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Abstract—This paper presents new data on the structure and lithologic, geochemical, and granulometric features of the Quaternary
deposits of the Tologoi key section (upper Cenozoic, Transbaikalia). These data made it possible to determine the location of paleosol ho-
rizons throughout the section and their thicknesses. Four main sedimentation cycles have been identified; each of them terminated with the
formation of soil horizons. It is shown that the climate during the formation of the deposits had a cyclic nature: Wet periods were changed
by dry epochs of different durations. During warming and the formation of soil horizons, distant and medium-range provenance areas pre-
vailed. In situ biochemical postsedimentary transformations of the deposits dominated in the periods of the most intense pedogenesis, as
reflected in the changes in their chemical composition. It is shown that the warmest climate and the activation of weathering and leaching
processes during the Pleistocene were in the period of the accumulation of a paleosol horizon in the section interval 16.4—15.0 m. It was
a period of pedogenic and biologic activity and reduced salinization and carbonation. Stages with prevailing cryogenic environments are
clearly recorded in the studied geochemical profile as involutions, pseudomorphs after ice wedges, and thick carbonate lenses. The deposits
formed at these stages are characterized by minimum salinization, high calcification, and low leaching (hydrolysis) and oxidation indices
as well as a positive Eu anomaly and high ~Ce/XY and low La/Sm values.
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INTRODUCTION to the Holocene, with an insignificant sedimentation break

(at the beginning of the Late Pleistocene). The first informa-

The key section near Mt. Tologoi (Fig. 14), discovered  tion about the section and its fauna was provided by Bibiko-
by A.P. Okladnikov in 1951, is located in the Ivolga depres-  va et al. (1953).

sion on the left bank of the Selenga River, southwest of The section of Pliocene—Quaternary deposits near Mt.

Ulan-Ude. Tologoi was described by Aleksandrova et al. (1963) and

The section comprises a sequence of continental deposits ~ Ravskii et al. (1964), and their chemical composition was

of a wide age range: from the beginning of the late Pliocene  studied by Liskun and Rengarten (1963). Based on these

data, the authors drew conclusions about the genesis of the

= . deposits and divided the section into two parts: The lower-
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redeposition of red-colored weathering crust in a shallow
lake, and middle- and upper-section pale gray sandy and
sandy-loam deposits are of deluvial-proluvial origin. As es-
tablished earlier (Ravskii et al., 1964; Vangengeim et al.,
1966; Ivan’ev, 1966; Bazarov, 1986; Erbaeva, 1970;
Vangengeim, 1977), the multilayered section of loose depos-
its near Mt. Tologoi is a key section not only for western
Transbaikalia but also for East Siberia as a whole. It is unique
by the presence of the continental deposits of the Ivolga de-
pression, which accumulated with short temporal breaks
from the end of the middle Pliocene through the Holocene.

The three units identified in the section are three strati-
graphic levels (Alekseeva, 2005) (Fig. 1B): upper (Holo-
cene, Upper Pleistocene), middle (Middle-Lower Pleisto-
cene), and lower (upper Pliocene). The section basement
contains red-colored deposits, which are considered to be
the stratotype of the Chikoi (Tologoi) Formation (Bazarov,
1968). In the upper part of the middle unit of the Tologoi
section, the Brunhes—Matuyama reversal boundary was es-
tablished (Gnibidenko et al., 1976). A specific feature of the
deposits is the presence of paleosol horizons in the three
units (Ravskii et al., 1964; Vangengeim et al., 1966;
Bazarov, 1968; Erbaeva, 1970; Alekseeva, 2005). The rocks
located beneath the Brunhes—Matuyama reversal show signs
of a cryogenic impact (Alekseeva, 1994; Vogt et al., 1995;
Alexeeva and Erbajeva, 2000) indicating that the first per-
mafrost appeared in western Transbaikalia at least at the end
of the Early Pleistocene rather than the Late Pleistocene, as
believed earlier (Bazarov, 1968; Ravskii, 1972).

In 1993, detailed paleontological studies were carried out
in the Mt. Tologoi exposure, at five step strippings (parallel
to the main one) of the upper and middle units (Alekseeva,
2005). Relics of small mammals were collected from 13 ho-
rizons (earlier, from six horizons only); their composition
gave an insight into the successive evolution of biota from
Pliocene to Holocene. Later, during these strippings, Ryash-
chenko et al. (2012) thoroughly documented and sampled
loess-like deposits, paleosols, and Pliocene red clays and
obtained information about the microstructural parameters
and the content of clay minerals in them.

In the middle unit of the Tologoi section, the first (lower,
~1 Ma) and second (middle, ~800 ka) paleosol horizons
were described and sampled. The horizons have common
features, such as the pale gray color, rock aggregation, mac-
roporosity (there are different types of macropores), and
presence of carbonates (Ryashchenko et al., 2012). Accord-
ing to the authors, the aggregation and macroporosity are the
result of periodically repeated degradation of permafrost,
which had formed during eight cooling cycles since the ear-
ly Pleistocene. The formation of paleosol horizons in the
loess unit was due to climate warming. The prevailing chest-
nut soils formed in a dry-steppe zone with unsteady humidi-
fication. The paleosols are almost indistinguishable from
loess-like deposits in geologic, lithologic, and microstruc-
tural features. The Pliocene clays, a regional substrate of
loess units, are characterized by the reddish-brown color, a
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lumpy/platy structure, and cemented gruss and gravel and
also show loess features, such as powderiness, macroporos-
ity, and presence of carbonates. It is likely that the clays ac-
quired these features under cryogenic impacts in the Pleisto-
cene cooling periods.

Recent investigations have provided new information
about the formation and structure of Holocene and Late
Pleistocene paleosols as well as the first absolute dates for
sediments and paleosols (Andreeva et al., 2011; Zech et al.,
2017).

In this work we present results of a multidisciplinary
study of the Tologoi section deposits by granulometric and
lithochemical methods and approaches. The goal of the
study was to clarify the lithologic and stratigraphic structure
of the section and to reconstruct the paleoecologic condi-
tions of its formation. We have first described the geochemi-
cal composition of the section deposits and confirmed the
informative value of REE patterns and some petrochemical
indices for refining the formation conditions of the Quater-
nary deposits. We also show the applicability of REE frac-
tionation coefficients to paleoecological reconstructions.

MATERIALS AND METHODS

Our research was based on a comprehensive analysis of
the lithology of the loose deposits of the Tologoi section
with the use of grain size and geochemical data. In this work
we apply geochronological terms following the International
Chronostratigraphic Chart, according to which the Pliocene—
Pleistocene boundary is dated at 2.588 Ma.

To examine the grain size composition of the Tologoi de-
posits, samples have been collected at 10 cm spacing in the
complete profile of the section. The studied collection com-
prised 222 samples.

Granulometric studies were carried out on a Microtrac
X100 laser particle size analyzer. The sizes of the particles
under study ranged from 704 to 0.146 pm. For convenience,
the particles were combined into 50 fractions, whose con-
tents (vol.%) were determined for each sample. The samples
were dispersed by ultrasonic treatment.

The results obtained for all samples were processed using
the statistical GRADISTAT software (Blott and Pye, 2001).
For each sample, we determined the distribution modes and
calculated the median and average grain sizes, grading,
asymmetry, and eccentricity. For a statistical analysis, the
measured samples were separated into four fractions accord-
ing to the sizes of rock particles and fragments: sand
(>100 pm), coarse silt (50-100 um), fine silt (10-50 pum),
and clay (<10 um) (classification after Raukas (1981)). The
clay fraction includes a silt subfraction (<2 um). The calcu-
lations were made by the method of arithmetic moments
(Gradzinski et al.,, 1976) and by the Folk—Ward (1957)
method modified by Blott and Pye (2001), which yields
more accurate estimates for the grain size description of the
samples. In addition, we used the following calculated pa-
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Fig. 1. General map of the study area with the location of the Tologoi key section (A4). Stratigraphy and lithology of the Tologoi section and its
photographs (by I.A. Filinov and M.A. Erbaeva) showing the position of paleosols (B). /, sands, 2, sandy loams, 3, loams, 4, talus, 5, recent soil,
6, paleosol.
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rameters: D,,, the average grain size, calculated as a weight-
ed average (Gradzinski et al., 1976); F, a dynamic factor,
the ratio of the amount of physical sand (the total content of
the >50 um fractions) to the amount of physical clay (the
total content of the <50 um fractions) in the sample. This
parameter marks the sedimentation conditions: At F > 1,
clastic material is supplied mostly from proximal and medi-
um-range (up to ten kilometers) sources through dragging
and saltation, which is, most likely, the case in a highly dy-
namic medium with strong eddy winds. At ' < 1, the supply
of clastic material is reduced, and substance arrives in the
form of air aerosols, mainly from distant sources; in situ
postsedimentary transformations of the deposits (mainly
soil-forming ones) prevail (Kazansky et al., 2018); &, disper-
sion index reflecting the type of clay components and the
degrees of their “washing”, “leaching”, and “illuviation”; it
marks podsolization, claying, etc. associated with the trans-
formation, transfer, and localization of finely dispersed sub-
stance in various deposits. The index is calculated by the
formula (Berezin, 1983):

k = (InF5 — InF1)/1.609,

where F5 is the content of particles with a diameter of <5 um
(%) and F1 is the content of particles with a diameter of
<1 um (%).

The chemical composition of the Tologoi section deposits
was established by petrochemical studies of terrigenous rocks
(222 samples, 0.1 m sampling interval). The contents of trace
and dispersed elements (Li, Ba, Sc, Cu, Zn, Co, Ni, Y, Nb,
Cs, Th, and U) in the rocks were determined by X-ray fluores-
cence spectroscopy (Institute of the Earth’s Crust, “Geody-
namics and Geochronology” Common Use Center, Irkutsk),
and the contents of rock-forming oxides, by the wet chemis-
try method. The oxide contents were recalculated to the cal-
cined carbonate-free sample and then to the molar mass for
the calculation of the main petrochemical parameters.

The contents of REE in the particular samples (22 sam-
ples, 0.9 m sampling interval) were measured by ICP MS
(Institute of Geochemistry, Irkutsk) with a relative error of
5-10%.

Statistical processing of the analytical results was made
using the Statistica 10.0 software.

For the general description of the Tologoi section depos-
its, we analyzed the distribution of some geochemical pa-
rameters (loss on ignition (LOI), Cr contents, and Co/Zr and
Cu/Zr ratios) and major lithochemical indicators of the pa-
leoclimate (petrochemical indices: HI, hydrolysate, FI, fem-
ic, TM, titanium, SI, sodium, PI, potassium, Al, alkali, NAI,
normalized alkalinity, ASI, aluminosilicic) (Yudovich and
Ketris, 2000; Maslov, 2005)".

'HI = (AL,O; + TiO, + Fe,0; + FeO + Mn0)/SiO,; FI = (Fe,0, + FeO +
+ MnO + MgO)/SiO,;

TI = TiO,/Al,05; SI = Na,0/Al,05; PI = K,0/AlL,0;, Al = Na,0/K,0;
NAI = (Na,O + K,0)/AL,05; ASI = AL,04/Si0,).
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The qualitative and quantitative nature of the geochemi-
cal signal as applied to young loose continental deposits and
their comparative characteristics are described in the sum-
mary research works (Maslov, 2005, 2006).

To estimate the intensity of sedimentation and pedogen-
esis, we used the following parameters:

— chemical index of alteration, CIA = (AL, 05/(AL,O; +
CaO + Na,O + K,0))-100 (Nesbitt and Young, 1982);

— chemical index of weathering, CIW = (Al,05/(AL,O0; +
CaO + Na,0))-100 (Fedo et al., 1995);

— index of compositional variability, ICV = (Fe,0; + K,O
+ Na,O + CaO + MgO + Ti0,)/Al,0; (Cox et al., 1995);

— plagioclase index of alteration, PIA = ((AL,O; — K,0)/
(ALO; + CaO + Na,O — K,0))-100 (Fedo et al., 1995);

— hydrolysis intensity index Al,O,/(CaO + Na,O + K,0 +
+ MgO) marking the ratio of clay component Al,O5 to major
cations removed from soil into soil solutions (Retallack,
2001);

— calcification index (CaO + MgO)/Al,O; marking the
accumulation of calcite and dolomite in soils (Retallack,
2007);

— Ba/Sr ratio characterizing the hydrothermal conditions
of sedimentation, in particular, leaching (Retallack, 2001);
Ba is part of K-feldspar and is less removed from soils than
Sr associated with carbonates;

— oxidation index (Fe,O; + MnO)/AL O, (Kalinin et al.,
2009).

The paleoecologic conditions of the section formation
were described in detail using the following specific geo-
chemical markers (Balashov, 1976; Elderfield and Greaves,
1982; Taylor and McLennan, 1985; Trueman et al., 2006;
Shatrov, 2007; Ivanova, 2012; Ivanova et al., 2016):

(1) X(REE +Y), the total content of REE and Y, depend-
ing on both the composition of rocks subjected to washout
and the fractionation of lanthanides in the hypergenesis
zone. In addition, the total contents of LREE (XLREE = La—
Pr—-Nd), MREE (XMREE = Sm, Eu, Gd, Tb, Dy, and Ho),
and HREE (XHREE = Er, Tm, Yb, and Lu) were evaluated.

(2) YCe/3Y O Ce=La—Euand Y)Y = Gd-Lu and Y), the
index marking the intensity of weathering on land, where
feldspars and accessory Ce-minerals disintegrate more in-
tensely under humid lithogenesis, which results ina Y Ce/Y Y
increase. Our earlier study (Ivanova et al., 2017) showed
that this index increases under cryogenic conditions because
of the enrichment of the fine fraction of deposits with feld-
spars and hydromicas and of the transformation of the hy-
dromicas as a result of cryogenic weathering.

(3) The cerium anomaly, expressed as Ce* = 3Ce,/
(2La, + Nd,) (Taylor and McLennan, 1985), is an indicator
of the redox conditions of sedimentation (the NASC-nor-
malized (Gromet et al., 1984) REE contents are considered).

(4) The europium anomaly, expressed as Eu* = 2Eu,/
(Sm,, + Gd,) (Balashov, 1976), is an indicator of the supply
of deep-seated material into sediments (the NASC-normal-
ized (Gromet et al., 1984) REE contents are considered).
The average Eu* value for Phanerozoic deposits is 0.61—
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0.72 (Balashov, 1976), and that for post-Archean sedimen-
tary rocks is 0.65 (Taylor and McLennan, 1985).

(5) The La/Yb and La/Sm ratios are indicators of the
physicochemical (pH, Eh) and facies conditions of diagen-
esis (Reynard et al., 1999; Trueman et al., 2006; Shatrov,
2007; Ivanova et al., 2017) (the NASC-normalized (Gromet
et al., 1984) REE contents are considered).

(6) The LREE/HREE ratio, calculated as [(La + Pr + Nd)/
(Er + Tm + Yb + Lu)]g,/[(La + Pr + Nd)/(Er + Tm + Yb
+ Lu)]yasc (Maslov et al., 2007), is an indicator of volcani-
clastic rocks, marks the proportion of felsic and mafic rocks
in provenance areas, and characterizes the degree of carbon-
ation: Light lanthanides isomorphically substitute Ca in the
lattice of carbonate minerals (Kucera et al., 2009).

The statistical validity of the tetrad effect (Monecke et
al., 2002) of REE of the third (Nd, Sm, Eu, and Gd) and
fourth (Er, Tm, Yb, and Lu) tetrads is an indicator of the
degree of MREE and HREE fractionation (Ivanova, 2012;
Ivanova et al., 2016), calculated by the formula

2

T = |—- V—2_1+v—3_1

312 .3 3 2
Vi3, v, 3vi

where i = 3, 4 and v,—v, are the NASC-normalized REE con-
tents in the corresponding tetrad.
The type of tetrad effect, ¢ (Irber, 1999) is calculated as

v, -V
t, = {M
YV, Vs

The tetrad effect is considered statistically valid when ¢, is
greater than 0.2. The ¢ < 0.8 values mark the W-type tetrad
effect, and the # > 1.1 values indicate the M-type tetrad effect.

The statistical validity and the type of tetrad effect can be
regarded as indicators of the physicochemical conditions of
sedimentation and diagenesis.

THE LITHOLOGY AND STRATIGRAPHY
OF THE TOLOGOI SECTION

The section near Mt. Tologoi is located in the Ivolga de-
pression on the left bank of the Selenga River, southwest of
Ulan-Ude. Tologoi is a residual pedimented granite pluton
separated from the Ganzurin Ridge by the incised meander
of the Selenga River. In the scarp of the incised meander, a
complex of Pliocene—Quaternary deposits leant against the
Tologoi base is revealed (Fig. 1B).

The section of loose deposits is clearly divided into three
units of different ages (Tologoi 1-Tologoi 3) according to
the detailed biostratigraphic characteristics reported by
Alekseeva (2005). Each unit rests erosively upon the under-
lying rocks; moreover, the middle unit is separated from the
upper one by a paleosol horizon.
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The section structure is as follows (from bottom to top):

The lower unit (Tologoi 1)

The Upper Pliocene
Thickness, m

Layer 1. Highly compact cherry to dark brown loam
with a sand and gravel impurity. Paleosol ........................ 0.7
Layer 2. Red to dark chocolate clayey sand. At the base, a
carbonate nodule horizon up to 15 cm
thick is traceable. The boundary with the underlying layer
is well-defined, low-angle wavy. Slope deposits

The lower part of the Lower Pleistocene

Layer 3. Pink compact platy sandy loam with intercalates
of pale yellow dust sand and whitish thin-laminated carbonated
sandy loam. The boundary is clear, low-angle wavy.
Loessivated slope deposits ...........coevviiiiiiiiiiiiiiniinan... 0.8
Layer 4. Poorly sorted and poorly laminated pale yellow
massive sandy loam with a gravel impurity. The boundary is
poorly defined and gradient. Deluvium ........................... 0.7
Talus .o.oninii i 4-7

The middle unit (Tologoi 2)
The upper part of the Lower Pleistocene

Layer 5. Poorly laminated pale yellow sandy loam with
lenses and intercalates of poorly sorted gravel Sand and
with lenses of whitish carbonated sandy loam. Numerous
carbonate concretions. The boundary is clear, low-angle wavy.
DEIUVIUM. ..o 3
Layer 6. Reddish-brown sandy loam. The boundary is clear,
low-angle wavy.
Paleosol ..ot 0.6

The Middle Pleistocene

Layer 7. Poorly sorted, poorly laminated pale yellow
dusty sand—gravel deposits with lenses of oblique coarse-
grained sand and intercalates of whitish carbonated sandy loam.
The boundary is clear, low-angle wavy. Proluvial-deluvial
deposits
Layer 8. Reddish-brown sandy loam. The boundary
is clear, low-angle wavy.
Paleosol ....o.ouiiii 23
Layer 9. Poorly sorted fine-grained pale yellow dusty
sand with lenses of gravel sand. The bedding is poorly
defined low-angle wavy and lenticular. The boundary is
clear and smooth. Deluvium
Layer 10. Brown massive sandy loam with a platy structure.
The boundary is clear, low-angle wavy.
Paleosol ... 1

The upper unit (Tologoi 3)
The Upper Pleistocene

Layer 11. Pale brownish-yellow, whitish porous sandy loam.
The deposits are highly carbonated. The boundary is unclear,
low-angle wavy. Loess-like deposits ................cocoveienne. 1.7
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Layer 12. Pale brownish-yellow, whitish porous sandy

loam with gravel lenses, interbedded with sandy loam and sand.

The deposits are highly carbonated. The boundary is unclear,

low-angle wavy. Loessivated deluvium .........................e. 0.5
Layer 13. Poorly sorted, poorly laminated pale yellow

sandy loam with coarse-grained sand and gravel.

Deluvial-proluvial deposits. The boundary is unclear,

loW-angle Wavy ......ooiiiiiiii 1.4
Layer 14. Pale yellow sandy loam with lenses and

intercalates of gravel and whitish porous carbonated sandy

loam. The bedding is wavy and lenticular. The bottom of the

layer is strongly cryoturbated, with involutions from the

underlying deposits. Loessivated deluvium
Layer 15. Pale yellow sandy loam with sand and gravel,

interbedded with whitish, highly carbonated sandy loam.

The bedding is thin wavy parallel. The boundary is clear wavy.

Loessivated deluvium ...............coooco 0.3
Layer 16. Pale yellow inequigranular sand with gravel

intercalates, interbedded with whitish, highly carbonated

sandy loam. The bedding is thin, low-angle wavy.

The boundary is unclear. Loessivated deluvium
Layer 17. Pale yellow carbonated sandy loam with thin

intercalates of coarse-grained sand. The boundary is clear

wavy. Loessivated deluvium ................oco. 0.6
Layer 18. Interbedded pale yellow, whitish (due to

carbonation) sandy loams and coarse-grained and gravel sand.

The bedding is low-angle wavy, rhythmic; the interbeds

are 3—5 cm thick. The boundary is well-defined wavy.

Deluvium. ... ... 0.8

Holocene

Layer 19. Poorly sorted pale yellow, whitish (due to
carbonation) massive sandy loam. The boundary is sharp
and wavy. Loessivated slope deposits

Layer 20. Pale sandy loam with gravel lenses.

Loessivated slope deposits ...........coeiiiviiiiiiiiiiieiiin... 0.2

Layer 21. Dark gray homogeneous massive sandy loam.

The boundary is gradient. Recent soil

THE GRAIN SIZE COMPOSITION OF DEPOSITS

The variations in all grain size parameters throughout the
section are shown in Fig. 2.

Paleosols are identified as layers of light to medium-
weight fine-grained loam. The dynamic factor F is the for-
mal parameter for their identification. It characterizes the
sedimentation conditions: At F > 1, clastic material is sup-
plied mostly from proximal and medium-range (up to
~10 km) sources through dragging and saltation, which is
most likely in a highly dynamic environment with strong
gusty winds; at ' < 1, the supply of clastic material dimin-
ishes, and air aerosols inflow, mainly from distant sources;
in the latter conditions, in situ postsedimentary transforma-
tions of deposits (mainly pedogenesis (Kazansky et al.,
2018)) prevail. The low values of the dispersion coefficient
k indicate the presence of finely dispersed material.

V.V. Ivanova et al. / Russian Geology and Geophysics 61 (2020) 1374—1390

Based on the grain size data, we have identified six pa-
leosols in the section. The upper paleosol (layer 17, depth
range 26.8-26.2 m) is poorly developed and is not visible in
the deposits. Layer 6 (13.6-13.0 m) is a strongly denuded
soil horizon but is clearly identified by color and texture.
These soils are characterized by smaller average grain size
(D,,) as compared with the host deposits (120-150 pm
against 140-375 um).

Two horizons of paleosols in the middle section (Tologoi
2, layers 10 and 8) are clearly pronounced, 1-2 m thick, with
D,, =73-88 pm.

The paleosol in the lower section (Tologoi 1) is clearly
expressed, 0.7 m thick, with D,, = 113—150 pm and F < 1.
Its deposits are poorly sorted, which is apparently due to the
specific genesis of the lower-unit deposits (products of the
proximal redeposition of red-colored weathering crust in the
shallow-lake environment). The substrate is enriched in fine
detrital material, which is due to the proximity of the bed-
rock shores.

Based on the grain size indices in the upper and middle
sections, we have distinguished a few levels with coarsest-
grained deposits: 28.0-27.0, 26.0-25.2, 23.0-21.0, and
18.7 m. Beginning from the level of 14.6 m, the average
grain size monotonically increases throughout the section,
except for the soil horizon.

The object of our discussion is layer 14 (the section inter-
val 24.5-23.4 m, Tologoi 3, upper section) characterized by
a high (relative to the other layers) content of clay fraction,
a smaller average grain size, low k values, and F < 1. All
these parameters are close to those of the soil horizons local-
ized in the section intervals 21.0-20.0 and 16.4-15.0 m (lay-
ers 10 and 8, respectively) and are different from the param-
eters of the underlying and overlying deposits.

Since the deposits, except for the paleosols, contain 40—
80% sand fraction (>100 pm) and 65-95% physical sand
(the sum of coarse-silt and sand fractions), it makes sense to
consider thoroughly the composition of the sand fraction,
i.e., the contents of fine-grained (100-250 pm), medium-
grained (250-500 um), and coarse-grained (>500 um) sand
(Fig. 2, on the right).

In the assumed paleosol intervals, the deposits are com-
posed predominantly of fine-grained sand and lack coarse-
grained sand (the only exception is the uppermost (26.8—
26.2 m) poorly developed soil). In general, the distribution
of sand fractions in the intervals is the same and even clear-
er than in other layers.

As follows from the obtained data, the section is made up
of cyclically alternating sands, sandy loams, and loams
(Fig. 2). The cyclicality of sedimentation is best seen in the
diagrams of sand fractions (Fig. 2, on the right). It is ex-
pressed as the reduced (or even no) supply of coarse-grained
sand (formation of loess-like sandy loam) in certain periods
and an increase in the amount of this sand fraction to 20—
30% (and up to 70% in the section interval 26-25 m) in
other periods (formation of coherent sands). There are four
such cycles in the diagrams of the Tologoi 2 and Tologoi 3
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units; all of them terminated with the formation of soil hori-
zons, including the recent soil. All soils in this part of the
section (including the recent one) are more uniform in grain
size and, accordingly, are better sorted than the sand and
sandy loam deposits.

Based on the grain size parameters, the upper section can
be divided into two units, Tologoi 2 and Tologoi 3, with the
boundary between them running approximately along the
paleosol of layer 10 (the section interval of 21-20 m). The
upper unit, Tologoi 3, is composed of deposits with a widely
varying grain size composition; most of them are moderately
and insufficiently sorted (Fig. 2). The Tologoi 2 unit formed
in the quiet-sedimentation regime with the gradually chang-
ing values of grain size parameters within the layers. Most of
the deposits here are moderately sorted; in the section inter-
val 17-13 m, they are even well sorted. Layers 7, 8, 9, and 10
formed as a single unit, without significant breaks in sedi-
mentation. Short breaks were possible before and after the
pedogenesis. The upper part of the Tologoi 2 unit (layers
11-21) completely formed in the regime of variable sedi-
mentation or denudation; this is also evidenced by drastic
jumps in parameters within the layers and at their boundary.

The average dispersion index (k) of the clayey deposits in
the Tologoi section is equal to 0.4, which indicates their
fine-dusty texture, weak pedogenesis processes, and a pre-
dominance of chlorite—illite group minerals among the clay
minerals.

Thus, the grain size analysis of the deposits shows the
following specifics of sedimentation in the Tologoi section:

(1) Cyclic sedimentation traced from the behavior of all
fractions, especially from the change in sand content. Four
main sedimentation cycles have been identified within the
Tologoi 2 and Tologoi 3 units; each cycle terminated with
the formation of soil horizons.

(2) Most of the deposits have a complex grain size com-
position. They are formed by populations of grains of differ-
ent sizes, which are often present in equal or commensurate
amounts, with sand grains being predominant. Sand frac-
tions are usually supplied through dragging for short (few
kilometers) distances. The second largest population is
coarse-silt grains, which are transported mainly through sal-
tation. Grains of this size might be supplied from a prove-
nance area located few tens of kilometers from the sedimen-
tation site. The third (fine-grained) population is a fine-silt
fraction, which is transported with an air suspension. Such
grains can be brought from distances of hundreds of kilome-
ters. The fourth population is a clay or clay-silt fraction.
The silt fraction has grains smaller than 2 um (Fig. 2). Vari-
ations in its amounts reflect the influence of several process-
es. Its high content in paleosols is due to the postgenetic
transformation of deposits during pedogenesis and cryogen-
esis and, thereby, to the formation of clay minerals
(Dobrovol’skii, 1976). The silt fraction in paleosols amounts
to 4-7 vol.% and thus is a significant component of the de-
posits under study. During deluvial processes, fine-grained
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material was removed through a sheet flood, which resulted
in the reduced contents of silt fraction in the deluvial layers.

(3) Sedimentary material was transported to the sedimen-
tation site mainly from a proximal source. In the periods of
warming and the formation of soil horizons, wind gusts and
strength were reduced; thereby, distant and medium-range
provenance areas prevailed. In the periods of the most in-
tense pedogenesis, the supply of sandy material decreased,
sometimes to zero (Fig. 2), and in situ biochemical post-
sedimentary transformations of deposits dominated.

(4) If the specific grain size parameters of the deposits
were climate-controlled, then we assume that this area of the
Selenga River valley had an arid climate with a minor hu-
midity increase in the periods of pedogenesis. In dry peri-
ods, strong hurricane gusts and intense eolian processes
were likely.

(5) The deposits of the Tologoi 2 unit (the section inter-
val 20-10 m) formed in quieter wind conditions as com-
pared with the Tologoi 3 unit.

(6) The regular change in the grain size parameters of the
deposits reflects the specific sedimentation, pedogenesis
with cryogenic transformation of the substrate, and deluvial
redistribution of material along the slope. Taking into ac-
count the grain size composition, we interpret the genesis of
the Tologoi 2 and Tologoi 3 deposits as deluvial (or eolian—
deluvial and secondary deluvial).

GEOCHEMICAL COMPOSITION
OF THE DEPOSITS

Major and trace elements. Analysis of the bulk chemi-
cal composition of the Tologoi section deposits shows mi-
nor variations in the contents of major oxides (except for
CaO and CO,) and trace elements (except for Cr).

The petrochemical indices demonstrate minor variations,
which indicates intense mixing and homogenization of the
deposits during the slope processes.

The high values of the alkali (AI) and normalized-alka-
linity (NAI) indices and the low values of the hydrolysate
index (HI) indicate a predominance of quartz and feldspar in
the deposits and a low content of clay minerals. A signifi-
cant amount of feldspars is also evidenced by the high NAI
values (>0.4).

According to the average HI value (0.29), the studied
rocks can be referred to as hypohydrolysates, i.e., rocks
poorly transformed by weathering processes. The sodium
index (SI) reflects the intensity of chemical weathering and
the maturity of the supplied material. The higher the degree
of chemical differentiation of material in the catchment pa-
leoareas, the lower the SI (Akul’shina, 1990). The studied
deposits are characterized by an extremely low degree of
chemical differentiation; their SI value varies from 0.17 to
0.26 (for a weak chemical differentiation, SI is greater than
0.03). Comparison of the Al, SI, and PI values shows that
the prevailing mineral of the section deposits is plagioclase
rather than K-feldspar.
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Fig. 3. FI-NAI diagram (Yudovich and Ketris, 2000). Units: /, Tolo-
goi 1, 2, Tologoi 2, 3, Tologoi 3. I, mostly kaolinite rocks, II, mostly
smectite rocks with kaolinite and hydromica impurities, III, mostly
chlorite rocks with a hydromica impurity, IV, chlorite~hydromica
rocks, V, chlorite-smectite-hydromica rocks, VI, hydromica rocks
with a significant impurity of dispersed feldspar.

In the FI-NAI diagram of clay rocks (Fig. 3), the compo-
sition points of the deposits form clusters.

Most of the points fall in field VI of hydromica rocks
with a significant impurity of dispersed K-feldspars and in
superposed field V of chlorite—smectite-hydromica rocks.
Thus, the paleosols and substrate do not differ in clay min-
eral assemblages.

The index of compositional variability (ICV) of the de-
posits ranges from 0.8 to 1.3, which argues for a predomi-
nance of non-clay silicate minerals (the ICV values smaller
than unity indicate a low degree of rock maturity, i.e.,
a small amount of clay minerals, in the sedimentation area).

The variations in the values of major lithochemical indi-
cators of paleoclimate (CIA, CIW, and PIA) point to a pre-
dominance of arid and subarid depositional environments.
The same follows from the location of the composition
points of the section deposits in the Erofeev—Tsekhovskii
diagram (Erofeev and Tsekhovskii, 1983) (Fig. 4). The max-
imum values of CIW and PIA are typical of the paleosol
horizons (layers 1 and 14).

The variations in petrochemical indices and paleoclimate
indicators throughout the section are shown in Fig. 5, and
the variations in geochemical indices, in Fig. 6.

The values of the titanium index (TI) were used to iden-
tify the paleoclimate. The TI variations throughout the sec-
tion (Fig. 5) indicate that the lower unit (Tologoi 1) accumu-
lated in a warm arid climate; the middle unit (Tologoi 2), in
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a colder and more humid climate; and the upper unit (Tolo-
goi 3), in a more arid climate with the accumulation of pre-
cipitation.

The TI variations are consistent with the changes in the
grain size composition of rocks and in the CIA and ICV
values (Fig. 5).

The CIA values of the deposits vary from 49 to 69, aver-
aging 65, which confirms the insignificant alteration of rocks
in the catchment paleoareas. The CIA and ICV variations
are synchronous; the CIA increase and simultaneous ICV
decrease mark the humid-climate periods.

The Al values (Fig. 4) indicating the content of clay min-
erals vary from 0.19 to 0.25, which means an insignificant
fractionation of the material during its transfer and its weak
transformation during weathering.

The distribution of petrochemical and geochemical indi-
ces throughout the section shows weak geochemical stratifi-
cation. There are no differences between the paleosols and
the host loess-like sandy loams and loams: They contain
similar clay mineral assemblages. This might be the result of
fluvial processes and the postsedimentary transformation of
the deposits under cryogenesis conditions.

The above transformation of sediments depends mostly
on their initial composition (the presence of minerals and
active components resistant to cryogenic weathering, such
as colloidal forms of iron, aluminum, and manganese com-
pounds, carbonates, soluble salts, etc.), the presence of or-
ganic matter, and the nature of the pore solution. Clay min-
erals are characterized by high dispersion, large specific
surface area, hydrophilic properties, and capability for ad-
sorption and ion exchange. It is obvious that the chemical
composition of the clay fraction of the dispersed deposits
generally reflects the degree of cryogenic alteration of the
sediments.

Al,O4
0 . 1.00

Continental
arid-climate
deposits
1.00 — : : 0
0 0.25 0.50 0.75 1.00
Fe,O3 + FeO CaO + MgO + K,0 + Na,O

Fig. 4. Erofeev—Tsekhovskii diagram for the Tologoi units of different
ages. Designations follow.
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Variations in the A/CMKN (AL 0,/(CaO + MgO + Na,O
+ K,0)) values (Fig. 5) marking the quantitative ratio of
relatively insoluble (clay) components to the components
separated during hydrolysis (Grazhdankin and Maslov,
2012) show that most of the section (layers 5-16) formed
during repeated cyclic freezing—thawing processes: The A/
CMKN values smaller than unity and the simultaneous in-
crease in the calcification index (CaO + MgO)/AL O, of pa-
leosols indicate authigenic formation of carbonates.

The paleosol horizon (layer 17) is characterized by high
values of Al,0,/(CaO + MgO + Na,O + K,0) and (CaO +
MgO)/Al,0O,. The variations in oxidation intensity, marked
by the (Fe,O; + MnO)/Al, O, ratio, are maximum for the pa-
leosoil of layer 1 (Tologoi 1) and paleosols of the middle
section (Tologoi 2, layers 8 and 10).

The high Ba/Sr values point to hydrolysis.

The change in geochemical paleomarkers (Co/Zr, Cu/Zr,
and Cr content) throughout the section (Fig. 6) permits a
geochemical stratification of the section and leads us to the
following conclusions:

— in general, the distribution of these paleomarkers reli-
ably depicts the climate changes;

— in cold periods, when a seasonally thawed layer exist-
ed, Co and Cr were removed from the deposits more in-
tensely as compared with permafrost-free strata, whereas Zr
was inert; therefore, a decrease in the paleoparameter values
marks a cold period, and vice versa;

— the most drastic climate variations are recorded in the
middle section (horizons 10-20 m).

The data obtained show cyclic climate changes during
the formation of the section deposits: The wet periods alter-
nated with dry epochs of different durations. The position of
the paleosol horizons is consistent with that established
from the grain size parameters. The identified paleosol layer
(the section interval 24.5-23.4 m) is clearly expressed in the
geochemical profile.

The stage of accumulation of the paleosol horizon of layer
8 (the interval 16.4—15.0 m) was characterized by the warm-
est conditions and active weathering and leaching, which
were accompanied by various soil processes and biologic ac-
tivity and by the weakening of salinization and carbonation.

The geochemical data record a drastic deterioration of cli-
matic conditions between the paleosol horizons in the section
intervals 16.4-15.0 m and 13.6-13.0 m. The content of or-
ganic matter (LOI) decreases, the Cr content, Co/Zr, and Cu/
Zr decrease, the values of all petrochemical indices also be-
come smaller (the only exception is NAI, marking the ratio
of readily soluble components to clay ones, which increases,
because the amount of the clay fraction decreases, i.e.,
weathering becomes less intense). According to Alekseeva
(2005), it is this section interval that involves a large pseudo-
morph after an ice wedge intruded into the underlying soil
and ruptured. The same behavior of petro- and geochemical
indices is recorded in the section interval 20.0-16.4 m.

Based on the geochemical data obtained, we have con-
structed a hypothetical model of the climate changes during

V.V. Ivanova et al. / Russian Geology and Geophysics 61 (2020) 1374—1390

the formation of the Tologoi sedimentary section (Fig. 6, on
the right). The examined geochemical profile clearly shows
stages with dominating cryogenic environments in the study
area: These are the periods of formation of layers 5, 7, 9, and
11-13. The deposits of these layers are characterized by the
minimum salinization, high carbonation, and low leaching
and oxidation indices.

REE signatures. The REE signatures of all samples of
the Quaternary deposits are similar. They are characterized
by excess of LREE and a relative deficit of HREE; LREE/
HREE = 1.7-2.4. The REE tetrad effect calculated for the
third (Nd, Sm, Eu, and Gd) and fourth (Er, Tm, Yb, and Lu)
tetrads is close to the M type (its values vary from 0.9 to
1.1). The Tologoi section rocks differ little in ZREE con-
tents (Fig. 7), which indicates low sedimentation rates (Bal-
ashov, 1976).

The cerium anomaly is not pronounced; its average value
is 0.96. Most samples show a Eu anomaly (1.10-1.23),
which suggests the significant amounts of plagioclase in the
section deposits.

The LREE, MREE, and HREE fractionation in the sedi-
ments is due to the different ratios of Fe and Mn oxides (hy-
droxides). Light REE are adsorbed on these mineral phases
in larger amounts and faster than heavy REE, especially
when the pH of the solution increases (De Baar et al., 1988).
The data in Fig. 7 show that the paleosol horizons are maxi-
mally enriched in LREE.

The high £Ce/XY values (on average, 6.53) are due to the
enrichment of the fine fraction of the deposits in feldspar
and hydromica and to the transformation of hydromica dur-
ing cryogenic weathering.

The main mechanisms responsible for the REE fraction-
ation (selective REE enrichment as a result of the removal
of various lanthanides from the sediments) are sorption, ion
exchange reactions, reactions of isomorphous substitution of
alkaline earth metals in the structure of rock-forming and
authigenic minerals, and complexation (Ivanova et al.,
2017). The degree of REE fractionation depends, first of all,
on the acid-base conditions of the medium and on the ionic
strength of the solution. In the case of early diagenesis of
deposits under cryogenic conditions, an increase in the alka-
linity of pore solutions and their high ionic strength will lead
to the MREE enrichment of the clay fraction. Medium REE
are adsorbed on clay particles or enter into ion exchange
reactions with cations of alkali and alkaline earth metals in
the hexagonal interlayer holes in the clay mineral structure.
Light REE are adsorbed predominantly on iron and manga-
nese hydroxo compounds and also participate in the isomor-
phous substitution of Ca?* in the structure of authigenic or
rock-forming minerals. When sorption processes dominate,
the La/Yb ratio increases, while the La/Sm ratio does not
change. When isomorphous substitution dominates, the La/
Sm ratio increases, while in the case of chemisorption it de-
creases; the La/Yb ratio changes insignificantly.

The (La/Yb),—(La/Sm), correlation established for the
section rocks (Fig. 7) reflects the type of REE fractionation
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in the aqueous medium (pore solutions) and sediments. The
La/Yb ratio is within 1.70-2.54 (the median value is equal
to 2), and La/Sm is within 1.03—1.57 (the median value is
equal to 1.15).

It is obvious that both sorption and isomorphous substitu-
tion played a leading role in the REE fractionation. This is
confirmed by the nearly M-type tetrad effect of the third and
fourth REE tetrads. Usually, the M-type tetrad effect points
to the association of REE with the solid phase (Masuda et
al., 1987).

The distribution of the (La/Yb), and (La/Sm), values
throughout the section makes it possible to distinguish zones
with cryogenesis, namely, layers 5, 7, 9, and 11-13.

In some samples (Fig. 7), REE of the third tetrad (#;)
show a nearly M-type tetrad effect close to the threshold of
statistical significance. Its maximum changes are observed
mainly in the paleosol horizons. The weaker tetrad effect in
some horizons might indicate cryogenic conditions, because
it reflects MREE fractionation.

CONCLUSIONS

The revision of the Tologoi section made it possible to
identify the following specifics of sedimentation and the
early diagenesis of the deposits:

(1) Cyclic sedimentation traced from the behavior of all
grain size fractions and, especially, from the change in sand
content. Four main sedimentation cycles have been identified
within the Tologoi 2 and Tologoi 3 units; each of them termi-
nated with the formation of soil horizons (pedocomplexes).

(2) Sedimentary material was transported to the sedimen-
tation site mainly from a proximal source. During warming
and the formation of soil horizons, wind gusts and strength
were reduced, and distant and medium-range provenance ar-
eas prevailed. In the periods of the most intense pedogene-
sis, the supply of sandy material decreased, sometimes to
zero (Fig. 2), and in situ biochemical postsedimentary trans-
formations of the deposits dominated.

(3) If the specific grain size parameters of the deposits
were climate-controlled, then we assume that this area of the
Selenga River valley had an arid climate with a minor hu-
midity increase in the periods of pedogenesis. In dry peri-
ods, strong hurricane gusts and intense eolian processes
were likely.

(4) The deposits of the Tologoi 2 unit (the section inter-
val 20—10 m) formed in quieter wind conditions as com-
pared with the Tologoi 3 unit.

(5) The grain size composition of the deposits reflects the
specific sedimentation, pedogenesis with cryogenic transfor-
mation of the substrate, and deluvial redistribution of mate-
rial along the slope. Taking into account the grain size com-
position, we interpret the genesis of the Tologoi 2 and
Tologoi 3 deposits as deluvial (or eolian—deluvial and sec-
ondary deluvial).

V.V. Ivanova et al. / Russian Geology and Geophysics 61 (2020) 1374—1390

(6) There were cyclic climate changes during the forma-
tion of the section deposits: The wet periods alternated with
dry epochs of different durations.

(7) The stage of accumulation of the paleosol horizon of
layer 8 (interval 16.4—15.0 m) was characterized by the
warmest conditions and active weathering and leaching,
which were accompanied by various soil processes and bio-
logic activity and by the weakening of salinization and car-
bonation.

(8) The examined geochemical profile clearly shows stag-
es with dominating cryogenic environments in the study
area: These are the periods of formation of layers 5, 7, 9, and
11-13. The deposits of these layers are characterized by the
minimum salinization, high carbonation, and low leaching
and oxidation indices, a positive Eu anomaly, and high 2Ce/
XY and low (La/Sm), values.

(9) The distribution of petrochemical and geochemical in-
dices throughout the section shows weak geochemical strati-
fication. There are no differences between the paleosols and
the host loess-like sandy loams and loams: They contain
similar clay mineral assemblages. This might be the result of
fluvial processes and the postsedimentary transformation of
the deposits under cryogenesis conditions.
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05-00215, and 20-05-00247 from the Russian Foundation
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