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Abstract Acoustic remote sensing is a highly effective tool
for exploring the seafloor of both deep and shallow marine
settings. Indeed, the acoustic response depends on several
physicochemical factors such as sediment grain size, bulk
density, water content, and mineralogy. The objective of the
present study is to assess the suitability of seismic peak am-
plitude as a predictor of total organic carbon (TOC) content in
shallowmarine sediments, based on data collected in the Cabo
Frio mud belt in an upwelling zone off southeastern Brazil.
These comprise records of P-wave velocity (VP) along 680 km
of high-resolution single-channel seismic surveys, combined
with analyses of grain size, wet bulk density, absolute water
content and TOC content for four piston-cores. TOC contents
of sediments from 13 box-cores served to validate the meth-
odology. The results show well-defined positive correlations
between TOC content and mean grain size (phi scale) as well
as absolute water content, and negative correlations with VP,
wet bulk density, and acoustic impedance. These relationships
yield a regression equation by which TOC content can be
satisfactorily predicted on the basis of acoustic impedance
for this region: y=− 4.84 ln(x) + 40.04. Indeed, the derived
TOC contents differ by only 5% from those determined by
geochemical analysis. After appropriate calibration, acoustic

impedance can thus be conveniently used as a predictor of
large-scale spatial distributions of organic carbon enrichment
in marine sediments. This not only contributes to optimizing
scientific project objectives, but also enhances the cost-
effectiveness of marine surveys by greatly reducing the ship
time commonly required for grid sampling.

Introduction

Geoacoustic characterization of near-surface marine sedi-
ments has received increasing attention worldwide during
the last decades since pioneer research dating back to the
1980s. In general, those studies were aimed at creating a
framework correlation between acoustic attributes and sedi-
mentological parameters to achieve a more quantitative char-
acterization of the seafloor in geological, environmental and
geotechnical terms, today commonly coupled with
geoacoustic modeling exercises (e.g., Hamilton 1980;
Hamilton and Bachman 1982; Richardson and Briggs 1993,
2002; Ayres and Theilen 1999; Bartholomä 2006; Cruz et al.
2013; Mendoza et al. 2014; Wölfl et al. 2014; Daniell et al.
2015). The main acoustic attributes used for this characteriza-
tion are the P-wave velocity (VP), wet bulk density (ρ) and
acoustic impedance (Z), the latter defined as the product of the
former two parameters:

Z ¼ ρV P ð1Þ

Several sedimentological and biological factors (grain size,
porosity, water content, compaction, contact between grains,
bioturbation, etc.) as well as operational factors (signal inten-
sity, beam angle and frequency) control the P-wave responses
within sediments simultaneously and on different scales
(Collins et al. 1996; Jackson and Richardson 2007).

* Arthur Ayres Neto
aayres@id.uff.br

1 Geology and Geophysics Department, Universidade Federal
Fluminense, Av. General Milton Tavares de Souza, s/n Gragoatá,
24322-095 Niterói, RJ, Brazil

2 Geochemistry Department, Universidade Federal Fluminense,
Outeiro São João Baptista s/n Centro, Niterói, RJ, Brazil

3 Petrobras Research Center (CENPES), Av. Horácio Macedo 950,
Cidade Universitária, 21941-915 Rio de Janeiro, RJ, Brazil

Geo-Mar Lett (2016) 36:395–403
DOI 10.1007/s00367-016-0449-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s00367-016-0449-3&domain=pdf


Operating parameters are relatively easy to control and, once
set, must remain constant throughout the survey. A change in
these settings would result in a change in the acoustic response
of the sediment, thereby preventing meaningful comparisons
between different materials. In contrast, sedimentological fac-
tors vary quite randomly. Even within the same depositional
environment, sediments can show heterogeneities on scales
ranging from millimeters to tens of meters (Preston et al.
1997). Such heterogeneities are generated from the start of
the sedimentation process by, for example, the deposition of
larger objects (e.g., shells) within a finer matrix and changes in
the grain fabric, which together define the porosity and grada-
tional layering caused by variations in energy in the course of
deposition (Briggs and Richardson 1997). The overall acous-
tic response arises from a combination of these factors and,
therefore, changes in any of these parameters would be
reflected in the acoustic signature of the sediment.

Acoustic geophysical methodologies (echosounding, side-
scan sonography, high-resolution seismic profiling, and sedi-
ment acoustic classification) are key tools in modern marine
research, requiring a sound knowledge of interrelations be-
tween seafloor acoustic and physicochemical properties.
Particularly today, these are strategic elements in developing
geoacoustic models supporting, for example, subsea oil and
gas exploration, offshore mining, and harbor engineering, as
well as environmental impact assessments of these and other
human activities. Notable applications include regional-scale
assessments of methane dynamics (e.g., Mogollón et al. 2013)
and organic carbon enrichment (e.g., Leipe et al. 2011), one
advantage being a reduction in fieldwork and laboratory costs.

Within this context, the present study explores the relation-
ship between sedimentary organic matter and acoustic re-
sponse of near-surface marine sediments at the western
boundary of the Cabo Frio upwelling system (CFUS) of
southeastern Brazil (Fig. 1). In this region, productivity and
sedimentation patterns are controlled by synergetic oceano-
graphic processes resulting in a variety of upwelling areas
on the continental shelf (Belem et al. 2013), and promoting
accumulation of organic matter-enriched sediments (Sanders
et al. 2014). In the CFUS, sedimentary organic matter origi-
nates from both marine and terrigenous sources (Yoshinaga
et al. 2008; Albuquerque et al. 2014). Marine sources domi-
nate (Cordeiro et al. 2014; Sanders et al. 2014), rooted mainly
in labile marine planktonic debris produced during upwelling
events. Thus, a strong correlation between primary productiv-
ity and sediment total organic carbon (TOC) content can be
expected (see, for example, Freudenthal et al. 2001).
Terrigenous sources comprise continentally derived higher
plant material delivered by riverine input and subsequently
reworked by southward-flowing coastal plumes to eventually
be dispersed along the Cabo Frio continental shelf. Cruz et al.
(2013) reported similarities in physical sediment properties
between the inner and outer shelf sectors, despite energy

conditions being higher on the inner shelf. Mendoza et al.
(2014) used acoustic data coupled with physicochemical sed-
iment characteristics (grain size, TOC, sedimentation rates
and absolute ages) to investigate the millennial-scale evolu-
tion of the Cabo Frio shelf deposit.

The main objective of the present study is to explore inter-
relationships between TOC contents and the propagation ve-
locity of P-waves (VP), wet bulk density (ρ), and acoustic
impedance (Z) of shallow marine sediments in the CFUS.
Moreover, it assesses whether acoustic impedance can serve
to estimate large-scale spatial distribution patterns of sediment
organic carbon in the region.

Physical setting

The study area is located off the city of Cabo Frio in water
depths of 80 to 140 m at the confluence of the eastern and
southern coastal sectors of the state of Rio de Janeiro (Fig. 1).
Coastal upwelling brings deep, cold and nutrient-rich water to
the ocean surface and/or photic zone from early spring to late
summer (Carbonel and Valentin 1999; Belem et al. 2013),
favoring the production of organic matter due to nutrient avail-
ability. Upwelling is forced primarily by the NE coastal wind
regime, in combination with morphological features and the
meso-scale dynamics of the Brazil Current, which promotes
inflow of South Atlantic Central Water onto the continental
shelf (Rodrigues and Lorenzzetti 2001; Castelao and Barth
2006; Belem et al. 2013).

The inner shelf is dominated by terrigenous sediments and
the outer shelf primarily by carbonate sediments (Figueiredo
and Madureira 2004). Due to the confluence of northerly and
southerly wind-driven coastal currents, however, an extensive
accumulation of muddy terrigenous sediments extends sea-
ward up to the shelf break where carbonate sands predominate
(Dias et al. 1982; Fig. 1). This mud is supplied mainly by
small local rivers, but also by the Paraiba River (located
approx. 180 km north of Cabo Frio) and Guanabara Bay
(located 150 km to the west; Knoppers and Moreira 1990;
Albuquerque et al. 2016).

Materials and methods

The seismic survey was conducted in spring 2009 using a
Geoacoustics Geopulse 3.5 kHz single-channel chirp system
and covering 680 km. Positioning was by means of a DGPS
CNAV 2000 system.

Seismic peak amplitude was determined using the
Kingdom Suite software (IHS, Taiwan) after the first acoustic
reflection of the seabed had beenmapped (Fig. 2a). The values
were then filtered using a moving average of ten seismic shots.
As an example, Fig. 2b shows the original peak amplitude
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values and the filtered data from seismic line 19. Due to the
high quality of the seismic data and restriction to the upper-
most sediment layer, no seismic post-processing techniques
(stacking, muting, statics correction, velocity analysis, migra-
tion, etc.) were applied.

Seabed samples were collected with a 6-m-long piston-
corer and a 50×50 cm box-corer at 17 sites chosen on the basis

of different echo-characters observed in the seismic data (cf.
geographic coordinates in Table 1, and locations in Fig. 1). In
the laboratory, the four piston-cores were profiled by means of
a multi-sensor core logger to obtain VP and wet bulk density
values at 1 cm intervals (Schultheiss and Weaver 1992). The
cores were split in half, and subsamples were taken every 5 cm
from one half for grain size analyses of sand (–1 to 4 phi), silt

Fig. 1 Geographic locations of
the study area (black Cabo Frio
mud belt), and the box- and
piston-cores (see Table 1)

Fig. 2 a Example of a seismic line (FEC_00026) with interpreted seabed
reflector (blue line). Yellow Wiggle traces. Box Traces used to calculate
average amplitude values in the vicinity of core KCF10-04A. b Seismic
peak amplitude values (gray line) and filtered data (black line) of seabed
reflector from seismic line 19

Table 1 Geographic coordinates of piston- and box-core sampling
stations

Core Lat. (S) Long. (W)

Piston-corer

KCF10-01A 23°40′39′′ 41°59′00′′

KCF10-04A 23°28′04′′ 42°04′47′′

KCF10-09A 23°20′14′′ 42°14′01′′

KCF10-15C 23°06′26′′ 42°28′01′′

Box-corer

BCCF10-01 23°40′39′′ 41°59′00′′

BCCF10-02 23°32′53′′ 41°51′17.5′′

BCCF10-04 23°28′04′′ 42°04′47′′

BCCF10-07 23°11′21′′ 42°03′52′′

BCCF10-08 23°20′22′′ 42°07′51′′

BCCF10-09 23°20′14′′ 42°14′01′′

BCCF10-10 23°13′24′′ 42°12′01′′

BCCF10-11 23°10′54′′ 42°13′56′′

BCCF10-12 23°16′40′′ 42°29′36′′

BCCF10-13 23°06′51′′ 42°23′17′′

BCCF10-14 23°11′03′′ 42°37′10′′

BCCF10-15 23°06′26′′ 42°28′01′′

BCCF10-16 23°07′07′′ 42°38′10′′
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(4–9 phi) and clay (<9 phi), as well as absolute water content
(weight%). TOC contents (weight%) of bulk sediments in the
piston-cores were extracted fromMendoza et al. (2014). TOC
contents of the 13 box-cores were determined as described by
Mendoza et al. (2014) for the piston-cores.

In a preliminary check for the purpose of the present study,
TOC contents were converted into TOC concentrations (mass
per unit volume, g cm–3) following the standard approach de-
scribed in Flemming and Delafontaine (2000). Table 2 summa-
rizes the correlation coefficients (R) between TOC contents/
concentrations and some relevant physical parameters.
Coefficients for TOC concentrations were found to be consid-
erably lower than those for TOC contents. This is not surpris-
ing, seeing that interrelations between TOC contents and con-
centrations are commonly not straightforward (see Flemming
and Delafontaine 2000, 2016; Leipe et al. 2011). For this rea-
son, the present study focuses only on TOC contents.

Results

TOC vs. physical properties

TOC vs. mean grain size Piston-cores KCF10-01A and
KCF10-15C, at the southeastern and northwestern limits of
the study area, respectively, have relatively high sand contents
with mean grain sizes typically ranging from 6 phi (medium
silt) to 3.7 phi (very fine sand). In contrast, piston-cores
KCF10-04A and KCF10-09A from the central part of the
study area are characterized by silty clays with mean grain
sizes of usually >6 phi (medium to fine silt). In general, mean
grain size tends to decrease slightly with depth in all four
cores.

TOC contents range from 0.16–3.28% (cf. Mendoza et
al. 2014), the highest values being observed in cores
KCF10-04A and KCF10-09A (means of 1.94% and
2.77%, respectively) comprising mainly finer sediments.
In contrast, cores with coarser mean grain sizes (lower
mean phi values) have lower mean TOC contents (1.18%
for core KCF10-01A and 1.08% for core KCF10-15C).
For all cores combined, TOC contents correlate positive-
ly with mean grain size expressed in phi, the correlation
coefficient being R=0.79 (Fig. 3a). Note that this corre-
lation would be negative if the mm-scale were used.

TOC vs. P-wave velocity VP values range between 1,401 and
1,763 m s–1, with highest values in cores KCF10-15C and
KCF10-01A. Figure 3b shows that P-wave velocity increases
as TOC content decreases (R=–0.72).

TOC vs.wet bulk density The relationship between wet bulk
density (ρ) and TOC shows the same trend as that observed for
P-wave velocity, with ρ inversely correlatedwith TOC content
(R=–0.75, Fig. 3c). Wet bulk density values range from 1.33
to 2.44 g cm–3, with highest values in cores KCF10-01A and
KCF10-15C.

TOC vs. acoustic impedance Z values range from 2,135 to 3,
364 N s m–3, exhibiting a clear negative correlation with TOC
content (R=–0.77, Fig. 3d). This correlation is slightly more
pronounced than those observed for TOC versus P-wave ve-
locity and wet bulk density. The regression equation for TOC
content (y) versus acoustic impedance (x) is:

y ¼ −4:84ln xð Þ þ 40:04 ð2Þ

TOC vs. absolute water content The absolute water contents
(W) of sediments in the four piston-cores vary in the range of
approx. 20 to 60%, with highest values in cores KCF10-04A
and KCF10-09A. W shows a strong positive correlation with
TOC content (R=0.81, Fig. 4).

Validation of derived TOC contents

Figure 5a shows the relationship between the average seismic
peak amplitude and the average acoustic impedance for the
piston-core locations. The amplitude was calculated by aver-
aging the peak amplitude of the ten traces closest to the posi-
tion of each core, i.e., five on each side (cf. Fig. 2a),
representing a distance of 4.1 m for the reflector correspond-
ing to the seafloor. Similarly, the acoustic impedance was
calculated by averaging the values for the upper 25 cm of each
core, which corresponds roughly to the seismic resolution of
the 3.5 kHz signal used for the survey. The regression equa-
tion for acoustic impedance (y) versus seismic peak amplitude
(x) is reported below, with the standard deviations for average
acoustic impedance and average amplitude of each of the four
data points given in Table 3:

y ¼ 0:156xþ 1; 888 ð3Þ

Table 2 Correlation coefficients for TOC contents (weight %) and concentrations (g cm–3) versus mean grain size (phi), P-wave velocity (VP), wet
bulk density (ρ), acoustic impedance (Z), and absolute water content (W)

TOC vs. phi TOC vs. VP TOC vs. ρ TOC vs. Z TOC vs. W

(%) 0.79 –0.72 –0.75 –0.77 0.81

(g cm–3) 0.48 –0.13 –0.12 –0.13 0.55
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A combination of the regression equations calculated for
the relationships reported in Figs. 3d and 5a served to
Btransform^ the peak amplitude values into TOC contents
for seafloor sediments in the study area. This enabled gener-
ating a large-scale spatial TOC map by extrapolating TOC
contents laterally between closely spaced seismic profiles
(see below).

To validate the relationship between measured TOC con-
tents and acoustic impedance recorded in the four piston-cores
(cf. Fig. 3d), TOC contents determined by chemical analysis
are plotted against TOC contents derived from seismic peak
amplitude for the 13 box-cores in Fig. 5b. The variations be-
tween values listed in Table 4 range from 14–35% (mean
difference of 14%), with the most prominent differences being
observed at stations where TOC contents are above 2% ac-
cording to chemical analysis. The scatter diagram in Fig. 5b
evidences a strong linear correlation (R=0.82) between ob-
served (chemical analysis) and predicted (seismic peak ampli-
tude) TOC contents. The regression equation indicates that a
correction of only 5% is needed to align the observed and
predicted datasets. Such deviations may have several causes,
including the choice of gridding algorithm, the resolution of
petrophysical measurements (VP, wet bulk density), the quality
of seismic data, the horizontal resolution of core locations and,
last but not least, the choice of chemical analysis procedures
(e.g., see Passos et al. 2016).

The scatter diagram of Fig. 3a reveals that sediments with
TOC contents <2% are characteristically coarser than 6 phi,
i.e., they have higher proportions of sandy material. For sand-
ier sediments (mean grain sizes of 3–6 phi), acoustic imped-
ance varies roughly between 2,500 and 3,350 N s m–3

(approx. 34%; Fig. 6). The range is narrower for finer sedi-
ments (mean grain size of 6–9 phi), where acoustic impedance
varies from 2,130 to 2,500 N s m–3 (approx. 17%).

Fig. 3 Cross-plots between a
mean grain size (phi), b VP, c wet
bulk density, d acoustic
impedance and TOC content
(piston-corers, n=310)

Fig. 4 Cross-plot between absolute water content and TOC content
(piston-corers, n=310)
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Figure 7 shows the large-scale TOC spatial distribution in
the Cabo Frio mud belt as derived from seafloor peak ampli-
tude. To the south, there is a distinct demarcation of a main,
organically enriched zone (TOC values exceeding 2%)
aligned roughly NW–SE. Along the northern and eastern
fringes, TOC contents are below 2%.

Discussion

The present results show that the sediments of the study area
can be subdivided into two groups according to their physical
characteristics. At the SE and NW extremes of the study area
(cores KCF10-01A and KCF10-15C), the sediments have
higher sand contents, and consequently VP, wet bulk density

and impedance values are higher and TOC contents are lower.
In the central study area (cores KCF10-04A and KCF10-09A)
where sand contents are lower (cf. higher silt and clay con-
tents), VP, wet bulk density and impedance values are lower
and TOC contents are correspondingly higher.

The data clearly reveal that increasing organic matter en-
richment is accompanied by progressive reductions in the P-
wave velocity and wet bulk density of sediments (cf. Figs. 3b,
c). This can be explained by organic matter being closely tied
to the finest silts and clays. The negative electrostatic charge of
clay surfaces and dissociation of organic acids cause water to
be bound within the sediment (Mayer et al. 2002). Moreover,
the water adsorbed by clay minerals and organic matter leads
to an increase in sediment pore pressure, which inhibits com-
paction and results in less dense sediments. In turn, these are
acoustically less reflective because the impedance contrast rel-
ative to seawater is lower than for denser sediments.

The reflection coefficient (RC) is the controlling property
of acoustic energy transmission across a boundary, and is de-
fined by the following relationship for normally incident
acoustic waves:

RC ¼ z2−z1ð Þ
z2 þ z1ð Þ ð4Þ

Nonetheless, compared to typical seafloor sediments where
a higher impedance contrast with seawater is observed, very
low density sediments (<1.2 g cm–3) can hamper bottom detec-
tion by echosounders and high-resolution seismic systems (Van
Walree et al. 2005). This is the case for estuaries and enclosed
bays, which typically contain very high amounts of organic
matter andwhere precise determination of water depth is critical
for safe navigation. Figure 3d confirms this observation—the
higher the acoustic impedance, the lower is the TOC content.

Knight et al. (1998) demonstrated that small variations in
P-wave velocity are most likely to result from heterogeneities
in saturation. Under conditions of capillary equilibrium, local
lithological heterogeneities (primarily due to changes in min-
eralogy and grain size) can cause different saturations, de-
pending on their porosity and permeability. Cruz et al.
(2013) made similar observations (although with lower corre-
lation coefficients) for very shallow box-core samples collect-
ed in the present study area. For surface sediments of the
Arkona Basin in the Baltic Sea, Endler et al. (2015) reported
a similar trend of increasing VP with decreasing TOC content
(percentage loss on ignition divided by 2.8), as well as a neg-
ative correlation between TOC content and acoustic
impedance. In the Santos Basin of Brazil, Ayres Neto et al.
(2013) found better correlation between different physical pa-
rameters and acoustic impedance than with VP and wet bulk
density. The same cost-effective approach combining large-
scale seismic surveying and ground-truth coring enabled
Mendonça et al. (2014) to highlight the importance of

Table 3 Standard deviations (SD) for each of the four data points
shown in Fig. 5a

Piston-core SD Average
amplitude

SD Average
impedance

KCF10-01A 904 58

KCF10-04A 1,263 62

KCF10-09A 2,013 58

KCF10-15C 1,397 37

Fig. 5 aAverage peak seismic amplitude vs. average acoustic impedance
at piston-core locations. b TOC content obtained from chemical analysis
of box-core samples vs. TOC content derived from seismic peak
amplitude at the same locations
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hydroelectric reservoir sediments as organic matter sinks. In
the present study, the large-scale TOC spatial distribution in
the Cabo Friomud belt was successfully derived from seafloor
peak amplitude (Fig. 7).

The relationship between mean grain size and acoustic im-
pedance (Fig. 6) suggests that the main factor controlling the
latter, and therefore peak amplitude, is the content of coarse
material in the sediment. Coarse sediments in marine environ-
ments are usually composed of quartz grains and bioclasts,
neither of which have the electrostatic properties of clay min-
erals. As a consequence, they are unable to adhere organic
matter to their surfaces. Due to this affinity of organic matter
to clay minerals, TOC enrichment is commonly higher in fine-
grained sediments deposited in low-energy environments. Such
sediments inherently have a lower acoustic reflectivity. Future
research should therefore focus on amore detailed evaluation of
the impact of sediment composition on P-wave reflectivity.

Conclusions

The present study investigated interrelations between TOC
content and the acoustic response of shallow marine sedi-
ments in the Cabo Frio mud belt of southeastern Brazil.
Acoustic impedance and seismic peak amplitude are strongly
affected by coarse sediment particle content. TOC content is
controlled by its known affinity for clay and fine silt fractions.
The main conclusions are:

– After appropriate calibration using a small number of
reference cores, TOC contents can reliably be predicted
by seismic peak amplitude.

– The sensitivity of the method decreases as TOC contents
reach values above approx. 2% in fine-grained sediments;
the reflectivity of the seismic pulse then becomes very

Table 4 Comparison between
TOC contents calculated by
seismic amplitude and those
determined by chemical analysis

Box-core TOC by
amplitude (%)

TOC by chemical
analysis (%)

Difference (%)

BCCF10-01 1.9 2.1 –6

BCCF10-02 1.5 1.1 35

BCCF10-04 2.6 2.2 17

BCCF10-07 1.7 1.7 –1

BCCF10-08 2.4 2.7 –12

BCCF10-09 2.5 2.8 –10

BCCF10-10 2.3 1.8 29

BCCF10-11 2.2 1.6 32

BCCF10-12 2.4 1.9 28

BCCF10-13 1.5 1.4 5

BCCF10-14 2.3 2.7 –14

BCCF10-15 1.1 1.1 2

BCCF10-16 2.5 2.4 2

Mean difference 14

Fig. 6 Cross-plot between sediment mean grain size (phi) and acoustic
impedance (piston-corers, n=310)

Fig. 7 Spatial distribution of TOC content in the study area based on
seismic peak amplitude
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low and hence unsuitable for deciphering more subtle
trends in organic enrichment.

– The study deals with sediments of an upwelling zone; the
approach should be tested in other settings marked by
strong organic carbon gradients.

– The application of this integrative approach combining
seismic surveys and ground-truth coring not only facili-
tates meeting scientific project objectives, but also in-
creases the cost-effectiveness of the operations by greatly
reducing the ship time commonly required for grid
sampling.
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