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A B S T R A C T   

Trace metal concentrations in the particulate fractions (MP), dissolved fractions (MD) and sediments (MS), such 
as Ba, Cu, Co, Cr, Pb, Ni and Zn, were determined during the dry season of the largest open sea delta of Americas, 
the Parnaíba River Delta (Brazil). This study aimed to comprehend the distribution, dynamic changes of metal 
speciation and environmental quality index of trace metals in the particulate fractions and subsurface sediments 
in scenario of major marine influence over the delta. The trace metals bound to suspended particulate material 
(SPM) from weathering the drainage basin exhibited a removal trend under increases in salinity and pH. 
Desorption influenced the partitioning of BaMP, ZnMP, NiMP, CoMP, CuMP, and the adsorption and precipitation of 
PbMP and CrMP to the surface sediments. The organic matter contents in the sediments acts as an important 
geochemical carrier of these contaminants, and the dissolved organic carbon influences the binding of PbMD in 
the subsurface waters. The geoaccumulation index (Igeo) plays a crucial role in revealing potential contami
nation with ZnMP contents and weak association to this fraction. These results make possible the assessment of 
ecological risk by metal contamination and global pollution mitigation in coastal tidal estuaries under intensive 
physical mixing along the equatorial coast.   

1. Introduction 

The Parnaíba River Delta (PRD) is the largest open sea delta in the 
Americas, and the third in the world, after the Nile delta in Africa and 
the Mekong delta in Asia (Guimarães-Costa et al., 2019). It is also placed 
in the third largest mangrove forest in the world, with 7 % of the global 
mangrove area, which are known to be important drivers of the coastal 
organic and inorganic element budgets, acting usually as a sink of trace 
metals due to their richness in organic matter (Diniz et al., 2019; FAO, 
2020; Mori et al., 2019; Thanh-nho et al., 2018). 

Besides being conserved as a primitive ecosystem, the PRD shows 
some evidence of urban and industrial contributions, with point sources 
of nutrients and trace metals entering the estuary (Paula Filho et al., 
2021). Coastal environments are important for biological diversity 
because they provide many different habitats for breeding places and 
nurseries for various estuarine and marine species, and these regions are 
under the impact of sea level increase. In tropical areas, water retention 
in dams and decreased rainfall, due to El Niño events, intensifies this 
impact and alter the lability of trace metals (Lacerda et al., 2020). 

Therefore, studies about transport and availability of suspended trace 
metals give a piece important information about a possible risk of 
pollution in estuarine environments and their biodiversity during a dry 
season scenario when marine intrusion has the potential to simulate 
higher sea level conditions. 

Trace metals evaluation in the PRD determined regional background 
levels (geochemical baseline) in sediments for Zn, Cu, Pb, Cr, Mn, and Fe 
(Paula Filho et al., 2015). However, continuous studies in this extensive 
area of 3132 km2 pointed to values higher than the background for Cu, 
Ni, Zn and Fe (Paula Filho et al., 2019; 2021). The active and seasonal 
PRD hydrodynamics, with the presence of bays, large creeks, and 
anthropogenic and natural contributors to the region, besides the fate of 
a wave/tide dominated delta, probably induce variations along recent 
years. 

The variation of physicochemical parameters along estuaries (such 
as salinity, pH, turbidity, dissolved oxygen, redox potential) affects the 
adsorption and desorption of trace metals, causing the mobilization to 
the dissolved phases and the solid phases (particulate fractions and 
sediments) that potentially modify the bioavailability of the metals 
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(Bianchi, 2007; Gaulier et al., 2021; Wang and Wang, 2016). Therefore, 
to improve the knowledge on the behavior of the trace metals in PRD, it 
is important to determinate the partitioning of trace metals to compre
hend their degree of mobility and availability in aquatic environments 
(Guillén et al., 2012; Yao et al., 2016) in a diverse estuarine environment 
with a major river, mangrove channels and bays that can reflect the 
influence of saline intrusion in times of climate changes. Lacerda et al. 
(2020) identify a phenomenon known as the Arctic Paradox, that is the 
reduction of continental runoff that increase the residence time and 
accumulation of particulate organic-Hg complexes in the estuary. The 
Hg will enter food webs, increasing contamination of the biota and 
human exposure. 

Thereby, the distribution coefficients (Kd) of trace metals between 
solid (particulate fractions and sediments) and dissolved fractions can 
enrich the knowledge on trace metal fate in the PRD compartments to 
assess the future environmental risks, particularly in a global scenario of 
sea level increase (Lindsey, 2021). Additionally, it suppress the lack of 
data on trace metal in subsurface waters in the Brazilian equatorial coast 
(Marengo et al., 2017; Santos et al., 2023), a region between Amazonian 
tropical climate and Northeastern semiarid areas (Veiga Júnior, 2000). 
The present study aims to comprehend the distribution, dynamic 
changes of metal partitioning, and geochemistry of seven metals (Ba, Cu, 
Co, Cr, Pb, Ni and Zn) in the environmental compartments of PRD. 

2. Materials and methods 

2.1. Environmental setting and sampling 

Parnaíba River Delta (PRD) is located in the Equatorial Zone of 
Northeast Brazil at the geographic coordinates on the longitude 
41◦49′10″ W and latitude 2◦50′15″ S. Due to its socio-environmental 
importance, it is inserted into an Environmental Protection Area 
(APA), with an area of 313.000 ha including 10 cities over Maranhão, 
Piauí and Ceará states (Guzzi, 2012; IBGE, 2020; Magalhães et al., 
2008). It encompasses 85 islands along an area of 3132 km2, including a 
complex mosaic of ecosystems, where the east side of the delta is placed 
the Parnaíba River with very low declivity (up to 50 cm km− 1), and in 
direction to the west side are situated large bays with intense mangrove 
channels, salt marshes and sandy beaches (Aquino da Silva et al., 2019; 
Guzzi, 2012). 

The vegetation of PRD is represented by a dry coastal ecosystem, 
dunes, paleo dunes, and mangroves swamp forest flooded by seawater 
mixed with freshwater from rivers and streams. The main mangrove 
plant genera in the region are Rhizophora, Laguncularia and Avicennia 
that can reach 40 m in height (Guzzi, 2012). The hydrodynamic is 
characterized by meso-tidal with amplitudes ranging from 0.2 to 4.0 m 
under semidiurnal regime (CHN, 2019). The western part of the delta is 
dominated by waves and tides with two active channels and large 
mangrove creeks (Aquino da Silva et al., 2019). Some of these channels 
are large creeks where cargo and tourist boats sail. 

The Intertropical Convergence Zone (ITCZ), which is the main sys
tem associated with precipitation distribution, is characterized by two 
established seasons: rainy season from January to June, with maximum 
monthly precipitation of 268 mm; and the dry season during July to 
December, with monthly maximum precipitation of 38.5 mm (INMET, 
2020). 

The geology of the PRD is characterized by the Cenozoic sedimentary 
sequence of small thickness, almost entirely composed by clayey and 
sandy sediments of fluvial and fluvial-marine origin (Costa, 2019). The 
Parnaíba River passes through the Parnaíba and Barreirinhas sedimen
tary basins, transporting their sediments until the APA. The mineral 
assemblages are compose mainly of quartz and ilmenite, and the 
occurrence of cordierite, cummingtonite and garnet are abundant in the 
river and decreases in westward (Smith et al., 2021). The riverine 
sediment supply increases from 50 mg L− 1 at the mouth of the Parnaíba 
River to 71 mg L− 1 at a location approximately 8.1 km upstream. 

However, in the offshore direction, it is observed a decrease to 11 mg L− 1 

depicting a sharp interface between the high turbid river plume and low 
suspended particulate material (SPM) seawater (Aquino da Silva et al., 
2019). However, with forecasts of sea level rise and the observation of 
erosion processes being intensified on the northeast equatorial coast, 
these values may be continually changing (Godoy and Lacerda, 2014; 
Muehe, 2010). 

Subsurface water samples were taken below the surface with a 2 L 
Niskin water sampler, pre-cleaned with HNO3 and washed with Milli-Q 
water. The campaign was performed in December 2019, distributed at 
13 stations along the PRD, during 21 h under spring tide conditions. The 
stations were distributed along geographic zones of PRD: main river 
(P01, P02 and P03), mangrove channel (P04, P05 and P06), and bay 
area (P07 to P13) as observed in Fig. 1. The water samples were filtrated 
with cellulose nitrate filters of 0.45 μm and diameter 47 mm, pre- 
cleaned with HCl 10% and Milli-Q water, dried, and recorded weight. 
Filtered water samples were separated in pre-cleaned (HCl 10%) high- 
density polyethylene (HDPE) bottles of 250 mL. Drops of HCl (37%) 
were added to make a pH < 2 to determine the dissolved trace metal. 
Additionally, 250 μL of NaN3 (1 mM final concentration) was added to 
determinate the dissolved organic carbon (DOC). 

Surface sediments were performed with a carbon steel dredge 
distributed at 11 stations (no samples at stations P08 and P13). Samples 
were handled with plastic shovel and box, and stored in a and labeled 
plastic bag. The dissolved fraction, particulate fraction and sediment 
samples were stored at 4 ◦C in the dark before further processing. All the 
apparatus were pre-cleaned with 10% HCl and rinsed with Milli-Q 
water. The physicochemical parameters (temperature and salinity), 
and pH of the subsuperficial waters were measured in situ using a 
handheld multi-parameter probe (YSI Professional Plus) and pH-meter 
(Methrom® 826). 

2.2. Analytical procedures 

The cellulose nitrate filters with retained solids were dried at 60 ◦C in 
an oven and weighted to quantify the suspended particulate material 
(SPM). SPM (mg L− 1) was determined by the equation [(W2 − W1) ×

1000]/Vf , where W1 (g) is the initial weight of dry filter, W2 (g) is the 
final weight of dry filter after filtration, and Vf (L) is the filtered water. 
DOC concentrations were measured by the high-temperature combus
tion technique using the TOC-VCSH analyzer (Shimadzu), with an accu
racy of 0.1 mg C L− 1. Surface sediments were gone through the same 
drying process and passed in the nylon mesh sieve set of different sizes 
(2.00 mm–63 μm) to determinate the grain-size according to the clas
sification of the Folk and Ward (1957). Percentage of total organic 
matter (OM) contents in the sediments was determined following the 
loss-on-ignition method of Nóbrega et al. (2015). It was used the fraction 
<2 mm to determinate the trace metal contents in the sediments. Filters 
and sediments were mineralized by Ultrawave Single Reaction Chamber 
Microwave Digestion System (Milestone Inc) with the addition of 10 mL 
of aqua regia (HCl: HNO3, 3:1, Fisher Scientific Trace Analysis grade) in 
50 mL Teflon (PTFE). Subsequently, the substrates were filtered by a 
pre-cleaned online filter (0.45 μm, Whatman) to determinate the trace 
metal concentrations. It was measured Ba, Cr, Co, Cu, Ni, Pb, and Zn in 
the dissolved fractions (MD), particulate fractions (MP) and sediments 
(MS) using the HR-ICP-MS instrument. Indium (In) was used as an in
ternal standard for quality control. The calibration was carried out with 
appropriate dilutions of a multi-element stock solution. The coefficient 
of variation (CV) accepted was below 2% for all metals. The precision 
and accuracy of the metal’s methodology in suspended matter and 
sediments was tested with certified sediment reference materials for 
river sediment (LGC6817 by LGC Standards Ltd) and marine sediment 
(PACS-2 by National Research Council of Canada). The recoveries of 
metals ranged from 72.5 to 112.7%. Ba and Co have no referenced 
values in certified marine sediment material. 
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2.3. Distribution coefficient (Log (Kd)) 

The distribution coefficient (Log(Kd)) is one of the most important 
parameters for assessing the migration potential of a contaminant pre
sent in the liquid phase that is in contact with sediments or SPM 
(Nabelkova and Kominkova, 2012). It was calculated using the loga
rithm of the ratio of trace metal concentrations between the solid phase, 
in the particulate fractions and sediments (μg kg− 1) and dissolved 
fractions (μg L− 1) as the follow equation Log(Kd) = log[MP or MS /MD], 
where MP, MS and MD represents trace metals in particulate fractions, 
sediments and dissolved fractions, respectively. According to Nabelkova 
and Kominkova (2012), values of Log (Kd) ≤3 are present preferentially 
in the liquid phase, while values of Log (Kd) < 4 characterize chemicals 
more easily released from solid phases, and Log (Kd) ≥5 represents trace 
metals bind into solid phases and only marginally migrate into a liquid 
phase (Nabelkova and Kominkova, 2012; Thanh-nho et al., 2018). 
However, it is important to observe that the authors did not classify Log 
(Kd) values between 4 and 5. Therefore, in the present study, values 
ranging between 3< Log (Kd) < 5 will be characterized as elements 
more easily released from solid phases. 

2.4. Geoaccumulation index (Igeo) 

The concentration of trace metals is not enough to identify anthro
pogenic input of contaminants in the environment, as trace metals come 
from geological basement too. Therefore, it was necessary to determi
nate an index of sediments and particulate fractions quality. Geo
accumulation Index (Igeo) was applied using the formula Igeo =

log2(Cn /1.5 × Bn), where Cn (μg g− 1) is the concentration of trace 
metals in the particulate fractions and sediments, Bn (μg g− 1) is the 
geochemical background value, and the constant 1.5 is the correction 
factor for the possible lithological variability of the sediments (Marins 
et al., 2004; Müller, 1986). Igeo is classified in seven classes, where Class 
0 is uncontaminated (Igeo≤0) and Class 6 is extremely contaminated 

(Igeo≥5). For the metals analyzed in the present study, there is the only 
one study reporting on regional background for Cu (6.8 μg g− 1), Cr 
(18.0 μg g− 1), Pb (5.9 μg g− 1) and Zn (13.4 μg g− 1) in the literature to 
PRD (Paula Filho et al., 2015). 

2.5. Statistical analysis 

The Shapiro-Wilk test was used to assess the normality of physical 
and chemical variables in the waters of PRD. When it exhibited normal 
distribution (parametric), homoscedasticity of variance (Bartlett’s test), 
and one-way analysis (ANOVA) were used to determine the significant 
differences between the zones (main river, mangrove channel, and bay 
area). Although, when the data were not normally distributed, Levene’s 
test and Kruskal-Wallis were applied. Spearman’s rank correlation 
method (correlation coefficient r) was applied to observe possible cor
relations among variables. Wilcoxon rank-sum tests were applied to 
observed differences between the mean of Igeo and Log (Kd) between 
the compartments. All tests consider the level of significance α = 0.05. A 
principal component analysis (PCA) was applied to investigate the dis
tribution of trace metals with the physicochemical in the environmental 
compartments of PRD. All statistical analyses were performed using the 
software RStudio 2022.12.0 + 353 ″Elsbeth Geranium". 

3. Results 

3.1. Hydrodynamic condition and physicochemical parameters 

The temperature showed no significant differences among the zones 
(p > 0.05, n = 13), exhibiting the range 29.0–29.9 ◦C (29.4 ± 0.2 ◦C). 
The DOC also exhibited no significant difference (p > 0.05, n = 13). 
However, it is noticeable that the one-way ANOVA may not have been 
sensitive enough to detect the spatial variation for DOC inside of each 
zone, which had different sample numbers, as observed in the main river 
and bay area described further (Table S1, Supplementary Material). The 

Fig. 1. Location map of sampling sites along the Parnaíba River Delta in the Equatorial Zone of Northeast Brazil.  
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salinity, pH and SPM exhibited a significant difference among the zones 
(p < 0.05, n = 13). This spatial variation collaborates with a previous 
study that identified different zones according to spatial fluctuations of 
the physicochemical parameters (Chielle et al., 2023). 

The tide showed a minimum and maximum height of 0.1–3.2 m 
during the collecting campaign. The main river channel exhibited a 
typical longitudinal salinity and pH gradient during the dry season 
under the flood tide. This gradient resulted from the mixing of fresh
water with seawater in the main river, with salinity values varying from 
0.0 to 36.2 g kg− 1 and pH values from 7.41 to 8.10. Additionally, DOC 
concentrations increased seaward with values from 7.0 to 17 mg L− 1, 
while the SPM decreased from 28.4 to 21.1 mg L− 1. The rise of the DOC 
may be related to the desorption from the particulate organic matter 
during the flood tide in the main river (García-Martín et al., 2021). 

The sampling in the mangrove channel occurred in the sequence of 
stations P04 and P05 under the ebb tide, and P06 in the beginning of the 
flood tide. It was observed that there was an increase in pH from acidic 
(6.78) to slightly alkaline (7.18), and a rise in salinity from a low value 
of 2.3 g kg− 1 to an intermediary value of 15.3 g kg− 1. The DOC in this 
zone decreased from 10.7 to 5.9 mg L− 1, with the changing tide. While 
the SPM increased from 18.2 to 47.7 mg L− 1 with the rise in salinity, it 
probably showed that tide forces cause erosion on the margins and 
bottom of the channel, suspending the material deposited in the sedi
ments to the waters of PRD. 

Bay area sampling happened during the flood tide over stations P07, 
P08, P09 and P10, changed to the ebb tide in stations P11, P12, and P13. 
Despite the variation in tidal conditions, all these stations exhibited 

salinity values above 33.3 g kg− 1 (35.2 ± 1.1 g kg− 1), and pH ranged 
from slightly alkaline (7.7) to more alkaline (8.1). The spatial distribu
tion of DOC and SPM did not exhibit a clear variation along the bay area. 
However, both parameters showed the highest values under the ebb tide 
with 13.3 mg L− 1 for DOC in the station P13, and 156.2 mg L− 1 for SPM 
in station P12, both in the Tutóia Bay. 

These results indicate that the PRD exhibits varying hydrodynamic 
conditions across different zones, which are strongly influenced by the 
saline intrusion, and consequently by the tides. 

3.2. Trace metal in the particulate fractions 

The trace metals in the particulate fractions demonstrated a removal 
trend with an increase in salinity in the main river and mangrove 
channel. These zones exhibited a remarkable decrease for BaMP, CoMP 
and PbMP between three and four times, except to ZnMP, CuMP, CrMP and 
NiMP, as observed in Fig. 2. The main river showed a decline in trace 
metal contents from the P01 to P02 (Table 2), and a slight variation until 
the outer station (P03) with a salinity of 36.2 g kg− 1. The mangrove 
channel presented slight variation for all trace metals in intermediary 
salinity. Along the bay area, CuMP, BaMP and ZnMP exhibited low values 
in the particulate fractions, while the CoMP, CrMP, PbMP and NiMP did not 
show a clear trend variation with high salinities. The overall mean 
contents of trace metals in the particulate fractions presented the 
following decreasing order: BaMP (190.9 ± 129.0 μg g− 1) > ZnMP (97.6 
± 58.6 μg g− 1) > CrMP (47.9 ± 19.5 μg g− 1) > CuMP (17.6 ± 7.7 μg g− 1) 
= NiMP (17.6 ± 7.3 μg g− 1) > PbMP (12.6 ± 5.6 μg g− 1) > CoMP (8.1 ±

Fig. 2. Distribution of trace metals in the particulate fractions (μg g− 1) and dissolved fractions (μg L− 1) along the salinity gradients on the Parnaíba River Delta. 
Dashed line represents the theoretical dilution curve with the station P01 (salinity 0.0 g kg− 1) to station P03 (salinity 36.2 g kg− 1). 
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3.2 μg g− 1). Spearman’s rank (p < 0.05, n = 13) identified a significative 
negative correlation of CoMP, CuMP, and PbMP with salinity (r = − 0.57, 
− 0.64, and − 0.56, respectively) and pH (r = − 0.65, − 0.65, and − 0.69, 
subsequently), and BaMP CrMP, and NiMP also exhibited negative corre
lation with pH (r = − 0.58, − 0.66, and − 0.64, respectively). One-way 
ANOVA and Kruskal-Wallis tests identified no significant differences 
between almost all trace metals in the study area, except Cr (p < 0.05, n 
= 13). 

3.3. Dissolved trace metal fractions 

The dissolved trace metals along zones of PRD are demonstrated in 
Fig. 2. The dashed line represents the theoretical dilution curve between 
the two significative end members from the distinct water sources: 
freshwater zone at station P01 (salinity 0.0 g kg− 1) and the seawater 
zone at station P03 (salinity 36.2 g kg− 1). The metals exhibited a het
erogeneous distribution, indicating non-conservative behavior along the 
PRD. In general, BaMD and CuMD have a decreasing trend and increase in 
salinity, while CrMD was the only element with high values with the 
increase of the salinity in the main river (P02 and P03). It is remarkable 
that the concentrations of all metals were above the theoretical dilution 
curve in the middle of the main river (P02) with a salinity of 17.4 g kg− 1. 
BaMD, CoMD and NiMD had a tendency to increase in the mangrove 
channel at intermediary salinities (11.7 and 15.3 g kg− 1), while CuMD, 
CrMD and ZnMD showed a decreasing tendency. CoMD, ZnMD, and NiMD 
also demonstrated high values at stations with high salinity in the bay 
area, such as P09 for the first two metals, and P10 for NiMD. CuMD did not 
exhibit a clear behavior in the bay area. 

In general, the mean concentration of dissolved trace metals 
(Table 1) presented the following decreasing order: BaMD (19.4 ± 11.9 
μg L− 1) > ZnMD (4.1 ± 2.1 μg L− 1) > CuMD (0.44 ± 0.13 μg L− 1) > NiMD 
(0.43 ± 0.16 μg L− 1) > CoMD (0.15 ± 0.10 μg L− 1) > CrMD (0.09 ± 0.03 
μg L− 1) > PbMD (0.05 ± 0.03 μg L− 1). However, Spearman’s correlation 
(p < 0.05, n = 13) indicate that most dissolved trace metals did not show 
significative variation with salinity gradient, except for BaMD with a 
negative correlation (r = − 0.76). BaMD and CrMD also exhibited signif
icative correlation with pH (r = - 0.8 and 0.7, respectively). The DOC 
exhibited a positive correlation only with PbMD (r = 0.59). BaMD also 
exhibited a positive correlation with BaMP (r = 0.57), while CrMD was 
negative correlated with CrMP (r = - 0.63). One-way ANOVA and 
Kruskal-Wallis tests identified significant differences for almost all ele
ments in the dissolved fractions, except for CoMD, PbMD and ZnMD (p >
0.05, n = 13). 

3.4. Surface sediments: textural characteristics and organic matter 

The spatial variation of grain-size showed a diverse hydrodynamic 
system along the PRD, with sand representing the main fraction. The 
main river was composed totally of sand (100%) with no fine-grained 
fraction (0.0%). The mangrove channel and bay area were more het
erogeneous compared to the sediments from the river, with the highest 
values of the fine-grained fraction at 21.7 and 23.3% in the stations P04 
and P07, respectively. The sediment grain-sizes of the PRD were 
composed of a sand fraction with 89.2 ± 8.1% (76.7–100.0%), and a 
fine grain-sized fraction with an average value of 10.8 ± 8.1% 
(0.0–23.3%). Spearman’s correlation (p < 0.05, n = 11) showed that the 
sand and fine-grained fraction had a negative correlation between them 
(r = − 0.99). The OM% was more enriched in the sediments of the 
mangrove channel and bay area, with the highest values at stations P09 
and P10, reaching 17.5 and 20.5%, respectively, and located more 
distant from the mouth of bays. Low percentages were observed in all 
stations of the main river, with sediments composed of sand, mainly at 
station P03 with 0.1%. The OM% in the sediments was 9.5 ± 7.5% 
(Table S2). Spearman’s correlation (p < 0.05, n = 11) showed that the 
OM and DOC presented a negative correlation between them (r =
− 0.81). Shapiro-Wilk test identified normal distributions for sand, fine- Ta
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grained fraction, and OM% in the sediments (p > 0.05), while Bartlett’s 
test did not show their homogeneity of variances (p < 0.05). Kruskal- 
Wallis test observed significant differences for the grain-size and OM 
in the sediments along the zones (p > 0.05). 

3.5. Total contents of trace metals in the surface sediments 

The contents of trace metals (Table 1) in the surface sediments show 
a heterogeneous spatial distribution, where the main river exhibited the 
lowest contents for BaMS, CrMS, NiMS, PbMS and ZnMS with the values of 
14.8, 1.6, 1.0, 0.6 and 1.5 μg g− 1 respectively, at station P01. Station P03 
presented the minimum values for CuMS (0.3 μg g− 1) and CoMS (0.5 μg 
g− 1). The highest contents for BaMS, CrMS, CoMS, CuMS and PbMS were 
observed at station P05 in the mangrove channel (171.0, 73.5, 12.8, 
23.4 and 18.4 μg g− 1, respectively), and in the bay area, Ni (24.1 μg g− 1) 
and Zn (59.8 μg g− 1) were higher at station P09. The mean contents of 
trace metals in the sediments presented the following decreasing order: 
BaMS (91.5 ± 54.4 μg g− 1) > CrMS (42.4 ± 28.6 μg g− 1) > ZnMS (33.8 ±
23.3 μg g− 1) > NiMS (13.9 ± 9.4 μg g− 1) > CuMS (11.5 ± 8.4 μg g− 1) >
PbMS (10.4 ± 7.0 μg g− 1) > CoMS (6.8 ± 4.5 μg g− 1), different from the 
trace metals in the particulate fractions. One-way ANOVA and Kruskal- 
Wallis tests identified no significant differences for almost all elements 
in the surface sediments, except for BaMS and CuMS, (p > 0.05, n = 11). 
Spearman’s rank demonstrates that OM% had a positive correlation 
with all trace metals in the sediments, where BaMS, CrMS, ZnMS, NiMS, 
PbMS, CuMS and CoMS showed the values of r = 0.82, 0.85, 0.88, 0.88, 
0.85, 0.85, 0.80, respectively. Additionally, CoMD was positively 

correlated with CoMS (r = 0.62), and ZnMP was negatively correlated 
with ZnMS (r = 0.60). 

3.6. Distribution coefficient (Log (Kd)) 

The distribution coefficient of trace metals between the particulate 
and dissolved fractions (Log (Kd)MP/MD) exhibited higher mean values 
than trace metal concentrations in sediments and dissolved fractions 
(Log (Kd)MS/MD). The mean values for Log (Kd)MP/MD were observed in 
the decreasing order: Cr (5.7) > Pb (5.4) > Co (4.8) > Ni (4.6) = Cu 
(4.6) > Zn (4.4) > Ba (4.0); and Log (Kd)MS/MD: Cr (5.4) > Pb (5.1) > Co 
(4.5) > Ni (4.3) > Cu (3.7) = Zn (3.7) > Ba (3.6). The Wilcoxon test 
identified no significant difference between the mean values of Log 
(Kd)MP/MD and Log (Kd)MS/MD for almost all trace metals, except Ba and 
Zn (p > 0.05). Log (Kd)MP/MD exhibited no significant differences for 
almost all trace metal along the zones, except for Cr (p < 0.05, n = 13). 
While, Log (Kd)MS/MD evidenced significant differences for the all the 
metals (p < 0.05, n = 11) (Fig. 3 and Table S3). 

Ba, Zn, and Cu displayed weak associations with the solid phase (3<
Log (Kd) < 5) for both coefficients. However, the Log (Kd)MS/MD of Ba 
and Cu exhibited a preference for the liquid phase at stations P01 and 
P02, and for Zn at all stations of the main river. Pb and Cr showed an 
affinity to bind or remain in a solid phase (Log (Kd) ≥ 5) for both co
efficients. Nevertheless, Log (Kd)MP/MD of Pb presented a weak associ
ation with the solid phase at station P02, as well as Log (Kd)MS/MD of Pb 
and Cr at all stations of the main river (3< Log (Kd) < 5). Ni and Co 
presented weak associations with the solid phase in both coefficients 

Table 2 
Log (Kd) of trace metals among the estuarine compartments around the world. MS, MD, MP, and MPw means trace metal in the sediments, dissolved fractions par
ticulate fractions, and porewater, respectively.  

References Environment Fractions Log (Kd) 

Ba Cr Co Cu Ni Pb Zn 

Present study Parnaíba River Delta (Brazil) MP/MD 4.1 5.8 4.9 4.7 4.7 5.5 4.5 
MS/MD 3.3 5.2 4.1 3.7 4.0 4.7 3.3 

Allison and Allison (2005) EPA (models) MS/MPw 2.8 4.9 3.1 3.5 3.9 4.6 4.1 
MP/MD 4.0 4.5 4.7 4.2 4.0 5.1 3.7 

Fu et al. (2013) East-Hainan Rivers (China) MP/MD – – 5.3 4.8 5.1 5.7 – 
La Colla et al. (2015) Bahía Blanca estuary (Argentina) MP/MD – 2.8 – 3.3 2.9 2.8 3.3 
Wang and Wang (2016) Jiulong River Estuary (China) MP/MD – 5.1 – 4.4 3.8 6.0 4.8 
Luengen et al. (2007) San Francisco Bay (USA) MP/MD – – 4.7 4.1 4.5 5.9 5.2 
Ollivier et al. (2011) Rhône River (France) MP/MD 4.0 – – 4.3 4.6 5.8 4.8 
Liu et al. (2019) Pearl River (China) MS/MD – – – – – 4.8 5.6 
Pavoni et al. (2021) Northern Adriatic Sea (Italy) MS/MD 4.0 5.5 5.1 4.3 5.0 4.8 4.5  

Fig. 3. Box–Whisker plots of Log (Kd) of particulate with dissolved fractions (MP/MD) and sediments with dissolved fractions (MS/MD) for the studied metals along 
the Parnaíba River Delta. Median values are the bold bars (─) with quartiles 0.25 and 0.75 in boxes; horizontal bars represent the 25% and 75% interval; and (●) 
correspond to outlier values. 
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(3< Log (Kd) < 5). However, Log (Kd)MP/MD for Ni and Co displayed a 
stronger preference for the particulate fractions at station P01 of the 
main river, and at station P13 of the bay area in the case of Co. Also, Log 
(Kd)MS/MD for Co showed strongly associated with the solid phase at 
station P11 in the bay area. 

The PCA was applied to observe the influence of the salinity, pH, 
DOC and SPM on the Log (Kd)MP/MD of the elements along the PRD’s 
zones (Fig. 4). It accounted for 68.0% of the total variance that explained 
metal partition along the zones. Factor 1 explains the 44.9% of the total 
variance and presents high loading values for Log (Kd)MP/MD of Cu, Ni, 
Pb, Cr and Zn, while Factor 2 explains 23.1% of the total variance, 
indicating that salinity and pH have an inverse influence on the Log 
(Kd)MP/MD. DOC and SPM did not show a significant influence on the 
trace metal partitioning in the subsurface waters. The PCA also suggests 
that the behavior of variables in the subsurface waters from the main 
river and bay area are more similar between them, while the mangrove 
channel showed different processes in trace metal partitioning 
compared to the rest of the environment. 

It was also applied the PCA for the Log (Kd)MS/MD of trace metals, 
textural characteristics and OM from the surface sediments, that 
accounted for 94.0% of the total variance. Factor 1 explains 83.5% of the 
total variance, indicating that OM and fine-grained fraction have an 
influence on the Log (Kd)MS/MD of all trace metals partitioning in the 
mangrove channel and bay area of PRD. In addition, Factor 2 explains 
10.5.% of the total variance, exhibiting sand with negative influence on 
the fine-grained. Observe the variables characterized for the surface 
sediments present similarity between mangrove channel and bay area, 
while the main river presents a distinct pattern. The different similarities 
between zones with the trace metals in the subsurface waters and sur
face sediments evidencing the distinct processes of trace metal parti
tioning along the compartments. 

3.7. Environmental index quality 

The results of Igeo are presented in Fig. 5 and Table S3. In general, 
the anomalous values were higher for trace metal contents in the par
ticulate fractions than in the surface sediments, as observed in the 
decreasing order of the Igeo values in the particulate fractions: Zn (2.1) 
> Cr (0.7) = Cu (0.7) > Pb (0.4); and in the sediments: Pb (0.1) > Zn 
(− 0.2) > Cr (− 0.3) > Cu (− 0.9). Nevertheless, Wilcoxon test identified 
no significant difference of Igeo values between the compartments for 

almost all trace metals, except Zn (p > 0.05). 
All metals in the sediments were classified as uncontaminated (Class 

0) in the stations of main river. Zn exhibited the lowest environmental 
quality in the particulate fractions, classifying as heavily contaminated 
at station P01 (Class 4) and moderated to heavily contaminated at sta
tions P02, P03, P04, P06 and P011 (Class 3). The classification for Zn in 
the surface sediments indicate moderately contamination (Class 2) in 
almost all locations, while P04 and P07 was identified as uncontami
nated classification (Class 0). The other trace metals exhibited similar 
Igeo classification, with moderate contamination (Class 2) for PbMS, and 
uncontaminated to moderately contaminated (Class 1) for both solid 
phase of particulate fractions and sediments for Cu and Cr. 

4. Discussion 

4.1. Environmental conditions 

The high-water temperatures observed in PRD are common in 
equatorial estuaries due to the solar radiation is nearly continuous 
throughout the year. Similar temperature values have been reported in 
other studies in estuaries of Northeast Brazil (Dias et al., 2016; Serejo 
et al., 2020). The main river exhibits a typical longitudinal salinity and 
pH gradient due to the mixing process between the freshwater and the 
seawater forces. The interaction between these different waters changes 
the variability of the physicochemical variables and the partitioning of 
trace metals along the PRD. The initial slightly alkaline pH of freshwater 
at station P01 (pH 7.4) in the main river gradually increased to more 
alkaline conditions to outer station P03 (pH 8.1). This pH change 
occurred due to the high concentrations of carbonate and bicarbonate 
ions present in seawater with high salinity (Machado et al., 2016). The 
mangrove channel had low pH values due to freshwater influence, which 
probably has a lower hydrodynamic influence compared to the bay area 
and main channel of the river. Additionally, the low pH values may be 
the result of degradation of OM by microorganisms (Millero, 2013). The 
bay area showed strong seawater influences in the subsurface waters 
with homogenous values for salinity and alkaline pH. 

The sampling realized in the present study only gives a snapshot of 
geochemical processes. However, it was observed that the primary 
pathway for trace metals in the PRD is associated with the particulate 
fractions due to elevated contents. The high values in the upstream of 
the environment occur due to weathering in the drainage basin that 

Fig. 4. Principal component analysis (PCA) with distribution coefficients Log (Kd) of trace metals (Ba, Cr, Co, Cu, Ni, Pb and Zn) with a) physicochemical variables in 
the subsurface waters and b) surface sediments characteristics along the zones on the Parnaíba River Delta. 
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transports the metals to the PRD in the SPM, predominantly from the 
lithogenic origin linked to the residual fraction of the material. The 
decrease of SPM in the main river may occur due to the reduction in river 
discharges characteristic of the dry season during intensified periods of 
drought in this equatorial region (Cavalcante et al., 2021). This condi
tion, in conjunction with the flood tide, tends to decrease the SPM 
transport along the estuary. The increment of SPM in the mangrove 
channel during the change from ebb to flood tidal phases may be related 
to the presence of a bottom saline front in the stations P05 and P06 that 
cause margin erosion (dos Santos et al., 2020). 

The bay area presents similar values of SPM compared to the other 
zones, except for the high value observed at station P12 under ebb tide. 
The high value of SPM is a consequence of margin erosion and resus
pension of bank sediment that is pulled out of the delta during the ebb 
tide (Aquino da Silva et al., 2019; Diasda et al., 2016). This variation in 
SPM was also observed in previous studies in the area and other coastal 
environments in Northeast Brazil (Aquino da Silva et al., 2019; Serejo 
et al., 2020). 

The OM in the sediments acts as an important geochemical carrier of 
contaminants in the PRD, while DOC in the subsurface waters showed 
influence only for PbMD. OM can bind contaminants in estuarine envi
ronments due to functional groups that bound with trace metals through 
the formation of ionic or covalent bonds, which can release them by the 
change in pH (Alkhatib et al., 2016). This influence of OM was also 
observed in the sediments of other Amazonian estuaries of northeastern 
Brazil (Santos et al., 2019). 

To better comprehension of the behavior of trace metals along the 
PRD, it was decided to discuss the elements in groups observed in the 
PCA from the Log (Kd)MP/MD, such as Ba, Zn–Co–Ni, and Cu–Cr– Pb. 

4.2. Barium partitioning 

The positive correlation observed between BaMP and BaMD may 
suggest a constant desorption and adsorption process within the envi
ronment. However, a noticeable transfer of BaMP to BaMD occurs under 
the increasing salinity, ranging from 0.0 g kg− 1 at station P01 to 17.5 g 
kg− 1 in station P02 of the main river, and a salinity gradient from 2.3 g 
kg− 1 at station P04 to 11.7 g kg− 1 at station P05 of the mangrove 
channel. The weak association of Ba with solid phases contributes to the 
easy release of BaMP to liquid phase in the subsurface waters. This 
desorption phenomenon happens due to the high ionic strength and the 
presence of anions and cations present in the seawater, which tend to 
desorb the trace elements from particles (Gaulier et al., 2021). The 
behavior of Ba at PRD is in agreement with environments around the 

world under a salinity gradient (Coffey et al., 1997; Mori et al., 2019). 
The low values of BaMP and BaMD in the bay area may be associated 

with the strong influence of salinity to induce the flocculation, settling 
the metal to the bottom. Ba has a larger ionic radius and lower hydration 
energy that facilitates the adsorption to SPM, and also can be bound to 
sulfate to low soluble form (BaSO4) that precipitates and removes Ba 
from the subsurface waters (Wang et al., 2021). The mean value of Log 
(Kd)MP/MD and Log (Kd)MS/MD displayed a significant difference between 
them, evidencing the distinct geochemical processes affecting the 
behavior of Ba in the environmental compartments of PRD, as 
mentioned previously. The mean value Log (Kd)MP/MD determined for Ba 
in PRD was slightly higher than the results of geochemical speciation 
found in the literature (Table 2). 

4.3. Zinc, cobalt and nickel partitioning 

The group composed of Zn, Co and Ni exhibits the same primary 
pathway associated with the particulate fractions in the subsurface 
waters of the main river, removed by the salinity and pH elevation. In 
the case of ZnMP, the decrease may occur due to the desorption from 
particulate to dissolved fractions. ZnMP was the only metal with a bad 
quality index, classified as heavily contaminated at station P01 (Class 4) 
and moderately to heavily contaminated at stations P02, P03, P04, P06 
and P11 (Class 3). This contamination was less pronounced in the sed
iments with a classification of uncontaminated to moderate contami
nated (Class 2). The enrichment of Zn is related to anthropic activities, 
such as untreated domestic effluent and livestock activities occurred in 
the main regional urban center of Parnaíba city, followed by a natural 
contribution from weathering of soils (Paula Filho et al., 2021, 2015; 
2014). 

Although, due to the local high hydrodynamic characteristics of this 
region (Aquino da Silva et al., 2019, 2015), which influence the domi
nance of sand in the sediments, adsorption is impeded by the low spe
cific surface area and absence of OM contents in the main river (Kouassi 
et al., 2019). Another study in PRD identified ZnMS bound to labile 
fractions, such as the exchangeable and carbonates, displaying a me
dium mobility risk level to the environment (Alves, 2022). The positive 
correlation of ZnMS with OM contents can immobilize it to the bottom, 
but can be released to soluble species in PRD under the changes in redox 
conditions. This collaborates with the weak association with the solid 
phase identified for both Log (Kd) values. Similar behavior for Zn was 
observed in tropical estuarine sediments of Ebrie Lagoon in Ivory Coast 
(Kouassi et al., 2019). Nabelkova and Kominkova (2012) also identified 
Zn as the most available and hazardous in most urbanized Prague creeks 

Fig. 5. Box–Whisker plots of geoaccumulation index (Igeo) for the trace metals in the particulate fractions and surface sediments in the Parnaíba River Delta. Median 
values are the bold bars (─) with quartiles 0.25 and 0.75 in boxes; horizontal bars represent the 25% and 75% interval; and (●) correspond to outlier values. 

T.T.L. Santos et al.                                                                                                                                                                                                                             



Environmental Pollution 345 (2024) 123500

9

from heavy traffic areas in the drainage basin. Zn is essential for the 
development of plants and animals, but in high concentrations, can 
cause harmful effects to the aquatic biota (Ma et al., 2020; Wu et al., 
2019). 

The correlation between Ni and Co and their similar distribution in 
the fractions of the subsurface waters and surface sediments of PRD may 
suggest a common source and geochemical process on their partitioning. 
Salinity and pH also play an important influence in the desorption of 
NiMP and CoMP, as observed for the previous metals discussed. The 
transfer to the dissolved fractions occurred at station P02 in the main 
river, in the all stations of the mangrove channel, and stations P10 for 
NiMD and P09 for CoMD in the bay area. 

Ni and Co exhibited Log (Kd)MP/MD and Log (Kd)MS/MD with a weak 
association with the solid phase, and also displayed a strong association 
with the solid phase. The preference of Ni for the particulate fraction at 
station P01 collaborates with the idea that the primary source of Ni 
originates from lithogenic sources, which are bound to the residual 
fraction of the SPM. While, the strong association of Co with the solid 
phases observed in the station P11 for Log (Kd)MS/MD, and P13 for Log 
(Kd)MP/MD indicates that Co is present in more stable compounds on the 
solid phases (Sedeño-Díaz et al., 2019). 

The positive correlation between CoMS and CoMD indicates that the 
sediments can work as a secondary source of Co to the subsurface wa
ters. The trace metals in the sediments of PRD can suffer diagenesis due 
to temperatures, biological activities and redox conditions that remo
bilize the contaminates (Duan et al., 2019). When Co is found bound to 
Fe–Mn oxides, it can be mobilized from the sediments to the water 
compartment under reductive conditions, as observed in the Modaomen 
estuary (China) (Jia et al., 2021). However, the solubility of Co to dis
solved fractions in PRD is associated with CoMS bound to OM, which 
releases the trace metals in response to changes in redox conditions 
during seawater intrusion (Duan et al., 2019; Machado et al., 2016). 
Both Log (Kd) for Co and Ni in PRD were systematically higher than 
determined by EPA (Table 2), while Log (Kd)MS/MD Zn was lower when 
compared to the EPA and Pearl River in China (Liu et al., 2019). It may 
suggest more mobility of trace metals from solid-phase to subsurface 
waters in PRD than in other coastal environments. The no clear trend of 
NiMP and CoMP, in the bay area of PRD may be related to margin erosion 
that resuspend these elements bound to different fractions from the 
sediments. 

4.4. Copper, chromium and lead partitioning 

The last group demonstrates that CuMP and PbMP have a negative 
correlation with salinity and pH, and CrMP is negatively correlated with 
pH along the PRD. For Cu, the dominant partitioning process is 
desorption caused by seawater intrusion in estuary mixing zones, 
evident from the significant number of stations positioned above the 
theoretical dilution curve in Fig. 2. It collaborates with both Log (Kd) for 
Cu, with weak association to solid-phase for almost all stations, and the 
stations P01 and P02 showed preference of Log (Kd)MS/MD in the liquid 
phase. The increase of CuMD due to mobilization from particulate frac
tions was also observed in Jiulong River Estuary, China (Wang and 
Wang, 2016). Cu usually exhibits a significant association with colloidal 
and dissolved organic matter in the subsurface waters, that degrades 
with seawater intrusion, leading to an increase in this contaminant in 
the dissolved fractions (Mosley and Liss, 2019; Regnier and Wollast, 
1993). Also, Cu in PRD can be derived from anthropogenic sources, such 
as urban runoff, improper solid waste disposal, agriculture and shrimp 
farming, as identified by the emission factors (Paula Filho et al., 2014). 

In general, the results showed low enrichment of this contaminant to 
the solid phase, classified as uncontaminated to moderately contami
nated for CuMP (Class 1), and uncontaminated for CuMS (Class 0). This 
can be explained by the dominant presence of CuMS bound to the re
sidual fraction and secondly with OM, as exhibited by the sequential 
extraction conducted on the surface sediments of PRD (Alves, 2022). 

The spatial distribution of Pb and Cr in the particulate and dissolved 
fractions indicate a dominant removal from the subsurface waters to the 
sediments, except some stations of the bay area. Pb usually exhibits high 
particle reactivity (Gaulier et al., 2021; Wang and Wang, 2016), and 
CrMD usually undergoes precipitation in alkaline pH (de Souza Viana 
et al., 2023). DOC showed as an important geochemical carrier for PbMD 
in PRD. Similar influence was observed in Jiulong River Estuary, China 
as described by Wang et al. (2017). Where OM in both colloidal and 
particulate fractions were responsible for effectively binding and regu
lating Pb during the mixing process. Also, the immobility of Pb and Cr 
can be explained by their binding to the residual fractions and to the 
Fe–Mn oxides under oxic conditions from the seawater (Domingos et al., 
2015; Omanovic et al., 2015; Santos et al., 2019). 

Whereas, the heterogenous variation of PbMP and CrMP can be also 
associated with sediment resuspension in bay area, as observed for NiMP 
and CoMP. These results are in agreement with emission factors deter
mined in the Parnaíba River Basin, which Pb and Cr were mainly from 
natural weathering in the drainage basin (Paula Filho et al., 2014). 
Notwithstanding, Log (Kd)MP/MD for Cr and Pb, and Log (Kd)MS/MD for Cr 
demonstrated that these elements were not a big concern for the quality 
of the environment due to strong association to solid phases, corrobo
rating with Igeo classification of uncontaminated for CrMS, and uncon
taminated to moderately contaminated for CrMP and Pb in both solid 
phases. 

Log (Kd)MP/MD for Cu, Cr and Pb in PRD also presented higher values 
(Table 2) than determined by EPA and other estuaries influenced 
anthropogenically (Allison and Allison, 2005; La Colla et al., 2015), 
while in Log (Kd)MS/MD more mobility due to the slight lower values 
when compared to the other estuaries (Allison and Allison, 2005; Pavoni 
et al., 2021). The distinct trace metal partitioning evidencing the com
plex variability of the geochemical processes of fate and mobilization 
influenced by the physicochemical parameter variation and the char
acteristic of surface sediments along the zones of the PRD. 

5. Conclusion 

The present study provides information about the dynamic of metal 
partitioning in the subsurface waters (particulate and dissolved frac
tions) and sediments the along the zones of PRD in dry season and during 
the spring tide effect. The trace metals have the primary pathway 
associated to the SPM, that suffers removal from this fraction under the 
influence of the increase in salinity and pH. BaMP, ZnMP, NiMP, CoMP, 
CuMP suffers desorption to the dissolved fractions, while PbMP and CrMP 
demonstrate precipitation to the surface sediments. The values of Log 
(Kd)MP/MD and Log (Kd)MS/MD suggest a potential mobilization of Ba, Zn 
and Cu from solid phase to dissolved species, and Pb and Cr do not 
present this concern due to the strong association with the particulate 
fractions and sediments. OM plays an important role as a geochemical 
carrier, binding the trace metals to the bottom sediments, and for PbMD 
in the subsurface waters. High values of Zn in the particulate fractions 
indicated by Igeo suggest enrichment from anthropogenic activities. 
These findings not only contribute to our understanding of ecological 
risks posed by metal contamination, but also provide insights for global 
pollution mitigation in coastal tidal estuaries, particularly those char
acterized by intensive physical mixing along equatorial coasts. 

Funding 

Dr. SANTOS was funded by the CAPES/PrInt (Nº 03/2019). Dr. 
MARINS has received research support from the PRONEX/FUNCAP/ 
CNPq (Proc. No PR2-0101-00052.01.00/15). Dr. MOUNIER was funded 
by the Franco-Brazilian research program COFECUB (Nº 44994 YE). 

CRediT authorship contribution statement 

Thays Thayanne Luz Santos: Writing – review & editing, Writing – 

T.T.L. Santos et al.                                                                                                                                                                                                                             



Environmental Pollution 345 (2024) 123500

10

original draft, Visualization, Validation, Methodology, Investigation, 
Formal analysis, Data curation, Conceptualization. Jean Louis 
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