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The impact of human activity on the sediments of Todos os Santos Bay in Brazil was evaluated by elemen-
tal analysis and '>C Nuclear Magnetic Resonance (*3C NMR). This article reports a study of six sediment
cores collected at different depths and regions of Todos os Santos Bay. The elemental profiles of cores col-
lected on the eastern side of Frades Island suggest an abrupt change in the sedimentation regime. Auto-
regressive Integrated Moving Average (ARIMA) analysis corroborates this result. The range of depths of
the cores corresponds to about 50 years ago, coinciding with the implantation of major onshore industrial

projects in the region. Principal Component Analysis of the >C NMR spectra clearly differentiates sedi-
ment samples closer to the Subaé estuary, which have high contents of terrestrial organic matter, from
those closer to a local oil refinery. The results presented in this article illustrate several important aspects
of environmental impact of human activity on this bay.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The chemical composition of sedimentary organic matter may
vary with climate, proximity to the shore and the relative contribu-
tions of marine and continental organic matter residues. Anthropic
influence on the environment modifies the composition and concen-
tration of the organic matter, potentially affecting the local biota.
Carbon and nitrogen are the two main components of the organic
matter. The organic carbon content in surface sediment depends
on a series of factors such as sedimentary characteristics, rate of
microbial degradation, water column productivity and proportion
of terrestrial inputs. Organic matter from higher plants has low
nitrogen content and thus a high carbon/nitrogen (C/N) ratio. There-
fore, higher C/N ratios in marine sediments indicate a predomi-
nantly terrestrial source of organic matter, whereas sediments rich
in marine organic matter have lower C/N ratios (Burone et al.,
2003). According to Bordovsky (1965), marine sediments near river
exhibit the highest C/N ratios, indicating the input of terrestrial
material into the area. The input of inorganic nitrogen by sewage
can contribute to lowering the C/N ratio.

Solid-state '3C NMR spectroscopy provides techniques that
enable reliable identification of insoluble sediment organic
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structures (Patience and Wilson, 1990). To achieve a high sensitivity
in this task, a combination of 'H-'3C cross-polarization with radio-
frequency ramp (ramped-CP), magic-angle spinning (MAS) and high
power 'H dipolar decoupling (DEC) is normally used (Peersen et al.,
1993). The 'C ramped-CP/MAS method allows carbons associated
with distinct molecular groups, such as alkyl, methoxyl, O-alkyl,
di-O-alkyl, aromatic, and carboxyl (Hedges and Oades, 1997), to
be distinguished in the organic fraction of marine sediment.

The sedimentation regime in Todos os Santos Bay has undergone
many important changes due to the impact of human activities. The
sediment cores studied in this article were collected in the northern
part of the bay, three in the clayey region near the harbor of Madre
de Deus and the Mataripe Refinery, where many oil refining and
transport operation are concentrated, and three near the estuary
of the Subaé River and the old oil-drilling extraction field, Dom Joao.

In this article, a set of experimental data obtained by various
techniques are reported and analyzed statistically, to estimate
the impact of human activity on this bay.

2. Materials and methods
2.1. Study site

Todos os Santos Bay, Bahia, is the largest Brazilian bay, with an
area of 1086 km?. It is located between west longitudes 38°25’ and
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38°45’, and south latitudes 12°35’ and 13°00’ (Fig 1). The sites
investigated are located at the northern end part of the Bay, where
the dominant material in the sediments is a very fine mud.
Mangroves and the estuaries of rivers characterize the coastline
in this region.

2.2. Sampling

The sediments were sampled by one core at each site (T1, T2,
T3, T4, T5, and T6), as illustrated in Fig. 1. The first set of cores
(T1, T2, and T3) was collected from three sites in the vicinity of
the Mataripe refinery and Madre de Deus harbor, to the east of
Frades Island. The other three sites (T4, T5, and T6) were located
west of Frades Island, close to the Subaé River estuary (Fig. 1).
These sites were chosen for their proximity to industrial activities
and the influence of the Subaé (main) and Paraguacu rivers. The
core samples were collected manually by inserting a tube, about
1 m long and 0.075 m in diameter, into the sediment. The water
depth over the sampling sites varied between 2 and 10 m. The
cores were maintained at 0 °C in the boat and in transit and at
—20°C in the laboratory. They were cut into 2.5-cm sections;
freeze dried and stored at —20 °C until analyzed.

2.3. Elemental analysis
The determination of total organic carbon (TOC), nitrogen (N),

and sulfur (S) was carried out in carbonate-free sediment samples

38°48'W
12°32'S ' ' '

treated with 10 mL of 1 M hydrochloric acid (Ryba and Burgess,
2002 and Burone et al.,, 2003). Portions of each sample (15-
20 mg) were weighed in small tin capsules and analyzed in a CHNS
Thermo Finnigan Flash EA 1112 series elemental analyser. The cal-
ibration was verified by measuring samples of certified reference
marine sediment NIST 1941b, treated in the same way as the
samples.

Because of the characteristics of depth sampling, the longitudi-
nal data analysis approach was adopted, using an Autoregressive
Integrated Moving Average (ARIMA) model with a gradual perma-
nent impact, in order to model the anthropic impact, 50 years ago,
through the alteration in the sediment composition. This model
takes autocorrelation into account and has the following fitting
parameters: the initial value (intercept); the statistical significance
of the intervention, in this case the implementation of a refinery;
the rate of alteration due to the intervention (w); the time taken
for the new level to be stabilized () and the asymptotic change,
i.e. the increase/decrease of the initial level after the series is
stabilized.

After the stationary state, the ARIMA model was adjusted for
each analyzed element (C, N, and S) and for the ratios C/N and C/
S. All the adjustments were performed with only one autoregres-
sive parameter - ARIMA (1,0,0). The adjusted parameters (inter-
cept, final value, §, w, and asymptotic change) of the sites were
compared in pairs by Student’s t-test at a 5% level of significance.
The variance homogeneity was assessed by the F test and, accord-
ing to the results, the appropriate t-value was used.
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Fig. 1. Todos os Santos Bay map with sediments cores localization.
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Fig. 2. Profiles of total organic carbon (TOC), nitrogen (N) and sulfur (S) in the cores. Error bars are approximately of the same size of the symbols.

2.4. 13C NMR spectroscopy

Part of the top slice and bottom slice of each core were prepared
for '>*C NMR analysis. Samples were initially treated with 1 M HCI, to
extract the inorganic carbonates, and then with 10% HF, to extract
silicates and concentrate the organic material. According to Gélinas
et al. (2001), this treatment offers a reasonable compromise be-
tween maximal mineral dissolution efficiency and minimal organic

carbon losses. NMR measurements were performed with a Unit Ino-
va (Varian) spectrometer operating at 400.0 and 100.5 MHz for 'H
and '3C, respectively. The spectra were acquired by the ramped-
CP/MAS method, with linear amplitude variation of the 'H pulse
(Peersen et al., 1993, Cook et al., 1996, Dria et al., 2002). All measure-
ments were performed under 6 kHz MAS spinning frequency. The
strength of the 'H decoupling field applied during signal acquisition
was ~60 kHz and the CP contact time was 1 ms.
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Fig. 3. Profiles of mass ratio of carbon to nitrogen (C/N) and carbon to sulfur (C/S). Error bars are approximately of the same size of the symbols.

Table 1

Depth of the statistically significant intervention.
Core C N S C/N C/S
T1 32.5-35.0 32.5-35.0 17.5-20.0 32.5-35.0 27.5-30.0/17.5-20.0
T2 30.0-32.5 30.0-32.5 45.0-47.5 30.0-32.5 30.0-32.5
T3 32.5-35.0 40.0-42.5 40.0-42.5 32.5-35.0 30.0-32.5
T4 45.0-47.5 62.5-65.0 20.0-22.5 47.5-50.0 20.0-22.5
T5 ns ns ns ns 60.0-62.5
T6 60.0-62.5 60.0-62.5 60.0-62.5 60.0-62.5 60.0-62.5

Multivariate statistics encompasses a set of techniques to
analyze data, in which all or several variables are simultaneously
assessed. Principal Component Analysis (PCA) is one of these tech-
niques; it reduces the number of variables and detects a data struc-
ture that reflects the way they are related (Novotny et al., 1999).

This approach was applied to the '*C NMR spectra (Novotny
et al.,, 2008) in the present study, with the purpose of analyzing
the distribution of organic chemical groups from the top to the bot-
tom of each core, to enable the organic matter distributions to be
correlated with the human activities.

3. Results and discussion
3.1. Elemental analysis
Fig. 2 shows the percent mass of TOC, N and S in the sediment

cores T1, T2, T3, T4, T5, and T6, located as indicated in Fig. 1. The
TOC values vary from ~0.95 to 2.70 wt.% in the cores, the highest

values being observed in core T6. The N contents range from 0.10
to 0.33 wt.% in cores, decreasing (or constant) from the top to the
bottom. Core T6 shows a very different behavior, with appreciable
oscillations in the range 0.04% to 0.99%, and a tendency to increase
with depth. The same discontinuity observed in the TOC profile of
core T2 is observed in the nitrogen profile at a depth of ~30 cm.
The sulfur values range from 0.04% to 1.04%.

Fig. 3 shows the carbon/nitrogen (C/N) and carbon/sulfur (C/S)
ratios in the sediment cores. The C/N ratio varies between 6.1
and 14.7 in the sediment cores. The C/S ratio, varying from 1.13
to 29.40.

Table 1 shows the depth of the statistically significant interven-
tion revealed by the ARIMA analysis. As can be seen in the table,
the intervention was significant (p < 0.05) for all the measured ele-
ments and ratios, at all sites except T5. However, the depth of this
intervention varied considerably from site to site. Assuming the
implementation of the refinery was the cause of the alteration in
the sedimentation patterns, these results indicate different sedi-
mentation rates at different sampling sites. The lack of fit at site
T5 is probably due to the discharge from the river Subaé, which
generates a greater amount of fluvial sediment near its estuary
(Fig. 1) and induces a higher variability in the sedimentation
regimes.

A more complete understanding of the intervention and sedi-
mentation patterns in the six cores was obtained by the ARIMA
analysis of the C, N, C/N, and C/S ratios. This showed that, accord-
ing to the C, N, C/N, and C/S ratios of the sites closer to the refin-
ery (T1, T2, and T3), the intervention occurred at similar depths,
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Fig. 5. Rate, 4, (Right) and magnitude, w, (Left) of the asymptotic change in level after intervention.

30-35cm (Table 1), indicating a similar sedimentation rate of
6-7 mm y~', which accords with data from the literature (Argollo,
2001). However, at sites T5 and T6, the intervention was found at
a depth of 60-62.5 cm (according to discontinuities in the organic
matter contents of C, N, S, and their respective ratios, at T6, and in
the C/S ratio at T5). This indicates a higher sedimentation rate at
sites T5 and T6 (12-12.5 mm y '), which is consistent with an ex-
pected rate of sitting at the mouth of the river (Fig. 1). The NMR
data corroborate this statement, with higher terrestrial organic
matter signals in samples T5 and T6. Finally, the C and C/N ratio
at site T4 showed an intermediate value for the depth of the sig-
nificant intervention (45-47.5 cm), which corresponds to a sedi-
mentation rate of 9-9.5mmy~!, reflecting its intermediate
position in the bay.

The S and C/S ratio (Figs. 2 and 3) showed some peculiarities. At
site T1 and T4, the intervention was detected at a shallower depth
(17.5-22.5 cm) than at the other sites. However, at site T1, a sec-
ond, deeper intervention (27.5-30 cm), coincident with the main
event at T2 and T3, was detected for the C/S ratio; furthermore,
the later (shallower) intervention at site T1 showed an inverted re-
sult: this is the only site with a sharp rise in the S content and a
corresponding fall in the C/S ratio (Fig. 3). This differentiated
behavior of the S is probably due to human activity.

Analyzing the C contents, except at site T5, where the value was
constant, there was a significative increase towards the top of each
core; i.e. higher C contents in more recent deposits (Fig. 4). The
bottom samples of the cores at the sites closer to the refinery
(T1, T2, and T3) exhibited lower values and they were statistically
equal within this group. In contrast, at the sites closer to the river
mouth (T5 and T6), the initial C contents (bottom samples of the
cores) were higher than at the other sites and equal to each other.
Again, the core bottom at site T4 showed an intermediate value
and was statistically different from the above mentioned groups.
The greatest increase from bottom to top is observed at site T2,
the closest to the refinery (Fig. 4), where the recent C content is sig-
nificantly higher than the others in the local group (T1 and T3).

An interesting feature found in Fig. 4 is that although an in-
crease is seen in the N contents at T1, T2, T3, and T4, upon the
implementation of the refinery, in the samples closer to the river
mouths (T5 and T6), there is an increase in the N content with
depth. As for the C contents, the greatest increase is observed at
site T2.

Except for T1, all recent cores present a smaller S content than
the older ones, being not significant for core T4 due to a high stan-
dard deviation for the upper T4 core. In T1 cores the S content was
great in the recent core.
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Fig. 6. '>C ramped-CP/MAS spectra of sediments.
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Fig. 7. First PC analyzes of sediments cores.

Several authors have suggested distinct ranges of C/N, according
to the origin of the organic matter. Saito et al. (1989) suggested a
ratio higher than 20 for organic matter from a terrestrial origin
and between 5 and 7 from a pelagic (marine) source. In addition,
Stein (1991) reported that values of C/N lower than 10 point to a
strictly marine origin and values around 10 represent mixed mar-
ine and terrestrial organic components in the sediment. Except for
the cores T6 (2.3 at bottom), T1 (6.5 at top), and T3 (6.9 and 6.5, at

240 210 180 150 120 90 60 30 0 -30
*C Chemical Shift (ppm)

Fig. 8. Second PC analyzes of sediments cores (x Spinning sidebands).
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top and bottom, respectively), whose C/N ratios indicate a marine
source, all the cores under study are in the range of a mixed mar-
ine-terrestrial origin, similar to the results of Burone et al. (2003),
analyzing surface sediments in Ubatuba bay, Brazil (6.00-16.56).
Sometimes, inorganic nitrogen brought by the discharge of sewage
can contribute to lowering the C/N ratio. This probably explains the
atypical value found for the lower core T6, collected close to the
Subaé River. By for the largest rise in the C/N ratio from the bottom
to the top of the core was observed at site T6 (Fig. 4).The C/S ratio
(Fig. 4) is larger at the top of each core, except at sites T1 and T2,
where the changes were not significant. The largest increases were
observed at sites T3 and T4. In contrast for the recent cores, at T1,
C/S was the smallest of any core, but statistically equals the ratio at
the top of T2 and T5. It should be stressed that the initial (bottom)
C/S ratio at T1 was the largest among the core bottoms. Leventhal
(1983) and Berner (1989) stated that the ratio of the organic car-
bon to the sulfur content (C/S) could help to distinguish between
an oxygenated and an anoxic environment. According to these
authors, ratios lower than 2.8 are indicative of sediments tending
to anoxic conditions. The present values for the C/S ratio vary from
1.8 to 29.7, the ratio decreasing with depth in almost all cores. The
exception found for core T1, where lower values (although not
significant) were found at the top, is attributed to the anomalously
high recent sulfur content. Most of our core bottoms are below 2.8,
corresponding to anoxic conditions. Regarding the kinetics of the



A.B. Costa et al./Marine Pollution Bulletin 62 (2011) 1883-1890 1889

alterations, represented by the parameters w and J (Fig. 5), the im-
pact was more abrupt (smaller ) for C, and especially S, at site T1,
being S the only parameter and site where the modelled interven-
tion was abrupt and permanent. For the § parameter, the variable
that best discriminated the position of the samples in the bay
was N, whose § values were smaller at the sites closer to the refin-
ery; this aboutness was due to proximity and the lower sedimen-
tation rates at these sites.

The w parameter, the rate of the change after the intervention,
was largest, in absolute value, for the second event at site T1 for the
C/S ratio (—16.2, data not showed), resulting in a rapid decrease in
the value of C/S. After that, the largest rates (w), were observed for
the variables C, N and C/N at the T2 site, S at T1 and C/S at T3.
Both kinetic parameters (6 and w) indicated that the changes were
faster and more intense at the sites closer to the refinery.

3.2. 13C NMR spectroscopy

Fig. 6 shows the '3C spectra obtained using ramped-CP/MAS
technique (Knicker et al., 2005) of the organic matter extracted
from the top and bottom of each core.

A typical 3C ramped-CP/MAS NMR spectrum of marine sedi-
ments exhibits pronounced peaks in the aliphatic region, account-
ing for 50 % of the total carbon, the rest of the carbons being
eventually distributed among aromatic, carbohydrate and carboxyl
structures. The lignin content of coastal sediments is reported to be
approximately 3-5% (Hedges and Oades, 1997).

The '3C ramped-CP/MAS spectra of the cores studied in this
work (Fig. 6) show large amounts of aliphatic carbon in these sed-
iments. Thus, all the cores are typical of coastal sediment. Cores T5
and T6 contain higher contribution from lignin, evident from high-
er methoxyl carbon (56 ppm) and aromatic carbon (112-160 ppm)
signals. T5 and T6 are the cores closest to the mouth of the Subaé
River, which contributes terrestrial organic matter.

The first two PCs extracted from the '*C ramped-CP/MAS NMR
spectra accounted for 80.5% of the total variance and provided a
reasonable separation of the sample set, but an oriented orthogo-
nal rotation of these factors (vectors) was performed in order to
maximize the contrasts of interest, i.e. the separation of older
and newer (bottom and top) sediments and the locations of the
cores in the studied area.

The first PC, PC1 (Fig. 7), derived from the NMR spectra captured
65.7% of the total variance. It shows the highest positive loadings in
the spectral region of groups that probably originate from plant
materials, such as lignin (148, 132, and 54 ppm) and cellulose
(110 and 72 ppm) and negative loadings possibly from oxidized
hydrocarbons and/or fatty acids (172 ppm and alkyl region).

For the PC2 (14.8% of the total variance), shown in Fig. 8, the
spectral regions with higher loadings were those associated with
partially oxidized lignin: 165 ppm - probably carboxyl groups at-
tached to aromatic structures; 155 ppm - probably from phenolic
groups, since they do not have the corresponding methoxyl signal
at 54 ppm from unaltered lignin, and the aryl groups and their spin-
ning sidebands.

The scores of each sample on PC1 versus PC2 are plotted on the
ordination chart in Fig. 9. The scores on PC1 clearly differentiate
the sediment samples closer to the Subaé estuary, specially the
sample T5, with a higher content of terrestrial organic matter
delivered by the river and a lower content (negative loading) of
oil hydrocarbons. The higher content of the latter compounds in
the samples closer to the refinery is indicative of pollution, result-
ing in the observed small scores for these sites (T1, T2, T3, and T4).

On the other hand, the scores on PC2 increase from top to bottom,
in the cores closer to the refinery, characterizing a change in the re-
gime of organic sedimentation between the periods before and after
the refinery was implanted. The older sediments produced signals

typical of partially oxidized lignin (positive loadings). The negative
loadings at 19 ppm, on both PCs, differentiate the T1 top sample,
which had a strong signal in this region, from all other samples.

4. Conclusions

The results of elemental analysis of cores T1, T2, and T3, partic-
ularly in the TOC content, suggest an abrupt change in the sedi-
mentation regime around a depth of 30-35cm. Using the
sedimentation rate of 7 mm y~! reported by Argollo (2001) for this
area, this depth corresponds to about 50 years ago, when the
industrial activity started in the region. For core T4, there is no
indication of a change in the sedimentation regime. Cores T5 and
T6 show a distinct pattern of sedimentation, indicating the influ-
ence of material carried by the Subaé River. At these sites, the
velocity of sedimentation is probably higher, varying with the dis-
charge from the river. This higher input from terrestrial organic
matter is corroborated by the NMR data (a pronounced methoxyl
peak from lignin in the T5 sample).

The sulfur content of the samples increased with depth in the
cores, except in core T1, where it decreased, and T4, which showed
a high variability, so that the result was not statistically significant
at 5%. For all cores, except T1 and T2, whose differences were not
statistically significant at 5%, the C/S ratios decreased with depth,
reaching values below 2.8, characteristic of anoxic environments.

The data from the '>C ramped-CP/MAS measurements led to the
conclusion that all our cores had large amounts of aliphatic carbon,
typical of coastal sediments. The T5 core contained a higher contri-
bution derived from lignin, evident in the higher methoxyl carbon
(54 ppm) and aromatic carbon signal (112-160 ppm). The T6 core
also shows a visible contribution from lignin. This result is clearly
shown by PCA, which also showed a higher content of hydrocarbon
oil in the samples closer to the refinery, indicating environmental
pollution. The change in the organic matter composition, following
refinery implementation, is revealed by PC2, the older (deeper)
samples being richer in partially oxidized lignin than the newer
ones. The negative loadings at 19 ppm, on both PCs, differentiate
the T1 top sample, which gave a stronger signal in this region.
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