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Abstract—Red-colored pedosediments were described in the sections of the Lori Basin in northern Armenia.
The environmental conditions in the period of their formation have been reconstructed. The Early Pleisto-
cene pedosediments in Yagdan and Kurtan-IV sections are available for study due to their conservation under
the products of volcanic activity, which are dated earlier than 2 and 1.4 Ma, respectively. Prior to burial, the
pedosediments were exposed to molten lava, which affected their composition and properties. We used the
micromorphological method to study the pedosediments and determined the magnetic susceptibility, parti-
cle-size and total chemical composition, the content of carbon and nitrogen, and the biomorphs. Signs of the
formation of the studied pedosediments in a humid warm (subtropical) climate were found, which corre-
sponded to the results of earlier studies. Based on the combination of features, soil formations from the Yag-
dan section were assigned to Cambisols with Argic, Vitric, and Chromic qualifiers. Additional elements were
input from the above layer of basalt lava to the sediments: copper, chromium, nickel, cobalt, and vanadium,
which was reflected in an increase in the specific magnetic susceptibility and enabled us to specify the soil and
sediments by geochemical coefficients. Pedosediments from Kurtan-IV section were characterized by Stagnic
and Luvic features. They were also formed in a humid but cooler climate.
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INTRODUCTION

Red-colored soils are characterized by pronounced
lithogenic features due to the presence of hematite in
the soil-forming rock [25], which determines their
specific color. They are formed in humid and semihu-
mid tropics and subtropics under conditions of a deep
percolative water regime [11, 16, 19]. Features of red-
colored soil formation on the products of basalt
weathering were discovered in the Lori Basin of Arme-
nia during soil-archaeological expeditions in 2011–
2019. Due to the quick burial under lava f lows, the
Early Pleistocene pedosediments were preserved and
are available for study.

Paleosol studies of archaeological sites with homi-
nid tools have been performed recently [27, 34, 38, 42,
50, 51]. They were accompanied by dating of the
enclosing layers with or without evidences of soil for-
mation on the basis of discovered archaeological arti-
facts and using various instrumental methods: direct
(SIMS U–Pb, K–Ar, and 40Ar/39Ar) and indirect
(paleontological, magnetic, and micromorphological).
As a result, the formation time of the studied red-col-

ored soils was determined in the range of 2.5–1.4 Ma ago
[50, 60].

Early Pleistocene paleosols are a very important
and demanded geoarchive, the decoding of which is
necessary for natural scientists to reconstruct the envi-
ronmental conditions of the Early Pleistocene and to
understand the history of landscape development and
the paleoecological situation of the penetration of
ancient humans deep into Eurasia. It has been revealed
that air temperatures in the Early Pleistocene were
higher than in the Middle and Late Pleistocene, which
favored the migration of hominids to the north [34].
The climate in that period was subtropical, and the
savanna-like vegetation was represented by hydrophi-
lous meadows around water bodies and by xeromor-
phic grasses with single deciduous trees in automor-
phic positions (the data by A. Simakova according to
[61]). The soils were assigned to Luvisols, Andosols,
and Stagnic Cambisols [51]. In the Late Pleistocene,
the climate became more moderate with meadow-for-
est vegetation, including coniferous plants (data by
A. Simakova according to [61]). At the present time,
the climate of the Lori Basin is continental-steppe of
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the Asia Minor type [29]. Red-colored soils are not
formed under such conditions.

In this work, we study not the classic red soils (Fer-
ralsols, Nitisols, etc.), which are formed in tropical
climate at mean annual temperatures above 28°C, but
soils of higher latitudes, existing under conditions
more close to those inherent to temperate climate.
Weathering of mineral matrix and transformation of
iron minerals in them are not as great as in the above-
mentioned soils, so their red hue is not so intensive.
The color is also affected by the parent rock: red hues
are most pronounced in soils on limestone [39].

The aim of this work is to perform morphological-
genetic diagnostics of buried Early Pleistocene red-
colored pedosediments in the Lori Basin and recon-
struction of paleoclimatic and paleolandscape condi-
tions of their formation.

OBJECTS AND METHODS
The Lori Basin in the north of Armenia is an ele-

ment of topography allocated to the synclinorium of
the same name [39]. It is bordered by the Somkhet and
Bazum folded ridges from the north and south and by
the volcanic Javakheti Range from the west. The bot-
tom and sides of the basin are composed of volcanic
weakly alkaline basalts and basaltic andesites ~2 Ma
old. They are covered by colluvial and lacustrine
deposits. The modern relief and the river network were
formed in the Quaternary period after the significant
area uplift [60]. The mean altitude above sea level is
1700 m, and the topography is gently undulating. The
climate is characterized by low temperatures (mean
annual temperature is 10°C), and annual precipitation
is 600–800 mm [4]. The mean monthly temperature
varies from +15 to +20°C for the warmest month
(July) and from 0 to +5°C for the coldest month (Jan-
uary) [2]. The plant cover is mainly formed by steppe
vegetation, f loodplain forests grow along river banks,
and mountain forests are now cut down. Soils are
mainly represented by mountain chernozems [2].

We have studied the outcrops discovered during
reconnaissance surveys. Several sections made in
them reveal the structure of Early Pleistocene soil-
sedimentary strata. Similar formations were previously
studied in the archaeological sections of the Lori
Basin [51]. The absolute age of the studied deposits is
determined by basalts and ash, which underlay and
cover them.

We described two sections: Kurtan-IV (40°58′02.8″ N,
44°31′32.9″ E, h = 1309 m) and Yagdan (41°00′27.8″ N,
44°30′50.8″ E, h = 1277 m) named according to the
nearest settlements (Fig. 1). The ash age in the central
part of one of the quarry’s walls (where the Kurtan-IV
section is located) dated by the uranium-lead method
(SIMS U–Pb) is 1.432 ± 0.028 Ma BP [55]. The age
of the upper horizon of pumice sands is 1.495 ± 0.026
and 1.496 ± 0.021 Ma BP (according to SIMS U–Pb
dating) [55], and 1.49 ± 0.01 Ma BP (by 39Ar/40Ar dat-
ing) (S. Hynek, personal message, cit. according to [5]).
Fragments of fossil fauna were discovered during the
quarry development: teeth of a rhinoceros assigned to
the Stephanorhinus hundsheimensis species, which
lived in the period of 1.4–0.5 Ma (M. Belmaker, oral
report, cit. according to [5]). The sides of the canyons,
on which section Yagdan is located, are covered by
basalts and basalt andesites 2–2.5 million years old [60].
The pedosediments under them were formed prior to
burial. The lava source is supposed to be at a distance
of 45 km as the chain of volcanoes composing the
Javakheti Range [61].

Mixed samples were taken from the layers of two
studied sections to determine the magnetic susceptibil-
ity, particle-size and total composition and to perform
CHN-analyses. The magnetic susceptibility and parti-
cle-size composition were determined in samples from
section Yagdan taken from layers 1–5 and 7 (Fig. 2a)
and in one sample from layer 3 of section Kurtan-IV.
Monoliths for micromorphological study were taken
from the center of each layer. We took one monolith
from the center of layers 1, 2, 4, 5, and 7 in section
Yagdan and one monolith from layer 3 in section Kur-
tan-IV. Samples for the bulk and CHN analyses were
taken by one from the following layers: 1–5 and 7 in sec-
tion Yagdan and 3 from section Kurtan-IV. Sampling
from other layers was difficult due to abundant stones.
Two samples—one from section Yagdan (layer 2) and
one from section Kurtan-IV (layer 3)—were used for
the analysis of phytoliths.

The specific magnetic susceptibility was deter-
mined on a Kappabridge KLY-2 Agico device (Czech
Republic), and micromorphological analysis of the
sections was performed under the AxioScopeA1
microscope, Carl Zeiss Microscopy GmbH (Ger-
many), at the Center for Collective Use of the Institute
of Physical, Chemical, and Biological Problems of
Soil Science, Federal Research Center, Pushchino
Scientific Center of Biological Researches, Russian
Academy of Sciences. The bulk analysis was per-
formed by the X-ray spectral f luorescence according
to the methods of the Research Council for Analytical
Methods of Research of the All-Russian Research
Institute of Mineral Raw Materials on an AxiosMaxA-
dvanced, MalvernPanalytical sequential vacuum spec-
trometer (the Netherlands) at the Laboratory of Min-
eral Substance Analysis of the Institute of Geology of
Ore Deposits, Russian Academy of Sciences. Glass-
like disks were melted from weighted samples (they
were preliminary ground to powder) by induction
heating of a calcinated sample material with lithium
borates at a temperature of 1200°C for the analysis of
the main elements. The calcinated sample material
was obtained after determining the losses during calci-
nation at a temperature of 1000°C. Microelements
were analyzed in preparations made by cold pressing
of the dry sample substance with the addition of plas-
tic filler.
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Fig. 1. The location of the studied sections in the Lori Basin, Armenia.
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Fig. 2. Sections (a) Yagdan and (b) Kurtan-IV. Numbers in the center of the photographs are layer numbers.
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The particle-size composition was determined by
the pipette method, using sodium pyrophosphate for
dispersion. The fractions were calculated per an abso-
lutely dry weight taking into account the determined
hygroscopic moisture [8].
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A Leco CHN628 device (USA) was used for the
CHN analysis. The study was performed at the Depart-
ment of Soil Science and Soil Ecology of St. Petersburg
State University. The operation principle of the ana-
lyzer was based on burning the samples in a resistance
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furnace in a current of pure oxygen and then determin-
ing the content of gaseous carbon and hydrogen oxides
by infrared spectroscopy and of nitrogen by the com-
parison of the thermal conductivity of gases.

The samples were macerated by conventional
method [12] to isolate phytoliths. After boiling the
sample in a 10% HCl solution to remove carbonates
and organic matter, the sand and clay fractions were
removed by the gravimetric method, and the residue
was then separated in a centrifuge, using a heavy liq-
uid. Phytoliths were extracted into the light fraction,
which was placed on a filter, rinsed from heavy liquid,
and dried. The samples were photographed, and all
the revealed forms of phytoliths were counted, using a
light microscope. The phytoliths were determined by
freelance researcher of the Institute of Geography,
Russian Academy of Sciences, Doc. Sci. (Geogr.)
A.A. Gol’eva.

RESULTS OF THE RESEARCH
Morphological description. Section Yagdan was

made in the left side of the canyon of the Mendzor
Stream (a tributary of the Dzoraget River), on the
southwestern slope of the Beyuktash Mountain. A layer
of reddish-gray ground is exposed under a 5-m-thick
layer of basalt. Eight layers visually identified in it are
well pronounced along the whole outcrop (~17 m)
(Fig. 2a).

The first layer 1-cm thick is represented by ash.
The upper horizon of the soil that existed there was
obviously burned due to high temperature of red-hot
basalt lava f lowing over the soil. The ash color is light
ocherous with dark fine mottles. The material is dry,
structureless, firm, hard, non-sticky, and non-plastic.
There is no effervescence with 10% HCl. Neoforma-
tions are represented by iron streaks.

It is underlain by a series of four layers of total
thickness of ~75 cm (layers 2–5) composed of dry
loam with many inclusions of stones up to 15 cm in
diameter. The layers are distinguished by color: black,
brown, red, and ochreous colors are gradually alter-
nating. Lighter mottles are visible on the background.
The soil does not effervesce with 10% HCl.

Layer 6 at the depth from 75 to 87 cm is underlain by
gravel. There are inclusions of stones of two types: dark
compact with a light-colored weathering crust and
light-colored granular. The color of the enclosing rock
is ocherous. In the right part, the main layer is divided
into two layers of smaller thickness, and gravel is coarser
in the lower part of this series. There is a loamy inter-
layer, more light in color between the layers.

The underlying layer 7 (87–103 cm) is composed of
light-colored ocherous loam with admixture of sand
and with rare inclusions of fine gravel of two types (the
light-colored one is fewer).

Layer 8 (103–190 cm) is formed by light-colored
ocherous loam with admixture of sand and with abun-
dant rock fragments and boulders 10–30 cm in diam-
eter. They are mainly strongly weathered, light-colored
gray, and granular. Small patches of loam without large
stones contain few inclusions of gravel, 1–2 cm in size.
This layer gives way to loam with few inclusions of
stones 30–40 cm in diameter (layer 9, from the depth
of 190 cm).

The Kurtan-IV section was studied in the north of
the quarry, which is located on the left bank of the
Dzoraget River, on the northeastern slope of the Surb-
Sarkis Mountain. The modern soil (Fig. 2b, layer 1)
from 30 to 60 cm thick (there is an erosion cut on its
surface) is underlain by ash layer ~15 cm thick, which
gives way to a layer of a mixture of sand and ash ~2 m
thick (layer 2), covering the pedosediment (layer 3). It
is formed on large basalt rounded blocks (layer 4). The
color of the material in layer 3 is uniform light brown;
the layer is weakly structured; and only abundant car-
bonate nodules (to 1 cm in diameter) effervesce with
10% HCl.

Since the color of the studied pedosediments is not
intensively red, layer 3 of Kurtan section and layers 2–
5 of Yagdan section of light brown color are assigned to
red rocks of more moderate climate as compared to
the humid tropical one.

Mesomorphology. Section Kurtan-IV, layer 3.
Weakly cemented aggregated material. Large grains of
silicates are visible, and there is fine earth between
them. The color is reddish-pale yellow, and the con-
tent of manganese and iron is high. The material is
porous, and the pores are lined by small agglomerated
crystals of carbonates. Fragments of carbonate film
with a cryptocrystalline structure are visible. There are
evidences of textural differentiation in the main red-
dish-pale yellow mass: the presence of clay-iron films,
subangular blocky structure, and the absence of intro-
duced material (except for younger hydrogenic car-
bonates [51]).

Section Yagdan, layer 1. Silty, well aggregated
material is characterized by spongy fabric. The accu-
mulation of iron films and quartz grains is visible.

Layer 2. Slightly rounded weathered stone frag-
ments covered by dusty material. There are abundant
iron films, covering mineral grains.

Layer 4. Well-cemented material with visible iso-
lated large grains of minerals. In general, the clay mass
is more finely dispersed as compared to the upper
layer. Iron is accumulated on grains of minerals, pores
are visible, and the granular structure is pronounced.

Layer 5. The granular structure and iron accumu-
lation are well seen, and manganic films not of volca-
nic origin are visible.

Layer 7. The material is well aggregated, iron accu-
mulation and manganic films are formed.

Such properties as the presence of iron, clay, and
manganic films, a pronounced granular structure, and
EURASIAN SOIL SCIENCE  Vol. 54  No. 10  2021
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Table 1. Particle-size composition of layers in the sections studied.

Section and layer
Fractions (mm) content, %

1–0.25 0.25–0.05 0.05–0.01 0.01–0.005 0.005–0.001 <0.001 physical clay physical sand

Yagdan
layer 1 0.8 49.5 31.7 6.8 9.4 1.8 18.0 82.0
layer 2 1.1 41.5 32.8 8.8 4.0 12.0 24.7 75.3
layer 3 4.2 50.1 26.3 5.2 11.1 3.2 19.4 80.6
layer 4 0.1 31.5 33.5 12.3 17.8 4.8 34.9 65.1
layer 5 0.2 27.0 33.1 12.4 19.0 8.4 39.8 60.2
layer 7 0.1 30.5 23.9 9.9 22.5 13.0 45.4 54.6

Kurtan-IV 0.2 27.2 34.2 11.0 20.5 6.8 38.3 61.7
reddish and brown tints throughout the section may be
identified as cambic.

Micromorphology. The mass of the sample from
layer 3 of Kurtan-IV section is structured, iron neofor-
mations of various forms are well pronounced: mottles
(Fig. 3c), nodules, and detritus-like mottles (Fig. 3a).
Mesofauna activity is visible (Fig. 3c). The iron-clay
material is characterized by a clear fibrous, scaly, and
cross-fibrous (Fig. 3a) and around-aggregate (Fig. 3c)
orientation. Carbonate aggregates are visible in some
microzones, they are composed of micrite and are cov-
ered by iron-clay material (Fig. 3b). Carbonates in Kur-
tan-IV section are hydrogenic: they were formed during
the existence of a lake here in the Holocene [51].

No distinct structure in layer 1 (0–1 cm) of Yagdan
section was recorded. Microzones with traces of strong
waterlogging (iron and iron-manganic spots and
streaks) (Fig. 3c) alternate with microzones, where the
finely dispersed mass is characterized by a well seen
optical orientation. This points to the development of
displacement processes during the layer transforma-
tion (Fig. 3d). Iron is accumulated on the grains of pri-
mary minerals of volcanic origin (Fig. 3e).

A large content of iron and manganese is preserved
in layer 2 (1–15 cm) of section Yagdan (Fig. 3f).
Weathering of primary minerals is strong (Fig. 3g), as
evidenced by the impossibility to see the minerals’
shape in many cases and by iron or iron-manganic
films on the surface of mineral grains, penetrating in
them through cracks, and completely hiding the grains
(Fig. 3h). This is a result of long-term intensive soil
formation under climatic conditions, which were sig-
nificantly warmer than now.

Evidences of soil formation in layer 4 (26–46 cm) are
well pronounced: the structuring of fine earth (Fig. 3i),
material reworking by mesofauna (Fig. 3j), and the
orientation of iron-clay fine-dispersed substance
around coarse solid particles (Fig. 3k) in combination
with weak weathering of volcanic minerals, which may
be explained by their input during new eruptions in the
period of this layer formation.
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Layer 5 (46–75 cm) is characterized by the preser-
vation of strong iron accumulation in fine-dispersed
material, iron-manganic or manganic mottles on its
background, or films in pores (Fig. 3l). However, there
are slightly weathered minerals (Fig. 3m), which testi-
fies to a smaller temperature effect on soil during erup-
tions, which is also manifested in the change in color
of the soil mass (Fig. 2a). There are few traces of
mesofauna activity (Fig. 3n).

Iron accumulation in layer 7 (87–103 cm) is also
pronounced; manganese is present as abundant iron-
manganic films in pores (Fig. 3o); weathering of pri-
mary minerals is weak (Fig. 3p); and biogenic disinte-
gration in pores is well seen (Fig. 3d).

Particle-size composition. Despite the fact that the
particle-size composition is inherited from the initial
parent rock, it is intensively transformed by soil pro-
cesses during soil formation. Parent rocks in the stud-
ied area are represented by colluvium with stone frag-
ments from the slope of Surb-Sarkis (Kurtan-IV), and
alluvial and colluvial sediments of the Mendzor
Stream and its tributaries (Yagdan) also with stony
inclusions. Particles of physical sand—fine sand and
coarse silt—predominate in Kurtan-IV section. How-
ever, 38% of physical clay enables its assignment to the
medium loam. This separates it from enclosing sandy
and sandy loam of colluvial provenance.

The amount of physical sand decreases and that of
physical clay increases from top to bottom of Yagdan
section. This regularity is violated by the presence of
fractions of coarse and medium sand in layer 3. Per-
centage of physical clay increases at the expense of fine
silt, and the clay content also increases in layers 2 and 7. 

The CHN analysis. Organic carbon and nitrogen
are important in soil-forming process [19], and the
total carbon content in soil is on average 10–20 times
greater than that of nitrogen [20]. Although carbon-
ates, which are the main source of inorganic carbon,
are absent in the studied pedosediments, an additional
source may be its input as CO2 in basalt lavas. We mea-
sured the content of nitrogen and total carbon to iden-
tify layers with the minimal C : N ratio, i.e. the layers,
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Fig. 3. Micromorphology of the studied pedosediments. Kurtan-IV: (a) iron neoformations: nodules, detritus-like mottles; fibrous,
lamellar, and cross-fibrous orientation of iron-clay material; (b) grains of carbonates in the Fe-clay film; (c) iron concentrations, traces
of mesofauna activity, orientation of the ferruginous-clay material around aggregates. Yagdan, layer 1: (d) general view; (e) lamellar,
fibrous, or optical orientation of fine-dispersed material; (f) iron accumulation in fine-dispersed material around grains of the mineral
skeleton; layer 2: (g) iron and iron–manganic films; (h) weathered volcanic minerals; (i) iron–manganic films; layer 4: (j) structured
fine earth, (k, l) iron–clay substance, orientation around coarse soil particles; layer 5: (m) biogenic fragmentation, (n) weakly weath-
ered mineral, (o) iron and manganic nodules; layer 6: (p) manganic cover of pore,(q) slightly weathered mineral, (r) biogenic fragmen-
tation. The images were taken without analyzer (PPL) except for a, b, c, d, h, k, which were taken with the analyzer (XPL).
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Table 2. Content of nitrogen and carbon in Yagdan section

Layer no.
Content, %

N C

1 0.03 0.1
2 0.07 0.45
3 0.06 0.32
4 0.06 0.1
5 0.05 0.05
7 0.05 0.05
which were the most transformed by soil processes and
in which the input of inorganic carbon as a result of
volcanic processes was minimal.

The content of nitrogen in Kurtan-IV section is
0.05%, and that of carbon is 0.18%. The amount of
these elements in the layers of Yagdan section is given
in Table 2. Nitrogen and carbon content in this section
does not exceed 0.07 and 0.45%, respectively, and
noticeably decreases downward. The carbon and
nitrogen content is maximal in layers 2 and 3.

Geochemical coefficients. Geochemical coeffi-
cients calculated on the basis of data of the total com-
position are used for quantitative characterization of
changes in sediments due to soil formation and weath-
ering. The following coefficients are the most indica-
tive for the conditions of accumulation and transfor-
mation of the deposits studied (the coefficients are
given in the text for Kurtan-IV section and in Fig. 4 for
Yagdan section):

(1) The weathering coefficient (KW) Al2О3/(СаО +
Na2O + K2O + MgO) is the ratio of the content of alu-
minum oxide, which is the main clay component, to
the content of oxides of soluble bases, entering the soil
solution as a result of weathering of primary minerals
[56, 57]. The KW is 2.20 for section Kurtan-IV. In
Yagdan section, the KW of the upper horizon was
affected by the lava f low, hence, is almost two times
higher (4.22) than the KW of the underlying layers
(2.26–2.55).

(2) The chemical weathering index (Rb/Sr) is
based on the difference in the resistance of various
minerals to weathering and is calculated as the ratio of
Rb, which is associated with micas and potassium
feldspar, to Sr associated with carbonates [48]. This
index is 0.56 for Kurtan-IV section. In Yagdan section,
the index sharply increases in the upper three layers
from 0.26 to 0.67 and gradually rises to 0.85 in the
lower layer.

(3) The coefficient (Fe2O3 + MnO)/Al2O3 shows
the intensity of Fe and Mn oxidation in soil [36],
which characterizes the oxidation rate of soil material
in general [56, 57]. For Kurtan-IV section, the coeffi-
cient is 0.44. In Yagdan section, the pattern is similar
to that of the KW.

(4) The carbonate enrichment index (CaO +
MgO)/Al2O3 reflects the accumulation of soil calcite
and dolomite [56, 57]. For Kurtan-IV section, the
index is 0.31. In Yagdan section, it is very low, in the
upper layer in particular, and varies from 0.14 to 0.20.

(5) Salinity index (sodium modulus) Na2O/Al2O3
characterizes the behavior of easily soluble salts in the
soil profile [56, 57]. Na2O is a component of primary
minerals in soil, mainly of sodium-containing feld-
spar. Its content may reach 5–6% in some elements of
large fractions, but does not exceed 0.5–1% in the clay
fraction [19]. The index is 0.040 for Kurtan-IV sec-
tion. In Yagdan section, it is maximal in the third layer
EURASIAN SOIL SCIENCE  Vol. 54  No. 10  2021
(0.069) and sharply decreases towards the upper hori-
zon (0.025). In the lower three layers, the index varies
slightly (0.046–0.049).

(6) The weathering parameter (titanium modulus)
TiO2/Al2O3 reflects the uniformity of material [7].
Aluminum and titanium are low-mobile elements
because of low solubility of their oxides and hydrox-
ides in cold water [46]. Consequently, the values of the
Al/Ti ratio in residual soils may be considered close to
those in the igneous parent rocks. Al is bound in them
to clay minerals (kaolinite, illite, and smectite), micas,
and feldspar. Ti is present in mafic minerals (olivine,
pyroxene, hornblendite, biotite, chlorite, and ilmenite).
These elements are slightly redistributed during the flu-
vial transportation of minerals, so their ratio is similar to
that in the rocks of the weathering source [32]. There-
fore, the TiO2/Al2O3 ratio increases contrary to the
SiO2 content. The parameter is 0.060 for Kurtan-IV
section. In Yagdan section, it decreases almost two
times (from 0.076 to 0.039) from the upper to the third
layer and gradually increases to 0.044 in lower layers. 

Thus, the long-term development of the studied
deposits is confirmed. It is revealed that after their for-
mation, the pedosediments were strongly changed by
physical and chemical processes due to the input of new
material of different composition and properties. The
changes are the strongest in the upper horizon of Yag-
dan section (its parameters in most cases differ sharply
from lower layers) and are pronounced to layer 3
(including it) to a depth of 26 cm.

The distribution of trace elements in the studied
sections is analyzed on the basis of data on the total
composition.

The copper content varies widely: it is 203 and
199 ppm in the upper two horizons in Yagdan section
and decreases from 68 to 30 in lower layers. In Kurtan
section, the copper content is 48 ppm.

The zinc content gradually increases from the upper
(203 ppm) to the lower (344 ppm) layer in Yagdan sec-
tion. In Kurtan section, its content is low: 85 ppm.

The cobalt content in section Yagdan gradually
decreases from 45 to 15 ppm. The regularity is different
in layer 2: the cobalt content in it is less than in the
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Fig. 4. Distribution of the coefficients of (a) weathering, (b) chemical weathering, (c) oxidation, (d) carbonate accumulation,
(e) salinization, and (f) weathering of Ti and Al; Yagdan section.
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underlying layer (18 and 22 ppm, respectively). In
Kurtan section, the cobalt content is 20 ppm.

The lead content in the Yagdan section is irregular,
but there is a noticeable trend for its rise downward
(from 98 to 207 ppm). In Kurtan section, its content is
much lower: 45 ppm.

The strontium content in the Yagdan section
decreases downward from 244 to 181 ppm, starting
from the second horizon. In the upper layer, its
amount is 214 ppm. In Kurtan section, the content of
strontium is lower: 199 ppm.

Chromium in Yagdan section is unevenly distrib-
uted: its content is the lowest in layer 3 (55 ppm) and is
maximal in layer 2 (87 ppm). The second peak is
detected in layer 5 (78 ppm). In Kurtan section, the con-
tent of chromium is relatively high and reaches 109 ppm.
The vanadium distribution pattern is also uneven. Its
content increases towards layer 5 (136 ppm), but its max-
imum is detected in layer 1 of Yagdan section (147 ppm).
In Kurtan section, it is slightly lower: 95 ppm.

Nickel content in Yagdan section is maximal in the
upper horizon (143 ppm) and decreases to 37 ppm
towards the third horizon. In Kurtan section, its con-
tent is 48 ppm.

Magnetic susceptibility (MS) is the total content of
ferromagnetic substances or the total content of para-
magnetic minerals and antiferromagnetic substances
in case of small amounts of ferromagnetic material [3].
Measurement data on MS are often used in the study
of soil-volcanic series, when eruption products stop
soil development, to separate pure volcanic material
and that affected by soil formation [59, 53]. Iron and
EURASIAN SOIL SCIENCE  Vol. 54  No. 10  2021
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Table 3. Content of microelements in the studied sections, ppm

Section and layer Cu Zn Co Pb Sr Cr V Ni

Yagdan

layer 1 203 203 45 98 214 82 147 143

layer 2 199 232 18 113 244 87 118 67

layer 3 68 245 22 156 243 55 122 37

layer 4 46 271 17 122 220 70 135 39

layer 5 42 324 16 223 193 78 136 43

layer 7 30 344 15 207 181 59 123 38

Kurtan-IV 48 85 20 45 199 109 95 63

Fig. 5. Variability of the magnetic susceptibility index in
the Yagdan section.
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its compounds determine a rise in MS in soil, because
they are more widely spread as compared to other met-
als. Hematite, magnetite, and maghemite are the most
common iron-containing minerals in the soil. They
may be inherited from the parent rock or synthesized
during soil formation. Manganese, nickel, and cobalt
ions are strong magnetophoretic elements [3]. Mag-
netic minerals mainly enter the studied pedosediments
from loose or consolidated covers erupted by volca-
noes, surrounding the Lori Basin.

The specific MS of the studied samples widely var-
ies between sections and down the profile. In Kurtan-
IV section, MS is 63 × 10–8 m3/kg. Data for various
layers of Yagdan section are given in Fig. 5. The value
is the highest in layer 1, i.e. in preserved ash of soil,
which was in contact with basalt lava. It exceeds two
times this parameter in the underlying layer 2 and 5–
10 times the MS in not strongly transformed layers. In
lower layers of Yagdan section, the MS gradually
decreases, which is also similar to the distribution pat-
tern of MS in the automorphic soil profile.

Phytoliths. Opal phytoliths are tiny particles of
hydrated silicon dioxide dissolved in groundwater and
absorbed by plant roots. They are transported by plant
vascular system, become hard, and are accumulated in
plant cells [54]. When plants die, phytoliths enter the
soil with plant residues and are detected in fine earth
in fractions less than 0.1 mm as silica bodies of rela-
tively regular shapes. These particles enable the identi-
fication of plants after a long time period [12].

Phytoliths were found in layer 2 of Yagdan section
and in Kurtan-IV section. Phytoliths in the samples
from Yagdan section are typical for the modern vege-
tation of grass meadow-steppes [29] and obviously do
not represent plants of the period, when this layer was
formed. They are rather the remains of modern plants
brought into this layer. The sample from Kurtan-IV
section contains phytoliths of wormwood, coniferous,
and lacustrine plants (Table 4), which do not occur in
the studied area at the present time and cannot coex-
ist. This combination indicates that the studied sample
is a pedosediment, which underwent significant dia-
EURASIAN SOIL SCIENCE  Vol. 54  No. 10  2021
genetic processing after the end of functioning and
burial. It includes the following groups of plants desig-
nated by numbers: 1—dicotyledonous herbs; 2—conif-
erous; 3—forest grasses; 4—meadow grasses; 5—steppe
grasses; 6—arid grasses; 7—wormwood; 8—Phrag-
mites/Scirpus; and 9—plant fragments and incompletely
formed unidentified groups.

DISCUSSION

The pedosediment from Kurtan- section is covered
by a mixture of sand and ash, the age of which is dated
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Table 4. Content of some groups of phytoliths, %

Sample Phytoliths, number/% 1 2 3 4 5 6 7 8 9

Yagdan, layer 2 8/100 75 – – 25 – – – – –

Kurtan-IV 130/100 23 14 – 16 11 2 18 2 14
about 1.4 Ma [55]. The blocky subangular structure,
the increased content of biogenic elements (stron-
tium), and the pronounced mobility and orientation
of iron-clay material detected by meso- and micro-
observations indicate that the sediments were trans-
formed by soil-forming processes. The orientation of
iron-clay material enables us to suggest that there is an
illuvial component in the preserved horizon of the stud-
ied pedosediment, i.e. the evidence of Luvisols. The
texture of the pedosediment is medium-loamy [18],
which distinguishes it from the surrounding sandy and
sandy loamy deluvial deposits.

The nitrogen content in the studied layer of Kur-
tan-IV section is 0.05%, and the carbon content is
0.18%. The ratio between the elements is wide: nitro-
gen comprises 36% of carbon (contrary to 10–20% for
recent soils [20]). This phenomenon occurs in
paleosols [41, 58] and probably indicates an intensive
mineralization of nitrogen under optimal humidity and
sufficient amount of nitrogen-rich organic matter in the
period of soil formation. After the soil was covered by
lacustrine sediments, oxygen inflow into it stopped, and
nitrogen was deposited (not mineralized) [41]. It
should be pointed out that paleosols of the age below
10000 years were studied in the above referenced
works.

The weathering coefficient (2.20 or 79%) and the
titanium modulus (0.06) reflect a significant weather-
ing of the initial material, which could be a result of
long-term soil formation in humid climate. However,
this index does not reach the values typical for the upper
horizons of tropical soils formed on volcanic rocks, for
example, in Vietnam (the KW in samples of postlitho-
genic uneroded soils exceeds 95%) [42] and Cameroon
(the KW of all soil samples exceeds 95%) [52].

We assume that owing to the location of Kurtan-IV
section at high altitude, soils were not covered by lavas,
and the period of their formation was longer as com-
pared to soils of Yagdan. This is confirmed by a small
content of volcanogenic elements (copper, zinc,
cobalt, and nickel) and low MS (Fineatal 1989, cited
in [14]). According to the reconstruction, the area was
flooded by a lake in the Holocene [51], which could
also cause a decrease in the specific MS. After that, it
was covered by colluvial sand and pebble deposits, as a
result of which, the SiO2 content in the layer increased
contrary to that of such strong magnetophoretic ele-
ments as manganese, nickel, and cobalt compounds [3].
The index of carbonate enrichment is relatively high,
which corresponds to the presence of diagenetic lacus-
trine carbonates.
The revealed phytolith complex is a mixture of
adventive and indigenous plants: coniferous and worm-
wood, meadow and arid grasses, and Phragmites/Scir-
pus. The presence of coniferous is of particular interest,
because they do not grow near the section now. Accord-
ing to the palynological analysis performed by A. Sima-
kova for the Early and Middle Pleistocene sections of
the Lori Basin [60], red-colored soils were formed in
the Early Pleistocene, when the plains were dominated
by savanna-like vegetation with a large portion of
meadow herbs, and mountain slopes were covered by
coniferous–broad-leaved forests.

Taking into account the presence of detritus-like
mottles and iron nodules (Figs. 3a, 3c), it may be
assumed that there were periods of moisture stagna-
tion in the upper (which is absent now) horizon, there-
fore, the qualifier stagnic is used to determine the clas-
sification position of the pedosediment without the
upper layer.

Pedosediments of Yagdan section also bear signs of
formation in past climatic epochs. They are more than
2–2.5 million years old (according to the covering
sediments). The soil structure is pronounced, and
mineral grains are covered by clay-iron films.

Clay minerals revealed in thin sections from sam-
ples of the upper horizons may be a result of pelitiza-
tion under the effect of postmagmatic solutions [24],
and the red color is related to the adsorption of iron
oxides. Their appearance is a consequence of humid
tropical or subtropical climate. Iron films revealed in
thin sections of layer 3 completely cover the grains of
volcanic minerals and are a result of long-term and
intensive processes of soil formation under signifi-
cantly warmer and wetter climatic conditions than the
modern ones. Layer 4 bears pronounced evidences of
soil formation: structured mass, castings of meso-
fauna, and orientation of iron-clay fine-dispersed
material around coarse soil particles. There are traces
of vital activity of soil fauna in layer 5. The percentage
of large particle-size fractions in Yagdan section
decreases with depth. The particle-size composition
changes from coarse-silt light loam to silt heavy loam,
which may also testify to a longer formation period of
re-deposited sedimentary rocks, on which soils of
Yagdan are formed. The carbon content sharply rises
in layers 2 and 3, which corresponds to an increased
content of nitrogen, whose origin may be only bio-
genic. Thus, the features of Cambisols are clearly seen
in the section: clay, iron, and manganic films, the par-
ticle-size composition not lighter than light loam, and
brown and reddish hues.
EURASIAN SOIL SCIENCE  Vol. 54  No. 10  2021
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The maximal weathering coefficient is recorded in
the upper layer of Yagdan section (Fig. 4a), which was
affected by hot flowing lava. In the lower layers of the
section, the coefficient is evenly distributed and is ~2.5,
which indicates strong weathering. The coefficient of
chemical weathering in the upper horizon of Yagdan
section (Fig. 4b) is minimal and increases downward,
which confirms the strong temperature effect on the soil
profile from above. The oxidation coefficient in the
upper layer of Yagdan section is maximal (Fig. 4c) and
differs of the coefficients of the underlying layers, which
points to specific development features of the upper
layer. In general, the coefficient varies slightly down-
ward, indicating the absence of an oxidative barrier in it.
A very low salinity index confirms the formation in the
humid climate. A relatively high titanium modulus is
recorded in the upper layers of Yagdan section (Fig. 4f).
We assume that this is a result of the input of additional
material by volcanic processes after soil formation.

The upper two layers in Yagdan section are pro-
nouncedly distinguished by the content of copper,
cobalt, nickel, chromium, and vanadium. These ele-
ments are not accumulated in living organisms [26], but
are abundant in basalt lavas [22]. Zinc is strictly related
to the humus horizon. This is explained by its high bio-
logical significance and a tendency to biogenic accu-
mulation [26]. There is also a lot of zinc in basalts [22].
The element is actively transferred by plants from the
humus horizon to the underlying layer [26]. The highest
zinc content in Yagdan section is found in the lowest
horizon, which may indicate a long-term soil forma-
tion. Strontium is the only microelement in Yagdan
section with pronounced maximums in layers 2 and 3.
This is probably explained by its ability to be accumu-
lated in plants [21].

An increase in the amount of iron, chromium,
nickel, zinc, vanadium, and lead, which are strongly
related to mafic igneous rocks [22], is also seen in layer 5
of Yagdan section. Taking into account a slight
increase in the MS index in this layer, it may be
assumed that there are traces of volcanic emissions
(well transformed by soil-forming processes) or of the
input of material from the slope. The horizon may
correspond to the vitric qualifier.

Layers 2 and 7 are distinguished by the amount of
clay particles (12 and 13%, respectively) and can be
attributed to argic horizons. The high content of clay
particles is suplemented by clay films in the overlying
horizons and the optical orientation of the finely dis-
persed mass.

A sharp increase in the MS of layer 1 of section Yag-
dan reflects the strong impact of the lava flow. Below
the layer 3, the MS is low and evenly distributed.

Ancient phytoliths are not found in the section,
which may be related to the fact that these are soils
without the upper horizons affected by hot lava.
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CONCLUSIONS

It is confirmed that the pedosediments revealed in
the Lori Basin were formed under climatic conditions
that differed from the modern ones. Climate changes
during soil formation are reconstructed. The studied
sediments are transformed by soil-forming processes,
which is indicated by the structured soil mass; castings
of mesofauna; biogenic fragmentation; the orientation
of iron-clay material around coarse soil particles; and
the increased content of nitrogen, carbon, strontium,
and zinc in layers 2 and 3 of Yagdan section.

The pedosediments are approximately dated by the
overlying and underlying sediments, as well as by tools
found in them (Early Acheul in Yagdan section [6] and
Early-Middle Acheul in Kurtan-IV section [5]). The
age is 2–2.5 Ma for Yagdan section and 1.4 Ma for
Kurtan section. Pedosediments from Yagdan section
were covered by lava in the period with humid climate.
This is confirmed by the presence of manganic-iron
and clay films, low carbonate content and salinity
indexes, along a relatively high weathering index.
According to the reconstruction [60], the relief of the
Lori Basin more than 2 Ma ago was in general low-
mountainous, and phytoliths of savanna-like vegeta-
tion found in the horizons of the same age dated by the
Early Pleistocene testified to subtropical conditions.
The climate in the period of the formation of pedosed-
iments in Yagdan section could be subtropical,
because the weathering coefficients in them did not
reach the values typical for red-colored soils on volca-
nic deposits formed in the modern tropical climate.
Pedosediments from Yagdan section may be assigned
to Cambisols with Vitric, argic(?), and Chromic qualifi-
ers (brown forest illuvial reddish soils with volcano-
genic inclusions).

Pedosediments in Kurtan-IV section were also
formed under humid but cooler climatic conditions.
They are distinguished by illuviation traces in the form
of pronounced optical orientation of clay material and
by water stagnation as seen from the development of
various iron neoformations. The area was uplifted
simultaneously with the Caspian Sea regression [59],
which resulted in the appearance of coniferous plants,
which phytoliths were found during the previous stud-
ies [59] and in samples taken in 2018. Pedosediments
from Kurtan-IV section may be assigned to Stagnic
Luvisols (surface-gley or gley).

Factors, which affected the preservation of
pedosediments and changes in their composition and
properties in later periods, were identified and con-
firmed. The upper horizon of Yagdan section strongly
differs from the underlying ones by increased weather-
ing and oxidation, and these properties were also
found in layer 3. It is characterized by increased MS,
as well as of the content of copper, cobalt, nickel,
vanadium, and chromium input from basalt lava.
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