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Offshore oil and gas production in fragile ecosystems
has been a subject of much concern and discussion. There
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are various risks and potential consequences associated
with petroleum exploration and related activities. Impacts
of oil spills, dredging, drilling and ship movements on
sediment composition and benthic assemblages are well
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documented (e.g. Gray et al., 1990; Chapman et al., 1991;
Rezende et al., 2002; Albaigés et al., 2006).

In the past few years, there has been increasing attention
directed toward the relative pristine Camamu Bay, Bahia,
northeast Brazil in terms of offshore oil and gas reserves
and tourism potential. The Bahia State has the second larg-
est offshore oil field of Brazil, with a total reservoir of 424
millions of barrels. Recently, eighteen areas on the adjacent
continental shelf of Camamu Bay, including six areas
located in shallow waters, were offered for concession during
international auctions (ANP, 2006). The petroleum industry
has already started operations in the mentioned area.

Sediment investigations carried out in marine coastal
areas around the world have demonstrated the importance
of the spatial and temporal characterization of sediments
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composition and benthic macrofauna assemblages to eval-
uate and monitoring environmental impacts, especially in
heavily populated and industrialized regions. Few studies
have, however, been made on pristine areas. Here, contem-
poraneous trace metal and benthic assemblage data is pre-
sented for Camamu Bay, a nearly pristine area in the
central coast of Bahia (Fig. 1).

Camamu Bay, an Environmental Protected Area, is a
circular shaped, shallow bay, covering an area of approxi-
mately 384 km”. The catchment area can be divided into
smaller hydrological units. In the northern section, there
is the Serinhaém, a shallow estuarine system. The central
part of the bay receives water from Igrapiuna, Pinaré and
Sorajé Rivers. It is a shallow zone, with average depths
of 3 m and maximum depths of 7 m, within river channels.
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Fig. 1. Location of sampling sites in Camamu Bay, Bahia, Brazil.
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Table 1
Mean and standard deviation obtained for 4 replicates of the certified
reference material MESS-2 and detection limits (mg kg ~!)

Element Certified Measured Detection limits
As 20.7 +0.80 822+0.3 0.001
Ba - 163 + 16 0.002
Cd 0.24 +0.01 bd 0.001
Co 13.8+14 510+04 0.004
Cr 106 + 8 444+04 0.004
Cu 39.3+2 17.1 £0.7 0.006
Fe 4.35+0.22 0.98 +£0.03 0.05
Mn 365 + 21 1854+7.2 0.351
Ni 493+1.8 11.4+0.6 0.008
Pb 219+1.2 13.6 0.7 0.017
A% 252 +£10 238+ 1.3 0.002
Zn 172 + 16 60.3+34 0.002

Concentrations in mg kg™' with the exception of Fe (%).
bd = below detection.

The Marat system, located in the southern part of the Bay,
has an area of 120 km? Maximum depths (37 m) are found
in the channel that extents to the main entrance of the Bay
with approximately 6.4 km wide. Most of the studied areas

Table 2

in the tributaries and a great part of the Bay are largely
estuarine in nature and present large mangrove areas.
The circulation inside the Bay is supra-inertially forced,
and tidally driven (Amorim, 2005). Tides are semi-diurnal
with a maximum tidal range of 2.7 m during spring tides
and current velocities varying between 0.6 and 1.2ms™!
(Amorim, 2005). Salinities in the Camamu Bay entrance
vary between 35.6 and 37.5, with weak to moderate vertical
stratification (Amorim, 2005). The Bay acts as a refuge,
feeding and nursery area for many species, which will be
threatened by accidents during operation of oil and gas
fields located only a couple of kilometers seaward. Numer-
ical simulations with oil spills performed by Amorim (2005)
have shown that the Bay could be affected within periods of
less than one day, in the worst scenarios. Studies have
focused on the potential of mining barite at two islands
inside the Bay, but no extensive research has been carried
out on trace metals and benthic assemblages. To address
this, the aims of this present study were to: (1) characterize
the distribution and concentration of trace metals; and (2)
characterize the structure of the benthic macrofauna

Trace metal concentrations (mg kg~') and grain size (%) of Camamu Bay sediments

Trace elements (mg/kg)

Grain size (%)

Stations As Ba Cd Co Cr Cu Fe Mn Ni Pb v Zn Gravel Sand  Silt Clay
1 1.67 28.1 bd 077 1.03 250 1.621 34.9 1.86  1.77 3.60 7.38 0.53 99.5 0.00  0.00
2 0.53 bd bd bd 0.13 1.04 149 742  0.16 bd 0.26  bd 16.5 55.5 18.1  9.89
3 2.39 0.80 bd 0.79 1.02 bd 2.540 38.1 038 094 122 585 3.28 92.8 390  0.00
4 1.04 033 bd 093 085 bd 2.064 69.1 042  0.58 .72 544 0.00 84.6 7.14 829
5 5.60 7.05  bd 6.04 141 042 22900 170 7.00  6.85 150 775 0.66 68.0 149 165
6 3.56 219  bd 594  9.03 0.56 14570 953 488 439 138 68.1 0.02 79.9 11.1 8.95
7 0.40 084 bd bd bd bd 340 3.60 bd 026 0.76 044 3.33 93.7 297  0.00
8 nd nd nd nd nd nd nd nd nd nd nd nd 0.08 99.9 0.00  0.00
9 2.25 179  bd 096 200 022 1.89%4 30,6 094 205 607 6.52 0.00 99.4 0.58  0.00
10 3.65 133 bd 219 695 1.48  5.206 86.4 285 102 157 16.1 0.06 66.6 162 172
11 7.96 112 bd 6.03 134 2.02 18.000 295 649 169 219 389 28.2 56.8 9.60 547
12 2.73 33.1  bd 0.43 1.91 0.31 1.826 485 046 209 2.64 278 1.61 70.2 14.4 13.8
13 2.46 121 bd 055 082 052 782 81.4  bd 104 2.53 1.57 0.94 99.1 0.00  0.00
14 4.17 41.0  0.17 1.03 427 091 3.455 81.9 1.01 468 643 743 12.1 74.3 6.22 741
15 1.85 408 0.02 018 073 bd 1.246 155 0.13 1.14  0.61 1.58 1.45 97.6 0.92  0.00
16 1.33 156 004 056 1.52 0.13 1.787 290 054 155 3381 3.47 12.0 84.4 3.56  0.00
17 0.80 2.14  0.04 069 099 bd 1.598 40.5 030 043 053 297 0.00 97.2 2.82  0.00
18 0.55 874 0.04 0.33 1.40  bd 1.662 102 047 1.62 348  3.89 0.00 99.6 0.45  0.00
19 9.13 207 046 148 7.04 029 6.631 419 3.03 856 233 18.1 30.5 65.2 433 0.00
20 2.29 826 047 1.14  3.87 bd 7.238 46.8 1.58 192 438 15.7 0.62 99.0 0.41  0.00
21 3.41 270 0.01 0.43 1.53 1.27  1.186 559 064 093 342 196 12.2 87.8 0.00  0.00
22 1.15 0.65 bd 0.09 062 033 276 8.21 0.08 045 bd 0.59 0.07 99.9 0.00  0.00
23 1.81 1.06 bd 0.10 1.55 0.74 465 16.1 0.17 048 0.51 097 0.00 100 0.00  0.00
24 1.44 026 bd 0.10 083  0.66 188 838 008 053 027 054 0.22 99.8 0.00  0.00
25 3.45 558  0.05 1.08  4.17 1.89  3.328 62.7 1.24 424 684 824 5.79 80.1 8.02 6.11
26 0.29 035 bd 0.08 0.64 038 258 616 0.09 030 0.12 0.72 - - - -

27 6.92 328 0.12 274 104 171 8.233 141 3.81 11.6  13.7 233 1.00 41.3 31.8 259
28 4.15 139 0.10 1.64 836 1.11 6.179 637 236 690 8.62 1942 - - - -

29 0.24 043 bd 0.12  0.11 bd 197 .52  bd bd 022 0.66 1.88 40.1 345 236
30 10.9 157 0.65 992 300 133 23325 518 112 248 234 684 3.08 52.9 247 193
31 1.36 032 bd 042 096 024 89 53.8 044  0.58 1.23 1.31 0.78 99.2 0.00  0.00
32 2.46 303 002 059 248 0.74 1663 575 082 280 440 3.80 0.75 98.6 0.62  0.00
Maximum 10.9 328 0.65 992 300 250 23325 518 1.2 248 234 775 30.5 100 345 259
Minimum 0.24 026 0.01 008 0.11 0.13 149 1.5 0.08 026 0.12 044 0.00 40.1 0.00  0.00

nd = not determined. bd = below detection.
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assemblages in Camamu Bay before the beginning of oil
and gas exploration.

Surface sediment samples were collected, using a Van
Veen grab, in 32 stations across the Bay and in the main
tributaries in July 2005 (Fig. 1). Following collection, sam-
ples were transferred to a pre-cleaned LDPE container and
kept frozen until analysis. All bottles and materials used
for the collection and analysis were cleaned and immersed
for at least 24 h in a detergent solution and for a further
48 h in 10% HNOj; solution. They were then rinsed with
ultra pure water, dried on a clean covered bench and stored
in zip-lock bags before use. Sediment samples were divided
into two parts. The first was use to characterize particle-
size distribution, by wet sieving, and the second for chem-
ical analyses. An extraction of trace metals was the carried
out using 20 ml of 1.0 M HCI shaking for 12 h at room
temperature. The latter extraction is reported to closely
correlate with biological availability of trace metals (Bryan
and Langston, 1992). Sediment samples were extracted in
triplicates. Trace metals (As, Ba, Co, Cd, Cr, Cu, Fe,
Mn, Ni, Pb, V and Zn), were determined by ICP OES (Var-
ian, VISTA-PRO). Details of trace metal determinations

330

can be found elsewhere (e.g. Hatje et al., 2006a). Blanks
were included in each batch of analysis. The precision
and accuracy of the analytical technique for each batch
of samples were assessed by analysis of a Certified Refer-
ence Material, MESS-2 (National Research Council of
Canada). The average and standard deviation of the results
of MESS-2 analyses are given in Table 1. Results indicated
good analytical precision, but incomplete digestion (4.6—
62%), which was not unexpected since the extraction proce-
dure did not include hydrofluoric acid.

In order to examine the structure of the macrofaunal
assemblages, two sites, about 50 m apart, were randomly
sampled at 20 stations (#1-#20). At each site, 3 replicate
Van Veen grabs were collected, totaling 1.8 m? of sampled
area per station. Samples of macrofauna were sieved with a
0.5 mm mesh, preserved in 70% ethanol and maintained in
a freezer for further sorting. In the laboratory, animals
were counted and identified to family or morphotype. This
taxonomic resolution was adequate because species level is
often not necessary for the detection of spatial patterns of
benthic macrofaunal assemblages (e.g. Barros et al., 2001;
Barros et al., 2004).
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Fig. 2. Distributions of Ba, Fe, Mn and As in sediments of Camamu Bay. Threshold effects level (TEL), effects range-low (ERL) and apparent effects

threshold (AET) levels are indicated.
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Non-metric multidimensional scaling (nMDS), based on
Bray-Curtis dissimilarities of the fourth-root transformed
macrofauna data was used to investigate the spatial pat-
terns of macrofauna. In this analysis, replicates of each
sites were pooled (n = 6). The relationships between multi-
variate patterns of environmental variables and macrofa-
unal assemblage structure were examined using the
BIOENYV procedure (Clarke and Ainsworth, 1993; Clarke
and Warwick, 1994).

Grain size analysis (Table 2) indicated that sediments
are generally coarse-grained. For the majority of the ana-
lyzed samples, sand represented more than 80% of sedi-
ments. The finer-grained, high surface area particles, such
as silt and clay, were found mainly at Serinhaém (#2,
#4-#6), at the mouth of the Marau River (#10-#12) and
at the central part of the Bay (#27-#30). As a consequence
these stations are more likely to have higher metal con-
tents, than sandier, low surface area sediments located at
the entrance of Camamu Bay.

A summary of trace metal concentrations in Camamu
Bay sediments is given in Table 2. Iron, Mn and Ba had
the highest concentrations in Camamu sediments of all
the studied metals. The maximum concentrations for Mn
(141-518 mg/kg) and Fe (1.46-2.33%) were found at the
mouth of the Marau River (#11), around the small and
big islands (#27 and #30) and upstream Serinhaém River
(#5-#6). The maximum concentrations of Ba (112-
328 mg/kg) were also located around the small and big
islands (#13, #27 and #30) and at the mouth of the Marau
River (#10 and #11). In general, Co, Cr, Ni, Pb, V and Zn
followed distribution patterns of Fe and Mn. Moreover,
elements such as As, Cd and V were also found in relatively
high concentrations at Pinaré River (#19 and #20). Com-
pared to other metals, Cu concentrations were lower and
did not show a clear spatial pattern.

All studied elements, with the exception of Ba and Cu
were highly correlated (p < 0.05) to Fe and Mn. The corre-
lations of metals with Mn and Fe suggest that metals were
strongly associated with the Fe and Mn oxyhydroxides
phase (all samples presented oxic conditions), and/or they
have a common source. Trace metals showed low, but sig-
nificant, correlations with silt and clay (r <0.5, p <0.05).
This result suggests that the distribution of metals at Cam-
amu Bay is not only linked to deposit or accumulation
zones, but it is also a function of point sources and the
transport routes of contaminants. In contrast, Oliveira
(2000) found that trace metals (Cr, Pb, Zn, Mn, Al and
Fe) were strongly correlated with fine particles and organic
matter in Camamu Bay sediments. Oliveira (2000) samples
were, however, collected in intertidal mangroves areas, rich
in organic matter, where sediments were predominantly
composed by silt and clay, whereas samples in the present
study were mainly coarse grained.

A comparison of the trace metals that presented the
highest concentrations in Camamu Bay to the NOAA
(1999) Threshold Effects Level (TEL), Effects Range-Low
(ERL) and Apparent Effects Threshold (AET) levels is

Table 3

Metal concentration (mg/kg) in surface sediments in Camamu Bay compared to other areas

Reference

Zn

Pb

Ba Cd Co Cr Cu Fe? Mn

As

Area

Muniz et al. (2006)
Neto et al. (2006)

15-100

<5-19

7-60

Ubatuba Bay®

5-755149

2-19340
<0.09-84
10.4-26.4

1-209 2-41364  2-18840

<0.02-4.52 -
0.02-0.04

Guanabara Bay

<0.02-237 CRA (2004)

55.1-86.1
86.8-129

16-1482
239-449

0.003-2.85

<0.04-28 0.16-118

33.7-51.1

0.012-3.9 -
5-17

Todos os Santos Bay (BTS)

Background BTS
Taranto Gulf®
Lingurian Sea

Buccolieri et al. (2006)
Bertolotto et al. (2005)

CRA (2004)
Puig et al. (1999)

552-2826 47.9-60.7 44.7-74.8

2.6-3.6

42.4-52.3
2.3-74

10.8-22

75.2-103

13-610

15-150
14.7-54.6 —

9.74-150 <3-24.5

6.9-3300

0.03-1.13

4-29

52.9-277

5.08-82.6

17.2-167

Barcelona continental shelf

Laguna Madre
Florida Bay

Sharma et al. (1999)

<7.5-80.5 <0.6-52.5 4.11-69.8

<1.5-22.6 <0.60-18.5 0.07-1.70
0.06-0.57 2.96-18.0 0.4-2.03

6-15

<1.2-2.6

155-757
6.32-19.2

0.27-12.4 46-253

1.73-20.9 0.06-3.99 Caccia et al. (2003)
2-726

11.6-62.6 0.28-3.16 0.39-5.34

<75-1238 4-25

17-671
1.5-518

Morrison et al. (1997)
Oliveira (2000)

This study

10-164
14-260

3-17

22-88

17-36
9-79

1.2-3.3

Great Astrolabe Laggon

Camamu Bay

<19-588
bd-24.8

0.4-13

6-54

<0.20-150 <1

0.24-10.9 bd-328

bd-77.5

bd-23.4

bd-11.2

0.02-2.33

bd-2.5

bd-30

bd-9.92

bd-0.65

Camamu Bay

% Fe concentrations in %.

® Fraction < 63.

367
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presented in Fig. 2. Barium concentrations in almost 30%
of the samples showed concentrations close to or above
AET levels. The latter represents the concentration above
which adverse biological impacts would always be
expected. Sediment samples that presented concentrations
above AET levels were found nearby small and big islands,
where there is a barite reservoir estimated at 25 millions of
tons (Oliveira, 2000). Mining of this area started in 1940,
but as a major part of the reservoir is submersed and most
of it has not been explored yet. Analysis of barite samples
from small and big islands (Campos, 1984) showed high
concentrations of Ba, Pb and Zn, ie. 39-58%, 31-
5000 mg/kg and 54-4950 mg/kg, respectively. From the
studied elements only Pb showed a high correlation
(r=20.73; P<0.05) with Ba, suggesting that, at least in
the vicinity of small and big island, the barite mining is
the main source of these elements. Nevertheless, Pb con-
centrations were below Threshold Effects Level (TEL;
NOAA, 1999).

Manganese and Fe also were found in concentrations
close to or above AET in the vicinity of the small and
big island, reflecting the mining activity. Moreover, Fe
also exceeded AET levels upstream Serinhaém River.
The enrichment of Fe, as well as relatively high concen-
trations of As, Co, Cr, Mn, Ni, Pb, V and Zn, in the

upper Serinhaém signal the influence of the near by
urbanized catchment at Itubera. This area has approxi-
mately 20,800 inhabitants and active rubber and sugar
cane industries. Lack of sewage treatment in this area,
means that urban and industrial runoff probably influ-
enced metal distributions in the sediments of upper Seri-
nhaém River.

The relatively high levels of Ba, Fe, Mn, among other
metals, in Marad River mouth area may be associated with
the residual flux of the main channel of the Camamu Bay.
This flux, directed towards Marau channel (Amorim,
2005), could be redistributing contaminated sediments
from the east side of the small and big islands to the Marau
River, during flood tide. During the ebb tide this contam-
inated sediment may be carried to the central part of the
bay (west of small and big islands), which is very shallow
and has low circulation.

Arsenic presented, unexpected, high concentrations in
various stations along the Bay, similar to Ba, Fe and Mn
distributions, suggesting that mining is also an important
source for As. Concentrations of As (Fig. 2) above Effects
Range Median (ERL; NOAA, 1999), which represents the
value at which toxicity may begin to be observed in sensi-
tive species, were also observed at Pinaré River. This
region, as well as all the central part of the Bay, has several

Polychaeta
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Fig. 3. Number of individuals and taxa of Polychaeta, Crustacea and Mollusca at 20 stations sampled at Camamu Bay.
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small timber shipyards that may be using chromated cop-
per arsenate (CCA) as wood preservative, resulting in high
As levels in sediments, although this hypothesis needs to be
further investigated.

Minimum concentrations of all metals were found in the
lower Serinhaém River, and at the entrance of the Bay.
These zones are located near the mouth of Camamu Bay,
where residency time of the waters maybe short and waters
of the Bay mix with Atlantic waters that contain low metal
concentration (ENSR, 2004).

A comparison of trace metals concentrations with other
areas is shown in Table 3. From the studied elements, only
Cu and V presented concentrations in the same range as
pristine areas, such as Florida Bay (Caccia et al., 2003).
Compared to background levels of trace metals in Todos
os Santos Bay (CRA, 2004), around 100 km north of the
study area, the concentrations of As, Cr, Cu, Pb and Zn
are in the range of natural metal concentrations. Neverthe-
less, Mn and Cd concentrations exceeded background val-
ues. Compared to other contaminated coastal areas, the
levels obtained in this study were, in general, much lower.

In total of 1433 benthic invertebrates, distributed in 115
taxa, were sampled. The mean number of individuals and
taxa per station were 54 (s.e. £12.1) and 8.4 (s.e. £1.9),
respectively. The total abundance at each station varied
betwen 3 (#8) to 153 individuals (#10 and #17). The most
abundant taxa was an anfioxus from the genus Branchios-
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toma, which accounted for 15% of the total abundance. This
was followed by polychaetes from the families Magelonidae
(7.5%) and Nereididae (7%). The most diverse stations
showed 25-33 different taxa (#5, #10, #11, #14 and #19).

The most abundant and diverse taxonomic groups were
Mollusca (320 individuals; 36 taxa), Polychaeta (583 indi-
viduals; 35 taxa) and Crustacea (217 individuals; 22 taxa).
Polychaetes and Crustaceans showed relatively high
diversity and abundances at stations located at the upper
Serinhaém River (#4 and #5), mouth of Marai River
(#9-#11) and at Pinaré River (#19-#20) (Fig. 3). High
abundance and diversity of molluscs were also observed
at Marau River (#10), Igrapiuna River (#17-#18) and at
one station close to the big island (#14).

The non-metric multidimensional scaling (nMDS)
showed that the structure of the benthic macrofaunal
assemblages were quite dissimilar at stations #6-#8 and
#13 (Fig. 4). Assemblages were less diverse and abundant
at these stations than at other stations. It is likely that ben-
thic macrofauna structure was negatively influenced by the
high levels of Ba (above AET) at station #13. Furthermore,
it could be argued that the high concentrations of Mn and
Fe found upstream Serinhaém River might be affecting the
structure of the benthic assemblages. However, geochemi-
cal data alone cannot explain the structural changes in ben-
thic assemblages at station #7, and, unfortunately, there
is no geochemical data for station #8. Considering the
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Fig. 4. Non-metric multidimensional scaling (nMDS) of the benthic macrofauna collected at Camamu Bay. Bubbles are representing values of number of

different taxa, number of individuals at each station.
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biological data, permutations tests (BIOENYV) indicated
weak and not significant correlations (p <0.5, p > 0.05)
with the environmental data. Moreover, the few stations
with moderately high metal concentrations showed rela-
tively high values of macrofauna abundance and taxo-
nomic richness (e.g. #5, #10, #11, #19). A clear influence
of trace metals concentrations in the structure of the ben-
thic macrofauna in Camamu Bay could not be detected,
as it was the case for other estuarine systems of Bahia, Bra-
zil (e.g. Hatje et al., 2006b; CRA, 2004).

This study characterized the spatial distribution of trace
metals and benthic macrofaunal assemblages on surface
sediments collected across Camamu Bay prior to com-
mencement of near by petroleum industries. Based on
metal concentrations and benthic macrofauna, the Cam-
amu Bay can be considered a relatively low impacted area
when compared to background values and to most regional
and worldwide coastal systems. Moreover, the obtained
results illustrated the importance of multiples lines of evi-
dence including benthos and sediment chemistry to evalu-
ate health of soft-sediment habitats.
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