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The present study intends to assess the metal pollution of a eutrophic coastal lagoon, analyzing the long-term
and actual metal content in surface sediments, suspended particles, aquatic macrophyte and fish species, and the
loads emitted from natural processes and anthropogenic sources, including the relative emission of domestic
untreated sewage. Distribution indicated contamination of suspended particles with Cd and the predominance of
Pb in the bioavailable form in surface sediments which may explain Cd and Pb contamination in fish. Domestic
untreated sewage was an important source of Cu and due to the lagoon's management, this source may be

increasing the metal content in the lagoon's surface sediments. Soil loss, atmospheric deposition and solid waste
disposal also contributed to metal inputs to the lagoon. Extensive contamination has been prevented by the
lagoon's management such as sandbar opening. Metal retention within the watershed soils reduce the effective
metal transference and lagoon pollution.

1. Introduction

Metal contamination in coastal lagoons is always an important
issue, since such lentic environments are hotspots for biodiversity and
human activities, while, at the same time, they are also a sink for
continental runoff, with possible long-term accumulation and con-
sequent deleterious effects (Lacerda, 1994; Kjerfve, 1994; Esteves et al.,
2008). The geological matrix, erosion and soil losses are the primary
natural sources of metals to the lagoons, and, depending on metal
binding to particles, water physicochemical conditions and potential
solubility, metals can become available to food chains (Salomons and
Forstner, 1984; Lacerda et al., 1992; Mendonza-Carranza et al., 2016).
In fact, metal bioavailability from sedimentary compartment of the
coastal zone, including tropical coastal ecosystems, is influenced by a
wide range of physical, chemical, biological factors; from which the
total concentration in sediments do not necessarily represents a po-
tential risk to biota, as the entire metal bound onto particles may not be
release from particles and be transfer to organism cells. Thus, to extract
information about the metal availability and biological exposure from
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sediments, geochemical indexes or chemical extraction procedures has
been applied, obviously with limitations (Chakraborty et al., 2014,
2019).

However, coastal lagoons are distributed throughout desirable
human living areas and, consequently, anthropogenic activities have
increased metal inputs to these ecosystems. Untreated domestic sewage
seems one of the most frequent pollution sources in coastal lagoons.
This effluent may be enriched with Zn, Cu, Cr, Pb and may increase the
importance of this anthropogenic source to lagoon's metal budget when
high sewage loads are discharged (Nriagu and Pacyna, 1988; Aguilar-
Betancourt et al., 2016). In addition, metal pollution of coastal lagoons
may be influenced by several features, such as shallow environments,
exposure to winds and diurnal/semi diurnal tides as well as fluvial
input that may lead to changes in the physical and chemical conditions
of the water column, with possible effects on metal behavior (Kjerfve,
1994; Lacerda and Gongcalves, 2001; Caliman et al., 2010).

Some studies have evaluated metal distribution simultaneously in
abiotic compartments and diverse biological groups (Radwan et al.,
1990a, 1990b; Fernandes et al., 1994; Jara-Marini et al., 2009;
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Mendonza-Carranza et al., 2016), but none associated such metal dis-
tribution to the influence of natural processes and anthropogenic dis-
charges, including the relative importance of untreated domestic
sewage on lagoon's metal distribution. In developing countries, such as
Brazil, untreated domestic sewage is still emitted into many coastal
lagoons, surrounded by cities. In Brazil, spreading urbanization and
socioeconomic development has occurred more intensively during the
last 40-50 years, with extensive modification in land use and land
cover, cities expansion and increased metal emissions from urban
runoff, sewage, industries, animal husbandry, and soil loss among
others (Knoppers et al., 1990; Fernandes et al., 1994; ., 2008; Molisani
et al., 2013). In addition, urbanization imposes management practices
of coastal lagoons, such as artificial sandbar openings that may also
influence the chemical composition of the water body (Suzuki et al.,
1998). In this context, this study aims to assess the metal pollution of a
eutrophic coastal lagoon by means of information on the relative
emissions from anthropogenic sources and natural processes, and the
long-term and current metal distribution/accumulation in sediment,
suspended particles, and different aquatic macrophytes and fish, under
the hypothesis that domestic sewage influences metal distribution and
bioavailability.

2. Material and methods
2.1. Study area

Imboassica Lagoon is a coastal environment located in southeastern
Brazil, formed by ocean progression and transgression movements
(Panosso et al., 1998). The drainage basin is small, 58 km?, with a la-
goon area of 3.26km? and the Imboassica river as the main fluvial
tributary. The lagoon has brackish waters with maximum water column
depth of about 2.2. m. It is separate from the Atlantic Ocean by a
sandbar which has one small channel connecting it to the open sea.
Land use comprised forest (19%), pasture (43%), urbanization (12%)
and restinga vegetation, exposed soil and others (26%) (Barreto, 2009).
Since the late 80's, the lagoon's watershed has been urbanized due to
offshore oil exploration activities. Petroleum exploration has brought
an increasing population to this coastal region, which suffer intense
unplanned occupation of its surrounding areas, leading to threats such
as untreated domestic sewage discharges into the lagoon. Other activ-
ities installed throughout the lagoon watershed, mainly factories that
manipulate metallic pipes for the offshore oil exploration activities are
potential metal sources to the lagoon. As a result, many studies have
investigated the eutrophic conditions induced by untreated sewage
disposal and its overall effects in the Imboassica Lagoon (Esteves et al.,
2008; Marotta et al., 2009).

2.2. Sampling and analytical methods

The importance of sewage and other anthropogenic sources (solid
waste disposal, urban runoff, animal husbandry and agriculture) and
natural processes (soil loss and atmospheric deposition) on metal
emissions to the lagoon were evaluated by the emission factor model
(Nriagu and Pacyna, 1988; USGS, 2011; Filho et al., 2015; Molisani
et al., 2013). This approach estimates metal loads based on the wa-
tershed features, such as soil type and area, dry and wet atmospheric
deposition, rainfall levels, population consumption and production,
urbanization parameters, agriculture and animal husbandry produc-
tion, as well as metal concentrations related to production/consump-
tion parameters and natural processes. The data input includes the
compilation of the range or mean values of parameters from the lit-
erature, but always adapted to local conditions when data are available
to maximize the reliability of the emission factors.

Metal loads from atmospheric deposition are directly related to
basin area and the concentration of the metals resulting from atmo-
spheric deposition, adjusted by the retention rate of the element by the
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soil and were estimated according the Eq. (1):

Lé\t/[m = prw'Aws‘(l — a)/103 (€D)]
where LMatm is the estimated metal load from atmospheric deposition
(kgyr™'), pRW is the deposition of each metal depending of con-
centrations in rainwater and the annual rainfall in the region (mg
m?yr~1), Aws is the basin area (km?), ars is the soil retention factor.
Considering the level of preservation and incipient industrialization and
urbanization n the study area, we have used average metal bulk at-
mospheric deposition from the proposed range of the literature from
Brazilian coast for Cu: 0.28-3.5mgm Zyr~1; Zn:
0.9-9.3mgm~2yr~%  Pb: 27-150mgm~? ano";  Cd:
0.4-5.0 mg m~2 yr~! (Marins et al., 1996; Johnson and Lindberg, 1998;
Tan and Wong, 2000; Mello, 2001; Silva-Filho et al., 1998, 2006)
weighted by the basin area and annual rainfall (1200 mm) and cor-
rected by the soil retention rates for each metal (Cu, Pb: 35%; Zn: 45%;
Cd: 40%) (Malavolta and Dantas, 1980; Golley et al., 1978).

The metal emission from the physical and chemical denudation of
soil type of the watershed were calculated according the Eq. (2):

4
LSM = z ij'Aj'LS'(l - ars)
J=1

(2

where L) represents each metal load from soil loss to the river flow
(kg yr~ 1) as a function of psj which is the concentration of each metal in
a given soil, A; is the area corresponding to each type of soil in the basin
area (km?), Ls is the average soil loss from gentle tropical slopes and
non-mechanized agriculture similar to the soils in the coastal areas of
Brazil; ars is the soil retention factor. When determining metal emis-
sions from physical and chemical denudation of soils, we considered
that agricultural and urban tropical soils under non-mechanized culti-
vation have an annual soil loss of 128 t km? yr_1 (Greenland and Lal,
1977); soils types in the watershed (Latosol, Sand, Podsol/Latosol,
Aluvial/Regosol) (Embrapa Solos, unpublished data) and the average
metal concentration in soils from ranges for similar soils in Brazilian
coastal areas with low declivity and industrial development: Zn:
21-126ugg™'; Cw: 9-25pgg™%;  Pb:  0.8-53.0ugg”; Cd:
0.7-2.0ug g~ ! (Silva, 1996; Andrade and Mattiazzo, 2000; Ramalho
et al., 2000; Ramalho and Sobrinho, 2001; Canellas et al., 2003; Fadigas
et al., 2006).

Metal emission by domestic effluents have the assumption of no-
treatment prior released into the lagoon. Metal loads from domestic
effluents are directly proportional to the average concentrations of
metals in wastewater (Zn: 0.12; Cu: 0.06; Pb: 0.02; Cd: 0.003, in mg
L™ (Smith et al., 1997; Von Sperling, 1996; Houhou et al., 2009); the
population in the watershed (10,000 inhabitants) (IBGE Cidades, 2014)
and to the amount of water consumed per capita (1251 inhab™ ! day ™!
for rural inhabitants and 2201 inhab~!day~! for urban population
(IBGE, 2012) and were calculated according to the Eq. (3):

2
Py Bui-Qyi-5-365
L‘{\)/L[V:Z(ww ulQulﬁ?’ )
i=1

2
(Buw B i-Q,1-3-365)
+ 2
9
10 P

10° 3)
where Lty is the metal load from untreated domestic sewage of urban
and rural areas of the watershed (kg yr_l); P, is the metal con-
centration in raw sewage (mg L™1, P,i and P,i are the urban and rural
population, respectively, in each municipality within the lagoon wa-
tershed; Q,i and Q,i are the urban and rural water consumption per
capita, respectively; P is the water/sewage return rate.

In order to calculate the metal loads in urban runoff, we used the
urbanization rate of watershed estimated at 12% of the basin area
(Barreto, 2009), average annual rainfall (1200 mm) and the average
metal concentrations in urban runoff (Davis et al., 2001; Sorme and
Lagerkvist, 2002), as shown in Eq. (4). The study site lacks large ur-
banized areas and thus low level of soil impermeabilization.
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where LY is the estimated metal load resulting from urban area runoff
of the lagoon watershed; py,s is the metal concentration obtained from
urban runoff and annual rainfall; Ay; is the urban area within the basin
(km?).

Emissions from solid waste disposal are given as a function of po-
pulation of the watershed, average waste per capita production of
0.45kg inhab~'day~! (IPEA, 2012), and the average metal con-
centration of domestic solid wastes (Zn: 150; Cu: 45; Pb: 95; Cd: 9.5, all
values in mg kg™!) (Nriagu and Pacyna, 1988; Binner et al., 1996;
Essakku et al., 2005). The estimates were corrected by metal soil re-
tention (Golley et al., 1978) and the improper waste disposal, which in
Brazil was estimated, on average, at 42% of total produced and prop-
erly disposed (ABRELPE, 2011), as described in Eq. (5):

M
U

LM = PyyPi-Gyyi-63365(1 — 0ty5)/10° 5)

where LM, is the metal load from solid water disposal within the basin;
P, is the mean metal concentration in municipal solid waste; P; is the
population within the lagoon watershed; Gs,i is the per capita pro-
duction of wastes; o, is the soil retention rate; 8, is the adequacy
factor according to the type of the waste disposal.

The fertilizers and fungicides on crops are important responsible for
the metal emission to water bodies from agriculture (Lima, 1994;
Tundisi, 2006; Embrapa, 2013). Eq. (6) was used to calculate the
emission estimates from this source.

5
PiA,
M _ Gy
LA - Z( 103 )
j=1

(6)

where LY is the metal load from six most common crops cultivate in the
watershed (banana, cassava, coconut, bean and sugar cane); Ptj is the
metal applied as fertilized and fungicide (kgha™!) (Lima, 1994;
Tundisi, 2006; Embrapa, 2013) and the loss percentage according to
crop type (Silva et al., 2000; Golley et al., 1978); Ay; is the cultivated
area (ha yr_l) of each crop (IBGE Cidades, 2014).

Livestock farming metal emissions were described in Eq. (7):

4
LY = Y pyLEF(1 — a)/10°
j=1

)

where LY is the metal load from animal manure in the region (cattle,
chicken, pig, horse), P, is the emission factor related to the annual
quantity of manure produced per animal in the watershed (j) (10, 2.5,
1.0 and 0.18kg animal ~! day_l, for cows, horses, pigs, and chicken,
respectively) and the metal concentration in raw manure (mgkg™')
(EMBRAPA, 2004); LF;; is the number of animals within the basin (i)
(IBGE Cidades, 2014) and a, is the soil retention rate (Golley et al.,
1978).

Surface sediment, suspended particles, and aquatic macrophytes
were collected simultaneously from three sites in the lagoon, including
the area under influence of the main river inputs (S1), during three
events, covering the rainy and dry seasons between 2014 and 2015.
(Fig. 1). Aquatic macrophyte species, floating Eichornia crassipes (Mart.)
Solms and rooted and emergent Typha domingensis (Pers.) were col-
lected from three stands and washed with lagoon water to remove at-
tached particles. In the laboratory, leaves and roots were separated, and
then they were washed again to remove particles and dried at 40 °C to a
constant weight and ground in a fine powder in a laboratory mill. Fish
species, the carnivorous Hoplias malabarius (Bloch) and omnivorous
Geophagus brasiliensis (Quoy & Gaimard, 1824) were collected by gill
nets placed in the middle of the lagoon (n = 25 and n = 30, respec-
tively). Fish were measured and weighted in the laboratory, muscle and
liver were separated and freeze-dried.

Suspended particles were obtained after filtration of surface water
samples through 0.45pum pore cellulose acetate membranes. Surface
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sediments were collected with a Teflon grabber. One sediment core was
sampled and sliced at 1-2 cm intervals. In the laboratory, grain size was
determined with a particle analyzer (Shimadzu SALD-310). C and N
content in sediments (%) was determined with an Organic Elemental
Flash 2000 analyzer (Thermo Scientific). Quantification was performed
using analytical curves from Buffalo River standards (SRM 2704,
National Institute Standards), with inter-replicate precision close to
95%. Accuracy was verified using the Standard OAS/isotope—Low
Organic Soil (elemental microanalysis), with a 94% recovery. Stable
isotope ratios (8'3C and 8'°N) were also determined in sediments using
a Thermo Quest-Finnigan Delta Plus isotope ratio mass spectrometer
(Finnigan-MAT) interfaced to an Elemental Analyzer (Carlo Erba). Pee
Dee Beleminite carbonate and atmospheric nitrogen were used as
standard values and analytical precision was of = 0.1%o for 8'3C
and + 0.2%o for 8'°N.

The chronology of the core samples was determined through the
sediment accumulation rates were determined by measuring the natural
radioisotope 2'°Pb, which has a half-life of 22.3 years and yields ac-
cumulation rates for approximately the past 100 years, following
Patchineelam and Smoak (1999). Sediments were oven dried (50 °C),
disaggregated and homogenized before analyses and its water content
was determined as the weight loss after drying. Before analysis, sedi-
ment sub-samples were sealed and stored for at least 21 days to allow
the establishment of secular equilibrium between 2°Ra and its grand-
daughters. Sediment sub-samples were counted for at least 24 h to de-
termine *2°Ra and '°Pb activities by gamma ray spectrometry, using a
Canberra HPGe (High Purity Germanium Detector) spectrometer with
an efficiency of 40%, housed in a lead shield and coupled to a multi-
channel analyzer installed at the Laboratério de Radioisétopos Apli-
cados ao Meio Ambiente of Fluminense Federal University (LAR-
AMAM). *'“Pb and 2'*Bi. ?*°Ra activities were determined by a
weighted average of two 2'“Pb energies (295.2 and 351.9keV) and a
214B{ gamma peak at 609.3 keV, while 2!°Pb activities were determined
by the direct measurement of 46.5keV gamma peak. Background en-
ergies were subtracted from the photo-peak areas and self-absorption
corrections were also calculated.

Metal fluxes T (mgm ~2?year ') were calculated according to Eq.
(8):

T=wp(1-¢)C (8)

where: w is the sedimentation rates (cm yr~1); ps is the mean density of
the solids (g.cm ~3); @ is the porosity and C is the metal concentration
of each sediment core layer (ugg™') (Berner, 1980). A mass-balance
budget was constructed considering the surface metal fluxes (accumu-
lation) of the lagoon's sediments in 2014, the emissions from natural
processes and anthropogenic sources, also in 2014, and the difference
between emission and fluxes (accumulation) to the lagoon representing
the metal load retained in the watershed.

Metals in sediments (< 63 pm grain size particles) and suspended
particles were obtained by a mixture HNO3 (5mL), HCl (2mL) e HF
(2 mL), digestion in microwave oven (Mars X-Press CEM) and analyses
in ICP-AES (Varian Liberty Series II). The extracts were kept overnight
at room temperature and digested in the microwave oven for 40 min
(15 min/ramp and 25 min/hold) at 175 °C with potency of 1600 watts.
After cooling (30 min), 9.0 mL of H3BO3 was added for HF neutraliza-
tion and the samples were digested in microwaves oven for 25 min
(15 min/ramp and 10 min/hold) at 175 °C. After cooling (30 min), the
final extract was filtrated and the final volume (20 mL) calibrated with
HNO; 0,5N (adapted from EPA 3052). Metal concentrations were
measured using triplicate and analytical blanks. The exchangeable
metal (bioavailable) fraction of the surface sediments was determined
after overnight 0.5 N HNO; leaching (Molisani et al., 1999). Accuracy
was obtained by the analysis of reference estuarine sediments (NIST
SRM 1646a) with total recoveries as follow: Cu: 93%; Zn: 93%; Pb: 96%
and Cd: 105%. Aquatic macrophytes and fish were digested with HNO3
according to a methodology adapted from Valitutto et al. (2006) and
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Fig. 1. Map of the Imboassica coastal lagoon and the sampling sites (adapted from Google Earth).

Paez-Osuna et al. (1991), respectively, and expressed in dry weight.

Plant extraction accuracy was measured by the use of Apple Leaves
certified reference material (NIST SRM 1515) with recoveries as follow:
Cu: 93%; Zn: 82%; Pb: 93%. For fish, accuracy was obtained by the of
Mussel Tissue certified reference material (NIST SRM 2976) with re-
coveries as follow: Cu: 87%; Zn: 87%; Pb: 89%; Cd: 97%. The bio-
concentration factor (BCF) was calculated based on the ratio of metal
concentrations in the organisms and in the suspended particles and
surface sediments. Environmental and toxicological risk assessments
were performed comparing metal concentrations in the organisms to
values reported in the literature for pristine and contaminated areas
and according to the Brazilian Health Regulatory Agency Guidelines
(ANVISA, 1965; ANVISA, 2013).

The D'Agostino-Pearson normality test was applied to verify if the
data presented Gaussian distribution. A one-way analysis of variance
(ANOVA) followed by Dunnett's test (parametric) or Kruskal-Wallis
followed by Dunn's test (nonparametric) was used for comparisons
among different sampling sites, seasons and plant and fish species. Non-
parametric correlation tests were performed according to the Gaussian
test results to verify correlation among geochemistry sediment core
parameters and fish biometry and metal concentrations. Differences
among groups were considered statistically significant when P < 0.05.
All analyses were carried out using the GraphPad Prism 5.0 (GraphPad
software, USA).

3. Results

3.1. Relative metal emissions from untreated domestic sewage and other
anthropogenic sources and natural processes

The trophic state is induced mainly by untreated domestic sewage
which also contributes to the metal inputs to the lagoon. According to
the emission factor calculations, metal loads from sewage were esti-
mated for Zn: 93.6 kg yr~1; Cu: 47.9kgyr~%; Pb: 16.7kgyr ! and Cd:

2.2kgyr~ 1. When comparing these loads to those from other anthro-
pogenic sources (agriculture, animal husbandry, urban runoff and solid
waste disposal) and natural processes (soil losses and atmospheric de-
position), untreated domestic sewage have shown a minor importance
relative to the total metal inputs to the lagoon (Table 1). The higher
relative contribution of untreated domestic sewage was for Cu (31% of
total inputs). On the other hand, the lagoon receives important loads
from atmospheric deposition (Cd, Zn), soil losses (Zn, Cu, Pb) and solid
waste disposal (Pb, Zn, Cd) (Table 1).

3.2. Suspended particle and bottom sediment metal concentrations

Metals emitted from natural processes and anthropogenic sources
contribute to the chemical composition of suspended particles and
surface sediments. Abundances for suspended particles followed
Zn > Cu > Pb > Cd, while surface sediments followed the accumu-
lation order Zn > Pb > Cu > Cd. However, suspended particles

Table 1
Metal emission from natural processes and anthropogenic sources to the
Imboassica Lagoon (kg yr~ H.

Ccd Zn Cu Pb
Soil losses 4.0 270 90 100
Atmospheric Deposition 67 238 36 48
Natural loads 71 508 126 148
°Agriculture 0.005 0.10 1.3 0.001
°Animal husbandry 0.10 100 19 1.0
“Sewage 2.2 94 48 16.7
°Urban runoff 7.8 6.0 1.2 2.4
°Solid waste disposal 8.4 105 30 67
Anthropogenic loads 18 305 99 87
Total loads 89 813 225 235
°Relative importance of anthropogenic sources (%) 20 37 44 37
‘Relative importance of sewage (%) 0.21 9.7 31 5.1
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Table 2

Average * standard deviation and range of total metal concentrations in sus-
pended particles and surface sediments (ugg~') and labile metal concentra-
tions (% total values) in surface sediments of the coastal lagoon (nd: below
detection limit).

Zn Cu Pb Cd
Suspended particles 236 + 145 81 + 59 12 = 2 8.0 = 6.0
28-446 nd-152 nd-14 nd-15
Sediment (total) 45 + 24 14 £ 2.0 21 = 4.8 0.77 £ 0.70
10-84 11-17 14-29 0.23-2.2
Sediment (labile %) 34 = 30 32 + 16 60 + 20 20 + 14
8.6-98 8.8-60 24-80 nd-37

presented higher Zn, Cu, and Cd concentrations than surface sediments
(Table 3). On average, metal bioavailability, here referred as the metal
content extracted by 0.5N HNOs leaching of surface sediments in-
creased from Cd (20%), Cu (32%), Zn (34%) to Pb (60%) (Table 2). For
suspended particles, Cd, Cu, and Zn presented higher concentrations
during the rainy season while no differences were found for other
metals (P > 0.05). Metals in surface sediments were not statistically
different between the rainy and dry seasons (P > 0.05). Mostly, the
lagoon exhibited higher metal concentrations in the area under the
influence of the fluvial mouth, indicating river inputs as a controlling
factor regarding metal concentrations, dispersion and bioavailability.

3.3. Aquatic macrophytes metal concentrations

Considering plant portions, higher metal concentrations were ob-
served in roots compared to leaves for both species (P < 0.05)
(Table 3), although floating Eichornia crassipes presented higher Cu
concentrations in roots and Zn in leaves and roots than rooted Typha
domingensis (P < 0.05). No statistical differences were found for the
other evaluated metals (P > 0.05). Regarding the temporal analysis,
metals were similar between seasons, while higher metal contents were
determined in plants under the river influence, mainly Zn and Pb in T.
domingensis.

3.4. Fish metal concentrations

Fish size ranged from 25 to 37 cm for H. malabaricus and from 15 to
23 cm for G. brasiliensis that indicate adult individuals. Liver displayed

Marine Pollution Bulletin 146 (2019) 552-561

liver had statistically higher metal concentrations than muscle tissue,
excepted for Pb that was similar in both organs in both species
(P > 0.05) (Table 3). When comparing the fish species, statistically
higher Zn values were found in H. malabaricus; while higher Pb and Cd
concentrations were determined in G. brasiliensis liver. Values were si-
milar for the other evaluated metals, values were similar (P > 0.05). In
general, higher metal values were observed in the dry season, including
Zn and Cu (H. malabaricus), while temporal variation for the other
metals was not observed. Correlations among fish biometric data and
metal concentrations were found only for H. malabaricus, with negative
correlation between Zn and Cd and fish size (r = —0.51, P = 0.01;
r= —0.50, P = 0.01) and weight (r = —0.59, P < 0.003; r = —0.59,
P < 0.003) and positive correlations between Cd and fish biometric
data (r = 0.61, P < 0.02; r = 0.66, P < 0.01), respectively.

3.5. Coastal lagoon metal distribution

The lagoon's metal distribution was analyzed by comparing the
metal concentrations of suspended particles, surface sediments, and the
average of metal concentrations in leaves from both aquatic macro-
phyte species and, at the same way, muscle for fish species (Fig. 2). The
metal distribution of both producer and consumer organisms have
shown similar abundance (plant: Zn > Cu > Pb > Cd; fish: Zn >
Cu > Pb > Cd), and were partially consistent with the abiotic ma-
trixes, such as surface sediments (Zn > Pb > Cu > Cd) and sus-
pended particles (Zn > Cu > Pb > Cd). Suspended particles had
higher metal concentrations of Cd, Zn, and Cu and were the main
compartment of such metals in the lagoon, while Pb was observed
mainly in bottom sediments. In general, aquatic macrophytes had
higher metal concentrations than fish and their concentrations were
smaller than values obtained for the sediments and particles. Based on
the trophic chain interpretation, Zn and Cu concentrations in the
aquatic macrophyte and fish species may reflect not only the Zn, Cu and
Cd exchangeable concentrations in the bottom sediments, but also the
higher total concentrations in the suspended particles, from which the
exchangeable metal concentrations may gradually increase with in-
creasing total metal loading found in the finer grain-size suspended
particles. On the contrary, Pb in organisms may reflect the higher Pb
exchangeable concentrations in the bottom sediments and in lesser in-
tensity the smaller total concentrations in the suspended particles that,
similarly, may gradually reduce the Pb exchangeable forms in the
suspended particles.

Table 3
Mean * standard deviation of metal concentrations (ug g~ ', dry matter) in plant portions and organs of fish species.
Zn Cu Pb Cd

T. domininguensis
Leaf 9.2 + 3.0 21 + 0.6 0.61 = 1.0 n.d - 0.05
Root 27 £ 17 52 1.9 4.0 = 2.2 0.40 = 0.2
E. crassipes
Leaf 20 + 8.4 39 + 1.8 0.30 = 0.1 0.10 = 0.02
Root 51 = 22 11 £ 35 5.7 £ 2.0 0.70 = 0.2
Uncontaminated freshwater plants * 52 7.9 6.1 1.0
Normal level in plant leaves ° 27-150 5-30 5-10 0.05-0.2
Excess/Toxic level in plants ® 100-400 20-100 30-300 5-30
H. malabaricus
Muscle 13 = 45 0.53 = 0.13 0.19 = 0.19 0.03 = 0.02
Liver 211 + 62 21 = 12 0.15 = 0.14 0.10 = 0.06
G. brasiliensis
Muscle 15 + 3.0 0.56 = 0.22 0.25 = 0.19 0.05 = 0.03
Liver 63 *+ 9.7 25 + 18 0.32 = 0.2 0.33 = 0.1
ANVISA 50 © 30°¢ 03¢ 0.05 ¢

(nd: below the detection limit, * Outridge and Noller, 1991; b Kabata-Pendias, 2010; ¢ ANVISA, Brazilian Health Regulatory Agency Guidelines,

1965, ANVISA, 2013%)
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Fig. 4. Metal mass-balance budget and long-term deposition at the Imboassica lagoon.

3.6. Long-term metal distribution and fluxes in the coastal lagoon

The long-term metal concentration and fluxes at Imboassica Lagoon
were accessed through the sediment core that covered a period from
1934 to 2014 (Fig. 3). The mean sedimentation rate was of
0.45 = 0.07 cmyr ™! with a 35% variation during the evaluated time
period (Fig. 4). On average, significantly higher sediment deposition
rates have been occurring after 90's (0.14 g cm ™2 yr 1) compared to the
period before intensive human occupation of the evaluated watershed
(0.10gcm2yr~1) (P = 0.02). On average, the long-term grain size of
the lagoon's sediments displayed a predominance of silt (68%), clay
(23%) and sand (10%), with higher variability (coefficient of variation)
found for sand (91%) compared to silt and clay (17 and 43%, respec-
tively). In recent times, after urban occupation intensification, the C/N
ratio became lower indicating an increase in N inputs, as demonstrated
by the recent %N increases. During this period, 8'°N also increased
from 2.1 to 4.4%o, as did 8'3C (from —27.9 to —25.9%o). The
Spearman correlation test indicated a statistically negative correlation
between the time period and Cd (r = —0.80, P < 0.001) and a positive
correlation to %N (r = 0.62, P < 0.001). However, from the 90's,
concentrations showed a clear increase in Zn and Pb intensified for all
metals after 2010 (Fig. 3). Metals presented a statistically positive
correlation to Al (Zn: r = 0.45, P < 0.01; Cu: r = 0.55, P < 0.001; Pb:
r=0.58, P < 0.01) indicating a similar geochemistry pathway
(source, transport and fate), including soil erosion, runoff and river
inputs. The exceptions were Cd and Cu, suggesting other emission
sources or environmental processes controlling the input and behavior
for these metals. A grain size effect on metal distribution was found
only between clay and Pb (r = 0.68, P < 0.001). For organic matter,
metals presented statistically significant correlations in sediments to
%C (Cu: r = 0.54, p < 0.001) and %N (Cu: r = 0.64, p < 0.0001; Pb:
r=0.66, p < 0.001; Cd: r = —0.55, p < 0.001) suggesting organic
matter as a geochemical support for metals, including not only sewage
but also aquatic macrophytes and phytoplankton which have their
biomass increased by nutrient enrichment from untreated domestic
sewage.

Metal fluxes to the lagoon measured in the sediment core indicate
statistically higher Cu (P < 0.01) and Pb (P < 0.0001) inputs of after
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the 90's when extensive human occupation of the watershed occurred
(Fig. 4). For Zn and Cd, no statistically significant differences were
observed for the evaluated period. When normalizing the fluxes to the
whole lagoon area and comparing them to the metal loads emitted by
natural processes and anthropogenic activities, most emitted metals
were retained in the watershed, with only small loads reaching the
lagoon. Cu displayed the highest lagoon inputs (Fig. 4).

4. Discussion

Imboassica Lagoon has a long history of eutrophication induced by
untreated domestic sewage discharge from increasing amount of people
living throughout the drainage basin since the 80's (Esteves et al.,
2008). However, untreated domestic sewage represented a relatively
minor metal contribution to the lagoon compared to other anthro-
pogenic sources and natural processes, with higher contribution for Cu
(31% of total emission). For other metals, such as Pb, Zn and Cd, solid
waste disposal was more important regarding metal emissions to the
lagoon than sewage. In addition, natural processes, such as atmospheric
deposition and soil losses acted as important Cd, Zn and Cu sources to
the lagoon. The relative importance of urbanization sources and natural
processes to metal emission are typical for low to medium-intensity
urbanized drainage basins, which is the case for most Brazilian coastal
lagoons (Lacerda et al., 2008; Molisani et al., 2013).

To assess the pollution status of the lagoon, metal concentrations in
surface sediments were compared to the area rock background. Rocks in
the study area are composed by ortognaiss from the geological Sdo
Fidelis unit and Regido dos Lagos complex. Concentrations ranged from
19 to 73 pg g~ ! for Cu, 32 to 156 pg g~ * for Zn, and 8.6 to 24.4 ug g~ *
for Pb (Mello, 1996; Almeida and Silva, 2012). The surface sediment
concentrations indicate that Pb and Zn concentrations were within the
background range, while Cu was lower than reference values. Such
comparisons suggest that surface sediments did not reflect anthro-
pogenic inputs, including sewage emissions, and thus indicate the ab-
sence of extensive contamination.

The non-contaminated status of surface sediments may be attributed
to the fate of metal emissions and management practices. Most an-
thropogenic sources, including improper solid waste disposal, part of
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the untreated domestic sewage dumped into septic tanks and animal
husbandry emitted metals to the watershed soils and, therefore, it is
expected that such loads are not effectively transferred to the lagoon
and its surface sediments, as demonstrated by the mass-balance budget
(Fig. 4). In addition, the metal transfer from soils to the lagoon by river
input are limited in view of the lagoon's small watershed area and the
reduced and highly episodic fluxes from the 14 km-length Imboassica
river, the main Imboassica Lagoon tributary. However, such episodic
and rainfall-driven fluxes of metals from soils to the lagoon might ex-
plain the higher Cd, Cu and Zn concentrations in the suspended parti-
cles of the lagoon in the rainy season. On the other hand, part of the
sewage discharge occurs directly into the lagoon and its importance to
metal inputs may increase, as demonstrated by Cu, the less retained
metal in the watershed (Fig. 4).

Another explanation for the non-contaminated status of surface se-
diments is concerns the artificial sandbar opening that affects many
coastal lagoons (Suzuki et al., 1998). In this study area, disorganized
urbanization of the lagoon's margin and periodic flooding of residences
located at the lagoon shore in summer imposes management practices
such as an artificial sandbar opening, which is capable of empty the
lagoon, promoting the transference of metals to the ocean. However,
after 2010, metal increases detected by the sediment core (Fig. 3) co-
incided with the decrease in the frequency of the sandbar opening, from
19 events before this period to 2 opening events after 2010 (Ecolagoas,
unpublished data). In addition, this reduction in lagoon emptying fre-
quency increased the accumulation of untreated domestic sewage and
metal emissions from other sources, which may explain the recent (post
2010) increases in metal contents and in the fluxes into sediments, but
not yet indicating extensive sediment contamination (Figs. 3 and 4).

However, the recent increase in sediment-bond metals and the
wind-inducing resuspension which occurs in shallow coastal lagoons
may lead to increased available of enriched particle binding metals in
the water column (Lacerda and Gongalves, 2001). At the Imboassica
Lagoon, suspended particles exhibited higher Zn, Cu, and Cd con-
centrations when compared to bottom sediments (Table 2). Particulate
Cd concentrations (maximum value of 15ugg~!) indicated con-
tamination compared to the literature (Sigel et al., 2013). However, the
small loads from sewage and solid waste management suggests the
influence of other anthropogenic sources not inventoried by the emis-
sion factor model, such as companies located in the watershed that
manipulate metallic structures for offshore oil exploration activities.
This hypothesis is corroborated by the absence of correlation between
Cd and other metals in the sediment core, and the inverse correlation
with %N as an indicative of sewage inputs. Other metals detected in the
suspended particles, such as Zn and Cu were also linked to the an-
thropogenic sources and the sewage discharge. Furthermore, Zn, Cu
and Pb displayed higher labile (bioavailable) concentrations in the
surface sediments, and when fine particles are resuspended, they dis-
perse metals to the water column, with potential availability for biota
uptake. In tropical coastal ecosystems, metals such as Cu, Cd and Pb
were found to interact strongly with organic matter and other geo-
chemical supports which increased bioavailability for organism
(Chakraborty et al., 2012, 2015, 2019).

The recent increases of particle deposition rates and higher varia-
tion in sand content observed in the sediment core may indicate a long-
term trend of lagoon's water column shallowing with consequent in-
tensification of silt/clay resuspension, that, in turn may increase metal
availability to pelagic organisms. Cd was affected by this lagoon pro-
cesses as demonstrated by the long-term concentration reduction until
2014 displayed in the sediment core, and high concentrations in the
suspended particles, which explained the fish Cd contamination.

The BCF calculated for plants and fish species and surface sediments
and suspended particles at Imboassica Lagoon resulted in values lower
than 1, indicating very low accumulation by organisms from the abiotic
environments. The exception was Zn in H. malabaricus with a
BCF = 2.5, albeit with a low accumulation. However, the Zn
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bioconcentration in the carnivorous species was also observed in fish
from other lagoons, including those under the strong influence of do-
mestic sewage and wastewater sources (Mendonza-Carranza et al.,
2016).

The metal content in fish and aquatic macrophytes from Imboassica
Lagoon was within the metal range of subgroups of aquatic organisms
from pristine and uncontaminated environments (Quigg, 2008;
Outridge and Noller, 1991). However, according to the Brazilian Health
Regulatory Agency Guidelines (ANVISA, 1965; ANVISA, 2013), fish
samples presented Cd and Pb concentrations above the proposed limits
for food consumption, with omnivorous fish species presented a higher
frequency of contaminated muscle tissue samples (Pb: 42% and Cd:
41%) than carnivorous species (Pb: 20% and Cd: 23%). Omnivorous
fish contamination by Cd and Pb was related to the high Cd con-
centrations in suspended particles and to the Pb in surface sediments
mainly in the bioavailable form. The emission factor indicated the in-
volvement of solid waste disposal as a possible Pb source and atmo-
spheric deposition as a pathway for Cd inputs. Molisani et al. (2015)
described many possible Pb sources in the region, including banned
persistent sources such as leaded gasoline used in motor vehicles that
officially has been prohibited in Brazil since 1991, but remained in use
until as recently as 2005 and possible explained Pb enrichment in se-
diments of the adjacent Macaé river basin. In addition, in the Im-
boassica Lagoon, such initial fish contamination status may also be
related to the influence of other anthropogenic sources not calculated
by the emission factors. On the other hand, untreated sewage showed
little influence on Cd and Pb inputs (Table 2). Data from Aguilar-
Betancourt et al. (2016) indicates evidences of a weak the relationship
between metals in fish at the more polluted sites influenced by only
untreated sewage in a coastal lagoon.

The importance of untreated domestic sewage as well as the other
emission sources were evaluated by the long-term metal distribution in
the sediment core, an indicative of lagoon conditions from 1934 to
2014 (Figs. 3 and 4). The recent increase in metal concentrations may
be attributed to several factors including increased human occupation
of the watershed and the decrease is related to the sand-bar opening
frequencies. Apparently, the recent increase of §'°N in the sediment
core suggests the influence of untreated domestic sewage discharges by
the increasing surrounding population. It is well-documented that §'°N
enrichment in sediments of aquatic environments with elevated un-
treated domestic sewage discharges, with 8'°N increases from 3%o to
9%o following the increased human population density (Vizzini and
Mazzola, 2006; Wada, 2009; Zhe and Zhu, 2016), which corroborates to
815N increases at Imboassica Lagoon (2.5 to 4.5%o) that may also be
related to the intensification of human occupation of the watershed.
However, even with the recent increases of both metal concentration
and fluxes in the lagoon, demonstrated by the sediment core, such
distributions were in the same magnitude of past lagoon's conditions
indicating that the influence of anthropogenic activities since the 90's
and related management practices (sandbar opening and proper solid
waste disposal) did not extensively altered the current lagoon condi-
tions compared to the pre-urbanization period when mainly natural
processes influenced metal distribution and fluxes.

5. Conclusion

Metal contamination of coastal lagoons is an important issue as
demonstrated by the present study. Untreated domestic sewage induced
eutrophication and was an important source of Cu to the lagoon and
probably affecting distribution of other metals. However, the natural
sources, such as soil loss and atmospheric deposition were the main
metal emission sources to the lagoon. Total Cd enrichment in the sus-
pended particles and the Pb bioavailable forms in the surface sediments
indicated that such sedimentary compartments were an important fate
of metals in the lagoon; at the same time, that were the metal pathway
explaining the initial Cd and Pb fish contamination, mainly the
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omnivorous fish, that were also considered another fate of metals in the
lagoon. Thus, the additional metal inputs to the lagoon from the an-
thropogenic sources associated to the measured total and bioavailable
metal concentrations in the bottom and suspended particles may ex-
plained the Pb and Cd contamination in fish and the Cd enrichment in
the suspended particles. However, extensive contamination was pre-
vented by lagoon management, including sand-bar opening, reducing
long-term metal accumulation. Furthermore, the retention of part of the
discharged sewage and other anthropogenic and natural emissions
within the watershed soil also reduced the effective metal transference
to the lagoon and prevented extensive contamination.
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