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ABSTRACT

Mercury (Hg) contamination is a critical environmental and public health concern due to
its toxicity, persistence, and ability to biomagnify through aquatic food webs. This study
mapped total mercury (HgT) concentrations in sediments from rivers across Mato Grosso,
integrating geochemical parameters (HgT, organic matter, C/N ratio) and granulometric
fractions. Statistical analyses included correlation, regression (OLS and GLM with Gamma
distribution), and non-parametric comparisons (Kruskal-Wallis with post hoc tests). HgT
concentrations ranged from 1.4 to 948.1 pg.kg™', with an overall mean of 109.1 + 165.8 ng.kg™".
Significant positive associations were observed between HgT and both organic matter (r = 0.50)
and the C/N ratio (r = 0.70), with the latter emerging as the strongest predictor of Hg variability.
Basin-level comparisons revealed that the Amazon had the highest mean concentrations (242.0
ug.kg™), followed by the Upper Paraguay (47.9 pg.kg™) and the Araguaia (29.3 pg.kg™). At
the river scale, the Guaporé (731.5 pg.kg™) and Xingu (233.7 pg.kg™') were identified as
contamination hotspots. Most rivers remained below the Threshold Effect Level (TEL = 170
ng.kg') set by CONAMA Resolution 454/2012, but the Xingu exceeded the TEL and the
Guaporé surpassed the Probable Effect Level (PEL = 486 pg.kg™), indicating high ecological
risk. This study offers essential insights for environmental monitoring, water management, and
biodiversity conservation, supporting Brazil’s commitments under the Minamata Convention.
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Mapeamento do mercurio total nos rios de Mato Grosso: linhas de
base e pontos criticos de contaminaciao por bioma

RESUMO

A contaminagao por mercurio (Hg) ¢ uma preocupacao critica ambiental e de satude publica
devido a sua toxicidade, persisténcia e capacidade de biomagnificagdo nas cadeias troficas
aquaticas. Este estudo mapeou as concentragdes de merctrio total (HgT) em sedimentos de rios
de Mato Grosso, integrando parametros geoquimicos (HgT, matéria organica, razdo C/N) e
fragdes granulométricas. As analises estatisticas incluiram correlacao, regressao (OLS e GLM
com distribui¢do Gama) e comparagdes ndo paramétricas (Kruskal-Wallis com testes post hoc).
As concentracdes de HgT variaram de 1,4 a 948,1 ug.kg™', com média geral de 109,1 = 165,8
ng.kg'. Foram observadas associagdes positivas significativas entre HgT e matéria organica (r
= 0,50) e entre HgT e a razdo C/N (r = 0,70), sendo esta Ultima o preditor mais forte da
variabilidade do Hg. As comparagdes entre bacias revelaram que a Amazonia apresentou as
maiores concentracdes médias (242,0 pg.kg™), seguida pelo Alto Paraguai (47,9 pgkg™) e
Araguaia (29,3 pg.kg™). Em escala de rios, o Guaporé (731,5 pg.kg™) e o Xingu (233,7 ng.kg™)
foram identificados como hotspots de contaminagdo. A maioria dos rios permaneceu abaixo do
Nivel de Efeito Limite (TEL = 170 pg.kg™) estabelecido pela Resolugdo CONAMA 454/2012,
mas o Xingu ultrapassou o TEL e o Guaporé excedeu o Nivel de Efeito Provavel (PEL = 486
ng.kg™), indicando alto risco ecoldgico. Este estudo oferece subsidios essenciais para o
monitoramento ambiental, a gestdo dos recursos hidricos e a conservag¢ao da biodiversidade,
apoiando os compromissos do Brasil no ambito da Conven¢ao de Minamata.

Palavras-chave: conservagdo, ecotoxicologia, mercurio, sedimentos.

1. INTRODUCTION

Mercury (Hg) is recognized as one of the most toxic and persistent pollutants worldwide,
owing to its high environmental mobility, capacity for bioaccumulation in organisms, and
biomagnification along aquatic food webs (Beckers and Rinklebe, 2017; UNEP, 2019). In
tropical environments, natural microbial processes favor the conversion of inorganic mercury
into methylmercury (MeHg), its most toxic and bioavailable form (Mason et al., 1994;
Skyllberg et al., 2003). Consequently, fish consumption represents the main exposure pathway
for humans, with significant implications for food security and public health, particularly
among riverine and traditional communities that rely heavily on fisheries (WHO, 2007).

In Brazil, mercury contamination has historically been associated with artisanal gold
mining, which intensified during the second half of the 20th century. In this process, large
amounts of Hg are released into the environment during amalgamation, contaminating both
terrestrial and aquatic compartments (Lacerda and Pfeiffer, 1992; Bastos et al., 2006). In
addition to mining, other human-driven activities, such as deforestation, biomass burning, and
agricultural expansion can mobilize naturally occurring mercury from tropical soils, facilitating
its transport to aquatic ecosystems (Roulet ef al., 2001). This scenario is particularly critical in
tropical regions, where high temperatures, strong hydrological dynamics, and large organic
matter inputs create favorable conditions for Hg mobilization and transformation.

Mato Grosso State presents a unique context for investigating Hg contamination, as it
encompasses three of the largest South American river basins: the Amazon, the Upper Paraguay
(Pantanal), and the Araguaia-Tocantins. These basins play key roles in maintaining
biodiversity, regulating climate, and supporting essential socioeconomic activities such as
agriculture, tourism, and fisheries (Junk ef al., 2006; Arvor et al., 2018). At the same time, they
are among the most pressured regions in Brazil, facing rapid agricultural expansion,
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deforestation and artisanal gold mining (Silva et al, 2024). This combination of pressures
increases the vulnerability of aquatic ecosystems to mercury contamination, making Mato
Grosso a priority area for monitoring and risk assessment (Obrist et al., 2018; Moreno-Brush,
2020; Yuan et al., 2024).

Despite the ecological and socioeconomic importance of these basins, there are still critical
knowledge gaps regarding the spatial distribution and magnitude of Hg contamination in Mato
Grosso. Most existing studies are restricted to specific sites (Pierangeli et al., 2009; Lazaro et
al., 2016,), often associated with mining areas, while integrated assessments covering multiple
basins remain scarce. This limitation hinders the establishment of regional background values
and the identification of contamination hotspots, which are essential for environmental
management and compliance with international commitments such as the Minamata
Convention.

This study mapped total mercury (HgT) concentrations in rivers across Mato Grosso,
spanning the Amazon, Upper Paraguay, and Araguaia basins. By integrating geochemical
(HgT, organic matter, C/N ratio) and textural (granulometry) parameters, we sought to establish
regional baseline values and identify critical hotspots of contamination by biome. Our findings
provide an unprecedented overview of Hg dynamics in a key Brazilian state, offering valuable
insights for environmental monitoring, water management, and biodiversity conservation.

2. MATERIAL AND METHODS

2.1. Study area

Sediment samples were collected from rivers distributed across three major hydrographic
basins in Mato Grosso State, Brazil: the Amazon, the Upper Paraguay (Pantanal), and the
Araguaia. These basins were selected to capture environmental variability across distinct
biomes, with rivers differing in geomorphology, hydrology, and land-use pressures (Figure 1).
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Figure 1. Location map of sampling points in the basins of Mato Grosso.
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2.2. Sediment sampling

Surface sediments were collected using a Van Veen dredge (0—5 cm layer), which allows
representative sampling of the depositional fraction. At each site, three sub-samples were
obtained and homogenized to form a composite sample, minimizing micro-scale heterogeneity.
Sediments were stored in pre-cleaned polyethylene containers, transported on ice, and
subsequently freeze-dried in the laboratory prior to analysis.

2.3. Mercury analysis

Total mercury (HgT) concentrations were determined using a Direct Mercury Analyzer
(DMA-80, Milestone), which applies thermal decomposition, catalytic conversion,
amalgamation, and atomic absorption spectrophotometry (EPA Method 7473). Approximately
50-100 mg of homogenized, lyophilized sediment were analyzed in triplicate for each sample.
Calibration was performed with certified reference materials (e.g., IAEA-405, estuarine
sediment), and analytical precision was monitored with blanks and replicates. Detection limits
for the instrument were 0.005 ng. Results are expressed as pg.kg™' dry weight.

2.4. Organic matter and C/N analysis

Organic matter content was quantified by loss-on-ignition (LOI). Subsamples of
approximately 1 g were combusted at 550°C for 4 h, and weight loss was used to estimate
organic matter percentage. The C/N ratio was determined from the elemental analysis of total
organic carbon (TOC) and total nitrogen (TN) using a CHN analyzer (PerkinElmer 2400 Series
IT). Values are expressed as mass ratios (C/N).

2.5. Granulometric analysis

Sediment granulometry was determined following standard wet-sieving and sedimentation
procedures (ABNT NBR 7181/2016). Fractions were separated into coarse sand (>0.5 mm),
fine sand (0.05-0.5 mm), silt (0.002—0.05 mm), and clay (<0.002 mm). The relative percentage
of each fraction was calculated by dry weight.

2.6. Data analysis

Descriptive statistics (mean, standard deviation, range) were computed for all variables.
Differences in HgT concentrations among basins and rivers were tested using the Kruskal-
Wallis test, followed by pairwise Mann-Whitney tests with Bonferroni correction for post hoc
comparisons. Relationships between HgT and environmental variables (organic matter, C/N
ratio) were analyzed by Generalized Linear Models (GLM, Gamma family, log link). All
analyses were performed in R 4.3.2 and Python 3.11 using the packages statsmodels, scipy, and
seaborn.

3. RESULTS

Total mercury (HgT) concentrations in river sediments across Mato Grosso varied widely,
ranging from 1.4 to 948.1 pg.kg™', with an overall mean of 109.1 + 165.8 pg.kg™. Organic
matter content averaged 16.7 = 7.6%, while the C/N ratio averaged 25.5 + 12.9, reflecting
substantial geochemical heterogeneity among basins and rivers (Table 1).
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Table 1. Summary statistics of total mercury (HgT), organic matter, and C/N ratio in sediments from rivers of Mato Grosso.

Rivers HgT (ug.kg™) Organic matter (%) C/Nratio (%) Coarse sand (%) Fine sand (%) Silt (%) Clay (%)
Araguaia 70.41 £20.07 17.94 +2.37 26.41+3.79 15.04 +£2.99 5797 +3.67 15.07+292 11.93+6.19
Arinos 86.41 +34.93 20.78 £2.68 31.39 £ 4.66 14.95+2.97 57.64+453 15.1+£294 12.3+5.62
Bento Gomes ~ 75.14 +21.29 18.92 +6.97 28.41 +6.47 14.58+2.9 56.19+4.78 15.74+£2.86 13.49+6.76
Cuiaba 40.02+19.91 12.18 £3.97 17.81+59 15.11+29 57.6+421 1444+2.83 12.84+5.62
Das Mortes 1423 +£17.12 6.85+1.88 9.35+343 15.56 £2.94 5771 +£3.59 1536+2.56 11.37+5.48
Guaporé 731.45+151.7 29.41 £6.36 4795+43 14.83+2.7 5828 +45 14.78+294 12.11+5.72
Jaurt 38.16 £20.37 11.79 £ 4.01 17.19 £ 6.08 14.59+2.5 56.09+4.45 15.12+3.0 142+5095
Juruena 117.71 £ 35.29 23.33+£2.91 37.25+6.56 14.18£2.79 58.84+42 15.09+244 11.89+5.62
Paraguai 41.48 £21.6 12.33 £ 4.28 18.0 £6.42 147 +£2.73 57.17+425 1532+3.12 12.81+6.19
Rio Gargas 15.38£3.95 7.11 £8.29 9.93+£2.25 15.0+£2.86 5691+459 1449+291 13.6+6.28
Sepotuba 44.59 +£20.71 13.11 £8.14 19.08 £6.17 1528 £2.76 58.58+4.74 1546+3.51 10.69+6.41
Sao Lourengo  48.21 +22.42 13.71 £ 4.61 19.96 + 6.92 14.83£2.93 57.65+422 14.66+2.95 12.86+5.68
Teles Pires  133.28 +46.21 2476 + 11.35 40.23+3.79 15.43 £3.15 57.82+429 14.88+3.23 11.87+6.28
Xingu 233.71 £ 61.56 27.49+11.81 4427+ 3.06 15.14 + 2.64 58.04+4.54 1424+278 12.59+5.72

Correlation analyses showed significant positive associations between HgT and both organic matter (r = 0.50; p < 0.001) and the C/N ratio
(r=0.70; p <0.001). Regression analyses confirmed that the C/N ratio was a stronger predictor of HgT than total organic matter (Figure 2). The
GLM (Gamma family, log link) indicated that each unit increase in the C/N ratio corresponded to an 8.8% increase in HgT, while a 1% increase
in organic matter was associated with a 15.5% increase in HgT concentrations.
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Figure 2. Relationship between HgT and (a) organic matter (%) and (b) C/N ratio in sediments, with
GLM (Gamma, log link) regression lines and 95% confidence intervals.

At the basin scale, significant differences were detected (Kruskal-Wallis, H = 450.7; p <
0.001). The Amazon basin showed the highest mean HgT concentrations (242.0 + 233.4
ng.kg™), followed by the Upper Paraguay (47.9 + 24.2 ng.kg™) and the Araguaia (29.3 + 25.7
ng.kg™). Post hoc comparisons indicated that all three basins differed significantly from one
another (Figure 3).
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Figure 3. Boxplot of HgT concentrations by basin (Amazon, Upper
Paraguay, Araguay), with post hoc letters indicating significant
differences.

At the river level, heterogeneity was even more pronounced (Kruskal-Wallis, H = 577.6;
p < 0.001). The Guaporé River exhibited the highest mean concentration (731.5 £ 151.7
ng.kg™), followed by the Xingu (233.7 + 31.6 ug.kg™), Teles Pires (133.3 £26.2 pg.kg™), and
Juruena (117.7 + 35.3 pg.kg™). Intermediate values were observed in Pantanal rivers, such as
the Cuiab4, Paraguai, Sepotuba, Sdo Lourenco, and Jauru (3848 pg.kg™). The lowest
concentrations were recorded in Araguaia tributaries, namely the Das Mortes (14.2 = 7.1
ng.kg') and Rio Gargas (15.4 £ 3.9 ug.kg™) (Suplementary data)
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The granulometric analysis indicated a consistent predominance of fine sand (56—-58%),
followed by coarse sand (14-16%), silt (14-16%), and clay (11-13%). This pattern was
consistent across all rivers, suggesting a sedimentary environment dominated by sandy
fractions. No significant differences were observed between rivers.

When compared to national legislation (CONAMA, 2012), which sets a Threshold Effect
Level (TEL) of 170 pg.kg™ and a Probable Effect Level (PEL) of 486 pug.kg™, most rivers
exhibited mean concentrations below the TEL. However, the Xingu River exceeded the TEL,
and the Guaporé River exceeded the PEL, identifying them as areas of ecological concern
(Table 2).

Table 2. Comparison of mean HgT concentrations per river against Threshold Effect Level
(TEL = 170 pg.kg™) and Probable Effect Level (PEL =486 ng.kg™) from CONAMA/CCME

guidelines.
. Mean HgT ~ TEL PEL . . .
Rivers (ugke) (ngke!) (ugke) Risk classification
Araguaia 70.4 170 486 Below TEL (low risk)
Arinos 86.4 170 486 Below TEL (low risk)
Bento Gomes 75.1 170 486 Below TEL (low risk)
Cuiaba 40 170 486 Below TEL (low risk)
Das Mortes 14.2 170 486 Below TEL (low risk)
Guaporé 731.5 170 486 Above PEL (high risk)
Jaura 38.2 170 486 Below TEL (low risk)
Juruena 117.7 170 486 Below TEL (low risk)
Paraguai 41.5 170 486 Below TEL (low risk)
Rio Gargas 154 170 486 Below TEL (low risk)
Sepotuba 44.6 170 486 Below TEL (low risk)
Sao Lourenco 48.2 170 486 Below TEL (low risk)
Teles Pires 133.3 170 486 Below TEL (low risk)
Xingu 233.7 170 486 Between TEL and PEL (moderate risk)
4. DISCUSSION

The results of this study reveal a complex spatial mosaic of mercury contamination in
rivers of Mato Grosso, reflecting the combined influence of natural biogeochemical processes
and anthropogenic pressures. The wide range of HgT concentrations (1.4-948.1 pgkg™)
demonstrates that while some rivers remain relatively unaffected, others represent critical
contamination hotspots. Such heterogeneity has also been documented in other tropical basins,
where localized sources of Hg, coupled with differences in sediment dynamics, lead to strong
spatial contrasts (Roulet ef al., 2001; Bastos et al., 2006).

The Amazonian rivers, particularly the Guaporé, Xingu, Teles Pires, and Juruena, stand
out with the highest concentrations, consistent with their history of artisanal gold mining,
deforestation, and high organic matter inputs. These findings align with regional studies
reporting elevated Hg levels in areas impacted by mining and land-use change (Lacerda and
Pfeiffer, 1992; Barbosa et al., 2016). By contrast, the Araguaia basin, characterized by sandy
sediments and lower organic matter retention, showed the lowest HgT levels, suggesting that
natural background values for this biome are markedly lower than those for the Amazon.
Pantanal rivers exhibited intermediate concentrations, consistent with their function as a
sedimentary sink. This finding reinforces the idea that the Pantanal can act both as a buffer,
diluting contaminants, and as a potential exporter of Hg during seasonal flood pulses,
redistributing contamination downstream (Rezende et al., 2010).

Organic matter emerged as a key factor influencing Hg dynamics. The stronger
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relationship of HgT with the C/N ratio, compared to total organic matter, indicates that organic
matter quality exerts greater control than quantity. High C/N ratios reflect more recalcitrant,
terrestrially derived organic matter, which has a stronger capacity to bind Hg and reduce its
mobility (Skyllberg et al., 2003). These results suggest that land-use changes altering the quality
of organic input - such as deforestation, soil erosion, and replacement of natural vegetation by
crops - could directly affect Hg retention and mobilization in aquatic systems.

Granulometric composition further clarifies the processes underlying Hg accumulation.
The predominance of fine sand, coupled with moderate proportions of silt and clay, indicates
that Hg adsorption is likely mediated by organic matter interactions rather than mineral surfaces
alone (Li et al, 2024). In depositional environments of low hydrodynamic energy, this
association can enhance Hg stabilization, but also increases the potential for remobilization
during extreme flood events (Sun ef al., 2022). This highlights the importance of considering
climate variability and hydrological extremes, which are expected to intensify with climate
change, in Hg risk assessments.

When benchmarked against Brazilian legislation (CONAMA Resolution 454/2012), most
rivers fell below the Threshold Effect Level (TEL = 170 pg.kg™), suggesting low probability
of adverse effects. However, the Xingu exceeded this limit, and the Guaporé far surpassed the
Probable Effect Level (PEL = 486 pg.kg™), pointing to high ecological risk. The Guaporé, in
particular, should be regarded as a critical hotspot requiring urgent attention. These results
mirror international guidelines (e.g., CCME, 2002) and reinforce that Hg contamination in parts
of Mato Grosso is of global concern.

The ecological implications of these findings are profound. Exceedance of TEL and PEL
thresholds implies potential harm to benthic organisms, which may bioaccumulate Hg and serve
as a pathway for biomagnification through the food web. Fish, the main protein source for many
local communities, are particularly vulnerable. Studies in Amazonian rivers have consistently
shown high levels of Hg in piscivorous fish, with direct consequences for human health
(Barbosa et al., 2003; Bastos et al., 2006).

Therefore, the high sediment concentrations reported here, especially in the Guaporé and
Xingu, raise concerns about trophic transfer and chronic exposure for both aquatic fauna and
human populations. Once deposited, inorganic mercury can be transformed into
methylmercury, a highly toxic and bioaccumulative form, which biomagnifies along food webs
and reaches higher trophic levels, including piscivorous fish consumed by humans. In
Amazonian riverine and indigenous communities, where fish represent a major protein source,
chronic exposure to methylmercury has been associated with neurological, motor, and cognitive
impairments, as well as developmental disorders and adverse maternal health outcomes (Passos
and Mergler, 2008; Gibb and O’Leary, 2014; Barbosa ef al., 2021). Environmentally, mercury
contamination also degrades water quality and alters sediment geochemistry, affecting
microbial activity, primary production, and overall aquatic biodiversity (Driscoll ef al., 2013;
Parks et al., 2013). These effects highlight the need for integrated monitoring approaches that
link contaminant dynamics to ecological and human health risk assessments, particularly in
tropical and floodplain systems where remobilization processes are intense.

From a conservation perspective, these results emphasize the urgent need for targeted
management actions. Priority should be given to Amazonian rivers, particularly the Guaporé
(Iténez), where trophic biomagnification and high methylation potential indicate a greater
likelihood of mercury levels in fish exceeding international safety thresholds for human
consumption (>0.5 ug g!, FAO/WHO) (Pouilly et al., 2013; Léazaro et al., 2016; WWF et al.,
2023). Strengthening monitoring programs in these hotspots is essential, encompassing
sediments, fish, and other biota to properly assess ecological and human-health risks
(Vasconcellos et al., 2022; Martoredjo et al., 2024; Lacerda et al., 2024). In addition, curbing
illegal gold mining and associated deforestation is critical to reduce Hg mobilization and
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downstream contamination (Ferreira Neto et al., 2024; Siqueira-Gay et al., 2021). Finally,
riparian forest restoration should be prioritized because it enhances sediment retention and can
reduce the export of particle-bound contaminants at the catchment scale (Fachinelli et al.,
2023).

These findings carry important policy implications. Brazil is a signatory of the Minamata
Convention, which commits countries to reduce Hg emissions and releases. Establishing
baseline values and identifying hotspots, as done in this study, provides critical evidence for
compliance with these commitments. Integrating scientific data with decision-making at the
state and federal levels will be key to protecting biodiversity and ensuring the health of human
populations.

In summary, this study highlights that mercury contamination in Mato Grosso is not a
diffuse phenomenon but a highly heterogeneous process shaped by biogeochemical interactions
and anthropogenic pressures. The recognition of hotspots, the role of organic matter quality,
and the influence of sediment granulometry provide valuable insights for risk assessment,
monitoring, and conservation strategies. Protecting Amazonian and Pantanal rivers from further
Hg contamination is essential for safeguarding biodiversity, sustaining fisheries, and securing
the health of local communities in the face of ongoing environmental change.

S. CONCLUSIONS

This study provides the first integrated assessment of total mercury (HgT) in river
sediments across Mato Grosso, encompassing the Amazon, Upper Paraguay (Pantanal), and
Araguaia basins. Concentrations varied widely, from background levels in the Araguaia to
critical hotspots in the Amazon, with the Guaporé River exceeding the Probable Effect Level
(PEL) established by Brazilian and international guidelines. The findings demonstrate that
mercury contamination in Mato Grosso is highly heterogeneous, shaped by basin-specific
conditions, organic matter quality, sediment granulometry, and anthropogenic pressures such
as deforestation and artisanal gold mining.

By combining geochemical and granulometric analyses, this study established regional
baseline values and identified hotspots of contamination, providing crucial evidence for
environmental monitoring and management. The strong relationship between HgT and the C/N
ratio underscores the importance of organic matter quality as a key driver of Hg retention and
mobilization in tropical sediments.

From a policy perspective, the results highlight the urgent need to prioritize the Guaporé
and Xingu Rivers for targeted monitoring, mitigation, and conservation measures.
Strengthening enforcement against illegal mining, restoring riparian vegetation, and integrating
sediment monitoring with ecotoxicological assessments of fish are essential to reduce
ecological and human health risks.

In the broader context, these findings support Brazil’s commitments under the Minamata
Convention (Brasil, 2018) by establishing lines of evidence for mercury management in
freshwater ecosystems. Future research should focus on linking sediment contamination to
bioaccumulation in aquatic biota, assessing temporal variability in Hg dynamics, and evaluating
the impacts of climate change on mercury mobilization.

Protecting rivers from mercury contamination is not only a matter of environmental
integrity but also of food security, biodiversity conservation, and public health. Mato Grosso,
at the confluence of three major biomes, emerges as both a sentinel and a priority region for
advancing mercury science and implementing sustainable management strategies.

Finally, it is important to acknowledge that the methodology adopted in this study presents
limitations regarding sampling depth, as it focused exclusively on the superficial sediment
layer. Considering the environmental behavior of mercury — especially its tendency to deposit
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and accumulate in deeper sediment strata over time — further studies are recommended using
advanced coring techniques, such as vibrocoring, to obtain deeper sediment profiles. Such an
approach would enable a more comprehensive temporal reconstruction of mercury deposition,
improve the understanding of diagenetic processes, and allow for a more accurate assessment
of long-term contamination trends and associated ecological and human health risks (Bloom et
al., 1999; Fitzgerald and Lamborg, 2014; Yin et al., 2023).

6. DATA AVAILABILITY STATEMENT

The survey data is only available upon request.
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