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a b s t r a c t

The spatial distribution of As (total As, As (III) and As (V)) in estuarine sediments from the main tributar-
ies of Todos os Santos Bay, BA, Brazil, was evaluated under high and low flow conditions. The concentra-
tions of As were determined using a slurry sampling procedure with hydride generation atomic
absorption spectrometry (HG-AAS). The highest concentrations were observed at estuary mouths, and
exceeded conservative lower threshold value (Threshold Effects Level; TEL). Due to the oxic conditions
and abundance of Mn and Fe (oxyhydr)oxides in the sediments, most inorganic arsenic in the Subaé
and Paraguaçu estuaries was present as As (V). Nevertheless, the concentration of As (III) at several loca-
tions along the Jaguaripe River were also above the TEL value, suggesting that As may be toxic to biota. In
the Subaé estuary, antropogenic activities are the main source of As. At the Jaguaripe and at Paraguaçu
estuaries, nevertheless, natural sources of As need to be considered to explain the distribution patterns.

Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In aquatic environments, arsenic occurs in both organic and
inorganic forms. Inorganic forms of arsenic consist primarily of
arsenite (As (III)) and arsenate (As (V)) compounds, while there
are many organic forms of arsenic, including monomethylersonic
acid (MMA) and dimethylarsonic acid (DMA) (Ko et al., 2004; Plant
et al., 2005). Depending on the geochemical environment (pH, re-
dox conditions, organic matter, etc.), arsenic can exist in four oxi-
dation states, namely, ÿ3, 0, +3 and +5. However, environmental
exposure often occurs through As (III) and As (V) (Hughes, 2002),
which are highly toxic and lead to a wide range of health problems
in humans. As (V) sorbs more strongly to minerals than As (III);
thus, As (V) is slightly less toxic and less mobile (Pierce and Moore,
1982). However, both As (III) and As (V) are carcinogenic, muta-
genic and teratogenic (National Research Council, 1999). Many
cases of acute and chronic arsenic poisoning have been reported
in various parts of the world (Gray et al., 1989; WHO, 1993; Se-
nesse et al., 1999; Saha, 2003). Arsenic is the number one toxin
on the US Environmental Protection Agency’s list of prioritised

pollutants, and it is a public concern due to its widespread usage
in both agriculture and industry (USEPA, 1998).

Naturally occurring As in aquatic environments originates from
the weathering of primary and secondary minerals (Datta et al.,
2007). Arsenic occurs as a major constituent in more than 200 min-
erals. Approximately 60% of arsenic minerals are arsenates, 20%
sulfides and sulfosalts, and the remaining 20% are arsenides, arse-
nites, oxides, alloys and polymorphs of elemental As (Plant et al.,
2005). The most abundant As ore mineral is arsenopyrite, FeAsS
(Tomkins et al., 2006). It is generally accepted that arsenopyrite,
together with the other dominant As–sulfide minerals realgar
and orpiment, are only formed under high temperature conditions
in the earth’s crust. However, authigenic arsenopyrite has been re-
ported in sediments by Rittle et al. (1995).

Anthropogenic activities have progressively accelerated the
transfer of arsenic from the geosphere to the surface environment
and have distributed arsenic throughout the biosphere (Plant et al.,
2005). Anthropogenic activities that alter the natural biogeochem-
ical cycle of As include mining, smelting, combustion of coals,
refining of fossil-fuels, use of biocides such as wood preservatives
and pesticides, waste incineration, and the manufacturing and use
of feed additives.

The total arsenic concentration in sediments and water depends
first on the local geology, and then on potential anthropogenic in-
puts. However, because the toxicity, mobility and availability of
arsenic rely on its chemical form, quantitative analyses and
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speciation studies are necessary. To evaluate the toxicity and bio-
availability of As, samples from the region of interest are often ex-
tracted with water, dilute acetic acid or EDTA. It is crucial to
determine the bioavailability, once it is a relative measure of the
fraction of the total metal that an organism actually can takes up
from all possible sources, including water, sediments and food
(Luoma and Rainbow, 2008). Sequential extractions, carried out
by the sequential use of reagents with different chemical proper-
ties, are also frequently employed to estimate bioavailability and
toxicity. The procedures developed by Tessier et al. (1979) and
Quevauviller et al. (1994) are the most widely used sequential
extractions to study coastal sediments; however, a limited number
of studies on the determination of As from estuarine sediments
have been conducted (Matera et al., 2003; Giacomino et al., 2010).

Problems associated with sample preparation, lixiviation and/or
decomposition are frequently encountered in the determination of
trace elements. Moreover, some arsenic species are volatile, and
acid digestions must be performed in a closed system to reduce
losses (Costa et al., 2009). Currently, solid sampling is the preferred
technique for arsenic determination in solid matrices due to the
complete elimination of a sample pre-treatment step (Vale et al.,
2006). However, this technique requires specialised instrumenta-
tion that is not always available. Slurry sampling (Cal-Pietro
et al., 2002; Santos and Nóbrega, 2006) is an excellent alternative,
eliminating the need for a sample pre-treatment step and reducing
the risk of analyte loss or contamination. Due to the advantages of
slurry sampling, several methods for the determination of arsenic
in environmental matrices have been proposed (e.g. Macedo
et al., 2009).

The objective of this work was to characterize the spatial distri-
bution of Total As and the inorganic As species along the three
main tributaries of Todos os Santos Bay, BA, Brazil, during the
wet and dry season, employing slurry sampling (SS) and hydride
generation atomic absorption spectrometry (HG-AAS). Improved

knowledge of the distribution and speciation of arsenic will en-
hance the understanding of As toxicity and bioavailability.

2. Methods

2.1. Study area

Todos os Santos Bay (BTS) is centred at 12°500S latitude and
38°380W (Fig. 1) longitude, and possesses a maximum width and
length of 32 km and 50 km, respectively. BTS is located in the vicin-
ity of Salvador, the third largest metropolitan area of Brazil, and the
home of the largest petrochemical complex in the southern hemi-
sphere. Several anthropogenic activities influence the system’s
environmental quality, such as the influx of domestic effluents, so-
lid wastes, agriculture, industrial (chemicals, petrochemicals,
smelters, etc.) and mining activities (CRA, 2008; Hatje and de And-
rade, 2009). As a result, relatively high concentrations of trace ele-
ments and hydrocarbons (HPAs) are observed in marine
invertebrates (Wallner-Kersanach et al., 2000; CRA, 2004; Amado
Filho et al., 2008; Santil, 2010; Hatje et al., 2009), sediments
(CRA, 2004; Venturini et al., 2004; Hatje et al., 2006; Barros
et al., 2008; Venturini et al.; 2008; Hatje et al., 2009), and atmo-
spheric particles (Pereira et al., 2007; da Rocha et al., 2009), espe-
cially in the northern region.

The Paraguaçu, Subaé and Jaguaripe River (Fig. 1) are the three
main tributaries of the BTS. The catchment of the Paraguaçu River
is 56,300 km2, and downstream of the Pedra do Cavalo Dam, Parag-
uaçu presents an average discharge of 64 m3 sÿ1 (Genz, 2006).
Maximum flows are observed in summer months, especially in
December–January. The other two main catchments of the BTS
are the Jaguaripe (2200 km2) and Subaé River (600 km2). The max-
imum discharge of the Jaguaripe and Subaé River occurs in June
(winter), where a mean monthly discharge of 28 m3 sÿ1 and
9 m3 sÿ1 is observed, respectively (Cirano and Lessa, 2007).

Fig. 1. Sampling sites located along the tributaries of Todos os Santos Bay, Bahia, Brazil.
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2.2. Sampling

Two campaigns were conducted at the Paraguaçu, Subaé and
Jaguaripe estuaries (Fig. 1) between 2003 and 2007, in which data
were collected during both the wet and dry seasons. In this study,
salinity, temperature and the concentration of dissolved oxygen
and suspended particulate matter (SPM) were measured at each
sampling site, and sediment was collected from 10–11 stations lo-
cated on the main channel of each estuary. Physico-chemical vari-
ables were measured with a water quality analyser (Datasonda
Hydrolab 4A) that was calibrated prior to field work. Sediment
samples from the Subaé and Jaguaripe River were collected by
SCUBA divers. A PVC core with a diameter of 5 cm was dragged
horizontally for 2 m through surface sediments (1–5 cm) (Hatje
et al., 2006). Once the sample was collected, the core was capped
and the tube retrieved. Sediment samples from the Paraguaçu Riv-
er were collected with a Van Veen dredge, and a portion of the sur-
face sediment was collected from the centre of the dredge (Barros
et al., 2008). Samples were transferred to a pre-cleaned LDPE con-
tainer and were frozen until the analyses were conducted. Redox
and pH measurements were obtained with a combined electrode
(Thermo Oriun Model 630). All bottles and materials used for the
collection and analysis of samples were cleaned by soaking the
materials for 24 h in a solution of detergent (Extran 2%) that was
placed in a covered tank. The materials were rinsed with deionised
water (DI; 18 MX cmÿ1 resistivity) and soaked in 10% nitric acid
for at least 48 h. Finally, the bottles were rinsed three times with
DI water and were stored in two polyethylene bags. Gloves were
worn throughout all of the procedures.

2.3. Sample preparation and analytical methods

Sediment samples were divided into two parts, with one por-
tion of the sediment used to determine the particle size distribu-
tion and the other used for chemical analyses. Before the
analyses were conducted, the sediments were wet sieved to isolate
the material that was less than 63 lm, and this fraction was used
in trace element analyses. Sediment samples were freeze-dried
and comminuted with a ball mill.

Sediment slurries were prepared by combining 0.1 g of dry sam-
ple with 3.0 mL of 6.0 mol Lÿ1 hydrochloric acid in a 25 mL flask
and immersing the suspension in an ultrasonic bath for 30 min.
Upon completion, the slurries were diluted to a total volume of
25 mL with Milli-Q water. All reagent blanks were prepared
according to the same procedure as the sample slurries. Aqueous
standards were used to generate standard calibration curves.

To determine the total arsenic concentration, 3.33 mL of
6 mol Lÿ1 hydrochloric acid, 1 mL of pre-reducing solution (10%
KI and 2% ascorbic acid) and aliquots of the slurries were added
to the reaction flasks. After 30 min, the resultant solutions were di-
luted to 10 mL with Milli-Q water. With a peristaltic pump, sodium
tetrahydroborate was introduced into the closed system at a rate of
2.70 mL minÿ1. The arsine vapour generated by the reaction was
transported to the AA spectrometer (Macedo et al., 2009) under a
flow of argon at a rate of 100 mL minÿ1.

Calibration curves were generated by processing aqueous stan-
dards and the absorbance was a linear function of the arsenic con-
centration in the range of 0.3–5.0 lg Lÿ1 for total arsenic and 0.5–
5.0 lg Lÿ1 for As (III).

To determine the concentration of arsenic (III), aliquots of the
sample slurries were transferred to reaction flasks containing
2 mL of citric acid/sodium citrate buffer solution and were diluted
to a final volume of 10 mL with Milli-Q water. Using a peristaltic
pump, sodium tetrahydroborate was introduced into the closed
system at a rate of 2.70 mL minÿ1, and the arsine vapour generated
by the reaction was transported to the AA spectrometer under a

flow of argon at a rate of 100 mL minÿ1. Arsenic concentrations
were measured by an atomic absorption spectrometer with an ar-
senic hollow cathode lamp (Varian model SpectrAA 220, Mulgrave,
Victoria, Australia), and atomisation was achieved in a quartz tube
heated with an air-acetylene flame. The absorption wavelength
was set to 193.7 nm, and measurements were made with a lamp
current of 10 mA and a slit width of 0.5 nm. A deuterium lamp
was used for background corrections, and the flame was composed
of acetylene (2.0 L minÿ1) and air (13.5 L minÿ1). An Alitea C-6 XV
peristaltic pump (Stockholm, Sweden) equipped with Tygon tubing
was used to propel the solutions. High purity (99.99%) argon at a
flow rate of 100 mL minÿ1 was used as a purge gas. To determine
the arsenic concentration, a quartz T-tube cell with a path length
of 165 mm and a diameter of 12 mm was heated to approximately
900 °C.

The detection and quantification limits were calculated accord-
ing to IUPAC recommendations (1994). The results indicated that
the lower detection limit of total arsenic and As (III) was 0.1 and
0.3 lg Lÿ1, respectively. The precision of the method was obtained
by calculating the relative standard deviation (RSD = 4.3%) of the re-
sults obtained from a standard solution (0.3 lg Lÿ1) over ten repli-
cates. Each sediment sample was pre-treated and analysed in
triplicates. For each set of samples, the accuracy of the analytical
techniquewas assessed by determining the As concentration of cer-
tified reference materials (MESS-2 and MESS-3, National Research
Council of Canada). The total As concentration of MESS-2 and
MESS-3 were 20.5 ± 1.2 mg kgÿ1 and 20.2 ± 0.5 mg kgÿ1, and the
As (III) concentration was 5.4 ± 0.4 mg kgÿ1 and 8.7 ± 0.1 mg kgÿ1,
respectively. The precision, expressed as the relative standard devi-
ation (%RSD), was less than 9.1%. All procedures including sample
collection were carefully undertaken to reduce contamination.

3. Results and discussion

3.1. Environmental characteristics

The well-oxygenated waters of the Paraguaçu and Jaguaripe
estuaries displayed low turbidity, and the concentration of sus-
pended solids ranged between 2.56 and 23.5 mg kgÿ1 and 4.0
and 79.1 mg kgÿ1, respectively. The salinity (Fig. 2) and the sus-
pended solids concentration varied between sampling dates due
to seasonal changes in precipitation and fluvial influx of freshwa-
ter. The temporal effects in salinity, turbidity and fluvial influx
have been discussed by Genz (2006) and Cirano and Lessa
(2007). The salinity and the concentration of total suspended solids
in the Jaguaripe estuary during the dry season were higher than ex-
pected. During the dry season, weather conditions at the catch-
ment area of Jaguaripe were atypical, which resulted in
anomalous physical-chemistry characteristics for this time of the
year, as shown in the salinity profiles presented in Fig. 2.

The oxygen concentration of Subaé river water was lower than
the oxygen concentration of the other estuaries. The lowest oxygen
concentrations (2.71 mg Lÿ1) were observed at upstream sampling
sites during the dry season (Fig. 1; stations 8–11) due to large in-
puts of untreated sewage and industrial waste. At several sites
along the river, the direct discharge of domestic effluents was ob-
served. This region has a chronic Pb, Zn and Cd contamination
problem associated with an inactive lead smelter, as previously de-
scribed (e.g. Reis, 1975; CRA, 2004; Hatje et al., 2006; Hatje et al.,
2009). The concentration of suspended particulate material in the
Subaé River varied between 6.23 and 86.6 mg kgÿ1. Although these
values were similar to those observed in the Jaguaripe, it has been
reported that the Subaé is the principal source of suspended mate-
rial for the BTS (CRA, 2004; Hatje et al., 2006; Cirano and Lessa,
2007). The Subaé estuary is one of the most contaminated regions
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of Todos os Santos Bay (Hatje et al., 2006; CRA, 2008; Hatje et al.,
2009) and represents an important vector for the transport and
distribution of contaminated particles to the main water body
and sediments of the BTS.

Although a pronounced salinity gradient was observed, the pH of
the water did not vary significantly within each estuary. In the Sub-
aé, Jaguaripe and Paraguaçu River, the pH varied between 6.91 and
8.33, 6.69 and 7.89, and 7.22 and 7.90, respectively. A significant
correlation between the pH and the concentration of oxygen was
not observed, which would be expected if primary production were
an important factor controlling these variables. Studies have shown
that the BTS, as well as the coast of Bahia, are oligotrophic systems
(CRA, 2004; PETROBRAS/FUNDESPA, 2003).

The pH and Eh of the sediments (i.e., interstitial waters) in the
Paraguaçu, Subaé and Jaguaripe River are shown in Fig. 3. In gen-
eral, the pH of the sediments ranged from neutral to basic. Low
acidic conditions were observed at a few sites on the Jaguaripe
and Subaé River due to a large influx of organic matter from man-

groves and untreated sewage. Geochemical conditions in the estu-
ary sediments, as well as the BTS sediments (CRA, 2004), are
primarily oxic, which is characteristic of an environment with
low sulfide concentrations.

Sand was the dominant grain size in all of the studied tributar-
ies (Fig. 4). In the Jaguaripe estuary, sand represented more than
90% of all sediment samples. The Paraguaçu and Subaé River pre-
sented similar grain size distributions, whereas the majority of up-
stream sites were dominated by sand, fine particles represented a
significant portion of downstream sediments. The large variation in
grain size along and between the estuaries justified the standardi-
sation of grain size prior to chemical analyses.

3.2. Total arsenic concentration

Fig. 5 displays the total concentration of As in the estuarine sed-
iments. The results indicated that the total concentration of As was
significantly different between estuaries. Arsenic concentrations at
Jaguaripe estuary, especially sites close to the mouth of the estuary,
were significantly higher than the other areas. In fact, these sedi-
ments possessed As concentrations that were greater than those
typically found in sedimentary rocks (Webster, 1999). The typical
arsenic concentration of uncontaminated sediment varies between
6 and 100 mg kgÿ1, with a median concentration of 68 mg kgÿ1

(Ollson, 1999). According to the CRA (2004), the estimated concen-
tration range of background As in the BTS varies between 5 and
17 mg kgÿ1, which is within global background values. The highest
concentrations found at Jaguaripe estuary were almost two times
greater than the upper limit of As background concentrations. High
concentrations of Aswere unexpected in this region because the ba-
sin catchment of this estuary is relatively well-preserved, subjected
to limited anthropogenic pressure (Hatje et al., 2009) and present a
free communication with the open sea (Fig. 1). Arsenic concentra-
tions between the Threshold Effect Level (TEL – 7.24 mg kgÿ1;
NOAA, 2004) and the Probable Effect Level (PEL – 41.6 mg kgÿ1;
NOAA, 2004) suggested that sediments at the mouth of the estuar-
ies may be imposing toxicity to the most sensitive species. It is
important to note, however, that sediment threshold values, such
us TEL and PEL, are used only for screening purposes, i.e. to help
portray concentrations which have been associated with probabil-
ities of adverse biological effects. Moreover, the concentrations ob-
served in this study are much lower than the As concentrations
observed in other areas of the world (Gault et al., 2003; Razo
et al., 2004; Zheng et al., 2003; Chapagain et al., 2009).

The distribution pattern of As was not correlated to the grain
size of the sediments. For instance, in Jaguaripe estuary, As concen-
trations showed a marked increase from station 5 to station 1 (i.e.,

Fig. 2. Superficial water salinity profiles of the tributaries of Todos os Santos bay,
Bahia, Brazil.

Fig. 3. The pH and Eh of sediments located in Todos os Santos bay tributaries, Bahia, Brazil.
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as the distance from the sampling site to the BTS decreased; Fig. 5),
whereas the granulometry of the entire estuary was uniform
(Fig. 4) and dominated by sand. Bittencourt et al. (1976), Dias
(2003) and Cirano and Lessa (2007) found that siliciclastic sand
is prevalent at the entrance channels of the bay, along the western
border of the BTS and the river mouths. The sand inside Itaparica
channel and along the western edge of the bay is composed of
quartz grains covered by a clay film (Vilas Boas and Bittencourt,
1979). The clay film is composed primarily of kaolinite, while illite
and montmorillonite are found in small amounts (Vilas Boas and
Bittencourt, 1979). According to Hartley et al. (2004), arsenic has
a short residence time in sand, especially under alkaline condi-
tions, but this does not seems to be the case at Jaguaripe estuary.

Compared to continental deposits, the high concentration of As
in marine sediments can be explained by the retention of nega-
tively charged As species (arsenites and arsenates) by iron (oxy-
hydr)oxides under oxidising, low alkaline conditions (Pierce and
Moore, 1982; Baeyens et al., 2007; Mirlean et al., 2010). Thus,
the fate of As in sediments may be linked to the stability of Fe3+

hydroxides. Along Espírito Santo coast, south of Bahia state, rela-
tively high As concentrations were observed in marine sediments,
and As concentrations were strongly correlated with the sand con-
tent (CEPEMAR, 2008). The background As concentration of this re-
gion was estimated to be 54.3 mg kgÿ1, and the elevated As levels
observed in the sediments were attributed to lithogenic sources
(CEPEMAR, 2008). Experimental data and field studies indicated
that arsenic anomalies in sediments were formed when weathered

continental rocks enriched with As were leached by marine water.
After the release of As from iron (oxyhydr)oxides in subsurface
sediments under reducing conditions, the As was retained by bio-
genic calcareous detritus in near shore sediments (Mirlean et al.,
2003; Mirlean et al., 2010). The carbonate content in the northwest
and western areas of BTS is low (<15%; Lessa et al., 2000). More-
over, the carbonate present in this region is composed primarily
of ostracodes, mollusks and equinoderms.

Subaé estuarine sediments also displayed an increase in the to-
tal As concentration as the distance to the mouth of the estuary de-
creased. The total As concentration in the Subaé river may be
related to the northwest transport of As contaminated sediments,
which were derived from the region impacted by the petrochemi-
cal industry and an inactive Pb smelter that introduced material
contaminated with As, Cd, Pb and Zn into the Subaé River for al-
most 20 years (CRA, 2004; Hatje et al., 2006). In the Paraguaçu
estuary, total As concentrations did not vary significantly along
the estuary; however, the results shown in Fig. 5 indicated an
apparent increase in total As concentrations as the distance to
the estuary mouth decreased. The results of CRA (2004) revealed
that relatively high As concentrations were observed in the Itapa-
rica channel, which is south of the mouth of the Paraguaçu estuary.

Fig. 6 shows the ratio of the total As concentration of each sam-
pling site to the concentration of Fe (Hatje et al., in preparation).
The results indicated that the As to Fe ratio repeat the pattern ob-
served for the total As concentration. The enhance in the As to Fe
ratio, observed along the estuaries, especially for the Subaé and

Fig. 4. Grain size distribution of sediments located in Todos os Santos bay tributaries, Bahia, Brazil, under (a) dry and (b) wet conditions.

Fig. 5. Total As and As (III) concentrations in the sediment of Todos os Santos bay tributaries, Bahia, Brazil, under dry and wet conditions.
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Jaguaripe River, suggested that an anomalous source of As was
entering into the estuary and increasing the total As concentration.
The spatial distribution pattern observed at the tributaries sug-
gested that Todos os Santos Bay may be acting as a source of As.
That maybe be a reflection of residual transport of sediment con-
taminated with arsenic being favoured by the flood tide, resulting
in net sediment transport of, possible, enriched marine sediments
towards the interior of the estuary. Relatively high concentrations
of As can be found in several areas around the BTS (CRA, 2004; Hat-
je et al., 2009). However, the concentration of As in northern re-
gions is especially high due to anthropogenic activities, such us
intensive port activities, petrochemical, chemical, metallurgical
and food-related industries concentrated in this region (Hatje
et al., 2009).

On the other hand, the vertical distribution of As in the sediment
cores collected at several places of the BTSwas highly variable (CRA,
2004). Relatively high concentrations of As were observed in vari-
ous cores at different depths, including layers dated back to
1789–1823 (i.e., 30 mg kgÿ1), which were collected from the north-
ern region of the bay. Another sediment core located near the
mouth of the Paraguaçu estuarine (close to station 1, (Fig. 1)) dis-
played top core concentrations up to 50 mg kgÿ1 and a minimum
concentration of 20 mg kgÿ1 from a layer that was dated back to
1847–1875. Although contemporary As concentrations may be re-
lated to anthropogenic activities (especially at Paraguaçu and Subaé
estuaries), the data suggested that natural sources of As may be
important. Due to the aforementioned results, it is necessary to re-
view the background concentration of As in the study area.

At Jaguaripe estuary, the strong correlation between the total As
concentration and the Mn concentration (p < 0.05, r = 0.84; Hatje
et al., 2009), as well as the relatively high background of Mn
(344 ± 105 mg kgÿ1; CRA, 2004), corroborated the hypothesis that
natural sources of As were important. Similar results were also ob-
served along the coast of Espírito Santo (CEPEMAR, 2008). Addi-
tionally, relatively high As concentrations were found all around
the bay (Hatje and de Andrade, 2009), suggesting that wet and
dry deposition of atmospheric transported As may be playing a role
in the distribution of this element in superficial sediments. The
most important As inputs to the atmosphere, in Todos os Santos
Bay catchment, are from fossil-fuel combustion, smelter and petro-
chemical operations (Hatje and de Andrade, 2009).

A significant difference in the total As concentration was not ob-
served between the two sampling collections, even though the
hydrological conditions during the seasons were distinct.

3.3. Inorganic arsenic speciation

A significant proportion of arsenic in sediments is present as As
(III) and As (V) (Wang and Mulligan, 2006). The concentration of
arsenic (III) in the estuaries is shown in Fig. 5. A longitudinal gra-
dient in the concentrations As (III) was observed in the Jaguaripe
and Subaé estuaries, which was similar to the distribution of the

total As concentration. In the Paraguaçu River, the distribution of
As (III) along the estuary was homogeneous, and significant spatial
variability was not observed. Moreover, due to the oxidising condi-
tions of the sediment, As (III) represented less than 17% of the total
arsenic concentration, and As (V) was the predominant form. In the
Subaé estuary, As (V) was also the dominant species, representing
between 69% and 83% of arsenic present in estuarine sediments.
Arsenic (V) is less toxic and less mobile than As (III), because As
(V) sorbs more strongly to sediment (Pierce and Moore, 1982).
Adsorption is one of the most important immobilisation processes
of arsenic (Matera et al., 2003), and the adsorption capacity of a
particular sediment is dependent on physico-chemical factors such
as the pH, Eh, and degree of hydration (Sadiq, 1997). At the pH
range of the sediments in the Subaé (6.9–10) and Paraguaçu
(6.8–8.1) estuary, As preferentially sorbs onto Fe and Mn (oxy-
hydr)oxides, which are widely available. The ratio of As (III)/total
As did not vary along the Paraguaçu and Subaé estuaries; thus,
As (III) and As (V) behave similarly, and the extent of changes of
both species in the water column (i.e., dissolved species) were
comparable.

In the sediments of the Jaguaripe River, the percentage of As (III)
reached up to 73% of the total As concentration, indicating that the
processes that control the As concentration in this tributary are dif-
ferent from the processes in other studied areas. The concentration
and relative proportion of As (V) and As (III) varies with the input
source, redox conditions, season and biological activity. Moreover,
As (III) may be maintained in oxic waters by biological reduction of
As (V). The results suggested that As (III) in the mouth of the Jagua-
ripe estuary accumulated in the uppermost layer of sediment
through a reduction or a decomposition process, and entered the
water column through water–sediment exchange. The increase in
the proportion of As (III), may, however be rationalized by consid-
ering the different adsorptive behavior exhibited by As (III) and As
(V) on (oxyhydr)oxides (Gault et al., 2003). The degree and rate of
As (III) and As (V) adsorption are dependent upon the water chem-
istry and the concentration of dissolved As. Studies have shown
that the adsorption of As (V) is faster than the adsorption of As
(III) (Pierce and Moore, 1982). Arsenic speciation in sediments is
a challenging task and is important when relatively high concen-
trations of As (III) (i.e., above the TEL values) are observed because
this form of As poses a significant health risk to human beings.

To exert its toxic effects, arsenic must be liberated from in-
gested matrices, such as sediments and contaminated inverte-
brates, to the circulatory system of the host organism (Caussy,
2003). Marine invertebrates are the main source of protein to the
large costal population that lives in the BTS catchment area, espe-
cially around the Subaé estuary (Hatje et al., 2006; Soares et al.,
2009). The concentration of As in marine invertebrates (deposit
and filter feeders) in the study area varied from 0.09 to 23 mg kgÿ1

(CRA, 2004; Santil, 2010). Theses results suggested that As is rela-
tively mobile and bioavailable to benthic organisms. The arsenic
that accumulates in marine organisms is typically organic, which
is less harmful to human health than other forms of arsenic. Nev-
ertheless, a noncarcinogenic screening risk assessment, due to the
ingestion marine invertebrates contaminated by minor and major
elements, realised at Todos os Santos Bay, showed that samples
of clams, mussels and oysters might pose human health risk due
to the As concentrations (CRA, 2005; Souza, 2010). The relatively
high concentrations of As (III) indicate that the speciation of ar-
senic in marine invertebrates should be investigated.

4. Conclusion

The total concentration of As at several stations along the stud-
ied estuaries was above the recommended value (i.e. TEL and PEL);

Fig. 6. The ratio of the total As (III) concentration to the Fe concentration in
sediments of Todos os Santos bay tributaries, Bahia, Brazil.
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thus, the sediments of these estuaries may be toxic to sensitive
bentic species. In the Subaé and Paraguaçu River, As (V) was the
dominant species, which is less toxic and less mobile than As
(III). Nevertheless, in the Jaguaripe estuary, arsenic concentrations
were higher than in other estuaries, and As (III) was the dominant
species. The observed relationship between As, Fe, Mn and sand
suggested that As in the Jaguaripe River may be naturally occur-
ring. Furthermore, it is possible that at least part of the arsenic in
the Paraguaçu estuary is also derived from a natural source. In con-
clusion, knowledge of the spatial distribution and speciation of ar-
senic provided information on the mobility and possible toxicity of
this contaminant, which can be used to properly manage environ-
mental heath risks.
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