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Abstract Heavy metal contamination in rivers mostly originates from anthropogenic sources such as
industrial activities, mining, agriculture, and urban runoff. These metals accumulate in river sediments and
impact living organisms and the surrounding ecosystem. Historically, some rivers in Colombia have faced
issues related to heavy metal contamination, in particular from gold mining activities, which can lead to the
release of heavy metals into waterways. To assess the current status of heavy metal presence in the Sinú River,
one of the most important rivers in northern Colombia, we analyzed sediment samples collected in a section of
the river between the towns of Santa Isabel and Montería. ICP‐MS analysis found concentrations of Hg, Cd and
Ni up to five times larger than the baseline concentrations, while concentrations of Pb, Zn and Cr were
consistently below the baseline. The measured concentrations varied with both geographical location and
sampling depth. During the dry season heavy metals accumulate near the surface, while rains spread them below
the surface and into the groundwater, and across the surrounding land. These abnormal concentrations of
potentially toxic elements are probably related to the widespread use of Hg in illegal gold mining activities,
which are prevalent in the region, while Cd and Ni contamination probably derives frommining, as well as from
agricultural practices and industrial discharges. The results point to the necessity to continuously monitor the
state of the river and develop management strategies to reduce heavy metal contamination, protecting the health
of the ecosystem and of the neighboring communities.

Plain Language Summary Heavy metal contamination in rivers is a significant threat to the
environment, and may affect the surrounding environment and the health of living organisms. The Sinú River is
a vital waterway for northern Colombia, supplying water for the population and irrigation for agriculture
and enabling the transport of goods. Here, we report our analysis of the presence of heavy metals in a section of
the Sinú River between the towns of Santa Isabel and Montería. Soil samples were collected during the
rainy and dry seasons of 2021 from the surface and at a depth of 0.5 m. ICP‐MS analysis found concentrations
of Hg, Cd and Ni often much larger than the baseline, while those of Pb, Zn and Cr were consistently
below these limits. Measured concentrations depend on the location and depth of the samples, and vary
seasonally with rainfall due to surface runoff. The abnormal concentrations of these potentially toxic elements
are related to anthropogenic activities, such as their widespread use in mining, agricultural practices and
industrial discharges. The results point to the necessity of a continuous monitoring of the river and to the
implementation of effective management strategies to protect the ecosystem and neighboring communities.

1. Introduction
Heavy metal pollution is a significant environmental problem that affects all aquatic ecosystems and has serious
adverse effects on human health (Briffa et al., 2020; Das et al., 2023; Shakoor et al., 2013). This type of pollution
is mainly characterized by the presence of potentially toxic elements (PTEs), such as the heavy metals lead,
cadmium, mercury, arsenic and chromium (for simplicity and because the term is widely used in the literature, we
will usually refer to them as heavy metals throughout the paper, even though this label is broader and less precise).

Heavy metals originate from either natural sources, such as soil erosion and runoff processes, or anthropogenic
sources, among which are industrial or agricultural activities, urban runoff, and the exploitation of mineral re-
sources (Ferguson, 1990; Serpaud et al., 1994). Industrial activities, such as manufacturing and processing
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facilities, can release heavy metals into soil and rivers through improper waste disposal or accidental spills.
Intensive agricultural practices involving the use of pesticides and fertilizers further contribute to the contami-
nation of soil and water with heavy metals (Marrugo‐Negrete et al., 2017). These heavy metals tend to accumulate
in sediments, altering the natural balance of the ecosystem and posing a threat to aquatic life. Once absorbed by
aquatic organisms, heavy metals can enter the food chain and bioaccumulate in tissues when uptake exceeds the
rate of metabolism or excretion, posing health risks to animals and humans who consume contaminated fish
(Islam et al., 2015).

Colombia, as many other countries in the world, faces problems relating to heavy metal contamination across its
environments. Mining is a major source of pollution, releasing heavy metals such as mercury, cadmium and lead
into the environment. For example, the gold extraction process requires large amounts of mercury for amal-
gamation with gold; after use, this mercury is often discharged directly into the surrounding environment,
resulting in severe contamination.

In particular, the Department of Cordoba, in the Colombian Caribbean region, faces intensive mining activities
that are a major source of heavy soil contamination. Currently there are 106 mining concessions for the extraction
of coal, nickel, copper, silver, gold and platinum, that cover more than 124,000 ha, corresponding approximately
to 5% of the area of the Department (Agencia Nacional de Minería, 2017, 2020). In addition, there are around 220
temporary mines, mainly dedicated to the extraction of high‐value metals, as well as a considerable number of
illegal mines. The latter are the main source of heavy metal pollution.

The main river in the Department of Córdoba is the Sinú River, whose basin is critical to the economy and
biodiversity of the region. Its alluvial plain spans an area of 13,700 km2, and due to the river's frequent flooding,
the land along its course is extremely fertile. The river is an essential resource for local communities, supplying
drinking water across the entire region, providing irrigation for agriculture and supporting industrial activities.
The river also serves as an important transportation route for goods and people throughout the region.

The areas surrounding the Sinú River are well‐known for their abundant metal deposits, particularly gold, iron and
nickel. In 2019, the extraction of these resources accounted for 5% of the country's GDP (Castaño et al., 2020).
However, this activity is frequently carried out illegally, producing vast amounts of excavation waste and leading
to the contamination of soil and water with high levels of nitric acid, cadmium and mercury that is discharged into
the surrounding environment without any control, leading to serious environmental damage around the river.

Despite the crucial role of the Sinú River in the socio‐economic development and ecological balance of north–
western Colombia, very few studies have examined the presence of heavy metals in its floodplain sediments
(see Section 2).

In 2021, we carried out a thorough study to evaluate the concentration of heavy metals by sampling the soils along
the riverbanks of a specific region of the Sinú River, between the towns of Santa Isabel and Montería, the latter
being the capital of the Department of Córdoba and the fourth largest city in Colombia (Arenas et al., 2022). We
focused on Hg, Cd, Ni, Pb, Zn, and Cr because they are recognised as PTEs of high environmental and public
health concern. Previous studies in the Sinú River basin have generally examined these elements individually and
without considering seasonal variability, depth profiles, or relationships with the physico‐chemical properties of
the sediments. To address these limitations, we measured how the concentration of heavy metals change between
the two dominant climatic phases in north–western Colombia, the rainy season and the subsequent dry season, and
across two different depths.

Compared to the original work (Arenas et al., 2022), the present paper includes a more in‐depth analysis of the
measurements and an expanded discussion of the results. To provide a more comprehensive geochemical
characterization of the study area, we also report here the main physico‐chemical characteristics of the sediments,
such as pH and electrical conductivity (EC), as well as the amount of organic matter (OM) and cation exchange
capacity (CEC), because these parameters can affect the precipitation, dissolution and solubilization of heavy
metals (Nuralykyzy et al., 2021).

No efforts were made to formally assess the environmental and human health implications of the results, as such
an evaluation would require additional expertise and measurements. This study also complements earlier work
that examined potential environmental contamination from mud volcanoes in Colombia's northern Caribbean
coastal area (Di Luccio et al., 2021; Palmisano et al., 2024), providing a more comprehensive picture of envi-
ronmental risks across the nation's inland and coastal ecosystems.
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The rest of the paper is organized as follows. Section 2 provides a brief literature overview of soil contamination
by PTEs, focusing on the limited studies carried out in Colombia and, in particular, within the Sinú River basin.
Section 3 describes the main characteristics of the study area. The methodology used during the in situ survey is
reported in Section 4, together with details about the chemical analyses of the river sediments. The results are
described and discussed in Section 5. Conclusions and future directions are reported in Section 6.

2. State of the Art
Soil contamination by heavy metals has become a major research focus and has received considerable attention in
recent years due to its extensive environmental and health implications. The presence of heavy metals in soils can
adversely affect plant growth, disrupt ecosystems and pose serious risks to human health via the food chain.
Several studies have examined the sources, pathways and impacts of heavy metal contamination (Angon
et al., 2024; Bian et al., 2024; He et al., 2019; Hofer et al., 2013; Lin et al., 2011; Proust et al., 2013), and
emphasized the need to develop effective management and remediation techniques (Alessandrino et al., 2022; J.
Chen et al., 2024; Guo et al., 2024; Kravchenko et al., 2024; Song et al., 2024). For a comprehensive overview of
this pressing issue, readers can refer to the recent review by Li et al. (2019), which examines the main sources and
effects of heavy metals contamination in soils, together with the latest remediation techniques.

In addition to global studies, investigations of heavy metal contamination at the regional (Liu et al., 2024; Hou
et al., 2017, and references therein) and local scale (Acosta et al., 2011; Anda et al., 2022; Bhuyan et al., 2017;
Boszke et al., 2008; Gimeno‐García et al., 1996b; Giouri et al., 2010; Gosar et al., 1997; Hahladakis et al., 2013;
Jaskuła & Sojka, 2022) can be especially significant, as they can inform policymakers to develop effective
strategies for pollution management and remediation, thereby supporting sustainable environmental policies and
practices. Due to its explosive economic growth, China is one of the most extensively studied regions globally
regarding heavy metal contamination and its associated impacts (H. Wang, Wang, et al., 2015; J. Wang, Liu,
et al., 2015; Yang et al., 2018; Liang et al., 2019; Yan et al., 2020; Xiao et al., 2022; Zhao et al., 2022; Adnan
et al., 2024).

In the context of Colombia and in particular the area surrounding the Sinú River, several studies have examined
heavy metal contamination in river sediments and surface soils along its banks, drawing attention to the presence
of anomalous concentrations of potentially toxic metals. Feria et al. (2010) found no significant variations in
metal concentrations across different seasons of the year. However, they observed differences based on the
location of the sampling sites, likely attributable to the use of fertilizers in agricultural practices as well as to
erosion processes occurring along the riverbanks.

Marrugo‐Negrete et al. (2017) suggested that soil contamination was primarily linked to agricultural practices,
with the exception of mercury, which was likely originated from atmospheric deposition and river flow transport
associated with upstream gold mining. Furthermore, the elevated concentrations of nickel suggested a pollution
source related to both agricultural activities and ferronickel mining.

More recently (Lans‐Ceballos et al., 2023), re‐evaluated the water quality of the Sinú River, revealing the
presence of heavy metal contamination. However, despite the observed toxicity levels, as indicated by the Water
Quality Index which showed the lowest quality levels during the rainy season, their findings did not indicate a
significant hazard to human health.

3. Study Area
The Department of Córdoba is located in the northwestern part of Colombia and is traversed from south to north
by the Sinú River (Rio Sinú), which which serves as one of the primary sources of fresh water for the department
(Figure 1). The Sinú River originates in the northern part of the Andes mountain range in the Antioquia
Department and flows for about 400 km before reaching the Caribbean Sea.

The river is subject to intense fluvial dynamics that, together with intense rainfall that often increases the river
flow above 400 m3/s, enhances erosion processes and produce displacement of huge sediment volumes (Cor-
poración Autónoma regional de los Valles del Sinú y del San Jorge, 2024). In the middle Sinú region, where our
study area is located, the erosion rate is close to 90%, and reaches nearly 100% in many deforested areas scattered
across the region, as reported by Colombia's National Environmental Licensing Authority (Castaño et al., 2020).
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The high fluvial dynamics favors the predominance of coarser sandy material, while finer particles, that have the
greatest capacity to retain heavy metals, are washed away more easily, leading to periodic mobilization of heavy
metal contaminants within the river system. Periodic flooding of the Sinú River inundates the surrounding land
and releases substantial amounts of heavy metal‐rich sediment into the soil, potentially impacting agricultural
land, groundwater quality, and local ecosystems.

The rainfall regime in the Department of Córdoba is basically characterized by the alternation of two seasons, a
rainy season from April to September and a dry season from December to March. Annual rainfall varies
significantly across the region, ranging from about 1,500 mm per year in the coastal area to over 4,000 mm per
year in the southern mountainous region. The average number of rainy days per year ranges between 50 and 100,
but in the southern part of the Department it is possible to have up to 200 rainy days per year.

This work focuses on the central region of the Sinú River (Figure 1b), located south of Montería, the capital of
Colombia's Department of Córdoba. Montería, with a population of around half a million, ranks as the fourth‐
largest city in the country. The importance of the area is further amplified by the presence of extensive nearby
metal mining operations. Despite this, there is no water treatment plant and the river water, which is used for both
local water supply and irrigation throughout the region, undergoes no purification treatment.

The convergence of rapid urban development and intensive mining activities highlights the urgent need for a
thorough evaluation of their potential environmental impacts on the ecosystem and natural resources of the
region.

Figure 1. Study area and location of the sampling sites: (a) map of Colombia and the Caribbean Region, (b) sampling sites along the riverbanks of the Sinú River.
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4. Materials and Methods
Two sets of sediment samples were collected during the rainy season of 2021 along the riverbanks of the Sinú
River, at 25 different sampling sites between the towns of Santa Isabel and Montería (Figure 1b). The first set
consisted of samples collected at the surface, approximately ∼0.1 m below the ground level, while the other set
comprised samples collected at a depth of 0.5 m. The sample collection was repeated in the same conditions
during the dry season of the same year. In the rest of the paper we will use the terms “surface” or “deep” samples
to refer to these two different sets.

Sampling a few centimeters below the soil surface is standard practice to minimize the inclusion of surface debris
that may be affected by atmospheric contamination and surface runoff, while the samples collected at 0.5 m help
to evaluate the mobility of the PTEs, providing insights into possible effects on groundwater quality and plant
growth. To avoid metal contamination, no metallic tools were used during sampling, storage, and transport
(Figure 2). However, due to the nature of the soil, this requirement prevented the collection and analysis of
samples from deeper soil layers.

The spatial distance between two consecutive sampling sites was approximately 0.5 km, resulting in a total
surveyed length of about 12 km. The sampling distance represents a compromise between covering a wide
geographical area and keeping a manageable number of sampling sites.

The sampling strategy was designed to maximize data collection within a reasonable timeframe, while ensuring
thorough coverage of the study area and addressing some challenging logistical and security constraints, such as
the need to access sites on foot while carrying all necessary heavy equipment through difficult and often muddy
terrain and limiting the duration of stays at each location. These constraints mandated that each sample be
collected from a single point rather than from multiple locations within a site, which would have provided a more
representative characterization of the surrounding environment.

Samples were immediately sealed in polyethylene bags, stored in a refrigerated container at 5°C and transported
to the laboratory for analysis. There, the soil samples were air‐dried at room temperature, gently disaggregated by
hand without grinding to preserve their natural aggregates and avoid crosss‐contamination, and sieved through a
2 mm nylon mesh to remove coarse debris. Each sample was then homogenized and sieved using a polyethylene
sieve with a mesh size of 60 μm. Reducing and sorting the sediments to this grain size is critical, because heavy
metals are concentrated in the silty clay fraction.

After sieving, each sample was divided into two subsamples, the first subsample was used to measure the con-
centration of mercury, while the second subsample was used to determine the concentration of all other heavy
metals. Due to the high volatility of mercury, the subsamples used for the determination its concentration were
dried at room temperature by placing them under a fume hood for 5 days (Ackermann, 1980), while the remaining
subsamples were heated in an oven at 75°C for 4 days.

A selective method using acid attack by dissolution with aqua regia was used for the determination of the con-
centration of the remaining heavy metals (Hass & Fine, 2010). The acid attack was prolonged until the solution
changed color. The observed color change was likely related to the dissolution of OM, although minor dissolution

Figure 2. Soil sampling along the Sinú River floodplain during the rainy season. To prevent metal contamination, no metal
tools were used during sampling, storage and transport.
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of mineral phases cannot be excluded. The samples were then heated until
total dehydration, allowed to cool to room temperature and washed with
distilled water.

Afterward, in accordance with the EPA protocol, 5 ml of pre‐heated HCl, kept
just below its boiling point, was added to each sample, prior to filtration and
cooling (Edgell, 1989; USEPA, 1996).

The solid residues were carefully rinsed with distilled water and the resulting
washes were combined with the main extract prior to analysis to ensure full
recovery of the analytes. The resulting solutions were analyzed by using
inductively coupled plasma mass spectrometry (PerkinElmer NexION 5000
Multi‐Quadrupole ICP Mass Spectrometer).

For the physico‐chemical characterization, pH and EC were measured with a
multi‐parameter probe (Hanna HI9829), while OMwas determined according
to theWalkley‐Black method, using a conversion factor of%C = 1.72. Cation
exchange capacity was determined through extraction with ammonium ace-
tate (Chapman, 1965). Lastly, a laser granulometer (Malvern Mastersizer
Hydro 2,000 MU) was used to determine the grain size of the sediments.

5. Results and Discussion
5.1. Heavy Metal Concentration

This section provides an overview of the measured heavy metal concentration
at the 25 selected sampling sites along the Sinú River, highlighting spatial
variations and key observations in the data.

Table 1 shows the concentration of heavy metals measured in sediments at a few example sampling sites, for the
four possible combinations of sampling level (at the surface and at a depth of 0.5 m below the surface) and season
(dry season and rainy season). As there are wide differences in the definition of “safe” or “critical” limits for
heavy metals among different countries and major international environmental agencies (Bakshi et al., 2018; S.
Chen et al., 2018; USEPA, 2025), we chose to show in the last line of Table 1 in bold the consensus concentrations
measured for the IAEA‐405 reference sediment (Wyse et al., 2004). These values represent a well‐characterized
standard baseline against which field data can be evaluated. In addition, they are generally comparable to, or
lower than, “negligible” heavy metal concentrations, such as those reported for Dutch sediments by Crom-
mentuijn et al. (2000). Consequently, the IAEA‐405 reference may serve an even more stringent baseline than the
already low background levels observed in environmentally advanced countries. The complete data set with all
measured concentrations is shown in Table S1 in Supporting Information S1 and is available in the data repository
of this paper (see the Open Research 295 Section).

The concentration of heavy metals at all sampling sites is also shown in Figure 3, for the four possible combi-
nations of sampling levels and seasons. To better display the wide range of values, the concentration data is shown
on a log10 scale, with 95% confidence bands for each metal. Most measurements fall well within the confidence
bands, while most outliers represent concentrations below the lower bound of the confidence interval. The data for
each metal lack any distinct pattern, except for “surface” Hg concentrations, which exhibit a clear minimum in the
middle of the sampled area, while “deep” Hg concentration remain much more stable across the region. Measured
Zn concentration also shows a sharp peak, followed by a dip in the middle of the sampled area, and these features
are visible across both “surface” and “deep” samples as well as dry and rainy seasons.

An alternative view of the measured concentration is provided by the scatterplot matrix of Figures 4 and 5, which
shows the pairwise relationships between the concentration of heavy metals, where the two different colors
distinguish between the measurements performed on samples collected at the two sampling levels (“surface” and
“deep”, Figure 4) or in the two seasons (dry and rainy, Figure 5).

In both Figures, the lower triangle contains the individual scatterplots, providing a visual comparison of the
correlation between each pair of metals. The upper triangle includes the Pearson correlation coefficients: the black

Table 1
Measured Heavy Metal Concentrations at Some Example Sites as a Function
of the Sampling Level (at the Surface/0.5 m Depth) and Season (Dry/Rainy)

Location Position Season Hg Cd Ni Cr Zn Pb

SL01 Surface Dry 3.12 1.72 41.0 56.8 70.2 3.93

SL01 Surface Rainy 2.78 0.93 29.0 35.1 52.2 3.25

SL01 Deep Dry 3.90 0.76 28.2 45.3 33.5 4.30

SL01 Deep Rainy 3.04 0.64 27.3 42.3 30.2 4.16

…

SL12 Surface Dry 1.59 1.48 50.5 33.5 38.2 3.81

SL12 Surface Rainy 1.12 0.95 48.2 28.5 25.4 3.18

SL12 Deep Dry 3.71 0.91 30.2 38.0 25.3 4.29

SL12 Deep Rainy 2.18 0.79 31.6 23.0 24.0 4.12

…

SL25 Surface Dry 2.25 1.57 72.5 64.8 64.1 2.91

SL25 Surface Rainy 1.04 1.36 66.5 54.7 59.7 2.71

SL25 Deep Dry 3.54 1.54 34.7 37.7 35.6 4.28

SL25 Deep Rainy 2.58 1.24 32.1 23.7 31.2 3.27

IAEA‐405 baseline 0.81 0.73 32.5 84 279 74.8

Note. The last line in bold lists the IAEA‐405 baseline concentration for each
metal (Wyse et al., 2004). The full data set consists of 25 similar blocks, one
for each sampling location. All reported values are in mg/kg.
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values represent the correlation for all measurements involving the two metals, while the colored values indicate
the correlation coefficients for each of the two sampling conditions. The diagonal displays density plots for each
heavy metal, distinguishing between “surface” and “deep” samples or dry and rainy seasons, depending on the
Figure. Lastly, the lowest strip row shows the distribution of measured concentrations for each metal using
histograms, while the rightmost strip column presents box‐plots of these concentrations.

Most distributions are unimodal, featuring well distinct single peaks, with only a few instances of bimodal
distributions, for example, Cd in Figure 4 or Hg, Cd and, to a lesser extent Zn, in Figure 5. In Figure 4 the box‐
plots for the two sampling depths are generally well separated, with clearly different median values for most
metals. Although the interquartile ranges overlap slightly in several cases, the overall distribution patterns remain
distinct, indicating a consistent difference between the samples taken at the two different depths.

In contrast, the box‐plots in Figure 5 exhibit a significant overlap, indicating that seasonal differences are not
readily apparent when the measurements from the two depths are combined.

However, when the surface and depth measurements are analyzed separately, the seasonal differences between
the dry and rainy periods become far more evident (Figures S1–S2 in Supporting Information S1). This is
supported by paired Wilcoxon signed‐rank tests comparing concentrations measured at the same depth across the
two seasons. All of these tests consistently produce very small p‐values, on the order of 10− 4 − 10− 5, for all
metals except “deep” Ni (p‐value ∼0.7), indicating significant changes in concentration between seasons.

No clear relationships between pair of metals are apparent from the scatterplots of Figures 4 and 5. The sole
exception is Zn, which shows a visually clear relation with Cr, supported by a significant correlation coefficient
(p‐value <0.001) for the “surface” samples (Figure 4) as well as for the samples collected in the two seasonal
conditions (Figure 5).

Figure 3. Heavy metals concentration at each sampling site. For better clarity, the vertical axis is shown on a log10 scale, with
confidence bands at the 95% underlying the data points.
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The weak correlation found among the concentrations of different heavy metals is further supported by a more
detailed correlation analysis using Pearson's method (Figures S3–S5 in Supporting Information S1).

When considering all measurements, correlation between measured concentrations of heavy metals is weak, with
the exception of Zn which, as noted above, shows a strong correlation with Cr, suggesting a potential shared
source for these two elements in the analyzed samples (Figure S3 in Supporting Information S1). A moderate
correlation between Zn and Ni is also found, as well as between Cr and Ni. In these two cases, the degree of
correlation remains largely unchanged when considering only sample collected from the surface (Figure S4 in

Figure 4. Scatterplot matrix of heavy metal concentrations, comparing samples collected at the two sampling levels (“surface” and “deep” samples). Different colors
distinguish the “surface” (green) from the “deep” samples (orange). The lower triangle displays scatterplots showing the pairwise relationships between metal
concentrations. The upper triangle presents the Pearson correlation coefficients, where black indicates the overall correlation between metals, and green or orange colors
represent correlations within the “surface” or “deep” samples, respectively. The diagonal shows density plots, illustrating the distribution of concentrations for each
metal at the two sampling levels. Concentration distributions are also shown as histograms in the lower strip row and as box‐plots in the rightmost strip column. The
symbols next to the correlation coefficients indicate the significance level of the p‐value: *** for p‐value <0.001,** for p‐value <0.01, * for p‐value <0.05 and. When
the p‐value is <0.10.
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Supporting Information S1), while it appears significantly weaker for samples collected 0.5 m below the surface
(Figure S5 in Supporting Information S1).

5.2. Evaluation of Concentrations Relative to the Baseline Values

Absolute concentration values alone provide limited information regarding the safety of heavy metal content in
the soil for humans and the environment. To obtain a clearer understanding of the contamination levels in the
sampled soils, we normalized the concentration data against IAEA‐405 baseline concentration for each metal. The
distribution of the normalized concentrations in the rainy and dry seasons at the two sampling levels is shown in

Figure 5. Scatterplot matrix of heavy metal concentrations, comparing samples collected in the dry and rainy seasons. Different colors distinguish the “dry” (red) from
the “rainy” samples (blue). The lower triangle displays scatterplots showing the pairwise relationships between metal concentrations. The upper triangle presents the
Pearson correlation coefficients, where black indicates the overall correlation between metals, and red or blue colors represent correlations within the “dry” or “rainy”
samples, respectively. The diagonal shows density plots, illustrating the distribution of concentrations for each metal in the two seasons. Concentration distributions are
also shown as histograms in the lower strip row and as box‐plots in the rightmost strip column. The symbols next to the correlation coefficients indicate the significance
level of the p‐value: * * * for p‐value <0.001, * * for p‐value <0.01, * for p‐value <0.05 and. When the p‐value is <0.10.
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Figure 6, while the same data for each site are plotted in the heatmap of Figure 7, where the green color indicates a
concentration below the baseline, while progressively darker shades of orange and red indicate increasingly
concerning concentration levels.

Overall, the measured concentrations of Pb, Zn, and Cr are consistently well within the baseline concentration at
all sampled sites, whereas those of Hg, Cd, and Ni can significantly exceed the baseline (Figures 6 and 7).
Specifically, the measured Cd and Ni concentrations can be up to 2.5 − 3.0 times the baseline, while Hg is of
particular concern since it can reach levels close to 5 times the baseline at most sampled sites, in particular during
the dry season (Figure 7).

The statistical comparison of surface samples versus samples taken at a depth of 0.5 m revealed element‐specific
concentration patterns (Figure 6). PairedWilcoxon signed‐rank tests (one‐tailed, α = 0.05), indicated that Ni, Cr,
and Zn concentrations were significantly higher in surface samples than in deep samples during both the dry and
rainy seasons (p< 0.01 for all six comparisons). In contrast, Hg and Pb show no significant surface versus deep
differences in either season ( p> 0.1), while Cd is significantly higher in surface sediments during the rainy
season at the conventional 5% level ( p = 0.03), while in the dry season the difference is significant only at the
10% level ( p = 0.07).

Overall, these differences are stronger in the dry season, probably because the minimum amount of precipitation
during the dry season reduces surface runoff and produces heavy metal accumulation zones that are not leached by
rainfall and thus tend to concentrate at the surface (Giridharan et al., 2008). This causes an accumulation of heavy
metals in areas characterized by low kinetic energy of the river, where the action of deposition of sediments
prevails over erosion. During the heavy rainfall season typical of the area, soil pollutants are dispersed by surface
runoff into the floodplains of the Sinú River may promote downward migration of metals into deeper soil layers,
potentially influencing shallow groundwater and causing further widespread harm to the surrounding ecosystem.

5.3. Physico‐Chemical Characterization

Physico‐chemical parameters such as pH, EC, OM content, CEC, and soil texture are factors that can influence the
mechanisms of precipitation, dissolution and solubilization of heavy metals (Table 2).

Table 2 shows the measured physico‐chemical parameters of the sediments collected during the dry and wet
seasons, which show marked differences across all sites and measured parameters. As the variation in the values
of pH and EC (and consequently of OM and CEC) between surface and deep samples was negligible, we reported
only the averaged values for simplicity.

Figure 6. Distribution of concentration of heavy metals at the two sampling levels in the rainy and dry seasons. The
measurements are normalized to the IAEA‐405 baseline concentrations (horizontal line) (Wyse et al., 2004).
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The pH can influence the solubility of the metal species; in general, a lower pH increases the solubility of the
metals, thus increasing their mobility (B. Alloway, 1995; B. J. In Alloway, 2013). The measured pH was sys-
tematically higher (i.e., more alkaline) in the rainy season, between 6.9 and 8.3, decreasing to values between 5.6
and 6.9 (i.e., more acidic), in the dry season (Table 2).

The analyzed elements include both cationic species (e.g., Hg, Cd, Ni, Zn, Pb) as well as an oxyanion (Cr).
Cationic metals are typically more mobile under acidic conditions, whereas oxyanions may become more soluble
at circumneutral to alkaline pH. This contrasting behavior is consistent with our results, which show no clear
relationship between pH and heavy‐metal concentrations, even when stratifying the data by depth or season. The
rather wide variability of the measured pH is representative of a composite soil, where conditions of low infil-
tration and percolation of water alternate with alternating levels of phosphorus and free carbonates (Ryan
et al., 2001).

Organic matter levels are moderate, ranging from 5.8 to 6.7% during the rainy season and increasing to 7.2 to 9.8%
in the dry season. This difference is likely due to the greater accumulation of biomass, such as fallen leaves and
animal matter, on the soil during the dry season. Although OM can influence trace metal dynamics through
complexation processes, no consistent relationship was found between OM levels and heavy metal concentration.
Organic matter content showed only a weak correlation with heavy‐metal concentrations, even after partitioning
data by depth or season (with absolute values of the correlation coefficient r ∼ 0.2 − 0.3, at the p < 0.05 level).

Higher EC values were also measured during the dry season, when the leaching effect of rainfall is absent.
Ranging between 2.7 and 3.8 mS/cm, these values indicate a moderate degree of salinization, which is probably
due to the intensive use of fertilisers (Hu & Schmidhalter, 2005). Lastly, the CEC measured in our sediments is
generally high, with values ranging from 32 to 68 meq/100 g where, as for OM and EC, CEC values are lower in
the rainy season and increase in the dry season. Also EC and CEC did not exhibit a statistically significant
correlation with measured concentrations, even when data were partitioned by depth or season.

Another key factor impacting the mobility and bioaccumulation of heavy metals is sediment texture. Mobilized
metals in the environment can adsorb onto sediment particles, and this adsorption capacity is closely related to grain

Figure 7. Heatmap showing the concentration of heavy metals at each site, differentiating between the measurements taken
from samples collected at the two sampling levels and in the dry and rainy seasons. The measurements are normalized to the
IAEA‐405 baseline concentrations (Wyse et al., 2004).
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size. Finer sediments, with smaller grain sizes, typically have a higher
adsorption capacity, allowing them to retain larger quantities of metals under
the appropriate environmental conditions (De Vivo et al., 2004; Liang
et al., 2019). Adsorption is also influenced by the chemical properties of the
sorbent, which determine its affinity for particular metal species.

Heavy metals exhibit a wide range of aqueous chemistries. Some, such as
Cd2+ and Pb2+, are present mainly as free cations, whereas others exist
chiefly as oxyanions (e.g., Cr, which forms the chromate oxyanion CrO2−

4 or,
under more oxidising conditions, the dichromate ion Cr2O2−

7 ). These different
speciation patterns lead to markedly different behaviors in terms of transport
and bioaccumulation potential. Once mobilized in anions, cations, and other
ionic complexes, these elements tend to be adsorbed and incorporated into
inorganic and organic solid phases. Clay minerals are important sorbents for
heavy metals, but organic phases such as humic substances and dissolved OM
also play a crucial role in sorption and complexation processes.

The measured grain sizes of the soil samples at the two different depths are
shown in Table 3, where grain size ranges are based on the Udden‐Wentworth
scale (Udden, 1914; Wentworth, 1922). No distinction has been made be-
tween the dry and rainy seasons, as grain size is virtually unaffected by
seasonal variations.

The grain size data is represented in the Shepard sediment classification di-
agram, where green circles represent surface samples and orange circles
represent samples taken at a depth of 0.5 m (Figure 8). The significant overlap
of the data points suggests a high degree of homogeneity among the samples
from the 25 sampling sites, with the exception of a single surface outlier.
Sediments sampled at the surface have a higher percentage of sand and silt
than clay. This is reversed in sediments sampled at depth, where the clay
component is more abundant, in agreement with the Hjulström curve
(Hjulström, 1935).

A Pearson correlation analysis showed a moderate, statistically significant
relationship between grain size and the concentrations of Cr, Ni, and Zn
(r ∼ ± 0.5,p = 0.001), while the concentrations of Cd, Hg and Pb did not
show any meaningful correlation with grain size. Because the data do not
necessarily follow a normal distribution, we also performed a Spearman rank‐
correlation analysis, which produced very similar results.

Another key parameter is water temperature, measured in situ with a multi-
parameter probe. During the course of the measurements, the recorded water

temperature varied within a relatively narrow range, between 26°C and 30°C depending on the season, but did not
display marked spatial differences. It can be estimated that this range of temperatures affected the solubility of
metals by up to 10% (Van der Sloot et al., 1991). However, no clear relationship was observed between tem-
perature and the concentration of heavy metals. This suggests that, under the studied conditions, the effect of
temperature on heavy metal mobility could be considered negligible.

Overall, none of the measured physico‐chemical properties (pH, EC, OM, CEC, water temperature) nor the
textural components (clay, silt, sand) showed a statistically significant association with the concentrations of any
of the measured heavy metals. The only identifiable pattern is an inverse seasonal relationship between pH and the
other three variables, OM, EC and CEC, as illustrated (Figure S6 in Supporting Information S1).

This lack of detectable correlations does not mean that these factors are irrelevant; rather, it probably reflects the
fact that the spatial pattern of metal concentrations is dominated by the heterogeneous distribution of mining and
industrial sources than by soil chemistry, a factor not captured by our measurements. Moreover, sampling at only
two depths and in two seasons may miss transient processes (e.g., episodic leaching, seasonal redox fluctuations)

Table 2
Physico‐Chemical Characteristics of the Sediments Collected During the
Rainy and Dry Seasons

Location

pH OM EC CEC

— (%) (mS/cm) (meq/100 g)

Rainy Dry Rainy Dry Rainy Dry Rainy Dry

SL01 7.9 5.8 6.43 9.78 2.74 2.95 38 45

SL02 7.8 5.6 5.95 9.22 2.69 2.89 35 48

SL03 6.9 5.7 6.64 7.59 1.92 3.78 41 51

SL04 7.7 6.3 5.82 9.74 2.87 2.66 44 39

SL05 8.2 5.6 5.84 8.96 3.01 3.66 32 55

SL06 7.9 5.6 6.70 7.68 2.49 3.54 32 58

SL07 7.8 6.2 6.54 7.42 1.80 2.78 36 47

SL08 8.1 6.5 5.95 8.24 1.98 2.67 35 60

SL09 8.0 6.2 5.96 7.26 2.82 3.56 40 64

SL10 7.4 5.8 6.71 8.54 2.64 2.98 40 55

SL11 8.1 6.1 6.50 9.32 1.93 3.78 37 49

SL12 7.7 5.7 5.88 9.03 2.08 3.61 39 50

SL13 7.9 5.9 6.35 8.38 2.52 2.80 41 53

SL14 7.8 6.0 5.90 7.24 2.56 2.94 39 53

SL15 8.1 6.3 6.06 9.09 1.74 2.83 35 59

SL16 8.0 6.9 5.85 9.16 1.62 3.41 41 64

SL17 7.9 6.4 5.87 8.47 2.23 3.50 32 65

SL18 8.2 6.7 6.64 7.52 2.31 2.88 44 61

SL19 8.3 6.5 5.91 7.75 2.30 3.61 43 68

SL20 8.3 5.8 5.82 8.84 2.74 3.51 41 68

SL21 7.8 5.9 5.85 8.26 2.58 2.93 32 49

SL22 7.5 5.7 6.14 7.18 2.06 3.41 38 52

SL23 8.2 6.5 6.50 9.65 1.91 2.88 40 55

SL24 7.4 5.7 6.56 8.81 2.83 3.51 36 56

SL25 7.6 5.7 5.97 7.82 1.88 3.50 39 51

Note. Variation in pH, OM, EC and CEC between surface and deep samples
was negligible; consequently, only the averaged values are shown.
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that influence metal speciation. Sampling a single point per site also increases
the risk that the chosen location is not fully representative of the surrounding
environment. As explained in Section 4, this compromise was unavoidable
given the challenging local logistical and security constraints.

Nevertheless, the results confirm that the study area exhibits spatial‐ and
seasonal‐dependent metal variability, even if the physico‐chemical control-
ling mechanisms remain still unresolved.

5.4. Possible Sources of Heavy Metal Contamination

Analyzing the aggregated concentration data in more detail (Table S2 in
Supporting Information S1), we note that the concentration of nickel ranges
from a minimum of 21.5 mg/kg to a maximum of 72.5 mg/kg, with an average
value of 48.2 mg/kg in sediments collected from the surface during the dry
season and 41.7 mg/kg in sediments collected from the surface during the
rainy season, while for the sediments taken at 0.5 m depth, the average
concentration of Ni was 34.3 mg/kg in the dry season and 35.2 mg/kg in those
collected during the rainy season. The largest Ni concentrations are found in
the surface sediments, with a significantly large variation between the two
seasonal periods ( p< 0.01). At 0.5 m below the surface the concentration of
Ni is lower, with no statistically significant variability between the two sea-
sons. In all cases, most measured Ni concentrations are above the limit for
uncontaminated sediments, that for Ni is 32.5 mg/kg (Table S1 in Supporting
Information S1).

The high concentration of Ni in these soils could be related to the presence, a
few tens of kilometers from the sampling area, of the Cerro Matoso mine,
which is the largest iron and nickel mine in Latin America, as well as of
smaller unregulated mining plants scattered around the sampling area. An
additional possible source of Ni pollution could be related to the presence of
extensive farming areas, where the use of large amounts of ultra‐low‐cost
pesticides and fertilizers based on copper and iron sulfates, which contain
relatively large amounts of heavy metals among which Ni, leads to a further
increase of Ni concentration in the sampled soils (Gimeno‐García
et al., 1996a). Irrigating crops with water from the Sinú River can also
contribute to Ni pollution, as the river receives significant amounts of polluted
water from its tributaries along its course (Kim et al., 2014).

It is worth noting that elevated levels of Ni in the environment pose signifi-
cant health risks; the accumulation of Ni and its compounds in the human
body can be responsible for various diseases, such as pulmonary fibrosis,
cancer, lung and cardiovascular diseases (Seilkop & Oller, 2003).

As for Cd, the highest cadmium content is 1.94 mg/kg, well above the allowed limit of 0.73 mg/kg, and is found in
the samples collected at the surface in the dry season, while the lowest concentration of 0.35 mg/kg is recorded in
the samples collected in rainy season 0.5mbelow the surface. The average concentration of Cd is either 0.87mg/kg
or 1.12mg/kg for the surface samples in the rainy and dry seasons, respectively, while for samples taken at 0.5m, it
is 0.73mg/kg or 0.96mg/kg in the rainy and dry seasons, respectively.Mostmeasured values are two or three times
larger than the allowed values (Table S1 in Supporting Information S1).

Such high concentrations of Cd may arise from multiple sources, such as mining, atmospheric deposition, use of
phosphate fertilizers and residual polluted sludge, or polluted groundwater or river water (Kim et al., 2014). In
aquatic systems under oxic to suboxic conditions, Cd occurs as Cd2 and forms chloro‐, carbonato‐ and organic
complexes, which confer relatively high mobility. Under reducing, sulfidic conditions, Cd precipitates as cad-
mium sulfide. This precipitation markedly decreases the dissolved cadmium concentration, causing the metal to

Table 3
Grain Size of Sediments Collected at the Surface and at a Depth of 0.5 m

Location

Clay Silt
Fine/very fine

sand

(<1/256 mm) (1/256 − 1/16 mm) (1/16 − 1/4 mm)

Surface Deep Surface dDep Surface Deep

SL01 66.8 73.3 21.2 18.7 12 8

SL02 56.6 73.8 32.4 17.2 11 9

SL03 60.5 76.8 30.5 16.2 9 7

SL04 62.3 75.5 28.7 17.5 9 7

SL05 60.6 76.5 29.4 15.5 10 8

SL06 59.0 72.3 30.0 18.7 11 9

SL07 56.6 71.6 31.4 19.4 12 9

SL08 61.3 72.0 28.7 20.0 10 8

SL09 60.9 75.4 29.1 18.6 10 6

SL10 66.5 74.1 32.5 17.9 11 8

SL11 57.2 72.0 30.8 19.0 12 9

SL12 55.9 71.6 34.1 20.4 10 8

SL13 60.4 73.3 29.6 18.7 10 8

SL14 59.2 72.7 29.8 19.3 11 8

SL15 58.2 72.9 29.8 18.1 12 9

SL16 56.9 73.3 31.1 19.7 12 7

SL17 57.3 77.5 32.7 16.5 10 6

SL18 60.5 73.4 28.5 17.6 11 9

SL19 59.4 71.4 29.6 19.6 11 9

SL20 60.3 73.3 28.7 18.7 11 8

SL21 63.6 76.0 27.4 17.0 9 7

SL22 55.9 73.7 32.1 19.3 12 7

SL23 59.5 74.5 30.5 18.5 10 7

SL24 63.2 74.0 26.8 18.0 10 8

SL25 59.8 75.1 29.2 17.9 11 7

Note. Grain size ranges are based on the Udden‐Wentworth scale
(Udden, 1914; Wentworth, 1922).
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become immobilized and trapped within river sediments. Remobilization can occur upon oxidation/acidification
or through complexation (Rodríguez et al., 2009).

High concentrations of Cd dispersed in the environment are dangerous to organisms, and in humans they can
produce high respiratory damage, while intake of Cd‐contaminated water and food induces severe gastrointestinal
effects (Järup et al., 1998; Nordberg, 2004).

The concentration of mercury in the sampled sediments ranged from 0.47 mg/kg in the rainy season to 3.82 mg/kg
in the dry season. At a depth of 0.5 m, Hg concentration ranged from 0.47 mg/kg to 3.9 mg/kg, where again lower
concentrations of Hg were observed in the rainy season and higher concentrations in the dry season. More
specifically, Hg concentration at the surface ranged from 0.47 mg/kg to 3.12 mg/kg in the rainy season and from
0.93 to 3.82 mg/kg in the dry season, with an average of 1.99 and 2.59 mg/kg in the rainy and dry seasons,
respectively. Measurements at a depth of 0.5 m below the surface show a very similar variability as they range
from 0.47 mg/kg to 3.04 mg/kg in the rainy season and from 1.22 to 3.90 mg/kg in the dry season, with averages of
1.75 and 2.58 mg/kg, respectively. These fluctuations could be attributed to preferential deposition phenomena
due to runoff and surface leaching processes by the frequent and intense rainfall.

In all cases, the measured Hg concentrations are up to 5 times higher than the IAEA baseline of 0.81 mg/kg (Wyse
et al., 2004), as well as well above the limits stated by WHO. The presence of such high concentrations of Hg is
probably due to an anthropogenic contribution. In fact, the exponential growth of alluvial gold mining operations
in the surrounding area, many of which are illegal, has had an extremely high environmental impact over time due
to the indiscriminate use of high levels of Hg in the process of gold amalgamation (Pinedo‐Hernández
et al., 2015).

Mercury contamination is one of the most significant environmental issues due to its high toxicity and the ability
of living organisms to accumulate this metal in their tissues over time. This process, known as biomagnification,
involves the entire trophic chain, ultimately reaching humans (Córdoba‐Tovar et al., 2022). In the environment,
Hg is transformed into methylmercury, a highly toxic organic compound that is absorbed much more rapidly by
organisms. Hg contamination is responsible for serious diseases at the level of the renal and neurological systems.

Figure 8. Shepard sediment classification diagram. The dots show the resulting classification of the soils: (green circles)
surface samples (orange circles) 0.5 m samples.
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Chronic exposure to even low concentrations of Hg is responsible for toxic effects on the reproductive system,
affecting growth, normal development and learning ability in both animals and humans (Boerleider et al., 2017).

The other heavy metals found in the sediments studied, namely Cr, Pb, and Zn, always show concentration values
well below the permissible limits (Wyse et al., 2004). Their presence is attributable to the numerous livestock
farms and intensive crops present in the study area, all activities conducted with an high use of pesticides and
fertilizers characterized by high contents of Pb and Zn.

6. Conclusions
Heavy metals are dangerous for humans and the environment as these elements have a high chemical stability
with respect to biodegradation processes. Small concentrations of heavy metals are naturally present in the
components of the Earth's crust, in soils and in plants. However, natural processes such as leaching and soil
erosion, combined with human activities, can significantly influence the presence and distribution of these ele-
ments. Some of these elements, notably Zn and Cu, are indispensable micronutrients in trace amounts, others such
as Pb and Cd have no known physiological role and are toxic even at low concentrations.

This study examined six heavy metals present in the floodplain sediments of the Sinú River, between the towns of
Montería and Santa Isabel in the Department of Cordóba, Colombia. The results of the analysis show an
anomalous concentration of Ni, Cd and above all Hg both in surface and deep samples, while the concentration of
Pb, Zn and Cr are always well below baseline. Surface samples show higher concentrations of metals than
samples taken at a depth of 0.5 m, particularly during the dry season. This might be due to the minimal amount of
precipitation during this season, which reduces runoff and creates zones of heavy metal accumulation at the soil
surface.

The main limitation of this work is that each site was represented by a single sampling point and only two depths
(surface and 0.5 m) were examined in the dry and rainy seasons. The sampling scheme was designed to maximize
data collection within a realistic time frame and to achieve broad spatial coverage while also addressing the
challenging local logistical and security constraints. Consequently, it may have missed fine‐scale spatial het-
erogeneity and transient processes (e.g., episodic leaching, redox spikes) that could affect metal speciation and
mobility. Nevertheless, despite these limitations, the work provides a detailed characterization of heavy‐metal
contamination in an area of the Sinú River that has not been adequately studied until now.

The lack of a clear relationship between metal concentrations and measured physicochemical parameters (pH,
EC, OM, CEC, grain‐size fractions) indicates that source heterogeneity, rather than soil chemistry, dominates the
observed concentration patterns. Seasonal variations are driven principally by hydrological factors (e.g., runoff,
dilution) rather than by changes in pH or redox conditions.

Overall, the anomalous presence of Ni in the study area could be linked to the release from natural sources and
intensive agricultural practices, while the high levels of Cd and Hg are probably associated with anthropogenic
activities, in particular mining operations in the regions adjacent to the sampling area. In these areas, illegal
mining activities generate significant amounts of excavation waste that is left unprotected and stored. During the
heavy rains typical of the region, these residues are washed away and accumulate in the floodplains of the Sinú
River. Also, the process of extracting gold from alluvial sediments involves roasting them to separate their
valuable contents. This process takes place in the open air, resulting in the dispersal of toxic fumes that fall to the
ground with rain, depositing large amounts of Hg in the sediments.

The documented contamination of the riverbanks of the Sinú river, together with the identified anthropogenic
sources, underscores the need to implement a systematic, long‐term monitoring activity aimed at reducing
contaminant inputs and protecting the environmental and human health of the Sinú River basin. Future work
should increase the spatial density of the sampled sites and incorporate multiple points per site, extend depth
profiling to capture deeper sediment horizons, integrate source‐tracking techniques to discriminate mining‐versus
agricultural contributions, and evaluate remediation options tailored to the dominant contaminants. Implementing
these measures would provide the quantitative basis needed to protect the river ecosystem and the health of the
surrounding communities.

It is also crucial to raise public awareness through campaigns that educate local communities about the risks and
encourage safe practices, especially regarding the consumption of potentially contaminated water or fish.
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Addressing heavy metal contamination requires a long‐term, coordinated effort involving government agencies,
industry, and local communities. This collaboration is essential to ensure the protection of the environment and
public health through sustainable practices, effective regulations, and community engagement.
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