which is almost impossible in
carbonate-rich sediments. CaO from non-silicate minerals (car-
bonate and phosphate) is excluded using the methodology pro-
posed by McLennan (1994). The content of corrected CaO is
calculated as CaOrest = CaO − (10/3) × P2O5; if CaOrest < Na2O,
then the content of CaO* = CaOrest, otherwise, CaO* = Na2O.

Nesbitt and Young (1982) indicated that the influence of
weathering processes at the source on the composition of clas-
tic sediments can also be detected using the A–CN–K diagram
[= molar (Al2O3–(CaO*+Na2O)–K2O)], where CaO* repre-
sents the amount of CaO entering into the structure of silicate
minerals. We use this diagram for the Tagay sediments. The
ICV includes Fe, Mg, and Mn, and does not require calcula-
tion of non-carbonate Ca (Cox et al. 1995).

The degree of element accumulation in the sediments was
estimated as an Enrichment Factor (EF). EF values were cal-
culated according to Turgeon and Brumsack (2006), by nor-
malizing all elements contents in the sediments by the content
of the reference element Al. Concentrations are compared to
the average shale values (Wedepohl 1991) and expressed as
enrichment factors (EFelement) relative to average shale.
Enrichment factors were calculated using:

EFelement ¼ element=Alð Þsample� element=Alð Þshale ð1Þ

SiO2 and CaO excess values (Siex and Caex, respectively),
i.e. Si and Ca levels above “normal” detrital background, were
determined using the general formula:

Elementex ¼ Elementsample− Element=Alð Þbackround � Alsample

� �
;

ð2Þ
1 Gruss is a sediment of mixed grain size resulting from the chemical and
mechanical weathering of crystalline rocks. Rubble is a broken stone, of irreg-
ular size, shape and texture.
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where (element/Al) background is the ratio between the ele-
ment and Al in detrital material. For Si and Ca, a first order
approximation is provided using the background Si/Al value
of 3.08 and the Ca/Al value of 0.56 (Mats et al. 2010). The
non-detrital Si and Ca concentrations, calculated according to
(1) have negative values for five samples (carbonate levels:
layers 4 and 6), indicating that the Element/A1 ratio in detrital
material in this area is somewhat lower than in general in the
region. To avoid negative values when calculating the average
Si and Ca content per sample, the non-detrital concentration

was corrected to the lowest ratio in the sediment sequence
(Peinerud et al. 2001).

Table 1 Description of the lithological column of the Tagay-1 section (from top to bottom)

Layer,
№

Description Thickness,
m

1 Variegated (red, white, gray, brown) sandy clays with chaotically scattered spots and lenses of silt (leopard texture), non-layered,
sometimes ferruginous, covered with a dense network of cracks filled with modern soils. The sediments of the layer are residual
deposits over Tertiary clays, which had been formed since the end of Tertiary sedimentogenesis to the present. The boundary
with the underlying layer is very uneven and indistinct.

0.7-1.0

2 Light brown due to ferruginization and dark gray clays and silt with spots of white soft limestone, admixture of gruss and sand; at
the base of the layer, a poorly expressed hollow wavy bedding appears. The border with the underlying layer is jagged torn,
pocket-like.

0.4-0.6

3 Dark green clays, dense, massive, plastic, with numerous inclusions of randomly distributed white carbonate concretions. The
contact is clear, very uneven, with lace penetrations into the underlying sediments. Fossil remains (Pisces, Reptilia).

0.5-0.7

4 White lumpy limestone of pelitic composition, in places with a strong degree of lithification in the form of carbonate nodules, with
spots and lacy-shaped lenses of dark gray, almost black clays, lenticular-bedded. The layer has a variable thickness, wedges out
on the flanks of the section. The basal contact is uneven, with intrusions into the underlying sediments.

0.2-0.8

5 Yellowish-green, slightly sandy clays, strongly fractured. The base is irregular with deep uneven penetrations into the underlying
layer. The deposits contain numerous inclusions of bone remains. Many fossil remains (Pisces, Reptilia, Gastropoda, Aves,
Mammalia)

0.5

6 White soft limestone of pelitic composition, sandy, in places with a strong degree of lithification in the form of carbonate nodules.
The layer has a variable thickness, wedges out. The base of the layer has a jagged, uneven contact; the deposits of the overlying
and underlying layers penetrate deeply into it. Fossil remains (Pisces, Amphibia, Reptilia).

0.3-0.5

7 Dark green sandy clays, lacy texture, with numerous inclusions of randomly distributed white carbonate aggregates. The layer has
variable thickness. The base is clear, gently undulating. Fossil remains (Pisces, Reptilia, Gastropoda, Aves, Mammalia).

0.2-0.5

8 Light green homogeneous silt in the upper part with a brownish tint and weakly expressed parallel bedding, fine-platy structure,
which becomes coarsely lumpy towards the base of the layer, here in some places elements of vertical columnar jointing are
observed. The lower boundary is clear, gently undulating, occasionally with small lenticular and in the form of spots injections
into the underlying layer.

1.0 m

9 Brown and dark brown clays, layered owing to colour change. The upper and lower parts of the layer are lighter. The base of the
layer is clear, gently wavy. Fossil remains (Pisces, Reptilia, Gastropoda, Aves, Mammalia).

0.4

10 Yellowish-green mixed-grained sand, unstratified and unsorted, with inclusions of gravel and gruss. The base of the layer has a
straight, sharp contact. Fossil remains (Gastropoda, Pisces, Amphibia).

0.4

11 Brown clays, layered due to changes in colour and lithological composition, sandy layers are replaced by clay in the total mass, and
there are horizons of white carbonate nodules and lenses of orange-ocher loam. The base is clear, gently wavy.

0.8

12 Yellow-graymixed-grained sands with gravel, gruss, fine gravel. Lenses of dark green clays are present. Poorly sorted clayey sands
at the bottom. The base is clear, gently wavy.

0.4

13 Dark green clay with a horizon of white limestone nodules. At the top and bottom of the layer, an admixture of mixed-grained sand,
gravel, and gruss is added to the clays. The base is clear, gently wavy.

0.6

14 Yellowish-gray sands of various grains with gravel, grit, fine gravel, unsorted, non-layered. Due to iron hydroxides, rusty streaks
and spots are observed. The base is gently wavy.

0.5

15 Light green clays, very dense due to lithification, with rubble and gravel. In the upper part of the layer, the highest concentration of
admixtures of gravel, gruss, and sand. In themiddle part of the layer, there are spots of white soft limestone. The base of the layer
is poorly expressed, uneven.

2.1

16 Light green sands, clayey, with spots of soft limestone, slightly ochreous due to impregnation with iron hydroxides, with the
inclusion of gruss, rubble, weathered quartz, granite. The contact with the underlying layer is uneven, gradational.

0.8

17 Dark green, very dense clay due to significant lithification, sandy with a large number of rubble inclusions, gruss, with numerous
nodules (concretions) of white limestone.

1.3

Fig. 2 Lithological column of the Tagay section (left) and photos of the
spotty texture of weathering crust formed on Miocene clays in the top of
the section (a), as well as characteristic structural elements of the middle
part of the section (b and c). The position of the excavation against the
general background of the section (1, dashed rectangle) and its upper part,
where the main bone-bearing horizons are concentrated (2). For a detailed
description of units 1 to 17, please refer to Table 1. Photos by the authors
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The Sr/Ba ratio was calculated to estimate the salinity of
the water body, with increasing values suggesting an increase
in salinity (Zhao et al. 2019). The Sr/Ca-ratio might reflect
evaporational environmental stress resulting in periodic draw-
down of the lake (Heymann et al. 2013). The Sr/Ca-ratios for
shallow-water sediments will be lower than for deep-water
sediments.

The FM (Fe2O3 + MnO + MgO)/SiO2) - NAM (Na2O +
K2O)/Al2O3) module diagram (Yudovich and Ketris 2000)
and the K/Al-Mg/Al diagram (Turgeon and Brumsack 2006)
were used to characterise the mineral composition of the sedi-
ments. Inferences about the original clay mineralogy can be
made using the methodology of Kackstaetter (2014). Oxide
content analysis results were recalculated to normative min-
erals using SEDMIN, a Microsoft Excel spreadsheet for cal-
culating fine-grained sedimentary rock mineralogy from bulk
geochemical analysis (Kackstaetter 2014).

The ternary diagram proposed by Erofeev and
Tsekhovskii (1983) was used to distinguish arid and
subarid depositional environments. We have further used
a binary elemental ratio–ratio proxy model (K2O/Al2O3

vs. Ga/Rb) (cf., Roy and Roser 2013) to reconstruct the
palaeoclimatic history of the sediments. Ratios of the
redox-sensitive elements V/(V+Ni), Ni/Co, V/Cr; Fe/Mn
and binary diagram of V/Cr–Ni/Co were applied for de-
tailed investigations of the past lake water column prop-
erties (Maslov 2005; Bulkan et al. 2019).

To unravel REE behaviour during the formation of the
Tagay sedimentary sequence, we applied the REE signature
diagrams - patterns of chondrite-normalized REE concentra-
tions, which allow comparison of the concentration, distribu-
tion, and the degree of REE fractionation in each sample
(Anders and Grevesse 1989). Then, the geochemical differ-
ences between the sediments were investigated using the fol-
lowing criteria:

& Ce*, Eu*, Pr*- value of cerium, europium and praseodym-
ium anomaly, expressed as Ce* = 3CeN/(2LaN+NdN)
(Taylor and McLennan 1985); Eu* = 2EuN/(SmN+GdN)
(Balashov 1976); Pr* = 2PrN/(CeN+NdN) (Patrick et al.,
2004); (subscript N = NASC-normalized values, Gromet
et al. 1984);

& ΣREE+Y – the total content of REEs and yttrium
(Balashov 1976); ΣLREE, ΣMREE and ΣHREE-content
of the light (La-Nd), middle (Sm-Dy) and heavy (Er-Lu)
REEs, respectively.

& ΣCe/ΣY,whereΣСе (La - Gd),ΣY(Tb – Lu, Y) the index
marking the intensity of weathering on land, where feld-
spars and accessory Ce-minerals disintegrate more in-
tensely under humid lithogenesis, which results in a
ΣCe/ΣY increase. (Balashov 1976);

& ratio of LREE/HREE, expressed as ((La + Pr + Nd)/(Er +
Tm + Yb + Lu))sample/ ((La + Pr + Nd)/(Er + Tm + Yb +
Lu))N (Maslov et al. 2007) (subscript N = NASC-

Table 2 Major element weathering and pedogenic indices

Index Calculation Proxy information Pedogenic process Reference

HM (Al2O3 +TiO2+
Fe2O3+FeO+
MnO) SiO2

Hydrolizate index. Intensity of chemical weathering Hydrolysis Yudovich and Ketris, 2000;
Maslov, 2005;

TM TiO2

Al2O3

Titanium index. Ti is most readily removed by physical
weathering, Al by chemical weathering. Acidification
(provenance)

Acidification Yudovich and Ketris, 2000;
Maslov, 2005;

Sheldon, 2006

SM Na2O
Al2O3

Sodium index. Intensity of chemical weathering:
degradation of plagioclases.

Alkali elements accumulate as
soluble salts not removed:
salinization

Yudovich and Ketris, 2000;
Maslov, 2005; Retallack,
2007

AM Na2O
K2O

Alkaline index. The ratio
is a signal of the K-feldspar and mica content versus pla-

gioclase content in the sediments.

Salinization Yudovich and Ketris, 2000;
Maslov, 2005; Retallack,
2007

NAM (Na2O+K2O)
Al2O3

Normalized alkalinity index. Prevalence of feldspars.
Provenance (presence of basic volcanic rocks)-high
values.

Salinization Yudovich and Ketris, 2000;
Maslov, 2005;

Retallack, 2001; Sheldon
and Tabor, 2009

ASM Al2O3

SiO2

Alumosilicic index. Degree of weathering. Clayeyness. Al
accumulated as clay minerals form

Hydrolysis Yudovich and Ketris, 2000;
Maslov, 2005;

Sheldon and Tabor, 2009

FM (Fe2O3+MnO+
MgO)

SiO2

Femic index. Diagnosis of
polymineral clays, in which four common clay
minerals (hydromica, chlorite, montmorillonite, and

kaolinite) form mixtures of two to three, and often all
four minerals.

Salinization Yudovich and Ketris, 2000;
Maslov, 2005
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normalized values) – characterises the degree of carbon-
ation. Light lanthanides isomorphically substitute Ca in
the lattice of carbonate minerals (Kučera et al. 2009);

& (La/Yb)N, (La/Sm)N, - indicators of the facies sediment
accumulation conditions (Trueman et al. 2006) (subscript
N = NASC-normalized values).

As an additional criterion of changes in the LREE/HREE
abundances, the magnitude of the tetrad effect of lantha-
nide fractionation was used for the 3rd and 4th tetrads. The
tetrad effect is the spectrum infraction of REE concentra-
tions normalized to chondrite, expressed in splitting the
entire spectrum into groups (tetrads) with formation of a
zigzag-shaped line: La–Ce–Pr–Nd, Pm–Sm–Eu–Gd, Gd–
Tb–Dy–Ho, and Er–Tm–Yb–Lu. For each tetrad in the
REE spectrum, curves are formed with the boundaries be-
tween Nd and Sm, on Gd and between Ho and Er
(McLennan 1994). The tetrad effect can be treated similar-
ly to the quantification of Ce or Eu anomalies in logarith-
mic representations (Irber 1999) as equation 3:

ti ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v1� v4
v2� v3

r
ð3Þ

in which v1, v2, v3 and v4 are the normalized concentra-
tions of 1st, 2nd, 3rd and 4th lanthanide in each individual
tetrad. The concave segments of the tetrad are called W-
type effect, whereas convex segments are called M-type
effect (McLennan 1994). In a solution, the W-type effect
results from the complex REE compound foundation, equi-
librium with the colloidal hydroxyl compounds Fe and Mn,
and the presence of slightly reduced conditions (Dia et al.
2000). Values of tetrad effect significantly larger than 1
indicate that the M-type pattern occurs, while values sig-
nificantly lower than 1 indicate the W-type effect.

The samples are housed in the Geological Institute of Ulan-
Ude and Irkutsk Institute of the Earth’s Crust.

Results

Statistical features of the distribution of major oxides,
loss on ignition (LOI) (%) and trace elements in the
Miocene sediments of the Tagay section are shown in
Table 3. This table also provides information about sta-
tistical features of the distribution of major element
weathering and pedogenic indices.

Fluctuating values of the main rock-forming oxides and
trace elements are observed in the samples retrieved from the
Tagay section. The sediments reveal relatively low to moderate
variations in composition. They are characterised by a relatively
low SiO2 content (median 60.4%), ranging from 23.3% to 84%
with low (21%) variation. Al2O3 concentrations show only

minor variations, with a median of 17.6%. The concentrations
of TiO2 are relatively high, with a median of 0.6%. The CaO,
MnO, and MgO contents vary rather widely, with median con-
centrations of 1.6%, 0.1%, and 1.6%, respectively. The studied
deposits are characterised by relatively low contents of Na2O,
K2O, and P2O5. The LOI varies from 0.9% to 19%. The major
element weathering and pedogenic indices demonstrate low
and moderate variations. The distribution of trace elements also
shows moderate variations with the exceptions of Rb and S.
Extreme contents of some elements (such as Al,Mn,Mg, Ca, P,
Ba, and K) are observed in the samples retrieved from layers 4,
5, 6, 8, 9, 10, 15 and 17 (numbered according to the lithostra-
tigraphic section in Fig. 2 (left)).

A summary of the Enrichment Factors (EF) calculated
using Equation 1 is provided in Table 4.

The calculated EF values show that the sediments are on
average depleted in all components except for Ca, Ba, and Zr.
The high “carbonate” layers 4, 5, 6 are anomalously enriched
in Mn, Mg, Ca, P, and Ba.

The trend of silicate weathering is displayed graphically
on the Al2O3–(CaO*+Na2O)–K2O diagram (Nesbitt 2003)
(Fig. 3).

Figure 4(a, b) illustrates the mineral composition of the
clayey sediments of the Tagay section. These plots allow us
to distinguish six main lithochemical types of clay rocks, dif-
fering in the mineral composition of the clay fraction.

The location of the composition points of the section
deposits in the Erofeev–Tsekhovskii diagram (Erofeev
and Tsekhovskii 1983) and in the binary diagram Ga/
Rb-K2O/Al2O3 (Roy and Roser 2013) are shown on the
Figs. 5 and 6.

Normative mineralogical calculations from bulk geo-
chemistry of the Tagay sediments suggest that quartz, gyp-
sum, apatite, albite, rutile, hematite, calcite, montmorillonite
(smectite), sericite, chlorite and kaolinite are present. Only
five samples contain too much carbonate for the calculations
to be meaningful. The quartz content in the suitable samples
ranges from 26% to 68%, calcite ranges from 4% to 75%, with
clays dominated by sericite, illite, montmorillonite (smectite)
and chlorite. Figure 7 shows the distribution of normative
quartz, calcite, gypsum, smectite, chlorite, and kaolinite
through the Tagay profile.

Figure 8(a, b) shows the variations of the EF and major
element weathering indices with depth. All distribution curves
were smoothed by the moving average method with a window
of 4. Analysis of distribution patterns allows for the section’s
geochemical stratification.

In addition to investigations of the element concentrations,
distribution of V/Cr, U/Th, Ni/Co, V/(V+Ni), Mn/Fe
(smoothed with moving average), and cross-correlation of
V/Cr–Ni/Co were applied for the assessment of the past lake
water column redox properties (Bulkan et al. 2019) (Figs. 9,
and 10).
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Table 5 provides REE composition of the Tagay section
sediments.

The data in Table 5 show that the contents of REE are
characterised by moderate variations, and the contents of ele-
ments of the light (La-Nd) group are less variable in relation to
the medium (Sm-Ho) and heavy (Er-Lu) elements. Chondrite-
normalized REE patterns in the Tagay section sediments

compared to the REE patterns of various bedrocks of
Olkhon Island are shown in Fig. 11.

The true positive and negative cerium anomalies were
used to clarify the depositional conditions. (Fig. 12). True
cerium anomalies are those that are not affected by lan-
thanum concentrations; negative anomalies will plot
above approximately 1.05 on the x-axis (praseodymium

Table 3 Statistical features of the
distribution of major oxides, LOI
(%), trace elements (ppm) and
petrochemical indices in the
Miocene sediments of the Tagay-
1 section

Oxide (element, index) Valid N* Mean Median Minimum Maximum Std.Dev. Coef.Var.

SiO2 56 60.4 60.4 23.3 84.0 12.5 21

TiO2 59 0.6 0.6 0.1 1.0 0.3 45

Al2O3 54 17.1 17.6 8.9 24.4 3.5 20

Fe2O3 tot. 59 5.9 5.7 1.0 11.7 3.0 51

MnO 55 0.1 0.1 0.0 0.2 0.1 84

MgO 58 1.8 1.6 0.3 4.3 1.0 57

CaO 51 2.2 1.6 0.8 6.2 1.3 58

Na2O 55 0.8 0.8 0.3 1.6 0.4 44

K2O 50 1.2 1.2 0.6 1.8 0.2 19

P2O5 55 0.1 0.1 0.0 0.5 0.1 81

LOI 55 8.0 7.8 0.9 19.0 4.2 52

HM 59 0.45 0.42 0.14 0.74 0.17 37

ТМ 55 0.04 0.04 0.02 0.05 0.01 24

АSM 55 0.29 0.27 0.11 0.48 0.10 33

SM 58 0.04 0.04 0.00 0.10 0.03 61

NAM 59 0.12 0.11 0.05 0.21 0.04 31

AM 55 0.59 0.52 0.00 1.41 0.32 55

CIA 55 71 74 44 86 9 13

PIA 58 74 77 44 90 10 14

ICV 54 0.57 0.49 0.30 1.74 0.24 43

Siex 54 7.07 5.20 0.14 24.78 5.9 72

Caex 45 1.07 0.70 0.11 3.79 0.89 83

S 54 0.022 0.017 0.006 0.068 0.016 74

Ni 54 23 20 9 65 11 48

Cu 56 28 25 10 70 13 47

Zn 59 76 60 10 210 43 56

Pb 58 18 18 5 27 4 24

V 59 107 110 10 200 45 42

Cr 59 48 48 9 77 12 26

Co 58 15 13 5 38 7 49

Sc 59 15 16 2 25 5 32

Ba 48 669 550 96 1700 326 49

Sr 52 225 210 140 400 66 29

Y 57 17 15 7 40 8 46

Zr 59 195 190 10 410 95 49

Rb 59 44 36 3 160 33 76

Th 59 9 9 4 21 3 36

U 58 4 4 3 10 2 43

*Extremes and outliers were removed from dataset.
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Table 4 Statistical features of the
distribution of the Enrichment
Factors (EF) in the Miocene sedi-
ments of the Tagay-1 section

EF Valid N* Mean Median Minimum Maximum Std.Dev. Coef.Var.

Si 59 1.01 0.92 0.53 2.39 0.44 44

Ti 59 0.69 0.71 0.06 1.04 0.19 27

Fe 59 0.82 0.80 0.25 1.51 0.33 40

Mn 53 0.56 0.47 0.10 1.91 0.42 76

Mg 54 0.64 0.59 0.18 1.79 0.38 59

Ca 54 1.04 0.73 0.28 4.49 0.90 86

Na 55 0.63 0.50 0.20 2.07 0.44 70

K 59 0.38 0.36 0.18 0.68 0.10 26

P 51 0.69 0.58 0.16 2.29 0.53 77

Ni 59 0.37 0.27 0.15 1.36 0.26 70

Cu 59 0.66 0.51 0.29 2.77 0.39 59

Zn 59 0.82 0.65 0.17 2.23 0.50 61

Pb 59 0.92 0.85 0.61 1.73 0.25 28

V 59 0.78 0.74 0.38 1.74 0.24 31

Cr 59 0.54 0.51 0.31 1.18 0.19 35

Co 48 0.68 0.60 0.26 1.67 0.32 48

Sc 52 1.00 1.01 0.24 1.68 0.27 27

Ba 56 1.09 1.00 0.16 2.21 0.48 44

Sr 59 0.89 0.70 0.35 4.77 0.76 86

Y 59 0.68 0.59 0.26 2.04 0.35 52

Zr 59 1.20 1.23 0.07 2.65 0.56 47

Th 59 0.80 0.71 0.45 1.92 0.30 37

U 17 0.96 0.74 0.60 2.67 0.53 56

Rb 58 0.27 0.23 0.07 0.73 0.15 54

*Extremes and outliers were removed from dataset.

Fig. 3 Ternary plot of the
chemical index of alteration
(CIA) and A-CN-K (Al2O3 –
CaO* + Na2O - K2O) diagram
(Nesbitt 2003), for the
sedimentary rocks of the Tagay
section. Average rock andmineral
values are from McLennan et al.
(1993) and Pettijohn (1975).
Layers are numbered according to
the lithostratigraphic section in
Fig. 2 (left). Similar types of rocks
are highlighted in violet (clays);
green (limestones); grey (silts);
brown (sands); orange (silty
clays)
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anomaly) and below approximately 0.95 on the y-axis
(cerium anomaly) (Patrick et al. 2004). True positive ce-
rium anomalies will plot below approximately 0.95 on the
x-axis and above approximately 1.05 on the y-axis
(Patrick et al. 2004).

The LaN/YbN – LaN/SmN cross-correlation obtained for the
Tagay section sediments is shown in Fig. 13 and was used to
aid in environmental reconstructions (Trueman et al. 2006).

Figure 14 shows variations of the REE geochemical coef-
ficients along the Tagay profile.

Fig. 4 a Plot of Mg/Al vs. K/Al (A). b FM ((Fe2O3+MnO+MgO)/
SiO2)—NAM ((Na2O+K2O)/Al2O3) module diagram (Yudovich and
Ketris 2000). I–VI, clay minerals in the fields are: I, kaolinite, II, mont-
morillonite with minor abundance of kaolinite and hydromica, III, chlo-
rite with minor abundance of Fe-hydromica, IV, chlorite and hydromica;

V, chlorite, montmorillonite, and hydromica (with abundant mixed-layer
minerals); VI, hydromica with appreciable amount of potassium feldspar.
Layers are numbered according to the lithostratigraphic section in Fig. 2
(left)

Fig. 5 Erofeev–Tsekhovskii
diagram for the Tagay sediments.
Layers are numbered according to
the lithostratigraphic section in
Fig. 2 (left). Similar types of rocks
are highlighted in violet (clays);
green (limestones); grey (silts);
brown (sands); orange (silty
clays)
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Discussion

Whole rock geochemistry and assessment of the
palaeoenvironment

Given the autochthonous sedimentation in the Olkhon area
(Logachev et al. 1964; Mats et al. 2010), the removal of ter-
rigenous material was mainly the result of surface runoff, so
that the sedimentary basin was mainly fed by erosion products
of the weathering crust of the kaolinite and montmorillonite
type. This factor determines the composition of the deposits.
The concentrations of the main rock-forming oxides and ma-
jor element weathering and pedogenic index values in most
samples correspond to the values of these parameters in the
source area rocks (Mats et al. 2010). This observation and the
relatively low to moderate variations in the sediment compo-
sition reflect a low degree of the chemical alteration. It can be
assumed that a) the sediment sequence formed in a geologi-
cally short time; and b) no abrupt climatic changes occurred
during deposition.

LOI is affected by sediment composition. One of the most
influential factor is the lattice water in clays that can account
for up to 5% in LOI (Heiri et al. 2001). Gypsum, sulfide
minerals, and metallic oxyhydroxides can modify LOI values
as well, via oxidation or dehydratation (Santisteban et al.
2004). But general trends of LOI show a good correlation with
carbon content (both organic and inorganic) allowing use of
LOI as a qualitative test for carbon content. Again, LOI shows
a good correlation with other methods of determining

carbonate content of lake sediments (Dean 1974). Direct posi-
tive and significant correlation between LOI and total CaO (r
= 0.91) in the Tagay sediments, means that LOI was mainly
controlled by the carbonate content. Extreme contents of some
elements observed in the samples retrieved from layers 4-6, 8-
10, 15, and 17 (as numbered in Fig. 2) are associated both with
variations in the mineral composition (e.g. limestones of
layers 4 and 6) and with variations in the salinity and past
acidic-alkaline and redox conditions.

Variations of major element weathering indices show the
genetic homogeneity of the provenance rocks. High TM
values suggest a nearby terrestrial matter source and the high
ASM values make it possible to identify this source as
weathering crust (Yudovich and Ketris 2000). Generally, the
obtained values reflect the maturity of the studied sediments,
which is confirmed by the low (less than 1) values of the ICV
index (Cox et al. 1995).

Climatic conditions during formation of the Tagay se-
quence are not determined confidently by the bulk chemical
composition of sediments. Thus, the median value of the HM
is 0.42 with variations of 0.14-0.76. The chemical weathering
intensity index CIA at a median value of 74 varies from 44 to
86. The lower values of indices are peculiar to carbonate de-
posits. Thus, the variation of this index reflects not only cli-
matic changes during the formation of the sedimentary se-
quence, but also changes in the mineral composition.
Generally, the HM and CIA values led us to conclude that
the sequence sediments are products of a relatively temperate
climate (Yudovich and Ketris 2000; Sheldon and Tabor

Fig. 6 Ga/Rb-K2O/Al2O3 plot for
the clayey sediments (Tagay
section). Layers are numbered
according to the lithostratigraphic
section in Fig. 2 (left)
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2009). There is no significant correlation between the HM and
CIA values, the correlation coefficient is 0.44.

CIA and weathering paths can also be evaluated using A–
CN–K (Al2O3–CaO*+Na2O–K2O) plots (Fig. 3). Most layers
plot near the A-apex with relatively high CIA values (70–86),
whereas those from less weathered sources plot with CIA
values of 60–70. Ideal weathering trends (IWT) run from pris-
tine source compositions near the feldspar join (CIA~50) par-
allel to the A–CN edge (Nesbitt and Young 1984). On the A–
CN–K plot, most layers of the Tagay section do not diverge
from their IWT, and trend toward smectite composition.

Figure 4(a) illustrates the K/Al and Mg/Al ratios. This
graph shows a clear difference between the clayey rocks of
the lower (layers 13, 15, and 17) and upper (layers 11-1) parts
of the section. Clayey rocks in the lower part of the section
have lower Mg/Al and K/Al ratios, which may be related to
the presence of kaolinite. Rocks of the upper part of the sec-
tion show elevated Mg/Al values, which may be associated
with both the formation of magnesium carbonates and an in-
creased role of terrigenous runoff (presence of chlorite). The

sediments of the upper part of the section are predominantly
smectitic.

In the FM – NAM diagram (Fig. 4b), the composition
points of the deposits form clusters. Most of the points fall
in field II (mainly montmorillonite (smectite) with minor
abundance of kaolinite and hydromica) and field I (mainly
kaolinite clayey minerals). Several samples fall into field V
(chlorite, montmorillonite, and hydromica (with abundant
mixed-layer minerals)). This plot gives us the opportunity to
have information about the original clay mineralogy.

In a binary K2O/Al2O3-Ga/Rb plot (Fig. 5) most sam-
ples fall in the field typical for the fine-grained clastic
deposits of a warm and humid climate (Roy and Roser
2013). The same follows from the distribution of the sam-
ples in the Erofeev-Tsekhovskii diagram (Erofeev and
Tsekhovskii 1983) (Fig. 6). Variations in the normative
contents of quartz, calcite, gypsum, smectite, chlorite, and
kaolinite through the Tagay profile (Fig. 7) also illustrate
differences in the mineral composition of deposits in the
upper and lower parts of the section.

Fig. 7 Normative mineralogical calculations from bulk geochemistry of the Tagay sediments. Layers with fossil mammals are highlighted in grey.
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Fig. 8 aDistribution of the element enrichment factors through the Tagay profile. bDistribution of some element ratios, Siex, Caex and CIA through the
profile. All distribution curves were smoothed by the moving average method with a window of 4. Layers with fossil mammals are highlighted in grey
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Fig. 9 Element ratio indicator for water redox conditions. Layers with fossil mammals are highlighted in grey

Fig. 10 Cross-correlation of
V/Cr–Ni/Co. Layers are
numbered according to the
lithostratigraphic section in
Fig. 2 (left)
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The position of the samples in the binary K2O/Al2O3-Ga/
Rb plot (Fig. 5) and the Erofeev-Tsekhovskii ternary plot (Fig.
6) in the field of humid climate deposits most likely illustrates
the presence of unaltered source rocks in the dataset (Erofeev
and Tsekhovskii 1983; Roy and Roser 2013). However, the
sediments composition was undoubtedly influenced by
changes in the acid-alkaline and redox conditions associated
with periodic lowering of the lake’s water level.

Variations of the enrichment factors for terrigenous (Si,
K, Ti, Zr, Rb) and biogenic (Sr, Ca, Mg, Ba) elements in
the Tagay profile (Table 4, Fig. 8 a) show that a relative
increase in the terrigenous runoff in layers 5 and 8, 12, 15,
and 16. The enrichment of sediments with biogenic ele-
ments increases in the layers 4-7 and 12 (Mg). During the
accumulation of sediments in the lower part of the Tagay
section (layers 17-9), the palaeo-lake level and salinity
(Fig. 8 b) remained practically unchanged. Drawdown of
the palaeo-lake and salinity increase began during the

formation of layer 8. The variations in the Sr/Ca and Mg/
Ca coefficients testify to the minimum water level and
maximum salinity during the deposition of layers 6 and
7. After the accumulation of layer 5, the water level began
to rise, followed by a falling water level trend during the
deposition of layer 3.

There is no correlation between the distributions of authi-
genic silica and calcium (Siex and Caex). Increased Siex con-
centrations are observed in the lower part of the section (layers
17-10), other layers show a decreased Siex content. Increased
contents of authigenic calciumwere observed only in layers 5-
7, where active carbonate deposition took place. Increased
Siex contents may be associated with the presence of biogenic
opal or chalcedony in the sediments and with the bio-
productivity of the lake (diatoms).

The trend of the CIA through the profile (Fig. 8b) shows
that the sedimentary conditions were close to semiarid. The
increased values of CIA mark humid periods, but high values
above 80 more likely characterise the formation of the source
area rocks (Sheldon and Tabor 2009). The assessment of the
redox conditions of the sedimentary environment (Fig. 9)
shows that they were fairly stable during the deposition of
the Tagay sequence. The redox conditions varied from oxic
to suboxic; dysoxic conditions were observed during the for-
mation of layers 5-7 (Fig. 10). Thus, the formation of the
sediment sequence of the Tagay section took place in fairly
stable conditions of temperate climate, with alternating wet
and semiarid phases.

Rare Earth Elements

REE values in Tagay-1 sediments suggest relatively stable
geochemical properties during sediment deposition, and the
overall similarity among REE patterns indicate a rather uni-
form provenance of the sediments (Taylor and McLennan
1985). Regarding their total REE content (49-266 ppm with
average 140 ppm), the sediments do not differ from rocks of
different genesis distributed on Olkhon Island: the REE con-
tent of the sandstones and siltstones of the Baikal Group
ranges from 176 to 298 ppm, of the marbles of Olkhon
Island from 22 to 25 ppm, and of the gneisses and granulites
from 111 to 231 ppm (Gladkochub et al. 2010; Letnikova
et al. 2013; Levitskiy et al. 2019). The lowest REE concen-
trations in the Tagay-1 sediments are seen in layers with high
carbonate content.

Chondrite normalized REE patterns of the Tagay section
and REE patterns of the Olkhon bedrocks (Fig. 11) show
similar distribution curves with the enrichment of LREE and
depletion of HREE. However, LREE excess is higher in the
Tagay section than in the bedrocks: the LREE/HREE varies
from 1.25 to 6.87; ∑Ce/∑Y varies from 3.6 to 16.9, while in
bedrocks this ratio varies from 1.1 to 10.9. The removal of
HREE occurs during the formation of weathering crust and

Table 5 REE content (ppm) and REE ratios in the Tagay-1 section
sediments (18 samples)

Element/ratio Mean Minimum Maximum Std.Dev. Coef.Var.

La 34.29 12.09 61.55 12.51 36

Ce 62.34 20.83 115.83 22.83 37

Pr 6.51 2.22 13.13 2.68 41

Nd 22.77 7.66 45.39 9.44 41

Sm 3.97 1.48 8.20 1.79 45

Eu 0.85 0.21 1.77 0.45 53

Gd 3.25 1.18 6.79 1.63 50

Tb 0.42 0.16 0.89 0.22 52

Dy 2.31 0.80 5.49 1.34 58

Ho 0.45 0.13 1.23 0.30 65

Er 1.28 0.35 3.70 0.89 69

Tm 0.19 0.05 0.55 0.13 70

Yb 1.25 0.36 3.61 0.87 70

Lu 0.18 0.06 0.52 0.12 67

Ce* 0.91 0.81 1.12 0.09 10

Eu* 1.01 0.70 1.23 0.16 16

LREE/HREE 2.84 1.25 6.87 1.42 50

LREE 126 43 236 47 37

MREE 11 4 24 6 50

HREE 3 1 8 2 69

∑REE 140 49 266 53 38

∑REE,Y 153 56 293 61 40

∑Ce/∑Y 8.5 3.7 16.9 3.6 43

(La/Yb)NASC 3.47 1.39 9.17 1.95 56

(La/Sm)NASC 1.61 0.98 2.18 0.29 18

Pr* 1.06 0.90 1.14 0.06 6

t3 0.90 0.83 0.96 0.03 4

t4 1.03 0.95 1.10 0.04 4
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continues during the change of redox and acidic-alkaline con-
ditions during diagenesis (Balashov 1976; Ivanova et al.
2020). The low values of the europium anomaly indicate the
absence (or complete decomposition) of plagioclase in the
sediments of the section.

The REE patterns of the Tagay sediments are potentially
subject to secondary alteration during diagenetic exchange
with either bottom or pore waters. The fractionated REE pat-
terns and lack of correlation REE with Al, Fe, Ti, Mg and Zr
content (r < 0.5) suggest that there is an additional REE source
other than the terrigenous input.

REEs easily substitute for alkali metals and alkaline earths,
adsorbed onto the surface and in the interlayer sites of clay
minerals (Coppin et al. 2002). Moreover, both Mn and Fe
oxyhydroxides are important REE scavengers in aquatic sys-
tems. REE adsorption/desorption is controlled by the nature of
the minerals, as well as by pH and ionic strength of the solu-
tion. Saline waters (with high TDS (total dissolved solids))
have high ionic strength.

The fractionation of Ce from other REEs generally occurs
in response to an oxidation reaction similar to the oxidation of
Mn(II) to Mn(IV) (Bau, 1999). Because Ce4+ is less soluble

Fig. 11 Chondrite-normalised
(Anders and Grevesse 1989) REE
patterns in the Tagay section
sediments compared with the
REE patterns of various bedrocks
of Olkhon Island

Fig. 12 Cerium versus
praseodymium anomalies in the
Tagay section sediments (NASC-
normalised values, Gromet et al.
1984). True positive and negative
cerium anomalies are provenance
and redox proxies. Layers are
numbered according to the
lithostratigraphic section in Fig. 2
(left)
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than Ce3+, Ce4+ can be removed from solution and then be
incorporated into authigenic mineral phases.

Most true Ce anomalies in the Tagay sediments have
small negative values (0.81-1.00, avg. 0.88) (Fig. 12).
This can be explained by the mixing of various compo-

nents (essentially biogenic and authigenic) and of detrital
materials (dominantly alumino-silicates) with crust-like Ce
signatures. Och et al. (2014) suggested that the negative Ce
anomaly observed in the sediments of Lake Baikal likely
results from riverine transport due to either the successive

Fig. 13 Comparison of (La/Sm)N
vs. (La/Yb)N ratios (NASC-
normalized values, Gromet et al.,
1984) in the Tagay sediments and
Olkhon bedrocks (Gladkochub
et al. 2010; Letnikova et al. 2013;
Levitskiy et al., 2019). Layers are
numbered according to the
lithostratigraphic section in Fig. 2
(left)

Fig. 14 Distribution of the REE geochemical indices, oxides and Cu
through the Tagay profile. Red dashed lines mark change trends
reconstructed by the moving average method with a window of 4; blue

points on the Ce* profile correspond to true negative anomalies; the red
point corresponds to a true positive anomaly. Layers with fossil mammals
are highlighted in grey
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retention of Ce within the river beds at a higher rate than
the other REEs, or the higher solubility of Ce due to com-
plex combination with organic ligands.

The true positive Ce anomaly in the sediments of the layer
16 (Fig. 12) is here suggested to have resulted from decreasing
freshwater flow towards the palaeo-lake, thus leading to oxi-
dative removal of Ce from the pore waters to the sediments
(Hannigan et al. 2010). This suggested decrease might result
from increasing aridity due to progressive decrease in effec-
tive precipitation in this area during the formation of the layer
16. These suggestions are consistent with the faunal record,
which exhibits a lack of fossils in this unit. The remaining
samples do not have true cerium anomalies, and therefore
cannot be used in this type of depositional reconstruction.

Generally, REE accumulation in sediments is influenced by
the isomorphic replacement of rock-forming mineral cations by
REE cations, as well as by the sorption of REE by Fe (Mn)-rich
oxyhydroxide colloids and clay minerals. LREE and MREE
fractionation depends on the differences in their compound-
forming ability in a water environment (Peppard et al. 1969).
Increasing contents may be related to the partial scavenging of
solutions during their percolation in the sedimentary sequence.
The acquired (La/Yb)N –(La/Sm)N ratio (Fig. 13) represents the
continental (fluvial) setting of sedimentation (Trueman and
Benton 1997; Trueman et al. 2006). The (La/Yb)N ratio varies
within 1.39 – 9.17; the (La/Sm)N ratio varies within 0.98 – 2.18.
Substitution is more important for the bedrocks. Apparently,
sorption processes were leading in REE fractionation in the
sediments (Trueman et al. 2006; Ivanova et al. 2020).

This supposition is also verified by the established tetrad-
effect of lanthanoids for the third and fourth tetrad (Table 5,
Fig.14). The tetrad-effect of lanthanoids for the third tetrad is
of the W-type for all sediments, but for the fourth tetrad varies
fromW-type (layers 17-13) toM-type (layers 12-1). Usually a
W-type tetrad effect indicates REE dissolution, while the M-
type indicate the REE association with a solid phase (or bac-
terial activity) (Masuda et al. 1987).

The correlation between distributions of iron and manga-
nese oxides and tetrad-effect values is clearly visible in Fig.
14. It confirms the role of sorption in the process of REE
fractionation (Masuda et al. 1987). Accordingly, the fractio-
nation of medium and heavy lanthanides, associated with an
increase in their migration ability with increasing alkalinity of
the environment, is demonstrated for the Tagay sediments.
The increased content of REE and yttrium in the layers 12-5
suggests a relatively high sedimentation rate (Balashov 1976).
The geochemical profiles shown in Fig. 14 suggest that the
middle part of the section (layers 12-5) was formed under the
same conditions: in a weakly reducing and alkaline environ-
ment, which suggests some swamp conditions in the area.

Conclusions

The results of investigation of element content and major ele-
ment weathering indices, their variations and their change
over time, has led to the following conclusions:

& The removal of terrigenous material was mainly by sur-
face runoff; hence, the sedimentary basin was mainly fed
by erosion products of the weathering crust of the kaolinite
and montmorillonite type. This factor determines the com-
position of the deposits.

& A relative increase in terrigenous runoff is observed in
layers 5, 8, 12, 15, and 16.

& The enrichment of the sediments in biogenic elements is
highest in layers 5-7 and 12.

& During sediment accumulation in the lower part of the
Tagay section (layers 17-9), the palaeo-lake level and sa-
linity remained practically unchanged.

& Drawdown of the palaeo-lake and a corresponding in-
crease in salinity began during the deposition of layer 8.

& The minimum water level and maximum salinity were
observed during the deposition of layers 6 and 7.

& Layers 6-8 were deposited in an arid environment.
& After the deposition of layer 5, the water level began to

rise, but reversed to a falling trend during the formation of
layer 3.

& The increased Siex contents may be associated with the
presence of biogenic opal or chalcedony in the sediments
and with the bioproductivity of the lake (diatoms).

& The assessment of the redox conditions of the sedimentary
environment shows that they were fairly stable during the
deposition of the Tagay sequence, and varied from oxic to
suboxic.

& The increased content of REE and yttrium in layers 12-5
suggests a relatively high sedimentation rate during this
interval.

& Most Ce anomalies in the Tagay sediments can be ex-
plained by mixing of various components (essentially bio-
genic and authigenic) and of detrital materials.

& The fractionation of medium and heavy lanthanides, asso-
ciated with an increase in their migration ability with in-
creasing alkalinity of the environment, is demonstrated for
the Tagay sediments.

& The deposition of the sedimentary sequence of the Tagay
section took place in fairly stable climatic and temperature
conditions with alternating wet and semiarid phases.

It can be assumed that a) the deposition of the sediment
sequence was relatively short in geological time; b) no abrupt
climatic changes occurred.
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