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ABSTRACT - The knowledge of metal behavior in the aquatic environment is important for understanding its effects in estuarine
zones and mangrove areas. These important and precious ecosystems are affected by many different factors that may vary temporally
and spatially. The present study investigated the spatial and temporal variation of physicochemical parameters (pH, dissolved oxygen,
temperature, salinity, etc.) and metal concentrations (Zn, Fe, Ni, Cu) at three different locations along the Todos os Santos Bay, North
East Brazil, by analyzing surface water, sediment and mangrove oysters (Cassostrea rhizophorae (Guildin, 1828)). Metal
concentrations in surface waters and sediments differed between the three sampling times (March and August 2014; January 2015) and
locations and were affected by fluctuating physicochemical parameters, which in this way also affected the metal bioconcentration in
the oysters. The pH of the surface waters, for example, increased from the 1% to the 3" sampling time while the concentrations of Zn
and Fe decreased during the same period. The sediment concentrations of Zn and Fe were strongly correlated with organic matter
content. These results suggests that seasonality as well as the different water and sediment properties along the bay directly affect metal
concentration and bioavailability in the environment.

Keywords: metal behavior; physicochemical parameters; seasonality; variation.

RESUMO - O conhecimento do comportamento de metais no meio aquatico é importante para a compreenséo dos seus efeitos em
zonas estuarinas e nas areas de manguezais. Esses importantes e preciosos ecossistemas sao afetados por muitos diferentes fatores que
podem variar temporalmente e espacialmente. O presente estudo investigou a variacdo espacial e temporal de pardmetros
fisicoquimicos (pH, oxigénio dissolvido, temperatura, salinidade, etc.) e as concentracdes de metais (Zn, Fe, Ni, Cu) em trés locais
diferentes ao longo da Baia de Todos os Santos, Nordeste Brasil, analisando as aguas superficiais, os sedimentos e as ostras de
manguezal (Cassostrea rhizophorae (Guildin, 1828)). As concentragdes de metais em aguas superficiais e sedimentos diferiram entre
0s trés tempos e locais de amostragem (marco e agosto de 2014, janeiro de 2015) e foram afetados por pardmetros fisicoquimicos
flutuantes, o que também afetou a bioconcentracdo de metal nas ostras. O pH das aguas superficiais, por exemplo, aumentou do 1° ao
3°tempo de amostragem, enquanto as concentra¢des de Zn e Fe diminuiram durante o mesmo periodo. As concentragfes de sedimentos
de Zn e Fe foram fortemente correlacionadas com o teor de matéria organica. Esses resultados sugerem que a sazonalidade, bem como
as diferentes propriedades de agua e sedimentos ao longo da baia, afetam diretamente a concentracéo e a biodisponibilidade do metal
no meio ambiente.

Palavras-chave: comportamento do metal; parametros fisicoquimicos; sazonalidade; variag&o.

INTRODUCTION

Estuarine environments and its mangrove Because of human activities, the levels of
forests have large ecological importance by metals in the environment have increased. This
serving as habitat for many species (Campana et also concerns marine environments, so metals
al., 2005; Onofre et al., 2007). Due their natural may also cause a potential threat to mangrove
conditions, these ecosystems are very special, but  ecosystems (Nizoli & Luiz-Silva, 2009; Strady et
also very sensitive to disturbances like pollution al., 2011). Metals may have direct effects on
(Nizoli & Luiz-Silva, 2009; Strady et al., 2011).  organisms living in mangrove areas, such as
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reducing their growth and reproduction and in
this way potentially affecting population growth
and eventually biodiversity. When metals
accumulate in organisms, they may end up in the
food chain and cause indirect effects. In this way,
they may even pose a risk for human health.
Mollusks are sedentary animals that have the
potential to accumulate high levels of metals in
their tissues. They also are an important food
source for humans. For these reasons, they have
been considered important organisms for
measuring and monitoring available metal
concentrations, also in mangrove ecosystems
(Silva et al., 2006; Strady et al., 2011; Ruelas-
Inzunza & Paez-Osuna, 2000; Harding, 2007).
The Todos os Santos Bay, in Salvador, located
in the Rencdncavo Baiano region, North East of
Brazil, is a unique area that has many ecosystems
with a high fauna and flora biodiversity. The Bay
also is used for industrial activities, which on one
hand brings economic value for society, but on
the other hand has led to possible exposure with
metals and deterioration of the environment. The
dissolved or available levels of metals in aquatic
ecosystems are influenced by many different
factors, such as pH, redox conditions, organic
matter, mineral particles and salinity (Du Laing
et al., 2008; Reitermajer et al., 2011). These
factors may vary during the year, mainly because
of the difference in rainfall intensity between
seasons. Therefore, seasonal patterns may have
important impacts on metal availability due to
their influence on the physicochemical

parameters of the surface water (Nizoli & Luiz-
Silva, 2009). The Todos os Santos Bay is unique
because it consists of a range of different habitats
with different characteristics. This spatial
variation in characteristics, together with the
temporal variation, may however, also lead to large
differences in metal availability and consequent
metal risks (Queiroz & Celino, 2008). It therefore
Is essential to evaluate metal concentrations in
water, sediment and biota and combine this with
knowledge about the geochemistry of the system to
assess the quality of the mangrove areas in the bay
(Cundy et al., 2005).

The aim of this study is determining the
spatial and temporal exposure to metals of three
different mangrove areas in the Todos os Santos
Bay. This involved analyzing metal
concentrations in surface water and sediment.
Metal bioavailability was estimated by
measuring concentrations in soft tissues of the
oyster Crassostrea rhizophorae (Guildin, 1828),
popularly known as mangrove oyster. This
species is widely distributed along the entire
Todos os Santos Bay. It is a sessile filter-feeder
of reasonable size and sedentary, which can
easily be sampled. Water, sediment and oysters
were sampled during three different seasons of the
year. All samples were analyzed for Zn, Fe, Ni and
Cu  concentrations. By analyzing also
physicochemical parameters in water and
sediment, speciation calculations could be made to
estimate possible fluctuations in available metal
concentrations at different points in the bay.

MATERIALS AND METHODS

This study was carried out in the Todos os
Santos Bay (32° 02' 30" - 38° 37" 30"W and 13° 07'
30" - 12° 37" 30"S) in Brazil, in three different
estuarine zones near the (A) Maragojipe, (B)
Jaguaripe and (C) S&o Paulo Rivers (Figure 1). The
Todos os Santos Bay is the biggest and most
important navigable bay of the Brazilian coast,
with a surface area of about 1.200 km? and a coast
length of 462 km.

These estuarine zones, near the Maragojipe,
Jaguaripe and S&o Paulo Rivers, where a
magnificent mangrove system develops, have a
fundamental importance to the local food chain and
also to the livelihood of many of the inhabitants of
the region. Even though they belong to the same
bay, the spatial variation makes these areas having
different  characteristics.  These  estuarine
ecosystems have been affected by many human

activities, such as contamination by chemical
industries, which have contributed to their
deterioration (Carvalho, 2007).

Geologically, the Todos os Santos Bay is
included in the sedimentary basin of the Reconcavo
Baiano. The climate is tropical-humid and presents
a remarkable seasonal cycle (Figure 2). Rainfall in
this region is around 300 mm month? between
April and June, characterizing the wettest period.
Between January and March, the rain is less intense
and well distributed with a precipitation of around
125 mm month™. Average annual temperature is
about 25 °C (Kirimure, 2013).

The economic activities in this region are
considered as industrial, and cases of oil spill have
been reported, as well as emissions of industrial
and domestic effluents from municipalities around
the region (Jesus, 2011; Milazzo et al., 2014).
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38°37'30'W

12°37'30"S

13°7'30"S

39°2'30'W 38°17'30"'W

Figure 1 - Location of the sampling sites used for this study. Insert shows a map of the Bahia region in Brazil with the Todos
0s Santos Bay. The detailed overview of the Todos os Santos Bay area shows the sampling sites near the Maragojipe (A),
Jaguaripe (B) and Séo Paulo (C) Rivers.
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Figure 2 - Average seasonal variation of temperature and rainfall in the study area registered by the Ondina Weather Station
for the period of 1961-2009 (INMET, 2015). This station, located in Salvador-Bahia, is the closest weather station of the Todos

0s Santos Bay.

Sampling

The sampling was carried out in three periods,
March 2014, January 2015 (dry season) and

August 2014 (rainy season).

Sampling always was done during the low tide,
taking into account the tidal period, for more details

see Table 1.

Sediment, surface water and mollusk samples

were collected from 18 points (6 in each estuary),
with a spatial distance of approximately 200 m
between each sampling point. This distance is
sufficient to consider sampling points as true
replicates, since the organisms collected for the
study are sessile. The sampling points were
randomly chosen across each sampling location, in
order to avoid any bias in the results.

Table 1 - Location, dates, time and tide height (m) of the samplings of the three locations in the Todos os Santos Bay, Bahia,
Brazil, using Madre de Deus Port tide as a reference.

Location Date Hour Tide height (m)

1st 2nd 3rd 1st an 3rd 1st 2nd 3rd

Season | (514 (2014) (2015) (2014) (2014) (2015) (2014) (2014) (2015)

Maragojipe River | 1g/03 | 26/08 | o7/01 | 021 | 10:02 11109 1, 0.2 0.4
a.m. a.m. a.m.

g p 20/03 27/08 | 08/01 am am. am. 0.3 0.3 0.5

Sdo Paulo River | 2103 | 20/08 |og/01 | 1219 | 1149 12131 4, 0.4 0.6
a.m. a.m. p.m.
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Water Collection and Preparation for Analysis

Surface water samples (500 mL) were taken at
a depth of 0 - 20 cm using polyethylene bottles, and
kept in coolers at a temperature of approximately
4° C until arrival at the laboratory. In the laboratory,
the water samples were acidified with 0.5 mL of
HNO3z (ACS ISO MERCK, 65%, for analysis),
corresponding with a standard of 0.1% relative to
the total volume of each sample (Carvalho, 2007).
The water samples were analyzed for metals
according to ASTM (1992). Physicochemical
parameters (pH, Eh, temperature and salinity) were
monitored at each sampling point. For pH, Eh and
temperature measurements, a pH-meter/mV
Handylab1 Schott Glaswerke Mainz was used. For
salinity measurements, a portable refractometer
Atogo S/Mill-E was used, and for dissolved
oxygen determination a multiparameter water/
Manta 2.

For metal analyses, the water samples were
filtered over a 0.45 pm cellulose acetate
membrane. After filtration, 100 mL were
transferred to a beaker, and 10 mL of HNOz (ACS
ISO MERCK, 65%, for analysis) was added. The
beakers were placed on a hot plate, until the volume
was reduced to approximately 20 mL. After
cooling, the fraction was diluted to 25 mL and
stored in a volumetric flask for metal
determination.

Sediment Collection and Preparation for
Analysis

For the sediments, approximately 300 g were
sampled from the top 0 - 15 cm layer, and stored in
polyethylene packages with a sufficient amount of
water from the sampling site to preserve their
characteristics. The samples were placed in coolers
with ice to maintain a temperature of 4 °C,
according to Jesus et al. (2003). The cores were
taken to the laboratory, and analyzed for metals,
particle size distribution (classified as sand, silt and
clay), and organic matter content.

To digest sediment samples, the microwave
oven partial extraction technique was used,
according to the D 5258-92 methodology from
Standard Practice for Acid-Extraction of Elements
from Sediments Using Closed Vessel Microwave
Heating (ASTM, 1992), adapted to the manual of
the No. 11 equipment (Provecto DGT 100 plus
Microwave Manual of the Institute of Geoscience
of the Federal University of Bahia. The method
consisted of weighing 1.0 g dry sediment samples
in beakers and adding 10 mL of HNO3 (ACS ISO
MERCK, 65%, for analysis). After 30 minutes, 10

mL of H20 ultrapure was added for digestion in a
Microwave Oven. The digested samples were
passed through a quantitative filter (0.80 um),
diluted to 50 mL with deionized water and stored
in plastic 100 mL bottles for metal analysis.
Mollusk Collection and Preparation for
Analysis

The mollusks were sampled at the same
sampling points as the sediment and water. A total
of 16 specimen of C. rhizophorae were gathered at
each sampling point, through active visual search.
The specimens were maintained in polyethylene
bags, transported and kept in coolers with ice. From
each sampling point, twelve individuals were
randomly selected for metal analysis. The body
size of each individual was measured. Length and
width were obtained based on the distance between
posterior and anterior axle. The individual
mollusks were weighted with the shell and the
tissue. Subsequently, the tissue was removed and
the shell was weighted again to obtain the weight
of the tissue. Then the animal tissue was freeze-
dried.

For the analysis of metals, 0.5 g of freeze-dried
crushed tissue was digested in 5 mL of HNO3s (ACS
ISO MERCK, 65%, for analysis) and 3 mL of
concentrated hydrogen peroxide (H202) according
to the methodology adapted from the manual of
equipment No. 24, Provecto DGT 100 plus
Microwave Manual of the Institute of Geoscience
institute of the Federal University of Bahia. The
digested samples were diluted to 25 mL with
deionized water and stored in 30 mL plastic flasks
for metal analysis.

Metal Analysis

Metal analysis in digests from different matrices
was performed at the Laboratory of Petroleum
Studies (LEPETRO), at the Center of Environment
Studies (NEA) located at the Institute of
Geoscience of the Federal University of Bahia
(UFBA), at the Department of Ecological Science,
Faculty of Science, of the Vrije Universiteit,
Amsterdam and at the Chemical Biological Soil
Laboratory of Wageningen University, The
Netherlands. The concentrations of metals in
sediment and mollusks were determined by flame
atomic absorption spectrophotometry  (AAS;
Perkin Elmer Analyst 100) after digestion; metals
in surface water were measured directly by
inductively coupled plasma-mass spectrometry
(ICP-MS NEXION 300D).

Quality control of the analysis was carried out
using duplicates (20% of total samples) and
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triplicates (10% of total samples), while
maintaining acceptable accuracy and precision in
the analysis by the estimated experimental error, in
addition to blank samples for each matrix. The
certified reference materials SLEW-3 (Estuarine
water; National Research Council of Canada),
SEDIMENT ISE 989 (River clay Wageningen)

and DOLT-4 (dogfish; LGC Standards) were used
for quality control and the certified values for Zn,
Fe, Ni and Cu, are shown in the Table 2. One
sample of reference material was measured for
each batch of 9 samples for each matrix, and the
metal concentrations were always within 83-122%
of the certified values.

Table 2 - Metal concentrations reported for certified reference materials (average (+SD)) and values found upon quality
control (min., max., average (£SD; n=2)) in this study for Water (SLEW-3), Sediment (ISE 989) and biota (DOLT-4).

SLEW- Sediment DOLT- \\gﬁgg Sediment C\)/ﬁltjzgs Recovery (%) of elements
3* ISE 989** ikl found values found found from reference material
(Mg LY (mg kg}) (mg kg}) (ug LY (mg kg?) (mg kg™) Water Sediment DOLT
0.20 0.21 1052 138
Zn (+d 03) 1060 (+43) | 116 (+6) 0.23 1072 147 110 100 122
- 0.22 (+0.01) | 1062 (+13.6) | 1425 (£7)
055 33498 1505
0.56 40100 1833 ' 35345 1522
Fe | (2005) (+1180) =75 |, 570(3?) 02) 344215 15135 109 83 83
0 (+1305) (+12.6)
1.19 56.3 0.99
Ni (362(;37) 62.2 (£3.2) (4%9171) 1.20 59.2 0.99 97 92 83
- - 1.19 (+0.01) | 57.7 (+2.08) | 0.99 (+0.00)
1.57 144 37.6
cul +165152) 157 (+5.2) (ﬂ'i) 1.60 145 39.0 101 92 122
- - 1.58 (+0.02) | 1445 (+0.32) | 38.3 (+0.97)
* Estuarine Water; National Research Council of Canada
** River Clay Wageningen
*** Dogfish liver; LGC Standards
Data Analysis some cations was estimated using Visual MINTEQ

The data were analyzed using STATISTICA 7
to observe summary statistics and trends of metal
behavior and physicochemical parameters.
Microsoft Office Excel 2007 as well as
STATISTICA 7 were used to correlate metal
concentrations with physicochemical parameters.
In addition, chemical speciation of metals and

(Gustafsson, 2016). Input parameters included pH,
DOC (Dissolved Organic Carbon) and
concentrations of Ca?*, CI, H*, K*, Mg?* and SO4*
. Metal concentrations in the mollusks were related
to metal concentrations and free metal ion activities
in the water and metal concentrations in the
sediment samples.

RESULTS

The physicochemical parameters measured in
surface waters and sediments from the
Maragojipe, Jaguaripe and S&o Paulo Rivers,
sampled in three different seasons, are
summarized in Table 3.

In the surface waters, the pH increased with
time for all rivers, except for the S&o Paulo River
which had the highest pH (7.29) during the
second season. The pH of the sediments showed
the same increasing trend with time, however,
during the last sampling season sediment pH in
the Maragojipe River was lower than in the
second season.

The Eh values showed a quite similar
behavior for both surface waters and sediments.
In the Maragojipe River, the Eh values were

negative in all seasons. In the S&o Paulo River,
Eh of surface water was negative at the first and
second sampling. For the sediments the Eh
values in general were negative during the first
and last season and positive in the second season.

During the second sampling (rainy season),
temperatures were lower than at the first and
third sampling (dry season). In the sediments, the
same trend was noticed for Jaguaripe and Sao
Paulo Rivers while in the Maragojipe River
temperature increased from the first to the third
sampling.

Dissolved oxygen concentrations showed the
same trends in Maragojipe and S&o Paulo Rivers
with the highest values recorded during the first
(6.9 and 3.6 mg L) and third (7.7 and 3.6 mg L~
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1Y season. In the Jaguaripe River the highest mean
dissolved oxygen concentration was measured
during the third season (9.3 mg L), while it was
similar during the first and second season (3.8 mg
LY.

The conductivity of the surface water showed
a different trend for the different Rivers. In the
Maragojipe River conductivity was highest
during the second season (44.7 ms cm™), while
in the Sao Paulo River it was lowest (49.9 ms cm”
1 during the second season. In the Jaguaripe
River conductivity increased from the first to the

third sampling. The conductivity of the sediment
of the Jaguaripe and S&o Paulo Rivers was also
lowest during the rainy season, while it was
highest for the Maragojipe River sediments (49.5
ms cm™) during the rainy season.

Salinity of the S&o Paulo River was highest
(34.6 and 33.1) during the first and third season,
respectively, while in the Maragojipe River the
highest value (28.6) was recorded during the
second season. In the Jaguaripe River, salinity
increased from the first to the third season, from
14.3 t0 23.0.

Table 3 Physicochemical parameters of surface waters and sediments in the Maragojipe, Jaguaripe and Sao Paulo
Rivers, Brazil, sampled in three different seasons (1%: March 2014; 2" August 2014; 3': January 2015. The values
shown are mean + standard deviation (n = 6).

Variables River Mean + St.dev.
eason 1st 2nd 3rd
Maragojipe | 6.75+0.29 | 7.59+0.13 | 7.70 £ 0.43
pH (water) Jaguaripe | 5.44+0.26 | 6.81+£0.19 | 7.25+0.09
Séo Paulo | 5.91+0.25 | 7.29+0.16 | 7.05+0.42
Maragojipe | -7.8 +17.9 | -30.1+8.0 | -25.1 +27.3
Eh (mV) (Water) Jaguaripe 38+16.7 |16.0+11.8| 2659
Séo Paulo | -22.8+149 | -123+9.9 | 16.0+254
Maragojipe | 29.2+05 | 26.1+1.1 | 30.7+13
Temp. (°C) (Water) | Jaguaripe 284+09 | 244+03 | 276+0.2
SdoPaulo | 29.7+0.6 | 2565+06 | 27.3x04
. Maragojipe | 22.3+4.1 | 286+21 | 22.0+14
‘?‘\‘;"V';?:r))’ Jaguaripe | 143+28 | 16.0+35 | 23.0+20
SdoPaulo | 346+38 | 321+£09 | 33.1%36
Maragojipe | 6.9+ 1.0 59+1.2 7.7+0.9
I_Dl'o' Jaguaripe 38104 3.8+0.3 93+11
(mg L™) (water) .
Séo Paulo 3.6+03 3.1+04 3614
Maragojipe | 35.8+6.0 | 447+23 | 35419
Cond. Jaguaripe | 24.0+42 | 265+53 | 365+27
(ms cm™) (water) =
Sdo Paulo | 52.7+46 | 49.9+14 | 50.6+47
Maragojipe | 6.81+0.13 | 7.10+0.36 | 6.80 +0.18
pH (sed) Jaguaripe | 6.71+£0.37 | 6.99+£0.20 | 7.21+0.14
Séo Paulo | 6.85+0.21 | 7.06 +0.23 | 7.23+0.18
Maragojipe | -56+7.1 | -5.6+21.2 | 13.6 £10.5
Eh (mV) :
(sed) Ja}guarlpe -46+109 | 41+£125 -15+74
Séo Paulo | -5.0+140 | 0.0+£133 | -3.1+£10.7
Maragojipe | 27.5+1.3 284+26 | 30.7+£20
Temp. (°C) (sed) Jaguaripe 27613 | 255+0.7 | 29524
SdoPaulo | 286+06 | 26.9+15 | 28911
Maragojipe | 42.4+3.7 | 495+38 | 446+3.6
Cond. Jaguaripe | 40.1+34 | 31.3+37 | 41.1+39
(ms cm™) (sed) =
Sdo Paulo | 55.3+20 | 514+22 | 56.5+1.8

Table 4 shows the particle size distribution
(sand, silt, clay) and organic matter content of the
sediment for each river in the three different
sampling seasons. Organic matter content
showed the same trend in all three rivers, being

much lower in the rainy season (2" sampling)
than in the dry seasons. Overall, the Sao Paulo
River sediment had the lowest organic matter
content.

Particle size distribution also showed some
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variation between seasons and rivers. Clay
content, for instance, showed the same trend in
the Maragojipe and S&o Paulo Rivers, increasing
with time from 26.6 to 47.3% in the Maragojipe
River and from 17.1 to 30.5% in the S&o Paulo
River. In the Jaguaripe River sediment clay
content was highest (23.0 and 24.5%) during the

first and third season and lowest (18.4%) during
the second season.

Metal concentrations measured in surface
water, sediment and oysters from the
Maragojipe, Jaguaripe and Sdo Paulo Rivers,
sampled in three different seasons, are plotted in
Figures 3, 4 and 5.

Table 4 - Particle size distribution (silt, clay and sand) and organic matter contents (O.M.) (in %) of sediments in the
Maragojipe, Jaguaripe and S&o Paulo Rivers, sampled in three different seasons: March 2014 (1%), August 2014 (2")

and January 2015 (3'9).
. River Sediments
Variable cason | T+ ond 3
Maragojipe | 24.8 | 35.5 | 36.2
Silt Jaguaripe | 28.2 | 29.0 | 34.0
Sdo Paulo | 29.9 | 27.2 | 28.3
Maragojipe | 26.6 | 41.1 | 47.3
Clay Jaguaripe | 23.0 | 18.4 | 245
Sdo Paulo | 17.1 | 29.4 | 30.5
Maragojipe | 48.4 | 23.2 | 16.3
Sand Jaguaripe | 48.7 | 52.5 | 41.4
Sdo Paulo | 52.8 | 43.3 | 41.0
Maragojipe | 10.3 | 6.1 | 13.2
O.M. Jaguaripe | 10.2 | 8.2 | 12.5
Sdo Paulo | 9.7 | 5.6 | 9.6
Zn # Maragojipe Fe # Maragojipe
12 - | W Jaguaripe :;E : . M Jaguaripe
5 10 4 AS3o Paulo F:; 250 - ™ Sdo Paulo
g g g 200 4
e °© ) ;,E 150 -
T = .
» 4 12 a w 100 A
2 1 50 »
0 . ] L
1 2 3 1 3
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0,3 10,1 - &
0,25 581 A
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0,2 ]
g " E 6,1
£ 015 4 o 414
% on
W 01 A EAE
&
0,05 . ' . - 0,1 : ; L
i1 2 3 1 2 3
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Figure 3 - Average metal concentrations (ug L™?) in surface water of the Maragojipe, Jaguaripe and S&o Paulo Rivers
sampled in three different seasons: 1%: March 2014; 2" August 2014; 3': January 2015.

Cu levels showed almost the same trends in  higher in the second season than in the first one.

all matrices, with lower concentrations in the
second season compared to the first and third
one. Only exception was the Jaguaripe River,
where copper concentration in the water was

The Zn levels in sediments and oysters of the
Jaguaripe and S&o Paulo Rivers showed exactly
the same trend, being higher in the first and third
season. Ni concentrations showed quite different
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trends in time and between locations. In surface
waters, the Ni concentration stayed below the
detection limit for the first and second season
and ranged from 0.16 to 0.27 pg L™ in the third
season in the Jaguaripe and Séo Paulo Rivers

(Figure 3).
The Ni concentrations in sediments were
Zn + Maragojipe

.ﬂ 70 - W Jaguaripe
5 - . A Séo Paulo
£
5 S0 1
QU
V)40 A =
E 30 - ; 3
59 ] o -
%ﬂ 10

1 2 3

Ni

2 304
5 25
£ P
25 20 o
@
V) 15
5 0] . : "
abco 5 4 L O
o
E 0

il 2 3

Seasons

highest in the third season with 12.1, 17.4 and
23.9 mg kg?! in Jaguaripe, S&o Paulo and
Maragojipe Rivers, respectively (Figure 4). In
oysters, the concentrations of Ni showed quite
some variation between seasons and rivers, but
all ranged between 0.20 and 0.95 mg kg* dry
weight (Figure 5)
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Figure 4 - Average metal concentrations (mg kg™ dry weight) in sediments from the Maragojipe, Jaguaripe and Sdo Paulo
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Speciation calculations were made to check
possible fluctuations in available metal
concentrations in surface waters at different
points in the bay.

The results showed that the waters with the
highest metal concentrations also had the highest
free ion activities (1% season). The only

exception was Zn in the Sdo Paulo River where
the highest free ion activity was found during the
second season (Table 5). Metal speciation also
showed some trends with the pH and ion
activities of the water. The free metal ion activity
generally decreased with increasing pH for all
rivers studied.

Table 5 - Results of the metal speciation analysis in the surface waters. Data shows the pH values and free ion activities
of Cu?*, Fe?* and Zn?* (mol L) in the Maragojipe, Jaguaripe and Sdo Paulo Rivers in three different seasons (1%
March 2014; 2"": August 2014; 3'®: January 2015).

lons
Rivers Season pH Cu? Fe?* Zn?*
1t 6.75 £ 0.29 2,83x1010 4,63x107 2,00x10°8
Maragojipe 2nd 7.59+0.13 3,67x101t 2,30x10°8 7,75x10°°
3rd 7.70£0.43 1,91x1012 1,89x107° 9,15x107°
1t 5.44 + 0.26 4,91x101! 1,38x10°° 2,46x10°8
Jaguaripe 2nd 6.81+£0.19 7,90x10*? 1,87x10® 1,97x108
3rd 7.25 £ 0.09 2,67x1071? 1,13x107 7,32x10°°
1 5.91+0.25 1,16x10°° 6,56x107 2,48x108
Séo Paulo 2nd 7.29+0.16 1,13x10%2 6,97x108 3,98x108
3rd 7.05 +0.42 1,94x101! 3,34x10°8 4,31x10°°
DISCUSSION

The physicochemical parameters and the
metal concentrations in water, sediment and
mollusks at the three sampling locations showed
different spatial and temporal trends during the
sampling period of this study. The temperature of
water and sediment is the first to change in
response to the input of water and to air
temperature, which normally decreases when the
rainy season starts. But many other parameters
also showed different patterns during the
different seasons. In some cases, these
fluctuations were not expected, indicating that
probably some other factors were affecting the
physicochemical properties of the water and
sediment of the sampling sites.

In the present study, temperature of the
surface water at all locations decreased during
the rainy season. In August, the land breezes,
precipitation and fresh water influx together were
responsible for the lower water temperatures
compared with the dry season. The intensity of
solar radiation and evaporation also influence
surface water temperature, which, as a
consequence, was higher during the dry season
(1%'and 3™ sampling).

The pH of the surface water varied from 5.44
to 7.70 between rivers, ranging from acid to
alkaline. The highest pH values were recorded in
the Maragojipe River, which might be attributed
to that region receiving more effluent discharge

(mainly domestic ones) which may make the
water more alkaline (Dublin-Green, 1990).
Comparing the Jaguaripe and S&o Paulo Rivers,
the latter one had the highest pH during the 1%
and 2" sampling (Table 3). This probably is
explained from sea water penetration which may
lead to an increase of the pH of estuarine waters
(Anitha & Sugirtha, 2013). With values ranging
between 7.40 and 8.50 for sea waters, pH showed
the influence of the ocean, which was different
depending on the location and sampling time.
Sdo Paulo River is closer to the ocean which can
explain the highest pH values.

The pH fluctuation of surface water generally
is attributed to factors like dilution of seawater by
freshwater influx leading to salinity reduction,
temperature and decomposition of organic matter
(Gadhia et al., 2012). The variation in water pH
between seasons and locations can easily be
explained by the different characteristics of each
location. The studied rivers are at a different
distance from the ocean and differ in the input of
effluent discharge.

Metal concentrations in the surface waters can
be affected by pH. Water pH will affect the
solubility of metal ions in the environment and
their binding to solid or dissolved phases like
sediment or dissolved organic carbon (Niyogi &
Wood, 2004). This means that pH also may
control the availability of these metals for uptake
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by organisms (Dixit et al., 2013).

The zinc and iron concentrations in the
surface waters generally decreased with
increasing pH (Figure 6). The concentrations of
these elements decreased when the pH values
increased from the 1%t to the 3™ sampling. Only
exceptions were Zn concentrations in the
Maragojipe River at the 3" sampling and Fe
concentrations in the Jaguaripe River at the 2"
sampling.

Eh values of the surface waters ranged from -
30.1 to 16.7 mV in the different rivers and at
different sampling times. Most of the time redox

A
11

10 J

o

Zn in the surface water (um L")

N WA UL O 9

1
52 54 56 58 6.0 62 64 66 68 7.0 7.2 74 7.6 7.8

pH

Fein the surface water (um L")

potential was negative, which is normal for
estuarine environments and mangrove areas with
their high organic matter content. In such
environments, oxygen is rapidly consumed by
microorganisms giving this ecosystem a
reductive feature (Queiroz & Celino, 2008). The
variation in Eh values might be related with the
tide and sampling time among the rivers. Also in
the sediments redox potential mostly was
negative. The variation in Eh values can be
associated with the location of sampling since for
each location the microbial activity may be
different.
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Figure 6 - Relationship between average concentrations of Zn (A) and Fe (B) in the surface water (ug L™) and average
pH of Maragojipe, Jaguaripe and S&o Paulo Rivers sampled in three different seasons (March 2014; August 2014; January

2015).

Dissolved oxygen (D.O.) levels showed the
same pattern for all locations studied, being
lower during the rainy season (Table 3).
Theoretically, the D.O. level is mostly affected
by the temperature and salinity of the water
(Palpandi, 2011). In this study, the D.O. level
followed the same trend as temperature: when the
temperature decreased, the D.O. level also
decreased. The opposite was shown by Anita &
Surgitha (2013). The salinity also affects the
water's capacity to dissolve oxygen, but in an
opposite manner: with increasing salinity, D.O.
level will decrease (Abowei, 2010). In this study,
this trend was only seen in the Maragojipe River
(Table 3).

D.O. is an important indicator of water quality
as it influences many biological and chemical
processes. In general, a D.O. level of 4-5 mg L
is indicative of good quality, while a D.O. lower
than 2 mg L? is the lowest level for life and
defined as hypoxic conditions (NOAA, 2012;
Sato et al., 2016). In this study, for all locations
the D.O. values ranged between 3.1 and 9.3 mg
L, so it may be qualified as good according to
the international guidelines. However, according

to Brazilian legislation (CONAMA, 2005), the
D.O. values shouldn't be below 5.0 mg L. The
D.O. values for Séo Paulo River for all seasons
and Jaguaripe River for the 1 and 2" samplings
were below the latter limit. The low D.O. levels
in these locations may cause reduction of some
organisms like fishes and the deoxygenation can
increase  the  population of  anaerobic
microorganisms, specially bacteria. This can
induce reproductive failure and death of fishes,
in this way causing changes in the local
environment, changing abundance and diversity
of species (Abowei, 2010). This situation might
be triggered by the effects of nutrient pollution
since there is no suitable sewage treatment in
these locations.

The salinity of the surface waters showed no
clear trend. This parameter is always associated
with the flood and ebb tides, evaporation rates,
rainfall, river discharge and dilution in the
estuary (Dublin-Green, 1990; Dixit et al., 2013).
Theoretically, salinity should have been lower
during the rainy season (2" sampling period),
when the rainfall was higher leading to a higher
dilution by the higher input of river discharge.

Sdo Paulo, UNESP, Geociéncias, v. 39, n. 1, p. 153 - 169, 2020

163



Only in the S&o Paulo River salinity level
followed this trend. The S&o Paulo River had the
highest salinity (32.1-34.6) which is easily
explained from its location closer to the sea
compared to the other two rivers. Similar results
were reported by Milazzo et al. (2014). However,
in the Jaguaripe River salinity increased from the
first to the third sampling and for the Maragojipe
River the opposite trend was seen, with highest
salinity during the rainy season.

Because no tide information was available for
the sampling sites, the present study used the
Madre de Deus port tide as a reference. This is a
harbor about 30, 45 and 10 km away from the
sampling locations in the Maragojpe, Jaguaripe
and S&o Paulo Rivers, respectively. It was used
to estimate the time of the low tide, so to
determine the appropriate time to sample the
field. The use of a reference so far away from the
sampling points may have caused small errors in
assessing the correct time of the low and high tide
of the sea. In the Maragojipe River during the
second sampling period (rainy season), due to
practical problems, the sampling was carried out
at the middle tide, which means that there was a
higher influence of the sea water.

In the Jaguaripe River the sampling during the
1%t season was carried out after and during a rainy
day. Also events like rain (before sampling) in
the dry season and/or the influence of sea water
with flood and ebb tide effects during the
sampling may have contributed to the different
patterns of the salinity in the Maragojipe and
Jaguaripe Rivers. These factors may have
contributed to the deviating patterns in salinity of
the water.

The conductivity of the surface water showed
opposite trends in the Maragojipe (with the
highest value during the rainy season) and Sao
Paulo Rivers (lowest value in the rainy season),
while in the Jaguaripe River it increased from the
first to the third sampling period. The
conductivity is directly related to the

concentration of ions in the water and it can be a
good indicator of the presence of some
contaminants (Nazir et al., 2015).

However, the metal concentrations showed
quite different patterns compared with the
conductivity, which confirms that many others
parameters influenced the metal concentrations
in the surface waters.

The highest conductivity in the Sdo Paulo
River compared with the other rivers confirms its
location closer to the sea (Cox et al., 1967,
Mantyla, 1980). As expected, the conductivity
showed the same patterns as the salinity (Table
3).

The metal concentrations in the surface waters
did not show a clear pattern. For Zn, for example,
there were two trends. The Maragojipe River had
the highest concentrations (6.1 and 3.1 pg L™)
during 1% and 3" season, respectively, while in
the Jaguaripe and Sao Paulo Rivers, Zn
concentrations decreased from the 1% (5.8 and
10.1 pg L) to the 3™ (2.3 and 1.6 pg L) season.
Related to the Brazilian legislation (CONAMA,
2005), these concentrations are well below the
maximum limit of 90 pg L* for brackish
(Maragojope and Jaguaripe Rivers) and saline
(Séo Paulo River) waters (Table 6).

Also for the iron concentrations in the water
two different trends were observed. In the
Jaguaripe River, Fe concentration increased from
250 pg L™ to 288 pug L in the 15t and 2" season,
respectively and decreased to 44 pg L in the 3™
season.

In the Maragojipe and Sao Paulo Rivers the
concentrations of iron decreased from 116 and
165 pg L™t in the 1%tseason to 12 and 23 pug Lt in
the 3" season, respectively. For all rivers, Fe
concentrations were below the maximum limit
(300 pg L) established by CONAMA (2005) for
both brackish and saline waters (Table 6). For the
other metals analyzed, Ni and Cu, no real pattern
was observed because most concentrations were
below the detection limits.

Table 6 - Maximum acceptable metal concentrations in surface water (ug L), sediment (mg kg*) and mollusks (mg
kg?) established by national and international institutions.

o Metals/Values
Institutions -
Zn Fe Ni Cu
CONAMA (2005) | Water 90 300 25 5
CONAMA (2009) | Sediment 300 ** 30 60
NIST mollusks | 1424 +46 | 205+6.8 | 1.04 +0.09 | 71.6 + 1.6

CONAMA: Brazilian National Environment Council. NIST: National Institute of Standards and Technology, USA.
** No value available.
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Even though metal concentrations were below
the levels established by the Brazilian legislation,
it is known from the literature that the total metal
content is not a reliable indicator of risk. A better
indicator of the bioavailability and possible
environmental risk of metals is the free ion
activity (Temminghoff et al., 2000). In this study,
the free ion activities were higher when the metal
concentrations were also higher, except for Zn in
the Sdo Paulo River (Table 5). The metal free ion
activities showed a negative relation with pH for
all rivers studied (Table 5). An increase in pH
may increase the sorption of the metals, reducing
free ion activity in the water column (Lee &
Saunders, 2003), and in this way also reducing
metal availability for uptake by organisms.
Along the seasons studied, the availability of Zn
and Fe generally decreased when the pH
increased. But metal uptake by biota also
depends on the nature of the organism and its
metabolism, size, mass, etc. In addition,
organisms like mollusks may not only interact
with metals in the water but may also be exposed

A

701

601

50+

401

30¢

Zn in the sediment (mg kg")

207 L

15 20 25 30 <] 40 45 50
Clay
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For all metals studied in the sediment (Zn, Fe,
Ni and Cu) the trend was the same for Jaguaripe
and Sdo Paulo Rivers with the lowest values
being recorded during the 2" sampling period
(rainy season). The same pattern was noticed for
organic matter content, which also showed the
lowest values during the rainy season.

These results might be connected since
organic matter has a high affinity for binding
metals (Lin & Chen, 1998; Marchand et al.,
2011).

The metal concentrations in the sediment also
strongly correlated with clay content (Figure 7),
which can be explained from the surface
chemical properties that favour binding of
cations (Finzgar et al., 2007). This was obvious
for the Maragojipe River, where metal
concentrations and clay contents increased from
the 15 to the 3" sampling, the only exception was
the iron concentration, which was slightly lower
in the 2" sampling compared with the 1% one and
increased in the 3" season.

B

~ 340001 )

o

30000
26000
220001

18000+

Fe in the sediment (mg kg’

140007

10000 t t . } 4 ; |
15 20 25 30 35 40 45 50

Clay

Figure 7 - Relationship between Zn (A) and Fe (B) concentrations in the sediment (mg kg™) and clay content of the
Maragojipe, Jaguaripe and S8o Paulo Rivers sampled in three different seasons (March 2014; August 2014; January

2015).

The metal concentrations in the studied
sediments were negatively correlated with pH
(for more details see Figure 8). In all cases the
metal concentrations in the sediment decreased
when pH increased from 6.71 to 7.06, which
represent two of the three sampling times. Metal
concentrations in the sediment, however,
increased when pH increased from 7.10 to 7.23,
except for Fe in the Maragojipe River. In general,
pH is an important parameter to explain ion
binding processes in soils and sediments (Niyogi
& Wood, 2004). At decreasing pH, the higher
competition of protons may cause a reduced
metal binding to sediments. This explains the
first finding. The second finding, however,

indicates that one parameter (pH) by itself cannot
fully explain the total metal concentrations in
sediments. Rather a set of parameters will be
involved.

The sediment metal concentrations were
compared with the limit values established by
CONAMA (2009) (Table 6). This legislation
doesn't bring limits for iron, as it is an element
which by nature is highly abundant in soils and
sediments. For the other metals studied (Zn, Ni
and Cu), the values found were below the limits
established as prevention values, 300 mg kg™ for
Zn, 30 mg kg* for Ni and 60 mg kg* for Cu. The
total concentration however, is not the best
indicator of the risk of metals to the environment
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(Shivakumar et al., 2012). Even though the total
metal concentrations were below the limits
established by Brazilian legislation, a study on
their bioavailability should be done to check the
actual exposure risk.

Internal metal concentrations, which reflect
the actual exposure of organisms in a specific
area, allow for a more trustful assessment of the

actual risks to the environment than do reference
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In this study, metal concentrations in oysters (C.
rhizophorae) fluctuated in time, with a seasonal
pattern being observed for Cu, while for Fe tissue
concentrations increased with time. The variation
in metal concentrations in the oysters was larger
than the fluctuations observed in sediment and
surface water concentrations at the same
sampling sites.

B
40000+

35000
30000+
25000+ o
20000
15000+ o
10000
5000+

¢ Maragojipe
W Jaguaripe

S&o Paulo

)

en

&hn

Fe conc. in the sediment
(m

0 - + . . v . ]
66 6.7 68 69 70 7172 73
pH

D
501
45
40-
35
301
25-
20
151
10{ = a
5_

Cu conc. in the sediment
(mg Kg")

66 67 68 69 70 71 72 73
pH
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2014; January 2015).

Iron concentrations in C. rhizophorae were
higher during the 3 season for all rivers and
quite high in comparison with other studies in the
Sé&o Paulo River, which reported a concentration
of 272 mg kg (Milazzo et al., 2014). The copper
concentrations showed the same pattern for all
rivers, with the highest values (63.9 and 89.6 mg
kgt in the Maragojipe River, 14.0 and 23.8 mg
kg? in the Jaguaripe River and 172 and 279 mg
kg in the S&o Paulo River) during the 1%tand 3
season, respectively. For the Ni and Zn no
defined pattern was observed, but in some cases
we could identify some trends. Nickel
concentrations in oysters from the Maragojipe
and S&o Paulo Rivers were higher during the 2"
season (0.98 and 1.0 mg kg?, respectively),
whereas in the Jaguaripe River the
concentrations decreased from the 1% (0.8 mg kg
Y to the 3 (0.09 mg kg?) season. Zinc

concentrations in C. rhizophorae didn't show a
clear pattern. In the Maragojipe River the levels
increased from the 1% to the 3™ season (ranging
from 996 to 1603 mg kg?), in the Jaguaripe River
the values were higher during the 1% and 3™
season (849 and 1140 mg kgt respectively), and
in the S&o Paulo River the highest value was
found in the 3" season (2478 mg kg) (Fig. 5).
Zinc, being an essential element, can be regulated
to fairly constant concentrations by organisms as
long as sediment concentrations are below the
toxic limit (Chu et al., 1990; Van Gestel et al.,

2009).
In Brazil, there is no legislation with
guidelines or maximum limits for metal

concentration in mollusks. For this reason, a
comparison was made with the Certified
Reference Materials developed by the National
Institute of Standards and Technology (NIST),
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USA (Table 6). The Ni concentrations in oysters
were below the limits, in all rivers during all
seasons. For copper the levels were above the
limits in the S&o Paulo River during all seasons
and in the 3" season in the Maragojipe River. Zn
concentration was below the limits in the
Jaguaripe (all seasons) and Maragojipe (1% and
2" seasons) Rivers, and for Fe only the
concentrations in the Sdo Paulo River during the
1% season were below the limit.

Although in  some cases the metal
concentrations in oysters were above the limits,
it is important to note that these elements are
essential for organisms, with important functions
in metabolism. This means that the levels found
not necessarily are dangerous.

Speciation calculation can help to understand
the possible risks of metals to organisms in the
environment. In the present study, a competition
effect of H" in surface waters and the Zn and Fe
uptake in C. rhizophorae was found. The metal
concentrations in the oysters significantly
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decreased when the free ion activity in the water
increased (Figure 9). This indicated that H*
activity in the surface waters inhibited the uptake
of Zn and Fe by C. rhizophorae. This is in
agreement with the hypothesis that metal ions
and other cations compete for binding on the
biotic ligands on biological surfaces (He et al.,
2014). Probably other cations should have
different effects on metal uptake by the oysters
since different metal ions generally have
different paths to enter organisms by, for
example, employing ion channels or carriers
involved in the uptake of different cations
(Bridges & Zalups, 2005). In this way, effects of
cations like Ca?*, Mg?*, and K* may also affect
metal uptake. In addition, there also may have
been uptake of metals from sediment by the
oysters, further complicating the situation. The
mechanisms of the interaction of different
cations and the contribution of water and
sediment to metal bioaccumulation in oysters
should be studied further.
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Figure 9 - The relationship between average Zn and Fe body concentrations in Crassostrea rhizophorae (mg kg*) and
the free H* ion activity (umol L) in surface waters from the Maragojipe, Jaguaripe and S&o Paulo Rivers in three different

seasons (March 2014; August 2014; January 2015).

Sdo Paulo, UNESP, Geociéncias, v. 39, n. 1, p. 153 - 169, 2020

167



CONCLUSION

The physicochemical parameters and the metal
concentrations of surface waters, sediments and the
internal metal concentrations in the oyster C.
rhizophorae along the Todos os Santos bay exhibit
spatial and temporal variations. These variations
are related with the different characteristics of each
sampling location as well as the meteorological
conditions, which change the input of rain and the
penetration of seawater into the rivers. In the
Maragojipe River domestic sewage may have
contributed to the high water pH, indicating that not
only natural but also anthropogenic factors are
responsible for the conditions of the estuarine
Zones.

Seasonal studies are important in determining
the effects of physicochemical parameters on metal
concentrations in water, sediment and biota, since
they are directly influenced by factors like pH, Eh,

conductivity, etc. These physicochemical parame-
ters are governed by sea water intrusion, river water
flow and urban sewage and this situation does
influence the metal concentrations in water,
sediment and organisms in the studied rivers.

Metal concentrations in the sediment and water
of the sampling sites along the Todos os Santos bay
generally were below limits established by the
Brazilian regulations. Concentrations in the oysters
however, did exceed the limits in a few cases but
this does not mean that levels found are dangerous
as some elements are essential to the organisms.
Further research is needed to obtain more detailed
information on metal speciation in these estuarine
environments and to investigate their actual risk to
organisms. This may support a proper risk
assessment of metal pollution in the Todos os
Santos Bay.
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