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Abstract—The aim of this work is to evaluate recent changes in soil salinity status at the Generalovskaya irri-
gation system in the dry-steppe zone of Volgograd oblast of Russia on the second terrace of the Don River
near the Tsimlyansk Reservoir. The studied area has not been irrigated since the mid-1990s. We have used
materials of terrain soil survey of the area in 1990 and 2020; data on soil water extracts (1 : 5); measurements
of the activities of Na+, Ca2+, and Cl– ions with ion-selective electrodes in soil pastes with a moisture content
of 40–45%; and aerial photographs (1990) and satellite image (2020). The studied area was subjected to sec-
ondary soil salinization in the 1990s due to the groundwater rise above the critical level. In 25 years after the
cessation of irrigation, the groundwater table has descended to a depth of more than 5 m, and secondary-
saline soils have been subjected to a gradual desalinization with the development of alkalization in the topsoil.
The current soil salinity status inherits the pattern that existed 25 years ago, i.e., the spatial distribution of salts
in the studied landscape is generally preserved. We have revealed the presence of calcium chlorides in some soils
in 2020, which are identified as evidences of secondary salinization developed by the 1990s. It is shown that the
catenary method of terrain soil survey may be used in combination with satellite information and digital data
processing for mapping the soil cover under post-irrigation conditions. This enables the reflection of the main
soil groups, the depth of the upper saline horizon, and the presence or absence of carbonates on the soil surface.
Such information is necessary for the development and selection of optimal reclamation measures.

Keywords: post-irrigation soils, alkalinity of soils, activity of sodium ions, evidences of secondary salinization
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INTRODUCTION
Lands of the dry-steppe zone of Russia are actively

used in agriculture for plowing, hayfields, and pas-
tures. The soil cover of the zone is represented by var-
ious soil combinations, including large massifs of non-
solonetzic and solonetzic chestnut soils on well-
drained watersheds; chestnut–solonetzic complexes
(microcatenas) with different portions of solonetzes
under automorphic, semi-hydromorphic, and hydro-
morphic conditions; combinations and spotted pat-
terns of meadow-chestnut and meadow soils of vari-
ous salinity and alkalinity; and alluvial soils in river
valleys. Many Soviet and Russian researchers have
revealed the main regularities of the natural status of
soils of the dry-steppe zone under virgin conditions
and at the initial stages of active agricultural develop-
ment: different types of solonetzic complexes, their
genesis, the mosaic pattern of salts in them, etc. [2, 12,
14, 15, 19, 28].

Large irrigation systems were constructed in the
European Russia in the middle of the 20th century to
ensure the food security of the country. Construction

was most intensive in the 1950s–1960s [33]. By the
mid-1980s, the number of developed irrigated lands
became maximal. However, significant irrigation rates
and the absence of drainage systems resulted in the
groundwater level (GWL) rise, secondary salinization
and alkalization of soils, f looding, and other adverse
phenomena in the 1990s.

These were the reasons to study GWL fluctuations
and rise during irrigation [1, 11, 24, 27], erosion of
irrigated soils [20, 21], secondary salinization [12, 18],
degradation of soil structure at macro- and microlev-
els [27], solonetzization [12], carbonate accumulation
[4, 22, 23, 31], and the effect of irrigation waters on
soil properties [5, 10, 13].

In recent years, the classical methods of studying
saline irrigated soils are supplemented by the applica-
tion of electromagnetometers for contactless assessment
of soil salinity [36, 37] and by remote sensing with the
use of high-resolution satellite information [7, 41, 42],
data of unmanned aerial vehicles [40], and remotely
determined parameters: vegetation indices, soil salinity
and moisture, surface temperature, and topography.
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Widely used models for the calculation and mapping of
soil salinity include: random forest (RF), multiple lin-
ear regression (MLR), support vector machine (SVM),
and artificial neural networks (ANN) [8, 38–41, 43].
Algorithm, which could perfectly work for the entire
data set, is absent, so the one that corresponds to partic-
ular goals and may be used for the research area has
been chosen [8, 41].

The use of remote and calculation methods for
determination of the modern status and prediction of
the spread of saline soils is especially important for
inaccessible areas, because they improve the manage-
ment strategy of the entire irrigated complex and save
time and reduce cost of terrain and laboratory studies.

The area of irrigated land in Russia has been re-
arranged and significantly reduced since the 1990s:
large massifs were abandoned and transformed into
long-term fallows, another part of the lands was used
for rain-fed farming, some areas were again irrigated
only after a long period of fallow or after rain-fed use,
and the irrigation technique of others was changed.
Such great modification in the use of irrigated lands
strongly affected soil properties, including the salt sta-
tus: the composition, content, and spatial distribution
of easily soluble salts, exchangeable cations, carbon-
ates, and gypsum. The Generalovskaya Irrigation Sys-
tem (IS) located in the dry steppe zone of Volgograd
oblast is an example.

The Generalovskaya IS with an area of 12439 ha
and with water intake from the Tsimlyansk Reservoir
was constructed in 1959 [33]. Irrigation was stopped
there in the early 1990s. It was characterized by a high
GWL, the development of secondary salinization on
the background of the preserved natural local saliniza-
tion of solonetzic associations, and the formation of
solonchaks [6].

According to data of the Volgograd Hydrogeologi-
cal Reclamation Party (VGRP), the area of agricul-
tural land of the Generalovskaya IS is now 4870 ha.
The lands are used for rain-fed agriculture, and there
are prospects to restart irrigation. Winter cereals and
technical crops (mustard) are cultivated, and there are
still many fallow lands.

The aim of this research is to assess the trends of
post-irrigation changes in the salt status of soils at the
Generalovskaya IS, which became secondary saline in
the 1990s and are not irrigated during a 25-year period.
For this, the following tasks are set: (1) to study the cur-
rent salinity of soils; (2) to compare the salt status of
soils in two periods; and (3) to map the soil cover.

OBJECTS AND METHODS
The research object is represented by soils of the

Generalovskaya IS located in the south of Volgograd
oblast (Fig. 1). The Generalovskaya IS is mainly allo-
cated to the second floodplain terrace of the Don
River (the left bank) and partly to the northwestern
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slope of the Ergeni Upland in the zone of insufficient
moistening. The mean annual precipitation varies
from 270 to 300 mm, 2/3 of which occurs in the warm
period of year, and evaporation exceeds the annual
precipitation two–three times [9].

The left-bank series of the Don terraces is repre-
sented by slightly inclined and rather similar areas with
the altitudes of no more than 60 m. The width of the
second floodplain terrace is much smaller than that of
the third one, and the first terrace is covered by waters
of the Tsimlyansk Reservoir. All the terraces are com-
posed of Archeda-Don and Tsimlyansk sands accu-
mulated during melting of the Dnepr glacier and then
buried under a thick layer of mantle loam.

Prior to irrigation, the GWL depth in the Don
River valley ranged from a few meters to 10 m [9].
According to the data of the VGRP, the GWL rose by
the 1990s and reached 1.5–3 at the irrigation system
and 3–5 m in the Don River valley. Groundwater min-
eralization increased from 1–3 to 3–10 g/L. Its chem-
ical composition was variegated and dominated by sul-
fates and chlorides in different combinations. At the
present time, the GWL depth in the entire area of the
Generalovskaya IS is >5 m. Changes in the chemical
composition of groundwater during the irrigation
period were not revealed.

The soil cover of the entire area of the Gener-
alovskaya IS is represented by soil combinations. Chest-
nut nonsolonetzic and solonetzic soils with spots of
solonetzes are formed on convex and relatively flat sur-
faces, and meadow-chestnut soils occupy micro-
depressions and bottoms of wide hollows.

Some soils of the Don River terrace underwent sig-
nificant changes during the irrigation period. Not deep
GWL (1.5–3 m) and increased water mineralization
(3–10 g/L) cased the transformation of meadow-chest-
nut soils into meadow solonchaks in the late 1980s–
early 1990s. Their area was several hectares. Secondary
strongly saline soils were formed around them.

In August–September 2020, terrain survey was per-
formed at the Generalovskaya IS within the second ter-
race of the Don River. The described 16 soil pits and
additional shallow pits characterized soil series along
four catenas, which crossed the main slope from the
watershed between wide hollows to the bottom of the
hollow. Three soil-topographic profiles were described
(Fig. 1b).

The test plot included three hypsometric levels of
the river terrace slope slightly dissected by wide hol-
lows directed towards the Tsimlyansk Reservoir: two
catenas, across the slope at the altitude of 54–56 m
(sites G-3–G-6 and G-9–G-13), one catena (sites G-21–
G-24) at then altitude of 50–52 m; and the former
solonchak at the altitude of 46.0–46.5 m (sites G-26
and G-27).

According to the data of State Design Institute for
Land Management, the soil cover prior to irrigation was
represented by chestnut solonetzic complexes, which
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Fig. 1. (a) Location of the Generalovskaya IS and surveyed plot (black square); (b) sampling sites and soil-topographic profiles
(catenas) at the test plot studied in August–September 2020. Satellite image of the test plot is taken from the Google Earth portal
(September 27, 2018). 
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included predominating chestnut solonetzic and non-
solonetzic loamy soils and 10–25% of medium and
deep chestnut solonetzes and combinations of chest-
nut soils with meadow- and meadow-chestnut soils in
hollows. The surface of fields was leveled for the sur-
face irrigation during the construction of the system.
The soils were irrigated during more than 30 years
until the early 1990s.

Guidelines for the morphological description of
soils [3, 30, 35] were used during the terrain survey,
and soil names were given according to three classifi-
cation systems: system of the USSR [16] (hereinafter,
C-1977), of Russia [17, 26] (hereinafter RC-2004(8)),
and the international WRB system [34] (hereinafter
WRB-2015).

The materials obtained in the 1990s and used by us
included data on the salt content in water extract 1 : 5
in 0- to 50-cm and 50- to 100-cm layers from 18 geo-
graphically fixed soil pits, a panchromatic aerial pho-
tograph (on a scale of 1 : 25000, Soyuzgiprovodkhoz,
June 23, 1990), and the results of semi-automatic
remote diagnostics of soil salinity. The test plots dif-
fered in the combination of characteristics of the ame-
liorative status of lands: GWL, the status of crops, and
soil salinity.
EURASIAN SOIL SCIENCE  Vol. 55  No. 8  2022
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The content of water–soluble salts in soils studied
in 2020 was determined in a standard water extract
with the soil to water ratio of 1 : 5 (72 samples) and by
measurements of the activity of Na+, Ca2+, and Cl– ions
in soil pastes with the water content of 40–45% [29],
using ion-selective electrodes (226 samples). Soil salin-
ity was determined by gradations of Na+ activity in soil
pastes: <20 mmol/L—nonsaline, 20–50 mmol/L—
slightly saline, 50–150 mmol/L—moderately saline,
150–300 mmol/L—strongly saline, and >300 mmol/L—
very strongly saline soils. Secondary salinization was
conventionally indicated by the ratio between the
activities of ions, when the chloride ion activity
exceeded the Na+ activity, and the activity of Ca ions
was high (to 10–15 mmol/L), which testified to the
presence of calcium chloride in the soil solution. The
portion of exchangeable Na (Nexch %) was estimated by
the ratio between the activities of Na (aNa) and Ca (aCa)
ions according to a special regression model [32]. The
ion composition of water was determined by conven-
tional methods [29].

A satellite image from Yandex.ru (28.03.2020, Ple-
iades) portal was used to extrapolate areas of soil units
and compile a soil map for the test plot. The image was
processed by the ENVI 5.1 software package, using the
standard ISODATA algorithm, the classifier of which
was based on the statistical cluster analysis of k-means.
The Euclidean distance was used as a measure of prox-
imity. The program divided the data by classes, using
the maximal, mean, and minimal brightness and stan-
dard deviation in the first iteration, and then, means
and the minimal Euclidean distance were applied for
the classification until the optimal separation of
classes has been obtained.

RESULTS AND DISCUSSION
General features of the soil profiles. Modern soils

include the P agrohumus horizon from 24 to 45 cm
thick with the median of 33 cm and the lower and
upper quartiles of 30 and 38 cm, respectively. It con-
sists of two or three horizons, differing in efferves-
cence with HCl, alkalinity, structure, and the presence
of in-plowed fragments of the underlying horizon.

The lower part of the BMKsn xerometamorphic
solonetzic horizon is preserved just under the plow
layer in several pits (G-4, G-5, G-9, G-11, G-22, and
G-25). It is characterized by prismatic structure and
humus-clay coatings on the lateral pedfaces. Humus-
clay coatings on the blocks in the plow horizon of soils
of two catenas located in their upper parts at the alti-
tude of 54–56 m indicate the active phase of the cur-
rent development of solonetzic process. At lower levels
of the general slope (at the altitude of 50–52 and 46–
47 m), morphological features of alkalinity are few
(Figs. 2, 3).

All soils of the three catenas at the altitudes between
50 and 56 m include the carbonate-accumulative BCA
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horizon characterized by continuous effervescence with
HCl of the soil mass; it has also secondary carbonates
(beloglazka). The BCA horizon thickness varies from
20 to 75 cm with the median of 44 cm and the lower and
upper quartiles of 38 and 54 cm. The highest and lowest
values are typical for soils of hollow bottoms, in which
the upper boundary of the BCA horizon is located in
the depth interval 80 to 140 cm. These are clay-illuvial
agrozems (pits G-6 and G-21) and agrodark-humus
clay-illuvial heavy loamy soils (pit G-13) on loess-like
loams (meadow-chestnut soils according to C-1977;
Luvic Kastanozem (Loamic, Aric)) in WRB.

Chestnut soils (according to C-1977) having had
similar profiles prior to the intensive anthropogenic
impact are now specified into two soil types according
to RC-2004(8): agrochestnut soils with the preserved
BMK xerometamorphic horizon and carbonate-accu-
mulative segregationary agrozems without BMK hori-
zon. Agrochestnut soils on the plot are qualified for
solonetzic (Luvic Kastanozems (Loamic, Aric, Proto-
sodic, Bathygypsic)); while agrozems are either solo-
netzic (Luvic Kastanozems (Loamic, Aric, Proto-
sodic, Bathygypsic)), or nonsolonetzic (Haplic Kasta-
nozems (Loamic, Aric, Bathygypsic)).

In 2020, light-humus carbonate-accumulative
clay-illuvial postagrogenic, oxigleyic, effervescing and
gypsum-bearing in the middle part, pyrogenic slightly
saline, and solonchakous medium-loamy soils on yel-
low-brown stratified loams were revealed under the
community of reed and wheat-grass. Presumably, they
were formed in place of the meadow solonchak,
which, in turn, originated from a meadow-chestnut
soil during irrigation in the 1980s–1990s due to the
GWL rise to a depth of <1.5 m. This means that there
were two stages of soil evolution during a short time
period (less than half a century): intensive salinization
and subsequent desalinization.

Since irrigation of the Generalovskaya IS planned
again, we have analyzed the composition of water near
the water intake facility (now inactive) in the settle-
ment of Pugachevskii located at the mouth of the
Esaulovskii Aksai River, f lowing into the Tsimlyansk
Reservoir (Table 1). This is a steppe river with the
catchment basin on the western slope of the Ergeni
Upland with solonetzic micro-associations. As a
result, water in the river is slightly saline (3.9 g/L, and
SAR = 9.7). Irrigation by this water will cause accu-
mulation of exchangeable sodium to 10–12% of the
CEC and secondary solonetzization, as well as the
secondary accumulation of easily soluble salts in the
root zone to the rate of weak salinization. Thus, irriga-
tion with water of such composition requires special
measures for improving water quality in order to pre-
vent adverse processes.

The salt status of soils of catenas G-3–G-6 and
G-9–G-13 at the altitude of 50–56 m. Let us consider
changes in salinization of formerly irrigated soils on
the test plot after the 25-year-long period without irri-
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Fig. 2. Soil profiles along the catenas G-3–G-6 and G-9–G-13 and the vertical distribution of the activity of Na+, Ca2+, and
Cl– ions measured in soil pastes with the water content of 40 wt %. 
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gation. The GWL on the field located higher than the
main slope of the second terrace of the Don River at
the altitude of 54–56 m (pits G-3–G-13) was at the
depth of 3–5 m during irrigation in 1990s and is now
deeper than 5 m. The soil association is characterized
by more frequent occurrence of solonetzic soils, where
the humus-clay coatings on pedfaces of blocks are
identified even in the plow horizon (G-3–G-6, G-9).
EURASIAN SOIL SCIENCE  Vol. 55  No. 8  2022
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Fig. 3. Soil profiles along the catenas G-21–G-25 and G-26–G-27 and the vertical distribution of the activity of Na+, Ca2+, and
Cl– ions measured in pastes with the water content of 40 wt %. 
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According to data on the activity of ions in pastes,
soils in the bottoms of hollows and on the adjacent lower
part of the slope at the height less than 20 cm relative to
the bottom are not saline to a depth of more than 2 m.
The Na+ activity does not exceed 3–7 mmol/L (or
EURASIAN SOIL SCIENCE  Vol. 55  No. 8  2022
0.12–0.28 cmol(c)/kg), and the Cl– activity is less
than 1 mmol/L (<0.04 cmol(c)/kg).

The depth of slightly saline soil horizons on convex
slopes between the hollows ranges from 80 to 170 cm,
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Table 1. Salt composition of water at the mouth of the Esaulovskii Aksai River at its discharge into the Tsimlyansk Reservoir
near the water intake (not functioning now) of the Generalovskaya IS (sampling on September 1, 2020)

pH
Cl– Ca2+ Mg2+ Na+ K+ Total 

salts, g/L
EC25, 
dS/m

SAR
mmol(c)/L

7.8 1.8 27.1 33.4 15.5 11.8 35 0.2 3.93 5.42 9.47

3HCO− 2
4SO −
which corresponds to solonchakous, deep-solonchak-
ous, and deep-saline varieties. Soils with the saline
horizon deeper than 1 m predominate. The vertical
distribution pattern of salts in these soils (G-3, G-10,
and G-11) is deep-accumulative with a relatively grad-
ual increase in the activity of sodium ions down the
profile and its maximum at the depth of 180–200 cm.
In the lower part of the slope at the side of a deeper hol-
low (G-12), the distribution of sodium activity is also
deep-accumulative, but the upper saline horizon is
closer to the surface than on the top parts of the slope.

Only pit G-9 is assigned to solonchakous varieties:
it is characterized by Na+ accumulation in the middle
part of the profile with the maximum at a depth of 80–
130 cm. According to data on the water extract, the
salinity is mainly of sodium-magnesium sulfate type,
and gypsum is often present.

The upper two catenas are characterized by a spe-
cific vertical distribution of Ca2+ ion activity with the
minimum (0.5–2 mmol/L) in the middle part of the
profile and two maxima (5–8 mmol/L) in the upper
nonsaline and lower saline horizons. The nonsaline
soils in the bottoms of hollows are exceptions; the Ca2+

activity in them is characterized by almost uniform
vertical distribution and varies within 3–7 mmol/L.

The minimal Ca2+ activity in the middle part of the
soil profile indicates an increased alkalinity of the soil
solution formed during desalinization of formerly
saline horizons. It is accompanied by low toxic alka-
linity related to Na in nonsaline horizons revealed in
the water extract.

The plot, with G-3–G-6 catena was characterized
by a good status of cultivated crops with an extremely
rare manifestations of salinization in the 1990s (Fig. 4,
Table 2). These areas with a homogeneous phototone
are designated in Fig. 4 by number 1. The adjacent plot
with G-9–G-13 catena was characterized by mosaic
salinization that caused death of crops. It is designated
by number 2 in Fig. 4.

The assessment of the salt status of soils in 2020
enables us to assume that the difference between the
plots has been preserved in deeper horizons. Slightly
saline horizons with gypsum in soils of catena G-9–
G-13 are located at a smaller depth.

The salt status of soils of catena G-21–G-25 at the
altitude of 50–52 m. Let us analyze the status of soils
on the main slope of the second terrace of the Don
River in the field, where the GWL in the 1990s was at
a depth of 1.5–3.0 m and some part of soils was solon-
chakous.

According to terrain survey of 2020, the soil cover
pattern is qualified for combination-spotted. Bottoms
of wide hollows are occupied by clay-illuvial agrozems
(meadow-chestnut soils or Luvic Kastanozems
(Loamic, Aric)). Agrochestnut solonetzic (chestnut
solonetzic plowed soils or Luvic Kastanozem (Loamic,
Aric, Protosodic)) and silty loamy carbonate-accu-
mulative agrozems (chestnut plowed eroded soils or
Haplic Kastanozem (Loamic, Aric, Protosodic)) on
pale brown loess-like loam underlain by sand from a
depth of 2–2.5 m are formed on slightly convex
inclined slopes between the hollows. In some places,
soils are strongly burrowed by animals (zooturbated),
and there are also stratified soils with carbonate mate-
rial translocated to the surface during leveling.

Solonchakous (pits G-23, G-25) and deep-solon-
chakous (pit G-24) soils with the upper boundary of the
slightly saline horizon at depths of 70–80 and 110 cm,
respectively, occur on the weakly convex surface
between hollows. According to data of the water extract,
the salinization is chloride-soda or soda-chloride sodic
with the sum of toxic salts (Stox) of 0.08–0.09%. In hori-
zons with morphologically evident fine-crystalline gyp-
sum veins at a depth of 150–200 cm, the salinization
type becomes chloride-sulfate magnesium-sodic with
gypsum. The salinity rate varies from slight to medium
(Stox = 0.15–0.23%).

According to the measurement of ion activity in
pastes, soils in the bottom and on the slopes of the wide
hollow (pits G-21 and G-22) do not contain easily sol-
uble salts to a depth of 2–2.5 m, including the entire
layer of loess-like loams and underlying sands. The
activity of chlorides varies from 0.06 to 0.6 mmol/L
(0.002–0.02 cmol(c)/kg), and that of sodium ions is
within 0.25–2.2 mmol/L (0.01–0.09 cmol(c)/kg) in
the bottom of the hollow, and 0.3–8.5 mmol/L (0.01–
0.34 cmol(c)/kg) on its slope and is characterized by a
general trend to an increase down the soil profile.

The salinity distribution pattern with respect to
sodium activity is deep-accumulative in the deep-
solonchakous soil of pit G-24 and middle-accumula-
tive in solonchakous soils of pits G-23 and G-25. The
salinity in the lower part of the profile is slight and
moderate. Its upper boundary determined by the Na+

activity is located at depths of 80 (pit G-23), 120
(pit G-24), and 195 cm (pit G-25). In comparison
with soils of the upper catenas, the maxima of sodium
EURASIAN SOIL SCIENCE  Vol. 55  No. 8  2022
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Fig. 4. The test plot of the Generalovskaya IS with groundwater level (GWL) zones in 1990: 3–5, 3–1.5, and <1.5 m in the image
of the panchromatic aerial photograph (Soyuzgiprovodkhoz, June 23, 1990). Designations: (1) areas with alfalfa of good quality;
(2) spots of thin alfalfa cover related to solonetzic and erosion processes; (3) open surface and partially cut down grass cover;
(4) spots of strongly saline soils; (5) meadow solonchak; (6) harvested alfalfa; (7) gardens; (8) non-irrigated lands; 72–97, num-
bers of sampling sites for soil salinity in 1990 (Table 2). 
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ion activity here are larger: 50–60 mmol/L (2–
2.4 cmol(c)/kg).

Pit G-25 has a specific feature. There is a maxi-
mum of Cl– activity (40–48 mmol/L) in the 80- to
150-cm layer, corresponding to slight salinity. The
activity of chlorides at this depth exceeds four times
the activity of Na+ ions (7–12 mmol/L). Chlorides in
the solution are compensated by Ca2+, whose activity
in this layer is 15–18 mmol/L (which corresponds to
30–36 meq/L). The activity of chloride ions gradually
decreases with depth, and does not exceed the activity
of Na+ ions from a depth of 250 cm. The presence of
calcium chlorides is a residual feature of secondary sali-
nization [25]. In the 1990s, this field was partially devel-
oped, the GWL depth was 1.5–3 m, which favored the
rise of the capillary fringe to the root zone. The field of
alfalfa had a spotty pattern, and some plants died in
places of strong secondary soil salinization.

In pits G-23 and G-24, where Na+ activity
exceeds that of Cl–, the vertical distribution of Ca2+

activity is similar to that described above for pits of
the two upper catenas: there is a minimum (0.3–
0.5 mmol/L) in the middle part of the profile and
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two maxima (3–6 mmol/L) in the upper and lower
horizons. This is the evidence of alkaline conditions
in carbonate-accumulative horizons of the studied
soils, which is confirmed by the data of water extract.
According to them, the salinity is of sodium chlo-
ride-soda type with a high portion of total alkalinity
among anions and toxic alkalinity related to Na. It is
replaced by chloride-sulfate magnesium-sodium
salinization with gypsum in deeper layers.

Thus, the upper horizons of solonchakous strongly
saline soils in the area with not deep GWL underwent
partial desalinization over the 25-year period after the
irrigation stopped, while local traces of the former sec-
ondary salinization were preserved in the form of Ca
chlorides in soil solutions. The content of easily solu-
ble salts in soils of this catena is higher and they occur
higher in the soil profile as compared to the two upper
catenas.

The salt status of soils in the area of the former
solonchak. Pits G-26 and G-27 were dug in the area of
the former meadow solonchak, evolved from meadow-
chestnut soils, where the GWL was <1.5 m in 1990s.
The soils were strongly and very strongly saline in the
upper 1-m-thick layer. The plot at the altitude of
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Table 2. Soil salinity and chemical composition of salts on the test plot of the Generalovskaya IS in June 1990

Site no.
Weighted mean of total toxic salts (%) in soil 

layer Chemical 
composition of salts Salinity rate

0–50 cm 50–100 cm

72 0.79 0.88 Chloride-sulfate Strong
73 1.02 1.11 – Very strong
74 0.74 0.91 – Very strong
75 1.10 1.39 – Very strong
76 0.73 0.89 – Strong
77 0.72 1.12 – Very strong
78 0.91 1.15 – Very strong
79 1.10 1.16 – Very strong
80 0.52 0.82 – Strong
81 0.67 0.78 – Strong
82 0.76 1.14 – Very strong
90 0.04 0.05 Sulfate Not saline
91 0.03 0.04 Chloride-sulfate Not saline
92 0.09 0.09 – Not saline
93 0.04 0.07 – Not saline
94 0.04 0.05 – Not saline
96 0.14 0.14 – Slight
97 0.08 0.13 – Slight
46.0–46.5 m above sea level was the closest to the
Tsimlyansk Reservoir. The field was completely over-
grown by reed. Pit G-26 characterized a slightly con-
vex background surface of the general gentle slope
with sparse low (1.0–1.3 m) reed with wheat-grass and
woodreed; pit G-27 was dug in the bottom of a shallow
hollow with dense cover of reed 2–2.5 m high and with
wheat-grass in the second layer. The soil cover was
composed by meadow-chestnut old-plowed solon-
chakous, and heavy- and medium-loamy soils on
pale-brown loams (C-1977), or by light-humus pyro-
genic postagrogenic oxigleyic clay-illuvial, gypsum-
bearing in high layers, carbonate-bearing in middle
layers, with segregation carbonates in deep layers,
and heavy- and medium-loamy soils on pale-brown
silty loams underlain by stratified loams from a depth
of 1.5 m (RC-2004) or Luvic Gypsic Kastanozems
(Loamic, Oxiaquic, Endoprotosalic) in WRB.

Periodic burning of reed produced a 3–4-cm-thick
pyrogenic layer (index pyr) on the soil surface, com-
posed of charred plant residues with an admixture of
mineral particles. During 30 years, the former plowed
horizon was gradually transformed into the AJ light-
humus horizon under the effect of the root systems of
reed and wheatgrass. A sod (index rz) 4–6 cm thick
was formed in its upper part. The partially preserved
angular blocky structure of the first order with some
angular irregularly shaped aggregates (index pa, which
signifies postagrogenic) became friable, and was mainly
fragmented by roots into granular and flattened gran-
ular aggregates. Brown-rusty films of iron hydroxides
on the faces of many aggregates and soft brown con-
cretions 1–2 mm in diameter occurring in clusters up
to 2 cm in size in block interiors indicate periodic
reducing conditions in the surface horizon, which are
replaced by oxidative ones in summer, when soils dry
out (index ox, which signifies oxidized gley).

There is a noticeable amount of veins of farina-
ceous gypsum beginning from the depth of 21–33 cm
and continuing to the depth of 75–150 cm in the
AJpa,ox,cs, Bi,cs, Bca,cs, and BCAnc,cs horizons. In
the hollow (pit G-27), the gypsum layer is thinner and
is located closer to the surface in large reed rhizomes.
On a slightly convex surface (pit 26), gypsum features
begin slightly deeper beyond the light-humus horizon
and are recognizable to the depth of 150 cm.

The surface horizons of the former solonchak,
excluding the newly formed pyrogenic ones, under-
went desalinization by 2020 and formally became
nonsaline. However, the activity of sodium ions in
them ranges from 0.5 to 9 mmol/L at the humidity of
40 wt %, which indicates an uncompleted process.
Desalinization on the main slope resulted in toxic
alkalinity related to sodium, whereas a high total alka-
linity in the hollow (0.5–1.0 meq/kg) is completely
compensated by Ca, one of the sources of which is a
grid of abundant veins of farinaceous gypsum at the
depth of 20–33 cm.
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The first slightly saline horizon begins from a depth
of 33 cm on a weakly convex surface (pit G-26) and of
50 cm in a shallow hollow (pit G-27). The most part of
the soil profile from 40–70 to 300 cm is characterized
by medium salinity of the chloride calcium-magne-
sium-sodium or calcium-sodium type (Stox = =0.12–
0.17%). On the main slope, the salt content is maximal
in the middle part of the profile (from 40- to 70-cm
deep) in the horizon of continuous effervescence with
HCl, with veins of farinaceous gypsum and without
secondary carbonates manifestations, which appear
only from the depth of 105 cm. The distribution of
salts in the hollow is mainly characterized by eluvial
pattern with slightly varying amount of toxic salts
(0.11–0.14%) within 1–3 m thickness.

However, the measurement data on ion activity in
pastes show a particular maximum of the Na+ and Cl–

content at a depth of about 1 m, where there is a large
amount of medium and small roots and rhizomes of
reed. Pits G-26 and G-27 are characterized by the
highest values of Na+ and Cl– activity on the entire
studied plot. Both pits have horizons with Ca and Mg
chlorides, which evidence the secondary salinization
from groundwater located close to the surface during
the irrigation period.

It is important to find the reasons of the not deep
GWL in the 1990s and of the recent formation of a
wide strip of reed on the general slope of the second
terrace of the Don River. The data of manual drilling
testify that there are stratified loamy deposits from a
depth of 130–150 cm, which favor water retention in
some strata. They are soft-plastic, very viscous, and
contain living reed roots of 5–6 mm in diameter, which
supply water to aboveground plant organs. Two such
strongly moistened layers were revealed in the 3-m-
thick soil profile: the Cca and C3ca horizons (Fig. 3)
separated by the C2ca horizon of silty loams with sig-
nificantly lower moisture. Stratified loamy deposits on
the terrace receiving additional water during intensive
irrigation provided the formation of a long-term
perched water table and the solonchak. At present, the
same deposits under conditions of only atmospheric
moisture supply maintain the development of reed-
wheatgrass association.

Trends of the salt status of soils under post-irriga-
tion conditions. The analysis of the modern salt status
of soils performed in 2020 on plots of various initial
(30 years ago) salt soil status enables the following
conclusions. First, over the 25-year-long period with-
out irrigation, secondary saline soils underwent grad-
ual desalinization under the effect of atmospheric pre-
cipitation, and alkalization developed in their upper
horizons. These processes were the most pronounced
in the former secondary solonchak of the 1990s. Sec-
ond, features of secondary salinization are preserved
now on two plots, where GWL in the past was <3 m
and salinity was the strongest. They are represented by
Ca chlorides in soil solutions against the background
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of a significant decrease in the GWL. Third, differ-
ences in the salt status among the soils of four plots are
preserved. It may be concluded that the current salt
status of soils is inherited from that of 25 years ago.
Soils on the plot with a generally well developed alfalfa
during irrigation, indicating the lowest salinity, are
now nonsaline to a depth of 2 m, and only deeply
saline varieties are rarely found. Areas with the spotty
salinization pattern and different GWL (3–5 and 1.5–
3 m) in the 1990s are now occupied by solonchakous
and deep solonchakous soils with a relatively higher salt
content and the presence of calcium chlorides on the
initially more saline plot with the GWL of 1.5–3 m. The
area of the former solonchak still remains the most
saline.

Assessment of the areal distribution of soils by
remote sensing data. Terrain diagnostics and descrip-
tion of soils, as well as soil classifications (C-1977 and
RC-2004(8)), were used for clustering the satellite
image (Pleiades, March 28, 2020) and extrapolation of
soil types to a fragment of the interpreted image, cov-
ering a part of the test plot around catenas G-3–G-6,
G-9–G-13, and G-21–G-25 of a total area of 71 ha
(excluding the area of the canal and the road). The
field with the former solonchak was not analyzed
because of the small number of sampling sites (Fig. 5).

The soils were grouped according to the depth
(from the earth surface) of the first salt horizon (to
30 cm—solonchakous; 30–80 (100) cm—slightly solon-
chakous; 100–150 cm—deep solonchakous; and 150—
200 cm—deep saline) and by the effervescence with
10% HCl from the surface, which qualitatively
reflected the presence or absence of carbonates in the
plow horizon. Soil texture was determined during ter-
rain survey.

Clustering of the image enabled us to distinguish
the following groups of soils by the dominating fea-
tures: (1) chestnut plowed (agrochestnut) solonetzic
deep-solonchakous, and deep-saline silty loamy soils;
(2) chestnut plowed (carbonate-accumulative agrozems)
solonetzic surface-calcareous solonchakous, and deep-
solonchakous silty loamy soils; (3) meadow-chestnut
plowed (clay-illuvial agrozems) nonsaline silty loamy
soils; (4) meadow- and meadow-chestnut plowed
(agrodark-humus clay-illuvial and clay-illuvial agrozems)
nonsaline heavy and silty loamy soils; (5) meadow-
chestnut (clay-illuvial oxigleyic agrozems) solonchak-
ous heavy and silty loamy soils (Fig. 5b).

The entire analyzed part of the test plot is plowed
and crossed by many hollows (Fig. 5a). They are well
seen on the modern satellite image, but are poorly vis-
ible on the aerial photograph of 1990. This is explained
by the absence of field levelling in the post-irrigation
period and the development of soil erosion.

Most of the general slope (67.9% of the total area),
which forms the watershed between the hollows, is
occupied by agrochestnut solonetzic deep-solonchak-
ous deep-saline silty loamy soils (Fig. 5b, soils 1).
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Fig. 5. (a) Satellite image from Yandex.ru (March 28, 2020, Pleiades) portal and (b) the result of its clustering and compiling a
soil map of the studied plot. Designations: (1) plowed (agrochestnut) solonetzic deeply solonchakous deeply saline silt loamy
chestnut soils; (2) plowed solonetzic surface-calcareous solonchakous and deep-solonchakous silty loamy chestnut soils (carbon-
ate-accumulative agrozems); (3) plowed nonsaline silty loamy meadow-chestnut soils (clay-illuvial agrozems); (4) plowed non-
saline clayey and silty loamy meadow and meadow-chestnut soils (agrodark-humus clay-illuvial soils and clay-illuvial agrozems);
(5) solonchakous clayey and silty loamy meadow-chestnut soils (clay-illuvial oxigleyic agrozems); (6) abandoned canal and road. 
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Carbonate-accumulative solonetzic and surface-
calcareous agrozems (Fig. 5b, soils 2) are located on
the slopes of hollows, where soils undergo erosion,
and on the watershed, where soils were truncated
during the construction of the irrigation system and
surface leveling. Their portion is 7.5%. Most of the
soils of this group are deep-solonchakous, but solon-
chakous varieties also occur. The distribution pattern
of these soils on the hollow slopes is asymmetric. They
are mainly allocated to the right northern slope. This
corresponds to the deviation of the temporary water
flow on the hollow bottom of the east–west directed
under the Coriolis force.

Concave positions on the watershed between and
along the hollows are occupied by soils with the clay-
illuvial BI horizon leached from carbonates. Most of
them are nonsaline. Not deep depressions and hollows
are occupied by clay-illuvial silty loamy agrozems
(meadow-chestnut soils) with a thin BI horizon. They
comprise 19.8% of the total area (Fig. 5b, soils 3).

Bottoms of deeper hollows are occupied by
agrodark-humus clay-illuvial soils and clay-illuvial
nonsaline agrozems with the depth of effervescence
with HCl from 55 to 145 cm. They compose 3.5% of
the total area (Fig. 5b, soils 4). There are not only
medium, but also heavy loamy varieties among them.

In few places (1.3%), where hollows are crossed by
linear objects (road and canal embankment), small
areas of clay-illuvial solonchakous heavy and silty
loamy agrozems ((meadow-chestnut soils) are con-
centrated (Fig. 5b, soils 5).

Thus, the map compiled by identifying the main
groups of soils, using the classification of satellite
images, presents the modern soil cover of the studied
area of the Generalovskaya IS under post-irrigation
conditions. Therefore, the method of catena determi-
nation of soil sampling sites during a terrain survey
may be used in combination with remote sensing data
and digital mapping techniques.

CONCLUSIONS
The 30-year-long operation of the Generalovskaya

irrigation system resulted in significant changes in
some soils of the Don River valley by the beginning of
the 1990s. The condition of crops reflected in aerial
photographs of that period pronouncedly varied from
good to extremely depressed, depending on the initial
salinity of soils – ingredients of chestnut–solonetz
complexes and the formed regime of groundwater in
irrigated areas. High groundwater level (<1.5 m) and
increased mineralization (3–10 g/L) resulted in the
formation of a solonchak of several tens of hectares in
the area with secondary strongly saline soils around it.

Data of 2020 show that after the 25-year-long
period without irrigation, the GWL became deeper
than 5 m in the entire area of the former irrigated land,
and secondary saline soils, including the secondary
solonchak, underwent gradual desalinization. At the
present time, slightly convex parts of the slope are
occupied by deep-solonchakous and solonchakous,
slightly saline, and solonetzic agrochestnut soils
together with the carbonate-accumulative solonetzic
agrozems (plowed chestnut soils in C-1977). The bot-
toms of hollows and slightly concave surfaces are
occupied by clay-illuvial nonsaline agrozems (meadow-
chestnut soils in C-1977).
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In the areas, where the GWL was <3 m in the
1990s, evidences of secondary salinization in the form
of calcium chlorides in soil solutions are now pre-
served.

The initial pattern of soils with different salt status
was preserved on the four plots, but the salinity
became lower. On the plot with generally good alfalfa
status during irrigation, most of soils are now not
saline to a depth of 2 m, and deep saline varieties are
few. The plot with past spotty pattern of strong salini-
zation now includes solonchakous and deep solon-
chakous soils with a relatively higher salt content. The
area of the former solonchak still remains the most
saline. It may be concluded that the modern salt status
of soils is inherited from that of 25 years ago.

The combination of the catena method of perform-
ing soil sampling during terrain survey in accordance
with remote sensing data, as well as digital mapping
techniques provides the assessment of the presence or
absence of carbonates close to the soil surface and of
the depth of the first salt horizon. These data are nec-
essary for elaboration and selection of optimal recla-
mation measures.
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