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Abstract 

The Cubatão River is one of the most important waterways of the coast of São Paulo. The continuous discharge of domestic 
and industrial effluents into the river and its tributaries resulted in loss of water quality across the system. Industrial and domestic 
landfills are also located around the studied area. The purpose of this study was to assess two aspects of sediments from the 
river and two of its tributaries (Perequê and Pilões Rivers): presence of trace elements and toxic metals, and ecotoxicity. Four 
sampling surveys were conducted from 2010 to 2011 on six different sites (here named P0, P2, P4, P5, P7 and P8). Ecotoxicity 
was assessed by exposing Hyalella azteca to the collected sediments. Instrumental Neutron Activation Analysis (INAA) and 
Atomic Absorption Spectrometry (GF AAS and CV AAS) techniques were applied for measuring concentration of metals and 
trace elements. The latter enabled quantification of Cd, Pb and Hg, while the former enabled quantification of a wide range of 
metals and trace elements. As, Cr and Zn concentrations obtained by INAA as well as AAS results were compared to threshold 
effect levels (TEL) and probable effect levels (PEL), the sediment quality guidelines proposed by the  Canadian Council of 
Ministers of the Environment (CCME) for evaluating the potential effects on aquatic organisms. Cd and Hg values did not 
exceed TEL at the most of samples. Pb exceeded TEL at only one site campaign. As, Cr and Zn values exceeded TEL in most 
of sampling sites, with P2 and P4 showing the highest concentrations. Enrichment Factor (EF) and Geoaccumulation Index 
(IGeo) were calculated for the elements determined by INAA using North American Shale Composite (NASC) and regional 
background values. In short, As, Br, Cr, Hf, Pb, Sb and Zn were the elements found in concerning amounts, especially As, 
Br, Cr and Zn. Toxicity results revealed toxic effects on sediments from P2 and P5 (mortality > 50%). Body size analysis 
demonstrated negative effects at P4 (length smaller than 2,500.00 µm). Data crossing analyses indicate As and Br as main 
possible contributors to high toxicity levels. 

 Keywords: Cubatão River, heavy metals, H azteca, sediments, trace elements.

INTRODUCTION

Inorganic contaminants are considered environmental 
pollutants in several monitoring programs around the world. 
In Brazil, the main sources of metals and metalloids are related 
to mining, manufacturing, hydrocarbon combustion, domestic 
sewage, landfill and even storm water runoff  flood waters (Silva 
et al, 2011; Terra et al, 2007). For decades, Cubatão has been 

the epicenter of industrial development that took place in the 
central portion of São Paulo Coast, with substantial negative 
impacts to the surrounding environment. Petrochemical 
refinery, metallurgy, steel, fertilizer and chemical production 
are among the main activities taking place in and around 
Cubatão, and the main pollutants released by such sources are 
concentrated in the Cubatão River and its tributaries. Other 
sources of pollution include landfills and dumping sites, 
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such as the Sitio das Neves Landfill, the Pilões Landfill and 
contaminated industrial sites (Ferreira Braga, 2009; CETESB, 
2015). Cubatão has long been known as a polluted region; the 
air pollution in that locality resulted in several diseases and 
death (CETESB, 2015). Considering the impacts of pollutants 
on aquatic biota, monitoring programs should include the 
assessment of sediments toxicity. Ecotoxicity data is relevant 
for showing if the environmental quality is suitable for the 
diverse living organisms; this is locally important because 
the Cubatão River is the main source of potable water for 
the region. It is also relevant for the protection of aquatic 
life. Undesired toxicity was previously found in the waters 
of Cubatão, which was attributed to excessive amounts of 
phenol, ammonia, nitrate, metals, and biological oxygen 
demand (Garcia et al., 2017; CETESB, 2015).

In 1997 and 1998, metals and non-metals in surface 
sediments from the Santos Estuarine System (SES) were 
quantified. Hg concentrations of 0.10 up to 6.77 ppm were 
detected (sediment fraction < 63 µm) at the estuarine portion 
of Cubatão river (Luiz-Silva et al., 2006). Cadmium, lead, 
copper, mercury, nickel, and zinc were also detected in the SES 
(Lamparelli et al., 2001; CETESB, 2015). Steel production, 
fertilizer, and phosphogypsum were among the industrial 
activities associated with radionuclide concentrations in the 
studied sites, particularly uranium, thorium, and hafnium 
(Silva et al., 2006). Moreover, these authors also detected high 
concentration of metals and non-metals in surface sediments, 
the most notorious case being high levels of mercury in 
Cubatão river sediments. 

The objective of this paper was to determine the levels 
of metals and trace elements in sediments of the Cubatão 
River and to assess the related toxic effects to aquatic 
organisms. Hyalella azteca was used in sediment toxicity 
tests. Instrumental Neutron Activation Analysis and Atomic 
Absorption Spectrometry analytical techniques were applied 
to determine the levels of inorganic contaminants. 

MATERIALS AND METHODS 

Description of studied area and sampling

The Cubatão River and its basin are located roughly 58 
km from São Paulo, in the “Baixada Santista Metropolitan 
Region” which comprises 9 cities, including Cubatão, and 
is situated on the central portion of the coast of the State of 
São Paulo. Cubatão and Pilões rivers supply potable water for 
Santos and Cubatão cities, by the use of about 3.28 m3 per 
second of water from the Cubatão River (CETESB, 2015). 

Sediments were collected at Cubatão, Perequê and Pilões 
Rivers in four different periods (March and August 2010; 
February and June 2011). The sampled sites are indicated in 
Figure 1. A van Veen grab sampler was used to collect the 
sediments (2 kg of sediment sample for each site/campaign, 
approximately). Then aliquots were taken in replicates and 
dried at 40°C (ventilated oven), sieved through a 2 mm 
mesh, milled in the agate mortar and sieved again through 
a 200 mesh, in duplicate. For the biological assays, aliquots 
of sediments were preserved in plastic bags and stored under 
refrigeration until ecotoxicological assays (4°C ± 0.5ºC).

Instrumental Neutron Activation Analysis (INAA) 

For multi-elemental analysis, approximately 200 mg of 
sediment (duplicate samples) and reference materials were 
weighed and sealed in pre-cleaned double polyethylene bags 
for irradiation. Single and multi-element synthetic standards 
were prepared by pipetting appropriate aliquots of standard 
solutions (SPEX CERTIPREP) onto small sheets of Whitman 
No.41 filter paper. Sediment samples, reference materials 
and synthetic standards were irradiated for 8 hours under a 
thermal neutron flux of 1012 cm-2 s-1, at the IEA-R1 nuclear 
research reactor, which is located at the IPEN. Two series of 

Figure 1. Geo-referred position of the sediment sampling sites at the Cubatão River Basin, São Paulo, Brazil. 
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counting were made: the first one decaying after one week, the 
second one between 15-20 days. Gamma spectrometry was 
conducted using a Canberra gamma X hyperpure Ge detector 
and associated electronics, with a resolution of 0.88 keV and 
1.90 keV for 57Co (121.97 keV) and 60Co (1332.49 keV), 
respectively. Larizatti et al. (2001) provided further details of 
the analytical methodology.

The elements As, Ba, Br, Co, Cr, Cs, Fe, Hf, Na, Rb, 
Sb, Sc, Ta, Th, U, Zn were determined, as well as the rare 
earth elements Ce, Eu, La, Lu, Nd, Sm, Tb and Yb. The 
uncertainties of the results were calculated by standard 
uncertainty propagation. Methodology validation was done 
by analyzing reference materials BEN (Basalt-IWG-GIT) and 
Soil 7 (IAEA). The corresponding standard deviations ranged 
from 1.1 to 8.2% and relative errors, from 3.3 to 10% for the 
elements analyzed by INAA, resulting in good precision and 
accuracy, respectively. 

Atomic Absorption Spectrometry (GF-AAS and CV-AAS)

In this study, samples were digested by following a 
microwave-assisted method (SW-846-3051) prescribed by 
USEPA (2007) for sediments. About 0.5 g of the sediment (in 
duplicate) was weighed in Teflon tubes and 10 mL of HNO3 
was added. After dissolution, the solution was filtered and 
the final volume was completed to 50 mL, in a volumetric 
flask. Measurements were performed in duplicate, limited to 
a deviation ≤ 20% and the concentration values were obtained 
using an analytical calibration curve. A calibration blank and a 
reagent blank were also measured and their values had to be less 
than the detection limit (DL) of the method to assure the quality 
of reagents and methodological procedures, respectively. 
Measurements were conducted in a Perkin Elmer AANALYST 
800 instrument. The precision and accuracy of the method 
were evaluated by checking the recovery (percentage) of the 
respective analytes present in Certified Reference Material 
SS-1 and SS-2 (contaminated soils from EnviroMATTM). Our 
results were within the confidence interval (95%) of the certified 
reference materials. The mean concentration of Cd in the SS2 
reference material was 2.07±0.08 mg kg-1, (2, consensus value); 
for Pb, SS1, 121.3 ± 2.5 mg kg-1 (Recovery (R) = 96.3%), (126, 
consensus value, confidence interval: 116-136) and SS2, 219.4 
± 1.1 mg kg-1 (R= 94.2%), (233; consensus value, confidence 
interval- 219-247). 

Total Hg determination in sediment samples was carried 
out by CV-AAS (in duplicate) by using the same solution 
digested for Cd and Pb determinations. Quality control was 
carried out by analyzing the certified reference materials 
Lake Sediment (BCR 280), Lake Sediment (IAEA, SL-1) and 
Marine Sediment reference material for trace metals and other 
constituents (MESS-3, NRCC). The results were consistent 
with certified values presenting pertinent errors and relative 
standard deviations less than 10%. The mean concentrations 
of total Hg were 0.685 ± 0.030 mg kg-1 for BCR 280 (0.670 
± 0.019 mg kg-1) (R= 102.2%); 0.135 ± 0.005 for IAEA-SL1 
(0.130 mg kg-1) (R= 103.8%) and 0.082 ± 0.007 mg kg-1 for 
MESS-3 (0.091 ± 0.09 mg kg-1) (R= 90.1%). 

Contamination assessment by EF and IGeo indexes

It is well known that metals originating from the same 
source generally group together in silt and clay fractions. If 
enrichment occurs, it can be observed by using a normalization 
procedure that offsets the variability in mineralogy and grain 
size data (Camargo et al. 1986; Larizatti et al., 2001).  The 
enrichment factor (EF) is defined as the ratio between the 
concentrations of the element in question and a conservative 
element in the sample divided by the same ratio calculated with 
background reference values. In this case, the used references 
were the North American Shale Composite (NASC) values 
and the background sediment values obtained by Luiz-Silva et 
al. (2006). The elements of natural origin that are structurally 
combined with one or more mineral phases are considered 
conservative. The main assumption for the application of a 
geochemical normalization for conservative elements is the 
existence of a linear relationship between the normalized 
and other metals (Ndjigui et al., 2015, Astudillo et al., 2005, 
Kamaruzzaman et al., 2011). In this study, Sc was used as a 
normalizer (Mori et al., 1999; Kamaruzzaman et al., 2011) 
according to equation 1:

where Cn is element concentration and CSc is Sc concentration.
According to Zhang & Liu, (2002), if 0.5 < EF < 1.5, the 

elemental concentration is probably entirely due to crustal 
or natural weathering origin; values above 1.5 indicate 
anthropogenic contribution. The higher the EF value, the 
more severe is the anthropogenic contribution.

Geoaccumulation Index (IGeo) (Gomes et al. 2009, Audry 
et al. 2004) was also calculated for the concentrations obtained 
by INAA, adopting the same reference values used for the EF 
calculations (NASC values). Equation 2 below was used for 
IGeo calculation:

where Csample is the concentration of the element of interest in 
the sample and Cref the reference concentration of the element 
of interest.

The classification of the contamination levels from 
IGeo values is: < 0, basal level; from 0 to 1, not polluted to 
moderately polluted; from 1 to 2, moderately polluted; from 
2 to 3, moderately polluted to heavily polluted; from 3 to 4, 
heavily polluted; from 4 to 5, heavily to extremely polluted 
and > 5, extremely polluted. 

Sediments Ecotoxicity

Hyalella azteca amphipod was exposed to sediments 
for assessing the acute toxicity (growth and survival). The 
employed methodology followed the ABNT (2007) Brazilian 
standard method.  Juvenile organisms were exposed to 
whole sediments (age 7 and 14 days) for 10 days. These tests 
were prepared in chambers with one part of sediment and 
2 parts of water (1:2). 10 organisms were exposed for each 
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replicate, totalizing 40 organisms exposed for each site and 
one negative control.

After 10 days, the surviving organisms were registered and 
mortality was observed. Statistical analyses were run by the 
use of the TOXSTAT software, version 3.5 (Gulley, 1996), 
based on the survival of the negative control. Bioequivalence 
constant (B) for H.azteca (B = 0.89) was used in the 
calculations (Bertoletti et al., 2007). Results were referred as 
“toxic” or “non-toxic”. 

Additionally, body growth analysis was carried out for the 
surviving H. azteca individuals, as a subletal response. This step 
followed the USEPA Standard guidelines (2000), using image 
measurements (Leica S8APO, coupled with the digital camera, 
Leica DFC280) computer for visualization of images and the 
specific software (IM 50) for body size analyzes (Figure 2). 

RESULTS AND DISCUSSION

Granulometric composition of sediments and references 
for each site are given at Table 1. Most samples were classified 
as sandy (> 80% of sand in composition). The composition 
of samples from P5 and P8 were slightly different:  the 
percentages of clay + silt were higher than 20%: 29.2% and 
22.0%, respectively. Therefore, they can be classified as 
mostly silty sand.

Mean concentrations of metals and their respective standard 
deviations (mg kg-1)  obtained by INAA are presented in Table 
2 for the samples collected in August 2010 (dry season, 2nd 

campaign), February 2011 (wet season, 3rd campaign) and 
June 2011 (dry season, 4th campaign). In general, there was a 
substantial variation between campaigns and sites for the most 
of analyzed elements. All data obtained by INAA are discussed 
below by means of Enrichment Factor (EF) and IGeo values.

Table 3 presents the EF results calculated for the INAA 
results and considering NASC values and the background 
(BG) values obtained for Luiz-Silva et al (2008) as regional 
reference values and Sc as a normalizer element. In the Luiz-
Silva study, a sediment core from Morrão River (Santos–
Cubatão Estuarine System) was analyzed and the elemental 
concentrations at 220-260 cm depth in the core were 
considered as representative of the background of the region. 
These values are presented in Table 2.

When NASC values were used for calculation, EF>2.0 was 
obtained for many elements, in sediments from all sampling 
sites mainly for As, Br, Hf, Th, U and for all rare earth 
elements (REEs), at sites P00, P05, P07 and P08, with higher 
values in sediments from P05 (Table 3). However, when the 
BG regional values from Luiz-Silva et al (2008) were used, 
only Ca, Co, Hf, Rb, Sb, Th and U presented an EF>1.5, 
being Hf the element with higher values for all sampling sites, 
indicating a probable anthropogenic influence for this element. 
It is worth pointing out that there are no regional background 
values for all elements determined by INAA in the present 
study for comparison. The most contaminated sampling 
site is P5, which showed high enrichment in all campaigns. 
Sediments from P4 (2nd campaign), P7 (4th campaign) and P8 
(2nd campaign) were also heavily polluted. According to Luiz-
Silva et al study (2008), the elements Hf, Th, U are strongly 
associated with fertilizer industry-derived P concentrations.

Silva et al. (2011) analyzed ten sediment core samples from 
Baixada Santista for metal and trace elements distribution by 
INAA. They showed EF > 1.5 for light rare earth elements 
(LRE – La, Ce, Nd, Sm), Th, U, Zn and Hf, which is consistent 
with results obtained in the present study. 

The IGeo index was also calculated for the INAA results 
by using the two reference values, NASC and Luiz-Silva 

Figure. 2. Hyalella azteca – body size analysis: organism length (μm) from 
the base of the 3rd uropod to the base of the first antenna. 

Table1. Granulometric composition of sediments collected during March/2010 and June/2011

  
Reference of the sampling site Sediment Granulometry (%)

Sand                 Silt                         Clay
        (2- 62µm)     (62µm-3.94µm)     (3.94µm-0.2µm)

P0: Cubatão River - Ecological Park Itutinga Pilões 94.4              5.5                      0.1

P02: near to water treatment station 97.5              2.5                      0
P04: Ana Costa Hospital and downstream of CBE - Estireno 88.6              10.4                    1.0

P05: Cubatão River - Carbocloro Chemical Industry 70.8              26.1                    3.1

P07: Pilões River - Itutinga Pilões Park 86.1             12.5                    1.4
P08: Perequê River - downstream Perequê Ecological Park 78.0             19.4                    2.6
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background regional values (Table 4). The IGeo calculated by 
using NASC as reference values showed IGeo > 1.0 mainly for 
As and Br, with higher values exhibited in sediments from P04 
and P05. For the IGeo values calculated by using BG regional 
values, mainly Hf showed 1.0<IGeo<3.0, in all sampling sites, 
with the sediments being considered as moderated to polluted 
for this element. Sample site P05, in all campaigns, presented 
the higher values for EF and IGeo is, and can be considered 
as the most contaminated to the elements analyzed by INAA.

From the results, it could be inferred that IGeo values 
(Table 4), in general, confirmed the EF results (Table 3), but 
they were more restrictive. In general, when BG regional 
values for metal and trace elements in sediments are available 
the EF and IGeo results are more reliable or realistic regarding 
the sediment contamination assessment.

The results obtained for As, Cr and Zn by INAA and metals 
Cd, Hg and Pb by AAS (Table 2 and 5, respectively) were 
compared to the TEL and PEL sediment quality guidelines 
(SQGs) proposed  by the Canadian Council of Ministers of 
the Environment (CCME) and adopted by CETESB (2016) 
for sediment quality criteria classification. TEL is the limit 
below which no adverse effects on the biological community 
is observed and PEL, the probable level of occurrence of 
adverse effects on the biological community. Only the samples 
from the 2nd campaign were analyzed by AAS technique. For 
Cd, all results obtained were below the TEL (0.7 mg kg-1), 
for all sampling sites. For Pb, all the results were below the 

TEL value, excepting at P02 (30.2 mg kg-1). For Hg, all the 
sediments presented Hg concentrations below the TEL (0.13 
mg kg-1). 

For the As and Cr and Zn, the comparison with TEL and 
PEL  indicated that for As, the sediments from P00, P02 
and P04 presented the higher values, exceeding the TEL  
(7.2 mg kg-1), with P02 showing the highest values. For Cr, 
the sediments from  P00, P05, P07 and P08 showed values 
between TEL and PEL. The values at P02 and P04 exceeded 
PEL (160 mg kg-1). For Zn, the sediments from P05, P07 and 
P08 presented values below TEL, while the samples from 
P00, P02 and P04 had concentrations above the TEL (124 mg 
kg-1). These facts suggest that As, Cr and Zn are candidates for 
causing toxicity in all sediment tested, particularly in P0, P2 
and P4 (4th campaign).

Lamparelli et al. (2001) gathered information about the 
sources of heavy metals in Cubatão River. They related styrene 
production to Cu, total Cr, Cr+6, Hg and Zn; oil refinery to Cd, 
Pb, Cu, total Cr, Cr+6, Hg, Ni and Zn; fertilizers to As, Pb, Cu, 
total Cr, Cr+6, Mn, Ni and Zn; cellulose to Cd, Cu, total Cr, 
Cr+6, Mn, Hg, Ni and Zn; and steel production to As, Cd, total 
Cr, Cr+6, Cu, Hg, Mn, Ni, Pb and Zn. These elements are used 
as raw material, consumable items or input during productive 
processes.

According to Luiz-Silva et al. (2008), Cr, Cd, Pb and Zn in 
the region are related to steel plant-derived Fe concentrations. 
Relevant amounts of Zn, Pb and Cr were reported by Abessa 

Table 4. IGeo values calculated for the INAA results by using NASC (North American Shale Composite) values and Luiz-Silva  et al. (2008) as regional 
background reference values.

IGeo points As Ba Br Ce Cs Fe Hf La Nd Rb Sc Sm Tb Th U Ca Co Cr Hf Rb

2.00 636.00 0.69 73.00 5.20 4.00 6.30 32.00 27.40 125.00 15.00 5.70 0.85 12.00 2.70 0.41 11.8 75 2.81 101.5

2nd P00 1.92 -0.13 0.19 -0.67 -0.74 -1.12 -0.54 -0.61 -0.41 -0.97 -1.27 -0.81 -0.77 -0.52 -0.60 0.23 -0.84 -1.09 0.63 -0.67

3rd 1.05 -0.56 -0.04 -1.01 -1.46 -1.51 -1.27 -0.87 -0.66 -0.86 -1.70 -1.23 -1.49 -0.89 -1.23 -0.45 -0.97 -1.44 -0.10 -0.56

4st  2.14 1.24 1.44 0.97 0.81 0.37 0.99 -0.60 -0.97 0.96 0.16 -0.79 -1.77 0.96 -0.82 -0.04 0.78 0.49 2.16 1.26

2nd P02 2.82 -0.08 0.43 -0.54 -0.48 -0.67 -0.11 -0.33 -0.26 -0.82 -0.58 -0.47 -0.68 -0.21 -0.33 0.66 -0.77 -0.66 1.05 -0.52

3rd 1.86 -0.06 -0.37 -0.64 -0.70 -0.59 -0.05 -0.41 -0.24 -0.21 -0.44 -0.62 -0.35 -0.38 -0.71 0.56 -0.72 -0.52 1.12 0.09

4st  2.66 1.49  1.13 0.98 1.18 1.89 0.03 0.02 1.38 1.20 -0.17 -0.60 1.67 -0.54 0.63 1.03 1.34 3.05 1.68

2nd P04 1.94 -0.47 4.70 -0.18 -0.20 -0.43 0.28 -0.06 0.14 -0.49 -0.58 -0.13 -0.33 0.08 -0.12 0.96 -0.37 -0.55 1.45 -0.19

3rd 2.02 -0.50 2.54 -0.12 -0.04 -0.36 0.19 0.03 0.03 -0.16 -0.53 -0.15 -0.13 -0.03 -0.28 0.83 -0.16 -0.48 1.35 0.14

4st  1.87 1.12 4.75 0.91 1.25 0.94 1.35 -0.36 -0.20 1.19 0.70 -0.49 -1.28 1.27 -0.74 0.38 0.95 0.93 2.51 1.49

2nd P05 1.13 -0.82 3.48 0.89 -0.47 -0.85 0.85 0.73 0.72 -0.91 -1.03 0.90 0.71 0.67 0.41 0.71 -0.78 -1.00 2.02 -0.61

3rd 1.60 -0.25 3.90 1.01 -0.13 -0.36 1.38 1.28 1.35 -0.45 -0.56 1.09 0.82 1.21 0.75 0.91 -0.16 -0.38 2.54 -0.15

4st  0.64 -0.88 4.77 -0.63 -0.45 -0.97 -0.48 -0.41 -0.39 -0.76 -1.13 -0.48 -0.43 -0.48 -0.75 0.36 -0.69 -0.99 0.68 -0.46

2nd P07 1.99 -0.45 0.90 -0.43 -0.65 -0.53 0.12 -0.29 -1.48 -0.56 -0.42 -0.33 -0.11 -0.21 -0.45 0.48 -0.58 -0.55 1.28 -0.26

3rd 0.70 -1.00  -0.41 -1.69 -0.99 0.01 -0.12 -0.04 -1.22 -1.11 -0.20 -0.69 -0.22 -0.93 0.31 -0.95 -0.97 1.17 -0.92

4st  1.00 -0.44 1.01 1.98 -1.44 -0.58 2.11 1.99 2.13 -1.26 -0.73 1.97 1.19 1.97 1.16 1.30 -0.83 -0.68 3.27 -0.96

2nd P08 0.84 -0.76 1.96 1.54 -1.12 -0.47 1.80 1.77 1.80 -1.18 -0.81 1.55 1.39 1.52 1.26 1.28 -0.72 -0.55 2.96 -0.88

3rd 1.81 -0.36 0.92 -0.59 -1.17 -0.61 -0.02 -0.46 -0.30 -0.72 -0.43 -0.48 -0.46 -0.38 -0.43 0.09 -0.46 -0.69 1.14 -0.42

4st  1.70 -0.22 1.61 0.15 -1.12 -0.48 0.51 0.02 0.24 -0.62 -0.33 0.02 -0.55 0.17 -0.71 0.57 -0.72 -0.43 1.67 -0.32

NASC VALUES Luiz-Silva BG values

Gray cells – IGeo> 1.0
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et al. (2008) in sediments from Santos Estuarine System. 
Those results exceeded TEL and PEL in different sites. They 
obtained similar data for Hg, which highest concentrations 
were detected in sediments from the inner portion of the 
estuary. In the present study, the concentrations of Cr, U and 
Zn were of the same order of magnitude, but much higher for 
As, Hf and Th of those of the Luiz-Silva and Abessa studies.

This study also corroborates the findings obtained by other 
authors on the mercury distribution and concentrations in 
sediments from the SES (Siqueira et al., 2005; Luiz-Silva et 
al., 2006; Gomes et al., 2009). The highest concentrations are 
associated with the vicinity of the industrial sector and end up 
contributing to contamination of Santos-São Vicente estuary 
through waters from the Cubatão River Basin.

Silva et al (2006) collected 5 bottom sediment samples 
along the Cubatão River to determine concentration of U and 
Th natural radionuclide series and some metals (Al, Ca, Cr, 
Cu, Hg, Li, Ni, Pb, Mg, Mn, Zn). The concentration   ranges 
of these metals were Cr (56-72 mg kg-1), Zn (94-131 mg kg-1), 
Pb (23-34 mg kg-1) and Hg (71-143 μg kg-1). In our study, the 
concentrations found for P02 and P04 (near the sampling sites 
of the Silva study), 2nd and 3rd campaigns, were: Cr (71-81 
mg kg-1), Zn (75-105 mg kg-1), Pb (15.3-31.1 mg kg-1) and Hg 
(63-68 μg kg-1). The concentrations found in the present study 
were very similar to those of Luiz-Silva study (2006).

In conclusion, when TEL and PEL were used for sediment 
quality classification, P02 and P04 presented the worst 
situation, mainly for Cr, Pb, As and Zn, with Cr concentrations 

exceeding the PEL. When EF and IGeo indexes were used, P05 
presented the highest contamination values for Br, Hf, Th, U 
and rare earth elements (REEs).  A widespread contamination 
by As, Cr, Hf and Zn was detected. Cr and Zn concentrations 
were particularly high in sediments from P0, P02 and P04 (4th 
campaign). There is also Br contamination localized mainly in 
sediments from P04, P05 and P08.

Ecotoxicity 

The results of the acute toxicity with H. azteca as well as 
the growth of organisms were presented in the figures 3 and 4. 
Toxicity of whole sediments was noticed during the 2nd campaign 
in P2 and P5 (55% and 57.5% mortality, respectively), and in 
P5 during the 4th campaign (82.5% mortality). Lower toxicity 
values were obtained in other sites. At P0, for instance, mortality 
was < 20%; at P4, < 25%. At P0 and P8, mortality was < 40%. 
The results obtained to P7 and P8 are concerning, because both 
sites are located within a protected area (Serra do Mar State Park, 
nucleus Itutinga Pilões), i. e., in supposedly more preserved 
regions when compared to the other sites. Body size analysis 
showed unpaired growth of H. azteca in sediments from many 
campaigns/sites. Animals from P4 in the 2nd campaign presented 
particularly lower body sizes, 2027.24 μm. It is interesting to 
notice that Cr and Zn above PEL concentrations in 4th campaign 
of P2 and P4 did not culminate in high toxicity.

Regarding toxicity data from other studies, indicative of 
toxicity was obtained during measurements carried out at 
water sample of Cubatão River (Garcia et al., 2017). 

Table 5. Heavy metal concentrations obtained by AAS techniques in the sediment samples from Cubatão River (µg kg-1) and TEL and PEL values (µg kg-1), 
for marine water (CCME, 1995).

P0 P02 P04 P05 P07 P08 TEL PEL

 Conc std Conc std Conc std Conc std Conc std Conc std (µg kg-1) (µg kg-1)

Cd* 52 2 69.8 0.009 94.2 2,3 107 1.5 97.2 4.4 85 1.3 700 4210
Pb* 8,894 95 31,110 201 15,320 56 10,250 42 16,000 59 11,870 73 30,200 112,000
Hg* 23.0 0.1 68.2 0.8 70.0 0.4 62.7 0.7 72.2 0.6 30.0 0.6 130 696
Hg** 40.4 0.2 41.0 0.2 71.4 0.2 98.6 0.8 21.3 0.3 24.27 0.06

 *= 2nd campaing (August/ 2010); ** 3rd campaign (February/2011); std – standard deviation 

Table 6. Summary of polluting elements in high toxicity sites/campaigns. Parameters used to assess pollution for each element are also identified.

P2 - 2nd 
Campaign

P4 - 2nd 
Campaign

P5 - 2nd 
Campaign

P5 - 4nd 
Campaign

Assessed 
Parameters

As EF/IGeo/TEL EF/ IGeo /TEL EF/ IGeo EF EF/ IGeo /TEL

Br EF EF/ IGeo EF/ IGeo EF/ IGeo EF/ IGeo

Ca EF EF EF EF EF/ IGeo

Cr TEL TEL TEL TEL TEL

Hf EF/ IGeo EF/ IGeo EF/ IGeo EF EF/ IGeo

Pb TEL None None N.A.* TEL

Sb EF EF EF EF EF

Zn None TEL TEL TEL TEL

Mortality (%) 55.0  0 57.5 82.5  -

Growth (µm)  2744.22 2027.24  2278.93 2614.35  -
* Pb concentration was not measured in the 4th campaign.
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There are four campaign/site results showing sediments 
with high toxicity levels: P2 (2nd campaign) and P5 (2nd and 
4th campaigns) presented mortality rates above 50%; P4 (2nd 
campaign) presented animals with very low  body growth. 
Figures 5 and 6 contain all EF and Igeo results of these 
campaign/sites, in order to investigate further which elements 
may contribute to toxicity. Figure 5 shows clearly moderate 
enrichment levels of Ca, Hf and Sb regarding Luiz-Silva’s 
values. Note that Hf is not as high when NASC is used as 
reference. P2 (2nd campaign) has significant As enrichment. 
Br is very high at P4 and P5 in the 2nd campaign, and it is 
extremely high in 4th campaign of P5. One flagrant fact is the 
high overall moderate enrichment at P5, 2nd campaign.

Cubatão River Basin was also studied to correlate 
epidemiologic data and human exposures to environmental 
contaminants (indicators). Bioaccumulation determinations 

demonstrated metals in vegetation:  Zn > Pb > Cr > Cu > Cd 
(Ferreira Braga, 2009). Comparing our results to Ferreira-
Braga’s, we also detected high levels of Zn and Cr. Pb 
was high only in P2 (2nd campaign). Cd was not found in 
concerning amounts. 

Figure 6 separates more clearly which elements contribute 
to pollution in the higher toxicity sites/campaigns. Again, in 
P2 we see predominant contamination by As, together with 
some contribution from Hf. In the 2nd campaign, P4 and P5, 
as well as the in 4th campaign of P5, indisputably show Br as 
the main contaminant. Some contribution from As and Hf was 
also present in the 2nd campaign, for P4 and P5.

One must not forget that not all elements measured by 
INAA and AAS had their EF and Igeo calculated due to 
absence of reference values. For instance, Cr, Pb and Zn were 
assessed only by comparison with TEL and PEL. Then, Table 

Figure 3. Survival of Hyalella azteca exposed to sediments of the Cubatão River and its tributaries for ten days.

Figure 4. Average body growth of Hyalella azteca exposed to sediments from the Cubtão River and its tributaties for ten days. 
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Figure 5. EF results of high toxicity sites. The red line indicates the limit above which anthropogenic contribution can be inferred. Using Luiz-Silva’s 
results as reference, Ca, Hf and Sb are systematically in moderate enrichment levels. The exception is Hf in P5, 2nd campaign, which can be considered 

significantly enriched. EFs of As and Br indicate significant and very high enrichment, depending on the campaign/site.

Figure 6. IGeo results of high toxicity sites. The red line indicates the limit above which anthropogenic contribution is inferred. IGeo results restate As and 
Br contamination. As values reached heavy contamination levels, while Br levels go as far as heavy to extreme contamination.
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6 was built in order to summarize which elements are polluting 
the high toxicity sites/campaigns, and which parameters (EF, 
IGeo or TEL) indicate pollution. Note that none of these 
elements exceeded PEL oriented value, excepted Cr, in the 
high toxicity sites/campaigns.

Spearman’s correlation coefficient between concentration 
and toxicity was calculated for all samples. Results are between 
±0.4. Such correlations lack statistical significance due to the 
size of our dataset. However, there is one notable exception: 
correlation between Br and body growth is -0.60. This value 
passes the P<0.02 statistical significance test. Therefore, Br is the 
only element numerically  related (mathematically) to toxicity 
and, more specifically, to the underdevelopment of Hyalella 
azteca. All the other polluting elements (As, Cr, Hf, Pb, Sb and 
Zn) can only be identified as “possible contributors to toxicity”.

It should be pointed out the influence of a wide list of 
chemicals that reached the Cubatão basin and their speciation 
and bioavailability (in the case of metals), pH and hardness of 
water influence during toxicity assessment, among some other 
natural interference (Rand, 1995).

CONCLUSION 

There are many sources of contamination to the Cubatão 
River and the Santos Estuarine System, as previously 
discussed. INAA and AAS measurements together with EF 
and IGeo calculations revealed that metal concentrations 
can vary from low to extreme anthropogenic interference, 
depending on the element. More specifically, As, Br, Cr, Hf, 
Pb, Sb and Zn were found in concerning amounts, especially 
As, Br, Cr and Zn. Ecotoxicity to H. azteca showed four 
sites/campaigns with particularly high toxicity levels in 
two different ways: P2 and P5 in the 2nd campaign as well 
as P5 in the 4th campaign showed mortality rates higher than 
50%; P5 in the 4th campaign presented the highest toxicities. 
Animals from the P4 in the 2nd campaign showed important 
underdevelopment of H. azteca individuals. Statistical 
significant negative correlation between Br concentration and 
body growth was detected. 
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