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Abstract 30 

The high socioeconomic importance of estuarine environments is contributing to their continuous and 31 

increasing settlement by human populations and a growing negative impact on those sensitive habitats. 32 

Considering the natural importance of estuarine regions, this study aimed to quantify and spatialize the 33 

distribution of the chemical elements iron (Fe), aluminium (Al), manganese (Mn), vanadium (V), barium 34 

(Ba), zinc (Zn), copper (Cu), lithium (Li), cobalt (Co), chromium (Cr), nickel (Ni), lead (Pb) and arsenic 35 

(As) and produce a potential risk assessment from the surface sediments along the extent of the 36 

Serinhaém Estuary, Bahia, Brazil, in order to evaluate the environmental quality of the estuary. The 37 

mean concentrations of the chemical elements followed the order: Fe > Al > Mn > Ba > Zn > V > Cr > 38 

As > Pb > Co > Li > Cu > Ni. Through analysis using the geo-accumulation index, the concentrations of 39 

the chemical elements were determined to reflect the local lithology and not the influence of human 40 

activities for all the elements, with the exception of Ba, the enrichment of which came from Camamu 41 

Bay. The chemical elements in the sediments do not pose a risk to the local biota or the human 42 

population. The distribution maps revealed a tendency for the accumulation of higher concentrations of 43 

elements in some sectors of the channel. This study can be used in the future as a complete profile of the 44 

background concentrations of the studied elements in the sediments, aiding in the continuity of 45 

monitoring actions. 46 

Keywords: Environmental quality; sediment geochemistry; spatial distribution; heavy metals 47 

 48 

1. Introduction 49 
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The environmental importance of estuaries has been a driver of numerous studies on sediments in such 50 

areas (Vilhena et al., 2016; Reese et al., 2019; Birch et al., 2020; Jia et al., 2021). Estuaries are fragile 51 

ecosystems, subject to multiple disturbances such as environmental changes, and therefore the 52 

preservation of environmental conditions in them, the protection of the life and their environmental 53 

protection is a necessity in order to guarantee their survival and the ecosystem services that they provide 54 

(Humphreys and Clark, 2019; Marasinghe et al., 2021; Pessanha et al., 2021). Estuaries are generally 55 

studied in areas where there are important environmental impacts produced by the accumulation of 56 

heavy metal pollution or microplastics (Macleod and Coughanowr, 2019; Ta and Babel, 2020; Rakib et 57 

al., 2022). In many cases this occurs in densely populated areas close to estuaries or crossed by rivers 58 

that flow into estuaries (Islam et al., 2018; Wicaksono et al., 2020; Zaki et al., 2021). For this reason, 59 

some studies have pointed the need to study the sensitivity of these environments and to avoid excessive 60 

anthropic pressure on them (Van Niekerk et al., 2020). Estuaries, acting as connecting systems between 61 

rivers and marine waters, have been historically occupied by human populations (Suguio, 1999; Guerra 62 

and Cunha, 2005). Therefore, both the waters and sediments of estuaries will be affected by nearby 63 

anthropogenic activities (Birch et al., 2020). To avoid the environmental degradation, it is essential to 64 

understand the dynamics of estuaries, learn how to protect them by establishing appropriate measures 65 

and thereby avoid the impacts of pollution on water, sediments and biota (Fowles et al., 2018; Zhao et al. 66 

2018; Zhang et al. 2020). 67 

The environmental management of Brazil's coastal zone represents a great challenge, due to its extensive 68 

coastal strip, which hosts several estuarine regions. In the case of this country several studies have been 69 

conducted in both impacted (Santos et al. 2015; Lima et al., 2017; Costa et al., 2018) and conserved 70 

(Xavier et al., 2020; Carneiro et al., 2021; Capparelli et al., 2021) estuaries, in order to determine the 71 

baseline concentrations of chemical elements in these environments, as well as the impacts of human 72 

activities as urbanisation and industrialisation. Often, estuaries can be receptors of biogenic, geogenic 73 

and anthropogenic chemical substances, which might be toxic to the biota living in that environment 74 

(Liu et al., 2020). Some of these compounds might be harmful to organisms, even at low concentrations. 75 

This highlights the importance of assessing the presence of contaminants in estuaries, to avoid any 76 
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negative impact on these environmentally relevant systems. Different approaches can be used to fulfil 77 

this objective, such as the measurement of contaminant concentrations in water and/or sediments or the 78 

use of immunohistochemical and morphological analysis as biomarkers (Uchimiya et al., 2020; 79 

Alengebawy et al., 2021). Some authors have pointed to the importance of estuaries as environmental 80 

quality markers, using different approaches, such as water chemistry (Ezekwe and Edoghotu, 2015; Jung 81 

et al., 2017; Jeamsripong et al., 2018; Mama et al., 2018; Nilin et al., 2019), the immunohistochemical 82 

and morphological analysis of fish gills as biomarkers (da Silva-Montes et al., 2015), and sedimented 83 

chemical elements, in the assessment of environmental quality conditions (Li et al., 2018; Birch et al., 84 

2020). Thus, the analysis of chemical elements in sediments represents an important approach for 85 

assessing the environmental quality of estuaries, which are repositories for chemical elements 86 

transported from rivers to oceans. The estuary of the Serinhaém River is characterized to be a 87 

preservation area with a low population density, representing remnants of protected Atlantic Forest and 88 

mangrove forest, and having an absence of large industrial and touristic complexes, all of which makes 89 

this area a valuable representative of a pristine, or almost pristine, system to analyse the environmental 90 

quality of the estuary area (Santana et al., 2021a).  91 

Brazilian mangroves were protected by the determination of the National Council on the Environment 92 

through Resolution No. 303 of 2002 (CONAMA, 2002). This was revoked in September of 2020, posing 93 

an increased risk of environmental degradation of such areas due to land-use change in the future. 94 

Because of the protection laws regarding mangrove forests, many Brazilian estuaries are presently still in 95 

a good state of preservation, which has allowed for the publication of studies aimed at determining the 96 

background concentrations of chemical elements in the sediments (Lima et al., 2017; Xavier et al., 97 

2020). The present study is up-to-date and of high priority to evaluate the conservation level of study 98 

area. The importance of preserving mangrove areas at a time when legislative changes are taking place 99 

and have the potential to accelerate the degradation of such environments (Giri et al., 2011). 100 

From this perspective, the concentrations of the chemical elements iron (Fe), aluminium (Al), 101 

manganese (Mn), vanadium (V), barium (Ba), zinc (Zn), copper (Cu), lithium (Li), cobalt (Co), 102 

chromium (Cr), nickel (Ni), lead (Pb) and arsenic (As) were determined in this study from the surface 103 
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sediments along the Serinhaém Estuary, an environmental protected area in Bahia State, Brazil. The aim 104 

of this work was to study the spatial variation of these chemical elements in estuarine sediments, and to 105 

map them using the kriging method. We hypothesised that current protection measures have ensured the 106 

good environmental quality that is reflected in the concentrations of the elements in the sediments. To 107 

our knowledge, this is one of the few studies that has produced a spatialisation of the sediment trace 108 

elements in an estuarine region, and that has linked the elemental concentrations with environmental 109 

quality indices. This estuary has been monitored by several studies and is a representative area of the 110 

importance of preserving protected natural areas to avoid anthropogenic pollution and environmental 111 

degradation being a good example of what can be achieved if the environment is preserved. 112 

 113 

2. Materials and methods  114 

2.1. Study area 115 

The estuary of the Serinhaém River is located in an environmental protection area in the southern region 116 

of Bahia State, Brazil, and extends over approximately 32 km², covering the municipalities of Ituberá 117 

and Igrapiúna (Fig. 1). This estuarine system is part of the lagoon estuary of Camamu Bay, the third 118 

largest bay in Brazil (Borges et al., 2013). The land use of the surrounding area is mainly represented by 119 

the rainfall forest in the upper part of the river, mixed with sparse regions of tree monocultures (Euterpe 120 

edulis and Theobroma cacao), whilst in the south of the catchment and along the river’s edge, mangrove 121 

forest is dominant. The small urban area of Ituberá is located near the northern part of the estuary, there 122 

is little industrial activity along its reaches, and a predominance of family farming (Santana et al., 2021a; 123 

Carneiro et al., 2021). However, in the medium- and high-water areas of the basin, in the area 124 

surrounding the Pancada Grande waterfall, there are activities related to the production of rubber and 125 

tires, as well as farms that are part of an agricultural consortium (Mascarenhas et al., 2015). The 126 

estuarine channel presents irregular bathymetry, due to the Maragogipe–Ituberá geological alignment 127 

(Barbosa and Dominguez, 1996). The geology is represented by igneous rocks––mainly metamorphosed 128 

monzonite, syenite, diorite and gabbro––in the upper part of the estuary, limestone, dolomites and shales 129 
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in the middle part, and clay, sand and silt along the boundaries and in the estuary mouth. Fine-grained 130 

silt and sandy sediments are widespread in the estuary, mostly near the southern edge (Santos et al., 131 

2015). 132 

Fig. 1 Location map of the study area 133 

Soils have been classified as a dystrophic red Latosol (Oxisol) and a dystrophic Red-Yellow Argisol in 134 

the upper and middle part of the estuary, and a dystrophic red Latosol, hydromorphic Spodosol and 135 

Quartzarenic Neosol in the lower part of the estuary (Solos, 2013). The vegetation type is dense 136 

rainforest (Ellenberg and Muller-Dombois, 1967), mainly composed of Pteridium aquilinum, Bromelia 137 

spp. and members of the Arecaceae (IBGE, 2012), whereas the mangrove forest is mainly composed of 138 

the species Rhizophora mangle, Avicennia schaueriana and Laguncularia racemosa (IBGE, 2012). The 139 

annual precipitation ranges between 600 and 1500 mm in the study area (IBGE, 2012).  140 

2.2. Methodological procedure for the elemental analysis 141 

The methodological procedure followed allowed us to obtain the elemental distributions and perform an 142 

analysis of the risk posed by the chemical elements in the surface sediments of the conserved tropical 143 

zone belonging to the studied estuary. In order to achieve the objectives proposed in the study, various 144 

technical procedures were used, based both on the analysis of samples in the laboratory and on the 145 

spatialisation of the results using the Geographic Information System (GIS). This allowed an exhaustive 146 

study of the concentrations of chemical elements and comparison with previous studies. 147 

2.2.1. Sampling design and laboratory methods 148 

The coordinates of the sampling points were confirmed using a Global Positioning System (GPS) 149 

Garmin eTrex 30 device. Due to the irregularity of the estuarine channel, the collection points were 1 km 150 

apart. In order to study the estuary, different transects were made along the estuary. This is the 151 

methodology commonly used in this type of study to determine changes in the concentration of chemical 152 

elements and is also valid for spatialising the results obtained (Bertrán et al., 2001). Sediment sampling 153 

was carried out in July 2014. This is the time when the river has the highest flow and sediment samples 154 

can be collected more efficiently.  Sixty two cores (sediment profiles) were taken along the estuary (Fig. 155 
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1). The collection of the cores was performed using a Van Veen grab and a stainless steel core measuring 156 

0.40 m long and 5 cm in diameter previously decontaminated with detergent (Extran) and 10% HNO3 157 

(Hatje et al., 2006). From each of the cores, the surface part of the sample (0-5 cm) was extracted and 158 

analysed in the laboratory and the remaining sample from each core was excluded from being analysed. 159 

The total weight of this wet sediment fraction for each of the analysed sampling points weighed 250 g. 160 

Then, 62 surface sediment (0-5 cm) samples were analysed. 161 

The samples were placed in plastic bags and transported to the laboratory, where they were dried at room 162 

temperature for 24 h milled, and sieved through a 0.062-mm mesh, which separated out at least 10 g of 163 

the clay fraction, as the finer fraction has a greater ability to retain elements (Hatje et al., 2006; Hatje et 164 

al., 2008; Solos, 2013; Souza et al., 2015). To avoid contamination of the equipment used during the 165 

analyses, this was washed with tap water and left for 4 h, then washed with ultrapure water and left for a 166 

further 4 h. The equipment was then rinsed again with ultrapure water and left to dry at room 167 

temperature. Determination of the concentrations of the same elements in clay sediments was performed 168 

according to Solomons and Forstner (1984). 169 

First, for each sample and duplicate, we weighed out 0.5 g of the clay fraction using a precision balance 170 

(Shimadzu, model AY220). The clay was transferred to a test tube (50 cm3 approximately) to which a 171 

solution of hydrochloric acid (HCl) and nitric acid (HNO3) was added, at a ratio of 3:1 (3 mL HCl and 1 172 

mL HNO3). The suspension was placed in a 100°C digester block for a period of 24 h. After digestion, 173 

the samples were filtered and placed in 50-ml volumetric flasks, to which was added ultrapure water to 174 

25 ml. The samples were subsequently transferred to 60-ml polyethylene plastic receptacles and stored in 175 

the refrigerator at 4ºC prior to analysis (Carneiro et al., 2021). 176 

In order to determine the concentrations of the extractable chemical elements, the samples were analysed 177 

using inductively coupled plasma–optical emission spectrometry (ICP–OES) (Agilent Technologies 700 178 

series) in the Institute of Geosciences at the Federal University of Bahia (UFBA). The samples were 179 

digested in the Laboratory of Geochemistry and Environmental Catalysis at the State University of Feira 180 

de Santana (LGCA–UEFS), and later transported to the Laboratory of Petroleum Studies (LEPETRO-181 
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UFBA), where the elemental analysis was performed. The analyses followed standard procedures for 182 

quality assessment to ensure there was no external interference.  183 

The mean and standard deviation for each chemical element were obtained after the analysis. The mean 184 

concentrations were used in the spatialisation of the elemental distributions in the estuarine channel.   185 

2.2.2. Statistical and spatial analysis 186 

Geo-accumulation indices for the chemical elements were calculated using Excel v. 15.0 software, using 187 

the formula: Igeo = log2[Me]sed / 1.5[Me]ref (Muller, 1969). Igeo is used to evaluate Heavy Metals 188 

concentrations quantitatively in sediments. Where [Me]sed is the concentration of a given heavy metal 189 

and [Me]ref is the geochemical background value of the element in the reference site (Mortatti and 190 

Probst, 2010). The factor 1.5 is the background matrix factor due to lithogenic effects (Liu et al., 2020). 191 

The data obtained were statistically treated using R software (version 4.0.0). Considering that over 75% 192 

of the studied variables presented non-normal distributions, according to the Shapiro–Wilk normality 193 

test, we calculated Spearman’s correlation coefficient (p < 0.05) (Fig. 2) in order to better understand the 194 

geochemistry of the area. Principal Component Analysis and factorial analysis were performed in order 195 

to evaluate the connections between the analysed elements. 196 

We compared the concentrations of the chemical elements with two other studies (see in results and 197 

discussion section) , also carried out on sediments from this estuary, using R software (version 4.0.0). 198 

These other studies (Hatje et al., 2008; Carneiro et al., 2021) were performed using similar procedures 199 

for sample collection and metal extraction, with concentrations presented in mg kg-1. 200 

The spatial distributions of the chemical elements were studied using the ArcGis 10.1 spatial analyst 201 

extension. A kriging process was applied to the data. For this, it was assumed that the distance between 202 

the samples and the direction of the samples reflected a spatial correlation through variations in the 203 

sampled area. This tool is widely used for the treatment of datasets, and is important in large-scale 204 

mapping where global spatial trends are emphasised (Bockelmann et al., 2018). The method is based on 205 

autocorrelation, and thus seeks to obtain a prediction model that considers the distance and also the 206 

directional bias of the data, in addition to providing a quantified accuracy through cross-validation 207 
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(Zananiri and Vakalas, 2019). Thus, as a final product, prediction maps of the chemical elements along 208 

the Serinhaém River estuary were created. The elements Pb, Co, Cr and Ni had concentrations below the 209 

quantification limit of the ICP–OES in several samples, which impaired the creation of distribution maps 210 

for these elements, given the limitations of the method. 211 

 212 

3. Results and Discussion 213 

3.1. Descriptive analysis of the chemical elements 214 

A descriptive analysis (Table 1) of the chemical elements along the extent of the Serinhaém Estuary 215 

revealed that extractable Fe was the element with the highest concentrations, followed by Al then Mn. 216 

Table 1. Descriptive statistics for the chemical elements (mg kg-1) found in the sediments along the 217 

Serinhaém Estuary. 218 

Variable n min max mean median SD 

Al 62 746.75 27995.44 8708.97 7146.25 
5877.7

2 

As 62 0.05 47.32 9.78 4.32 11.62 

Ba 62 15.45 333.40 87.59 73.79 53.05 

Co 62 1.88 40.69 7.27 4.95 6.54 

Cr 62 0.84 72.04 22.09 17.70 16.97 

Cu 62 0.70 31.37 5.86 3.95 5.45 

Fe 62 1331.65 27521.89 13677.17 13212.58 
6687.1

5 

Li 62 0.07 20.09 6.72 6.07 4.16 

Mn 62 47.13 513.70 136.20 112.87 87.31 

Ni 62 0.23 23.24 5.19 3.43 5.82 

Pb 62 0.73 42.48 8.08 5.47 8.52 

V 62 4.61 91.66 29.01 26.06 15.90 

Zn 62 21.31 127.75 67.41 67.00 25.06 

 219 

The mean concentrations of the other elements followed the order: Ba > Zn > V > Cr > As > Pb > Co > 220 

Li > Cu > Ni. The high concentrations of Fe and Mn relate with the lithology of the study area, which is 221 

part of the Recôncavo Sul Basin and comprises mainly sandstone that is rich in these elements (Santos 222 

and Nolasco, 2017). Relatively high concentrations of Fe and Mn have also been reported in previous 223 
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studies in this area (Carneiro et al., 2021; Hatje et al., 2008). These concentrations do not indicate 224 

contamination. Relatively high concentrations of Al were also expected to correlate with the local 225 

geology, considering that it is a major component of mineral structures and is not commonly subject to 226 

alteration through processes such as reduction/oxidation, adsorption/desorption or diagenesis (Sun et al., 227 

2018). Although these concentrations may be elevated, the organisms in this area are safe from the 228 

negative effects of Al because the concentrations reflect natural levels (CPRM, 2003). The 229 

concentrations of metals only reflect the local geological settings or inputs from natural sources, these 230 

metals could still be harmful to the ecosystem with elevated concentrations (over the natural levels) and 231 

therefore these concentrations should be continuously monitored by studies like the present. The 232 

concentrations of Al in this study were the highest of all elements (746–27,995 mg kg-1), and were 233 

extremely high when compared to the results from another preserved estuary in Cardoso Island (0.11–234 

1.62 mg kg-1) (Semensatto et al., 2007). The Fe concentrations in the Serinhaém Estuary ranged from 235 

4,246–27,521 mg kg-1, which is also much higher than the concentration found in the Cardoso Island 236 

estuary (2.26 mg kg-1) (Semensatto et al., 2007). The Mn had a range of 51.21–513.70 mg kg-1. When 237 

compared to the datasets generated by Silva et al. (2009) from the estuary of the Formoso River and by 238 

Jesus et al. (2004) from the estuary of Ilha de Vitoria, the concentration range for Cu from this study was 239 

lower, whilst Li had higher concentrations in the Serinhaém Estuary than in the Formoso River estuary, 240 

which ranged from 3.0–8.54 mg kg-1. There were high concentrations of As in the estuary of the 241 

Formoso River, with a range of 2.4–20 mg kg-1, while in our study, the range was greater, showing 242 

regions with relatively lower and higher concentrations.  243 

The concentrations of Cu and Ni are generally greatly influenced by the organic matter and clay levels in 244 

sediments, which work as adsorption loci (Chester and Larrance, 1981; Lima et al., 2017). A previous 245 

study found relatively low levels of organic matter in these sediments (Carneiro et al., 2021), and these 246 

were mainly originated from plant material (Carneiro et al., 2021b) 247 

Despite the presented means, Table 1 reveals a diverse distribution pattern for the concentrations and a 248 

high variability of the analysed elements. This was expected, considering that estuarine regions are under 249 

the constant influence of influxes of continental and coastal waters, with water circulation patterns that 250 
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can result in distinct distributions of sediments (Dalrymple et al., 1992). Regarding the Serinhaém 251 

Estuary, a previous study reported varied patterns of depth and drainage orientations along the channel 252 

(Santos and Nolasco, 2017). The spatial distribution of chemical elements along estuaries is becoming an 253 

important approach in geochemical studies because it presents many positive aspects for the choice, 254 

identification and comparison between collection points and makes results more intuitive for the general 255 

public (Woods et al., 2012; Sun et al., 2018; Reese et al., 2019; Jia et al., 2021). The strongly correlated 256 

elements are considered to either have had similar origins, interdependencies and/or exhibit similar 257 

behaviours during transport (Fig. 2 and Fig. 3). Overall, the different analysis revealed similar trends of 258 

connections between the analysed elements, with the Principal component analysis showing the direction 259 

of over 60% of the variance in our data, and the factor analysis indicating that the elements present the 260 

tendency to cluster in 3 different groups, while the Spearman’s correlation analysis determine pairwise 261 

correlations between chemical elements. 262 

Fig. 2 Spearman’s correlation coefficient for the chemical elements measured in the sediments of the 

Serinhaém Estuary (p ≤ 0.05) 

Fig. 3 Principal Component analysis showing over 60% of the variance explained by the data (A). 263 

Factorial analysis grouping the elements which are more closely correlated in a three-factors analysis 264 

(B). 265 

The positive correlation between Co, V, Ni and Cr with Fe and Mn, which are predominant in the local 266 

lithologies, suggests that these elements are associated with the oxide-hydroxide phases of Fe and Mn 267 

and/or came from the same source (Carneiro et al., 2021; Hatje et al., 2008). Then, Cu/Cr/Ni/Li are 268 

associated with the aluminosilicates in the lithology cementing materials binding the sand grains 269 

(explained previously). The precipitation of Fe hydroxides is relevant to the transport and availability of 270 

chemical elements, being involved in exchanges between the water column and the sediments (Carneiro 271 

et al., 2021). The elements Cu, Cr, Ni and Li were positively correlated with Al, suggesting that they are 272 

associated with aluminosilicates in the lithology.  273 

Positive correlations were also found between V and Co, Cu, Ni and Cr, and V and Fe, Mn and Al, 274 

suggesting that the V concentrations were also influenced by natural sources. A possible natural origin 275 
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may also apply to Pb, which correlated with Cu, Cr and Ni. However, Pb is mainly found in fossil fuels 276 

and industrial discharges (Harmesa et al., 2020), and navigation along the Serinhaém Estuary is the 277 

preferred method of transportation for the populations living in the relatively isolated areas near Ituberá 278 

city. This could be relevant to the concentrations of Pb found in this study, although it is not yet a 279 

problem for the area due to the similar values comparing to the other studies, since the levels of chemical 280 

elements in estuarine sediments tend to come from a combination of natural and anthropogenic sources, 281 

and therefore the concentrations in an area may be due to multiple factors (Harmesa et al., 2020; Liu et 282 

al., 2016). 283 

The elements As, Ba and Zn showed no relevant correlations with the other elements, which may be an 284 

indication that the observed concentrations were due to anthropogenic sources rather than the local 285 

lithology, or even a combination of both. The distinct behaviour of Ba in comparison with the other 286 

natural elements was expected due to the proximity and influence of the Camamu Bay waters, which are 287 

enriched in this element and where mining activities may have also contributed to the elevated values 288 

(Oliveira et al., 2009). This can be seen in the Ba distribution map (Fig. 3). The relatively high 289 

concentrations of As in the sediments were observed in areas not directly influenced by human activities; 290 

this could indicate a tendency for As to be transported some distance away from its source, which should 291 

be investigated in the future studies on the area.  292 

Relatively high concentrations of Zn were found near the urban complex of Ituberá, suggesting that the 293 

urbanisation of the area could be one of the main exogenous sources of this element in the estuary. In 294 

addition to the presence of an urban area in proximity to the northern part of the estuary, the influence of 295 

human activities in the upper basin may also have played an important role in the recorded patterns. 296 

Studies on the behaviour of As in the upper basin are still lacking, while an analysis of Zn concentrations 297 

in the Juliana River, which flows into the Serinhaém Estuary, has identified no signs of contamination 298 

(Mascarenhas et al., 2015). The domestic discharge in Ituberá should be analysed for As and Zn as a 299 

possible source. 300 

Through a comparison between data from the Serinhaém Estuary and other estuarine regions, we 301 

observed that the elemental concentrations from our study are similar to those of the other areas that 302 

have a low anthropogenic influence, while our concentrations are lower than those from estuaries heavily 303 
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influenced by human activities. These results were expected because the Serinhaém Estuary is situated in 304 

a preserved area with a low population density and because previous studies, which had lower sample 305 

numbers and covered less of the area, found similar naturally occurring concentrations of these elements 306 

in the sediments (Carneiro et al., 2021; Hatje et al., 2008).  307 

The mean concentrations of V from this study were higher than those reported by Krull et al. (2014), but 308 

lower than those of Carneiro et al. (2021) from the same estuary, which suggests that this element is 309 

accumulating over time. This possibility should be further investigated. The mean Zn concentration in 310 

the Serinhaém Estuary was higher than those from other Brazilian estuaries with a different conservation 311 

status, but lower than those from estuaries in China, Australia and Niger (Oliveira et al., 2009).  312 

3.2. Spatial distribution and variability of the chemical elements 313 

The distribution maps (Fig. 4) illustrate the spatial variability of the chemical elements with measurable 314 

concentrations (in mg kg-1) in the majority of samples. The Al distribution in the estuary is not 315 

homogeneous, with concentrations being higher in the upper part of the estuary and decreasing 316 

significantly in the middle part, which has lower concentrations. These concentrations become elevated 317 

again at the mouth of the river, although they are not as high as in the upper part. The distribution of Fe 318 

shows very high concentrations in the upper part of the estuary, up to where it connects with Rio do 319 

Campo, where the concentrations decrease. The concentrations continue to be low towards the mouth, 320 

where they again increase in the southern part of the estuary. Higher concentrations of Mn were found in 321 

the upper part of the estuary, specifically in the region near the municipality of Ituberá. In the north of 322 

this area, the results were relatively low, whilst its distribution in the middle and lower parts of the 323 

estuary was relatively homogeneous (Fig. 4). 324 

It can be seen that high concentrations of Al and Fe occur close to the downstream parts of the estuary, 325 

suggesting they may be related with to presence of mangroves, which help in the retention of sediments, 326 

and specifically the <0.063-μm fraction, which helps to retain these elements due to the specifics of its 327 

surface properties (Resende et al., 2007). The tendency for Al accumulation in fine-grained sediments 328 

has been previously observed in distribution maps in the Yellow Sea and associated estuaries in China 329 
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and Korea (Jeong et al., 2021). In another relatively well-preserved estuary, in the Amazonian region of 330 

Brazil, Al also had higher concentrations around an urban settlement (Lima et al., 2017). 331 

The distribution of V was higher in the upper part of the estuary, especially in the area around the Ituberá 332 

municipality. The lowest concentration of Ba was found in the upper part of the estuary, whilst to the 333 

south, it became slightly higher. In this case, in the middle part of the estuary, the higher concentrations 334 

were obtained from the southern part, which shows an opposite distribution trend to the other elements. 335 

Finally, the Zn concentrations were spatially highly heterogeneous in comparison to the other elements, 336 

suggesting distinct patterns of behaviour for this element in this estuary (Fig. 4).   337 

In recent works, Zn has been found in high concentrations in diverse estuarine situations worldwide 338 

(Birch et al., 2020; Jia et al., 2021; Magesh et al., 2011); this was not the case in our study, where Zn is 339 

not currently a concern in the area. Significant concentrations of Zn have previously been correlated with 340 

the clay fraction of the sediments in another preserved estuary (Reitermajer et al., 2011) in Bahia, but 341 

this trend was not repeated in our analysis.  342 

Fig. 4 Spatial distribution of Al, Fe, Mn, V, Ba, Zn, As, Cu and Li (mg kg-1) along the Serinhaém River 343 

estuary 344 

Differences in Ba concentrations have been shown to have some level of influence on the organisation of 345 

microbial communities in the Serinhaém Estuary (Santana et al., 2021b). Because V is a less commonly 346 

analysed element in sediment geochemistry studies, its concentrations and distribution from this study 347 

can be used as a reference in future works. In Woods et al. (2012), the V concentrations were considered 348 

to be elevated in particular areas of the Pearl River Estuary, although the distribution was not spatialised 349 

as for other elements in the study. Similar to other studies (e.g. Lima et al., 2017; Sun et al., 2018), the 350 

Cu concentrations were found to be more elevated in the vicinity of urban areas, such as the city of 351 

Ituberá, in this study. This might be related to urban sewage discharge, although, generally, the 352 

distribution of this element reflects the lithology of the area (Santana et al., 2021b). Varied spatial 353 

concentrations of As have also been found along the Pearl River estuary, with higher concentrations 354 

found near Guangzhou port (Woods et al., 2012), indicating not only natural but also an anthropogenic 355 
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source (Sun et al., 2018). However, in the present study, the main sources of the As appear to be natural. 356 

The Li concentrations also seem to follow the spatial distribution of fine-grained sediments and organic 357 

matter, as observed by Santos and Nolasco (2017) in the area. In Woods et al. (2012), Li was more 358 

concentrated near coastal sediments, having a different spatial pattern compared to this study. 359 

The concentrations of As were higher in the middle-upper and middle-lower parts of the estuary (Fig. 4). 360 

In the upper, middle and lower parts, however, lower concentrations were recorded, giving a range of 361 

0.30–41.41 mg kg-1 for the entire channel. Regarding Cu, the lowest concentrations were found in the 362 

middle part of the estuary, whilst they were higher in the upper part (0.70–31.37 mg kg-1). Finally, the Li 363 

concentrations were considerably higher in the upper and lower parts of the estuary than in the middle 364 

part (0.07–20.09 mg kg-1). 365 

The likely main reason for the pattern of areas of higher elemental concentrations in the upper and lower 366 

parts of the channel, observed in the distribution maps, is that these two areas are more prone to the 367 

deposition of fine sediments in this estuary, according to a previous study (Santos and Nolasco, 2017), 368 

which show a higher tendency to retain chemical elements (Resende et al., 2007). This tendency of 369 

chemical elements being more concentrated in areas of fine-grained sediments has been widely reported 370 

in the literature (Magesh et al., 2011; Woods et al., 2012; Birch et al., 2020; Jia et al., 2021) and was 371 

observed, in this study, for the majority of the elements analysed. However, there are other 372 

environmental factors that have been significantly correlated with chemical elements in sediments, 373 

including hydrodynamic activity, temperature, pH and salinity (Sun et al., 2018), which are not analysed 374 

in this study. 375 

3.3. Determination of the origins of the chemical elements 376 

Brazil does not have any specific legislation dealing with the maximum limits for chemical elements in 377 

estuarine sediments. Nevertheless, the fact that protected areas exist and that activities in them are 378 

limited is essential to control pollution. In view of this reality, the CONAMA 454/2012 Resolution is 379 

used as a reference, its limits based on those of the US National Oceanic and Atmospheric 380 

Administration (NOAA). In the standards presented by the CONAMA 454/2012 Resolution, there are 381 
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two levels. Level I refers to concentrations below which no adverse effects to the biota are observed, 382 

whilst Level II refers to those above which it is possible to observe an adverse effect on the biota. In this 383 

study, the sediment samples were classed as Level I, since none of the concentrations we determined in 384 

the sediments exceeded those established by the legislation, thus not generating a risk to the biota. Table 385 

2 presents a comparison between the elemental concentrations in the area and the legal parameters. 386 

Table 2. Comparison between elemental concentrations in sediments of the Serinhaém River, 387 

highlighting the minimum (Min) and maximum (Max) values (expressed in mg kg-¹) and those of the 388 

CONAMA 454/2012. Resolution based on NOAA reference concentrations. 389 

Element 
This study 

Min-Max 

NOAA 

Min-Max 

CONAMA 454/12 

N1-N2 

Al 746.75 – 27995.44 - - 

Fe 1331.65-27521.89 - - 

Mn 47.13-406.81 - - 

V 4.61-91.66 - - 

Ba 18.39-199.75 -  

Zn 21.31-127.75 124-271 150-410 

Cu 0.70-31.37 18.70-112.20 34-270 

Li 0.35-20.08 - - 

As 0.05-41.41 - 19-70 

Pb 1.47-42.48 30.20-112.20 46.70-218 

Ni 0,62-23,24 15.90-42.80 20.90-51.60 

Co 1.88-40.69 - - 

Cr 3.071-72.04 52.30-160.40 81-370 

 390 

This table provides a summary of the values obtained in the analyses of this study and the legal limits 391 

established to determine whether an area is contaminated or not. It is worth noting that Al, Fe, Mn, V, 392 

Ba, Co and Li do not have concentration limits in the resolution, although their concentrations are 393 
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relatively high in this study in comparison to the other elements, possibly because they are major 394 

components of the parent material (Resende et al., 2007). The concentrations of Zn, Cu, Pb and Cr were 395 

within those allowed by the resolution. When compared with the NOAA international standard, some 396 

concentrations of Zn, Cu, Pb, Cr and Ni were higher than those considered natural (TEL), but they were 397 

still below the limits of what is considered toxic to organisms. 398 

In order to understand the possible origins of these elements and their distributions along the Serinhaém 399 

Estuary, the geo-accumulation index was used (Table 3), which confirmed, overall, the hypothesis that 400 

the observed concentrations in these sediments were mostly from natural sources, based on the 401 

classification introduced by Muller (1979).  402 

Table 3. Percentage of points with geo-accumulation index concentrations belonging to the different 403 

contamination classes for all the elements analysed from the Serinhaém Estuary. Expressed in %. 404 

Igeo Class (Muller 1979) Al Fe Ba Cu Pb Zn Ni V Mn Co Cr Li As 

>5 
Extremely 

Contaminated (6) 
0 0 0 0 0 0 0 0 0 0 0 0 0 

4-5 
Highly to extremely 

contaminated (5) 
0 0 0 0 0 0 0 0 0 0 0 0 0 

3-4 
Highly Contaminated 

(4) 
0 0 1.6 0 0 0 0 0 0 0 0 0 0 

2-3 
Moderately to Highly 

Contaminated (3) 
0 0 29 0 0 0 0 0 0 0 0 0 0 

1-2 
Moderately 

Contaminated (2) 
0 0 51.6 0 0 0 0 0 0 0 0 0 3 

0-1 

Not contaminated to 

moderately 

contaminated (1) 

13 0 14.5 0 3.2 0 0 0 0 1.6 0 0 22 

<0 Not contaminated (0) 87 100 3.3 100 96.8 100 100 100 100 98.4 100 100 75 

 405 

With the exception of Ba, all the elements had concentrations in the non-contamination class at the vast 406 

majority of sample locations, whilst the Ba concentration, conversely, strongly indicated contamination 407 

at the majority of sample points. This is likely explained by the particularities of the region, which is 408 

close to naturally occurring sources of barite, which is mined. As is evident from the distribution map 409 

(Fig. 4), the higher Ba concentrations were found near the mouth of the estuary, close to Camamu Bay-410 

the, most likely source of the exogenous Ba. 411 
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3.4. State of the estuary and chronological evolution based in other studies 412 

In order to evaluate the chronological evolution of the elements in the sediments of the Serinhaém 413 

Estuary, we compared our results with those of two studies performed in the area (Fig. 5). Because Li 414 

was only included in this work, it was not considered in the time-series analysis. In the bar plots, Study 415 

A was carried out by Hatje et al. (2008), Study B represents this work on samples collected in 2014, and 416 

Study C is Carneiro et al. (2021), representing samples collected in 2019. 417 

Fig. 5. Chronological evolution of elemental concentrations in the sediments of the Serinhaém Estuary 418 

via a comparison between three studies: A) Hatje et al. (2008); B) this study (samples collected in 2014); 419 

and C) Carneiro et al. (2021) 420 

Figure 4 presents the concentrations of As, Ba, Cr, Co, Cu, Le, Ni, V and Zn in the sediments from the 421 

three studies, which are presented in chronological order of sample collection. Study A (Hatje et al., 422 

2008) examined the surface sediments from five points along the estuary. Study B is the current study, 423 

with the samples collected in 2014, and Study C was carried out by Carneiro et al. (2021), who analysed 424 

five vertical profiles of sediments collected from the estuary in 2019. All three studies analysed the 425 

chemical elements in the sediments using the partial extraction method. Statistical differences between 426 

the concentrations from each study were calculated using the Kruskal–Wallis test. Considering their high 427 

abundances and prevalence in the local lithology, the concentrations of Al, Fe and Mn were not 428 

presented in the box plots. The element Li was not compared with other studies due to it was only 429 

analysed in our study. The comparison shows that As concentrations have increased over the years. A 430 

statistical analysis indicated that the rest of the concentrations had not changed significantly over the 431 

years (Table 4). However, a greater variability in the concentrations is notable for 2014, probably due to 432 

the larger number of samples and area covered. The study by Carneiro et al. (2021), conducted in 2019, 433 

gave the highest concentration of As in the time-series, suggesting an accelerated increase in this 434 

element in the last decade. 435 

Table 4. Kruskal–Wallis test assessment of the significance of the observed differences in elemental 436 

concentrations in the sediments of three studies on the Serinhaém Estuary. 437 

Elements Kruskal-Wallis Pairwise comparisons using Tukey and 
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test – p-

concentration 

Kramer (Nemenyi) test – p-concentration 

A - B A - C B - C 

As 0.1043 - - - 

Ba 0.0478 0.0410 0.1140 0.9530 

Co 0.0003 0.1755 0.3151 0.0005 

Cr 0.0028 0.3419 0.0033 0.007 

Cu 0.0000 0.0116 0.9996 0.0007 

Fe 0.0667 - - - 

Mn 0.0279 0.9190 0.0700 0.0250 

Ni 0.9002 - - - 

Pb 0.0319 0.6880 0.0450 0.0410 

V 0.0052 0.1379 0.0037 0.0355 

Zn 0.0730 - - - 

 438 

The Ba concentration has increased over time, proven to be statistically significant through the Kruskal–439 

Wallis test (Table 4), especially between 2008 and 2014. The samples from Study A showed lower 440 

variability than the other studies; these differences between the studies should be examined. The 441 

influence of the Camamu Bay waters appears to be cumulative in the estuary, and even though Ba is no 442 

longer mined in the area, it is continuing to enter, and accumulate in, the estuary. The Cr concentrations 443 

and their variability have significantly increased over time, with the highest values noted between 2014 444 

and 2019. Conversely, Ni has not significantly changed over the years, as confirmed by its relative 445 

stability in the time-series. The cumulative concentration of some elements is normal due to the 446 

characteristics and dynamics of estuaries.  In this sense, it is essential to monitor the values of these 447 

elements to establish corrective measures in case the amounts exceed the norm in order to avoid 448 

environmental degradation of the area (Kostersa et al. 2020; Kolb et al. 2022).  449 

 450 

4. Conclusions 451 

The results confirmed our hypothesis that the chemical characteristics of the sediments in the Serinhaém 452 

Estuary reflect natural sources and indicate good environmental quality, based on other studies and 453 

expert agreements.. Consequently, we have confirmed the low influence of anthropogenic activities on 454 

this protected area, reinforcing the  need to efforts in guaranteeing future good environmental quality 455 

through the protection and preservation of such an important ecosystem. Based on this outcome, this 456 

study can be used as a reference for background concentrations of the analysed elements in the 457 
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Serinhaém Estuary in future studies, as well as providing a reference to compare other preserved 458 

Brazilian estuaries. Such studies should continue to monitor temporal changes in protected areas. This 459 

work provides important data on the geochemical aspects of this conserved area, which is now at critical 460 

risk, along with other mangrove areas in Brazil. Future research should focus on addressing other 461 

possible effects of human influence in this area. 462 
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Fig. 1 Location map of the study area 2 
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Fig. 2 Spearman’s correlation coefficient for the chemical elements measured in the sediments of the 

Serinhaém Estuary (p ≤ 0.05) 
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 29 

Fig. 3 Principal Component analysis showing over 60% of the variance explained by the data (A). 30 

Factorial analysis grouping the elements which are more closely correlated in a three-factors analysis 31 

(B). 32 
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33 
Fig. 4 Spatial distribution of Al, Fe, Mn, V, Ba, Zn, As, Cu and Li (mg kg-1) along the Serinhaém River 34 

estuary 35 
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 43 

Fig. 5 Chronological evolution of elemental concentrations in the sediments of the Serinhaém Estuary 44 

via a comparison between three studies: A) Hatje et al. (2008); B) this study (samples collected in 2014); 45 

and C) Carneiro et al. (2021) 46 
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Highlights 

• Estuaries are habitats sensitive to environmental disturbance. 

• Monitoring estuaries helps to understand them and to contain possible pollution. 

• Chemical characteristics of the sediments indicate environmental quality.. 

• Protected area estuaries maintain low anthropogenic influence on them.. 
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