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A B S T R A C T 
 
Sterol and fatty acid biomarkers and isotopic composition (δ13C and δ15N) of bulk organic matter 
(OM) were quantified in a sediment core to characterize the accumulation of autochthonous OM in 
an area on the continental shelf adjacent to Rio de Janeiro State. In the sediment surface (0-1 cm) the 
concentration of total sterols and fatty acids was at least one order of magnitude higher than that 
measured deeper down in the core and was dominated by labile and planktonic-derived biomarker 
compounds. These results suggest, as is confirmed by multivariate statistical analysis, the occurrence 
of an event of enhanced primary production in the water column and efficient export of particles to 
the bottom. Similar conditions have been observed at Cabo Frio, located 150 km to the north of our 
study site, during an upwelling event, suggesting that such events may exert a regional influence on 
primary production on the south-eastern Brazilian continental shelf. Beyond the signatures from this 
event, the presence of biomarker compounds from vascular plants suggests the additional influence 
of an outflow from Guanabara Bay at the study site. These results point to the need for further 
investigation of the relative influence of physical forcings and continental inputs on the 
biogeochemical processes on the section of the continental shelf considered in the present study. 
 

R E S U M O 
 
Marcadores moleculares na classe de lipídios (esterois, ácidos graxos e hidrocarbonetos) e a 
composição isotópica (δ13C e δ15N) da matéria orgânica bruta foram quantificados em amostras de 
um testemunho de sedimento para caracterizar o histórico recente de sedimentação da matéria 
orgânica na plataforma continental adjacente à Baía de Guanabara, no Estado do Rio de Janeiro. Na 
superfície do sedimento (0-1 cm), a concentração total de esterois e ácidos graxos foi cerca de uma 
ordem de grandeza maior do que observado nas camadas mais profundas do sedimento, com 
predominância de lipídios derivados da produção planctônica. Esses resultados sugerem, como 
confirmado através de estatística multi-variada, a ocorrência de um evento de elevada produção 
primária na coluna d´água e uma exportação rápida e eficiente das partículas para o sedimento. 
Condições similares são observadas na região de ressurgência de Cabo Frio, localizada cerca de 150 
km ao norte da área de estudo. Portanto, nossos resultados sugerem que tais eventos têm uma 
influência regional sobre a produção primária na margem continental sudeste do Brasil. Por outro 
lado, a presença de lipídios derivados de plantas vasculares de origem continental ressalta a 
necessidade de investigar com maior profundidade a influência relativa entre forçantes físicas e o 
aporte continental sobre processos biogeoquímicos na porção da plataforma continental considerada 
no presente trabalho. 
 
Descriptors: Lipid biomarker, Sediment core, Continental shelf, Rio de Janeiro, Guanabara Bay. 
Descritores: Lipídios biomarcadores, Testemunho de sedimento, Margem continental, Rio de Janeiro, 
Baía de Guanabara.  



                 

INTRODUCTION 
 
 

Continental shelves occupy only 7% of the 
total global ocean area but play a significant role in the 
global biogeochemical cycling of carbon (CAI et al., 
2011; GATTUSO et al., 1998; VER et al., 1999). For 
instance, the high availability of nutrients derived from 
continental run-off, groundwater discharge and 
upwelling make continental shelves responsible for 
14-30 % of the total oceanic primary production and 
almost 90 % of the fish catch (GATTUSO et al., 1998; 
FASHAM, 2003). In addition, mass balance 
calculations indicate that most continental margin 
regions are net autotrophic and thus may act as a sink 
for atmospheric CO2 (FRANKIGNOULLE;  BORGES 
2001; CHEN, 2004). 

Although as much as 90 % of the organic 
carbon accumulating in shelf sediments may be 
detrital (HEDGES; KEIL, 1995), uncertainties about 
the balance between import, production, recycling and 
export/accumulation of dissolved and particulate 
organic matter (OM) in shelf sediments remain 
(HOPKINSON JR. et al., 2001). In particular, little is 
known about how these regions may respond to 
variability in physical, biological and chemical factors 
that drive ecosystem metabolism and to anthropogenic 
influences at the land-sea interface (MACKENZIE et 
al.,  1993; GATTUSO et al. 1998; VER et al. 1999; 
BOYD; TRULL,  2007; GRIFFITH et al., 2009). 

Characterization of the sources and 
distribution of OM in shelf sediments can be 
ascertained by lipid biomarker compounds (DUAN, 
2000; JENG et al., 2003; YUNKER et al., 2005; TESI 
et al. 2007; MEAD; GOÑI,  2008; MEJANELLE; 
LAUREILLARD,  2008; WATERSON; CANUEL, 
2008). Lipids have been widely used as tracers (or 
proxies) for identifying the origins of OM due to their 
source specificity and resistance to bacterial 
degradation relative to other classes of organic 
compounds (see review in VOLKMAN,  2006). By 
choosing either classes of lipids (e.g. sterols, fatty 
acids or hydrocarbons) or specific compounds that 
represent the different sources of OM and that are 
stable over time, it is possible to identify the relative 
contributions of autochthonous and allochthonous 
inputs to the sedimentary record over historical 
(CANUEL; MARTENS,  1993; DUAN,  2000; 
ZIMMERMAN; CANUEL, 2000; CARREIRA et al., 
2002; WAKEHAM; CANUEL,  2006; VONK et al., 
2008) or geological (MEYERS 1997; HINRICHS et 
al.,  1999; XU et al.,  2007) time-scales. 

Information about the sources and fate of 
OM in recent sediments is limited for the southeastern 
Brazilian continental margin (SEBCM; 23°00’-
28°30’S). Recent studies using isotopic and 
sedimentological information (MAHIQUES et al., 

2004; MAHIQUES et al., 2005) as well as lipid 
biomarker distributions (YOSHINAGA et al., 2008) 
suggest that OM accumulating in these sediments is 
mainly derived from autochthonous production, with a 
minor contribution from continental drainage. The low 
input of OM from continental sources is not surprising 
since there are no major rivers draining into this region 
and only small to medium estuaries are located nearby 
(EKAU; KNOPPERS,  1999). Instead, coastal and 
shelf-break upwelling events of cold and nutrient-rich 
South Atlantic Central Water (SACW), which are 
intense close to Cabo Frio (23°S) during the spring-
summer months, have great influence over the pelagic 
and benthonic production in the region. These 
upwelling events may extend for over hundreds of km 
on the shelf (VALENTIN et al., 1987; 
LORENZZETTI; GAETA,  1996; CAMPOS et al., 
2000; SILVEIRA et al., 2000) and have significant 
influence on the export and sedimentation of OM both 
over spatial and temporal scales (VALENTIN et al, 
1986; GONZALEZ-RODRIGUEZ et al., 1992; 
SUMIDA et al., 2005; DE LEO; PIRES-VANIN 2006; 
MCMANUS et al., 2007; GUENTHER et al., 2008; 
YOSHINAGA et al.,  2008). For instance, data for 
temperature and salinity of waters southwards from 
Cabo Frio suggested that meander-induced shelf break 
upwelling may have a significant role in the pumping 
of SACW from the slope region onto the continental 
shelf both in summer and winter months. This feature 
has also been observed by satellite images, where 
relatively enriched chlorophyll-a waters could be seen 
extending southward from Cabo Frio around the 100-
m isobaths, on the external platform region (e.g. 
ROSSI-WONGTSCHOWSKI; MADUREIRA, 2006). 
In addition, Yoshinaga et al. (2008) have observed that 
excursion of upwelling plumes, induced by meanders 
of the Brazil current, contribute to the transport of 
benthic larvae from Cabo Frio to southward-bound 
sub-tropical waters. 

In this study, which can be considered 
preliminary because it is based on a limited set of 
samples, we used lipid biomarker compounds (sterols 
and fatty acids) and the isotopic composition (δ13C and 
δ15N) of the bulk OM from a sediment core collected 
on the inner shelf of Rio de Janeiro state (Fig. 1) to: (i) 
characterize the local sedimentation of autochthonous 
OM in this region of SEBCM and compare it to that of 
the area of upwelling at Cabo Frio and (ii) evaluate the 
input of allochthonous materials (natural and 
anthropogenic) exported to the shelf by Guanabara 
Bay, a highly contaminated tropical estuary in the 
largest urban settlement in the Brazilian coastal zone 
(WAGENER,  1995; CARREIRA et al., 2004; NETO 
et al., 2006; DA SILVA et al,. 2007; FRANCIONI et 
al., 2007; SEIXAS et al., 2007; MACHADO et al., 
2008). 
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MATERIAL AND METHODS 
 

Study Area and Sampling Procedures 
 

The sampling site (23º19’41’’S and 
43º11’51’’W) was located 50 km to the south of Rio 
de  Janeiro city, at a water column depth of 100 m 
(Fig. 1). This site was in the shelf area adjacent to 
Guanabara Bay with muddy sediments, and therefore 
had great potential to accumulate materials exported 
by the  bay  to  the  inner shelf along the Rio de 
Janeiro coast. Oligotrophic conditions predominate in 
the region due to the influence of waters from the 
Brazil Current (ROSSI-WONGTSCHOWSKI; 
MADUREIRA,  2006 and references therein), but may 
be influenced by the southward drifting of the 
upwelled plume of the cold and nutrient-rich South 
Atlantic Central Water (SACW) (VALENTIN, 1984; 
LORENZZETTI;  GAETA 1996), whose core is at 

Cabo Frio, approximately 120 km to the east of our 
sampling site. The coastal upwelling of Cabo Frio 
induces periods of enhanced primary production (2.0-
14.0 µgC L-1 h-1) (GONZALEZ-RODRIGUEZ et al., 
1992) in surface waters (< 50 m depth) when 
northeasterly trade winds dominate in the spring-
summer months (September-March) (MOREIRA DA 
SILVA,  1973; VALENTIN; KEMPF 1977; 
FRANCHITO et al., 2008). 

 A sediment core (~0.5 m length) was 
collected in March 2002 (Fig. 1) using a gravity 
sampler (Kullenberg type) fitted with an aluminum 
internal liner. The core was kept in a vertical position 
during transport from the field. In the laboratory, the 
upper 25 cm of the core was sliced at 1 cm intervals 
and kept frozen (-20ºC) in pre-combusted (450ºC 
overnight) aluminum containers. Before analysis, the 
sediments were thawed, dried at 60 ºC and ground to a 
fine powder. 

 
 

Fig. 1. Location where the core (C01) used for this study was collected in the inner shelf in the Rio de Janeiro state (SE 
Brazilian continental margin). Isobaths are represented by dashed lines. 
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Bulk Organic Matter Analysis 
 

Total organic carbon (TOC) and total 
nitrogen (TN) were determined using a Carlo Erba EA 
1110 elemental analyzer after removal of inorganic 
carbon with 0.1 M HCl (HEDGES; STERN 1984). 
Sub-samples (2-5 mg) were weighed (precision = ± 
0.01 mg) into tin containers, folded and placed in the 
instrument. Quantification was performed by 
instrument response factor relative to the standard 
Cysteine. Analytical precision was greater than 3% for 
TOC and TN (based on 4 replicate analyses of the 
same sample) and accuracy was verified by analyzing 
a reference material (PACS-2, National Research 
Council of Canada). The data were corrected for 
carbonate content and thus expressed relative to bulk 
sediment. 

For isotope analyses, carbonate was removed 
by acid treatment as described above and samples 
were oven dried to constant weight at 60 ºC. The 
carbonate-free residues were combusted to CO2 and 
N2 in an elemental analyzer (Carlo Erba EA), coupled 
to an OPTIMA stable isotope ratio mass spectrometer 
(Micromass, Manchester, UK). The stable isotopes are 
expressed as dNE = (Rsample/R standard – 1) x103 (per mil 
or ‰), where N is the heavy isotope of the element E 
and R is the abundance ratio of the heavy to light 
isotopes of carbon and nitrogen (13C/12C, 15N/14N). 
The Pee Dee Belemnite limestone (PDB) and 
atmospheric N2 (air) were used as the standards for 
carbon and nitrogen, respectively. 
 

Lipid Biomarker Analysis 
 

Sediment samples (3.0 g, dry weight) were 
Soxhlet extracted with 210 mL of a mixture of 
dichloromethane and methanol (2:1, v:v) for 20 h. 
Surrogate standards, including androstanol (5a-
androstan-3b-ol) and methylnonadecanoate (C19-fatty 
acid methyl ester or C19-FAME). The total lipid 
extract was washed with a saturated solution of NaCl 
and the organic (dichloromethane) fraction was 
isolated. The aqueous phase was re-extracted using 
hexane and the organic phases combined. Following 
concentration by rotary evaporation, traces of water 
were removed by overnight treatment with anhydrous 
Na2SO4. A portion of the extract was saponified using 
1 mol L-1 KOH in aqueous methanol (110°C for 2 h). 
Neutral lipids (sterols) were extracted 3 times with n-
hexane at pH > 12, followed by extraction of acidic 
lipids (fatty acids) into hexane after adjusting the pH 
to 2.0 with 3 mol L-1 HCl. Both neutral and acidic 
lipids were further purified by adsorption 
chromatography with silica-gel and/or alumina 
following published methods (CANUEL; MARTENS,  
1993; CARREIRA et al., 2002). Before analysis, 
sterols were derivatized with bis-trimethylsilyl-

trifluoroacetamide and fatty acids were methylated 
using BF3 in methanol. Analyses of fatty acids were 
performed using gas chromatography with flame 
ionization detection (Hewlett-Packard models 5890 
series II and 6890) while sterols were analyzed by gas 
chromatography coupled to mass spectrometry 
(Finnigan Trace GC/PolarisQ GC/MS system). The 
GC/MS system was operated in the electron impact 
(EI; 70 eV) and full scan (50-550 amu) modes. A DB-
5 type column (5% methyl-phenyl siloxane, 30 m x 
0.32 mm x 0.25 µm film) was used in both 
instruments. Quantification was based on the peak 
areas and the relative response to internal standards: 
5α-cholestane and C21-FAME for sterols and fatty 
acids, respectively. Laboratory blanks showed no 
contamination during sample processing. Recoveries 
of surrogates ranged between 40 and 60 % for fatty 
acids and sterols. These recoveries were only used to 
assess analytical performance and no corrections were 
applied to the data. 
  

Statistical Analyses 
 

Principal component analysis was used to 
identify the dominant factors contributing to the 
variance in the data set (CANUEL, 2001; YUNKER et 
al., 2005). A total of 11 observations (sediment depth 
intervals) and 21 variables were selected, representing 
the most abundant sterols and fatty acids, as follows 
(see Tables 1 and 2 for abbreviations): (i) sterols: 
27∆5,22, 27∆5, 28∆5,22, 28∆5,24(28), 28∆5, 29∆5,22, 
29∆5,4α30∆22 and stanols (sum of 27∆0, 28∆0, 
29∆0,28∆22); (ii) fatty acids: branched (iso and anteiso 
C15 and C17 and 10-methyl-C16), C16:0, C16:1, odd-C15-
C17, C17:1, C18:1, C20:1, C20PUFA (C20:4ω6, C20:5ω3), C22:0, 
C22:5ω3, C22:6ω3 and LCFA (>C23, even and odd 
compounds). Prior to PCA analysis, the dry weight 
concentrations (µg g-1) were normalized by the 
centered log ratio method, which involves division of 
each variable by the summed concentration of all 
variables in a sample, followed by division by the 
geometric mean and log-transformation (YUNKER et 
al., 2005; WATERSON;CANUEL, 2008). Quartimax 
rotation was selected to represent the planar projection 
of the loadings (variables) and scores (samples) for the 
two principal components. 
   

RESULTS AND DISCUSSION 
  

General Bulk Sediment Properties: TOC and Isotopic 
Composition of Organic Matter 

 
Using sediment properties (grain size, 

organic carbon content and isotopic composition), the 
SEBCM was previously divided into two distinct 
sectors separated by a geographic boundary 
represented by São Sebastião island, on the coast of 
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São Paulo state (24ºS-45ºW) (MAHIQUES et al., 
2004). Sedimentation in the northern region of the 
SEBCM was highly heterogeneous and characterized 
by patchy distribution of sediment properties. 
Generally, muddy sedimentary deposits in northern 
SEBCM were found at Cabo Frio and along the 100m 
isobaths (MAHIQUES et al., 2004). Consistent with 
these observations, wet-sieving analyses showed that 
the core collected for this study (core C01), also 
collected at the 100 m isobath, was composed of mud 
throughout (Helio Vilhena-UERJ, personal 
communication). Despite the constant grain size, the 
total organic carbon (TOC) content in the 0-1 cm layer 
of core C01 (24.1 mg g-1; Table 1) was more than 

three times higher than the mean TOC of 7.3 ± 4.4 mg 
g-1 observed in the northern SEBCM and even higher 
than typical values (12-18 mg g-1) measured in 
sediments from the Cabo Frio upwelling region 
(MAHIQUES et al., 2004; MAHIQUES et al., 2005). 
The mean TOC content of 11.4 ± 1.8 mg g-1 for other 
depths in core C01 (Table 1) was similar to values 
observed regionally in the shelf (SOARES-GOMES et 
al., 1999; MAHIQUES et al., 2004), further 
emphasizing the elevated values for organic carbon 
content found in the 0-1 cm layer in the core analyzed 
for this study. 
 

 
Table 1. Total organic carbon (TOC; mg g-1), δ13C and δ15N(‰) and sterols (in % of total concentration) in the sediment core on 
the continental shelf off Guanabara Bay, Rio de Janeiro. 
 

Sediment layer (cm)  
 

0-1 1-2 2-3 4-5 6-7 7-8 8-9 9-10 
10-
11 

12-
13 

13-
14 

14-
15 

15-
16 

16-
17 

17-
18 

18-
19 

20-
21 

21-
22 

22-
23 

23-
24 

24-
25 

TOC (mg g-1) 24.5 12.1 13.5 14.5 15.1 11.8 11.9 11.0 11.2 11.1 11.0 9.0 13.3 9.7 8.9 10.7 9.9 8.9 9.5 10.7 11.1 

δ13C ( ‰) -24.1 -25.5 -24.1 -22.9 -23.8 -23.0 -24.3 -24.7 -22.3 -21.2 fna na na na na na na na na na na 

δ15N (‰) 9.0 9.4 8.7 7.2 9.7 9.0 8.2 9.8 8.1 7.5 na na na na na na na na na na na 

a,bSterols (%)                      

26∆5,22 1.1 dtr tr tr tr tr tr tr tr tr tr tr tr tr tr tr tr - tr tr tr 

26∆22 tr tr e- tr tr tr tr tr - - - tr tr tr tr tr tr - - tr tr 

nor27∆5,22 2.0 1.5 tr 1.4 tr tr tr tr - - - tr tr tr tr tr tr - - tr tr 

27∆5,22 11.6 4.7 5.3 5.3 3.4 2.5 3.5 3.6 3.1 1.8 tr 1.4 1.9 2.6 2.0 2.5 tr 1.6 1.5 1.6 1.3 

27∆5 42.4 11.8 9.6 12.5 10.5 9.4 11.5 12.4 11.3 23.5 8.8 8.8 13.2 9.3 7.8 11.0 4.8 5.0 6.7 7.9 7.5 

27∆0 4.5 9.7 7.6 15.0 9.2 9.9 9.7 11.7 11.0 6.9 3.7 6.8 8.4 9.8 7.9 9.5 3.8 6.2 5.6 6.9 6.7 

28∆5,22 10.0 11.3 6.6 12.2 8.0 6.3 7.1 8.3 7.0 3.7 1.7 3.7 4.3 5.8 4.4 6.2 2.7 3.7 3.5 3.6 3.2 

28∆22 tr 4.2 2.9 4.8 3.6 2.8 3.9 4.8 3.5 2.9 1.8 4.0 2.9 3.3 2.3 3.2 1.7 tr 1.7 2.1 1.5 

28∆5,24(28) 3.7 4.3 2.6 5.6 3.8 6.4 4.5 4.3 - 2.9 - 3.4 1.2 2.3 2.4 4.1 4.3 4.8 3.2 3.7 8.5 

28∆5 9.4 12.1 9.5 5.7 11.4 14.3 10.0 10.2 13.8 9.0 8.2 10.9 8.8 9.1 11.5 3.9 5.4 10.7 12.9 10.3 13.0 

28∆0 - - - - - - 1.3 1.6 1.5 - - 1.5 1.2 tr - - - tr tr tr tr 

29∆5,22 tr 9.2 5.9 9.8 8.0 6.7 6.7 8.3 7.8 6.9 4.1 10.8 6.3 7.6 7.4 9.0 4.7 5.7 5.4 6.1 6.1 

29∆5 9.4 4.8 19.3 - 7.5 15.9 7.1 2.0 11.7 13.3 39.3 - 16.4 3.8 11.8 1.4 13.9 - 25.9 20.4 19.7 

29∆0 2.9 12.4 16.1 1.4 13.7 10.6 15.1 13.7 12.9 18.3 25.1 27.6 20.1 26.8 23.8 25.7 52.3 47.6 24.6 27.8 23.0 

4α30∆22 1.6 13.0 13.3 25.1 19.0 13.7 17.8 16.9 15.9 10.5 6.5 19.3 14.3 18.1 17.7 21.8 4.6 13.0 8.5 8.1 7.9 

                      

Total sterols 
(µg g-1) 

62.3 2.1 3.4 0.6 1.8 1.9 2.4 1.9 1.6 1.8 4.6 1.0 2.8 1.6 1.4 1.2 2.5 0.7 1.2 1.8 1.2 

Total sterols  
(mg gTOC-1) 

2.54 0.18 0.25 0.04 0.12 0.16 0.21 0.17 0.14 0.16 0.42 0.11 0.21 0.17 0.15 0.12 0.25 0.08 0.12 0.17 0.11 

cStanol/stenol 0.12 0.77 0.62 0.90 0.78 0.52 0.91 1.10 0.69 0.55 0.51 1.83 0.77 1.66 1.02 2.17 2.33 3.49 0.67 0.91 0.76 

(a) all values of sterols in % of individual compound to total sterols analyzed. 
(b) symbol a∆b,c (a = number of C atoms; b,c = position of the usaturation in the C structure) and stands for: 24-nor-cholesta-5,22E-dien-3β-ol 
(26∆5,22), 24-nor-5α-cholest-22E-en-3β-ol (26∆22), 27-nor-24-methylcholesta-5,22E-dien-3β-ol (nor27∆5,22), cholesta-5,22E-dien-3β-ol (27∆5,22), 
cholest-5-en-3β-ol (27∆5; cholesterol), 5α-cholestan-3β-ol (27∆0; cholestanol), 24-methylcholesta-5,22E-dien-3β-ol (28∆5,22), 24-methyl-5α-
cholest-22E-en-3β-ol (28∆22), 24-methylcholesta-5,24(28)-dien-3β-ol (28∆5,24(28)), 24-methylcholest-5-en-3β-ol (28∆5), 24-methyl-5α-cholestan-
3β-ol (28∆d0), 24-ethylcholesta-5,22E-dien-3β-ol (29∆5,22), 24-ethylcholest-5-en-3β-ol (29∆5), 24-ethyl-5α-cholestan-3β-ol (29∆0) and 4α,23,24-
trimethyl-5α-cholest-22-en-3β-ol (4α30∆22) 
(c) Stanol/stenol: (27∆0, 28∆0, 29∆0) / (29∆5, 28∆5, 29∆5) 
(d) tr, denotes trace amounts (< 1% of total sterols) 
(e) -, denotes below detection limits 
(f) na = not analysed 
(g) bold face indicates sterol is amongst the six most abundant sterols (on a % basis) comprising the total distribution 
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Stable  isotope  values  (δ13C and δ15N) in 
the upper 13 cm ranged from -24.7 to -21.2 per mil 
(mean ± s.d. = -23.6 ± 1.25) and 7.2 to 9.7 per mil 
(mean ± s.d. = 8.7 ± 0.9), respectively. δ3C values 
indicate a mixture  of  marine  and  terrigenous  
sources  (e.g.  MACKO  et  al., 1993; SCHMIDT et 
al., 2010). The δ15N signatures ranged within the 
values commonly reported  for  marine  OM on the 
shelf (e.g. MUZUKA; HILLAIRE-MARCEL, 1999). 
Overall,  there  was  no  trend in the changes in 
isotopic  signatures  with  depths  in  the upper 13 cm 
suggesting that the sources of OM were constant over 
the timeframe represented by the core. 
  
 
 
 

PCA Analyses 
 

A total of 70.9% of the variance in the sterol 
and fatty acid data was explained by the two first 
components in the PCA analyses (Fig. 2). Compounds 
associated with heterotrophic bacteria (e.g. branched, 
odd C15-C17) and higher plants (i.e., long chain fatty 
acids; LCFA) (VOLKMAN, 2006), as well as 
compounds which tend to be more stable (e.g. 
saturated fatty acids such as 16:0, 18:0 and 22:0), had 
positive loadings on principal component 1. In 
contrast, biomarkers derived from autochthonous 
production and of greater lability (27∆5, 28∆5,22, 
28∆5,24(28), PUFAs, etc.) (VOLKMAN, 2006) had 
negative loadings (Fig. 2-a). 
  

 
 

Fig. 2. Projections (quartimax rotated) of principal component 1 and principal 
component 2 obtained from the PCA analysis for lipids loadings (a) and 
sampling scores (b). Abbreviations used in the top panel (a) are provided in 
Tables 1 and 2 and values in the lower panel (b) represent the sediment core 
horizons (in cm). 
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Principal component 2 separated C28-C30 
sterols and stanols (positive loadings) from mono- and 
polyunsaturated fatty acids (negative loadings) (Fig. 2-
a). Although the reactivity of lipids is highly variable 
and dependent on several factors (redox conditions, 
bioturbation, sedimentation rates, nature of organic 
matter, time after burial, among others) (WAKEHAM; 
CANUEL, 2006), apparent rate constants for lipids 
suggest the following sequence of susceptibility to 
decomposition: PUFA>MUFA>sterols (CANUEL; 
MARTENS, 1996; ARZAYUS; CANUEL 2005). 
Thus, principal component 2 likely differentiates 
between labile (negative loadings) and more refractory 
(positive loadings) compounds. 

It is interesting to observe that principal 
component 2 grouped stanols, 4α30∆22 and the three 
sterols usually ascribed to terrestrial/riverine OM 
(28∆5, 29∆5,22 and 29∆5). These sterols did not group 
with other markers of phytoplankton production, such 
as 28∆5,22, 28∆5,24(28) or PUFAs, or with biomarkers 
for vascular plants, such as the long-chain fatty acids 
(LCFAs). One explanation for these groupings is that 
the sterols 28∆5, 29∆5,22 and 29∆5 may derive from 
both autochthonous and allochthonous sources of OM. 
Alternatively, the grouping of these compounds may 
reflect their resistance to bacterial decomposition due 
to their association with mineral phases (e.g., as soils 
or clay minerals) (KEIL;HEDGES, 1993). 

The scores obtained in the PCA analyses 
isolated the 0-1 cm layer with very negative values for 
both principal components 1 and 2 (Fig. 2-b). This 
result is consistent with the unique composition of this 
sample including higher concentration of TOC and 
lipids, and biomarkers suggesting the presence of 
labile and recently deposited OM at the sediment 
surface. With increasing depth in the core, the scores 
(samples) were directed towards more positive values 
for principal components 1 and 2, reflecting 
preferential decomposition of labile compounds from 
autochthonous sources and selective preservation of 
bacterial and higher plant signatures. 
  

Sterols 
 

Overall, approximately fifteen sterols, 
comprising unsaturated and saturated C26-C30 
compounds, were present in the 21 sediment layers (0-
25 cm) analyzed (Table 1). The concentration of total 
sterol at 0-1 cm was 62.3 µg g-1 (or 2.54 mg gTOC-1), 
while total sterol concentrations were one order of 
magnitude lower in the remaining horizons (1.79 ± 
1.01 µg g-1 or 0.16 ± 0.09 mg gTOC-1). Elevated 
concentrations of total sterols in the surface horizon of 
core C01 (0-1 cm) and the steep gradient with depth 
are consistent with the delivery of fresh organic 
material (see above). It has been shown at Cabo Frio 
that the highest export of biogenic carbon occurs when 

the plankton community is dominated by opportunistic 
herbivorous copepod species, responsible for efficient 
grazing of the high phytoplankton biomass following 
an upwelling event (MCMANUS et al., 2007; 
GUENTHER et al., 2008). Short-term spatial and 
temporal variation in accumulation of sedimentary 
lipids has also been recorded in other upwelling 
regions, such as the Peruvian coast (WAKEHAM et 
al., 1984) and equatorial Pacific (WAKEHAM et al., 
2002). Our results suggest a similar process, although 
additional information such as chlorophyll-a 
concentrations and flux of biogenic particles in the 
water column is still necessary to confirm this 
hypothesis. 

Total sterol concentrations in the 0-1 cm 
horizon (62.3 µg g-1 or 2.54 mg gTOC-1, Table 1) were 
higher than the mean concentrations observed in 
surface sediments collected at 100 m depth in the 
nearby upwelling region of Cabo Frio (total sterols of 
12.7 ± 4.0 µg g-1 or 1.3 ± 0.9 mg gTOC-1; 
YOSHINAGA et al., 2008). However, the mean total 
sterol concentration for the 1-5 cm sections was only 
2.02 ± 1.40 µg g-1 or 0.15 ± 0.11 mg gTOC-1 (Table 
1), which was in a range similar to that observed by 
Yoshinaga et al. (2008) at Cabo Frio (excluding the 
100 m isobath). Sterol concentrations in core C01 
were also lower than those observed in other shelf 
regions, such as the NE Atlantic (4.4 to 7.2 µg g-1; 
MEJANELLE; LAUREILLARD, 2008) and East 
China Sea (5.57 to 51.7 µg g-1; JENG; HUH 2001). 
These  observations  are  consistent  with  the 
prevalent  oligotrophic conditions typically observed 
in the SEBCM (ROSSI-WONGTSCHOWSKI;  
MADUREIRA, 2006) and provide additional evidence 
that the high concentration of sterols in the surface 
sediment was derived from a recent event, and does 
not represent the average deposition for the study area. 
Higher concentrations of sterols in the uppermost 
sediment suggest that sterols associated with previous 
depositional “events” have been rapidly degraded 
upon burial and/or are transported by bottom currents. 
Alternatively, the “event” captured in the surface 
sediments may be anomalous and not be reflective of 
typical conditions. 

In the 0-1 cm horizon, sterol distributions 
were dominated by cholest-5-en-3β-ol (cholesterol; 
27∆5), which comprised 42.4 % of total sterols (Table 
1). Cholesterol is produced by zooplankton during 
dietary alteration of phytosterols but it may also be 
found in some groups of algae (VOLKMAN, 1986; 
VOLKMAN et al., 1998). Other sterols in the 0-1 cm 
sediments include cholest-5,22-dien-3β-ol (27∆5,22) 
and 24-methylcholesta-5,22E-dien-3β-ol (28∆5,22), 
representing 11.6 % and 10.0 % of total sterols, 
respectively. The sterol 27∆5,22 is not found in most 
species of unicellular algae (VOLKMAN et al., 1998; 
SCHEFUSS et al., 2004), but this compound may 
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occur in diatoms (VOLKMAN, 1986). High 
concentrations of 27∆5,22 have been associated with the 
fast sinking of organic matter via zooplankton faecal 
pellets (VOLKMAN, 2006). In contrast, 28∆5,22 is 
abundant in diatoms but may also be produced by 
heterotrophic dinoflagellates (VOLKMAN, 1986). 
Yoshinaga et al. (2008) reported a similar distribution 
of sterols in sediments in the upwelling region of Cabo 
Frio, but these authors found increased abundances of 
24-methylcholesta-5,24(28)-dien-3β-ol (28∆5,24(28)), a 
compound more specific to diatoms than 28∆5,22, 
during summer/spring (VOLKMAN, 2006). In our 
samples, 28∆5,22 represented less than 4.0 % of total 
sterols in the 0-1 cm horizon (Table 1). Differences in 
the sterol composition of surface sediments between 
our study and the Yoshinaga et al. (2008) study 
suggest that plankton community structure in the 
SEBCM may change over short spatial and temporal 
time scales in response to the prevailing 
oceanographic conditions. 

Although not abundant at the sediment 
surface (0-1 cm), the sterol 4α,23,24-trimethyl-5α-
cholest-22-en-3β-ol (4α30∆22) represented one of the 
major compounds at greater depths in the core (14.3 ± 
5.4 % of total sterols; Table 1). This sterol is 
associated mainly with dinoflagellate production 
(VOLKMAN, 2006) and, therefore, the relative 
enrichment observed in the deeper horizons of our 
sediment core suggests that these organisms may be 
important under “normal” conditions. This is 
consistent with the high abundance of this group of 
primary producers in the oligotrophic SEBCM waters, 
especially of the genus Ceratium (ROSSI-
WONGTSCHOWSKI; MADUREIRA,  2006). 

In addition to a decrease in total sterol 
concentration with increasing depth in the core, there 
was a shift in sterol distribution (Table 1). In general, 
with increasing depth below 0-1 cm there was a trend 
towards higher contributions of 28∆5, 29∆5,22 and 29∆5 
(Table 1). As suggested by the PCA analysis, these 
sterols may have mixed contributions from 
autochthonous and allochthonous sources of OM. The 
higher abundance of these sterols in deeper layers of 
the sediment core, together with the occurrence of 
4α30∆22 (previously discussed), may result from the 
preferential preservation of these compounds 
(WAKEHAM; CANUEL,  2006). An increase in the 
stanol/stenol ratio from 0.12 at 0-1 cm to a mean of 
1.15 ± 0.77 down in the core (Table 1) is consistent 
with the presence of ‘fresh’ OM at the sediment-water 
interface followed by bacterial alteration over time 
(NISHIMURA,  1982; WAKEHAM; CANUEL 2006). 

The sterol coprostanol (5β-cholestan-3β-ol) 
has been used to indicate the input of anthropogenic 
OM into SEBCM. However, coprostanol was below 
our analytical detection limits throughout the core. 
This may be due to both the distance from land-based 

sources of sewage (> 20 miles) and subsequent 
dilution of sewage particles as well as the higher 
degradation of coprostanol under oxic conditions in 
the water column in comparison to other compounds 
derived from continental runoff (MCCALLEY et al. 
1981; SALIOT et al. 2002). 
  

Fatty Acids 
 

Fatty acids (FAs) were only analyzed from 
the surface down to 13 cm depth (Table 2). In general, 
the distribution of total FAs resembles that of sterols, 
although no significant correlation was found between 
the two classes of compounds. FAs had elevated 
concentrations in the sediment surface (101.9 µg g-1 or 
4.2 mg gTOC-1, Table 2) and values one order of 
magnitude lower at greater depths (10.0 ± 4.7 µg g-1 or 
0.81 ± 0.41 mg gTOC-1). Throughout the core, fatty 
acids were dominated by saturated compounds in the 
range C12-C30 (60-76% of total FAs), with C16:0 (19.9 ± 
4.8 %) and C18:0 (9.3 ± 3.1 %) representing the major 
compounds. 

Individual fatty acids were grouped as 
indicative of OM derived from phytoplankton and 
zooplankton (sum of C18, C20 and C22 PUFAs), 
bacteria (sum of odd numbered C13-C17, linear and 
branched FA) and terrigenous sources/vascular plants 
(sum of even-numbered long-chain FAs C24-C30) 
(MCCALLISTER et al, 2006). While FAs were 
dominated by compounds from phytoplankton and 
zooplankton in the 0-1 cm interval, contributions from 
these sources decreased downcore (Fig. 3). This is 
consistent with the downcore profile of sterols and 
provides additional evidence for the deposition of 
“fresh” organic matter at the sediment surface. 

It is interesting to observe in Figure 3 the 
profile of the long-chain fatty acids (LCFAs), which 
are one of the most specific indicators of OM derived 
from vascular plants (VOLKMAN, 2006). The 
concentration of LCFAs in the 0-1 cm layer of our 
core (0.47 mg gTOC-1; Fig. 3) was higher than the 
concentrations observed in surface sediment at the 100 
m isobath at Cabo Frio (0.05 to 0.15 mg gTOC-1, 
YOSHINAGA et al., 2008), suggesting that there may 
be a higher contribution of OM from 
terrestrial/riverine sources at our site. The source of 
the LCFA at our sampling site is probably the outflow 
from Guanabara Bay, since there are no rivers in the 
region. In addition, the lack of correlation of LCFA 
and the sterols usually associated with vascular plants, 
i.e, 28∆5, 29∆5,22 and 29∆5 (VOLKMAN, 2006), 
indicates the need to consider fatty acids – or other 
classes of biomarkers, like lignin – to better constrain 
the delivery of continentally-derived OM to the 
SEBCM, instead of only using sterols. Moreover, 
LCFAs and bacterially-derived FAs were strongly 
correlated (r2 = 0.91; p < 0.01), which could be related 
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to  the presence of degraded OM in the sediment 
layers and/or may reflect selective preservation of 
these FAs relative to planktonic-derived FAs, like 
PUFAs (CANUEL;  MARTENS, 1996; 
WAKEHAM;CANUEL, 2006). 

Additionally, no monotonic decrease in fatty 
acids was observed downcore. Contributions from the 

three groups of FA varied with depth (e.g. minimum 
concentration at 6-7 cm and higher concentrations at 
8-9 cm and 12-13 cm; Fig. 3), which probably reflects 
changes in OM accumulation at the study site. 
Additional data from this and other regions of the 
SEBCM are necessary to investigate this point in 
greater detail. 

 
Table 2. Fatty acid distribution in the sediment CO1 on the continental shelf off Guanabara Bay, Rio de Janeiro. 

 
Sediment layer (cm) component (%) 
0-1 1-2 2-3 3-4 4-5 6-7 7-8 8-9 9-10 10-11 12-13 

12:0 -a - trb tr - - - tr - tr tr 
i13 - - - - - - - - - - - 
a13 - - - - - - - - - - - 
13:0 - - - - - - - - - - - 
13:0 - - - - - - - - - - - 
i14 tr tr tr tr tr tr tr tr tr - tr 
14:1 tr tr - tr tr tr - tr - - tr 
14:0 2.5 3.4 3.3 4.5 3.7 3.8 4.2 4.3 3.8 5.0 4.4 
i15 tr 1.7 1.2 1.7 1.8 1.7 1.7 1.9 1.5 2.0 1.4 
a15 tr 1.9 1.3 2.1 2.4 2.6 2.3 2.8 2.2 3.2 2.3 
15:1 tr - - tr tr tr - - - - - 
15:0 1.7 2.3 2.0 2.7 2.3 2.6 2.9 2.5 2.1 2.7 2.8 
16:3 - - - - - - - - - - - 
16:2 - - - - - - - - - - - 
i16 - 1.7 1.3 1.6 1.5 - 1.5 1.5 1.2 1.7 tr 
16:1ω9 3.1 - - 5.6 - 2.8 2.6 3.9 1.5 4.0 6.7 
16:1ω7 1.8 6.4 3.6 5.4 7.3 6.4 4.9 5.0 3.7 3.7 tr 
16:0 21.1c 19.4 17.7 21.7 19.7 24.5 23.1 21.2 21.1 6.6 22.7 
10methyl-C16 tr 1.8 tr 1.2 1.8 1.9 1.4 1.7 1.2 1.6 1.4 
i17 tr tr tr tr tr tr tr tr tr tr tr 
a17 tr tr tr tr tr tr tr tr tr tr 1.2 
17:1 tr tr tr 1.0 tr tr tr tr tr tr tr 
17:0 1.6 1.9 1.9 tr 1.9 2.2 1.9 1.6 1.8 1.9 1.7 
18:4 - - - - - - - - - - - 
18:3 tr - - tr - - - - - tr - 
18:2 1.7 tr 1.0 1.7 1.1 2.0 1.3 1.1 1.0 1.3 1.2 
18:1ω9c 8.5 6.0 4.5 6.8 5.8 7.5 6.2 6.0 4.7 7.0 6.0 
18:1ω9t 2.9 6.3 4.3 4.8 6.4 5.3 4.8 4.2 3.2 4.0 2.9 
18:0 18.1 8.1 8.0 8.1 7.3 10.9 8.4 7.5 8.1 9.6 8.7 
20:4ω6 2.5 1.6 tr tr tr tr - tr - tr tr 
20:5ω3 5.1 1.3 tr tr tr tr - tr - tr tr 
20:3 tr tr tr tr tr tr - tr - - tr 
20:2 tr tr tr tr tr - - tr - - tr 
20:1 2.0 1.8 9.6 tr 1.0 2.8 - tr - - 1.3 
22:6ω3 4.3 - tr tr tr - - - - - - 
22:5ω3 2.8 - tr tr tr - - - - - - 
22:2 - - tr tr tr - - - - - - 
22:1ω9 - - tr tr tr - - - - - - 
22:0 2.1 3.9 4.4 3.2 3.9 3.2 4.0 3.1 4.6 2.3 3.8 
23:0 1.5 2.7 3.0 2.0 2.6 1.9 2.8 1.8 3.4 2.9 2.7 
24:1 - - - - - - - - - - - 
24:0 4.2 7.5 7.9 6.0 7.6 4.5 7.6 6.2 9.2 9.3 7.7 
25:0 1.0 1.7 1.8 1.4 1.7 tr 1.8 1.4 2.2 2.2 1.8 
26:0 4.7 7.6 8.5 5.8 7.5 3.6 7.6 6.7 10.6 10.7 8.0 
27:0 tr tr tr tr tr tr tr tr tr 1.1 tr 
28:0 1.9 3.4 4.2 2.7 3.3 1.8 3.1 4.2 5.6 6.6 3.4 
29:0 tr tr tr tr tr tr tr tr tr 1.3 tr 
30:0 tr 1.7 2.5 1.4 1.7 1.1 1.6 3.3 3.3 5.1 1.7 
            
Total FA (µg g-1) 101.9 15.3 8.6 12.2 11.0 4.1 8.4 16.5 3.0 6.5 14.6 
Total FA (mg gTOC-1) 4.2 1.3 0.6 0.9 0.8 0.3 0.7 1.4 0.3 0.6 1.3 

 
a -, denotes below detection limits 
b tr, denotes trace amounts (< 1% of total FA) 
c
 boldface indicates FA is amongst the six most abundant FA (on a % basis) comprising the total distribution 
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Fig. 3. Distribution of fatty acids (FA, in mg g-1TOC) in the core C01, grouped accordingly to McCallister 
et al., 2006, as (i) phytoplankton and zooplankton: sum of C18, C20 and C22 PUFA; (ii) bacteria: sum of odd 
numbered C13-C17, linear and branched FA; and (iii) terrigenous/vascular plant: sum of even long chain FA 
C24-C30. 

 
 

CONCLUSIONS 
 
 

Findings from this study revealed that the 
influence of SACW upwelling on the production and 
export of OM to sediments is not restricted to the 
Cabo Frio region but extends regionally to the shelf. In 
addition, the presence of lipids derived from vascular 
plants suggested that the outflow from Guanabara Bay 
influences accumulation of OM on the shelf; this must, 
however, be better investigated. Our results 
demonstrate the benefits of utilizing multiple classes 
of biomarkers and the need for studying organic matter 
composition with greater spatial and temporal 
coverage on the shelf due to the complex dynamics 
associated with this region. A regional program where 
suspended particles and sediment samples are 
collected regularly would provide valuable 
insights into the processes controlling the 
biogeochemical cycling of OM on the Rio de Janeiro 
continental shelf. 
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