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HEAVY METAL DISTRIBUTION IN BOTTOM SEDIMENTS
OF THE KAMYANKA RIVER (ZHYTOMYR POLISSIA): GEODYNAMIC ASPECT

Objective. To establish comprehensive baseline geochemical data for heavy metal distribution patterns in
bottom sediments of the Kamyanka River Basin within the broader context of the Ukrainian Shield geodynamic
evolution and long-term tectonic stability. This research aims to characterize the relationship between deep
crustal processes spanning over 3.8 billion years of geological history and contemporary environmental
geochemistry, with a specific focus on distinguishing between natural background metal concentrations derived
from crustal weathering processes and potential anthropogenic contamination sources in this geodynamically
stable continental platform setting. Methodology. Advanced spectrophotometric analytical techniques, including
inductively coupled plasma mass spectrometry (ICP-MS) and atomic absorption spectroscopy (AAS), were
systematically employed to analyze sediment samples collected from strategically selected representative sites
reflecting the full spectrum of diverse geomorphological and hydrological conditions within a geodynamically
stable cratonic domain. The comprehensive sampling strategy encompassed various depositional environments
ranging from headwater reaches influenced by groundwater discharge to downstream areas subject to urban
runoff and agricultural inputs. Sequential extraction procedures and bioavailability assessments were integrated
to evaluate metal speciation and environmental mobility. At the same time, quality control measures included
certified reference materials, duplicate analyses, and blank determinations to ensure analytical reliability and
environmental significance of the obtained results. Results. Pronounced dominance of iron (3,862 mg/kg) and
aluminum (1.906 mg/kg) was established, reflecting characteristic aluminosilicate weathering signatures of
Precambrian crystalline basement rocks typical of the Ukrainian Shield geological province. Essential trace
metals, including copper (5.2 mg/kg), chromium (7.8 mg/kg), and nickel (2.5 mg/kg), were detected at natural
background levels, while potentially toxic elements such as mercury, cadmium, and bismuth remained
consistently below analytical detection limits. The Al/Fe ratio 0.49 indicates typical continental weathering
signatures without unusual enrichment or depletion patterns. The geochemical signature corresponds to a
sedimentary environment dominated by natural terrigenous input derived from stable continental weathering
processes operating under conditions of prolonged geodynamic stability, with minimal anthropogenic
contamination pressure reflecting the relatively stable geodynamic setting and effective environmental
management within the study area. Scientific novelty. The complex relationship between Ukrainian Shield
geodynamic evolution and contemporary heavy metal distribution patterns in fluvial sedimentary systems has
been comprehensively characterized for the first time, establishing the critical importance of long-term tectonic
stability in controlling environmental geochemistry. A novel integrated conceptual model of metal accumulation
mechanisms under stable cratonic conditions has been developed, incorporating thermodynamic equilibrium
relationships, surface complexation processes, and biogeochemical cycling pathways. This research
demonstrates that geodynamic controls fundamentally determine metal fate and transport in hydrogeological
systems, where long-term tectonic stability has allowed the development of distinctive weathering profiles and
hydrogeochemical regimes that control heavy metal mobility and bioavailability in continental platform
environments. Practical significance. The findings establish a robust scientific foundation for evidence-based
environmental management strategies in geodynamically stable regions worldwide and provide critical baseline
data for future environmental monitoring and ecological risk assessment within similar geological and climatic
settings across the Ukrainian Shield region. The results support sustainable development initiatives and
ecosystem protection programs within the context of ongoing urbanization processes affecting ancient crystalline
shield terrains, while contributing to the development of effective environmental management strategies for
regions characterized by ancient crystalline basement rocks. This research has important implications for
environmental policy development and provides essential data for supporting climate adaptation and urban
sustainability initiatives in continental platform settings.

Keywords: river sediments, geochemical analysis, environmental assessment,; Ukrainian Shield,
bioaccumulation, contamination, ecological monitoring, pollution.
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Introduction

The geodynamic evolution of the Ukrainian Shield
represents one of the most significant Precambrian
crustal segments in Europe, with complex tectonic
processes spanning over 3.8 billion years of geological
history directly influencing contemporary environmental
systems and heavy metal distribution patterns in modern
sedimentary environments. Prolonged tectonic stability
throughout the Phanerozoic has created unique
conditions where deep crustal processes and surface
geochemical cycles interact to control metal accu-
mulation and transport in aquatic systems. This
geological heritage has allowed the development of di-
stinctive weathering profiles and hydrogeochemical
regimes that fundamentally control heavy metal fate and
mobility, distinguishing cratonic environments from
tectonically active regions. Understanding these geody-
namic controls on environmental geochemistry is
essential for predicting metal behavior in continental
platform settings and developing effective environmental
management strategies for regions characterized by
ancient crystalline basement rocks.

Geodynamic stability of cratonic regions creates
specific conditions for metal cycling that differ fun-
damentally from those in orogenic belts or volcanic arcs.
The Ukrainian Shield, as part of the East European
Craton, exhibits characteristic features including absence
of active volcanism, minimal neotectonic deformation,
and development of mature weathering crusts that
collectively control contemporary heavy metal
distribution in surface environments [Kapelista et al.,
2024; Cheng & Su, 2024].

The Kamyanka River Basin within the Zhytomyr
Urban Area provides an exceptional natural laboratory
for investigating the relationship between geodynamic
processes and heavy metal distribution in bottom sedi-
ments. This represents a typical East European Platform
drainage system where Precambrian crystalline rocks
interact with overlying sedimentary sequences to create
complex hydrogeochemical conditions [Correggia et al.,
2024]. The stability of this continental margin setting
over geological time scales has resulted in mature
weathering systems that exhibit distinctive geochemical
signatures, making it possible to distinguish between
natural background metal concentrations derived from
crustal weathering processes and potential anthropogenic
contamination sources. This geodynamic context is
particularly relevant for understanding metal cycling in
continental platform environments worldwide, where
similar geological settings control environmental
geochemistry and ecosystem health.

The urgent need for comprehensive baseline geo-
chemical data in Ukrainian Shield river systems has
become increasingly apparent as urbanization and indu-
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strial development expand within this geodynamically
stable but environmentally sensitive region. Current en-
vironmental monitoring approaches often lack the in-
tegrated geodynamic perspective necessary to distinguish
between natural crustal contributions and anthropogenic
metal sources, leading to potential misinterpretation of
environmental risk assessments and ineffective mana-
gement strategies [Tsyhanenko-Dziubenko et al., 2023,
2025]. Of particular importance is the need to establish
baseline concentrations that reflect natural geodynamic
processes rather than short-term anthropogenic influences,
providing a foundation for long-term environmental
monitoring in similar cratonic settings.

The primary objective of this research is to establish
comprehensive baseline geochemical data for heavy metal
distribution in bottom sediments of the Kamyanka River
Basin through advanced spectrophotometric analysis, with
specific focus on integrating geodynamic controls on
metal accumulation patterns to support evidence-based
environmental management and ecological risk
assessment within the broader context of Ukrainian Shield
environmental systems. This investigation aims to
demonstrate how prolonged tectonic stability influences
contemporary metal cycling processes. It provides a
methodological framework for distinguishing natural
geochemical signatures from anthropogenic contamination
in ancient shield environments.

Review of Previous Research

Contemporary research in heavy metal distribution
within sedimentary systems has increasingly focused
on the fundamental role of geodynamic processes in
controlling environmental geochemistry. Recent
investigations demonstrate that tectonic stability
represents a primary factor governing metal accu-
mulation patterns in continental platform environ-
ments, where prolonged crustal stability allows deve-
lopment of distinctive weathering profiles and
hydrogeochemical regimes [Robledo Ardila et al.,
2024; Custodio et al., 2024; Hatje et al., 2024]. The
geochemical zonation of aquatic sediments represents
a fundamental control mechanism for heavy metal
fate and transport in hydrogeological systems, with
redox stratification creating distinct biogeochemical
barriers that regulate metal speciation and mobility
through coupled hydrological and geochemical
processes [Mosalem et al., 2024]. Thermodynamic
equilibrium relationships govern the distribution of
heavy metals between aqueous and solid phases in
sedimentary environments, with recent advances in
geochemical modeling providing enhanced predictive
capabilities for metal behavior under varying hydro-
geochemical conditions [Sikakwe et al., 2024;
Peijnenburg et al., 2024].
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Previous research on heavy metal geochemistry in
cratonic environments demonstrates the fundamental
role of geodynamic stability in controlling metal
distribution in continental platform settings. The
Ukrainian Shield is a Precambrian basement structure
with a long and complex history spanning an interval
greater than three billion years during which tectonic
structures evolved, ranging from granulite—gneiss and
granite—greenstone terrains in the Early and Late
Archaean to intracratonic basins and troughs [Claesson
et al, 2006]. Studies of geochemical baseline
concentrations in bo ttom sediments of large freshwater
lakes demonstrate significant differences between natural
background levels and anthropogenically altered
systems, with baseline concentrations for As, Sb, Hg,
Co, Cr, Cu, Ni, Pb and Zn at 9.92, 1.67, 0.14, 22.62,
100.56, 31.63, 31.97, 33.05 and 97.01 mg/kg respecti-
vely in Lake Taihu, equivalent to pre-industrial concen-
trations determined from lakes in Sweden and Europe
[Hu et al., 2012]. The Ukrainian metallogenic province
of the shield is characterized by the greatest variety of
deposits, where iron, titanium, uranium, and other metals
are standard, and granite-greenstone belts of the Middle-
Dniprean area are prominent in gold mineralization
[ICOG, 2022].

This fundamental understanding of geochemical pro-
cesses becomes particularly relevant when examining
ancient shield regions, where long-term tectonic stability
has created unique conditions for metal cycling.
Research on cratonic environments has revealed that
prolonged geological stability fundamentally influences
contemporary environmental systems by controlling
weathering processes and metal mobility [Chen et al.,
2024]. As one of Europe’s most significant Precambrian
crustal segments, the Ukrainian Shield provides unique
insights into metal cycling processes operating under
stable continental conditions. Studies of similar cratonic
environments worldwide demonstrate that mechanical
weathering and chemical alteration of primary minerals
dominate over hydrothermal or tectonically-driven metal
enrichment processes [Zhang et al., 2022; Liu et al,
2022; Huang et al, 2024]. The molecular-scale
interactions between heavy metals and natural organic
matter represent critical processes controlling metal
bioavailability and transport in aquatic systems, with
carboxyl and phenolic groups showing distinct affinities
for different metal species [John ta Gopinath, 2024; Yu
et al.,, 2024; Morel et al., 2023]. These fundamental
binding mechanisms directly influence metal mobility
and bioavailability in continental river systems
developed on crystalline basement terrains [Tang et al.,
2024].

Building upon this theoretical foundation, con-
temporary environmental monitoring approaches in-
creasingly recognize the practical challenges of di-

stinguishing between natural background concentrations
and anthropogenic metal sources, particularly in
geodynamically stable regions where natural weathering
processes may dominate sediment metal content
[Zhuang et al., 2021; Khan et al., 2021; Issakhov et al.,
2023]. Military activities and their aftermath represent
significant anthropogenic disturbance factors that can
fundamentally alter hydrochemical conditions and heavy
metal distribution patterns in aquatic ecosystems, as
demonstrated by investigations of post-conflict water
systems in the Kyiv region, where hydrochemical para-
meters showed marked deviations from pre-disturbance
baseline conditions [Alpatova et al., 2022]. Advanced
analytical techniques, including sequential extraction
procedures and machine learning approaches, have
enhanced the understanding of metal speciation and
bioavailability in natural sedimentary systems [Yaseen et
al., 2024; Montazeri et al., 2022; Wang et al., 2023].
Biogeochemical cycling of heavy metals in river sedi-
ments involves complex interactions between microbial
processes, organic matter decomposition, and geoche-
mical transformations, with the water-sediment interface
serving as a critical zone where biological and chemical
processes converge to control metal fate and mobility
[Jorgensen, 2021; Cao et al., 2024]. Understanding these
processes is essential for accurate environmental risk
assessment and developing effective management
strategies in continental platform settings.

However, despite extensive global research on
heavy metal geochemistry, significant knowledge
gaps remain regarding the specific relationship bet-
ween geodynamic evolution and contemporary metal
distribution patterns in Ukrainian Shield river sys-
tems. Current environmental monitoring approaches
often lack the integrated geodynamic perspective
necessary to distinguish between natural crustal
contributions and anthropogenic metal sources. This
leads to potential misinterpretation of environmental
risk assessments in this geodynamically stable but
environmentally sensitive region. The Kamyanka
River Basin represents a typical East European
Platform drainage system where Precambrian
crystalline rocks interact with overlying sedimentary
sequences to create complex hydrogeochemical con-
ditions. This setting provides an exceptional
opportunity to investigate fundamental controls on
heavy metal distribution in continental platform
environments, contributing to a broader understanding
of metal cycling processes in ancient shield regions
worldwide.

The geochemical zonation of aquatic sediments
represents a fundamental control mechanism for heavy
metal fate and transport in hydrogeological systems
[Robledo Ardila et al., 2024]. Contemporary research
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demonstrates that redox stratification creates distinct
biogeochemical barriers that regulate metal speciation
and mobility through coupled hydrological and
geochemical processes [Custodio et al., 2024]. The
vertical progression from oxic to sulfidic conditions
establishes thermodynamic controls over metal preci-
pitation, with Fe-Mn oxide phases dominating metal
sequestration in the upper oxidized zones. At the same
time, sulfidle minerals become predominant under
reducing conditions [Mosalem et al, 2024]. As
illustrated in Fig. 1, the redox zonation creates distinct
geochemical environments that control heavy metal
behavior through sequential reduction processes.

Fig. 1 demonstrates the critical importance of
redox boundaries in controlling metal mobility, with
each zone representing distinct thermodynamic
conditions that favor specific metal-bearing phases.
The transition from oxic to anoxic conditions
fundamentally  alters metal speciation  and
bioavailability in sedimentary environments, creating
predictable geochemical gradients that are particularly
pronounced in continental platform settings where
stable hydrological conditions allow development of
mature redox profiles.

Transitional zone at the water
surface.

?ﬁy Redox barrier

Fe**-Mn** precipitation, Eh +200
to +400 mV, dominated by metal
sorption.

Oxic zone @

NO,- + Mn** reduction, Eh 0 to
+200 mV, coprecipitation.

Anoxic zone

Precipitation of metal sulfides,
Eh < -100 mV, formation of Cus,
ZnS, PbS.

Suboxic zone

Fe?* + S0,* reduction, Eh -100
to 0 mV, complexed metals.

6}} Sulfide zone

Fig. 1. Geochemical barriers and redox
zonation in sediments.
(Conceptual framework developed by the author).

The mechanistic understanding of heavy metal
accumulation in bottom sediments requires integrating
multiple thermodynamic and kinetic processes
operating at the sediment-water interface [Zhang et
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al., 2022]. Surface complexation mechanisms provide
the primary pathway for metal immobilization in oxic
environments, with stability constants varying
significantly among different metal species [Liu et al.,
2022]. The interplay between sorption, precipitation,
complexation, and bioaccumulation processes deter-
mines the ultimate fate of heavy metals in sedimentary
systems, with complexation reactions involving organic
ligands representing critical biogeochemical processes
that enhance metal retention through the formation of
stable organometallic complexes [Zhuang et al., 20].

Thermodynamic equilibrium relationships govern the
distribution of heavy metals between aqueous and solid
phases in sedimentary environments, with recent
advances in geochemical modeling providing enhanced
predictive capabilities [Sikakwe et al., 2024].

Modern surface complexation models incorporate
advanced analytical approaches to improve accuracy
in predicting metal speciation under varying hydro-
geochemical conditions [Peijnenburg et al., 2024].
The coupling of precipitation and complexation
reactions creates complex phase relationships that are

increasingly ~ understood  through  integrated
geochemical modeling approaches, particularly
relevant for understanding metal behavior in

geodynamically stable continental settings [Chen et
al., 2024].

The molecular-scale interactions between heavy
metals and humic acids represent fundamental
processes controlling metal bioavailability and
transport in aquatic systems [John ta Gopinath, 2024].
Recent studies emphasize the role of specific binding
mechanisms in determining metal stability constants,
with carboxyl and phenolic groups showing distinct
affinities for different metal species [Yu et al., 2024].
These binding mechanisms range from simple
monodentate coordination to complex polymeric
structures, with stability constants varying according
to the Irving-Williams series, directly influencing
metal mobility and bioavailability in continental river
systems developed on crystalline basement terrains.

Biogeochemical cycling of heavy metals involves
complex interactions between microbial processes,
organic matter decomposition, and geochemical trans-
formations [Jergensen, 2021]. Recent research has
highlighted the critical role of microbial communities in
metal cycling, with these microorganisms showing
distinct responses to heavy metal contamination and
influencing metal speciation through biotransformation
processes [Yu et al., 2024]. The water-sediment interface
is a biogeochemical hotspot where microbial diversity
directly influences metal speciation and mobility through
coupled biological and chemical processes [Zhang et al.,
2022]. Metal release processes demonstrate complexity

ranging from rapid surface desorption to slow
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intraparticle diffusion, with controlling factors including
pH variations, temperature, ionic strength, and com-
peting ligands [Khan et al., 2021].

Advanced analytical approaches are essential for
comprehensively characterizing heavy metal distribution
and speciation in complex sedimentary matrices. The
integration of multiple spectrophotometric techniques,
including inductively coupled plasma mass spectrometry
and atomic absorption spectroscopy, combined with
sequential extraction procedures, provides detailed
insights into metal bioavailability and environmental
mobility [Cao et al., 2024; Montazeri et al., 2022]. Fig. 2

Extraction

Selective Methods,
Fractionation

outlines the comprehensive workflow
employed in this investigation.

The analytical protocol shown in Fig. 2 represents
state-of-the-art approaches for heavy metal determi-
nation in sedimentary matrices. The integration of
multiple analytical techniques ensures comprehensive
characterization of metal speciation and bioavai-
lability, providing the methodological foundation ne-
cessary for distinguishing between natural geoche-
mical processes and potential anthropogenic influen-
ces in geodynamically stable continental platform
settings.

analytical

Data Processing

Calibration, Validation

®,

Sample
Preparation

Drying, Grinding

Analytical / ;\
Methods 1

AAS, ICP-MS5, XRF

Analysis Results

Final Results

Fig. 2. Spectrophotometric diagnostics workflow for heavy metal analysis
in bottom sediments (Analytical protocol developed by the author): sample preparation, selective extraction,
and multi-technique analysis using AAS (Atomic Absorption Spectrometry), ICP-MS (Inductively Coupled
Plasma Mass Spectrometry), and XRF (X-ray Fluorescence Spectroscopy)
with calibration and validation procedures for analytical reliability.

Materials and methods

The comprehensive geochemical investigation was
conducted in the Kamyanka River Basin within the
Zhytomyr Urban Area, Ukraine, during summer 2025,
focusing on bottom sediment analysis to assess heavy
metal distribution and environmental significance. The
study area represents a typical drainage system of the East
European Platform, characterized by low-gradient
topography, mixed land-use patterns, and variable hydro-
logical regimes that significantly influence sediment
geochemistry and metal accumulation patterns. The Ka-
myanka River Basin exhibits characteristic features of the
Ukrainian Shield geological province, where Precambrian
crystalline rocks and overlying sedimentary sequences
create complex hydrogeochemical conditions fundamental
to understanding regional metal cycling processes.

Sampling locations were strategically selected to
represent the full spectrum of geomorphological and
hydrological conditions within the basin, ranging

from headwater reaches influenced by groundwater
discharge to downstream areas subject to urban runoff
and agricultural inputs. This comprehensive sampling
strategy was designed to capture representative sedi-
ment characteristics that reflect both natural geoche-
mical processes inherent to the regional geodynamic
setting and potential anthropogenic influences
associated with urbanization and industrial deve-
lopment in the Zhytomyr metropolitan area. The
sampling framework incurporated considerations of
seasonal variations, flow regime changes, and spatial
heterogeneity to ensure that collected samples would
provide meaningful insights into the long-term
geochemical evolution of the river system.

Sampling and Sample Preparation: Representative
bottom sediment samples were collected during June
2025 following guidelines for water quality sampling
of bottom sediments [ISO 5667-12, 2017]. Sampling

locations were strategically distributed across the river
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basin using a systematic grid sampling approach to
ensure adequate spatial representation of geomorpho-
logical and hydrological diversity. Sediment samples
were collected from the upper 10 cm layer using
stainless steel corers to avoid metal contamination,
immediately stored in pre-cleaned polyethylene
containers, and transported to the laboratory under
refrigerated conditions (4 °C).

Sample Preparation and Analysis: Collected
samples were freeze-dried at —50 °C for 48 hours,
homogenized, and sieved to <63 pum particle size
following standards for soil sample preparation [ISO
11464, 2006]. Total metal digestion was performed
using aqua regia (HNOj : HCl = 3:1) according to
established extraction protocols [ISO 11466, 1995],
with digestion conducted at 120 °C for 4 hours in a
temperature-controlled heating block.

Analytical Techniques: Heavy metal concentra-
tions were determined using inductively coupled
plasma mass spectrometry (ICP-MS) for trace ele-
ments with detection limits ranging from 0.001-
0.1 mg/kg, and atomic absorption spectroscopy (AAS)
for primary metals (Cu, Zn, Pb, Cd) with detection
limits of 0.1-1.0 mg/kg [Zhang et al., 2022; Liu et al.,
2022]. Sequential extraction procedures followed the
modified BCR protocol to assess metal speciation and
bioavailability across four operationally defined
fractions: exchangeable, reducible (bound to Fe-Mn
oxides), oxidizable (bound to organic matter), and
residual phases [Quevauviller et al., 1997]. Advanced
spectrophotometric approaches for sediment analysis
have been validated in similar continental platform
settings [Sikakwe et al., 2024; Chen et al., 2024].

Quality Assurance and Control: Analytical relia-
bility was ensured by analyzing certified reference
materials (NIST SRM 2704, 2019), duplicate analyses
(n=3 for each sample), and procedural blanks with
each analytical batch. Recovery rates for certified
materials ranged from 85-115 % for all analyzed
elements. Relative standard deviation for duplicate
analyses was <10 % for all metals above detection
limits. Recent studies have extensively validated
quality control protocols for heavy metal analysis in
sedimentary matrices [Peijnenburg et al., 2024;
Yaseen et al., 2024].

Data Processing and Statistical Analysis: Results
were processed using standard statistical methods,
with all concentrations reported on a dry weight basis.
When concentrations fell below quantification thre-
sholds, detection limit values were assigned as half
the detection limit for statistical calculations. Cor-
relation and principal component analysis were
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applied to identify geochemical associations and
distinguish natural background signatures from
potential anthropogenic. Modern approaches to
sediment geochemical data interpretation have been
successfully applied in cratonic environmental studies
[Kapelista et al., 2024; Tsyhanenko-Dziubenko et al.,
2025].

The analytical investigation employed advanced
spectrophotometric techniques, including inductively
coupled plasma mass spectrometry (ICP-MS) and atomic
absorption spectroscopy (AAS), to quantify essential,
non-essential, and trace elements with detection limits
optimized for environmental risk assessment applic-
ations. The methodology incorporated sequential extra-
ction procedures to assess metal speciation and bio-
availability, providing critical insights into the geo-
chemical forms and environmental mobility of detected
elements within the specific hydrogeochemical context
of the Ukrainian Shield region. These analytical
approaches were selected to ensure comprehensive
characterization of metal distribution patterns while
maintaining the sensitivity required for detecting subtle
variations in concentration that might indicate either
natural geochemical processes or anthropogenic
contamination sources.

Quality control measures included the use of certified
reference materials, duplicate analyses, and blank deter-
minations to ensure analytical reliability and environ-
mental significance of the obtained results. The analytical
protocols were validated against international standards
for sediment geochemistry, with particular attention to
minimizing matrix effects and ensuring accurate
quantification across the full range of expected metal
concentrations. Statistical evaluation of analytical preci-
sion and accuracy was performed to establish confidence
intervals for all reported concentrations, thereby providing
a robust foundation for subsequent environmental risk
assessment and geochemical interpretation of the observed
metal distribution patterns.

Results and discussion

The comprehensive geochemical analysis of bottom
sediments collected during summer 2025 from the
Kamyanka River Basin within the Zhytomyr Urban
Area, Ukraine, provides critical insights into the
distribution and environmental significance of heavy
metals in aquatic ecosystems within a continental geo-
dynamic setting. The study area, as depicted in Fig. 3,
represents a typical Eastern European Platform drainage
system characterized by low-gradient topography, mixed
land-use patterns, and variable hydrological regimes that
significantly influence sediment geochemistry and metal
accumulation patterns.
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Fig. 3. Digital Elevation Model and Hydrological Features
of the Kamyanka River Basin within the Zhytomyr Urban Area, Ukraine.
(Topographic analysis and sampling location framework developed by the author).

The Kamyanka River Basin exhibits characteristic
features of the Ukrainian Shield geological province,
where Precambrian crystalline rocks and overlying
sedimentary sequences create complex hydrogeoche-
mical conditions. The sampling locations were strate-
gically selected to represent the full spectrum of geo-
morphological and hydrological conditions within the
basin, from headwater reaches influenced by ground-
water discharge to downstream areas subject to urban
runoff and agricultural inputs. This comprehensive
sampling strategy was designed to capture repre-
sentative sediment characteristics that reflect both
natural geochemical processes inherent to the regional
geodynamic setting and potential anthropogenic
influences associated with urbanization and industrial
development in the Zhytomyr metropolitan area.

The geochemical analysis reveals distinct patterns in
essential heavy metal distribution that reflect the
fundamental controls of continental platform weathering
processes. As shown in Table 1, iron and manganese
dominate the essential metal assemblage, with con-
centrations of 3862 mg/kg and 127 mg/kg, respectively,
while trace metals, including copper, chromium, and
nickel, remain within natural background ranges typical
for crystalline basement terrains.

The essential heavy metals analysis reveals a
pronounced dominance of iron and manganese, which is
characteristic of temperate latitude sedimentary envi-
ronments where these elements serve as primary
geochemical carriers and control the fate and transport of
other trace metals through redox-mediated processes.

Iron concentration of 3862 mg/kg represents the
highest detected level and reflects the fundamental
role of iron oxides and hydroxides in sediment
geochemistry, particularly in systems influenced by
seasonal redox fluctuations common to the
continental climate regime of the Ukrainian Shield

region.

Table 1

Essential Heavy Metals Concentrations
in Kamyanka River Basin Bottom Sediments

(Summer 2025)
Con-
centra- Environmental | Geochemical
Metal . .. .
tion, significance association
mg/kg
Primary redox- Fe-oxides /
Iron (Fe) 3,862 controlling hydroxides,
element silicates
Manganese Secondary Mn-oxides,
127 o carbonate
(Mn) redox indicator
phases
Chromium Geogenic Re.s1stant
() 7.8 background mineral
levels phases
Sulfide /
Zinc(zn) | 367 |  Moderae oxide
bioavailability ..
associations
Low Organic
Copper .
(Cu) 5.2 environmental complexes,
risk sulfides
Natural Silicate
Nickel (Ni) 2.5 background mineral
range structures
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This concentration falls within the typical range
for river sediments in crystalline rock terrains, where
weathering of iron-bearing silicates and secondary
oxide formation dominate the geochemical landscape.

The non-essential and potentially toxic elements show
markedly different distribution patterns compared to
essential metals, with aluminum dominating this group
while highly toxic elements remain below detection limits
(Table 2). This distribution pattern is particularly signi-
ficant for environmental risk assessment, as it
demonstrates the absence of anthropogenic contamination
sources and confirms the natural geochemical character of
the sedimentary system.

Table 2
Non-Essential Heavy Metals and Potentially Toxic
Elements in Kamyanka River Basin Sediments

Con- . Environ- .
cent- Detection Potential
Metal . mental
ration, status . sources
risk level
mg/kg
Alumi- Lo Aluminosilic
nium 1,906 | Quantified (ge0 :rllic) ate
(AD geog weathering
Background /
Lead . .. minor
(Pb) 4.1 Quantified | Minimal anthropogeni
c
No
Mercury Below . .
<
(He) 0.01 detection Negligible | significant
sources
No
Cadmiu Below - .
<
m (Cd) 0.05 detection Negligible | significant
sources
. No
Bismuth Below . .
<
(Bi) 0.1 detection Negligible | significant
sources

The non-essential heavy metals profile demon-
strates aluminum as the dominant constituent at
1906 mg/kg, which is entirely consistent with alu-
minosilicate mineral phases typical of terrigenous
sedimentary input derived from weathering of
feldspathic ~and mica-rich  crystalline  rocks
characteristic of the Ukrainian Shield basement. The
Al/Fe ratio of 0.49 indicates typical continental
weathering signatures, with cobalt detected at
0.8 mg/kg representing background levels for
crystalline basement environments.

To better visualize the geochemically significant
trace metal signatures that characterize the Kamyanka
River sedimentary system, the dominant major
elements (iron and aluminum) can be excluded from
the analytical perspective, revealing the subtle
environmental indicators that distinguish stable
cratonic environments from tectonically active
regions.
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Fig. 4 demonstrates that manganese dominates this
adjusted perspective with concentrations reaching
approximately 120 mg/kg, followed by zinc at
37 mg/kg, with other metals showing relatively
uniform low-level distributions. This visualization
approach is particularly valuable in geodynamic
studies of continental platform settings where the
focus shifts from major rock-forming elements to
environmentally sensitive trace components that
reflect specific processes such as weathering intensity,
hydrological variations, or subtle anthropogenic
inputs. The radial pattern reveals geochemical
signatures of crystalline basement weathering, with
manganese dominance reflecting redox cycling
controls on metal mobility.

Cr

Mn

Pb

Fig. 4. Radial distribution diagram
of metal concentrations excluding iron
and aluminum in Kamyanka River sediments.
(Comparative geochemical analysis developed
by the author).

The trace metal distribution patterns observed above
can be understood within the broader geodynamic
framework of Ukrainian Shield evolution (Fig. 5). This
conceptual model demonstrates how prolonged tectonic
stability fundamentally controls contemporary heavy
metal accumulation processes, creating predictable
pathways: (1) natural weathering processes dominate
over hydrothermal inputs, (2) aluminosilicate breakdown
controls major element chemistry, and (3) background
concentrations reflect crustal composition rather than
anthropogenic sources.

The dominance of iron and aluminum reflects the
fundamental crustal composition controlled by these
geodynamic processes, while the environmental
significance of trace metals becomes more apparent
when these major components are removed from the
analytical focus, allowing examination of the more
subtle geochemical indicators that characterize conti-
nental platform sedimentary environments.
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METAL SIGNATURE

Fe: 340-780 mg/kg, Al: 1800 mg/kg, Mn:
65-620 mg/kg, Hg, Cd, Bi: <DL.
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SURFACE PROCESSES

Mechanical weathering, chemical alteration,
fluvial transport, sediment accumulation.
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Fig. 5. Geodynamic controls on heavy metal
distribution in the Kamyanka River Basin.

STABLE CRATON

Absence of active volcanism, absence of organic
activity, Precambrian foundation, long-term
stability.

BACKGROUND CONCENTRATIONS
Pb: 2-4 > Mn >> Fe, Ni, Hg, Cd.

NATURAL WEATHERING

Alumosilicate weathering.

TECTONIC STABILITY
Ukrainian shields (1.8+ billion years). /

Building upon the geodynamic framework estab-
lished above, the environmental significance of
detected  metal  concentrations  requires a
comprehensive risk assessment that integrates both
toxicity levels and actual environmental concen-
trations within the specific context of cratonic
sedimentary systems. The toxicity-concentration heat-
map (Fig. 6) provides a comprehensive visualization
of the dual nature of heavy metal environmental
significance within the specific geochemical context
of the Ukrainian Shield region. Manganese exhibits
the highest concentration at 127 mg/kg while
maintaining moderate toxicity levels, reflecting its
essential biological role despite potential environ-
mental concerns at elevated concentrations.

136402 =120

& 100

Toxicity Concentration

Fig. 6. Heatmap showing the relationship
between metal toxicity and total concentration
in Kamyanka River bottom sediments.
(Analytical visualization developed by the author
based on summer 2025 sampling data).

This pattern is particularly relevant in continental
temperate climates where seasonal redox cycling can
mobilize manganese from sedimentary reservoirs
during  anoxic  periods. Zinc  demonstrates
intermediate concentrations with moderate toxicity,
characteristic of its dual nature as both an essential
micronutrient and potential pollutant, particularly in
aquatic ecosystems where bioaccumulation can occur
through food chain transfer.

The visualization reveals that iron, despite its
extremely high concentration, poses minimal direct
toxicity risk due to its predominant occurrence in
chemically stable oxide and silicate phases. However,
iron plays a crucial indirect role in controlling the
mobility and bioavailability of other metals through
redox-mediated  sorption and  co-precipitation
processes. The remaining metals show consistently
low toxicity ratings, which aligns with their below-
threshold concentrations and minimal environmental
risk profile under current geochemical conditions.

The toxicity-concentration relationships demon-
strated in Fig. 7 are fundamentally controlled by metal
complexation processes, which determine bioavailability
and environmental mobility under the specific hydro-
geochemical conditions of the Kamyanka River Basin.
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Fig. 7. Heatmap illustrating the correlation
between metal toxicity and complexation
potential in Kamyanka River sedimentary

systems.

(Geochemical analysis framework developed by
the author).

Lead exhibits the highest complexation potential
(rating of 5), correlating with its elevated toxicity rating
of 4, demonstrating the enhanced environmental risk
associated with metals that readily form stable
complexes with organic ligands commonly found in
temperate river systems. This relationship is particularly
significant in the study area, where seasonal terrestrial
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organic matter inputs create variable complexation
environments that can either immobilize or mobilize
heavy metals depending on redox conditions and pH
fluctuations.

Copper and nickel show moderate complexation
potentials (rating of 4), reflecting their intermediate
binding affinities with sedimentary organic matter,
particularly humic and fulvic acids derived from
forest and agricultural soils within the basin. This
relationship is fundamental to understanding metal
behavior in the geodynamic context of the Ukrainian
Shield, where long-term tectonic stability has allowed
the development of thick weathering profiles and
organic-rich soils that strongly influence metal
speciation and transport processes.

These complexation behaviors directly translate
into differential bioaccumulation potentials for
aquatic organisms, as the formation of stable metal-
organic complexes influences both metal uptake
efficiency and organism-specific —accumulation
patterns in continental freshwater ecosystems. The
bioaccumulation assessment (Fig. 8) demonstrates
lead as the element with the highest bioaccumulation
potential (4.0), followed by zinc (3.0), while most
other metals show moderate potential around 2.0.
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Fig. 8. Bioaccumulation potential
of detected heavy metals.
in Kamyanka River aquatic organisms.
(Environmental risk assessment
model developed by the author).

This ranking reflects the complex interplay
between metal speciation, bioavailability, and
organism-specific uptake mechanisms that are
influenced by the underlying geodynamic processes
controlling sediment composition and evolution
within the Kamyanka River system. Lead's high
bioaccumulation potential is particularly concerning
given its neurotoxic effects, although the relatively
low environmental concentrations observed in this
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study suggest minimal immediate risk under current
conditions.

Zinc’s intermediate bioaccumulation potential ref-
lects its essential nature at low concentrations but po-
tential toxicity at elevated levels. It is particularly
relevant for aquatic organisms that may concentrate
zinc through dietary exposure or direct uptake from
sediment pore waters. The moderate bioaccumulation
potentials for copper, chromium, and nickel (all rating
2.0) indicate their limited environmental mobility and
uptake efficiency under the prevailing geochemical
conditions of the study area.

Cobalt exhibits the lowest bioaccumulation potential
(1.0), consistent with its minimal environmental mobility
and biological uptake efficiency in neutral to slightly
alkaline freshwater systems typical of the Ukrainian con-
tinental climate regime. This pattern reflects the strong
association of cobalt with iron oxide phases that limit its
release to the aqueous phase and subsequent biological
uptake.

The integration of metal distribution data, geody-
namic controls, toxicity assessments, complexation be-
havior, and bioaccumulation potential provides a
comprehensive framework for understanding heavy me-
tal environmental significance in geodynamically stable
cratonic environments.

The observed metal distribution patterns reflect
stable continental margin conditions characteristic of the
East European Platform, where natural weathering
processes dominate over hydrothermal or tectonically-
driven enrichment. The absence of significant toxic
metal concentrations, combined with typical alumino-
silicate weathering signatures, indicates minimal anthro-
pogenic influence and confirms that geodynamic sta-
bility fundamentally controls contemporary metal cy-
cling in Ukrainian Shield river systems. This inter-
pretation  provides important implications for
environmental management across similar cratonic
settings.

Conclusions

1. Geodynamic Controls on Metal Distribution. The
comprehensive  geochemical analysis of bottom
sediments from the Kamyanka River Basin demonstrates
that prolonged tectonic stability of the Ukrainian Shield
fundamentally controls contemporary heavy metal
accumulation processes in continental platform
environments. The natural metal assemblage, charac-
terized by dominance of iron (3,862 mg/kg) and alumi-
num (1,906 mg/kg), reflects stable cratonic weathering
conditions operating over geological time scales, where
aluminosilicate breakdown dominates over hydrother-
mal, volcanic, or tectonically-driven metal enrichment
processes typical of active continental margins.
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2. Cratonic Stability and Environmental Geoche-
mistry. The absence of significant concentrations of
highly toxic metals (mercury, cadmium, bismuth
below detection limits) combined with trace element
patterns consistent with natural background ranges
demonstrates that geodynamic stability creates
predictable geochemical environments with minimal
contamination potential. The observed Al/Fe ratio of
0.49 and uniform trace metal distributions confirm
typical continental weathering signatures without
anthropogenic perturbation, reflecting the
effectiveness of stable cratonic settings in maintaining
natural geochemical equilibria.

3. Biogeochemical Implications of Geodynamic
Setting. The environmental risk assessment reveals
that geodynamically controlled weathering processes
create favorable conditions for metal immobilization
through association with iron oxides and organic
complexes, limiting bioavailability and ecological
impact. While lead exhibits the highest
bioaccumulation potential among detected elements,
the overall low toxicity profile reflects the natural
buffering capacity of mature weathering systems
developed under prolonged tectonic stability,
contrasting with metal mobility patterns observed in
tectonically active regions.

4. Regional Implications for Cratonic Environ-
ments. This research establishes the first comprehensive
baseline for heavy metal geochemistry in Ukrainian
Shield river systems. It demonstrates that natural geo-
dynamic processes dominate over anthropogenic in-
fluences in controlling sediment metal content across
stable continental platforms. The findings provide a
methodological framework for distinguishing natural
background signatures from contamination sources in
ancient shield regions worldwide, supporting evidence-
based environmental management strategies specifically
adapted to geodynamically stable cratonic settings and
contributing to the understanding of metal cycling
processes in Precambrian terrains.
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PO3IIOALT BAXKKX METAJIIB
Y JOHHUX BIAKJIIAOAX PIUKU KAM’IHKA
(KUTOMUPCHKE ITOJIICCS): TEOJUHAMIYHUM ACITEKT

Mera. BcraHOBUTH KOMIUIEKCHI 0a30Bi TeOXiMidHI JlaHI MO0 3aKOHOMIPHOCTEW PO3NOJUTY BaKKUX METAIB y
JOHHHX Binkianax OaceliHy piuku Kam’sHka B KOHTEKCTI IeOAMHAMIYHOI eBOMOLil YKpalHCHKOrO IHTa Ta J0B-
TOCTPOKOBOI TEKTOHIYHOI CTAaOLILHOCTI. JIOCTIKEHHS CIPSAMOBAHE HA XapaKTCPUCTHKY B3a€MO3B’SI3KYy MDK IJIH-
OMHHUMH KIPKOBHMH TIPOIIECAMHU, 1[0 TPUBAIOThH MOHA[ 3,8 MiTbsipia POKIB I'€0JIOTIUHOI ICTOPIi, Ta CY4aCHOI SKO-
JIOTIYHOIO TEOXIMi€r0, 3 OCOOJMBHM AaKIICHTOM Ha PO3PI3HEHHS NMPUPOJHMX (POHOBHX KOHIICHTPAIUH METaNTiB, IO
TIOXOJISITH BiJl TIPOIIECIB KOPOBOTO BHBITPIOBAHHS, Ta MOTSHIIIMHIX JPKEpe aHTPOIIOTEHHOTO 3a0pYAHEHHS B IIEOMY
TEOIMHAMIYHO CTa0iIbHOMY KOHTHHEHTAJBHOMY InIaT(opMHOMY cepemoBumi. Meromomnoris. s aHamizy 3paskiB
JOHHUX BIfKIIaJiB, 310paHMX 3i CTPATETiYHO BHOPAHMX PENPE3CHTATHBHHUX IUITHOK, IO BiTOOPA’KarOTh TOBHHI
CIEKTp Pi3HOMAHITHUX TeOMOP(OJIOTIYHHXK Ta TiAPOIOTIYHAX YMOB Y T€OIMHAMIYHO CTaOUIBHIN KpaTOHHIN 00macTi,
CHCTEMaTHYHO 3aCTOCOBYBAJIM Cy4YacHi CIIEKTPO(OTOMETPUYHI aHAITHYHI METOAM, 30KpeMa Mac-CHEKTPOMETPIlo 3
IHIYKTUBHO 3B’s13aHOI0 1iasmoto (ICP-MS) ta aromHo-abcopOuiiiHy criekrpockorito (AAS). KommiekcHa crparerist
BiZIOOpY MpOO OXOIUTIOBAJIA Pi3HI CEIMMEHTAIIHI CepeTOBUIIA BiJI BEPXiB'iB PIUOK, IO 3a3HAOTH BILIUBY i [3¢MHHIX
BOJI, /IO HU30BUX JIUISTHOK, HA SIKi BIUIMBAIOTh MICHKI CTOKHM Ta CUIBCHKOIOCHOJAPCHKI HamxomkeHHs. [Ipouenypu
HOCJTIZIOBHOT €KCTpaKii Ta OLIHIOBaHHs Ol0J0CTYNMHOCTI OyJM IHTErpoBaHi Ul OLIHKM criemiaiii MeTaniB Ta ix
eKOJIOTIYHOT MOOUTFHOCTI, TOZIi SIK 3aXOQW KOHTPOJIIO SKOCTI Iependavany cepTU(IKOBaHI €TANOHHI MaTepial,
NyOIiKaTHI aHai3M Ta BU3HAYEHHS XOJOCTHX Mpo0 Juisi 3a0e3NedeHHs] aHaMITHYHOI HAMIMHOCTI Ta eKOJOTIYHOI
3HAYYIIOCTI OTPUMAHUX pe3yJbTaTiB. Pesynbraru. BeraHoBneHO BUpakeHe NOMiHyBaHHs 3aiiza (3862 Mr/kr) Ta
amomiHifo (1906 mr/kr), mo BimoOpaskae XapaKTepHi O3HAKH ATFOMOCIIIIKATHOTO BHBITPIOBaHHS JIOKEMOPIHCHKHX
KPHUCTATIYHUX TIOpiN (YHIAMEHTY, THIIOBHX IUISi TEOJIOTIYHOI TPOBIHINI YKpaiHCBKOro mmra. EceHrianbHi
MIKpOeIeMeHTH, 30KpeMa Mifp (5,2 MI/kr), xpoMm (7,8 MI/Kr) Ta Hikesb (2,5 MI/KT), BHSBIECHO Ha PIBHSAX NMPHUPOIHOTO
(oHy, TOAI SIK BMICT MOTEHLIHHO TOKCHYHHUX €JIEMEHTIB, TaKUX SIK PTYTh, KaJMiil Ta BICMYT, CTA0LIbHO 3aJIMIIABCS
HIDKYE BiJ] aHAITUYHUX MeX BusBiIeHHs. CriBeinHomeHnHs Al/Fe 0,49 Bka3ye Ha THIIOBI O3HAKA KOHTHHEHTAILHOTO
BUBITPIOBaHHS 0€3 HE3BUYAMHUX 3aKOHOMIPHOCTEH 30araueHHs a0o0 30imHeHHs. ['eoXiMidyHA XapaKTepPHUCTHKA
BIZINOBI/Ia€ CEZIMMEHTALIITHOMY CEpEe/IOBUILLY, i3 JOMIHYBaHHSIM IPUPOAHOTO TEPUTCHHOTO HAJIXOKEHHSI, TIOX1JHOTO
Bifl CTaOLTFHUX KOHTHHEHTAIBHUX IIPOIIECIB BUBITPIOBAHHSA, IO (DYHKIIIOHYIOTh B YMOBAX TPHBAIOI T€OMMHAMITHOL
CTabUIFHOCTI, 3 MIHIMATGHAM THCKOM aHTPOIIOTEHHOTO 3a0pyIHEHHS, IO BimoOpakae TOpIBHSHO CTaOLTBHI
TEOIMHAMIYHI YMOBHU Ta e(eKTHUBHE EKOJIOTIUHE YIPaBIiHHA B JOCIIKyBaHii oOmacti. HaykoBa HoBH3HA. Briepme
KOMIUJIEKCHO OXapaKTEePH30BAaHO CKJIJHHUI B3a€MO3B’ 30K MK I'€OJMHAMIYHOIO EBOJIOLIEI0 YKPAiHCHKOTO IUTa Ta
CY4aCHUMHU 3aKOHOMIPHOCTSMH pO3IOJUTY BaXKHX MeETaliB y (DIIOBIaIbHUX CEAMMEHTAIIHHAX CHCTEMaX,
BCTaHOBJICHO KPUTHYHY BayKJIMBICTh JIOBIOCTPOKOBOI TEKTOHIYHOI CTaOUIBHOCTI Y KOHTPOJI €KOJIOTIYHOI reoXiMii.
Po3po6neHo HOBY iHTETpOBaHY KOHIIENITyalbHY MOJICTh MEXaHI3MIB aKyMyJIAIli METaTiB B YMOBax CTaOUTbHHX
KpPaTOHHUX YMOB, IO OXOIUTIOE TEPMOJMHAMIYHI PIBHOBAKHI CITiBBIJHOIICHHSI, TIPOIIECH TOBEPXHEBOTO KOMILIEK-
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COYTBOPEHHSI Ta OioreoxiMiuHi HUKIK. Lle TOCTiPKeHHsT IEMOHCTpYE, IO TeOJMHAMIYHI YUHHUKH (yHIaMEHTAIbLHO
BM3HAYAIOTh YacTKy Ta TPAHCIOPT METANIB y TiJPOreoNOriYHMX CHUCTEeMax, J¢ JOBIOCTPOKOBA TEKTOHIYHA CTa-
OUTHHICT, YMOXJIMBHJIA DPO3BHUTOK XapakKTepHHX MpOQLIIB BUBITPIOBAHHS Ta TiAPOreOXIMIYHHX PEKUMIB, SKi
KOHTPOJIOIOTh MOOUTBHICTE Ta 0i0OCTYIHICTh Ba)KKAX METAJB Y KOHTHHEHTAJIBHUX IDIATQOPMHIX CepeIOBHUINAX.
[IpakTraae 3HaYeHHA. Pe3ynbTaTi HagaroTh HAiHY HAyKOBY OCHOBY JUII HAYKOBO OOTPYHTOBAHUX CTpATETii eKOJIO-
TIYHOTO YMPaBIiHHA y T€OAMHAMIYHO CTaOUIPHMX PEriOHaxX CBITY Ta KPUTHUYHO BaXKJIMBI 0a30Bi MaHi 1uist MalOyT-
HBOTO €KOJIOTTYHOTO MOHITOPUHTY Ta OLIHIOBAaHHS €KOJIOTIYHMX PHU3HKIB Yy MOMIOHMX TeOJIOTIYHMX Ta KIIMAaTHYHHX
YMOBax B YChOMY perioHi YKpaiHCBKOro mura. Pe3ynbraTy miaATpIMYIOTh IHIIIaTHBH CTAJIOr0 PO3BUTKY Ta MPOTPaMu
3aXUCTy CKOCHCTEM Yy KOHTEKCTI MpOLeCiB ypOaHi3allii, 110 BIUIMBAIOTh HA JaBHI KPUCTAJUHI IUTOBI TEPCHH,
BOJIHOYAC CHPHSIOUM PO3POOJICHHIO e(EeKTHBHMX CTpATeriii eKOJIOTIYHOro YNpaBJIiHHSA JUISl PErioHiB, IO Xa-
PaKTEPH3YIOTHCS JABHIMH KPUCTATIYHUMH TopojaaMHu (yHmameHty. lle MOCTimKeHHs Mae BaykJIHBI HACIIIKU IS
PO3pOOIIEHHsT EKOJIOTTYHOT TOJITHKY Ta Hajae HeoOXimHi JaHi JUisl MATPUMKH iHILIATHB ajanTamii 10 KiIiMary Ta
MICBKO1 CTIHKOCTI B KOHTHHCHTAJIBHHX IUIATHOPMHHUX YMOBAX.

Knrouosi cnosa: nmoHHI BIAKIaAW PIYOK, TEOXIMIYHMMA aHaji3, OLIHKA CTaHy NOBKULIA, YKPaiHCBKUHA IIWT,
010aKyMyJIALIisI, KOHTaAMIHAIiST, €KOJIOTYHUI MOHITOPHHT, 3a0pyJHEHHSI.
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