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Abstract

The present study was performed in the northeast portion of the Todosos Santos Bay, Bahia State,
Brazil, an area under influence of the Landulpho Alves-Mataripe (RLAM) refinery effluents. The
aim of this work is to evaluate the modern sedimentary processes based on grain-size analysis,
calcium carbonate and sedimentary organic matter concentration and behavior considering the
possible effects of the petroleum industry’s refining on these sediments. The concentrations and
variations of the three main constituents of organic matter (total organic C, total N and organic P),
and the resulting elemental ratios (C/N, C/P and N/P), were studied on a seasonal spatial and
temporal scale (winter 2004 and summer 2005), therefore subsidizing the environmental analysis,
especially in regards to the benthic ecosystem. Fifty samples from twenty-five sampling stations
were collected with a grab sampler. Well sorted sandy sediments are observed in coastal sampling
stations and in the Caboto channel. The recent deposition of fine sediments was observed espe-
cially in the west and central portions of study area. However, these spots contain the highest
percentages of organic material, which do not present significant seasonal and spatial variations,
revealed by the values of total organic C which reach values of up to 3.1%, total N (0.01% to 0.15%)
and the organic P contents that reach a maximum of 15.9 pmol-g-1. In general, the elemental ratios
indicated continental organic matter inputs, probably derived from human activities.

Keywords

Coastal Bay Sediments, Sedimentary Organic Matter, Seasonality, Petroleum Refinery Pollution,

“Corresponding author.

How to cite this paper: Barcellos, R.L., Braga, E.S., Furtado, V.V. and Berbel, G.B.B. (2014) Sedimentary and Geochemical
Aspects of a Refinery Impacted Coastal Area: A Case Study of the Todos os Santos Bay (Bahia, Brazil). International Journal
of Geosciences, 5, 1451-1467. http://dx.doi.org/10.4236/ijg.2014.512119



http://www.scirp.org/journal/ijg
http://dx.doi.org/10.4236/ijg.2014.512119
http://dx.doi.org/10.4236/ijg.2014.512119
http://www.scirp.org/
mailto:roberto.barcellos@ufpe.br
mailto:edsbraga@usp.br
mailto:vfurtado@usp.br
mailto:glauciaberbel@uol.com.br
http://creativecommons.org/licenses/by/4.0/

R. L. Barcellos et al.

Brazilian Tropical South Atlantic

1. Introduction

The sediments accumulate in restricted areas on the surface of the earth, where well defined physical, chemical
and biological processes occur, leading to the formation of a sedimentary formation [1]. These areas are called
sedimentation environments. A sedimentary formation is, therefore, the result of a process where there is the in-
teraction of different factors. This formation may hold, within itself, records of these processes, providing in-
formation on the origin of the material, means of transport and characteristics of the deposition environment [2].
The study of sediments is therefore a fundamental subsidy for the comprehension of environments and of the
ecological relations within, as well as for the establishment of evolutionary models for quaternary sedimentation
[3]. It has been increasingly used in studies of quality evaluation of aquatic ecosystems for it is considered to be
an integrating site which presents the ability of stocking nutrients and other organic substances, making these
chemical species available to the aquatic biota and water column [4].

The grain-size of the deposited sediments is indicative of the energy on the bottom. The occurrence of pelitic
deposits (silts and clay), for example, is associated to areas of low energy, with restricted bottom movement and
with a seaward transport carried out essentially in suspension. These fine deposits are associated to higher per-
centages of chemical elements dissolved in water. The pelits, especially clays, by means of adsorption and reten-
tion in interstitial water, have the capacity of concentrating these elements (Trask, 1939 apud [2]). The absence
of movement on the bottom, in areas of deposition, encumbers the removal of the pelits. Abnormally high values
in a given area may be seen as evidence of anthropic contribution. The discharge of rivers is the main means of
input of these elements. The psamites sediments (grain and sand) are due to the proximity of the current source
(crystalline), to past processes (relict sediments) or to the fragmentation of carbon edifications (biodebris).

The carbonates, in coastal environments, are the result of the accumulation of the shells of organisms, espe-
cially mollusks, forming bioclastic deposits or, as in the present case, are the result of active organism action
forming banks, or reefs, of calcareous algae and corals. These carbon formations need warm and transparent
waters for their formation. The percentage of carbonate therefore indicates the presence of these formations and
of deposits derived from their erosion.

The sediments correspond to an active interface of the hydrous system, with a strong influence on local bio-
geochemical cycles. They are involved in the temporary removal/addition of many anthropic and natural com-
pounds. Sediments may be re-suspended and distributed by wave and current action [5] [6]. This process acts on
superficial sediments which contain recently deposited organic material. In shallow waters, the deposited ma-
terial may be rich in easily degradable fractions, such as detritus from dead marine organisms which rapidly
reach the superficial sediment, as well as other detritus with more refractory characteristics, typical of terrestrial
input. In the sediment, many remineralization processes may occur, which reflect on the carbon, nitrogen, and
phosphate contents.

The sediments cover almost the entire ocean floor. Their physical characteristics, as well as their composition
and bottom sediment distribution, provide indications of depositional areas and the input of sediments to the ma-
rine environment. Associated to the information on local hydrodynamics, the physical-chemical behavior and the
biological characteristics of the area may lead to a better understanding of the dynamics and the natural tendencies
of the studied environment, propitiating a more complete environmental analysis. As a result of this analysis,
subsidies for better planning on the adequate use of environments may be obtained. These considerations become
even more important in the case of coastal zones, where there are both continental and marine factors involved [7].

The C/N and C/P ratios may also contribute to the study of the origin of organic matter associated to the se-
diment. In the case of C/P, values between 7 and 80 reflect sediments with intense bacterial activity; from 80 to
300 reflect marine or mixed origin; above 300 reflect continental input (vegetal tissue and others) [8]. As to the
C/N ratio, values between 4 and 6 are attributed to intense bacterial activity, from 4 to 7 as deriving from plank-
ton and benthos (marine origin); above 20 to continental origin and values from 8 to 12 are interpreted as a mix-
ture of marine plankton and terrestrial plants (mixed origin) [8]-[11]. In regards to the N/P proportion, the pre-
dicted values for sea water are from 15 to 16 [12], with an increase in coastal regions.

The knowledge of sediment composition is important in order to recognize the toxic signs in benthic organ-
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isms and the diffusion to the biota. The contents of organic carbon, organic phosphorous and total nitrogen are
related to the organic matter and may show indications of eutrophication and provide important information on
anthropic action and the origin of the material deposited on the sediments. The content of the organic material
also evidences the dynamics and the proportion between assimilation/decomposition, which reflects the degree
of deterioration of a given system. The grain-size distributions of carbonate concentration and of the characteris-
tics of organic matter are, therefore, indicative of environmental characteristics providing subsidy for a better
understanding of the system.

The aim of the present study is mainly to evaluate the presence of preferential areas of input and deposition of
sediments in the northeast portion of the Todos os Santos Bay (Bahia State, Brazil), adjacent to the area under
influence of the Landulpho Alves-Mataripe (RLAM) refinery. This is done based on grain-size analysis and per-
centages of calcium carbonate and retention of chemical elements and organic material.

With the purpose of evaluating the resulting effects of the petroleum industry’s refining on these sediments,
the concentrations and variations of the three main constituents of organic matter (total organic carbon, total ni-
trogen and organic phosphorus) were studied on a seasonal spatial and temporal scale (winter 2004 and summer
2005), therefore subsidizing the environmental analysis, especially in regards to the benthic ecosystem.

2. Study Area

The Todos os Santos Bay is the largest bay on the Brazilian coast, with an area of approximately 927 km? and 56
islands, as well as the most navigable. It is characterized as a vast region dominated by the flow of tides, with
the greatest depths in its central portion and presenting a constriction in its communication with the ocean be-
tween the island of Itaparica and the city of Salvador (BA). The meso-tidal regime (2.8 m in the spring tides) is
the main factor in determining the hydrodynamic circulation in the bay, characterized by flooding currents in the
NE direction and ebbing currents in the SW direction [13]. The climate is tropical, with a marked rainy season
(April to June). During the summer, the SE winds are predominant, while in the winter the NE winds prevail
[14].

Since 1950, the Todos os Santos Bay has suffered impacts associated to the growing industrialization of the
surrounding area and to the exploitation of its natural resources [15]. Around the Bay is the largest city of the
northeast region, Salvador, with approximately 2.7 million habitants (1% in Northeast Region) aside from the 10
towns situated in the metropolitan region adding up to a total of 3.6 million habitants (7" in the country) [16].
Currently, effluents of 29 industries are dumped directly into the bay contributing, together with urban and port
activities, with the pollution of several areas of the bay.

The study area is located between the latitude 12°42' - 12°45' (S) and longitude 38°32' - 38°36' (W) coordi-
nates, in the northeast portion of the Todos os Santos bay, Bahia State Brazil (Figure 1). It is an area of shallow
depths, which vary from 0.5 to 1.0 m, subject to the influence of the discharge of three rivers that flow through
mangroves and carry particles of industrial and urban origin: the Caipe River, the Mataripe River and the Sao
Paulo River. A petroleum refinery belonging to PETROBRAS, the “Landulpho Alves-Mataripe Refinery” (RLAM)
and the “Marine Terminal Madre de Deus” (TEMADRE) are situated in the adjacency of the study area where
their effluents are also dumped [13].

3. Material and Methods

In the sampling cruises carried out in July/August of 2004 (Winter cruise) and January 2005 (Summer cruise) 50
samples of sediment were collected for grain-size analysis, percentage of calcium carbonate and for the study of
the main constituents of organic matter (total organic carbon, total nitrogen and organic phosphate) using a Van
Veen bottom sampler, with a sampling area of 0.05 m? in 25 stations within RLAM’s area of influence. The con-
trolling of the position, the location of the sampling stations and the depths were obtained by a GPS and the
vessel’s Echo Sounder.

The samples were taking at each station in triplicates of about 50 g of sediment were collected and packed in
plastic bags duly labeled and chilled until their arrival at the field laboratory where they were transferred to the
freezer (—20°C). The frozen samples were sent to the Laboratories of Sediments, Nutrients, micronutrients and
trace elements in the ocean (LABNUT) at the Oceanographic Institute of the University of Sdo Paulo where they
were processed.

The samples were analyzed, as to grain-size, by the method of sieving and pipetting, as described by Refer-
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Figure 1. Study area and sampling stations location.

ence [17]. The carbonates were not eliminated from the sample for the grain-size analysis. The percentages of
carbonates were obtained by acid dissolution, with HCI at 10% and the difference between initial and final
weight of the sample after dissolution [18]. The classification was done according to Reference [19].

The sediment samples collected in triplicates were gathered in a sole compound sample, per station, for the
chemical analysis. The analysis methods are described for each variable.

The organic carbon (org C) was determined in a sample of 0.5000 g weighed on a precision analytic scale
with a precision of £0.0001 g which was subject to an oxidation process with potassium dichromate, according
to the recommendations of Reference [20]. This process consists basically of adding dichromate and sulphuric
acid to the sediment sample. After agitation, followed by a period of rest, phosphoric acid and soduim fluorite
were added, using diphenilamine as an indicator. Following, a titration with a solution of iron Il sulphate and
ammonium was carried out.

The determination of organic phosphorus (OP) was done in a 0.5000 g fraction of sediment subject to ignition,
a process which followed the recommendation of Reference [21].

The total nitrogen (NT) was extracted from a 0.2000 g sample of sediment by strongly alkaline solutions with
sodium persulphate and then oxidized to nitrate and analyzed in accordance with the recommendations of Ref-
erence [22].

The standard sediments used were LECO® SOIL, for total nitrogen and organic carbon, and NIST 2709 for
organic phosphorus.

Data Treatment

The grain-size analysis data obtained were treated with the statistics parameters applied by Reference [23], the
textural classification by Reference [24], and the percentages of gravel, sand, silt and clay. The results were or-
ganized in tables with an EXCEL® 7.0 spreadsheet and the obtained data were mapped using a system of geo-
graphic information (SURFER® 11.0), generating distribution maps for various parameters. A matrix containing
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grain-size data and studied organic matter components was put together, which served as a basis for the correla-
tion analysis among variables. The chosen correlation coefficient was Spearman’s non-parametric coefficient [25]
due to the abnormal nature of the data, taking into account a 0.05 significance level. The statistical program used
was the Statistical Program for Social Science-version 13 (SPSS13®). The data were also treated by applying
statistical correlation techniques and grouping by clusters using the Bray-Curtis method, version 3.1 (MVSP®).

4. Results
4.1. Grain-Size Analysis and Percentages of Carbonates

The results obtained in the August 2004 and January 2005 sampling cruises were described in terms of grain-
size analysis and carbonates contents. In the winter samples (August 2004), one may observe the occurrence of a
percentage of 32% of psamitic sediments and 68% of pelitic sediments, in the submerse area under direct influ-
ence of the RLAM. The sands are dominant in the psamites (87.5%) and the clays (~94%) are dominant in the
pelits. The samples are, for the most part (68%), lithoclastic, that is, with less than 30% of carbonates, according
to the classification of Reference [19]. Four samples present percentages above 50% of carbonates (samples 5, 6,
12 and 14) (biolithoclastic and bioclastic) and another four (8, 9, 24 and 25) present percentages over 30% (li-
thobioclastics).

In the summer samples (January 2005), there is a percentage of 36% of psamitic sediments (with a predo-
minance of 77.8% sands) and 64% of pelitic sediments (with a predominance of 93.3% clays). The samples, as
in the previous sampling cruise, are predominantly lithoclastics (84% of the samples). Samples 5, 6, 12 and 14
have percentages over 50% and are both lithobioclastics and bioclastic.

Figure 2 and Figure 3 illustrate the mean diameter distributions (Folk & Ward, 1957) (Figure 2(a) and Fig-
ure 2(b)), sorting (Folk & Ward, 1957) (Figure 2(c) and Figure 2(d)), percentage of sand (Figures 3(a) and
Figure 3(b)) and percentage of clay (Figures 3(c) and Figure 3(d)) for samples collected during both cam-
paigns. The scale, in phi, used for grain-size, is based on the Wentworth Classification, (Wentworth, 1922 apud
[26]).

The analysis of the sedimentary distribution shows a predominance of fine and very fine sandy sediments,
moderately sorted to very well sorted and sediments with sand percentages over 75% from the center-east por-
tion of the bay to the coastline, especially from the Mataripe River to the west portion (Suape Channel). The
northeast region is an exception where one may observe the occurrence of medium silt on the coast.

On the center-south portion of the bay there is an increase in fine sediments with sand percentages below 50%.
The central portion is dominated by very fine silt and a bathymetric depression (>10 m) with clay contents over
45% may be observed. Silt sediments also occur in the eastern portion of the area. To the southwest, east and in
the central portion of the area there is a significant decrease in sediment sorting (sample 8, Figure 2(c)), as well
as to the east of sample 5. In the east-southeast portion the sediments are also poorly sorted, with clay contents
over 30%.

There is, however, an uncertainty as to the south-southeast area for no samples were collected to the east of
the complementary transect.

Figure 4(a) and Figure 4(b) illustrate the carbonate contents of the samples. There is a predominance of li-
thoclastic sediments (<30% of CaCO; [19]) in the area which extends over the entire coast from east-southwest
to southeast. Bioclastic sediments (>50%) are located on the central to east-southwest portion of the area and, in
isolated samples in the center-west and east, the sediment is lithobiclastic (between 30% and 50%). The carbo-
nate, which represents a secondary contribution to the sediments, presents more significant variations between
campaigns due to its variable sources.

4.2. Sediment Geochemistry

The organic carbon (org C) varied between 0.06% and 2.89% in the winter of 2004 (Figure 5(a)) with an aver-
age of 1.36% + 0.82% and a predominance of percentages between 1.0% and 2.0%. The stations with the high-
est contents (>2.0%) were stations 7, 9, 10, 11 and 18, situated where the pelitic (silt and clay) sediments pre-
dominate. The lowest percentages (below 0.5%) were observed in the stations near the coast (1, 2 and 3), com-
posed by essentially sandy quartz sediments as well as in stations 6, 12 and 14, rich in calcium carbonate
(>95%). The organic carbon in the summer of 2005 (Figure 5(b)) varied between 0.09% and 3.09%, with an
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Figure 2. Mean Diamater in winter (a) and summer (b) and sorting in winter (c) and in summer of sediment sampling sta-
tions.

average of 1.25% = 0.83% and a predominance of percentages between 0.5% and 1.5%. The stations which pre-
sented higher contents, above 2.0% (7, 8, 9 and 11), are located in the same area observed during summer, where
the finer sediments prevail. Percentages below 0.5% are associated to lithoclasticsandy sediments near the coast
(stations 1, 2 and 3) and on the Caboto Channel (station 20), as well as in station 6, characterized by bioclastic
sediments (93.8% of CaCO3).

The values of total nitrogen in the winter of 2004 (Figure 6(a)) oscillated between 0.01% and 0.15%, with an
average of 0.09% = 0.04%. A predominance of contents between 0.01% and 0.15% were observed, which are
considered as high (above 0.10%) according to Reference [27]. The stations with higher contents (4, 7, 8, 9, 10,
11, 15, 16, 17, 18, 19, 21, 22 and 23) are generally composed by lithoclastic sediments with high percentages of
clay (>42.7%). Lower values (<0.05%) are associated to lithoclastic sandy sediments located near the coast (sta-
tions 1, 2 and 3), on the Caboto Channel (station 20) and in samples with very high percentages of carbonates
(stations 6, 12 and 14), which is in agreement with the tendency observed for the organic carbon distribution.
The total nitrogen values in the summer of 2005 (Figure 6(b)) present a uniform distribution, oscillating from
0.02% to 0.14%, with an average of 0.10% * 0.04%, with a predominance of contents between 0.10% and
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Figure 3. Sand contents (%) in winter (a) and summer (b) and Clay contents (%) in winter (c) and in summer (d) of sedi-
ment sampling stations.

0.15%. The stations with the highest percentages (7, 8, 9, 10, 11, 13, 15, 16, 17, 18, 19, 21, 22, 23, 24 and 25)
are composed of lithoclastic sediments with very high mud contents (>87.9%). Low contents were observed in
the stations composed of coarser grain-size sediments (1, 2, 3 and 6).

The organic phosphorus in the winter of 2004 (Figure 7(a)) also showed an important spatial variation in the
study region. The values varied between 0.1 and 15.9 pmol-g *, with an average of 7.4 + 4.8 pmol-g *. The sta-
tions which presented the highest contents of phosphorus, above 10.0 pmol-g %, were: 9, 11, 16, 19, 21, 22, 23
and 24. In these samples the highest percentages of mud were observed (>96.2%) in sediments with low carbo-
nate contents. The exceptions were stations 9 and 24 which presented contents over 30% (lithobioclastics). Un-
like the organic carbon and total nitrogen, higher values of organic phosphorus aren’t located solely in the area
close to the RLAM but are also present in the southern transect of the studied sampling net (stations 21 to 25).
Lower contents (<5.0 umol'g ) are observed in the two transects near the RLAM (stations 1 to 8) with the ex-
ception of station 7, in the stations rich in carbonate (12 and 14) and in the Caboto Channel (station 20). The
summer 2005 values (Figure 7(b)) varied from 0.2 to 13.5 umol-g* with an average of 7.0 + 4.5 pmol-g *. The
stations with a phosphorus values over 10.0 pmol-g * were 10, 11, 15, 17, 18, 19, 22, 23 and 24. Lower contents
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Figure 5. Organic Carbon contents (%) of sediment sampling stations: winter (a) and summer (b).

of organic phosphate were observed in stations 1, 2, 3, 4, 6, 8, 12, 14 and 20. The two time periods exhibited
similar distributions, with lower percentages in the stations near the coast and in the carbonate rich sediments.
The higher percentages were found in the central and southern portions of the bays.

The C/N ratio values range for the winter of 2004 (Figure 8(a)) varied from 5.3 to 28.8 and is related to the
contributions of organic material of continental and marine origin with a predominance of values indicating
mixed origin in 73% of the samples. Typically continental contributions (C/N > 20) are observed in stations 7, 9
and 20 while organic matter of marine origin is identified in stations 1, 2, 6 and 12. For the summer 2005, sedi-
ment samples (Figure 8(b)), whose values varied from 5.2 to 23.6 a predominance of ratios indicating mixed
origin was also observed (52% of the samples). Just as occurred for the winter samples, values above 20 are ob-
served in the central and western portions of the bay (stations 7, 8 and 11), characterized by politic lithoclastic
sediments, rich in organic matter. Low values are once again observed in station 2 (5.2), as well as in stations
near the coast (1 and 3) and in station 12, rich in CaCOs. Unlike what was observed in winter, the stations lo-
cated in the external transects, towards the south (16, 21, 22, 23, 24 and 25), presented values of C/N between
7.5 and 8.4, therefore near the value which indicated organic matter of marine origin (7.0) [9].

For the winter of 2004, the values of the C/P ratio (Figure 9(a)) varied from 20.4 to 176.6 with a predomin-
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Figure 7. Organic Phosphorus in sediments: winter (a) and summer (b).

ance of values below 106 (72% of the samples) which indicate organic matter of mixed origin, marine and bac-
terial. Values above the Redfield ratio (106) [12], which indicate a mixture of continental and marine sources [8],
are observed in the RLAM adjacent area, near the coast (stations 1, 2, 3, 4 and 8) and in station 14 with high
carbonate values. The remaining stations presented low C/P ratios (<106), especially the ones located on the
southern transect (stations 21 to 25) with values between 28.3 and 51.0. For the summer of 2005, the C/P ratio
(Figure 9(b)) varied from 19.7 to 957.4 with values under 106 prevailing in 68.8% of the samples. The spatial
distribution of the highest values (stations 1, 2, 3, 4, 7, 8 and 14) and lowest values (remaining stations) is simi-
lar to the winter distribution. For both time periods there is a decreasing gradient of C/P ratios from the coast
towards the more open areas of the bay. However, the set of values for both time periods are low, below 179.0 in
96% of the samples with the exception of station 3 and 6 in the summer which presented high and typically con-
tinental values: 661.5 and 957.4, respectively. The low values of the study area must be related to the input and
adsorption of organic matter of bacterial origin in the sediments whose typical values vary from 7 to 80 (Gachter
& Mayer, 1993 apud [26]).

The N/P ratio values for the winter of 2004 (Figure 10(a)) varied from 2.2 to 30.6 with most values being be-
low the Redfield ratio (16) [12], observed in 92% of the samples. For the summer of 2005 (Figure 10(b)), the
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Figure 8. C/N ratios in sediments sampling stations: winter (a) and summer (b).
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Figure 9. C/P ratios in sediments sampling stations: winter (a) and summer (b).

N/P ratios varied from 2.8 to 72.1, with values below 16 in 88% of the samples. The N/P ratio presents, for both
studied periods, the same tendency of decreasing values from the coast towards the more external portions of the
bay, observed for the C/P ratio. The presence of spots of very high values in the area adjacent to the RLAM (sta-
tions 2, 3 and 6) is also noted, mainly during the summer.
In regards to Spearman linear correlation analysis for the sedimentary and geochemical parameters, found in
Table 1, it is possible to state, for both time periods, that the most significant direct correlations occur among the
components of organic matter (org C, total N and org P) and the pelits (silt and clay). The mean diameter values
also present a strong positive correlation with the components of organic matter. Significant inverse correlations
were observed between org C., total N and org. P and the sands (below r? = —0.71). The elements of organic
matter presented strong correlation amongst themselves in the summer as well as in the winter. Some values
stand out such as the ones observed between org C and total N in the winter (r?> = 0.91) and summer (r* = 0.77)
and the ones between total N and org P in the summer (r* = 0.75).
Similar results were yielded by the statistical grouping analysis and the PCAs carried out separately for the
parameters org C, total N, org P, sand, silt, clay and from the winter 2004 and summer 2005 CaCO; samplings.
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Figure 10. N/P ratios in sediments sampling stations: winter (a) and summer (b).

Table 1. Spearman linear correlation among geochemical and sedimentological parameters. Significant values are in bold.

Parameters Corg TotalN Porg % gravel %sand %silt %clay % CaCO; M. diam. Sorting Skewness Kurtosis

Winter 2004
Corg X X X X X X X X X X X X
Total N 091 X X X X X X X X X X X
P org 0.52 0.57 X X X X X X X X X X
% gravel -064 -061 -0.71 X X X X X X X X X
% sand -0.78 -0.71 -0.80 0.70 X X X X X X X X
% silt 0.92 0.88 0.55 -0.77 -0.78 X X X X X X X
% clay 0.45 0.46 0.87 -0.76 -0.74 049 X X X X X X
% CaCOg; -0.14 -0.01 -0.10 0.47 0.18 -028 -0.14 X X X X X
Mean Diameter  0.49 0.51 0.83 -0.82 -0.78 059 0.90 -0.42 X X X X
Sorting 0.50 0.42 0.25 -034 -023 0.39 0.36 0.21 0.13 X X X
Skewness -035 -0.26 —053 0.63 047 040 -0.70 0.13 -056  —0.29 X X
Kurtosis -060 054 -0.15 0.05 033 -048 —0.07 -0.34 0.04 —-0.67 0.03 X

Summer 2005
Corg X X X X X X X X X X X X
Total N 0.77 X X X X X X X X X X X
P org 0.54 0.75 X X X X X X X X X X
% gravel -046 -0.62 —0.60 X X X X X X X X X
% sand -071 -0.87 -0.74 0.60 X X X X X X X X
% silt 0.86 0.78 0.68 -071  -0.72 X X X X X X X
% clay 0.41 0.68 0.69 -0.66 -0.76  0.47 X X X X X X
% CaCOs3 -0.07  0.06 0.22 031 -009 -0.05 0.06 X X X X X
Mean Diameter  0.41 0.72 0.68 -0.76 -0.82 054 0.93 -0.07 X X X X
Sorting 0.66 0.37 0.47 -0.16 -0.31 056 0.35 0.13 0.16 X X X
Skewness -041 061 -0.68 0.65 051 -053 -0.62 0.12 -0.54 -0.34 X X
Kurtosis -045 -0.17 -0.08 -0.11 0.08 -0.37 0.21 -0.39 0.35 —0.45 0.04 X
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In the winter, as results of cluster analysis, three groups of stations with different faciological characteristics
were observed. The first group is composed of stations 1, 2, 3, and 20, characterized by essentially sandy sedi-
ments with very low contents of organic matter. The second group is formed by stations 6, 12 and 14, composed
by coarse sediments, rich in calcium carbonate contents, which corresponds to the area under direct influence of
the carbonate banks which present low values of org C, total N and org P. The third group is composed of sta-
tions 4, 7, 9, 10, 11, 13, 15,16, 17, 18, 19, 21, 22, 23, 24 and 25 which present a predominance of peliticlithoc-
lastic sediments (silt and clay) with high values of org C, total N and org P. A fourth group is formed by stations
5 and 8, composed of sediments with characteristics between groups 2 and 3, that is, with medium to high or-
ganic contents and calcium carbonate contents higher than in group 3.

For 2005 summer, the distribution of the groups was very similar to the winter distribution. Group 1, charac-
terized by sandy sediments, with very low organic matter values, is also composed of stations 1, 2, 3 and 20.
Group 2, formed by coarse carbonate rich sediments, is once again formed by stations 6, 12 and 14, besides sta-
tion 5, which presented similar characteristics for this time period. Group 3, characterized by mud sediments
with high organic contents and low CaCO; values is practically composed of the same stations as in winter: 7, 8,
9, 10, 11, 13, 15, 16, 17, 18, 19, 21, 22, 23, 24 and 25. The isolated station 4, has similar characteristics to the
winter group 4, with intermediate values of organic matter, calcium carbonate and heterogeneous sediments.

Figure 11 illustrates the sedimentary facies distribution based on Cluster Analysis. Due to the relative data
homogeneity in both studied periods, revealing slightly seasonal variations in sedimentary processes, this figure
is represented by only 1 map.

5. Discussion

The area under influence of the RLAM presents low depths, up to 10 meters, with a smooth topography, except
for the presence of a few carbonate reefs in its east portion. Reefs are also found in the southwestern portion of
the sampled area, near the Suape Channel. The transect which extends itself to the mouth of the bay shows a
predominance of mud and is part of the main area of deposition.

The fine and very fine, well sorted sands which dominate the area in its western coastal portion, suggest a low
influence of current input to this region and bottom movements, which prevents the deposition of mud, trans-
porting them to other portion of the area. These sediments are represented in Group 1 of the grouping analysis
done for winter and summer. Deposits of well sorted fine sand indicate ancient depositional processes associated
to relative fluctuations of the mean sea level [28]. In some samples (6 and 12) in the center-east portion of the
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area, the occurrence of this sand is associated to high levels of calcium carbonates and, not essentially, to the
deposition of terrestrial sediments. The erosion of carbonate banks is the probably source of the material.

The silts and clays, associated to transport in suspension, are deposited to the east and in the central and
southwest portion of the area, which is the main area of deposition currently, represented by group 3 in the
grouping analysis, associated to the largest contributions of clay. This area, which is deeper than its surroundings,
induces the retention of fine sediments. The samples are poorly sorted due to the contribution of finer grain-size
classes, since the carbonate contents are not high. Samples 6, 12, and 14 however, present a high content of car-
bonate and are poorly and very poorly sorted, directly associated to the distribution of calcium carbonate in the
different grain-size classes of the samples. They make up group 2 of the grouping analysis. Sample 4, in the
northeast portion of the area, is poorly sorted due to its sediment size-classes heterogeneity which provide con-
tributions to the different grain-size classes. This fact indicates the presence of a current source for the fine se-
diments and of relic sands in the area, that is, the occurrence of processes differentiated over time, possibly due
to ancient sea regressions. In sample 5, the greater presence of carbonates seems to be responsible for the hete-
rogeneousness of the sample, also with current contribution of terrestrial fine sediments.

The modern deposition of fine sediments in the central portion of the area may occur as the coastal water
leaves, carrying sediments in suspension from the Caipe and Mataripe rivers surpassing the region of sandy
coastal deposits and depositing these sediments in low energy areas. The deposits, in the eastern portion, may be
associated to the deviation of the Mataripe River flow which would be the main supplier of mud to the area. This
situation is also found in previous sampling cruises (winter 2003 and summer 2004).

Taking into consideration the values of total organic carbon in the region near the RLAM, both time periods
exhibited the highest contents in the central and eastern portions of the bay (stations 7, 8, 9, 10 and 11), with
values over 2.0%. Values under 2.0% are considered normal for coastal regions with high continental input,
however, the maximum observed shows a richness of organic matter that is being currently deposited together
with the particles of finer sediments. These particles, as the clays, have negative residual charges on their sur-
faces and attract the organic compounds forming sedimentary complexes which incorporate organic compounds
to the bottom [29]. There are three main agents which regulate the deposition of organic carbon in the benthic
environment, according to Reference [30]; the high production of organic carbon of marine origin, the increase
in the preservation rate of organic carbon, and the contribution of organic matter of terrestrial origin by means of
river and sewers, for example. The three rivers which discharge in the study area stretch out over mangrove
areas. Therefore, there are probably great quantities of organic and inorganic material in suspension in the water
column which could enter the bay by means of river transport. Reference [31], while studying the distribution of
organic matter in the region’s sediments, observed that high contents of total organic carbon were highly corre-
lated to total nitrogen. The same is observed in the present study with significant correlations in the winter (r* =
0.91), as well as in the summer (r? = 0.77), which indicates the presence of common sources of material.

Overall, the values of organic carbon exhibited similar averages for both periods (Figure 5). Indeed, the or-
ganic carbon, although not very high in its contents (<3.09%), shows a well marked distribution pattern which
does not alternate between both periods. Values around 3.0% were observed upstream of the Santos Estuarine
System (S&o Paulo State, Brazil), a region which is subject to strong terrestrial and anthropic contribution [32]
[33]. The values of total organic carbon in the Estuary and Santos Bay region varied from 0.09% to 5.78%, with
an average of 2.25% [32], and from 0.08% to 2.08% in sediments of the S&o Sebastido Channel (SP) [34]. In se-
diments of a dredging channel in India, specifically in Delhi’s largest industrial zone on the Ganges, the values
of total organic carbon varied from 2.32% to 15% [35]. In the case of the Guanabara Bay however, the values
oscillated from 2.91% to 5.54% [36]. In the CONAMA resolution n° 344/2004 (source) [37], the values of total
carbon may not exceed 10%. Concentrations above this value may lead to environmental problems.

In regards to total nitrogen, high values (>0.10%) were found for both periods (Figure 6), which reflects also
a certain richness in organic material in differentiated areas of the Todos os Santos Bay, especially where the
finer grain-size sediments prevailed. The northern region is very influenced by the presence of extensive man-
grove areas, which undoubtedly represent a large contribution in nitrogen compounds. Levels of total nitrogen
obtained in the sediments oscillated from 0% to 0.43%, with an average of 0.17% in the Estuary and Santos Bay
[33], from 0.01% to 0.36% in the superficial sediments of the Santos Bay [38] and from 0.00% to 0.23% in the
Sao Sebastido Channel (SP) [34]. In the Guanabara Bay, the values of total nitrogen varied from 0.25% to 0.57%
[36].

According to the CONAMA resolution n° 344/2004 [37], values of total nitrogen above 0.48% or 4800



R. L. Barcellos et al.

mg-Kg ™ may cause damage to the environment. Overall, the values of NT are well below the limit established
by the environmental legislation mentioned for dredged sediments, which should not be a reference for coastal
zones exempt of anthropic impact. The total nitrogen also presented a strong correlation with org P contents,
particularly, in the summer with r’ = 0.75 (winter: r? = 0.57).

In regards to the organic phosphorus (Figure 7), on average the region presented a winter concentration of
0.023% (7.4 umol-g*) and 0.022% (7.0 pmol-g ) in the summer, values which also did not vary seasonally. In
the Ipanema submarine outfall region, the levels of organic phosphorus varied from 0.030% to 0.90% [39],
while in the Guanabara Bay the values were between 0.019% and 0.042% [36]. In the Santos Estuary, the aver-
age values of organic phosphorous were of 5.06 pmol'g " in the summer and 3.01 pmol-g " in the winter of 2005
[40]. In places with low environmental impact such as the Cananéia region, located on the southern coast of Sdo
Paulo State, the levels of organic phosphorus varied from 0.002% to 0.046% with an average of 0.012% [41].

By what has been stated in the previous paragraphs, it becomes clear that significant seasonal variations do
not occur in the contents and spatial distributions of the three organic matter parameters studied. The levels of
org C, total N and org P are very similar between the winter of 2004 and summer of 2005 in the region. While
the presence of organic material is detected by the signs of phosphorus, organic carbon and total nitrogen, the
values of the C/N, C/P and N/P ratios (see Figures 8-10) show the marine, terrestrial and bacterial influences on
the sediments.

In the present study, the C/N ratio indicated a mixed influence of the organic matter with relatively variable
marine and continental contributions in the studied spots. The same was found in the studies of Reference [31].
This variability in the C/N ratio is common in sheltered coastal environments with shallow depths, leading to the
mixed nature of the organic matter [42]. Reference [43] also observed the predominance of C/N ratios which in-
dicate mixed origin in 73% of the sediment samples analyzed for the Cananéia-lguape estuarine-lagoonal system
(Séo Paulo State, Brazil). Studies carried out in sediments of the Santos estuarine system, by means of C/N ra-
tios, showed contributions of organic material of continental as well as marine origin [33]. The spatial distribu-
tion of the C/P and N/P ratio values, on the other hand, indicated a more fixed pattern, with a tendency of de-
creasing in organic material of continental origin, from the immediate adjacency of the RLAM, towards the
more external portions of the bay.

Even though this distribution pattern is not as clear in regards to the C/N ratio, the C/N ratios in the central
and southwest portion of the bay (stations 7, 8, 9, 10 and 11) were above 20 in both time periods. Reference [44]
indicate that C/N values above 24 may be used as large estimates of continental influence on organic matter in
the sediment. In the study area the highest concentrations of organic matter were observed in lithoclastic sedi-
ments, especially pelitic sediments. These values and the concentration of fine sediments and organic matter in-
dicate a modern process of continental input of material which is accumulating in the area’s sediments and
comes from the region’s rivers and mangroves. However, if the sources of organic material were purely natural,
higher values would be expected in the external and deeper stations (stations 16, 17, 18, 21, 22, 23, 24 and 25)
that presented clay concentrations up to 30% higher than the coastal stations. This does not happen because of
the current input of anthropogenic sources of organic matter whose main origin seems to be effluents rich in pe-
troleum hydrocarbons (PAHS), derived from the RLAM. Indeed, [45], by analyzing the sediments of this portion
of the bay, encountered PAH contents above 500 ng-g * indicating highly contaminated sediments (Notar et al.,
2001 apud [45]). The C/S ratios observed by these same authors, which varied from 1.5 to 13.6, showed a gen-
eral tendency for the region of oxidating conditions on the bottom with the exception of this area (stations 7 to
11) and the area adjacent to the refinery (stations 2, 3, 4 and 6) where the sulphur contents were high (>1.0%).
Reference [34] also observed low values of the C/S ratio and high values of sulphur in the region adjacent to the
PETROBRAS petroleum terminal (DTCS) in the S&o Sebastido Channel (S&o Paulo State, Brazil). Reference
[33] observed a mean C/S ratio of 1.86 in the Santos Estuary (Sdo Paulo State, Brazil) with a minimum of 0.09
in this estuary main channel indicating a strong reduction (anoxic) characteristic in the internal portion of the
estuary where there is a larger amount of pelitic sediments and the presence of an important industrial pole. Ref-
erence [46] states that one of the sources of sulphur to marine environments is from anthropogenic nature,
represented by the petroleum impact.Reference [31] also obtained, for the study area, results which indicate a
high degree of anthropogenic contribution related to the residues of degraded petroleum. These authors observed
still, very high contents of non-degraded petroleum (the highest of this study) in the sediments adjacent to the
RLAM (stations 3, 4 and 6) which may have reflected on the high values of the C/P and N/P ratios presented by

these stations in the summer of 2005.
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6. Conclusions

One may conclude, for the area under influence of the RLAM, that the highest contents of carbonates are de-
rived from the presence of reefs and limestone banks which are fragmented originating the bioclastic contribu-
tion to the sediments. The rivers in the adjacent coastal area are responsible for the modern input of mud which
are transported in suspension and deposited in lower energy spots. These places are, therefore, propitious to the
retention of organic and inorganic chemical elements. The sands may be present due to the bioclastic contribu-
tion. The terrigenous contributions, however, are concentrated in the fractions of fine and very fine sand and are
very well sorted. They serve as indicators of previous processes associated to Quaternary fluctuations of the sea
level. They would correspond to ancient sandy plains in marine regressions, reworked by subsequent transgres-
sions. The significant presence of muds in the region under influence of the RLAM indicates that there is a
process of current deposition of fine sediments, that is, the material that enters the area has a tendency of re-
maining there, while the area itself is likely to retain contaminants and pollutants.

The contents of org C and org P present in the study area are similar to the ones observed in other sheltered
tropical coastal regions subject to contributions of human activities in addition to natural contributions. In the
case of total N, relatively high contents were found (>0.10%) in both time periods.

There are no significant seasonal variations in the contents and spatial distributions of the three organic matter
parameters studied. The contents of org C, total N and org P were very similar between the winter of 2004 and
summer of 2005.

The stations characterized by high levels of org C, total N and org P (Group 3 of the grouping analysis) are
those which present high contents of silt and clay, that is, the influence of the fine fraction is directly on the val-
ues of MO. Significant direct linear correlations were observed among the organic matter components and the
fine sediments, as well as a strong inverse correlation with the sands (<r’ = —0.71).

The association of the MO with the fine fraction of the sediment indicates that the hydrodynamics and, in its
turn, the topography to which it conforms, as well as the contributions of the biotic material which is disposed in
the hydric system, are determinants for the geographic distribution of the MO levels in the study region. The
variation of the terrestrial inputs, whether they are natural or due to human activities, influences the spatial dis-
tribution of the MO contents, especially in the area on the coast adjacent to the RLAM.

Overall, the carbon and nitrogen values do not surpass the limits defined by the CONAMA resolution no.
344/2004 for dredged sediments [37]. However, this reference is not adequate for our motive of study since we
are dealing with a bay whose depuration capacity differs from dredged channels. Therefore, these and the other
studied parameters (organic P and elementary C/N, C/P and N/P ratios) evidence a richness associated to the
presence of organic matter in some spots of the Todos os Santos Bay, which may contribute to the increase in
concentration of a few contaminants which have an affinity to organic matter, such as the PAHs derived from the
RLAM. The correlation among the organic matter components and some contaminants is known, especially in
risk zones. Such is the case in the Todos os Santos Bay where the contributions composed of components de-
rived from anthropic activities are common and constant. Finally, the coupling of sediment and geochemical in-
formation constitutes an excellent tool for the evaluation and diagnosis of the biogeochemical quality of coastal
systems.
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