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Abstract––We present results of a study of carbonate coatings formed at the lower surfaces of pebble inclusions in Holocene–Upper 
Pleistocene deposits of the Irkutsk–Cheremkhovo plain. The coatings resulted from the leaching of carbonates from the overlying deposits 
during pedogenesis. They are composed of pure and magnesian calcite with minor inclusions of quartz and feldspars. The coatings form 
morphologically and compositionally different microlayers, which reflect a successive change in the pedogenesis conditions during their 
formation. The stable-isotope composition is as follows: δ13C is –6.80 to –2.05‰, and δ18O is –16.33 to –10.15‰. It reflects the precipi-
tation of carbonates during the degassing of soil solutions in the course of periodic freezing–thawing processes, dynamic increase and 
decrease in the biological activity of soils, and alternating moistening of soil with meltwater and rain water and its subsequent freezing, 
which could occur in the region in spring and autumn. A joint analysis of the carbon isotope composition of the organic matter of soils 
and carbonate coatings shows that the latter formed in the phytocoenosis environment with predominant C3 vegetation. The differences 
in the morphology and occurrence of the coatings permit them to be divided into three groups. The coatings of the first group formed in 
the Middle Holocene (3.6–3.3 cal. ka BP), and the coatings of the second and third groups, in the second half of MIS 3 (24.1–23.3 and 
~34–35 cal. ka BP, respectively). The paleoecologic conditions reconstructed for the established stages of carbonate coating formation are 
in satisfactory correlation with the general course of climatic fluctuations in the region and in the Northern Hemisphere as a whole. They 
reflect the influence of temperature and humidity fluctuations on the dynamics of soil formation processes. Comparison of the age of the 
coatings with the age of recent and buried soils shows that the pedogenic carbonate coatings in the Upper Angara soils are a relict feature of 
the previous epochs of pedogenesis (MIS 3) and the first stages of recent soil formation, which began, most likely, in the Middle Holocene. 
Based on analysis of the rates of coating formation and comparison of the isotope composition of the coatings of different age groups, we 
assume that the climate in the Karga (MIS 3) megainterstadial was more humid than that in the Middle Holocene, with the temperatures of 
pedogenesis being the same. Both in the Middle Holocene and in the Karga epoch, the regional soils received little heat and were season-
ally frozen for a long time. 
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INTRodUCTIoN

Exposed and buried soils are an important part of the 
Quaternary record (Kraus, 1999; Retallack, 2001; Sheldon 
and Tabor, 2009; Zykina and Zykin, 2012; Tabor and My-
ers, 2015). They supplement information on sedimentation 
processes and conditions and contribute to the general pic-
ture of development of the environment. They are a signifi-
cant chronostratigraphic reference, which permits carrying 
out stratigraphic division of sediments, tracing the chronol-
ogy of formation of the soil–sediment sequence, and making 
a correlation of spatially distant strata (Birkeland, 1999; 
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Feng et al., 2011; Zykina and Zykin, 2012; Murphy et al., 
2014; Alekseeva et al., 2016; Sauer et al., 2016).

Holocene soils are best preserved in the geologic record, 
whereas the soils which formed during warm periods of the 
Pleistocene are preserved much worse. They are often sub-
stantially altered by cryogenic processes activated during 
cold epochs. This favored the disruption of the genetic pro-
file of soils and its characteristic set of morphotypic features 
(Glushankova, 2010; Zykina and Zykin, 2012), reducing the 
potential of Pleistocene buried soils as a paleogeographic 
reference. Such an effect on present-day and Holocene soils 
is produced by human activity, which often does not permit 
reconstructing their past formation conditions.

This circumstance makes it necessary to determine stable 
features which, when changing, mark soil development 
stages; the evolution–genetic characteristics which can be 
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dated by methods of absolute geochronology are especially 
valuable as intrasoil records of environmental changes. Car-
bonates are one of such features; they are a unique group of 
minerals taking an active part in biological and physico-
chemical processes through all the geologic epochs (Reeder, 
1983). In subaerial deposits carbonates are generally con-
tained in dispersed form. However, during soil formation, 
carbonate minerals can make up neoformations (secondary 
carbonate accumulations). They are one of the most impor-
tant genetic, compositional, and classification components 
of soils forming in a wide range of natural and climatic con-
ditions (Eswaran et al., 2000). Their formation is closely 
related to pedogenesis and evolution (Zamanian et al., 2016). 
The distribution and morphology of pedogenic carbonates in 
the soil profile reflect the trend and intensity of pedogenesis 
(Kovda et al., 2003; Khokhlova, 2008). Their isotopic com-
position can give an insight into paleoclimate, the composi-
tion of ancient vegetation (Cerling, 1984; Dworkin et al., 
2005; Pustovoytov et al., 2007; Monger et al., 2009; Quade 
et al., 2013; Oerter and Amundson, 2016), and the dynamics 
of landforms (Kovda et al., 2006; Quade et al., 2007; Barta et 
al., 2018). The application of different methods for dating 
pedogenic carbonates helps to solve geochronology prob-
lems (Singhvi et al., 1996; Sharp et al., 2003; Pustovoytov et 
al., 2007; Khokhlova et al., 2013; Oerter et al., 2016).

Stratified coatings (pendants) are especially promising; 
their formation resembles the formation of speleothems 
(Brock and Buck, 2005), which have been viewed in recent 
years as one of the most promising sources of continental 
paleoclimate evidence (Fairchild and Baker, 2012). Ac-
cording to (Brewer, 1964), coatings (from Latin cutis “skin, 
rind, surface”) are defined as modifications of the soil tex-
ture, structure, composition, and profile near interfaces as a 
result of in situ concentration or transformations of the fin-
est and most active soil (plasma) substances. Thus, the term 
“coating” characterizes primarily the confinement of this 
class of soil neoformations to an interface (surface of min-
eral grains, pores, and aggregates). This group of pedogenic 
(generally speaking, exogenous) neoformations is formed 
by a vertical (radial) flow of gravity moisture transporting 
dissolved and suspended matter of different compositions 
within soil (weathering crust or eluvium). Coatings, which 
are formed by consecutive deposition from illuviated solu-
tions and suspensions, are the best example of illuviation 
(Bronnikova, 2008). A large, genetically important group is 
made up of illuviation coatings, the main component of 
which is carbonate.

Actually, layered carbonate coatings are microsedimen-
tation systems within the soil profile formed by within-
profile  migration of substances in true solutions, colloidal 
solutions, and suspensions and by their deposition on geo-
chemical and mechanical barriers within soil (Bronnikova et 
al., 2017). Differences in the compositions of solutions and 
suspensions in migration and deposition conditions lead to 
the formation of structurally and compositionally different 
coatings. So, complex coatings are a specific source of evi-

dence containing a layer-by-layer record of the trend, inten-
sity, and succession of within-profile migration and accumu-
lation of material as well as the environment determining 
these processes (Courty et al., 1994; Pustovoytov, 2002; 
Oerter et al., 2016; Zamanian et al., 2016; Bronnikova et al., 
2017; Golubtsov, 2017).

The studies conducted by the authors in recent years 
(Golub tsov et al., 2014; Golubtsov, 2017) have shown the 
widespread occurrence of these neoformations in soils of the 
Upper Angara region. However, their potential for paleope-
dological and paleogeographical reconstructions has not 
been used as yet. The present paper is aimed at reconstruc-
tion of the dynamics of soil formation conditions and its re-
lationship with Late Neopleistocene and Holocene climate 
fluctuations from studies of the occurrence, morphology, ma-
terial and isotopic compositions, and 14C age of pedogenic 
carbonate coatings in soils of the Upper Angara region.

SUbjeCTS ANd MeTHodS

The studies were conducted in the southern Irkutsk Re-
gion, within the Irkutsk–Cheremkhovo Plain, mainly in the 
lower reaches of the Belaya River (tributary of the Angara 
River) (Fig. 1). The territory is characterized by extra-conti-
nental climate. The mean annual temperature is 1 °C; the av-
erage July temperature, +18.3 °C; the average January tem-
perature, –17.8 °C. The annual precipitation is 480 mm, 
~80% of which falls out in late July and August. From late 
May to middle July, dry and warm conditions predominate in 
the area (Irkutsk Climate, http://www.pogodaiklimat.ru/cli-
mate/30710.htm).

Most of the lands in the study territory are arable, and un-
disturbed areas are occupied by meadow steppe forb–grass 
vegetation and sparse mixed woodlands. The predominating 
soils are Luvic Chernozems formed on loesslike loams (The 
Irkutsk–Cheremkhovo…, 1969).

Geologically, the territory in the lower reaches of the Be-
laya River consists of Cambrian, Jurassic, Cretaceous–Pa-
leogene, Oligocene–Miocene, Pliocene, Pleistocene, and 
Holocene rocks (Antropov, 1962). The lower Cambrian 
strata are tabular gray siliceous dolomites and limestones. 
The Jurassic rocks are present as Lower Jurassic conglomer-
ates, sandstones, and siltstones and Middle Jurassic coal-
bearing siltstones, mudstones, and sandstones (Antropov, 
1962). The Oligocene–Miocene strata are composed of 
poorly cemented sandstones, pebble gravel with kaolin fill, 
and weathering crust fragments. The Pliocene–Miocene de-
posits fill fragments of the gully network incised in the Ju-
rassic basement in multiple-elevation areas (445–420 m) 
(Florensov, 1971). The Pleistocene loose sediments overlie 
the above-mentioned pre-Quaternary rocks at watersheds as 
a thin cover, but their thickness increases considerably with-
in the valley, where terraces of different ages are distin-
guished (Logachev et al., 1964).



740 V.A. Golubtsov et al. / Russian Geology and Geophysics 61 (2020) 738–755

Fi
g.

 1
. S

tu
dy

 a
re

a 
an

d 
po

si
tio

ns
 o

f s
ec

tio
ns

: 1
, T

ai
tu

rk
a 

I; 
2,

 T
ai

tu
rk

a 
II

; 3
, B

er
ez

ov
yi

; 4
, O

si
no

vy
i; 

5,
 L

ow
er

 B
ul

ai
 II

; 6
, B

ur
et

’. 
1,

 lo
w

er
 C

am
br

ia
n 

do
lo

m
ite

s, 
lim

es
to

ne
s, 

an
d 

m
ar

ls
; 2

, L
ow

er
 

Ju
ra

ss
ic

 c
on

gl
om

er
at

es
, b

re
cc

ia
s, 

sa
nd

st
on

es
, a

nd
 c

la
ys

; 3
, M

id
dl

e 
Ju

ra
ss

ic
 a

rk
os

ic
 s

an
ds

to
ne

s, 
qu

ar
tz

 s
ilt

st
on

es
, m

ud
st

on
es

, a
nd

 c
oa

l b
ed

s;
 4

, Q
ua

te
rn

ar
y 

al
lu

vi
al

 d
ep

os
its

, l
oa

m
s, 

sa
nd

y 
lo

am
s, 

cl
ay

s, 
an

d 
si

lts
 w

ith
 p

eb
bl

es
, p

eb
bl

e 
de

po
si

ts
; 5

, Q
ua

te
rn

ar
y 

al
lu

vi
al

 a
nd

 a
llu

vi
al

–t
al

us
 d

ep
os

its
; 6

, s
tu

dy
 a

re
a;

 7
, s

tu
dy

 s
ec

tio
ns

.



 V.A. Golubtsov et al. / Russian Geology and Geophysics 61 (2020) 738–755 741

In the lower reaches of the Belaya River, the following 
areas are observed: (1) small neotectonic highs with an in-
termittent regime of accumulation and denudation, (2) areas 
of small neotectonic lows and stability with predominant ac-
cumulation till the Late Pleistocene, and (3) the largest neo-
tectonic lows with predominant accumulation in the Pleisto-
cene and Holocene. The largest lows form local depressions 
separated by highs or small lows. The biggest one, the 
Bel’sk depression, adjoins the study area in the west and is 
separated by an uplift coinciding with the axis of a Cambri-
an coeval anticline. From west to east, the following depres-
sions are distinguished, respectively: Khaita–Bulai, Khol-
mushino–Taiturka, Mal’ta, and Ust’-Belaya (Vorob’eva and 
Medvedev, 1985). 

The group of low terraces and the floodplain of the Be-
laya River formed only within the depressions. In the rest of 
the areas, the riverbed has an erosion–tectonic character 
with steep scarps of the dolomite basement. The riverbed 
structure coincides with regional rift directions: long north-
western and short northeastern areas. Meandering is also 
pronounced only in depression areas (Vorob’eva and Med-
vedev, 1985).

The present study is based on data from six sections of 
loose deposits. The Taiturka I section (52°52′ N; 103°28′ E; 
elevation 434 m a.s.l.) exposes the structure of the talus cone 
overlying the alluvial deposits of the third terrace of the Be-
laya River. The Taiturka II section (52°52′ N; 103°25′ E; 
elevation 436 m a.s.l.) strips the oxbow depression replacing 
the back suture of the third terrace, which is now buried un-
der a thin talus cone. In the Berezovyi section (52°51′ N; 
103°21′ E; elevation 417 m a.s.l.), we studied the structure 
of carbonate loesslike loams overlying the strongly carbon-
ate-enriched gravel–pebble bed alluvium of the second ter-
race of the Belaya River. In the Osinovyi section (52°53′ N; 
103°19′ E; elevation 460 m a.s.l.), the third terrace of the 
Belaya River is exposed. Now the section area looks like a 
draw terrace. A thin (about 2 m) cover of loesslike deposits 
is here underlain by variegated alluvium with a dolomite 
basement. The Lower Bulai II section (52°51′ N; 103°06′ E; 
elevation 496 m a.s.l.) exposes loesslike loams overlying a 
buried soil profile which formed on ferruginous and carbon-
ate-enriched pebble gravel with sand and loam fill. The Bu-
ret’ section (52°58′ N; 103°28′ E; elevation 403 m a.s.l.) is 
localized on the left bank of the Angara River and strips its 
first terrace, which consists of thin sandy loam strata under-
lain by sandy pebble gravel with a dolomite basement.

Field studies focused on stratigraphic and morphogenetic 
analysis of deposits and buried soils as well as analysis of 
distribution of carbonate coatings in the sections. In the lab-
oratory, samples of host soils and deposits were made air-
dry, crushed, and put through a sieve (1 mm). The content of 
carbonate CO2 was found acidimetrically, and that of total 
organic carbon was found by dry combustion on a Vario 
Isotope analyzer (Elementar, Germany). Grain size compo-
sition was determined with the use of the average sample in 
stagnant water by the pipette method (after N.A. Kachinskii). 

The age of buried soils was determined by radiocarbon dat-
ing with scintillation counting of activity of 14C based on hu-
mic acid carbon at St. Petersburg State University. 

Carbonate coatings were collected together with pebble 
inclusions on which they had been formed. Under laboratory 
conditions each pebble unit was cut with a petrographic saw 
into slides 5–7 mm thick perpendicularly to the greatest 
length of the coating. The obtained sections of carbonate 
neoformations were later used in studies.

To measure the ratios of stable carbon and oxygen iso-
topes, coating material was drilled out of the outer and inner 
layers detected microscopically in the sections. The mea-
surements were taken on a Thermo Finnigan MAT 253 mass 
spectrometer with a GasBench II system at the Center for 
Shared Facilities for Multielement and Isotope Studies (So-
bolev Institute of Geology and Mineralogy, Novosibirsk) 
and on a Thermo Finnigan MAT 252 mass spectrometer at 
the University of Tübingen (Germany). 

The composition of stable carbon isotopes in soil and pa-
leosoil organic matter was determined after the removal of 
roots, detrital inclusions, and carbonates at the Center for 
Shared Access “Laboratory of Radiocarbon Dating and 
Electron Microscopy” (Institute of Geography, Russian 
Academy of Sciences, Moscow) on an Elementar Isoprime 
precisION IRMS (United Kingdom). The results of all the 
isotope measurements are presented in per mil (‰) with re-
spect to the VPDB standard, with an accuracy of 0.1‰.

The inner and outer layers of the coatings were separated 
from one another under a microscope and crushed to powder 
in an agate mortar. The mineral composition of unoriented 
samples was determined on a Bruker AXS D8 Advance dif-
fractometer (Germany). The elemental composition of the 
coating layers was determined on a Bruker AXS S4 Pioneer 
XRF spectrometer.

Mesomorphological studies were conducted using a Mi-
cromed MC-2-ZOOM microscope. Submicroscopic studies 
and point layer-by-layer probing of neoformations were car-
ried out on an EDS at the Center for Shared Access “Labo-
ratory of Radiocarbon Dating and Electron Microscopy” 
(Institute of Geography, Russian Academy of Sciences, 
Moscow) using a JEOL JSM-6610LV SEM (Japan) with 
Oxford INCA Energy and Oxford INCA Wave analyzers. 
Fresh fractured surfaces were studied after Au sputtering.

Coating layers marking a change of soil formation stages 
were used for 14C AMS dating with a MICADAS in the labo-
ratory of Klaus-Tschira-Archäometrie-Zentrum (Man nheim, 
Germany). Hereinafter, calibrated 14C ages are presented; the 
calibration is carried out against the INTCAL13 scale.

ReSULTS

Structure, physicochemical properties, and age of the 
studied soils and deposits. The studied sections expose thin 
(0.7–5 m) strata of cover loesslike loams and sandy loams 
underlain by different-aged alluvium (Fig. 2). In the Ber-
ezovyi, Lower Bulai II, and Buret’ sections, it consists of 
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sandy pebble gravel overlying Paleozoic rocks with an 
abrupt contact. In the Taiturka I and Osinovyi sections, cov-
er loesslike deposits are underlain by crossbedded loose 
white sandstones intercalated with clays and carbonized fine 
plant detritus (most probably, of Jurassic age), which overlie 
Lower Cambrian deposits. The lower part of the Taiturka II 
section exposes middle- to coarse-grained loams intercalat-
ed with sandy gravel–pebble beds and clays. 

The cover loesslike deposits in almost all the studied sec-
tions exhibit traces of past soil formation as humic pedosedi-
ments at a depth of 1.5–2.0 m, dated at the Karga age (MIS 3). 
For example, the described pedosediments are dated at 
27,990 ± 330 cal. yr BP (LU-8687) in the Berezovyi section 
and 31,570 ± 1840 cal. yr BP (LU-8691) in the Taiturka I 
section (Fig. 2). The age of the pedosediments from the Ta-
iturka II section is determined using Late Pleistocene faunal 
fossils below in the section. The bones found are mostly 
fragmented, with no visible traces of processing by humans. 

Identifiable, best preserved remains belong to the wild horse 
(Equus ferus) (incisor and proximal phalanx), bison (Bison 
priscus) (astragalus, proximal phalanx, and tibia of a young 
individual with a nonadherent proximal epiphysis), reindeer 
(Rangifer tarandus) (skull fragment), and mammoth (Mam-
muthus primigenius) (tooth, teeth fragments, and fragment 
of a long bone) (Fig. 3). All the fauna is typical of the Late 
Pleistocene in Cisbaikalia (Ermolova, 1978; Klement’ev, 
2013). The integrity of the remains, along with the faunal 
assemblage, suggests their Late Karga–Early Sartan age 
(MIS 2–MIS 3 boundary). As the morphology and occur-
rence of the described pedosediments are similar to those of 
the pedosediments from the sections in immediate proximi-
ty, the fossil soils of the Taiturka II section are, most prob-
ably, of the Late Karga age.

The taxonomic assignment of the studied Karga (MIS 3) 
soils is hard, because the system of horizons making up the 
soil profile was destroyed by past active cryogenic process-

Fig. 3. Fossil bones from the Karga (MIS 3) deposits. a, Tibia of a young Bison priscus individual; b, tooth of Mammuthus primigenius; c, 
proximal phalanx of Bison priscus; d, proximal phalanx of Equus ferus; e, astragalus of Bison priscus.
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es. The surface soils forming in the upper parts of the sec-
tions are clay–illuvial chernozems (Taiturka I, Taiturka II, 
and Berezovyi sections) and gray soils (Lower Bulai II, 
Osinovyi, and Buret’ sections). In the Taiturka I section, a 
14C age of 2620 ± 190 cal. yr BP (LU-7304) was obtained for 
the bottom of the humus horizon of chernozem.

The studied sections are characterized by similar distri-
bution of total organic carbon (Corg). Its content decreases 
drastically with increasing depth, with subsequent small 
peaks corresponding to the humus horizons of fossil soils 
(Fig. 4). The distribution of carbonates has the following 
characteristics. The carbonate-rich (BCA) horizons of sur-
face soils are distinct and have a sharp upper boundary, 
which coincides with the level of effervescence from HCl 
and is localized at a depth of 70–100 cm from the day sur-
face (Fig. 4). The average thickness of the carbonate-rich 
horizon is 50 cm. The primary illuvial peak of carbonate 
content, related to their leaching during present-day pedo-
genesis, is usually the maximum. As we move down the 

profile, carbonate content increases many times, generally 
in the middle horizons of different-aged buried soils. This 
served as a basis for distinguishing secondary illuvial peaks 
of carbonate content related to carbonate redistribution dur-
ing the Late Pleistocene soil formation stages (Fig. 4). The 
highest calcium carbonate contents are observed in the up-
per horizons of soils forming in conditions of near-surface 
occurrence of carbonate-bearing parent rocks (dolomites 
and limestones). This takes place in the Buret’ section.

In general, the carbonate profile of the studied soils 
formed long ago and is quite unchanged, as evidenced by 
the undeveloped migration zone, predominant stable forms 
of carbonate accumulations, absent migration forms, and 
advanced (for this carbonate content) stage of evolution of 
the carbonate profile. In most of the studied soils, the devel-
opment of the carbonate profile is estimated (Chadwick and 
Graham, 2000) as stage II–II+ (continuous carbonate coat-
ings on pebbles; host fine soil is light-colored because of 
carbonates and contains 10–25% CaCO3). Dating of carbon-

Fig. 4. Carbonate and organic carbon distribution and isotopic composition of organic matter from soils of the studied sections. Gray rectangles 
show the position of the humus horizons of buried soils.
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ate accumulations confirms the great age of the carbonate 
profile of soils (“Discussion”). 

distribution, morphology, and mineral and elemental 
compositions of carbonate coatings. Pendants are detected 
both within the BCA horizons of surface soils and at older 
levels of pedogenesis. They are always localized on the low-
er surfaces of pebble inclusions. In combination with the 
carbonate distribution pattern in the profile, this suggests 
that the coatings formed in the course of carbonate leaching 
from the overlying deposits during pedogenesis.

Differences in the morphology and occurrence of neofor-
mations permit their subdivision into three groups. In the 
central and lower parts of the Berezovyi and Taiturka I sec-
tions (MIS 3), the coatings of group III are observed. Above 
in the section, the neoformations of group II are localized 
(Taiturka I, Taiturka II, and Lower Bulai II sections). The 
carbonate coatings of group I are detected within the car-
bonate-rich horizon of the surface soils in the Osinovyi, Ta-
iturka I, Taiturka II, and Buret’ sections (Fig. 2).

Group I is divided into several layers of different mor-
phologies and compositions, reflecting the succession of 
pedogenetic conditions during the coating formation. The 
phase composition of this group is dominated by Mg-calcite 
with the main interplanar spacing of 3.01 Å, containing con-
siderable quantities of quartz and feldspars. This group has 
a high content of SiO2 (42%), CaO (17%), and iron and alu-
minum sesquioxides (15%). A compact inner ocherous layer 
up to 0.5 mm thick is detected in the best developed pen-
dants of this group at the contact with the pebble beds. With 
a sharp boundary, it passes into the unstratified compact 
dark brown (5 YR 5/4) middle layer up to 3 mm thick. In 
turn, it passes, with a sharp pockety boundary, into the un-
stratified porous brownish gray (2.5 Y 6/2) outer layer 
(Fig. 5a). The inner and middle layers are enriched in or-
ganic matter and, to some extent, in iron, suggesting active 
illuviation of these components into the BCA horizon dur-
ing the formation of these layers. Carbonate in the coating 
outer layers does not contain these admixtures. At the sub-
microscopic level, the structure of the layers is similar. The 
brown inner layers are composed of close-packed radially 
fibrous micrite–microsparitic calcite crystals forming spher-
ulites. These spherulites reach 100 µm in diameter, with 
quartz and feldspar grains as cores (Fig. 6a). Local zones of 
dissolution and recrystallization are observed, with a cellu-
lar texture and numerous platy rhomboid calcite crystals de-
graded to fibers of up to 1 µm. The spherulites in the outer 
layers are considerably smaller (up to 10–15 µm) (Fig. 6b), 
with much less pronounced crystal etching and dissolution. 
Particles of the host sediments are often accreted during the 
coating formation, as evidenced by inclusions of silicate 
grains dispersed in the neoformations to different extents. 

The thick multilayered carbonate coatings of group II 
(Fig. 5b,c) are marked by loose thin (up to 3 mm) white (10 
YR 9.5/2) outer layers. The coating groundmass is com-
posed of microstratified pigmented middle layers up to 1 cm 
in thickness. The microlayers are inhomogeneously pig-

mented: from 7.5 YR 4/4 brown and 7.5 YR 4/6 strong 
brown to 7.5 YR 6/4 light brown. In many coatings, the mi-
crolayers contain etched textures looking as sharp pockety 
boundaries between the intercalations. The grayish brown 
(7.5 YR 4/3 brown) inner layer is distinguished at the con-
tact with pebble entities. It sometimes forms in the place of 
a void, which suggests partial dissolution of the neoforma-
tion (Fig. 5b, top). The coatings consist of pure calcite with 
the main interplanar spacing of 3.02 Å, with no admixtures 
or inclusions of other minerals. Their composition is domi-
nated by CaO (49.41%), with minor quantities of SiO2 
(1.58%), Al2O3 (0.5%), and MgO (1.65%).

In the inner layers, etched zones are observed; therefore, 
rhomboid calcite crystals recrystallize here into fiberlike en-
tities, and the general crystal orientation becomes disordered 
(Fig. 6c). The inner layers are composed of close-packed 
spherulites, but radially fibrous aggregates are smoothed 
away from the surface by cryptocrystalline colloform calcite 
(Fig. 6d). The outer layers of the coatings consist of loosely 
packed, randomly oriented platy or tabular micritic crystals.

The coatings of groups II and III are structurally similar 
under a binocular microscope (Fig. 5b,e). The neoforma-
tions are very thick, mainly because of the pigmented inner 
layer, which is divided into numerous microlayers. The 
white outer layer is of minor thickness. However, submicro-
morphological studies reveal some differences. The random 
orientation and loose packing of micritic calcite crystals are 
also observed in the outer layers of the coatings of group III 
(Fig. 6c). At the same time, the microstratified inner layers 
of the coatings of this group consist of very closely packed 
large (up to 100 µm or more) compound carbonate spheru-
lites (Fig. 6e). Each of these spherulites is made up of nu-
merous thin (up to 10 µm) layers of radially oriented mi-
crosparitic calcite crystals (Fig. 6f). The coatings are 
composed of pure calcite with the main interplanar spacing 
of 3.02 Å containing quartz admixtures.

Radiocarbon age of carbonate coatings. The radiocar-
bon age of pedogenic carbonates is influenced by fluctua-
tions of the atmospheric content of 14C. The content of 14C 
at the moment of carbonate crystallization in soil might be 
lower than atmospheric content, which leads to the overesti-
mation of radiocarbon age. Till the late 1980s, this was ex-
plained by “the limestone dilution effect” (Williams and 
Polach, 1971; Chen and Polach, 1986). Later, it was found 
that this mechanism plays a limited role for pedogenic car-
bonates, because secondary carbonates in soils form in iso-
tope equilibrium with soil-respired CO2 (Cerling, 1984). 
Hence, the 14C/12C ratio in pedogenic carbonates at the mo-
ment of their crystallization corresponds to the atmospheric 
value (Amundson et al., 1994; Wang et al., 1996). Neverthe-
less, the use of calibrated dates is preferable to prevent dis-
tortions of carbonate age.

The age of pedogenic carbonates might be overestimated 
because of the supply of older carbon by inclusion of parti-
cles of lithogenic carbonates in neoformations (Deutz et al., 
2002). However, no such inclusions were detected in our 
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Fig. 5. Structure and radiocarbon age of the main groups of carbonate coatings. a, Macro- and mesomorphology of the carbonate coatings of group 
I; b, mesomorphology of the carbonate coatings of group II. 14C-AMS dates (cal. yr BP): *1, 23,189±70 (MAMS-35410), *2, 24,108±70 (MAMS-
35411), *3, 23,292±70 (MAMS-35412); c, structure of microstalactites forming on the surface of the coatings of group II; d, position of carbonate 
coatings on the lower surfaces of pebble inclusions; e, structure of the carbonate coatings of group III. I, inner layers; O, outer layers.
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studies of the morphology and mineral composition of car-
bonate accumulations. 

Also, the age of secondary carbonate accumulations 
might be overestimated because of the influence on pedo-
genic carbonates exercised by groundwater depleted in 14C 
as a result of interaction with older carbonate rocks (Deutz 
et al., 2002). Apparently, this is not a factor in our case: The 
studied sections exhibit no features of hydromorphism.

Finally, carbonate formation in soils is a cumulative pro-
cess which might be interrupted by intervals of partial dis-
solution. The dissolution and subsequent recrystallization of 
carbonates at small depths (<40 cm) in soils might affect the 
content of 14C in pedogenic carbonates (Pendall et al., 1994) 
via inclusion of fresh atmospheric CO2 in the newly formed 
crystals. Thus, the age of carbon in carbonate neoformations 
of complex structure, including coatings, can take an aver-
age value for all the crystals in the fraction chosen for analy-
sis. Therefore, we took geochronological measurements in 
the smallest accessible samples to minimize artificial ho-
mogenization of different-aged crystals. Besides that, suc-
cessive accumulation of coating material, which causes the 
overlap of older layers by new carbonate material, reduces 
the contact of the older layers with the external environ-
ment. In turn, this reduces the possibility of dissolution and 
redeposition of the material of pendants, which might de-
crease possible fluctuations in their 14C age.

The main factor causing the underestimation of the age of 
pedogenic carbonates is probably the effect of precipitation 
which carries “young” dissolved CO2 and weak organic ac-
ids through the soil profile, thus favoring in situ dissolution 
and recrystallization of the carbonate material of neoforma-
tions (Khokhlova et al., 2013). However, the carbonate pro-
file of the studied soils, with numerous intraprofile CaCO3 
maxima related to multiple carbonate redistribution during 
diachronous pedogenesis stages, suggests that these process-
es had no strong impact on the neoformations under study. 
Each CaCO3 peak above or below is separated by an interval 
of adrupt decrease in CaCO3 content. Since the soil carbon-
ate profile is a visible reflection of hydrothermal regime, the 
infiltration of moisture and dissolved CO2 at each soil for-
mation stage thereafter was limited to the carbonate-rich ho-

rizon, so that young carbon within CO2 did not penetrate 
deeper layers.

Also, the validity of the obtained dates is confirmed by 
the fact that age in all the groups of neoformations becomes 
younger from inner to outer layers, which is logical if we 
take into account that the carbonate material of pendants ac-
cumulates successively. However, as it was said above, 
voids partly filled with carbonate are sometimes observed in 
the oldest neoformations of groups II and III at the contact 
with pebble. The dating of this material showed an inversion 
of radiocarbon age (Fig. 5b), which had been described in 
(Brock and Buck, 2005). This suggests that carbonate coat-
ings are open to exogenous processes and the dated carbon-
ate needs a thorough morphological analysis.

The 14C-AMS dates obtained for the coating layers 
(Fig. 5; Table 1) show that the age of the neoformations cor-
responds to that of the host sediments. Comparison between 
the ages of the carbonate coatings of group I (3.6–3.3 cal. ka 
BP) and humic acids from the bottom of the humus horizon 
(2.6 cal. ka BP) indicates that the coatings formed during 
early present-day pedogenesis. This conclusion is based on 
the assumption that a mature chernozem profile forms for 
about three thousand years (Aleksandrovskii, 2008) and the 
possibility that organic matter becomes younger during car-
bon exchange in the biological cycle. The underestimation 
of the humus age can reach 20% in forest-steppe conditions 
(Alexandrovskiy and Chichagova, 1998), but this value 
might be smaller because of the dry conditions in the study 
area and subzero average annual temperatures. It is estimat-
ed that the coatings of group I formed for 300 years. The 
rate of their formation (the average thickness of the coatings 
of this group being 6 mm) is 2 mm/100 years. They are rel-
ict features reflecting the early formation conditions of pres-
ent-day chernozems in the study area. Such features are cru-
cial for study of the evolution of well-developed polygenetic 
soils, since information on early pedogenesis wears out with 
time (Targul’yan, 2008). Also, they are important in terms 
of human impact on surface soils, which often does not per-
mit reconstructing their past formation conditions.

The coatings of group II, localized in the BCA horizon of 
the Late Karga soils, yield the age of 24.1–23.3 cal. ka BP. 
It is estimated that they formed for 800 years, the carbonate 

Table 1. Radiocarbon and calendar ages of carbonate coatings

Laboratory number Section, group, and coating layer Dated objects 14C age, yr BP Interval of calendar age, BP, 
(probability, %)

MAMS-35408 Osinovyi, group I, inner layer Carbonate carbon 4861 ± 23 3695–3636 (95.4)

MAMS-35409 Osinovyi, group I, outer layer Carbonate carbon 4678 ± 23
3620–3612 (1.4)
3521–3483 (22.8)
3476–3370 (71.1)

MAMS-35410 Taiturka II, group II, inner layer Carbonate carbon 21,000 ± 70 23,618–23,190 (95.4)
MAMS-35411 Taiturka II, group II, middle layer Carbonate carbon 22,070 ± 70 24,579–24,109 (95.4)
MAMS-35412 Taiturka II, group II, outer layer Carbonate carbon 21,110 ± 70 23,716–23,291 (95.4)
LU-8686 Berezovyi, group III, inner layers Carbonate carbon 30,690 ± 780 34,860 ± 790
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Fig. 6. Submicromorphology and composition of the studied carbonate coatings. a, Organization of carbonate material of the inner layers in the 
coatings of group I; b, carbonate spherulites in the outer layers of the coatings of group I; c, random orientation of calcite crystals in the etched 
zones of the outer layers of the neoformations of groups I and II; d, spherulites smoothed down by colloform cryptocrystalline calcite in the inner 
layers of the coatings of group II; e, close-packed spherulites making up layers of the coatings of group III; f, spherulite microlayers consisting of 
radially oriented columnar calcite crystals. 
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accumulation rate being 0.6 mm/100 years. The coatings of 
group III are older, with the inner layers yielding the age of 
34,860±790 cal. yr BP.

Composition of stable carbon isotopes in soil organic 
matter. The carbon isotope composition of soil organic 
matter directly depends on the type of vegetation, namely, 
on the specific features of its photosynthesis (Farquhar et al., 
1989; Cerling and Quade, 1993). Most of the vegetation, in-
cluding the majority of trees, herbs, and shrubs of the tem-
perate zone, employs the Calvin cycle (C3 plants) in carbon 
fixation. The δ13C values for their biomass range from ‒22 
to –32‰ (Bowsher et al., 2008). In hot and arid conditions 
(deserts, semideserts, and dry steppes), more competitive 

plants use the Hatch–Slack pathway (C4 plants) and show 
δ13C values of –10 to ‒18‰ (Bowsher et al., 2008).

The δ13C values in the studied soils vary from –25.85 to 
–22.13‰ (Fig. 4). This suggests that soil organic matter has 
formed over the last 30–35 kyr from the biomass of C3 
plants, which is typical of a temperate, extra-continental cli-
mate with subzero average annual temperatures. The carbon 
isotope composition of soil organic matter becomes heavier 
with increasing depth, reaching a maximum in the Karga 
pedosediments. The observed increase in the δ13C values of 
the soils suggests an increase in the portion of C4 plants in 
ecosystems. However, their ecology (Bowsher et al., 2008) 
and the environmental conditions in the study area show that 
this is hardly possible.

The δ13C and δ18o values of pedogenic carbonate 
coatings. Pedogenic carbonates form in isotope equilibrium 
with soil CO2, and their stable carbon isotope composition is 
in close correlation with the δ13C value of soil organic mat-
ter. Note that carbon isotope fractionation in soils makes the 
carbon isotope composition of carbonates 14–16‰ heavier 
than that of soil organic matter. This is due to differences in 
diffusion coefficients between 13CO2 and 12CO2 (~4‰) and 
in the carbon fractionation factor between CO2 and CaCO3 
(~10‰) (Cerling, 1984). Based on this pattern and the δ13C 
values of organic matter from the studied soils, Fig. 7 shows 
a zone of isotope equilibrium, which must correspond to the 
δ13C values of the coatings if they formed in equilibrium 
with soil CO2. However, the δ13C values of the outer layers 
of only two coatings of group I are in this zone, while the 
rest lie within the area of more positive values. This testifies 
to the lack of equilibrium with soil CO2, the possible causes 
of which will be considered below. 

In general, the δ13C values for the coatings of group I 
vary from –6.80 to –3.25‰, decreasing in the outer layers, 
which are younger (Fig. 7; Table 2). The δ18O values range 
from –16.33 to –10.95‰, increasing in the outer layers com-
pared to the inner ones. The stable carbon isotope composi-
tion of the coatings of groups II and III is similar to but 
heavier than that of the coatings of group I. In the coatings 
of group III, δ13C varies from –4.20 to –2.05‰, decreasing 
in the outer layers. The neoformations of group II show δ13C 
values of –4.11 to –2.50‰, which also decrease in the outer 
layers compared to the inner ones. Substantial differences 
are observed in the oxygen isotope composition of the neo-
formations. In the coatings of group III, δ18O varies from 
–12.63 to –11.99‰, slightly (by 0.5–0.6‰) decreasing in 
the outer layers; for the coatings of group II, this range is 
considerably wider (from –14.03 to –10.24‰). Note that δ18O 
increases dramatically (by 3.0–3.5‰) in the outer layers.

dISCUSSIoN

Mechanisms of formation of carbonate coatings. The 
understanding of genesis of pedogenic carbonates is crucial 
for reconstruction of their formation conditions. One of the 

Fig. 7. Distribution of the theoretical and experimental values of δ13C 
and δ18O in carbonate coatings. 1, inner layers of the coatings of 
group I; 2, outer layers of the coatings of group I; 3, inner layers of the 
coatings of group III; 4, outer layers of the coatings of group III; 5, 
inner layers of the coatings of group II; 6, outer layers of the coatings 
of group II; 7, theoretical interval of the δ13C values for pedogenic 
carbonates; 8, interval of the δ13C values for carbonates forming in 
isotope equilibrium with soil CO2; 9, composition of stable carbon 
and oxygen isotopes for pedogenic carbonates forming in ice-margin-
al conditions (Cerling, 1984); 10, limits of carbon isotope fraction-
ation in pedogenic carbonates at different temperatures; 11, limits of 
oxygen isotope fractionation in pedogenic carbonates at different tem-
peratures.
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best techniques for solving this problem is analysis of varia-
tions in the ratios of stable isotopes 12C/13C and 16O/18O in 
pedogenic carbonates, which reflect the different mecha-
nisms and conditions of their formation (Cerling, 1984; 
Marion et al., 1991; Pustovoytov et al., 2007; Quade et al., 
2007; Monger et al., 2009; Barta et al., 2018; and others). 
The carbon source in carbonates is CO2, and the oxygen 
source is H2O; consequently, the processes determining the 
water and carbon dioxide dynamics in soil control the isoto-
pic composition of CaCO3.

The main carbon sources in land ecosystems are the at-
mosphere and the breathing of plants and soil microorgan-
isms. Note that the carbon isotope composition of atmo-
spheric carbon dioxide is about –7‰. Plants dramatically 
fractionate carbon during photosynthesis; depending on the 
type of photosynthesis, soil is supplied with carbon with 
δ13C values of –26±4‰ for C3 plants, –13±3‰ for C4 
plants, and –32‰ to –15‰ for CAM plants (Bowsher et al., 
2008). Soil freezing might affect carbon isotope composi-
tion both by release of CO2 from the liquid phase and indi-
rectly, because of the increased diffusion of atmospheric 
CO2 into soil during periods of low biological activity 
(Quade et al., 1989; Marion et al., 1991).

So, the carbon isotope composition of soil CO2 is deter-
mined by several factors: (1) the ratio between plants with 
different types of photosynthesis in the plant biomass; (2) 
soil respiration rate, which controls the intensity of diffusion 
of isotopically heavy atmospheric CO2 into soil; (3) frac-
tionation of 12CO2 and 13CO2 during migration in the soil 
profile because of different diffusion coefficients.

The oxygen isotope composition of soil water is deter-
mined by precipitation, the δ18O value of which is closely 
related to the climatic conditions of the locality, particularly 
the average annual temperature. It is lighter at the cold high 
latitudes than at the warm low ones (Cerling and Quade, 
1993). The oxygen isotope composition of soil water is al-
most constant during transpiration; however, evaporation 
causes considerable enrichment of residual water with heavy 
18O, whereas freezing results in its enrichment with light 
16O. The extent of isotopic fractionation in the above pro-
cesses depends on temperature (Marion et al., 1991).

Thus, pedogenic carbonates can be enriched in one or an-
other isotope compared to initial CO2 or H2O because of 
isotopic fractionation depending on the deposition mecha-
nism and temperature conditions.

Three main mechanisms of soil carbonate deposition are 
proposed (Quade et al., 1989; Marion et al., 1991; Breecker 
et al., 2009; Peters et al., 2013):

(1) CaCO3 is deposited on the soil surface during evapo-
ration as a result of capillary rise of shallow groundwater. 
Carbon isotope composition is controlled in this case mainly 
by atmospheric CO2; oxygen isotope composition, by mete-
oric precipitation and evaporation-related fractionation. 
Theoretically, the carbon and oxygen isotope compositions 
of depositing carbonates will become heavier during this 
process compared to those of soil organic matter and pre-
cipitation, respectively;

(2) CaCO3 is deposited during transpiration-related soil 
drying. The carbon isotope composition of carbonates is 
controlled by soil CO2; oxygen isotope composition, by 
atmo spheric water. This will result in equilibrium δ13C and 
δ18O values with respect to soil CO2 and oxygen of meteoric 
waters;

(3) CaCO3 is deposited as soil solution freezes. Because 
of low biological activity, the carbon isotope composition of 
carbonates is controlled by the carbon isotope composition 
of atmospheric CO2, and their oxygen isotope composition 
is controlled by precipitation and freezing-related oxygen 
fractionation. This will make the carbon isotope composi-
tion of carbonates heavier than that of soil organic matter 
and their oxygen isotope composition lighter than that of 
precipitation.

To reconstruct the mechanisms and conditions of deposi-
tion of carbonate coatings, we compared the experimental 
δ13C and δ18O values of secondary carbonate accumulations 
to theoretical values for different formation mechanisms 
(Fig. 7). The deposition of carbonates by different mecha-
nisms can proceed at different temperatures, which has a 
dramatic influence on the value of isotopic fractionation in 

Table 2. Stable carbon and oxygen isotope compositions of carbonate 
coatings

Coating no. δ13C, ‰ δ18O, ‰

inner layer outer layer inner layer outer layer

Group I
Taiturka I
1 –3.25 –4.73 –16.33 –13.58
2 –3.68 –5.04 –15.05 –11.2
3 –4.34 –5.41 –13.74 –10.95
Taiturka II
4 –4.51 –5.78 –13.41 –13.01
5 –4.12 –6.8 –15.91 –13.83
6 –3.86 –6.3 –14.83 –11.99
Group II
Taiturka I
7 –3.3 –4.05 –13.68 –10.25
Taiturka II
8 –2.6 –3.2 –13.74 –10.24
9 –2.83 –3.7 –13.61 –10.89
10 –3.4 –4.11 –14.03 –11.01
Lower Bulai II
11 –2.5 –3.41 –13.89 –10.2
Group III
Berezovyi
12 –2.3 –4.2 –12.18 –12.57
13 –2.11 –3.96 –12.07 –12.61
Taiturka I
14 –2.05 –3.14 –12.04 –12.52
15 –2.23 –4.1 –11.99 –12.63
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the H2O–CO2–CaCO3 system. We estimated factors of iso-
topic fractionation during calcite deposition through freez-
ing (0 °C), transpiration (7 and 15 °C), and evaporation 
(15 °C) using equations from (Cerling, 1984; Marion et al., 
1991).

The upper limit of carbon isotope fractionation was taken 
as –7‰ (the δ13C value of atmospheric carbon). The aver-
age measured δ13C values of vegetation for the study area 
were –24‰, which was taken as the lower limit. Thus, the 
theoretical δ13C values for pedogenic carbonates of the 
study locality must range from –8.8 to 7.4‰ (Fig. 6). Based 
on these data, the theoretical δ13C values were calculated for 
calcite deposited at different temperatures: –8.6, –9.8, and 
–11.2‰ for 0,7, and 15 °C, respectively (Fig. 7). 

To calculate the oxygen isotopic composition of pedo-
genic carbonates, the δ18O value of meteoric waters is nec-
essary. In the study area, it equals –11.13‰ (with respect to 
SMOW) and –40.73‰ (with respect to PDB) (Statistical…, 
1992). The theoretical δ18O values of carbonates deposited 
by concentration of soil solutions during transpiration were 
–9.33 and –10.13‰ at 7 and 15 °C, respectively. For evapo-
ration concentration of soil solutions, the δ18O value has to 
be about –0.73‰. In the case of freezing, the theoretical 
δ18O values will become considerably smaller, about 
–10.73‰ (Fig. 7).

The carbon isotope composition of all the studied neofor-
mations is within the range typical of pedogenic carbonates 
(Fig. 7). In almost all the cases, the δ13C values are larger 
than equilibrium ones for acceptable temperatures, suggest-
ing that atmospheric CO2 made a serious contribution to the 
development of the studied neoformations. This regularity 
was earlier observed for carbonates forming in cool ice-
marginal conditions (e.g., Cerling, 1984; Quade et al., 1989; 
Marion et al., 1991; Courty et al., 1994; Vogt et al., 2018), 
and the range of δ13C values for these carbonates is even 
more positive. Relying on the data obtained, we presume 
that carbonate deposition took place during the degassing of 
soil solutions caused by a drastic change of environmental 
conditions in the course of periodic freezing–thawing pro-
cesses, dynamic increase and decrease in the biological ac-
tivity of soils, and alternating moistening of soil with melt-
water and rain water and its subsequent drying, which could 
occur in the region in spring and autumn. However, the dy-
namics of all the above conditions in the isotopic composi-
tion of carbonates was overcome by the main factor, which 
is periodic freezing. This is why δ13C values tending to the 
freezing mechanism are observed. Besides that, the δ18O 
values decrease considerably, which is typical of calcite de-
position during the freezing of soil solutions. These values 
in the studied carbonates are comparable with those forming 
in cool ice-marginal conditions (Fig. 7). 

In addition, the submicromorphology of the coatings tes-
tifies to freezing-related calcite deposition. The formation of 
the crystals making up both the outer and inner layers pre-
supposes high growth rate as a result of quick removal of 
the solvent, which was probably due to the freezing of soil 

solutions. This is especially evident in the layers in which 
spherulitic growth can be explained by crystal cleavage dur-
ing crystallization from freezing solutions, and the needle-
like shape of the subindividuals might be due to pseudo-
morphs after ice crystals (Vogt, 1991; Vogt and Corte, 
1996). The carbonate groundmass of the coatings is divided 
into microlayers consisting of radially oriented columnar 
calcite crystals (Fig. 6f). This structure is considered a result 
of a pause in their growth, which left numerous small grains 
on the outer surface. The later resumption of growth pro-
voked competition among arbitrarily oriented crystal seeds, 
which caused the formation of a radial-columnar texture 
(Broughton, 1983). Frequent interruptions of growth result-
ed in the appearance of a large number of microlayers re-
placing one another along abrupt contacts. These sharp 
breaks in the crystal growth might be due to periodic freez-
ing of solutions from which they were deposited. 

Thus, carbonate deposition took place during the degas-
sing of soil solutions in the course of periodic freezing–
thawing processes, dynamic increase and decrease in the 
biological activity of soils, and alternating moistening of 
soil with meltwater and rain water and its subsequent freez-
ing, which could occur in the region in spring and autumn. 
Meltwater or rain water dissolved primary carbonates con-
tained in the deposits; later, they crystallized as calcite in the 
course of soil freezing. In these conditions, carbon isotope 
composition was mainly influenced by atmospheric CO2, 
and the oxygen isotope composition of carbonates was con-
trolled by isotopic fractionation during the freezing of soil 
solutions. We detected no δ13C and δ18O values typical of 
the evaporation–transpiration mechanism.

dynamics of soil formation conditions and climate 
fluctuations in the Late Neopleistocene and Holocene. 
The occurrence, morphology, and direct 14C-AMS dating of 
layers of carbonate coatings show that the main time inter-
vals of their formation in the study area belong to the Mid-
dle Holocene (3.6–3.3 cal. ka BP). The coatings of group I 
formed at that time, whereas the neoformations of groups II 
and III developed in the second half of the MIS 3 stage 
(24.1–23.3 and ~34–35 cal. ka BP, respectively).

The structure of the neoformations of group I permits dis-
tinguishing two main stages in their development. The inner 
layers of the coatings formed during the first stage. The in-
creased content of organic matter and iron in these layers 
testifies to active humus illuviation into the BCA horizon 
and the Al–Fe–humus process in cool and humid conditions. 
The age of the described coating layers (3.6 cal. ka BP) cor-
responds to the cool and humid phase of development of 
pedogenic coatings (3.7 cal. ka BP) in cryoarid soils of Tuva 
(Bronnikova et al., 2017). The formation of the outer layers 
of the neoformations (second stage), which ended at 3.3 cal. 
ka BP, took place in the course of secondary illuvial redistri-
bution of carbonates in dry climatic conditions. The material 
of the coatings crystallized from solutions highly saturated 
with carbonates. This is evidenced by the small crystals 
making up the coatings which show no signs of etching and 
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dissolution. The high CaCO3 content might be due to a tem-
perature rise manifested in the decreased solubility of CO2 
and its increased content in soil air as a result of increased 
biological activity. The rates of formation of pedogenic car-
bonates increased substantially in such conditions (Zamani-
an et al., 2016). Also, aridization at this stage is confirmed 
by the character of change in the stable carbon and oxygen 
isotope compositions in the coating layers. The δ13C values 
decrease in the outer layers compared to the inner ones, 
while the δ18O values in younger layers of the coatings in-
crease, suggesting gradual enrichment of local precipitation 
with 18O (Golubtsov et al., 2014). Such changes were caused 

by aridization and an increase in the average annual tem-
peratures, which is also evidenced at that time by pedolitho-
logical data (Vorob’eva, 2010), a decrease in the diatom 
content of deposits of Lake Kotokel’, their heavier oxygen 
isotope composition (Kostrova et al., 2016), and the humid-
ity dynamics in the Baikal region and adjacent areas (Wang 
and Feng, 2013) (Fig. 8).

The formation of the coatings of groups II and III chrono-
logically corresponds to two regional soil formation levels 
(Lower Osa and Upper Osa) (Vorob’eva, 2010) and an 
increa se in the diatom content of bottom deposits of Lake 
Kotokel’ as their oxygen isotope composition becomes 

Fig. 8. Correlation of the formation stages of carbonate coatings with regional and global paleoclimate records. a, Composition of stable carbon 
(a1) and oxygen (a2) isotopes in pedogenic carbonate coatings; b, content of diatom shells (b1) and their oxygen isotope composition (b2) in the 
bottom sediments of Lake Kotokel’ (Kostrova et al., 2016); c, NGRIP oxygen isotope scale as a proxy of atmospheric temperatures in the North-
ern Hemisphere (numbers show positive shifts in D–O events) (Svensson et al., 2008); d, humidity dynamics in northern Mongolia (d1) and the 
Baikal region (d2) (Wang and Feng, 2013); e, temperature dynamics in Cisbaikalia (Vorob’eva, 2010).  Roman numbers in the left part of the 
figure indicate the groups of coatings and the intervals of their formation.
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heavier, at 36–32 cal. ka BP and during MIS 2 (Kostrova et 
al., 2016). The listed stages correlate with short intervals in 
D–O events (2 and 7), which reflect an increase in the aver-
age air temperature in the Northern Hemisphere (Svensson 
et al., 2008) (Fig. 8). The MIS 3 coatings formed consider-
ably more slowly than the Holocene neoformations 
(0.6 mm/100 years vs. 2 mm/100 years, respectively). The 
formation of pedogenic carbonates is much more intense in 
the case of a temperature increase, which implies the de-
creased solubility of CO2 and its increased concentration in 
soil air as a result of higher biological activity (Zamanian et 
al., 2016); this suggests the lower heat supply of Karga 
(MIS 3) soils and, probably, the more humid climatic condi-
tions of the Karga megainterstadial in the study area. This 
hypothesis is confirmed by the morphology and composition 
of the neoformations. The coatings of groups II and III are 
richer in admixtures of organic matter, which, most proba-
bly, penetrated the BCA horizons of soils more actively at 
that time. The coatings formed in the late Middle Holocene 
and Late Karga (MIS 3) epoch show similar ratios of stable 
carbon and oxygen isotope compositions. Considering the 
decisive influence of periodic freezing–thawing processes of 
soils on the isotopic composition of the coatings, we assume 
that the temperatures of pedogenesis in these epochs were 
the same, mainly because the soils received little heat and 
were seasonally frozen for a long time. 

CoNCLUSIoNS

Three groups of carbonate coatings are distinguished 
based on the occurrence, morphology, and material and iso-
topic compositions. Direct 14C AMS dating of the microlay-
ers of the coatings permitted distinguishing the intervals of 
their formation. The coatings of group I formed in the Mid-
dle Holocene (3.6–3.3 cal. ka BP), and the coatings of 
groups II and III, in the second half of MIS 3 (24.1–23.3 and 
~34–35 cal. ka BP, respectively). 

The paleoecologic conditions reconstructed for the estab-
lished stages of carbonate coating formation correlate with 
the course of climatic fluctuations in the region and in the 
Northern Hemisphere as a whole. They reflect the influence 
of temperature and humidity fluctuations on the dynamics of 
soil formation processes. In general, the intervals of coating 
formation correspond to short phases of temperature rise 
and reflect the climate dynamics within these phases. Based 
on analysis of the rates of coating formation and comparison 
of the isotopic composition of the coatings of different age 
groups, we assume that the climate in the Karga (MIS 3) 
megainterstadial was more humid than that in the Middle 
Holocene, with the temperatures of pedogenesis being the 
same. Both in the Middle Holocene and in the Karga epoch, 
the soils received little heat and were seasonally frozen for a 
long time. 

Comparison of the age of the coatings with the age of 
recent and buried soils shows that the pedogenic carbonate 

coatings in the Upper Angara soils are a relict feature of the 
previous epochs of pedogenesis (MIS 3) and the first stages 
of recent soil formation, which began, most likely, in the 
Middle Holocene. As the age of the neoformations always 
corresponds to the age of host sediments, coatings can be 
regarded as a significant chronological proxy.

The data obtained are an important source of paleoclimatic 
information, supplementing and specifying paleogeographi-
cal data. The study of carbonate coatings permits obtaining 
information on paleoclimate fluctuations within narrow time 
intervals, which is especially important for prediction of cli-
matic and environmental changes in the nearest future. 

The study was conducted under a research program 
(0347-2016-0002) of V.B. Sochava Institute of Geography, 
Siberian Branch of the Russian Academy of Sciences, and 
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