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Abstract

The overlap of armed conflict-related activities with industrial and domestic human actions is
raising serious environmental concerns about potential contamination in the studied area and
surrounding regions. This study assessed the quality of water and sediment quality in the
Razim-Sinoe lagoon complex, as well as the Danube River mouths—Sulina, Sfantul Gheorghe,
and the Chilia/Bystroe—located in close proximity to the conflict zone and the ecologically
sensitive Danube Delta. Water and sediment samples were collected during field campaigns
conducted between 2024 and 2025 and subsequently analyzed in the laboratory to determine
physicochemical parameters. This pattern is likely driven by reduced biological activity,
including denitrification and plant uptake, associated with lower temperatures and shorter
daylight periods. Additionally, significant variations in heavy metal concentrations were
detected in sediments, particularly for copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn).
Beyond the physicochemical assessment, the study integrates an evaluation of potential impacts
on biodiversity and habitats, with particular attention to aquatic and coastal ecosystems
influenced by the proximity to the Danube Delta, which may include alterations in species
composition, habitat degradation, and increased ecological vulnerability due to contaminant
exposure. The paper also examines forms of pollution directly associated with the armed
conflict, particularly oil pollution affecting the marine ecosystem and the coastal zone, further
exacerbating risks to biodiversity and ecological integrity. Based on these findings, several
recommendations are proposed for the management and protection of affected areas for
biodiversity conservation.
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Introduction

The quality of the water in the Black Sea is affected by pollution resulting from tributary
river inflows, maritime activities (including transport, oil exploitation and military operations) and
land-based military actions [1], [2], [3]. Surface water status is assessed based on the concentrations
of several indicators, including dissolved nutrients (ammonium nitrogen, nitrite nitrogen, and
orthophosphate), as well as total nitrogen and total phosphorus, which collectively contribute to the
occurrence of eutrophication [4], [5], [6]. Marine water pollution is also generated by solid waste
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from ships and sinking military equipment that eventually corrodes and releases toxic substances
into the aquatic environment. The most harmful pollutants resulting from warfare at sea include oil,
which forms a film on the surface, and heavy metals such as lead, copper, cadmium, and mercury,
as well as fuel compounds [7]-[10].

Heavy metals (HMs) are highly hazardous contaminants due to their persistence, toxicity,
and bioaccumulation in aquatic plants (macrophytes), invertebrates, and fish, with further impact
on humans through the food chain [11], [12], [13]. In aquatic and marine ecosystems, heavy metals
are transported and dispersed by ocean currents and river flows, causing ecological impacts and
endangering biodiversity [14], [15]. While the dispersion of pollutants may reduce their ecological
impact at the local level, over time, bioaccumulation can have significant effects on terrestrial
ecosystems, lagoons, and marine environments, impacting plants, invertebrates, and fish [16], [17].

The Black Sea coast ecosystem and its tributaries have been affected by armed conflict, oil
spills, sea mines, and toxic substances carried by rivers from land-based military activities [18].
Despite the growing global focus on the environmental impact of armed conflicts, there is still a
lack of comprehensive data on conflict-related pollution in this region [19]. This issue makes it
challenging to create a viable long-term strategy for biodiversity conservation, including measures
to protect the natural environment, in the coastal region and the Black Sea.

This study aims to address this knowledge gap by assessing physico-chemical parameters,
heavy metal contamination, and oil spills (TPH analysis) in aquatic ecosystems potentially affected
by armed conflicts. This will contribute to a better understanding of the ecological and
environmental implications of these activities and the measures needed to conserve biodiversity.
The seasonal dynamics of water pollutants in the Danube’s lagoons and river mouths linked to the
Black Sea have been relatively understudied. The objective of this paper is to assess the direct
impact of the armed conflict on protected areas, taking into account the overlapping effect with the
pollution from civilian activities.

This overlap is very important in the current geopolitical context because there is a high
possibility that the cumulative effects will persist over time and have a major impact on the
conservation of biodiversity in the coastal area.

Materials and methods

Study area and sample sites

This paper investigates the Razim-Sinoe lagoon complex and the Danube River mouths
Sulina, Sfantul Gheorghe, and Chilia/Bystroe connected to the Black Sea to assess the impact of
armed conflict-related activities combined with industrial and domestic human activities on water
and sediment quality. To investigate seasonal variations, a total of 24 samples (12 water and 12
sediment) were collected during two distinct campaigns in autumn 2024 and summer 2025. The
geographical coordinates of the sampling sites are detailed in Table 1, while their spatial
distribution is illustrated in Figure 1.

Table 1. Geographical coordinates of the sampling sites for water and sediment (Autumn 2024 — Summer 2025)

smpingste | 24| Gomstial | Dhamee | g | Gometial
Razim 1 Sample 1 ii: ig: ;‘éggé;“g 5.16 Sample 7 iﬁz i?: ég;ﬁg::g
Razim 2 Sample 2 izz 28: giiggi.‘.‘ I]\EI 25.69 Sample 8 iﬁ: gg.‘ g?;gﬁg:: I]::I
Sf. Gheorghe Sample 4 iZ: g; 41‘31?322.‘.‘5 1.45 Sample 10 i?‘z gg 8192%3::5
Sulina Sample 5 i?: g; 828213(9).‘:5 4.07 Sample 11 ig: gg: ;ggggﬁ::g
Chilia Sample 6 igz ‘1‘3: ;jgg;g:;g 16.22 Sample 12 igz i‘g (3)(7)34@2:: I]::I
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Fig. 1. Geographical distribution of the water (n=12) and sediment (n=12) sampling sites within the Razim-Sinoe
lagoon complex and the Danube River mouths during the Autumn 2024 and Summer 2025 campaigns

Water and sediment sampling methodology

The sampling campaign conducted in autumn 2024 (Figures 2A and 2B) lasted 7 days and
took place under lower temperature conditions (min. 9°C — max. 17°C), whereas the summer
2025 campaign (Figures 2C and 2D) lasted 5 days and was carried out during higher temperatures
(min. 27°C — max. 29°C). All sampling procedures were carried out in accordance with
fundamental principles that ensure the quality, representativeness, and traceability of data.
Samples were collected by qualified personnel in accordance with standards (e.g., ISO 5667-
1:2023; ISO 5667-3:2024; ISO 5667-19:2004; ISO 5667-12:2017). The samples were collected
using a Kemmerer water sampler, ensuring that the collected water was representative of the in-
situ conditions. The collected water samples were transferred to pre-cleaned polyethylene
containers in accordance with international standards. Immediately after collection, the samples
were stored under isothermal conditions (4-6°C) during transport to the laboratory in order to
maintain their physical, chemical, and biological integrity until analysis.

The sediment sampling area was marked with transverse lines spaced 100 m apart, parallel
to the coastline, and divided into three equally spaced intervals (nearshore, mid-beach, and upper
beach). Sediment samples were collected in a 50 x 50 cm area, at a depth of 0—5 cm, using a
metal shovel. Four samples from each corner of the delimited area were combined to form a
composite sample weighing approximately 1000 g, representing the sampling area. Each sample
was assigned a unique identification code to ensure traceability throughout all analytical stages.

Fig. 2. In-situ operations during the monitoring campaigns: A and B Autumn 2024 campaign; C and D Summer 2025 campaign
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Analytical procedures/methods for physico-chemical characterization and heavy

metal determination of water and sediment samples

The physico-chemical analyses and the determination of heavy metal content were carried
out in the laboratory according to the national standard methods. Firstly, pH and conductivity
were measured with a WTW Multiparameter Benchtop Meter InoLab, while turbidity was
measured with a portable turbidimeter (Velp Scientifica TBI1). The selected water quality
indicators, nutrients (nitrite nitrogen, nitrate nitrogen, and ammonium nitrogen), and chlorides
were determined by using molecular spectrometry (VIS Jenway 6400) and titrimetric methods,
respectively, following standard analytical procedures. The determination of the heavy metal
concentrations was carried out by Flame Atomic Absorption Spectroscopy, using a ContrAA 700
HRCSAAS spectrometer (Analytik Jena, Germany), on water samples previously treated with
concentrated HNO; (65%) to reach a concentration of 1% (v/v) in order to preserve dissolved
metals. Total Petroleum Hydrocarbons (TPH) content in water was determined by the FTIR
spectrophotometric method (FT/IR Jasco 4000) after extraction of petroleum products with CCla.

Sediment samples were dried in an oven at a temperature of 50-55°C to a constant mass,
ground, and sieved using an Analysette 3 Spartan sieving system to obtain a homogeneous matrix.
For the determination of heavy metal content, the sediment fraction < 63 um was used. In order to
dissolve the heavy metals, the sediment samples were digested with Aqua Regia (HCI:HNO:s in a
3:1 ratio) using a microwave digestion method. Heavy metal concentrations were quantified by
high-resolution atomic absorption spectrometry using a ContrAA 700 HRCSAAS spectrometer.

Satellite imagery and GIS analysis

The analysis of oil pollution in the marine ecosystem resulting from the armed conflict
was realized by radar satellite imagery downloaded from the Copernicus Browser platform [20].
To better visualize oil spills in the Black Sea, satellite images were adjusted, and corrections were
applied using SNAP ESA [21]. After this, the data was mapped in QGIS using different
parameters (the limits of protected areas and the localization of the oil spill) [22].

Statistical analysis and data visualization

To analyze the spatiotemporal patterns of water quality parameters, including physico-
chemical characteristics and heavy metal concentrations in both water and sediment samples,
hierarchical clustering and heatmap visualizations were generated using the ClustVis platform
[23]. The comprehensive dataset, comprising physico-chemical indicators (pH, conductivity,
turbidity, N-NO, N-NOs, N-NHa4, and chlorides) and trace elements (Cd, Cu, Ni, Pb, Zn, and Fe),
was log-transformed using the In(x + 1) function to normalize the distribution and ensure variance
stability. To provide a robust overview of the environmental dynamics, two distinct scaling
approaches were employed: first, unit variance scaling was applied to rows to highlight the
relative dominance of specific parameters within each sampling site, and second, unit variance
scaling was applied to columns to facilitate a direct comparison of values across the entire study
area relative to the global mean. In all instances, hierarchical clustering was performed using
Euclidean distance and Ward’s linkage method to identify synergistic relationships between
parameters and group sampling sites with similar environmental profiles.

The relationships between heavy metal concentrations (Ni, Cu, Pb, Zn, Fe) in sediments
were evaluated using a staged statistical approach in Minitab version 22 [24]. Initially, the
Pearson correlation coefficient (r) was employed to measure the intensity of linear associations.
Subsequently, to validate these results in the presence of outliers and non-parametric
distributions, the Spearman (p) correlation coefficient was calculated. To identify common
sources and the structure of variance within the dataset, Principal Component Analysis (PCA)
was applied [25]. Simultaneously, a separate statistical evaluation was conducted to determine
the dynamics of Total Petroleum Hydrocarbons (TPH) specifically in relation to water quality.
This assessment included physico-chemical parameters and heavy metal concentrations measured
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exclusively in the aqueous phase. Pearson and Spearman correlation coefficients were utilized to
establish the degree of association between TPH and these waterborne constituents. Furthermore,
a PCA was performed on the water-specific dataset to characterize the variance structure and to
identify specific loading factors for TPH across the extracted principal components.

Results and discussion

A total of 12 water samples and 12 sediment samples were collected during the monitoring
campaigns, with six water and six sediment samples obtained in autumn 2024 and the remaining
six water and six sediment samples collected in summer 2025. The physico-chemical
characteristics of the water samples from the investigated sites, corresponding to each sampling
campaign, are presented in Table 2.

As a key indicator of water quality, pH directly influences the chemical and biological
processes within aquatic ecosystems. The impact of pH fluctuations on the physiology of marine
and freshwater organisms is significant. Since species have evolved to thrive within specific pH
ranges, any deviation can disrupt behavior, reproduction, and basic survival [26]. Similarly,
elevated pH levels change the water’s chemical composition, rendering the area uninhabitable.
Although it is influenced by natural variations, water pH is heavily altered by human activities.
Changes in pH affect the solubility and bioavailability of essential nutrients and pollutants;
regulate biological processes such as nitrification, denitrification, and decomposition; and
influence plant development [27], [28], [29]. Lower pH values trigger the release of toxic heavy
metals from benthic sediments. This endangers both aquatic life and human health [30], [31].
According to the Romanian national legislation (Order No. 161/2006) [32], the acceptable pH
range for surface waters is between 6.5 and 8.5, reflecting conditions suitable for maintaining
ecological balance and supporting aquatic life. The same regulatory framework classifies water
quality for physico-chemical parameters into five classes for nitrite (N-NOz2), nitrates (N-NO3),
and ammonium (N-NHa). The concentration limits for N-NO: are 0.01 mg/L for Class I, 0.03
mg/L for Class II, and 0.06 mg/L for Class III. The concentration limits for N-NO:s are classified
with limits of 1 mg/L for Class I, 3 mg/L for Class II, and 5.6 mg/L for Class III, and for
ammonium (N-NHa), the thresholds are 0.4 mg/L for Class I, 0.8 mg/L for Class II, and 1.2 mg/L
for Class III. These reference values were applied in the present study to evaluate the quality
status of the investigated water samples. Surface water quality is classified into five classes based
on chloride content: Class I <25 mg/L, Class II < 50 mg/L, Class III < 250 mg/L, Class IV <300
mg/L, and all above 300 are considered Class V. The observed variations in physico-chemical
parameters among the sampling sites can be explained by differences in hydrological dynamics,
seasonal temperature fluctuations (autumn: 13°C; summer: 28°C), and varying degrees of
anthropogenic pressure, including potential disturbances associated with conflict-related
activities. Such factors can influence the transport, dilution, and accumulation of contaminants
within the aquatic system.

The integrated analysis reveals distinct spatial and temporal patterns in water quality through
two complementary scaling approaches that highlight different aspects of the aquatic environment.
By first applying row-wise scaling (Figure 3A), the unique chemical signature of each individual
location is defined, revealing that the Razim lagoon complex maintains a stable and conservative
mineralized profile while the Danube branches, such as Chilia and Sulina, exhibit more dynamic
nutrient-driven fluctuations between 2024 and 2025. Conversely, the column-wise scaling (Figure
3B) emphasizes the intensity of specific parameters across all study sites, which highlights the
consistently high pH levels and identifies the Razim complex as a primary hotspot for chlorides and
turbidity relative to the fluvial stations. The hierarchical clustering analysis further demonstrated a
clear separation between the lagoon and riverine systems, confirming the relatively homogeneous
character of the Razim complex, while the Danube branches appeared more strongly influenced by
seasonal variability and hydrological dynamics.
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Table 2. Physico-chemical properties of water samples collected in autumn 2024 and summer 2025 from lagoons and
river mouths from the tributaries of the Danube. The values shown in black correspond to Class I water quality, those in
blue indicate Class II, and those in red represent Class III, while orange highlighting indicates Class V; additionally,
values in yellow represent parameters, such as pH, that exceed specific quality thresholds, all according to the national
legislation (Order 161/2006)

Sampling site/Campaign | Razim 1 | Razim 2 | Razim 3 | Sf. Gheorghe | Sulina | Chilia
2024 6,52 8,45 7,27 8,17 8,06 8,21
2 2025 9,49 9,5 9,45 8,46 7,89 8,34
Conductivity 2024 0,587 0,572 0,584 0,416 0,444 5,16
[mS/cm] 2025 0,566 0,570 0,570 0,392 0,987 0,414
Turbidity 2024 14,35 23,8 12,62 12,56 14,75 5,7
[NTU] 2025 59,96 56,2 54,4 18,58 12,64 44,9
N-NO, 2024 0,004 0,005 0,003 0,007 0,006 0,004
[mg/L] 2025 0,002 0,004 0,002 0,028 0,028 0,025
N-NO; 2024 0,155 0,297 0,059 1,268 1,161 0,317
[mg/L] 2025 0,023 0,025 0,021 0,350 0,231 0,344
N-NH, 2024 0,093 0,088 0,092 0,032 0,039 0,155
[mg/L] 2025 0,120 0,116 0,120 0,022 0,006 0,032
Chlorides 2024 86,2 87,24 86,55 20,16 21,55 | 1536,3
[mg/L] 2025 103,06 101,09 100,81 17.410 195,17 | 25,550

Chilia_2024 L. st Gheorgne_2024 |,
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Fig. 3. Hierarchical clustering heatmaps illustrating the spatial and seasonal distribution of the physico-chemical
parameters measured in surface water samples collected during the autumn 2024 and summer 2025 monitoring
campaigns. A. Heatmap generated using In(x + 1)-transformed data with unit variance scaling applied to rows. Both
rows and columns were clustered using Euclidean distance and Ward’s linkage method (12 rows, 7 columns); B. A
heatmap was generated using In(x + 1)-transformed data with unit variance scaling applied to columns. Both rows and
columns were clustered using Euclidean distance and Ward’s linkage method (12 rows, 7 columns)

Heavy metal concentration of the water and sediment samples

The analysis of heavy metals, including cadmium, copper, nickel, lead, zinc, and iron, was
performed at all six sampling sites during both monitoring campaigns (autumn 2024 and summer
2025) in both surface water and sediment samples in order to assess their spatial distribution and
potential ecological impact in the lagoon and river mouth environments. The results are
summarized in Table 3. Surface water and sediment quality were evaluated in accordance with
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Romanian national legislation (Order No. 161/2006), which establishes threshold values for
classifying heavy metal concentrations. This framework served as a reference for interpreting the
obtained results.

Table 3. Concentration of heavy metals [Cadmium (Cd), Copper (Cu), Nickel (Ni), Lead (Pb), Zinc (Zn), and Iron (Fe)]
in water and sediment samples collected in autumn 2024 and summer 2025 from lagoons and river mouths from the
tributaries of the Danube. The values shown in black correspond to Class I water quality, those in blue indicate Class II,
while those highlighted in red represent Class III, and those in orange represent Class V according to the national
legislation (Order 161/2006). Values highlighted in yellow represent concentrations that exceed the quality standards
for sediments as established by national legislation (Order 161/2006)

Sampling site/Campaign Razim 1 | Razim 2 | Razim 3 GhS:.rghe Sulina Chilia
2024 n.d. n.d. n.d. n.d. n.d. 0,25
(pcgth) 2025 n.d. n.d. nd. n.d. n.d. n.d.
Trend — > — — — N
2024 3,06 1,43 1,44 4,21 1,77 4,17
Cu 2025 3,725 1,683 1,003 0,758 2,723 2,747
(ng/L) Trend 2 2 N N Vd N
2 Ni 2024 n.d. n.d. 0,32 n.d. n.d. n.d.
= L 2025 n.d. n.d. n.d. n.d. n.d. n.d.
5 (re/L) Trend <~ <~ N > <~ >
f_: - 2024 0,09 32 n.d. 15,25 20,02 5,93
= 2025 10,970 7,403 5,754 3,57 n.d. 5,819
= (ug/L) Trend 7 Vs 7 N N N
2024 n.d. n.d. n.d. n.d. n.d. n.d.
(ng;L) 2025 3,021 n.d. 0,403 n.d. 0,016 n.d.
Trend 2 2 2 > 2 -
2024 n.d. n.d. nd. n.d. n.d. n.d.
Fe 2025 0,257 7,194 nd. 3,913 0,549 7,710
(ne/L) Trend 7 2 — Vs 2 Vs
Cd 2024 n.d. n.d. nd. n.d. n.d. n.d.
(mg/kg dry 2025 n.d. n.d. nd. n.d. n.d. n.d.
mass) Trend > — > > — >
Cu 2024 1,09 1,41 1,30 1.28 2,66 1,96
(mg/kg dry 2025 2,61 1,33 1,63 16,71 2,45 30,09
mass) Trend 2 N 2 7 N 2
5 Ni 2024 5,69 7,37 6,63 12,14 9,670 10,61
é‘ (mg/kg dry 2025 15,39 10,55 22,84 28,21 13,46 47,83
¥ mass) Trend 7 2 7 2 2 2
% Pb 2024 3,56 4,02 3,10 2,84 2,47 4,21
‘E (mg/kg dry 2025 1,66 2,26 4,13 6,98 4,13 16,21
@ mass) Trend N \ 7 7 7 7
Zn 2024 12,37 14,13 12,6 13,13 17,55 19,69
(mg/kg dry 2025 20,07 11,00 22,26 52,98 22,26 78,93
mass) Trend 7 N 7 7 2 2
Fe 2024 | 6.049,99 | 6.015,12 | 5.946,96 5.787,32 7.267,02 | 6.654,00
(mg/kg dry 2025 | 6.764,43 | 4.526,67 | 3.243,62 14.183,34 3.243,62 | 33.296,86
mass) Trend 7 N N 2 N 2

The analysis of the results presented in Table 3 indicates the absence of contamination by
cadmium, copper, zinc, or nickel in the surface water samples collected from both the lagoon area
and the Danube River mouths. In contrast, lead pollution is observed in the lagoon area during
the summer and at the river mouths. Moreover, significant iron pollution is recorded at river
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mouths during the summer. Thus, based on the lead and iron results, the water falls under Level
IT Water Quality Standards for rivers and lakes, according to the Regulation on the Classification
of Surface Water Quality for Determining the Ecological Status of Water Bodies (No. 161/2006).
At the same time, it can be observed that pollution levels in the lagoons are lower than those at
the Danube River mouths. Potential sources of water pollution with heavy metals include
industrial discharges and former or ongoing military activities in the neighboring region [33],
[34]. For example, the presence of remaining parts of explosives in the Black Sea and the
connected freshwater can influence the water quality with an impact on both humans and marine
ecosystems [35], [36]. The study conducted by Litynska M.I. and Pelekhata O.B. in 2024
regarding the heavy metals in some rivers in Ukraine showed a significant increase in
concentrations of Cu, Pb, Cr, and Ni [37].

Figure 4 illustrates the spatio-temporal variation of heavy metal concentrations in
sediments collected from the Razim—Sinoe lagoon complex and Danube River mouths during
2024-2025. The concentrations are presented as natural logarithm values, allowing comparison
between locations and years for each analyzed metal: Cu (A), Ni (B), Pb (C), Zn (D), and Fe (E).

A —_—2024 ——2025 B.  — 2024 —2025 C.

— 02— 2025

[

L b b s '\J.F
-

h e
L pa by u.\Eﬂ
—

Chilia Razim 2 Chilia Razim 2 Chilia Razim 2
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Sulina Razim 3 Sulina Razim 3 Sulina Razim 3
Sf SE Sf.
Gheorghe Gheorghe Gheorghe
D. —2034 —2025 E. 2024 ——2025
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Chilia Razim 2  Chilia
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St Sf.
Gheorghe Gheorghe

Fig. 4. Spatio-temporal distribution of heavy metal concentrations in sediments across sampling locations, expressed as
natural logarithm values for the period 2024-2025: A is Cu, B is Ni, C is Pb, D is Zn, and E is Fe

The multivariate analysis of heavy metals in surface water samples revealed a
heterogeneous distribution pattern, with lead (Pb) and copper (Cu) emerging as the main drivers
of chemical variability. The row-wise scaling approach (Figure 5A) allowed the identification of
site-specific metallic fingerprints. This visualization indicated that, during the 2024 campaign,
the Sulina and Sf. Gheorghe branches were mainly characterized by a Pb-dominated signature.
In contrast, the upper portion of the heatmap highlighted stations such as Sulina 2025 and Razim
1 and 3 (2024), which exhibited a profile primarily influenced by Cu, independent of the absolute
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concentrations of other elements in the dataset. The column-wise scaling approach (Figure 5B)
provided a clearer representation of relative concentration gradients and potential pollution
hotspots. This analysis identified Sulina 2024 as the most pronounced hotspot for Pb
contamination, exhibiting the highest relative intensity within the Pb distribution. Similarly,
elevated Cu levels were observed at the Chilia 2024 and Razim 1 (2025) stations, which appeared
as major contributors to Cu variability across the study area. A noticeable temporal shift was
observed within the Razim system, where samples from 2024 (Razim 2 and 3) showed
comparatively lower metal enrichment, whereas the 2025 campaign indicated increased
clustering associated with higher Cu and Zn levels. In contrast, Cd and Ni exhibited relatively
stable distributions across most sampling sites, with only minor localized enrichments, such as
Cd at Chilia 2024, which did not indicate widespread contamination during the study period.
Overall, the combined analyses suggest that the 2024 campaign was characterized by localized
Pb pressure in the main Danube branches, while the 2025 campaign reflected a more spatially
restricted accumulation of trace metals within the Razim lagoon system. The hierarchical
clustering of sediment data reveals a distinct geochemical behavior compared to the water
column. According to the row-scaled analysis (Figure 5C), Iron (Fe) constitutes the dominant
matrix across all samples, showing a strong synergistic relationship with Ni and Zn, which points
toward a primarily geogenic origin. However, the column-scaled heatmap (Figure 5D) uncovers
a significant temporal trend: the 2025 campaign, particularly in the Chilia and Sf. Gheorghe
branches, exhibited substantially higher accumulation levels for Ni, Zn, and Fe compared to 2024.
This shift suggests that while the riverine branches act as primary transport routes, they also
function as active depositional environments for trace elements, with the Razim Lake system
showing localized copper and lead enrichment in 2025.

Following the statistical processing of the sediment samples, a complex relationship
between the analyzed heavy metals was observed. The integration of bivariate correlations and
multivariate techniques allowed for a clear differentiation between localized contamination
events and systemic geochemical trends. Initial results obtained through the Pearson test (Table
4, Figure 6A) indicated extremely strong positive correlations between all elements, with r values
frequently exceeding 0.90, such as 0.969 for Fe-Cu and 0.951 for Fe-Pb. However, scatterplot
analysis and the application of the Spearman coefficient (Table 4, Figure 6B) demonstrated that
these values were heavily influenced by a single sampling point with anomalous concentrations,
specifically station Chilia 2025. Using the Spearman method, which is more robust to outliers, a
significant decrease in correlations was observed across most metals. The only resilient
association was the Ni-Cu pair (p = 0.706), suggesting a common pollution source or similar
geochemical behavior for nickel and copper across the study area. In contrast, the correlation
between Zn and Fe dropped to a near-zero value (p = -0.018), indicating that zinc distribution is
independent of iron oxide control in the majority of the sampled locations. The PCA analysis
(Table 5) confirmed this distribution, with the first principal component (PC1) explaining 90.4%
of the total variance. This dominance is clearly illustrated in the Score Plot (Figure 6C), where
the sampling locations are discriminated based on their metal loading. Two distinct outliers are
identified that deviate from the main cluster of stations: Chilia 2025 appears as an extreme outlier
on the far right of the PC1 axis, representing a significant pollution hotspot with the highest
overall metal concentrations; Sf. Gheorghe 2025 is positioned in the upper quadrant of the plot,
showing a separation along the PC2 axis. This suggests a different compositional profile, likely
driven by its specific copper (Cu) and iron (Fe) ratios. The Loading Plot (Figure 6D) complements
these findings by highlighting the distinct positioning of Zn on the PC2 axis with a negative
loading of -0.859, confirming its relative independence from the Ni-Cu-Pb-Fe cluster. The spatial
separation shown in the Score Plot, combined with the vector orientations in the Loading Plot,
confirms that the previously observed high correlations are primarily driven by localized extreme
events in these specific river arms rather than by a uniform trend across the entire study area.
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Fig. 5. Hierarchical clustering heatmaps illustrating the spatial and seasonal distribution of heavy metal concentrations in
surface water and sediment samples collected during the autumn 2024 and summer 2025 monitoring campaigns. A. Surface
water samples: heatmap generated using In(x + 1)-transformed data with unit variance scaling applied to rows. Both rows
and columns were clustered using Euclidean distance and Ward’s linkage method (12 rows, 7 columns). B. Surface water
samples: a heatmap was generated using In(x + 1)-transformed data with unit variance scaling applied to columns. Both
rows and columns were clustered using Euclidean distance and Ward’s linkage method (12 rows, 7 columns). C. Sediment
samples: a heatmap was generated using In(x + 1)-transformed data with unit-variance scaling applied to the rows. Both
rows and columns were clustered using Euclidean distance and Ward’s linkage method (12 rows, 7 columns). D. Sediment
samples: heatmap generated using In(x + 1)-transformed data with unit variance scaling applied to columns. Both rows and
columns were clustered using Euclidean distance and Ward’s linkage method (12 rows, 7 columns)

Table 4. Pearson and Spearman correlation matrices for heavy metals in sediment samples

Ni Cu Pb Zn Ni Cu Pb Zn
Cu | 0.930 0.706
= =
2| Pb | 0.898 | 0.950 £ 2| 0.469 | 0.406
gs E S
ﬁf:' Zn | 0.774 | 0.748 | 0.855 5 £| 0.476 | 0.455 | 0.284
=3 o =3
& O| Fe | 0.874 | 0969 | 0.951 | 0.831 | @ O| 0.224 | 0.616 | 0.235 | -0.018
Table 5. Eigenanalysis of the Correlation Matrix
Eigenvalue | 4.5186 | 0.2958 | 0.1342 | 0.0461 | 0.0054
Proportion | 0.904 | 0.059 | 0.027 | 0.009 | 0.001
Cumulative | 0.904 | 0.963 | 0.990 | 0.999 | 1.000
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Fig. 6. Statistical and multivariate analysis of heavy metals in sediment samples. A. Matrix plot of Pearson correlation
coefficients. B. Matrix plot of Spearman p correlation coefficients. C. PCA Score Plot: Displays the spatial distribution of
sampling stations. The primary axis (First Component) identifies Chilia_2025 as a high-magnitude outlier, while the vertical
axis (Second Component) isolates Sf. Gheorghe 2025 based on its distinct compositional profile. D. PCA Loading Plot:
Visualizes the contribution of each metal to the principal components. The clustering of Cu, Ni, Fe, and Pb indicates a common
geochemical driver, while the separation of Zn reflects its unique distribution pattern within the studied ecosystem.

Oil pollution of the marine ecosystem due to armed conflict

Coastal and marine ecosystems have been severely impacted by chemical pollution from
both land and sea. Furthermore, the environmental impact is intensified by increased wastewater
discharges resulting from physical damage and power failures caused by military conflict [38].
Sunken military equipment adds vast quantities of toxic petroleum products, such as diesel,
petrol, oils and greases, to the sea. These complex hydrocarbon mixtures spread across the surface
of the sea, forming large oil slicks. Light fractions evaporate by approximately 25% within days,
while low-molecular-weight components dissolve into the water column. Over time, these oil
products undergo processes such as emulsification, oxidation and sedimentation, and are often
consumed by marine organisms. A significant factor is the expansiveness of these oil films, which
can trap and concentrate other hazardous pollutants such as heavy metals and pesticides [19],
[39]. Another significant issue is the pollution caused by the sinking of warships or tankers, which
adds to the pollution from civilian transport activities [40], [41]. The map highlights changes in
the position and dispersion trends of the oil spills, and the overlay of marine current vectors
facilitates the interpretation of transport directions and their dynamics over the analyzed period.
At the same time, Figure 7 shows the overlap of the oil spills with two marine protected areas in
Romania that were directly affected by the oil spill.
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A. B. C.
Fig. 7. Detailed map of oil spills from: A December 2024 - January 2025. B February 2025. C March 2025

The oil spill has a direct impact on the ROSCI0413 protected area within 14 days of the
event occurring, which, due to marine currents, can reach the Romanian or Bulgarian coast and,
implicitly, the Razim-Sinoe lagoon.

Taking into account this situation/possibility, the total petroleum hydrocarbons (TPH)
were analyzed from the water samples collected during the 2024 and 2025 campaigns (Table 6).

Table 6. TPH values for in-water samples collected in autumn 2024 and summer 2025 from lagoons and river mouths
from the tributaries of the Danube. Values highlighted in yellow represent concentrations that exceed the quality
standards for sediments as established by national legislation (Order 161/2006)

Sampling site Razim 1 Razim 2 Razim 3 Gh Sl h Sulina Chilia
(geographical corghe
c/"c"rd‘“a,tes) 44.685820 | 44.606640 | 44.790446 | 44.886708 | 45.165444 | 45.310291
ampaign 28.988257 | 28.913545 | 29.113935 | 29.605545 | 29.703541 | 29.666798
TPH 2024 90 90 - 100 150 -
(ng/L) 2025 210 150 120 100 130 60

The relationship between TPH and the water’s chemical matrix is characterized by several
key interactions, with TPH exhibiting a moderate to strong positive correlation with both turbidity
(r=0.567; p=0.574) and pH (r = 0.535). Furthermore, positive correlations were observed with
zinc (r = 0.590; p = 0.555) and lead (r = 0.443; p = 0.464), associations that often indicate a
common source of pollution. Conversely, TPH correlates negatively with cadmium (r = -0.521)
and nickel (p = -0.440), an inverse relationship suggesting that factors favoring hydrocarbon
persistence might limit the bioavailability or presence of these specific metals in the soluble
phase. There is also a moderate negative correlation with conductivity (r = -0.504) and chlorides
(r = -0.495). Water quality and pollutant distribution were assessed using PCA (Table 7) to
simplify complex data into its most important patterns. The results reveal a complex structure of
variability, where the first five principal components (PC1-PC5) present eigenvalues greater than
one, accounting for a significant 89.8% of the total variance in the dataset. The first principal
component (PC1) explains 30.5% of the variability, acting as the dominant factor that likely
reflects the major anthropogenic impact on the ecosystem. Together with PC2 (22.7%), these two
axes define more than half of the chemical dynamics of the analyzed samples (53.2%). The high
eigenvalue of the first component (4.26) (Table 7) indicates a strong interdependence between
core physico-chemical parameters and the presence of hydrocarbons. The fact that four
components are required to exceed the 82.6% threshold of cumulative variance suggests the
existence of multiple independent sources of contamination. While the primary components tend
to group indicators of organic pollution, the secondary components highlight specific variations
in heavy metals and nutrients. This statistical distribution confirms that isolated monitoring of a
single parameter is insufficient and necessitates a multivariate approach to fully understand the
degradation processes in the studied aquatic environment.
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Table 7. Eigenanalysis of the Correlation Matrix (PC1-PC10)

Eigenvalue | 4.2659 | 3.1787 | 2.3708 | 1.7481 | 1.0015 | 0.6479 | 0.4872 | 0.1607 | 0.0966 | 0.0409
Proportion | 0.305 0.227 0.169 0.125 0.072 0.046 0.035 0.011 0.007 0.003
Cumulative | 0.305 0.532 0.701 0.826 0.898 0.944 0.979 0.990 0.997 1.000

From the analysis of physical and chemical parameters, especially chlorides, it appears
that the connection between the body of water inside the lagoon and the Black Sea ensures a
constant salinity regardless of temperature, which indicates that salt water can penetrate the
freshwater body relatively constantly through infiltration. In this case, the oil spill that may reach
the coastal area is unlikely to have an impact on the lagoon but is very likely to have an impact
along the coastal area, including the Sf. Gheorghe and Sulina estuaries. Thus, the level of
petroleum product pollution at a specific time is defined by the following relationship:

TPH = f(TPHcivii, TPHwm) + TPHEgy
where: TPH — Total Petroleum Hydrocarbons; TPHcvii — Contribution from civilian ships,
dependent on the number of ships present in the protected area within a time interval T < 7 days;
TPHwm— Contribution from military ships, also dependent on their presence in the protected area
within a time interval T < 7 days; TPHg, — Contribution from a specific event (e.g., an oil spill
due to conflict), influenced by the event’s location, timing, and the speed/direction of water
currents.

Conclusions

This study examines the combined effects of civilian and military activities on water and
sediment quality in the Razim—Sinoe lagoon complex and the Danube River mouths connected
to the Black Sea. The findings indicate distinct seasonal and spatial variations in physico-
chemical parameters, heavy metals, and petroleum hydrocarbons, with elevated concentrations
of Pb, Ni, Zn, and Fe, particularly in the Chilia area, which is closest to the conflict-affected zone.

Satellite-based analysis confirmed the potential impact of oil spills on protected marine
and coastal ecosystems, underscoring the vulnerability of habitats associated with the Danube
Delta. While concentrations of several heavy metals in water samples remained below critical
thresholds, their accumulation in sediments indicates a risk of long-term ecological effects due to
persistence and bioaccumulation. The proposed relationship for Total Petroleum Hydrocarbons
(TPH) provides a conceptual framework for estimating petroleum pollution generated by both
civilian maritime transport and armed conflict-related activities.

An important aspect highlighted by this study is that the environmental impact of armed
conflicts may persist long after the direct events cease, due to the long-term accumulation,
transport, and bioaccumulation of contaminants in aquatic ecosystems. The overlap between
military-related pollution and existing industrial, domestic, and maritime pressures creates
cumulative effects that can significantly influence biodiversity conservation, habitat integrity, and
ecosystem resilience in the Black Sea coastal region.

The results highlight the urgent need for targeted measures to conserve natural capital and
strengthen ecosystem resilience in the Black Sea coastal and lagoon environments.
Recommended actions include developing integrated monitoring systems for water, sediment,
and biodiversity quality; maintaining continuous surveillance of oil pollution and heavy metal
accumulation; and establishing early-warning mechanisms for accidental or conflict-related
contamination events. Special consideration should be given to protected areas and ecologically
sensitive habitats connected to the Danube Delta, where cumulative pressures may accelerate
habitat degradation and biodiversity loss.
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Active management measures should be developed in accordance with sustainability
taxonomy principles and supported by comprehensive environmental databases generated
through continuous monitoring programs to ensure verification and validation.
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