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Abstract

Rivers are the main source of water supply for the Crimean Peninsula, making their chemical status
crucial for the regional water security. The study is based on results of geochemical surveys
conducted in 2015 — 2018 during different hydrological phases in rivers of the northern macroslope
of the Crimean Mountains (the Salgir, Belbek, Kacha, and Alma) and the southern coast (the
Derekoyka, Ulu-Uzen, Demerdzhi, and Uchan-Su). Background levels of most elements in water and
suspended matter are comparable to their global averages. In impacted areas metal contents exceed
background by up to 10-20 times. Dissolved metal contamination is typical during low-water
periods, whereas increased values in suspended matter is primarily associated with flood events.
Suspended matter is enriched in Bi, Cd, Sb, Zn, Cu, Sn, Pb, W, and Mn, consistent with the
geochemical signature of urban road dust in Crimean cities. Among the rivers of the northern part of
Crimea, the highest pollution is typical for the Salgir River, on the southern coast - for the Uchan-Su
River. Metal(loid)s inputs to suspended matter is predominantly controlled by natural sources, the
highest anthropogenic impact is related to construction activities (releasing calcareous dust), urban
wastewater, vehicle emissions, and agricultural practices, particularly vineyards.

Keywords: river waters; geochemistry; dissolved forms; suspended matter; regional background;
pollution; source identification

1. Introduction

Despite the rapid growth of groundwater consumption, rivers of the Crimean Peninsula remain
the principal source of water for domestic, industrial, and agricultural use. Their critical importance
for regional water supply necessitates continuous monitoring of water quality and the development
of measures to reduce anthropogenic pressures on aquatic systems.

In recent years, numerous studies addressed the hydrology and hydrochemistry of Crimean
rivers, focusing on both quantitative flow characteristics and water quality parameters. The influence
of climatic factors on hydrological regimes was analyzed, and cyclic fluctuations in annual river
discharge were identified [1]. The relationship between specific discharge and river basin area was
established [2], and the quantitative characteristics of extreme erosional processes, including flash
floods in mountainous and foothill regions of Crimea, was determined [3]. Long-term data on heavy
metal distribution in the waters of the Bodrak River for the period 2003-2022 also was reported [4].

Water quality assessments for the Chernaya, Kacha, Belbek, and Salgir rivers were conducted
using a combinatorial pollution index that incorporates concentrations of selected heavy metals in
dissolved form (Fe, Cu, Zn, Mn, Ni) together with organic and biogenic substances [5]. According to
the results of the study, the Chernaya River was classified as conditionally clean, while the Belbek
and Kacha rivers were considered slightly polluted (class 2), mainly due to elevated concentrations
of petroleum products (in the Belbek river) and iron (in the Kacha river). The Salgir River was
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assigned to pollution class 4 [6], reflecting elevated biochemical oxygen demand BODs, high
phosphate and nitrite levels associated with wastewater discharge from Simferopol city. In the article
[7] showed that the Chernaya River had generally low concentrations of most trace elements (V, Co,
Ni, Cu, As, Se, Mo, Cd, Pb) in the dissolved load, with the exception of Zn, whose concentrations
exceeded global averages by a factor of 2-5. Within the framework of these studies, research was
largely focused on biogenic and organic pollutants, whereas the occurrence and behavior of a wide
range of heavy metals and metalloids—particularly in suspended sediments—remained less
understood.

Regular river water quality observations are conducted in frames of the state environmental
monitoring at hydrological stations. The observation network of the Crimean Administration for
Hydrometeorology and Environmental Monitoring includes 14 rivers and six water reservoirs [8].
According to the integral water pollution index calculated from 12 hydrochemical indicators, the
waters of the Alma, Kacha, and Belbek rivers are classified as relatively clean, while the Demerdzhi,
Ulu-Uzen, and Derekoyka rivers are classified as slightly polluted. The Salgir River, downstream of
Simferopol, is categorized as polluted. Routine hydrochemical monitoring includes measurements of
dissolved forms of 5 to 7 metals; copper concentrations occasionally exceed the maximum permissible
levels by up to 1.5-fold.

Most cities and towns in Crimea experience deficiencies in wastewater collection and treatment
infrastructure, resulting in the discharge of insufficiently treated effluents into surface waters. The
main anthropogenic sources of heavy metals and metalloids (HMMs) in Crimean rivers include
municipal and industrial wastewater, discharges from housing and utility services, industrial and
thermal power facilities, stormwater runoff, and leachates from solid waste disposal sites. Urban
wastewater typically contains a wide range of HMMs, including Pb, Zn, Cu, Cd, Hg, As, Ag, Cr, Bj,
V, Ni, Co, Sr, and Mo [9-14].

Agricultural runoff from cultivated lands and horticultural areas, which are widespread in
Crimea, also contributes to river pollution. Increased levels of Cu, Zn, Cd, Hg, Sn, Cr, Br, U, Sr, Nj,
B, and other elements are associated with the application of fertilizers and pesticides [15-17]. In
viticultural regions, both surface and groundwater are frequently enriched in copper due to the
repeated use of copper (II) sulfate-based fungicides [18-21].

This study aims to evaluate the concentrations of a wide range of heavy metals and metalloids
in Crimean rivers and to investigate their spatiotemporal variability under natural and
anthropogenic influences. Specific objectives include: (1) determining background values of chemical
elements in river waters; (2) assessing anthropogenic impacts on the dissolved and suspended loads
of HMMs during different hydrological phases; (3) assessing the partitioning of chemical elements
between suspended and dissolved phases in river water; and (4) identifying the main natural and
anthropogenic sources of metals and metalloids in the rivers. It is based on environmental and
geochemical surveys carried out from 2015 to 2018 within the framework of the Crimean Expedition
of the Russian Geographical Society.

2. Study Area

The Crimean Mountains consist of parallel ridges with a gentle northern slope and steep
southern cliffs toward the Black Sea. The system includes inner, middle, and outer ridges, mainly
composed of crystalline and limestone rocks, with numerous river valleys and karst features. This
study focused on rivers of the northern macroslope (the Belbek, Kacha, Alma, and Salgir) and of the
southern coast (the Derekoyka, Ulu-Uzen, Uchan-Su, and Demerdzhi) (Figure S1). The upper reaches
of these rivers lie within the main and inner ridges, where calcareous rocks are widespread. Together
with relatively low anthropogenic pressure, the geological setting of the upper reaches results in low
background concentrations of most metals and metalloids. In the middle and lower reaches, where
terrigenous rocks dominate the river basins, heavy metals exhibit higher content and higher mobility
[22].
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The lower reaches of the rivers are influenced by major urban settlements, which increase
anthropogenic pressure on the watercourses. In its middle reaches, the Kacha River receives waters
from the Churuk-Su tributary, which flows through Bakhchisaray. The lower Belbek River affected
by the proximity of Sevastopol, while the Alma River basin is characterized by intensive agricultural
activity. Among the Crimean rivers, the Salgir and its tributaries could experience the highest
anthropogenic impact [8,23,24], as it flows through Simferopol, a major industrial and transport hub
with a population of approximately 330,000. The Salgir basin also encompasses numerous urban and
rural settlements, including Belogorsk, Gvardeiskoye, Novoandreyevka, and Zuya. Its lower plain
reaches, located in Steppe Crimea, are almost entirely under cultivation.

The rivers” hydrological regime is characterized by a winter rainy-flood season and a summer-—
autumn low-water period. The lowest precipitation occurs in July—August, ranging from 40-50 mm
in Yalta (72 m a.s.l.) to 50-60 mm on Ai-Petri (1180 m). Maximum precipitation is observed in
December—January, reaching 80-90 mm in Yalta and 100-150 mm on Ai-Petri [25]. In recent decades,
the seasonal distribution of precipitation has become increasingly uneven [26], with prolonged dry
periods alternating with episodes of heavy rainfall [3,27]. Spring-summer showers are often
associated with catastrophic floods.

3. Field Sampling and Laboratory Methods

To assess the ecological status of the rivers, field surveys were conducted. Samples were
collected during different hydrological periods: the summer-autumn low-water period (June-
September 2016, June 2017 and 2018), the winter flood period (February 2015, 2016, and 2018), and
an extreme summer flood event (June 2015), allowing assessment of river conditions under both low
and high water discharges. 8 rivers with tributaries were studied, and more than 200 water samples
were collected and analyzed. Sampling covered the upper, middle, and lower reaches, river mouths,
and major tributaries, with consideration of the main anthropogenic sources. River water samples
were collected from a depth of 30-50 cm in pre-cleaned 1.5-liter plastic bottles. At each sampling
station, portable HANNA Instruments devices were used to measure conductivity, pH, redox
potential (Eh), temperature, and both absolute and relative oxygen content. At the main gauging
stations, river discharge was measured using an ISP-1 hydrometric rotor.

The water samples were subjected to vacuum filtration through Millipore membrane filters (0.45
pm pore size). The concentrations of Al, As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Mo, Na, Nj,
Pb, Rb, Sb, Sc, Sn, Sr, U, V, W, Zn, Zr, and other elements in the filtrate and in the particulate matter
retained on the filter were determined using inductively coupled plasma mass spectrometry (ICP-
MS) and inductively coupled plasma atomic emission spectrometry (ICP-AES) on an iCAP Qc mass
spectrometer (Thermo Fisher Scientific, USA) and an Optima-4300 DV atomic emission spectrometer
(Perkin Elmer, USA) at the laboratory of the All-Russian Scientific Research Institute of Mineral
Resources named after N.F. Fedorovsky. Analyses were performed using certified methods (NSAM
No. 499 AES/MS, 2015) with the use of clean samples and standard reference materials, including
SGM-2 (aluminosilicate loose sediment, GSO 3784-86), SGD-2a (essexite-gabbro, GSO 8671-2005), CS-
2a (trap rock, GSO 8671-2005) from the V.V. Vinogradov Institute of Geochemistry, Siberian Branch,
Russian Academy of Sciences, as well as AGV-2 (andesite) and BHVO-2 (basalt) from the United
States Geological Survey (USA). The laboratory is accredited in the international Analytics system
(AAS.A.00255) and the national accreditation system (RA.RU.21GP11) and complies with the
requirements of the International Organization for Standardization (ISO Guide 34:2009 and ISO/IEC
17025:2017).

The content of major ions (Ca?*, Mg?*, Na*, K*, HCOs", Cl, SO4%) in river waters was analyzed at
the laboratory of the Faculty of Geography, Lomonosov Moscow State University, using ion
chromatography (Stayer ion chromatograph). The particle size distribution of the river suspended
matter was determined in the same laboratory using a laser particle analyzer, Analysette 22 Comfort
(Fritsch, Germany).
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4. Data Treatment

The results were obtained using environmental geochemical approaches, including analysis of
chemical element concentrations in aquatic compartments in comparison with upper continental
crust (UCC) values and global averages; assessment of river water pollution by dissolved and
particulate phases of metals and metalloids using geochemical indices; and evaluation of variations
in the distribution of chemical elements between dissolved and particulate phases under different
hydroclimatic conditions and anthropogenic impact.

Concentrations of dissolved elements were compared with global river averages [28], whereas
concentrations in suspended matter were compared with upper continental crust (UCC) values [29]
and world averages in suspended matter [30,31]. To determine regional background levels, samples
from the upper reaches of rivers within the Crimean Nature Reserve were used. Contamination of
river water and suspended matter was assessed using the concentration factor (CF), calculated
relative to regional background levels:

CF=Ci/Cb, ()
where Ciis the concentration of the element in a sample, C; is the background concentration of the
element.

The enrichment factor EF [32] was calculated for suspended matter as the ratio of the
concentration of a given element Ci to that of a reference element, normalized to the same ratio in the
upper continental crust [29]. Aluminum, a conservative lithophilic element with low mobility and
high analytical precision, served as the reference:

EF=(Ci/ Ca) / (UCCi/ UCCa), (2)

Normalizing pollutants to Al and other lithophilic elements minimizes the influence of sediment
granulometry on HMMs content and enables a clearer assessment of the anthropogenic impact
[33,34].

In environmental geochemistry, the enrichment factor (EF) is commonly used to assess
contamination in soils, sediments, and other solid-phase materials [35-41]. To evaluate contamination
of riverine suspended matter, we applied the classification originally proposed for bottom sediments
[42]: EF < 1.5 — no enrichment; 1.5-3.0 — slight enrichment; 3.0-5.0 — moderate enrichment; 5.0-10
— substantial enrichment; 10-25 — high enrichment; >25 — extreme enrichment.

In assessing river contamination by metals and metalloids (HMMs), an important step is D,S
analysis [43-46]. It quantifies the partitioning of elements in river water between suspended and
dissolved loads based on the ratio of the volumetric concentration of the suspended form (Cvs) to the
combined concentration of suspended (Cvs) and dissolved (Cva) forms:

DS = Cus / (Cus + Cvd), 3)

Elements were ranked in descending order by the DS coefficient (%), grouped into quartiles
(<25%, 25-50%, 50-75%, >75%), and arranged in a matrix. Suspended forms predominate at DS >50%,
whereas dissolved forms predominate at DS < 50%.

Statistical data processing was performed using the Statistica 10 software package and included
the calculation of mean and median values, standard deviations, and coefficients of variation.
Principal component analysis (PCA) was applied to identify patterns in the distribution of metals and
metalloids in river systems, providing insight into their potential sources [35,47-49]. PCA was
applied to three data sets of suspended sediments: from rivers on the northern slope (the Belbek,
Alma, Kacha), from rivers on the southern coast of Crimea (the Uchan-Su, Derekoyka, Demerdzhi,
Ulu-Uzen), and separately from the Salgir River and its tributaries. All data sets included
concentrations of 19 HMM s at all sampling sites. Prior to analysis, the data were standardized using
Z-normalization.

Zy = (Cye — C) /o0y, 4)
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Cix is the concentration of the i-th chemical element in sample k, C_'l is the mean concentration
of the i-th element, 0; is the standard deviation.

PCA data processing was performed using the Varimax rotation method [50]. Only principal
components (PCs) explaining more than 5% of the total variance of the data set and having
eigenvalues greater than 1 (Kaiser criterion) were considered and interpreted as sources of HMM:s.

To assess the contribution of each source to HMM concentrations, principal component analysis
combined with absolute principal component scores and multiple linear regression (PCA/APCS-
MLR) was used. This method identifies independent factors by decomposing the matrix of pairwise
correlations between compound concentrations into eigenvectors [51,52]. The model distributes the
total mass of each HMM among the components obtained via PCA, i.e., among different sources. The
PCA/APCS-MLR methodology is described in detail by [49] and has been successfully applied to
assess HMM sources in soils, road dust, and riverine sediments [35,47,53].

5. Results and Discussion

The levels of chemical elements in river waters are determined primarily by the lithogeochemical
features of the catchment areas. The transport of elements by river waters depends on many factors,
including hydrodynamic regime, total suspended and dissolved solids, pH and redox conditions [54—
56].

Crimean rivers exhibit a flood-dominated regime [4,57]. The annual hydrological cycle
comprises two main periods: a flood period from December to April, driven by snowmelt and
precipitation, and a low-water period from May to November. During the summer low-water season,
some rivers may dry out completely. Rainfall-induced floods develop rapidly, over several days or
even hours, during which a significant portion of the annual water and sediment discharge can occur,
occasionally exceeding the average annual flow [27].

Belbek is a river of the northern group with the highest long-term average annual water flow,
equal to 2.05 m®/s. During the winter flood, water flow increased to 2.7 m%/s (Table S1). Average
discharges in the Kacha, Alma, and Salgir rivers range from 0.7 to 1.8 m?/s, similar values are typical
for the rivers of the southern coast of Crimea. Maximum discharges can exceed 100 m3/s [58]. During
our study in June 2015, the Crimean Mountains received the equivalent of two months’ precipitation
within a short period, leading to extreme river rises and catastrophic flooding: discharges in the
Kacha and Alma rivers reached 40-50 m3/s, and in the Belbek River 20 m3/s.

Reservoirs, which are primarily filled during the winter, exert a significant influence on the
seasonal dynamics of river discharge and suspended matter transport. Flow in rivers downstream of
reservoirs is markedly reduced, and channels in river mouths may dry out during low-water periods.
The discharge of the Salgir River upstream of Simferopol is controlled by the reservoir, whereas
downstream it is largely sustained by urban wastewater [59], which adversely affects water quality
in the middle and lower reaches of the river [8,24].

The pH of river waters (Figure 1) ranged from weakly alkaline to alkaline, generally between 7.5
and 8.0, and up to 9.0 in the lower reaches. Such conditions are favorable for the migration of anionic
elements (Mo, Se, Sb, As, U, et al.). The oxygen environment dominates in river waters. The highest
redox potential (Eh), exceeding +250 mV, was observed in mountainous sections, whereas the lowest
values occurred in slow-flowing stretches. In river mouths during the summer low-water period,
oxygen concentrations declined due to reduced flow, limited gas exchange, and elevated
temperatures, leading to redox potential values dropping to 50-70 mV.

Content of the total suspended solids (TSS) was found lowest during the summer low-water
period, generally not exceeding 10 mg/L (Table S1). Higher levels were recorded in the middle (20-
40 mg/L) and lower (70-100 mg/L) reaches of the Salgir River (Figure 2). During the winter flood of
2015, TSS in the upper reaches of the Salgir River increased to 100-130 mg/L following rainfall. In the
extreme summer flood of 2015, it rose to 150 mg/L in the Belbek River, 250-300 mg/L in the Kacha
and Salgir rivers, and exceeded 300 mg/L in the Alma River. Precipitation-driven increases in TSS are
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primarily due to intensified catchment erosion, and also anthropogenic inputs, including stormwater
runoff and road dust, further elevating river turbidity [13,60,61].
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Figure 1. pH values in river waters during the summer low-water period.

The particle size distribution of suspended matter in most samples was dominated by fine
particles smaller than 50 pm. In the lower reaches and river mouth areas the content of particles in
the 1-50 pm range of size often increased up to 100%. Among these size fractions, the fine particles
(1-5 um) were particularly abundant, representing 30-35% of the total suspended matter.
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Figure 2. Total suspended solids (mg/L) in river waters during (a) the winter flood, (b) the summer flood, and
(c) the summer low-water period.

5.1. Dissolved Forms of HMMs

To determine the regional geochemical background, we analyzed samples collected at higher
altitudes in the upper forest belt, where anthropogenic influence on river systems is minimal, but
HMMs concentrations remain above detection limits due to weathering, soil leaching, and biological
cycling of the elements. Rivers in the upper reaches exhibited low TSS (<10 mg/L) and generally low
concentrations of most HMMs, reflecting both minimal human impact and the naturally low content
of elements in the limestone catchments, with the exception of Sr and B. Comparison of background
concentrations of dissolved HMMs (Table 1) with global averages [28] allowed the identification of
three distinct groups of chemical elements.
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The first group comprised Zn, Sr, B, and Li with background values considerably higher than the
global averages. The background level of Zn (4.7 pg/L) was over 7 times the global average of 0.6
ug/L [28]. We found Zn content higher than the global averages in different areas, including the Volga
Delta (50 pg/L; [56], the Don Delta (17.7 pg/L) and the Kuban Delta (3.6 ug/L) [63], as well as the Pur
River (3.1 pg/L; [64]). Similarly, higher mean Zn levels were determined by [65] — 0.5-15 pg/L
(unpolluted freshwater), [66] — 2040 pg/L (groundwater of the weathering zone), and [62] — 20 ug/L
(river waters). These observations indicate that the global average for Zn may be underestimated,
and that the higher concentrations found in Crimean rivers are consistent with natural geochemical
and hydrological conditions rather than anthropogenic pollution.

Increased values of Sr, B, and Li in Crimean river waters relative to global averages can be
attributed to their abundances in calcareous rocks [67,68], the high solubility of their salts, and weak
sorption by river sediments due to the low clay content in mountainous river reaches. In particular,
dissolved Sr content was approximately 3 times higher than the global average in the upper Kacha
River, 6 times higher in the Ulu-Uzen River, and 8.5 times higher in the Alma River.

Table 1. Dissolved forms of chemical elements and regional geochemical background of Crimean rivers (ug/L).

Element Li B P 1:1/[ S Ni Cu Zn As Br I; Sr Mo Cd Sb Ba Pb U
Belbek (18)*
4. 0. 0. 09 0.4 0. 38 02 00 0 0.0
Mean 63 6 30 oo 20 03 o 0 0 L0 0260 005
. 3. 0. 0. 07 02 0. 33 01 00 0 0.0
Median 58 6 27 o 0 12 5 30 0 o 0 025 04
. 1. 0. 0. 01 0.0 0. 21 00 00 0 0.0
Min PO I S By (5 R T B o (A |
8. 16 0. 2. 26 1.1 0. 8 07 00 0 0.0
Max 3 9 0 89 5 o5 g 88 5 8 o o g 46 16 ¥ o5 10
V(%) 52 63 22 81 23 76 70 125 8 52 32 41 80 108 62 39 64 53
Kacha (21)
3 0. 1 19 0.9 0. 39 06 00 0 0.0
Mean [ 60 34 46 . L 0 80 o s 0 0 0 21 005
. 2. 0. 1 12 0.8 0. 29 02 00 0 0.0
Median 7 64 6 14 . o 0 19 729 0 S S D19 02
. 1 0. 0. 01 0.0 0. 13 00 00 0 0.0
Min 1 b 0 e g 0 T s 3 e 2 4w o2 2 s M
10 14 19. 0. 2. 96 34 29 1. 99 26 03 0. 0.1
Max 6 2 Y8 4 » owm o3 1 9 Y5 53 2 o 18 B o M
V(%) 67 61 13 116 30 43 128 133 66 119 51 64 111 202 49 53 116 86
Alma (14)
6 0. 1. 18 03 0. 52 04 00 0 0.0
Mean 82 39 55 o o 7 38 80 o o 0026 o 12
_ 5, 0. 0. 13 0.1 0. 46 03 00 0. 0.0
Median 7 80 6 09 . o O 03 s o0 00 024 009
. 1 0. 0 01 0.0 0. 14 00 00 0. 0.0
Min 3 0 4t 00 s s 0 M s 3 9 s s o 8 s O
15 17 24. 0. 2 11. 22 10 0. 10 16 00 0. 0.0
Max 8 7 Wy 9 19 10 9 1 P g 4s 5 xm 13 0 5 30
V(%) 69 63 106 129 38 61 145 172 97 99 42 44 103 90 50 56 54 86
Salgir (34)
15 0. 1. 20 07 0. 5 12 00 0. 1.0
Mean 0 86 120 96 1 0 o 47 Q136 o 0 S L0045 0 34
. 15 0. 1 21 0.7 0. 45 08 00 0 0.0
Median 0 8 32 42 0 o T 24 1w o0 0 0 043 o 31
. 0. 0. 0. 02 0.0 0. 00 00 o 0.0
Min e O B
37 25 101 0 3. 55 18 19 2. 11 10 00 0. 69 11.
Max 2 7 B 4 o e 3 2 7 g 36 3 s * w0 s

V (%) 67 62 18 189 65 77 57 116 74 8 84 56 146 86 72 36 200 80
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. M C . R
Element Li B P n o Ni Cu Zn As Br b Sr Mo Cd Sb Ba Pb U
Derekoyka (13)
2. 0. 0. 10 0.0 0. 50 01 00 o 0.1
Mean o 19 9 20 o o 2 24 o 28 0 o0 0 018 o 03
. 2. 0. 0. 09 0.0 0. 4 01 00 o 0.1
Median 16 3 09 i o 0 10 O 19 o T 0 18 0 03
. 1. 0. 0. 02 0.0 0. 18 00 00 o 0.0
Min T B T N (U
5, 0. 1. 22 10. 02 0. 10 03 00 o 07
Max g 1 %289 s 2 3 9 M5 s g a1 o1 P oz 0P
V(%) 38 64 127 106 45 75 59 126 92 98 26 52 45 8 89 28 107 22
Uchan-Su (10)
5. 0. 0. 11 0.1 0. 10 01 00 o. 0.6
Mean > 38 23 10 . . o 30 30 oo o 0 021 o003
. 4, 0. 0. 14 0.1 0. 9% 01 00 o 0.1
Median . 36 18 07 . o C 15 31 o 0 019 L 03
. 4, 0. 0. 01 0.0 0. 58 00 00 o 0.0
Min S S B e S R YR T I &'
7. 0. 1. 26 12. 04 0. 19 02 00 o 4.0
Max 3 B 032 o s 5 4 g 9 05 aa 19 0 5 04
V%) 22 28 95 101 47 64 64 122 8 35 26 46 45 100 57 23 190 23
Demerdzhi (11)
3, 0. 1. 13 0.1 0. 43 01 00 o 0.8
Mean 3 72 76 54 1 .S 27 043 0 0017 0 04
_ 3. 0. 1 11 0.0 0. 44 01 00 o 0.4
Median 1 71 4 1.6 1 3 1.6 5 43 47 6 0 04 03 16 40 0.4
. 2. 0. 0. 06 0.0 0. 27 01 00 o 0.0
Min 6 24 0l s, 05 5 4 0 e o3 0 s 02
4. 10 23. 0. 2. 23 11. 05 1. 70 01 00 o 5.1
Max 6 5 % 7 5 30 5 6 6 2 o g g 20 1 2 4 %
V%) 18 20 273 129 51 46 37 118 118 71 72 26 23 8 68 35 171 40
Ulu-Usen (12)
2. 0. 0. 04 03 0. 37 00 00 o 0.8
Mean 5 33 20 10 o o o 09 735 o o 0L 12 o0 03
. 2. 0. 0. 02 0.4 0. 3 01 00 o 0.1
Median 5 26 18 09 o oo . 06 o 26 o 0 0 o120 003
. 1. 0. 0. 01 0.0 0. 25 00 00 o 0.0
Min A e e O S
4, 0. 1. 13 13 0. 49 01 00 o 37
Max S 80 ;2 31 o 23 29 oo 0 o 16 o 04
V@®%) 91 8 6 4 38 8 70 21 74 8 37 30 151 22 60 73 8 22
Regional background (20)
4, 0. 0. 12 05 0. 30 01 00 o 0.0
Mean o 48 2 38 L o S o4z D o4 o 0 0 T 24 04
Global river averages**
World 1. 0. 0. 14 0.6 1. 04 00 O 00 03
riverst+ g 0 203 o g g 06, 20 0, g B g g

* in parentheses — number of samples; **V — coefficient of variation; *** World average [28]; for P and Br - [62].

The second group includes elements whose background concentrations were close to global
averages: Br, P, As, Sb, and U — anion-forming elements that can be leached from calcareous rocks
and soils and transported in river waters in dissolved form — as well as Cu, Ni, Co, and Pb, heavy
metals capable of forming stable complexes. Under the alkaline conditions typical of Crimean rivers,
these metals can migrate as complex species [69,70].

The third group comprises elements with concentrations below global averages, including Fe, Mn,
Cd, Rb, and Mo, which are likely related to their low abundance in calcareous rocks within the
catchment areas. The low Fe and Mn concentrations in the dissolved load may also reflect their
limited mobility in the calcareous weathering mantle, where alkaline and predominantly oxidizing
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conditions promote oxidation, hydrolysis, and precipitation as poorly soluble oxide and hydroxide
phases.

Spatiotemporal variability. The content of dissolved HMMs compared to the regional background
(Figure 3) indicated only minor enrichment of river waters. In rivers draining the southern slopes of
the Crimean Mountains, median values of most elements did not exceed the regional background
levels, while average concentration factors CF ranged from 1 to 2. The catchments are largely
composed of limestones and shales, lack evaporate deposits, and are subject to comparatively low
anthropogenic influence relative to other rivers. Higher CF values, up to 4, were observed for Sr in
the Uchan-Su River, whose catchment consists of calcareous rocks, and for Pb in the Demerdzhi and
Ulu-Uzen rivers (up to 5), which drain shales with naturally high Pb content [71].

CF
32

0.5

0.25

0.125

Mo U Br Li Sb Ni Ba B Cu Sr Rb P As Co Mn Fe Zn Cd
Salgir river @ The north-western rivers @ The southern coast rivers

Figure 3. Concentration factors (CF) of dissolved HMMs in Crimean rivers. The lower boundary of the box is Q1
(25" percentile), the upper boundary of the box is Qs (75" percentile), the line inside the box is the median (Qz, 50
percentile), and the cross is the mean. The height of the box corresponds to the interquartile range (IQR = Q3 — Q1). Whiskers
(lines from the box) extend to the minimum and maximum values within 3 x IQR; outliers are indicated by dots outside

these limits.

In northern rivers, CF values were substantially higher, particularly for P, which enters the rivers
through municipal and agricultural effluents. Additionally, in the lower reaches, CF increased for Br,
Mo, and U, reflecting higher salinity of groundwater that feeds the rivers during low-flow periods.
The highest values of the CF of metals and metalloids were determined in the Salgir River, which
experiences the greatest anthropogenic impact and flows for a significant distance through the flat
steppe of Crimea. The average contents of many elements are higher than the median ones, which is
explained by the presence of sections of the river with significant excess of background levels. The
strong variability of concentrations is reflected in the coefficients of variation of the elements, which
for Mn, P, Cu, Zn, Cd, Pb, Br, Mo in the northern rivers exceed 100% (Table 1).

HMM contents are subject to seasonal variability. Periods of intense rainfall lead to rising water
level, increased surface runoff, and higher concentrations of dissolved elements. Therefore, when
assessing river water pollution, it is important to take into account hydrological characteristics and
the season of sampling.

The winter flood of 2015 was associated with significant contamination of the Salgir and Kacha
rivers with Zn, Cd, Mo, As, and P (Figure 4). The highest Zn concentrations were observed in the
Kacha River, ranging from 20 to 35 pg/L along most of its course and decreasing to 10 ug/L only near
the mouth, with similar values recorded in the Salgir River and most of its tributaries. In the middle
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reaches of the Kacha River, Cd showed a maximum of 0.08 ug/L, whereas in the Salgir River it did
not exceed 0.03-0.04 ug/L. In the lower reaches of both rivers, As concentrations were approximately
five times above background levels, while Mo concentrations were about ten times higher than
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Figure 4. Seasonal variations of dissolved forms of HMMs in Crimean rivers.

r(s). Distributed under a Creative C CC BY license.



https://doi.org/10.20944/preprints202604.2018.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2026 d0i:10.20944/preprints202604.2018.v1

11 of 29

Phosphorus exhibited a distinct distribution pattern. Content of P in the Belbek and Alma Rivers,
as well as Salgir tributaries, remained near the background level (22 pg/L), while in the lower Kacha
River it reached 150 ug/L, and in the Salgir River downstream of Simferopol rose up to 800-1200
pg/L. The distribution of Sr and B largely reflected water sources. Their highest concentrations were
found in the middle and lower reaches of the Alma and Salgir Rivers, where highly mineralized and
enriched in mobile elements groundwater dominates during low-water periods [23,24].

Extreme flooding in June 2015 led to a substantial decrease in HMM content in the rivers due to
dilution by rainwater. Compared to the winter period, Zn content declined in most samples to 1 pg/L
and less; only in the mouth section of the Kacha River it remained at 9-10 ug/L. Increased levels at
the Kacha estuary were also characteristic of Cd and Cu, whose concentrations were several times
higher than winter values. This is attributed to their accumulation in the soils and sediments of the
river catchment during the winter—spring period and subsequent leaching by heavy rainfall and
floodwaters.

Flooding significantly reduced water contamination in the Salgir River near Simferopol, and the
zone of maximum concentrations shifted downstream. In all rivers of the northern macroslope, the
predominance of rain-fed discharge and high water levels resulted in concentrations of mobile
elements—Sr, B, As, and Mo—close to background levels. Only in the lower reaches of the Salgir did
the concentrations of these elements increase two- to threefold under the influence of saline
groundwater. Dissolved phosphorus levels in the Salgir and other rivers were minimal.

The extreme flood of June 2015 resulted in a pronounced decline in trace metal concentrations
in the rivers due to dilution by rainwater. Compared to the winter period, Zn concentrations
decreased in most samples and did not exceed 1 pg/L, except in the mouth section of the Kacha River,
where values reached 9-10 pg/L. As with Zn, the Kacha estuary also exhibited elevated Cd and Cu
concentrations, several fold higher than in winter. This pattern likely reflects the seasonal storage of
these metals in the soils and sediments of the Kacha River catchment during the winter—spring
period, followed by their mobilization and flushing during intense rainfall and flood events.

Flooding substantially reduced water contamination in the Salgir River near Simferopol,
accompanied by a downstream shift of the concentration maxima. In the rivers of the northern
macroslope, the dominance of rainfall-driven runoff combined with elevated water levels resulted in
concentrations of mobile elements (Sr, B, As, and Mo) close to background levels. In the lower reaches
of the Salgir, concentrations of these elements increased two- to threefold due to the influence of
saline groundwater. The concentrations of phosphorus in the dissolved load of the Salgir and the
other rivers were very low.

During the summer low-water period 2016, river discharge was minimal, with groundwater and
subsurface flow serving as the main sources of river water. As a result, concentrations of mobile
elements in river waters increase. In August 2016, Sr reached maximum levels, particularly in the
lower river reaches, where concentrations ranged from 1000 to 2000 pg/L. Boron concentrations were
approximately twice those observed during flood conditions. The highest As concentration recorded
throughout the entire monitoring period —12 pg/L—occurred in the lower reaches of the Alma River.
Anthropogenic impact on river water quality was especially pronounced under low-flow conditions.
Influenced by wastewater inputs, phosphorus concentrations increased to 2200 ug/L in the Salgir
River downstream of Simferopol and to 3750 pg/L in the lower Alma River, corresponding to 100 and
170 times the background values, respectively. Under these hydrological conditions, heavy metals
remain largely immobile, resulting in minimal concentrations in river waters. Localized Zn and Cd
contamination was detected only in the Salgir River, downstream of Simferopol.

In summary, average concentrations of dissolved HMMs in the Crimean rivers are comparable
to their global averages. Increased levels are typically observed in river mouths and in proximity to
anthropogenic sources, including roads, bridges, and settlements. Seasonal variations are
pronounced, with concentrations of dissolved metals increasing during low-water periods.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.2018.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2026 d0i:10.20944/preprints202604.2018.v1

12 of 29

5.2. Suspended Forms of HMMs

Regional background values of HMMs in suspended matter of the rivers were compared with
abundances (clarke values) in other solid-phase reservoirs: the upper continental crust [29], clays and
shales [72], and suspended matter of rivers worldwide [30,31].

According to [31], average HMM concentrations in the suspended matter of uncontaminated
rivers worldwide are 1.5-3 times lower than the global river average. Background sites in Crimean
rivers experience negligible anthropogenic contamination; therefore, concentrations of a large group
of HMMs (Cd, As, Bi, Sb, Zn, Cu, Sn, Mn, Ni, Co) were below global averages (Table 2). At the same
time, fine-grained particles in river suspended matter exhibit high sorption capacity [55,73,74], which
results in many HMMSs having higher concentrations in the suspended matter than in the continental
crust.

Table 2. Suspended forms of chemical elements and the regional geochemical background of Crimean rivers
(1g/8)-

Element V Cr Mn Co Ni Cu Zn As Sr Cd Sn Sb W Pb Bi U

Belbek (13)*
Mean 99 115 997 10 35 38 8 13 248 015 16 06 20 30 021 26

Median 87 110 718 10 39 35 76 15 218 014 09 0.5 2.0 29 012 27

Min 46 40 315 0 5 11 27 3 129 0.05 0.2 0.1 0.1 12 0.04 1.0

Max 189 226 3899 19 70 73 151 24 407 028 37 1.0 35 49 059 45

V (%) 43 46 88 44 55 49 49 48 35 52 83 51 41 40 89 36
Kacha (15)

Mean 105 102 1327 13 42 30 78 10 278 023 16 1.0 2.1 34 031 28
Median 108 79 1070 13 42 31 79 9 279 019 17 07 2.0 35 038 3.1

Min 64 55 842 9 10 5 32 2 136 004 03 04 0.8 18 0.03 1.1

Max 151 196 3726 19 72 58 125 19 428 056 33 49 5.6 58 047 41

V (%) 24 47 56 18 34 47 30 59 29 59 45 112 49 29 47 30
Alma (12)

Mean 100 65 2507 11 41 36 157 14 342 015 15 0.6 1.7 28 022 27
Median 102 68 1100 12 44 34 89 14 334 015 08 0.7 1.8 28 016 29

Min 31 18 251 3 12 9 19 4 50 004 02 01 0.1 10 0.02 09

Max 206 114 12891 18 79 71 520 30 606 027 44 12 3.3 57 056 4.6

V (%) 52 49 134 33 50 46 108 48 53 49 91 42 55 48 74 44
Salgir (39)

Mean 72 74 2163 11 44 53 183 9 237 048 39 1.3 2.4 48 116 23
Median 69 66 1003 10 38 37 183 7 226 045 3.1 1.0 1.5 39 030 25

Min 24 8 376 4 6 6 22 2 134 0.04 0.1 0.1 0.0 9 0.02 09

Max 195 307 2472 2 34 223 239 566 39 708 123 195' 43 109 136 9.13 3.9

V (%) 47 62 184 47 76 91 65 82 43 71 90 83 101 67 179 33
Derekoyka (10)

Mean 85 69 3323 10 45 29 142 6 256 038 37 15 1.5 32 024 17
Median 100 84 3367 12 49 29 137 6 204 026 32 1.0 1.6 30 026 20
Min 31 15 861 4 8 10 31 3 191 015 13 06 0.4 15 0.08 05

Max 128 112 5011 15 95 56 315 11 650 131 9.1 4.9 2.3 45 037 24
V (%) 38 43 43 34 52 52 51 45 52 84 57 82 38 28 38 33

Uchan-Su (8)
Mean 75 70 3504 9 28 35 153 7 38 023 27 12 2.3 29 019 16
Median 82 66 4141 9 29 40 140 8 33 014 22 07 1.9 25 0.08 1.7
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Element V Cr Mn Co Ni Cu Zn As Sr Cd Sn Sb W Pb Bi U

Min 41 42 803 5 7 18 53 1 250 005 06 03 0.3 11 0.03 03

Max 101 116 5761 12 48 50 309 14 717 059 83 2.4 7.4 53 052 3.0
V (%) 31 31 58 30 52 30 57 52 37 78 83 75 93 51 99 54

Demerdzhi(7)

Mean 105 90 990 12 32 31 140 11 128 019 1.1 0.6 2.9 28 058 1.6
Median 117 90 876 12 38 28 128 12 124 016 07 0.6 2.0 29 045 18
Min 13 79 541 2 9 9 30 6 104 0.05 03 0.2 0.3 7 0.06 03

Max 140 99 1725 17 46 63 385 17 169 041 23 0.9 7.5 39 139 21
V (%) 37 6 35 38 45 57 79 32 16 67 68 39 77 38 70 37

Ulu-Uzen (8)

Mean 99 100 2282 13 31 37 92 12 132 024 09 0.8 2.6 37 033 15
Median 106 95 1859 11 36 26 79 10 138 0.16 0.9 0.8 0.6 34 034 1.6
Min 38 33 247 6 12 15 17 4 68 003 02 0.3 0.2 7 002 06

Max 126 156 5619 20 53 81 245 22 169 089 23 1.5 10.3 63 070 24
V (%) 26 36 73 35 48 65 74 57 22 108 67 53 137 49 75 32

Regional background (10)

Mean 130 106 1073 14 49 47 83 12 156 0.15 16 0.8 2.3 38 036 3.2

Upper continental crust [29]

‘;b””d“" 97 9 775 17 47 28 67 5 32 009 21 04 19 17 016 27

Shale [72]

‘:eb””d“” 120 110 800 19 49 36 8 9 240 091 35 13 26 14 038 43

Global rivers’averages [30]

‘:eb””d“” 129 130 1679 23 75 76 208 36 187 155 4%5 219 2 61 08 33

Unpolluted rivers worldwide [31]

f“”dﬂn 120 8 1150 19 50 45 130 14 150 05 29 14 14 25 029 24

Compared with the upper continental crust (UCC), the suspended matter of Crimean rivers in
the background areas was slightly enriched in As, Bi, Pb, Sb, Cu, and Cd (1.5-2.5 times), while
concentrations of Ca, Mn, Fe, V, Cr, Zn, U, W, Rb, Ni, Co, Sn, Al, Sc, Y, and Be were close to UCC
values. Ba, Sr, and Zr were lower than UCC by a factor of 2-2.5. Comparison with shales [72], which
are widespread in the region, showed that the background suspended matter of Crimean rivers most
closely resembled these lithologies, with the exception of Pb and Cd. When compared with shales,
Pb content in the suspended matter was relatively elevated (1.5-2.7 times), whereas Cd was depleted
(2.3-5.6 times). Lead is strongly sorbed by organic and mineral microparticles in the suspended
matter, while cadmium exhibits much higher mobility and is predominantly transported in dissolved
form [75].

Spatiotemporal variability. Most chemical elements in the suspended matter of rivers on the
northern and southern macroslopes of the Crimean Mountains showed near-background levels, with
CF values ranging from 0.5 to 1.5 (Figure 5). Higher CFs were observed for Sr, Mn, Cd, and Zn. For
Sr and Mn, this reflects the calcareous nature of catchment soils and bedrock. CF values for these
elements were higher in the rivers on the southern slope, due to the greater prevalence of limestone
and lower proportion of loose sedimentary rocks in the catchment lithologies. Elevated levels of Cd
and Zn may be due to anthropogenic inputs and high content in soils and road dust of the urban
areas [61,71]. Rivers on the southern slope also showed higher Sb and W, reflecting their enrichment
in the catchment soils [71,76].
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Figure 5. Concentration factors (CF) of suspended HMMs in Crimean rivers. The lower boundary of the box is Q1
(25" percentile), the upper boundary of the box is Q3 (75" percentile), the line inside the box is the median (Q2, 50"
percentile), and the cross is the mean. The height of the box corresponds to the interquartile range (IQR = Q3 — Q1). Whiskers
(lines from the box) extend to the minimum and maximum values within 3 x IQR; outliers are indicated by dots outside

these limits.

In the Belbek River, CF values in suspended matter ranged from 0.7 to 1.1 for all elements except
Sr (1.5). Slightly higher CFs were observed for As, Mn, and Bi in the Kacha River, and for Sr, Mn, Zn,
and As in the Alma River (CF = 2). Overall, HMM concentrations in suspended matter increased in
the following order: Belbek — Kacha — Alma.

In the Salgir River, strongly affected by Simferopol, the highest CFs (1.5-3.2) were recorded for
Bi, Cd, Zn, Sn, and Mn. In the Uchan-Su River, whose catchment includes the Ai-Petri limestone
massif, CF for Sr exceeded the background level by 4.5-5 times. The Derekoyka River, nearly twice
the length and basin area of the Uchan-Su and draining both limestone and flysch, displayed lower
Sr in suspended matter than the Uchan-Su.

Large parts of the Derekoyka catchment and the lower Uchan-Su lie within Yalta, a major resort
city with high anthropogenic and recreational pressure (Bezberdaya et al., 2024). This resulted in 1.8—
2.6-fold increases in mean concentrations of Cd, Zn, Sn, and Sb in the Derekoyka suspended load,
and 1.6-1.9-fold increases in Mn, Zn, W, and Sb in the Uchan-Su suspended load. The enrichment
pattern strongly resembles the geochemical signature of Yalta road dust [71], which enters rivers via
stormwater runoff and represent a major sources of sediment contamination. CF values for other
elements remain close to 1.

The Ulu-Uzen and Demerdzhi rivers flow through Alushta, a small resort town located east of
Yalta. Their catchments predominantly composed of terrigenous Tauric flysch. Carbonate rocks are
less common in these areas, resulting in lower average Sr content in suspended load compared to the
Uchan-Su and Derekoyka rivers. Overall, these rivers exhibit HMM concentrations closest to the
background levels. In the Ulu-Uzen River, Mn, Cd, and W were slightly elevated (CF 1.5-2.0), while
in the Demerdzhi River, moderate increases were observed for Zn and W (CF 1.3-1.6).

Seasonal variability of suspended HMMs pronounced less than dissolved ones (Figure 6). The
most noticeable changes were registered for Cu, whose concentrations declined several-fold during
the summer low-water period. This pattern likely reflects the minimal input of soil particles from
vineyards in the dry season, when erosion processes are least active.
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Figure 6. Seasonal changes in content of HMMs in suspended load of Crimean rivers.

The decline in Sr concentrations in suspended matter during the summer low-water period may
be attributed to reduced erosion of strontium-bearing carbonate rocks within the catchments. A less
pronounced yet still evident decrease in Pb, Bi, Zn, and Cd concentrations during this period is likely
driven by a substantial reduction in stormwater runoff from urban areas under dry conditions. These
elements are known to accumulate in road dust as a result of non-exhaust traffic emissions [35,55].
As a result of the influence of this source Cd exhibited higher concentrations in suspended matter
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during the summer flood compared to the winter flood, possibly reflecting increased traffic intensity
in Crimea during the tourist season.

Enrichment factor (EF). In the suspended matter of the Belbek and Kacha rivers, mean EF values
of HMMs were close to the background ones, with moderate enrichment observed only for As and
Cd (Figure 7). In the Alma River, As showed high enrichment, whereas Pb, Cd, Zn, and Mn exhibited
moderate enrichment. The Salgir River was characterized by the greatest number of elements with
EF >3 (Pb, Cd, Zn, Mn, Bi, Sn, As, Sb), as well as the highest EF values for Bi (8) and Cd (13), indicating
substantial to high enrichment.

EF
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Figure 7. Enrichment factors EF of heavy metals and metalloids in suspended matter.

Among the rivers of the southern coast of Crimea, the Yalta rivers—the Uchan-Su and
Derekoyka—exhibited the highest EF values, pointing to substantial anthropogenic pressure from
resort activities on surrounding landscapes [71]. EF values exceed 3 for Cd, Zn, Cu, W, and As, and
5 for Mn, Sr, and Sb. Rivers in the Alushta area showed generally lower EF values. The lowest
enrichment was observed in the Demerdzhi River, likely reflecting the relatively limited
anthropogenic influence within its catchment. By contrast, the Ulu-Uzen River experiences a more
pronounced urban impact from Alushta, as indicated by EF values exceeding 3 for Cd, Mn, and As.

Correlation analysis. The most comprehensive dataset on the chemical composition of suspended
load was obtained during the peak flood in June 2015, when river water turbidity reached its
maximum (Table S52). These data were used for correlation analysis, which revealed two well-defined
elemental associations characterized by high pairwise correlation coefficients. The first, lithogenic
association—Fe, Al, Co, Ni, Cr, V, W, Li, Rb, Cs, Be, Ba, As, and U—included the major elements Fe
and Al, which are components of clay minerals and (hydr)oxides derived from rocks and soils, as
well as trace elements that are typically transported in forms sorbed onto these minerals. The second,
anthropogenic association—Pb, Cd, Zn, Cu, Bi, Sn, and Sb—comprised priority pollutants commonly
found in urban soils and road dust in Crimean cities such as Alushta and Yalta [71,76], where
vehicular traffic is the primary source. These elements showed weak correlations with Fe and Al,
suggesting that their transport in forms sorbed onto secondary minerals is limited. Instead, their
accumulation in microparticles generated by tire wear, brake pad abrasion, and other vehicle-related
mechanical processes appears to play a more significant role. These particles are subsequently
delivered to rivers via stormwater runoff from road surfaces [24,25].
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The concentrations of chemical elements in riverine suspended matter are typically related to
water turbidity [79]; however, this relationship depends on the relative contributions of suspended
material sources. Correlation coefficients between elemental concentrations and turbidity for two
rivers on the northern slope—the Kacha and the Salgir—during the extreme flood of 2015 are shown
in Figure 8. In the Kacha River, relatively strong correlation with suspended matter content was
observed for Fe, Mn, Ni, Co, Zr, Ba, Li, and Rb—lithophile elements—indicating the dominance of
natural sources of suspended material during this period. In contrast, the Salgir River exhibited a
totally different association of elements closely correlated with turbidity: Cu, Cd, Zn, Bi, Cr, Sn, Sb,
and Pb. These are priority pollutants in urban soils and road dust [71,76], pointing to the leading role
of anthropogenic sources in shaping the composition of suspended matter.

Overall, the analysis of HMM content, along with concentration factors (CF) and enrichment
factors (EF), indicated increasing anthropogenic influence along the river sequence the Belbek—the
Kacha—the Alma— the Salgir. The elements showing the greatest accumulation in suspended matter
were Bi, Cd, Zn, Mn, Pb, Cu, Sn, As, and Sb. The composition of the priority pollutant assemblage in
suspended matter closely resembled that of road dust, highlighting the predominant role of vehicular
traffic in the contamination of riverine suspended material.

0,8
0,6
0,4
0,2

-0,2
-0.4
-0,6
-0,8

Zr CoBa U SnMnFe Ni Li WRbBeCuAlGaCr V Sc Cs Bi Y Sb Th Pb Zn Sr Cd

Figure 8. Correlation coefficients between trace HMMs concentrations and river water turbidity: (a) Kacha; (b)
Salgir.

5.3. Partitioning of Chemical Elements Between Dissolved and Suspended Loads (DS Analysis)

The relative proportions of elemental transport forms in fluvial systems were characterized by
the DS coefficients, defined as the fraction of suspended forms relative to the sum of suspended and
dissolved forms [44]. Numerous studies on the geochemistry of riverine suspended matter [28,80-82]
demonstrated that suspended transport is the dominant mode of metal migration in river waters.
This generalization primarily applies to global flux estimates, where the mean turbidity of river water
is assumed to be approximately 460 mg/L [74] or 350 mg/L [28]. Our investigations in the Selenga,
Volga, Don, and Pur River basins showed that in low-turbidity lowland rivers, the contribution of
dissolved forms to elemental transport is substantially higher. Based on DS analysis, three groups of
chemical elements were identified: D-elements (e.g., Sr, Na, Mo, Sb, U, B), characterized by the
predominance of dissolved transport; S-elements (primarily low-mobility lithophiles such as Fe, Al,
Zr, Y, Cs, and Pb), for which suspended transport is the main migration pathway; and an
intermediate group, DS-elements (including Zn, Mn, Ni, Co, and Cu), in which the ratio of suspended
to dissolved forms varies widely depending on hydroclimatic runoff conditions [43,44,64,83,84]. The
assignment of elements to a given group is largely controlled by their intrinsic properties, whereas
variations in their behavior within groups—expressed as changes in DS values —are driven primarily
by hydroclimatic and anthropogenic factors.

In Crimean rivers, DS analysis revealed a strong relationship between turbidity and the
partitioning of metals and metalloids (HMMs) between dissolved and suspended loads. During the
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winter flood, in rivers with low turbidity (<10 mg/L; the Belbek and the Alma), the fraction of
suspended forms was reduced. For D-elements such as Sr, Mo, Sb, U, and Ba, this fraction was below
10%, slightly higher for Li and As (Figure 9). Dissolved forms also dominated transport for the DS-
elements. For Mn, Ni, Co, Cu, and Rb, the share of suspended forms (S) ranged from 25 to 50%. S-
elements were transported almost entirely in the suspended form, accounting for 80-100%. In the
Kacha River, with turbidity between 20 and 40 mg/L, the fraction of dissolved forms of the elements
were higher across all groups. This trend was particularly pronounced for DS-elements, where Mn,
Co, and Rb were predominantly transported as suspended matter. The increase in the fraction of
suspended forms was even more pronounced in the Salgir basin, which exhibited high turbidity (up
to 100 mg/L). Here, the average fraction of dissolved transport for most D-elements increased to 20—
30%, while for DS-elements it reached 50-80%.

Season River
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‘;;l:;zr Kacha
. Alma
Salgir

Belbek

Sltlln::;r Kacha
. Alma
Salgir

Belbek

summer Kacha
low-water Alma
Salgir
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low-water | middle course
lower course

estuary

Figure 9. DS matrix for average HMM contents in the rivers of northern Crimea (a) and along the Salgir River
(b). Values indicate the percentage of suspended forms to total (dissolved + suspended) content

During the summer extreme flood, an increase in water turbidity to 200-300 mg/L led to a distinct
rise in the fraction of suspended forms. Only for Sr and Mo the fraction of the suspended forms
remained below 25%, while the share of dissolved forms for other D-elements increased to 25-50%
in the Belbek and Alma rivers and to 50-75% in the Kacha River. For DS-elements, suspended
transport clearly dominated. The substantial increase in the share of dissolved forms for As, reaching
50-75% and higher, can be attributed to anthropogenic influence, as As typically behaves as a D-
element. In the upper reaches of the Salgir River, which were relatively unaffected by storm floods
and did not experience a significant increase in turbidity, the share of dissolved forms remained
largely unchanged; dissolved forms predominated for all D-elements and for some DS-elements (INj,
Co, Cu). During the summer low-flow period, when river turbidity was minimal, the mean proportions
of dissolved forms for all D-elements fell below 20%. Transport of D,S-elements also occurred
predominantly in the dissolved form.
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Anthropogenic influence on the Salgir River was clear from the spatiotemporal variability in
HMM partitioning (Figure 9b). Intense winter precipitation in the upper reaches increased water
turbidity, producing the highest share of dissolved forms. For most DS-elements, it exceeded 90%,
and suspended transport became dominant for the majority of D-elements as well. Downstream of
the reservoir, decreasing turbidity was accompanied by suspended transport decline to 20-60% for
DS-elements and less 20% for D-elements. Further downstream, below Simferopol, the influence of
urban wastewater reduced dissolved transport to its minimum. In the lower reaches of the Salgir,
extending to the river mouth, dissolved transport predominated for both D- and DS-elements.

The extreme summer flood was characterized by a substantial increase in the share of suspended
forms of HMMs downstream of Simferopol, driven by the intensive wash-off of road dust and other
microparticles from urban areas via stormwater runoff [59]. Elevated river discharge during this
period allowed the urban turbidity plume to extend several tens of kilometers downstream. By
contrast, the summer low-flow period was marked by low turbidity (~5 mg/L) and a decline in the
share of suspended transport to minimum levels; dissolved transport predominated for all HMMs
except S-elements. Downstream of the city, turbidity gradually increased, and in the lower reaches
suspended transport again became the dominant migration pathway for DS-elements.

Overall, three groups of chemical elements could be distinguished in the rivers of Crimea
according to their transport modes: D-elements (e.g., Sr, Na, Mo, Sb, U, B), S-elements (Fe, Al, Zr, Y,
Cs, Pb), and intermediate DS-elements (Zn, Mn, Ni, Co, Cu). Although the share of suspended forms
varied considerably with hydroclimatic conditions and anthropogenic pressure, the fundamental
grouping of elements remained stable.

5.4. Identification of Sources of Heavy Metals and Metalloids

The APCS-MLR model was applied to three distinct datasets: (A) rivers of the northern slope of
Crimean Mountains, including the Belbek, Alma, and Kacha Rivers; (B) rivers of the southern coast,
namely the Uchan-Su, Derekoyka, Ulu-Uzen, and Demerdzhi; and (C) the Salgir River along with its
tributaries. In each case, four factors were extracted, collectively accounting for 70% of the total
variance in the northwestern rivers, 85% in the Salgir River, and 72% in the southern coastal rivers
(Table S3). Three of these factors were interpreted consistently across all rivers, while the fourth factor
was interpreted differently for the southern coastal rivers. Source attribution was based on a
comprehensive review of the literature on pollutant emission profiles across different landscape
components [85-91].The contribution of all factors to the composition of suspended matter in
Crimean rivers is shown in the Figure 10.

Natural and mixed sources (F1). Natural and mixed sources, which include contaminated soils,
were identified across all three river groups. In the suspended matter of the northwestern rivers, F1
accounted for 39% of the total variance and exhibited high factor loadings (>0.7) for Al, Sc, V, Co, Ni,
W, Bi, Sn, and U. This source contributes more than 70% to the concentrations of Al, Sc, and U —
lithophile elements that are constituents of silicate minerals in rocks and soils [35,88,92,93] — as well
as anthropogenic tracer elements (V, Co, Ni, Bi, and Sn). The co-occurrence of these elements with
lithophile elements generally indicates their input from contaminated soils [94,95]. The elemental
signature of this factor therefore supports its classification as mixed, reflecting combined
contributions from uncontaminated soils, parent materials, and bedrock, as well as from
contaminated soils.

In the suspended matter of the Salgir River, F1 explains 47% of the total variance and, according
to APCS-MLR results, contributes 50-70% to the concentrations of Al, Sc, Co, V, Pb, W, and U. A
comparable geochemical profile, explaining 45% of the variance, was identified for the Setun River
in Moscow, Russia [35].

Suspended matter in the rivers of the southern coast of Crimea is predominantly controlled by
natural sources, which accounted for 31% of the total variance. This factor contributes approximately
75% to Al, Sc, Co, V, and U concentrations, whereas the influence of the elements indicative of
anthropogenic impact is relatively low.
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Figure 10. Source contributions to metals and metalloids content in the suspended matter.

In all three river groups, the composition of suspended matter is predominantly controlled by
natural and mixed sources, accounting for 31-47% of the total variance. These sources include rocks,
riverbank sediments, and alluvial soils, which contribute solid material to fluvial systems through
water and wind erosion, as reported for other rivers [35,96,97]. Factor 1 is responsible for the
formation of stable lithophile (Al-Sc-U) and anthropogenic (Co-V) element associations across all
three river groups, which exhibit strong inter-element correlations (r > 0.85). These elements also
displayed the lowest enrichment factors (EF < 5) and low variability (<50%), supporting the
interpretation of Factor 1 as representing natural or mixed sources. The contribution of this factor to
the formation of the elemental composition of suspended matter is greatest in the Salgir River (47%
of the total variance), which has a lowland channel section, compared to the mountainous rivers of
the southern coast (31%), where the influence of other sources increases.

Carbonate dust (F2) was identified as a source of HMMs in the suspended matter of all three
river groups. In the northwestern rivers, southern coast rivers, and the Salgir River, this factor
explained 12%, 11%, and 7% of the total variance, respectively, with r = 0.68 between elements (Table
52). Sr and Ca exhibited the highest factor loadings (>0.7). In all river groups, carbonate rocks serve
as the primary source of carbonate dust enriched with Ca and Sr. The upper reaches of the rivers
under study are located in the foothills of the Main and Inner Ranges of the Crimean Mountains,
composed of Upper Jurassic and Triassic limestones. These carbonate rocks are notable for their high
Ca content, as well as Sr, which replaces Ca isomorphically in the crystal lattice of carbonate minerals
and is a characteristic trace element for limestones. Additionally, karst systems are well-developed
in these areas, contributing to the influx of Ca and Sr into the rivers.
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In addition to carbonate rocks, the urban area has numerous anthropogenic sources of carbonate
dust. This dust is generated during municipal and road construction, building repair, weathering of
buildings and structures [85,98-100]. The enrichment of river sediments in Ca and Sr due to
construction activities was identified in the Setun River basin, Moscow using the APCS-MLR model
[35]. Construction-related processes, particularly cement production, emit particles enriched in As,
Zn, Cd, Sn, and Pb [101]. This likely explains the substantial contribution of this factor to Cd (45%)
input in the northwestern rivers, Pb and Sb (30-35%) in the Salgir River, and Mn, Sn, and Ni (45-70%)
in the southern coast rivers. The influence of construction activities on sediment composition is more
pronounced in the southern coast rivers than in the Salgir or northwestern rivers, likely reflecting
intensified construction over the past 5-7 years in the resort cities along the Black Sea coast [102,103].
Moreover, Alushta and Yalta, through which the Uchan-Su, Derekoyka, Demerdzhi, and Ulu-Uzen
rivers flow, host numerous concrete, cement, and construction material production facilities [104].

Sewage water (F3 — for datasets A and B). This factor was identified for the suspended matter
of the northwestern rivers and the Salgir River, accounting for 8% and 14% of the total variance,
respectively. In both river groups, it predominantly controls the input of As and Mn, contributing
approximately 75-80% of their concentrations in the suspended matter of the northwestern rivers
and 50-60% in the Salgir River. Additionally, this factor explains the significant input of Cr, W, Pb
(35-50%) into the rivers of the northwestern group and Ni (30%) into the Salgir River. Typically, As,
Cr, W, and Pb are frequently found in wastewater from treatment plants and domestic sewage, while
Ni is present in industrial wastewater [105]. It has been determined that the rivers of the northwestern
group and the Salgir River experience considerable anthropogenic pressure due to the discharge of
untreated or poorly treated wastewater [106,107]. This is attributed to the high level of wear
(approximately 70%) of the peninsula's sewage treatment facilities, which fail to adequately treat
wastewater [108]. The Salgir River flowing through the large city of Simferopol receives a significant
contribution to its pollution from the discharge of sewage and industrial wastewater (including
unauthorized discharges) from the city and its suburbs [6,109]. The Belbek and Kacha rivers often
experience the discharge of municipal wastewater from settlements in their mouth areas [110], while
the Alma receives wastewater along its entire course from source to sink due to impact of numerous
unsewered settlements [107]. Furthermore, the basins of the Salgir, Alma, and Belbek rivers contain
landfills with buried agrochemicals, from which Hg, As, Cr, Pb, Zn, Ni, and other pollutants can
enter river waters through surface and subsurface runoff [111].

Agriculture — vineyards (F3 — for dataset C). Agriculture, particularly viticulture, was identified
as a source of HMMs only in the suspended matter of the southern coast rivers, where the region’s
largest vineyards are located. This factor accounted for 15% of the total variance and was associated
with high loadings of Cu, as well as As, Cr, and W. These elements enter rivers via surface and
subsurface runoff from vineyards and through irrigation practices. Previous soil studies under
vineyards in Yalta and Alushta reported elevated Cu concentrations due to the use of fungicides
containing this metal [59,71]. Similar enrichment patterns have been observed in agricultural soils
across Southern Europe, where Cu levels can reach up to four times the background concentrations
[112]. Arsenic (as H3AsO,) and copper compounds (e.g., CuSO45H>0 applied in lime milk, Ca(OH),,
and soda ash) are commonly used in agriculture to control pests and plant diseases [113]. The
contribution of As, Cr, and W to suspended matter may also be linked to the use of wastewater or
household residues for irrigation, which are often enriched in these elements [104].

Traffic (F4). Traffic-related sources make a relatively minor contribution to the contamination of
suspended matter in the northwestern rivers, accounting for 7% of the total variance, but are more
significant in the southern coast rivers (13%) and the Salgir River (17%). In the southern coast rivers,
F4 contributed 50-60% of Sb, Cd and Zn, and 25-30% of Pb and Sn concentrations. In the Salgir River,
this factor accounted for 70% of Cd, 50% of Bi, Sn, and Cu, and 30% of Zn. The associations with high
loadings of this factor indicate anthropogenic inputs primarily associated with vehicular traffic
[71,76]. Specifically, solid particles generated from the abrasion of brake pads, tires, paint layers, and
road surfaces are transported to rivers via stormwater runoff, moving downstream with suspended
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particles [114]. The contribution of traffic-derived particles is greatest in urban areas with extensive
impervious surfaces and high traffic density, which explains the stronger influence of this source on
the Salgir River, flowing through Simferopol, and on the southern coast rivers, which pass through
the resort cities of Yalta and Alushta, where both tourism and traffic volumes increase annually
[115,116].

Overall, the concentrations of HMM s in the suspended matter of Crimean rivers are influenced
by five factors: (1) erosion of rocks, riverbanks, and soils; (2) input of calcareous dust from carbonate
rocks and municipal and road construction activities; (3) input from municipal and industrial
wastewater; (4) vehicular emissions and abrasion of road surfaces; (5) runoff from vineyards and
agricultural fields. Each factor contributes differently across river groups, reflecting both catchment
lithology, hydroclimatic conditions and anthropogenic impacts.

6. Conclusions

1. The study highlights the key factors controlling the concentrations and transport mode of
heavy metals and metalloids in the rivers of Crimea, providing insights into both natural factors and
anthropogenic impacts. Mean contents of dissolved HMMs in the Crimean rivers are comparable to
their global averages. Increased levels are typically observed in river mouths and in proximity to
anthropogenic sources, including roads, bridges, and settlements. In anthropogenically impacted
areas, HMM concentrations may exceed background levels by 10-20 times. The most significant
levels of pollution were noted for Zn, Cd, Mo, As, and P. Seasonal changes may include an increase
in pollutant levels during both low-water periods and flood periods.

2. During low-flow periods, pollution is dominated by dissolved forms, whereas during flood
events, it is primarily associated with suspended matter. Suspended matter is particularly enriched
in pollution-indicator elements—Bi, Cd, Sb, Zn, Cu, Sn, Pb, W, and Mn. This reflects the important
role of road dust in contaminating the solid-phase components of river systems. Among northern
slope rivers, the Salgir River is most affected, especially in its middle reaches, while on the Southern
Coast, Uchan-Su experiences the highest anthropogenic impact.

3. DS-analysis distinguishes three groups based on the transport mode:

— D-elements, predominantly transported in dissolved form (e.g., Sr, Mo, Sb, U, As);

— S-elements, mainly transported in suspended form (e.g., Fe, Al, Zr, Pb);

— DS-elements, with different transport mode depending on hydroclimatic conditions and
anthropogenic pressure (e.g., Zn, Ni, Co, Cu).

4. The HMM content in suspended matter of Crimean rivers is primarily controlled by natural
sources, including erosion of rocks, riverbanks, and soils. Among anthropogenic sources, the most
important are construction activities (addition of calcareous dust), municipal and industrial
wastewater, vehicular traffic (road dust), and runoff from agricultural fields and vineyards.

5. Considering the scarcity of water resources in Crimea and the widespread use of river water
for domestic, agricultural, and industrial purposes, management efforts should focus on reducing
anthropogenic HMM inputs. This includes controlling road dust, optimizing wastewater treatment,
and implementing best practices in agriculture and construction to protect water quality and ensure
sustainable use of river water.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org. Figure
S1: Study area and river sampling sites; Table S1: Hydrological characteristics at river mouths during field
campaigns; Table S2: Correlation matrix of chemical element concentrations in suspended matter, June 2015;
Table S3: Principal factor loadings controlling the variability of HMM concentrations in suspended sediments of

Crimean rivers.
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