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Abstract

The aim of this study is to determine the spatial distribution of geochemical anomalies
of selected potential toxic elements in the soils of the river basins in the Northeastern
Caucasus—specifically the Ulluchay, Sulak, and Sunzha Rivers. A concentration of 25 chem-
ical elements was measured using inductively coupled plasma mass spectrometry (ICP-MS).
Petrogenic elements commonly found in the Earth’s crust (Al, Na, Ca, Fe, Mg) showed high
concentrations (Na up to 306,600.70 mg/kg). Conversely, concentrations of Ag, Cd, Sn,
Sb, and Te at many sampling sites were extremely low, falling below the detection limits
of analytical instruments. The geochemical indicators Cf (contamination factor) and Igeo
(geoaccumulation index) indicate that the regional characteristics of the territory, such as
lithological conditions, hydrochemical schedules, and the history of geological develop-
ment of the territory, affect the concentration of elements. Anomalous concentrations were
found for seven elements (Ba, Na, Zn, Ag, Li, Sc, As), whereas no anomalies were identified
for Be, Mg, Al, Mn, Fe, Co, Ni, Cu, Pb, Te, and Cs. For the most part (8 of 10), the sampling
sites with anomalous chemical element content are located in the basin of the Sunzha River.
Two sites with anomalous chemical element content have been identified in the Sulak River
Basin. Anomalous values in the Sulak River Basin are noted for two chemical elements—Ba
and Na. Natural features such as geological structure, parent rock composition, verti-
cal climatic zonation, and landscape diversity play a major role in forming geochemical
anomalies. The role of anthropogenic factors increases in localized areas near settlements,
industrial facilities, and roads. The spatial distribution of geochemical anomalies must be
considered in agricultural management, the use of water sources for drinking supply, the
development of tourist routes, and comprehensive spatial planning.

Keywords: potential toxic elements; Clarke values; Ulluchay River; Sulak River; Sunzha
River; Caspian Sea; geochemical background; soils; concentration anomalies
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1. Introduction

The study of chemical element concentrations in soils has been the focus of many
scientific publications [1-3]. A significant emphasis is placed on anthropogenic soil pol-
lution and its impact on human health [4-7]. Despite some general distribution trends,
element concentrations vary significantly across regions and are strongly affected by local
conditions [8,9]. The formation of soil chemical composition is a complex process involving
both natural and anthropogenic factors [10-15].

River basins function as unified landscape—-geochemical systems, with matter and
energy flows directed from uplands to lowlands. This provides the rationale for using the
basin approach to study chemical element transport and accumulation [16-18].

The geoecological state of river basin landscapes and soils directly influences water
quality. Excessive concentrations of any given elements in the soil create geochemical
anomalies [19-21]. Therefore, gaining new insights into soil chemistry and the driving
natural and human factors is especially important [22].

While most research on soil contamination in river basins focuses on urban, indus-
trial, or agricultural settings [23,24], mountainous regions—especially those with complex
geochemical backgrounds—have received far less attention.

The Caucasus is a major physiographic region stretching 1200 km NW to SE, noted for
its geological complexity, climatic diversity, and rich ecosystems. The study area lies within
the Scythian-Turanian platform and Alpine fold belt, with rivers (Terek, Sulak, Samur,
Sunzha) draining into the Caspian Sea and significantly influencing its water quality [25].

Previous geochemical studies of soils in the Northeastern Caucasus have focused pri-
marily on anthropogenic impacts in agricultural areas and their links to public health [26-30].
In Dagestan, localized assessments have evaluated the influence of economic activities and
individual enterprises on heavy metal concentrations in soils [31]. In the lowland part of
Dagestan, agricultural fields have been investigated for Zn, Cu, Mn, Co, and Pb, revealing
spatial patterns characterized by a decrease in Zn and Cu and an increase in Pb [28]. In
hydromorphic soils of the Dagestan lowlands, very high concentrations of Cr (162 mg/kg)
and Ni (118 mg/kg) have been reported [32]. In the soils of the foothill zone of Dagestan, Cr
concentrations reach 210 mg/kg, Ni concentrations reach 192 mg/kg, and Pb concentrations
reach 49 mg/kg [33].

Geochemical anomalies are better documented in the central and western parts of the
North Caucasus due to plans for economic development, including mineral exploration and
extraction, as well as the expansion of tourism zones. There are indications of anomalies in
Cu, Zn, Pb, Ba, Co, Mn, and Al, but without specifying their exact locations [34].

Elevated concentrations of certain chemical elements in the Central Caucasus con-
tribute to the contamination of natural waters and restrict their use for domestic water
supply [35,36]. In the high-altitude area of Mount Elbrus, natural water sources contain
elevated concentrations of Al, As, Cu, Li, Mo, Mg, Na, and ClI [37]. Such high levels of
chemical elements act as a limiting factor for tourism development, as water quality directly
influences the suitability of the environment for recreational activities.

A considerable body of research has focused on natural and anthropogenic geochem-
ical anomalies in areas of mineral extraction. For example, soils in the Unal Depression
(Central Caucasus), within the Ardon River Basin (a tributary of the Terek River), are
enriched in Zn, Pb, Cu, and Cd [38]. A tailing repository, where wastes from lead—zinc ore
processing are stored, is located approximately 12-15 km downstream [39]. The highest
metal concentrations (Pb up to 1708 mg/kg, Zn up to 3636 mg/kg) occur primarily in the
upper soil horizons [40,41]. Long-term monitoring over a ten-year period has demonstrated
an increase in the levels of potentially toxic elements, with elevated concentrations also
observed in forage plants [42,43]. Near the Tyrnyauz tungsten-molybdenum deposit (Cen-



Geosciences 2025, 15, 380

3 o0f41

tral Caucasus), Mo, W, Cu, and Re exhibit elevated concentrations [44,45]. In the Central
Caucasus Fore Range, geochemical anomalies were identified based on their exceedance
of regional background levels. Anomalies (V, Mo, Cu, Pb, Ag, Mn, Zn) located within
mineralization halos of ore deposits are classified as natural [46].

Natural geochemical anomalies act as limiting factors for regional development, ne-
cessitating measures such as purification of drinking water from pollutants, control of air
pollution levels, and the construction of engineering protection systems. In the absence of
such measures, morbidity rates among the population increase. Similar zones have been
identified in the lowland and foothill regions of Dagestan. In the lowland areas, elevated
Pb concentrations combined with low Mg, K, Ca, and Zn levels have been associated with a
higher incidence of essential arterial hypertension in children [39]. The prevalence of goiter
in the lowland population increases with higher Mn and Pb concentrations and lower Zn,
Co, and Cu levels in soils [47]. Furthermore, the incidence of diabetes in lowland Dagestan
has been shown to rise under conditions of low Zn and Cu and elevated Pb concentrations
in soils [28].

Despite these findings, research on the Northeastern Caucasus (Dagestan and Chech-
nya) remains insufficient, even though this region hosts one of the highest population
densities in Russia—over 4.5 million people, with up to 85 inhabitants per square kilo-
meter. Element accumulation, dispersion patterns, and spatial variability, especially in
mountainous soils of the region, remain insufficiently studied [48].

The aim of this study is to determine the spatial distribution of geochemical anomalies
of selected potential toxic elements in the soils of the river basins in the Northeastern
Caucasus—specifically the Ulluchay, Sulak, and Sunzha Rivers.

2. Materials and Methods
2.1. Study Area

The Northeastern Caucasus represents the easternmost part of the Greater Caucasus
within the Russian Federation. The region includes the marginal zones of the Scythian,
Turanian, and Transcaucasian epi-Hercynian plates, characterized by the development of
rock ranging from the Proterozoic to the Holocene. The complex geodynamic history of the
territory (subduction, rifting, collision, post-collision extension, compression) has resulted
in a diverse lithological composition and rich mineral resource potential.

The Terek-Sulak and coastal lowlands are located in the eastern part of the Terek—Caspian
foredeep of the Greater Caucasus. They are composed of Oligocene-Neogene molasse deposits
reaching a thickness of up to 10-12 km (Figure 1). Exposed at the surface are green marls and
clays (P1_p kb + sv); sandy calcareous clays interbedded with sandstones and occasional marl
layers (N7 tl + cg); sands, sandstones, and detrital limestones (N 1g); clays with interbeds
of sands, sandstones, and coquina limestones, overlain in the upper part by small-pebble
conglomerates (N; bg); alternations of conglomerates, sandstones, and clays of subcontinental
facies, containing pebbles of black shales and highly weathered granites and diabases in the
east (N Ig); as well as coarse-grained sandstones, sands, and clays with interbeds of pebble
beds, gravels, and coquinal limestones (N, ad).

The foothills, or Dagestan limestone, represent the northeastern slope of the Greater
Caucasus. They are composed of shelf terrigenous—carbonate deposits of the Upper Jurassic—
Eocene folded into a series of structures. Exposed here are sandstones with interbeds
of limestones, clays, and marls (K; kt + ca; K; ak) and light gray thin-bedded clayey
limestones, containing interbeds of dark gray marls in the lower part and layers (up to
0.2 m) of calcareous sandstones and horizons (up to 4 m) of olistostromes (K; gr) in the
upper part.
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High-mountain Dagestan and Chechnya are situated in the axial zone of the lateral
and main ranges of the Greater Caucasus. In this area, a black shale formation of the Lower
and Middle Jurassic is widespread. At the surface, alternating sequences of mudstones,
siltstones, and sandstones are exposed, along with mudstones containing siderite concre-
tions and lenses of biogenic limestones (J;_» hl+krt), sandstones with rounded pebbles of
the same composition, mudstones and siltstones with sandstone interbeds, layers and con-

cretions of clayey siderites, marl lenses, calcareous nodules, and lenses of cherty limestones
(J2 ah) [49].
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Figure 1. Geological structure of the study area [50].

The main geomorphological units are represented by the high and mid-mountain
ridges of the Central and Eastern Caucasus, low mountain chains, intermontane de-
pressions, and the Tersko-Kumskaya and Dagestanskaya lowlands. According to geo-
morphological zoning, elevations below 1000 m a.s.l. occupy 39.7% of the territory, while
mid-mountain elevations (1000-2000 m) comprise 27.1%, and areas above 2000 m and
3000 m account for 25.9% and 7.2%, respectively [51,52].

The foothills occupy 35% of the total area of the Northeastern Caucasus [53,54]. At
the same time, heights up to 1000 m account for 17,848 km? (39.7%), 1000-2000 m (mid-
lands) accounts for 12,192 km? (27.1%), 2000-3000 m accounts for 11,625 km? (25.9%), and
above 3000 m accounts for 3223 km? (7.2%). Geomorphologically, the low mountains and
highlands are more widely represented in the Northeastern Caucasus, while the middle
mountains occupy a slightly smaller area. The largest area in the low mountains is occu-
pied by elevations of 200-400 and 400-600 m, which include the advanced ridges (Tersky
and Sunzhensky). As for the average categories, the distribution of the territory is quite
uniform [55]. The highest parts of the mountain structure occupy a somewhat insignificant
piece of the territory [51].

The soils of the studied region show pronounced altitudinal zonation. In the foothill
areas and lower mountain belts, brown mountain—forest soils predominate; above the forest



Geosciences 2025, 15, 380

5o0f 41

boundary, mountain-meadow soils dominate; on the arid southern slopes, mountain-steppe
soils are widespread. The plains are characterized by chestnut, meadow—chestnut, meadow,
and solonchak soils.

Vegetation is also highly differentiated. Shrub formations are widespread in foothill
and low mountain regions, along with xerophytic herbaceous steppe communities. The
mountain—forest belt is represented by oak, beech, pine, and birch forests. Subalpine and
alpine meadows dominate at altitudes above 1800-2000 m [56].

The research area includes soils from the basins of three large rivers in the Northeastern
Caucasus: the Ulluchay, Sulak, and Sunzha. The Ulluchay and Sulak rivers flow through
the territory of the Republic of Dagestan, and the Sunzha River flows through the territory
of the Chechen Republic and the Republic of Ingushetia. The studied rivers cut through
mountainous terrain, forming deep gorges and canyons. They are full-flowing, fed by snow
and groundwater, and subject to seasonal floods in spring and early summer.

The Sulak River (169 km) has its source from the highlands of the Greater Caucasus
Range, crossing the Gimri and Alatau ranges. It flows into the Caspian Sea north of
Makhachkala, adjacent to the village of the same name near the Agrakhan Peninsula.

The Sunzha River (278 km) flows north to the Sulak River. It has its origin on the
northern slope of the Greater Caucasus Range; runs along the Sunzhensky range, forming
a wide valley; and flows into the Terek River [57].

The Ulluchay River (111 km) is much smaller in size, has its source on the eastern slope
of the Kokmadag range, and flows into the Caspian Sea north of Derbent in the Morskoy
region (Figure 2).
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Figure 2. Geographic location of the research area: (A) river network diagram; (B) location of
sampling points on the topographic map

2.2. Sampling Procedures

The main criteria for sample selection were as follows: topographic position, geological
structure, and type of land use. Soil sampling was carried out along the longitudinal profile
of each river—from the upper reaches, through the middle, to the lower course—and
transversely, considering exposure and slope position (Figure 3). Thus, the samples were
collected along a soil-landscape catena, extending from the watershed divide down to the
base level of erosion. Additional sampling was conducted along the main river channel
and its largest tributaries, in accordance with standard methodological guidelines [58].
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Figure 3. Location and position of the sampling site in the longitudinal profile of the Sharoargun
River (the Sunzha Basin).

The selection of sampling sites took into account the proximity to potential natural
(lithological) and anthropogenic sources of element accumulation. According to the geolog-
ical map, the sites are located within the coastal zone of marine sedimentary deposits, the
zone of foreland sedimentary deposits, and the high mountain zone of igneous rocks [50].
Most of the samples were collected in areas unaffected by direct anthropogenic impact. In
anthropogenically transformed areas, samples were taken from agricultural lands, pastures,
near roads, and in the vicinity of settlements.

In total, 100 composite soil samples were collected in the summer of 2024.

At each site, a soil pit was excavated, and the full soil profile, underlying parent
material, and landscape conditions were described. Soil samples were taken from the
topsoil (humus horizon) following standard soil sampling protocols. Approximately 1 kg
of soil was collected from the upper horizon of the profile using a clean plastic trowel. The
depth of the topsoil horizon ranged from 5 to 12 cm, depending on soil type. At each site,
GPS coordinates and elevation were recorded using a Garmin GPSMAP 64 receiver (Garmin
International, Inc., Olathe, KS, USA). The samples were placed in paper bags, air-dried
at room temperature, and subsequently transported to the laboratory. All samples were
collected under uniform conditions to ensure consistency and reliability in the comparative
analysis of spatial variations in element concentrations.

2.3. Laboratory Analyses

Twenty-five chemical elements were detected in the collected samples. The list includes
Li, Be, Na, Mg, Al, Ca, Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Br, Mo, Ag, Cd, Sn, Sb, Te, Cs,
and Ba.

In the laboratory, each sample was dried at 105 °C in a drying oven, spread on a table,
and divided into four parts, from which approximately 200 g of soil was randomly selected.
The soil was ground in an agate mortar, sieved through a 0.25 mm mesh, and stored in
labeled containers.

A 0.1 g (£0.0001) subsample of the sieved material was placed into a heat-resistant
beaker. Ten milliliters of concentrated nitric acid was added, and the beaker was covered
with a watch glass. The prepared samples were placed on laboratory hotplates, brought to
a boil, and boiled for 20 min. Subsequently, 5-10 mL of concentrated hydrogen peroxide
was added dropwise under stirring, and the solution was boiled for an additional 30 min
until complete dissolution of the sample. After cooling to room temperature, the solution
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was transferred into a 50 mL volumetric flask and brought to volume with bidistilled water.

If necessary, the solution was filtered through a “blue ribbon” paper filter.

Elemental concentrations were measured using inductively coupled plasma mass
spectrometry (ICP-MS) on a PlasmaQuant MS Elite (5/N: 11-60005T043) device (Ana-
lytik Jena GmbH, Jena, Germany). Analyses were conducted at the Analytical Center for
Geochemistry and Environmental Monitoring, in accordance with the certified method
PND F 16.2.2:2.3.71-2011 “Determination of chemical elements in environmental objects by
ICP-MS” [59].

Calibration was performed using multi-element Inorganic Ventures standards:

1. IV-ICPMS-71A-125ML—10 ppm 43 Element ICP Calibration/Quality Control Standard;
IV-ICPMS-71B-125ML—10 ppm Refractory Element ICP Calibration/Quality
Control Standard;

3. IV-ICPMS-71C-125ML—10 ppm Precious Metal (Osmium) ICP Calibration/Quality
Control Standard;

4. IV-IICPMS-71D-125ML—10 ppm 6 Element ICP-MS Internal Standard.

Analytical results for calibration curve and percentage recovery (% R), limit of detec-
tion (LOD) and limit of quantification (LOQ), calibration correlation coefficients (Rc), and
relative percentage differences for replicate samples (RPD) for the analyzed elements are
shown in Table 1.

Table 1. Analytical results for calibration curve and percentage recovery (% R), limit of detection
(LOD) and limit of quantification (LOQ), calibration correlation coefficients (Rc), and relative percent-
age differences for replicate samples (RPD) for the analyzed elements.

Chemical Element % R LOD LOQ Rc RPD, %
Li 84.2 0.0127 7.3374 0.9996 3.7
Be 99.5 0.0012 0.3510 1.0 2.6
Na 96.7 24.3847 199.7605 0.9999 4.1
Mg 98.1 0.1692 6.9670 0.9999 3.6
Al 98.9 17.1723 69.7867 0.9999 3.6
Ca 99.2 5.7739 50.6467 0.9999 3.3
Sc 96.4 0.0103 2.5701 0.9999 4.6
\Y 93.4 0.0907 2.3449 0.9999 55
Cr 83.4 0.3007 3.0797 0.9996 4.1
Mn 99.9 0.0117 1.2741 1.0 3.8
Fe 98.7 15.9107 67.0071 0.9999 3.6
Co 99.7 0.0026 0.3553 1.0 3.2
Ni 86.3 0.0663 0.2212 0.9997 2.7
Cu 96.9 0.2009 6.1947 0.9999 2.6
Zn 92.8 0.3544 7.6121 0.9999 7.4
As 98.8 0.1686 0.5621 0.9999 6.9
Pb 97.4 0.02359 0.7862 0.9999 14.7
Mo 93.0 0.0099 2.1735 0.9999 6.7
Ag 97.1 0.0044 0.8024 0.9999 9.1
Cd 95.6 0.0102 1.9004 0.9999 5.0
Sn 96.7 0.0250 1.0684 0.9999 5.9
Sb 98.9 0.0029 0.7076 0.9999 8.0
Te 97.6 0.0097 0.3039 0.9999 8.4
Cs 98.5 0.0014 0.3426 0.9999 7.9
Ba 93.9 0.0209 3.2750 0.9999 5.1

Limits of detection of chemical elements are shown in Table 2.
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Table 2. Limits of detection of chemical elements.

Chemical Element Detection Limit, mg/L Correlation Coefficient
Li 0.0127 0.999990
Be 0.0012 0.999996
Na 24.3847 0.999992

Mg 0.1692 0.999938
Al 17.1723 0.999956
Ca 5.7739 0.999933
Sc 0.0103 0.999967
Vv 0.0907 0.999997
Cr 0.3007 0.999967
Mn 0.0117 0.999990
Fe 15.9107 0.999993
Co 0.0026 1.000000
Ni 0.0663 0.999720
Cu 0.2009 1.000000
Zn 0.3544 1.000000
As 0.1686 0.999998
Pb 0.2359 0.999990
Mo 0.0099 0.999997
Ag 0.0044 0.999995
Cd 0.0102 0.999995
Sn 0.0250 0.999997
Sb 0.0029 0.999997
Te 0.0097 1.000000
Cs 0.0014 0.999989
Ba 0.0209 0.999977

The concentration of a metal in the sample solution (X, mg/dm?®) was calculated
according to Equation (1):
X=AxVy/V @

where

A denotes the concentration of the metal in the analyzed solution, determined using
the calibration curve (mg/dm?).

V; denotes the volume of the volumetric flask used for dilution (cm?).

V denotes the volume of the sample taken for dilution (cm?).

The mass fraction of a metal in the air-dry sample (X,/s, mg/kg) was calculated
according to Equation (2):

Xa/s= (X x V)/M ()

where

X denotes the concentration of the metal in the analyzed solution (mg/dm?).

V denotes the volume of the prepared solution (cm?).

M denotes the weight of the air-dry subsample (g).

Soil pH was determined in accordance with GOST 26423-85 “Soils. Methods for
the determination of specific electrical conductivity, pH, and the solid residue of water
extracts.” [60].

2.4. Data Processing
2.4.1. Geochemical Indices

Primary statistical data processing included calculating descriptive statistics (mean,
median, minimum, maximum, standard deviation, coefficient of variation) and frequency
distribution histograms for each element. The normality of the distribution was checked
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using the Shapiro-Wilk test. Logarithmic transformation was applied to variables with
non-normal distribution. To assess the degree of accumulation and potential ecological
hazard, the following geochemical indices were calculated:

Concentration coefficient (Kk) and distribution coefficient (Kp) (3):

Kk=Ci/K  Kp=K/Ci 3)

where Ci is the metal concentration in samples in the studied geochemical system (soil),
and K is the Clarke of the element in the Earth’s crust.

Clarke is the average content of chemical elements in the Earth’s crust. Clarke’s values
of chemical elements in the Earth’s crust are given according to [16,61].

Contamination factor (Cf) is calculated according to the following Formula (4) [62]:

Ci
f=— 4
c Bi @)
Modified contamination factor (mCf) is calculated according to Formula (5):
-
mCf=) """ Cf/n )

where Ci is the metal concentration in samples, Bi is the background concentration in
samples, and n is the number of analyzed trace elements.
The modified contamination factor is considered on the following scale:

mCf < 1.5—unpolluted.

1.5 < mCf < 2—low degree of contamination.

2 < mCf < 4—moderate degree of contamination.

4 < mCf < 8—high degree of contamination.

8 < mCf < 16—very high degree of contamination.

16 < mCf < 32—extremely high degree of contamination.
mCf > 32—ultra-high degree of contamination.

Geoaccumulation index (Igeo) is calculated according to the following Formula (6) [63]:
Ci
Igeo = logzﬁ (6)

Igeo has the next classification:

Igeo < 0—unpolluted.

0 < Igeo < 1—unpolluted to moderately polluted.
1 < Igeo < 2—moderately polluted.

2 < Igeo < 3—moderately to strongly polluted.

3 < Igeo < 4—strongly polluted.

4 < Igeo < 5—strongly to extremely polluted.
Igeo > 5—extremely highly polluted.

The enrichment factor (EF) for each analyzed chemical element is calculated according
to the following Formula (7) [64]:
~ Ci/CAl

EF = —(———F1
Bi/B Al

)
where Ci is the metal concentration in samples, C Al is the concentration of the reference
element Al, Bi is the background in samples, and B Al is the background of the reference
element Al

Al, as the least variable chemical element, was chosen as a reference chemical element.
To interpret the obtained enrichment coefficient values, the following scale was adopted:
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EF < 2—deficiency to minimal enrichment.
2 < EF < 5—moderate enrichment.

5 < EF < 20—significant enrichment.

20 < EF < 40—very high enrichment.

EF > 40—extremely high enrichment.

Pollution load index (PLI) is calculated according to Formula (8):

PLI = {/(Cfl1xCf2 x ... x Cfn (8)

PLI < 1—not polluted.
1 < PLI < 2—moderate contamination/polluted.
PLI > 2—strong contamination/polluted.

The total pollution index Zc [65] was used as an integral criterion to identify elevated
values of chemical element content. The total pollution index is equal to the sum of
concentration coefficients of chemical elements exceeding the Clarke minus the number of
analyzed elements minus 1, and is expressed by Formula (9):

Zc=% (Kki+...+Kkn) — (n — 1) (9)

where Kki denotes the concentration factor of i-th chemical element, and n denotes the
number of determined summarizable substances with Kki > 1.

An assessment of the danger level of the soil contamination via the Zc indicator was
carried out according to the evaluation scale based on the methodology [66]. Pollution level
of Zc = 0-16 is considered low, Zc = 16-32 is considered medium (moderately dangerous),
Zc = 32-128 corresponds to high (dangerous) levels, and Zc >128 is considered very high
(extremely dangerous) [67].

Potential Ecological Risk (PERI) is calculated according to Formula (10):

PERI = ) Cfix Ti (10)

where

Cf is the contamination factor.

Ti is the toxic response factor.

Toxic response factor values of toxic metals by Hakanson [62,68] are as follows: Cd—30;
As—10; Pb, Cu, and Ni—5; Co, V, and Cr—2; and Zn—1.

PERI < 90 denotes low ecological risk.

90 < PERI < 180 denotes moderate ecological risk.

180 < PERI < 360 denotes strong ecological risk.

360 < PERI < 720 denotes very strong ecological risk.

PERI > 720 denotes highly strong.

2.4.2. Regional Background

To determine the regional background concentrations of elements in the upper soil
horizon, the following statistical parameters were calculated: arithmetic mean (X~, mg/kg)
or geometric mean (X~ g, mg/kg) for lognormally distributed data, standard deviation (o,
mg/kg), and confidence interval (P, mg/kg) [69]. The primary concentration data were
corrected for outliers using the Z-score method: values with standardized scores exceeding
+3 were considered outliers and excluded from the analysis. The regional background level,
derived with the confidence interval, is presented as X~ £ P, mg/kg, with a 95% confidence
level for data following normal and lognormal distributions.
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The results obtained through laboratory studies were processed by methods of math-
ematical statistics in the software programs STATISTICA 12 and Excel 2021, using the
programming language Python.

2.4.3. Geochemical Regional Anomalies

To identify geochemical anomalies in the areas studied (regional anomalies), the law of
data distribution in the sample is identified for each chemical element [70-73]. According
to the normal (Gaussian) law of data distribution, anomalous values of concentrations were
calculated as follows (11):

Ca=Cb+20 (11)

Ca is an abnormal concentration of the chemical element.

Cb is a background concentration of the element.

o is a standard deviation, which characterizes the measure of dispersion of the contents of
the studied element.

Essentially, the Ca variant reflects the value of the baseline geochemical line, which
should correspond to a statistically significant deviation from the mean (background)
value, exceeding twice the standard deviation from the mean for each studied element or
substance [74].

Geochemical anomalies were determined in the study area and evaluated accord-
ing to their likely origin, distinguishing between natural factors and anthropogenic or
environmental influences. There is also an even higher criterion for anomalies (12):

Ca=Cb+30 (12)

Ca is an abnormal concentration of a chemical element, Cb is a background concen-
tration of the element, and o is a standard deviation, which characterizes the measure of
dispersion of the contents of the studied element.

Such anomalies of element content are naturally geochemical, reflecting the processes
of redistribution and concentration of elements, including during the formation of ore
and nonmetallic deposits, or formation in areas with abrupt changes in their geochemical
environments.

In the present study, the anomalous content of an element in the upper soil horizon
was determined by its value exceeding the standard deviation relative to the background
by a factor of 2 [29].

2.4.4. Analyses Using a Geographic Information System (GIS)

The spatial distribution of element contamination in the soil was mapped using a
Geographic Information System (GIS).

To assess the impact of human activities on chemical element concentrations in the
topsoil, maps of major roads, pollution sources, and land use were produced. Pollution
sources included thermal power plants, heating plants, and medium- to large-scale indus-
trial enterprises. The land use map was based on ESRI Land Cover data, which comprises
nine classes (vegetation types, bare ground, water bodies, croplands, and built-up areas).
The dataset has a spatial resolution of 10 m and is available for the period 2017-2024 [75].

3. Results
3.1. Analysis of the Content of the Chemical Elements

The concentration of the considered chemical elements in soils of the river basins of
the Northeastern Caucasus varies widely. Values of Al concentrations at separate points
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reach 205,729.7 mg/kg, while Na reaches 306,600.70 mg/kg, Ca reaches 289,181.00 mg/kg,
Fe reaches 99,382.7 mg/kg, and Mg reaches 82,658.31 mg/kg (Table 3).

Table 3. Concentrations of potential toxic elements («heavy metals») and trace elements in the

landscapes of the Ulluchay, Sulak, and Sunzha River Basins.

Chemical Element

Chemical Element Content, mg/kg

Coefficient of Variation

Mean MAX MIN CV, % Clarke
Na 26,609.11 306,600.70 7.30 236 24,260
Ca 55,108.49 289,181.00 747.79 94 25,660
Mg 18,570.86 82,658.31 1.32 101 14,950
Ba 526.16 3808.81 32.34 144 628
Li 20.22 82.96 1.20 78 22
Cs 3.40 11.29 0.04 78 49
Be 0.84 3.28 0.01 76 2.30
As 13.32 459 1.74 66 5.60
Sb 0.57 1.88 0.01 75 0.81
Sn 2.39 11.60 0.01 85 25
Fe 39,395.75 99,382.7 368.70 67 40,600
Co 15.81 44.83 1.57 57 15
Mn 1642.5 7431.18 5.66 85 770
Mo 9.05 64.33 0.01 176 1.1
\Y 55.45 181.66 1.47 69 106
Cu 184.06 958.7 0.79 124 27
Ni 298.8 851.52 41.12 56 50
/n 1010.29 14,012.1 6.05 186 75
Cd 2.28 10.65 0.05 119 0.09
Pb 24.7 70.80 0.295 58 17
Ag 1.87 9.01 0.31 96 0.05
Al 37,646.43 205,729.7 239.19 104 76,100
Sc 6.82 20.92 0.01 50 7
Cr 648.2 2337.70 19.72 100 92
Te 0.57 1.97 0.015 94 0.01

The listed chemical elements with high content are among the elements common in
the Earth’s crust, which reflects the general patterns of their distribution. Na, Ca, and
Mg have similar migration properties—they are mobile elements with a constant valence,
forming cations. Simultaneously, the concentration values of Ag, Cd, Sn, Sb, and Te are
extremely low at many sites and are below the sensitivity threshold of chemical-analytical
equipment. The geochemical sequence of elements by their total content in the upper soil
horizon is as follows: Ca > Fe > Al >Na>Mg >Mn>Zn>Cr>Ba>Ni>Cu>V>Pb>Li
>Co>As>Mo>Sc>Cs>Sn>Cd>Ag>Be>5b>Te.

Ca content (100,000-290,000 mg/kg) is noticeably higher in the plain and foothill
parts of river basins, which are composed of sedimentary rocks with a high proportion of
calcium minerals. In the highlands, which are composed of igneous rocks, the Ca content
in the upper soil horizons decreases (750-25,000 mg/kg) (Appendix A, Figure Al). The
sampling sites with elevated Ca concentrations are more prevalent in the Sunzha River
Basin and in the middle section of the Sulak River Basin. The content of Na and Mg
increases (Na: 100,000-285,000 mg/kg; Mg: 15,000-82,000 mg/kg) in the upper reaches
of the Ulluchay River, but their concentration has no shared characteristics in other areas.
For the group of cationic lithophilic elements (Ba, Li, Cs, and Be), a commonality is a slight
increase in the content in the Sunzha River Basin (Ba: 2000-3800 mg/kg; Li: 50-82 mg/kg;
Cs: 5-11 mg/kg; Be: 2-3 mg/kg) (Appendix A, Figure A2). The content of anionic
lithophilic elements As, Sb, and Sn decreases in the upper basin of the Sulak River in areas
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of magmatic and metamorphic rock outcrops (As: 1.74—4 mg/kg; Sb: 0.007-0.5 mg/kg; Sn:
0.11-2 mg/kg) (Appendix A, Figure A3). The content of Fe, Co, and Mn also decreases
in the upper reaches of the Sulak River (Fe: 369-20,000 mg/kg; Co: 1.57-10 mg/kg; Mn:
6-700 mg/kg). The content of Co and Mn increases in the coastal conditions of the Caspian
Sea (Co 32-44 mg/kg, Mn 3000-5000 mg/kg) (Appendix A, Figure A4). The content of
the chalcophilic and siderophilic elements Mo and V is relatively evenly distributed in the
basins of the rivers. The content of V increases (V 100-180 mg/kg) in coastal conditions
(Appendix A, Figure A5). The group of metals with similar migration properties, including
Cu, Ni, Zn, Cd, Pb, and Ag, has few similarities in spatial distribution. A general decrease
in their concentrations in the highlands of the Sulak River can be noted, but there are
multidirectional trends in the basin of the Ulluchay River: increased concentrations of Cu,
Ni, and Pb (Cu: 100-958 mg/kg; Ni: 100-300 mg/kg; Pb: 40-70 mg/kg) and decreased
concentrations of Zn, Cd, and Ag (Zn: 6-50 mg/kg; Cd: 0.05-0.1 mg/kg; Ag: 0.3-0.9 mg/kg)
(Appendix A, Figure A6). Al, Cr, Sc, and Te are characterized by low mobility and relatively
uniform spatial distribution. The content of Cr and Te decreases insignificantly in the
middle reaches of the Sulak River (Cr: 1.47-30 mg/kg; Te: 0.015-0.1 mg/kg) (Appendix A,
Figure A7).

According to this study, several key features of the concentrations and spatial dis-
tribution of heavy metals and trace elements in the soils of different river basins can be
distinguished:

The Ulluchay River Basin:

Increased concentrations of Cu, Ni, and Pb;

Decreased concentrations of Zn, Cd, and Ag;

Elevated Na and Mg concentrations in the headwaters;

Higher Co and Mn concentrations in coastal conditions near the river mouth.
The Sulak River Basin:
Decreased concentrations of As, Sb, Sn, Fe, Co, and Mn in the headwaters;

Increased Co and Mn concentrations in coastal conditions near the river mouth;
Reduced concentrations of Cu, Ni, Zn, Cd, Pb, and Ag in high mountain areas;

Slightly decreased Cr and Te concentrations in the middle course.
The Sunzha River Basin:

e Flevated concentrations of Ba, Li, Cs, and Be;
e A relatively uniform spatial distribution of Al, Cr, Sc, and Te.

3.2. Concentration Coefficient (Kk) Analysis

Analysis of the concentration of chemical elements relative to their Clarke values in
the Earth’s crust allows for their ranking by their degree of redistribution.

The first group comprises chemical elements whose maximum content does not exceed
the Clarke of the Earth’s crust at more than 85% of sites. Such elements include Al, Be,
V, and Sb (Appendix B, Figure A8). The listed elements can be referred to as dispersed
elements. For these chemical elements, at least active redistribution is noted.

Except for a few individual «hot points», the concentration coefficient of these chemical
elements is below average in the lithospheric zone.

The second group is made up of chemical elements that are characterized by active
redistribution and accumulation over the territory. Here, two categories are highlighted:
The first is elements that, at most sites, have a concentration coefficient value in the range
of 1-10. Such elements include Pb, Ca, Cr, Cr, Mn, Fe, Ni, Cu, Zn, As, Mo, and Te. They
are actively redistributed and accumulated over the These elements make up the main
rock-forming minerals—calcite, dolomite, and marl.
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Another category may include chemical elements for which neither trend is discerned.
This group includes Sc, Cs, Li, Na, Mg, Fe, Co, Ag, Cd, Sn, and Ba. These elements can both
accumulate and disperse at different geochemical stops.

In estimating the accumulation and dispersion of elements relative to the crustal
Clarke, the following sequences were compiled for the entirety of the territory under
consideration (13):

_ Te Zn Ni Ag
C CKK I >Am >Mm >Mm c Pb
T u S n 0 a
Cm> 275~ m>sm>Mﬁ> m>cm> SN (13)
— Co Fe Li Sc Mg Br GCs V A
Kp = 140> 131> 155> 157> 151> 189> 212> 262> 333 >

C B S Sb < N
3917 1317 537 8107 927
3.3. Spatial Analysis of the Concentration Coefficient (Kk) Distribution

Analysis of potential toxic and trace element distribution in the territory of the river
basins of the Northeastern Caucasus showed that Ni, Cr, Zn, Cu, Pb, Ca, Mn, As, Mo, and
Te accumulation is observed in most of the studied river basins. Elevated concentration
(Kk > 1) of Ni was observed at 100 sites, while Cr was observed at 93, Zn was observed
at 86, and Cu was observed at 76 (Table 4).

Table 4. Number of sites with an accumulation of chemical elements (Kk > 1).

More Than Half 26-50 Sites 11-25 Sites Less Than 10 Sites

Ni, Cr, Zn, Cu, Pb, Li, Mg, Sc, Fe, Co,
Ca, Mn, As, Mo, Te Ag,Cd, Sn, Cs

Ba, Al, Na, V, Sb Be

A majority of the considered chemical elements display a tendency for accumulation,
which may be associated with the complex geological composition of the territory, low
rates of biological migration, and the predominance of mechanized transport.

Spatial analysis shows that concentrations of many chemical elements decrease in the
sites numbering from 20-21 to 43-44, as well as from 65-66 to 73. There is a decrease in the
concentration of the following chemical elements: Na, Mg, Ba, Sb, Sn, Mo, Cu, Cu, Zn, Cd,
Ag, Cr, and Te. Even so, an accumulation of Fe and Cs is recorded.

The specified range of sampling sites has special geographical boundaries: the upper
basin of the Ulluchay River and the southeastern part of the Sulak River Basin.

As aresult, it was found that the regional landscape conditions of the studied Caucasus
territory differ from the global Clarke values for the Earth’s crust. An enrichment of Te,
Zn, Ni, Ag, Cr, Cu, Cd, As, Mn, Mo, and Ca and a depletion of Fe, Li, Sc, Mg, Br, Cs, V,
Al, Be, Sn, Sb, and Na were identified. The concentrations of Pb and Co are close to the
Clarke values.

3.4. Regional Geochemical Background

According to Yu.E. Saet [65], the geochemical background is an average value of
natural variation in the content of chemical elements and is established on the territory,
where “the absence of natural or anthropogenic sources of chemical elements” can be
assumed with a high level of reliability.

Based on the definition, it is necessary to use natural areas for background detection.
In this study, sampling was conducted at conditional natural sites, i.e., outside the sphere
of local anthropogenic impact. These conditions allow for the calculation of the regional
geochemical background for the territory of the Northeastern Caucasus according to the
methodology described in RD 52.18.885-2019 [69]. But according to the international
standard ISO 19258:2018 [58], the background concentration is determined in the most
accurate format for the current study. Background concentration refers to the regional
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concentration of an element or substance in soils formed under the influence of natural and
anthropogenic diffuse sources.

The regional background content of the investigated series of elements in the soils
of the Northeastern Caucasus was revealed as a result of research and calculations and is
presented in Table 5.

Table 5. Regional background content of investigated elements in soils for natural areas of the
Northeastern Caucasus.

Chemical Element X~ £ P (mg/kg) * CV (%) *Indlcator Q*
Pb 19.55 + 2.84 58 0.73
7n 367.9 £+ 375.1 185 4.52
Cu 78.6 +45.3 124 1.69
Li 14.87 +£3.14 78 1.8
Be 0.55 +0.13 76 1.11
Na 1988.1 + 12,627.12 236 2.82
Mg 8615.36 + 3776.15 101 1.57
Ca 32,373.52 + 10,384.6 94 1.72
Al 21,292.56 + 7761.9 104 1.99
Sc 6.0 + 0.68 50 0.99
Mn 1184.75 4 274.95 85 2.13
Fe 28,040.16 + 5290.36 67 0.32
Co 13.16 +1.77 57 0.81
Ni 247.7 + 33.3 56 0.77
As 10.52 +£1.75 66 0.93
Mo 2.19 £+ 23.29 176 2.25
Te 0.34 +0.14 94 1.24
Cs 2.17 +£0.53 78 0.90
Ba 290.7 +152.1 144 3.05
Sb 0.35+0.11 75 0.93
Sn 1.46 0.7 85 0.69
A% 412 +7.64 69 1.17
Cd 0.97 £0.83 119 1.53
Ag 1.44 4+ 0.58 96 2.98
Cr 357.0 &+ 127.9 100 1.01
Te 0.34 +0.14 94 1.24

* Note: X~ —arithmetic mean value (mg/kg); P—confidence interval (mg/kg); CV—coefficient of variation (%);
Q—coefficient of asymmetry.

Based on the obtained values of the background concentrations of chemical elements
in the soil, it is noteworthy that elements such as Mo, Cd, and Ag do not permit the
identification of certain background values that can be taken into account in ecological and
geochemical studies due to the high heterogeneity in the distribution of concentrations in
the territory under consideration (when taking into account the indicators CV and Q).

3.5. Contamination Factor (Cf) Analysis

The contamination factor is a close indicator of the concentration factor but reflects
the peculiarities of accumulation and dispersion of chemical elements relative to their
background values in a certain territory. When considering the distribution of chemical
elements in relation to regional geochemical conditions, greater homogeneity is noticeable,
in contrast to their comparison to Clarke contents. About one-third of the samples for
each element show an accumulation of the element, and another third indicate dispersion.
Relative to the regional background, accumulation trends are noted for Na, Ca, Mg, Be,
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Cs, Fe, Mn, Ni, Pb, Sc, and Al. The tendencies toward dispersion relative to the regional
background are shown by Ba and Cu (Figure 4).
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Figure 4. Distribution of the contamination factor (Cf) values.

The graph shows that the zones of accumulation and the zones of dispersion of
the investigated chemical elements stand out. Two stable zones of chemical element
accumulation are allocated from 1 to 19 and from 44 to 65 sampling sites. The area from
20 to 43 and from 66 to 73 sampling sites belongs to the zone of chemical element dispersion.
On the sampling sites from 74 to 100, most elements are accumulated, but less intensively.

The calculated concentration factors reflect accumulation trends in the upper soil
horizons of the Northeastern Caucasus river basins for most of the analyzed chemical
elements (Na, Mg, Ni, Zn, Cu, Cr, As, Ca, Te, Mo, Ag, Cd, Mn) and the dispersion of
elements such as Al, Be, Sc, V, Sb, Li, Co, Fe, and Cs. Low values of the accumulation factor
Cf show that the accumulation of chemical elements is due to regional natural processes.
High and extremely high levels of geoaccumulation are noted for Na, Mo, and Zn.

3.6. Enrichment Factor (EF) Analysis

The results of the enrichment factor calculation indicate the total accumulation of Na,
Ca, Mg, Ba, Mn, Cu, Ni, Zn, and Te (Figure 5). The highest accumulation rates are noted for
Na, the accumulation of which reaches a factor of more than 1500. Na is a part of many
rocks of sedimentary origin.
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Figure 5. Distribution of the enrichment factor values.
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Accumulation processes prevail in the coastal plain part of the Northeastern Caucasus,
in the upper part of the Ulluchay River, in the eastern part of the Sulak River Basin, and in
the upper part of the Sunzha River Basin. Accumulation peculiarities are noted for each
chemical element (Appendix C, Figure A9). The accumulation of Na and Mg in the coastal,
periodically flooded zone is related to the high content of these elements in sea salt. Ca
accumulates more in sedimentary rocks of the foothills, and Mn, Mo, Cu, Ni, Zn, and Te
accumulate more in igneous rocks of the highlands.

3.7. Geoaccumulation Index (Igeo) Analysis

The most sensitive indicator, the geoaccumulation index, indicates an extremely low
level of anthropogenic contribution of chemical elements. More than two-thirds of the
samples are categorized as uncontaminated and at moderate levels. High and extremely
high levels of geoaccumulation were noted for Na and Zn, with a significant accumulation
of Na (Figure 6).
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Figure 6. Spatial distribution of the geoaccumulation index of (a) Na and (b) Zn.

3.8. Modified Contamination Factor (mCf) Analysis
The modified accumulation factor is an integral indicator displaying the general
processes of accumulation and dispersion in separate points of space. The dispersion zones
from 20 to 43 and from 66 to 73 points are also clearly distinguished by the totality of
chemical elements considered. The accumulation zones cover the areas from 3 to 19 and
from 44 to 59 (Figure 7).
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Figure 7. Distribution of values of the modified contamination factor (mCf).
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From 20 to 44 points, the dispersion and drift of chemical elements prevail. Territorially,
areas with low mCf values are confined to the basins of Sulak River tributaries—Avar Koisu
and Andi Koisu.

The modified accumulation factor showed areas with a high content of chemical
elements: the lower reaches of the Ulluchay River, the eastern part of the Sulak River Basin,
and the basin of the Sunzha River.

Extremely high accumulation was noted at two sites: the first site is on the slope
of the Sunzha River Basin at the boundary of three geological formations (N 74), which
determines the diversity of lithological conditions. The second site (N 46) is located on the
slope of the Budlushtser Ridge in the valley of the Pedjiasab River in the Tlyaratinsk reserve
at the head of the Avar Koisu River. The underlying rocks are mudstones characterized by
high sorption properties.

Low aggregate chemical content is recorded in the middle reaches of the Sulak River
and its inflow basins—Avar Koisu and Andi Koisu.

3.9. Pollution Load Index (PLI) Analysis

The pollution load index shows the average and low content of chemical elements in
the upper soil horizons of the study area (Figure 8).
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Figure 8. Distribution of pollution index (PLI) values.

Only seven points can be classified as strongly polluted areas (PLI > 2): one in the
basin of the Ulluchay River, one in the basin of the Sulak River, and five in the basin of the
Sunzha River. A moderate pollution index was found for more than half of the samples
collected at the Sunzha River Basin. The Sunzha River Basin is characterized by intensive
historical and modern economic development. The Ulluchay River Basin is also developed,
which dictates the high and very high levels of chemical elements in its lower and middle
reaches. In the Sulak River Basin, high and very high levels of chemical element content
are recorded in its middle reaches, including near highways and populated areas.

3.10. Total Pollution Index (Zc) Analysis

For 26 out of 100 sampled sites, no exceedances of the total pollution index were
detected (Zc < 16) (Table 6). At 20 sites, the chemical element content was at the average
level. At 26 sites, the concentration of chemical elements can be defined as high. A very
high concentration of chemical elements was noted at 29 sites (Figure 9).
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Table 6. Distribution of exceedance of the total pollution index by the Ulluchay, Sulak, and Sunzha
River Basins.

River Basin 1(Zc<16) 2 (Zc 16-32) 3 (Zc 32-128) 4 (Zc >128)
Ulluchay River 6 2 5 6
Sulak River 12 9 9 7
Sunzha River 7 9 11 16
Legend

[ River basin boundaries
Zc
® 0-16 - low
16-32 - medium
® 32-128 - high
® >128 - very high

Caspian Sea

Figure 9. Value of the total pollution index (Zc) in the basins of the Ulluchay, Sulak, and Sunzha Rivers.

The Sunzha River Basin is characterized by high values of the total pollution in-
dex: high and very high values were recorded for more than half of the samples taken.
The Sunzha River Basin is characterized by intensive historical and modern economic
development—there are settlements, a dense network of highways, and agricultural devel-
opments in relatively elevated areas of the valley.

The river basin of the Ulluchay is also developed, which determines the high and very
high levels of chemical element content in its lower and middle reaches.

On the territory of the Sulak River Basin, high and very high indicators of chemical ele-
ments content were recorded in the middle reaches, including near highways and settlements.

At the same time, all river basins are characterized by complex geological structures
and active processes of material transport.

3.11. Identification of Geochemical Regional Anomalies

When distinguishing anomalies from the standpoint of exceeding the mean value by
the size of two standard deviations, the number of areas with very high values is reduced
in comparison with the use of the total pollution factor. The difference in values indicates a
general increase in the content of chemical elements in natural conditions.

Lognormal distribution of values was revealed for 10 chemical elements—Li, Be, Na,
Mg, Al, Ca, Sc, Mn, Fe, Co, Ni, Cu, Zn, As, Pb, Te, Cs, and Ba—of which, anomalous values
were noted for seven chemical elements (Ba, Na, Zn, Ag, Li, Sc, As) (Figure 10). For such
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chemical elements as Be, Mg, Al, Mn, Fe, Co, Ni, Cu, Pb, Te, and Cs, anomalous soil content
was not found.
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Figure 10. Geochemical anomalies in the basins of the Ulluchay, Sulak, and Sunzha Rivers.

Sodium (Na). A sodium (Na) anomaly in soils was identified in the area of the Arkani
River, a right tributary of the Sulak. This area is located in the upper part of the basin,
indicating a low likelihood of anthropogenic Na input.

Barium (Ba). Ba is characterized by high anomalies, with values above two standard
deviations in four areas. Anomalous concentrations of Ba were in the vicinity of the Arakani
village in the basin of the Sulak River (a tributary of the Kara-Koisu River), as well as in the
foothill areas of the Sunzha River Basin. Ba anomalies are associated with its low mobility
in alkaline environments (Table 5).

Zinc (Zn). Zn anomalies were identified at two sites within the Sunzha River Basin: in the
upper reaches along the Sharoargun tributary and in the lower basin near the city of Grozny
(population ~400,000). Zinc is considered a priority pollutant for Grozny, primarily due to the
development of oil and gas deposits and the operation of oil refineries [76,77]. In the Sharoargun
valley, deposits of galena and sphalerite of industrial importance are known [49,78]. Elevated
Zn concentrations in soils are therefore associated with mineral deposits.

Silver (Ag). Ag anomalies were observed in the lower reaches of the Sunzha River in
the lowland part of the valley. Lead deposits adjacent to the Sunzha River Basin contain
varying amounts of Ag [50].

Lithium (Li), arsenic (As), and scandium (Sc) show anomalous values at one site,
which is located in the Sunzha River Basins in the upper part of the river valley. The
area is characterized by a heterogeneous lithological structure of Jurassic age: mudstones,
siltstones, and sandstones, containing siderite concretions and lenses of biogenic limestones
(J1-2 cr-kr); sandstones with rounded pebbles; mudstones and siltstones with sandstone
interbeds; concretions of clayey siderites; marl; calcareous nodules; and cherty limestones
(J2 ah). Geochemical barriers are associated with the change of lithologic conditions [50].
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3.12. Spatial Analysis of Anomalies

The spatial analysis showed that anomalous content of one to two chemical elements was
detected in soils at 10 sites (Table 7). When considering the anomalies of different chemical
elements together, it is possible to identify river basins with a high element content.

Table 7. Confinement of geochemical anomalies to the basins of the Ulluchay, Sulak, and Sunzha Rivers.

. . . . Topography and Geological
Ne of Sites  Chemical Element River Basin pH Landform Background Land Use Type
4 Ba Sulak 8.05 Steep slope (1000 m) Limestone Mountain pasture
. Colluvium of .
46 Na Sulak 6.67 Gentle slope, highlands sandstones and Haymakmg,
(2009 m) mountain pasture
clays
57 Ba Sunzha 7.57 Floodplain, leveled lees'tone Mountain pasture
surface (464 m) alluvium
Clays with
63 Zn Sunzha 7.99 Gentle slope (149 m) sandstones and Mountain pasture
siltstones
70 Ag Sunzha 6.75 Gentle slope (195 m) Clay Mountain pasture
Steep slope, highlands .
78 Zn Sunzha 5.55 (2028 m) Clay shales Mountain pasture
81 Ba Sunzha 8.74 Gentle slope (336 m) Clay Mountain pasture
Watershed, top of the Haymaking,
85 Ag Sunzha 760 ridge (829 m) Clay mountain pasture
89 Li, Sc, As Sunzha 6.05 Gentle slope (1816 m) Clay shales and Mountain pasture
limestone
Above-floodplain Marl and
95 Ba Sunzha 8.14 terrace, leveled surface limestone Mountain pasture
(430 m) alluvium

A total of 8 of 10 the sites with anomalous chemical element content are located in the
basin of the Sunzha River, which coincides with the analysis of the distribution of the total
pollution index (Zc) and the modified contamination factor (mCf). Anomalous values in
the Sunzha River Basin are noted for seven chemical elements.

Sulak River Basin. Two sites with anomalous chemical element concentrations were
identified within the Sulak River Basin. Elevated levels were observed for two elements there.

3.13. Comparative Analysis of Different Geochemical Indices

The use of various geochemical indices highlights different aspects of the formation of
geochemical anomalies in the river basins of the Northeastern Caucasus.

The concentration coefficient (Kk) revealed general trends in the accumulation and
dispersion of elements relative to global background levels. In the river basins of the
Northeastern Caucasus, Pb, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Mo, and Te were found to have
accumulated. Based on the contamination factor (Cf) calculated relative to the regional
background, accumulation trends were identified for Na, Ca, Mg, Be, Cs, Fe, Mn, Ni, Pb,
Sc, and Al. The contamination factor (Cf) corroborates the results of the concentration
coefficient (Kk) for five elements: Pb, Ca, Mn, Fe, and Ni. However, both Cf and Kk provide
only a partial representation of regional geochemical anomalies, as they capture only three
out of eight elements exhibiting anomalous concentrations (Table 5).

The enrichment factor (EF) and the more sensitive geoaccumulation index (Igeo)
enabled the differentiation between natural and anthropogenic contributions and facilitated
the identification of anthropogenic inputs of chemical elements into soils. EF calculations
indicate the accumulation of Na, Ca, Mg, Ba, Mn, Cu, Ni, Zn, and Te in the river basins of
the Northeastern Caucasus. Low Igeo values indicate a limited influence of anthropogenic
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activities on elemental accumulation, although Igeo highlights anthropogenic enrichment
of Na and Zn.

Areas dominated by accumulation and dispersion processes of the combined elements
were identified using the modified contamination factor (mCf). For example, clear disper-
sion zones are observed in the lower reaches of the Ulluchay and Sulak rivers, as well as in
the basins of the Sulak River tributaries—the Avar Koisu and the Andi Koisu.

Trends revealed by mCf are similar to those of Zc, but mCf only weakly reflects
geochemical anomalies of individual elements.

The integrated indices PLI and Zc capture the cumulative effect of contamination by
all analyzed chemical elements. The results of both indices are closely aligned, showing a
high correlation (r = 0.7).

Thus, the applied indices complement each other in the analysis of soil geochemical
characteristics. For the identification of geochemical anomalies in the river basins of the
Northeastern Caucasus, composite indices are more appropriate, particularly the modified
contamination factor (closely corresponding to Zc) and PLI. In contrast, indices reflecting
the accumulation and distribution of individual elements offer only a limited indication of
soil geochemical anomalies. Their applicability in the region is restricted, although they
remain feasible for Pb, Ni, and Mn.

4. Discussion
4.1. Analysis of Element Contents and Their Anomalies

There is a very high variation in the chemical element content in the upper soil horizons
of the river basins of the Northeastern Caucasus.

Na, Ca, and Mg belong to mobile cationic elements, lithophilic water migrants with
constant valence.

Na and Mg are salt-forming elements, the distribution of which is influenced by
climatic factors and hydrogeochemical processes [79]. The elements are accumulated in
water in the arid conditions of the Dagestan plain as a result of evaporative concentration
and the accumulation of salt and gypsum.

Mg and Na contents relative to Clarke values and regional background show similar
trends: increased concentrations in the lower parts of the Ulluchay and Sulak rivers, the
middle reaches of the Sulak River between Kizilyurt and Urus-Martan, and the highlands
of the Sunzha River Basin. In the upper reaches of the Ulluchay River and the northeastern
part of the Sulak River, concentrations of Na and Mg relative to the Clarke and regional
background decrease sharply. In the coastal strip of the Caspian Sea, the increased content
of Na and Mg is caused by the influence of sea salt. The salinization of soils formed on
terrigenous—carbonate deposits of the Dagestan plain increases when moving from upper
hypsometric levels to lower ones along the landscape-geochemical catena with increasing
salinization [48,80]. This trend is consistent with studies of geochemical patterns in the
soil profile above mineralized bedrock, where it is shown that Na and Mg concentrations
decrease with increasing distance from the source, reflecting the migration of elements
through the soil [81,82]. At high values of the enrichment factor (EF), their content is within
the regional background, which is also confirmed by low values of the contamination
factor (Cf).

In the anomalous zone, Na concentrations in the topsoil horizon are an order of
magnitude higher than in the underlying soil horizons: 306,600.70 mg/kg (Ad 0-5 cm),
38,919.15 mg/kg (AC 5-17 cm), and 6423.01 mg/kg (C 17-42 cm). This distribution may reflect
local anthropogenic contamination. Approximately 100 m upslope are currently cultivated
areas, including pastures and abandoned agricultural terraces. The elevated Na concentrations
may be linked to the prolonged application of fertilizers, such as sodium nitrate.
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Cais present in landscapes with a living substance in elevated concentrations in waters
with a calcium composition. It accumulates in arid landscapes, and it is rich in the soils of
steppes and deserts. In most of the studied territory, the Ca content is higher than its Clarke
value in the lithosphere and higher than the regional background. High concentrations of
Ca are due to the historical formation of the area—an accumulation of sediment of marine
origin with a high content of calcium carbonate.

The weak cationic elements of lithophilic water migrants are Ba, Li, Cs, and Be.

Ba is unevenly distributed across the territory, with accumulation zones in the south-
eastern part of the Sulak River Basin and the upper part of the Ulluchay River Basin, and
dispersion in the middle reaches of the Sulak River. For the area of the Sunzha River Basin,
the general distribution patterns of Ba are not noted. However, Ba forms four regions
with abnormal concentration. All Ba anomalies are confined to mountainous areas: the
slopes of the Lesisty, Sunzhensky, and Gimrinsky Ridges. On the slope of the Gimrinsky
Ridge, Ba accumulates in alluvial meadow carbonate light loamy soils, whose profiles are
enriched in this element. The soil-forming material is weathered calcareous deluvium. In
the Sunzha River Basin, all Ba anomalies were recorded in soils developed on carbonate
bedrock (limestones).

Anomalies of Ba are associated with alkaline conditions and pH values above 7.5.
Ba activity is higher in humid landscapes with hydrocarbonate waters compared to arid
conditions with sulphate waters. It accumulates with living matter and settles on sorption
and sulphate barriers. Ba precipitates on carbonates under acidic and mildly acidic water
conditions. High Ba concentrations coincide with gypsum-carbonate horizons, which serve
as geochemical barriers for barium [83]. Elevated Ba content is associated with soil salinity
in trans-accumulative positions and the sulfate content of soil solutions, promoting its
precipitation as barite [48].

The sources of Li in the landscape can be very diverse. For example, research in
Guizhou Province has revealed significant lithium enrichment in the clay rocks of the
Lianshan Formation. Li;O content reached 0.3%, which is related to the weathering of the
limestone in warm and humid climates, as well as to the accumulation of kaolinite (up
to 93%) in deposits. Additional study in the region confirmed that lithium enrichment is
associated with the dolomites of the Lowhangguan Formation and that lithium is associated
with clay minerals [66]. In the Mufushan (South China) area, Li anomalies are associated
with the granite inductions of the Mufushan complex [84,85]. In the salt plain of Olaro
(Central Andes, Argentina), Li concentrates due to the evaporation of brine, and sources of
lithium are the weathering of volcanic rocks and hydrothermal activity [86,87]. The diver-
sity of lithology and complexity of the history of geological development of the territory
determine the possibility of finding Li in the basins of rivers of the Northeast Caucasus of
different origin: in argillaceous rocks of the foothills, in deposits of the highlands, and in
the evaporation of salt deposits on the plains. Li forms one anomaly, which is represented
in the Sunzha River Basin.

Cs content does not have a general trend—areas with Clarke exceedance and signif-
icant reduction of concentration compared to the average content in the lithosphere are
identified. Cs refers to scattered elements of the lithosphere. Anomalies of Cs content
have not been detected, but an area of elevated concentrations (up to 4.5 from the Clarke,
21.8 mg/kg) has been identified in the basins of the tributaries of the Sulak River—the Avar
Koisu and the Andi Koisu. Sorption and accumulation of Cs may be related to the dispersal
of clay minerals across the territory. The soil-forming rocks of Dagestan limestone are en-
riched in Cs. The limited influence of biogenic processes on the formation of loose deposits
increases the role of mechanical weathering of rocks and their subsequent migration [48].
The Cs scattering zone is located in the lower Sulak and Ulluchay Rivers.
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Be is scattered relative to the Clarke in the studied territory, but it exceeds the regional
background content several times over. The element is widely found in soil, but at a low
level [88,89]. A study of the behavior of Be under different environmental conditions
showed that sorption and desorption of Be depend on pH, temperature, and the presence
of competing ions [90]. Very high Be anomalies are due to geogenic sources and vol-
canic activity, shown by example in the Campania region (Italy), where Be concentrations
reach 80 mg/kg [88,91]. In the study area, sampling sites with Be concentrations of up to
18.76 mg/kg were observed, which does not represent an exceptionally high concentration.
It should be noted that the high Be contamination coincides with the Ba anomalies. Sol-
ubility and mobility of Be are increased in an alkaline medium at a higher pH due to the
formation of soluble complexes with hydroxide ions [92]. Be refers to the elements of soda
migration. From aqueous solutions, the element is precipitated by the sorption of clays and
iron hydroxides.

As, Sb, and Sn are characterized as weak-moving anionic elements, lithophilic
water migrants.

The content of As in soils is often higher than the Clarke and higher than the regional
background, which is related to its ability to be absorbed by silts, clays, and organic matter.
However, As concentrations in the soils of the Northeastern Caucasus are lower than
the global average, which is 19.1 mg/kg [93]. The element often settles on carbonate
geochemical barriers. There is a slightly reduced (to Cf = 0.5) content of As in the coastal
zone in the basin of the inflow of the Sulak River—the river Kara-Koisu. Geologically,
the zone is composed of dense Upper and Middle Jurassic igneous rocks. Anthropogenic
sources of As include agriculture and forestry, where arsenic compounds are applied
as pesticides.

Sb and Sn are distinguished by their very low presence, often below the sensitivity
level of chemical-analytical equipment.

The low content of Sn is due to the predominance of sediments, mainly limestone, rock,
and depleted tin. The Sn content increases with an increase in the influence of rock-forming
elements under the conditions of a decrease in the role of biogeochemical processes and
a decrease in the capacity of the biogeochemical cycle. Such areas include areas that are
practically devoid of vegetation cover—scree, cliffs, and semi-deserts [48].

Sb refers to scattered elements of the lithosphere, the concentration ratio of which
also rarely exceeds a Clarke in the basins of the rivers of the Northeastern Caucasus. The
content of Sb increases in the Sunzha River Basin at individual points between 3.5 and 4.5
from the Clarke. The oblique lakes are found in the lower basins of the Sulak and the
Ulluchay Rivers and in the eastern part of the Sulak Basin (the Kara-Koisu River).

Fe, Co, and Mn are halophilic and siderophilic cationogenic water migrants whose
mobility is related to the aquatic environment.

Fe has a high Clarke in the lithosphere, and its content in the upper soil horizons of
the Northeastern Caucasus is close to the Clarke. The mobility of Fe is closely related to
oxidative-reducing conditions: in alkaline conditions, the content of the element is close to
the Clarke; in acidic and slightly acidic conditions, its accumulation is observed. It often
settles on oxygen geochemical barriers.

Co concentration in the upper soil horizons is close to its Clarke in the lithosphere,
which may be due to its low mobility, weak accumulation by vegetation, and sedimentation
on sorption barriers. The content of Co is often associated with the proliferation of magmatic
rocks, in particular basalts and gabbros, as shown by the example of western Andalusia
(Spain). Co is also associated with volcanic and volcanic—sedimentary thickets [94].

Mn is characterized by polyvalence, high biodiversity, and high biogenic accumula-
tion in soils, which determines the exceedance of its content in the upper soil horizons
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of the Northeastern Caucasus above the Clarke in the lithosphere. The Mn content is
slightly higher in the basin of the Sunzha River compared to the basins of the Sulak and
Ulluchay Rivers.

Mo and V—halophilic and siderophilic anionogenic water migrants, whose mobility
is related to oxidative environments.

The Mo content in the upper soil horizons of the Northeastern Caucasus varies from
very low to more than 50 times the Clarke. The high range of values is related to the
element’s polyvalence, which determines its mobility, as well as its accumulation in acidic
igneous and organogenic sedimentary rocks [48]. The accumulation of Mo in arid con-
ditions is related to its evaporative concentration. Mo shows an extremely high level
of geoaccumulation.

The content of V in the studied areas is close to its Clarke in the lithosphere. The
distribution of the element is characterized by low contrast. Under reducing conditions, it
can be sorbed into peat, coal, and oil. Under arid conditions, it can accumulate on alkaline
and evaporative barriers.

Cu, Ni, Zn, Cd, Pb, and Ag belong to chalcophile and siderophilic water migrants that
mobilize in oxidizing and gelling environments.

Zn is characterized by high biodiversity, mobility, and the ability to settle on various
barriers depending on the oxidative-restorative environment. The upper soil horizons in
the Northeastern Caucasus are often enriched with Zn, where it is sorbed by an organic
substance. Its concentration reaches 1010.29 mg/kg, which is higher than in many parts
of the world [93]. The concentration ratio and accumulation factor of Zn contrast sharply
in the river basins—high values in the Ulluchay and Sulak River Basins that increase to
extremely high levels by 7-8 times in the Sunzha River Basin. In the basins of the tributaries
of the Sulak River—the Avar Koisu and the Andi Koisu—the Zn content is minimal.

The Sunzha River Basin is adjacent to a major lead-zinc mining region. Within the
basin, Zn deposits are also present. Prolonged mining and smelting of Zn in Vladikavkaz
(approximately 10 km from the river basin) has led to widespread Zn contamination.
Thus, Zn anomalies may be associated with both natural and anthropogenic sources. The
anomaly near the city of Grozny exhibits high Zn concentrations throughout the soil profile,
suggesting a natural source. In contrast, a second Zn anomaly is enriched only in the
topsoil horizon, indicating an anthropogenic input.

Cu concentration coefficients are close to those of Zn, with a slightly lower content in
the middle reaches of the Sulak River. The accumulation of Cu is related to the formation
of geochemical barriers in reducing conditions. Accumulation of Cu relative to the regional
background is also similar to that of Zn, with increased concentrations in the Sunzha River
Basin. The concentrations of the element reach 800-900 mg/kg, which is higher than in
many parts of the world [95].

The concentration of Ni is characterized by almost universal accumulation, which may
be due to its high content in rocks, as well as sorption of clays, silts, iron hydroxides, and
manganese. However, the accumulation of Ni is not very high compared to the regional
background (2-3 times) and Clarke (5-10 times), which reflects regional characteristics. Ni
concentrations in hydromorphic soils of the lower reaches of the Sulak River are close to
textual data [50,96,97].

The content of Cd in the upper soil horizons of the Northeastern Caucasus varies
considerably due to its high technophilic properties, as well as its deposition on alkaline
and sorption barriers. Cd is widely used in agriculture, which is an additional source of its
input into the soil. Its concentration reaches 102 mg/kg, which is higher than in many parts
of the world [93,95]. The distribution patterns and areas of elevated concentrations of Cd
coincide with many others, indicating the natural character of the element’s high contents.
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The Pb content at many sites exceeds the Clarke lithosphere and regional background,
but by small amounts (1-2 times, rarely 4-8 times). It is characterized by high technophilic-
ity and acts as a topomorphic element for pollution by motor vehicles, which can explain
its increased content in the upper soil horizons. The Pb content reaches 63.88 mg/kg,
which is higher than in many parts of the world but does not exceed the concentration in
contaminated industrial areas [95-97]. The accumulation of Pb in the upper soil horizon
is due to humus adsorption. The obtained Pb concentrations in the foothills of Dagestan
are comparable with published data [89,98,99]. Compared to textual data [32], the con-
centration of Pb in hydromorphic soils of the lower reaches of the Sulak River is three
times lower.

For Ag, areas with high and low concentrations are distinguishable. Low concentra-
tions are noted in the valley of the Sunzha River and Sulak River, while high concentrations
are in the lower reaches of the Ulluchay River, which may be associated with biogenic accu-
mulation, Ag concentration on clays, and precipitation during evaporative concentration.

Two Ag anomalies were identified within the Sunzha River Basin near the urbanized
areas of Grozny, Gudermes, and Argun and on the slope of the Sunzhensky Ridge. In the
urbanized area, Ag concentrations in the topsoil horizon are several times higher than
in the underlying horizons: 7.939 mg/kg (A 3-41 cm), 1.535 mg/kg (B 41-70 cm), and
1.136 mg/kg (C 70-82 cm).

Al and Cr are common chemical elements belonging to the group of halophilic and
hydrophilous migrants, which are mobile in oxidizing and gelling environments. Sc is less
common in the lithosphere but has geochemical similarities with Al and Cr.

Al content in the upper soil horizons of the Northeastern Caucasus is near or below
its Clarke in the lithosphere. Al content relative to Clarke and the regional background is
poorly differentiated. The element is related to rock forming, migrates in organic complexes
in acidic environments, and disintegrates poorly from compounds.

The high Cr content at many sampling sites may be due to the composition of the
rocks, as well as the high role of mechanical migration in the distribution of the element
throughout the landscape. It often significantly exceeds the content of the Clarke in the
lithosphere with well-defined accumulation areas: the lower reaches of the Ulluchay and
Sulak River Basins, and in the high, mountainous part of the tributaries of the Sulak River.
Concentrations of Cr drop sharply in the northwestern part of the Ulluchay Basin and in
the Andi Koisu and Avar Koisu Basins. Compared with material data [32], concentrations
of Cr in hydromorphic soils of the Sulak River lowlands are much lower. The obtained Cr
concentrations in the foothills of Dagestan are comparable with published data [33,100,101].

Sc is characterized by low concentrations and significant dispersion in landscapes. It
focuses weakly on geochemical barriers. The concentration coefficient in the Northeastern
Caucasus river basins is lower than the Clarke almost everywhere. When compared with
the regional background, the accumulation of the element up to Cf = 3—4 is discernible.
One Sc anomaly was identified in the mountainous part of the Sunzha River Basin. High
Sc concentrations were observed throughout the entire soil profile.

Te refers to poorly studied lithophilic and siderophilic water migrants whose migration
is noted in strong alkaline soda waters. In the upper soil horizons of the Northeastern
Caucasus, there is a significant variation in its content—from very low to exceeding the
Clarke by 68 times. The distribution of the element reflects regional characteristics—the
accumulation factor Cf does not exceed 10, and in most points, it is 1, i.e., which corresponds
to the regional background.

Te accumulates in the Sunzha Basin. This is indicated by the very high values of the
enrichment factor. The high concentrations of Te are confined to the watershed surface
of the Sloisty Ridge, which is composed of clay shales and located in the Sunzha River
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Basin. The second place is located on the southern slope of the Lesisty Ridge, which
is composed of Upper Paleogenic (Oligocene) and Lower Miocene clays with layers of
sandstones and siltstones.

4.2. Correlation Analysis

Correlations between chemical elements indicate the types of chemical processes
associated with enrichment, dispersion, or formation of geochemical anomalies [102,103].
This study showed strong correlations between chemical elements (Figure 11): As-Co (0.99),
As-Sc (0.98), Sc-Co (0.98), Sc-Cr (0.92), As-Be (0.91), Be-Co (0.90), Cu-Cd (0.88), Cu-Mn
(0.85), Cd-Mn (0.84), Co-Mn (0.83), As-Mn (0.80), Fe-Cs (0.79), Cu-Ag (0.77), Cr-Sb (0.77),
and Mn-Be (0.74).
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Figure 11. Chemical element correlation matrix.

The studied soils did not reveal an anthropogenic signature for Cu-Zn-Cd-Pb [95],
indicating a predominance of external sources of chemical elements.

Nonetheless, in mountain landscapes, geogenic processes occupy an important place
in the distribution of elements—volcanism, introduction of intrusions, and sediment ac-
cumulation in marine and continental conditions. Stable correlation of the geochemical
elements As-Co-Sc-Cr-Be-Cu-Cd-Mn is noted (Figure 12).
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Figure 12. Dendrogram based on correlation.
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Ca shows similar trends with Mg, which puts them in a separate cluster. The geogenic
elements are clustered in a separate branch, thus manifesting a close association of these
metals, which might share common sources. Close accumulation and scattering trends are
noted for Zn and Te.

4.3. Assessment of Anthropogenic and Natural Contributions to Contamination Hotspots

One of the important aspects of the present study is the source apportionment of the
metals in soils. According to Kaiser’s criterion, six factors were identified as having the
strongest influence on the distribution of chemical elements (Figure 13). Three of these
factors account for 77% of the explained variance.

Factor loads for each factor
Factor 1

Figure 13. Factor loading of the potential toxic elements in the basins of the Ulluchay, Sulak, and
Sunzha Rivers.

Factor 1 was dominated by Co (98.00%), As (97.40%), Sc (95.60%), Be (85.40%), Mn
(82.20%), Cd (97.90%), and Cu (74.60%), which accounted for 37.20% of the total variance.
The similar distribution patterns of these chemical elements are confirmed by their mutual
clustering in correlation analysis. These metals are likely to be contributed by lithogenic
processes such as soil erosion and rock weathering.

Factor 2 accounted for 25.10% of the source contribution and was predominated by
Sn (90.20%), Cr (87.30%), Sb (84.60%), and Ba (70.20%), which were supported by their
shared cluster.

The occurrence of these chemical elements in soils may be associated with the distribu-
tion of volcanic rocks, particularly in high mountain areas. Volcanic-derived elements can
enter soils through the weathering of parent rocks and their subsequent fluvial transport
along river channels. In the cold climate of high mountain regions, rock disintegration is
intensified by frost cracking, water erosion, and leaching under acidic landscape conditions
(pH down to 4.7) [37,48].

Factor 3 accounted for 14.60% of the source contribution and was dominated by Fe
(79.00%), Pb (77.30%), and Cs (76.10%). In the upper soil horizon, Pb often indicates
an anthropogenic origin; however, natural deposits of this element also occur in the
Caucasus Mountains.
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To evaluate the anthropogenic and natural contributions to the formation of contamina-
tion hotspots and elevated element concentrations, patterns of variation in the enrichment
factor (EF) and pollution indices of Zc and PLI were analyzed.

The enrichment factor indicates the accumulation of Na, Ca, Mg, Ba, Mn, Cu, Ni, Zn,
and Te in soils, which may reflect their anthropogenic origin.

Correlation analysis between the accumulation indices (EF) of individual elements
and the pollution indices Zc and PLI did not reveal significant relationships. A moderate
positive correlation (r = 0.56) was observed between Zn and the total pollution coefficient
(Zc). Approximately 50 km from the study area lies a historically significant lead-zinc
mining region, the Sadonsky Lead-Zinc Complex, and a plant for smelting zinc, cadmium,
and zinc-aluminum alloys, Electrozinc. These facilities operated from the late 19th century
to the early 21st century and were major sources of environmental contamination.

To assess the influence of road traffic, a road network map was constructed, and the
distance from each sampling site was calculated. The resulting dataset was correlated
with the integrated indices Zc, PLI, and mCf. No significant correlations were identified,
indicating that road traffic has little effect on the accumulation of chemical elements in the
upper soil horizon.

Among the potential sources of atmospheric pollution, thermal power plants and
industrial enterprises distributed across the North Caucasus region were mapped. Dis-
tances from each sampling site to the nearest emission source were calculated as well. The
correlation analysis revealed no significant relationships between Zc, PLI, or mCf and the
influence of emission sources.

4.4. Ecological Risk Assessment

The Zc index indicates that, at 55 sampling sites, concentrations of chemical elements
are classified as hazardous or highly hazardous, posing a potential health risk. In the
Ulluchay River Basin, residents in the lower and middle reaches, where population density
is highest, face a particularly elevated risk. Soils in this area accumulate Pb, Cr, Mn, Cu, Zn,
Mo, Ag, Cd, Sn, and Te.

In the Sulak River Basin, soils with extremely hazardous contamination are concen-
trated in the eastern part, along the right tributary of the main river—the Kara-Koisu River.
Here, soils are contaminated with Cr, Cu, Zn, Mo, Ag, Te, Cd, Na, and Ni. These elements
are highly toxic and exert adverse effects on human health.

Elevated concentrations of Mn and Pb in the lower reaches of the Sulak and Ulluchay
basins contribute to the incidence of goiter and essential hypertension among the local
population [30]. Moreover, increasing Pb levels in soils of the lowland parts of these basins
increase the risk of diabetes mellitus [28].

In the Sunzha River Basin, 19 zones with extremely hazardous contamination have
been identified. Some of these zones are located in high mountain areas without settle-
ments; however, toxic elements are transported downstream via sediment fluxes. High
concentrations of Ni, Cu, Zn, Cr, and Te were detected at nearly all sampling sites. Addi-
tionally, Pb, Mg, Mo, Ag, Cd, and Sn concentrations were elevated in the upper reaches of
the basin within the high mountain zone.

The Potential Ecological Risk Index (PERI), calculated for the most toxic chemical
elements (As, Cd, Pb), indicates consistently high levels of ecological risk, with values
ranging from 48.88 to 619.61. Only 7% of sampling sites fall into the low ecological risk
category, while 18% fall into the moderate ecological risk category. The majority of the study
area (75% of sampling sites) is classified as high or very high ecological risk, indicating
hazardous conditions for biota and human populations.
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The calculation of the Potential Ecological Risk Index (PERI) for nine metals (As, Co, V,
Cu, Ni, Zn, Cd, Pb, and Cr) revealed areas characterized by very strong (360 < PERI < 720)
and extremely high ecological risk (PERI > 720) across the study region.

4.5. Recommendations for Mitigating the Negative Impact of Geochemical Anomalies

To reduce the transfer of chemical elements along trophic chains and ultimately into
the human body, the cultivation of crops on contaminated soils should be avoided. It
is further recommended to conduct biogeochemical investigations of element uptake in
crops. Such studies would allow the identification of crops with low element accumulation,
thereby minimizing their transfer into food chains and human intake.

Geochemical anomalies also affect the quality of natural freshwater resources. The
use of these waters for drinking purposes requires continuous monitoring or treatment.
If treatment of contaminated water is not feasible, alternative sources of uncontaminated
water should be supplied.

The spatial distribution of geochemical anomalies must be considered when planning
tourist routes, as inhalation of fine particles containing toxic elements may pose health
risks. Restrictions should be applied in areas with high exposure potential.

Thus, the obtained data can be used for spatial planning of the region’s socio-economic
development and for introducing land use restrictions in areas with anomalously high
concentrations of chemical elements in soils.

This study also demonstrated that effective environmental management requires
differentiation of the territory based on topography and geological structure: lowland
areas may be depleted or enriched in specific elements, whereas other areas may exhibit
contrasting geochemical patterns.

5. Conclusions

In the soils of the river basins of the Northeastern Caucasus, the high concentrations
(up to 306,600.70 mg/kg) are typical for elements (Al, Na, Ca, Fe, Mg) common in the
Earth’s crust. At the same time, concentrations of Ag, Cd, Sn, Sb, and Te are extremely low
at many points and are below the sensitivity threshold of chemical analytical equipment.

The geochemical indicators Cf (contamination factor) and Igeo (geoaccumulation in-
dex) indicate that the regional characteristics of the territory, such as lithological conditions,
hydrochemical schedules, and the history of geological development of the territory, affect
the concentration of elements.

Out of the 25 elements analyzed, geochemical anomalies were detected for seven
(Ba, Na, Zn, Ag, Li, Sc, and As), with Zn and As identified as the most toxic. The spatial
distribution of these anomalies in soils of the Northeastern Caucasus river basins was
notably concentrated in the Sunzha River Basin, where 8 of 10 sites exhibited elevated levels.

Such geochemical anomalies represent substantial ecological and public health risks.
Consequently, delineating and characterizing these anomalous zones is crucial for inform-
ing targeted environmental management and risk mitigation strategies in the region.

In the formation of geochemical anomalies in the soils of river basins of the North-
eastern Caucasus, natural features are of primary importance—the geological structure
of the territory and chemical composition of mountain rocks, the climatic altitude differ-
entiation of the landscapes, and the high diversity of landscape conditions. The role of
anthropogenic factors in the formation of geochemical anomalies is increasing in local areas
near settlements and agricultural facilities.
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