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Chapter

Implications of Sediment
Geochemistry and Diet Habits in
Fish Metal Levels and Human
Health Risk
Alice Bosco-Santos and Wanilson Luiz-Silva

Abstract

In this study the concentration of Cd, Cu, Fe, Ni, Pb, and Zn in muscle and liver
tissues was compared between four estuarine fish species (Centropomus parallelus,
Genidens genidens, Diapterus rhombeus, and Mugil liza) to assess contamination
levels and the influence of eating habits on metal distribution and human health risk
by consumption. In general, liver tissue showed higher metal contents than muscle.
Between metals, Fe and Zn contents were relatively higher for both tissues in all
analyzed populations. Based on the observations, the variability of metal levels
between species is associated with their transfer from the contaminated sediments,
where diet habits associated with the substrate result in higher metal accumulation
in fish, exerting great influence than bioaccumulation by trophic level. The esti-
mated daily intake (EDI), target hazard quotients (THQ) and the total target hazard
quotients (TTHQ), below 1 for all metals on muscle tissues, are suggested the
absence of health hazard for the human population. However, high levels of Pb and
Zn in liver tissue may endanger predators.

Keywords: contamination, estuaries, fish, metal, risk assessment

1. Introduction

In contaminated environments, risk assessment and exposure to metals by fish
consumption are concern issues, because it can become the main route of contami-
nants to humans. In general, studies focusing on the diagnosis of contaminant levels
in fish are focused in the muscle tissue, the main edible part and the major target for
metal storage [1–3]. However, little attention, especially in subtropical to tropical
environments, has been paid to other tissues, which may provide other information
of ecological interest. For instance, analysis of other organs can guarantee the safety
of other predators, as bigger fishes and aquatic birds, which feed on the whole
specimens.

Tissues as the liver, with highest lipid contents, can warn about recent metal
accumulation, since metals can reach it very fast by bloodstream after absorption
[4–6]. The literature has considered this organ as responsible for biological detoxi-
fication process, where part of the metal might be transferred to less sensitive
tissues as the muscle [4, 7].
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An estuary is a partially enclosed coastal body of brackish water with one or
more rivers or streams flowing into it and with a free connection to the open sea [8].
Estuaries and mangrove ecosystems provide habitats for a large number of organ-
isms and support very high productivity. They are also very densely populated and
together with the coast represent about 60% of the world population [9]. It has
been increasingly difficult to ignore the consequences of this occupation by indus-
trial and urban activities on aquatic organisms, especially when it comes to disposal
of potentially hazardous metals in sediments and water [10]. These dynamic eco-
systems have some of the highest biotic diversities and biological production in the
world, providing food and shelter to commercially important fish and shellfish
species, including shelf species that spend some of their juvenile stages in
estuaries [8].

The goal of this study is to characterize the levels of metal in muscle and liver
tissues of four estuarine fish species (human-consumable protein) and associate it
with different diet habits. Influences of these habits and the physical contaminated
compartments on the uptake of metals and their distribution among the tissues are
evaluated. The human health risk assessment of metals from fish food intake is
also estimated.

2. Study area and methods

2.1 The study area and levels of metal contamination

The Santos-Cubatão Estuarine System comprises a narrow strip of land between
the Atlantic Ocean (Santos Bay) and the Serra do Mar mountain chair. The moun-
tain is covered by the Atlantic Forest biome, whereas the estuary hosts a mangrove
ecosystem (Figure 1). The Morrão River estuary was selected as the area for the
present study because it represents the main environment impacted by industrial
activities (fertilizer and steel plants and their private harbors) in the area [11, 12].
Sediments in estuaries are generally derived from several sources, which include
fluvial, atmospheric, and continental shelf contributions, biological activities, and
erosion of the estuarine banks. Sources can vary in the upper and lower reaches of
the estuary, with biological inputs generally being more important in higher salinity
than in lower salinity region, where terrestrial inputs dominate. In this context,
natural sources related to rock weathering, and anthropogenic sources, including
industrial and urban activities, may be mixed. The Morrão River estuary is a lower
reach from the Santos-Cubatão Estuarine System, where domain sediments come
from the weathering and erosion of igneous and metamorphic rocks of the Serra do
Mar mountain chain [13]. In addition, the industrial and urban wastes reaching the
estuarine system are responsible for the input of trace metals into the environment,
which are subsequently incorporated into the sediments [14]. Table 1 shows the
background and contamination metal levels in the study area. The average chemical
composition of global shale is shown to comparison. In general, the contamination
levels for Cd, Cu, Fe, Pb, and Zn (minor Ni) are an order of magnitude relative to
the local geochemical background, which is similar to the average global shale
composition (except Cu and Ni, lower) [15].

The Santos-Cubatão Estuarine System has been the object of research since the
late 1980s [12, 14, 16–22]. However, data regarding metal concentrations in fish
captured from this estuarine system and the related human health risk are scarce.
This area hosts the largest industrial park and the first busiest commercial harbor in
Latin America and some cities that represent together a population of about 1
million inhabitants. Besides the economic importance for Brazil, this area hosts a
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preserved mangrove ecosystem and a special part of the Atlantic Forest biome, the
latter known as one of the five most important hotspots in the world in terms of
endemic species [23]. The chemical study of fish tissues in this highly contaminated
area can provide substantial subsidies to improve the understanding about how the
health, of physical compartments and dietary habits, affect metal distribution in
different species in a subtropical to tropical environment. In addition, the chemical
monitoring of a fish community is of great importance since in the area (known as

Figure 1.
Study area and sampling points. Source: modified after Gonçalves et al. [11].
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“Baixada Santista”) thousands of kg of fish and shellfish are caught commercially or
sportily for human consumption, besides being a protein source for local aquatic
biota including endangered bird species [24, 25].

2.2 Sampling and species habits

A total of 44 fish samples was collected with fishing nets and rods (in the case of
the carnivorous species), with the aid of local fishermen, in two campaigns in
March 2011, at the Morrão River mangrove banks (Figure 1). The fish samples were
classified with the aid of Cervigón et al. [26] and Fishbase database [27] in four fish
species (Centropomus parallelus, Genidens genidens, Diapterus rhombeus, and Mugil
liza). These four species together represent 41% of the most fished species of fish in
the area. In general, Genidens genidens does not have high commercial value,
although it is consumed by the local population [24]. The commercial value of
Diapterus rhombeus is considered medium, and usually specimens longer than
200 mm are marketed [27]. Mugil liza is often caught and sold even before sexual
maturity is reached, with about 300 mm in length. Centropomus parallelus com-
mercial size is between 250 and 300 mm [27].

Centropomus parallelus, Genidens genidens, and Diapterus rhombeus commonly
live in estuaries, and their spatial distribution coincides with the distribution of
mangrove ecosystems, which are their main habitat [28–31]. On the other hand, the
species Mugil liza spawns in the sea, and the young specimens migrate to the
estuaries, where they remain until about 8.5 years (ca. 500 mm in length) [32].
Therefore, here, youngMugil liza specimens only were studied, noting that the body
lengths of adult female and male specimens exceed 570 and 500 mm, respectively
[33]. The samples of the other three species were mostly adults that had already
reached sexual maturity, which occurs when Centropomus parallelus is ca. 290 mm
in total length; Genidens genidens female and male specimens are, respectively, ca.
133 and 160 mm long and Diapterus rhombeus between 80 and 90 mm long [34–37].

According to Rajkowska et al. [38], gender does not exert a significant effect on
metal concentrations in most organs of fish, and, therefore, the sex of the specimens
was not prioritized here. The most important criterion here was to cover specimens
that were near the mangrove regions and resident of the estuary at a certain stage of
their life cycle. A summary of the characteristics of the selected species and respec-
tive biometric data are shown in Table 2.

2.3 Metal analyses

Once collected, the muscle and liver tissues were dissected on a clean surface.
The cuts were made with plastic knives to avoid metal contamination [5, 40]. The
tissues were freeze-drying, and about 0.25 g (dried in a glass desiccator) of each
tissue were digested in 50 mL PFA (Savillex, USA) digestion vessels, by adding

Cd Cu Fe Ni Pb Zn

Background 0.2 � 0.1 18.8 � 0.23 4.69 � 0.12 27.1 � 0.60 29.5 � 3.66 92.3 � 4.54

Contamination 1.77 � 0.48 104 � 27.5 17.6 � 4.52 50.3 � 8.73 146 � 35.9 541 � 146

Shale 0.3 45 4.72 68 20 95

Table 1.
Concentrations (average � standard deviation; mg kg�1, except Fe in % weight; n = 4) at 220–260
(representative of the geogenic geochemical background) and 0–20 cm depth (contamination level) based on a
bulk sediment core from the Morrão River, Santos-Cubatão estuarine system [12]. Average chemical
composition of global shale (mg kg�1) also is shown [15].
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6 mL concentrated HNO3 purified by sub-distillation, and then heated for 3 hours at
80 °C (modified after Agah et al.) [41]. The water used was always ultrapure water
(18.2 MΩ.cm), obtained from a Milli-Q system (Millipore, USA). All plastic mate-
rials were cleaned using a mixed solution of HNO3 8% and HCl 2% and rinsed with
ultrapure water.

The metal concentrations in solutions were obtained by ICP-MS XseriesII
(Thermo) equipped with collision cell technology (CCT) in the Geochemistry Lab-
oratory at the University of Campinas. Before the analysis, the instrument was
optimized according to the manufacturer recommendations. Lead was measured in
normal mode, whereas all other isotopes (54Fe, 60Ni, 63Cu, 66Zn, and 114Cd) were
measured using CCT mode. The instrument was calibrated using multi-elemental
solutions prepared by mixing the necessary amounts from respective elemental
10 mg L�1 (High Purity Standards, USA).

For analytical quality control, we analyzed the certified reference materials
DOLT-4 (Dogfish Liver Reference Materials for Trace Metals) and DORM-3 (Dog-
fish Muscle Certified Reference Material for Trace Metals) produced by the
National Research Council of Canada. Calculated recovery was between 83 and
100% (generally better than 90%) considering both certified reference materials,
which confirms the good performance of the procedures adopted here (Table 3).

2.4 Human health risk assessment

The estimated daily intake (EDI) for Cd, Cu, Fe, Ni, Pb, and Zn (on muscle
tissue) was calculated following Eq. (1) (after Saha & Zaman, [42]):

EDI  ¼  ½ðEF � ED � FIR � CF � CmÞ=ðWAB � TAÞ� � 10�3 (1)

When considering the conservative approach, EF is the exposure frequency
(365 days/year); ED is the exposure duration (we considered a lifetime of 78 years,
average of Brazilians [43]); FIR is the ingestion rate (g/person/day, where we con-
sidered 71 g/day, as recorded by the Food and Agricultural Organization [44]); CF is
the conversion factor (0.208) to convert fresh weight to dry weight considering

Scientific

name (n)a
Popular

name

Family Main food items L (mm)b W (g)c

Centropomus

parallelus (24)

Fat snook

Robalo

Centropomidae Fish, insects, crustaceansd 280

(190–380)

198

(91–980)

Genidens

genidens (8)

Catfish

Bagre

Ariidae Algae, benthic crustaceans,

mollusks, polychaetes, and

bony fishe

250

(170–350)

226

(121–800)

Diapterus

rhombeus (7)

Mojarra

Tainha

Gerreidae Benthic algae, polychaetes,

ostracods, bivalvesf
250

(170–400)

250

(68–507)

Mugil liza (8) Mullet

Carapeva

Mugilidae Organic debris and algaeg 310

(230–470)

382

(154–460)

an = number of specimens analyzed.
bL = total length.
cW = total weight.
dTonini et al. [39].
eChaves et al. [31].
fChaves et al. [29].
gFishbase [27].

Table 2.
Characteristics of the analyzed fish species and specimens.
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approximately 80% moisture content of the fish fillet [45–47]; Cm is the metal
concentration in the fish tissue, represented by the mean value of each trace metal
at each population analyzed (here an upper confidence limit, UCL95 as show in
Table 4, was considered as a conservative parameter of population central ten-
dency); WAB is the average body weight for adults (for conservative purpose
we assumed the average Brazilian adult body weight for woman, 59.6 Kg [48]);
and TA is the average exposure time for non-carcinogens (EF � ED, [46]).

The risk of non-carcinogenic effects was investigated using the target hazard
quotient (THQ), which is defined as the ratio between the EDI and the oral refer-
ence dose (RfD, mg/kg bw/day) following Eq. (2). This method for estimate THQ
considers that for all the potential contaminants, the ingestion dose is equal to the
absorbed dose, where cooking has no effect [49]. The RfD represents an estimate of
the daily intake oral exposure of the human population that may be continually
exposed over a lifetime without an appreciable risk of deleterious effects, and here
the USEPA values were applied (0.001 Cd, 0.04 Cu, 0.7 Fe, 0.02 Ni, 0.004 Pb, and
0.3 Zn, [49]).

THQ ¼ EDI=RfD (2)

As the area of study is contaminated with more than one of the potential con-
taminants evaluated here, and considering that exposure to two or more pollutants
may cause additive effects [47], the cumulative health risk was evaluated by the
sum of individuals THQ, expressed as in Eq. (3) as the total THQ (TTHQ).

TTHQ   ¼  THQ ðtoxicant 1Þ þ  THQ ðtoxicant 2Þ þ  …THQ ðtoxicant nÞ (3)

In general, according to the literature [42, 46, 47, 50], values of THQ and TTHQ
lower than 1 suggest that adverse hazard of the exposed population to the metals
evaluated is not expected.

2.5 Statistical analysis

One way ANOVA followed by parametric correlation (Pearson coefficient) was
used to compare metal contents among tissues, species, and the relationships

Element Obtained mean � u Certified value � UCRM Recovery (%)

DOLT-4

(n = 8)

Cd 22.7 � 0.4 24.3 � 0.8 94

Cu 30.3 � 0.5 31.2 � 1.1 97

Fe 1721 � 38 1833 � 75 94

Pb 0.131 � 0.001 0.16 � 0.04 84

Zn 106.5 � 2.7 116 � 6 92

DORM-3

(n = 8)

Cd 0.30 � 0.01 0.29 � 0.02 100

Cu 15.2 � 0.3 15.5 � 0.63 98

Fe 327.7 � 7.1 347 � 20 94

Ni 1.06 � 0.03 1.28 � 0.24 83

Zn 46.1 � 0.7 51.3 � 3.1 90

Table 3.
Obtained and certified values (mg kg�1) in mass fraction of dry weight in certified reference material DOLT-4
(n = 8) and DORM-3 (n = 8). u = standard deviation/√n; UCRM (Uncertainty, certified reference
material) = kuc, where uc is the combined standard uncertainty and k is the coverage factor.
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between the trace metal levels in the tissues and the specimens’ length and weight.
A p < 0.05 was considered statistically significant, and all statistical tests were
carried out using the OriginPro (v.8.6) graphing and data analysis software.
Additionally, principal component analysis (PCA) was used to classify and
differentiate samples between different tissues.

3. Results and discussion

3.1 Metal concentration

Mean values, interval of confidence (at 95% level) and concentration ranges of
Cd, Cu, Fe, Ni, Pb, and Zn contents, obtained for muscle and liver tissues, from the
four fish species with different diet habits are shown in Table 4. The content of
metals is expressed in dry weight, and wet weight (not shown) should consider
approximately 80% moisture content of the fish fillet. Analysis of variance pointed
that metal concentrations were significantly different (p < 0.05) between tissues
for each analyzed species, with higher levels in liver than muscle tissue (except for
Pb in Diapterus rhombeus and Ni in Centropomus parallelus). Iron and Zn were the
most abundant elements in both tissues, being at least two orders of magnitude over
Cu, Ni, Pb, and Cd contents, particularly in muscle tissue. In liver, Fe concentra-
tions were 8–18 times higher than Zn and Cu, which were between one and four
order of magnitude from Ni, Cd, and Pb concentrations.

Higher levels of metals (except Cd) were observed in both tissues (muscle and
liver) of noncarnivorous over carnivorous species, alerting for an accumulation
pattern related to diet habits. In muscle of Genidens genidens, for example, Fe and
Zn were 4.3 and 8.7 times higher, respectively, in C. parallelus muscle and liver
tissues.

Comparing to the global scenario (Table 5), Cd, Cu, Ni, and Pb contents in
muscle and liver tissues of fish from the Santos-Cubatão Estuarine System were
similar to levels found in other impacted environments with similar contaminated
sources. However, levels for Fe and Zn stand out being even higher than those
reported in the 1980s for Mugilidae, Ariidae, and Centropomidae species [16].

3.2 Metal levels in fish and its relation with contaminated sediment

Two major pathways, or uptake vectors, are responsible for metal incorporation
in detritus-feeding aquatic species: (1) ingestion of particles from metal-enriched
sediments or (2) uptake by water from particles in suspension [57].

Here, higher levels of metals in tissues from noncarnivorous species suggested
that in the impacted scenario of the Santos-Cubatão Estuarine System, the habits
associated to the substrate were relevant. The literature suggests that studied area
substrate shows a history of contamination related to a steel plant activity since the
1960s, with strong anomalies of Fe and Zn, which reach, in the first 20 cm of the
overbank sedimentation, 17.6 � 4.6% of Fe and 541 � 146 mg kg�1 of Zn (Table 1)
[12, 58]. These values are, respectively, ca. 5.5 and 8 times higher than those
corresponding to the average composition of the shale [15] and are 5.9 (Zn) and 3.7
(Fe) times higher than the pre-industrial values in the study area [14]. As sediments
are an item commonly found in omnivorous/detritivorous dietary habits, as
Genidens genidens, Diapterus rhombeus, and Mugil liza [29, 31, 39, 59, 60], the data
suggest that high Fe and Zn levels observed can be a consequence of the local
sediment’s intake.
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C. parallelus

n = 21

(Carnivorous)

G. genidens

n = 8

(Omnivorous)

D. rhombeus

n = 8

(Omnivorous)

M. liza

n = 7

(Detritivorous)

M L F M L F M L F M L F

Cd Mean

UCL95

Min-Max

0.0013

0.0016

0.001–0.004

0.06

0.07

0.03–0.14

66.8 0.003

0.003

0.001–0.004

0.24

0.33

0.06–0.44

24.37 0.002

0.004

0.001–0.006

0.25

0.38

0.05–0.70

11.07 0.001

0.0016

0.001–0.02

0.26

0.39

0.06–0.43

22.34

Cu Mean

UCL95

Min-Max

0.61

0.63

0.51–0.73

12.2

13.5

6.66–21.4

221.3 1.29

1.45

0.92–1.69

26.1

34.0

6.14–42.1

35.39 0.79

0.94

0.42–1.03

10.9

12.8

8.20–15.6

114.2 0.79

0.98

0.52–1.15

176

224

102–226

70.10

Fe Mean

UCL95

Min-Max

7.21

8.30

0.60–14.6

822

912

402–1181

242.3 39.5

44.0

30.9–49.8

9041

12,517

2720–18,490

24.07 9.71

11.3

6.96–14.9

2468

3221

312–4257

14.74 20.3

25.4

13.4–30.1

2085

3675

517–3755

17.87

Ni Mean

UCL95

Min-Max

0.05

0.06

0.05–0.13

0.06

0.07

0.01–0.11

0.53 0.07

0.096

0.04–0.010

0.13

0.19

0.05–0.24

5.02 0.05

0.07

0.04–0.50

0.31

0.49

0.05–0.81

8.06 0.36

0.53

0.03–0.50

1.17

1.79

0.50–1.79

5.02

Pb Mean

UCL95

Min-Max

0.009

0.013

0.002–0.03

0.019

0.029

0.006–0.031

17.3 0.07

0.09

0.02–0.09

7.80

12.29

0.93–21.8

10.62 0.80

1.58

0.002–2.80

0.34

1.04

0.002–1.42

1.09 0.06

0.11

0.01–0.22

1.13

1.50

0.79–1.54

83.09

Zn Mean

UCL95

Min-Max

17.2

18.04

13.6–20.7

64.8

69.7

38.3–86.0

272.8 80.5

113

29.3–189

1201

1387

934–1658

126.4 25.2

32.1

11.7–39.2

138

175

82.3–229

33.64 11.8

13.4

9.3–14.8

188

392

60.0–444

7.85

Table 4.
Mean metal contents (mg kg�1), the interval of confidence at 95% level, and the extreme values (minimum and maximum) in mass fraction of dry weight of muscle (M) and liver (L) samples of
Centropomus parallelus, Genidens genidens, Diapterus rhombeus, and Mugil liza. Variance values (F) between concentrations in tissues for each element are in bold for p < 0.05 indicating
significant differences in metal levels. UCL95 was calculated using the USEPA free software ProUCL.
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Family Region Tissue Cd Cu Fe Pb Ni Zn References

Mugilidae Santos Bay (Brazil) Muscle 0.06 0.61 — 0.10 — 6.74 [16]

São Vicente Estuary (Brazil) Liver — 7.67 � 1.22 24.37 � 55.25 — 4.59 � 1.38 103.49 � 18.92 [51]

Turkey Muscle 0.66 � 0.08 4.41 � 1.67 38.71 � 18.28 5.32 � 2.33 — 37.39 � 6.88 [52]

Liver 1.64 � 0.91 202.8 � 265.8 370.43 � 252.7 12.59 � 5.8 — 110.03 � 34.58

Karoun River (Iran) Muscle 0.84 � 0.08 — 0.73 � 0.06 1.75 � 0.10 — — [53]

Liver 0.52 � 0.03 — 13.5 � 0.11 1.03 � 0.13 — —

Tuzla Lagoon

Spring season

(Turkey)

Muscle 0.08 � 0.01 0.62 � 0.008 11.12 � 4.13 1.19 � 0.44 — 60.86 � 56.10 [6]

Liver 0.35 � 0.17 5.74 � 3.11 305.0 � 179.60 1.85 � 0.11 — 28.3 � 3.71

Arridae Paranaguá Estuary (Brazil) Muscle — 1.06 � 0.20 — — 0.15 � 0.05 40.42 � 19.20 [54]

Santos Bay (Brazil) Muscle 0.06 0.82 0.09 17.15 [16]

Gulf of Paria (Venezuela) Muscle 3.13 � 1.76 1.35 � 0.38 — 0.08 � 0.20 0.12 � 0.23 [55]

Centropomidae Vitoria Bay (Brazil) Muscle — 0.67 � 0.07 6.8 � 0.9 0.03 � 0.01 0.04 � 0.04 14.4 � 0.4 [56]

Santos Bay (Brazil) Muscle 0.06 0.28 — 0.09 — 5.68 [16]

Mojarra Gulf of Paria (Venezuela) Muscle 4.71 � 2.31 0.65 � 0.36 — 0.01 � 0.02 — — [55]

Table 5.
Contents of Cd, Cu, Fe, Pb, Ni, and Zn (mg kg�1, dry weight) in muscle and liver tissues of some specimens of Mugilidae, Ariidae, Centropomidae, and Gerreidae families around the tropical/
subtropical world.
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Cadmium, Cu, Ni, and Pb anomalies were lower than Fe and Zn in the study
area surface sediments (Table 1), which can explain the lower Cd, Cu, Ni, and Pb
contents observed in the fish tissues (Table 4). In fact, other studies have observed
that Fe and Zn occur in much higher proportions in bioavailable fractions from the
study area sediments than other metals (Fe >>> Zn >> Cu > Pb > Ni >> Cd)
[11, 61].

In respect to metal uptake from water, the literature has shown that processes
altering redox potential of sediments and chemical forms of metals can promote the
flux of metals from sediments to water [62]. Because the diet of noncarnivorous fish
consists mainly of benthic organisms (animals and vegetables), and the metal load
in the water column of the sampling sites proved to be relatively low [11], the metal
levels detected in tissues of these fish seem to reflect the pollution level of the
sediment and its biota, rather than the prevailing pollution state of the water.

3.3 Metal in tissues and diet habits

Differences between metal contents in tissues and their correlations with diet
habits were depicted by applying principal component analysis (PCA; Figure 2).
Here only two principal components were considered, and they explained 75.85%
(carnivorous species) and 82.91% (detritivorous and omnivorous species) of the
total variance in the original data set.

The higher metal intake of noncarnivorous species, especially in respect to Zn
and Fe as a consequence of their eating habits and consumed items, is shown in the
second principal component in PCA (Figure 2). The food items of detritivorous and
omnivorous species (Table 2) are associated with the contaminated substrate, and
thus the small dispersion observed in component 2 (score between �0.5 and 1.0;
Figure 2) indicates this single source for metals. In contrast, food items of

Figure 2.
Scatter plots of the scores on the first two principal components (explained 75.85% of carnivorous species and
82.91% of detritivorous and omnivorous species) of the total variance in the original data set, obtained using
Cd, Cu, Fe, Ni, Pb, and Zn. The black symbols represent the carnivorous species (C. parallelus, n = 17), and
white symbols represent the omnivorous and detritivorous species (G. genidens, D. rhombeus, and M. liza;
n = 20). The squares represent the muscle tissue and the triangles represent the liver tissue.
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carnivorous species (Table 2) vary according to their origin. In general, the preda-
tor catches its prey in both sedimentary substrate and water column, and these
sources show distinct contamination levels [63] that are consequently transferred to
the prey differently.

Centropomus parallelus is considered exclusively carnivorous, with 90% of its
stomach contents consisting of small animals (fish, crustaceans, polychaetes, and
insects), especially other fish that account for 70% of the weight of the content
found [39]. This species is classified as sight-feeder, and it tries to capture any
moving particle in the water; once in the mouth, it is ingested or rejected,
depending on its taste and texture [64]. The variability of prey of possibly different
sources is represented by large scores (between �2.7 and 3.6) for the carnivorous
species liver samples in component 2 (Figure 2). Differences between metal con-
tents in tissues can be observed in Figure 2, where two distinct groups represent
muscle and liver samples. Component 1 showed, approximately, the same score
range for all four species, although tissues from detritivorous and omnivorous
species presented muscle and liver domains better separated than carnivorous spe-
cies. This can be a result of a more varied eating habit of the carnivorous species,
and this behavior is better explained by the second principal component (see
below).

In general, component 1 showed more disperse liver samples than muscle sam-
ples, and it can be a consequence of diet, metabolism, and environmental condi-
tions. Since metals reach the hepatic organ by bloodstream after absorption, the
first principal component in respect to liver samples reflects the chemical contrast
common in the studied estuarine environment, in which metal levels are heteroge-
neous spatially [14, 65]. In opposition to the homogeneity expressed by component
1, the metal contents in muscle samples shown in Figure 2 seem to represent storage
of metals during a longer time after internal metabolism and redistribution among
tissues. Following uptake into the bloodstream, contaminants are redistributed to
high metabolic organs such as the liver, for transformation and detoxification, and
then to low metabolic ones, including muscles [4, 66]. Mainly because of the large
amount of metallothionein, metal levels in the liver rapidly increase during expo-
sure [6, 7, 67, 68] and are proportional to the levels present in the environment. In
contrast, the muscle is the final tissue for metal storage after transformation and
excretion of some contaminants [1, 69].

3.4 Health risk assessment

In relation to human consumption, muscle tissues (usually humans do not eat
fish liver) require special attention because of toxicity risk. When metal contents
exceed the maximum levels established for these contaminants in food, it should be
considered unfit for human consumption [5]. In Brazil, the Health Department
determined maximum values for fish in natura of 0.05 mg kg�1 for Cd (with
exception for some species as Mojarra and mullet, for which the limit is
0.1 mg kg�1) and 0.3 mg kg�1 for Pb [70]. In a less specific legislation, maximum
permissible concentrations for Cu (30 mg kg�1), Ni (5 mg kg�1), and Zn
(50 mg kg�1) for general food [71, 72] are established. Recalculating the metal
contents listed in Table 4 to wet weight values, most Pb levels in the Diapterus
rhombeus specimens exceeded the Brazilian legislation limit. Lead contents in the
other noncarnivorous species analyzed also deserve attention being extremely close
to the limits set forth by the law.

For Cd, Cu, Ni, and Zn, the concentrations are below the limits to offer danger-
ous to human consumption, and just ingestion of large amounts of fish would
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present this kind of concern. For Zn, for example, just the consumption of 2.5 kg of
Genidens genidens muscle tissue would approach the limit. From all the metals
evaluated, Cd is of least concern, since the World Health Organization [73] has
determined the provisional tolerable weekly Cd intake of 25 μg kg�1 body weight,
which means an intake of over a thousand pounds of fish to exceed this limit.

The estimated daily intake (EDI) were higher for Zn and Fe, followed by Cu for
all analyzed species (Table 6), presenting a maximum value of 0.038 mg/kg
bw/day for G. genidens. The lowest EDI values were reported for Cd followed by Pb
and Ni. Using those EDI values and taking in account the USEPA RfDs, the THQ for
each metal in each fish population was calculated, and it is shown in Table 6. The
highest value of THQ was observed for Pb at the D. rhombeus population (0.134),
while the lowest was observed for Cd at the C. parallelus population (0.0005). None
of the metals individually exceeded the hazard quotient threshold of 1, implying
that the level of daily intake of each examined metal for Brazilian population was
lower than that of respective dose. The same happened for TTHO (varying from
0.03 for C. parallelus to 0.18 for D. rhombeus) that evaluate the cumulative health
risks, reinforcing no potential significant health risks. Those observations suggest
that the levels of human exposure to the analyzed metals should not cause any
deleterious (noncarcinogenic) effect from the intake of fish species from study
area (Table 6).

3.5 Marine conservation risk assessment

Metal levels in fish liver tissue should be a concern when it comes to marine
conservation. In organisms that have aerial respiration (e.g., seabirds and marine
mammals), the intake of contaminants is mainly made by food, and biomagni-
fication is usually observed [74]. Although the levels that can cause bad effects to
marine organisms vary with the species and metals, the average consumption of
1 kg of Mugil liza or Genidens genidens studied here, for instance, can expose the

Cd Cu Fe Ni Pb Zn

RfDs 0.001 0.04 0.7 0.02 0.002 0.3

Centropomus parallelus (number of samples = 21)

EDI 5.54 � 10�7 2.1 � 10�4 2.8 � 10�3 2.0 � 10�5 4.2 � 10�6 6 � 10�6

THQ 5.50 � 10�4 5.33 � 10�3 4.00 � 10�3 1.03 � 10�3 1.06 � 10�3 2.03 � 10�2

Genidens genidens (number of samples = 8)

EDI 1.11 � 10�6 4.88 � 10�4 1.48 � 10�2 3.24 � 10�5 3.75 � 10�5 3.81 � 10�2

THQ 1.11 � 10�3 1.22 � 10�2 2.12 � 10�2 1.62 � 10�3 9.36 � 10�3 1.27 � 10�1

Diapterus rhombeus (number of samples = 7)

EDI 1.52 � 10�6 3.17 � 10�4 3.82 � 10�3 2.25 � 10�5 5.34 � 10�4 1.08 � 10�2

THQ 1.52 � 10�3 7.92 � 10�3 5.45 � 10�3 1.12 � 10�3 1.34 � 10�1 3.61 � 10�2

Mugil liza (number of samples = 8)

EDI 5.53 � 10�7 3.31 � 10�4 8.56 � 10�3 1.80 � 10�4 3.85 � 10�5 4.50 � 10�3

THQ 5.53 � 10�4 8.28 � 10�3 1.22 � 10�2 9.01 � 10�3 9.62 � 10�3 1.50 � 10�2

Table 6.
The RfD values and estimated EDI (mg/kg bw/day) and THQ (mg/kg bw/week) by the study area population
through the consumption of captured fish from the Santos-Cubatão estuarine system.
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predator to high levels of toxic elements, such as Cu and Pb (not essential and
without metabolic function), which can exceed 50 and 5 mg kg�1, respectively.

4. Conclusion

This study showed that high Fe and Zn contents found in fish tissues reflect the
anomalous concentrations in contaminated sediments. The highest metal contents
were found in the liver of noncarnivorous species, protein not normally consumed
by humans, but can put at risk predators that eat the whole fish (aquatic birds, fish,
and marine mammals). The results showed that fish eating habits, associated with
contamination levels in sediments, play an important role in metal uptake. They can
exert higher influence on metal levels in fish tissues (muscle and liver) than
bioaccumulation by trophic level.

Acknowledgements

We thank the São Paulo State Research Funding Agency—FAPESP (process
number 08-11511-8) and the Brazilian National Council for Scientific and Techno-
logical Development (process 432922/2016-4)—for financial support. Bosco-Santos
thanks the Brazilian Council for Scientific and Technological Development—CNPq
—for granting her with a master fellowship.

Author details

Alice Bosco-Santos* and Wanilson Luiz-Silva
Institute of Geosciences, University of Campinas, Campinas, Brazil

*Address all correspondence to: alicebosco@gmail.com

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

13

Implications of Sediment Geochemistry and Diet Habits in Fish Metal Levels…
DOI: http://dx.doi.org/10.5772/intechopen.89872



References

[1] Kumar B, Mukherjee DP, Kumar S,
Mishra M, Prakash D, Singh SK, et al.
Bioaccumulation of heavy metals in
muscle tissue of fishes from selected
aquaculture ponds in East Kolkata
wetlands. Annals of Biological Research.
2011;2:125-134

[2] Biswas S, Prabhu RK, Hussain KJ,
Selvanayagam M, Satpathy KK. Heavy
metals concentration in edible fishes
from coastal region of Kalpakkam,
southeastern part of India.
Environmental Monitoring and
Assessment. 2012;184:5097-5104

[3] Yildirim Y, Gonulalan Z, Narin I,
Soylak M. Evaluation of trace heavy
metal levels of some fish species sold at
retail in Kayseri, Turkey. Environmental
Monitoring and Assessment. 2009;149:
223-228

[4] Braunbeck T, Hinton DE, Streit B.
Fish Ecotoxicology. 1th ed.
Basel, Switzerland: Birkhauser Verlag;
1998

[5] Lima-Júnior RGS, Araújo FG,
Maia MF, Pinto ASSB. Evaluation of
heavy metals in fish of the Sepetiba and
Ilha Grande bays, Rio de Janeiro, Brazil.
Environmental Research. 2002;89:
171-179

[6]Dural M, Goksu MZL, Ozak AA.
Investigation of heavy metal levels in
economically important fish species
captured from the Tuzla lagoon. Food
Chemistry. 2007;102:415-421

[7]Oost R, Beyer J, Vermeulen NPE.
Fish bioaccumulation and biomarkers in
environmental risk assessment: A
review. Environmental Toxicology and
Pharmacology. 2013;13:57-149

[8] Bianchi TS. Biogeochemistry of
Estuaries. New York, USA: Oxford
University Press; 2007

[9] Alongi DM. Coastal Ecosystem
Processes. CRC Marine Science Series, 3.
Boca Raton: CRC press; 1998

[10] Birch GF, Olmos MA, Lu XT.
Assessment of future anthropogenic
change and associated benthic risk in
coastal environments using sedimentary
metal indicators. Journal of
Environmental Management. 2012;107:
64-75

[11]Gonçalves WFO, Luiz-Silva W,
Machado W, Nizoli EC, Santelli RE.
Geochemistry of intertidal sediment
pore waters from the industrialized
Santos-Cubatão estuarine system, SE
Brazil. Anais da Academia Brasileira de
Ciências. 2012;84:427-441

[12] Luiz-Silva W, Matos RHR,
Kristosch GC, Machado W.
Variabilidade espacial e sazonal da
concentração de elementos-traço em
sedimentos do sistema estuarino de
Santos-Cubatão (SP). Quimica Nova.
2006;29:256-263

[13] Bosco-Santos A, Luiz-Silva W,
Dantas EL. Tracing rare earth elements
sources in Ucides cordatus crabs by
means of 147Sm/144Nd and
143Nd/144Nd isotopic systematics.
Journal: Water, Air, & Soil
Pollution. 2018;229:365. DOI: 10.1007/
s11270-018-3990-z

[14] Luiz-Silva W, Machado W,
Matos RHR. Multi-elemental
contamination and historic record in
sediments from the Santos-Cubatão
estuarine system-Brazil. Journal of the
Brazilian Chemical Society. 2008;19:
1490-1500

[15] Turekian KK, Wedepohl KH.
Distribution of the elements in some
major units of the Earth’s crust.
Geological Society of America Bulletin.
1961;72:175-192

14

Applied Geochemistry with Case Studies on Geological Formations, Exploration Techniques…



[16] Boldrini CV, Navas-Pereira D.
Metais pesados na Baía de Santos e
Estuários de Santos e São Vicente:
Bioacumulação. Ambiente. 1987;1:
118-127 (In Portuguese)

[17]Gutberlet J. Cubatão:
Desenvolvimento, Exclusão Social e
Degradação Ambiental. 1st ed. São
Paulo, Brazil: Editora da Universidade
de São Paulo; 1996

[18]Hortellani MA, Sarkis JES, Bonetti J,
Bonetti C. Evaluation of mercury
contamination in sediments from
Santos-São Vicente estuarine system,
São Paulo state, Brazil. Journal of the
Brazilian Chemical Society. 2005;16:
1140-1149

[19]Hortellani MA, Sarkis JES,
Abessa DMS, Sousa ECPM. Avaliação da
contaminação por elementos metálicos
dos sedimentos do estuário Santos-São
Vicente. Quimica Nova. 2008;31:10-19

[20] Bordon ICAC, Sarkis JES,
Gobatto GM, Hortellani MA,
Peixoto CM. Metal concentration in
sediments from the Santos estuarine
syste A recent assessment. Journal of the
Brazilian Chemical Society. 2011;22:
1858-1865

[21] Azevedo JS, Braga ES, Favaro DT,
Perretti AR, Rezende CE, Souza CMM.
Total mercury in sediments and in
Brazilian Arridae catfish form two
estuaries under different anthropogenic
influence. Marine Pollution Bulletin.
2011;62:2724-2731

[22] Luiz-Silva W, Matos RHR,
Kristosch GC. Geoquímica e índice de
geoacumulação de mercúrio em
sedimentos de superfície do estuário de
Santos-Cubatão (SP). Quimica Nova.
2002;25:753

[23]Myers N, Mittermeier RA,
Mittermeier CG, Fonseca GAB, Kent J.
Biodiversity hotspots for conservation
priorities. Nature. 2000;403:853-858

[24] Cetesb report. Available from:
http://www.cetesb.sp.gov.br/Agua/rela
torios/rel_sist_estuarino/relatorio.zip
[Accessed: January 05, 2013]

[25]Olmos F, Silva RS. Breeding biology
and nest site characteristics of the
scarlet Ibis in southeastern Brazil.
Waterbirds. 2001;24:58-67

[26] Cervigón F, Cipriani R, Fischer W,
Garibaldi L, Hendrickx M, Lemus AJ,
et al. Guia de campo de las espécies
comerciales marinas y de águas salobres
de la costa septentrional de Sur America.
Roma: Organizacion de las Naciones
Unidas para la Agricultura y la
Alimentacion; 1992

[27] Fishbase. Available from: http://www.
fishbase.org [Accessed January 04, 2011]

[28]Gilmore RG, Donohoe J, Cooke DW.
Observations on the distribution and
biology of east-Central Florida
populations of the common Snook,
Centropomus undecimalis. Florida
Scientist. 1983;46:313-336

[29] Chaves PTC, Otto G. Aspectos
biológicos de Diapterus rhombeus
(Cuvier) (Teleostei, Gerreidae) na Baía
de Guaratuba, Paraná, Brasil. Revista
Brasileira de Zoologia. 1998;15:289-295

[30] Schmidt TCS, Martins IA,
Reigada ALD, Dias JF. Taxocenose de
bagres marinhos (Siluriformes,
Ariidae) da região estuarina de São
Vicente, SP, Brasil. Biota Neotropica.
2008;8:73-81

[31] Chaves PTC, Vendel AL. Aspectos
da Alimentação de Genidens Genidens
(Valenciennes) (Siluriformes, Ariidae)
na Baía de Guanabara, Paraná. Revista
Brasileira de Zoologia. 1996;13:669-675

[32]Garbin T, Castello JP, Kinas PG.
Age, growth, and mortality of the mullet
Mugil liza in Brazil’s southern and
southeastern coastal regions. Fisheries
Research. 2014;149:61-68

15

Implications of Sediment Geochemistry and Diet Habits in Fish Metal Levels…
DOI: http://dx.doi.org/10.5772/intechopen.89872



[33] Albieri RJ, Araújo FG. Reproductive
biology of the mullet Mugil liza
(Teleostei: Mugilidae) in a tropical
Brazilian bay. Zoologia. 2010;27:331-340

[34] Taylor RG, Whittington JA,
Grier HJ, Crabtree RE. ge, growth,
maturation, and protandric sex reversal
in common Snook, Centropomus
undecimalis, from the east and west
coasts of South Florida. Fisheries
Bulletin. 2000;98:612-624

[35]Mazzoni M, Tanji SB. Reproductive
biology of Genidens genidens, a catfish
from the Maricá lagoon, RJ. Ciência e
Cultura. 2000;52:121-126

[36] Barbieri LR, Santos RP,
Andreara JV. Reproductive biology of
the marine catfish, Genidens genidens
in the Jacarepaguá Lagoon system.
Environmental Biology of Fishes. Rio de
Janeiro, Brazil; 1992;35:23-35

[37] Costa MR, Albieri RJ, Neves LM,
Santos ABL, Araujo FG. Distribution
and size of the mojarra Diapterus
rhombeus (Cuvier) (Actinopterygii,
Gerreidae) in a southeastern Brazilian
bay. Brazilian Journal of Oceanography.
2012;60:199-207

[38] Rajkowska M, Protasowicki M.
Distribution of metals (Fe, Mn, Zn, Cu)
in fish tissues in two lakes of different
trophy in northwestern Poland.
Environmental Monitoring and
Assessment. 2013;185:3493-3502

[39] Tonini WCT, Braga LGT, Vila
Nova DLD. Nova dieta de juvenis do
robalo Centropomus parallellus Poey,
1860 no sul da Bahia, Brasil. Boletim do
Instituto de Pesca. 2007;33:85-91

[40] Karadede H, Oymak SA, Unlu E.
Heavy metals in mullet, Liza abu, and
catfish, Silurus triostegus, from the
Atatürk dam Lake (Euphrates), Turkey.
Environment International. 2004;30:
183-188

[41] Agah H, Leermakers M, Elskens M,
Fatemi SMR, Baeyens W. Accumulation
of trace metals in the muscle and liver
tissues of five fish species from the
Persian Gulf. Environmental
Monitoring and Assessment. 2009;157:
499-514

[42] Saha N, Zaman M. Evaluation of
possible health risks of heavy metals by
consumption of foodstuffs available in
the central market of Rajshahi City,
Bangladesh. Environmental Monitoring
and Assessment. 2013;185:3867-3878

[43] Instituto Brasileiro de Geografia
e Estatística. Available from: https://
www.ibge.gov.br/apps/populacao/
projecao/ [Accessed: July 2019]

[44] Food and Agricultural Organization
(FAO), 2008. Statistics Division. Food
Security Statistics. Food Consumption.
Available from: http://www.fao.org/es/
ESS/faostat/foodsecurity/index_en.htm
[Accessed Januray 05, 2018]

[45] Rahman MS, Molla AH, Saha N,
Rahman A. Study on heavy metals levels
and its risk assessment in some edible
fishes from Bangshi River, Savar,
Dhaka. Bangladesh. Food Chemistry.
2012;134(4):1847-1854

[46] Saha N, Mollah M, Alam M,
Rahman MS. Seasonal investigation of
heavy metals in marine fishes captured
from the bay of Bengal and the
implications for human health risk
assessment. Food Control. 2016;70:
110-118

[47]Mohammad M, Akbari E,
Amrane A, Jafari SJ, Eslami H,
Hoseinzaded E, et al. Health risk
assessment of heavy metal intake due to
fish consumption in the Sistan region,
Iran. Environmental Monitoring and
Assessment. 2017;189:583

[48] IBGE. Censo demográfico 2010.
Características da população e dos

16

Applied Geochemistry with Case Studies on Geological Formations, Exploration Techniques…



domicílios: resultados do universo. Rio
de Janeiro: IBGE. p. 2011

[49]USEPA, IRIS (Integrated Risk
Information System) Compares IRIS
Values. Available from: http://cfpub.epa
.gov/ncea/iris/compare.cfm [Accessed
June 03, 2013]

[50]USEPA, Risk Assessment-Regional
Screening Levels (RSLs)-User’s Guide.
Available from: https://www.epa.gov/
risk/regional-screening-levels-rsls-
users-guide#target [Accessed June 09,
2019]

[51] Carmo CA, Abessa DMS, Neto JGM.
Metais em águas, sedimentos e peixes
coletados no estuário de São Vicente-SP,
Brasil. O Mundo da Saúde. 2011;35:
64-70

[52] Canli M, Atli G. The relationships
between heavy metal (Cd, Cr, Cu, Fe,
Pb, Zn) levels and the size of six
Mediterranean fish species.
Environmental Pollution. 2003;121:
129-136

[53] Sary AA, Beheshti M. Cadmium,
iron, lead and mercury bioaccumulation
in abu mullet, liza abu, different tissues
from Karoun and Karkheh Rivers,
Khozestan, Iran. Bulletin of
Environmental Contamination and
Toxicology. 2012;88:158-161

[54]Angeli JLF, Trevizani TH, Ribeiro A,
Machado EC, Figueira RCL,
Markert B, et al. Arsenic and other trace
elements in two catfish species from
Paranaguá estuarine complex,
Paraná, Brazil. Environmental
Monitoring and Assessment. 2013;185:
8333-8342

[55] Lemus M, Castañeda J, Chung K.
Heavy metals in fish and invertebrates
from the Gulf of Paria, Venezuela.
Revista Internacional de Contaminacion
Ambiental. 2014;30:137-142

[56] Souza IC, Duarte ID, Pimentel NQ,
Rocha LD, Morozesk M, Bonomo MM,
et al. Matching metal pollution with
bioavailability, bioaccumulation and
biomarkers response in fish
(Centropomus parallelus) resident in
neotropical estuaries. Environmental
Pollution. 2013;180:136-144

[57] Luoma SN. Can we determine the
biological availability of sediment-
bound trace elements? Hydrobiologia.
1989;176(177):379-396

[58] Bosco-Santos A, Luiz-Silva W,
Machado W, Sanders C, Dantas EL,
Silva-Filho EV, et al. Fractionation of
rare earth and other trace elements in
crabs, Ucides cordatus, from a
subtropical mangrove affected by
fertilizer industry. Journal of
Environmental Sciences. 2016;54:69-76

[59] Seixas TG, Kehrig HA, Moreira I,
Malm O. Selênio em tecidos de quatro
organismos marinhos da Baía de
Guanabara-RJ. Tropical Oceanography.
2005;33:207-222

[60] Elliff CI, Tutui S, Ldos S, Souza MR,
Tomás ARG. Biologia populacional da
carapeba Diapterus rhombeus (CUVIER,
1829) (Teleostei: Gerreidae) no estuário
de Santos (SP). Boletim do Instituto de
Pesca. 2013;38:411

[61]Nizoli EC, Luiz-Silva W. Seasonal
AVS–SEM relationship in sediments and
potential bioavailability of metals in
industrialized estuary, southeastern
Brazil. Environmental Geochemistry
and Health. 2012;34:263-272

[62] Fan W, Wang W, Chen J.
Geochemistry of Cd, Cr, and Zn in
highly contaminated sediments and its
influences on assimilation by marine
bivalves. Environmental Science &
Technology. 2002;36:5164-5171

[63] Bervoets L, Blust R. Metal
concentrations in water, sediment and

17

Implications of Sediment Geochemistry and Diet Habits in Fish Metal Levels…
DOI: http://dx.doi.org/10.5772/intechopen.89872



gudgeon (Gobio gobio) from a pollution
gradient: Relationship with fish
condition factor. Environmental
Pollution. 2003;126:9-19

[64] Bórquez A, Cerqueira VR. Feeding
behavior in juvenile Snook,
Centropomus undecimalis. I–individual
effect of some chemical substances.
Aquaculture. 1998;169:25-35

[65] Sanders LM, Luiz-Silva W,
Machado W, Sanders CJ, Marrota H,
Enrich-Prast A, et al. Rare earth element
and radionuclide distribution in surface
sediments along an estuarine system
affected by fertilizer industry
contamination. Water, Air, and Soil
Pollution. 2013;224:1742-1747

[66]Hauser-Davis RA, Bastos FF,
Oliveira TF, Ziolli RL, Campos RC. Fish
bile as a biomarker for metal exposure.
Marine Pollution Bulletin. 2012;64:
1589-1595

[67] Kasper D, Palermo EFA,
Dias ACMI, Ferreira GL, Leitão RP,
Branco CWC, et al. Mercury
distribution in different tissues and
trophic levels of fish from a tropical
reservoir, Brazil. Neotropical
Ichthyology. 2009;7:751-758

[68] Jezierska B, Witeska M. In:
Twardowska I, Allen HE,
Haggblom MM, Stefaniak S, editors. Soil
and Water Pollution Monitoring
Protection and Remediation. Berlin:
Springer; 2006

[69]Catsiki VA, Strogyloudi E. Survey of
metal levels in common fish species
from Greek waters. Science of the Total
Environment. 1999;237–238:387-400

[70] Agência Nacional de Vigilância
Sanitária do Ministério da Saúde, Brasil.
Resolução-RDC no42, Diário Oficial da
União, 168, 2013

[71]Ministério da Saúde, Brasil. Decreto
n° 55.871, 26 de março de 1965

[72] Agência Nacional de Vigilância
Sanitária do Ministério da Saúde, Brasil.
Portaria n° 685, 27 de agosto de 1998

[73]World Health Organization.
Evaluation of certain food additives and
contaminants, Technical Report Series
no 960, 2011

[74]Gray JS. Biomagnification in marine
systems: The perspective of an ecologist.
Marine Pollution Bulletin. 2002;45:
46-52

18

Applied Geochemistry with Case Studies on Geological Formations, Exploration Techniques…


