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“To overturn orthodoxy is no easier in science than in philosophy,
religion, economics or any of the other disciplines through which we try
to comprehend the world and society in which we live.”

--Ruth Hubbard (b. 1924) U.S. Biologist.
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ABSTRACT

Composite stratigraphic sequences from four localities along a ca. 700 km
long north-south transect between Moscow and Volgograd, Russia have
yielded new information as to the timing and history of Quaternary events
over the last ca. 800 ka. Lithostratigraphic and pedostratigraphic analyses,
supported by physical data, geochemical data, and micromorphological
investigations allowed for the development of an allostratigraphic scheme that
was used as a tool for correlations spanning significant distances. Optical
dating techniques were used to temporally constrain that portion of the allos-
tratigraphic framework younger than ca. 150 ka, whereas the identification of
the Brunhes /Matuyama boundary (ca. 780 ka) constrains the oldest portion of
the observed loess-paleosol record. The resulting chronostratigraphy (sensu
lato) and geochronology allow reinterpretations of the Quaternary evolution of
the Russian Plain. Major advantages of the newly proposed stratigraphy
include: 1) correlation of the Likhvin Interglacial soil to MIS 9; 2) correlation of
the Muchkap Interglacial to MIS 11, and; 3) association of the Don Glacial to
MIS 12 rather than its generally accepted association with MIS 16. The latter is
a major change to the chronostratigraphic record that signiticantly alters

Middle Pleistocene geologic history and climatic interpretations.

Pedogenic events identified from field observations, laboratory data and
micromorphological investigations have yielded evidence of latitudinal bio-
climatic shifts. The most auspicious of the warm periods during the last ca.400
ka was the Muchkap (Holsteinian) Interglacial during which forest-influenced
pedogenesis was interpreted at Sebryakova-Mikhailovka (ca. 50° N), where
arid steppe currently prevails. Furthermore, based on pedogenic evidence,
most major interglacial events (MIS 11, 9, and 5.5) of the last ca. 400 ka appear

to have been warmer and possibly more moist than the present-day climate.
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Paleosols present within the studied composite sections represent periods
of attenuated sedimentation and hence, define seven depositional megacycles
(glacial-interglacial periods) over the past ca. 800 ka. A major unconformity
below the Don Till (MIS 12) within the fourth megacycle (from the present
day) suggests a ca. 180 ka hiatus. Of these seven glacial-interglacial events,
only three glaciations produced ice sheets large enough to cover parts of the
Russian Plain south of Moscow: Don Glacial (MIS 12) representing the all-
time Pleistocene maximum glacial advance; the Oka Glaciation (MIS 10),
inferred from previous work, and; the Dnieper Glaciation which exhibits a
limited earlier ice-sheet advance (MIS 8) and a more extensive later advance
(MIS 6) separated by a period of climatic fluctuation (MIS 7). The climatic
fluctuations associated with MIS 7 are characterized by two minor paleosols
and an intervening loess. The remaining glacial periods resulted in cold
steppe conditions that were (generally) dominated by loess deposition in a
continuous permafrost environment (north) or loess deposition in a discon-

tinuous permafrost environment (south).

Correlations of these results to other records within and outside the Rus-
sian Plain help corroborate the newly developed stratigraphy. The
teleconnection between magnetic susceptitility at Sebryakova-Mikhailovka
and the orbitally tuned grain-size ratios of the Baoji section (China) suggest
that the all-time Pleistocene European glacial maximum and Asian maximum
desert expansion are isochronous. Eurasian-scale relationships such as this
will provide new insight to climate modellers in order to understand climate

forcing mechanisms at hemispheric scales.
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CHAPTER 1 - INTRODUCTION
General Introduction

Quaternary sedimentary sequences of the Russian Plain record ter-
restrial paleoclimate signals from the latter portion of the Pleistocene
Epoch (Velichko et al. 1999). Through detailed examination of four
selected type sections that sequentially span the last ca. 800 ka of earth
history, this dissertation advances the chronostratigraphy of the Russian
Plain as well as improving the understanding of paleoclimatic events
that form its Quaternary history. These achievements are accomplished
by utilizing classical approaches to stratigraphy and sedimentology in
conjunction with modern techniques such as the measurment of mag-
netic susceptibility, frequency dependence of magnetic susceptibility,
geochemistry and soil micromorphology.

This dissertation presents the stratigraphic relationships between
two classic sites (Likhvin and Korostylievo), a relatively new site
(Gololobovo) and a site that has not been formally described by Qua-
ternary scientists (Sebryakova-Mikhailovka). The data from these sites
yields information that improves upon the current stratigraphic frame-
work, and allows for the development of an alternative stratigraphic
framework to be used as a basis for future local and regional correlation
of East European loess-paleosol sequences.

Prior to this research, the examination of Russian Plain loess-paleosol
sequences have provided a potentially promising method of addressing
regional- to hemispheric-scale climate dynamics. Once beyond ca. 150
ka, however, poor stratigraphic control due to a lack of suitable dating
techniques has inhibited both large- and small-scale correlations alike
(e.g., Holsteinian-Likhvin correlations: vide post). Based on sound sedi-
mentologic and stratigraphic principles, optical dating, paleomagnetic
analysis and cross-reference to orbitally tuned §'®0O records, this disser-
tation presents new solutions to long-standing stratigraphic problems
of the East European Plain. Hence, this research will demonstrate that
reasonable correlations between sections in China, southeastern Siberia
and western Russia are possible - effectively advancing our knowledge
of paleoclimatic links at hemispheric and global scales. Furthermore,
new field and micromorphologic observations from these four sites are
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examined in conjunction with magnetic susceptibility and geochemical
data sets enabling improved resolution for interpretations regarding the
depositional environments and pedogenic evolution of Russian Plain
loess-paleosol sequences.

Research Objectives

This dissertation represents the first attempt to examine, in detail,
the Quaternary sedimentary sequences at four key sites on the East
European Plain. The primary objectives of this research project are
outlined as below:

1. correlate sites along a 700 km, north-south transect
and tie the units to a temporally constrained strati-
graphic framework;

2. interpret depositional environments and paleocli-
matic changes through time, and;

3. propose Eurasian-scale correlations that may be used
to test future climate models.

These three objectives will be facilitated through the following endeav-
ours: 1) describe, sample and analyse sediments from selected sample
sites; 2) acquire new independent dating control for the sedimentary
sequences at each of the study sites; 3) develop a stratigraphic scheme
that can be used for long-range correlation; 4) compare and contrast the
newly developed stratigraphy with currently accepted stratigraphic
schemes, and; 5) where necessary, propose solutions to existing strati-
graphic problems.

The overall regional geologic framework resulting from this project
will provide the potential for comparisons to be made between loess-
paleosol stratigraphy of the Russian Plain with that of Siberia and the
Chinese Loess Plateau, thus aiding in Asian-wide to hemispheric-wide
paleoclimate (e.g., soil evaporation models) and atmospheric-dust mod-
elling.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Study Area

Four sites were examined during the course of this study (Figure
1.1A): 1) Gololobovo Site (55° 03’N; 38°34'E) located within an active
brick-pit approximately 12 km west-southwest of Kolomna; 2) Likhvin
Site (54° 06'N; 36° 16’E) located along the banks of the Oka River, ap-
proximately 45 km south of Kaluga; 3) Korostylievo Site (51° 51°'N; 42°
22'E) located along the banks of the Vorona River approximately 110 km
south-southeast of Tambov; and, 4) Sebryakovo-Mikhailovka Site (50°
06’N; 43° 14’E; hereafter referred to as “Mikhailovka”) located within a
Cretaceous chalk quarry approximately 170 km northwest of
Volgograd. The distances between section localities are given in Table
1.1.

Table 1.1. Distances between site locations.

Sebryakovo-
Site Distances Gololobovo Likhvin Korostylievo Mikhailovka
and Location  55°03'N; 38'34'E 54°06'N; 36'16'E 51" 51'N; 42" 22'E 50" 06'N; 43° 14'E
Gololobovo Okm 180km 435km 630km
Likhvin 180km Okm 480km 650km
Korostylievo 435km 480km Okm 200km
Sebryakovo-
Mikhailovka 630km 650km 200km Okm

Physiography of Section Sites

Present-day Climate and Soils

Between ca. 66°N and ca. 44°N, European Russia is classified into a
temperate, continental climate belt, that can be subdivided into three
zonal bio-climatic regions (Gerasimov et al. 1996; Shcherbakova 1998;
Figure 1.2): taiga with excess moisture, mixed forest and forest-steppe
with sufficient moisture, and steppe with a lack of moisture. The pre-
vailing winds in this region alternate; winds are generally from the
south during winter, and from the west during summer (Figure 1.2).

Although all the sites fall within a temperate, continental climate
belt, temperatures and precipitation are distinctly different between
northern (Likhvin and Gololobovo), south-central (Korostylievo) and
southern (Mikhailovka) sites (Figure 1.3 A-C; Appendix A). For Likhvin
and Gololobovo, the mean July temperature is approximately 18°C,
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Velichko 1990). C. physiographic regions (after Anderson and Buckton
1999) within the study area.

with absolute maximum summer temperatures reaching 37°C. Mean
January temperature is approximately -10°C, but cold spells during win-
ter months may reach temperatures of -42°C (Lysenko 1971; Lydolph
1977; Shcherbakova 1998). Monthly mean precipitation ranges from 28
mm to 74 mm, peaking in June and July. Mean annual precipitation for

the region is 575 mm/year in the northeast, and up to 694 mm/year in
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the northwest (Lysenko 1971; Lydolph 1977; Shcherbakova 1998). Far-
ther south, in the vicinity of Korostylievo, the mean July temperature is
approximately 20°C with an absolute maximum summer temperature
of 40°C. Mean January temperature is approximately -11°C with an
absolute minimum temperature of -39°C. Monthly mean precipitation
ranges from 29 mm to 64 mm, peaking in July. Mean annual precipita-
tion is about 513 mm /year (Lydolph 1977; Shcherbakova 1998). Finally,
in the vicinity of Mikhailovka, mean July temperature is approximately
24°C, with absolute maximum summer temperature reaching ~43°C.
Mean January temperature is approximately -10°C, with an absolute
minimum temperature of -35°C. Monthly mean precipitation ranges
from 18 mm to 40 mm, peaking in June. Mean annual precipitation
near Mikhailovka is approximately 318 mm/year (Lydolph 1977;
Shcherbakova 1998).

Temperature and precipitation characteristics outlined above are
partly responsible for the distribution of soils within the study area.
From north to south, the soils that currently occupy the study area
include the following (Shcherbakova 1998): Mixed-forest luvisols in the
vicinity of Gololobovo and Likhvin; grey brown luvisols, dark brown
chernozems and eluviated brown chernozems between Likhvin and
Korostylievo; orthic black chernozems in the vicinity of Korostylievo
and Mikhailovka, and; calcic black chernozems south and east of
Mikhailovka. Detailed descriptions for these soils and their diagnostic
characteristics can be found in “The Canadian System of Soil Classifica-
tion” (Soil Classification Working Group 1998).

Geomorphology
All sites examined are found on the East-European Plain' (Figure
1.1B) -- one of the largest continental plains in the Northern Hemi-
sphere. This geographic region encompasses an area in excess of 5.5
million square kilometres, and has an average elevation of approxi-
mately 142 m (Velichko et al. 1993).

Relief within the Russian Plain varies from low-contrast basins,
plains and rolling hills in the central portions, to high contrast relief in

'Current literature often refers to this region as the ‘Russian Plain’; these two terms are

synonymous (Velichko pers. com. 2001).
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the borderland plains. Within the central portions of the Russian Plain,
topographic undulations have relatively low amplitudes of between 150
m and 250 m. In comparison, the southern borderland plains exhibit
elevations that vary from approximately 800 m for the Stavropolskoye
Plateau (not shown), down to 350 m for the Don Ridge (not shown);
both of these topographic features eventually descend into the Caspian
lowland which is near sea-level (Velichko et al. 1993).

The Gololobovo site is located in the north-central portion of the
Russian Plain, in an area referred to as the Oka Basin which lies within
the northern extent of the Oka-Don Plain region (Velichko et al. 1997;
Figure 1.1C). This relatively flat, low lying region is bounded by
Smolyenka-Moscow Hills and Meshchera Depression to the north, the
Oka-Don Plains to the south, the Kama Uplands and Meshchera De-
pression to the east, and to the west by the Smolyenka-Moscow Hills,
and Central Russian Upland (Figure 1.1C).

The Central Russian Upland (Figure 1.1C) forms the dominant to-
pography in the vicinity of the Likhvin Site. These gently rolling hills
trend north-northwest to south-southeast from approximately 54°N,
36°E to approximately 50°N; 38°E, and rise approximately 100 m to 150
m above the Oka-Don Plain. The primary drainage of the hills is taken
up by the Oka and Don rivers (Figure 1.1A).

Korostylievo and Mikhailovka sites are both located within the Oka-
Don Plain which is characterized as a relatively low-relief region lying
approximately 150 m below the bounding Central Russian Upland to
the west and the Volga Upland in the east (Figure 1.1C).

Bedrock Geology

East-European Platform Basement

European Russia is situated within the bounds of the East-European
Platform (Figure 1.4); an acute-angled continental block spanning ca.
3000 km along its greatest axis. It is bound on all sides by thrust fronts
of fold belts, except to the southeast, where the Peri-Caspian depression
is underlain by Devonian oceanic crust (Zonenshain et al. 1990).

The East-European basement consists of three main components: the
Baltic Shield, the Ukrainian Shield and Jatulian Proto-platform cover.
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The two former constituents can be subdivided into an assortment of
angular Precambrian blocks 100-300 km wide, separated by suture
zones. The blocks consist mainly of Archean? domains of different
composition: granite — greenstone (e.g., main portion of Ukrainian

*Geochronometric ages associated with chronostratigraphic strata in the Bedrock Geol-
ogy section are based on Okulitch (1999).
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Shield), granite - gneiss (e.g., north-northeast portion of the Baltic
Shield), and schist — gneiss (e.g., main portion of Baltic Shield)
(Zonenshain et al. 1990). The intra-block suture zones also contain a
variety of rock types that include flysch (marine marls, calcareous
shales and muds), chert, banded iron stones (jaspillite) and mafic
volcanics. The Jatulian Proto-platform formed during the Early Precam-
brian and is found within the eastern portion of the Baltic Shield and
within the bounds of the Ukrainian Shield. It is comprised of two types
of cover: 1) clastic sequences of conglomerates, arkoses and quartzites
eroded from the shields (not shown in Figure 1.5 due to map scale); and
2) mafic and ultramafic lava flows (Zonenshain et al. 1990).

Following the complete formation of the East-European platform (ca.
1600 Ma) the Middle Proterozoic Jotnian Platform sedimentary cover
was laid down. This consists primarily of sandstones deposited within
the limits of the Baltic and Ukrainian shields, and quartzites within the
Volga - Uralian area (Zonenshain et al. 1990).

Regional Bedrock Geology

Bedrock within the study area consists of a wide variety of types and
ages, some of which were briefly mentioned above. The oldest rocks
are Archean in age and consist of gneiss, migmatites, phyllites, chloritic
and calcareous schists and other highly metamorphosed rocks found in
association with the Ukrainian Shield (~49°N, 31°E; Figure 1.5), in addi-
tion to some quartzites and jaspilitic iron-ore (Nalivkin 1960, 1973). The
youngest deposits are composed of thick (150 - 200 m) Quaternary
sediments of the Peri-Caspian sea (~49°N, 47°E; Figure 1.5). The re-
maining bedrock within the study area is composed primarily of nearly
horizontal, marine Paleozoic, Mesozoic and Tertiary sediments
(Nalivkin 1960, 1973).

Paleozoic

The earliest major chronostratigraphic period of the Paleozoic that is
recognized within the study area is the Devonian. Devonian rocks in
the northwest and central portion of Figure 1.5 (~55°N, 49°E and
~53°N, 39°E respectively) consist of marine clays and argillaceous lime-
stones, dolomites, salt-bearing lagoonal deposits and variegated conti-
nental red-beds (sandstones).
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Carboniferous deposits are predominantly observed in the north-
central and south-central portions of Figure 1.5 (~535°N, 36°E and 49°N,
39°E respectively). These consist of sandstone, clay with coal seams,
and well-bedded limestone that exhibit abundant fossilized marine
fauna. Minor occurrences of Carboniferous sediments also occur south
of the Medveditza River at approximately 49°30" N, 44°00’ E (Figure.
1.5); these consist of characteristically light-coloured limestones that
also exhibit an abundance of marine fossils.

Permian deposits are found in the northeast and south-central por-
tions of the study area (~35°N, 45°E and 48°30’'N, 38°00'E respectively;
Figure 1.5). Permian rocks in these areas consist of marine argillaceous
shales and sandstones, and continental conglomerates and sandstones,
in addition to some red-beds interbedded with minor freshwater calcar-
eous deposits.

Mesozoic

Red-bed formation that began in the Permian continued into the
Mesozoic. Continental Permotriassic - Triassic aged red-beds are ob-
served south of the North Donets River at approximately 48°30°N,
38°00’E (Figure 1.5). In the Volga-Emba region (~48°05’'N, 47°00’E) the
red-beds are overlain by Lower Triassic pale marine clays and marls
(Nalivkin 1973).

Middle Triassic and Lower Jurassic successions have not been ob-
served within the study area. Extensive Middle and Upper Jurassic
deposits, however, have been observed at numerous locations in the
central and eastern portions of the study area; minor occurrences are
also observed in the western portions along the Dnieper River
(~49°30°N, 32°00’E) and north of Bryansk (53°15°N, 34°25’E). These
deposits consist of sands and clays with minor amounts of limestone,
glauconite-phosphorite deposits, bituminous shales and minor oolitic
sediments.

Closely associated with nearly all Jurassic deposits are the marine
Cretaceous strata. In northern portions of the study area near Bryansk,
Moscow and west of Tambov, these deposits consist of coarse-grained
sandstones and clays. In more southerly locations (e.g., near
Mikhailovka at 51°51°N, 43°14’E) the Cretaceous strata are composed of
white chalk, marls and argillites.
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Cenozoic

Deposition within the Cenozoic was markedly different from previ-
ous periods. Lithological and facies characteristics of early Tertiary
deposits found within the southwest, south-central and northeast por-
tions of the study area (~50°N, 33°E, 50°N, 39°E, and 53°N, 47°E respec-
tively; Figure 1.5) can be summarized by: 1) having a sharp decrease in
carbonate content relative to the chalks and marls of the Cretaceous
Period; 2) having a high percentage of siliceous clays, diatomites, and
glauconite-phosphorite; 3) having a wide range of marine facies includ-
ing clays and glauconitic sands, marls, and beach deposits, and; 4)
having some near-shore sandy-clayey rocks that contain plant remains
and coal seams (Nalivkin 1973). Within the central and southeastern
portions of the study area (~52°N, 41°E and 48°N, 44°E respectively;
Figure 1.5), Tertiary deposits are chiefly composed of continental sands
and clay.

Quaternary deposits are found throughout the area, but are shown in
Figure 1.5 only where the underlying bedrock is poorly known (e.g.,
Caspian Basin east of Volgograd). Detailed discussion of the Quater-
nary and recent deposits is presented below.

Quaternary Research

Previous Work
This section begins with a general introduction and discussion of

events that have contributed to the evolution of Quaternary stratigra-
phy of the Russian Plain over the last ca. 150 years. This is followed by
a summary of the European ice-sheets -- timing and extents which, in
turn, relates the ice-sheet distributions to the deposition of glaciogenic
sediments and loess. A discussion of the lithostratigraphic studies on
the Russian Plain ensues, along with a section that highlights some of
the problems encountered during the research phase of the dissertation.
This section ends with a review of Russian Plain paleosol research.

Evolution of Quaternary Stratigraphy for European Russia

The study of Quaternary geology in Russia began in the C19* with
the development of the first hypotheses, theories, methodologies, and
partitioning of the surficial sediments. During this period, the devel-
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opment of Quaternary stratigraphy was influenced by both Russian
and foreign academicians in the fields of geology, paleontology, archae-
ology, geography and soil science (Gerbova and Krasnov 1982). Re-
searchers who made significant contributions to those fields are consid-
ered to be the forefathers of Russian Quaternary geology. The most
prestigious of these included: P.A. Kropotkin (1842-1921), S.N. Nikitin
(1851-1909), A.P. Paviov (1854-1929), N.E. Kristoffovich (n.d.), V.A.
Obrachev (1863-1956), C.A. Yakolev (1878-1957), V.N. Sukachev (1880-
1967), G.F. Mirchink (1889-1942) and V.E. Gromov (1896-1978) (Gerbova
and Krasnov 1982). Many have also made major contributions to
global geologic problems (e.g., Obruchev 1945) in addition to advancing
the understanding of Russian Quaternary geology.

During the late C19*and the beginning of the C20" many Russian
researchers were concentrating their studies on the recognition and
genesis of glacial sediments. For example, in 1871 P.A. Kropotkin initi-
ated research on ancient glaciations in Finland; his famous monograph
“Uccnepoanus o Jleauukosom [epuoguu (Research on Glacial Periods)”
was published in 1876, whereas in 1885, Nikitin presented his pioneer-
ing work on European glacial limits (Nikitin, 1885). Although there
was extensive research being done on glacial sediments throughout the
world at the close of the C19*, the stratigraphy of Russian glacial sedi-
ments was not focused upon until the 1900’s. One of the earliest strati-
graphic schemes for the Late Tertiary /Quaternary was developed by
N.I Andrusov in 1912 for sediments of the Black and Caspian Sea re-
gions (see Gerbova and Krasnov 1982, pp. 21-2). However, as in most
of the stratigraphic schemes of that time, the Quaternary Period was not
subdivided. An exception is the work of P.A. Pravoslavlev, who in
1907, studied marine sediments of the Caspian Basin. He was able to
compare sediments from that basin with glaciogenic deposits farther
north and characterize the climatic conditions for each corresponding
epoch (i.e., Wiirm, Riss, Mindel, Giinz).

The period between 1914 and 1928 was one of enormous turmoil and
upheaval within Russia/ the Soviet Union. With the advent of World
War [, the Russian Revolutions of 1917, and the following years of
economic hardships and political instability (Dukes 1990), very few
scientific advances were accomplished. In 1939, however, .P.
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Gerasimov and K.K. Markov were the first to associate local Russian
names with major climatic fluctuations; these included the Valdai and
Dnieper glacial periods, and the Moscow Stadial. It is interesting to
note that, in the original scheme of Gerasimov and Markov, the name
Likhvin (vide post) was associated with an Early Pleistocene glaciation.
Later, however, the so-called “Likhvin glaciation” (Early Pleistocene)
was renamed the Oka glaciation, and the name Likhvin became associ-
ated with a Middle Pleistocene pre-Dnieper interglacial period (see
Gerbova and Krasnov 1982, p. 24). Following the development of this
stratigraphic scheme, World War II (1939-1945) hindered Soviet earth
science research.

It was not until 1948 that any further significant advances were made
in Quaternary Stratigraphy. At this time, V.I. Gromov proposed a
single-glaciation scheme, in which there was only “one great glaciation”
within the Pleistocene. He explained the notions put forth in the pre-
World War II multi-glaciation schemes by subdividing the “great glacia-
tion” into stadials and interstadials.

While Gromov was advancing his “single-glaciation” hypothesis,
one of his contemporaries, A.I. Moskvitin was also working intensively
on Russian Plain stratigraphy. In his stratigraphic scheme (Table 1.2)
the multi-glaciation hypothesis was reconciled and terms such as Valdai
Glaciation (Weichsalian®), Dnieper Glaciation (Saalian®), and Likhvin
Interglacial (Holsteinian®) were re-utilized while others, such as the
Mikulino Interglacial (Eemian’®) and Oka Glaciation (Elsterian’) were
introduced; all of these terms are still commonly used in modern-day
Quaternary stratigraphic analyses. In addition, a standardized geologic
index commonly used by Russian and some Chinese researchers to
denote major units (e.g., Q, ,) was also introduced by Moskvitin in 1950
(Table 1.2).

Between 1950 and 1980, the only major changes to occur in the east
European Quaternary stratigraphy were the ranking and group status

3 Accepted correlative terms from Northern Europe and The Netherlands Quaternary
stratigraphic schemes (Velichko 1990; Zubakov 1993; Sudakova and Faustova 1995;
Velichko 1995; Velichko et al. 1995; Zagwijn 1992, 1996; Lowe and Walker 1997,
Velichko et al., 1999).
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Table 1.2. Quaternary stratigraphic scheme and geologic index of
Moskvitin, 1950 (modified from Gerbova and Krasnov 1982; their table 7,
pg 26). Italisized names indicate current common usage.
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of the names given in Moskvitin’s 1950 stratigraphic scheme. The
driving force behind the constant adaptation of Quaternary strati-
graphic schemes was the application of thermoluminescence, radiocar-
bon dating, magnetostratigraphy and biostratigraphy during the 1960’s
and 1970’s (e.g., Shelkoplyas and Morozov 1965; Chichagova 1972;
Faustova et al. 1974; Shevirev et al. 1979). Zubakov (1974) and
Gerasimov et al. (1980) each presented new stratigraphic variants sum-
marizing the Quaternary stratigraphic research completed in the pre-
ceding decades (Gerbova and Krasnov 1982). Zubakov (1974) was one
of the first to compile a preliminary climatostratigraphic framework
based on east European bio-, magneto-, and climato- stratigraphic data
together with the existing chronostratigraphy for the last ca. 60 ka and
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pre-60 ka thermoluminescence (TL) ages. His research attempted to
constrain the absolute timing of Quaternary stratigraphic units; this
advanced the previous relative stratigraphic chronologies (e.g.,
Moskvitin 1950; vide ante). Gerasimov et al. (1980) took the existing
stratigraphic schemes one step further; their work was based primarily
on earlier research by Velichko and Morozova (1972) and compared the
stratigraphic terminology and ages from different regions and compiled
them into a comprehensive stratigraphic scheme for the glacial, proxi-
mal glacial and coastal regions of eastern Europe.

The evolution of the Quaternary stratigraphy of European Russia is

an ongoing endeavour. Research between 1950 and 1980 has played a
crucial part in its development, and is the essential framework on
which contemporary Quaternary stratigraphic schemes are based.
Although some aspects of the early schemes (e.g., Moskvitin 1950;
Zubakov 1974; Gerasimov 1980) can be identified in modern versions,
many significant modifications and new interpretations have influ-
enced the contemporary Quaternary stratigraphy of European Russia.

Last Twenty Years of Quaternary Stratigraphic Resarch for the Russian Plain

Developments in Quaternary stratigraphy of the Russian Plain dur-
ing the 1980’s and 1990’s followed through from preceding decades
which focused on attempts to refine the chronology of glacial/ intergla-
cial events (e.g., Velichko et. al. 1986; Velichko 1990; Velichko et al. 1995;
Bolikhovskaya and Sudakova 1996). This was done primarily through
the correlation of land-mammal fossil assemblages (e.¢., Agadjanyan
and Glushankova 1987), the use of new dating techniques such as opti-
cal dating (e.g., Yakimenko 1995), and other less direct methods such as
estimating mean January or July temperatures from paleosols and
pollen records and then correlating these results to marine isotope
records (MIS; e.g., Velichko 1990). These attempts met with varying
degrees of success, and in most cases only served to increase the uncer-
tainty of Russian Plain stratigraphy and chronology.

During the early 80’s, the stratigraphic scheme presented in the work
of Krasnov and Shantser (1982; their Table 19) was one of the most
widely accepted, comprehensive, stratigraphic schemes for the Quater-
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nary of European USSR and western Europe. This compilation® pre-
sented magnetostratigraphic, biostratigraphic, climatostratigraphic
units spanning the last ca. 3.5 Ma and correlated these units to
archaeologic records and oceanic data (i.e., marine planktonic and
benthic foraminifera and MIS). Essentially, this stratigraphic scheme
used the regional correlations and terminology of Gerasimov et al.
(1980) and the chronology of Zubakov (1974). The chronology of the
latter was improved by the correlation of the terrestrial and coastal
records to archaeological stages and oceanic records. The result was a
highly refined Quaternary (and Neogene) stratigraphic scheme (Figure
1.6) that correlated different regions of European Russia to each other
and to oceanic records, thereby giving this scheme the potential to
compare Russian Plain records at a global scale.

Velichko (1990) used the stratigraphic scheme presented in Krasnov
and Shantser (1982; their Table 19) as a basis for his work, but retained
the stratigraphic subdivision detail of Gerasimov et al. (1980). [n his
stratigraphic scheme, rather than correlating terrestrial records to oce-
anic records via coastal sections, he used a more direct method; terres-
trial climate proxies from paleosols and cryogenic features yielded
estimates of mean January temperatures through time (Figure 1.6).
These data produced a curve that he was able to compare to the MIS
curve of Shackleton and Opdyke (1976). This enabled him to refine the
chronostratigraphy using only terrestrial data (i.e., no link through
coastal sections) and again allowed global correlation of Russian Plain
sections to other terrestrial and oceanic records.

Although a tremendous effort has been made to solve many of the
Russian Plain stratigraphic problems that have evolved over the dec-
ades, many of these so-called “advances” have only added to the confu-
sion. Due to the limitations of contemporary dating methods, correla-
tion with the marine record without the necessary absolute dating
control makes such correlations highly subjective. Thus, many contra-
dictory Quaternary stratigraphic schemes for the East European Plain

‘The comprehensive stratigraphic scheme presented in Krasnov and Shantser (1982) was
compiled by K.V. Nikiforova, LI. Krasnov, L.P. Alexsandrova, Yu. M. Rasilev, N.A. -
Konstantinova, and A.L. Chepalyga.
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Figure 1.6. Comparison of contemporary Russian Plain Stratigraphic Schemes. Each scheme shown here is a summary of the original (as
presented therein). In each of these schemes, the Brunhes/Matuyama boundary is presented at 730 ka (black bar); for reference, the corrected date
of 780 ka (Cande and Kent 1995) is shown in darkgrey. Medium grey zones within the sub-zone category of the 1982 scheme are un-named time
intervals. The SPECMAP data (Imbrie ¢t al. 1984) is supplied as an accepted standard on which to compare the Russian records. ‘= N.A. usage
(Okulitch 1999); '= modified as per Bassinot ¢t al. 1994; H = Holocene.
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have been correlated to other stratigraphic schemes, thereby com-
pounding the problems (cf. Chapter 3). This is especially true for those
portions of the stratigraphy that are beyond ca. 150 ka (cf. Velichko 1990;
Zagwijn 1992; van Kolfschoten et al. 1993; Sanko 1995; Sudakova and
Faustova 1995; Zagwijn 1996; Turner 1996; Lowe and Walker 1997).

Despite these problems, the stratigraphic framework currently ac-
cepted by the Russian Academy of Sciences was first developed in 1997
and is presented in Velichko et al. (1999; presented herein with a slight
modification as per the author’s request - Velichko pers. com. 2001).
This stratigraphic scheme is a compilation of the past ca. 30 years of
research and includes: an absolute time scale, magnetostratigraphy,
stratigraphic units in both glacial and periglacial zones, faunal com-
plexes with their corresponding land mammal assemblages, supporting
strip logs of type sections, regional landscape and climatic characteris-
tics, and semi-quantitative paleoclimatic curves; a summary of the
original 1999 scheme is presented in figure 1.6.

Upon inspection of the 1997 version of the Russian Stratigraphic
scheme (Figure 1.6), one can identify many changes from the 1982, 1986
and 1990 versions. The most significant of these involve timing changes
of upper and lower zone boundaries. For instance, the last interglacial
period, the “Mikulino Interglaciation”, was originally shown as an early
to middle MIS 5 event (Figure 1.6, 1982 scheme). Later, however, it
encompassed the whole of MIS 5 and at present it is considered to
correspond to the MIS 5 climatic optimum (MISS 5.5 - ca. 129-122;
Martinson et al. 1987; cf. Figure 1.7). Changes such as this occur
throughout the schemes of the 1980’s and 1990’s while others involve
stratigraphic nomenclature (cf. Odinstovo Interstadial with Kurska
Interstadial; 1982 and 1990 schemes respectively) or subdivision of
established units (cf. Likhvin Interglacial; 1997 scheme).

Although the above examples are problems that make comparisons
to other schemes exceedingly enigmatic, one problem stands out above
all others. In each of the schemes presented in Figure 1.6 (including the
most recent), the Brunhes-Matuyama paleomagnetic boundary is placed
at 730 ka. The age for the Brunhes-Matuyama boundary was revised in
the mid-90’s (Cande and Kent 1995) and is now widely accepted to be
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780 ka. The placement of the boundary at 730 ka instead of the revised
780 ka age has significant repercussions for the application of a time
scale to the stratigraphy, especially when this is the primary method
used to constrain the chronology of the lower portion of the strati-
graphic scheme. Consequently, many uncertainties are introduced
when attempting to correlate to non-Russian stratigraphic schemes
(Figure 1.7). An attempt is made to rectify this problem later in the
dissertation (vide Chapter 4). However, until this problem is corrected,
the ages presented in Figure 1.7 (Russian Terrestrial Stratigraphy) will
suffice in the following discussion.

Contemporary Russian Plain Quaternary Geology: Discussion

The following subsections outline some of the current controversies
and inconsistencies that are encountered when attempting to under-
stand and correlate Russian Plain stratigraphy both internally and with
other Quaternary stratigraphic records (e.g., China, Western Europe).
These problems are primarily associated with events older 100 ka and
are the result of “fundamental difficulties in the studies of the Middle
(and Lower) Pleistocene cycle stemming from the different
understandings of its (their) chronological position by different re-
searchers” (Velichko 1995, p. 12).

The presentation of this information, and the discussion of its impli-
cations are crucial towards understanding the reasons and motives for
research and interpretations presented in ensuing chapters.

European Ice-Sheets and Their Relationship to the Quaternary Sedimentation
on the East European Plain

Before contemporary stratigraphic and paleoclimate research can be
evaluated and fully understood, a basic understanding of the timing
and extents of related ice masses must first be reviewed (Rutter 1995, p.
19). The timing and extent of the European ice sheets have influenced
the distribution and preservation of the Quaternary sedimentary se-
quences deposited on the East European Plain. These sequences consist
not only of loess, but also of secondary loess, colluvium, till, glacioflu-
vial and glaciolacustrine sediments. Ice-sheet proximity was a primary
factor contributing to the distribution of this wide variety of sediments.

The proximity to ice sheets plays a particularly important role in
Quaternary sedimentation throughout the East European Plain. Figure
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Figure 1.7. Quaternary stratigraphy of The Netherlands and Europe

compared to the currently accepted stratigraphic scheme for the Russian
Plain. The Late Pleistocene scheme presented here is generalized due to
space requirements; for the detailed 1997 Late Pleistocene scheme for the

Russian Plain refer to Figure 1.6.
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1.8 depicts accepted limits of past ice sheet advances onto the East
European Plain; generally, the older glaciations are the most extensive.
Figure 1.9 depicts the spatial distribution and age ranges for sediments
of the East European Plain. A similarity is clearly observed between the
extent and timing of the ice margins and Quaternary sediment spatial
and temporal distributions. Most of the relationships have been widely
accepted by contemporary researchers, save those pertaining to the
Valdai glacial limits, and Valdai ice-sheet genesis which have been
intensively debated for the last three decades (e.g., Grosswald 1980;
Arkhipov et al. 1986; Svendsen et al. 1999).

The last glacial period (i.e., Valdai Glacial) is the most intensively
studied and critically evaluated and therefore many aspects of that
glacial period (e.g., ice cover, limits, genesis etc.) have been scrutinized
by various researchers (vide Rutter 1995 and references therein). Re-
cently, however, controversies surrounding certain aspects of the last
glacial cycle in Russia have been resolved. Moraine-mapping by
Astakhov et al. (1999) revealed the Markhida Line, which represents a
zone of hummocky tills marking the last major stationary position
between the Barents and Kara ice-sheet margins. Furthermore,
Astakhov et al. (1999) were able to elucidate early-middle Weichselian
(Valdai) ice domes that were situated on the shelves of the present-day
Barents and Kara seas. Detailed examination of ice-dammed lakes and
spatial distribution patterns of moraine and ice-marginal deposits ena-
bled Mangerud et al. (1999) to conclude that the late Weichselian
(Valdai) Barents-Kara ice-sheet limit occurred in a region presently
offshore of mainland Russia. Their work implies a late Weichselian
maximum glacial limit that was much farther north than classical late
glacial limits (e.g., Velichko 1990) or those proposed by Grosswald
(1993). Svendsen et al. (1999) expanded upon the work of both
Astakhov et al. (1999) and Mangerud et al. (1999), and mapped the
extent of Barents and Kara ice-sheets of the early-middle Weichselian,
which advanced farther south onto mainland Russia than did the late
Weichselian Barents-Kara ice sheets.

Previous research has also focused on dating the prevalent Bryansk
paleosol; a marker horizon within the last glacial cycle. Currently the
accepted age for this warming event is 30 + 1 ka to 23 + 1 ka "C years
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(e.g., Velichko et al. 1964; Velichko and Morozova 1972, 1987;
Dobrodeyev and Parunin 1973; Chichagova 1972, 1985; Velichiko et al.
1992; Tsatskin 1997), or between 34 + 1 ka and 27 + 1 ka calendar years,
using the calibration data of Bard ¢t al. (1998) and Kitagama and van
der Plicht (1998).

The timing and distributions of glacial extents that predate the last
interglacial are more problematic (e.g., Fig. 1.7 & 1.8; e.g., vide Velichko
1995). Typically, these problems are avoided by presenting an asyn-
chronous Quaternary glacial-maximum limit (cf. Svendsen et al. 1999).
Clearly, much work is needed to elucidate the timing and distribution
of Early and Middle Pleistocene glacial intervals and warm interglacial
periods that punctuate them.

Enigmatic Early and Middle Pleistocene Records: Case Studies

The chronology of Russian Plain loess-paleosol sequences beyond ca.
150 ka is presently under considerable discussion (cf. Velichko 1990;
Zubakov 1993; Sudakova and Faustova 1995; Velichko 1995; Velichko et
al. 1995; Lowe and Walker 1997). The Middle Pleistocene sequence
itself has three different interpretations which are summarized in
Velichko (1995):

1. The Middle Pleistocene (in Russian Division; cf.
Figure 1.7) includes the Likhvin (Holsteinian) intergla-
cial and the Dnieper (Saalian) glaciation. In this inter-
pretation, the Moscow event (no Western European
equivalent) is classified as a stadial within the Dnieper
. glaciatidn. '
2. Subsequently, some researchers concluded that inter-
glacial “layers” existed between the Dnieper glaciation
and the Moscow “glaciation”.

3. The most recent interpretation is based on integrated
multidisciplinary studies. It does not find any paleosols
separating the Dnieper glaciation and the Moscow
event, reinforcing interpretation “1” above. However,
they do find two paleosols between the Likhvin
(Holsteinian) Interglacial and Dnieper (Saalian) Glacia-
tion (Velichko, 1995).
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Contributing to the enigmatic nature of the Early and Middle Pleis-
tocene Russian Plain stratigraphy is the timing and associations of the
Likhvin Interglacial (vide ante), which is often referred to as a Russian
equivalent to the Holsteinian Interglacial of Western Europe (currently
accepted as MIS 11; e.g., Turner 1996, Poorc et al. 1998). However, in
Russian Quaternary schemes for the East European Plain, it is also
commonly correlated to MIS 9 (e.g., Zagwijin 1992, 1996). To further
complicate this particular issue, Velichko (per. com. 2001) stated that he
associates the Likhvin Interglacial with MIS 9, but this does not support
the time limits Velichko et al. (1999) assign to the Likhvin Interglacial,
where it tentatively spans MIS 7 through MIS 11 (Figure 1.6).

Finally, problems with stratigraphic nomenclature are prevalent
throughout Russian Plain stratigraphy (cf. Zubakov 1993, Velichko 1990;
e.g., the Likhvin Interglacial, Figure 1.6). Furthermore, figure 35 of
Velichko et al. (1999, p. 71) clearly shows a sequence of Early and Mid-
dle Pleistocene paleosols (listed here from oldest to youngest): Vorona,
Lower Kamenka, Upper Kamenka and Romny. In their figure 37 the
sequence is: Vorona, Inzhavino, Kamenka, Romny. Comparing the two
figures reveals that the terminology for paleosols within a single article
is not consistent inducing potential problems for future correlations.
Together, the above examples alone have significant negative implica-
tions towards the advancement of precise Russian Plain stratigraphy.

Despite inconsistencies such as those presented above, researchers
continue to focus on Pleistocene climate interpretations of Russian Plain
sediments, and attempt to correlate these interpretations to other parts
of the world (e.g., Likhvin interglacial of Russia = Holsteinian intergla-
cial of Europe) without adequately addressing the problems (vide ante).
For the reasons stated above and in the foregoing paragraph, a rigorous
evaluation of East European Quaternary Stratigraphy is imperative,
hence an independent chronology is developed herein to further test
the Russian Plain stratigraphic status quo.

Evolution of Russian Plain Paleosol Research
The first climate-soil relationships for the Russian Plain were re-
ported by Dokuchayev (1883) who stated “the Russian Chernozem
serves as a living link with the climate and natural vegetation of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26
country... forests do not produce Chernozems” (p. 375-6 as referenced in
Alexandrova 1983). This profound statement outlines a basic principle
that has been a keystone in soil studies around the world, and continues
to be used in modern-day research. The concept that soils and climate
are linked allows us to interpret past climates from paleosols identified
in the geologic record. However, in the initial stages of paleosol re-
search, even Dokuchayev interpreted the humic-rich horizons buried in
loess sections as glacial mud (Dokuchayev 1893 as referenced in
Tsatskin 1997); it was Glinka (1904) who first interpreted the humic
horizon in loess sections as paleosols (Tsatskin 19975).

Paleosol research has evolved significantly over the decades since
Glinka's (1904) pioneering research and now encompasses studies that
include the examination of Holocene and modern-day soils being used
as analogs. Continued examination of loess-paleosol sequences has also
yielded relationships between paleosol horizons and cryomorphic
features such as ground wedges, solifluction features and involutions
(Velichko 1973; Moskvitin 1976; Tsatskin 1997). In some cases, aspects
of these cryogenic features were found to be associated with particular
paleosols and thus together these could be used as relative dating tech-
niques (e.g., Velichko 1990). Advances in stratigraphic time-series
analysis were enhanced by the application of “C-dating (dating soil
humus), paleomagnetic analysis and luminescence dating techniques.
These contributed to the understanding of time-stratigraphic relation-
ships. However, the latter of the three techniques, which was thought
to fill the Middle Pleistocene ‘dating gap’, has not been verified by
geological evidence prior to the empirical correlations to SPECMAP
presented herein (i.e., Imbrie ef al. 1984). Hence, luminescence dating
has not, and is still not, considered to be a reliable technique on which
to base time-stratigraphic relationships for sediments older than ap-
proximately 150 ka (Zubakov 1976; Dremanis et al. 1978; Wintle and
Huntley 1982; Prescott and Robertson 1997; Tsatskin 1997; Little et al. in
press). This matter unfortunately did not retard time-stratigraphic
investigations between 1970 and the present-day; over zealous correla-
tions during this period have inevitably led to convoluted Russian Plain
stratigraphy and correlation to other records (Figure 1.6).

’A thorough summary of Russian Plain paleosol research is presented in Tsatskin (1997).
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Although prior stratigraphic studies utilize questionable absolute-
time stratigraphic relationships (cf. Figure 1.6), excellent paleoclimatic
interpretations based on individual soil horizons and relative time
scales have been produced from Russian Plain research (e.g., Figure 4.1 -
Morozova 1995). In order to achieve such results, however, only the
best-suited paleoclimatic parameters obtained from paleosols can be
used. Suitable pedogenic features are those that exhibit little diagenetic
change after burial (Yaalon 1971; Gerasimov 1971; Sokolov and
Targulian 1976; Tsatskin 1997); parameters such as clay and carbonate
eluviation/illuviation, carbonate nodule formation and gleyzation, are
generally accepted as being relatively stable soil constituents (Catt 1990;
Tsatskin 1997). Methods used to evaluate these types of parameters and
interpret paleoclimates include descriptive field observations, labora-
tory analyses (e.g., geochemistry), micromorphology, and stratigraphic/
geographic context (vide Chapter 3). Thus, paleosol data together with
lithostratigraphy and chronostratigraphy allow paleoenvironmental
conditions to be compared over significant distances and periods of
time.

Dissertation Organization

The following chapters begin with an outline of the methods and
procedures used to obtain the data presented throughout the disserta-
tion. This is followed by a stratigraphy chapter that describes and
constructs basic and composite litho- and pedo- stratigraphic columns
that represent the units observed at each site. From these constructs,
allostratigraphic units are defined based on optical dating (younger
sediments), marker bed association, and paleosol counting. The allos-
tratigraphic units are then correlated over distances >100 km. Chapter
4 examines the interpreted stratigraphy for Korostylievo and
Mikhailovka and proposes new correlations between the empirical
section data (e.g., magnetic susceptibility) and the SPECMAP record of
Imbrie et al. (1984).

Once the stratigraphic correlations are complete and a new chronos-
tratigraphy is proposed, depositional environments and pedogenic
horizons are compared and contrasted over the 700 km transect. This
allows further evaluation and development of the Quaternary history
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for the region, which is presented in the latter portions of Chapter 5
along with its climatic implications. Chapter 6 proposes preliminary
correlations to other records in Russia, and records in Siberia and
China. The final chapter summarizes the major results of the thesis,
and presents research proposals that need to be addressed in order to
further advance our understanding of East European paleoclimate
dynamics, as well as hemispheric and global climate dynamics.

Supplementary data used throughout the dissertation are presented
in the appendices.
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CHAPTER 2 - GENERAL METHODS
Introduction

Detailed field investigations of Russian Plain loess-paleosol-cryo-
genic sequences were undertaken during the summers of 1996 (north-
central) and 1998 (central). Sections were chosen by Russian colleagues
at the Russian Academy of Science based on research experiences and
each section’s regional and temporal context.

This chapter outlines the methods, and conventions used through-
out the course of this dissertation with the following sections being
broken down into field methods and laboratory methods. Each section
begins with a short explanation of why the given technique was used
and to what ends the results were to be used. Only a brief explanation
of the optical dating technique is provided in this chapter; a more de-
tailed description can be found in Appendix B.

Field Methods

Section descriptions focused on physical characteristics of the sedi-
ments and the physical relationships between juxtaposed units. Once
descriptions were completed and sample locations were marked, the
section was photographed and sampled. Thin section sampling was
completed prior to bulk sampling in order to ensure thin-section-sam-
ple precision.

Sample Collection and Preparation

General purpose sediment samples were collected from each site
with a knife and shovel; care was taken to minimize contamination of
the samples. Each sediment sample was stored in plastic sample bags
for transport. Once in the lab, the samples were transferred into
resealable plastic containers. The average sample size was approxi-
mately 250 g which yielded enough sediment to run grain-size and loss-
on-ignition (LOI) analyses. Sampling methods for optical dating and
micromorphology are presented later in this chapter as they require
special field and laboratory treatments.
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Laboratory Methods

Textural (Grain Size) Analysis

Textural analysis of samples was undertaken in order to ascertain the
physical properties of the sedimentary units. Physical properties such
as sorting and median grain size diameter enable textural classification
and aid in genetic depositional environment interpretations for each
sample and unit/facies. Textural characteristics from other “known”
deposits are also processed using techniques outlined below in order to
compare and contrast Russian Plain samples thereby aiding in the
interpretive process.

For each sample selected for textural analysis, approximately 45-50 g
of sediment was sub-sampled into a 250 ml beaker. To ensure that the
sub-sample was representative, small scoops of sediment were taken
from 8 locations around the edges of the container, and one from the
middle (Hicock, pers. com. 1994). Distilled (or filtered de-ionized -
hereafter referred to as DI) water was then added until the entire sub-
sample was submerged.

Pretreatment - Remouval of Carbonates

The technique from Barrett and Brooker (1989) was utilized to re-
move carbonates: Once weighed and wetted, 20 ml of 10% HCl was
added to each sample submerged in distilled (or DI) water. In order to
speed up the reaction, samples were placed under 250 W heat lamps
and stirred occasionally until the reaction ceased. Once the reactions
ceased, approximately 5 ml of 10% HCI was added to test for complete
carbonate removal. If the reaction continued, the process was repeated
until no reaction was observed. The samples were then transferred into
a 250 ml centrifuge bottle and rinsed 3 times with distilled (or DI) water
using a large capacity centrifuge at a rotation speed of 4000 rpm for 10
minutes.
Pretreatment - Removal of Organic Matter

Following carbonate removal, samples were placed into 600 ml beak-
ers. Approximately 10 ml of 30% H,O, (hydrogen peroxide) and dis-
tilled (or DI) water were added to each sample (Sheldrick and Wang,
1993). The samples were placed under 250 W heat lamps and left to
stand, stirring occasionally, until all reactions ceased. Once the reac-
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tions ceased, approximately 5 ml of 30% H,O, was added to test for
complete removal of organic mater. If a reaction was observed, the
organic removal procedure was repeated until no reactions were ob-
served. When reactions were no longer observed, the samples were
transferred into 250 ml centrifuge bottles and rinsed 3 times with dis-
tilled (or DI) water using a large capacity centrifuge at rotation speeds
of 4000 rpm for 20 minutes. Once rinsing was completed, the sediments
were carefully transferred into 200 ml beakers for sonication and me-
chanical agitation.

Separation of Fine (<250 um) and Coarse (>250 um) Fractions

Dispersion of the samples were accomplished by mechanical mixing
(with just enough power to keep the stirrer in motion), and ultrasonic
vibration for a minimum of 5 minutes. Once completed, each sample
was wet sieved through a 250 um sieve, retaining the < 250 pm sedi-
ment in a tared 600 ml beaker; the >250 um particles were washed into
tared petri dishes or 60 ml beakers. Both particle fractions were dried in
an oven at 120°C to obtain dry weights.

Fine Fraction Analysis

[n order to disperse the sample, 50 ml of 0.1% NaPO, (sodium
metaphosphate) solution was added to 4.0-4.5 g of the dried <250 pm
sediment fraction. The sample was then initially stirred by hand to
mobilize all particles in the sample. To ensure adequate dispersion, the
samples were mechanically mixed (with just enough power to keep the
stirrer in motion), while sitting in an ultrasonic bath for 5 to 15 minutes,
depending on the clay content of the sample.

Following sediment dispersion, the sample was loaded into a
SediGraph 5100 Particle Size Analysis System. Manufacturer’s specifi-
cations of this apparatus outline an error of +5% for the >63 um fraction
and +2% error for the >2 um fraction. Periodically, standards were run
to ascertain if the apparatus was operating normally; all such tests
indicated no problems (Appendix C). Mechanical mixing of the sedi-
ment was used rather than the typical magnetic mixing (standard
sedigraph procedure) to prevent separation of magnetic particles within
the sample.
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Coarse Fraction Analysis

The majority of samples contained only a small proportion (<1g per
40g) of particles >250 um. In these situations, only qualitative visual
description of the coarse fraction was noted; no further analysis was
undertaken. Results were classified as “>250 pm fraction”.

Loss-On-Ignition (LOI)

Loss-on-Ignition (LOI) was used to quantify the weight percent of
bulk organic carbon and calcium carbonate within each sample. The
quantification of these parameters is useful in interpreting deposition
and post-depositional environments by aiding in the identification of
pedogenic horizons high in crganic content (e.g., Ah-horizons) or
CaCO, (e.g., Cca-horizons), and loess horizons that typically exhibit
higher CaCO, content. LOI results can also be used as a correlation tool
by comparing these lithic parameters and their associated units be-
tween sequential sections at distances <1 km (e.g., Gololobovo compos-
ite section).

LOI sub-samples consisted of 1-2 g aliquots obtained from the gen-
eral sample lot. Any roots and rootlets observed within the sub-sample
were removed with tweezers prior to drying. Each of these aliquots
was then placed in a crucible, dried in an oven at ~105 °C for at least 8
hours and weighed to 4 decimal places to obtain a dry weight.

Organic Determination

Once dried, the sample was placed in a muffle-furnace at 550 °C for
one hour (Dean 1974). After cooling to room temperature, the sample
was weighed; the difference between this weight and the dried weight

is a measure of the amount of organic carbon that was burned off (Dean
1974).

Carbonate Determination
After obtaining the 550 “C burn weights, the sample was placed into
the muffle furnace and heated to 1000 °C for one hour. The difference in
weight between 550 °C and 1000 °C burns is the amount of CO, that has
evolved from carbonate minerals. This value was then divided by 0.44
which represents the fraction of CO, in CaCO,; the result represents the
percentage of CaCO, lost during the 550-1000 °C burn.
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Rock Magnetic Parameters

Two different but related rock magnetic parameters were used as an
aid for identifying, interpreting and correlating discrete lithic and
pedogenic units in stratigraphic sequences. For Russian Plain loess
examined herein, magnetic susceptibility and frequency dependence of
magnetic susceptibility are generally greater in pedogenic units than in
loess units, thereby allowing local correlation of units (e.g., Korostylievo
composite section - Chapter 3). Where the magnetic susceptibility
signal tracks marine isotope stages (e.g., SPECMAP) and independent
chronologic constraints are recognized, correlations to oceanic records
and the development of an orbitally tuned age model can be estab-
lished. The frequency dependence of magnetic susceptibility often
corroborates interpretations of soil development based on section de-
scriptions and micromorphology, and thereby aids in the identification
and interpretation of pedogenic units. A brief discussion explaining the
use and methods of each of the these rock magnetic parameters is pre-
sented below.

Magnetic Susceptibility

The rock magnetic parameters of clastic sediments, in particular of
loess and overprinting soils and paleosols, often reflect palecenviron-
mental processes such as transport, deposition or transformation of
magnetic grains (Verosub and Roberts 1995, Evans 1999) and organic/
inorganic in situ formation of magnetic grains (Evans et al. 1997, p. 183).
Given the depositional setting and accepted paleosol genesis for sedi-
ments of the Russian Plain, magnetic susceptibility (x), a measure of the
magnetizability of a sediment, were taken to help interpret those
paleoenvironmental conditions that lead to the development of the
Russian Plain stratigraphy. Also, in some cases, the magnetic suscepti-
bility data track marine isotope stratigraphy (e.g., Korostylievo and
Mikhailovka - Chapter 4), thus allowing orbitally-tuned MIS records to
be used as a time scales for correlative terrestrial Quaternary strati-
graphic sequences. For these reasons, magnetic susceptibility measure-
ments were conducted at all of the study sites.

Magnetic susceptibility data were collected both in field and labora-
tory settings. As it is the trends in magnetic susceptibility that are the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

focus of this research, both field and laboratory analyses are used,
depending on the conditions-of-sampling and the resolution of the final
data set. At the Likhvin and Gololobovo sites, in situ field measure-
ments and cube samples for laboratory analyses were obtained. In both
cases a Bartington MS-2 Susceptibility meter was used and calibrated
with a series of pure chemical compounds. However, the sensor used

to detect the magnetic susceptibility in the field differs from that used in
the laboratory setting: for the field, a Bartington MS2F configuration
was utilized; in the laboratory, a MS2B configuration was utilized.
Samples obtained for laboratory analyses were collected in 2 cm® plastic
cubes for transportation and analysis in the Bartingtion MS2B Suscepti-
bility meter. At Korostylievo, incomplete in situ measurements required
the use and presentation of only the laboratory data. At Mikhailovka,
high-resolution in situ magnetic susceptibility data collect by V.V.
Semenov (1996 and 1998 field-team participant) were used.

Frequency Dependence of Magnetic Susceptibility (F )

The magnetic response of sub-micron particles near the
superparamagnetic/single-domain grain (SP/SD) boundary is depend-
ent on the frequency of the applied field. Changing the frequency of
the applied magnetic field will detect the presence of the aforemen-
tioned grains, with lower frequencies producing higher susceptibilities
(Stephenson 1971).

In practice, the instrument used in this work (Bartingtion MS2B
Susceptibility meter) utilizes two applied fields (~0.5 kHz to ~5 kHz). If
the low frequency magnetic susceptibility minus the high frequency
susceptibility (xLF-xHF) is large, then there are many grains near the
SP/SD boundary (i.e., finer-grained magnetic particles). If xLF-xHF is
relatively small, then the magnetic particles are mostly larger SD grains.
Higher percent decreases (i.e., more magnetic grains close to the SP/SD
boundary) tend to be present in soils/ paleosols (Heller and Evans
1995). The genesis of the magnetic grains that produce these observed
F, data trends is a function (theoretically) of the soils’ productivity
(Evans, pers. com 2000; e.g., Heller and Evans 1995).
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Geochemistry

Geochemical analyses yielding Fe,O,, ALO, and SiO, were obtained
from selected loess and paleosol samples at each of the four sites. The
data are used (where applicable) to aid in the soil horizon identification
(e.g., aluminium depletion in an Ah-horizon and corresponding enrich-
ment in a B-horizon). Identification of such processes aids in the classi-
fication of soil types and their associated paleoclimates.

Geochemistry was completed at Moscow State University under the
direction of the Russian Academy of Sciences. The techniques used are
described in Arinushchkina (1970).

Optical Dating

Optical dating was first proposed by Huntley et al. (1985), and differs
from thermoluminescence and electron spin resonance, in that it utilizes
light to induce luminescence in samples. In all of these techniques, the
basic principle is a time-dependent, cumulative response of naturally-
occurring minerals to environmental radiation (Huntley et al. 1985).
There are essentially two methods of optically stimulated luminescence
(OSL): green light stimulated luminescence (GRSL), and infrared
stimulated luminescence (IRSL). In the literature, the former is also
often simply referred to as OSL, even though both methods are strictly
“optical” (Prescott and Robertson 1997).

Optical dating techniques presented in Appendix B utilize [RSL and
are used in this research to help constrain and temporally correlate
units across distances >100 km.

OSL Sample Collection and Preparation

Samples were collected in normal daylight from freshly exposed
sediment in a vertical face. Each sample was obtained by carefully
pushing a copper cylinder (10 cm diameter and 7 cm high) into the
exposure while removing the surrounding material. Once the entire
volume of the cylinder was filled, the sample was removed from the
section. Excess sediment protruding from the ends of the cylinder was
carved off, and the sample was wrapped in heavy-duty aluminium foil
and duct tape.
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Once in the lab, the samples were prepared under subdued lighting
conditions; all lab light was filtered through a Lee 158 “deep orange”
optical filter. Foil and duct tape were removed on one side of the cop-
per cylinder, and the surficial 1 cm to 1.5 cm of sediment in contact with
the foil was discarded. Approximately 12 g of sediment was removed
from the centre of the cylinder for water content experiments, along
with approximately 150 g of sediment. A sub-sample (~30 g) was ob-
tained from the 150 g sample for dosimetry. The remainder was treated
in 40% HCI until reactions ceased in order to remove all carbonates,
followed by a treatment of 27% H,O, for 24 hours to remove any or-
ganic material present within the sample. The sample was then rinsed
in distilled water 3 times, and treated with CBD solution (71 g sodium
citrate, 8.5 g sodium bicarbonate, and 2 g sodium dithionate per litre of
distilled water) for 12 hours to remove any iron oxide coatings that may
block the luminescence (Lian et al. 1995). Finally, 1% calgon solution
(sodium hexametaphosphate) was added until a thick, 1:1
(sediment:calgon solution) slurry was produced. The sample was then
placed into an ultra-sonic bath and mechanically stirred for one hour in
order to deflocculate clays and clean individual grains (Norrish and
Tiller 1976).

In order to obtain the desired grain size (4-11 um), the samples were
transferred into 1 litre graduated cylinders and settled out in distilled
water according to Stokes Law. First, the >11 um particles were sepa-
rated out by settling for 30 minutes in a 20 cm water column. The
remaining sediment was then settled for 4 hours in a 20 cm water col-
umn, and several 2 hour settlings in a 10 cm water column in order to
remove the <4 um particles. Once the 10 cm water column was clear
(sediment free) after 2 hours, the settled sediment at the bottom of the
graduated cylinder (4-11 um) was rinsed several times in distilled wa-
ter. Methanol was then added to remove all water from the fraction and
1 mg aliquots were settled in acetone onto 1 cm sterile aluminium disks
(disks were pretreated with 47% hydrofluoric acid for ~10 min.). A
minimum of 60 disks were required for standard optical dating meas-
urements, however, 240 disks were made for LCSL1 and GCSL1 for
additional tests. For a more detailed account of the laboratory proce-
dures used in this dissertation, see Little et al. (in press). A copy of this
manuscript is presented in Appendix B.
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Micromorphology

Through the study of soil microfeatures, evidence of soil develop-
ment such as particle/ void distributions, direct evidence of clay
illuviation and distinctive fabrics could be easily ascertained. Data
collected from this type of research are then used to classify soil types
and infer climatic condition(s) in which the paleosol had formed
(Morozova 1972; Miicher and Morozova 1983; Gerasimova et al. 1992,
1996; Morozova 1995; Tsatskin 1997). Such studies have identified
peculiar micromorphological features that characterize interstadial vs
interglacial soils, or differentiate between forest, forest-steppe, and
steppe bio-climatic conditions (e.g., Velichko et al. 1992; Morozova 1995;
Morozova and Nechaev 1997).

Basic micromorphology presented herein is used as an aid in paleo-
sol description, pedogenic process recognition and classification. Proce-
dures and terminology are based on the methods proposed in Bullock et
al. (1985); the interpretation of micromorphologic features are based
both Bullock et al. 1985 and Gerasimova et al. (1996). As micromorphol-
ogy is a jargon-intensive field of study, the author assumes familiarity
with micromorphological terms and concepts; it is beyond the scope of
this dissertation to familiarize readers with such material and therefore
readers are referred to the aforementioned texts.

[n order to obtain a thin section to examine under transmitted and
reflected light, blocks of sediment were first cut from the sections.
These blocks were oriented and therefore, the utmost care had to be

used during their collection.

Sample Collection and Preparation for Micromorphology

The collection of these samples followed description and photogra-
phy of the section. Where a sample was marked to be collected, a 10 cm
x 10 cm area was cleaned and the local wall cut to a vertical plane.
After being cleaned and cut to a vertical plane, the blocks were cut out
using a sharp, flat edged knife. Sides and tops were also cut to vertical
planes and horizontal planes respectively. Once removed, the samples
were cleaned, trimmed and an up-arrow was scratched into the outer
vertical surface.

Once in the lab, soil thin sections were examined under reflected,
normal-transmitted and polarized-transmitted light.
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CHAPTER 3 - STRATIGRAPHY AND SEDIMENTOLOGY
Introduction

This chapter presents field and laboratory sedimentologic and strati-
graphic data in order to develop an allostratigraphic scheme for sedi-
mentary sequences along the ca. 700 km long north-south transect. The
construction of such a scheme is invaluable as it forms the basis for all
time-stratigraphic relationships and spatial interpretations presented in
subsequent chapters as well as being used as a tool to explain the geo-
logic and paleoclimate history of the study area.

This chapter begins with a discussion of the different types of
stratigraphies and the reasons why they are instrumental towards
facilitating the development of the final site-to-site correlation (for more
detailed reviews see Appendix C). This discussion is followed by basic
lithostratigraphy and descriptive pedostratigraphy along with interpre-
tations for each unit. Once lithological and pedological characteristics
have been presented and interpreted, local (intra-site) correlations and
composite sections can be constructed. Subsequently, an overview of
the interpretations for each of the composite sections is presented in
order to convey a relative-time depositional history for each site. Once
all composite sections are described and interpreted at local scales,
introduction of inter-site correlations based on allostratigraphy follows.

Lithostratigraphy

Lithostratigraphy (North American Commission on Stratigraphic
Nomenclature 1983) is used as a descriptive stratigraphic tool to define
units and correlate locally at each site. Lithostratigraphic units pre-
sented in this chapter were characterized according to texture, sedimen-
tary structure, geometry of the beds (thickness and relative elevation),
types of contacts, organic carbon and carbonate contents, magnetic
susceptibility and homogeneity / heterogeneity. The initial description
of lithostratigraphic units summarizes the major components of each -
section. This will be immediately followed by subdivision (where
necessary) and detailed descriptions of those components. Lithofacies
codes used to summarize the lithic character of each unit are presented
in table 3.1; symbols and pattern fills used to construct the section dia-
grams are presented in figure 3.1.
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Table 3.1. Lithofacies codes used in stratigraphic section profiles; based
on formally defined lithofacies codes presented in (Eyles et al. 1983).

Primary Classification
Code Description
D Diamicton
G Gravel
S Sand
F Fines (silt, clay or mud)
Secondary Classification
Code Description
Dmm matrix-supported, massive diamicton
Gmm matrix-supported, massive gravel
Gem clast-supported, massive gravel
Sm massive sand
Sh horizontally stratified sands
Sr/St rippled (tabular cross-stratified)/trough cross-stratified sands
Sd deformed/loaded sands
Fm massive fines
A laminated fines
Fd deformed fines
Fp Pedogenic structures
Tertiary Classification (Genetic Interpretation)
Code* Interpretation
F_(a) aeolian
F_() reworked
F_(1) lacustrine/glaciolacustrine
F_(or) organic (pedogenic)
G_(f) ﬂuvial/g!gcioﬂuvial

* Primary classification for example purposes only.
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Figure 3.1. Symbols and patterns used to construct section diagrams.

Pedostratigraphy

Pedostratigraphy presented in this dissertation is based on the North
American Commission on Stratigraphic Nomenclature (1983) but also
follows the recommendations of Morrison (1981). Descriptions of
pedogenic features and unit boundaries, as well as interpreted soil
classification follow from the Soil Classification Working Group (1998).
Pedo-units presented in this chapter were initially recognized in the
field based on preliminary observations (vide Chapter 2). Subsequent
laboratory analyses such as: micromorphological analysis (of selected
samples and soil horizons), textural analysis, loss-on-ignition (for bulk
organic and carbonate contents), and magnetic susceptibility are used to
refine field descriptions and supply complementary lines of evidence
for pedogenesis. For simplicity, only the organic-enriched horizons of
each paleosol are highlighted in the main stratigraphic columns; more
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detailed illustrations of soils/ paleosols are presented along with phot-
omicrograph plates.
Allostratigraphy

Allostratigraphy (North American Commission on Stratigraphic
Nomenclature 1983) is used here for long-distance correlation between
sites. Allostratigraphic units are defined only after intra-site correla-
tions and composite section construction. Details as to the construction
of the allostratigraphic scheme are outlined in detail under the sub-
heading “Allostratigraphic Framework: introduction” presented later in

this chapter.

Optical Age Constraints
The locations of optical dating samples are presented within each
individual stratigraphic column (where applicable), as well as in the
composite sections for each site. However, the ages obtained from these
samples are presented only within each composite stratigraphic column
(Figures 3.6, 3.13. 3.15 and 3.31 as well as those presented in Appendix
B).
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Likhvin Sections

The Likhvin site, situated along the Oka River (Figure 1.1), has been
the type locality for the study of Middle and Upper Pleistocene sedi-
mentary successions for ca. 3 decades (e.g., Faustov et al. 1974;
Bolikhovskaya and Sudakova 1996). Likhvin sediments reported by
other researchers include loess, alluvium, lacustrine silts and clays, and
glacial diamictons (e.g., Faustov et al. 1974; Bolikhovskaya and
Sudakova 1996). Overprinting these parent materials are pedogenic
horizons at various intervals.

The Likhvin sections presented below exhibit many similarities to
published data, and therefore, correlation is relatively simple. For these
reasons, detailed glacial geology of tills and palynology have not been
re-evaluated.

Likhvin Section No. 1: Lithostratigraphy and basic paleosol description

There are six primary units comprising Likhvin Section No. 1 (hereaf-
ter referred to as LS1). These units are illustrated in figure 3.2 (e.g., LS1-
1). Corresponding composite section unit designators and depths are
presented in parentheses for convenience. Textural data for those units
with more than one sample are presented in Appendix D.

LS1-1: 0-216 cm (LC-1: 0-216 cm)

Lithic Description: The uppermost unit (LS1-1, Figure 3.2) consists
primarily of brown (10 YR 6/4 d) to yellowish brown (10 YR 5/3 d)
silty-clay loam to silty loam. The unit is predominantly massive, but
does exhibit zones of weak, laterally discontinuous textural banding
between approximately 98 - 134 cm. These bands range in thickness
from 1 cm to 8 cm and are composed of alternating silt (dark grey-
brown 10 YR 4/2 d) and silty-clay (light yellowish-brown 10 YR 6/4 d)
strata. No structure is observed from 134 cm to 204 cm. Between 204-
211 cm there is charcoal-rich layer that exhibits charcoal clasts up to 3
cm and oxidized granite clasts up to 7 cm. Radiocarbon dating of the
charcoal yields an age of 2770 + 60 "“C yrs. B.P. (TO-7408). A pit-shaped
infill structure crosscuts the charcoal-rich horizons and continues down
to a depth of approximately 300 cm (into the next unit). The texture of
the infilling sediment is silt to clayey-silt with a moderate, medium
angular blocky structure. Organic-rich zones within this unit are easily
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identified on median grain size, magnetic susceptibility, and organic
content graphs (Figure 3.2) down to a depth of ca. 45 cm. The lower
contact is sharp and planar.

Soil-A: Relatively high organic content (Figure 3.2) and weak to
moderate fine granular structure in the upper 33 cm of the unit repre-
sent the Ap horizon of the modern-day soil; this is repeated between 64-
98 cm but is solely a function of slope position (i.e., not a true unit). The
lack of pedogenic structure below the Ap horizon and the peaks in iron
and aluminium oxides at 49 cm suggests the underlying soil horizon is
a weak B or B-C horizon. Therefore, soil-A at the Likhvin site is inter-
preted to be relatively immature, and may in fact represent a brunosolic
soil subsequently modified by anthropogenic reworking. This is cor-
roborated by the " C age (2770 + 60 "C yrs. B.P.) at a depth of 204-211
cm.

Interpretation: Oxidized granite clasts and charcoal fragments in a 6
cm thick, localized layer within this unit suggest the presence of a fire
pit. The young age of this horizon (see above) and the ~2 m of overly-
ing sediment suggests rapid deposition over the last ca. 2 ka. This, in
conjunction with the silty, well-sorted matrix, the presence of rare small
clasts and discontinuous textural banding all suggest that the parent
material was a colluviated loess.

LS1-2: 216 - 716 cm (LC-2: 216 - 716 cm)

Lithic Description: This unit consists primarily of light yellowish-
brown (10 YR 6/4 d) silty clay (base) to silty loam (top). Between 237 -
312 cm, the colour darkens to brown (10 YR 5/3 d). From 312 - 538 c¢m,
the colour lightens to light yellowish-brown (10 YR 6/4 d) and the
sediment becomes calcareous (Figure 3.2; CaCO, content graph) and
relatively well sorted (e.g., Figure 3.3). Calcium carbonate concretions
up to 2-3 cm in diameter are observed in this interval. The base of this
carbonate-rich interval is marked by a peak in carbonate content and a
clear, wavy contact. Below this contact, from 538 cm to 628 cm, the
colour darkens to brownish-yellow (10 YR 6/6 d) which reflects the
decrease in calcium carbonate content and the increase in organic con-
tent (Figure 3.2; calcium and organic graphs). Ata depth of 628 cm, the
colour darkens again to yellowish-brown (10 YR 5/6 d). Downward
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oriented wedges of darker coloured material are clearly visible; the size
of these features is approximately 7 - 10 cm wide and 12 - 20 cm high.
Below (641 cm) the sediment lightens to brownish-yellow (10 YR 6/6 d).
[rregularly shaped mottles are also observed within and below the
wedge features, however, mottles are more abundant (>20%) below the
wedge features. Peaks in the iron oxide content of this unit correspond
to highs in magnetic susceptibility at 216 - 280 cm and 538 - 600 cm
(Figure 3.2, magnetic susceptibility). There is also a weak organic peak
below the charcoal spike of unit LS1-1 (Figure 3.2; organics) and a
gradual decrease in organic content from approximately 640- 400 cm,
peaking at 640 cm. The organic-content highs centred around 266 cm
and 640 cm also correspond to peaks in iron oxide and magnetic sus-
ceptibility. The lower contact is sharp and planar.

Paleosol-B: Weak, fine granular structure and an increase in organic
content (local maximum at 266 cm) mark a weakly developed A-hori-
zon from 216-237 cm. Below 266 cm there is a slight decrease in the
organic content which corresponds to a medium sub-angular blocky
structure, both of which suggest the presence of an A-B or B-horizon. A
sharp increase in calcium carbonate content at 312 cm and the presence
of carbonate concretions identify the C-horizon of this paleosol. The
weakly developed nature of this paleosol suggests it was an immature
soil (regosol) formed under conditions that inhibited soil development.

Paleosol-C: This pedogenic horizon (538-628 cm) has a relatively high
organic carbon content (Figure 3.2), darkens in colour and exhibits a
moderate, fine granular structure in thin section (Plate 3.1). The thick-
ness of this unit, relative to paleosol-B, and the presence of silty calcare-
ous material above and below suggests it was a cumulic soil in which
the continuous accumulation of parent material retarded pedogenic
development. These factors suggest that this soil is a cumulic regosol.

Lee
ALY

wo5 el moderate fine granular structure interpreted to be the
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Interpretation: The massive silty nature of this unit, and the presence
of two weakly developed cumulic paleosols suggests that deposition of
the sediment was through aeolian processes. This interpretation is
corroborated by a comparison of cumulative frequency curves (Figure
3.3) from other well known loess deposits. The two soils represent the
Bryansk (see Little et al. in press for details) and possibly the
Trubchevsk paleosols (paleosols C and B respectively). Both soils ap-
pear to be cumulic regosols, although, based on the lack of structure
and thickness of paleosol-C, the accumulation rate during its formation
was presumably much higher than that for paleosol-B. Also, the

Likhvin Loess (LC-2) Vs Chinese Loess
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{ Figure 3.3. Cumulative frequencey
1 graphs of three loess samples from
] the Chinese Loess Plateau, plotted
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ground-wedges (cf. ice-wedge pseudomorphs) observed at the base of
paleosol-C are a testament to subsequent cold periods that induced
permafrost conditions.

LS1-3: 716 - 824 cm (LC-3: 716 - 824 cm)

This unit is comprised of six sub-units, each having been intensely
deformed following initial deposition and pedogenic overprinting
(Figure 3.4). Due to the highly deformed nature of the unit, subunits
defined by: colour, stratigraphic position, sedimentary structure and
pedogenic structure are observed in the field and in thin section. These
subunits are cross-referenced in figure 3.4A. The lower contact is dif-
fuse and planar.
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Figure 3.4. Highly deformed sub-units comprising Unit L1-3. A. Unit L1-3
as described in text and figure 3.2. B. Correlative unit located
approximately 200 m upstream (south) of A; notice soliflucted upper
portion of dark organic-rich sub-unit (active layer). C. Ground wedge
observed below B -- evidence of cryogenic deformation of Unit L1-3. Sub-
units (i.e., 3a - 3e) correspond to descriptions L1-3a - L1-3e in text. Photo
micrographs (mag. 25x; PPL) illustrate structure observed in thin section:
3a - arrows pointing to weak granular structure; 3b - partially
accomodated weak sub-angular structure; 3a’ - weak to moderate granular
structure with partially decayed organic matter (right side in void space);
3b’- accomodated strong sub-angular blocky structure.

Sub-unit L1-3a (a’): This sub-unit occurs as two vertically separated,
horizontally discontinuous intervals (Figure 3.4A; 3a, 3a’). They are
characterized by a dark yellowish-brown (10 YR 3/6 m to 10 YR 4/6 m)
silty-clay loam. The only structures detected were fine orange mottles
in sub-unit 3a. Micromorphological analysis, however, reveals weak
granular structure in 3a and weak to moderate granular structure and
organic matter in 3a’ (Figure 3.4A; 3a, 3a’).
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Sub-unit L1-3b (b’): This sub-unit occurs immediately beneath each of
the aforementioned sub-units (Figure 3.4A). They are characterized by
a yellowish-brown (10 YR 5/8 m to 10 YR 5/4 m) silty-clay loam to silty
loam. Sub-angular structure was identified in thin section for both sub-
unit 3b and 3b’, however, much stronger ped development is observed
in the latter (¢f. Figure 3.4A; 3b and 3b’). Only sub-unit 3b’ exhibits
mottling.

Sub-unit L1-3¢: This sub-unit is highly deformed (Figure 3.4A; 3c)
and consists of light yellowish-brown (10 YR 6/4 d) to very pale brown
(10 YR 7/3 d) silty loam to silt. There are intra-stratified sub-parallel
bands that dominate this sub-unit in the lower and right-hand portions
of figure 3.4A. This sub-unit appears to have been interstratified with
sub-units 3a’ and 3b’ (Figure 3.4A; 3a’, 3¢, 3b’)

Sub-unit L1-3d: This sub-unit is represented as four discrete zones
(Figure 3.4A, 3d). They consist of dark brown (7.5 YR 3/3 d), loose
friable silty loam to silty clay.

Sub-unit L1-3e: This sub-unit consistently occurs at the base of the
unit (Figure 3.4A; 3e). It is consists of light olive-brown (2.5Y 5/6 m)
silty loam with a moderate to strong, fine angular blocky structure.
Ground wedges originating within this sub-unit penetrate down into
sub-unit LS1-3f.

Sub-unit L1-3f (no photo): This sub-unit consists of pale brown (10 YR
6/3 m) to light grey (10 YR 7/2 d) silty-clay loam. A moderate, fine,
sub-angular blocky structure is observed within this sub-unit. One of
the ground wedges originating in the overlying sub-unit penetrate
through this unit into Unit L1-4.

Interpretation: Based on its stratigraphic position and physical char-
acter this unit is interpreted to represent the Mezin pedocomplex con-
sisting of two paleosols. The lower of the two exhibits an Ae horizon
(LC-3c) and a Bt horizon (LC-3f) suggesting a strong pedogenic influ-
ence under forested conditions (luvisol). The upper paleosol in this
pedocomplex also exhibits Ah- and B-horizons, but the lack of an Ae- or
Bt-horizon suggests that it may have formed in a cooler and drier cli-
mate, with less forest influence on its genesis (grey brown chernozem).
The highly deformed nature of the sub-units and presence of ice-wedge
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pseudomorphs in the base of the unit suggests subsequent cold condi-
tions resulting in the development of permafrost.
LS1-4: 824 - 992 cm (LC-4: 824 -992 cm)

Lithic Description: This unit consists of pale brown (10 YR6/3 m) to
light grey (10 YR 7/2 d) silty-clay loam to silty loam. The upper 30 cm
of this unit are massive. At 854 cm, very weak, highly deformed silt
laminae are discernible and gradually increase in strength to 891 cm.
Below 891 cm, strongly deformed, discontinuous laminae of silty-clay
loam and silty loam are clearly observed. The deformation weakens
with depth to weakly deformed laminae near the base of the unit which
is marked by a concentration of heavy clay. The lower contact is grada-
tional and planar.

[nterpretation: This unit is interpreted to have been deposited in
standing water, perhaps a glacial lacustrine environment following the
deglaciation of the region (Little et al. in press). Cryoturbation of this
unit followed the formation of LS1-3 and deformed the fine silt and clay
laminae as the permafrost developed.

LS51-5: 992 - 1290 cm (LC-5: 992 - 1290 cm)

Lithic Description: The upper 169 cm of this unit consists of parallel
stratified fine-medium sands, silt and clay (vide Appendix D for details
on the texture of the fine grained components). Underlying these strata
is a relatively thin (4 cm) layer of highly oxidized, poorly sorted pebble
gravel with a medium sand matrix; clasts are weathered and range in
size up to 2 cm. This layer is underlain by a 35 cm thick horizon of load
structures consisting of clays, silts and fine to medium sands. The
lower 90 cm of this unit are composed of tabular- and cross-stratified
medium to well sorted, fine to medium sand. Some portions of this
interval exhibit clay and silt drapes over ripples. The lower contact is
sharp and planar.

Interpretation: The sharp basal contact with the underlying diamicton
of unit LS1-6 (LC-6) and stratified sands suggest current flow in a gla-
ciofluvial setting. The generally fining upward sequence and the
change from sigmoidal cross stratification to planar-tabular beds sug-
gests that flow over this site waned over time. However, at approxi-
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mately 1100 cm load structures consisting of clay and silt within these
sands, and overlain by pebble-gravel strata suggest that flow was
highly variable at times.

LS1-6: 1290 cm - (LC-6: 1290 - 2290 cm)

Lithic Description: This unit consists of a light yellowish-brown (10
YR 6/4 d) massive diamicton with a clayey-loam matrix and <5% clasts
(visual determination). Clasts within this unit are sub-angular to
rounded with the majority being sub-angular; clast size was variable,
but ranged from <1 cm up to a maximum (observable) of 8 cm. The
lower contact is not observed at this section (vide post).

[nterpretation: This unit is interpreted as till. A detailed description
of the till from the Likhvin site can be found in Bolikhovaskaya and
Sudakova (1996).

Likhvin Section No. 2: Lithostratigraphy and basic paleosol description
There are six main units comprising Likhvin Section No. 2 (hereafter
referred to as LS2). As above, complete unit descriptions are presented
below; the units are illustrated in figure 3.5 (e.g., LS2-1). Corresponding
composite section unit designators and correlative depths are pre-
sented in parentheses (e.g., LC-6 1290 - 2290 cm). Munsell colours are
not available for this section.

LS2-1: 0 -31 cm (LC-6: 1290 - 2290 cm)

Lithic Description: This unit consists of medium brown diamicton
with a clayey-loam matrix and <5% clasts (visual determination).
Clasts within this unit are sub-angular to rounded with the majority
being sub-angular and range in size up to 8 cm. As above (i.e., LS1-6), a
detailed description of the diamicton can be found in Bolikhovskaya
and Sudakova (1996). The lower contact is gradational and planar.

Interpretation: See unit LS1-6 (LC-6) above.

LS2-2: 31-118 cm (LC-7: 2290 - 2377 cm)

Lithic Description: This unit exhibits wavy bands of diamicton (de-
formed intraclasts derived from LS2-1) within a greenish-grey clayey
loam matrix. The diamicton bands vary from 3 cm to 10 cm in thick-
ness. The spacing between the bands increases in thickness with depth
until the deposit appears to be massive (i.e., no diamicton banding) at
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the base of the unit. Interspersed within the upper portions of the unit
are banding-parallel sand lenses approximately <2 cm x 5 cm in size.
The lower contact is gradational and planar.

Interpretation: Deformed intraclasts of the overlying diamicton in the
upper portions of this unit suggest it is a transitional (reworked) hori-
zon between the diamicton above, and underlying silty unit (vide post).

LS2-3: 118 - 240 cm (LC-8: 2377 - 2499cm)

Lithic Description: This unit consists primarily of greenish-grey silty-
clay loam to silty loam that exhibits rust coloured banding. These rust-
coloured bands range in thickness from 1 cm to 8 cm. Occasional band-
ing-parallel sand lenses up to 2 cm x 5 cm occur in the upper 80 cm of
the unit. The lower contact is gradual and planar.

Interpretation: This unit is interpreted to be loess based on textural
analyses and a massive structure below 198 cm (2457 cm) with occa-
sional aeolian sand lenses being deposited during the latter stages of
the unit formation. The inverse grading (Figure 3.5; Grain Size) of this
unit suggests that the depositional energy increased with time resulting
in an increase in the median grain size.

LS2-4: 240 - 263 cm (LC-9: 2499 - 2633 cm)

Lithic Description: This unit consists primarily of greyish silty-clay
loam interstratified with greenish-grey silty-clay. Together these pro-
duce a diffuse parallel bedding with each bed ranging from 1 cm to 4
cm thick. The lower contact of this unit is gradational and planar.

Interpretation: A silty-clay loam texture combined with parallel strati-
fication suggest quiet-water deposition within a lacustrine environ-
ment.

LS82-5: 263 - 313 cm (LC-10: 2522 - 2572 cm)

Lithic Description: This unit consists of massive silty-clay loam. At
284 cm (2543 cm) however, the clay content increases (but is still classi-
fied as silty-clay loam; vide Appendix D) and zones of oxidation are
observed down to 302 cm (2561 cm). The oxidization occurs as mottles
that are either blotchy or form stringers typically less than 20 cm in
length and 1 cm to 4 cm in thickness. The lower contact is gradual and
planar.
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Interpretation: The massive nature of this silt-clay loam (bordering on
silty loam) in the lower portions of the unit suggests that the base of the
unit is loess. The loessic sediment grades into a finer silty-clay loam
(Appendix D) with mottled stringers, and the gradational contact with
the lacustrine unit above. Therefore, this unit is interpreted to be a fine-
grained loess with an increasing lacustrine influence as the site was
gradually flooded, ultimately giving rise to the lacustrine deposits of
the overlying unit.

LS2-6: 313 - 518 cm (LC-11: 2572 -2777 cm)

Lithic Description: From a depth of 313 cm to 374 cm (2572-2633 cm)
the unit exhibits 2 sets of alternating dark and light bands consisting of
silty clay to silty-clay loam. The upper dark band is approximately 10
cm thick while the lower dark band is approximately 13 cm thick. Both
of these darker bands correspond to increases in organic content (Figure
3.6; Organic). Mottles within the upper 50 cm of the unit range from 2-5
cm and are spread ubiquitously throughout the interval. Below 313
cm, however, blotchy mottles (up to 1 cm) and sub-horizontally ori-
ented discontinuous mottled stringers (0.5 cm to 1 cm thick) are present
in both the dark and light bands. Based primarily on colour, the lower
contact of this interval is sharp and planar.

Below 374 cm, the primary constituent of this unit is a grey silty-clay,
however, portions of the unit exhibit various secondary (overprinted)
features. For example, from 374 cm to 401 cm (2633 - 2660 cm) the unit
exhibits rust-coloured bands from 0.5 to 1 cm in thickness; these bands
make up close to 25% of the interval. From 401 cm to 429 cm (2660 -
2688 cm) the rust coloured bands increase in concentration, making up
75% of the unit. This structure development and size decrease to a
weak, fine sub-angular blocky structure from 485 cm to 518 cm (2744 -
2377 cm) At 518 cm there is a sharp inclined (17° from horizontal) pla-
nar contact.

Paleosol-E,: Granular structure identified in thin section (Plate 3.2 A)
and a sharp increase in organic content and magnetic susceptibility
(Figure 3.5) clearly identify a pedogenic horizon. At the top of the
paleosol, the abrupt decrease in organic content and magnetic suscepti-
bility denote the termination of soil formation as the unit gave way to
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increased aeolian deposition (cf. increase in grain size, Figure 3.5) of
unit LS2-5 (LC-10). Evidence of clay illuviation in the form of clay
cutans (Plate 3.2 B) is observed from thin section and denotes a Bt -
horizon located below the horizon of granular structure. The peak in
Fe,O,and the presence of mottles suggest that sufficient water was
available to mobilize iron. This is corroborated by the larger median
grain size relative to the horizon that immediately underlies paleosol-E,
(i.e., lessivage) and the formation of medium sub-angular blocky struc-
ture overprinting paleosol E,. These data suggest that paleosol E, was
formed under relatively moist soil-forming conditions conducive to
translocation processes and therefore it is interpreted to be a luvisolic
soil.

Paleosol-E : This horizon exhibits moderately developed, medium
sub-angular blocky structure from 429 cm to 485 cm (2688 - 2744 cm)
that overprints the rust-coloured bands. A relatively broad, low-magni-
tude organic peak, a sharp Fe,O, peak, and a local low in the median
grain size (Figure 3.5) support field observations (vide ante). The identi-
fied pedogenic horizons include: an A-horizon denoted by a relative
increase in organic content and granular structure (Plate 3.2 C, E) over-
printed by translocation of iron-oxides and clay lessivage of a Bt,-hori-
zon (Plate 3.2 D, E) related to the formation of paleosol E,. Based on the
above evidence, this soil is tentatively interpreted to be a weak grass-
land soil (i.e., very-weak eluviated brown chernozem).

Interpretation: The original parent material of this unit is tentatively
interpreted as aeolian. However, the pervasive overprinting by subse-
quent paleosol formation (E, and E,) makes elucidation of either a pri-
mary or colluviated loess tenuous.

Considering both paleosols, it appears that during the formation of
this unit, the climate was progressing from dryer steppe (E,) conditions
into more moist, forested conditions (E,). However, the punctuation of
pedogenesis by an intervening non-soil-forming horizon (Figure 3.5)
suggests an inherent instability superimposed on the general climatic-
amelioration trend.
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E,; mag. 25x; PPL. B. Clay cutan in the Bt -horizon of paleosol-E,; mag.
25x; XPL. C. Arrows point to weak granular structure of denoting the A-
horizon of paleosol-E ; mag. 25x; PPL. D. Sub-angular blocky structure
illustrating the Bt,-horizon of paleosol-E, at the same elevation as “Plate
C”; mag. 25x; PPL. E. Close-up of granular structure associated with
paleosol-E, being cross-cut by accumulations of clay (arrows) translocated
during paleosol-E, formation; mag. 100x; PPL. E Arrows point to tightly
packed granular structure that denotes the A-horizon of paleosol-F; mag.
25x; PPL. G. Close-up of A-horizon granular structure in paleosol-F; mag.
100x; PPL. H. Strong sub-angular blocky structure with clay cutans
coating peds within the Bt, horizon of paleosol-F; mag. 25x; XPL. L. Clay
coating and infilling voids in the Bt,-horizon of paleosol-F; mag. 25x; PPL.
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LS2-7: 518 cm - (LC-12: 2777 cm -)

This unit consists of massive silty-clay to silty-clay loam with well
developed medium angular blocky and granular structures. The upper
20 cm of the unit is predominantly greyish-red in colour with some iron
nodules. The redness of the unit increases to a rust colour from 538 cm
to 660 cm (2797 - 2919 cm). Below 660 cm (2919 cm) the character of the
unit gradually changes back to a grey silty clay. The lower contact of
the unit was not observed. The base of the cleared section occurs at 691
cm (2950 cm).

Paleosol-F: This horizon exhibits granular structure (Plate 3.2 F, G) of
an A-horizon, well developed medium angular blocky and fine sub-
angular blocky structure (Plate 3.2 H) of a Bt -horizon, clay cutans and
clay infillings within a Bt,-horizon, sub-vertical divergent rust-coloured
bands (root traces), and greyish oval-shaped krotovena. The major-axis
diameter of these krotovena range from 10 cm to 20 cm. Laboratory
data for this pedon illustrate corresponding double-peaks in magnetic
susceptibility, organic matter, and Fe,O, which suggests a paleosol
complex or two different zones of translocated material (i.e., Bt, and
Bt,). Given the development of the structure, the thickness of the unit
and presence of krotovena, this pedogenic horizon is interpreted to
have experienced a relatively higher degree of development than pale-
osols E, or E,. Based on the above evidence which suggests that strong
translocative processes contributed to the development of this soil (cf.
Plates 3.2 H, I and Figure 3.5: AL,O,, Fe,0,, CaCO,), paleosol-F is inter-
preted as an undifferentiated luvisol that formed in a moist forest envi-
ronment.

Interpretation: Given the grain size and apparent massive structure,
the parent material of this unit is tentatively interpreted as aeolian in
origin. As is the case in LS2-6 (LC-11), discerning whether this loess is
primary or secondary (i.e., colluviated) is problematic given the degree
of pedogenic overprinting.

Likhvin Composite Section

The thickness of the composite section (Figure 3.6) is based on the
observed average thickness of the diamicton unit. Correlative depths
for LS2 were simply calculated by assuming an average thickness of
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10 m for the till unit. According to Bolikhovskaya and Sudakova (1996)
the till at the Likhvin site varies in thickness from approximately 7 m to
15 m (data extrapolated from their Figure 1, p. 295).

In all, 7 soil/ paleosol horizons were identified at the Likhvin site
(Figure 3.6; A-F). Due to the simple compilation of this composite
section, the data-lithostratigraphy relationships and interpretations
presented for LS1 (Figure 3.4) and LS2 (Figure 3.6) still apply. There-
fore, they will not be reiterated here.

Four optical luminescence dating samples were collected at the Likh-
vin site. The stratigraphic position of each of the optical dating samples
is presented in the corresponding stratigraphic column, and the ages
are presented in Figure 3.6. For a detailed discussion on the procedures
and interpretation of these ages see Little ¢ al. (in press) which is pre-
sented in Appendix B.

Likhvin Site Depositional Environment: overview

Many researchers have conducted research on the Likhvin type
section (e.g., Dremanis et al. 1978, Bolikhovskaya and Sudakova 1996;
Velichko et al. 1999) resulting in a fairly well accepted stratigraphy and
chronostratigraphy of the sediments observed at this site. Interpreta-
tions presented herein regarding the environments in which these
sediments were deposited (primary sedimentologic environment and
lithostratigraphic descriptions) generally agree with those reported by
Bolikhovskaya and Sudakova (1996). The timing and age relationships,
however, are modified in the light of the new stratigraphic data. For
these reasons, only a summary of genesis of the units is presented here
with brief discussion on soil formation.

The sedimentary sequence observed at the Likhvin site records both
pre- syn- and post- glacial environments. The weakly to non-stratified
silty-clay to silty-loam sediments that comprise the lower-most units
(LC-7 through LC-12) most likely represent aeolian deposition (LC-8, -
10, -11 and -12), reworked loess (LC-7) and shallow localized ponding
of water (LC-9). Oxidation banding and mottling that accentuate strati-
fied grain size changes suggest periodic saturation and drying possibly
due to flooding events or a fluctuating ground-water table. Three soil
forming intervals are identified within these units, paleosols F, E , and
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E,. Of these overprinting horizons, paleosol-F is the best developed,
exhibiting numerous rootlet traces, krotovena and well developed
medium angular blocky structures (cf. Plate 3.2 H, [ and Figure 3.5;
magnetic susceptibility, organic matter, Fe,O,). These data represent a
paleosol with at least two zones of translocation (i.e., Bt, and Bt,). The
upper contact of this paleosol is sharp, planar and inclined; this, in
conjunction with weak granular structure and the presence of well
developed Bt horizons suggests that an erosive event removed portions
of the A-horizon (e.g., Ahe or Ae that would coincide with B-horizon
development). Burial of the horizon by aeolian sediments preserved
the sharp contact. The genesis of units LC-11 and LC-10 was a continu-
ation of processes similar to those that produced LC-12. The soil gen-
esis, however, that produced paleosols E, and E, resulted in less devel-
oped soils relative to paleosol F, given the pedogenic structures ob-
served within these horizons (Figure 3.6).

Given the relative soil development and evidence for varying de-
grees of translocation and pedogenesis (vide ante), the initial climate
appears to be one during which a forest-environment dominated the
site (paleosol-F: luvisol). This is followed by a climatic deterioration
resulting in drying and erosion of the Ahe or Ae horizons leaving only a
weak (and possibly reworked) A-horizon and well developed Bt, and
Bt, horizons of paleosol-F. A subsequent period of weak climatic amel-
ioration resulted in the formation of paleosol-E,, a weak chernozem or
cumulic regosol. The general trend towards climatic amelioration was
punctuated resulting in the cessation of paleosol-E, This was followed
by a return to forest or forest-steppe conditions during the formation of
paleosol-E, (Luvisol).

The fine-grained, stratified sediments of Unit LC-9 represents a
period of quiet-water deposition, thus allowing relatively well devel-
oped beds of silty-clay-loam and silty-clay to settle; given the thickness
of the unit, it most likely represents a localized ponding of water. With
the advent of the glaciation that produced units LC-6 and LC-7,
katabatic wind strength would have increased and the intensity of loess
deposition in the Russian Plain region followed accordingly. This is
reflected in the increasing grain size trends (Figure 3.6) and the pres-
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ence of sandy lenses in the upper portion of LC-8, as the distance to the
glacier margin decreased. Changes in lithic content from LC-8 to LC-7
provide evidence of a reworking of the primary loess deposit. During
the reworking process, diamicton clasts are incorporated into the
substrate giving rise to the intraclasts of till and sand lenses within LC-
7. With decreasing distance to the upper contact of LC-7, these
intraclasts increase in frequency and size supporting the notion of a
glaciogenic reworking of a primary loess which was deposited prior to
ice advance and deposition of unit LC-6.

Following the loess accumulation, the area was glaciated (LC-6);
approximately 10 m of diamicton separate units LC-5 and LC-7.
Bolikhovskaya and Sudakova (1996) classified the diamicton observed
at the Likhvin site as the Dnieper Till based on clast provenance, heavy
mineral suites, and ice-movement directions determined from clast a-
axis trends. No evidence to contradict Bolikhovskaya and Sudakova
(1996) was identified and therefore this unit is classified herein as the
Dnieper Till.

Above the Dnieper Till there is a typical deglacial sequence begin-
ning with well sorted, cross-stratified, medium to coarse grain sands
(LC-5) that were, based on the nature and scale of the cross-stratifica-
tion, deposited within a glaciofluvial environment. As the distance-to-
source increased (i.e., retreating glacial margin by association with
underlying Dnieper Till), a fining-upward trend of these glaciofluvial
sediments resulted (Figure 3.6). Occasional fluctuations in discharge
produced both coarse grained gravel deposition and rapid fine-grained
sedimentation; the latter resulted in well-developed load structures.

Following glaciofluvial deposition, local changes in the drainage
networks caused ponding of water and consequent deposition of lami-
nated silty-clay and silt that constitute LC-4. Stratification within this
unit is evident in the lower portions of the unit because these areas
were well below the active layer observed in LC-3 (vide post). Much of
the primary structure in the upper portions of the unit were destroyed
during the cryoturbic phase that followed the development of paleosol-
D in the overlying unit.
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The depositional setting of unit LC-3 is enigmatic due to the pedo-
genic and pervasive cryogenic overprinting (Figures 3.2 and 3.4). How-
ever, given the fine median grain size and presence of paleosols, it
appears that the local ponding that produced LC-4 ceased and was
replaced by fine-grained deposits reworked by aeolian processes. This
interpretation is based primarily on the increase in median grain size
but is, nonetheless, purely a speculative one as there is a lack of primary
sedimentary structures on which to base a well-founded interpretation.

The degree of pedogenic overprinting in unit LC-3 is comparable to
both the modern soil and paleosol-F observed below the Dnieper Till.
At least 2 phases of soil development are evident as there are 2 Ah-
horizons and 2 Bt-horizons (Figure 3.4A; Little et al. in press). The
presence of an eluviated horizon below the lower Ah-horizon suggests
that the paleosol associated with these horizons may have developed
under forested conditions rather than the forest-steppe conditions
interpreted for the overlying paleosol. This is consistent with observa-
tions in similar sequences overlying the Dnieper Till (Velichko and
Morozova 1987) and therefore the paleosols developed within this
interval are interpreted as the last interglacial pedocomplex (cf. Figure
1.6, p. 18).

Based on the sharp upper contact of unit LC-3, it appears as though
there was a relative increase in aeolian deposition following the upper
soil-forming interval. The result was unit LC-2 deposition. Grain size
trends suggest that deposition was initially very slow which is corrobo-
rated by the relatively thin (178 cm) package of loess between the top of
paleosol-D and paleosol-C. Stratigraphic position and relative pedog-
enic development of paleosol-C suggests that it represents a major
interstadial with in the last glacial period. A thick loess package above
paleosol-C suggests aggressive loess deposition during the latter stages
of the glacial event. A fire pit (charcoal rich horizon) with an age of
2770 + 60 "'C years (TO-7408) or 2870 + 120 calendar years (vide ante for
method) and an anthropogenically excavated pit that crosscuts both the
charcoal horizon and paleosol-B suggests the presence of an anthropo-
genically induced unconformity, above which are ca. 200 cm of poten-
tially reworked sediments (LC-1) deposited during the latter portions of
Holocene.
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Gololobovo Sections

The Gololobovo site lies to the southeast of the Kolomyenka River, at
the Gololobovo Quarry Brick Factory (Figure 1.1). Four sequential
sections make up the Gololobovo composite section. Each of these four
sections will be presented individually with construction of the com-
posite section to follow. The maximum distance between the sections is
approximately 800 m (GS1 and GS4) while the minimum distance is 75
m (GS2 and GS3).

Due to the complicated procedure for constructing the Gololobovo
composite section (compared to Likhvin) and the presence of overlap-
ping lithologic units, all data-trends and lithostratigraphic relationships
are discussed after the composite section presentation. Lithic data (e.g.,
median grain size, magnetic susceptibility, LOI, geochemistry) are
presented for each lithostratigraphic section.

Gololobovo Section No. 1: Lithostratigraphy and basic paleosol
description

Four lithic units comprise Gololobovo Section No. 1 (hereafter re-
ferred to as GS1). These are illustrated in figure 3.7A.

GS1-1: 0-205cm (GC-1: 0 - 205 cm)

Lithic Description: The surface of this section has been disturbed by
pit operations. The upper 112 cm of this unit consists primarily of light
yellowish-brown (10 YR 6/4 d) to brownish yellow (10 YR 6/6 d)
clayey-silt. The lower 93 cm of the unit consists primarily of massive
darker coloured clayey-silt sediments (dark yellowish brown, 10 YR 4/4
m). The lower contact is gradational and planar.

Soil-A: A number of different (albeit related) pedogenic characteris-
tics are present within the upper 112 cm of the unit: from0-9cma
moderately developed, fine blocky structure is observed; from 9 - 30 cm
the sediment exhibits a moderately developed sub-angular blocky
structure superimposed on a weakly developed, fine prismatic struc-
ture; from 30 - 63 cm there is evidence of weak ash-grey (no Munsell
colour) gley and weak sub-angular to angular blocky structure; from 63
- 112 cm the sediment exhibits a weak, fine granular microstructure, a
moderately developed fine sub-angular blocky mesostructure, and a
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weak fine prismatic structure. Between 112 cm and 146 cm, clay cutans
have developed on peds and within voids (Plate 3.3, A-E).

[nterpretation: Based on the grain size and the massive nature below
the pedogenically altered sediments (i.e., from 146 - 205 cm) the parent
material of this unit is interpreted to be primary loess. Paleosol-A,
being the modern-day soil, is observed to be within a forest zone. Un-
fortunately, the A-horizon has been removed, but the degree of
translocated clays in the Bt, (0 - 63 cm) and Bt, (63 - 146 cm) suggests
that there may have been Ahe and/or Ae horizons above thereby allow-
ing inference that this soil belongs to the Luvisolic Order. Furthermore,
the presence of weak Ah-horizon development from 63-112 (evident
from fine-granular structure) suggests that the initial stages of soil-A
development may have been cumulic (regosolic), forming in tandem
with aeolian deposition.

GS1-2: 205-225cm (GC-2: 205 - 225 cm)

Lithic Description: This unit consists of weakly stratified brownish-
yellow (10 YR 6/6 d) silty-clay. The stratification fades below 220 cm
and is not observable at 225 cm. The lower contact is diffuse and pla-
nar.

Interpretation: Based on the grain size and stratification, the unit is
interpreted to have formed in a quiet-water setting. Given the thickness
and context of the unit relative to bounding units, the general setting is
one in which loess was deposited into a localized lacustrine environ-

ment.

GS1-3: 225-463 cm (GC-3: 225 - 463 cm)

Lithic Description: This unit consists entirely of massive silty-clay.
Dark yellowish-brown (10 YR 4/4 m) sediments occur between 310 cm
and 380 cm; above and below this horizon, colour is slightly lighter
(i.e., yellowish brown, 10 YR 5/4 m). Weak orange-brown (no Munsell
colour) mottles up to 0.25 cm in diameter, and separated by 1 - 10 cm,
are present between 304 cm and 349 cm. The lower contact is clear and
irregular.

Paleosol-C: The only field indication of a paleosol within this unit
comes from the darker colour between 310 cm and 380 cm, however,
organic and CaCO, profiles (Figure 3.7A), and micromorphological
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Plate 3.3. Photomicrographs for
the upper three paleosols at
Gololobovo. A and B. Clay
infilling illustrating clay
translocation into this horizon;
mag. 100x; A, PPL; B, XPL. C
and D. Multiple clay cutans
surrounding void spaces
suggesting episodic clay translocation to this horizon; mag. 25x; C, PPL; D,
XPL. E. 100-200 um clay cutan surrounding void space; mag. 100x; PPL. F.
Compacted granular structure of paleo-Ah horizon; mag. 100x; PPL. G.
Platy structure in Ahe horizon of paleosol-D; mag. 25x; PPL. H.
Accomodated sub-angular blocky structure; mag. 25x; PPL. 1. Arrows
point to illuviated clay infillings; mag. 100x; PPL.

observations corroborate field evidence. Both organic content and
CaCO, content increase at approximately 310 cm and peak at approxi-
mately 420 cm. The observation that these curves track one another
suggests that there may have been post-pedogenic translocation proc-
esses acting on these materials. Very-fine, granular structure (Plate 3.3,
F), in addition to increases in organic matter and CaCO, content, sug-
gest this pedogenic horizon is a weak paleo-Ah horizon.
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Interpretation: The massive nature, (limited) grain size data and
relatively high CaCO, content suggest this unit is comprised of fine-
grained loess. The gradational contacts and relatively weak develop-
ment of paleosol-C suggest that perhaps this paleosol is a cumulic soil
that formed contemporaneously with aeolian deposition. Based on the
very-fine granular structure identified from micromorphological inves-
tigations, organic and CaCO, values and relative context, paleosol-C is
interpreted to be a cumulic regosol that developed in a steppe to forest-
steppe environment.

GS1-4: 463 - 610 cm (GC-4: 463 - 646 cm)

Lithic Description: This unit consists of massive silty-clay. From 463
cm to 520 cm the dominant colour was dark brown (10 YR 3/3 m). This
colour lightened below 520 cm to brownish-yellow (10 YR 6/6 m) with
occasional (<5%) very pale brown patches. Gley and mottling were
pervasive throughout the unit. At 593 cm the colour changes to yellow-
ish brown (10 YR 5/8 d) and the grain size changes from clay to clayey-
silt. The base of the unit exhibits irregular shaped fissure-like infill
structures. These structures are infilled with sediments similar to that
observed in the upper 57 cm of the unit. They are typically <4 cm at
their tops (i.e., start at approximately 520 cm) and pinch out in the
underlying unit (i.e., GS1-5). The tail ends of fissure-like structures (vide
ante) originating in the overlying horizon (463-593 cm) are visible in the
upper part of the unit. The lower contact is not observed at this section.

Paleosol-D: Fine granular structure, platey structure and krotovena
are the only pedogenic structures observed between 463 cm and 593 cm;
from 593 cm to 610 cm no pedogenic structures are identified from field
observations. However, LOI and geochemical data provide important
evidence as to the origin of this paleosol. Between 487 cm and 504 cm,
organic matter, CaCO, Fe,O, and Al,O, all exhibit sharp decreases
whereas an associated peak in SiO, is present within the same interval.
These data, in conjunction with platey structure (Plate 3.3, G) suggest
the presence of an eluviated horizon (e.g., Ahe) within paleosol-D.
Peaks in CaCO,, Fe,0, and Al O, in addition to sub-angular blocky

* Depths from corresponding units in G54 are used to for the composite section depths.
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structure (Plate 3.3, H) and illuviated clay infillings (Plate 3.3, [) suggest
a Bt horizon is located immediately below the Ahe horizon.

Interpretation: This unit continues down into Gololobovo Section No.
2. The data are interpreted after considering observations from unit
GS2-1 (vide post).
Gololobovo Section No. 2: Lithostratigraphy and basic paleosol
description
This section is relatively thin, consisting of 120 cm of in situ sedi-
ments which exhibit overprinting pedogenic and cryogenic features.
There is only one lithologic unit that comprises Gololobovo Section No.
2 (hereafter referred to as GS2); this unit is described in detail below,
illustrated in figure 3.7B and depicted in figure 3.8. Correlated compos-
ite section depths are presented in parentheses.

GS2-1: 0 -120 cm (GC-4: 490 - 610 cm)

Lithic Description: The upper 12 cm of this unit consists of brownish-
yellow (10 YR 6/6 d) clayey-silt. From 12 cm to 27 cm (502 - 517 cm) the
colour changes to strong brown (7.5 YR 5/8 d) but the grain size re-
mains unchanged. Below 27 cm (517 cm) this unit exhibits ground
wedges infilled with sediments from the 12 cm to 27 cm (502 - 517 cm)
interval. These wedges penetrate down to 62 cm (552 cm) through
yellow (10 YR 7/6 d) massive silt which extends to a depth of 120 cm
(610 cm). The lower portion of the unit exhibits rare (<2%) CaCO,
nodules ranging in size from 1-3 cm. The lower contact is not observed
in this section. Optical dating sample GSCL 3 was obtaired from this
unit at a depth of 108 cm (598 cm); ages are reported on the composite
section diagram (vide Figure 3.13).

Paleosol-D: The paleosol presented here is the lateral equivalent of
the paleosol identified in LS1-4; evidence for this correlation is pre-
sented under the subsection entitled: Gololobovo Composite Section. The
upper 27 cm exhibit moderate to strong fine granular structure. This
structure corresponds to peaks in magnetic susceptibility, organic mat-
ter content, Fe,O, and AL, O, (Figure 3.7B). Colour changes denote the B-
horizon in the field (Figure 3.8), and are corroborated by LOI data. The
B-horizon represents the zone bounded by peaks in organic matter
(above) and CaCO, (below; Figure 3.7B). Other features include krotov-
ena up to 6 cm x 4 cm and occasional (<5%) CaCO, rootlet casts.
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Figure 3.8. Mezin paleosol at Gololobovo. Ground wedges infilled with
organic rich sediment penetrate into underlying parent material (loess).

[nterpretation: The parent material of this unit is interpreted as loess
based on the grain size data and massive structure. Increasing median
grain-size up through the section supports the notion of increasing
aridity and winds as the climate deteriorates. Subsequent warming and
reduction of accumulation rates allowed pedogenic processes to pro-
duce paleosol-D which, based on LOI, geochemical and micromorpho-
logical evidence, is interpreted as a luvisol forming under moist
forested conditions. Cryoturbation in the form of ground wedges in-
filled with A-horizon material suggests climatic deterioration towards
permafrost conditions followed the climatic optimum represented by
paleosol D.

Gololobovo Section No. 3: Lithostratigraphy and basic paleosol
description

Gololobovo Section No. 3 (hereafter referred to as GS3) is located
approximately 75 m from GS2. Five primary units make up GS3 (Figure
3.9); the upper most unit is visually correlative with the base of unit
GS2-1.

GS3-1: 0 -96 cm (GC-4: 463 - 646 cm)

Lithic Description: This unit consists of yellowish-brown (10 YR 5/8
m) to brownish-yellow (10 YR 6/6 m) massive silty-clay loam to silty
loam. The unit exhibits a weak fine granular structure and rare (<2 %)
CaCO, nodules up to 3 cm. The lower contact is diffuse.
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Interpretation: This unit is interpreted as loess. The weak fine granu-
lar structure is interpreted to represent weak pedogenic processes act-
ing on an aggrading paleosurface and the immediately underlying
parent material. As loess accumulated, the inferred weak pedogenic
processes were not sufficient to produce a significant pedostratigraphic
horizon.

GS3-2: 90 -170 cm (GC-5: 646 - 726 cm)

Lithic Description: This unit consists of yellowish-brown (10 YR 5/6
m) silty loam. In contrast to the overlying unit, this unit is slightly
coarser and exhibits sub-horizontal oxidized bands from 0.5 - 2 cm thick
and 6 - 7 cm wide; the frequency of these bands decreases with depth.
Below 136 cm (692 cm), the colour changes to brownish-yellow (10 YR
6/6 m). Rare (<2%) CaCO, nodules up to 3 cm are also present within
this unit. The lower contact is planar and gradational.

Interpretation: This unit is interpreted as loess based on the context of
the unit relative to bounding units and grain size data characteristics
(Figure 3.9 and Appendix D). Further corroboration of this interpreta-
tion is presented in figure 3.10 where a sample from GC-5 is compared
to the grain-size frequency distribution of loess samples from the Chi-
nese Loess Plateau. Oxidation banding may have been developed by
slightly coarser strata deposited under higher energy conditions. The

Gololobovo Loess (GC-5) Vs Chinese Loess

“F Figure 3.10. Cumulative frequence
il 3 ] graphs of three loess samples
s b from the Chinese Loess Plateau,
o b i plotted with an example of loess
Yoo | g from Unit GS3-2 (GC-5). The
it 3 A 1 Russian Plain example falls
it of 4 1 between all Chinese-loess
39 ; l " 1 members. Difference in the fine
il 3 { | and coarse tails are due to
2 f # xj —omocs.=s | different laboratory procedures -
o o —eoperanc -l nevertheless, the samples are
. _.‘-.zl L. comparative.
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oxidation banding is interpreted to be the result of porosity and/or
permeability differences from the contrasting grain-size strata. The
grain-size-controlled difference in the amount of water and /or air
permeating the sediments has resulted in differential oxidation states
and the observed oxidation banding.

GS3-3: 170 - 338 cm (GC-6: 726 - *cm)

Lithic Description: This unit consists of yellowish-brown (10 YR 5/6
m) high-angle, weakly stratified clayey-silt. The stratification also
exhibits alternating oxidation/reduction bands overprinting the pri-
mary stratification. The lower contact is sharp and planar.

Interpretation: Based on grain size and stratification, this unit is inter-
preted as a colluviated loess.
GS3-4: 338 - 450 cm (GC-7: *cm)

Lithic Description: This unit consists of strongly mottled / gleyed light
grey (10 YR 7/2 m) to greyish-brown (10 YR 5/2 m) massive clay. Mot-
tles present within this unit are yellow (10 YR 7/6 m) to dark yellowish-
brown (10 YR 4/6 m) and range in size from 3 cm to 4 cm. The lower

contact is marked by a 3 cm thick strongly oxidized zone containing
iron nodules; the contact is abrupt and planar.

Interpretation: The well sorted, extremely fine grain size of this unit
suggests sub-aqueous deposition in a lacustrine or glaciolacustrine
setting. Variations in magnetic susceptibility (Figure 3.9) are most likely
due to the influence of the iron mottles within this unit.

GS3-5: 450 cm - (GC-8: *cm -)

Lithic Description: This unit consists of brown (10 YR 4/3 m) to dark
yellowish-brown (10 YR 4/6 m) silty-clay. Occasional (<5%) mottles
present within this unit are brownish-yellow (10 YR 6/8 m) and have a
diameter of less than 0.5 cm. The lower contact is not observed.

Paleosol-E,: The dominant characteristics of this unit are the moder-
ately to strongly developed fine sub-angular blocky structure that over-
prints a weak fine granular structure (e.g., Plate 3.4 A,B). Clay cutans
were observed during field investigations and in thin section (Plate 3.4,

* Depths from corresponding units in G54 are used to for the composite section depths.
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C, D). Given moderate to strongly developed structure in this paleosol
and the nature of the upper contact (i.e., erosive), it is possible that Ahe
and/or Ae horizons have been removed. There remains, however, a
relative abundance of organic matter (Figure 3.9, Organic) within this
horizon. Given the evidence presented above, paleosol-E, is inter-
preted to be a luvisol that formed under moist forest conditions.

Interpretation: The parent material is interpreted to be a secondary
(pedogenically altered) loess. This is based on the lack of primary
bedding and the silty nature of the sediment (similar to other fine-
grained loess interpreted at this site). The high-degree of pedogenic
alteration, however, makes this interpretation tenuous.

Gololobovo Section No. 4: Lithostratigraphy and basic paleosol
description

Gololobovo Section No. 4 (hereafter referred to as GS4) is located
approximately 450 m from G3. Four primary units comprise G54 (Fig-
ure 3.11). Correlated depths are presented in parentheses.

GS4-1: 0 -140 cm (GC-7: 798 - 938 cm)

This unit consists of light brownish-grey (10 YR 6/2 m) to greyish-
brown (2.5Y 5/2 m) massive clay. Mottles present within this unit are
brownish-yellow (10 YR 6/8 m) to olive-yellow (2.5 Y 6/8 m) and range
in size from 1 cm x 1 cm up to 12 cm x 19 cm; some of the mottles con-
tain hard iron/manganese cores. The mottle size and abundance de-
crease with depth below 90 cm (888 cm) from many (>20%) to common
(2-20%). The lower contact is clear and wavy.

Interpretation: See unit GS3- 4 above.

GS4-2: 140 - 249 cm (GC-8: 938 - 1047 cm)

This unit consists of brown (10 YR 4/6 m) to yellowish-brown (10 YR
5/4 m) silty-clay. The upper 43 cm exhibits vertical to sub-vertical dark
grey fissure-like infill structures. These structures are irregularly

spaced with horizontal distances between stripes of 6 cm to 17 cm. The
lower contact is diffuse and planar.

Paleosol-E,: The upper 43 cm of this unit consists of strong, fine sub-
angular blocky structure overprinting a moderately developed fine
granular structure (Plate 3.4, A, B) and is therefore interpreted as an AB-
horizon. Below 183 cm (981 cm), only a fine, angular blocky structure is
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Gololobovo
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Plate 3.4. Photomiqographs
for paleosols E, and E, at
Gololobovo. A. Clay
cutan surrounding ped;
mag. 100x; XPL. B.
Granular structure of
upper horizon within
paleosol-E,; mag. 100x;
PPL. C. Multiple clay
cutans forming around ped within Bt -horizon; mag. 25x; XPL. D. Arrows
point to granular peds (see also below) whereas the dashed box draws
attention to an sub-angular ped with a thin cutan. Note the presence of a
granular ped within the upper-right corner of the larger blocky ped
suggesting a Bt-horizon overprints an Ah-horizon; mag. 25x; PPL. E.
Unaccomodated to partially accomodated, strong sub-angular blocky
structure; mag. 25x, PPL. F and G. Examples of granular structure from
paleosol E that were subsequently overprinted by the formation of sub-
angular blocky structure during the E, soil-forming event (presented in D
and E respectively); F, mag. 25x; PPL; G, mag. 100x; PPL.

identified from field investigations, however, micromorphological
analyses suggest the presence of sub-angular blocky structure and clay
cutans (Plate 3.4, C-E). These structures are interpreted to result from Bt
(Bt, and Bt,; Plate 3.4) horizon formation which, in its upper portions,
overprints a previous Ah horizon (fine-granular structure). Also within
this unit are krotovena up to 10 cm x 20 cm. Given the stratigraphic
position below the massive clay unit (i.e, GS3-4 and GS4-1) and the
similarity in pedogenic structures, this unit is the lateral equivalent of
GS3-5.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Interpretation: See unit GS3-5 above.

GS54-3: 249 - 381 cm (GC-9: 1047 - 1179 cm)

Lithic Description: This unit consists of silty-clay sediment. The
colour of this unit lightens with depth from dark yellowish-brown (10
YR /6 m) at 249 - 314 cm (1047 - 1112 cm) through brownish yellow (10
YR 6/6 d) between 314 - 339 cm (1112 - 1137 cm). At 339 cm (1137 cm) a
gradual contact is observed between the brownish yellow (10 YR 6/6
d) clayey-silts and the underlying brown (10 YR 4/3 m) massive clayey-
silt; the colour of this massive clayey-silt lightens to brownish-yellow
(10 YR 6/6 m) with depth. The lower contact is abrupt and planar.

Paleosol-E,: This paleosol horizon exhibits moderate, medium sub-
angular blocky structure (from E,) that overprints a weak, fine granular
structure (E,) from 249 - 314 cm (1047 - 1112 cm). Below 314 cm (1112
cm), a weakly developed sub-angular blocky structure related to E,
pedogensis dominates. The weak, fine granular structure and weakly
developed, fine sub-angular blocky structure are attributed to weak
eluviated brown chernozemic or brunosolic soil formation. Therefore,
paleosol-E, is interpreted to have formed under steppe to forest-steppe
conditions. Evidence of pervasive clay translocation during the subse-
quent soil-forming event (paleosol-E,, vide ante), would have over-
printed the granular structure of paleosol-E,, giving rise to the moder-
ately developed, medium, sub-angular blocky structure (Bt, of paleosol-
E,) observed in the upper portions of this interval.

[nterpretation: Pervasive pedogenic overprinting of this unit makes
parent material interpretation problematic. Based on comparative grain
sizes in other problematic units and the relative context of bounding
horizons, a speculative interpretation of secondary (pedogenically
altered) loess is given to this unit.

GS4-4: 381 cm - (GC-10: 1179 cm - )

This unit consists of silty-clay intensely overprinted by pedogenic
horizons and intense cryoturbation (Figure 3.12). In order to simplify
the following, descriptions are subdivided into discrete packages (e.g.,
Sub-unit GS4-4a, Figure 3.12, A, B) that include both lithic and pedo-
genic components. The lower contact of the unit is not observed within
this section. There are six sub-horizons observed within this unit:
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Figure 3.12. A. Photo of unit GS4-4
depicting the chaotic distribution of sub-
units (4a to 4f). B. Unit GS4-4 located
approximately 50 m northeast of section
GS4. This exposure depicts the
horizontal extent and relationships of
paleosol horizons that were not
discernable at secton GS4 due to limited
exposure. Clearly visible (from top to
bottom) are horizons (units) 4a, 4b, 4c
and 4e. Sub-units 4d and 4f are not
discernable at this scale of observation
C. Ground wedges penetrating into

)... s,

3

Ground Wedges

Photomicrographs
(PPL) depicting various
structures observed in
sub-units: 4a, granular
structure (mag. 25x); 4d,
sub-angular blocky
structure (mag. 25x); 4e,
clay cutans (mag. 100x).
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Sub-unit GS4-4a consists of yellowish-brown (10 YR 5/4 m) silty-
clay. Weak sub-angular blocky to weak fine granular structures are
present within this unit in addition to krotovena up to 7 cm x 10 cm and
infilled with what appears to be sub-unit GS4-4e (vide post). Extremely
small (<1 mm) organic pellets are also present throughout this unit and
comprise <2% of the observed area. The colour gradually lightens to
light yellowish-brown (10 YR 6/4 m) at 432 cm (1230 cm). The lower
contact of this sub-unit is clear and irregular.

Sub-unit GS4-4t consists of highly deformed, structureless, very pale
brown (10 YR 8/3 d) silt.

Sub-unit GS4-4c consists of weakly oxidized, highly deformed, dis-
continuous olive-yellow (2.5Y 6/6 m) silt. Weak fine granular structure
is discernable within this sub-unit.

Sub-unit GS4-4d consists of dark yellowish-brown (10 YR 4/6 m)
silty-clay. Moderate fine sub-angular blocky and weak fine granular
structures are present within this sub-unit; clay cutans are also ob-
served. This sub-unit exhibits a strong fissility.

Sub-unit GS4-4e consists of strong brown (7.5 YR 5/8 m) silty-clay.
Moderate to strong medium sub-angular blocky structure is present in
addition to well developed clay cutans and moderate oxidation. Strong
fissility is also present in this sub-unit.

Sub-unit GS4-4f consists of gleyed zones of yellowish-brown (10 YR
5/6 m) silty clay. This sub-unit exhibits moderate to strong medium
sub-angular blocky structure and a strong fissility.

In addition to the involuted nature of this unit, large ground wedges
have been observed crosscutting the various sub-units described above.
These wedges can reach 50 cm - 75 cm in maximum width and 150 cm -
175 cm in height, with a spacing between wedges of up to 200 cm.

Interpretation: This unit exhibits an extremely well developed paleo-
sol that exhibits the following horizons: Ah (GS4-4a), Ae (GS4-4b), Bt1
(GS4-4c) and Bt, (GS4-4d). The overall thickness exceeds two metres.
From these observations, this paleosol is interpreted to be a Grey-brown
luvisol that developed under forested conditions. Given the thickness
of the soil, it is reasonable to infer a relatively long period of soil devel-
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opment. The well-developed ground wedges that crosscut the paleosol
are testiment to the subsequent cold conditions that lead to the forma-
tion of permafrost.
Gololobovo Composite Section

The Gololobovo composite section was compiled originally by com-
paring similar lithologic units from sequential sedimentary sections.
Fine-tuning of the lithostratigraphic correlation was accomplished by
comparing overlapping laboratory data plotted versus section depth
(Figure 3.13). The result is a well constrained composite section that
outlines the general stratigraphic relationships observed at the
Gololobovo site. The stratigraphic relationship between units GC-6 and
GC-7 is clear at GS4, therefore the composite section depths for these
units correspond to those observed in GS4.

Four optical luminescence dating samples were collected at the
Gololobovo site. The stratigraphic position of each of the optical dating
samples is presented in the corresponding stratigraphic column, and
the ages are presented in figure 3.13.

Gololobovo Site: relative data interpretations

In all, six soil / paleosol horizons were identified in the field; the
organic enriched horizons are clearly highlighted on the stratigraphic
column in figure 3.13 (shaded portion of composite units). Unfortu-
nately, the grain size data obtained from this section are too sparse to
relate to the lithostratigraphy. However, other data do illustrate reason-
able correlation to soils.

The magnetic susceptibility in the Gololobovo stratigraphic record
(Figure 3.13) shows strong peaks in each of the strongly developed
pedogenic horizons (A, D, F) as well as peaking in other less well devel-
oped pedogenic horizons (i.e., E,). A peak is also observed within
Gololobovo composite unit GC-7 (equivalent to GC3-4 and GC4-1 in
figures 3.9 and 3.11 respectively). This peak is, in all likelihood, a func-
tion of the mottling and oxidation within that unit. The magnetic sus-
ceptibility sample in this case was located close to, or within a mottle or
oxidized zone.

Relative organic highs are found to be associated with soil / paleosol
horizons A, C, D, E, and F. Paleosol-C exhibits a gradual increase in
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organic content from approximately 310 cm to 430 cm, but the lower
limit of the observed pedogenic horizon (from field observations) oc-
curs at approximately 380 cm. Further investigations into the vertical
extent of paleosol-C at the Gololobovo site may be required. Other
paleosols, specifically paleosol E,, exhibit organic peaks (Figure 3.13;
depth of approximately 1100 cm), however, this peak consists of only
one datum point and is only greater than the adjacent data points by a
fraction of a percent. Therefore, this may be an artifact of insufficient
data resolution.

The main feature observed in the CaCO, data set (Figure 3.13) is the
large broad peak that dominates the profile from approximately 580 cm
to 730 cm, and to a lesser extent from approximately 730 cm to 800 cm.
The upper portion (Figure 3.13; GC-4) corresponds to a massive silty
horizon interpreted to be primary loess. The lower portions (Figure
3.13; GC-5 and GC-6) correspond to weakly stratified silty horizons
interpreted to be secondary (colluviated) loess. The high calcium car-
bonate percentages characterizing sediments between 580 cm and 730
cm are interpreted to be the result of post-depositional “loessification” -
type processes (cf. Pécsi 1990, 1995).

Both Fe,O, and Al,O, data have good correspondence with soil/
paleosol horizons. Weak peaks in Fe,O,data are observed for paleosols
Cand E, while relatively strong Fe,O, data peaks correspond to paleo-
sols D, E, and F. With regards to Al,O, data, relatively moderate to
strong peaks correspond to soil-A, and paleosols D, E, and F. In some
cases the AL,O, data peak is slightly offset or spread out from the cor-
relative Fe,O, peak (e.g., E, and F) suggesting that post-depositional
processes were active, giving rise to accumulations of these materials in
different parts of the paleo-soil solum.

Gololobovo Site Depositional Environment: overview

Similar to Likhvin, the Gololobovo site consists of material represent-
ing deposition in at least two different sedimentary environments:
aeolian and lacustrine/glaciolacustrine; due to difficult exposure and /
or working conditions (i.e., excessive moisture) interpretation of some
units is problematic and therefore any interpretation associated with
these units is purely speculative. Despite its location behind several
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published glacial limits (cf. Figure 1.8), no diamicton units are observed
at the Gololobovo site. This suggests that the observed sedimentary
sequence at this site was deposited beyond the regional glacial limits.

The sequence of events at Gololobovo starts with the deposition of
unit GC-10. Any diagnostic primary structures and textures of this unit
have been completely destroyed during subsequent pedogenesis and
cryoturbation, making the interpretation of a depositional environment
difficult. However, the degree of pedogenesis within this unit (i.e.,
paleosol-F) is unequalled at this site, even considering the modern-day
soil. The unit exhibits at least three different pedogenic horizons which
include: an Ah overprinted by subsequent illuviation structures (sub-
unit GS4-4a and GS4-4d); an Ahe-Ae (sub-unit GS4-4b) stripped of
organics, CaCO,, Fe,0,, and to some degree ALO,. (Figure 3.11: 450 -
480 cm or Figure 3.13: 1248 - 1278 cm); and an illuviated horizon that
can be subdivided into Btl (GS4-4d) and a Bt2 (GS4-4e, f). The thick-
ness of the unit reaches ca. 200 cm suggesting a significant period of soil
development; clearly a major paleosol solum (grey-brown luvisol)
formed during forested interglacial climate conditions. The overprint-
ing cryogenic involutions and ground wedges that disrupt the soil
horizon stratification suggest extremely cold conditions following the
development of paleosol-F.

The upward coarsening of units GC-9 and GC-8 (Figure 3.13 - Grain
Size/ GC-9) and a lack of primary structure in weakly organic horizons
suggests that perhaps these fine-grained sediments were genetically
related, being deposited in similar aeolian environments. Although the
entirety of these units has been pedogenically altered, the organic con-
tent and structure in unit GC-9 (paleosol-E ) is much less pronounced
than that in unit GC-8 (paleosol-E,). The weakly formed granular struc-
ture forming in loessic sediments, suggests that paleosol E, may have
been a weak eluviated brown chernozem or brunosol forming in a
steppe to forest-steppe environment, whereas pervasive translocation
processes within paleosol-E, (luvisol) represent a period of more signifi-
cant pedogenic development in a forest environment.

Overlying GC-8 and paleosol-E, are the gleyed, heavy clays of unit
GC-7. These extremely well-sorted very fine-grained sediments are
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interpreted to have been deposited in a lacustrine environment. As
described earlier, the Gololobovo site is located within the Oka Basin at
the southern edge of the Meshchera Depression and thus, any change in
local drainage could create a depositional basin within which these
clays have accumulated. The texture of the unit GC-7 clays is testament
to the extremely low energy conditions present at the time of deposi-
tion.

Gradually, the quiet-water conditions during the deposition of unit
GC-7 slowed or ceased. With the subsequent onset of glaciation (cf.
Dnieper Till at Likhvin), drier and cooler climatic conditions gave rise
to increased wind strength (katabatic winds) and associated deposition
of wind-blown dust in the region. The increase in wind strength and
excess of material being deposited, produced conditions ideal for
colluviation. Being located in a basin, much of this colluviated loess
was deposited along slopes which resulted in the weak stratification of
unit GC-6. Eventually, these weakly stratified sediments gave way to
the silty sediments of unit GC-5 which are interpreted as primary loess.
Strata of loess that vary slightly in grain size and packing density (from
differential oxidation bands) suggest varying wind strengths during the
Dnieper glacial maximum (¢f. Dnieper Till at Likhvin). Subsequent
retreat gave way to reduced katabatic winds evident from increased
pedogenesis that produced weak, fine granular structure in the upper
portions of unit GC-4 (paleosol-D).

Paleosol-D, although not exhibiting the degree of development expe-
rienced by paleosol-F, does exhibit well developed Ah and Bt horizons.
Subsequent cryoturbation and ground wedge formation suggest re-
working during a post-pedogenic cold interval. Only one pedogenic
event is detected within unit GC-4.

Unit GC-3, composed of massive silty-clay, was excavated under
extremely wet conditions; this sullegic factor hampered identification of
any primary structure that may have been present in the exposed sec-
tions and therefore the following interpretation for this unit is specula-
tive. The (apparent) massive, fine-grained nature of this unit may
suggest either rapid sedimentation in a lacustrine environment, or
extremely slow deposition in an aeolian environment. Given that there
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is only ca. 153 cm between the top of paleosol-C and the top of paleosol-
D, and the sediments between were deposited between post ca. 94 ka
and ca. 27 ka (i.e., ca. 2.28 cm per 1000 years) the latter “slow aeolian”
interpretation is favoured. In this scenario, the initiation of aeolian
deposition would have buried paleosol-D which formed during the
preceding interglacial period. This aeolian sedimentation would have
continued throughout the early last glacial period until aeolian sedi-
mentation was attenuated enough to allow paleosol-C to develop.
Subsequent climatic deterioration once again increased the sedimenta-
tion rate and buried paleosol-C.

With the advance of late glacial ice to the northwest of the Gololo-
bovo site, water and drainage patterns may have fluctuated causing a
minor local ponding of water. Aeolian deposition, and weak fluvial
deposition of sediments into this lake contributed to the formation of
unit GC-2. However, this body of water was ephemeral and once
drained or filled with sediments, aeolian sedimentation buried the unit
under GC-1. This final phase of aeolian sedimentation continued until
the advent of the Holocene interglacial, in which the modern-day soil
formed.
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