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Abstract  Freshwater ecosystems play a funda-
mental role in maintaining biodiversity and support-
ing human societies; however, the mobilization of 
potentially toxic elements (PTEs) poses a significant 
threat to their integrity. Here, we characterized the 
elemental composition of the bottom sediments of 72 
lakes in the Araguaia River floodplain, a region that 
has been undergoing large-scale environmental deg-
radation due to the advance of anthropogenic activi-
ties. The objectives of this study were to assess the 

degree of Cr, Cu, Ni, Pb, and Zn contamination in 
bottom sediments, identify critically contaminated 
areas, and evaluate the contribution of anthropogenic 
and natural factors to the distribution of PTEs in the 
floodplain. The contamination and enrichment fac-
tors followed the order of Ni > Cr > Pb > Cu > Zn. 
Notably, Ni and Cr showed the highest proportions 
of samples with moderate and significant enrich-
ment, respectively, with a considerable and very high 
degree of contamination. Critical areas of PTE con-
tamination have been identified in lakes with intense 
anthropogenic land use and igneous and metamorphic 
rocks derived from mafic parent materials. All PTEs 
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were strongly correlated with the Mg concentrations 
in the sediments, which were used here as a proxy for 
regional geology characterization. Land-use inten-
sity was positively associated with higher Cr and Ni 
concentrations in sediments. Organic matter content 
significantly influenced the accumulation of PTEs in 
sediments (except for Cr). This study offers valuable 
insights into the sources, distribution, and control of 
PTE contamination in floodplain lakes, underscoring 
the importance of sustainable land use management 
in mitigating contamination risks.

Keywords  Contamination factor · Pollution load 
index · Source apportionment · Mafic rock · Cerrado

Introduction

Freshwater ecosystems play a vital role in main-
taining biodiversity and supporting human society. 
However, despite their ecological significance, these 
ecosystems cover only a small portion of the Earth’s 
surface and are increasingly under anthropogenic 
pressure. Among the various effects of human activi-
ties, contamination by potentially toxic elements 
(PTEs) is of particular concern (Carvalho et  al., 
2022). PTEs occur naturally in the Earth’s crust and 
are mobilized into aquatic ecosystems through pro-
cesses such as volcanic eruptions and rock weather-
ing (Kapoor & Singh, 2021). Nonetheless, anthro-
pogenic emissions have vastly exceeded natural 
mobilization rates, significantly altering the distribu-
tion of PTEs across environmental compartments, 
primarily through mining, industrial activities, and 
the discharge of urban waste and effluents (Andrade 

et al., 2018; Hanfi et al., 2020; Yu et al., 2021). Addi-
tionally, the intensification of agricultural activities in 
river basins represents a diffuse source of PTE mobi-
lization (Ochoa-Contreras et al., 2023; Rosolen et al., 
2015), especially in regions with soils derived from 
mafic and metavolcanic rocks, which are inherently 
rich in PTEs (Quaresma et al., 2022).

In aquatic ecosystems, PTEs are deposited in sedi-
ments through complex interactions involving sedi-
mentation, adsorption, and co-precipitation (Yao & 
Gao, 2007). These interactions are more complex in 
floodplain lakes, where seasonal flood pulses influ-
ence sediment input rates and redox conditions (van 
Griethuysen et al., 2005). PTEs bound to particulate 
matter from rivers, terrestrial ecosystems, and atmos-
pheric deposition are transported through the water 
column. While larger particles settle rapidly, finer 
and colloidal particles remain suspended for longer, 
with flocculation driven by dissolved organic matter, 
which promotes sedimentation (Donohue & Garcia 
Molinos, 2009; Plach et al., 2011). Dissolved and col-
loidal PTE fractions in the water column are adsorbed 
onto humic substances, clay minerals, and iron and 
manganese oxyhydroxides through cation exchange 
and electrostatic reactions (Li et  al., 2018, 2023; 
Ruello et  al., 2011), forming insoluble compounds 
that precipitate in the bottom sediments (López et al., 
2010; Yuan et  al., 2014). These processes are regu-
lated by water and sediment physicochemical parame-
ters such as redox potential, suspended sediment con-
centrations, and organic matter content (Khan et  al., 
2016; Ponting et  al., 2021; Sadeghi et  al., 2012). 
Consequently, bottom sediments can act as temporary 
reservoirs or sources of PTEs, depending on environ-
mental conditions.
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Elements such as chromium (Cr), copper (Cu), 
nickel (Ni), and zinc (Zn) play various roles in 
aquatic ecosystems but have different degrees of 
toxicity, depending on their concentrations, chemi-
cal form, and bioavailability, affecting both bio-
logical communities and human health (Kou et  al., 
2024; Sigel & Sigel, 2019; Vandeuren et  al., 2023). 
For example, trivalent chromium (Cr (III)) is essen-
tial for the metabolism of proteins, fats, and carbo-
hydrates (Swaroop et  al., 2019), whereas hexavalent 
chromium (Cr (VI)) is a known carcinogen (IARC, 
2012). Conversely, lead (Pb) has no biological func-
tion and is toxic, even at low concentrations (Kumar 
et al., 2020). Understanding the processes governing 
the transport and fate of PTEs in aquatic ecosystems 
is critical for assessing their potential risks to ecosys-
tem integrity and human health.

Analyzing PTE concentrations in bottom sedi-
ments enables identification of their origins, spatial 
distributions, and associated contamination risks 
(Basti et  al., 2025; Tepe et  al., 2022; Zhang et  al., 
2019). Various quality guidelines and indices have 
been developed to assess sediment contamination, 
with wide applications in evaluating the extent of pol-
lution in aquatic ecosystem (CCME, 2003; Ferreira 
et  al., 2022). For instance, the contamination factor 
(Hakanson, 1980) and enrichment factor (Sutherland, 
2000) enable the assessment of individual levels of 
contamination in lake sediments, while the pollution 
load index provides an integrated assessment of mul-
tiple pollutants (Tomlinson et al., 1980). Combining 
sediment assessment indices with spatial analysis has 
proven effective in identifying priority areas for con-
tamination at both local and regional scales (Monteiro 
et  al., 2023; Sojka et  al., 2022). Such assessments 
are particularly crucial for ecosystems experiencing 
large-scale environmental degradation due to advanc-
ing anthropogenic activities.

The Araguaia River floodplain, located in the Bra-
zilian savannah (Cerrado biome), has undergone sig-
nificant land-use changes since the 1970 s (Pelicice 
et  al., 2021). Intense deforestation has significantly 
altered hydrological and geomorphological processes 
in the Araguaia River (Latrubesse et al., 2009; Teix-
eira et al., 2024), affecting the transport of Hg (Mon-
teiro et al., 2023) and pesticides (Lima-Junior et al., 
2024) into aquatic ecosystems. Furthermore, Moraes 
et  al. (2023) demonstrated that the combined effects 
of land use and the occurrence of igneous rocks in the 

sub-basins increased Hg concentrations in the lake 
sediments of the Araguaia River floodplain. However, 
data on the concentrations and factors influencing 
the distribution of other PTEs in Araguaia floodplain 
lakes remain scarce. In this context, we character-
ized the elemental composition of bottom sediments 
from 72 floodplain lakes, focusing on PTEs Cr, Cu, 
Ni, Pb, and Zn. Our study aimed to address the fol-
lowing questions: (i) What is the degree of PTE con-
tamination in the sediments? (ii) How are PTE con-
centrations spatially distributed, and what are the 
critical contamination areas? (iii) How do land-use 
intensity, water physicochemical parameters, sedi-
ment organic matter content, and regional geology 
influence PTE concentrations? Additionally, we ana-
lyzed the elemental composition of the rock samples 
to trace the origins and transport of PTEs to the bot-
tom sediments. These findings provide an integrated 
assessment of the natural and anthropogenic factors 
controlling PTE contamination and distribution in a 
large floodplain, highlighting elements that exceed 
quality guidelines and identifying priority areas for 
monitoring.

Material and methods

Study area

The Araguaia River is a large river located pre-
dominantly in the Cerrado biome in the Center-
West region of Brazil. Draining from south to north, 
between the states of Goiás, Mato Grosso, Tocantins, 
and Pará, the Araguaia River has an average flow 
of 6420 m3  s−1 and a drainage area of 377,000 km2 
(Latrubesse & Stevaux, 2002). A tropical climate 
with a dry winter (Aw) is predominant in the river 
basin, with a rainy season from October to April and 
a dry season from May to September. The Middle 
Araguaia stretch is characterized by an alluvial plain 
with a low amplitude of fluctuations in the water level 
(Junk et al., 2014), with an average annual flow rang-
ing from 1175 m3 s−1 at the most upstream monitor-
ing station to 5283 m3  s−1 at the most downstream 
station (Aquino et al., 2009). The floodplain is mainly 
composed of terraces and quaternary alluvial depos-
its of the Araguaia Formation, with the occurrence 
of mafic and ultramafic minerals in the sub-basins of 
the right bank tributaries, such as amphibolite, basalt, 
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gabbro, metagabbro, serpentinite, orthogneiss, pyrox-
enite, peridotite, and talc schist (CPRM, 2004).

Middle Araguaia has predominantly pasture and 
agricultural land use to the south (upstream), and a 
mosaic of preserved areas to the north (downstream), 
which is home to wetlands of international impor-
tance for biodiversity conservation, including Bana-
nal Island (Ramsar site) (Fig.  1). Despite their neg-
ligible proportions on a regional scale, copper (Cu) 
mining and human settlements can represent a source 
of diffuse pollution on a local scale. Cu mining is in 
the Crixás-Açú River sub-basin, 45 km from the river 
channel and 150 km upstream of the nearest sampling 
unit. The municipalities in our study area are pre-
dominantly rural, with urban areas varying between 

0.9 and 8 km2 and population density between 0.4 
and 3.9 inhabitants/km2 (IBGE, 2022). Despite the 
low level of economic development in the towns, the 
tourism industry stands out in Middle Araguaia, with 
a significant increase in the local population during 
the low-water period.

Sediment sampling, processing, and determination of 
the elemental composition

Bottom sediment samples were collected during the 
high-water period (February 2023) in 72 floodplain 
lakes connected to the Araguaia River (n = 39) and 
four tributaries: Água Limpa Stream (n = 5), Ver-
melho River (n = 14), Peixe River (n = 11), and 

Fig. 1   a Map of Brazil and location of the study area, high-
lighting b land use and occupation and c geology. b The “Nat-
ural” class comprises forest, savannah, and grassland forma-
tions, and the “Agrobusiness” class comprises areas destined 
for pasture, agriculture, and forestry. c The acronyms in the 
legend indicate the rock formation process: Sed, sedimentary 
rocks; Met, metamorphic rocks; and Ign, igneous rocks. Cross-
hatching lines indicate the presence of minerals derived from 

mafic and ultramafic parent materials. The acronyms in figures 
b and c represent the names of the rivers: AR, Araguaia River; 
ALS, Água Limpa Stream; VR, Vermelho River; PR, Peixe 
River; and CAR, Crixás-Açú River. The numbers indicate the 
municipalities and districts: (1) Itacaiú; (2) Britânia; (3) Aru-
anã; (4) Cocalinho; (5) São José dos Bandeirantes; (6) Luiz 
Alves do Araguaia; (7) Novo Santo Antônio; (8) São Félix do 
Araguaia; (9) Luciara; and (10) Santa Terezinha
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Crixás-Açú River (n = 3) (Fig. 1). Sediment samples 
were collected with an Eckman dredge (~ 10 cm), 
stored in polyethylene bags, and transported in ther-
mal boxes with ice. In the laboratory, the sediment 
samples were air-dried in a clean environment (25–30 
°C), ground using an electric mortar and pestle, and 
sieved (125 µm).

Chemical extraction for the quantification of the 
selected elements (Al, Ba, Cr, Cu, Fe, Mg, Mn, Ni, 
Pb, Ti, and Zn) was carried out using an open system, 
using an alternative method equivalent to that in the 
U.S. EPA 3051 (U.S. EPA, 1996). Initially, 8 mL of 
65% nitric acid (HNO3) was added, and the samples 
were transferred to a hotplate at 120 °C for evapora-
tion. Next, 8 mL of a mixture of HCl and HNO3 (3:1, 
v/v) was added, and the samples were returned to the 
hotplate until evaporation. The samples were resus-
pended with hydrochloric acid (0.1 N HCl), filtered 
through paper filters (3-µm pore size), and the final 
volume was completed with ultrapure water (Milli-Q 
Plus, Millipore, Bedford, USA). The total concentra-
tions of the elements were quantified using induc-
tively coupled plasma optical emission spectrometry 
(ICP-OES Optima 8300, Perkin Elmer, Waltham, 
USA). Analytical quality control was performed by 
analyzing blank samples (reagents and filters only) 
and the certified reference material EnviroMAT SS2 
(SCP Science, Quebec, Canada), with mean recovery 
rates between 88 and 110%.

Rock sampling, processing and determination of the 
elemental composition

Samples of rocky outcrops (n = 9) and pebbles (n = 
2) were collected from the Araguaia River Channel 
during the rising water period in November 2021 and 
November 2023 (Fig. 1). The samples were air-dried 
and pulverized in a pan mill. The semi-quantitative 
determination of major oxides was carried out by 
energy dispersive X-ray fluorescence spectrometry 
(ED-XRF) using Shimadzu EDX720HS equipment 
(Shimadzu Corporation, Kyoto, Japan). The accuracy 
of the analytical method was determined by the sum 
of the proportions of each oxide identified and the 
result of the mass loss by ignition (450 °C for 4 h), 
with a total proportion between 95 and 107%. Chemi-
cal extraction for the quantification of the selected 
elements (Al, Ba, Cr, Cu, Fe, Mg, Mn, Pb, Ti, and 
Zn) was performed using alkaline fusion with lithium 

metaborate at 950 °C for 30 min. Subsequently, 50 
mL of hydrochloric acid (2 M HCl) was added, and 
the samples were mixed in a magnetic stirrer to dilute 
the fusion product. The total element concentrations 
were quantified using inductively coupled plasma 
optical emission spectrometry (ICP-OES, Agilent 
5100, Agilent Technologies, Santa Clara, USA). The 
internal reference material BG-1 produced by the 
Geochemistry Laboratory (University of Brasilia, 
Brazil) was used to evaluate the accuracy of the ana-
lytical method, with mean recovery rates between 85 
and 111%.

Pollution assessment of potentially toxic elements in 
bottom sediments

The concentrations of Cr, Cu, Ni, Pb, and Zn in the 
sediments were compared with the threshold effect 
level (TEL) and probable effect level (PEL) estab-
lished by the sediment quality guidelines (SQG) of 
the Canadian Council of Ministers of the Environ-
ment (CCME, 2003) and adopted by the Brazilian 
government (Brazil, 2012). The TEL represents the 
threshold below which there is the lowest probability 
of adverse effects on biota, whereas the PEL indicates 
the threshold above which there is the highest prob-
ability of adverse effects on biota.

The contamination factor (CF) was used to assess 
the degree of contamination of each element concern-
ing the regional reference concentration (Hakanson, 
1980). CF was calculated using Eq.  1, where Cn is 
the concentration of a given element in each sampling 
unit and Cb is the reference concentration. CF results 
were grouped into four degrees of contamination: no 
contamination (CF < 1), moderate (1 ≤ CF ≤ 3), con-
siderable (3 ≤ CF ≤ 6), and high (CF > 6) (Hakanson, 
1980).

The enrichment factor (EF) was used to assess 
the degree of enrichment of the concentrations of 
the selected PTEs in relation to a conservative ele-
ment. Aluminum was selected as a conservative ele-
ment because it has low mobility in sediments (Boës 
et  al., 2011) and shows less variability compared to 
other elements commonly used to calculate the EF, 
such as Fe and Ti. The normalization of PTE con-
centrations by Al is important to compensate for the 

(1)CF = C
n
∕C

b
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granulometric and mineralogical variation of samples 
between sampling units (Wang et  al., 2015). How-
ever, Al-normalized concentrations do not consider 
uncertainties and randomness in aquatic ecosys-
tems because of the physicochemical parameters of 
the water and anthropogenic inputs on a local scale 
(Li et al., 2021). Thus, the integration of CF and EF 
allows for a robust assessment of the degree of indi-
vidual contamination by PTEs in the bottom sedi-
ments. EF was calculated using the ratio of the con-
centrations of each selected element (Cn) to Al (CAl) 
at each sampling site and the ratio of the regional ref-
erence concentrations (Eq. 2; Sutherland, 2000). The 
EF results indicated five degrees of enrichment: mini-
mal (EF < 2), moderate (2 ≤ EF < 5), significant (5 
≤ EF < 20), very high (20 ≤ EF < 40), and extremely 
high (EF ≥ 40) (Sutherland, 2000).

The pollutant load index (PLI) was applied to the 
integrated assessment of contamination for the entire 
set of potentially toxic elements at each sampling site. 
The PLI was calculated using Eq. 3, where CF is the 
contamination factor for each selected element (Tom-
linson et  al., 1980). PLI values < 1 indicate that the 
concentrations agree with the geochemical baseline, 
whereas PLI values > 1 indicate enrichment of the 
concentrations by anthropogenic sources.

Considering that there are no previous studies on 
PTE concentrations in the Araguaia River floodplain, 
we calculated regional background concentrations 
from our dataset. The sampling sites were separated 
into three groups based on the river system: (i) tribu-
taries, (ii) Araguaia upstream of Bananal Island, and 
(iii) Araguaia on Bananal Island. The groups were 
defined a priori to ensure the representativeness of 
the natural areas between the sections of the Araguaia 
River and its tributaries owing to the predominance 
of natural areas on Bananal Island. The sampling 
sites with the highest proportion of natural areas (for-
est, savannah, grassland, and wetland formations) in 
each group were selected to calculate the reference 
values (n = 27). We then used the median absolute 
deviation (MAD) method to identify the upper limit 

(2)EF =

(
C
n
∕CAl

)
local(

C
n
∕CAl

)
background

(3)PLI =
(
CFCr × CFCu × CFNi × CFPb × CFZn

) 1

5

of the regional background and remove geochemical 
outliers for each chemical element (Eq.  4; Reimann 
et  al., 2005). After removing concentrations above 
the upper limit, the regional reference value was cal-
culated using the median of the remaining sampling 
units (Carrillo et al., 2022).

Assessment of the spatial structure and identification 
of hotspots contamination in sediments

Variographic analysis was applied to assess the con-
tribution of endogenous and exogenous factors to the 
spatial dependence of the PTEs. Endogenous fac-
tors represent the structural characteristics of bottom 
sediments, including mineral composition, phys-
icochemical parameters, and geological formations 
(Angelini et  al., 2016; Dong et  al., 2024). However, 
exogenous factors indicate conditions external to the 
variable studied, such as variations in environmental 
conditions and anthropogenic influences (Angelini 
et  al., 2016; Monteiro et  al., 2024a). The variogram 
combines the nugget (C0), sill (C), and amplitude 
(a) to model how the similarity between sampling 
sites decreases with increasing distance (h) (Goo-
vaerts, 1997). The nugget represents the small-scale 
variance, the sill indicates the total variance, and the 
amplitude is the distance at which the spatial cor-
relation becomes random. Spatial dependence was 
calculated as the ratio between nugget and sill, clas-
sified as strong, < 25%; moderate, 26–75%; and weak, 
> 76% (Cambardella et  al., 1994). Considering that 
spatial dependence is mainly promoted by endog-
enous factors (Dale & Fortin, 2014), strong spatial 
dependence indicates the predominance of endog-
enous factors for the distribution of PTEs in bottom 
sediments, whereas weak spatial dependence suggests 
the predominance of exogenous factors. The experi-
mental variograms were adjusted with the indica-
tor kriging method using the Geostatistical Wizard 
function of ArcMap 10.8.1 software (Esri, Redlands, 
USA). The best models were selected based on the 
mean error (ME ≅ 0) and the standardized root mean 
squared scaled error (RMSSE ≅ 1) of the probability 
predictions.

(4)
MAD = Median

(|
|Xi

−Median(X)||
)
,

Upper Threshold = Median + (2 ×MAD)
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The Getis-Ord (Gi*) statistic was used to cluster 
extreme values and identify critical areas (hotspots) 
for individual (CF) and integrated (PLI) contamina-
tion of PTEs in bottom sediments on a local scale. 
The Gi* method measures the degree of local auto-
correlation of a given variable in a site with respect 
to neighboring sampling sites by comparing the sum 
of the values of the weighted points located within 
a certain radius of the original weighted point with 
the sum of all the values in the dataset (Getis & Ord, 
2010). The global Moran’s index was applied before-
hand to check the magnitude of the global autocor-
relation in our dataset (spdep package; R Core Team, 
2024). Global autocorrelation was significant for all 
PTEs (Table  S1), biasing the significance tests on a 
local scale (Sokal et  al., 1998). Therefore, Gi* was 
used to assess the clustering of the sampling sites 
using an exploratory approach. Gi* was calculated 
using the hot spot analysis function in ArcMap 10.8.1 
software.

Characterization of environmental variables

The oxidation–reduction potential (ORP), total dis-
solved solids (TDS), electrical conductivity (Ec), tur-
bidity, and depth were measured in situ using a multi-
parameter probe (U-50, Horiba, Kyoto, Japan). The 
water transparency was measured using a Secchi disk. 
Water samples were collected from the subsurface in 
polyethylene bottles and stored in a thermal box with 
ice. On the same day that the samples were collected, 
some of them were filtered using glass microfiber 
membranes (Whatman GF/C, Cytiva, Amersham, 
UK). The unfiltered samples were used to determine 
the total phosphorus, whereas the concentrations of 
phosphate, nitrate, and ammoniacal nitrogen were 
measured from the filtered samples. The total phos-
phorus, phosphate, nitrate, and ammoniacal nitrogen 
concentrations were determined using spectropho-
tometry. Total phosphorus and phosphate levels were 
determined using the ascorbic acid method. Nitrate 
and ammoniacal nitrogen concentrations were deter-
mined using the cadmium reduction and salicylate 
methods, respectively (APHA, 2005). Zero values 
were assigned to the samples with concentrations 
below the detection limit.

The sediment organic matter (SOM) content was 
estimated by loss on ignition (LOI) by heating 1.5 g 
of each sample (in duplicate) in a muffle furnace at 

500 °C for 4 h. We used Mg concentrations as a proxy 
for the occurrence of geogenic mobilization sources 
because mafic rocks or sedimentary and metamorphic 
rocks derived from mafic materials have high con-
centrations of Mg, Cr, Cu, and Ni (Alloway, 1990; 
Lipp et al., 2020). The Mg quantification method and 
analytical quality control are described in the “Sedi-
ment sampling, processing, and determination of the 
elemental composition” section.

Land-use and land-cover data were obtained from 
the MapBiomas Project with a spatial resolution of 
30 m (MapBiomas Project, 2024). The characteri-
zation of land use and land cover was carried out in 
10-km buffers from the collection point of each lake. 
The land-use classes were grouped into forest forma-
tions, savannah formations, grassland formations, 
wetlands, agrobusiness (pasture, agriculture, and 
forestry), urban areas, mining, other non-vegetated 
areas, and water bodies. The absence of urban areas 
was detected around most lakes (77%), so the land 
use index (LUI) was used to provide a continuous 
variable representing the combined impact of agri-
cultural activities and urban areas (Eq. 5, Rawer-Jost 
et al., 2004).

To assess the influence of mining on the concentra-
tion of PTEs in the sediments, we selected only lakes 
associated with the Crixás-Açú River and the Ara-
guaia River (downstream of the Crixás-Açú River). 
The locations of the metallic mining areas were 
obtained from the MapBiomas Project (MapBiomas 
Project, 2024), and the Euclidean distance from each 
sampling unit to the nearest Cu mining area upstream 
was calculated using the Near tool in ArcMap 10.8.2 
software. For statistical analyses, the distances were 
transformed into semi-quantitative data: (1) 150–200 
km; (2) > 200 km; (3) > 300 km; and (4) no occur-
rence of upstream mining.

Modeling multivariate patterns of PTEs distribution

We used principal component analysis (PCA) to 
explore the dissimilarity of the elemental ratios (ele-
ment/Al) of the rocks collected in the main channel 
of the Araguaia River and in the lake-bottom sedi-
ments (rda function). The Kaiser–Meyer–Olkin cri-
terion (KMO = 0.77) and Bartletts test of sphericity 

(5)LUI = 4 × %Urban areas + 2 × %Agrobusiness
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(χ2(28) = 765.72; p < 0.001) were used to confirm 
the suitability of our dataset for PCA. Spearman’s 
non-parametric correlation (rs) was applied to assess 
whether the concentrations of PTEs in bottom sedi-
ments vary in a similar way in the sampling sites (cor 
function). Positive correlations indicate that the PTEs 
are similar in terms of the source of mobilization and 
geochemical behavior (Ustaoğlu & Islan, 2020; Basti 
et al., 2025). In addition, hierarchical cluster analysis 
(HCA) was used to assess the dissimilarity of ele-
ments related to the sources of mobilization. HCA 
was performed using Euclidean distance and the 
unweighted pair group method using arithmetic aver-
ages (UPGMA) (hclust function). The variables were 
standardized with mean zero and standard deviation 
one (decostand function), and the cophenetic cor-
relation coefficient (ccc) was used to measure the fit 
between the dendrogram and distance matrix.

Generalized linear mixed models (GLMM) were 
used to assess the relative contribution of land use and 
occupation classes, physico-chemical water param-
eters, organic matter, and Mg content in sediments 
(fixed effects), and the concentrations of Cr, Cu, Ni, 
Pb, and Zn in bottom sediments (response variables). 
The sub-basins were included as random effects to 
assess the influence of the specific characteristics 
of each river system and the land use in its drainage 
area on the distribution of the elements. The predictor 
variables were selected using the forward selection 
method (regsubsets function). Descriptive statistics 
for all candidate predictor variables are available in 
the Supplementary Information (Table S2). GLMMs 
were estimated using the restricted maximum likeli-
hood (REML) approach (lmer function). The adjusted 
coefficient of determination (R2) was obtained using 
the r.squaredGLMM function, providing two values: 
conditional R2 (R2

c), which represents the total vari-
ance explained by random fixed effects, and marginal 
R2 (R2

m), which represents the variance explained 
by the fixed effects. The overall significance of the 
models was calculated using the likelihood ratio test 
(LRT) between the final model for each potentially 
toxic element and a null model (lrtest function). The 
relative contribution of each predictor variable (fixed 
effects) was obtained by hierarchical partitioning of 
the marginal R2 (R2

m-partial) (glmm.hp function).
The proportion of land-use classes and organic 

matter content was converted by the square root of 
the arcsine. The other variables, except for distance 

to Cu mining and LUI, were log-transformed. The 
residuals were evaluated for normality (ks.test func-
tion), homoscedasticity (testDispersion function), and 
autocorrelation (moran.test function). These assump-
tions were not violated. The analyses were carried out 
in the R programming environment (R Core Team, 
2024) using the packages stats, vegan, EFAtools, 
leaps, lme4, DHARMa, lmetest, MuMIn, glmm.hp, 
and spdep.

Results

Elemental composition of bottom sediment and rock 
samples

The mean concentrations of the chemical elements 
in the bottom sediments followed the order Fe > Al 
> Mg > Mn > Cr > Ba > Zn > Ti > Pb > Ni > Cu 
(Table 1). The mean concentrations in the rocks fol-
lowed the order of Al > Fe > Mg > Ti > Ba > Mn > Zn 
> Cr > Cu (Table  1). Pb concentrations were below 
the detection limit for all rock samples. The main 
oxides in the rock samples were SiO2 (39.4–96.9%), 
Al2O3 (2.4–17.9%), and Fe2O3 (0.1–6.1%). The first 
two axes of the principal component analysis explain 
74% of the variability in the elemental ratios, indicat-
ing a clear separation between the compositions of 
the rock and sediment samples (Fig. 2). All elemen-
tal ratios were negatively correlated with axis 1. The 
elemental ratios of Ti, Ba, Cu, and Fe were positively 
correlated with axis 2, mainly associated with the 
rock samples, whereas the elemental ratios of Cr, Mg, 
Mn, and Zn were associated with the bottom sediment 
samples and negatively correlated with axis 2. The 
complete composition of the rock oxides and elemen-
tal ratios of the rocks and sediments are available in 
the Supplementary Information (Tables S3 and S4).

Assessing the contamination of PTEs in bottom 
sediments

The bottom sediment samples showed concentrations 
mostly above the regional background concentra-
tions, except for Cu, with Ni, Zn, and Pb standing out 
(Table  2). The regional background concentrations 
were consistently lower than the threshold effect level 
(TEL) and probable effect level (PEL), except for 
Cr, whose background concentration was 3.5 times 
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higher than that of the TEL. Only one sampling site 
had a Cr concentration below the values established 
by the sediment quality guidelines, with concentra-
tions above the PEL in 83.3% of the samples. In con-
trast, the concentrations of the other elements were 
mostly below the TEL, with concentrations between 
the TEL and PEL values for Ni and Pb and above the 
PEL for Ni (Table 2).

The contamination factor (CF) and enrichment 
factor (EF) followed the order Ni > Cr > Pb > Cu 

> Zn (Table  2). Only Cu exhibited a low degree of 
contamination (CF < 1). In general, more than half 
of the sampling sites showed moderate contamina-
tion (1 ≤ CF ≤ 3), mainly of Pb and Zn. Consid-
erable levels of contamination (3 ≤ CF ≤ 6) were 
determined for Ni, Cr, and Cu, whereas only one 
sampling site showed very high contamination by Ni 
(CF > 6). Considering the Al-normalized concentra-
tions, the bottom sediments showed minimal degrees 
of enrichment at most sampling sites (EF < 2). The 

Table 1   Elemental 
composition of the bottom 
sediment and rock samples 
(mg kg−1). SD, standard 
deviation; CV, coefficient of 
variation

 < LOD, concentrations 
below the detection limit; 
NA, Ni concentrations were 
not quantified in the rocks

Bottom sedi-
ment (n = 
72)

Al Ba Cr Cu Fe Mg Mn Ni Pb Ti Zn

Mean 12,964 111 172.6 12.2 20,949 1493 537.8 18.8 24.7 43 44.6
Median 13,574 122.2 137.8 10.9 19,253 1448 510.4 15.6 27.4 33.3 46.2
SD 5396 39.9 98.4 8 13,227 825 475 15 11.6 49.1 13.6
Minimum 2864 12.8 28.8 1.7 1305 86.2 3.9 1.5 2.4 3.4 9.5
Maximum 26,391 196.4 448.7 59.1 60,104 3927 2935 92.4 50 397.1 76.7
CV (%) 42 36 57 66 63 55 88 80 47 114 31
Rocks
(n = 11)
Mean 42,890 519.2 46.9 34.3 33,886 1079 304.4 NA  < LOD 1042 54
Median 41,964 327.6 41.7 38.3 15,165 391.7 165.7 NA  < LOD 889.2 43.9
SD 17,473 467.5 25.1 12.6 61,196 1374 334.2 NA  < LOD 846.4 36
Minimum 807.5 186.9 24.2 14.1 8573 60.2 44.9 NA  < LOD 72.4 7.3
Maximum 68,606 1,741 116.6 48.4 21,801 3988 1019 NA  < LOD 2745 116.4
CV (%) 41 90 53 37 181 127 110 NA  < LOD 81 67

Fig. 2   Bivariate plots 
representing the order of 
elemental ratios of the 
sediment and rock samples 
using principal component 
analysis
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highest degrees of enrichment were observed for Ni, 
with moderate (2 ≤ EF < 5) and significant (5 ≤ EF 
< 20) enrichments in 20.8% and 4.2% of the samples, 
respectively. For Cr, 11.1% of the samples showed 
moderate enrichment. Additionally, considering all 
the elements assessed, approximately 60% of the 
sampling sites had a pollution load index greater than 
one.

Spatial structure and hotspots of PTE contamination 
in sediments

Variographic analysis showed strong to moderate 
spatial dependence for Zn and Ni concentrations 
(18.9% and 29.7%, respectively), indicating the pre-
dominant contribution of endogenous factors. The 
spatial dependence of Cr and Cu concentrations was 
moderate (42.7% and 43%, respectively), suggesting 
the contribution of endogenous and exogenous fac-
tors, whereas the weak spatial dependence observed 
for Pb (92.6%) reflects the predominance of exog-
enous factors (Table S5). The amplitudes of the vari-
ograms showed that Cr and Ni concentrations varied 
over long distances (> 100 km), Cu and Pb concen-
trations varied over moderate distances (≅ 50 km), 
and Zn concentrations varied at a local scale (25 km) 
(Table S5).

Hotspot analysis showed that the elements evalu-
ated had different spatial distribution patterns on a 
local scale. The Cr and Ni contamination hotspots 

were determined in the southern region of the flood-
plain (upstream), mainly in the Água Limpa Stream 
and Vermelho River (Fig.  3a, c). The Cu contami-
nation hotspots in the bottom sediments were deter-
mined in the sampling units with upstream Cu mining 
located in the Crixás-Açú sub-basin and downstream 
of the confluence with the Araguaia River (Fig.  3b, 
g).

The hotspots of Pb and Zn contamination showed 
a similar pattern, located in the sub-basins of the 
Água Limpa Stream, Vermelho River, and Crixás-
Açú River, as well as lakes situated downstream of 
the confluence of the Araguaia River with the Peixe 
River (Fig.  3d, e). No hotspots for any of the ele-
ments were determined at the sampling sites located 
on the Peixe River and Bananal Island. Consider-
ing the cumulative contamination factor for all the 
selected elements, the critical areas for pollution were 
located in the sub-basins of the Água Limpa Stream, 
Vermelho River, and Crixás-Açú River, a region with 
intense land use and the occurrence of igneous and 
metamorphic rocks (Fig. 3f, g, h).

Local and regional factors controlling the distribution 
of PTEs in bottom sediments

All PTEs were significantly correlated, especially Cr 
and Ni (rs = 0.84; p < 0.0001), Ni and Pb (rs = 0.76; 
p < 0.0001), and Pb and Cu (rs = 0.73; p < 0.0001) 
(Fig.  4a). Hierarchical cluster analysis indicated a 

Table 2   The average concentrations of Cr, Cu, Ni, Pb, and Zn were compared with regional background concentrations, sediment 
quality guideline limits, contamination factors, and enrichment factors

Cr Cu Ni Pb Zn

Mean concentration (mg kg−1) 172.6 ± 98.4 12.2 ± 8 18.8 ± 15 24.7 ± 11.6 44.6 ± 13.6
Regional background (mg kg−1) 132.9 11.5 12.0 22.9 42.8
Threshold effect level (mg kg−1) 37.3 35.7 18 35 123
Probable effect level (mg kg−1) 90 197 35.9 91.3 315
Contamination factor (unitless) 1.3 ± 0.7 1.1 ± 0.7 1.6 ± 1.2 1.1 ± 0.5 1.0 ± 0,3
Low contamination (N; %) 32 (44.4%) 39 (54.2%) 23 (31.9%) 27 (37.5%) 26 (36.1%)
Moderate contamination (N; %) 37 (51.4%) 32 (44.4%) 41 (56.9%) 45 (62.5%) 36 (63.9%)
Considerable contamination (N; %) 3 (4.2%) 1 (1.4%) 7 (9.8%) - -
High contamination (N; %) - - 1 (1.4%) - -
Enrichment factor (unitless) 1.4 ± 0.6 1.1 ± 0.4 1.6 ± 1.5 1.1 ± 0.3 1.2 ± 0.4
Minimal enrichment (N; %) 64 (88.9%) 69 (95.8%) 54 (75.0%) 71 (98.6%) 69 (95.8%)
Moderate enrichment (N; %) 8 (11.1%) 3 (4.2%) 15 (20.8%) 1 (1.4%) 3 (4.2%)
Significant enrichment (N; %) - - 3 (4.2%) - -
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precise fit between the distance matrix and dendro-
gram (ccc = 0.986), grouping the elements into three 
clusters. The first cluster represents Cr; the second 
cluster represents Zn; and the third cluster represents 
Pb, Cu, and Ni (Fig. 4b).

The GLMM indicated that the combination of 
fixed and random effects explained 83% of the vari-
ation in Cr concentrations in the bottom sediments. 
Among the fixed effects (R2

m = 0.485), Mg concen-
trations (R2

m-partial = 0.644), and organic matter con-
tent (R2

m-partial = 0.278) contributed positively to Cr 
concentrations in the sediments, while the proportion 
of grassland areas contributed negatively (R2

m-partial = 
0.051) (Fig. 5a).

The GLMM explained 91% of the variation in 
Cu concentrations, 78% of which was exclusively 
explained by fixed effects (Fig.  5b). Cu concentra-
tions were negatively influenced by distance to the 

mining site (R2
m-partial = 0.101) and by the concentra-

tion of phosphorus in the water (R2
m-partial = 0.063) 

and positively influenced by the concentration of Mg 
(R2

m-partial = 0.656) and the content of organic matter 
in the sediments (R2

m-partial = 0.089).
Approximately 88% of the variation in Ni con-

centration was explained by the GLMM. Among the 
fixed factors that explained 65% of the total variance, 
we highlighted the positive influence of Mg concen-
trations (R2

m-partial = 0.509), intensity of anthropo-
genic land use (R2

m-partial = 0.276), and organic mat-
ter content (R2

m-partial = 0.153). In addition, despite its 
small explanatory power, the concentration of phos-
phorus was inversely related to the concentration of 
Ni in the sediments (R2

m-partial = 0.061) (Fig. 5c).
The explanatory power of the GLMM, consid-

ering Pb as the response variable, was fully attrib-
uted to the fixed effects (R2

c and R2
m = 0.905). Pb 

Fig. 3   Hotspot analysis of the contamination factor (CF) of 
the elements: a Cr, b Cu, c Ni, d Pb, e Zn, and f pollution load 
index (PLI) considering all elements. g, h The use and occu-
pation of land and the geology of the study area. On the geo-

logical map, the acronyms indicate the rock formation process: 
Sed, sedimentary rocks, Met, metamorphic rocks, and Ign, 
igneous rocks. Cross-hatching lines indicate the occurrence of 
minerals derived from mafic and ultramafic parent material
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concentrations were positively influenced by Mg 
concentration (R2

m-partial = 0.368), organic matter 
content (R2

m-partial = 0.354), and nitrate concentration 
in the water (R2

m-partial = 0.008) and negatively influ-
enced by the proportion of wetlands around the lakes 
(R2

m-partial = 0.239) and phosphorus concentration in 
the water (R2

m-partial = 0.03) (Fig.  5d). Similarly, the 
largest proportion of the explanatory power of the 
Zn model was attributed to fixed effects (R2

c = 0.813, 
R2

m = 0.786). Zn concentrations were positively influ-
enced by Mg concentrations (R2

m-partial = 0.472) and 
organic matter content in the sediment (R2

m-partial = 
0.429) and negatively influenced by lake depth 
(R2

m-partial = 0.056) and water turbidity (R2
m-partial = 

0.018) (Fig.  5e). Detailed results for each model is 
presented in Table S6.

Discussion

Geological context and changes in land use and land 
cover

All PTEs exhibited a strong relationship with Mg 
concentrations in the sediments, which were used 
in this study as a proxy for the influence of mafic 
igneous rocks and metamorphic rocks derived from 
mafic rocks in the headwaters of the sub-basins. PCA 
ordination revealed an association between Mg, Fe, 
and Cr in the bottom sediments (Fig.  2), suggest-
ing weathering of ferromagnesian minerals. In the 
Itacaiúnas River basin, located near our study area, 
geochemical anomalies of Ni and Cr in stream sedi-
ments have been linked to the presence of mafic and 
ultramafic rocks (Dall’Agnol et  al., 2022; Quaresma 
et al., 2022; Salomão et al., 2019). This pattern is also 
reflected in the spatial structure of Ni and Cr concen-
trations in our study area, which exhibited moderate 
to strong spatial dependence at a regional scale (> 
100 km), confirming the predominant role of endog-
enous factors, such as the elemental composition of 
the parental material, in controlling the distribution of 
these elements in the lakes.

The mean Cr concentration in the lakes of Mid-
dle Araguaia was notably higher than that reported 
in lakes unaffected by significant anthropogenic 
sources (Carvalho et  al., 2018; Sahoo et  al., 2019) 
and in lakes affected by urban (Andrade et al., 2018) 
and agricultural activities (Rosolen et  al., 2015) in 
other regions of Brazil (Table 3). Globally, the mean 
Cr concentration was comparable to that determined 
in lakes in China (Dai et al., 2018; Tao et al., 2012) 
and India (Nazir et al., 2024), which are impacted by 
metal mining and smelting, urban effluents, and pesti-
cide application. Additionally, the Cr concentrations 
were comparable to those measured in Lake Erhai, 
China, where relatively high concentrations were 
attributed to the lithogenic origin of the sediments 
(Yu et  al., 2021). In the coastal plain of Pisa, Italy, 
Amorosi et  al. (2013) observed that the weathering 
of Cr-rich rocks and soils in adjacent river basins 
(ultramafic provenance) and deposition in floodplain 
areas were the main factors promoting concentrations 
of this element above the safety limits established by 
legislation. McClain and Maher (2016) also demon-
strated that the weathering of ultramafic rocks sig-
nificantly contributes to Cr mobilization into surface 

Fig. 4   a Spearman’s correlation matrix and b hierarchical 
cluster analysis performed using the unweighted pair group 
method with arithmetic averages (UPGMA). Values in bold 
indicate significant correlations (p < 0.05). ccc, cophenetic 
correlation coefficient
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waters and depositional environments, such as flood-
plains, where Cr is primarily transported in its hexa-
valent form. This aspect is particularly relevant in our 
study area, where increased land-use intensity has 
significantly contributed to Cr and Ni accumulation 
in lake sediments.

Livestock and agriculture are the primary eco-
nomic activities in the Araguaia River Basin, and 
approximately half of its area has been converted to 
these uses over in the last five decades (MapBiomas 
Project, 2024). Extensive grazing without proper 
management can significantly affect soil structure 
and increase bulk density, runoff volumes, and par-
ticulate material loads in aquatic ecosystems (Pilon 
et  al., 2017). Thus, changes in land use favor the 
transport of PTEs to lakes (Monteiro et  al., 2023; 
Ochoa-Contreras et  al., 2023). Additionally, the 
application of phosphate fertilizers is considered a 
significant source of PTEs derived from agricultural 

soils to aquatic ecosystems (Tang et al., 2014; Mello 
et  al., 2020; Ustaoğlu, 2021). However, the concen-
trations of phosphorus and phosphate in the water 
did not significantly contribute to the variation in 
the concentrations of PTEs in the bottom sediments. 
Garnier et  al. (2021) observed the colloidal transfer 
of Cr and Ni bound to iron oxides in the upper layers 
of soils during precipitation events in the neighbor-
ing Niquelândia ultramafic complex (state of Goiás). 
Thus, soil particles naturally enriched with PTEs may 
be a source of mobilization in our study area.

The critical sampling sites for Cu, Pb, and Zn 
contamination in sediments were primarily located 
in the Crixás-Açú River sub-basin (Fig.  3). Strong 
correlations between Pb and Cu and between 
Pb and Zn suggest similarities in terms of the 
source of mobilization and/or geochemical behav-
ior (Fig.  4a). However, the variographic analysis 
revealed distinct spatial behaviors (Table  S5). Cu 

Fig. 5   Relative contribution of fixed effects in each GLMM. a 
Cr. b Cu. c Ni. d Pb. e Zn. R2

c, conditional coefficient of deter-
mination (fixed + random effects). R.2m, marginal coefficient 
of determination (fixed effects). Mg, Mg concentration in the 

sediment. SOM, organic matter content in the sediment. LUI, 
land use index. The highlighted variables were significant, and 
the asterisks (*) indicate the level of significance: p < 0.05 (*) 
0.05; p < 0.001 (**); p < 0.0001 (***)
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concentrations exhibited moderate spatial depend-
ence on a regional scale, indicating the influence 
of regional geology and localized point sources 
of mobilization. In contrast, Zn concentrations 
displayed a strong spatial dependence with local-
scale variation, predominantly reflecting geological 

contributions and diffuse mobilization sources. 
The Cu and Zn concentrations were lower than 
those reported in lakes affected by urban activities 
and oil exploration (Andrade et  al., 2018; Carrillo 
et al., 2022) (Table 3). The total Cu concentrations 
were also lower than those observed in high-altitude 

Table 3   Comparison of the total concentrations (mg kg−1) of PTEs (Cr, Cu, Ni, Pb, and Zn) determined in our study in Araguaia 
with those reported in other lakes located in Brazil and other countries (mean ± standard deviation, minimum–maximum)

* Mean ± coefficient of variation

Country Locality Ecosystem Cr Cu Ni Pb Zn Reference

Brazil Araguaia 
floodplain

(Brazilian 
Savanna)

Floodplain 
lakes

151.9 
± 85.0

22.6–448.7

10.4 ± 7.0
0.7–59.1

15.2 ± 12.5
1.1–92.4

20.9 ± 11.2
1.0–92.4

45.9 ± 15.6
9.5–80.9

This study

Brazil Puruzinho 
Lake

(Brazilian 
Amazon)

Floodplain 
lake

11.8 ± 3.4
6.8–19.3

11.1 ± 3.0
4.1–16.4

Not 
reported

11.9 ± 2.5
8.2–15.5

66.6 ± 34.6
17.9–113.9

Carvalho 
et al. (2018)

Brazil Violão, 
Amen-
doim, and 
Três Irmãs 
lakes

(Brazilian 
Amazon)

Upland 
lakes

61.8 ± 30.2
20.0–157.4

30.3 ± 23.7
8.5–222.5

5.7 ± 2.7
1.3–22.1

12.7 ± 7.0
2.8–43.2

31.8 ± 20.2
1.0–135.0

Sahoo et al. 
(2019)

Brazil Guaíba 
Lake

(South 
Region)

Urban lake 38.8 ± 19.0
5.7–74.7

75.8 ± 33.2
13.8–132.1

26.1 ± 10.9
7.8–43.4

30.4 ± 12.2
7.9–53.0

131.1 
± 57.3

32.0–261.0

Andrade et al. 
(2018)

Brazil Uberabinha 
watershed

(Southern 
Region)

Floodplain 68.7 ± 50.6
17.6–155.0

37.8 ± 14.0
15.8–64.6

12.1 ± 4.3
7.0–19.3

12.4 ± 4.7
8.0–20.3

25.5 ± 9.6
15.3–42.6

Rosolen et al. 
(2015)

Ecuador Limoncocha 
Biological 
Reserve

Marsh lake 36.0 ± 8.8
17.0–48.6

88.0 ± 19.1
54.6–123

21.6 ± 3.7
13.1–27.0

15.1 ± 5.59
5.98–27.7

132 ± 82.5
58.5–376

Carrillo et al. 
(2022)

China Taihu Lake Floodplain 
lake

147.5 
± 124.1

9.3–464.9

39.6 ± 27.6
16.5–134.6

47.9 ± 23.8
21.2–114.9

40.4 ± 17.2
5.5–69.4

113.2 
± 66.8

24.4–295.9

Tao et al. 
(2012)

China Poyang 
Lake

Floodplain 
lake

135.9 
± 20.8

96.0–175.2

62.0 ± 20.0
38.1–127.6

Not 
reported

50.4 ± 14.5
22.5–77.4

132.9 
± 43.7

72.3–254.4

Dai et al. 
(2018)

China Erhai Lake Upland lake 101.6 ± 0.2
58.8–133.0

65.1 ± 0.2
45.1–87.6

57.5 ± 0.2
36.6–77.6

50.2 ± 0.2
35.3–65.8

135.0 ± 0.1
96.0–167.0

Yu et al. 
(2021)*

India Dal Lake Urban lake 139.9
20.8–266.7

57.1
42.3–83.9

98.4
69.6–143.8

10.4
8.1–17.7

105.7
52.4–164.8

Nazir et al. 
(2024)

Poland Symsar 
Lake

Flow-
through 
lake

8.7 ± 1.9 14.6 ± 4.1 26.0 ± 12.6 45.6 ± 21.9 0.11 ± 0.0 Kuriata-
Potasznik 
et al. (2016)

Nigeria Ologe 
Lagoon

Lagoon 0.5 ± 0.2 3.5 ± 0.6 0.3 ± 0.4 0.5 ± 0.5 134 ± 34 Ndimele et al. 
(2024)
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Amazonian lakes associated with mineral deposits 
from the Carajás Formation (Sahoo et al., 2019).

The Chapada mine is the primary anthropogenic 
source of Cu in the study area, featuring an open-
pit mine and a processing plant designed to process 
65,000 tons of Cu sulfide ore (chalcopyrite) daily 
(Lundin Mining Brasil, 2024). In China, Lin et  al. 
(2022) showed that PTEs from Cu and gold mining 
in ultramafic rocks exploiting chalcopyrite, magnet-
ite, and pyrrhotite were rapidly diluted downstream 
(up to 5 km), with Cu and Pb concentrations reach-
ing regional background levels of 19 km (Lin et al., 
2022). Despite the potential local-scale impact of 
mining on Cu concentrations, the mining site was 
located 45 km from the Crixás-Açú River channel 
and 150 km upstream of the nearest sampling site. 
Thus, the inverse relationship between the mining 
area and Cu concentrations in lake sediments, along 
with contamination hotspots in the Crixás-Açú sub-
basin, is likely attributed to Cu mineral deposits (Dai 
et al., 2018; Salomão et al., 2019). This conclusion is 
supported by the association between Cu concentra-
tions and rock samples collected from the main chan-
nel of the Araguaia River (Fig. 2).

The spatial dependence of Pb concentrations was 
predominantly attributed to exogenous factors, with 
variations observed on a regional scale (~ 50 km). 
Both natural and anthropogenic factors may explain 
the inverse relationship between Pb concentration 
and the proportion of flooded areas. The monomodal 
flood pulse of the Araguaia River results in an active 
and recent floodplain adjacent to the river channels, 
with flooding lasting 1–3 months (Irion et al., 2016). 
This flood period facilitates the input of allochtho-
nous organic and inorganic materials, promoting a 
reducing environment (Melack & Forsberg, 2001). 
This process may be intensified in the study area 
due to high iron concentrations in water during high 
water periods, altering the reductive dissolution of 
iron and manganese and mobilizing adsorbed and co-
precipitated PTEs in the bottom sediments (Ponting 
et al., 2021). Therefore, the mobilization of labile Pb 
in interstitial water under reducing conditions likely 
contributes to the observed inverse relationship with 
flooded areas (Chen et al., 2019).

Pb concentrations were below the detection limit 
in all rock samples, indicating a minimal influence of 
parental material weathering on the accumulation of 
Pb in bottom sediments (Table 1). Pb contamination 

hotspots were identified in the southern floodplain, 
characterized by intense conversion of native veg-
etation for agriculture and high tourism potential 
(Fig.  3). Although the study area lacks significant 
Pb pollution sources, such as mining or industry, the 
range of Pb concentrations is comparable to that in 
urban lakes impacted by wastewater discharge and 
automobile traffic (Andrade et  al., 2018; Kuriata-
Potasznik et al., 2016). (Table 3). Inadequate sanita-
tion and solid waste management in the municipali-
ties likely contributed to the diffusion of Pb sources 
at a local scale. Tourism may exacerbate this issue, as 
the municipality of Aruanã, located at the confluence 
of the Vermelho and Araguaia rivers, has a popula-
tion of 6220 (IBGE, 2022) and receives up to 600,000 
tourists annually (Silva et al., 2019). The combination 
of increased wastewater discharge from tourism and 
intensified surface runoff in agricultural areas likely 
enriches PTEs, including Pb, in the bottom sediments 
(Custodio et al., 2021).

Sediment organic matter and water physicochemical 
parameters

The organic matter content significantly contributed 
to the accumulation of PTEs in the sediments, except 
for Cr. The largest contributions were observed for Zn 
(43%) and Pb (35%), followed by Ni (15%) and Cu 
(9%) (Fig.  5). This relationship can be explained by 
the formation of stable complexes between PTEs and 
functional groups that comprise organic matter (e.g., 
carboxyl and amine), which favor adsorption and 
precipitation in bottom sediments (Khan et al., 2016; 
Tang et  al., 2025). Additionally, the degradation of 
organic matter in floodplains promotes the formation 
of sulfides (Hernández-Crespo et al., 2012), increas-
ing the potential for PTE adsorption in sediments 
(Jean & Bancroft, 1986).

PTEs are predominantly associated with finer frac-
tions of the sediment (silt and clay), whereas sandy 
sediments have a lower adsorption potential owing to 
larger pore spaces and smaller surface contact areas 
(Kissoon et  al., 2015). The sediments of the Ara-
guaia River floodplain are sandy and predominantly 
composed of quartz; hence, organic matter plays a 
crucial role in the adsorption of PTEs in the bottom 
sediments (Irion et al., 2016; Monteiro et al., 2024b). 
In contrast, the absence of an association between Cr 
concentrations and organic matter content indicates 
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that PTE is mainly adsorbed in the inorganic fraction 
of sediments (Kissoon et al., 2015; Stankevica et al., 
2020).

The contribution of the physicochemical param-
eters of water to the environmental distribution of 
PTEs is inconclusive. The processes of speciation and 
transport of PTEs depend on the interplay of various 
physicochemical water parameters, sediment com-
position, and mobilization sources, making it chal-
lenging to establish cause-and-effect relationships 
between variables (Yao & Gao, 2007). This assertion 
is supported by the variation in PTE concentrations, 
which is explained by the intrinsic characteristics of 
each sub-basin (random effects) and the influence 
of exogenous factors, as indicated by variographic 
analysis.

The absence of PTE hotspots on Bananal Island 
was noteworthy. As an important Ramsar site com-
prising a mosaic of protected areas, this segment of 
the Araguaia River exhibits geomorphological char-
acteristics that directly influence physicochemical 
parameters of water. Although the Araguaia River 
carries high loads of suspended sediments, the Bana-
nal Island segment has lower altitudes and a lower 
degree of channel confinement, resulting in greater 
sandbank formation and reduced sediment transport 
(Suizu et  al., 2023). Consequently, lakes situated on 
Bananal Island exhibit greater water transparency, 
indicating a reduction in the transport of PTEs associ-
ated with particulate matter into these lakes.

Potential risks of PTEs contamination for biological 
communities and human health

Field studies have shown that multiple taxa of micro-
organisms, particularly Cr, Ni, and Cu, exhibit nega-
tive correlations with PTE concentrations in bottom 
sediments. This suggests that certain taxa exhibit low 
resistance to these PTEs (Chen et al., 2018; Ni et al., 
2016). In a study by Ni et al. (2016), impacts on bio-
logical communities were noted despite the low con-
centrations of available metals in the samples. There-
fore, the total concentrations of PTEs can indicate the 
potential impact on biological communities, whereas 
the bioavailable fraction reflects the direct effect on 
biota (Ni et al., 2016). A mesocosm study found that 
total Cu concentrations within the range observed 
in our study (46 mg kg⁻1) can significantly alter the 
composition of sediment microbial communities 

(Sutcliffe et  al., 2019). Similarly, concentrations of 
Cr, Cu, Ni, and Pb in the range determined in our 
study were positively correlated with the inhibition 
of germination and root growth in the aquatic plant 
Lepidium sativum (Tarnawski & Baran, 2018).

The accumulation of PTEs in bottom sediments 
can also negatively affect organisms at higher trophic 
levels. In the Cerrado biome, the contamination of 
a stream with Cr-rich agricultural compounds leads 
to a decline in the richness and diversity of benthic 
macroinvertebrates (Silva & Corbi, 2023). Notably, 
the mean total Cr concentration reported by Silva 
et al. (2023) was four times lower than that observed 
in our study (38.4 ± 11.3 mg kg⁻1). In the Ebro River 
basin, Spain, Pb, Cr, and Ni concentrations within 
the range detected in our study negatively affected 
macroinvertebrate and diatom community composi-
tions (Roig et al., 2016). However, Roig et al. (2016) 
determined different degrees of bioavailability among 
PTEs, with higher bioavailable fractions for Ni, while 
Cr and Pb were mainly associated with organic mat-
ter and Fe and Mn oxyhydroxides, respectively. The 
strong correlation between PTEs observed in our 
study (Fig. 4) suggests that physiological processes in 
macroinvertebrates may intensify the co-occurrence 
and bioaccumulation of these elements (Arnold et al., 
2021). Indeed, ecotoxicological tests have indicated 
that the combination of PTEs in bottom sediments 
significantly impacts mortality rates and inhibits 
the growth of ostracods (Mata et  al., 2020). Conse-
quently, the PTE concentrations in the Araguaia River 
lakes  could affect the composition of the biological 
community.

DelValls et  al. (1998) observed that concentra-
tions of PTEs in sediments, including Cr, Cu, and Pb, 
caused histological damage in juvenile fish Sparus 
aurata. Based on ecotoxicological tests, the authors 
indicated that Cr concentrations above 90 mg kg−1 
could have deleterious effects on fish (DelValls et al., 
1998). Onita et al. (2021) reported significant corre-
lations between PTE concentrations and histopatho-
logical lesions in the gills, kidneys, and liver of fish 
with different feeding habits. Additionally, PTE accu-
mulation in bottom sediments and biological commu-
nities can have direct implications for human health. 
In Lake Puruzinho (Brazilian Amazon), although 
the average Cr concentration in bottom sediments 
was an order of magnitude lower than that in our 
study (Carvalho et al., 2018; Table 3), exposure to Cr 
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through fish consumption poses health risks (Nasci-
mento et  al., 2022). A similar pattern was observed 
for Pb exposure via fish consumption (Azevedo et al., 
2023), where the average Pb concentration in sedi-
ments was half that recorded in Araguaia River lakes 
(Carvalho et  al., 2018; Table  3). Subsequent studies 
(Azevedo-Silva et  al., 2023; Waichman et  al., 2025) 
demonstrated that the highest PTE concentrations, 
and consequently the greatest risk of human exposure 
through fish consumption, were found in iliophagous 
and detritivorous species, which primarily forage in 
bottom sediments. This highlights the role of sedi-
ment as a critical source of PTEs entering the trophic 
chain. Furthermore, in floodplain environments, 
fluctuations in the hydrological regime can facilitate 
PTE mobilization into the water column through dis-
solution (Wade et al., 2025) and resuspension (Chen 
et  al., 2024), leading to bioaccumulation at the base 
of the food web.

Although the Cr concentrations were predomi-
nantly above the sediment quality guidelines, only 
three lakes exhibited significant contamination lev-
els, underscoring the need to establish regional 
background concentrations for accurate contamina-
tion assessments (Wang et al., 2019). Indeed, Cr and 
Ni concentrations in watersheds with soils derived 
from mafic rocks often exceed the regulatory thresh-
olds (Amorosi et al., 2014; Begum et al., 2015). It is 
important to note that in addition to total concentra-
tions, the bioavailability of PTEs must be considered 
when assessing risk (Sammartino, 2004). Chromium 
occurs in rocks mainly in its trivalent form; however, 
once accumulated in anoxic sediments, which is char-
acteristic of floodplains, natural Cr (III) is oxidized 
by Mn into Cr (IV) (Ao et  al., 2022). Although a 
large part of Cr (VI) remains bound to the solid phase 
through adsorption and precipitation (Botsou et  al., 
2022), it is the most abundant form of Cr in the sur-
face and groundwater (Fantoni et  al., 2002; Kazakis 
et  al., 2015; Kaprara et  al., 2015). Thus, even when 
these elements originate from natural sources, their 
mobilization and transformation in aquatic ecosys-
tems can pose risks to biological communities and 
human health.

Conclusions

Most lakes in the Araguaia River floodplain exhibit 
significant integrated enrichment of potentially toxic 
elements (PTEs) (PLI > 1), with a predominantly 
low to moderate degree of individual contamina-
tion. Notably, Ni and Cr showed the highest propor-
tions of samples with moderate to significant enrich-
ment, accompanied by a considerable to very high 
degree of contamination. The total concentration 
of Cr exceeded the limits set by the sediment qual-
ity guidelines in 98.6% of the lakes. The critical 
areas for PTE accumulation are in the sub-basins of 
the Água Limpa Stream and the Vermelho River, 
which are regions characterized by intense land use 
and the presence of igneous and metamorphic rocks 
in the headwaters. The distinct elemental composi-
tions of the rocks collected from the main channel of 
the Araguaia River and the bottom sediments of the 
lakes confirm the role of parental material weather-
ing from the headwaters in the accumulation of PTEs 
in the downstream floodplain lakes. Conversely, lakes 
with the lowest probability of contamination are situ-
ated on Bananal Island, which comprises a mosaic of 
conservation units and indigenous lands, underscor-
ing the importance of legally protected natural areas 
in maintaining the ecological integrity of floodplains.

The moderate to strong correlation among all PTEs 
suggests a common source of mobilization. However, 
the results from hierarchical cluster analysis (HCA) 
and generalized linear mixed models (GLMM) indi-
cate that different factors influence the accumulation 
of PTEs in lakes. All PTEs showed a strong relation-
ship with the Mg concentrations in the sediments. 
Anthropogenic land-use intensity positively influ-
enced Cr and Ni concentrations in the sediments, 
likely due to the transport of soil particles naturally 
enriched with these PTEs. Organic matter content 
significantly contributed to the accumulation of PTEs 
in the sediments (except for Cr), particularly Zn and 
Pb, likely due to the formation of stable complexes 
between the PTEs and functional groups within the 
organic matter. In contrast, Cr appeared to be primar-
ily adsorbed into the inorganic fraction of sediments.

Our results provide valuable information regard-
ing the sources and distribution of PTEs in the 
Araguaia River floodplain. However, our study 
has two limitations. Despite the high explanatory 
power of GLMMs, we did not conduct a complete 
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physicochemical characterization of the bottom 
sediments. In addition to the organic matter con-
tent, grain size and the quantification of Fe, Mn, 
and Al oxides could provide important information 
on the transport and accumulation of PTEs in the 
floodplain. Additionally, given the relatively high 
concentrations of Cr determined in this study and 
the potential risks to human health from exposure 
to Cr (IV), the speciation of Cr in sediment samples 
would provide more accurate information on expo-
sure risks. Future studies should conduct robust 
physicochemical characterization of the sediment 
samples, in addition to evaluating Cr concentrations 
and speciation in various environmental compart-
ments, including surface waters.
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