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Abstract—The environmental diversity of Altai region is of great interest for researchers. There are many
monuments of cultural heritage in the region, which are still poorly studied by natural scientific methods.
Paleosols and background soils of the large Srostki-I necropolis of the Early Medieval epoch was examined
by pedological and geochemical methods with the aim to trace changes in the soil properties over time and
to apply these data for reconstruction of the paleoclimate. This group of kurgans is located in Biysk district
of the Altai region and, according to the radiocarbon method, dates back to 890 ± 105 – 975 ± 85 AD (cal-
ibration 1δ). Paleosols of the Medieval epoch are characterized by a weaker leaching of carbonates in the
middle part of the profile, lower accumulation of biophilous elements (P, S, Co) in the upper horizons, and
lower values of the weathering index Al2O3/(CaO + MgO + Na2O + K2O) in comparison with the back-
ground surface soils. Thus, in the period before the kurgans’ construction, these paleosols were formed
under somewhat drier climate in comparison with the present time. However, the similarity of these
paleosols and background surface soils in their morphological properties, reconstructed humus content,
and averaged values of weathering indices Al2O3 ⋅ 100/(CaO + MgO + Na2O + K2O) and Rb/Sr, as well as
Mn/Sr, Mn/Al, and Mn/Fe indices characterizing the degree of biological activity attest to humidization
of the paleoclimate during the period of construction of the kurgans. Among highly hazardous pollutants
of the first toxicity class, the studied soils are enriched with As and Cd (in comparison with natural abun-
dances of these elements in the lithosphere). In general, regional soils and parent material are enriched
with As, Ni, Zn, Ba, and Sn, though the concentrations of these heavy metals in the soil profiles remain
below the corresponding maximum permissible concentrations. The accumulation of toxic substances
under the impact of anthropogenic pollution in the profiles of studied soils does not exceed the permissible
values. The concentrations of heavy metals in the background surface soils are no higher than those in the
medieval paleosols. The application of GIS technology demonstrated that 21 settlements and 130 necrop-
olises of the Srostki community (second half of the 8th–12th centuries AD) were localized on fertile soils
of leveled areas near large lakes and rivers (the Ob, Katun, Biya, Alei, and other rivers) and within wide
valleys at the conf luence of small streams with larger water bodies.
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INTRODUCTION
The Altai region has been occupied by humans

since the ancient time. There are several famous
archaeological sites in this region: the oldest Karama
site (Early Paleolithic period); world-famous monu-
ment of Denisova Cave, where people belonging to a

separate branch of the evolution of the genus Homo
lived since 280 ka BP [57]; the unique Pazyryk kur-
gans, where mummies with tattoos, carpets, clothes,
jewelry, etc. were preserved thanks to the permafrost
formed in the graves [30]. A large Early Medieval
burial site Srostki-I is famous as well [8, 38]. Archeol-
ogists have studied hundreds of monuments of differ-
ent time intervals of the Holocene, and thousands of
kurgans in the south of Western Siberia and in the

1 The article contains additional materials available for authorized
users on doi: 10.1134/S1064229320030059
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Altai Mountains. However, only a few of them were
studied by the methods of natural sciences, including
paleoclimate reconstruction. It is especially important
to know the parameters of climate change over the last
2000 years in order to give a more accurate forecast of
its dynamics in the future.

The soil cover, like other natural archives, can serve
as a record preserving information (memory) about
current and past environmental conditions [2, 10, 15,
22, 23, 31, 39, 45, 60, 63, 69]. For plains of the Altai
region, there are few detailed reconstructions of the
Holocene evolution of the environment. For moun-
tainous area of the Altai region, information on paleo-
ecosystems and paleoclimate was obtained based on
the study of buried soils [5, 11, 46].

For example, a morphogenetic study of buried
Holocene soils was performed for several profiles in
the southeastern Altai Mountains that currently are
formed in an arid climate. It was demonstrated that
the conditions of soil formation during the last 1–2 ka
were the most extreme throughout the entire Holo-
cene [46]. The reconstruction of the natural condi-
tions of the Holocene was based on the study of
boundaries and sizes of glaciers, the water level of
lakes, dendrochronology, and paleosol characteristics
in the high mountains of southeastern and southern
Altai. These studies demonstrated that in 884–1110 AD
(14C cal.) mountain glaciers receded noticeably, the
tree line was located higher than it is today, and the air
temperature of summer months was higher by 0.4 °C
than it is today. Radiocarbon dating (54 14C dates,
including AMS dates) was performed for the remains
of the trees found in the area of modern glaciation at
2400 m a.s.l. [41].

The studies of humus content and palynology of
paleosols and sediments at the neighboring territories
of the Tuva Republic showed a general trend of climate
changes in the Holocene was directed towards cooling
and aridization along with temperature and humidity
fluctuations in different time intervals. Steppe land-
scapes were formed at the stages of increasing heat
supply, while forest-steppe and taiga landscapes were
developed during the stages of cooling. During the
Subatlantic period, humid conditions were dominant
at its beginning and arid conditions prevailed in the
middle and at the end of this period; warm phases cor-
responded to the beginning (Subatlantic 1) and end
(Subatlantic 3) of this period, and cold phase was
established in the middle. A study of cutan assemblage
and radiocarbon dating of soils in the mountainous
southwestern part of Tuva region showed that the cli-
matic conditions in the medieval epoch were close to
those at present [5]. A comprehensive study of several
paleosols on alluvial sediments formed over the last
13 thousand years in the intermontane arid basin near
Lake Terekhol in the Sayany Mountains led to a con-
clusion about the most continental and arid climate
over the last 2000 years [45].

In the adjacent region—forest-steppe zone of
Novosibirsk oblast—the study of soils buried under
the kurgans demonstrated that the climate in the
11th–13th centuries AD was favorable for dwelling of
people [29].

Spore-pollen data obtained from sediments of
lakes, rivers, and bogs are the most studied record of
the climate and landscapes of the Holocene; their
study is often accompanied by a set of other analyzes.
Reconstruction of the climate in different periods of
the Holocene was performed on the basis of palyno-
logical and landscape studies in the Altai region [24,
26, 27, 32, 42, 53, 77, 78]. A compilation of palynolog-
ical data on sediments from 30 lakes in the Altai–
Sayan and four neighboring regions showed a signifi-
cant scatter of the reconstructed Holocene climate
parameters. The correlation of changes in the Holo-
cene temperature and in the total solar radiation for
plain and mountainous territories was revealed. For
mountainous areas, a delayed response of temperature
to insolation was noted for the period between 10 and
6.5 ka cal BP, which could be due to the effect of
deglaciation. Over the last 12000 years, there was a
tendency for climatic humidization because of the
combined effect of a decrease in temperature and an
increase in precipitation, which could be related to cli-
matic events in the North Atlantic [78].

The reconstruction of the Holocene climate
according to palynological studies was performed for
the territory of Novosibirsk oblast [66, 77]. For the
north, northwest, and northeast of China, schematic
maps of climatic humidity were compiled for the peri-
ods of 1050–1350 and 1400–1900 AD on the basis of
multiple data on 71 studied objects [48]. Application
of the CCSM4 model in assessing China’s climate
change with the use of data for the period from 850 to
1850 AD indicated that precipitation is subjected to
unpredictable intradecadal variability, and tempera-
ture variability depends on slowly changing inter-
decadal dynamics of factors [76]. For neighboring
Mongolia, a review of extensive data on the Holocene
climate obtained from the analysis of different geoar-
chives was performed. It was concluded that charac-
teristics of the regional paleoclimate change within
distances of about 100 km and within several on the
time scale, so that the obtained data remain ambigu-
ous for Mongolia and require further studies [59]. The
same might be said for the Altai region.

In this paper, the results of pedological and geo-
chemical studies of the soils buried under kurgans of
the Srostki-I necropolis (one of the large early medie-
val necropolises of the Altai region) and reconstruc-
tion of the climatic conditions of that period are pre-
sented. To identify the localization of cultural monu-
ments of the medieval Srostki community, GIS
technologies are used.

The elemental composition of soils is one of the
indicators of soil formation and the environmental
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conditions, under which the soil formation takes
place. Element ratios in the background surface soils
and soils buried in different periods are indicative of
the conditions of soil formation and sedimentation.
Geochemical methods are applied in paleogeographic
and paleoenvironmental studies of archaeological
sites; they help us to judge soil evolution and solve
other issues [3, 4, 18, 19, 36, 37, 49–52, 54, 74]. A
number of lithochemical indicators of the paleocli-
mate and soil-forming conditions have been sug-
gested, including various geochemical coefficients
[12, 16, 21, 47, 50, 51, 60–62, 65].

The GIS technologies and remote sensing methods
are useful in the study of archaeological heritage sites.
The possibilities of their application in archeology in
Russia and abroad are analyzed [14, 22, 40, 64]. The
distribution of monuments of different archaeological
cultures in different periods of the Holocene in the
Altai Mountains has been described and correspond-
ing maps have been developed. It has been shown that
this region was most actively occupied by humans
during periods of humid climate [53]. GIS methods
proved to be informative for the study of Paleolithic
settlements in the mountainous parts of the Altai
region. It was demonstrated that localization of
human settlements was controlled by the presence of
gently sloping areas, their distance to the nearest river
(less than 400 m for 77% of the studied monuments)
and to the confluence points of watercourses (less
than 2 km, 88%), proximity to sources of stone raw
materials, and luminance of the territory [14].

The aim of our research was to study the soils bur-
ied under kurgans of the early medieval necropolis
Srostki-I and compare them with the modern back-
ground analogues in order to assess changes in the
physicochemical and geochemical properties and
reconstruct climatic conditions during the construc-
tion of kurgans in the forest-steppe foothill part of the
Altai region in the south of Western Siberia. GIS tech-
nologies were applied to determine specific features of
localization of settlements and necropolises of the
medieval Srostki community.

OBJECTS AND METHODS

Srostki-I is a group of 61 kurgans dating back to the
early medieval period; it is located 25 km southeast
from the city of Biysk, on the eastern outskirts of the
village of Srostki in Biysk district, on the right bank of
the Katun River, on the slope of Mount Piket within
the foothill zone of the Biya–Katun interfluve
(52°24.337′ N, 85°42.876′ E, 255 m a.s.l.; Fig. 1).
Favorable landscape conditions of the transitional
zone from the plains to the Altai foothills are largely
due to a relatively mild climate with a decrease in
annual temperature amplitudes, an increase in precip-
itation because of the barrier effect, and the transfor-
mation of circulation processes. Zonal boundaries

have a submeridional direction that repeat the config-
uration of the mountain ranges.

Climate

According to data from the Biysk weather station,
the closest to the Srostki site, the mean January tem-
perature is –13.9°С, the mean July temperature is
+20°С, and the mean annual temperature is +3.2°С.
The sum of daily active temperatures is 2000–2100°С,
and the growing season lasts for 120–130 days. The

Fig. 1. Location of the Srostki-I necropolis. 
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mean annual precipitation reaches 548 mm with more
than a half in July and August; the difference in annual
precipitation between dry and wet years does not
exceed 40 mm. Stable snow cover lasts for 165–175 days,
its height is 30–60 cm.

The composition of biocenoses on the studied pas-
ture plot with moderate grazing pressure near the
necropolis is close to that on virgin land.

GIS Methodology
Multispectral images of Landsat 7 and Landsat 8

satellites with a spatial resolution of 30 m were used.
The processing was performed by the synthesis
method using ENVI 5.2 software packages. Georefer-
encing of the source material was completed by finding
reference points both on the source georeferenced and
processed images. A mosaic of Landsat 7 and Landsat 8
images was compiled and overlain with the following
maps: forest vegetation zoning (scale 1 : 2100000), nat-
ural zones, soil (scale 1 : 1000000), and mineral
resources (scale 1 : 2500000). The geographical loca-
tion of cultural heritage sites was marked with use of
ENVI or ErdasEmagine, Multispec, and QGis soft-
ware on the obtained electronic cartographic material.
A more detailed description of the applied GIS meth-
ods was published earlier [40].

Soil Study
Samples of the background soil and two soils bur-

ied under kurgans no. 18 and 32 were taken by layers
with due account for the boundaries of the genetic
horizons: from each 10 cm to a depth of 1 m and from
each 20 cm at the depth of 1–2.4 m from three walls of
the soil pits.

The studied soils are developed from the loesslike
carbonate loams of the Late Neopleistocene–Holo-
cene age forming the covering layer of 2–4 m in thick-
ness. The morphogenetic features of the soils (thick-
ness of individual horizons, distribution of soil humus,
color, structure, bulk density, and the presence and
morphology of carbonate concentrations) were thor-
oughly described.

The main soil properties were studied at the Center
for Collective Use of the Institute of Physicochemical
and Biological Problems in Soil Science, Russian
Academy of Sciences. The organic carbon content
(Corg) was determined by Turin’s (wet combustion)
method; the soil pH, by potentiometry in soil water
suspensions (1 : 2.5) and in soil water extracts (1 : 5);
the СО2 of carbonates, by titration; the soil particle-
size distribution, by the Kachinskii pipette method
with pyrophosphate pretreatments; the exchangeable
cations, by the Shollenberger method with the subse-
quent determination of Ca2+ and Mg2+ by trilonome-
try and Na+ and К+ by f lame photometry; available
phosphorus, by Machigin’s method (extraction with

1% ammonium carbonate at pH 9 with photometric
ending); available potassium was determined in the
same extract on a f lame photometer.

Geochemical Methods
The contents of 28 elements in soils was deter-

mined by X-ray f luorescence analysis on a Spectros-
can Makc-GV spectrometer according to the method
for measuring the mass fraction of metals and their
oxides in powder samples. A weighed portion (2 g) of
soil was ground to powder and placed in a special
cuvette. Quantitative calibration was carried out using
a set of State Standard Soil Samples. The analysis was
performed in the Center for Collective Use of the
Institute of Physicochemical and Biological Problems
in Soil Science by P.I. Kalinin.

The values of the eluvial-accumulative coefficients
(Kea) were calculated as the ratio of the content of ele-
ments in the soil layer, including their average content
in the layer of 0–30 cm, to the content of these ele-
ments in the parent material. Data on the contents of
elements in the studied soils were compared with nat-
ural abundances (clarkes) of these elements in the lith-
osphere; for Si, Al, Fe, Na, Ca, K, Ti, Rb, Zr, and Nb,
the latter were taken from Vinogradov [7]; for Mg, Ba,
and Cd, from Rudnick and Gao [67]; for Mn, P, Cr,
Ni, Zn, As, Sr, and Pb, from Grigor’ev [9]; for V, Co,
Cu, and Cs, from Hu and Gao [56]; and for S and Sn,
from Wedepohl [74].

The clarkes of concentration of elements—the
ratios of their contents in soil horizons to their natural
abundances in the lithosphere—were calculated; the
reciprocal ratios (the ratios of the natural abundances
of elements in the lithosphere to their contents in the
soils), or the clarkes of element dispersion were also
calculated. The geochemical coefficients based on
molar ratios were used.

RESULTS
Radiocarbon Dating and Localization of Monuments 

of the Srostki Culture
Radiocarbon dating showed that the objects of his-

torical heritage of the Srostki culture belong to the sec-
ond half of the 8th–12th centuries. Gryaznov (cited
from [38]) was the first to justify the distinction of the
Srostki culture and named it based on the results of his
excavations.

Using GIS technology, the location of 130 kurgans
and necropolises and 21 settlements of the Srostki cul-
ture was studied (Fig. S1). The oecumene of the com-
munity was mainly in the West Siberian subtaiga–for-
est-steppe zones. The settlements were located near
large lakes and rivers (Ob, Katun, Biya, Alei, etc.) and
in places of their junction with smaller watercourses.
Such areas are characterized by wide valleys with
numerous channels, oxbow lakes, and unflooded parts
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of terraces with fertile soils for cattle grazing and crop
growing. Permanent settlements and large hillforts
were constructed. The soil was tilled with a hoe (iron
hoes and cultivator points with different bushings were
found in the settlement of Elbank). At the Inya-1 site,
a vessel filled with grain was found in one of the burial
pits, though this is not direct evidence of the develop-
ment of agriculture [38].

An important occupation of this ethnos was black-
smithing and bronze foundry. This can be proved by a
wide range of finds in burials. Several settlements were
located within 30–50 km from mineral deposits such
as copper, zinc, iron, gold, coal, and clay (Table S1,
Figs. S2 and S3). However, most villages were situated
at a distance of 90–160 km from the sources of poly-
metallic ores and precious metals at the foothills and
in the mountainous parts of Altai.

A synthesis of data on 24 fortified settlements of the
9th–10th centuries AD in central Europe revealed that
they were located both on river f loodplains and on
tops of the hills. Around the fortified settlements,
there was a network of agricultural settlements. Pre-
sumably, the population of the settlements was from
50–100 to 3000–4000 inhabitants [55]. In eastern
Europe, on the f loodplain and on the terraces of the
Dnieper River, there was a large medieval settlement
Gnezdovo [20].

According to radiocarbon analysis of bone and
wood samples from kurgans of the Srostki-I necropo-
lis, it dates back to 890 ± 105 to 975 ± 85 AD (calibra-
tion according to 1δ) (Table 1). A recent study of four
kurgans allowed to conclude that they were con-
structed during the Gryaznovo stage, when the con-
solidation and territorial expansion of the Srostki
tribes occurred [8, 38].

Soil Studies
The profile of modern background soil was studied

70 m from the kurgans. The soil had the following
horizonation: AO (0–2 cm), A1 (2–20 cm), AB (20–
35 cm), B1 (35–50 cm), B2ca (50–80 cm), BCca
(80–100 cm), and Cca (100–250 cm). The humus
profile of this soil had a small thickness; the soil struc-
ture was fine crumb–granular in the A1 and AB hori-
zons, medium crumb in the B1 and B2ca horizons,
and coarse crumb in the BCca horizon. The soil effer-
vescence with HCl was observed from the depth of
42–48 cm to the bottom. Carbonate pedofeatures
were represented by finely disseminated carbonates,

rare soft nodules (white eyes), and calcite crystals
(punctuations). In the AB horizon, dark gray tongues
extending to 40–50 cm were present.

The kurgan body consisted mainly of the dark gray
carbonate-free material of the humus horizon of the
ancient soil. The two soils studied under the kurgans
slightly differed in their morphology from one another
and from the background surface soil. Their humus
horizon (A1) had a thickness of about 20 cm, and the
soil humus profile (A1 + AB horizons) reached 31–
32 cm. The depth of effervescence in the two buried
soil was 20–28 and 33–35 cm; both soils contained
rare soft carbonate nodules (white eyes), finely dis-
seminated carbonates, and carbonate masses. At the
depths of 10–45 cm, wide dark gray humus tongues
alternated with reddish brown material.

The investigated background surface and buried
paleosols were classified as thin light loamy ordinary
chernozems.

Chemical properties of the background modern soil.
The soil texture is sandy loamy with a predominance
of fine and medium sand (0.25–0.01 mm) fractions
(75–80%); the contents of fine silt and clay fractions
are about 6–10%. These fractions are relatively evenly
distributed along the soil profile.

The middle-profile horizons are rich in carbonates
with their maximum (7–9% of the CO2 of carbonates)
in the layer of 50–120 cm (Fig. 2). Considering the
layer-by-layer content of carbonates in the modern
and buried soils, close values are observed for soil lay-
ers down to a depth of 2.5 m. However, the content of
carbonates in the layer of 30–50 cm in the buried
paleosols is slightly higher than that in the background
surface soils; in the layer of 60–80 cm, it is lower in the
buried paleosols.

The soil reaction in the upper horizons is neutral;
in the horizons with calcium carbonates, it is alkaline.
The cation exchange capacity and the content and
composition of the exchangeable cations in the buried
paleosols and the background surface soil are similar.
The Corg content in the surface layer of the background
soil is 5.7%; it remains higher than 1% down to the
depth of 60 cm. The reconstructed Corg content in the
upper 50 cm of the buried paleosols is approximately
equal to that in the background surface soil (taking
into account that about 50% of humus could be min-
eralized in the past 1000 years) [15]. The Corg content
in the upper 10 cm of the paleosols is 2.37%; thus, the
recalculated initial Corg in this layer could reach 5.6%

Table 1. Radiocarbon dating of kurgan samples, AD

Laboratory index Sample description Uncalibrated age
Calibrated age, probability

1δ, 68% 2δ, 95%

IMKES-14С951 Remains of wooden pile no. 2, kurgan no. 16 860 ± 50 890 ± 105 885 ± 115
IMKES-14С979 Human bones, kurgan no. 8, pit no. 2 965 ± 90 975 ± 85 1000 ± 220
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Fig. 2. Distribution of the fraction <0.01 mm, CO2 of carbonates, and organic matter (Corg) in the profiles of studied soils. 
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Chemical elements of the soils. The distribution of
different chemical elements in the background soil pro-
file varies (Table 2). Macroelements Si, Al, Fe have a
weakly differentiated type of distribution (Kеа in the
layer of 0–30 cm is 1.1). The distribution of Na is also
weakly differentiated (Kеа = 0.9) with a tendency for Na
depletion from the upper layer (0–30 cm) in compari-
son with the parent material. The contents of Ca and
Mg in the upper layer are lower (Kеа = 0.5–0.6), and the
content of K is greater (Kеа = 1.3) than the contents of
the corresponding elements in the parent material.

The distribution of trace elements Ni, Pb, Zr, Co in
the profile of the background modern chernozem is
relatively even (Table 3). The accumulation of S, Rb,
Zn, P, K, Mn, Cr, Cu, Ba is observed in all soil hori-
zons in comparison with the parent material. In the
humus horizon of the background chernozem, the
content of S is higher than its content in the parent
material by 4.0–6.1 times; of Rb, by 2.1–2.2 times; of
Zn, by 1.5–1.7 times; the contents of P, K, and Cu, by
1.3–1.5 times; of Mn, Cr, Ba, and V, by 1.2–1.3 times;
and the content of Ti, by 1.1–1.2 times (Table 4). The

Table 2. Macroelemental composition of modern and buried soils, %

* Cacf—carbonate-free Ca; Catot—total Ca. 
Bold face indicates that the element content in the soil exceeds its clarke in the lithosphere.

Depth, cm Si Al Fe Na Cacf/Саtot* Mg Mn P K S Ti

Buried paleosol, pit 9
0–10 29.2 6.6 4.5 0.98 1.1/1.8 1.19 0.104 0.12 1.8 0.106 0.54

10–20 29.5 6.7 4.6 0.94 0.9/1.7 1.17 0.100 0.10 1.8 0.071 0.56
40–50 25.2 5.6 3.9 0.90 1.9/8.6 1.62 0.083 0.10 1.4 0.050 0.47

120–140 26.5 6.1 4.1 1.04 2.7/7.9 1.84 0.088 0.09 1.4 0.014 0.51
0–10 29.2 6.6 4.5 0.98 1.1/1.8 1.19 0.104 0.12 1.8 0.106 0.54

Background surface soil (ordinary chernozem), pit 11
10–20 28.9 6.4 4.5 0.88 0.7/1.7 1.09 0.109 0.14 1.8 0.141 0.53
20–30 29.4 6.8 4.6 0.85 0.8/1.5 1.06 0.103 0.12 1.8 0.091 0.55
30–40 29.5 7.0 4.7 0.96 0.7/1.4 1.16 0.099 0.1 1.8 0.076 0.56
40–50 27.4 6.2 4.3 0.89 1.5/5.1 1.39 0.094 0.11 1.6 0.068 0.51

Clarke (lithosphere) 29.5 8.05 4.65 2.50 2.96 1.49 0.077 0.07 2.5 0.095 0.45
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Table 4. Element contents in different soil layers in comparison with the parent material (eluvial–accumulative coefficients)

Depth, 
cm Si Al Fe Na Ca Mg Mn P K S Ti V Cr Co Ni Cu Zn As Rb Sr Ba Pb Zr Cd Cs Nb

Buried paleosol, pit 9
0–10 1.1 1.1 1.1 0.9 0.4 0.65 1.2 1.3 1.2 7.6 1.1 1.2 0.9 0.8 0.9 1.1 1.4 1.3 2.1 0.6 1.2 1.0 1.1 – – –

10–20 1.1 1.1 1.1 0.9 0.4 0.6 1.1 1.1 1.2 5.1 1.1 1.2 0.8 0.9 1.0 1.1 1.4 0.6 2.0 0.6 1.2 1.0 1.1 0.8 1.0 1.1
40–50 1.0 0.9 1.0 0.9 0.7 0.9 0.9 1.1 1.0 3.6 0.9 0.9 0.7 1.0 1.0 1.0 0.9 0.9 1.3 0.8 1.0 1.0 1.0 0.6 1.2 0.7

Background surface soil (ordinary chernozem), pit 11
10–20 1.1 1.1 1.1 0.02 0.5 0.6 1.3 1.5 1.3 6.1 1.1 1.2 1.2 1.0 0.9 1.4 1.5 0.6 2.2 0.6 1.2 1.0 1.0 0.9 0.9 2.2
20–30 1.1 1.2 1.1 0.9 0.5 0.6 1.2 1.3 1.3 4.0 1.1 1.2 1.2 1.0 1.0 1.4 1.7 – 2.1 0.6 1.2 1.0 1.0 0.8 0.8 1.4
30–40 1.1 1.2 1.2 1.0 0.5 0.7 1.2 1.2 1.3 3.3 1.1 1.2 1.3 1.0 1.0 1.3 1.5 – 2.2 0.6 1.2 1.0 1.1 0.8 0.9 2.2
40–50 1.1 1.1 1.1 0.9 1.0 0.8 1.1 1.2 1.2 3.0 1.0 1.1 1.2 0.8 1.0 1.2 1.3 0.8 1.9 0.7 1.1 1.0 1.1 0.8 1.0 1.5

eluvial type of distribution in the upper horizons of the
background soil is typical for alkaline and alkaline-
earth elements: Kеa is 0.8–0.9 for Na, Cs, and Cd;0.6
for Mg and Sr; and 0.5 for Ca. Arsenic is also depleted
from the soil profile in comparison with the parent
material (Kea = 0.2–0.6). for As.

In the soil buried under the kurgans, the elemental
composition differs from that in the background surface
soil. In the upper horizons of the medieval soil, the con-
tents of P, S, Cr, and Co are slightly lower than in the
background chernozem; in the lower horizons, the con-
tents of Ca and Mg are somewhat higher than in the
background chernozem at corresponding depths. In
contrast to the background analogue, the removal of Co
and Cr from the soil in comparison with the parent
material is observed in the buried soil. A small accumu-
lation of As is seen in the upper (0–10 cm) layer of the
buried soil in comparison with the background cherno-
zem. Distribution patterns of other elements in the bur-
ied soils do not differ from those in the background sur-
face soils.

Comparison with natural element abundances in the
lithosphere. In the background chernozem, the contents
of Mn, P, Ti, Cd, Ba, Zr, Co, and Ni are higher than
their clarke values in the earth’s crust. At the same time,
the excess of S above the clarke is observed only in the
uppermost 10-cm-thick layer. On the contrary, the
contents of As, Mg, and Sr are higher than their clarke
values only in the parent material. The content of Zn in
the humus and middle-profile horizons exceeds its
clarke; at the depth of 90–100 cm, it becomes less than
the clarke of this element in the lithosphere. According
to the relative abundances (clarkes of concentration) of
the elements in the upper 20-cm-thick layer of the
background chernozem, the elements are arranged in
the following order: Cd 4.9 > P 2.0 > Ba, S 1.5 > Mn,
Zn 1.3–1.4 > Co 1.3 > Zr 1.2 > Ni 1.1.

The contents of Si and V in the background cherno-
zem are approximately equal to their natural abun-
dances in the lithosphere. The contents of Al, Fe, Na,
K, Cr, Cu, Sr, Pb, Cs, Nb, and Rb are lower than their

natural abundances in the lithosphere. This indicates
the dispersion of these elements within the profile of
modern chernozem in comparison with the litho-
sphere. According to the value of the clarke of disper-
sion, the elements in the upper 20-cm-thick layer of the
background chernozem are distributed in the following
order: Ca 4.2 > Rb and Pb 3.1–3.2 > Na 2.8 > Nb 1.5 >
Cu 1.8 > Mg, K, As, Sr 1.4 > Cr, Cs, Al, Fe 1.2–1.3.

The clarkes of concentration and dispersion of the
elements in the soil buried under the kurgan are almost
the same as those in the background surface soil.

DISCUSSION
Soil Characteristics

The current soil cover of the site is relatively uni-
form. This is due to the properties of loess soil-forming
material, as well as to a relatively smooth topography
of the interfluve, to which the necropolis is confined.
A comparison of the morphological properties of bur-
ied and background soils indicates that they differ
slightly in the depth of carbonates.

The diagenetic processes in soils that were buried
under the kurgans caused a gradual decrease in the
humus content due to its mineralization and the lack of
input of fresh plant residues. It was previously shown
that the humus horizon soils buried 1000 years ago con-
tains about 50% of the initial amount of Corg [15]. The
mineralization rate is also affected by the composition
of humus in the paleosols: free and loosely bound Corg
is mineralized faster, while Corg bound with clay min-
erals forms a passive carbon pool and is preserved
much longer.

The reconstructed Corg content in the upper 50-cm-
thick layer of paleosols is approximately equal to its
amount in the background soil considering that about
50% of humus was mineralized over 1000 years. In the
paleosols, there is a slight accumulation of carbonates
at a depth of 30–50 cm and some depletion of carbon-
ates from the layer of 60–80 cm. Therefore, the aver-
age CaCO3 content in the 1-m-thick (4.9%) of the
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background and ancient soils does not differ. The
accumulation of organic matter in these soils is alike.
Some increase in the content of carbonates in the layer
of 30–50 cm of the paleosols indicates that soil forma-
tion in the period before the construction of kurgans
proceeded under somewhat drier conditions. How-
ever, this period was short, because the soil humus had
no enough time for mineralization to get in equilib-
rium with the onset of drier conditions.

Elemental Composition of Soils

The elemental composition of the paleosol is very
similar to its modern analogue. The contents of P, S,
Co, and Cr in the upper horizons of the soil buried
under the kurgan are slightly lower than those in the
corresponding horizons of the background cherno-
zem. Phosphorus and sulfur are biophilous elements;
they are intensively absorbed by plant roots. The con-
centrations of P and S in plant ash are 101–102 times
higher than those in the soil (according to Perelman
(1961)); after dying of the plants, these elements accu-
mulate in the humus horizon. In particular, worm-
wood of steppe landscapes actively accumulates these
elements [18]. Apparently, the accumulation of bio-
genic elements in the soils buried under the kurgans
was less pronounced than that in the background sur-
face soil. However, the concentration of S in the upper
soil horizons in comparison with the parent material
(Kea) in the medieval soils was higher than that in the
background modern soil. In general, a less intensive
accumulation of biophilous elements in the surface
layer of the paleosol in comparison with the back-
ground surface soil may be indicative of a drier climate
in the period before the construction of the kurgans.
At the same time, a higher eluvial-accumulative coef-
ficient for S in the paleosol attests to some humidiza-
tion of the climatic conditions.

The intensity of accumulation of Mg, K, and Ca in
the surface horizons of the buried paleosols and the
background surface soil in comparison with the parent
material is similar. The concentration of these ele-
ments tends to be high in plants. However, these ele-
ments can be washed off from the soil profile with an
increase in humidity of the climate. A weaker degree of
leaching of carbonates from the middle-profile hori-
zons of the buried paleosols in comparison with the
background surface soil attests to a somewhat higher
aridity of the climate during the early medieval period.

Among hazardous pollutants of the first class of tox-
icity (As, Pb, Cd), the studied soils are enriched with Cd
in comparison with its clarke in the lithosphere, though
Cd concentration in them is close to the average con-
centration of Cd in soils of the world. The contents of
Cd and As in the soil horizons are lower than those in
the parent material; the content of Pb in the soil hori-
zons is the same as in the parent material. The concen-
tration of Cd in the background surface soil and in the

buried paleosol is considerably lower than the tentative
permissible concentration (10 mg/kg), and the concen-
tration of As in the topsoil (0–10 cm) reaches 9.4 mg/kg
and approaches the tentative permissible concentration
(10 mg/kg) [58]. It should be noted that, in general, the
soils of the studied region are relatively rich in As. The
average content of As in soils of the south of Western
Siberia reaches 13 mg/kg [37]. At the same time, the
share of easily soluble As compounds in these soils is
<1% increasing up to 10% in the technogenically con-
taminated soils [16].

The contents of Zn, Ba, Sn, and Ni in the studied
soils are higher, and the contents of Cu, Zr, and Pb are
lower than the average contents of these elements in
soils of the region. The accumulation of Zn, Ba, Sn,
and Ni in the studied soils is observed despite the low
content of clay particles. It is known that most of the
considered trace elements are accumulated in the clay
fraction of the soils, being part of clay minerals or
being adsorbed on the surface of clay particles.

In the studied background and buried chernozems,
the concentrations of Fe, Na, Ca, Mg, Mn, P, K, S,
Sn, Ti, Co, Ni, Zn, and Ba are higher in comparison
with average concentrations of these elements in soils
of the world. On the contrary, the concentrations of
Al, Cr, Cu, Sr, Pb, Cs, Rb, Zr, and Nb are lower, and
the concentrations of Si, V, and Cd are close to the
average concentrations of corresponding elements in
soils of the world.

The main factors that determine the concentration
of elements in soils are the chemical and mineralogical
compositions of parent rocks and the dispersion
degree of the substrate. It was shown that the distribu-
tion of elements in the soil profiles and their accumu-
lation in the topsoil (0–20 cm) in the south of Western
Siberia are determined by contents of physical clay
(<0.01 mm) and clay (<0.001 mm) particles, cation
exchange capacity, and, to a lesser extent, by the
humus content. A strong correlation of the distribu-
tion of Cu and Zn in the soil profiles with the distribu-
tion of Fe was found [1]. At the same time, positive
correlation of the contents of Co, Mn, Zr, Mo and, to
a lesser extent, Zn and Pb with the contents of sand
and coarse silt fractions was found for heavy loamy
chernozem soils of Tula oblast. No such correlation
was noted for Ni, Cr, Ti, and Fe [35].

Thus, the enrichment with Zn, Ba, Sn, and Ni of
the studied soils with respect to the regional average
value should be linked to the local natural features of
the parent material dictating the elemental composi-
tion of the soils. The depletion of Cu and Pb in the
soils buried under the kurgans and in the background
modern chernozems in comparison with the average
regional values is related to a relatively coarse texture
of the studied soils.

It should be noted that no enrichment of the back-
ground soil with highly hazardous chemical elements
in comparison with the buried analogues of the medi-
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eval necropolis of Srostki-I has been observed. At the
same time, there are data on the accumulation of some
heavy metals in buried paleosols in different parts of
the world. Thus, a study of chestnut soils buried under
kurgans in the Volga region demonstrated that these
soils are enriched in mobile forms of Pb, though the
total Pb content in them is not increased. A shift in the
isotopic composition of mobile Pb towards less radio-
genic values took place upon the transition from the
Bronze Age to the Early Iron Age and to the modern
background soils, which could be due to the enhanced
atmospheric transport and deposition of Pb com-
pounds [28]. Studies conducted in Sweden showed that
Pb pollution of lake sediments began 2 000 years ago
with the industrial development; since 900 AD, there
has been a continuous increase in atmospheric deposi-
tion of anthropogenic Pb compounds in Europe [44].

Geochemical Coefficients

Geochemical indicators were calculated in order to
reconstruct the climatic conditions of soil formation

in the Medieval Ages (Table 5). The values of Ti/Zr
and Ti/Al ratios in different horizons of the studied
soils are approximately the same, which indicates the
lithological homogeneity of the soil stratum. This
allows us to evaluate the changes in soil formation
conditions, including climate, by other geochemical
indicators.

The averaged value of the Al2O3/(CaO + MgO +
Na2O + K2O) ratio in the upper 30 cm is slightly lower
in the soil buried under the kurgan than in the back-
ground surface soil. This attests to a weaker degree of
mineral weathering in the soil of the Medieval Ages.
The chemical index of alteration CIA = Al2О3 ⋅
100/(Al2О3 + CaO + Na2O + K2O) has maximum val-
ues in the upper horizons of the background cherno-
zem and decreases down the soil profile (Fig. 3). In
the buried paleosol, the CIA values are slightly lower
than those in the background surface soil. A compari-
son of the averaged values of geochemical coefficients
in the layer of 0–30 cm relative to their values in the par-
ent materials is more informative. Though the differ-
ence between the modern soil and the buried paleosol

Fig. 3. Distribution of the values of some geochemical coefficients in the profiles of background surface soil and paleosol buried
under the kurgan. 
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with respect to this indicator is not great, it can be con-
cluded that the paleosol is more differentiated accord-
ing to the CIA values.

The CIA value reflects the depth of weathering of
the mineral part of the soil. In unweathered rocks, the
CIA value is about 50, and in highly weathered rocks,
it is 100 [62]. High values of CIA suggest a predomi-
nant removal of mobile elements (Ca2+, Na+, and K+)
during chemical weathering in comparison with more
stable elements (Al3+ and Ti4+) in humid climate. Low
CIA values imply an almost complete absence of
chemical weathering and, therefore, they can be used
as indicators of a cold and/or arid climate. A study of
modern and ancient sediments (281 samples) indi-
cated that the CIA value depends on the degree of cli-
matic humidity. However, if the soils or sediments are
rich in carbonates (>30%) and contain potassium
(owing to diagenetic illitization), the use of CIA as an
indicator of paleohumidity of the climate may lead to
erroneous conclusions [54].

In the soil profile of the Neolithic–Eneolithic set-
tlement Kochegarovo-1 (7200–5350 years ago, 14C cal,
1σ) in the forest-steppe zone of Western Siberia (Kur-
gan oblast), the CIA values were 65–75; in the back-
ground surface soils they reached 75–80 [4]. The val-
ues of other geochemical coefficients, such as Ba/Sr,
Rb/Sr, and Mn/Sr ratios in the buried paleosol and
the modern surface soil do not differ. The Ba/Sr index
is based on the fact that the intensity of Ba (element of
potassium feldspars) removal is lower than the inten-
sity of Sr (constituent of carbonates) removal [65].
The Rb/Sr index reflects the difference in the resis-
tance of different minerals to weathering; Rb is associ-
ated with mica and potassium feldspars, whereas Sr is
mainly associated with carbonates [52]. The inverse
Sr/Ba ratio is an indicator of changes in the hydrother-
mic conditions and increases with increasing aridity of
the climate [12]. For very arid conditions, this ratio
may exceed 10; in the steppe regions it is about 1; in
the forest-steppe it is less than 1 [7]. In the profile of
the studied paleosol and modern chernozem, the
Sr/Ba value is 0.2 in all horizons.

In the layer of 40–50 cm of the buried paleosol, the
value of the (CaO + MgO)/Al2O3 index is increased,
which reflects the accumulation of calcite. The
Na2O/K2O and Na2O/Al2O3 ratios are slightly higher
in the paleosol than in the modern surface soil, which
is indicative of a lower leaching of carbonates and
sodium and potassium compounds from the profile of
the buried paleosol. However, these ratios are gener-
ally low and attest to the absence of soluble salts in the
soil profiles. The value of the eluviation coefficient
also attests to a lower activity of the leaching of bases
from the paleosol profile.

The values of the Mn/Al, Mn/Fe, and (Fe2О3 +
MnО)/Fe2О3 ratios are considered to be indicators of
the intensity of biological processes with participation
of Mn and Fe in the biogenic accumulation and

migration. These ratios in the buried paleosol do not
differ from those in the background chernozem.

The index of potential soil fertility—Fi = (CaO +
MgO + 10P2O5)/SiO2 [71] was also calculated. Its val-
ues in the buried paleosol and background surface soil
are relatively close. At the same time, the ratio of the
averaged values of this index in the upper 30 cm and in
the parent material is higher in the background cher-
nozem, which may be indicative of the weakened
activity of biogenic accumulative processes in the
paleosol. The indices of the total content of heavy
metals (Co + Cr + Cu + Pb + Sr) [21] in the layers of
0–10 and 0–30 cm in the studied soils are similar. The
Sr content is the highest among the considered heavy
metals. This element is associated with carbonates; it
is possible that its residual accumulation is the upper
horizon took place after the removal of calcium car-
bonates in the course of pedogenesis.

Thus, paleosols are characterized by a lower leach-
ing of carbonates from the middle part of the profile;
lower accumulation of biophilous elements, such as P,
S, and Co, in the surface layers; and lower values of the
weathering indices CIA (100 Al2О3/(CaO + MgO +
Na2O + K2O)) and CIW (100 Al2О3/(Al2О3 + CaO +
Na2O)) in comparison with the background soil.
These characteristics indicate that soil formation
before the construction of the medieval kurgans pro-
ceeded under somewhat drier climatic conditions in
comparison with the modern period. However, gen-
eral similarity of the buried paleosol and background
surface soil in their morphology, reconstructed
humus content, and averaged values of the coeffi-
cients of weathering and biological activity in the
topsoil (0–30 cm) relative their values in the parent
material point to the beginning of some humidization of
the climate at the time of construction of the kurgans.

The reconstruction of climatic conditions on the
basis of pollen spectra from the paleosols buried under
kurgans of the Srostki-I necropolis is in agreement
with this conclusion. The buried paleosols contain less
pollen of pine, birch, and willow in comparison with
the modern soils. This may be related to deforestation
of the territory in the Medieval Epoch due to cutting of
forests, lowed amount of snow and lower water supply
of the soils in the spring season, and smaller areas
occupied by pine stands because of colder and more
severe winters. At the same time, water availability in
the summer season was no less than at present,
because mesophytic herbs predominated over xero-
phytic steppe plants. Sedges predominated in mires
appearing after drying of shallow lakes, while the water
conservation role of forests was decreased. At the same
time, there was a slight increase in the amount of pol-
len of xerophytes, including Artemisia and Chenopo-
dioideae species and wild grasses, whose expansion
could be due to surface disturbance during the con-
struction of 61 kurgans [24, 32].
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The tree-ring chronology “Mongun” for the past
2367 years was developed on the basis of data on the
rings of Siberian larch sampled near the upper
boundary of this species growing in the Altai–Sayan
Mountains. It was shown that the growth of larch
correlates well with the early summer temperatures.
Temperature conditions were favorable for larch
growth during the period of medieval warming in the
7th–10th centuries AD. Severe cooling in June–July
took place in 1190–1191; temperature extremes in 969–
991 were 1.5°C higher than the average values [25].

The results of these studies allow us to conclude
that the development of the Srostki culture in the 8th–
12th centuries AD and the period of construction of
kurgans of the Srostki-I necropolis were character-
ized by relatively favorable environmental conditions
for this ethnic group, as evidenced by the pedologi-
cal, geochemical, palynological, and dendrochrono-
logical data.

CONCLUSIONS
A geochemical and physicochemical study of the

soils buried under kurgans of the early medieval
necropolis Srostki-I and the background surface soils
and reconstruction of paleoclimatic conditions of that
period were performed.

The paleosols are characterized by a lower leaching
of carbonates from the middle-profile horizons; lower
accumulation of biophilous elements, such as P, S,
and Co, in the surface layers; and lower values of the
chemical index of alteration (Al2О3/(CaO + MgO +
Na2O + K2O)) in comparison with the background soil.
These characteristics indicate that the development of
the paleosols in the period before the construction of
the kurgans proceeded under somewhat drier climate
conditions in comparison with those at present. At the
same time, close morphological features of the buried
paleosols and background surface soils and data on the
reconstructed humus content and averaged values of
geochemical indices CIA (100 Al2О3/(Al2О3 + CaO +
Na2O + K2O)) and Rb/Sr, as well as geochemical indi-
cators of the intensity of biological processes (Mn/Sr,
Mn/Al, and Mn/Fe) in the upper 30 cm relative to
their values in the parent material suggest that the
period of the increased dryness of the climate was
short and that some humidization of the climate began
in that period.

The studied soils are characterized by the high con-
tents of Ni, Zn, Ba, and Sn and the low contents of Cu
and Pb in comparison with the average contents of
these elements in soils of the region, world soils, and
the lithosphere. The background surface chernozems
and buried paleosols are enriched in As and Cd in
comparison with natural abundances of these ele-
ments of the first hazard class in the lithosphere,
which is generally typical of the regional soils. At the
same time, their contents in the studied soils remain

below the critical levels endangering human health.
The microelemental composition of the soils is largely
determined by the chemical, mineralogical, and tex-
tural properties of the parent material. No accumula-
tion of toxic elements related to the anthropogenic
activity has been noted for the modern background
soils in comparison with their medieval analogues.

With the use of GIS technology, the localization of
21 settlements and 130 necropolises of the Srostki
community that existed in the studied area during the
Viking Age (second half of the 8th–12th centuries
AD) was shown on different thematic maps. This
study demonstrated that the medieval settlements
were located on fertile soils within plain areas with a
small amplitude of heights near large lakes and rivers
(Ob, Katun, Biya, Alei, etc.) and in widenings of river
valleys at the confluence of small streams with larger
water bodies.
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Fig. S3. Composition of 21 multispectral Landsat 8
images obtained in 2017 showing the territory of the Altai
region.
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