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Abstract

Studies related to heavy metal concentrations in coastal sediments are important to monitor and assess environmental health
of estuarine ecosystems. Twenty-eight samples from Parnaiba River Delta, the largest open-ocean delta in the Americas,
northeastern of Brazil were tested for heavy metals concentrations (Cd, Cr, Cu, Mn, Ni, Pb, Zn, Al and Fe), grain-size and
easily oxidizable carbon. The relations of the heavy metals with sediment composition were evaluated using a multivariate
statistical analysis. Sediment pollution assessment was carried out by enrichment factor (EF), geoaccumulation index (Igeo),
contamination factor (CF) and potential ecological risk index (PERI). The average concentrations were 0.50 +0.09 mg Cd
kg™, 6.95+2.13 mg Pbkg™!, 19.02+8.75 mg Cukg™!, 23.20 +5.04 mg Ni kg~!, 33.52 +6.82 mg Crkg ™', 43.99 +7.47 mg
Znkg™!, 165.73 +86.71 mg Mn kg™, 2.93 +0.89% to Fe and 3.78 + 1.17% to Al. The results indicate lower concentrations
of heavy metals relative to limit concentrations defined by the Brazilian regulatory framework. The multivariate analysis
reflected the binding of heavy metals to clay minerals and organic carbon. The different geochemical indices indicated sedi-
ments minimally enriched by metals and a low potential ecological risk level. Our assessment confirms the pristine conditions
of Parnaiba Delta protected area to heavy metal contamination, except Igaracti channel near Parnaiba city.

Keywords Heavy metals - Enrichment factor - Geoaccumulation index - Pollution - Potential ecological risk index

Introduction

Estuarine sediments are significant deposits of heavy metals
of natural and anthropic origin. In recent decades, research-
ers have demonstrated that pollution of estuarine and marine
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environments by heavy metals is a serious environmental
problem (Rios et al. 2016; De Paula Filho et al. 2015a;
Moreira et al. 2019, 2020; Lacerda et al. 2020). Follow-
ing this trend, studies on pollution caused by heavy metals
are increasingly recurrent in developing countries (Liu et al.
2011; Mendonza-Carranza et al. 2016; Sharifinia et al. 2018;
Beraldi et al. 2019; Chakraborty et al. 2019). Besides, envi-
ronmental monitoring, mainly in protection areas, is neces-
sary for the maintenance of the ecological functions and
services. Information on this topic is still limited in tropical
estuaries in regions with incipient industrialization, such as
on the Northeast coast of Brazil (Lacerda et al. 2008; Paula
et al. 2010; De Paula Filho et al. 2015a).

The primary natural sources of metals for the estu-
aries are the geological matrix, erosion and the natural
loss of soil in the drainage basins. On the other hand,
the anthropic influence on the variation of transport and
deposition of metals at the continent—ocean interface has
increased significantly in several coastal basins on a global
scale (Liu et al. 2011; Aguiar et al. 2014; Beraldi et al.
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2019). The main anthropogenic drivers of the contamina-
tion of aquatic systems include the discharge of domes-
tic and industrial effluents and the leaching of pesticides
in agricultural areas (Lacerda et al. 2008; Paula et al.
2010; De Paula Filho et al. 2015b; Beraldi et al. 2019).
The inadequate disposal of wastes and effluents containing
heavy metals in the most varied natural environments has
caused great ecological concern (Rios et al. 2016; Buzzi
and Marcovecchio 2018; Moreira et al. 2019, 2020). Such
disposal may increase the concentrations of these met-
als in the sediment, reaching the threshold above which
there is a greater probability of effects on the biota and
this process depends on metal binding to particles, water
physicochemical conditions and metals’ potential solubil-
ity to turn these contaminants become available to food
chains (Jara-Marini et al. 2009; Mendonza-Carranza et al.
2016; Liu et al. 2011; Devanesan et al. 2017; Moreira et al.
2019, 2020).

Estuarine sediments act as a sink for different chemical
species such as nutrients, pesticides and heavy metals, as
they absorb these contaminants in suspended matter pre-
cipitating them as bulk sediment. Then, heavy metals are
aggregated to fine-grained particles (silt and clay), organic
matter, iron and manganese oxi-hydroxydes that find condi-
tions in the estuaries for flocculation and eventually move
into the depositional areas. In addition, metals in silt and
clay fractions are more easily available to biological organ-
isms than those in the bulk sediments (Oliveira and Marins
2011). Therefore, based on the determination of the metal
concentrations and their spatial distribution, these charac-
teristics allow us to infer on the potential health of coastal
ecosystems. For this purpose, geoenvironmental criteria or
pollution indices are used in assessing the quality of sedi-
ments, such as the enrichment factor (EF), the geoaccumu-
lation index (Igeo) and the potential ecological risk index
(PERI) (Devanesan et al. 2017; Sharifinia et al. 2018; El-
Kady et al. 2019). These tools allow the assessment of heavy
metals’ anomalies in estuarine and the characterization of
major sources. In this way, they provide an objective support
to decision-making by the public authorities for the proper
use of natural resources in order to establish prevention and/
or restoration programs (De Paula Filho et al. 2015a, b).

Estimated loads measured in coastal areas of the Brazilian
NE region have shown that anthropogenic emissions of some
heavy metals exceed natural emissions by an order of magni-
tude and these additional loads can alter the quality of estua-
rine waters (Paula et al. 2010; De Paula Filho et al. 2014).
In this context, the Parnaiba River Delta estuary (PRD)
has a unique ecological importance for the conservation of
wild animals and fisheries in the semi-arid Atlantic coast of
NE Brazil and the area integrate an environmental protec-
tion zone (Federal Decision 28th August 1996; MMA 2006).
In this region, the preservation and sound management of
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water resources are essential to adequately support the local
human population, include traditional habitants and the
maintenance of their economic activities.

A previous study has established regional background
levels and upper thresholds (geochemical baselines) for Zn,
Cu, Pb, Cr, Mn and Fe in the sedimentary environment of
the PRD (De Paula Filho et al. 2015a). In the current study,
we assessed the levels and spatial distribution of a suite of
heavy metals (Cd, Cr, Cu, Mn, Ni, Pb, Zn, Al and Fe) in
surface sediments collected from five estuarine channels in
the Parnaiba River Delta. Our investigations aimed to (i)
determine the concentration of heavy metals in surface sedi-
ments, (ii) assess the spatial extent and distribution patterns
of heavy metals contamination and (iii) evaluate the heavy
metal contamination of the sediments using the geochemical
indices and potential ecological risk indices.

Materials and methods
Study area

The Parnaiba River Delta is a tropical estuary located in
the Brazilian semi-arid coast (~ 2° 37’ S-3° 05’ S and 41°
08" W—-42° 30" W), between the states of Ceara, Piaui and
Maranhao (Fig. 1). The delta is the final portion of the Par-
naiba River basin (344,112 km?) which is characterized by
an incipient urban and industrial development. The basin
supports 4.8 million people, 279 municipalities and three
different biomes (Cerrado, Caatinga and Costeiro). Until
reaching the Atlantic Ocean, the Parnaiba River runs along
1400 km, receiving inputs from twelve main tributaries,
some of them are intermittent rivers. The upper river has a
hydroelectric power plant, dams and marginal lakes distrib-
uted along its course (De Paula Filho et al. 2015b). Upon its
arrival in the coastal zone, it forms a wide and branching
delta that extends over 2750 km? and is formed by more than
70 islands, being the only open-ocean delta in the Americas
(Farias et al. 2015).

This deltaic system is a complex and important ecosystem
because of its marine-fluvial dynamics and for harboring
important plant and animal communities. It is characterized
by extensive fluvial-marine plains intersected by channel-
forming islands formed by the accumulation of terrigenous
materials. The main estuarine channels are the Igaraci River
(Ig), which crosses the main urban area of the lower region
of the river (Parnaiba city), and the Parnaiba River (P), the
main river drainage receiving contributions from the entire
hydrographic basin. The other three major channels flow into
bays called Caju (Cb), Melancieiras (Mb) and Tutdia (Tb).

The Delta is embedded in the morphological unit known
as the “Late Tertiary Barreiras Formation”, comprised of
unconsolidated iron-rich alluvial sediments encompassing
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Fig. 1 Location map highlighting the sampling sites along the five estuarine channels in the Parnaiba River Delta: Igaragu river (Ig), Parnaiba

river (P), Caju bay (Cb), Melancieiras bay (Mb) and Tutdia bay (Tb)

the entire Brazilian eastern and northeastern shoreline.
Extensive mangrove areas developed under the influence of
these environments, representing an important area of depo-
sition of materials of continental origin (MMA 2006). It is
characterized by being a shallow estuary, where its different
estuarine channels are on average approximately 4.0 m deep,
being subject to a mesotidal regime and variable salinity
(Sabadini-Santos et al. 2009; Dias et al. 2016).

The Delta has few point sources of contaminants and,
therefore, diffuse pollution sources prevail, which are typi-
cally difficult to control and monitor (De Paula Filho et al.
2014, 2015a, b). Parnaiba city has a population of approxi-
mately 150,000 and is located on the western boundary of
the environmental protection area. The major environmental
impacts are the release of domestic effluents, deforestation
and erosion. In this regard, the negative effects of the release
of domestic and industrial effluents into the water system
should not be ignored (De Paula Filho et al. 2014, 2015a, b).

Sample collection and laboratory analysis

The sampling campaign was conducted in April 2017, at the
end of the rainy season, on sites located in muddy deposi-
tion areas along the five estuarine channels. Surface sedi-
ments were sampled from 28 sites under spring tide (Fig. 1).
Sample site locations were positioned by GPS (Garmin II)
and plotted with the Surfer Version 8.00 software (Golden

Software, Inc., USA). Surface sediments (0-5 cm) were col-
lected in duplicate in the tidal zone using a plastic shovel and
stored in polyethylene bags at 4 °C until analysis.

The samples were oven-dried at 60 °C and the clods that
formed in the drying stage were pulverized, using an agate
mortar. The controlled temperature avoids the modification
of the clay—mineral structure and the excessive hardening
of the sediment (Aguiar et al. 2007; Sharifinia et al. 2018).
Samples were stored in a desiccator until analysis. Part of the
sample was taken for analysis of the granulometric composi-
tion. Once dried, the particle size distribution was measured
by the wet sieving method to separate the total muddy frac-
tion (<63 um) (silt+ clay) from the sand and gravel frac-
tions (McCave and Syvitski 1991). To present the results, the
logarithmic scale @ (phi = log, diameter mm) was adopted
(Krumbein 1934).

The readily oxidizable organic carbon (OC) content
was determined with the Walkey—Black titration method
modified by heating of the sample during sample digestion.
Cleaning procedures were performed to minimize overesti-
mation of OC caused by the presence of interfering ions (e.g.
Fe?* and CI7). For example, the chloride oxidation can be
prevented by using Ag,SO, in the digestion mixture (Nelson
and Sommers 1982; Loring and Rantala 1992).

Acid extracts were obtained from the leaching of about
1.0000 g of the fine fraction (<63 um) in 30.0 ml of a 50%
aqua regia solution (3HCI.HNO;). The procedure was
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performed in a closed system heated to 80 °C for 2 h (Aguiar
et al. 2007). The obtained extracts were analyzed by flame
atomic absorption spectrophotometry (FAAS) using a VAR-
IAN SpectraA 50b spectrophotometer according to recom-
mendations of the manufacturer’s handbook.

Quality assurance and quality control

All determinations were conducted in accordance with strict
quality control. The quality assurance/quality control proce-
dures involved the use of standard reagents and the analysis
of certified reference sediment (Table 1). The precision of
analysis for heavy metals was validated through Standard
Reference Material sample—NIST 1646a (US National
Institute of Standards and Technology). Standard curves
were constructed using standard solutions with known con-
centrations in order to calculate the concentrations of the
samples. All samples were tested in duplicate.

Data source and processing

The Microsoft Excel® software was used for the pre-treat-
ment of data. Data normality was tested using the Shap-
iro—Wilk test. When necessary, data were log-transformed
to satisfy the parametric assumptions. Data in the figures
were not transformed. The association between pairs of
variables was assessed using the Pearson correlation coef-
ficient (p <0.05) for the better understanding of relationships
between the heavy metal’s concentration with OC and sedi-
ment particle size. Spatial variations in the environmental
variables were studied using a one-way analysis of variance
(ANOVA).

Multivariate statistical approaches, including Hierarchical
Cluster Analysis (HCA) by Ward’s method and the Principal
Component Analysis (PCA), were performed to adjust the
index parameters. The cluster analysis based on Euclidian

distances was used to compare and establish relationships
between sampling sites. The data matrix was applied to the
principal component analysis (PCA) to visualize potential
pollution sources. Varimax rotation with Kaiser normaliza-
tion was chosen in PCA to maximize factor variance and to
simplify the columns of the factor matrix.

All statistical tests were done with the Statistica 8.0 soft-
ware (StatSoft, Inc. 1984-2007). The spatial distribution of
heavy metal concentrations in PRD was performed from the
data geoprocessing in the ArcMap ArcGis 9.0 package. For
that, the quantitative values of metals were grouped into
classes in a frequency diagram of univariate analysis in Arc-
Map (North 2009).

Heavy metal pollution indices and ecological risk
assessment

Several different indices were used to evaluate the metal
enrichment, degree of pollution and potential ecological risk
in the sediments. Table 2 shows the equations, descriptions
and ranges of the metal pollution factors and indices. We
used the Enrichment Factor (EF) (Eq. 1) and the geoaccu-
mulation Index (Igeo) (Eq. 2) for the quantitative measure-
ment of sediment contamination by Cu, Cd, Cr, Pb, Ni and
Zn. Iron was used as a normalizing element (De Paula Filho
et al. 2015a; Sharifinia et al. 2018).

Globally, the identification of the toxicological risk asso-
ciated with heavy metals in sediments has been carried out
through pollution indices (Hakanson 1980; Liu et al. 2015;
Ismail et al. 2016; Chen et al. 2018; Sharifinia et al. 2018).
The contamination factor (CF;) represents the potential haz-
ard of heavy metal contamination by indicating the toxicity
of each element relative to the background value (Eq. 3). The
CD, represents the total contamination factor and was intro-
duced to assess the degree of heavy metal pollution in sedi-
ments, according to the toxicity and the response of the

Table 1 Quality Assurance/

. Heavy metal
Quality Control procedures

Certified values?

Detection limits Observed concentration Recovery (%)

used in the chemical testing, (mg ke (mg ke (mg ke

including the concentrations in Alb 2.297+0.018 0.31 1.95+0.03 85

the reference samples cd 0.148+£0.007 0.03 0.14+0.01 95
Cr 409+1.9 0.10 36.40+2.50 89
Cu 10.01+0.34 0.08 9.41+0.25 94
Fe® 2.008+0.039 0.12 1.98+0.06 99
Mn 2345+2.8 0.10 215.70+4.90 92
Ni¢ 23 0.03 21.20+1.10 92
Pb 11.7+£1.2 0.10 10.40+0.90 89
Zn 489+1.6 0.26 46.90+2.70 96

aStandard Reference Material® 16462, Estuarine Sediment

"Mass percentage (%)
“Noncertified Value
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Table 2 Pollution metal indices: equations, descriptions and contamination ranges

Equation Description Ranges References
EF = [(¢)),/Fe)] EF: Enrichment factor EF < 1: No enrichment Taylor (1964)
1 [(C), [ (Fex] (C’)_c and (C') ,» metal concentration in samples 1-3: minimal enrichment
and metal background?® 3-5: moderate enrichment
(Fe), and (Fe),,, concentration and background 5-10: significant enrichment
concentration of the reference element Fe* 10-25: severe enrichment
25-50: very severe enrichment
> 50: extreme enrichment
L., =log [ (), ] Ie,: Geoaccumulation index C1: 0-1 unpolluted to moderately polluted Miiller (1969)
) &° 2L 1sx(¢), ] A factor of 1.5 was used to minimize the effect ~ C2: 1-2 moderately polluted
of possible variations in the background C3: 2-3 moderately to strongly polluted
values C4: 3—4 strongly polluted
C5: 4-5 strongly to extremely polluted
C6:> 5 Extremely polluted
i (©), CF': is the contamination factor of single heavy ~CF<1: low contamination Hakanson (1980)
3) (), metal (i) at sampling site (j) 1 <CF < 3: moderate contamination
(C7),: heavy metal background (mg kg™')*: 3 <CF<6: considerable contamination
(Cd=0.8, Cr=20,Cu=9.9, Fe=1.8, Pb=8.1, CF>6: very high contamination
Ni=17,Zn=18.6)
4)CD, = Z:‘z ) CF; CD;: total contaminant factor of heavy metal at CD <6: low degree of contamination Hakanson (1980)
sampling site (j) 6 <CD < 12: moderate degree of contamination
12 <CD < 24: considerable degree of contami-
nation
CD > 24: high degree of contamination
) E; =Tc x CF; E'is the index of a single potential ecological ~ E'< 40: low ecological risk Hakanson (1980)

risk of heavy metal (i) at sampling site (j)
Tc: Is the toxic response coefficient of heavy
metal i (Zn=1, Cr=2, Ni=Pb=Cu=5,
Cd=30)
(6) PERY, = X1 E] .
ecological risk at sampling site j

PERYI, is the index of comprehensive potential

40 < E! <80: moderate ecological risk

80 < E' < 160: strong ecological risk

160 < E <320: Quite strong ecological risk
E]’f> 320: Extremely strong ecological risk

PERI;< 70: low potential ecological risk Chen et al. (2018)
70 < PERI; < 140: moderate ecological risk
140 < PERI; <280: strong ecological risk
280 < PERI; <560: Quite strong ecological
risk
PERI; > 560: Extremely strong ecological risk

“Background values for Cr, Cu, Fe, Pb and Zn (De Paula Filho et al. 2015a). For Cd and Ni (Fadigas et al. 2006)

environment (Eq. 4). The E]l is the monomial potential eco-
logical risk factor concerning the toxic response factor (7.),
representing the potential hazard of heavy metal contamina-
tion by indicating the toxicity of a particular heavy metal and
the environmental sensitivity to contamination (Eq. 5). The
global potential ecological risk index (PERI;) was applied
in order to classify the estuarine sampling sites as to their
susceptibility to a potential ecological risk at each site
(Eq. 6).

Heavy metal concentration results were compared to
the sediment quality guideline (SQG) for heavy metals as
described in the Brazilian Environmental Council Resolu-
tions (BRASIL 2012). The regulation establishes guiding
values for metals in fresh and estuarine sediments. Despite
the sediment quality standards (SQSs) adopted in Brazil,
refer to the bulk fraction (<2 mm), in this study the con-
centrations of heavy metals were determined in the fine

fraction of the sediments (<63 pum). This fraction is recog-
nized for concentrating contaminants considering that heavy
metals are mainly linked to silt and clay and normally used
in studies on heavy metal contamination (De Paula Filho
et al. 2015a; Devanesan et al. 2017; Sharifinia et al. 2018).
Another important factor is the ability to transport contami-
nants, since this grain size is associated with matter sus-
pended in water (Pereira et al. 2010; Dias et al. 2016).

Two levels are established, a threshold below which there
is a lower likelihood of adverse effects to the biota (Level 1
or TEL—Threshold Effect Level), and a second threshold
above which there is a greater likelihood of adverse effects
to the biota (Level 2 or PEL—Probable Effect Level), which
do not apply to Mn, Al and Fe. Between the TEL and PEL
possible adverse effects occasionally occur. The TEL—
PEL sediment quality guidelines or environmental assess-
ment criteria were used to check if metal concentrations
in sediments may occasionally be associated with adverse

@ Springer



167 Page6of17

Environmental Earth Sciences (2021) 80:167

biological effects. These toxicity criteria are based on the
compilation of matching biological and chemical data from
numerous modeling, laboratory, and field measurement in
marine and estuarine sediments (Long and Morgan 1990;
CCME 2001; BRASIL 2012).

Results and discussion
Particle size distribution and organic carbon

The sediments in the mud area from the five channels of
the Parnaiba River Delta mainly consist of sandy and fine-
grained (< 63 pm) fractions (Table 3). The spatial distribu-
tion of the fine fraction contents is shown in Fig. 2a. The
representativeness ranges for each fraction varied between
0.30 and 7.30%, with an average of 1.53 +1.61% for coarse
sand, 69.70-92.60%, with an average of 84.51 +5.26% for
sand, and 7.10-28.90%, with an average of 14.28 +4.47% for
fine-grained sediment. The results showed a predominance
of the sandy fraction from very fine to medium (1—4 @) fol-
lowing an upward trend according to the estuarine gradient.
An increase in the size of the sedimentary particle towards
the mouth of the main channels of the delta was observed,
ranging from very fine sand (3—4 ®) to medium sand (1—2
®). The mud or fine fraction (>4 ®) showed higher values
in deposition areas more internal to the delta. The sediments
in PRD present concentrations of the fine fraction below that
reported for the Sao Francisco River estuary, whose values
varied between 22 and 99% (Sabadini-Santos et al. 2009).
Mud sediments were lower at the inner portion of the Tutéia
bay and at the seaward end of the channel, all exposed to the
interaction between river flow and mesotidal action (Dias
et al. 2016). Part of the fine sediment is exported to the
inshore sector of the continental shelf adjacent to the delta
(Nascimento et al. 2010).

The OC distributes quite evenly in the mud area of the
PRD, varying from 6.90 to 10.10%, with an average of
8.53+0.71%. Despite the relative stability in its concentra-
tion in the superficial sediments, a greater retention of OC
was observed in the innermost areas of the estuary. This
trend accompanies the distribution behavior of fine sedi-
ments. The highest concentrations of OC occurred in more
internal sampling sites in the estuary. Figure 2b shows the
spatial behavior of organic carbon in the surface sediments
of the delta. In the supplementary material, Table S1 details
the concentrations of the different granulometric fractions
determined in the 28 sampling sites.

Heavy metal concentrations

The concentration results for Cd, Cr, Cu, Mn, Ni, Pb, Zn, Al
and Fe in the surface sediments of the twenty-eight sampling
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sites of the PRD are shown in Table 3. Considering the aver-
age values, the total heavy metal concentrations followed
the following ranking: Al>Fe>Mn>Zn>Cr>Ni>Cu>
Pb > Cd. In the supplementary material, Table S2 shows the
concentrations of heavy metals in the 28 sampling sites.

The results were compared to the world average of metal
concentrations of the shale (Turekian and Wedepohl 1961).
Only Cd showed an average concentration higher than that
reported for shales (0.3 mg kg™!). Cadmium concentrations
lower than the earth’s crust were verified at the sampling
sites Tb1 (0.22 mg kg~!) and Tb4 (0.28 mg kg™'). Several
studies have reported that the world average metal concen-
trations in the shale are too high to represent background lev-
els in different sedimentary basins (Marins et al. 2004; San-
tos-Francés et al. 2017; Li et al. 2019). One of the solutions
proposed since the beginning of heavy metal evaluations is
to define background limits through the local or regional
evaluation of the existing contents in sediments deposited in
sedimentary basins in pre-industrial eras (Sabadini-Santos
et al. 2009; De Paula Filho et al. 2015a; Santos-Francés et al.
2017; Li et al. 2019). In the present study, higher average
values than those of the regional background were observed
for Cu, Cr, Ni, Zn and Fe. Metal load estimates for the Par-
naiba River Delta indicated that the emissions of Zn and Cu
by anthropic sources exceed natural emissions of those met-
als (De Paula Filho et al. 2014). On the other hand, a review
of local background values can be considered in view of a
more comprehensive study in time and space (Marins et al.
2004; De Paula Filho et al. 2015a).

The concentration averages in the PRD sediments were
within or below the concentration ranges reported in related
studies carried out in other coastal areas in the world (Sab-
adini-Santos et al. 2009; Marcovecchio and Ferrer 2005;
Zhang et al. 2007; Neser et al. 2012). In general, the PRD
heavy metal concentration levels are in the same order of
magnitude and range as the sediments of the Sao Francisco
River estuary, also located in Northeast Brazil (Sabadini-
Santos et al. 2009), and in Bahia Blanca in Argentina (Mar-
covecchio and Ferrer 2005; Buzzi and Marcovecchio 2018).
However, in the regional comparison, the upper limits of the
Cr, Cu and Fe ranges observed in this study exceeded those
reported for the Bahia Blanca estuary. As an exception, the
average Cd value in the PRD sediments was 50 times higher
than the upper limit reported by Buzzi and Marcovecchio
(2018). In this specific case, the authors indicated the strong
biological influence of metal retention in indigenous mussel
tissues (Brachidontes rodriguezii) reducing Cd concentra-
tions in the evaluated sediments. Also, the Cd bands in the
PRD sediments were up to an order of magnitude higher than
that reported for Zhelin Bay in Guangdong, China (Wang
et al. 2013). The other metals showed similarities in their
low concentration levels, except for Pb whose upper limit in
the PRD was about 10 times lower than the one reported for
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Fig.2 Spatial distribution of the fine fraction (<63 pum) an OC (%)
contents in sampling sites along the Parnaiba River Delta (The diam-
eter of the purple circumference is proportional to the fine fraction
and OC concentration level at each sampling site)

Zhelin Bay. Highly impacted systems such Aliaga bay in the
coast of Turkey presented sedimentary metal contents sev-
eral orders of magnitude higher than those found in the PRD
(Neser et al. 2012). For example, the concentrations of Cu,
Zn and Pb in PRD were, respectively, 15, 69 and 75 times
lower than the quantified concentration limit in Aliaga bay.

Considering the threshold values provided for the ref-
erence guideline for metals in sedimentary environments
(BRASIL 2012), the concentration ranges of Cd, Cr, Pb and
Zn were lower than the TEL (Level 1) limits. On the other
hand, the values of the upper limit for Cu and Ni were sig-
nificantly lower than the PEL. For Cu and Ni, although the
upper limit found in the sediments has exceeded the TEL
value, these were up to two times lower than the PEL (Level
2). In 61% of the sampling sites, copper concentrations
exceeded TEL, mainly in areas of greater sediment deposi-
tion in the Parnaiba River and in the Caji and Melancieira
bays. Thus, concentrations between the TEL and PEL indi-
cated the possible effect range within which adverse effects
occasionally occur (BRASIL 2012). On the other hand, this
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approach has limitations due to the overestimation of heavy
metal concentrations since they refer only to the fine-grained
fraction.

Mn, Al and Fe concentrations are strongly related to the
predominance of Oxisols in the Parnaiba River basin. These
soils are characterized by an advanced weathering state, with
an accumulation of insoluble iron and aluminum oxides, the
most frequent being goethite (aFeOOH), hematite (aFe,05)
and gibbsite (YAI(OH);) (De Paula Filho et al. 2015a; San-
tos et al. 2018). These minerals are involved in various soil
phenomena, such as in adsorption of anions, cations and
organic compounds. Fe and Al oxides are important tropical
soil and sediment minerals, responsible for the low mobility
and bioavailability of heavy metals. The metal ions can be
eletrostatically adsorbed or specifically, through covalent or
partly covalent bindings to oxygen atoms from the mineral
structure (Mellis et al. 2004).

Heavy metal spatial distribution

Although the concentrations of most studied metals are
below the TEL range in most sampling sites, the study of
their spatial distribution may elucidate further details about
areas of preferential deposition within the Delta. Figure 3
shows the distribution maps for Cd(a), Pb(b), Cu(c), Ni (d),
Cr(e), Zn(f), Mn(g), Fe(h) and Al(i) in the five estuarine
channels of the PRD.

The data available in Tables S1 and S2, and the distri-
bution maps (Fig. 3), show the distinction in the preferred
areas for accumulation of heavy metals in the different estua-
rine channels. For example, in the channels with the great-
est influence of river flows, P and Ig, or subject to greater
intensity of coastal forces (e.g. wind shear, tidal waves and
currents) as in Tb, there was a greater tendency in accumu-
late metals in places further downstream (P5, P6 and 1g4),
following the river-marine gradient. On the other hand, in
the Melancieiras and Caju bays, there was a greater ten-
dency for metals to accumulate in more internal sampling
sites (C3, C4, M2 and M4), except for Aluminum. Especially
for Cb and Mb, the hydrodynamic processes are apparently
dominated by the tide. In this condition, elongated sandy
bars and wide sandy tidal plains develop according to the
direction of the marine currents, forming a channel of low
sinuosity followed by an area of tight meanders and, finally,
an interior area dominated by fluvial processes (Fig. 1). The
energy of the tidal currents exceeds and dissipates the energy
of the waves at the mouth, contributing to a greater estuary
deposition (Schettini et al. 2016). This is corroborated by the
distribution map of Iron. This metal is strongly associated
with local lithology (De Paula Filho et al. 2015b).

The delta is integrated by a set of ecosystems embed-
ded in pre-coastal boards of the Quaternary Formation (the
Barreiras Formation). In this geomorphological units, the
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Fig.3 Spatial distribution patterns of heavy metals in surface sediments of the Parnaiba River Delta (The diameter of the purple circumference

is proportional to the metal concentration level at each sampling site)

characteristic soils are Oxisols, which provide loads of clay
minerals to the estuarine zone. Clay minerals (kaolinite, iron
oxides and aluminum oxides) have a strong ability to associ-
ate with heavy elements (micronutrients) such as copper and
zinc. This also corroborate the tendency of chromium accu-
mulation in sampling sites P2, PS5, Cb2, Cb5 and Mb3-MbS5,
of copper in Ig4, P5, Cb2, Cb5 and Mb1—Mb3, of nickel in

P2, P4—P6, Cb4, Cb7, Mb2, Mb4 and Mb6, of lead in P3,
P6, Cb1, Cb3, Cb4, Mb1 and Mb3 and of zinc in Cb2, Cb4,

Cb7, Mb2 and Mb4.
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Fig.3 (continued)

Statistical analysis

Geostatistical techniques were used to evaluate the differ-
ences in the geochemistry of metals in the estuarine sedi-
ments (Aguiar et al. 2014). The Shapiro—Wilk normality
tests (n=28, p <0.05) demonstrated a normal distribution
for Cu, Cr, Zn, Al and Fe. The logarithm-transformed data
were applied to eliminate the influence of different units
of variance and give each variable an equal weight. The
analysis of the coefficients of variance (CV) showed that
the concentrations of metals in the samples reflect their
spatial distribution in the PRD (Table 3). Four categories
were extracted from the statistical testing: (i) low distribu-
tion variability (CV <20%) for OC, Sand, Zn, Cd and Cr; (ii)
moderate variability (20% < CV <50%) for the fine-grained
fraction (<63 um), Cu, Ni, Pb, Al and Fe; (iii) high variabil-
ity (50% <CV < 100%) for Mn; and (iv) very high variability
for coarse sand (CV >100%) (Karim et al. 2014).

The Pearson correlation test showed positive inter-
elemental correlations for Cu—Cr (r=0.53, p<0.01),
Cu-Cd (r=0.50, p<0.01), Cu-Ni (r=0.46, p<0.05),
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Cu-Fe (r=0.41, p<0.05), Cd-Ni (r=0.78, p<0.01),
Cd-OC (r=0.60, p<0.01), Cd-Pb (r=0.46, p <0.05),
Cd-Zn (r=0.43, p<0.05), Cd—-Cr (r=0.41, p<0.05),
Cr-Ni (r=0.58, p<0.01), Cr-Pb (r=0.49, p<0.01),
Pb-Ni (r=0.63, p<0.01), Pb—Zn (r=0.59, p <0.01), Pb-Fe
(r=0.39, p<0.05), Ni-Zn (r=0.59, p<0.05) and Zn-Fe
(r=0.42, p<0.05).

The availability of metals can be negatively or positively
affected by organic carbon as a result of the formation of
chelates or metal complexes (Mellis et al. 2004). The posi-
tive correlation between OC and Cd may mean a greater
metal retention by biogenic fractions of the sediment. The
bioavailability of metals is affected differently, depending
on the matrix to which it is associated, whether geogenic or
biogenic (Buzzi and Marcovecchio 2018).

One of the important factors that control the adsorp-
tion and retention of metals in the sediment is the size of
the particles, with the recognition that most heavy metals
are linked to the fine fraction (<63 pm) of the sediment,
mainly due to the high surface area (Zhang et al. 2007;
Sabadini-Santos et al. 2009). Sediments with smaller



Environmental Earth Sciences (2021) 80:167

Page 110f17 167

grain sizes, higher levels of OC, Fe and Mn have a greater
capacity to adsorb heavy metals (He et al. 2016). Con-
firming this premise, the positive correlation between all
metals and the silt + clay fraction demonstrates a possible
common geogenic-lithogenic origin.

The results obtained from the Pearson’s correlation test
point to a greater association of heavy metals with litho-
genic sources. The predominantly mineral origin of the
metal concentrations in the PRD sediments is confirmed
by the analysis of variance (ANOVA). When analyzing
the variables for the different estuarine channels (Ig, P,
Cb, Mb and Tb), the ANOVA test, based on available
samples only, demonstrated that there was no statistically
significant difference among them (p <0.01) regarding the
concentrations of metals. This result reflects the low to
moderate metals concentration variability (CV%) in the
sediments of the different estuarine channels, which may
point to a common lithogenic origin of the heavy met-
als evaluated in this study. However, the relatively small
numbers of samples from sampled channels may also con-
tributed to this lack of significant differences.

The Hierarchical Cluster Analysis (HCA) was applied to
the surface sediment dataset to group the similar analyzed
variables (Fig. 4a). The variables were then grouped into two
distinct groups. In both clusters it is possible to see the asso-
ciation between metals and their lithogenic origin. Cluster
1 shows the association between the major elements in clay
minerals (Al and Fe) and Mn, Cr and Zn. Cluster 2 includes
Cu, Cd, Ni, Pb and OC, which are associated with the fine
sediment fraction (<63 um). On the other hand, anthropic
factors can also contribute to the associations evidenced by
HCA. The carrying of pedological material from adjacent
agricultural areas containing metal-organic residues may, in
part, explain this association (Carvalho et al. 2002).

The PCA were performed to compare the compositional
pattern between the sediment samples and the factors influ-
encing each one (Fig. 4b). Three principal components (PCs)
with eigenvalues > 1 were extracted from the element con-
centrations, which explained 64% of the total variance in the
sediment quality dataset. The first PC,, which accounted for
34% of the total variance, was correlated (loading > 0.70)
with OC (0.77) and Cd (0.89). The second PC,, which
accounted for 17% of total variance, had strong positive
loadings on Al (0.70), Cr (0.72) and Zn (0.83). On the same
PC, iron expressed moderate to high loading (0.62). PC,
explains 13% of the observed variance and had a strong
negative loading on Mn (— 0.85). The results obtained from
the multivariate analysis of the data reflect the binding of
heavy metals to clay minerals and organic matter and, as
such, their distribution patterns are controlled by the fine
fraction (<63 um). Since Al and Fe represent the terrig-
enous siliciclastic materials and are not influenced by urban
activities in the study area, this factor can be considered to

(a) 10

Linkage Distance

Mn Al Cr Pb Ni Cu
<63pm ocC Cd

(b) 1.0

0.8 Al cr

0.6 .

0.4 Pb

Factor 2
.

0.2 Mn *

*
<63pm
0.0 *

-0.2 oc

-0.4
06 04 0.2 0.0 0.2 0.4 0.6 0.8 1.0

Factor 1

Fig.4 a Dendrogram showing the clustering of the analyzed vari-
ables and b Loading plots obtained for the dataset

reflect the natural origin of major elements and heavy metals
from weathering and erosion. However, contributions from
runoff of the agriculture soils around the PRD should not
be disregarded.

Heavy metal enrichment and geoaccumulation
index

The calculation of the enrichment factor according to Eq. (1)
showed that the sediments are not enriched in 78.5% of the
sampling sites, minimally enriched in 21% of the cases and
moderately enriched by metals in only 0.5% of the sampling
sites. Considering the average EF value for the different sam-
pling sites, the following ranking could be established: EF
< EFpy, < EFy; < EF, < EF, <EF,,. Enrichment factor and
geoaccumulation indices for heavy metals at the PRD are
summarized in Fig. 5, where standard error (SE) accounts
for spatial variability. Figure 5a presents a graph with the
mean values for the enrichment factor (EF) determined for
each of the five estuarine channels (Ig, P, Cb, Mb and Tb).

@ Springer



167 Page120f17

Environmental Earth Sciences (2021) 80:167

Fig.5 a Enrichment factor (EF)
and b Geoaccumulation index
(Igeo) for metals in the surface
sediments of the Parnaiba River
Delta (mean value + SE)
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In this approach, Tutéia Bay presented EF values < 1 for all
evaluated metals and, therefore, its sediments are classified
as not enriched. The same is true for all other estuarine chan-
nels in relation to Cd and Pb. The results show higher values
of sediment enrichment for Cr, Cu and Zn, although they are
classified as minimally enriched. The Ig channel presented
greater enrichment levels for most metals, which was prob-
ably related to the anthropic influence of Parnaiba city, the
main regional urban center. Sharifinia et al. (2018) found
similar behavior by Igeo in estuarine sediments close to
industrial areas and receiving municipal effluents of Khamir
City. De Paula Filho et al. (2014) estimated the metal loads
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from different natural and anthropogenic sources to the
PRD. The effects of loads of metallic contaminants from
urban runoff, sewage discharge and port activities can have
an impact on the greater enrichment of the sediments of the
Ig estuarine channel. In only one sampling site (P1) the EF
reached values showing a moderate enrichment (EF=3.12).

The Igeo results, according to Eq. (2), presented predomi-
nantly negative values. Figure 5b shows the behavior of the
indicator considering each metal and the average value by
estuary sector. According to the average values, the increas-
ing order of geoaccumulation of metals was Igeoq, < Igeopy,
< Igeoy; < Igeog, < Igeoc, <Igeo,,.This behavior further
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confirms the trend observed for the enrichment factor. In the
estuarine channels there was a predominance of negative
Igeo values for Cd and Pb. All sampling sites had an Igeo< 1
(Class 1), demonstrating that the sediments are not polluted
by metals. Only the Ig4 site (Igeo=1.67) was classified as
Class 2 (moderately polluted) for Cu. These results are partly
explained by the low regional background values consid-
ered in this study (Table 3). In the supplementary material,
Table S3 presents the values of the enrichment factors and
geoaccumulation index for each heavy metal in each sam-
pling site of the Parnaiba River Delta.

Assessment of the heavy metal ecological risk

From the Cd, Cr, Cu, Pb, Ni and Zn concentration data in
the PRD surface sediments it was possible to evaluate the
susceptibility of the estuarine system with regard to heavy
metal contamination. Table 4 presents the contamination
factors (CFJ‘:) and monomial potential ecological risk (Ej’f)
obtained according to Egs. (3) and (5) (Table 2). The
obtained factors were then compared to those obtained in
related studies carried out in coastal environments in other
regions of the world. About 30% of the obtained results had
a low contamination factor (CF; < 1), according to the fol-
lowing ranking: CF; < CFpy, < CFy; < CF(, < CF(, <CFy,.
Cd showed low contamination levels in all sampling sites.
These results confirm the low enrichment of sediments by
metals (Fig. 4). In the estuarine channels of the Igaract river
(Ig) and Tut6ia Bay (Tb) the CF]’: confirmed a low lead con-
tamination. Among all estuarine channels evaluated, Tb
showed the lowest contamination factors, except for Zn. In
69% of the results, there was a predominance of moderate
contamination conditions (1 < CF; < 3). However, the lower
limit of the classification range for considerable contamina-
tion was reached in Cb2 for copper, and in Cb4 and Mb2 for
zinc. In these locations the concentrations of these metals
exceeded by three times the local background values (De
Paula Filho et al. 2015a). However, the need to review the
local geochemical base values should be weighed, consider-
ing that the only study carried out in this area covered only
sediments from the Parnaiba and Igaracd channels.
According to Table 4, the Cd and Pb contamination factor
ranges were lower than those reported for estuaries located
in Iran coast of the Persian Gulf and Gulf of Oman (Shar-
ifinia et al. 2018). Howeyver, the lower limit of Zn exceeds the
upper limit of the range observed for metal in the subtropical
estuaries evaluated in the same region. For copper, overlap
occurs in the contamination factor ranges. Devanesan et al
(2017) determined CF values between low and moderate
for Al, Ni, Cr, Mn, Fe and highly contaminated for Pb in
the sediments of the Tamilnadu coast, India. These different
estuarine areas have similarities in terms of the presence of

Table 4 Contamination factors and potential ecological risk for each heavy metal in surface sediments of the Igaragu river (Igl-Ig4), Parnaiba river (P1-P6), Caju Bay (Cb1-Cb8), Melancieiras

Bay (Mb1-Mb6) and Tutéia Bay (Tb1-Tb4), in the Parnaiba River Delta
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mangrove forests and extensive muddy areas with high salin-
ity in their waters. However, the different estuaries in Table 4
have significant differences in terms of anthropic stress lev-
els. Although PRD is a pristine area subject to restrictions
on human use and occupation, the CF results obtained for
some metals may surpass areas subject to more significant
anthropic interventions.

Table 4 also presents the individual behavior of the poten-
tial ecological risk for each type of heavy metal. The ranking
obtained from the average values per metal followed this
increasing order: Ey; < E;, < Eq, < Epy < E, <Eqy. All
sites presented a low ecological risk (Ejf < 40) for the evalu-
ated metals. In the Igaract river (Ig4), the highest ecological
risk indices were recorded for Cd and Cu (23.25 and 23.84,
respectively). The Cbl site presented a higher ecological
risk for Pb (6.17), while Cb2 for Cr (4.66). The highest eco-
logical risk values for Ni (1.71) and Zn (3.10) were obtained
in Mb2. In general, Tut6ia Bay presented the lowest E]’ val-
ues for sediments among the different PRD estuarine chan-
nels, confirming the observations made for the enrichment
factor and geoaccumulation index. Similarly, the results of
Ejlf values in the Tamilnadu for Cr, Ni, Zn and Pb were less
than 40, indicating that sediments are low potential ecologi-
cal risk (Devanesan et al. 2017). In the Gorgan Bay, south-
east end of the Caspian Sea, the results of the ecological risk
of individual metals for Cr, Cu, Ni, Pb and Zn reveled that
metals had a low ecological risk at all stations (Gholizadeh
and Patimar 2018). However, in general the values were
higher than those observed for PRD.

Both indices showed that the sediments do not present
a degree of danger to the local biota in PRD. However, Pb,
Cu and Cd present different ecological risks in some spe-
cific areas reflecting primarily the characterization of poten-
tial anthropogenic sources of these metals since it occurs
in areas near Parnaiba city and neighbors, where there are
tourism and fishery small harbors. In the supplementary
material, Table S4 presents the values of the contamination
factors and potential ecological risk for each heavy metal in
each sampling station of the Parnaiba River Delta.

In estuarine ecosystems, the exposure of organisms to
the ecotoxicological effects of metals depends on the bio-
geochemical circulation and the specific ecotoxicity of each
metal. When exceeding the concentration limits, adverse
biological effects can occur (Jara-Marini et al. 2009; Liu
et al. 2015; Buzzi and Marcovecchio 2018). Thus, the
contamination degree (CD) and the potential ecological
risk index (PERI) were determined for each sampling site
according to Egs. (4) and (6) (Table 2). The results are pre-
sented through box-plot graphs considering each estuarine
channel, as shown in Fig. 6.

The contamination degree (CD) ranged from 4.66
to 11.55, with an average of 8.72+1.72. In terms of CD
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Fig.6 a Total contamination degree (CD) and b potential ecologi-
cal risk level (PERI) of heavy metals in the surface sediments of the
main estuarine channels of the Parnaiba River Delta. (open square)
Median, (open rectangle) 50% of the concentration data, whiskers or
horizontal bars represent the 25—75% quartiles, (open circle) Outliers
(¥) Extremes

average, the sediments of the Parnaiba River Delta can be
classified as having a moderate degree of contamination
(6 <CD < 12). Only the sediments of sampling sites Tb1 and
Tb3 had a CD < 6, which showed a low degree of contami-
nation. PERI ranged from 19.52 to 56.01 with an average
of 39.84 +8.30, values that classify the PRD sediments as
having low potential ecological risk. As shown in Fig. 6,
there is an upward trend in the CD and PERI values accord-
ing the following order: CDy, /PERIy, < CD,,/PER],;, <
CDp/PERI, < CD¢,/PERI, <CDy,/PERI.

In the estuaries of the Persian Gulf and Gulf of Oman
the results of the contamination degree ranged from 6.23 to
23.29 and the potential ecological risk index varied between
127.93 and 556.02, values that are higher than those verified
in PRD (Table 4). On average, the results of CD and PERI in
the PRD sediments were about 2—8 times lower than those
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reported for estuaries of the coast of Iran (Sharifinia et al.
2018). The CD results for metals in the coast of Tamilnadu,
India were higher than those of PRD, ranging from moder-
ate (Cd) to high degree of contamination (Cr, Mn, Ni, Zn
and Fe) of sediments (Devanesan et al. 2017). But the PERI
values of Cr and Pb show the moderate to strong potential
ecological risk.

The results of the different factors and indices used in the
study reinforce the classification of Tutéia Bay as an uncon-
taminated area with a low potential for ecological risk for
the evaluated metals. Geographically located at the western
end of the Environmental Protection Area of the Parnaiba
Delta, Tutéia Bay is less influenced by the river inputs of
the Parnaiba River. Its hydrodynamic circulation is strongly
affected by the action of the tides and winds, which com-
bined promote intense transport of materials launched to
the adjacent platform (Pereira et al. 2010). In this sector of
the delta we obtained the lowest average levels of organic
carbon (7.5%) and fine fraction (< 63 um). Consequently, the
sediment retention capacity is reduced since OC and the clay
minerals present in the fine fraction have a high geochemical
activity in adsorbing different contaminating chemical spe-
cies. On the other hand, the Cb and Mb channels represent
areas with strong material retention. The morphodynamical
characteristics are affected by the mesotidal regime active in
the region, which formed dozens of internal islands (Schet-
tini et al. 2016). In this region of the estuary, the fine fraction
of the sediments reached up to 29% in mass, with an average
of 16%, reflecting a greater metal retention. This is corrobo-
rated by the metal distribution data showed in Fig. 3 and by
the higher CD and PERI values.

Conclusions

Different useful tools, methods, guidelines and indices have
been employed for evaluation of sediment contamination in
the Parnaiba River Delta. The ranking of the different met-
als in the estuarine channels using different contamination
criteria showed adequate for the environmental assessment
of the area.

Several factors explain the low concentrations of metals,
such as the low intensity of anthropogenic activities near the
PRD, the high hydrodynamics and the sediment texture, as
sandy sediments tend to retain less contaminants than finer
ones. Thus, sediments from the Tut6ia Bay channel appeared
to present a low contaminant accumulation capacity. Never-
theless, some attention should be given to the Igaracgi river
and the potential anthropogenic sources of Pb, Cu and Cd,
as its sediments presented higher percentages of fine sedi-
ments and organic matter, and thus this region may become
more vulnerable to urban contamination from Parnaiba city.

Finally, the PRD presents pristine conditions, as it could
be expected due to its isolation and the restrictions to human
presence that were imposed in recent history. Concentra-
tions of heavy metals in sediments from the PRD may be the
regional background values, except Igaraci area, and should
be considered the baseline for future monitoring programs
on the environmental quality of the NE coast of Brazil.
These baseline values are of special interest, considering
the protected status of this area.
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